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Summary: Since the early days of its discovery, when the term was used to characterise the quantum com-
pletion of eleven-dimensional supergravity and to determine the strong-coupling limit of type ITA superstring
theory, the idea of M-theory has developed with time into a unifying framework for all known superstring the-
ories. This evolution in conception has followed the progressive discovery of a large web of dualities relating
seemingly dissimilar string theories, such as theories of closed and oriented strings (type II theories), of closed and
open unoriented strings (type I theory), and theories with built in gauge groups (heterotic theories). In particular
the eleven-dimensional Lorentz invariance of M-theory has been further highlighted by the discovery of how it
descends by an orbifold compactification to the weakly-coupled heterotic Es X Eg string theory. Furthermore the
derivation from M-theory of one-loop corrections to type II and heterotic low-energy effective supergravity has
shed new light on our understanding of anomaly cancellation mechanisms which are so crucial for the consistency
of superstring theories and are also of phenomenological importance, since the fermion content of the Standard
Model is chiral.

Despite these successes, M-theory remains somewhat elusive and is still in want of a complete and closed
formulation. In particular, its fundamental degrees of freedom are still unknown, which in principle prevents
us from establishing the full quantum theory. Proposals have been made, advocating DO-branes or M2-branes
as its elementary states. However, even the most fruitful of these proposals, based on a partonic description of
M-theory and known as the BFSS (Bank-Fischler-Seiberg-Susskind) conjecture or M(atrix) theory, has stumbled
on a number of issues, one of the most nagging being its failure to correctly reproduce quantum corrections to
two- and three-graviton tree-level scattering amplitudes known from supergravity one-loop calculations.

In the absence of a closed and definite description, we are bound to adopt a fragmentary approach to M-
theory. This work naturally follows this route. Three facets of M-theory are thus uncovered or further investigated
in the course of the present thesis. The first part deals with the matrix model approach to M-theory and studies
the relevancy of an alternative to the BFSS proposal, defined in purely algebraic terms, which is desirable from
the point of view of a background independent formulation of M-theory. It implements overt eleven-dimensional
Lorentz invariance by resorting to a osp(1|32) realisation of its group of symmetry, thereby incorporating M2-
and M5-branes as fundamental degrees of freedom on the same footing as the original DO-branes of the BFSS
model. This seems more in phase with the concept of M-theory which does not appear to give preference to
strings over more extended objects. Finally, this construction partially solves the puzzle about the absence of
transverse five-brane degrees of freedom in M(atrix) theory and opens the perspective of a description of M-theory
in a curved AdS11 background.

The second part of this thesis focuses on the determination of non-perturbative effects in low-energy effective
heterotic supergravity, investigating some phenomenology related consequences of the Hotrava-Witten scenario.
The latter provides the M-theory origin of the strongly-coupled heterotic Es x Fs superstring theory in terms
of an orbifold compactification on an interval, with twisted sectors given by two copies of Eg super Yang-Mills
multiplets propagating on the ten-dimensional boundary hyperplanes sitting at the orbifold fixed points. This
setups can accomodate, under certain conditions, the insertion of parallel fivebranes, allowing for Euclidean
membranes to stretch between them and the boundary hyperplanes. In this framework, we investigate a Calabi-
Yau compactification of this setup to four dimensions, establishing the effective supergravity and computing the
resulting instanton corrections to the interaction Lagrangian. In the condensed phase, this allows us to derive
the corresponding gauge threshold corrections and determine the resulting non-perturbative superpotential with
the correct dependence in the fivebrane modulus, from a purely supergravity calculation. Confirming results
determined earlier by instanton calculations this works also renders them more accurate and sets them on a
sounder basis, whence the vacuum structure of the effective supergravity can be addressed.

The third and last part of this thesis tackles the issue of how to recover information about M-theory by
studying hidden symmetries of supergravity actions. In particular, we explore the conjecture stating that M-
theory possesses an underlying hyperbolic infinite-dimensional Kac-Moody symmetry encapsulated in the split
form ej9j10, which occurs as a natural very-extension of the exceptional U-duality algebra of eleven-dimensional
supergravity compactified on a seven-torus. However, this conjecture is supposed to carry on beyond the toroidal
case and to give clues about uncompactified M-theory. In the present work, we make use of this conjecture to
determine the algebraic structure of Z,, orbifold compactifications of M-theory, showing how their untwisted
sectors are encoded in a certain class of Borcherds algebras. Furthermore, concentrating on a certain family of
Z> orbifolds of M-theory descending to non-supersymmetric but nonetheless stable orientifolds of type 0A string
theory, we establish a dictionary between tilted Dp-/Dp’-brane configurations required in these models by tadpole
cancellation and a certain class of threshold-one roots of eig. This latter result is of some phenomenological
interest insomuch as it gives a deeper algebraic understanding of the magnetised D9-/D9’-brane setup of the
T-dual type 0" string theories, which have been recently shown to play a réle in moduli stabilisation.
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Introduction

The discovery of a large web of dualities relating all superstring theories has led theorists to
believe in a unifying framework, called M-theory, which would appear as the non-perturbative
limit of the five known superstring theories and would contain the 11D supergravity of Cremmer,
Julia and Scherk [81] as its low-energy limit. In particular, this yet unknown theory should be
formulated in eleven dimensions and, by analogy with 11D supergravity, be endowed with a
supersymmetry algebra of 32 supercharges, which corresponds to A/ = 1 supersymmetry in
eleven dimensions [247, 235].

The known superstring theories appear then as five limits of M-theory, for each of which the
perturbative string expansion is different, and thus correspond to diverse corners of its moduli
space of vacua. The two ten-dimensional string theories that directly descend from M-theory
through compactification of one spatial dimension are the type ITA and the Eg x FEg heterotic
theory, which are both closed string theories, one with N’ = 2 and the other with /' = 1 su-
persymmetry in ten dimensions. Indeed, the original 32 supercharges in eleven dimensions are
preserved in the type ITA theory by compactifying M-theory on a circle, while the reduced su-
persymmetry of the heterotic string is achieved by an orbifold compactification which projects
out half of the original supercharges [145]. In the latter case, anomaly cancellation in the eleven
dimensional low-energy theory requires the presence of (Yang-Mills) gauge supermultiplets on
ten-dimensional hyperplanes at the two orbifold fixed points, where they are allowed to propa-
gate. In ten dimensions, these will reconstitute the gauge sector of the heterotic supergravity
with 1-loop corrections [144].

In both cases, the radius of the compactified dimension is reinterpreted as the dilaton of the
resulting supergravity theory, so that the decompactification limit indeed represents the strong-
coupling regime of the corresponding string theory. In addition, the non-perturbative limit of
the Fg x Eg heterotic string theory reveals another feature of M-theory. It entails that M-theory
has the property of generating an Eg current algebra when embedded in a space with boundaries.
This bears a striking resemblance with the anomaly cancellation mechanism in Chern-Simons
gauge theory, which also requires similar ”"edge states” to be present. Such a connection has
led to the alternative proposal that M-theory might be described up to the Planck scale by
a non-gravitational effective Chern-Simons gauge theory [143], where the three-form of 11D
supergravity would emerge as a composite field.

These two basic compactification schemes make M-theory the missing link between two,
otherwise separate, groups of string theories related by dualities: the type II theories, on the
one side, with no gauge group, and the heterotic / type I theories, on the other side, with gauge
groups Fg x Eg or SO(32) [106, 247].

The dualities mapping these superstring theories among themselves are of two types. One
of them is T-duality which relates one theory compactified on a circle to another theory com-
pactified on a circle with inverse radius. Since this transformation constitutes, in string theory,
an exact symetry of the conformal theory, it remains valid at all orders in perturbation theory,
and is thus usually referred to as a perturbative symmetry. Typically, T-duality maps type ITA
to IIB string theory [101, 83], and relates the two heterotic theories when, in addition, a Wilson



line is turned on in the compactified theories, thereby breaking both the Eg x Eg and SO(32)
gauge groups to their common SO(16) x SO(16) subgroup [196, 197, 128|.

On the other hand, string theories may be related by non-perturbative dualities which map
the weakly-coupled sector of one theory to the strongly-coupled sector of the same or of another
theory [219]. Such a transformation relates, for instance, the heterotic theory with gauge group
SO(32) to the type I theory (a theory of closed and open unoriented strings with NV = 1
supersymmetry) by identifying the coupling constant of the first theory with the inverse coupling
of the second [212]. The S-duality symmetry of type IIB string theory is another example, which
acts this time as a modular transformation on a complexification of the axion and dilaton fields
[78, 217].

When applied to open strings, one of the major by-products of T-duality has been to reveal
the existence of extended objects defining hyperplanes on which the open strings of the dual
theory are bound to end. These ”defects” which are localised in the compact dimensions in
which T-duality is performed are known as Dp-branes, by reference to the Dirichlet boundary
conditions satisfied by the open strings [142, 83]. It was then realised that these objects could be
identified with certain semi-classical solutions, or solitons, of the type I/II supergravity theories,
the p-branes [211]. The latter are massive, weakly-coupled dynamical objets which naturally
couple electrically or magnetically to the Ramond-Ramond fields of the low-energy type I/II
theories, and thus carry a conserved charge (type II and heterotic supergravities also possess
an NS5-brane, which couples magnetically to the antisymmetric B-field). Since their mass
scales as the inverse of the string coupling constant, these appear as non-perturbative objects.
Furthermore, these p-branes preserve a fraction of the original supersymmetry of the theory, in
other words, they saturate a Bogomolnyi-Prasad-Sommerfeld (BPS) bound, and are therefore
protected against quantum corrections. For this reason, Dp-branes have been extensively used
to test duality conjectures between different regimes of superstring theories.

In particular, a study of the non-perturbative spectrum of supergravity theories has been
crucial in determining the existence of the group of U-duality [149], which is expected to be a
symmetry of both perturbative string theories compactified on tori and their conjectured non-
perturbative extension, and relates certain theories modulo field redefinition. More precisely,
supergravity theories usually exhibit hidden symmetries, such as, for instance, the continuous S-
duality symmetry of type IIB supergravity [217]. In the toroidally reduced theory, these combine
with the continuous T-duality symmetry to form a bigger group, whose discrete subgroup, the
group of U-duality, is conjectured to survive as a symmetry of the full superstring theory. In
particular, 11D supergravity reduced on a torus 7", so as type IIA supergravity on 77!, possess
a non-compact continuous E,,(R) hidden symmetry [77, 79] which is broken to E,,(Z) by
quantum effects [149]. This U-duality algebra has been proposed as describing an exact quantum
symmetry of M-theory compactified on T, and is conjectured to extend to the hyperbolic
E10)10 (Z) Kac-Moody algebra in 0+1 dimension [124]. In this case, there has been some evidence
that, in the framework of continuous infinite dimensional U-duality symmetries [154, 156], such
an infinite dimensional Lie algebra can be lifted to eleven dimensions and might constitute an
underlying symmetry of uncompactified M-theory [84, 87].

In any case, the non-perturbative spectrum of supergravity theories has helped identifying the
BPS sector of M-theory. In particular, since M-theory is required to contain 11D supergravity,
the Kaluza-Klein modes of the eleven-dimensional graviton will account for the tower of type ITA
DO-branes as excitations with momenta in the eleventh direction. Likewise, M-theory is expected
to possess membrane (M2-brane) and fivebrane (M5-brane) states which, when wrapped around
the eleventh dimension, reproduce respectively the fundamental string (F1) and the D4-brane
of type IIA theory, and, when unwrapped, the type IIA D2-brane and NS5-brane.

Thus, M-theory does not seem to give preference to strings over membranes or fivebranes.
Actually, the fundamental degrees of freedom of M-theory are still unknown, but there have



been proposals advocating DO-branes [231] or M2-branes [91] as the elementary states of the
theory.

The first of these two proposals, that the fundamental partonic degrees of freedom of M-
theory are described by DO0-branes, is at the core of the M(atrix) model approach to M-theory,
which we shall consider in Part I of this thesis. This approach is based on a conjecture by Banks,
Fischler, Shenker and Susskind [231] and is supposed to give a description of M-theory in (dis-
crete) light-front coordinates. The proposal is that M-theory in the Infinite Momentum Frame
(IMF) is defined as a quantum mechanics for U(N) matrices in the large N limit, which results
from the reduction of 10D super Yang-Mills theory to 0 + 1 dimensions. In this perspective,
M-theory can be regarded as a pregeometrical theory [198], since the target space coordinates
are replaced by matrices, thus implying a kind of non-commutative structure. Furthermore, this
description of M-theory on the light front was shown to be equivalent to a particular limit of
M-theory compactified on a space-like circle [228], so that this matrix model eventually encodes
the low-energy dynamics of type IIA DO-branes, which can then be regarded as the fundamental
degrees of freedom of M-theory in the IMF. The theory is second-quantized with a Fock space
containing multiple supergraviton states [234]. The other states of M-theory such as membranes
and fivebrane appear as particular configurations of DO-branes. However, there is a number of
unsolved problems in the matrix model approach to light-front M-theory which will be detailed
in the next chapter.

This will then lead us to consider, in Chapter 2 of Part I, an alternative to the BF'SS theory.
The analysis presented there is based on the publication [14] and investigates a matrix model
defined in purely geometrical terms, with manifest osp(1|32) symmetry. This superalgebra is
the supersymmetric minimal extension of the super-Poincaré algebra and has been put forward
as unifying structure for the M-theory, F-theory and type II supersymmetry algebras [36, 28|.
The matrix model thus constructed has certain desirable features, such as being background
independent and respecting Lorentz invariance in eleven dimensions. Furthermore, it naturally
incorporates membranes and transverse fivebranes degrees of freedom and presumably describes
M-theory physics in an AdS11 background.

In Part II, we will consider the strong coupling regime of Fg x Eg heterotic string theory,
which is described, in the low-energy limit, by the Horava-Witten scenario mentioned above.
We will review the anomaly cancellation argument which requires the insertion of gauge and
gravitational anomaly polynomials supported at the two fixed points of the S'/Zy orbifold of
M-theory. This leads to a modification of the Bianchi identity of the four-form field-strength of
11D supergravity. We will also recall how M5-branes can be accomodated in this framework.

Then, we will move to studying a compactification to four dimensions of such a theory,
preserving four-dimensional ' = 1 supersymmetry. In particular, Chapter 4 in Part II is based
on the publication [63], where we have considered the usual Calabi-Yau compactification of M-
theory on S'/Zs, with the inclusion of space-time filling M5-branes transverse to the orbifold
interval and wrapping a two-cycle in the Calabi-Yau threefold. The presence of M5-branes
aligned along the interval allows for open Euclidean membranes to stretch between a pair of M5-
branes. The effects due to such open membranes in the four-dimensional effective supergravity
are localised in space-time, and can be regarded as instanton-like corrections to the interaction
Lagrangian. In particular, we will see how to determine the gauge threshold corrections induced
by such membrane instanton effects directly from the reduction of the topological Chern-Simons
term, and then derive the resulting non-perturbative effective superpotential with the correct
dependence on the positions of the M5-branes along the interval.

In Part III, we will study the hidden exceptional symmetries of 11D supergravity reduced
on n-dimensional tori. We will be particularly interested in the compactification to 0 + 1 di-
mension, where the continuous U-duality algebra is conjectured to become the hyperbolic Kac-
Moody algebra Eg10(IR), whose discrete subgroup has been suggested to lift to a symmetry of



uncompactified M-theory. As seen above, the continuous symmetry of the reduced supergravity
theory is broken to its arithmetic subgroup by quantum effects. However, some results which
one can obtain by this algebraic approach depend only on the root system of the algebra, so that
working with the continuous or discrete valued version is in these cases irrelevant. In particular,
such an infinite-dimensional Lie algebra possesses infinitely many roots, which split into three
categories: real, isotropic and imaginary non-isotropic roots, determined by their norm being
positive bounded from above, null, or negative and unbounded from below. If one considers the
moduli space of M-theory on a ten-dimensional torus, certain positive roots of F1g can be related
to M-theory instantons, in the large volume limit. Along this line, Ganor et al. [56] have made
a recent proposal identifying a certain set of prime isotropic roots of Fig with Minkowskian
branes and other objects expected in M-theory.

In Chapter 5 of Part III, we have applied this algebraic approach to the study of Z,, orbifolds
of 11D supergravity and M-theory. In this chapter, based on the publication [13], we will in
particular derive the real Z,-invariant subalgebras describing the residual continuous U-duality
algebras of the untwisted sector of the theory. In 0 + 1, these will be shown to be Borcherds
algebras modded out by their centres and derivations. In addition, one can in this case find
a description of the twisted sectors of Zo orbifolds of M-theory or of their descendant type II
orientifolds in terms of certain threshold-one roots of E1g.

Finally, an appendix collects conventions, and useful formulas and identities used in this
thesis.



Part 1

M-theory, Matrix models and the
0s5p(1[32, R) superalgebra



Introduction

This first part is separated into two main chapters. The first chapter consists in a presentation
of the matrix model approach to M-theory, and is ment as an introduction to Chapter 2, based
on the publication [14], in which a matrix model defined on the superalgebra osp(1|32,R) has
been investigated in the context of the infinite momentum frame and large N limit of the BFSS
conjecture.

In Chapter 1, we start by reviewing the connection between early works on quantisation
and regularisation of the membrane theory and M-theory compactified on a light-like circle.
The first results on membrane theory go back to more then twenty years, when it was realised
that eleven was the natural dimension in which a supersymmetric theory of membranes could
be constructed. It was subsequently found [140] how to quantise this theory in the light-cone
gauge. From a methodological and computational point of view, an important consequence is
that the regularised theory is expressed as a simple quantum mechanics for N x N matrices in
the large N limit. The analysis has then been extended to include supersymmetry in [91]. This
supersymmetric quantum mechanics is usually called matrix-theory, and will also be presented
in the following chapter.

At this stage, a quantised supersymmetric theory of membranes appeared as a natural can-
didate to construct a microscopic description of M-theory, because of the presence in M-theory
of a three-form potential which naturally couples to a membrane (or M2-brane) world-volume.
Moreover, the classical supersymmetric membrane theory enjoys a local symmetry acting on
the fermions called k-symmetry, which is preserved only when the background fields satisfy the
equations of motions of classical 11D supergravity. Thus, this low-energy limit of M-theory is
somehow latent in supermembrane theory already at the classical level.

However, deWit, Liischer and Nicolai then showed in [93] that the regularised supermembrane
theory possesses a continuous spectrum of energy, so that there is a priori no simple interpretation
of the states of the matrix model in terms of discrete particle spectrum. The theory was then
believed to be unstable and was abandonned as a candidate for a low-energy description of
quantum gravity. A decade later, interest in membrane theory was revived by Banks, Seiberg,
Suskind and Fischler (or BFSS for short) which showed how it could be rephrased as a low-energy
theory for many DO-branes and thus provide a partonic description of M-theory in light-front
coordinates. In addition, the fact that such a theory is second quantised solves the puzzle of the
existence of a continuous spectrum of energy for the membrane theory. This constitutes in some
sense an advantage of such a matrix model description over the five known superstring theories,
which are first-quantised with respect to the target-space, and where, therefore, there is no
simple description of extended objects such as NS- and D-branes in terms of the string Hilbert
space; these objects appear in fact as solitons in the non-perturbative regime of superstring
theories.

In the following chapter, we will thus be led to consider the relation between the Hamiltonian
description of supermembranes and the conjecture proposed by BFSS, stating that M-theory in
the infinite momentum frame (or IMF) is described by a quantum mechanics for U(NN) matrices
encoding the low-energy dynamics of N DO-branes, when N — oco. To distinguish it from the



original regularised matrix model for (super)membranes, and to highlight, at the same time,
its relevancy to a light-cone description of M-theory, this proposal is generally referred to as
M(atrix)-theory. For this purpose, we shall first recall the duality between the low-energy effec-
tive action for Dp-branes in ITA theory and the ten-dimensional ' = 1 super Yang-Mills reduced
to (p+1) dimensions. The connection to the BFSS matrix model is then realised by considering
a limit where both the number N of D0-brane and the M-theory radius (or alternatively the
type ITA coupling constant) are large, but N grows faster, so that their ratio is also large. In this
limit, all degrees of freedom decouple except for DO-branes, which, in this perspective, appear
as the microscopic degrees of freedom of M-theory in the IMF limit. We will also present the
argument in [228] that the matrix gauge theory provides information on M-theory already for
finite N, giving in this case a Discrete Light-Cone Quantisation (or DLCQ for short) description
of M-theory. An infinite boost then relates this compactification of M-theory on a light-like cir-
cle to a compactification on a vanishing space-like circle, connecting the original matrix model
description to type ITA string theory in the presence of DO-branes [218, 221].

This conjecture has passed a certain number of tests. In particular, matrix model loop
calculation have been shown to correctly reproduce linear and, to a certain extent, non-linear
effects of 11D supergravity at tree-level.

Moreover, besides DO-branes which are naturally related to eleven-dimensional supergravi-
tons with momentum in the eleventh dimension, the other known objects of M-theory (wrapped,
unwrapped and higher genus M2-branes and longitudinal and transverse M5-branes) can be de-
scribed by particular configurations of U(N) matrices associated to the elementary D0-branes.
In this respect, a thorough investigation of the BFSS supersymmetry algebra [230] is very il-
luminating, and we shall see how the spectrum of brane charges of the theory can be deduced
from such an analysis. In this perspective, the brane charges appear as traces over composite
operators of the fundamental matrix degrees of freedom. Nevertheless, a puzzle remains as to the
presence or absence of transverse five-branes in this context. In principle, the light-cone frame
approach to M-theory leads to the existence of both longitudinal and transverse five-branes in
the M(atrix) theory, where longitudinal refers to the direction in which the infinite boost to
the IMF is performed. However, there is no sign of transverse five-brane charge in the brane
spectrum one recovers from the BFSS supersymmetry algebra, so that one might expect such
states to be absent in the IMF limit. This view is contrasted with a proposal made in [123],
which considers M(atrix) theory on T'3. This has a dual description as a (3 + 1)D N = 4 super
Yang-Mills theory on the dual torus, with gauge group U(co). These authors then find some
evidence that in this setup T-duality on the M(atrix) model side corresponds to S-duality on
the super Yang-Mills side, so that a transverse five-brane wrapped around the original torus
in the M(atrix) model could in principle be given a dual description as an unwrapped mem-
brane on the super Yang-Mills side. However, this requires an explicit realisation of S-duality in
four-dimensional super Yang-Mills theory, which is still an open question. In addition, it is also
unclear how S-duality behaves in the large N limit, which, according to the BFSS prescription,
should be taken before performing S-duality.

In addition to this seeming (and yet unsolved) contradiction, another delicate point in
M(atrix) theory: although such a theory was shown to reproduce correctly in the finite N
limit the two-graviton and three-graviton scattering amplitudes known from 11D supergravity
tree-level calculations, there appears a disagreement between the matrix model calculation of
the R* correction to this process and the supergravity 1-loop calculation [137, 136], so that
it is doubtful whether M(atrix) theory can actually give an accurate description of quantum
corrections in 11D supergravity without having to deal with the subtleties of the large N limit
(and perhaps it does not even in this limit).

Finally, eleven-dimensional Lorentz invariance of the model is still an open question and
needs to be demonstrated (see [184] for some hints in this direction).



This has led us to investigate an alternative supersymmetric matrix model to the one pro-
posed by BFSS, which we insist on defining in purely algebraic terms, with no reference to a
particular target space-time. This is in principle desirable from the point of view of a back-
ground independent formulation of M-theory. Since, in addition, we aim at recovering the
eleven-dimensional covariance expected from M-theory, a candidate with the required proper-
ties is a matrix model inspired by [226, 225, 229] with manifest osp(1]32,R) symmetry, which
can be viewed as the maximal finite-dimensional (non-central) supersymmetric extension of the
AdSqp algebra. In a larger perspective, osp(1]32,R) has also been shown as the natural struc-
ture to unify the ten-dimensional supersymmetry algebras of type IIA /B string theories and the
eleven- and twelve-dimensional superalgebras, relevant to M- and F-theory. In this framework,
in particular, the T- and S-dualities of these theories appear as redefinitions of the generators
of 0sp(1]32,R) [37, 36, 28].

In Chapter 2, we compute explicitely such a matrix model, with a cubic interaction, in eleven-
and twelve-dimensions, and analyse the respective supersymmetry algebras. We concentrate in
particular on the action in eleven-dimensions and study its connection to the BFSS matrix
model. To do so, one has to consider the IMF limit of the T-dual theory, where some original
fields now become auxiliary, and can be eliminated by an iterative computation of the effective
action. At this stage, the resulting theory nicely incorporates membrane and transverse five-
brane degrees of freedom on the same footing as the fundamental DO-branes. The effective action
reproduces the BFSS action with a mass term as leading contribution, along with an infinity
series of higher interaction terms. In particular, it now contains both transverse five-branes as
fundamental degrees of freedom and longitudinal five-branes as the usual configurations of DO0-
branes constructed from the BFSS theory. Finally, since the bosonic sector of the superalgebra of
the model is now the conformal algebra, and not the Lorentz one, in contrast to the BFSS matrix
model (this accounts in particular for the appearance of an additional negative definite mass
term in the leading contribution of the 0sp(1|32,R) effective action), this opens the possibility
of its relation to M-theory in an AdS1; background, and leaves it for further investigation.



Chapter 1

M (atrix)-theory, branes and the
BFSS conjecture

1.1 A matrix model for membranes

In this section, we will investigate the close connection between the matrix model description
of M-theory (also called M(atrix) theory) and a theory of supermembranes in 11 dimensions.
It has long been known [140, 141, 120, 91] that a regularised light-cone description of the
supersymmetric membrane action in 11D leads to a quantum mechanical model where the
fundamental degrees of freedom can be described by finite dimensional matrices. Now, it is
believed that when the dimension of these matrices is taken to infinity, this regularised action
gives a microscopic description of a lightlike compactification of M-theory. This second approach
is the purpose of the BFSS conjecture which we will thoroughly discussed in section 1.3.

1.1.1 The bosonic membrane in the light-cone frame

Membrane theory comes as a natural candidate for a microscopic description of M-theory, since
membranes couple electrically to the antisymmetric three-form field of the 11D supergravity
multiplet (for a detailled description of the low-energy limit of M-theory, see section 1.3), in
the same guise as strings are electrically charged under the two-form field B(3). One might
then expect a quantised theory of supermembranes to produce an acceptable, even though not
always very handy, microscopic description of M-theory. The fact that the classical action for
supermembranes is consistent in 11 dimensions and its quantum regularised version anomaly
free (which is not the case for any other dimensions) also seems to point in this direction.

A relativistic bosonic membrane theory in D flat Minkowskian dimensions can be described
by a Nambu-Goto type action [129, 195] for fields X* = X*(&), p € {0, .., D — 1}, representing
the embedding into the membrane target space:

SN = T /d% V—h, hap = NuwOa X 95 X", (1.1)

where we denote the world-volume coordinates by & € R? with & = (7,0, 0%), distinguishing
between two sets of indices: «, 3 € {0,1,2} and a,b € {1,2}. Then h,g is the pullback of flat
Minkowskian metric to the three-dimensional membrane world-volume, and Ty = 1/(27)%13
the membrane tension in units of the Planck scale.

Similarly to string theory, one may introduce a fiducial world-volume metric g,3 and the
related Polyakov action

Spp = —TTM /dga\/_—g (gaﬁ 00X, DX — 1) - /d?’acM,p. (1.2)
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This action yields the following equations of motion for the fields X*
Oa (\/—ggo‘ﬁ aﬁX”) =0
together with the energy momentum tensor

2027)* 0Lmp 1

vV =4 69&[3 B l?)

where use has been made of §g = gg®? 0gap and Y — —g‘”gﬁ%gw, which can be deduced
from the identity 6(g*’ggs) = 6(6%5) = 0.

The equation of motion for the metric g,3 corresponds to setting the energy momentum
tensor (1.3) to zero:

1

T8 — <8°‘XM PXH — §g°‘ﬁ (07X, 0, X+ — 1)> . (1.3)

7% =0. (1.4)

Lowering the indices in equation (1.4) yields
1
hag = §(Trh - l)gag (15)

with Trh = gV‘ShM;. Finally tracing both sides of eqn.(1.5) gives: Trh = 3. Plugging this result
back in eq. (1.5) sets hag = g, which proves the equivalence:

T
Sap = _TM /d?’a\/_—g (Trh —1) = SmNG -

Since the action (1.2) enjoys both three diffeomorphism symetries, we can use them to gauge-fix
as many components of the fiducial metric

—4n 0
2 1x2
af — n R eR 1.6
gab < O2x1 hap > " (1.6)

where h = det hap is the reduced determinant. Using (1.4) to set hg, = gap, and the obvious
relation 0 X, 0, X* =Trhy, = 2, action (1.2) can be gauge-fixed by the choice (1.6) to

Sy = —TMn/d3a V=g (% 0- X, 0, X" — %) . (1.7)
The three-dimensional membrane world-volume is now constrained to be of the form s x R,
where ¥ is a two-dimensional Riemann surface of fixed topology and volume [ d’*c = 47, this
being a necessary condition for choosing the gauge (1.6).
Since our final aim is to find a proper way of quantising the membrane action (1.7), we find
it convenient to reformulate it in terms of Poisson bracket, which we denote by PB

{A,B}pp = e®8,A0,B , el2=1.

It is straightforward to show that the reduce determinant can be rewritten in terms of PB as

~ 1 1
h= g(sabaaxu HXV)? = 51X X e {X", X" }pp (1.8)

Then taking advantage of the simple form assumed by the inverse of the block diagonal metric
(1.6)

1 h —h
00 —1 ab - (1—1 22 12
= , A = (h D = =
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one easily shows that

aa(il 3“X“) = &l(ﬁ h“babX“) = 81(h2261XM — h1282Xu) + ag(hnaQXM — hlgalX”)(l.Q)
= {X,,{X?, X"}pB}rB

where additional use has been made of the equality
1
0u X" O X, (0,0, X") = §8aX” Oalup no sumon a or b.

Along the same line, one can also prove

ﬁh“baaX“ abXV = h110oX* XY + hosO1 XH 01 XY — hio (alX“ 02 XY + O XH 81X”)
{XH XPpp{ X", X, }pB - (1.10)

A little check shows that by contracting expression (1.10) on both sides with the flat metric 7,
and using h®hg, = 2 one comes up with 2k = {X*, XP}p{Xu, X,}pB, which is, as expected,
formula (1.8).

By means of equality (1.8), the action (1.7) can be recast into

Soq = % /d% <8TXu 9, X" — %{Xu,X,,}pB{X“,X”}pB> (1.11)
yielding the equation of motion for X*#
0r (V=00 8- X) + 0, (V=ag™ X*) = —Dorxk 4 %aa(ﬁ B g, X" ) = 0
—  O2XH = %{X,,, {X? X"pglpB (1.12)

where, in the last line, use has been made of relation (1.9).

These equations of motion have to be complemented by the equations for the metric (1.4)
which act as a Virasoro constraint. Detailling the latter system, we have to impose the additional
constraints

2h
T()() = 0—>a7—Xu87—Xu+m(haa—1):0
4 -
— 0, Xu0: X" = ], (1.13)
Toa = 0— 0:X,(0,X")=0, (1.14)
1
Ty = 0— ha— sha(h% —1) = 0.

The last equation is trivially satisfied for a three-dimensional world-volume.
One can again reformulate the two remaining constraints (1.13) and (1.14) in terms of the
Poisson bracket:

2
0, X, 0. X" = —E{XM,XV}pB{X“,X”}pB, {0-X,, X }p =0 (1.15)

Actually, the second equation of system (1.15) is not exactly a reformulation of constraint (1.14),
but is rather inferred from the latter, as one can check from:

[0, X, X" hon = 01(0, X, 0X7) = 03(0:X,0:X7) "= 0.

At this point, we have reformulated the classical bosonic membrane theory as a constrained but
still covariant Hamiltonian system, where the Hamiltonian itself can be trivially extracted from
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the action (1.11) by switching the sign in front of the potential term ({X,, X, }pg)% Due to
the presence of constraints and to the non-linearity of the equations of motion, the system is
not easily quantised. It turns out to be more convient to tackle the question of quantisation in
the light-cone frame, where, as we will see, one can deal with the constraints without too much
effort.

We start by shifting to coordinates

Xt 4 X oot XF-XT
v2 o v2 o

then, expressions such as the LHS of the first constraint in system (1.15) will be recast into

X0 =

00Xy 05 X" = =20, X1 95X~ + 0aX; 05 X",

and the whole system of constraints (1.15) can be solved by gauge-fixing the sytem to the
light-front gauge
XT(@@) =r.

The gauged-fixed action (1.11) reads
- i TM" 3 -1 i 1 i vi
SM[XZ';&—X ,6TX ] = d’c | 0, X — §8TXZ 0. X"+ E{Xinj}PB{X , X }pB
= /d30'£./\/t,lca
and the constraints (1.15) turn into a sytem linear in X~

0. X" = QaTXi 0- X"+ F{Xi,Xj}PB{X ,X7}pB,
0, X~ =0, X; (0,X") — {0:X;, X' }pp = 0.

(1.16)

Going to the Hamiltonian formalism is straightforward, but for the way to treat the conjugate
momentum density P~. The latter being non-dynamical, it should not appear in the Legendre
transform Haq1c = —PT0; X~ + P'0; X; — L e- Then

1 PP’ P"'
Hppge = /d2 ( X X bee{X", X’}PB) /d oH M le (1.17)
with light-cone momentum P = 5(25:\;(1;) = — 5(25:\;51*:) . Since the light-front gauge induces
0; Xt =1, Py is the generator of time (7) translations, which implies Py = —P~ = —H 1,

where the minus sign is due to the time translation being a passive one.
From the conditions on the Legendre transformation, one easily finds

Twmn

Pt =
2 )

P'=Pro. X", P =MHmue
with total transverse momentum and light-cone Hamiltonian given by
Pt = /d% Pt = 27Tun, Hpgge = /d2aP—.

The Hamilton equations for the dynamical variables read

5HM,IC o
0X;

Pt j i i 5HM lc P
A5 (X (X X'eples, O, X'=—5= =51 (1.18)

O P =~ 5P, Pt

12



Combining both of them, we recover, as expected, equation (1.12). At this stage, the gauge-fixed
Hamiltonian (1.17) still enjoys an overall invariance under reparametrisations which are both
time independent and separately preserve the area. Since these diffeomorphisms preserve the
symplectic form, they obviously leave the equations (1.18) invariant.

The only remaining constraint among (1.16) is the second one, whose canonical version is

{P,X"Ypp =0, (1.19)

while the first of the two constraints is nothing else but the Hamilton equation® for X ~. Although
gauge-fixing to the light-cone gauge helps us solve explicitely the Gauss constraints, the equations
of motion (1.18) remain highly nonlinear. A additional simplifying choice has to be made to
quantise Hamiltonian (1.17), which results, as we will see in the next section, in picking a
adequate regularisation scheme for the quantisation procedure.

1.1.2 Regularising the membrane Matrix theory

The regularisation we choose to present in this section is the one initial introduced by [140]

which has been shown to lead to a simple but powerful quantisation procedure for the membrane

Hamiltonian in light-cone gauge. The Riemann surface Y5 included in the three-dimensional

world-sheet is taken to be a two-sphere S2, but can in principle be generalised to membranes of

arbitrary topology. The membrane world-sheet becomes S? x R, and can be described by a unit

two-sphere at fixed time 7, endowed with a canonical symplectic form invariant under rotations.
The sphere S? can be parametrised by a set of coordinates [= (1*,12,13) satisfying

3
d =1 (1.20)

I=1

By choosing the following parametrisation with respect to the original variables c® of 3
1'(6) = VI= (02 cos(0?),  2(3) = /1= (o)) sin(0?), 1@ =o',
the coordinates on the unit two-sphere have the following Poisson bracket
(11,17 }pp = 9,1 917 = T TKIK (1.21)

with e//X being the three-dimensional Levi-Civita tensor. The algebraic version of equation
(1.21) is satisfied by the commutation relations of the su(2) Lie algebra. Then a natural reg-
ularisation of the theory consists in interpreting the Cartesian coordinates [/ as elements of
an N-dimensional representation of su(2), ie as the N x N generating matrices thereof. This
corresponds precisely to the case where the arbitrary normalisation parameter n in the gauge
choice is equal to n = N € N*.

The prescription is then

- %Ll, {o,0}pp — —%[o,o] (1.22)

with the usual commutation relations for generators L! of an N-dimensional representation of
su(2):

(L1, L)) =il /B LK (1.23)
Since any function on the membrane world-volume S? x R can be expanded on spherical har-
monics: A(l;7) = 37, 1, cm(T)Yim (1), with Vi, (1) = 327 1 y{;{"’lllh <o - It (the coefficients

Note that the system still possesses an overall invariance under time-independent area-preserving diffeomor-
phisms, which preserves the symplectic form, and hence the Hamilton equations.
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y{;{"’ll have to be taken symmetric and traceless because of condition (1.20)). Replacing the I/

by the prescription (1.22) provides us with a matrix approximation ), to the original spherical
harmonics, which can be regarded as the spherical harmonics on a fuzzy sphere. In the algebraic
case, the range of the [ index is constrained to be smaller than N, since in an N-dimensional
rep. of a Lie algebra only products of less than IV generators are linearly independent:

o . 2\ !
Alir) = A7) = Y di(D)Vin(L),  Vim(L) = <N> > ypleiph Ll (1.24)
I<N,m Ii,...I;

The dimension of the representation equals in fact the number of independent combinations of
spherical harmonics: N? = l]\; 61(2l +1).

Since spherical harmonics are closed under the action of the Poisson bracket, this feature
carries over to their ”fuzzy” equivalent Y,,:

{Ylm(l)vypq(l)}PB = fﬁi,pq}/}é’(l) - [ylm(E)vypq(E)] = P}:Z,pquS(E)
where the relation prescription (1.22) dictates the relation
R E N TS
-1 ]\;gnoo Eﬂm,pq flm ,Dq

Finally, since the classical Hamiltonian (1.17) is defined by an integral over the two-dimensional
Riemann surface ¥ at fixed ¢ = 7, this will now be replaced by a trace over N x N matrices
(1.24), in the large N limit:

L [ 26 A7) = 1im %TrA(I_;;T) (1.25)

Ar N—oo
Likewise, one can show that if the classical Poisson bracket of any two functions A and B yields
{A(;7), Bl 7)}p = C(li7),
then for some fuzzy matrix approximation of some smooth test function ®, one has the following
limit

lim —Tr <<—i%[A(L;T),B(E;T)] - C(E;T)> o(L: T)> ~0.

In summary, we can now use the dictionary
N 1
{o,0)pp — _%[.,.], /d2 = lim STr (1.26)

to convert the classical Hamiltonian (1.17) over continuous functions into its regularised form.
Taking implicitely the large N limit:

1 % A j
H M reg P ( - X; 0. X" — 4[2@-,2@-][2« ,Xﬂ])
= Tr <2wl?j37)’;) —(QWZ%)—li[Xi,Xj][Xi,XJ]> : (1.27)

for X* and P’ now N x N matrices. When converting time derivatives into momenta, one
should be careful to use the regularised Hamiltonian, ie P; = %\”7;@? = (2#[313)_18726 * and not
start from the continuum version of the theory, Legendre transform and then regularise: in this

procedure the P; inherit an extra unabsorbable factor of N 2.
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The equations of motion and the Gauss constraint lift naturally to their regularised form
X =[x, X7, XY, [0-X, X =0. (1.28)

Once regularised, the Hamiltonian H qreg can be readily quantised, even though solving the
quantum theory may turn out to involve subtleties. Nevertheless, this regularisation procedure
provides us with well-defined quantum theory for membranes in the light-cone gauge. Further-
more, the invariance of the classical Hamiltonian (1.17) under time-independent area-preserving
diffeomorphisms translates, in the large N regularised version of the theory, into the U(N) sym-
metry of Hayreg (1.27). In short, the diffeomorphism group becomes, for the regularised N — oo
limit, the U(N) matrix group.

1.1.3 The supermembrane on a curved background

How to supersymmetrise the bosonic membrane action is more readily understood if one starts
from a theory where the membrane is allowed to evolve in a general (curved) backround. The flat
Minkowskian metric 7, in the pullback (1.1) is now replaced by a general symmetric two-tensor
G (X) depending on the embedding X*:

hap = G (X)0a X 05X" . (1.29)

Furthermore, just as strings couple electrically to a the antisymmetric field B, (X), in a gen-
eral background, membranes are also allowed an electric coupling, but to a three-form potential
A (X). Now such a field is intrinsic to eleven-dimensional supergravity, so we expect super-
space methods in use on the supergravity side to be applicable to a theory of supermembranes
in 11D. It will also be pointed out later on that 11 is the natural dimension for a super-
symmetric theory of membranes to be well-behaved. We can understand the connection to
eleven-dimensional supergravity as a first insight into the conjectured correspondance between
M(atrix) theory and a sector (IMF limit) of M-theory.

Thus, the membrane action for a general background is the Nambu-Goto action (1.1) for the

generalised pullback (1.29) complemented with an electrical coupling to the threeform potential
A(g) :

Siteury = Smng — T / B0 A (X)0a XF 05 X" 0, X 07, (1.30)

As before, one can introduce a fiducial metric g,g, shifting to the Polyakov formalism by replac-
ing

T
SM,NG B SM,P : SM,curv = _TM /d30, |:\/__g (gaﬁ aaX“a,BX”GMV(X) - 1>
2 Ay (X) 02 X 105X 0, X2 077 (1.31)

in expression (1.30). Similarly to the flat case, one can pick the light-cone gauge, and apply a
regularisation and quantisation procedure close to what has been outlined in Section 1.1.2.

1.1.4 Supersymmmetrisation in eleven dimensions

As for bosonic strings, the way to stabilise the bosonic membrane theory consists in adding
supersymmetry. But supersymmetry is also required when approaching M-theory from the reg-
ularised membrane theory. As we briefly mentioned before, supersymmetrisation of the classical
membrane theory can only be carried out in dimensions 3+1, 441, 6+1 and 10+1 (we do not
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take into account dimensions with multiple times), which are the dimensionalities where a cer-
tain Fierz identity needed for the invariance of the supermembrane Lagrangian holds true. The
existence of this Fierz identity is also responsible for the invariance of the Lagrangian under a
novel kind of symmetry called x-symmetry. However, one can be even more restrictive, since
among these four possible dimensionalities, 11D appears as the one preferred by the quantum
theory: all other cases indeed seem to be plagued by anomalies in the Lorentz algebra.

Supersymmetrisation of the membrane action in a general background has been originally
carried out by [29], who have found the proper way of adapting the Green-Schwarz formal-
ism [131] to three-dimensional objects. Thus, the supersymmetric theory automatically enjoys
target-space supersymmetry and x-symmetry. Contrary to superstrings, supermembranes have
no NSR description, and it is not yet clear wether a world-volume supersymmetric formulation
of membranes is workable (see [105]).

An eleven-dimensional superspace formulation of the theory consists in the original 11 bosonic
fields X* (describing membrane fluctuations in the transverse directions) and 32 Grassmanian
coordinates 0. These 43 fields are now handily collected into a bunch of supercoordinates

zM = (X", 0%)

with M = (u, @) taking 43 different values (we distinguish between the spinor index & = 1, ..,32
and the index o = 0, 1,2 which still denotes the world-volume coordinates of section 1.1)

The field content of the classical bosonic supermembrane theory in arbitrary background
is the same as for 11D supergravity: thus, the metric G, (X), or alternatively the elfbein s
a = 0,..,10, and the three-form field A,,\(X) of section 1.1.3 are now complemented with a
background gravitino field 1, (X). All these fields can be recast in 11D superspace formalism,
and appear as the lowest order components in 6 of the super-vielbein Eja[ and super-threeform
Bynp, where now A = (a,w) is the superspace equivalent of the tangent space index of the

elfbein (note that the gaugino spinor index runs from w = 1,..,32). Thus

B — E,j‘ = (Bl EY) = (el 4+ 0(0),4% + O(0)), (1.32)
BMNP - prp = Auyp + 0(9) . (133)

The identification of higher order contributions to the superfields (1.32-1.33) has been carried
out only up to O(6?) explicitely [94].

Supersymmetrising action (1.31) in the Green-Schwarz formalism is a quite involved and
technical issue. We will therefore not attempt to present the whole superspace derivation, but
rather highlight some conceptual keypoints of the calculation.

From B(3), one can define a four-form field strength Hj/npq such that Hy) = dB(3). Next,
defining the pullback of the super 43-bein and the ABC' components of B sy by

I, = ZMEy,  Bacp=FENESELBunp (1.34)
with E% the inverse 43-bein, supersymetrising the curved space Polyakov action (1.31) simply

consists in replacing the pullback of the metric and the electric coupling to the threeform by
their supersymmetric extension, written in terms of (1.34):

T
Stususy = _TM / Bo («/—g (gaﬁ T8 T 10 — 1) n 25“57HéHgH$BACD) . (1.35)
Compared to the action for superstrings in the Green-Schwarz formalism, expression (1.35)

containts an extra cosmological constant (the (-1) in the firts part of the RHS) and an electric
coupling to a three-form instead of a two-form.
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Apart from supersymmetry, the action (1.35) boasts a certain number of symmetries, namely:
super-diffeomorphism invariance, world-volume diffeomorphism invariance, super-gauge symme-
try, a discrete Zo symmetry sending By;vp — —Bynp and inverting the sign of one of the
space-time coordinates and, last but not least, k-symmetry . We will not spend time discussing
these symmetries in detail, and we refer the reader to the account reviewed in [234].

Let us however abide a bit on the x-symmetry of the supermembrane theory. The transfor-
mation rule is given by

1
M=——
: 3!y/| det g|

for a transformation parameter x which is actually an anti-commuting world-volume scalar
behaving as constant spinor with 32 components.

There are two key features to k-symmetry in supermembrane theory: first, it is realised as
a symmetry of the theory provided the background valued super-43-bein and the super-B-field
satisfy the equations of motions of eleven-dimensional supergravity. Then, 11D supergravity
somehow appears already in classical supersymmetric membrane theory [29]. Second, since
FE = 1, the combination (1 + I'y)/2 is a projector that can be used to gauge away half of
the target-space fermions 6%, thus reducing dynamical fermionic degrees of freedom to 8. This
closely matches the 8 propagating bosonic fields X?, i = 3, .., 10, left once we choose the static
gauge X = 0% However, this type of gauge-fixing clearly breaks Lorentz invariance, so that
no fully covariant quantisation of the theory has yet been found. An attempt has been made
by [121, 122] to fix k-symmetry by breaking the 32-components spinors of SO(1,10) into a 167,
and a 16g, leaving a residual SO(1,9) symmetry intact. But the initial 11D Lorentz symmetry
is in this case still incomplete, however minimally reduced.

To conclude this section, we want to show that, in the flat case, the regularised version of
the supermembrane action (1.35) can be approximated by supersymmetric quantum mechanics
for 8 transverse bosons X* and 16-components Majorana-Weyl spinor of SO(1,9).

We start by specialising to Minkowski space G, (X) = 1, and setting the background
three-form A,,,,(X) = 0. In flat space, the 43-bein becomes

E]jé/[ = (E?V[?E])\\J) = ((5:17 (Fae)&)a (0752)) :

1
o ZMESY = (0“,5(1+ru);§/€p> : e*MTEIBIIST 4y

The background we have chosen selects and sets as only non-vanishing components of H 4):
H,,a5= (1/3)(Fab)&BEZE3- With this in hand and the definition H 4y = dB3), one can deduce
the rest of the components of By/nyp in terms of polynomials of (I'y, ,,,0)a, for m < 3. The
details of the derivation are irrelevant to our purpose and can be found in the original paper

[29].
Then, the supersymmetric membrane action (1.35) becomes

T

S./\/t,susy = _7M /d30, (\/ -9 <ga6 HZH[V;TIMV - 1)
] ] (1.36)
5 0T,,0,0 [aaX#Hg + g(érﬂaae)(érvaﬁe)}) .

Similarly to k-gauged GS superstring, we notice the appearance of Wess-Zumino type terms in
the second part of action (1.36), which follows naturally from the superspace formalism. The
pullback of the 43-bein (1.34) now simplifies to

[T# = 9o, XH + 0T 0,0 . (1.37)

One can show that expression (1.36) is invariant under the target-space supersymmetry trans-
formations

S XH = AT'Me, 0.0 = ¢,
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Obviously 6.IT4 = 0, since, for Majorana spinors: fI'%e = —el'*, according to eqn.(A.18).
Invariance of II4, combined with the following Fierz identity in 11D for a quadruplet of
spinors 6,,:
e™P (0, TH6,,) (06T 11 0p) = 0

(emmoP ig the Levi-Civita tensor in 4D) leaves the action (1.36) invariant. This last identity
holds true, as mentioned at the beginning of this section, in D = 4,5,7,11, and also ensures
k-symmetry of the action. However, the theory in 11D is suspected to be the only one to posses
an anomaly-free quantum conterpart. Eleven dimensions is thus a privileged dimensionality for
supermembranes, just as 10D is for superstrings. As will appear later on, another Fierz identity
valid in 10D and involving this time an antisymmetrised triplet of spinors is responsible for the
supersymmetry invariance of SYM in 10D and of the BFSS matrix model.

Finally, the equations of motion for the fiducial metric defines the latter to be the pullback
of the flat Minkowskian one:

Gap = nuungng .

Repeating the procedure exposed in Section 1.1, we gauge-fix the theory by going to the

light-cone gauge:
Xt(@@) =r.

Moreover, we still have the liberty of using k-symmetry to set T = 0. This implies that the
following spinor bilinear vanish: 10,0 = 0, for i = 2,..,10, 0I'79,0 = 0 and T "9,0 = 0, so
that the momentum (1.37) now becomes:

I, = 9, X°.

Similar to what has been done for the bosonic membrane theory in Section 1.1.1, one computes
the constraints analogous to eqns.(1.15) for the action (1.36), which is now simplified by the
choice of light-cone gauge and by fixing k-symmetry. These constraints lead to:

- } i\2 i i ovil\2 AT —
87—X - 2(aT)() + N2 ({X 7X }) Ze]‘—‘ 67—07
0 X~ = 0Xi0-X' — i 0,0 fork=1,2,

where the normalisation constant IV is brought into play for the same reasons as the parameter
n earlier in bosonic membrane theory.

Eventually, using these constraints the action (1.36) simplifies even further, yielding the
following expression:

TN . 2 . .
SM,susy = MT/d3J (DTXZ'DTXZ_W{Xinj}PB{XZ7X]}PB
_ 2 _ . .
—ifT= 9,0 + Nzerl{xae}PB) .

Since now half of the components of 8 are fixed by k-symmetry, we are left with 16-dimensional

S0(9,1) Majorana spinors. One can then replace the 32 x 32 Dirac matrices I'! = 7' ® < (1) (1) >

by their 16 x 16-dimensional SO(9) Dirac submatrices ~°.
After performing a Legendre transform of the Lagrangian density and integrating it over the
spatial world-volume coordinates, we arrive at the Hamitonian:

Hugsusy = | d*°c | =——P, P' + =22{X;, X; XU X pp — 2Li07{ X;, 0 1.
sy = [ o (PP P e 0 X e — Ly X0 0 (139

with momenta P; = N—:gM(‘)TXi and Ily = —N—Z;Miél“_ for the fermions.
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Finally, the regularisation procedure already outlined in Section 1.1.2 now tells us how to
convert the fields X*, 9, X" and @ into N x N matrices in the adjoint representation of U(N), by
means of the correspondence (1.26). If, in addition, we wish to start from a gauge-covariant ac-
tion, one replaces 0, — D, = 0, +iAy. After Legendre transforming to the Hamiltonian formal-
ism, this generates a term —2A4o ({P;, X'}pp — {{Ilp, 0}}pp) where {{, }pp denotes symetrised
Poisson brackets.

Denoting the regularised fields X, P; = (27l%) 1 [D;, A;], ¥ and Ap, one obtains the quantum
supermembrane Hamiltonian in Planck units (as T/\_/ll = 4m%13):

1 1

1 . o .
Hifree = 20l5Tr (=P P — ———— X, X[ X7, X7 — ———— 9T x,
Mireg mp 1"<2PP 4(27Tl?1’3)2[ ) ]H ) ] 2(27Tl?1’3)219 [ 719] (1 39)
i , 1 _ :
iaXZ . F_v .
o Ao (”3 I+ 22113, {a 19}))

The term on the second line is the supersymmetric version of the Gauss constraint (1.19), and
the gauge field Ag can be regarded as a Lagrange multiplier implementing the constraint directly
in the Hamiltonian formalism.

The Hamiltonian (1.39) plays a central role in the M(atrix) approach to M-theory. In Sec-
tion 1.2.1 indeed, the same Hamiltonian will be derived from 10D super Yang-Mills theory
toroidally compactified to 9D, which is a first order approximation to a quantum theory N
DO-branes and appears at the basis of the BFSS conjecure.

1.1.5 Instabilities and continuous spectrum of states in the supermembrane
model

At the classical level, the classical bosonic membrane theory exhibits instabilities. This phe-
nomenon can best be illustrated by considering, for instance, the simplest membrane configura-
tion, with energy proportional to the area of the membrane times its tension. Such a configura-
tion can start growing long but very narrow ”spikes” at a very low energy cost. This would not
be possible for a classical string, where such an excrescence would have energy proportional to
the string length. In membrane theory, instead, a cylindrical spike of legth [ has energy 27Ty R,
with R the radius of the cylinder, so that the energy can stay small if [ is big but R < #AAI
The fluctuations the growing of these spikes generates prevents us to see the membrane as a
pointlike object.

In the regularised theory, these instabilities can be cured, since they now appear as flat
directions in the bosonic potential part of quantum Hamiltonian (1.39). They can arise from
potential terms such as (z129)%1, if the only non-zero bosonic matrix fields are for instance
Xt = < 0 = > and X? = < 00 > Then, for either z; = 0 or 1 = 0 there arises

—X1 0 0 X9
flat directions in the space of solutions of the theory since the other variable is unconstrained,
producing marginal instabilities in the classical theory for NV > 1. These can be cured in the
regularised quantum theory. There, the off-diagonal component x; now becomes a harmonic
oscillator with big mass when zo is unconstrained, and its zero-point energy gets large when
To increases, giving rise to an effective confining potential which lifts the flat direction. The
quantum bosonic membrane theory thus has a discrete spectrum of energy for any N.

In the supersymmetric regularised theory however, deWit, Liischer and Nicolai have shown
in [93] that the matrix theory exhibits a continuous spectrum, since now the zero-point energies
of the additional fermions exactly cancel those of the bosons, which were used earlier to remove
the flat directions. The absence of mass gap separating the massless from the massive states
apparently prevents an interpretation of the states of the theory as particle-like objects described
by a discrete spectrum of states in the Hilbert space of a first-quantised theory, like string theory.
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At the time, this seemed to compromise the validity of membrane theory as a likely candidate
for a microscopic description of M-theory, until the new perspective which the BFSS conjecture
[231] opened for this model.

1.2 D-branes and Dirac-Born-Infeld theory

In this section, we will comment on the string origin of the dynamical degrees of freedom of a Dp-
brane in a fixed Dp-brane background in 10D. When attached to a D-brane, the massless open
string vector field A, can be described as a low-energy theory on the D-brane world-volume. The
vector field A, then splits into (p + 1) components parallel to the D-brane world-volume, giving
rise to U(1)-gauge fields A, (o =0, ..,p) on the latter, and leaves (9 — p) transverse components
X (a=p+1,..,9), describing the D-brane fluctuations in the transverse directions, which are
identified with the (9 — p) components of the brane embedding X* (1 = 0,..,9) in the 10D
target space.

In a purely bosonic theory, it was shown by [180] that the D-brane equations of mo-
tion compatible with the open string theory in the D-brane background being conformally
invariant is given by the Dirac-Born-Infeld action. Introducing coordinates y® (a0 = 0,..,p)
on the brane, and defining the pull-back to the brane of a n-form field C' as Cy, . q,
Oyor XF1(y) - - - Oyan X* (y) Cpy . i, this action reads

Spet = =1, / Pty e_d’\/— det(gag + Bap + 2ma/ Fp) (1.40)

where g,3, Bag, ¢ are the induced space-time metric, antisymmetric tensor and dilaton pulled
back to the Dp-brane world-volume, and F,z is field-strength of the U(1)-gauge field Ay (y). A
cross check from string theory (actually a disk diagram computation) gives the precise value for
the brane tension 7, in terms of string units

_ptl
=g, T =(2m)Pa” 7 g, (1.41)
where gs = exp(¢) is the string coupling and o’ is given in terms of the string tension as

T =2rd.

To make contact with the full superstring theory, one should of course complement the above
action (1.40) by additional fermionic and Chern-Simons terms. Fore instance, since Dp-branes
are carriers for R-R charges, their world-volume couples to the corresponding R-R potential
through the leading Wess-Zumino term ), prH A(p+1), where 3,17 is the Dp-brane world-
volume. A more general coupling will be considered below.

In general, for a collection of N D-branes, the gauge group carried by A, becomes non-
abelian, so that both A, and X* are now matrices. An extension of expression (1.40) will then
involve traces of products of these fields and their derivatives. How to order the traces in order
to obtain a gauge invariant quantity is still kind of an open question beyond the fifth order, even
though comparaison with various scattering amplitudes from supergravity and the nature of the
solutions for some BPS non-abelian solitons seems to point at a trace which is symmetrised over
gauge indices [33, 30, 42, 31, 32|. In the next section we will need only the leading order of such
an expansion, which is well established.

In any case, the non-abelian version of the DBI action (1.40) will receive extra corrections
from the following topological term, integrated over the world-volume of the Dp-brane W41

T, / > Aggary A Tre?m' FHB (1.42)
Wht1 q
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which, at lower order, gives the Wess-Zumino term we mentioned above. In string language,
these terms will be dictated by anomaly cancellation in the effective field theory description of
the theory, as we will see in Section 3.

The abelian action (1.40) can be cast into a simplified version under the following assump-
tions:

a) The background 10D space-time is flat, with metric g, = n, = (=, +, .., +).

b) The Dp-brane is approximately flat, and we assume static gauge: namely that we can iden-
tify the world-volume coordinates on the Dp-brane with the (p+1) space-time coordinates:
ya - "L.a7 a = 07"7p'

c¢) The antisymmetric tensor is neglected: B(g) = 0.
d) We have the following order of magnitude: O(0,X*) ~ O(2ma/F,3) both small.
The induced metric to fourth order in 0X is then
Gop = Nap + 0aX 05X, + O((0X)*),

leading to the following simplified version for the determinant in expression (1.40)

2 N2
|gop + 270 Fag| = — <1 XX + ¢ = ) FagFaﬁ> +3 4, (1.43)
q
where the higher order terms A, in expression (1.43) start at O((0X)4, (0X)?, 27/ F)?, (2ra/ F)*).
A straightforward but tedious computation shows that:

AO - 07
A = %<(8aXaaﬁXa)(aaXbaﬁXb)_(8aXaaaXa)2>’

Ay = A1+i(3(8QX“E?“XG)(85Xb8yXb)(85X087XC)+2(8aX“85Xa)(85Xb87Xb)(8chaaXC)

3!
ana 3 (2770/)2 a af 2% a 1003
—(0a X0 X,) ) — T 0a X 0 Xy (P + 2P )
and so on.
Dropping however these fourth order corrections, the low-energy Dp-brane world-volume
action becomes

S=—mpVp + % /dp"'ly <_iFa6FQﬁ - : 28aX“8aXa + O((@X)4, (3X)2F2,F4)> )
p

2(2ma’)
(1.44)

where V), is the Dp-brane world-volume, and the coupling constant g, can be given either in
terms of the Dp-brane tension or solely in string units:

9 1

Ip = (2ma’)?T,

= gs(a’)—%(%\/@p—?. (1.45)

Focusing on the second part of expression (1.44), we notice it to be a U(1) gauge theory in
(p + 1) dimensions along with 9 — p scalars. Pushing a bit further by adding fermions and
rendering the gauge connection non-abelian, we arrive naturally at non-abelian supersymmetric
Yang-Mills theory (SYM), obtained by reduction to (p + 1) dimensions of a 10D SYM theory,
which is essentially unique.
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1.2.1 Ten-dimensional super Yang-Mills theory and its toroidal reduction

The abelian Yang-Mills theory (1.44) appearing as the low-energy limit of a single D-brane
action carrying U(1) gauge field can be promoted to N parallel D-branes, giving rise to a total
U(1)N gauge group. So much for the diagonal part. However, the possibility now arises of
having fields stretching between two different D-branes and carrying Chan-Paton indices (I, J)
(I,J = 1,..,N) labelling each one of them. Since such strings are oriented, they build up
N(N — 1) configurations. As the branes stack themselves together and the strings stretching
inbetween become massless, it has been shown in [248] that the gauge group is enhanced to
U(N).

Non-abelian SYM has the following action in 10D, resulting as the low-energy version of a
supersymmetric D9-brane theory:

1 1 i
S=— /dloy Tr <__FWFW + Ewpu[pwwo ) (1.46)
The field strength is defined by

Fu = _i[DmDu]

with D, = 0, + A, being the connection for non-abelian massless U(N) gauge vector field A,.
The fermionic part of the action is composed of massless 16-component Majorana-Weyl spinors
1 of SO(9,1) (the gaugino). In the following, we take advantage of the Majorana condition being
satisfied to choose the spinors and the Dirac matrices all real. See in particular Appendix A.1
for our conventions of SO(9,1) and SO(10,1) Dirac matrices.

In addition both the bosonic gauge fields and the gaugino are in the adjoint representation
of U(N) and carry therefore matrix indices a,b =1,.., N.

It can be shown that the action (1.46) is supersymmetric under the following transformations

j 1
JeA, = %gmp, betb = = Fu e, (1.47)
where € is also a Majorana-Weyl constant spinor: in (149)D this again endows the model with
16 independent supercharges.
The equations of motion are

(D P = L0 vgh, Pl =0 (1.45)

where [0 = T'*D,,. Hence, there are 8 on-shell bosonic degrees of freedom, and 8 fermionic ones
after imposing the second equation in (1.48). Note that we can absorb the gauge coupling gym
by a field redefinition gymA, and gymt and thence by D), = 0, +igymA,-

Finally, the supersymmetry of (1.46) can be proven by using properties of bilinears of Majo-
rana fermions in 10D, which can be found in Appendix A.5, together with the Bianchi identity
[Dy, Fp)] = 0 and and the Fierz identity valid in 10D (which actually also holds in D = 3,4, 6):

@ T ) () = 0. (1.49)

The proof of this identity can be found in Appendix A.6.

After this brief review on 10-dimensional SYM, we are now able to show that the non-abelian
version of the low-energy action for Dp-branes (1.44) is related to the reduction to (p + 1)
dimensions of the original 10D SYM theory (1.46). First, we assume that all fields in expression
(1.46) are independent of the compact coordinates =%, a = p + 1,..,9, depending only on the
brane world-volume coordinates y®, e = 0, .., p. Then, the action of iD, reduces to —A,, which
we write (after rescaling) as X,/(2wa’). These are precisely the expected (p + 1) transverse
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scalars of the theory (1.44). Moreover, the field strength now splits into purely transverse
components: Fp, = i[X4, Xp]/(2ma’)? at the origin of the scalar potential, into mixed ones:
Foo = —[Da, X4]/(27a)), giving rise to kinetic terms for the transverse scalars. In addition,
the components F,3 now constitute the gauge curvature on the brane (note that we now use
D to denote the gauge connection on the D-brane world-volume). We will see later on how
this correspondence is related to a T-duality of the theory performed on (p + 1) of the original
dimensions.
Dimensional reduction of the action (1.46) then yields

1 1 1 1
— p+1 - o - a o - 2
S p: /d yTr< TFasF z(zm/)2[DO"X [P, X,] + 4(27Ta/)4([Xa,Xb]) o

i— 1 —
—pI'*[D —— T X,
+5OTPa ]+ 5T K] )
where we recongnise the non-abelian version of expression (1.44), whose coupling can both be
expressed in terms of the original 10D SYM gauge constant divided by the volume of the compact

space vgﬁj; = (2m)%P H?=p+1 R; or in string units as in equation (1.45)

g = Fn(ViP5) ™" = o)) 2 (22,

Moreover, it is worth noting that the potential ([X,, X3])? is indeed negative definite, since
[Xa, X3]t = —[X4, X3). So both the kinetic and potential terms in expression (1.50) come out
with the expected sign.

Finally, finding a classical vacuum of the theory amounts to looking for a static solution of
the equations of motion where the the potential energy of the system is minimized. This is the
case when F,3 = 0 and ¢ = 0 and all transverse fields are covariantly constant and commute
with one another: [Dq, Xp(y)] = 0 = [X4(y), Xp(y)] Yy € Ep 1. This occurs for a solution of the
type

X = diag(z{, .., z%) , g eR Vi=1,.,N

and defines the moduli space of classical vacua
RO-PN /Sy,

where we have to quotient by the permutation group of NV objects, since the branes are regarded
as indistinguishable.

1.2.2 D-branes and T-duality

Type II string theories are endowed with two remarkable duality symmetries, T- and S-duality
(the latter peculiar to type IIB), which carry through the low-energy limit, down to the effective
SYM theory. T-duality essentially sends type IIA theory compactified on a circle of radius say
Ry to IIB on the dual circle, of radius ]%9 = o//Ry. Since this procedure exchanges Neumann
with Dirichlet boundary conditions on the compactified target-space field X?, this will turn
Dp-branes in the original theory to D(p & 1)-branes in the dual theory, depending on wether the
original brane is wrapped or not along the compact direction (7-duality wrapping in the dual
theory what was unwrapped in the original one, and vice-versa).

This feature can be proven in a precise fashion using the properties of the low-energy descrip-
tion of the Dp-brane action, to wit, the corresponding super Yang-Mills theory. We will start,
for simplicity, with the action for N DO-branes in flat space, which is encoded in the following
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matrix quantum dynamic:

9 9
Spo = 291/5/dtTr(Z[Dt,X“][Dt,Xa]%—m > (xe, X))
s a<b=1 (151)

9
—i(2ma! 2t [Dy, ¥ + 2m%2ra[xa,¢]) ,
a=1

a=1

and will compactify it along the X direction. In order to implement periodicity of X (¢) without
increasing the number of degrees of freedom of the system, a cunning way of doing has been
resorted to by [104] along the line of orbifold compactifications. In general, if one wishes to
describe the dynamics of N objects on R?/T", where T is the discrete group of the orbifold, one
may simply take |I'| x N copy of the original object and impose that all configurations thereof
be invariant under T'. In our case, it amounts to identifing the compact direction S* = R/Z
and considering the dynamics of Z x N DO0-branes on the convering space R. This translates
into a U(0o) quantum mechanics where the original N x N (X®)./ matrices now take m, n € Z
additional indices referring to the mth and nth copy of the i and j branes between which a string
is stretching in the ath direction. We write the matrix elements of X as X, . = (X, Jin
order to treat X,  as N x N matrices. Now, translational invariance under I' = Z implies, for
X? periodic, the following set of conditions:

(X507 = (X nmon)is a=0,.,8 (1.52)
(Xg"m)ij - (X?m—l)(n—l))ij , mFEN, (Xgn)z’j = 2”R95ij + (X?n—l)(n—l))ij .
A solution to this system of constraints is given by
XG0 = Xo, X9 = Xo+2mnRol, X =Xpm, (1.53)

for N x N matrices.
Going to the Fourier space on the dual circle, where a scalar field f is decomposes as f(gg) =

> feindo/ Rg, we notice that the action of X° on such a state is reproduced by the operator
X9(jjg) = 2ma/iDy = 2ma (idy — Ag(i)y)) -

In fact, 2ma’idy acts as 2ROy, for n,m € Z, yielding the second half of the diagonal part of

(1.53), on the Fourier components of

2
o 1

f@)= > fata=| fo |- (1.54)
n=-—00 Ji’_l
=

(writing é, = ¢99/BRy as o base such that én * €m = €nim). Since —2ma’Ag(ye) =

—2ma! 3°°° A, é,, the expression —2ma’ Ag(ij9) f(ij9) produces the action of the remaining
part of matrix (1.53) on vector (1.54), after setting A,, = X,,. As an illustration, the é; compo-
nent of (1.54) becomes

00
_271-0/ Z (Xn+1f_n + anl—n) )

n=—oo
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as expected.

Pushing the demonstration a bit further, one can now precisely show the duality between
the low-energy description of N DO-branes on R® x S! and the low-energy description of N D1-
branes on R8 x S! in the static gauge, since terms subject to T-duality in the DO-brane action
are mapped as follows to corresponding terms in the D1-brane matrix model, whose Fourier
modes are the winding modes of the original DO-branes

/dtTr([Xa,XbP) SN /dtdﬁgTr([Xa,Xb]Q),

21 Ry
/dtTr([Xg,XbP) — —(27;%0:)2/dtd@gTr([ﬁg,Xb]Z), (1.55)
o 2
[Py — (21%9) [ a1,

The process in (1.55) is the reverse of the compactification procedure in (1.50). In this respect,
the 27 Ry factors in (1.55) exactly cancels the corresponding factor of 2rRg in (1.50) after
applying T-duality: Rg — o//Ry, and thus the coupling constant g2 — §? as expected.

This correspondance can now easily be extended to a system of unwrapped N Dp-branes
on RY9~®+d) » T4 which become dual to N D(p + d)-branes wrapped on R~ (p+d) Td, after
sending R, — o' /R;, i =9— (d—1),..,9. In this case, the only additional term complementing
the list (1.55) is

(o)

(2m)d— H?:Q—(d—l

Finally, one can generalise the above orbifold construction (1.52) to dual field configurations
with non-trivial boundary conditions. These new sectors can actually be viewed as connections
on bundles with twisted boundary conditions. Going back to the DO/D1-brane duality example,
one can implement such non-trivial boundary conditions by requiring that the formal translation
operator U = exp[2miRg7 Y] producing the conditions (1.52) when conjugating the X states,
generates these conditions up to a gauge transformation Q € U(N). Then, condition (1.52)
becomes

/dp“yTr([Xa,XbF) . - /dp“yddnggb).
) 7

U-X%35°%) - Ut =0 (X%5%) 4+ 20 Re6%°T) - Q71

which is solved for X%(§9) = 2ra/iDy and U = Q - exp[2miRyj?). Concretely, the operator
Q could act as an element of the permutation group switching the D-branes indices, or, when
compactifying several dimensions, as a parameter rendering the gauge theory on the dual torus
non-commutative.

1.3 The BFSS Conjecture

Before stating the BFSS conjecture, we will start by reviewing some basic facts about the
reduction of M-theory to IIA string theory, which should put into a clearer perspective some
arguments of the conjecture itself.

1.3.1 M-theory and ITA string theory

Before being extended to the evasive non-perturbative limit of all known string theories, M-
theory was in the beginning defined by Witten [247] as a theory in 11D possessing eleven-
dimensional supergravity as its-low energy limit, which can then be defined as the strong-
coupling limit of type IIA string theory when compactified on a circle (which will be taken
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in the eleventh dimension z1°). The radius of this circle is given by Rija = Va!gs in string units
so that when Ryja — 0 we recover a 10D weakly-coupled string theory.

Let us now turn for a moment to 11D supergravity, interpreted as the strongly-coupled low-
energy classical limit of M-theory. The eleven-dimensional supergravity multiplet [81] contains
the following massless fields, labelled by indices A, B = 0,..,10: the symetric traceless tensor
gAB, or alternatively an elevenbein e (with tangent-space index a = 0, .., 10), a three form field
C3) and a Majorana gravitino ¢ 4. Retaining only the physical degrees of freedom of the theory
amounts to computing the rank of tensors in D — 2 dimensions, which yields the counting: for
gaB, 9% 10/2—1 =44 dof, for C(3), 9x 8 x 7/3! = 84 dof, and for 14, 211/4 /2 x (9—1) = 128
dof (projecting out spin 1/2 components). This builds up a supermultiplet of 256 components.

Besides, the low-energy limit of type IIA string theory consists of the following bosonic
massless sectors:

e an NS-NS sector with: a 10-dimensional metric g,,, a dilaton ¢ and a two-form B ,). The
latter can be related, by Hodge-duality of their respective field strength, to a 6-form 3(6),
which couples electrically to the world-volume of the NS5-brane, the magnetic dual of the
fundamental string.

e a R-R-sector with: a 1-form A(;) and a threeform A(s). Such R-R potentials couple
electrically to the DO- and D2-branes, and magnetically to the D4- and D6-branes (since
Dp-branes are BPS objects, they necessarily carry a conserved quantity, which is the R-R
charge). On should also include a 9-form potential, even though it is not associated with
a propagating state, since a D8-brane appears in the vertex operator analysis of type ITA
theory.

The correspondence between M-theory objects and the field content of type IIA supergravity
relates the zero modes of the Fourier expansion of gap, C(3) and ¢4 on the M-theory circle

S1 to the NS-NS and R-R sectors mentioned above: the zero mode of the metric ggg)w is thus

associated to the type IIA dilaton ¢, whereas the components gff,),) yield the ten-dimensional

metric, and the Cﬁ?,)lo are related to the ITA B-field B(z). So much for the NS-NS sector. As for

the R-R form-fields: the Kaluza-Klein photon giofo gives the type IIA one-form A,, while the

C’;(L(,),)p components correspond to the type ITA three-form A s).

As the R-R potentials of type II theories couple to the world-volume of Dp-branes, one
expects the eleven-dimensional three-form potential C(3) and its dual Cs) to be sourced by an
(electric) M2-brane and a (magnetic) M5-brane respectively. Such BPS objects have indeed
been shown to represent vacua of the eleven dimensional theory.

One can then rephrase the correspondence given above as follows: the 11D supergraviton
with momentum pig = Rﬁi is related to the type IIA DO-brane, an M2-brane wrapped around
the compact dimension to the type ITA Fl-brane (or fundamental string), the unwrapped M2-
brane to the type IIA D2-brane, while the M5-brane, wrapped and unwrapped, is associated
respectively to the D4-brane and the NS5-brane. Obtaining the D6- and D8-brane is slightly
more complicated: since the D6-brane is the magnetic dual of the DO-brane, it is expected
to descend from a Kaluza-Klein monopole in M-theory. As for the D8-brane, it seems to be
somehow related to the ten-dimensional boundary hyperplanes (?M9”-branes) appearing, for
instance Eg X FEg heterotic supergravity, but the M-theory origine of the D8-brane is still an
open problem.

Regarding the fermionic sector, the 32-component gravitino @4 of M-theory splits, in type
ITA theory, into a pair 16-components Majorana-Weyl gravitinos Y, a = 1,2, of opposite
chirality and, when A = 10, a pair of 16-components Majorana-Weyl spinors ¢{,, a =1, 2.
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Now, besides the supergraviton with momentum Pjy = 1/Rya yielding the ITA DO-brane,
there are, in M-theory, Kaluza-Klein modes with momenta: P;g = N/R, N € Z. Each each
of these states forms, as the fundamental supergraviton, a (short) supermultiplet of 2% = 256
states. However, for N # +1, such KK modes are massive, being the only contribution to the
11-dimensional mass, and can be interpreted as bound states at threshold of N DO0-branes or
of N DO-branes. Since the compactification radius is given by Ria = gV, when g, is large
(non-perturbative regime), these Kaluza-Klein modes become light BPS objects, and are thus
low-energy states of strongly coupled type ITA string theory, which are precisely described by
U(N) super Yang-Mills theory reduced to 0 + 1 dimensions, in other words a supersymmetric
quantum mechanics for N x N hermitian matrix . Moreover, as g; — 00, Ra is decompactified,
and we obtain 11-dimensional supergravity as the expected low-energy limit of strongly-coupled
type IIA theory.

For simplicity, and when there is no ambiguity, we will denote the radius Riia as R in the
following.

1.3.2 The BFSS matrix model

We have recalled in the preceding section how an eleventh non-compact dimension appears in the
strong-coupling limit of type IIA string theory and how the Kaluza-Klein modes of the eleven-
dimensional graviton reproduces in this case N D0-branes states bound at threshold, described
by supersymmetric quantum mechanics for N x N hermitian matrix. With this in hand, we
can now discuss the BFSS conjecture [231], which states that in the limit where N — oo,
M-theory expressed in the Infinite Momentum frame (or IMF) is exactly described by such a
non-relativistic theory for a system of many DO-branes in type ITA string theory.

The particular Lorentz frame in which one has to consider M-theory in this case, the IMF,
makes it possible to relate a quantum mechanics for nine-dimensional target space (matrix) fields
(the X?, i=1,..,9 in the action (1.51)) to a eleven-dimensional low-energy theory such as 11D
supergravity. Indeed, if one consider such a matrix model as living in 9 dimensions transverse to
the eleventh dimension of M-theory in the IMF, or in the light-cone frame (we will see later that
there is an equivalent formulation of this conjecture on the light front), this matrix model still
knows of the 11-dimensional Lorentz invariance of the full system, as long as we can interpret
it in terms of a transverse Hamiltonian H | related to the eleven-dimensional hamiltonian by
Hgqpy = (PT)"'H (cf. the Hamiltonian (1.17))

The conjecture can then be stated as:

Conjecture 1.3.1 The N — oo limit of the DO-branes quantum mechanics

9 9
1 : : s
Sprss = 5 / dt Y Tr | [Py, XP+ Y (X5, Xp])° =0 [Dy, 0]+ 017 X;,6] |, (1.56)
i=1 J=i+1

where the bosonic fields X', i = 1,..,9, and 16-components SO(1,9) Majorana-Weyl spinors 0
are N x N hermitian matrices in the adjoint representation of U(N), exactly describes M-theory
in the IMF, when both R — 0o and N/R — oo, where Pyg = N/R is the longitudinal momentum
for a bound state of N DO-branes.

In expression (1.56), we have taken advantage of the Majorana condition to work with
real Weyl spinors, and replace 1 — 67. Moreover, we have this time chosen a convention
where 2ra/ = 1. Since the compactification radius R = gsv// in string units, the relation
to expression (1.51) is then obvious. In addition, since the Planck length is Ip = N g;/ 3
in string units, we can compare with the regularised supermembrane Hamiltonian (1.39). To
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relate it to expression (1.56), we consider its corresponding Lagrangian, which goes as L =
L (([D-, X7])? + $([X7, XJ])%...). Since:

3
Arly,

1 1 1

ATt} (2ma/)(2gsV!)  (2ma/)(2R)

! rescaled version of the BFSS action,

the supersymmetric membrane action is then a (27ra’)~
and they are the same precisely when (27a/) = 1.

Varying expression (1.56), we get the following equations of motion:

. I I
D, Dy, XY = —[X*[Xp, X7 - 2(1),°{6",0
[ ty[ ts H [ 7[ ks H 2( )a { ) ﬁ}a (157)
Dy, 0] = —il%[X},6].
Finally, extremising with respect to the gauge field Ag yields the constraint
R = [X*, [Dr X)) + 5{6", 6} = 0. (1.58)

Thus, the supersymmetric extention of the Gauss Law constraint (1.28) now naturally appears
upon covariantisation of the time derivative, the gauge field acting in this perspective as a
Lagrange multiplier which implements the constraint. This mirrors exactly the end of the
discussion on the regularised supermembrane Hamiltonian (1.39)

From Legendre transforming the Lagrangian (1.56) according to H = Tr(P;X; — HQ) - L,
one obtains the BFSS Hamiltonian

9 . 9
1 . ) . 1 ) .
Hppss = Ry Tr(ZPP'+ IV 0 = o0 D X0 X)X, X] s
P Pl 1.59

Ao (1P X' — (11,0))

with canonical bosonic and fermionic momenta given by
1

P =
R

i
Dy, X; M= _——0".
[ 1y Z] ) 2R
The last term in expression (1.59) is proportional to the Hamiltonian equivalent of the Gauss
constraint R (1.58).

Preliminary discussion of the conjecture

We will be going into the details of this conjecture in the coming sections, where we will discuss
the Infinite Momentum Frame, the fact that the BFSS model is a second quantised theory, the
finite IV interpretation of the model, etc. . But before, we can already point out a few important
arguments in favour of this conjecture.

First, the IMF is a frame where we have performed an infinite boost in particular direction.
In our case we choose this longitudinal direction to be 219, As a consequence, all states with
Py negative or vanishing have infinite energy and decouple from the theory (see Section 1.3.3
for details). In type ITA theory, states that can carry non-vanishing momentum Pj( are branes
charged under the Ramond-Ramond potential Ay, in other words DO- or DO-branes. All other
states of the theory such as the F1 and the NS5-brane, which carry no R-R charge, and the
D2-brane, which couples to the higher rank A(3) potential, thus have zero Pip momentum, and
can be integrated out. We are thus left with bound states of N DO0-branes carrying momentum
Pip = N/R > 0. In contrast, DO-brane states carry negative momentum Pjg = — N, /R and are
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boosted to infinity in the IMF. However the system still nows somehow of their existence, since
eleven-dimensional Lorentz invariance is latent in the resulting light-cone theory. To summarise,
at large momentum string theory can be described in terms of elementary partonic degrees of
freedom, i.e. DO-branes with one unit of positive transverse momentum Pjg = 1/R.

Second, we now have a non-relativistic low-energy theory with super-Galilean invariance in
the dimensions transverse to x'°.

Third, the BFSS action (1.56) reproduces the regularised supermembrane action (1.39),
even though from a different approach. Thus the quantum light-front supermembrane naturally
emerges as a coherent state in the BFSS theory.

Finally, the leading long range interaction between two quanta of DO-branes can computed
from the BFSS matrix model [103] and exactly reproduc;as the two-graviton scattering amplitude

15v

known from light-front 11D supergravity V(r) = — {5 %,
gravitons.

where v is the relative velocity of the

1.3.3 The Infinite Momentum Frame

In this section, we will come back on the details of how a physical system behaves in the Infinite
Momentum Frame, extending it to correspondence stated in the Conjecture 1.3.1. The IMF is a
frame in which the physics has been heavily boosted in a preferred direction. It was introduced
long ago by [243] to simplify perturbation theory, since resorting to the IMF highly supresses
all diagrams where vertices are created out of the vacuum.

We start with a reference frame where the total momentum ]%ot is very large. Then the
individual momenta of the particles read:

ﬁn:Cnﬁtot+ﬁ#7

with the following poperties: Pl - Py, = 0, 32 P- = 0 and 3., ¢, = 1, the first of these
three conditions holding only when n > 2. Now, if the system is sufficiently boosted in the Pt
direction, all (,, become positive, and further boosting will only increase momenta in the ]%ot
direction without affecting the signs of the (.
Such a system can be compared to the corresponding 11-dimensional system in the light-cone
frame, for .
+ 0 10
x \/5( +z)
by identifying: P = (0, PL, .., P?,0) and ¢, Pt = (0, ..,0, P10).
Hence,
P:t = C_lEn + Cn|}_5tot|

n

and since the conservation law for the energy-momentum tensor becomes: M2 = PP, — |15nl 12,
the energy of each particle reads in the light-cone frame:

ﬁl 24 M2
c'E, =P+ ‘"’P% . (1.60)
n
Returning, for comparaison to the IMF, we can expand the energy as
. 1/2 ﬁL 24 M2
LB, = [\PnP + Mg} — P4 % +O((P)2), (1.61)
n

Noticing that for P!® — oo, we have ¢ 'E,, ~ P and hence P} ~ 2P!% we come to the
conclusion that, in this limit, expressions (1.60) and (1.61) match. Furthermore, going back to

QFT, we now have a clearer insight into the triviality of the IMF vacuum: in a theory with
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energy denominators, diagrams which carry a large internal momentum Pyt with (n negative, or
alternatively, with large negative P10, will be suppressed by a factor of 1/P!%. These diagrams
precisely correspond to particles created from the vacuum.

Considering the eleven-dimensional theory on a circle: 2'9 € S, this involves the transverse
momentum Pjy to quantised:

x10~$10+27TR—>P10 = E

R
Implementing the IMF implies boosting the system to P;g — oo, but since taking the decom-
pactification limit forces R — oo, N has to tend to infinity quicker than R, in order to satisfy
N/R — oo. This is the origin of the peculiar limit appearing in the Conjecture 1.3.1. Now,
boosting a theory with a compact direction is delicate, since a boost in the compactified direction
is not a symmetry of the previously Lorentz invariant theory. This should however not affect
the calculation at hand, which deal with the IMF as a way of calculating interaction between
states with large longitudinal momenta.

Since there are no 11-dimensional masses coming into play, the energy (1.60) and (1.61),
which coincide in the decompactification limit, becomes

“1p P10+Z’P"’2 tot+zusf\2
C tot — £ tot 2P10 - ~ P/rj_
where Galilean invariance is now manifest. Note that after introducing the supercharges required
by the supersymmetry of (1.56), this is enhanced to super-Galilean invariance.

1.3.4 M(atrix) theory: a proposal for DLCQ M-theory

The original formulation of the BFSS conjecture requires taking the limit N — oo on the
matrix model side of the correpondence. However, this limit can be very delicate to compute
concretely. In particular, there is often no clear prescription of how to take it when doing
perturbative loop calculations in M(atrix) theory. Furthermore, most of the checks of the validity
of the BFSS conjecture have shown that the correspondence between M-theory in the IMF and a
supersymmetric matrix model for N DO-branes holds true already at finite V. This has prompted
Susskind to investigate the finite N matrix model theory, arguing that such a supersymmetric
quantum mechanis gives in fact a description of the discrete light-front quantised sector of M-
theory, or DLCQ M-theory, containing states of momentum P* = N/R [228]. This relation was
made more precise by Seiberg and Sen in [218, 221], where they showed in particular how DLCQ
M-theory is related to perturbative type IIA string theory and gave evidence that a low-energy
action for DO-branes is the appropriate description for M-theory in the IMF, thereby giving
credit to the BFSS conjecture.

Concretely, this finite IV correspondence can be established by showing that DLCQ M-theory
is the natural framework yielding spacelike compactifications of type ITA string theory where
both the string coupling and the string length vanish. Thus, type IIA string theory is in this
limit perturbative since weakly coupled; and second, the massive string modes decouple, leaving
only DO-branes as fundamental partonic objects of the theory.

The starting point of the DLCQ approach takes advantage of the fact that one can view a
theory compactified on a lightlike circle as a theory compatified on a spacelike circle in the limit
where the latter vanishes. In the following, we will show how the light-front compactification of
M-theory can be described by such a limiting process, in the form of a matrix theory encoding
the low-energy behaviour of many DO0-branes, as shown in [218, 221].

Starting from a lightlike compactification in two dimensions with radius R, we can deform
it to a family of spacelike (near lightlike) compactifications by introducing a new radius R with
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identification:

<y>N<y—\/§7TR>Iﬁ)<y>N<y—2W\/R2/2+§2). (1.62)

ct ct+21R ct ct +v27R

Defining the boost parameter

81 =1+ 2(R/R)?,

it can be shown that the family of space-like compactifications on the left of expression (1.62)
can be obtained through the boost

(&)=-7=(s V) (%),

from a compactification with identification
(] 1y — onR
L)~ . 1.
< ct > < ct ) ’ (1.63)

Vl‘ﬁzzﬁ%

since we have the (exact) relation:

g

Now identification (1.63) being a mere longitudinal compactification, it in turn relates to a
regular type IIA compactification of M-theory with dictionary:

~ 3/2 1/2

R 3
R _f> , 1.64
g <lP) <R (1.64)

where [p is the 11D Planck length. So, to summarise, every spacelike compactification of M-
theory of the kind (1.62) is related through a boost to type ITA string theory with relationships
(1.64). Now taking the R — 0 limit to recover the original lightlike compactification, the string
coupling gs vanishes as desired, however the string scale I;! = (o/ )_1/ 2 vanishes as well; in
this limit, the massive states of string theory will not decouple and the higher order corrections
from the DBI action (1.40) cannot be neglect, ruling out the SYM approximation for DO-brane
dynamics.

The way out, however, is to concentrate on the energy of the particles of interest in this limit.
A theory with lightlike compactification scheme (1.62) has quantised momentum in the compact
direction PT = N/R and light-front Hamiltonian H = P~. Then for a spatial compactification
(1.63), the mass energy of the D0-brane quanta is Pt = N/ﬁ and the total energy:

E =cPt+AE.
Transforming back to the near lightlike compactification variables of (1.62)
<P>_ 1 (1-5)(13)
c'E ) i—pE\ 81 cE )7
we see that the energy of interest is given by

P, (1.65)



since P~ = (¢c"'E — P)/+/2 and then

_ 1+3 AE RAFE
p = —7 2= Tan
20—-0) ¢ R c

and obviously AE — 0 in the limit R—0. Comparing to how fast the string scale I;! vanishes
in this limit, we notice, using (1.65) and (1.64), that

AE ~cP~
o= Vi P 0.

