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Abstract

Boundaries in gauge field theories are known to be the locus of a wealth of interesting phenomena, as il-
lustrated for example by the holographic principle or by the AdS/CFT and bulk-boundary correspondences.
In particular, it has been acknowledged for quite some time that boundaries can break gauge invariance,
and thereby turn gauge degrees of freedom into physical ones. There is however no known systematic way
of identifying these degrees of freedom and possible associated boundary observables. Following recent
work by Donnelly and Freidel, we show that this can be achieved by extending the covariant Hamiltonian
formalism so as to make it gauge-invariant under arbitrary large gauge transformations. This can be done
at the expense of extending the phase space by introducing new boundary fields, which in turn determine
new boundary symmetries and observables. We present the general framework behind this construction,
and find the conditions under which it can be applied to an arbitrary Lagrangian. By studying the exam-
ples of Abelian Chern—Simons theory and first order three-dimensional gravity, we then show that the new
boundary observables satisfy the known corresponding Kac—Moody affine algebras. This shows that this
new extended phase space formulation does indeed properly describe the dynamical boundary degrees of
freedom, and gives credit to the results which have been previously derived in the case of diffeomorphism
symmetry. We expect that this systematic understanding of the boundary symmetries will play a major role
for the quantization of gravity in finite regions.
© 2017 The Author. Published by Elsevier B.V. This is an open access article under the CC BY license
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1. Introduction

The status of boundaries in modern theoretical physics has evolved from being simply “the
place where we set boundary conditions” to the locus of a wealth of phenomena whose richness
and physical relevance is becoming increasingly apparent. This is epitomized for example in the
holographic principle [1,2], the AdS/CFT correspondence [3-5], the bulk-boundary correspon-
dence of condensed matter [6—8], or the study of (entanglement) entropy [9-14]. Depending on
the system, the boundaries of interest can be inner to the spacetime (and provide for example a
quasi-local description of black holes [15]), at infinity (and describe the asymptotic geometry of
spacetime [16—19]), or at finite distances (and delimitate subsystems). To this list one can also
add boundaries in the form of defects of arbitrary co-dimension, which can support local exci-
tations in topological quantum field theories [20-23] and play now a central role in condensed
matter [24-26] and quantum gravity [27-30]. Although there is no known framework to describe
at once the new physics that can emerge on boundaries, one unifying thread has to do with the
notion of gauge.

Heuristically, the role of gauge transformations is to identify field configurations which would
have otherwise been deemed inequivalent. However, when defining gauge field theories on man-
ifolds with boundaries these latter can break gauge invariance and thereby turn certain gauge
degrees of freedom into physical ones. These are for example the famous conformal edge cur-
rents of Chern—Simons theory [6,31]. In the context of gravity, these “would-be-gauge” degrees
of freedom have been put forward as candidates to explain the origin of black hole entropy
[32-34]. By using the Chern—Simons formulation of three-dimensional gravity [35,36] Carlip
was able to construct an explicit realization of this idea [32]. His construction relies partly on
the fact that the Chern—Simons action is not gauge-invariant and gives rise on the boundary to
a Wess—Zumino—Novikov—Witten (WZNW) theory [37-40]. A more general result is actually
known to hold. In a seminal paper, Brown and Henneaux proved that the asymptotic symmetries
of three-dimensional AdS spacetime were described by two copies of a Virasoro algebra [3], and
it was shown later on that the corresponding boundary dynamics is given by a Liouville con-
formal field theory [4,41]. This constitutes the first example of a realization of AdS/CFT. These
examples from three-dimensional gravity are all the more surprising because they give rise to
infinitely-many degrees of freedom on the boundary while the bulk can only have finitely-many
owing to the topological nature of the theory. Similar proposals exist for the description of four-
dimensional black hole entropy [42], but are more complicated due to the unavailability of a
Chern—Simons formulation and the need to work with diffeomorphisms [43,44].

It has been known for a while that by slightly generalizing Noether’s two theorems [45] it is
possible to consistently assign conserved charges to local gauge symmetries [46,47]. Recently,
a huge momentum was gained following the realization that a carefully analysis of boundary
conditions and large gauge transformations (i.e. gauge transformations which do not vanish on
the boundary) leads to new conserved charges in an unexpectedly broad variety of theories (see
[48] and references therein), including most notably QED [47,49,50] and gravity [51]. These
results build up on the existence in these theories of infinite-dimensional asymptotic symmetry
algebras, like the Bondi-Metzner—Sachs (BMS) algebra in the asymptotically flat gravitational
case [52-54]. The existence of well-defined conserved charges associated with certain residual
gauge transformations means that these latter are actually best thought of as symmetries, which
therefore map between physically inequivalent field configurations. Understanding the origin
and the physical implications of these forgotten degrees of freedom, or “soft hairs” as they are
now known, is of primordial importance. As far as we are aware however, there exists so far no
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systematic and universal understanding of the nature of the conserved charges and asymptotic
symmetries which should be considered as physical given an arbitrary theory. Rather, the con-
served charges which have been constructed so far always involve some extra structure, in the
sense that they live on specific regions of spacetime and require specific boundary conditions
(see for example [55]).

In the present paper, we will focus on yet another type of boundary charges, namely those
defined at finite distances. Interestingly, the crucial role played by such boundary charge degrees
of freedom has been impressively illustrated in numerous (lattice) gauge theory computations
of entanglement entropy [12,13,56-62]. In short, if the contribution of boundary degrees of
freedom is forgotten one ends up undercounting the entropy. This is remedied by considering
so-called extended Hilbert spaces which contain information about gauge transformations with
non-vanishing support on the boundary. While most of the results in these approaches are con-
cerned with the Hilbert spaces (attached to local regions or subsystems) of quantum lattice gauge
theories, Donnelly and Freidel have recently proposed a classical and continuum analysis of
the mechanism at play, and applied it to gravity in metric variables [63]. They have in particu-
lar defined an extended phase space containing new boundary degrees of freedom, derived new
boundary observables for Yang—Mills theory and gravity, and found in this latter case that they
are described by an unexpectedly large symmetry group. This can potentially have very impor-
tant consequences for the quantization of gravity in finite regions, and therefore deserves a very
thorough analysis. In the present work we would like to give some more flesh to their argument,
and to compare its consequences with previously known results about boundary observables in
gauge theory and gravity. We therefore ask the following two questions:

i) Starting from the Lagrangian of any gauge theory, how to construct in a definite manner an
extended phase space containing relevant boundary degrees of freedom?

ii) What is the interpretation of the new boundary observables and symmetries which appear
in this extended phase space?

The first question was already studied in [63] on the particular examples of Yang—Mills the-
ory and second order gravity. Here we would like to develop a general understanding of this
construction without focusing on a particular example. This will force us to think carefully about
boundary terms, corner ambiguities, possible gauge-non-invariance of the Lagrangian, and the
definition of the conserved pre-symplectic form. This will be the first part of our work.

The second question on the other hand has to do with specific examples. As mentioned earlier,
there are many theories for which the boundary observables and degrees of freedom are (believed
to be) known. This includes for example the edge modes of Abelian Chern—Simons theory [6,31,
64] and the WZNW gauge fields of non-Abelian Chern—Simons theory [32,40]. In gravity, ob-
servables were constructed in [33,34] with metric variables and in [65] with first order connection
and triad variables. This thus begs the question of the relationship between these “old” observ-
ables and the “new” observables of [63]. The second part of our work will therefore be devoted
to the study of this question in Chern—Simons theory and first order three-dimensional gravity.
We will find that the new observables coming from the extended phase space are a “dressed”
version of the previously-known observables, but that they satisfy the same current algebra. The
case of non-Abelian Chern—Simons theory can be treated along the same ways, and we outline
the main steps of the construction in appendix Appendix D. We will also see that the extended
phase space obtained by introducing additional boundary degrees of freedom enables to obtain
conceptual clarity as to the role of gauge transformations versus that of gauge symmetries.

In other words, while it has been known for quite some time how to describe the boundary
dynamics of Chern—Simons theory (i.e. the WZNW action) and how to describe Hamiltonian
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boundary observables in Chern—Simons theory and gravity, here we will take these steps further
and introduce a new set of boundary variables, which are found through the requirement of
gauge-invariance of the so-called covariant Hamiltonian framework, and which will lead to a
“dressing” of the previously-known boundary observables. As we will show, for the construction
of this extended phase space containing the new dressing boundary variables, it is not enough to
simply consider the gauge-invariant Lagrangian of the theory. Instead, let us now present how
we will proceed:

In order to simplify the understanding of the interplay between gauge transformations and
boundaries, we will focus (as in [63]) on (d — 2)-dimensional' spatial boundaries at finite
distances. This saves us from having to discuss issues of convergence for e.g. the symplectic
structure, which would furthermore require to choose a particular asymptotic spacetime struc-
ture (e.g. asymptotically flat or AdS).

The fate of gauge transformations is best studied in the covariant Hamiltonian (or covariant
phase space) formalism of [46,47,66]. In this elegant framework, a central role is played by the
so-called pre-symplectic potential. This is a (d — 1)-form in spacetime and a 1-form in field-
space which is determined by the Lagrangian of the theory, and in turn enables to derive its
Noether currents, its symplectic structure, and the generators of infinitesimal gauge transforma-
tions. We will therefore start our work in section 2 with a review of the covariant Hamiltonian
formalism, and devote particular attention to boundary (i.e. (d — 1)-dimensional) and corner (i.e.
(d — 2)-dimensional) terms in the Lagrangian. This is usually overlooked in most treatments, but
will enable us to identify possible ambiguities or subtleties in e.g. theories whose Lagrangian
is not gauge-invariant. Following the insight of [63], we will show that important information
about gauge transformations on the boundary can be obtained by considering finite and field-
dependent gauge transformations” of the pre-symplectic potential. This means that we will allow
for non-vanishing field-space variations é of the finite gauge parameters, lurking towards the
idea that they could be promoted to the status of degrees of freedom and thereby contribute to
the symplectic structure. The precise way in which this should be done can be understood by
noticing that the pre-symplectic potential is not gauge-invariant under such finite field-dependent
transformations. Amongst our new results we will in particular derive the general form of this
transformation, and show that it is possible to introduce boundary degrees of freedom that “ex-
tend” the pre-symplectic potential and ensure its gauge invariance. We will then analyze the
conditions under which this extended pre-symplectic potential can be used to assign vanishing
Noether charges” to gauge transformations and to construct a conserved pre-symplectic form. As
we will see, this will amount to relaxing the usual conservation criterion for the pre-symplectic
form, and the new boundary degrees of freedom will act as compensating fields for the symplec-
tic flux which is leaked through the boundary. This is precisely realizing the idea that boundary
conditions should be relaxed on the boundary, and additional fields introduced in order to keep
track of the information flowing through the boundary from one subsystem to the neighboring
one.

1 We denote by d the dimension of spacetime.

2 The fact that the construction of [63] could more elegantly and rigorously be understood in terms of field-dependent
gauge transformations was actually pointed out and studied in [67].

3 The fact that gauge transformations come with vanishing Noether charges in this extended framework has also been
pointed out in the construction of [67], which however obtains gauge-invariance by using a covariant derivative on
field-space. As we will see, a more precise statement is actually that the charges are at least gauge-invariant, and at best
vanishing.
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In section 3, we apply the general results of section 2 to Abelian Chern—Simons theory.
This constitutes an ideal testbed because there exists already a known Lagrangian [32,64] and
Hamiltonian [31,34] description of the boundary degrees of freedom and of their dynamics. In
particular, these descriptions rely respectively on the gauge-non-invariance of the Lagrangian,
and on the Regge—Teitelboim criterion for functional differentiability of the Hamiltonian genera-
tors [68]. We will first review how these arguments arise, and then show that the extended phase
space of [63] and section 2 gives a much more systematic construction, which in particular does
not require a choice of boundary conditions or restrictions on the gauge parameters. Out of this
construction, we will obtain the dressed boundary observables and their algebra, which is nothing
but the affine Kac—-Moody algebra of the gauge group [69]. We therefore recover known results,
but with the following conceptual advantage: the gauge transformations are now generated by
vanishing generators with a closed algebra and assigned gauge-invariant (or vanishing) Noether
charges, and the new boundary degrees of freedom of the extended phase space give rise to a new
boundary symmetry. The generators of this latter are precisely the boundary observables, which
satisfy the current algebra.

Three-dimensional gravity in its first order formulation is studied in section 4. As is well-
known, this is a topological field theory [70,71], which as such is invariant under three types of
(non-independent) transformations: diffeomorphisms, SU(2) (in the Euclidean case) gauge trans-
formations, and translations. We start by recalling the infinitesimal and finite form of these gauge
transformations, and give for the first time the expression for the finite translations in the case of
a non-vanishing cosmological constant (the infinitesimal version appears of course in [35]). After
repeating the usual Hamiltonian arguments which lead to boundary observables, we proceed fol-
lowing section 2 with the construction of the gauge-invariant extended pre-symplectic potential.
This is done for two choices of independent gauge transformations: first for SU(2) gauge trans-
formations and translations, and then for SU(2) gauge transformations and diffeomorphisms. We
then study the new observables which appear on the extended phase space. For simplicity we fo-
cus on SU(2) gauge transformations and translations, and leave the study of diffeomorphisms
(and therefore comparison with [63]) for future work. The result is that the new observables are
precisely a dressed (i.e. gauge transformed by the new boundary fields) version of the observ-
ables appearing in [65], to which they reduce if the new boundary degrees of freedom are ignored
and trivialized. Their algebra is furthermore given by the affine Kac—Moody algebra of ISU(2)
(in the case of a vanishing cosmological constant).

While the affine Kac-Moody algebras which we obtain in this work as boundary symmetry
algebras are already known to appear from the Regge—Teitelboim condition of functional differ-
entiability of the constraints, what we show here is that the boundary fields of the extended phase
space allow for a new realization of these algebras in terms of new boundary observables. What
will therefore be important for future work is to understand the physical role played by these
boundary fields and observables.

We will present our conclusions and future research directions in section 5. The appendices
contain some useful formulas as well as the proof of some more lengthy calculations, the main
formulas needed in order to extend this construction to non-Abelian Chern—Simons theory, and
a brief treatment of diffeomorphisms.

2. Covariant Hamiltonian formalism and corner ambiguities

In this first section, we present the general framework underlying our construction and that
of [63]. This relies on well-established results in the so-called covariant Hamiltonian formalism
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(also known as the covariant phase space formalism), which we here review while carefully keep-
ing track of boundary and corner terms. In particular, we will see that a specific corner ambiguity
can be fixed by demanding that the covariant Hamiltonian framework be “preserved” by finite
field-dependent gauge transformations, and that this can be done at the expense of introducing
new boundary fields.

The reader is free to skip this formal presentation of the results and jump straight to the
example of Abelian Chern—Simons theory in section 3.

2.1. Conserved pre-symplectic form

The covariant Hamiltonian formalism is a way of studying the generators of infinitesimal
gauge transformations, along with their charges and their algebra, without the need to resort
to a non-manifestly-covariant decomposition between space and time. A central object in this
formalism is the conserved pre-symplectic form, whose construction we now describe.

For the sake of generality, let us consider a Lagrangian L[®] depending on a set of fields P,
and add to it a possible boundary term b[®]. The variation of the Lagrangian with its boundary
term is then given by*

SLp[P]=06(L[P]+ dD[DP]) = E[DP] AP 4 dbp [P, 5D]. (2.1

On the right-hand side, the first term identifies the equations of motion E[®], and the second
term identifies the pre-symplectic potential®

Ob,c[P, §P] :=Op[D, 5P] 4 dc[D, §P] :=6[D, D] 4 6b[P] + dc[P, §P]. (2.2)

This objectis a (d — 1, 1)-form, i.e. a (d — 1)-form in spacetime and a 1-form in field space. Since
it appears in (2.1) via its exterior derivative, its identification is ambiguous up to the addition of
a closed form, which is the so-called corner ambiguity.

