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AdS/CFT correspondence [Maldacenal]

I1; superstring on AdSs x S° N =4 D=4 SU(N) SYM
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Couplings: VA = R—,Z gs = % — 0
8%
2D QFT

String energy levels: ()
E(\) = E(c0) + A+ 5+ ...

N = 4 D=4 SU(N) SYM

>
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[d*aTr [-2F2 — 2(D®)? + WPV + V|

V(P, W) = Z [P, P2 + W [D, V]
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B = 0O superconformal SO(5)% SO(1.4)
gaugeinvariants:O = Tr(P), det( )
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Anomalous dim A(\)
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AdS/CFT correspondence [Maldacenal]

I1; superstring on AdSs x S°

N = 4 D=4 SU(N) SYM

SS
\ AdS space

= [d*aTr [-2F? — 2(DP)? + WPV + V]

ll Ii -—é%: — N L
' , - V(P, V) = 2[®, ®]? + W[, W]
B = 0O superconformal PSU(2,2]4)
SOeY2=R? 4 +++-=-R Ea SO(5)xSO(1,4)
s d;ia (8. Y MOV 4 8. XM X ) + . .. gaugeinvariants: O = Tr(d7), det( )
Dictionary
Couplings: VA = R L gs = f\‘] — 0 A= gYMN N — oo pl(asmar limit
2D QFT strong<>weak (On(x)Om(0)) = z |QZ”;(A)
String energy levels: F()\) 4 Anomalous dim A ()
E(A)zE(oo)—i—%—l—%—l—... AN = A0) + XA+ X200 + ...

2D integrable QFT

spectrum: () = 1,2,...,00
Exact scattering/reflection matrix: Sg, 0, (p1,p2,A), Rg(p, A)

2p
2

, (v, @) dispersion: e (p) = \/Q2 2 sin

Finite size correction: Lischer, TBA
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Spectral problem: 2pt functions
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String interaction, 3pt functions

Classical surface
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A very useful toy model: sinh-Gordon theory
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2
The simplest interacting QFT in 1+1 D: £ = %(8&0)2 — %(&Ego)z — 75—2 (coshbp — 1)

. : - . P,
interesting observables: finite size spectrum,

finite size correlators 7 (0|O(it)O(0)[0); = 3, |1.(0|O(0)|n)|[2e~Fnt

Infinite volume — LSZ reduction formula

(P, p5|0p1, p2) = DiDLD1D2(0|T(Op(1)e(2)¢(3)¢(4))|0)

D; =i/ dzxjeipjx_iwjt {8752 — 02 + mz}: amputates a leg + puts it onshell

S-matrix | Form factor (FF) | correlator
on-shell | on-shell/off-shell | off-shell

Observables:

Perturbative definition, calculational tool: [Arefyeva et al]
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A very useful toy model: sinh-Gordon theory

The simplest interacting QFT in 1+1 D: £ = %(87590)2 — %(83;@)2 - 72—22 (cosh bgoéb

pl'l
interesting observables: finite size spectrum,

finite size correlators 7 (0|O(it)O(0)[0); = 3, | 1.(0|O(0)|n)  |[2e=Fnl

Infinite volume — LSZ reduction formula

(p1,P5|0|p1, p2) = D1D5D1D2(0|T(Op(1)p(2)¢(3)¢(4))[0)
D;=1i/f dejeipjm_iwjt {8752 — 02+ mQ}: amputates a leg + puts it onshell

S-matrix | Form factor (FF) | correlator
on-shell | on-shell /off-shell | off-shell

Observables:

Perturbative definition, calculational tool: [Arefyeva et al]

4 . 16 )2
S(O) =1 — %ib2csch9 _ b (CSChQ:(;;TSChH_Z)) + & CSChgggC;;he_z) + O <b8>

Mandelstam s = 4m? COShQ% with 6 = 61 — 05 rapidity: p;, = msinh 6;

Analytical properties: unitarity, crossing S(0) = S(—0)~1 = S(iw — ) similar for FF



S-matrix bootstrap



Integrability = Infinite number of higher spin conserved charges ()s:

Qs|01, - ..

S-matrix bootstrap: fundamental object is the two particle S-matrix [Zamolodchikov?
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S-matrix bootstrap

Integrability = Infinite number of higher spin conserved charges ()s:

Qsl01,...,0n) =35 q369j8|91, ...,0n) — factorization S = [[;; S(0; — 0;)

S-matrix bootstrap: fundamental object is the two particle S-matrix [Zamolodchikov? '79]

S NV
o \ /

Infinite volume — crossing symmetry, 0 — tw—0 in rapidity (E(0),p(6)) = m(cosh 6,sinh )

0
0 0, 0 0,

92 el—iTE

U

S(01 —05) = S(0) = S(ir —0) = S(—0)~"1:



S-matrix bootstrap

Integrability = Infinite number of higher spin conserved charges ()s:

Qsl01,...,0n) =35 q369j8|91, ...,0n) — factorization S = [[;; S(0; — 0;)

S-matrix bootstrap: fundamental object is the two particle S-matrix [Zamolodchikov? '79]

i

Infinite volume — crossing symmetry, 0 — tw—0 in rapidity (E(0),p(6)) = m(cosh 6,sinh 0)

i -0 -0 Simple solution:
sinh-Gordon
0 S(@) — Sinhf#—:sina
01 62 0 0,

0, 0;-in sinh 9—|—7§Sina

U

S(01 —605) = S(0) = S(Gir —0) = S(—0)"1:

b2
8m1+b2

agrees with 4-loop perturbative calculation if a =
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Form factor bootstrap 0
Lt

Correlation functions: [Smirnov, Karowszki, Weisz] (O|O(it)O(0)|0) = )N

do _ | .
Zn%fQ—ﬂ?- "f%KOIO(O)I@l,---,9n>\26 m(3; cosh 6;)t



Form factor bootstrap

(0.it)
Correlation functions: [Smirnov, Karowszki, Weisz] (O|O(it)O(0)|0) = 2, -
o\ 0, /6,
do 6, (S |
2on T f T d9 2[(0]0(0)[01, - - -, On)|%e m(2; cosh6;)t 0,0)

Form factor bootstrap: -

8 - 85 0ir 0 8 8y - Bn 8 - 8 Oiv1 O

(01001, . .., 0n) = (0|0|0a, ... ,0n, 01—2im) = S(0;—0;41)(0|O] ..., 0:41,0,...)



