PUBLISHED FOR SISSA BY @ SPRINGER

RECEIVED: September 28, 2016
REVISED: November 24, 2016
ACCEPTED: December 16, 2016
PUBLISHED: January 13, 2017

Resurgence of the dressing phase for AdS; x S°

Gleb Arutyunov,*"! Daniele Dorigoni¢ and Sergei Savin®’

@ Institut fiur Theoretische Physik, Universitit Hamburg,
Luruper Chaussee 149, 22761 Hamburg, Germany
b Zentrum, fiir Mathematische Physik, Universitit Hamburg,
Bundesstrasse 55, 20146 Hamburg, Germany
¢Centre for Particle Theory & Department of Mathematical Sciences, Durham University,
Lower Mountjoy Stockton Road, Durham DHI1 3LE, U.K.
E-mail: gleb.arutyunov@desy.de, daniele.dorigoni@gmail.com,

sergei.savin@desy.de

ABSTRACT: We discuss the resummation of the strong coupling asymptotic expansion of
the dressing phase of the AdSs x S® superstring. The dressing phase proposed by Beisert,
Eden and Staudacher can be recovered from a modified Borel-Ecalle resummation of this
asymptotic expansion only by completing it with new, non-perturbative and exponentially
suppressed terms that can be organized into different sectors labelled by an instanton-like
number. We compute the contribution to the dressing phase coming from the sum over
all the instanton sectors and show that it satisfies the homogeneous crossing symmetry
equation. We comment on the semiclassical origin of the non-perturbative terms from the
world-sheet theory point of view even though their precise explanation remains still quite
mysterious.

KEYwORDS: Nonperturbative Effects, Integrable Field Theories, AdS-CFT Correspon-
dence

ARX1v EPRINT: 1608.03797

!Correspondent fellow at Steklov Mathematical Institute, Moscow.

OPEN AcCCESS, (© The Authors.

Article funded by SCOAP®. doi:10.1007/JHEP01(2017)055


mailto:gleb.arutyunov@desy.de
mailto:daniele.dorigoni@gmail.com
mailto:sergei.savin@desy.de
https://arxiv.org/abs/1608.03797
http://dx.doi.org/10.1007/JHEP01(2017)055

Contents

1 Introduction 1
2 The dressing phase 5
3 Modified Borel transform 6
4 Non-perturbative resummation of the coefficients ¢, s(g) 11
4.1 From the Borel sum to the BES dressing phase 11
4.2 Non-perturbative ambiguities and median resummation 14
5 Ambiguity of the Borel resummation 19
6 Strong coupling expansion of the discontinuity 24
7 Dispersion relation and the non-perturbative sector 28
8 Non-perturbative contributions to the dressing phase 33
8.1 [Effects of the non-perturbative sector to the dressing phase 33
8.2 Generating solutions to the homogenous crossing symmetry equation 35
A Derivation of the discontinuity of 2 37
B From the Borel image qu,q to its representation ¢i>p,q 40
B.1 First proof 40
B.2 Second proof 43
C Derivation of 45

D Details for the construction of the asymptotic expansion for AS, ,(g) 47

D.1 Solution of the difference equation for ¢, 47
D.2 Simplifying the expression for AS, ,(g) 50
D.3 Alternative derivation of the asymptotic expansion for AS) 4(g) 52

1 Introduction

In recent years a lot of progress has been achieved in the spectral problem of the gauge-
string correspondence by using ideas and methods from the theory of integrable mod-
els [1, 2]. For strings on AdS5 x S® the corresponding light-cone sigma model is quantum
integrable which allows one to obtain its spectrum by means of Thermodynamic Bethe



Ansatz (TBA) [3]-]7] or the modern incarnation of the latter known as Quantum Spectral
Curve [8].

We recall that the construction of the TBA is essentially based on the asymptotic
S-matrix for scattering of string world-sheet excitations in the uniform light-cone gauge.
This S-matrix is determined by symmetries of the AdSs x S° light-cone sigma model up
to an overall scalar factor called the dressing factor [9]. Thus, determination of the latter
quantity and investigation of its properties constitutes an important part of the spectral
problem to which many studies has been devoted in the recent past. In this paper we will
undertake an effort to complete the existing considerations and clarify some issues related
to a perturbative expansion of the dressing factor (phase) at strong coupling.

Before we pass to the discussion of our approach, we briefly recall what is known about
the dressing factor o = €%, where 6 is the dressing phase. The functional form of o as a
perturbative power series in the inverse string tension g with coefficients written in terms of
local conserved charges was conjectured in [9] by discretising equations that encode finite-
gap solutions of the classical string sigma model. Since g is related to the 't Hooft coupling
Nasg=VA /2m, from the point of view of gauge theory this power series represents a strong
coupling expansion of ¢. Further, the asymptotic S-matrix appears to be compatible with
crossing symmetry which implies a non-trivial functional equation for the dressing factor
— the crossing equation [10]. The found leading (AFS) [9] and sub-leading (HL) [11] terms
in the strong coupling expansion of o were shown to satisfy the crossing equation [12] and
an all-order asymptotic solution of the latter was obtained in [13]. The weak coupling
expansion for o was conjectured in [14] (BES) as a sort of analytic continuation of the
corresponding strong coupling expansion. In opposite to the latter, the weak coupling
expansion of f(x1, x2) has a finite radius of convergence and defines a function which admits
an integral representation (DHM) well defined in a certain kinematical region of particle
rapidities 1, z2 and for finite values of g [15]. Analytic continuation of the dressing phase to
other kinematical regions compatible with crossing symmetry has been constructed in [16],
which in fact provides verification of the crossing equation for finite g. Finally, under some
assumptions on the analytic structure the minimal solution of the crossing equation has
been found and cast precisely in the DHM form [17, 18]. Let us also note that the dressing
phase admits a representation in terms of a single integral (rather than double integral
representation of DHM) which proved to be useful for numerical construction of solutions
of the TBA equations [19].

It was soon realised [20] that a non-perturbative resummation prescription must be
implemented if we want to extract the weak coupling expansion of ¢ from the strong
coupling data. After a particular non-perturbative prescription to resum the leading order
dressing phase contribution at strong coupling, the authors of [20] were able to expand it in a
suitable weak coupling regime. In this way they found a connection between the strong and
weak coupling coefficients of the dressing phase, reminiscent of the analytic continuation
conjectured in [14]. Similarly the leading contribution to the magnons dressing phase in
the strong coupling regime was obtained in [21] via Borel resummation of a particular class
of terms in the asymptotic limit. Finally in [22] the authors expanded the dressing phase
of [14] reproducing precisely the asymptotic strong coupling coefficients. To obtain the



strong coupling regime, these authors did not use the contour integral type of argument
utilized in [14], but rather implemented a suitable ad hoc regularization procedure to
expand the integrand of the Beisert-Eden-Staudacher dressing phase and obtained back
the formal asymptotic expansion studied in [13]. Although the results of [20, 21] and [22]
suggest that the dressing phase proposed in [14] (that we will call BES in what follows) has
the correct properties to interpolate between the weak and strong coupling regime, to our
mind no rigorous and complete treatment of the resummation procedure of the full strong
coupling asymptotic expansion of ¢ exists so far.

In this paper we would like to present the discussion of the strong coupling expansion
of the dressing phase, and its resummation, in the modern context of resurgence [23]. We
show how to resum the strong coupling expansion by using a modified version of the well-
known Borel transform method. Our main result is that, in order to reproduce the dressing
phase of [14], we have to modify the perturbative strong coupling expansion studied in [13]
to what is called a transseries expansion by adding new, non-perturbative terms of the form
e 49" with n > 1 integer. These exponentially suppressed terms can be associated with
ambiguities related to the resummation procedure of the purely perturbative expansion.
Having modified the purely perturbative coefficients we need to check once again that the
new strong coupling dressing phase satisfies the crossing symmetry equation and indeed we
show that these new non-perturbative contributions to ¢ solve the homogenous crossing
symmetry equation.

According to our findings the leading non-perturbative correction to the dressing phase
comes with an exponentially suppressed factor e~4"9 multiplied by an infinite perturbative
expansion starting from three-loops, i.e. with the factor g=2. From the purely perturbative
point of view, the three-loop coefficient is also distinguished because only starting from
three-loops the odd coefficients produce contributions to the dressing phase which satisfy
the homogeneous crossing equation, while this is not the case for the one-loop perturbative
coefficients or the even ones. For the non-perturbative contributions it might be that
there is a protection mechanism based on vanishing of the zero mode contributions, forcing
perturbation theory on top of these new non-perturbative saddles to start from three-loops,
in the same spirit to what has been observed for the case of the instanton corrections for
the anomalous dimension of the Konishi operator [24, 25].

The origin of these new, non-perturbative effects in the dressing phase is quite mysteri-
ous. This story is analogous to the non-perturbative effects [26, 27] emergent in the strong
coupling expansion, g — oo, of the cusp anomalous dimension of N' = 4. Similarly to the
dressing phase, the cusp anomaly has a transseries expansion at strong coupling [28, 29]
and, perhaps surprisingly, these exponentially suppressed terms have a semiclassical origin
that can be understood from the string theory side. In the dual, weakly coupled descrip-
tion the calculation of the cusp anomaly translates into the computation of the spectrum
of folded spinning strings on AdSs x S°, the so-called GKP-strings [30]. At low energies
we can describe the world-sheet theory in terms of an effective sigma model, containing an
O(6) factor [31], with a non-trivial strongly coupled IR dynamics. In a suitable regime [32],
this 2-d quantum field theory contains non-perturbative objects, i.e. finite action solutions
to the classical equations of motion, that, in the semiclassical approximation, give rise to



exponentially suppressed contributions to the energy levels hence explaining the presence
of non-perturbative terms in the cusp anomaly expansion at strong coupling, on the gauge
theory side. How precisely these non-perturbative objects translate into the full string
theory remains however to be understood.

In the case of the dressing phase the weakly coupled dual side can be most conveniently
studied via a different stringy solution: the BMN string [33]. The S-matrix computed from
the sigma model perturbation theory has been shown (see e.g. [34, 35]) to reproduce the
well known first few orders of the dressing phase expansion. For this reason and from the
presence of non-perturbative terms in the dressing phase transseries expansion, we predict
the existence of new non-perturbative objects in the world-sheet sigma model theory! (or
possibly a suitable complexification thereof) that hopefully one can construct more easily
in one of the Pohlmeyer reduced versions of the world-sheet theory [36]. Note also that
the leading non-perturbative effect presents in the cusp anomalous dimension [26, 31] takes
the form e, or e~V 2 in terms of the 't Hooft coupling, while the leading correction
we find in the dressing phase is of the form e~*™9, or e~2YA. This stresses once more
that these new non-perturbative corrections we find in the dressing phase should have
a different semi-classical origin compared to the cusp anomaly ones. It is interesting to
note that the difference between these two types of leading non-perturbative effects is
analogous to the relation between the mass gap of the O(V) sigma model and the action
of its minimal uniton-like saddle which is N — 2 times bigger than the mass gap [32], this
precisely reproduces a factor of 4 difference in the O(6) case, i.e. the model relevant to
our discussion. It is possible that these finite action saddles might be responsible for the
non-perturbative effects we found, although it is absolutely not obvious how and why they
should be realised in the string description.

From a mathematical point of view we perfectly understand why these non-perturba-
tive terms must be incorporated in order to represent a very particular analytic function,
i.e. this BES dressing phase, in terms of a transseries expansion, but from a physical point
of view it is a very important question to understand the semi-classical origin of these
exponentially suppressed contributions in terms of non-perturbative strings configurations.

Finally, we mention the universality of the methods developed in the present paper.
Similar results about non-perturbative sectors of the dressing phase might be expected
also for the case of g-deformed theories [37]-[43] and for lower dimensional examples of
AdS/CFT, like for instance for AdS3/CFTa, see e.g. [44]-[46]. Furthermore similar type
of methods can be applied also to different observables within the context of AdS/CFT
correspondence, for example it was realized in [47] that the hydrodynamic gradient series
for the strongly coupled N/ = 4 super Yang-Mills plasma is only an asymptotic expansion
leading to the works [48]-[50] dealing with resurgence and resummation issues in the fluid
context of AdS5;/CFTy.

The paper is organized as follows. In section 2 we review some known facts about
the dressing phase and its strong coupling expansion while in section 3 we introduce a
modified version of the Borel transform to resum the perturbative coefficients. We prove in

"We thank Lorenzo Bianchi for useful discussions on this problem.



section 4 that the Borel-Ecalle resummation of our proposed transseries expansion matches
perfectly the BES dressing phase. The exact form of the non-perturbative terms is related
to the ambiguity in the resummation of the perturbative expansion, which is computed
explicitly in section 5 and then expanded at strong coupling in section 6. In section 7 we
use a standard dispersion-like argument to show how the perturbative coefficients of the
non-perturbative sectors can be reconstructed from the large order behaviour of the purely
perturbative ones and finally, in section 8, we use precisely these coefficients to obtain
new, non-perturbative contributions to the dressing phase, solutions to the homogeneous
crossing symmetry equation. Because of the involved algebraic manipulations, many of the
more technical results obtained in this paper are relegated to the appendices.

2 The dressing phase

Here we collect some known facts about the dressing phase which we need to our further
discussion. The S-matrix is determined up to an overall scalar function — the dressing
factor U(xli, mét), which satisfies a non-trivial functional equation — the crossing equation.
It turns out to be convenient to write the dressing factor in the exponential form o(x;, z2) =
¢(@1,72)  Here the dressing phase

12 = 9(331 y XTq ,372 a$2 Z Z Crs QT xl )QS(:L‘Qi) s (mli)%”(x;)] (2.1)

r=2 s>r
r+s=odd
with . .
. r— r—
- 4+ { 1 1
x,x; )= ——| — — | — , 2.2
worad= 5[ () e
where zF are subject to the relation
1 1 24
- === 2.3
zt + o x~ e (2.3)

Here g is related to the 't Hooft coupling A as g = v/\/27.
The phase 012 can be written as

— x(z3,2]) + x(z3,2f) + x(23,27) — x(23,27) (2.4)

where the function x obtained from (2.1)—(2.2) is

—cqnS 1
x(x1,z2) Z Z = 1)( l)g:’” e (2.5)
1

r=2 s= r+1 Lo

The coefficients ¢, s(¢g) admit an asymptotic large g expansion

o0
arslg) =g° Y cWgl g>1, (2.6)



where the numerical coefficients are given by

1 o l=(=t (r=1)(s—1)
e = gOres ol = - G+r—2)(s—r)’ (2.7)
and for n > 2 by
con) — (=1)"¢(n) (r—1)(s — 1)F[%(S tr+n-— 3)]F[%(S —rt+n- 1)] (2.8)

m8 2T n — 1] Flis+r—n+1)|T[i(s—r—n+3)]

Note that for n = 0,1 this expression is formally 0/0, but nevertheless (2.7) can easily be
recovered from (2.8). At any given order in the asymptotic 1/g expansion the double series
defining x is convergent for |z 2| > 1.

The series (2.6) is divergent and of Gevrey-1 type? since the coefficients (2.8) grow as
CQLS) ~ nl, for this reason we can thus perform a Borel resummation of series (2.6).