Thus, the lightlike compactification limit of a family of spacelike compactifications leads to an
energy scale of interest for DO-branes which is much smaller than the string scale, although the
latter vanishes still. Then, one may hope to find new units where both the new string coupling
and the new string length go to zero, meeting all the required conditions for the correspondence
to hold. B
To do so, we define a new Planck length Ip for which the new energy of interest AE becomes

independent of R. This can be achieved by setting

lP ﬁ — . 925

lPAE—lPAE—>AE <Z_> ECP ~ finite — IR ~ fixed.
P

Since R — 0, this requires [p — v/0, leading to the new M-theory / ITA dictionary:

~\ 3/2 N\ 1/2
_ R ~ 13 ~
gs= | = — 0, ls=1= — 0, for R — 0
lp R

Going back to the DBI for DO-branes, we see that the limiting process at work relies on the
fact that even though the compactification lengths R and R now scale like R/R = (Ip/lp)?, the
transverse coordinate fields behave normally as X?/lp = Xt / } p, then, the approximation to the
DBI non-abelian action for D0-branes becomes

L [ (100X 1 0(0.%))
gSlS 2gSlS

—A+—/dtTr [D;, X2 O(R\/R)), for R —0.

The first contribution is proportional to the DO-brane energy, which we substract to compare
our result with the energy P~ of light-cone compactified M-theory. We also expect higher order
corrections from the nonabelian DBI action, collected indiscriminately in O(E/R), to become
negligible in the limit R — 0. The non-relativistic suprsymmetric matrix model (2.63) then
gives a complete description of DLCQ M-theory, provided, of course, there exists such a theory
endowed with necessary the properties of M-theory, and a well-defined type ITA theory which
can be interpreted as its small radius compactification limit, so that that the arguments given
above depend on these issues.

Furthermore, whether such a matrix theory really describes DLCQ supergravity in 11D in
the low-energy limit is, a priori, far from being obvious, pertaining, in particular, to the delicate
large N limit one has to perform on the matrix side.

Perturbative and non-perturbative evidence in favour of the well-definedness of this large N
limit in connection with (almost) light-like compactifications of type IIA string theory can be
found in [40, 41].
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A note on interactions in M(atrix) theory

To conclude this section, we outline the comparaison between higher order loop corrections in
M(atrix) theory and interactions in 11D supergravity.

Interactions in matrix theory involve block matrices which represent general time-dependent
configurations combining gravitons, membranes and fivebranes. One can then use perturbative
SYM theory in background field gauge to compute loop contributions in the matrix model and
compare them to 11D supergravity interactions. For a finite N formulation of M(atrix) theory,
the one loop results have been shown to generate an effective potential with an infinite series of
terms which exactly reproduce, at tree level, supergravity interactions involving the exchange
of a one graviton, a quantum of three-form field or a gravitino. One-loop calculations involving
a pair of D0-branes can be found in [103], and for a pair of general membrane backgrounds see
[157]

The two-loop results are more mixed. On the one hand, the leading two-loop contribution
to three particle interaction in M(atrix) theory have been shown to correctly reproduce three-
graviton scattering amplitudes in 11D supergravity, at tree-level [137]. This is based on the
approach by Yoneya and Okawa [207, 206] Other results at two-loops can be found in [19, 20].
Beyond this, however, it is unclear whether higher loop results can still be used to recover more
involved nonlinear effects in supergravity. One the other hand, already at the two-loop level in
M(atrix) theory, one can try to compare next-to-leading order terms in the two-loop effective
action, with the first quantum corrections to three graviton scattering amplitudes induced by
R* corrections to classical supergravity. In this case, [137] has shown that there is a clear
disagrement between the tensorial structure of the M(atrix) theory two-loop computations and
the M-theory corrections on the supergravity side. Other works [167, 21] seem to point at the
fact that quantum effects in supergravity cannot be accurately recovered from M(atrix) theory
loop calculations.

This discrepancy can however be accounted for by first noting that finite N M(atrix) theory
describes M-theory on a lightlike circle, which is Lorentz equivalent to M-theory on a vanishing
spacelike circle [218], and is perturbative in g5, while 11D supergravity is a good description
of M-theory in the large radius / large g5 limit. One then only expects an agreement between
amplitudes which are protected when one goes from one regime to the other. This is the case for
tree-level amplitudes involving two and three particles [208, 209], while the terms appearing in
R* corrections to three graviton scattering amplitudes are not subject to a non-renormalisation
theorem. More on supersymmetric non-renormalisation theorems in M(atrix) theory can be
found in [165, 166]. Thus, a matching between M(atrix) theory calculations and quantum
corrections to supergravity can only be hoped to be reached (if it can) in the large N limit, and
how to handle this limit is still an open question.

1.3.5 Continuous energy spectrum and second-quantisation in M(atrix) the-
ory

As we have seen in the Section 1.3.2, the supermembrane emerges naturally from the BFSS
theory, and appears as a coherent state in the supersymmetric matrix model (1.56). The fact
that this matrix model gives rise to a second quantised theory solves in addition the problem of
the continuous spectrum of supermembrane theory pointed out in Section 1.1.5.

Classical longitudinal gravitons can be constructed from DLCQ M(atrix) theory by finding
a solution which minimises the potential in the action (1.56) and solves the classical equation
of motion (1.57). A simple class of solution corresponding to an N-graviton state is given by
commuting matrices with linear time dependence:

(X)), =z +vit)s,, i=1,.9, anda,b=1,..N. (1.66)
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Each of the N gravitons composing this state carries a total longitudinal momentum P+ =1/R
and is massless. Making the gauge choice Ag = 0 in the action (1.56), its light-front kinetic

energy reads:
_ 1 sivg L iv2_ 1 i\2
H—EZ:TT(X) —ﬁ;(%) —Wzi:(p)

One can likewise construct a single classical graviton state with PT = N/R by setting 2, =
and v} =o', Va = 1,.., N, in eqn.(1.66).

Including supersymmetry brings about some subtleties, so that when considering what we
will call an N-supergraviton state, on now has to separate the matrix target space fields X*(t)
into centre of mass and relative coordinates. This corresponds to factoring out the U(1) in the
matrices (1.66) according to U(N) = SU(N) x U(1):

)

X'(t) = Xpa(®) + (@ OV Inww . (2'(t)) = %TTX"(t) (1.67)

with TrXriCl = Tl“XﬁCl = 0. The Hamiltonian separates this time in two parts
1 i\2
H = Hyo + 550 Z(p> (1.68)
(3

with (p’) = R~%(3") and PT = N/R. H,q is the BFSS Hamiltonian (1.59) restricted to SU(N)
matrices and can be shown to have zero-energy threshold bound states, [248, 222, 213], for which
the energy is just the centre of mass energy ﬁ > (@2

We now consider the fermionic sector of the theory. The 16 fermionic variables ¢ have

anticommutation relations given by the following Dirac brackets:
{0a,0"}pB = —iR(P1), Iy,
(see eqn.(1.83) below). One can then combine them into 8 pairs of lowering an raising operators:

o=

«a \/ER

which generates the costumary fermion Fock space of dimension 28 = 256. This is exactly the
number of states required to form a supermultiplet, of 11D supergravity, as seen in Section
(1.3.1). To sum up, for N = 1, we have a single DO-brane with Pt = 1/R, described by a
U(1) matrix Hamiltonian with a spectrum of 256 states, which corresponds to a supergravity
multiplet. This is precisely what is usually called a supergraviton. For N > 1, only states in
the SU(N) quantum mechanics theory are relevant, and each of them describes a supergravity
multiplet of 256 states. These then correspond to a bound state at threshold.

Besides single supergraviton states, one can show that the Hamiltonian of M(atrix) theory
has a Hilbert which actually contains multiple particle states. To see this, consider now the
N x N (or infinite) matrices X to be block-diagonal:

(0o £64)

X'=. . ®X(_0)®X(_1) ® Xy & X(jp1) © Xipy) - - - - (1.69)

Each of these matrices will satisfy the equation of motion (1.57) separately (neglecting the

fermions):
D, [De, X{jy ) = = [X (s [X ey X iy

As in eqn.(1.67), the submatrices X (ik) can then be related to separate objects with center of

mass <m%k)> = NLkTrXZ'k), so that the classical theory encodes, even for N finite, configurations
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with multiple independent objects. Repeating the analysis above, the Hamiltonian of such a
configuration splits into a sum of uncoupled Hamiltonians Eszl H ), where each separate Hy)
has a supergraviton in its spectrum. The quantum theory can then be constructed by replacing
the classical matrix configuration dsecribing multiple independent supergravitons (1.69) by a
wave function which approximates the tensor product of as many bound state wavefunctions, in
the limit where the garvitons are taken to be far apart. Finally, letting N tend to infinity, we
conclude that M(atrix) theory contains the full Fock space of supergravitons, and can then be
viewed as a second-quantised theory with respect to its target space.

Since M(atrix) theory is endowed with a Fock-space allowing multi-supergraviton states,
one can build in particular a two-body state by combining two localised (H =~ 0) graviton
states, which are far apart and have small relative velocities. This configuration can be chosen
to have arbitrary small total energy. In the type IIA picture, where gravitons with one unit
of longitudinal momentum P'® = 1/R are associated to DO-branes, we may have in this case
a continuous spectrum of energy, VN > 1. This gives an answer to the problem raised in
Section 1.1.5.

Note that multiple objects states can also be seen directly in the continuous membrane theory
by mapping a classical smooth membrane to a configuration in the target-space representing
sphere-like objects connected by tubes. Taking the tubes to be long and thin makes their energy
negligible, and we are left with a collection of independent spherical membranes.

1.3.6 The BFSS matrix model and its supersymmetry algebra

In this section we will discuss and verify the supersymmetry of the model (1.56). When going
from M-theory to the BFSS M(atrix) model, we start in eleven dimensions with the 32 super-
charges Q4, A =1, ..,32, that transform as a Majorana spinors of SO(10,1). Then, in the IMF
limit, the Q4 decompose into two groups of 16 supercharges, each transforming as a Majorana-
Weyl spinor of SO(1,9): call them Q, and Q,, a = 1,..,16. For reasons exposed in the next
section, the first ones are called kinematical and the second dynamical. The infinitesimal su-
persymmetry transformations acting on a field F' are then generated by these charges in the
following fashion: N
6 F =i[e"Qu, F],  6,F =in°Qu, F].

To be more specific, the dynamical susy transformation laws derive from 10D SYM theory,
provided the required decomposition A, — (Ao, X;) as in eqn.(1.47)

5.XT = Llerig,  §.Ag = ——€th,
2 2
1 ; y
(569 = <§P0k[Dt,Xk] — i[Xinj]PU> €.

The kinematical ones, on the other hand, are peculiar to the BFSS matrix model, and affect
only the fermions of the theory, shifting them by a constant valued spinor

6, X' =08,40=0, 6,0 =nl.
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Commutators of two such transformations yield constant spinor bilinears:

[6.1,62]X° = —%’zfuel[éuoﬂ)t+5uka,Xi],

[60,02]A9 = —%g2rkel[pt,xk],

[0.1,62]0 = —%[5u0iDt+5quj,é]Fk6[1F“k62} (1.70)
(60,8, = —%grin, [56,577]140:%6*77, [60,8,10 = 0,

[0y, 6] (any field) = 0

In order to show invariance of expression (1.56) under dynamical susy transformation, we start
by listing each separate term of §.Srss

5 Tr([Dy, X'1?) = Tr(e'0, X][Dy, X;]) + iTr (€1 [Dy, 0)[Dy, Xi]) = A1 + B,
5 Tr(01[Dy,0]) = Tr([Dy, Xi|[Dy, el'0]) + %Tr([Dt, 'T0)(X;, X;]) + %Tr(m[e*e,e])
1 i i
—8t<§Tr(eF 6[D1, Xi]) + 7T (el J@[Xi,Xj]))
= By+ Ay + Cq1 + 0,G, (1.71)
5. Tr(AT(X,,0)) = %Tr([Dt, XX, I TTY0]) - %Tr([Dt, X)X, 01T
+%Tr([Xi,Xj][Xk, eriTkg)) + iﬁ([Xi,Xj][Xk,ér’frije]) + %ﬁ(érk[erke, 0])
= A3+ A4+ Dy + Dy + Co,
5 Tr([X', X7)?) = 2iTr([el'0, X7][X;, X;]) = Ds.

Notice that in the list (1.71), we have explicitely integrated by part certain terms in the la-
grangian, assuming the fermionic parameters € are constant, and keeping for future purpose the
total derivative produced thereby. We first notice the cancellation of expression

Ay —iAg + Az + Ay = Te([Dy, X,][€'T90, X;] — €' T90[X;, [Dy, Xi]) = 0

by using I"TY = T'¥ + §% 1, and the following properties for Majorana spinors in 10D: e/T%§ =
0T ¢ and €'@ = —0Te according to eqn.(A.19). The next terms that cancel after restoring the
coefficients of the action are:

By —iBy =0.

Moreover, we also have
; _ _ . 1 _

—iCy + Cy = —%Tr(—HI‘O [0,eT%0] + OT;[6, 1)) = 3 Fape(0°TH0) (€T ,0°) = 0 (1.72)
which vanishes thanks to Fierz identity in 10D for any triplet of right-handed Majorana spinors:
€abc(¢ Fu¢b)(ruwc)a =0 (A21)

Finally, their remains

1 ; . .
Dy + Dy + 5Ds = —5 Tr(el X7, [X7, X)) = 0

where we have been using the relations I'YT* = Tk 4 2§/FTJ] and TT9F = 7k 4- 26°UTH . This
expression vanishes because of the Jacobi identity applying on €;;;[X?, [X7, X k).
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The left-over term is a total derivative
; . 1 .
—i9,G = %@Tr(EFZH[Dt,Xi]) — LT (EVOLX, X)) (1.73)

from which one can extract Noether charges. Restoring the overall coupling constant from the

action and keeping € local, it can be shown that the Noether charges associated to dynamical

supersymmetry can be obtained from G' by removing the € parameter and multiplying by g, 2,
Invariance of (1.56) under kinematical supersymmetry follows from varying

Sn/dtTr(—wT[Dt,e] +9’r"[xi,e]>
:/dtTr<—z'nT[Dt,0]—iGT[Dt,n]+ﬁFi[Xi,9]+§Fi[XZ-,77]> (1.74)
_ —/dtz’(atTr(nTH) - 2Tr((8mT)9)) =0

where we used 7I''0 = —0I'n and [dt Tr(n'[D:,0]) = — [dt Tr(9n'0)+total derivative =
[ dt Tr(810ym)+total derivative.

From first term of second line of (1.74) one can again extract the Noether charge for kine-
matical supersymmetry, by defining

G =-Tr(n'0), (1.75)

removing the 1 parameter and normalizing the resulting expression by g, 2,

1.4 Brane charges and the BFSS supersymetry algebra

In this section, we want to address the issue of the appearance in M(atrix) theory of states
consisting of DO-branes bound at threshold. These states behave like BPS Dp-brane and can
be systematically studied by starting from the supersymmetry algebra in 11 dimensions, as first
advocated in [230].

The eleven-dimensional supersymmetry algebra reads
{Qa, @7} = i(CTY) Py + o5 (CTYY) P 2w + 2 (CTHNOTO) P Zynopg (1.76)

and includes on the right-hand side a rank two and rank five tensors which act as central charges
for membranes (M2) and fivebranes (M5). Indices run from M = 0,..,10 and the supercharges
Qu, a =1,..,32, form an SO(1,10) spinor of 32 components. The occurence of central charges
that are both Lorentz tensors seem to contradict the Coleman Mandula theorem. However, it
can be shown (the detailled calculation in matrix theory will eventually shed light on this issue)
that such charges either vanish or are infinite, since they are associated with branes with infinite
volume, whose charge per unit volume remains finite. But we can avoid dealing with infinite
charges by compactifying space on a large but finite-dimensional torus.

Now, it is easy to see that central charges with a timelike index will vanish, since they
originate from space integral of conserved currents, which are themselves antisymmetric tensors:
ZMi-Mn — flewJOMl“M”, then Z0Mi-Mn-1 — (. This argument can be reinterpreted in the
language of the above paragraph by noting that the time direction being kept non-compact, the
time components of central charges necessarily vanish.

In order to make contact with the DLCQ M(atrix) theory formalism, one need rewrite the
algebra (1.76) in the light-cone frame. According to the conventions for SO(1,9) Dirac matrices
in Appendix A.1, we have C' = T'°, and P = (1/2)(T + I''?) and, as mentioned in Section
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1.3.6, the former supercharges Q, split into 16 kinematical supercharges (NQOC and 16 dynamical
supercharges Qn, which form a Majorana-Weyl spinor representation of SO(1,9):

{Qu, Q%Y = i(Py),TxPT, (1.77)

(Qu Q") = UPLTOT)PTeR 4+ o (PAT), 245 4+ L (P ™) 0 7, (178)

{Qa @} = i(Py), TP~ +i(PLIT), Z; + L (PLT), Z iy (1.79)

with TrP~ = H, and since we eventually take the IMF limit: TrP* = N/R = p™ (note that, to
avoid confusion, PT is now an operator, and p™ the longitudinal momentum, which called P™
previously).

Lastly, going to the IMF selects only those charges carrying a covariant (-) index, namely:
Z' = Z7" and Z9* = Z=4k which turn up in the algebra (1.79). The latter are precisely
switched on by the presence of M2 and M5 brane wrapped around the longitudinal direction,
that appear as D4-branes and fundamental (F1) strings in type ITA string theory. As will be
checked later on, to keep those tensors finite, one should take the longitudinal direction to be
compact. As a consequence, the correponding charges will scale as 1/R in our normalisation.

From the IMF supersymmetric algebra (1.77)-(1.79), on can read off the BPS brane-like
objects which appear as central charges, namely:

a) %-BPS objects: they consist of transverse M2- and Mb-branes with charges given by the
RHS of commutator (1.79), and preserve the biggest portion of the initial supersymmetry,
since they are linear combination of both kinematical and dynamical generators. In type
ITA language, they turn out to be D2- and NS5-branes. Their energy is proportional to the
square of the norm of the related tensor: Z;;Z 4 and Ziy . isZ 1% since these excited states
behave like particles propagating in a space with a compact transverse direction. In the
IMF variables, the energy scales as E = 2‘;—%, with ep = T,A = /—TrP4 P4 the surface
tension energy for a p-brane, which has first been verified by [91, 93] for the transverse
membrane. We will see how to construct these objects form M(atrix) theory in the next
two sections.

b) %—BPS objects: these are the longitudinal M2- and Mb5-branes with charges appearing in
commutator (1.78), corresponding to the fundamantal string (F1) and the D4-brane of
type ITA theory. Since in expression (1.78) all kinematical commutators are broken and
only half of the dynamical ones are preserved, we are indeed dealing with %—BPS states.
In this case, they energy is proportional to the central charge. This is due to the fact that
a longitudinal object with momentum in the compact direction will develop an internal
excitation breaking translational invariance in the compact direction. This, in turn, is the
source for the breaking of the extra half of the remaining supersymmetry generators. In
addition, since the energy of the internal excitations increases as p™ — oo, the energy
scales like a constant in the IMF limit [230]

¢) more %—BPS objects: longitudinal M5-branes with charge given in commutator (1.79) can
break only half of the supersymmetries, if they become carriers for membrane charges.
This requires activating tranverse M2-branes in the commutator (1.78). Such a state will
then combine non-zero values for both (type IIA) D2- and D4-brane charges. Turning
on, for instance, the D4-brane charge in directions [1;2;3;4] by choosing Z123* to be non-
vanishing, one may embed in the D4 two stacks of infinite D2-branes by activating their
respective charges Z'2 and Z3*, and by requiring that TrPT 2123 = 712734 From the
longitudinal brane condition on the D4, implying that its energy is proportional to Z;;
and hence to a constant, one infers that Z223% o« TrP*.
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1.4.1 The BF'SS supercharge density algebra

We will now turn to constructing the equivalent of the supersymmetry algebra (1.77)-(1.79) by
starting from a canonical quantisation procedure applied to the matrix model (1.56). We inter-
prete untraced products of matrices as supercharge densities, since the analog of the integration
is, in the matrix language, the trace.

We define anticommutators of supercharges by means of Dirac brackets defined on the canon-
ical variables of BFSS Hamiltonian (1.59):

1

SDL X, T= gt (1.80)

P;
2R

As we argued in the preceding section, the Noether charges associated to the kinematical and
dynamical susy can be inferred from G and 1.73) and G (1.75), and, in components, read

~ 1
Qa = _ETI‘GOC )
1, 1 (1.81)
{2 7
Qu = —55 (0D X - ST9IX X))
We implement the non-commutative structure on the canonical variables (1.80) by defining the

Dirac brackets:

{(XN, (P)Bpe = 856067, (1.82)
{(ea)gv(eﬁ)g}DB = _iR(P+)a65352’ (1'83)

which will be specified by DB, so as not to mistake them for matrix commutators acting on the
adjoint of SU(N). Since there is no operator ordering prescription, the algebra (1.82)-(1.83)
conveys the full quantum structure of the theory.

Now, if we start by computing the algebra directly from traced operators such as (1.81), we
will be faced with subtleties related to the N — oo limit of the matrix model. So following [230],
we will instead used supercharge densities as a starting point, which are simply the untraced
version of (1.81). Furthermore, we improve the dynamical supercharge density by symmetrising
it, thus ensuring the operator to be hermitian; this minimal improvement does not affect the
traced operator in the finite N limit, and, as argued in [230], vanishes in the smooth membrane
approximation to the theory, when N — oc.

Defining the supercharge densities to be

1
~ \b b
a = 5 001 a>
@)t = (0
1 . 7 .. b
bo_ _Lfoip iy, x.1) 8
(qa)a 4{(F 'P7/+2RF [X“X]])a 70’6}DBG7

we have indeed Q, =Trq, and (~Qa =Trq,.
In the following, we take advantage of the Majorana condition applying to SO(1,9) spinors
to restrict to a real representation thereof:
a“=ql=q,, § =dl =4,

I

In particular, using anticommutation relations for I'~matrices and antisymmetry of T'¥: (q%)% =
~ 1 : A
(G8)% = —H{(T% P — T [X;, X;]) %, 0%},
We are now in a position to compute Dirac brackets of supercharges which still encode
the index structure of the gauge group (and thus remain sensitive to the tracing procedure).
However, this will in turn produce terms antisymmetric in both matrix and spinorial indices,
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which are similar to Schwinger terms with odd derivative of delta functions. Provided all charges
are regularised in the same way in the large N limit, these unwanted terms will disappear when
tracing on one of the supercharges, which is what we will eventually do.

The first Dirac brackets including kinematical supercharges only are easy to derive, yielding

{(@a)%, Q"}pB = —%(m)fdfg. (1.84)

Next, the commutator mixing kinematical with dynamical supercharges reads

{(@a)5, Q%o = %{(HQ)Z,(HV)Q}DB ((FOi)yﬁ(ﬂ)g - ﬁ(rw) B[XivXj]Zl)

1 . i .
= —5(7’+F02)aﬁ(Pz)Z - E(Pﬂw)a X, X5 -
Finally, computing the Dirac bracket between two dynamical supercharges is a little more in-
volved. For the sake of clarity, we split the Dirac bracket

1{{(FOiPZ-—|—

< —TY[X;, X;])0™ 1 0a }DB 07 (1% Py, —

b B _ kl Bye
{(aa)t, Q}on = ST X)) )
(1.85)
into two parts: a part where we compute the Dirac bracket of the two fermionic variables:

({0ur,0% }pB x ())aﬁ 2 (which will be denoted by a 0 subscript), and a part where only the
bosonic variables P; and X are involved in the DB (denoted by a 1 subscript). Since all these
expressions should be symmetric in the U(N) indices, this will often be abbreviated (e) ) =

% [(®)ap + (®)pe]. Thus subscript (0) of expression (1.85) reads

2R 2R

B b)

o (a

b B iR 0i L ijtv. w1 (10k K2
(@), @on| | = = (P (TP 4+ ST [X 1) (T4 P+ T
’LR

_ iR <<ppz> P + ﬂlzzaxz,xm(mf

kl[Xk,Xl])>

+i{[X,~,X

7 (P07

Pibon ol e (e X1, XDR(PL ),
where getting from the first to the second line requires using such identities as [['%, T9%] =
—2I0(6¥ T — §RITH) and {T¥, Tk} = TUk 4 5il§ik — §ik§il. Clearly, in the final result, we have
not added extra symetrisation to expressions overtly symmetric in matrix indices.

The subscript (1) part of (1.85) reads, after factorising the left-over fermions

i C (& m
(0 Qon| | = —37 ((Xn)(@)20%) = (X X0)5, 007 ) (PO (PoTm)
(P11, Y (PyTm) )
- ﬁ(eye(g){m — 05Xmb,) ) ((PJOFZ)(CL’Y‘(PJW)@(S (1.86)

+(P4TOTy) (P T

(

= (70,0 (P, — (67PN, X)) )

Let us briefly comment on the details of the calculation. To compute the first line of expression
(1.86), use

(P8, [X7, XM o = 2 (dtaY (x*)d - o267 (XH)2) .
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Next, going from the first to the second line takes advantage of the Majorana representation
where all Dirac matrices can be chosen real (see Appendix A.4). In this basis, the matrices I'°T
are symmetric, while '™ are antisymmetric under interchange of spinor indices. The resulting
expression turns out to be symmetric for v < §, which has been emphasized by this same
symbol. Finally, last line of expression (1.86) has been cast in this condensed form thanks to
the 10 dimensional Fierz identity in its component form (see Appendix A.6)

(7’j:1ﬂ01ﬂl)(o‘;”(Pirlm)ﬁ)(S + (Pirorl)((lé‘(PiFlm)ﬁh (L87)
—(PaTOT™) A (Pa)? + (PATOT™) P (P) |
To summarise, expressions (1.84), (1.85) and (1.86) generate the algebra
(@0 Q%o = 5P,
B 1 o 1 . b
(@ @%on = 5P (%), P+ 3o ), X X1
zR 1
(@ Q@on =~ (APEP - 5 X PAP) (1.58)
+§{[Xi,Xk],Pk}Z(P+FOZ)aﬁ 4R2([XZ7X Xk, Xa))5 (PR TR,

b
3 (0716, X)) (PLT), 7 4 — (6776, X)) <7>+>cﬁ) .
By tracing on supercharge densities, we notice that the coefficient on the RHS of the first PB
of the algebra (1.88) can be rewritten as Trd%/R = N/R =TrP*. As for the the last PB of the
algebra (1.88), the first, second and sixth terms can be collected in the Hamiltonian (1.59) (with
Gauss constraint set to zero), thus yielding the familiar expression

{Qu, Q%o = —i(Py), TrPt,
{Qu, Q"o = —% <i(P+POi)a6TrPi + %(mrij)aﬁmxi,xj]) (1.89)
{Qu,Q7}op = —%H(ﬂ) O o (PHX, X1+ 1T, XZ-]) (P, I%), 8

—ﬁTr([X,,X [ Xk, Xp](PL T4 P
which reminds us of the IMF superalgebra (1.77)-(1.79). By identify the central charges on the
LHS of expressions (1.77)-(1.79) with the corresponding objects in the superalgebra (1.89), we
obtain the M(atrix) theory formulation of some of the branes of M-theory mentioned at the
beginning.
Thus we recognise in

1 .
Zi = —4—Tr <2i[Dt,X Xk, Xi] — 0 [G,XZ-]) = Ty <Pk[Xk,Xi] +H[9,XZ-]) :

f ;7 (1.90)
Zij = ETF[XwX B Zij = —ETr(X[inXle])

the (type ITA) fundamental string (longitudinal M2-brane) along with the (type IIA) D2-brane
(transverse M2) and the (type ITA) D4-brane (longitudinal M5).

We now restore the originial normalisation of [230], which is appropriate for discriminating
wrapped from unwrapped branes. This can be done by rescaling fields and derivative appearing
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in the brane charges (1.90) adequately: X; — VRX;, iD; — VRiD; and 0 — R3/49, leading to:

Zi x RTy (2z‘[Dt,X’“][Xk,X,-] —eT[e,X,-]) , (1.91)
Zijk o« RTr(X; X;Xp X)), (1.93)

and we are happy to notice that objects wrapped along the eleventh dimension such as Z; and
Zijk indeed scale as R, as pointed out earlier, while Z;; does not exhibit any R dependence.

Since the first charge is proportional to the Gauss constraint and the last two are traces of
commutators, they obviously vanish for NV finite. However, when taking the large N limit, these
expressions can be non-zero, as a consequence of matrices becoming infinite dimensional. In the
low energy supergravity description of the theory, these central charges would indeed appear
as integrals over total derivatives, and therefore would be non-vanishing only on topologically
non-trivial configuration of fields. This interpretation of central charges as topological objects
is advocated in [231].

The algebric method used throughout this section seems to give a systematic analysis of the
brane configurations in M(atrix) theory. Still, if we go through the brane scan given at the
beginning of this section, we notice a striking anomaly in the list (1.90): among the transverse
%—BPS states only the transverse M2-brane Z;; appears, whereas the transverse five-brane is
absent. We will came back to this puzzle below.

The construction of brane charges from traces over products of matrix commutators can be
extended to include couplings of extended objects of matrix theory to supergravity fields. These
new object resulting from tracing over such configurations correspond to multipole moments.
More details can be found in [157, 194].

One can for example construct the multipole moments of the membrane

Jii(aran) _ /d%{xi,xj}xal X

in terms of matrix moments by tracing the charge density defined from (1.92)
Zula-a) = _omiSTr([X*, XI| X% ... X4). (1.94)

The choice of symmetrised trace STr is a prescription dictated by explicite calculations of inter-
actions in matrix theory.

1.5 M-theory branes from M(atrix) theory

In this section, we will show how the central charges (1.90) are related to extended objects in
M(atrix) theory and how one can construct the various %— or %—BPS branes given in the list at
the end of Section 1.4. A more thorough analysis can be found in [233, 234], where matrix model
prediction for the energy and charges of various configurations of branes are put in perspective
with the results of the DBI theory.

1.5.1 Transverse membranes

Consider a membrane in compact space, wrapped on a torus T2 and described by the appropriate
reduction of the U(N) SYM theory (1.50). It can carry in general k£ € Z units of magnetic flux,
given by the first Chern number of the U(N) bundle over 72

Clz/cl(F):%/F:kEZ.
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This Chern number is non-zero for a non-trivial bundle. Indeed, decomposing U(N) according
to its normal subgroup U (1):
U(1) x SU(N)

Zn

the gauge curvature F' has its trace determined from the U(1) part of this decomposition, and
the total field strength with C'; = k is given by F' = %][NX]V.

T-duality teaches us that we can construct a D(p + 2n)-branes from a sytem of lower-
dimensional interacting Dp-branes by representing the transverse coordinates by non-commutative
matrices. In particular, we are interested here in constructing the D2-brane of type ITA string
theory appearing in BFSS theory, from N DO0-branes on T2. We start from a 1-brane (a string)
wrapping the torus diagonally along (N, k), with N and k relatively prime. Taking the surface
of the torus to by given by Ap2 = (27R,,) X (27 R,,). Then, working in the BFSS coordinates
where 2o/ = 1, the diagonal 1-brane configuration satisfies [133]:

U(N) =

, n iRk
[iDpm, X"] = RmN]INxN-
T-dualisfil}% zlmjlonbg x”, Send}ilnlf R, — fﬁg = g—; = ﬁ’ we obtain in the dual picture a configu-
ration o 2-branes wit units of Aux:
[ZDm,ZDn] = —Zij = 7A][N><N
2r R, R, N

On the other hand, one can instead T-dualise along x™:

27i Ry Rk
X, X = T gy
N
which gives us a sytem of N DO-branes carrying an overall D2 charge k.
Then, a membrane wrapped on a two-torus can be constructed from M(atrix) theory by

choosing a system of N DO-branes described by two matrices statisfying;:

iApak

Tr[X™ X" =
2

(1.95)
with A2 = 4w2§mRn the area of the torus. The expression (1.95) gives the surface charge Z,,,
(1.92) of the longitudinal membrane on T°2.

Fixing the two directions of the T2 to be (m,n) = (1,2), one can use the BFSS Hamiltonian
(1.59) to calculate the potential energy for such a (stationary) configuration:

AZ, )2
H = —%Tr([Xl,X2])2 =_I (1.96)

~ 8m?RN
We may now compare this result with the energy predicted from the DBI theory (1.40).
The energy for a bound state of N, p-branes and Npi2 (p + 2)-branes is given by Eppr =
V(NpEp)?2 + (Npy2Epi2)? (see [233] for instance), so that, in our case, we have:

Eppr = \/(NTO)2 + (ATsz2)2 = N7+

The second term in this expansion exactly reproduces the static D2-brane energy (1.96) ( re-

member that we work in the conventions 2w’ = 1 where R = g,V o/):

(Apek)? A2, k?
Eps = 4 N2~ %2
22m)ANR(a) 8m2RN
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Setting £ = 1 and using the relation R = 27713)’), which can be obtained by matching the co-
efficients of the Lagrangian version of the regularised supermembrane Hamiltonian (1.39) with
those of the BFSS Lagrangian (1.56), one can recast expression (1.96) into the form:

(TQATZ)zR _ 6%«
2N - 2Tr P+

Eps =

with T 2_1 = (2m)2l3 the membrane tension and er the surface tension energy (1.41). This is the
scaling law for the energy of a %—BPS transverse membrane, as explained in paragraph a) at the
end of Section 1.4.

1.5.2 Spherical membranes

2
Another illustration of %—BPS transverse membrane with light-front energy £ = 2,&% is the
spherical membrane [158]. The matrix approximation to a membrane in 11D embedded in the
sphere: zg’:l(wl)z = Rge, is given, according to eqn.(1.22), by the identification

_ 2Rg

Xi
N

L, i=1,2,3, (1.97)

where the L’ are the generators SU(2) for its N-dimensional representation, and satisfy the
equation:

Z?’:(X")2 = <2§f2>2 Cy(N)T = R%, (1 - %)1{ (1.98)

i=1

Here, Co(N) = &~ 24_1 is the quadratic Casimir of the N-dimensional representation of SU(2).
We see in particular from the above equation that the D0O-branes forming the membrane bound
state can be seen as somehow localised on a (fuzzy) sphere of radius Rg2 + O(N~2).

The tension energy of the stationary membrane is given this time by:

477R§2 B R%z B 2R§2

B P CY N A )

(1.99)

2
We work again in string units where R = 27l i’). Then, the light-front energy F = % perfectly
matches the leading term in Hamiltonian for the (stationary) bosonic membrane (1.27):

He——t > T (1, X)X, X)) = +2Ré2 (1 - i)
_4Rij v ~ NR N2)°
To compute this last expression, we have used the SU(2) commutation relations (1.23) and the
equation for the fuzzy sphere (1.98).
Finally, to illustrate formula (1.94), let us compute the first dipole moment for the spherical
membrane: ( o
4 (Rg2 1
g2 _ drllis2)” 1
3 ( N )

This matches the smooth spherical membrane dipole moment up to O(N ~2).

cyclicly on the indices 1,2,3 .

1.5.3 Longitudinal fivebranes

Proceeding as for the transverse membrane, we can construct a D4-brane of type ITA theory
on a T* by choosing a configuration of DO-branes in the matrix model which satisfy the charge
volume relation:
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_ Vp
- on2
where €;;1; is Levi-Civita tensor on the D4-brane world-volume, with
sponds to a longitudinal fivebrane in M(atrix) theory with charge Z;;5; (1.93)

As mentioned in paragraph b) at the end of Section (1.4), some of these longitudinal five-
branes preserve only one fourth of the supersymmetry. These objects can be directly constructed
from the supersymmetry variation for a static solution of the matrix model:

Tr (e X X7 XFXT)

1234 — _ 1. This corre-

7

00 1

(X, X,]T%, 5,0 =0.
Since we are looking for a %—BPS state, we require half of the dynamical variation §.60 to vanish.
This is achieved for a self-dual solution of the form

(X, Xj] = %Eijkl[xk,xl]. (1.100)
Contracting both sides with [X*, X7] and using [X*, X7][X;, X;] = 4X|;X; X} X)), we obtain the
longitudinal fivebrane charge Z;;i; (1.93). Clearly, when the system is compactified on a T4,
such an object becomes, after T-duality (1.55), an instanton solution of a (4 + 1)-dimensional
gauge theory on the dual torus.

We now consider the %-BPS longitudinal fivebranes mentioned in paragraph c) at the end
of Section (1.4). We start by considering solutions carrying no membrane charge. In order to
preserve one half of the supersymmetry, a static solution should cancel its kinematical variation
against its dynamical one. Since the kinematical supersymmetry variation is now non zero

5,79:77][,

a static solution with the same dynamical variation as in expression (1.100) will compensate it
for
(X, X;] = —iF;1 (1.101)

where the gauge curvature Fj; satisfies FijI‘ij € = 4n.
Both these solutions can indeed be shown to solve the static classical equations of the matrix
model, and exist only in the large N limit, as expected from their central charge (1.90).
Finally, %-BPS longitudinal fivebranes carrying membrane charge can be constructed classi-
cally by two orthogonal transverse two-planes embedded in the D4-brane world-volume. In fact,
this configuration is not limited to wrapped five-banes (transverse D4 in type ITA theory), but
also extends to transverse D6 and D8-branes (which are difficult to interpret in M-theory, since
there are no *M7 and *M8-branes and "M9”-branes are the rigid hyperplanes used for anomaly
cancellation in Fg x Fg heterotic string theory), where three and four orthogonal transverse
two-planes can be embedded. Returning now to our longitudinal fivebrane, the construction
with two embedded orthogonal transverse two-planes requires four fields X; which, according to
a uniqueness theorem for irreducible reps of the canonical algebra, must be elements of H1 ® Ha
and satisfy
Xoi1 = qZ‘7 X5 = pz, fori=1,2, (1.102)
pi,q;] = —iFd;, fori,j=1,2,
with F; (\/N )_1. As a consequence, the D4-brane now carries two charges Zio and Z3,
which must fulfill the condition TrP*Z1%* = 712734 Our transverse D4-brane may thus
be interpreted as a wrapped Mb-brane, ie a longitudinal five-brane with stacks of membranes
embedded in it.
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Finally, we will briefly discuss the fate of the transverse five-brane in M(atrix) theory, since its
absence seems incompatible with Lorentz invariance of the light-cone version of the theory (this
discussion will be more detailed in the next section). Two seemingly incompatible interpretations
have been put forward:

I) Relying on a construction where the initial transverse five-brane is wrapped around a
transverse T, reference [123] proposes that these states can be described by the S-dual of
unwrapped membrane states in the four-dimensional N = 4 super Yang-Mills theory on
the dual 73. This construction will be made more precise in the following subsection.

IT) On the other hand, reference [230] rather interprets this absence as an artefact of the
light-cone description of the matrix model. Since transverse D-branes are not translational
invariant in the longitudinal direction, they cannot be static objects when boosted to IMF.
They should therefore disappear from the IMF algebra (1.89) too. One may wonder from
this argument why then membranes should be allowed as transverse objects. A tentative
answer could be that, as has been pointed out in section 1.1.3, membranes are elementary
degrees of freedom of the matrix theory, while five-branes appear as D-brane objects 2.

Obviously, the two arguments above clash, and a solution should be found to reconcile the
evidence that dynamical transverse five-branes might appear in the large N limit of M(atrix)
theory and restore full Lorentz invariance (this covariant generalisation of the matrix model
having yet to be found). In the next section, a tentative solution to this conendrum due to
[123, 232] will be proposed.

1.5.4 Transverse fivebranes

To conclude this discussion on p-brane states in M(atrix) theory, we review in a condensed form
the argument outlined in I) above. As seen in the last section, there are two ways in which an M-
theory five-brane can appear in M(atrix) theory. If it is wrapped along the longitudinal direction
in which the infinite boost is performed, it gives rise to a D4-brane, while if unwrapped in this
direction, it appears as a transverse five-brane in M(atrix) theory. In the preceding section we
have seen how to construct longitudinal five-branes concretely in terms of matrix variables. For
transverse five-branes unfortunately, we only have indirect evidence of their existence.

Ref.[123] gives a proposal which uses the duality between M-theory compactified on T3 in
directions {2%;2%; 1%} and M-theory on the dual torus f?’, summarised by:

M-theory B M-theory
{9aB; Re, R, Ro}  (M2ViPgap; M32Vy PRy M2V 2P Ry M52V, PRy}

. (1.103)

with V3 = R;RgRy the volume of the original 7. Since M-theory on T descends to type ITA
string theory on 72, the duality transformation above corresponds to a double T-duality in type
ITA theory, and thus to an automorphism of the latter. The longitudinal direction is taken to
be x1°.

The construction above can be generalised to include non-vanishing vacuum expection value
of the three-form in the torus directions, leading to the transformation:

1
7= iMBV3 + Crgg 753 = (1.104)
-

In this respect, a parallel can be drawn with string theory, where large transverse strings are allowed in
light-cone formalism, contrary to D-branes. Technically, the impossibility of D-branes in the light-cone frame
stems from the Virasoro condition 0, X~ = 0.X; 0-X i7 which always induces Neumann boundary conditions
for transverse variable, whatever (Neumann or Dirichlet) boundary conditions we choose for the longitudinal
coordinate.
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Following the arguments of the previous sections, the LHS of eqn.(1.103) can be described by
a regular M(atrix) model on 7, while the RHS can be captured by N’ = 4 super-Yang-Mills
theory with gauge group U(co) on the dual torus T3. Tts dynamics is given by the Hamiltonian
version of expression (1.50), with the convention 2ra’ = 1. The coupling constant is g§ = 2myg,
and we have rescaled the covariant time derivatives as D; — g%Dt:

6
1=
H /d?’xTr 93E2+ 32 8 +g ZDt,X“
a=1
: L (1.105)
+— Z [D;, X2 = Z (X2, Xb2+ fermions>
93 a=1 93 a,b=1
with coupling constant:
4mi 0
= o+ — = iM}V3 + Crgg.
T g§+87r2 1M pVsg + Crgg

Then, the (generalised) T-duality of M-theory (1.104) corresponds to an S-duality: 7 S, 1

T

on the SYM side. The sides of the dual torus 7% are then rescaled by (Im7)?/3 without change
of shape, according to eqn.(1.103), so that one can use conformal invariance of the SYM theory
to fix the volume of T3 to 1, with appropriate rescaling of the scalars X% — M P 1(1/3)_%X a,

In particular the authors of [123] have shown that configurations with one unit of magnetic
or electric flux in the A/ = 4 super-Yang-Mills theory

1 1
— T BY =1, — T E, =1, 1.1
2w ! 27 ' (1.106)

can be reproduced by matrices actmg on the twisted U (N ) bundle. For instance:

2
X309 = i = ity

so that the magnetic field in the super-Yang-Mills theory is dual to the BFSS membrane when
N — o0, according to eqn.(1.95). Likewise, the electric flux in (1.106) is reproduced by D0-brane
momentum in the BFSS theory. To sum up, the correspondence is:

Tr[X?, X7] :i/A TeBY,  Tr[Dy, X :ggTrPi:/A TrE; .
T3 T3

Then, the electric-magnetic duality in the super Yang-Mills theory corresponds to a T-duality
transformation on the M(atrix) theory side, exchanging Kaluza-Klein momentum modes with
membrane winding modes.

Finally, one can get the complete U-duality group of M-theory on 7'® by combining the
SL(2,7Z) S-duality group of SYM theory with the modular group of the dual torus T 3. namely
SL(3,7Z).

Consider now an infinite M2-brane extending along the non-compact directions {2°; 2%} on
the LHS of eqn.(1.103), the triple T-duality in directions {z”; 28; 2%} will turn it into a M5-brane
extending along {x°; 2%} and wrapped around {#7;4%;2°}, which corresponds to a transverse
five-brane (T5) in M(atrix) theory. In the small radius limit MpRg — 0, the M2-brane descends
to an infinite D2-brane of type ITA theory along {x°; 2%}, while the transverse M5-brane gives
a D4-brane of type IIA theory wrapped around {#7;48}. This is summarised in the following
commuting diagram:

M-theory: M2 [5,6] —— T M- theory: M5 [5,6,7,8,9]
JMPRQ_)O JMPRQ_)O (1.107)
type ITA: D2 [5, 6] B EN M-theory: D4 [5,6, 7, §]
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Now, the unwrapped M2-brane in the diagram (1.107) corresponds to a configuration in the
N =4 U(c0) super-Yang-Mills theory (1.105) given by expression (1.101):

(X5, X6] = —il561

where the scalars X® and X% have condensed in the form X° = p+(oscillators) and X% =
g+ (oscillators), with p and q being oo x oo canonical matrices (1.102). Then, the wave-function
|M2;5,6) corresponding to this configuration is related by S-duality to the wave-function for
the transverse T5-brane wrapped on 73 (1.107):

1T5;5,6,7,8,9) = S|M2;5,6)

where S is the S-duality operator.

As a first remark, this construction is subject to finding an explicit representation of S-duality
in 4D super-Yang-Mills theory and its generalisation to U(oco) gauge group, which are still open
problems. Only then can one hope to have a concrete realisation of the transverse five-brane
state, and decompactify it to 11D M-theory. Note that in the decompactification limit, we take
N — oo before sending V3 — oo or alternatively g3 — 0 (1.104), so that the effective coupling
Ng3 is never perturbative.

This limiting process calls for another remark, namely that we must take N — oo before
performing S-duality. However, as mentioned before, it is unclear how S-duality in super-Yang-
Mills theory behaves in this large IV limit, so that this whole construction must be considered
with great caution.

With this in mind, it can be shown [232] that the object thus constructed couples correctly
to the supergravity fields even in the absence of a transverse fivebrane charge. This would in
principle give a solution to the puzzle mentioned at the end of the last section. But it also tend
to suggest that transverse fivebranes appear more like solitons in M(atrix) theory, and thus are
local objects which do not carry any independent conserved quantum number.

1.6 Outlook

In this chapter, we have shown how a regularisation of the supermembrane Hamiltonian could
be achieved in the light-cone gauge, by replacing the target-space fields by N x N matrices and
letting N — oo. This theory is automatically second-quantised, and we have pointed out that
the resulting quantum membrane supersymmetric action was similar to the low-energy action for
infinitely many DO-branes. We have then shown how this supersymmetric quantum mechanics
for U(N) matrices has been related to M-theory on the (discrete) light-front for N finite, and
thus describes a low-energy limit of type IIA string theory where all degrees of freedom except
DO-branes have decoupled.

In the large N limit, this M(atrix) theory is conjectured to describe all of M-theory in the
Infinite Momentum Frame. Thus the single matrix degrees of freedom, describing DO-branes or
bound states at threshold of N DO0-branes, have many of the expected properties of the physical
supergraviton with longitudinal momentum P;p = N/R. Since the theory is second quantized,
the Fock space of M(atrix) theory contains, in addition, multiple supergraviton.states in its
spectrum.

Moreover, the elementary matrix degrees of freedom can be chosen appropriately to build
configuration of DO-branes which describe extended objects, such as transverse and longitudinal
supermembrane and longitudinal fivebrane of M-theory. However, longitudinal fivebranes are
known only for very special geometries, and no complete description for these objects exists yet,
even at the classical level. In this perspective, progress in the field of fuzzy geometry (including
fuzzy spheres, fuzzy projective spaces etc.) and its implementation in matrix theory, along the
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line of [170, 214, 2, 12, 15] could be a lead for future work. Moreover, the puzzle remains as to the
existence in M(atrix) theory of the transverse fivebrane, which would reproduce the NS5-brane
of type IIA string theory by the Seiberg-Sen limiting argument. If it can be shown that there is
no good reason why the transverse fivebrane should disappear when taking the IMF limit, while
transverse membranes survive, one might question whether D0O-branes are truely fundamental
degrees of freedom in this case, and whether the BFSS theory really gives a complete description
of this sector of M-theory.

We have also mentioned that, for finite N, perturbative loop calculations in M(atrix) theory
are in perfect agreement with tree-level graviton scattering amplitudes in DLCQ 11D supergrav-
ity, up to a reasonable loop order. However, they do not seem to correctly reproduce M-theory
quantum corrections to these amplitudes. So, until one is able to take the large N limit in
such amplitudes and deal with all the subtleties attached to this procedure, it remains unclear
whether M(atrix) theory is correct. For finite N, the BFSS matrix model thus seems incom-
plete, and it would be desirable to find an alternative matrix model which exactly reproduces
the extra terms one needs to add to the dimensionally reduced SYM theory to find agreement
with M-theory. This might even prove to be necessary if the large N limits fails to reproduce
quantum corrected DLCQ 11D supergravity.

Finally, up to now, M(atrix) theory has only been formulated on simple backgrounds, such
as the flat background and the pp-wave [26] and deSitter [181, 134] background, which gives but
a glimpse of what the (presumably) very rich and complicated vacuum structure of M-theory
can be. An extension of the matrix model description to more involved backgrounds is a path
that must be further investigated if this theory is to claim relevancy to M-theory. In addition,
how to compactify M(atrix) theory on arbitrary compact spaces is still an open question, mainly
due to the fact that a simple toroidal compactification of the theory is much more complex than
for ordinary field or string theory, since, already for the basic 7% compactification, the quantum
mechanics for U (V) matrices becomes, in the large N limit, a supersymmetric nonabelain gauge
theory in d + 1 dimensions.

In any case, until more evidence is found in favour of M(atrix) theory, we still can say that
the M(atrix) model approach gives a well-defined and practical framework in which to access
at least some portion of M-theory on the light-front, giving a concrete and closed mathematical
formulation of the theory from which one can carry out ab intio computations, even though these
perturbative loop calculations still remain short of being able to tackle the fundamental issues
of M-theory. In this perspective, M(atrix) theory should be considered one more step toward
a background independent and microscopic formulation of M-theory and, more generally, of
a quantum theory of gravity, and give us some hints of how to think about the fundamental
degrees of freedom of M-theory.

In the next chapter, we will turn to a more constructive approach to M-theory based on a
matrix theory defined in purely algebraic terms. When reduced to eleven dimensions, this matrix
model will be shown to reproduce, in the IMF limit, the BFSS theory with extra corrective terms,
and give possible answers to some of the questions raised above.
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Chapter 2

Supermatrix models for M-theory
based on osp(1]32,R)

This chapter is the reproduction of the article with identical title published in:
Nucl. Phys. B 641 (2002) 61.

2.1 Introduction

In the absence of a microscopic description of M-theory, some of its expected features can be
obtained by looking at the eleven-dimensional superalgebra [238], whose central charges corre-
spond to the extended objects, i.e. membranes and five-branes present in M-theory. Relations
with the hidden symmetries of eleven-dimensional supergravity [81] and its compactifications
and associated BPS configurations (see e.g. [92, 246] and references therein) underlined further
the importance of the algebraic aspects. It has been conjectured [37] that the large superalgebra
0sp(1]32) may play an important and maybe unifying réle in M and F theory [240].

In this chapter, we will explore further this possible unifying réle and study its implications
for matrix models. One of the main motivations is to investigate the dynamics of extended
objects such as membranes and five-branes, when they are treated on the same footing as the
“elementary” degrees of freedom. In order to see eleven and twelve-dimensional structures
emerge, we have to embed the SO(10,2) Lorentz algebra and the SO(10,1) Poincaré algebra
into the large osp(1|32) superalgebra. This will yield certain deformations and extensions of
these algebras which nicely include new symmetry generators related to the charges of the
extended objects appearing in the eleven and twelve-dimensional theories. The supersymmetry
transformations of the associated fields also appear naturally.

Besides these algebraic aspects, we are interested in the dynamics arising from matrix models
derived from such algebras. Following ideas initially advocated by Smolin [226], we start with
matrices M € osp(1|32) as basic dynamical objects, write down a very simple action for them
and then decompose the result according to the different representations of the eleven and
twelve-dimensional algebras. In the eleven-dimensional case, we expect this action to contain
the scalars X; of the BFSS matrix model and the associated fermions together with five-branes.
In ten dimensions, cubic supermatrix models have already been studied by Azuma, Iso, Kawai
and Ohwashi [229] (more details can be found in Azuma’s master thesis [11]) in an attempt to
compare it with the IIB matrix model of Ishibashi, Kawai, Kitazawa and Tsuchiya [151].

To test the relevance of our model, we try to exhibit its relations with the BF'SS matrix model.
For this purpose, we perform a boost to the infinite momentum frame (IMF), thus reducing the
explicit symmetry of the action to SO(9). Then, we integrate out conjugate momenta and
auxiliary fields and calculate an effective action for the scalars X;, the associated fermions, and
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higher form fields. What we obtain in the end is the BFSS matrix model with additional terms.
In particular, our effective action explicitly contains couplings to 5-brane degrees of freedom,
which are thus naturally incorporated in our model as fully dynamical entities. Moreover, we
also get additional interactions and masslike terms. This should not be too surprising since
we started with a larger theory. The interaction terms we obtain are somewhat similar to the
higher-dimensional operators one expects when integrating out (massive) fields in quantum field
theory. This can be viewed as an extension of the BFSS theory describing M-theoretical physics
in certain non-Minkowskian backgrounds.

The outline of this paper is the following: in the next section we begin by recalling the
form of the osp(1]32) algebra and the decomposition of its matrices. In section 3 and 4, we
study the embedding of the twelve-, resp. eleven-dimensional superalgebras into osp(1|32), and
obtain the corresponding algebraic structure including the extended objects described by a six-
resp. five-form. We establish the supersymmetry transformations of the fields, and write down
a cubic matrix model which yields an action for the various twelve- resp. eleven-dimensional
fields. Finally, in section 5, we study further the eleven-dimensional matrix model, compute an
effective action and do the comparison with the BFSS model.

2.2 The osp(1|32,R) superalgebra

We first recall some definitions and properties of the unifying superalgebra osp(1|32,R) which
will be useful in the following chapters. The superalgebra is defined by the following three
equations:

(ZaB, Zcp] = QapZes + QacZpe + QepZoa + QecZpa ,
[ZaB,Qc) = Qac@B + QpcQa , (2.1)
{Qa,QB}=Zap,

where Q4p is the antisymmetric matrix defining the sp(32,R) symplectic Lie algebra. Let us
now give an equivalent description of elements of 0sp(1|32,R). Following Cornwell [70], we call
RBjy, the real Grassmann algebra with L generators, and RByy and RBj; its even and odd
subspace respectively. Similarly, we define a (p|q) supermatrix to be even (degree 0) if it can be

written as:
A B
M= (F D) |

where A and D are p X p, resp. ¢ X ¢ matrices with entries in RBpg, while B and F are p X q
(resp. ¢ x p) matrices, with entries in RBr;. On the other hand, odd supermatrices (degree 1)
are characterized by 4 blocks with the opposite parities.

We define the supertranspose of a supermatrix M as’:

MST _ AT (_1)deg(M)FT
- _(_1)deg(M)BT DT :

If one chooses the orthosymplectic metric to be the following 33 x 33 matrix:

0 —I 0
G=|Lg 0 o],
0 0 i

!We warn the reader that this is not the same convention as in [11].
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(where the i is chosen for later convenience to yield a hermitian action), we can define the
0sp(1]32,R) superalgebra as the algebra of (32|1) supermatrices M satisfying the equation:

M3 .G+ (=1)29MG. M =0,

From this defining relation, it is easy to see that an even orthosymplectic matrix should be of
the form:

A B & e
M=| F —AT &, :<_,\PTC 0), (2.2)
—i®] id] 0 !

where A,B and F are 16 x 16 matrices with entries in RBrg and U = (®;, ®5) " is a 32-components
Majorana spinors with entries in RBy;. Furthermore, B = B', F = F" so that m € sp(32,R)
and C' is the following 32 x 32 matrix:

(0 =Ty
o= (L by o

and will turn out to act as the charge conjugation matrix later on.
Such a matrix in the Lie superalgebra o0sp(1]32,R) can also be regarded as a linear combi-
nation of the generators thereof, which we decompose in a bosonic and a fermionic part as:

(kO 0 X\ _ ;AB A
H—<O 0>+<—iXTC 0>—h ZaB+X"Qa (2.4)

where Zap and Q4 are the same as in (2.1). An orthosymplectic transformation will then act

as:
o) = [H, o] = h*P[Zap, o] + x*[Qa, 0] = 5 + 1) (25)

This notation allows us to compute the commutation relations of two orthosymplectic trans-
formations characterized by H = (h,x) and F = (e, ¢). Recalling that for Majorana fermions

x'Ce = €"Cy, we can extract from [5};),5%1)] the commutation relation of two symplectic

transformations: 5
1 h,e 0
0,508 = (P da” 0 (26)
0 0
the commutation relation between a symplectic transformation and a supersymmetry:
D
(1) (1] B _ 0 ha"xp 9
07080 = (oo s o) 2.1
and the commutator of two supersymmetries:

600, 600],,B = <—i(XA(6TC)BO— ealx'C)P) 8) ‘ (2.8)

2.3 The twelve-dimensional case

In order to be embedded into osp(1]32,R), a Lorentz algebra must have a fermionic representa-
tion of 32 real components at most. The biggest number of dimensions in which this is the case
is 12, where Dirac matrices are 64 x 64. As this dimension is even, there exists a Weyl repre-
sentation of 32 complex components. We need furthermore a Majorana condition to make them
real. This depends of course on the signature of space-time and is possible only for signatures
(10,2), (6,6) and (2,10), when (s,t) are such that s —¢ =0 mod 8. Let us concentrate in this
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paper on the most physical case (possibly relevant for F-theory) where the number of timelike
dimensions is 2. However, since we choose to concentrate on the next section’s M-theoretical
case, we will not push this analysis too far and will thus restrict ourselves to the computation
of the algebra and the cubic action.

To express the osp(1]32,R) superalgebra in terms of 12-dimensional objects, we have to
embed the SO(10,2) Dirac matrices into sp(32,R) and replace the fundamental representation
of sp(32,R) by SO(10,2) Majorana-Weyl spinors. A convenient choice of 64 x 64 Gamma
matrices is the following:

— ~0 ; [
r0:<][0 g?»?) ,r11:<f00 FO> r:(ro E) Vi=1,...,10,  (29)
32

where T is the 32 x 32 symplectic form:

= 0 -1
0_ 16
b <1116 0 >
which, with the I's, builds a Majorana representation of the 10+ 1—din1~er1~sional~ClifTord algebra
{T'* TV} = 2913, for the mostly + metric . Of course, ['' = T°T''...T9 This choice
has (I'%)? = (T''!)2 = —Tgy, while (T%)? = Tgy, Vi = 1...10, and gives a representation of

{TM TN} = 2pMN 144 for a metric of the type (—, +,...,+, —). As we have chosen all I'’s to be
real, this allows to take B = 1 in ¥* = BV, which implies that the charge conjugation matrix

C =TTH ie.
-1°% ¢
¢= ( 0 f0> ‘

crMo—t = (@MT | orMNo-t = (pMMyT (2.10)

This will then automatically satisfy:

and more generally:
CrMi-Mnc=1 — (_1)n(n=1)/2(pMiMayT (2.11)

The chirality matrix for this choice will be:

-1 0
_ 10 11 _ 32
r.=1"...T _< 0 1132>'

We will identify the fundamental representation of sp(32,R) with positive chirality Majorana-
Weyl spinors of SO(10,2), i.e. those satisfying: P,V = W, for:

1 0 0
Pr=50+T) = <0 1[32> ‘

Decomposing the 64 real components of the positive chirality spinor ¥ into 324 32 or 16 + 16 +
16 + 16, we can write: ¥T = (0,®") = (0,0,®;,®]). Because ¥ = ¥ITT!! = UTC| this
choice for the charge conjugation matrix C is convenient since it will act as C' in equation (2.3)
(though with a slight abuse of notation), and thus:

(0,0, —i®g ,i®] ) = (0, —i® 'T) = - ¥ 'C = —.
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2.3.1 Embedding of SO(10,2) in OSp(1]32,R)

We would now like to study how the Lie superalgebra of OSp(1|32,R) can be expressed in
terms of generators of the super-Lorentz algebra in 1042 dimensions with additional symmetry
generators. In other words, if we separate the sp(32,R) transformations h into a part sitting
in the Lorentz algebra and a residual sp(32,R) part, we can give an explicit description of
the orthosymplectic algebra (2.1) in the form of an enhanced super-Lorentz algebra, where
the central charges of the super-Lorentz algebra appear as new generators of the enhanced
superalgebra.

To do so, we need to expand a symplectic matrix in irreducible tensors of SO(10,2). This
can be done as follows:

1
~ 2!

1
(PTMN) Phagy + @(73+FM1"'M6)ABhJJ\F/11...M6 (2.12)

h P
where the 4 on hpy, . a recalls its self-duality, and the components of h in the decomposition
in irreducible tensors of SO(10,2) are given by hyny = —%Trsp(y,z,R)(hFMN) and hJT/IlmMﬁ =
= —%Trsp(ng)(hFMlmMG). Indeed, a real symplectic 32 x 32 matrix satisfies mI0 = —meT,

and C acts like T° on P, T'M1Mn  Furthermore, (2.11) indicates that:
C(1+ T, rMiMu — (_1ynn=D/2((1 4 (—1)"T,)PM-Ma)T | (2.13)

Thus, P, TMi-Mn is symplectic iff n is even and (—1)*"~1)/2 = —1. For 0 < n < 6, this is only
the case if n = 2 or 6. As a matter of fact, the numbers of independent components match since:
12-11/2+1/2-12!/(6!)? = 528 = 16 - 33.

The symplectic transformation d; may then be decomposed into irreducible 12-dimensional
tensors of symmetry generators, namely the s0(10,2) Lorentz algebra generator J M and a new
6-form symmetry generator JM1Ms  To calculate the commutation relations of this enhanced
Lorentz algebra, we will choose the following representation of the symmetry generators:

JMN — %P-i- PMN, JMI---MG — ép-i- I‘Ml---MG )

so that a symplectic transformation will be given in this base by:
h = hMN JMN + hMl...Mﬁ JMl...Mg ]

We will now turn to computing the superalgebra induced by the above bosonic generators
and the supercharges for D = 104 2. The bosonic commutators may readily be computed using;:

| (min(k,l)—1)/2 jk L ;
—DFiT g (25 4+ 1)!

j;)( ) @+ )<2j+1><2j+1>x
XN(M; [Ny - - TMaj 41 Noji1 L Moy My Nojio...N)] if k-1 is even and,

[PMl---Mk7PN1---NL] =
(min(k,l)—1)/2

s n(2)(1)

X77[M1[N1 . nMZjN2jFM2j+1---Mk}N2j+1-~-Nl] if k-1 is odd.
(2.14)

On the other hand, for the commutation relations involving fermionic generators, we proceed as

follows. We expand equation (2.7) of the preceding chapter in irreducible tensors of SO(10,2):

1 1
[0x;0n] = — a1 XA han (P TN 1Qp — ol X gyt (P4 TMM0)E Q|
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which is also given by:
[0y: 0] = x harn[Qa TN 4 X B [Qa, JM ] (2.15)

Comparing terms pairwise, we see that the supercharges transform as:
1 1
[T Qa] = o1 P+ MNP Qp,  [JMMe,Qu) = a1 (P+ JH-M0)B Q.

Finally, in order to obtain the anti-commutator of two supercharges, we expand the RHS of
(2.8) in the bosonic generators JM¥ and JMi--Mes.

1

16 (XTCFMNE)JMN + i(XTCF]\JL__]\/[GG)JJML"]V[G s (2.16)

_XAEB{QA7QB} = [6X755] - 16

and match the first and the last term of the equation.
Summarizing the results of this section, we get the following 12-dimensional realization of
the superalgebra osp(1|32,R)?:

[JMN’JOP] — _47,’[M[OJN}P]
[JMN’JML..MG] — _12n[M[M1 JN}MQM(;}
[JNl...NG7 JMI---MG] = —41¢! n[Nl (M nNz Mo nNg M3 nN4 My T,Ns Ms JNG]MG]
1+ 9.62 U[Nl[Ml 81\72~~~1\76]1\/12~~~1\/16}AB JAB
1 3
+ 4 <%> n[Nl[Ml nNz Mo nNg Ms JN4...N6}M4...M6] (217)
1
[JMN. Q4] = 5(73+ MNP, Qg
1
A, Qa] = o (P T 0),4Qp
) )
{Q4,Q°} = _1_6(CTMN)ABJMN - 1—6(CFM1...M6)ABJM1"'M6 :

where antisymmetrization brackets on the RHS are meant to match the anti-symmetry of indices
on the LHS.

2.3.2 Supersymmetry transformations of 12D matrix fields

In the following, we will construct a dynamical matrix model based on the symmetry group
0sp(1]32,R) using elements in the adjoint representation of this superalgebra, i.e. matrices in
this superalgebra. We can write such a matrix as:

m v
M = . 2.18

—w'c 0)” (2.18)
ZNotice that the second term appearing on the right-hand side of the third commutator is in fact proportional
to IM1-+Mi0 which, in turn, can be reexpressed as [Mi--Mio — _(1/9)eABMi-Mo, 2T, Indeed, in 10 4 2

dimensions, we always have:

( )(k—l)}c
My..M - 2 My...MpMpyq...M
M k — WE 1 kMg 12 FM,C+1WJ\/112F*
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where m is in the adjoint representation of sp(32,R) and V¥ is in the fundamental one. Since M
belongs to the adjoint representation, a SUSY will act on it in the following way:

—i(xa(TTC)P —WA(x"C)P) _mADXD>

—i(XTC)DmDB 0 (2’19)

SO MAB =xP[Qp, M) 4P = (
In our particular 12D setting, m gives rise to a 2-form field C' (with SO(10, 2) indices, not to be
confused with the charge conjugation matrix with sp(32,R) indices) and a self-dual 6-form field
ZT, as follows:

1 1
m," = §(P+FMN)ABCMN + @(77+PM1"'M6)ABZJ\J511...M6 : (2.20)

We can extract the supersymmetry transformations of C', Z* and ¥ from (2.19) and we obtain:

1
M Cyn = —XTun?¥,

16
sWz = i_l 1\ (2.21)
X “M;...Ms 16X Mi..Mg*¥ .
1 1
1 MN My..Me .\, 7+
5>(< v = _51 XCun — _6!1 t ey Mi...Mg

These formulae allow us to compute the effect of two successive supersymmetry transformations
using (2.11) and (2.14):
)

o0, 60w = = {(EW) x — (X D)e} .

16
i_ P 1 Mj...Ms
60, 6] Crr = 1X {F[M Cnp + 5l ' Z]—\"}]Ml...Ms},P"‘E’ (2:22)
50628 vty = T Dars a1, Cotgy + 5T 25 _
X 00 M Ms T X\ My M YMIN T 5 My “My. M6IN
o1 Ni1Na2N3 -+
12 (MMM ZM4M5M6}N1N2N3}P+E’

where we used the self-duality® of Z*. At this stage, we can mention that the above results

are in perfect agreement with the adjoint representation of [5&1), 521)] (viz. (2.8) ) on the matrix
fields.

2.3.3 sp(32,R) transformations of the fields and their commutation relation
with supersymmetries

To see under which transformations an o0sp (1|32, R)-based matrix model should be invariant, one
should look at the full transformation properties including the bosonic sp(32, R) transformations.
In close analogy with equation (2.19), we have the following full transformation law of M:

B
(1) B _ h x m W
= (4 3)- (e ),

implying the following transformation rules:

85 msP = [hym] 4P —i(xaT” — wax") (2.24)
8wy =h, 00 —m,xe . (2.25)

3+ B + 1 Nj...Ng 7+
7" satisfies Zyry . Mg = GIEM,.. Mg ZNy .. .Ng
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We then want to extract from the first of the above equations the full transformation properties
of Cyn and Z]T41...M6' From (2.17) and (2.22) or directly using (2.14) and the cyclicity of the
trace, the bosonic transformations are:

521)CMN: 4hP[NCM}P I éth...N5 7+

51 [N M]N1...N5
W+ P Non 23,
O Zit.vts = 12hppgy agy Oalp = 24070 Zyy, gy = (2:20)
20 N; NoN. +
+ ?h o 3[M1M2M3ZM4M5M6}N1N2N3 ’

while the fermionic part is as in (2.21). If one uses (2.26) to compute the commutator of a
supersymmetry and an sp(32,R) transformation, the results will look very complicated. On the
other hand, the commutator of two symmetry transformations may be cast in a compact form
using the graded Jacobi identity of the o0sp(1]32,R) superalgebra, which comes into the game
since matrix fields are in the adjoint representations of osp(1|32,R).

Such a commutator acting on the fermionic field ¥ yields:

[5&1),521)]@! = —hmx + [h,m]x = —mhyx =
1 1
= —5 (PP h)Cun = (P n) 73y, (227)

The same transformation on m leads to:
60,0 m AP = i (Wa(TRTO)E — () a(¥TO)P) | (2:28)

which in components reads:

1
0,051 Cary = 75 x T CHT N (2.29)
1
[6§<1)76}(11)] Z]—\F/[L-.Me = 16 XTChFMl-nMS\IJ : (2.30)

In eqns. (2.27), (2.29) and (2.30), one could write h in components as in (2.12) and use:

min(k,l)

; I A AW Y/
Uy, Unyny = Z (—1)7/2@k= 1)J!<j> <j>77[M1[N1---nMijFMj+1...Mk}Nj+1...Nl} (2.31)

§=0
to develop the products of Gamma matrices in irreducible tensors of SO(10,2) and obtain a
more explicit result. The final expression for (2.27) and (2.30) will contain Gamma matrices
with an even number of indices ranging from 0 to 12, while in (2.29) the number of indices will
stop at 8. Since we won’t use this result as such in the following, we won’t give it here explicitly.

2.3.4 A note on translational invariance and kinematical supersymmetries

At this point, we want to make a comment on the so-called kinematical supersymmetries that
have been discussed in the literature on matrix models ( [151], [229]). Indeed, in the IIB matrix
model, commutation relations of dynamical supersymmetries do not close to give space-time
translations, i.e. they do not shift the target space-time fields X™ by a constant vector.
However, as was pointed out in [151] and [229], if one introduces so-called kinematical su-
persymmetry transformations, their commutator with dynamical supersymmetries yields the
expected translations by a constant vector, as we explained in subsection 4.2.2. By kinematical
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supersymmetries, one simply means translations of fermions by a constant Grassmannian odd
parameter. In our case, this assumes the form:

5P Cun = 0P 285, e = 0 50w = ¢, (2.32)

= [0, 87 M = 0

Since there is no vector field to be interpreted as space-time coordinates in this 12-dimensional
setting, it is interesting to look at the interplay between dynamical and kinematical supersym-
metries (which we denote respectively by § M and 5(2)) when acting on higher-rank tensors. In
our case:

T CTan i) . (233)

7
50,6710 =~ CTanE) s 60,5720, = 15

Thus, [5;1) , 522)] applied to p—forms closes to translations by a constant p-form, generalizing the

vector case mentioned above.
For fermions, we have as expected:

60, 57w =0. (2.34)

It is however more natural to consider dynamical and kinematical symmetries to be inde-
pendent. We would thus expect them to commute. With this in mind, we suggest a generalized
version of the translational symmetries introduced in (2.32):

0PV =¢, 6D Cun=kun. 8L Ziy e =K - (2.35)
It is then natural that the matrix
_ ko€
K = <—z’§TC’ 0> (2.36)
should transform in the adjoint of 0sp(1]32,R), which means that:
55 ka® = [h K45 —i(xa(€TC)P — €a(xTC)P) (2.37)
8es =h,C¢c —k,Oxe. (2.38)

We can now compute the general commutation relations between translational symmetries M —
M + K and osp(1|32,R) transformations and conclude that these operations actually commute:

5\, 6D =0. (2.39)

2.3.5 Twelve-dimensional action for supersymmetric cubic matrix model

We will now build the simplest gauge- and translational-invariant osp (1|32, R) supermatrix model
with U(NN) gauge group. For this purpose, we promote each entry of the matrix M to a hermitian
matrix in the Lie algebra of u(/N) for some value of N. We choose the generators {t®},_;  n2
of u(N) so that: [t%,*] = if®°t¢ and Ty (- tb) = 5.

In order to preserve both orthosymplectic and gauge invariance of the model, it suffices
to write its action as a supertrace over osp(1]/32,R) and a trace over u(N) of a polynomial of
0sp(1]32, R)®@u(N) matrices. Following [226], we consider the simplest model containing interac-
tions, namely:
ST osp(1)32,R) T vy (M [M, M ]u( ~y)- For hermiticity’s sake one has to multiply such an action
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by a factor of i. We also introduce a coupling constant g2. This cubic action takes the following
form:

2‘, 1 aoc a C
I= g_QSTTaﬁp(1|32,R)TTu(N)(M[M7 Mlyny) = —?f PeSTT ep(1j32,p) (MOMPMC) = (2.40)
1
- pabe <Tr5p(32?R) (m®mPm®) + 3z'\IfaTC'mb\I’C>

which we can now express in terms of 12-dimensional representations, where the symplectic
matrix m is given by (2.20).

Let us give a short overview of the steps involved in the computation of the trace in (2.40). It
amounts to performing traces of triple products of m®’s over sp(32,R), i.e. traces of products of
Dirac matrices. We proceed by decomposing such products into their irreducible representations
using (2.31). The only contributions surviving the trace are those proportional to the unit
matrix. Thus, the only terms left in (2.40) will be those containing traces over triple products of
2-forms, over products of a 2-form and two 6-forms, and over triple products of 6-forms, while
terms proportional to products of two 2-forms and a 6-form will yield zero contributions.

The two terms involving Z1’s (to wit CZTZ% and ZtZTZ™) require some care, since
41412 js proportional to Ty in 12D, and hence Tr(P+ TA1+412) oc Tr(T'2) # 0. Since double
products of six-indices Dirac matrices decompose into 1T and Dirac matrices with 2, 4 up to 12
indices, their trace with T™" will keep terms with 2, 10 or 12 indices (the last two containing
Levi-Civita tensors) while their trace with T'™1Ms will only keep those terms with 6, 8, 10 and
12 indices.

Finally, putting all contributions together, exploiting the self-duality of Z+ and rewriting
cubic products of fields contracted by £ as a trace over u(N), we get:

321 1 MM N
I'= ?Tru(N) (CMN [CNoacOM]u(N) - %CAB [ZM 5,Z]T/[1”'M5]u(N)+
61 DEF GHI ABC
T 2(31)3 XBC [Z$EF vZé;_H[ ]u(N) +
31 3i
+ a\IITCPJrFMN[CMN,‘I’]u(N) + 32.6!\I/TCPJFFM“'M"‘[Z;[L“MN\If]u(N)>
where we have chosen: %1 = g5 17 = +1, since the metric contains two time-like in-

dices. Similarly, one can decompose invariant terms such as STTgp(1)32,R)TTu(3) (M 2) and
ST ggp1132,R) TTuvy ([M, M]y3y[M, M]yny), ete. While it might be interesting to investigate
further the 12D physics obtained from such models and compare it to F-theory dynamics, we
will not do so here. We will instead move to a detailed study of the better known 11D case,
possibly relevant for M-theory.

2.4 Study of the 11D M-theory case

We now want to study the 11D matrix model more thoroughly. Similarly to the 12 dimensional
case, we embed the SO(10, 1) Clifford algebra into sp(32,R) and replace the fundamental rep-
resentation of sp(32,R) by SO(10,1) Majorana spinors. A convenient choice of 32 x 32 Gamma
matrices are the I's we used in the 12D case. We choose them as follows:

= 0 —Ti\ =0 0 Te) & 70 ,
o= o= = . =1,... 2.41
(]IlG 0 > Y ][16 O Y 0 _f}/l VZ 9y ’9? ( )

where the +"’s build a Majorana representation of the Clifford algebra of SO(9), {74} =
269 T15. As before, we have I''0 =TTt ... T provided 7! - - - 4? = 1, since we can define v? to
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be v? = 41 ---48. This choice has (I'°)? = —135, while (I'¥)? = T3, VM = 1...10 and gives a
representation of {T'™ TN} = 2N 13, for the choice (—,+,...,4) of the metric. As we have
again chosen all Is to be real, this allows to take B = I in U* = B, which implies that the
charge conjugation matrix is C' = I'°. Moreover, we have the following transposition rules for
the T’ matrices:

C«fMl...MnC«—l _ (_1)n(n+1)/2(fwM1...Mn)T (242)
We will identify the fundamental representation of sp(32,R) with a 32-component Majorana
spinor of SO(10,1). Splitting the 32 real components of the ¥ into 16+16 asin: ¥ = (&), dJ ),
we can use the following identity:

(—i®g ,i®] ) = -0 ' T0 = —i0'C = —i¥

to write orthosymplectic matrices again as in (2.2).

2.4.1 Embedding of the 11D super-Poincaré algebra in osp(1]32,R)

In 11D, we can also express the sp(32,R) transformations in terms of translations, Lorentz
transformations and new 5-form symmetries, by defining;:

h:hMPM+hMNJMN+hM1___M5JM1“'M5 . (2.43)

With the help of (2.14), we can compute this enhanced super-Poincaré algebra as in dimension
12, using the following explicit representation of the generators:

pM M N _ g s L g (2.44)

’ 5!

In order to express everything in terms of the above generators, we need to dualize forms using
k(k—1) - ~ . .
the formula: (—1)" 2z eMt--Mup,, 5 = —(11 — k)ITM-Me This leads to the following

superalgebra:

[P, PN] = 4 M~
[PM,JOP] _ 277M[OPP}

[JMN | JOP| — _ 4 [MIO yNIP]
2
[PM7JM1...M5] — _EEMML..M5N1'”N5JNl...Ns,
[JMN gMiMs) g (MM gN|Ms...Ms]
2 . 5] N3...Ns
[JMl...Msijl...Ns] _ _(5!)2 M1...M5N1...N5APA+ (3!)277[M1[N1 T,MzNQEMa---Mo}Na---No}Ol.“05JO1...05_|_
1
I o [M1[N1 , Ma No TIMSNS 77M4N4 JMs]Ns] (2.45)
[PM,Qa] = @T")P,Q5
1 -~
[TMN Q4] = §(FMN)BAQB
1 -
[JMl...M57QA] — 5(PM1M5)BAQB
{Q4,Q7} = 1—6(CTM)ABPM - 1—6(CTMN)ABJMN + 1—6(CFM1...M5)ABJM1"'M“’ :

Note that this algebra is the dimensional reduction from 12D to 11D of (2.17). In particular, the
first three lines build the s0(10,2) Lie algebra, but appear in this new 11-dimensional context as
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the Lie algebra of symmetries of AdS; space (it is of course also the conformal algebra in 941
dimensions). We may wonder whether this superalgebra is a minimal supersymmetric extension
of the AdS1; Lie algebra or not. If we try to construct an algebra without the five-form symmetry
generators, the graded Jacobi identity forbids the appearance of a five-form central charge on
the RHS of the {Q4,QP} anti-commutator. The number of independent components in this
last line of the superalgebra will thus be bigger on the LHS than on the RHS. This is not strictly
forbidden, but it has implications on the representation theory of the superalgebra. The absence
of central charges will for example forbid the existence of shortened representations with a non-
minimal eigenvalue of the quadratic Casimir operator C' = —1/4Py PM 4 Jyn JMY (“spin”) of
the AdSy; symmetry group (see [199]). More generally, in 11D, either all objects in the RHS
of the last line are central charges (this case corresponds simply to the 11D Super-Poincaré
algebra) or they should all be symmetry generators. Thus, although it is not strictly-speaking
the minimal supersymmetric extension of the AdS1; Lie algebra, it is certainly the most natural
one. That’s why some authors [37] call 0sp(1]32,R) the super-AdS algebra in 11D. Here, we
will stick to the more neutral osp(1]32,R) terminology. Furthermore, 0sp(1]32,R) is also the
maximal finite-dimensional (non-central) A/ = 1 extension of the AdS1; algebra. In principle,
one could consider even bigger superalgebras, but we will not investigate them in this article.
It is also worth remarking that similar algebras have been studied in [35] where they are called
topological extensions of the supersymmetry algebras for supermembranes and super-5-branes.

2.4.2 The supersymmetry properties of the 11D matrix fields

Let us now look at the action of supersymmetries on the fields of an 0sp(1/32,R) eleven-
dimensional matrix model. We expand once again the bosonic part of our former matrix M
on the irreducible representations of SO(10, 1) in terms of 32-dimensional I" matrices:

= 1 = 1 -
m = Xy M + ECMN MN + 5 ZM1...M5 rMa.-Ms ,
where the vector, the 2- and 5-form are given by:
! r 1 = 1 -~
XM = ﬁ Trgp(32,R) (m PM) ) CMN = —3—2 Trgp(32,R) (m PMN) ) ZMI---M5 = ﬁ TTEP(32,R) (m PMl---ME,) .

Let us give the whole 52) transformation acting on the fields (using the cyclic property of
the trace, for instance: Tr([h, m]T'™) = Tr(h[m,TM))):

1 M M M 1 MM;...M: Nji...Ns i TP M
(5}{)X =2 <h QXQ + hQ CQ - WE ! 5N1...N5h . ZM1...M5> — 1—6X °r \I’,
1 | g
5y CMN = 4 (h[MXN] = WM ONM9 g ™ ZN}MI"'M‘*) + TN

(1) »My..Ms __ 1 M;...Ms Ni...N: [M1...My ~M: (M1 »M,... M
5HZ ' 5_2<5€ ' J\/'1...1\/Y5Qh1 5XQ+5hQ ' 'c 5]Q_5hQ Lz S}Q_‘_

L anowm 1
1...Ms O 7N1..Ns5 _ 01..0
+t5¢€ ony..Ns NV Z h

5 (M1 Mo M3 ZM4M5]N1N2N3 o
5[ 3 . 4] 601...O5N1N2N3

_ i XTfOfMl...Msly ’
16

0w = (hM ™ 4 hyn TN 4 oy fMl"'MS)‘I’—

- 1~ Lerr
— My Xy — §PMNXCMN - gFMl”'M“’XZMI...Ms ,
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where the part between parentheses describes the symplectic transformations, while the remain-

.. k(k—1) -
der represents the supersymmetry variations. Note that we used (—1) ™ 2 gMi..Mup My My =

—(11 — k)ITM- My iy 62) ZMi-Ms o dualize the Dirac matrices when needed.

2.4.3 Eleven-dimensional action for a supersymmetric matrix model

As in the 12D case, we will now consider a specific model, invariant under U(N) gauge and
0sp(1]32,R) transformations. The simplest such model containing interactions and “propaga-
tors” is a cubic action along with a quadratic term. Hence, we choose:

7
I = STrggp(1)32,R)u(N) (- pM? + 7 M[M, M]u(zv)> : (2.46)

Contrary to a purely cubic model, one loses invariance under M — M+ K for a constant diagonal
matrix K, which contains the space-time translations of the BFSS model. In contrast with the
BF'SS theory, our model doesn’t exhibit the symmetries of flat 11D Minkowski space-time, so we
don’t really expect this sort of invariance. However, the symmetries generated by PM remain
unbroken, as well as all other osp(1]32,R) transformations. Indeed, the related bosonic part of
the algebra (2.45) contains the symmetries of AdS1; as a subalgebra, and as was pointed out
in [125] and [65], massive matrix models with a tachyonic mass-term for the coordinate X’s
fields appear in attempts to describe gravity in de Sitter spaces (an alternative approach can
be found in [181]). Note that we take the opposite sign for the quadratic term of (2.46), this
choice being motivated by the belief that AdS vacua are more stable than dS ones, so that the
potential energy for physical bosonic fields should be positive definite in our setting.

The computation of the 11-dimensional action for this supermatrix model is analogous to
the one performed in 12 dimensions. We remind the reader that each entry of the matrix M
now becomes a hermitian matrix in the Lie algebra of u(/V) for some large value of N whose
generators are defined as in the 12D case.

After performing in (2.46) the traces on products of Gamma matrices, it comes out that the
terms of the form XXX, XX 7, XCC, CCZ and XCZ have vanishing trace (since products of
Gamma matrices related to these terms have decomposition in irreducible tensors that do not
contain a term proportional to I33) so that only terms of the form XXC, XZZ, CZZ, CCC,
Z 77 will remain from the cubic bosonic terms. As for terms containing fermions and the mass
terms, they are trivial to compute. Using (2.31) and the usual duality relation for Dirac matrices
in 11D, one finally obtains the following result:

1 1 i —
I=—32uTryy) {XMXM — 5(JMNCMN + ale,,,ME)ZMlthﬁ + 1—6\1@} +

321 3
+ 7 Tryny (3 Cnu [ XM, XNy — MM {W Zty .. Ms [X Mgy Z 0. My Ju(v) —

23 52 A 3
(51 2t aa B[ZABM4M5M67ZM?---Mn]u(N)} + 7 OMn Za, a2 My +
3i [~ 1~
+ Cun [Co, COMyy + 3 {‘I’ M X, Wy + o UTMN [Crrn, Wy + (2.47)

1 — s
+ 5 g M Ms [ZMl...My\II]u(N)}) :
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2.5 Dynamics of the 11D supermatrix model and its relation to
BFSS theory

Now, we will try to see to what extent our model may describe at least part of the dynamics of
M-theory. Since the physics of the BFSS matrix model and its relationships to 11D supergravity
and superstring theory are relatively well understood, if our model is to be relevant to M-theory,
we expect it to be related to BF'SS theory at least in some régime. To see such a relationship, we
should reduce our model to one of its ten-dimensional sectors and turn it into a matrix quantum
mechanics.

2.5.1 Compactification and T-duality of the 11D supermatrix action

If we want to link (2.47) to BFSS, which is basically a quantum mechanical supersymmetric
matrix model, we should reduce the eleven-dimensional target-space spanned by the X™’s to
10 dimensions, and, at the same time, let a “time” parameter ¢t appear. At this stage, the
world-volume of the theory is reduced to one point. We start by decompactifying it along
two directions, following the standard procedure outlined in [233]. Namely, we compactify the
target-space coordinates Xy and Xig on circles of respective radii Ry = R and R1g = wR. We
introduce the rescaled field X{, = X10/w which has the same 27 R periodicity as Xo. We can
then perform T-dualities on X and X7, to circles of dual radii R= 12,/ R (parametrized by 7
and y), where [1; is some scale, typically the 11-dimensional Planck length. The fields of our
theory, for simplicity denoted here by Y, now depend on the world-sheet coordinates T and y as
follows:

Y(r,y) = Y Vi et/ (2.48)

m,n

As a consequence, we now need to average the action over 7 and y with the measure drdy/ (2w ﬁ)z
Finally, one should identify under T-duality:

Xo ~ 273 <i8T — A (T, y)) 2iD,, Xip= wX1y ~ 2nwl} <z'8y — Ay(T, y)) = iwﬁy , (2.49)

where A, and A, are the connections on the U(NN) gauge bundle over the world-sheet. For
notational convenience, we rewrite ¢ = Cj1o, Fry £ [D-, Dy and T, £ I'yp and encode the
possible values of the indices in the following notation:

A B=0,...,10, i k=1,...,9,
a=1,...,10, B=0,...,9.
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Then, the compactified version of (2.47) reads:

32i [ drdy -~ -~ 3~
Ic = ? m TT’u(N) ( — 6020 Z[DT,XZ'] + 60.) Cil() Z[Dy,Xj] + 3—2 \IIPQ [DT, \II] —
3w —~ -~ 3 s 3w B1-+B1010 Py
- E\I’F* [,Dy’\ll] - W‘Sal"'aloo Za1~~'a5 Z[DT7Z(J!6"'0410] + W‘S Zﬁl“'ﬁsz[pyvzﬁamﬁlo]‘{'

. 3
+ 6uu¢FTy + 302']' [Xj,Xi] + W €A1 Aloj ZAl---Ag, [Xj, ZA6---A10] -

3
A BB Ar-A
i e 11 ZAlAQAS Y2 1 Z B, ByAyAs Ags LArAyy ) + i {Cij [ZjAl,,,A4,ZZ. e Aa]

— 2Ci0[Zoayans Ziaras) + 2Ci10 [Zloﬁl..maziﬁl”m] - 2¢[ZIOilmi4yZ0i1---i4]} +

+ Cij [Cjk: Cril + 3Cio [Cro, Cri] — 3 Cino [Crao, Cril + 66 [Crio, Crol + (2.50)
3i (—~ 1~ . . BN

+ 3—; {qfn- (X, 9] + o WTy[Cig, W] — WLilo [Cio, W] + WL [Cing, W] — W ol [, W] +
1 —~ ~ ~ ) —

+ S TTA [ZAl...As,\Il]} + z’ugz<DTDT — w*D,D, + X;X; + %w + ¢ —

1 1
— 5 GiiCi + CioCio — CiroCito + aZAl”'A5ZA1 A5)> :
Repeated indices are contracted, and when they appear alternately up and down, minkowskian
signature applies, whereas euclidian signature is in force when both are down.