Form factor bootstrap 0

Correlation functions: [Smirnov, Karowszki, Weisz] (0|O(it)O(0)|0) = 2,

S [ B [ Le(0]O(0)11, . .. , O] 2e (i cOSh bt

Form factor bootstrap: - -
an
8 - 85 Oir O 8 6y - Bn

(0[0[81,. . ,0n) = (0|00, . .., 0, 1 —2iw) = S(6;—0;11)(0[O] ..., 0,4 1,0

Singularity stucture - ﬁ\ ﬂ K //R

—iResg—g (0|00 + im, 0,01 ...,00) = (1 —T1; S(6 — 6,))(0|O|61, . ..,0n)



Form factor bootstrap o

> (.
Correlation functions: [Smirnov, Karowszki, Weisz] (O|O(it)O(0)|0) = 0\ \02 /0,
Yot [ G S L2(0]0(0)[61, . .., )| 26~ (2 cOSNEE ©0
Form factor bootstrap: m ﬁ\

(01061, ..6n) = (0|O|6a, . ... 0n, 61 —2i) = S(6;— ;4 1) 00l ;1,0

Singularity stucture ™ ﬁ\ ﬂ f\ ”R

—iResgr—p(0]|O|0" + im, 0,61 ...,6,) = (1 —HZS(H 0,))(0|0|0+, ...,

Minimal solution for sinh-Gordon: (0|O161,602) = e(D+D™ =110g .5(0) Df(§) = f(9_|_m)
[Fring, Mussardo, Simonetti]

Generic solution: Fg(@l, ...,0n) = Hp ILic; f(99+ QJ)Q%)( 91 e 69”)



String interaction vertex, 3pt functions

o Classical surface
g
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= P, quantum corrections > .
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String interaction vertex k Ué
I Exact finite—size /\ g
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Decompactification limit of the string vertex
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Decompactification limit of the string vertex

Decompactify string 2 & 3:
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Decompactification limit of the string vertex

Decompactify
string 2 & 3:

Form factor equations:

N

6 6, 6 - 8 Oip1 Oy

Np(01,...,0n) = e PILNL (0, ... ,0n,01—2i7) = S(0;—0;4-1)NL(...,0;41,0;,...)



Decompactification limit of the string vertex
Decompactify §<>@U©® @ ©
string 2 & 3:

&J/@ T /rend |

N A

NL(917“° n —e—’bpl NL(927" 97%91 227—‘- _S(Q Hz—l—l)NLl( Z—|—17

AN //R

Form factor equations:

Singularity stucture

0'+in ] 6,

—iResgr—gN,(0 +im,0,01 .. Gn)—(l ePL 1. 8(0—0,))Nr(64,...,0



Free massive boson: pp-wave limit of strings on AdSs x S°
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kinematical singularity: —iRese N7 (0 +im +¢,0) = (1 — e'PL)



Free massive boson: pp-wave limit of strings on AdSs x S°

1 cut:
nonlocal

form factors

2 particles in string 3: N7 (01,05) = Ny (05,01) = e P1LN; (65,07 — 2im)
kinematical singularity: —iRese N7 (0 +im +¢,0) = (1 — e'PL)
_ —0155L_—0p52L
Solve the first two by: N;(61,05) = € ——n(01)n(6>2)
cosh -1 72

2



Free massive boson: pp-wave limit of strings on AdSs x S°

1 cut:
nonlocal

form factors

2 particles in string 3: N7 (01,05) = N7 (02,07) = e "P1LN; (05,07 — 2in)
kinematical singularity: —iRese N7 (0 4+ i +¢,0) = (1 — ePL)
0105l 02021
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cosh ===
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Free massive boson: pp-wave limit of strings on AdSs x S°

1 cut:
nonlocal
form factors

2 particles in string 3: N7 (01,02) = N7 (02,07) = e "P1L N7 (05,07 — 2in)
kinematical singularity: —iReseN7 (0 + i +¢,0) = (1 — ePL)
- 013l 0255 L
Solve the first two by: N7 (61,05) = ——mn(01)n(6>2)
cosh =152

kin. sing.: n(0)n(0 + i) = sinh @ sin %’ Phys. zeros: p = %Tn NP at: 6 = 0,, + im

n(0) = sinh %Sin %’ I_gb_L(m sinh @) where [";, removes zeros at 6 = %Tn + i
T

ru(z) — 1 —wz(7—|—|09 52) H N T and Wy = \/MZ + 52

Wz

[Spradlin et al '02,Lucietti et al '03]
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13



Nontrivial scattering: Factorizing ansatz

Two particle: F7(01,605) = S(012)F1(05,601) = e_iplLFL(QQ, 01 — 2im)

equations: —iResc F7(0 +im +¢,0) = (1 — ePL)
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Nontrivial scattering: Factorizing ansatz

Two particle: F7(601,05) = S(012)F1(05,601) = e_iplLFL(QQ, 01 — 2im)

equations: —iResc F7(0 +im +¢,0) = (1 — e'PL)

Factorizing Ansatz: | F;(01,0>) = Ny (61,05)F(61,05) | with the usual FF
F'(01,02) = S(012)F(02,01) = F(02,01 — 2im)
then N7 (01,05) = N7 (05,01) = e "P1LN; (05,07 — 2im) satisfies axioms with S = 1

—iRese N7 (0 +im +¢,0) = (1 — e'PL)

sinh-Gordon: Extended for higher particles, checking perturbatively is on the way.




Nontrivial scattering: Factorizing ansatz

Two particle: F7(601,605) = S(012)F1(05,601) = 6_ip1LFL(92, 01 — 2im)
equations: —iResc F7.(0 +im +¢,0) = (1 — e'PL)

Factorizing Ansatz: | F(61,0>) = Ny (61,605)F(01,05) |with the usual FF
F'(01,02) = S(012)F(02,01) = F(02,01 — 2im)
then N7 (01,605) = N7 (05,01) = e "P1LN; (05,07 — 2im) satisfies axioms with S = 1

—iReseN7 (0 4+ i +¢,0) = (1 — ePL)

sinh-Gordon: Extended for higher particles, checking perturbatively is on the way.

Try to generalize N (p1,po) for AdSs x S°. (pp-wave limit: g — oo, p — 0)

Relativistic dispersion F(p) = \/p2 + m? rapidity E(0) = mcosh@ ; p(6) = msinho

AdS/CFT: E(p) = \/1 + 1642 sinQ% elliptic torus: £ = dn(w, —16¢2) : 5 =am(w)



The kinematical AdSs x S° Neumann coefficient
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The kinematical AdSs x S° Neumann coefficient

Fr(21,20) = Ni(z1,22)F (21, 20) |later need FF for AdSs x S° [McLoughlin, Klose]

Elliptic torus: £ = dn(w, —1692) ; % =am(w) ; z= w% o T= 260%



The kinematical AdSs x S° Neumann coefficient

Fr(21,20) = Ni(z1,20)F (21, 20) |later need FF for AdSs x S° [McLoughlin, Klose]

Elliptic torus: £ = dn(w, —1692) ; % =am(w) ; z= wﬂl o T= QMLS

monodromy equations: Ny (21,22) = Ny (20,21) = e PEVLN, (25,21 — 7)

kinematical singularity: —1iRese N (z + % +e€2) = (1— eip(z)L)



The kinematical AdSs x S° Neumann coefficient

Fr(21,20) = Ni(z1,20)F (21, 2o) |later need FF for AdSs x S° [McLoughlin, Klose]

