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1 Introduction

The perturbative description of gauge theory quantities in terms of a coupling constant
is of central importance to our understanding of such theories, and thereby of our ability
to use them for phenomenology. A full description of these quantities in fact should
include non-perturbative contributions, usually in the form of power corrections, themselves
multiplied by associated perturbative series in the coupling constant. The direct calculation
of such non-perturbative corrections is in many cases very challenging, and often not even
fully understood.

Access to non-perturbative sectors can be gained via the perturbative series itself. Being
an asymptotic series, the series sum must be properly defined. The intrinsic ambiguities
of such a definition take the form of non-perturbative power corrections. This interesting
aspect of perturbative series was first explored in [1, 2] and in particular in [3], where the
factorial growth of the perturbative series due to fermion loop diagrams was discussed, and
termed renormalon divergence. Excellent reviews on renormalons are [4, 5]. In this paper, we
shall explore such aspects for the Adler function. To learn more about its non-perturbative
aspects, we apply the mathematical techniques of resurgence to this function.

The Adler function D(Q?) is defined as the logarithmic derivative with respect to @Q?
of the vacuum polarization I1(Q?) in a gauge theory:

dIn(@?)
dQ? -’
where T1(Q?) is related to the correlator of two vector currents j# = Wy,

(=) [ d'w e QT (7@ O}10) = (@"¢” - QD). QP=—¢*.  (12)

The Adler function has long featured as an object to study asymptotic behaviour of

D(@Q?) = 4n*Q? (1.1)

perturbative series and renormalons, see e.g. [6-8]. This is because, as a self-energy, it
depends on only one scale, and because its imaginary part, for timelike Q?, is directly
related to the R-ratio of the inclusive e*e™ cross section to hadrons and muons.

There has been much earlier work on renormalon contributions to the Adler function [6—
14], as well as their connection to its operator production expansion [15, 16]. The Adler
function appears in more recent renormalon studies [17-21], including a study whether field
theories can have renormalons beyond the usual first Borel plane [22]. The Adler function
has recently been studied using resurgence techniques [23, 24], based on renormalization
group considerations! [27, 28].

!Note that in these works, assumptions are used that reproduce the expectations by Parisi and ’t
Hooft [3, 15, 25] that renormalons occur at half-integer multiples of 1/, the inverse of the leading beta
function coefficient. It was found recently [26] that in several examples, this pattern is in fact not present —
even though the breaking of the pattern only shows up at finite Ny and not in a perturbative expansion in
the reciprocal of that parameter.



In this paper we dive deeper into the method of resurgence, a set of mathematical
techniques already introduced by J. Ecalle in the 1980s [29]. It has become a popular
technique for the study of non-perturbative effects in quantum field theories and string
theory over the past decade or so. Good reviews from a physics point of view are e.g. [30-32],
as well as the review sections of [33]. For a nice mathematical introduction, see [34]. The
application of resurgence to renormalon physics was first studied in [35-38] and investigated
in followup-works by these authors. Other interesting recent developments are e.g. in [39]
and in a series of papers starting with [40] and summarized in [41].

Resurgence provides tools to systematically decode non-perturbative information di-
rectly from the perturbative data. The techniques usually require a substantial number of
perturbative terms (of order 10 at least, and for precision numerics of order 100), which
explains why resurgence has not been widely applied to particle physics and phenomenology
yet. Let us note that more broadly in quantum field theory, resurgence techniques have been
introduced in e.g. [37, 42—44] and follow-up works by the same authors. The time seems ripe
for application to more phenomenologically relevant quantities, since for many observables
in particle physics a substantial number perturbative terms can be computed. The Adler
function is a good starting point. In fact, we shall be able extract new non-perturbative
results for the Adler function at O(1/N¢) and O(1 /NJ%), where Ny is the number of flavours
in the fermion loop diagram. In the resurgence literature the description of both perturba-
tive and non-perturbative contributions is conveniently summarized in a transseries (see
e.g. [45] for an introduction to the concept) and here we will do the same.

To obtain our perturbative data, we compute two- and three-loop skeleton diagrams for
the Adler function for gauge theory, using the gauge field propagator with fermion loop inser-
tions summed in Borel space. For the two-loop case (O(1/Ny)) we find, using our resurgence
techniques,the complete transseries of the Adler function due to renormalon contributions,
including subleading effects, which reproduces and extends earlier results in [6-8, 23].
Subsequently we develop a powerful convolution method that facilitates the calculation of
renormalon contributions due to adding new fermion-loop-summed propagators.

We test our findings in calculations of three-loop skeleton diagrams (O(1/N7)), where
we combine the decomposition into master integrals with the convolution method and
very high order expansions in the Borel plane. Although not all master integrals of the
(01 /NJ%)) diagrams are known, the resurgence structure can be pinpointed. We find
asymptotic series, describing branch cuts in the Borel plane, in the non-perturbative sectors,
and operators that establish relations between these sectors. Moreover, we find a new
logarithmic type of non-perturbative power correction in the coupling constant plane. When
we put all ingredients together, an intricate transseries structure emerges. Our results
derive from thorough analytical and numerical analyses, which we describe extensively in
the later sections.

Before we describe the organization of the paper in more detail, we note that it addesses
two communities: the high energy physics community interested in renormalons, and the
mathematical physics community interested in resurgence. Our hope is to interest the
former community about the latter topic and vice versa. For this reason, we have tried to
make the paper relatively self-contained on both topics.



Thus, the paper starts with introductory sections on renormalons and resurgence,
which can be safely skipped by experts in the respective fields. Section 2 covers the
basics of renormalons, in particular as they occur in QED and QCD. After introducing
the technique of Borel summation that is central to all of our studies, we explain the
difference between UV and IR renormalons and see how they originate in the so-called
bubble diagrams. Section 3 then contains an introduction to the topic of resurgence. We
do not aim to be exhaustive, but introduce the concepts that are relevant for us, such as
alien calculus, transseries, alien chains/lattices and large order relations and refer to the
literature mentioned above for further details. We end the section by highlighting in which
ways the resurgent structures appearing in this paper go beyond the simplest toy models
and general lore one usually encounters.

We then turn to the Adler function. Section 4 discusses how renormalons are usually
studied for the Adler function: by introducing a single bubble chain in the Feynman
diagrams. This section contains many known results, but we try to present these in a way
that is most suitable for a resurgent analysis. We start with a brief introduction on the
flavour expansion in QED/QCD, formalizing the bubble diagrams already discussed in
section 2 and showing a framework in which these bubble diagrams can be ordered. We
give the exact expression of the Adler function at leading order in the flavour expansion.
Subsequently we perform the resurgence analysis of the Adler function at this order, showing
how resurgence and large order relations can be used to extract all non-perturbative sectors
in the corresponding transseries. We finish this section with a discussion on some of the
more subtle issues encountered at this order.

Our aim is then to explore higher orders in the flavour expansion and investigate
which aspects of the leading order analysis persist, and which ones may even show a richer
structure. Before doing computations at next to leading order, we discuss in section 5 the
convolution integral that is an important ingredient in the calculation at higher orders.
Building on toy models, we explore the resurgent structure that arises from these convolution
integrals in the computations for Adler function Feynman diagrams with several bubble
chains. While many of the mathematical results in this section may be familiar to the
resurgence community, our application and interpretation of these results sheds a new light.

In section 6 we then compute a set of planar diagrams present at next to leading order
in the flavour expansion of the Adler function. The degree of difficulty here varies strongly
from diagram to diagram; we are able to obtain results for some diagrams as arbitrary
order expansions and for one as an expansion to a certain finite order. Despite only having
partial data, we can investigate much of the resurgent structure that occurs at order 1 /N]%
We discuss the non-perturbative sectors for individual diagrams as well as the alien lattice
structure, which is considerably richer than at order 1/Ny.

We summarize our findings in section 7 and discuss some open questions. In four
appendices, we provide background on the calculation of the diagrams and give details on
the numerical methods used in the main text.

2 Renormalons

In gauge theories, and more generally in quantum physics, perturbatively expanded ob-
servables F' =3 ¢, a™1 often have coefficients that grow as ¢, ~ n!. This causes the
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perturbative series to be asymptotic, at first decreasing with increasing order, but then
succumbing to the factorial growth. In particular, the series has zero radius of convergence
irrespective of the size of a. The factorial growth of the coefficients often indicates the pres-

—A/a One well-known

ence of effects that are non-analytic at @ = 0, generally of the form e
source of such effects is the occurrence of instantons in the theory. The occurrence of an
instanton is associated to the fact that the number of Feynman diagrams that one can draw
at order o itself grows like n! [3, 46, 47].

However, there is a second type of effect that causes perturbative coefficients to grow
as ¢, ~ nl: renormalons. Renormalon divergences [3] occur when individual diagrams in
the Feynman expansion at order a” are of size n!. Like instantons, these effects lead to
singularities of the Borel transform (to be introduced shortly), but in this case their cause
is the large or small loop momentum behaviour of these particular diagrams [4]. Often,
these diagrams contain chains of fermion bubbles, and as we shall review below, this is also
the case for the Adler function.

To an asymptotic perturbative series, whether it comes from instantons or from
renormalons, a finite value can nevertheless be assigned, even for non-zero «. The simplest
method to do so is by summing the series up to its smallest term. However, any assignment
leaves ambiguities, which will in fact be the main occupation of this paper. Many quantum
field theories exhibit renormalon behavior, including gauge theories in four dimensions, and
their associated ambiguities can act as a portal to non-perturbative information — see
e.g. [4, 5] for reviews.

2.1 Borel summation

An alternative way of assigning a finite value to an asymptotic series involves the Borel
transform. Effectively, it amounts to dividing the nth coefficient by n!:
F=Ycua" - mﬂ@ZE:%ﬂ (2.1)
n n
where ¢t is the Borel transformation parameter conjugate to «, and where we have included an
extra power of a on the left for later convenience. For asymptotic series whose coefficients
grow factorially, the additional factorial in the denominator leads to a finite radius of
convergence. In this case one may endeavour to sum the Borel tranformed series, and after
that invert the transform to obtain a “Borel-summed” expression for the original series. To
make the inversion precise one traditionally defines the Borel sum as follows
SolF](a) = /0  dt BIF)(t) e - (2.2)
Instead of integrating along the real positive line, one can instead integrate in a different
direction 6 in the complex t-plane for which the integral converges. This leads to a Borel
sum Sy[F] where the integration in eq. (2.2) is now from 0 to eoo. We will need such more
general Borel transforms in what follows.
It might appear as if the process of Borel transforming and then Borel summing is a
tautology, since the integral reinstates the factorial growth, e.g.

/ dtt"e o« =T(n+ 1)t (2.3)
0
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Figure 1. Deformations of the Borel integration contour.

However, one can now first perform the infinite sum B[F], analytically continue in the
complex ¢ plane and then perform the integral in eq. (2.2), thus effectively interchanging
integration and summation. One can show that this leads to a finite function Sy[F] [48].

The Borel sum B[F] can still have singularities in the complex ¢ plane, which are in
fact related to the factorial growth. A simple example illustrates this point. In eq. (2.1) let
us choose ¢, = n!. In that case we have

cn=nl, — BlF|= %t (2.4)

leading to a pole at t = 1. As another example, consider

—log(1 —1), (2.5)

3\*—‘

ch=m-1!, = i

which leads to a branch cut running from 1 to co. In the case that these singularities lie
on the integration contour from 0 to oo in eq. (2.2) this leads to an ambiguity, as one can
deform the contour such that one integrates either slightly above the singularity under
an angle # = 07, or below the singularity under an angle § = 0™, see the red curve in
figure 1. Deciding to integrate either above or below for the example eq. (2.4) e.g. leads to
an ambiguity

So+[F] = Sy-[F] = 2miea. (2.6)

Other singularities in the complex ¢ plane will influence the integral in eq. (2.2); the
contour may be chosen in many ways, for example as the blue curve in figure 1, adding
sensitivity to singularities on the negative Borel axis to the Borel-summed result. Notice
the non-perturbative aspect of the ambiguities like in (2.6).

For QED and QCD the type of (renormalon) singularity in the Borel plane depends on
the loop-momentum regions, specifically the ultraviolet (UV) and infrared (IR) ones. We
review this in the next subsection.

2.2 UV and IR renormalons

A class of diagrams that by itself leads to factorial coefficient growth, and is typical for
renormalons, are bubble-chain diagrams, in which n fermionic self energies are inserted in
the photon or gluon propagator, see figure 2. To see the occurrence of the factorial growth,



Figure 2. (a) One fermion bubble, (b) chain of fermion bubbles.

ISTaN!

Figure 3. Bubble chain inserted into Adler function.

consider its constituent element, the one-loop vacuum-polarization graph (“bubble”) in
figure 2(a). Its expression reads

M = (kuky — E*nuw)m(k, 1) (2.7)
with ) 5
_ —2iNge“p™ (2 —n n 1
m(k, ) = (2m)n (1 — n) /d q(q + 3k)2(q — 3k)% (28)

This integral can be readily carried out using a Feynman parameter leading to

m(k,p) = (4m)2 \ —k2 €(3—2e)I'(2 — 2¢)

Ny |1 —k*\ 5
=&Y - —9g +logdmr —log | — | +
3 e 112 3

INe? (47”})6 (2 —26)T(1 4 €)I'(1 — )2

+0(e). (2.9)

To remove the ultraviolet divergence in (2.9) one includes an MS counterterm, which leads to

—k26_5/3
m(k, u) = —afoylog <M2> , (2.10)

where By = T Ny¢/3w, with T = 1 for QED and 7" = 1/2 for QCD. Bubble-chain
diagrams produce factorial growth at leading power in Ny, i.e. the n-bubble contribution is
proportional to (aNy)™.

For the Adler function, we consider the diagrams in figure 3, where a fermion bubble
chain with n bubbles is inserted. The diagrams, summed over the number of bubbles, yield
the expression

0o Jk2 . E2Q26_5/3 n
D:a/ — F(k? afyrlog | ———— , 2.11
. gz I );[ﬁof g( e (2.11)
where k% = —k2/Q2, and F represents the rest of the diagram (see [8]). We can examine

the n-dependence of the integral separately for small and large k2 (the separation being



defined by the argument in the logarithm in (2.11) being unity), using the small and large
k2 dependence of F. Up to subleading corrections the result [4, 8] reads

—2
3 Q2€_5/3 _/B(Jf 2 1 Q26_5/3 11
— = T A L | —_—
1 ( 2 ( 5 ) n.+3 2 Born! <n+ 5 )

where the first part is due to the IR behavior and the second to the UV behavior of the
integrand in (2.11).

To see what this implies for the Borel transform of the Adler function, we use (2.1).
For the IR case one finds (u = —fo¢t)

Crp &
D="t ntl 2.12
DI . (212)

! ; B[D]UV(U)N(u_il)Z, (2.13)

BIDJr (u) ~ ——
where we only exhibit the leading u-poles and suppress prefactors. As is known, these poles
become logarithmic branch cuts when two or more bubble chains are present [16]. We will
show this explicitly in section 6. The IR renormalon poles in eq. (2.13) for QED will lie
on the negative Borel parameter axis, and vice versa for the UV renormalon poles. As we
will discuss in section 4.1, for QCD one changes Sy — o = —(11 — 2N¢/3)/(4m), which
also implies a change of sign for u, so that IR (UV) renormalon poles are on the positive
(negative) real u axis.

As shown in (2.6) and (2.2), the poles on the positive u-axis imply ambiguities in
the Borel-resummed perturbative series. In fact, they imply non-perturbative corrections;
the QCD version of the ambiguity in equation (2.6), due the pole at u = 2 in (2.13), is

ePos ~ (g)4 , (2.14)

with A the QCD scale parameter, and @ the scale of the Adler function. Non-perturbative
effects in QCD are proportional to this typically very small ratio, and are therefore often

proportional to

also referred to as power corrections. Our goal in this paper, then, is to learn more about
power corrections for the Adler function, using the methods of resurgence.

3 Resurgence

In the previous section we saw that factorial growth in the perturbative series of a quantity
leads to ambiguities that have the form of non-perturbative corrections expressed in terms of
¢~=. This indicates that correction terms must be added to the series expansion to remove
such ambiguities, and as a bonus non-perturbative information is included. Resurgence,
an idea which originated in [29], is a way to do this systematically; the word refers to
non-perturbative sectors resurging through analysis of asymptotic behaviour of other sectors.
The perturbative expansion enhanced by such sectors is known as the transseries (see [45]
for an introduction), which will feature extensively in what follows.

The goal of this section is twofold. First, we introduce notation and definitions needed

for the resurgence analysis of the Adler function in later sections. Secondly, for those who



have not yet encountered the concepts and methods of resurgence, this section can be
read as a concise introduction to the topic. Of course, resurgence is a broad topic, and we
refer the interested reader to [30-32, 34] or the review sections of [33] for a more extensive
exposition. Below, we will mostly adhere to the notation and presentation of [30].

3.1 From Borel summation to alien calculus

In physics, singularities and divergences are usually regarded as troublesome. However, in
a resurgence context, all the information about an asymptotic series and the associated
non-perturbative data is encoded in the singularity structure of its Borel transform. Before
discussing how to systematically extract this information, we need to introduce some
concepts and terminology.

Let us again consider a formal power series and its Borel transform,

(e 9] o0
F(a) = ntl B[F](t) = Lt”. 3.1
(@)=Y fao 710 =3 5555 (3.1)
n=0 n=0
A function whose expansion gives a formal power series F'(«) is said to be a simple resurgent
function if the Borel transform B[F](t) has only simple poles or logarithmic branch cuts as
singularities. That is, near each singularity, say at t = w, we have that

a log(t — w)

BIFI() = 5=y + V=) +B(t — w), (3.2)

2mi
for some a € C and where the functions W, ® are analytic around the origin. The Borel
transform can also contain other singularities, e.g. double or higher order poles. Although
this will be the case for the Adler function, most of our discussion in this section is focused
on the simplest case of a single pole and a log-branch cut that are commonly considered in
the literature. In section 3.5, we then give the necessary details to extend the resurgence
analysis needed for the discussions of the Adler function in sections 4 and 6.

To obtain a better understanding of these Borel singularities we introduce alien calculus.
The fundamental object in alien calculus is the linear differential operator A, the alien
derivative, which acts on simple resurgent functions. Being a derivative, it satisfies the
Leibniz rule when acting on a product of simple resurgent functions. Furthermore, for
those functions it has a rather simple expression: by rewriting W(¢) in eq. (3.2) as the Borel
transform of a resurgent function G(«), i.e. B[G](t) = ¥(t), the alien derivative at a singular
point w is

A F(a) = a+ G(a). (3.3)

In fact, this operation is defined both ‘before’ and ‘after’ Borel summation: the alien
derivative can also be viewed as a map relating the power series expansion of F(«) to that
of G(a)). When w is not a singular point of B[F](t), then A,F(a) = 0. In other words,
the alien derivatives fully encode the singular properties of the Borel transforms of simple
resurgent functions.

Next, let us consider a singular direction € in the complex plane of the Borel variable
t along which B[F] has singularities. Such a direction is known as a Stokes line, since



as we shall see Stokes’ phenomenon [49, 50] occurs there. Because of the singularities on
the integration path, the Borel summation Sy[F] is no longer well-defined. Of course, the
singularities are easily avoided by integrating slightly above or below them, leading to
summations that we denote by Sp+[F] and Sy-[F]. These different summations lead to an
ambiguity and one may ask how these two distinct functions are related. They are in fact
connected by the Stokes automorphism Gy, or its related discontinuity Discy. These are
defined as

é%+ ::é%, O§§9::é%7 O(l—-[ﬁSCgf). 0&4)

One can show (see e.g. [34]) that these operators can be expressed in terms of the alien
derivatives via the exponential map

Sy = exp [ Z e_u:wag], (3.5)
{wo}

where the set {wp} denotes all the singular points along the f-direction. The main point now
is that if we know the Stokes automorphisms (or equivalently, the alien derivatives), then
we also know how to relate the different summations. Consequently, at least in principle a
full reconstruction anywhere in the complex « plane, including non-perturbative sectors, of
the function F'(«) is then possible.

For future purposes we define the pointed alien derivative, related to the ordinary alien
derivative by

A, =e"aA,. (3.6)

This turns out to be a convenient operator as it commutes with the usual derivative (see
again [34] for details), i.e.
[Ay, 0a] = 0. (3.7)

This will momentarily be used to derive a bridge equation.

3.2 Transseries and bridge equations

From the relation between Stokes automorphisms and alien derivatives, Eq. (3.5), we notice
that the ambiguity arising in Borel summation is non-perturbative in «, being of order
e~ a. This implies that the non-perturbative solution we are trying to construct must
contain such non-perturbative exponential contributions. As we will see in a moment,
resurgence relations can be captured in a universal way through transseries [45]. Transseries
are generalizations of perturbative series by the inclusion of terms with non-perturbative
(non-analytic) factors like e~ . Factors of this type are called transmonomials.

Let us start by assuming that our resurgent function arises as a solution to some
(potentially non-linear) problem depending on a single boundary condition, i.e. we consider
the single parameter transseries Ansatz

Fla,0)= Y 0" ™a0™(a),  with ¥M(@)=a 3 Mok (38
n=0 h=0



where ¥ ig simply a perturbative series, as in eq. (3.1), and U™ for n > 1, are the
non-perturbative contributions. The transseries parameter ¢ counts the number of e
factors [30] and parameterizes different choices of the boundary condition. The 3, are
called the characteristic exponents; we discuss their role in resurgence equations in the
end of section 3.5. In the resurgence literature, U™ is often called the n-instanton sector,
even though in practice n may count solitons, renormalons, or some other non-perturbative
physical quantity. To avoid confusing readers with a high-energy background, we shall call
these quantities the n-th non-perturbative sector instead.

After introducing an intuitive pictorial representation of non-perturbative transseries
sectors and their interrelations in the form of the alien chain in the next subsection, it will be
straightforward in section 3.5 to generalize this one-parameter transseries to multi-parameter
transseries, by including further non-perturbative monomials like etnd/o log"(«), etc.

