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ABSTRACT

In this dissertation we study the action of the one loop dilatation operator on operators
with a classical dimension of order N. We consider the su(3) and su(2) sectors. The
operators in the su(3) sector are constructed using three complex fields X, Y and Z, while
operators in the su(2) sector are constructed from only the two complex fields Y and Z. For
the operators in these sectors non-planar diagrams contribute already at the leading order
in N and the planar and large N limits are distinct.

Although the spectrum of anomalous dimensions in su(3) has been computed for this class
of operators, previous studies have neglected certain terms which were argued to be small.
After dropping these terms diagonalizing the dilatation operator reduces to diagonalizing
a set of decoupled oscillators. In this dissertation we explicitly compute the terms which
were neglected previously and show that diagonalizing the dilatation operator still reduces
to diagonalizing a set of decoupled oscillators.

In the su(2) sector the action of the one loop and the two loop dilatation operator reduces
to a set of decoupled oscillators and factorizes into an action on the Z fields and an action on
the Y fields. Direct computation has shown that the action on the Y fields is the same at one
and two loops. In this dissertation, using the su(2) symmetry algebra as well as structural
features of field theory, we give compelling evidence that the factor in the dilatation operator
that acts on the Y's is given by the one loop expression, at any loop order.
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1 Introduction

The two great pillars of modern theoretical physics, Einstein’s general theory of relativity
(GR) and quantum mechanics (QM) have long been at apparent odds with one another. GR
provides an understanding of gravity through the realisation that space and time should be
unified. QM and its Lorentz invariant improvement, quantum field theory (QFT) describe
physics on small scales. In situations where large amounts of matter are found in small
volumes of space a unification of these two great theories is required. This unification - a
quantisation of gravity - has proved exceedingly difficult to construct. While quantisation
of theories such as electrodynamics resulted in very successful renormalisable QFTs, the
quantisation of gravity resulted in a non-renormalisable QFT. In other words, these attempts
at unifying GR and QFT resulted in a theory with no predictive power. A theory which
provides a consistent quantisation of gravity is string theory. Although much is still unknown
about string theory it has provided many fascinating results. Perhaps the greatest of these is
the AdS/CFT correspondence[I], 2, 3], which postulates a duality between string theory and
a gauge theory. To be precise, it states that type IIB string theory defined on AdSs x Ss is
dual to N = 4 super Yang-Mills theory (SYM) defined on the boundary. The first indication
that such a duality may exist was due to t'Hooft[4], although it was Maldacena who first
made the duality concrete[l].

Quantum Chromo Dynamics (QCD) is an asymptotically free theory - the coupling tends
to zero as we increase energy. Since N = 4 SYM theory is closely related to QCD, we hope to
learn about QCD by studying N' = 4 SYM. Understanding the strong coupling dynamics of
N =4 SYM theory is a formidable problem that can’t be tackled using perturbation theory.
On the other hand, at high energies in string theory we have large curvature corrections
corresponding to strong coupling worldsheet physics, which is again beyond the scope of
current QFT methods. The beauty of the AdS/CFT correspondence is that it provides a
manner in which to make predictions in these situations - highly curved gravity backgrounds
are dual to weak coupling QFT, while nearly flat gravity backgrounds are dual to strongly
coupled QFT. As such, the AdS/CFT correspondence provides a tool with which to delve
deeply into both theories in a manner which was certainly not possible before. For instance,
at the classical level, the Dirac-Born-Infeld action provides a suitable description of giant
gravitons. However, since this action is not renormalizable, it can’t possibly provide a correct
starting point for a fundamental quantum theory. Using the AdS/CFT correspondence, it
should be possible to study giant graviton physics with both quantum and stringy corrections
included in the description.

An important point we have not yet mentioned is that everything we have described above
obviously relies on the premise that the AdS/CFT correspondence is in fact correct. By the
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very nature of the correspondence the task of proving it is a difficult one. Nonetheless, many
checks have been done and as of yet no exceptions have been found. The task of computing
quantities on both sides of the correspondence and ensuring they match remains an active
area of research.

In order to utilise the AdS/CFT correspondence a dictionary between the gauge theory
and the string theory is required. In N' = 4 SYM there are six scalar Higgs fields ¢;
i = 1,2,...,6 that transform in the adjoint of the U(N) gauge group. Form the three
complex linear combinations

X = ¢1 + i, Y = ¢3 +igy, Z = ¢5+ide - (1.1)
The non-zero free field two point functions are
(ZH(Z0E) = 5185 = (YD) = (XHXD)). (12)

Consider the %—BPS sector of the theory - that is the sector with operators built only from
the Z field. The gauge invariant operators in this sector are products of traces of powers of
7. The dictionary relates these operators to different objects in the string theory depending
on the number of fields comprising each operator. Operators built from O(1) fields are dual
to gravitons. Operators built from O(v/N) fields are dual to strings. Operators built from
O(N) fields are dual to giant gravitons. Finally, operators built from O(N?) fields are dual
to new spacetime geometries.

Another important element in the dictionary is the mapping of anomalous dimensions into
string state energies. Consequently, much work has recently been put into the computation
of the spectrum of anomalous dimensions. This is done by computing the action of the
dilatation operator. The dilatation operator can be defined perturbatively and as such, the
computation of its action amounts to summing Feynman diagrams. This is a highly non-
trivial task. Dramatic progress, however, was made through the discovery of integrability in
the planar limit[5, @], [7]. The fate of integrability beyond the planar limit, however, is not
clear. In this dissertation we will investigate this issue.

Let us delve somewhat deeper into the operators of ' = 4 SYM and argue why the
existence of integrability in the non-planar limit is by no means obvious. Consider the
1
3-BPS operators

Trz”’

which are normalized to have a unit two point function
(0;00) =1. (1.4)

2



To obtain (L4]) we have summed only the planar diagrams. This is perfectly accurate at
large N as long as J? < N. Now consider the two point function between a double trace
structure given by O; 0, and the single trace Oy, j,

<OJ10JQOLT]1+J2> = JIJQEVJI ) . (1.5)

If we take N — oo holding J; and J, fixed, it is clear that the above two point function

vanishes. There is no conservation law forcing this correlator to vanish - its a nontrivial
statement about the dynamics. The two point function in the planar limit, between two
operators that have different multitrace structures, vanishes. Although we have described
this only in the %-BPS sector and for a specific example, this is a general property of matrix
models. Thus, if we want to compute anomalous dimensions in the planar limit of the theory,
we can focus on single trace operators since these will not mix with operators that have a
different trace structure. This property of the planar limit is a crucial ingredient in the
arguments for the integrability of the planar limit. Indeed, integrability follows because the
planar dilatation operator can be identified with the Hamiltonian of an integrable spin chain.
A single trace operator containing K fields can be identified with a spin chain state, where
the spin chain lives on a lattice that has K sites. The fields in the single trace operator
determine the states of the spins in the lattice. In this way, there is a bijection between
single trace operators and the states of a spin chain. If we scale Ji, Js as N %, the right hand
side of (LH)) scales as N? at large N and different trace structures start to mix. This mixing
sets in even sooner: if we had computed the left hand side of (L) exactly, we would find
that mixing between different trace structures is no longer suppressed if Ji, Jo > v/ N[23].
For the case of interest to us J; ~ N and there is uncontrolled mixing. Consequently, the
bijection between single trace operators and the states of a spin chain is not useful at all and
the link to the dynamics of a spin chain is lost.

Despite these drawbacks, recent evidence suggests that integrability may in fact be a
feature of the non-planar limit. Working in an appropriate basis, the restricted Schur basis,
and using group representation theory it has been shown that in the su(2) sector integrability
is present at one[25, 20, 27, 28] and two loops[31]. In this process a conservation law was
discovered. In the su(3) sector, however, this conservation law was found to be broken,
suggesting that integrability may not be present in this sector. In this dissertation we will
show that despite this broken conservation law integrability is a feature of the su(3) sector.
The natural interpretation of this result is that the conservation law that was found in the
su(2) sector is replaced by a new conservation law in the su(3) sector, which reduces to the
su(2) conservation law when suitably restricted. Further, we will extend the su(2) result to
all loops. This is achieved by using symmetry arguments and not by explicit computation,
suggesting that similar arguments can be used to study other sectors of the theory.

In chapter 2 we discuss the restricted Schur polynomial technology. In chapter 3 we
consider the su(3) sector of N' =4 SYM and show that this sector is integrable. In chapter 4
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we consider the su(2) sector and extend the result of integrability to all loops. We conclude
in chapter 5.

The content in chapters 3 and 4 is based on original work which appears on the arXiv
and has been submitted to JHEP for publication. Specifically, chapter 3 is based on
the paper “Subleading corrections to the Double Coset Ansatz preserve integrability” -
arXiv:1312.6230v1, authored by Robert de Mello Koch, Wandile Mabanga and Stuart Gra-
ham. Chapter 4 is based on the paper “Higher Loop Nonplanar Anomalous Dimensions from
Symmetry” - arXiv:1312:6227v1, authored by Robert de Mello Koch, Ilies Messamah and
Stuart Graham.



2 Restricted Schur Polynomials

As we have seen above, the mixing of traces in the non-planar limit is unconstrained. As such,
the trace basis is no longer suitable and we need a convenient description that easily allows
us to simultaneously talk about all possible trace structures. The operators we consider are
constructed using n Z fields, m Y fields and p X fields. We are primarily interested in the
case that n,m,p all scale as N in the large N limit, but n > m + p and % ~ 1. Thus, the
operators that we consider are a small perturbation of a %—BPS operator. Z]’: is an operator
acting on NV dimensional vector space V. By tensoring n copies of Z we obtain an operator
7% = 7 ® Z® -+ ® Z which acts on the space V®". V®" admits a natural action of
the symmetric group S,, obtained by allowing o € S,, to permute the factors of V' in V¢,
Concretely, for o € S,, we have

I ogin g in
(o) = 5]&(1)5]'?;(2) o .6ja(n) : (2.1)

Using this action
To(0Z%") = 0(Z°")] = 22 272, - 2 - (2.2)

We can obtain every possible multi-trace structure by choosing the correct permutation o.
For example, consider the simplest non-trivial case n = 2. The possible permutations, in
cycle notation, are o = {(1)(2), (12)} which gives

o= (1)2) Te(oz®)=2z} z? =27'7Z?=TZITZ,

o(1)  o(2

o=(12) Tr(cZ%% = Z;‘;;: ij;j =717 =TrZ". (2.3)
At n = 2 each permutation corresponds to a different gauge invariant operator. This is not
generic. In general permutations in the same conjugacy class determine the same operator.
The set up we have just outlined allows us to trade gauge invariant operators for permuta-
tions. Thus the different multi-trace structures can now be discussed on an equal footing -
each corresponds to a permutation. For the large N limit we consider there is a particularly
useful set of gauge invariant operators, known as the Schur polynomials, given by [9]

\n(Z) = % S Xu(0)Te(0 28 ™). (2.4)

' O'GSn

Notice that the right hand side includes a sum over all possible permutations which implies
that the Schur polynomials are a sum of all possible multi-trace structures. xg(o) is the
character of symmetric group element o in irreducible representation R. The irreducible
representations of the symmetric group .S,, are labeled by Young diagrams with n boxes. The
set of Young diagrams with n boxes correspond to the partitions of n, so that the number of
Schur polynomials matches the number of gauge invariant operators. The Schur polynomials
simply provide an alternative basis to the trace basis. The fact that the matching of gauge



invariant operators matches is more subtle than our discussion above suggests. Imagine that
N = 2. It is easy to check that at n = 3 there are only two independent gauge invariant
operators because (just write the two sides of this equation out in the basis in which Z is
diagonal)

1
Tr(Z°) = 3 [3Tv2°TxZ — TvZTeZTe Z) . (2.5)

This is called a trace relation and there will be relations of this type whenever n > N as is
the case here. The Schur polynomials naturally take the trace relations into account, because
the Schur polynomial xr(Z) vanishes as soon as the Young diagram R has more than N
rows. Thus, for N = 2 and n = 3 there are only two Schur polynomials, given by x11(2)
and xr77(Z). Since we are going to take N — 0o one might expect that the trace relations

never apply. This is the case in the planar limit where the number of fields in our operator
is held fixed as we scale N — oo. However, for the problems of interest in this dissertation,
the number of fields in each operator is also scaled as the limit is taken so that the number
of fields in each operator generically exceeds N and the trace relations must be respected.
Another important property of the Schur polynomials is that they diagonalize the two point
function

(Xr(Z2)xs(Z")) = frdrs (2.6)

where fg is a product of factors, one for each box in the Young diagram R. A box in column
j and row ¢ has factor N — 1 + j.

The dilatation operator annihilates all operators in the %—BPS sector. Thus, to obtain
a non-trivial anomalous dimension problem we need to move beyond the %—BPS sector, by
taking p # 0 and/or m # 0.

Our discussion above of the %-BPS sector generalizes nicely to this more general setting.
Multitrace operators can again be associated to permutations o € Sy, 1n4p

Te(eX®P @ YO ® 257 = X1 - X7 Y Ly

io(1) o(p)” to(pt1) to(ptm)
tm+p+1 L. Z?m+p+n 27
Lo (m+p+1) lo(m+p+n) ( . )

Permutations that are conjugate, with respect to the S, x S,, x S,, subgroup
yory = oy v E S, X Sy X Sy, (2.8)

give rise to the same operator. The Schur polynomials generalize to the restricted Schur
polynomials[24], [T5]

1 . . . ,
- - (TR oy o+l yletm
XR,(t,s,r)iv = n|m|p| E : Tr(t,&?“)ﬂ’/(r (U))Xla(l) X’a(p)Y;o(erl) Y;U(PJrM)
OESnt+m+p
Im+p+1 Imtptn
X Zz'g(m+p+1) Zia(m+p+n) ) (2.9)



We call Tr s (I (o)) the restricted trace of I'*(0)[10]. When computing this trace, we
trace over a subspace of the carrier space of R. R is an irreducible representation of Sy, p,
that is, it is a Young diagram with m + n + p boxes. We write R = m + n + p. This
subspace we trace over is a carrier space of the subgroup S, x S, x S,. It is labeled by
three Young diagrams ¢ - p, s - m and r - n. [ and 7/ are degeneracy labels; they are
each two dimensional vectors. Their two components resolve different copies of the two
representations s = m and t F p. To properly understand the role of the degeneracy labels
and what they label, we note that the restricted trace can be written as

Tr(t,s,r)ﬁl?’(' : ) = TrR(P(t,s,r)ﬁﬁ te ) (210)

where P 5,7 1s an intertwining map. The degenaracy labels /i and ¥/ play an important
role in constructing this intertwining map as we now explain. The first step in constructing
Pyt s v entails constructing a basis for the (¢, s, ) irreducible representation of S, x .S, xS,
To do this start from the Young diagram for irreducible representation R. Remove p boxes
in any order such that everytime a box is removed what remains is a valid Young diagram
and we remove p; boxes from row i. Assemble the p; into a vector p; this vector will play
an important role in what follows. Now remove m boxes in any order such that everytime a
box is removed what remains is a valid Young diagram and we remove m; boxes from row
1. Assemble the m; into a vector m; again, this vector will play an important role in what
follows. The boxes are labeled according to the order in which they are removed so that
the first box removed is box 1, the second box removed is box 2, and so on. In this way we
land up with a partly labeled Young diagram R. The unlabeled boxes have the shape r and
each partly labeled Young diagram is a distinct subspace of R that carries the irreducible
representation r under the S, subgroup. Now assemble the vectors with first p boxes labeled
into an irrep ¢ of S, resolving multiplicities that arise with ;. In this process, the labels of
the next m boxes are simply ignored. For each state in a given .S, irreducible representation
specified by both ¢ and v, one has all possible labelings of the next m boxes. Assemble
these into vectors in an irreducible representation s of S,,, resolving multiplicities with vs.
The two multiplicity labels are assembled to produce the vector 7 = (v4,15). The result
of this exercise is a set of vectors labeled with two irreducible representations t - p and
s = m each with a multiplicity label v; and 15, and two state labels, a, b, one for each state
|t, 11, a;s,19,b). The boxes that are not labeled stand for vectors that belong to a unique
irreducible representation r of S,,. Use ¢ to label states in r. We can make this explicit
and write our state as |t,1q,a;s,v9,b;7,¢). This gives a basis for the (¢,s,r) irreducible
representation of S, x S, x S,. Now, the intertwining map is a matrix so that it has
both a row label and a column label. We can use different copies of the (¢, s, r) irreducible
representation for the rows and columns of the intertwining map. Consequently

P(t,s,r)ﬁﬁ - Z ‘tvﬂlv a; S, 2, b7 r, C><t7 vy, a; s, vy, b7 T, C| (211)

a,b,c



Since the S, and S, actions commute it is clear that
‘t, Hi,a; S, 2, b7 r, C> - |t7 M1, CL> & |S7 H2, b> & ‘T7 C> (212)

where ® is the usual tensor product on a vector space. It then also follows that the inter-
twining maps can be written as a tensor product

Ptsmgr = Z|t pi1, @) (t, v1, af ®Z‘8 fi2,b) (s, v2, b| ®Z\T,C><7’70\
= pt,ull/l ®psu2u2 ® 1 (213)

The last factor in this product is always a genuine projector.

The restricted Schur polynomials share many of the nice properties that make the Schur
polynomials so useful. In particular, the restricted Schur polynomials respect the trace
relations and the two point function of the restricted Schur polynomials[I5]

( - frhooksg
X, (t’s’r)WXT J(ew)fad’ " hooks,hooks,hooks,

6RT6rw53m5ty5ﬁg617& (214)

again diagonalize the free field two point function. The number hooksp is a product of the
hook lengths in Young diagram R. We will often find it convenient to work with operators
O R,(t,s,r)iw normalized to have a unit two point function. These operators are related to the
restricted Schur polynomials x g (1,5, as

n hooks,-hooks;hooks
OR (t,syr)A0 = \/ tXR,(t,s,r)ﬁD’ . (215)

frhooksg

The key difficulty with working with the restricted Schur polynomials, is in constructing
and working with the intertwining maps P )z Convenient methods to accomplish this
have been developed for two rows in [25] and in general in [26]. Using these methods,
the one loop dilatation operator has been diagonalized in the su(2) sector (obtained by
setting p = 0)[25] 20, 27, 28]. In this sector, the one loop dilatation operator reduces to a
set of decoupled oscillators, which is an integrable system. These results provided perfect
confirmation of earlier numerical studies[29] [30]. At two loops the system remains integrable
in the su(2) sector[3I]. The one loop results were generalized to p # 0 in [32], but the
interactions between the X and Y fields were argued to be subleading and were neglected.

The subleading terms are of order ™ relative to the leading terms[32]. It is precisely these
terms that we will evaluate in chapter 3 of this dissertation.

When interactions between the X and Y fields are neglected, the vectors p'and m defined
above are conserved|26]. The dilatation operator only mixes operators that have the same
p and m values. This is not at all surprising - integrable systems are always accompanied
with higher conserved quantities. What makes the interaction between the X and Y fields
so interesting is that they spoil the conservation of p'and m. This can mean one of two



things: either, integrability does not persist beyond the su(2) sector and this large N but
non-planar limit is not integrable, or the dynamics remains integrable but the conservation
of p and m is not one of the conservation laws of this (extended) integrable system. Our
results are unambiguous - the second case is realized and the one loop dilatation operator
continues to be integrable when extended to act on operators built using all three complex
scalars. Indeed, we are able to identify the new terms we have evaluated with elements of the
Lie algebra of a unitary group. Diagonalizing the complete dilatation operator then reduces
to a solved problem in representation theory.