From the knowledge of a potential, we can then construct the associated pre-symplectic cur-
rent (d — 1, 2)-form® by taking a field space derivative, i.e.

wp,c[P, 81, 82] := 80p, [P, §P]. (2.3)
From (2.2) and the fact that 82 = 0, one can see that this reduces to

wp, [P, 81, 82] = 60[P, §P] + déc[P, §P]
=[P, 81, 82] + déc[P, 8P] = wc [P, b1, 82]. 2.4

An important property is that the pre-symplectic current is closed on-shell. More precisely, we
have

4 Throughout this work, we will always keep track with subscripts of the terms and ambiguities which contribute to the
right-hand side of the various equalities and definitions. A subscript b denotes for example the presence of a contribution
from a boundary term, a subscript £ will denote the contribution from a boundary Lagrangian with new fields, a subscript
¢ will denote the contribution coming from a corner ambiguity, etc. Since these objects will all be clearly defined, there
should be no ambiguity as to what the subscripts refer to. Furthermore, while section 2 is slightly more formal with these
notations, sections 3 and 4 will provide all the concrete examples.

5 From now on we will often refer to this object as “the potential”.

6 We use here the shorthand notation S§P8Q =81 P38y Q — 5, P51 Q for the 2-forms in field space. Furthermore, since
in the 2-forms in field space all the fields are acted on by a variation §, we use the notation w[®, §;, d,] instead of
(81 P, 6 @], which will eventually prove to be lighter.
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dwp [P, 81, 82] = dwc [P, 81, 82] = dw[ D, 81, 82] = 0. 2.5

Notice that these three equalities have a different origin. The first one is a strict equality, and
comes from the fact that the boundary term has completely dropped from the pre-symplectic
current. The second one comes from the fact that the corner ambiguity is the addition of a total
exterior derivative. And finally, the third one is the statement that the pre-symplectic current is
closed on-shell.

Let us now consider a d-dimensional region N C M of spacetime bounded by dN = £ U
3> U B, where X and X, are two (d — 1)-dimensional space-like hypersurfaces, and B is a
boundary (which can also consist of an inner boundary and/or a time-like boundary at infinity).
Integrating the (d, 2)-form dw[®, &1, §>] over N, we get that

/da)[tb,(Sl,Bz]:/a)[dD, 81,621 = /—/+/ o[®, 81, 82] = 0. (2.6)
B

N oN 22 I

At this point, one has to impose boundary conditions in order to deal with the contribution at B.
Note that these boundary conditions do not know about the boundary conditions on the fields at
d M which guarantee that the variational principle is well-defined, and in particular do not know
about the existence of a possible boundary term db[®] in the Lagrangian. One possibility is to
assume that the pre-symplectic flux coming from B is vanishing. In this case, we get that the
pre-symplectic (0, 2)-form, defined as’

Qx[P, 61, 62] :=/a)[CI>, 81, 62], (2.8)
z

does not depend on the hypersurface ¥ when the equations of motion are satisfied. This is the
conserved pre-symplectic form.

One weaker possibility is to have boundary conditions at B which are such that
w[®, 81, 81| ; = dw[®P, 81, 8>]. In this case, we get that

/a)[CD, 81,52]=/w[<b, 81, 62] = /—/ w[®P, 1, 67] (2.9)

B 0B S1 S

where S; = X; N B, and the conserved pre-symplectic form is given by

Qx s[P, 61, 82] 2=/w[q>,51,32]—/w[¢, 81,821 (2.10)
b s

This happens for example in the case of isolated horizons [72,73].

7 Alternatively one can first define the (0, 1)-form

Ox[P,iP] :=/9[<I>,6<I>], 2.7)
z

and, assuming that the specification of X is field-independent so that the field-space variation § can freely pass through
the integral, we get that Qx [P, §1,52] =8O % [P, §P]. As pointed out and discussed in [63,67], extra care has to be
taken in the case where X is defined in a relational manner through the field content of the theory.
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In what follows, we will start by assuming that we have a conserved pre-symplectic form as
defined in (2.8), but this construction will eventually be relaxed when considering the corner
ambiguity. We can now explain how to obtain the generators of gauge transformations.

2.2. Charges and generators of infinitesimal transformations

Let € denote the parameter of an infinitesimal gauge transformation® acting on the fields as
8¢P. In the case of diffeomorphisms, ¢ will be a vector field £, while in the case of internal
gauge transformations it will be a Lie algebra element «. The generator of this infinitesimal
gauge transformation is a function H[e] over the phase space, whose Poisson bracket with the
fields is

{Hle], @} =5.D. 2.11)

A fundamental result of the covariant Hamiltonian framework is that this generator is defined by
the variational formula

gHe] = Qx[P, 4, 8] (2.12)
From this, one can see that the algebra of these generators is given by
{Hle1], Heal} = 6c, Hea] = Qs [P, 8¢, . B¢, 1. (2.13)

In appendix Appendix B we elaborate a bit on these equalities, and in particular generalize them
to the case of a pre-symplectic form containing a boundary piece. This will be important for our
discussion in the next section. Also, note that when contracting the symplectic (0, 2)-form Qx
with a variational vector d., the quantity §7{[€] which is obtained is not guaranteed to be inte-
grable, i.e. to be a total variation & of some expression #[€]. This requires in general additional
integrability conditions. This is the reason for which we use the notation §.

Another important result is that (2.12) is always given by the sum of a (d — 1)-dimensional
(spatial) bulk integral involving the equations of motion and a (d — 2)-dimensional boundary
(or corner) integral [46,47,74,75]. This boundary integral, which is the on-shell value of the
generator, is the charge of the transformation. We would now like to recall the proof of this
result. This will be the occasion of introducing the Noether charges, and of seeing how boundary
terms and corner ambiguities propagate throughout the calculations.

Consider an infinitesimal internal gauge transformation parametrized by « and acting on the
Lagrangian by producing a total derivative, i.e.

8o L[P] =dm[®P, ]. (2.14)

For diffeomorphisms parametrized by £, the infinitesimal action is given by the Lie derivative,
ie. 8¢ =L =d(€1-) +£1(d:), so we have

8¢ LI®] = d(£L L[D]). 2.15)

In order to treat both cases at once, we will consider a parameter € and the gauge transformation
8¢ = 84 + 8¢. When acting on the Lagrangian with a boundary term, this becomes

8 Unless otherwise stated, the infinitesimal gauge transformations will always be field-independent in this work. We
will however be led later on to consider finite field-dependent transformations in order to achieve our construction and to
illustrate some subtleties which are often overlooked in the literature.
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8 Lp[®] = 8c (L[] + db[D]). (2.16)

For internal gauge transformations we have 8, (db[®]) = d(6,b[P]), while for diffeomorphisms
3¢ (db[®]) = d(é_u (db[d>])). This leads to

Se Lp[®]=d(§1 LIP] 4 £ (db[D]) + m[P, a] 4 54 b[P]). (2.17)
On the other hand, using d(8;b[®]) = d(d(§5b[®]) + £ (db[P])) in (2.1) leads to

8¢ Lp[®] = E[P] A 8D + d(0[D, 8 ] + d(£1b[D]) + &1 (db[D]) + 8,b[P]). (2.18)
Putting these two equations together finally leads to

E[®] A 8D + d(0:[P, e P] + d(Eb[P]) — &L L[D] — m[D, a]) = 0. (2.19)

We can now identify the Noether current (d — 1, 0)-form associated with the transformation &..
It is defined as

Jp,c[®, €] :=0.[P, 8 P] +d(ELD[P]) —ELL[P] — m[P, o], (2.20)

and we can see that on-shell we have

dJp [P, e] =0. (2.21)
This in turn implies that we can write

Jpcl®, €] =dQp [P, €], (2.22)
where the (d — 2, 0)-form

Op.c[®, €] := Q[D, €] +ELb[P] + c[D, 5 D] (2.23)

is the Noether charge density associated to €. From this expression, one can see that the Noether
charge density is only sensitive to boundary terms in the case of diffeomorphisms. Notice how-
ever that the corresponding contribution is only present because we have kept the corner term in
(2.18), and represents therefore an ambiguity [46]. These ingredients are all we need in order to
compute the Noether charge associated with a transformation §.. However, in order to prove the
result concerning the form of §#[€], we need to go through a few more equations.

First, we would like to have an equality which defines the off-shell part of (2.22). For this, we
use the fact that we can always rewrite the term involving the equations of motion and the gauge
transformation of the fields as

E[®]A 8D =€N[E, P] —dP[E, D, €]. (2.24)
Noether’s second theorem guarantees that N[E, ®] = 0, which implies in turn that we can write
Jpcl®,€]l=PlE, D, €] +dQp [P, €]. (2.25)
Now, let us consider the equality
0=2588¢ Lp[P] — 6o5Lp[ D]
=d(m[P, ] + 85, D[P] — 840.[P, P] — 848b[D])
=d(m[®, ] — 8,0.[D, §P]). (2.26)
This implies that there exists a (d — 2, 1)-form M.[®, «, §P] such that
dm[P, o] — 840.[P, 5P] =: AM [P, a, §P]. (2.27)
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Now, the variation of the Noether current is given by
8Jp.c[ P, €] =6860,[D, 5 P] + §d(§Lb[P]) —§(EL L[DP]) — dm[D, o]. (2.28)
The third term can be rewritten using

SELL[P]) =&L8L[D]
=EL(E[D] ASD) + £ (dO.[D, 5D])
= £ (E[P] A SD) + LeO[D, 5] — d(£6.[D, 5D])
= £ (E[P] A SD) + 8:6.[D, 5D] — d(E6.[D, 5D]), (2.29)

and the fourth term can be rewritten using (2.27). One can see here that we have explicitly used
the field-independence §& = 0. Putting this together leads to

3Jp,c[®, €] = wc[D, 8, 8] — E(E[P] A D) + d(§15b[P]
+£.260,[D,5P] — M [P, o, 5P]). (2.30)
Finally, rearranging the terms in this equation and using the variation of (2.25) leads to

w[®, 8,81 =8P[E, ®, €]+ £ (E[®] ASD) + d(5Qp [P, €]
— £,8b[D] — £,20.[D, D] + M [P, o, §D])
~ d(8Qp. [P, €] — £8b[®] — £20,[D, D] + M [D, o, 5D]), 2.31)

where we have used both the equations of motion E[®] ~ 0 and the linearized equations of
motion’ 8 P[E, @, €] >~ 0. This shows the desired result, namely that

FHI®, €] = Q5 [D, 8, 8] ~ f(agb[q>, €] — E.8b[®] — £,20[D, 5D] + M[D, o, 5D]).
X
(2.32)

Notice that here and in (2.12) we have defined the variation of the generator in terms of the
pre-symplectic form without a corner ambiguity. The goal of this work is precisely to determine
which corner ambiguity should be used in the definition of the pre-symplectic form, and how this
affects the generators and their charges.

Furthermore, notice that the above equation is actually not so useful for computing the
charges, since for this one can simply compute Qx[®P, §, 5] and then identify the boundary
integral. However, it has the advantage of showing the general result that charges associated with
gauge transformations are given by boundary integrals, and that, when considering corner ambi-
guities in the pre-symplectic form, these are seen in the boundary integral defining the charge.

Finally, recall as mentioned above that (2.32) does not guarantee that the finite charge as-
sociated to the infinitesimal expression §H[P, €] does actually exist. For this, an additional
integrability condition is necessary, and can be obtained from the requirement that one must
have 8°H[®, €] = 0 if JH[D, €] = §H[D, €] is integrable.

9 While the generator § H[®, €] has to be defined for arbitrary variations, i.e. without using the linearized equations of
motion, the corresponding charge is defined by an integration in the solution subspace of field-space, and can therefore
be defined using the linearized equations of motion.
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2.3. Boundary conditions and degrees of freedom

In the previous two subsection we have seen how, starting from the potential, one can define
a conserved pre-symplectic form and derive an expression for (the variation of) the generators
of infinitesimal gauge transformations and the associated charges. We would now like to explain
how the potential is related to the fixation of boundary conditions and to the appearance of
boundary degrees of freedom.

Using (2.1), the variational principle for the action is

S/L[CD]:/E[GD]/\SCD—I-/9[@,8@]. (2.33)
M M oM

The spacetime boundary integral has to vanish in order for this variation to give the bulk equa-
tions of motion. For this, one can impose global boundary conditions which ensure the vanishing
of the whole boundary integral. Alternatively, one can achieve this by imposing local boundary
conditions, which amounts to finding a field configuration <I>| oM = &, such that

d6[ Do, 8Do] = 0. (2.34)

Typically the choice of &, is imposed by the physics or the solution under consideration, so in-
stead of seeing (2.34) as an equation for ®, one has to see it as an equation for the boundary term
b[®]. More precisely, knowing what field configuration ®, is to be fixed on the boundary, one
looks for a boundary term which is then such that (2.34) is satisfied. We will shortly encounter
example illustrating this familiar matter.

Now, consider the action £*® of finite and field-dependent gauge transformations on the
fields ®, which possibly changes the Lagrangian by a total derivative as'’

LIE*®] = L[®] + dm[®, £], (2.35)
and also possibly affects its boundary term as

b[E*D] = b[®] + b[D, £]. (2.36)
This is therefore of the general form

Lp[E*®] = Lp[ @] + dmp[®, €], (2.37)
where

mp[®, E] :=m[®, £] + b[®, €] (2.38)

contains a contribution from the non-invariance of the “bare” Lagrangian and a contribution from
the non-invariance of the boundary term. For the sake of generality, we allow for m[®, £] to be
non-vanishing on-shell. Taking the variation of (2.37) leads to

S(Ly[E*®]) = E[D] A 8D + d(B[D, D] + Smp[®, £])
% E[®] A 8D + ddmy[ Do, E], (2.39)

where for the second equality we have used the boundary conditions (2.34). One can see that the
field configuration @, on the boundary leaves a contribution of the form démp[®,, £]. As we

10 Notice that this transformation rule is not satisfied in the case of non-Abelian Chern—Simons theory, where an addi-
tional bulk piece appears under finite gauge transformations. We comment on this in appendix Appendix D.
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shall see on concrete examples below, this contribution will always be non-vanishing in the case
of field-dependent gauge transformations, thereby spoiling the well-posedness of the variational
principle.

Now, it can happen that this boundary contribution vanishes for field-independent gauge trans-
formations. In this case, the requirement of field-independence is enough to regain a well-defined
variational principle. However, it can also be that even for field-independent transformations the
boundary contribution is not vanishing. In this case, further restrictions have to be imposed at the
boundary. The way to do so without further constraining the boundary fields ® |3 18 to restrict
the gauge transformations on the boundary to be such that

démp[P,, E]1=0. (2.40)

This can either be done by choosing gauge transformations which vanish on the boundary, or
more generally by imposing a boundary equation on £.

Now, recall that gauge transformations play the role of identifying field configurations which
would have otherwise been thought of as physically distinct. Therefore, if we are led to restricting
the allowed gauge transformations on the boundary in order to ensure the definiteness of the vari-
ational principle, it means that some of these configurations do not become identified anymore,
or in other words that gauge degrees of freedom have now become physical degrees of freedom.
This explains formally the origin of the “would-be-gauge” boundary degrees of freedom. We
would of course like to know how to describe the dynamics of these boundary excitations. This
can be achieved by constructing a gauge-invariant Lagrangian.