We saw that the alien derivatives play an important role in the construction of the
complete non-perturbative solution to a problem. It is however still unclear how to compute
these derivatives in a systematic way. This is done through the construction of the bridge
equations, so named because they form a bridge between the ordinary calculus of derivatives
and alien calculus. Assume for the moment that F(«, o) is the solution to some differential
equation (in the variable o). From eq. (3.7) we get that acting on this equation with A
yields a new, linear differential equation to which AwF(a, o) is a solution. At the same
time, acting on the original equation with d, shows that d,F (a, o) is a solution to the same
equation. As an example, consider the non-linear differential equation

OaF(a,0) =6+ F(a,0)>. (3.9)
Acting on this with A, yields
daA,F(a,0) = 3F(a,0)? - AyF(a,0), (3.10)

which is a new, linear differential equation for A,F(a,0). Similarly, acting with 8, leads
to the same equation as eq. (3.10), with A, F(a, o) replaced by 0,F(a, o). Supposing the
new linear differential equation is of first order (as is natural for a problem with a single
boundary condition) we conclude that the two new solutions must be proportional to each

other, i.e.
A F(a,0) = S,(0)8,F(a, 0), (3.11)

where S, (o) is a proportionality factor which still may depend on o. This relation is Ecalle’s
bridge equation [29]; it indeed presents a bridge between the alien derivatives and the
regular ones. By substituting A, = e~ a A, and expanding the transseries, the Lh.s. equals

ALF(a,0) =3 o AL 0™ (a), (3.12)
n=0
while the r.h.s. yields
()0, F(a,0) = S,(0) 3 no" lea ™ (a). (3.13)
n=0
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We need to match both sides term by term according to the powers of ¢ and e~ 2. To this
end, [33] defined a notion of degree as

deg (J”emg) =n+m. (3.14)

Since the transseries eq. (3.8) has degree deg(F(a,0)) = 0, it follows that the bridge
equation can only contain nontrivial information at w = £A, ¢ € Z. Thus, for transseries of
this type we expect singularities in the Borel plane at w = A but also at integer multiples
of A — something which we will also see for the Adler function. Note that here ¢ = 0 is
excluded because the Borel transform is regular at the origin. Furthermore, A4 F(a, o)
only contains positive powers of o, so we can write the proportionality constant as a formal

power series expansion

Sea(o Z Sk, (3.15)

Taking the degree of both egs. (3.12) and (3.13) implies that Slgk) is only nonzero at k = 1—/,

and therefore, writing Sél_é) = 5,, we have that

Sea(o) = Spot~t, <1, (3.16)

The bridge equation eq. (3.11) now reads

Za e~ (05 A0 ZS’gnJ _”S\I'(”)(oz), (3.17)
n=0

or equivalently
0 £>1,

3.18
(n+0)Spu™HD 1 <1, 10, 19

Apa¥™(a) = {

where we used that W(") = 0 for all n < 0. With this expression, we can compute all alien
derivatives as long as the yet unknown constants {S1,5_1,S_9,...} are known. We refer to
these constants as Stokes constants. In general, computing Stokes constants is a difficult
task and depends on the specific system that one tries to solve, and we shall not need to do
so in this paper.

Although the alien derivative has an involved definition, we see a remarkable result
in alien calculus: the final result for the alien derivative is surprisingly simple, and works
purely algebraically on the building blocks of the transseries, eq. (3.8).

For simple resurgent functions with a single parameter, we now have two equations for
the alien derivative, i.e. egs. (3.3) and (3.18). Comparing the two yields

log(t)

B[\Il(")](t +1A) = - + Spsne B[\IJ(”‘M)]( t)———= = + holomorphic. (3.19)

27T

That is, near the singularity t = A of B[¥(™](t), we find the resurgence of the ¥+
sector. In this expression, the so-called Borel residues S, —,+¢ are constants that can be
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expressed in terms of the Stokes constants via eqgs. (3.4), (3.5) and (3.18). For example
we find

1
Snomt1 =—(n+ 1S, Sponiz=—5(n+1)(n+ 2)52,  etc. (3.20)

and similarly
1
Spsns = —(n—1)S_1, Spoms=—(n—2) <52 + 5= 1)531> et (3.21)
See [33] for closed-form expressions for the Borel residues.

3.3 One-dimensional alien chain

Instead of entering the world of alien calculus, we will follow the more pedagogical picture
of the alien chain developed in [30] as it will help us build an intuitive language in which
resurgence equations can be better understood. For example, in the case of a single
boundary condition, Stokes’” automorphism eq. (3.5) can be fully computed using eq. (3.18)
(see e.g. [33]), but once one needs to generalize this to multi-parameter transseries, the
equations can become quite intricate. Instead, for practical situations, the simple setup of
the alien chain can be used and generalizations will come naturally. (For multi-parameter
transseries, we will introduce alien lattices in section 3.5.)

From the point of view of the alien chain, the sectors ¥(™) of the transseries, eq. (3.8),
are viewed as nodes:

[p© | sl lv@ | [p® | Ly | )

Later these will be connected by alien derivatives to form a chain. We can then reinterpret
the resurgence equation, eq. (3.18), as a set of allowed resurgence “motions” along this
chain. That is, there is only one type of forward motion (i.e. with ¢ positive) because of the
constraint that Ay, U™ =0 for £ > 1. However, from the fact that nonzero £ < 1 can give
nonvanishing alien derivatives, we see that there are multiple backwards motions. Recall
that (for real and positive A) to compute the Stokes automorphism eq. (3.5) at § = 0 one
only needs alien derivatives with £ > 0, whereas the Stokes automorphism at 8 = 7 only
requires £ < 0. Therefore, we never need to consider combinations of forward and backward
motions together.

As an example, there is only one forward path to go from ¥ to U™ by repeatedly
acting with A 4:

Ay Ay Ay

’\11(1)‘ ]w)\ ]\I,(s)\ ]\1,(4>\

However, there are multiple backwards motions to go from ¥® to ¥ using different
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combinations of A_4, A_o4 and A_34:

v | Je@|  [e®]  Jew] -

Before we can compute Stokes automorphism using allowed motions on the alien chain,
we need to introduce some further terminology and set up some computational rules. We
denote a step S,—m as a single link connecting two nodes n and m on the chain and a path
P as a combination of consecutive steps. The length ¢(P) of a path is then defined as the
number of steps composing the path:

UP) = #{Sn—m € P}. (3.22)

Looking at the proportionallity factor on the r.h.s. of eq. (3.18), we see that it is natural to
define the weight w of a step S,,—,, in terms of the Stokes constants S as

w(Snom) = MSm—n - (3.23)

The weight of a path is then simply the product of the weights of the steps that make up
the path

w(P) = [] w(S)- (3.24)

S, eP

Finally, it is convenient to define a “statistical factor” [30] linking two nodes as

SFimy = > Z’(P)‘ (3.25)

P(n—m)

where the sum is over all allowed paths linking nodes n and m.

Equipped with these definitions, let us now see how they turn up in the calculation
of Stokes automorphisms, through a specific example. Reviewing eqgs. (3.5) and (3.18),
we notice that the actual form of Stokes automorphism depends on the object it acts on.
Focusing on the example of the transseries sector W), it follows from the allowed motions
on the alien chain that this sector has singularities both in the § = 0 and # = 7 directions.
As the only allowed forward motions consist of repeated actions of A4, we see that the
Stokes automoprhism in the 6§ = 0 direction takes a simple form:

S0 = exp (e_gAA)‘ll(?’)

A 1 A 2 1 A 3
- -5 (e~ % e = ®3)
_{1+e AA+2!(e AA) +3!(e AA) +}\1z
2 12
=B 448 aw® 4 2—?5%523\11@ + 3—Ps§e*3§ © 4 (3.26)
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In the 8 = 7 direction, the Stokes automorphism does not take such a simple form, as there
are multiple allowed backward motions on the alien chain. Luckily, when acting on U®) the
possible set of backward paths is finite, and we obtain

3
6. 00 — exp (Z ot AM> 7®)
/=1

3 3 2 3 3
1 1
= 1+Z€é2A2A+2l(Z€€2AgA) +3'<26€2A@A) + ... 111(3)
=1 CN =1 F N =1
= 0B 425 1ea0® 4 (S, +8%))e2awl), (3.27)

Having computed these actions explicitly, let us now translate these results to the terminology
we introduced above. We see that under the action of &, on ¥®) we obtain an infinite
sum of higher sectors W("=3): the nodes on the alien chain that can be reached by forward
motions. The coefficients of the terms containing these sectors can be expressed in terms
of statistical factors eq. (3.25). For example going from U3 — W®) we see that there is
only a single path, of length ¢ = 1 and weight w = 45;. Furthermore, we have to include a
non-perturbative factor e . Likewise, the path to go from TG 5 6 hag length £ = 2
with weight w = 205%. In order to get the correct coefficient of the U0 term, we have
to multiply by % and a non-perturbative term, i.e. SF(3H5)€72§ in total. Similarly, the
coefficient in front of W(®) is SF(3_>6)673£ etc. Adding up all different terms for all possible
paths gives the full action of &, on v,

For the full action of &, we need to consider the allowed backward motions. Again,
there is only a single path of length ¢ = 1 to go from ¥®) — U@ leading to a statistical
factor SF= 25_; and non-perturbative term ex. To go from U®) — ¥ however, we
have two allowed paths. One has £ = 1 with w = S_5, and the other path has £ = 2
with w = 252, so SFi3,1y = S+ S2,. In both cases we need to multiply by the
non-perturbative factor 2% . Adding all terms for all possible paths again gives the action
of the Stokes automorphism.

To summarize what we have learned: So¥™) (resp. &, ¥(™) is a sum over all forward
(backward) paths linking nodes to the right (left) of ("), i.e. the terms in this sum can be
written as

S = ¥ £ 37 SF, e (M Epim), (3.28)

m>n

and likewise for @W\Il("), where the only difference is that one should sum over m < n.

3.4 Large order behaviour and asymptotics

With the knowledge of the previous sections, we can now return to our main goal: the
understanding of asymptotic behaviour of perturbative series in QFT and its relation to
non-perturbative sectors. In fact, the resurgent structure is even more general and can be
used to relate the asymptotic series of all non-perturbative sectors to each other. To see
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Figure 4. In blue, (the inner contour) we show the contour C of the first line of the Cauchy integral,
eq. (3.29). In red (the outer contour) the deformed contour of the second line in that equation is
shown. The zigzag lines on the right and left denote the rays where Discy and Disc ; occur.

this, we apply Cauchy’s theorem

dy f(y)
f(a):}{—,
c2miy — «
__ [* dyDiscof(y) [~ dy Discf(y) dy f(y)
a /o +7€ )

0 2m y—a« 2 Yy — « 00) 2miy — o’

(3.29)

where we assumed discontinuities only in the § = 0 and 6 = 7 directions. See figure 4 for
the deformation of the contour to go from the first to the second line in eq. (3.29). Notice
that we deformed the contours even further, such that the first two integrals in eq. (3.29)
start from 0.
For example, we can apply this to the perturbative sector () (). The discontinuities
of this sector are easily computed using the rules from the previous subsection:
o0
Disc o = (1 - &,)¥® = ~ 3" §{e0w®  and  Disc,¥@ =0.  (3.30)
(=1
In many cases (including the ones in this paper), the integral around infinity vanishes,
yielding

o0 Be
kzof,g%k_ Qm/ ¢ y th . (3.31)

By expanding around o = 0, we can match equal powers in « on both sides of this equation
and perform the y-integrations, after which we arrive at a remarkable connection between
the perturbative and non-perturbative expansions

Z Z @)—Fk h—Be) (3.32)

2mi A)k—h=Pe
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Here, we used a ~ symbol instead of an equals sign to indicate that this relation only
describes the behavior as k — oo. In particular, we have exchanged the sum over h and
the integral in eq. (3.31), which is only allowed formally — leading e.g. to the fact that
I'(k — h — B¢) may be ill-defined when h is large compared to k.

In words: eq. (3.32) states that asymptotic behaviour of the perturbative coefficients f,go)
is completely determined by the non-perturbative expansion coefficients f}(f). In sections 4
and 6 we shall explain in detail how one can unpack this equation systematically, and
decode from the perturbative coefficients the non-perturbative ones.

We can repeat this derivation to obtain resurgent large order relations for other non-
perturbative sectors as well. The key ingredient is to rewrite Cauchy’s theorem in terms of
the Stokes discontinuities, so that from the rules discussed in the previous subsection, one
can write down large order relations by looking at allowed motions on the alien chain. Let
us note that of course all of this is only possible if the non-perturbative sectors indeed have
an asymptotic expansion (as opposed to a convergent or even finite one) — we shall see
later that this is not always the case for the Adler function.

To be explicit, we substitute eq. (3.28) into Cauchy’s theorem to get

<

SF(,p) [ )y SF ()¢ e—(ﬁ—n)f

v (q) = ﬂ/ d 7\11(5 27 (n=f) d O,

(@) gl 2mi 0 Y Y— +Z 2mi Y Yy—a )
(3.33)
Again expanding around o = 0, matching equal powers in « and performing the y-integrals,

one finds SF
n n—{
B~ 3 = e (R), (3.34)
iz 2

where it is convenient to define the large order factor?

INQ n—h —
X(n—)E Z fh _+ 5 AV B hﬁf!)ﬁ . (3.35)

Thus, egs. (3.34) and (3.35) show how, using the alien chain formalism, the asymptotic
behaviour of expansion coefficients in non-perturbative sectors encodes all expansion coeffi-
cients in other non-perturbative sectors.

3.5 Generalizations and extensions

There are many generalizations of the concepts and constructions we have seen so far, but
in this work we only need two of them. First, we have worked thus far with examples with a
single boundary condition, but we will also need the concept of multi-parameter transseries.
Second, we need to consider transseries with terms that include logarithmic factors. In this
section, we follow the exposition in [30, 33]. We finish with a short discussion on the types
of singularities in the Borel plane that are different than those discussed so far.

As we will see, for the Adler function it is not enough to capture all its non-perturbative
contributions with a single exponential transmonomial e 5. Instead, we need to allow for

*Note that we define these factors slightly different from [30], as we include an explicit factor of T'(k)/A*.
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A

more such exponentials, e_%. In fact, two exponents seem to suffice for the Adler function
at the order we are interested in, but we shall be somewhat more general. Thus, by writing
A = (Ay,..., Ay), a typical Ansatz for a k-parameter transseries solution to a non-linear
problem is

Fla,o)= Y o 0™ (a),  with ¥ (a)=a’ Y fMal (3.36)
nEN’g h=0

Here we used the notation o™ = le o;". Understanding the resurgence properties of

such a transseries is again best understood in terms of the alien derivatives A,. For the
one-parameter transseries, a key ingredient in the calculation of alien derivatives was the
bridge equation eq. (3.11). In the case of the multi-parameter transseries, the bridge
equation usually takes the form

Sy - OOt o< 040,
ApaT™ () = 7F (n+£) <0 tF (3.37)
0 elsewhere,

where for each combination £ - A we now need a whole vector of Stokes parameters
Se = (Sél), e ék)). This equation can be derived by generalizing the steps we took in
section 3.2 to the case of a multi-parameter transseries. The Borel singularities of the
sectors U™ lie at positions ¢ = £ - A in the Borel plane, with £ € ZF with entries bounded
from below by eq. (3.37). Thus eq. (3.19) becomes

(n+£) log(t) .
+ Snnie B[Y ](t)T + holomorphic, (3.38)

i

a

Be™|(t+2£-A) = ot

where the Borel residues Sy,_pn1¢ can be computed in terms of the Stokes parameters Séi)
using eq. (3.37).

In section 3.3, we explained how, in the one-parameter case, the bridge equation
translates to a set of allowed motions along an alien chain of non-perturbative sectors.
Furthermore, we gave computational rules for the computation of Stokes discontinuities
and large order formulae for the asymptotic behaviour of transseries. The natural extension

for multi-parameter transseries is to think of the sectors W(")

as living on a k-dimensional
alien lattice. The computational rules outlined in the previous subsections are then to a
large extent unaltered, the main exception being that we have a richer structure of allowed
resurgence motions on the (multi-dimensional) alien lattice.

As an example, we consider the two-dimensional case k = 2 (see figure 5), and consider

(2.1) " Similar to what

all the motions consisting of a single step starting from the node ¥
happens for the one-parameter transseries, the constraints in the bridge equation eq. (3.37)
lead to only two types of forward motion in the £ = (1,0) and £ = (0,1) directions: A4,
and Ay,. In other words, starting from node U2 one can only reach? node P (23) by

acting with A 4, twice. For pure backwards motion we have, as before, more options. In

3 As will shortly be made clear, the concept of reaching a node means that the corresponding sector then
occurs in the large order description of the coefficients of the original sector.
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p(22)

Ag

2

Figure 5. Two-dimensional alien lattice. We show all allowed motions of a single step starting from
node ¥ Compared to the allowed motions for the one-dimensional alien chain, we observe a
much richer structure of allowed resurgence motions.

the example in figure 5, we see the allowed purely backwards motions consisting of a single
step, obtained by acting with A_4,, A_4,, A_94, and A_4,_4,. This means that from
U(21) one can reach node w01 using either A_o4, or twice A_y4,.

The example shows that we now also have a type of mixed forward and backward
motion, obtained by acting with A_4,+4,, A_24,+4, and A4, _4,. However, similarly to
pure forward motion, the constraint of the bridge equation limits the forward part of the
motion in particular to minimal step sizes. E.g. acting with A_ 4,124, does not lead to
an allowed motion. Finally, we should emphasize that for paths of multiple steps it is not
allowed to mix single steps with different directions, similar to the fact that one could not
mix forward and backward motion in the one-parameter case. The reason for this is that
for the computation of the Stokes automorphism, eq. (3.5), in a singular direction

Op = arg(£- A), (3.39)

one only requires alien derivatives in the £-direction. To clarify this with an example, note
that to reach node (%3 starting from ¥ one can act with A_4,, 4, twice, but the
path where one first acts with A_s4,+4, and subsequently with A4, is not allowed since
that combination does not occur in any Stokes automorphism.

For the computational rules, the concepts of step, path, their length, etc. stay unchanged
in the multi-parameter setting. However, as we now have a vector of Stokes coefficients, the
weight of a step, eq. (3.23), becomes an inner product

w(S(n —-m)) =m- Spy_np. (3.40)

The expression for Stokes’ automorphism acting on node ¥(™ in the singular direction
0y = arg(£ - A), is now given by the sum over all paths linking the nodes ¥("+74)  with
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m > 0. Therefore, we can write in general

&y, U™ = UM 1 3 SFmimege ™ W, (3.41)

m>0

Likewise, the large order relation eq. (3.34) becomes

n SF n—e
B~ 3 = (), (3.42)
iZn p!
with
I'(k+ B —h —
Yoo (k Z e Pe) (3.43)

(£ —mn) A)k+,8n h—Be

the generalization of the large order factor, eq. (3.35). These generalizations to multi-
parameter transseries will all play a role when we study the Adler function.

As a final note on multi-parameter transseries, we want to mention that it might be
the case that despite what we have said, one finds that the action of an operator like Agy,,
for some value of i, is non-zero. One possibility is that t}21§re is an additional transseries

parameter related to an exponential transmonomial e~ = . As a result, a sector with
2

exponential e~ lies on top of a sector with <e_ii . In [44], which studies the all-order
resurgence of factorially divergent series associated to a renormalon in six-dimensional
scalar ¢ theory, such a transseries was actually found with three transseries parameters
and exponential transmonomials efFi, ef% and 6737/%. A second way in which the action
of Agy, does not vanish is that it might be the case that the problem at hand does not
allow for a bridge equation of the form eq. (3.37). In other words, the bridge equation does
not have the constraint that Ag4, vanishes. We will come back to this in our discussion of
the Adler function in sections 4 and 6.

Next, we discuss transseries with logarithmic transmonomials log(a). Note that in the
literature, see e.g. [30, 33, 44, 51], both multi-parameter transseries and logarithmic factors
often occur in the case of resonant transseries, which are transseries where multiple A; add
up to 0 in such a way that logarithmic factors must occur to solve the problem at hand.
Although for the Adler function we have two exponents A; = — Ay and logarithmic factors
do occur, in its transseries the two effects are not related and our transseries is not resonant.

One can of course add such logarithmic transmonomials to the general multi-parameter
transseries eq. (3.36). However, despite the fact that we need such a multi-parameter
transseries for the Adler function, we will see in section 6 that the part of the transseries
with logarithms effectively looks like a one parameter transseries. Therefore, here we only
discuss how to extend the one-parameter transseries of eq. (3.8) by including logarithmic
transmonomials. Together with the details given so far for multi-parameter transseries,
it is then straightforward to generalize this to the case of multi-parameter transseries
with logarithms.

The one-parameter transseries Ansatz with logarithms becomes:

0)220"6_"3‘11(”)(a), with ¥ Zlog Zf n)lp) h"'ﬁn (3.44)
n=0 h=0
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where we included an expansion in logarithmic powers of « up to some finite logarithmic
power p,. Note that in doing this, we add a new transmonomial log(«) to the transseries,
but not a new transseries parameter ¢ in addition to o. The reason for this is that the
addition of logs generally does not change the location of singularities in the Borel plane,
so there are no new Stokes automorphisms that would act on such a parameter. For similar
reasons, we consider all of the f; Il ¢ belong to the same non-perturbative sector and we
will always draw them as a single box in alien chains and lattices.

The derivation of the bridge equation, eq. (3.18), is unaltered (and thus the allowed
motions along the alien chain are the same), but when we apply Cauchy’s residue theorem
to obtain large order relations, we get additional and more complicated integrals. To be
precise, when we expand eq. (3.33) around « = 0, we additionally need to perform integrals
of the form

/ dy y*e ™"V logP(y) | (3.45)
0

for some s, m and p. These integrals can be evaluated exactly, and it is straightforward to
show that this yields the following large order relation for the perturbative coefficients

oo Tk —h— 8%
Z 2mi Z fh EA)k h— B,EOJ
Z

l [log(¢A) — O ]pI‘(g)
where the first term is analogous to (3.32) and the second follows from the logarithmic

oo Pe
Z S0P . 9 : (3.46)

27r1h 0=l (A)k—h—ﬁl gmhhpl?

transmonomials. One can derive similar equations for the large order behaviour of the
coefficients of the non-perturbative sectors.