3 Subleading corrections to the Double Coset Ansatz
preserve Integrability

3.1 Dilatation Operator

The one loop dilatation operator in the su(3) sector is given by[5]

d d d d d d
— 42 R .
To be completely explicit, the index structure is
d d . . d d d d
T ( [V, X] | 5=, 5= | = (VX! - XjY} - | 2

Our first task is to consider the action of D on restricted Schur polynomials. In what follows
we will often need the identity [33]

- " drn!m! _
Tr(cY®™ @ Z%™) Z At ) ,XT w0 Xt (Z,Y) (3.3)
Tt

where if 7/ = (v, 1) then U* = (1n,11). With a suitable choice of o, the right hand side
above gives any desired multitrace operator. Thus, the above equation expresses an arbitrary
multitrace operator as a linear combination of restricted Schur polynomials. The sum above
runs over all Young diagrams 7' m +n, t = n and v = m as well as over the multplicity
labels /. dr denotes the dimension of the irreducible representation T" of S,,,,,. Similarly, d;
denotes the dimension of irreducible representation ¢ of .S,, and d,, the dimension of irreducible
representation u of S,,. Finally, X7, u)i+ (071) is the restricted character obtained by tracing
Lr(o™!) over the (t,u) subspace, i.e. xr s (07") = Trpuws(Dr(o™!)). The multiplicity
index 7* = (1, 14) tells us to trace the row index over the vy copy of (r,s) and the column
index over the 14 copy. We will consider in detail the subleading term which mixes ¥ and X.
The remaining terms can be evaluated in an identical way. A straight forward computation
gives

(d d d d
D/? X]l I 7 XR,(t,s,r)iv
I\ dyFaxy  axkdy] | Heeenn

_ f d o d d d 1 ; b i i
- (dnkdxg‘dxfd—m>m 2 TreammTH DXL Kol Vi, - Vi

U€S7z+7n+p

lmtp+l | rimiptn
ia(7n+p+1) ia(7n+p+7l)

mp R ip+1 i i ipt1

= — Tr T Y X -0 Y, X|P*
nlmlp! Z (t,s,r)A (I (o ))(5%(1)[ ’ ]lo(p+1) 5la<p+1>[ ’ ]lau))

U€S7z+7n+p

(T _Xip ipt2  ylptm imiptl | lmipin

Yo (2) to(p)  o(p+2) Yo(ptm) lo(m+p+1) Yo (m+p+n)
mp R i i i

= Tr a7 (T 1 1),0)))0; X2 .- X"

n!mlp! Z s,z (T([(L, p+ 1), 9]))3; o(1) o (2) to(p)
0ESn+m+4p
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X[Y, ]im—l iip+2 i¢p+m iim+p+1 iim+p+n
o(p+1) ‘o(p+2) o(p+m)  to(m+4p+1) o(m+p+n)
The delta function in the summand will restrict the sum over S, ,,;, to a sum over the
Sntmtp—1 subgroup. The S, 4,,1,-1 subgroup is obtained by retaining those elements that
hold 4 inert, i.e. o(1) = 1. To see how this happens, introduce the notation p; = o(i,1) and
rewrite the above sum as a sum over S, 1,4+,—1 and its cosets. The result is

. d d d d
[K X]Z P 3 XR,(t,s,r) A0
I\ dyFaxy  dxkdyp | Heeenn
n+m+p

mp i i i
- S Y T p+ 1), 05 | XE X

2p;(p)

nlmlp!
0ESntm4p—1 =1
x[Y, ]l:”“ itz yietm imtpt1 | imtptn
toi(p+1) Lo (p42) Yoi(ptm)  Lpi(m+tp+1) Lp; (m+p+n)

mp n+m-+p

. R .

= Wimip! Y Traemm@H((Lp+1)AN+ > G1D}])
TR e S fmap—1 p

xTryenimir-1(0- XOP @[V, X|@ YO g 2%

:mm!vaCRR’ Y Traenm((TT(Lp+1),17 (o)

0ESntm4p—1

XTryenimip-1(o- XEP @Y, X]@ YO 1@ Z9™)

The sum over R’ runs over all irreducible representations R’ of the S, 4y, 4,1 subgroup that
can be subduced from the irreducible representation R of the S, 1,4, subgroup. As a Young
diagram R’ is obtained from R by dropping a single box. A prime on a letter denoting a
Young diagram will always indicate that we drop a box. To obtain the last line above, use
the fact that N + > """P(i, 1) when acting on any state within the subspace R’ subduced

by R gives crp. This is proved by noting that """ (i, 1) is a Jucys-Murphy element; see
[10] for the details.

(4 d 4 d
YaX M - N s,7)iv
¥ X (dyjk dX] X’ dY,g) X, (tsim)R7

:n'mvp|ZcRR’ Yo Trema (ML p+ 1), T (0)])

0ESntmip—1

XTI‘V®n+m+p71([(1,p+ 1),0’] . Xor ® y®om ® Z®n)

. mp drn!m!p! R R
S 2 doad, n+m+p|ZCRR' >, Tasnar(PH(L,p+ 1) 07 (@)

T,(y,z,w)q 0ESntm4p—1

Tr(yww)a,@(FT([(lﬂp+1)70]))XT (y,2,w)f a(X Y Z)

ICLEDY o
iR dydydy(n +m + p)dg
T,(y,@w)df

Trrer([Prt,s o T (L2 + DR [Pr o yam T (Lo + DI R) Xy, ) g 5a(X0 Y0 Z)

To get to the last line sum over S, 4, 4p—1 using the fundamental orthogonality relation.
Now consider the second term, which is treated in exactly the same way

A d 4 d d 1 . i i i
2l <@ az; - @@) nlmlp! Z Tr(t’svr)ﬁﬁ(r (@ ))lem “'Xia(my%(pﬂ) '“Yiaoﬂm)

0ESnt+m+4p
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Imtp+l | rlmitptn

o (mApt1) lo(mtp+n)
— Y Tl TG 2L = S 2 )
nlm/p! (B9m) v to(ptm+1) L7 T o (p 1) to(p+1) 77 Tio(ptmt1)
TESn+m+p
Xll .o ?p ,ip+2 e ‘ip+"‘ ?m+P+2 . ?nerH»n
to(1) to(p) " lo(p+2) lo(p+m)  to(m+p+2) lo(m+ptn)
= _mn_ Z Tr -‘—~(]_—‘R((l P+ 1)0-(1 p+ 1)))(5“ [Y Z]'L:p-%—m-%—l 5 P+m+1[Y Z]H )
nimlp! (s ’ ’ lo(ptmtn) 7 Tlio) io(1) i (prmt)
OESntmp
Xl2 cee ?;p#»l ,ip+2 e vip‘*’"‘ ?m+p+2 . ?nr+p+n
to(2) to(p+1) " to(p+2) to(ptm) o (mtp+2) o (mtptn)
= Y TenaTH (et Dlo, (Lp+m 4+ DL p+ D)) [V, 2]
= mip) (t,s,r) i D (LD D i) e
TESn+m+p
XZ2 . ?p+1 '{LP+2 . V'L'P-%—m 'Z'm+p+2 . ?m+p+n
to(2) to(p+1) " to(p+2) to(ptm) " o (mtp+2) o (mtptn)

- n|m|p' Z CRR'’ Z Tr(t7s,r)ﬁ17(FR(17p + 1)[FR, (U)v FR(Lp +m + 1)]FR(17p + 1)))

0ESntm4p—1

xTryenimip1([o,(p+1L,p+m+1)]- X®PY®" 1oy, Z]@ 28" 1)

. mn drn!m!p!
~ nlmlp! Z dwdydy(n+m+p)! ZCRR/ Z
T,(y,z,w)&R TESntmtp—1
Tr(t s,r)ﬁﬁ(FR(lvp + 1)[FR (U)v FR(Lp +m+ 1)]FR(17p + 1)))
XTr(y z w)ag(FT((lap + Do, (L,p+m+ 1](1,p+ 1)))XT’(y’r)w)§a(X) Y. Z)

_ drmn
_ZCRR’ 2 dudad,(n+m+ p)dp

T,(y,z,w)af
Trrer (DF(L,p+ 1) Pr tsmal F(Lp+ 1), DR (L, p+ m+ D] Ig
X [PT(lap + 1)PT,(y,w,w)&B'PT(1ap + 1)7 FT(lap +m+ 1)]IT’R’)XT7(y7w7w),§&(X7 Ya Z)

Finally, consider the third term

A d 4 4 d 1 : o ipet it
2 (de azj @cb&i) n!m!p! Z Tr (1,5, (T (0 ))Xli(l) Xt Yingen T Vi m

0ESn4+m+p

imtp+l | rlmtptn
o (m+p+1) o (m+p+n)
= N T )L 2N s X 2] )
n!m/!p! (t,s.7) it to(ptmt1) 0 Flicq) io(1) * i (prmt)

TESn+m+p

« X2 .. xWw ip+1 | yletm lmtpt2 | Zlimdptn
Yo (2) lo(p) ~ to(p+1) Yo(ptm) lo(m+p+2) Yo (m+p+n)

= D ST T (o Lyt m o D] X 2]
n!m!p! (8,87 AL P Lo(1) U Tl (pmA1)

TESntm+p

« X2 .. xW ipt1l | yietm Imtpt2 | lmipen

Lo (2) lo(p) ~ to(p+1) Lo (p+m)  Yo(m+tpt2) Lo (m+p+n)

- nlmlpl Z crre Y, Traema([D% (o), TR(L,p+m+ 1))

0ESntmtp—1

XxTryemintr1(0- XOP L@ V¥ @ (X, Z]@ 29" 1)

B drn!m!p!
_n'm'p'ZcRR’ 2 dydydy(n+m+p)!
T, (y,2,0)

Tepar ([Pr(t,s,mm: U (L p +m 4+ DIr [Pr ) zz U (Lp+m+ D) rr)x,

(X,Y,2)

(y.@.w)fa
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SIS Sa
- _dydgdy(n+m+ p)dg
R T,(y.2w)af A )iz

TrREBT([PR,(t,S,T)ﬁﬁa FR(l,p +m + 1)]IR’T’ [PT7(y7w7w)&E’ PT(l,p +m + 1)]ITIR,)XT,(y,w,w) —'&(X, Y, Z)

(d 4 d d),
YaX M o INod O s, r)av
¥ X <dek dX  dxF dY,;) f (s

_ Z . Z drmp frhooksrhooks,-hooksshooks;
o = RE _dydzdy(n+m+p)dr \| frhooksghooks,hooks;hooks,

T, (y,x,w)afp
Trrer ([Pr,(t,s.m5: D (1,0 + 1) ri (Pr ) I (1,p+ D1 r)Ox (2w -
(3.4)
Using identical methods it is straight forward to find
. d d d d A
Y, Z5 | =557 — 555507 | OR,(t,s,r)iiv
¥ 2l; <de dzj — dzk dY,;) Fo it
B Z . Z drmn frhooksrhooks, hooksshooks;
o = RR - i dwdzdy(n+m+ p)dr \| frhooksghooks,,hooks;hooks,
(y,x,w)&
Trper (DL p+ 1) Pr 1,5 mpel " (Lp + 1), TF(L,p +m + 1) Ipig
PP p+ 1Py wagl (Lo +1).DT (L p+m+ D r)Or ) 2 oufa s
(3.5)
. d d d d A
(X, Z1 | o757 = 5on vt | ORu(ts.miio
I\ dxkdzy  dzFdxp ) e
_ Z . Z drpn frhooksrhooks, hooksshooks;
a = RE - - dwdzdy(n+m+p)dr \| frhooksghooks,hooks;hooks,
)Y, T, w )
Tt rer ([Pr 15,07 D (L p+m + 1) Irip [Pr (g ) I (1,p+m+ D1 r)Og (4 )
(3.6)

The next step in the evaluation of the action of the dilatation operator entails computing
the traces over R @ T that have appeared in our results above. Our results for the action
of the one loop dilatation operator given above are exact. From this point on we assume
the displaced corners approximation so that our answers for the traces are only valid in the
large N limit. The background information used in this section can be found in [26]. For
the term in the one loop dilatation operator that mixes X and Y the trace that needs to be
computed is

T = TrR@T([PR,(t,s,T)ﬁﬁ> FR(l,p —|— 1)]IR’T’ [PT,(y,z,w)&'E’ FT(l,p + 1)]IT’R’) . (37)

To ease the notation we will use the following shorthand
PT,(y,m,w)o?E =Dy Pz ® 1y . (38)
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Consider the case that R’ is obtained from R by dropping a box in row ¢ and that 7" is
obtained from T by dropping a box from row j. The intertwiner is only non-zero if 7" = R'.
In this case the intertwiners are

Ipr =EY,  Ipp=EY. (3.9)

Since the trace T is a product of two commutators, when we expand things out we get a
total of four terms. Since both the swaps ['*(1,p+ 1) and I'"(1,p + 1) have a trivial action
on the Z indices, we know that the result will be proportional to d,,, and that the trace over
the Z indices produce a factor d,.. Thus, after tracing over the Z indices we have

T — (Tr(pt @ p TR (1,p+ 1)EVp, @ p, T (1,p+ 1)EL)

~Tr(p @ pLR(Lp + EJTT(1,p+ 1)p, @ p.EY)

~Te(T*(L,p+ Dpe @ p B py @ pTT (1, p + 1) E}))

+HTr(CR(L,p + 1)pe @ p EQTT(1,p + 1)p, @ szJ(j))) Sl (3.10)

Allow the swaps to act on the intertwiners

Lp+1)EY =EVEYYY,  (Lp+1)EY = BV ENY (3.11)

gl

to obtain

T = ((ﬁ; t7 Vlaa‘El(Jl)‘ﬁayaahb><ﬁvyvﬂl7b|E]$)‘ﬁ: tvﬂl;a>
X<7ﬁ7 S, VQ;C‘E7;(5)+1)‘7%/7$70[2;d><mlvx762;d‘E]('Z+1)|m787/'L2;C>
—(p, t,visalp, y, an; b)(P sy, Blab‘ L ‘ﬁ;tvﬂl;a>
x(m, s, 1/270\Ep+1 |m, z, o )(M’,x,ﬁg;d\m,s,ug;@
<p>t 1/17CL|E |p Y, O ><payaﬁlab‘ﬁ:tnul;a>
X<m7 S, V27c\m,x,ozz,d><7ﬁ',x,ﬁ2;d|E§f+1)|7ﬁ,s,,u2;0>
+(.t, v al B |y, a0 D) (0, y, B LB [, s )
(1, 5, s | BTV it 2, a3 d) i, B d| B V)i, s, i ) ) by

= (7t sl QI s 003 ), Bus BB [ s )
x (M, s, V2,0|Ep+1 |m, x, o )(ﬁi’,x,ﬁg;d|E](§+1)|m,s,,ug;c)
1 —
_5ﬁﬁ5yt51/1a15mm’5sw552u2 <p 7%517 b| ](7,)|p7 tv,U/I; Cl)
x (1, s, ’/27C|Eerl |7, z, ag; d)
_5ﬁ1§"6yt5u1,8151ﬁm’58x5a21/2 <25'a t,v; a’|EZ(Jl) |ﬁ> Y, 03 b)
x (it By; | BV b, s, 123 )
+(p,t, s ol B Iy, ons ><ﬁ,y,ﬁl;b|E;,?|m ;)
X (m, s, 1/27C|Eerl 7, @, g d) (i, o d| BTV |m,s,u2;c))§mdr. (3.12)
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In a similar way we obtain
Trrer([TH(1,p+ 1) Pg, (W il (L, p+ 1), TR p+m + D) Igp
x[TT (1, p+ 1) Py, T,p+1),TT1, p+m+ D]Ipg)
= Oty de0p Oura O iz Aot Ot O [(m x 52,d\Ep+l |17, 8, pig; €) (M, 31/270\Ep+ |m, x, o d)

+(m/ ,x,ﬂ2;d|E§§+1 |, s, pa; c) (M, SV2;0|EZ-(f+1 |m/, x, g d)

ywwaﬁ

— 0450ty O Oy Oy iy Ayt OO s Oy [51,2(12 (m, x, Ba; C\E]? \ﬁi, S, f2; C)
+562u2<ma 81/2;6|EZ'(Z'p+1)|77_"L,$7042;C>:| (313)

relevant for the term in the one loop dilatation operator that mixes Z and Y and

Trper ([P, (ts. o T (L o+ m 4 DU prr[Pry oas U (Lp+m 4+ D)) lg)

= Osa 505 Ounas Oopus r! Ort ! Oy [(177 Y, Bud| BBt s ) (Bt o C|EJ(']1') 7,y an; d)
'y, Br; d|E](']l-) 1.t s ), t v | B |B y, ans d>]

81300y 1057 s s o Bsa i | O (7 . B el B 7 1, pn )

08, (D, £, 115 C|Ei(il)|25; Y, a; C>] (3.14)

which is relevant for the term in the one loop dilatation operator that mixes X and Z.

This completes our discussion of the action of the one loop dilatation operator.

3.2 Gauss Operators

The problem of diagonalizing the terms in the dilatation operator that mix the X and Z fields
and the terms that mix the Y and Z fields has been solved[25], 206], 27 28]. The operators
that have a good scaling dimension are the Gauss operators. Our ultimate goal is to write
the action of the terms in the dilatation operator that mix X and Y fields, on the Gauss
operators, which amounts to a change of basis from restricted Schur polynomials to Gauss
operators. Towards this end we describe how to construct Gauss operators for operators
built from three complex scalar fields and develop the tools we will need to change basis.
The results of this section are a simple generalization of [28§].