2.5.2 Ten-dimensional limits and IMF

Since the BFSS matrix model is conjectured to describe M-theory in the infinite momentum
frame, we shall investigate our model in this particular limit. For this purpose, let’s define
the light-cone coordinates t; = (7 4+ y)/v2 and t_ = (7 — y)/+/2 and perform a boost in the
y direction. In the limit where the boost parameter u is large, the boost acts as (t4,t_) —
(uty,u=t_), or as (7,y) = v/2(uty,ut,) on the original coordinates. In particular, when
u — 00, the t_ dependence disappears from the action and we can perform the trivial ¢_
integration. The dynamics is now solely described by the parameter t = +/2uty, which is
decompactified through this procedure. In particular, both ZST and ﬁy are mapped into ﬁt.

So far, the ratio of the compactification radii w is left undetermined and it parametrizes a

continuous family of frames. It affects the kinetic terms as:

_ 32 mhu gy R 3 _ e o\
Io = 7z . i 2VanTow Tryn| —6 (C'io - wCﬂo) i[Dy, Xi] + 5 U <F0 — wF*) (D, U] —
3 10D) 3W 381010 D
- (5')2 €a1--a100 Zalmas Z[Dt, Zag---alo] + (5')2 e Zﬁlﬁs Z[Dt, ZﬁG"'ﬁlO] + ... (251)

In order to have a non-trivial action, as in the BFSS case, we must take the limit u — oo
together with N — oo in such a way that N/(]%u) — o0. In the following, we will write R = Ru,
implicitly take the limit (R, N) — oo and let ¢ run from —oo to co.

In the usual IMF limit, one starts from an uncompactified Xy. In our notation, this corre-
sponds to R — o0, i.e. to the particular choice w = R19/R — 0. So, in the IMF limit, all terms
proportional to w drop out of (2.51). In the following chapters, we will restrict ourselves to this
case, since we are especially interested in the physics of our model in the infinite momentum
frame.
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2.5.3 Dualization of the mass term

Let us comment on the meaning of the 73? term arising from the T-dualization of the mass term
Tr((X0)?), which naively breaks gauge invariance. To understand how it works, we should recall
that the trace is defined by the following sum:

Trym(=D}) = = (ua(®)|DF|ua(t)) = > iDelua(t))[* (2.52)

a

for a set of basis elements {|u,(t))}, of u(N'), which might have some t-dependence or not. If the
|ug(t)) are covariantly constant, the expression (2.52) is obviously zero. Choosing the |uy(t)) to
be covariantly constant seems to be the only coherent possibility. Such a covariantly constant
basis is: . o
[ua(8)) £ ¢ o 2O )

I

(where the |ug)’s form a constant basis, for instance, the generators of u(N) in the adjoint
representation). Now, ¢ lives on a circle and the function exp( ft'; Ap(t") dt’) is well-defined only

if the zero-mode A(()O) = 2mn, n € Z. But we can always set Ago) to zero, since it doesn’t affect

the behaviour of the system, as it amounts to a mere constant shift in "energy”. With this
choice, we can integrate D; by part without worrying about the trace.

2.5.4 Decomposition of the five-forms

In (2.50), the only fields to be dynamical are the X;, the Z,,...q; and the . The remaining
ones are either the conjugate momentum-like fields when they multiply derivatives of dynamical
fields, or constraint-like when they only appear algebraically.

Thus, the Cjy and ¥ have a straightforward interpretation as momenta conjugate respectively
to the X; and to ¥. For the 5-form fields Z4,...4, however, the matter is a bit more subtle, due
to the presence of the 11D & tensor in the kinetic term for the 5-form fields. Actually, the real
degrees of freedom contained in Z4,...4, decompose as follows, when going down from (10 + 1)
to 9 dimensions:

QP(Myo1,R) — 3 x QY Mg, R) & Q3 (Mg, R) . (2.53)

To be more specific (as in our previous convention, i = 1,...,9 are purely spacelike indices
in 9D), the 3-form fields on the RHS of (2.53) are Z; iyis0,10 £ Bijiyis, While the 4-form
fields are Zijiizis10 = Zijigisias Zivinizis0 = Hijigigiy and® I & 1 /51 giisin a0z,
these conventions allow us to cast the kinetic term for the 5-form fields into the expression
6/4! 111" [Dy, Z;, ..;,], while B and H turn out to be constraint-like fields, the whole topic
being summarized in Table 1.

1Using

‘7 (n) ’

N
JiinNi -+i90,10 _ i
gl NEN417709 ekl"'kNiN+1”'i90,10 = —(9— N)' E 0'(71') H 6kn

n=1

™

where 7 is any permutation of (1,2, .., N) and o(7) is the signature thereof, this relation can be inverted: Z;,....; =
EEil"'ist”'jQ I176°79
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dynamical var. | number of real comp. | conjugate momenta || constraint-like | number of real comp.
X; 9 Cio Cij 36
Cito 9
10) 1
Ly iy 126 I, .4, H;, .., 126
Bilizis 84
4 32 v

Table 1: Momentum-like and constraint-like auxiliary fields

We see that longitudinal 5-brane degrees of freedom are described by the 4-form Z;,...;,, while
transverse 5-brane fields Z;,..;; appear in the definition of the conjugate momenta. As they
are dual to one another, we could also have exchanged their respective réles. Both choices
describe the same physics. We can thus interpret these degrees of freedom as transverse 5-
branes, completing the BFSS theory, which already contains longitudinal 5-branes as bound
states of DO-branes.
Choosing the ¢, ...;, tensor in 9 spatial dimensions to be:
iy -9 = Eil...igo’lo = —&j;.ig0,10

we can express the action I. in terms of the degrees of freedom appearing in Table 1 (note that
from now on all indices will be down, the signature for squared expressions is Euclidean and we
write Dy instead of Dy ):

82
~ 1¢’R

1 1
+ <Hi1i2isj [X5) Bivigis] = gy €invvis i Ziaia [ijHis---i8]> + g W(ZILH, B)+

. i 3 —=~
/ dtTTu(N) ( — 62 CiO [Dt,Xi] — Z Hi1~~~i4 [Dt, Zi1~~~i4] + 3—2 \I/PQ [Dt, \I/] + 3Cij [Xj,Xi] —

1 1
+ 5 {C,-j Kij(Z,11,H, B) —2Cj (m&‘ijl---ml---m[Hj1-~-j47Hkl---m] + [Zij1j2j37Bj1jzj3]> +

1 1
+ 2Cio (Meijr"jwl---m[Zjl---j4aHk1~~~k4] - [Hijl.ijS?lejsz]) 2¢[ZZ1 Z4)H21 14]} +

+ Cij [Cjk, Cri) + 3Cio [Ck(),Cm] — 3Ci10 [Ck10, Cki] + 60 [Crio, Crol+

31 o~
+ ﬁ {\I’F [XZ,\IJ] + = \IJFZ][CZ],\I/] — \IJF FO [CZ(],\I’] + vI;I, [Cﬂo,\lf]— (254)
E [Qb, ] + Z\IIFH 7,4f [Z7,1Z47\II] + Zﬁfllufof*[nlluvly]_'_
1 — 1 - )
_ 4—\I/ i ,4P0[HZ~1...Z~4,\I’] 3—\1’ ,122Z3F0F [Bi1i2i37111]} 4 N92Z{(X) + 1—6\11\11 T ¢2
1

4!

-5 (Gl + (€0 = (€ + g ((Zanesd)® + [Wai)? = (Hia)? - 4(32-”-2@-3)2)}) |

We have abbreviated two lengthy expressions in the result above to make it shorter: on one
hand, the term coupling the various 5-form components to the C;;:

Kij(Z,X1,H, B) £ [Z;kykoks» Zikakoks) + L kkoks s Wi ki koks) — 3[Bj kiks» Bikiks) — [Hj kikokss Hikikoks) »
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on the other hand, the trilinear couplings amongst the 5-form components:

W(ZILH,B) £ ¢.. {Bilizj (2 [0 igigis» Wigeio] — [Zjisinis» Zig-io) — [Hjisigis» Hig-ig]) +

Bi1i2i3 ([Bi4isi6=Bi7i8i9] + [Ziu'sifsj?Zj i7i8i9] - [Hi4i5i6j7Hj i7i8i9] ) }
(3!)2 Hi1i2j1j2 [Zj1j2k1k2 ) Hkﬂfziliz]

2.5.5 Computation of the effective action

We now intend to study the effective dynamics of the X; and W fields, in order to compare it
to the physics of DO-branes as it is described by the BFSS matrix model. For this purpose, we
start by integrating out the 2-form momentum-like and constraint-like fields, which will yield
an action containing the BFSS matrix model as its leading term with, in addition, an infinite
series of couplings between the fields. Similarly, one would like to integrate out the Z-type
momenta and constraints II, H and B, to get an effective action for the 5-brane (described by
Zijr) coupled to the DO-branes. We will however not do so in the present paper, but leave this
for further investigation.
To simplify our expressions, we set:”

L 83

A 2
8= ng” Ly
and write (2.54) as (after taking the trace over u(N)):
L=~ / dt (BCHT(TL + AT, + CE B! + Lo+ L, + L) . (259)

For convenience, we have resorted to a very compact notation, where:

it —6%5,; 0 3 fabe Ce  $°b;
= ) ab L& K ab & ij j
CZ < quo ) 7 ‘TZJ < 0 (5ab5ij > ’ AZJ /8 _¢652] —C¢. )

v

F’i(l
G

and where the components of the vector F{ = < >, are given by the following expressions:

i , 3 — ~~
F; £ 6[Dt=Xi] - Mgijl"'jz;kr”kz; [Hj1"~j4=Hk1~'k4] - Z[Zij1j2j3=Bj1j2j3] - ﬁ{\I’,PiFO\II} )

i ) 3 = ==
G; £ meijlmjzlkr“/w[Zjl"'j4vHk1~~k4] - Z[Hij1j2j37Bj1j2j3] + 3—2{\IJ,FZT*\I’}

Note that we have written % f“bcﬁbfm\llc as {ﬁ,f\II}“ with a slight abuse of notation. The
remaining terms in the action (2.55) depending on Cj; and ¢ are contained in

Lo 2 0

Ly & —B(67) + J¢"
with the following definitions

(CE)? + ELCY — feCiehCr

. ‘ 3
Eij £ %Kij + 37 [XZ',X]'] + 6—4{\I’,Fij\1’} s

—i 3
J £ Z[Zil"'inil"'M] - ﬁ{\II,FOF*\II} )

SIf we consider X and hence C, Z and ¥ to have the engineering dimension of a length, then so has 8, while
7 has dimension (length)™*.
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and finally L is the part of I. in (2.54) independent of Cj;, Cii0, Cio and ¢. in other words
the part containing only dynamical fields (fermions ¥ and coordinates X;) as well as all fields
related to the 5-brane (the dynamical ones: Z and II, as well as the constrained ones: B and
Now, (2.55) is obviously bilinear in the C¢ (note that Af}’ is symmetric, since C;; is actually
antisymmetric in 7 and j). So one may safely integrate them out, after performing a Wick
rotation such as
t—71=1t |, Ci10 — Cio = £iCiro

The indeterminacy in the choice of the direction in which to perform the Wick rotation will turn
out to be irrelevant after the integration of Cj1p (indeed, this + sign appears in each factor of ¢
and each factor of G, which always come in pairs).

We then get the Euclidean version of (2.55):

e = 7 [ dr (BT + BT, + (CF - Lo — £, - L)

where the new rotated fields assume the following form:

—a @ =a —F?
A 70 Y i
s () 72 ()
i 0 5@ 52,], 1 ﬁ ZFZgbcéij CZCJ

The gaussian integration is straightforward, and yields, after exponentiation of the non trivial
part of the determinant:

/D@m DCy eXp{ - IE}
L7 (m(n2 + B2 dr (—-L @2 + 5 F Lo — Ly — L
X expy — 5 r(n( ij + z’j))—’Y T _@( )T +Ay) " Fy — Lo — Ly —

The term quadratic in F is obviously tree-level, whereas the first one is a 1-loop correction to
the effective action. The 1-loop ”behaviour” is encoded in the divergence associated with the
trace of an operator, since

TrO = /dTOiZ-(T)<T’T> = A/dTOiZ-(T) , (2.56)

where the integration in Fourier space is divergent, and has been replaced by the cutoff A.
Transforming back to real Minkowskian time ¢, we obtain the following effective action

~ 1 a —a — A — aa
Lg = V/dt <E + Lo+ Ly + @(Fi)T(ﬁ%bJFAif)_lF? - g(ln(H+A(t)))ii> - (257)

2.5.6 Analysis of the different contributions to the effective action

The natural scale of (2.57) is (3, which is proportional to the mass parameter p. We therefore
expand (2.57) in powers of 1/3, which amounts to expanding (2.57) in powers of A. Now, this
procedure must be regarded as a formal expansion, since we don’t want to set § to a particular
value. However, this formal expansion in 1/ actually conceals a true expansion in [X;, Xj],
which should be small to minimize the potential energy, as will become clear later on.
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First of all, let us consider the expansion of the tree-level term up to O(1/3%). The first

order term is given by:
1 —a\ = 1
Z WY — — N2 ((7.)2
ﬁ/dt(Fl) F, ﬁ/dtw((m) (Gy) )

Since F; contains [Dy, X;] and {¥, ¥}, while G; contains only {¥, ¥} (ignoring Z-type contri-
butions), this term will generate a kinetic term for the X%’s as well as trilinear and quartic
interactions.

The second-order term is:

%/dt( )TAabe 22 /dtTT(Cij{[E,Fj] — [Ginj]} —2<Z5[Fz'=Gi]>'

All vertices generated by this term contain either one C, with 2 to 4 X or ¥, or one ¢, with 3
or4d X or V.
Finally, the third-order contibution is as follows:

2
ﬁ/dt abF ;3 /dt TT([E,C,'j][Cjk,Fk] — [Gi,CinCjk,Gk]-i-

+F 0llo, Fil — [Gi, ¢llo, Gi] + 2[Gi, Cyllo, Fy] = 2[Fi, Cijllo, Gj]>,

producing vertices with 2 ¢’s or 2 C’s, together with 2 to 4 X or W, as well as vertices with 1 ¢
or 1 C, with 3to4 X or V.

Next we turn to the 1-loop term, where we expand the logarithm up to O(1/32). Because of
the total antisymmetry of both f%¢ and C,j, one has TrA = 0, so that the first term cancels.
Now, keeping in mind that

1
fabCfbad — (ab)é“l and famnfbnOfcom — 502(110)]"“60 ,

Cy(ad) referring to the quadratic Casimir operator in the adjoint representation of the Lie
algebra, one readily finds:

(). Tra = (%)22¢02(aa)A JarTr((C)? ~9(9)?).

(i). TrA® = — (%) COs(ad AfdtTr(C [CJR,CMD.

In other words, the 1-loop correction (i) renormalizes the mass terms for Cj; and ¢ in I, as
follows:

e Mass renormalization for Cj;: 178 — 24 <1 + %C’g(ab)/\)

e Mass renormalization for ¢: v3 — ~[3 <1 + %C@(ab)l\)
Whereas the 1-loop correction (ii) renormalizes the trilinear coupling between the C;; in I.:

e Renormalization of the C;;[Cj, Cy;| coupling: v — ~y <1 C’g(ab)A)

275

Up to T TZ?’, the 1-loop corrections actually only renormalize terms already present in I,
from the start. This is not the case for the higher order subsequent 1-loop corrections: there is
an infinite number of such corrections, each one diverging like A. A full quantization of (2.57)
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is obviously a formidable task, which we will not attempt in the present paper. A sensible
regularization of the divergent contributions should take into account the symmetries of the
classical action, which are not explicit anymore after performing T-dualities and the IMF' limit.
However, since our model is quantum-mechanical, we believe it to be finite even if we haven’t
come up with a fully quantized formulation.

Summing up the different contributions computed in this section, one gets the following
1-loop effective action up to O(1/3%):

Lot :/dt(£c+£¢+2> 15 dt Tr (F? — G}) —

_i;g/dtTr<Cm<[Fl,F] [GZ,G])—MS[FZ,G) 62/dtTr< gj_%z) B

e /dtTT<FZ7CZJ][CjkaFk] (G, Cijl[Cir, Gi] + [Fi, ¢l[0, 3] — [Gi, 8][0, Gi] +

Ay

2(G1, Cillo. 5] —2(FCulle. G5)) - 23

/ dt Tr<cij [Ck, Cm-]> + O(1/4%2.58)

where A is proportional to the cutoff A:

9 CQ(CLU)A
Y

A2
Note that the O(1/3%) terms that we haven’t written contain at least three powers of C;; or ¢.

2.5.7 Iterative solution of the constraint equations

The 1-loop corrected action (2.58) still contains the constraint fields C;; and ¢, which should
in principle be integrated out in order to get the final form of the effective action. Since I.g
contains arbitrarily high powers of C;; and ¢, we cannot perform a full path integration. We
can however solve the equations for Cj; and ¢ perturbatively in 1/8. This allows to replace
these fields in (2.58) with the solution to their equations of motion. Thus, in contrast with the
preceeding subsection, here we remain at tree-level.

The equation of motion for C;; may be computed from (2.58), and reads:

Cij + ﬁ <EZ] + 3Z[C’jk,0ki]> 53 < {[GuG ] — [FivFj]} + )‘Cij> +
- ZiCnCul) + 0/8%) =0, (259)

while the equation of motion for ¢ is:

1 3

6 - 557 — 5 (51EnGi-9) + 2 (1A (Bl -

=[Gy, [Gi, 9]l + [F},[Ciy, Gy]] — [Giv[cij’FjH> +O(1/8°) = 0. (2.60)

By solving the coupled equations of motion (2.59) and (2.60) recursively, one gets C';; and ¢ up to
O(1/3°%). We can safely stop at O(1/3°), because the terms contributing to that order in (2.59)

and (2.60) are, on the one hand, ﬂ_lA(é/éCij)TrZ4 and ﬂ_lA(5/5¢)TrZ4, whose lowest order is
O(1/%), and on the other hand ﬂ_2(5/6Cij)FTZ3F and 6_2(5/6¢)FTZ3F, whose lowest order
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is O(1/87), so that the eom don’t get any corrections from contributions of O(1/3%) coming
from Iog.
Subsequently, the 1/3 expansion for C;; reads

1 3i 1 1 A
Coj = = 5B + ﬁ—; <[Eik7Ekj] + 4 [E By — Z[Gi,Gj]> + gabu T+
9 1 1 1
+ E<_2[E[ika[EklyElj}H + §[E[ik7[FkaFj}]] [E[zka[GkaG]]H [[E[zkaFk] Fjjl—
1 1 1
- 3B GGy + G [y, T - 1[G 1) + 00/ (2:61)

and the expansion for ¢:

3i 3\2 A
¢ = %J—I—Zw?)[F Gyl — <§> @J— (2.62)

9

= 5 (1B 1P T = GG ) = 2R Bl Gyl + 201Ge, Bl ) + 0/5°).
Now, plugging the result for C;; and ¢ into I.g, one arrives at the "perturbative” effective

action, which we have written up to and including O(1/3%), since the highest order (O(1/3%)) we

calculated in I.g is quadratic in C' and ¢%, and since the O(1/3%)-terms in (2.58) only generate

O(1/87) - terms. This effective action takes the following form:

lfeff :/ <£+—Tr( — G+ J? - 2(E;)?) +

gl 4p
+5i3 TT<— Eij[Ejk, Er] + iEu{[F Fj] — [Ginj]} - Zﬂﬂ,@])) +
g (B = ) + g T Bl + 150 B - (G G -
B B (B 15— (G G) — ([ Gl — 2 ([ ) — (G )} +

1

o { 0B P = (G 7)) - 5

(G, Ej][J, Fy] + %[Fi, Eil[J, Gj]>> +0(1/8°%).

At that point, we can replace the aliases E, F', G and J by their expression in terms of the
fundamental fields X, ¥, Z, II, B and H. The result of this lengthy computation (already to
order 1/73) is presented in the Appendix. Here, we will only display the somewhat simpler result
obtained by ignoring all 5-form induced fields. Furthermore, we will remove the parameter
G from the action, since it was only useful as a reminder of the order of calculation in the
perturbative approach. To do so, we absorb a factor of 1/ in every field, as well as in Dy (so
that the measure of integration scales with ). Thus, 8 only appears in the prefactor in front
of the action, at the 4" power. This is similar to the case of Yang-Mills theory, where one can
choose either to have a factor of the coupling constant in the covariant derivatives or have it as
a prefactor in front of the action. To be more precise, we set:

1 ~ 1 .

~ 1
O=—V, X,=-X;, Ag==4,, G=98, t=20t,
NG 3 0= 540 By B

and similarily for the Z sector: (Z,11, H,B) — (Z/3,11/8, H/3, B/ ().

Snote that their expansion starts at O(1/3)
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With this redefinition, it becomes clear that our developpment is really an expansion in
higher commutators and not in 3. It makes thus sense to limit it to the lowest orders since the
commutators should remain small to minimize the potential energy. To get a clearer picture of
the final result, we will put all the 5-form-induced fields (Z,1I1, H, B) to zero. For convenience
we will still write X as X and 7 as ¢ in the final result, which reads:

I1(X,0) :é /dt Ty (([Dt,Xi])2 + %([}Q,Xj])2 + 10Ty [D;, ©] — OT [ X;, O] —

1 2l o~ o~ 3i — -
—5(X:)? = 586 = 3[D;, X, {8, 1[0} — S[X;, X;1{0, ;0 }+

+7(B.TT0)) - J(B.LE.OD? + (8. Tul.0)? - L(6,yepi+
3G, X1, X3, DX, X4 - 90X, X[, X, (D1, X1
4

% — - - _
=248, F 0}, X, X, Xill + 55 (X, X][{8, T340}, {8, Fi0) -

34 . . 3% . -
55 X0 X, {8, [uT00}, {8, 1,100} + 2—;{@,rw@}[{@,rzr0@}, {6,1,T,0})+
L3 i

+ eighth-order interactions.

We see that the first four terms in this action correspond to the BFSS matrix model, but with

a doubled number of fermions. So, in order to maintain half of the original supersymmetries

(i,e. N =1 in 10D), one could project out half of the original fermions with P_ IME, (1+

I',)/2. Finally, in addition to the BFSS-like terms, we have mass terms and an infinite tower
of interactions possibly containing information about the behaviour of brane dynamics in the
non-perturbative sector.

2.6 Discussion

After a general description of 0sp(1]32) and its adjoint representation, we have studied its
expression as a symmetry algebra in 12D. We have described the resulting transformations of
matrix fields and their commutation relations. Finally, we have proposed a matrix theory action
possessing this symmetry in 12D. We have then repeated this analysis in the 11-dimensional
case, where 0sp(1|32) is a sort of super-AdS algebra. Compactification and T-dualization of
two coordinates produced a one-parameter family of singular limiting procedures that shrink
the world-sheet along a world-line. We have then identified one of them as the usual IMF
limit, which gave rise to a non-compact dynamical evolution parameter that has allowed us
to distinguish dynamical from auxiliary fields. Integrating out the latter and solving some
constraints recursively, we have obtained a matrix model with a highly non-trivial dynamics,
which is similar to the BFSS matrix model when both X2 and multiple commutators are small.
The restriction to a low-energy sector where both X2 and [X, X] are small seems to correspond
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to a space-time with weakly interacting (small [X, X]) D-particles that are nevertheless not
far apart (small X?2). The stable classical solutions correspond to vanishing matrices, i.e. to
D-particles stacked at the origin, which displays some common features with matrix models in
pp-wave backgrounds (see for instance [26, 89, 49]).

Since the promotion of the membrane charges in the 11D super-Poincaré algebra to sym-
metry generators implied the non-commutativity of the P’s, and thus the AdS1; symmetry, the
membranes are responsible for some background curvature of the space-time. Indeed, since the
Cyny don’t appear as dynamical degrees of freedom, their role is to produce the precise tower
of higher-order interactions necessary to enforce such a global symmetry on the space-time dy-
namically generated by the X;’s. The presence of mass terms is thus no surprise since they were
also conjectured to appear in matrix models aimed at describing gravity in de Sitter spaces,
albeit with a tachyonic sign reflecting the unusual causal structure of de Sitter space ([125, 65]).
One might also wonder whether the higher interaction terms we get are somehow related to
the high energy corrections to BFSS one would obtain from the non-abelian Dirac-Born-Infeld
action. Another question one could address is what kind of corrections a term of the form
ST gap(1132)@u(n) ([M, M][M, M]) would induce.

It would also be interesting to investigate the dynamics of the 5-branes degrees of freedom
more thoroughly by computing the effective action for Z (from I.g of the Appendix) and give a
definite proposal for the physics of 5-branes in M-theory. Note that there is some controversy
about the ability of the BFFS model to describe transverse 5-branes (see e.g. [123, 230] and
references therein for details). Our model would provide an interesting extension of the BFSS
theory by introducing in a very natural way transverse 5-branes (through the fields dual to Z;jx;)
in addition to the DO-branes bound states describing longitudinal 5-branes, which are already
present in BF'SS theory.
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2.7 Appendix

We give here the complete effective action at order 1//.

Ieff

/dt Try <— ﬂ{( Xi)? + 6 T+ i, <(ZZ-1,,,Z-4)2 + (i) = (Hiyoiy)® — 4 (Bilm-g)z) } +

31 ) i
{4 i1 24[Dt7221 24] + 39 \I/F()[Dt,\:[’] + ZH’ilizigj[ijB’iliz’i;g] — mgil“'istil"'M[Xj?His'"is] +
7
ﬂgil”'iQ <Bi1i2j <2 [Hji3i4i5vHi6"'i9] + [Zji3i4i5v Zia'"ig] - [Hji3i4i57Hi6"'i9]> +
2

3 Birinia ([Bi4i5i67Bi7isi9] + [Zigisio s Zjirigio) — [Hiusisijjiﬂsig])) +

|

. 3 _
Hilizjljz [Zj1j2k1k27 Hk1k2i1i2] - 32 <\I’F [X,, \II] + n \Il (Pn ~~i4F*[Zi1~~i4= \I’] +

Ly oig Do [y iy W] — Tty Do [Hiy oy, ¥] — 4fi1i2i3f0f*[3i1i2i3,\1’])>} +

1 .
{36([Dt,Xz])2 = s Pt XillHjywjus Wisewjs] — 120 [De, Xi][Zij o, Bjrga] =
9

= 1
g [Pe, Xil{¥, Il W} — 1_6[Hi1“‘i47nj1“‘j4]([Hil"'i47Hj1“‘j4] — 16[Hijiyisgas Wy jojaial +

36[Hiyigjsjar Wy joisia]l — 16[Hy jojajas Wiyinigis] + [Hj1j2j3j47Hi1i2i3i4]> -

1 i SO
5 arSinds [Hgs Wiseogs ][ Zins kg By o] + @Ez’ﬁmjg[HjlmjmHj5~~~js]{‘1’ IiToW} —

31
([ ij1e JsaBj1~~~j3])2 + 16 [Zm J3) ]1 Js]{‘l’ F FO‘I’} + ({‘I’ F FO‘I’})
1
_6 [Zil"'i47Hj1~~j4]([Zi1~~~i4’Hj1mj4] - 16[Zi1i2i3j47Hj1j2j3i4] + 36[Zi1i2j3j47Hj1j2i3i4] -

1
16[Zi1j2j3j47Hj1i2i3i4] + [Zj1j2j3j47Hi1i2i3i4]> - meijl'"js[zjlmjmHj5'"j8”Hik1~'k37Bk1~~k3] -

') 3t — ~ =~
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1 31
210 16 26
1
5([Zik1k2k372jk1k2k3]) + [Zikleksvijlkzks][nillblsvHjllbls] + 5
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Part 11

Anomaly cancellation in heterotic
M-theory and membrane instantons
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Introduction

In this second part, we will be interested in the limit in which M-theory descends to the heterotic
Es x Eg string theory, which differs from the purely circular compactification to ITA theory in
that the theory we now want to recover only has Njgp = 1 supersymmetry. A compactification on
a circle S would indeed preserve all 32 original supercharges present in the eleven-dimensional
theory, and thus lead to Nig = 2 supersymmetry required by type II string theories. Con-
sequently, to get rid of half of these supersymmetries in ten-dimensions, on must consider a
compactification on a singular space. In the Eg x Eg heterotic case, the appropriate space was
shown to be the orbifold S*/Zy [148, 147], which can be pictured as an interval with end-points
corresponding to the two fixed points of the orbifold action.

In general, compactifying a string theory on orbifolds generates anomalies which have to
be cancelled, for the quantum theory to be consistent. This entails the existence of twisted
states charged under the appropriate gauge group and localised at the orbifold fixed points.
But while twisted sectors of superstring theories can be determined by a standard procedure,
when working in the eleven-dimensional M-theory limit however, one must resort to indirect
arguments to reconstitute the equivalent of ”twisted states”. In particular since, in this approach,
one is ultimately bound to work in the low-energy limit of the eleven-dimensional theory, the
consistency criterion there is the absence of anomalies in local symmetries, in the resulting
field theory description. But since the anomalies are determined by the massless modes of the
spectrum, their absence in the low-energy field theory guarantees automatically that its string
theory limit is also well behaved.

Thus, anomaly cancellation has proved a powerful tool which Horfava and Witten have used
to show that recovering the strongly-coupled Fg x FEg heterotic string from M-theory requires
a factorization of the gauge and gravitational anomaly polynomial of the heterotic theory into
two separate terms, each being associated to one of the Fg factor. Local anomaly cancellation
in the M-theory setup then involves the existence of Fg gauge multiplets propagating on the
ten-dimensional boundary hyperplanes located at each of the Zs fixed points. In the small
radius limit of the orbifold, one recovers the low-energy heterotic supergravity with one-loop
corrections. In particular, the fundamental string of the heterotic theory descends from M2-
brane states in the presence of boundary hyperplanes, while the dependence on the two separate
Es gauge group is now merged into a single semisimple Fg x Eg dependence, expected for the
gauge bosons of heterotic string theory.

For this purpose, we also review in Chapter 3 anomaly cancellation in string theory in
general, since the discovery that all known string theories are anomaly-free was a major step
in reviving the interest in them, and led to the so-called first string revolution. In particular,
the heterotic string requires an additional mechanism to cancel mixed gravitational and gauge
anomaly, which necessitates the introduce of a higher order type correction to the supergravity
lagrangian, namely the Green-Schwarz term.

In eleven dimensions, a similar term is known to exist, from string dualities [241] and anomaly
cancellation of the five-brane in eleven dimensions [107, 251], and has to be taken into account
in heterotic M-theory, in addition to the topological Chern-Simons term predicted by eleven-
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dimensional supergravity. More concretely, the presence of boundaries in the eleven-dimensional
setup modifies the Bianchi identity for the four-form field strength of eleven-dimensional super-
gravity, which is now neither exact nor closed anymore.

Anomaly cancellation is then achieved by inflow from both the topological Chern-Simons
interaction and the additional Green-Schwarz term, both depending on a four-form field strength
now satisfying a Bianchi identity modified by a non-zero gauge and gravitational source term.
This construction requires care. In particular, when working in a formalism where instead of
considering the orbifold S'/Zs, one works alternatively on a boundary free-circle S*, and then
imposes Zo projection, one must insist on requiring periodicity of all fields of the theory in the
circle coordinate [43]. In addition, [44] have shown that that the Chern-Simons term should
be modified by a redefinition of the three-form potential, similar to what is done to treat the
normal bundle anomaly of the M5-brane [119].

Finally, the solution to the modified Bianchi identity for the four-form field strength depends
on an arbitrary integration parameter, which, in principles, defines a whole family of solution.
However, it has been pointed out [43] that demanding invariance under large gauge and Lorentz
transformation of the four-form modified by boundary contribution fixes this parameter uniquely.
This, in turn, determines the value of the ratio between the 11D gravitational constant and the
gauge coupling, which was put forward by [147] as a prediction of M-theory, and guarantees
that all eleven-dimensional fields can be safely truncated to the massless modes of the heterotic
theory.

At the end of Chapter 3, we will move to considering how the Horava-Witten scenario is
affected by the presence of five-branes. Since they are described by a tensor multiplet contain-
ing chiral fermions and a self-dual threeform and break 11D lorentz invariance, five-branes are
potential sources for both tangent space and normal bundle anomalies, which we will carefully
review. In particular, when introduced in the Horava-Witten setup five-branes wrapping the
orbifold circle do not influence the results obtained in their absence, while five-brane perpendic-
ular to the interval can be shown to produce an additional non-vanishing anomaly inflow from
the Chern-Simons term, which are localised on the world-volume of the five-brane and lead to
new interesting effects in the four-dimensional theory.

These five-brane contribution are indeed central to the discussion in Chapter 4, where we
consider further compactification of M-theory on S'/Zs to four dimensions, which preserves
Ny = 1 supersymmetry. For this purpose, we choose the additional six-dimensional compact
space to be a Calabi-Yau three-fold, and the five-branes to be space-time filling and transverse
to the S'/Zs interval, and having two directions wrapping a two-cycle in the Calabi-Yau. Their
fluctuation along the orbifold direction is parametrized by a modulus field, independent of the
precise geometry of the Calabi-Yau space, which is thus referred to as universal. In the effective
supergravity realization, this modulus can be incorporated either in a chiral or (in a dual picture)
in a linear multiplet, depending on the formulation we choose for the effective theory.

The effective supergravity including these space-time filling M5-branes can then be obtained
by using a superfield formulation which takes into account the modification of the Bianchi iden-
tity of the four-form field strength, incorporates the topological contribution from the anomaly
polynomials located on the fixed planes and respects the self-duality of the three-form living on
the five-brane. In this framework, one can in particular study configurations with open mem-
brane with Euclidean world-volume connecting 10D hyperplanes or five-branes together. In
particular, taking pairs of five-branes transverse to the interval, one can consider an Euclidean
membrane localized in space-time stretching between both of them. Such effects lead to instan-
ton corrections to the interaction Lagrangian and, after gaugino condensation occurs, contribute
to the non-perturbative superpotential of the four-dimensional theory.

More precisely, in this effective supergravity approach, such contributions originate from
the topological Chern-Simons term, which generates an interaction between the gauge fields on
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the 10D hyperplanes and the masless orbifold modes of the three-form located on the world-
volume of the fivebranes. These interactions depend explicitely on the position of the five-branes
along the interval, and can be viewed, in this framework, as gauge threshold corrections. One
can then use gaugino condensation to determine the non-perturbative superpotential resulting
from these interaction terms. In particular, we recover the exact exponential dependence on the
universal moduli of the fivebranes as it is obtained by standard membrane instanton calculations
[193, 183], but by a completely different route and without the limitations of validity imposed
by the latter. This work, done in collaboration with J.P. Derendinger, appears in [63].
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Chapter 3

M-theory on an orbifold, anomaly
cancellation and membrane
instantons

3.1 Eleven-dimensional supergravity a la Cremmer-Julia-Scherk

In this section, we will review some basic facts about the 11D supergravity theory found by
Cremmer-Julia-Scherk [81]. This introduction is motivated by the fact that the so-called Horava-
Witten scenario, which gives a proposal for the strong coupling limit of the Eg x Fg heterotic
string, results from a modification of the Bianchi identity of the four-form field strength of 11D
supergravity. In 11D supergravity, it is an exact form, derived from a three-form potential:
G4 = dC5. Hence, its Bianchi identity is trivial: dG4 = 0. In constrast, the low-energy Fg X Eg
supergravity with 1-loop corrections is obtained from the 11D theory when the RHS of this
Bianchi identity is now proportional to a source term, reproducing upon compactification on
the interval I = S!/Zs, the correct anomaly counterterms of the heterotic effective theory. As
a result, G4 is in this case neither closed nor exact anymore.

We have already introduced qualitatively the M-theory limit of ITA string theory in Sec-
tion 1.3.1, thereby making contact with 11D supergravity a la Cremmer-Julia-Scherk. In the
following, we will make these statement mathematically more precise. The bosonic sector of 11.D
supergravity comprises, along with the Einstein-Hilbert action in 11D and the kinetic term for
the three-form field, a topological, or Chern-Simons, term, transforming into a total derivative
under a gauge transformation of C3. In the absence of the fermionic sector, we leave, following
[44], the coefficients of each term unfixed (the original choice of Cremmer-Julia-Scherk [81] is
a=—1,b=2k% c=—2V2k3):

Shos = % /Mll d"z e(aR(wl) — ZZ;GABCDGABCD + ﬁﬁfh'ﬂ”CAlAgAgGA4..A7GA8..A11) .

(3.1)
We have defined e41-411 = —1, and we lower and raise the indices of the epsilon tensor with
the metric, so that: €4, 4,, = —det g~ ! = e 2. The integration is performed over a (yet

unspecified) 11D space Mj; with signature (—1,+1,..,+1). Like in Chapter 2, we choose
capital roman indices (A, B, C...) for 11D space-time indices, and small case greek letters (u,
v, p...) for the 10D space-time ones. As mentioned above, G4 is the field-strength associated to
Cs: Gapep = 494Cpcpj, and the metric is given in terms of the elfbein as: gap = nabeA“eBb,
with the lower-case a, b.. referring to SO(10, 1) tangent-space indices (the SO(9,1) ones will be
denoted m, n, ..)

We see that the theory has a unique parameter 2, and no scalars (”dilatons”) whose back-
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ground value would generate additional Lorentz invariant parameters. This supergravity is the
maximally supersymmetric theory in 11D, with 2° = 32 supercharges. We recall the counting of
massless physical states of the theory already outlined in Section 1.3.1. The massless states of the
three-form Cj5 are classified according to the helicity group, or little group, which is SO(11 — D).
In 11D, an antisymmetric 3-index tensor has (9 x 8 x 7)/3! = 84 dof. This, together with the
traceless symmetric tensor gap with (9 x 10)/2! — 1 = 44 physical degrees of freedom, makes
128 bosonic fields. The 11D supergravity multiplet will thus contain, in addition, a gravitino,
given by the physical components of spin—% Lorentz spinor 4. In 11D, this leads precisely

(11 —3) x 2l3] = 128 physical massless fermionic fields!.

From their tensorial nature, one can deduce how an infinitesimal local Lorentz transforma-
tions will act on the vielbein and the Rarita-Schwinger spinor now defined in the tangent frame:
Yo = e ,1ha. While the the vielbein transforms as dp e, = —(AL)%e,’ (where (Ap)?, are
the infinitesimal parameters of the Lorentz transformation), the variation of the %-Spin field
combines the transformations of both a vector and a spinor according to:

Sap e = —(AL) ey — i(AL)chbc%-

The supersymmetrisation of the theory can now be considered. It will, in particular, fix the
ratios b/a and c¢/a in the action (3.1), which have up to now been left undetermined.

Our conventions for the remain of this section are: a = 1, b = 1, ¢ = 1, so that the 11D
gravitational constant only appears as factor £ =2 in front of the action. This corresponds to the
rescaling k — #/+/2 in the original supersymmetric action of [81], followed by a redefinition of
the fields: ¢4 — k~11p4 and C3 — (v/2k)7'C3, and a change of sign of R(w:).

We also choose a Majorana representation for the Clifford algebra where all the Dirac ma-
trices are real. With respect to [81], this corresponds to the redefinition 4 — —ir4.

1 1 1 1
Scys = w/dllxeR(wl)—w/<§G4/\*G4+603/\G4/\G4>
L 1 -~ SABC wi + W1
+ﬁ/d xre |:Z"L/JAP DB<72 )wc (32)

1 — ArA AsAs AyAs AsA Gay.as+Gaya
—@¢A1[F1 6+12F34912956]¢A6 2 52 2408 )

We see in particular that supersymmetry requires the introduction of a covariant derivative
for the spinors, which contains the 11D spin connection one-form: w; = %w AapT®dz?, where
(T“b)cd = 25@53} are the Lorentz generators in the vector representation. In components, it
reads:
wA“b = eB“(‘)[AeB]b — eBb(‘)[AeB]“ — eBaeCdG[BeC]feAf = wA“b(e) )

which defines the curvature two-form as Rs = dw+wi Awi. Writing Ry = %Rab AT dxANdaP ,
the Riemann tensor is obtained from the components of the curvature two-form as RAP
A _B Rab

€€ vV D

The covariant derivative is given by:

cD —

1
Da(wi)is = (94 + qwaal™)ps

The spin—% representation can be viewed as the tensor product 1 ® % of a spinor and a vector. It reduces
under the Lorentz group to the sum of gravitino and a spinor. In order to eliminate the (non-physival) spinor

part, one must project I'tp, = 0. For massless particles, this keeps o(D — 3) x 2[¥] degrees of freedom, where
a = 1 for a Majorana spinor, which is our case here (we would have o = 2 for a Dirac spinor and o = 1/2 for a
Majorana-Weyl one). For more details see [179].

80



where w; is the spin connection with non-vanishing torsion. For a Majorana gravitino, this is
equal to:

wa® =w,(e) — %IZJB(FBCA)able - i(q/,[CTqub} + Tl 4 ¢[“Fb]¢A) )

In addition, supersymmetry requires the connection to be modified by a term bilinear in the
fermions. The field strength G4 is shifted accordingly so that the hatted components in the
action (3.2) read:

~ 1 DE
w = w — = Tr E,
A Abe Ave = g¥n( ibc) ( (3.3)
GayAsasa, = Gayasagay + 3014, T a,4504,) -

Then, the action (3.2) is invariant under the N’ = 1 supersymmetry variations, for an infinitesi-
mal Grassmanian transformation parameter e

1
566Aa = —ﬁamzb,q s (34)
3 _
0cCA Apns = —EEF[AlAJ/JAg]’

1
144+/2

This can be proven thanks to a particular Fierz identity in 11D, similar in spirit to the 10D
one found in Appendix A.6. The closure of the supersymmetry algebra is realised on shell only,
so that commutators of two supercharges have to be evaluated on solutions of the equations of
motion of eleven-dimensional supergravity.

In addition, under a general infinitesimal variation of the (curved) coordinates system {z“}:
dx4 = —(A(x), the gravity and three-form fields transform as

S = \/§DA(ZJ1) — <FA1“A4A — 85£1FA2A3A4)6A1A2A3A4 €.

dcen® = (Pope, +ex0alP, 5cgap = C%0cgan + 29¢(40p)CC
6:Capc = (POpCapo +3CpapdciC?, dcpa = (Popiha + ppdacP,

The action (3.2) can be shown to covariant under such general 11D coordinate transformation.
Invariance of the action under gauge transformation of the three-form potential will be discussed
in the next section.

3.2 Dualising the three-form and the introduction of M5-branes

In this section, we will concentrate on the bosonic sector of 11D supergravity (3.1) and show
how, in the context of M-theory, it can accomodate the inclusion of dynamical five-branes, or
Mb5-branes. In contrast, the fermionic sector (3.2) will be important for us when discussing the
possible anomalies in the compactified M-theory, so we will leave it aside for the moment being
and come back to it later in this chapter.

We consider the bosonic part of the action (3.2):

1 1 1 1 1 1
Sbos:W d JZ‘GR( )—m §G4/\*G4+603/\G4/\G4 (35)

which is invariant under the gauge transformation of C's by a closed two-form

5Cs = dAs . (3.6)
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The equation of motion for the three-form and the Bianchi identity for G4 are
1
CZ>I<G4—|-§G4/\G4207 dGy =0, (3.7)

Now we can in particular consider the picture where the identity G4 = dC3 is expressed by
means of a Lagrange multiplier. This requires introducing a six-form C§, whose field-strength
is the dual of G4, namely: dCs = G7 with G7 = *G4. Then, we can regard the field G4 as
independent and constrain it by the addition to the action (3.5) of the term

1
Sconstraint = ﬁ /(G4 - ng) A G7

where now G plays the role of a Lagrange multiplier. Now, this new action reads:

1

Sbos = W

1 1
s e Ry — / <§G4 A xGy + ?Cg’ A dCs A ng> + Sconstraint (3.8)

2k2

and the equations of motion for C5 namely dG7 + %ng A dC3 = 0, can be solved by

Gr = —dCs — %Cg A dCs

which is gauge invariant if
1
0Ce = —§d03 A Ao + dAs . (3.9)

At this stage one can now rewrite the constraint in the action (3.8) in terms of Cg. This is
particularly useful when introducing additional terms sourced by M5-branes, since the world-
volume of such an object naturally couples to a six-form potential. After this substitution we
have:

Shos = i/dllxeR(ll)—L/G4/\*G4—L/C3Ad03/\ Gy — 2dCy
e e e 3 o)

1
+ﬁ/dG4/\Cﬁ

This form of the Lagrangian will in a particular be used in Chapter 4. There, the analysis of
the effective heterotic M-theory resulting from the orbifold compactification of action (3.10) on
My = My x K¢ x St/ Z5, where M is the 4D Minkowski space and K4 a Calabi-Yau threefold,
will necessitate a modification of the Bianchi identity for G4 to dG = ", J, 5, where the J, 5 are
source terms induced by anomaly inflow from the chiral or self-dual fields of either the heterotic
supergravity multiplet or from the D = 6 A/ = 2 five-brane tensor multiplet. This modification
is then easily implemented in expression (3.10) by a simple shift: G4 — G} = G4 — ", Ja 4,
with Ju 5 = dJ, 4.

In addition, when considering dynamical five-branes in M-theory, one has to include the
world-volume bosonic action for the D = 6 N = 2 five-brane tensor multiplet, containing five
massless scalar fields and a chiral two-form, whose field-strength is self-dual on the five-brane
world-volume Wg. In general, constructing a covariant action for such a rank-two tensor is
notably difficult, because of the usual clash between incorporating the self-duality condition and
preserving manifest Lorentz invariance. This problem has been solved for the 11D five-brane
in [210, 16|, by introducing an auxiliary scalar field a which ensures world-volume covariance
and first class constraints on the model (this latter point becomes important when quantising
the theory). In the absence of any supergravity fields, the kinetic action for the field strength
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F3 = dBy, where Bs is the two-form living on W, is then given, for a free five-brane, by a
modification of the DBI action (1.40):

Slee = Ty / d° \/—
We

As already seen in Section 1.2, all the quantities in expression (3.11) depend on the brane
coordinates {y®}o=0... 5. The tensors already present in the 11D supergravity Lagrangian such
as gap and Capc have to be pulled back to the five-brane word volume. To avoid confusion,
we denote the pullback f/al“ap = aalXAl ~-8aPXAPYA1HAp of a p-form Y, by a hat. Here in
particular, the fields X4, A = 0,1, ..,10, represent the five-brane embedding in the 11D target
space, among which the X, i = 6, .., 10, constitute the five scalar fields of the five-brane multiplet
describing the fluctuation of Ws in the transverse space. In particular, we will see in Chapter 4
that when considering a compactification of M-theory on M1, = My x Kg x S1/Zs, the only
transverse scalar surviving the Calabi-Yau compactification is X0, which represents the five-
brane position along the interval S!'/Zs and is referred to, in this context, as the five-brane
universal modulus.
In expression (3.11), the auxiliary field a(y) has been introduced as

Oqa
wc‘)ﬁa 85a '

In addition, we have (F*)219203 = —fegor-a6 F, o and é = \/—[gag]. We see in particular,
that when expanding expression (3.11) around the flat metric, we get:

. . 1, +
Jap +1F 55, V| + 16 Vafamfﬁ“/‘s\/g) . (3.11)

V, =

ree T: PN kO, K
it~ = [, EEVT T B F] VY
6
T 1 1
~ 22 gSze <—]—“2 — SVHF* = Fapy(F - f*)5’75‘/};>
4 Sy, 3! 2

which is precisely the action for a free self-dual field By with: 75 = Fagy. The action (3.11)
is invariant under diffeomorphisms and the following local transformations:

6By = dA; — %Kl Ada, Sa=0, (3.12)

plus another set of transformations for which, in particular da = Ao (together with another more
involved transformation for B2).

Thanks to the transformations (3.12), one can algebraically gauge-fix some of the components
of Bs. Moreover, one can use the other set of local symmetries to eliminate a. Noting that
Vo V@ =1 by definition, one can in particular, after identifying y* = x#, make the choice:

V,=0, WVV+W%BV =1

which preserves four dimensional Lorentz covariance. This will be the choice made in Chapter 4,
where we study Mb5-branes with world-volume Wg = My x Co, where Cs is a two-cycle in an
unspecified Calabi-Yau three-fold.

Finally, in the presence of an 11D supergravity background, the five-brane two-form B9 will
couple not only to C'3 but also to its Hodge dual Cg, through a Wess-Zumino type interaction
(1.42). In addition, this coupling requires shifting 73 — H3 = F3 — C3 in the action (3.12),
where Cs is the pullback of the three-form to Wg. Then, gauge invariance demands that for
the usual local gauge transformation 6C = dAy we shift 6By = As. Furthermore, the original
self-duality condition on F3 is now extended to Hs.
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Then, the five-brane action in a non-trivial 11D supergravity background reads:

~ . 1. . 1~
SMs = —T5/ d%z \/— ‘gaﬁ + ZHZB’\/V’Y + —€ VaHaﬁ,yHﬁﬁ/éVg —T5/ <C6 + =-C3 A .7'—3> .
We 4 We 2
(3.13)

Clearly, this Wess-Zumino term is invariant under the transformations (3.6) and (3.9) pulled
back on the five-brane world-volume, with now the additional variation for B, mentioned above

N . . 1 ~ N .
6C3 = dAs, 0Cs = —gdC;), A Ao + dAs, 0By = Ay

provided |, W As =0.

Expression (3.13) will be supersymmetrised, along with the rest of the heterotic M-theory
action in Section 4. We will be particularly interested to study, in this setup, how threshold
corrections are modified by instanton effects due to the presence of open Euclidean membranes
stretching between two M5-branes, and the structure of the resulting superpotential and gaugino
condensates, and their dependence on the five-brane universal modulus.

3.3 Anomaly cancellation in ten-dimensional string theories

In this section, we will, as a warm up, review the mechanism of anomaly cancellation in the
Es x Eg heterotic supergravity theory, which is precisely reproduced by the small radius limit of
the Hotava-Witten scenario. Thus, when studying the anomaly inflows from the Chern-Simons
and Green-Schwartz terms in 11D, we will pay particular attention to retrieving the anomaly
counterterms in the same convention as the one chosen here.

Generally speaking, anomalies will appear in chiral theories. We thus expect them only in
even dimensions, which are the ones allowing Weyl spinors. Anomalies will break the classical
symmetry of the theory at the quantum level, and only depend on the massless modes of the
fields, since massive degrees of freedom will, asympotically in the distance, contribute local terms
in the path integral, so that their (local) gauge variation can be removed by a counterterm. Now,
while global symmetry breakings may be desirable for phenomenological reasons, local gauge
and Lorentz anomalies must be cancelled to avoid inconsistencies in the theory, thus a careful
study of anomalies is a crucial test for the validity of low-energy effective string theories.

3.3.1 Anomaly polynomials in D dimensions

In dimension D = 2d, the simplest Feynman diagram leading to anomalies is a loop with d + 1
legs. For superstrings in 10D this corresponds to the well known hexagonal diagram. The
external incoming legs are gauge bosons and gravitons, while the internal ones fermions or
self-dual bosons.

We define the gauge field-strength (curvature) in terms of differential forms as F' = dA+ANA
with? A = (ALTZ-)dx“, T; the generators of the gauge group Lie algebra g, and w the spin
connection one-form introduced in equation (3.3), i.e. an SO(D)-valued one-form for a theory
in D dimensions. The relevant gauge and Lorentz transformations read:

6AgA = dAQ + [Av Ag]ﬂ? 5AL6Aa = _(AL)abeAb7 5ALW =dAL + [w7 AL]SU(D) )

where (Ar)? is the parameter of the local infinitesimal Lorentz transformation and Ay, the
s0(D)-valued zero-form constructed from it.

2In this chapter, The generators of the gauge group are chosen anti-hermitian: T Z-T =-T;,i=1,.,dimG.
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From now on, we will omit to specify the rank of the gauge and gravitational n-forms we are
using, writing simply F, A, w.. for instance. Then, the anomaly is governed by a formal gauge-
and Lorentz-invariant D + 2-form Zp,o(R, F'), or anomaly polynomial, subject to the descent
equation

Ipio=dIp.1, 6Ipy1 = dI}, (3.14)

which results in the D-form Zp used to compensate a local gauge or Lorentz transformation of the
classical action. Under such variations, the Minkowskian action® transforms as 05, = f Mp Ap.
Then, the anomaly-free effective action will incorporates the anomaly polynomial in its variation
as o[ = fMZn(AD +Zp), leading to the condition for anomaly cancellation: Zp = —Ap.

An important point, is that Zp4o is uniquely defined, which is not the case of Zp. Eqn.(3.14)
is indeed unchanged if we shift Z7p,; — Ib +1=Ip+1 +dAp. Then, the second descent equation
tells us that Zp is defined up to the transformation Ib — I}’)l = Ib + 0Ap + dAp_1. Thus
starting form the same polynomial Zp. o, we arrive at two different anomalies Ill) and I}’)l related
by the variation of a local counterterm and a possible additional exact form, which does not
survive the second eq.(3.14).

In 10D supergravity theories, the relevant anomaly polynomials originating from gauge,
gravitational and mixed anomalies are given by the Atiyah-Singer index theorem applied to the
relevant differential operators. Thus, the anomalous contributions are in general due to spin—%
fields, spin—% fields and self-dual tensor fields. In the following, we will determine all indices and
related anomaly polynomials relevant for the known superstring low-energy theories and 11D
supergravity. In this discussion, we follow in particular [6, 7, 44].

The operator attached to a positive (negative) chirality spin—% fermion, or Weyl operator, is
defined from the basic Dirac operator

1
D= eBaFa Op+ Ap + ZwAbCFbC .

by combining it with a chiral projector Py, = PP, with Py = LI +£T,) as defined in
Appendix A.3. Then, the anomaly polynomial corresponding to such a spinor is related to
the index of its Weyl operator by the Atiyah-Singer theorem, where the index is defined as the
difference between the number of zero modes of this operator and the zero modes of its hermitian
conjugate. For a Weyl operator in a D dimensional space M p, in particular, it picks up the
D-form contribution of the following expression:

Ind(ipl/Q) :/ [E(Mp)ch(F)} 7 (3.15)
Mp D
with ch(F) —trez=F the Chern character, and the A-roof genus given by
D2
~ a:k/2 1 1 ) 1 1 - 1 \
A = 7 ) 1 1 1 e
(Mbp) ]}1 (sinh(xk/2)> + (47)2 12tl"R + (@)1 \ 288 (trR%)* + 360t1“R +.. (3.16)

where the +ixj are the two-form ”eigenvalues” of the curvature two-form R. Moreover, the trace
tr is on the adjoint of SO(D). More precisely, we have used the antisymmetry of the curvature
two-form R to bring it to a skew-diagonal form:

0 I

1
—R= 0 =z ) (3.17)

$We will give the results directly for the Minkowskian case, without deriving them first, as on should do, in
the Euclidean picture, and then doing the analytic continuation [6].
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In order to determine the expression of the two-forms zj in terms of trR, we start by
expanding the total Pontrjagin class for the SO(D)-valued Riemann curvature tensor as p(R) =

det(I+ 5-R) = Y. pi(R).
Now in the basis (3.17), we have: p(R) = D/2(1 + 22) = ED/z ti ’"mi . mzn with
thi-kn = 1 if §; < .. < i, and 0 otherwise, which implies the relation:

D/2

21
%u« (%) = (DS () (3.18)

k=1

This, in turn, fixes the dictionary between the Pontrjagin classes p;(R), the eigenvalues two-forms
xj and trR, namely:

1
pi(R) = Zz% 3@ trRz, (3.19)
1
p2(R) = Z xklku:— 3m) ((trRz) —2trR4),
k1<kso
R) = | R R
ppp(R) = Z l’kl”‘kaz—W et [i.
k1<..<kD/2

With these relations in hand, one can now rewrite the LHS of the A-roof genus (3.16) in
terms of the Pontrjagin classes as:

1

AMp)=1-— —(Tp? — 4po) — (31p? — 44p1ps + 16p3) + ... (3.20)

1 1
5760 967680

which, as one can check, gives the result on the RHS of eq.(3.16).

The standard procedure [6] relating the index (3.15) to the anomaly polynomial appearing
as the variation 6I' = [ Mp I%) yields in this case:

(1/2) o [7
T3/ (R, F) = 2x [A(MD)ch(F) s (3.21)

For the spin—% fermion, viewed as the tensor product between a Spin-— object and a vector,
the corresponding index can be computed by substracting the spin—% part to the index of a

vector field, with index density treiR, which yields:
Ind(iDy)y) = / [E(MD) (tre# - 1) ch(F)] (3.22)
Mp D

Since in the supergravity theories we will be dealing with, the gravitino field is not charged
under the gauge group, we will drop the gauge-curvature part in the following. In this case,
the expansion of the index density in expression (3.22) with ch(F) = 1 is best computed by
diagonalizing the matrix (3.17) to (1/27)R =diag{iz1, —iz1,..,ixp 2, —ixp 2}, so that

D/2 D/2

AR _1y_p_ 23 o 2]
(e2 1) = 1+ 2];1 ()Y =D -1+ Z BB E trR (3.23)

where we have used eq.(3.18).
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Putting together expressions (3.16) and (3.23), one arrives at:

n LR_ o . L D —25 2
AMp) (tre=®—1) = D 1+ g (T ) OB (3.24)

+(4717)4 <<D2;849> (trR2)? + (%) (trR2)2> .

Then, the anomaly polynomial for the spin—% particle in the absence of mixed anomalies can
once again be directly read off the index (3.22), yielding:

732 (R) = [A(MD) (m# - 1)}D+2 . (3.25)

Finally, there remains to determine the anomaly polynomial for the self-dual tensors pos-
sibly appearing in the supergravity theories of interest. As already seen, for D even, these
objects are described by (% — 1)-form potential whose field strength are self-dual in a space
with Minkowskian signature. In particular, when D = 2n + 2, this %—form can be constructed
from the bilinear YI'(P/2¢, where x and v are two spin—% fermions with positive chiralities
(cf. eqn.(A.5) in Appendix A). Such self-dual antisymmetric tensors are usually not charged
under under the gauge group, so their index will only dependend on the curvature two-form.
Moreover, since self-dual form fields can be viewed as fermion bilinears, the index will contain
a factor trei%RabFab, where T'® is the spin rep for SO(D). More precisely, it is given by the

following prescription:
) 1
Ind(iDsp) = 7 / (LMD . (3.26)
Mp

in terms of the Hirzebruch polynomial L(Mp) = E(M D)treiiRabFab. The prefactor in expres-
sion (3.26) decomposes as i = % X %, where one factor comes from the chirality projector and
the other from the reality condition on the self-dual field-strength.

Hirzebruch polynomial has the following expansion

D/2

— _om N\ _q_ 11 L b 22 1 o
LiMp) = kl;[l (tanh(:rk)> =1 G Gy (72 (trR)" = IR )+

So one can again check, as we have done for expression (3.16), the RHS of the above equation
by reexpressing its LHS in terms of the Pontrjagin classes (3.19):

1 1
L =14 =p; — — (p? —
(Mbp) t3p— (pi —Tp2) +

1

o5 (2P0 = 13p1p> + 6ps) + ... (3.27)

In contrast to the two preceding cases, the corresponding (D + 2)-anomaly polynomial should
be rescaled by an extra corrective factor taking into account both the bosonic nature of the field
and the dimension of the spinor represention in D dimensions. Thus, we have:

ZE5 () = 2 (1) LMo)lp.s (3.28)

All these rather technical results can now be applied to verify that the gauge, gravitational and
mixed anomalies of the known superstring theories indeed cancel, which led, when this fact was
discovered, to the so-called first string revolution.
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3.3.2 The example of IIB string theory

In this section, we will discuss anomaly cancellation in low-energy string theories more precisely.
Since we have ultimately the low-energy effective heterotic M-theory in mind, we will just il-
lustrate how anomalies cancel in the IIB setting, as an example up, before treating the more
involved Eg x Ejg heterotic case.

In contrast to type ITA, type IIB string theory is chiral, but since it contains no gauge
fields, it exhibits only gravitational anomalies, which can be directly deduced from its massless
spectrum

1B : [0]* + [22 + 4]+ + (2) + (8.)% + (564)?.

In the expression above, we recognise the (NS ,NS_ ) sector of the 10D theory, which decomposes
under the little group SO(8) into the following representations: [0]+ [2] +(2) = 1+28+35,. In
supergravity terms, this refers to the dilaton, the antisymmetric tensor Bs and the symmetric and
traceless metric tensor (which accounts for the v index denoting the vector representation). On
the other hand, the (R ,R4) sector consists of the following states [0] 4 [2] +[4] + = 1+ 28+ 35,
in other words a zero-, a two- and a four-form potential. The latter defines a self-dual field-
strength in 10D, and is thus in a left-handed (the ¢ subscript) chiral representation of SO(8).
Finally in the mixed (R_,NS;)+(NS;,R_) sector, we have two copies of left-handed spin—%
fermions and right-handed gravitinos: (8.)? + (56,)2, for a total of 128 fermions, as expected.

Clearly, the source of anomalies comes the two spin—% Majorana-Weyl fermions (8.)2, the
gravitinos (56,)% with opposite chiralities, and four-form potential [4].. The two pairs of
fermions and gravitinos can be grouped together into two complex combinations, yielding one
twelve-form anomaly polynomial per chiral field.

Assembling the relevant contributions from eqs.(3.21), (3.25) and (3.28) with R now the
ten-dimensional curvature two-form, the total anomaly polynomial

TP (R) = 1,/ (B) 3 (R) - 157 (R) = 0

vanishes thanks to expressions (3.20), (3.27) and (3.24), rephrased in terms of Pontrjagin classes
(3.19) as follows:

L 12 1 3
A R — 31p7] — 44 16
9112 (R) 967680( Py p1p2 + 16p3)
L _3/2) 3
—7T R 22 — 162 792
or 112 (R) 967680( 5p7 — 1620p1p2 + 7920p3) ,
I _(sp) 1 1 3
—T R) = —(|=)—2p7 —13 6 .
o 12 (R) <8> 945( 1 p1p2 + 6ps3)

This is indeed a beautiful and somehow striking result. In this respect, the stringency of the
numerical constraints involved points at the idea that the internal consistency conditions for
string theory are so powerful and straightforward that they directly imply that the resulting
low-energy theory is anomaly-free.

3.3.3 Anomaly cancellation for the Fs x Eg heterotic string

The heterotic and type I string theories, in contrast, have chiral fields which are charged under
their respective gauge groups. However, since the only charged spinor is the gaugino, we need to
take into account an additional coupling term, which is absent from the minimal supergravity
theory, to cancel gauge and mixed anomalies. This is the Green-Schwarz mechanism [130], which
will be presented in detail hereafter. This additional Green-Schwarz correction will typically
originate from the higher derivative topological term (1.42), and thus receive an interpretation

88



in terms of a coupling of the world-volume of a p-brane of the original string theory, with a lower
rank p/-brane, with p’ < p.

Here we will concentrate on the Eg x Eg heterotic string, since it is the only heterotic theory
directly related to M-theory via compactification. The heterotic SO(32) theory is then obtained
from the Eg x FEg heterotic theory by toroidally compactifying one dimension, turning on a
Wilson line to break both groups to SO(16) x SO(16), and then perform T-duality on the
compactified dimension. S-dualising the heterotic SO(32) theory we finally get type I string
theory, so that all three of these string theories are related by the appropriate chain of dualities.
In any case, the analysis of anomaly cancellation for the heterotic SO(32) and type I strings is
similar in spirit, and can be easily worked out by following the subsequent discussion.

All these theories are constructed from combining the right-moving side of a superstring of
type II with a left-moving bosonic string in 26 flat dimensions, but with 16 of its bosonic degrees
of freedom compactified on a self-dual torus 7'6. The requirement for these gauge bosons to
be written as vertex operators and the modular invariance of the partition function demands
an even self-dual compactification lattice (which only exist in dimensions which are multiples
of eight), leading, in 16 Euclidean dimensions, to the well known SO(32) and Es x Es gauge
groups. The remaining ten non-compact bosons together with the ones from the right-moving
type 11 superstring form the usual 10 world-volume coordinates in the vector rep of the SO(9,1)
Lorentz group.

The low-lying heterotic Eg x Eg string states have massless spectrum given in terms of
SO(8)spin X Eg x Eg representations, where again SO(8) is the light-cone little group:

(1,1,1)+(28,1,1)+(35,1,1)+(56,,1,1) 4 (8,,1,1) +[8, +8,] x [(248,1) + (1, 248)] . (3.29)

Denoting by NS and R the sectors corresponding to the 8, and 8. reps of the right-moving
IT superstring, and by NS the tachyonic (1,1) and massless (8,,1) + (1,496) states from the
26D bosonic string side, the spectrum (3.29) decomposes into an (NS,NS) sector: (1,1,1) +
(28,1,1)+(35,1,1)+(8,,248,1)+(8,,1,248), and a mixed (R,NS) one: (56.,1,1)+(85,1,1)+
(8.,248,1) + (8,,1,248).

In the low-energy effective theory, the uncharged states correspond to the dilaton ¢, the
antisymetric tensor By, the vielbein e,®, the left-handed Majorana-Weyl gravition t,, and the
right-handed Majorana-Weyl fermion x forming the N = 1 supergravity multiplet we already
now from the type II superstring. The charged part of the spectrum (3.29), on the other hand, is
incorporated in a SYM multiplet, containing the ten-dimensional gluon AL and Majorana-Weyl
gluino A’, where the 7 labels the generators of a certain representation of the gauge group (here,
the adjoint rep of Eg x Eg). _

Obviously, the chiral fields contributing to the anomaly inflow can be read off the (R,NS)
sector and consist of a spin—% fermion (8,1,1), as in type IIB theory, a gravitino (56.,1,1) and
the gauginos (8,,248,1) + (8,1,248) in the adjoint representation of Eg x Eg.

Leaving the dimension of the gauge group unfixed for the time being, these (heterotic and
type I) supergravity theories thus have the following anomaly twelve-form (on gets a 1/2 factor
in front of eveverybody, since all chiral fields are this time Majorana spinors):

e 1 1/2 1/2 3/2
TR F) = 5 (TP (R ) + 1P (R) - T (R)
1 1 1 1
= — [ =TruF — —Tr aF4rR?> + —TraF? (5(TraR?)? + 4trR*
(27)596 <15 TA 7 ra " trRT + 960 rA (5( raR%)" 4+ 4trR )
1 1
—3—2(trR2)3 — gtrR2trR4 (3.30)
dimG —496 [ 1 P T | o3
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The second equality is obtained by using (3.21) and (3.25), and taking the trace on the adjoint
representation of the gauge group in ch(F'), denoted here by Tr 4.

As we will see below, the Green-Schwarz mechanism for compensating anomalies relies on
the fact that the anomaly twelve-form factorises as I4(R, F)) A Xg(R, F), where Iy and Xg are
respectively a four- and an eight-form. Now, terms such as Tr 4 F and trR® cannot a priori be
compensated this way. So trRS must disappear from expression (3.30), which is achieved when
dim G = 496 and provided Tr4 F'% is not an independent Casimir operator. Both conditions are
met for the following groups: SO(32), Eg x Eg, Fg x U(1)**® and U(1)**. However, only the
two first ones are related to known 10D superstring theories.

We will now go into the details of the anomaly cancellation mechanism. To fix the conven-
tions, we choose to write the classical heterotic supergravity action as

1 _ 1 K2, 1
Shet = 5o~ d"0z ee™2? [R +40,60" ¢ — S Hy A +Hs — %%TM(F A *F) (3.31)
10 9y m

where k19 is the ten-dimensional gravitational coupling, and gy s the gauge coupling constant.
The factor 1/30 comes from selecting a normalisation for the trace on the adjoint rep of the
gauge group which is compatible both with SO(32) and Eg x Eg (for type I, one usually resorts
to the vector rep, which does not exist for Eg x Eg). In other words, we fix trF'? = %Tr A F?
which is an identity for SO(32) and a definition for Eg x Ej.

The three-form tensor Hj is given by

2
K
Hjy = dBy — — (wym — wr) - (3.32)
9y m

It contains the gauge Chern-Simons three-form wyy and the ten-dimensional Lorentz Chern-
Simons three-form wy, built from the spin connection w (the ten-dimensional version of eq.(3.3)).
Both are given by:

WyM = %TrA <A A [dA + §A2D , wr, = tr <w A [dw + §w2]) . (3.33)

One can verify that the action (3.31) is invariant under both a Lorentz transformation with
parameter A, and a gauge transformation, provided:

1
Op,WyM = %dTrA(AgdA) , oa wr, = dtr(ALdw) , (3.34)
/1%0 1 ,
OagananBe = = | o5 Tra(AgdA) — tr(Ar dw) | + dA)
Iy m

As a first try, one considers, in addition, a Chern-Simons type interaction, not present in the
minimal version (3.31) since it results from higher derivative effects:

2
S — gYTM By A (aTr g F* + b(Tr o F?)?) (3.35)
Klo J Mo

Such a term is invariant under gauge transformation of A and under the linear transformation
dnr By = dA, since F closed, so that by integrating by parts in d5/S’, F' will vanish. Now, crucial
to this discussion, under the more involved gauge transformations of Bs (3.34), the action (3.35)
transforms non-trivially as

1

0,8 = o / TrA(AgdA) A (aTraF* + b(Te 4 F%)?) (3.36)
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This anomalous gauge variation is the anomaly ten-form Z;9 at the end of a descent equation
(3.14). In fact, it is determined by the following chain of anomaly polynomials:

1
Tip = g5(aTealF? ANTraF! + b(TeaF?)?),
1
In = %TrA(A/\F2) A (aTraF* 4 b(TrF?)?), (3.37)
1 1 4 2\2
T, = %TrA(AgdA) A (aTr o F* 4+ b(TrF#)?),

so that the additional term S’ (3.35) cancels an anomaly given by the twelve-form Z15. This is
not the whole story, since we have not yet reproduced the total anomaly (3.30).

To do so, we generalise expression (3.36) by taking into account both gauge and Lorentz
transformations. Such a topological expression, or Green-Schwarz term, is defined up to local
counterterms, as discussed at the beginning of Section 3.3:

1 2
Sas = ——29YTM By N Xg(R, F) + local counterterms. (3.38)
(4r) K10 JMo
Extending the discussion of the simplified case (3.36), a term such as (3.38) will cancel an
anomaly of the form:

1 1
Tis=— | ==TraF? —trR? | A Xs(R, F). 3.39
The aim of the rest of this section is to determine the correct expression for Xg(R, F') which
reproduces the anomaly (3.30) for the gauge group Eg x Eg.

For this purpose, we first note that: dwyn = %Tr 4F? and dwy, =trR?, defining the following
three- and four-form polynomials:

1 1 1
Iy = — Ii=dls = —— | —=TraF? —trR?) . A4
3 (a2 (wym —wr) , 4 3 (am)? <30 A rR > (3.40)

The descent equation is then completed by computing the combined gauge and Lorentz vari-
antions: oz, .Ap)l3 = dI}, resorting to the previous results (3.34). This determines the end of
the descent chain to be:

(3.34)

1 /1
L=—s <—TrAAgdA — trAde> =

! g%—MdB. (3.41)
(4m)2 \ 30

(4m)2 ’1%0

Now, coming back to the anomaly twelve-form, a solution to the descent Z15 = dZ7; is

1 2
Iy = 513 N Xg + 514 AN X7+ Bd (I3 A X7)

where Xg = dX7, § is an arbitrary constant, and the last total derivative term reflects the
ambiguity in defining 71;. Then, by further applying the procedure, the solution to d(a, a;)Z11 =
dIi, is
1 2 1 1 1
IIO == </3+§> I4/\X6 + (g —ﬁ> 12 /\X8
where 0z, A, ) X7 = dXé.
Such an anomaly inflow is cancelled by the following coupling:

1 gy 2
Sas = — XM BAXg(R,F)— B+ = / I3 N X7, (3.42)
(47T)2 ’%%0 Mo 3 Mio
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Clearly, this is indeed of the form (3.38) with an additional term which lifts to a vanishing
anomaly twelve-form, thereby falling in the category of the local counterterms mentioned above.
Up to now, the whole discussion is in fact applicable to any gauge group. But we saw above
that the anomaly (3.30) factorises only when dim G = 496 and TrF is not an independent
Casimir of the group in the adjoint rep, which occurs for the four semi-simple groups we men-
tioned above. The first of these two points is straightforward. The second one will now be
presented in details for the case G = Fg x Eg. For the adjoint rep of Eg, both Try F% and Tr F*
can be reexpressed in terms of lower power Casimir operators by using the decomposition of
248 = 120 + 128 under the SO(16) subgroup of Fs:
6 1 213 4 1
TI‘248F = —(TI‘248F ) s TI‘248F = ——

= =500 (Trous F%)2. (3.43)

Both these relations can be applied to the adjoint rep of Eg x Eg, with the definition:
tra, xae X =trg, X" +trg, X, to derive:
1 1

TryFO = 4—8TrAF2 (TrAF4 — ﬁ(ﬁAF%?) .

With this last identity in hand, we can now show that expression (3.30) factorises according to:

THYR, F) (3.39) Z12, and then be cancelled by the variation of the Green-Schwarz term (3.38)

with:

1 1 1 1
X3(R,F) = trRY + —(trR?)? — —TraF'%trR* + - TraF* — —(Tr AF2)2> . (3.44)

1
(27)34!8 < 4 30 3 900
The SO(32) case can be treated similarly, see [132] for details.

From the physical point of view, the addition of the Green-Schwarz term to the low-energy
effective action (3.31) brings in higher derivative effects. Indeed, the spin connection is propor-
tional to the derivative of the vielbein, so a gravitational term such as w A (trR?)? will contain
three derivatives instead of one.

3.4 M-theory on an orbifold: the Horava-Witten scenario

The Horava-Witten scenario proposes that the strong coupling limit of the Eg x Eg heterotic
string in ten dimensions is given by M-theory on My = M;jy x St /Zy with the insertion
of two copies of Eg gauge multiplets propagating on the boundary of space-time [148, 147].
The dilaton in the 10D heterotic string theory is then reinterpreted as the radius Ry of the
interval. The introduction of massless fields located at the orbifold singularities and charged
under a particular gauge group is reminiscent of the twisted sectors occurring in the orbifold
compactifications of superstring theories. In both cases, these are required for the quantum
consistency of the resulting theory. In the string theory setup, these twisted sectors have to
be added at the fixed points to ensure modular invariance of the orbifolded theory and have
an explicit representation as closed strings with twisted boundary conditions. In the M-theory
picture, since we are working in the strongly coupled but low-energy limit of the theory, we lack
such a microscopic description, so that the equivalent of the twisted sectors is determined by
anomaly-cancellation arguments.

Another consequence of considering a space-time with boundaries is that the formerly exact
four-form G4 of 11D supergravity (3.1) is now modified by terms which are neither exact nor
closed: G4 = dC35 + .., leading to the non-trivial Bianchi identity: dG4 # 0, where the LHS of
this equation is supported at the fixed points of the orbifold. Properly solving this equation
by considering functions with definite periodicity properties under the Zs action is at the core
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of a rigorous verification of local anomaly cancellation in the 11D theory. This requires, in
particular, a modification of the topological Chern-Simons term [44], similar to the prescription
we will encounter in Section 3.6 when treating the normal bundle anomaly of the M5-brane.

3.4.1 Heterotic M-theory: the upstairs and downstairs approaches

When treating such an orbifold of M-theory with end-of-the-world hyperplanes, one can either
work in terms of a manifold with boundaries, which is convenient intuitively, or consider the
interval as a boundary-free circle S! and project out all non Zs-invariant modes of the fields.
These two points of view have been denominated respectively as the downstairs and upstairs
approach, and are defined by:

11 11
Shos = / d""x Laown = / d’x Eup )
Mo xS1/Z2 Mi19xS1

where the upstairs Lagrangian density now includes an addition factor of 2 to account for
integrating on the whole circle.

In the following, we will work exclusively in the upstairs approach. Making the structure of
L., more precise, it will become clear later on that, in addition to the (modified) topological
Chern-Simons term of 11D supergravity, one has to include, as in the heterotic case, a Green-
Schwarz term, to cancel both gravitational and mixed anomalies:

1 2 1~
4L, = eRY = SGuAxGy— —— S FAxF NS — C3 NGy NGy
2 Iy S 3!

2 4
— G A XE 4 (3.45)
Y

= 4r* (L + Lo + L + Les + Las) + -
To distinguish the eleven-dimensional from the ten-dimensional curvature two-form, we repre-
sent, in the rest of this chapter, the first by R and the second by R.

In the action (3.45), we denote by i = 1,2 the two 10D hyperplanes, and include the
kinetic terms for the gauge multiplets, which are confined to the hyperplanes by the delta one-
forms (3.48) and contain the Yang-Mills connection wyp,; as in expression (3.33) (these are now
charged separately under the two Eg). In the supersymmetric formulation of the theory, one will
include the fermionic part of the supergravity action (3.2) and of the SYM Lagrangian (1.46)
plus additional terms required for supersymmetry to hold locally, which we ignore here. Note
that we have fixed the two-derivative part of the (modified) Lagrangian density (3.45) by setting
a=>b=c=1 in expression (3.1).

The three-form 53 is the modification 53 = (5 + ... resulting from solving the new Bianchi
identity for G4 which now includes contributions from the boundary hyperplanes. The subse-
quent modification of Lcg has been pointed out in [44] as necessary to ensure simultaneously
local anomaly cancellation in 11D and well-defined periodicity properties under Z o for all bosonic
fields of the theory.

The seven-form X# is a polynomial in the 11D curvature two-form resulting from the
descent equation

X8grav _ dX?rav, 6X7grav _ ngrav,l (346)

for the gauge-invariant eight-form:

X8graV(R(11)) _

: 4;)3 . <tr(R(11))4 - i(tr(R(n)F)z) . (3.47)
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The above polynomial is formally defined as a polynomial in the 11D curvature two-form.
We will see later on that anomaly cancellation restricts it to the 10D boundary hyperplanes.
For this purpose, we also introduce a 10D spin connection one-form on each plane: w;, with
i = 1,2, giving rise to two curvature two-forms restricted to the boundaries: R; = dw; + wl-z.
These are nothing but the 11D Riemann curvature two-form R with components tangent
to S! suppressed. In addition, one also defines a 10D Lorentz Chern-Simons three-form per
hyperplane through trR? = dwr, ;.

Finally, denoting y € [~7Rpet, TRyet] the coordinate on the circle S, the delta one-forms
appearing in expression (3.45) are defined as

01 =06(y)dy, 2 =0(y — Ruetm)dy. (3.48)

with respect to the fixed points of the interval: {0; 7 Rpet }-

A word now on the orbifold projection. Since we are in an odd orbifold of M-theory, invariance
of the topological Chern-Simons term o« C3 A G4 A Gy requires the three-form to undergo a global
change of sign under the action of the orbifold group:

Zo: C3— —Cj5

so the components C},, are odd under the Zj action, and so are projected out, whereas the
Clw10 are invariant and therefore kept. In the upstairs formalism, the three-form C3 will then
reduce to: %leo dxz* A dx¥ A dy = Ba A dy, where the factor 2 is needed to recover, in the
upstairs picture, the correct small Ry limit to the two-form of heterotic string theory.

Furthermore, when considering the fermionic sector of the theory, the supersymmetries (3.4)
commuting with the orbifold action satisfy, at the boundary of My:

(I-T"%e=0,
from which we deduce the invariance conditions for the gravitino on the boundary space:
(I-T1%¢, =0,  (I+T%¢0=0. (3.49)

A Zs-invariant truncation will thus project out half of the spinor components, reducing ¥ 4 to
the 10D Majorana-Weyl gravitino v, together with the 10D Majorana-Weyl spinor 1 of the
low-energy heterotic supergravity. This is supplemented with the gauginos entering expression
(1.46), which already live in 10D.

3.4.2 The modified Bianchi identity

As was first shown in [147], the insertion of boundary hypeplanes in the 11D setting calls for a
modification of the Bianchi identity (3.50). The precise way in which this modification occurs can
be deduced from observing how the basic lagrangian £cjs+ Lsym given by expressions (3.2) and
(1.46) has to be modified by additional interactions to become locally supersymmetric. This in
turn also has the effect of modifying the supersymmetry transformations (3.4). This procedure
however only produces the Tr AFZ? part of expression (3.51). The part depending on trR? is
introduced for the needs of anomaly cancellation (which is a typical O(a’) string correction, cf.
Section 3.3).
The Bianchi identity for G4 has now to be modified to:

dGy=—v Y Lii NG, (3.50)
i=1,2
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by a contribution supported at the Zj fixed points. The four-forms I; are the analogs of
expression (3.40), being exact and gauge/Lorentz invariant, they satisfy the descent equations:

1 1 2 1 2 1
[471' = d(}.)372' = W <%TI'AF; — §trRZ> s 5W3yi = d(}.)272' . (351)
with the polynomials:
1 1 1 1 1 1
i = s i— =wLi | i = —— | ==TraA,dA; — —trApdw; .52
w3, )2 <wYM, 2wL7> wy, (a2 <30 ralg 5 trAL w) (3.52)

Note that the above expressions contain a 1/2 factor with respect to expression (3.40) and (3.41)
in front of the gravitational contributions. Indeed, when performing the small radius limit to
recover the weakly coupled heterotic theory, we have Ro1 = Rp2 = R, and the gravitational
contributions from each hyperplane add up.

The next important issue is the constant appearing in expression (3.50). It is fixed by
anomaly cancellation in eleven dimensions, as we will see in Section 3.5, according to:

2 2
y = (4m)2 S5 = 2V/dmK? (3.53)
9y m

The second equality can be determined, for instance, by the variation of the Green-Schwarz
term, see eqn.(3.69) later on. This relation is interesting in various respects. First of all, it
fixes the ratio gg v/ k? = (47) and thereby the dependence of the gauge coupling in terms of
the 11D gravitational constant. This is expected from the 11D theory which has no scalar field
controlling the value of this ratio. Furthermore, in the bottom up approach, the strong coupling
regime of the resulting string theory does not exhibit any such adjustable parameter, so that
the 11D theory has to fix it in some way. Consequently, M-theory on S!/Zs can be regarded as
predicting this value.

Solving the Bianchi identity (3.50) requires the primitive of the delta one-forms (3.48), which,
to be consistent with the orbifold reduction, need to exhibit a definite Zo periodicity under Zs.
For this purpose, we choose [43]

1

1 d ,
€i(y) =sen(y —yi) — ﬁ(y —Yi), 4i(y) = 3 <dei + WRZ t) , 1=1,2. (3.54)

defined with respect to fixed points of the interval {y; = 0; yo = TRpet }-
When performing the reduction to the heterotic string, we will need in particular the following
integrals:

/51 ci(y)dy =0, /S C€i(y)e;(y) dy = TRt <6 - %) : (3.55)

The first one reflects the fact that the ¢; are odd under a parity transformation of y. Moreover,
one should also choose a sensible regularisation for an expression such as [ €;€;0; involving the
Dirac distributions one-forms 0. Ref. [43] has shown that, since in the vicinity of the identity
€;(y) ~ 26(y), one can deduce the first of the two following relations:

1
/eiejék ~ g /5i,k6i,k6k7 /5i6]’ — 0 (356)

where the ¢; 5, are the Kronecker symbols. The second relation is obvious from the definition of
€ (3.54).
The Bianchi identity (3.50) is then solved by expression

Gy = dag + v Z 6; N w3 (3.57)
i=1,2
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which contains a free integration parameter by, defining the following family of solution:

~ - ’7 ' '
Cg = Cg — bHW§ Z,_Zl:2 e,w372 (358)

The tilded three-form 53 is precisely the expression modifying the Chern-Simons term in the
Lagrangian (3.45). The motivation for rewriting the four-form (3.57) in terms of Cj3, stems
from expressing it as closed form G4 = dC3 in the bulk, which suggests the modification of the
Lagrangian (3.45). This has been confirmed [44] to be required by anomaly cancellation. The
presence of localised contributions in expression (3.57) will generate interaction terms in the
Lagrangian proportional to d;. In [147], this has been argued to be attributable to the fact that
one is trying to enforce a classical supergravity treatment of a problem which should be con-
sidered in quantum M-theory, where a natural cutoff proportional to 1/ VK2 would presumably
replace the singular §; one-forms.

In any case, the information we can retrieve from the analysis of anomalies should in principle
be reliable, since, being interpretable as an infrared effect, anomalies are independent from the
choice of the cutoff, so that anomalous 1-loop contributions can be computed even in non-
renormalisable theories.

3.4.3 Gauge invariance and consistent truncation

In the preceding section, we just saw that solving the modified Bianchi identity (3.50) led to
a family of solution (3.57) determined by a parameter bgy (3.58). Let us pause a while and
consider how gauge invariance and a consistant Zs-truncation of the four-form constrains the
value of bgw.

Since the ws; have non-trivial gauge/Lorentz transformation (3.51), for G4 to be gauge
invariant, the three-form has to transform as

30y = deleZ(

o 0603 =dB3+7Y 6 Aw;

)

b
h;W eidwii +0; A w%l>
(3.59)

with B2 linear in the gauge and Lorentz parameters Ay and Ay,

In particular, if bgw = 1, which we will see below to be a necessary condition for the Zo
truncation to be consistent (and later on, for G4 to be globally well defined), the transformation
for C3 takes the particularly simple form:

5Cy = d(B21 +3 %qwii) +ot—dy Ay Wl

2T Rhet

where we have used the second relation (3.54).

As seen in Section (3.4), the Zy projection resulting from considering the 11D the-
ory on an interval eliminates C,,, = 0. However, this is a consistent truncation only
if the components we project out are gauge-invariant, namely: 6C\,, = 0, which implies
8[MBIP] + ’ybHTW > q(‘?[uwilyp] = 0, and therefore fixes

1%
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so that the transformation (3.59) is now rewritten:

brw 1
= (I1-9 ——dy | A .
C3 Y E < W )0 + m——— o Rier Z/> wo;

— 6C3 =~ Z A w272~ - 7% Z d(eiwii) .

At this stage, setting byw = 1 cancels the part of the transformation which is localised on the
hyperplanes for both C3 and Cg In any case, C3 and 5C3 will have non-trivial transformations
in the bulk, due to requiring the step functions ¢; to be periodic.

We will now show, following [43], that a consistent truncation of the 11D fields in the small
Ryt limit actually requires by = 1. In this limit we make contact with the weakly coupled
heterotic string theory, whose field content is recovered from the zero-modes of the Fourier
expansion of the M-theory degrees of freedom on the circle. In this procedure, the massive fields
corresponding to higher Fourier modes are truncated. In particular, if we expand the 11D fields
G4 and C3 on S! using the orthonormal basis

(3.60)

1 in2
e = ———¢€ Bnet neN
satisfying [ dyen(y)el,(y) = Opm, then, the Fourier modes for any tensor field X (z,y) are
obtained from X (z) = \/W /" Trf}}%:et X(z,y) en(y) dy, leading, in the case of interest, to the

following expressions

0 0 Y
G;(w)p 10 38[HC1(/;310 T o p Z (wi)pp »

27TRhet i—1.9
n n Y n
Glipro = 30Copho = 5p— (L= bmw) (@) + (~1)" (@2)yup] -

In principle, a truncation of the n > 0 modes can only be consistently performed if the latter
are gauge invariant. Now, since G4 is gauge and local Lorentz invariant, C’,EZ%O is never so,
unless by = 1. Consequently, the small radius limit to the perturbative heterotic string can
be considered safe only in this case, which, in passing, corresponds to a non-singular solution
for G4 (3.57) (where all delta-function contributions have been cancelled). We will see later
on when considering the addition of M5-branes to this setup, that byy is fixed to the same
value independently by a cohomology constraint relating the number of five-branes and the non-
triviality of the anomaly polynomial I, ;. Actually, it will be shown that even in the absence
of Mb5-branes, a global definition of the four-form G4 requires by = 1 if the polynomial I, ; is
cohomologically non-trivial.

Having set bgyw = 1, we perform the reduction to the 10D heterotic theory. In particular,
the B-field from the (NS,NS) sector and its associated field strength are given by the following
zero-modes:

2B, = BO(@) = /WRM Crvio(,y) d (3.61)
wro = iy - 277Rh0t — w10\, Y)ay , .
. (0) 1 T Rpet
—Tthet

for z € R,
Note that that in the upstairs approach, taking the 10D gravitational constant to be k2, =

2753211 - requires both 10D fields By and Hj3 to be defined with an additional factor of 2, as in
expression (3.61)
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2
. . . K . .
We also insist on keeping the QQ# factor overt, to compare our results with expression

Y M
(3.32) and, later on, (3.42). Then, in the weak coupling limit, taking Ry — 0 identifies
WLl = wr2 = wr, so that using eqs. (3.53), (3.33), and integrating G4 (3.57) over S!, and
truncating to the zero-modes, one obtains:

2

. Y wsi=dB -~ S0 (wyy — w) (3.62)

H=dB —
A7 Rpet i—19 9y m

. 2
since we have defined /@%O = —2,5%1 e
e

As expected, we recover expression (3.32). We will see later on how the field-strength (3.62)
is modified when five-branes are present in the parent 11D theory. In the 10D heterotic picture,
these additional terms descend to contributions from NS five-branes.