Although most of our discussion in section 3 was focused on the case of a single pole and
a log-branch cut, we finish this section with a short discussion on other types of singularities
in the Borel plane that might appear. Indeed we will need this in the upcoming sections
for the Adler function. In fact, the characteristic exponents (3,, we added in the transseries
Ansatz already allow for higher order poles in the Borel plane. Looking at egs. (3.35)
and (3.42), we notice that these characteristic exponents play a role in the large order
behaviour of the perturbative and non-perturbative coefficients. To see how this translates
to the Borel plane, consider a formal power series F'(a) and its Borel transform

= i I'(n—B)a™t! — B[F](t) = T=8) (3.47)
— (1—t)=7
where we assumed that 8 < 0. In particular, 5 = —1,—2,—3,... correspond to a single,

double, triple pole etc. in the Borel plane.

Furthermore, the sectors with logarithms in the transseries Ansatz eq. (3.44) yield
new types of singularities. As an example, consider the p = 1 terms of eq. (3.46) with
0,1'(9) = T'(g)¥(g) (with ¥(2) = %logf‘(z) the digamma function), i.e. consider the
formal series

= i L(k = B)w(k — §) ottt (3.48)
k=0
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with 8 < 0 again. Its Borel transform is given by

BiGl(6) = -r(-p) B0 T, (3.49)

and we indeed observe that these terms lead to a type of singularity we have not considered
so far. We will discuss the role of these Borel singularities for the Adler function when we
encounter them in sections 4 and 6.

4 Adler function with one bubble chain (O(1/Ny))

We briefly discussed, in section 2.2, how bubble chain diagrams cause perturbative series
to show factorial growth. Here, in section 4.1 we formalize this with a discussion of the
flavour expansion in QED and QCD. We then turn to the Adler function in section 4.2 and
compute the diagrams that contain one bubble chain and are leading in the flavour expansion.
Subsequently we analyze the resulting asymptotic series using the resurgence techniques
developed in section 3: in section 4.3 for the leading and subleading non-perturbative orders
and in section 4.4 for all other nonvanishing orders. In section 4.5 we briefly discuss the
results we found and explain how they set us up for the O(1 /NJ%) investigations in the rest
of the paper.

4.1 Flavour expansion

Let us consider the flavour expansion of QED/QCD with N; massless fermions. We can

write an observable in perturbation theory as
oo
F(a)= Z cpa, (4.1)
n=0

where, in general, the coefficients ¢, can be written as an expansion in Ny,
en=c0 .+ cTINP (4.2)

In this flavour expansion we take the large Ny limit while keeping the 't Hooft coupling

Nya fixed. In this limit, the dominant contribution to ¢, is given by c%”‘l) and we therefore

reorder the perturbative expansion as an expansion in 1/Ny:

F = Ni i D (Npa)™ <1 + O(J\Z)) : (4.3)

f n=0

To see what diagrams go into each order of 1/Ny, recall the one-loop vacuum-polarization
graph (fermion bubble)

M (1) = o o = (b = ) (K%), (4.4)

which we already calculated in egs. (2.8) and (2.10), where we found

m(k?) = —aBoy [bg (Nk;) + C}. (4.5)
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Note that we have canceled the UV divergence with a counterterm. Here Syy = T'Ny/(3)
with 7= 1 in QED and T' = 1/2 in QCD, while C is a scheme dependent constant (e.g.
C= —% in the MS-scheme, as in section 2.2). We notice that such a fermion bubble counts
as Nya = O(1) in the flavour expansion. Including the external lines, the effective photon
propagator with n such fermion bubbles reads

W@“M OO O = =5 (= 259) [ )], (1.0

n fermion bubbles

so that a bubble chain counts as (Nya)™ = O(1) in the flavour expansion as well. In other
words, the coefficients c%n_l) in eq. (4.3), and also the coefficients at higher orders in the
flavour expansion can be computed by replacing virtual photons/gluons with the bubble
chain eq. (4.6). From eq. (4.5) it then follows that this leads to the inclusion of logarithms in
the Feynman integral. As already explained in section 2.2, integrating over such logarithms
in a Feynman integral leads to factorial growth.

Diagrams including the sum over bubble chains can be computed using the effective

(Dyson summed) propagator of such a bubble chain:

i kukl,) 1 L kuky

Duy(k) = —ﬁ(”ul/ - 12 1+7T(k32) —16 R

(4.7)
with £ the gauge fixing parameter. However, instead of working with this Dyson-summed
effective propagator, it will be more convenient to work with its Borel transform with
respect to o (which appears in 7(k?)), which reads [6]

BlaDy, (k)] (u) = —;(mw - k’;f”) ( — Zi C) - 5 k4 : (4.8)

where we conveniently rescaled the usual variable ¢ in the Borel plane to u = —fyst.
Furthermore, before Borel transforming we inserted an overall factor of « that will be
convenient later, when we perform the actual diagram calculations. When we have n, > 1
bubble chains in a diagram, we can use the fact that the Borel transform of a product of
series is obtained by taking the convolution of the individual Borel transforms:

Tec
B TT 0Dy )| (0) = g wos [ [H ) 5(u = 3ow) H BlaDy, )] (1)
j=1 0s) j=1

(4.9)
This can be verified by taking the Laplace transform of both sides of the equation with
respect to t. In section 5 we give more details on the effect of the convolution integral on
the resurgence structure in the case of general n.. In section 6, where we discuss the Adler
function at order 1 /NJ%, we will only need the case n, = 2.

For the case of QED we notice that positive ¢ corresponds to negative u, since [y
is positive. For QCD one completes Byy to the full first coefficient of the B-function
fo = —(11—2Ny/3)/(4m) [4, 16, 25], so that now positive ¢ corresponds to positive u (thus,
infrared renormalons appear on the positive u axis for QCD, and on the negative axis for
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QED). In practice this implies that one can perform a QED calculation to obtain the
non-abelian counterpart in QCD by replacing Byy with 3y and by adding the appropriate
SU(3) color factors. In the literature, this procedure is also known as the process of naive
non-abelianization [12, 52, 53]. We should mention here that for the large N limit, By
changes sign (this happens for Ny > 16) after which QCD is no longer asymptotically free.
Hence, for QCD, instead of a large Ny expansion one uses a large 3y expansion, and we
rewrite eq. (4.2) as an expansion in [

en =00+, e Hgn-t (4.10)

Thus, in the large 5y expansion for QCD, the expansion of a generic observable eq. (4.3)
becomes

Ja— i &Y (Boar)" (1 + O<1)> (4.11)

By 2= B)) ‘

where we now define the ’t Hooft coupling as Soa for the QCD case. In what follows, we
refer to the large Ny expansion for both QED and QCD, even though we use the large Sy
expansion in QCD. We perform our calculations in QED and in the end use the procedure
of naive non-abelianization to convert our results to obtain the QCD result.

4.2 Adler function

We consider the Fourier transform of the correlation function of two vector currents
Ju = Yy of massless quarks, which can be written as

(=) /d433 e 0| T{ju(2) 0 (0)}0) = (quav — Muwrd®)THQ?), (4.12)

with Q% = —¢?. The Adler function is defined as

2 2,2 dI1(Q%)

D(Q?) =47°Q 407 (4.13)
which is once again an expansion in the coupling . Understanding its asymptotic behaviour
in perturbation theory and how this is related to non-perturbative expansions will be the
main focus for the rest of this work. We use the flavour expansion to isolate the relevant
Feynman diagrams that lead to asymptotic series. In this section we focus on the diagrams
in figure 6 that contribute to the Adler function at leading order in the flavour expansion.
A brief discussion on the contribution of these diagrams to the Adler function was already
given in section 2.2. In section 6, we will then discuss (a subset of) the diagrams at
next-to-leading order in 1/Ny for the Adler function.

Instead of calculating diagrams directly, we shall calculate their Borel transform, as the
bubble chain then simplifies to an analytic, regularized photon propagator (recall eq. (4.8)).
In what follows, we will work in Landau gauge, i.e. £ = 0, and in d = 4 dimensions since
the Adler function is UV finite after counterterms for the fermion bubbles are included. As
we will explain in the next subsection, the perturbative coefficients of the Adler function
itself can then be easily extracted by applying an inverse Borel transform.
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(a) (b)

Figure 6. Diagrams at O(1/Ny) in the flavour expansion. Diagram (a) contributes with a factor of
2 to account for the similar diagram where the bubble chain connects below the vertices.

The calculation of the diagram in figure 6a is relatively straightforward. Using results
of appendix A and B one can show that the two-loop integral factorizes into one-loop ones.
With the one-loop master integral eq. (A.1) we find

2 Q* N\ 1
BI11 ) 4.14
M@ = 55 ( %) T T (414)
where for notational simplicity we ignored an overall factor of the colour Casimir factor C'p
that we will reinstate in our final expressions. In order to calculate the diagram of figure 6b,
one needs the two-loop scalar master integral given in eq. (A.4). By similar methods as for
the diagram in figure 6a we derive

Q* N\ 6

2 > { (u+ 1)(u—1)2(u—2)2

P (A54) — D (354) + D (2H) — D (H)
u(u —1)(u — 2) ’

BI(@)](0) =~ 5 5

+ (4.15)

with 1) (z) = f—; logI'(z) the trigamma function. Taking the two diagrams together and
using eq. (4.13) to translate the result for I1(Q?) to that of the Adler function D(Q?),
we obtain the Borel transform of the Adler function at leading order (LO) in the flavour
expansion (which has also recently been derived in [54]):

BID1o(Q))(u) = 47°Q% 55 [BINHQ) () + 25[1.(Q*))(w)]

_ 2@ o\ W) - W (EF) + v () — w3
- g(uge ) .

(4.16)

In the next subsection we use this result to perform a resurgence analysis, as the expression
readily allows for an expansion around u = 0. Note that this result was already known in
the equivalent form [7]

2 —u o) —1)n,
B[Dro(Q%))(u) = 3;(532@0) 5 i - > 2 _( (i)_ B (4.17)
n=2
32/ N1 & (- 1 1
_3(uze) 2—un§24(1—u)[(n—1+u)2_(n+1—u)2 » (418)
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Figure 7. Singularities of B[Dro|(u). The UV-renormalons lie at u = —1,—2,—3,... and the
IR-renormalons at v = 2, 3,4, .... Characteristic for the Adler function is that the singularity at
u =1 is missing (see the discussion below eq. (4.18)).

where the second form of this equation allows one to easily read off the pole structure. We
see that there exists an infinite set of both UV (u < 0) and IR (u > 0) singularities (for
QCD) at integer values of u, all of which are double poles, except for the singularity at
u = 2 which is a single pole and the singularity at v = 1 which is absent* (see also figure 7).
This also agrees with the calculation that led to eq. (2.13), which presented the leading IR
and UV poles in the Borel plane. We should mention here that the singularity at « =1
really is absent: it is present in eq. (4.14) and eq. (4.15) separately, but cancels when we
take the two diagrams together. The fact that the IR renormalon at v = 1 is absent is
characteristic for the Adler function and is already expected on physical grounds, as there is
no dimension-2 operator in the OPE for the Adler function with massless fermions [15, 16].

4.3 Resurgence analysis: first two non-perturbative sectors

Our goal is to construct the transseries for the Adler function. For the associated resurgence
analysis we need the perturbative coefficients of the leading order Adler function Dro(Q?)
itself, i.e. we need to do an inverse Borel transform on the results obtained in the previous
subsection. In this section, and the sections hereafter, we will work mostly with the variable
u = —[pt as the actual Borel parameter instead of ¢, so that singularities in the Borel plane
are conveniently placed at integer positions. Therefore, we expand the Borel transform
eq. (4.16) around u = 0 and write the result as

> d
D 2 =y 4.1
BIDL0(@)I0) = 3 e (119)
after which the perturbative coefficients d,, of Dr,o can be read off:
Dio(a) =Y dpamt! (4.20)
n=0

23 201
=4+ (6—4¢3>a2+(18—12g3)a3+ (2—42C3—6O§5>d4+...

Here & = —fp« is the variable conjugate to the Borel variable u. As the inverse Borel

transform gives an additional factor of &, we also defined D(Q?) = —ByD(Q?), to compensate
2

for the additional factor of —f3y. Furthermore, to avoid logarithms of %ec that will make

4Note that although there appears to be a pole at v = 1 in eq. (4.18), it vanishes because the expansion
around u = 1 of the terms in square brackets starts at order O(u — 1).
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the analysis needlessly complicated, we choose u? = Q%e“. For notational convenience, we
will drop the hats on D and & in what follows. When we give the full transseries expression
in the end of this section, we will reinstate the factors of .

With the exact Borel transform eq. (4.16) one can easily compute the first, say n = 1000,
perturbative coefficients. (However, for the resurgence analysis we perform below, we found
that 200 coefficients was enough.) With these coefficients at our disposal, we can start
thinking about what we may expect the transseries to look like. As explained near eq. (3.38),
for a k-parameter transseries the Borel singularities of the transseries sector lie at positions
u=4£-A with £ € N¥ and A = (A;,...,Ay) the non-perturbative exponents. As the poles
of B[Dro](u) lie at both positive and negative integer values of u, a minimal Ansatz for the
transseries is a two-parameter transseries with A7 = 1 and Ay = —1 the non-perturbative
exponents. Therefore, we write the perturbative sector as

) = i a™tt (4.21)

with " = d,, the perturbative coefficients of eq. (4.20). This will now be the (0, 0)-sector
of a two-parameter transseries
_nfr _p A2 (nm)
Dro(a Z Z oroye "ae ™ Dy (). (4.22)
n=0m=0
We should emphasize here that this is a minimal transseries Ansatz and, recalling our
discussion in section 3.5, it might be the case that one needs additional transseries parameters
on top of the parameters o1 and o2, as well as further (e.g. logarithmic) transmonomials.
We shall discuss the interpretation of the transseries parameters in section 4.5 and will
indeed find logarithmic transmonomials when we extend our analysis to order 1 /NJ% in
section section 6.
In order to test the Ansatz eq. (4.22), and construct the non-perturbative sectors

Dggm)(a) = ofm > d;ln’m)ah (4.23)

we will use resurgent large order relations. Note that we use the conventional notation
Bnm (and sometimes for readability 3, ,,) for the starting orders in the non-perturbative
sectors; of course these orders (that always have two indices) should not be confused with
the S-function and its coefficients. Recall that we can readily write large order relations
using the allowed motions on the alien lattice, which for our two-parameter Ansatz looks
as shown in figure 5. Since our starting node is the (0,0)-sector, we know that we can
only have forward steps in the (1,0) and (0, 1) direction, so that only the (¢,0) and (0, /)
sectors will play a role. In other words, for the large order behaviour of the perturbative
coefficients, we get

Z

o (k—h—p
ZT@QZ

Z 0@)1—‘ k—h— 5OZ) (424)
=1 h 0

(
h (CA)k—h=Fo.x

2771
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(0,0)

which is a relation between the perturbative coefficients d;.”"" and the non-perturbative
coeflicients dg’o) and déo,é) . As we will not determine the Stokes constants S; o and Sp; in
this paper, and to avoid writing down ubiquitous factors of 27i, we will absorb these factors
in the non-perturbative coefficients. Therefore we write
14 14

dg’o) = i;’(i)d,(f’o) and d,(lo’z) = A;Sr’ildgo’e) . (4.25)
We shall see in a moment that ordering the elements of eq. (4.24) by their size gives us a
way to extract the non-perturbative coefficients, keeping in mind that this relation is valid
in the large k limit.

First, we observe that nodes in the alien lattice that are further away from the (0, 0)-
node, i.e. with larger ¢, have a more exponentially suppressed contribution to the large
order growth of d}(€070). As A1 =1 and Ay = —1 are equal in size, the leading order growth
comes from the (1,0) and (0, 1) sectors. However, we saw above that the pole in the Borel
plane at uw = 1 is missing, meaning that the (1,0)-contribution is actually absent, so hence
the leading growth will be coming from the (0, 1) sector:

N'k—h-p _
Zd AFho, 101> +0(27%) (4.26)
2
I(k Ay d"Y 4 1)d"" + A2 4"
_7( — f“)[d by Aedi | AxBoatl) 5 + +... | +o@h,
A2 0,1 k k

where O(27F) refers to contributions from the (¢,0) and (0, £) non-perturbative sectors with
£ > 2. In the second line we factored out the leading order growth in & and explicitly wrote
the first two 1/k corrections. To show that this expression indeed captures the large order
behaviour of the perturbative coefficients, and in order to find the various as yet unknown
coefficients that appear in this large order relation, we can perform so called ratio tests (see
e.g. [33, 51, 55]) on the known perturbative coefficients d,(co’o). To see this, we start with Ao
and o1, and consider

d(O 0) 1
Ak) =k d“’ 5~ A2+ O(E) (4.27)
k+1
and
fisi dy” AL

B(k) = klog

~ —Bo1 + O(%) with  fi = (4.28)

Tk (k) ’
which should converge to Ay and —fy1 in the large k-limit, respectively. In figures 8a
and 8b we have plotted these two sequences together with their first Richardson transform
for the first 200 perturbative coefficients. The Richardson transform method accelerates
convergence of sequences of the form

S0 = kli)rlgo S(k) with S(k) = so + 7 L4 ﬁ +. (4.29)
where the coefficients s, are not known explicitly. We denote the Nth Richardson transform
of S(k) by RT[S](k, N). We refer the interested reader to appendix D.1 for more details.
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Figure 8. Figure (a) shows the sequence A(k), eq. (4.27) (top curve, blue), together with its
first Richardson transform (bottom curve, orange) to accelerate the convergence. Similar, (b)
shows the sequence B(k) (bottom curve, blue), eq. (4.28), and its first Richardson transform (top
curve, orange). We observe that already the first Richardson transform significantly accelerates the
convergence. As explained in the text, higher order Richardson transforms converge even faster
and become indistinguishable from the gray, horizontal lines denoting the expected values Ay = —1
and fo1 = —2.

Above eq. (4.21) we expressed the expectation that the non-perturbative exponent As
is equal to —1. Recalling our discussion around eq. (3.47), also the value 5y = —2 for the
characteristic exponent was expected since the leading singularity in the Borel plane at
u = —1 is a double pole. Using Richardson transforms, we confirm these expectations to
good numerical precision. For example, RT[A](190, 10) agrees to 23 decimal places with
Az = —1, and we obtain similar precision for 5 1) = —2.

We can now systematically extract the non-perturbative coefficients dgo’l) in eq. (4.26).
First, we rewrite that equation in the form

d(O O)Ak_BOJ ~ 1
Do(k)= 2k 22 g00 4 (9() 4.30

=T "0 O (430
In figure 9a we have plotted the sequence together with its 10th Richardson transform, and
we conclude that

d = g (4.31)

to great precision, e.g. RT[Dg](190, 10) agrees with 4/9 to 26 decimal places. We should
notice here that we determined the value of JOO’I , in which the unknown Stokes constant
So,1 is absorbed. This is actually a generic phenomenon in the resurgence of transseries
with free parameters such as o1 and o9 in eq. (4.22); one can see from that expression that
rescaling these parameters will rescale the expansion coefficients in the non-perturbative
sectors. Moreover, as o; is rescaled, the overall Stokes constants which determine the
jump in o; are similarly rescaled. As a result, only ‘scale invariant’ combinations of the
expansion coefficients and the Stokes constants have a physical meaning. Computing the
Stokes constants (after fixing this scale invariance) is a different enterprise, which we will
not pursue in this paper.
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Figure 9. Figure (a) and (b) show the sequence Dy (k) (top curve left, blue), eq. (4.30), and D (k)
(bottom curve right, blue), eq. (4.32), respectively. To accelerate the rate of convergence, the other
curves show the 10th Richardson transform in orange, which shows good convergence to the exact

values 2 and 12, respectively, denoted by the gray horizontal lines.

9 27’

Next, we can plot the sequence

4 ~ 1
Dy (k) = k []D)o(k) . ] ~ A d"Y +0(4) (4.32)
9 k
and from figure 9b we deduce that this sequence converges to
10
Ay d = 4.
dy =5 (4.33)

which can again be verified up to 26 decimal places by doing 10 Richardson transforms. We
can repeat this process and in fact derive a closed form for all of the 1/k contributions in
the large order relation:

I'(k+2 101 & /—1\"
a0 ~ 2L )[ o () }+O(2’“)

(
(—1)F 27k 2= \E
_ F((’“ 1*) 2) [4 ;g . i J + 0@, (4.34)

(0,1)

Using eq. (4.26), we can also rewrite this in terms of the non-perturbative coefficients d; ",
which are seen to be

d(o 1y 4 GO _ 10 GO _

97 1 - 27’ h>2 (435)

Most of the coefficients vanish and as a result, the (1,0) sector is not an asymptotic series
but a finite one. We will revisit this point more extensively later.

So far, from the first 200 perturbative coefficients that we computed numerically and
analyzed, we have extracted the complete first non-perturbative sector Dg)o’l). For the
leading order Adler function, we know the exact Borel transform eq. (4.16) and can therefore
check our large order relations. That is, we have that

4/9 10/27

(0,0) -
B[D; 4 ](u)‘uz?l RROFSIE + (ut 1) + regular terms, (4.36)
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which indeed agrees with eq. (4.35). (This is also the reason that we wrote the above
numerical estimates with an equal sign.) Note that this leading UV behaviour was already
indicated in eq. (2.13), but here we determined the precise coefficient, as well as the
subleading term. We emphasize that this is a rather unique situation. In many resurgence
examples one does not have the luxury of knowing the exact Borel transform. In fact, in
section 6 when we study the Adler function at the next order in the flavour expansion,
we cannot compute the Borel transform exactly anymore. Clearly, however, we can study
the perturbative coefficients numerically (using similar ratio tests as the ones above), and
extract the non-perturbative sectors without ambiguity.

Having obtained the complete first non-perturbative sector, we can now subtract the
corresponding leading order growth from the large order expression for the perturbative
sector coefficients. That is, we construct the sequence

(1) _ ,(0,0) (k+2)[ 10 1 ]

where the asymptotic growth should now be dominated by the non-perturbative sectors
(2,0) and (0,2), i.e.