Elliptic torus: F = dn(w, —16¢2) : % =am(w) | z= wﬂl o T= Qw%

monodromy equations: N7 (21,22) = Ny (20,21) = e PEVLN, (25,21 — 7)

kinematical singularity: —iRese Ny (z + % +e€,2) =(1— eip(z)L)

0 0
14tanh 1tanh 2
Np(01,02) = 3reosh 01+Mcosh9 n(61)n(62)

- BCS A InG2)




The kinematical AdSs x S° Neumann coefficient

Fr(21,20) = Ni(z1,20)F (21, 20) |later need FF for AdSs x S° [McLoughlin, Klose]

— 2wp

Elliptic torus: £ = dn(’w,—1692) : % =am(w) ; z=_" w1

w1

monodromy equations: Ny (21,22) = Ny (20,21) = e PEVLN, (25,21 — 7)

kinematical singularity: —1iRese N (z + % +e€2) = (1— eip(z)L)

14tanh - ®1 tanh 62
Np(01,62) = Jreosh 01+M o 05 n(61)n(62)

@ BeoEcH ()

i7r7')

1 ' o
where f(2) = —ie73_POIGTE) i g () = el (@) Fimi il

Oo(z—5)b0(z—5+%) n(7)



The kinematical AdSs x S° Neumann coefficient

Fr(21,20) = Ni(z1,20)F (21, 20) |later need FF for AdSs x S° [McLoughlin, Klose]

Elliptic torus: £ = dn(w, —1692) ; % =am(w) ; z= wﬂl o T= QleQ

monodromy equations: Ny (21,22) = Ny (20,21) = e PEVLN, (25,21 — 7)

kinematical singularity: —1iRese N (z + % +e€2) = (1— eip(z)L)

14tanh - ®1 tanh 92
Np(01,62) = Jreosh 01+M o 05 n(61)n(62)

@ BeoEcH ()

L , T T VT
where f(2) = —ie 12 0COED) g g (o) = el DFITH ()

Oo(z—5)b0(z—5+%) n(7)

remove zeros + ensure periodicity (use elliptic gamma functions):

Q’Fk .
1) = 2L inp GG § Gron(z) = |Epot VIS5 FEC)

4gsin TE ”k

_B y1 a(z—i-% ) _ 2mit(k+2) g2z
h(z) < e 2"ePLH ()L with H(z) = et NG 70) snd oy = [ (e

1 . ean"rk 62271'2

JKZ—-— )?

)k:—i—l



The kinematical AdSs x S° Neumann coefficient

Fr(z1,20) = Ny (z1,20)F (21, z0) | later need FF for AdSs x S [McLoughlin, Klose]

Elliptic torus: £ = dn(w, —1692) ; % =am(w) ; z= w% T = 2WL:LQ

monodromy equations: Ny (21,22) = Ny(20,21) = G_ip(zl)LNL(ZQ, 21— T)
kinematical singularity: —iRese Ny (z + % +e2)=(1- eip(Z)L)

0 )
Np(01,00) = XMz Z o yn0) - GG ()

M cosh 91+M cosh 05" E(z1)+E(22)
= — _’”T_ QO(Z)QO(Z_%) - _ ’m(z 1) tim{s01(mz, elmT)
where f(z) = 2 SC-Dlo(-—11D) with Op(z) = 4 70r)

remove zeros + ensure periodicity (use elliptic gamma functions):

27rk: .
n(z) = 29YL 5in p G (2)h(z) ; Gr— 2n<z>—[ ot V167 S o EG)

4gsin T ”k

_— B J— ) . N zZ—= u\2— _ o2mit(k+2) ,—27iz
h(z) oc e 2"e L ()L with H(2) = e3e TGt DTaG—70) i, = e he 7 Ykl
h=0

ll(z___ )2 1_6217r7k62mz

Checked in the pp-wave, weak coupling and large L limit. Strong coupling check against
[Kazama, Komatsu] is on the way... But we need form factors now!



Decompactifying all volumes L.{ = oo: octagon
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Decompactifying all volumes L.{ = oo: octagon

Decompactify all volumes

e — jug
I 3 @ @ 3




Decompactifying all volumes L.{ = oo: octagon

Decompactify all volumes

s s e 2 3 3

2 2
3 3 - 3 3
1 1

O, ...,6n) = 5(6;,60,41)0( .., 0;41,60i,...) = O(0a,...,0n,01 — 4ir)



Decompactifying all volumes L.{ = oo: octagon

Decompactify all volumes

O, ...,0n) = 5(0;,0,41)0(C .., 0;41,0i,...) = O(0s,...,0n,0; — 4ir)

Kinematical singularity —iResg—pO (6" + im,0,01,...,0,) = O(01,...,0p)



pp-wave octagons
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pp-wave octagons

2 cuts

octagon




pp-wave octagons

2 cuts

octagon

2 particles: O(601,60>) = O(602,01) = O(0>,01 — 4um
p (01,02) (02,01) (02,01 ) L O(81.60) = — 1

kinematical singularity: —iRescO(0 + im +¢,0) = 1 2 cosh 91;92



pp-wave octagons

2 cuts

octagon

2 particles: O(601,0>) = O(0>,01) = O(0-,01 — 4o
p (01,62) (02,071) (02,01 ) L 0(0y.65) = — 1

kinematical singularity: —iRescO(0 + im +¢,0) = 1 2 cosh 91;92

Multiparticle solution: O(1,2,3,4) = O(1,2)0(3,4)+0(1,3)0(2,4)40(1,4)0(2,3)
(Wick theorem)



pp-wave octagons

2 cuts

octagon l ‘

2 particles: O(61,62) = O(6,01) = O(05,01 — 4ir) —  0(01,0,) = — 191 7
kinematical singularity: —iRescO(0 4+ im +¢,0) = 1 2 cosh

Multiparticle solution: O(1,2,3,4) = O(1,2)0O(3,4)4+0(1,3)0(2,4)40(1,4)0O(2,3)
(Wick theorem)

Summing up 7 AN | e AN | e AN | e AN |
virtual corrections?
Gluing back? o e oy &

1 — ) 1 _I_ ) 1 —I_ ) 1 + . ..
[Basso, Komatsu, Vieira] >->2_ n, 17— /2% Cg;?,u({u})e 2 Eui) Ly (|

N7 (01,02) = O(01,02) + [ 20(01, 02, u — 3iT,u + 3iT)cemCOSNul

Kinematically singular: adhoc regularization (connected part) agrees with NLO Ny (01, 605)!