The crossing equation satisfied by the dressing phase has the form

i0(xj,xr) +1i0(1/zj, 1) = 2log h(xj, x1) , (2.9)

where the function h is

(2.10)

Here we have chosen to uniformize & in terms of a single variable 2 via [12]

a:i(x)::n\/l—gQ( ! : SN (2.11)
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3 Modified Borel transform

We start with recalling that the standard Borel transform of a divergent series

o
Z cnz vt (3.1)
n=0

with coefficients ¢, growing as n! is defined as
o o c
—n—1 n
By : chz " Z E&". (3.2)

o0
The standard Borel image is now convergent to some function )  “£" = ¢(¢) and the
=0

n=
initial series can be resummed through the “inverse” of the standard Borel transform which

is the Laplace transform

o(2) = LId)(2) = /0 T EpO) ~ Y e, (3.3)
n=0

2A series {cntnen is of Cevrey type 1/m if the large orders asymptotic terms are bounded by |c,| <
aC(n!)™ for some constants o and C.



where ~ means asymptotic in the standard sense. Typically, $(§) has singularities which
lead to ambiguities in the resummation procedure associated with the choice of integration
contour in the Laplace transform as we will discuss in full details later on.

Here, to remove an additional Riemann-zeta factor, we consider a modified (similarly
o [51]) Borel transform?

o

B: 3 en HZC r ot =R, (3.4)
which on a monomial acts as
Bz"] = 3 formn > 2, (3.5)

T'(n+1)¢(n)’

where ((n) denotes the Riemann zeta function. At this stage we introduce the modified
Borel transform only to get rid of the Riemann-zeta factor and simplify the expressions to
be working with. We will carefully analyse the implications that the use of this transform
has with regards to the non-perturbative sectors later in the paper.

This transform can be easily inverted by noticing that the momenta of the measure

1

= de (3.6)

are precisely

= ~ n = - 7@ =1I'(n n orn
€)= [ aner= | U oy =T ) frnz2. (3)

As seen before, the “inverse” can be given via

IER )
#() _Z/o 4Slnh2(§z/2 Z n® o (38)

According to (2.6) the variable z in (3.8) should be identified with g.
Note that by making use of ((n) =Y ro; k=" we can easily relate the standard Borel
transform to the modifed one.* We can rewrite (3.2) in terms of (3.4)

@0(§)=gm kz:lnz;C n+1 <i)n=§s&<i>, (3.9)

where ¢y denotes the standard Borel transform (3.2), while ¢ denotes the modified one,
associated with the coefficients {c,}. In particular we have the identity

2) = 2 > e—zfA — = Ry o 6—k.z§ ~ — 5 OOLA
o(2) /0 dge™* o (8) ;(k )/0 d¢ B(€) /0 4sinh2(§z/2)90(5)’

#Note that the summation extends from n = 2 because ¢(1) = co.
4Equivalently we could have expand the modified kernel 1/sinh?(¢ z/2) = v 4k e k¢ see the dis-
cussion around (4.18).




telling us that the modified Borel resummation can be seen as an infinite sum of standard
Borel resummations evaluated at shifted couplings z — k- z. This will be important when
we will discuss the non-perturbative sectors.

Applying this modified Borel transform to (2.6) we can sum up the modified Borel

image
o0 o)
$n:Ars 5 3.10
Z_;r(nﬂ)g(n)5 Pral®) (3.10)
where
. 1 )
Prs(€) = g (r =1 —1)¢ (3.11)
3 r s1 r s1 rr s 1 r s] (13 52
: ”““%G}2y2+2y22+yz+2+2}{y29}(ﬁﬂ>>

r s r s r s r s 3.5 & 2
- BNV IY N PO NI LA IS O A8 T O (N
s e 3<{ 2 2 T2y 2*2’2+2}’{2’ ’2}’<4ﬁ) >]

with ,F,({a1,...,ap}, {b1,...,bq}, 2) being the generalised hypergeometric function.
Recalling that s + r must be odd and r > 2, s > r + 1, we introduce new variables

s+r—1
p=—5 " s=p+q+1,
s—r—1
=5 r=p-—gq, (3.12)

where the integers p, ¢ are restricted to ¢ > 0, p > ¢ + 2, and, with the definition £ = 4nx,
the modified Borel transform

Gr.s(€) = pg(2) (3.13)

takes the form

Gpale) = 50— 0~ Do+ 0’ (3.14)
X {34173({1 —p.p,—q, 1+ 4}, {; ;,2},:52)

3 1 1 3 3 5)
—(2p—1)(2q+1)x4F3({2—p,2+p,2—q,2+q},{2,2,2},x >:| .

In terms of the variables p and ¢ the perturbative coefficients cq({fg) acquire the form

Wy @TOP—a=1)  T(E+p-1I(5+0q)
cily = (=1)"¢(n) 2 T~ 1) F(—%j—p+1)F(—§+q+2) . (3.15)

As discussed earlier in this section, we can naively resum the asymptotic power series with
coefficients (3.15) via

e dx N
0 1 2
cpalg) =y - g+ cbly + g /o sinh?(2mg) Ppal®). (3.16)

To understand the region of analyticity of the function ¢, 4(g) in the complex coupling
constant g-plane, we need first to understand the analytic properties of the modified Borel
transform (3.14) in the complex Borel z-plane.



To begin, we note that the first hypergeometric function in (3.14) is a simple polynomial
of degree 2¢ in z. This contribution to the full modified Borel transform is an entire function
(n)

of x because is coming from the coefficients ¢, ¢ with n even which are only finitely many
in number: from the explicit expression (3.15), we see that cg;n ) =0 for any m > q+ 2.

The second hypergeometric function in (3.14), which we denote as

3 1 1 3 3 .5
Q@)ﬁ:ﬂ%<{2—#%2+ﬂn2—q,2+q},{2ﬂ,2}z>, (3.17)

where z = 22, has a cut along the real interval (1,+oc). Therefore, the resummation
formula (3.16) does not define an analytic function of g, unless we specify a contour of
integration that dodges the cut. This introduces an ambiguity in the resummation proce-
dure, related to the particular choice of integration contour, i.e. that is above or below the
real line. For the discontinuity of Q(z) we found in appendix A the following formula

Q(z +ie) — Uz —ie) = (3.18)
. 3
-4+ D+ 9)!

1 d? ., dr? 1 1 3
xﬁﬁzq ldzP*Q (1—2)PTazP 22F1<2 +p,2+q,p+q+1,1—z>], |z|>1,

so that combining this with (3.14) we find

Disc ¢p g = (3.19)
Ap—q-1)
(p+q—1)
d4 dqrP—2 1 1 3
— q-1 _ \Pta.p—35 - b _
Xz s | (=) 22F1<2 +tpgtaptatll Z>L:x2, |z >1.

The discontinuity along the cut (1,+00) is purely imaginary and for z = 1 it vanishes
Disc (;Aﬁpg(l) = 0. Note also that due to the hypergeometric function the discontinuity itself
has a logarithmic branch cut in the directions Argz = w. These facts will shortly be of
importance.

As an example we can specify p = 2, ¢ = 0 in (3.19) obtaining

A 4
DiSC qbgj()(x) = 6 !

3730[(3:2 +1)B(1 - 2?) — 22°K (1 — 2?)]
164 (x — 1)2<1 Fo@-1)+ g(;p )4 0((x - 1)3)> W20

where K (k) and E(k) denote the complete elliptic integrals of the first and second kinds
respectively. In Disc q;/p,q(x) the same elliptic functions appear multiplied by two p,g-
dependent polynomials in x for which we do not have the generic expression. Since K (k)
and E(k) have branch cut discontinuities for k € (1,00) we deduce that Disc ¢ o(1 + )
a branch cut along ¢t = —1 + ¢R. One can easily check, using the known discontinuities
for the elliptic integrals, that the discontinuity of Disc QZA)Q,()(J:) across the cut gives back
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Figure 1. Plot of real part of the function ¢, , for a few values of p and g.

precisely the non-analytic part of Qgg,o(l'), modulo an overall constant. The fact that the
singularity structure of qu,q (z) and of its discontinuity closes with just these two functions
will be of crucial importance later on.

One natural way to fix the ambiguity related to the choice of the integration contour
is to demand that ¢, ,(g) must be real for real g. Further analysis reveals that R ¢, ()
has neither pole nor cut on the real line and for generic p and ¢ is a decreasing function as
x — 00, see figure 1. We thus can define the manifestly real coefficients by

> dx R
p.q(9) = Cz(:?g g+ c;(fg + 7T92/o m%%’q@) 7 (3.20)

whose strong coupling expansion g >> 1 coincide with the original asymptotic formal power
series (2.6). This prescription for the resummation procedure seems somehow ad hoc but in
the next section we will show that it corresponds in fact to the median Borel resummation.

To straightforwardly integrate §R(§p?q is rather difficult because it contains a separate
polynomial part. Also the first two terms in (3.20) come apart which suggests that they
originate from contour integrals around isolated points, as was explained in [14]. Therefore,
to proceed, we show that %quvq admits another but alternative representation through the
function

By g(2) = 0g0 + (=127 (p = g = 1)(p+ q) L(p —Fq()2IZ‘)(z: f)q +1)

1 1
X x22p‘4F3<{p— Lp=g.pp+ 2};{229,2?— ¢.p+q+ 1};962) . (321

Namely, both functions qu,q and <i>p7q share the same real part

R pg(z) = RPpg(z), x>0, (3.22)

~10 -



a statement which is analytically proven in appendix B in two different ways.> At this
point it is gratifying to see that (3.21) is essentially the same formula as equation (3.25)
in [14], which has been proposed there to describe a sort of analytic continuation of the
coefficients ¢,s from strong to weak coupling. Note that, contrary to anq’ the new function

®, , is an even function of x and this property will be crucial in the next section to extend
the integration over the whole real line to implement a Cauchy-like argument .

4 Non-perturbative resummation of the coefficients ¢, s(g)

In this section we prove that the manifestly real resummation (3.20) proposed in the previ-
ous section does indeed coincide with the coefficients for the BES dressing phase introduced
in [14]. Furthermore we show that the proposed real resummation (3.20) can be understood
as the Borel-Ecalle resummation of a particular transseries expansion, generalization of the
formal power series (2.6) that we started with.

4.1 From the Borel sum to the BES dressing phase

According to the discussion in the previous section, the coefficients ¢,, can be repre-
sented as

1 > dz A
Cp7q(g) = 61(7(2 g + C](D}(g + 57['92 /oo m% (pp7q($) 5 (41)

where the integration was extended to the whole real line since # @p’q(:n) is an even function
of z. The rest of the computation follows the same steps as in [14] but now for arbitrary
values of r and s and, therefore, we outline it here for completeness.

The starting point is to pass from integration of ép,q over the real line to integration
of i)p,q along the contour depicted on figure 2. The function @p,q has a cut on the interval

(—1,1) and the integration contour C; runs just above this cut. Since the kernel f(z) =

_®palz)
sinh?(27gz)

around zero amounts to f(—2) + f(z) = f(2)+ f(2) = f(2) + f(2) = 2R f(2), because f(z)
is real analytic. Thus, integration of f(z) above the cut is equivalent to the integration

is symmetric with respect to z — —z, the contribution from two points symmetric

of Rf(z) over the interval (—1,1). One has however to take into account that f(z) has a
residue at infinity and at z = 0 which lead to additional contributions. In particular, the
two isolated terms entering (4.1) can be treated (similarly to [14]) as the following contour
integrals:

1. For the integral around the contour C5, where |x| — oo with € < argz < ™ — ¢, a
non-trivial contribution occurs only due to the leading term in ®, ,(x) = 640 + .. .,
which is present for ¢ = 0 only. One gets

1 2/ (Abp q(@ . 1 0 9=7r:| 1

57 de —5"——— =1040 lim |— - coth(2mg|z|e’ ‘ = ~g6,0 =0

2™ o, sinh?(2mgx) @0 || =00 4 (2mglzle”) 0—0 90q,0 = Crs
(4.2)

5We warn the reader that to verify the coincidence of the real parts of the above functions numerically, for
instance, by using Mathematica, one needs to apply first to the function ® the command “FunctionExpand”
which renders the answer in terms of complete elliptic integrals of the first and second kind. After that a
numerical comparison can be straightforwardly performed.
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Figure 2. Integration contour for the coefficients ¢, ;.

2. To compute the integral around the contour Cs, we have to expand @pﬂ(x) around
zero and we find for the leading behaviour

16i(p+q)(p—q—1)
™ (2p—1)(2¢+1)

i.e. it is purely imaginary for real x. Note that the case ¢ = 0 should be treated

D, ,(x) = — T+, (4.3)

with care which results in the absence of the leading J,0 when ¢ = 0 in the small
expansion for @, ,(x). Hence, the contribution from the contour Cy is

1 2/ <i>p,q($) _ 21&(174‘(])(17—61_1)/ 1
Cs c, 49

- =7
2" sinh?(2mgz) I (2p—1)(2q +1)
2 —q-—1
2t glp—a-1) _ ) (4.4)
™ (2p-1)(2¢+1) P
Thus, the resummation formula can be written as the following contour integral
Lo / (i)p ¢(®)
c = -7 de —5-——, 4.5
p.al9) 2 g sinh2(27rg:L‘) (45)

C
with contour C' = C; U Cy U (5 from figure 2. This is evaluated by Cauchy theorem as
- b,
¢pal9) = i(mg)” Z Resm/zgsli Z da:

2
— nh*(2mgx) z=in

(4.6)

The derivative is given by
r'2p—-1)
Fp+gllp—q-1)

_ 1 1
X(4JZ‘)1 2P4F3<{p_ §7P7P7P+ } {2]77]7 q, p+q+1} T > . (47)

23(_1)p+q+1

Thus, for the coefficients ¢, , we find
I'(2p—1)
Fp+gl(p—q-1)

Xi n/g)t” 21"4F3<{p—;,ppp+1} {2p,p—q,p+q+ 1} ( /Z)z>

cpalg) = (=1)12°7% (4.8)

n=1
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Next, we apply the following identity

a a+1 a+k—1 EM\F
o F, e Oy — ey Abl, .. bt | — =
£ mtk ({‘“’ @m0 Tk k }{1 }(z>>

(e}

1

— /dtta_le_Zthn({al, s am i b1, ba s (AR (4.9)
0

I(a)

where we identify z =n/g, « =2p — 1, k = 2 and A = i. Hence,

e
@19 = T gl —q 1)

) o0
1
x ) /dttzp‘Ze‘”t/ngs({p7P+2};{219,19q,p+q+1};t2) (4.10)
n:lo

or, going back to the (r, s)-representation

1
es(g) =2(=1)T D26 - ) (r — 1) ——— 4.11
erals) = 2DV s = )6 = D s (411)
o o0 _1
X Zl/dttr+5_3e_2m/g o F3 ({s—;—r’ s—i—g };{r,s,r+s - 1};—4t2> .
=10

Here one can recognise the well-known formula

-1
oFi (r, —tz) oFi (s, —t2) =,I; ({T;S,T—i_; };{r,s,r+s— 1};—4t2> (4.12)

and use the representation of the Bessel function J,(t) via the hypergeometric one

v

- - 42
Jy(2t) = OF! 1)0F1(1/—|— 1, —t%) (4.13)
to get
ers(g) =2(-1) D25 — 1) (r—1)) / %ef2nt/9Jr_1(2t)Js_1(2t). (4.14)
n=1 0

Summing a geometric series up, one finally gets

Jr—1(gt)Js-1(gt) - (4.15)

brale) = 2125 = 1) 1) [ s
0

This formula proves that the median Borel resummed formula for ¢, coincides with the
coefficients of the BES dressing phase that first appeared in [14].
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4.2 Non-perturbative ambiguities and median resummation

Let us go back to the initial problem of going from the modified Borel transform to a
suitable analytic continuation (3.16) of the original asymptotic formal power series (2.6).