1 (2,0) k h — B2) +0,2) k h — Bo2) _k
8y Zd == +Zd == +0(37%). (4.38)
Since the Borel transform has poles at both © = —2 and u = +2, we now see two sectors

appearing in this formula. Note that also A; = —As =1, i.e. they are equal but opposite
in sign. Even though the rest of the (¢,0) and (0, /) sectors are quite different from each
other, as we shall see later, the parity of k£ will have an important effect on the right hand
side of this expression. In particular, in order to use Richardson transforms to speed up
the convergence of series, we have to separate even and odd k and perform Richardson
transforms on them separately. In figures 10a and 10b, we show the sequences of eq. (4.27)
and eq. (4.28), but now constructed from 5,21). Notice that the ratio test eq. (4.28) can be
taken, if we assume that the starting orders (20 = 92 = (B2 are the same. Even though
we find in eq. (4.39) below that strictly speaking (20 # So.2, this is not an issue since we
can compute with 2 = min(f20, fo2) and allow for a finite number of vanishing leading
coefficients in one of the two series. Here, we conclude that 24, = —24; = —2 and By = —
Following eqs. (4.30) and (4.32), but now also taking the parity of & into account by using
ratio tests for even and odd k separately, we obtain

Q@Y =0, dP=2 ad d=-2 JP=-T (4.39)
9 54
with all other coefficients equal to zero. This can be compared to the expansions around
u = —2 and u = 2 respectively, and we find the expected agreement with the exact
Borel transform:
B 2/9 7/54
w=2  (2+u)? (2+u)

BID | (u)

B[D(O O)]( )’ + regular terms

2
Ly = m + regular terms, (4.40)
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Figure 10. In Figure (a) and (b), we show the sequences A(k) of eq. (4.27) (outer two curves,
in blue), and B(k) of eq. (4.28), but now constructed from 519) given in eq. (4.37). We also show
their 2nd Richardson transforms. (Middle two curves, in orange.) Note that as the parity of k is
important, we took the Richardson transforms separately on even and odd k.

where this leading IR behaviour was indicated in eq. (2.13), here given with the precise
coefficient. Notice that in the second line the leading singularity around u = 2 is a single
pole and therefore one should expect 829 = —1 instead of —2, as mentioned above. Indeed,

we found that ng’“) = 0 and one can conclude that the series effectively starts at order —1.

4.4 Resurgence analysis: all non-perturbative sectors

Having used resurgence to recover the expressions for the first and second non-perturbative
sectors of the Adler function transseries, we can repeat the analysis of the previous subsection
to also obtain other sectors. Since the procedure is very similar, we will be more brief here
about the techniques and will focus more on the results and on the general structure that
emerges.

To find higher sectors, we recursively probe the next sector by subtracting from the
large order expression for the perturbative coefficients all sectors we have found so far. In
this way we find the following pattern:

(0
O _ -1 TE+2) (@ b

(0)
k

where /£ labels the sectors, and the coefficients §; 7 are the ones whose large order behaviour

can be used to probe sector £ + 1. Each sector provides two nonzero coeflicients, sff) and

t,(f), whose values for 1 < ¢ < 8 are given in table 1. As before, we obtained these numbers
numerically, using ratio tests. However, for these specific diagrams, we fortunately have an
analytic Borel transform result, and as in the previous section our numbers can be directly
checked with the expansion of the Borel transform around the poles. Thus, our numbers
are not only approximately equal to the given fractions, but turn out to be exact.

A closer examination of these numbers reveals the following general pattern:

—1
o0 — §(_1)e (ES] =) for <3 )
-1 1
3 m‘i_(_l)km for ¢> 3.
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Table 1. This table gives the values of sff) and t,(f) for 1 < /¢ < 8 contributing to the large order
behaviour of the perturbative coefficients via eq. (4.41). As explained in the text, these values can
be extracted numerically from the perturbative coefficients, but as these values can also be extracted
from the exact Borel transform, this table is exact.

Similarly, we find a closed form for tl(f):

-3 for £=1
8
tgf) = g(_l)e —772 + %(-Dk for ¢=2 (4.43)
—0(20+3 0(2¢0—3
Triaay + () ety for (23,

Observe that in all these results, there are terms without k-dependent signs as well as
terms with (—1)F factors, respectively probing the coefficients of the (¢,0) sectors (with
non-perturbative exponent £A; = +¢) and the (0, ¢) sectors (with non-perturbative expo-
nent Ay = —/).

Also notice that we have a closed form with a fixed pattern for all £ > 3, while £ = 1 and
£ = 2 are different. This can be traced back to the fact that the LO Adler function is the
sum of the two diagrams of figure 6, where the first diagram only contributes singularities
at u=—1, u =1 and u = 2 to the Adler function. Here we recall eq. (4.14), and note that
the singularity at « = 0 from that expression vanishes when we take the derivative w.r.t.
Q? to obtain the Adler function.

Combining all results, we arrive at the first main result of this paper: the complete
asymptotic expansion of the perturbative coefficients of the Adler function at LO in the

flavour expansion,

o0 (0
(00) _ L(k+2) L (o, b
dy " = =L ;K’H? St (4.44)
=1

The sum over ¢ converges, and for each term within the sum we only have finitely many
coefficients rather than asymptotic expansions, so this is now not a large order formula but
an exact form for the coefficients (hence the equal sign). At the next order in 1/Ny, in
section 6, we will mostly lack exact expressions, but resurgence will still provide us with
very precise large order relations, that involve non-perturbative sectors.

We have seen now that for the Adler function at O(1/Ny) the non-perturbative sectors
consist of only one or two coefficients, i.e. the 1/k expansions are not asymptotic. This
means that these sectors do not lead to further resurgence. Thus we have now carried
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Figure 11. Alien lattice for the LO Adler function. The only asymptotic sector is the (0,0)-sector,
which we denoted by a filled box to distinquish it from the (¢,0) and (0, ¢) sectors which are not
asymptotic. The dashed boxes are sectors that completely vanish.

out this resurgence analysis to its natural end: there is no resurgence of non-perturbative
sectors at any other sector than the (0,0)-sector. In other words, the picture of the alien
lattice in this case simplifies to that of figure 11.

This structure implies that the (¢,0)-sector with £ > 1 is not reached by repeatedly

applying A4, i.e. for £ > 1, AQDI(JOO’O) = 0. Instead one needs non-vanishing alien derivatives
for larger steps forward: Agg D](f)(’)m ~ Dgg ). Similarly, we have for ¢ > 1 that A ADIE%O) =0,

but A_ZADI(J%O) ~ DIE()C’)K). We will comment more on the implications of this in the

next subsection.

Finally, observe that at order 1/Ny, the alien ‘lattice’ in fact is hardly a lattice: all
internal (n,m) sectors with n # 0 and m # 0 vanish. In section 6, we will see that this is a
result of the relative simplicity of the expressions at order 1/N¢, and that at higher orders
such internal sectors will appear.

As all non-perturbative sectors containing both non-zero powers of o1 and o2 vanish,
we can write the complete transseries eq. (4.22) in the following form:

Dio(a,01,02) = D£%O) () + DI% (e, 01) + DY (a, o), (4.45)
where we labeled the different pieces according to their QCD nature. That is, DiRo contains
all IR renormalons in QCD, meaning that these are the UV renormalons in QED. Likewise,
DPY contains all UV (IR) renormalons in QCD (QED). For the IR sectors, we get

4ri C 2
D%mmo=—”1F<m

2
Bo Slo> e (4.46)
Cmicer s (o) m@( 50T -1 2(1)K(2£3)>
fo =\ 5o (- 1)((—2)foa  ({—1)2((—2)%)
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and for the UV sectors
2miCp o9 1(4 —1 10)
eﬁoa — .
Bo  Soa 9 B 27

2miCr [ o9\’ —2( 9.1 7 )
_ R eﬁoa I, _|_ -
Bo So,1 9 Bocx 54

2miCp & (o0 \' b BCD. -1 S(D(e+3)
- B 2,(%) o ((€+31)(€+2)6oa+(3€+1)2(£+2)2>'

In these expressions, we switched back to the original real coupling constant o — recall the

DY (a,00) = — (4.47)

discussion below eq. (4.20), where we switched to the variable & = —fya — and reinstated
all factors of By = —(11 — 2Ny /3)/(4), again expressed in QCD variables. We observe
the overall factor 1/fp, and that the coupling constant « always comes with a factor fy.
Recalling eq. (4.11), this was to be expected as the flavour expansion is an expansion in
1/5p. Furthermore, in eqs. (4.46) and (4.47) we reinstated factors of 27i and the Stokes
constants S1 9 and Sp 1. We will discuss the role of the transseries parameters o1 and o2 in
the next subsection.

The sums over the sector number ¢ converge and can be carried out explicitly. We define
o1 L oy L
T = 1 eﬁoa and To = 72 e Boo R (4.48)
S1.0 So,1

to highlight the fact that the transseries parameters, the exponential factors and the Stokes
constants S; o and Sy ; always group together. Performing the sums in eq. (4.46) yields

DB (0, 00) = 16;;001” [xf (Bia —D —or(1421) (k’g(ﬂlole)JrLiQ(—xl)ﬂ o (4.49)

where Liy is the dilogarithm. For eq. (4.47) we get

2miCr (4 1 10\ 27iCp ,/4 1 8
DUV _ ( ) 2( — ) 4.50
Lo (@ o2) = —p=m( g5+ 57 By 2\9fpa 27 (4:50)
167 Cr 1 ( 1) logCH (1 +22) (3
+ — 1+ =) | =+ Ly (~29) |,
360 w2 T2 ( Pocx 2 )
where we defined
log®™ (1+2) =log(1+2)+ 5 =" and LiS™ (—a) = Lig(—2) = (_? (4.51)
=1 " =1 "

as the logarithm and polylogarithm with the first n terms of their Taylor expansion removed.
Although eq. (4.50) appears to generate factors such as 1/z9, these in fact cancel as the
first three coefficients of the Taylor expansion of the log and Liy are subtracted.

4.5 Discussion

At this point, we have studied the full single bubble-chain part of the Adler function. Before
moving on to the main goal of our investigation, the multi-bubble chain contributions, let
us discuss some finer details of the structure that has appeared.
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First of all, one may wonder how many free parameters the transseries structure of
the Adler function really has. This is not a question that can be answered from the Borel
plane structure alone; once one finds a singularity at a location A it is natural to include a

—A/a

free parameter ¢ in front of the e transmonomial, but it is then not clear whether the

e~ "4/ sectors should come with powers ¢™ or with new parameters. (See e.g. [44] where,

as we discussed below eq. (3.43) the latter is the case.)

Let us consider only the ‘forward’ Stokes automorphism, coming from the IR singularities
on the positive real u-axis. Since these singularities are evenly spaced, one may expect
a single parameter to be sufficient to describe these sectors. However, the fact that e.g.
A%DI(JOC’)O) =0, but A, AD£%O) ~ DIE%O) shows that the transseries we find has a structure
that differs from the simplest one-parameter transseries structure known from many toy
models. There, the forward Stokes automorphism is simply ¢ — ¢ + .S which implies in
particular that A, ADIE()O’O) = 0. This means that our forward Stokes automorphism at least
has a bridge equation beyond that of such simple toy models. Unfortunately, since e.g. a
differential equation for the Adler function as needed for the procedure in section 3.2 is
not known, we cannot derive such a bridge equation which would allow us to read off the
number of parameters.

Thus, our transseries may be a many-parameter one, but on physical grounds we still
expect the number of ‘true’ parameters to be two. The reason is that there are only two
Stokes automorphisms that play a role — and as we shall see, this continues to be the case
when we include further bubble chains — an IR one along the positive real u-axis and a
UV one along the negative real u-axis. A single parameter could in principle suffice to
describe the jump across every single Stokes line, and there is no additional physical effect
that would lead to singularities on other rays in the u-plane, so we conjecture that two
parameters is in fact enough. Interestingly, this is similar to the recent work of [56] where
in a different setting a transseries was found with many degrees of freedom (parameterized
by variables 7j there) but with only a single transseries parameter for each Stokes line.

When it comes to the wvalues of the transseries parameters, these are difficult to
determine and require further physics input. This is beyond the scope of this paper, where
we are mainly interested in the underlying structure. In principle, one would need to
numerically sum non-perturbative sectors of the Adler function transseries and compare
these to experimental data to read off values for o; and o3. See [23] for an effort in this
direction for the IR Stokes automorphism.

Recall that in eq. (4.50), a variable zo appears which comes from the UV singularities
and grows exponentially large when v — 0. This is a common feature for transseries that
have instanton actions of opposite sign, £A. An expansion in such a large variable x5 may
not seem very physically meaningful. One possible solution to this is of course that in

Ty = oge P0f% the parameter oy vanishes, or is small compared to the transmonomial it
multiplies so that x5 is (very) small. Even if this were not the case, x5 still has a definite
value at any given energy scale, and so an expression like eq. (4.50) still makes sense, even
though its small a expansion may not. In fact, often a sum over different powers of x4
is itself not asymptotic but converges, as in our examples above (see also [57] for recent
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progress on this topic) and therefore one does not always need such an expansion to make
sense. Also note that part of the large order growth of the original perturbative series is
still determined by o9-dependent sectors, so even when they have coefficient zero, these
sectors do play a role.

As a final remark, let us address the fact that many of the non-perturbative sectors we
have found only have a finite number of terms — and therefore, these sectors in particular
have no asymptotic growth of their own. This may seem to limit the use of resurgence
techniques to only the perturbative sector, but we expect this to be an artifact of the
simplicity of the single bubble chain approximation. In fact, in the next sections we shall
see that many non-perturbative sectors do become true asymptotic expansions when further
bubble chains are included. This is reminiscent of the ‘Cheshire cat resurgence’ of [58]
where asymptotic growth of sectors can disappear in particular parameter limits.® This may
also happen in 1/Ny expansions — see for example the interesting approach of [59] where
it was found that in the Gross-Neveu model, only at finite N the full resurgent structure
and asymptotic growth of sectors becomes visible.

5 Using Borel convolution integrals for resurgence

We saw in the previous section that the flavour expansion is a useful framework to isolate
perturbative series that show factorial growth due to individual diagrams, i.e. renormalons.
At higher orders in 1/Ny, an important ingredient of the flavour expansion is the convolution
integral eq. (4.9), which we repeat for convenience

Ne u e e Ne
B T 0D, ()] 0 = —oms [ | TL |8 (= 2 5) T BB, ()] ().
=1 f 0 L5 j=1 j=1
(5.1)
In section 6, we shall apply this integral to go beyond the leading order in the flavour
expansion, but before doing so, we discuss in this section what the effect is of the convolution
integral on the resurgence structure. In particular, we will see momentarily that one does
not need to know the particular exact Borel transforms, but that the structure of the
alien derivatives and their calculus can be used instead. Although the techniques are a
straightforward application of the framework outlined in section 3, in physics applications
this is, as far as we are aware, a novel way to study renormalon effects.

The results we present in this section have twofold use. First, they set up the calculation
of particular O(1 /N]%) diagrams that we shall encounter in the next section. The results,
however, are more general and also apply to more complicated convolution integrals which
one would encounter at higher orders in 1/Ny. We explain, by means of examples that
are relevant for the next section, how the convolution integral ‘builds’ resurgent functions.
The results will also show glimpses of the full resurgent structure that would emerge upon
including all orders in 1/Ny.

"We quote the authors of [58]: “All of the characteristics of resurgence remains even when its role seems
to vanish, much like the lingering grin of the Cheshire Cat”.
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5.1 Resurgence of the convolution integral

Given two asymptotic formal power series F(©)(a) and G(¥(a), we can define a new
asymptotic power series () (a) by taking the product:

v (a) = FO>a) GO(a). (5.2)

As explained in more detail in section 3, and shown extensively in section 4, the resurgence
properties of ¥ can be recovered from the singularities of the Borel transform. Here, the
convolution integral appears as the Borel transform of ¥() is computed as

Bl (u) = /0 " duy BIFO(w)BI[GO)(u — uy), (5.3)

and the resurgence structure can be found using the relation eq. (3.19) between the different
non-perturbative sectors B[\If(”)](u). However, except for simple examples, performing
the convolution integral might be a difficult task. We can study instead the resurgence
properties of U(9) by using the alien derivatives. Acting with an arbitrary alien derivative
A, yields

A0 = A, (FO() GO (0) + FO(@)A, (¢O(a). (54)

since the alien derivative satisfies the Leibniz rule. Thus the calculation of A,¥(©) has
shifted to the calculation of A,F(© and A,G©). Consequently, if the resurgence structure
of F(9 and G is known, one can compute the resurgence structure of ¥(9). As alluded to
above, we will see in section 6 that, with one exception, the convolution integral eq. (5.3)
cannot be computed exactly. It will be easier to obtain the resurgence properties of F(©)
and G instead of that of ¥(®). Therefore, to prepare our discussion in section 6, and to
show how eq. (5.4) can be employed in practice, we discuss in this section a few relevant
examples. In these examples the convolution integral can be computed exactly and therefore
these computations act as a check on the method of alien derivatives.

5.2 Convolution of pure factorial growth

Let us begin with the simplest possible model. Consider an asymptotic formal power series
where the perturbative coefficients show pure factorial growth:

1
1—u

(0.9}
FO%)=3"T(n+1)a"" - BIFO(u) = (5.5)
n=0
As the complete asymptotics of F(©) is determined by the pole of B[F(©](u) in the Borel
plane, we know that in the full transseries there is just one possible non-perturbative sector,
FM) | which consists of only a single term S; fél)(a) = 2mi. As we will encounter many
different Stokes constants for different resurgent functions, we adopt the notation in which
we put the function name as a superscript on the Stokes constants, e.g. Sf .
Although the resurgence of F(©) is relatively simple, i.e.

AL FO) = o7 (5.6)
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with all other alien derivatives vanishing, we show in this section that it can be used as a
building block to build more complicated resurgent functions. By taking powers of F(©), we
will show schematically how such a resurgence structure builds up.

Consider the formal power series

2

v (a) = (FO(a)), (5.7)
where its Borel transform is computed as
u 1 1 log(1 — u)
3] (y) — / — 9 _ .
B[ }(u) 0 dU11—U11—U+’LL1 2—u (58)

Having the exact Borel transform, we can read off the resurgence structure using eq. (3.19).
Since we know that

log(1 — u)
(0) — _gqV W]y — )08 W
B[qf ](u) = 3! B[xp }(u D= (5.9)
we can read off the result
4mi
g Dy —1) = — "2
v 1) = . 1
Sy B[e™](u—1) T (5.10)

Transforming back to the a-plane, this corresponds to the formal power series

SPOM (@) =471 Y T(n+ 1)t (5.11)

n=0
We see that in this ‘squared model’; the coefficients of the leading non-perturbative sector
UM are no longer a single term but now show pure factorial growth themselves.

Though we were able to perform the convolution integral exactly and therefore immedi-
ately read off the resurgence structure, it is instructive to obtain the same result using alien
derivatives. On the one hand, the bridge equation, eq. (3.18), tells us that A; w0 = Sf’\I/(l).
On the other hand, we have by direct calculation

AP =2FOA FO =23 27 D(n + 1)a™ T, (5.12)
n=0

where we used eq. (5.6). We observe the same result as obtained from the exact Borel
transform in eq. (5.11). Likewise, for the second non-perturbative sector U@ we get

2
2(SY) @ = AT =20, FO A PO = 2(27i)?, (5.13)

which is a sector with a single coefficient. Notice that this can also be related to the
expansion of eq. (5.8) around w = 2 which reads

i

BwOw)| =42

u=2 2—u

T (5.14)

where the ellipsis denotes regular terms. Up to a sign ambiguity this agrees with eq. (5.13).
This ambiguity originates in the ambiguous expansion of the logarithm log(1—u) in eq. (5.8)
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Figure 12. Alien chains for the convolution of an asymptotic power series where the perturbative
coeflicients show pure factorial growth. The sectors with a filled box are true asymptotic sectors,
whereas the white boxes are not and consist of a finite number of terms.

around v = 2. We extensively come back to this point in section 6.3, where we shall see
how to resolve such ambiguities.

This simple example easily generalizes to higher powers of F(°)(c). For example, consider

o) (a) = (PO (a))s. (5.15)

The convolution integral to get the Borel transform B[F(?)(a)3] can still be done exactly,
but we stay in the a-plane and follow the second method we just used for (F (0)(a))2. Acting
once with A; yields

2 o n
SPe® = 2100 = 3(FO) A PO =671 Y- 0™ 3 T —h+ D0(h+1).  (5.16)
n=0 h=0

Acting twice with A yields

2 2 e
2(S7) @@ = At0® = 67 (A FO) = 6(2mi)> 3 T(n + 1)a" . (5.17)

n=0
Finally we have
3 3
6 (Sib) B — A“;’CI)(O) — 6(A1F(0)> = 6(271-1)3, (5.18)

In figure 12, we show the alien chain built up with more sectors, more of which are
now asymptotic.

5.3 Convolution of power series with a double pole

In the next section we shall consider diagrams at order 1 /N]% in the flavour expansion We
will encounter two generalizations of the above convolution integral of power series with
pure factorial growth. We introduce and discuss these already in this section. The first
generalization is the case that the large order relation of the formal power series that we
convolute with itself is determined by a double pole, treated in this subsection. In the
next subsection we address the convolution of a power series with (infinitely many) evenly
separated poles in the Borel plane.

Consider a power series F'(0) () where the large order growth of the coefficients is
determined by a double pole in the Borel plane at u =1, e.g.

FO(q) = i I'(n+2) (a + nil> "t = BIFO(u) = a _au)2 +1 f " (5.19)
n=0
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Notice that we keep the option open for subleading growth coming from a (1 —u)~! term.
We use a and b as a compact notation for fél) and fl(l) respectively. We are again interested
in the resurgence properties of

2

v (a) = (FO(a)) (5.20)

The Borel transform of this power series is given by the convolution integral

B(FO) () = /ou i ((1 —am)Q 1 —bU1> ((1 - Ua+ u1)? e “b+ “1)

a? + ab o log(1 —u)
_ _ Wiy =12
=2 SYB[w®](u-1) =
2a? a? + 2ab
_2<(2_u)2+ o ) (5.21)

where in the second equality we emphasized the resurgence of the non-perturbative sector
UM which has the explicit form

(5.22)

2 2
SYB[w™](u—1) = 4ri < 2 2ab b ) .

2—w? T 2—w? T2u

Notice that, studying the singularities of these expressions around u = 2, it might look like
the second non-perturbative sector U(?) gets contributions from both the ¥ sector and
the last line in eq. (5.21). However, as

:j:wi—(Q—u)—l(Q—u)2+..., (5.23)

log(1 —
og(l —u) - 5

the last line cancels against the (real part of the) expansion of the logarithm and B[¥(1)]
around u = 2.