In order to make the Lagrangian L,[®] gauge-invariant, one can add new fields W through a
boundary term £[®, V] transforming as

CEXD, EXW] = ([D, W] + £[D, ¥, £]. (2.41)
Indeed, if we find a boundary term such that

([®, ¥, ] = —mp[D, £] + d(something), (2.42)
then the Lagrangian

Lp [P, V] :=Lp[P] + dl[D, V] (2.43)
is strictly gauge-invariant. Then we have

SLpo[®, W] =8(Lp[EXD, EXV]) = E[D] ASD + d(0p[D, §D] + 5£[D, V]), (2.44)

so the variational principle is well-defined even when performing gauge-transformations. More
precisely, it is well-defined when (2.34) is satisfied and when the boundary fields W obey their
boundary equations of motion.

In the literature, one can find two different explanations for the origin of the boundary degrees
of freedom in e.g. Abelian Chern—Simons theory. Indeed, depending on the choice of boundary
conditions and boundary term, it is either argued that boundary degrees of freedom arise because
of the need to further constrain the field-independent gauge transformations on the boundary [64],
or that they arise because the boundary Lagrangian which is added to obtain gauge-invariance
has a kinetic term (which also means that dém[®., £] contains (9€)?) [32]. This state of affairs
is not fully satisfactory, since it is not clear whether the boundary degrees of freedom arise
because of the restriction on the allowed gauge transformations or because of the requirement of
gauge-invariance. Furthermore, it is known that theories which are strictly gauge-invariant, i.e.
with m[®, £] = 0, may still have boundary degrees of freedom, although in this case none of the
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above arguments apply. Finally, notice that when adding boundary degrees of freedom through a
boundary term ¢[®, W], this latter will drop from the pre-symplectic current according to what
we have discussed above. It is therefore clear that the covariant Hamiltonian method cannot tell
us information about the boundary degrees of freedom introduced in this way.

Notice that here we reach this conclusion if indeed we think of the new degrees of freedom
W as being added via a total divergence term £[®, W] to the initial Lagrangian so as to make
it gauge-invariant. One could however think of adding degrees of freedom W which are purely
supported on the corner, and not on all of dM. This could be done by viewing £[®, W] as an
independent Lagrangian, computing its variation to extract its pre-symplectic potential, and then
adding this potential as a corner term to the potential 6[®, §®]. This is what has been done
for example in [83]. However, it is rather immediate to see (and we will illustrate this with
Abelian Chern—Simons theory) that the corner term which is thereby added to the potential is not
enough to make this latter gauge-invariant and therefore pursue the construction of the extended
gauge-invariant phase space along the lines of [63]. Again, this is a manifestation of our claim
that considering the gauge-invariant Lagrangian is not enough in order to construct the extended
phase space which contains the dressing boundary degrees of freedom leading to the dressed
observables.

We would therefore like to find a more systematic criterion for investigating the presence and
the nature of possible boundary degrees of freedom. Following the insight of [63], this can be
done by inspecting closer the properties of the pre-symplectic potential itself.

2.4. Finite field-dependent transformations of the pre-symplectic potential

In this subsection, we would like to know how the potential transforms under finite and field-
dependent gauge transformations. For this, let us forget momentarily about possible boundary
terms £[®, W]. Let us start by computing the gauge transformation of the variation of the La-
grangian. This is given by

BL[E*DP] = E[ET D] A S(E* D) 4+ dOp[E* D, §(E* D)]
=E[®P]ASD +dp[d, &, E]+ dO[E¥ D, §(E*D)], (2.45)

which is a generalization of Noether’s result (2.24) to the case of finite and field-dependent gauge
transformations. We will see below on concrete examples that this relation is indeed correct.
Notice, as suggested by the notation, that this relation involves first computing the variation §
of the Lagrangian, and then evaluating this variational quantity on the gauge-transformed fields
E*®. Now, demanding that (§L)[E* D] = 8(Lp[E*P]) shows that we must necessarily have

Op[EFD, $(E¥DP)] = 6D, 8P+ dc[D, E, 8] + Smp[D, E] — p[D, £, &1, (2.46)
where the corner contribution can take the form
de[®, &, 8] =dc [P, E, D] +der [P, £, 6E]. (2.47)

This simple result shows that the finite field-dependent gauge transformations of the potential can
always be written in the form (2.46), and that by doing so one can identify the corner contribution.
This generalizes of course straightforwardly to accommodate for the presence of a boundary term
£[®, W]. More importantly, this shows that the potential is not gauge-invariant (even if §& = 0).
The only freedom in (2.46) which could be used to cancel the corner ambiguity is that of
playing with the boundary term b[®], adding boundary terms and fields ¢[®, W], and thereby
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changing dmyp, o[, W, £]. More precisely, if the boundary terms of the Lagrangian transform as
(2.36) and (2.41), we have

Smy [®, W, E] = Sm[D, ]+ 8b[D, E] + SL[D, W, £], (2.48)

where dm[®, £] is the contribution which comes from the bulk Lagrangian and cannot be ad-
justed. By changing the boundary terms, we can change the last two terms, but it is clear that
there can be corner contributions in (2.46) which cannot be absorbed by these last two terms, no
matter what the boundary terms are chosen to be.

In these expressions one can see that p[®, £, §€] must necessarily contain the equations of
motion (and therefore vanish on-shell) in order for the pre-symplectic current

w[81, 82, ®,E]:=80p[E*D, §(E*P)] (2.49)
to be closed on-shell. In fact, if p[®, £, §E] = p[E, ©, &, E] >~ 0 then we have that
dw[81, 82, @, £] = dw[P, 81, 2] = 0. (2.50)

We will see that this condition is satisfied for all the examples treated in this paper, namely
(Abelian and non-Abelian) Chern—Simons theory as well as three-dimensional gravity without a
cosmological constant.

In non-Abelian Chern—Simons theory however, we will see in appendix Appendix D that
there is an additional term in the transformed potential which is not vanishing on-shell and which
comes from the behavior of the Lagrangian under finite gauge transformations (see previous foot-
note). It is only when computing the variation of this term, i.e. when going to the pre-symplectic
current, that it will become a total exterior derivative.

2.5. Extended pre-symplectic potential

Let us now consider the general case where we have boundary terms b[®] and £[®, W]. This
general Lagrangian has a potential given by 6, ([®, ¥, §®, §W¥] and which under a gauge trans-
formation becomes

Op,e[EXD, EXW, 8(E*D), 5(E*W)] = 0p o[, W, 5D, 5W] + dc[D, £, 5]
+ 8mp o[®, W, E] - p[E, @, &, 5E]. (251

The gauge-non-invariance of the potential can be corrected by introducing new fields IT. Gener-
ally, one can obtain off-shell gauge-invariance by considering

Ob.t.cm,pl®, W, T1, 8D, W, 5T1] := 6 ¢[D, ¥, §®, §W] + de[, T, 5]
+8mp o[®, W, IT] — p[E, ®, 1, §I1] (2.52)

provided we choose carefully how the fields IT transform under the action of £*.

It should already be clear from the above formula that considering the extended potential and
the extended Lagrangian (2.43) is not at all equivalent. Indeed, only the former knows about the
corner ambiguities. This will be seen on concrete examples in the next two sections.

Notice that the expression (2.52) is in a sense a “minimal” gauge-invariant extension of the
potential, which is the same as the right-hand side of (2.51) where we have replaced £ by II.
We shall see explicitly on the examples considered in the rest of this work how a gauge-invariant
expression like (2.52) can indeed be obtained by computing (2.51) and then promoting the pa-
rameters £ to new fields IT. The expression (2.52) is however not unique, and one is free to add
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any functional of the fields and their variations as long as this functional itself is invariant under
the finite transformations £*. One can also consider adding contributions from new fields other
than IT. We will not consider the effect of these additional ambiguities in this work. However,
let us simply mention that when allowing for such extra ambiguities, one should do so in a man-
ner which preserves the properties of gauge-invariance which are gained from considering the
extended potential. This is of course the aforementioned gauge-invariance property under £*,
and, as we shall see later on concrete examples, the fact that generator of gauge transforma-
tions computed from the extended symplectic structure are vanishing on-shell. We expect that
once these conditions related to gauge-invariance are satisfied, the allowed terms that one can
add to (2.52) could be related to the dynamics of the boundary degrees of freedom (i.e. describe
the canonically-conjugated momenta to the fields IT). We postpone the investigation of such a
possibility to future work.

By construction, the extended gauge-invariant potential is invariant under infinitesimal gauge
transformations, i.e.

Qb,ﬁ,c,m,p[d), \Ils H936®1 56\1/7861_[] :0 (253)
Furthermore, we will see that the term involving the equations of motion is such that
plE, ®, 11, 5. I1] = P[E, D, €], (2.54)

where P[E, &, €] is the quantity appearing (2.24) and (2.25). Notice that in this equality the
new fields IT have actually dropped from the right-hand side. This is due to the way in which
the fields IT have been chosen to transform under the infinitesimal gauge transformations §.. We
shall encounter below multiples examples illustrating this property. Now, in order to understand
the consequence of relation (2.53), let us focus on a Lagrangian which has no boundary terms
and is strictly gauge-invariant, i.e. with b[®] =[P, W] = m[D, €] = 0. In this case (2.53) leads
to

O[d, 5. D]+ dc[D, 8] = P[E, ], €]. (2.55)

Using this corner ambiguity in the definition (2.20) of the Noether current and comparing with
(2.25) shows that the associated Noether charge is actually vanishing. This is a surprising result,
which indicates that there is a systematic way of choosing the corner ambiguity appearing in the
definition of the Noether current in such a way as to obtain a vanishing Noether charge for gauge
symmetries.

Now, from this extended potential we can construct a pre-symplectic current. According to
(2.3), this latter will not depend on the boundary terms b[®] and £[®, W], but will contain the
corner terms. More explicitly, we have

Wp 0,com,pl P, W, I1, 81, 62] = w[ D, 81, 62] + dw[P, I1, &1, 62] — SplE, D, 1, 8]
= we,p[P, I, 81, 821, (2.56)
where we have denoted the corner contribution by
dw([®, I, 81, 82] :=ddc[ P, IT, §]. (2.57)

One can see that the pre-symplectic current does not depend on the extra boundary fields W.
Now, since we focus on the case of theories for which p[E, ®, I, §T1] ~ 0, this pre-symplectic
current is closed on-shell, i.e.

dwc, p[®, 1, 81, 2] = dw [P, IT, 81, 2] = dw[ D, &1, 2] = 0. (2.58)
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In (2.6) we have already discussed the integration of dw[®, 81, §2]. Instead, integrating the
(d,2)-form dw.[®, I, §;, §2] over N leads to

fdwc[¢7H’8]982]=/wc[®5n581782]= /_/+/ wc[®7H781’82]:O'

N N > ¥ B
(2.59)

Assuming that the symplectic flux coming from B is vanishing, we get that the pre-symplectic
(0, 2)-form defined as

QE,BE[q)y H781’ 82] z/‘a)c[Qa H5 8]’82]

>
=/w[<1>,61,821+/w[cl>,n,51,6z]
> 0
=Qyx[d, 81, 82] + Ly [P, I, 81, 52] (2.60)

does not depend on the hypersurface ¥ when the equations of motion are satisfied. Now, notice
that the condition of vanishing flux at B translates into

/a)[@, 81,82]=—fdw[d>,1'[,81,82], (2.61)
B B

and is therefore a generalization of the condition which leads to (2.10). The fields IT which we
have introduced allow to compensate for the “leaking” of the pre-symplectic form through B.
Moreover, they give a boundary contribution the pre-symplectic form.

We are now going to study the consequences of this construction through the examples of
Abelian Chern—Simons theory and first order three-dimensional gravity.

3. Abelian Chern-Simons theory

In this section, we study the boundary degrees of freedom of Abelian Chern—Simons theory in
three ways. First, we are going to review the standard Lagrangian viewpoint. This will illustrate
the ambiguities which we have discussed on general grounds in section 2.3. Then, we will discuss
the Hamiltonian treatment along the lines of Regge and Teitelboim. This will enable us to identify
the boundary observables and their algebra, but we will see that this requires to impose that the
parameters of gauge transformations have compact support. Finally, we will see following the
construction of [63] that the introduction of new boundary fields allows to relax this condition and
to disentangle the role of generators of gauge transformations from that of boundary observables.
More precisely, we will obtain boundary observables and at the same time have a generator of
gauge transformations which is vanishing on-shell (and as such has no Hamiltonian charge).

3.1. Lagrangian

Let us consider the Lagrangian
L[A]= A AdA. 3.1

Its variation is
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SL[A]=20AANdA +dO[A,6A]=25A AdA+d(SA A A). (3.2)
Under infinitesimal and finite gauge transformations, the fields transform as

8y A =da, 8. F =0, a*A=A+da, a*F =F, (3.3)
where F' = dA is the Abelian field strength. The Lagrangian, on the other hand, transforms as

84 L[A] =d(A Ado) =d(edA) =0, 3.4
and

Lla*A] = L[A] + d(A A da) = L[A] + d(edA) >~ L[A]. (3.5)

We are now going to discuss how this transformation of the Lagrangian can interfere with the
variational principle and the boundary conditions, and how this is in turn related to the appearance
of a boundary dynamics.

Note that the specific issue of deriving the boundary dynamics is beyond the scope of the
present work, which is simply interested in the construction of the extended gauge-invariant
phase space for Chern—Simons theory and three-dimensional gravity. However, since Abelian
Chern—Simons theory is the simplest and quintessential example of a theory for which the bound-
ary dynamics can easily be obtained from Lagrangian considerations, we find it interesting to
reproduce carefully the arguments for the sake of completeness. In fact, we will see that this
discussion requires to go through additional subtleties related to the choice of boundary condi-
tions. In the following two examples, we therefore discuss the boundary dynamics of (3.1) for
two choices of boundary conditions. The reader who is interested in the Hamiltonian description
of the boundary observables can safely skip to section 3.2.

3.1.1. Example 1
With coordinates x* = (xo, xt, x2) = (t, ¢, r), we have the on-shell variation!!

SS[A] ~ /(8A,A¢ —8A4A,). (3.6)
oM

One way to cancel this boundary variation without the need to introduce a boundary term is to set
(A, — vA(,>)|a w = 0, where we have allowed for the presence of a free parameter v € R (in the
fractional Hall effect, this corresponds to the velocity of the bosonic excitations on the boundary
[6,64]). Using this boundary condition and the gauge transformation (3.5), we get

5(S[a*A]) ~ / Ay (Wi — d;ax), (3.7)
oM

which is not vanishing even in the case oo = 0 of field-independent gauge transformations. This
is an illustration of the general equation (2.39) which we have discussed in the previous section.
One way to cancel this new boundary variation without further restricting the boundary connec-
tion (since 8A¢| gy = 0 would imply §A, |a » = 0 and freeze the dynamics) is to choose one of
the two following restrictions on the gauge fields:

11" Here and in the rest of the text we use a slight abuse of notation, and write the on-shell equality >~ even though we
have not yet imposed the boundary conditions that cancel the boundary contribution to the variation and thereby make
the bulk equations of motion well-defined. This is just a simple way of dropping bulk contributions proportional to the
yet-to-be-defined equations of motion.
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al,, =0, (B —vipa)|,,, =0. (3.8)

As discussed in 2.3, this gives rise to boundary would-be-gauge degrees of freedom. However,
the exact dynamics of these degrees of freedom is still unclear at the moment. This suggests that
we look at the gauge-invariant action.