To properly define the inverse transform (3.16), we need to integrate over a contour
where the modified Borel transform $p7q(x) is not singular. As shown above, the singular
directions in the complex x Borel plane, also called Stokes directions, for the case under
considerations are Argx = 0 and Argz = 7.

We can thus introduce the directional Borel resummation via
10
b dx

m%,q@) ; (4.16)

Sl 0)= %)+l 7

which defines an analytic function in the wedge of the complex coupling constant plane
given® by Dy = {g € C|R(e?g) > 0}, provided that 6 is a regular direction, i.e. 6 ¢ {0, 7}.

For every 6 for which the above integral exists, if we expand for ¢ > 1 we ob-
tain precisely the original asymptotic, formal power series expansion (2.6). Furthermore
when {0,7} ¢ [61,02] we have that Sp,[cp 4] is the analytic continuation of Sp,[c, ], i.e.
So,[cp.ql(g) = Sp,lcp,ql(g) for every g € Dy, N Dy,. This allows us to analytically continue
the function Sy, [cp4](g) on a wider wedge of the complex g-plane, i.e. on the union of the
two domains Dy, U Dg,.

Due to the presence of singularities in the Borel plane, if we keep on increasing Arg g,
or equivalently 6, we will necessarily encounter branch cut singularities for the analytic
continuation of the purely perturbative asymptotic power series (2.6). To understand the
reason for that, we pick € > 0 and small, and consider the two lateral resummations across
the Stokes line § = 0 given by Sic[cpq](9), a similar story holds for the other Stokes line
0 = 7. These two analytic functions, although having the same asymptotic expansion (2.6),
differ from one another on the intersection of their domains of analyticity. Their difference
(related to the so called Stokes automorphism) can be written as an integration over the
Hankel contour C shown in figure 3, originating from infinity below the positive real axis,
circling the origin and then going back to infinity above the positive real axis:

d «
ASpq(9) = Sielepgl(9) — S—elepgl(g) = 7T92 /C sinhQ(;rgx)%’q

=7 2/OdeDiscé ()
g 1 sinh?(27gx) b

(z) (4.17)

© 00
= Z(47mgz) e47mg/ dt e Disc ¢, 4(t + 1),
n=1 0

®The integral (4.16) is well-defined for g € C such that |sinh?(2wgz)| > 1 for |z| large enough. This
leads to two disjoint domains of analyticity separated by the line R(e®g) = 0. We decided to restrict
our attention to the upper domain but one could have directly worked with the union of the two disjoint
domains analyzing the discontinuity across them.
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0 1

Figure 3. Integration contour in the Borel plane used to compute the difference between lateral
resummations.

where we used the fact that the discontinuity (3.19) starts at # = 1 and, in the last step,
we expanded the sinh for g > 1

1 [e.e]
— =N 4pe iz 4.18
sinh?(2mgx) nzz:l (4.18)
to make explicit the exponentially suppressed factor e=*™9  benchmark of non-perturbative
physics.

Note that although we used the modified Borel transform (3.4) to resum the purely
perturbative series, we expanded the 1/ sinh? kernel to express the discontinuity ASpq(9)
as an infinite sum of usual instanton factors, i.e. exponentially suppressed terms e~ 49,
multiplied by the standard Borel resummation (3.3) of a single function ép,q(t—i— 1) evaluated
at shifted coupling 47ng.

Upon integration, we can see that each of these non-perturbative contributions is
multiplied by a formal power series @25(471971) whose standard Borel transform (3.2) can

be extracted easily from (4.17)
DNV (t) = Bo[®N]] (t) = +i Disc gy q(t + 1), (4.19)

so we can represent AS, ,(g) as
oo
ASpq(g) = —i Y (4mng®) e ™I L[D)T] (4mgn)
n=1

o0
=—1 Z(47rng2) e~ 4™y @25(47@@ ) (4.20)
n=1

where in the second line, with a slight abuse of notation, we used a formal transseries
(see [53]) representation for AS), 4(g). Note that the formal power series igg (4wgn) associ-
ated with the non-perturbative sector is also asymptotic since we already know that @gg’ ()
has a singularity at x = —1, see (3.19). However its Laplace transform, E[@ﬁg] (4mgn),
is perfectly well defined since @25 (x) has no singularities along RT. We will study the
asymptotic nature of the formal power series égg (4mgn) at the end of section 6.
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At this point we specify one particular determination of the analytic continuation
of (2.6) as follows

P (g) = {S—e[cp,q](g% 0<Argg<m, (4.21)

‘S‘JrG[Cqu](g) y —m< Argg < 07

where the suffix P reminds us that this is only the resummation of the perturbative power
series (2.6). This analytic function has two branch cuts, one for Arg g = 0 and the other
for Arg g = m. The two discontinuities are easy to obtain using the formula (4.17)

Discyg c;:q(g) =—-AS,4(9), (4.22)
Disc, c;:q(g) =—ASp.(—9), (4.23)

where for the discontinuity along the direction Arg g = m, we used the results, proven in

the previous section, that the discontinuity of the modified Borel transform is a function of

22 over the Borel plane. We will study in detail these discontinuity in the following section.

Note that the particular analytic continuation Czlj, q

ries (2.6) has two different and complex limits as Arg g — 0F. This “ambiguity” in defining

(g) of the perturbative power se-

our resummation procedure for real coupling suggests that despite (4.21) has the correct
asymptotic power series expansion it misses nonetheless crucial non-perturbative contribu-
tions and leads to the wrong (i.e. non-physical) analytic continuation.

To obtain an analytic continuation that is real for real coupling we make use of the
median resummation [52], i.e. the appropriate, unambiguous, analytic continuation that
is real for real coupling. In the present case the median resummation is very simple and
ultimately consists in taking the real part of the modified Borel transform of the purely
perturbative expansion.

To show this we first rewrite the perturbative coefficients (2.8) by expanding the Rie-
mann zeta as ((k) = Yoo, n~* and then use the Laplace integral (3.3) to resum the
standard Borel transform (3.2). This let us rewrite the resummation (3.16) of the purely
perturbative coeflicients as an infinite sum of standard Borel resummations evaluated at
shifted couplings 4mwgn

cpql9) = 01(0(2 g+ cgg + Z 47rng qﬁp q] (4mgn) , (4.24)
n=1

as discussed below equation (3.8). Note that this is completely identical to expanding the
sinh?(27rgx) kernel via (4.18) in the modified resummation (3.16) as previously mentioned.

We already know that each of these Laplace transforms is ill-defined because of the
logarithmic branch cut discontinuity (3.19) of the integrand ém(x). In Ecalle’s language
we have that the only non-trivial alien derivative in the direction Argz = 0 is given by
Alq?)p,q(x), directly related to (3.19). Further applications of the alien derivative would give
rise to Alfﬁﬁg(x) but we know already that A; @gg’(w} = 0 since the direction Argz =0
is a regular direction for the discontinuity Disc ¢y, 4(z), see (3.19). This fact simplifies
dramatically the fractional Stokes automorphism that becomes simply Gil/ P=Id+ %Al.
Had we been interested in the direction Arg z = m we would have found a singular behaviour
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for the non-perturbative sector, i.e. A_ligg’(x) # 0, entirely caputer by (ﬁp’q(aﬁ), see the
discussion below (3.19), but since we focus only on the wedge f g > 0 we can completely
forget about the singularity structure of @EE(:C). Since we will not make use of these more
sofisticated objects we refer to [52] for all the details.

To simplify the discussion one can think that the relevant singular behaviour of gZA)pg(x),
captured entirely by (3.19), is the only discontinuity in play for the wedge R ¢ > 0 under
consideration, then the median resummation [52] consists in subtracting from the direc-
tional Borel resummation (4.16) the associated ambiguity. In practice this means that
for each term of the form (47rn92)£[q3p7q] (4mgn) in (4.24) we have to subtract the corre-
sponding non-perturbative ambiguity, easily read from the full ambiguity AS, 4(g) (4.20),
which takes the form F%(4rng?) e=4™9 i)g{lq) (47rgAn). The sign is chosen accordingly to the
contour of the ambiguous Laplace transform ﬁ[qﬁp,q} (4mgn) being understood as above or
below the cut, similarly to (4.16).

This means that in the sector $t g > 0 under consideration the median resummation

transseries is given by

)

o0
Cral9) = ey - g+ iy + > (4rng®) [Gp(4mgn) + s S (47gn)]
1

n=
=cpqlg) +5 Z 4rng?) e~ 1™9 (IDNP(47rgn) (4.25)

where qu,q(g) denotes the formal power series obtained from the strong coupling expansion
of E[qu,q] (9).- The first term of the second line denotes the collection of all the purely
perturbative power series as in (4.24). The parameter s is linked with the lateral resum-
mation procedure and called the transseries parameter s = —i/2 for 0 < Argg < 7/2 and
s = +i/2 for —m/2 < Argg < 0. Note that although we have infinitely many instanton
sectors they are all multiplied by the same and only transseries parameter s. The reason
for this is that the one under consideration is not a one-(or multi-)parameter transseries
(see for example [54]) but rather an infinite sum of two terms transseries of the form
[(]Enq(élﬂgn) +5e- 49 @25(47@71)], at least in the wedge under consideration.

One can perform the infinite sum (4.24) of all the purely perturbative contributions
evaluated at shifted couplings reproducing the modified Borel transform (i.e. we repeat
backwards the argument presented above) while the non-perturbative sectors remain as
an infinite sum. This generates an apparent mismatch between perturbative and non-
perturbative sectors. Nonetheless, (4.25) remains a very simple infinite sum of two-terms
transseries in disguise. This transseries (4.25) is a formal representation of a unique analytic
function that can be explicitly obtained via Borel-Ecalle resummation. First we notice that
with the median resummation choice for the transseries parameter s we have that the two
lateral resummations of the transseries coincide for real and positive coupling g

e o)
v —4mn, T
cr5(9) = S—elepgl(9) — 3 > (4mng®) eI L[NV (4mgn) (4.26)
n=1
1 n -
= Sielepql( 5 Z 4rng®) e 4™ g[’[q)glq’] (4wgn), (4.27)
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where E[@Eg] (g9) denotes the standard Laplace transform (3.3) of the perturbative series
associated with the non-perturbative sector (4.19) which is completely regular, i.e. it does
not have any Stokes line in the wedge under consideration.

Furthermore we can make use of (4.20) to show that in the case at hand the median
resummation of (2.6) is simply given by

AS,q(9), 0<Argg<m/2,
ASpqe(9), —m/2<Argg<O0.

S-clenal(g) +

4.28
Stelepql(9) = 2

CZE(Q) = Smed[cpl(9) = {

N—= N[=

The superscript is to remind us that, upon expansion of the analytic function c;fg (g) for

g > 1, we do not obtain just the power series (2.6) but rather the transseries (see [53]) repre-

sentation.” The function cg,(sl

containing infinitely many exponentially suppressed, i.e. non-perturbative, terms of the

(9), when expanded at strong coupling gives precisely (4.25),

form e~4™9. Each of these non-perturbative contributions is multiplied by a formal power
series @25(477970.

Finally, by combining (3.19), (4.17) and (4.28), the Borel-Ecalle resummation of the
transseries gives

o

cpalg) =) - g+cl) +mg® /0 Smh;?;gx)% Do (), (4.29)
which is precisely the integral form (3.20) used in the previous section that we proved
coinciding with the coefficients (4.15) of the BES dressing phase. So we learn that the
correct strong coupling expansion of the BES coefficients (4.15) is not simply given by
the asymptotic power series (2.6) but rather from the transseries (4.25) which coincides
with (2.6) perturbatively but it contains infinitely many new exponentially suppressed
terms.

However, although the transseries representations (4.25) contains infinitely many
terms, it remains a two-terms transseries in disguise as noted above. Generically, physical
observables are represented with multiple parameter transseries and the actual implemen-
tation of the median resummation can be very complicated. Even in a one-parameter
transseries there are very intricate set of relations between the different instanton sectors
and the median resummation is not as straightforward, while in our case the presence of
infinite many instantons is a red-herring and is ultimately connected to the expansion of
the Riemann zeta function ((n) as noted before. We refer to [54] for a comprehensive
discussion on the cancellation of non-perturbative ambiguities and the construction of the
median resummation in one- and two-parameters transseries, relevant for more general
physical observables than the one discussed in the present paper.

Another important thing to keep in mind is that the problem under consideration is
indeed a linear problem which roughly means that each instanton sector does not “commu-
nicate” in an intricate way with all the others. This is a very lucky case which simplifies

"With a slight abuse of notation we denote the median resummation (4.28) with the same symbol as
its transseries representation (4.25) having in mind that they both uniquely define the one and the same
analytic function.
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dramatically the Borel-Ecalle resummation procedure. One of the central points in Ecalle’s
works [23] is precisely the decodification of the complicated set of relations connecting the
different perturbative coefficients in different sectors and the deep intertwining between
all sectors: perturbative and non-perturbative. In the present case this could go under-
appreciated due to the linearity of the problem and perhaps one of the nicest illustrations
where the full power of Ecalle’s work can be better appreciated is shown in a nonlinear
case [55] within the context of large-N dualities where the authors are also able to obtain a
very explicit strong-weak coupling interpolation similar to the one described in our paper.

As already shown in the previous section, equation (4.29) coincides with physical an-
swer given by the coefficients of the BES dressing phase (4.15), but in order to obtain (4.29)
we had to pass from the formal power series (2.6) to the transseries (4.25). This amounted
to introduce infinitely many non-perturbative contributions and ultimately means that
the initial purely perturbative formal power series (2.6) is not enough to reconstruct the
physical answer.

It is worth emphasizing that, due to its asymptotic nature, the strong coupling
transseries representation (4.25) is only a formal object but its Borel-Ecalle resummation
defines a perfectly good analytic function in a wedge of the complex g-plane. In particu-
lar, this means that the weak coupling expansion coefficients, obtainable from the gauge
theory side, must be encoded in some intricate way in the strong coupling transseries coef-
ficients (4.25). We do not know how to read this weak coupling expansion directly from the
strong coupling transseries, but as proven above, the median resummation of the strong
coupling coefficients yields precisely the coefficients of the BES dressing phase (4.15), which
directly allow for a weak coupling expansion that matches precisely the gauge theory results

as shown in [14].

5 Ambiguity of the Borel resummation

As we have just seen, the ambiguity in the Borel resummation procedure comes from the
discontinuity of the integrand of the Laplace transform (4.17). In this section we therefore
compute this ambiguity explicitly by analyzing

AS,4(9) 2/00 v p; bp.o(2) (5.1)
=7 —— 5, ViIsc z), .
paid g 1 sinh?(2mgx) P
where
. 2 Alp—q—1)
Disc ¢y g = zm (5_2)
1, dr? o1 (13
X'z@zq dzP—2 {(1—2)1) 12P72 91y (2 thytertat 1,1—z>} ) || > 1.