The inverse Borel transforms of eq. (5.22), together with the residue of the simple pole
at w =1 in eq. (5.21), yield the coefficients of the first non-perturbative sector

- 2ab b?
ST (a) = 47i(a®+ ab) 4 4r7i Z 2I'(n+3) <a2 + - j_ 5 + CEDCE 1)> "t (5.24)

n=0

where, in the sum, we factored out the leading order growth I'(n + 3) coming from the fact
that eq. (5.22) has a cubic pole in the Borel plane (recall eq. (3.47)).
Instead of performing the convolution integral as in eq. (5.21), we can again use alien

derivatives. Since

A FO) = o7 (a + b) , (5.25)
(6

we find

ST ZopO A, FO _ 4 (Z“’) S I(n+2) (a—i— nil) ol

n=0

- 2ab v?
A (2 . 2 n+1
=4ri(a”+ab)+4mi E 2I'(n+3) (a +n—|—2+ n 2)(n—|—1)> o (5.26)

n=0

which is indeed the same as in eq. (5.24).
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For this specific example there is another way to think about eq. (5.26). Instead of
identifying the coefficients (]“}(LO)7 we rewrite eq. (5.26) as

SYPD) = dri (Z 4 b) S FOant!
n=0
= dria F\” + 4ria i f(o) o™ 4rib i flo)gntt (5.27)
- 0 n+1 n .

Next, consider a generic series and its Borel transform

3 o~ n
Gla) =Y g™ = BGu) =) ———u" (5.28)
n=0 n=0 P(n + 1)
The derivative of the Borel transform yields
> In+1 n = n+1
BIGI(u) =) =+ = H(a) =) gnr1o™" 5.29
[ ] (U) HZ:O F(?’L+ 1)“ (a) nz_og +1& s ( )

where in the last step we applied an inverse Borel transform. In other words, the newly
constructed series H («), with coefficients those of G(a) but shifted: g, — gn+1, corresponds
to taking the derivative in the Borel plane. Applied to eq. (5.27), this implies

SEB[EW)(u) = 4mia B[FO) (u) + 471 b B[F©](u). (5.30)
We shall employ this observation in section 6.

5.4 Convolution with equidistant singularities

A final case we need is where we take the convolution of perturbative series F(©) and G,
where the large order behaviour of their coefficients, fT(LO) and 97(10)’ come from singularities
at v = 1,2,3,... in the Borel plane. Furthermore, we assume that we know both the

resurgence properties of F(©) and G, i.e. we know the action of the alien derivative A;:
A FO = gFp®) - A2RO) — 9(sF2 @) ATFO) = 6(SFY3RG) (5.31)

etc., and similar for G(9), but now with the Stokes constant Sf replaced by SlG . This is the
standard structure of alien derivatives if one assumes that F(© and G() are one parameter
transseries for which one can derive a bridge equation as we did in section 3.2. However,
from the results obtained for the Adler function at order 1/Ny in the flavour expansion
(recall our discussion in section 4.5), we know that the Adler function does not necessarily
has such a bridge equation. Therefore, we also allow for non-vanishing actions of Ao, Ag,
Ay ete. In fact, when we apply the machinery of this section to the Adler function at order
1 /Nf2, we indeed see that such ‘multiple steps forward’ alien derivatives indeed occur.
Using the Leibniz rule repeatedly, we may now also obtain the resurgence structure of
the product
v = pOGO) (5.32)
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In particular, to obtain the first non-perturbative sector (1), we can act with Ay. This yields
SPel = (A F@) GO+ PO (A,60) . (5.33)
In order to obtain the sector ¥, we can act with A2, for which v gets contributions from
%A% (FOGO) = % (ATFO) GO+ (A F @) (2,6 +%F(0) (A1GO@),  (5.39)

and potentially also with a nonzero As, for which the contributions come from
2y (FOGO) = (2:F@) GO + PO (2,60) . (5.35)

Likewise, an arbitrary sector U™ could get contributions from products of alien derivatives

of the form AP, AT 2Ay, AT3A3, ..., A,.

5.5 Prefactor singularities

A final subtlety that we need to address is one that we will encounter at several points in
our computations. The Borel transforms in the convolution integral, eq. (5.1), may contain
singular factors — in practice: poles — that only depend on the overall Borel plane variable
u, not on the integration variables u;. Such singular factors can therefore be taken outside
the integral; see eq. (6.1) and the expressions below it for examples that we will encounter.

In the case of a transseries with non-perturbative exponentials A; = — Ao, as we have
here, these overall singularities can be somewhat difficult to interpret. Clearly, singular
prefactors play a role in the singularity structure of the final Borel transform, and therefore
they will determine some of the structure of the full transseries solution that we are after.
However, since the singularities are not obtained by acting with a specific alien derivative on
one of the factors in the integrand, it is not always immediately clear to which transseries
sectors the expansions around them belong.

For example, an expansion in the Borel plane around u = A; could describe a (1,0)
sector, but also other (1 + n,n) sectors. When such an expansion comes from actions of
alien derivatives on factors in the convolution integrand, one can simply read off which
alien derivatives play a role and therefore which sectors appear. When an expansion comes
from a prefactor singularity, this is not the case. As a result, in these cases one needs other
arguments (e.g. comparing different expansions that involve the same higher nonperturbative
sectors) to determine the precise transseries structure.

Some of our results on the transseries structure will therefore be conjectural, depending
on such additional arguments, though in many cases we can also fully pin down the structure.
We will even encounter situations where the extra singularities are a virtue rather than
a nuissance — occasionally, they help us to read off transseries coefficients that would
otherwise have remained hidden in a regular expansion, but that now become part of the
singular structure.

To summarize what we learned in this section, it is clear that the resurgence structure
of the convolution integral, eq. (5.1), can be obtained in two ways: either directly via the
singularity structure of the Borel transform, or by applying alien derivatives acting on
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the constituents of the convolution integral. The examples discussed in this section were
relatively simple and we were able to compute the convolution integral exactly. However,
in general, harder problems it is difficult (if not impossible), to compute the convolution
integral exactly. In fact, as we see in the next section, this is indeed the case for the Adler
function at order 1 /Nj% in the flavour expansion, so that there we have to turn to the second
method using alien derivatives. Let us emphasize that this method is quite general, and
certainly not only applicable to the resurgence properties of the Adler function. It may
further open the door to study renormalons in physics in general.

6 Adler function with two bubble chains ((’)(l/Nfz))

In section 4 we discussed how the minimal two-parameter transseries Ansatz for the Adler
function could be obtained using the resurgence relations described in section 3. From a
resurgence point of view, the structure of this transseries at order 1/N; was surprisingly
simple as the only asymptotic sector is the perturbative (0, 0)-sector. In particular, we saw
that most of the non-perturbative sectors are in fact vanishing (recall figure 11), and those
sectors that were not vanishing only consist of one or two terms. As a result, we were even
able to sum the whole non-perturbative part of the transseries, leading to a closed analytic
form, eqs. (4.49) and (4.50).

From our discussion in section 5, we do not expect that this relatively simple transseries
structure is still present at higher orders in the flavour expansion, i.e. after adding more
bubble chains. (See e.g. [11, 13, 14, 60] for earlier work including two or more bubble
chains.) Recalling figure 12, we observed that the convolution integral leads to asymptotic
non-perturbative sectors, and found that the alien chain or lattice gradually builds up by
taking more and more convolution integrals. We therefore expect that already at the next
order in the flavour expansion, i.e. at order 1 /NJ%7 the transseries for the Adler function will
contain asymptotic non-perturbative sectors.

In order to test these expectations, and to get a first view of the resurgence structure
at higher orders in the flavour expansion, we discuss in this section the Adler function at
order 1 /Nf2 (NLO). Unfortunately, a complete calculation of the Adler function at this
order is not possible yet, because for some diagrams the master integrals for the Feynman
integrals appearing at this order are not yet known. Therefore, we focus in this section
on the set of planar diagrams shown in figure 13, which we are able to compute. (These
diagrams are leading in the SU(3) color structure.) A brief review of the complete set of
diagrams at order 1 /Nf2 can be found in appendix C.

Note that the subset of diagrams of figure 13 is not gauge invariant, and our resurgence
analysis in this section is only on a diagram by diagram basis. Unless very specific
cancellations occur between diagrams, however, one may expect most of the resurgence
features that appear in individual diagrams to also appear in the sum of the full set of
diagrams — as indeed occurred at order 1/Ny — and it is those resurgence features that we
are after. Our assumption in the present work is that such cancellations do not occur unless
there is a clear physical reason for them, as is the case for the absence of a singularity at
u = 1 in the Borel plane.
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Figure 13. Subset of diagrams at O(l/NJ%) that are computed in this section.

In particular, we discuss the resurgence of the complete first two non-perturbative
sectors, i.e. the (1,0), (0,1), (2,0) and (0,2) sectors. We show how these results can be
extracted numerically from the perturbative coefficients only. To supplement these results,
we use the techniques of the previous section, section 5, to get the key result of this section:
the exact Borel transforms of these sectors. Using the same techniques, we even find that
there are further (n, m) sectors with both n and m nonzero, contary to what was the case at
leading order in 1/Ny. At the end of the section, we briefly discuss the remaining transseries
sectors and summarize the structures we have found in table 2.

6.1 Four diagrams at O(I/Nfz)

Using eq. (4.8), the Borel transform of the diagrams shown in figure 13 can be computed
using an analytic regularized propagator for each of the bubble chains. In terms of the
convolution integral, the Borel transform for each diagram is given by

B[H(QQH(u) = ,goif (32@0) - /Ou du1 dUQ (5(U — Ul — uQ)H(ul, UQ) R (6.1)

where IT(u1,uz) is the Q?-independent part of these diagrams in terms of the two Borel
parameters u; and wuo of the bubble chains. Here and in the expressions that follow, we
again ignore an overall colour factor C%. For diagrams (a)-(c) in figure 13, we managed to
compute this Q%-independent part exactly to all orders in u; and ug, see appendix A and B
for more details, and the result reads:

3 1 1 1
Halun ) == ) o) (2 (oD 1) (2 (wsD(wa s’ 02
_ 3 ['(u) I(1—wuy) I'(1—wus9)
M) == s T (3=u) (w1 —2)T @) (2T 2+ ) (6.3)
L, (1, 13) = 3 1 M(u) wil(1—wy)  T(1—ue) (6.4)

2m2 u(l—u)(2—u) T(3—u) D(24u1) (ug—2)T(2+us)’

where, after taking the J-function in the convolution integral (6.1) into account, we have
u = uj + ug. For diagram (d) we do not have a such a closed form, but instead computed
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the expansion in u; and we, for which the first few terms read

201 315 3123
Hg(u1,uz) = — — 36(3 + ( - 54C3> up + ( —63(¢3 — 9OC5> ui

4 4 16
4 1
+ (873 - 54@,) us + (77 93¢ — 60(5) wl+ - (18 LI 36u§>
8 4 U 4
4539
+ (16 — 144(s — 90C5> ujug + ... (6.5)

In appendix A we give additional details for the computation of the perturbative coefficients
for this diagram.

In order to get the (Borel transform of the) Adler function, we can perform the
convolution integral (6.1) and take the derivative with respect to @Q? (recall eq. (4.13)). The
convolution integral (6.1) for diagram (a) can be computed exactly, and we obtain

2 1 Czec - "
BD@ ) = 5 (Sae)  BIDIw. (6.6)
with the closed form expression
B 6 log(1 + ) log(1 — u)
B[D,)(u) = 1—w)(2—u) [3(1 —wu2+u) | B-w)(2—wu
2log(1 - %)

(6.7)

34—u)B—u)(l—u)]

However, for the other three diagrams we do not have the benefit of a closed form. Instead,
one can expand the IT(u1,ug) for these diagrams in w; and uy and perform the convolution
integral order by order. In this way we find

3u  3u?  8lud  215ut 2707uP 6
B[D,)(u) = T4 2 32 64 60 O<“ ) ’ (6.8)
3u 3u? 8bu® (239 (3 4 (3211 (3 5 6
D — 220 2 (2 8 (22 58 .
BD](u) 1 2 32 (64 4)“’ (640 2)“ +O(“)’ (6.9)
3u  13u?  95ud /277 (3 4 (TR 113\ 5 6
DJ(u) = —"— — =2 70 (2L M4 (22 58 . (6.1
BlDc|(w) 8 16 o4 <128 8)“ (256 40 >“ +O(“) (6.10)

B[Dg)(u) = 3u + (137 6C3>u2 + (565 - 9C3)u3 + (11219 _ 3B 65<5)u4

16 32 384 3 6
27787 703¢3 ., 65(5\ s 6
( 610 48 9Ty )u +0(w). o1

where, even though we have the closed form in eq. (6.7), we added the first few coefficients
for B[D,](u). For diagrams (a)-(c), we computed the coefficients up to order u!%%. Diagram
(d) is computationally more involved and we managed to compute up to order u'®.6
Before we enter the detailed resurgence analysis, we can already have a closer look at
the singularities of each of those expressions in the Borel plane. The singularities of diagram

(a) can be read off immediately from its closed form, eq. (6.7): branch cuts starting at

6Qur calculation exhausts the current datamine [61], which we used to compute these coefficients.
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u=—1,u=1and u =2 and poles at u = =2, u =1, u = 2, u = 3, and u = 4. For the
other diagrams, for which we only have a finite number of perturbative coefficients, we
cannot read off the singularities in this way. Instead, we can use Padé approximants to this
end (see appendix D.2 for a brief description). The poles of these Padé approximants give a
good indication of where the ‘true’ singularities in the Borel plane are located. In order to
see the type of singularities that we can expect in the Borel plane of the different diagrams,
we plot the poles of the diagonal Padé approximants in figure 14.

For diagrams (b) and (c), we see essentially the same pattern arising as for diagram (a):
the emergence of poles in the UV direction and a branch cut starting at « = 1 and at u = 2.
Note that of course a Padé approximant, being a rational function, cannot produce an
actual branch cut — instead, the branch cut is mimicked by the Padé approximants as an
accumulation of poles. This well-known effect occurs in many other examples that involve
Padé approximants, see e.g. [62] for an early example. We also expect the emergence of
branch cuts beyond u = 2 for diagrams (b) and (c), but more on this in a moment. As we
do not have many terms for diagram (d) it is hard to tell if the Padé poles near u = —1 and
u = 1 are the start of a branch cut, or are Borel plane poles instead. We also observe some
‘spurious’ poles that have an imaginary component. A closer look reveals that these poles
always come in pairs: they are the complex conjugate of each other. This is a common
phenomenon for Padé approximants, and often reveals the fact that these mimic one pole
without an imaginary component, see also appendix D.2 for more details.

It is interesting to note that in the Borel transforms of the individual diagrams, the
singularity at u = 1 does not disappear. This was also the case for the LO (O(1/Ny))
Adler function: when the diagrams were taken separately they did have a singularity at
u = 1. However, these singularities at © = 1 cancelled when we added the diagrams. On
physical grounds, we expect that this will still happen when we take all diagrams together
at every given order in the flavour expansion — recall the discussion on the OPE at the end
of section 4.2. Nevertheless we do not expect singularities at other values of u to cancel.
This also did not happen in the case of the LO Adler function where the singularities on a
diagram by diagram basis indeed gave a realistic picture of the singularities for the sum of
the diagrams.

6.2 Resurgence analysis: non-perturbative sectors (1,0) and (0, 1)

Our discussion of resurgence in section 3 was mainly focused on the case where the
singularities of the Borel transform are simple poles or logarithmic branch cuts. In many
examples studied so far in the literature these are indeed the only singularities that occur,
but in the case of the Adler function several other types of singularity are present. We
already encountered double poles in section 4, and if we look at the exact Borel transform
for diagram (a), we observe another type of singularity:

log(1 — u)

— 3o (6.12)

Blal(w)],_, u—1

where the ellipsis denotes other singularities (poles and logarithmic branch cuts) as well
as regular terms. At the end of section 3.5 we saw that a singularity of the form in
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Figure 14. Plot (a)-(c) show the singularities of the diagonal order 75 Padé approximants of
the diagrams (a)-(c) respectively. Branch cuts are mimicked by an accumulation of poles. As we
only have 18 coefficients for diagram (d), we show the Padé poles of the diagonal order 9 Padé
approximant in plot (d).

eq. (6.12) follows from perturbative coefficients that grow as I'(k + 1)1 (k + 1), where ¢(2)
is the digamma function. Dividing by I'(k 4 1), this means that the leading growth of the
coefficients of the Borel transform B[D,](u) is given by —3log(k), where we read off the —3
from eq. (6.12) and used ¢ (k) = log(k) + O(%).

In figure 15, we show the perturbative coefficients of B[D,] together with the function
—3log(k), and indeed this function matches the leading growth of these coefficients quite
well. We observe similar logarithmic growth for the coefficients B[Dp](u) and B[D.](u).
Notice that the plotted points for the coefficients of B[Dp](u) nearly overlap with those for
B[D,)(u), implying that the leading growths of Dj, and D,, are equal. For the coefficients of
B[Dg](u) it is more difficult to tell if the coefficients show logarithmic growth, as we only
have 18 coeflicients where the even and odd coefficients seem to follow notably different
curves, so that we only have 9 coefficients to determine the trend for each curve. This
makes determining the large order behaviour unrewarding. Nevertheless it is a pleasant
surprise to see from figure 14d how well the Padé approximation already estimates the
location of the Padé poles in u near +1.

Comparing the logarithmic growth ~ I'(k + 1)1 (k + 1) with eq. (3.46), which describes
the large order relation for a transseries Ansatz of the type eq. (3.44) with logarithms, we
see that at the level of the transseries this implies that logarithmic terms are included in the
expansion. As discussed in section 4 for the Adler function at LO in the flavour expansion,
the form of the complete transseries is further determined by the fact that the Borel
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Figure 15. Plot of the first 150 perturbative coefficient of B[D,] (blue), B[Dy] (orange), B[D.]
(green). As the solid gray line we also show the function —3log(k) to highlight the fact that the
coefficients for (a), (b) and (c) show logarithmic growth. Since the points denoting the coefficients
for (a) and (b) practically overlap, we included a subfigure zooming in at part of those sequences.
In red, above the horizontal axis, we show the 18 coefficients for B[Dy] we have calculated. As the
even and odd coefficients seem to follow different curves it is unclear if these coefficients also show
logarithmic growth.

transforms of the diagrams have singularities at both negative and positive integer values of
u. This leads to a transseries with at least two parameters. Taking these considerations into
account, we make the following minimal transseries Ansatz for diagrams (a), (b) and (c):

— n_m —nAl _pi2 n,m)[0 n,m)[1
Dyro(@) = Y- Y- ofoye e ™% | Dipt (@) + log(@)Dip ()], (6.13)
n=0m=0
where as in the LO case” A; = —A5 = 1. Note that for diagram (a), we do not have an

infinite number of singularities in the Borel plane, hence in that case the sums over n and
m truncate. Furthermore, note that as the sectors with logarithms lead to singularities of
the form eq. (6.12), we expect that the sectors Dl(\?ﬁ%)[l] vanish as diagram (a) does not
contain such a singularity at u = —1 and because the Padé plots for diagram (b) and (c)
do not show branch cuts starting from negative integers. We will have more to say about
diagram (d) at the end of this subsection.

Following what we did in section 4 for the LO Adler function, we can translate the
transseries Ansatz into large order relations for the perturbative coefficients and study
these numerically. This will then lead to the extraction of non-perturbative sectors. The
singularity at u = 1 does not disappear on a diagram by diagram basis, which implies that
the leading large order behaviour of the perturbative coefficients follows from forward steps

"One often encounters the phenomenon of resonance — see also the discussion on page 19 — in transseries
with logarithms and when multiple A; add up to 0. Although this is the case for the diagrams considered in
this section, their transseries do not show resonance. See [44] for another example of this behaviour.
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in the alien lattice in both the (1,0) and (0, 1) directions. Taking into account that some
coefficients grow logarithmically, this yields the following natural form for the large order
relation for the perturbative coefficients:

d00 51,0 < > L(k—h— 5)( a0 GO 600041y — p(k — h — 5))

omi = AP
50,1 I'(k—h-— ,8) 1)[0]
+ 35 h% A 40 L o2k, (6.14)

where, smce We can allow a finite number of the leading coefficients to vanish, we assumed
gog) = ﬁo 1= 1 0 = [[)1]1 = (; this entails no loss of generality (see also the discussion below
q. (4. 38)) As we did in section 4, we absorb the Stokes constant and factors of 27i into
the non-perturbative coefficients:
~ SY ~ S§
dg’o)[p] — 21,0 4(£0)[p] J0:0P — 201 4(0.0[p] (6.15)

T oomi ’ h T oomi M

For explicit results, let us first focus on diagram (a) as the closed form of the Borel transform,
eq. (6.7), allows us to read off the resurgence structure, using egs. (3.19) and (3.49). We
extract the dominant growth

1ol Ik — j%lbék -B) _ J0om) I'(k — aégi(k ) n O(%) ,

(6.16)

from the expansion around eq. (6.12), which yields the exact values

Lo _

B=-1, dS -3, and 40 —o. (6.17)

Subtracting the leading growth from the large order formula yields

0) Ak=F 50,0 oLk — Bk —B)
0y, ﬁ (dk — dy Allc—ﬁ )

~ Z WAh [d( 0)[0] + (- 1)h+57kdgo,1)[0]} o (6.18)
h=0

a type of growth that we already encountered in section 4. Taking similar ratio tests as we
did there, and taking the parity of k£ into account, we find full asymptotic expansions:

ol _ 5378+ lﬁ;’fbg@) h=0 (6.19)
(W (3h+3) + (D"} + ) h>0
for the (1,0)-sector, and
O pu—
JODI0) _ (6.20)
h T(h) (3 — (-1)'% — A Gh+ d) - 21) h>0

for the (0, 1)-sector. We have checked egs. (6.19) and (6.20) numerically up to 20 decimal
places for the first 15 coefficients by using Richardson transforms. Note the gamma-functions
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I'(h) in these expressions, implying that the first non-perturbative sectors are now indeed
asymptotic series, just like the perturbative sector. As an additional check, we can read
off the resurgence structure from the exact Borel transform eq. (6.7) using eq. (3.38). For
example, near the singularity positioned at © = 1 we get

_ _Sl,o< _ glog(1—u) + (1) N 2 430(1) + 2 log(2)

u=1 27 1—wu 1—wu
+ BIDUOO) (4 — 1) log(1 — u)) +o, (6.21)

where the ellipsis denote regular terms, and with

51,0 3
S10 2 HLO0l (1) —
omi Ol =N =G5 *3

i 1
v 2u 3—u

(6.22)

| oree

As already discussed above, the first term in eq. (6.21) can be compared with egs. (3.48)
and (3.49) and yields the coefficients of eq. (6.17). This is the reason why we included the
¥ (1) term there, and then subtracted it again in the next term. Using (1) = —yg in the
second term in eq. (6.21) yields the coefficient in the first line in eq. (6.19). Finally, an
inverse Borel transform of eq. (6.22) gives the second line in eq. (6.19). In a similar way, one
can read off the resurgence of the DD sector, i.e. eq. (6.20), by expanding B[Dgo’o)](u)
around u = —1.