Natural hints for the construction of the Gauss operators come from the AdS/CFEFT
correspondence. Indeed, the correspondence implies an equivalence between quantum states
in the quantum gravity and operators in the A’ = 4 SYM theory. In particular, the restricted
Schur polynomials X g ,s,r),i(X, Y, Z) are dual to multiple giant graviton systems [34, [35], 36]
consisting of large branes in the AdS5 space when R has order one rows each of length order
N, or to systems consisting of large branes in the S® space when R has order one columns
each of length order N. A giant graviton has a compact world volume so that the Gauss Law
forces the total charge on the giant’s world volume to vanish. Since the string end points are
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charged, this gives a constraint on the possible open string configurations that are allowed:
the number of strings leaving the giant must equal the number of strings arriving at the
giant. The matrices X and Y generate two species of 1-bit strings [37, [38] 39, [40]. Each
row of R corresponds to a giant graviton. Each open string configuration corresponds to a
pair of graphs - one for each open string species. We will refer to these as the X graph and
the Y graph. The vertices of the graph represent the branes and the directed links represent
the (oriented) strings. Motivated by [41] a useful combinatoric description of these graphs
is to divide each string into two halves and label each half. Using the orientation of the
string, label the outgoing ends with numbers {1,--- ,p} for the X graph or {1,---,m} for
the Y graph and the ingoing ends with these same numbers. A permutation o € S, x S,
is then determined by how the halves are joined. We will often decompose 0 = 0% o oV
with 6% € S, and 0¥ € S,,. Given a permutation, we can reconstruct the graphs. A graph
is not associated to a unique permutation because the strings leaving the 7’th vertex are
indistinguishable, and the strings arriving at the ¢’th vertex are indistinguishable.

o

Figure 1: Any open string configuration can be mapped to a pair of labeled graphs. The black

graph describes the X matrices and the red graph the Y matrices. The two bold horizontal
lines are identified. The graphs determine a permutation, so each open string configuration
is mapped to a permutation. For the graph shown the permutation in cycle notation is
o =(2,4)(5,3,6)(8,10,9). The figure shows a configuration for a three giant system with
ten open strings attached. Equivalently, this is an operator whose Young diagram describing
the Z fields has 3 long rows/columns and p = 7, m = 3. The vectors p and 7 describe the
number of strings leaving each node. Thus, p'= (3,2,2), m = (1,1, 1).
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We will make use of two subgroups in what follows
Hy = Sy, X -+ X Sy, Hx =5, x -+ xS, . (3.15)

Hy acts on boxes in the partly labeled Young diagrams that are labeled with an integer
1 < p+1,ie. on the boxes associated to Xs. Hy acts on boxes associated to Y's. These
two subgroups leave all partly labeled Young diagrams invariant. Consequently, the partly
labeled Young diagrams belong to S, x S,,,/Hx x Hy. The Gauss graphs themselves are in
one-to-one correspondence with elements of the double coset

HXXHY\prSm/HXxHy (316)

Introduce the states (these states span V&™)

|0, 5, 171) = Ui @ v @ - - EP @ VI @ VIR @ - uga) (3.17)
There is an action of the S, x S,, group defined on this space by
O—‘Ull ® e ® Uim+17> = "U’ia(l) ® e ® Uio(m+p)> : (318)

This can trivially be enlarged to obtain an action of Sy4,,, but we want to consider only
permutations that mix X indices with each other and Y indices with each other, but not
X and Y indices. Introduce the notation |v,) = o|v, p, ). Invariance under the Hx x Hy
subgroup can be written as

Vo) = |vey) v € Hx x Hy (3.19)

or even

o) = S ). (3.20)

|HX x HY‘ yEHx X Hy

Recall that the operator that projects onto representation r of a group G is given by[42]

P, =7 ZXT (3.21)

geg

By the identity representation we mean the representation for which all the elements of
Hyx x Hy are represented by 1. We want to project onto the identity representation of
Hyx x Hy within the carrier space (s,t) organizing the Xs and Y's. Recall that ¢ - p and
s Fm. The characters in the identity representation are of course all equal to 1. The identity
representation may appear more than once in (s,t). Resolve these different copies with a
multiplicity label fi. The multiplicity label has two components, one that refers to s and one
that refers to t. Introduce branching coefficients that resolve these projectors into a set of
projectors onto each of the one dimensional spaces labeled by (i

1 S X s X
] 2o D0 = 3BT B (3.22)
X Y

YyEHx X Hy i



(s,8) =1 B(S D=la projects onto the copy v of the identity representation

Thus, for example, B,

of Hx in s and onto the copy 1o of the identity representation of Hy in t. The branching
S t —>1H X H

coefficient B Xy

copy of 1y« Hy inside the carrier space of (s, 1)

can be understood as the one dimensional vector that spans the

|5); = BTy (3.23)
Vector orthogonality says
< _ ﬁﬁ:ZB(St—)lHXXHYBSt—)IHxxHY (324)
whilst vector completeness says
Z |) (] = Layxmy (3.25)
i
or, displaying all indices,
()= 1y xHy () 1Hy xHy
Z B B = Ly xmy )ij - (3.26)

Together ([3:24]) and ([B:26) allow us to think of the branching coefficients Bg;’t)%lHX My as a
matrix that implements a change of basis

ZB iy gy ZB Oty gy (3.27)

We are now ready to argue that the Gauss operators are simply an alternative basis to
the restricted Schur polynomials. First, following [28], we will show that the number of
restricted Schur polynmials is equal to the number of Gauss operators. Towards this end
consider

eeing) = > TS (0)olv, p,mm). (3.28)

0ESmMm XSy

Above we have projected onto the representation (s,t) of S, x S,. You can think of j as a
label for different vectors and of i as the components of the vector. According to [26] this
space is organized by the Schur-Weyl duality between S,, xS, and U(m) x U(p). Concretely,
we can trade the index j for a Gelfand-Tsetlin pattern. Thus, using [26] we know that we
can decompose this space as

U(m)xU(p) S xS,
V. p ‘/(s : P

ls],g))e(ga(,ﬁ))w( o ®VS o (3.29)

- @sFm tkp

V®p+m
g 1(9)<g e1(<g (5:t)

= PBstm trp D 7 ‘/(

c1(s)<g c1(t)<g
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The first factor in the last line above is the space of Gelfand-Tsetlin patterns. Now, lets
consider a different decomposition of this space, as follows[28]

Vo id) = > TEo)olv, pim)
0ESm X Sp
- Z F(St )| Vo)
UGSmXSp

o L X Tl

GSmXSp yEHx xHy

1 ) .
“ o] 2 2 @)l

UESmXSp ’yEHX X Hy

= 30 Ty B T BT Y ) (3.30)

0ESm X Sp I

As we have already discussed, the branching coefficients provide a natural change of basis
from one space to the other

7, 7, (s, 1), ZBM. ey S TE (g)gu,) (3.31)
0ESm X Sp

This decomposition is[28]

Rp+m U(m)xU S><S
ver PV

— @SFW tkp
e1()<g e1(t)<g (5)

= Dorm o D ,;»VS X it ® VxS (3.32)

e1(s)<g e1()<g (s:t) =Ly xcy (s:)

Comparing ([3:29) to (332) we conclude that

U(g)xU(g9)—=U1)IxU1)9, SmxSp—Hx xH
|Vs tg—>(mgﬁ) ‘ - | (S7t)—>1pHX><)I({Y Y| . (333)

Using the idea that the branching coefficients provide a transformation between two
bases, we easily write the Gauss operators

ORJ«(O')(,O'y) ‘HX a HY‘ ZZZZZ \/d th(s O’X OO'Y gk

jk skm tkp @ v

B(s t)—)lHXxHYB( )—>1HX><HYOR (t,s,r)iiD (334)

Note that the factor v/d,d; can not be determined by group theory alone. It is chosen so
that the group theoretic coefficients

s H X H S X S, X
Oépzt) (O_X o Uy) | X Y‘ Z Z Z /d dtr O_X o O_Y ]kB(ﬂvt)_ﬂHX Hy B](th)_ﬂHX Hy

jk skFm tkp

(3.35)
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provide an orthogonal transformation between the restricted Schur polynomials and the
Gauss graph basis. Indeed,

ZZZCit ox o0 )C’(% (Tx oTy) = Z S(yiox ooy ya7 oy ). (3.36)

(St ﬁ yEHx XHy

There is an important point that is worth stressing here: Our Gauss operators are nor-
malized as

<OR,T(UX7UY>OR,T(TX77_Y>T> = Z 5(71 Ox OO0y Y2 T)El © 7'571)- (3‘37)

"/GHX XHY

These operators certainly do not have unit two point function. For example, if we set
both ox,0y and 7x, Ty equal to the identity permutation, the right hand side evaluates to
|Hy x Hy|. Our final answer is simplest when expressed in terms of normalized operators

1

OARJ“(O—X7 UY) = N OR,T(UXa UY) 5 (338)
NUQX oy = (Ors(0x,0y)Or,(0x, oy)'y. (3.39)

We will not obtain or need the explicit form of Ny . .

3.3 Dilatation Operator in the (Gauss Graph Basis

We will now write the term in the dilatation operator that mixes X and Y in the Gauss
graph basis, i.e. we will write this term in the basis provided by (3.34). We already know
that the other two terms are diagonal in this basis and we know their detailed form[26, 28].

Towards this end, transform the intertwining operator used to construct the restricted
Schur polynomial

()T = Z |17, 5, (5, ), fi:0) (170, B, (s, 1), 7 1] @ 1, (3.40)

to the Gauss graph basis. Of course, it is only
Pleyio Z |, 7, (s, 1), f3; ) (b, i, (s, 1), 75 (3.41)

that we need to consider. The transformation is a simple computation

S Vit 5, (s, 8), i ) 07, . (s, 1), 7| By Bl o pled )
(s:t)

(s;t)—1 X st s,t (s,t)—1 x
m!p! Z Z dsdy Bjg HX HYFI(U' )(U)|U0><UT‘F1()I<; )(T>Bkz7 oty

(s,t) 0,7€ESm xSp

‘HX X Hy|

20



B(S,t)—)lHX X Hy B(S,t)—)lHX x Hy Fl(fr;t) (0_2)

s, (s,t)—1 % (s,t)—1 %
'Z Z ddt ‘UU><UT|F§-]€ (O’ 17—>Bjﬁ Hx HYBk,)’ Hx xHy

(s,t) 0,7€ESM X Sp

\HX X Hy|m'p

BZ(VS t)—)lHXXHY B(S t)—)lHXXHYF (0_2)

1
(s,t) (s,t)
\HX X Hy|m'p' Z Z |Hx x Hy|? Z d dt (VI)FM (v2)T0 " (02)

(s,t) 0,7€ESm xSp Y1, 72€Hx xHy

<D (0717 |0, (o]

1
_ dudyy -1,.-1_—1 Mo,
mlpl[Hx x Hy| > 2 [Hy x Hy? 2 Xu(11057 9% 7 0)[Ug) (v

t) 0,7€ESm X Sp 7,72€Hx xHy

: S dmertat o)) (v (3.42)

‘HX X Hy|3
U,TGSmXSp "/1,’72€HX XHY

Notice that up to normalization this is a sum over all 0,7 € S, x S, of |v,)(v,| with the
condition that 77!o belongs to the same coset as o5 does. With this result in hand, we easily
find

(O}, ,(02) DxyOpyr(01)) =

/ /
s s i

gk stm thp i Im ztm ybp 3

( )—>1HX><HY (S t)—)lexHY (zvy)_)lHS(XH/ (zvy)_)lHS(XHg, T .
XBjﬁ B B mi < T,(y,z,w)&gDXYOR’(t’S’T)w7>

_ |Hx x Hy||Hy x Hy| SIS S Vdd /ded, D0 (00) 1 DO (02)1

m!p!
p jk skm tkp g lm zbm ykp aﬁ

7y)—>1H3(XH/Y (r,y)%lHka,Y
mp
X Z CRR' drmp \/ frhooksrhookshooks;
dydy(n+m+ p)dr \| frRhooksghooks,hooks, "

B(st —>1HXXHYB —>1HXxHYB

X<<]§;t7 Vl;a‘El(jl)‘ﬁuyaalv )P, v, 517b|EIE;Z Pyt s a
x (M, s, VQ;C‘EZ-(ZZ)+1)‘7771/ T, gy d) (m’ Bg,d|E(‘®+1 |17, s, po; €
_5ﬁﬁ5yt5u1a1§mﬁi’5sx§ﬁzuz<ﬁayaﬁl;b‘ D1p,t, s a) (i, s, V27C\Ep+l ', @, az; d)
— 055 Oyt Opur 1 Ot OsaOvanrn (D5 T, Vlaa‘EZJ 28 y,ah by (', @, 527d|E(p+ |13, 8, f12; €)
+(pt, ul,a\Eﬂ 17y, s ) (7, v, ﬁl,b|E§k B.t, 1113 )
X(n_’i,s,ug;c\Elj \m x, oy d)(m ,x,ﬁ2,d\Eki \m,s,m, ))

TR B I 3 3 3 M I

mlp!
p Jk stmotkp [v Imoazbmoybp g5

@)
)

B t)—>1HX><HYB(s t)—>1HXxHYB(I7y)—>1H$(><H§, (xf!)_)lH%XHﬁV
JH la mp
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drmp | Jrhooksr . (1) 1)~
/ 5rw< >ta ) Ep; _’a ) 7b _’7 ) 7bE 7t7 )
%;CRR (n+m + p)dw \| frhooksg (7, t,v1;al 1j 10, y, ca; )P, y, Bis Ol By [Pt s @)

dy(m/, x 62;d|E(p+1)|7ﬁ S, [lo; C

X<7ﬁ7 S, VQ;C‘E§f+1)‘m/7xaa2a >
a)(m, s, VQ,C\EPH |m, 2, a; d)
)
)

— 857 0yt Ot OsaOapis (B 1, Bus BLESY B, 8, iz
_65275?4156}!1516771%'58160421/2 <]§; t? Vl; a‘Ez(jl)‘ﬁu y7 0617 ><m x 627 d|E](§)+1 |m7 87 ,u27 (&

\/\/

(Bt v a B By, a0 05y, Bus BLES |5t s a

X (17, 8, v; | BTV v, v d) (7 2, Bo; d| EZTY \m,s,m;@).

There are four terms in the above expression. We will deal with each term, one at a time.

3.3.1 First term

Focus on the first term for now

/ !
e NN 3 D RIS

jk skm tkp G lm zkEm ykp aB’

XB(S t)—)lHXXHYB(S t)—)lexHYB(fvy)_)lHS(xH’ B(zvy)_)lefog/
JH la mp

drmp frhooksy . (1)~ » 1)) -
/ 57“11) 7t7 ; K v Yy ab » Yy 7b E;. 7t7 ;
ER;CRR (n—l—m—l—p)dR/“ Frhooksy (0.t visal B |0y, 003 0)(B, y, Brs OBy, | £ pa s a)

N +1) . +1)| >
X<mvs7y2;C|Ei(lp |m €T, s ><m/7$7/827d|E](Z )|m,s,,u2;c>
1
N |HX X Hy|2|H§( X H§/|2m'p'

Jr
Z Crrrhooksgrmp \/ frhooksghooksy Orw Z Z Z Z

R TESm X Sp PESm X Sp y1,72€HY x HY, B1,82€ Hx X Hy

s T (p+l) _— — . . “1p+1) - — -
X<U7ﬁ7m,|E]’i ® )7_ ! (Lp + 1) ¢5202/81 1|U7p7 m}(v,p,m|Ej; ® )Qb ! (17p + 1) TY20171 1|U7ﬁ7m,>

Now, lets study the case that i = j. To find a simple condition on ', m' and p, m that tells
us when this matrix element is non-zero, focus on

(| B (1,p 4 1) [og) (vg] (1, p+ 1) BY |0, (3.43)

If i = j, the matrix element (v, 7/, 777’L’|7'_1E](-f+1) (1, p+1)|v, p,m) forces p+m =g +ni'.
Indeed, Ez(zp ™) is one if the vector in the first slot of WY|v, pym) is vy and it is zero otherwise,
so it clearly does not change the identity of any vectors. The remaining elements between
the two states (i.e. 771 and (1,p+1)¢) can swap vectors around but not change the identity
of any vector. Thus, the identity of the collection of vectors used to construct |v, p, ) must
match the identity of the collection of vectors used to construct |v, ', m’). This then proves
that p+ m = p' + m'. We can argue for this conclusion in a second way: recall that we
obtain R’ from R by dropping box in row ¢ and we obtain 7" from T by dropping a box in
row j. Thus, if i = j, since R’ = T’ we are saying that R = T'. We already know that r = w.
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P+ m tells us the collection of boxes that needs to be dropped from R to get r and p’ + m/
tells us the collection of boxes that needs to be dropped from T to get w. Since R =T and
r = w, this then again proves that p+ m = p’ + m’. We can say a bit more. Consider

(0,7, )¢ (1,p+ 1) E oo, /) (3.44)

This tells you that if you take the state |v, o, m’) and shuffle some of the X slots amongst
each other and some of the Y slots amongst each other (o0 does this shuffling) keeping only
states with vector v; in their first slot, and then swapping the vectors in slots 1 and p + 1,
we can get the vector |v, g, m) by shuffling (according to ¢~') what we have. Thus, to get
lv, p,m) from |v,p’,m') we removed v; from an X slot of |v,p’,n') and inserted it
into a Y slot of |v, p,m).

Now consider
(o, 7,7 [T L EED (1, p + 1), 7, 771) - (3.45)

This tells you that if you take the state |v,p, ) and shuffle some of the X slots amongst
each other and some of the Y slots amongst each other (¢ does this shuffling) keeping only
states with vector v; in their first slot, and then, swapping the vectors in slots 1 and p + 1,
we can get the vector |v,p’,m’) by shuffling (according to 7~!) what we have. Thus, to
get |v,p’,m') from |v,p,m) we removed v; from an X slot of |v,p,m) and inserted
it into a Y slot of |v, p, m).

Thus, the two vectors we are swapping have the same identity. This implies that we must
have p'= p’ and m = m’. Since we must have p'= p’ and m = m’ we find

1 Jr Z Z Z
= /h k /
|Hx X Hy|4m!p! Z CRRTIOOKSR mp\/thooksRhooksT

TESMm X Sp $ESm X Sp 11,72,01,82€Hx x Hy

(p+1) _— - = - +1) ,— — - o
x (v, 5, | E; 1(1 P+ 1) 6820987 o, 5 11) (o, 5, A EL, PTG (Lp + 1) Tyz00ny o, 5, )
1 fr
crp'hooksgmp Orw E E E
Hy x Hy[*m! 'Z \/ hooks phook
| x x Hy|*m!p! frhooksghooksr TESm X Sp $ESim X Sp 11 ,¥2,81,82,p1,p2E Hx X Hy

x8(17 1 pBaoaB p1)8(¢7 " Ty201y1 p2)
x> Y S p+1),k)S(r 1), D8(¢7 (p + 1), 9)5(¢ (1), 7).

k,qGSiym l,TGSi,p

Now, set 7 = a7 and 8 = aff with a € Z,, x Zy, with Z,, x Z,, a product of cyclic groups.
The above expression becomes

1 Jr
= yy—— E cRthooksR/mp\/ Orw E E
|Hx x Hy|*mlp! = frhooksghookst S, behkS,

X > (7t Bac2 By p1)d(¢ 7 Tr20101 p2)

’717727,317/327P1,,02€HX x Hy

x Y Y S Halp + 1), kST (1), D3¢ (alp + 1)), a)5(¢ 7 (1)), 1)

k,q€Si m l,r€S; p
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Z 1 Z Jr Z Z
= lh k /
|Hx x Hy |[*m!p! . CRRIOOKSR \/f hooksghooksy Orw

OEZm X Zp R TESm XSy SESm X Sp

X > 3(r7 @B20a By p1)d(¢ " Tr201Yy p2)

’717727,317/327P1,,02€HX x Hy

x Y Y S Halp+ 1), k) (a(1),Da(e (alp + 1)), 0)6(6 (1)), 7)

k,q€Si m I,r€S; p

1 Jr
= /h k / rw
|Hx x Hy|*m!p! %,: CRRIUOOKSR \/thooksRhooksT Z Z

TESm X Sp GESm X Sp

x > 6(r " 8Ba0aBy  p)6(& ! T2y p2)

Y1,72,81,82,01,02€Hx X Hy

< > 8 (ela), k) (r (o), 1)

k,q€Sim L,r€S; p

1 Jr
= crpr'hooks g Orw
|Hx x Hy|? %: R A’ \/ frhooks ghooksy ¢€Szm:x5p

x > 3(pBaoaBy ' p1)S(6 ™ a0y ) Y D 8((a), k)S(H(r), 1)

Y1,72,81,02,01,p2€Hx x Hy k,gES; m l,r€S; p

1 I
S 'hooks g Sru
[Hx x Hy|? %:CRR CORSR \/ Frhooks ghooks 2. 2.

PESm X Sp Y1,72,01,02€Hx x Hy

x8(¢B209Br )6(¢ e ) D D 6(6(a), k)S(o(r), 1)

k,q€S; m l,r€S; p

1 Ir
=T T 2 Z CRR/hOOkSR/\/ Kk 5rw Z
|Hx x Hy| - frhooksghooksyp 1 B Bae Ho x Hy

x8(v2017y L B20a By )nis (a1)n); (1)

= Z cRthooksR/\/ I O Z 5(01,8202,31_1)7155(01)715(01) .

= frhooksghooksp By Bl xHy

(3.46)

Now, return to the case that ¢ # j. The matrix element <v,ﬁ,rﬁ’\¢_lE](-f+l) (1,p +
1) ¢|v, p,my forces g+ m # § + m'. Indeed, (1,p+ 1)1 shuffles vectors, E](fﬂ) removes v;

and inserts v; and 77! does some more shuffling. Thus, using an obvious notation, we have
PHm—i=p +m —]. (3.47)

We can also see this by noting that since ¢ # j we know that R # T'. We still have r = w so
that the collection of boxes that needs to be dropped from R to get r (described by p'+ i)
and the collection of boxes that needs to be dropped from 7" to get w (described by § + ')
can’t possibly be equal.