3.5 Anomaly cancellation in M-theory compactified on S!/Z,

In this section, we carry out the anomaly cancelling procedure in the Horava-Witten theory.
Since, despite a few proposals, the fundamental degrees of freedom of M-theory are still unknown,
we will be working in the strongly coupled low-energy supergravity description of the theory,
inspired by a modification of the 11D Cremmer-Julia-Scherk (CJS) supergravity Lagrangian and
given by expression (3.45). As pointed out in Section 3.4.2, since anomalies are infrared effects,
their cancellation in the effective theory should in principle suffice to ensure quantum consistency
of the original high-energy theory, thereby uncovering some new aspects of the dualities between
the known superstring theories and the still evasive M-theory.

In particular, the topological Chern-Simons term of 11D supergravity will now play a role
similar to the Green-Schwarz term (3.38) appearing as a 1-loop correction to classical heterotic
supergravity. However, this only cancels part of the 11D anomaly, so that one needs yet another
counterterm, the 11D Green-Schwarz [ Lgg (3.45), to remove the residual part.

The chiral fields contributing to the anomaly result from the invariant zero-modes of the
11D gravitino and from the 10D gaugino fields living on the hyperplanes located at the fixed
points of the interval (which can be considered, as mentioned before, as part of the ”twisted
sector” of the orbifold). The Zs-projection (3.49) removes half the components of the 11D
(Majorana) gravitino leaving two 10D spinors: a (Majorana-Weyl) graviton together with a
spin—% (Majorana-Weyl) fermion. Adding up the gaugino contributions, one arrives at two
separate anomaly twelve-forms attached to each hyperplane:

T (R, F) = 5 (—IS/ (R, )+ 5 (2 (o) - T 2><Ri>]) . (3.63)
A few comments about the shape of the anomaly (3.63) are worth making. First, since
the two hyperplanes have equal orientations®, it is natural to assume that they carry the same
anomaly. As pointed out before, this implies a factor 1/2 in front of the purely gravitational
part (the 11D gravitino contribution), since we expect to recover the anomaly polynomial (3.39)
in the heterotic limit where Ry = R = R. The inflow from the gauge fields remains the same,
since the two separate Fg eventually combine into a single Fg x Fg. Finally, similarly to the
heterotic case (3.30) there is an overall 1/2 factor coming from the Majorana condition in 10D.
The difference in signs between the three contributions to the anomaly reflects the fact that
gravitino and the gauginos are left-handed, while the spin—% fermion has opposite chirality.

“In contrast to the Fg x Eg theory of [112] which is non-supersymmetric, and unstable, due to the Casimir
force exerted on the two boundary hyperplanes.
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Using the eight-form (3.47) and relation (3.43), expression (3.63) factorises as
T (Re, 1) = (XE™ () + S13) A g (3.64)

so that one can check that in the small radius limit, one recovers the anomaly polynomial (3.39)
by using the elementary identity a®+b% = (a+b)(a?+b?—ab). In this limit, the above expression
restricts to

Z (ngrav(Rz’) + gfii) Ny

i

— ZI‘“/\ {ngraV(R)—i—g (Zfij—fﬁt,l/\fz;,z)} . (3.65)
i J

We then use the fact that for a semisimple group such as Eg x FEg, the trace splits into a sum
of traces over each simple factor: trX™ =trX{"+trX3", and resort again to relation (3.43), to
obtain:

Ri=R>=R

300Tr A F* — (TraF?)? = 2 [(TraFP)? + (TraF3)? — TraFY TraFy| (3.66)
Combining both eqgs (3.65) and (3.66), we are able to show that:

> T (R, F) = @ 1) <310TrAF2—trR2> A Xs(R,F).
i=1,2 Ri=Ro=R
recovering the result (3.39) known from heterotic string theory.

After this consistency check, we poceed to show how both the Chern-Simons and Green-
Schwarz terms in expression (3.45) are needed to cancel the total anomaly inflow (3.64) and how
this cancellation occurs locally on each plane.

Taking advantage of the analysis made in Section (3.4.3), we set by = 1 for consistency
throughout the calculation. Using the solutions (3.57) and (3.58) and relation (3.55), we can
compute the anomaly inflow due to the Chern-Simons:

1 ~ ~3
6|:_ / C3/\G4/\G4:| = —/ (26'6'5k/\d&)1'/\_[4'/\W3k
24 k2 Migx St 96%2 Muox Sl ZZJ% %] 2,1 \J s
—EjEk(S‘ /\w%i /\I4j N1y k) (3‘67)

- 96/@22/ wyi A (L)’

To determine the first two lines of the contribution (3.67), we have exploited the fact that
C3 = By Ady and §; A §; = 0. While the last line is obtained after integration by parts
(assuming that 0M;9 = &) by using the first of the two relations (3.56)

At this stage, we can check the validity of the relation (3 53). Using this relation indeed

turns the prefactor of the last line of eqn.(3.67) into % = 3, so that the anomalous variation
3.67 results, by descent, from the anomaly twelve-form:
. cs i 3
AT 2112 i with 7155 = —5(14,1') ; (3.68)

and the inflow from the topological Cher-Simons term exactly compensates the second term on
the RHS of expression (3.64).

The first term on the RHS of expression (3.64), meanwhile, is cancelled by inflow from the
11D Green-Schwarz term [ Lgs (3.45) whose variation yields:

1 rav | (3-53) rav,l
) [—7/ Gi N XE ] = — / Iy N XE™Y 3.69
2\/3 4Amk? MigxS?t ’ zl: Mo y 0 ( )
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after integration by parts. Once again, fixing the value of the gauge coupling in terms of
the gravitational one as in eqn.(3.53), results from requiring the anomalous variation (3.69) to
descend from the twelve-form:

I = IG5, with IG5 = —XEY(Ri) AL, . (3.70)

Summing up both contributions 3.70 and 3.68 will cancel the total anomaly 3.64 locally on each
10D boundary hyperplanes:
I1G251 +1102,Sz' = —IEYX(R@F@) .

In conclusion, we will make a few comments on what new light the analysis of anomalies per-
formed here sheds on the structure of M-theory.

We first notice that topological Chern-Simons interaction now acts a Green-Schwarz term
with respect to anomaly cancellation. Since this term is already present in the minimal (CJS)
supergravity, it implies that the classical theory with supergravity multiplets in the bulk and Eg
vector multiplets on the boundary is not gauge invariant, so that the Hofava-Witten construction
with end-of-the-world hyperplanes is really consistent only as a quantum theory. This is in
particular illustrated by the prediction (3.53) which fixes the order of magnitude between the
gauge and gravitational couplings to gy o k%3. Then, the gauge kinetic terms being of
O(1/¢%,,) are higher order corrections compared to the gravity Lagrangian of O(1/x?), which
confirms that the classical theory is only consistent in the absence of gauge fields.

This is somehow different from the heterotic string case presented in Section 3.3.3, where
the Green-Schwarz term is a one-loop corrections, so that the theory is gauge invariant both at
the classical (ignoring altogether loop contributions from chiral fields) and the quantum level.

Furthermore, the structure of the 11D Green-Schwarz also opens some perspectives in the
framework of string dualities. In particular, restricting the term [ G7 A XE™ to the case where
G4 = dCs5, we obtain, after integration by parts, an expression proportional to [ Cs A X§™.
Upon compactifying on S*'(without Zo projection this time) and after taking the small radius
limit, one recovers the one-loop correction to ITA string theory, proportional to

1
Bria A <trR4 — —(trR2)2> (3.71)
Mo 4

with Brra the antisymetric NSNS two-form of ITA supergravity. Such an interaction has been
shown in [241] to be an exact one-loop calculation and is thus expected to be found in 11D as
well. Moreover, the polynomial X Sgrav (3.47) is also proportional, as we will see in Section 3.6,
to the Lorentz anomaly of the 11D five-brane, so that, in 10D, inflow from a term such as
expression (3.71) cancels the NS five-brane world-sheet anomaly in ITA string theory, as shown
in [107, 251]. The fact that the same 11D Green-Schwarz term gives rise to both the heterotic
anomaly cancelling term, a one-loop exact correction in ITA string theory and ensures consistency
of the 11D five-brane, and that all these corrective terms are known independently in ten or
eleven dimensions seems to indicate that what relates them is their common link through M-
theory.

3.5.1 The heterotic limit

Having verified anomaly cancellation in 11D for the Hotava-Witten model, it is instructive to
take the small radius limit Rpet — 0 and check that we indeed recover the heterotic Green-
Schwarz term (3.38) from the reduction of both the 11D Chern-Simons and Green-Schwarz
terms in expression (3.45).
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Inserting the solution for G4 (3.57) and Cs (3.58) in Lcs (3.45) and setting by = 1 for
consistency, the 11D Chern-Simons term yields the following contributions:

/ Lcs
MigxS?t

1 = v = 7 v 2
. Brdy— 13 e i)/\([dB— }/\d TNl )
242 /Mloxsl( AEPBEL 2theth:“’3” V=g 2 el

(3.72)
where we have used the fact that the differential acting on dB vanishes on a function f = f(y),
when integrated by parts.
One can now perform the integral over S, by using the second eqn. (3.55), and truncate to
the zero-modes of the invariant B (3.61).
Next, in order to compare with expression (3.38), we need to reinstate the dependence on
the gauge coupling constant gy ;. For this purpose, we use relation (3.53) to reexpress

7?64 Rt _ gy
K v Ko

27T2Rhet

Then, the 10D reduction of the Chern-Simons (3.72) term gives the contribution:
— 1 g}%—M B/\z ZIZ-—I41/\I42
(4m)2 K2y o 3\4 . ’ ’

L1
72T Mo

1 (3.73)
{Z w3 NIy — 5 <w3,1 ANly9+ w32 A 14,1” A (wym —wr) -
i

In the first line of the above expression, we recognise the descent of the second part of the anomaly
(3.65), so that this first line reproduces part of the heterotic Green-Schwarz term (3.38), while the
second line contributes an irrelevant counterterm, which, due to the identification R1 = Ry = R,
is given in terms of w3; = ﬁ (wYM,Z- — %wL) and Iy; = ﬁ (%TrAFZ-2 — %trR2), where R is
the 10D curvature tensor.

The rest of the Green-Schwarz term (3.38) is retrieved from the S!/Zs reduction of the 11D
Green-Schwarz action (3.45). Paying attention to the position of the one-form dy for the overall

sign, this contribution reads:

1 ’Y rav 11
Las = — / dy N wzi| A X8 R( )
//\/(10><S1 Y J MygxSt 27 Ryt Ez: B 7 ( )

1 647T3R e rav
— (tht /M dB — /M ngvi) A XE™(R) (3.74)
10 10

i

dB —

1 912/]\/[ rav 1 rav

— 2 [ AR - o [ v e A XEV(R),
(47’[’)2 H%O Mo 8 (477)2 Mo ’

The first term on the second line (3.74) is what we need to cancel the first part of the anomaly

(3.65). Again, there comes along in the process a counterterm which descends from a vanishing

twelve-form. Using the definition (3.40) for I3, it exactly reproduces the counterterm computed

in expression (3.42) for g = % Alternatively, the whole expression (3.74) can be rephrased as:

L gvu Hy A X8 (R)
(477)2 H%O Mo !
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were now Hj is gauge invariant, but not X2, so that the anomaly inflow will now result from
applying the descent equation to the latter.

If we now add up expressions (3.73) and (3.74), we reproduce the Green-Schwarz term (3.38)
with a sum of irrelevant counterterms determined by the residual parts of these expressions,
namely:

27 s rav
Scounter = / [? Zw&i N I47i - § <w3,1 N I4,2 — W32 A I4,1> + X%g (R)] N3
Mo i

where I3 is given by expression (3.40).

3.6 Eleven-dimensional five-branes

In this section we will consider the anomalies resulting from the inclusion of five-branes in the
Horava-Witten scenario. We will see in particular what new interaction terms are implied in
the topological part of the Lagragian (3.45) by the resulting modification of the Bianchi identity
and what constraints the presence of 11D five-branes sets on the free parameters of the theory,
in particular the parameter by seen previously and a new integration constant b5 related to
the five-brane solution.

3.6.1 Five-branes and membrane solutions in 11D

Before giving a detailed treatment of 11D five-brane anomalies, we briefly review some basic
facts necessary to our discussion. As we have seen in Section 3.2, M5-branes couple magnetically
to the six-form potential whose field-strength is the Hodge dual of the three-form C of 11D
supergravity, through the Wess-Zumino term: Qs fWa Cg. Integration is over the five-brane
world volume Wg. For later purpose, we now distinguish the M5-brane charge Q5 from its
surface tension Tk.

In particular, since an M5-brane produces long-range gravitational and other fields, its charge
Q5 can be detected as a surface integral at infinity. The Mb5-brane is a solitonic solution of
the equations of motion in 11D. The spatial part of the metric (see eqn.(3.78) below) for an
infinite planar M5-brane is then topologically equivalent to R® x S* asympotically. Translational
invariance in the directions parallel to the brane reduces integrals for total charges to integrals
over the transverse S*. Then Qs is determined by the magnetic flux of the four-form G4 at
infinity, which we give in units relevant for 11D supergravity:

1
Q5 = By /54 Gy (3.75)

For %BPS objects, Q5 is equal to 15 . In particular, it has been set to this value in the
corresponding WZ term of expression (3.13). To see how this identification comes about, consider
the (simplified) M5-brane action in a 11D supergravity background (see eq.3.11):

SM5 = —T5/ (VOI(@\) - %6@) .
We 5

We now recall that an M5-brane contibutes a central charge term in the 11D supersymmetry
algebra (1.76), given by the integral of current density:

ZMNOP — o5 [ axM A dXN AdXO ndXT . (3.76)
Ca

where Cy4 is a non-contractible four-cycle occupied by the Mb5-brane is space-time.
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Now choosing, for instance, a Majorana rep of the Dirac matrices where C = —iI'%. Then,
for a static M5-brane, a four-cycle C4 in directions {y';%?;y%;y*} and in the absence of M2-brane
charges, expression (1.76) becomes [238]:

{Qq, Q% = PY%_° + (T1234) BZ10sy. (3.77)

As already mentioned in Section 1.4, P% and Z;934 are infinite, but the tension 7% and the charge
@5 remain nonetheless finite.

Since the Q are real, the LHS of the expression (3.77) is positive semi-definite. When PY = 0,
we have the vacuum. Otherwise, since PY > 0, the energy must satisfy the Witten-Olive bound
PO > | Z1234|, as taking anti-M5-brane solutions switches the sign Z1234 — —Z1234. This bound
can be reformulated using eqn.(3.76) as:

Ts > |Qs

When this bound is saturated T5 = |@Q5]|, expression (3.77) becomes
{Qu, Q%) = 2P (P{),°

where P24 = % []I + (F01234)] acts as a projector on spinors satisfying (I'’'?34)e = +¢, which
are then eigenspinors of this operator with zero eigenvalue. Since I'MNOPQ ig traceless and
idempotent, we have TrP{23* = % x 32, so that the dimension of the eigenspace with zero-
eigenvalue is 16. The (anti)-Mb5-brane solution preserves therefore 1/2 of the supersymmetry for
T5 = £|Qs].

A p-brane whose mass saturates the BPS bound is called extremal. For ten and eleven-
dimensional supergravities, extremality coincides with supersymmetry, which ensures that these
objects are protected against quantum corrections. Second, there is in addition a no-force
theorem guaranteeing that the static force between two parallel p-branes cancels due to the
compensation between the gravitational attraction and the electrostatic repulsion resulting from
branes being charged under the fields of the theory (under RR-fields in the case of type II
supergravities).

In complement to the extremal magnetic M5-brane, 11D supergravity also possesses an
electric M2-brane solution which couples to C3, as already seen in Section 1.4. Its electric
charge also satisfies a BPS bound 7% > |Q2]|. The whole string of argument above can be
repeated by exchanging Zig34 <« Zio and I'V123% « T012 In addition, there exists two more
extremal solitonic solution: the pp-wave (or Kaluza-Klein particle) and the KK7M-brane (or
also Kaluza-Klein monopole), which couple to the vielbein and its dual. We will not need them
further here.

We now focus on the M2- and M5-branes. They represent vacua of 11D supergravity for a
warped metric which splits into a world-volume part ds?(IE(?)) (with Minkoswkian signature)
and a transverse Euclidean space ds2(E(19~P)) preserving (Poincaré) pi1 X SO(10—p) symmetry:

M5-brane:  ds?;s = H(r) 3ds*(EM)) + H(r)3ds2(E®), (3.78)
M2-brane:  dsi;, = H(r) " 3ds*(EM?) + H(r)3ds*(E®), (3.79)

H(r) being a harmonic function with single pole®:

k
H(r)zl—l-Tg—fp

where, in polar coordinates, r is the radius of the transverse space d,sz(]E(lo_p)).

5Tt can have more than one pole for multi-centered p-brane solutions, which we will not consider here.
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Given the metrics (3.78) and (3.79), Einstein’s equations with non-vanishing Energy mo-
mentum tensor computed from the 11D supergravity Lagrangian (3.5)

1

DiD2Ds L D1D2D3D
=13 <GAD1D2D3GB 12— —gaBGpDyDsD, GV 4>

T
AB 19

and the equations of motion of the four-form field strength (3.7) are solved for:

Gy — { x5 d H (1) , for the M5-brane, (3.80)

vol(EM2) Ad(H(r)™') ,  for the M2-brane,

These solutions satisfy G4AG4 = 0, so that the equations of motion (3.7) reduce to 9;(eG¥*) = 0,
which is solved by expressions (3.80), since H(r) is radial. Denoting by «a, 8, v = 0,1, .., p, the
coordinates on the p-brane and i, j, k, [ = p+1, .., 10, the coordinates of the transverse Euclidean
space, and restricting to flat space for E(9=P) and flat space-time for EP) | then r = Vaizt,
and the M5-brane solution gives in components

ks,
Gijkl = 5 ik Gorg2gsgr = 3ks+/|gs4]

with €1034 = +1. The 6%, i = 1,2,3,4, parametrize the solide angle for the transverse space
ds*(E®) = dr? + r2dQ3 in spherical coordinates, with determinant/|gga]|.
The surface charge (3.75) is then easily determined in these coordinates
3k A2k
Mg, =
2K2 K2

@s

since the volume of a unit n-sphere is given by:

In units of the Planck length [p, the 11D gravitational constant reads 2x? = (2m)8(%, so
9
that the Mb-brane charge can be reexpressed as Q)5 = %, with Mp = l]_g1 the Planck mass.
Then, if one is dealing with a stack of N M5-branes, the BPS bound is modified to NT5 = |Qs/,
6
where T5 = (Q/IT’;}, is the tension of a single M5-brane. This equation then fixes the parameter k5
to
k‘5 =7N l?l’p .

Following the same reasoning, one can determine the electric charge

1
_2/432 S7

Q2

From expression (3.80), on obtains with Gg1_g7 = —6ka+/|gg7|, with and the electric charge:

3k ™k
K K

3
Considering N M2-branes with individual tension Ty = (12\/171)’2 and total charge NT5 = |Q2|, one

can again determine the parameter ks :

ko = 320°N1%, .
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Finally, their exists a Dirac-like charge quantization condition relating the tensions of an
electric brane and its magnetic dual, which fixes their product to a constant value:
5Ty = =
K
This relation is clearly verified for the tensions of two single M2- and Mb-branes given above.
It can be used to rephrase the results for the M5-brane in units of the M2-brane tension.

Finally, their is yet another relation between these two quantities, given in [90]: (T2)2T5_1 =
27, which allows to write 7% 5 in units of k2 alone:

5/ 2m? o
I, — o/ 22 [- = 3/ — 3.81
2 K2’ > \V 2k47 (3.81)

In the next section, a singular and smoothed out solution of the above equation will be
derived to show how the anomalies due to the chiral fields in the five-brane mutiplet cancel in
the 11D theory.

3.6.2 Anomalies of the eleven-dimensional five-brane

As seen in Section 3.2, five-branes have an even dimensional world-volume, thereby constituting
a potential source for anomalies, contrary to membranes, whose world-volume is even®. In eleven
dimensions, the presence of a five-brane world-volume Wy C M1 reduces the Lorentz symmetry
according to SO(10,1) — SO(5,1) x SO(5), which reflects the decomposition of the tangent
space T'Mj1 restricted to Wg into a sum of two orthogonal vector spaces: TWg @ NWjg, where
NWs = Upew, NpWs has the structure of a fiber bundle over Wg, and is therefore referred to
as the normal bundle. Clearly, its structure group is the SO(5) resulting from the breaking of
S0O(10,1) into simple factors.

For a theory admiting five-branes as solutions to its equations of motion, the group of
diffeomorphisms mapping the five-brane to itself should be a symmetry of the theory. In the
present case, these diffeomorphisms split into vector fields acting on the world-volume Wy and
into gauge transformations on the connection of the SO(5)-normal bundle mentioned above.
Both sets of diffeomorphisms are potentially afflicted by anomalies.

More precisely, as we have seen in Section 3.2, the D = 6 A/ = 2 five-brane tensor multiplet
contains as chiral fields a two-form potential Bs, with anti-self-dual field-strength, and two
spinors with negative chirality, whose zero-modes will be sources for anomalies. The two chiral
fermions are in the spinor representation of SO(5), which, as we will see below, can be regarded
as a sort of "gauge” group, and will thus contribute both world-volume and ”gauge” anomalies.
The dual three-form field strength F3 (cf. Section 3.2) being a singlet under SO(5) will only
contribute gravitational anomalies in the five-brane world-volume Wg.

Because of the direct sum decomposition TWes & NWs of T M|, the restriction of the
spin connection to Wg can be shown to split into a tangent space and a normal bundle part:
wlwy = Wb+ wt = (Wl TP +wd T3 dy®, with {dy®}a—o,1,. 5 the basis of one-forms on TWs
and 7% and T*! the generators of respectively SO(5,1) and SO(5). As in the preceding section,
the coordinates on Wy are labelled by «a,( = 0,1,..,5 and their tangent space equivalent are
denoted by a,b = 0,1, .., 5, while the normal bundle indices are represented by s, ¢, u,v = 6, .., 10.
We see now that the space NWjg has clearly the structure of a principal bundle with gauge
connection one-form A; = (wn)a stTtdy®. This splitting of the spin connection extends to the
curvature two-form R(1V) lws = Ry + R by definition with Ry/r = dwy/r + w?V/T.

5To be more precise, the zero-modes of the membrane do not lead to any perturbative anomalies. There may
however be global anomalies associated to them. In M-theory, their cancellation has been established in [254].
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Computing the anomaly polynomials

We now turn to the computation of the five-brane anomaly as given from the index formulae
presented in Section 3.3.1. We start by considering the anomaly inflow from the chiral fermions
in the five-brane multiplet. When acting on spin—% particles, the spin-connection and curvature
on the normal bundle are expanded on the generators I'*! of the spin representation of SO(5)
as wy = %(wN)stFSt and Ry = %(RN)stFSt, so that using the identity [[**, "] = 85T/ we
have the relation:

1 1 1 1 1
Z(RN)stFSt = Z(dwN)stFSt + E (WN)st A (WN)uU§ [FSta Fuv] = Z ((dwN)st + (WN)su A (WN)ut) FSt-
As already mentioned, the relevant Dirac operator for the chiral fermions of the five-brane tensor
multiplet will then contain a part behaving as a ”gauge” connection and given by:

1

A, = Z(w]\,)astrs'f, a=0,1,..,5

which interacts with the fermions through the operator:

. 1
p = eo‘al““ <8a + Ay + Z(wT)a bcl““) .
Since the brane world-volume is six-dimensional, the above operator will contribute a mixed
anomaly characterized by an eight-form polynomial in both R' and R, the latter playing the
role of the gauge curvature F'. The index for such an operator is given by replacing F' — Ry =

%(RN)stFSt so that the total Chern class is now evaluated over the spin bundle over NWj,
denoted by S(NWs) [253]:

(P, ,) = [ [Aovs) an(svma)],

The anomaly due to the chiral fermions on the five-brane is then given by the following eight-
form anomaly polynomial, with a factor —% accounting for the projection onto negative chirality

spinors:

gMsferm o [ﬁ(wﬁ)ch(S(NWG)) . (3.82)

1

SR (itrR%Jr —(trR%.)? 5

1 1
@73 trR% tr R, — gterlv + Z(txﬂ?—‘i?\,)?) .
where we have used the following relations for gamma-matrices:

rstpwe —  pstue + 45[s[urv}t] + 25[s[u5v]t} 1,
[rsptwew  _ prstuvw + 86[r[truvw]s] - 125[t[ras}urvw] )

to determine the two relevant terms in the expansion of ch(S(NWg)) = tr exp [5=1(Rn)s[*!],
namely:

[ch(S(NW))]a = —ﬁmﬁm, -
[ch(S(NWe))ls = —@ %trRﬁ‘V—g—lz(trR?VF s '

with trll = 4 since we are working with 22-dimensional SO(5) gamma-matrices. The expansion
of AOWs) has been given in eqn.(3.16) so that combining it with eqn.(3.83), one arrives at
expression (3.82).
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There is an additional contribution to the anomaly coming from the three-form F3 of the
D = 6 N = 2 five-brane multiplet, which is purely gravitational. Resorting to the anomalous
variation for the Euclidean action of the three-form field strength, we can use expression (3.28)
to compute its corresponding anomaly polynomial. Since the Minkowskian three-form Fj is self-
dual, its Euclidean version is anti-self dual. This accounts for the minus sign in its contribution
to the anomaly:
1

T 1 1 /7
Zé\/[5’SD =7 [L(TWe)]g = — (47)3 36 <gtrR%“ - 2(trR’%F)2> : (3.84)

Summing up contributions (3.82) and (3.84), we arrive at the total anomaly eight-form for the
five-brane, which can be decomposed into a purely gravitational part, depending on R!, also
called tangent bundle anomaly, and a mixed anomaly, which involves both R™ and R":

T = T ISP = XE(RY) 4 V(R RY) (3.85)

grav

The polynomial X§™ (R") is the usual eight-form (3.47) produced by anomaly inflow of the
Green-Schwarz term, while the normal bundle anomaly can be determined to be:

1

1
R = s (5

a3 trRy — %(trR?V)Q + %trR%p trR%)

If the decomposition (3.85) is useful in discriminating purely gravitational contributions
from mixed ones (implying SO(5) ”gauge” contributions from the structure group of the normal
bundle), the appropriate decomposition with respect to anomaly cancellation will be shown to
be expression (3.86), where one makes visible the eight-form polynomial (3.47) defined on the
curvature R(ll)h/\;6 = R'+ R" of the total M5-brane tangent space T M|y, = TWs & NWs
[253]:

T = —XEV (R + | XE (RO wg) - XEV(RY)| + Ya(R", BY)
ks (3.86)
__ yerav/ p(11) o

= —XE™ (R ) - T5pa(N W)
with pa(NWs) the second Pontrjagin class (3.19) defined on the normal space curvature R™. We
will refer to the later as the normal bundle anomaly.

3.6.3 Anomaly cancellation mechanisme for the five-brane in 11D

As just mentioned, the choice of decomposing the anomaly eight-form (3.86) as in expression
(3.86) is not at all arbitrary. Indeed, the part ngrav(R(ll)|W6) is cancelled by inflow from
the Green-Schwarz term, while cancellation of the normal bundle anomaly is achieved by the
anomalous various of the Mb5-brane contributions to the Chern-Simons term (3.45). In this
discussion, we consider only a single M5-brane, but the results which follow can readily be
extended to a setup with multiple five-branes. Since we are considering the embedding of Wy
in a general space M1y, we work with usual normalisation for the toplogical terms:

1
12:‘{2 M
T 2
Sgs = —== Gy NX7=—— Gy N X7,
2 M Y I M

where, on the second line, we have used relations (3.53) and (3.81) to rewrite 7% = 47 /v. In
this case, since we have not yet considered the insertion of gauge multiplets in the theory, v is
simply defined as v = 2v/47wx2, with no reference to the gauge coupling gy ;.
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To see how this comes about, first note that a four-form carrying a non-vanishing flux (3.75)
corresponds to a solution of the modified Bianchi identity. As a first approximation, the term
sourcing the four-form flux can be modelled by a singular delta-like five-form in the modified
Bianchi identity (since we are aiming at introducing five-branes in the Horava-Witten scenario,
we adopt here the upstairs approach):

dGy = iga@ (We) . (3.87)

The +-sign corresponds to M5-/anti-M5-brane solutions. The five-brane current is given by the
five-form

5
sO(We) = [[ o™ — aff) da™ A .. A da™ (3.88)
k=1

with delta function support on the five-brane world-volume, located, in transverse space, at
{¢}k=1, 5. Furthermore, we have used eqns.(3.81) and (3.53) to rephrase the coefficient in
expression (3.75) in terms of .

The above expression is only valid locally, but is sufficient to treat anomaly inflow from the
Green-Schwarz term, where C3 enters only linearly. In this case, considering a single (anti-)M5-
brane in eqn.(3.87), we have the anomalous variation:

2
§Sas = - / Gy AdXE N ROV) = (4) / xgaet (RO (3.89)
We

Thanks to the descent equation (3.46), this variation cancels the (F)X§™ (R}, ) part of the
(anti-)M5-brane anomaly (3.86)7.

Cancellation of the remaining part —{5p2(NWs) will by achieved by anomaly inflow from
the Chern-Simons coupling in expression (3.45). However, such a term is now cubic in C5, and
a well-defined and nonsingular result in such a case requires smoothing out the delta-function
contribution on the RHS of eqn.(3.87) together with covariantizing it under the structure group
of the normal bundle, SO(5). The prescription is in this case [119] to switch to spherical
coordinates ds?(E®) = dr? + r2dQ2 for the transverse space, as in Section 3.6.1. Then define a
smooth function p(r) of the radial coordinate, with transverse compact support centered at the
position of the M5-brane world-volume in transverse space, such that it interpolates between
the two values p(0) = —1 and lim, . p(r) = 0, while keeping f]R+ dp = 1. After introducing,
in addition, a global angular four-form e4 which is closed, SO(5)-invariant, and integrates to
f g1 5 = 1, thus satisfying the descent equations:

eq4 = deg, deg = de% ,
one arrives at a smoothed and gauge invariant version of the modified Bianchi identity (3.87):

AG, = j:%dp(r) A 6402%) . (3.90)

This expression reduces to (3.87) for a flat infinite M5-brane. To sum up, we have smoothed
out the magnetic charge (3.75) to a four-sphere connecting to the horizon.

In order to evaluate the variation (3.95), one needs to solve the Bianchi identity (3.90), which
leads to the general solution:

Ga = d(Cy + (Bans pr) 2L () Lap(r) n SOV (3.91)

"The anomaly for an anti-M5-brane.is the same as for the M5-brane but with overall sign flipped.
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where again C3 can be viewed locally as a small fluctuation field about the M5-brane and ays
is an integration parameter. Since w is singular at the location of the M5-brane, a smooth
and nonsingular solution for both C3 and G4 fixes aprs = 0. In the next section, we will see how
this parameter is set to a different value if the requirement for smoothness and nonsingularity
of the solution is relaxed, but Witten’s cohomology condition [252] for M5-brane aligned along
an interval is taken into account.

In any case, for G4 to be gauge invariant, one has to enforce the following anomalous gauge-
variation:

50 = —(i)%dp(r) A(L— aM5)€%()2/V6) . (3.92)

In the following, we will require regularity of the solutions at r = 0, which imposes a5 = 0.

If one, in addition, takes into account the constraints on £cg dictated by gauge invariance un-
der diffeomorphism and three-form gauge transformation, one should modify the Chern-Simons
term according as Log ~ CAGAG [119] by shifting the four-form (3.91) back to an exact form:

~ . es(W, ~ ~ . es(W,
A L o e e e et
with the modified gauge variation resulting from eqn.(3.92):
1
Ao e3(Ws)
6Cs = —(£)5d(p(r) 272, (3.93)

so that Gy is still gauge invariant.

Now the singularity at » = 0 can be dealt with by cutting a disc of radius n around the
M5-brane position, which corresponds to removing a tube of corresponding radius starting from
the origine » = 0. We then construct the regularized Chern-Simons action as the bulk integral:

. 1 SO
SCS:_—th/ C3 NGy NGy,
12/{ T]—>0 Mll\Ds(WtS)

where D.(Wg) denotes the disc bundle, with base Wg and fiber the discs of radius €. In particular,
the space My;\D.(W;s) has boundary d(M11\D.(Ws)) = S-(Ws), which is an S*-bundle with
base Wg and radius e.

We use once again eqn.(3.53).Then, the variation (3.93) followed by an integration by parts
which is reexpressed as an integration over the boundary space S.(Ws) yields

~ 1 ~ ~
0Scs = 4—211111 (i)7d<p(r)e—2> NGy NGy
3'}’ e—0 MII\DE(WG) 2 (3 94)
47 el ~ ~ T el ey ey '
= iy 22 — ()1 2 028822
(?)372 fm SE(W6)p(r) A dC3 N\ dCs3 = ( )361_1% s o 2 A 5 A 5

where we have used the fact that C is a smooth function of r, and dp(r) — 0 as € — 0, so that
all terms including dC5 or dp drop out of the integral. The sign on the second line of eqn.(3.94)
is due to the choice of profile function with p(0) = —1.

Then, using a result of [53], the integral over the angular forms yields

s = ()35 | mavw)’ (3.95)

which cancels, in expression (3.86), the normal bundle anomaly for an (anti-)M5-brane due to
the eight-form g = (F) 75p2(NWs).

109



More concretely, the anomalous gauge variation of the second Pontrjagin class is given by

2
pg(NWG)l = 1 (tr(Aden)dwf — 2(Qn)é)
(47)
where w" and wy' are the spin connection and the Lorentz three-form of the normal bundle space,
and dQF = tr(R™)? with variation 6Q% = d[(Q")3].

3.7 Five-branes in 11D in a space with boundaries

In this final section, we study the effect of including multiple M5/Mb5-branes in the Hofava-
Witten scenario. We work this time in the upstairs formalism and use the Lagrangian (3.45).
We now assume that cancellation of the normal bundle anomaly can be taken care of by the
procedure outlined in Section 3.6.3, so we content ourselves with working with the (more naive)
singular solution (3.88). In principle, one could consider a better-behaved smoothed out solution
of the type (3.91), but this would only obscure the discussion by complicating the integration
procedure without changing much to the discussion.

3.7.1 Global definition of G, and five-brane contributions

Since in Chapter 4, we are ultimately interested in M5-brane configuration preserving N' = 1
supersymmetry in 4D, we will concentrate on M5-branes positioned along the orbifold circle S*
and wrapping an even cycle in space. For obvious reasons, one now singles out the S! coordinate
in expression (3.88), and introduces a sum on the brane currents, where ns is the total number
of M5/M5-branes. To preserve the Zo symmetry of the system, five-branes will be introduced
by pairs, one at position y; and the other (the "mirror” brane) at position —yj.

This configuration generates a current:

ns

8O We) =D " ar[6(y — yr) + 6y +yr)] dy A6 Ws 1) (3.96)
I=1
where 6() (W ;) is similar to expression (3.88) with lesser rank, and q; = +1 for an (anti-
)Mb-brane. This expression is now substituted in eqn.(3.87) for (4) sign, and the doubled
contributions resulting from considering pairs of five-branes will cancel the factor 2 from the
upstairs formalism in expression (3.45).
By defining a Heavyside-type threeform such that:

S We.p) = do® W p)

one solves the modified Bianchi identity (3.87) with (we leave aside anti-M5-branes):

ns nmMs
a ~
Gy = d(cg+$wl§_jl arer(y) 0% We) -1 D150 = 31) 80y + y)] dyn6 W) (397
where ay5 is an integration constant and
~ 1
er(y) = ey —yr) +e(y+yn), gdgl(y) =6(y —yr) +(y+yr) - R Y-

Since we do not require this solution to be non-singular, the parameter ays is in principle free,
contrary to what we have seen in Section 3.6.3. The condition on the integration constant byw
(3.58) is now also likely to be modified. It can however be fixed [43] by demanding invariance
of G4 under large gauge and Lorentz transformations. Let us review the argument here. For
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simplicity, we consider only M5-branes (the conclusions of the discussion remain unchanged even
if we also introduce M5-branes), then q; = +1 VI in expression (3.97).

Invariance of G4 under large gauge and Lorentz transformations can be rephrased, according
to the cohomological criterion in [252], as the requirement that dG4 be exact, in other words
sz dG4 = 0, for any five-cycle Cs5. Then, choosing Cs along the orbifold circle: C5 = C4 x S,
where C4 is an arbitrary four-cycle at fixed y, and combining eqns.(3.50) and (3.87), dG4 is exact

if:
2. /c Ij= =Y [Cas] = —ns (3.98)

i=1,2 I

where [Cy 7] is the Poincaré dual cohomology class to the four-cycles C4; wrapped by each five-
brane I (the contributions of the M5-brane and its mirror brane add up to one). It counts the
total number ns of five-branes intersecting C4 x S! at a point (note that, in this case, [Ca,1]
always yields a factor +1 since the five-branes and Yang-Mills instantons contributions to the
irreducible part of the gravitational anomaly are the same [108]).

Restricting for a moment to a subinterval of S' containing the fixed point y = 0, namely
Y5 = Cy4 x I, with I = [y},95] C S'/Zs, we are now dealing with a surface with boundary and
not a closed five-cycle and we can apply Stokes’ theorem:

/ 4Gy = / - / G (3.99)
s Ca(ys) Ca(yt)

The RHS of this expression is evaluated by using again the modified Bianchi identity eqns.(3.50)
together with (3.87). For the LHS, we add up (3.57) and (3.97) (without the three-form C3) and
keep only the G, components. Using eqn.(3.98), one then reexpresses 142 in terms of I, and
ns, the total number of M5-branes, and denotes ms(I) the number of M5-branes intersecting
the interval I. Eqn.(3.99) yields:

1 1
I,—i—mI:bHW</I,—7y’—y’n>+aM (ml—l— y/—y'n>,
[ s [ = g —ns ) v (s (D) + g~ s

where we have taken advantage of the fact that the I,; are independent of y and that

<fC4(y’2) - fc4(y;)> 6OV (We.1)er(y —yr) is equal to #het(y’l —y4) if an Mb-brane does not intersect

the interval and to 2 + — thet (v} — yb) if it does [43]. Then since the y} are arbitrary, we can
deduces the following set of equations for byw and aps:

(baw — ans)ns =0, (1 — axs)ms(D) + (1 — bHW)/ i1 =0 (3.100)
Ca

In the trivial case where there are no M5-branes, ns = ms(I) = 0, if Iy is cohomologically
non-trivial, we must set bgyw = 1 and G4 (3.57) becomes non-singular. If ns # 0, since the
function ms(I) can vary, eqns.(3.100) are satisfied only when bpw = ayms = 1, which implies
that the hyperplanes contribution (3.57) to the four-form is non-singular. To sum up, bpw is
unconstrained only if I4; are cohomologically trivial and there are no M5-branes present.

In all other cases, a global definition of G4 imposes bgw = ays = 1, and coincides with
expression (3.57) being nonsingular. Fixing ays = 1, however, only removes the singularity
along the interval in the five-brane contribution (3.97), but not the one at the five-brane world-
volume in ¢4 (We,r). In this respect, the analysis carried out in this section is different from
Section 3.6.3, where the singular behaviour of the solution G4 along the radial direction is
smoothed out from the start by an appropriate choice of function with compact support, so that
the singularity at the five-brane world-volume can be made to disappear by setting ays = 0.
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3.7.2 Additional terms from five-branes in the Horava-Witten scenario

Summarizing the results (3.57), (3.97) and (3.60), we can now write the solution for the four-
form field strength anf the gauge variation for the modified three-form in the presence of 10D
boundary hyperplanes, together with ns Mb5-branes not wrapping the orbifold circle. In this
case, the previous analysis has shown that global definition of G4 requires fixing the integration
parameters to bgw = ayms = 1. Then:

2
0% 1
— dcs+ 13 dy Aws; — &1
Gy 03-1-2 [FRth Yy Nws; — €l

nMs5 1/\
—% |: dy N oc )(W&[) — —€r(y) 5(4)(W6,[) , (3.101)
=1 T Rpet 2
2
~ g 1 a1
0C3 = Ry ; [dy Awq; — € dwy ] (3.102)

In the alternative case where the world-volume of the M5-branes are allowed to extend along the
circle S', we have a family of solutions parametrised by bgw. In addition, the second term on the
RHS of eqn.(3.101) is now replaced by a formal solution of the equation 6 ) (We 1) = d0™ (W 1),
where 5(5)()/\/6, 1) are sources for the G4-flux induced by the presence the M5-branes. Such a
contribution generates a term in G4 which is trivially gauge and Lorentz invariant We then have
the solutions:

b b
G, = ng—i—'yZ [( 1 — bw) 6 + — dy> /\w37i_ﬂei(y)f47i}

27TRhet 2
+y Z 9(4)()/\;6’]) . (3.103)
=1
6Cy = vz ( (1 —bpw) d; + brw dy) /\wl-—bH—we-(y)dwl- (3.104)
27TRhet 2.1 2 7 24| >

As shown in Section 3.6.3, both solutions (3.101) and (3.103) cancel the gravitational anomaly
— X (RMW|y,) (3.86) by inflow from the GS term (3.89), while their smoothed versions com-
pensate the normal bundle anomaly by contributing to the anomalous variation of the CS term
(3.67). This was in the case where the 11D manifold M1; does not possess singularities which
call for the presence of twisted sectors at the (orbifold) fixed points. When 10D hyperplanes
carrying gauge multiplets are present, as in the Horava-Witten scenario, we now expect mized
contributions from the CS term, where by mized we mean terms that contain both Egx Eg gauge
fields contributions, gravitational ones and ones coming from the M5-brane world-volumes.

For instance, considering the case of M5-branes wrapping the circle S', anomalous variation
of the modified CS term for the solution (3.103)-(3.104) generates a mixed contribution of the
form:

1 &~
5/£CS = —WZ/(ng/\ G4‘n0 M5 /\79(4)(W6,I)
477wa / [ baw }
= (1 —baw) 0; + dy| €
;”z:l HW ) 27 Rper y| ei(y)

. / (w%,i A 147]' — dwii AN (,U37j) A 9(4)(W67]) .
Mo
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where we have used the fact that both §® (W 1) and 8(Y) (W 1) dependent on the space trans-
verse to the Mb5-branes’ world-volumes and are thus independent of the circle coordinate. The
integral over the S! then vanishes thanks to eqns.(3.55) and (3.56), and a term such as the one
above does not affect the anomaly cancelling procedures for the gauge or M5-brane multiplets
outlined in the preceding sections.

3.8 Outlook

In this chapter, we have presented the mechanism of anomaly cancellation for M-theory on a
space with boundaries, namely Mi; = Mg x (S!/Z3), which gives the strong coupling limit
of the heterotic Fg x Eg theory. We have seen in particular that if we insist on working with
functions with a definite periodicity under the Zs action, one finds a one parameter family of
solutions to the modified Bianchi identity for the four-form field-strength.

Then, all gauge and gravitational anomalies in the 11D theory cancel for any value of this
parameter, provided we modify the original Chern-Simons coupling of CJS 11D supergravity by
shifting the three-form potential by gauge and gravitational contributions living on the boundary
hyperplanes. Anomaly cancellation thus does not set this extra integration parameter to a
definite value, and the latter is fixed by requiring the truncation to the ten-dimensional theory
to be consistent.

Furthermore, this scenario for heterotic M-theory allows for the insertion of Mb-branes,
which modify the Bianchi identity for the four-form field strength by extra source terms. This
modification introduces an additional free parameter in the solution to the Bianchi identity,
which can this time be fixed by demanding invariance of the four-form under large Lorentz
and gauge transformations. When the gauge and gravitational four-form polynomials on the
boundary hyperplanes are cohmological non-trivial, this fixes both parameters to be equal to
one, which is the value required for the small radius limit to the heterotic string theory to be
consistent.

We have seen in particular that the anomalies for these Mb5-branes cancel in this setup,
and that the introduction of Mb5-branes extending in the orbifold direction does not spoil the
anomaly cancellation argument of the Hofava-Witten scenario.

In contrast, the presence of M5-branes that do not extend in the direction of the S* modifies
the solution of the four-form (3.101), and will now induce contributions of the form ~ [§C3 A
Gl vz A €r(y) 64 (Ws r) in the anomalous variation of the CS term. The study of these new
non-vanishing effects will be at the centre of Chapter 4.

In particular, these contributions are associated to an invariant eight-form polynomial:

ns 2
Ts~ > D cifily) g A lu (3.105)
I=14,j=1

where the ¢;; are constants which are easily determined, and the f;(yr) are functions of the
position of the M5-branes along the orbifold circle:

2 2
_(_ Y1 1 (i 1
filyr) = (277Rhet> T iR 5 fa(yr) = ( ) - —. (3.106)

In Chapter 4, the role of these functions will be studied in a compactification to four dimensions
of the Horava-Witten scenario with space-time filling M5-branes, transverse to the orbifold circle.
We will consider in particular a compactification of the type M1 = My x K¢ x S' /73, where Kg
is a Calabi-Yau threefold. In this case, when integrated over the Calabi-Yau space, contributions
from the CS action related to the eight-form (3.105) such as ~ [ Cs A Gl o vz AEr(y) 8@ Wy r)
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generate a coupling of the axionic partner Im7T" of the Calabi-Yau volume modulus to the expres-
sion F' A F involving the gauge fields. The dependence of this gauge coupling on the position of
the Mb5-branes along the orbifold circle is then precisely dictated by the functions (3.106). Now,
in the effective supergravity description of the theory presented in the coming chapter, these
interactions can be understood as threshold corrections due to instanton contributions to the
non-perturbative superpotential, from Euclidean membranes stretching between two M5-branes.
In this perspective, the precise dependence of these threshold corrections on the modulus of the
Mb5-branes parametrizing their position on the interval can be determined without resorting to
an involved instanton calculations as in [193, 182, 183].
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Chapter 4

Five-Brane Thresholds and
Membrane Instantons in

Four-Dimensional Heterotic
M-Theory

This chapter is the reproduction of the article with identical title published in:
Nucl. Phys. B 736 (2006) 1.

4.1 Introduction

Heterotic Fg x Eg strings compactified to four dimensions on a six-dimensional space K¢ are also
described by M-theory compactified on K7 = S'/Z5 x K¢ [252, 148]. In particular, it is straight-
forward to verify [200, 201, 9, 188, 187, 146, 110, 178, 111] that the effective N’ = 1 supergravity
found in Calabi-Yau or orbifold compactifications of perturbative heterotic strings [250, 97] is
reproduced by brane-free M-theory configurations with compact space K7. A novelty of the M-
theory approach lies in the possibility to concretely analyse physical effects of non-perturbative
brane configurations. In the low-energy effective supergravity approximation, configurations
with five-branes and/or membranes (two-branes) [107, 23, 39, 252] of compactified M-theory
can be studied from simple modifications of the field equations predicted by eleven-dimensional
supergravity [81].

An obvious distinction in the nature of five-brane and membrane effects follows from the
alignement conditions applying to their respective world-volumes if one requires that the con-
figuration admits (exact or spontaneously broken) Ny = 1 supersymmetry (four supercharges).
Fach five-brane world-volume is the product of four-dimensional space-time and a holomorphic
two-cycle in the Calabi-Yau threefold and conditions apply on the respective cycles of pairs of
world-volumes [23, 39, 252]. Five-brane massless excitations [127, 162], which belong to six-
dimensional chiral supersymmetry multiplets expanded in modes of the two-cycle, lead then to
new four-dimensional fields to be included in the effective supergravity description. Some of
these modes do not depend on the detail of the Calabi-Yau geometry: the five-brane modulus
describing fluctuations along the S'/Zy direction, the two-index antisymmetric tensor Buv with
self-dual field strength and their fermionic Ny = 1 partner. These states can be assembled either
in a chiral supermultiplet which we will call S or, in a dual version, in a linear multiplet. The
effective supergravity for this “universal five-brane modulus” supermultiplet has been studied in
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ref. [100] (see also ref. [193])!. Firstly, the Kihler potential of the theory with this new superfield
has been obtained and the absence of direct contributions to the (perturbative) superpotential
has been demonstrated. Secondly, on the basis of the four-dimensional superspace structure
only, the possible appearance of new threshold corrections has been emphasized.

In contrast, open membrane euclidean world-volumes include the S*/Z, direction and a cycle
in K¢ [23, 39, 227, 237, 54, 177]. They stretch between the S'/Z fixed planes, or between a fixed
plane and a five-brane, or between pairs of five-branes. Their effects in the four-dimensional
effective supergravity are then localized in space-time, they can be viewed as instanton-like
corrections to the interaction Lagrangian. While open membrane stretching between the fixed
hyperplanes correspond in the string approach to world-sheet instantons, membranes ending on
a five-brane describe forces acting on this brane. Their contributions to the effective supergrav-
ity are then expected to lead to new (non-derivative since the world-volume includes S!/Z5)
interactions involving the five-brane modulus.

The corrections to the effective four-dimensional supergravity induced by the various types
of membranes have been studied in refs. [193, 183, 182, 82]. They were found to contribute to the
chiral F—density part of the Lagrangian density, in the form of a non-perturbative superpotential.
Specifically, an interaction bilinear in the five-brane fermion in superfield S has been computed
in the four-dimensional background with the five-brane and open membranes ending on it. The
resulting non-perturbative superpotential shows an exponential dependence on the five-brane
universal modulus typical of instanton calculus. To isolate the membrane contributions from
other possible non-perturbative sources, a specific regime is chosen.? As a consequence, even if
the instanton calculation clearly establishes the existence of an exponential dependence on S , it
does not allow to infer how this exponential term would combine with other non-perturbative
contributions which, like gauge instantons, are expected as well.?

The relevance to physics of the M-theory system with five-branes and membranes strongly
relies upon the structure of superpotentials generated by fluxes, gaugino condensates and open
membrane instantons. Phenomenological questions addressed in the literature include super-
symmetry breaking and gaugino condensation [189, 82], five-brane stabilization (stabilization of
the modulus S) [193, 82], stabilization of all moduli [60, 57], the existence of stable de Sitter
vacua [60, 57, 58, 22], inflationary phases and potentials [58, 22] and cosmic strings [59]. These
analyses use in general simplifying assumptions, in the Kahler metric which shows a severe mix-
ing of all moduli when five-brane fields are present, or in the superpotential which is assumed
to be a simple sum of non-perturbative contributions.

In the present paper, we use the anomaly-cancelling terms of the eleven-dimensional theory
on the orbifold S'/Z,, as modified when five-branes are present, to derive new interactions in-
volving the five-brane universal modulus supermultiplet which describes fluctuations along the
S1/Zy orbifold direction. These new interactions are then shown to induce, in the condensed
phase, the effective non-perturbative instanton superpotential expected from membranes stretch-
ing between a fixed hyperplane and a five-brane. This superpotential correctly reduces to the
results of refs. [193, 183, 182, 82] in the regime considered in these articles, but its derivation
does not require choosing a particular limiting regime. This approach provides then direct infor-
mation on the non-perturbative superpotential with combined gauge and membrane instantons
effects.

The fact that these four-dimensional interactions can be obtained by considering seemingly
unrelated arguments (membrane instanton calculus or gauge anomaly-cancelling terms) is a con-

!And, as a function of a non-trivial background value of the five-brane modulus, ref. [190, 189].

2For instance, Moore, Peradze and Saulina [193] select a regime where “open membrane instanton effects are
the leading source of non-perturbative effects”.

3Writing the complete non-perturbative superpotential as a sum of contributions, as for instance in ref. [193],
is an assumption which needs to be justified.
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sequence of the superfield structure of the four-dimensional theory. We use an effective superfield
formulation [98, 100] which fully respects the symmetry and supersymmetry ingredients defin-
ing the microscopic system: the modifications of the Bianchi identities and of the topological
term induced by fixed planes and five-branes. It also respects the symmetries of the five-brane
multiplet, with its self-dual three-form field. Thus, a given superspace contribution in the ef-
fective Lagrangian describes various aspects of the microscopic theory, related by the superfield
structure of the effective theory. This method has been applied to the derivation of the Kéhler
potential [100], including non-linear couplings of the five-brane superfield S , and we will see
in paragraph 4.4.1 that these kinetic terms can be derived from (at least) two quite distinct
sectors of the microscopic theory. They can certainly be derived from the Calabi-Yau reduction
of the five-brane Born-Infeld Lagrangian [100]. But they can also be derived from a universal
correction to gauge kinetic terms, quadratic in S, induced by S!'/Z, anomaly-cancellation.

Schematically, our argument goes as follows. Since we confine ourselves to the effective
four-dimensional supergravity with up to two derivatives, for which a (superconformal) super-
space formulation exists, counterterms cancelling Lorentz anomalies will be irrelevant to our
discussion.* Gauge anomaly-cancelling terms are then entirely due to the “topological term” of
eleven-dimensional supergravity [81]

1

—W/C3AG4/\G4.

Sources for the Bianchi identity verified by G4 are provided by the two fixed hyperplanes of the
S1/Z, orbifold and by the aligned five-branes, so that

G4 = dC3 + ACl4,planes + AC;4,b7"anes-

The contribution AG4 pianes depends on the gauge curvatures living on the planes, and both
corrections explicitly depend on the S!'/Zs coordinate and respect the Zy symmetry used to
define the orbifold projection. The topological term leads then to a gauge interaction of the

form
1

 12k2

This term gives rise in particular to a gauge interaction of the massless orbifold modes of
C5 located on the five-brane world-volumes and depending explicitly on their position along
S1. And, after integration over the Calabi-Yau space, it produces a coupling to F A F of
the axionic partner Im 7" of the Calabi-Yau volume modulus® ReT which depends on the five-
brane locations along S*. The superfield structure developed for the effective supergravity of the
universal five-brane modulus [100] can then be used to understand this interaction as a threshold
correction with a calculable dependence on the five-brane modulus. In particular, the universal
part of these contributions can be derived from the Dirac-Born-Infeld kinetic Lagrangian. The
non-perturbative effective superpotential follows then from standard gaugino condensation. Its
dependence on the five-brane modulus is precisely the one expected from membrane instanton
calculations, as performed for instance in ref. [193].

Along similar lines, a description of some new charged matter contributions arising from M-
theory anomaly-cancellation can be given. An interesting feature is that the structure organizing
five-brane threshold corrections is carried over to these matter interactions.

/Cg A AG47planes A AG4,brcmes'

4They would however lead to similar phenomena.

5For the bulk moduli T and S, we use the terminology familiar from string compactifications in which 7" is the
volume modulus and S the dilaton or string coupling modulus. The terminology commonly used in the context
of M-theory, as for instance in refs. [193, 190], is unfortunately different. Our conventions are precisely stated in
the appendix.
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The paper is organised as follows. The anomaly counterterm at the origin of the five-brane-
related gauge interactions is derived in Section 4.2. The reduction to four dimensions and the
identification of the obtained terms as superfield densities are then discussed in Sections 4.3 and
4.4. Then, in Section 4.5, condensation is performed to derive the non-perturbative superpo-
tential, compare it with membrane instanton results and discuss some physical consequences.
Conclusions and comments are added in Section 4.6 and an appendix collects conventions, no-
tations and technical details.

4.2 The anomaly counterterm

Ten-dimensional hyperplanes located at the Z, fixed points along S' and five-branes act as
sources of the Bianchi identity verified by the four-form field G4 of eleven-dimensional super-
gravity. As a consequence of these contributions, the topological term acquires anomalous
variations under local symmetries. Together with the variations of the Green-Schwarz term
[130, 252, 148, 107], of order four in the Riemann curvature, these anomalous variations are
precisely those required to cancel perturbative gauge and Lorentz anomalies generated by the
Z orbifold projection of the eleven-dimensional theory and by the chiral gauge multiplets living
on the hyperplanes.

The modification of the Bianchi identity and of its solution G4 of course leads to modifications
of the effective action. All modifications generated by the topological term would have more
than two derivatives in the heterotic, ten-dimensional, small S' radius limit. But compactifying
further to four dimensions on the Calabi-Yau space K¢ also generates modifications of the
effective action at the level of two-derivative gauge terms, because of the non-trivial background
values of (tr R%) and (tr F?). The purpose of this section is to precisely derive some of these
terms which arise whenever five-branes are present. We then begin by recalling some aspects of
the description of M-theory on the orbifold S!/Z;. It should be noted that some ambiguities
remain in our understanding of this description. The gauge sector relevant to our problem
escapes however these ambiguities.

The explicit formulation of the modified Bianchi identity uses two types of sources, associated
with hyperplanes supporting Yang-Mills ten-dimensional supermultiplets and five branes world-
volumes. On both hyperplanes (labelled by i = 1,2) live gauge supermultiplets with curvature
two-forms F;. The quantity appearing in the Bianchi identity is the gauge invariant four-form

1 1 5 1 9 ,
[471' = W [%TI'FZ — §trR :|, dI47Z' = 07 (Z = 1,2), (41)
where R is the Lorentz curvature two-form. Five-branes compatible with Ay = 1 (four su-
percharges) supersymmetry wrap space-time My and a two-cycle in Kg. The transverse Dirac

distribution 51(/?% ; for five-brane number I with world-volume Wk 1 is the five-brane source in

the Bianchi identity, which then reads®
1
dGy = 2(47k*)'/3 [5 ZI: 5O We.r) — Z 52-14,2} . (4.2)
The one-forms

61 = 4(y) dy, oo = 6(y — ) dy (4.3)

localize the gauge sources on the Zfixed hyperplanes.” In order to respect the Zo symmetry
used in the orbifold projection, we actually label with index I pairs of five-branes located at
:]:y].8

6Supersymmetry forbids that both five-branes and anti-five-branes couple to the S*/Z> orbifold.
"The appendix collects our conventions.
8 And one may then choose 0 < y; < 7.
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The procedure to resolve ambiguities in the solution of the Bianchi identity has been discussed
in detail in the literature.? The general solution of eq. (4.2) includes several arbitrary integration
constants which are constrained by consistency conditions: the four-form field G4 should be
gauge-invariant and globally well-defined, its action should be well-defined, the fields eliminated
by the Z5 truncation should be gauge-invariant, as well as the massive modes of the S' expansion
of the surviving states. These conditions should be verified for any number of five-branes at
arbitrary locations. Writing

G4 = dCB + ACTV4,brcmes + ACTY4,planes: (44)
the consistency constraints point to a unique solution for the hyperplane contribution '°:
ACy4,planes = _(4WH2)1/3 Zz (Ei I4,i - d?y A w3,i)7
(4.5)
= —(47‘('/{2)1/3 ZZ (d[el W3,Z‘] —26; N W37i),
where, as discussed in detail in the appendix,
_ Y—Y _ _
El(y) = sgn (y - yl) - Ta 1= 07 Y2 =, ye [_ﬂ-? 7'('] (46)
and the Chern-Simons three-forms are defined by
d(,Ugyi = I4yi, 1= 1, 2. (47)

A similar discussion can be made for the five-brane contribution to G4. As already mentioned,
the five-branes are space-time filling and wrap a holomorphic two-cycle in Kg. This implies that
one can certainly write

8O We.1) = [6(y — yr) + 6(y + yn)ldy A 6@ (W 1), (4.8)

where 6() (W 1) is now a four-form Dirac distribution in Kg such that

/ Is A6 (We 1) = / Is
MyxKg We,1

for any six-form Ig. The natural solution of the Bianchi identity is then to include in G4 the
brane contribution

ACl4,b7“anes = (47”{2)1/3 ZI [%éyj (y)5(4) (WG,I) - %dy A 9(3) (W&I)] + dC3
= —(Ar)V33 6(y —yr) + 6y +yr) pdy A 0© (We. 1) (4.9)
+d{Cs + %(47r/€2)1/3 > ey (1)o®) We.1)},

where d6®) (Ws 1) = 6 (W 1) and

€y, (y) = sgn (y — yr) +sgn (y +yr) — 2, 0<yr<m, 0
410

déy, (y) =2 [6(y —yr) +6(y +yr) — ] dy.

Notice that €1(y) = $é0(y) and €a(y) = 2éx(y). The addition in eq. (4.9) of the term dCj allows
for the introduction of brane modes contributions into the topological term, if necessary [44]: it is

For instance in refs. [43] and [44], and references therein.
'9This is the solution with “b = 17 in refs. [43, 44].
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known [236, 34, 1, 251, 253] that a gauging by C's of the three-form field of five-brane fluctuations
is induced by consistent coupling of five-branes to eleven-dimensional supergravity. We will not
elaborate on this point here since in four dimensions the needed terms would automatically
appear in the supersymmetrization of the effective theory.'!

To summarize, one can write

Gy = dég + 2(47‘(’/&2)1/3 ZZ 0; N\ w3 i

—(4mwr?)1/3 S {6y —yr) +0(y + yr) }dy A 0®) (We 1), (4.11)

Cs = C3— (4nr?)V3 Y ewsi — 2308, ()0® Ws1)] + Cs,

and G4 and dCs only differ at locations where hyperplanes or five-branes sit.

The gauge transformation of C3 is completely fixed by consistency of the Zs orbifold pro-
jection. The topological term indicates that Cj is intrinsically odd. The components C4pc,
A, B,C =0....,9, are then projected out and should then for consistency be gauge invariant.
This condition implies

0Cy = (4%/12)1/3% dyny, w%’i )
i (4.12)
6C3 = (4nr?®)'BY, [25,- Awy; — d{ews }|

where dws; = dwii. The correct modified topological term, which cancels anomalies locally, is

then [44]
1

2452

Our goal is to infer from this modified topological term four-dimensional interactions of the
massless S'/Z x Kg modes. The substitution of eqs. (4.11) leads to two classes of terms. Firstly,
contributions involving the massless mode Capy (A,B = 0,...,9). This mode corresponds to
the antisymmetric tensor B 4p of ten-dimensional sixteen-supercharge supergravity. From gauge-
transformation (4.12), one deduces that the appropriate definition with 6B = (47)? 3", wii is!?

/é3 A Gy NGy (4.13)

1 ™
B = (471—/@2)_1/3(471')2 TRg1 01(401)3@/, Cgoj)gy = o dy Capy, (4.14)

—T

where Rg1 is the S' radius. In terms of this massless field, the topological term produces the
following four-dimensional interactions

L A 4
_3271'2 /51><K6 By A |:Z €; € 1471' AN 1473' - Z €; €y; 14,2' VAN 5( )(W67[):| , (4.15)

,J i1

with |, g1 = ffﬁ dy. The first contribution, when integrated over S' only, generates the Green-
Schwarz gauge anomaly-cancelling terms expected for the Eg x Eg heterotic string [130]. Its
consequences for Calabi-Yau compactifications have been studied long ago [150, 97]. When
integrated over S! x Kg, it leads to gauge threshold corrections depending on the Calabi-Yau
volume modulus as well as dilaton-dependent charged-matter terms. The second contribution,
which also depends on the S' position of the five-branes, is of interest to us.

11966 Section 4.4.
12Tabking into account the factor (47r)*2 in the definitions of I4; and ws ;. This is the definition of the two-form
field commonly used in ten dimensions, with dimension (mass)?.
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The modified topological term also produces the following Cs3—independent gauge interac-
tions:

1 1 .
—— / |:— E €€ W3 ;i N I47j Nwsk+ = Z €i€y; W35 N 5(4)(W6”]) ANws k
SJstxiel (3 2570

(4.16)

1 .
+§ Z]:]CEiEyJI4,Z' VAN 9(3)(W6,J) Nws g+ Z;(eiejw&i VAN 14,]' AN 0(3)(W6,K) .
27 b 27.]7

After integration over y, the first contribution is a local counterterm allowed by anomaly can-
cellation [44]'3. The next three terms are non-trivial brane contributions depending on their
positions along S?.

The overlap integrals over S! give an interesting result. First introduce the numbers

T T
dij = dy €4 Ej = g (352']' — 1) (4.17)
for the first integrals in contributions (4.15) and (4.16). For those depending on the brane
position, define the variables

Apg ==, AI,2:1_%7 (O<y1<7r; 0<A17j<1>, (4.18)

the distances from brane I to the fixed planes, with normalization A7+ Ay = 1. Then,

1 ™ R - 2 1 B y? yr 2
o | dyer(y)éy (y) = (Br2)"—35 = —5-2-+3,
(4.19)
1 T 1 y2 1
L 2 = (A7)?P—- = L -
5| dreawaw = G-y = G-

It will be important for the supersymmetrization of the four-dimensional interactions that the
terms quadratic in y; are identical in both integrals. With these results, contributions (4.15)
lead to

1 1
——— | BoA|z(I3, 413, —Iyql
167 /i, 2 [3( i1+ Lo —Isaly2)
1 1 (4.20)
_ (4) 2 _ 2 2 _Z
2125 We,1) A {(Am 3>I4,1 + (Af,l 3)14,2}},
while expressions (4.16) give
T 3
3 / {ws,l ANwgo A (41 — Is2) + 3 Z(Al,l — A72)6W W) Aws 1 Aws g
Kg T
- Z 03 (Ws 1) A [(Al,z w31 —Arqwsa) A (Aralyy — Ar1ls2) (4.21)
1

1 1
—w31 AIg1 —w3a Aly2+ Sws1 N1y + gws2 A 14,1] }7

after some partial integrations.

13The anomaly twelve-form obtained from descent equations vanishes.
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The anomalous gauge variation of contributions (4.20) and (4.21) can be written as

T
—g(w%,l 13,1 + w%g Iiz)
(4.22)

2m
+? Z 5(4) (WﬁJ) A\ [A[’Q w%’l — A[,l w%g] A [ALQ 1471 — A[J 14,2].
I

Applying descent equations to these variations leads to the formal anomaly twelve-form

Ty = —% [14,1 + 14— 3 W We 1)
A [Iil + 13y — Lanluo + 3 6 We ) A{(1 =303 ) Iuy + (1 — 3A%,1)f4,2}]

= Tiohet. + 310 We 1) Is s,
(4.23)
since for four-dimensional space-time-filling five-branes, §( (Ws 1) A §® (W ;) = 0. The con-
tribution of each five-brane is encoded in the eight-form

Tsg = n[Aralyy — Arilya)?, (4.24)

while the heterotic contribution is as usual Z1 per. = —5 (1. 51)’,1 + I 5’72].

The form of Zg 1, eq. (4.24), clearly shows that the distance from the brane to the first plane
acts as the (inverse squared) coupling of the gauge fields living on the second plane. Similarly,
the distance from the brane to the second plane acts as the (inverse squared) coupling of the
gauge fields living on the first plane.

At this point, the conclusion is that the effective, four-dimensional supergravity includes
gauge contributions due to five-branes which arise from the Calabi-Yau reduction of expressions
(4.20) and (4.21), as derived from the modified topological term (4.13). In the next two sections,
we perform this reduction keeping only the “universal” massless modes unrelated to geometrical
details of Kg, but including the five-brane modulus along the S! direction, and we write the
effective four-dimensional supergravity using superconformal tensor calculus.

4.3 Reduction to four dimensions

In the reduction to four dimensions, we use the freedom to rescale moduli fields to set the S'
circumference 27 Rg1 and the Calabi-Yau volume Vg to unity.'4

As usual, the massless modes of the metric tensor expanded on My x K7 include g,,, the
scalar field gy, and massless modes of the internal metric g,z. Among these, we only keep the
universal, Kéhler-metric volume modulus. Similarly, the antisymmetric tensor C' 4y leads to a
massless By, and we only keep the universal massless mode of the internal tensor B ;.. With these
bosonic modes and their fermionic partners, the reduction of eleven-dimensional supergravity
can be described by two chiral multiplets S and T with the familiar Kihler potential [250, 97]'°

K=-In(S+S)—3W(T+T). (4.25)
Following eq. (4.14), we define

(47)? - ’
B = 7(47”*2) e Chvy » Bij = /-;_Z Tm 7055 (4.26)

14 The four-dimensional gravitational constant is then x2 = k2, but we nevertheless use different symbols since

their mass dimensions differ.
15Tn general, we use the same notation for a chiral supermultiplet and for its lowest complex scalar component.
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and B, is dual to Im S.

With five-branes, vector fields on the two fixed hyperplanes gauge an algebra G x Go
which is further broken by the Calabi-Yau compactification. Embedding the SU(3) holonomy
into (1 x Go defines the four-dimensional gauge group G 4) as the stabilizer of this SU(3) in

G1 x Gg. Calabi-Yau reduction of the ten-dimensional gauge fields'6 A%(i) leads then to the

corresponding gauge fields AZ(Z). It also produces a set of SU(3)-singlet complex scalar fields
A" in some representation of G4

With up to two derivatives, Riemann curvature contributions in counterterms (4.20-4.21)
can be omitted. The Calabi-Yau reduction of I, ; delivers then:

) o a(z a(z
Iz7pup0 - 47_[_ 2 Z [/.u/ po’] 9

4 m(i —m(2
Lyt = R Z(D[MA ())(DV}A ())5kl’
" (4.27)

21 (i) @) —rm(i) m@)\
- (4@223[“@4 Op, A" — A" OD, A0 ity

2 m( n(s )
Lk = Wa“ (Ai,mnpA @ 4 ()Apu) €kl

In the last expression, A; mnp is the symmetric tensor invariant under G4 that may arise from
the internal Chern-Simons term w; jr;. We will use the notations

=D A, AT = A AT AT AP (4.28)

to denote this cubic holomorphic couplings which also appear in the superpotential
W =c+ A (4.29)

Finally, I;; has a non-trivial background value (I4;), H
With these results, the reduction to four dimensions of the first line in expression (4.20),
which depends on By and exists without five-brane can be written

Mlyone = 57 2 { () T T o Fot)
7T -

5]

—i(T}) % (0, Byp) 3[4 (D, AY) — A" (D, AT (4.30)

m

vpo A PV
" OuBu) OAL 0, 0A)) — %M’W‘j)}'

The background value of I4; is encoded in the integral over the Calabi-Yau manifold

(T;) = vﬁ—l/K6 (1) 1 055 eIM IR (4.31)

16We find useful to keep track of the plane index ¢ = 1,2 and «(7) is then an index in the adjoint representation
of G;. Similarly, a(i) will be used for the adjoint of G(4) and m(i) for the representation spanned by complex
scalar fields.
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In expression (4.30), the first term is a threshold correction depending on the volume modulus
already well-known from the heterotic strings [97, 150]. The second and third contributions
describe interactions of matter scalars with the string coupling multiplet. They have been
considered in detail in refs. [200, 201, 188, 187, 98].

The reduction of the five-brane contribution in expression (4.20) leads to the following La-
grangian terms:

ALvyrane = m Z arg (A%i — %) [% ey ImTFﬁy(i)ﬁ'a(i) Iy
1 4

(4.32)
— Euupaa“Byp Z[Am(z) (ngm(l)) _ .Zm(l) (DoAm(Z))]] .

The area of the Calabi-Yau two-cycle (with coordinate z) wrapped by the five-brane world-
volume can be written I
a; :/ dzaz 00 (4.33)
Car 0z Oz
The first term in (4.32) is the five-brane contribution to gauge threshold corrections. Its existence
has been demonstrated in an explicit background calculation by Lukas, Ovrut and Waldram
[190, 189]. The second term is again a matter interaction with the string coupling multiplet.
Both terms depend on the positions y; of the five-branes. Hence, they depend on the S'/Z,
five-brane modulus.

The terms collected in expression (4.21) are somewhat ambiguous since they are defined up
to contributions which, like the first one or any counterterm of the form 0(3)(1/\/6, 1) A Iz, do not
contribute to the gauge-invariant anomaly twelve-form. To reduce the first term, introduce the
four-dimensional Chern-Simons forms

1 1
Nuinvpo] = 1 F i Fipo) » a[uwi,V]jE ~— 9 L e (4.3)

Ouwijrt = Lipujhi -
The first term then generates couplings of charged matter scalars to gauge fields:

1

A*Cplane = m

P71 [AA% Oy (VAS) — Mo 95(AA3) + AA3 8, (VA3

“XA; 0, (VAZ) + 2005 9, (AAD) — AA3 0, VAN | + (1 2)

m(2)

T 13 (APOD A T DD, Am @) (3, — (2)

12(4n)

—I—(l — 2).
(4.35)
As we will see in the next section, these terms do not have a natural supersymmetric extension
in general, a fact which may have some relation to their ambiguous character. Notice however
that in the minimal embedding of the Calabi-Yau background into one plane only, most of these
mixing terms are absent and a natural supersymmetrization exists.
Likewise, the second term in eq. (4.21) yields gauge-matter interactions depending on the
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five-brane positions along S*:

_ ¢ 2 : _ Hvpo
AEbrcme 8(477)3 - ar (Al,l AI,Q) € Wi,uvp
(4.36)

x Y AMO(D A" — A (DA + (1 - 2)

In the next section, we will derive the effective four-dimensional supergravity in the partic-
ular case of a single five-brane. To simplify, we will omit the index I and the corresponding
sums. We will however use a formulation in which restoring contributions of several branes is
straightforward.

4.4 The effective supergravity

The universal S!/Z, five-brane modulus describing fluctuations along the interval direction has a
supersymmetric bosonic partner arising from the mode expansion of the five-brane antisymmetric
tensor Byy,. Six-dimensional (world-volume) supersymmetry of the five-brane multiplet requires
that the three-form curvature ﬁmnp of this tensor is self-dual. For the massless four-dimensional
universal mode, self-duality is the condition!”

Hyp = 30,,B,, = 646“1,,)”80327 = es€pp’ H . (4.37)

o

Then, clearly, the four-dimensional supersymmetric description of the five-brane universal mod-
ulus uses either a linear multiplet L with the tensor H,,, and a real scalar C' for the modulus, or
a chiral multiplet with complex scalar S and Im S related to Bﬁ. The supersymmetric extension

of cogdition (4.37) is chiral-linear duality, the duality transformation exchanging superfields S
and L [113, 223].
The fact that the chiral multiplet S is dual to a linear multiplet has three important con-

sequences for its supergravity couplings. Firstly, the Kéahler potential is a function of S+
only. Secondly, the holomorphic gauge kinetic function can only depend linearly on S. These
two consequences follow from the intrinsic gauge invariance of BW, which translates into axionic
shift symmetry of S in the chiral formulation. Thirdly, the superpotential does not depend on S.
In supergravity, in contrast to global supersymmetry, this statement is ambiguous and directly
linked to the first consequence above. The superpotential W and the Ké&hler potential K are
not independent: the entire theory depends only on G = K + In |W|2. Terms can then be moved
from or into K provided they are harmonic functions of the complex chiral fields. The correct

statement is then that G may only depend on S+ 5. Moving terms from K to the superpotential
can artificially generate a dependence on S of the form

Whew = 22W (2Y), (4.38)

where b is a real constant and 2% denotes all other chiral multiplets, and a new Kihler potential
lCnew(S'—i—S', 2%,%;) such that the function G remains unchanged, K+1In |W|? = Kpew +1n [Wiew |2
Notice that adding a Sfindependent term to the superpotential (4.38) is not allowed. Non-
perturbative exponential superpotentials generated, for instance, by gaugino condensation, and
added to a perturbative superpotential are then incompatible with chiral-linear duality.'®

The effective four-dimensional supergravity depends on three moduli multiplets coupled to
supergravity, gauge and charged matter superfields. Each of the three moduli scalars has a

7Omitting fermion and covariantization contributions.
8See however ref. [61, 62] for an analysis.
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component of an antisymmetric tensor as supersymmetry partner. More precisely, the string
coupling modulus is in the multiplet describing G,,,y, the Kg volume modulus is paired with
Gm’Ey and the five-brane S'/Z; modulus is the partner of the components ﬁuup or ﬁmE of
the self-dual antisymmetric tensor living on the brane world-volume. We find, as explained
in ref. [98], more efficient to formulate the theory using superconformal tensor calculus and to
introduce three moduli vector superfields to describe these moduli multiplets: '

V. (w=2,n=0): Gy, string coupling modulus, ...

Vi (w=n=0): G iky» Calabi-Yau volume modulus, ...

V. (w=n=0): H,,,, five-brane S'/Z; modulus, ...
The components of the antisymmetric tensors are identified with the vector fields in these mul-
tiplets, the moduli scalars with their real lowest components. These vector multiplets are then
submitted to Bianchi identities obtained from the K7 reduction of the eleven-dimensional Bianchi
identity for Gy, eq. (4.2), and the self-duality condition of the five-brane tensor. In each case,
the supersymmetrized Bianchi identity also reduces the number of off-shell states from 8 5 + 8
in a vector multiplet to 45 + 4r. These Bianchi identities are imposed as the field equations of
three Lagrange-multiplier superfields:

S (w=n=0): a chiral multiplet for the Bianchi identity verified by V/,

Ly (w=2,n=0): a linear multiplet for the Bianchi identity verified by Vr,

S (w=mn=0): a chiral multiplet for the self-duality condition of the

brane tensor, applied to V.

Eliminating these Lagrange multiplier superfields defines the three vector multiplets in terms of
the physical fields solving Bianchi identities. The important advantage of this procedure is that
supersymmetrizing the theory before eliminating Lagrange multipliers automatically delivers
the correct non-linear couplings of source terms (brane and plane contributions) to moduli and
then the correct Kahler potential. Alternatively, equivalent (dual) versions of the theory can be
obtained by eliminating some vector multiplets instead of the Lagrange multipliers.

These six multiplets describing bulk and brane states are supplemented by states living on
the fixed hyperplanes. In the notation defined in the previous section, these states include gauge
chiral superfields W) (i = 1,2 as usual, w = n = 3/2) and charged matter chiral multiplets
(w =n = 0) in some representation of the gauge group. They will be collectively denoted by M
and they contain the complex scalar components A™® . Finally, we need the compensating chiral
multiplet Sy (w = n = 1) to gauge fix the superconformal theory to super-Poincaré symmetry
only.

With this set of superfields, the Lagrangian nicely splits in a sum of five terms with well-
defined higher-dimensional interpretations:

L= ['bulk + £Bianchi + £kinetic + £thresholds + Esuperpotential- (439)

The bulk Lagrangian [64]

Ly = — | (SoSoVr)¥?(2v)71/2 b (4.40)

can be directly obtained from the K7 reduction of eleven-dimensional supergravity, expressed in
terms of G4. It depends on V (string coupling multiplet) and V7 (K¢ volume modulus multiplet),
and of the compensator Sy. In eq. (4.40), [...]p denotes the invariant real density formula of
superconformal calculus, as reviewed and developed in for instance refs. [176]. Similarly, [...]r
will below denote the chiral density formula.?°

The coupling of plane and brane fields (Wa(i), M and V) to bulk multiplets is entirely

19The Weyl weight is w and n is the chiral weight.
*’In global supersymmetry, [...]p and [...]r would be [d*0[...] and [d*¢[...] +h.c.
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encoded in L g;anchi, which reads [100]
_ _ 1 ~ = ~
Liianchi = [~(S+S)(V + 20 +200) + Ly(Vp + 2Me* M) + Zr(S+ HVV| |, (441)

where Q; and €y are the Chern-Simons multiplets (w = 2,n = 0) for the gauge alge-
bra arising on each hyperplane, defined by?! > u welpwe) = 16 ¥(€;), and Me*AM =
Zmi ) (€24 M]™®) is the Wess-Zumino Lagrangian superfield. This contribution is gauge-
invariant since [(S+5)(0Q1 +02)]p is a derivative. The dimensionless number 7 is proportional
to the five-brane tension 75. In our units, it reads

2
——a
(4m)3
where a is the area of the two-cycle wrapped by the brane in K, as defined in eq. (4.33). Notice
shift symmetries 05 = ic, 05 = id (c,d real).

The kinetic terms of the five-brane fields arise from reduction of the Dirac-Born-Infeld (DBI)

Lagrangian:

(4.42)

T =

Liinetic = —T [VVTV2] D (443)

They are quadratic in V, a consequence of the form of the DBI action, and the prefactor V Vi is
the coupling to the supergravity background. Notice that since this term is linear in V, it will
naturally assemble with the contribution in S + S in eq. (4.41).

At this point, the contributions from bulk, plane and five-brane kinetic Lagrangians have
been considered, with tensor fields in V, Vi and V verifying Bianchi identities modified by plane
and brane sources. But we still have to consider further contributions from the topological term
with modified G4, as obtained in the previous section. These terms will be collected in Lpreshold-
The symmetries of expressions (4.40)—(4.43) allow the introduction of the following corrections
to gauge kinetic terms [100] (threshold corrections):

£thresholds = |:_2 ZZ ﬁZQz(VT + 2M€2AM):| b
(4.44)

+7 [S > BZWZWZ] . + [V {e|0¢M?’|2 —-27) gi(\A/)MleQAM"H X
The first contribution corresponds to threshold corrections depending on the volume modulus
[97, 150, 95]. Gauge invariance of the full Lagrangian with this term is obtained by postulating

the appropriate variation of the linear multiplet Ly in £ pgjunchi:

0Ly =2 Bib.

The second and third contributions are threshold corrections depending on the S'/Z5 location
of the five-brane and/or, for the last one, on matter multiplets. The coefficients f;, Bi,e and
the functions gz(f/’) can be obtained, as explained below, from Calabi-Yau reduction of the
topological term with anomaly-cancelling modifications. Symmetries of the theory leave these
functions unconstrained but the terms considered here only require linear functions, gz(f/) =
4;V +4;. Finally, the quantity aM? in expression (4.44) denotes the holomorphic cubic invariant
also present in the matter superpotential [250, 97].

The superpotential arises from the components G, of G4. They also verify a non-trivial
Bianchi identity which is not modified by five-branes since three holomorphic directions cannot

be transverse to their world-volumes. The superpotential contribution to the Lagrangian is then

ﬁsuperpotential = [SS’ W] I with W =c+ CYM3, (445)

21The operation 3(...) is the superconformal analog of éﬁ in global superspace.
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The constant ¢ being the ‘flux’ of the heterotic three-form in direction €, [250, 96, 102].

This formulation of the effective supergravity, with six superfields to describe three moduli
supermultiplets leads to several equivalent forms, depending on the choice made when eliminat-
ing the three superfluous multiplets. The Lagrange multipliers S, L7 and S imply the following
constraints on the vector multiplets:

S V. = L-2% %, L linear (w = 2,n = 0),
Lp : Vi = T+T—2Me*AM, T chiral (w =n =0), (4.46)
S vV = v! (i} + 421@92) . Llinear (w=2,n=0).

Eliminating S, Lt and S leads then to a formulation where moduli are described by L, T and
L, two linear and one chiral multiplets:

L = _% [SoSo(T +T — 2Me*AM))P/2 (L — 2 > Q)12

—7(T+T — 2Me* M) (L — 23, Q)" (L + 43, 3;0)?
(L~ 255,90 {elad?P — 27 50, 6,5 2407 | (4.47)
_2T(£ +4%, @Qz) Zj ’AYijemMj} D

+[sqw +d 5 s

Component expressions for this apparently complicated theory can be obtained using supercon-
formal tensor calculus [176]. Notice that plane contributions (superfields ;, W; and M*) now
appear in the bulk Lagrangian (first line) and also in the five-brane DBI contribution (second
line). Five-brane contributions (multiplet i}) appear in gauge kinetic terms (a “plane term”)
while threshold corrections (third and fourth lines) involve plane and five-brane fields. These
mixings are induced by the modified Bianchi identities, eqs. (4.46), and by threshold corrections
required by anomaly cancellation.

The kinetic term quadratic in the five-brane modulus superfield L appears in the second line.
It can clearly be derived from the DBI Lagrangian, as done in ref. [100]. But the superfield
structure implied by the modified Bianchi identity leading to the first eq. (4.46) also implies
that the same kinetic term can be obtained from gauge threshold corrections which follow from
Calabi-Yau reduction of the (modified) topological term. This point will be explicitly verified
in the next paragraph.

This unfamiliar supergravity theory is particularly useful to study its scalar potential and
vacuum structure since linear multiplets do not have auxiliary fields. We will come back to this
point later on and especially when studying condensation.

It is however more common to formulate the supergravity theory with chiral moduli S and
T, and then to eliminate V' and Ly using their field equations. One obtains:

L= —g [S0S0e™/3] +[siw + i S (S+ BT +rHESHWW] (4.48)

with the Kéahler potential

K=-In(S+S—A)=3In(T+T — 2Me* M) (4.49)
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and

A=—7(T+T—-2M**M)V? + %T(S +§)V + elaM3|* - QTZgi(V)HieMMi. (4.50)

i
The field equation of the vector multiplet V implies then

V= (V) (S48 -4 sl ), (4.51)

with V7 as in the second eq. (4.46). The fully chiral formulation of the effective supergravity is
then defined by Kéhler potential (4.49) with now

_ . = _ N2
A = Z(T+T—2Me*AM)~! (S +8 A, 4N e2AMZ>
(4.52)
+elaMB)? — 273, ST AN ,
gauge kinetic functions ' ‘ o
fr=8+pT+716'S, (4.53)

and superpotential (4.45). The presence of the five-brane then introduces mixing of the three chi-
ral multiplets .S, T and S and the off-diagonal elements of the K&hler metric severely complicate
the analysis of the theory.

Before returning to the analysis of the effective supergravity, we need a precise identification
of the supergravity fields in terms of massless modes of the K7 compactification.

The notation we use for component fields is as follows. Vector multiplets V, V and Vi have
respectively vector fields V,,, Vu and T}, and (lowest) real scalar C, C and Cp. And we use the
same notation for chiral multiplets .S, T" and S and for their complex scalar lowest components.
Egs. (4.46) indicate then that

Cr =2(ReT — MM), T, = —20,ImT — 2iM (D, M) + 2i(D,,M)M,

that the lowest scalar component of the string couphng linear multiplet L is also C' and that the
five-brane linear multiplet  has a real scalar / = CC. Relation (4.51) also implies that

ReS = 4CReT — MM)+23,4M M,
OyImS = —4V,(ReT — MM)+4C(9,ImT + iMD,M — iMD, M) (4.54)
—2i 32, 4(M'D, M — MD, ).

The scalar field C' has background value proportional to y, the five-brane location along S*. In
our units with 2rRg1 = 1 = V4, the four-dimensional gravitational constant is k4 = x and

A 1
(€)= —yRs1 = v (4.55)

2K

In order to derive the identification of the matter scalars A™® of eq. (4.27) and the super-
conformal multiplets M%) we note that the component G uijy Of the four-form is related to the
vector component of the real multiplet V, which is

(V) = =20, Im T + iM (D, M) — i(D, M) M].
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On the other hand, using egs. (4.26) and (4.27), we also find

471'/—; 1/3
Guijy = O uCigy — ZW’WU
1 7 —(7 1
= o (4mk?) 7 (a ImT—z [A(ZD A% A()DuA(’)])éij.

By comparison, one obtains
V27

K

A M@, (4.56)

with an irrelevant sign choice. '
Finally, the gauge fields in €; or W?®) are the massless modes AZ(Z)

4.4.1 Gauge coupling constants

The effective supergravity Lagrangian predicts a very specific moduli dependence in the super-
Yang-Mills sector relevant to the determination of the effective superpotential with non-
perturbative configurations. The field-dependent gauge couplings can of course be obtained
in any formulation of the theory. But the closest relation to the higher-dimensional origin of
the effective supergravity is realized with supermultiplets L (for the string dilaton multiplet),
T (Calabi-Yau volume modulus) and L (for the five-brane S'/Zy modulus). This is the theory
defined by eq. (4.47) in which tensor calculus leads to the following (inverse squared) gauge
couplings:

2 : (T +T — 2MM)[C? + 45;C]

l\’Jl\\

1 1 (z2%(T +T - 20M) 3/2
20

(4.57)
+3;ReT + 1 [eyaM3\2 27 32 :(8; — By M’ MY

The complex scalar zg is the lowest component of the compensating multiplet Sy. In the Poincaré
theory, it is a function of the physical scalars chosen to obtain a specific “gravity frame”. The
Einstein frame where the gravity Lagrangian is —#€4R4 corresponds to??

