Integralhatésag az AdS/CFT-ben

Bajnok Zoltan: AdS/CFT, mint integralhaté modell,YM oldal
Jevicki Antal: Hdrelmélet AdSs x S°-on
Hegedlis Arpad: Bethe Ansatz AdS/CFT-re

Bevezetés az AdS/CFT-be

SYM: elemi terek, hatas, szimmetria, anomalis dimenzidk
Koszet hatds, szimmetriak, toltések

Redukcid: kapcsolat a sine-Gordon modellel

Planaris limesz: spin lanc megfeleltetés, integralhatésag
Megmaradd szimmetriak: S-matrix

Konkrét megoldasok: forgd es porgo har

BA: su(2) szektor

BA: dltaldnos psu(2]|2) ® psu(2|2) eset

S-matrix hdrelméletbol

Végesméret effektusok

09.03.1499 V. Kazakov: TBA: from usual to string sigma models



CFT, mint integralhaté modell

&
Az AdS/CFT szétar @ DB < D=4 SYM

Hirelmélet AdS-en bozonikus rész
N=4 SUSY YM: elemi terek A, W, W, ®d,, hatds

Szimmetria: Szuperkonform nem anomalis <— QCD

WFQ

Anomilis dimenzidk, (O(x)O(0)) = 3;2% Konishi O = Trd?2

L =

—_—

Planaris limesz f

AdS/CFT megint, kibivé az erés-gyenge csatolds aldl



AdS/CFT megfeleltetés: szétar

I15 szuperhir AdSs x S-6n

N = 4 SU(N) Szuper Yang-Mills

V= R—,2 effektiv hirfesziiltség

«

A= g%MN t'Hooft csatolas

Eros-gyenge csatolas

gs = % hircsatolas

N szinek szama

N — oo Planaris limesz

Hirspektrum E(\)

A () anomalis dimenzidk spektruma | (exp)

Maldacena



AdS/CFT: hirelmélet

-

~————  Hr vildglepedd (o, 7) ——targettér X, Y (o, )

5 . _

T SO Y2+ Y2+ YR+ Y2+ Y2+ Y2 =R?

T/\ -
=

AdSs \—X3 + X2+ X3+ X3+ X7 — X2 = —R?

S = R,2 Il dzrfra (8aXM8aXM |- 8aYM8aYM) + fermionok
(8

2.4 , PSU(2,2|4
S5 x AdSs = gggg% X ggglzé& Szuper véltozat: Szuper[S> x AdSs] = SO(5) ><(SO‘(1),4)

S —
Hurcsatolas gs — O csak hidrkvantummechanika \ /

gS
Keressiik: Spektrum E(\, gs) =7 VA = R—,2

«



N = 4 SU(N) szuper Yang-Mills: hatds

Minden tér az adjungalt abrazolasban: N x N spurtalan matrixok

Mértéktér Ag, A1, A, A3 métrix alak A}/ szf: 2

Fermionok W¢,

Oé

37

Oé

3 a—12 a = 3,4 szf: 8

Skaldrok d1, Do, B3, Dy, P, D matrix alak DY szf: 6

Térerésség: Dy, = 0y — i[Ay, .] Fuv = i[Dy, Dy]

Hatas| S =

QYM

f d*xTr

4

1F2

— 5(DP)2 + WPV 4 2[d, $]2 + V[D, W]

Szimmetridk rogzitik: NV = 4 SUSY DPoincare, R-szimmetria




N = 4 SU(N) szuper Yang-Mills: szimmetridk

Lorentz szimmetria: su(2) x su(2) 3 forgatds J;, 3 boost, B;
Poincare: 4 eltolas is P,

R-szimmetria: SO(6) a bozonokon SU (4) fermionokon

Nincs skala: D dilatacié [D, O] = ApO megmarad
Ap=2A0Ap=1 Ay =Ayg=3 Ap=1,

Specialis konform transzformacidk K, (inverzid,eltolas, inverzid)

Konform szimmetria SO(4,2) = SU(2,2) (konform csalddok)
Szupertranszformacidk nemlinedrisan abrazolddnak (on-shell)

[ BoB pef Qo 5o

SU(2,2) @S \_| K J Q 8§ |_
( Q.5 SU(4>>_ 0 s r r|-DU(E24)
\ @ S R R

Szimmetridk nem anomalisak: Beta fliggvény egzaktul eltlinik
Csatolas nem fut, A fizikai paraméter
Minden tér tomegtelen, nincs bezaras

W]

g1

g>2



N = 4 SU(N) szuper Yang-Mills: korreldcids fliggvények

Mértékinvarians operatorok: tracek O = Tr [\I!FCDCD . chb] determinansok ...