FF Axioms from gluing octagons
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FF Axioms from gluing octagons
Analytical
continuation: - g

teleportation

1

kinematical singularity: two contributions 1 — etPL



FF Axioms from gluing octagons

2

Analytical
continuation: :

teleportation

1

kinematical singularity: two contributions 1 — e’

continue further,
cross terms cancel,

447 periodicity

Naive summation : Oy (61,05) = O(01,602) + [ 2001, 05, u,uT)e LEW 4

—00 271



FF Axioms from gluing octagons

2

Analytical
continuation: ¥

teleportation

1

kinematical singularity: two contributions 1 — ¢

continue further,
cross terms cancel,

447 periodicity

Naive summation : O (01,62) = O(01,602) + [ %0(91, 0o, u, uT)e LE@ 4

connected part: O(@l,u_)O(QQ,u+)+(91 < 0) = —0(01,02) (cosh(h—el) T cosh(t—eg))



FF Axioms from gluing octagons

2 2

—0—0 00—

Analytical
continuation: - 8

teleportation

1

continue further,
cross terms cancel,

447 periodicity

Naive summation : O,(61,62) = O(01,62) + [, §20(01, 62, u™, uT)e LEW 4

in general O(01, 02, uq, ...,ug,ui_, ey Upy )C = 0(01,6>) H?Zl (COSh(u —07) + COSh(_uli—92)>



FF Axioms from gluing octagons

2
—0—0 00—

2

Analytical
continuation: - v

teleportation

1

continue further,
cross terms cancel,

447 periodicity

Naive summation : O,(61,02) = O(01,602) + [°% 24001, 02, u™, ut)e LEW 4 .

in general O(01, 02, uq, ...,ug,ui_, e, Up )c = 0(61,65) Hz‘:l (COSh(u ) + COSh(_uli—92)>

. o _ mL coshu
Wick — exponentiation: O (61, 602)d(01)d(6>) with: logd(0) = — [ gxiosh(u—e)



.:. FF Axiomsg, from gluing; octagons

Analytical

3

continuation:
teleportation

1

continue further,
cross terms cancel,
447 periodicity

Naive summation : O, (01,62) = O(01,602) + [ duO(Hl, 0>, u—, ut)e LE@W 4
ingeneral O(01, 00, u7 , ..., u;, uy .oy upt )e = O(01, 02) TI3_, (Cosh(u 5y + Cosh(—uli_ez))

- o _ mL coshu
Wick — exponentiation: O(61,02)d(01)d(0>) with: logd(0) = — [° g%iosh(u_e)

50 dulOg(l e mLcoshu)
00 27 cosh(u—0)

exact result is similar to ground-state energy in volume L: logn(6) = [°

Problem with the finite part of the singular contributions — regulate by sums (finite volume) and
pay attention on the weight of the (partially) diagonal terms: correct undecompactified vertex



Cutting one more: two hexagons
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Cutting one more: two hexagons

Decompactify all volumes




Cutting one more: two hexagons

Decompactify all volumes

h((gz, c e ,Qn) — 3(92791+1)h( . '797j—|—179i7 .. ) — h((92, .. .,Qn,ﬁl - 3Z7T)

Kinematical singularity —iResgr—ph (6’ + im,0,61,...,0,) = h(01,...,6n)



Cutting one more: two hexagons

Decompactify all volumes

h((gz, c e ,Qn) — S((gz, (92_|_1)h( .« ey QZ'_|_]_, 97;, c e ) — h((92, e ooy Qn, 91 - 3271')
Kinematical singularity —iResgr—ph (6’ + im,6,61,...,0,) = h(01,...,6n)

Complete solution: h(61,605) o< o(61,05)Sgeisert(01,02) What makes it unique?



Comparision of the different approaches
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Comparision of the different approaches

Ultimate goal:




Comparision of the different approaches

1 cut:
nonlocal

form factors




Comparision of the different approaches

1 cut:

nonlocal

form factors

2 cuts

octagon




Comparision of the different approaches

1 cut:
nonlocal

form factors

2 cuts

octagon

3 cuts

hexagon




Comparision of the different approaches

1 cut:
nonlocal
form factors

2 cuts
octagon

3 cuts
hexagon

EEERIENTR TR
sewing back RS B |
O(01,02,03) = h(01,02)h(03)+...+ ] Lp(u)h(01, 02, u—iZ)h(utiZ, o3)e  FlWi4

Octagon axioms from hexagon axioms via teleportation. What to do with singular contributions?
Understand finite size effects!



Outline of the second part

Finite size effects in the spectral problem ; \&

Finite volume form factors: polynomial corrections

Diagonal form factors and HHL correlators

Exact one-point function: the LM series O »« J
} C*H(R)L o R\\‘\‘

Liischer correction for non-diagonal form factors

Conclusions

20



Finite size effects: Spectral problem

le
Finite volume spectrum
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Finite size effects: Spectral problem

~— pn
Finite volume spectrum

CFT  Luscher Bethe—Yang
Q
E \
2m \
-
\ =
m N T Clé
7
0
/ L
D4




Finite size effects: Spectral problem e

Finite volume spectrum

Polynomial volume corrections:
E(64,..

L, 0n) = D i E(0;)

E

2m

Bethe—Yang

N

(

S

|

S—matrix




Finite size effects: Spectral problem ¢ vusche

E

pn
:

Finite volume spectrum

Polynomial volume corrections:

Bethe—Yang

!

N

e

|

S—matrix

E(01,...,0n) = >; E(0;)

Bethe-Yang; p; quantized: ¢'Pil [IxS(0; —0) = —1




Finite size effects: Spectral problem c/r_ Luscher

Bethe—Yang

E

pn
Finite volume spectrum 2m

N

e

|

Polynomial volume corrections:

S—matrix

E(01,...,6n) = 3 E(0;)

_Z/

L

| T B | | L | | L | L L
T T T T T L T T L T L L

Bethe-Yang; p; quantized: ¢'Pil [1 S(0; —0) = —1 Y
<o
p;L 4+ Yk 3109 S(0; — 0x) = (2n+ )7 L

p



Finite size effects: Spectral problem . .. Bethe_Yang

~— pn
Finite volume spectrum om T~

m

S—matrix

Polynomial volume corrections: .

E(01,...,0n) =X E(6;) ] L

Bethe-Yang; p; quantized: e™?i ], S(O; —0;) = —1 0OeCe 0000000 OO0 OO
éZTC

piL+ Y1109 S(8; — 6;) = (2n+ 1)« ; :

Liischer-type corrections:

BY modified as p; L + >, % log S(Gj —0)+6=02n+ )=

Whereé—zfOO do’ Iog S(0; — 6" HkS(Z _|_(9k_9)e—mLcosh9



Finite size effects: Spectral problem . .. Bethe_Yang

s TN N

Finite volume spectrum 2m — )

m || [N ¥§
Polynomial volume corrections: . ’
E(01,...,60n) =, E(6;) ] L
Bethe-Yang; p; quantized: ¢’P7"[];, S(0; — ;) = —1 SECRL X LI LI LRI RIS
p;iL+ Y1109 S(0; — 6) = (2n+ L) i p

>

R
Ground-state energy from

Euclidean partition function:
Z(L,R) =p_ oo Tr(e  HLIRY) = ¢=Eo(L)R

=




Finite size effects: Spectral problem e

~—

pl'l
Finite volume spectrum

Polynomial volume corrections:

E(01,...,0n) =3 E(6;)

Bethe-Yang; p; quantized: e?i” ], S(O; —0;) = —1
p;L+ Y1109 S(0; —0;) = (2n+ 1)