4

(4.58)

220 — Zo?o(T +T— QMM) —3/2
e 2C '

Without branes or threshold corrections the dimensionless field 4k2C is then the (universal)
gauge coupling g?.
On the other hand, the chiral version of the theory has gauge kinetic functions (4.53) and
then: .
2 Re(S + BT + 76:5). (4.59)
i
The equality of these two expressions is encoded in the duality transformations exchanging linear
multiplets L and L with S and S:

LS+ 8) = 2AT+T—2MeAM)V + 23, %M >AM?,
_ T 3/2 - ,
2(Ss+5) = 1 (SOSO(TH;;?MQMM)) +3 [e|0¢M3|2 — 27, 0; M e2AM? (4.60)

+I(T+T - 2Me*AM)V?,

228ee for instance [99, 100].
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with V and V as in eqs. (4.46). The lowest scalar components of these two superfield equations
show the equality of (4.57) and (4.59).
The “natural” definition of the dilaton ¢ with kinetic Lagrangian (0, In ©)?/4 is to identify

—In(S+S—-A) «—— —1In(2p)

in the Kéahler potential (4.49), i.e.

1 20z0(T + e QMM) 3/2
2 2C
_ . (4.61)
S+8—45.4M M2 e 1
= ReS—l[ i 2id ] —|—TZ(5Z-MM”—§e|aM3|2.

32 T+T—-2MM

From now on, we omit charged matter terms, as we expect (M) = 0. In terms of the dilaton,
the gauge couplings read then

1 N A A
e = ¢+ReT [7'(72 +475,C + /67,:|
' N . (4.62)
7 [ ReS -~ ReS
= S"+RQT[1_6 <ReT> +TﬁiReT+ﬁZ}'

They display a universal?? correction quadratic in the five-brane location, as well as gauge group-
dependent corrections linear in C or constant. The chiral version has only terms linear in S, T’
and S: the universal quadratic correction has been absorbed in the non-harmonic redefinition
turning the dilaton ¢ into ReS. And of course the quadratic term reappears in the Kéhler
potential for S [see egs. (4.49) and (4.52)].

We now restore the summation over several five-branes and split the coefficients 3; according
to B; = ﬂi(p L) + ﬂi(br') >, 71 since they receive in general contributions from both planes and five-
branes.?* Using the identification (4.55), one obtains

. 2
% — o+ P ReT + ReTZI: |8+ %ﬁi (55) + % ()] (4.63)
Notice that since the exchange 1 < 2 of the plane indices is equivalent to moving the five-brane
from y; to m — y7, we expect

1 br) _ Hbr) , 25 1
4k’ 2 +/<;ﬁl+4ﬁ2'

31-1-32:—

The next step is to compare these results with the terms obtained from the reduction of the
topological term and especially with the brane contributions described by the first term in eq.
(4.32):

i ALy = 1Y ImT{ (L) 2 meroo o)
4 n K2 2m 2r 6

yry? 1 ) 7(2)
+[<27r) 12%“? E7

i.e. identical for all group factors, all values of index i.
24The constants prl'), ﬂi(br') and [3'1 should not depend on I.

(4.64)

23
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The terms of order (y;)? have identical coefficient for both planes. If our effective supergravity
is correct, this contribution should appear in the DBI term appearing in the second line of
Lagrangian (4.47). The vector component of the Chern-Simons multiplet 2 is

1

[Q]vector = QM = _Euupawl/pa + ...
864

and the component expansion of (4.47) includes then

—dey1 CF (9, ImT) Y Q4 ...
i
Integrating by part for constant values C; = (C}) = y;/(27k), we obtain

364% (%)2 ImT Zi:Tr FOFOmw 4 (4.65)
which fits correctly the quadratic term in (4.64). It is then not needed to perform the Calabi-Yau
reduction of the five-brane DBI Lagrangian to find the kinetic terms of the five-brane modulus
superfield: knowledge of the superfield structure, eq. (4.47), and of the gauge terms implied
by the topological term is sufficient. Similarly, the terms of order y; and (y;)° in the effective
supergravity and in the reduction of the topological term can be used to find the values of the
coeflicients 52-(2) and BZ

The second line of Lagrangian (4.47) indicates that the DBI contribution also includes gauge
terms of order C , which after partial integration read

1 yr 5 (i) 75(i) v
EImT % i % Bi Tr Fp ) FRY. (4.66)
By comparison with (4.64), we find

B =-— Ba = 0. (4.67)

E7
Finally, comparison of the y;—independent terms in eq. (4.64) with the first term of (4.44),
which includes

1 1) 12(3) pv
—22 [Bi:Vrlp = 7 ImT Zﬁiﬁﬂgy)ﬂ oy (4.68)
indicates that 1 1
(or) L (br.) _
By = 62 By o2 - (4.69)

As expected, exchanging planes 1 < 2 is equivalent to y; < ™ — yy.

Finally, as usual, the coefficients ﬂi(p ") can be read directly from the first line of eq. (4.30),
which includes contributions to the topological terms arising from the hyperplanes only:

) ﬁ 3 dis (Z)), (4.70)
J
o) = s (2@ - (@), o = s (2@ - @) @

Notice that ]

fpl') + ﬁépl.) = W ((Il> + <I2>)
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vanishes in the minimal embedding without five-brane [97, 150].
To summarize, in terms of the dilaton, the gauge couplings on both planes, as calculated
from the modified topological term, read:

L (pl.) 1 Y1\ 2 yr 1
E = 90+ﬁ1p ReT—’—?ReTZI:TI |:(%> (27T)+6:|7
(4.72)
1o g ReT—l——ReTZT [( )2—%
g T \ar) ~12)-

A nicer expression reminiscent of eqs. (4.20) or (4.23) uses the distance from the brane to the
planes:

7 - ¢+ By ReT+mReTZI:TI [(Am) —g}v

(4.73)
1 — <p+ﬁ(pl ReT—I—LReTZTI (All)Q_1 :
g% 42 F ’ 3

where A7y = yr/m, and Ajo =1 —yy/m, as in eq. (4.18). The contribution of a five-brane to
the gauge couplings on one hyperplane decreases quadratically from a maximum value

1
6r 2T[R€T

when the brane lies on the plane, to a minimal value

12 3 —5TT ReT
when the five-brane lies on the opposite plane. For a five-brane in the middle of the interval,
both gauge couplings receive the correction

1

48 2T[R€T

With however (A7;)? = —A71A72 + Ar;, (i = 1,2), the term quadratic in y is necessarily
universal and the two (inverse squared) gauge couplings differ only by a contribution linear in

e
() + Za1<1 - @ﬂ (4.74)

with Arg — A7 = 1 —2y;/m and in terms of the area a; of the two-cycle wrapped by the
five-brane in Kjg [see eq. (4.42)].

The normalization of the four-forms I ; and I, is such that their integrals over a four-cycle
in Kg are half-integers. Similary a; is an intersection number of the two-cycle wrapped by the
brane with the four-cycle, in units of the Calabi-Yau volume.?® These statements follow from
the integrated Bianchi identity verified by G4 and from rewriting eqs. (4.31) and (4.33) in the
form

1 1 ReT

9 B 2(4m)3k?

ar=—i [ 5O (Wsr) Adz A dz, (T) = —i / (L) A dz dz.
Kg K

Eq. (4.74) matches then nicely the idea that a five-brane moved to the hyperplane at y = 0
decreases the instanton number on this plane, or on the second plane when moved to y = 7.

25We have chosen Vg = 1.
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In the chiral version of the theory, the gauge kinetic functions are

1
f2 = S + Bépl)T — m ; T[T,
(4.75)
fio= fo | - 0] T+4—;Zn - 8]
1

Since

(ReT) — (Re S) = <ReT><1 — 2_y>7

T
the difference is again eq. (4.74).

4.4.2 Discussion of some matter terms

We have seen that the gauge part of the five-brane-induced contributions to the topological terms
are due, in the effective supergravity, either to the effect of the modified Bianchi identities on
the Dirac-Born-Infeld Lagrangian, or to threshold corrections. Since charged matter multiplets
M arise from the fields living on the fixed hyperplanes, as do gauge multiplets, we may expect
that some or all matter contributions obtained from the reduction of the topological term can
also be derived from the DBI effective Lagrangian.

As an illustration, we will establish that the charged matter term in expression (4.32) arises
for its part quadratic in y; from the DBI Lagrangian, while the terms linear and constant in y;
originate from threshold corrections. Since the vector component of V is related to the string

antisymmetric tensor Bap by

2
ot = _S_QGWW&,BPU : (4.76)

the string—matter coupling term in eq. (4.32) takes the form

3(4m)3 Z ( Ti— —> 6’“’”"8“B,,pZ[Am(i)(pozm(i)) 0 (p, gm)y)
_%642711)#{ <§_71r)2 [M(D,M) — M(D,M)] (4.77)
I

+ 2 i M (D,3T) = M (D)}

The functions g;(ys) are at most linear in y;:

. yr 1 . _ 1
a1(yr) = 5 T 5 G2(yr) = 3

The first term in the r.h.s. of eq. (4.77) is universal and can clearly be retrieved from the DBI
Lagrangian in the second line of theory (4.47) by selecting the matter contribution inside Vrp,

(4.78)

—2ieyry C3 oMM (D, M) — M(D,M)] + ..., (4.79)
and identifying as usual C? with y3(2mk) 2.
The second term in the r.h.s. of eq. (4.77) originates from matter threshold corrections in
the supergravity Lagrangian (4.47). The relevant term is:

—2ieqTro" Zg, )M (D, M ) Mi(DMMi)] +... (4.80)

i
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Comparison with eq. (4.77) indicates that
1 p 1 p 1

q v _W . (4.81)

T p 72 ) 1= 5.2 2

Interestingly enough, 6 = ﬂi(br') and ¥; = 4@-.

Finally, we briefly return to the issue of tracing back the supersymmetric origin of inter-
actions such as expressions (4.35) and (4.36). As already mentioned in Section 3, eq. (4.35)
seems in general hard to cast in a supersymmetric form because of the complicated mixing of
matter contributions from both hyperplanes. This feature is also present in eq. (4.36), for-
bidding by the same token its supersymmetrization for a generic background. We however
have little information on the nature of four-dimensional matter counter-terms which could be
added to anomaly-cancelling corrections and could radically change the picture. At this level of
understanding, this discussion cannot be conclusive.

Nevertheless, eq. (4.35) allows a supersymmetric formulation for the standard embedding in
the gauge group in which chiral matter multiplets only appear on one plane, say A = As. Then,
eq. (4.35) reduces to

1 —3. —3
. ; Mvpo 3 _ 3
Aﬁplane = 1€ W1, uvp {3(477)5 [)\./4 80()\,4 ) A acr()\A )]
1 (4.82)
~ T DA™ DA — AP AT) (1) = ()
which extends to the supersymmetric density
1 1 o
3(4m)2 kS [ ’aMg‘z]D  3(4m)2k2 (T1) — (To) [ Me? M],. (4.83)

The second term could in principle correspond to the first contribution appearing in the threshold
correction (4.44).

4.5 Condensation, the non-perturbative superpotential and mem-
brane instantons

The non-perturbative superpotential arises from the F—density in the supergravity Lagrangian
(4.39) when some or all gauge fields condense. It can be evaluated using a standard two-step
procedure: first obtain the effective action for condensates and then eliminate the condensate by
solving (approximately in general) its field equation. Computing the effective action amounts
in principle to couple the superfield WW to an external source, integrate the gauge fields and
perform the Legendre transformation exchanging the source field with the (classical) condensate
field. It is well known that the symmetry content of super-Yang-Mills theory and anomaly-
matching are sufficiently restrictive to accurately describe condensation [242].

As usual, we assume that the gauge multiplet which first condenses does not couple to
matter multiplets A/. We then split the gauge group into Gy x [], Ga, where the simple group
Go condenses and matter multiplets only tranform under [[, G,. The terms involving Gy gauge
fields in the Lagrangian reduce then to

1 N

1 [(S + 60T + TﬁOS)WOWO} = (4.84)
Following ref. [242], these contributions are simply replaced in the effective action for condensates
by

(S + BoT + 7HoS)U + b0y
2472

U

i ) -v], SR (7)) s
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where U is the (classical) chiral superfield (w = n = 3) describing the gaugino condensate,
(U) = (M\). The coefficient of the Veneziano-Yankielowicz superpotential is dictated by the
anomaly of the superconformal chiral U(1). It is proportional to the one-loop beta function,
bp = 3C(Go), and the scale parameter p is the energy at which gauge couplings in expressions
(4.73) are defined. Finally, the leading contribution to the Kéhler potential K is controlled by
the scaling dimension (Weyl weight) of U.

The effective Lagrangian with condensate U can be obtained by collecting all terms in the
“microscopic” Lagrangian (4.39), with contributions (4.84) replaced by the effective terms (4.85):

Lopr = | ={SoS0(T +T — 2Me2AM)}3/2(2V) "2 — (5 + S)V
~TVVAT + T - 2Me* M) + 5(5 + 5)VV
FV{elad®? =27 Y, i (V)M A0} + S0S0 K (US U8 )| (as6)

ﬁ[z (S + BuT + 70,8 )WW]

+ [sg (e + aM?) + 1(S + BT + 7665)U + SO U m(U/p?) — U}] ;

As before, vector multiplets V and V are constrained by the field equations of Lagrange multi-
pliers S and S, which impose modified Bianchi identities. Rewriting their contributions in the
form

[25{2(V) + %U + % 3 WaWa} - TS{E(VV) - %BOU - i Zﬁawawa}] . (asD)

multiplier S implies
U =—-82(Vp), V="-2) Q, (4.88)

with a real vector multiplet V{ (8 bosons + 8 fermions). Then, multiplier S requires

VV =1Lo—260V0+4) B, (4.89)

with a linear multiplet Lo and V as given in eqs. (4.88). These solutions can be compared with
eqs. (4.46), which apply before condensation of WyWy. Clearly, the real vector multiplet V)
describes L — 2Q0|cond., i-€. it includes the string couphng linear multiplet L and the condensate
field [61, 62]. Similarly, the linear multiplet Lo replaces L + 23y L.

To obtain the non-perturbative superpotential however, one first chooses the formulation of
the theory with chiral multiplets only. The elimination of vector multiplets V' and V is as in
the previous section. Omitting from here on gauge fields W, and charged matter fields M, the
chiral formulation of the effective Lagrangian is

ﬁeff. = [—%Sogo e=K/3 + Sogok] b
(4.90)

+[S8 e+ a®) + (S + BoT + 7BoS)U + GEH{U (U ) ~ UY] |

The Kéhler potential K is as in eqs. (4.49) and (4.52), with full mixing of multiplets S, T" and
S. To derive the non-perturbative effective potential, neglect K.26 The field equation of the

2Disregarding the Kahler potential K is the same as considering U as a constant background field with value
chosen to extremize the action.
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condensate field U implies then

872 PP
U= ———[S+ BT + S>EL{, 4.91
p” exp ( C(go)[ BoT + 73S (4.91)
and the effective superpotential becomes
C(Go) ,, o
3 3
Whp =c+all” — 592 us,”. (4.92)

This superpotential is the sum of the ‘microscopic’ superpotential and the non-perturbative
contribution of the gauge condensate. The non-perturbative contribution is the exponential of
the sum of the string coupling, Calabi-Yau volume and five-brane moduli contributions. With
several condensates, the non-perturbative piece would be replaced by a sum of similar terms
over all gauge simple factors which condense.

To get a qualitative picture of the effect of the five-brane, use eqs. (4.75) and (4.74) to
rewrite the condensate as a function of the five-brane position along S', assuming first that the
condensate arises on the hyperplane at y = 0:

7.(.2
Ulust pane = |1f* exp (~y [Re S + o Re T{§(Z1) — §(Za) + fa — La}|)
(4.93)
— 3 __ 8n?
- ’:U” exp ( C(g@g%) .
If the condensate arises on the hyperplane at y =
2
|U|2nd plane = |1u|3 exp (_C(%O)g%)
(4.94)

= |U|1st plane X €XP <Cf1(7(_r;20) (4171;??;2 [(Il> - <I2> + a(l - 2%):|) :

The non-perturbative superpotential (4.92) and the condensates (4.93) and (4.94) display
the dependence on the five-brane location on S* expected from explicit calculations of membrane
instanton corrections in the four-dimensional effective theory [193, 183, 182]. We have obtained
this dependence from the analysis of the fundamental Bianchi identity of M-theory and from the
(modified) topological term, showing in this way that open membrane instanton contributions
find their higher-dimensional origin in anomaly-cancellation in the presence of five-branes.

This observation has a second consequence. The non-perturbative superpotential is not a sum
of exponential terms generated by gaugino condensates and membrane instantons, a structure
which is not in any case expected to appear in the effective supergravity. Instead, we find a
non-perturbative term which is the exponential of a sum of terms linear in the chiral fields,
a structure characteristic of threshold corrections induced by anomaly-cancellation in higher
dimensions.

In our reduction scheme, the “microscopic” superpotential ¢ + aM3 is moduli-independent.
It is however known that T-duality induces a holomorphic dependence on T compatible with our
supermultiplet structure as described in Lagrangian (4.86). The existence of dual descriptions
of moduli S and S in terms of constrained vector multiplets V and V or in terms of linear
multiplets L and L implies that the “microscopic” superpotential cannot depend on S or S.

4.5.1 The scalar potential

Because of the mixing of the three moduli multiplets S, 7' and S in the Kéhler metric, the scalar
potential present in the component expansion of the effective Lagrangian (4.86) is not positive
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and analysing its vacuum structure is a severe problem. This mixing is due to the kinetic terms
of the five-brane massless modes, it is unavoidable whenever five-branes, and then whenever S ,
are present.

We may however gain insight by deriving the scalar potential directly in terms of the com-
ponents of the constrained vector multiplets. This version of the theory is indeed more tractable
than the chiral one since the mixing of moduli fields is simpler. The relevant multiplets are then
T, V, V for the moduli and U for the condensate. Charged matter terms are as before omitted
since we are interested in vacua where they vanish. In the Einstein frame (4.58), the relation
between the dilaton (4.61) and the lowest scalar component C of V is

1

(‘0 =
and the scalar potential is eventually expressed in terms of the physical dilaton. As explained in
eqs. (4.88), eliminating S with Q, omitted generates the modified Bianchi identity U = —8%(V'),
where V' is the vector field describing L — 2Q¢|conq.. To derive the potential, we only need the
scalar components of V' and U,

V:(C,O,H,K,0,0,d), U:(U,O,fU),
(4.96)
w = —A(H — iK), fu = 4d.

Since a non-zero condensate u also switches on the field H — iK of the dilaton multiplet V,
the gaugino condensate clearly breaks supersymmetry in this sector, as expected in a theory
where the dilaton couples to gauge fields. Eliminating S defines the five-brane (effective) linear
multiplet VV = Lo — 2ﬁ0V and, since linear multiplets do not have auxiliary fields, we may
simply write

Lo = (CC +26,C,0,0,0,0,0,0),

in terms of the lowest scalar component C of V, when deriving the scalar potential. The resulting
scalar potential is then a function of the physical scalars C' (the dilaton, see. eq. 4.95), the S!/Z,
modulus C' =y /(27k), the Calabi-Yau volume modulus T" and the gaugino condensate u. It is
also a function of the auxiliary fields d, fr and fy (in the compensating multiplet Sy) which can
be easily eliminated.

The Kéhler potential K generates a term quadratic in d. We will write the scalar potential
by restricting K to its leading term [242]

K(US;3, TS, %) S8 = AUT)3, (4.97)

with an arbitrary normalisation constant A > 0. The scalar potential as a function of d, C, C ,
T and u reads then:

32

Vepg. = —5 Aluu)” 2342 — Bd
uwu (3 1 —
+@ [24 20+T(C+2ﬁ0) (T+T)}
20 |, (T+T 3/212 (4.98)
——¢ —2|W + -kju
(T +T) 8 2620
— — 2
(C+T)?*|., 3 15 (C+T)%2 Y
Hg e W - W et e (50+T[c +4BOC]> .
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The first two terms arise respectively from the condensate Kéhler potential term [S ogol? Ip =
A[(UT)Y?]p and from the condensate F-density

1 AA bo 3
vl = [L(S + 60T 0wt -]
Weonalp = [3(5 + 60T + 768U + 5 (U (/i) ~ UY]
The coefficient B relates the gaugino condensate field u and the gauge coupling g3, as defined
in eq. (4.62):

2 bo uu 0
B=—=+—hh|—|= —Weond. - 4.
98+247T2 n<,u6> 8Re 5u d (4.99)
The standard field-theory value of the condensate,
2472
lu| = pexp <— 7T2 ) , (4.100)
bogo

is obtained if B = 0 is part of the scalar potential vacuum equations.

In eq. (4.98), the second line is proportional to |H — iK|? and the fourth line to |fr|?, and
we have included the possibility of a T—dependent perturbative superpotential, as often implied
by T—duality, even if our reduction scheme predicts Wy = %—V}/ = 0. The dependence of the
potential on the five-brane position C' = y/(2mk) is best understood by defining the distance A,
from the brane to the condensate:

For a condensate on plane 1: A, =y/m =2k C.
(4.101)
For a condensate on plane 2: A.=1—-y/mn=1-2xC.

Using then the values of the threshold coefficients found in eqs. (4.67) and (4.69), we find in
both cases:

o) 5 A1 —  plel) T 2 1
fo+7IC? +45C) = B+ 51— 207 - 5.
(4.102)
A - 1
C+260)? = —(1-A)%
(C+260) = 51— A
These results agree with the dependence on the five-brane location found in gauge couplings

(4.73).

At this stage, we have two options. We may neglect the Kéhler potential K and assume
A = 0. Then, the auxiliary field d imposes the field equation B = 0 and the correct value
of the gaugino condensate. This procedure is equivalent to the derivation of the effective non-
perturbative superpotential (4.92). The field equation B = 0 allows to eliminate u and to express
the effective potential, which does not include the first line in expression (4.98), as a function of
the moduli scalars C, C' and T only. B

Instead, with a non-zero Kéhler potential K (i.e. with A > 0), solving for the auxiliary d
turns the first two terms of the scalar potential (4.98) into

9 B? 2/3
— = (um)?/3, 4.103
TR (4.103)
and a generic (non supersymmetric) stationary point of the potential does not necessarily lead
to B = 0 and to the standard gaugino condensate (4.100). But since B appears quadratically
in the potential, the same stationary points with B = 0 would exist in both cases A = 0 and
A > 0. Notice that the condensate term (4.103) can also be written

1 ~

S (K™ (Re 0

2
0y AT
ou cond.)7 (uu)
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This is the potential term due to the auxiliary field f, of the condensate chiral superfield U,
with non-standard Weyl weight w = 3. The imaginary part of %and. does not contribute to
the potential because of the constraint U = —8%(V) [61, 62].

A complete analysis of the stationary values of the scalar potential (4.98) cannot be performed
analytically. In the absence of five-branes, the potential can be written in the form

V= LR (Re W )+ 5 [R2CPS5I? + 300+ T) 2 2] — K,
U Ky Ky

in terms of the Kéhler potential K = —In(S+S) —31In(7T+T) with diagonal metric. A relatively
simple study of the stationary points of the potential with for instance B = 0 can be performed
as a function of the auxiliary fields fg and fr of the chiral dilaton S and the volume modulus
T respectively.

But the introduction of the five-brane mode leads to mixings of the chiral superfields. For
instance, according to the second superfield eq. (4.60), the auxiliary field in the chiral dilaton
multiplet S reads

_ _ 7\ 3/2
fs = mteaioy Ty W (B0)"
(4.104)
+7 [C2fr = H(T + TY(C +250C) 265C) 3]

The second term is due to the five-brane and it involves the auxiliary field fr, which is propor-
tional to the last line in the potential (4.98). Similarly, the auxiliary component of the five-brane
multiplet S is

fo=ACfr — (T +T)(C + 260)(263C) k3T (4.105)

Mixings of the auxiliary fields then arise whenever C' # 0, i.e. whenever the five-brane does not
lie on the fixed hyperplane at y = 0.

4.6 Conclusion

In this paper, we have studied the Calabi-Yau reduction of the low-energy limit of M-theory on
the interval S'/Z,, with five-branes aligned to preserve four supercharges. We have used a fully
consistent, four-dimensional supergravity and superfield setup and included the modulus field
describing five-brane fluctuations in the interval direction. The gauge anomaly-cancelling topo-
logical term is modified as a consequence of the five-brane contributions to M-theory Bianchi
identities. We have derived the new four-dimensional interactions induced by these five-brane
modifications and shown that they lead to new gauge threshold corrections with a calculable
dependence on the five-brane position along S'. In particular, these threshold corrections fit
nicely the change in the instanton number expected when a five-brane is moved onto one of the
fixed hyperplanes. Of course, when gauge condensation occurs, these threshold corrections ex-
plicitly appear in the effective non-perturbative superpotential, with an exponential dependence
of the five-brane location.

The same five-brane-dependent contributions to the non-perturbative superpotential can be
obtained from a different perspective. It is expected that open membranes wrapping a two-cycle
in the Calabi-Yau threefold and extending from a five-brane to a ten-dimensional hyperplane
generate, in the four-dimensional effective field theory, instanton-like contributions. Instanton
calculus allows to explicitly compute these instanton corrections and the resulting contributions
to the non-perturbative effective superpotential. Strictly speaking however, instanton calculus
only applies in specific limits, which in the case under scrutiny restricts the understanding of the
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global structure of the superpotential and of the interplay of the various moduli fields. It is pre-
cisely here that our effective supergravity Lagrangian, as derived from M-theory, adds important
new information. In particular, since membrane instanton corrections actually originate from
threshold corrections related to ten-dimensional anomaly cancellation, the non-perturbative su-
perpotential is the exponential of a sum of terms linear in moduli chiral fields.

4.7 Appendix: conventions and notations

Our conventions are as in refs. [44] and [43]. We use the upstairs picture My x K¢ x S*/Z5, where
the S' coordinate is 2'° = yR, with a (27)-periodic angular variable y. We use —7 <y < 7
when explicit values are needed because of the natural action of Z5 in this interval. Our indices
convention for the My x Kg x S'/Z5 reduction is

oM = (2, yR) = (2", 2, 7" yR), M =0,...,10, A=0,...,9, i,k=12,3.

For bulk moduli, we use the terminology familiar from string compactifications: the moduli
s = Re S and t = ReT with Kéhler potential (4.25) are respectively related to the dilaton (or
string coupling) and to the Calabi-Yau volume. This convention follows from the metric

ds%l = 6_245/391(412) da?dz? + e4¢/3dy2 , (4.106)

which defines the string frame and the string coupling e 2% with R = ¢2#/3, together with

gf;g) dzAda® = G dxt'dx” + Vl/35i5 dzidz (4.107)

which defines the Calabi-Yau volume. Rescaling g,, to the four-dimensional Einstein frame
leads to o
dst) = €' [V, detda? + dy?] + e *0PV36;5 d2'd2 (4.108)

Comparison with the standard eleven-dimensional metric used to diagonalize kinetic terms in
the four-dimensional N' = 1 supergravity Lagrangian,

ds?, = s72/3 [t g, datda” + t2dy?) + 51/351-5 dz'd? (4.109)
leads to the identifications
(ReT)® =V, ReS=Ve 2, (4.110)

Hence, t is the volume modulus while s is the dilaton or string coupling modulus.
The terminology often used in the context of M-theory defines instead another Calabi-Yau
volume V' in units specified by the metric (4.108), with then

V=Ve?=ReS, (ReT)? = Ve* = VR

It seemingly exchanges the respective roles of the bulk moduli.

In order to avoid duplication of contributions due to Zs periodicity, our eleven-dimensional
supergravity action and Green-Schwarz terms are multiplied by 1/2 with respect to standard
conventions in use for Miq:

1 1 1 15
= —_|eR—= - 2 X 4111
Lc.gs. +La.s 12 e 5 Ga N Gy 603 NGy A G4} 1 Gy N X7, ( )
with membrane tension Tp = 2 (4wk?)~1/3, and
dX7 = X L 1lor - L p2y (4.112)
=Xs=—=— |=tr R* — —(tr . .
T8 (2341 |8 32
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To respect Zs symmetry, we assume that a five-brane with world-volume located at some
yo has a Zo—mirror at —yg. The Dirac distribution transverse to its world-volume My C Wy C
My x Kg is then defined by the condition

/ I A 6O (We) = 2 / Is (4.113)
M4XK6XS1/ZQ We
for any 6-form Ig, since it takes both copies into account.

The membrane and five-brane tensions T5 and T5 are related by the Dirac-Zwanziger quan-

tization condition

2k°TyT5 = 2
and also by [90]
(T2)2 == 27TT5.
We then express all constants in terms of x2, with
2
(4mr2)V/3 = % = 2K2T5. (4.114)

With these conventions, the Bianchi identity is

A7 (1 5
dG, = T (5 Zl:qj 5O We.p) — Zi:&ih’i) , (4.115)

where the index I labels the Zs—symmetric pairs of five-branes and the charge ¢; is +1 for a
five-brane, —1 for an anti-five-brane.

One subtlety when integrating the Bianchi identity is that one cannot find a Zs—odd function
e(y) such that de = §(y — yo)dy. As in ref. [43], we then use y,yo €] — 7, 7] and

_ N YW _ o1
€yo(y) = 580y = y0) = ———, dey, (y) = (25(y Yo) 7T)cl:%
1
a1(y) = coly) = sen (y) — 7. dey(y) = 20, = —dy, (4.116)
Yy—7 1
e1(y) = ex(y) =sgn(y —7m) — ——, dea(y) = 202 — —dy.
The sign function is
sgn (r) = ’:—‘ it r#0, sgn (0) = 0, sgn (r) = —sgn (—r). (4.117)
With this definition, €; and ey are odd functions while €,,(—y) = —e_,,(y). The function
2
€yo (Y) + €—yo(y) = sgn (¥ — yo) +sgn (y + o) — ?y (4.118)
(0 < yo < m) is then odd with
2dy
dley, (y) + €40 (y)] = 2<5(y —y0) +0(y + yo))dy - (4.119)

This function is useful to insert five-brane sources in the Bianchi identity. Since the five-brane
world-volumes W  are of the form My x Cy (C2 a holomorphic cycle in Kg), We 1 is located at
y = yr with a “Zy—mirror five-brane” at —y;. We then use

6O Wer) = (8 — 1) + 6y + 1) ) dy 7 6@ W),
(4.120)
d([EyI () + €=y, ()] 69 (WG,I)) =250)(We 1) — % dy A 5@ (We. 1),

to integrate five-brane contributions to the Bianchi identity.
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Part 111

Orbifolds of M-theory and ¢y
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Introduction

In this last part of the thesis, we want to adress the question of what the underlining symmetries
of M-theory could be. String theories are known to enjoy duality transformations which map
one theory to another theory (such as T-duality), or relate the weakly-coupled sector to the
strongly-coupled sector of the same or of another theory. Taking the example of T-duality,
which, performed once, maps type IIA theory compactified on a circle to type IIB on the
circle with inverse radius, we see that an even number of T-duality transformation becomes
a symmetry of type II theories, and of their M-theory extension. So while string dualities
constitute a rephrasing of the same physics in different languages, the study of symmetries may
prove useful in a better understanding of M-theory.

Hidden symmetries in toroidally compactified maximal supergravity theories have been
known for a long time, since the foundating works of Cremmer and Julia [77, 75, 76, 155, 152].
In particular, the bosonic part of 11D supergravity compactified on 71 =P for 10 > D > 3 was
shown to possess a continuous non-compact E1;_pj1q— p(R) global symmetry, provided all RR~
and NS-NS fields are dualized to scalars whenever possible [79, 80]. This series of exceptional
groups also appear as symmetries of the action of classical type IIA supergravity compactified
on T19~P and the BPS states of the compactified theory turn out to arrange into multiplets of
the Weyl group of Ey;_pj11—p(R) [186]. From the point of view of perturbative type ITA string
theory, this continuous symmetry does not preserve the weak coupling regime in g, and is thus
expected to be broken by quantum effects. Nevertheless, the authors of [149] have advocated
that a discrete version thereof, namely Ey;_pj1;—p(Z) remains as an exact quantum symmetry
of both 11D supergravity and type II theories, and thus might provide a guideline for a better
understanding of M-theory.

This exceptional series of arithmetic groups can alternatively be obtained as the closure of
the T-duality symmetry of ITA theory compactified on 719" namely SO(10 — D, 10 — D, Z),
with the discrete modular group of the (11 — D)-torus of M-theory, namely SL(11 — D,Z). The
T-duality symmetry SO(10— D, 10— D, Z) is an exact symmetry of the conformal theory, and is
thus valid at every order of perturbation theory. As for the SL(11— D, Z) symmetry of the torus,
it turns in D = 9, into the expected S-duality symmetry of type IIB string theory, which acts
as a modular transformation on the complex parameter 7 = Cy +ie~?, with Cj the expectation
value of the scalar of the theory, and ¢ the dilaton. Under this transformation, in addition,
the NS three-form, Hs, and the Ramond one, F3, transform as a doublet (Hs, F3). Again, the
supergravity theory is invariant under the continuous group SL(2,R), which is broken, in the
quantum regime, to its discrete subgroup SL(2,7Z), due to the existence of the fundamental
string, charged under this symmetry. One is then led to conjecture the existence of a solitonic
string multiplet with integer charges (p,q) with respect to the fields (Hs, F3), and to suppose a
non-perturbative extension of type IIB superstring theory. In the massless limit, these charged
states are absent, and we recover the continuous symmetry of the low-energy supergravity.

Moreover, this continuous hidden symmetry also appears in the global SO(6,22,R) x
SL(2,R) symmetry of the low energy effective supergravity of the heterotic string compacti-
fied on T. For reasons similar as before, this semi-simple group is conjectured to extend, in its
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discrete version, to a full symmetry of the quantum theory. Thus, both the heterotic and IIB
string theories share, although at different levels of compactification, an S-duality transforma-
tion which acts on the dilaton and axion fields, and in particular interchanges strong and weak
coupling regimes, mapping perturbative to non-perturbative effects, and vice versa.

Such hidden symmetries appear in several cases and combine with T-duality symmetry to
form a larger group, called the U-duality group, acting in the conjectured non-perturbative
extension of the known string theories and relating different theories via field redefinitions.

In this perspective, the global Ey;_pj11-p(Z) can be regarded as a unifying group encoding
both a target-space symmetry, which relates apparently different string backgrounds endowed
with isometries, and a rigid symmetry of the maximally symmetric space of compactification
which naturally contains a non-perturbative symmetry of type IIB string theory (which is also
shared by the heterotic string compactified to four dimensions).

Furthermore, this U-duality symmetry has been conjectured to extend to the moduli space
of M-theory compactified on T''~P for 10 > D > 3. In particular, it was shown in [204] how to
retrieve exact R* and R*H*9~* corrections as well as topological couplings [205], from M-theory
E1i-ppi-p (Z)-invariant mass formulae.

In D = 2,1, the dualization procedure mentioned above is not enough to derive the full
U-duality symmetry, which has been conjectured, already some time ago [153, 154, 156] to be
described by the Kac-Moody affine ¢g1g and hyperbolic eyg|1¢ split forms, that are characterized
by an infinite number of positive (real) and negative/null (imaginary) norm roots. In a more
recent perspective, ejg19 and the split form of e;; have been more generally put forward as
symmetries of the uncompactified 11D, type II and type I supergravity theories, and possibly
as a fundamental symmetry of M-theory itself, containing the whole chain of Cremmer-Julia
split algebras, and hinting at the possibility that M-theory might prove intrinsically algebraic
in nature.

Along this line, [84] have proposed a tantalizing correspondence between 11D supergravity
(composite) operators at a given point close to a spacelike singularity and the coordinates of a
one-parameter sigma-model based on the coset ejoj19/€(¢10/10) and describing the dynamics of a
hyperbolic cosmological billiard. In particular, a class of real roots of ey have been identified,
using a BKL expansion [24, 25], as multiple gradients of 11D supergravity fields reproducing the
truncated equations of motion of the theory. More recently [87], imaginary roots were shown to
correspond to 8th order R™(DF)™ type M-theory corrections to the classical 11D supergravity
action.
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Chapter 5

Hidden Borcherds symmetries in 7,
orbifolds of M-theory and
magnetized D-branes in type 0’
orientifolds

This chapter is based on the publication [13] which is a first step in the study of the behaviour
of the infinite dimensional U-duality symmetry ejgj19 on singular backgrounds. More precisely,
the present chapter concentrates on the study of the residual U-duality symmetry that survives
the orbifold projection and the way the shift vectors defining the orbifold action are related to
the extended objects necessary for the theory to reduce to a well-defined string theory.

In [55], an algebraic analysis of a certain class of orbifolds of M-theory has already been
carried out in a compact version of the setup of [84]. Their work is based on a previous investi-
gation of the relation between the moduli space of M-theory in the neighbourhood of a spacelike
singularity and its possible hyperbolic billiard description [17]. For their analysis, these authors
took advantage of a previous work [56] which helped establishing a dictionary between null roots
of ¢19 and certain Minkowskian branes and other objects of M-theory on T19. Let us briefly
recall this correspondence.

In [205, 202, 203], a systematic description of the relation between a subset of the positive
roots of Ey;_pj11—p and BPS objects in type II string theories and M-theory has been given.
In particular, they were shown to contribute to instanton corrections to the low-energy effective
theory. In D = 1, this suggests a correspondence between certain positive real roots of e1y and
extended objects of M-theory totally wrapped in the compact space (such as Euclidean Kaluza-
Klein particles, Euclidean M2 and M5-branes, and Kaluza-Klein monopoles). In the hyperbolic
billiard approach to the moduli space of M-theory near a cosmological singularity, these real roots
appear in exponential terms in the low-energy effective Hamiltonian of the theory [86, 87]. Such
contributions behave as sharp wall potentials in the BKL limit, interrupting and reflecting the
otherwise free-moving Kasner metric evolution. The latter can be represented mathematically
by the inertial dynamics of a vector in the Cartan subalgebra of e19 undergoing Weyl-reflections
when it reaches the boundary of a Weyl chamber. In the low energy 11D supergravity limit, these
sharp walls terms can be regarded as fluxes, which are changed by integer amounts by instanton
effects. This description, however, is valid only in a regime where all compactification radii can
all become simultaneously larger than the Planck length. In this case, the corresponding subset
of positive real roots of ejy can safely be related to instanton effect. As shown in [17], the regions
of the moduli space of M-theory where this holds true are bounded by the (approximate) Kasner
solution mentioned above. A proper description of these regions calls for a modification of the
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Kasner evolution by introducing matter, which leads to a (possibly) non-chaotic behaviour of the
system at late time (or large volume). The main contribution of [56] was to give evidence that
these matter contributions have a natural description in terms of imaginary roots of e19. More
precisely, these authors have shown that extended objects such as Minkowskian Kaluza-Klein
particles, M2-branes, M5-branes, and Kaluza-Klein monopoles (KK7M-branes) can be related to
prime isotropic imaginary roots of ¢1g that, interestingly enough, are all Weyl-equivalent. These
results, although derived in a compact setting, are amenable to the non-compact case [84, 87].

Ref.[55] only considers a certain class of orbifolds of M-theory, namely: 709 x T/Z,
for g = 1,4,5,8,9. After orbifold projection, the residual U-duality algebra gi,, describing the
untwisted sectors of all these orbifolds was shown to possess a root lattice isomorphic to the root
lattice of the over-extended hyperbolic deqo algebra. However, a careful root-space analysis
led the authors to the conclusion that gi,, was actually bigger than its hyperbolic counterpart,
and contained dejg1g as a proper subalgebra. Furthermore, in the absence of flux, anomaly
cancellation in such orbifolds of M-theory is known to require the insertion of 16 M(10 — ¢)-
branes, for ¢ = 5,8, Kaluza-Klein particles/monopoles or other BPS objects (the S'/Zs has to
be treated from a type IA point of view, where 16 D8-branes are required to compensate the
charges of the two O8-planes) extending in the directions transverse to the orbifold [249, 88]. In
[55], such brane configurations were shown to be nicely incorporated in the algebraic realization
of the corresponding orbifolds. It was proven that the root lattice automorphism reproducing
the Zs action on the metric and the three-form field of the low effective M-theory action could
always be rephrased in terms of a prime isotropic root, playing the role of the orbifold shift vector
and describing precisely the transverse Minkowskian brane required for anomaly cancellation.

This construction in terms of automorphisms of the root lattice is however limited to the Zo
case, where, in particular, the diagonal components of the metric play no role. In order to treat
the general Z, o orbifold case, we are in need of a more elaborate algebraic approach, which
operates directly at the level of the generators of the algebra. In this regard, the works of Kac
and Peterson on the classification of finite order automorphisms of Lie algebras, have inspired
a now standard procedure [163, 164, 66] to determine the residual invariant subalgebra of a
given finite dimensional Lie algebras, under a certain orbifold projection. This has in particular
been used to study systematically the breaking patterns of the Fg x Eg gauge symmetry of the
heterotic string [164, 118]. The method is based on choosing an eigenbasis in which the orbifold
charge operator can be rephrased as a Cartan preserving automorphism Ade%TﬂHA, where A is
an element of the weight lattice having scalar product (A|fg) < n with the highest root of the
algebra Og, and Hy is its corresponding Cartan element. The shift vector A then determines
by a standard procedure the invariant subalgebra gi,, for all Z, projections. However, the
dimensionality and the precise set of charges of the orbifold have to be established by other
means. This is in particular necessary to isolate possible degenerate cases. Finally, this method
relies on the use of extended (not affine) Dynkin diagrams, and it is not yet known how it can
be generalized to affine and hyperbolic Kac-Moody algebras.

Here we adopt a novel point of view based on the observation that the action of an orbifold
on the symmetry group of any theory that possesses at least global Lorentz symmetry can
be represented by the rigid action of a formal rotation operator in any orbifolded plane. In
algebraic terms, the orbifold charge operator will be represented by a non-Cartan preserving,
finite-order automorphism acting on the appropriate complex combinations of generators. These
combinations are the components of tensors in the complex basis of the orbifolded torus which
diagonalize the automorphism. Thus, they reproduce the precise mapping between orbifolded
generators in 210|10/E(610|10) and charged states in the moduli space of M-theory on T'9. It
also enables one to keep track of the reality properties of the invariant subalgebra, provided we
work with a Cartan decomposition of the original U-duality algebra. This is one reason which
prompted us to choose the symmetric gauge (in contrast to the triangular Twasawa gauge) to
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parametrize the physical fields of the theory. For this gauge choice, the orbifold charge operator
is expressible as HaEA+ Ade%(Ea_Fa), for By — Fo € E(eq0)10), and Ay a set of positive roots
reproducing the correct orbifold charges {Q,}. The fixed point subalgebra giyy is then obtained
by truncating to the @), = kn sector, k € Z.

This method is general and can in principle be applied to the U-duality symmetry of any
orbifolded supergravities and their M-theory generalization. In this paper, we will restrict our-
selves to the gV = eq;_ pj11—p U-duality chain for 8 < D < 1. We will also limit our detailed
study to a few illustrative examples of orbifolds, namely: TP~ x T9/7Z, .5 for ¢ = 2,4,6
and TP~ x T9/7, for ¢ = 1,...,9. In the Zo case, we recover, for ¢ = 1,4,5,8,9, the
results of [55]. In the other cases, the results are original and lead, for D = 1, to several ex-
amples where we conjecture that gi,, is obtained by modding out either a Borcherds algebra or
an indefinite (not affine) Kac-Moody algebra, by its centres and derivations. As a first check
of this conjecture, we study in detail the T8 x T?/Z,, case, and verify its validity up to level
[ = 6, investigating with care the splitting of the multiplicities of the original ey roots under the
orbifold projection. We also show that the remaining cases can be treated in a similar fashion.
From a different perspective [138, 139], truncated real super-Borcherds algebras have been shown
to arise already as more general symmetries of various supergravities expressed in the doubled
formalism and compactified on square tori to D = 3. Our work, on the other hand, gives other
explicit examples of how Borcherds algebras may appear as the fixed-point subalgebras of a
hyperbolic Kac-Moody algebra under a finite-order automorphism.

Subsequently, we engineer the relation between our orbifolding procedure which relies on
finite order non-Cartan preserving automorphism, and the formalism of Kac-Peterson [161]. We
first show that there is a new primed basis of the algebra in which one can derive a class of
shift vectors for each orbifold we have considered. Then, we prove that these vectors are, for
a given n, conjugate to the shift vector expected from the Kac-Peterson formalism. We show
furthermore that, in the primed basis, every such class contains a positive root of e1g, which can
serve as class representative. This root has the form A/ + nd’ , where ¢ is in the same orbit as
the null root ¢ of eg under the Weyl group of SL(10), and is minimal, in the sense that A/ is
the minimal weight leading to the required set of orbifold charges. We then list all such class
representatives for all orbifolds of the type T /Z,,, X --- x T /Z,, ~with Y " ¢; < 10, where
the Zj, actions act independently on each 7% subtori.

In particular, for the T19=9 x T9/7Zy orbifolds of M-theory with ¢ = 2,3,6,7 that were not
considered in [55], we find that a consistent physical interpretation requires to consider them
in the bosonic M-theory that descend to type OA strings. In such cases, we find class repre-
sentatives that are either positive real roots of ey, or positive non-isotropic imaginary roots of
norm —2. We then show that these roots are related to the twisted sectors of some particular
non-supersymmetric type 0’ orientifolds carrying magnetic fluxes. Performing the reduction to
type OA theory and T-dualizing appropriately, we actually find that these roots of e19 descend
to magnetized D9-branes in type 0’ orientifolds carrying (27)~[4/2 JTxF A .. AF units of flux.

la/2]
This gives a partial characterization of open strings twisted sectors in non-supersymmetric ori-
entifolds in terms of roots of e13. Moreover, the fact that these roots can be identified with
Minkowskian D-branes even though none of them is prime isotropic, calls for a more general
algebraic characterization of Minkowskian objects than the one propounded in [55]. A new
proposal supported by evidence from the Z,~5 case will be presented in Section 5.9.2.

More precisely, the orbifolds of M-theory mentioned above descend to orientifolds of type
0A string theory by reducing on one direction of the orbifolded torus for g even, and on one
direction outside the torus for ¢ odd. T-dualizing to type 0B, we find cases similar to those
studied in [46, 45], where specific configurations of D-branes and D’-branes were used to cancel
the two 10-form RR tadpoles. Here, in contrast, we consider a configuration in which the branes
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are tilted with respect to the orientifold planes in the OA theory. This setup is T-dual to a type
0’ orientifold with magnetic fluxes coupling to the electric charge of a D(10— ¢)-brane embedded
in the space-filling D9-branes in the spirit of [47, 48]. In this perspective, the aforementioned
roots of e;g which determine the Zo action also possess a dual description in terms of tilted
D-branes of type 0A string theory. In the original 11-dimensional setting, these roots are related
to exotic objects of M-theory and thereby provide a proposal for the M-theory origin of such
configurations.

Finally, we will also comment on the structure of the ¢y roots that appear as class represen-
tatives for shift vectors of Z,, orbifolds of M-theory, and hint at the kind of flux configurations
these roots could be associated to.

5.1 Generalized Kac-Moody algebras

In this section, we introduce recent mathematical constructions from the theory of infinite-
dimensional Lie algebras. Indeed, it is well-known in Lie theory that fixed-point subalgebras
of infinite-dimensional Lie algebras under certain algebra automorphisms are often interesting
mathematical objects in their own right and might have quite different properties. Of particular
interest here is the fact that fixed-point subalgebras of Kac-Moody algebras are not necessarily
Kac-Moody algebras, but can belong to various more general classes of algebras like extended
affine Lie algebras [5, 4, 3], generalized Kac-Moody algebras [50, 51, 52|, Slodowy intersection
matrices [224] or Berman’s generalized intersection matrices [38]. Indeed, invariant U-duality
symmetry subalgebras for orbifolds of M-theory are precisely fixed-point subalgebras under a
finite-order automorphism and can be expected (at least in the hyperbolic and Lorentzian cases)
to yield algebras that are beyond the realm of Kac-Moody algebras.

5.1.1 Central extensions of Borcherds algebras

Since they are particularly relevant to our results, we will focus here on the so-called generalized
Kac-Moody algebras, or GKMAs for short, introduced by Borcherds in [50] to extend the Kac-
Moody algebras construction to infinite-dimensional algebras with imaginary simple roots. We
define here a number of facts and notations about infinite-dimensional Lie algebras which we
will need in the rest of the paper, starting from very general considerations and then moving to
more particular properties. This will eventually prompt us to refine the approach to GKMAs
with a degenerate Cartan matrix, by providing, in particular, a rigorous definition of how scaling
operators should by introduced in this case in accordance with the general definition of GKMAs
(see for instance Definitions 5.1.3 and 5.1.4 below). This has usually been overlooked in the
literature, but turns out to be crucial for our analysis of fixed point subalgebras of infinite
KMASs under a finite order automorphism, which occur, as we will see, as hidden symmetries of
the untwisted sector of M-theory under a given orbifold.

In this perspective, we start by defining the necessary algebraic tools. Let g be a (pos-
sibly infinite-dimensional) Lie algebra possessing a Cartan subalgebra b (a complex nilpotent
subalgebra equal to its normalizer) which is splittable, in other words, the action of adH on g
is trigonalizable VH € h. The derived subalgebra g’ = [g, g] possesses an r-dimensional Car-
tan subalgebra h’ = g’ N bh spanned by the basis IIV = {H,};cs, with indices valued in the set
I={i1,...ir}.

We denote by h™ the space dual to h’. It has a basis formed by r linear functionals (or
1-forms) on b’, the simple roots of g: II = {a;}ic;. Suppose we can define an indefinite scalar
product: (a;|a;) = a;; for some real r x r matrix a, then:
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Definition 5.1.1 The matrix a is called a generalized symmetrized Cartan matrix, if it satisfies
the conditions:

i) aij = aji,Vi,j el.
ii) a has no zero column.
ili) a;; <0, for i # j and Vi,j € I.

if a; #0 : 2%
if aii # wi e forijandVi,jel
lfaii:()l Qg

iv)
From integer linear combinations of simple roots, one constructs the root lattice Q =
> icr Lo The scalar product (|) is then extended by linearity to the whole @ C h"™. Further-
more, by defining fundamental weights {A"};es satisfying (A'|a;) = 6%, Vi, j € I, we introduce
a duality relation with respect to the root scalar product. Then, from the set {A’};c; we define
the lattice of integral weights P =3, ; ZA' dual to @, such that Q C P.
Let us introduce the duality isomorphism v: b’ — b'* defined by

2.9 if gy £0.
V(Hi):{ o] a0 (5.1)

(673 ,if(lii:(),

We may now promote the scalar product (a;|e;) = a;j to a symmetric bilinear form B on b’
through:
bij = B(H;, Hj) = (v(Hi)|v(Hj)), Vi,j el

Suppose next that the operation ad(H) is diagonalizable VH € b, from which we define the
following:

Definition 5.1.2 We call root space an eigenspace of ad(H) defined as
go ={X €glad(H)X = o(H)X, VH € b} (5.2)

which defines the root system of g as A(g,h) = {a # 0|go # {0}}, depending on the choice of
basis for b.

The multiplicities attached to a root « € A(g, h) are then given by m, = dimg,. As usual,
the root system splits into a positive root system and a negative root system. The positive root
system is defined as

Ay(g,h) = {a € A(g,b)|a=Y njag,with n; € N, Vi € I}
1€l
and the negative root one as A_(g,h) = —A(g,h), so that A(g,h) = A, (g,h) UA_(g,h). We
call ht(a) = .., n’ the height of a. From now on, we shall write A = A(g,h) for economy,
and restore the full notation A(g, h) or partial notation A(g) when needed.

Finally, since (a]ar) is bounded above on A, « is called real if (a|a) > 0, isotropic imaginary
if (aJar) = 0 and (non-isotropic) imaginary if (a|a) < 0. Real roots always have multiplicity
one, as is the case for finite-dimensional semi-simple Lie algebras, while (non-simple) isotropic
roots have a multiplicity equal to rka(g) for some affine subalgebra g C g, while (non-simple)
non-isotropic imaginary roots can have very big multiplicities.

Generalized Kac-Moody algebras are usually defined with all imaginary simple roots of mul-
tiplicity one, as well. One could in principle define a GKMA with simple roots of multiplicities
bigger than one, but then the algebra would not be completely determined by its generalized
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Cartan matrix. In this case, one would need yet another matrix with coefficients specifying
the commutation properties of all generators in the same simple root space. Here, we shall not
consider this possibility further since it will turn out that all fixed point subalgebras we will be
encountering in the framework of orbifold compactification of 11D supergravity and M-theory
possess only isotropic simple roots of multiplicity one.

We now come to specifying the role of central elements and scaling operators in the case of
GKMAs with degenerate generalized Cartan matrix.

Definition 5.1.3 If the matrix a does not have maximal rank, define the centre of g as 3(g) =
{ceh|B(H;,c) =0, Vie I}. In particular, if | = dim 3(g), one can find [ linearly independent
null root lattice vectors {d;}i=1..; (possibly roots, but not necessarily) satisfying (6;|v(H;)) =0,
Vi=1,...,1,Vj € I. One then defines [ linearly independent Cartan generators {d;};=1 . ; with
d; € /b’ thus extending the bilinear form B to the whole Cartan algebra § as follows:

o B(Ci,dj) = 5ij 5 VZ,] = 1, ,l
o B(dl,d]) = 0, VZ,j = 1,..,l.
e B(H,d;)=0,Vi=1,..,l and for H € i/ /Span{c;}i=1,;.

Then, we have rk(a) =r — [ and dimbh =r + L.

This definition univocally fixes the i-th level k; of all roots o € A to be k; = B(v~!(«),
using the decomposition of v»~!(a) on orthogonal subspaces in ' = (h’'/Span{cy,...,c;}
Span{ci} @ --- @ Span{c, }.

We are now ready to define a GKMA by its commutation relations. Definitions of various
levels of generality exist in the literature, but we choose one that is both convenient (though
seemingly complicated) and sufficient for our purpose, neglecting the possibility that [E;, F};] # 0
for i # j (see, for example, [126, 18] for such constructions), but taking into account the
possibility of degenerate Cartan matrices, a generic feature of the type of GKMA we will be
studying later on in this paper.

di),
) ®

Definition 5.1.4 The universal generalized Kac-Moody algebra associated to the Cartan ma-
trix a is the Lie algebra defined by the following commutation relations (Serre-Chevalley basis)
for the simple root generators {E;, F;, H; }icr:

(1) [EZ,F]] = (5in7;, [HZ,H]] = [Hz,dk] =0, Vi,j€l, k=1,.,1.

%Fj, ifa“' 750

E,lfflzﬁ"éo7 [HZ-,F}]Z{ [aii]

(). [Hi,EA:{ CE, . vijel

CLZ']'E]' s if Qi = 0 —CLZ'ij s if Qi = 0

(i), fay >0: (adE) 2B =0, (adFy) 25iF;=0, Vijel.
(iv). Vi,j € I such that a;; <0, a;; <0and a;; =0 : ! [Ei, E;] =0, [Fi, Fj] =0,

(V). 1di; [Ejy, [Egos - Ej -] = kil Ejy, (Bl o, B -]
(i, [Fjys [Fjoy - Fjo )] = =kil s [Fios o F )]
where k; is the ¢ — th level of a = aj, + ... 4+ «;,, as defined above.

Note that there is no a priori limit to the number of times one can commute the generator F; for a; imaginary
with any other generator E; in case ai; # 0.
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Since a generalized Kac-Moody algebra can be graded by its root system as: g =h & EB o

a€A
the indefinite scalar product B can be extended to an ad(g)-invariant bilinear form satisfying:

B(ga,93) = 0 except if a4+ § = 0, which we call the generalized Cartan-Killing form. It can be
fixed uniquely by the normalization

=bij  ifai #0
B(EzaFj) = { (‘S‘lu| J

. Y
ij ; ifa; =0

on generators corresponding to simple roots. Then ad(g)- invariance naturally implies:
B(H,, Hj) = (v(H,)|v(H,).

The GKMA g can be endowed with an antilinear Chevalley involution ¥ ¢ acting as 9¢(ga) =
g-o and Yo(H) = —H , YH € ), whose action on each simple root space go, is defined as as
usual as V¢ (E;) = —F;, Vi € 1. The Chevalley involution extends naturally to the whole algebra
g by linearity, for example:

Jo([Bi Ej]) = [We(E)), Yo (Ey)] = [Fi, Fy]. (5.3)

This leads to the existence of an almost positive-definite contravariant form By, (X,Y) =
—B(9¢(X),Y ). More precisely, it is positive-definite everywhere outside b.
Note that there is another standard normalization, the Cartan-Weyl basis, given by:

Ca; = %Ez ,ifa; #0 7 oo = ‘a_Q‘E ,ifa; #0 :
Ez ,ifaii:() Fz ,ifaii:0
hoo— ‘aéi‘Hi yifa; #0
i HZ s if Qi = 0 ’

and characterized by: B(eq, fo) = 1, Yo € AL (g).
We will not use this normalization here, but we will instead write the Cartan-Weyl relations
in a Chevalley-Serre basis, as follows:

Definition 5.1.5 For all « € A (g) introduce 2m, generators: E2 and Ff, a = 1,..,m,.
Generators corresponding to roots of height +2 are defined as:

Eai—l-aj = Nai,aj [Eiij]a Fai—l—aj = N—ai,—aj [Fu Fj]a Vi,jel,

for a certain choice of structure constants /\/’ai’aj. Then, higher heights generators are defined
recursively in the same way through:

o B5l =) (Nas)®Bois - (5.4)

C

The liberty of choosing the structure constants is of course limited by the anti-commutativity
of the Lie bracket: (N, 3)?, = —(Np)*, and the Jacobi identity, from which we can derive
several relations. Among these, the following identity, valid for finite-dimensional Lie algebras,
will be useful for our purposes:

NoN_a_p=—(p+ 1)2, peN, st. {B—pa,...,0+a} CAg,h).

Note that this relation can be generalized to the infinite-dimensional case if one chooses the
bases of root spaces g, with m, > 1 in a particular way such that there is no need for a sum in
(5.4). Imposing in addition (N, )%, = —(N_q,—5)?, gives sign conventions compatible with

[
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Yo(EL) = —F2, Va € Ai(g),a = 1...,m,, not only for simple roots. In the Serre-Chevalley
normalization, this furthermore ensures that: N, g € Z, Vo, 8 € A. Here lies our essential reason
for sticking to this normalization, and we will follow this convention throughout the paper. In
the particular case of simply-laced semi-simple Lie algebras, we always have p = 0, and we can
choose N3 = *1, Va,3 € A (note, however, that this is not true for infinite-dimensional
simply-laced algebras).

Another important consequence of the Jacobi identity in the finite case, which will turn out
to be useful is the following relation

./\/’a,_g = Nﬁ—a,a Va, 3 € A

5.1.2 Kac-Moody algebras as a special case of GKMA

Standard symmetrized Kac-Moody algebras (KMA) can be recovered from the preceding section
by imposing a;; > 0, Vi € I in all the above definitions. In addition, one usually rephrases
the dual basis II in terms of coroots, by setting o = H;. Their image under the duality

isomorphism reads
2

\/ .
vy )= ———a;, Yiel
( 2) (ai|ai) (] 9
so that instead of the symmetrized Cartan matrix a, one generally resorts to the following
non-symmetric version, defined as a realization of the triple {f, IL, IIV } with IV = {a}’ };er C b*:

2CLij o

Aij = (o ). (5.5)

Qi
where the duality bracket on the RHS represents the standard action of the one-form «; on the
vector «.

The matrix a is then called the symmetrization of the (integer) Cartan matrix A. As a conse-
quence of having introduced [ derivations in Definition 5.1.3, the contravariant form By, (.,.) now
becomes non-degenerate on the whole of g, even in the case of central extensions of multi-loop
algebras, which are the simplest examples of extended affine Lie algebra (EALA, for short).

For the following, we need to introduce the Weyl group of g as

Definition 5.1.6 The Weyl group of g, denoted W (g), is the group generated by all reflections
mapping the root system into itself:

Ta : A(g) - A(g)
ﬁ = ﬁ_<av76>a'

The set {r;,,..,ri, }, where r; = r,, are called the fundamental reflections, is a basis of W (g).
Since r; ! = r_,,, W(g) is indeed a group.

The real roots of any finite Lie algebra or KMA can then be defined as being Weyl conjugate
to a simple root. In other words, o € A(g, ) is real if Jw € W(g) such that « = w(«;) for i € I
and g is a KMA.

A similar formulation exists for imaginary roots of a KMA, which usually turns out to be
useful for determining their multiplicities, namely (see [159]):

Theorem 5.1.1 Let o = Y, ; kjoy; € Q\{0} have compact support on the Dynkin diagram of
g, and set:
K ={al{a),a) <0, VieT},
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Then denoting by A, the set of imaginary roots of g, we have:

Aim(g) = |J w(K).

weW (g)

It follows from Theorem 5.1.1 that, in the affine case, every isotropic root « is Weyl-equivalent
to nd (with 0 = ag + 6 the null root) for some n € Z*, which is another way of showing that
all such roots have multiplicity m, = r. All isotropic roots which are Weyl-equivalent to ¢ are
usually called prime isotropic. Note, finally, that statements similar to Theorem 5.1.1 holds
for non-isotropic imaginary roots of hyperbolic KMAs. For instance, all positive roots with
(a|a) = —2 can in this case be shown to be Weyl-equivalent to A°, the weight dual to the
extended root «.

Intersection matrix algebras are even more general objects that allow for positive non-
diagonal elements in the Cartan matrix. Slodowy intersection matrices allow such positive
diagonal metric elements, while Berman generalized intersection matrices give the most general
framework by allowing imaginary simple roots, as well, as in the case of Borcherds algebras.
Such more complicated algebras will not appear in the situations considered in this paper, but
it is not impossible that they could show up in applications of the same methods to different
situations.

5.1.3 A comment on s[(10) representations in ¢;; and their outer multiplicity

Of particular significance for Kac-Moody algebras beyond the affine case are of course the root
system and the root multiplicities, which are often only partially known. Fortunately, in the
case of e1g, we can rely on the work in [173, 171, 114] to obtain information about a large
number of low-level roots, enough to study Z,, orbifolds up to n = 6. These works rely on
decomposing Lorentzian algebras in representations of a certain finite subalgebra. However, the
set of representations is not exactly isomorphic to the root system (modulo Weyl reflections).
Indeed, the multiplicity of a representation in the decomposition is in general smaller than the
multiplicity of the root corresponding to its highest weight vector. Typically, the m-dimensional
vector space corresponding to a root of (inner) multiplicity m will be split into subspaces of
several representations of the finite subalgebra. Typically, a root o of multiplicity ms > 1 will
appear n,(«) times as the highest weight vector of a representation, plus several times as a
weight of other representations. The number n,(«) is called the outer multiplicity, and can
be 0. For a representation R of g it shall be denoted by a subscript as: R[,,] when needed.
Even though the concept of outer multiplicity is of minor significance for our purpose, it is
important to understand the mapping between the results of [115, 171], based on representation
of finite subalgebras, and ours, which focuses on tensorial representations with definite symmetry
properties.

5.2 Hidden symmetries in M-theory: the setup

As a start, we first review some basic facts about hidden symmetries of 11D supergravity and
ultimately M-theory, ranging from the early non-linear realizations of toroidally compactified
11D supergravity [79, 80] to the conjectured hyperbolic ¢19 hidden symmetry of M-theory.

Then in Sections 5.2.1-5.2.5, we do a synthesis of the algebraic approach to U-duality sym-
metries of 11D supergravity on 79 and the moduli space of M-theory on 79, presenting in detail
the physical material and mathematical tools that we will need in the subsequent sections, and
justify our choice of parametrization for the coset element (algebraic field strength) describing
the physical fields of the theory. The reader familiar with these topics may of course skip the
parts of this presentation he will judge too detailed.
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The global E1;_pj1;—p symmetry of classical 11D supergravity reduced on T’ H=D for 10 <
D < 3 can be best understood as arising from a simultaneous realization of the linear non-
perturbative symmetry of the supergravity Lagrangian where no fields are dualized and the
perturbative T-duality symmetry of type IIA string theory appearing in D = 10 and below.
Actually, the full E1;_pj1;—p symmetry has a natural interpretation as the closure of both these
groups, up to shift symmetries in the axionic fields.

Type IIA string theory compactified on 7%~ enjoys a SO(10 — D, 10 — D, 7Z) symmetry?
which is valid order by order in perturbation theory. So, restricting to massless scalars arising
from T-duality in D < 8, all inequivalent quantum configurations of the scalar sector of the
bosonic theory are described by the moduli space

Mp = SO(10 — D, 10 — D, Z)\SO(10 — D,10 — D)/(SO(10 — D) x SO(10 — D)),

where the left quotient by the arithmetic subgroup corrects the over-counting of perturbative
string compactifications. In contrast to the NS-NS fields B and g,,, which, at the perturbative
level, couple to the string worldsheet, the R-R fields do so only via their field strength. So a step
towards U-duality can be achieved by dualizing the R-R fields while keeping the NS-NS ones
untouched. It should however be borne in mind that such a procedure enhances the T-duality
symmetry only when dualizing a field strength to an equal or lower rank one. Thus, Hodge-duals
of R-R fields start playing a role when D < 8, those of NS-NS fields when D < 6. However,
when perturbative symmetries are concerned, we will not dualize NS-NS fields.

This enlarged T-duality symmetry can be determined by identifying its discrete Weyl group
W (Dio—p) [186], which implements the permutation of field strengths required by electric-
magnetic duality. In D < 8 it becomes now necessary to dualize R-R field strengths in order to
form Weyl-group multiplets. This results in 2°~” R-R axions, all exhibiting a shift symmetry,
that enhances the T-duality group to:

G =S0(10— D,10— D) x R ", (5.6)

the semi-direct product resulting from the fact that the R-R axions are now linearly rotated
into one another under T-duality. The (continuous) scalar manifold is now described by the
coset G/SO(10 — D) x SO(10 — D), whose dimension matches the total number of scalars if we
include the duals of R-R fields only. The symmetry (5.6) can now be enlarged to accomodate
non-perturbative generators, leading to the full global symmetry F1;_pj1;—p. However, this can
only be achieved without dualizing the NS-NS fields in the range 9 > D > 7. When descending to
lower dimensions, indeed, the addition of non-perturbative generators rotating R-R and NS-NS
fields into one another forces the latter to be dualized.

To evade this problem arising in low dimensions, we might wish to concentrate instead on
the global symmetry of the 11D supergravity Lagrangian for D < 9, whose scalar manifold is
described by the coset

GL(11 — D) x RM=PI(E=D)I8Y /(11 — D).

The corresponding group Gsg = GL(11 — D) x RU1=P)10=D)(9=D)/6 epcodes the symmetry of
the totally undualized theory including the (11 — D)(10 — D)(9 — D)/6 shift symmetries coming
from the axions produced by toroidal compactification of the three-form C3. Again, the semi-
direct product reflects the fact that these axions combine in a totally antisymmetric rank three
representation of GL(11 — D). Since NS-NS and R-R fields can be interchanged by GL(11 — D),

*We consider SO(10 — D, 10 — D) instead of O(10 — D, 10 — D), as is sometimes done, because the elements of
O(10 — D, 10 — D) connected to —1I flip the chirality of spinors in the type IIA/B theories. As such, this subset
of elements is not a symmetry of the R-R sector of the type IIA/B supergravity actions, but dualities which
exchange both theories.
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the arithmetic subgroup of GL(11 — D) x RI1=P)A0=D)O=-D)/6 ¢onstitutes an acceptable non-
perturbative symmetry of type II superstring theory in D < 9. The price to pay in this case
is to sacrifice T-duality, since the subgroup of the linear group preserving the NS-NS and R-R
sectors separately is never big enough to accomodate SO(10 — D, 10 — D).

Eventually, the full non-perturbative symmetry E1;_pj11—p can only be achieved when both
NS-NS and R-R fields are dualized, and may be viewed as the closure of its GL(11 — D) and
SO(10 — D, 10 — D) subgroups. However, the number of shift symmetries in this fully dualized
version of the theory is given by {3,6,10,16,27,44} for 8 > D > 3. Since, in D < 5, these
numbers are always smaller or equal to (11 — D)(10 — D)(9 — D)/6 and 2°~ P, neither G nor
Gse are subgroups of E1;_pj1;_p in low dimensions.

This exceptional symmetry is argued to carry over, in its discrete version, to the full quantum
theory. Typically, the conjectured U-duality group of M-theory on T~ can be rephrased as
the closure

Eyi_pji-p(Z) = SO(10 — D,10 — D, Z)xSL(11 — D, Z), (5.7)

where the first factor can be viewed as the perturbative T-duality symmetry of ITA string theory,
while the second one is the modular group of the torus 712, In D = 9, the latter can be
rephrased in type IIB language as the expected S-duality symmetry.

The moduli space of M-theory on T1~P is then postulated to be

Mp = Eyi_pni-p(Z)\Evn_ppi-p/K(En-pjii-p) - (5.8)

It encodes both the perturbative NS-NS electric p-brane spectrum and the spectrum of non-
perturbative states, composed of the magnetic dual NS-NS (9 — D — p)-branes and the R-R
D-branes of ITA theory for 10 < D < 3.

In dimensions D < 3, scalars are dual to themselves, so no more enhancement of the U-
duality group is expected from dualization. However, an enlargement of the hidden symmetry
of the theory is nevertheless believed to occur through the affine extension Eg|o(%Z) in D = 2,
the over-extended E10|10(Z), generated by the corresponding hyperbolic KMA, in D = 1, and
eventually the very-extended E;1(Z) in the split form, whose KMA is Lorentzian, for the totally
compactified theory.

Furthermore, there is evidence that the latter two infinite-dimensional KMAs are also sym-
metries of unreduced 11D supergravity [172, 246], viewed as a non-linear realization (in the
same spirit as the Monstruous Moonshine [192] has been conjectured to be a symmetry of un-
compactified string theory) and are believed to be more generally symmetries of uncompactified
M-theory itself [198].

5.2.1 The exceptional E, series: conventions and useful formulae

Before going into more physical details, we need to introduce a few mathematical proper-
ties of the U-duality groups and their related algebras. To make short, we will denote
GY = Split(Ey;_p), for D = 1,...,10, and their defining Lie or Kac-Moody algebras
gU = Split(ell_D).

Except in D = 10,9, the exceptional series F,, with » = 11 — D, possesses a physical basis
for roots and dual Cartan generators:

Definition 5.2.1 Let the index set of Definition 5.1.1 be chosen as I = 9 —r,...,8, for 3 <
r < 10 3, then in the physical basis of b’*: {e11_, = (1,0,...,0),...,e10 = (0,...,0,1)}, the set

3The physical basis makes sense only in cases where there are scalars coming from compactification of the
3-form, which excludes the first two algebras of the series.
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IT={ag_,...,ag} of simple roots of the semi-simple KMAs e, reads:

Qg = Ell-r —E&€12—r = (17_1707"’ 70)7
: (5.9)
Q7 = &9 —E&10 = (0,...,0,1,—1),
ag = Eg+E&9g+€E1g = (0,...,0,1,1,1).

The advantage of such a basis is to give a rank-, and hence dimension-, independent formu-
lation of II, which is not the case for an orthogonal basis e;. Preserving the scalar product on
the root system requires the physical basis to be endowed with the following scalar product:

10 [ Qo
(o] B) = Z nimi—g Z n'm’ (5.10)

i=11—r 1,j=11—r

for o = 1%, nle; and § = 3212, mie; (note that the basis elements satisfy (g;le;) =
8ij — (1/9) and have length 21/2/3).

In fact, writing this change of basis as a; = (R_l)ij €4, we can invert this relation (which
leads to the matrix R given in Appendix A.i)and obtain the metric corresponding to the scalar
product (5.10), given in terms of the Cartan matrix as:

ge = RART (5.11)

in the simply-laced case we are interested in.
As seen in Section 5.1.2, the Cartan matrix of the e, series is a realization of (h,II,ITV),

where now IIY = {ag_,,...,ag } = II. Then, from A;; = (o), oj) = (a;|erj) we have:
2 -1 o o0 0 --- 0 O
-1 2 -1 0 0 --- 0 0
0 -1 2 -1 0 --- 0 O
0
A=1 "0 .. -1 2 -1 0 0 0 (5.12)
0 - 0 —1 2 -1 0 -1
0 - 0 0 -1 2 -1 0
0 - 0 0 0 -1 2 0
0 - 0 0 -1 0 0 2

I )
O—O0—0O—0 ¢ o—0O O O O
ag_r 10—y O11—1p Qy Qs (73 a7

Figure 5.1: Dynkin diagram of the F, series

The simple coroots, in turn, form a basis of the derived Cartan subalgebra bh’, and we may
choose (or alternatively define) H; = o, Vi =9 —r,...,8. Since we consider simply laced-cases
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only, the relation o (ART)UEV] determines the dual physical basis for r #£ 9, i.e. D # 2:

Hy , = gVM=r_gvi2=r —(1,-1,0,...,0)

H7 = 6\/9—5\/10:(07---70’17_1)7 (513)

Hy = Z eViq 2 Zs\”:—— o, —1,2,2,2).
i=11—r

In the same spirit as before, this dual basis is equipped with a scalar product given in terms of

the metric g¥ = (g-)~ ! as:

10 1 10
/ /
:%:_ hih + T ij;_T hihl; for r # 9 (5.14)

for two elements H = >.1°,,  hie¥? and H' = Y;°,, , hieV’. In the affine case r = 9, the
Cartan matrix is degenerate. In order to determine B(H, H’), one has to work in the whole
Cartan subalgebra b, and not only in the derived one, and include a basis element related to the
scaling operator d. Consequently, there is no meaningful physical basis in this case.

Not surprisingly, we recognize in (5.14) the Killing form of e, restricted to h(e,). Since the
dual metric is the inverse of g, the duality bracket is defined as usual as (g;,eV7) = g;(¢V7) = 6, J
so that consistently:

(0", 8) = (v(a”)|B) = B(Ha) .- (5.15)

Since e, is simply-laced, v(a¥) = «a, and we then have various ways of expressing the Cartan
matrix:
Ajj = ai(Hj) = (aileyj) = B(H;, Hj) . (5.16)

A choice for structure constants

We now fix the conventions for the FE,. series that will hold throughout the paper. For obvious
reasons of economy, we introduce the following compact notation to characterize e, generators:

Notation 5.2.2 Let X, be a generator of the root space (¢,)q, or of the dual subspace h, C b

for some root o = 28 Ka; € A(e,). We write the corresponding generator as

1=9—r

X(g_r)k97r-m8k8 instead of ~ Xpo-rqg 4 ikSag-

For example we will write:

Eys2678  instead of  Eay42a5+a6+ar+as -

and similarly for F' and H. Sometimes, we will also write « (9—r)kOT . gk8 instead of ZZ 9—r k.

Furthermore, § always refers to the isotropic root of eg, namely § = dp, = 1293314556617283,
¢ = H; to its center, and d to its usual derivation operator d = dg,. Possible subscripts added
to 4, c and d will be used to discriminate eg objects from objects belonging to its subalgebras.

Moreover, we use for eg the usual construction based on the loop algebra L(es) = C[z, 27 ®
¢, z € C. The affine KMA ¢g is then obtained as a central extension thereof:

eg = L(eg) @ Ccd Cd.
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and is spanned by the basis of vertex operators satisfying

[Zm QH;,Z"® HJ] = mfsij(sm—}—n,o c,

2" @ H, 2" @ By = (o), a)2™™"® E,, (5.17)
Naﬂzm—i-n@Ea_i_ﬁ, ifa+ 8 e A(eg)

[z ® Eq,2" @ Eg] = 2" @ Hy + Mpynoc, fa=-—0
0, otherwise

In addition, the Hermitian scaling operators d = z% defined from z € S' normalizes L£(eg):
[d, 2" @ X] =nz"® X, VX € es.

In ey, for which there is no known vertex operator construction yet, we rewrite the eg
subalgebra according to the usual prescriptions for KMAs by setting: d = —H _1, Es = 2" ® H,,
with a = 1,..,8 its multiplicity, Foins = 2" ® E, and E_,1,5 = 2" ® Fy,, and similarly for
negative-root generators.

Finally, there is a large number of mathematically acceptable sign conventions for the struc-
ture constants V, g, as long as one satisfies the anti-commutativity and Jacobi identity of the Lie
bracket, as explained in Definition 5.1.5. If one decides to map physical fields to generators of a
KMA, which will eventually be done in this paper, one has to make sure that the adjoint action
of a rotation with positive angle leads to a positive rotation of all physical tensors carrying a
covariant index affected by it. This physical requirement imposes more stringent constraints on
the structure constants. Though perhaps not the most natural choice from a mathematical point
of view, we fix signs according to a lexicographical ordering for level 0 (s[(r,IR)—) roots, but
according to an ordering based on their height for roots of higher level in ag. More concretely,
it o = ..., has level 0, we set:

lifi<y
NO‘“Q_{ —lifk<i
On the other hand, we fix N5s = +1, and always take the positive sign when we lengthen a
chain of simple roots of level [ > 0 by acting with a positive simple root generator from the left,
ie.:
Noja =1, Vast. l(a) >0.

Structure constants for two non-simple and/or negative roots are then automatically fixed by
these choices.

5.2.2 Toroidally reduced 11D supergravity: scalar fields and roots of F;_p

In this section, we rephrase the mapping between scalar fields of 11D supergravity on 7%, ¢ > 3,
and the roots of its finite U-duality algebras, in a way that will make clear the extension to the
infinite-dimensional case. We start with A" = 1 classical 11D supergravity, whose bosonic sector
is described by the Lagrangian:

19 1
L [e(n fher) 4 1 [ )
S11 lgp rzelR 5 Al (G4) + 5.3l Cs NGy NGy (5.18)
where the four-form field strength is exact: G4 = dC5. There are various conventions for

the coefficients of the three terms in the Lagrangian (5.18), which depend on how one defines
the fermionic sector of the theory. In any case, the factors of Planck length can be fixed by
dimensional analysis. Here, we adopt the conventions of [203], where we have, in units of length

[gaB] =2, [Capc]=0, [d=][dx]=0.
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As a consequence of the above: [R] = —2.
The action (5.18) rescales homogeneously under:

gas — Mpgap, Capc — MpCape (5.19)

which eliminates all [ p terms from the Einstein-Hilbert and gauge Lagrangian while rescaling the
Chern-Simons (CS) part by l;g, and renders, in turn, g4p dimensionless. This is the convention
we will adopt in the following which will fix the mapping between the E11_p root system and
the fields parametrizing the scalar manifold of the reduced theory for D > 3. How to extend this
analysis to the conjectured affine and hyperbolic U-duality groups Eg and Eig will be treated
in the next section.

The Kaluza-Klein reduction of the theory to D > 3 dimensions is performed according to
the prescription

10
ds?, = eDf2(pD‘“D)ds%) + E e~ V2(eile) (¥';dax? + A’l)2 , (5.20)
i=D

with ¥ Ni (5i + Al ;) with @ < j for Ai The compactification vectors €; are the ones defining

the physmal basis of Definition 5.2.1, and can be expressed in the orthonormal basis {e; leD )

ej - €j = 0j;, as

10—k

k—2
e +1/——ey1—r. fork <8.
Z 10 ) 9—2') k-1 F

In the D = 2,1 cases, the additional vectors completing the physical basis are defined formally,
without reference to the compactification procedure.

Accordingly, the vector of dilatonic scalars can be expanded as ¢ = leiID pie;. We will
however choose to stick to the physical basis. The expression of ¢ in terms of the orthonormal
basis will help to connect back to the prescription of [79] and [168, 169]. In this respect, the
scalar product (|) used in expression (5.20) is precisely the product on the root system (5.10).
Finally, we also introduce the ”threshold” vector

10
i=D

which will be crucial later on when studying the structure of Minkowskian objects in F1q.

From expression (5.20), we see that the elfbein produces (11 — D) one-forms A} and (11 —
D)(12 — D)/2 scalars A} ;j» whereas the three form generates the following two-, one- and zero-
form potentials: (11 — D) Cy;, (11 — D)(10 — D)/2 Cy45 and (11 — D)(10 — D)(9 — D) /6 Cyijk-
The reduction of the 11D action (5.18) to any dimension greater than two reads:

1 1
-1y R_Z 2_ - \/_(Hlso) \/_(mlgo '
o L= R0 e T2 3'Z G
1 V2(kij V2(\; i
“5g1 2 Gy y) - 5 2'26 M) () (5.22)
1<J
—_— Z e Hljkw GlZ]k __Ze AzJ‘SD f’l ) e_IEC'S
2<y<k 1<j

where Log is the reduction of the CS-term C3 A G4 A G4, and again indices run according to
1,7,k = D,..,10. The field strengths appearing in the above kinetic term exhibit the exterior
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derivative of the corresponding potentials as leading term, but contain additional non-linear
Kaluza-Klein modifications. For instance:

Gy =Gy =G AN+ 757 Gaig NATNAL .. Fy = Ff— v Fi AAY,

ko
' l i L =751 (5.23)
inj = 7?7§G2mn -7 N?V"kGl tmn N\ «41 )

Ql ijk — VlifyrgbfynkGl Imn »

with vij = (fy_l)ij, the not-underlined field strengths being total derivatives: G,
dCn—1yi,..q, and f(in)il---i = dAzn_l)ilmil, where n is the rank of the form. The whole set
of field strengths and the details of the reduction of the CS term are well known and can be
found in [185].

The global symmetry of the scalar manifold which, upon quantization, is conjectured to
become the discrete U-duality symmetry of the theory is encoded in the compactification vectors
A = {K; Ki; Kij; Kijk; Mi; Nij  appearing in the Lagrangian (5.22). As pointed out previously, this
global symmetry will only be manifest if potentials of rank D — 2 are dualized to scalars, thereby
allowing gauge symmetries to be replaced by internal ones. In each dimension D, this will select
a subset of A to form the positive root system of E1;_p. One has to keep in mind, however,
that in even space-time dimensions, this rigid symmetry is usually only realized on the field
strengths themselves, and not on the potentials. This is attributable to the customary difficulty
of writing a covariant lagrangian for self-dual fields 4. In even dimensional cases then, the E11_p
symmetry appears as a local field transformation on the solution of the equations of motion.

We now give the whole set A in the physical basis. One has to bear in mind that some of these
vectors become roots only in particular dimensions, and thus do not, in general, have squared
length equal to 2. In constrast, \;; and k;;, are always symmetries of the scalar manifold, and
can therefore be directly translated into positive roots of F11_p for the first two levels [ = 0,1
in ag. We have for i < j < k:

dpei =

[=0: WKKp = )\ij:Ei—Ej
l=1: Wame 2 Rijk = € T+ €5 + €k

In fact, they build orbits of E1;_p under the Weyl group of SL(11 — D, R), which we denote by
Wxkxkp and Wype, anticipating results from M-theory on T19 which associates Aij with Euclidean
KK particles and r;j; with Euclidean M2-branes. So, in 10 > D > 6, since no dualization
occurs, the root system of the U-duality algebra is completely covered by Wik, and W2, with
the well known results GV = {SO(1,1); GL(2,R); SL(3,R) x SL(2,R); SL(5,R); SO(5,5)}, for
D ={10;9;8;7;6}.

For D = 5, we dualize G, = ¢ "% x G,, with —x = g, = ((1)) the highest root of Ej,
which constitutes a Weyl orbit all by itself. For highest roots of the Lie algebra relevant to our
purpose, we refer the reader to Appendix 5.12 ii). In D = 4, we dualize (G3;) = e "% éli,
with —k; = ((1)"71,0;, (1)7%) forming the Weyl orbit of 6, (which contains fp,). Finally, in
D = 3, dualizing Gy;; = e "4'? *él ;; and Fly = e ¥ *zzl increases the size of the former 0g,
Weyl orbit and creates the remaining 6, orbit:

D=5 1=2: Wyus
D=4 1=2: Wyus
D=3 [=2: Wyus

l=3: Wkkm

5.24
—Kij = pI3PD & — & (524

2>
>
2>
> —\i=pgpp te

“In some cases -for the 11.D five-brane for instance-, this can be achieved by resorting to the Pasti-Sorokin-Tonin
formalism.
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For the same reason as before, we denote these two additional orbits Wy;s and Wgkkrm
since they will be shown to describe totally wrapped Euclidean M5-branes and KK monopoles.
For D = 3, for instance, we can check that dim Wik, = dim Wys = 28, dim Wy = 56 and
dim Wikkrm = 8, which reproduces the respective number of scalars coming from the KK gauge
fields, 3-form, and their magnetic duals, and verifies dim A (Eg) = ), dim W;.

For what follows, it will turn out useful to take advantage of the dimensionless character of
the vielbein, resulting from the rescaling (5.19), to rewrite the internal metric in terms of the

duality bracket (5.15):
10

ds?,_p = Z 2 Hrogi) §, A1 5 ldiL' ® da' (5.25)
i=D

with Hp = Z}ﬂD In(MpR;)e¥i. Thus in particular: e~V2(Eil9) = (MpR;)2. In this convention,
the scalar Lagrangian for D = 3 reads

i+ [ OaR; OBR; 1 1
CeagAB(gVyia (A ) (BN ) 2 (G )2
eg””(g;) < R, > ( R; > 26 ; (M?’RiRij)z (_lzjk)

S (R) @S () @i () &

1<) 1<)

with the dual metric (gY)¥ = 6% + (D —2)~! D ki 564 (5.14) and the internal volume Vg =
1_[323 R;. Clearly, the coefficients® in front of the one-form kinetic terms reproduce the inverse
squared tensions for totally wrapped Euclidean KK particles, M2-branes, M5-branes and KK
monopoles (KK7M-branes). This will be the touchstone of our analysis, and in the next section
we will present, following [56], how the corresponding Minkowskian branes arise in D = 1 in the
framework of Fygj19/K (Eg)19) hyperbolic billiards.

5.2.3 Non-linear realization of supergravity: the triangular and symmetric
gauges

The final step towards unfolding the hidden symmetry of the scalar manifold of the reduced
theory consists in showing that one can construct its Langrangian density as a coset o-model
from a non-linear realization. Here, we rederive, in the formalism we use later on, only the most
symmetric D = 3 case, since the D > 4 constructions are obtainable as restriction thereof by
referring to table (5.24). For the detailed study of the D > 3 cases, see [79].

Furthemore, the use of a parametrization of the coset sigma-model based on the Borel sub-
algebra of the U-duality algebra, called triangular gauge, is crucial to this type of non-linear
realization. In contrast, we will show in the second part of this section, that the most natural
setup to treat orbifolds of the corresponding supergravities is given by a parametrization of the
coset based on the Cartan decomposition of the U-duality algebra. We refer to this choice as
the symmetric gauge.

In D = 3, the non-linear realization of the scalar manifold is based on the group element:

g = exp[——Zln (MpR;)e } <H€Alei+j> exp[ Z CZ]kZJrzgk]

B i<j<k (5.27)
-exp[ Z Cil”iGZJ’““Zﬁ] -exp[ Z Ajil..igK;_““Zg} ;

i11<..<ig 11<..<18,7

5Note that the interpretation of these coefficients is somewhat different than in [203], since here we are working
in the conformal Einstein frame.
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where the dual potentials are reformulated to exhibit a tensorial rank that would generalize to
D < 3 (we drop all 0 subscripts since we are only dealing with scalars) In particular, they
are related to the D = 3 dual potentials as C“,,ZG = 21, €. szlCo and .A] = 611_18.»40, by
the totally antisymmetric rank 8 tensor of SL(8,R), €;, ;- These entered expression (5.26) as
Gl ij = dCOZ'j and ff = dA6

The group element (5.27) is built out of the Borel subalgebra of Eg, which is spanned by the
following raising operators

[K-I-] K+l] _ (%K:_l_éiKIjj’
[K+J Z+ klkzkg] — _35Z[k1 Z—|— |j‘k2k3} , [],’{;l‘]7 Z-ﬁ- kl..kﬁ] — _65Z[k1 Z—l— |j‘k2k6} ,
[Kjl'J K+k1 8] — 5ij€'+k1“k8
7 )
[Z+ 119213 2T ZUJG] _z+tit.ie ’ [Z-i-m'zig’ 7+ i4--i9] — 3t lirlizis]is.io ’
(5.28)

and the Cartan subalgebra, acting on the former as (without implicit summations on repeated
indices)

[EW K+k] = )\jk(&“w) Kj_k, [EW,Z;I;I] = ijl(&‘\/i) Z]—-Zl,
l i 1o+ ki.k i\ 1o+ k1.k
€25 ) = =D e (€ E gy KRR = (e KR
l<m

Anticipating the extension to D = 2,1, we redefine positive roots k;, j; = Zl<m €i1ig  Him

and Ajj;, iy = €iy.igk; corresponding to the generators Z and K. The scalar Lagrangian in D
dimensions is then expressible as a coset sigma-model, obtained from the algebraic field strength
G =g 'dg

Zln MpR;) gVip Z eHRw“fka -kZ"'ijk—i—Ze(HR’)‘mzinjj
i<j<k <y (5.29)
+ Z e~ (HR.Kiy. Z6)G121 B Z+i1.d6 + Z —(HR,Aj)i;. 7'8>f1 0. ZSK—FM 8

11<..<1g 11<..<18,]

This particular parametrization of the coset egjg/€(eg|s) is known as the Iwasawa decomposition.
In other words, the split form gV = e¢;;_ pj11—p decomposes as a sum of closed factors gV =
t®adn, where £ is its maximal compact subalgebra. Then, the coset g /¢ = a®n is parametrized
by the direct sum of an abelian and a nilpotent subalgebra. This can be interpreted as a ” gauge”
choice, where the coset elements are either diagonal (Cartan generators) or upper triangular
(Borel, or positive root, generators). In the following, this choice will be referred to as the
triangular gauge.