Again, we can say more. Consider
v, p,mlot (1,p+1 EWg|v, 7, ) . 3.48
ij
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This tells you that if you take the state |v,p’,m) and shuffle some of the X slots amongst
each other and some of the Y slots amongst each other (o0 does this shuffling) keeping only
states with vector v; in their first slot, replacing this vector v; with another vector v; and
then swapping the vectors in slots 1 and p + 1, we can get the vector |v, p,m) by shuffling
(according to ¢~!) what we have. We can summarize this as

' a=m—1. (3.49)
Now consider
(o, 7,7 [T LB (1, p + 1), 7, 771) - (3.50)

This tells you that if you take the state |v,p, ) and shuffle some of the X slots amongst
each other and some of the Y slots amongst each other (¢ does this shuffling) keeping only
states with vector v; in their first slot, replacing this vector v; with v; and then, swapping
the vectors in slots 1 and p + 1, we can get the vector |v,p’, ) by shuffling (according to
771) what we have. We can summarize this as

p—
i — b:m’—j. (3.51)

The equations (349) and ([B5I) only have two solutions. If we choose & = 7, we must
have b = j and then

m=m'

p—i=p—7. (3.52)
If we choose & = j, we must have b =1 and then

P=v A

m—i=m —7. (3.53)

Thus, only 7 or p can change - but not both. In fact, only one of the Gauss graphs (there
is one graph for the X's and one for the Y's) change - but not both.

It is now rather simple to write the relation between |v, p’,7) and |v, p,m). Consider
for example, (3.52). Let S;, denote the collection of slots that (i) are X slots and (ii) are
occupied by v;. There are similar definitions for S;.,, S}, and 57, . To go from p’ to p',
we want to remove a v; and replace it with a v; and then reorder the slots into the order
prescribed by (BI7). We can do this as

o, 7,y = CEL o, i) g€ 85, €€ SmxS,. (3.54)
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Consequently we can again write a definite relation between |v, 7', m’) and |v, p,m). This
allows us to simplify the matrix element expressions to the structure of elements we have
already evaluated. Now, consider

1
A= Zmip) Z crr'hooksgmp
R/

‘HX X Hy|2‘H3( X H;;

fr
\/thooks RhooksT Z Z Z Z

TESMm X Sp PESm X Sp v1,72€Hy x H{, B1,82€Hx x Hy
- +1) —
x (v, 7, | EL T (1, p+ 1) ¢Ba0 8 o, 1)

X(U,p,ﬂ\E?} (p“)(b 1(1,p+1)7720m v, 7', )

~ Hx x HyP[HY; x Hy2mlp! ZR: VCRR/CTR
hooksg
X MPOyy
vhooksphooksr b Z Z Z

T,0€ESm X Sp v1,72€H'y x H{, B1,B2€Hx X Hy
— 1) —
x (o, 1,1 |, L1 p 4 1) $a0 By v, )

(v, 7, m|ES PG (1, p+ 1) Ty00177 o, 7, ) (3.55)
To start, study
<U7ﬁ7 m/|E;'—iil(p+1)T_1 (Lp + 1) ¢B202B1_1‘U713; ’fﬁ)
= (0,7, @[T EYTY (1, 4 1) ¢ ooy |0, 5, 170) (3.56)

and consider a matrix element for which m = 7/ and 7= § — j + ¢. In this case, we know
that we can write

0,7,y = CEQ o, pm) (€S, g€, (3.57)

We can choose any basis for the vectors |v, p,m), |v,p’,m’) that we like - the result will be
independent of the choice we make. In (B.I7) choose the ¢ and j vectors to sit in adjacent
slots, and always choose ¢ to lie on the border between the two. In this case we can always
choose (, to be the identity. With this choice understood, we have

o, 7, ) = B, 5,m) g€ Siy. (3.58)

In a similar way

—1
(0, 7,m| B T (1,p+ 1) Tye0197 v, 7L )
= (v, P, nﬁ\gzﬁ_lEgH) (1,p+ 1) 7y2017; Ho, 9/, ) (3.59)
and, from ([3.58) we have
v, 5,11y = E o, pl, 1) . (3.60)
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Consequently

1 hOOkSR/
A= / / 67"10
|Hx x Hy [2[HY x Hj[2mlp! ; VCRR CTR e 2

hooksphooks
Vv R T Y1 ,¥2€ H'y x HY,

x> ST (|t EETY (1, p + 1) ¢BaoaSy v, 7 )

B1,826Hx x Hy T,0€Sm xSp
x (v, 7, EXT (1,0 + 1) 720177 Mo, B, 1)

1 hOOkSR/
— C 1 C / m 67“11)
[Hx x Hy[?[Hy x Hy [Pmlp! £ Z VR TR ooksghooksy T 2

Y1,72€H Y X Hy,

X Z Z (v, D, m|E(q 1E](-f+l) (1,p+ 1) ¢BacafBy v, 7, i)
B1,82€Hx xHy T,0€Sm xSy

(v, ', [EL o SV (1,p+ 1) 700171 o, B, 7Y)

1 hOOkSR/
— C 1 C / m 67“11)
|Hy x Hy|2[H x Hy[>mlp! ; VERR TR ks ghooksr. 2

m,v2€HY x HY,

<> > (wRAlr T ERTETY (1Lp+ 1) 682008, v, )

B1,82€ Hx X Hy T,¢€Sm XSp
x (v, ', 17 | L ESD B (1, p+ 1) 7900071 o, 7, )
1

hooksg
— \/C 1 C / m 67“11)
|Hx x Hy|?|HY x H{|[*>m!p! %; RECTR vhooksrhooksp b Z

m,v2€HY x HY,

> S (A EJYERY (1,p+ 1) 80287 7 0r))

B1,82€Hx x Hy T,¢€Sm X Sp

< (V| BSD BT (1,p + 1) oy o vl
(3.61)

We need to understand (vT\EZ-Tj(q)EJ(»fH) (1,p+1) and (v¢|E¢(q E™ (1, p+1) better. Consider
(UT\ET(‘I (v1) (1, p + 1) first. Turn this into a ket state

(1,p+1) E(p+l)ETﬁQ)T| Y= (Lp+1)7 E (P'H)E(CI)‘ )
Plo

::(T W), 7 (p+ 1) B TTVED ) (3.62)

Now, there are a few things we should note. First, recall that ¢ # j. In the matrix element
(B[ EE (1,p + 1) ¢aon By i s) (3.63)

we know that ¢By028; 177! is an element in S, x S, and thus it is not able to swap vectors
between the Y and X slots. The product Ezj(q)E](-f ™) makes an X slot change as (imagine
acting to the right) j — ¢ and a Y slot change as i — j. This amounts to exchanging an 4
vector from X with a j vector from Y. The only way that the above matrix element can be
non-zero, is if (1,p + 1) is able to swap these two back again. Thus, we can write

(e ), o+ D) B PVED ) =7 B VB B B )

Ju 1
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=Y s+ 1) 07 B VEW )

lESj_m

= > ot p+1),0) + > 5 ) | 7). (3.64)

€S m reS;p

Now, each of the terms in round brackets for which index r belongs to a string that loops
back to node j above makes the same contribution so that we have

(Lp+ 1) EXVE Do) =nfi(02) > o(r 7 (p+1),06(r7 (1), q)v,) - (3.65)

1€S).m

The above equation is not exactly true (certain terms on the RHS have been dropped) but
it gives the correct result when plugged into (B.61]). A very similar argument implies that
we can replace

(Lp+ 1) EPVESDD Wy = nX(01) 37 667 (p+ 1), w)d(67 (1), Gla))lly)  (3.66)

wes,

We can now use these results to compute

n:X (o1)nk (o) hooksg
A= “ JJ VCRR CTR' i m 5rw
|Hx x Hy|?|HY x H{|[*m!p! Z RECTR vhooksphooksr b

X Z Z Z Z Z Z S(r p+1),D86(p (p+1),w)

Y1, y2€HY X HY, B1,B26 Hx x Hy TESm X Sp ¢€ESm X Sp I€S)m weS]
S(77H(1),9)0(¢7 (1), C(9)) (v |9Ba0a B T o) (vg| 017y 7 )
niy (o1)n(o2) hooksg/
/CrRRCTR NP0y
|HX x Hy|?|H x H{|*m!p! Z RECTR vhooksphooksr P

<y > >y Y Za (T (p+1),08(67 (p + 1), w)

Y1 ,’yg,’yGH% XH;, B1,82,8€EHx X Hy TESm XSp ¢p€Sm X Sp lESj’m wesg’m
5&7(_1()1)3(%)5(%1( ), )0(17 P02 B) 8¢ Y2011 1)
n. (o1)n hooksg:
7/ C 1 C /
\HX x Hy||H% x Hy|m!p! Z RECTR vhooksghooksr

x Y > DD Za-lp+1>,wa<¢-1<p+1>7w>

Y1,72€HY X Hy, B1,82€ Hx X Hy TESm X Sp $p€Sm X Sp l€S)m weS]

5(m7H(1),q)0(¢7 (1), @)0(1 PBa0afr ) (¢ a0 )
(3.67)

MPOyw

Now, we do the same trick as before, setting ¢ = a¢ and 7 = a7. After performing
manipulations just like we did before we find

n (o1)n} (o2 hooksg/

A C 1 C / r
|Hy x Hy|[H x H§/|m'p' Z VIR hooksghooksy
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DD DD DD S

Y ,v2€HY X HY, B1,82€EHx x Hy TE€ESm X Sp $€Sm X Sp

X Z Z S(r o(w), )o(T7 d(q), 9)0(T 7 PB202 81 ) (¢ Y2017 )

ny (o1)n} (o2 hooks g/
/ / 5rw
= [Hy x Hy|[HY, H§/| Z VR TR o0ks phooksy 2 2 2

Y1,72€H Y xH, B1,62€Hx x Hy TESm X Sp

x5S S w) Do @), )5 Baoa ) S(raonn )

ZES] mweS;

n (o1)n} (o2 hooks g/
57“'[1}
= [Hy x Hy|[H}, % H’ ] Z VR TR o Rs hooksy 2 2

Y1,72€HY x HY, B1,82€Hx XHy

X Z Z 3(v20177 (W), D3 (20171 (9), 9) 8(Baoa B 12017 ) -

(3.68)

Consider

YD dney(w), ) = nlt (o) (3.69)

lGS] m wES

where ny+( 09) = n}?(m) is the number of strings going from i to j in the Gauss graph
associated to the Y's. The fact that this n?(ag) appears suggests that the strings stretching
between ¢ and j in the Gauss graph associated to the Y's are participating, even though it is
the X Gauss graph that undergoes the transition. Thus

n (o1)n}5 (o hooksg/
e Z VeRRCTR o Y >
‘HX X Hy||H X H ‘ v'hooksghooksr Y1,72€HY x HY, B1,82€ Hx x Hy
n)H(02)8(120171 ' (0), 9) (80281 120171 )
(3.70)

A=

Next, consider the role of §(y2017; '(q),q). This tells us that a single string, which loops
back to the same brane, is plucked from brane i (or j) and reattached to brane j (or 7). This
follows because the string which is plucked has startpoint ¢ and end point v,017; *(¢). So
the delta function is setting the start point equal to the end point. Another way to say it is
that states with different values for the n; or n;j don’t mix - and this is why the terms in
the dilatation operator that mix X and Y commute with terms that mix X and Z and the
terms that mix Y and Z. The role of this delta function is also easy to interpret in terms of
the Gauss graph: the two Gauss graphs that mix, oy and o,, are related by peeling a closed
loop from node i of o;¥ (or ¢} ) and reattaching it to node j of o5 (or o3 ). This implies
that, as permutations, oy and oy are identical (recall that closed loops are 1 cycles).

If we peel a string from node i of i and reattach it to node j of o5, the factor

A (00)nf(02) = nj (01)(n35(01) +1) = (n; (02) + 1)n(02) is the number of strings starting

n JJ
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and ending at node i before we peel a string off, multiplied by the number of strings starting
and ending at node j after we have attached the string.

Notice that the delta function &§(y2017; *(q),¢) reduces the full sum over 7; and v, to
those elements of H’ x H{, that leave ¢ inert. This is a subgroup of (H% x Hy )N (Hx x Hy)
that we will denote G,, ,. Consequently, the size of this matrix element is

ngs (01)n35(02)n55+ (02)[Goy o (3.71)
Notice that
gdl gUl
[Goval Na;q| =n; (01) [Go14] Na’:‘ =n}i(02) . (3.72)

These two formulas follow because N, counts the number of symmetries of the Gauss graph,
while |G, ,| counts the number of symmetries that don’t include permutations of the closed
loop corresponding to ¢q. Thus, we finally see that the normalized matrix element is nothing
but

hooksg
Vhooksphooksr "™ niy ()ngj(02)ny; " (02). (3.73)

VCRR CTR'

The evaluation of the fourth term is practically identical and will not be discussed.

3.3.2 Second Term

Now consider the second term

Hx x Hy||H% x Hi, s,t) y
R 3)3)3) %) 3 9 9) DA

jk skm tkp Gv lm zbm ybp aﬁ
(z,y)%lefogl (:c,y)—)le(X‘qg/

mf

drmp frhooksr (1)
/ 67"11) _;ta ; _,7 ) ab _I7 ) abE _:t7 ;
%:CRR CET s i\ T ooksy (Bt visalp, y, o0; b)Y, y, Bu; OLES |9, ¢, ps a)

X<7’?L,$’1/2;C|EZ.(JP+1 |m T, Q2] ><777L,,.23,52;d|777l, S,Mg;C)
1
"~ |Hx x Hy|2|HY x Hi}|2m!p!

dTmp fThOOkST
> crm D DD DS >
- (n4+m+ p)dp thOOkSR PSSy BE XSy i ae e x HY, B fae o Hy
X 8 O (0, B 17 |7 L ESY 6 Bacra B o, 7, 1)
x (v, 5, |~ BT ryp0y7 o, 7).

B(st —>1HXXHYB —>1HXxHYB

(3.74)
For the above result to be nonzero it is clear that we need
p=p m—i+j=ny (3.75)
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as well as

—

p=p m=

=/

Consequently, this term is only non-zero when ¢ = j. In this case

1
|HX X Hy\4m'p'

dTmp fThOOkST
> _crm w D D > >
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k€S m
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lesl m
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N |HX X Hme!p!

drmp fThooksT
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dT fThOOkST
%: CRE (n+m+p)dp thooksR Z Z Z Z
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X Z 25(7_1( Z Z o(o 1020981007 01y )
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- |HX X Hy‘2
dTp fThOOkST
Z CRR! Oruw Z Z Z
R (TL +m+ p>dR, thOOkSR TESM XSp v1,72€Hx xHy B1,82€Hx xHy
><nj’an’Y(S(T_1520251_1)5(772617171_1)
- |HX X Hy‘2
dT fThOOkST
e WY %
R (n +m+ p)dR, thOOkSR Y1, 72€Hx X Hy f1, 52€HX ><Hy
xn*n Y 5(Baca B e )

dT fThOOkST +,X + Y 1
- / 67"10 J
%: CRR (n4+m+p)dg \| frhooksg Z i (Beafy o)

B1,82€Hx x Hy
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(3.77)

In summary, and perhaps writing it a bit more clearly, we have

HX Hy HX HY Yy
5 5) 3) 30 3) ) 3) S LA

jk skm tkp gy lm axbm ybp aﬁ
(x7y)—>1H3(><H§/B("E7y)_>1H3{><H§/

mp
drmp | frhooksy . 1)
C / 67“11} _;t,V;CI, 9 ,O{;b _’7 9 7bE _:t7 ;a
%: RR (n+m + p)dg \| fahooksr (p 1 alp’, y, a; 0) (0, Y, Ba; b ji D, t, g1 @)
x (11t 5, va; | BV, cugs d) (171, , B d|iih, 5, o €)

dr frhooksy +X _+Y
= 057 O/ CRR! Orw n; " n;’ Y 62‘726_1‘71
P Z ‘(n4+m+p)dg \| frhooksg 8 BﬁgHixHY ( v o)

B(St—)lexHYB —>1HX><HYB

(3.78)

Notice that this term is already diagonal in the Gauss graph basis. Notation: n;"" is the
number of strings ending on node i of the X Gauss graph; n; is the number of strings
starting on and then looping back to end on node ¢ of the X Gauss graph.

The evaluation of the third term is practically identical and will not be discussed.
3.3.3 Final Answer

In this section we will summarize the action of the term in the dilatation operator that mixes
Xs and Y's on the Gauss operators.

ni(c,) n*(G,) y
i . Ni(cy) i ” i _"y(0y)

Figure 2: The Gauss graph on the left is described by o1, while the Gauss graph on the right
is described by og,. To make a transition between the two pairs of Gauss graphs shown, we
pluck a string from node 7 of the X graph on the left and attach it to node j of the X graph
on the right. The numbers which participate are (i) the number of strings n . stretching
between nodes i and j of the Y graph, (ii) the number of strings attached to node i of the
X graph before a string is removed ng (o1) = nif (02) + 1 and (iii) the number of strings
attached to the node j of the X graph after a string is attached n;s (o1) + 1 = n;X (09).
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Here is the final answer for matrix elements of D taken with normalized operators. The
diagonal terms are

(Oh () Dy O (@) =23 5% (o) “nlo)Y = nio) “nlo)Y) (379

Now, consider an off diagonal term. One possible non-zero matrix element corresponds to

the case that the X Gauss graph changes, by detaching a loop from node i of the oi* Gauss

graph and reattaching it to node j. The matrix element describing this process is (recall
Y

that we only ever get a non-zero matrix element if n)j(01) = n)j(02) and nj} (01) = n;j(02))

(Ohey(0) DxyOnso) = =\ [FLE oy o) (o) +1) (3:80)

Another non-zero matrix element is obtained when the Y Gauss graph changes, by detaching
a loop from node i of the o) Gauss graph and reattaching it to node j. The matrix element

describing this process is

C 1 C /
(Oher(0)DxyOns(o)) = = [ o) + 1) (81)

This gives a complete description of the action of the term in the dilatation operator that

mixes Xs and Y's on the Gauss operators.

3.4 Diagonalization

To understand the structure of the diagonalization problem, lets start off with a warm up
problem. This will also be an example of the use of the formulas (3.79), (3:80) and (B.81]),
which will allow the reader to test her understanding of our result. Consider the Gauss
graphs shown in figure Bl Using the formulas from the previous section, there is a transition
between |1) and |2). To understand how we have labeled the dots, we must detach a loop
from black node 3 of |1) and attach it to black node 2 of |2). Denote the Gauss graph
correspodning to |1) by o1 and the Gauss graph of |2) by 5. We have nigg(0y) = 1 (read
from the red Gauss graph), ni,(c;) + 1 = 2 read from |1) and nl;(o;) = 1 read from |1).
Thus, in total the matrix element is

(N +15)(N +13)
— \/ L V2 (3.82)

As a second example, the matrix element for the transition between |2) and |3) is

B \/ (N + 1) (N +13) (3.83)

lLils
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Figure 3: The 10 states that appear in our first example are defined in the figure above.

For the 10 states shown, we have the off diagonal piece of the dilatation operator given by

N +1)(N +1 N + 1) (N +1 N+ 1) (N +1
AW )y JE RN SRV gy
l1l2 lglg l1l3
where
[0 0 —v/2 0 =2 0 0 0 0 0 |
0 0 0 -2 0 0 0 0 —/3 0
V2 0 0 0 0 0 0 0 0 0
0 -2 0 0 0 0 0 0 0 —3
V2 0 0 0 0 0 0 0 0 0
Mz2=1"9"" 9o 0o 0o 0 0 -10 0 o0 (3.85)
0 0 0 0 0 -1 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 —v3 0 0 0 0 0 0 0 0
o 0 0 -3 0 0 0 0 0 0 |
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and we have the on diagonal piece of the dilatation operator given by

(3.88)

Mg

(N +13)

I3

My +

(N +1y)

2

My +

(N +1)

Iy

where

(3.89)
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(3.90)
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To get some insight into the structure of these matrices, note that the matrix
M = My + Mag + Msz + Mz + Moz + M3 (3.92)

has eigenvalues 0, 3,3,6,6,6,9,9,9,9. The even spacing and the degeneracy of the eigenval-
ues matches the weights of the symmetric representation L[ Tofsu (3). This strongly
suggests that, we can understand the off diagonal pieces of the dilatation operator as rais-
ing/lowering operators of some SU(k) representations, with k& < g. Recall that ¢ is the
number of rows in our restricted Schur polynomials. This guess turns out to be correct as
we now explain.