The gauge-invariant action is obtained simply by promoting « to a dynamical field a trans-
forming as «*a = a — «, which gives

Se[A, a] := S[A] + f(At3¢a — Ayposa). (3.9)
oM

However, this action has no kinetic term for a. One could be tempted to derive equations of
motion by computing the functional variation with respect to Ay | o> Dut this is not well-defined
since § Ay appears in the bulk. One procedure sometimes followed in the literature is to write the

gauge field as a gauge transformation A, = A w + 9o [6,64,76]. Using the boundary condition
to write A, |3M = (A4 + dpr) — d;t, the action then becomes

S[A, o] = S[A] + /(va¢a — 8a)(Ay + dp). (3.10)
oM

Choosing the gauge Ad) = A, =0 in the bulk (which solves the constraint 0pAr — 0, Ap =0
conjugated to A;) then leads to the so-called Floreanini—Jackiw action

Sla] = /(v3¢a — 0rx) 0pr. (3.11)
oM
The equations of motion describing the boundary dynamics of the would-be-gauge degrees of
freedom are
3 dpe — vdgo =0, (3.12)
or, introducing the field p := dya,
dip —vdgp =0. (3.13)

The solution is given by a chiral wave p (¢ + vt).

We have seen in this example that it is possible to obtain a boundary Lagrangian describing
the dynamics of «. Now, let us slightly modify the boundary conditions in order to see how the
equations of motion (3.12) or (3.13) can be regained.

3.1.2. Example 2
If on the boundary we wish to fix §(A; — vAy) |8 w= 0, we have to add a boundary term to
the action and consider

Sp,[A] := S[A] + / Ap(A; —vAy), (3.14)
oM
which is indeed such that
38y, [A] 2/ Apd(A; —vAy). (3.15)
oM

Under a finite gauge transformation we get
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Sp,[a* Al = Sp, [A] + [ dpa (8,0 — vy + 2(A; — vAy)), (3.16)
oM

which implies that

8(Sp,[o*A]) =~ 2/ ApS(Ar —vAg) +6 / dpa (0 — vIpa +2(A; —vAy)).  (3.17)
aM aM
This has to be vanishing in order for the variational principle to be well-defined. The first term
is vanishing with our initial choice of boundary conditions. The second term will be vanishing
if 6o = 0. If we insist on considering field-dependent gauge parameters, then these have to be
restricted to satisfy one of the two following two conditions:

gty =0, (o — vdger +2(A, — vAy))|,,, =0. (3.18)

o

Again, it is now still not clear what the dynamics of the boundary degrees of freedom is.
However, looking at the gauge-invariant action obtained by promoting « to be a dynamical
field a, one gets

Sy, [A, a] = Sp, [A] + f dpa(dra — viga +2(A, — vAy)), (3.19)
oM

which contains a kinetic term for a (at the difference with (3.9)). This is actually nothing but the
Abelian WZNW action for the fields a coupled to A [32] (although this latter is usually written
in terms of complex coordinates on d M). The corresponding equations of motion can be derived
from

88p, 0, [A,a] ~ 2/ ApS(A; —vAy) + 6 / 3¢a(8ta —vipa +2(A; — vA¢,))

oM oM
= / (8¢8a(8,a —viga +2(A; — UA¢)) + dgpa(0;8a — v8¢3a)), (3.20)
oM

where we have used the boundary condition §(A; — vA¢)| oM = 0. The equation of motion for a
is therefore

dpa —vdza =0, (3.21)

which is the same as (3.12). This therefore shows that we have obtained the same boundary
dynamics as in the previous example, but the manipulations of the action which are involved in
this derivation are completely different, and this can be traced back to the difference in the choice
of boundary conditions.

Now, notice that instead of the boundary term in (3.14) one could have also chosen

1
Sp,[A] := S[A] + 70 /(A, +vAp)(A; —vAy), (3.22)
oM
which is such that

Ssz[A]:/A¢8(At—vA¢), (3.23)
oM
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and therefore enables us to fix the same boundary conditions. Now, following the same steps as
above one finds that the gauge-invariant action is given by

Sh.e,[A, al = Sp,[A] + % /(ata + vdga)(0ra — vipa + 2(A; — vAg)), (3.24)
oM
and the equation of motion for a is therefore
Ofa —v*95a =0, (3.25)
or, introducing the field p := d,a + vdya,
0o —vdgp =0. (3.26)

The above two simple examples illustrate how the Lagrangian derivation of the boundary dy-
namics of Abelian Chern—Simons theory does actually depend on how the boundary conditions
are written. Although being a simple fact, this also illustrate how, depending on the choice of
boundary conditions, field-dependent or field-independent gauge-transformations can interfere
with the variational principle. Most importantly, it shows that there is no uniquely defined proce-
dure which enables for the derivation of the boundary dynamics.

Let us now turn to the Hamiltonian description of the boundary observables. As is well-known,
these satisfy a current algebra which corresponds to the symplectic structure of the Abelian
WZNW action (3.19) [39,77,78].

3.2. Hamiltonian

We now review how boundary observables arise in relation with the requirement of functional
differentiability of the constraints of the Hamiltonian framework [34,68]. The Hamiltonian action
is

S[A] = / dt/ (30A A A+2A0dA — d(AAp)), (3.27)
R D)

where the differential forms are understood as pulled-back to the spatial slice X. The canonical
Poisson bracket is {Aa (x), Ap (y)} = —éahBZ(x, y)/2, and generic brackets are given by

1. 3ft  Sf2
L l=—= x [ d®y 8% (x, . 3.28
(1. 52} zeab/ x/ YR s (3.28)
) )
Let us now consider the smeared flatness constraint!?
Fla] = —Zf adA >0, (3.29)
)
Its variation is given by
SFla] = —2](8adA +8A Ada) —2 f abA. (3.30)
) ED)

12’ The action (3.27) is of the form P4 — Hiot, Where Hior is the total Hamiltonian which contains the primary con-
straints. Although we could discard the factor —2 for simplicity, we choose to keep it in order to ensure that all the
quantities computed throughout this section are in exact agreement.
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In order to compute the Poisson bracket between the constraint and any other function on phase
space, these should be functionally differentiable. In the case of the flatness constraint, this re-
quires one of the following conditions:

(1) defining an extended generator by §.F.[«] := 8 F[a] + 2 / adA,
G
(2) considering parameters & with compact support, i.e. such that 64| sy =0,
(3) imposing 8A|, . =0,
(4) imposing ouSA|az =0,

(5) imposing the global condition / oA =0.

X

Let us start with the least restrictive choice and walk our way towards the derivation of the
boundary observables.

Condition (1) is the least restrictive choice since it does not require imposing any condi-
tions on the fields or the gauge parameter at the boundary d%. In particular, if we allow for
field-dependent parameters «, i.e. with S # 0, the variation inside of the boundary contribution
cannot be pulled outside of the integral. An important case of field-dependent transformations is
for spatial diffeomorphisms. These are obtained with « =& 4 A. Indeed, in this case we get

[FoléoAL A} =d(E0A) +E0dA=LeA. (3.31)
Assuming that o = 0, we can compute the brackets
(Filal. A} =da.  [Filal Flpl) =2 / dap, (3.32)
)

showing that F.[«] is indeed the generator of gauge transformations, and that its algebra is
anomalous. Furthermore, the extended generator is then integrable and one can write

]—'C[a]:]:[o:]+2/aA:2/aA. (3.33)
ax E)>

Now, if we want the algebra (3.32) to close, we have to impose that the gauge parameters be
vanishing at the boundary. In this case we are naturally led to condition (2), and we get back the
original constraint F.[a] = F[a] ~ 0 with a closed algebra

{Flal1, FIB1} =0. (3.34)
For an arbitrary smearing parameter « which does not vanish on %, let us now consider the
quantity
Ola] :=—2/AAda:]-'[a]—i—Z/oeA:Z/aA, (3.35)
b D> )y
which is not vanishing (i.e. not a flatness constraint) since o does not have to satisfy (2). This is
an observable since we have

{Olal, Flal} = Z/doz& =0, (3.36)
>
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by virtue of the fact that o satisfies (2). Furthermore, for &« and 8 such that oc| 9y =B |82’ we
have (a — B)|,5, = 0., which implies that

Ola] — O[B] = Fla — B1 ~0. (3.37)

This shows that the observables O[«] are located on dX. Finally, these observables satisfy the
current algebra

{Ola], O[B]} =2 / dap. (3.38)
ED)
We see that these observables arise not simply from the requirement of functional differentiability
of the flatness constraint, but with the particular addition of condition (2) of compact support for
the gauge parameters.

Let us summarize this section by recalling the roles played by F., F and O. We have first
obtained a differentiable generator of the gauge transformations by defining the extended gener-
ator F.. This generator is not a constraint, and on the surface of the constraint (3.29) it is equal
to a surface term. Also, it does not form a closed algebra. We have then restricted ourselves to
compactly-supported parameters & of gauge transformations, for which F. then agrees with the
original constraint F and is differentiable. Then, because of the requirement of compact support
for the parameters, we have seen that the quantity O is an observable since it has vanishing Pois-
son bracket with the constraint. As expected, for general parameters o which do not vanish on
the boundary, one can see that . and O are actually weakly equal to the same surface integral
and have the same Poisson bracket.

3.3. Extended pre-symplectic potential

In order to understand properly the construction of the gauge-invariant extended potential,
we are going to study three Lagrangians for Abelian Chern—Simons theory. The first one is the
gauge-non-invariant Lagrangian (3.1), the second one is the gauge-invariant Lagrangian obtained
by adding boundary fields following (2.43), and the third one is a gauge-invariant Lagrangian
obtained by adding bulk fields. This will illustrate a result which is already clear from the general
analysis of the previous section, namely that having a gauge-invariant Lagrangian is not enough
to guarantee the gauge-invariance of its potential. As anticipated and illustrated in [63], this
means in turn that the extended gauge-invariant potential encodes more information about the
boundary degrees of freedom than the Lagrangian alone.

3.3.1. Gauge-non-invariant Lagrangian

The Lagrangian which we consider here is simply (3.1), and we would like to show that we
have the equality §(L[a*A]) = (L)[a™A]. This computation will involve looking at the gauge
transformation of the potential. Computing the variation of (3.5), we obtain

S(L[a*A]) =25A AdA +d(A[A, 8A] + 8(A A da))

=20A AdA+d(0[A, SA] + 8(adA)), (3.39)
where the potential is given by
O[A,8A]=8A N A. (3.40)

On the other hand, computing the gauge transformation of the variation of the Lagrangian leads
to
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(BL)[a*A] =28A AdA + 2d(SadA) + do[a* A, §(a* A)], (3.41)

where the gauge transformation of the potential is found to be
Ola*A, 8(a*A)] =06[A,5A] +d(8a(2A + da)) + S(A A dar) — 28adA (3.42a)
=0[A,5A]+ d(&x(A +da) — adA) + §(adA) — 28adA. (3.42b)

The proof of this equation is given in appendix Appendix C. This shows indeed that we have
the equality §(L[a*A]) = (§L)[a*A], and that O[a* A, §(a*A)] is of the general form given in
(2.46).

Now, we can add extra fields in order to define an extended gauge-invariant potential. This can
be done by considering a field # which transforms as «*u = u — «. Then, defining the extended
potential

Ocm,plA, u, 8A, Su] :=0[A, A1+ d(Su(2A + du)) + (A A du) — 26udA (3.43a)
=0[A,3A]+ d(Su(A + du) — udA) + §(udA) — 28udA,  (3.43b)

a direct calculation shows that we indeed have the gauge-invariance property
Ocm, pla* A, o*u, 8(a* A), 8(e*u)] = O m, p[A, u, SA, Sul. (3.44)

We have therefore succeeded in defining an off-shell gauge-invariant potential for the Lagrangian
(3.1). This is one of the main results of the present article, namely the construction following [63]
of the gauge-invariant potential for Abelian Chern—Simons theory.

3.3.2. Gauge-invariant boundary-extended Lagrangian

As observed in (3.4), the Lagrangian (3.1) is not gauge-invariant. This can be remedied by
introducing a new boundary field a which transforms as «*a = a — «. Then, one way of obtaining
a gauge-invariant theory is to consider the Lagrangian

Ly [A,a]:=L[A]+d(A Ada). (3.45)
Alternatively, one can consider
Ly, [A,a]:=L[A]+d(adA). (3.46)

Evidently, these two gauge-invariant Lagrangians lead to the same equations of motion, but differ
by a corner ambiguity in the potential.

Let us now look at the potentials for these Lagrangians. For the Lagrangian (3.45) it is given
by

0¢,[A,a,8A,8a]l =0[A,5A]+ 6(A Ada). (3.47)
Looking at gauge transformations, we get that

O [0 A, a%a, §(a*A), 8(a*a)l =0, [A, a,8A, sal + d(8a(2A + da))
+ 8d(ada) — 28adA, (3.48)

which is of the form (2.46). When comparing this with (3.42a), we can see that the term
dm[A, «] = §(A Ada) has been replaced by my[a, ] = §d(ada). This is due to the fact that we
have restored the gauge-invariance of the Lagrangian by adding a boundary term, but the gauge
transformation of this boundary term leads to a corner term. More precisely, this means that we
have added a boundary term £[A, a] = A A da transforming as
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Ca* A, a*al =LA, a] + (A, o]
=([A, a] —m[A, o] + d(something)
=AAda — A Ada + d(ada), (3.49)
thereby leading in the potential to
Smyla, ] =8m[A, o] + 8{[A, a] = §d(ada). (3.50)
Let us now look at the second potential, i.e.
0e,[A,a,8A,8a]l =0[A,5A]+ 5(adA), (3.51)
and compute its gauge-transformation. This is given by
Op, [0 A, 0% a, §(a* A), §(a*a)] =04,[A, a,8A, sa] + d(Soe(A +da) — ot(SA) — 28adA.
(3.52)

When comparing this with (3.42b), we can see that the term §m[A, o] = §(edA) has now disap-
peared.

Now, the two potentials can also be made off-shell gauge-invariant, just like in the previous
subsection. For this, we simply need to consider

Qel,c,m,p[A, a,u,8A,éa,du]
=0¢[A,a,8A,da] + d(8u(2A + du)) + 8d(uda) — 26udA, (3.53)
or

Otr.c.plA, a,u, 84,8, 8u] :=6,[A, a,5A, 8a] + d(Su(A + du) — uSA) — 25udA.
(3.54)

We can see here that the introduction of the boundary fields a, which have the role of making
the Lagrangian gauge-invariant, is not enough in order to guarantee that the potential is gauge-
invariant.

Furthermore, notice that one could also have considered the boundary Lagrangian £[A, a] =
adA (or equivalently ¢[A, a] = A A da), computed its potential ad A, and added this potential as
the corner ambiguity to the potential A A A of the Chern—Simons Lagrangian. However, it is
clear that this procedure does also not lead to the fully gauge-invariant potential which we have
constructed.

3.3.3. Gauge-invariant bulk-extended Lagrangian
One other way of making the Lagrangian gauge-invariant is through the introduction of an
additional bulk connection B which transforms as ™ B = B + da. Then, one can consider

L[A, B]:=(A— B) AdA, (3.55)
whose variation is given by
SL[A,B]=8A A (2dA—dB) — 3B AdA+d(SA A (A — B)), (3.56)

showing that the combined equations of motion are'? dA = 0 = dB. This is therefore a theory
of two flat connections, and one can see that by solving half of the equations of motion, i.e. by

13 Note that the Lagrangian L'[A, B] := (A — B) Ad(A — B) leads to the gauge-invariant potential 6'[A, B, §A, §B] =
8(A — B) A (A — B), but has equations of motion dA = dB.
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writing B = —da, the new fields get pushed to the boundary and (3.55) becomes (3.45). Without
going on half-shell however, the bulk-extended and boundary-extended Lagrangians differ in a
very important way, which has of course to do with the properties of the potential.

