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ABSTRACT: We study the six-point gluon scattering amplitudes in N/ = 4 super Yang-
Mills theory at strong coupling based on the twisted Z4-symmetric integrable model. The
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equations as well as the functional relations among the Q-/T-/Y-functions. The quantum
Wronskian relation for the Q-/T-functions plays an important role in determining a series
of the expansion coefficients of the T-/Y-functions around the UV limit, including the
dependence on the twist parameter. Studying the CFT limit of the TBA equations, we
derive the leading analytic expansion of the remainder function for the general kinematics
around the limit where the dual Wilson loops become regular-polygonal. We also compare
the rescaled remainder functions at strong coupling with those at two, three and four loops,
and find that they are close to each other along the trajectories parameterized by the scale
parameter of the integrable model.

KEYWORDS: Integrable Equations in Physics, Scattering Amplitudes, AdS-CFT Corre-
spondence, Bethe Ansatz

ARX1v EPRINT: 1406.5904

OPEN AcCESsS, (© The Authors.

Articlo funded by SCOAP®. doi:10.1007/JHEP08(2014)162


mailto:yasuyuki.hatsuda@desy.de
mailto:ito@th.phys.titech.ac.jp
mailto:ysatoh@het.ph.tsukuba.ac.jp
mailto:sjsuzuk@ipc.shizuoka.ac.jp
http://arxiv.org/abs/1406.5904
http://dx.doi.org/10.1007/JHEP08(2014)162

Contents

1 Introduction 1
2 Y-system and TBA for scattering amplitudes at strong coupling 3
2.1 Hitchin system and Stokes data 3
2.2 Y-functions, TBA and evaluation of area 5
3 T-functions from the lattice regularization and their scaling limit 7
4 Expansions of T-/Y-functions around CFT limit 11
4.1 General argument 11
4.2  Quantum Wronskian and CFT limit 12
5 Application to six-point amplitudes at strong coupling 16
6 Comparison with perturbative results 18
7 Conclusions 21
A Non-linear integral equation 22

1 Introduction

The gluon scattering amplitudes in AN/ = 4 super Yang-Mills theory are a subject of great
interest in recent years. In the planar limit, they are dual to the null-polygonal Wilson
loops whose segments are light-like and proportional to external gluon momenta [1-5].
The duality implies a conformal symmetry in the dual space [1, 6-8]. This dual conformal
symmetry strongly constrains the form of the amplitudes. In particular, the maximal
helicity violating (MHV) amplitude is expressed as a sum of the Bern, Dixon and Smirnov
(BDS) formula [9] and a finite remainder (remainder function), which is a function of the
cross-ratios of the cusp coordinates for the null polygon.

The amplitudes have been studied intensively from both weak- and strong-coupling
sides. At weak coupling, recent developments using the mixed motive theory have made
it possible to evaluate the remainder function for the six-point amplitudes up to four-loop
level [10]. Moreover a method based on the OPE and integrability has been proposed to
calculate the scattering amplitudes in this theory, which is expected to be applicable to
the intermediate coupling region [11-14].

At strong coupling, the AdS/CFT correspondence asserts explicit relations between
N = 4 super Yang-Mills theory and the superstring theory in AdS5xS®. Alday and Mal-
dacena have thereby proposed that the MHV amplitude can be evaluated by the area of the



minimal surfaces in AdS with a null-polygonal boundary along the Wilson loop [1]. It turns
out later that the remainder function for the null-polygonal minimal surfaces is calculated
with the help of integrability [15]. Namely it is obtained by solving the Y-system or the
thermodynamic Bethe ansatz (TBA) system related to certain two-dimensional quantum
integrable systems [16—18]. The cross-ratios are given by the Y-functions at special values
of the spectral parameter and the remainder function is expressed by the free energy of the
TBA system and the Y-functions.

For the null-polygonal minimal surfaces in AdS; and AdS4 space-time, the relevant
integrable systems are the homogeneous sine-Gordon models [19] with purely imaginary
resonance parameters [18], which are the perturbed SU(N)/U (1)1 coset conformal field
theory (CFT) at level k = 2 and 4, respectively. Around the limit where the null boundary
becomes regular polygonal, corresponding to the UV limit of the two-dimensional systems,
the remainder functions are calculated analytically for lower point amplitudes [20—22].
There, the free-energy part is evaluated by the standard bulk conformal perturbation the-
ory (CPT). In order to evaluate the Y-functions, the g-function or the boundary entropy
is utilized because the Y-function itself is not well incorporated in quantum field theory.
The boundary CPT then efficiently yields the analytic expansions of the Y-functions. The
resultant remainder functions are observed to be close to the two-loop results after an ap-
propriate normalization/rescaling. Numerically, one also finds that this similarity extends
beyond the UV limit. The minimal surfaces in these cases, however, give the amplitudes
with some specific kinematic configurations of gluon momenta.

The null-polygonal minimal surface in AdSs; with six cusps is the simplest non-trivial
example that allows the most general kinematic configuration. At strong coupling, the rele-
vant two-dimensional system is the Zs-symmetric integrable model [23-25] with a boundary
twist [26]. The remainder function around the UV limit in this case has been studied in
detail in [27]. Although the free-energy part is analytically evaluated by the bulk CPT
for the twisted Zg4-parafermion, the expansion of the Y-functions there is determined by
numerical fitting. The difference from the the AdS; and AdSy cases come from the fact
that the TBA equations in the AdSs case have a twist parameter, and it is unclear how to
construct the g-function with this twist parameter.

Given the analytic results at weak coupling as well as the OPE method for finite
coupling, the analytic data at strong coupling would provide pieces of the whole picture
of the scattering amplitudes. They would also be useful for a check of the finite-coupling
analysis. In this report, we thus decide to devote ourselves to the analytic expansions of
the remainder function for the general kinematics.

In order to overcome the problem mentioned above, we take below another route for
the UV expansion of the Y-functions, which does not rely on the g-function. Instead, our
analysis is based on a seminal work by Bazhanov, Lukyanov and Zamolodchikov [28, 29],
where the role of quantum monodromy matrix is clarified in the minimal CFT, M 2,43,
perturbed by the ®; 3 operator. Most remarkably, a new object in field theories, Baxter’s
Q operator, is introduced in this work. They noted the importance of the fundamental
relations among the T- and Q-functions, the quantum Wronskian relation [29]. The T-
and Y-systems can be regarded as colloraries of this. The ) operators and the quantum



Wronskian relation have also played important roles in the non-equilibrium current prob-
lem [30], in the ODE/IM correspondence [31], in the spectral problem of the AdS;/CFT4
correspondence [32] and so on.