First, we need to define a bijection between the Gauss graphs that mix and the states of a
particular unitary group representation. Lets start by considering a situation for which the Y
Gauss graph is fixed and we have transitions between different X Gauss graphs. We can only
have transitions of closed loops between nodes ¢ and j in the X Gauss graph if n};(a) # 0.
Denote the number of connected components of ¢¥ by C. Each connected component is a
set of directed line segments running between nodes. Let ¢ denote the number of connected
components that have more than a single node. Let the number of nodes in each of these
connected components be n;, ¢ = 1,...,c. The irreducible representation that organizes the
oX graphs is an irreducible representation of the group

SU(ny) x SU(ng) x -+ x SU(n,) (3.93)
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Focus on one of the connected components, say the ;' connected component. Assume that
there are a total of 7 closed loops attached to nodes of X that belong to this connected
component. The irreducible representation of the SU(n;) factor in the above group that
plays a role is labeled by a Young diagram that has a single row containing n boxes. We now
want to give the map between different X Gauss graphs and states of this representation.
Number the nodes in the j™ connected component from 1 up to n;. Consider an X Gauss
graph that has ni; strings attached to node 1, ng; to node 2, and so on up to n,;,, attached
to node n;. The Gelfand-Tsetlin pattern for this state

ml,nj m2,n]~ cee mnj—l,nj mnjnj

ml,nj—l mQ,nj—l v mnj—l,nj—l

=
I

- ) -

has m, , = 0 for p > 1 and

q
Mig = Z i (3.94)
i=1

This completes our discussion of how the Gauss graphs are organized, for a fixed o¥. To
complete the discussion note that there is a completely parallel argument with the roles of
oX and o switched.

As a concrete example, the Gauss graph in figure @ corresponds to the Gelfand-Tsetlin
pattern
ni1 + N2z + N33 0 0
‘M) = ni11 + no2 0
ni1

This map between Gelfand-Tsetlin patterns and operators labeled by Gauss graphs turns
out to be useful because we know the matrix elements of the Lie algebra elements in the
Gelfand-Tsetlin basis. For example, let us consider the lowering operator E; ;1. This will
shift n; — n; — 1 and 741,41 — Niy141 + 1. The net effect of these shifts in the Gelfand-
Tsetlin pattern is to replace m;; — m;; — 1; we will denote this pattern by M, . The
Gauss graph corresponding to M, is obtained from the Gauss graph corresponding to M by
peeling a closed loop from node ¢ and reattaching it to node 7 + 1. We have already studied
the matrix element of the dilatation operator that mixes these two Gauss graphs and have

found
C 1CT R/
N RI,%, = nZz‘H(U) \/nff (@) (n 1, 41(0) + 1) (3.95)
lzlz-‘,-l

where o describes the state with Gelfand-Tsetlin pattern M. According to [43] the matrix
element for the lowering operator, written in terms of the entries of the Gelfand-Tsetlin
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pattern, is

_Hf,::ll(mk/,lﬂ —myy+k—k+1) 27:11(77%',1—1 —myy +k— k)

Hﬁd:l,k’;ﬁk(mk/,l-ﬁ-l — g + k=K + 1) (mpr g0 — gy + k= k)

N4 4 %
N
22
N33

Figure 4: The Gauss graph is shown in black. Closed loops can detach from a node and
reattach to another node.

(M |Eiia | M) =

(3.96)

Plugging in the patterns for the two Gauss graphs that mix, it is straight forward to see
that (3.96) evaluates to

V@) (0) +1) (3.97)

Comparing to (3.95) we see that the off diagonal term of the dilatation operator that we are

considering is in fact
CRR'CTR’
— 7”ZZ‘+1(O—)E@Z’+1 (398)
lilisa

We will state the result for the general case, for which loops move on both the X and Y
Gauss graphs, using an example for illustration. The Gauss graph relevant for this example
is show in figure Bl

Note that ¢* has two connected components, one which has 2 nodes and one which has
4 nodes. Consequently the group relevant for the organization of the Ys is SU(2) x SU(4).
Counting closed loops on the nodes in 0¥ grouped by the connected components of o we
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Figure 5: The graph on the left is 0X. The graph on the right is ¢¥. Each node label in the

above diagrams corresponds to a row number of Young diagram R in the restricted Schur
polynomial X g, sz The Gauss graphs shown correspond to an R with 6 long rows.

find that the representation of SU(2) we need is [ [ Iwhile the representation of SU(4) we
need is D:\:I:Ij Also, 0¥ has three connected components, each of which has 2 nodes.
Consequently the group relevant for the organization of the Ys is SU(2) x SU(2) x SU(2).
Counting closed loops on the nodes in 0% grouped by the connected components of o we
find that the three representations for the three different SU(2) groups we have are Djj,

‘ | | ‘ and | ‘ ‘ Denoting the groups that appear with a superscript

G x G x GB) x GW x GO = SU(2) x SU(4) x SU(2) x SU(2) x SU(2)  (3.99)

we can write the off diagonal terms in the dilatation operator as (the superscript on the Lie
algebra element tells you which group it belongs to)

N +13) (N +1 N+ 1) (N +1
Doff diagonal — _\/( 3)( 4) (Eg E( )) \/( 4)( 5) (Eé?i + EE(32))

l3l4 l4l5

N +1I5)(N +1 (N +1g)(N +1
(N + )N+ 6)(E§i + ED) +1l6) (N +13)
Il lols

_2\/(N+l1)(N+l2)(E + B 2\/N+l3 (N+1) o), o)

2 2
(ED + EY)

l1ly l3ly

N N (N N
_9 (N +5)(N + 1) (B9 4+ EWY — 9 +13)(N +1y)
l3l4 l3l4

(EY) + E)3.100)

The specific representation we should use for each Lie algebra has been spelt out above.
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3.5 Conclusions and Discussion

In this chapter we have evaluated certain subleading terms in the action of the dilatation
operator in the su(3) sector. The operators we have studied have a classical dimension
that scales as N. Consequently, even at large N, non-planar diagrams need to be summed
and the limit we study is quite distinct from the planar limit. There is by now growing
evidence that the dilatation operator in the large N but non-planar limit can be mapped
into the Hamiltonian of a set of decoupled oscillators and hence that this limit of the theory
continues to enjoy integrability. In the su(2) sector, a new conservation law has been found.
The corrections that we have evaluated spoil this new conservation law and consequently,
these terms may be the first indiactions that the limit we consider is not integrable.

Our results clearly show that although the new terms do spoil the old conservation law,
the system that emerges continues to be integrable. Indeed, the terms in the Hamiltonian
that mix X and Z or Y and Z commute with the terms that mix X and Y, so that we
simply need to change basis inside eigenspaces of fixed anomalous dimension. This change
of basis has been reduced to the problem of diagonalizing certain elements in the Lie algebra
of a well defined representation of a definite product of special unitary groups (the specific
representation and product can be read off of the Gauss graphs as we explained in the last
section). This is a solved problem in group theory.

The term in the dilatation operator that mixes X and Y does not act on the Z labels.
The eigenproblem in the Z label, after moving to the Gauss operator basis, reduces to an
oscillator problem[27]. The eigenvalues of the term in the dilatation operator that mixes
X and Y sets the ground state energy of these oscillators. Note however that the BPS
operators, which correspond to Gauss graphs with loops that start and end on the same
node but no directed segments between nodes, are annihilated by the term in the dilatation
operator that mixes X and Y, so that these operators remain BPS even when the corrections
we have computed are included.
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4 Higher Loop Non-planar Anomalous Dimensions

In this chapter we consider the action of the dilatation operator at higher loops in the su(2)
sector. The restricted Schur polynomials we consider are built only from the two adjoint
scalars Z and Y. In other words we set p = 0 in (Z9). The one loop and two loop answers
for the spectrum of anomalous dimensions show an interesting pattern. The action of the
dilatation operator at one loop and at two loops factorizes into a piece that acts only on
the r label - i.e. on the Z fields and a piece that acts only on the s and i labels, i.e. on
the Y fields. Further, at one loop and at two loop the factor that acts on the Y fields is
identical[31]. This prompts a very natural question: does this persist at higher loops? In
this chapter we will argue that it does.

A brute force field theoretic approach to this problem seems hopeless. Here however,
we can take some guidance from progress made in the planar sector of the theory [44].
Indeed, working in the su(2|3) sector of theory and using the symmetry algebra as well as
structural features from field theory, a great deal of information was obtained about higher
loop corrections to the dilatation operator[44]. In the su(2) sector that we study, we have
operators J that generate an SU(2) subgroup of the full SU(4) R symmetry enjoyed by the
theory. The J rotate the Y and Z fields amongst each other. Since their eigenvalues are fixed
by the su(2) algebra, we know that these generators do not receive quantum corrections. One
of our results is a concrete expression for the action of these generators, in the large N limit,
on restricted Schur polynomials. This is described in section 4.1. In contrast to the operators
J the dilatation operator does receive quantum corrections. Since the operators J commute
with the dilatation operator, we do have some information about higher loop corrections.
Using this algebra, together with the large N limit and the constraints that follow from the
fact that the dilatation operator is constructed by summing Feynman diagrams, we will give
compelling evidence that the factor in the dilatation operator that acts on the Y's is given by
the one loop expression at any loop order. Concretely, the algebra [j, D] = 0 implies a set of
recursion relations, hermitticity of the dilatation operator equates certain matrix elements of
D and the fact that we work at large N implies that we can neglect changes in Young diagram
r and further that the relation between R and r is preserved by DL. The derivation of these
recursion relations and the structure of the dilatation operator and a demonstration that
they determine the one loop dilatation operator is carried out in section 4.2. This analysis is
most easily extended to higher loops by employing a continuum limit. The structure of this
continuum limit is developed in section 4.3. In section 4.4 we demonstrate that the recursion
relations derived in section 4.2 are replaced by partial differential equations. These partial
differential equations describe all higher loops corrections to the dilatation operator. As we
explain in section 4.4, they can be solved rather completely.

L7 is obtained by removing boxes from R. When we say that the relation between R and r is preserved

by D, we mean that D will only mix operators that are obtained by pulling the same number of boxes from
each row of the big Young diagram R to obtain r.
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The fact that the factor in the dilatation operator that acts on the Y's is given by the one
loop expression at any loop order is not completely unexpected. Indeed, the diagonalization
of this factor, achieved in general in [28], gives the set of states that is consistent with the
Gauss Law constraints on a compact giant graviton world volume[24]. We expect these
constraints to be satisfied at any order in the loop expansion, because the Gauss Law is an
exact statement.

For simplicity we have restricted ourselves to the sector of the theory that is dual to a
system of two giant gravitons. It would be straight forward but rather tedious to extend this
to systems of more than two giant gravitons. A much more interesting generalization is to
go beyond the su(2) sector, because symmetry is not very constraining in the su(2) sector.
This follows because the dilatation operator is abelian and not part of a bigger algebra.
Restricted Schur polynomials for the su(2|3) sector have been derived in [45] and the use of
symmetry in this sector would represent a very interesting generalization.

Another problem that should be tackled is to determine the factor in the dilatation op-
erator that acts on the Z label. Understanding this factor, together with the results of this
chapter, would allow a determination of the exact large N anomalous dimensions. This is
not as unexpected as one might expect. Indeed, the operators we study are dual to giant
gravitons. One expects the local relativistic invariant world volume theory dynamics to
emerge from the sector of the theory we are considering. This picture suggests a relatively
simple expression for the anomalous dimensions, determined by relativistic dispersion rela-
tions. The simplicity we find in this chapter is the first signal that this expectation is correct.
For closely related discussions see [46), [47].

4.1 Action of su(2) elements on restricted Schur polynomials

In this section our goal is to compute the action of the generators J. and J3 on restricted
Schur polynomials. We will freely make use of the results obtained in [26] in this section.
Recall that in terms of the complex coordinates z and y, we can realize the su(2) algebra as
follows

0 J_ = Z2 J3 = y2 — z2 (4.1)

Jr = Yo, dy’ oy 0z

This follows because SU(2) rotates the complex coordinates into each other. These genera-
tors close the usual algebra

[Ty, J_] = Js, [, Ju] =2, . (4.2)

When acting on the restricted Schur polynomials the generators are

(v ). em(zh), aen () m(zh). us
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This follows because the SU(2) R-symmetry rotates the matrices Z and Y into each other.
In what follows we will again make use of the identity (3.3)).

Consider a system of g giant gravitons, i.e. the Young diagrams labeling the restricted
Schur polynomials have a total of g rows. Our operators are built using n Zs and m Y,
with n > m. With p = 0 (2.9) becomes

Xr.(ro)i(Z,Y) n'm' > Trpgp (M%) Te(eY®™ @ Z°7). (4.4)

O'ESn+m

We now have only one multiplicity label /i, which resolves the different copies of s - m. As
before, the restricted trace can be written in terms of an intertwining map Pg (¢ as

Tr(’”vs)ﬁ ( ) ) =Tr (PR,(r,s)ﬁ T ) (45)
which factorizes as[20]
P rs)i = Do @ 1, (4.6)

It is possible to compute Pg () explicitly for restricted Schur polynomials that are labeled
by Young diagrams R with long rows and well separated corners[26]. We call this the
displaced corners approximation. Recall that n > m and that R has g long rows. We hold
g fixed and order 1 as we take N — oo. In this limit the difference in the lengths of the
corresponding rows of R and r can be neglected. Let V; be a g dimensional vector space. In
the construction of the projectors we removed m boxes from R to produce r with each box
represented by a vector in V. The matrix E;; acting in Vj, is a g X g matrix with a 1 in the
i*" row and j™ column, and zeros elsewhere. The space V,®* obtained by tensoring k copies

of V, will also play a role in what follows. The matrix EZ(]a )

acts as E;; on the a™ copy of
Vy in Vg®k and as the identity on all other copies. In the displaced corners approximation
the multiplicity label is a pair of Gelfand-Tsetlin patterns. Both the space Vg®k as well as
the EZ(; ) will play an important role in the computations that follow. For more details and

background see [26]. Consider the action of J_

d
J—XR rs)*(Z Y) =Tr (ZdY) XR,(r,s)fi (Z> Y)
— nlm‘ > Trpp (TF(0) Te(eY® ™ @ 28
O'GSn+m
m R dT(n + 1)'( 1) _
= m! ; Tr 5 (F (U)) JZ: dprdy (0 +m)! XT,(t+,u=)7* (o I)XT,(t+7u_)ﬁ(Z’ Y)
OESn+m T,(ttu™)o

Z dT n+ 1) (n+m)
dyrdy-(n+m)!  dr

5RTT1"R@T(PR (r,9)id T, (4 - )u*)XT (t+u=)7 (Z,Y)
T,(ttu)v
n+1
= Z T d Trr(Pr,(r,s)a Pr,(t+ u o )X R+ )7 (Z,Y) - (4.7)
t u-

t+u=)7
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In the above expression ¢t is a Young diagram with n + 1 boxes, t© + n + 1. The +
superscript indicates that a box has been added to t. Similarly v~ F m — 1 with the —
superscript indicating that a box has been removed from w. Let us now discuss how to
perform the trace in the above expression. Using the factorized form of the intertwining
map in (40), we have[26]

Trr(Pr,(rs)i Prt+ uyoe) = Trr(Psg @ 1+ Py @ L4t ) . (4.8)

The only way that this trace can be non-zero is if it is possible for t* to subduce r. Write
the projector 1,+ in terms of its action on the m*" slot and 1,. As an example to illustrate
the idea, consider

1 ‘:Eﬁ”) ® 1 +ED @1 7 (4.9)

In the same way, if t]' = r we have
1+ =B @ 1, + - (4.10)

where --- collects the terms that don’t contribute to the value of the trace. Consequently,
in the displaced corners approximation we find[26]

TrR(PR,(r,s)ﬁPR,(tJF,u*)ﬁ*) = TrR(psﬁ ®1, - Du—i» @ 1t+)
= > dTryen(pe - pu-ie @ B )0y, (4.11)

To proceed further, recall that the multiplicity labels i and 7 stand for Gelfand-Tsetlin
patterns, that is, states of U(g). In addition, E; = |v(i))(¢(i)| and there is no sum on .
The state |¢/(7)) is a state in the fundamental of U(g) - it is a g dimensional vector of zeros
except for the i entry which is a 1. The projector ps; is[26]

Z | M a) (MP2al (4.12)

where |M# a) is a state labeled by a Gelfand-Tsetlin pattern. M# is the pattern and a
labels states inside symmetric group irreducible representation s. This state is obtained by
taking a suitable linear combination of tensor products of m copies (one for each slot) of
the fundamental representation of U(g). Rewrite this state as a linear combination of states
which are each the tensor product of the fundamental representation for the m™ slot, with
a state obtained by taking the tensor product of states of the remaining m — 1 slot

M a)y = > CMale\Mm b) ® | ML) . (4.13)

S s’

aq 1
MO ML,

2t is the Young diagram obtained by dropping a box from the i*" row of ¢,

3Tt is useful to spell out the index structure of the next equation. The index a runs over states in S,
irreducible representation s. The index b runs over states in irreducible representations s’ subduced by s
when S, is restricted to S,,_1. We can thus put a and the sets of different b indices (one for every s) into

correspondence.
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| ML) stands for a state in the fundamental representation of U(g), |[ML) = |5(l)). When
El(lm) acts on |M#  a) it will pick out the piece with [ = 4. Thus,

m w1 wo
Trvg®m(psﬁ © Pu—ir @ Ez(z )) = CM&l M, CM&2 M, Tl“V®m l(ps 'a pu—fi*)
—d, CMff " Cij . (4.14)

The Clebsch-Gordan coefficient can be written is in terms of bras and kets as follows
cMyf e = (1 @U@ (4.15)

Using this notation we finally have

Trr(Pr,(r,5)i Pr 1+ =) Zd - {pa|va @ 0(i)) (1 @ U(4)| 1) 0y, - (4.16)
Thus,
J Xrre)i(Z2,Y) = (t+zu:) Ter_;lTrR(PR r )i PR, (4 u )+ ) X R, (6 u~)
Z Z ORT O, Ll)d@@% ® (i) (1 ® V(i) |p) X R,y - (417)

(ttu—

We want the action on normalized operators. The two point function of our operators are[15]

frhooksg

Ok o2, Y W i 2:Y)) = Orrdrideaiop S mos

(4.18)

By rescaling we can get operators with two point function equal to 1. Denote these by
OR,(r5i(Z,Y). Acting on the normalized operators we have

J—ORﬁ(r,s)ﬁ(Zay): Z (J—)T,(ﬁ,m)ﬁ,R,(r,s)ﬁOT,(ﬁ,m)g(Z,Y) (4.19)

T,(t+ u=)7

where

) B hooks,hooks,
—)T,(t+ u=)7, R (r,s)ii = hooks;+ hooks,,-

3 b, CE D oy 0 500) o )

dt+
hooks,;+hooks; . »
- ORTO v v . 4.20
\/hooksrhooksu XZ: R0, (pizlve © 0(0)) (1 @ 0(i) | pa) (4.20)
Very similar arguments give
J—i—OR,(r,s)ﬁ(Z, Y) = Z (J+)T,(t_,u+)177 R,(T,S)ﬁOT,(t_,u+)l7’(Za Y) (4.21)
T,(t— ut)o
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where

7 _ hooks,hooks,
+ )T, uwt)d, R,(r,s)d — hOOkSt* hOOkSu+

3 B gm 4 )2 1y @ 50 s ©50)

o+
it 5o e 6
and
J30Rr0i(Z,Y) = Z (J3) 7,7, R r,) 7O, (67 (2, Y) (4.23)
T\(t)7
where
(J3)7,(t,0)7, R(r,s)ii = ORTOrOusOz(m — m) . (4.24)

Our main interest is in the case of 2 rows. This is the simplest setting in which to
develop our arguments because in this case there are no multiplicities for the irreducible
representations that organize the Y fields. We will make use of a vector m which summarizes
how to obtain r from R. Consider Og ). The vector m = (my,ms) tells us how boxes
should be removed from R to obtain r. Denoting the row lengths of R by (R;, Rs) and of r
by (r1,72), we have Ry = r; +my and Ry = 5 + my. As explained in Appendix E.1 of [26],
we can trade the irreducible representation s organizing the Y fields and m for an SU(2)
state. In the new labelling, we specify an operator (which belongs to the sector of the theory
constructed using n Zs and m Y's) by giving the Young diagram r and an SU(2) state with
labels (7, j3) wherd]

o m—+ 27 m—2j ) my; — My
§ = (.]7.]3) A S1 = 9 J3:T

(4.25)

We will use the j, 72 notation in what follows.