Primérek [K,, On] = O két pontfiiggvényei: (O (z)O0m(0)) = |$|26ZTZ(>\)

dimenzié A(N\) = Ag + A\A; + ...

Perturbacidszamitas, grafszabalyok @
f

2 —2 )
9y M 9y M 9y M N

Planaris diagramok vezetnek g%MN?’ = N2)\ ;ﬁ)\ = g}Q/MN

particids fliggvény Z (), %) = N2 ZSO:O(%)QQ o galg,n)\"

t'Hooft: Feynmann grafok <«—vilaglepedo triangulacidja



N = 4 SU(N) szuper Yang-Mills: Konishi

Konishi: O1(z) = Tr (P1(z)P1(x)) legegyszeriibb primér (O;(z)O;(0)) = ‘|25+(A)
€T i

Anomalis dimenzié: (O;(x)0;(0)) = (Tr (P;(z)P;(x)) Tr (ij(O)CDj(O)) e_Sf>o

b 92 5abs. .
Perturbativ szamolas:(®{ () P3(0))o = TH—>" P; = P,

37 95

ab
Fagraf (0:(x)0;(0)) = (442" 0i%iin = (A)212 Ap =2

CC

Egy hurok d = 4 — 2¢ dimregben:

—e— 3 =

+ - G O —q S

N

(0i(2)0;(0)) = (25)232 1 - 2L + v - log L)



Hullamfliggvény renormdlds O"" = Z»,O = (1 + 83—7:\2(% +~))O

D=
T 472

IPT A 12 A 1 A 12 1
Anomalis dlm<@§e”(w)0§e”(0)> — (87T2)2:1:4 [1 + f—wz log a:_Q] — (87r2)2:134 { 32 ]
— 3
AN =2+ 2)\4—772
Magasabb rendekben:

E()\) = 246,25—24(325)2+168(325)3 - (1410+144((3)+ AE/2) (22)*+. ..

AFEyrapping = 324 + 864¢(3) — 1440((5)



AdS/CFT megfeleltetés

I1 ;3 szuperhir AdSs x S°-6n

N = 4 SU(N) Szuper Yang-Mills

VA = B2 effektiv hirfesziiltség

(8

A= g%MN t'Hooft csatolas

gs = % hdrcsatolas

N szinek szama

Hirspektrum E(\)

A ()) anomalis dimenziék spektruma

BE(A) = B(oo) + TA + 52 +.

Szemiklasszikus limesz nagy R-toltés J or J = % BMN-FT skalazas

klasszikus kvantum

7\ 7\

E(JN) =J 1+ﬁ

A(J,A)z][l—l—%(a

L -1
( + +...)+ﬁ(c%+

1
0

_I_

Ve

2

1
TV

TV

al

71+...)+§—j(ag+c—j+...)

+.)

Eros-gyenge csatolas

oA = A0) FAA] AN+



Konform osztalyozas

Lokalis terek: F, W, &, W, F, és DF végtelen torony (de hol a teteje)

D skéladimenziét néveli: [D, P] = P, [D,Q] = 3Q, [D,Q] = 3Q
D skaladimenziét csokkenti: [D, K| = K, [D, S] = —%S, [D, S] = —%5’
J P QS35 J Q QP
baziscsere: KB @ 5 — 5 i 6_2 nincs negativ dimenzid
| @ S RR S R R Q £
Q S R R K S S B

primér X: [S, X] = 0, [S, X] = 0 kirdlis primér [Q,Y] = O
Z1 =1 +id, BPS [Q, Z1] = 0 = [Q, Z1] a Q, Q-k felére
{Q,S} = R+ L + D —nincs anomalis dimenzié: O = Tr [le} An(N\) = J (csaldd)

Maradék szimmetria Psu(2,2]4) — Psu(2|2) ® Psu(2|2)
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Spinlanc: SU(2) szektor 1-hurok, bazis
Csere /1 = P + 1Py — Zp = P3 4 1Py operatorok szama 2J
O=Tr [Z{—lzz] O=Tr {Z{—szzl} O=Tr [Zzzf—l]
Aop(A) =J+r0()

Oy =Tr[2{7223) 02 = [2{ 22221 22] 0 =T [232]

Anomilis dimenzié (OF¢"™(x)Or<™(0)) = |x|§%§(x)

perturbativ szamolasa: (O;(x)0;(0)) = ((97;(:8)(9]-(0)6_81>0
Operator keveredés 1-hurok szinten (01 (x)O>(0)S7)g # 0

Keveredési matrixot diagonizalni—integralhaté spinlanc

11



Spinlanc:SU(2) szektor 1-hurok, keveredés

Bazis: Z;, 1=1,2 O;

iroiy =Tr |25y ... Zy)

Fagréf(Oiy i, (2)0;, 5, (D)o = (k) N7 (67167 ...
Ng=J

y
|

i + ciklikus perm.)