We discussed a diagram for which it was possible to find a closed form Borel transform,
but the true power of resurgence analysis emerges when we study the diagrams for which
we do not have such an exact expression. To be precise, for diagrams (b) and (c), we can
study the large order behaviour of the perturbative coefficients for these diagrams, compute
coefficients in the transseries numerically and can then usually infer their exact values.
Furthermore, we can use the discussion of section 5 on convolution integrals and their
resurgence as a cross check. The interested reader can apply the methods of section 5 to
obtain the same results for diagram (a).

Turning to diagram (b), we find, by studying the large order behaviour of the perturba-

tive coefficients, that 319 = (5p,1 = —1 and that the non-zero coefficients are

ditO = _3 (6.23)

JL00) _ 3~ 378 + 7§ log(2) h=0 6.94

r(h)(6 - 3) >

so,nfo) 1

dé o= 5(log(2) - log(S)) . (6.25)
We have checked these numbers numerically up to 12 decimal places for the first 15
coefficients for dg,o)[o}} after which we inferred the exact expression — an expression that we

shall argue to be correct in a different way in a moment. From the coefficients, we deduce
the following information. The leading order growth of this diagram is given by a log-sector
with a single coefficient Jél’o)[l]. Furthermore, the non-perturbative (1,0) sector is now an
asymptotic sector, while the (0,1) sector only contains just a single non-zero coefficient

corresponding to a simple pole in the Borel plane (we already observed this in figure 14b).
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Using the results of section 5, we can check these numerical results using the method

of alien derivatives acting on the convolution integral. We therefore rewrite the convolution

integral for Déo,o) (recall egs. (6.1) and (6.3)) as

—6I'(1 + u)

BIDY W) = o=

B O(u), (6.26)

where we defined

I'(1—u)

o—urery” 20

BIY)(u) = /Ouduls[FKul)B[F](u—ul% with  B[F](u) =

The singularities of the Borel transform B[F](u) are simple poles at positive integers, except
at u = 2 which is a double pole. Therefore, the resurgence structure of F' can be easily read
off from the expansions around these poles and we find

1
A F = 5(27ri). (6.28)
Using the procedure as outlined in section 5, we obtain
SYuM = A0 = 2FA F = (271) F(a). (6.29)

In other words, in a neighborhood around u = 1, the Borel transform of ¥(9) looks like

B[Y V] (u) = ~SYBEW](u — 1)@‘(217ﬁ” -
= —B[F](u—1)log(l —u)+...
___I@-w log(1—u) +..., (6.30)

(B3 —u)(1+w)

where the ellipsis denotes regular terms around u = 1. By adding back in the prefactor for
B[Dz(,o’o)](u)a close to u =1 eq. (6.26) becomes

—6I'(1 +w)
(0.0 _ [ ) - }
B L = arg o (P T
6log(1l — u) N
(1 —u)(2—u)(3—u)
_ _gaonlogl —u) W)y, ylog(l —u)
= —d, Ty S1,0B[D, J(u—1) 5 T (6.31)
with ngvo)[” = —3 already given in eq. (6.23) and where
510 100,y 6 3
5 B0y W) = g — 5 (6.32)

Indeed, by performing an inverse Borel transform, we can now directly read off the coefficients
a?%l,o)[o] for h > 0 already given in eq. (6.24).

Note however that the prefactor in the first line of eq. (6.31) itself has a pole at u =1
— see also our discussion in section 5.5. As a result, a constant term from the regular part
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between square brackets (indicated by the dots) also contributes to the singular terms in

the last line. Therefore, the coefficient Jél’o)[o}

at v = 1 in the Borel plane, is not determined yet by studying the convolution integral.

, which should correspond to a simple pole

Furthermore, B[F](u) in eq. (6.27) does not have singularities at negative integers, meaning
(0,0)

that A_1F = 0. Therefore it does not seem possible to compute B[D,’](u) locally near
u = —1, and thus we can also not extract cz(()o’l)[o] using the method of convolution. We

come back to this point in the next subsection, where we will see that by including further
non-perturbative sectors in the analysis, some of these undetermined coefficients can still
be found.

This concludes our discussion of diagram (b). In a similar manner, for diagram (c), a
large order analysis of the perturbative coefficients yields 319 = Bo,1 = —1 as well as the
following non-zero expansion coefficients for the non-perturbative sectors:

dy O = _g (6.33)

7(1,0)[0] _ ~5 — 376 — ¢ log(2) h=0

, 3 Rl , 11 (6.34)
F(h)((3h+§>_(—1) §+ﬁ§) h >0

gone _ 1 1 3

dy" = 4 5 (log(2) ~ log(3))), (6.35)

which we have checked numerically up to at least 13 decimal places for the first 15 coefficients
for CZS’O)[O]. We observe a similar pattern as for diagram (b): a log-sector with a single
coefficient dgl’o)m, an asymptotic (1,0)[0] sector, and a (0, 1) sector which contains only a
single non-perturbative coefficient.
Once again, we can also determine these coefficients by studying the convolution integral
more closely. Therefore, we write the convolution integral of diagram (c) as
—6I"(u)

BIDLV ) = o iy BN (6.36)

where we defined
ul'(1 — u)

Be)(w) = [ du BIFI@)BGw ), with  BG)(w) = Ty

(6.37)
and with B[F] the same as in eq. (6.27). Using that both A;F = A1G = $(27i) we obtain

1
5P = A1) = FA\G + GALF = Z(271)(F () + G()). (6.38)
2

A brief calculation now yields

_ —GF(’LL) (0) u
u=1 (1—u)(2—u)F(3—u)B[¢’ 1)
_ log(l1—u) 6—3u(4—u)

N 1—u  u(2—u)?(3—u)

+...

u=1

log(1—wu)
2mi

~ log(1—u
_ _gromlos=u) g ppole, 1)

1—u

..., (6.39)
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with d(()l’o)[l] = —3 as given above in eq. (6.33), and where

1 3
OB ) = o 2

1

2
— . 4
T+o 0w T1oa 2z (6.40)

2mi

It is straightforward to show that the inverse Borel transform of this indeed yields the

coeflicients d,(ll’o)[o] given in eq. (6.34) for h > 0. In the next subsection we see how the

convolution integral method also allows to obtain information about the coefficients d(()l’o) o
and d{""°,

To summarize the results so far (see also table 2): although the convolution integral for
diagram (a) was the only one we could compute exactly, our resurgence large order analysis,
together with the power of the convolution analysis, allowed us to make a transseries Ansatz
and extract the whole first non-perturbative (1,0) and (0, 1) sectors for the diagrams (a),
(b) and (c). For all three diagrams, the leading order growth of the perturbative coefficients

(1,0)[1]
0

is governed by the non-perturbative coefficient d . In particular, we found for diagram

(c) that d[()l’o)[l] = —3, while for both diagrams (a) and (b) the growth is twice as strong, i.e.
d(()l’o)[l] = —3. We already observed this qualitatively in figure 15, where we saw that the
growth of perturbative coefficients for diagram (c) is indeed less than for the diagrams (a)
and (b), which were more or less overlapping. However, at closer inspection, one sees that
the points do not overlap exactly — an artifact of the subleading growth dictated by the
coefficients dgl,o)[o] and dgo’l)[o] that we have now also computed. For all three diagrams,
the (1,0) sector is asymptotic while only for diagram (a) the (0, 1) sector is asymptotic.

ngl,o)[o] is the same as that

Furthermore, we notice that for diagram (a) the coefficient
of diagram (b).

Finally, we want to offer some observations on diagram (d). A numerical resurgence
analysis on this diagram is challenging as we only have 18 coefficients, and we already
observed that the even and odd coefficients behave differently. In figure 15, we see that the
growth of the upper curve is much stronger than that of the other three diagrams (a), (b)
and (c). Although it looks like the curve bends slightly, there are not enough coefficients to
tell if this is the beginning of logarithmic growth. It might as well be the case that the large
order growth of the coefficients is different. Furthermore, the coefficients that we displayed
have opposite sign to the coefficients of the other diagrams, though the lower curve clearly

bends downwards towards negative coeflicients.

6.3 Resurgence analysis: non-perturbative sectors (2,0) and (0, 2)

In the previous subsection we determined the non-perturbative (1,0) and (0, 1) sectors for
diagrams (a)-(c), using both numerical results and the method of alien derivatives acting
on the convolution integral. In order to probe the second non-perturbative sectors (2,0)
and (0,2), we must subtract the first sectors from the large order expressions. This is not

as straightforward as in the LO case (see eq. (4.37)), since now the coefficients CZ,(:’O)[O} and

a?](go,l)[o] grow factorially themselves, implying that we need to subtract an entire (divergent)
asymptotic series. To make this possible, we will apply Borel summation on the first

non-perturbative sector before subtracting it.
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To prepare for this we rewrite eq. (6.18) as

51570 ~ Ak B Z gk B Z k 5 )h) (KA)hCZ;f’O)[O] + (0, ¢)-sectors
P(h—B) =~ 1 0 0,0 (1 h
= T A8 > wpe " th 7 ) +(0,0)-sectors (6.41)
=1 h=0

(£,0) (0,6)

where p;, " and p;, " are the coefficients in the 1/k expansion of the first line, obtained

from expanding the ratio of gamma functions. In particular, pgf’o) is a linear combination
of the cl(z O with g < h, and similarly for pg)’g). The important observation is that the
above expression is itself a transseries in 1/k with non-perturbative exponents proportional

to log(¢). It is therefore natural to perform Borel summation on the series

PO () = ZPS’O)HJ}Z and  POD(z) = Zpg)vl)g;h, (6.42)
h=0 h=0

with z = % Then, in the large order expressions we replace these series with the Borel-

summed version®

S[PIO)(z) = pi” + / dt BP0 (t)e !/, (6.43)
0

and similarly for S[P(®D](z). Once we have summed the leading asymptotic series in this
way, we will be able to read off further subleading coefficients from the large k£ behaviour
of 1.

Unfortunately, this expression cannot be taken at face value, as the asymptotic expansion
of P01 and P19 is not Borel summable. More precisely, there are singularities on the
integration contours, as we can see in figure 16, where we show the singularities of the
Padé approximants of the Borel transforms of eq. (6.42) for diagram (a). We make a few
observations. First of all, we do not only see singularities at positions log(¢), but also at
shifts of 2wim for m € Z. This is related to the fact that logarithms are not uniquely
defined: for instance one could replace

log(¢) — log(¥) + 2mim . (6.44)

The second important observation is that we only observe singularities at log(2) + 27im
and log(3) + 27xim for B[P19] and log(1) 4 (2m + 1)xi and log(3) + wim for B[P(V)].
These singularities can be traced back to the expansion of B [D,(IO’O)](U) around log(1 — u)
and log(1 + u):

0 _q) lee-w) 2log(1 + u)
<(3—u)(2_u)2u 1) 0w d 0 w2C —wa@ i a) (6.45)

where in the first expression we subtracted the

l"gl(#“) term from eq. (6.7) as its contribution,

3(1,0)[1]

i.e. the large order growth initiated by the coefficient d; , is already subtracted in

8Recall that the constant term is not included in our definition of B[pu’o)}(t), which is why we have to
add it separately.
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Figure 16. For diagram (a), figures (a) and (b) show the Padé poles (small black dots) of the
75th diagonal Padé approximant of B[P™"9] and B[P(*1)] respectively. The larger red transparant
points are positioned at log(¢) + wim, with £ =1,2,3 and m € Z. At large imaginary values, some
‘spurious’ poles appear due to numerical inaccuracies.

eq. (6.41). That is, the expansions of (6.45) have singularities at w = 1,2,3 and u = —2,1,2
respectively.” Taking the logarithm of these values and using the fact that the logarithm
is multi-valued, one indeed finds the observed positions of the singularities in figure 16.
For this paper, the above observations are sufficient, but they are indicative of further
interesting phenomena which we plan to come back to in a forthcoming publication [63].

For both diagrams (b) and (c), we have simple (0, 1)-sectors with only a single coefficient,
so we do not need to perform a Borel-Padé summation on these sectors to be able to subtract
them. For the (1,0) sector, we obtain a similar plot as in figure 16a, where the positions of
the singularities are traced back to locations of the poles in the expansions around log(1—u),
given in egs. (6.31) and (6.39). To be precise, for both diagram (b) and (c), we observe
singularities at log(2) + 27im and log(3) + 2wim.

Since the Borel transforms in particular have singularities on the real positive axis, we
need to deal with the ambiguity of the Laplace contour. In order to do so, we performed a
numerical integration under a small positive angle just above the real axis in figure 16b.
See appendix D.2 for details about the numerical integration. This choice for the ‘upper
contour’ implies that we also get an imaginary part. However, as we will see in a moment,
this imaginary part does not play a role in determining the perturbative coefficients through
large order formulas, because of a similar and corresponding ambiguity in the choice of
logarithm branch cuts in the Borel plane. Of course, we also could have chosen the ‘lower
contour’; the imaginary contribution will then have opposite sign, but will still be ‘canceled’
leading to the same large order results.

9The pole around u = 0 cancels against the first term in the expansion of the logarithms.
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Figure 17. Plot of the coefficients d,io’o) (top, blue) and Re[é,(cl)] (bottom, orange), Im[é,(cl)] (middle,

green) for 20 < k < 100 for diagram (a). We clearly observe that the coefficients 6/(:) are ‘less
asymptotic’ compared to the perturbative coefficients d( 0

the subleading non-perturbative (2,0) and (0, 2) sectors.

, a sign that this new sequence probes

With the Borel summed (1,0) and (0, 1) sectors at our disposal, we can now turn our
attention to the resurgence of the second non-perturbative (2,0) and (0, 2) sectors. As in
the previous subsection, we start with a discussion of diagram (a). We can now subtract the

numerically performed integral from the perturbative coefficients. Recalling that § = —1
and A; = —A; = 1, we obtain the new sequence
'k — k—
51 = g0 _ goom Il ﬁ)tf( p)
A
Lk = B) grpaon (LY _ Dk = 5) oo (1
- s () - e s () (6.40)

which probes the contribution of the (2,0) and (0, 2) sectors to the large order behaviour of
the perturbative coefficients. In figure 17 we show d,(CO’O) together with 5,&1) for 20 < k < 100
for diagram (a). We clearly observe that the (real) perturbative coefficients d,(CO’O)
faster than both Re[é,ﬁl)] and Im[é,il)]. This is already a good sign that these coefficients

probe the subleading non-perturbative (2,0) and (0, 2) sectors.

diverge

Let us now discuss the fact that 5,21) for diagram (a) appears to have an imaginary
part. This may seem at odds with the fact that we are describing the large order behaviour
of a real expansion of the Adler function, but in fact it is not. Our numerical resurgence
analysis yields

Pk+2) , T(k+1) 3 T(k+1) 1 T(k+1) (6.47)
2 .

. (1) .
1Im[5k]~im{—2k+2. T o T (R 36 3l |

where the overall sign ambiguity comes from a choice of contour in the Borel-Padé evaluation
of eq. (6.46), either above or below the singularities on the positive real axis in the Borel
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plane. Note that this imaginary contribution can itself be Borel transformed into

1 3 1 1 1 1
2 S S 6.48
(2—wuw)? 22—u 362+u 3-—u (6.48)

+im |—3

Now, these same imaginary and ambiguous contributions will also appear in the Borel
transform of diagram (a) itself, eq. (6.7). For example, an ambiguity is present in the
expansion of the logarithm log(1 — u) in that expression around u = 2. This expansion
takes the form

6log(1 — u) +3mi 3w +3

B-uw)2—u?(l-uwul,_,  (2—u)? 2—u

(6.49)

where we see the exact same imaginary ambiguity as in the first and second term of eq. (6.48).
As a result, the coefficients of the (2,0) sector that can be read off from either eq. (6.47) or
eq. (6.48) will not be ambiguous and moreover will be purely real.

A similar reasoning can be applied to the third ambiguous term in eq. (6.48) which
will reappear in the expansion around log(1 + u) of eq. (6.7):
1 4w

2log(1 + u)
(1 —u)?2(2 —wu(2+u)

u=-—2

For the fourth ambiguous term in eq. (6.48), which will determine a (3, 0) sector coefficient,
we expand around u = 3:

6log(1l — u)
B—u)(2—u)?(1—u)u

_ +mi—log(2)
u=3 3—u

(6.51)

Taking the same steps as we did for the (1,0) and (0,1) sectors, we can now determine
the coefficients in the (2,0) and (0, 2) sectors by doing a large order analysis on the 5,(:).
Above, we have already analysed the imaginary part of 5,(:). The real part does not have a
contribution to the (0,2) sector, but is does affect the (2,0) sector. From it, we extract

B2,0 = —1 and the (2,0) coefficients
dFOM = _o (6.52)

dh 2 11 h 21 (6‘53)
r(r)((3h+4) (-1 +1-24) h>0.

As we see, the (2,0) sector contains again a log(a) contribution in the transseries, given
by the coefficient d(()Q’O)m. We were able to extract the first 15 coefficients in eq. (6.53) (as
well as those of the simpler imaginary part, eq. (6.47)) numerically from eq. (6.46) up to 9
decimal places, after which we inferred the exact expressions. Once again, we know that
this is exact to all orders, because we can compare with the exact Borel transform. (Recall
how we did this for the (1,0) and (0, 1) sectors in egs. (6.21) and (6.22).)

Let us now turn to diagram (b). Similar to diagram (a), before we can probe the second
non-perturbative (2,0) and (0, 2) sectors, we want to subtract the (1,0) and (0, 1) sectors.

As both the (0, 1) sector and the log part of the (1,0) sector (i.e. the (1,0)[1] sector) contain
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just one coefficient, we can directly subtract these parts. The (1,0)[0] coefficients however
grow asymptotically, and therefore we have to perform a Borel-Padé summation on this
part. This leads to the new sequence

saom (k= Bk —pB) T'(k—p) sonm  T'(k—5) 1
5D _ 400 _ guom _ JOonn _ pL.0) <>
k k 0 A]f—ﬁ Aé;_g 0 Allg_/g S[ ] L)
(6.54)

with # = —1 and A; = —Ay = 1 and the coefficients cz((]l’o)[l] and Jél’o)[o} given in egs. (6.23)

and (6.25) respectively. A numerical analysis on the imaginary part of 5,(61) yields a
contribution to the (2,0) sector:

. 1 T(k+1) _
itm [o] ~ 6mi g +O(375). (6.55)
From the real part of 6,(61) we extract for both sectors 20 = g2 = —1. Furthermore, we

extract a single non-perturbative coefficient for the (0,2) sector,

~ 1 2
d60,2)[0] =2 + 5 log(2) (6.56)

and the first few coefficients of the (2,0) sectors. We list the first four:

+(2,0)[0
dé )[0] = 5 5 5

5(2,0)[0 14 5(2,0)[0 5 5(2,0)[0 7

:_27 dg )[] _ d( )H _ d( )H _6_843 (657)
We have obtained these coefficients numerically up to at least 9 decimal places, as well
as some further ones not displayed here, after which we inferred the analytic expression.
Furthermore, notice that this diagram does not have a log sector, i.e. all the coefficients
Jg’o)m vanish.

We can improve on these results using again the method of alien derivatives acting
on the convolution integral to find all ngz,o) g exactly. We repeat the convolution integral,

egs. (6.26) and (6.27), for this diagram:

—60(1 + u)

B I) = T rE—

BWO](v), (6.58)

with:

(1 —u)
2-—uwl(2+u)’

u
B O(u) = / duy B[F)(u1)B[F](u —u1), with B[F](u) = (6.59)
0
In order to extract the (2,0) sector, we need the expansion of B[¥(?)] around u = 2, i.e.
we need the second non-perturbative sector ¥(2). As discussed in section 5, this implies
we need
1 17— 12vg

1, . L, .
AF = S(2ri),  and  AoF = —<(2m) (a + 6) o (6:60)

which is read off from the expansions around the poles of B[F] positioned at v = 1 and
u = 2. We notice that, similar to the LO Adler function, A?F = 0. However, Ay F is now
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non-vanishing. This yields
v\ 2 1,(2) 1 2
(Sl) V) = 2. J(AF) 42 FASF

1o 1 (1 1T =128 o= it

/11 1, & 17 — 1295 & "

Recalling the discussion at the end of section 5.3, in particular egs. (5.27) and (5.30), we
can write the Borel transform of ¥(?) in terms of B[F](u) and its derivative B[F]'(u) w.r.t.
u. Therefore, the Borel transform B[¥(?] around u = 2 reads

1. 1 u
(0) _ ™5 F0 e\ @y, 0y 080 3)
B[¥ ](u)\u:2 — (s¥) Ble®|(u-2) ot (6.62)
1. 1
=9 +3 B[F] (u 2)—1—76 B[F](u—2) )log|(1 5 +....
Adding back in the prefactor to get B[Dp](u) and Fy = % yields, after a brief calculation,'”
(0,0) —60'(1 + u) (0)
D = v ..
BN = ot - P 1,
_bmi-2 207, log(1— %)
with
B2 = 2 (e TRy yw) . 6o
omi - P  (1-u)(4—u) \4—u 6 ' '

The exact coefficients d~§1270) O are obtained from the residue of the simple pole around u = 2
in eq. (6.63), and after applying an inverse Borel transform on eq. (6.64).
At this point, we want to come back to a left over point of the previous subsection:

~((]1,0)[0] and CZ((]O,l)[O]

the resurgence of the d coefficients — which we were not yet able to

determine there — from the convolution integral. (We shall see momentarily how the same

reasoning also leads to the resurgence of the Jg””“]

coefficient.) In principle, as B[F](u)
only has singularities at positive integers of u, also its convolution integral B[¥(9](u) only
has possible singularities at positive integers of u. Therefore, with the techniques of studying
the convolution integral with alien derivatives, it seems we can only make statements about

the local expansions of B[¥(9](u) around these values. However, the prefactor

—6T(1 + u)
1—wI(3—u)

(6.65)

10Note that in eq. (6.55) the factor 67i appears with an ambiguous sign. As usual, in large order formulas
this imaginary ambiguity should not contribute to the perturbative coefficients; it will be ‘canceled’ by the
67i terms in the present equation. One may be worried that here, no ambiguous sign appears in front of
the 67i, but this is a result of the fact that we have implicitly chosen the ‘upper contour’ by applying a
particular form of the Stokes automorphism and the resulting alien derivatives.
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in front of this convolution integral has singularities at v = 1 and the negative integers
of u. Therefore, these singularities pick up regular terms of B[¥(?](u) at these points. In
particular, the prefactor also leads to the pattern of singularities at negative integers in u of
B [Dl()z’o)](u — 2). Furthermore, there is also a singularity at u = 1 and therefore we notice

MO G000l g GO

that this sector contributes to the coefficients J(()I’O . For example,

expanding the Borel transform of the (0,2) sector around u = 1 yields

log(1 — %)
27

_ 13log(2)

StoBIDy ] (u—2) =D

+.. (6.66)

with the ellipsis denoting regular terms around u = 1. We notice that this indeed corresponds

with part of the coefficient ng,o) [0}

already obtained numerically in eq. (6.24). The remaining
part of this coefficient follows from the fact that we multiplied a pole at © = 1 of the
prefactor with the expansion of B [\IJ(O) [u] around u = 1. Similarly, we can expand the same
expression around v = —1 and u = —2 to find (parts of) the coefficients J(()O’l)[o} and d((]o,z)[o]
as given above. In conclusion, we see in particular that knowing the subleading (2,0) and
(0,2) sectors actually teaches us a bit more about the leading (1,0) and (0, 1) sectors that
we were not able to deduce from the perturbative (0,0) sector alone.