The potential for (3.55) is given by

O[A, B,6A]=8A N (A — B), (3.57)
and its gauge transformation is

Ola*A,a*B,8(a*A)|=06[A, B,5A]+d(Sa(A — B)) — Sad(A — B). (3.58)
Once again, one can make the potential gauge-invariant by adding a field «# and considering

Oc,plA, B,8A,8u] :=0[A, B,5A] +d(8u(A — B)) — Sud(A — B), (3.59)
which satisfies

Oc,pla*A, "B, 8(a*A), 8(a*u)] =0, p[A, B,SA, Sul. (3.60)
3.4. Gauge-invariance and boundary symmetries

We are now going to compare the properties of the various gauge-invariant extended poten-
tials which we have introduced so far, and in particular study the boundary contribution to their
associated pre-symplectic forms.

Before doing so, let us just recall what happens if we work with the gauge-non-invariant
potential 8[A,5A] = 8A A A. In this case, the conserved pre-symplectic form only has a bulk
piece which is given by

QZ[A,81,52]=—/8A/\8A, (3.61)
z

and the Hamiltonian generator of the infinitesimal field-independent gauge transformations 4§, is

8 Fcla] =§22[A,8,8a]=—2/8A/\doe. (3.62)
x

The reason for which we have denoted this generator by JF.[«] is that it corresponds actually
to the extended generator defined below (3.30). In particular, it satisfies the properties (3.32).
As such, this generator of gauge transformations is not vanishing on-shell, and furthermore pos-
sesses an anomalous Poisson algebra. The reason for this is that this extended generator does
actually coincide with the boundary observables O[«].

We are now going to see, following again [63], how the introduction of the gauge-invariant
extended potential enables to describe these boundary observables in terms of a new boundary
symmetry, and how it leads to a generator of gauge transformations which is vanishing on-shell.

3.4.1. Gauge-non-invariant Lagrangian
The conserved pre-symplectic form originating from the extended potential (3.43b) is given
by

Qy oxlA, u,81,60]=Qx[A, 81,621+ Qsl[A, u, b1, 8], (3.63)

with
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QE[A,(SI,SZ]:—/SA/\8A, Qgg[A,u,(Sl,Sz]:—/8u8(2A+du). (3.64)
D) X

From these expressions, one can get the Hamiltonian generator of the infinitesimal field-
independent gauge transformations 3,. This has now a bulk and a boundary contribution whose
sum is given by the variational expression

§Flal =g Fslal + §Fslal = QxlA, 8, 5ol + Qax[A, u, 8, 5q]
—_— /MAda—z/aaA. (3.65)

b D>
These generators are actually integrable, and satisfy the closed algebra
{Flal. FIB1} = Qs.05[A, u, 8. 851 =0 (3.66)

without the need to restrict the gauge parameters to be vanishing on the boundary. Furthermore,
we have that

Fla] = —Z/adA ~0. (3.67)
z

By adding the new fields u in the extended potential, the extra boundary piece which contributes
to the pre-symplectic form is ensuring that F[«] is the generator of the infinitesimal transforma-
tions 8, and that it has a closed algebra, without the need to resort to the discussion below (3.30).
Because of this however, we cannot repeat our previous argument concerning the appearance of
the boundary observables O[«].

These observables are nonetheless still present here, but they are now encoded in a new bound-
ary symmetry. This latter acts on the fields as

AgA=0, Aqu =q, (3.68)
and has a generator defined by the variational formula
$O0[a] = Qox[A, u, 8, Aa]=2fa8(A+du), (3.69)
ED)

which is integrable if 5o = 0. One can see that this is nothing but the previous expression (3.35)
for the observables, with the difference that the connection is now “dressed” by the new boundary
field u. It is now immediate to see that these symmetry generators satisfy the algebra

(Olal. OIB1) = QoxlA. u. Ag. Ag] = Z/daﬂ, (3.70)
oz
and are observables in the sense that
[Flal, 0181} = Qax[A, u, 84, Ag] =0. (3.71)

We have thus described here the boundary symmetry and observables of Abelian Chern—Simons
theory using the techniques of [63]. As one can see, the introduction of the fields « in order to
obtain a gauge-invariant potential enables to disentangle the notions of gauge transformations
and gauge symmetries. The former are generated by a constraint whose generator is vanishing,
while the latter are generated by a non-vanishing quantity which is an observable. Furthermore,
we see that these observables are given from the onset by a boundary integral, while in (3.35)
this is only true weakly (i.e. up to a constraint).
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3.4.2. Gauge-invariant boundary-extended Lagrangian

As explained in (2.60), the conserved pre-symplectic form is only sensitive to the presence of a
corner term. The pre-symplectic form derived from the three extended gauge-invariant potentials
(3.43b), (3.53), and (3.54), is therefore the same, and the analysis carried out above applies
exactly identically to the gauge-invariant boundary-extended Lagrangian.

3.4.3. Gauge-invariant bulk-extended Lagrangian
From the extended gauge-invariant potential (3.59), the conserved pre-symplectic form ac-
quires once again a boundary contribution, i.e.

Qy sx[A, B,u,81,8]1=Qx[A, B, 81,61+ Qsl[A, B, u, d1,8], (3.72)

but it is now given by the following bulk and corner pieces:

Qg[A,B,81,82]=—/8A/\6(A—B), Qag[A,B,u,(S],Sg]z—/BMS(A—B).

x E)>
(3.73)
From this, we get the generators
gX}'[a]:—fﬁ(A—B)/\doz—/ouS(A—B), (3.74)
z ED)
which integrate to
Fla]=— / ad(A — B) ~0, (3.75)

b
and satisfy the algebra

{Flal, F1B1} =0. (3.76)
By plugging (3.68) one gets

0la) = sl A, B8, Al = [ ab(a ~ ) (3.77)
E)>
but these boundary observables turn out to have a vanishing Poisson bracket:
[Olal, D181} = QoslA, u, A, Agl =0. (3.78)

Clearly, this is due to the fact that the pre-symplectic form on the boundary is not quadratic in the
boundary variable u. This illustrate the subtle difference which exists between the Lagrangians
(3.55) and (3.45). Indeed, although they posses the same equations of motion and the same
gauge-invariance property, the former leads to boundary observables with a centrally-extended
algebra, while the latter does not. However, one should recall that (3.55) is defined in the first
place with more fields living in the bulk.

3.5. Noether charges

Finally, let us end this section by briefly discussing the Noether charges derived from the
covariant Hamiltonian analysis. This will illustrate how the corner contribution from the extended
potential can be used to obtain gauge-invariant (or vanishing) Noether charges for the gauge
symmetries of the theory.
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3.5.1. Gauge-non-invariant Lagrangian

We first compute the Noether current associated to the infinitesimal transformation generated
by «. From (3.4) one can see that there is a corner ambiguity in this computation since we can
write both

8o LIA] =d(A Ada) =dm[A, o], 8o L[A] = d(adA) = dmy[A, o]. (3.79)
These two choices lead to different Noether currents, namely
Ji[A, a] = —2adA 4 2d(x A), LA, a] = —2adA 4+ d(xA), (3.80)
and therefore to the two following different conserved Noether charges:
Ql[A,a]=/2aA, Qz[A,ot]=/aA. (3.81)
ED) E)

One can observe that these Noether charges are not gauge-invariant, i.e. 8 Q1 2[A, o] # 0, unless
one imposes the condition oz| sy = 0.

3.5.2. Gauge-invariant boundary-extended Lagrangian

All the conclusions of the previous subsection apply here verbatim. This is due to the fact
that, for gauge transformations (i.e. not for diffeomorphisms), the Noether current and the pre-
symplectic current are insensitive to the boundary terms b[®] or £[ P, W] that one can add to the
Lagrangian.

3.5.3. Gauge-invariant bulk-extended Lagrangian
For the Lagrangian (3.55), we have m[A, B, «] = 0 because of strict gauge-invariance, and
the potential is given by (3.57). This leads to the Noether current

J[A, B,a] = —ad(A — B) +d(a(A — B)), (3.82)
from which we can see that the Noether charge
Q[A, B, o] = /a(A —B) (3.83)
ED)

is actually gauge-invariant, i.e. g Q[A, B, ] =0.

3.5.4. Extended pre-symplectic potential

One can check by an explicit computation that the plugging an infinitesimal gauge transfor-
mation into the extended potentials (3.43b), (3.53), and (3.54) leads to a vanishing result, i.e.
that

Gc,m,p[Aa u,8qA,dqu] = eél,c,m,p[A’ a,u,8qA, dqya, dqu]
=0p,.c,plA,a,u,84A,8qa,5,u] =0. (3.84)

This is not surprising, and is simply a consequence of the definition of the extended potential.
Now, in the definition (2.20) of the Noether current we can choose the corner ambiguity to be the
corner contribution appearing in the extended potential.

Explicitly, the infinitesimal gauge-invariance of the extended potential (3.43a) is

Ocm.plA, 1, 84 A, Squ] = O] A, 5 Al + d(8,u(2A + du)) + 8¢, (A A du) — 28,ud A
—0. (3.85)
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Therefore, using the corner term in the definition of the Noether current leads to
JiclA, a] =6c[A, 80 A] —m1[A, ]
=0[A, 84 Al +d(8qu(2A +du)) — A A da
= —6q(A Adu) 4+ 26qudA — A A da
= —2adA + d(uda). (3.86)

We see that the charge is not vanishing, but that it is gauge-invariant. The fact that it is non-
vanishing is a consequence of the ambiguity in the definition of m[A, «]. Indeed, if we consider
instead the infinitesimal gauge-invariance of the extended potential (3.43b), we get

Ocm,plA,u, 80 A, Squ] =0[A, 5, Al + d(&xu(A +du) — ucSaA)
+ 8y (udA) — 26qudA = 0. (3.87)
Using the corner term in the definition of the Noether current then leads to
S2.c[A, a] =0c[A, 80 A] —ma[A, a]
=0[A, 8 Al + d(8ou(A + du) — udy A) — adA
= —8y(udA) +26qudA — adA
= —2adA, (3.88)

and the charge is therefore vanishing.

This resolves the ambiguity which has been pointed out in the definition of the charges for
theories whose Lagrangian is not strictly gauge-invariant. Indeed, even though we cannot use
symmetry arguments in order to fix the charge, we can use the corner ambiguity to make it
gauge-invariant.

Before moving on to three-dimensional gravity, let us now briefly summarize the results which
have been obtained in this section. We have first reviewed the way in which the boundary dy-
namics of Abelian Chern—Simons theory is obtained from its Lagrangian and the behavior of
gauge transformations. Then, we have recalled how the boundary observables, whose algebra is
the current algebra of the boundary WZNW theory, are obtained in the Hamiltonian treatment
of [34,68]. Finally, we have compared these Hamiltonian boundary observables with the observ-
ables arising from the extended phase space treatment of [63].

4. First order gravity

We now turn to the case of three-dimensional gravity in its first order formulation. We are first
going to recall the form of the infinitesimal and finite gauge transformations. Following what we
did for Chern—Simons theory, we will then recall the structure of the Hamiltonian analysis in the
presence of boundaries and describe how boundary observables arise in this framework. We will
then apply the framework of [63] to (one choice of parametrization of) the gauge transforma-
tions of first-order three-dimensional gravity, and obtain the extended potential and symplectic
structure which lead to the boundary symmetries and observables.

4.1. Lagrangian

The Lagrangian for (Euclidean) first order gravity with a cosmological constant is
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1
Lle, o] :=tr<e/\F+@e/\[e/\e]>. “4.1)
Its variation is given by
1
SLle,w] =tr (86 A (F + ﬁ[e A e]) +dw A De) +dtr(dw A e), “4.2)

from which we can read the pre-symplectic potential.
The symmetries of the theory are the SU(2) gauge transformations, the so-called translations,
and the diffeomorphisms. The action of infinitesimal SU(2) gauge transformations is given by

88e =le, ], 88w =Da, S8F =[F,al, 4.3)
where a € Q° (M , 511(2)). When acting on the Lagrangian, this is of course
85Lle, 0] =0. 4.4)

For the infinitesimal translations, the transformation of the various fields is given by
1 1
8ye=Dg, Sy = g—z[e,q&], Sy F = @—zD[&‘?]v (4.5)

where ¢ € QO(M , 5u(2)) is an infinitesimal generator. At the level of the Lagrangian, we have

1 1
a;,L[e,w]=dtr <¢ <F+@[e/\e]> - Z—2¢[e/\e]>, (4.6)

showing that if the cosmological constant is not vanishing the Lagrangian is not on-shell gauge-
invariant. Note that this on-shell non-invariance of the Lagrangian under certain infinitesimal
gauge transformations also appears in the case of non-Abelian Chern—Simons theory, as can be
seen on (D.4), and for diffeomorphisms in metric general relativity with a non-vanishing cosmo-
logical constant. It can actually be traced back to the fact that non-Abelian Chern—Simons theory
and gravity with a non-zero cosmological constant are defined by Lagrangians which are not
vanishing on-shell. Since in this paper we will construct the extended phase space of first order
gravity in the case of a vanishing cosmological constant, we will not be bothered by this fact.
However, when extending these results and that of [63] to the case of a non-zero cosmological
constant, additional subtleties have to be handled and are discussed in [79,80].
Now, from (4.3) and (4.5), we can compute the algebra structure
1
CRAEL AN CIARSESE AN U A R A @)
which is nothing but that of s0(4). We will compare this later on with the Poisson algebra of the
generators of these infinitesimal transformations. As is well-known, these two algebras will turn
out to be equal up to a central extension.
Finally, the infinitesimal action of diffeomorphisms is parametrized by a vector field & and
given by the Lie derivative L¢ = d(§.-) 4+ £, (d-). Explicitly, this is

Sfen = (Lee)y = (d(Ee) + £ (o)), = 8" ey +E"Dvep.
Sy = (Liw)y = (dELw) + &2 (dw)), = 9u8" w0y +£"By0),. (4.8)

One can then check that we have the well-known relations



342 M. Geiller / Nuclear Physics B 924 (2017) 312-365

afwe +8, .6 +E1(De) = e, Esw] +D(Ese) + £ (De)
=le,§w]+dEse) +w, Ese]l +Eu(de) +E[w, €]
=d(.ae) +£1(de)
=Lge
= 8fe. 4.9)

and
1
Sngw+5éJea)+§J <F+272[e/\e]>
1 1
=D(¢Lw) + K—z[e,éje]—i—EJ (F+ 2—Z2[6A6]>

=d(Lw) + [0, Eoo] + £ (dw) + %54 (@ A o]

=d(ELw) + &L (dw)

=L:w

=sfw. (4.10)

This means that, on-shell, the action of diffeomorphisms can be written as a combination of
field-dependent gauge transformations and translations. In other words, we have that

d
8¢ ~ 8%, + Ok, 4.11)

Eaw
We can now discuss the finite action of these gauge transformations.
Under finite SU(2) gauge transformations parametrized by a group element #, the triad, the
connection, and its curvature, transform as

h*e=h""eh, W o=h""oh+h"'dn, h*F=h"'Fh. (4.12)
At the level of the Lagrangian, this implies that
L[h*e,h*w] = L[e, w]. (4.13)

The finite version of the translations takes a different form depending on whether there is a
cosmological constant or not. If the cosmological constant is vanishing, i.e. for £2 = oo, we have

¢ e=e+Dg, P*w=w ¢*F=F, (4.14)

where ¢ € Q° (M , 5u(2)) is now a finite parameter instead of an infinitesimal generator. At the
level of the Lagrangian this leads to