We know that J, removes a Z box and adds a Y box. Thus, it could have the following
possible actions on r, the irreducible representation organizing the Zs (the box to be removed
has a — sign in it - i.e. drop the box with the — sign)

—

jg,'l"l,’f’g j3+§arl_1ar2

OR

4s; denote the row lengths of s.
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BRI
_> -

1
P 5 1T~ 1 (4.26)

It is trivial to understand how the row lengths r; and ry change when the box shown is
dropped. To understand the changes in 53, note the following: J, does not change the shape
of R so that if we know how r changes, we know how m changes. In the first possibility
above we remove a box from the first row of r which implies that m grows by 1 and hence
that j3 grows by % In the second possibility above we remove a box from the second row of
r which implies that msy grows by 1 and hence that j* decreases by % Since we have added
a'Y box, J; can have the following action on s (the box that has been addded has a + in it)
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—
J J+5
OR
HEN
N +
j—= (4.27)
Consequently we haveH
(n—1,m+1) . 1 -3 1 (n—1,m+1) . 1 -3 1
JLO" ™ (ry, j, %) = A O (7’1—1>J+§>J +§)+B+O ’ (Tl—laj—éaj +§)
1 1 1 1
+CL O LMD (1 5,3'3 -3+ D, O tm D (py 5 — 50 = 5) (4.28)
We will describe the computation of Ay in detail. From (£22) we have
hooks, hooksu+ 7. 1 1 1 4 1 2
-, = — — 4.29
~ |/ ook, V hookss DI LA A 2>) (429)
where
hooks, (7‘1 + 1)(ry —7a)
hooks;- (ri—ry+1)
/hooksu+ m+2j+42j+1
hooksS 2] +2
1\ 41
= 4.30
Putting the above factors together, we find
A, = (ri 4+ 1)(ry —12) m+2j+42j:+1j+‘j3+1‘ (4.31)
(ri —ra+1) 2 27 +2 2541

In the large N limit this simplifies to

m+2j+42j+15+53+1
AL =/r . 4.32
* \/ 27+2 25+1 ( )

5Note that we don’t need to display 75 since 7 = n — 7]
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Very similar arguments imply that

m—2j+22j+1j5—j3
\/7¢

275 25+1°
m+2j+42j+15—532+1
C,. =
* \/7\/ 27+2 2j+1 7
m+2j+42j+1j+]
D, = 4.33

Next, consider the action of J_. We know that J_ removes a Y box and adds a Z
box. Thus, it could have the following possible actions on r, the irreducible representation
organizing the Zs (the box added has a + sign in it)

L] L [+
- !
j3,rl,7’2 j3—§,7“1—|—1,7‘2
OR
NN
. ¥
j3+§>7’1,7”2+1 (4.34)

Since we have removed a Y box, J_ can have the following action on s (the box removed
has a — in it)

o1
J J 9
OR
[ T[]
_> 1 -
ity (4.35)
Consequently we have
. el o1 1 L _ _ 1
JOU(ry, j,5%) = AL (41, + 55 = 5) + BLOWH (i 41— o - )
1 1 1 1

+C_ O (ry i =, 5 4 5) + DOy — o 4 S (4.36)

2 2 2
To compute A_, note that (€.20) implies that

hooks;+ | hooks; a1 111 2
T 55l T =5 4,
\/J\/J (W 5930+ 57 2>) (4.37)

2




where

[hooks;+  [(r1 +2)(r1 —r2 + 1)
hooks, (r1 —ry+ 2)
hooks,  [m —2j2j+2
hooks,- 2 27+1

a1l 11 L, 1N\ -4
<<J,J3|§,§;J+—,J3——>) =t

2 2 2j + 2

Thus, we find

(r1 — a4 2) 2 2j+1 2j+2

4 :\/(7’1+2)(7“1—7’2+1)\/m—2j2j+2j—j3+1

In the large N limit this becomes

—2]2]+2]—] +1
W |

274+1 2542

Very similar arguments imply that

\/m+2]+2 27 j+j

27 +1 25
2]23+2]+] +1
\/ )
27+1 2542
m+2j+2 27 j—j
= \/T9 .
27+1 25

Using these results it is straight forward to find

[J+7 J—]O(mm)(rb.j?jg) = _nO(mm) (T17j7j3) .

(4.38)

(4.39)

(4.40)

(4.41)

(4.42)

Noting that JsO™™)(ry, 5, 53) = (m — n)OM™(ry, 5, 7%), this is indeed the correct large N

limit of (Z2)).

4.2 Recursion relations and one loop dilatation operator

The one loop dilatation operator in the su(2) sector[6]

Dy = —gan Tr [Ya Z] [a% 82}

20

(4.43)



acting on two giant graviton systems, is given by [25] 26]

. 1 (m+2)(5%) -
(n,m) 3 — 2 - . (n,m) 3
D2O (701,],] ) gYM|: 2 (m ](]+1) AO (Tl’]’] )
(m+2+4)(m—2j) G+ + D -5+ 1) , ,
AO™ 1,5
\/ 25+ D@ +3) 2 +1) )
(m+2j+2)(m—25+2)(j+75°) —7°) , ,
AOm™ — 1,5
+\/ 2+ )@ - 1) 2 (rd = 1,5°)
(4.44)
where (ro =n — 1)
AO™™(ry,4,5%) = /(N +r1)(N + 1) (O™ (ry + 1,5, 5%) + O™ (ry — 1,5, j%))
—(2N + 11 +12)0"™ (1, 5, 5°) . (4.45)

Our goal in this section is to argue that we can recover (44 by requiring that the correct
algebra

[Dy, Jy| = 0= [Dy, Js] (4.46)

is obeyed. We have already obtained a formula for the action of J. and J3 on restricted
Schur polynomials. Our first task is thus to obtain a similar result for the action of D,
that can be used in (£46). We are not trying to write down a detailed formula for Dy, but
rather, want to write the general structure of this action that is consistent with the fact that
it is derived by summing Feynman diagrams, we are working at large N and the dilatation
operator is a hermittian operator. Given this general form, we will derive the detailed matrix

elements by requiring (£.40).

There is a pair of derivatives in the one loop dilatation operator (£43). Since they
share an index, their action on the restricted Schur polynomials produces a Kronecker delta
function. Equivalently, at one loop our Feynman diagrams have a single interaction vertex
and this vertex has two pairs of adjacent fields, Z,Y and Z, YT. Wick contraction with the
vertex will thus set a pair of indices equal, producing a Kronecker delta function. The net
consequence of this Kronecker delta function is that the sum over S,.,, appearing in the
evaluation of Dy is reduced to a sum over the subgroup S, m-1[30]. When we sum over the
Snim—1 subgroup, the fundamental orthogonality relation forces one of the representations
of S,1m_1 subduced by T to be equal to one of the representations subduced by R. This
allows Dy to shift the position of a single box in each of the Young diagram labels of the
restricted Schur polynomial. This is precisely the process we saw in chapter 3. At p-loops
we will have p insertions of the interaction vertex producing (at most) p Kronecker delta
functions, thereby reducing the sum over S, 1, to a sum over S, ,,—,. This allows the p-loop
dilatation operator to shift the position of (at most) p-boxes in each of the Young diagram
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labels of the restricted Schur polynomial. Returning to one loop, a single box shifts position
under the action of D,. This implies that we can have the following changes in the labels of
our operators

=% E 1,
J—JJE1,
7’1-)7"1,7’1:]:1. (447)

This change of labels implies a total of 27 possible terms under the action of Dy

D,0™™ (15 5%) Z Z Z ng;'; (¢,;d,e) O™ (r) +¢,j+d, 7> +e) (4.48)

c=—ld=—1e=-1

This is slightly too general, as we have not yet put in the constraint that only 1 box can
move, i.e. that even if R and T don’t agree, by removing a single box from R and a single
box from T we can get Young diagrams which do agree. The boxes that must be moved
between R and T can be deduced from the boxes moving between r and t and the number
of Y boxes that move between the rows (determined by j3). The matrix element of the
dilatation operator that takes

orm ., olmm =o"m (4.49)

71,5, r14a,j4+b,53+c — Tt1,5',5%

is Bﬁljj (a,b,c). The integer a determines how 7 changes, t; — r; = a. The integer ¢
determines how 52 changes, j¥ — j2 = ¢. From the definition of j3 we have

27° = (Ri—m1)— (Ry—12), (4.50)
25 = (Th —t) — (Ty — t3) . (4.51)

We also know that 77 + 715 = R + Ry = m+n and ¢; +t3 = r1 + 79 = n so that

25° = 2R — (m+n)—2r +n, (4.52)
25 = 2Ty — (m+mn) —2t; +n. (4.53)

Subtracting these last two equations gives
27 — ) =2c=2(Ty — R)) +2(r1 —t1) = 2(Th — Ry) — 2a. (4.54)

Thus, 71 — Ry = a + ¢ and we must have |a + ¢| < 1. This forces

5151]]) (1 O 1) = 0 551]])( 1 0 _1) :0
5,51”)(111) = 0 5,51]}( 1,1,-1)=0
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This reduces the number of terms in the action of D, to 21. Next, we know that the dilatation
operator is hermittian Dy = D; This implies that

<Tl —|—G,,j + bajg + C|D2|T1,j,j3> = <7’1,j,j3|D2|7’1 + aaj + b>j3 +C> . (456)

Further, since

(r1+a,j+b,5° + | Dalry, j, 5°) = B (a, b, c) (4.57)
and
<T17 ja j3|D2‘rl + aaj + b>j3 + C> ﬁ£?+rz,]+b,]3+c( a, _ba _C) (458)

we find that the condition Dy = D; implies that

g™ (b, ¢) = g™ (—a, —b, —c).. (4.59)

1,5,43 r1+a,j+b,j3+c

This reduces the number of unknown terms to be determined to 11.

In the large N limit, the string coupling g, = % goes to zero. Consequently there is
no string splitting or joining. Since each trace in the SYM theory corresponds to a closed
string state, this translates into the fact that, in the planar limit in the SYM theory, different
multi-trace structures do not mix. For the open string sector, when the string coupling goes
to zero there is again no splitting and joining so that the open string Chan-Paton factors
are frozen. Recall the translation of a giant graviton system into an operator in the field
theory[39, 24, 148, 149, [10} 1T}, 13| 26} 28]: in the operator Off;?? each row of 7 corresponds to
a giant graviton and each impurity Y corresponds to an open string (this last interpretation
is proved in [26], 28]). j3 tells us the number of open string end points attached to each giant.
Since the Chan-Paton factors are frozen, 5% is not changed by the action of the dilatation
operator and

Bla,b,£1) =0. (4.60)

This now leaves 4 unknown terms to be determined.

Another consequence of working at large N in the displaced corners approximation, is

B - (a,b,c) = B (a, b, c) (4.61)

r1+a,5,53 71,5,33

with o any number of order 1. This follows because ry is order N and the matrix elements of
the dilatation operator depend smoothly on the parameters 1, j, 72, so we can replace r; + o
by r; making negligible error in the large N limit. There is one point that deserves attention.
In general our results depend on 71, ry and on r; —ry. Even if r; = O(N) and ro = O(N), if
r1 — 19 = O(1), replacing 1, + a — ry can result in errors that do not vanish as N — oo. In
the displaced corners approximation all  row lengths are well separated and this does not
happen. It then follows that the r; are conserved and that the coefficients of /ry and /73 in
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(£40) must separately vanish. This has a very natural physical interpretation: the r; set the
momenta of the giant gravitons and the back reaction on each giant graviton is negligible.

Although we are mainly interested in the dependence of the dilatation operator on j, 53,
we do know that

BUM (L, de) = (N +r)(N +72)f(j, % dse)
= VIN+7r)(N+n—r)f@j,5%de)
BUM(0,dye) = (2N + 11 +712)g(j, 5%, d e)
= (2N +n)g(j, 5% d,e). (4.62)

These formulas deserve some discussion. The dependence of matrix elements on factors@ of
boxes in the Young diagram labels has two sources:
1. There is an overall normalization ,/ % The factors of any boxes that are common to
R and T will cancel so that we are left with

Fl — \/llj[ieboxes in T that are not in R Ci (463)

j€boxes in R that are not in T’ Cj

2. When evaluating the dilatation operator, we need to sum over S, .,,. As discussed
above, derivatives with respect to Y and Z produce Kronecker delta functions that
restrict the sum to the subgroup S,i,,—1. The original trace over R = m + n then
becomes a trace over an irreducible representation of the subgroup R' = m +n — 1.
The sum then produces the factor of the box that must be removed from R to obtain R'.
The trace splits into a trace over ' = n — 1 which sets ' = ¢ and a trace over s which
depends only on j,;3. This dependence is summarized in the functions f(j,53,d,e)
and ¢(j, 73, d,e) above and it is these functions that we want to constrain using the
su(2) invariance.

For the first term in (£62) we have

N+’f’1 \/m
Fy =4/ =N F = =N 4.64
! N+ry, 7 Treooor ! N +r ? n ( )

F1 . F2 = \/(N +7’1)(N +’f’2) (465)

so that

For the second term in (4.62]) we have two contributions which both have F; = 1 and

Fo,=N+r, or Fy=N+ry (4.66)

6Recall that a box in row 4 and column j has a factor N — i + j.
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Thus, the total coefficient of this term is

N+7’1+N+7’2:2N+T1+7’2:2N+n

(4.67)

Since we are computing a commutator, the answer for Dy will not be unique. Indeed,

replacing Dy — Dy + ol with a a constant, will not change the value of the commutator.
To fix the value of a note that there are BPS operators belonging to the su(2) sector. These

operators are annihilated by Ds, so that the smallest eigenvalue of Dy is zero. This fixes .

Now, use
(n,m) (n,m) (n 1,m+1)
T+Or 5 = Z Z 15,5 r1+a,j+b,j3—%—a
a=—1 b———
where (using the results of the last section)

m+2j+4  j4+j3+1
V(2i+2)(2j +1)

n,m 1
a1 5) = v

m—2j+2 j—j°

(n,m)
a 1, —— \/T1
r1,4,5° ( ) 2 /2](2]“‘1)

. . .3
a 50, 2) = /1
R N RS ETEy

m—-2j4+2 j+5°

(nm) 0 _ -
ol ) VI 2 2j(2j + 1)
and use
-1 -1 -1
(nm
T1JJ3_ZZZBT1JJ a, b, C r1+aJ+b95+c
a=1 b=1 c=1

to evaluate

[Ty, Do) O, = 0.

1,75]

The result is

Z Z Z Z Z ( mg (e, d, e)a f«?ﬁ?ﬁd,j%e(% b)

a=-1 b——; c=—ld=—1le=-1

(n,m (n—1,m+1) (n—1,m+1)
—al (@, b8 L (e die)) O

25

ritatcj+d+bjite—F—a

(4.68)

(4.69)

(4.70)

(4.71)

(4.72)

(4.73)

(4.74)

(4.75)



The operators O( 5 are all linearly independent, so that the coefficient of each term must
vanish separately Further since a( ™(=1,-) o< /i1 and o™7(0,-) o \/r3, terms with

(n T1,3,3 T1,3,3
m
)

. ”) (a, ) must separately vanish.

To illustrate some of the details, we will discuss some examples of equations that we
obtain from (A75). In particular, we will explain how the f,, ;;3(0,1,0) matrix element is
determined. Set a =0,¢=0,e=0,d+b= —% = (d,b) = (—1, —%) to obtain

different values of ¢ in «

1

(n,m) (n,m) (n,m) (n—1,m+1)
67"13] (0, - ’O)QTIJ 1,5? (0, __) _aTlvj,j3(0’_§)Br1J 153 (0 —1,0) =0,
2 \/(23'—2)(23'—1) i’
m— 2]+2 j+3? gn—tm+1)

(0,—1,0)=0.

T

Next,set a=—1,¢=0,e=0,d+b= —% = (d,b) = (—1, —%) to obtain

(n,m) (n,m) 1 (n,m) 1 (n—1,m+1) o

5,«17]',]'3(07 _1> 0)a7«17j_1,j3(_1a _5) o a,«l,j7j3(_1> _5)5“_17]-_%7]-3_,_%(07 _1> 0) =0 )
m—2j+4 j—P—1

V(2i-2)(25 - 1)

m—2j+2 j—j° (n—1,m+1)

- Gy bt (L0 =00
Combining (476) and (£T7) we find
gm0 1.0y = S+ T=8" goum g g ) (4.78)
1,53\ T ) T jHB3—1j—53+1 71,531\ D :

which implies that
B0, ~1,0) o ( 4+ 7%)(j — 7). (4.79)
Daggering equation (L78) we find

JH+P+1i =P+ m
j+gd g3 +267E1]])3 1(0’1’0) (4.80)

(n,m)
By 5.2(0,1,0) =
which implies that

BUm™0,1,0) o (j+ 43+ 1)(j — 2+ 1). (4.81)

71,5,53
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Now, set a = 0, b—% c=0,d=1and e =0 to obtain

™0,1,0)a", (0,5) — " (0,5)8" 1Y (0,1,0) = 0,

7‘1]+1] 2 O NI YOS S ER WEES

2716  i—3+2
R TS TS g g ) (4.82)
2 J2jra)2j+3)
Im+2i+4 j—+1
2 2+ 1)(25+2) -

Daggering this we find

n1m 2 +2 j—7 (27321 —2) ,um
gt tl)l(o ) P e e (27 —3)(2) =2) 5 ™ (0,-1,0).
rd =S m+2j j—j -1 (27 —1)25 T

Combining this with (£.76]) we find
B(n’m-) (0,-1,0) = (m—2j+2)(m+2j+2)2j—2 [(27—1)(27—3)
A (m—2j+4)(m+2j) 2§ (25 +1)(25 — 1)
ML
j +j3 —1j— j3 — 1ri-158
which implies that

RS

71,5,4°

(0,—-1,0)

(nm) (m+2j+2)(m—2j+2) (j+5°)(J — 5°)
(0, —1 4.
67“1,]7]5(0 ’0) X \/ (2] + 1)(2] _ 1) 2] ( 83)
which is indeed the correct result. Daggering, we find
- 2 . 4 _ 2 . . .3 1 . _ .3 1
1,5, (27 +1)(25 4+ 3) 2(7+1)

which is also correct. Solving the complete set of recursion relations we find
D0 (11, j, j°) =

(m—=274+2)(m+2j+2)(G+5°)0 —7°)
(27 +1)(25 — 1) 2]

+0110\/(N + Tl)(N + TQ)(O(n’m)(’f’l — 1,] — 1,j3) + O(n’m)(T1 + 1,] — 1,]3)):|

(m+2j+4)(m—27) (j+7°+1)(j — 7>+ 1)
(2j+3)(2j+1) 27+ 2

—1—0110\/ N+7‘1)(N+7‘2)( o )(7’1 —1,j+1,j )—i—O("’m)(rl +1,5+ l,j?’))]