Ground-state energy from

Euclidean partition function:
Z(L,R) =p_ oo Tr(e  HLIRY) = ¢=Eo(L)R

Exchange space and Euclidean time

Z(L, R) — R—00 Tr(e_H(R)L) =R—00 2n e_En(L)R

E

2m

Bethe—Yang

N

S—matrix

LA

L

| T R | | L | | L | L L
T T T T L T T L T L L

~n

>

R

=

L

p

~HR)L
€




Finite size effects: Spectral problem . .. Bethe_Yang

~—

pl'l
Finite volume spectrum

Polynomial volume corrections:

E(01,...,0n) =3 E(6;)

Bethe-Yang; p; quantized: e?i” ], S(O; —0;) = —1
p;L+ Y1109 S(0; —0;) = (2n+ 1)

Ground-state energy from

Euclidean partition function:
Z(L,R) =p_ oo Tr(e  HLIRY) = ¢=Eo(L)R

Exchange space and Euclidean time

Z(L, R) — R—00 Tr(e_H(R)L) =R—00 2n e_En(L)R

E

2m

N

B
S—matrix

LA

L

| T R | | L | | L | L L
T T T T L T T L T L L

~2n
L

R

p

“HR)L \
€

=

Main contribution:
finite density p, py,




CFT

Finite size effects: Spectral problem

Luscher Bethe—Yang

E
~— pn
. . 2m
Finite volume spectrum

Polynomial volume corrections:

N

B
S—matrix

E(01,...,60n) = 3 E(0;)

L

| | | | L | | L | L L
T T T T L T T L T L L

Bethe-Yang; p; quantized: e™?i ], S0 —0) = —1
p;iL+ Y1109 S(0; —6) = (2n+ L) — "

Ground-state energy from
Euclidean partition function:

Z(L,R) =p_ oo Tr(e  HLRY = ¢=Eo(L)R

Exchange space and Euclidean time

Z(L, R) —R—00 Tr(e_H(R)L) =R—00 2on e_En(L)R e,

Main contribution:
finite density p, py,

Large volume: Bethe-Yang can be used

piR+ Y, 31095(6; —6;) = (2n+ 1)1 — R+ [(—idylog S(p,p"))p(p)dp

Z(L,R) = [d[p, pyle~ LEER) = [ ((pFpn) In(ptpn)—pIn p—pj, In pp)dp

= 27(p + pn)



Finite size effects: Spectral problem

Finite volume spectrum

Polynomial volume corrections:

E(01,...,0n) = >; E(6;)

Bethe-Yang; p; quantized: e’

~_P

Pt T, S(0; — 0f) = —1

p;L+ Y1109 S(0; —0;) = (2n+ 1)

Ground-state energy from
Euclidean partition function:

Z(L,R) =p_ oo Tr(e  HLIRY = ¢=Eo(L)R

Exchange space and Euclidean time

Z(L,R) =p_yoo Tr(e HUDLY = S~ o= En(L)R

— 1n Pr(P)
Saddle point : €(p) = In 2 p(p)

CFT

Luscher Bethe—Yang

E

2m

m

0

N

S—matrix

/

L

OOQOQ oooo Ooo 0.0 Oo

éZTE

L

>

R

A el

Main contribution:
finite density p, py,

e(p) = E(p)L + f

%id, 109 S(p', p) 10g(1 + e=<(P))

Exact ground state energy: | Eqg(L) = — [ g_g log(1 + e—e(p))

[Zamolodchikov]



Finite volume form factors

8 00808 0000000 O8O Oo
Finite volume state [{0;})7, = [{n;}) =y

Polynomial volume corrections: Q; = p(0;)L + >2j«; % log S(0; — 0;) = 2n;m
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Finite volume form factors

8 00808 0000000 O8O Oo
Finite volume state [{0;})7, = [{n;}) =y

Polynomial volume corrections: Q; = p(0;)L + >2j«; % log S(0; — 0;) = 2n;m

Normalization of states: [{n;}) = Lig(i{}gi}) where pp, = det|9; Q|




Finite volume form factors

~

" 00808 0000000 O8O Co
Finite volume state [{0;})7, = [{n;}) =y

Polynomial volume corrections: Q; = p(0;)L + > j«; % log S(0; — 0;) = 2n;m

Normalization of states: [{n;}) = Li%{}gi}) where pp, = det|9; Q|

0/ 0’
Nondiagonal FF: (0 ,...,00 |00y, ...,01) = Fut (6 \’/[;9—;7’9”""’91) + O(e=™k)

[proved Pozsgay, Takacs| crossing 0 = 0 + i




Finite volume form factors

" 00008 0000000 000 Co
Finite volume state [{0;}); = |[{n;}) ~=

Polynomial volume corrections: Q; = p(0;) L + >2j«; % log S(0; — 0) = 2n;m

- . 1y —  {0:i}) _ 0.
Normalization of states: [{n;}) = 0T where pp, = det|9; Q|
| |  Ey, (@8 O, 01) o
Nondiagonal FF: (6),...,60. |06y, ...,01) = —F NI :I—O(e mi
[proved Pozsgay, Takacs] crossing 0 = 60 + i

Diagonal FF: (01,...,0,|0|0n,...,01) = Zauganp& + O(e—™L)

[conjectured Pozsgay, Takacs proved ZB, Wu] where po = det’aaiQaﬂ



Finite volume form factors

8 COeCe eeee 0000 Co
Finite volume state [{0;});, = |{n;}) =y

Polynomial volume corrections: QQ; = p(0;) L =+ >2j.«; % log S(0; — 0) = 2n;m

Normalization of states: |{n,;}) = 10:}) where = det|0;Q ;

. _ F’I’L m(é/ ,...,é,inn/,en,...,el) _ L
Nondiagonal FF: (8% ,...,600 |0|0n,...,01) = —F N j— O(e—m)
[proved Pozsgay, Takacs] crossing 6 = 6 + iw

Diagonal FF: (01,...,0,|0|0n,....01); = Zauganpé - O(e_mL)

[conjectured Pozsgay, Takacs proved ZB, Wu] where p, = det|@aiQaj|

F5(01,02)4p1(01) F£(02)4p1(02) F£(01)+Fop2(01,0
<€1792|O|92761>L: 2( 1,02)+p1(01) 1(52)(81'0,10(2)2) 1( 1) 0p2(01,02)




Finite volume form factors

~

8 COeCe eeee 0000 OO
Finite volume state [{0;})7, = [{n;}) =y

Polynomial volume corrections: QQ; = p(0;) L =+ >2j.«; % log S(0; — 0) = 2n;m

Normalization of states: [{n;}) = 10i1)  \here pn = det|9;Q ;|
pn({0:})

. . Fn m(é/ ,...,é,/rn,en,...,el) _ L
Nondiagonal FF: (8% ,...,600 |O0|0n,...,01) = —F o :I—O(e me
[proved Pozsgay, Takacs] crossing 6 = 6 + iw
Diagonal FF: (01, ... ,600|O0n, ..., 01) 1 = ZaugnFap@ 4+ O(e—mL)