Li¢*e, ¢*w] = Lle, »] + dtr(@ F) ~ Lle, ], (4.15)

so the Lagrangian is invariant on-shell under finite translations. In the case of a non-vanishing
cosmological constant on the other hand, the finite transformations are parametrized by a group
element ¢ € SU(2). Their action on the triad is given by

¢ 1 1
t*e = E |:[_1 ((1)+ z€> t—t (a)— ZE) [_1 +t_1dt —l‘dt_li|
¢ 1 1
=5 [rg <w+ Ze) — (1) (a) — Ze>:| , (4.16)
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while their action on the connection is given by

;*wzl 1! w—i—le t+t a)—le e 4!
2 ) )
1 1 1
=3 [rg (a)—i— Ze) + (1 H* (w — Ze)] ) 4.17)

Here we have simply used tg to denote the action of ¢ not as a translation but as a gauge

transformation of the type (4.12). This shows clearly that t*(e, a))| —p = (e, w) and that at the

infinitesimal level * becomes indeed 82 o (notice that ¢ picks up here a dimensional factor £).
Finally, for a diffeomorphism Y : M — M, the finite action is given by the pullback maps

en(x) > (Y*e),(x) =9,Y" (x)e, (Y(x)), o (x) > Yw),(x) = BMYV(x)a)U(Y(x)).
4.18)

4.2. Hamiltonian

In this part we are going to study the extended Hamiltonian generators and their algebra. First
of all, the Hamiltonian action takes the form
1

1
Sle, w] = 3 / dBx P <eMF,,p + Weu[e,,, ep])

1 2 ~ab 1
=§ dr d“x e“"tr eoFab—i-Zeano—i-z—zeo[ea,eb]

RxX
1
= / dr / tr (Boa) A e+ wpDe + ¢ <F + 2—£2[e A e]) — d(ea)o)) , 4.19)
R =
with canonical Poisson bracket {ea (%), wp (y)} = —B.8%(x, y), and generic brackets

_ 2 [ g2y g2 §fi 8fr  8fr SN
U £} = 8“”2/”2/”5 (x’y)<6ea<x> sap(y)  ea(x) awb(y))' (420

Here the multipliers wo and ey are enforcing respectively the Gauss and flatness constraints
corresponding to the infinitesimal SU(2) gauge transformations and to the translations. These are
the gauge transformations which we will focus on for the study of the pre-symplectic potential
and of the boundary observables.

Let us now replace the multipliers wg and ep by arbitrary smearing parameters and introduce
the smeared Gauss and curvature constraints

Gla] = —/tr(aDe), Flol:= —/tr (¢ (F + 2%2[6 A e])) . 4.21)
> >

The variations are then given by
8G[a] = — / tr(SaDe + §e ADa + 8w A e, a]) — /tr(ozSe), 4.22)
) G

and
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SF[p] = —/tr <5¢ (F + %[@ A e]> + 8w A D¢ + Eizae Ale, ¢>]> - /tr(qsaw).
) D))
(4.23)

In order to obtain functionally differentiable quantities, we can then consider the extended gen-
erators defined by

$Gcla] = 89[d]+ftr(a56), $Fclol:= 5]‘"[¢]+/tr(¢5w)- (4.24)

X X

For 6o = 0 = 4¢, these extended generators are integrable and generate the infinitesimal gauge
transformations (4.3) and (4.5). Furthermore, they satisfy an algebra which has a first class part

1
{Gelal, G 1B} = Ge|lev, B1], {Felol, Felol} = Z_ch[[(p’ ¢l], (4.25)
and an anomalous part
{Gelal, Felgl} = Fe[lo, 1] + [ tr(da¢). (4.26)
E))

As expected, we see here that the Poisson algebra of the extended generators differs from the
algebra structure (4.7) by the presence of a central extension.

In order for this last bracket to close, one has to consider generators with compact support,
Le.a|,y =0= q§| o5 - In this case, boundary observables arise following the same mechanism as
in sections 3.2 and D.2. In order to describe them, let us focus on the case £2 = co. For the su(2)
transformations and the translations, we have respectively the observables

O%fa] :=— / tr(e ADa) = Glo] + / tr(ce) > / tr(cce), (4.27)
z Iz D))
and
O] := — / r <a) Adg + %q‘)[w A a)]) = Flol+ f tr(pw) ~ / tr(¢w), (4.28)
x ED) ED>

and their algebra is given by

{O%[a], O8]} = O'[[e, 1] + / tr(da). (4.29)
X

We are now going to analyze the behavior of the potential under finite field-dependent SU(2)
gauge transformations and translations. As we will see, an extra compatibility condition will be
required in order to obtain an extended potential which is gauge-invariant under both types of
transformations. From this, we will then be able to proceed with the analysis of the generators of
gauge transformations and boundary symmetries. As we have seen in the case of Abelian Chern—
Simons theory, the generators of the boundary symmetries will be the boundary observables of
the theory.
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4.3. SU(2) gauge transformations

Recall that the potential of the Lagrangian L[e, w] is given by

Ole, Sw] =tr(w A e). (4.30)
Since the Lagrangian is strictly gauge-invariant, i.e. L[h*e, h*w] = L[e, w], we have that
S(L[h*e,h*w]) =68L[e, w] = E[®P]A 8D + db[e, Sw], 4.31)

where the term giving the equations of motion is simply the bulk term appearing in (4.2). Now,
using the identity §(h~'dh) = h='d(8hh~')h as well as the two very important relations'*

S(h*w)=h"' (6w +D@hh™ "),  8(h*e) =h~"(8e +[e, 5hh™ ')A, (4.32)
we get
(BL)[h*e, h*w] = E[®] A 8P +dtr(e AD(Shh™")) + do[h*e, §(h*w)]. (4.33)

The proof of this result is given in appendix Appendix C. This is not yet of the form (2.45), but
using the fact that

e AD(8hh™')y =Dedhh ™' — d(eshh™") (4.34)
does lead to the expected form of the transformation, namely to the total derivative of a term
involving the equation of motion De >~ 0.

We can now clearly anticipate what will happen when computing the gauge transformation of
the potential. Using again (4.32) and (4.34), one gets that

Olh*e, s(h*w)] =0[e, dw] + tr(D(Shh_l) Ne)
=0le, dw] + dtr(eshh™") — tr(Deshh™1). (4.35)
What we see here is simply the manifestation of the fact that [63,67]

§(h*w) =h"" (8w +D@hh™"))h =h*(8w +D(Shh™")) =h*(Sw + 65, @),  (4.36)
where we have to remember that 1*(Sw) = hdwh ™! since dw is the difference between two
connections. Similarly, we have that

S(h*e)=h""(8e +[e,8hh™ ' Dh =h*(Se +[e,6hh™']) = h*(Se + 55, e). (4.37)

Now, we can make the potential gauge-invariant on-shell by adding a field u € QO(E)E, SU(2)),

which is a choice of local trivialization transforming as h*u = h~lu. With this, one can check
that

S uw)y(h*uw) ™' = h ' Guu=" = shh™Yh = h* Suu~" — shh ™). (4.38)
Defining the extended potential

Oc.ple, w,u, 8w, 8ul := 6le, Sw] + dtr(eSuu") — tr(Deduu"), (4.39)
one can see that

Oc,plh™e, h*w, h*u,8(h*w), §(h*u)] =6, ple, w, u, dw, Su]. (4.40)

This defines an extended potential which is gauge-invariant under field-dependent SU(2) gauge
transformations. We now turn to the case of the translations.

14 Notice that here it is crucial for our purposes to keep terms of the form §#, i.e. to consider that 4 are parameters of
field-dependent gauge transformations.



346 M. Geiller / Nuclear Physics B 924 (2017) 312-365

4.4. Translations

As one can see by comparing (4.14) with (4.16) and (4.17), the finite translations have a drasti-
cally different structure depending on whether the cosmological constant is vanishing or not. For
simplicity we will focus here on the case £ = co. In addition, we have seen in (4.15) that the La-
grangian is not gauge-invariant under the translations, but transforms with a boundary term. This
is analogous to what happened with the gauge transformations in Abelian Chern—Simons theory.
For gravity, it is also possible to define Lagrangians which are gauge-invariant from the onset,
by adding either a boundary or a bulk field. We discuss this possibility in appendix Appendix E.

Let us now focus on the Lagrangian L[e, w] with 02 = o0. Computing the variation of (4.15),
we get that

S(Lip*e, p*w]) = E[P] A 8D +d(O]e, Sw] + ¢ F). (4.41)
On the other hand, the gauge transformation of the variation of the Lagrangian leads to
(BL)[¢p"e, p*w] = E[PI A 8P +dtr(8¢pF) +dO[¢™e, 5(p™w)]. (4.42)
This is shown in appendix Appendix C, and, importantly, does only hold in the case £2 = co.
Once again, one can compute the gauge transformation of the potential to find
Olp*e, s(p*w)] =0e, Sw] + tr(Sw A De)
=0[e, Sw] — dtr(¢pdw) + tr(¢pS F)
=0[e,dw] —dtr(¢pdw) +5tr(¢pF) — tr(6p F), (4.43)

which is exactly of the form (2.46), and shows that § (L[¢*e, p*w]) = (L) [¢*e, p*w].
Now, we can make the potential gauge-invariant by adding a field x € QO(BE, 5u(2)) which
transforms as ¢* x = x — ¢. Defining the extended potential

Ocm,ple, w, x,0w] :=0[e, Sw] —dtr(xdw) +dtr(x F) — tr(6x F), (4.44)
one can then see that
Qc,m,p[(p*e’ ¢*w7 ¢*X’ 8((15*0))] = Qc,m,p[g, w, X, dw]. (4.45)

Before moving on to the study of the compatibility between the extended gauge-invariant
potentials (4.39) and (4.44), let us briefly illustrate once again how the corner ambiguities can be
used to obtain a vanishing Noether charge for the gauge transformations.

4.5. Noether charges

For infinitesimal SU(2) gauge transformations, we have 85 L[e, w] = 0. This implies that the
associated Noether current is

Jle, w, a] =6]e, 85w] = —tr(aDe) + dtr(ce). (4.46)
Now, the extended potential (4.39) is such that
Oc.ple, o, u, 850, 85u] = 0le, 5w] + dtr(ed§uu~") — tr(Des§uu—") = 0. (4.47)

Therefore, using the corner term in the definition of the Noether current leads to

Jele,w,a]l =0.[e,w, u, 85w, 85u]

=0[e, S5w] + dtr(edsuu~") = tr(Dedsuu~") = —tr(aDe), (4.48)
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thereby showing that the charge is indeed vanishing.
For infinitesimal translations, the initial Lagrangian transforms as S;L[e, w]=dtr(¢ F). This
implies that the associated Noether current is

Jle, w, ¢l =0le, syw] — mlw, ] = —tr($F), (4.49)

so the charge is vanishing from the onset. This is of course consistent with the extended potential,
since one can see from (4.44) that 6, ,, ple, w, x, S;w] is actually vanishing term-by-term.

4.6. Compatibility between SU(2) and translations

In order to obtain gauge-invariance of the potential under both the SU(2) gauge transforma-
tions and the translations (which we recall are studied in the case £2 = 00), we have to somehow
combine the extended potentials. For this, we need to know how the transformations act on the
new boundary fields. This is given by

W x =h~'xh, 8@ u)(¢*u)"" = suu~". (4.50)

With this, we can compute the action of translations on (4.39), which is

bc,plop e, o, p*u, 8(¢p*w), 8(p*u)]
=0 ple,w,u,éw,su] +tr(6w AD¢) + tr(D(Suu_l) ADg). 4.51)
On the other hand, the action of SU(2) gauge transformations on (4.44) is given by

Qc,m,p[h*ev h*w, h*Xa S(h*w)]
=0c.m.ple, @, x, 8w +tr(DGhh™") Ae) +tr(D(hh™") ADy). (4.52)

From these two equations, it is clear that a new term is needed in order to obtain a potential which
is invariant under both transformations.
The fully-invariant potential is actually given by

Ole,w,u, x,dw, du]
i=0le, $w] + tr(DGuu~") Ae) +tr(8w ADy) + tr(D(Suu"") ADy)
=0[e, Sw] +dtr((e + Dy)suu~" — x8w) — tr((De + [F, xNéuu~" — x5F)
:Q[e,éa)]—l—dtr((e—i—D)()Suu_1 —x&o), (4.53)

as one can easily check. In the second and third lines, we have simply isolated the equations of
motion and then gone on-shell to obtain the expression which is suitable for the computation of
the conserved extended pre-symplectic form. We now have all the ingredients necessary for the
computation of the generators of gauge transformations and boundary symmetries.

Let us simply observe at this point that this extended potential can also be written in the
suggestive form

Ole, w,u, x, 8w, Su]l =tr(Sw A e), 4.54)

where we have introduced the “dressed” fields ¢ := u™(e + Dyx) = u*(x*e) and @ := u*w.
Furthermore, one can check that this expression is of course compatible with the usual corre-
spondence between Chern—Simons theory (which would be here for the gauge group ISU(2))
and three-dimensional gravity. Indeed, just like the potential (§A A A) for Chern—Simons theory
reduces to tr(Sw A e) (with the standard non-trivial paring between rotations and translations)
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once the connection A is decomposed in terms of e and w, one could check using the results
of Appendix D that the extended potential of Chern—Simons theory reduces as expected to the
extended potential (4.53) if the new Chern—Simons boundary field g € ISU(2) is written with the
Cartan decomposition g =u .

4.7. Gauge-invariance and boundary symmetries

We are now once again going to follow [63] in order to construct the symplectic form, and
extract from it the generators of gauge transformations and the boundary observables generating
the boundary symmetries.

To compute the conserved pre-symplectic form arising from the potential (4.53), we have to
use the identity

Suu" = —susu"' = —suu""usu" = Suu""suu"" = %[(Suu_l,(Suu_l]. (4.55)
With this, we then find
Qx axle, 0, u, x, 81,8021 =Qxle, w, 81, 21+ Qaxle, w, u, x, 81,821, (4.56)
with the bulk pre-symplectic form
Qsle, w,81,8]=— f tr(Sw A Se), (4.57)
x

and the boundary contribution
Qozle, w,u, x,81,8]
1
= / tr <a(e +Dy)duu"" + E(e +Dy)[Suu", Suu""1— 5X5w> ) (4.58)
X

From these expressions for the bulk and the boundary contributions to the conserved pre-
symplectic form, we are going to derive the expressions for the generators of gauge transfor-
mations and for the observables generating boundary symmetries.

In order to derive the expression for the generators of the infinitesimal gauge transformations,
we need to know how the boundary fields u and y transform under 8§ and 8;. This is given by

88u = —au, 88x =[x, al, Syu =0, Sy x =—¢. (4.59)
We therefore find that the generator of infinitesimal SU(2) gauge transformations is given by
§Glal = Qxle, .8, 8] + Qozle, o, u, x.8,5]

=— f tr(5e ADa + 8w A e, a]) — /tr(aée), (4.60)
x X

while the generator of infinitesimal translations is given by

§Flp]l = Q);[e,w,S,Sfp] ~|—Qa);[e,a),u,x,5,5(tp] = —/tr((?a)/\qu) — /tr(¢>6a)).

)] X
4.61)

We can now compute the algebra between these generators to find
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{Glal, GIB1} = 85G1B1 = Gla, B, {Flol, Flol} = 8, Fl] =0, (4.62)

and

{Glal, Flgl} = 85 Flp] = Flla, ¢1], (4.63)

which is not anomalous anymore, and closes without the need to restrict the gauge parameters on
dX. This is to be put in parallel with the results obtained previously with the extended generators.