1 2
" <_§ <m N mJ; +1) )) co10(2N + 11 +12)0™ ™ (1, 4, 5°)

Fenoy/ (N + ) (N + 1) (0 = 1,5, 5%) + O (ry +1,j, 7))

[co10(2N + 71 + 12) O™ (ry, j — 1, 5°)

[co10(2N + 71+ 12)O™™ (g, 5 + 1, 5%)
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where cg1o and cj19 are arbitrary constants, independent of j, 72 and r;. Thus, we have
determined the j, 72 dependence of the matrix elements of the one loop dilatation operator.
Achieving this at higher loops is one of the main goals of this dissertation. To completely
determine the spectrum of anomalous dimensions, we need to determine the constants cgig
and c119 in the above expression. These constants are tightly constrained as we now explain.
In the large N regime, we can take a continuum limit of the action of the dilatation operator.
Towards this end, introduce the continuous variable p = 2:}% and replace O™ (ry, 5, 5%
with O™ (p, §,33). 71 is the longer (top) row and r, is the shorter bottom row. When
p is order 1 the dilatation operator becomes an N independent differential operator[27].

Expanding we have

VINF ) (N +13) = (N + 1) (1 + %E;: - %EE;Z;Q + )

The first term above is O(N), the second O(v/N) and the third O(1).

o 1 1 o0mm 1 o*0tm
Omm) (p—

— - +
VN F 75 VN +ry 0p lpjj2 N4ry 0p?

These expansions are only valid if 7 — ry < N + ro, which is certainly not always the case.

P3>3

,j,f’) = 0™ (p, 5, 7%)

However, we will learn something about the relation between the coeficients cq19 and cg19 by
studying this situation. Using these expansions we have

cor0(2N + 71 + 72)O™ (11, 5, 53)
+enoV/ (N + 1) (N +12) (0™ (ry — 1,4, 5°) + 0™ (ry + 1,4, %))

. 1 o .
= [c110 + 2co10] (N + r2)O" ™ (ry, 4, 5°) + 3 [c110 + 2¢010) VN + r, 0™ (1, §, %) + O(1)

Again, the lowest eigenvalue of this operator is zero, reflecting a BPS operator. To achieve
this, the O(N) and O(v/N) pieces of this expansion must cancel which determines ¢y +
2¢p10 = 0. Thus, up to an overall normalization which our argument can’t determine, we

have reproduced (£.44]).

4.3 Continuum Limit

We have demonstrated that the requirement that the one loop dilatation operator closes
the correct Lie algebra when commuted with an su(2) subgroup of the R-symmetry group
determines a set of recursion relations. Solving these recursion relations we have recovered the
formula for the one loop dilatation operator derived in [25] 26] by detailed computation. We
are interested in carrying this analysis out at higher loops. The resulting recursion relations
become very clumsy to solve. To overcome this difficulty, we will now pursue a continuum
approach to the problem, replacing the discrete variables j, j2 by continuous variables z;, Tjs.
The advantage of considering a continuum limit is that our recursion relations will be replaced
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by partial differential equations and we are able to explicitly determine the general solution
of these partial differential equations. In this section we will motivate the continuum limit
we study by considering the dilatation operator eigenproblem at one loop.

The structure of the action of the one loop dilatation operator problem given in (Z44)
exhibits an interesting factorization. There is an action of A which acts only on the r label
times an action that is only on the j, 53 labels. The continuum limit we consider here is
concerned with the action on the 7, j° labels. Recall that we take m to be O(v/N). The
discrete eigenproblem that we consider is[25, 20]

’ (27 +1)(25 + 3) 27+ 1) ’
(27 +1)(25 - 1) 2j ’ 2 Jj+1) ’
(4.85)
The variables that become continuous as we take N — oo are
. 43
J J
Replace ¥(j, 7%) by ¥ (x;,x;3) and use the expansions
1 (m +2)(5%)? mo omT N mTs T
i S S AN S A A i — 4.87
2(’” iG+1) 222 2 4] ol 4 s
(m+2i+4m=2/) G+ 2+ DG —7+1) m 1 af 1
(25 +1)(25 +3) 27+ 1) 42 2 327
_Tx_%_lx_%ﬂ_??’_ 255, n ma, (4.88)
4 x3 27 2 32z} 213 ’
(m+2j+2)(m=2j+2) (G +G-4) _m 1 @ 1
(2 +1)(2j - 1) 2 42 2 3213
2 2 2 2
S LA AL ) 4.89
4 x? 2 x? + 2 32x;¥ ( )

It is now a simple matter to find the following eigenproblem in the continuum

1 2%\ 2 2 d 52
—<1—i§)—1§+ z ¢+[ o1 -2+
2 )

+alk| =M. (4.90)

2x§’ d—x] B 16x§ J 16x?
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In obtaining this result the form for our continuum limit, as spelled out in (Z380]) is crucial.
Indeed, if one sets z; = j/m® the “kinetic” and “harmonic potential” terms on the LHS are
only the same size if o = % Now, set ¢ = /Z;g to obtain

J J J

J

2 _ x§3 we find

Finally, in terms of the new variable u defined by u? = T3

1d2g+ 1 dg
4du?  4dudu

If we set r = 2u we find the eigenproblem of the 2-dimensional oscillator with zero angular

+(1—u?)g=—-Ng. (4.92)

momentum. The energy spacing is 2 (recall j > 0 to see this). This is exactly the spectrum
obtained by solving the discrete problem[25] 26]. It is also easy to check that the eigenvectors
of the discrete problem are in perfect agreement with the eigenfunctions of (£.92)). Thus, the
continuum problem contains the same information as the discrete problem.

To get the correct spectrum we must obtain the O(m), O(y/m) and O(1) pieces of the
matrix elements of the dilatation operator. Writing things schematically, we should expand
our dilatation operator matrix elements as

@) 1

B=mf®+vmf®+ O+ =t 00 (4.93)

and we should expand

1 1 1
o = \/EOé(O) + Oé(l) + ﬁa@) + EOZ(?)) + O(m—) (494)

After expansion (£.40) gives 3 sets of non-trivial equations, and these three equations are

(]I

the complete content of the recursion relations. They are obtained by plugging the above
expansions into (£46) and setting the coefficients of m, \/m and 1 to zero. The terms with
coefficient m? trivially vanish. The terms with negative powers of m also do not give new
equations: they vanish automatically because we are working in the m = v/N — oo limit.

At one loop, solving the partial differential equations that arise from (Z46]) must repro-
duce the following expansions

2 2 2 2
Brl,jd'?)(cuoao) = _E‘i‘gx—?— T$_§’+ 227;1 +ZE_§ (495)
2 2 2 2, 25x2 max?
(n,m){ 1.0 :T l_ﬁ 1 _Tﬁ_lﬁ &_ 3 j3 4.96
2 2 2 2 2
(n’m), —1.0 :T l_x_] 1 _T&_lﬁ @_ 33]5 4.97
51”1,]'7]'5(67 9 ) 4 + 2 2 + 321‘? 4 1‘? 2 Jj? 2 321‘4 ( . )



Given these continuum results, we can immediately claim that We have reproduced (444).
Indeed, the ambiguity in reconstructing the exact functions B (c d,0) of the discrete
variables j, 72 from the continuum expressions above is order pon and we are working in the
m = +vN — oo limit.

Finally, it is important to note that the solutions to our continuum differential equations
are not unique. Indeed, we are finding a dilatation operator D that obeys

[Ji, D] =0=[J3,D] . (4.98)
Given a first solution, another solution is easily constructed by rescaling and shifting
D — 1D + 2kl (4.99)

where 1 is the identity. Thus, there will always be two arbitrary constants in our solutions.
This has important implications for us, particularly when it comes to finding the most
general solution to the partial differential equations we will derive. For example, by choosing
K1 = \/—%7 we see that we shift

B=ms v+ 50+ Lol —
B = mfO 4 (D 40y 1 @y SO 1
vm m

In what follows, we will construct the solution that has v = 0 and say that “we have the
most general solution up to symmetry”. Note that by choosing xk; = %7 we would have

O 44 1

We will thus also not include terms o f(© when solving the partial differential equations

B = mf(o) + \/ﬁf(l) + f(2) + “Yf(o)

that determine f. This completes out discussion of the continuum limit.

4.4 Differential Equations and Higher Loop Anomalous Dimen-
sions

The main goal of this section is to study the constraints implied by (Z£46]) on the p-loop
dilatation operator. As we discussed above, the p-loop dilatation operator allows a total of
p boxes on the Young diagram labels of the restricted Schur polynomial to move. In this
case, the requirement that J, commutes with D implies that

Z 3 (B e, d,0)al T (a,b)

b=—1 d=—p
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(n,m) (n—1m+1) Lt 1) B
—a, s (a, )Brl+a]+b]5 . (c.d,0) Omﬂﬂﬁd%] 1, =0 (4.100)

which can be rewritten as
/BTIJJ (¢, d, 0) r1+cj+dj s(a, _) +Br 3.3 ( d+1,0)a n+cy+d+1g s(a,—3)

2
n,m 1 n—1,m+ n,m n—1m+
—ailjj’]?S(a, —)B( 1’. 1). (C d 0) - Oé( ) (CL, )6( ! D

2 r1+a,J+%,]3—%— 71,5,53 ri1+a,j— ]3—%—a(c’d+ 1’0> =0.
(4.101)

Recall that a(—1,-) o< /r1 and «(0,-) o /72 so that we get independent equations from
([EI00) for each value of a = {—1,0}, ¢ = {—p, —p+1,--- ,p—1,p}, and d+b where b = +1
and d = {—-p,—p+1,--- ,p— 1,p}. We will freely make use of the result of the Chapter
Appendix in this section.

To begin we will consider a = 0 in (ZI01]). A few words on how we perform the expansion
of the o, ; j3(a, £3) is in order. After rewriting j, j* in terms of z;, z;s

m+2j+4 j—i3+1
\/2j+2\/2j+1

xﬂ3+\ﬁ
_\/_\/7\/ +2\/7 m\/g% m\/ng ﬁ (4.102)

we perform an expansion treating and —- as small numbers. Using these expansions,
\/m

aTl]J( ) \/_

after equating the coefficients of m3 to zero, in

n,m n—1,m+
Bﬁljj( dO) T1+6]+d]( ) 6721]4_ ]3 1( dO) Tl]](o 5)

+BT M (e d + 1,000 (0, -3) —515”1 ;1 L (e,d+1,0)a" j7j?3(0,_§) = 0(4.103)
we find
( ) (x] +$J )
T, Tj3) + . Tj, Tj
2\/_x] f (] ]3) 2\/— fd—i—l( J ]3)
€T XTi+ X3
_& )f ) (x5, 50 )—Mﬁ?jﬂ(%,xﬁ):o (4.104)

2\/7.% 2\/§$]

which is trivially obeyed. By equating the O(m) term to zero we have
Ofa  Ofsan  0fid | aﬁdﬂ>

' (0) (0) .
23 (dfc,d (d+1)f, d+1) 25| 2 0z ;3 0w ;3 Ox; Oz

of) ol dan 9O IR
" . c, c C, & — 41
T ( O * O * O * O 0 (4.105)

Equating the O(y/m) term to zero gives

Ffid  Plad _Ofud e
Ly <2d( 75— 1) (f fcd—i-l) T [xj ( o7, + da?, —45%,3 T Onp
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0 0
, PIid O ) O, O 9fed | Ol

o (0)
+ 27 (— [4xj e

T Ox;01)s 8:5]633] 0xjs &Ej 633]- 0z; I 0xjs
e Ofed Vi) g0 ygp0 | Oed e e
(%] axj ax] d+l O ij o’
? (?1)+1 (1) f((()z) Of) d+1 (1)
= 2 —x; | —8d &d ° = 8
+ 022 ) +2f, d+l> T3 (% fed + f d+l 8:17]-3 + 827] + 8fcdr1
af( f e o a2f(0) a2f af(l)
c,d c 4(2d |:d()_ d+1 (0) :| 2| _ c,d ,d+1 4 c,d
3 axj ax] + ( + 3) fc,d ( + )fc ,d+1 + ,I'] 8$§3 + aij + axj
o (1) o2 (0) o2 (0) (1) a
4 fc,d+1 9 fc,d 9 cd+1l 8fc(7 + 8fc Y fc,d . fc ,d+1

0z ;3 * 633]8:5]-3 * 02013 633] 633]
(0) (0) (0)
_a2fc,d a2f d—i—l] + 4517? (afc,d + afc,d-i—l . afc7 fc d-‘rl)) —0

+
. (9x? Oz s Oz s 8xj Oz,

(4.106)

Finally, equating the O(1) term to zero we find another equation that is rather long and
hence we will not quote it here. We will also study the equations obtained by plugging
a = —1 into (AI0TI)). Equating the term in

(n m) 1 (n—1,m+ m) 1
571]]( do) T‘1+C]+d]( ) /BT1 1]_;’_1 5+ (Cdo) 7“1]]( 15)
FELT e d 1,000l (=1, —2) = B e (ed + 1,000 (<1, —2) =0
T1,5,5? 7”1+C7]'+d+17]'3 9 ri—1,j—3,53+4 71,5,4°3 o9l T
(4.107)
of order m*? to zero, we find the equation

(z; + Ly T Z53) 3)

(zj —x53) .0
2v/27; J

Tj, ;3
2\/§.Tj c,d+1( J ])

+ 1 2
(x;\/_; )f (zj,258) — %fc(gﬂ(xj,xjg) =0 (4.108)

that is again trivially obeyed. The coefficient of the term of order m is

0
B f n fcd+1 fc B cd+1>
j

f ( J?xj3)+

013 013 &E ;

J3 J

i ar% . af% o
<2df 2(d + 1) fO,, + (fc’d - fc’d“+ Jed | de“ —0 (4.109)

0z ;3 0w ;3 Oz, Oz

From the coefficient of the O(y/m) term we find

a2fc(0) anC afc(l) afc(l)
Ay ity g Ged O edn

2] _ (0) (0)
33]( .73] [ 8(d 1)fc,d +8(d+2)fc,d+1+ 8$33 axj3 aij aij
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o Ot P L OFd Ohidn PG P

Ox;0xs  Ox;Oxys Oz O O3 8:5?
ar” ar. . ar” af ]

(0) cd cd+l c,d c,d+1

+2(d(fc,d+1 f )+f d+1) ax] aij axj axj

Offd  Ofid  Ofia  0fiha 0 o1t
[633] B e e [ Bl W R B 8dfedn 350 Zj0
0fidn Jfcd | Ofian o o
(9% +8f d+1 axj ax] _4(2d+3)(dfc, (d+1)fcd+1)

o (Fled _ Plian | Ofid  Ofiin Pl o

cd 4 c, Y c, 9 c, 9 (0)
+j o, 023, | Omp o Omp | Omden | Omdug + 8t =8t
Ded |0 PLid IS (00 O OFa fida )\ _
o T 0n, Towr T o ) TN\ G T O T 0n, 0wy ) )T

(4.110)

Finally, the coefficient of the O(1) term gives another long equation that we will again not
quote.

Apart from the partial differential equations obtained above, we also need to require that
the dilatation operator is hermittian. Recall that

(BT)S::]TZ)J (CL, b7 C) - BﬁT:i_TZ?j+b7j3+c(_a7 _b7 _C> (4111)
Thus, we require
67EIL:]TZ)5(C’ 4 ) 67€T]n—l|-q] ( ¢, —q, O) = 5,?51)(17]'3(67 —q, 0) (4112)

which implies that

1
mfO (x;, zp) + vVmf{) (%%‘3)+fc(,2(3($j=$j3)+ﬁf((jl>(xjaxj3)

a
= mfc(,o—a(xj + CE]B) + \/Efc(,l—)a(xj + =, CE]B) + fc(,Q—)a(xj +

v )

(4.113)

a
vm'
1 (3) a
+——=fa(Ti + ﬁa%‘?’)‘

Jm

Our goal now is to solve the equations given above for the leading order of the functions
introduced. There are two equations we will use: (L.I05) and (£.109). Introduce the functions

Fo = fod + Joan F-=Jod = Jia (4.114)
In terms of these functions (LI05) becomes

F —F+] V2 {am ap_] . [am 8F_] .

25 {dF_ + (4.115)
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and (£I09) becomes
F - F F, OF. F F.
2 {dF_ + ;} + a7 {a =+ 6_} + a7 {a—+ .9 ] =0.  (4.116)

2 Orjs  Ox; Or;  Oxjs
Suming these two equations we learn that
OF_ oF_
. y = 4.11
T, o, + xjs P 0 (4.117)
which implies that
Fo=F () u=-22. (4.118)
Ly

Note that this holds for any d. If we set d = p, since F_ = fc(g)) we learn that fc(?p) = fc(?p) (u).
(0)

ep—1— c(f)p) depends only on u and we already argued that

0) f(O)

7p_1 = Cvp_l
consequently we have actually proved that

£ = 19 ) (4.119)

for any d. This is a dramatic simplification - we had a collection of functions of two variables

If we set d =p — 1, since F._ =

fc(,op) depends only on u, we learn that fc( (u). We can keep going in this way and

and now we have a collection of functions that depend only on one variable.
Now, again set d = p. In this case F\y = F_ = F(u). We find that (£I05) becomes

7 gxi + xjggi = —QZ—J;pF (4.120)
which has the general solution
22, \"
F = fc(?p) — K/p(l - u?)p = Ky <1 _ x_]2> (4121)
j

where £, is a constant. This has reproduced the correct answer for one loop when p = 1 and
has determined the leading order to an infinite number of higher loop dilatation operator
coefficients.

Now, return to ([EITH), and rewrite it using the new variable y = 1 — u? to obtain the
simple form

0 0
ydgc(y’d) + ydf fl’i“ = df'%) — (d+1)df"),, . (4.122)
If we now, set d = p — 1 in (£122]) we can solve to obtain
PO = —2pryyP + kL (4.123)
Next, set d = p — 2 in ([@I22]) and again solve to obtain
£ =p(2p — V)kyy? — 2(p — V)kpory? ™t + kpay? 2. (4.124)

It is clear that we could continue with this process and determine all of the fc(?d). We have
however determined all that we will need about the leading order. We will now show that
we can determine the one loop answer and then return to the general p-loop analysis.
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4.5 One Loop

To determine the next to leading order, plug d = 1 and the known leading order functions

into (£I06]) to obtain
2 <0f§,11) _oflY

(4.125)

plug d = 0 and the known leading order functions into (£I06) to obtain
Loy o) o o]
Orjs  Oxjs  Ox, 0z; ol

arly arl) arly oard
—HE? (axgd + 833]5 B ax;' * ax;' +/€1:ij§3 +'L€1‘T?3 =0, (4.126)

3o .
;T8 | X

and finally, plug d = —2 and the known leading order functions into (Z.I06) to obtain

ar L ar®,
8% (9xj

) (x; + x;5) + 2f 2wz =0. (4.127)

Next, plug d = 1 and the known leading order functions into (£I10) to obtain

2 (of) of
T s ( = (o) — <4fc(,11)93§ + i1 (=245 + 2525 + x§3)) -0
j3

(4.128)

plug d = 0 and the known leading order functions into (AIT0) to obtain

af(l) 8f(1) af(l) af
3 c,0 c,1 c,0 c,1
— 237 : _ y
T;Ts | T ij:s 0@-3 + &Ej + fc ;
5 c,0 c1 c,0 el

- a - =0, 4.129
Z; (axﬁ + aij + a[Ej a[Ej + /ilx]a: '3 /—{,1;[ s ( )

and finally, plug d = —2 and the known leading order functions into (ZI10) to obtain

ofey s
o ( a@j - a:;jl (2 = ap2) = 2i 2y = 0. (4.130)

We will now solve the above 6 partial differential equations simultaneously. To start, sum

(4125) and ([AI28) which leads to

oy o 2
4| x;—== 2512 = 0. 4.131
(x] Ox; g s * 3 ( )
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The most general solution, regular at z;5 = 0 is

1’L

2 e’}
K1
= 3% > c Ln' (4.132)
] n=0 ]

Inserting this solution into (£I25]) we find

Z 2cnx§?_”x;ﬁ{2 (na? — (n—2)x%) =0. (4.133)
Rearranging a little we find

Z2cm+2 (m+2)x mxg—ZQCnn— _”x’;g:().

m=—2

From the coefficient of x]x s we have 4¢, = 0. From the coefficient of T; ~1- zkx;l;f 2k we have

(6 4 2k)ceror = (4 + 2k)cyror, which together implies ¢ = 0 for k& > 2. From the coefficient
of [E? we have 2co = —2¢y. This just shifts the constant x; appearing in fc(g) by a term of
O(ﬁ) and we may as well set it to zero. We shoud have expected this - as we described in
the last section, this is one of the symmetries that are present in our equations. By setting
the coefficient of x T 31 to zero we find ¢; = 0 and from the coefficient of x4 zkxjg,l”k we find
Cory1 = 0 for k > 1 Puttmg everything together we only get a solution if all the coefficients
¢n = 0. Thus, we finally obtain
£ = m T (4.134)
¢ 2 3 '
which is indeed the correct answer.
o1,

Now, consider (ZI27) and (EI30). From these two equations we can solve for = and
J
ofe
for s
) 1
fc—l 433?3]“6,_1 fc—l 433j3fc(,—)1
= _ierl = Zilet (4.135)
0z; zj(2 — als) 0z x5 — %

M
These two equations are integrable - they give the same answer for 4 J(; . The only solution

again corresponds to shifting x;, so that up to symmetry the most general solution is
f = (4.136)

which is again the correct answer.

