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ABSTRACT: In [1] we have studied the single-particle free energy of a class of Little String
Theories of A-type, which are engineered by IV parallel M5-branes on a circle. To leading
instanton order (from the perspective of the low energy U(N) gauge theory) and partially
also to higher order, a decomposition was observed, which resembles a Feynman diagram-
matic expansion: external states are given by expansion coefficients of the N = 1 BPS free
energy and a quasi-Jacobi form that governs the BPS-counting of an M5-brane coupling to
two M2-branes. The effective coupling functions were written as infinite series and similari-
ties to modular graph functions were remarked. In the current work we continue and extend
this study: working with the full non-perturbative BPS free energy, we analyse in detail the
cases N = 2,3 and 4. We argue that in these cases to leading instanton order all coupling
functions can be written as a simple combination of two-point functions of a single free
scalar field on the torus. We provide closed form expressions, which we conjecture to hold
for generic N. To higher instanton order, we observe that a decomposition of the free energy
in terms of higher point functions with the same external states is still possible but a priori
not unique. We nevertheless provide evidence that tentative coupling functions are still
combinations of scalar Greens functions, which are decorated with derivatives or multiplied
with holomorphic Eisenstein series. We interpret these decorations as corrections of the
leading order effective couplings and in particular link the latter to dihedral graph functions
with bivalent vertices, which suggests an interpretation in terms of disconnected graphs.
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1 Introduction

Perturbative methods are one of the cornerstones in modern high energy physics. Besides
their phenomenological applications, the study of scattering amplitudes and correlation
functions in perturbation theory has revealed many interesting structures and symmetries.



In particular in the context of supersymmetric field theories and string theory, very efficient
computational tools have been devised, which have led to very interesting new insights into
these theories. Many of these tools have been inspired by a better understanding of un-
derlying mathematical structures, notably number theoretical concepts. Non-perturbative
aspects of field theories are more difficult to tackle directly. However, in the case of super-
symmetric field theories in various dimensions, their intimate connection to string theory,
along with dualities of the latter, have opened up other approaches. This has equally led
to very interesting results in recent years, which have revealed further interesting struc-
tures and dualities of the underlying theories. In this paper we shall discuss an instance
in which perturbative and non-perturbative aspects can be combined in a specific class of
supersymmetric field theories in a somewhat unexpected fashion. This leads to a situation
in which many of the above mentioned computational tools can be used at the same time
to analyse these theories. To make the discussion concrete, we shall focus on a class of
supersymmetric gauge theories that arise in the low energy regime of Little String Theories
of A-type. Indeed, we shall elaborate on and largely extend a recent observation in [1] on
the structure of their non-perturbative BPS partition function.

Little String Theories (LSTs) [2-8] in general are quantum theories in six dimensions,
whose spectrum includes extended (string-like) degrees of freedom in the UV. Such theories
can be constructed from (type II) string theory via particular limits that decouple the
gravitational sector while keeping the string length finite. On the one hand, this connection
to full-fledged (type II) string theory (and in particular its various dual descriptions) opens
up a very powerful means to explicitly study these theories. On the other hand, since
LSTs can be viewed as a ‘simplified version’ of string theory, in which symmetries and
structures may be easier to access, this may also teach us new lessons about string theory
(or its dual descriptions) in return. Accordingly, various different constructions of LSTs
have been explored, whose low energy field theory descriptions exhibit different gauge- and
matter contents: LSTs follow an ADE classification and recent work [9, 10] has focused
on exploring the landscape of these theories in more depth, using similar methods from
classifying superconformal field theories in 6 or less dimensions [11-21].

A class of LSTs of A-type can be constructed in M-theory via so-called BPS M-brane
webs: these consist of N parallel M5-branes arranged on a circle! S ; and compactified on
S! while probing a flat transverse space, with M2-branes stretched between them. These
theories allow various different low energy limits [25-27] that give rise to supersymmetric
gauge theories with different gauge structure. In the current work, we shall exclusively
be concerned with the region in the parameter space, that describes a U(N) gauge theory
with matter in the adjoint representation. The BPS states of the M-brane system can be
counted from the perspective of the one-dimensional intersections of the M2- and M5-branes
(called M-strings) [28-30]. Indeed, the BPS partition function Zy ; can be calculated as the
equivariant elliptic genus [31] of an N = (0, 2) supersymmetric sigma model. Furthermore,
there exist various dual descriptions [30] of these M5-brane configurations which allow for

'Here p and 7 denote the circumferences of the two circles (which subsequently are complexified). Both
are measured in units of the radius of the compact time direction, which throughout this paper is implicitly
set equal to 1. We refer to [22-24] for more details about the precise brane setup.



very efficient ways of calculating the BPS counting function Zy 1. A very useful description
in this regards is F-theory compactified on a class of toric Calabi-Yau threefolds Xy 1 [32].
The partition function Zy, is captured by the topological string partition function on
Xn,1 [22-24, 28-30]. With the help of the toric diagram of Xy ; (which can directly be
inferred from the M-brane web), the latter can be computed in an algorithmic fashion using
the (refined) topological vertex [33, 34].