The important property of the discontinuity is that Disc qu,q(l) =0.
Since we have

i —47rgnx (5'3)

blnh2 27rgx
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we can write
ASpq(9) = —g Z/ dz (—4mng) e~ 79" Disc @gp,q(*'”) : (5.4)
— J1

Substituting here the explicit formula for the discontinuity we get

AS, ,(9) = —2ig ‘Z/ dz (—hyy/z) e vz (5.5)

p—l—q

d? ar—2 1 1 3
q—1 P—3 _ ,\Ptg - =z —
Xdzqz L 2[(1 2) 2F1<2+p,2+q,p+q+1,1 z)],

where we have introduced a concise notation
hy, = 47ng . (5.6)

We proceed integrating by parts and noting that boundary terms always vanish we
arrive at the following expression

AS,(g) = —2ig p+q |Z/ Az Qn()(z — VPSR —2),  (5.7)

where for conciseness we omitted the parameters of o F1 and introduce the following function

(_hn)k+1 1 dpf2

d? 1
_ -1 1 @Y 1)
= g 2P deP*QZq pie . (5.8)

o

In appendix C we show that @, (z) has the following representation as a double sum

p—k—2

Qn(z) _ eih"ﬁi (_1)1+k+p217k7m7p(hn\/g)p+kfm (59)

k=0 m=0
" VT (p+m—Fk—1)
hoklml (¢ —k)!T(p—m—k—1I(3+k—q)

Since
hemypihem PR prh—m —hny/Z
(=L)PTE"hY P L (hnv/Z) eIz (5.10)
we have
1 q p—k—2 1m+1 21kmpq|rp+m E—1
Q=3 Y kﬂ f‘r 3 2t 2 L sy
" k=0 m=0 WNT(p—m—k=1I(5 +k—q)
" hm_mw e~
" oL TR—m
Thus, we can represent Q,(z) as a certain differential operator acting on e~"nvZ:
Qu(z) = Que "z, (5.12)
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with the whole z dependence just sitting in the exponent. Then further computation
reduces to the following integral

AspaQ(g) = _2 p + ;]__]_1 Z Qn/ dz e_hn\/g(z - 1)p+q 2Fl(a7 b7 c, 11— Z) ) (513)

where a = p + 5, b=q+ 5 and ¢ = p+ g+ 1. Thus, we are led to compute the integral
oo
f(h) = / dze ™z — 1) 3R (a,b e, 1 — 2). (5.14)
1

For generic values of a, b, ¢ this integral is given in [56]. Keeping for the moment p and ¢
generic (non-integer), the answer is given by the following formula

M - reprer-gra+p+ani({3hia s pz+ o) (515)
2*2p— D (p—q— 1T (1+p+q) 1 1 ‘
" 4T (3 +p)0(— 5 +p) ﬂ?lF2({ } - p’2_p+Q}’t>
(1 —p+)T(1+29)L'(1+p+gq) 1 1 .
o epemen)

where we have introduced a concise notation ¢ = h?/4. This formula can be obtained by
using the Mellin transform technique, see e.g. [57]. While well-defined for generic p and g,
the above expression becomes nonsensical for p and ¢ being positive integers. In the latter
case the answer can still be found from (5.15) by using the continuity principle — first
one starts from generic p, ¢ close to integer values by introducing a kind of regularisation
and then takes a limit to these values. A regularisation parameter controls the apparent
singularities which are supposed to cancel in the final expression.
To proceed, we introduce the following shorthand notation

B 1) _ L+ k)D(1+pI(2+q)
H1_1F2<{2}’{1+p’2+Q}’t> Z\FF1+I€ (+/~c+p)I‘(2+p—|—/~c)tk (5.16)

and consider the power series expansion for the second hypergeometric function
_ 1
Hy=t png({ —p} {1- p,2—p+q};t>

_Z —pl(3+k—p)T(2—p+q) th—p
1+k( —p)TA+k—pTQ2+k—p+q)

Denote by p and ¢ posmve integers to which p and ¢ are close by. Then this sum can be

(5.17)

split into three parts

i FHE-P)T(p-KI(p—g—k-1),,

Hy = (5.18)
% —~ T+k) T Te-q9¢-1)
L L@=p+q) i DML (= 5 4 k—p+p=@) VA =k4p=P40) 41 pip 4
P(3- P) ) = L(k+p—) T (1+k+p—p+q—7q)
LA =-plE- i L(3+k—p+p) kP
L3 - ) —~T(1+k+p)l(A+k—p+p)T2+k—-p+q+p)
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Here to obtain the second line we made a shift of the original summation label k as k —
k+p—q—1, while to get the third line we shifted as kK — k + p. Note that the first line of
Hy is finite in the limit p — p, ¢ — ¢, while the second and the third lines are “linearly”
and “quadratically” divergent, respectively, cf. the factors in front of the corresponding
sums.

Analogously, we consider

1 1
Hs = 1 1F2<{ -5 —q};{p—q,—q};t>

- (=3 +k—aTP-l(=a) 44

_ (5.19)
T+ R (-5 —¢T(k—gT(k+p—q)
and split the sum into two parts
I'(p—q) d s+k—qT(l—k+q) . . 4
Hs = th—a 5.20
ST T 4qT(-1L- z% 1+k) (k+p—q) (5:20)
n ( )l'(p — P(z+k—q+q) h—a+q

DI
I(-1-q) &ZTC+k+T(1+k—q+T(1+k+p—q+q)

To obtain the second line we made a shift of the original summation label as k — k+ g+ 1.
The first line in the expression above is finite in the limit p — p, ¢ — ¢, while the second
one is “linearly” divergent.

Now we put everything together and simplify the factors in front of the sums

f(h) _ V7l +p+4q) I'(3+k)
h— 2sin(mp)sin(rq) & Z < T(1+ kI + Py o (5.21)

15 qg—2 1

M'z+k-—p)Tp—-kI'(p—qg—Fk-1)

+cos(rp)T(L+p+aq) Y (2 )27r3/2f(1+k’) g
k=0

—-p

cos(mp)T’ 1—|—p+ Eq: 1)k+p= qr(7l+k7p+pfq)r(17k+pfp+q)tk_1_p+ﬁ_q
k=

2/ sin7(p Tk+p—qr(1+k+p—p+q—27q

_ /meot(mp)l 1+P+ i P(z+k—p+p) th—p+p
2sin7(p — q) k:OF 1+k+p)l(1+k—p+pTl2+k—p+qg+p)
3 cos(mq)T'(1 + p + q) Z(_l)kl"( — 5 +k— q)F(l —k+ q)tk_q_l
2y/msinm(p — q) pors r1+Kkrk+p—q)
Vrcot(mp)T(1+p + q) L(3+k—q+9) P
2sinm(p — q) FR+k+T1+k—q+T(1+k+p—q+Q '

k=0
The second line in this expression is finite (it comes from the first line of Hs) and

we can therefore put there p = p, ¢ = ¢. This gives the first contribution I; to f(h)
corresponding to integer values of p, ¢

P—q—2 (1
P(g+k—p)llp—kKTp—qg-—k-1) ;
h= 0T+ ) . )27r3/2F(1+k) o
k=0

(5.22)

Obviously, I; contains inverse powers of ¢ from ¢ up to =972
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The rest of (5.21) is divergent. To proceed, we introduce the following regularisation

1 1
P:ﬁ+§€, 267—56. (5.23)
To take the limit, we need the formulae
sin(e +m) = sin(me)(—1)", cot (:l: % + m) = +cot ge, (5.24)

valid for any integer m. The second contribution to f(h) comes therefore from finite sums
{cos(wp)F(Hp +q) N~ (DM (—5+k—p+p— QT (1—k+p —p+q)
2ymsinm(p—q) = Lk+p—l(1+k+p—p+q—17q)

Iy = lim th=1-p+p=d

e—0

_cos(mg)I'(1+p+9)

MQ‘

I(—L4k—q)T(1—
e ! (5.25)
2y/msinm(p—q) = FA+k)I(E+p—q)
Substituting here the formulae (5.23) and taking the limit € — 0, we find
q 1
MN—5+k—q)T(1—-k+
IL=-T(+p+q) S (~1)k+ (3 9T D g1 (5.26)

— 2m3/2T (1 + k)T(k +p — q)

|10+ 0 (=G a) - wHR) — vk - 0) - wl1-h+a)]

where after the computation we replaced p — p and ¢§ — ¢. Note that this term contains

inverse powers of t from =971 up to ¢t~ 1.
Finally, the third contribution comes from infinite sums

L=T( lim | !
( +p+q)elﬂé{ 2 sin(7p) sin(rq) Zr 1+KTQ+k+pT2+p+k)

/T cot(mp) Z I'(3+k—p+p) th—p+p
~ 2sinw(p—q) Fri+k+pIT'(1+k—p+p)I'2+k—p+q+Dp)

n /7 cot(mp) Z L(34+k—q+79)
2sin7(p — q) &= T(2+k+ QL (1+k— g+ QU (1+k+p —q+q)

th—ata|

The expression I3 delivers the most complicated contribution which upon taking the limit
and renaming p — p and ¢ — q reads
> )P T4+ ETA+p+
Iy = —(10gt)2 Z ( ) (2 ) ( b Q) ik
< 4m3P0(1+ k)DL +k +p)T(2+k +q)

(5.27)

(=1)P (3 + k) I(1+p+q)
logt227r3/2r( L+ BT(1 +k+p)r(2+k‘+Q)tk

X [w(;ﬂc) —¢(1+kz)—w(1+k+p)—w(2+k+q)]

—Z (—1)P0 (5 + k)['(1+p+q) &
47r3/2r(1+k) 1+k+pT(2+k+q)

2
X [(¢(1+k)+w(1+k+p)+w(2+k+p)—w@+k>>

+¢(1)(; —|—k> — WA+ k) — VA +k+p) + V(2 + &+ p)
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In this way we have found that the original integral is given by the sum of three terms
f(h) = h(Il + Iy + Ig) . (5.28)

In fact, the whole expression I3 can be written as
PR NG e ey R\ (e R
5T e = Am3PT(1+k+e)T(14+k+p+e) T2+ k+qg+e)

& (1P (S 4 o) T (14 p+q)
T A AT+ Ol (14 e+ pT2+e+q) > °

(5.29)

e=0

1
1,2+e};{1+6,1+6+p,2—l—e—l—q};t)

e=0
6 Strong coupling expansion of the discontinuity

Here we show how to obtain an asymptotic expansion at large g starting from the exact
answer for the difference AS,,(g). To this end we have to analyse the expansion of I3
when t — oo. The simplest way to proceed is to use the formula (5.29), where we keep €
finite and send ¢ — oo. The corresponding expansion of o F3 is known to be

2 F3({a1, az}; {b1, b2, b3};t) = F1 + Fa + F3, (6.1)

where

a7 ['(b1)T(bo)T'(b3)T(az — aq)
P T(aa)T (b — an)(ba — a1)T(bs — a1) (6.2)

1
X (—=t)" " 4Py ({a17a1 —bi+1,a1 —ba+ 1,01 — b3+ 1};{a1 —ag + 1}; t> ;

F(bl)F(bg)F(bg)F(al — ag)

Foo = 6.3
2 F(al)l“(bl — ag)r(bg — ag)r(bg — CLQ) ( )
1
x (—=t)"" 4y ({&2,612 —bi+1,a0 —by+1,a2 — b3+ 1};{az — a1 + 1}; t> ;
and %3 will be discussed later.
For the case at hand we identify
1

a; =1, a2:§+e, b1 =1+e¢, bo=14+¢c+p, b3=2+e+q. (64)

We start with analysis of the contribution of .%#; into I3, which we denote as I:,()I). We have

0 cl?[t6—1(—1)1)+q FA+p+ gl (—5+€C(3—¢
357 de? 432 T(e)I(1 —e)I'(1 —e—p)T(—e— )T (p+ )T (1 + €+ q)

XiI‘(l—e—l—k’)F(l—e—i—k—p)F(—e—i—k—q) 1}
k=0

O(E et h) 7

. (6.5)
e=0

Further simplification gives

. i d® [F(l—i—p +q@)(1—e+k)T(1— € +k — p)['(—e + k — q) sin®(me) tan(me) 1 ]

3= ) : €
= de? 47r7/2f(% — e+ k) th+l

e=0
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Now it is important to realise that the expression in the brackets above has different
behaviour in the limit € — 0 depending on the value of the summation variable k. If k > p
then due to the factor sin?(me) tan(me) the expansion starts from €3 and therefore it does
not produce any contribution at order €2. This means that we can cut the infinite sum at
k = p — 1. Then we naturally spilt it into two parts

S0 = d2[F(l+p+q)F(1—e+k)F(1—e—|—k—p)F(—e—|—k—q)sinQ(ﬂe)tan(we) 1 ]

3 _qu+1 de? 4n7/2T (3 — e+ k) thti=e || _,
JFZ { (14+p+ QT (1— e +k)T(1— € +k — p)T(—€ +k — q) sin?(me) tan(me) 1 ]
= d 4721 (3 — e+ k) thtl—e|| _
(6.6)
Then we make a replacement in both sums
_1)ptk
P(l — e+ k — p) Sin(ﬂ'f) = 117{6(—’_13_]{;) y (67)
and in the second one we also replace
) W(71)1+k+q
I'(—e+k — q)sin(me) = TOtera—h)" (6.8)
This gives
S0 _ ”i 42 [( DPHT(L 4+ p+ ¢)T(L — € + k)T (—e + k — g) sin(me) tan(me) 1 ]
CA de? 4m52T (3 — e+ k)D(e+p— k) thti=e ]| _,
d? (14 p+ ¢)T'(1 — e+ k) tan(me) 1 }
il 6.9
i kz::() de? |:47T3/2F(g —e+k)T(e+p—k)T(1+e+q—k)thtie (6.9)

2€2 in the limit € — 0 which allows one to immediately

In the first sum sin(7e) tan(mwe) ~ 7
find the corresponding contribution. To proliferate a comparison with the finite contribu-
tions delivered by I; and I, it is convenient to implement in the first sum the change of the

summation variable k — —k 4+ p — 1, while in the second one k — —k + ¢, correspondingly.

This gives
pq2 k
(1) _ D*T(p—kl(p—qg—k-1) ,
I —TI'(1+p+ P 6.10
(I+pta) z:: 27T (L — k+p)T(1+ k) (6.10)
+Zq:d[ T(1+p+q)T(1 —e—k+q) tan(re) tk—q—1+e]
= de? | 47320 (5 —e =k +q)T(e +p— g+ E)T(1+ e+ k) —
Since , , )
L ———— k-‘rpr - k— )) 6.11
TG—h+p) 7 ) <2+ g (6.11)

we observe that the first sum just becomes —I7, while differentiation over € in the second
one leaves us with the following answer
d (1P 0~k +q) et

W _
=g r(1+p+q)k§2ﬁr(1+k) Tk+p—ql( —k+q)

x[logtw(1+k)w(kerq)w(lkJrq)Jri/J(gk+q)].