In this report, we provide a yet another application: the quantum Wronskian relation is
very efficient in obtaining the analytic expansion of the Y-functions particularly in the CFT
limit. Specifically, we apply it, for the first time, to the Z4-symmetric integrable model or
its lattice regularization. The lattice regularization adopted here allows one to elucidate the
analyticity of the T-/Y-functions numerically. The expansion of the Y-functions around the
UV limit is then determined analytically up to and including the terms of order (mass)%.
A series of the higher-order coefficients is also determined recursively.

Combined with the free-energy part, the UV expansion of the Y-functions gives the
analytic expansion of the six-point reminder function for the general kinematic configura-
tion. We also compare the strong-coupling results with the perturbative ones, and find that
the rescaled remainder functions are close to each other for large ranges of the parameters.
This is in accord with the previous observations in the AdSs and AdSy cases [20-22, 33]
as well as in the perturbative cases [10, 34].

This paper is organized as follows: in section 2, we review the TBA-system for the six-
point gluon scattering amplitudes at strong coupling and express the remainder functions
using Y-functions. In section 3, we reconsider the Y-/T-functions based on the lattice
model. Taking the scaling limit, we derive the TBA system for the amplitudes. In section
4, we study the CFT limit of the TBA system. Based on the T-Q relation and the quantum
Wronskian relation, we calculate the analytic expansion of the Y-function in the CFT limit.
The detailed analysis of the asymptotics of the related spectral determinant based on non-
linear integral equations is studied in appendix A. In section 5, we apply the analytic
expansion of the Y-functions to determine the leading expansion of the remainder function
for the six-point amplitudes and compare it with the perturbative calculations.

2 Y-system and TBA for scattering amplitudes at strong coupling

Let us begin with a review on the evaluation of the six-point MHV amplitudes at strong
coupling using TBA of the twisted Z4-symmetric integrable model.

2.1 Hitchin system and Stokes data

Alday and Maldacena proposed a method of computing the gluon scattering amplitudes
in N/ = 4 super Yang-Mills using the AdS/CFT correspondence [1, 15]. Consider the the
scalar part of the n-point gluon MHV scattering amplitudes in the strong coupling limit,
and factor out the contribution of the tree amplitudes. According to [1], the result can be
evaluated by computing the area A of the corresponding classical open string solutions in

AdSs spacetime:!
(amplitude) -

27T
(tree)

'Recently, it was shown that there is another contribution from the S part of AdSsx S® [35] in addition
to the area. However, this contribution is independent of the cross-ratios and hence does not affect the
discussions below.



where A\ denotes the ’t Hooft coupling. A string solution represents a minimal surface
whose boundary is a polygon located on the boundary of AdSs;. The polygon consists of
n null edges given by the n momenta of incoming gluons. Note that the amplitudes are
defined in space-time with signature (3,1), (2,2) or (1,3).

The equations of motion of the string under the Virasoro constraints are rephrased
as the SU(4) Hitchin equations for the connections (A., Az) and the adjoint scalar fields
(®,, ®z) with the Z4 automorphism [16]. They are equivalently presented by the linear
equations for a four component vector ¢(z, z; (),

(D40 )a(=50 =0, (Ds+¢P:)alz,70) =0, (2.1)

with appropriate boundary conditions. Here D, and D3 denote the covariant derivatives
and ¢ stands for the spectral parameter. The explicit forms of D, and D3 are given in [16].
The information of the null polygon is encoded in the asymptotic behavior of ®,, which is

diagonalized at infinity by an appropriate gauge transformation:

1
hl®,h — ﬁdiag(P(z)l/‘L, —iP(2)Y4, —P(2)Y4iP(2)'/Y). (2.2)
The polynomial degree of P(z) is n — 4 and its coefficients parameterize the shape of the
polygon. When n > 4, the linear equation necessarily possesses irregular singularity at
infinity, which implies the Stokes phenomena. Customarily, the whole complex plane is
divided into sectors,

w2k —3)

2k — 1 4
W, - T(2k - 1)

4
+EargC<argz< +ﬁargg. (2.3)

n

We denote by si(z, Z; ¢), the most recessive solution as |z| — 0o in Wj. One can consistently
choose (Sk, Sk+1, Sk+2, Sk+3) as a linearly independent basis in Wj. This implies a linear
dependent relation among five neighboring s;’s,

Sk + Skta = QkSk41 + Dpy1Sp42 + Cry3Sk43, (2.4)

where bry1 and ¢ are some constants. Note the periodicity b;+3 = b;.
The normalization of s;(z, z; () is fixed such that

(84,8541, 8j+2,8j+3) = 1, (2.5)

where (s;, 55, s, 51) = det(s;s;s,s;). The Zy automorphism results in the following relations
for the Stokes data,

(Sk» Sk41, 85 5j41)(C) = (Sk—1, Sk, 551, 55) (iC), (2.6)

(855 ks Skt15 Sk+2) (€) = (85, 8j—1, Sj—2, Sk) (iC).
Below, we confine our argument to the n = 6 case where

P(z) = 2> - U. (2.8)



For W16 = W}, we shall impose the boundary condition,

(-1

Sjt6 = [ 55 (2.9)

The multiplier p is parametrized as
p=e2? (2.10)

where ¢ is real for solutions in the (1,3) or in the (3,1) signature of the four-dimensional
space-time whereas it is purely imaginary for the (2,2) signature. It also appears, e.g., in
the relation among b;,

bibobs = by + by + b+ pu+pt (2.11)

2.2 Y-functions, TBA and evaluation of area

The key ingredients in the following discussion are the Y-functions, which are defined
explicitly by?

Y1(0) = —(s2, 53,5, 56) ("), (2.12)
Ya(0) = (s1, 59, 53, 55)(s2, 54, 55, 56) (" T™/4), (2.13)
Y3(0) = Yi(6). (2.14)

Then it was shown in [16] that the Hirota bilinear identities (or Pliicker relations), as well
as the relations (2.9), (2.6) and (2.7), lead to the following Y-system,

Vi <9+7Z>Y1 (97;’) — 11 Y3(0), (2.15)

Ys (9 + T) Ys <9 — T) = (1+pY1(0)) (1 + p'Y1(0)). (2.16)
The asymptotic behavior of the Y-functions is shown to be

log Y1(0) — | Z|e0=%), log Ya(0) — v/2|Z|eF0=%)

for Ref — +oo, cp—%<1m9<g0+ﬁ, (2.17)

4

where Z is a complex parameter with phase . This is related to the moduli parameter U
in (2.8) as

. 1 r(
Z= \Z|e“P=Ui/ (1—2)idt = VT 54)U%. (2.18)
1 3T(%)
We further introduce
€(0) =logY1(0 +iyp), €(0) = log Ya(0 +ip). (2.19)

>The Y-functions here are identified with those in [17, 22] as Y1(0) = p '[YAMV(e?)] !, Ya(0) =
[YAMSV(e)] ™Y, Y3(0) = p[Ya1'SV(e?)]™". The cusp coordinates which appear below are also related as

AM
Ta+2 = Tq



The asymptotic behavior (2.17), together with the assumption of the analyticity of €, € in
the strip Im @ € (—7%, ), leads to the integral equations,

€ = 2|Z| cosh + Ky *log(1 + e_g) + K1 *log (1 + pe™ ) (1 + ,u_le_g), (2.20)
€ = 2v/2|Z| cosh 6 + 2K * log(1 + e™) + Ko xlog(1 4+ pe ) (1 +p e ), (2.21)

where

1 V2 cosh @

MO = s 0= oo

(2.22)

and the symbol * denotes the convolution, f * g = ffooo do'f(0 —6)g(#"). These turn out
be identical to the TBA equations for the Zs-symmetric integrable model [23-25] twisted
by p. The equations (2.20) and (2.21) determine € and € in the strip completely.

