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Abstract

We determine the complete trans-series solution for the (non-relativistic) moments of the
rapidity density in the Lieb—Liniger model. The trans-series is written explicitly in terms of a
perturbative basis, which can be obtained from the already known perturbative expansion of
the density by solving several ordinary differential equations. Unknown integration constants
are fixed from Volin’s method. We have checked that our solution satisfies the analytical
consistency requirements including the newly derived resurgence relations and agrees with
the high precision numerical solution. Our results also provides the full analytic trans-series
for the capacitance of the coaxial circular plate capacitor.
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1 Introduction

Two dimensional integrable models play special roles in many branches of physics. In particle
physics they serve as toy models, where strongly interacting, non-perturbative effects can be
tested in simplified circumstances. In some fortunate situations they can even solve four dimen-
sional quantum gauge theories exactly [1]. In statistical physics they provide paradigmic models
where fundamental questions related to phase transitions, thermalization or non-equilibrium dy-
namics can be exactly analysed. Besides the theoretical interest they can also describe strongly
anisotropic solid state systems and show up in cold atom experiments [2, 3].

One of the simplest interacting integrable models is the Lieb-Liniger model [4], which de-
scribes the pointlike interaction of one dimensional bosons. This model served as a guiding ex-
ample of statistical physics, being simple enough to be exactly soluble and complicated enough
to describe non-trivial, in some cases even typical behaviour. This model was the first, where
new ideas and methods were developed and tested the first time. The model was solved by
Bethe ansatz and the ground-state energy in the thermodynamic limit was determined in terms
of a linear integral equation [4] supporting Bogulyubov’s theory. The finite temperature prop-
erties in terms of the thermodynamic Bethe ansatz were developed in [5], which sparked a lot
of interest and research. The investigation of other observables, such as correlation functions,
initiated fundamental developments and an arsenal of new methods [6], which were later used in
many other circumstances. The Lieb—Liniger model is not only a useful toy model of academic
interests, but it can be actually realized in cold atom experiments [2, 3].

One of the main observables is the rapidity density in the zero temperature groundstate,
which satisfies a linear integral equation. Its zeroth moment provides the density, second moment
gives the groundstate energy density, while higher moments are related to the expectation value
of higher conserved charges. The rapidity density also controls the asymptotic behaviour of the
correlation functions [7, 8]. Surprisingly, the very same quantity is directly related to the surface
charge density of the coaxial circular plate capacitor [9]. It also appears in the relativistic O(3)
sigma model, in the case when the model is coupled to an external field. It describes the rapidity
density in the groundstate, when the field is large enough and particles condense [10].

There is no hope to solve analytically the linear integral equation for the rapidity density.
It is straightforward, however to perform a low density expansion. The resulting series has a
finite radius of convergence and gives a good approximation for modest densities. The large
density expansion of the rapidity density is a notoriusly difficult problem, which was achieved
only recently [11, 12] based on the pioneering results of Volin for the O(N) non-linear sigma
models [13, 14]. This expansion, however is only asymptotic, which signals non-perturbative,
exponentially suppressed corrections. The complete answer for the physical quantities is a double
series, i.e. a trans-series, which goes in the perturbative and the non-perturbative corrections.
These corrections were analysed in details for relativistic observables in the related O(3) model
in [15, 16, 17, 18, 19, 20, 21]. The aim of the present paper is to develop the analysis of the
non-relativistic observables to the same depth. These include the complete determination of the
trans-series for the moments of the rapidity density and the investigation of its properties.



This paper is highly technical. Although most of the results we employ are known from the
literature on relativistic models or follow straightforwardly from them, we summarize below the
logical steps of our construction for readers less familiar with earlier work.

Our calculation yields an exact solution of the Love—Lieb integral equation (2). Specifically,
we express the corresponding moments (5) in the form of a trans-series.

We begin with the resolvent (7), following Volin’s seminal approach. Its expansion coefficients
are the moments ¢y. We first derive their asymptotic expansion for large Fermi momentum B as
n (22). It is, however, more natural to express these in terms of the running coupling v defined
by (24), since in this variable the moments become asymptotic power series without logarithmic
corrections.

Next, in analogy with the relativistic case, we study the generalized integral equations (26)
and the associated generalized relativistic momenta O, g (28) and nonrelativistic momenta ¢q.
(29). These auxiliary quantities are required to obtain ¢; = ¢g ¢.

The central tool of our analysis is the system of differential equations (31)—(35), which hold
both exactly and as asymptotic perturbative series. They allow all quantities to be reconstructed
from the basic function ¢g, as illustrated schematically in the diagram below (36).

Using these differential relations, we first compute the perturbative components shown in
the diagram. We then assemble them into the full trans-series expression (63) for the moments
¢, with explicit examples in (71) and (72).

Subsequently, we analyze the alien derivatives of the perturbative building blocks. Starting
from known relativistic results, we derive (75). After introducing the Stokes automorphism (76),
the proof of the compact final form (77) reduces to straightforward combinatorics.

All results up to this point are proven mathematically. Formula (77) provides the exact
trans-series representation of the moments. The final step identifies the physical solution with
the ST lateral Borel resummation of this trans-series, which we can verify only numerically.

The paper is organized as follows: in Section 2 we revise the perturbative large density
expansion in terms of the Fermi momentum of the particles, and generalize it to the higher
moments of the integral equation. For this we use the so-called running coupling variable [17]
that eliminates unwanted logarithms in the series expansions. Next, we introduce another set
of observables in Section 3 that were useful in solving this problem for the relativistic models
[18, 21, 22] and relate them to the non-relativistic moments mentioned above via differential
equations. Further, we discuss the solution of these ODEs and a way to fix the yet undeter-
mined integration constants. In Section 4 we present the trans-series solution developed for the
relativistic observables and argue that their structure and the differential relations of Section 3
together can be used to deduce a similar trans-series solution for the non-relativistic moments.
Although our argument does not constitute as an analytic proof, we rigorously show in Sub-
section 4.2 (relegating the technical details to Appendix B) that the non-perturbative structure
of our solutions is fully compatible with the system of ODEs in Section 3. Further, it leads
to resurgence relations similar to those found in the relativistic case (see Subsection 4.3). At
this point we leave the mathematical treatment and turn to the physical applications. First,
as a by-product, in Section 5 we connect the trans-series solution of the lowest moment to a
related historical problem in classical electrostatics, namely the capacity of the circular parallel
plate capacitor. To our best knowledge, it is our work alongside [22] that provides the com-
plete analytic expansion of this quantity for small separation of the disks. After this detour
we re-express the energy density and higher moments of the Lieb—Liniger model in terms of an
appropriately chosen and measurable expansion variable g in Section 6. The latter is related
to the number density of the particles and is commonly used in the literature. We validate our
results numerically up to high precision in Section 7. We first confirm the resurgence relation
obtained in Subsection 4.3 from the asymptotics of the coeflicients in the perturbative series for
the energy density. We then compare the resummation of the trans-series of this observable to
a high precision direct solution of the Lieb—Liniger integral equation as a reference. Finally, we



repeat a similar, but more elaborate analysis in terms of the physical expansion variable g, and
also for the higher conserved charges. In the end we discuss the results in Section 8 and draw
our conclusions.

2 Perturbative solution of the Lieb—Liniger model

In this section we review the perturbative solution of the Lieb-Liniger model based on [4]. The
Hamiltonian of this model is given by

N
82
H:—;&U%mc > by — ), (1)

1<j<k<N

with a repulsive interaction ¢ > 0. The system contains N bosonic particles and is of size L
with periodic boundary conditions. Choosing an attractive interaction ¢ < 0 instead would lead
to an integral equation, which is equivalent to that of the Gaudin—Yang model. That model is
of fermionic type, which requires a separate study. See [22] for details. We are interested in the
thermodynamic limit in which the number of particles and the size become large L, N — oo,
while the density n = N/L is fixed. The integral equation which describes the density of Bethe
roots f(x) in the ground-state is given by

Lt s o)

2 ) p—y?2+1

The physical coupling is related to the density as g2 = which is dimensionless, and can be

written as

_c
4m2n

B
;z/_Bﬂx)dx. (3)

The ground state energy density of the model can be obtained from the density of Bethe roots

as
B

e(g) = 167r5g6/ 22 f(x)dzx. (4)

-B

We will be interested in the moments of density of Bethe roots defined by

B
bo = / 22 f () da. (5)
-B
The zeroth moment for £ = 0 corresponds to the density, the first for £ = 1 to the energy
density, while higher order ones to the vacuum expectation values of higher conserved charges.
We would like to calculate the small-g expansion of these quantities. We will find perturbative
g™ and non-perturbative e 19 corrections, and the complete answer will be a double expansion
in these parameters: a trans-series

de=y e o= 3 et (6)
n—=0 k=ko (n,6)

where the summation starts from an n, £ dependent value. The perturbative part is ¢§O) and the
rest contains the non-perturbative contributions.

Exact perturbative results for small coupling can be obtained by adapting [11, 12], a tech-
nique developed by Volin in [13, 14]. By applying this method, the integral equation (2) is
transformed into algebraic equations which can be solved recursively. As a result, the coeffi-
cients of the perturbative series qﬁéo) can be determined to high orders. In order to do this,
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the integral equation is rewritten as a difference equation for the resolvent function R(z). This
resolvent is related to the density of Bethe roots as

B
Ray= [ TWqy, (7)

_BT—Y

which is analytic on the complex plane and is only discontinuous on the interval [—B, B]. The
density of Bethe roots is then given by its jump in this interval:

1
__ptiy
f@) = —5=(R¥(z) — B (2)), (®)
where R*(z) = R(x +ie). With the help of the resolvent, the integral equation (2) can be
brought into the form of difference equations [11]. We would like to compute the resolvent R(x)
as a large-B (small-g) expansion. To obtain this expansion, one considers the bulk and the edge
regime of the resolvent, which correspond to the limits

bulk regime: B,x 00 with u= fixed ,

U:J\E~g

(9)

edge regime: B,z — o0 with z=2(z—B) fixed.

Matching the two asymptotic expansions in the two regimes allows then to find the coefficients
of the respective expansions.