5= U

|
'
1-hurok perturbacié —(O;, . ; ,(2)O;, .. ;,(0)Sr)o f4

Feynman gauge:(CIDg(x)CD?(O)) = gYM 5ab§” (Af, (2)Ab(0))g

82 z2

2y de 1, 2y de 2y de 2y de 1

- T - T - T - T
o o o

| — | — | — L—— [ |

L > > > I [ »

i, i ke 19 i, i ke 19 i, i ke 19 i, i ke 19

_ 990 60
8rl g2
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Spinlanc:SU(2) szektor 1-hurok, Heisenberg lanc

jl j2 jk jk+1jJ jl j2 jk jk+1jJ jl j2 jk jk+l jJ

1-hurok renormélas utan: (O, ; ()0}, ;,(0))g =

1+ 522109072 51 (1 = Pyjeg1)| Miree(831032 ... 65 + cyel.)

Diagonalizalandé keveredési matrix: 8—5;2 Zgzl(l — P k4+1)

. <01 i, stk4-1 i i1 -1 i), i 7
Pk,k_l_l 0 531 ...5Jk;5]k;+1 ...5]J — 531 o . .5]]{: 5Jk;+1 ...5]J
Heisenberg spinlanc >°5.(1 — &) - 0p4-1) 71 =12> =]

SO(6) szektor Z3 = (P55 + iPg)  plandris — integrdlhaté

13



Spinlanc: altaldnos eset
Alapéllapot: Tr [ZJ} =Tr[Z2222Z...ZZZZ] J nagy (BMN) Z = Z;

n
P

T7222X7... 2227

Kis gerjesztések: sikhulldm >>7_; e?P"'Tr

X = 75,73, W, WY D, F,, = [D,Dy] multiplett psu(2, 2|4)-re

na

Z2222Xa1 222 XaoZ ... 2227

ni

Széras allapotok: > i isaqas etP1M1F+1p2n2 T,

+5(12)

S-métrix szimmetridi: BPS alap psu(2,2|4) — psu(2|2) ® psu(2|2)

(57l

T (22227 ...ZZ7ZZ] BPS

s\ liny
o Qi

|

XN N
NIy IO
N 3O
0y QI

14



Tr(Z222)

—

Scatterings for AdS/CFT:Psu(2,2|4)
[J8,Ge] = 685G — %53@;
[R5, Gy] = 65Ga — %5(@@7
{Q%, Q%) = eqpe™C
{Q%, 8)} = 6¢RE + 6578 + 153551{

su(2]2)2 D su(2) ® su(?2)
1
[J2,G] = —65GP + Eagac
1
[Rd, 67 = —80G7 + 6567
(55,50} = caeiC

C = iQ(eﬁD — 1)62i§
27

Fundamental representation V2 2 RO0+0R® 2 = (¢%v%), a=1,2; o= 3,4

BPS ravidiilési feltétel — Diszperziés reldcié] H(p)2 =

1—|—4 sin? %

Erés csatolas limeszz: A — oo H(p) — 2 A sin %

Elemi terek: ®q = ¢y, Dy = Yatbs, V& = dgtha, W = ¢athg



S-matrix

S-matrix a szimmetriabdl: tenzorszorzat irreducibilis V1 @ Y1 = W2

S(p1,p2) [G(pl, eipz) + G(po, 1)] =

[S(m, 1) + G(po, €ip1)] S(p1,p2)
YB: S(p1,p2)S(p1,p2)S(p2,p3) = S(p1,p2)S(P1,p2)S(P2,p3)

Unitaritds: S(p1,p2)S(p2,p1) =1

Kovetkezmény: Integralhatd spin-lanc, koordinatatér Bethe Ansatz

Skalar faktor?