In the original setting, the geometric data such as cross-ratios are given first, and then
the area of the surfaces should be evaluated. Below, we slightly deform this logic: the TBA
equations are given first, then the cross-ratios and the area are evaluated second. Once
the TBA equations are solved, the coefficient by in eq. (2.4) and the cross-ratios of gluon
momenta are given by

k—1)mi 2k + 1)mi
by = Vi <(2)m> . Up=1+Y <(+4)7”> , (2.23)
for k =1,2,3 (mod 3), where
22 22 2202 2202
Up =bobg = 223 Uy =bghy = 21 Us=bibp=2355  (2.24)
T13T46 L24%75 L35L26

The cusp coordinates x; are related to the external momenta through p; = x; — xj41. In
the literature, uy := 1/Uy are often used as a basis of independent cross-ratios for the
six-point case. The number of the independent cross-ratios matches that of the parameters
in the TBA system (|Z], ¢, p).

Naively, the values of Y; outside the analytic strip are necessary in order to evaluate
Up (1 < k < 3). Although this can be accomplished by the analytic continuation in
principle, we can avoid this by a clever choice of quantities. For example, suppose ¢ is
negative and small. Two quantities, b and Uy = U_1, are readily calculated by (2.23).
Then one evaluates bs by the second equation in (2.24). The final piece, b, is obtained
from (2.11). Given b;, other cross ratios are now accessible via (2.24). Alternatively, one
may also use the Y-system (2.15), (2.16) as recurrence relations to generate Yj(kmi/4) for
any k € Z from a set of Yj(k'mi/4) in the analytic strip. As discussed shortly, the Y-
functions have the periodicity Y;(6 + 37i/2) = Y;(6), and thus the procedure terminates
after a few steps.

We are now in position to write down the area A of the 6-cusp solutions or the scalar
magnitude of the gluon scattering amplitudes in the strong coupling limit. Instead of A
itself, we deal with the finite remainder defined by

R = Agps — A, (2.25)



where Appgs is the all-order ansatz for the MHV amplitude proposed by Bern, Dixon and
Smirnov [9], including the divergent part. The present formulation then yields

R = AleDS - Aperiods - Afreea (226)
and each part reads
13
AApps = ~1 kz_th (1-Uy), (2.27)
Aperiods = |Z|2a (228)

Afree = 21/ do <Q\Z| cosh flog(1 + ,uefe(a)) (1+ /1,*1@*6(9))
™ —00
+2v/2|Z| cosh §log (1 + eg((’))) (2.29)

The minus of the last term F' = —Age coincides with the free energy whereas 2|7| is
identified with the mass/scale parameter of the Z4-symmetric integrable model. The overall
coupling dependence V/A has been omitted above.

Within the framework described above, the numerical solutions of (2.20) and (2.21)
yield explicit evaluation of the gluon scattering amplitudes [27] . Although the analytic
solution to the TBA equations for generic Z and p is beyond our reach, two limiting cases
are accessible [36]. One is the limit where |Z| — oo. In this case, the integrable model
reduces to a free massive theory, and the free-energy part Age. and the Y-functions Y;(6)
are expanded by multiple integrals. Via analytic continuation, this limit is also relevant
for the amplitudes in the Regge limit [37, 38]. Another limit is |Z| — 0, which we are
interested in here.

When |Z| is strictly zero, Agee and Y; are obtained as the central charge of the Zj4-
parafermion theory and a solution to the constant Y-system, respectively. Moreover, for
small |Z| the free-energy part is expanded by the bulk conformal perturbation theory
(CPT). The Y-functions are expanded by the boundary CPT through the relation to the
g-function for p = 1 [22], corresponding to the minimal surfaces in AdSs. For generic p,
however, it is still unclear how to incorporate p in the framework of the boundary CPT.

In the following, we take an approach to the problem, which is different from any of
the above, and is based on the integrable field theoretical structure proposed in [29]. This
allows us to analytically evaluate the Y-functions for small |Z], as shown in section 4.

3 T-functions from the lattice regularization and their scaling limit

In this section we embed the Y-system into another tractable object in integrable systems,
the T-system. This enable us to apply the machinery of the latter to evaluate the Y-
functions for small |Z]| in the next section.

There are several ways to introduce the T-system which is equivalent to the Y-system
in (2.15) and (2.16). Here we start with the lattice regularization [39]. One advantage of



this choice is that analyticity assumptions, necessary to derive the TBA equations, can be
checked numerically.

As is well known, the Z4 parafermion model is related to the spin—% XXZ model. Its
Hamiltonian and spectrum can be studied from the transfer matrix. In order to define the
latter, we introduce R(v), the Uq(;[;) R matrix of spin £ representation:

a) = LT ) S ) e
sin 7y siny

where ¢ = ¢7. Let V(™ be the m 4 1 dimensional U,(sly) module and V(™ (v) be the
corresponding Uy, (slz) module. By Vl-(m) (v) we mean its i-th copy. The R matrix acting on
Vi(l)(vi) ® Vj(l)(vj) is denoted by R; j(v; — vj).

Then one can construct an inhomogeneous transfer matrix T (x) acting on 2N sites by,

Ty (x) = Tr0D¢R072N(i$ + Z'A)R072N,1(i$ — ZA) cee ROQ(’I;CC + Z'A)Ro,l(iﬁ — ZA), (31)

where suffix 0 denotes the auxiliary space. The spectral parameter x is set via v = ix
for later convenience. We have also introduced the diagonal twist matrix Dy = [e_%i, e%i]
under the trace. The quantity p = ¢3% is to be identified with the multiplier in (2.10).

To diagonalize T, Baxter [40] ingeniously introduced an operator Q which commutes
with T (x). They satisfy Baxter’s TQ relation,

T1(@)Q(x) = @(a +i2)Q(r —i7) + B(x — i )Q(w +i7), (3.2)

where

®(z) = (—4sinh(z — A) sinh(z + A))".