Bulk region. The resolvent in the bulk region for the Lieb—Liniger model was proposed in
[11] as?

v S St Bm—n—l(x2 _ B2 r+ B

where €(k) = k mod 2. At this point, we should stress that in order to capture non-perturbative
contributions, the resolvent should be of a trans-series form. However, the ansatz above only
captures the perturbative part. Of course, we could extend it by adding contributions that are
exponentially suppressed by powers of e =275 but the inverse Laplace transform would mix non-
perturbative orders, making the analysis very complicated. Instead, we borrow results from the
non-perturbative solution of the O(3) model [16] and reinstate the non-perturbative corrections
in Section 4. Thus in this section we calculate ¢y only up to the non-perturbative corrections.
The comparison between the bulk and edge regions is done for the inverse Laplace transform

of the resolvent: A
_ 1 00
R(s) = / SZR(BJr )dz (11)

21 — 00

In the bulk region, we expand (10) in powers of small z and apply the inverse Laplace transform
to each term of the expansion. After massaging the resulting expressions, we obtain the following
result for the resolvent in the bulk region:

_ G s
R““Q”fz org e

co n+m+1

—i-iz Z Z B~ m"log4Bs)]V[n,m,t],

m=0n=—m t=0

(12)

!Note that formula (10) becomes the correct resolvent only if we add a +27x term, see [11] for details. Then
the expansion in (21) would indeed start with a 1/x term.



where
n+m+1

lnomit] = Z Cntjm—jk [N, t K, ], (13)

k=t j=max(0,—n)
and
, L(k+1)
) T+ DT+ 10k —t+1)
N D(—z—n+i—j) <1+ 2je(k) )] . (14)
=0

dzb=t \D(—z+n+ 5T (—z —n+ 1 —2j) —n—z+1-2j

F[na ta ka]] = 2_2j(_

which now takes a similar form as the one worked out for the O(3) model in [14]. Note that the
first sum in (12) corresponds to the explicitly known leading order term —27v/z? — B? in (10).
We can bring this term to a form, that resembles the second sum in (12) and finally write the
inverse Laplace transform of the resolvent in the bulk region as

[e%¢) n+m-+1

Z > ). B "s"[log(4Bs)]'

m=0n=—m—1 t=0
n+m+1

X Z Z énJrj,mfj,kF[n?ta k?]] :

k=t j=max(0,—n—1)

Here we introduced the generalised coefficients ¢. The first term of (12) is captured by extending
the sums to include n + j = —1 with the coefficients ¢_190 = —27 and é_1 43 = 0 for a # 0 or

b 0.

Edge region. In the edge region, the resolvent can be parametrized based on the leading order
Wiener—Hopf type solution of the integral equation [11] as

(s) = a(s)(§ + Qu). (16

where the functions ®5(s) and Qp(s) are given by

%

dp(s) = Nz exp{— log<7re>]f’(; + 1) ,

We now need to expand this expression in B and s at infinity. After some work, the resolvent
in the edge region can be brought into the following form:

00 j+m+1

NG Z > > ﬁlog (4Bs)'V5°Im, j + 1,4], (18)

m=0j=—m—1 =0

where we introduced

with By = +—



Determining the coefficients. We can now use the recursive algorithm of Volin [13, 14] to
solve for the coefficients. By comparing the expansions for the bulk and edge region, we need
to solve

Velm,n, 1] = Vg lm,n +1,4], (20)

in order to determine the respective coeflicients.

2.1 Extracting the moments

From the definition of the resolvent R(x) in (7), we can see how it is related to the sought for
moments (5)

0= [Ty = S g 21)

> >0 £>0

The moments can be obtained by expanding the resolvent in the bulk region from eq. (10) at
x = oo. For instance, from the large x expansion we can easily read off the first few moments:

C0,m,0 — 2C0,m,1 2Co 1

N 7TB4 0 C1,m,0 — 2017m71 §C()7m70 — %Co,m,l + 4007m72 — 8607m73
(bl Y + Z Bm—2 + Bm—3 :
m=0
5 = 3 11 (22)
B C2m0 — 2C2m,1  5C1m0 — 3Clm,1 +4C1m2 — 8cimg3
¢2 - 8 + Z Bm—2 + Bm—3
m=0

_.|_

3
3 como — Bcom1 + Heoma — 12¢0m 3
Bm— 5 :

Other moments can be obtained by expanding Rp(x) to higher orders. Using the recursive
algorithm, we can determine the coefficients ¢y, ,, r and evaluate the perturbative part of the
moments up to any order in 1/B. However, the number of coefficients contributing to a given
order in z grows quickly and it becomes laborious to evaluate higher moments. For instance,
for first moments ¢ and ¢1, we find

-2
A 1672B OB, @9

BY  —7+3log(167B —4 4 log(167B)) log(167 B
¢1_7r4 . 7+3%g( 67 )B3+<3(  log( 687; )) log (16 )+g>BQ+O(B)-

167 B log(167B)> —2 1 —2log(167B)> + 3
%:ﬂBzﬂog( 7? >B+ og(167B) B 0g(167B)” + 3¢3
e

These expressions contain log(B) terms and the coefficients to higher orders become rather
bulky. In the analysis of the O(NN) sigma models it was found [17], that by introducing a
running coupling v, terms with log B can be resummed. This coupling is defined through

1 v
B =~ +1 (7) 24
" v+0g 8e (24)
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Substituting this in the results for the moments, the expressions take a much nicer form. For
example, the first 5 perturbative coefficients of the moments are given by

=—|—=-=-=-= O
%o W[4UQ s T1T s vt Vo))

11 5 45 +4n%  63(3 — 3272 +51  —9(3 — 872 — 16 L
=13 [641}4 T 205 T 0602 1920 * 192 +0()].
by = 171 89 N 439 + 2472 981(3 — 64072 — 1207

27 75 |51205 102005 153607 307203
—41775(3 + 5767* 4 720072 — 6395 .
O
+ 1536002 o)),
1 5 381 6949 + 30072 —53253 — 1424072 + 19575(3
¢3 = — = — -+ — + - (25)
77 1638408 358400 614400 1228800
41414 + 878007 4 43207 — 360897¢3 3
+ 12288004 O],
b4 = 1 7 25609
47 79131072010 1032192009
317027 4+ 1176072 5258925(3 — 409651272 — 20887535
825753608 8257536007
—153629307¢3 + 16934407 + 4358412872 4 54842251 5
+ G + O(v ) .
825753600

3 Differential relations

In the derivations of the next sections we will rely heavily on a method that was developed
[18, 21, 22] to solve the free-energy problem of certain relativistic models, where a similar type
of integral equation appears.? The ODEs we present in this section were initially developed in
[7, 23] to relate the moments ¢, with each other, however, here we will need to combine them
also with their generalizations [18, 21]. Our definitions here may seem ad-hoc, yet the objects we
introduce here will be useful in deriving the full Wiener—Hopf solution to the original problem
in Section 4.

3.1 Generalized moments

We extend the integral equation (2) by introducing a more general source term:
b
Xa(0) — / K0 — 0)xa(0')d0 = cosh(az), (0] <b, (26)
—b

where o > 0 is a real parameter and 1/K(6) = 6?4 72. In particular, a = 0 recovers the original
integral equation if we set
b=nB,  f(z) = 2xo(ra). (27)

We can now consider the densities

1 b
Onp = 27T/b cosh(80)x(0)d0, (28)

with 8 > 0, which are symmetric in « and 5. In the o = 8 = 0 case, we recover the density
¢o = 40p,0. For generic parameters, O, g can be used to generate the generalized moments of

*Most importantly, among these models is the O(3) symmetric non-linear sigma model [17, 21], which has the
same kernel function.



the solution x,(0):
4 1

Cor2or

b
4
/ Ya(0)F2'A0 = > 03 0n 4| (20)
b s 5=0
For av = 0 they are the usual moments ¢y = ¢g,o. It will also be useful to consider the values of
Xa(0) at the boundaries of the integration range, which we denote as

¢o¢;€

Xa = on(:tb)' (30)

From now on, we use a dot to denote the total derivative with respect to b.
Straightforward manipulations (see Appendix A of [21] for the detailed derivations) lead to
the ODEs relating the O, g-s and x,-s:

QMZ%MMﬂ (31)
é%ﬂ_Qiy%ﬁ+Uf_5%OmB:0 (32)
m(a® = %)Oa = XaXs — XaXp (33)
Xo _p2_p (34)

Xa

In the last line, FF = ¥o/xo0 is an universal, a-independent function of b. Not all of these
equations are independent: the second-order differential equations (32), (34) can be derived
from the first-order ones (31), (33).

From (32), we may obtain an expression relating the moment ¢, with the previous moment
¢¢—1. Taking 2¢ derivatives with respect to [ in (32), then evaluating at & = f = 0 and using
the relation (29), we arrive at [7]

bp — @qbe = 20(2¢ - 1)@_1

%o N (35)
where we used (31) to rewrite 2x0/x0 = ¢o/do. This equation can be used recursively to compute
¢ from ¢p_1, with initial condition given by ¢q.

The generalized moments ¢ in (29) may be obtained directly from the moments at a = 0.
Indeed, if we take 2¢ derivatives with respect to 5 in (31), both at generic o and at o = 0, we
can then combine both equations into the relation

¢o¢;£ Yo ¢Z- (36)

All the above equations may be used to determine the generalized moments ¢q., (up to some
integration constants) by taking the number density p = ¢ as a starting point. Schematically,
the following steps must be taken to compute ¢, :

35
®o Q’ oy,

(31)J (36) Pa

X0 ——— Xa
(34)

We will use the above procedure to determine only the perturbative parts of these objects,
rather than their full trans-series. To obtain the full trans-series of the ¢, moments, for the
non-perturbative corrections we will also need the perturbative parts of the O, g-s as well (these



can be calculated for example via (31) from y,). Clearly, the perturbative parts of the quantities
Oa.8; Xa,> Q¢ satisfy the same differential equations as their full expressions.

All of the differential relations are simpler to solve (although longer to express) in terms
of the running coupling v, where after proper normalization (see Section 4) each of the above
objects’ perturbative parts are simply (asymptotic) power serieses of v.

Rewriting (35) in terms of p-derivatives, it simplifies as

d? _
—‘z" — 2020 — 1) L (37)
dp (2x0)
Thus the structure of the solution must be the following;:
b0 = ¢+ pep + @, (38)

where (5@ is a particular solution to (37), and we need to fix the constants of the homogeneous
solution py, g; from elsewhere. We will turn to this problem in Subsection 3.2, however, there
we will use the variable v instead of p.

The works [7, 23] rewrite (35) in terms of the dimensionless parameter v = c¢/n = (27g)? =
4w /p to generate the higher moments

eor = 72“1%, (>1 (39)

from existing data for the energy density e = es in the following way:

d? [ ey d? [ ey €(0—1)
o () = w [ ()] () oo "

These relations should provide us a way to study the resurgence relations of the higher moments
directly in the physical coupling based on the trans-series of e. However, the latter itself has to

be calculated from ) )
d 2
2<63> = T 4’ (41)
dy2 \ vy (7x0)

i.e. (37) taken at £ = 1. As we will see, the trans-series structure of x¢ is only known in terms of
the running coupling v, and we did not find a way to express it in terms of v or g explicitly. Thus,
in the next sections we will determine the resurgent properties of ¢, in terms of v instead, using
the ¢op and O, g generalized moments. Then we rewrite it in terms of the physical coupling g
in a direct way (while truncating the trans-series at finite orders).