The negative root generators can be retrieved from the Borel subalgebra by defining the
appropriate transposition operation. Since we want it to be applicable to gV = ey;_ pjii—-p VD,
and not only to U-duality algebras with orthogonal maximal compact subalgebra, we construct
it as in [79] out of the Cartan involution ¥ as T(X) = —9(X), VX € gY. This induces a
corresponding generalized transposition [79, 80] on the group level denoted by: T(X) = ©(X 1),
VX € GY. In the present case, since gV is the split form, we have ¥ = ¥¢, the latter being the
Chevalley involution.

By requiring the following normalizations:

Tr(e Vi) = 2(g¥)", T (K/T(K) ) = 6.

Tr <Xz'1.-ip\jl.-qu(Xkl..kp\ll--lq)) :p!qy(sl[jll.. 5]?]5[ . 5Jq]
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where X -lit-Ja gtand for the remaining generators of (5.28), the bosonic scalar Lagrangian
(5.26) is readily obtained from the coset sigma-model

L= —%eTr [g_lag(]l + T)g_lag] = ieTr(a./\/l_laM) (5.30)

where M = ¢T(g) is the internal o-model metric. The equations of motion for the moduli of
the theory are then summarized in the Maurer-Cartan equation: dG = G A G. By adding the
negative root generators, we restore the K (E1;_p) local gauge invariance, and enhance the coset
to the full continuous U-duality group. In D = 3, for instance, we thus recover the dimension
of Fg as:

248 = 8(H;)+ 28(K;7) +56(Z 1K) +28(ZT10) + (I 1)
V35 () + 56 (2499 438 (1249 +5 (1(R )

Note that the triangular gauge is not preserved by a rigid left transformation U from the symme-
try group GV: g(z) — Ug(x) for g € GV /K(GY). This leaves G invariant but will generally send
g out of the positive root gauge. We will then usually need a local compensator h(z) € K(GY)
to bring it back to the original gauge. So the Lagrangian (5.30) is kept invariant by the compen-
sated transformation g(x) — Ug(z)h(z)~! which sends: M — UMT(U), provided hT(h) = 1.

If the triangular gauge is the natural choice to obtain a closed non-linear realization of a
coset sigma-model, it will show to be quite unhandy when trying to treat orbifolds of reduced
11D supergravity and M-theory. In this case, a parametrization of the coset based on the Cartan
decomposition into eigenspace of the Chevalley involution gV = € @ p is more appropriate. In
other words, one starts from an algebraic field strength valued in g¥:

g ldg=P+9Q , (5.31)

so that the coset is parametrized by:
1
P = 5(11+T)g—1dg. (5.32)

and Q ensures local (now unbroken) K (GY) invariance of the model. Note that the Lagrangian
(5.30) is, as expected, insensitive to this different parametrization since e Tr(OM1OM) =
—eTr [PT(P)].

We then associate symmetry generators to the moduli of compactified 11D supergravity
/ M-theory in the following fashion: for economy, we will denote all the Borel generators of
sl(11 — D,R) C gV by K;rj for ¢ < j, by setting in particular Kli’ = Kii = ¢V, Using relation
(5.13), the Cartan generators can now be reexpressed as

H=K/S* K/, i=1.T, :——ZK/“ K8 + Ky + K ') .

The dictionary relating physical moduli and coset generators can then be established for all
moduli fields corresponding to real roots of level [ = 0,1,2,3, generalizing to D = 2,1 the
previous result (5.24). We will denote the generalized transpose of a Borel generator X T as
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X~ =T(XH).

modulus generator physical basis
In(MpR;) K, gVt
Al K/=1 (K,“ n K{j) €i — € -
Cijk Zuk = L (z+ik  z-uk) e+l 4 e '
52,1”2,6 Zi1.16 — % (Z+i1..i6 + Z—il..iﬁ) Z?:1 £
"Zjil..is’ J€dir, .. is} f{jil“is =3 (IN(;F“ZS + IN{]_ il"is) S (1 + 5?)52‘1

This list exhausts all highest weight sl(11 — D,R) representations present for D = 3. In the
infinite-dimensional case, there is an infinite number of other s[(11 — D,R) representations.
The question of their identification is still a largely open question. Progresses have been made
lately in identifying some roots of Fyp as one-loop corrections to 11D supergravity [87] or as
Minkowskian M-branes and additional solitonic objects of M-theory [56]. These questions will
be introduced in the next section, and will become one of the main topics of the last part of this
paper.
However, it is worth noting that for D < 2, the 8-form generator is now subject to the Jacobi
identity
Knliz-io] — (5.34)

In D = 2, this reflects the fact that the would-be totally antisymmetric generator Kliriz.io]
attached to the null root ¢§ is not the dual of a supergravity scalar, but corresponds to the root
space {z ® H;}i=1,.g, and reflects the localization of the U-duality symmetry.

In addition, we denote the compact generators by ICZ-j = K;'j — Ki_j, Zik — gtk _ z—ijk
and similarly for Z%-% and IE;lZS Then:

K(GU) = Span {’Cij§ Zz‘jk; Zil..ig;kjil..ig}

Fixing the normalization of the compact generators to 1 has been motivated by the algebraic
orbifolding procedure we will use in the next sections, and ensures that automorphism generators
and the orbifold charges they induce have the same normalization.

In particular, the compact Lorentz generators lCiiJrl =FE, ,—F, ,,Vi=D,...,9 clearly
generate rotations in the (7, i+1)-planes, so that a general rotation in the (¢, j)-plane is induced by
ICZ-j. One can check that, as expecteld, [Iij,Xil__j”ip] = Xiy. ki, VX € gV /¢(g¥) in Table (5.33).
i+
i )

For instance, the commutator [KC,'"", Z; 11 ji] for i +1 < j < k belongs to the root space of:

o =92+ . + Q-3 + Q(Oéj_g 4+ ..+ Oék_g) + 3(Oék_g 4+ ..+ 045) + 204 + a7 + ag

that defines Z;;, = (1/2)(Eq + Fo).

As a final remark, note that the group element § with value in GY can be used to reinstate
local K(GY)-invariance of the algebraic field strength g~'dg = P + Q under the transformation
as g(x) — Ug(z)h(z)~! for h(z) € K(GY) and a rigid U-duality element U € GU. In this case,
Q transforms as a generalized connection:

Q — h(z)Qh(z)™t — h(z)dh(x)™t,

and P+ Q as a generalized field-strength: P+ Q — U~}(P + Q)U. Performing a level expansion
of O: .
Q= §d1‘A (wAjZICZ.] + wA”kZijk) + ...
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we recognize for [ = 0 the Lorentz connection, for [ = 1 the 3-form gauge connection, etc.

Actually our motivation for working in the symmetric gauge comes from the fact that, at
the level of the algebra, the orbifold charge operator acting as Adh preserves this choice. Indeed
h € K(GY) is in this case a rigid transformation, so that one can drop the connection part Q
in expression (5.31), and Adh normalizes P.

Along this line, a non-linear realization where only local Lorentz invariance is implemented
has been used extensively in [246, 245, 244] to uncover very-extended Kac-Moody hidden sym-
metries of various supergravity theories. This has led to the conjecture that e1; is a symmetry
of 11D supergravity, and possibly M-theory, as this very-extended algebra can be obtained as
the closure of the finite Borel algebra of a non-linear realization similiar to the one we have seen
above, with the 11D conformal algebra.

5.2.4 M-theory near a space-like singularity as a Eigj10/ K (E1op0) o-model

In the preceding section, we have reviewed some basic material about 11D supergravity compact-
ified on square tori, which we will need in this paper to derive the residual U-duality symmetry
of the untwisted sector of the theory when certain compact directions are taken on a orbifold.
The extension of this analysis to the orbifolded theory in D = 2,1 dimensions, where KM hid-
den symmetries are expected to arise, will require a generalization of the low-energy effective
supergravity approach. The proper framework to treat hidden symmetries in D = 1 involves a
o-model based on the infinite coset F1q19 /K (E10|10). In the vicinity of a space-like singularity,
this type of model turns out to be a generalization of a Kasner cosmology, leading to a null
geodesic motion in the moduli space of the theory, interrupted by successive reflections against
potential walls. This dynamics is usual referred to as a cosmological billiard, where by billiard,
we mean a convex polyhedron with finitely many vertices, some of them at infinity.

In [84, 86] the classical dynamics of M-theory near a spacelike singularity has been conjec-
tured to possess a dual description in terms of this chaotic hyperbolic cosmological billiard. In
particular, these authors have shown that, in a small tension limit [, — 0 corresponding to
a formal BKL expansion, there is a mapping® between (possibly composite) operators’ of the
truncated equations of motion of 11D supergravity at a given spatial point, and one-parameter
quantities (coordinates) in a formal o-model over the coset space Eoj10/K(E1gj19). More re-
cently, [87] has pushed the analysis even further, and shown how higher order M-theory correc-
tions to the low-energy 11D supergravity action (similar to o’ corrections in string theory) are
realized in the o-model, giving an interpretation for certain negative imaginary roots of E1g.

In particular, the regime in which this correspondence holds is reached when at least one
of the diagonal metric moduli is small, in the sense that 3i s.t. R; < lp. In this case, the
contributions to the Lagrangian of 11D supergravity (with possible higher order corrections)
coming from derivatives of the metric and p-form fields can be approximated by an effective
potential, with polynomial dependence on the diagonal metric moduli. In the BKL limit, these
potential terms become increasingly steep, and can be replaced by sharp walls or cushions,
which, on the Fjgj19/K (Eg)10) side of the correspondence, define a Weyl chamber of E1o. The
dynamics of the model then reduces to the time evolution of the diagonal metric moduli which,
in the coset, map to a null geodesic in the Cartan subalgebra of Fig deflected by successive
bounces against the billiard walls. In the leading order approximation, one can restrict his
attention to the dominant walls, i.e. those given by the simple roots of F1g, so that the billiard
motion is confined to the fundamental Weyl chamber of E19. As mentioned before, [84, 86, 87]
have shown how to extend this analysis to other Weyl chambers by considering higher level non-

SWhich has been worked out up to order I = 6 and ht(c) = 29.
"Constructed from the vielbein, electric and magnetic components of the four-form field-strength, and their
multiple spatial gradients.
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simple roots of Ejg, and how the latter can be related, on the supergravity side, to composite
operators containing multiple gradients of the supergravity fields and to M-theory corrections.
These higher order terms appear as one considers smaller and smaller corrections in [p as we
approach the singularity 2% — oo. These corrections are of two different kind: they correspond
either to taking into account higher and higher spatial gradients of the supergravity fields in the
truncated equations of motion of 11D supergravity at a given point of space, or to considering
M-theory corrections to the classical two-derivative Lagrangian.

In the following, since we ultimately want to make contact with [56, 55], we will consider
the more restrictive case in which the space is chosen compact, and is in particular taken to be
the ten-dimensional torus 710, with periodic coordinates 0 < z* < 2w, Vi = 1,...,10. This, in
principle, does not change anything to the non-compact setup of [85], since there the mapping
relates algebraic quantities to supergravity fields at a given point in space, regardless in principle
of the global properties of the manifold.

Before tackling the full-fledged hyperbolic F1q billiard and the effective Hamiltonian descrip-
tion of 11D supergravity dual to it, it is instructive to consider the toy model obtained by setting
all fields to zero except the dilatons. This leads to a simple cosmological model characterized
by a space-like singularity at constant time slices ¢. This suggests to introduce a lapse function
N(t). The proper time o is then defined as do = —N(t)dt, and degenerates (o0 — 0T) at the
singularity N(¢) = 0. This particular limit is referred to as the BKL limit, from the work of
Belinskii, Khalatnikov and Lifshitz [24, 25]. As one approaches the singularity, the spatial points
become causally disconnected since the horizon scale is smaller than their spacelike distance.

In this simplified picture, the metric (5.20) reduces to a Kasner one, all non-zero fields can
be taken to depend only on time (since the space points are fixed):

10
ds* = —=(N(t)dt)* + > el da’ @ dad . (5.35)
i,j=1
In addition to proper time o, we introduce an ”intermediate time” coordinate u defined as

1 N(t)
du = ——do = ———dt, 5.36
V' T MEvE) >3
where /g = /detg;; = elHrP and V(t) = Hgl R;(t), where pp is the ”threshold” vector
(5.21). In this frame, one approaches the singularity as u — +o0.
Extremizing [ eR with respect to the R; and N/,/g, we get the equations of motion for the
compactification radii and the zero mass condition:

S\ 2 L\ 2
d 1 dRZ Ri Ri o
s 2(E)-(ER) o e
where the dot denotes %. Setting Ri(ug) = Ri(so) = Mp', one obtains R; in terms either of u
or of o

MpR; = ¢~ vilu—u0) — <£> 7 (5.38)
o
since u = —ﬁ In(o + const) + const’. Then, the evolution of the system reduces to a null
j Vi

geodesic in h(E1p). In the u-frame in particular, the vector Hr(u) = Y, In(MpR;(u))e"? can be
regarded as a particle moving along a straight line at constant velocity —#. In the u-frame, it
is convenient to define p'= (> j Uj)_lﬁ, whose components are called Kasner exponents. These
satisfy in particular:

it (Xn) =0, St (5.9
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The first constraint originates from the zero mass condition (5.37) and implies 7 € h*(E1o),
while the second one comes from the very definition of the p;’s. These two conditions result in
at least one of the p;’s being positive and at least another one being negative, which leads, as
expected, to a Schwartzschild type singularity in the far past and far future.

In the general case, we reinstate off-diagonal metric elements in the line-element (5.35) by
introducing the vielbein (5.25) in triangular gauge:

§ijda’ ® da? — 67,7 da? @ dat (5.40)

with fNyip = (5ip + Aip), and A’ p defined for ¢ < p. For reasons of clarity, we discriminate this
time the flat indices (i, j, k, 1) from the curved ones (p, q,7,s).

In this more general case, it can be shown [85], that asymptotically (when approaching
the singularity), the log of the scale factors In MpR; are still linear functions of u, while the
off-diagonal terms Aij tend to constants: in billiard language, they freeze asymptotically.

To get the full supergravity picture, one will in addition turn on electric 3-form and magnetic
6-form fields and the duals to the Kaluza-Klein vectors, and possibly other higher order corrective
terms. Provided we work in the Iwasawa decomposition (5.20), one can show that, similarly to
the off-diagonal metric components, these additional fields and their multiple derivatives also
freeze as one approaches the singularity. In particular, all (p + 1)-form field strengths will tend
to constants in this regime, and therefore behave like potential terms for the dynamical scale
factors.

An effective Hamiltonian description of such a system has been proposed [85, 87]:

H(Hp, 0uHp, F) = B(OyHrp, 00 Hr) + % S e2ualfin)g,y (), (5.41)
A

For later convenience, we want to keep the dependence on conformal time apparent, so that we
use d, Hg to represent the canonical momenta given by ' = 2(gY)” 8, In MpR;. In units of
proper time (5.57), the Hamiltonian is then given by the integral:

[, N
H_/d . (5.42)

Let us now discuss the structure of H (5.41) in more details. First, the Killing form B is defined
as in eqn. (5.14) and is alternatively given by the metric gY. It determines the kinetic energy
of the scale factors. The second term in expression (5.41) is the effective potential generated by
the frozen off-diagonal metric components, the p-form fields, and multiple derivatives of all of
them, which are collectively denoted by F. The (possibly) infinite sum over A includes the basic
contributions from classical 11D supergravity (5.26), plus higher order terms related to quantum
corrections coming from M-theory. In the vicinity of a spacelike singularity, the dependence on
the diagonal metric elements factorizes, so that these contributions split into an exponential of
the scale factors, e2%4(Hr) and a part that freezes in this BKL limit, generically denoted by
ca(F).

These exponential factors e?A(HRr) behave as sharp wall potentials, now interrupting the
former straight line null geodesics Hgr(u) and reflecting its trajectory, while conserving the
energy of the corresponding virtual particle and the components of its momentum parallel to
the wall. In contrast, the perpendicular components change sign. Despite these reflections, the
dynamics remains integrable and leads to a chaotic billiard motion. The reflections off the walls
happen to be Weyl-reflections in h(FE1p), and therefore conserve the kinetic term in H (5.41).
However, since the Weyl group of Fiq is a subgroup of the U-duality group, it acts non-trivially
on the individual potential terms of H. As the walls represent themselves Weyl reflections, they
will be exchanged under conjugation by the Weyl group. More details on the action of the
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U-duality group in the general case, and in relation with hyperbolic billiard dynamics can be
found in Appendix 5.13.

In the BKL limit then, the potential terms e2?4(HRr) can be mimicked by theta-functions:
© (wa(Hg)) so that the dynamics is confined to a billiard table defined by the inequalities
wa(Hpg) < 0. If one can isolate, among them, a finite set of inequalities I = {A1,.., A, }, n < oo,
which imply all the others, the walls they are related to are called dominant.

The contributions to the effective potential in H (5.41) arising from classical supergravity
can be described concretely, and we can give to the corresponding walls an interpretation in
terms of roots of Eqg. As a first example, we give the reduction on 719 of the kinetic energy for
the 3-form potential, and write it in terms of the momenta conjugate to the Cjj:

1 2wy (Hp) (ko 1 3 2 [~i 27 ~k 2
LS anantm@g e LSS arpgmg? [t ot ey
i<j<k i<j<k
As pointed out above, the momenta 7%/* freeze in the BKL limit. Their version in curved space
can be computed to be

p1p2pP3 —2w, ik (HR)AP1 P2 AP3 41 G2 ~43
aPpaps — N " 20k (HR) P AP AP Ty 3B 5,00 gags
i<j<k

with 0,Cy1 4005 = VT Goguagaqs> since the flat time-index is defined by: dz® = N(t)dt. From ex-
pression (5.43), one identifies the walls related to the three-form effective potential, and referred
to as "electric” in [85], with [ = 1 positive roots of E1g, namely: w;j, = €;+¢;+¢c, € Wwa(Eo).
Note, in passing, that the exponential in eqn.(5.43) has the opposite sign compared to the
reduced Lagrangian (5.26) for D > 3. This is a consequence of opting for the Hamiltonian
formalism, where the Legendre transform inverts the sign of the phase factor e2¥A(r) for the
momenta 77", In this respect, the latter are defined with upper curved indices (flattened by
’yip), as in expression (5.43), while their conjugate fields carry lower curved ones (flattened by
the inverse vip = (f?_l)ip, see (5.44) below). For more details, see [85]. In any case, one can si-
multaneously flip all signs in the wall factors for both the Lagrange and Hamiltonian formalisms,
by choosing a lower triangular parametrization for the vielbein (5.40), which corresponds to an
Iwasawa decomposition with respect to the set of negative roots of the U-duality group.
Similarly, there will be a potential term resulting from the dual six-form Cjg kinetic term
(the second term in the second line of expression (5.26)). In contrast to eqn. (5.26), we rewrite

the electric field energy for Cs as the magnetic field energy for Cjs:

5 Z e kl(HR)(Qijkl)z =

2 i<j<k<l
! R
5 Z Z (MgRil "'Ri6)2 |:/7pi7/7qi8/yri978i10quTS 6“"'210]

11<...<tg 17<...<i10

(5.44)

Again, the components G, freeze in the BKL limit, leaving a dependence on the "magnetic”
walls given by | = 2 roots of E1o: Wijki = X ik €m € Was(Eio). Dualizing this expres-
sion with respect to the ten compact directions, we can generate Chern-Simons terms result-
ing from the topological couplings appearing in the definition of G,;; in eqn. (5.23), namely:
2 A e e 5 Gpspaps [plAispﬂ. However, such contributions are characterized by the same
walls as expression (5.44), and thus have no influence on the asymptotic billiard dynamics, but
only modify the constraints.

The off-diagonal components of the metric A’ j will also contribute a potential term in H
(5.41). Inspecting the second line of expression (5.26), we recognize it as the frozen kinetic part
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of the first term on this second line:

1 2wij(HR) i \2 1 RZ 2 ~i p12
526 (z';) 252 R; k%] (5.45)

i<j i<j
where the momentum with curved indices is defined as

Z e—2wa(HR)fY 7 10 A with k < j.
k

The sharp walls appearing in this case are usually called symmetry (or centrifugal) walls and
correspond to [ = 0 roots of Eqg, namely: w;j = g; — ; € Wkkp(F1o)-
Finally, the curvature contribution to the potential in H (5.41) produces two terms:

_Z Z e2w”k(HR Ze2wl HR
i<k it (k)
S0 Y S (MRR - R BP0 o O AT 2 (5.46)
11 <...<i7,i8 19<110
_ Z (MJQDRil .. Ri9)2(£i105i1”'i10)2-

11<...<19,i10

The first one is already present as the third term on the second line of expression (5.26), the F ij &
being related to the spatial gradients of the metric, or, alternatively, to the structure functions
of the Maurer-Cartan equation for the vielbein (5.40):

fjk = 2’ij’Yq ka[P'Aiq} (5.47)

As for expression (5.44), one can generate Chern-Simons couplings fypj’yq k’y’}fir[pAl d by du-
alizing the above expression in the ten compact directions. This again will not generate
a new wall, and, as for expression (5.47), corresponds to | = 3 roots of Fjy given by
Wik = Y igqi k3 €0+ 260 € Wkknm(Eno)-

The F, on the other hand are some involved expressions depending on the fields R;, OR;,
F ;i and OF! k- In eqn.(5.46), they are related to lightlike walls w; = zk# € given by all
permutations of the null root 6 = (0, (1)Y). These prime isotropic roots are precisely the ones at
the origin of the identity (5.34). Since they can be rewritten as w; = (1/2)(wjx; +wyi;), they are
subdominant with respect to the w;j;, and will not affect the dynamics of Hg even for ' close to
the lightlike direction they define. So they are usually neglected in the standard BKL approach.
In the next section, we will see that these walls have a natural interpretation as Minkowskian
KK-particles [56], and contribute matter terms to the theory.

All the roots describing the billiard walls we have just listed are, except for w;, real [ < 3
roots of Eqg, and the billiard dynamics constrains the motion of Hg to a polywedge bounded by
the hyperplanes: (Hg(t),ws) = 0, with A spanning the indices of the walls mentioned above.
The dominant walls are then the simple roots of E1g. In this respect, the orbits Wys(F19) and
Wik (E1o) contains only subdominant walls, which are hidden behind the dominant ones,
and can, in a first and coarse approximation, be neglected. The condition «;(Hg(t)) < 0, with
a; € II(E19) € Wkkp(Er0) U Waa(Ehp), leads to the constraints:

Ri <Ry, Ry<Rs,..., Ry<Ry, and RgRyRyo < I3 (5.48)

and the motion on the billiard is indeed confined to the fundamental Weyl chamber of F1g. The
order in expression (5.48) depends on the choice of triangular gauge for the metric (5.40), and
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does not hold for an arbitrary vielbein. In the latter case, the formal E1y coset o-model is more
complicated than expression (5.49) below.

At this stage, we can rederive the mapping between geometrical objects of M-theory on 710
and the formal coset o-model on Eygj19/ K (E1g|19) proposed by [84], for the first [ = 0,1, 2, 3 real
positive roots of E1g. This geodesic o-model is governed by the evolution parameter ¢, which
will be identified with the time parameter (5.36). To guarantee reparametrization invariance of
the latter, we introduce the lapse function n, different from N. Then, in terms of the rescaled
evolution parameter dr = ndt, the formal o-model Hamiltonian reads [85]:

H(Hg, 0, Hg, v, 0:v) :n(B(aTHR\aTHR)+% 3 Ze Hr) [P, (v, 0.0)] ) (5.49)

a€A+ (Elo) a=1

where (v, 0,1v) denotes the infinitely-many canonical variables of the system. We again use 0, Hp
to represent the momenta 7* = 2(¢gY)¥ (R;)~'0, R; conjugate to In MpR;. The metric entering
the kinetic term is chosen to be gY, which is dictated by comparison with the bosonic sector of
toroidally reduced classical 11D supergravity.

Expression (5.49) is obtained by computing the formal Lagrangian density from the algebraic
field strength valued in a(Eygj10) © n(Egj10) as:

d
-1 _ Vz —(Hg,a) ra
9 59= g R + E gYaauy LAl Do (5.50)
OéEAJr(Elo)a 1

As in eq.(5.30), one starts by calculating £ = n~!Tr(PT(P)) with P given in expression (5.32).
One then switches to the Hamiltonian formalism, with momentum-like variables given by the
Legendre transform Py 4(v, 1) = e 2Hr2)Y, (1,1), eventually leading to expression (5.49).

In the BKL limit, the (non-canonical) momenta tend to constant values P, o(v, ) — Cq.q,
and the potential terms in expression (5.49) exhibit the expected sharp wall behaviour. One
can now try and identifiy the roots o € Ay (FEjp) of the formal Hamiltonian (5.49) with the wall
factors wy in the effective supergravity Hamiltonian (5.41). With a consistent truncation to
| = 3, for instance, one recovers the supergravity sector (5.29) on 71°. This corresponds to the
mapping we have established between real simple roots of F1y and the symmetry, electric, mag-
netic and curvature walls w;j wjjk, wijr and w;j,. which are all in A4 (Ep). The identification
of the algebraic coordinates Cy , with geometrical objects in the low energy limit of M-theory
given by c4(F') (as defined in (5.41) and below) can then be carried out.

Proceeding further to [ = 6, one would get terms related to multiple spatial gradients of
supergravity fields appearing in the truncated equations of motion of 11D supergravity [84, 87]
at a given point. Finally, considering a more general version of the Hamiltonian (5.49) by
extending the second sum in the coset element (5.50) to negative roots, i.e.. a € A (Ep) U
A_(Eyp), and pushing the level truncation to the range | = 10 to 28, one eventually identifies
terms corresponding to 8th order derivative corrections to classical supergravity [87] of the form
R (DG4)", where Ry is the curvature two-form and D is the Lorentz covariant derivative. At
eighth order in the derivative, i.e. for (m,n) € {(4,0),(2,2),(1,3),(0,4)}, they are typically
related to O(a’3) corrections in 10D type ITA string theory, at tree level. In this case however, it
may happen that the corresponding subleading sharp walls w4 are negative, which means that
they can only be obtained for a non-Borel parametrization of the coset. In addition, they may
not even be roots of Fqg. However, these walls usually decompose into w4 = —(n+m—1)p1 +¢,
for ¢ € Ay (FEyg), where the first term on the RHS represents the leading R™*™ correction. If
n+m = 3N+ 1, the R™(DF)™ correction under consideration is compatible with E1g, and ( is
regarded as the relative positive root associated to it.
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This means that the w, are not necessarily always roots of e¢1g9, and when this is not the
case, a (possibly infinite) subset of them can still be mapped to roots of Ejg, by following a
certain regular rescaling scheme.

5.2.5 Instantons, fluxes and branes in M-theory on 7'°: an algebraic ap-
proach

If we now consider the hyperbolic U-duality symmetry E1g to be a symmetry not only of 11D
supergravity, but also of the moduli space space of M-theory on 719, which is conjectured to be
the extension of expression (5.8) to D = 1:

Mg = E1o10(Z)\E10j10/ K (E10)10) (5.51)

the real roots appearing in the definition of the cosmological billiard are now mapped to totally
wrapped Euclidean objects of M-theory, and can be identified by computing the action:

So[MpR;] = 2metfre) o e AL (Ey). (5.52)

Thus, the roots of Eq found in the preceding section, namely: w;; = &; —¢; € Wkkp(Eho),
Wik = €itejter € Wna(Eho), Wiy .ig = (€5 +-.+eéig) € Was(Ero) and Wik = gy, oy €1126i €
Wik (Ero) describe totally wrapped Euclidean Kaluza-Klein particles, M2-branes, M5-branes
and Kaluza-Klein monopoles. The dictionary relating these roots of E1( to the action of extended
objects of M-theory can be found in Table 5.1, for the highest weight of the corresponding
representation of s[(10,R) in eqp.

Now, as pointed out in [17], the (approximated) Kasner solution defines a past and future
spacelike singularity. On the other hand, the low-energy limit in which 11D supergravity be-
comes valid requires all eleven compactification radii to be larger than [ p, and consequently the
Kasner exponents to satisfy (for a certain choice of basis for h(E1p), which can always be made):

0<pro<py<...<p1 (5.53)

so that the vector P’ is timelike with respect to the metric |72 = 3,07 — (3, pi)° (5.14).
Clearly, this does not satisfy the constraints (5.39) which require p to be lightlike. Such a
modification of the Kasner solution (5.38) has been argued in [17] to be achieved if one includes
matter, which dominates the evolution of the system in the infinite volume limit and thereby
changes the solution for the geometry. This does not invalidate the Kasner regime prevailing
close to the initial spacelike singularity, since, as pointed out in [17], matter and radiation
become negligible when the volume of space tends to zero (even though their density becomes
infinite). In the following, we will see how matter, in the form of Minkowskian particles and
branes, have a natural interpretation in terms of some class of imaginary roots of ey, and can
thus be incorporated in the hyperbolic billiard approach.
In particular, the inequality (5.53) is satisfied if at late time we have

Ry > Ry, Ry> R3,..., Ry>> Ryg, and RgRgRip > I3 (5.54)

which can be rephrased as: (Hg,a;) > 0, Va; € TI(e1p). The action (5.52) related to such roots
is then large at late time, and the corresponding Euclidean objects of Table 5.1 can then be
used to induce fluxes in the background, and thus be related to an instanton effect. This is
in phase with the analysis in [17], which states that at large volume, the moduli of the theory
become slow variables (in the sense of a Born-Oppenheimer approximation) and can be treated
semi-classically.

Let us now make a few remarks on the two different regimes encountered so far, the bil-
liard and semi-classical dynamics. In the semi-classical regime of 5.54, we are well outside the
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fundamental Weyl chamber (5.48) and higher level roots of ejp have to be taken into account
and given a physical interpretation. In this limit of large radii, the dominance of matter and
radiation will eventually render the dynamics non-chaotic at late times, but the vacuum of the
theory can be extremely complicated, because of the presence of instanton effects and solitonic
backgrounds. In contrast, in the vicinity of the spacelike singularity, matter and radiation play
a negligible role, leading to the chaotic dynamics of billiard cosmology. On the other hand, the
structure of the vacuum is simple in the BKL regime, in which the potential walls appear to be
extremely sharp. It is characterized by ten flat directions bounded by infinite potential walls,
the dominant walls of the fundamental Weyl chamber of eqg.

Finally, when 7 is timelike, it has been shown in [17] that the domain (5.53) where 11D
supergravity is valid can be mapped, after dimensional reduction, to weakly coupled type IIA
or IIB supergravity. For instance, the safe domain for type ITA string theory (where all the nine
radii are large compared to [y and grr4 < 1, two parameters given in terms of 11D quantities in
eqns.(5.59)) is given by:

p1o <0 <p1g+2pg, and pyg<pg<...<p1. (5.55)

The two domains (5.53) and (5.55) are then related by U-duality transformations (cf. Appendix
5.13).

Let us now discuss the issue of fluxes in this setup. From now on and without any further
specification, we assume that the conditions (5.54) are met. Then, in addition to the instanton
effects we have just mentioned, one can consider more complicated configurations by turning
on some components of the p-form potentials of the theory. In this case, the action (5.52)
receives an additional contribution due to the Wess-Zumino coupling of the p-form potential to
the world-volume of the corresponding brane-like object. The action (5.52) will now receive a
flux contribution which can be rephrased in algebraic terms as [124, 56]:

MP-H
. _ Hp,a . o P +1 .
Saip [MpRi; Cay,] = 2metiem) ic, = (2m)P /Wp+1 cdn Z/ 41 Cps1,  (5.56)

where the ) are positive real roots of ¢jg given by the second column of Table 5.1, for all
possible permutations of components in the physical basis. In particular, we will have three-form
and six-form fluxes for non-zero potentials C's and 56 coupling to the Euclidean world-volumes
Ws/Ws of M2-/Mb5-branes respectively. For fluxes associated to Kaluza-Klein particle, we have
the couplings C,, , = fﬁ/ gii+1gi_+11 i1 dx',i=1,..,9, where v is the KK-particle world-line, and
the internal metric g can be written in terms of our variables R; and A’g using eqs (5.20) and
(5.25). There is also a similar coupling of the dual potential .Zig to the eight-dimensional KK7M
world-volume.

The moduli MpR;, i = 1,..,10, together with the fluxes from p-form potentials (5.56)
parametrize the moduli space (5.51). Furthermore, on can define the following function
which is harmonic under the action of a certain Laplace operator defined on the variables
{MpRi;Ca}i:L'"lo in the Borel gauge of ¢g|19, and which is left-invariant under Ey:

aEAJr(em)
VN, exp [—2771\7,, <e<HRva<m> + 2icap>] .
T

In the limit of large radii, N, is the instanton number and this expression is an extension to
e19 of the usual instanton corrections to string thresholds appearing in the low-energy effective
theory. As such, it is conjectured to capture some of the non-perturbative aspects of M-theory
[124].

Another kind of fluxes arise from non-zero expectation values of (p+ 1)-form field strengths.
If we reconsider the effective Hamiltonian (5.41) in the region (5.54) where instanton effects are
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present, we notice that the action (5.52) appears in the effective potential as %Sa = e2o(HR),
On the other hand, since their coefficients c4(F') freeze in the BKL limit, we may regard them
as fluxes or topology changes provided the (p+ 1)-form field strengths appearing in eqns.(5.43),
(5.44), (5.45) and (5.47) have, in this limit, integral background value:

1
mgr = (2m)%((+10m)i0) = / x10m3 € 7,

21 -i7

G — (2m)*(G Giikl) / G,€Z,
zykl

ﬂij - (27r) ((*107" )]1 Jo) :%/c *10771 €7,

J1--J9

E'jk - 27r<£ijk>:/c chy (F'y) = Chy(F'yiCjk)€ 7
ik

Where Cj, .;,,, is a (p + 1)-cycle chosen along the appropriate spatial directions.

In particular, the coefficients c4(F) appearing in the potential terms (5.43) and (5.44) are
now restricted to be integers: c4(F) — [(27T)6((*101)i1“2-7>]2 and [(2#)3<Qijkl>]2 and generate
respectively seven-form and four-form fluxes. In this perspective, the instantons encoded in the
exponential term e2wA(HR) = 2HR.04)) for ans = ngé{ij ki) Em and apne = an{il iz} En QL€
understood as the process that changes the fluxes by an i}l:uégral amount. o

The wall coefficient ca(F) = [27(F ijk>]2 (5.47), on the other hand, corresponds to a de-
formation of the basic torus 70 to an S! fibration of the ith direction over the two-torus
T? = {27, 2*}, in other words to the metric:

. 1 . 12
ds’ = —(Ndt)’ + Y (MpRp)*(dz™) + (MpR;)* |da’ — %Chl(ﬂ;cjk)xkdxﬂ]

where the periodicity of 2* implies 2/ — 2'+Ch;(F i2;Cjk)xj for the fiber coordinate, all other
coordinates retaining their usual 27-periodicity. The value of ¢ 4(F') determines the first Chern
character (or Chern class, since ch; = c;) of the fibration, and the instanton effect associated to
the root axkv = Zlé{m,k} g + 2¢; creates an integral jump in this first Chern number.

Minkowskian branes from prime isotropic roots of ¢

As mentioned in the preceding section, when considering the large volume limit (5.54) in the
domain (5.53) where 11D supergravity is valid, one should in principle start considering higher
level roots of ey in other Weyl chambers than the fundamental one. These roots, which, in the
strict BKL limit, appear as subdominant walls and can be neglected in a first approximation,
should now be taken into account as corrective or mass terms. In [56, 55], a program has been
proposed to determine the physical interpretation of a class of null roots of ¢13. These authors
have, in particular, shown the correspondence between prime isotropic roots and Minkowskian
extended objects of M-theory, for the first levels [ = 3,5,6,7,8. On the other hand, as seen in
Section 5.2.4, the autors of [87] have developed a different program where they identify imaginary
(both isotropic and non-isotropic) bur also real roots, with R™(DF)™ type M-theory corrections
to classical supergravity. However, these results have been obtained in an intermediate domain
of the dynamical evolution, where not only negative roots become leading (accounting for the
fact that these higher order corrections are described by negative roots), but where we expect
quantum corrections to be visible. In the approach of [56], in contrast, the regime (5.54) allows
for effects related to extended objects to become important, pointing, in the line of Section 5.2.5,
at an interpretation for certain higher level roots in terms of branes and particles.
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In the following, we give a condensed version of the correspondence between prime isotropic
roots of e;g and Minkowskian extended objects of M-theory, which can be found in a much more
detailed and ample version in [56], which we follow closely until the end of this section.

First of all, since we now restrict to the region (5.53), we are sufficiently far from the singu-
larity for the lapse function N (t) to have any non-zero value. In particular, we can gauge-fix to
N(t) = Mp in expression (5.36), which defines the conformal time:

dt
di = ———. (5.57)
MV (t)
As we will see below, these are the "natural” units to work out the relation between prime
isotropic roots of e19 and Minkowskian particles and branes in M-theory.
Consider, for instance two M5 instantons at times tg,,. < tq,,; encoded algebraicly in

QM5 = ((1)47 (0)47 (1)2)’ Pus = ((0)4’ (1)6)

Since each of them creates a jump in their associated flux, inverting the time order to tg,,. > ta,
will pass one instanton through the other, thereby creating a Minkowskian M2-brane stretched
between them in the interval [tq,,,,?g,;,], Where their respective fluxes overlap. This M2-brane
will be associated to the root vy = ams + Bus = ((1)%,(2)?). Recalling that we gauge-fixed
to conformal time (5.57), the action for such an object has to be expressed in unit of conformal
time, then:

d ~

d 1 d
—_ g 9 —_— g <HR7a) —_ g
dﬂSa MPth So = 27e M,

o Sa = MpOv—tetfre) (5.58)
This expression for the mass of the object could also be deduced from the rescaling (5.42). Thus,
in particular: M., = M I%RgRl() as expected from a membrane wrapped around directions z°
and 9.

From the supergravity perspective, the instanton described by a5 will create a jump in the
flux: (27)3(Gs67s) — (27)3(Gsg75) +1 when going from ¢ < ta,,. t0 tay. < t, while instanton [Bys
induces (27)3(G934) — (27)3(G1934) — 1 when t passes tg,,.. Now the M2-brane flux sourced
by (27)%(G1934)(Gs67s), via the topological term [ C3 A G4 A G4 of 11D supergravity, has to
be counterbalanced by an equal number of anti M2-branes. Thus, going from configuration
toys < tays to configuration tg,. > ta,, after setting both initial fluxes to zero produces
one unit of Minkowskian anti-M2-brane flux which must be compensated by the creation of a
M2-brane in the same directions, as expected.

Another process involves passing an M2-instanton aye = ((1)%,(0)7,1) through a KK-
monopole Bxrrv = ((0)%,(1)5,2,1). Since the KK-monopole shifts by one unit the first Chern
class of the circular 2°-fibration over the (z!,z%)-torus: Ch1(£9(2);C12) —>Ch1(£9(2);C12) +1, it
creates an obstruction that blocks the M2-instanton somewhere in the (z!,22) plane, and, by
means of the fibration, produces an object at least wrapped along the z? direction. It is not
hard to see that the Minkowskian object resulting from this process is a M2-brane wrapped
around z? and the original 2'°. One can check that the root ane + Bkxrv = vz = ((1)8,(2)?),
recovering the same object as before.

Furthermore, by combining an Mb5-instanton ays = (0, (1)%, (0)3) shifting the magnetic
flux (2m)3(G1g910) by one unit with an M2-instanton By2 = ((0)7, (1)) shifting the electric
flux (27)%((*10m)1..7) accordingly, one creates a Minkowskian KK-particle axk, = (0,(1)%)
corresponding to the following contribution the momentum in the z! direction: P! =
fle:E G1891075919. The mass (5.58) of this object M, = R1_1 is in accordance with this
interpretation.

KKp
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object real root Sa prime isotropic M,

KKp | (0,0,0,0,0,0,0,0,1,—1) 21 Ry Ry (0,1,1,1,1,1,1,1,1,1) Rt
M2 (0,0,0,0,0,0,0,1,1,1) 2 M3 RgRo Ry (1,1,1,1,1,1,1,1,2,2) M3} RgRyo
M5 (0,0,0,0,1,1,1, ) 2rMSR5---Ryp | (1,1,1,1,1,2,2,2,2,2) | MS8R5--- Ry
KK7M | (0,0,1,1,1,1,1 ) | 2nMRRs--- RoR%, || (1,1,1,2,2,2,2,2,2,3)
KK9M | (1,1,1,1,1,1,1, ) | 2nMB Ry - RoR3, || (1,2,2,2,2,2,2,2,2,4)

1,1,1
1,1,1
1,1,2
1,1,3

Y

M9 Rs--- RyR%,
MI2Ry--- RyR3,

Table 5.1: Euclidean and Minkowskian branes of M-theory on T'° and positive roots of Ej

Similar combinations of Euclidean objects can be shown, by various brane creation processes,
to produce Minkowskian Mb5-branes and KK7M-branes. To conclude, all four types of time-
extended matter fields are summarized in Table 5.1 by their highest weight representative with
its mass formula. At present, it is still unclear how matter terms produced by the prime
isotropic roots of Table 5.1 should be introduced in the effective Hamiltonian (5.41). Since the
corresponding Minkowskian branes originate from creation processes involving two instantons,
as explained above, we expect such a contribution to be [56]: 27myme<H r¥m) where the isotropic
root 7, describing the Minkowskian brane decomposes into two real roots related to instantons
Ym = Qe + Be, and turns on n.,, = nq.ng, units of flux which compensates for the original n,
and ng, units of flux produced by the two instantons. Since v, is a root, such a term will never
arise as a term in the series (5.49). We then expect the Hamiltonian (5.49) to be modified in
the presence of matter. In this respect, a proposal for a corrective term has been made in [56],
which reproduces the energy of the Minkowskian brane only up to a 2m-factor. Moreover, it
generates additional unwanted contributions for which one should find a cancelling mechanism.

From Table 5.1, one readily obtains the spectrum of BPS objects of type ITA string theory,
by compactifying along 2'°, and taking the limit MpRjy — 0, thereby identifying:

M,
ga Mp = s

My’ N
In this respect, we have included in Table 5.1 the conjectured KK9M-brane as the putative M-
theory ascendant of the D8, KK8A and KK9A-branes of ITA string theory, the latter two being
highly non-perturbative objects which map, under T-duality, to the IIB S7 and S9-branes.

Since we mention type IIB string theory, we obtain its spectrum after compactification (5.59)
by T-dualizing along the toroidal 2 direction, which maps:

Rip = (5.59)

1 ga

R = .
9,B aB Mng,A

’ ~ 32p. 0
MS2R9,A

From the E1g viewpoint, T-dualizing from type IIA to IIB string theory corresponds to different
embeddings of s[(9,R) in ejg;;p. Going back to the Dynkin diagram 5.1 for » = 10, type
ITA theory corresponds to the standard embedding of s[(9,R) along the preferred subalgebra
sl(10,IR) C ejgip (the gravity line), while type IIB is obtained by choosing the the Dynkin
diagram of s[(9,R) to extend in the ag direction. This two embeddings consist in the two
following choices of basis of simple roots for the Dynkin diagram of s((9,R):

HA = {04_1,010, e ,Oz5,046}, HB = {a_l,()éo,. .. ,a5,a8},

which results in two different identifications of the NS-NS sector of both theories. Then, a
general T-duality on %, i # 10, can be expressed in purely algebraic language, as the following
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mapping:

7 h(ET’)_’h(Er)

g — —¢&;

From the o-model point of view, the type ITA and IIB theories correspond to two different level
truncations of the algebraic field strength (5.50), namely a level decomposition with respect to
(I7,13) for type ITA, and (lg,l7) for type IIB, I; being the level in the simple root a; of Fjg.
The NS-NS and RR sectors of both supergravity theories are then obtained by pushing the
decomposition up to level (I7,lg) = (2,3) for IIA, and up to (lg,l7) = (4,2) for IIB. See for
instance [174], where the results are directly transposable to E1g (all roots considered there are
in fact Eqg roots).

Minkowskian objects from threshold-one roots of ¢,

By inspecting the second column of Table 5.1, we observe that all Minkowskian objects ex-
tended in p spatial directions, are characterized, on the algebraic side, by adding Y % _; &, to
the threshold vector p; = ((1)!Y). For the Minkowskian KK particle, the corresponding root of
e10 is related to its quantized momentum, and one needs therefore to substract a factor of € to
the threshold vector.

The Minkowskian world-volume of these objects naturally couples to the respective (p + 1)-
form potentials (5.52). So, in contrast to the Hamiltonian formalism (5.41), which treats, for
a different purpose, the temporal components of the field-strengths as conjugate momenta,
one now needs to keep the time index of the tensor potentials apparent, thereby working in
the Lagrange formalism. This is similar to what is done in [87] where the authors perform a
component analysis of one-loop corrections to classical 11D supergravity.

As pointed out in Section 5.2.4, the (p + 1)-form components separate into an oscillating
part and a part that freezes as u — +o00, so that we have:

1 _ a
Coi i, = Weplh .. 'epqiqctpl“'pq — e+ am,HR>,Yp1i2 .. "quiqcuplmpq ' (5.60)

where we have used /g = e/?"#R) and the index 0 stands for the flat time coordinate dz® =
N (t)dt. Following the analysis of Section 5.2.4, the component C.,...,, can be shown to freeze.
Now, by selecting the appropriate basis vectors €;,, we observe that all imaginary roots in
the second column of Table 5.1 are related to a tensor component of the form (5.60) with the
expected value of q. As a side remark, the minus sign appearing in the exponential wall factor
in eqn.(5.60) comes from working in the Lagrange formalism, as discussed in Section 5.2.5.

For Minkowskian KK particles and M2-branes, this approach is related to performing the
e10 extension of the last two sets of roots in eqns.(5.24) by setting D = 1. When restricting
to the roots obtained by this procedure which are highest weights under the Weyl group of
s[(10,R), one again recovers the two first terms in the second column of Table 5.1. Since we
have not performed any Hodge duality in this case, we obtain, as expected, roots characterizing
KK particles and M2-branes.

It results from this simple analysis that it is the presence of the threshold vector p; =
((1)'%) which determines if an object is time-extended, and not necessarily the fact that the
corresponding root is isotropic. We shall see in fact when working out 0B’ orientifolds that
certain types of magnetized Minkowskian D-branes can be associated to real roots and non-
isotropic imaginary roots, provided they decompose as @ = p; + ¢ € A (Eyg), where ¢ is a
positive vector (never a root) of threshold 0, i.e. that can never be written as ¢ = np; + ¢’ for

n # 0.
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5.3 Orbifolding in a KMA with non-Cartan preserving auto-
morphisms

In this section, we expose the method we use to treat physical orbifolds algebraicly. It is based
on the simple idea that orbifolding a torus by Z,, is geometrically equivalent to a formal 27 /n
rotation. Using the mapping between physical and algebraic objects, one can then translate the
geometrical rotation of tensors into purely algebraic language as a formal rotation in the KM
algebra. This is given by an adjoint action of the group on its KM algebra given by a finite-order
inner automorphism.

More concretely, let us consider an even orbifold 7'7/Z,,, acting as a simultaneous rotation
of angle 27Q,/n, a = 1,...,q/2 in each pair of affected dimensions determined by the charges
Qo € {1,...,n —1}. A rotation in the (z?,27) plane is naturally generated by the adjoint
action of the compact group element exp(%’rQalCij) = exp(%’rQa(Ea — F,)) for @« = a;—2 +
...+ aj_3. In particular, rotations on successive dimensions (i + 2,7 + 3) are generated by
E,, — F,,. We will restrict ourselves to orbifolds acting only on successive pair of dimensions
in the following, although everything can be easily extended to the general case. In particular,
physically meaningful results should not depend on that choice, since it only amounts to a
renumbering of space-time dimensions. For the same reason, we can restrict our attention to
orbifolds that are taken on the last ¢ spatial dimensions of space-time {19 ... 20}, In that
case, we have the ¢/2 rotation operators

V= 627”@1 Kii—q12—q — 627—?@1 (Bag_g—Fag_,)
: (5.61)
Vg=  en O3 Ry Barr)
that all mutually commute, so that the complete orbifold action is given by:
q/2
Ul =1J va. (5.62)
a=1

Note that Z/{qZ” generically acts non-trivially only on generators € g4, (and the corresponding
H, € b) for which the decomposition of « in simple roots contains at least one of the root
ag—gq,-..,og for ¢ > 2 (a6 and oy for ¢ = 2).

In the particular case of Zs orbifolds, the orbifold action leaves the Cartan subalgebra in-
variant, so that it can be expressed as a chief inner automorphism by some adjoint action
exp(itH), H € hg on g. It indeed turns out that the action of such an automorphism on
g/b=P,c A(g) B depends linearly on the root a grading g, and can thus be simply expressed
as:

Ad(e™H g, = (—1)*H g, = (—1)Zizs-rFailfg
forH € hg and o = S8

1=9—r

, (5.63)
kZOéi .
If ¢ is even, both methods are completely equivalent, while, if ¢ is odd, the determinant is
negative and it cannot be described by a pure SO(r) rotation. If one combines the action of
E, — F, with some mirror symmetry, however, one can of course reproduce the action (5.63).
Indeed, the last form of the orbifold action in expression (5.63) is the one given in [55]. The
results of [55] are thus a subset of those obtainable by our more general method.

5.3.1 Cartan involution and conjugation of real forms

In the preceding sections, we have already been acquainted with the Chevalley involution ¥ ¢.
Here, we shall introduce just a few more tools we shall need later in this work to deal with real
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forms in the general sense. Let g be a complex semisimple Lie algebra. If it is related to a real
Lie algebra go as g = (g0)® = go ®r C, g will be called a complexification thereof. Reciprocally,
go is a real form of g with g = gg @ igo. Next, a semisimple real Lie algebra is called compact if
it can be endowed with a Killing form satisfying

B(X,X) <0, VX €gy (X #£0), (5.64)

and non-compact otherwise.

Thus, a non-compact real form can in general be obtained from its complexification g by
specifying an involutive automorphism 9 defined on gg, such that B(9X,9Y) = B(X,Y) and
By(X,Y) = —=B(X,0Y), VX,Y € go, is a symmetric and positive definite form. ¢ is called
a Cartan involution (the argument here is a generalization of the construction of the almost-
positive definite covariant form based on the Chevalley involution ¥¢ in Section 5.1.1). It can be
shown that every real semisimple Lie algebra possesses such an involution, and that the latter
is unique up to inner automorphisms. This is a corollary of the following theorem:

Theorem 5.3.1 Fvery automorphism v of g is conjugate to a chief automorphism ¥ of g
through an inner automorphism ¢, ie:

b=¢"todod,  ¢clnt(g) (5.65)

Then, it is clear that 1 is involutive iff ¥ is involutive. In this case, the two real forms of
g generated by v and ¥ are isomorphic, so that for every conjugacy class of involutive auto-
morphisms, one needs only consider the chief involutive automorphism (as class representative),
which can in turn be identified with the Cartan involution.

The Cartan involution induces an orthogonal (+1)—eigenspace decomposition into the direct
sum gg = £ @ p, called Cartan decomposition of gg, with property

Jp=1and J|,=-1. (5.66)

More specifically, € is a subalgebra of go while p is a representation of ¢, since: [¢, €] C €, [¢,p] C p
and [p,p] C €. Finally, as our notation for the Cartan decomposition suggested, ¢ and p are
orthogonal with respect to the Killing form and By.

Alternatively, it is sometimes more convenient to define a real form gg of g as the fixed point
subalgebra of g under an involutive automorphism called conjugation 7 such that

T(X)=X, 7(iX)=-iX, VXeg’ (5.67)

then: go = {X € g|7(X) = X}.

Finally, by Wick-rotating p in the Cartan decomposition of gg one obtains the compact Lie
algebra g. = £ @+ ip which is a compact real form of g = (go).

Because of Theorem 5.3.1, one needs an invariant quantity sorting out involutive automor-
phisms leading to isomorphic real forms. This invariant is the signature (or character of the real
Lie algebra) o, defined as the difference between the number d_ = dim ¢ of compact generators
and the number d; = dimp of non-compact generators (the +-sign recalling the sign of the
Killing form):

oc=dy—d_.

For simple real Lie algebras, o uniquely specifies gg. The signature varies between its maximal
value for the split form ¢ = r and its minimal one for the compact form ¢ = — dim g.
Defining the following linear operator constructed from ¥ (see [71], p.543)

\/5:%(1+i)19+%(1—i)]l, (5.68)
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satisfying v o Vi X = 90X, VX € g, all non-compact real forms of g will be obtained through
g0 = VU ge (5.69)

by selecting the appropriate chief involutive automorphism 9.

5.3.2 Determining the real invariant subalgebra from its complexification

For a given orbifold T ~9=P x T'%/7,, of eleven-dimensional supergravity /M-theory, the orbifold
action on the corresponding U-duality algebra in D dimensions is given by the inner automor-
phism UqZ”, VD. This automorphism has a natural extension to the complexification (gU)([j of
the split form gV, where the appropriate set of generators describing physical fields and duality
transformations on a complex space can be properly defined.

The requirement that these new generators diagonalize L{qZ" and are charged according to
the index structure of their corresponding physical objects will select a particular complex basis
of (g¥)C. We will henceforth refer to this algebraic procedure as ”orbifolding the theory”.

Projecting out all charged states under I/{qZ" is then equivalent to an orbifold projection in
9

the U-duality algebra, resulting in the invariant subalgebra (gin,)C = Fix, z. (g the notation
q

Fixy g stands for the fixed-point subalgebra of g under the automorphism V).

Since we expect the untwisted sector of the theory to be expressible from the non-linear
realization of Giny /K (Giny) as a coset sigma-model, we are particularly interested in determining
the reality properties of giny, the algebra that describes the residual U-duality symmetry of the
theory.

Retrieving the real form gi,, from its complexification (gi, )T can be achieved by restricting
the conjugation (5.67) to (giny)¥. Denoting such a restriction 79 = 7|g,,., the real form we are
looking for is given by

Pinv = FiXT() (ginvc) .

Since gV is naturally endowed with the Chevalley involution ¥, the Cartan involution associated
to the real form g;,, is then the restriction of ¥¢ to the untwisted sector of the U-duality algebra,
which we denote ¢ = Y¢lg,,. Consequently, the real form gin, possesses a Cartan decomposition
Oinv = finv @ Piny, With eigenspaces ¢(biny) = tiny and ¢(Piny) = —Piny. The whole procedure
outlined in this section can be summarized by the following sequence:

Zin,
uq

Fixr,
(9U7§(J) e (gU 0 (570)

-—t (Aginv)([j — (girwad))-

5.3.3 Non-compact real forms from Satake diagrams

As we have seen before, real forms are described by classes of involutive automorphisms, rather
than by the automorphisms themselves. As such, the Cartan involution, which we will refer to
as ¢, can be regarded as some kind of preferred involutive automorphism, and is encoded in the
so-called Satake diagram of the real form it determines. The Cartan involution splits the set of
simple roots II into a subset of black (invariant) roots (¥#(«;) = «;) we call II.., and the subset
I1; = II /1. of white roots, such as

19(042') = —0p(y) + kaak, with Qp(i) € II; and oy € 11,
k

where p is an involutive permutation rotating white simple roots into themselves and 7, is
a matrix of non-negative integers. A Satake diagram consists in the Dynkin diagram of the
complex form of the algebra with nodes painted in white or in black according to the above
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prescription. Moreover, if two white roots are exchanged under p, they will be joined on the
Satake diagram by an arrow.

From the action of ¥ on the root system, one can furthermore determine the Dynkin diagram
and multiplicities of the so-called restricted roots, which are defined as follows: for a Cartan
decomposition gg = € P p, let a C p be maximal abelian. Then, one can define the partition
under a into simultaneous orthogonal eigenspaces (see [175] for a detailed discussion):

(80)a = {X € golad(Ha)X = a(Ha)X, VHq € a} . (5.71)

This defines the restricted roots & € a* as the simultaneous eigenvalues under the commuting
family of self-adjoint transformations {ad(H,)|VH, € a}. Then, we can choose a basis such
that hg = t @ a, where t is the maximal abelian subalgebra centralizing a in €. The Cartan
subalgebra can be viewed as a torus with topology (S!)" x (R)" where n, = dima is called
the R-rank. Restricted-root spaces are the basic ingredient of the Iwasawa decomposition, so
we shall return to them when discussing non-linear realizations (see Section 5.2.2) of orbifolded
11D supergravity /M-theory models.

We denote by ¥ the set of roots not restricting to zero on a*. As an example, one can choose
a basis where such a set 3 reads:

E:{a:%(a—ﬁ(a)) ea*]a;éO} . (5.72)

Then, a real form can be encoded in the triple (a,X%,mg) and mg is the function giving the
multiplicity of each restricted root, in other words mg = dim(gg)s. If we denote by II a basis of
3., all non-compact real forms of g can be encoded graphically in

I) the Satake diagram of (II,9);
IT) the Dynkin diagram of II;
1) the multiplicities mg, and mag, for &; € B.

On the other hand, given a Satake diagram, we can determine the real form associated to it
as a fixed point algebra under 7. Indeed from the Satake diagram one readily determines 1}, and
since it can be shown that there always exists a basis of h such that the ”compact” conjugation
7¢ =19 o7 acts as 7(a) = —a, Ya € A, then the conjugation is determined by 7 = — on the
root lattice.

Finally, in the finite case, the R-rank ng is given in the Satake diagram by the number of
white roots minus the number of arrows, and n. by the number of black roots plus the number
of arrows.

5.4 The orbifolds T?/7,-1

From the algebraic method presented in Section 5.3.2, it is evident that a T2/Z,, orbifold on
the pair of spatial dimensions {z?, 2%} is only expected to act non-trivially on the root spaces
(g¥)a C gY, characterized by all roots o containing ceg and /or ar, as well as on the corresponding
Cartan element H,,.

The basis of (gU)(D diagonalizing the orbifold automorphism Z/{2Z ™ with the appropriate set
of charges will be derived step by step for the chain of compactification ranging from D = 8
to D = 1. This requires applying the machinery of Section 5.3.2 to the generators of the root
spaces (gV), mentioned above and selecting combinations thereof to form a basis of (g)* with
orbifold charges compatible with their tensorial properties. We will at the same time determine
the real invariant subalgebra gi,, by insisting on always selecting lowest-height invariant simple
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roots, which ensures that the resulting invariant subalgebra is maximal. In D = 2,1, subtleties
connected with roots of multiplicities greater than one and the splitting of their corresponding
root spaces will be adressed.

For a start, we will work out the D = 8 case in detail, and then show how this construc-
tion can be regularly extended down to the D = 3 case. The affine and hyperbolic D = 2,1
cases require more care and will be treated separately. In D = 8, then, we consider eleven-
dimensional supergravity on 73, which possesses U-duality algebra gV = sl(3,R) @ sl(2,R),
whose complexification is described by the Dynkin diagram of as @ ay. It has positive-root space
Ay = {ag, 7,06 + a7, as}, and its Cartan subalgebra is spanned by {HG = e — ey; Hy =
ey —eto; Hs = (2/3)(ey + ey +¢Y)}- The a; factor corresponds to transformations acting on
the unique scalar Cgg 19 produced by dimensional reduction of the 3-form field on 7°3.

The orbifold action on the two-torus

(2,2) — (€™M 7, 2T/ z) (5.73)
induces the following inner automorphism on the U-duality algebra
UZr = Ad(e™ ET=F)) = Ad(e 7= | forn > 2.

This automorphism acts diagonally on the choice of basis for (g¥)* appearing in Table 5.2,
where both compact and non-compact generators have the charge assignment expected from
their physical counterparts.

Qa generators
0 K.; = —(2Hg + Hy) + S Hjy
Kgs = 2(2Hg + Hy) + 2 Hg

Zs.z = 5(BEg + Fy), Zs.z =i(Es— Fg)
K.z =i(E7; — Fr)

)

Kz )

Ksz .
{ ICZZ } = % (Eﬁ — F6 + Z(E67 — F67))

Kgg .
+2 { K. }=%<H7iz<E7+F7>)

Table 5.2: Algebraic charges for S' x T2/Z,~o orbifolds

The invariant subalgebra (ginv)c can be directly read off Table 5.2, the uncharged objects
building an a; @ Cc®’ subalgebra, since the original as factor of (g¥)® now breaks into two
abelian generators H2l = 2Hg + H; and H? = —K,z. The total rank (here 3) is conserved,
which will appear to be a generic feature of (giny)®

The real form giyy is then easily identified by applying the procedure outlined in eq. (5.70).
Since K,z and Kgg are already in Fix,,(giny") while 70(Zs.z) = —Zs.z, 70(Zs.2) = —Zs.5 and
10(K.z) = —K.z, a proper basis of the invariant real form is, in terms of (gi,,)¥ generators:
Giny = Span{2/3(K88 +2K.z5); i85 ; iZgzg} @ Span{2(Kgs — K,z)} ® Span{—iK,z}. From now
on, the last two abelian factors will be replaced by H2 and iH2, Now, how such a basis
behaves under the associated Cartan involution ¢ is clear from Section 5.3.2. This determines
the invariant real form to be s((2,R) ®so(1, 1) ®u(l), with total signature o = 1. In general, the
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signature of the subalgebra kept invariant by a 72" /Z,~s orbifold will be given by o(g¥) — 2n
(keeping in mind that some orbifolds are equivalent under a trivial 27 rotation).

The coset defining the non-linear realization of the orbifolded supergravity is obtained in the
usual way by modding out by the maximal compact subgroup:

SL(2,R) SO(1,1)
SU@) T 7,

In D = 7, there appears an additional simple root «s, which, in the purely toroidal com-
pactification, enhances and reconnects the U-duality algebra into gV = s((5,R), following the
well known ¢, ,, serie. The complexification (g¥)® resulting from orbifolding the theory calls for
six additional generators: {K7z, Z7,z, K7z, Z7.z} and the 2 corresponding Hermitian conjugates,
produced by acting with ad(E5 £ F5) on the objects in Table 5.2, all of which, together with the
Cartan element K77, have the expected orbifold charges.

Beside these natural combinations, we now have four new types of objects with charge 41,
namely: )

{ ZZ ? ;ZZ } = % (Ese7s(+/—)Fsers £ i(Eses(+/—) F68)) (5.74)
so that the invariant subalgebra (gin, )T is a straightforward extension by as of the D = 8 case,
as can be seen in Table 5.3. Its real form is obtained from the sequence (5.70) just as in D = 8,
yielding the expected giny = sI(3,R) ® s0(1,1) ® u(1), where the non-compact abelian factor is
now generated by the combination

10
HP = 4H; + 6Hg + 3Hy + 2Hg = 3 (K;"+ K® — K.7) , (5.75)

while, as before, u(1) = R(E7 — F7). Thus o(giny) = 2, while the total rank is again conserved
by the orbifold projection.

The above procedure can be carried out in D = 6. In this case however, the invariant
combination H? which generated earlier the non-compact so(1,1) factor is now dual to a root
of gV = s0(5,5), namely:

2
HP = Hy, = 3 (Ke® + K;" + K¢ — K.7) . (5.76)

The abelian factor is thus enhanced to a full s[(2,R) subalgebra with root system {+6p, }, while
the real invariant subalgebra clearly becomes s((4, R)®s((2, R)®u(1). In D = 5, §p, connects to
a3 giving rise to giny = s1(6,R) @ u(1). The extension to D = 4,3 is completely straightforward,
yielding respectively giny = 50(6,6) @ u(1) and e7; @ u(1). The whole serie of real invariant
subalgebras appears in Table 5.3, beside their Satake diagram, which encodes the set of simple
invariant roots IIy and the Cartan involution ¢.

5.4.1 Affine central product and the invariant subalgebra in D = 2

New algebraic features appear in D = 2, since, in the purely toroidal case, the U-duality algebra
is now conjectured to be the affine eg; = Split(eg).8

The invariant subalgebra (gin, )T consists in the affine ¢; together with the Heisenberg algebra
i(1)® spanned by {z" ® (E; — F¥),Vn € Z;c;d}. Though both terms commute at the level of
loop-algebras, their affine extensions share the same central charge ¢ = Hs and scaling operator
d. Now, a product of two finite-dimensional algebras possessing (at least partially) a common
centre is called a central product in the mathematical literature. The present situation is a

8Since Yo (8) = —6 implies 9c(d) = —d and Yo (c) = —c¢, the split form of any KMA has signature o = dim .
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natural generalization of this construction to the infinite-dimensional setting, where not only
the central charge but also the scaling element are in common. Since the latter is a normalizer,
we are not strictly dealing with a central product. We will therefore refer to such an operation
as an affine central product and denote it by the symbol X. Anticipating the very-extended
D =1 case, we can write the invariant subalgebra as the complexification

e Mii(1) = (&7 @ 6(1) / {5, d} (5.77)

where 3 = H5E7 —¢q(1) 1s the centre of the algebra and d= ds 5, — dy(1) 1s the difference of scaling
operators.

The real form g;,, can be determined first by observing that the non-compact and compact
generators H, and E, £ F, (with (afaz) = 0) of the e7; factor in D = 3 naturally extend to
the (1" + t7") ® H, and (1" ® E, £t7" ® Fy,) vertex operators of an affine ¢79 and second,
by noting that the remaining factor in the central product ¢ X (1) is in fact the loop algebra
L(u(1)) whose tower of generators can be grouped in pairs of one compact and one non-compact
generator, according to 9

P((2" 2" @ (Br — Fr)) =x("+27") @ (Br — Fr), (5.78)

in addition to the former compact Cartan generator iH2 = E; — Fy. In short, the £(u(1))
factor contributes —1 to the signature of gi,y, so that in total: ¢ = 8. Restoring the central
charge and the scaling operator in £(u(1)) so as to write gi,y in the form (5.77), we will denote
the resulting real Heisenberg algebra ﬁ|1(1), so as to render its signature apparent.

For the sake of clarity, we will represent g,y in Table 5.3 by the Dynkin diagram of e7)9®1i; (1)
supplemented by the signature o(giny), but it should be kept in mind that giy,, is really given by
the quotient (5.77). In Table 5.3, we have separated the D = 2,1 cases from the rest, to stress
that the Satake diagram of (Ily, ¢) describes gin, completely only in the finite case.

Finally, to get some insight into the structure of the algebra &; X {i(1), it is worthwhile noting
that the null root of the original eg is also the null root of ¢7, as

§ = ag+ 201 + 3ag + 4as + Say + 6as + dag + 2a7 + 3ag
= ap+ 201 + 302 +4as + 3aq + 205 + ag + 20p, = R, .

Although the root space gs C eg is eight-dimensional, we have mult(dg,) = 7, since the eighth
generator z @ Hy of gs is projected out. The latter is now replaced by the invariant combination
z ® (E7 — F7) whose commutator with itself creates the central charge of the (1), whereas the
seven remaining invariant generators {z® Hy, ;2® H;,¥i =1,---,5,8} build up the root space
965, - In a sense that will become clearer in D = 1, the multiplicity of g, is thus preserved in
e7 X u(1).

5.4.2 A Borcherds symmetry of orbifolded M-theory in D =1

In D = 1, finally, plenty of new s[(10, R)-tensors appear as roots of ejg, so it is now far from
obvious whether the invariant subalgebra constructed from e; X (1) by adding the node a1
exhausts all invariant objects. Moreover, the structure of such an algebra, as well as its Dynkin
diagram is not a priori clear, since we know of no standard way to reconnect the two factors
of the central product through the extended node av_1. As a matter of fact, mathematicians
are aware that invariant subalgebras of KMA under finite-order automorphisms might not be
KMA, but can be Borcherds algebras or EALA [10, 5, 4]. Despite these preliminary reservations,

9Note that the combination used in eqn. (5.78) is well-defined in eq)10, since it can be rewritten in the following
form: (z"QE;Fz "QF) (27" Q Er F2" Q Fr).
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D (H07 (b) ‘ Jinv ‘ U(ginv)

sl(2,R) ®so(1,1)
ag ©® u(l)

sl(3,R) @ s0(1,1)

7 o0—o0 x  HE x  iHA 2
(675 asg 6911(1)

sl(4,R) @sl(2,R)

6 o0—o0—o0 o x  iH 3
Qa o ag Op. @ u(1)
5 o0—O0—0—0—20 x  iH sl(6,R) @ u(1) 4

0D,
4 oO—0—0 x  iH 50(6,6) ©u(1) 5
a3 o 5 g
Qo
e
3 o—o0o—O0—0—0—20 x  iH[ e7j7 ©u(l) 6

0ps
2 o—o0o—o0 i O—O0—0 X {z']?L[f}} i e710 ® L(u(1)))—1 8
ne

O—O—O—O—O0—0—0 x iH 2Biop @ u(1) 8
Q Q.

Table 5.3: The split subalgebras giny for 7970 x T2 /Zn~o compactifications

we will show that the real invariant subalgebra gi,, in D = 1 can nevertheless be described
in a closed form by a Satake diagram and the Conjecture 5.4.1 below, while its root system
and root multiplicities can in principle be determined up to arbitrary height by a proper level
decomposition.

Conjecture 5.4.1 The invariant subalgebra of e1g under the automorphism Z/{2Z” is the direct
sum of a uw(l) factor and a Borcherds algebra with degenerate Cartan matriz characterized by
one isotropic imaginary simple root Br of multiplicity one and nine real simple roots, modded
out by its centre and its derivation.
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As already mentioned in Section 5.4.1, we choose to represent, in Table 5.3, the real form
ginv before quotientation, by the Dynkin diagram of its defining Borcherds algebra 2B;y. Both
are related through

Giny = u(1) & *Buop1 /{3, dr}, (5.79)

which is an extension of the affine central product (5.77) encountered in D = 2, provided we
now set 3 = Hs — Hy. We also define H; = Hg, and d; = dg, as the Cartan generator dual to
0Or and the derivation counting levels in (7.

More precisely, 281y has the following 10 x 10 degenerate Cartan matrix, with rank r = 9

and it can be checked that its null vector is indeed the centre 3 of the Borcherds algebra mentioned
above. As for affine KMA, the Cartan subalgebra of Borcherds algebras with a non-maximal
n X n Cartan matrix has to be supplemented by n — r new elements that allow to discriminate
between roots having equal weight under Ad(H;), Vi = 1,..,n. Here, the Cartan subalgebra of
2B1o thus contains a derivation d; counting the level in 37, allowing, for example, to distinguish
between 267,10 B; + 8 and 26, which all have weights —2 under H_; and 0 under all other Cartan
generators dual to simple roots. However, the operator d; is not in ¢;g and consequently not in
@inv, either. Hence, the quotient by {3, J} in Conjecture 5.4.1 amounts to identifying H; with
Hjs. Furthermore, since the roots a_; and (; are connected on the Dynkin diagram, —H _4
plays, already in 2B, the same role as d; with respect to 37. So the elimination of d; by the
quotient (5.79) is equivalent to identifying it with —H _;, which parallels the treatment of Hj
with Hy.

These two processes reconstruct in g,y the 8-dimensional root space (ginv)s = (925,,)5 @
(928,,)3,; inherited from ej.

Formally, one decomposes:

Eflgn = Efl2p,,,Ya=1,...,7, and Eg\ginv = Eg, = % (Es+or — Fs—ar) -
and Fg, = (EgI)T in e19. One should thus pay attention to the fact that although G; ~ § in giny,
their corresponding ladder operators remain distinct.

We have chosen to depict the Borcherds algebra under scrutiny by the Dynkin diagram
displayed in Table 5.3. However such a GKMA, let alone its root multiplicities, is not known in
the literature. So at this stage, one must bear in mind that the Dynkin diagram we associate
to 2B is only meant to determine the correct root lattice for (ginv)c. The root multiplicities,
on the other hand, have to be computed separately by decomposing root-spaces of ¢1g into root-
spaces of (ginv)c. So we need both the Dynkin diagram of 2Biy and the root multiplicities listed
in Table 5.6 in order to determine gy, completely.

In order to support the conjecture 5.4.1, we start by performing a careful level by level
analysis. We proceed by decomposing e;g with respect to the coefficient of ag into tensorial
irreducible representations of s[(10,IR). Such representations, together with the multiplicity
of the weights labelling them, are summarized up to level [ = 6 in ag in Tables 5.4 and 5.5.
These tables have been deduced from the low-level decomposition of roots of e1y that can be
found up to level 18 in [115]. Since we are more interested in the roots themselves and their

%Tn contrast to real simple roots, we expect for isotropic simple roots of a Borcherds algebra that nfr € A,
Vn € Z.
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l R(A) A dimR(A)
0 Kij) [200000000] 55 = 45 + 10 Cartan
1 Ziijn) [001000000] 120
2 Zi, i [000001000] 210
3 K (i) jrja] [100000010] 440 = 360 + 8 x 10y,
4| (K ® Z)jyjullkikoks] | [001000001] 1155 = 840 + 7 x 45
Agij) [200000000] 55 = 10 + 45,
5| (Kiy® 2)jyjalibrke) | [000001001] 1848 = 840 + 4 x 252
Bi) (-] [100100000] 1848 = 840 + 4 x 252,
6 | (K (i) ® K (j)) (k1. ks]lr-4s] | [100000011] | 3200 = 720 + 2 x 840 + 16 x 45 + 8 x 10y
(A® Z)(ijy1kg) | [010001000] 8250 = 3150 + 5 x 840 + 20 x 45
Dy [100000100] 1155 = 840 + 7 x 45
Sfiy-is [000000010] 45

Table 5.4: Representations of s[(10,R) in ejp up to I =6

multiplicities than in the dimension of the corresponding s[(10, R) representations, we added,
in column dimR(A) of Table 5.4, the way the dimension of each representation decomposes
in generators corresponding to different sets of roots, obtained by all reflections by the Weyl
group of s[(10,R) (i.e. permutations of indices in the physical basis) on the highest weight and
possibly other roots. In the first column of Table 5.5, the tensor associated to the highest weight
is defined, the highest weight being obtained by setting all indices to their maximal values.

Note that roots that are permutations of the highest weight of no representation, or in
other words, have null outer multiplicity, do not appear in Table 5.4, contrary to what is done
in [115]. However, these can be found in Table 5.5. The order of the orbits under the Weyl
group of s[(10,R) is given in column O!9, in which representations of null outer multiplicity
are designated by a [0] subscript. Besides, column m contains the root multiplicities, while
column |A|? contains the squared length, which, in the particular case of e1g, provide equivalent
characterizations.

For example, the representation with Dynkin labels [000001000] at level 3 is composed of
the Weyl orbit of its highest weight generator IN((lo)[g...lo] together with 8 Weyl orbits of the

(outer multiplicity 0) root K (2)[3--10] for a total size 360 + 8 x 10. Similarly, the representation
[001000001] at level 4 is composed of the 840 components of the associated tensor, together with
7 copies of the anti-symmetric part of A;; that corresponds to a root of multiplicity 8 and outer
multiplicity 0, for a total dimension 840 + 7 x 45. The remaining eighth copy combines with
the (inner and outer) multiplicity 1 diagonal part A ;) to form a symmetric tensor [200000000].
Note that the A(;;) representation differs from the K ;) one, first because the diagonal elements
of the latter are given by Cartan elements and not ladder operators as in A, and second
because these two representations obviously correspond to roots of totally different level, height
and threshold. Clearly, isomorphic irreducible representations of s[(10,R) can appear several
times in the decomposition of eqq.
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Generator @ Physical basis 0y | m(a) | |of?
0
Koo 00000UO0TO0O0 1 (0,0,0,0,0,0,0,0,1,—1) 45 1 2
1
Zis0 10 000000000 (0,0,0,0,0,0,0,1,1,1) | 120 | 1 P
= 2
256789 10] 000012 3 92 1 (0,0,0,0,1,1,1,1,1,1) 210 1 2
= 3
K(0)3-10] 00 19 3 4 5 31 (0,0,1,1,1,1,1,1,1,2) | 360 1 2
~ 3
K2)-10] 01 2 3 45 6 40 0,1,1,1,1,1,1,1,1,1) | 10g | 8 0
~ 4
(K2) ® Z)3..-10)89 10] 01 23 45 6 409 (0,1,1,1,1,1,1,2,2,2) | 840 1 2
4
Ag1010) Lo 3 45 6 7 4 1 (1,1,1,1,1,1,1,1,1,3) | 10 1 2
(K(2)®AZ<2)[;')A10][1910] L9345 6 ‘; L s (1,1,1,1,1,1,1,1,2,2) | 45 8 0
=~ = 5
(K2 ® Z)(5...10)(5-.- 10) 01 235 706 3 (0,1,1,1,2,2,2,2,2,2) | 840 1 2
5
B10y(7--- 10] 1 2934568 5 2 (1,1,1,1,1,1,2,2,2,3) | 840 1 2
(R(z) ® 2)[3-»-10][16»-» 10] 5
By Lo 3 45 7 06 3 (1,1,1,1,1,2,2,2,2,2) | 252, | 8 0
== 6
(K(g)®K(10))[3...10][3...10] 0135 79 11 7 3 (0,1,2,2,2,2,2,2,2,3) 720 1 2
= 6
(A® Z)(010)(5..- 10] L9 3 46 8 10 6 3 | L11,1,222233) | 3150 | 1 2
(K1) © K10)) 241013 10] 6
(A® Z)a 1015 10] Lo a5 7 0 1 7 3 | L11,2222223) [ 80 | 8 |0
D10)4.--10]
== 6
(K(2) ® K2))[3.--10][3-- 10] 002 46 8 10 12 8 4 (0,2,2,2,2,2,2,2,2,2) 10(g) 8 0
(K1) © Kao)) 2.9 10]
(A@Z)(34)[5...10] 6
D310 L9 468 10 1o 8 4 | 122222222 | 45 | 4 | -2
(K1) ® K(2))[3-10)(3--- 10]
5[3...10]

Table 5.5: Decomposition of root spaces of e1g into s[(10,R) representations

Moreover, and more interestingly, weights with different physical interpretations may live in
the same representation of ejg. In particular, the third weight K(10y3...1g) in Table 5.5 is clearly
related to the corresponding Euclidean Kaluza-Klein monopole (KK7M), while the fourth weight
K (9)[3...10]; though belonging to the same [100000010] representation, corresponds, according to
the proposal of [56] (cf. Table 5.1) to the Minkowskian Kaluza-Klein particle (KKp) Go;.
Similarly, the seventh weight A(1010) is associated to the conjectured Euclidean KK9M-brane
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Wao10)1-- 10, While A(g1g) is interpreted as the Minkowskian M2-brane Cgg10. To complete
the list of Minkowskian objects, we have in addition the weights B g)[7...109) and D(1g)j4...10] Te-

lated respectively to the exceptional M5-brane 5’06...10 and the Kaluza-Klein monopole (KK7M)

G (10)04---10-
After this short excursion into weights and representations of e1g, let us come back to the
characterization of 2Bjg. Observing that objects commuting with i H 2l — —iKC,5 have the form

X..(99) — X...1010) or X...[910], We are naturally looking for invariant combinations of generators
of e1p with such tensorial properties. The latter can then be decomposed into sl(8,R) tensors
with Weyl orbits of order O and identified with a root of 2B1g. We have carried out such a
decomposition up to I = 6 in ag and listed the corresponding roots of 2B, together with their
multiplicities m, in Table 5.6.

In order to make clear how to retrieve the root system of gin, from Table 5.6, we give in the
third column the expression of a given root of 231y in a generalized notation for the physical
basis, denoted physical eigenbasis of e1p. This eigenspace basis is defined by!':

1 1
E!=E;, Yi=-1,...,5,8, E{= —2(E6 +iFEg7), FEh= §(H7 —i(Br + F7)),  (5.80)

so that
[Eors B7/Fi] = Fi(Bayar — Ba—ar) (5.81)

for all o'’s satisfying |a/|?> < 0 and o’ = «, where « is a root of ejg in the original basis. In fact,
all invariant generators in e either satisfy E, = E,, or are of the form (5.81). In Table 5.6,
we characterize the former by their root o’ = « in the physical eigenbasis, and the latter as the
sum of a root @’ = o and —a/, to emphasize the fact that they build separate root spaces of
2By that will merge in gi,,. Indeed, modding out ?Bjg by {3;d} eliminates the Cartan elements
measuring the level in 7 = § — o/ in giny, thus identifying 57 with J.

As an example, consider the fourth and sixth root at [ = 4 in Table 5.6. Both are identified

in (ginv)C

(1,1,1,1,1,1,1,1,2,2) + (08, -1,1)" ~ (1,1,1,1,1,1,1,1,2,2)’

so that their respective generators: Agg — A1p1¢ on the one hand, and Ag1g plus 6 combinations
of operators of the form R’[lm;,,,gg 10) ® Zig10), ¢ =1,...,6 on the other hand, are now collected
in a common 8-dimensional root space (giny)a for @« = +a_1+ ...+ as + ag. As a result,
the root multiplicity of 6 + a_1 + ...+ a5 + ag is conserved when reducing e1g to (giny )T, even
though its corresponding root space is spanned by (partly) different generators in each case. We
expect this mechanism to occur for all imaginary roots of giyy.

On the other hand, the multiplicity of isotropic roots in 2B splits according to 8 — 1 + 7,
in which the root space of multiplicity one is of the form (5.81). Likewise, imaginary roots of e
of length —2 split in 2Bjg as 44 — 8 + 36, and we expect, though we did not push the analysis
that far, that imaginary roots of length —4 will split as 192 — 44 + 148. Generally, we predict
root multiplicities of 2Big to be 1, 7, 36, 148, 535, 1745,... Although not our initial purpose,
the method can thus be exploited to predict root multiplicities of certain Borcherds algebras
constructed as fixed-point algebras of KMAs under a finite-order automorphism of order bigger
than 2.

Finally, a remark on the real gi,,. As anticipated in eqn.(5.79), the Borcherds algebra
involved is actually the split form 2810|11. Its reality properties can be inferred from the affine
case, which has been worked out in detail in Section 5.4.1, and the behaviour of the generators
En5, = (1/vV2)(Enstar — Ens—a) and Fo5, = (E’nm)Jr under the restriction ¢.

Since ¢(Enp,) = —Fpnp, and ¢(F,3,) = —Ey3,, both sets of operators combine symmetrically
in the usual compact and non-compact operators E, 3, F F,3,. Moreover, the Cartan generator

"This basis will be used again for computing shift vectors in Section 5.8.
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Invariant Tensor Physical eigenbasis of e 0% a € Ap (2310) m(a)
’ 0 0
K7g) (0,0,0,0,0,0,1,—1,0,0) 28 0 00 0 0 1
Z (0,0,0,0,0,0,0,1,1,1)" 8 0 0 1
[8910] y Uy Uy Uy Uy Uy Uy Ly 4y 0 00 0 O
AL (0,0,0,0,0,1,1,1,0,0)’ 56 0 ! 1
[678] y Uy Uy Uy Ly Ly L U 0 00 0 O
Zise (0,0,0,0,1,1,1,1,1,1) 70 0 ! 1
[56789 10] sy Uy Uy Uy by s Ly by 0 00 1 1
= , 0 2
Z[345678] (0707171717171715070) 28 0 1 2 3 2 1
I~(92 g—f(l)g 810 (0111111111)'—0—(08—11)' 8 ! 0 1
(9)[2---89] (10)[2---810] y L L L L L, L, ) ) 0 0 0 0 0
~ , 0 2
K (s)[3...10] (0,0,1,1,1,1,1,2,1,1) 168 0 1 2 3 2 1
~ , 0 2
K2)[3...10] (0,1,1,1,1,1,1,1,1,1) 8 0 9 3 4 3 7
K, (1,1,1,1,1,1,1,2,0,0)’ g | Y 3 1
(8)[18] ) 7 7 ) ) 7 7 b bl 1 3 4 5 3
K® Z)q...
( B 2Z)u-oirso) (1,1,1,1,1,1,2,2,1,1)" + (0%, —1,1)" | 28 i Ll i 0 1
—(K® Z)p...810)[78 10])
(IN( ® Z) (0,1,1,1,1,1,1,2,2,2)’ 56 0 2 1
(2) [3---10][89 10] y Ly L L L, 1,4, 4 0 2 3 4 3
(I~(2®Z)t H1167 (0,1,1,1,1,2,2,2,1,1)’ 280 0 3 1
(2) [3---10][678] s Ly Ly Ly by &y 45 45 4, 0 2 3 4 3
Ky ® Z)js...
(K2) @ Z)g3-101910) (1,1,1,1,1,1,1,1,2,2) 1|0 2 7
A 10) 1 3 4 5 4
K2 @ Z)s...
(K2 @ Z)ga-10)a7 (1,1,1,1,1,1,2,2,1,1) 28 2 - g’ 5 7
Ars)
Apgg — A (1,1,1,1,1,1,1,1,2,2)" 4+ (0%, -1,1)" | 1 L 0 1
(99) (1010) sy Ly Ly Ly Ly Ly Ly 4, 5 ) 1 1 1 1 1
’ 0 3
A(gg) (1717171717171735171) 8 1 3 4 5 3 1
(« ©2) ot (1,1,1,2,2,2,2,2,1,1)" + (0%, —1,1)" | 56 i Lo 3 ) 1
—(K ® Z)p1...810)[4--8 10])
~ ~ , 0 3
(K(Q) ® Z)[3~»1()][5m1()] (07 17 17 1727272725272) 280 0 2 3 5 4 1
~ ~ , 0 4
(K(Q) ® Z)[;,A.Alo][gmg] (0,1,2,2,2,2,2,2,1,1) 56 0 35 7 5 1
Bgyi7... 10 (1,1,1,1,1,1,2,3,2,2)’ 56 0 3 1
(8)[ ] 5 Ly Ly Ly Ly Ly Ly Dy &y 1 3 4 5 3
, 0 4
Bsys... 8 (1,1,1,1,2,2,2,3,1,1) 280 1 3 4 6 4 1
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Bo)[s789) — B(10)[678 10] (1,1,1,1,1,2,2,2,2,2)" + (0%, -1,1)" | 56 1 1 1 11 1 1 1
(K@) ® Z)gs-10)16-- 10 (1,1,1,1,1,2,2,2,2,2)’ 56 (1) 5 3 ? 43 2 |7
Ber10)
(K(2) ® Z)[3.10)14- 8] / 0 4
B (1,1,1,2,2,2,2,2,1,1) 5 | ) 5 g T
K ® K(9))2..10]2-.-
(( © Kg))z- 0]z 9] 0,2,2,2,2,2,2,2,2,2) + (0, —1,1) | 8 (2) - g Coo |1
—(K ® K(10)) 2.8 10][2---810])
~ ~ 0 4
(K(2) ® K(s))[3..-10][3--- 10] 0,1,2,2,2,2,2,3,2,2) 336 0 1 3 7 5 3 2 1
(K @ K9))a-oy- 10]
—(K ® K(10))[1.810][3--10])
~ 2 0
(A® Z)soj... 70 (1,1,2,2,2,2,2,2,2,2) +(©05-L)' | 28 | [ o 0 0 0 0 0 0 |8
—(A® Z)g10)3--710)
D9)(3...9) — D(10)[3---8 10]
(R(g) ® R(g))[g...lo][l...g] 0 5
~ !
(A®Z)[78][2m68] (1727272727272737151) 56 1 3 5 9 6 3 1 1
D(s)(2---5)
- 0 3
(A® Z)(910)[5--- 10] (1,1,1,1,2,2,2,2,3,3) 70 1 2 3 6 5 4 3 1
- 0 4
(A@Z)(7g)[5...10] (1,1,1,17272,3,3,2,2)’ 420 1 2 3 6 4 3 2 1
~ 0 5

(A® Z)(78)[3.. 8] (1,1,2,2,2,2,3,3,1,1) 420 1 2 4 8 5 3 1 1
A®Z
(48 Daopa oo (11,1,2,2,2,2,3,2,2) + (0°,~1,1) | 280 | | ; !
—(A® Z)s10)4--810]) L. 32 11

(( ~® 9))[1 9][2--- 9] (272727272’2’272,171)/4_(087_171)/ ] ; 5 o ; Lo o 8
—(K® K@y)..-s10][2--8 10])
~ ~ 0 4
(K(2) ® K(2))[3..-10][3-- 10] 0,2,2,2,2,2,2,2,2,2) 8 0 2 4 8 6 4 2 7
(K ® K(10))1-9)(3- 10]

(A® Z) a5 10] 0 4
Do (1,1,2,2,2,2,2,2,2,2) 112468642 |
(K ® K(2))p3..-10][3--- 10]

S[g...lo]
(K® fN((s))u-.-w 10][1--- 8]

(A®Z)(12)[3“.8] 0 5
Doy (2,2,2,2,2,2,2,2,1,1) V12 468 107 41 |
(K ® K(1))[1.--9][2-- 810]

S[lms]

Table 5.6: Decomposition of root spaces of 2Byq in representations of s[(8,R)
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H; has to match the reality property of Hs to which it gets identified under relation (5.77),
and must therefore be non-compact in 2By, which agrees with the definition of the split form
215’10|11~

As in the affine case, the signature of gi,, remains finite and is completely determined by
the reality properties of the Cartan subalgebra. Taking into account the quotient (5.77), the
signature is o = 8.