Below we shall consider T; and Q on their common eigenspace, thus we do not distinguish
operators from their eigenvalues. The eigenvalue of Q is explicitly written with a set of
Bethe roots {z;(¢)} with twist ¢,

m
Q(z) = e [ [ 2sinh(z — z;(9)).

j=1

This, together with (3.2), parameterizes the eigenvalue of the transfer matrix.
The fusion method generates a series of vertex models such that the auxiliary space is

VW (v). Let T;(z) be the corresponding inhomogeneous transfer matrix, with a suitable
normalization.? By construction {T;(x)} constitute a commutative family and they satisfy
the T-system of SU(2) type,

Tj(e + 30 Ty(@ - 31) = f;(2) + T (@)Tja(@),  jEN (33)

$Note suffix j is twice of that in [29].




where
741 j+1

To(z) :=®(2),  fi(z) = To(z + ~——7))To(z - i)
Note the periodicity of T;(z) in the present normalization is

There is an additional relation when q is at a root of unity, which is crucial in obtaining
a closed set of functional relations. From now on we fix

_277

7= (3.5)
Then the desired relation is
T3(x) = T1(z) + To(z) (1 + p ). (3.6)
The equation for j = 2 in (3.3) can be thus rewritten as
Ta(a + i) Talx — 5i) = (Ta(e) + pTo(@))(Ti(x) + p~" To(x)), (3.7)

3 3

thereby yielding a closed functional relations among T and Ts.

Below we will show that (3.3) for j = 1 and (3.7) can be transformed into TBA
equations. Before doing this, we elucidate the analytic properties of T; deduced from
numerics, as a merit in the lattice regularization. By definition, T; has 2N zeros and has
no poles in complex x plane. Led by numerical observations we conjecture that all zeros
of T1(z) are on the Imz = § line while those of T2(z) are on the real axis in the ground
state. Below, quantities which have no zeros and poles in the strip including the real axis
will play an important role. We thus define

T} (z) = Tj(z + (‘7_21)”1') j=1,2. (3.8)
Then the closed functional relations now read

T (@ + 20Ty (¢ = 2i) = file + 5i) + Tola + T3 (a),

6 6 2
T (@ + STy (« — <) = (TY (2) + pTo(@)) (T} (2) + 1~ " To(a)).
By adopting the change of variables,
_ T (z) To(x + 5i)Ty ()

Yl(‘r) - TO($)7 2(.@) - fl(w + %Z) )

it is easily checked that Y7 and Y satisfy the same Y-system as (2.15) and (2.16) if § = 3Z.

Thanks to the knowledge on the zeros of the T-functions, one concludes that Y (x)
possesses poles of order N at x = +A while Y () possesses poles of order NV at x = £A+Fi.

There are no other poles or zeros of Yi(x), Ya(x) in the strip Imz € [~%,§]. This

motivates us to define the pole-free functions,

Yi(2) = Yi(@)Di(z),  Ya(z) = Ya(x)Da(a),



where

Di(z) = (~tanh %(az — A) tanh Z(w +4)", Dy(e) = Di(w+ig)Dile — i),

One then derives the functional equations,
Y1 (x+ %)Y (z — T0)
Yg(x)
YQ(IE + %Z)YQ(IE — %2)
(Y1(@)°

where both sides do not have any zeros or poles in the strip. Thanks to the analyticity,

= (1+ (@) ™),

= (14 pY @)1+ p YT (2)),

one arrives at

-1

1
logYq(z) = —log Dy (z) + K * log(l + %) (1 + %) (z) + Ky * log(l + ?2>(x)’
pt p 1
log Ya(z) = —log D K1(1 —)(17 2K1(1 7),
0g Ya(z) og Da(x) + Ko xlog( 1+ Y, +Y1)(m)+ 1 * log +Y2 (z)
where \
3 3cosh sz
Ki(r) = ——s—, Ko(z) = —— 2.
47 cosh 51’ \/iﬂ' cosh 3x

Now consider the following scaling limit,
lim 4Ne 2% =2|7| = ¢. (3.9)
N—o00
In this limit, the driving terms become
. 3 . 3x
lim logD(z) = —fcosh [ =), lim logDsy(x) = —v2lcosh [ = ). (3.10)
N—o00 2 N—o00 2

We denote the Y-functions in the scaling limit by Y;C(a;). If changing the variables as
0 = 3z, we recover (2.20) and (2.21) by the identification,

log Yi°(z) = €(0),  log Y5 (x) = é€(6).
We also define the T-functions in the scaling limit by

T(z) = lim e 2"V (x), (3.11)

N—o0
where especially T{°(z) = 1. In the scaling limit, the relations between the Y-functions
and the T-functions are drastically simplified,
e
3)
For later use, we shall also discuss the scaling limit of Q. The Bethe ansatz roots are
l

roughly classified into two clusters, = i~ —A and zh o~ A. We thus adopt parameterizations,

1(0) =a5(¢) — A, Fj(e) = af(d) + A,

Yi'(z) = T'(2),  Y3'(x) = T3 (2 + (3.12)

~10 -



and
A=et=ei’,  N(g) =T DEN)E,  Ni(g) = D@ 2N)3.

Then the scaling limit of Q% reads

Q*(\) = lim e MAQ(a)

N —o00,f=fixed
3 (5)3A (57!
= ¢(¢)\ir ];[(1 - (A2§(¢) )2) 1;[(1 - (%)2), (3.13)

where we assumed the numbers of roots in the left and the right clusters are identically
equal to % The prefactor stands for

e(9) = [[ 5@ (3.14)
J

This Q-function plays an important role for studying analytical properties of the Y-
functions.

4 Expansions of T-/Y-functions around CFT limit

In this section, we consider the expansions of the T- and Y-functions around ¢ = 2|Z| = 0.
As mentioned in the previous section, such expansions for the minimal surface in AdSs or
AdS, were studied in detail in [20-22] through the bulk and boundary conformal perturba-
tion theory. Also, in [27], the expansions of the Y-functions for the six-point case in AdSs
were considered, but there remained an unknown function Yj(l’o)(gb) at order £4/3. Our goal
here is to determine the analytic form of this unknown function. The key idea is to use the
quantum Wronskian, which is naturally derived from the discretized lattice regularization
reviewed in the previous section. The quantum Wronskian determines not only Yj(l’o)(gb)
but also the expansion of Y; in the CF'T limit defined below. For the time being, we set Z
to be real, i.e., ¢ = 0.

