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MOtivatiOn AdS/CFT Maximally supersymmetric

4D SU(N) gauge theory
[Beisert et al 2012]
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AdS/IM/CFT

Z plane

Finite volume energy
sevels of multi particle states
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2pt functions
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Finite volume form factor from hexagons Basso, Komatsu, Vieira 2015]

[Bajnok, Janik 2015]
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Gluing and wrapping: insert a complete system of mirror basis, but kinematical singularities!
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S'matrix bOOtStrap [Zamolochikovs1979]

Description at infinite volume Sinh-Gordon theory
| | 1 , , m?
1+1dimensional scalar theory Z = 5(0#) — 5(0)6(#) — V(p) V() = - (Cosh by — 1)

Scattering matrix from —

Decompactification X 9]' _ iJ‘dZXJ.eipjx—ia)jt {atz - a}zc n mZ}

s N > / Relativistic invariance
¥ :
LSZ reduction formula p = msinh @

(P} P51 O1p1, Do) = DDLD D (0| T(Op(DpQ)p(3)p(4) 10y = SO, — 6,)
Perturbative results "0 4 . . 6 g 0 for 0 =1
50) = 1 ib b*(0(x/sinh @ — i)) I ib°(z/sinh 6 — i) -0 (bY) Arefyeva et al 1974
4 sinh 6 327 sinh @ 25672 sinh 6
-6 i -0 Solutions
Analytical properties
6 } sinh 6 — i sin za b?
0, 0, 0, 0, 92 Op-im S(0) = a

sinh 6 + i sin za - Rz + b2

SO = S(—0)~! = S(ir — 9)



Form faCtor bOOtStrap [Smirnov 1992, Karowski et al 1979]

Two point function (| a6 (0| 0) =ZLJ@- Jdﬁn 016(0)[0,.....0.) [Pe-"(Zcoma
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From LSZ \

. — — Form factors
reduction formula —

b - 6; B - 6, 0 « 0y 0-2im 0 = 0; 0 - 6,

01016,,....0,) =(0|06,, ....0,,0, — 2ix) = SO, — 6,, )0 O] ....0,,.0, ...)

0 +in 0 0,

—~iResy_¢(0] 010 +in,0.0,,....6,) = (1 — | | S0 - 6))(0] 616, ....6,)

Analytical
structure



Form factor solutions

minimal solutions  f(6);,6,) = (0| 60,,0,) = ¢P+P™)7logS  Df(@) = f( + in)

Generic solution (0, — 0)

0l016,,...,0,)=H H Q@(ee1 ,e%) [Fring et al 1992]
el + e¥

. - i<j
Diagonal limit

010616,, ..., >—25<9 @)HS(@ 0))(01010,,....0. ....0,)
+(O\@|6’+m—l€ 0,,....,0)

Connected form factor

(0, +€p,...,0,+¢€,|0]0,,...,0,) = function of ¢;/¢; + F (0,, ...,0,) + O(¢)
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Large volume spectrum

S—matrix

CEFT  Luscher Bethe—Yang
Bethe Yang equations al \\
multiparticle state on the circle p =msinh 2m \
momentum quantization _
X=X+ L
& > m k T
o — 9o o
Periodicity of wave function 0
L
eimLsinhé’jHS(ej B Hk) — 1 /
k
®, = mLsinh6,—i ) logS(6, - 6,) = 2zn, Total energy
k:k#j
N E({6}) = ) mcosh®,
Finite volume state 10,,...,0); = |n,...,ny); P



Large volume form factors

Polynomial correction

| normalisation of infinite volume states (€| 6,)
Crossing for form factors /

(01616, ....0,) = ) 80 —0))01010,,....0,....0,) +(0]| O| 0 + in — i€, 0, ..., 0,)
k

Normalization of finite volume states (ni ‘ nk) — 51-,,{

= det| 0D,/ 0.

identity 1+Z|n)(n|+...:1+Jd6'\6><9\+... p = detlo®;/ o]
” 01016, ...,6,) |
Nondiagonal form factors <O ‘ O ‘ (91, ‘ees Hn>L = —— [Pozsgay, Takacs 2008]
\/p@,,....0)
2 il P@F (@)

Diagonal form factors <gn’ o 6’1 10| (91’ L Hn>L _

p(@l, cees Hn)

[Saleur 2000] [Pozsgay, Takacs 2008] [Bajnok, Wu 2017]
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Exponential volume corrections: spectrum

© [LGscher 1982] R

R — o

L

L owest state survives
Tr(e—H(L)R) N e—En(L)R

6’1 0 Bethe Yang reliable
n
Tr(e H®LD ) = Z eEm®Ln|D |n) =1+ Z —m008h9<R>LH SO — 6, +in/2)
L Inye# =1

Virtual particle’s contribution ©

do —
E (L) = 2 mcosh 6, —m J — cosh HH SO — 0.+ in/2)e ™" cosh ¢ < >

2T v

[Bajnok, Janik 2008] 0 0

do
®; = mLsinh6;—i ) logS(6, - 6,) - J—K(H +im/2 - e)| [ 56— 6, + in12)e= 0 = 27m,
2 .
kek#j i=1 K(0) = —10,1og S(0)



Exponential corrections: diagonal form factors

- ‘
R — o g
N O Lowest state survives L
0,,....,0,1016,,...,0,),e ELR

0, |Oy Bethe Yang reliable
2 eE|n)(R)L<n ‘ @n ‘ n>R — 1 + Z e_mCOShQ(R)L(H\ @n ‘ ‘9>R T
0