5.5 The orbifolds 7%/Z,-

In this section, we will treat the slightly more involved orbifold 77~ x T%4/Z, for n > 3. A
new feature appears in this case: the invariant subalgebras will now contain generators that
are complex combinations of the original ey generators. If the orbifold is chosen to act on
the coordinates {z7,z8 2%, 19}, it will only affect roots containing ay4, as, ag, ay or ag, and
the corresponding generators. This orbifold should thus be studied first in D = 6 where gV =
50(5,5), with the following action on the complex coordinates:

(21,71) — (™2, e 2™/ 7)) | (22,22) — (e 2™/ 2y, %™/ 7). (5.82)

In other words, we choose the prescription @1 = +1 and @2 = —1 to ensure ), Q; = 0.

2 .
The rotation operator L{4Z "= H e~ n @Rz with the above charge prescription leaves in-
k=1
variant the following objects:

Qa=0 Ko = Y(5H4+ 6Hs+ 4Hg + 2Hy + 3Hs)

K.z (K5 + K¢) = Y(Hy + 4Hs5 + 4He + 2H7 + 3Hs),

K.,z S(K7 + Kg) = Y(Hy + 2Hs5 + 3Hs),

Kiliz/%lcélbarzg } 1
= 1(Es6 — Eer(+/—)(Fs6 — For)
{ KZ1Z2 / %]Czwz 4(

+i(Es + Eser(+/—)(Fs + Fre7))) 5
%(E4526278(+/—)F4526278)
5(Eass(+/—)Fuss) 5
= %(E452678 — Euys68(4/—)(Fus2678 — Fises)

+i(Eys268 + Fis2as(+/—)(Easers + Fasers))) -
ICZIEI = Z('E5 - F5) ) ,CZQZQ = Z(-E7 - F7) .

1
262151 /5262121 =
1
262252 / 5262222 =
1
{ 262122/5262122 }

1
262122 / 52621,22

(5.83)
Thus giny has as before (conserved) rank 5. Note that the invariant diagonal metric elements are
in fact linear combinations of the three basic Cartan generators satisfying as(H) = a7 (H) = 0,
namely {2H, + Hs, Hs + 2Hg, Hs + 2Hg + H;}. Furthermore, we have various charged combi-
nations:

-

Ey(+/=)Fs + i(Ess(+/—)Fas5))

3

QA =+1 K621 / %’Cﬁfl =

-

Kﬁzz / %ICGZQ = 2 (
Zonzizy | 5Zamm = (E56 —)Fs68 + i(Ese7s(+

2
1 _
2512252 / 52512252 -

B

Eus6(+/—) Fise — i(Ease7(+/—) Fase7)) (5.84)
/—)Fs678)) ,
— (Bs( +/ )Fs) + i(Ess(+/—)Fss)) ,

-3

%
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and their complex conjugates with Q 4 = —1, along with:

Qa=+2 K 5 = 1 (Hs+i(Es+ F)),
KZQZQ - %(H'?_Z E7+F7))7
Kzi2 /3K = 5(Ese + Eer(+/—)(Fs6 + For) (5.85)
—i(Ese7 — Es(+/—)(Fse7 — F5)))
Zozz | 5Z6m = 1 (Basrers + Eases(+/—)(Fis2e7s + Fases)
—i(Ey5268 — Easera(+/—)(Fus2es — Fases))) »
and complex conjugates (Q4 = —2). Note that these five sectors are all different in 74/Z,, for

n > 5, while the two sectors with Q4 = 42 will clearly have the same charge assignment in
T*/Z,4. Finally, the orbifold T*/Zs3 merges, on the one hand, the two sectors with Q4 = 2, —1
and, on the other hand, the two remaining ones with Q4 = 1,—2, giving rise to three main
sectors instead of five. In string theory, these three cases will lead to different twisted sectors,
however, the untwisted sector and the residual U-duality algebra do not depend on n for any
n > 3. The n = 2 case will again be treated separately.

For clarity, we will start by deriving the general structure of the (complex) invariant sub-
algebra, leaving aside, for the moment being, the analysis of its reality property. To do so, we
perform a change of basis in the Q4 = 0 sector, separating raising from lowering operators.
Let X, = (1/2)(E, + F,) be the generator of any field element of gV, we will resort to the
combinations X = X, + %Xa =FE, and X, = X, — %Xa = F,, to derive (ginv)c. First, the
following generators can be shown to form a basis of the non-abelian part of (giyy)®

Esy = —iEus8 = Z3

6Z222 )
1

5 (Ese — Eor £ i(Ese7 + Eg)) = (Kz,20/Kay20) T, (5.86)

1 ) _
Fai = 5 (F56 - F67) + Z(_}71567 - Fﬁ)) = (KZ1Z2/K2122)

Fy = iFys8 = Z,

62922

E,, =

Computing their commutation relations determines the remaining generators of the algebra (for
economy, we have omitted the lowering operators, which can be obtained quite straightforwardly
by Fo = (Ea)T):

) 1 .
Eiia, = +[E5, Ea.] = 3 (Eys267s — Fases + i(Easers + Egs268))
= (Z62122/Zf32122)+ ’
Ea,+&+a+ = [Eany&—i—ajL] = _iE4526278 = (Z62121)+’
Hgz = [Eg,F5] = (Hs+ Hs + Hs),
1 (5.87)

Ho, =|[Eo.,Fo.] = 5(H5 + 2Hg + H7 + i(Fs — Es + Fr — Ex)) ,
Hitop = [Eatas Fatasl
= %(2H4+3H5 +2Hg + Hr + 2Hs ¥ i(Es — F5 + Er — F7))
Ho yava, = [Ba_varay Fo_tata,] = Ha+2Hs5 + 2He + H7 + Hsg.

which shows that the non-abelian part of the complexified invariant subalgebra is of type ag ~ 03.
The rest of the @ 4 = 0 sectors combines into two abelian contributions, so that the whole
D =6 (giny)¥ reads

2weC® :  0—0—0 x {Hs— Hy} x {E5— F5— E;+F;}
o o oy
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Concentrating on the non-abelian 03 part of the real form g;,,, we remark that it can be
chosen to have Cartan subalgebra spanned by the basis {z'(HOl+ — H,_ ); Hz; Hoy + H,L}
compatible with the restriction Fixr, (ginv‘D). Since, in this basis, all ladder operators combine
under ¢ into pairs of one compact and one non-compact operator, the signature of the real
03 is again completely determined by the difference between non-compact and compact Cartan
generators: since i(H, . —H, o_ ) 1s compact while the two remaining generators are non-compact,
o(93) = 1, which determines the real form to be su(2,2) ~ s0(4,2). The reality property of the
invariant subalgebra is encoded in the Satake diagram of Table 5.7.

In addition, the two abelian factors appearing in the diagram restrict, under Fix,, to H [ =
Hg — H4 and ZH[‘H (E5 — F5 — E7 + Fy) and generate so(1,1) @ u(1), similarly to the T2 /Z,~o
case. Their contributions to the signature cancel out, so o(giny) = 1

If we refer to the Satake diagram of Table 5.7, we note that in contrast to the split case, the
arrows now joining the roots oy and a_ indeed change the compactness of the Cartan subalgebra
without touching the ”split” structure of the ladder operators. Moreover, the combinations
i(Hy L H,_ ) and H, . + Hq_ are now directly deducible from the action of ¢ on the set of
simple roots.

Finally, as will be confirmed with the 7' /Z,,~o orbifold, if the chief inner automorphism L{qZ"
produces k pairs of Cartan generators in (gi,,)* taking value in b(eyr) £ i€(ep), there will be
k arrows joining the dual simple roots in the Satake diagram.

Compactifying further to D = 5, the additional node a3 connects to & forming a 04 sub-
algebra. As in the T2/7Z,~ case, this extra split a; will increase the total signature by one,
yielding the real form so(5,3). Since az(Hg — Hy) # 0, the non-compact Cartan generator H 4
commuting with so(5,3) @ u(1) is now any multiple of H* = 2H3 + 4H, + 3H; + 2Hg + Hr.

In D = 4, a new invariant root 7 = g + 2a3 + 3a4 + 3as + 206 + a7 + ag € AT (e7) appears
which enhances the so(1,1) factor to si(2,R). The reality property of the latter abelian factor
can be checked by rewriting v = as+2a3+2a4+as5+a_+a+a4, which tells us that ¢(y) = —.
In D = 3, the additional node «; extending gin, reconnects v to the Dynkin diagram, resulting
in s0(8,6) ® u(1).

5.5.1 Equivalence classes of involutive automorphisms of Lie algebras

Before treating the affine case, we shall introduce a procedure extensively used by [71], par.
14.4, to determine real forms by translating the adjoint action of the involutive automorphism
on the generators by an exponential action on the root system directly.

Our concern in this paper will be only with real forms generated from chief inner involutive
automorphisms, in other words involutions which can be written as ¥ = Ad(e?) for H € h*. In
this case, a matrix realization of the defining chief inner automorphism, denoted 9 = Ad(e®)
will act on the compact real form g. as:

_ cosh(a(H)) isinh(a(H)) N
=1 Z <—zsmh(a(ﬁ) cosh(a(H)) ) Vel (5:88)

Being involutive 9?2 = T implies cosh(2a((H)) = 1, leading to
) = 41, VaeA, . (5.89)

In particular, this should hold for the simple roots: e®() = +1, Va; € II. Then, how one
assigns the 4-signs to the simple roots completely determines the action of ¢ on the whole root
lattice (5.89). For a r-rank algebra, there are then 2" inner involutive automorphisms, but in
general far less non-isomorphic real forms of g.
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We are now ready to implement the procedure (5.69), first by splitting the positive root
system A into two subsets

N {a e A, | e = 11} (5.90)

and then by acting with the linear operator (5.68) in its matrix realisation (5.88) on the base of
ge- Then, the eigenspaces with eigenvalue (£1) can be shown to be spanned by

£ = Span {iHaj, Vaj € II; (Eq — F,) and i(Eq + F,), Va € A(+1)} (5.91)

and
p = Span {i(Ey — F,), (Ea + Fa), Yo € Ay} . (5.92)

In this approach, the signature determining all equivalence classes of involutive automorphisms
(5.89) takes the handy form

—o=Trd = (r+2 Z cosh(a(H))) =+ 2(dim A1) — dim A_yy) . (5.93)

acAt

5.5.2 A matrix formulation of involutive automorphisms of affine KMAs

This analysis can be extended to real forms of affine extension of Lie algebras. The general
method based on a matrix reformulation of the involutive automorphism has been developed in
[73] and successfully applied to the A\r, ET, C, and D, cases in [74, 72, 67, 69, 68]. Here, we
will only present the very basics of the method, and refer the reader to these articles for more
details.

There are two ways of handling involutive automorphisms of untwisted affine Lie algebras.
The first (classical) one is based on the study of Cartan-preserving automorphisms. Since
every conjugacy class of the automorphism group contains at least one such automorphism, one
can by this means arrive at a first classification of the involutive automorphisms of a given
affine KMA. This procedure would be enough for determining all real forms of a finite Lie
algebra, but would usually overcount them for affine KMA, because in this case some Cartan-
preserving automorphisms can be conjugate via non-Cartan-preserving ones within Aut(g). This
will obviously reduce the number of conjugacy classes and by the same token the number of real
forms of an untwisted affine KMA. A matrix formulation of automorphisms has been proposed
in [73] precisely to treat these cases.

The first method takes advantage of the fact that Cartan-preserving automorphisms can be
translated into automorphisms of the root system that leave the root structure of g invariant. Let
us call ¢ such an automorphism acting on A(g). It can be constructed from an automorphism
¢o acting on the basis of simple roots II(g), for rkg = r, as ¢o(o;) = Z;Zl(gbo)ijaj fori=1,..,r.
12 Define the linear functional 2 € P(g) such that

¢(0) = pd,  ¢lai) = go(ai) = (do(ai)|pud, Vi=1,..,r. (5.94)
with (0;|Q?) = n; € Z. This automorphism will be root-preserving if
pw==1, and (gbo)ij €Z.

All root-preserving automorphisms can thus be characterized by the triple Dy = {¢o, 2, p}, with
the composition law:

Dy, Dy, = {(P1)0 - (h2)0, 21 + (¢1)0(Q2), papr2} (5.95)

2Not to confuse with the Cartan involution acting on the root system, as given from the Satake diagram. In
the finite case, if ¢o is non-trivial, it typically corresponds to outer automorphisms of the algebra.
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The action of ¢ lifts to an algebra automorphism 4. The first relation in expression (5.94)
implies ¥4 (c) = pc, while we have:

0(1)(2% ® EO!) — Ca+n5 Z“(n_(¢0(az)|ﬂ)) ® Ed)o(a) s

n " L2 (5.96)
19¢(Z ® Ha) =Chs 2" ® H¢0(04) , 19¢(d) =ud+ Hq — §|Q| ue.

on the rest of the algebra. By demanding that ¥, preserves the affine algebra (5.17), we can
derive the relations, for a and 8 € A(g): CrsCrns = Cimyn)ss Catns = CnsCa, and NogCatp =
N¢O(a)7¢0(5)0a05 with Cp = 1 and C_, = C(;l. The condition for ¥4 to be involutive is
analogous to the requirement (5.89), namely

i) — 41 VWi=0,1,.,r,
where i = 0 is this time included, and H = Y ¢; H; + cqd, with ¢;,cq € C. B
In particular, for a Cartan-preserving chief inner automorphism of type 9 = e®*H)  we have:
bo=1, Q=0, pu=1, Cy=e"T VaecA(). (5.97)

Possible real forms of an untwisted affine KMA are then determined by studying conjugacy
classes of triples Dy, for various involutive automorphisms ¢. However, from the general struc-
ture (5.97), we see that a chief inner automorphism cannot be conjugate through a Cartan-
preserving automorphism to an automorphism associated with a Weyl reflection, for instance.
They could, however, be conjugate under some more general automorphism (note that this
could not happen in the finite context). The above method might thus lead to overcounting the
number of equivalence classes of automorphisms, and consequently, of real forms of an affine Lie
algebra.

This problem has been solved by a newer approach due to Cornwell, which is based on a
matrix reformulation of the set of automorphisms for a given affine KMA. Choosing a faithfull
dp-dimensional representation of g denoted by I', we can represent any element of L(g) by
A(z) =305 a,b2"®@T(X,), for X, € g. Then any element of g may be written as:

A(z) = A(2) + pec + ptad

where the + are clearly not to be taken as matrix additions.

It has been pointed out in [73] that all automorphisms of complex untwisted KMAs are
classified in this matrix formulation according to four types, christened: type la, type 1b, type
2a and type 2b.

A type la automorphism will act on A(z) through an invertible dr x dr matrix U(z) with
components given by Laurent polynomials in z:

©(A(2) = U(2)A(uz)U(2) 1 + % Z:Zz Tr Kd% In U(z)> A(uz)] c, (5.98)
where A1 is the Dynkin index of the representation, and uw € C* (this parameter corre-
sponds, in the preceding formulation, to a Cartan preserving automorphism of type ¥ =
e2d(d)) The remaining three automorphisms are defined as above, by replacing A(uz) —
{—A(uz); A(uz=1); —A(uz~1)} on the RHS of expression (5.98) for, respectively, type {1b;2a;2b}
automorphisms.

Here the tilde denotes the contragredient representation —T. The action on ¢ and d is the
same for all four automorphisms, namely:

p(c) = pc,
e(d) = p@U(2)) + Ac+ pd,
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with p = 1 for type la and 1b, and u = —1 for type 2a and 2b, and the matrix:

B(U () = —z% InU(2) + % Tr <z% In U(z)> s (5.99)

An automorphism ¢ can then be encoded in the triple: D, = {U(2),u, A}, and, as before,

conjugation classes of automorphisms can be determined by studying equivalence classes of

triples D,. In this case, the more general structure of the matrix U(z) as compared to ¢o,

which acts directly on the generators of g in a given representation, allows conjugation of two

Cartan-preserving automorphisms via both Cartan-preserving and non-Cartan-preserving ones.
Finally, the conditions for ¢ to be involutive are, for type la:

u?=1, (5.100)
and
U(2)U(uz) = Cz*1, withkeNand (e C,
1 dz d (5.101)
A= "2 P omi Tr K% In U(z)) @(U(uz))] .

For a type 1b automorphism, the first condition (5.100) remains the same, while we have to
replace U(uz) — U(uz)~! and ®(U(uz)) — —®(U(uz)) in the two last conditions (5.101).

Involutive automorphisms of type 2a and 2b are qualitatively different since they are already
involutive for any value of u (so that condition (5.100) can be dropped), provided the last two
conditions (5.101) are met, with the substitutions U(uz) — U(uz~!) in the first and ® (U (uz)) —
®(U(uz™Y)) in the second one for type 2a, and U(uz) — U(uz=1)"! in the first and ®(U (uz)) —
—q)([j'(uz_l)) in the second one for type 2b. In both cases, we are free to set u = 1.

When studying one particular class of involutive automorphisms, one will usually combine
both the method based on root-preserving automorphisms and the one using the more elaborate
matrix formulation to get a clearer picture of the resulting real form.

5.5.3 The non-split real invariant subalgebra in D = 2

The affine extension in D = 2 yields a real form of 97 X {i(1). We will show that this real
form, obtained from projecting from egjo all charged states, builds a $0(8,6) X ;(1), where,
by $0(8,6), we mean the affine real form described by the D = 2 Satake diagram of Table 5.7
as determined in [239]. The proof requires working in a basis of gi,, in which the Cartan
subalgebra is chosen compact. It will be shown that such a basis can indeed be constructed
from the restriction (giny )T N egj10- Then, by determining the action of ¢ on the latter, we will
establish that, following [73], the vertex operator (or Sugawara) construction of gi,, reproduces
exactly the Cartan decomposition of §6(8,6) expected from [69]. Finally, we will show how the
reality properties of 97, entail, through the affine central product, those of the (1) factor.

Concentrating first on 07, we follow for a start the matrix method outlined in the preceding
Section 5.5.2. In this case, the automorphism (5.98) restricted to the transformation A(z) —
U(2)A(2)U(2)~! has to preserve the defining condition:

A(2)TG+ GA(z) =0,

where G is the metric kept invariant by SO(14) matrices in the rep I

We start by choosing, for 97 C 97, the 14-dimensional representation given in Appendix 5.14
with Dynkin index yr = 1/v/42, whose generators will be denoted I'(E,) and T'(H;). The
affine extension of these operators is obtained as usual by the Sugawara construction, and the
involutive automorphism U(z) will be represented by a 14 x 14 matrix. This representation
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I' is in fact equivalent to its contragredient one —T in the sense that one can find a 14 x 14
non-singular matrix C' such that:

[(X)=-CI(X)C™', VX €05.

One readily sees from eqn. (5.98) and subsequent arguments that, in this case, type 1b and 2b
automorphisms coincide respectively with type la and 2a, which leaves us, for 97, with just two
classes of involutive automorphisms, characterizing, roughly, real forms where the central charge
c and the scaling operator d are both compact or both non-compact.

Since we do not expect the restriction ¢ of the Chevalley involution to giny to mix levels in §
in this case, this in principle rules out all involutive automorphisms of type 2a, which explicitly
depend on z. In turn, it tells us that the central charge and the scaling operator are now both
compact in giny, contrary to, for instance, the 77 x T2 /Z~2 case analyzed in Section 5.4, and
will be written i’ = iH &, = tc and id’. Neither is the involution ¢ likely to involve different

compactness properties for even and odd levels in . These considerations lead us to select
u = +1. The z-independent automorphism of type la with u = 4+1 which seems to be a good
candidate, in the sense that it reduces to s0(8,6) when we restrict to the finite Lie algebra
07 C 67, is

U(z) =14 & (— 1) & 1y, (5.102)

so that eq.(5.98) reduces to (A(z)) = U(2)A(2)U(2) L.

Obviously, we have ®(U(z)) = 0 from expression (5.99) and the condition (5.101) for the
automorphism to be involutive determines A = 0. Now, since both central charge and scaling
operator are compact in the new primed basis, we have y = 1. All these considerations put
together lead to:

o(id) =id , o(id) = id' , (5.103)

from which we can determine the two triples:
Dy, = {1y @ (1) @ Lu; +1;0} « Dy = {I7;0;+1} ,

the structure of Dy clearly showing that we are dealing with a chief inner involutive automor-
phism. A natural choice for the primed basis of the Cartan subalgebra of 07 is to pick it compact,
so that its affine extension h = {iH/, ... ,iH. id,id'} is compact, as well.

We will check that the real form of 97 generated by the automorphism (5.102) and the one
determined by the Cartan involution ¢ are conjugate, and thus lead to isomorphic real forms.
Let us, for a start, redefine the basis of simple roots of 97 C giny appearing in Table 5.7

fr=a-, fr=a, =ar, h=a3, h=a, f=ar, =7 b=w.
(5.104)
The lexicographical order we have chosen ensures that the convention for the structure con-
stants is a natural extension of the D = 6 case. As for ¢g, we introduce an abbreviated notation
EBs+285+281+81+280+8; = Fgs2421223- Conventions and a method for computing relevant struc-
ture constants are given in Appendix 5.14.
We can now construct the compact Cartan subalgebra b by selecting combinations of elements
of 97 C 97 C giny which commute and are themselves combinations of compact generators of
€9|10- The Cartan generators in this new basis are listed below, both in terms of 07 C (gmv)qj
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and eg C gV generators:

iy = i(By+ ) = Euss — Fuss,
iHy, = %‘(m(H§ — Hy) — By — Fy — Frgs — Fizs)
= %(771(]% — F5 + E7 — Fr) — Egsg + Fass — Egsagers + Fis2ee7s)
iHy = i(Ei + F123) = Eys2e27s — Fiszerrs
iHé = %(772(]55421223 — Fyy21923) — iﬂl(Hi - HL) —E5 + Fé)
= —% (12(Eogaz5362782 — Fogazssgersz) + mi(Es — Fs + Er — Fr) + Ey — Fy),  (5.105)
iH, = Bs—Fy=FE,—F,
iHg = %(WB(E76252421223 — Frg252421923) — Br + Fr — Es + F5 — n2(Esg21923 — Fru21923))

1
= ~3 (13(Bog, — Fop,) + Ey — Fy + By — Fy — mp(Epsgesneerse — Fasarssears?)) s

iHy = Ei—F=E,—F,,

where the factors n; = £1, Vi = 1,2, 3, determine equivalent solutions.
The Cartan generator attached to the affine root 3 is constructed from the above (5.105)
in the usual way:

" .
iHy = zH(;/D7 — 13(Brg252421923 — Frg252421923)

= i + 7’]3(E9E8 — FQES) ,

which commutes with b (5.105) and is indeed compact, as expected from expression (5.103).
We find the associated ladder operators by solving the set of equations [H}, Ej] = A;; Ej,

[E}, F}] = 6; H; and [E], E%] = N, j E; (the corresponding commutation relations for the lowering
operators are then automatically satisfied). Here we write Eé = Ep and le = E_p for short,
for the set II' = {3, ..., 5} of simple roots dual to the Cartan basis (5.105). Thus:

E\/F{ = HyT (Ey— Fy) = Hysg £+ i(Eyss + Fusg) ,
Ey = E—F3—m(Fia—F)=FEa —Fo, —m(Ea_ta — Fata,)

E3/Fy = Hizs F (Ei2s — Fia3) = Hazre27s £ i(Eusre27s + Fas2e27s) » (5.106)
Ey = Eyosc1z) +iBsu3012) — M2(Fa2e03) +1F54012003)) ,  form = 1,

ELJF, = Hs+i(Es+ F5)=Hy%i(By+ Fy),

together with F/ = (E!)T, for i = 2,4. In the expression in (5.106) for B} , the < gives the two
possible values of the last two indices depending on the choice of n; = +1. It can be checked
that [Eé, E;] =0.
The raising operator Ej is independent of 1; and takes the form:
Ey = (Eg+iEgs —iFm + Eres) + n2ns(Fo + iFgs — iFrg + Fres)
—n2(iEgs421023 + 2421923 + Ergsaz1023 — 1E7652421923) (5.107)

—13(iFgsa21023 + Fos2a21923 + Fresaz1023 — 1F7652421023)

the corresponding lowering operator is obtained from the above by hermitian conjugation. More-
over, it can be verified after some tedious algebra that indeed [E ;, Eé] = 0. Note that we have
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translated the primed generators into eg ones only when the expression is not too lengthy. Here-
after, such substitutions will be made only when necessary.
The two remaining pairs of ladder operator enhancing d¢ to 07 are:

Eé/FZ' = Hyxi(br+F)=Hy£i(E,+ F,)),
E)/F), = —-mt'® (Ho,,, Fi(Eg, + FQD7)) (5.108)
= mt™' @ (Hpp, Fi(Eop, + Fog,))
where 0, = 87 + 2(8s + B5 + Ba + B2) + B1 + 3.
At this stage it is worth pointing out that the affine real form g;n, is realized as usual as a

central extension of the loop algebra of the finite (97)g which may or may not descend to a real
form of 97 (in our case, it does since it will be shown that (07)o = 075)

ginv/L(1(1)) = R[t,t 7 @ (07)0 ® Rid & Rid' .

The difference is that we are now tensoring with an algebra of Laurent polynomials £ = R[t, ¢ ]
in the (indeterminate) variable ¢ defined as follows

1 . ; 1 .
t= 5((1 —i)+ (1+i)dc)z = 1—+Z,(1+m90)z. (5.109)
The second term of the equality (5.109) is clearly reminescent from the operator v/ (5.68). The
inverse transformation yields:

(1+ )t + \/2i(2 — 2) B (1+i)t — \/2i(2 — 2)
2 )

z = .

2
On can check that under the Chevalley involution: ¥¢(t) = t and 9o (t~1) = t~1. Moreover,

using
n 1 - n - _2\k
= -
<1—z‘>nznkzzo<k>( )

one can check that 9¢(t") = t" Vn € Z*, as required by the affine extension of the basis (5.105-
5.108), which will become clearer when we give the complete realization of the real gin,/L(u(1))
(5.114-5.115).

Finally, we may now give the expression of the compact scaling operator in the primed basis:

z

id — (1+z:190)zi ,
(1 —ide)z
which can be shown to be Hermitian.

Now that we know the structure of the generators E. and F, i = 0,...,7, we are in the
position of determining Fix, (07) and, by acting with ¢ on the latter, are able to reconstruct the
eigenvalues of the representation ¢ = Ad(e’) of the Cartan involution on the basis (5.91)-(5.92),
namely ¢ - (37)g = %) (37) 5, with %) = +1, V3! € TI'. We will then show that the four
automorphisms determined by this method corresponding to all possible values of n;, i = 1,2, 3,
are conjugate to the action of the U(z) given in (5.102) on the representation I" of 07.

Reexpressing, for instance, the second line of the list (5.106) in terms of the original ba-
sis (5.86) and (5.87), and taking Fix,,(07) yields the two following generators of gipy:

1 1
§(Eé —F) = 3 (E56 — Fs6 — Eor + Fo7 — m (Eus26278 — Fusze278 — Euases + F4568)> , (5,110

1 1
5(Eé +Fy) = 3 <E567 — Fig7 + Eg — Fs — 1 (Easers — Fasers + Eys2e7s — F45268)> :
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Both are obviously invariant under ¢, since they are linear combinations of compact generators.
According to Section 5.89, we have e®2() = 41, The same reasoning applies to the pairs
E}/F; and E}/F}. In contrast to the F}/Fj case, these two couples of generators will be
alternatively compact or non-compact depending on the sign of 1, and n3. In particular, since
Eé has basic structure [Eq, o, | —n2[Fa, Fa], the choice 7o = +1 will produce the two compact
combinations 271(E} — F}) and 27'i(E} + F}), while the opposite choice selects the two non-
compact ones, by flipping the reciprocal sign between E and F. From expression (5.107), we
see that the Ef/F{ case is even more straightforward, compactness and non-compactness being
selected by Noms = £ 1 respectively. At this stage, our analysis thus leads to the four possibilities:
ePilH) = +1 and efs(H) = +1.

Finally, the remaining ladder operators E! and F] for ¢ = 0,1,3,5,7 combine in purely
non-compact expressions, for instance . -

1 i
§(Ei+Fl/) = Hiyss §(Ei—Fi) = —(Eu58 + Fuss) , (5.111)

The Eé / Fg’ case is a bit more subtle because of the presence of the (,¢~') loop factors, and re-
quires adding E9D7+5/F9D7 s =mttl® (HQEB ii(EgEs +Fyp, )) into the game. Computing Fix,
for all of these four operators results in four non-compact combinations. This is in accordance

(H)

with 0})7 which we now know to statisfy o7 = —1 for all four involutive automorphisms,

and tells us in addition that: efo(H) = —1.
Collecting all previous results, the eigenvalues of the four involutive automorphisms
Plnons) = Ad(ef m219)) are summarized in the table (5.112) below.

772 773 eﬁé(ﬁ) eﬁz’l(ﬁ) eﬁé(ﬁ) e’B{;éZA,G(ﬁ)

IER Y T T -1

SR U T T -1 (5.112)
1]l +1 | -1 | o+ -1

S T e -1

The Cartan element H defining the involution ¢ can be read off table (5.112). The most general
solution is given by H = i ZZ:O ciH] + micyd' with

1 -1
61263:H—2’_ +Z, ca=rk-1, 05:/£—n22 +Z, cg=rKk+m—1,
K+ K+m—ns+1
cr = 2772-1-%, co = 7722773 +7Z, cg=mn3—-1

where co = k € C is a free parameter.

Restricted to 97, the four inner automorphisms defined in the table (5.112) are all in the same
class of equivalence, and thus determine the same real form, namely s0(8,6) as expected from
ginv in D = 3. In Appendix 5.14, we have computed the two sets of roots A (1) and A(_y) (5.90)
generating the Cartan decomposition (5.91)-(5.92) of the real form. It can be checked that, in
these four cases, the signature olp, = — (7+2(dim A4y —dim A1) = 5, in accordance with
50(8,6).

The involutive automorphism (5.102) in turn can be shown to split the root system of d7
according to

ﬁIEA(_H) 1<i<j<4and4<i<j<7

/I . .
ﬁ—slisja{ﬁ,eA(_l) I <i<d<j<7 , (5.113)
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which can be verified by computing U(2)y(E,)U(z)~! for the representation v (5.161). We can
check that we have again: oly, = 5, for the splitting (5.113), since the automorphism (5.102)
corresponds, in our previous formalism to the involution e”+(1) = —1 and %) = 41, v; # 4.

Since they are conjugate at the 97 level and all of them preserve the central charge and scaling
element, the four automorphisms (5.112) lift to conjugate automorphisms of d7. All four of them
are again clearly conjugate to U(z) defined by properties (5.102), (5.103) and (5.113). These
five Cartan preserving inner involutive automorphisms lead to equivalent Cartan decomposition
¢t p (5.66) given by generalizing the basis (5.110) and (5.111) found previously to the affine
case:

t o eiH (Vk=1,.,7); ic; id’ (5.114)
. %(t" —t7")® Hy and %(t" +tT")®@H,  (Vk=1,.,7;neN");
. %(t" % Ey —t"® Fy) and %(t" ® By +t " ®Fy), nel
(V6" € Ar4q) defined by (5.113), (5.162), (5.163), (5.164) and (5.165))
p: e %(t" ®Ey —t"®Fy) and %(t” ®Ey +1"® Fy), nel (5.115)

(B e Ay = AL(D7)\Ay) -

These decompositions define isomorphic real forms, which we denote by 50(8,6), encoded in the
affine Satake diagram of Table 5.7 (see for instance [239] for a classification of untwisted and
twisted affine real forms).

We have checked before the behaviour of the ladder operators of the finite 97 subalgebra
of giny. The verification can be performed in a similar manner for the level n > 1 roots
g+ n6b7. Applying for example Fix,, to the four generators 2-1(t¥" @ E; — t7" ® Fy) and
27Li(t*" ®@ Ey+ tT" ® Fy) for example, one obtains the following combinations

5" +17) @ (Ess2678 — M2 Faas2e7s — Eases + n2Fases
— Eag45678 + 12 Fagasers — Fagaszes + 12 Fazas268) »
(" —t7™) ® (Ess67s — M2 Fsas678 + Faas268 — 12 F345268
+Eaga52678 — M2 Fasas2678 — Fosases + n2Fasases)

[N

which, since now Yo (t" £t7") = t" £t ", are all either non-compact if 7o = +1, or compact
otherwise, by virtue of table (5.112). This is in accordance with the Cartan decomposition (5.114-
5.115). The compactness of the remaining n > 1 ladder operators can be checked in similar and
straightforward fashion by referring once again to the table (5.112).

In contrast to the split case, a naive extension of the signature, which we denote by &, is not
well defined since it yields in this case an infinite result:

6=3+2xb5x00. (5.116)

In the first finite contribution, we recognize the signature of s0(8,6) together with the central
charge and scaling element, while the infinite towers of vertex operator contribute the second
part. As mentioned before in the D = 4 case, the signature for the finite 97 amounts to the
difference between compact and non-compact Cartan generators, for the following alternative
choice of basis for the Cartan algebra {H.; Hy; Ho; Hy; Hs; Ho, + Ho 3 i(Heo, — H,_)}. This
carries over to the infinite contribution in expression (5.116), where it counts the number of
overall compact towers, with an additional factor of 2 coming from the presence of both raising

and lowering operators.
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Care must be taken when defining the real affine central product gin,. The real Heisenberg
algebra

i) =Y RE"+z " eiHY + Y R(E"—2")® HY + Re+ Rd
n=0

n=1

is in this case isomorphic to the one appearing in the T?/Z,~o orbifold (5.78). Clearly both
scaling operators and central charge are, in contrast to $0(8,6) non-compact. The identification
required by the affine central product formally takes place before changing basis in §0(8,6) to
the primed operators. The central charge and scaling operators acting on both subspaces of
Giny = 50(8,6) M 11 (1) are then redefined as d®&d — id' ®©d and c® ¢ — ic’ ©c = icPe. Then we

can write giny = §0(8,6) ® ti1(1)/{3,d}, with 3 =c—c andd = d — V2EZ2) e signature
‘ (1+4)t
¢ of giny is undefined.

5.5.4 The non-split real Borcherds symmetry in D =1

The analysis of the D = 1 invariant subalgebra closely resembles the T'® x T?/Z,,~ case. The
central product of Section 5.5.3 is extended to a direct sum of a u(1) factor with the quotient
of a Borcherds algebra by an equivalence relation similar to the one stated in Conjecture 5.4.1.
The Borcherds algebra %8By found here is defined by a 10 x 10 degenerate Cartan matrix of
rank = 9. Its unique isotropic imaginary simple root (of multiplicity one) {; is now attached
to the raising operator E¢, = (1/2)(Estas — Es—as — Estar + Es—a,), s0 that the equivalence
relation defining (giny)® from “Big @ u(1) identifies the Cartan generator H; = He¢, with Hs
and removes the derivation operator d; = dg,.

Moreover, the splitting of multiplicities should occur as in the T8 x T2 /Z,,~» example, since
dim (67)5[,7 = dim (e7)s. It might a priori seem otherwise from the observation that both

K(7)[2...679 10 — K(S)[Q...ﬁgg 10] and IN((g)[Q...gg] — IN((lo)[g...g 10] are separately invariant. However,
the combination:

K(7)2-67910) — K(8)[2--68910 + K(9)2--89) — K(10)(2-810] = K[p-10) ® i(Hay — Ha_) € 03"
contributes to the multiplicity of §, while we may rewrite

1 ~ ~ - -
5 (Em2-61910) = K(®)2--689 10 ~ K(g)po--89) + Kaopj2--810]) = Bes € ‘B,

which is the unique raising operator spanning (*Bio)¢,. Thus, though root multiplicities remain

unchanged, we have to group invariant objects in representations of s[(6, R), which are naturally

shorter than in the 72 /7, case. We will not detail all such representations here, since they can in

principle be reconstructed by further decomposition and /or regrouping of the results of Table 5.6.
The real invariant subalgebra can again be formally realized as

ginv = u(1) @ “Buogwy /{3, dr}

where 3 = Hs — H;. We denote by Byg(rp) the real Borcherds algebra obtained from Fixr, (*Bio)
and represented in Table 5.7, choosing Ia to refer to the split form. The disappearance of the
diagram automorphism which, in the D = 2 case, exchanged the affine root ag with ~ leads
to non-compact H_1 and Hg, in contrast to what happened with the §0(8,6) C giny factor in
D = 2. This is reflected by &; being a white node with no arrow attached to it. Note that a
black isotropic imaginary simple root connected to a white real simple root would, in any case,
be forbidden, since such a diagram is not given by an involution on the root system. Moreover,
an imaginary simple root can only be identified by an arrow to another imaginary simple root
(and similarly for real simple roots).
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D (HOJ (b) ‘ Jinv ‘ U(ginv)

a_ a oy N 50(4,2) ®so(1,1)
6 o—o—o0 x HWx iHAY 1
Qt s0(5,3) @s0(1,1)
5 [ < HW % iAW 2
a3 a S u(l)
(07
4 50(6,4) ®sl(2,R)
1 o  x iAW 3
(%) s a ¥ ) u(l)
(07
Q-
3 o0—o0—0—o0 x  iHWY 50(8,6) ® u(1) 4
0% a1 o a3«
(67
v oy
2 | o—o « [} @m0 e Lu)n | -
[e%1 Q9 s a neZ
(675} o
?61 Tfy (e
1 O O O O | x iHWY *Biors) ® u(l) -
a_1 (7)) (05} a9 a3 C~Jé
a_

Table 5.7: The real subalgebras gip, for T-D x 14 /Zip~2 compactifications

5.6 The orbifolds T°/7Z,-,

The orbifold compactification 75~ x T6/Z,, for n > 3 can be carried out similarly. We fix
the orbifold action in the directions {z°, 2% 27,28, 2% 2'°}, so that it will only be felt by the
set of simple roots {ag,..,ag} defining the e7; subalgebra of gV = Split(e;;_p) from D = 4
downward. Thus, we may start again by constructing the appropriate charged combinations of
generators for gV = e7j7, and then extend the result for D < 3 in a straightforward fashion.
Since ey has 63 positive roots, we will restrict ourselves to the invariant subalgebra, and list only
a few noteworthy charged combinations of generators. In this case, a new feature appears: the
invariant algebra is not independent of n, Vn > 3, as before. Instead, the particular cases 7'%/Zs
and T°/Z4 are non-generic and yield invariant subalgebras larger than the n > 5 one.
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More precisely, we start by fixing the orbifold action to be

(2i,21) — (€22 e 2™ z) fori=1,2, (23,23) — (e 4m/mzg, 2™/ 7)Y |

(5.117)
in other words, we choose Q1 = +1, Q2 = +1 and Q3 = —2 to ensure ) . Q; = 0. Note that
for values of n that are larger than four, there are other possible choices, like Q1 = 1, Q2 = 2
and Q3 = —3 for T%/Zg or Q1 = 1, Q2 = 3 and Q3 = —4 for T®/Zg and so on. Indeed,
the richness of T%/Z, orbifolds compared to 7%/Z, ones stems from these many possibilities.
Though interesting in their own right, we only treat the first of the above cases in detail, though
any choice of charges can in principle be worked out with our general method. One has to keep
in mind, however, that any other choice than the one we made in expression (5.117) may lead
to different non-generic values of n.

5.6.1 The generic n > 5 case
Concentrating on the invariant subalgebra (gi,,)® for n > 5, it turns out that the adjoint action
3
. . . 7 20, Kz . .
of the rotation operator defining the orbifold charges Ug™ = H e~ n 2%k Jeaves invariant
k=1
the following diagonal components of the metric:

1
Ky = 5(3H2 +4H3 +5H, + 6Hs + 4Hg + 2H7 + 3H8) ,

1
Kzlfl = §(H2 +3H3 +5H, + 6Hs + 4Hg + 2H7 + 3H8),

; (5.118)
K.z = 5(Hz +2Hs + 3H, + 5Hs + 4Hg + 2H7 4 3Hg)
K.z, = %(H2 +2H3 + 3Hy + 4Hs + 2Hg + Hr + 3Hs) |
as well as various fields corresponding to non-zero roots:
Koz Kz 2y = i (B34 + F34 + Eys + Fus £ i(E3a5 + F3a5 — (Ey + Fy)))
Zaoz = %(E23243536278 + F3243536278) -
Zazz, = %(E234526278 + Fz4526278) »
Zazgzg = %(E23458 + Fh3a58)
Zorzinmans = _%(E3425362782 + F3a25362782) (5.119)
Doz [ Zaz, 2 = i (E23242536278 + Foz242536278 + Eogazs2627s + Fasazs2e27s
+i(Eos2 2526278 + Fagzazz26278 — (Easazsagers + F2342536278))) ;

1
Z yozs) Lo mazs = 3 <E3452678 + F3y52678 — E3ases — Fras68 — Eas268

—F5265 — Eusers — Fusers = i( — Esgz26s — Faas2es — Esasers
—F345678 — Eus2678 — Fuszers + Eases + F4568)) ;

together with their compact counterparts, supplemented by the generators of the orbifold action
K.z = —i(Es — F3), Kuy5, = —i(E5 — F5) and K,,z, = —i(E7 — Fy), which bring the Cartan
subalgebra to rank 7, ensuring rank conservation again.
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Note that the 4 invariant combinations in the list (5.119) are in fact spanned by the ele-
mentary set of linearly independent Cartan elements satisfying [H, F,] = 0 for o € {a3, a5, ar},
namely: {2H2 + Hs; H3 +2H, + Hs; Hs + 2Hg; Hs + 2Hg + H7}.

Furthermore, let us recall that the objects listed in expression (5.118) form the minimal set
of invariant ladder operators for n > 5 . In the non-generic cases n = 3,4, this set is enhanced,
and so is the size of (giny)¥. We will treat these cases later on, and, for the moment being, focus
on the generic invariant subalgebra for 76/ Zp>5 only.

As before, we extract the generators corresponding to simple roots of the invariant subalgebra

(the negative-root generators are omitted, since they can be obtained in a straighforward manner
as F, = (Ey)"):

EB = _iE234526278 = (Z42222)+ )

1 .
Ep. = 5 (Bsi+ Eis £i(Eais — Ea)) = (Ko /K1) "
1
E, = <E3452678 — E34568 — Ey5268 — Eas678 (5.120)

2/2

Fi(Fsa5268 + Esasers + Easzers — E4568)) = (Za12925/Z215025) T

E. = —iBosuss = (Zuzyzy) "

Y

These generators define a complex invariant subalgebra (gin, )© of type 93 @ as @ a; & C with
the following root labeling

o—o0—o0 o0—o0 O x {E3s—F3+Es—F5—2(E; — Fy)}

- B B -

The detailed structure of the 03 C (gim,)‘D is encoded in the following commutation relations:

Es g, = *[E5 Ep,] = % (Eas2azsacers + Easazszezrs £ i(Eagzazsegers — Eosazsiears))
= (Zazz [ Zaz2) T
Ey 5ip, = Bs . Eg 5| = iBappsicrs = (Zanz) " (5.121)
Hj = [Ej, Fj) = (Hy + Hs + Hy + 2Hs + 2Hg + Hy + Hs),

. 1 )
Hﬁ:t = [Eﬁ:HFﬁ:t] = §(H3+2H4+H5:t2(—E3+F3+E5 —F5)) .

The ay C (giny)T factor is characterized as follows:
Ey 1, = [BEy_,Ey] = iBspesgers2 = (L 2120225) T

F‘/7+’*{+ = [FW,F%] = —iF3 25362782 = (ZZ15122522353)_7

. 1 5.122
HfH: = [E,H:,F«H:]:§(H3+2H4—|—3H5—|-2H6+H7—|—2H8) ( )

1
:|:§(E3—F3—|—E5—F5—E7—|-F7).

Finally, the Cartan generator of the remaining a; C (gin, )T is given by [E., F.] = Hy + H3 +
H, + Hs + Hg. One can verify that all three simple subalgebras of (giny )T indeed commute
and that the compact abelian factor iH6) = (E3 — F3 + E5 — F5 — 2(E7 — Fy)) is the centre
of giny. The structure of iH6] can be retrieved from rewriting the orbifold automorphism as
Us™ = exp ((27r/n) (B3 — F3+ E5 — F5 — 2(E7 — F7))), and noting that it preserves giny.
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D ‘ (H07¢) ‘ Ginv ‘ U(ginv)

A B B B+ V- Y+ - su(2,2) ®su(2,1) ,
o—O0—O o—oO  H
[ — Eo x ! @5[(2,R) @u(l)
B+ Y- Y+ 50(6,4) @ su(2,1)
3 ' o—o0 x iH 2
€ a3 @ u(1)
06—
ajg . .
€ B+ { [ ]} 50(6,4) @ su(2,1)
2 l [ X il -
a 3 A} " ez @ L(u(1))]—1
(7)) ! /8 ﬁ_ -— |
v- T+
- O T € B+
1 ' é O O [ x  iHI6 5Bi1(m @ u(1) -
o a1 a o f3
T+ B-

Table 5.8: The real subalgebras gip, for T5-D 16 /Zy>5 compactifications

We determine the real form g, by a manner similar to the 7 /Zw>3 case. Applying pro-
cedure (5.70), we find that, in a given basis, the Cartan combinations i(Hg, — Hg_) and
i(H,, — H,_) are compact, resulting, for both a; and the 93 subalgebras, in maximal tori
(Sh) EB]REBT71, for r = 2, 3, respectively. Taking into account the remaining u(1) factor, it is easy
to see that giny = s1(2,2) @ su(2,1) ®sl(2,R) @ u(l), with overall signature o(giny) = 1.

This and further compactifications of the theory are listed in Table 5.8. In D = 3 the
roots € and 3 listed in expression (5.120) connect through a;, producing the invariant real form
Ginv = 50(6,4) ©su(2,1) u(l).

In D = 2, the invariant subalgebra is now a triple affine central product 95 X dy M fi(1) = 05 X
(az M 1i(1)), associatively. For convenience, we have once again depicted in Table 5.8 the direct
sum before identification of centres and scaling operators. When carrying out the identification,
the affine root of, has thus to be understood as a non-simple root in A (FEy), enforcing: «f, =
d — (v4++7-). Moreover, it can be checked that dp, = ag+e+2(a; +3)+ B4 + B = 4, resulting
in H5D5 = Hs,, = c), for 64, = af, + v+ + 7—. This identification carries over to the three
corresponding scaling operators.

The reality properties of giny can be inferred from the finite case, by extending the analysis
of the T° x T*/ Zip >y orbifold in Section 5.5.3 separately to the 05 and as factors. Since both
subalgebras are "next to split”, the 05 case is directly retrievable from the construction exposed
in Section 5.5.3 by reducing the rank by two. The real su(2,1) factor is also characterized
by an automorphism U(z) of type la, with w = 1, which can be found, along with further
specifications, in [72]. The rest of the analysis is similar to the discussion for the T® x T?/Zy,>,,
case. The signatures & of both non-abelian factors are infinite again, and can be decomposed
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as in expression (5.116).

In D = 1, the Borcherds algebra 68;; resulting from reconnecting the three affine KMAs
appearing in D = 2 through the extended root «_; is defined this time by a Cartan matrix of
corank 2, with simple imaginary root (; attached to the raising operator E¢, = (1/2)(FEstq; —
Es_og + Estas — Es—a; — 2Es5+0, + 2E5_,,). Since the triple extension is not successive, the
ensuing algebra is more involved than an EALA. Writing for short 3 = d4, = o + 74+ + 77—, it
possesses two centres, namely {31 = Hs — Hy,32 = Hs, — Hs} and two scaling elements {dy,d2}
counting the levels in (7 and d2. The signature & of giny is again undefined.

Denoting by 6[311( 1) the real Borcherds algebra represented in Table 5.8, the II referring to
the two arrows connecting respectively v4 and G4 in the Satake diagram, the real form gi,, is
given by

ginv = u(1) & By /{s1:32: drs da} -

By construction, —H_1 will replace d; and dy after the quotient is performed.

5.6.2 The non-generic n = 4 case

As we mentioned at the beginning of this section, there is a large number of consistent choices
for the charges of the T /7Z,, orbifold. Moreover, non-generic invariant subalgebras appear for
particular periodicities n. For our choice of orbifold charges, the non-generic cases appear in
n = 3,4, and are singled out from the generic one by the absence of a u(1) factor in the invariant
subalgebra. In D = 1, this entails the appearance of simple invariant Kac-Moody subalgebras
in place of the simple Borcherds type ones encountered up to now. These KMA will be denoted
by KM.

The novelty peculiar to the T°/Z, orbifold lies in the invariance of the root a7, which is
untouched by the mirror symmetry (z3, z3) — (—z3, —23), so that the generators E7, Fy and Hy
are now conserved separately. Furthermore, several new invariant generators appear related to
2212253 and 2515223:

ZZIZ2ES/Z5152ZS =

1
NG (Esas267s + Faasze1s + Esases + Faases + Eus2es + Fuszes — Easers — Fasers

+i(E345268 + Fas268 — Eaasers — Faasers — Euseers — Faszers — Fases — Fases)) »

together with the corresponding compact generators.

The invariant subalgebra is now more readily derived by splitting the Z generators into
combinations containing or not an overall AdFE7 factor (in other words, we ”decomplexify” z3
into 7 and x'9):

1

E\, = 5 (Esas6s + Eus2es = 1(Esas268 — Eases)) = (Zz12010/ — Zz12010) 7
, (5.123)
Eortae = §(E3452678 — Eusers £ i(Esas67s + Fuszers)) = (Z21209/Z21209) "
which verify the following algebra:
E0l7+)\i = :l:[Eam E)\i] 5
Ex_tarire = [BEa_, Bayia,] = —Fspegseerse = —i(Kayz20mz2,) T (5.124)

1
HAii[E)\i,FAi]:5(H3+2H4+3H5+2H6+2H8j:i(E3—F3+E5—F5)),

so that the former ay factor for n generic is now enhanced to az. One compact combination
i(Hy, — H)_) results from the action of Fix,; on the algebra formed by the generators in (5.124),
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D ‘ (H07¢) ‘ Ginv ‘ U(ginv)

B B By A ar A e
4 o—0—0 o—0—0 o su(2,2)® @sl(2,R) | 3
B+ A ar Ay
3 [ o oo 50(6,4) @ su(2,2) 4
€ al /B /3 -——
€ B+ a0
2 l 4&} 0(6,4) @ §1i(2, 2) ;
(05} B
(6% _ —
0 b A ar A
Ay Te o
1| o o—o0—O—— ' SK M) -
ay a1 ag o f
A i

Table 5.9: The real subalgebras gi,, for T5-D » 76 /74 compactifications

which determines the corresponding real form to be su(2,2). The chain of invariant subalgebras
resulting from further compactifications follows as summarized in Table 5.9.

In D = 2, we have the identification o = § — (A4 + a7 + A_) leading to the now customary
affine central product §0(6,4) X s1(2,2), represented for commodity as a direct sum in Table 5.9.
The corresponding Satake diagram defines the real form g;i,y. Its signature & is infinite with the
correspondence 6 (giny|p=2) =2+ 2 X 4 X 00 = 0(ginv|p=3) — 2 + 2 X 0(ginv|D=3) X 00.

In D = 1, gjny is defined by the quotient of a simple KMA: $}C M, by its centre 3 = Hs;—Hs,,
where 83 = aff + Ay + ay + A_, and by the derivation ds. As for affine KMAs, XMy is
characterized by a degenerate Cartan matrix with rank r = 2 x 11 — dim b = 10. However, the
principal minors of its Cartan matrix are not all strictly positive, so that ®)CM1; does not result
from the standard affine extension of any finite Lie algebra. The real form gi,, is determined
from the Satake diagram in Table 5.9 and the relation:

Ginv = *KMuyan/{3:ds} - (5.125)

Our convention denotes by II the class of real forms of M, for which the Cartan involution
exhibits both possible diagram symmetries, exchanging ¢(A1) = FA+ and ¢(fy) = FO+.

5.6.3 The standard n = 3 case
Starting in D = 4, the Zgs-invariant subalgebra builds up the semi-simple (gim)‘Ij = a5 D as.
The a5 part follows from enhancing the as @ a; semi-simple factor of the generic invariant
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D ‘ (H07¢) ‘ Jinv ‘ U(ginv)

- a- € ay By - 0+
4 o0—o0—0—0—0 o—o0 su(3,3) @ su(2,1) 1
ay
p- - ET ar By Y- Y+
3 o0—o0—O0—0—o0 o0—o0 egl2 © 5u(2,1) 2
(675}
g
ay
p- o o By R .
2 O0—0—0—0—0 egl2 @ 5u(2,1) -
V- T+
By
Qe
"}/_
1 O—O0—0 | SKM1 -
ay a1 oy o €
Y+ a
06—

Table 5.10: The real subalgebras gin, for T2~ x T6/Z3 compactifications

subalgebra (5.120) by the following additional invariant generators:

K. 2/ Kz = i(E3456 + F3456 + Easer + Faser
+i(E34567 + F3as67 — Eas6 — Fuse))
Kopzg [ Krzg = i(Eas + Fs6 + Eg7 + For + i(Eser + Fser — Eg — Fg))
Lz zs ) Za512g = i(E2324252678 + Foz2g252678 + Eagazsees + Fo3a25268 (5.126)
+i(Egs2425268 + Fagea2s268 — Fasazsegrs — Fasazs2e7s)) »
Zizgzs | Zazyzg = i(E23452678 + Fysusze7s + E23456s + F234568

+i(Eosas26s + Fasaszes — Fosasers — Fasasers))
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(together with their corresponding compact generators). It becomes clear that one is dealing
with an as-type algebra, when recasting the whole system in the basis:

E. = [Es,[E3, Es)] = —iFa3458 = (Zazgz,) T,
1 .
Eo, = = (Es¢ + Eor £ i(Eser — Eg)) = (Kzp25/Kzy25) "

2

1 )
By = 5 (Ess + Egs £i(Esus — By)) = (K22, /Kz,2,) 7,

1 )
Eoy18: = = (Esas6 + Easer £ i(Esas67 — Fuse)) = (Kzpz /Kzyz) T,

2
Eetay = % (Eazasze78 + Easases £ i(Eagaszes — Fa35678))
= (Zazyzs | Zazy23) T, (5.127)
Eeraytp: = % (Eo324252678 + Eozzs2es £ 1(Eag2g25268 — Easazszers))
= (Zaz1z3/Z1z,23) "
Eo_tassisstay = iBsi5278 = (Z4z02) 7
Eo tetai+8s = % (Egseazsaeers + Eosazsegzrs + i(Easeszszeers — Eosazsseers))
= (Zazyzy [ Zazy2) "

- — +
Eﬁ,+a,+e+a++ﬁ+ = 1Fy32 3536278 = (Z42151) )

Combining expressions (5.121) and (5.127) reproduces the commutation relations of an as-type
algebra. The remaining factor az C (giny)® is kept untouched from the generic case. Choosing
an appropriate basis for the Cartan subalgebra of gi,, produces three compact combinations
i(H,, —H,_ ),i(Ho, —H,_)and i(Hg, —Hp_), leaving four non-compact ones, which determines
Ginv = 5u(3,3) @ su(2,1).

The T°~P x T/Z3 chain of real invariant subalgebras follows as depicted in Table 5.10, for
D=4,...,1. In D =2, as for the n = 4 case, we can associate a formal signature & to the real
form giny = g2 M su(2, 1), which is infinite but keeps a trace of the D = 3 finite case for which
a(ginv) =2, as &(ginvfng) = a(ginv\ng) —242X U(Qinv‘[)zg) Xxoo=04+2x2x00.InD =1,
the III subscript labeling the real form appearing in Table 5.10 refers, as before, to the number
of arrows in its defining Satake diagram, and the real invariant subalgebra is retrieved from
modding out 6IICM11( ar) in a way similar, modulo the required changes, to expression (5.125).

5.7 Non-linear realization of the Z,-invariant sector of M-theory

In this section, we want to address one last issue concerning the invariant (untwisted) sector of
these orbifolds, namely how the residual symmetry gi,, can be made manifest in the equations of
motion of the orbifolded supergravity in the finite-dimensional case, and in the effective D =1
o-model description of M-theory near a space-time singularity in the infinite-dimensional case.
The procedure follows the theory of non-linear o-models realization of physical theories from
coset spaces, more particularly from the conjectured effective Hamiltonian on Eq)19/K (E1gj10)
presented in Sections 5.2.2 and 5.2.4.

It is customary in this context to choose the Borel gauge to fix the class representatives
in the coset space. To do this in our orbifolded case, we need the Iwasawa decomposition
of the real residual U-duality algebra gy, which can be deduced from its restricted-root space
decomposition (see Section 5.3.3). For this purpose, we build the set of restricted roots X (5.72)
for giny and partition it into a set of positive and a set of negative restricted roots 3¢ = Zar Uy,
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based on some lexicographical ordering. Then, following definition (5.71), we build:

no) = @ (s, with o(nf) = nll) . (5.128)
aex?

Identifying the nilpotent algebra as ny,, = ni(;:,), the Iwasawa decomposition of gi,, is given by

Ginv = Einv D diny PNiny, and the coset parametrization in the Borel gauge by giny/tiny = Giny B Niny-

The cases where gy is a finite real Lie algebra are easily handled. For 8 < D < 3, the Satake
diagrams listed in Tables 5.3, 5.7, 5.8, 5.9 and 5.10 describing the residual U-duality algebras
under T7'7/Z,, orbifolds for ¢ = 2,4,6 and n > 3 are well known, and the corresponding Dynkin
diagrams for the basis Il of restricted roots ¥ can be found, together with the associated
multiplicities m,(&;), in [135]. We will not dwell on the D = 2 case, which only serves as a
stepping stone to the understanding of the D = 1 case. Moreover, all the arguments we present
here regarding D = 1 also apply, with suitable restrictions, to the D = 2 case.

In the D = 1 case, since the restricted root space is best determined from the Satake
diagram of the real form, we will replace giny in eqn. (5.128) and all ensuing formulae by the
real Borcherds and indefinite KM algebras described by the corresponding Satake diagrams in
Tables 5.3 and 5.7-5.10. This procedure leads to the Dynkin diagrams and root multiplicities
represented in Table 5.11 for the bases of restricted roots IIy, given for all but the split case of
Table 5.3 (for which normal and restricted roots coincide). The multiplicities appear in bold
beside the corresponding restricted root, while we denote the multiplicity of 2a with a 2 subscript
whenever it is also a root of Y.

We may now give a general prescription to compute the algebraic field strength G = g ~'dg of
the orbifolded theory, which also applies to the infinite-dimensional case, where G is the formal
coset element (5.50). There are two possible equivalent approaches, depending on whether we set
to zero the dual field associated to the possible centres and derivations of the Borcherds/KMA
algebras leading to giny before or after the computation of G.

Let us consider an algebra with A pairs of non-compact centres and derivations: {34,ds}a=1,....4
and a maximal non-compact abelian subalgebra a of dimension n,. We introduce a vector of
ns — 2A scale factors ¢ and a vector of auxiliary fields ¢ and develop them on the basis of a(g)

as:
ns—2A

A
¢ = PH;, = (% + v ) . (5.129)
=1 a=1

For example, in the case of the T6 x T* /Z., orbifold, a;,y is given by:

a(*Biogr)) = Spang{Hs_,;...;Hay; Hs = Hy+ Hs + Hg; Ha, = Hs + 2Hg + Hr;
H:y:H2+2H3+3H4+3H5+2H6+H7+H8;3;d[}.

in which the centre is 3 = Hz, — (Ha_, +...+ Hay + Hz+ Ha, + H5) = Hp, — Hs. The generator
H; will be understood to represent the i-th element of the above list, forz=1,...,8.

In general, a central element obviously does not contribute much to G, except for a term
o diy®/dt, so that it does not matter whether we impose the physical constraint ¢% = 0,
Va = 1,...,A before or after the computation of G. The derivations d, also create terms
o dipAte/dt, but 1) appears in exponentials in front of generators for roots containing an
imaginary/affine (# aq) simple root, as well. However, there is no difference between setting the
auxiliary field ¥ to zero directly in g or, later, in the exponentials in G. Indeed, the counting of
levels in these imaginary/affine simple roots is taken care of by Hs , anyway. Finally, a term
proportional to 3, other than 3, dy)*/dt can not be produced either, since we work in the Borel
gauge, so that terms containing commutators like [F,, F3,] are absent. It is thus not necessary
to impose 3, = 0 Va again in the end.

212



T6 X T4/ Zss Bri 71
4 O—0——=0 O—C—=0
Byo1v) a, @& @& @y az a gy
1 1 1 1 1 1 2
T* X T%)Zy>5 : ?}1 Te 1
5 C D, O O O Q::O
Bll(H) Y+ 546 a—_1 Qg a1 B B+
(2,15) 1 1 1 1 1 2
T4 x TS/Z, : Tﬁ 1
5 o——C—=—=0 O O O ——0
KM ar Ay oAy a., am  wm f 0 j
1 2 1 1 1 1 1 2
T4 < T5) 75 :
o ====0—-° Oo—=oO —F—C0—-—2O0
KMaim Y. @y a.; ay a; € ar By
(2,12) 1 1 1 1 1 2 2

Table 5.11: Restricted Dynkin diagrams for very-extended gi,, subalgebras

More generally, let us now set ni,, = @&Ezg (ginv)a with dim(giny)a = m(@) - m,.(&), the

(formal) group element!?

B
Ql

F+ e Ca (s.ay B
g=e?tY. eCa s bia™" (5.130)

ez

+
Il
—
Y
I
—_

aexy ¢

o

BNote that we adopt here a perspective that is different from [138] when associating restricted roots to the
metric and p-form potential of orbifolded 11D supergravity / M-theory. In particular the authors of [139] were
concerned with super-Borcherds symmetries of supergravity with non-split U-duality groups, which form the
so-called real magic triangle, i.e. which are oxidations of pure supergravity in 4 dimensions with N’ = 0,..,7
supersymmetries. When doubling the fields of these theories by systematically introducing Hodge duals for all
original p-form fields (but not for the metric), the duality symmetry of this enlarged model can be embedded in a
larger Borcherds superalgebra. The self-duality equations for all p-forms of these supergravities can be recovered
by a certain choice of truncation in the Grassmanian coefficients of the superalgebra. In contrast to our approach
however, one positive restricted root was related to one p-form potential term in [139], whereas, we associate a
restricted root generator to one component of the potential. This is the reason why these authors drop the sum
over my(&) in expression (5.130) (not mentioning the sum over m(&) in the D =1 case, which we keep since we
do not want to discard any higher order contributions to classical 11D supergravity).
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can be used to compute the Maurer-Cartan one-form:
-1
g = [g9""dg] Ya=0,a=1,....2A

in which the coefficients {¢’; C5} correspond, at levels I = 0,1, to the invariant dilatons and
potentials of orbifolded classical 11D supergravity, and, at higher levels, participate to (invariant)
contributions from M-theory. Their exact expressions can be reconstructed from the material of
Sections 5.4-5.6 and the Satake diagrams of Tables 5.3 and 5.7-5.10.

The Maurer-Cartan equation dG = G A G will then reproduce the equations of motion of
the untwisted sector of the reduced supergravity theory in the finite case, of M-theory on
M = Ry x TH=P=20 »x T?/7, in D = 1, which will make manifest the residual symmetry
ginv. Finally, one can write down an effective invariant Hamiltonian as in expression (5.49),
by performing a Legendre transform of £ = ﬁ [TT(OM*@M)]¢a:o,a:1,...,2A’ the orbifolded
version of expression (5.30).

5.8 Shift vectors and chief inner automorphisms

We have dedicated the first few chapters of this article to explaining the characterization of fixed-
point subalgebras under finite-order automorphisms of U-duality algebras. In physical words,
we have computed the residual U-duality symmetry of maximally supersymmetric supergravities
compactified on certain toric orbifolds. In D > 3, the quotient of this residual algebra by its
maximal compact subalgebra is in one-to-one correspondence with the physical spectrum of
11D supergravity surviving the orbifold projection. In string theory language, this corresponds
to the untwisted sector of the orbifolded theory. Extrapolating this picture to D = 1, the orbifold
spectrum gets enhanced by a whole tower of massive string states and/or non-perturbative states.

Although the interpretation of most of these higher level e;g roots is still in its infancy, an
interesting proposal was made in [55] for a restricted number of them, namely for those appearing
as shift vectors describing Zo orbifold actions. They were interpreted as the extended objects
needed for local anomaly and charge cancellations in brane models of certain M-theory orbifolds
and type IIA orientifolds.

In this section, a general method to compute the shift vectors of any TP x T?/Z,, orbifolds
will be given, as well as explicit results for ¢ = 2,4,6. Then, an empirical technique to obtain
e10 roots that are physically interpretable will be presented, exploiting the freedom in choosing
a shift vector from its equivalence class. Our results in particular reproduce the one given in [55]
for T x T*/7Z,. Note that the method will allow to differentiate, for example, between T*/7Z3
and T*/Z4 despite the fact that they lead to the same invariant subalgebra, which gives a clue
on the role of the n-dependent part of the shift vectors. Finally, we will see how to extract the
roots describing a Z,, orbifolds from all level 3n roots of eq.

We first remark that the complex combinations of generators corresponding to the complexi-
fied physical fields are the eigenvectors of the automorphisms Z/{qZ" with eigenvalues exp(i%’rQ A),
for Qa4 € Z,. Having a basis of eigenvectors suggests that there is a conjugate Cartan subal-
gebra b inside of the Q4 = 0 eigenspace g(?) for which the automorphism is diagonal. We can
then reexpress the orbifold action as an automorphism that leaves this new Cartan subalgebra
invariant, in other words as a chief inner automorphism of the form Ad(exp(i2X H')) for some

H' e F)(Q. As already noticed in the case of Zs orbifolds, such a chief inner automorphism simply
acts as exp(i2Za/(H')) on every root subspace g, where o is a root defined with respect to b’'.
In particular, we can find a (non-unique) weight vector A’ corresponding to H' so that

- 27

Ad(e ), = e WIg,,
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Such a weight vector is commonly called shift vector. It turns out that all automorphisms of
a given simple Lie algebra can be classified by all weights A" = Y7 | LA l; € 7, without
common prime factor, so that, according to [161],

(Alfg) <n (5.131)

(here, the fundamental weights A" are defined to be dual to the new simple roots af, e
(A/i]a;) = 5;- Vi,j =9 —r,...,8). Furthermore, there is a simple way, see [66], to deduce the
invariant subalgebra from A by guessing its action on the extended Dynkin diagram, if A satisfies
the above condition. Here, we will first show how to obtain the shift vectors in the cases we
are interested in and then describe the above-mentioned diagrammatic method with the help of
these examples.

5.8.1 A class of shift vectors for T?/Z, orbifolds

Let us start by the particularly simple case of a T?/Z,, orbifold in T3. We can directly use
the decomposition in eigensubspaces obtained in equation (5.2). The first task is to choose a
new Cartan subalgebra, or equivalently a convenient Cartan-Weyl basis. In other words, we are
looking for a new set of simple roots for as ® a1, so that all Cartan generators are in the Q4 = 0
eigensubspace g(?). Since the a; does not feel the orbifold action, we can simply take H { = Hg.
On the other hand, we should take for Hj and H} some combinations of 2Hg + H; and E7 — Fr.
A particularly convenient choice is given by the following Cartan-Weyl basis:

Eg = J5(Es + iEgr) Ff = 5(Fe — iFer), Hg = §(2Hs + Hr — i(E7 — Fr)),
El = 3(H; —i(Br + Fr)), Fj=34(H7+i(Er+Fy)), H,=i(Er—F;),
Egr = %(Eﬁ —iEg7), Fgr = %(Fb‘ +iFg7), H{; = $(2Hg + Hr + i(E7 — Fy)),

This gives the following simple decomposition in eigensubspaces:

o0 = Span{Hg; H; Eg; F§; HE} g~V = Span{Ef; F},
o) = Span{Ef; Fj;}, g™ = Span{F7},
o = Span{F2).

Notice that g% is obtained from g(*) by the substitution E < F, so that we will only give the
latter explicitly in the following examples. Furthermore, since I/IQZ" actually defines a gradation
g= @?:_01 g, we have the property [g(*), g0)] C g("+7). This implies that if we can find a weight
A'{%} that acts as exp(i2Z (A{%a})) on go; for all new simple roots aj, i € I, it will induce the
correct charges for all new generators. Here, we should choose A2} 50 that it has scalar product
0 with ag, 1 with af and n — 2 with o/, which suggests to take:

A= AG 4 (n—2)A7. (5.132)

Note first that the same set of charges can be obtained with all choices of the form: A% = (¢;n+
DAS 4 (can — 2)A'T + c3nA’® for any set of {¢;}?_, € Z3. In particular, there exists one weight
vector that is valid for automorphisms of all finite orders, here A1} = A'6 — 2A'7. However,
in equation 5.132, we took all coefficients in Z,, as is required for the Kac-Peterson method to
work. Since the a; is obviously invariant, we can restrict our attention to the as part. One can
verify that A'{?} satisfies the condition (5.131) since 64, = o + o implies (A'12|04,) = n — 1.

In general, for a U-duality group G, we can define an (r + 1)-th component of A’ as lg =
n—(A,0q) (lghx‘42 =1 in the above case). On the basis of this extended vector, one can apply
the following diagrammatic method to obtain the invariant subalgebra in the finite-dimensional
case (a simple justification of this method can be found in [66]):
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e Replace the Dynkin diagram of g by its extended Dynkin diagram, adding an extra node
corresponding to the (non-linearly independent) root ayg = —6. We denote the extended
diagram by g* to distinguish it from the affine g in which the extra node ag = § — 05 is
linearly independent.

e Discard all nodes corresponding to roots « such that /; # 0 and keep all those such that
l;=0,i€{9—r;...;9}

e Let p be the number of discarded nodes, the (usually reductive) subalgebra left invariant
by the automorphism UQZ” is given by the (possibly disconnected) remaining diagram times
p — 1 abelian subalgebras.

In particular, for 72/Z, in T3 for n > 3, we see that lg,ly and ly are non-zero, leaving
invariant only o = ag which builds an a; diagram. Since p = 3, we should add two abelian
factors for a total (complexified) invariant subalgebra a; ® (13@2, the same conclusion we arrived
at from Table 5.2. On the other hand, for T?/Zs in T3, I; = n — 2 = 0 and we have one more
conserved node, leaving a total (complexified) invariant subalgebra a?z ® C.

Since the orbifold is not acting on other space-time directions, it seems logical to extend this
construction by taking o = a; and I; = 0 Vi < 6 for all T? x T2 /7, orbifolds. Indeed, for p < 4,
we obtain (A{#|04,) =n -1 — l§44 =1, (M0p,) = n — 125 = 0 and (A?Hhg,) = n —
156 = 0, giving the results in Figure 5.2. Comparing Figure 5.2 with Table 5.3 in D = 6, we can

identify oy = —0p,.

However, looking at the respective invariant subdiagrams in D = 5, it is clear that one
should not choose o, = o; Vi < 6. Looking at Table 5.3, one guesses that oy = —0p,, o) = —a3
and of = —ay. Since there is only one element in the eigensubspace g2 we also have to

take Ef = %(H7 — i(E7 + Fy)), as before. On the other hand, there are now plenty of objects
in g™, all of them not commuting with E’. One should find one that commutes with Fop,, and

F,, but not with F,,. This suggests to set Ej = %(E3425268 — 1F3252673). Finally, we also
take E§ = F5. Computing the expression of the generator corresponding to the highest root in

this new basis gives E{ = F9E6 = iFg, as one would expect. Since the shift vector simply takes

the same form A'{2} = A'6 (n— 2)Al7 on a new basis of fundamental weights, the naive guess
above was correct.

From D = 4 downwards, this ceases to be true, since naively (A/{2}|9E7) =2n—-1>n.
In fact, we should again change basis in e7. Comparing again Figure 5.2 with Table 5.3, we
see that there are 2 different equivalent ways to choose the 2 roots to be discarded, on the
left (afy and of) or on the right (o4 and af). We choose the latter, since it will be easier to
generalize to eg. Indeed, in the extended diagram of eg, the Coxeter label of ag will be the only
one to be 1, making 158 = n — 2 the only possible choice. Further inspection of Figure 5.2 and

Table 5.3 suggests to take the new basis as follows: af = —ag, oy = —as, o) = —oy, o = —as,
ag = —0p,, ag = —as and finally
L : &
E7 = —(Egsegssaeorse — iEoz24350697282) €97

V2

A lengthy computation allows to show that this choice leads to
Ey = Fy, = (i/2)(H7r —i(E7r + F7)) € a2 as it should, giving the shift vector: A = A'7 with
7

l57 =n-—2.
In eg, a similar game leads to o, = —ag, o = —a5, &) = —au, o = —a3, o = —ao,
o, = —ay, oy = —0Op, and finally
B = (B E @)
1 = —=(Bia23saa5563783 — 1E192334055637283) € 97,

V2
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Figure 5.2: Diagrammatic method for T2 /7,5 orbifolds of M-theory

leading to Ey = Fy, = L(Hy—i(E7+Fr)) € g2 with shift vector A’ = A"!, while 15 =n—2.
8

The results for n = 2 can be obtained directly by putting /7 = 0, adding one more node to
the diagrams instead of the abelian u(1) factor. The results are summarized in Figure 5.3.

It was instructive to compare our method based on automorphisms induced by algebraic
rotations and the standard classification of Lie algebra automorphisms based on shift vectors
defining chief inner automorphisms. However, the mapping from one language to the other can
be fairly obscure, in particular for orbifolds more complicated than the T2 /Z,, case treated above.
In fact, in the a, serie of Lie algebras, for which the Coxeter labels are all equal, the necessary
change of basis can be computed only once and trivially extended to larger algebras in the serie.
In general, and in particular for exceptional algebras, one has to perform a different change
of Cartan-Weyl basis whenever we consider the same orbifold in a larger U-duality symmetry
algebra (or, geometrically speaking, when we compactify one more dimension).

Our method based on non-Cartan preserving automorphisms is thus more appropriate to
treat a few particular orbifolds in a serie of algebras that are successively included one into the
other, as is the case for the U-duality algebras of compactified supergravity theories. On the
other hand, the method based on chief inner automorphisms is more amenable to classify all
orbifolds of a unique algebra, for example all possible breakings of a given gauge group under
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Figure 5.3: Diagrammatic method for T /Zs orbifolds of M-theory

an orbifold action. For instance, the breakings of the Eg x Eg gauge group of heterotic string
theory have been treated this way by [163, 66]. It is also easier to generalize the method based
on algebraic rotations to the infinite-dimensional case, since we can use the decomposition of
¢10 in tensorial representations of s[(10) and our intuition on the behaviour of tensorial indices
under a physical rotation to identify non-trivial invariant objects.

We can draw a related conclusion from the explicit forms of the above basis transformation:
when the orbifold is expressed in terms of the standard shift vector satisfying (A]f) < n, the
geometric interpretation of the orbifold action gets blurred. More precisely, the directions in
which the rotation is performed is determined above by the roots o with coefficients l; = n — 2.
For example, in e7, our original Lorentz rotation by Kgjo represented by a7 appears in the
standard basis as a gauge transformation generated by Zys67s9. Similarly, in eg, it seems that
we are rotating in a direction corresponding to (K3)sss678910. Of course, mathematically, all
conjugate Cartan-Weyl basis in a Lie algebra give rise to an isomorphic gradation of g, but the
physical interpretation based on the decomposition of ¢, in tensorial representations of sl(r) is
obscured by the conjugation.

Indeed, our T9/7Zy and TY/7%,, orbifolds for ¢ = 2,4 all appear in the classification of 7°/7,,
orbifolds given in [163], where they are interpreted as T°°/Z,, orbifolds with particularly small
breakings of the gauge group and degenerate shift vectors (in the sense of having lots of 0). It is
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however clear in our formalism that this degeneracy should actually be seen as having considered
a rotation of null angle in certain directions.

5.8.2 Classes of shift vectors for 79/Z, orbifolds, for ¢ = 4,6

In the more complicated cases of T*/Z,, and T°/Z, orbifolds, we will not give in detail the basis
transformations necessary to obtain the standard shift vectors satisfying (A’|#) < n for the whole
serie of U-duality algebras. Rather, we will give the shift vectors in their universal form, which
is valid for the whole serie of U-duality algebras. In particular, for 74 /Z,, the gradation of 05
by eigensubspaces of 4" has been given in expressions (5.83), (5.84) and (5.85). A particularly
natural choice of diagonal Cartan-Weyl basis for this decomposition is obtained by taking:

E| = 7(E4+ZE45) Hj = 3(2Hs + H5 — i(E5 — F3)),
El = 3(Hs —i(E5 + F3)) HL =i(E5 — Fs),
Eg = 7( 56 — Eo7 +i(Eser + Fg)), Hg = 5(Hs + 2Hs + Hr — i(Es — Fs5 + By — Fy)),
Ef = 25(Hy —i(Br + F7)) Hy =i(E7 — Fy),
By = — 15 (By — iBss). Hg = 5(2Hs + Hs — i(E5 — F5)),
(5.133)

while F is obtained from E! as above by conjugation and exchange of E and F'. This leads to
the following eigensubspace decomposition of 05:

90 = Span{H}; Hi; Hg; Hy; Hy; Eg; Eigrs Bl Elsess Elgogrss Eigpaersi B F'}
9(1) = Span{Ez/ﬁEé;Ez/,LSG?;E5678;F415;F58;F4156;F5/68}7 (5.134)
9(2) = Span{E7; Egr; Elsgrs; F; Figs FA15268} :

The shift vector corresponding to this basis is given by:
A=A (n—2)A° 4207 + A8

which clearly reduces to A'1* = A"* 4 A8 in the case of T*/Zy. By simply taking E! = E; for
any additional roots that are unaffected by the orbifold action, this shift vector is valid in e,
for r =6, .., 10, as well.

For the case of T%/7Z,,, we take the following Cartan-Weyl basis:

El = 7(E2+2E23) Hj = 5(2Hy + H3 — i(E3 — F3)),

Ey = 3(Hs —i(E3 + F3)), H,=i(E3 — F3),

By = 7(E34 + Ey5 — i(Esas — Ey)), Hj = 2(Hs+2Hy + Hs +i(—E3 + F3 + E5 — F})),
E} = 3(Hs +i(E5 + F)), Hy = —i(Es — F}),

El = %( 56 — Eer — i(Eser + Eg)), Hi = 2(Hs +2He + Hy +i(E5 — Fs + E7 — Fy)),
Ej = 55(Hy +i(E7 + Fy)), Hp = —i(Er — Fy),

By = ——5(Bs + i), H} = 5(2Hs + Hs + i(E5 — F)),

(5.135)
that leads to the universal shift vector:

A=A 4 (n—2)A + 207 + A+ (n — AT + (n — DA'S,

that is valid in eg, eg and ey, as well. It is obvious in this form that the degeneration of the
coefficient {7 when n = 4 leads to a larger invariant subalgebra with fewer abelian factors. On
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the other hand, as the invariant subalgebras for T°/7Z, and T°/Z3 both have no abelian factors,
the coefficients of A'{} does not allow to discriminate between them. Another fact worth noting
is that setting n = 2 leads to A'{6} = A2 4 A'6 + A8 corresponding to a T /Z2 orbifolds with
respect to the nodes a3 and a5 and not to a 7/Zy orbifolds. This is natural since we chose
the charge in the (2% 2'°)-plane to be Q3 = —2, so that it reduces to the identity rotation for
n = 2.

5.8.3 Roots of ¢y as physical class representatives

The universal shift vectors are mathematically interesting, but the original motivation to com-
pute them was actually to give a physical interpretation of certain roots of e1g. Typically, our
universal shift vectors A’ are not roots, but we can use the self-duality of Q(e19) and the peri-
odicity modulo n of the orbifold action to replace A’ by a root £ generating the same orbifold
action.

Self-duality of Q(e10) relates the weight A’ to a vector in the root lattice satisfying (A'|a) =
(€|lo’) Yo' € A(g,h'). However, every root lattice vector is not a root. One should thus use the
equivalence modulo n: A’ = A +n Z?:_l N = K/, for any 10-dimensional vector ¢ € Z'°, to
find a weight A’ = Z?:—l ;A" such that:

8
&= ) (AN
i,j=—1
is a root of e1g. In fact, such a condition does not fix £ uniquely either. However, it seems that
there is a unique way to choose ¢; so that £ [97] is a root describing the orbifold 7197 x T4 /2,
for all values of n.

From that point of view, we can see the shift vector as containing two parts: the universal
part, that reflects the choices of orbifold directions and charges, and the n-dependent part, that
defines the orbifold periodicity.

Concretely, it seems that ¢; can always be chosen to be dual to a Weyl reflection of § (at
least for even orbifolds). In the case of T?/Zs, for example, we had the universal part A2 =
A0 —2A'7) which is dual to —a%. Adding n(A'7 — A'®), i.e. the root nél2) = (&' + ST, o),
we obtain the desired form of shift vector in the physical basis:

5[27n] = (n,n,n,n,n,n,n,n,n —1,1).

From the tables of [115] it is easy to verify that this is a root of e;o with | = 3n for all values
of n < 6, and it is very likely to be a root for any integer value of n. Note also that translating
the results back in the original basis gives:

a2 |a')ga/ = ei2m(@3%) Ade27ﬂ(E7_F7)9a'

)

where the first factor does not contribute to the charge, so that the equivalence between the two
descriptions, one in terms of shift vectors and the other of in terms of non-Cartan preserving
inner automorphisms, is obvious.

For T*/7Z,,, we similarly take A M A4 A5 oA p A8 n(A® — A6 — A'®), which
corresponds to
bl = ol +ab +n(d + oy +af+al +ab+ah+a)+ab)
= (n,n,n,n,n,n,n—11n+1n-1).
Again, this is indeed a root ¥n < 6 and it can be checked to reduce to one of the 4 possible

permutations proposed in [55] for n = 2. Furthermore, Heum = nHgu — i(Fs — F5s — E7 + Fr)
as one would expect.
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Finally, for 7% /7Z.,,, one can check that A A2 —2A3 42054 A6 4N A yn(AT—A'®)
has all desired properties. It is dual to

gonl = ol +al —2ah +n(d + ol +afh + o) o+ ok ol +ak +af+ab)
= (ny,n,n,n,n—1,n+1ln+1l,n—1n—272),
where the factor of -2 in front of o/, reminds us of the charge assignment Q3 = —2. On the other

hand, the - sign in front of oy does not contradict our choice of @1 = +1, but is rather due to
our Cartan-Weyl basis (5.135), in which Hj has a different conventional sign compared to H}
and H.. Accordingly, one obtains: Heion) = nHge — (B3 — Fs+ E5 — F5 — 2(E7 + Fy)) as it
should.

It is now easy to guess the general form of the shift vector for all T19=4 x T'9/7,, orbifolds, in
which the orbifold projections are taken independently on each of the (q/2) T subtori (in other
words, we exclude for example a Zs3 x Zs orbifold of T for which one Zs acts on the planes
{25, 2%} and {27, 2%} and the other on the planes {7, 2%} and {2°,2'°}, since it contains two
independent projections on the same T2 subtorus).

By translating the tables of e1p roots established by [115] in the physical basis, we can
identify the roots which constitute class representatives of shift vectors (satisfying the conditions
mentioned above) for orbifolds with various charge assignments, and build the classification
represented in Tables 5.12 and 5.13. These listings deserve a few comments.

First of all, what we are really classifying are inner automorphisms of the type (5.62) with
all different charges assignments (up to permutations of the shift vectors). Though some of
these automorphisms allow to take a geometrical orbifold projection and descend to well-defined
type IIA orbifolds, like the T%/7Z, and the T°/Z, cases'* we studied in Sections 5.5 and 5.6
for n = 2,3,4,6, the Lefschetz fixed point formula would give a non-integer number of fixed
points for most of the others. Clearly, such cases do not correspond to compactifications on
geometrical orbifolds that can be made sense of in superstring theory (let alone preserve some
supersymmetry). However, whether compactifications on such peculiar spaces makes sense in
M-theory is, on the other hand, an open question. The invariant subalgebras and ”untwisted”
sectors can in any case be defined properly.

Second, we chose not to consider as different two shift vectors differing only by a permu-
tation of 5, but exhibiting the same universal part, for example (3,3,3,3,3,3,3,3,2,1) and
(3,3,3,3,3,3,3,0,2,4).

Finally, looking at the Tables 5.12 and 5.13 in an horizontal way, one can identify series of
shift vectors defining orbifold charges which appear as ”subcharges” one of the others, when
some Q;’s are set to zero. For example, starting from T®/Zg x T?/Zs3 for ¢ = 10, one obtains
successively 1 /Zg x T? |73, T* )7 x T? /%3, T?/%e x T? )73 and T?/Z3 for q = 8,6,4,2, with
shift vectors of monotonally decreasing squared lengths -8, -10, -12, -14 and -16.

Though, for evident typographical reasons, we were not able to accomodate all shift vec-
tors related in this way on the same line, we have done so whenever possible to highlight the
appearance of such families of class representatives. This explains the blank lines, whenever
there was no such correspondence. An attentive study of Tables 5.12 and 5.13 shows that those
families end up when a root of the serie reaches squared length 2. For example, going backwards
and starting instead from 7%/ Z4 with a shift vector of null squared length for ¢ = 6, one finds
T2 /7 x T®/Z3 with a vector of squared length 2 for ¢ = 8, but there is no T4 /Z¢g x T/Z3 for
g = 10, since it would have to be generated by a vector of length 4, which is of course not a
root.

"This kind of T°/Z, orbifold with charge assignment (1,1, —2) is denoted T*/Zy x T?/Z, > in Tables 5.12
and 5.13 to distinguish it from the one with charge assignment (1, —1,1).
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To extend this classification to orbifolds that are not induced by an automorphism of type
(5.62), further computations are nevertheless necessary (to obtain the correct form of the uni-
versal parts). However, exactly the same methods can in principle be applied and we leave this
matter for further research. When tables of roots of e¢1g will be available up to higher levels in
ag, one could also study orbifolds for higher values of n. Of physical interest are perhaps values
of n up to 12, which would in principle require knowledge of roots of levels up to 36.