3.2 Integration constants

Once we compute the zeroth moment ¢g from Volin’s recursive algorithm described in Section 2,
we would like to obtain higher moments ¢, using the differential equation (35). As was already
mentioned, a solution ¢y to this differential equation has two free parameters and in this section
we will discuss how to fix them.

We recall that the differential equation (35) is written in terms of derivatives with respect
to B, and we would like to rewrite this expression in terms of v derivatives. From the definition
of the v coupling in (24), we easily find

dv 202
hehd . 42
db 1—v (42)
The chain rule then leads to the following equivalent differential equation:
4ot A Go-1
—_— - — =202 — 1)—~ 4
(1 — 1))2 <¢Z /O¢Z E( ¢ ) 2 ) ( 3)
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where prime denotes derivative with respect to v.
We assume the following perturbative ansatz for the moments?

_ 1 1 0), k
by = 20+ 2012 Z‘Pe,k“ . (44)
E>0

We cannot prove that (;SEO) has a regular power series expansion in v without logv terms, but
this is compatible with all the terms we calculated from Volin’s method and justified a posteriori
by comparing to the numerical solution of the problem.

The leading behaviour in v can be deduced e.g. from expanding the leading order term

2m (:c —Va? — B2> of the bulk ansatz for large x, see also the footnote at (10). When plugging

this expression in (43), we obtain the following constraint between the perturbative coefficients:

k
Y ! ' ~ 0,0
Pik = (G—2)(20+2+7— k)20 +2j — k)py 105 h_
00— k)20 42— kel Lzl 0,51k~

k k—1
020 —1) .
_2<Z(k‘—]—2)<pg 139001)6 J 22 —J = 3)%y )1J<pél)f 1—j
j=0 Jj=0

k—2
0
+ 1), oo ]>] (45)
]:0

Note that this result is only valid under the condition k # 2¢ and k # 2¢+ 2, which corresponds

to the coefficients of 1/v% and v? in the perturbative expansion of gbéo). These two coefficients

are precisely the two integration constants for solutions to the differential equation (43). One

way to partially address this issue, as discussed in [7], is to consider (45) with ¢ — ¢+ 1 and
(0)

solve for the coefficient ¢, ,, , in the resulting expression:

2042
(0) 1 ’ ’ ~.,(0) (0)

® = - (7 —2)F +2)(25)pg ¢ _
£,20+2 (f—i- 1)(2£+ 1)80(()?(% [Z 0,7 ¥ 0+1,204+2—j

2041 20+1
(L+1)(20+41) . (0) (0 Z : 0
2 § :(% - J)Sozj‘)@((),gu%j —2 (26 —j - l)goé J)SOE) %Hl —Jj
§=0 J=0

20
P> e mggwg?;g_j)]  4s)
=0

Note that we compute @éoz)e 4o using the higher moment coeflicients gpg(jr)l I 0<j <2041,
j # 2¢, which can be obtained from (45).
(0)

We are still left with one undetermined coefficient, ¢, 5,, in each moment. We have to fix this

remaining coefficient by directly computing the moment ¢, up to order 1/v? with Volin’s recur-
sive algorithm, discussed in Section 2. It is then possible to compute ¢, up to any perturbative
order in v using (45) and (46).

4 Wiener—Hopf solution

The integral equation (26) can be solved by the Wiener—Hopf technique [24, 25, 9, 15, 17, 22].
The idea is to extend the integral equation for the whole line by introducing an unknown

3We denote the perturbative coefficients of czbg in the coupling v as <p§ ,2 to avoid confusion with the notation

introduced in (6) for the coefficients of the same quantity in the coupling g.
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function, non-vanishing only outside the interval [—b, b]. Using Fourier transformation the kernel
can be easily inverted. The introduced unknown function and f(z) can be separated by the
different analytical behaviours of their Fourier transform. This requires the following Wiener—

Hopf factorisation:

1
1_7% =G (w)G-(w), (47)

where K (w) is the Fourier transform of the kernel K (6) in (26), G (w) is an analytic function
on the upper half plane, while G_(w) = G4 (—w) is analytic on the lower half plane. Explicitly

we have
. F1+35) =« nk—1—In 1
G+(m):(\/ﬁ€2)e 3 (Ink—1-1 2):ﬁ+\/§(ao+a1logm)+..., (48)

where we have also presented the structure of the leading terms in its small x expansion. The full
trans-series solution of the various observables was obtained in [18] in terms of a perturbatively
defined basis A, g. This basis is related to the perturbative part of the observable O, g as

1 . ) o
O = G (ia) G (iB)el P Ay . (49)

together with the perturbative parts of y,
0 _ L~ b
A = JG (i), (50)
valid for o # 0, 8 # 0. Otherwise, the normalization constants are
00 _ Lo imea . o o0 _ Ly O 1
0.8~ 9. +(iB)e™ Ao = 000 Xo = = ao- (51)
It can be shown from (31) and (34) that they satisfy the following system of differential equations:
(a+ B)Anp + Aaﬁ =aqa8 ; Qo+ 2000 = faa, (52)
for all a, B, where f is the perturbative part of F. These differential equations can be used to
calculate ap and f from the already determined Ay, uniquely. Solving the differential equations
for generic o, 5 we also obtain a unique perturbative solution. The solutions obtained are
meaningful for negative o and 5 and can be used to express the full non-perturbative solutions.
The two quantities A, 3 and a, are related to each other as limg_,o, fAq 3 = aq. Since G1(0)
is infinite, we need to use a different normalization for Ag g, Ago and ao.

The densities O, g defined in (28) can be written as a trans-series in terms of the perturbative
quantities A, g. For a =0, 8 # 0, we have

1 , ; o\ b
Oop = o |G (iB)e™ Ao g + G (iB)e™™ Ag 5 . (53)

Here and throughout the paper, as an abuse of notation, whenever we write G_(ix) for K > 0 we
mean the limit G_(ix + 0) that has to be carefully evaluated due to the cut along the positive
imaginary line in G_(w). For «, 8 # 0, instead we have

]_ N A
Oup = 1 |G+ (i0)G1(iB)e P Au g + G_ (i) G (if)e TP A 5

+ Gy ()G (iB)el P Aq s + G_(i0)G_(iB)e” VA, 5|, (54)
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where flaﬁ can be written as a trans-series in terms of the quantities A, g:

o0
Aavﬁ = AO‘WB + Z Aa»fnrA*Hr:*”sA—’ﬁﬂﬁ’

r,s=1

- - —2Kb —2K,b (55)
’A_““_”S - Z Z ke A_”’“’_“J'l S“jle ! A_Hjl’_HJQ
N=-171,j2,.-,jnN=1
—2Kj\b —2ksb
...S,{jNe Kin A_HjN,_,QSS,{Se fs?
Here the N = —1 term is formally to be understood as S,.e 2%5_. _,  while the N = 0

term is simply S, e 2"A_, . S..e 2. This expression involves the poles of the function

o(w) = G_(w)/G4(w), which are located at k, = 2r, r € Z, r > 1, with residues

S, = Z(r—21)'r' (2)2 (56)

evaluated again at ik, + 0.
Similarly, we might write a trans-series for the boundary values in (30):

1 1
Xa = §G+(ia)eab&n + iG_ (i)e a_g, (57)

where

o0
da = Qa + Z Aa»_HTA_Hm_Hsa’_Rs' <58)

r,s=1

4.1 Exponential corrections to the moments

We would like to compute exponential corrections to the moments ¢, in a similar way to how
the trans-series of the densities are computed in (53), (54) and (55). Specifically, we would like
to take derivatives with respect to 8 in (54) to obtain the trans-series for the moments. It is
instructive to collect the appearance of the 8 dependence of the various observables. They all
contain the combination

% [G+(w>eﬂbAa,ﬁ + G(iﬁ)e_ﬁbAa,—ﬂ} : (59)

We thus define the perturbative building blocks of the non-relativistic moments A, from its
derivatives

: 1 : I
Ane = lim 03 3 [G+(z,3)eﬂbAa,5 +G_(iB)e ﬁbAa,B] : (60)

We will not need the explicit form of these building blocks, but we need to see that they are
well defined and the limit exists. The expression is particularly worrysome as at small 3 we have
G4 (£iB) ~ 1/4/B. Additionally, the 8 — 0 limit is not well-defined in terms of the perturbative
definition of A, g. This is because it is a large b expansion, and this asymptotic series is singular
for v, f — 0 (see e.g. Appendix C of [22]). In order to calculate the correct small 3 limit of A, g
we have to exploit that it satisfies the Wiener—Hopf integral equation at the perturbative level,
see for instance (57,59) in [22]. The small 5 behaviour then can be calculated following (2.16-
2.19) of [17], which results in the form A, g ~ +/B(bo + b1 log(B) +. ... Then one can explicitely
show that in the § — 0 limit of (59) the square-root type singularities of G4 (if3) together with
the logarithms cancel, and the combination has a well-defined limit. We circumvent the explicit
calculations by leveraging that the limit exists, and providing a perturbative definition of A,
based on the ODEs (35) and (36).
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In particular, we note that we can construct A, directly from the leading exponential
correction in ¢gq.:

Bt = % : %G+(m)eab [Aase + O (7 minadl) |, (61)

From the differential equation (36), we can derive a new differential equation that relates the
perturbative objects Aq.s:

Ao + @l = %Ao;z, (62)
aop

where a,, was defined in (57) and (58). This equation provides a method to compute exponential
corrections to the moment ¢, from its perturbative part, qbgo) = %Ao;g.