(6.12)
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Now taking into account eq. (6.11) as well as the fact that w(% —k+ q) = w( — % +k— q),
we see that the second sum is nothing else but —Is. Thus, we have found, that

V=-5-1, (6.13)

that is in the strong coupling expansion the contribution of Iél) cancels out against the
sum I + Io.
Now we analyse the contribution of the terms .%5, which we denote as Iég). We have

i(—1)PH0(1 +p + 11 1 d? e—ime
I§2): i(—1) (1+p+q) 3F0<{_p’ }{0} ) e

=0.
ATVAT (L +p)T (3 + ¢) 22 de? cos(me) |,

=0
(6.14)

Finally, the contribution .%3 is given by the following formula
L'(b1)'(b2)T'(b3) +5 2Vt o2Vt
y — ZTI'Z/
3= 9 /rT (@) (as) Z Z

where v = a1 + a9 — by — by — by + 5 = —2 — p — ¢ — 2¢. Determination of the asymptotic

) (6.15)

coeflicients ¢y represents a rather non-trivial task which we undertake in appendix D. There
we show that the coefficients ¢, do not depend on € and are given by the following explicit

formula
o - @+ ptsF({—bytpytay {logth+gs -5 5+5h1)
(=2)T(Ul+1)r2—-L+p+q)
(6.16)
Hence we have the following contribution of .%#7; which we denote I (3),
2 1
I§3) d? (—1)PHHID(14p+q) <( )P Hag-2nic, _2\/2 2\/2 27 c4> .
de? 8m2t(\/t)PTa ( =0

Differentiating over € and taking the limit ¢ — 0 leaves us with the followmg expression

_Tl+pta —2\/2

S = e (6.17)

Note that the growing exponent 2Vt does not enter the asymptotic expansion. Recalling
that t = h%/4 we arrive at the following strong coupling asymptotic expansion of the
integral (5.14)

2P (p+ g+ 1) ¢

_ ,—h YAY

flh)y=e ottt > (157 (6.18)
=0

With this expression at hand we can now find the asymptotic expansion of AS), ;. According
to eq. (5.13) we have

q p—k-2 m41 3—k—m+
. (=1)m+l /72 1¢'T(p+m—k—1)
ASpq(9) =—iglp—q—1)(p+q) Z Z

— = klml(g—k)!T(p—m—k—-1I (3+k—q)

oo oo 8p+k m e_h”
+k—m—1
S e e v |
=0 n=1

(6.19)
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Performing differentiations we get

AS,4(9) = (6'20)

PES (—1)pth o kemAa I D (p 4+ m — k — 1)
E'm!(q—k)!T(p—m—k—1I(3+k—q)

k:OmO

XZ(_DZC@ Z F( Pp—m+k+1)TA+k+p+l+s—m) i e—hn

=0 s=qtm 1+ l+p+gT(L+s+k—m—qT(1L+p+q—s) = p2r+s

Due to the gamma function standing in the middle of the denominator in the second line
of the above formula, the sum over s can be extended down to zero. Next we introduce
a “loop” parameter L = £ + s + 3 and change the order of summation arranging the sum
over L to precede the one over /£:

ASyq4(9) = (6.21)
( 1 zq:sz:Q 1p+k\/>23km+qq|1-\( +m—]€—1)
p—q—1)(p+aq)
= = Klml(q— k) T(p—m—k—1I(3 +k—q)
X[p+q+2 L-3 (=), T(p—m+k+ 1) (k4+p+L—m—2) ie—hn
e T4 l+p+gl(L—2—L+k—m—qT{d+p+q—L+0) &= pk!
+ i LZ_?’ (~D)feT(p—m+k+1)T(k+p+L—m—2) ie_hn}
D(1++p+q)T(L—2—l+k—m—q)T(d+p+q—L+6) “— hE 1|’

L=p+q+3 {=L—-3—p—q

Here in the last line the lower integration bound L — 3 — p — ¢ > 0 of the variable ¢ can
be extended down to zero without changing the answer because of the gamma function
I'(4+p+q— L+ ¢). This allows one to combine two sums over L and obtain a formula

AS,,(9) = (6.22)
, 1 Lip_q(e 479
lg(p—q—l)(P-i-Q)Zé‘mlg()Ll)
L=3
y L-3 (—I)ZCE
— Frl+L+p+qTd+p+q—L+OT(L—-2—£f+k—m—q)

P 2

Zk: (—1)PHh/m23=k=mta g T(p+m—k — 1)
E'm! (q—k)T(p—m—k—1)T(3+k—q)T(p—m+k+1)I(k+p+L—m—2)’

0 m=0

qu

=~
Il

where we have taken into account that

> e hn LiL_1(€_47rg)
R (629

n=1

In appendix D by using the explicit form (6.16) of the coefficients ¢, we bring the expression
for discontinuity AS) ,(g) found above to the following form

> Li e—4m9g
ASpqlg) = dig)p—q - Dp+0) S qu 2.
L=3

(6.24)
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where the coefficients cr,(p, ¢) are given by

ST+ iR (g+ 3+ k)
cr(p.q) = Z S f)I’(q ~ %)r(i: 1) (6.25)
S S S TR N (T2 ESTLTEE E8
VT Tp+qg+1+k—n)T(n+3)2n+5-L)

In appendix D we also provide an alternative method to compute the discontinuity AS, ,(g)
and find the same expression (D.37).

Note that not only the original perturbative coefficients (3.15), but also these new
perturbative coefficients of the non-perturbative sector are factorially growing with L.
This is absolutely not obvious from the above equation but it is ultimately related to the
fact that these coefficients were derived from the strong coupling expansion of the Laplace
integral (5.5) of the discontinuity Disc (ﬁnq(w) which has a singular behaviour at x = —1,
hence the asymptoticity of this expansion. As mentioned below (3.19), the discontinuity of
Disc (;Aﬁpg(a:) is related to the non-entire part of the original Borel transform itself gZA)p7q(m).
This is also the reason why the transseries (4.25) constructed via the median resummation
is just a two-term transseries. Although neither the current expression for cr(p,q) nor
the one we will derive shortly, see equation (7.21), are particularly amenable to extract
analytically the asymptotic form valid for L > 1, we can nonetheless perform a numerical
study to obtain the asymptotic form

(~) (L ~2) C%ﬁé2+ (47)° ¢}
m(p—qg=1D{p+q

cr(p,q) ~ (6.26)

(3) " (B)(L-3)(L—4)
Mm%%
C(T) (L —3)(L—4)(L - 5)(L - 6)
(n)

where ¢y are precisely the perturbative coefficients given in equation (3.15). Note that

_l’_

+ O(L6)>

only the perturbative coefficients with n odd appear in the asymptotic formula because the
even ones, being finite in number, give rise to a modified Borel transform which is entire
and cannot possibly be captured by the strong coupling coefficients of the discontinuity
analysed in this section. As a check we can compute the difference between the coefficients
obtained via (6.25) and the first term in the asymptotic expansion (6.26)

m(p—q— )3 ) )5 )
= (calpoa) x TG JORD (80 g gy B0 o)

and in figure 4 we plot dy, as a function of L for p = 3 and ¢ = 1. Using the perturbative

coefficients given in equation (3.15) one obtains (47)3 c:(f% /¢(5) = —8400 matching perfectly
with the predicted asymptotic expansion as seen in the figure.

7 Dispersion relation and the non-perturbative sector

Having computed the discontinuities of the modified Borel transform across the two Stokes
directions 0 and 7, we can obtain the asymptotic expansion of the perturbative coefficients
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Figure 4. Plot of the value for dy as a function of L when p = 3 and ¢ = 1. Asymptotically it
reaches the expected value (red line) (47)° cg /¢(5) = —8400.

cj(ffq) for n > 1, via a standard dispersion-like type of argument [58, 59]. The way to

proceed is to consider the Cauchy integral for the analytic continuation (4.21) of the purely

cﬁq(g) 17{dwcpp’q(w> (7.1)

" 2m w—g '

perturbative series c{: 4(9):

where the contour is around the complex point g.

Making use of

1 o0
— = Z w'g™ " (7.2)
n=0

w—g

valid for g — oo, we can read the perturbative coefficients c](fq) from the contour integral

-2
c](g’q =5 dwe, ,(w) w"
L[ P o 1 [T P 2
=—— dw Discg ¢, ,(w) w"™* — — dw Disc; ¢, ,(w) w"™™ 7.3
o 0 0 p,q( ) 27 0 ™ p7q( ) ’ ( )
where we pushed the contour of integration to infinity as depicted in figure 5, under that
assumption that the residue at infinity of cf: o vanishes.

We know the discontinuities across the singular directions 0 and 7 from (4.22)—(4.23) so

n 1 > n—2 1 - n—2
p’q) = /0 dw AS), g(w)w" ™ + 27”,/0 dw AS) 4 (—w)w" ™=,

ct :
21

To compute these two integral we make use of the perturbative expansion (6.24), and, by

analyzing loop order, L, by loop order we simply need to evaluate

> wLiL—1(6_4ww) n—2
/0 dw (dmw)E w" ™7, (7.4)

that, for n > 1, gives
(m)I'(n+1-1L)
(4m)" '

(7.5)
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Figure 5. The Cauchy contour around the point g can be closed outward as a sum over Hankel
contours.

So, by putting everything together, we obtain the asymptotic expansion valid for n > 1

w 20— (=1") () (n - 2)

C},,q ~ T (47[-)71 (P+Q)(P—q— 1)
04(p’ q) Cs (pv Q) -
(et + 22Dy _SED o). (7.)

where the first three coefficients are
03(p) Q) = 4(_1)(1)*61)7

ealpn ) = A1 x (200~ 1)+ J 24 +17) &
cs(p, q) = A(—1)P= x %( — 34 4p(p— 1) + 4q(g+ 1)) (4p(p — 1) + (2¢ + 1)?)..

Note that the n even coefficients completely disappear from this analysis because, as ex-
plained before, the c,(ffq) with n even are non-vanishing only for a finite number of terms. The
large order behaviour of the perturbative coefficients captures precisely the lower order per-
turbative coefficients on top of the non-perturbative contributions in the transseries (4.25),
i.e. the coefficients for the strong coupling expansion of @g{lq) (9). In figure 6 we show how
well, at large n, the perturbative coefficients cgfq) can be approximated by even their leading

asymptotic expansion
was _ 21— (=1)") ¢((n)L(n —2)

G = = Gy P OP—a- Deslpa), (7.8)

and also how one could numerically extrapolate even the subleading corrections, c4(p,q),
e5(p, q), ete., shown in (7.6).

The formula (7.6) allows us to obtain an explicit formula for the polynomials cr,(p, q)
by comparing the large n asymptotic expansion of the coefficients cgfq) with the right hand
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Figure 6. We plot 7"54"5) = (R™(2,0) — 1) x (n —3) ~ 2 + O(n™!) which measures the deviation
from 1 of the ratio R (p,q) (7.9) for the particular case p = 2, ¢ = 0.

side of (7.6). Hence, we need to asymptotically expand formula (3.15) for large n. To this

end we consider the ratio between c;(fq) and its leading asymptotic coefficient which for n

odd takes the form

(n) n
() () ) — 1) [ ()As _ cp.q T(47)
R™(p,q) = ¢4 /Cp,q AT (n—2)(p+q)(p— ¢ — Des(p, q)
clp,q) 1 cs(p, q) 1

~14+ +0(n™3). (7.9

c3(p,q) (n—=3)  c3(p,q) (n—3)(n—4)

In what follows it appears advantageous to use the change of variables n = 2(m + 1) where
m is half-integer and replace ¢ — ¢ — 1. Then for R™ (p,q — 1) we get

24m

RM™(p,qg—1) = Bm+1—-pm+p)B(m+1—-q,m+q), (7.10)

where B(a,b) is the Euler beta integral
1
B(a,b) = / dvob=1(1 —v)* L (7.11)
0

We observe that in the formula (7.10) contribution of p and ¢ completely factorises and
comes in a symmetric fashion. Therefore, our task now is to find an asymptotic expansion
of the Euler integral when m — co. First we compute the integral by means of the saddle
point method. Consider

1
BEB(m+1—p,m+p):/ dvv™P=H(1 — )P
0

1
= / dv vP~H(1 — ) Pemios(v—v)) (7.12)
0

For large m the dominant contribution to this integral comes from the critical point v = %

for which the “action” is log (v(1 — v))\vzl/g = —log4. This motivates to perform the
following change of integration variable

t =log(4) — log (v(1 —v)) (7.13)
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which converts the integral to

B:2_2m/0 dtzx/eti[( R ) M AR RV el B (A¥)

Now using binomial expansions twice we rewrite the integrand as a double sum

2—2"11)25 Z <2p B 1) < )(—1)T /0 - dte(mZill/z)t . (7.15)

s=0 r=0

Evaluating this integral in the regime m > 1 and further performing one summation we
arrive at

m p TAT (2p— 1)F(p+’l“) F(m—r)
B=-27" IZ L(2r +2)L'(p—7) 8 L(m+3—r) (7.16)

The ratio of two gamma function has the known asymptotic expansion in the limit m — oo,

namely

(1/2)
I'(m —r) 172 By 7 (—=r) 1

— 1 22— 1

F(m+f—r Z (1/2) il mt’ (7.17)

where Bl(l/ 2)(—7") are the generalised Bernoulli polynomials also known as Norlund poly-
nomials, see e.g. [60].
Using this result we can obtain the asymptotic expansion of the Euler beta for m > 1:

Bm+1—p,m+p)~ 2_2m,/ Z—dl (7.18)

where
) (2p—1 (1/2); &= ) T(p+r)
di(p) = (=1 l;g} R T e SR (L)

The function R, (p,q—1) can be expanded for large n, using the variable n = 2(m+1),
via the convolution of the above coefficients

Ry(p,q—1) ~ Z <de ) di—i(q ) (7.20)

= 0

This is not quite the expansion we sought for, as shown in equation (7.9) we want to express
this ratio as

alp,g—1) 1 cs(p,g—1) 1 -3
R,(p,g—1)~1+ + O(m .
P 0=~ =D 2m—1 " eslpg—1) Gm-DEm=-2 ")
We can easily relate one expansion to the other via
L-3 l 1
calpa) =~ (1070 3,2 (Y dulp) drosta+ ). (7.21)
1=0 k=0
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(0)

where S}’ denotes the Stirling number of the first kind. This expression looks completely
different from the one previously obtained in equation (6.25), nonetheless one can check
numerically that the two expressions match perfectly. Even in this alternative derivation
the factorial growth with L of the coefficients cr(p, ¢) is not manifest.

As we will shortly see, these coefficients cr,(p, q), polynomials in p and ¢, will give rise

to important non-perturbative contribution to the dressing phase (2.1).

8 Non-perturbative contributions to the dressing phase

We have shown in section 4, that the purely perturbative asymptotic power series expan-
sion (2.6), is not enough to reconstruct the coefficients of the BES dressing phase (4.15). We
need to replace the perturbative expansion by the transseries representation (4.25) whose
Borel-Ecalle resummation (4.29) matches precisely the non-perturbative result (4.15). In
this section we see the effects that our transseries expansion produces to the dressing phase.

8.1 Effects of the non-perturbative sector to the dressing phase

Our replacement from the perturbative power series (2.6) to the transseries (4.25) is not
without consequences. In [13] the authors showed that if we restrict the sum (2.6) to even
n, we obtain a strong coupling solution to the crossing symmetry equation (2.9). This
particular solution does not have the correct weak coupling limit and for this reason the
authors considered the analytic continuation of the series (2.6) by summing over all the
integers n. This amounts to adding to the dressing phase a solution to the homogeneous
crossing symmetry equation

i@(:z:j,xk) + i@(l/a:j, :ck) =0. (81)

The BES coefficients (4.15) proposed in [14] thus interpolates between the formal
power series expansion (2.6) at strong coupling and the correct gauge theory weak coupling
limit. The crucial point is that this integral representation for the BES coefficients is not
quite equivalent to the formal power series (2.6), but rather it is obtained via the Borel-
Ecalle resummation of the transseries (4.25). This means that the non-perturbative terms
we added must lead to additional contributions to the dressing phase, solutions to the
homogeneous crossing symmetry equation (8.1).