16



S-matrix expliciten

hasznéljunk psu(2|2) D su(2) ® su(2) invaridnsokat: N = v'D;
(500+003) (580+0®3)=10©0+2000+2505+0®1

%_I_ZZ] =2 z/\z—l_—l_zzj —4 @ Z/\z_l_ag/\6

1
vy DY = 2(w w? + w2 wl)

a aq

82
owlow?

ol = 1,03 =202 @D DE Sy, po) # S(F(p1) — F(2))

Teljes su(2]2) ® su(2|2) S-matrix So(p1,p2)S(p1,p2) ® S(p1,p2)

+_
Skalar faktor So(p1,p2) = ull_:f Lo (p1,p2) ahol u = 5(zT —I— 2+ )

9
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Spinlanc: megjegyzések

1-hurok, planaris : elsoszomszéd kolcsonhatds, BA

Nem planaris: nem integralhato

2-hurok, integralhatd, de masodszomszéd, valtozé hossz (dinamikai), BA

De BA «<— S-matrix altalanositsuk a BA-ot!

Milyen hirgerjesztések S-matrixa?

Wrapping probléma

J1

—

q

o 0y T i,

18



Near-flat-space limit

X=(.2 =7

L= 40X)° - 1 X%+ 200 0 0_ + 200, 0_14 + 20T,

4 T[[fz - f?j{a_‘f)ﬁ it _1'{}7'? = ‘fzh.g_ﬂ_t!.:}_ + -i’if-f!_ﬂ_f{}; = f}“t,u‘_

+ o (W Ty I —4p I p_wp 19 ?_5:-)]

(D) Decompactification limit built in | — j_ﬁ‘;,,-f”
(1) Non-Lorentz invariant interactions ~~giant magnons
H,s” [Hofman, haldacena '06]

5 o — =l

(I) Coupling strength dependent on _.f i

particle momenta | Only quartic inferactions |
. ; o

() Decoupling of right-movers s puglgﬁlmiﬂﬁlp ~
e _.-"f

(D) UV-finiteness /Plane-wave p ~ If'f

@ = [Berenstein, Maldacena, Hastasze '07]

:

quanfum mechanically consistent ,i - o ,
reduction at least to two-loops e

19



Finite size effects: AdS/CFT

Luscher correction for the Konishi = wrapping

N = 4 SYM

ges g+

II5 on AdSs x S°

planar on strip

spin chain

Bethe Yang

Maldacena

Konishi: Ap = 2Tr(X2Z2 4 ...) <P = S(p, —p) « qGMagnon >S<

A(g) = 2E(p) = 2y/1 + 16¢2sin?§

p=2 —/3g% + 2344 7204CE) g6 4

N. Mann et al = Zanon et al

V3

E =4+ 1242 — 48¢* + 3364° — (2820 + 288(¢(3))g¢®

Euwrapping = 236 + 864¢(3) — 1440((5)

324 «— 236

20



Wrapping for the anomalous dimension of Konishi T?“(CDQ)

L. = 4 operator from the SU(2) sector: Oy, 0 = Tr(Z — 7o 7~ 7))
L = 2 operator from the SL(2) sector O o = Tr(D?Z2 + ...)

Planar diagrams for (O(r)O(0)) x r—24(p)

Spin chain description: BDS
1-loop 2-loop all-loops: BA 2 wrapping=Luscher AVA 2%

ER G rrvn

cot(5)E(p) + i 2i0(p,—p)
cot(-p)E(p)—‘Z

zp_

Spps(p, —p) = %p———+VE-+

A(g) = 4+ 12g° — 484¢% + 3364° — (2820 + 288¢(3))g°
wrapping contribution from Zanon et al.
(236 + 864¢(3) — 1440¢(5))g°

21



Finite size correction in the sinh-Gordon from TBA Teschner

e(0) = mL cosh 6 + Z log S(6 — 0, — _) B dlog S(0)

—e(0)
= 10 *xlog(1l+e )

singularity of the log: (0, + %) = i(2n; + 1)7 so we have 0;,¢(0)

N
db
E{nj}(L) = m Z cosh 9 —m 2— cosh 6 |Og<1 _|_ e 6(9))
j=1 @
Expand for large volume:

. / . /
€(0) = mLcoshf+1log S(6 — 6 — ) — %qﬁ(@ _ 9’)5(% 49— 0')e—mLcosho

BY quantization: 05 = 0, + 66

o’ d
mLsinhfg 4+ 0P = 2imn 0P = / -|— 6o — 6 )e—mL cosh ¢’

Energy

E{n}(L) = m cosh 6, + §0 msinh 6,, — /— cosh 6 S( _|_ 9 — B,,)e~mL coshé

22



Finite size correction to a multiparticle state 12 3 N

2npm = ppL —ilog | [ Sea(pk,p;)| + 6Py
k#j
b1
where the correction to the asymptotic BA is L Py By PN
> dp dSakHa(p,p ) s
oDy, = —/ (=)' Tre, |S320(P,p1) ... — 4 S (p,p1) | e € DL
oo 2T dp
Y St
and the correction to the energy P Py Py PN
—1
: de(pr) (O0BY;
EI(L) = Yemr) =Y —— S
L ik dpy, 5]93