Finally, we discuss the resurgence of the (2,0) and (0, 2) sectors of diagram (c). For this,
we can use the same sequence as in eq. (6.54), but now using the coefficients of the (1,0)

and (0, 1) sectors of diagram (c¢) given in egs. (6.33)—(6.35). A numerical analysis yields

: (1) T(k+2) 1 _k
ilm [5k } ~ +37i s 1- ) +0(377) (6.67)
for the imaginary part. Similar to diagram (b), there is only a single non-vanishing non-
perturbative coefficient in the (0, 2) sector:

+ 17 1
JO20 _ 20 2 q05(2) 6.68
; 4 Slos(2) (6.68)
However, the (2,0) sector of diagram (c) has a log contributing in the transseries, given by
the non-perturbative coefficient

d\HOM = o (6.69)

Again we list the first four coefficients of the (2,0)[0] sector and we show in a moment how
higher coefficients are obtained using the convolution method:

~ ) . 1 - 1 43
d6270)[0] 42yt ’ log(3), dgz,ﬂ)[O] =3 dgz,o)[O] — dé?,o)[ol =-5+ ey

=13
(6.70)
The numerical analysis on 5,(gl) agrees with egs. (6.67)—(6.70) up to at least 11 decimal places.
These same results are reproduced using the convolution integral method. We repeat
this integral, egs. (6.36) and (6.37),
—6T(u)

BIDOONw) = T i = Pe ) (6.71)
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with

ul'(1 — )

(6.72)
and B[F| the same as for diagram (b) given in eq. (6.27). Again, for the resurgence of the
(2,0) and (0, 2) sectors of diagram (c), we need access the second non-perturbative sector of
®. To compute this, we use A1 F and AsF already given in eq. (6.60), and also

1 1
AG = 5(27ri), and NG = —§(2Wi) . (6.73)
As AIF = A2G =0, we get
2 1
(s7) o =2. GAIFMG + FALG + GAF (6.74)
oo Lo & i Lo (11T 129\ &,
= Z(27r1) - §(2W1);Fna o 6(2#1) (a + 6) ana +
1.1 1 > 17 — 12
= (2mi) <2m — 6G0) - 5(2m) n}::o <2Fn + Gny1 + 767EGn) ot

We can write the Borel transform B[®®)](u) in terms of B[F](u), B[G](u), and B[G]' (u).
This yields

BoO)| 37— gGo (58) Blo@)(u —2)

u=2 u—2
iri—1Gy 1
T80, o (23[0]@ —9) 4+ BIG] (u—2)

log(1 - %)
2mi

T (6.75)

+17_612W58[G](u—2)) log <1—Z> T

Adding back in the prefactor to get B[D|(u) and Gy = 0 yields

BN, = 1- u)(zes_rs;%(?) —) [B (@)W _, +-- }
- S BIDPw-DEE  e)
with
%B[Dgw)](u_m _ 1 ( 1 2 17-12yg —¢(3—u)—¢(u)) _ (6.77)
2mi l1-u\4—u 2-u 6
An inverse Borel transform indeed yields the coefficients 6222’0)[0} given above. Note that

the pole in the prefactor in the first line of eq. (6.76) has a pole at u = 2, and therefore
a constant term from the regular part between square brackets also contributes to the
singular terms in the last line. This corresponds to the coefficient cz((]Q’D) O With the same
reasoning as for diagram (b), we can get parts of the coefficients of Jél’o)[o], cz((]o’l)[o] and
Jgo’z)[o] by expanding the sector B [D((;Q’O)] around the singular points u = 1, u = —1 and

u = —2 respectively.
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This finishes the analysis and discussion of the resurgence of the (2,0) and (0, 2) sectors.
In our analysis, we saw that for diagram (b) and (c) the (2, 0) sector was more interesting from
a resurgence point of view, with resurgence relations that involve multiple non-perturbative
sectors. In the next two subsections, we study some further non-perturbative sectors and
draw the alien lattices for these diagrams.

6.4 Furter non-perturbative sectors and alien derivative structure

In the previous two subsections, we have focused on the resurgence of the (1,0), (0,1),
(2,0) and (0,2) sectors from the perturbative (0,0) sector. As already observed in these
sections, the coefficients of these non-perturbative sectors show asymptotic growth, so these
sectors themselves have resurgence relations to other non-perturbative sectors. We will see
momentarily that the resurgence relations know more about the full transseries due to the
fact that at order 1 /N]% also non-perturbative sectors like (n,m) with n # 0 and m # 0 will
appear, something we have not observed before.

Let us once again start our discussion with diagram (a). In egs. (6.21) and (6.22), we

saw how in the Borel plane of B [DC(LO’O)](U), the (1,0) sector resurges in the form

S1,0 3 3 1 1
VBIDWOON, — 1) = - — : 6.78
2mi Bl =D =G -0 2 5-u (6.78)
Likewise, one finds the Borel transform of the (0,1) sector:
So1 1 2 2 1 1
20,1 g p0,1)[0] 1) =— - B — . 6.79

In particular, we notice that these expressions have a singularity at v = 0. One can
wonder why the perturbative (0,0) sector does not contain this singularity in its own Borel
transform. The reason is that, to get the (0,0) sector, one has to include the logarithms:

SLPB[D(LO)[O}](U —1)log(1 —u) _! + O(u) (6.80)
27i u=0 2
and
SLu?B[D(OJ)[U]](u + 1) log(1 + u) - ! + O(u). (6.81)
27i u=0 2

That is, as seen from the point of view of the (0,0) sector, the two constant terms that
would contribute to a singularity at © = 0 cancel. However, from the perspective of the
(1,0) and (0,1) sectors, the individual singularities contribute to the large order growth of
these sectors. Note that what these sectors see is not the (0,0) sector again, as that sector
has a vanishing constant term (see eq. (6.8)) and moreover, as in examples with bridge
equations, one would not expect a sector like (1,0) to be able to detect the (0,0) sector.
Thus, we conclude that what we find here is the contribution of a (1,1) sector, i.e. we get

Umm:%, (6.82)
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which is a sector containing only a single non-perturbative coefficient. This relation is best
viewed in the alien lattice, for which we now learn that it must contain the following arrows:

DD L3

Ag

Ay
‘Dw,l) }—»A—{ puv|  [pev]  [peD]
1 A
| Do }—Al—{ peo|  [peo]
AV

Here we also included the motions towards other non-perturbative sectors. Let us make
two more remarks about this diagram.

First of all, observe that from the (0,1) sector we have also drawn alien derivative
arrows towards a (2,1) and a (3,1) sector. The existence of a (2,1) sector can be argued
in a similar way as above and we will show this explicitly in a moment, by looking at the
singularities in the relevant Borel transforms and observing that these do not correspond
to sectors that are already known. The same argument for a (3,1) sector is on less solid
ground, as the coefficient we find for that sector is also contained in the relevant perturbative
coefficient in the (2,0) sector, and so we cannot be certain that it is indeed the former sector
that the (1,0) sector detects. Thus, for now the existence of a (3, 1) sector is a conjecture,
which we hope to come back to in future work.

Secondly, notice the alien derivative Aj pointing from the (1,0) sector to the (2,0)
sector; this alien derivative was discussed and explained around eq. (6.48). In this diagram,
we drew the (2,0) sector with a white, solid box, which would imply that it is not an
asymptotic series, contrary to the fact that we already know from the previous subsection
that this is an asymptotic sector. The reason for this representation here is that the (1,0)
sector only sees a small, non-asymptotic part of the (2,0) sector.

Similarly, we observe that the Borel transform of the (0,1) sector has a double pole
at u = 1, whereas this does not resurge from the (0,0) sector directly, i.e. in our analysis

JgI,O)[O] _1

we only found a single pole given by the coefficient 3 =3B+ % log(2). A closer

inspection of the (2,0) sector reveals the same double pole at u = 1, i.e. we have

2 11 1 2
+ - (6.83)

St
0 g DOy 1) —
BT = ) = s T 3o sa—w

2mi

with the same coefficient % as in eq. (6.79). Again, from the point of view of the (0,0)

sector, one has to include the logarithms:

Sto u 2log(2) = 2+ log(2)
P10 @00 (4 — 1)1 <1 _ > _ 379 84
o1 0| (u—1)log 2 T30 —ap T 1w T (6.:84)
and
50,1 121 1(0,1)[0] 2log(2) | —3+ §log(2)
L B[D 1) log(1 = - . .
27riB[ J(w+1)log(1 + u) o 301 — )2 + T + (6.85)
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This means that the (0,0) sector does not see the double pole, but the (2,0) and (0,1)
sectors independently do. Furthermore, we observe that the (2,0) and the (0,1) sectors see
the same double pole, and we thus conclude that this is part of the (2,1) sector.

We notice however that the single pole, as seen from the point of view of the (2,0)
and (0,1) sectors has a different residue in the two cases, i.e. 11/9 and 2/9 respectively.
This is a result of the fact that both sectors have resurgence relations towards both the
(1,0) sector and the (2,1) sector. As the (2,0) sector sees the (2,1) and (1,0) sectors with
different weights compared to the (0,1) sector (which depend on different Stokes constants),
we conclude that it is hard to distinguish which part of the single pole at u = 1 is part of
the (2, 1) sector and which part corresponds to the (1,0) sector. Being able to distinguish
between the two would allow one to extract an interesting relation between the Stokes
constants of the Adler function. This is another point that we hope to come back to in
future work.

Again, these relations are best viewed in terms of the alien lattice, which as we now

have learned also contains the following ingredients:

(0,1) 2 (2,1)
D D
Ag

A;

Ay
1, (2,0) (3,0) (4,
’Dlo)}Z:{DZO Zl_{DBO‘ ’D40)‘

The full alien lattice for diagram (a) can now be obtained by combining the previous two

diagrams with the similar diagram for the (0, 0) sector:

Ao

D1

A, A,

Do) A [pao] peo| [peo] [puo]

AV Ay

where we also inlcuded motions from the perturbative (0,0) sector towards a (3,0) and
(4,0) sector (see also the discussion in the next subsection).

For diagrams (b) and (c), we have seen that only the (1,0) and (2,0) sectors are
asymptotic. To be precise, we derived for diagram (b) the following Borel transform of the

(1,0) sector:
S1o

27

6 3
B — 1) = s (6.86)

The singularities at © = 2 and u = 3 can be seen as part of the (2,0) and (3,0) sectors, i.e.

in terms of alien lattices:
AV

7 : , (6.87)
| Do) }—>A1—{D<2o> | [pGo]
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Diagram (c) on the other hand is slightly different. The Borel transform of its (1,0)

sector reads
S1,0 1 3 3 1

%B[Dgl’o)[o]](u —D =5+ R TcRn T (6.88)

Again we notice a singularity at u = 0 which is not seen by the perturbative (0,0) sector.
We therefore conclude that this is the effect of a non-zero (1, 1) sector. As before, this new
sector is not an asymptotic sector, but it only contains one non-perturbative coefficient.
This yields the following part of the alien lattice:

Ay

Ay
B {ow] (o)
Ay

We already observed earlier that the (2,0) sector of both diagram (b) and (c) has an infinite
number of singularities in u at both positive and negative integers. Coming back to our

discussion in section 5.5, we want to mention here that from the convolution integral alone,
eq. (6.37), we would not have expected singularities at v = 0 or negative values of wu.
However the prefactor in front of the convolution integral, eq. (6.37) adds singularities
at non-positive u. It is therefore hard to distinguish which part of the pole at u = 1 for
diagram (c) is related to the (0,1) sector or the (1,2) sector. First of all, the singularities at
positive integers of u follow mainly from the convolution integral, but they also arise from
the prefactors in front of the convolution integral since these add a pole at © = 1 for diagram
(b) and a pole at u = 1,2 for diagram (c). We therefore expect that this contributes to
both a (1,0) and a (2,1) sector as seen from the (2,0) sector. Likewise, the prefactor adds
an infinite number of singularities at negative u, leading to both (0,n) as well as (2,2 4+ n)
sectors, for n > 1, or in terms of motions on the alien lattice:

’D(470)‘

All in all, we see that at order 1 /NJ% in the number of flavours, the Adler function displays
many more interesting resurgence features than were present at order 1/N f-

6.5 Overview: transseries sectors and relations

We have discussed the resurgence of the first non-perturbative sectors ((1,0) and (0,1)) as
well as the second non-perturbative sectors ((2,0) and (0,2)) of diagrams (a)-(c), plus their
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own resurgence towards other sectors. We now briefly sketch the resurgence structure of
higher sectors for these diagrams.

Looking at the closed form expression for diagram (a) in eq. (6.7), we notice from the
singularity structure that the only remaining non-vanishing sectors are the (3,0) and (4, 0)
sectors. Furthermore, as these singularities are not branch cuts but just simple poles, we
conclude that they describe non-asymptotic sectors containing just a single non-vanishing
non-perturbative coefficient.

From our discussion in section 5.4, it might seem that we need to act with many
alien derivatives to get access to the higher sectors of diagrams (b) and (c). However, the
constituents of the convolution integral F' and G of diagram (b) and (c) (recall egs. (6.26)
and (6.36) respectively), have AZF = Al'G = 0 for n > 1. This implies that we only
get non-vanishing contributions by acting with at most two alien derivatives — one for
each factor in the convolution product. Still, that leaves us with quite a few options to
consider, but as we see momentarily, we can categorise all remaining options into a few
classes. We discuss each of these classes case by case. Furthermore, we will see that not all
cases contribute to the resurgence of higher sectors.

Let us first discuss the higher non-perturbative asymptotic sectors of diagram (b). The
non-vanishing alien derivatives acting on F' of that diagram are given by

1, 1, (1 17T—12y
AF=(om),  AgF = (o) (a § L E ) , (6.89)

and 1y
A F = (=) (2ni), n>3. (6.90)

(2—=n)(n+1)(n—1)!
First of all, using the convolution method we get an asymptotic contribution to the (n,0),

n > 3, sector via:
FALF. (6.91)

One can show that this gives a contribution to B [Déo’o)](u) around u = n proportional to

A= wr(@ = g P u—n)log (1-%)
—6T(1 + u) T(n+1—u)

U
= log(1——). 6.92
1-uw)lB—-—u)(n+2—-u)l'(2+u—n) og( n> (6:92)
The ratio of gamma functions, is regular for n > 3 and furthermore it cancels the pole
at u = 1. We therefore see that this asymptotic part of the (n,0) sector is completely
determined by the singularity at u = n + 2, i.e. by the sector (n + 2,0).
Secondly, one gets contributions from acting with two alien derivatives:

Ay FAp o F. (6.93)

However, many of these cases do not lead to a contribution to the resurgence of diagram
(b) due to the prefactor in front of the convolution integral. That is, the contributions of
eq. (6.93) that lead to a simple pole do not contribute as the prefactor contains a term
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1/T(3 — w) which has zeros at u = n for n > 3. As a result, the only non-vanishing
contribution follows from the case k& = 2 as this leads to a double pole at © = n. In
particular, this results in a contribution to B [Dl()o’o)](u) at u = n proportional to:

6T (1 + u) 1
(1—uwl'(B—u)(n—u)?’

(6.94)

Combining the above observations leads to the contributions to the alien lattices shown in
the second column of table 2.

The structure of higher sectors of diagram (c) is similar to that of diagram (b). The
non-vanishing alien derivatives acting on G are

n(—1)"(2ri)
(n+D(n—1)"

ALG = n>1. (6.95)

Acting with a single alien derivative on the product F'G, we get asymptotic contributions
to the (n,0) sectors (n > 3) from

FAWG + GA,LF. (6.96)

First, we consider n = 3, where GA3F yields a contribution to B [D((;O’O)](u) proportional to

log(1 — %)

SE (6.97)

Likewise, FFA3G yields a contribution proportional to

<8(21— W 4(51— u)) log(1— 3). (6.98)

Notice in particular that the expansion of this around u = 2 leads to part of the coeffi-
cient %2,0)[0]_

For n > 3, the only non-vanishing contribution of the convolution integral to the

resurgence of diagram (c) coming from a single alien derivative is given by F'A,G. This
yields a contribution proportional to

log(1 — %)

Rt (6.99)

Similar to diagram (b), when acting with two alien derivatives, one can show that only a
double pole coming from the convolution integral contributes to the resurgence of diagram
(¢). This means that the contribution has to come from AsFA,_2G, and we get a term

proportional to
—61"(u) 1
(1—-u)(2—u)T'(B—u)(n—u)?

We have added the resulting motions on the alien lattice in table 2.

(6.100)

This brings us to the end of our resurgence analysis of diagrams (a), (b) and (¢). The
results are summarized in table 2. Compared to the LO Adler function, at order 1 /NJ%
the (n,0) sectors (and also the (0, 1) sector for diagram (a)) are asymptotic sectors with
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Table 2. Final summary of the relations between non-perturbative sectors at order 1 /N]%
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their own resurgence relations towards further non-perturbative sectors. In particular we
find sectors like (n,m) with n # 0 and m # 0. We notice however that the asymptotic
non-perturbative sectors only have resurgence relations to sectors that contain only one or
two coefficients, quite similar to asymptotic perturbative series of the LO Adler function.
We expect that at higher order in the flavour expansion, the asymptotic non-perturbative
sectors will have resurgence towards full asymptotic sectors, thus yielding an alien lattice
with more and more motions between sectors.

7 Conclusion and outlook

In this paper we have analyzed the transseries of the Adler function, which includes
non-perturbative effects, to order 1 /N]% In our description of the analysis we aimed to
connect two communities: we wished to introduce particle physicists to the techniques of
resurgence, but also wanted to show the resurgence community that in particle physics and
phenomenology problems, many of the techniques and results known from toy models still
appear, in addition to new phenomena.

Let us summarize our main findings. First, our resurgence analysis of renormalon
singularities in the Borel transform of the Adler function led us to construct a minimal,
non-trivial two-parameter transseries, which — in contrast to the 1/Ny Adler function —
has asymptotic coefficient growth in many of its non-perturbative sectors.

Second, we found that resurgent properties of the Adler function are best expressed
using the calculus and lattice structure based on the alien derivative (as advocated in [30]).
In particular, we introduced in section 5 a way to study the alien structure of transseries
including renormalons using a convolution technique. Applying this technique in section 6
gave us a way to extract resurgence properties without having immediate access to the
exact Borel transform of a given asymptotic expansion. Furthermore, from this technique
we were able to extract locally the form of the Borel transformed result.

Third, while the exact Borel transform of the O(1/Ny) Adler function and its singu-
larities has been known for a long time [6, 7] (reviewed and rederived in section 4), we
constructed a complete resummed transseries expression eqs. (4.49) and (4.50) for the Adler
function at order 1/Ny in the original a variable. At this order in 1/N¢ there are only
poles in the Borel plane: UV double poles at negative integer values of the (rescaled) Borel
plane parameter u, and IR double poles at positive integer values with the exceptions of an
absent pole at u = 41 and the occurence of a single pole at u = +2.

Our fourth finding is a more intricate singularity structure in the Borel plan at order
1 /NJ%, involving logarithmic branch cuts. In particular, using the Borel-Padé technique
and a large order analysis of the coefficients that we computed, we found many of these
branch cuts at IR singularities and a few at UV singularities. Of course, since we have
only computed a limited number of diagrams, we cannot state with full certainty which
singularities have branch cuts (and therefore which sectors have asymptotic expansions) in
the full Adler function at all orders in 1/Ny. However, we conjecture that all singularities
in fact become of this sort — except of course a potential IR singularity at u = +1 which
on physical grounds (due to the absence of a corresponding operator in the OPE [15, 16])
we expect to remain absent.
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A fifth and final finding for the order 1 /NJ% transseries is that overlapping poles and
branch point singularities in the Borel plane lead to log(«) transmonomials. These factors
were already anticipated in [13]; we indeed find that they occur. These transmonomials
indicate a new type of power correction that we also expect to persist at higher orders
in 1/Ny.

The picture that emerges from these findings is that the structure of our transseries,
displayed in detail for order 1 /NJ% in table 2, is interestingly different from that occurring
in many models studied in the literature. In particular, we have seen that for the Adler
function, ‘multiple forward alien derivatives’ such as As give nonzero results, whereas in
most simple models that have a bridge equation, only A; provides a nonvanishing ‘forward
motion’. Furthermore, even though opposite non-perturbative exponentials A as well as
logarithmic transmonomials appear in the Adler function transseries, the transseries turns
out not to be resonant.

