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INTEGRABILITY IN AdS/CFT

This work provides a detailed review of recent developments in the field of AdS/CFT correspon-
dence for a particular subject of the correspondence between type IIB superstring on AdSs X Ss
and the N' = 4 super Yang-Mills theory. Through analyzing the bound states of Bethe roots
for the corresponding PSU (2,2/4) spin chain, it is shown how the lattice system of functional

equations, called Y-system, appears.
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1. Introduction

The anti-de Sitter/conformal field theory (AdS/CFT)
correspondence found by Maldacena [1] is an intrigu-
ing duality that connects the theory in a strong cou-
pling regime with the theory in a weak coupling
regime and vice versa. This work focuses on a partic-
ular case of the duality between the type-IIB string
theory on AdSs x Ss and the N' = 4 Super Yang-
Mills (SYM) theory. This example is important to be
studmys because of the integrability on both sides of
the duality.

2. Symmetry Analysis

For the beginning, we should check if the theories on
both sides have the same symmetry. This proves, of
course, nothing, but gives a general feelling of how
the whole thing works. On the AdS side, we have
the type-IIB superstring theory on AdSsxSs. It is
obvious that one has at least the same symmetry, as
its target space, AdS;xSs. The symmetry group for
Ss is SO(6), and the symmetry group for AdSs is
S50(4,2). These groups are isomorphic (up to a dis-
crete subgroup) to SU(4) and SU(2,2), respectively.
But, as usual for the supersymmetry, the symmetry
group of the space is extended by fermion genera-
tors, and the total symmetry of the theory would be
not just SU(4)xSU(2,2), but the whole supergroup
PSU(2,2/4).

On the CFT side, we have N'=4 SYM theory
on R*!. The R-symmetry for N' =4 is SU(4). Since
N =4, the SYM theory is superconformal, and
the space symmetry is not just SO(3,1), but the
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full conformal group for R*!, namely SO(4,2). With
fermion generators, this gives us the already men-
tioned PSU(2,2/4).

3. Integrability on the CFT Side

The beauty of our system manifests itself in the in-
tegrability on both sides. The integrability of the
N = 4 SYM theory was proposed by Minahan and
Zarembo [2] and studied in details by Beisret and
Staudacher [3]. The idea is quite tricky. First of all,
to find the integrability, one should study the anoma-
lous dimensions of long operators, i.e., the correlation
functions

D, A\gD, XA X*..(0)| DD, X Ag Ao X*...(2)) = 22
u\g I B
(1)

To compute such correlators by means of perturba-
tive field theory, one should consider Feynman graphs
(see Fig. 1). These Feynman graphs are ribbon
graphs, and they ought to catch the matrix struc-
ture of fields. For a symmetry group of the the-
ory such as SU(N), this matrix structure contribu-
tion decouples and can be easily computed to be
equal to N#1°°Ps_ Tt is not hard to see (Fig. 2) that
the planar diagrams have more loops than nonpla-
nar ones on the same level of perturbation theory.
So, if we consider the large N limit, only the pla-
nar diagrams survive. For the planar diagrams, the
interaction is only possible between operators which
are close enough. Such physical systems containing a
long chain of states with local interactions (i.e., inter-
actions between the operators in sites that are close
enough) resemble a well-known class of physical sys-
tems that are spin chains.
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4. Integrability on the String Side

The idea of integrability of a IIB superstring on
AdSs x Sy comes from considering it as a o-model
on the coset space

PSU(2,2/4)
SO0(4,1) x SO(5)

(2)

with the bosonic part

S0(4,2) x SO(6)
50(4,1) x SO(5)

= AdS5 X S5. (3)
The action of the model can be rewritten through the
Z4 graded current

J=JO g0 4 g@ 4 56 =
as

—g~'dg (4)

S = g/S'I‘rJ(2)/\*J(2)—J(1)/\J(3)+A/\J(2). (5)
T

As was shown in [4], this graded current allows one to
construct a one-parameter family of flat connections:

0 T Al e 28 ()
Liz) = O + 5727® - = (@ - A) +
241y [T
oI+ $+1J ) (6)
ItrDuDinZ.ﬂ)uaX"(z)> ’
< trDuAﬁDvX ‘2, X50)1
Fig. 1. Planar ribbon Feynman graph
D, D, XA, A, X"(2) >
<trD,A;D, X'A, X"(0)|

Fig. 2. Non-planar ribbon Feynman graph
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The monodromy (z) = Pexp (fy Lm) of this con-

nection over compact string directions gives us the
1-parameter set of integrals of motions. The equa-
tion for the eignvalues of Q(z),

Sdet(A — Q(z)), (7)

gives an algebraic curve with eight sheets. The cuts
on this curve are quantum excitations of the string.