Using then the relationship (29) between the densities O, 3 and the moments, and applying
it to (53), we obtain

4 x
b = 2041 [AO;Z + Z Ao, —rp Ak Akt |- (63)

r,s=1

Observe that the perturbative part is simply gZ)éO) = ﬁﬁﬁAo;g, which we have already calculated.
Using (29) again, but now applying it to the densities with o # 0 in (54), we might write the
analogue of (63) for the generalized moments:

4

1 . o
d)a;f = W §(G+(ZOZ)€ bAa;g + G_(za)e bA_a;g)

T Z <G+ (icv) bAav—Hr- +G—(ia)eiabA—a,—fw)-A—m-,—nsA—ns;e .

r,s=1

(64)

The differential equation (62) can be rewritten in terms of v derivatives. Using the chain rule
with (42), we find the following equivalent differential equation:

, 1—-w Ao o

Aa;z — W@Aa;g == aio 0;0+ (65)
With the perturbative ansatz
Aae = v2e+1/2 > Aaes” (66)
k>0

the coefficients that solve (65) are recursively given by

21/« 3
Aa;f,k = a |:<2 +k—20— 2)Aa;€,k—1 - hé,a,kz:| 5 (67)

where hy o are the coefficients defined as

aq
CTOAO;Z Uzz+5/2 Z it o 0", (68)
k>0
and they can be recursively defined as
1 k k
} 0
bk = s S (k—j—20— aajsozlz =Y a0 |- (69)
Yl =0 j=1
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The coefficients of a,, are

1
ag = Ve Za07kvk, Qo = Zaa,kvk, a # 0. (70)
k>0 k>0

With the perturbative coefficients of A,.., we can now construct any exponential correction
of the moment ¢, using (63). For example, the trans-series of the first two moments are given

%o 71'[4112 v 4" 8 v Y +0(")
320 8 150 211 —288¢3 5695 — 33216(3 ) o
°sr 2 2 — 10) /v
<v3 2 v 12 ! oz Vo) )e
ey 16 + 645 8+40i 24+ 91i N —616 — 2419i + (576 + 23044)(3
VP v 2u3 48v2
—30400 — 1205437 + (148992 + 572928
+ it + )G + O(vo) e 4 0(676/1}) . (71)
1536w
11 5 45 + 472 63(3 — 3272 +51  —9¢3 — 872 — 16 1
91= 13 [641}4 2408 T 0602 1920 * 192 +o()
4i 257 12872 —285  —2016(3 + 12872 — 581
— — — +1 —1
vd vt 8v3 9602
_—29376(3 + 384072 — 27745 o) —2/v
15360 +O() Je
248 13461 (=168 + 159i 128 + 512¢) 72
Y +7z_ +6 z+( + z)+g + 512i)w
v v 48v
N (4032 + 161284)(3 — (5123—18—425;601)77 + (3032 + 18629z))e_4 4o (e_ﬁ />] (1)
v

4.2 Checking the trans-series solution

In this subsection we argue that, if the perturbative objects A, s and a, satisfy the the dif-
ferential equations in (52), then the trans-series (54), (57) of O4 3, Xa, constructed from these
objects, are a solution to the differential equations (31) and (34). In fact, since the differential
equations are not independent it is sufficient to check only (33) and (34). Details on these checks
are given in the Appendices B.2 and B.3, respectively. For the latter one, we also construct the
form of the non-perturbative corrections to F.

Similarly, we aim to prove that the trans-series of ¢y constructed in (63) satisfies the differ-
ential equation (35) for any ¢. For the interested reader, we present the technical details of this
check in Appendix B.4.

For these checks, we substitute the trans-series solutions into the respective equation. Fur-
ther, we assume that the perturbative versions of these equations hold. Since the non-perturbative
corrections are build from the perturbative basis, we can show, that the trans-series ansatz in-
deed solves the equations (31)—(35).

15



4.3 Alien derivatives and median resummation

In Section 5 of [18], the cancellation of imaginary ambiguities in the resummed trans-series for
Oq,p suggested a formula for the so-called alien derivative? of the perturbative part A g

AnjAa,ﬁ = QS,ileOK’_HjA,,{jﬁ. (74)

This formula was backed by numerics, and also through the work in Section 9 of [21]. Applying
this result to (60), after commuting A,; with the 8 — 0 limit and the derivative, we arrive at

Ay Acst = 28 A1 Ay (75)

We will numerically verify this formula in Section 7.
In a similar fashion as it was done in [18], it can be shown that the Stokes automorphism

S =exp Z e 20, Ay, (76)
j=1

is able to generate the full® trans-series of ¢, (63) from its perturbative part only:
&2 A0 = ¢y (77)

Since we can only determine A, g and A, (the building blocks of the trans-series of ¢;)
in terms of asymptotic series, whether the trans-series of ¢, indeed reconstructs the correct
function is a remaining question. In Section 7, we test the difference between the lateral Borel
resummation (ST) of the trans-series (63) against a high-precision numerical solution to the
integral equation (2) and the moments gb?hy ® obtained from that solution. Our analysis strongly
suggests complete agreement between the two:

St (de) = 4™, (78)

up to the order 1079 at b = 10.

Note that applying the lateral Borel resummation St on the Lh.s. of (77) is then equivalent
to the so-called median resummation of the asymptotic series Ag,,. That is, we find that the
moments ¢y are resurgent in the strong sense [15, 17|, and their perturbative data contains all
the information needed to recover their physical value.

5 Capacitance of a circular parallel plate capacitor

The Lieb—Liniger integral equation is mathematically related to the famous Maxwell-Kirchhoff
disk capacitor problem of electrostatics (see a historical review in [17]). In spite of the fact that
it is more than one and a half centuries old, and seemingly theoretical in nature, the latter has

“Here by the notation A, we mean the alien derivative of an asymptotic series in terms of integer powers of
the coupling v, together with a slight modification compared to the standard definition ALY

A, = e FpT ALY, (73)

For more details see Appendix B of [21] and also [26] as a review.

®The special alien derivatives Ao, Ag of A, 5 are in general non-vanishing (see Appendix C of [21]). By
definition, they should appear in the Stokes automorphism as well, if the latter would act on A, g. For As, it
also means that A, could be non-vanishing, and thus we had to include it in &. However for the «,3-independent
object Ao, they should have no effect at all.

This is in contrast to the energy density of the relativistic O(3) non-linear sigma model, which can be extracted
from O1,1. In this case, the last 3 terms of (54) give exponentially suppressed real contributions that cannot be
recovered from the perturbative part A; 1 by asymptotic analysis.
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relevance even in the present day applications, e.g. [27]. For this problem we can also present
now a complete analytic trans-series solution.

We want to calculate the capacitance of two ideally thin conducting disks of radius r in
vacuum, arranged coaxially at a distance d from each other. Love [28] reduced the problem to
finding a solution to the integral equation (26), where the integration interval in (26) is related
to the geometry of the problem by b/7m = r/d. The solution to the integral equation encodes the
surface charge density of the plates [29]. The capacitance C' (in SI units) is then directly related
to the density Og:

C = 460d 0070, (79)

where €g is the vacuum permittivity.

From (55), we can build the trans-series of this density as [21, 22]
1. 1
OO,O = ;AO,O = ; |:A070 + 6_4bSQA(2)7_2 + 6_8b (SgAgy_zA_Q’_Q + S4Agy_4) + O<€_12b>:| . <80)

Using the above expression, we can construct the trans-series of the capacitance in terms of the
coupling v defined in (24). However, we would like to write our results in terms of the variables d
and r that define the geometry of the capacitor. Explicitly, we consider the ratio of the distance
to the circumference of the disk capacitor:

d
6= —. 81
27r (81)
The relation between the coupling v and the ratio ¢ can be derived from (24):
1 1 v
S —oh=- 41 (7> 82
1) v log 8e (82)
This expression can be inverted to yield
-1
= =6+0(%), 0<wv<0.21706, 83
v Wfl(*sfleeil/é) ( ) Sv ~ ( )

where Wy (2) is the &*® branch of the Lambert W function.

Using the relation (83), the trans-series in (80) for the capacitance can now be written in
powers of the small parameters & and e~2/9, with the price that this expansion will also contain
logarithms L = —log(d/8). We obtain the result

2

C = 60% [C’(O) (6,L) + (52 C(/Yc)((g7 L)eka(l/éJrl) ’ (84)
k=0

where the prefactor is the leading order result at small §, which corresponds to the well-known
formula for the parallel-plate capacitor with small separation. The first few coefficients are given

17



by

COG,L) =1+2(L-1)5 + (L2 —2)8% + %(28 —1-3¢3)0% +0(3%),

3 17 3 15 161
ML) =id2+ [2L+ = L+ — |62+ |2 +L{—=—-L)+—|68 4
cWs,L) z{—&-[ +5 |0+ 2L+ 5|+ |56+ L 1 + 1939 +OE ¢

CA (6, L) = (14 44) + ((1+4¢)L+ <; + 32i>>5+ [(1+4¢)L+ G + ?;)7;)]52
+ Ki +3¢)¢3 — L((i +2¢>L— (i + g)) + <32 + 1;)’2812.)}5%0(54), (85)
B, = (1; + 13i> + [(136 + 13i>L+ <2+ ﬁz)]a
+ Klf—l—l?’i)L—l— <;+i5;>}52
+ [<4+3ji><3 L<<§ +12?’i>L (120;+?§’2”>) + <if;2+i?’278i)]53+0(54).

Note that the perturbative part was already presented in a similar way in [12], including higher
orders. The leading exponential correction was already obtained in [17], and the first few
coefficients of the real part of the next-to-leading one were measured.”

6 The moments in the physical coupling g

Up to now, all results have been computed in terms of the coupling v defined in (24). In this
coupling, the exponential corrections to the moments can be computed with the expressions (63)
and (55). However, we would like to rewrite the trans-series in terms of the physical coupling
defined in (3).

By definition of the coupling, the zeroth moment can be written in terms of the physical
coupling as

$o=—5. (86)

Higher moments will be written in terms of g by first deriving a trans-series relation between
the original coupling v and the physical coupling g:

v = Z e~4n/9 Z v,(cn)gk. (87)
s=0 k=2—2n—0n0

The coefficients v,gn) can be fixed by plugging the above ansatz in the trans-series of ¢g, given

in (71), and then imposing the constraint (86). In this way, we obtain a system of equations for
the coefficients v,(gn). For example, imposing the condition (86) on the coefficients of g=2, g1

and ¢°, we find

1 20) e (01")" — 40 (01")" = 3(e3”)" + 20§"0”

—0, —0, (88
20 i) Y

which can be solved for Ugo)’ 0 ©)

vy~ and vy . Extending the computation to further powers and

"Typos in exactly these formulas (4.29 and 4.30) are present in the published version of [17], however the
analysis in the running coupling is correct.