[conjectured Pozsgay, Takacs proved ZB, Wu] where po, = det|8az.Qaj|

(01,02|0|02,01)1, = F5(91>92)+p1(91)Ff(9§2);gi19(29)2)1’f(91)+Fopz(01,92)

BY: Q1 = p1L — 1109 5(91 — 92) = 2mn1; Q> = poL —1l0g 5(92 — @1) = 27TNno



Finite volume form factors 00800 0000 00 80 Oo

“abln ézn P
Finite volume state [{6;}); = [{n;}) )

Polynomial volume corrections: @) ; —‘%g JZ)L + 2k~ IOg S(0; — 0) = 2n 7
Normalization of states: [{n;}) = L where pp, = det|0;Q
v pn({6:}) J

. F (0 ,....0. On,....01) _

i / / — + ARED) yUn,..,U1 L
Nondiagonal FF: (6%,...,0,,|00n,...,01); = —*F% Pn;Zn —I—_ O(e=™)
[proved Pozsgay, Takacs] crossing 6 = 6 + iw

: = FSpa _
Diagonal FF: (01,...,0,|0|0,...,01) = z“ugn afd | O(e—mL)
[conjectured Pozsgay, Takacs proved ZB, Wul| where po, = det|8aiQaj|

__ F5(01,02)+p1(61) F{(02)+p1(02) FT(01)+Fop2(01,02)
p2(01,62)

= F1FL? + ¢o(Br+ E2)L ¢(0) = —idylog S(6)

(01,02|0102,01) 1,

p01,0 = | PEFO T

and p1(61) = E1L+¢ ;  p1(02) = E2L + ¢



We need F'(07 + €1, ..

Connected form factors

.,§n+€n,9n,...,91>
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Connected form factors

We need F (01 +€1,....0n + €n,0n,...,01)

BUT: kinematical singularity: F'(0+4¢€,0,01...,60,) = %(1 —IL; S(6—06;))F(01,...,0n)

F@y 4 €1, 00+ en,On, ..., 07) = =mmCin 60y

€1...€n



Connected form factors

We need F (01 +€1,....0n + €n,0n,...,01)

BUT: kinematical singularity: F'(0+¢€,0,01...,0,) = %(1 —IL; S(6—06;))F (01, ...

F@y 4 €1, 00+ en,On, ..., 07) = =mmCin 60y

€1...€n

Connected form factor: F“(61,...,0,) = n'aio ,, | e-independent part




Connected form factors

We need F (01 +€1,....0n + €n,0n,...,01)

BUT: kinematical singularity: F'(0+4¢€,0,01...,60,) = %(1 —IL; S(6—06;))F(01,...,0n)

F@y 4 €1, 00+ en,On, ..., 07) = =mmCin 60y

€1...€n

Connected form factor: F“(61,...,0,) = n'aio ,, | e-independent part

Graphical representation: F' (01 +€1,....0n +€n,0n,...,01) = >_graphs Fgraphs
[Pozsgay, Takacs]

graphs: oriented, tree-like, at each vertex only at most one outgoing edge

contributions: (i1, .. .,1%) with no outgoing edges "“(0;,,...,0; ),

for each edge from 7 to 7 : factor Z—qu(@z — Qj),



Connected form factors

We need F'(07 +¢€1,...,0n + €n,0n,...,071)
BUT: kinematical singularity: F'(0+¢,0,01...,0,) = %(1 —IL; S(0—06;))F(01,...,0n)

POy + €1, sBn e, O, ., 0y) = 200055 1 ()

Connected form factor: F“(61,...,0,) = n'aio _,, | e-independent part

Graphical representation: F(gl +€1,..., On + €n,On, ..., 01) = >_graphs Fgraphs
[Pozsgay, Takacs]

graphs: oriented, tree-like, at each vertex only at most one outgoing edge
contributions: (i1,...,17) with no outgoing edges "“(0;,,...,0;, ),
for each edge from i to j : factor G—Z_qﬁ(ez 0;),

1 2 1 2 1 2

which gives F4 (61 + €1, 00+ €0,02,01) = F5(01,62) + %¢12F§(91) + %¢21F§(62)



The string vertex for L1 = 0O: diagonal form factor
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The string vertex for L1 = 0O: diagonal form factor

Decompactify string 2 & 3 but L1 = O:




The string vertex for L1 = 0O: diagonal form factor

Decompactify string 2 & 3 and .7 = O:




The string vertex for L1 = 0O: diagonal form factor

Decompactify string 2 & 3 and .7 = O:

Local operator form factor equations:
No(01,...,0n) = No(02,...,0n,01 — 2ir) = S(0; — 0;,4.1)No(...,0;41,0;,...)

—iReSQ/:QNo(Q/ —I— i7‘(‘, 9, 91 e oy Qn) — (1 — Hz 5(9 — Hi))NO(Qla e ey Qn)



The string vertex for L1 = 0O: diagonal form factor

Decompactify string 2 & 3 and .7 = O:

Local operator form factor equations:
No(01,...,0n) = No(02,...,0n,01 — 2ir) = S(0; — 0;,4.1)No(...,0;41,0;,...)

—iReSQ/:QNo(Q/ —I— iﬂ', 9, 91 e oy Qn) — (1 — Hz 5(9 — Qi))No(Ql, e ey (9n)

Claim: HeavyHeavyLight 3pt function = Diagonal form factor, strong coupling prescription

[Costa et al., Zarembo]: C'i7rrr, = Jworld sheet V(X [heavy solution (o, T)])dQO‘



The string vertex for L1 = 0O: diagonal form factor

Decompactify string 2 & 3 and L1 = O:

Local operator form factor equations:
No(01,...,0n) = No(02,...,0n,01 — 2ir) = S(0; — 0;,4.1)No(...,0;41,0;,...)

—iResgr—gNo (0" + 17,0,01 ...,60,) = (1 —[[; S(0 — 6;))Ng(61, - ..,6n)

Claim: HeavyHeavyLight 3pt function = Diagonal form factor, strong coupling prescription
[Costa et al., Zarembo]: C'rrrrr, = fworld sheet V(X [heavy solution(o, T)])dza

for multiparticle state: Cryr, = | modulispace () V(X [heavy solution(y;j)])d™y



The string vertex for L1 = 0O: diagonal form factor

Decompactify string 2 & 3 and L1 = O:

Local operator form factor equations:
No(01,...,0n) = No(02,...,0n,01 — 2ir) = S(0; — 0;,4.1)No(...,0;41,0;,...)
—iResgr—gNo(0/ +im,0,01...,0,n) = (1 —[[; S(0 — 6;))No(01,...,60n)

Claim: HeavyHeavyLight 3pt function = Diagonal form factor, strong coupling prescription
[Costa et al., Zarembo]: C'rrrrr, = fworld sheet Y (X [heavy solution(o, T)])dza

for multiparticle state: Cryr, = |modulispace {y;) V(X [heavy solution(y;)])d™y

(classical) diagonal form factors: j (02,01(V|01,02); = F?S(@l’92)+'01(9/)12)(F91i(g§))+p1(92)F18(91)

| | IP
ePh=1 ; & =pyL—iY ;2109 Sk, 0;) ;  pn(by,...,0n) = det [875]

diagonal form factor F'5(61,62) = lim._,o No(02,01,601 + €,02 + €)

Explicitly checked at weak coupling [Hollo, Jiang, Petrovskiij and from hexagons asymptotically
[Jiang, Petrovskii]



Exact finite volume 1-point function
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Exact finite volume 1-point function

LeClair-Mussardo formula e

R
from thermal evaluation:

(0|0]0); =p_soo TH(Oe  HIIRY /7(L R) + ...