5. GL (IN|M) Spin Chain

In this section and the following ones, we will closely
follow [5] and [6].

The spin chain is a physical system consisting of
a large number of (possibly different) representations
of (possibly different) Lie (super)groups organized as
the sites of a closed or open chain. In what follows, we
will only consider the case of the same representation
of the Lie supergroup GL(N|M) on each site. In par-
ticular, we are interesting in PSU (2,2|4) supergroup,
as a real representation of GL(4|4). As PSU(2,2|4)
is a symmetry group for SYM, the SYM fields form a
defining representation of it. The dilatation operator
makes a Hamiltonian for this particular spin chain.
So, the eigenstates for the spin chain would be the
primary fields for SYM.

The usual tool to analyze spin chains is the so-
called Bethe ansatz. First, we have to find the vac-
uum, i.e., the state with minimal energy. For a ferro-
magnetic, this would be the same state at each site.
Then we construct excitations. For a one-particle ex-
citation, we change the state at one particular site.
A vparticle with defined momentum would be the su-
perposition

|p) = |baaaa...) + € |abaaa...) +

+ €*? |aabaa...) + ... (8)

Two-particle excitations are a bit trickier. When two
particles are far one from another, the state is just
like a composition of two one-particle states. When
they are close, the interaction ! comes to play. When
they are far away in another direction, they are else
a composition of one-particle states, but with some

1 To find the exact behaviour of a state in the interaction zone,
one should use the more advanced technics of the algebraic
Bethe ansatz.
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additional phase. We will call this phase as the S-
matrix. Explicitly, the two-particle excitations state
are

|p1p2) = exp(iping + ip2ns) ..arg) a..ar? a...> +
1 2
+ S(p1,p2) exp(ipiny + ipans) ..arg) a..a75) a...>. (9)
2 1

5.1. Yang—Baxter relations

Up to this moment, the procedure has worked for
any spin chain. However, to construct higher exci-
tations, we must set an additional constraint on the
spin chain. For example, if we have three excitations,
there are six different asymptotic states given by per-
mutations. But we can reach any given state by dif-
ferent sets of pair collisions. So, the higher excitations
can be constructed if the total acquired phase for a
given state does not depend on the specific set of pair
collisions resulting in that permutation. Naturally,
this could be achieved, if and only if we could resolve
triple permutations:

S (p1,p2) S (p1,p3) S (P2,p3) =
= S (p2,p3) S (p1,p2) S (P1,p3). (10)

This equation is noting but the famous Yang—Baxter
relation. If it is satisfied, we can easily construct any
particle number excitation as a superposition over all
possible permutations o:

[p1p2...pk) = Z S(o) exp

X|laba.aba.abd a>.

Mgy Noy Mgy,

i Z Prng | X
j=1
(11)

5.2. Nested Bethe ansatz

If the dimension of a representation is greater than
two, all states we build yet do not cover the whole
state space of the spin chain. However, they do cover
a whole part containing the state which we called vac-
uum on the previous step. So, our problem is reduced
by one dimension. Then we can use the Bethe ansatz
once more, by considering excitations from the previ-
ous step as sites of a new spin chain, the previous ex-
cited states as a new vacuum, and making new excited
states, by using the next generator. We should repeat
this procedure, until we use all generators, and this
will also cover the whole state space of the system.
This procedure is called the nested Bethe ansatz.
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6. Bethe Equations

For a closed spin chain, the momenta of excitations
cannot be chosen arbitrary. Constraints on them arise
from the particles virtually moving along the whole
circle. If the particles would not interact, this give the
well-known momentum quantization law. However,
the interactions make this condition more interesting.
We have

eV =T 5(wj,e)-
kit

(12)

As usual, it is useful to introduce a new variable u
instead of the momentum:

_110 u+1i/2
P=7%\u—i/2)

(13)

For our particular case of PSU(2,2|4) (and the partic-
ular Dynkin diagram ®©—-®—©0—-®—©—®), the Bethe
equations read

e —i/2
szl’ (14)
P v; — U +1/2
u; — uj + 1 u; — v —1/2
- — =1, (15)
gui—uj—zgui—vk+z/2
w; —up —1/2 w; — Zm +1/2
=1 16
l;lwi—uk+i/21:n[wi—zm—i/2 ’ (16)
Hzi—zj+i1—[zi—wk—i/2x
z';éjzi_zj_i P zi —wg +1/2
tz"_wm_W— zi+i/2\" a7
mzi—wm+i/2_ Zi—i/2 ’
. ﬁ)i—ﬂk+i/2m?ﬂi—zm—i/2 ’
Hﬁi—ﬁj+inﬁi—ik—i/2:1 (19)
iij?i_?j_z: . U, — O +1/2 ’
Hvi—uk—z/Qzl (20)
. 5i—ﬂk+i/2

6.1. Bound states

In the limit of large L, these equations yield an impor-
tant property of having bound states. If one of z; has
a positive imaginary part, the rhs of (17) is large. So,
the lhs should have a pole, which implies that either
there is some z; = z; — @ or some wy, = 2; +¢/2. The
first possibility leads us to a string of z’s, spaced by ¢,
and second leads to a more complex set of boson and
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o middle node roots/strings
O boson roots/strings

RD viw fermion roots
AD

pyramids/trapecias

Fig. 3

fermion roots with the same real part. Actually, there
are important conditions on the number of roots

L > 242z > 44w > 8#u > 16F#v

#z > 2#w > 440 > 847. (21)
Under these conditions, the Bethe equations imply
the following set of bound states: strings of u, %, and
z and trapezia consisting of N-strings of w, N —1
strings of u, and N — 2 strings of v. The set of equa-
tions for the real part of bound states would look
quite complicated (we omit the tilded variables to
avoid further complications):

v; — U} +ni/2v; —t7 +i(n—1)/2

- . =1, 22
Hvi—u?—m/2vi—t;’—z(n_1)/2 (22)
jimi=|n—m|/2 "~ Y —liu} —ul' = (14 1)

Hu?—t;+z’n/2u§l—vj +in/2

—1, 23
u; —t; —in/2 u; —vj —in/2 (23)

(n+m)/2

II 11

j#i,ml=|n—m|/2

[[E=b il D/26 —u+iln = 1)2
t —t; —i(n—1)/2t} —v; —i(n —1)/2

t?—t§"+lit?—t§"+(l+1)i
tn — T —lit} —t7 — (I +1)i

X

X
J
ntm—1

2 -l

<1111 T

Gim = In=mit1
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H (n+m)/2 2t — Z;" +1li 2} — Z]m + (l + l)i
X
j#i,mi=|n—m|/2 #n — % li z; 2 (I+1)i
"+72nfl L
x = : 25
II 11 —tr 1l \a —in (25)

Gim = In=mit1

7. Thermodynamic Bethe Ansatz

We now know that all solutions of the Bethe equa-
tion are either real or sets of roots with fixed imagi-
nary parts, parametrized by real parameters. So we
can introduce the densities for roots and each type of
bound states. To obtain the equation for densities,
one should introduce counting functions. For exam-
ple, for Eq. (14), the counting function would be

1
N(z) = 2—m,210g
k

If N(z) is an integer for some value of z, Eq. (14) is
satisfied. It could be that z is one of v;‘s or not. In
the second case, we call such z holes. If we introduce
a density for holes p, it is obvious that

T —up—1/2

T—up+i/2 (26)

dN 1 Vi dy

— = 0, — — _ . 2

dz Po Tt Po 27 _/ 1/4+(z—y)2pu (27)
—00

If we apply this technique to (22)—(25), we get the
following set of integral equations:

v+i=Kp,*s,+ K, *Tp, (28)
Sn+8n = Kpm *8m + Kp *v+ Ky, %71, (29)
Tn+7_—n :Knm*Tm_*_'f—anl *V+
+K, 1*%71 + Knmo'm; (30)
On +0n = Kpmom + KpmTm (31)
with integral kernels
n/2
K,=—""_ 32
" n2/4 422’ (32)
(ntm)/2
Kom= Y (1—00)Kz + Ka 2, (33)
I=|n—m|/2
nt+m—1
_ 2
Kum= Y Ky (34)
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The set of equations (28)—(31) is not complete, since
we lost some information, while changing to the den-
sity formalism. However, they possess enough infor-
mation to consider the system at finite temperatures.
The partition function of the system is