With our analysis and aim to start bridging the gap between the particle physics and
resurgence communities, many open questions and opportunities for further research suggest
themselves. Let us mention a few interesting directions.

To start verifying further the conjecture that for the full Adler function all non-
perturbative sectors are asymptotic, one could take a closer look at specific diagrams at
higher orders in 1/Ny and study their resurgence properties using the techniques developed
in this paper. Ultimately, it would be interesting to also be able to perform a sum over all
orders in 1/Ny. For example, this may allow one to see if the interesting shift in renormalon
pole locations of [26] also occurs for the Adler function.

A second interesting area for further research concerns the structure of the Adler
transseries. We have seen that for our purposes, two parameters for this transseries suffice,
but it is conceivable that one would in fact require more parameters. A related problem
is that our Adler transseries has a nonvanishing ‘two steps forward’ alien derivative Ao;
a ‘three-steps forward’ As etc. This may already hint at a situation where sectors like
the e24/@ gector come with their own transseries paramaters. Whether such parameters
should be viewed as integration constants that need to be fixed, or as true non-perturbative
expansion parameters is an interesting open question (cf. [56], where a similar interplay was
observed in a different model). One way to answer such questions would be using a bridge
equation, but unfortunately we do not have one at our disposal. Nevertheless, the case of
two parameters being sufficient seems supported by our finding that the Adler function has
only two Stokes lines and therefore two Stokes automorphisms.

In conclusion, the Adler function remains an interesting object to study using resurgence
techniques. It is sufficiently complicated to show features not displayed by many simpler
models, but is also amenable to further perturbative studies that might uncover some of
the subtleties mentioned. We expect many more lessons and surprises to lie ahead.
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A Master integrals

In this appendix we discuss the master scalar integrals we used in the calculation of the
diagrams considered in this paper. The diagrams given in figures 6a, 13a, 13b and 13c¢ can
be computed using standard one-loop techniques and the one-loop massless master integral

R dek 1

(1,2) — (_ 2\ni2—d/2

I (na,ng) = (—¢7)" /iﬂ.d/2 (—k2)m (k — g)2n2

B ['(nig — g) F(% —ny) F(%l —ng)
I'(d—ni2) TI'(n) I'(ng)

with d the number of space-time dimensions. We have adopted the following notation:

(A.1)

the superscripts for an integral I indicate the number of loops and the number of
propagators. The prefactor ensures that the result is independent of (—¢?) and we do not
get factors of w. Furthermore, we introduced the shorthand notation n12 = ni + ng with its
natural extension to the cases with more indices.

For the calculation of the diagrams in figures 6b and 13d, we need to consider the
massless two loop two-point function

7(2,5
I( )(nlyn27n3an4an5)

= <_q2)n12345*d/ ddkl ddk? ! (A.Z)
i /2 imd/2 (—k3)m (—k3)m2(—k3)ns (—kj)ma (—k3)ms

where k3 = ks — q, ks = k1 — q and ks = k1 — ko. A general representation for the massless

two-point function with arbitrary powers n; of the propagators can be found in [64]. For a
historical overview of this integral, see [65]. For the diagram with one bubble chain, given
in figure 6b, we need the result for

I9(1,1,1,1,u+1). (A.3)
We should mention here that we can work in d = 4 dimensions, as the UV and IR divergences
are regulated by the power u in the propagator. This integral was first solved using IBP
relations and the method of uniqueness in [66], and the result in d = 4 dimensions reads

P L) == [0 (1) o (15 et (53) =0 (3) ] (a)

with (1 (2) = % log'(z) the trigamma function.
For the diagram in figure 13d with two bubble chains, we need the two-loop
master integral
1% (1 ug4+1,1,1,u; +1). (A.5)
This master was computed in [67, 68] for three arbitrary powers using IBP relations. The
result reads'!
1®9(a, 5,1,1,7)
6112 (1,6 +1)
102 (0,7 + 1)
:4—Ei§——5@—a—LB—L%+a—5—Z§—@+%aHﬂ) (A.6)
"1n [68], the integral is denoted by I4(a, 5,7, d).
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withd =a+ 5+~ — %. The function S encapsulates all symmetries of this integral and is
given by:
Y(l—c)—¢e) 1 b+ec

S(a,b,c,d) = -—-—-—F —b,—c,b+d A7
(a’7 7C7 ) H(a,b,c,d) c bC (a+c7 ) C? + ) ( )

where ¥(z) = % logI'(2) is the digamma function and

TP +a) A+ + )1 +d)I(1+a+b+c+d)
Habe.d) = = T at T+ b+ OTA+ b1 d) (A8)
F(a,b,c,d) i —1—0)) ((1 ?2) =3Fy(—a,—b,1;14+¢,1+d;1)—1. (A.9)

We have used this result to calculate the expansion of f(2’5)(1, ug +1,1,1,u; + 1) in uy
and ug. After the expansion, one still needs to carry out the infinite sum in eq. (A.9). In
order to perform the sums, we made use of the package Summer [69], which itself relies on
FORM [70, 71]. The first few terms read

P91 0z 4+ 1,1, 1,01 + 1) = 60 + 55 (3u3 + Buyus + 2u3)
525

Notice that in the limit us — 0 and u; — u, one recovers the expansion of eq. (A.4) around
u = 0. For the calculation of the full diagram, we want to take the convolution integral,
eq. (4.9), to get the Borel transform in terms of u = u; + ug. As

u In!
/0 dup uf*(u —up)" = %umﬂwl, (A.11)
we see that if we want the Borel transform up to order m + n + 1, we need all terms where
the powers of u; and us add up to m + n. We have added the expansion in terms of u; and
ug of f(2’5)(1, uz +1,1,1,u; + 1) up to combined order m + n = 18 in a separate file that is
available from the authors upon request. The result can be expressed in terms of regular
zeta values and multiple-zeta values (MZVs) defined as

o 1
<m1,m2,--~,mk = E : My o

i Tk
i1>i9>..>4,>0 ‘1 "2

(A.12)
.. Zk

for positive integers m;. The number of indices of the sums is called the depth and the
sum of the powers, i.e. m1 + ... + myg, the weight. Of course, MZVs of depth one are
just the regular zeta values. The Summer package contains all sums up to weight nine. In
order to express the sums of higher weight in terms of MZVs, we made use of the tables in
the multiple zeta value data-mine up to the maximal available weight 22 [61]. To give an

example, at order ujuj one finds

Z‘_

2

(A.13)

»—tcn‘ —_
ww‘ —_
ww‘ —

(5,3,3 i:: z;:
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which in the data file are denoted by z5z3z3, with similar notations for sums of higher
depth. In general, at higher orders in u; and us, the weight increases and one also finds
MZVs of larger depth. For numerical values of these MZVs, up to 100 decimal places, we
have used the EZ-Face calculator that can still be found at http://wayback.cecm.sfu.ca/cgi-
bin/EZFace/zetaform.cgi and checked its output up to several decimal places.

B Diagram momentum integrals

Recall the definition of the Adler function (1.1)
11(Q%)
d@? ’

where II1(Q?) is related to the correlation function of two vector currents j, = 1%/#1# of

D(Q?) = 4r2@? <) (B.1)

massless quarks,

(=1) [ e80T {,(2)3(0)}10) = (Gt~ TR, (B.2)
and where Q% = —¢2. In order to extract I1(Q?), one can use
n
@@ .

as the projector for I1(Q?). At order 1/N t, this yields the following integral expression for
the diagram of figure 6a,

T 2(,,2e\2 d d
BINL(@))(w) =~ [ R 8 oD (1) )

(d-1)Q* J (2m)d (2m)
Wk (R — k) %1 (k1 — 51)]
X tr{ k2%(k1 k2)2'yg e “(kl e (B.4)

where the Borel transform of the bubble chain, B[aD?? (ka)](u), is given in eq. (4.8). After
performing the spinor trace, eq. (B.4) can be written in terms of the master integral of
eq. (A.1). Likewise, for the diagram of figure 6b we get

T 2(,,2¢\2 d d
BI(@)w) = i ’_“;Ql [ e B laD™ (= ko)) )

% k1 —
b e )

which after the fermion trace has been performed, reduces to the master integrals of
egs. (A.1) and (A.4).
Let us consider the diagrams of figure 13 studied in section 6 at order 1 /N]% For the

(B.5)

diagram of figure 13a, the loop integral reads
(4m)*(u2)3 / dky d¥sy diks
(d-1)Q> J (2m)¢ (2m)¢ (2m)

x B[aD (ky — ky)] (UZ)U{ ﬁ% Pﬁg%lliézl%‘ﬁgv ﬁ%’mm .

Bl1a(Q*)](u1, uz) = —i BlaD? (k1 — k3)] (u1) (B.6)
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After the spinor trace has been performed, the remaining integrals reduce to the master of
eq. (A.1). Likewise, the diagrams of figures 13b and 13c read

BII,(Q?)] (u1, u2)
_i(4w)4( )3 /ddkl s ddkg
(d—1)Q* J (2m)4 (2m)d (

xtr[’y i%vpﬁg’%iéwgl_ g)) ((,f; g)) ((kl 51))2

3[ P9 (ky — k3)] (u1) B[aD* (ky — k2)] (uz)

(B.7)

and

BIL.(Q%)](u1, uz)
_1(47r)4(u26)4 / AUy diky doks
(d-1)Q?* J (2m)d (2m) (2m)¢

<ulr bbbt B, ot

BlaD?” (ky — ko)) (u)B[aD*? (ky — ks)] (u2)
(B.8)

which reduce to the same master integral of eq. (A.1). Finally, we studied the diagram of
figure 13d which reads

B[4(Q*)](u1, uz)
_i(4ﬁ)4(u26)3/ ddkl ddkg ddkg
(d-1)Q* J (2m)d (2m)? (2m)4

ﬁ%va((k{éQ Zf?’))ﬂ ﬁ%vpiéw(ﬁl q)) %((]f__f)l . (B.9)

BlaD™ (ky — k2)] (u1)BlaD (ks)] (u2)

xtr{

This diagram can be written in terms of the master integrals of eqs. (A.1) and (A.6) where
the latter master integral requires the most computational effort. See appendix A for the
details of this computation. We refer to appendix C for a brief discussion on the remaining
diagrams at order 1 /Nf2

C Remaining O(l/Nf2) diagrams

In section 6 of this paper, we considered a subset of the diagrams at order 1 /N% in the
flavour expansion. In this appendix, we briefly discuss the current status of the remaining
diagrams at order 1 /NJ%, given in figure 18. Notice that these are the abelian diagrams and
we did not present the diagrams with non-abelian self interactions of the gauge field. As
explained at the end of section 4.1, one uses the process of naive non-abelianization, i.e.
replace By by Bo, to model the non-abelian effects.

The two bubble chain diagrams (a)-(d) of figure 18 were considered in [13]. In particular,
these authors focused on the leading UV singularity because a full calculation of these
diagrams is not possible yet, as the corresponding master integrals are not known. Notice
that the results given are for the vacuum polarization (taking the derivative with respect to
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Figure 18. Diagrams at order 1 /NJ% in the flavour expansion that are not computed in this paper.

Q?, eq. (4.13), yields the results for the Adler function). The leading singularity found is'?

log(1 4 u)
—_— C1
(14wu)? "’ (C.1)
which would imply the leading order growth of the perturbative coefficients to be

where v is the digamma function. At the level of the transseries, this translates to a
non-perturbative contribution of the form

é log(a) e . (C.3)

Recall that an exponential like this is typical for UV renormalons and grows exponentially
large when a@ — 0. Possible solutions were already discussed in section 4.5: either the
transseries parameter in front of such a momomial vanishes, or as long as « has a definite
value, an expression like this still makes sense. Furthermore, we notice that the leading
order growth of eq. (C.2) is enhanced by a factor n compared to leading order growth
I'(n+1)¥(n+1) of the diagrams considered in section 6. In order to construct the transseries,
and the relations between the non-perturbative sectors, one either needs access to sufficient
perturbative data of these diagrams, or one needs the expansion of the Borel transform
around the singularity at v = —1 as well as expansions around other singular points in u.
In particular, we recall from diagram (d) discussed in section 6, that for both procedures
one has to compute a number of coefficients that is at least in the double digits, which is a
challenging task to perform.

In figures 18e and 18f, we show the so called nested diagrams, where the square box
denotes the LO (1/Ny) diagrams considered in section 4, i.e.

VN T VYV +2 . (C.4)

12The parameter u in [13] is defined with an opposite sign compared to the definition used in this paper.
Here, we present the result in our conventions.
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A discussion of the singularity structure in the Borel plane of these diagrams can be found
in [60] (where again, the results given are for the vacuum polarization). Using Borel Padé
techniques, these authors showed that the singularities for the sum of these two diagrams at
u = 1 drops out (as expected by OPE arguments). Furthermore, they were able to deduce
that the singularities at © = 2 and v = —1 are branch points, suggesting the presence of
further asymptotic sectors. However, is was not possible to compute sufficient perturbative
data to determine the precise nature of these branch points.

As far as we know, the diagram of figure 18g has not been considered so far in the
literature, as it is a difficult diagram with three bubble chains and its corresponding master
integral is not known.

In order to compute the diagrams of figure 18, one needs to compute difficult skeleton
diagrams (i.e. the diagrams where the bubble chains are replaced by the analytic regularized
propagators of eq. (4.8)). In particular, this means that diagrams (e) and (f) are two loop
skeleton diagrams, diagram (a)-(d) are three loop skeleton diagrams and diagram (g) is a
four loop skeleton diagram. We expect that diagrams (d) and (g) are the most challenging
diagrams to compute as these, respectively, correspond to three loop, non-planar master
integrals with two analytic regularized propagators and a four loop master integral with
three analytic regularized propagators.

D Numerical methods

Richardson transforms and Padé approximants are often-used numerical methods in the
resurgence literature because they are well-suited to extract as much information as possible
from a limited set of perturbative data. Since we make considerable use of both methods in
this paper, we discuss them here in some detail.

D.1 Richardson transform

Consider a sequence S(k) which we know how to compute numerically for arbitrary k, and
which we also know can be expressed in the form

S1 59
S(k) = So+?+ﬁ

Our first aim is to calculate sp, which we can do by computing limy_,~ S(k). However, it

T (D.1)

might well be that one needs to compute S(k) for many and large values of k to confidently
judge the limit. The Richardson transform [72, 73] (see [74] for a clear exposition) is a
method to accelerate this process and enable one to reach the desired limit with (significantly)
fewer values of k. It is defined recursively by

RT[S](k, 0) = S(k),

k (D.2)
RT[S](k, V) :RT[S](k‘+1,N—1)+N(RT[S](k:+1,N—1)—RT[S](k,N—1))

where we denote the N Richardson transform of S(k) by RT[S](k,N). To see how it
works, consider the case for NV = 1, which corresponds to

S1 — 82
k2

+ O(i) . (D.3)

RT[S](k, 1) = S(k + 1) + k(S(k + 1) = S(k)) = 50 + 5
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Clearly the limit limy_,o RT[S](k, 1) = so has a faster rate of convergence than S(k), as the
subleading part proportional to s; now scales as (’)(%2) The estimate of sy thus becomes
better when both k& and N increase, since the Richardson transform RT[S](k, N) cancels
the subleading terms in S(k) up to order ]%N

We can also find a closed form, in terms of S(k),S(k +1),...,S(k + N), for the N
Richardson transform by solving the following set of equations,

S(k):30+ﬂ+...+S—N

k kN
S1 SN
1) = —t .t/
S(k + 1) sot o7t +(k+1)N -
S1 SN
S(k+ N) = —_—t .t/
(k+N) SO+]<:+N+ +(I<:+N)N

h
where we truncated the series in eq. (D.1) after the N ™ term. The solution for S, up to
order O(ﬁ), is given by

N n N
so ~ RT[S|(k, N) = nz::O(_l)nJrNMS(k +n) +0(7577): (D.5)

Let us see how the Richardson transform works in practice by considering the function

If one is only given numerical values for the first, say 40, coefficients T(k):

IR |
Tk)=—-=) ——— D.7
t=(-3) -7 (0.7
one can use the Richardson transform to extract the leading growth of these coefficients:
1 1
Tk)~ —++—5+... D.8

where the ellipsis contains terms for both the subleading % behaviour as well as the (—%)k
term. In figure 19a we show the coefficients T(k) in blue for 1 < k < 40, together with
their second Richardson transform. Here we used eq. (D.5) to calculate the Richardson
transform as the direct formula has a faster implementation than the recursive formula
given in eq. (D.2). We see that the Richardson transform gives a clear acceleration of the

series to the value sy = 0 with
RT[T(k)](38,2) = —0.00001562865083298977613 (D.9)

Higher order Richardson transform give even better estimates of sg.
We may go even further and extract the s;, by constructing the sequence

k(T(k) —0) %—1—1—%4—... (D.10)
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Figure 19. In (a), we show the coefficients ¢; (bottom curve, blue), eq. (D.7), together with their
second Richardson transform (top curve, orange). In (b), we show the sequence k(T(k) —0) (top
curve, blue) of eq. (D.10), again with their second Richardson transform (bottom curve, orange).

This converges to —1 in the k£ — oo limit. In figure 19b we see this sequence together with
its second Richardson transform, showing again good convergence towards —1:

RT[k(T(k) — 0)](38,2) = —0.9999841284122182302 (D.11)
One can naturally continue this process and also extract the coefficients s;, i > 1.

D.2 Padé approximants and Borel-Padé summation

Consider an analytic function f(u), or even a formal power series

flu) = Z apu® . (D.12)
k=0
One can define the Padé approzimant of f(u) [75, 76] as (see [74] for a more extensive
exposition)
N
—_o bpu”
Pyulfl(w) = Zpm0 (D.13)

o Cmu"

This rational function should be thought of as an approximation to f(u) itself: the coefficients
b, and ¢, are precisely chosen such that the first N + M + 1 coefficients of the Taylor
expansions of f(u) and Py a[f](u) agree. (Note that the Padé approximant has N + M + 2
coeflicients in total, but an overall scaling of these coefficients has no effect on the rational
function.) Given a power series f(u), software packages like Mathematica can compute
Padé approximants up to around 100 coefficients exactly, and even further numerically.
In practice, one usually computes the diagonal Padé approximant of order N, Py|[f](u)
(defined as Py ar[f](u) with M = N), and we shall always do so in this article.

The main use of Padé approximants lies in the fact that they can encode singularities.
If for example f(u) describes a function with a pole at some point uy # 0, a truncated
Taylor expansion of f(u) will not ‘see’ such a pole easily, simply because a Taylor expansion
is a polynomial which has a finite value at ug. The Padé approximant, on the other hand,
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-1
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Figure 20. Poles of the order 120 diagonal Padé approximant to the function in eq. (D.6). One
clearly sees the (single) pole at u = —2 as well as the mimicked ‘branch cut’ starting at u = 1.

by construction must have a number of poles, and essentially always' one of these will
turn out to be near wug.

This ability of Padé approximants to encode singularities of f(u) goes even further: a
Padé approximant can also spot more complicated singularities in f(u) such as logarithmic
branch cuts. Of course the rational function Py[f](u) does not have such branch cuts,
but for large N it does have a large number of poles, and these poles can accumulate
into half-lines that start at some point g, thus mimicking a branch cut,' not only in a
pictorial way but also in the sense that integrals around branch cuts are well-approximated
by integrals around the poles.

For a real power series, the coefficients in the Padé approximant will also be real. In
general, this leads to Padé poles that are also at real locations, but occasionally ‘spurious’
poles occur when the denominator of the Padé approximant has two non-real complex
conjugate zeroes. The occurrence of such spurious poles is usually not very problematic, as
they occur sporadically and can often be removed by taking a slightly higher or lower order
Padé approximant.

To illustrate the process of Padé approximantion, let us once again look at the example
eq. (D.6). The function f(u) has a simple pole at u = —2 and a logarithmic branch cut
starting at w = 1. Using the exact Taylor expansion in eq. (D.6), and from that result
computing Pjgo[f](u) using Mathematica, we find a rational function whose poles we plot
in figure 20. Both the single pole at © = —2 and the accumulation of all other poles to
mimick the branch cut at © = 1 are clearly visible in the figure.

In this article, we use Padé approximants in two different ways. First of all, we use
these approximants to spot singularities for functions (usually in the Borel plane) for which
we only have a finite number of expansion coefficients available — see e.g. figures 14 and 16.
A second application of Padé approximants is that they can be used to replace an actual
Borel transform B[O](t) of an asymptotic series before doing the inverse Laplace transform.

1311 rare cases where a singularity does not show up, it can be made visible by changing the order of the
Padé approximant. As a check, we have always compared Padé approximants at slightly different orders for
the computations in this paper.

14This process is similar to what happens in e.g. matrix models, where at finite matrix size N one deals
with a resolvent which has a pole at every eigenvalue location, but when N — oo this resolvent turns into a
function with branch cuts.
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That is, instead of computing

S[0](g) ~ /0 T B[Oy () e h (D.14)

using an Nth order Taylor expansion of B[O](t), one instead computes

t

S[0)(g) ~ /OOO dt Py[BO]](t) ¢ 5. (D.15)

The reason why this is useful is that it does not make much sense to Laplace transform a
Taylor series of a Borel transform directly: such a Taylor series is simply a polynomial, and
its Laplace transform does nothing but reinsert factors of n! in front of the nth coefficient
of B[O](t) — that is, it simply returns a cut-off version of the original asymptotic series,
which when we make N larger and larger will still diverge for any value of the parameter.

If instead of directly Laplace transforming a Borel plane power series one takes a
diagonal Padé approximant first, the resulting functions are much better behaved. There
are two reasons for this: first of all in a Laplace transform of the form eq. (D.15) the
function Py[B[O]](t) behaves very nicely as t — oo: it simply becomes a constant, so the
total integral including the decaying exponential converges very fast. More importantly,
however, as we have seen Py[B[O]](t) encodes the singularities of B[O](t) very well, and
these singularities contain information about the non-perturbative contributions to the
function O(g) that we are trying to approximate — non-perturbative contributions that
‘cure’ the asymptotic growth of the power series expansion.

As a result, whenever we want to numerically compute an inverse Laplace transform of
a Borel transform whose analytical form is unknown, we use a Padé approximant. This
procedure is known as Borel-Padé summation or sometimes Borel-Ecalle-Padé summation;
further details can be found in e.g. [30, 33].

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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