4.1 General argument

Let us start with a general argument on the expansions of the T- and Y-functions. Solutions
to the Y-system have a periodicity as conjectured first in [41], and it played an important
role in the analysis of the perturbed CFT (see, e.g. [36]). Here we have an apparent
periodicity* inherited from the underlying lattice model (see (3.4)), and it motivates the
expansions of Y;(6) and T}(6),

> 4 > 4
Y;(0) = > 2vP45% cosh gpe, T;(0) = S 2TP457 cosh gpe, (4.1)
p=0 p=0

“Note that the periodicity can be proved even without information on its lattice origin. The cluster
algebraic structure is shown to be essential [42-45]. The argument here is meant to explain the periodicity
in a simple manner.
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where Y;(0) (73(0)) is Y5°(x) (T5(z)) as a function of #. The conformal perturbative
argument suggests that the coefficients are also expanded around ¢ = 0,°

4 4
Yj(p) _ ZY]_(P#I)ER,q Tj(p) - ZTj(p’q)ésq_ (4.2)
q q

The central issue here is to determine these coefficients.

4.2 Quantum Wronskian and CFT limit

We remind that Baxter’s TQ-relation (3.2) is a second order difference equation, and there
are two linearly independent solutions. Let {z;(—¢)} be a set of BAE roots for negative
twist —¢, then the second solution reads Q(x) = e ¢ [1; 2sinh(z — z;(—¢)). Its scaling
limit is obtained from (3.13) by ¢ — —¢.

There exist remarkable relations (the quantum Wronskian relations) between such two
independent solutions of Baxter’s TQ relation and the fusion transfer matrices [29],

2i sin %Tj(:v) =Q(x — z'j —;)— IW)Q(.%' + Z%TF)

—Q($+ij_§17r)Q(x—i]_§17r), =0,1,2,---. (4.3
The same relation naturally arises in the context of the massive generalization of the
ODE/IM correspondence [46]. A little bit different view from the lattice model is remarked
in [47].

Below we will show that coefficients Yj(p 0) (j = 1,2) are determined by applying the
above relations. We start with the scaling limit of (4.3),

4
2

Jj+1

TSN = QC(A\g 7 )Q*(A¢'? ) — Q°(\¢'7 )Q*(A\g~ ). (4.4)

27 sin

™ _2
Note ¢ = e31. We further take the CFT limit £ — 0 with the shift A — (%) 3). Let us
define scaled functions,

TOT(?) = lim T((5) ), (45)
A _ A
A = Jim ; (1_ (A§(¢))2)’A(A) =3 ; (1_ ()\T(—gb))Q)' (4.6)

Then the quantum Wronskian relation takes the form,

4
2

*When p = 1, the Y-functions for the n-point amplitudes, Y, s(0) (¢ = 1,2;s = 1,...,n — 5),
have the quasi-periodicity Y s(0 + nmi/4) = Yo n—a-s(0). They are also expanded [22] as Y, s(0) =
> opa yF2D e 200 (1=2) ¢osh (4ph /n) with A = (n—4)/n. For n = 6, the above quasi-periodicity is promoted
to the periodicity Y, (0 4+ nni/4) = Yo (0), where Y, := Y51, and thus only p even is allowed. This gives the

_ i+l Jj+1 Jj+1

TFTT(O2) = 20D A (G2 ) AN ) — e RUTDANG T AN ), (47)

21 sin

expansion of the form as in (4.1) and (4.2).
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where we used €(¢)C(—¢) =1, as {z;(¢)} = {—z;(—¢)} resulting form the Bethe ansatz
equations. The same limit of the Y-functions is denoted by YJ»CFT()\Q) = limy_,o Y;(0—log %),
which has an obvious expansion from (4.1) and (4.2),

}/jCFT(Az) _ 2yj(0,0) + Z }@(?,0)2%)\2[)_ (48)
p=1

In the literature, the limit, /£ — 0 without rescaling in the spectral parameter is also
referred to as the CFT limit. In this paper, we call it the UV limit in order to avoid
confusion. In the CFT limit, the mass terms in the TBA equations become chiral, and we
are left with the massless TBA system.

Our strategy here is to use the quantum Wronskian relation to evaluate YjCFT()\Z) and

then read off the coefficients Yj(p 0)
and an,

. Let the “n-th (inverse) moment” of BAE roots be a,

1 1 n 1 1 n
. = lim — 7 a, = lim — — ) . 4.9
= on £ ((A§(¢))Q> ¢ e%n%:(@;(_qs)y) (4.9)
Then the following expansion is valid for 0 < ¢ < 2(7 — 7),
o 3 e}
AN ==Y @\, AN =-) a\" (4.10)
n=1 n=1

In the CFT limit, the relations between the Y-functions and the T-functions are simple,

VOTO) = TETOR), v (OR) = TEFT(-02), (4.11)

)

Using the quantum Wronskian (4.7), one can relate the coefficients Yj(p 9 to an. To do so,

let us introduce polynomials p,(y) in {y1,y2, -} by
oo o
exp(D _yna") =Y pu(y)z”. (4.12)
n=1 v=0

Here po(y) =1, p1(y) = 1, p2(y) = %y% + y2 etc. Then from (4.7), one obtains

sin mgf)
y (00 _ M (4.13)
g 2sin §
N o a & sin ZEL (47 (n — 20) + ¢
Y0 = (CpDa- i3 (o (- (L L w21,
v=0

Sin bl
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Some examples are listed as follows,

0,0) ¢
Y, = cos <2> ,

23Y1(1 0 L (al CoS ((b + 6) — @y cos (% — ¢)) , (4.14)

sin (%)
8. (2, _ _ T T
23Y1(2 0 _ -~ (g) (2a1a1 sin(¢) + (a% — 2az) cos (qb + 6> — (a% — 2ay) cos (6 - gi))) ,
2
24y(3 0) ( al + 6aias — al + 6asa; — 6(@3 + ag)) Sin(¢)
6 sin (%)
-3 (al — 2a2) aq cos (qS + %) + 3aq (C_L% — 2&2) cos (% — gb)),
and
YQ(O’O) = cos(¢) + ;
25V, = (@, + ay) (2cos(¢) + 1), (4.15)
Q%YQ(Q’O) = % (2a1a1 + as — 2ay +at — 2az) (2cos(¢) + 1),
1
21y, > = G ((a1 +a1) ((@ + a1)® — 6 (az + az)) + 6 (@s + as)) (2cos(¢) + 1).

(,0)

Thus once the “moments ”a,, and a, are known, Y]
ments” satisfy the discrete Wiener-Hopf equations [31]. They are obtained from j = 0 case
in (4.7) by expanding the both sides order by order in A?. Explicitly they are of the form,

are easily evaluated. These “mo-

an a)pn—v( )Sin% (4;(71—2V)+¢> =0. (4.16)

Since pp,(—a) is of the form —a,, + --- with the ellipses being a polynomial in ay,- -, ap_1,
the above relation reduces to

¢
2

where 7 is defined in (3.5). The explicit forms of the first few v, (¢) read

sin(ny — %)an —sin(ny + =)an, = to(d), (4.17)

(o) =0,

s1n
= (al + al + 2 cos 2fya1a1>

PR

+ asa; cos (é(w - 3¢))> — a1az cos <é(3¢> + 7T)> .