@) dp o
_/ o 1)FTr [S628(5,p1) Sa3a (5, p2) - - - Sara(p, p1)| e <1 DL

23



Tr(Z222)

—

Scatterings for AdS/CFT: Psu(2,2|4) su(2]2)2 D su(2) ® su(?2)

' — — 1 1
Fundamental representation {w1, ws, 03,04} = {wa,0a} — V1 = 5004+0®5
Q-magnon {wa, . .. Wag, Wa, - - - Way_,0a, Wa, - - - Wag ,0a05} > Ve =920+ %1 @1 +95210

o 1, 0 9 d
Lk = — gt . RE=¢ ———559
© T o, 27" Owe . O‘aeﬁ 77 50,
9 9 9
Qa = afaz -+ beabeaﬁwba—% Q= dwe T cePeqyfp o

a:\/gn ; bz\/gwfm——l) o= \/g”fcfg . d= /820 -%
The tensor product is irreducible V1 ® YR = We+1

S(p1,p2) {J(pl,ei”) + J(po, 1)} -

J(p1,1) + J(p2,€'P1)| S(p1,p2)

fixes the S-matrix completely
24



the S-matrix in terms of su(2) ® su(2) invariants: /\;- =v'D;

A204+083) (Y00+%1@1i+92) = Ule0+39l00+2901+29 201+ 4101+ 2 30

ai Nl ] J j ' 9A9 1010
S = 7] 1+Z7,] =2a /\Z_I__I—Zzg =54 /\Z_I_Z’L] =7 i/\;'+a9/\9+a10/\10

pl — 1 12 2 2 2 14 1 fet!
U1 —Q+1(wawa1...waQ+...+wawa1-..7ﬂa@ Q!aw%awgl.”awgcg
+_ o+ +_ -
al =1 S5 Y T a6 — 5 — (z] —z1)ijp .
— 1 normalization a ag = apg = / =]
“1 S gl—a;m S 70 Q(xf_xg)m

9 7 2"35(971+ DAz ed) 7
a:il_—xg 2 a:il_—xg 2 Qx;(:vl —x5 )(1—2]x5) "2

T T 8 i zies (zy—2) Wiz
— < 2 . — — 1 —
2:61'_(:131'_—:132)(1—:61 x5 ) M n5 8 7 VQxil_xél_(xil_—xQ)(l—:cl ry) "2

and so on but fix the scalar factor from bootstrap

25



The Luscher correction to Konishi: two Q@ = 1 particle (3, 3) with p = 2777 + ...

: 2 > dp los - .
g — _“ o GV N\ F Q 33 Q33 B EQ(p)L
E7 (L) = 2¢(p)— 1€ (p) 0 /_ 5D QEQ:/ Soas (BP)S 55 (B =) | €

why mirror particles? AF e% + 16g°sin” % +1=0| e+p2+m?=0

(e,p) = (ieg, PE)

e(p) = \/1 + 16g%sin®2 / \ Mirror (€,p) = (ipg, €g) )
R
~)
e(p) = 2arcsin h% / ] \\\
\_L/
_En(R)L
T <€—H(L)R) — e~ Bo(LR 4 ... =Ty <€—H(R)LD) = Simen <n|D|n<316‘n>

/ q q
e e @33~ @33~
Defect operator: (p|D|p) = SQ33 (p,p)SQ/33(p,p)

. &P _.g—0_. 4g° 442
Why the Luscher works at all: AJK e — = 112 Qmagnon 02+ 72

26



The final result: Fix the scalar part from fusion: N.Dorey p1 = q1 +¢q2 +--- + q@

So(p1,p2) = SBpglar, p2)SEpg(az, p2) - - - SEpg(aq: p2)

Integrand 3° ) 833;)3(29 p)ng;(p, —p) | e &)L

147456Q2(3¢°+3Q%—4)° 48
(q2—|—Q2)4 (9¢*+6(3Q(Q+2)+2)¢?+(3R(Q+2)+4)?)(Q—Q—2)

After integration

—7776Q(—2+3Q2)(5—177Q*+261Q*+7047Q°—13608Q°—21141Q°+35721Q2—21870Q*“+6561Q*) _|_864 _ 1440
(9Q*—-3Q*+1)*(27Q°-27Q*+36Q*+16) Q>

After summing up from 1 to co

E = 324 + 864¢(3) — 1440¢(5)
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