Let us compute this additional non-perturbative contributions to the dressing phase.
Since we know from [13] that the formal power series (2.6) solves the full crossing sym-
metry equation (2.9) we can just focus on the purely non-perturbative terms (6.24) of our
transseries ansatz (4.25). The non-perturbative contributions to the function x(z1,x2),
given by equation (2.5) and written using p, ¢ variables is

co p—2
iASpq(9) 1
XNp (21, 22 _522 — =T ypta” (8.2)
S e+ D+ a) o™ ah
where s is once again the transseries parameter discussed in section 4.2, i.e. s = —i/2 for

0<Argg <m/2and s = +i/2 for —7/2 < Argg < 0.
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We do not know how to perform this double sum (8.2) using the exact integral repre-
sentation (5.5) for AS, ,(g), but we can easily compute it loop order by loop order using
the strong coupling expansion (6.24).

Using (6.24) we can rewrite the above equation in the form of the loop expansion

> LiL_1(6747r ) (L)
XNP(71,72) = —4s Z WXNP (z1,22), (8.3)
L=3 9
with the definition
> 2 CL P
X 3;‘1,:E2 ZZ —q— 17 p+q ’ (8'4)
p=2 q=0 ay T

where the coefficients ¢, (p, q) are given for example by (6.25) (see also the other equivalent
forms presented in equation (7.21) and appendix D). Note that the coupling constant, g,
only appears in front of the series (8.3). It is surprising that the L™ loop contribution to
xNp coming from all instantons sectors can be fully resummed giving rise to the exponen-
tially suppressed factor Liz_1(e~%™9). From (2.3) one could think that we have to expand
x12 as functions of g, but to do so one has to specify how the momenta of the scattered
particles scale with g and this give rise to many different regimes to consider, for instance,
BMN//spinning strings or “giant magnon”. Picking up a certain expansion of z; 2 identifies
the corresponding quasi-particle excitations and in this respect reflects the physics of the
problem, however the additional non-perturbative terms we predicted must still give rise
to solutions to the homogeneous crossing symmetry equation (8.1) which effectively means
that we can treat fo as independent of g for the purpose of this section.

From the explicit coefficients (6.25)—(7.7) it is a straightforward calculation to obtain
the first few

X(3) (21, 22) = dxo
NP ’ (1 + m’lxg)(l'% - 1) ’
X(4) (21, 22) 279(1 — 62179 + 1423 + 2323 + 367123 + 25 + 62325 + 27125 + 97328)
1,42) = )
NP (1 + 1‘1562)3(1’% - 1)3
5 z2P (21, 22
X&F)»(xl,xz) = ( ) (8.5)

(1 + .1’1.%’2)5(%'% — 1)5 ’

where P(x1,x9) is a certain polynomial of degree 4 and 12 respectively in x; and xo. The

(L)

reader can easily develop higher order contributions to xyp from the formula (8.4).

At this point it is simply a matter of calculation to plug these non-perturbative con-
tributions XI(\ILP) into the dressing phase (2.4) and show that these new terms are solutions
to the homogeneous crossing symmetry equations (8.1). Note that the full series (8.3) is a

1

solution to the homogenous equation because every order in the g+ expansion solves (8.1):

L+1

i.e. the coefficient X&Lg(xl,xg) of the g~ term is already on its own a solution to the

crossing symmetry equation coming from the resummation of infinitely many instanton
sectors.

(3)

Note that the first non-perturbative contribution is given by xyp, which corresponds

-2

to a three-loop perturbative correction g—=, on top of a non-perturbative background.
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As mentioned in the Introduction, the vanishing of the tree level, one- and two-loops
contributions might be explained by a protection mechanism based on vanishing of the
zero mode factors, forcing perturbation theory on top of these mysterious non-perturbative
saddles to start from three-loops .

We claim that the complete non-perturbative correction (8.2) to the dressing phase,
since it is a formal sum (8.3) of homogeneous solutions, gives also rise to a solution to the
homogeneous crossing symmetry equation (8.1), very likely not of the simple rational form
in x1,x9 as the coefficients XNLPZ just encountered.

8.2 Generating solutions to the homogenous crossing symmetry equation

From the large order behaviour (7.6) of the perturbative coefficients (2.8) we can con-
struct a generating functional to obtain solutions to the homogeneous crossing symmetry
equations (8.1). In [13] the authors noticed that the perturbative coefficient cglq), with n
odd, n > 1, generates a contribution to the dressing phase that solves (8.1). Similarly,
for n > 1, we can consider the asymptotic expansion (7.6) and, as we have just seen, for
each loop order L, the perturbative coefficient ¢ (p,q) yields once again solutions to the
homogeneous crossing symmetry equation.

Thus we can consider, similarly to (2.5), the expression

oo p—2 0(22—1-1) 1

> 8.6)
— p a-1,ptq” (
i p—a— 1+ a) o

When n = 2z + 1 is an odd integer, this function reproduces the known perturbative
contributions to the dressing phase. Viceversa, when z > 1, we know from (7.6) that the

1 . . S
perturbative coefficients CI(; 5+ ) can be written as an asymptotic expansion in z 1

in terms
of the non-perturbative sector’s coefficients ¢y (p, q) (7.21). Thanks to the analysis of the
previous section, each one of these terms will produce a solution to (8.1) and equation (8.6)
will basically sum up all of these contributions and it will still solve the homogeneous
problem since it is a linear problem. Hence equation (8.6) is somehow interpolating between
the perturbative and the non-perturbative solutions to (8.1).

Discarding from equation (8.6) an overall factor which is only z-dependent, we consider
the generating functional for homogenous solutions to the crossing symmetry equation (8.1)

given by

o0
(e e) = 30 3 e (2= 122+ 1/2) (= 12z~ 1/2) . (87)
1
The sum over ¢ can be easily performed giving
oo
E Z :Bl,ib'Q Z Il + IQ (8.8)
p=2
with

2P (L3 + 25— 2] 5)

p, p—1 ’
LT

I = (—1P(z — 1/2)(= + 1/2),
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and
2oPi(Lp—§+zp+3—2|2)

Iy=[(z=1/2)p(z+ 1/2)] 51 2 (8.10)

Note that this analysis is very similar to the one carried out in [21], particularly the
discussion in their appendix C. However, in [21] the authors considered only the magnon
regime for which x; and z9 take a rather special form at strong coupling, thus allowing
to simplify equation (8.7). Furthermore, since the authors were interested in extracting
the leading contribution they focused only on the case where z is an even integer. In the
present discussion we do not make any assumption on x; and x5 and we are interested
in the full series (8.7) and not just in its leading behaviour; this complicates the story
considerably.

For I; the sum over p is straightforward

3 (1+22)2F1(1’%+Z;§_Z’xllxg)2F1(1,%+2;%—z‘%)

The first term in S is obviously symmetric in z1 <> x9, while for z € N one can easily
show using the inversion formula for the hypergeometric function® that also the second
fraction is symmetric. This means that, for z € N, the contribution of S; to the dressing
phase (2.4) is actually zero.

The second contribution to = comes from

00 00 1 . 1 1

$ =% b =S [(-1/2),(z +1/2),)? 2P (Lp =3 ALaR A5 (8.12)

p=2

p:2 $2

This sum is trickier than S7 because the index of summation p appears in the parameters
of the hypergeometric function. We notice that, for z € N, the difference between the two
parameters ¢ and b of the hypergeometric is p+1/2—z— (p—1/2+2) =2z —1 € N. This
allows us to use the reduction formula, see e.g. [56],

m>:2i1(2z_1) k! ( 1 )’f 9
T2 k (p—z—|—1/2)k To — I x2—331.

k=0

1 1
2F1<17102+Z;P+22

The sum over p can be now performed

S, — [(1422)T(3/2 - 2)]? (8.13)

41‘%(1‘2 — 1)
1
)

For z € N, our generating functional Z(z;x1,x2) produces only rational functions of

2z—1 k
21 r22) - 3 35 5
ALzt 2422 22 4 k—
sz_o(@—m) Tz k) 2\ Pt prtgig = mgth=2

where 3F5 denotes the generalized hypergeometric function regularized.

x1,z2. In particular, using the explicit formulas (8.11)—(8.13), we can easily check that

8We simply used equation (15.8.2) of [61] for the case at hand.
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=(1;x1,z2) coincides precisely (modulo an overall numerical factor) with the three world
sheet loops contribution x3)(z1, z2) presented in equation (5.6) of [13].

Similarly, from our studies of large order behaviour (7.6), we expect the following
behaviour of the generating functional for z > 1

4 5
Xl(\TI)D(xth) Xl(\flz’(xth) 0(273) , (814)

(22 —2) (22 —2)(22 — 3)

—_ 3
2(z; 21, 79) ~ Xop (@1, 2) +

where the rational function Xl(\prz (x1,x2) are precisely the non-perturbative contributions to

the dressing phase (8.5) previously computed.
It would be interesting to obtain an analytic expression for Z(z;x1,x2) for arbitrary
values of z and show that it solves the homogenous crossing symmetry equation.
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A Derivation of the discontinuity of (2

To obtain the discontinuity of Q, cf. (3.17), we first apply the reduction technique [56]
which allows one to reduce our particular 4F3 to a multiple derivative of o F7 with respect
to the variable z by means of the following formula

Q::T;)( Vo) e i ! (&)
) ogi( V) () i i ™

where we have introduced a concise notation
3 1
f(z):= oFy (2—]7,2 —q,2,z> . (A.2)

First the sum over m can be straightforwardly taken leaving behind

p—2 ¢ 2(k+s) kts
3 x 20+ (—1 4+ p)T(1 + q) o Fi(—k, s — ¢,3/2 + 5,1) s @0

a2 3+ 202+ 2k (p—h— DI(1+q— )02 +25) ~ dahte
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And further summation gives

3rT'(p—1)

0 37Tm—1) A3
8 I'(g+3 Y
L TR ET VRV RPN EY S,

=0 L(p+qg—10-1) dzt

where 3F stands for the regularised hypergeometric function, which is given in fact by the
finite sum

sB({3+62+0-p—q,—q},{1+0—q,3+0—q},1)
L(p+q—L-1)

= (A4)

Z (3+0+7)q 1
rgwrvqﬂn)'r( +l—q+r)P(E+l—qg+r)(p+qg—1—L—71)

r=

The function f has a branch cut on the interval [1,00) and the corresponding discon-
tinuity is known to be

(z—1PHF (3 +p 3+ qp+q+1,1-2)

Disc f(z) = 2mi (A.5)
FE-pnrG-ar0+pr+9)
Using the series representation for o F; we find from this formula
Zd Disc(f) _  8i i (—1)m gt (z — 1)t (L o 4 )T (3 4 n + g) (4.6)
dz* ™ 2p—1)2q+ 1D (n+ 1D (p+qg+n+1-10) ’ ’
Plugging everything together we get
Disc(Q) = f:”fz rrat(z = )T (g A n A p)P(G -t g)
1SC
q+3 )&= = = (2p-1)Q2+ DI+ D)I(p+g+n+1-1)
(34047 1
PE+0r(qg—r)!TA+L—q+r)(5+l—q+r)T(p+q-1—-L—71)
(A.7)

Because of I'(1 + ¢ — ¢ 4+ r) in the denominator, the sum over ¢ can be restricted to run
from ¢ — r to p + ¢ — 2. We therefore make a change of variable £ = ¢ — r + s, so that s
runs from 0 to p 4+ r — 2. Then we get

DT (p— DE(2 4+ n+¢)T (3 +n+p) q!
Di _ 2 2
isc ?”Z T+ (g+2)(2r— 1)(2g+1) Z)T!(q—r)!
pi—:&-r F(% +q+ S) (Z _ 1)7-—s+n+pzq—r+s
= T(+s)0(3+8)Tp—1-s)0(3+q—r+s)T(1+r—s+n+p)’
(A.8)
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Here in the denominator of the last sum the term I'(p — 1 — s) cuts the summation range
for s at p — 2. Therefore, we can change the order of summation in r and s and write

: o 3i(—1) P (p—1) A2 T(E +q+s)T(E +n+¢)T(3 +n+p)
Disc(®) = Zr( +3)(2p—1)(2q+1)§ T(L+n) (L +$)(3 + )0 —1—s)

(Z _ 1)7‘—s+n+pzq—r+s

XZ g—nTE+g—r+s)Ll+r—s+n+p) (8.9
The sum over r ylelds
B q (z — 1)r—s+n+pa—rts
= g—rT(E+qg—r+s)T1+r—s+n+p)
( 1)ntp- 82q+82F1(—q,—%—q—s,1+n+p 7z;1) (410
F1+qT1+n+p—s)'(3+q+s)
Next with the help of the well-known transformation formula
oFi(a,b,c;2) = (1 —2)" %9 F) <a,c—b,c;zi1> (A.11)

we can write

1 _ 3
o F1 (—q,—z—q—s,H-n—i-p—s, ) =z 1F <—q,2+n+p—|—q,1—|—n+p—s,1—z> ,

so that
(z— )" P52 (—q3+n+p+ql+n+p—s1—2z)

R = A12
FA+¢qT1+n+p—sL(3+q+s) ( )
Next, the following identity holds
3
(z —1)"tP- S2'32F1<—q,2—i—n—i—p—i—q,l—HH—p—s,l —z) =
+p+g—
(-1 P14+ n+p— S)Lﬁ[(l _ Z)q+n+p—szé+q+s] ' (A.13)
Fl+n+p+qg—2s) 7z dz1
Hence, we get
) d T(p—1 2 T(3+n+p)l(3+n+
Dise(Q2) = — L 4 ; (»—1) S G+n+plG+n+q)
VZdziT(g+3)(2p— 1)(2¢ + 1) T(1+n)
- 1) (1 — »)atntp—s 5 +ats
> 5 =z < . (A.14)
ST+ TG +s)p—1=s)I(l+n+p+q—s)
Further, summing over s results into
S = pf (—1)3(1 — zyrtmtp=s hrats
T+ (3+s)Tp—1-s)I(1+n+p+q—s)
4 (1_ )n+p+q22+q2Fl(2 b, —n—P—Qa%a%l)
= 2 (A.15)
3T ( —1DI(1+n+p+q)
4 ()2t R (2 p S h it p g, 3,2)
3w Ip—1r(1+n+p+q) ’
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where to obtain the last expression we again used the transformation formula (A.11). Now,
taking into account that
3ymzat qr—2

+q+2 3+ 5 5 _ -3 +p+
(1 — z)"tat2,3 ng1<2—p,2+n+p+q,2,z> 74F(%+p)dzp—2[zp 3(1— 2)"tP q}’

the expression for S acquires the form

S 2071 dr—? [ p*%(l )n+p+4] (A.16)
= z —Z . .
F(% + p)F(p - 1DI'(1+n+p+q) dzP—2

Thus, for the discontinuity we have

Disc(Q2) = (A.17)
IRy

7z dz1 dzp—2
y 1 if(%+q+n)l“(%+p+n) I(1+p+q) (1—2)"
2r-D2¢+Dp+9)! = T(+3) T(3+p) TQ+p+tgtn) nl

P (1 — z)Pta

Summing up we finally get the desired formula (3.18).