18



exponential corrections in g, we find the trans-series

2 3
_9_9 99 TS 5 L0
R N T A VR s 9 TOW)
64i  104i 121 +48C; 5 1577 +912C3 4 o1
it T 0| et
_94576 + 32768 34816 — T5T76i
+ 8g2 Sg

18944 + 90432i) + (18432 — 24576i B _

4+ ( )68( )C?) +O(g):|€ 8/g +O(€ 12/g>‘ (89)

Finally, we can use this result to reexpress any trans-series from the v coupling to the g coupling.
For example, the trans-series of ¢, given in (72), can be rewritten as

171 2 7w —-6 3(3-4 33E—-4 1
= —|— = (@)
1 3 |:4g4 393 + 692 + 49 + 6 + (g )
1287  80¢  48(¢3 —97 = .1104¢3 — 1643 o\ —4
<_64g4 T gl T g2 24¢lg +0(g°) e/
32768 — 32768; 4096 + 143367 (—24576 + 24576i)(3 + (22528 — 330881)
T~ e8gb B e8gb T eSgt
33792 + 76801 —21632 — 99404
X ( + z)C?:je:gg i) n 0(9—2)>e—8/g 4 0(6—12/_(]):|' (90)

We were able to compute the moments ¢1, ¢2, ¢3, ¢4 and ¢5 with up to 20 exponential
corrections, with 20 terms in each exponential correction. It is substantially easier to compute
the coefficients numerically (even at high precision), in which case we obtained 20 exponential
corrections, each with 336 terms.®

7 Numerical investigations

In this section we provide extensive checks on our trans-series solution for ¢,. We test both the
imaginary and real parts of it.

For the first we use the theory of resurgent functions and verify the coefficients of the lead-
ing, purely imaginary exponential contribution of ¢; from the large order asymptotics of the
coeflicients of the perturbative part gzﬁgo) in Subsection 7.1.

For the second we take the resummations of the perturbative part and the leading correction
with the so-called Pade—Borel technique, and subtract it from a high-precision direct evaluation
of the TBA in Subsubsection 7.2.1. We show that this difference is compatible with the real
part of the coefficients of the next-to-leading exponential contribution. Then calculating similar
subtractions order-by-order in exponential terms we show that the resummed trans-series indeed
approximates the exact solution exponentially better at each step in Subsubsection 7.2.2, also
in terms of the physical coupling g. Finally we repeat this latter analysis for some of the lowest
higher moments ¢,.

7.1 Asymptotic analysis

Here we would like to verify formula (75) for d)go) =473 Ap,1, that is

3
T
ZAMO) = 25540, 24 21 (91)

8For the numerical investigations in Section 7 the first 6 exponential order proved to be sufficient, as the
precision was limited by the Borel resummations’ error around this order of magnitude.
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numerically, as a demonstration and a consistency check. The moments Ay _o and A_s.; can be
obtained from the differential equations (31)-(34) perturbatively as

PR B PR P C—937 4_17397
0-2= "4 o s 1sY T 373072 57 32768

12957 405 3613649
5 6
+ 3+ —CG - | +0 92
! < 1024 G 128C5 3932160> (v )} (92)

and

A B 1 i _ 42 . ( ) 2367
B D W 8v P12 7 98
0) 5447 ) © 79, 585185
-8 22 -~
U( A1z +3 8 St s02) T\ 9012 169 98304

937 1305 9407 34943551
((246 >s0§ % + G5 — G+ ) + O(v4)}, (93)

48 128 1024 3932160

where <p(0) = 12 + % is the constant that is not determined by the differential equations (see
the discussion at the end of Subsection (3.2))
Since So = 2ie~2, we obtain the r.h.s. of (91) as

i 1 25 8G—-2
29540 92A 91 = —4 = — = 4 2232
202l 3262{ 54 T

1 v(—23040¢2 + 293763 + 27745)
201 1
384( 768( + 2016(3 + 581) + 6144

<6€2<C _211)+855C5_695C3+914731>+O(v3)} (04)

288 64 64 122880

To measure the L.h.s. numerically, we calculated 100 coefficients of the perturbative series
¢§0)7 and analysed their asymptotics. Their structure was fitted as

I‘nJrl r

Fn+2 n
St CEaR (95)

(0) | Tta Lnis
+1 on+2

Pin ~ Yo on+5 T on+4 on+3

+ Y3

+Y

where I',1j; = T'(n + j), and the correct integer shift j in the factorial can be also measured.”
Using the definition of the Borel transform given Appendix B of [21]

S gt = By= Y Lrtl (96)
>Ny >0 I'ni
n= min nz
we arrive at
5! 4! 3! 21 1! 0!
B(t) = Yo - +Y2 —Y; + Yy , (97)

R () R ) L ) IR () LRI e L

where each term in (95) - up to this order - corresponds to a (higher order) pole on the Borel
plane. The alien derivative at the closest singularity to the origin is related to the difference of
the lateral Borel resummations

Z Y™ + / dte VP B(1), (98)

n>—Nmin

9These terms corresponds to poles (and for j < 0 to logarithmic cuts) on the Borel-plane - see (97), and
eventually give rise to powers of v in the asymptotic expansion of the alien derivative (100).
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that is, to

e2v 5+ (A V) = 5+ (60 — 5= (V) = < / - / )dtef/vzs(t), (99)
cy Joo

where the C1 contours are running infinitesimally above and below the positive real axis. In
this case the difference of the contours can be shrunk around the singularity at ¢ = 2 and the
residues give the (asymptotic) expansion of the alien derivative

5
AV o _or (Z Yok + O@)) . (100)

k=0

Converting the above, standard definition of the alien derivative at w = 2 to the one introduced
n (75) (see the footnote there) we get

Ay = (é)QAés”. (101)

We have then

5
A ~ ”YO (Z Yii/ Yo 0(v3)>. (102)
k=0

To test whether Y[ and the ratios Y; /Y| agree with the coefficients that can be read off from
(94), we used the method as sketched below.

We divided the coefficients with the leading asymptotics I';,1527" in (95), and used Richard-
son extrapolation [30] as a series acceleration method to extract the constant asymptotics. That

(s)

is, if one has a series x,, known up to a certain order, one can recursively compute x,

n—1

o) = %((n +1—s)z V) —(n+1- 2$)x(8__1)>, 20 =z, (103)

where with each step a correction term will drop out to the constant asymptotics in powers of
-1
no

Zn = const. + O(n™) =z = const. + O(n™°"1). (104)

Then the last available term of the acceleration :cﬁf) is a good estimate of the constant. The

order s can be optimized, however for this analysis we used s = 30 in every case.

After measuring Y in this way, we can confirm that it indeed agrees with the exact value
Yy = —47~* that can be deduced by comparing (94) and (102) - see Table 1. Knowing this
exact value of Yy the leading term can be subtracted, and division by Yl 1427 "% revealed
the ratio Y7/Y) after we used Richardson extrapolation again. This ratio again agrees with the
exact value Y7/Yy = —25/4 up to high precision. These subtractions can then be repeated for
the subleading terms and this allows us to measure Yj/Yp up to a certain order, that is limited
by the number of coefficients known in gogor)L and their precision. For the subtractions at each
step we were using the known exact values from (94) instead of the measured ones, to achieve
higher precision. Nevertheless, the fact that the measured and exact values match, up to several
digits, confirms our analytical result (75).

7.2 Comparison to TBA
7.2.1 In the bootstrap coupling v

At first we provide our readers with a fast and technically simpler check on whether our trans-
series indeed matches the solution of the integral equation. This analysis goes only up to the
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Measured value Exact value

Yo —0.04106392901873s —4r
Y1/Yy —6.2499999999993 —25/4
Y2/Yy  10.190722534788 4m2 /3 — 95/32
Y3/ Yo 4.533951440 21(3/4 — w2 /3 + 581/384
Yi/Yy  4.09461953 153(3/32 — 5m? /8 + 277456144
Y5/Yy 12.87618 855(5/64 + m2((3 — 211/288) — 695(3/64 + 914731 /122880

Table 1: The asymptotic coefficients of ¢§0) as measured by the last value in the 30*" Richardson

accelerant, shown up to the digit they match the exact values of the coefficients in quﬁgo). The
first differing digit is also shown in smaller font.

second non-perturbative correction of ¢

4
o1 = 7T:,,{Ao;l + SoAg oA g et

+ (8221407_214_2’_214._2;]_ + S4Ao7_4A_4;1)6_8b +0 (6_12b> } (105)

We calculated the perturbative series of ¢ and its first non-perturbative correction—the second
term on the r.h.s. of (105)—up to high orders numerically. That is, using the differential
relations (31)—(34) from the previously generated 336 coefficients [16] obtained for the energy
density (i.e. Ay,1) of the O(3) non-linear sigma model via Volin’s method. This requires using
the relations on a route that is different from that sketched in Subsection 3.1 and looks as:

Anp  (31) or (32),
(31) (34)
Arp = a1 = aq = Aap  (31) or (32), (106)
Aqe  (35) and (36).

We then resummed both the perturbative part and the first non-perturbative correction via
the Borel-Padé method. That is, after Borel transforming the asymptotic series with finitely
many numerical coefficient, we took its diagonal Padé-approximant, which captures the analytic
structure of the function on the Borel plane. Then, we applied lateral Borel resummation by
numerically integrating the approximant along a semi-infinite line at a finite acute angle to the
positive real line. See e.g. Section 12 of [21] for more details.

The real part of this resummation compares to the high-precision numerical solution of
the TBA. This was obtained with the very efficient method developed in [31]. It is based on
expanding the unknown function of the integral equation on a truncated basis of even Chebyshev
polinomials, and solving a linear system for its expansion coefficients. TBA equations of the
same type can be solved by similar methods for other models [30] too. The efficiency of the
technique in [31] lies in a recursion relation that can be used to accelerate the calculation of the
Lieb—Liniger kernel on the Chebyshev basis. With this method we were able to obtain numeric
solutions in the range 1 < b < 13 with at least 300 digits of precision even for the upper end of
this range, where the algorithm produces the largest relative errors due to the truncation of the
basis.

The difference of the lateral Borel resummation and the numerical TBA is shown in Figure
1. The data points correspond to the values b =1,2,...,13. According to (105), this difference
can be approximated by the real part of the lateral resummation of the third term on the r.h.s.,

which corresponds to the contribution proportional to S7,!° and has the following asymptotic

10The contribution proportional to S4 in (105) is purely imaginary.
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Figure 1: The plot shows that the difference of the resummed trans-series up to the first non-
perturbative order matches the real part contribution of the second non-perturbative order. We
plotted the terms shown in (107) as the solid curve. Note that on the range of the plot, only the

few leading terms of (107) can be verified precisely, approximately up to the O(1) contribution.

expansion:
1 1 13 8L-—1
9 . L 1
S5A0_2A_9 _2A 91 = 1281 { 2 2 + " (107)
21¢3 379 69¢s 2797
4 2753, 20Y _ 2953 2090
+( +—+ 96>+< 662+ ==+ 384)”
77 —20820¢3 + 25650¢5 + 19403
+ <C2<6C3—12> + s 1920 % >v2+0(v3)}.