A more speculative question is whether these orbifold-generating roots all have another
physical interpretation, for example as solitonic M-theory objects with or without non-trivial
fluxes, just as in [55]. A first look at the general shape of these roots in the physical basis
seems to confirm this view, since the first (10 — ¢) n’s remind of a (10 — ¢)-brane transverse
to the orbifolded torus, while the other components might be given an interpretation as fluxes
through the orbifold. Indeed, both are expected to contribute to local anomaly cancellation at
the orbifold fixed points. We do not have a general realization of this idea, yet, but we will
describe a number of more concrete constructions in the following and discuss in particular all
of the Z4 cases in detail, hinting at a possible interpretation of the general Z,, ones.
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q=2

€¢¢

n | Orbifold shift vector Q1 | |€)? || n | Orbifold shift vector Q1| €7
3| T%/%s |(3,3,3,3,3,3,3,3,2,1) | 1 | =4 ||5| T?/Z5 | (5,5,5,5,5,5,5,5,4,1) -8
/7% | (5,5,5,5,5,5,5,5,3,2) | 2 |—12
4| T?/Zg | (4,4,4,4,4,4,4,4,3,1) | 1 | =6 |6 | T?/Z¢ | (6,6,6,6,6,6,6,6,5,1) —-10
T2)7% | (4,4,4,4,4,4,4,4,2,2) | 2 | -8 T%)7% | (6,6,6,6,6,6,6,6,4,2) —16
/74 | (6,6,6,6,6,6,6,6,3,3) —18
Orbifold shift vector (Q1,Q2) | €7 n Orbifold shift vector (Q1,Q2,Q3) | €]?
T4/ 7 (3,3,3,3,3,3,4,2,2,1) | (1,-1) | =2 | |3 T/Zs (3,3,3,3,2,4,4,2,2,1) | (-1,1,-1) | 0
)7, (4,4,4,4,4,4,5,3,3,1) | (1,—-1) | —4 | |4 T/ (4,4,4,4,3,5,5,3,3,1) | (=1,1,-1) | —4
T2)7y x T?|%g | (4,4,4,4,4,4,5,3,2,2) | (1,-2) | —6 T4)%4 x T?|Zs | (4,4,4,4,3,5,5,3,2,2) | (1,1,-2) | —4
T* )74 (4,4,4,4,4,4,6,2,2,2) | (2,-2) | 0 T?)%4 x TY) 7 | (4,4,4,4,5,3,6,2,2,2) | (1,-2,2) 2
T?)7o x T? )%y | (4,4,4,4,4,4,6,2,3,1) | (2,—1) | 2
)75 (5,5,5,5,5,5,6,4,4,1) | (1,—1) | =6 | |5 T/Zs (5,5,5,5,4,6,6,4,4,1) | (—1,1,-1) | —4
)7 (5,5,5,5,5,5,6,4,3,2) | (1,—-2) |—10 )7 (5,5,5,5,4,6,6,4,3,2) | (—1,1,-2) | —8
)7 (5,5,5,5,5,5,7,3,4,1) | (2,—1) | 0 )72 (5,5,5,5,4,6,7,3,4,1) | (—1,2,-1) | 2
)7 (5,5,5,5,5,5,7,3,3,2) | (2,-2) | -2 T%)7Y (5,5,5,5,4,6,7,3,3,2) | (=1,2,-2) | —2
T (6,6,6,6,6,6,7,5,5,1) | (1,—1) | -8 6 T/ (6,6,6,6,5,7,7,5,5,1) | (=1,1,—1) | —6
T2)73 x T?/Z¢ | (6,6,6,6,6,6,8,4,5,1) | (2,—1) | 2 T%/Z3 x T*/Zs | (6,6,6,6,4,8,7,5,5,1) | (=2,1,—-1) | 2
T2)7¢ x T?/ 73 | (6,6,6,6,6,6,7,5,4,2) | (1,—2) | —14 T4)%¢ x T?/Zs | (6,6,6,6,5,7,7,5,4,2) | (=1,1,—-2) | —12
)7} (6,6,6,6,6,6,8,4,4,2) | (2,-2) | -8 T?)%¢ x T*/Zs3 | (6,6,6,6,5,7,8,4,4,2) | (-1,2,-2) | —6
T%)7} (6,6,6,6,4,8,8,4,4,2) | (—2,2,-2) | 0
T?/%y x T?)73 | (6,6,6,6,6,6,9,3,4,2) | (3,-2) | 2
T2%/%¢ x T?) %5 | (6,6,6,6,6,6,7,5,3,3) | (1,-3) | —16 T4)%¢ x T? /74 | (6,6,6,6,5,7,7,5,3,3) | (=1,1,-3) | —14
)7, (6,6,6,6,6,6,9,3,3,3) | (3,-3) | 0 T?)%¢ x T*/ 75 | (6,6,6,6,5,7,9,3,3,3) | (—1,3,-3) | 2

Table 5.12: ey roots as class representatives of shift vectors for Z,, orbifolds
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q=8 q=10
Orbifold shift vector Orbifold shift vector (Q1,...,Q5) €|
873 (3,3,2,4,2,4,4,2,2,1
T8/, (4,4,5,3,3,5,5,3,3,1 T/ 7,4 (3,5,5,3,3,5,5,3,3,1) | (-1,1,-1,1,-1) | 2
TC /74 x T? )7 (4,4,5,3,3,5,5,3,2,2 T8/ 7y x T? 7o (3,5,5,3,3,5,5,3,2,2) | (=1,1,—-1,1,-2) | 0
T8/ 75 (5,5,6,4,4,6,6,4,4,1 T/ 75 (4,6,6,4,4,6,6,4,4,1) | (=1,1,—-1,1,—-1) | 0
T8 )7L (5,5,6,4,4,6,6,4,3,2 T/ %5 (4,6,6,4,4,6,6,4,3,2) | (—1,1,—-1,1,-2) | —4
T8 )7 (5,5,6,4,4,6,7,3,3,2 TV /7Y (4,6,6,4,4,6,7,3,3,2) | (—=1,1,-1,2,-2) | 2
T8¢ (6,6,7,5,5,7,7,5,5,1 T/ % (5,7,7,5,5,7,7,5,5,1) | (—=1,1,—-1,1,-1) | -2
T2/ 73 x TS Zg (6,6,8,4,5,7,7,5,5,1
T /%6 x T? )73 (6,6,7,5,5,7,7,5,4,2 T8 /)% x T? | Zs (5,7,7,5,5,7,7,5,4,2) | (—=1,1,—-1,1,-2) | -8
T* )% x T* )73 (6,6,7,5,5,7,8,4,4,2) | (1,-1,2, -2 T/ 76 x T* )73 (5,7,7,5,5,7,8,4,4,2) | (—1,1,-1,2,-2) | —2
T2 /%6 x T/ 73 (6,6,7,5,4,8,8,4,4,2
TC/Ze x T? )7 (6,6,7,5,5,7,7,5,3,3 T8 )7 x T? |7 (5,7,7,5,5,7,7,5,3,3) | (=1,1,—1,1,-3) | =10
T4 )% x T?)%3 x T?] 75 | (6,6,7,5,5,7,8,4,3,3 TY)%6 x T? )73 x T?|Zs | (5,7,7,5,5,7,8,4,3,3) | (—=1,1,-1,2,-3) | —4
T2 )% x T* )%z x T2/ 75 | (6,6,7,5,4,8,8,4,3,3 T4/ % x T* %3 x T? )%y | (5,7,7,5,4,8,8,4,3,3) | (=1,1,-2,2,-3) | 2

Table 5.13: ey roots as class representatives of shift vectors for Z,, orbifolds




5.9 7, orbifolds

The case of Zs-orbifolds is slightly degenerated and must be considered separately. In [56], the
orbifold T%"/Zy, m = 1,2 and T*"'*+1/Z,, m’' = 0,1,2 have been worked out, and the orbifold
charges have been shown to be generated by a generic Minkowskian brane required [88, 249] for
anomaly cancellation, living in the transverse space.

In this section, we will show how to treat all T'?/Z5 orbifolds for g € {1,..,9}. In Section 5.9.1,
it will be shown how the algebraic results for invariant subalgebras in [55], which we henceforth
refer to as Zo orbifolds of the first kind, are recovered as a particular case in the more general
framework of Section 5.8.

In Section 5.9.2, we investigate in detail the ¢ = 2,3,6,7 cases, or Zs orbifolds of the
second kind, which have not been considered in [55]. Let us stress that by orbifolds of the
second kind we mean the purely algebraic implementation of the Zo projection in the U-duality
algebra. Then, we will extract from the construction of Section 5.8.3 the roots of ey defining
the representatives of classes of shift vectors for these orbifolds of M-theory and give a tentative
physical interpretation.

Concretely, let i, 7,k be transverse spacelike coordinates and A, B,C' coordinates on the
orbifold, under a Zo-transformation, 11D-supergravity and fields have charge assignment

(all) = gij — +9gij, Gid — —GiA GAB — +9AB ,
odd
(even) : Cijk — :FCz'jka CijA — :ECZ']'A, Ciap — FCiap, Capc — £Capc,

odd and even referring to the dimension of the orbifold torus.

In contrast to the Z,~o case, where the inner automorphisms generating the orbifold charges
were pure SO(r) rotations, the action of a Zs-orbifold can be regarded as an element of the
larger O(r) = Za x SO(r). This distinctive feature of Zga-orbifold can be ascribed to the fact
that while even orbifolds act as central symmetries and may be viewed as w-rotations, hence
falling in O (r) (positive determinant elements connected to the identity), odd orbifolds behave
as mirror symmetries, and thus fall in O~ (r). Concretely, negative determinant orthogonal trans-
formations will contain, in the ey language, a rotation in the ag direction, namely Ad(e™ (Es—F 8))
or Ad(e'™ HS), which, in this framework, behaves as a mirror symmetry.

The even case can be dealt with in a general fashion by applying the following theorem:

Theorem 5.9.1 Let T'?/Zs be a Zy toroidal orbifold of e, forq € {1,...,9}, r € {g+1,...,10}.
Let q be either 2m or 2m + 1. Given a set of (possibly non-simple) roots Az, = {Bp)}p=1,..m
satisfying (Bp)|Ba)) = cplp,1, with ¢, < 2 and provided the orbifold acts on the U-duality algebra

2

gV with the operator Z/{QZm € GY defined, according to expression (5.62), by

U’z = [[ Ade”™ o~ w)), (5.136)
p=1

then, the orbifold action decomposes on the root-subspace g% C gV as

m
U’ . g! = HAd(emHﬁ(zﬁ) gl = (—1)Zr= Bl gU -y e AgY). (5.137)
p=1
If the Zs-orbifold is restricted to extend in successive directions, starting from z ' downwards,

it can be shown that for any root a = Z?=—1 Ka; € A(gY), expression (5.137) assumes the
simple form

(~1)* gV, form=1

—2m 0.138
(=D)R 2R QU for 2 <m < 4 ( )

m .

U2ZQ gg = Ad(eiﬂ— Z?;I HQ*Q’L') . gg = {
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for even orbifold. For odd ones, we note the appearance of the mirror operator we mentioned
above
Z/IQZ,ZH g¥ = Ad (ei“(H8+H6+Z§11 H872¢)> gl = (—1)k772m g7, form>0. (5.139)

Following Section 5.8.1, we are free to recast the orbifold charges resulting from expres-
sions (5.138) and (5.139), by resorting to a shift vector £[9% such that:

7 U (2:2l|o) U
U gl = (-1) € gl g =1,...,9.
The subalgebra invariant under 7/Zs is now reformulated as a KMA with root system
Ay = {a e A(g")|(€19%]a) = 0mod 2} . (5.140)

This is definition of the Zsy-charge used in [56, 55].

5.9.1 7, orbifolds of M-theory of the first kind

The orbifolds of M-theory with ¢ = 1,4,5,8,9 have already been studied in [55], and a possible
choice of shift vectors has been shown to be, in these cases, dual to prime isotropic roots,
identified in [56] as Minkowskian branes. As such, they were interpreted as representatives of
the 16 transverse M-branes stacked at the 29 orbifold fixed points and required for anomaly
cancellation in the corresponding M-theory orbifolds [249, 88].

In this section about Zs orbifolds of the first kind, we will show how to rederive the results
of [55] about shift vectors and invariant subalgebra, from the more general perspective we have
developed in Section 5.8 by resorting to the Kac-Peterson formalism. After this cross check, we
will generalize this construction to the ¢ = 2,3, 6,7 cases, which have not been considered so far,
and show how the roots fgq,z] are related to D-branes and involved in the cancellation of tadpoles
due to O-planes of certain type 0B’ orientifolds. For this purpose, we start by summarizing in
Table 5.14 the shift vectors for the ¢ = 1,4,5,8,9 cases found in [55], specifying in addition the
SL(10,R)-representation they belong to. Next we will show how the results of Table 5.14 for

¢la2 physical basis Dynkin labels
(/(_1)2041628310412514697687 (2,2,2,2,2,2,2,2,4,1) | [200000001]
({(_1)2011628310412513637586 (2,2,2,2,2,2,1,1,3,1) | [100000100]
({(_1)2011628310411512687485 (2,2,2,2,2,1,1,1,1,1) | [000010000]
( )| |

( )| ]

2,2,1,1,1,1,1,1,1,1) | [010000000
0,1,1,1,1,1,1,1,1,1) | [000000001

(1(_1)2041526374859667384
1)

© 00 T = |

Table 5.14: Physical class representatives for 79749 x T9/Z orbifolds of M-theory of the first
kind

even orbifolds can be retrieved as special cases of the general solutions computed in Section 5.8.1.
The root of Fjg relevant to the ¢ = 4 orbifold can be determined as a special case of T*/Z,,
shift vectors, namely:

g2 = 2(A5 — A5 — AS) 4 A =218 — o5 + a7,

which coincides with the results of Table 5.14. This choice of weight is far from unique, but is
the lowest height one corresponding to a root of Eg (given that A{*} is not a root). Likewise
€82 can in principle be deduced from the generic weight A{8 determining the 7® /7., charges.
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Shift vectors for odd orbifolds of Table 5.14 can also be recast in a similar form, even though
they do not generalize to n > 2. We can indeed rewrite:

6[1,2] _ 2(21\7 o A6) _ A7, 5[5,2] _ 2(—1\8) —{—A3, 5[9,2] _ 2(—1\_1) +A_1.

The last four FEjg roots listed in Table 5.14 were identified in [56] as, respectively,
Minkowskian Kaluza-Klein monopole (KK7M), M5-brane, M2-brane and Kaluza-Klein particle
(KKp), with spatial extension in the transverse directions and have been presented in Table 5.1.
The first root is the mysterious M-theory lift of the type IIA D8-brane, denoted as KK9M in
this paper. In the language of Table 5.5, these roots correspond to the representation weights
(A® K)99)[1--9)» Doy-610) Buyz--s5)> A2y, K2)3--10]-

Furthermore, it has been shown in [249, 88] that the consistency of Zs orbifolds of M-theory
of the first kind requires the presence at the fixed points of appropriate solitonic configurations.
For T9=%8 /7, one needs respectively 16 M5-branes/M2-branes to ensure anomaly cancellation.
In the case of T9/Zs, 16 units of Kaluza-Klein momentum are needed, while Kaluza-Klein
monopoles with a total Chern class of the KK gauge bundle amounting to 16 is required in the
case of T*/Zs.

For ¢ = 4,5,8,9, the transverse Minkowskian objects of Table 5.14 having all required prop-
erties were interpreted as generic representatives of these non-perturbative objects. However,
their total multiplicity /charge cannot be inferred from the shift vectors. It was proposed in [55]
that these numbers could be deduced from an algebraic point of view from the embedding of
ginv into a real form of the conjectured heterotic U-duality symmetry 0e1g. However, this idea
seems to be difficult to generalize to the new examples treated in the present paper and we will
not discuss it further.

For ¢ = 1, the analysis is a bit more subtle, and needs to be carried out in type ITA language.
To understand the significance of the shift vector in this case, it is convenient to reduce from
M-theory on T® x S'/Zo x S to type IIA theory on T® x S'/QI;, where I is the space
parity-operator acting on the S' as the original Z, inversion, while €2 is the world-sheet parity
operator. In this setup, the appropriate shift vector is 5([,—1’2] =(2,2,2,2,2,2,2,2,1,4), which can
be interpreted as a KK9M of M-theory with mass:

Upon reduction to type IIA theory, we reexpress it in string units by setting
Rig=gaM; ', and Mp=g,'"""M,, (5.141)

and take the limit MpRiy — O:

M
Myxxom — Mpg = g—ARl - Ryg.

The resulting mass is that of a D8-brane of type IIA theory. The appearance of this object
reflects the need to align 8 D8-branes on each of the two O8 planes at both ends of the orbifold
interval to cancel locally the —8 units of D8-brane charge carried by each O8 planes, a setup
known as type I’ theory.

The chain of invariant subalgebras gy, in Table 5.15 is obtained by keeping only those root
spaces of gV which have eigenvalue +1 under the action of L{ani (5.138) or Z/IQZTZ+1 (5.139). We
can use the set of invariant roots (5.140) to build the Dynkin diagram of gy, but this is not
enough to determine root multiplicities in D = 1. In the hyperbolic case indeed, one will need
to know the dimension of the root spaces g/ c gV = ¢0/10 Which are invariant under the actions
(5.138) or (5.139) to determine the size of gin,. We will come back to this issue at the end of
this section.
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D (HOJ (b) ‘ Ginv ‘ U(ginv)

8 o o x H 50(2,2) ®so(1,1) 3
7 o—o—0 x H 50(3,3) ®so(1,1) 4
6 x H s0(4,4) ®so(1,1) 5
5 < H s0(5,5) @ so(1,1) 6
4 o o o o 50(6,6) ®sl(2,R) 7
3 o0—O0—0—0—0 50(8,8) 8
2 o—o0—o0 ds110 10
L'l o—o0 I Oo—0—0 de1q|10 10

Table 5.15: The split subalgebras gin, for Zs orbifolds of the first kind

This construction of the root system leads, Vg = 1,4,5,8,9, to a unique chain of invariant
subalgebras, depicted in Table 5.15. Thus, we verify that the statement made in [55] for the
hyperbolic case is true for all compactifications of type TH~(P+49) x T9/Zy with ¢ = 1,4,5,8,9.
There, this isomorphism was ascribed to the fact that, in D = 1, the shift vectors (5.14)
are all prime isotropic and thus Weyl-equivalent to one another. The mathematical origin
of this fact lies in the general method developed by Kac-Peterson explained in Section 5.8.1,
which states that equivalence classes of shift vectors related by Weyl transformation and/or
translation by n times any weight lattice vector lead to isomorphic fixed-point subalgebras.
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Since a Weyl reflection in gV generates a U-duality transformation in M-theory and its low-
energy supergravity, this isomorphism seems to indicate that all such orbifolds are dual in
M-theory, as pointed out in [88, 220]. In fact, if one had chosen to reduce Zs orbifolds of the
first kind on a toroidal direction for ¢ odd, and on an orbifolded direction for ¢ even, one would
have realized that they are all part of the serie of mutually T-dual orientifolds (a T-duality on
x' is denoted by 7;):

type IIB on T7/Q B, type IIA on T°/Q1I, LR type IIB on 79 /(—1)F2Q1, o,

(5.142)
— type TTA on T?/(—1)F2QI5 % type TIB on T /00, 5 ...

where I, denotes the inversion of the last r space-time coordinates, while 2 is as usual the
world-sheet parity. The space-time left-moving fermions number (—1)F L appear modulo 4 in
these dualities.

The reality properties of gi,, are easy to determine. Since the original balance between
Weyl and Borel generators is preserved by the orbifold projection, the non-abelian part of giny
remains split. In D = 8,...,5, the abelian so(1, 1) factor in g,y is generated by the non-compact
element H!9 which also appears in T'/Z,~ orbifolds. For q = 4, it is, for instance, given by
HY = Hy—Hyin D = 6 and 2H3 +4Hy + 3H5 + 2Hg + H7 in D = 5, as detailed in Section 5.5,
and is enhanced, in D = 4, to the s[(2,R) factor appearing in Table 5.15 when H [ becomes
the root 7 = g3243536278 € A4 (e7). The procedure is similar for ¢ = 1,5,8,9, for different
combinations H4 and positive roots ~.

The root multiplicities in giyy is only relevant to the two cases D = 2,1, for which the root
multiplicities are inherited from eg and e;9. For gV = eg we have gin, = 0g, since 0,y = 0, and
since ¢ and d;_ both have multiplicity 8.

In D = 1, the story is different. In [55], it has been shown that gi,, contains a subalgebra
of type 0e1p. The authors have performed a low-level decomposition of both g;,, and dejg. For
a generic over-extended algebra g, such a decomposition with respect to its null root dgan is

given by (g/\/\)[k} = @  gi”. In particular, they define: (@inv) k] = Ginv N (e10) (%) and show
(a,6gAn)=k
that:

(Binv)py = (e10)py,  (Ginv) 2 O (9e10) ) -

The first equality is a reformulation of gi,, = 0g for gV = ¢g. The second result comes from the
fact that the orbifold projection selects certain preserved root subspaces without affecting their
dimension. This feature is similar to what we have observed in the case of Z,, orbifolds, where
the original root multiplicities are restored after modding out the Borcherds or KM algebras
appearing in D = 1 by their centres and derivations.

5.9.2 7, orbifolds of M-theory of the second kind and orientifolds with mag-
netic fluxes

Let us first recall that by orbifolds of the second kind we mean the purely algebraic imple-
mentation of 710 /1y, ¢ = 2,3,6,7, in the U-duality algebra. In this case, the connection to
orbifolds of M-theory will be shown to be more subtle than in Section 5.9.1. Indeed, since
the algebraic orbifolding procedure does not discriminate between two theories with the same
bosonic untwisted sectors and different fermionic degrees of freedom, there are in principle sev-
eral candidate orbifolds on the M-theory side to which these orbifolds of the second kind could
be related.

The first (naive) candidate one can consider is to take M-theory directly on T°/I,, ¢ =
2,3,6,7. Then following the analysis of Section 5.9.1, a reduction of such orbifolds to type 11
string theory would result in a chain of dualities similar to expression (5.142), with the important
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difference that the (—1)F L operator now appears in the opposite places. It is well known that the
spectrum of such theories cannot be supersymmetric. Referring to the chain of dualities (5.142)
with the required extra factor of the left-moving fermionic number operator, one observes that
such theories do not come from a consistent truncation of type IIB string theory, since (—1)f2 Q)
is not a symmetry thereof, and all of them are therefore unstable.

A more promising candidate is M-theory on T'9/{(—1)'S, Zs}, where (—1)% is now the total
space-time fermion number and S represents a 7 shift in the M-theory direction. In contrast to
the preceding case, these orbifolds are expected to be dual to orientifolds of type 0 theory, which
are non-supersymmetric but are nonetheless believed to be stable, so that tadpole cancellation
makes sense in such setups.

Let us work out, in these type 0 cases, a chain of dualities similar to expression (5.142). To
start with, we review the argument stating that M-theory on S!/(—1)f'S is equivalent to the
non-supersymmetric type 0A string theory in the small radius limit [27].

Considering the reduction of M-theory on S' x S'/(—=1)F'S to type IIA string theory on
S1/(—1)F'S, one can determine the twisted sector of this orbifold (with no fixed point) and
perform a flip on {2, 2'°} to obtain the spectrum of M-theory on S'/(—1)¥'S. At the level of
massless string states, all fermions are projected out from the untwisted sector and there appears
a twisted sector that doubles the RR sector and adds a NSNS tachyon, leading to type 0OA string
theory in 10 dimensions. Interestingly, type 0 string theories have more types of Zs symmetries
and thus more consistent truncations. In D = 10, type OA theory is symmetric under the action
of 2, while type 0B theory is symmetric under €, Q(—1)/2 and Q(—1)%, where f, and Fy, are
respectively the world-sheet and space-time left-moving fermion numbers. Furthermore, their
compactified versions on 710 each belong to a serie of orientifold theories similar to (5.142).
Among these four chains of theories, one turns out to be tachyon-free, the chain descending
from type OB string theory on Q(—1)/2. Let us concentrate on this family of orientifolds and
show that the M-theory orbifolds of the second kind can all be seen to reduce to an orientifold
from this serie in the small radius limit.

In order to see this, one can mimick the procedure used for (5.142) and reduce on a toroidal
direction for ¢ odd, and on an orbifolded direction for ¢ even. The untwisted sectors of our
orbifolds then turns out to correspond to those of an orientifold projection by Q(—l)fLI(q),
resp. Q(—l)fRI(q_l), on type OA string theory. A projection by Q(—l)fL/RI(q) has the following
effects in type OA string theory: it eliminates the tachyon and half of the doubled RR sector,
the remaining half being distributed over the untwisted and twisted sectors of M-theory on
S'/(—=1)F'S. Consequently, one expects to obtain theories that belong to the following chain of
dual non-supersymmetric orientifolds:

type 0B on T9/(—1)72Q 2 type 0A on T9/(~ 1201 2 type 0B on T?/(—1)/rQ1,

T, type 0A on T°/(—1)/2QI; 2 type 0B on T9/(~1)72QI, 22
(5.143)
where (—1)/= and (—1)/® again appear modulo 4 in these dualities’®. Complications might
however arise at the twisted sector level when reducing to type OA string theory on an orbifolded
direction, since one should take into account a possible non-commutativity between the small
radius limit and the orbifold limit. We will come back to this point later.

Instead, we first want to remind the reader that, as was shown in [46], type 0B string on
(—=1)/2Q can be made into a consistent non-supersymmetric string theory by cancelling the
tadpoles from the two RR 10-forms through the addition of 32 pairs of D9- and D9’-branes
for a total U(32) gauge symmetry. This setup is usually called type 0’. There is also a NSNS

From the point of view of M-theory, these dualities sometimes exchange the untwisted and twisted sectors
under (—1)¥8
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dilaton tadpole, but this does not necessarily render the theory inconsistent. Rather, it leads
to a non-trivial cosmological constant through the Fischler-Susskind mechanism [116, 117]. It
was also shown in [46] that there is no force between the D9- and D9’-branes and that twisted
sector open strings stretched between them lead to twisted massless fermions in the 496 & 496
representation of U(32). Even though the latter are chiral Majorana-Weyl fermions, it was
shown in [215, 216] that a generalized Green-Schwarz mechanism ensures anomaly cancellation.

To characterize the twisted sectors of such orientifolds of type 0’ string theory algebraicly, we
will again use the equivalence classes of shift vectors that generate the orbifolds on the U-duality
group. The simplest elements of these classes which are also roots give the set of real roots in
Table 5.16.

¢la2l physical basis generator
ar (070707()’ 0>07070717_1) IC[910]

ag (0707070707 070717171) Z[8910]

a3425362782 (0, 0, O, 0, 1, 1, 1, 1, 1, 1) 2[5...10]

)

N O W N R

(1293344556G47283 (0, 0, 2, 1, 1, 1, 1, 1, 1, 1 ]C(3)[3~~10]

Table 5.16: Universal shift vectors for Z4 orbifolds of the second kind

As is obvious from the second and third column, all such roots are in A (eg) and correspond
to instantons completely wrapping the orbifolded torus. Since they are purely eg roots, we do
not expect them to convey information on the string theory twisted sectors. As such, this set
of shift vectors does not lend itself to an interesting physical interpretation, but gives however
certain algebraic informations. All these roots being in the same orbit of the Weyl subgroup
of Ejg, the resulting invariant subalgebras are again isomorphic (when existing) Vg = 2,3,6,7.
We list the invariant subalgebras for M-theory on 72/{(—1)¥'S, Zs} together with their Dynkin
diagrams in Table 5.17. The same invariant subalgebras appear for all values of ¢, but of course
start to make sense only in lower dimensions.

The invariant subalgebras are not simple for D > 3 and all of them contain at least one
s[(2,R) factor with simple root £[%2l. When an abelian factor is present, it coincides with the
non-compact Cartan element H @ encountered in 7 /Z.~2 orbifolds. Furthermore, in contrast
to the connected dg diagram obtained for ¢ = 1,4, 5, 8,9, the invariant subalgebra for ¢ = 2, 3,6, 7
is given in D = 2 by an affine central product, as in the T2%% /7, .5 cases treated before. In
D = 1, the invariant subalgebra is the following quotient of the KMA, whose Dynkin diagram
is drawn in Table 5.17:

Pinv = 2’CM11|12/{57d1}7

where 3 = c¢;, — cz,. As in the T/ 73 4 cases, 2KKM1; has a singular Cartan matrix with similar
properties.

We will now show that certain equivalent shift vectors can be interpreted as configurations
of D9 and D9’-branes cancelling R-R tadpoles in a type 0’ string theory orientifold. This can
be achieved by adding an appropriate weight lattice vector A4 to £[92) that do not change the
scalar products modulo 2. It should be chosen so that A4 + 5 [92] is a root, and gives insight on
the possible M-theory lift of such constructions. More precisely, we want to convince the reader
that certain choices of shift vectors generating M-theory orbifolds of the second kind can be seen
as representing either magnetized D9-branes or their image D9’-branes in some type 0’ theory
with orientifold planes. Such branes carry fluxes that contribute to the overall D(9 — ¢)-brane
charge for even ¢ and D(10 — ¢)-brane charge for odd ¢, but not to the higher ones.

Let us first study the example of a T3/Zy x S'/(—1)'S orbifold of M-theory. Following
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D (H07 (b) ‘ Ginv ‘ U(ginv)

8 o o x H sI(2,R)® @so(1,1) | 3
; sl(3,R) @ sl(2,R) A
© < H @ so(1,1)
6 o0—o—0 o O sl(4,R) ®sl(2,R) | 5
5 O O O O 'e) 'e) 5[(6,R) @5[(2,]R) 6
4 O O o) 'e) 50(6,6) @5[(2,]R.) 7
3 o0—o0 I o—o0—0 O eri7 @ sl(2,R) 8
2 o—Oo0—=o0 I O—O0—O0 OF—oO e7j9 @ Gyj3 10
1 @ O—0—0 I O—o0—0—0 KM 10

Table 5.17: The split subalgebras gi,, for Zs orbifolds of the second kind

the above construction, it should reduce in the limit MpRiy — 0 to type 0A string theory
on T x T3/(—1)/QI3, which is T-dual to type 0B string theory on T7 x T?/(—1)/RQI,. We
summarize these dualities in the diagram below:

M-theory on T6 x T3/Zy x S*/(-1)F'S
l]\/[pRlo—%)
type 0A on T x (S! x T?)/(—1)/r QI3 r, type 0B on T x S x T2 /(—1)/rQI,
In this last type 0B orientifold, there will be one orientifold plane carrying -4 units of D7-
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and D7’-brane charge at each of the four orbifold fixed points. Suppose that we consider N pairs
of magnetized D9- and D9’-branes carrying fluxes in the orbifolded plane (z®,z%). This system
induces two Chern-Simons couplings on the world-volume of the space-time filling branes:

M / , M8 1
— Cs N\ 21« TI”(FQ) = 5 / Cs - —/ TI‘(FQ),
2(2m)° Jrxro @2m)7 Jrxr 21 Jr2/7,

and a similar expression involving C{. The quantized fluxes can then be chosen in such a way
that the resulting total positive D7- and D7’-brane charges cancel the negative charges from the
orientifold planes and ensure tadpole cancellation. Note that these charges are determined by
the first Chern class ¢; of the U(N) gauge bundle.

We can use an analogy with the supersymmetric case, where the system of O7-planes and
magnetized D9-branes in a T8 x T2/(—1)2QI, type IIB orientifold has a well-known T-dual
equivalent [47, 191] built from D8-branes at angle with O8-planes in a 79 x S /(—1)2QI; type
ITA orientifold, in which the flux is replaced by an angle x in the following way:

]IN C1 Rg

C1 T3
A__ N By ot(y) = 2 144
NM2RLRy  ° )= N&, (5.144)

27ra’F89 =

and where the type IIB radius'® is R{ =1/M 2Rg. In fact, the appearance of D7-brane charges
in the absence of D9-brane ones on the type IIB side can be understood, in the dual setup, as
the addition (resp. cancellation) of the charges due to the tilted D8-branes to those of their
image branes with respect to the orientifold O8-plane. The image D8-brane indeed exhibits a
different angle, being characterized by wrapping numbers (c1, —N) instead of (¢;, N) around
the directions along the orbifold. In our non-supersymmetric case, however, one should keep in
mind that the image brane of a D9-brane under Q(—1)/% is a D9’-brane.

We will now show that the appropriate shift vector encodes not only explicit information on
the presence of type 0’ pairs of D9- and D9’-branes, but also on the tilting of their dual type 0A
D8- and D8-branes with respect to the O8-planes. One can then deduce the presence of fluxes
from the angle .

To understand how this comes about, we note that both string theory D9- and D8-branes
descend from the (conjectured) KK9M soliton of M-theory described by the eqg roots that are
permutations of £ = ((2)%,1,2,2,4) in the following way:

Mxkom = MEQV_1€<5‘HR> = MPR; --- RgRsRoR3, .

Following the chain of dualities (5.149), we successively obtain the D8- and D9-brane mass
formulae:

12 3 MpRio—0 M} 7 30 ,
Mp Ry--- R6R8R9R10 —— Mpg = g—ARl -+ RgRgRg — Mpg = g—BRl T R6R7R8R9

(5.145)
Now, we select one definite shift vector £ 3:2] from all equivalent ones, which has the partic-
ularity to correspond like £ to a root of level 4. It is obtained from a permutation of the root

€32 that describes an orbifold in the directions (z7;2%; %), namely 5([,—3’2] = ((0)%,(1)3,0), as:

P = 2(A% — AT - A%) - 87 = ((2)°,3,3,1,2). (5.146)

6Note that both the signs of the orientifold plane charges and this angle y would also be sensitive to the
presence of a quantized Kalb-Ramond background flux f Bso dz'®dxz®, but we neglect this possibility here, since
it would be the sign of a tilted geometry in the (z%;z°) plane on the type A side (non-trivial complex structure
of the torus).
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Let us first blindly compute the ensuing mass formula, reduce it on ' and T-dualize it on 2

11 10
MR, -+ Rg(R7Rg)2Ryq —£fo—0 ]\jg Ry - Rg(RyRg)? 5 Mpg = Aj—gRl - RLRR.

. " (5.147)
On the type B side, Rg and Ry form the pair of orbifolded directions. Comparing with (5.145),
we immediately see that we will have a D9-brane if: Rg o< Rg/g%. As hinted above, we need to
find an angle in the dual type 0A setup to identify the flux. In this perspective, we perform a
further T-duality along 2® that brings us to a S'/(—1)/2QI; orientifold of type OA string theory
in which the type 0B flux is mapped to an angle between the OS8-plane, and the D8-brane
obtained from (5.147) as

MIO M9
MDgzg—§R1---R’7R§£g—;R1~-RaR$Ré~ (5.148)
B A

This implies that there is a dual relation to Rg « Rg/ g% on the 0A side that has the same form:

T
Ry o< Rs/gp —> Ry o< Ry/g% .

Indeed, plugging back this dual relation in (5.148) clearly identifies the corresponding object
with a D8-brane of type A string theory. Interestingly, (5.144) implies that there can be a non-
right angle between the D8-brane and the O8-plane with cot(x) = cﬁl% x 3 gi. Unfortunately,
our purely algebraic formalism does not allow us to see the individual values of ¢y, N and the
proportionality constant, but they must be physically chosen so that: % ng /7 Tr(Fyg)dazBda® =
¢ = 16. This is similar to the case of [55], where the type of brane necessary for anomaly
cancellation was obtained from the shift vector, but not their number.

Let us then study the case of a T2/{(—~1)¥"S,Zy} orbifold of M-theory (where the shift
operator S only acts on z'%). We want to show that it gives an alternative M-theory lift of
the same type 0' T2/(—1)/RQI, orientifold that we have just studied. Before we discuss the
brane configuration, it is necessary to discuss the case of M-theory on S'/{(—1)F'S,Zs} to
understand the effect of taking both orbifold projections on the same circle. We first remark
that the orientifold group has four elements: {1, (—1)¥S, I;,(=1)F'I]}, where I] = SI;. While
I, is a reflexion of the coordinate z'° with respect to z' = 0, I7 is a reflection of 210 with
respect to 1 = 7/2. In particular, I; has two fixed points at ! = 0 and w, while I
has two fixed points at ' = 7/2 and 37/2, and S has no fixed point. Consequently, the
fundamental domain is an interval [0,7/2] and there are three types of twisted sectors, the usual
bosonic closed string twisted sector of (—1)¥'S that leads to a type 0 spectrum and two open
strings twisted sectors sitting at each pair of fixed points. What is not known, however, is the
precise resulting gauge symmetry and twisted spectrum. There is a dual picture of the same
model, where one first uses the S symmetry to reduce the circle by half, and then considers
the projection by I; which replaces the circle by the interval. This second picture resembles
the non-supersymmetric heterotic orbifold of M-theory discussed in [112], except that these
authors did not include a closed string twisted sector, which hopefully helps stabilizing the non-
supersymmetric theory. We now conjecture that M-theory on T2/{(—1)'S,Z5} is the strong
coupling limit of the S'/(—1)/RQI orientifold of type OA string theory and is thus T-dual to the
T3/Zy x S'/(—1)F'S orbifold of M-theory through a double T-duality, modulo the appropriate
breaking of gauge groups by Wilson lines.

Let us be more concrete. We need to reduce to type 0A string theory on an orbifolded direc-
tion, then T-dualize to type OB on a normal toroidal direction to reach a type 0’ T'2/(—1)/QI,
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orientifold, as in the following mapping:
M-theory on T8 x T?/{(-1)¥'S,Zs}
lMpR10—>O (5.149)
type 0A on T8 x S'/(—1)/rQI, 5, type 0B on T7 x T2 /(—1)/rQI,

First, we have to select one definite shift vector from all equivalent ones. We take the one
that has the particularity to descend from the more general T? /7., serie of shift vectors of the
form nd? — a7, namely:

¢ = o(AT — AB) + AT = 2502 — £221 — ((2)%,1,1), (5.150)

which lead to the mass formulae:

, —o M? MO )
MI;9V—1€<£[2 2L HR) _ MRy - Ry MpRio—0 gi’ Ry ---Rg s, g% Ry R;RZ. (5.151)

We immediately see that we end up with the same objects as in (5.147) and (5.148) and the
analysis of fluxes and angles is completely parallel. In a sense, the presence of these two different
M-theory lifts of the same string orientifold reflects the equivalence between T-dualizing S!/Q7Z
in the transverse space and T-dualizing T3 /Q7Z, along an orbifold direction. We will use a similar
property later to relate €621 and ¢[72].

We can now turn to the 76 /{(—1)¥'S, Zy} orbifold of M-theory. We will study this case along
the same line as T2 /Zs, first reducing on an orbifolded direction to a type OA theory orientifold,
then T-dualizing along a transverse direction to a type 0B orientifold:

M-theory on T% x T6/{(—=1)F'S, Zs}
lMPRl()_’O (5.152)
type 0A on T* x T°/(—1)/rQI; AN type 0B on T2 x T%/(—1)/rQI,

We will again have a system of N pairs of magnetized D9- and D9’-branes, now contributing to
cancel the -1/4 units of negative D3-brane charge carried by each of the 64 O3-planes. This can
be achieved by the Chern-Simons coupling:

M‘?/ C L/ Tr(Fy A Fy A Fy)
@m)3 Jrurs @M Jpojm, 0 20T

In the case of a factorizable metric, we can separate 1°/Zs into 3 T /Zo sub-orbifolds, and only
F56, Frg and Fyg yield non-trivial fluxes. Instead of ¢; and N, we now introduce for each pair
of coordinates (z;27) of the T?%'s pairs of quantized numbers denoted by (mg;,ng;) [191]. The
index a here numbers various stacks of IV, pairs of branes, with different fluxes. In the dual 0A
picture, the m{; and nf;’s give wrapping numbers around the directions parallel, respectively
perpendicular, to the O6-planes and a distinguishes between wrappings of branes around differ-
ent homology cycles. With an appropriate normalization of cohomology bases on the homology

cycles, one obtains:

1 /
g LT / Fsg dz®da® / Fig dx”da® / Fyodx *da® | = Z Nomggmagmiy = 16
(2m) T2 /7o T2/Zs T2/ Zs p

On the other hand, Chern-Simons couplings to higher forms such as C5, C7 and Cg are deter-
mined by expressions which also include nfj factors. For example, the D9-charge is related to
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>0 Nanggnigniy. The wrapping numbers should then be chosen in a way that all those other
total charges cancel. There are in principle several ways to achieve this, but it is not our main
focus, so we will not give a specific example here (see [8] for concrete realizations in the super-
symmetric case). Rather, following the 7%/Zs case above, one wishes to study the magnetized
D9-brane action given by our algebraic method, deduce from it that certain pairs of radii are
related and then perform a triple T-duality along (z*;2% ") to exchange the fluxes against
tilting angles between O6-planes and pairs of D6-branes and their image D6’-branes.

Keeping this framework in mind, we first recall the choice of shift vector that comes from
the general T /7,, orbifold serie. It is given by:

g0 = o(AT — AB) 4 €08 = 2511 — 03 + a5 — ar = ((2)4,1,3,3,1,1,1). (5.153)

where £[6:2] differs from its expression £[67 for n = 2 given in Section 5.8.3 because the charge
Q@3 is now —1 instead of —2. Let us again follow the dualities (5.152) to see how the D9-brane
is expressed in this formalism:

e<§[6'2]\HR> Mo Rio—0 M2 T el
TMaV MRR; --Ra(ReRy)* ——"—= —*Ri--Ra(RR7)* = —3—Ri - -R3(R{RsRr)*.
P ga 9B

This can match the action of a D9-brane if Rs « Rg, R7 « Rg and Ry < R}/ g%. On the
type A side, this again means that Rg o< Ry/ 9124, and one verifies easily that 7; indeed maps
the D9-brane to a D8-brane extended along all directions except 4. This D8-brane is tilted
with respect to the O4-plane in the (z%;2°)-plane by an angle cot(x4,) = Z%’g; and still carries
magnetic fluxes Fsg and Frg. T-dualizing further along % and 27 leads to a D6-brane extended

in the hypersurface along (z%; 2'; 22; 23; 2°; 2%; 2%) with mass:

M7 M
"SRy RyR¢R7 ~ _35R1--.R3R5R8R9.
ga 9a

Then, we can interpret this brane as one of the N, D6-branes exhibitirt}g two additional non—gi%ht
angles with respect to the orientifold O6-plane, given by cot(x%;) = 735256 and cot(x%g) = :;7: R;.
It is of course understood in this discussion that the appropriate image Dp’-branes are always
present.

Finally, we still wish to study 77 /{(—1)¥"S, Zs} orbifolds of M-theory. For this purpose, we

use the permutation of €[ describing an orbifold in (z%;...;2°) given by éc[,?’z] =(0,0,(1)7,2)

in the following fashion:

€M = 2(A2 — A3+ A° —2A8) + €72 = (2,2,3,3,1,3,3,1,1,2).
This time, we follow the successive mappings
M-theory on T2 x T%/(-1)F'S
lMpRlo—%)
type 0A on x T2 x T7/(~1)1QL; —2 type 0B on T3 x T6/(—1)/RQ

leading to the mass formulae:

MpRiy M 7 MO
MRy Ry(R3RyRs R7)? Ry ——% 7 RiRy(R3R4ReR7)? =% i Ry - Ry(RyRsR7)? .
A B

and we obtain again the same type 0B T%/(—1)f2QIg orientifold as above, while tilting angles
in the dual type ITA picture can again be obtained by 74¢7.
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¢la.2] physical basis Dynkin label | [A[?

q

2 | a(_1)20116983104125146107586 (2,2,2,2,2,2,2,2,1,1) | [000000010] | —2
3| O(_1)20116283104125156117587 (2,2,2,2,2,2,3,3,1,2) | [010000001] | —2
6| a(_1)2011628394125156107586 (2,2,2,2,1,3,3,1,1,1) | [010001000] 2
7| 0y_1)20417210311 4145176117587 (2,2,3,3,1,3,3,1,1,2) | [000100100] 2

Table 5.18: Physical class representatives for 7'0=9 x T'9 /74 orbifolds of M-theory of the second
kind

Overall, we have a fairly homogeneous approach to these four different orbifolds of M-theory
and it should not be too surprising that their untwisted sectors build the same algebra. We finally
summarize the shift vectors we used for physical interpretation in Table 5.18. It is remarkable
that these roots are found at level 6 and 7 in ag, showing again that a knowledge of the e1g root
space at high levels is essential for the algebraic study of M-theory orbifolds.

Another fact worth mentioning is that our Zs shift vectors either have norm 2 or -2, in
contrast to the null shift vectors of Section 5.9.1. This lightlike characteristic has been proposed
in [56, 55] to be a general algebraic property characterizing Minkowskian branes in M-theory.
Similarly, these authors associated instantons with real roots of ey, viewed as extensions of
roots of eg, that all have norm 2. However, we have just shown that Minkowskian objects can
just as well have norm 2, or -2, and perhaps almost any. We suggest that the deciding factor
is the threshold rather than the norm (at least for objects coupling to forms, forgetting for a
while the exceptional case of Kaluza-Klein particles that have negative threshold, when they are
instantonic and null threshold, when they are Minkowskian). Indeed, instantonic objects have
threshold 0, while Minkowskian ones have threshold 1. This approach is compatible with the
point of view of [87], as explained in Section 5.2.5, as well as with the results of this subsection.
Some higher threshold roots also appear in Table 5.12 and 5.13, however, but we leave their
interpretation for further investigation.

5.10 Shift vectors for Z, orbifolds: an interpretative prospect

Now that we have an apparently coherent framework to treat Zo M-theory orbifolds, it is tempt-
ing to try to generalize it to all Z,, orbifolds. To understand how this could be done, it is in-
structive to look at Tables 5.12 and 5.13. As mentioned at the end of Section 5.8.3, one notices
that shift vectors for T'7/7Z,, orbifolds can typically be grouped in series, for successive values of
g and n. As an illustration, we give one such serie (i.e. relating orbifolds with all charges +1)
in the following table:

n\q 2 4 6 8 10
2 1 ((2)%,1,1) | ((2)5,3,1,1,1) | ((2)4,1,3,3,1,1,1) | (2,2,3,1,1,3,3,1,1,1) /
3 1((3)%,2,1) | ((3)%,4,2,2,1) | ((3)4,2,4,4,2,2,1) | (3,3,4,2,2,4,4,2,2,1) | (2,4,4,2,2,4,4,2,2,1)
4 1((4)8,3,1) | ((4)%,5,3,3,1) | (4)4,3,5,5,3,3,1) | (4,4,5,3,3,5,5,3,3,1) | (3,5,5,3,3,5,5,3,3,1)
5 1((5)%,4,1) | ((5)%,6,4,4,1) | ((5)*,4,6,6,4,4,1) | (5,5,6,4,4,6,6,4,4,1) | (4,6,6,4,4,6,6,4,4,1)
6 | ((6)%5,1)((6)%,7,5,5,1) | ((6)*,5,7,7,5,5,1) | (6,6,7,5,5,7,7,5,5,1) | (5,7,7,5,5,7,7,5,5,1)

From this table, it should be immediately apparent that typical shift vectors for T%/Z,
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orbifolds, with ¢ € 2N are given by (some permutation of):

q/2
& = nd+ ) (D)7 piar_gya
i=1

= ((n)lO—q’n + P, —p1,N— P2, N+ P2,..., N — pq/27pq/2)

and have a threshold bigger or equal to 1 since 1 < ¢; <n—1,Vi=1,...,¢/2. In analogy with
the Zs orientifold cases, it is tempting to think of the "average” value ((n)?,0) as spacetime-filling
branes, and of the deviations g;a7_g42; as fluxes in successive pairs of (orbifolded) dimensions.
Of course, the fluxes are only directly interpretable as such after the reduction to string theory.
In the Zs examples, they appeared because an M-theory orbifold turns into a string theory
orientifold with open strings twisted sectors exhibiting non-abelian Chan-Paton factors. This
allowed us to invoke Chern-Simons couplings of the form:

/ Cro—q - / Tr(F9/?) (5.154)

on the world-volume of the space-filling branes that participate to tadpoles cancellation at the
orbifold fixed points. Geometrically speaking, the more orbifolded directions, the more non-
trivial fluxes can be switched on, producing higher non-zero Chern numbers that reflect the
increasingly complex topology in the presence of several conifold singularities at each fixed
point. A further research direction is to determine which kind of flux could appear in which Z,,
orbifolds.

In any case, one should not forget that the orbifolded directions in the string theory limit
are not exactly the same as in the original M-theory orbifold, so that a bit of caution is required
when trying to interpret the shift vector directly, without going through a chain of dualities
leading to a better-known string theory soliton.

Our proposal is to regard the mass formulae associated to these shift vectors as M-theory lifts
of the resulting string theory brane configurations, that are somehow necessary for the M-theory
orbifolds to be well-defined, in a sense which remains to be understood.

It also remains unclear how the change of average value of the components of the shift vector
from 2 to n determines the fact that we have a higher order orbifold. Intuitively, it should reflect
the presence of more twisted sectors, but is a priori not related to the different number of fixed
points.

All these questions are of course of primary interest to obtain non-trivial physical information
from our algebraic toolkit and we will pursue them in forthcoming research projects. They will
be addressed in future publications.

5.11 Conclusion

In this paper, we have aimed at developing a rigorous and general algebraic procedure to study
orbifolds of supergravity theories using their U-duality symmetry. We were particularly inter-
ested in the e;;_pj1;_p serie of real split U-duality algebras for D = 1,...,8. Essentially, the
procedure can be decomposed in the following successive steps. First, one constructs a finite
order non-Cartan preserving inner automorphism describing the orbifold action in the complex-
ified algebra e1;_p. This nth-order rotation automorphism reproduces the correct Z,-charges
of the physical states of the theory, when using the ”duality” mapping relating supergravity
fields and directions in the coset e11_pj11—p/€(e11—pj11—p) (in the symmetric gauge). Next, one
derives the complexified invariant subalgebra satisfied by the null charge sector and fixes its real
properties by taking its fixed point subalgebra under the restricted conjugation. One then moves
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to an eigenbasis, on which the orbifold action takes the form of a Cartan-preserving (or chief)
inner automorphism, and computes, in terms of weights, the classes of shift vectors reproducing
the expected orbifold charges for all root spaces of e11_p. In D = 1, one uses the invariance
modulo n to show that every such class contains a root of ejg, which can be used as the class
representative. In a number of cases, these roots can be identified with Minkowskian objects
of M-theory or of the lower-dimensional string theories, and interpreted as brane configurations
necessary for anomaly cancellation in the corresponding orbifold/orientifold setups.

In fact, for a given T'/Z,, orbifold, the first two steps only have to be carried out explicitly
once in e, for the compactification space S 1'% T9/7,, and need not be repeated for all TP x
T9/Z.,. Rather, one can deduce in which way the Dynkin diagram of the invariant subalgebra will
get extended upon further compactifications. This is relatively straightforward until D = 3, but
requires some more care in D = 2,1, when the U-duality algebra becomes infinite-dimensional.
In eqg, in particular, a complete determination of the root system of the invariant subalgebra
requires in principle to look for all invariant generators. This could in theory be done, provided
we know the full decomposition of ejp in representations of s[(10,IR). However, one of the
conclusions of our analysis is that once we understand the structure of gi,, at low-level, its
complete root system can be inferred from the general structure of Borcherds algebras.

By doing so, however, one realizes that there are three qualitatively different possible situa-
tions from which all cases can be inferred. The determining factor is the invariant subalgebra in
D = 3. If this subalgebra of ¢g|g is simple, its extension in eyg|19 is hyperbolic and non-degenerate.
This happens for T9/Z4 for ¢ = 1,4,5,8,9, as already shown in [55] by alternative methods.
If it is on the other hand semi-simple, we obtain, in D = 2, what we called an affine central
product. It denotes a product of the affinization of all simple factors present in D = 3, in which
the respective centres and derivations of all factors are identified. Descending to D = 1, all affine
factors reconnect through a1 in a simple Dynkin diagram, leading to a degenerate hyperbolic
Kac-Moody algebra, but without its natural centre(s) and derivation(s). This is the case for all
remaining Zs orbifolds, as well as for 7°/Z,, orbifolds with n = 3,4. Finally, if an abelian factor
is present in eg, its affinization in eg, t1(1), turns into all multiples of an imaginary root in e,
which also connects through av_; to the main diagram, thus leading to a Borcherds algebra with
one isotropic simple root. Although it was conceptually clear to mathematicians that Borcherds
algebras can emerge as fixed-point subalgebras of Kac-Moody algebras under automorphisms,
we found here several explicit constructions, demonstrating how this comes about in examples
of a kind that does not seem to appear in the mathematical literature.

In the first case, the multiplicity of invariant roots is inherited from e1g, in the other two
cases, however, great care should be taken in understanding how the original multiplicities split
between different root spaces. In fact, the Borcherds/indefinite KM algebras appearing in these
cases provide first examples of a splitting of multiplicities of the original KMA into multiplicities
of several roots of its fixed point subalgebra. This is strictly speaking the case only for the
algebras as specified by their Dynkin diagram, but one should keep in mind that the quotient by
its possible derivations suppresses the operators that could differentiate between these roots, and
recombines them into root spaces of the original dimension, albeit with a certain redistribution of
the generators. In fact, it is likely that a computation of the root multiplicities by an appropriate
Kac-Weyl formula for GKMA based on the root system of the Dynkin diagram would predict
slightly smaller root spaces than those of the fixed-point subalgebra that are obtained from
our method. However, it is not absolutely clear what is the right procedure to compute root
multiplicities in GKMA. This is a still largely open question in pure mathematics, on which our
method will hopefully shed some light.

Along the way, we also explicitly showed, in the T4 /Z,, case, how to go from our completely
real basis for giny, described by a fixed-point subalgebra under the restricted conjugation, to
the standard basis of its real form, obtained from the Cartan decomposition. This is especially
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interesting in the affine case, where we obtained the relation between the two affine parameters
and their associate derivations.

Even though the present paper was focused on the breakings of U-duality symmetries, it
is clear that, in another perspective, the same method can in principle be applied to obtain
the known classification of (symmetric) breaking patterns of the Fg x Eg gauge symmetry of
heterotic string theory (or any other gauge symmetry) by orbifold projections. Indeed, our
result in D = 3 for breakings of eg can be found in the tables of [163, 164], where they are
derived from the Kac-Peterson method using chief inner automorphisms. Reciprocally, one
might wonder why we did not use the Kac-Peterson method to study U-duality symmetry, too.
It is certainly a beautiful and simple technique, very well suited to classify all possible non-
isomorphic symmetry breakings of one group by various orbifold actions. However, calculating
with Z,-rotation automorphisms instead of Cartan-preserving ones has a number of advantages
when dealing with U-duality symmetries. In the Kac-Peterson method, one first fixes n, then
lists all shift vectors satisfying the condition (A, 6fg) < n of Section 5.8, which allows to obtain
all non-isomorphic breakings. In the end, however, one has sometimes to resort to different
techniques to associate these breakings with a certain orbifold with determined dimension and
charges.

Here, we adopt a quite opposite philosophy, by resorting to non-Cartan preserving inner
automorphisms with a clear geometrical interpretation. In this perspective, one starts by fixing
the dimension and charges of the orbifold and then computes the corresponding symmetry
breaking, which allows to discriminate easily between a degenerate finite order rotation and an
effective one. Only then do we reexpress this automorphism in an eigenbasis of the orbifold
action, in which it takes the form of a chief inner automorphism, and compute the class of
associated shift vectors. Doing so, we can unambiguously assign a particular class of shift
vectors to a definite orbifold projection in space-time. Note that such shift vectors will typically
not satisfy (A,0g) < n, so that a further change of basis is required to relate them to their
conjugate shift vector in the Kac-Peterson formalism (we have shown in Section 5.8 how to
perform this change of basis explicitly). However, this process may obscure the number of
orbifolded dimensions and the charge assignment on the Kac-Peterson side.

Furthermore, another reason for not resorting to the Kac-Peterson method is that we are not
so much interested in all possible breakings of one particular group, say Eg, as in determining
the fixed-point subalgebras for the whole E, serie. Consequently, we can concentrate on the
T1/Z,, orbifold action in E 41 and then extend the result to the whole serie without too many
additional computations, since the orbifold rotation acts trivially on the additional compactified
dimension and the natural geometrical interpretation of the SL(r,R) € E, generators has been
preserved. On the other hand, the change of basis necessary to obtain a shift vector satisfying
the Kac-Peterson condition can be completely different in F, compared to F,._1. Accordingly,
starting from such a shift vector for F,_i, there is no obvious way to obtain its extension
describing the same orbifold in F,.. Finally, and much more important to us is the fact that
there is no known way to extend the Kac-Peterson method to the infinite-dimensional case.

The above discussion has concentrated on the part of this work where the invariant subal-
gebras of e;;_pj;1—p under an nth-order inner automorphism were derived. In D > 3, these
describe the residual U-duality symmetry and bosonic spectrum of supergravity theories com-
pactified on orbifolds and map to the massless bosonic spectrum of the untwisted sector of
orbifolded string theories. In such cases, these results have been known for a long time. They
are however new in D = 2,1, which was the main focus of this research project. In particular,
the D =1 case is very interesting, since the hyperbolic U-duality symmetry encountered there
is expected to contain non-perturbative information, as well. Indeed, the specific class repre-
sentatives of shift vectors we find correspond to higher level roots of ey which have no direct
interpretation as supergravity fields. It is thus tempting to try to relate them to non-classical ef-
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fects in M-theory which might give us information on the twisted sector of orbifolds/orientifolds
of the descendant string theories.

Let us now discuss this more physical interpretative aspect inspired from the work of [55],
where the shift vectors for a restricted class of Z4 orbifolds of M-theory were shown to reproduce
the mass formulae of Minkowskian branes, which turned out to be the correct objects to be placed
at each orbifold fixed point to ensure anomaly /tadpole cancellation. We have extended this anal-
ysis to incorporate other Zs orbifolds of M-theory, which are non-supersymmetric and should
be considered in bosonic M-theory. They have the particularity to break the infinite U-duality
algebra to indefinite KMAs. These orbifolds reduce to 72/(—1)/8QZy and T%/(—1)/2QZ, ori-
entifolds of the type 0B string theory in which pairs of magnetized D9- and D9’-branes are used
to cancel the O7- (resp. O3-)plane charges. They are part of a chain of dual orientifolds start-
ing from type 0B string theory on (—1)/2Q, a tachyon-free theory believed to be well-defined,
usually referred to as type 0’ string theory. We have then shown that the ey roots playing the
role of class representatives of shift vectors in these cases can be interpreted as such space-time
filling D9-branes carrying the appropriate configuration of magnetic fluxes. This identification
could in turn serve as a proposal for M-theory lifts of such type 0B orientifolds, as generated
by certain exotic objects corresponding to ey roots that are not in eg. Finally, these type I1B
setups have an alternative reading in the T-dual type IIA pictures where the magnetic fluxes
appear as tilting angles between O8- (resp. O6-)planes and D8- (resp. D6-)branes and their
image branes, our analysis providing an algebraic characterization of this tilting angle.

As for Z,>3 case, even though we have treated only a few examples explicitly, we have noticed
that their associated shift vectors fall into series of roots of e, for successive values of ¢ and n,
with remarkable regularity. This has provided us with a facilitated procedure for constructing
shift vectors for any 79/Z, orbifold which acts separately on each of the (¢/2) T2 subtori.
These roots of level 3n are classified in Tables 5.12 and 5.13. Despite the remarkably regular
structure of such roots, it is not completely clear how to extract information on the correct
anomaly /tadpole-cancelling brane configurations of the corresponding orbifolds. In particular,
the components of the shift vectors transverse to the orbifold increase monotonously with n, so
that their interpretation requires novel ideas. However, it is clearly of interest to generalize the
identification of such brane constructions for Z,-shift vectors with n > 2, and to understand
their possible relation to twisted sectors and/or fluxes present in the related string orbifolds.
Hopefully, this can be done in a systematic manner, reproducing what is known about string
theory orbifolds/orientifolds and leading to predictive results about less-known types of M-theory
constructions.

Another future direction of research would consist in investigating more complicated orbifold
setups in our algebraic framework, in which, for instance, several projections of various orders are
acting on the same directions. This could possibly lead to new interesting classes of GKMAs. In
general, however, not only one, but two or more shift vectors will be necessary to generate such
orbifolds and should from a physical perspective be interpreted separately. This will hopefully
open the door to working out the physical identification of yet a larger part of the e1g root system,
and constitute another step in the understanding of the precise relation between M-theory and

€10-
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5.12 Appendix 1: Highest roots, weights and the Matrix R

i) The matrix R: herebelow, we give the expression of the matrix R used in Section 5.2.1 to
define the root lattice metric g (5.11) in the physical basis:

1111111 23 1/3 1/3
0111111 2/3 1/3 1/3
0011111 23 1/3 1/3
0001111 23 1/3 1/3
o000 0 1T 11 23 13 13
“loo0oo000 11 2/3 1/3 1/3
000O0O0GO0T1 2/3 1/3 1/3
00000O0GO0 2/3 1/3 1/3
000O00O0GO0 —1/3 1/3 1/3
0000000 —1/3 —2/3 1/3

ii) Highest roots of the exceptional F, chain: We list the highest roots of the finite Lie algebras
of the chain a; Cas C ... Cag C 05 C ¢g C ¢y C eg, appearing throughout this article:

0a, = as,

0, = ag_i+.. ‘a7, 1=2,3

0a, = oas+as+ar+os,

Op;, = a4+ 2a5+ 206+ a7+ oy,

O0ps = a3+ 204 + 305 + 206 + a7 + 203,

Op., = a2+ 2a3+ 304 + 4das + 3as + 207 + 203,

O, = 204+ 3az + 4as + 5oy + 6as + 4as + 207 + 305

ii) Fundamental weights of e19: The expression, on the set of simple roots, of the fundamental
weights of ejg defined by (A’|ay) = &} for 4,5 = —1,0,1,..,8 is obtained by inverting A* =
(A(er0)~H¥ a;j. In the physical basis, these weights have the particularly simple expression:

A2 A2
—AL 0,1,1,1,1,1,1,1,1,1) | 0 |—-A* = (5,5,5,5,5,5,6,6,6,6) | —30
—AY = (1,1,2,2,2,2,2,2,2,2) | =2 | -A® = (6,6,6,6,6,6,6,7,7,7) | —42
—A' = (2,2,2,3,3,3,3,3,3,3) | =6 | —AS = (4,4,4,4,4,4,4,4,5,5) | —18
( ) ( )
( ) ( )

—A%? = (3,3,3,3,4,4,4,4,4,4) | —12 | =A7T = (2,2,2,2,2,2,2,2,2,3) | —4
—A% = (4,4,4,4,4,5,5,5,5,5) | —20 | —A8 3,3,3,3,3,3,3,3,3,3) | —10

For their expression in the root basis, see, for instance, [160]. It can be recast in the following
recursion relations:

L AY = A3 A2 qy,
A0 = —(04_1 + 2(5) R AP = 2A%T — A% — oy,
Al = 2A0 + QES bl A6 = A3 + 0D5 9

A2 = 2AT A" —q,, AT = 2AS A% g,
A = 202 Al—qy, A = AZ+40p,.
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5.13 Appendix 2: The U-duality group for 11D supergravity

This appendix is meant as a complement to Section 5.2.4, and reviews the U-duality transforma-
tions for finite U-duality groups as presented in [203], which trivially extends to the hyperbolic
case in D = 1.

It has been shown in [109, 205, 202], that the Ey;_pj;1—p(Z) chain of U-duality group
relevant for M-theory incorporates a generalized T-duality symmetry, which exchanges not only
the radii of 10-dimensional ITA theory among themselves, but also the 11-dimensional radius
Ry with any of them, leading to the transformation:

1 1 1

7;: i : RZ EVEE IR R j EVEE R EVEEE B
R TABRER, 0 MRRR, ¢ MRRiR

M} — MPR;R;R;. (5.155)
for 4,5,k € {D,..,10}. To get the whole Weyl group of Ei;_p, one must supplement the
transformation (5.155) with the permutation of all radii (belonging to the SL(11—D,Z) modular

group of the torus)

Sij : RZ’ — Rj s
which is part of the permutation group S11—p generated by the neighbour to neighbour permu-
tations {S;+1}i=p,. 9. Then, taking the closure of the latter with the generator 7gg1¢ leads to

the Weyl group:
W(E11-p) = Z2XS11-D (5.156)

with Zo = {1, 7g910}. This gives the whole set of Weyl generators in terms of their action on
the M-theory radii.
If we compactify to ITA string theory by setting MpR1y — 0, then the generators

1 1 gA

TiA : i 70 > ) 7 FVSEE M EVOE D
o B ypps B ipRc 947 ApRR,

for i,7 € {D,..,9}, represent a double T-duality symmetry mapping ITA string theory to itself.
Likewise, the group of permutations is reduced to Sig—p, generated by {S;;+1}i=p,. s, which
belong to the SL(10 — D, Z) modular group of the ITA torus.

In D = 1, this setup naturally extends to the dilaton vector Hr € h(E1). The permu-
tation group Sig acts as Hf% — Hﬁz, for 4,5 = 1,..,10, which corresponds to the dual Weyl
transformation: rY(Hg) = Hg — (Hg,a)a” for @ = aj_g + ... + aj_g € II(Ay).

The Zy factor in expression (5.156) on the other hand, corresponds to a Weyl reflection with
respect to the electric coroot:

r(Hg) = Hp— (Hp,o8)ay

1 1 1 2 2 2
= <H}z + S AH, H% + SAH, - Hf+ SAH, HS — SAH, HY) — SAH, HY — gAH)

with AH = HY, + H}, + HE.

On the generators of e1g, the Weyl group will act as o, = exp [%Z(Ea + Fa)] or alternatively
as G, = exp [%(Ea — Fa)], Va € A (FE1o), depending on the choice of real basis. In particular,
a 7,4 orbifold of M-theory can be represented in our language by a Weyl reflection, and is thus
naturally incorporated in the U-duality group.

As mentioned in Section 5.2.4, from the point of view of its moduli space, the effect of
acting with the subgroup W (Ej;_p) of the U-duality group on the objects of M-theory on
T19 will typically be to exchange instantons which shift fluxes, with instantons that induce
topological changes. On the cosmological billiard, a Weyl transformation will then exchange the
corresponding walls among themselves.
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The rest of the U-duality group is given by the Borel generators. These act on the expectation
values Cqo, @ € A4 (E11-p), appearing, in particular, as fluxes in expression (5.56). Picking, in
a given basis, a root f € Ay (E11-p), its corresponding Borel generator Bg will act on the
(infinite) set {Co}taca, (E1,_p) typically as [203, 124]:

Bg: Cg—Csg+1 Cy—Cy+Cyp, ify—0e€ A (En-p). (5.157)

If vy -8 ¢ Ay(Fii-p), then Bg : C, — C,. The first transformation in eqn.(5.157) is the
M-theory spectral flow [203], generated by part of the Borel subalgebra of the arithmetic group

E11-p(%). Invariance under such a unity shift reflects the periodicity of the expectation values
of the fields A*;, C3, C and A,.

5.14 Appendix 3: Conventions and involutive automorphisms
for the real form $0(8,6)

i) Conventions for d7: we recall the conventions used in Section 5.5.3 to label the basis of simple
roots of the finite 97 C 97 C giny Lie algebra for the T° x T* /Z.r~2 orbifold of M-theory:

br=a_, fo=a, B=ay, A=a3, =, =, [B=7. (5.158)

The affine 9, will be described by the following Dynkin diagram: The lexicographic order used

g B
O7i O O igo

\J

Bo Bs B5 Bu P2 B

Figure 5.4: Dynkin diagram of 97 in the S-basis

in convention (5.158) is meant to naturally extend the as C gi,, subalgebra appearing for the
T*/Z~o orbifold in D = 5. In particular, we define F;.4193 = (Ei, ... [E4, Ea_té+a.]]--] for
i > 4.

For non-simple roots of level 2 in 39, the corresponding ladder operator is defined by com-
muting two successive layers of simple root ladder operators, as, for instance, in:

Ergs52421923 = [Es, [E4, [Ea, Eres4123]]] -

This implies in particular the useful relation

ﬁivﬁiflij(j,1)2m421223 - Nﬁjvﬁim]‘(jfl)ZA.A421223 ’

which, combined with N_, _3 = =N, g and Ny y—o = —Nau,—+, induces

|:F1'7Ei---(j+1)j2---421223} = B 1.(j11)52421223,

[Flv Ei---(j+1),j2~~421223} = Biji1,(j-1)%-421223 -

ii) The representation I': the inner involutive automorphism written in the form (5.102) acts on
elements of the algebra 97 in the representation I'{1,0,...,0} (see [71]) defined as follows. For
general r, let the basis of simple roots 0, characterized by the Dynkin diagram of Figure 5.4 be
recast in terms of the orthogonal basis ¢;, i = 1,..,7

Bir=¢r—1—6, Po=¢er—2—6—1, P3=¢E—_1+¢,

5.159
Bi = €r41—i — Erqo—i, Vi=4,...,7. ( )
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The remaining non-simple roots can be reexpressed as follows: for 1 < i < j < r — 3, we have

Bro1—it .o+ Bri1-j =& — €41,
Bro1—i+ ... +Bs+P2=¢e; —er1,

Broti—i+ ... +Ba+ Lo+ = & —¢€r, Bo+ 51 = er—2—¢r, (5.160)
Bry1—i+ ... +Bs+ B3+ P2 = ei+ep, Bs+ P2 = er—2+er,
Brot—i+ ...+ Ba+Bs3+P2+01 = ei+er—1, Ps+la+pP = eo2te_1,

while roots of level 2 in 89 decompose as

Bror—it oo+ Bry1-j +2Br—j+ ...+ B+ Be)+B3+61 = & +ejqa, i

1 1,
Broti—i+ ...+ B4 +200+B3+ 01 = ei+er—2, 1

J<
i<r

r —
—4.

VAS/A
VANAN

Introducing the elementary matrices &; ;, with components (&; ;)i = dixd;j1, the Cartan subalge-
bra of 0, may be cast in the form

1
P(Hl) = \/ﬁ (Er—l,r—l - 57’,7” + 57’+1,7"+1 - gr+2,r+2) )
1
I'(Hy) = m (Er—op—2 = E—1p—1+ Erqar42 — Erp3r43)
1
P(HQ) = m (Er—l,r—l + 57’,7" - 57’-1—1,7»-1—1 - 5r+27r+2) ,
1
I(H;) = —————=(Erqi—ipt1—i — Erromipqo—i+Etvip—14i — Erqiptd) , Vi=4,...,7.

- r(r—1)

The matrices representing the ladder operators of 9., and solving in particular [I'(H;),I'(E;)] =
A;il'(Ej), can be determined to be (see [69])

1 s
F(Efi—fj) - r(r—1) (51'73' + (_1)Z+j+lg2r+1—j,2r+1—i) )

1 o (5.161)
F(E€i+€j) = m (5i,2r+1—j + (—1)Z+j+lgj72r+1_i) .

Raising and lowering operators in the basis {(;}i=1, , then readily follow from relations (5.159)
and (5.160) and expressions (5.161).

O gp,
gp, O
off-diagonal blocs are given by gp, =offdiag{1,—1,1,—1,...,(=1)""!}. It can be checked that
indeed: T'(X)"Gp, + Gp,I'(X) =0, for X € 0,.

Finally, this representation of d, preserves the metric Gp, = < >, where the

iii) Four involutive automorphisms for the real form so0(8,6): the set A () of roots generating
the maximal compact subalgebra of the real form s0(8,6) appearing in Section 5.5.3 is deter-
mined for the four involutive automorphisms (5.112). Since dim A4 (97) = 42, and since all
four cases have dim A1y = 18, the corresponding involutive automorphisms all have signature
o =5, and thus determine isomorphic real forms, equivalent to s0(8,6). This construction lifts
to the affine extension 07 through the automorphism (5.102) building the Cartan decomposition
(5.114) and (5.115).

Herebelow, we give the set of roots Ay for the four cases (5.112) explicitly. We remind

the reader that these four involutive automorphisms all have B ) = 11 and Pir2ast) = 1,
Moreover, the set A, ) generating the non-compact vector space p (5.115) can be deduced from
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A1) = Ap\A4 ), where A, is obtained from the system (5.159) and (5.160) by setting r = 7.

In this case obviously dim A(_;) = 24.
The first involutive automorphism defined by e®:() = ¢fs(H) = 41 has

/ / / / / / / / / / / /
A(+1) = {567 Ba, B2, Baz, Bres, Bi23, Brseas Bsa12+ Ba23, Barass Bresazs Besarzs

/ / / / / /
Bosa23: Oa1223> Br654123> Bresa12230 Pre5a21223) ﬂ652421223} :
! (T ! (IT
The second, defined by /1) = —¢fs(H) — 41 hag

/ / / / / / / / / / / /
A(—4—1) = {ﬁ47 627 ﬁ767 5657 ﬂ427 ﬁ6547 ﬁ1237 ﬂ65427 ﬁ54127 ﬁ54237 ﬂ41237 ﬁ412237

6/765412’ ﬁ§65423’ bé541237 ﬂé541223, ﬁ(/;542 12239 6/765242 1223} .
The third, defined by ePiH) = _eBs(H) = _1 has

Il ol / / / / / / / / /
A(-i—l) = {ﬂﬁa 627 ﬁ547 ﬂ7657 ﬂ6547 ﬂ5427 ﬁ4127 ﬁ4237 ﬁ1237 ﬁ65427 6541237 ﬂ7654127
/ / / / / /
B7654237 ﬁ6541237 ﬁ5412237 ﬂ65412237 ﬂ76542 1223 ﬂ652421223} '

The fourth, defined by ePi(H) = Fs(H) = _1 has

/ / / / / / / / / / / /
A(-4-1) = {627 ﬁ767 ﬁ657 5547 55427 ﬂ4127 54237 51237 ﬁ76547 ﬁ765427 ﬁ654127 ﬁ654237

/ / / / / /
B541237 ﬂ5412237 ﬁ76541237 ﬂ765412237 ﬂ6542 1223 ﬂ7652421223} '

The four of them lead as expected to dim A, ;) = 18.
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Appendix A

Spinors in various dimensions:
conventions and useful formulse

In this appendix, we first give our conventions for Gamma-matrices in (1 + 9)D and (1 +
10)D, whic hold throughout this thesis. Then, we present some general formulae (valid in all
dimensions) involving antisymmetrized products of Gamma-matrices and spinor bilinear, and
some useful properties of Weyl and Majorana spinors. We end this appendix by presenting a
Fierz identity in 10D which is required to prove supersymmetry of the Yang-Mills action and of
the BFSS matrix model.

A.1 Conventions for Dirac matrices in 10D and 11D

Our conventions for Gamma-matrices in (9 + 1)D and (10 + 1)D are the following. Start from
the Dirac matrices forming a 292 = 16 dimensional Majorana representation of SO(9):

{7, 47} = 26" 16

with 7% real, i = 1,..,9. We can then construct a Majorana representation of SO(9,1) by
tensoring the above in the following way:

4 i
e-(5,%) F(31)
— 16

Fixing the Minkowskian metric to n** =diag{—,+,..,+} we have as expected {I'*,T"} =
27]”” 1132.

As usual in even dimensions, there is an additional linear independent matrix, the chirality
matrix, which, in our choice of basis (suited to Majorana representation), is block diagonal and

real:
i Tig 0
g /J':
T, iu|_|0r j:< 5 1116>' (A.1)

obviously {T'y,I#} = 0. Identifying I''% = I',, we obtain a 211721 — 32 dimensional Majorana
representation of the Clifford algebra of SO(10,1). In particular, we can choose the charge
conjugation matrix as C' = I'0.
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A.2 Product representations for spinors in various dimensions

In space-time dimensions D = 2[+2 and 2+ 3, the (complexe) the Dirac matrices have dimension
91%) = 21+1 and realize the Clifford algebra:

{DF, T} = 2 Ly . (A.2)

For both odd and even dimensions, there are 2]+ 3 such matrices, running from py = 0,1, ..,2[+2
for odd dimensions, and from p = 0,1, .., 2[+1, %, in even dimensions. In this case, the additional

Gamma matrice is given by:
2141

D, =T22 =4 T T
n=0

Moreover, conjugation by the matrix I'? is equivalent to hermitien conjugation of the Dirac
matrices: )
POPH(r0)=t = —put - pOpmsn (P01 — ()5 et
The Clifford algebra is then spanned by the set {T'M1Fn},_q o149, with I'H1-#n =
[l ... Tanl | which satisfy the orthogonality condition.
1 n(n—1)

S T (T ) = (1) ™5ty o (A.3)

Introducing the charge conjugation matrix
CTHC~! = —HT| with CT = —¢epC, (A.4)

where ¢; depends on the dimension of space-time. Thus, for D = {2,3,4} mod 8, one has
¢p = —1, while for D = {6,7,8} mod 8, we get ¢cp = 1. In dimensions D = 5 mod 8, where
no Majorana condition applies, as we will see later on, one uses the matrix C'y instead, which
satisfies CoT*Cy ! = TET and CJ = —Cs.

On antisymmetrized products of Dirac matrices, conjugation by C gives:

n(n+1)

CrH-tnCt = (=1) "2 THknT,

Using the orthogonality relations (A.3), one can expand the product of two spinors on a complete
set of independent tensors:

2042
N 1 1 ntey) o
(V1) = sir D 1 (—1) ™5 (GO ) (D, ) (45)
n=0

In dimensions where the Majorana condition holds,_z'.e. for [ € {0,1,3} mod 4, one can use the
identity (A.17) below to replace Y TCTH1-Hn X\ — +¢)T'#1-#n ) in the above expression.
The above expression corresponds to the decomposition in antisymmetric tensorial represen-
tations of SO(21 + 1,1) of the product of two 2!*'-dimensional Dirac representations:
200l 2l 0P 12+ L+ [P I+ 1] (A.6)

Dirac Dirac

The doubling of the antisymmetric representations [k] for k£ < [, is due to the equivalence
[k] = [2] 4+ 2 — k] under Hodge-dualization of the corresponding Gamma-matrices.

The Hodge-dual (+I")#1--#n is obtained by acting with the chirality matrix I',. In a particular,
we have in D = 2] + 2:

n(n
(D — )T Ditin = £(—1)* 5 j-lgmpmrvpp,
o (A7)

= :l:(—l) 2 n!gul"un)\lu)\Din(*F))\l.)\Dfn



—g012:D=1 — 11 is the totally antisymmetric tensor in flat Minkowskian

where eg12.p—1 =
space satisfying ett-#ntnti-bbe, 0 up = —(D — n)!&,[ffl --~5ff:]. In particular, the sign of
Iy (A.1) fixes, in even dimensions, the notion of self-duality or anti-self-duality for tensors such

as wTCFMI"UH*l A

A.3 Weyl spinors in various dimensions

In even 2/ 4 2 dimensions, the Dirac representation for spinors is reducible as a representation of
the Lorentz group SO(20+ 1,1). The two irreducible 2! Weyl representations are obtained from
eigenvalue (+1) states (or right-/left-handed) under I',.. Thus one defines the following chirality
operators

1
Pi=3(I£T.),

projecting the Dirac rep onto each of its two irreducible Weyl reps:

Pipy = 1hy, Piyp =0.

Using the properties of I'y one can verify that such operators meet all requirements to be
projectors:
(PL)? =1, PLPr=0, Pit=-rP.

In (9 + 1)D, we usually identify Py = 3 (L4 T'yp).
In particular since {T',,I'*} = 0, on can show that:

r#a-kn - for n even/odd

1
M1 Un — M1 _ n =
Pl Pijg=T 5 (T+ (=1)"T%) Py { 0, for n odd/even

(A.8)

Using the properties of the charge conjugation matrix C' (A.4) and I'] = T', to show that in
D =20+2:

D-1
r.c= [P *cr, =(-1*'cr,, (A.9)
k=1
then, the combination of eqns.(A.8) and (A.9) leads to

wlc’l"ﬂl--ﬂn)\i/:': — wlc’rﬂl--ﬂn |:% (][ + (_1)n+l+1r*) P:I:/:F:| )‘:I:/:F

implying that for [ even and spinors of the same chirality, only bilinears with n odd survive,
while for [ odd, the converse is true. For two spinors of different chiralities, [ even/odd kills
all bilinear with n even/odd. This can be summarized in the well known decompositions of
products of Weyl representations:

1]+ [3]+..+[l+1]x, forleven
2 x2 = { O]+ [2] + ..+ [+ 1]i, for [ odd (A.10)
B 0] +[2] + ..+ [l], forleven
2 % 2% = { 1]+ 8] +.+[], forlodd (A.11)

Furthermore, we can now exploit the properties of I'y and its appearance in the dualizing
Gamma-matrices to rewrite the completeness relation (A.5) in a form where the action of I',. on
the Weyl spinors is made manifest:
1
TCYNg = ————
(WTO)"As 2l+1.(z+1)!(
2142

wTCI‘Ml--MHl )\) (Ful i )ﬁa +

n(n—1)

1 1 a
o 20 () [WTOT ) ()5 + (T TOTH 400 (T, T
n=0
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To derive this decomposition, we have used eqn.(A.7), (A.9) and the identity:

TH1-Hn — —(il)(—l)@;—1!6/“"u"pl__pD,nP*Fpl"prn-

A.4 The Majorana condition

In even dimensions, the irreducible Weyl representations constructed in the preceding section
are unique up to a change of basis. Then since the conjugate matrices —(I'#)* generate the same
Clifford algebra (A.2) as the original Dirac matrices I'#, both have to be related by a similarity
transformation. Starting in even dimensions D = 2l + 2, and, in contrast to Section A.1, going
to a basis where the 'Y, T'' and T'?*, Vk = 1, .., are chosen real, while the T2+ Vg =1, .1
are chosen imaginary, complexe conjugation is achieved via the two following matrices:

l l
Bl — H F2k‘+1 7 Bl — P*BQ = (_1)lF3F5 C F21+1F21+2 — (POPl) H FQk‘ )
k=1 k=1

Since these matrices lead to the anticommutation relations:
BiTEB ! = (=1)'T#, BBy ' = (~1)''r#r | BB ' = (—1)'T., Vi=1,2. (A.13)

they transform, in particular, ¥,, = —%F“” into B,-ZWBZ-_1 = —(Zw)%, Vi = 1,2, so that a
Lorentz transformation acts on both the spinors ¢ and B, Ly* in the same way. The Dirac
representation is thus its own conjugate. In contrast, the chirality matrix I', has its eigenvalues
flipped under complexe conjugation (A.13) when [ is odd, which tells us that the two irreducible
Weyl reps are self-conjugate when [ is even, and conjugate to each other when [ is odd.

One can furthermore show, using the above relations, that:

1(1+1) i=1)

BiBy=(-1) = I, BB3=(-1) 2 I (A.14)

Then, self-conjugate spinors, or in other word spinors satisfying the Majorana condition:
Y = By* (A.15)

will occur for I = 0 mod 4, in which case B = {B1, B2} (the two conditions are then equivalent,
or conjugate by a similarity transformation), for [ = 1 mod 4 with B = Bs, and for | = 3 mod 4
with B = By. When condition (A.15) is satisfied, spinors can be chosen real. In this case, there
always is a basis where the Dirac matrices I'* are all real, like in Section A.1. Obviously, we then
have B = T and C = I'%, implying (I'°)" = (I'%)T = —T'% and (I'")! = (I'"")T = I'". Alternatively,
one can also always find a basis where B = T', and then C = —T''T'2...T2+! In particular,
thes to choices can never be imposed in D = 5,6,7 mod 8.

Henceforth, we will denote by B either By or B in dimensions for which they satisfy BB* =
T.Clearly, we have now

BI*B~' =T#*,  BT##np=l = [Hibnt
Since CTT#(CT?)~! = I'**, then C' = BT, so that:

o BiI%,  for I = {0,3} mod 4
T | BoI?,  for I ={0,1} mod 4

As CT = —cpC (A4), then CT = (T°)"1B~! = —CT°C~1B~!, so that combining both expres-
sions, we get:
BT = CDB . (A16)
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In general, the Majorana condition can be enforced on Weyl spinors when the difference
between space dimensions s and time dimensions t satisfies: s —¢t = 0 mod 8. In particular
for SO(2l 4+ 1,1) spinors, this holds for [ = 4k, where we have BB* = T and each Weyl rep is
conjugate to itself.

Finally, in odd dimensions D = 2l + 3, since the additional Dirac matrix is I'?*+2 =T, the
action of B on the latter will be compatible with its action on the rest of the Dirac matrices
(A.13) only for I = {0,3} mod 4, and in both cases one can choose B = Bj. Then, the matrix
C'" = BiT? acts as C'T*C'~! = (—1)!TIT#T, behaving as the charge conjugation matrix C' (A.4)
for even | and as the matrix Cy for odd [ (see Section A.2).

A.5 Hermitian conjugation in 10D

Thanks to the property (A.16), the Dirac conjugate and charge conjugate of Majorana spinor
in dimensions D = 2l + 2 for [ = {0,1,3} mod 4, are related to one another:

=T = cpyTC. (A.17)

Since in (9 + 1)D we have c¢jp = 1, bilinears of Majorana fermions can now equivalently be
written as I'¥1-#n )\ = pTCTH#-#n )\, In particular, using the properties of the matrix C, one
can show that: B i) -

PrHt-En X = (=1)7 2 A[M-Hng) (A.18)

which determines their hermiticty property of these tensors: (EF‘“"“”)\)T = —\[Hbng,
In addition, one can show, along a similar line, that

(n+2)(n+1)

PITin ) = (—1) 2 AT ingy Pix= ATy (A.19)
if the 7, are all space indices, and:
piTHtn )\ = (_1)7}(”271) ATTHL-Hngy (A.20)

when one of the indices py is equal to 0.

A.6 A ten-dimensional Fierz identity

In this section, we prove a Fierz identity for a triplet of right-handed Majorana spinors in (9+1)D
which we use in eqn.(1.49) to prove supersymmetry of the 10D SYM action, and in eqn.(1.72) to
prove that of the BFSS matrix model. The expression in components of this identity is further
needed in eqn.(1.87) to derive p-brane charges from the BFSS matrix model.

In order to prove that the antisymmetrized expression

—[1
@) i), =0 (A.21)
vanishes, we rewrite it using the decomposition (A.12) as:
—[I K 1 Iy (L s o
@) CuD)s@ i = grm (O Tt o (FrDH 40T
4
1 1 n(n—1) J —7I tin K
+E2ﬁ(_1) 7 Doyl Lr)a <¢+F“1 a FHTJZ)-F]) .

(A.22)
According to the decomposition (A.10) of product representations, since | = 4 and the spinors
are all of the same chirality, only bilinears for n odd survive in expression (A.22). Moreover,
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antisymmetry upon exchanging I < K and the property (A.18) on Majorana spinors only spares
bilinears with n = 1,5. Using in addition the commutation relations:

DHMTH = DHIH 4 gl g, | [HIM2H — TH1K24 Qnu[m THe2]
the expansion (A.22) simplifies to:

1

_ 1 .
0 [(1 —)(Cut)a (L) + Tt (wirﬂl--ﬂwf])] . (A.23)

Concentrating on the first term in eqn.(A.23), we can replace 111_{ — 73+1,Z)3]r. We then use
antisymmetry of I, J and K and eqn.(A.18) to rewrite this term in components (eliminating

Yl) as:

_Tli%EJIK«FuPJr)J @if’%f) +2(T H)a <Ei{]rup+)7) (A.24)

Then, using the orthogonality property for %GTr(F“PiF” ) (A.3), one can show that:
1
rer,r, =r#(-r,r, + 21y, ) = -8, = §Tr (T PLT) T,

so that projecting (A.24) on the one-index basis tensor by contracting with (I',),“ we reobtain
part of expression (A.21). In this case, we immediately see, using the identities (A.24) that:

1 _ _
5K (Tr(rumr,,) (zpirwf ) - 2¢[j7>_rﬂruru¢f}) —0

since EJFP_ :er :EJF.

The second, five-index tensor part in eqn.(A.23) can be dealt with in the same fashion. In
this case, it is even easier to show that this contribution vanishes, since Tr(I',,; ., P+T) =0
and I'#-#HT T, = 0. We have thus shown the identity (A.21)

We may now give the component expression for eqn.(A.21) which has been used in eqn.(1.87)
of Section 1.4. By denoting {af7} the cyclic permutation of three indices and eliminating all
spinorial components from eqn.(A.21), the latter can be recast into the form:

(PLIOT"), VP (PLTOT,, )™ = (PLITY) 1 (PATOTi) ™ — (Pa), (o) . (A.25)

07

Multiplying by the expression (I'°%),®, we get
(PLT*), P poror) et — (porork), P py )t 4 (py), P (parrhyt = o (A.26)

after having used T*T" = F[[¥, TV] 4+ 2{T'®, TV} = I 4+ 1.
One can also contract eqn.(A.25) on the left with (FOk)VC and relabelling the indices,
one arrives at a similar expression, with expressions in parenthesis interchanged. and

(PiFOFi)A(ﬁ (Pirkz’)%)
(PLTOT,), P (PLDRY ™ — (PLTODy), F(PLTR)PT — (PLIOT;), Y Pk ) P (A.27)
~(P)U(PLTOTH), " 4 (PTOTH (P, = 0.
Adding expressions (A.26) and (A.27), we at the desired identity:
(PoTF)) P (PLTOT;) 4 (PLTFY R (PLTOT,) P (PR ¥ (PLTOT) P — (PLT )5 (PLTOT)),F = 0

In a basis where all Dirac matrices are real: (I'Y)T = —T'? and (T'")T =T, Vi = 1,..,9, so that
the I'% are symmetric, while the I'Y are antisymmetric. Then, the above expression simplifies
to

(P, P(PIOT:) P4 (PLI L), (PLTH) )4 (Pa) Y (PATOT!) M~ (PLIOT), 7 (Py) ™ = 0.
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