B From the Borel image q?)p’q to its representation <i>p,q

B.1 First proof

The main ingredient of the formula (3.14) is its non-polynomial part represented by the
hypergeometric function 2(z), cf. (3.17), where we have introduced a variable z = x2. To
proceed, we will use representation (A.3), where we analytically continue the function f in
the complex plane for the values | Arg(—z)| < m. The corresponding formula is well known

and reads
7 (—1)q+1zq7% o0 (%_p)n+p_q—1 (%_p)n-&-p—q—l -n
Z nl(n+p—q—1)! z " (log(—2) + h(p.q,n))

S PaT2 (3 To—ag—1—n

where

h(p7q,n)=¢(p—q+n)+¢(n+1)—¢<;—Q+n> —¢<;’+q—n>- (B.2)

Obviously, the function f(z) has a cut on the real axis. Taking into account that p and ¢
are positive integers it is elementary to find the real part for f(z) for z positive. Using the
fact that log(—z) = log|z| + im, we find that

R F(z) = (—1)P+a ir(%—FH_Q)F(—%+n—Q)zq_n_%’ .50, (B3)

F(%—p)F(%—q) = nl(n+p—q—1)!
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As a next step we compute

LA (Rf) (=1)” )i (=)"T(n—q—3)
n!T'(

=
dzt T -p)P(z—a) Sl +p—l(; — = ntq)

—_n—

27773 (BA4)

Substituting this result into the real part of (A.3) and replacing the regularised hypergeo-
metric function via its normal counterpart, we obtain

(=1)” o~ (=1)"T(n—q—3) el
RQ = S =Tz
r(g_p)r(;_q); AT p—q
where we need to compute the following sum
prq—2 3 5
(13 2 —p—q,— 1 —-q,3 — 1
S(n):% Z 3 2({2 +£7 +/ p—q, q}a{ +/ (]72—*_Z q}a ) (B5)

= F(1+€—q)F(%+€—q)F(%—E—n+q)F(p+q—1—€)’

where the coefficient 2¢ is chosen for convenience to be
3m2T(p—1)
T(q+3)

Here for the hypergeometric function we can substitute its definition

3 )

Zq: rrr QT (E+e+r) T(U+4—q) T(3+0-¢q) T(p+q—1-120)
T'(3+¢) D(1+l—q+r)T(3+0—q+r) D(p+q—1—L—r)"

r=0 )

After the change of order of summation eq. (B.5) acquires the form

- %Z T'; - q)) (B.8)

x Z F(3+0+47)
t=q—r F(%+€)F(%*E*”+Q)F(1+ffq+r)lj(%+£—q+r)1“(p+qf1fgfr) ’

where the restrictions on the summation variable ¢ are clear from the arguments of the
I'-functions entering the denominators of the second sum. In the second sum we change
variable £ — ¢ = ¢ — r + s, summing now over s we obtain

p—2

S(n) )

(3+a+s) ir(%+n+s—r) g (—1)"

s' F( —l—s)TZOF(%+q+s—r)r!(q—r)!'

s§=

0
The internal sum is given by

if(%—kn—ks—r) q' (=) _F(%—Fn%—s) [(3-n—s) T(2¢+1-n)
riOF(%—Fq—l—s—r)r!(q—r)!_F(%+q+s)1“(%+q—n—s) I'(g+1—n)

Finally, to perform the last sum over r we have to carefully distinguish two cases: ¢ # 0
and ¢ = 0. We treat these cases in turn.
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1. Case q # 0. We have

1 [(p+qg—n)I'(14+2g—n) , 0<n<q:
g2 ) L(34+q—n)'(14+q—n)I'(24+q—n)
Sn)="% , qg+1<n<p+q—1;
8 P(%—l—p)l—‘(%—i—q) T(n—1—o)T'(n—
(—1)pta (n Q)T (n—q) nepiq.
D(n—29)L(1+n—p—q)T(3—n+q) ~
(B.9)
Now we are ready to compute the real part of €2
3 (=1
U= - B.10
2 (1—2p)(1+ 2q) ( )
L q 1"l 1 o _
y [22 3 ( ') (n—a-3) : L(p+q—n)T(1+2g—n) La-n
“— nll(n+p—q) I(3+q¢—n)T(1+q—n)T(2+qg—n)
L= (- (n—q—3 —1- —
+ (_1)p+qz—§ Z ( ') (n q 2) F(n 1 q)r(n (11) P
St n!T(n+p—q) F(n—Zq)F(1+n—p—q)F(§—n—i—q)
Changing the summation indices appropriately, we find the final answer
(B.11)

RO(2) =
) 1 13
_ 1[5, 1—pp,—q1 -
(2p71)(2q+1) |:3Z 24F3({ b, p, —¢q, +q}7{272’2}’z)
3—4p(_1\rt+q —
’ To—qlprary B\ brrgpprtypBrp-aptatlii T ).

Now we recall that function R ép,q reads as

(B.12)

Rbypale) = 50—~ 1o+

X {34F3 ({1 —p,0,—q, 1+ q}, {; 2,2},332) —(2p—1)(2q + 1):::5)%9(#)} .

Substituting here (B.11) we find that the polynomial part cancels out completely and
we are left with the desired result (3.22).

2. Case ¢ = 0. In this situation we have
T(p—
< n=0,1;
(3 —n)I(2-n)

3 1 \
RO = - T2
21—2p[2 2; nTn+p) T(E-n)T(2—n)

bR CDT(-Y) ey
+ (=1)Pz Zp n!F(n+p)2 F(1+n—p)F(%—n)Z

Y
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which gives

1 . 3
%in 3275 _—z
2p—1 4p(p — 1)

3—4p(_1\p _
2 P ESTREEE A\ UarY S A | §

Then we specify (B.12) for ¢ = 0 and get

e

(B.14)

%qu’q(x) = (B'15)

4
gp(p - 1)1’2

3
X|3—x 321371 - 7$73
[ { 4p(p — 1)

19, 3x 2374 (—1)PT(2p — 2 1 1 !
R (=DPT(2p )3F2({p_1,p—,p+}7{2p7p+1}3x2)”7

I(p)Tp+1) PR
which finally boils down to

['(2p —2)
L(p)p+1)

_ 1 1 1
X 1.2 2p3F2({p_ 17p_ §7p+ 2}7{2p7p+ 1}7 JJ2> .

§Rflgp7q(x) =1+ (_1)p2574pp(17 —-1) (B.16)

Thus, we have proved that in all the cases &%Qgp,q is equivalent to eq. (3.21).

B.2 Second proof

Another approach is based on the Mellin-Barnes integral representation [61] for the hyper-
geometric function (3.17):

4 °0 g
r 1 - I'(a;
s o) o,z = L [ a9 p g, B17)
[T—: T'(bx) 27”_ioo [ T(bi+s)
where the integration contour separates the poles of I'(ax + s), k = 1,...,4, from those of

I'(—s). The right-hand side of (B.17) provides the analytic continuation of the left-hand
side from the open unit disk to the sector | Arg(1l — z)| < 7. In our case parameters are:
bl = %, b2 :2, b3 = % and Aj4+1 :ai—l—mi,i: 1,2,3, with a] = %—p, mi :p—q—l,
ms = 2q+ 1, mg =p—q— 1. Since all m; € N, the function of integration in (B.17) has
the following poles:

first order poles s = —a; — k, k=0,1,2,...,m; — 1;

second order poles s = —ag — k, k=10,1,2,...,mo — 1;

third order poles s = —a3 — k, k=0,1,2,...,mg — 1;

fourth order poles s = —a4 — k, k=0,1,2,...,00.
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The method is thus build on the further calculation of the residues of the integrand at
each pole. The full expression for the residues includes a huge amount of summands.
Therefore, we present only the needed real part which comes from the terms of the form
(—z)Y/2+7Jog(—z), n € N.

The 15t order poles. In this case the residue is given by

Resi = (_1)k(_z)—%+p—kF(% +k —p)F(Qp —k— 1)F(p —q— 1- k)r(p—i— q— k)
b KT(p— k)T (p—k+ 3)T(p—k+1)

(B.18)
and is purely imaginary. Thus, ® Res; = 0.

The 29 order poles. At the k-th pole, 0 < k < 2¢, we have the following expression
for the real part of the residue:

D(}+k—q)T(p+q = T2~k +1)
kl(p—q+k—1)T(q—k+1)I (3 +q—k)T(g—k+2)
(B.19)
Note, that the residue is non-zero only for 0 < k < g. After changing factorials by Gamma

R Rese = (z‘ﬂ-)(_l)pqu(_z)f%,kJrq

functions, transforming & — ¢ — s, 0 < s < ¢, and using I'(1 — 2) = W/(F(Z) Sin(ﬂz)),

one gets
- 1 (1=-p)sP)s(—9)s(1 +q)s  2°
RResy = 2(—1)P" 7z 2 . (B.20)
(1/2)5(3/2)5(2)s  T(1+5s)
Summing over all the second order poles (0 < s < ¢q), we arrive at
—q+1 _1 1 3
RResy =2(—1)P T wz72 4 F3( {1 —p,p,—q,1 + ¢}, 3 20,2 ). (B.21)

Putting all the coefficients from (B.17) and (3.14), one gets the polynomial part in R ¢, ()
with a minus sign. This means that the first term in (3.14) is cancelled by this residue
term.

The 3" order poles. Here 0 < k < p— ¢ — 2 and the the real part of the residue at the
k-th pole is given by

(im)(—1)Pra—Y(—2)"3 k=1 T(-1—k+p—qT(2+k+q)

R Resz =
ST T(k—P(I—k—q) Kk+p+ol(l+k+29T (L —k—q)

(B.22)

><(log(Z)er(lJrk)—w(—k—Q)—wG—k—q) — (1 —k—q)

3
+Y(-1—k+p—q) —w<2+k+q> +w(1+k+p+q)+w(2+k+2q)> :
Note that for 0 < k < p — g — 2 the above expression goes to zero thanks to the term

1/(D(=k — q)T(1 — k — q)) that behaves as 1/00?, leading to R Resg = 0.
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The 4" order poles. In this case the expression for the real part of the residue R Resy
is huge. Nevertheless, again thanks to the I'(1—k—p)I'(2—k —p) factor in the denominator
most of the terms vanish. The rest is given by

—%—k—pr(%—i_k—i_p) 1
(3 —k—p)2kl(—1+k+2p)(-1+k+p—ql(k+p+q)
(W1 —k—p)+ 92—k —p)° — ('L —k—p)+¢(2—k—p))

X T —k—pT2—k—p) . (B.23)

RResy = (im)(—2)

This can be simplified with the help of the following identities: (1 —z) = 7 cot(mz) 4+ (2),
Y'(1—2) =n?/sin?(7z) — ¢'(2) and T'(1 — 2) = 7/ ([ (2) sin(nz)):

JLE+p =Dl (k+p—5)T(k+p+3)T(k+p)2~F
(k+2p)T(k+p—ql(k+p+q+1) Kk~

RResy = 272~ (B.24)
Summing over all the fourth order poles (0 < k < c0), taking into account all the coefficients
from (B.17) and (3.14), one comes to the desired expression for R &, , which proves (3.22)
for ¢ # 0.

g = 0. Strictly speaking, the direct substitution ¢ = 0 into the results obtained above
leads to the wrong answer. In this case one has to perform the same procedure from the
very beginning. This happens because (3.17) reduces to 3F2({% - D, %,p + %}, {2, %}, z)
and now we have a different system of poles. The final result gives an additional factor 1
which completely corresponds to (3.22).

C Derivation of Q

In section 5 we introduced the following function

X pVk+1 p—2 q
Q(z) = Z ( ];)' 2P~ jzl’*Q zq_I% za(ktD) (C.1)

=

Performing straightforward differentiations and then summation over k we arrive at the
following formula

2 2
mhaaFy({3).{5 —p. 3 —ab ") | P2PaR ({12}, {53 - p.2—a}. 15
20(3 —p)T(5 —a) I3-prE2-q)
(C.2)
Further one can show that for p > ¢ + 2, ¢ > 0, the following identity takes place

_1
h223/2 2F3({17 2}7 {%7 3_pa 2_q}a %) _ _4\/7?(%)1? ? F(p) lFZ({p}a {p_%7p_q}7 %)
r'3—pT(2—q) h I'(p—3)T(p—q)
Thus, Q(z) is essentially written as the sum of two 1 F» functions that both have the same

characteristic feature. Namely, if the upper parameter is p 4+ ¢, where ¢ > 0, then among
the lower parameters there is p. In this situation we can apply the following reduction
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formula, where 1 F5 gets replaced by a finite sum of ¢ F}, the latter being expressed via the
modified Bessel function of the first kind I,,,

Q) =-7 > 20"
k=0

L VTN g3k . (1 +¢)T(p)
hZOQQ O P g — AT =) -tV

I'(1+q)
T(1+ k)T +q— kT2 +k—q)

P (h/z) 2

D=

I%—}-k—p(h\/g)

(C.3)
Note that due to our restrictions on the range of p and ¢ the index v of the first Bessel
function [ 8 4 kp is always negative, while the index of the second one, I_ 8 4 ktp is always
positive. Moreover, the index always takes half-integer values which means that I, can be
written via elementary functions. Indeed, let us introduce the following auxiliary functions

B B I'(1+n+2m) om
In(@) = 2= (2m)I T(1+ 1 — 2m) (22)7,
[*2*]
or N I'(2+n+2m) o (C.4)
Su() mz::O Gm £ 1T (n = 2m) %) S
L

where [n] = Floor(n) and K, (x) is the Macdonald function. Then for an integer n > 0 we
have

I (x) + I3 () I () — I3 (x)
2wx 2wx
—a:(_l)n—H jrf(x) + jr?(x> — 2]71(33)

1
2 2mx 2rx

Iy, (z) =e " (— 1)t

(C.5)

First, we note that each individual I, involves the growing exponent, e®, as x — co. On
the other hand, as is obvious from (5.5), these terms cannot appear in the final answer
for Q(z). Thus, upon summing up they all must cancel. Second, concerning the terms

with the damping exponent e™*

, our numerical analysis shows that the terms involving the
functions .Z¢(z) and .#?(x) all cancel in the sum, so that the only contribution left comes

from .#,(x). In this way we find

_T zq: hy/z)3 25751 (1 + g) e VAP o (hy/2)
h & T(1+k)T(1+g—k)T (3 +k—q) V21hy/z ’

where upon substituting the series representation for .#,_j_o(hy/z) and replacing h — hy,
we obtain the desired formula (5.9). Note also that in terms of K, the above formula
reads as

pk—3 (/2T (1 +q)
F1+kI(14+q—kI(3+k—q)

q
== Z p+k+l2——k p(h\/g)%-&-]?-i-k
k
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D Details for the construction of the asymptotic expansion for AS, ,(g)

Here we resolve several technical issues concerning construction of the asymptotic expansion
of the discontinuity AS), ,(g) and also present an alternative method to derive the same
asymptotic expansion.

D.1 Solution of the difference equation for cg

The coefficients ¢, which arise in the asymptotic expansion of the function 5F3 can be
determined recurrently by using Riney’s method. The corresponding recurrence formula
reads [61]
1 (-1
CKELk 5 (D.1)

Sl
k=0

cp=1, cp =

where

2
[T(ai =)

4
= by=1. D.2
clk Jz_:l T(1—v—2b+k) f[ ’ 4 (D-2)
- (bi = bj)
i=1,i#j

Here the coefficients ay,...,bs are given by (6.4) and v = a3 + ag — by — by — b + % =
—2—p—q—2e. For our purposes, however, this recurrence formula is not enough as we need
to determine these coefficients in the closed form, i.e. without referring to any recurrence
procedure.