In general v, is a polynomial of a; and a; for 1 <j <n — 1.
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Remarkably, they are sufficient to determine a,,(¢) [30, 31]. To be precise, we need two
assumptions to accomplish this. First, we presume that a, (a,) is analytic for ¢ > —%71
(¢ < 2m).

This is consistent with the observation from BAE: as ¢ — —%77 one of the roots A" — 0
thus a,, diverges. This implies the existence of overlapping of the analytic strips near the
origin of ¢ for both a,, and a,. Second, the following asymptotic behavior of a,, as ¢ — oo
is postulated,

an ~an(=—) *, (4.18)

(4.19)

This is deduced from the analysis on the Bethe ansatz equations in the large ¢ limit, as
shortly discussed in appendix A. The first member, a; can also be fixed by the expansion
of the Y-functions for the AdS, case corresponding to ¢ = 0 [22].

Once these assumptions are taken for granted, we can successively determine a,. The
first order equation is simply solvable and one finds

T+ 2)

a1(¢) = e %)041- (4.20)

For Re ¢ > 0, the second moment is given explicitly,

3
3a%F(%+2£) * dx sinh 5 1 iz 1 iz
_ o5 F ey [ 4T -+ \r(=-2)) . 4.21
a(¢) ST 1 2) /0027rx—l—i¢> <3+27r> (3 zn) (421)

For Re¢ < 0, az(¢) is evaluated by the analytic continuation of the above expression. A
double integral formula for the third moment a3 is derived similarly. For the evaluation

up to Yj(s,o) , however, the explicit forms of a3z and ag are dispensable. This is due to
the fact that only the sum, as + as, appears in Yj(?”o) and this sum also appears in the
condition (4.17) for n = 3, in the special case v = %’r,
T
az +as = — B(Q;) (422)
sin £

2

(»,0)

In this way, one can determine Yjp 0 successively. In particular, the first non-trivial

coefficients are especially simple, to be given explicitly by

9ty (10) _ 2v/3may
TG+ HIG -5
3 2m 3 2m
25 y(10) — 4V3aim?
2 2 1 1 )
L3+ 300G — 520G+ 52)0(5 — 57)
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with

_4
1 1 1\ (T °®
et (e ()
41 6 3 F(Z)
As a check, one can compare the above result with the relations of Yj(p )

from the Y-system (2.15), (2.16). For example, the Y-system requires Y2(1’0)/Y1(1’0) =
2 cos(¢/2), which indeed agrees with (4.14), (4.15) and (4.20). At the next order, the Y-
system gives a linear relation among Yj(Q’O) and (Y]( )2, This is also confirmed from the

which follow

above result. Moreover, one finds that Yj(o’l) =0 (j = 1,2). This means that, up to and
including (’)(64/ 3), the Y-functions in the original TBA are fixed only by the information
from the CFT limit.

By recovering the phase ¢ by Y;(0) — Y;(0 — ip), we finally obtain the expansion of
the massive Y-functions,

Y;(0) = 2Y°% 4 2945 cosh <4(9;W)> +OW3)  (j=1,2). (4.23)

For p = 1, corresponding to the minimal surfaces in AdSy, this reduces to the expansion
in [22]. It is also in agreement with the expansion in [27] with p # 1 determined numerically.
Once the expansion of the Y-functions is found, one can immediately know the expansion
of the T-functions through the relation (3.12). The quantum Wronskian relation thus
provides a systematic and simple way to determine the coeflicients Yj(p 9 and Tj(p 0
Figure 1 (a) shows a plot of Y3(0) as ¢ varies. As an example, the phase is fixed
to be ¢ = —m/20 and the chemical potential to be p = 10. We have chosen a real pu
(imaginary ¢) so that we can compare our data against the three-loop result in term of
the multiple polylogarithms [34] , which is discussed in the next section. Our expansions
are valid also for real . We find a good agreement between the numerical results and our
analytic expansion. A fit by a function 22:0 yék)l‘““/?’ for O(107°) < £ < O(107!) can
also reproduce YQ(O’O) and YQ(LO) with 12- and 8-digit accuracy, respectively. At O(I%/3), the

coefficient YQ(Q’O) explains about 44 per cent of yé2), whereas about 51 per cent are from

Y2(0’2), which is determined by and proportional to (YQ(I’O))Q. The rest is carried by the
undetermined }/2(1,1)‘ At O(1'%/3), Y2(3’0) explains about 16 per cent of yg?’). Figure 1 (b)
shows a plot of the expansions of Y3(0) obtained from the analytic data in the CFT limit,
ie., YQ(p’O), up to p = 1,2,3, respectively. ¢ and p are the same as in (a). Up to £ ~ 1,
the CFT data approximate Y5 relatively well. Combining them with the Y-system yields
better approximation.

5 Application to six-point amplitudes at strong coupling

Now, we apply the expansion of the Y-functions for small £ to the six-point amplitudes or
the null-polygonal Wilson loops dual to the amplitudes. Our evaluation based on the quan-
tum Wronskian relation allows us to analyze the amplitudes/Wilson loops corresponding
to the minimal surfaces in AdSs5 or p # 1. In the small-£ or the UV limit, the Wilson loops
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Figure 1. Plot of Y5(0) for ¢ = —m/20 and g = 10 as £ varies. In both (a) and (b), the points
represent numerical results. In (a), the solid line represents the leading expansion (4.23) evaluated
at = 0. (b) shows the expansions from the data in the CFT limit. The broken (——), solid (—)
and dotted (---) lines represent ZI;:O 2Y2(p’0) 0% cos %pgp with k = 1,2, 3, respectively. The case
with k = 1 is equivalent to (4.23).

become regular polygonal. The expansion thus gives the amplitudes/Wilson loops under
small deformations around the regular polygonal contour.

To evaluate the amplitudes, we first recall that the remainder function in (2.26) consists
of three terms. One of the terms denoted by Agee is nothing but the free energy of the
Z4-symmetric integrable model twisted by ¢. Since this Z4-symmetric integrable model
reduces, in the UV limit, to the twisted Z4-parafermion CFT, the free energy Agee is
expanded by the bulk conformal perturbation theory [27]:

m 9¢° 2
Afree = g(l - 2771_2) - |Z|

oy (G+ 2 (5 - ) 1zE + oz, )

where A

1 1/1 3\13
_ - 2 2
i 2%72(6”\/7?7(4)} ’ (52)

and v(z) =I'(2)/T'(1 — z). The second term cancels Aperiod-
The expansion of the remaining term A Appg is derived by utilizing the results in (2.23),

(2.24) and (2.26),

3 x 2§(U0 — 1 +1logUp)
Uo(Up — 1)?