Exact finite volume 1-point function

LeClair-Mussardo formula

from thermal evaluation:

(0]010);, =p_oo Tr(OeHIRY /7(L R) + ...
Exchange space and Euclidean time
Rosoo T(Oe™ HIRY j7 =g, Tr(em L) /7

_ > n(n|Onye= EnlLR
—R—o0 Zn e—En(D)R

'' - ———




Exact finite volume 1-point function

LeClair-Mussardo formula

from thermal evaluation:

(0]010);, =p_oo Tr(OeHIRY /7(L R) + ...
Exchange space and Euclidean time
Rosoo T(Oe™ HIRY j7 =g, Tr(em L) /7

_ > n(n|Onye= EnlLR
—R—o0 Zn e—En(D)R

'' - ———
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Exact finite volume 1-point function

LeClair-Mussardo formula -

from thermal evaluation:

(0]010);, =p_oo Tr(OeHIRY /7(L R) + ...

Exchange space and Euclidean time ©

ResooTH(Oe HIRY j7 = Tr(e HURL) /7 o
Oln)e—En(L)R T ™

. YunlOlne T

Zn e—En(L)R

we need (p, pn|O|p, pn) in a highly excited Bethe state [Pozsgay]

Zau& ng&

n

can be used as

Large volume: asymptotic formula

]
L i
|
\

“HR)L \

) %
R\

Main contribution:
finite density p, py,

—e(0)

_ [c¢
ZaUa aPa FO_|_||mn_>OOf29FC(0)pn 1—|— gIVIng FO"_fgch(@) i —6(0)+

Pn



Exact finite volume 1-point function

S
LeClair-Mussardo formula R
from thermal evaluation:
(0]010);, =p_soo Tr(OeHIRY /7(L R) + ...
Exchange space and Euclidean time O
R—>ooTr(O€_H(L)R)/Z —R—o0 Tr(e_H(R)L)/Z
_ . X,(nlOn)e En(DE L
Ty, e DR O
we need (p, pn|O|p, pn) in a highly excited Bethe state [Pozsgay]

Zau& Fép&

n

can be used as

Large volume: asymptotic formula

_ F¢ a . n— s
>auaFara _ FO—|—|Imn—>oof%Fc(9)p nl—l-... giving Fp+ [ %FC(Q)l

Pn P

L

~HR)L
/I

Main contribution:
finite density p, py,

6_6(0)
et

Saddle point : €(p) = In P(p) e(0) = E(O)L — | %(p(@ — 0 1og(1 + 6—6(9/))

p(p)

- - - ) _ 0
Finite volume expectation value: | (O);, =3, % H?’—l / Cgiiz 1j_ 6_(629)
: — (&

FC(Ql,,Qn)

[LeClair-Mussardo] diagonal FF: excited states [Pozsgay]

What about non-diagonal theories/form factors? Sine Gordon theory from lattice [Hegediis]



Liischer correction for nondiagonal FFs: the method

—S|¢]
Finite volume 2-point function: (O(x,t)O0); = f[qu]C}([%Z]f_(g[v(g])e

in Fourier space: [ (w,q) = %ffé?Q dx [2F dt et(wt+ax) (O(z, 1) O)
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Liischer correction for nondiagonal FFs: the method

—S|¢]
Finite volume 2-point function: (O(x,t)O0); = f[qu]C}([g;)]i)—(gfg])e

in Fourier space: [ (w,q) = %ffé?Q dx [2F dt et(wt+ax) (O(z, 1) O)

evaluating in the finite volume channel

S0 po(L 5
M(w,q) = XN [{0|O]b1,....0N) L] {Ej\,(L]\)[(—z)w T E?(?)V(le}




Liischer correction for nondiagonal FFs: the method
—S[¢]
Finite volume 2-point function: (O(x,t)O0); = f[qu]C}([g;)](:_(g[’q?])e

in Fourier space: [ (w,q) = %ffé?Q dx [2F dt et(wt+ax) (O(z, 1) O)

evaluating in the finite volume channel
O4-Pyn(L) | Oq+Py(L)
M(w,q) = 2N 10|00y, .., 9N>L|2 {E;(L]\)[—iw + E]qv(L];[—I—iw}

exact finite volume energy levels: poles, form factors: residues

Finite volume LSZ: lim, ;. 1y (En(L) 4 iw)T (w, Py (L)) = [(0[O|01, ..., 0n) |



Liischer correction for nondiagonal FFs: the method

—S|¢]
Finite volume 2-point function: (O(x,t)O0); = HDMC}([;C),;)]?—(SES])G

in Fourier space: [ (w,q) = %ffé?Q dx [2F dt ei(Wt'I'qx)((’)(:c,t)O}L —

evaluating in the finite volume channel
Og— Pr (L Og+Pr (L
M(w,0) = T (010161, 681 { o3 + VA |

exact finite volume energy levels: poles, form factors: residues

Finite volume LSZ: lim, ;. 1y (En(L) 4 iw)T (w, Py (L)) = [(0[O|01, ..., 0n) |

evaluating in the finite temperature channel

c—Hz e—H(L—:I:)
(O(,)0), = ©(2) AL — 00— 1t
cHz e—H(L—I—a:)
O (o) MO




Liischer correction for nondiagonal FFs: the method

_ [[Dg]O(=,t)0(0,0)e5!]
[[Dg]e—51e]

- —
in Fourier space: '(w,q) = 7 fLéiz dz [0 dt eZ(Wt+q33)<(9(m,t)O>L

Finite volume 2-point function:  (O(x,t)O),

evaluating in the finite volume channel

Og— Py (L) +Py (L)
M(w,q) = >N |<O|O|917 SRR 9N>L|2 {E]C]\[(L]\)[—iw + E]q\[(L];[—I—zw}
exact finite volume energy levels: poles, form factors: residues

Finite volume LSZ: llmw—)zEN(L)(EN(L) —+ iw)l—(w, PN(L)) = ’<O|O|91, Cee 0N>L|2

evaluating in the finite temperature channel

e—Hre—H(L—x)

(O(z,)0), = ©(a) 11O =0 I
cHz e—H(L—I—x)
O (—a) MO ——]

Insert two complete systems of states:

ZT (w,q) = X, |(v]O|p) |Pe=Erls(py, - Pv+”>{E —E,- Zq_l_Eu—Ll?V“"iq}

Use asymptotic expressions. Do analytical continuation as w — 1 E (L)



1-particle energy and form factor from 2-pt function

. o _ _F(g)?
Specify to a 1-particle pole M (w, q) B(0)+Fiw + ..