Our task is now to find a description of the boundary symmetries and of the observables
generating them. Since we have constructed our pre-symplectic form by studying the SU(2)
gauge transformations and the translations, we naturally expect to find two boundary symmetries,
as well as two types of boundary observables generalizing (4.27) and (4.28). First there exists a
boundary symmetry which acts on the fields as'?

Ale =0, Afw=0, ASu =ua, Aﬁx =0, 4.64)
and whose generator is given by

ﬁ@g[a]:Qa):[e,a),u,)(,&Af,]:/tr(uau71(8(6+D)()—i—[e—}-Dx,Buu*l])).

ED)
(4.65)

Notice that this can be rewritten in terms of the dressed fields ¢ = u*(e +Dy) = u™*(x *e) (this is
well-defined since the finite actions u™* and x* commute) as

§Oa] = / tr(e8é), (4.66)

D)
and it is then explicit that the expression § O [a] is integrable. The generators satisfy the algebra
[Of[e, OR[B1} = Qioxle, w,u, x., AL, Af1= O[a, B1], (4.67)

and are observables in the sense that

{Glal, O%[B1} = Qusle, o, u, x, 8, AZ1=0,
[Flol, O[]} = Qixle, w, u, X84, AG1=0. (4.68)

We have therefore obtained a new observable 02 [r] which is a “dressed” version of (4.27) under
the action of both boundary fields u and .

Now, there exists also a boundary symmetry inherited from the translations. This symmetry
acts on the fields as

Ale=0, Ayw =0, Abu =0, Al =ugu", (4.69)
and is generated by
3Ol = Qxle, w,u, .8, Afp] = /tr(uqbu_l (b + D(8uu_l))). (4.70)
X

This can be rewritten in terms of the dressed field @ = u*w as

15 Recall that u is here a group element, while in (3.68) it is a Lie algebra element.
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3O [p] = / tr(¢3@), 4.71)
0

which shows that the generators are integrable. They satisfy the algebra
{0141, O[]} = Qusle. w,u, x. Aly, AL]=0, (4.72)

and are observables in the sense that

{Gle], O'lpl} = Qosle. 0, u, x. 85, AL 1=0,
{7191, O'l¢]} = Qosle, w,u. x. 8, AL1=0. (4.73)

This should be compared with the previous expression (4.28) for the boundary observable asso-
ciated to the translations.

Finally, we can compute the Poisson bracket between the observables themselves. This is
given by

{O%[e], O'[¢1} = Quzle, o, u, x, AL, AY]

= / tr(D(uauil)uqﬁu*l)

X

= OYe, 91] + f tr(dag), 4.74)
0

which should be put in parallel with (4.29).

Several remarks are now in order. First of all, as announced and as was the case for Abelian
Chern—Simons theory, we have obtained a natural disentanglement between the role of gauge
transformations and boundary symmetries [63]. The generators (4.60) and (4.61) of gauge trans-
formations are vanishing on-shell and do not require an extension or the restriction to parameters
with compact support. Because of the presence of the new boundary fields « and y, there are
two new transformations on the boundary, which are given by (4.64) and (4.69), and which are
symmetries since their generators are non-vanishing and constitute observables. At the differ-
ence with the observables O¢[«a] and O'[¢] obtained previously, the new observables O¢[«] and
O'[¢] obtained here are defined strongly (i.e. not up to constraints) by boundary integrals, and
present a dressing of the connection and triad variables by the new boundary fields. Finally, we
can also see that the algebra (4.74) is strongly equal to a boundary integral, and that this latter
reproduces the central term appearing in (4.29).

Finally, before closing this paper we would like to briefly mention the problem of finding a
dynamics for the observables and the boundary variables derived above. One possible definition
of the boundary dynamics would mean finding a Lagrangian /[®, [1] whose variation takes the
form

8I[D, IT] = E[D, IT] A 8(P, IT) 4 dOH[D, IT, 6P, 5TT], (4.75)

where E[®P, I1] are equations of motion for the original fields ® = (e, ) and the new boundary
fields IT = (u, x), and where the potential is the corner term appearing in (4.53), i.e.

9D, T, 8@, 8T1] = tr((e + Dx)duu"" — xdw). (4.76)

This is for example what has been done in [82] (although in another context). Recall first of all,
as explained at the end of section 3.3.2, that the boundary Lagrangian which could be added in
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order to make (4.1) gauge-invariant is not the appropriate candidate to describe the boundary
dynamics along these lines. At first sight, equation (4.54) actually suggests considering tr(® A €)
as the boundary Lagrangian. Unfortunately, this possibility does not work either because the term
tr(@w A ée) leads to unwanted corner contributions which, as one can show, cannot be canceled
even by adding further terms to the Lagrangian. However, it could be that one can bypass this
problem by adding further degrees of freedom canonically conjugated to u and x, but we choose
to leave a more detailed analysis of this question for the future.

5. Conclusion and perspectives

The general understanding of boundary observables and boundary degrees of freedom in field
theory, be it for finite boundaries or boundaries at infinity, is still an open question. Indeed, al-
though there exist many examples in which boundary degrees of freedom and their dynamics
can be described, often in connection with very interesting physical applications, there is no sys-
tematic derivation or understanding (we believe) of the mechanisms at play. As we have recalled
in 2.3, this depends strongly for example on a choice of boundary conditions or boundary term.
What is however clear is that boundary degrees of freedom are tightly connected to the fate of
gauge transformations and gauge invariance.

In this article, we have adopted the point of view of [63], and tried to understand the re-
lationship between the breaking/restauration of gauge-invariance at boundaries and possible
associated observables. For this, we have first reviewed in section 2 the covariant Hamilto-
nian formalism while paying attention to corner ambiguities and boundary terms, and then
explained the generic transformation properties of the pre-symplectic potential under finite and
field-dependent gauge transformations. We have given in particular a general expression for the
extended gauge-invariant potential, which is obtained by introducing boundary fields that re-
store gauge-invariance at the boundary, and explained how a modification of the usual conserved
pre-symplectic form leads to an additional boundary symplectic structure. This is a formaliza-
tion the idea put forward in [63]. It has the advantage of clearly separating the role of gauge
transformations and that of gauge symmetries, the former being generated by constraints and the
latter by observables. In summary, the observables arise in this picture as the generators of a new
boundary symmetry, which itself arises from the introduction of new boundary fields that ensure
gauge-invariance of the potential.

In section 3, we have applied the general framework of section 2 to the explicit example
of Abelian Chern—Simons theory. This constitutes an ideal testbed because it is a theory for
which the boundary observables and the boundary dynamics are known. We have found that the
observables get dressed by the new boundary field ensuring gauge-invariance, taking the form
(3.69), and that their Poisson bracket reproduces that of the affine Kac-Moody algebra (3.70).
This is in full agreement with the results which have been known for quite some time now, but it
makes the whole derivation conceptually clearer. What we have left out of our discussion is the
derivation of a dynamics for the boundary observables.

Finally, in section 4 we have studied three-dimensional gravity in its first order formulation.
There, not all the gauge symmetries are independent because of the relation (4.11), so we have
chosen to focus on the SU(2) gauge transformations and the translations. We have written for the
first time the finite form of the translations in the case of a non-vanishing cosmological constant,
which is given by (4.16) and (4.17). From this, one can however see that the action of finite field-
dependent translations on the potential depends strongly on whether the cosmological constant
is vanishing or not, and we have chosen the former case for simplicity. After having introduced
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new boundary fields which ensure the gauge-invariance of the potential under both the SU(2)
gauge transformations and the translations, we have shown that these gauge transformations are
generated at the infinitesimal level by generators which vanish on-shell and have a closed (i.e.
non-anomalous) algebra. The boundary observables (4.66) and (4.71) which we have then ob-
tained are a dressed version of the observables (4.27) and (4.28) derived in [65], and satisfy the
affine Kac—Moody algebra (4.29).

These results show that the extended phase space formalism recovers, via the new bound-
ary fields and dressed boundary observables, the boundary symmetry algebra which was known
in the case of Chern—Simons theory and three-dimensional gravity. It opens however the pos-
sibility on the one hand of accessing the boundary observables and symmetries in the case of
four-dimensional gravity and diffeomorphism transformations (the results of the extended phase
space formulation in this case have been presented in [63]), and on the other hand of accessing
the boundary action describing the dynamics of the boundary degrees of freedom.

Let us stress here once again that one of the main results of this paper, besides the construc-
tion of the gauge-invariant extended symplectic structure for Chern—Simons theory and first order
gravity, is the fact that the boundary observables obtained via the extended phase space construc-
tion of [63] and which generate the boundary symmetries are a dressed version of the standard
Hamiltonian observables [34,65,68]. We have found that this dressing corresponds simply to the
gauge action of the new boundary fields on the bulk fields incoming at the boundary. This result
follows in fact straightforwardly from the way in which the extended phase space has been con-
structed, which is by acting with gauge transformations on the bulk fields and then promoting
the parameters of the gauge transformations to new dynamical degrees of freedom (and thereby
automatically introducing the dressing). Beyond the mathematical details of this construction,
which has been the scope of this paper, what remains open and challenging to understand is the
physical meaning of this dressing and of the new boundary degrees of freedom responsible for
it. To understand the physical meaning of these fields, one promising avenue would be to con-
nect the present construction and that of [63], which were carried out for boundaries at a finite
distance, to (possibly null) boundaries at infinity, which is where one describes electromagnetic
and gravitational radiation, and where the wealth of recent results summarized in [55] manifest
themselves.

Eventually, we are of course interested in understanding the role of these boundary symmetries
for quantum gravity. There are already several results in this direction in e.g. loop quantum
gravity [82,83], and this was one of our motivations for studying first order gravity and not
second order metric gravity as was done in [63]. In order to go to the four-dimensional case, we
will however have to consider both the SU(2) gauge transformations and the diffeomorphisms,
and therefore find the four-dimensional generalization of the extended potential (F.12).
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Appendix A. Useful formulas
For g-valued differential forms, say P and Q of degree p and g, we have denoted in the main

text the Lie bracket by

[P AQ]: QP (g®g) > QPT(g). (A1)
With this, we have the useful permutation and cyclicity relations

[PAQI=(DPMHQAPL  [PAQIAR=(=D""[QARIAP, (A2)
the Leibniz rule

D[P A Q]=[DP A Q]+ (=1)P[P ADQ], (A.3)
the integration by parts formula

DPAQ=d(PAQ)+ (—1)’TIP ADQ, (A.4)
and finally the squared action of the covariant derivative is given by

DDP =[F A P], (A3)

where F is the curvature.
Appendix B. Pre-symplectic form and generators with boundaries

In this appendix, we start by recalling where the equalities (2.12) and (2.13) come from. For

this, let us introduce abstract coordinates A, B, ... on the (infinite-dimensional) phase space.
With this, we have the notation

Q[81, 821 = Qap (51 9)* (529, (B.1)
where (§®)A is a tangent vector, and therefore (2.12) takes the form

SH[el = QA (5D)™ (8. D)". (B.2)
This in turns implies that

f;fp% = Qa5 D). (B.3)

We can now calculate the Poisson bracket between H[e] and an arbitrary phase space function f,
which by definition is given in terms of the inverse pre-symplectic form by

{H[G], f} _ (Q_l)AB SH|[€] Sf _ —(8€¢)A Sf _ 8€f (B.4)
It then follow that

BD)A (5P)B D)~
e, Hlexl = {Hle1], Hleal} = Qap (e, @) (5, )P, (B.5)

which is (2.13). Note that we have included a minus sign in our definition of & f.
Now, imagine that one has an arbitrary variational quantity §#[e] which has a bulk and a
boundary contribution, i.e. which is of the form

SHle]l =0Hsle]l +Hys el (B.6)
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If there is no relation of the form (B.3) between these terms and the pre-symplectic form, it is
impossible in general to compute the Poisson bracket between two such phase space functions
along these lines. However, as we encounter in the main text, if the pre-symplectic form has a
boundary contribution, i.e. if

Q[81, 821 = Q2x[81, 82] + Q= [81, 821, B.7)
and if the two variational contributions are defined by
SHxlel :=Qx[8, 8l SHoslel :=Qx[6, 8], (B.8)

then one can see that the above calculation goes through, i.e. that it is possible to compute the
Poisson bracket

[Hslell + Hosle], Helea] + Hasleal} = Qde, . 86, 1. (B.9)
This explains a subtle yet fundamental difference between the quantities (3.30) and (3.65).

Appendix C. Details of some calculations

Proof of (3.42a)
Ola*A, 8(a*A)] = 8(A + da) A (A +da)

=0[A,8A] +8A A da + 8da A (A + da)
=0[A, A+ A Ada + d(sa(A + dar)) — SadA
=0[A,8A] +3(A Ada) — A ASda + d(8a(A + da)) — SadA
=0[A,5A] + 8(A A da) — SardA + d(8aA) + d(Sa(A + da)) — SardA
=0[A,8A]+d(Sc(2A + dar)) + (A A dar) — 28cdA
=0[A, A+ d(8ar(A + do) — a8 A) + 8(adA) — 25adA. (C.1)

Proof of (D.25) First, we have that
0[g*A,8(g*A)]=(8(g 'Ag+ g 'dg) A (g7 Ag + g 'dg))
=((6A+D(5gg™H) A (A +dgg™h)
=0[A,8A]+ (SAAdgg™") + (D(6gg™") A (A +dgg™h)). (C.2)

The second term can be rewritten as

(BANdgg™")=8(Andgg™") — (Ans(dgg™)
=8(Andgg™") — (Angd(g'6g)g™")
=58(Andgg™") — (g7 Ag nd(g7"59))
=8(Andgg™") — (d(g7 Ag)g ' 8g) +d((g ' Ag) (g 88))
=8(Andgg™") — ((dA —[A Adgg ' Dége™") +d(Asgg™")
=8(Andgg™") — (dAsgg™") + ([A Adgg "18gg™ ") + d(Asgg ™).

(C.3)

The third term can be rewritten as
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(Dgg™H A (A+dgg™")) = —(D(A +dgg Hogg™) +d((A +dgg Hogg™)
—(dA8gg™") — ([A A Alsgg™")
— (d(dgg™"sgg ") — ([A Adgg1sgg™")
+d{(A+dgg sgg™")
—(dA8gg™") — ([A A Alsgg™)
+(d(sgg™ ") Adgg™") — ([A Adgg™18gg™")
+d(Asgg™ ). (C.4)

Putting this together, we get that
0[g*A,8(g*A)] =6[A, 8A]+2d(Asgg™ ")+ 8(A Adgg™") —2(8gg ' F)
+(d(sgg™") Adgg™"). (C.5)

Proof of (4.6)

SyLle, 0] =tr <5g,e A <F +— %2 [e A e]) + 8y A De) +dtrgw Ae)
=tr <D¢ A < %2 [e A e]) —le. d1A De) + E—zdtr([e, Pl ne)

=tr ( ¢ (DF + D[e A e]) [e, PN De)
d

tr( ( 2£2 [eAe]) — E—2¢[eAe])

1
=dtr (q) < 262 [e A e]) — Z—zqﬁ[e A e]) . (C.6)

+

Proof of (4.33)

E[R*®] A S(h*®) =tr <5(h*e) A (h*F + %[h*e A h*e]) +8(h*w) A h*(De))

B 1
= E[D] A 8D +tr<[e,8hh A (F + @[e Ae])

+ Dhh™Y) /\De)
= E[®] A 8D + tr([e, Shh '] A F + D(8hh™") A De)
= E[®] A 8D +tr([e, 8hh "1 A F + De AD(Shh™"))
= E[®] A 8D + tr([e, Shh '] A F + e ADD(8hh ™))
+dtr(e AD(RA™))
= E[®] A 8D +tr([e, Shh ' I A F +e A[F, 8hh™"])
+dtr(e ADRA™))
= E[®] A 8D +dtr(e ADBRRT)). (C.7)
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Proof of (4.42)

E[¢*PIAS(¢* @) =tr(8(d"e) A (9*F) + 8(¢*w) A ¢p*(De))
= E[®] A 3D +tr(5(D¢p) A F + 5w ADDg)
= E[®P] A 3D +1tr(5dp A F + [6w, ] A F +[w,5¢] A F
+ 8w A [F, §))
= E[®] A 3D +tr( — S¢dF + [w, 8¢] A F) + dtr(8¢ F)
= E[®] A 8D + tr(—8¢DF) + dtr(8¢ F)
= E[®]ASD +dtr(8pF). (C.8)

Appendix D. Non-Abelian Chern-Simons theory

Here we extend partially the results of section 3 to the case of non-Abelian Chern—Simons
theory. We will see that the only extra difficulty in doing so is that one has to deal with the
WZNW contribution to the potential.