3
Adpps = — Lia(1 = Uo) + (" P1Zl + 0(2%). (53)

Here, Uy is the value of Uy in the UV limit,
_ (0,0) _ 2
Up=1+2Y, 4cos®(¢/2) , (5.4)

common to all k = 1,2, 3. We note that AAgpg is expanded in powers of Z4/3 = \Z\4/3ei%“"
and its complex conjugate, but the ¢-dependence remains only at O(|Z|®"/3) with n € 3Z.
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This is a consequence of the Zg-symmetry of the six-point amplitudes 6§ — 6 + 7i/4 or
¢ — @ + 7/4, which corresponds to cyclically renaming the cusp points x, — z4+1. This
symmetry also explains the absence of the O(|Z|*/?) term.

Combining the above results, we obtain the UV expansion of the remainder function,

R=>"rM(g ¢) ", (5.5)
k=0
where
©_ T 3 2 3.
r st ¢ 4L12(1 Uo)
3K3 8v/3 1 ¢ 1 ¢
M) = 4 11— 1—U) —1 B4 — - - = .
" 32(27r)§{< 9 >( to) OgUO} <3+27r’3 271)’ (56)

and B(z,y) is the beta function, I'(x)I'(y) /I'(z+y). The expansion of the Y-functions (4.23)
also yields the cross-ratios for small 7,

4 2k +1
Uy, = Up + 2V "V05 cos [3( Z m— go)] +O3). (5.7)
Inverting this relation, one can express the parameters in the TBA equations by the cross-
ratios [27],
20 _ L
cos” o = 75 (Uy 4+ Uz + Us),
4 \/§(U2 —Us)
tan—pp = ——————— 5.8
an3g0 2U1—U2—U3’ ( )

4 —2U1 +Us + Us
6}/2(1’0) cos %go ’

which is valid up to (’)(E%).

Our formulas can be checked numerically. Figure 2 (a) shows the trajectories of uj =
1/Uy as ¢ varies with ¢ and p = 2% fixed to be —m/20 and 10, respectively. They are
obtained by solving the TBA equations and evaluating Agee numerically. Figure 2 (b) is a
comparison of the same trajectories for small ¢ and the expansion of uj, obtained from (5.7).
Figure 3 (a) shows the remainder function at strong coupling R for the cross-ratios uy given
in figure 2. The points represent the numerical results, whereas the solid line represents
our expansion R = (0 4+ r(18/3_ Figure 3 (b) is the same plot for small £. From figure 2
and 3, we find again a good agreement between the numerical results and our analytic
expansions for small /.

6 Comparison with perturbative results

In [20-22, 33], the remainder functions of the strong-coupling amplitudes corresponding
to the minimal surfaces in AdSs and AdS, were compared with the two-loop results. It
was found there that after an appropriate normalization/rescaling they are close to each
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Figure 2. (a) Trajectories of uy = 1/Uy as ¢ varies with ¢ = —7/20 and p = 10. Points denoted
by *,4, X represent ui,us,us, respectively. (b) The same trajectories for small ¢ (points) and
the expansion from (5.7). The broken (——), solid (—) and dotted (---) lines represent uy, us, us,
respectively.
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Figure 3. (a) Six-point reminder function at strong coupling as ¢ varies with ¢ = —7/20 and p =
10. The points represent the numerical results, whereas the solid line represents our expansion (5.5)
with (5.6). (b) The same plot for small £.

other. In this section, we compare the six-point remainder function at strong with those
at two [48, 49], three [34] and four [10] loops.

For this purpose, we normalize/rescale the remainder function [33] so that it vanishes
at £ = 0 and approaches —1 for large ¢:

strong __ pstrong
R Ry

Rstrong — (61)
strong strong ’
RUV - RIR
where we have introduced the notation R§™" := R. Rz ™ (Rin°"®) is the value at

¢ =0 (¢ = o0) along the trajectory in the space of the cross-ratios parametrized by ¢ with

o, i fixed. For the remainder function at L loops appearing in the perturbative expansion

Rs=>" MR®) one can also defined the rescaled reminder functions R similarly.
strong

At strong coupling, the UV value is read off from the expansion in (5.5), Ry, = =
r. To find the IR value Rj;°"®, we use the large-¢ values of the cross-ratios Uy —

(1,6\/5“05(%*“"),e‘/ﬂms(gf‘f’)), which are found from the Y-system (2.15), (2.16) and the
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¢ 1/5 1 3 5 34/5 9 10
R | —3.202 x 1074 | -0.02351 | -0.3618 | -0.7814 | -0.9388 | -0.9890 | -0.9951
RB) | —2.626 x 107 | -0.01953 | -0.3194 | -0.7411 | -0.9204 - -
R | —2.214 x 1074 | -0.01643 | -0.2827 | -0.7014 | -0.9004 - -
Rstrong | 4145 x 10~% | -0.03007 | -0.4226 | -0.8304 | -0.9584 | -0.9935 | -0.9973

Table 1. Samples of the numerical values of the rescaled remainder functions plotted in figure 4.

asymptotic behavior Ya(0) — 2v/2(Ze? + Ze=?) for large ¢ with [Im6 — | < 7/2. Since

Afree = 0 and Aperioa cancels the leading term from AAppg we are left with Rigong =
72/12. On the perturbative side, REJL& are obtained from the cross-ratios Uy in the UV

limit, whereas the IR values just vanish Rl(f{) = 0.

We evaluate these rescaled remainder functions for the cross-ratios ux(= 1/Uy) given
in figure 2, which are parametrized by ¢ with ¢ = —7/20, u = 10. At strong coupling, it is
readily read off from the results in the previous section. At two loops, we use the simple
analytic expression given in [49], whereas at three loops we use the expression given in [34]
and evaluate it by using the C++ library GiNaC [50, 51]. The direct three-loop expression
in terms of the multiple polylogarithms is given for the parameter region with real u, which
corresponds to the (2,2) signature of the four-dimensional space-time. In order to use this
expression, we have chosen a real u. At four loops, it can be evaluated from the analytic
expression in [10].5

Figure 4 (a) is a plot of the rescaled remainder functions at two, three and four loops
and at strong coupling. Figure 4 (b) is a plot of the ratios of these rescaled remainder
functions; R®)/R®), RW/RG) and R /R*™°"8. As ¢ increases, it becomes harder to
evaluate R® and figure 4 includes the data for £ < 7. Tt also includes the four-loop
data for ¢ < 34/5. Some of the numerical values of the rescaled remainder functions
plotted in figure 4 are listed in table 1. From these figures and the table, we find that
the rescaled remainder functions stay close to each other as ¢ varies, but the perturbative
results gradually move away from those at strong coupling as the number of loops increases.
Their ratios changes slowly along ¢, and accumulate to 1 for large ¢ as assured by definition.
The ratios of the perturbative results, R(3)/ R® R®W / RG) are very similar. These are in
accord with the observations in [20-22, 33] mentioned above and those in [10, 34] that the
ratios of the remainder functions at two, three and four loops are relatively constant for
large ranges of the cross-ratios.