1
Z = Zexp ﬂzm

states

/HDS"’DT”DVDU exp Z/ 2/ﬂ40_z -2 +

+ splog <1+S—n> + 5, log <1+§—n> +

+ 7, log (1 + T—”) + 7, log (1 + 7_——n> +
Tn Tn

+vlog (1+K) + vlog (1+Z)+
v U

+ o, log <1+G—n> + o, log (1+ )dz .
On On

For a large number of particles, one usually uses the
saddle-point method. The appropriate equations are
called the thermodynamical Bethe ansatz equations.
In our case, they are

(35)

log (;) = K,log (1 + 2—”> +K,*log (1 + ;—") (36)
n n

log (S—“> — Ky *log (1+ f—m> + K, +log (1+ ?) +
3n 5m v
+ K, xlog (1—|— ?),
T1

log (i—n> = Kpmlog (1 + 7_——m> +K,_1xlog (1 + Z) +
Tn Tm 17

(37)

T1 Om
log ((_T—n> = K,m *log (1 + (f—m> +
On Om
- Tm
+ K log (1 + _—>. (39)
Tm

Multiplying the equations with free index n by K}
and the equations with no free index by K; ' + Kj,
we get equations without infinite sums. Then, intro-
ducing the notation

] S

n+l _ °n —n—1 __ N

Y, =2 Y, =3
n

ISSN 0372-400X. YVxp. ¢is. orcypu. 2013. T. 58, & 11

(40)

}/12 = ga Y—21 = %7 (41)
Tn 1 Tn

Yn1—1 = . Yn—ll = 7 (42)
g

Y'r? 1= _n’ (43)
On

we get the famous Y-system equation
a Z a l
v (o) 7 (o3) -
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IHTETPOBHICTD ¥V AdS/CFT BIAIIOBIJHOCTI
Pesmowme

YV poboTri BUKOHAHUI OIVIAZ CydYacCHOrO CTaHy PO3BUTKY TeOpil
AdS/CFT pigmoBigHOCTI [y 9aCTKOBOTO BUIAJKY BiJIOBiA-
HOCTi Mixk cynepcrpynamu Turmy IIB y mpocropi AdSs X S Ta
N = 4 cynepreopii SIara—Mimnca. [llnaxom anamisy 38’ a3aHUX
cTaHiB KOpeHiB Bere njsa BigmoBiZHOrO CIIHOBOrO JIAHITIOXKKY
i3 rpynoto cumerpiit PSU(2,2|4), moka3aHo, sIK caMe BUHHUKAE
cucrema (PyHKI[IOHAJBHUX PiBHSAHB HA 'PATL, 10 HA3UBAETHC
Y-cucremoro.

A.B. Kosax
UHTETPUPYEMOCTD B AdS/CFT COOTBETCTBUU

Pesmowme

B pabore BbInOJHEH 0030p COBPEMEHHOIO COCTOSIHUSI DPa3BU-
tus Teopur AdS/CFT cOOTBETCTBHSA AJist YaCTHOIO CJIydasi CO-
OTBETCTBUA MeXKAy cynepcrpyHamu Ttumna [IB B mpocTpaHcTBe
AdSs x S5 u N = 4 cynepreopumeit SIura—Mmuica. [Tyrem ana-
32 CBA3AHHBIX COCTOSHUIN KOpHe#l Bere mysa cooTBeTCTBY!O-
meil cnMHOBOM memoukm ¢ rpymmoi cummerpuii PSU(2,2(4),
IIOKa3aHO, KaK MMEHHO BO3HHMKAeT CHCTeMa (DyHKITMOHAIBHBIX
ypaBHEHUH Ha pemeTrke, HA3bIBAMIIAACH Y -CUCTEMOM.
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