Finally, consider (4120) and (Z129). After plugging in the solution we found for fc(}l) we
find

o O
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and

L (08 0FY )
27 ija + ax;- + 2r175258 — 3Ky = 0. (4.138)

It is trivial to obtain the unique solution up to symmetry

ch =

2
ol (4.139)
2 ]

which is again correct. This reproduces the complete leading correction at one loop.

We can now check if our solution is hermittian which implies the following two conditions

FO(wj ) = £ (), 20) (4.140)
and
fes
fc(la)(x]" xjd) = fc(l—)a(xja xj5) + a'fi’ . (4141)
’ ’ 8xj
Recall that at one loop we have
i (1) _ F T (1)
1 1
fC:l:l 4 (1 - x_]?) 9 fc71 = ?x—%) fc’_l - 0 (4142)
It is a non-trivial fact that
o
Jod (g ) = Jo2 (@, w5s) + gxl (4.143)
j

so that our one loop solution is indeed Hermittian.

Finally, the next order is determined by the requirement that the O(1) piece of (Z.I03))
vanishes. Plugging in the solutions for ), f( as well as d = 1, we find

o 2) o 2) o 2) o (2)
16x?< fc’l — fc’l + T3k +16x?xj3 — fc’l + fc’l + 253K

Oxrjs  O0x; Orjs  Ox;
—16x§xj3 <—2f§i) + $§3/€1> — 16x]7-f£1 — x?m + 2595?%-3&1 -+ 25xjx§3/<01 — 25x§3m1 =0
(4.144)

af(Q) af(Q) af@) af@)
6 c,1 5 c,1 c,1

+16x§x]~3 <—2f£i) + l’j3f£1> — 16x]7-/<51 — 3

and

K1 — 25x§x]~3m + 25xjx?3m -+ 25x§’3m1 =0.

(4.145)

J

68



Summing (£I44) and (£I45) we find

afc 1 afc(Ql) 2 2 K1 25%?3
Tj——— oz, + x]saTﬁ — Xjzk1 + TjR1 + 16x§ - 16x§f k1 =0. (4.146)

The general solution to this equation is (again we have required that the solution is regular
at ;3 = 0)

2 2 2522
@_ % Y 1 i° i 4.147
fc,l 2’£1 2H1+32x3 397 4 1+Zan Y.". ( . )
Plugging this into (AI44) we find
Z ane; " 3x? " (nai — (n— 2)x§3) =0. (4.148)
n=0
The most general solution to this equation is ag = —ay and a,, = 0 for n # 0,2. You reach

precisely the same conclusion if you use (£145) instead of (d.I44)). Thus, our solution is

2

7/‘11‘}‘32—1:? 392 4H1+I€0—]€ —3 (4149)

Setting kg = % and k1 = 1 we recover the answer from expanding the known dilatation

operator coefficients.

Plugging in the solutions for f©, f( as well as d = 0 we find

o (2) o (2) o
163?? fc,O + fc,l ch + 1 x]ml

Or;s  Oxjs Oz 633]
o (2) o (2) o (2) a
—16[17?3?J5< fc,O . fc,l . fc, fcl +x]3/‘€1

Or;s  Oxjs Oz,
+16x?xj3 <x?3/<al — 2f£21)> + 16$]7»H1 + a:;?/ﬁ + 11x§x]~3m1 — 41xjx?3/<51 — 43xj3/<51 =0
(4.150)
and
o (Ve | 057 00 e
— 162 + — + & — Ij3K1
Ov;s  Oxjs ax] ax]
feo _0fed | O1:
— 16252 L ’
it (8:17]-3 0xjs * 633]- +x33/11
—16x?xj3 (a: k1 — 2f, 1) + 16x]7-/<01 + x?m — 11x§xj3m1 — 41xjx?3f£1 + 43xj3m1 =0.
(4.151)
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Now, summing (£I50) and (I51) we find
Iy _  ofy  of 0 1 M

, : : - 2 — =
— T oz, — X3 Da o + x; oz, + x3 D9 Tjsk1 + TjK1 + 16x§ K1 16xjf k1 =0
(4.152)
Plugging in the solution for f 7 that we constructed above, we find
0 f 0 f ?
——r1 =0 4.153
J@x]+38x]+xﬁﬂ ( )
which has the general solution
2 "
fﬁ) _ %,ﬁ + an% , (4.154)
215 A
Inserting this solution into (ZI50) we finally find
o x2 22,
feo =5, 4f<a1 + 2ko 42 (4.155)
]

where kg is the same constant that appeared above.

Finally, plugging in the solutions for f(©, f1) as well as d = —2 we find

o2, o2 of2, o2
16x?<ax’j + (9% +JJ]3I€1 —16x?xj3 _833;»3 axj —i—x]sm

4 7 3 2 2 3
—16[ijj3 < f 1 +x 3/‘%1) + 16[Ej/€1 + xj/fl + .ij[E]BK,l — xjxjml — $j3/€1 =0

(4.156)
and
af(2) af(Q) af(Q) af
6 c,—1 ,—1 5 —1 _
— 16xj ( Di — oz, + xR | — 16xjxj3 — du + ax] + T3
+16x§x]~3 (—2fc(?21 + $?3/€1) + 16xj7»/<51 + a:;?/ﬁ — x?xjsm — xjx?3m1 + x?;;nl =0.
(4.157)
Summing (£I56) and (£I57) we find
P (2_) P (2_) x>
f’ L fc’ L 1’53%1 + x?/ﬁ + al 7 =0. (4158)

; €53
J Oz, J 0x;s

1622 1627

J

The general solution to this equation is (again we have required that the solution is regular
at x5 = 0)
j

2 = x—?%l - x—?m + o K1+ Za > (4.159)
61T g 2 212 32 4 "y
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Plugging this into (AI56) we find

(o]
Z anxj_"_?’x;g_l (na? — (n— 2):1753) =0. (4.160)
n=0

This is the equation we obtained above; the most general solution is ag = —ay and a, = 0

for n # 0,2. Thus, our solution is

2 2 2 2

9 XT3 xs K1 Xg ~ ~ I3
fc(7_)1 = %lil — ?]/il + 323?2 - ﬁ"il + ]{?0 — ]{?Ox—Jz . (4161)

J J J

Setting ko = % we recover the answer from expanding the known dilatation operator coeffi-

cients.
If we now study the d = —1 equation we can prove that ky = ko. Thus, in summary we
have
2 2 2512 iy
@ _ Y B S ko — ot 4.162
fc,l 2 R1 2 K1 + 323:3 3233;1 K1+ Ko 0 x? ’ ( : )
2 2
(2) . xjg, xj?,
fc,O = 21';1 K1 + Qkox—g 5 (4163)
2 2 2 2
@ _Tp T L ko — e d® 4.164
feza 5 F1L T o + 32x? K1 32@“?/‘?1 + Ko — Ko x? . (4.164)

Collecting the results we have found above, we have the three functions above as well as

f<o>:_ﬂ 1_55_53 f<0>:ﬂ 1_:6_?3 (4.165)
¢,0 2 .T? ’ c,—1 4 .CE? .

T
e e A ) (4.166)

0 = T 5 T30
2 xy

Requiring that the smallest eigenvalue of the one loop dilatation operator is zero determines
ko = 0. Thus, up to an overall normalization which our argument can’t determine, we have

again reproduced (Z44).
4.6 General Discussion

In this section we will extended our arguments to higher loops. More specifically, in the
language of the discussion towards the end of section 4.3, our goal is to construct the most
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general solution up to symmetry. Recall that we have already determined (see (EI2I]) and

(A123) above)
22\
A —f%( —%) , (4.167)

€Ts

. 2%\" 22\
O =2k, (1= L) 4wy [1--5 . (4.168)
Lj L

Plug d = p and the known leading order functions into (ZI06) to obtain

Ofes _ Ofes
xj(x; — x;3) (xj lax 'Z — 0:51-0 (x; — xjs +2fcppx]
J J

+rp (2(p — Daj + 2% (2(p — 1)af + plp + 1)) — 2z525 (2(p — )2l + plp + 1)) (1 — %) =0.

Plug d = p and the known leading order functions into (£I10) to obtain
22, \"
i3
fip (1 - x—é) (2(p — D) + 4(p — Dajzzs + 2(p — Dajags + 2p(p + Dajas + plp + 1)2js)
J
ofey 01
_xj(l’j +l’j3) <l’j [axj3 + axj
Summing these two we obtain

-1

o op )’ - .

T fer + 23 f’f?—/-gp 1_2%23 2(p—1)93j—p(p—l—l)x%j—2(19—1)43 =0.
j J

! Ox; 7 Oxjs T

(xj+x5) + 2fc(2pxj3> =0.

The general solution to this equation, that is regular at ;s = 0 is

. 2] s,
fey =rp (1= =5 2p— Dy +pp+ D)2 =20 =D)L+ an
J ] J n=0 J
Plugging this back into the first of our equations we find
Z an; "2 [n(x; — x5) (x5 + xj5) + 2prs] = 0. (4.169)
n=0
The only solution is a,, = 0 so that
22\ x2 22,
I —@( —x—]2> [2(29—1)xg+p(p+1)%—2(p—1)xij : (4.170)
j L
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Now, plug d = p and the known leading order functions and fc%.) into (A.I06) to obtain

Ofpr  Of
zj(z; — $j3)2($j + x;3) [ < (9x (9;- ! (x; —xj8) + 2fc(2_1(p —1Dxjs
33 J

T

—( —%) (2323 (p(p(6p + 3) + Kp—1(—p) + Kp—1 + 2(p — 3)p —

3)
205 (15 (49" — 6p +4) + fp-ap = 20551 +7)))
+215(2, — (p — 2)(Kp-1 — 2p)) I wjxge (425 ((rp — )p(2p = 3) + Kp-1 (p — 2))
—p(4kipp + Ky — 261 (p — 1) +4(p — 1)p — 1))
+pxjx§?3 (4rpp° — 4(Kp — 1)(2p — 3)x +4k,p + Ky + 4p° — 4p — 1)
—(kp — )paj — 2% (p(rp(p + 1)(229 +1)+ ( 3)p—1)
—2(p — DaF(rp(2p— 1) = p))) =0

(4.171)

and plug d = p and the known leading order functions and f'5 into (@II0) to obtain

Ofiyr | Ofi-
—xi(x; — x8)(w) + 258) [xj ( (9xp L4 8; ! (j +x5) + QfC(;)_l(p —Dajs
7 j

I‘23

1-— ?> (z72% (227 [k, (4p° — 6p 4 4)
+hp-1p = 2(kp—1 + )] = p[Kp(6p + 3) + Kp1(=p) + Kp1 +2(p — 3)p — 3])
—|—2x?((p —2)(kp—1 — 2p) — 2Kp) + xi’xﬁ (493?((/@, —1)p(2p — 3) + kp1(p — 2))
—p(4kpp + Ky — 261 (p — 1) + 4(p — 1)p — 1)) + pajads (4kpp°
—4(kp — 1)(2p — 3)x? +4dKkpp + Kp + Ap* — 4p — 1) (kp — 1)px4
+225 (plrp(p+1)2p+ 1)+ (p—3)p— 1) — 2(p — D)z (s, (2p — 1) — ))) =0.
(4.172)

Summing these two we obtain

-2
afc —1 afc -1 ‘7’2'3 g
where
2
F(xjv Jjj3) = Zl?— (_8’% + 2Hp-1p - 4/€p_1 —8p Kp + 16p/<ap)
J

4
€T

+x; (4;-@1, — 26p—1p +4Kp—1 + 4p2/<ap — 8p/<;p) + 2p3,€pr;

J
: 4
X -3 T 3
+—5 (R0’ = fpap = 2°r,) + (dr + Ap°p — 8piy) —5
7 J

The general solution to this equation, which is regular at s = 0 is

n

2 p—2 0o
fcp 1 < - %) G([Ej,[E]B) + Z:a'nin (4174)
xj n=0 xj
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where

2
T~
G(xj,x5) = —9%3 (—8/<cp + 26p-1p — 4kp_1 — 8p2/<;p + 16])[{17)

J

2 3 x?‘*
—T; (4/<ap — 26p1p + 4kp_1 + 4Pk, — 8pf-€p) +2p Iipﬁ

J

2 4

T3 T3

=5 (Rp1p® = Rpo1p = 29°y) — (4 + 40"k — 8pry) —5

j j

Plugging this back into the first equation above we find
x;n—lx?3—1 (a,na? — anx§3 (n—2p+2)] =0 (4.175)

which forces a,, = 0.

Now, study the equation obtained by plugging d = —p — 1 and the known leading order
functions into (£I06]) to obtain

1) 1)
Afe’y N fep

0z ;3 Oz,

zi(z; +xj3) (xj (x; + x45) + 2fc(2ppxj3>

2\ P
+rp(p — 1) [,I?s (p + 2x§) + 2z;1 (p + 2x§) 4 Qxﬂ ( _ %) —0.
J

Plug d = p and the known leading order functions into (£I10) to obtain

2 p
T2
kp(p—1)(1— x—Jz (2% (p 4 227) — 2235 (p + 227) + 24
j
ar®, ot a
—xri(r: — 1 . $7p 76 R 2 ) =0.
xj(v; — x3) (% [ O o da; (zj — x43) + Je.2pDT ;3

Summing these two we obtain

orl, s )"
1y | et + 5y | == (1= =5 | (o (0 +205) — 205 = 0.
J

j
0z ;3 Oz T

The general solution to this equation, that is regular at x5 = 0 is

x> pet 2. 202, > "
= k(p—1) ( - l%j) —pxi; + = 0w |+ et (4.176)
: .

J

Plugging this back into the first equation above we learn that a, = 0.

The only results we need from the above analysis are

p
© _ zjs 4177
Jeap=rp | 1— ol B (4.177)
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1) A\ ak 2 L
fely=rp—1) (1= =5 —p 5+ 5 =2 | + ZanF (4.179)
J J J n=0 J
Now, computing
8fc(o_) $23 g
fc(,lp)(xja xj3) - fc(,l—)p(xja xj3) -D ) P = 4Hp(p - 1)3?] - Lz (4180)
Z; .ij

we see that the only time that we get a Hermittian solution is when p = 1. Thus we are

forced to set f 0 = Cip = 0 which then implies that f = 0. We now apply the same

argument to conclude that f pFl — fc(lj)[pqu = fc(zz,)[pqu =0 and keep going. Finally, when we

get to f 1 fcli)l, fc(zi)l, we will find the one loop answer. This proves that the form of the

piece of the dilatation operator that acts on the Y fields is not corrected at any higher loop

order.

4.7 Chapter Appendix: The relation between fc(Z’m)(a?j,xja’) and
(n—1,m+1)
fc,d (xj’xj?’)

In this appendix we derive a relation between f("’m) (zj,24) and f mbmED (s ) that is

used extensively in section [£.4l To make the discussion concrete we w111 study [ (n.m) (x),23)
which is the continuum limit function corresponding to the following dllatatlon operator
matrix element

1 (m+2)(5°)
2 [m D } s

This becomes the following function

1 (m + 2)(y/mx;3)?
(om0 — = — J 4.182
Jeo™ (@3, 250) = =3 {m Jmz;(vma; + 1) (4.182)
We have the series expansion
f(nm (zj,255) g ™ (x5, 25) (4.183)

=0

When we replace m — m + 1, we do so without changing j and ;2 - it is the expression
(AI8T) with m — m + 1 that solves the correct recursion relation. We must use the same
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definition of z; and x5 for both f(nm (zj,2;) and f o b (4 a4s), which implies that

the new dilatation operator matrix element

1 (m+1+2)(j3)2}
2 { i +1) 4184)
leads to the following function
(n—1,m+1) 1 (m+1+2)(v/ma;s)?
LX) = —— 1-— . 4.185
Jfeo (j,2;5) [m * vmaxj(y/mz;+ 1) ( )

We can get this function from f("’m) (xj, x;3) by (i) shifting every m — m + 1 and then (ii)

rescaling x; — /—~z; and x5 — |/—"=x;3. In summary

+l +l J

f(nm (x5, xj2) Zml_ifc(d (zj,23)

(n— 1m+1 - 1_2 (m
o (x5, 2;5) Zm—i—l 2 f \/m+1 ]’\/m—i—l 5 (4.186)

Finally, note that

=1 — (4.187)
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5 Conclusion

In this dissertation we have presented further evidence for integrability in the large N but
non-planar limit of N' = 4 SYM. In the su(3) sector we have shown that integrability is
present at one loop. The term we have focused on in this dissertation was argued to be
subleading in [32] and as such was neglected. In this approximation the conservation laws
found in the su(2) sector still hold and integrability was clearly still a feature. Inclusion
of this subleading term, however, sees the conservation law broken suggesting that perhaps
integrability is not exact in this sector. We have argued that this is not the case. Even when
the subleading term is included integrability is still present and as such integrability in the
su(3) sector is exact at one loop.

In the su(2) sector we have shown that integrability is present at all loops. Previous
explicit computations[25], 26, 27, 28, B1] have shown that integrability is present at one and
two loops. Rather than continuing with an explicit computation - indeed the precise form
of the dilatation operator is not even know beyond two loops - we have employed a powerful
symmetry argument. This results in a set of recursion relations which are readily solved
at one loop, reproducing the previous results. To proceed to higher loops the recursion
relations proved very tedious and as such a continuum limit was taken which resulted in a
set of partial differential equations. These were solved fully at all loops and brought us to
the conclusion that in this sector integrability is present at all loops.

An interesting extension of this work would be to consider the su(2|3) sector - the sector
containing operators built from all three adjoint scalar fields as well as the two fermionic
fields we have neglected in this work. Recently[46], it has been suggested that by computing
the spectrum of anomalous dimensions in this sector the relativistic dispersion relation would
emerge in the string theory. Application of the symmetry arguments presented in chapter 4
to the su(2]3) sector would provide an effective means of proving this conjecture definitively.

The focus in this dissertation has been on operators built from O(N) fields. Further work
would see this extended to operators built from O(N?) fields. Recall that these operators
are dual to new spacetime geometries. This sector of the theory remains rather unexplored.
The restricted Schur polynomial technology provides an effective tool for delving into this
sector. After further development of this technology the hope is that some limit of Einstein’s
field equations may emerge.
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