In the plot, the difference between the lateral Borel resumation and the numerical TBA is
thus divided by its expected magnitude e~3, and the second non-perturbative correction (the
truncated series in (107)) is plotted against this difference, shown as the solid line. In the range
shown, the two results agree.

To obtain the expansion in (107), we needed to calculate yet another building block in
addition to the ones shown in Subsection 7.1, namely

Mg p=—tpt 0y
272771716 T 128 1536 24576 128

191429 1061\ - 45119 . 3375 8556971\ -
( <3>” +< 1096 %~ 10249 T 11796480>v +O(v),

1102 17503 4439 27
Y Y ( <3>v4 (108)

491520 512

7.2.2 In the physical coupling g

As mentioned in Section 6, we also calculated the trans-series (63) in the coupling g for the
observables ¢y, up to several exponential corrections with 336 perturbative coefficient in each.
This was done numerically, with many (~ 2500) digits of precision using the same dataset that
we used in Subsubsection 7.2.1.

For demonstrating how our trans-series solution can approximate the physical value, we
chose the normalized quantity

lg) = 4xg*01 = 1~ 29 +O(?), (109)
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Figure 2: The resummations including more and more non-perturbative (“NP”) corrections
(dashed lines) approximate the high precision numerical value of the TBA (solid black line)
increasingly better, than using only the perturbative part (“PT”). The solid red line shows the
asymptotic series (“asy.”) of the perturbative part €(?)(g) truncated at the g7 term. The Borel
integrals were performed at the specific g values corresponding to b = 0.15,0.2,0.25,0.3,0.35,0.4
(see the dots on the dashed lines).

which was also defined in eq. (12) of [31]. We define the transmonomials ¢*)(g) as
e(g) = d(g) + D (g)e ™7 4 e (g)e™1 1 e (g)eT2 4 O(e710/7),  (110)

for which we can compute the asymptotic series of each. With the Borel-Padé method, we
resummed the explicitly shown non-perturbative orders in (110) at a few g values and plotted
the result against a high-precision TBA numerical computation. The latter was obtained for
several b values in the range 0.05 < b < 200 with the method mentioned in Subsubsection 7.2.1,
to get a clear picture on the behaviour of the normalized moment €(g). In Figure 2, as we include
more non-perturbative corrections, the trans-series approximation gets closer and closer to the
physical result.

To further demonstrate our analysis for higher moments ¢1, ¢o,...,¢s, and validate our
trans-series solution with greater confidence, we compare the resummations of several exponen-
tial corrections to the TBA value of these moments at a single value of the coupling. We use
the value ¢ ~ 0.082485, which corresponds to b = 10. In this case e %9 ~ 8.7 x 10722 and
thus we expect the exponential corrections to give only slight improvements on the value of
the quantities.'’ Typically, for each exponential order that we include, the difference to the
physical result is of the order of the next exponential correction, except for the 0(6*4/ 9) term,
whose coefficients in the asymptotic expansion are purely imaginary, and thus only give real
contributions after resummation at higher exponential orders.

At the given value b = 10, the estimated relative error for the moments using the numerical
TBA result'? was of the order of 1073%2. According to numerical studies in [21], the error of
the trans-series resummation is dominated by the lateral Borel integration of the perturbative
part, and we estimated it (simply comparing resummations from 336 and 334 coefficients) to be
of the order of 107101,

1The reason behind that the magnitude of the consecutive exponential corrections in Table 2 are not really
on the order of the powers of this numerical value of e#/9 is the fact that cach exponential correction in the
trans-series typically starts with a high inverse power of g, and thus the values of these asymptotic series (even
after resummation) is quite large at this small g coupling.

12The Chebyshev basis of method [31] was truncated at the 1400*" polynomial.
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N etpA — Re Zivzo S+(6(n))e—4n/g Re S+(6(N+1))e—4(N+1)/g

0 4.9330136472726689303 x 10739 2 x  4.9330136472726689247 x 10739
1 —4.9330136472726689192 x 10739 —4.9330136472726689082 x 10739
2 —1.1059559294734578167 x 1056 —1.1059559294734578146 x 107°6
3 —2.0936359946260824762 x 10~ —2.0936359946260824735 x 10~
4 —2.7563259310022551778 x 1092 — 2.7563259317706920524 x 10792
5 7.6843687467000023576 x 1.8024933533674898747 x 5

Table 2: Left column: the difference between the resummed trans-series of €(g) truncated at the
N'*h exponential correction and the high-precision numerics erga(g). Right column: the next
(missing) exponential correction is shown for comparison. They typically match up to several
orders of magnitude (differing digits are indicated by underlining), except for the N = 0 and
N =5 rows for different reasons (see the main text).

In Table 2, we show the difference between the physical € value

e(g) ‘b:w = 0.797357956253398613309700107744484864818045423819490759758659362497
709063650575812428669484098728005702. . . (111)

and the resummed trans-series truncated at different exponential orders. These results are then
compared to the next exponential correction in the trans-series. The conclusion we can draw
from it is that the next exponential order accounts for the missing part in the trans-series, at
least up to the order of the following exponential correction.'® With this we could show that
at least up to 0(6_20/ 9) our trans-series for ¢; must be correct. After subtracting also the
50 exponential correction, we bump into the error level of the Borel Padé technique for the
perturbative part at the known number of perturbative coefficients, as discussed above. This is
clear from the last line of Table 2, as the magnitude of the 6 exponential correction is much
smaller.

For the higher moments ¢, we define similar normalizations €, as we did for ¢; (such that
their small g expansion would start with 1):

om(—1)¢ [/ 1/2
@;M(ﬂrl)q. (112)

We performed the numerical analysis for the other moments as in the case of €(g) = €1(g).
However, for simplicity we only present the subtraction of the first NV = 4 exponential terms of
the trans-series for these quantities in Table 3. The values show agreement at least up to the
order 1079,

13This picture gets further complicated by the fact that the coefficients of the e*/9 term in the trans-series are
purely imaginary, and thus its resummation contributes to the real part only at O(e_s/ 9). This contribution is
twice the magnitude of the difference of the TBA and the resummation of the perturbative part (as indicated by
the factor 2x in the N = 0 row of Table 2). Thus including it in the sum over non-perturbative terms flips the
sign of the difference, and then only the second, O(e_s/g) term of the tran-series (whose coefficients have already
real parts) can drop this contribution out, reducing the difference to 0(6712/9).
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¢ &BA—Re Y2, S+(eén))e*4"/g Re S*(EES))e*QO/g

1 —2.7563259310 x 10~92 —2.7563259318 x 10792
2 —6.6937878880 x 10792 —6.6937878888 x 10792
3 —1.0355662003 x 10791 —1.0355661998 x 10791
4 —1.2942070432 x 10~91 —1.2942070554 x 10791
5 —1.4169835167 x 10~1 —1.4169863583 x 10~1

Table 3: Difference between the TBA numerics and the resummation of the trans-series up to
the N = 4 exponential order, for the higher (normalized) moments €;. The values are presented
along the N = 5 exponential order, in the manner of Table 2.

8 Conclusions

In this paper we presented a solution for the moments of the Lieb—Liniger model including
perturbative and non-perturbative corrections, i.e. a trans-series solution. The perturbative
parts of the moments [11, 12] can be extracted through a method devised by Volin in [13, 14].
Since the integral equation describing the rapidity density has support on the interval [—B, B],
the moments are expressed as a perturbative expansion in 1/B and also contain log(B) terms.
It proved advantageous [17] to introduce a running coupling v, which leads to a cancellation of
the log B terms.

The conserved charges of the Lieb—Liniger model are given by its moments. A second order
differential equation [7] relates the moments ¢y and ¢y_1, allowing to recursively generate the
higher moments up to integration constants. In fact, there are two integration constants for
each moment; one of these can be fixed through a constraint [7]. The remaining constant is
the coefficient at order 1/v? in the perturbative expansion and can be obtained by using Volin’s
method [13, 14]. With the constants fixed, we can compute ¢; up to arbitrary perturbative
order.

Further, we used the methods developed in [18, 21, 22] for relativistic models to express the
observables O, g as a trans-series using a perturbatively defined basis A, 3. The perturbative
basis A, g in turn satisfies a system of differential equations, that allow to construct all basis
elements from one explicitly given element. This element, for instance Ag o, can be determined
using the algorithm of Volin. To write the trans-series solution for the moments, we need
to introduce the generalized moments. This generalization completes the perturbative basis
necessary to construct non-perturbative corrections to the moments. Moreover, we checked that
the trans-series solution is indeed a solution of the set of ODEs for the observables (31)-(34) as
well as (35) for the moments. Let us emphasize again, that this allows us to calculate any moment
as a trans-series to arbitrary order in the coupling v including its non-perturbative corrections
in e~ /%, As an application of the trans-series solution we discussed the disk capacitor problem,
which can be related to the Lieb—Liniger integral equation.

The results we presented were mainly expressed in terms of the coupling v, as it allows
to write equations in a more compact manner. However, the Lieb—Liniger model comes with
a naturally defined physical coupling g given in (3), that is proportional to the first moment.
Expressing v in terms of g allowed us to reexpress any moment in terms of the physical coupling.

Finally, we turned to numerical investigations. By analyzing the asymptotic behavior of the
generalized moment qﬁgo), we could measure its alien derivative numerically, providing a consis-
tency check of (75). Furthermore, we checked that the trans-series indeed matches the solution
obtained from the thermodynamic Bethe ansatz with high precision, both in the couplings v
and g, respectively. Remarkably, including five non-perturbative orders, we found agreement at
least up to the order 1079,
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In the recent work [8] the authors analyzed the rapidity distribution in the Lieb—Liniger
model and derived exact relations for its derivatives at the Fermi level, which they evaluated at
weak and strong couplings. Their weak coupling expansion in g was an asymptotic series, which
did not include exponentially suppressed corrections. Thus plugging our trans-series expressions
into their formulas can provide the full non-perturbative results for the sound velocity, the
Luttinger parameter or other interesting observables.

We would like to compare our results also to the interesting conjectures in [32, 33]. Based on
partial resummations of patterns in the large v expansions of the energy density, the authors of
these papers proposed a heuristic structure for the small v regime that is analytically different
from the asymptotic expansions studied by us. The relation of these two types of representations
was already pursued in [33] for the Gaudin—Yang model. Figuring out whether this connection
can be extended to the trans-series level might improve on the understanding, how the weak
and strong coupling regimes can be related analytically.