D.1. Lagrangian
Let us consider the Lagrangian'®
L[A]:=<A/\dA+%A/\[A/\A]>=<A/\F—éA/\[A/\A]>, (D.1)
where (-) denotes a choice of pairing for the Lie algebra elements. Its variation is given by

SLIA]=2(8A A F)+d(SA A A), (D.2)

from which we can identify the non-Abelian potential. Under infinitesimal and finite gauge trans-
formations, the fields transform as

34A =Da, 34F =[F, ], gFA=g 'Ag + g ldg, g F=g"'Fg. (D3)
The Lagrangian, on the other hand, transforms as
0o L[A] = (da AdA) = —d(da A A) =d{adA), (D.4)
and
1 _ _ _ _
Lig*Al=LIA] - ~(dgg™' Aldgg™' Adgg™']) +d(A Andgg™), (D.5)

where the extra term is the sum of a boundary term and the WZNW bulk term.

16 In this paper we always work in the adjoint representation, so that the non-Abelian field strength is given by F =
dA+[A A A]/2.
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D.2. Hamiltonian

The Hamiltonian action is

S[A] = / dr f<aoA AA+240F —d(AA)), (D.6)

with canonical Poisson bracket A (x), Ab(y)} = —88%(x, v)/2, and generic brackets

== 2 [ @ys2e,yy L 92
{f1. £} sabfd /d Y80y 5y DA (D.7)

Let us consider the smeared constraint

Fla] = —Zf(ozF) ~0, (D.8)
x
whose variation is given by
SFla] = —2/(801F + 8A ADa) — 2/(0[8A). (D.9)
ED)

Now we can proceed as for (3.30). Let us therefore define an extended generator by
g Fcla] :=8F[a] ~|—2/(a8A). (D.10)
)
For o =&, A we get

{fc[SJ Al, A} =D(ELA)+ELF =d(ELA)+EL0dA= LA, (D.11)
Adding now the condition that o = 0, we get the generator of gauge transformations
{Felal, A} = Da, (D.12)
and we can compute the algebra
(Fude. Fiip1) = Filla p1] + 2 [ (aap). (D.13)
E)>

Note that to obtain this result we have used the identity
Do ADB =[a, BIF —d([e, B]1A) + da AdB. (D.14)

Once again, this algebra closes if we consider generators & which are vanishing on dX. In this
case, F.[a] = Fla] >~ 0 and we have

{Flal, F1B1} = F[la, Bl]. (D.15)

For an arbitrary smearing parameter «, let us now consider the quantity

Ola] := —2/<A Ado + %a[A A A]> = Fla] +2/(aA) :2/<aA>, (D.16)
D) D D

which is not vanishing (i.e. not a flatness constraint) since « does not have to vanish on dX. This
is an observable since, because & has compact support, we have
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{Olal, Flal} = Flle. 1] + 2f<[a, alA) + 2/<daa> ~0. (D.17)
)y )y
Now, for o and § such thato{|82 = '3|32’ we have (o« — 'B)|az =0, so
Ola] - O[B] = Fla — 1~ 0, (D.18)

showing that the observables O[«] are located on the edge. Finally, these observables satisfy the
algebra

{Olal, 0181} = Ol B1] ~|—2/(daﬂ). (D.19)
X

One can see that all these calculations are simply the non-Abelian generalization of that of sec-
tion 3.

D.3. Extended pre-symplectic potential

Let us show that the property §(L[g*A]) = (8L)[g*A] is here indeed satisfied. To compute
the variation of (D.5) let us first us the invariance of the trace to rewrite L[g*A] as

1 _ _ _ _
LIg"Al=LIA] - (s"'dg Alg~'dg A g™ dgD) +d(A ndgg™). (D.20)
Using 8(g~'dg) = g~ 'd(8gg~")g, we then obtain

1 -1 -1 -1
—E(d(ﬁgg YA ldgg™ Adgg™ 1)

+d(0[A, 8A] +8(A Adgg™")), (D.21)

S(LIg*A]) = 2(8A A F)

with
O[A,8A] = (SA N A). (D.22)

On the other hand, computing the gauge transformation of the variation of the Lagrangian leads
to

(BL)[g*A]1=2(SAAF) +2(D(8gg~ ") A F) +d0[g*A, 5(g*A)]
=2(8A A F)+2d(5gg” ' F) +db[g*A, 8(g*A)], (D.23)
where we have used the important property
5(g*A) =g ' (A +D@gs™")s, (D.24)

together with the integration by parts formula (A.4) and the Bianchi identity DF = 0. Now, as
shown in appendix Appendix C, the potential transforms as

Olg* A, 8(g*A)] =0[A, SA] +2d(Asgg™") + 8(A ndgg™!) —2(8g¢ ' F)
+(d(6gg™ ") Andgg™"). (D.25)
Using the identity
1
d(dsgg HAndgg™h) = —5<d<6gg—‘> Aldgg™' Adgg™'D), (D.26)

we then get as expected that §(L[g*A]) = (§L)[g*A]. Also, notice that by using
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1
(d(5gg™") Adgg™") = —(ldgg ™" Adgg'15gg ™) +d(dgg'6ge ™) (D.27)
the transformed potential can be written as

0lg*A, 8(g*A)1=0[A, A1+ d((2A +dgg "dge™") +8(AAndgg™") — 2(5gg ' F)

1
—~ 5<[dgg*1 ANdggMsgg™h), (D.28)

and it is then transparent that in the Abelian case this reduces to (3.42a).

The first line of the expressions (D.25) and (D.28) for the gauge transformation of the potential
is indeed of the general form (2.46), but one can now see that there is an extra term in the second
line which is neither vanishing on-shell nor a total (exterior of field space) derivative. Therefore,
although it is possible to define an extended gauge-invariant potential 6. ,, p[A,u,8A, Su] by
promoting the gauge parameters g to a field u transforming as g*u = g~ 'u, one has to be careful
about what happens to this term in the current. It can however easily be checked that we have

8(d@uu™"y Aduu~") = d(d(uu""ouu""), (D.29)

which is a corner contribution. The bulk symplectic structure will therefore be unchanged and
in particular conserved. From the gauge-invariant extended potential it is then straightforward to
follow the steps of the derivation of section 3 and to compute the boundary observables as well
as their algebra. This latter can easily be shown to reproduce (D.19).

Appendix E. Gauge-invariant Lagrangians for the translations

Just like in the case of Abelian Chern—Simons theory, there are two simple ways of obtaining
a Lagrangian which is invariant under the action of the translations (in the case of a vanishing
cosmological constant). This is through the introduction of either a boundary or a bulk field.

E.l. Gauge-invariant boundary-extended Lagrangian

In order to obtain strict gauge invariance, we can add a dynamical boundary field ¢ €
Q°(dM, su(2)) which transforms as ¢*¢ = ¢ — ¢. Indeed, considering the extended Lagrangian

Lele, w, 9] := Lle, w] + dtr(pF), (E.1)
we get that
Le[¢pe, 9" w, 9" ¢l = Lile, w, ¢]. (E.2)

Notice also that this preserves the SU(2) gauge invariance. Indeed, since these gauge transfor-
mations act as h*¢ = h~'ph on the new field, we get that

Lelh* e, h*w, h*¢] = Ly¢[e, o, ¢]. (E.3)
The symplectic potential for the extended Lagrangian is

Oele, w, @, 8w, 5¢] =0[e, Sw] + Str(pF). (E.4)
Looking at gauge transformations, we get that

Ocldp™e, p*w, 9", 8(¢" ), 8(¢* )] =bcle, w, ¢, bw, ¢l — dtr(¢pdw) — r(8¢ F).  (E.5)

As expected, when comparing this to (4.43) we see that the term dm[w, ¢p] = §tr(¢ F') has been
eliminated.
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E.2. Gauge-invariant bulk-extended Lagrangian

Adding a bulk term with a field ¢ transforming as h*¢ = h~'ph and ¢*¢ = ¢ — ¢, we can
consider the Lagrangian

Lle, », ] :=tr((e + D) A F), (E.6)

which is manifestly strictly gauge-invariant under all the symmetries under consideration. The
variation of this Lagrangian is given by

SLle,w, 9] =tr(S¢ A F + 8w A De) + dtr(5w A (¢ + Dg) + 8¢ F), (E.7)

as can be shown by using the Bianchi identity DF = 0 together with DDg = [F, ¢]. The equa-
tions of motion are therefore unchanged. However, the potential is now given by

Ole, w, ¢, dw,dp] =0[e, Sw] + tr(w A D + §¢ F), (E.8)
and it transforms as
Olp* e, p*w, "9, 8(9p*w), 8(p" @) =0le, w, ¢, 8w, 5¢] — tr(8p F). (E.9)

There is therefore no corner term in this transformation.
Appendix F. Diffeomorphisms

We have chosen in section 4 to parametrize the total set of gauge transformations of three-
dimensional gravity by the SU(2) ones and the translations. Here we say a brief word about
diffeomorphisms. This will illustrate some of the additional difficulties which appear in this
case, and will serve as a basis for future work on four-dimensional first order gravity (since there
the translations do not exist).

In order to compute the transformation of the potential under a finite diffeomorphism, we have
to use the variational formula (3.5) of [63]. For a diffeomorphism Y : M — M, this is

S(Y*f)=Y*Gf + Ly f)=Y*(8f +85f). (E.1)
where the vector field appearing in the Lie derivative is

Vix) =Y o Y H(x). (E2)
This is analogous to the formulas (4.36) and (4.37). With this, we get that

OlY*e, 8(Y*w)] = Y*(0le, w] + tr(Lyw Ae)). (F3)

For the sake of simplicity, let us consider the problem of obtaining an extended potential which
is only on-shell gauge-invariant under these finite diffeomorphisms. As discussed in section 2
and exemplified with the study of Abelian Chern—Simons theory, this poses no restrictions at all
on the derivation of the pre-symplectic two-form, since this latter is defined in any case from its
on-shell conservation. Using the infinitesimal equivalence (4.11), we can write

Lyw= 5§}J W@+ 8y 0+ VIF = 5’5% Lo=DQ_w), (F4)

which then leads to
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O[Y*e, §(Y*w)] =~ Y*(@[e, Sw] + tr(D(yJ w) A e))
- Y*(e[e, sl + dtr(e(Vaw)) — tr((V2 w)De))

= v*(6le. 6] + dir(e(Vo ) ). (F.5)

This formula is fundamentally different from the transformation properties (4.35) and (4.43).
This is because the resulting expression depends here on the diffeomorphism Y via ) and also the
global pullback Y*. In particular, one can see that when forming the pre-symplectic (0, 1)-form
(2.7) we get

Ox[Y*e,8(Y*w)] ~ / Ole, Sw] + f w(e(Viw)), (F.6)
Y(Z) Y(0X)

which therefore has two sources of gauge-non-invariance. In order to define the extended poten-
tial, one has to introduce a coordinate system X which defines the surface ¥ by ¥ = X (o) and
0X = X (d0), where o is an open subset of R3. With this, we can then consider Os—_x(o)le, do],
and since under a diffeomorphism ¥ we have Y*X =Y ~! o X, this becomes

Os—x @)Y e, 8(Y*w)] ~ / Y*(e[e, Sw] +dtr(e(Va a))))
(r~loX)(o)

~ / (01e. 801 +dur(es @) ). (F7)

=X (0)
Now, for X :=8X o X! the analogue for diffeomorphisms of formula (4.38) is given by
SY*X)o(YV'X) =5y 'oX)o (¥ o) ' =v*(x - ), (E8)

which implies that one can construct an on-shell gauge-invariant extended potential (0, 1)-form
as

Os . axle, X, 8w,6X] = f Ole, sw] + / tr(e(Xow)). (F.9)
=X (o) IT=X(30)

One can check explicitly that this satisfies @[Y*e, Y*X, §(Y*w), 8(Y*X)] = Ole, X, dw, §X].
When constructing the pre-symplectic form from this expression, one then has to be extra careful
with the subtlety mentioned below (2.7), which has to do with the fact that the locations ¥ and
0X are now specified in a field-dependent way. This is described in details in [63] for metric
gravity, and we will develop our construction for first order gravity in a subsequent work [80].

As we have already encountered in the main text, the integrability condition for the boundary
observables requires (at least if no boundary conditions are put on the fields themselves) that
the parameters of the boundary symmetry be field-independent. This means that, starting from
the boundary observables corresponding to SU(2) gauge transformations and translations, one
cannot simply use the relations (4.9) and (4.10) in order to construct the boundary observables
associated with diffeomorphisms. As mentioned above, the study of diffeomorphisms therefore
requires a separate study and will appear in a subsequent work.

Now, the same question as in section 4.6 arises for the compatibility between SU(2) gauge
transformations and diffeomorphisms. Let us once again go on-shell, since this is all that matters
for the computation of the pre-symplectic form. The problem of compatibility has to do with
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the fact that SU(2) gauge transformations and diffeomorphisms do not commute. One could
therefore think of solving this issue by using the gauge-covariant Lie derivative'” defined as
C? =Lg — (S?Jw. Its action on the frame field is given by E?e =D(&Je) + £1(De), which is
indeed a covariant version of (4.9), while its action on the connection is given by E?w =£,F.

However, one cannot naively substitute Eg for L¢ in the above formulas, since there would be
no interpretation for (F.1). Instead, one can compute explicitly the action of diffeomorphisms
and SU(2) gauge transformations, and then find the additional corner term that makes them
commutative, and therefore defines a potential which is fully gauge-invariant.

When acting on a scalar function such as u, the Lie derivative is simply the directional deriva-
tive Leu = £_du. With this, the on-shell corner term in the potential (4.39) transforms under
diffeomorphisms as

Oyx[Y*e, Y*u,8(Y*u)] = / tr(eSuu™") + / tr(e(Vaduu™h)). (E.10)
IT=X(d0) IT=X(d0)

On the other hand, if the SU(2) gauge transformations do not act on X, their action on the corner
term in the potential (F.9) is given by

Oyx[h*e, h*X,8(h*X)] = / tr(e(Xow)) + / tr(e(Xdhh™h)). (E.11)
X=X (00) X=X (00)

From this, one can see that full on-shell gauge-invariance can be obtained by considering
Oz sxle, w,u, X, 8w, du, 8X] :=

/e[e,awH f tr(eduu™" + e(Xow) +e(Xoduu™t)). (F.12)
X=X (o) X=X (do)

The study of this extended potential and of the associated boundary symmetries will be presented
in [80].
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