L \nYe#
Virtual particle’ tributi N 14
irtual particle’s contribution Zaugz{l,...,n}p(a)@(f (a) ©
<9n,...,91'@‘91,...,QH>L: T
,0(61,...,9”) \Q@/
P0(a) = FO(a) — Jd@Ff(a +inl2,0) [ [ S0 — 6, + in/2)e~-oh? o |0,

i=1 [Pozsgay 2013]




Exponential corrections: non-diagonal case  [Bancketalzot)

Two point

Main problem L2
function I [

dx J dt e O(x,1)0), =

Y 101616, ... 64), St ety
PrrINIEE Y EWL) —iw - Ey(L) + io

N
9,1 10y < =
Finite volume LSZ  lim (E\(L) + io)[(w, P\(L)) = (0|00, ...,0y); k
w—1E\(L)
Temperature channel and continue w — 1Ey(L)
21 ) 1 |
ZT(w,q) = — V| O e PSP, — P+ w |
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Exact finite volume description: spectrum

R
© Bethe Yang reliable
R — o0
- L
Lowest state survives
Tr(e"HLRY _ o-E LR
(91 en
Tr(e HRLD ) = z eFm®L(p | D, |n) Sum up all terms
L n)e [Kostov et al 2017]

Calculate the dominant finite density state
[Zamolodchikov 1990]

° d@ . 6/
(@) = mL cosh @ 2 log S(0 — 0, — in/2) — | —K (O — 0)log(1 + @) [Dorey et al 1996]
k

Saddle point equation

27

de —6(6) . .
E (L) = Z mcosh 0, — m o cosh 0log(l + e ") —ie(0, + in/2) = ®, = 7(2n, + 1)
k



Exact finite volume description: diagonal case

R
© Bethe Yang reliable
R — o0 O
0 L e
@ Lowest state survives
0| |6, f,...,0,1010, ...,Ql)Le_En(L)R

Sum up all terms

L Z €E|”>(R)L<n‘ @n ‘ n>R — 1 + Z e—mcoshH(R)L<6)‘ @n ‘ 9>R 4
\nYe#
= O
Expectation values Iin a - Zau&:{l ..... n) P(O‘)@c ()
highly excited Bethe state <(9n’ e 91 ‘ O ‘ 91» L Hn>L — (6’1 )

LeClair-Mussardo and generalisation  [LeClair, Mussardo 1990] [Pozsgay 2013]
o —€(0)

PO(a) = Zn'szﬂ —% Fo(a +in/2,0,, ...,6,)

= )
zm @O




Exact finite volume description: non-diagonal case

Work In progress

Expected answer

\
Vi

(016]6), = ) — — HJ—f(@)F@(6’+m/2 0,,....0)




Excited state LM for bilocal operators

© R — 0, ....0 | 0(x,N00,0)|6,, ...,0,),e EDR

| owest state survives

0) Zan‘c={1 . PZ ¢ (a)
e @, ....0,| O(x,H0(0,0)0,, ...,0,), = o
10(91, cees Hn)
HN @@(x O _6((9.) F@(x O 12 0 0
(@) = ZH'H - 1+€_€(9) O« (q + inl2,0,, ..., 0,)

[Pozsgay, Szeécsenyi 2018]

0, ...,0,]10(0,it)|0(0])O|0,, ...,0,),e " ED~EL) L 8
O O C
9,1 16y




Exact finite volume expectation values of special operators

L
Conserved charge d,_j(x,t) + dg(x,t) =0 0 = [ dxq(x, 1) 010) =q(0)|0)
0

F1@,,...,6) =mcosh0,K0, —6,)...K(6,_, —0,)q(6, + permutations

do
0,...,0,|1Lq(0,0)|8,...,0 ) = Z q(6,) + J—Q(Q)k)g(l + e~¢)
- 2

Conserved current Fg(gl, ...,0)=msinh 6,K(0, — 0,)...K(0,_, — 0,)q(0,) + permutations

(020,110, ....0,), = ) (mcosh@,)(0D),1q(O)" + mcosh 6 o g(O)"

m,k [Bajnok, Vona 2019]
Ao 1(0)g(0) [Borsi et al 2019]
21 1 + e€9)

Dressing

O = f(0) + K0 — 6) - f(0)" ]t

9) o g(6) =J



Exact finite volume expectation values in the sinh-Gordon theory

Conserved current with a new convolution o,,....0.1jl6,...,8,), = (mcosh 0)" e g(0)

if(0,+ inl2)g(0, + inl2) Jdﬁ f0)2(0)

—1
Exponential operators @a — ea(b b=)2¢(0,0) [Negro, Smirnov 2013]
Fermionic structure B Py} = o V0t = — 5n,mtn(a) 1/t,(a) = 2 sin(z(a — na))
0,,....0 |pr7d |6, ...,0, )
< 1 ‘ﬁ 71 ‘ >L = w, | — tn(a) :B;k}/ikq)a X (Da—2a
0,...,.0|.10.,...6) ’
ie'® T

Wym=€,*(1+K,+K, K, +..)ee¢ en(6’)=e”9 K (0) =

m

sinh(f + ira) sih(6 — iza)

Checked in the UV (Liouville 3pt functions) and IR (generalised LM) [Bajnok, Smirnov 2019]
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