In relativistic models, the source of the analogous non-perturbative corrections is thought
to have physical origin, either in terms of instantons [16, 19] or renormalons [34, 15]. The
first has a semiclassical interpretation related to saddle points of the path integral, and there
are attempts to relate renormalons to them as well [35, 36]. The trans-series of correlation
functions was also connected to vacuum condensates [37]. It is natural to ask whether the
non-perturbative corrections we have calculated can be attributed to semiclassical effects, or
whether they originate from a different physical mechanism. In the closely related Gaudin—Yang
model, the perturbative series is not Borel summable, and the corresponding non-perturbative
corrections scale with even powers of the superconducting gap [11]. Although the perturbative
series in the Lieb—Liniger model is likewise not Borel summable, the situation differs in several
respects: instead of attractive fermions, the system describes repulsive bosons. Consequently,
the excitation spectrum above the finite-density ground state is continuous and lacks a gap.
In a recent work [38], the trans-series expansion for the free energy in a relativistic model was
analysed, revealing two new non-perturbative scales responsible for the corrections. This raises
the intriguing possibility that a similar mechanism may also be relevant here. As discussed in
[39], the Lieb—Liniger model does not admit instanton solutions, and its Borel non-summability
arises instead from renormalon effects. Based on the investigation of its relativistic counterpart,
the O(N) symmetric ¢* theory, the authors argued that renormalons in two dimensional theories
are related to the absence of Goldstone bosons (Coleman-Mermin-Wagner theorem). Performing
perturbation theory around the wrong vacuum, IR divergences appear, which can be regulated
and eventually cancelled for physical observables such as for the ground-state energy, [40], but
whose imprint as renormalons is preserved. This was demonstrated at large N by identifying a
set of diagrams, which are IR finite, but contribute to the factorial growth of the perturbative
expansion, see also [41]. In the Lieb—Liniger model the IR finiteness was also checked up to
two loops and the Bethe ansatz result was recovered. However, it is not possible to perform a
large N calculation in the Lieb—Liniger model, and it would be challenging to identify diagrams,
which could provide factorially growing perturbative coefficients. There are non-perturbative
objects that arise as coherent structures in Bose—Einstein condensates, the so-called dark/bright
solitons [42]. They were studied extensively in the Lieb-Liniger case [43, 44], as the classical
solutions of the Gross—Pitaevskii/nonlinear Schrodinger equation that appears in the second
quantized formalism of the bosons. It would be interesting to examine whether these solutions
can have any relevance in the non-perturbative effects we obtained from the TBA description
in this work.

Regarding the significance of the non-perturbative corrections in experimental settings, we
have to rely on crude estimates. Optical lattice experiments observed 1D Bose gases of ultracold
rubidium atoms in the strongly interacting repulsive regime, where the particles mimic fermionic
behaviour. At zero temperature, the kinetic energy of particles scales with the density of particles
as n?, whereas the interaction energy per particle only increases with n. Their ratio is the
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dimensionless parameter
€int c 2
St _ £ — (2ng) (113)

that is used to characterize the interaction strength in the experiments, and is related directly
to our physical coupling g as shown above. In the studies [2, 3] the range v ~ 5 — 200 was
analyzed. This translates to g ~ 0.35 —2.25. From Figure 2 it is clear that the non-perturbative
corrections start to be relevant (giving noticeable contributions in the % range, such that they
can be plausibly observed in an experiment) around g ~ 1, that is v ~ 40. Since we could
not perform the Borel integrals above g 2 1.3, we cannot reliably estimate the relevance of
the contributions at the higher end of the experimentally accessible range, i.e. v ~ 200. The
only statement we may formulate is that around this interaction strength the numerical value
of the non-perturbative expansion parameter e~%9 ~ 0.17 is relatively large, and so in general
we expect significant contributions from these subleading terms.'*
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A  Volin’s method

We explained in Section 2 the necessary steps to generate the perturbative series using the
method developed by Volin [13, 14] for the O(N) non-linear sigma models and adapted to
the Lieb-Liniger model later in [11] and [12]. The reason for the present section is to briefly
summarize the main ideas behind this method for readers who are not familiar with it.

The integral equation in (2) may be rewritten as

1 B
5/ du (e =) @ =) () =1 (114)
where we denoted the kernel as 11
= — . 11
k() T2 41 (115)

On the left hand side of (114) the Dirac delta may be regularized, and also the kernel k(z) can
be brought to an analogous form:

1 1 1 1 1 1
() 27m'<:v—i0 x+z‘0>’ (@) 27m'<x—i a:+i) (116)
After substituting these forms into equation (114), it becomes a difference equation for the
resolvent defined in (7) that reads

R(x —i0) — R(x + i0) — R(x — i) + R(x + i) = 4mi. (117)

The resolvent has a cut over the interval [—B, B] such that its discontinuity is the rapidity
density f(z) as stated in (8). The leading order result for the density if B is large

f(z) ~2v B2 — 22 (118)

MNote that the first non-perturbative order of the trans-series in the ground state energy density ¢; is purely
imaginary, and therefore the first real contribution comes at e~%9, wich in itself is much less (around 3%) than the
estimate based on e~*9. Also note that the increasingly growing 1 /g powers in the subleading non-perturbative
corrections of ¢1 in (90) could significantly influence the result of the Borel integration, spoiling our estimate.
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Figure 3: Analytic structure of the resolvent and the domain of the different ansétze (bulk and
edge regions) with the matching region and the contour for the inverse Laplace transform.

was already established in the seminal paper by Lieb and Liniger [4]. The term that gives exactly
this discontinuity, and also satisfies the large = expansion (21)

R(x) = % +0(z7%), as z— o0 (119)

for the leading order of the lowest moment

B
$o ~ B*m = / dr 2/ B? — 22 (120)
B

is the combination

R(z) ~ 27r<:c —Va?— BZ). (121)
If we introduce the shift operator D = €% the difference equation in (117) may be written as
(1-D)R"(z) — (1L =D "R (z) = —4mi (122)

where R*(z) = R(x 4 i0).!” In the bulk, where u = x/B is fixed, one may expand both the
shift operator and the resolvent for large B as

D=1+iB™'9, - B20%+..., (123)
R*(x) = R (u) + BT 'Rf(u) + B?R¥ (u) + ... (124)

and then solve (122) strictly in the perturbative sense, order by order in B, starting from the
leading order (121), as detailed in [20]. The singularity structure of R(z) implies that in its
ansatz (10), those types of terms will appear that have branch points at £B and connected by
a branch cut, namely powers of

1 xr—B
——, In[——|. 125
s W(23) (125)
After inverse Laplace transformation (11) the shift operator becomes

DYR(x) — e 2**R(s) (126)

5Note that we defined the ansatz in (10) without the 27 term, as Rp(x) = R(x) — 27.
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and the functional equation in (117) translates to the discontinuity equation [11]
1 ?
s—i0  s+i0’

sin(s)(e_iSR(s —i0) + eiSR(S + 20)) = s<0 (127)
for the negative imaginary line. The constant term on the r.h.s of (117) may be understood
here as the Laplace transform of the regularized Dirac delta. For the rigorous approach to
derive (127) in the large B limit, consult the appendix of [13]. In this limit, at each order
of the 1/B expansion one has to require that poles appear in the resolvent at s = —mn for
n = 1,2,3,... integers, and moreover, it was also argued in [13] that the resolvent admits an
expansion in powers of 1/s. Based on equation (127) the most generic solution that satisfies the
required analytic properties of R(s) for the large B limit reads (16). The precise result can be
established from matching the two ansétze at the leading order. That is, for B — oo the leading
order result (121) without the 27z term reads

Rp(z) ~ —27vVzB, B — o (128)

and its inverse Laplace transform

—B—1
B S
B 129
) 129)
then gives

Rp(s) ~VrBs™3/2, B — 0, (130)

which fixes a constant prefactor for ®5(s) in (16). An alternative route to the same perturbative
form of R(s) in (16) is given by the Wiener-Hopf method itself [34, 22], where ®p(s) is related
to the factor G4 (2is/).

After taking the large B expansion of the bulk ansatz keeping z fixed, one may perform the
inverse Laplace transform for the powers of z via (129) - and using a derivative trick for the
log®((# — B)/(# + B)) terms [14]. In this way, we essentially re-expand the bulk ansatz around
the edge, where in some overlapping region it can be matched to the edge ansatz - see Figure
3. One can then perform this matching in the variable s as we suggested in Section 2. For the
details of the method adapted to the Lieb-Liniger integral equation, consult also [12].

B More on the checks of the trans-series solution

In this appendix we will introduce some useful notation and fill in some details we omitted in
Section 4.2. Moreover, we will explicitly show that the trans-series ansatz solves the differential
equations (33)—(35). The remaining equations (31) and (32) are not independent.

B.1 Notation and identities

Non-perturbative quantities. To simplify the proofs, it is convenient to define the non-
perturbative objects

~

C(X,B = 6(a+6)b"40¢,ﬁ; CA’O( — eabda . (131)

The densities and boundary values can be expressed as
1 . N A . N A
O = 1= |G+ (10)G 4 (i8)Cosp + G- (i0) G (1B)Ca (132)
*'(;+(i00(;—(iﬁ)éln—ﬂ +_(;—(i00(;—(i6)(§—a,—ﬂ )

Xa = %G+(m)éa + %G_(m)c_a. (133)
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Further, we introduce the shorthand notation
Ao = S, N\, = o(ia+0) e~ 2ab (134)
with which we can rewrite (55) as
(A) e = Z Z Mir Ay s Mrj Ay gy Ay Ak —madee - (135)
N=-1j1,j2,-,jn=1

Here the N = —1 term of (A)_y, —x, is formally to be understood as A\y0_y, —x,. Explicitly,
(A)_x, —x, reads

(A)fﬁryfﬁs = S\K/’V‘ 5757'7*55

oo o0
3 NA ey Ay Ay gy Ay A —raAn, - (136)

N=071,j2,rjn=1
The trans-series for A, g and G, can then be written as in (55) and (58), respectively.
Perturt{ative C’s. Equivalently, we define C,, g and C,, as the perturbative parts of the above
objects C, respectively as
Cap= e(aJ“B)bAaﬂ , C, = e®ay, . (137)
We will work under the assumption that C,, g and C, satisfy the integral equations
Cop = CaCp, (138)
Co —?Cy = fCy. (139)

which is a direct consequence of (52).
Together with (55) these perturbative objects C' allow for a more compact notation as we
can write

elatB)b Z An—k, (.A)fm,fnsAHsﬁ =

Z Ca,fnr Z Z Snrcfnr,fnn Snjl Of/i“ y—hgg t Cfan,fnS Sns C—ns,ﬁ .