We start our analysis with some observations. First, computing e explicitly we note
that they do not depend on € and, as a consequence, ¢; are also € independent. Second,
the coefficients ¢y satisfy certain difference equations. To understand this issue, consider
the differential equation for the function o Fj:

(19(79 + bl - 1)(19 + b2 - 1)(19 + b3 — 1) — t(19 + al)(ﬁ + CLQ)) 2F3 ({al, as, a3}, {bl, bg}, t) =0 s
where ¥ = t%. To derive the difference equations for ¢y, it is enough to substitute in this

equation the part of the asymptotic expansion for o F5 which contains either damping or
growing exponent

o0 Y4 o0
Ty =tiomiy CUe gy vy (D3)
=0 (=0

_1)
2e4L/2 2 $£/2 "

Both lead to the same difference equations, so it is enough to consider only one of them.
Substituting for instance .%; , we get an expression which contains e-independent term and
the term proportional to €. Since the original equation is valued for arbitrary e these terms
must separately vanish. Collecting terms proportional to t¥/2 in the first, e-independent,
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term we get the following difference equation:

(“14+L+p—q)A+L—p+q) (A +L+p+q)Pci
7<1 +40° = 2p° + 2p*(1 4 q) — 2q(1 + q)(2+ ¢) + 2p(2 + ¢)°
T2+ p+q) +2(5+ 3¢+ p(T+40) )er  (DA)
+<11 +52+Tp—(p—q)* +3q+£(15+4(p+ q)))czﬂ —2(24+0)cpra =0.

From the second term proportional to € we find a simpler difference equation, namely,

(=14+L+p—q)A+L—p+q)A+L+p+q)ci— (D.5)
+(=3C—15+2p+29) +(p—q)* —3p+q—1)cg+2(1+ L)cr1 = 0.

In fact, the second equation (D.5) implies the first. Shifting in eq. (D.5) the variable
¢ — ¢+ 1, solving for ¢y and plugging this solution into (D.4), we observe that the
last equation factorises and it contains the left hand side of eq. (D.5) as a factor. Thus,
fulfilment of (D.5) implies the fulfilment of (D.4).

Now we explain how to find a closed formula for the coefficients ¢,. It is not difficult
to see that these coefficients must arise in the large s-expansion of the following ratio of
the gamma functions

I(s+1) 92s+5/24+p+g

o0
Fs+1I(s+p+1I'(s+q+2) N;g 2m)12T(2s +3+p+q+7)

Cy . (DG)

Indeed, according to the discussion in chapter 2.2.2 by [62], the numbers ¢, can be computed

from the following recursion formula

cr=——> cBuk, (D.7)

where
23: (5+p+q—2b;) (1/2—b))

TB+p+a—2b) [T, (b — b))

(D.8)

J=1
Here by = 1+p, bo = 2+¢q, b3 = 1, and the prime signifies omission of the term with ¢ = j.
Computing recurrently the first few coefficients

Co = 1,
1
cr=5(1=p"=a(l+9) +pB3+29),
1
e =5(9+p"+ (- DPB+ ) -2 (3+20) (D-9)

—2p(3+2¢)(—4+q+¢*) +p*(5+2q(T+ 3q))) :

9
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we verify that they form a sequence satisfying the difference equation (D.5). It is however
unknown how to produce an expansion of the left hand side of eq. (D.6) in a way which
would allow one to read off the closed formula for an arbitrary coeflicient ¢,. What is
however known in the closed form is the following asymptotic expansion

F(S + %) N Z v(j) (D.10)
Ps+Dl(s+p+ DI'(s+q+2) = M(s+5/2+p+qg+7)(s+1) ’

with the coefficients

FPIRUCESIER

see formula (2.2.39) in [62]. At this point it is natural to use the large s asymptotic

, (D.11)

expansion of the inverse product of two gamma functions, cf. eq. (2.2.34) in [62],

1 925+5/2+p+q+j 2 o(k,7)

~ D.12
L(s+5/2+p+q+j)T(s+1) (27)1/2 kZOI‘(25+3~I—p+q+j+k:) ( )
where
kK 2 2
N (=27 3 : 1
k,j)= — —(r—=
olk,j) = H S tPTat] r—s
(-1-j-P—ar(2+ji+pr+ s
= ok £l . (D.13)
Thus, we arrive at the following double sum representation
r(s+3) SR B 2ol
s+ 1)l (s+p+1)(s+q+2) =i (2m)1/2 T(2s+3+p+q+ji+k)’
(D.14)

This expansion is to be compared with (D.6). To this end we make a change of the
summation variables 7 + k = ¢ and get

Mot y) S B S ete-i)
~ v(f)o(l—73,7) .
D(s+1)l(s+p+1)L(s+q+2) £ (2m)V/20(25+3+p+q+L) = J b
(D.15)
In this way we get an explicit formula for the coefficients cy:
zzf e-53). 016

Substituting here the corresponding Coefﬁments and performing the summation over j we
arrive at the following result

Cg:( 1)

¢ ]22] lF . F§ .
gF(2+€+p+q Z G+i+p)L(E+j+q) D17)
]ZOF 1+

I'(3+p)l = HD(1+)T(2+2i—L+p+q)
F(2+€+p+q)3Fz({ Giepd+qh,{1-£f+B+4 3 L4P a1
a (=2)T(+1)T2—L+p+q) '

One can now directly verify that the coefficients ¢; given by the formula above satisfy the

difference equation (D.5) and coincide with those found through the recursion formula.

— 49 —



D.2 Simplifying the expression for AS}, ,(g)

We start with the expression (6.22) for AS),4(g), isolate the sum over ¢ and substitute
there the coefficients ¢ in the form of the sum (D.17). We get the following double sum

£ i 02j—11 (1 | . 34
—1)y92-11(L (3
W(ksm) = Z Ctitptq) (-1 (z+7+p)L(E+i+9)

T(L+p)PE+q)T(L+L— )AL+ )02+2j—L+p+q)
1
Fl4+l+p+qTd+p+q—L+OT(L—-2—C+k—m—q)

(D.18)

Now we isolate from AS),,(g) the sum over ¢ and substitute there ¢; in the form of the
sum (D.17). We get the following double sum

(o) SIS T ) (DTG 5 )l )
’ S TE+HP)PE+a) TA+E=HTA+ T2 +2 —L+p+q)
1
. (D.19)
ri+4+p+¢rd+p+qg—L+OI(L—-2—0+k—m—q)
As a next step we interchange the order of summation and get
m)—if 2+5+p+Q) (1725 'I(3+j+p)T(5+7+q)
i )T(5+a) TA+L=HTA+HTQ2+2) — L+ p+q)
1
(D.20)

FrA+f+p+q)T(d+p+q—L+ONL—-2—0+k—m—q)
Taking the sum over ¢ we obtain
W(k, m) = (D.21)
= )Jz] T(3+7+p)T(5+j+4q)
Zo

(3 +p)T(E+ 9T +))
3F2{ 1—-j—p—q¢3+j—k—L+m+q2+j+p+qt,{1+j+p+q,44+j+p+q—L}1/2)
N(—2—-j+k+L-m—-gqI'Q1+j+p+¢T4+j+p+qg—1L)
_ gi-L+3 NL+p+aq)
F2+p+gl'(L+p+qg—1)
X4Fg({1 —2j+L-3-p—ql-k+m+q L+p+q},{-1-j+L,2+p+q L-1+p+q}, 1/2)
N(-1—-j+L)I'(k—m—-ql'(4+2j—L+p+q)

Note that for the allowed values of k and m the function 4F3 is always finite, but the
gamma function I'(k — m — ¢) which divides it is always infinite because k < ¢ and m > 0.
Thus, the term of W containing 4F3 does not contribute to the discontinuity AS, , and we
can safely omit it. We therefore consider
W(s,m) = (D.22)
S DR T (L +k+p)T(E +k+9)
P (2 +p)T(E+q)T(1+k)

3FQ({ l-k—p—q,3—L—s+k+m+q2+k+p+q},{1+k+p+q4+k+p+q—L}1/2)
I(—2+L+s—k-m—-qT(1+k+p+qld+k+p+q—L) ’
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where for further clarity we replace the index &k by s and j by k. Further, the hypergeometric
function

V=sF({-1-k—p—q¢3—L—s+k+m+q2+k+p+q},{1+k+p+q4+k+p+q—L},1/2)
featuring in the last formula can be reduced, namely,

V=2,F(-1—k-p—q3+k—L+m+q—sd+k+p+q—L,1/2) (D.23)
—oFi(-k—p—q¢,3+k—L+m+q—s,4+k+p+q—L,1/2).

To each of these two 2 F1’s we apply an identity
2F1(CL, ba ¢, Z) = (1 - Z)_a 2F1 (aa ¢ — b7 ) Z/(Z - 1))

and get
V=2FrLF(-1-k—p—ql-—m+p+sd+k+p+q—L,—1)
—oFi(~k—p—g¢l-—m+p+sd+k+p+tq—L,—1)] (D.24)
:2’“pq4i;T;f;_sL2F1(—k—p—q72—m+p+s,5+k+p+q—L,—1).
Therefore,
Wiy = 3 CUZIG RN kb oy

I'(3+p)L(3+q)T(1+k)
y oFi(-k—p—q¢,2—m+p+s5+k+p+q—L,—1)
I'(—24+L+s—k—-m—-qTQ+k+p+¢l'(G+k+p+qg—L)
For the discontinuity we therefore find
. Li
ASp,q(g)=%g(p—q—1)(p+Q)Z L47r1gL - Z Z W(s,m)
L=3
(—1)ptsd=s—mtagiT(p+m—s—1)l(p—m+s+1)(-2+s+p+L—m)
slm!(g—s)!IT(p—m—s—1I(3+s—q)

k=0

<\

or explicitly
ASpq(g) = (D.26)

X Lig (e ™) R T (2 +k+p)T(2 +k+q)
SN

ig(pqul)(pw); (Mg PTG+ T+ k)

q p—s=2 p+9+k23 s—m=p I T
¢d'p+m—s-1)I'(p—-m+s+2)I'(-2+s+p+L—m
R ( )r( )I( )

slm!(g—s)!T(p—m—s—1I'(2+s—q)
oFi(-k—p—qgp-—m+s+25+k+p+q-L,-1)
N(—24+L+s—k—m—-—qU(1+k+p+qT(5+k+p+q—L)°

We note as an interesting fact that the hypergeometric function entering in the last ex-

s=0 m=0

pression is expressible via the following Jacobi polynomial

oFi(-k—p—qgp—m+s+25+k+p+q—L,—1)= (D.27)

(k4 p+ QU2 (o himp-g-s,-2th-Lpta) ()
G+k—L+p+qk+ptq) kota
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Expanding o F) into the hypergeometric series, one comes to another representation

2 Lip_1(e*9)

ASpq(g) =4ig(p—q—-Dp+a9) > (img)ET L) (D.28)
L=3
where the coefficients Cr,(p, q) are
S +k+p)T(E+k+q)
Cr(p,q) = 2 2 D.29
r(p.0) I;F(%+p)F(%+q)F(l+k) (D-29)
P+q—2
" Z (—1)F+7o-1-7 /7 1+ ¢4+ n)I'(r+ L)

Fp+qg+k+1T'p+q—7—-1)T(L+7—k—p—q)
><zﬁl(—k—p—q,4+7;5+k—L+p+q;—1)

- 1 1 7
x 3Fy ({2(4219 +7),5(=2p+7),2-p—¢ +T}, {3p+7, 3P4 +T}, 1) ;
where “~” denotes that the hypergeometric function is regularised.
In appendix D.3 we provide an alternative but simpler expression for Cr(p, q).
D.3 Alternative derivation of the asymptotic expansion for AS, ;(g)

An alternative method to compute the discontinuity in (5.5), is by using the Gauss series
expansion for the hypergeometric function

1 3 = (3+9),(5 +9), k
Fil-+p=-+¢p+qg+1,1—2) = 1—2)%. D.30
CICI S EYNTIESNET > prarnaurnto O

We need just to compute the following integral
d ar—2 1
~hn /2 -1 -1 gtk
f= / dz (—hpv/z)e d Z (zq R [2P72(1 — z)PHd ]) . (D.31)

First we use the binomial expansion to expand (1 — z)P*9+* and rewrite

—1)°T(p+q+1+k) /°° vz 3 [ g1 dr—? ps—3
Z F8+1 ) L ( nf) z —5 2 2 ).

p+q+1+k—s dz1 dzr—2

Now we compute the derivatives by using d"z" = I'(n + 1)/T'(n + 1 — m)z"~™, so the
integral takes the form

k
P+q+ F(p—l—q—i—l—i—k’)

/= Sz:[:) (_1)SF(8+1)F(p+q+1+k—s)

T N\ 3 oo
> (p + s+ ;) (q + z+ 2) / dz (_hn)e—hn\/gzs-i-l. (D32)
I(s+35)0(s+3) 1

We pass back to the original variable 22 = z and note that

00 d23+3 00
2/ dz (—hy,)e e g25H3 = 2hn/ dz e~ hn®
1 1

dh2st3
_op d?st3 [ e~hn _(_2)28263 ['(2s +4) e hn
ST aRE S e ) S~ T(2s+4-1) hl,
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Here the summation range of [ can be extended all the way to infinity thanks to I'(2s+4—1)
in the denominator. The sum over n in AS), ; is now trivial and gives

—hn Lll 47rg)
= D.
Z ht, (4mg)t (D-33)
By putting everything together we obtain
X Lig(e ™) S T(p+ 3 +k)(g+ 3 +k)
ASpq(g) = (4ig)lp—q—1)(p+q 2 2
; (4mg)t = T(p+3)l(g+35)0(k+1)
X”f’“ (—1)* T(p+s+3T(g+s+3) T(2s+4)
Cs+ )l (p+qg+1+k—s) T(s+3)I(s+3) T(2s+4-1)"
(D.34)

The sum over s can be extended all the way to infinity thanks to I'(p+ ¢+ 1+ k — s) in

the denominator and this can be performed:

i (—1)" T(p+s+3)T(a+s+35) T(2s+4) (D.35)

~T(s+1)P(p+qg+1+k—s) T(s+3)I(s+3) T@s+4-1)

T N 3 -
2l (p+2) (q+2)4F3<{2,p+;7q+3a_p_q_k}7{372_l5_2}71>7

T(p+q+k+1) 2 2

where 4Fy is the regularized generalized hypergeometric function.

It can be shown, cf. [56], that 4F3({2,p+%,q+%,— q—k} {2, 2,§—é '1)
vanishes for £+ 2 > [. This implies that in (D.34) the sum over [ actually starts from | = 2,
while £ runs from 0 to [ — 2. We can therefore shift [ = L — 1 and finally arrive at

(i = G P
ASpq(9) = (4ig)p—a—Dp+a) ) Trmv

L=3 (

T(p+3+k)T(q+3+k) - { 1 3 }{
F: 27 +77 +77_ - _k )
kz Tkt DD(prqtkt1) 2\ P Ty 7P7e

N W
ot

— L _
’7,2 71 .
2 2

Thus, the discontinuity takes the form

2 Lip_1(e~*9)

ASpq(9) = (4ig)(p—g—1)(p+q) Y (drg) LT cr(p,q) (D.37)
L=3
where the coefficients cr,(p, ¢) are given by
L-3 3
- F(p+ +k) (g+35+k)
_ oL-1 2

~ 1 3 3 5—L 6-1L
X4F3< 27p+27Q+27_p_q_k}7{27272}71>7
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or equivalently by expanding the hypergeometric function

ST+ +k)0(g+ 32 +k)

cr(p,q) = Z: NERS VPR I (D.39)
Xk§q 1)m227+3(n 4 1) T(p+3+n)T(q+2+n)
N Tp+qg+1+k—n)T(n+3)I2n+5-L)

Note that these coefficients cr,(p, ¢) entering the expansion (D.37) seem very different from
the previously computed C7,(p, ¢) given by (D.29), nonetheless we have numerically checked
that the two expressions coincide k by k once we fix values for p,q and L.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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