Exact 1-particle energy: F/(q), form factor: F(gq) = (0|O|q)
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1-particle energy and form factor from 2-pt function

2
Specify to a 1-particle pole M(w,q) = E’@()q_?_iw + ...

Exact 1-particle energy: E(q), form factor: F(q) = (0]|O|q)

Liischer correction: Expand around the BY pole £(q) = \/q2 + m?

_ 27F2(q)  —; Lo(q) L1(q)
M(w,4) = "Teley wmie@ + oie(z T aie(q T regular

Energy correction: E(q) = £(q) {1 + L r£o(q) + ... }

21 F?
FF correction F(q) = \/% {1 +- %El(q) + ... }




1-particle energy and form factor from 2-pt function

. o _ _F(9)? —
Specify to a 1-particle pole M (w, q) E(Q)Fiw + ...

Exact 1-particle energy: E(q), form factor: F(q) = (0]|O|q)

Liischer correction: Expand around the BY pole £(¢q) = \/q2 + m?2 -

_ 2nF2(q) _; L L
M(w.0) = “Tet) ot T ey T sy T regular

Energy correction: F(q) = £(q) {1 5 Fzﬁo(Q) + . }

FF correction F(q) = \/\/2_27?1) {1 -+ fo}%)ﬁl(q) + ... }

Leading Liischer correction from v 1-particle state,

\
relevant pole: 1 vacuum or 2-particle state o >\O(m
0,0)

similar to: [Pozsgay,Szecsenyi] @(my/) %

20w, q) = 3 Sy | WIO1NPe 6 (B = Py + ) { gz + g |



1-particle energy and form factor from 2-pt function

A C)

Specify to a 1-particle pole M(w,q) = () +iw

Exact 1-particle energy: E(q), form factor: F(q) = (0]|O|q)

Liischer correction: Expand around the BY pole £(¢q) = \/q2 + m?2

2nF2(q) Lo(q) L£1(q)
Le(q) o €@ T woic(@)? T o it (e

Energy correction: E(q) = £(q) {1 =+ 275712[,0@) + ... }

FF correction F(q) = \/% {1 + %El(q) + ... }

The main result: energy correction reproduced, form factor

M(w,q) =

—+ regular

V27

Fla) = {F1 + [, d9 FER9(6 + im, 0,01 — i%)emLcoshO 4 }
V P1
F F
F3°9(0,01,02) = F3(0,01,02) — gtz [1 — S(01 — 02)] +i5-5"(61 — 0

(

density of states at Liischer order: ,011) from Liischer quantization

2)



Conclusion
The more cutting the simpler the equations are but the more gluing

We need to solve the AdSs x S° form factor equations, or the octagon equations as they would

sum up virtual particle contributions (achieved in the pp-wave only)

We need to understand the gluing (relevant also for 4pt functions)

They are related to finite size corrections to form factors

We recently calculated the 1 terms for generic non-diagonal form factors
Calculate the F-terms for generic non-diagonal form factors

Develop a LM type expansion for non-diagonal form factors (XXZ and sine-Gordon correspon-

dence might help [Smirnov])
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Other decompactification: the bootstrap program
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Other decompactification: the bootstrap program

The full large volume amplitude O(e_mL)

eP1LS(01 —05)...5(01 —6n) = 1 ? v




Other decompactification: the bootstrap program

The full large volume amplitude O(e_mL)
eiplLS(Ql —05)...5(00 —6p) =1 : ’
LN M//@
D ' b
e.compactlfy 5 =
string 2 & 3:

NLl(el, o o ,en)




Other decompactification:

The full large volume amplitude O (e

eP1Lg(91 —05)...5(01 —6,) =1

Decompactify
string 2 & 3:

N, (01, ...

7071)

—mL)

the bootstrap program

Decompactify
string 1 & 3:

NL2(917 o ,Hn)




Other decompactification: the bootstrap program

The full large volume amplitude O (e~"L)
eP1LS(01 —05)...5(01 —6n) = 1 ? v
Decompactify L Decompactify L,
) @ @ . @ 0
string 2 & 3: string 1 & 3:
NLl(el,... ,071) I NLQ(Q]_)"')H?’L) L | |
/I NN e \X

Finite (large volume) and infinite volume amplitudes are the same (upto normalization).

Find the relevant solutions by matching the two in the large L1, Lo limit:

NLl(elv' . ,Qn) X NL]_,LQ(@].?' . 79%)) 0.¢ NLQ(QJ.?' . ,Qn)



Classical two particle solution

sine Gordon:

Bp12 _ _e1tep . 01— 0> — oLiz—pit+y;

tan €12 u1o> = tanh > , €5

1 — u%zeleg '
Before scattering: x1(t) = vit+x; =v1(t—ty) ; x2(t) = vot+x, = vo(t—1t5)
after scattering: 21 (t) = v1t+a:1|_ = vl(t—tf) . xo(t) = ’UQt—I-:UéI_ = vg(t—t;)

Op,0(E1, Ep) = At S = e!0(01=62)
O0F 2 01— 0>
¢(01—02) = 9p,6(01—02) = 6—91A12t = p1A1ot = ¢12 = log tanh ( )
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Infinite volume 2 particle form factor

The moduli space

y1 = B1xy = —p1ty ; yp = Eoxy, = —pots Aoy = @120 = —A21Yy

9, Yy
0,
The connected 2pt form factor is defined as
O @) @)
o= /_OO dy1 /_OO dy2 |Olp12(y1,y2)] — ©(—y1)Olp12(—00, y2)] (1)

—O(y1)O0l[p12(00,y2)] — ©(—y2)O[p12(y1, —00)] — ©(y2)Olp12(y1,00)]
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Finite volume two particle state

approximate two particle finite volume states (up to exponentially small corrections)

Classical 'Bethe Ansatz’

Y1 =F1L - FE1QAq10x = E1 L+ ¢12

(y1,y2) = (y1 + Y1,92 — ¢21)

Yo = EoL — Eb Ao = EoL + @12

(y1,y2) = (y1 — ¢12,y2 + Y2)
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Finite volume moduli and form factor

Finite volume diagonal matrix element:

1
Fo(L) = —— [ dyi1dy20 , . Vol = det
2(L) = 1 | dy1dy20[p(y1, 2)] 0 e[

Y7
— P12

— P21
Y5

|
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Finite diagonal matrix elements in terms of form factors

L ] =

I \

elementary cell: |(E1L+¢12, —¢12) X(—=b12, EoL+¢12)| = po = E1L(EoL+¢12)

E L E,L _J
9, E/L 2 E/L
-0,

p2Fo(L) = F5 4(01,02)+E1LF1(02)+E2LF1(01) = Fo (01,02)+Y1F1(02)+Y2F1(01)
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