N=-1j1,...jn=1
(C)—*”ww—ﬁs
X (140)
which in turn is consistent with the definition given in (131) for C.
Further, note that Caﬁ can be written as
Cap=Cap+ Z Co—er (C) =k, —1s Ok .8
(141)
— Lo + Z Ca:_ﬁssﬁscfﬁs,ﬁ 9
S
while for C’a = ¢%g,, we have
C’a = CO‘ + Z COQ*K/T (C)*K'I‘yfﬁs C*/‘@s
(142)

== Ca + Z éoe,—ffs SI'{SC—HS .
Finally, by definition 6‘070 = AQO and C‘o = Q.

31



Useful identities. For (C) , we obtain

—K,—K

00 ) d
k! = Z Z %Sﬁc—n,—nh Snjl C—m“,—/@jQ e Cf/ij,fn’Sn/

N—Ojl, Sin=1

= Z Z Z SkCrrgy - Cory s Coyy St

=0k=0j1,....in=1

)
= Z Z Z SkCry, -+ Oy, > O
N=0k=0 \J1,....Jk=1 Jk+1s-JN=1
o0 o0 )
= Z(C)fﬁ,fnjcfni ZC,,%(C),N},,K/ :CAL/{CAL&’
Jj=1 Jj=1 i

(143)
Since the building blocks A, g are symmetric in their indices, this is also true for C, g and hence
the matrix C. Therefore,

D Cri(C) s = Y (€)oo, O - (144)
J=1 j=1
Further, we observe that

d
&Cn —Ks ,‘65 = db Z n —m« nr,—ns)

= Z C—TLC—NT —Kr,—Ks + Z n _K/r Hry_"itc_’ft)(c_nu (C)_H/uy_’fs) (145)

r,tu

=C,C_y, Sk

Ks

B.2 The first equation

We start from the equation given in (32). Again We can plug in the trans-series solution (54)
and since this equation holds for every coefficient o it is sufficient to consider

(O¢2 - 62)C’a,ﬁ = éaéﬁ - éﬁéa . (146)

Again, we work under the assumption, that the perturbative part of this equation holds, which
is given by
(@ = 8%)Cap = CaCp — C3Ca . (147)

We will now show that (146) holds by using (147) repeatedly. Let us begin by plugging (141)
into (146) to rewrite it in terms of the perturbative C’s as'®

(a2 - 52) [Ca,ﬁ + C’a,fﬁsc—nsﬁ]
(Gt CaCn Oy 4 Cor € )G = (ot €O O 4 G € ) Co (148)

— (C*a + C’a,_mC’_m)C’ﬁ - (CB + CYB,—MC’—HJCB :

6For sake of readability, we leave the sums here implicit and also drop factors of S_«,. Whenever there are
two C’s with the same index —ky a summation Z;’;l S_k, including the factor S_., should be inserted.
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We can now use the perturbative part of the second equation (147) to drop C, s and obtain

(042 - ﬁQ)C’a,—nsCfﬁs,ﬁ - <Cocé/3ﬁntc—m + éa,—mc—nr(cﬁ + éﬁﬁm C—m))

- (C’ﬁéa,—ntc—nt + éﬂ,—mé—m(ca + éa,—ntc—m)) . (149)

Using (147) again, we subtract (k2 — 82)C_,, 5 = C_.,Cs — C5C_, to get

(02 = k2)Con.Crop = (Caéﬁ,,mc_m 4G O éﬁ,,mc_,{t))

~( G Cor(Cat oo C) ) - (150)

Similarly, we can rewrite Ciy ., = Co—x,(C)_s,.—x. and subtract the identity (147) for (a2 —

K2)Ca,—r,, resulting in

(”? - /{?)C’a,,m (C)—re,—rsCryp = éa,fntéﬁ,—m [Cfntcfnr - CLMC,M} . (151)

Finally, using (147) once more with C_,C_.. — C_. C_y, = (k2 — k?)Cy, ., leads to
(’%? - Hg)cﬂé,—fit (C)_,%,_HSC,HS”B = (H% - Hz)éa,—ﬁtcﬁtﬁséﬁﬁﬁs ) (152)

which is true and can be seen directly by plugging in the definitions of C‘oww and C_, —x, and
using (144).

B.3 The second equation

Here we consider the differential equation (34). The trans-series from (57) can be written in
terms of C' as

~

1 A 1
Xo = §G+(io¢)C’a + §G,(ia)C,a . (153)
Further, we rewrite the function F' as
F=f+f, (154)

where f is the perturbative part and f is the non-perturbative part.
We now turn to the third differential equation (34), which can be written in terms of the

~

C’s as . .
(Cato0tC )= (Co+0iC o) =(f+ H(CatotC ). (155)

The expression above once again must hold for each combination of prefactors o and hence it
will be sufficient to consider the equation

d2

COé—i_@

(Ca,—ffr (C)—Hr,—nsc—ns) - 042(004 + Co,—x, (C)—Hr,—nsc—ns)
= (f + f) [Ca + Ca,fm (C),KM,KSC,,{S} ) (156)

in the following. We can eliminate f from the right hand side by using (139), leaving us with

d2

d .
@(COQ_HT (C)_"’ih_"‘is)] C_Hs + 2 l:(COL’_HT (C)_“m_"‘fs) C_"Cs

db
+ (’ig - O‘2)Ca,—nr (C)—Nr,—ns Ck, = f[ca + Co,—x, (C)—Hm—nsc—nJ . (157)
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Performing the differentiation and using the identity from (145) leads to

CoaCr + éaétﬁs} S, Cpo. 42000 .S, O, + (12 — 02)Ca . S, O
= f[ca + COu—ns (C)_H‘SW_HSC_HS} . (158)

Finally, we use (146) to rewrite (k2 — a?)Co,—x, = C_y, é’a — C’aé_ﬁs. The final result reads
250, (ConCus + € G ) | Ca = fCa, (159)
from which we can read off the solutions for f as

f=328 (ConCor +CrCy)
s=1 (160)

d -

= 28, 5w Cne
s=1

Hence, the non-perturbative part f of F' can be expressed in terms of the same building blocks

as the observables.

B.4 The moments

Recall the differential equation relating moments ¢; to ¢y_1 from (35), which we can also write
as

e — 22260 = 2002~ V72601 (161)

0
The proposed trans-series for the moments (63) takes then the form

o
0 4 A
(bz = (ZSé ) + m ZC(L_K/SCfnS;[, (162)
s=1
where we introduced Cyp = eB Aqp. At the perturbative order, (161) takes the form

0 — 22{‘;(2)@0) = 20(20 — )2, . (163)

A similar equation can be obtained for the generalised moments from (64) and reads

¢oz;€ - Q%an;é + 042¢oz;€ = 2£(2€ - I)W_Q(ﬁa;éfl . (164)

Considering only the perturbative part of the equation above we can find the relation for the
Co, given as
. C., .
Cost — 2C—aca;g + ?Clp = 20(20 — 1)Clrp—1 - (165)
(0%
Finally, we have (36) relating the generalised moments. Restricting to its perturbative part we
have

Cy

—Agr. 166

Cp 0 (166)
We will now show that the trans-series ansatz for the moments solves the corresponding

differential equation by substituting (162) into (161). From this, we obtain

Ca;ﬁ =

(CO + CA'(),_HS C_Hs)ag(A();e + C‘O,—H»pcflihf)
—2[05(Co + Co,—r, C—1.)][0B(Avye + Co,—r, C—,10)]
= 20(20 — 1)(Co + Co, 1, C— ) (Ave—1 + Co—, C—eyuo—1)  (167)

34



We can remove the purely perturbative part of the expression above using (163). This yields

Co— . Cr. Ay + Co0%Co, 0. C ot — 26’03300,—550—@;@ —2(88C0 —.C—r.) Aoy
=20(20 —1)CoCo, 1, C—ost—1 + 20(20 — 1)Co o, O, Ago—1 - (168)

Next, we use (163) again with Co _.,C—p, Agp = Co ., C—r,[20(20 — 1) Agy_1 + 2%3,40;@]. This
allows us to write

. Cy - oo A T R ,
200,71{507/{5?0140;6 + 008%00,7,{50—55% - 2008300,71430—55;( - 2(8300,7.%3 CfHS)AO;Z
0
= 20(20 — 1)CoCo,—1,C o1 (169)

We can now execute the differentiations with respect to B using the identities from Section B.1.
The result reads

CAfO (C’Oé—ns C*KS;E + CA’OCA’—HSCLHS;@ + QCA(OCA’—HSCLKS;E + CA’O,—ESCLMM)

Co
/1560
= 20(20 — 1)CoCo,—1,Crrit—1- (170)

— 200 (éoé—nsc—ns;f + CA’O,*NS C’—HS;Z) - 2(83610,7%S Cfns)AO;E + QC’O,fnSCf AO;Z

Applying (165) for C__.s, we obtain

0= (Co)2[Cr.Crt +2(§_,€SC,KS;£] + CoCon. g s Cm’ — K20
— CoCoCre,Copit — 2C0C0 . Cst — 2050, Csc.) At + 2C 1. C_ﬁs%Ao;e . (7
0

Let us now consider the coefficient of C'_,_.,, which is given by
C_,is;géo [CA'QCA'_,{S - OQCA'_NS — K/ECA’O,—HS:| = C_,{s;zéo [H?é_ﬁs,o — ﬁgéo,_ns =0, (172)

where we used (146) to see that C_,_.,, drops from (171). Further, using (36) we can substitute
ong = o C_Hsg Hence, (171) simplifies to

0=20 e | (CoY O, + CoCon 5 — oo,
. Co Co
= (CoCn o+ ConCon) o=+ Comm Com i
— 20_){ Y (C’D —_ CO) (C()C_,i + CO K C N5> _ (é() - CO) OO —K (173)
S N ° C*KS 7 )
~ C K
= 20_){3;[ (C[),_HTC_K’T) (COC—K,S + CO ,—Ks Ch}:)

)

- (éoé—nrc—m + OO,—HTC—HT)OO7—HS
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where we used C’o —Cy = CA’O,,HTC,HT and CA’O,,,,W = CA‘OCA’,HT. Reordering the terms and ex-
changing r <> s in the latter part of the expression results in

0=2 OO(C—HS;ZC—KT - C—RT;ZC—RS)OO,—MC'—KS

Co
14 C—ns

+Cow.Con. <C'_HS; - c_,{r;,g) é_,%] . (174)

Using a generalisation of (166) we can see, that the terms in brackets indeed vanish, since

C .
s ;é
K C_HS

C =C s (175)

Therefore we conclude that the trans-series ansatz (162) is indeed a solution to the differential
equation for the moments (161).
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