As p increases, we have observed that RéQ), Rég) and R change in a similar manner:
they tend to start decreasing for larger ¢. Although their differences increase, they are still
kept relatively close to each other. The dependence on p seems very weak. For example,
even for p = 105, the ratios are still of O(1). At the order of the expansion in (5.5)
and (5.6), the ¢-dependence does not appear. Although it does appear at higher orders,
the behavior of the rescaled remainder functions is still qualitatively similar.

5The four-loop data used here were provided to us by Lance Dixon, James Drummond, Claude Duhr
and Jeffrey Pennington. We would like to thank them for providing these data.
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Figure 4. (a) Rescaled remainder functions at two loops (+), three loops (x), four loops (¢) and
strong coupling (x) for the cross-ratios given in figure 2 with ¢ = —7/20 and p = 10. (b) Ratios
of the rescaled remainder functions. Points denoted by +, x, * represent R®) /R R® /R() and
R®) /Rstrong yespectively.

7 Conclusions

In this paper we studied six-point gluon scattering amplitudes in N/ = 4 super Yang-Mills
theory at strong coupling by using the AdS/CFT correspondence. The area of the corre-
sponding null-polygonal minimal surface in AdSs is evaluated by solving the T-/Y-system
for the Z,4-symmetric integrable model with a twist parameter. The leading expansion to
the remainder function is determined around the UV limit explicitly. We compared this re-
sult with the recent perturbative calculations, to find that the rescaled remainder functions
are close to each other along the trajectories parametrized by the scale parameter.

Our results at the leading order relied on the quantum Wronskian relation, which
determines the expansion of the T-/Y-functions around the CFT (massless) limit. For
higher order terms, one needs to study the massive TBA system intrinsically. As in [20-22],
the boundary CPT would be a way toward this direction based on the relation between the
T-/Y-functions and the g-function [28, 52, 53]. Through the T-/Y-functions, one could also
study the quantum Wronskian relation from a different perspective by using the boundary
CPT. However, it is yet to be figured out how to incorporate the twist of the perturbed
Zy-parafermion theory in this framework.

Alternatively, the quantum Wronskian relation exists even in the massive case [46].
The more involved analyticity, however, defies the analytical determination of the moments
of A, A. Along [28, 29], the massive TBA systems have also been analyzed in [54, 55].
Hopefully one can detour the difficulties, and obtain the systematic higher expansions.

Finally, given the recent developments on the finite-coupling amplitudes around the
collinear limit [12-14], it would be worthwhile to explore the extrapolation to the finite
coupling also around the regular-polygonal limit. We hope to come back to these issues in
near future.
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A Non-linear integral equation

We supplement a treatment on the Bethe ansatz equations based on suitably chosen
auxiliary functions. The approach utilizes Non Linear Integral Equations satisfied by
them [26, 56], and thus is referred to as the NLIE approach.” Here we choose auxiliary
functions as

) — O(x —id)Q(x + i) ) — .
oy S +i3)Q(x —in) () — .
a(z) = S(r—i1)Qle + i)’ A(z) =1+a(z)

The Bethe ansatz equations are equivalent to
Cl(.%j) =—1.

Numerically, one observes the following properties of the finite size system in the ground

state:
1. |a(z)] < 1(Ja(z)| < 1) in the upper (lower) half plane.

2. In a narrow strip including the real axis, the zeros of (z) (A4(z)) are located only on
the real axis and they coincide with the Bethe ansatz roots {z;}.

3. The extended branch cut function, %ln a(z), is an increasing function of real z.

These properties are enough in deriving the NLIE. After the scaling and the conformal
limit, for Im 6 positive small, it is explicitly given by

co+10 de/ oco—1i0 B da/
Ina(6) = d,(0) + / Fo— 0y mae) L _ / Fo— 0 ma@) L
— 0+l 21 Jco—i0 27
e % - /oo ezk@
di)=ic’ =~ PO =~ [ g (A1)

where we use the same symbols a etc for functions of 6(= 371) by abuse of notation.

It is also referred to as the DDV approach in the context of integrable field theories.

- 29 —



We are interested in ¢ > 1 behavior of In A(#). The driving term d, in the above
suggests that there exists B of order In ¢ such that the smallest root 0, is greater than B.
We assume that | In2A(0)| < 1 and |In2A(6)| < 1 if § > ;. Introduce

(0 + B + ie)
f)=In———"—-.
90) = S G B o)
Then for § < 0, the NLIE is approximated by the following Wiener-Hopf type equation [29],
0 de’
g(0) :da(0+B)+/ F(G—H')g(@’)%. (A.2)

It is convenient to deal with the equation in the Fourier space,

R e R B T

The standard recipe is to introduce the factorized Kernel,
~ -1
Gi@)G-w) = (1-FW)) ,  G-(w)=Gi(-w)
such that

lim G4 (w) — 1.
w—r00

o) [or T(1-— 24) i
w) =14 e
: RS DR DR

1/ (3 1\3
a=3(m(3)" -m(3)")
Then the solution in the Fourier space is given as follows,
J(w) = G4 (w) Q4 (w),
1 /3¢ G_(—ie G_(—1
Q+ (W) . (7 ( ) ( )eB> .

:271' 2 w+ie B w+1

Explicitly we choose

The comparison of the asymptotic behavior w — oo of the Fourier transformation of (A.2)
concludes Q4 (co) = 0. This determines the relation between parameters B and ¢,

eB ¢ F(l)eo‘.

= - 4 A'S
27T (3) (4.3)
This makes the expression for g(w) simpler,
~ Z¢F( B 37‘02) iaw
J(w) = ! . (A4)

2/7(w + i€) (w + §)T(3 — £4)T(1 - %i)e

We introduce Ay (0) :=In A(0+ B) for § < 0. A simple manipulation leads to the following
expression of its Fourier transformation A4 (w) in terms of g(w),

+ J(w) sx
A = v, A
+w) 4sinh 7w cosh %we ) (A.5)
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By substituting (A.4) into (A.5), one finds that w = —3(n + 1)i,n € Zx are the only

relevant poles in the inverse Fourier transformation of A+ (w). We thus finds for ¢ > 1,
r —INT
InA(f) = Ze Y p(atro—p) L1 — 7)) 3+ ).
n>1 (2yn — m)n!

By comparing the above expansion with (4.10), making use of the explicit form of B
n (A.3), we have the following asymptotic behavior of a,(¢),

O MOLCEIER i

The explicit form of the coefficient c, in (4.18) is then determined as in (4.19).
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