This intrinsically geometric description, together with the very explicit form in which
Zn,1 (or the related free energy Fy 1) can be presented, have proven very fruitful and have
aided in unravelling numerous interesting and surprising structures and symmetries [24—
26, 35-42]. Here we shall not present all the observations made in recent studies (see [42]
for a more complete review), but only recount those that are relevant for the current work:
the Calabi-Yau manifolds Xy 1 are only a subset of a two-parameter class of manifolds,
labelled X 37, which can be used to describe orbifolds of the M5-brane configurations men-
tioned above [24]. In [36] it was argued that Xy s is dual to X/ pp if NM = N'M' and
ged(N, M) = ged(N', M'), in the sense that the Kéhler cones of both these manifolds are
part of a larger common extended moduli space. Within this space, Xy and Xy p are
related through a combination of flop- and other symmetry transformations. The duality
map induced by these symmetry transformations was conjectured? in [36] to leave the cor-
responding partition functions invariant, i.e. Zy p(w) = Zn7 a7 (w'), where w and w’ denote
the dependence on the Kahler parameters. Together with the triality [25] of gauge theories
engineered from a single Xx ps (i.e. the fact that generically the Kéhler moduli space of a
given Xy ps allows for 3 regions that engineer low energy gauge theories), this leads to a
large web of dual supersymmetric gauge theories: these theories are expected to all share
the same partition function (as has been checked explicitly in numerous examples [26]) and
their instanton series correspond to different (but equivalent) series expansions of Zy .
It was furthermore argued in [39] that this web of dual gauge theories in fact also implies
highly non-trivial (and intrinsically non-perturbative) symmetries for individual theories:
focusing on the case of the U(N) gauge theories engineered by X 1, invariance of the free
energy JFn,1 was shown under a particular dihedral symmetry group.® The implications
of this symmetry were further explored in [40, 41]: by studying series expansions of the
single-particle* free energy ]:]F\’,lit for N = 2,3 and partially 4, characteristic patterns were
observed, which together with the above mentioned symmetries allowed to conjecture a re-

summation of the former in an intriguing fashion: although being based on a limited (and
et
1

terms of generating functions of multiple divisor sums introduced in [44] (see appendix A.4

a priori formal) series expansion, this allowed to write different contributions of TJI\)} in

)

for their definitions). In the case of N = 2 this was further shown to be equivalent to using

2This conjecture was subsequently proven for ged(N, M) = 1 in [38] and for generic (N, M) (but in a
particular limit of the regularisation parameters that are needed to render Zn ;1 well defined) in [43].

$We refer the reader to [39] for the details.

4Starting from the partition function Zn,1, the free energy is defined as Fn,1 = In Zn1. In con-
trast to that, fﬁ,lit = Plog Zn,1 is defined with the help of the plethystic logarithm Plog(f(z)) =

20:1 % In f(nz), where p is the Mobius function. Physically, J—“X,lit receives contributions only from

single-particle states.



generalised Eisenstein series as described in [45]. Despite being, as mentioned, based on a
limited, a priori formal series expansion, this form of writing ]-"]Iz,lit is fully compatible with
all the expected symmetries, notably modular transformations (with modular parameter
p) as well as the non-perturbative symmetries discovered in [39]. Moreover, as discussed
in [42] this result also exhibits the correct pole-structure as a function of the gauge pa-
rameters of the U(N) low energy gauge theory that can abstractly be inferred from the
partition function Zy ;.

Analysing the form of ]:]F\’,lit proposed in [40, 41] in the so-called unrefined limit (i.e. the
limit in which Zy; captures the unrefined topological string partition function of Xy 1) it
was further observed in [1] that it can be re-written in a fashion that strongly resembles
a Feynman diagrammatic decomposition. Focusing again on the examples N = 2,3 and
partially 4, it was argued that to leading instanton order (from the perspective of the low
energy U(N) gauge theory), ]-“R,lit can be written in a way resembling N-point functions:
the external states were given either by (coefficients of) the BPS counting function of the
LST with N = 1 or a (quasi) Jacobi form that governs the BPS-counting of a single
M5-brane coupling to two M2-branes. Furthermore, it was remarked that the effective
couplings appearing in this decomposition were akin to modular graph functions (or more
generally modular graph forms — see appendix A.3 for a very brief review) [46-56]. In
particular, it was observed that the first non-trivial such coupling in the case of N = 2 is
related to the (second derivative of the) Greens function of a free scalar field on a torus.
Higher orders in the instanton expansion of fﬁ,lﬁt exhibit a similar pattern, however, new
elements appear and no concrete pattern was put forward in [1].

The observation of [1] has linked an intrinsically non-perturbative quantity (the in-
stanton one-particle free energy ]:]Iz}it of a supersymmetric gauge theory with U(N) gauge
theory) to a very simple scalar two-point function that is a fundamental building block in
perturbative (in this case one-loop) scattering amplitudes of string theory. The purpose
of this paper is to elaborate on this connection and in particular to give evidence for the
complete structure at leading instanton order. Instead® of .F]Ii,lﬁt we shall work with the
(unrefined limit of the) full free energy Fn . By analysing in more detail the effective
couplings (which have for the most part been written as infinite series in [1]) for N = 2,3
and computing them for N = 4, we find that they can be written as combinations of
(derivatives of) N scalar two-point functions. Based on these results, we propose a simple
closed form for generic N, that fits all results that are available in the literature. From a
physics perspective, we therefore provide strong evidence that the leading instanton contri-
bution to the free energy of a class of U(N) gauge theories with adjoint matter is entirely
determined by two-point correlators of free scalar fields on a torus, as well as the leading
instanton contribution of the free energy for N = 1, for which in fact a closed form expan-
sion can be presented. Higher orders in the instanton expansion of Fy ; can be presented
in a fashion that resembles higher (i.e. > N) point functions, whose external states are still
the same building blocks as to leading order. Furthermore, for many examples we present

5This difference only plays a role to higher instanton orders, since to leading order there is in fact no
difference between ]:]F\’]lflt and Fn 1.



evidence that the tentative coupling functions are still composed of scalar Greens functions:
however, they now appear ‘decorated’, either through derivative operators or multiplied
by holomorphic modular forms. For all the examples we have studied we show that the
latter can in fact be re-written as a class of modular graph forms [47, 48] with bivalent
vertices. While the structures we observe point towards a unified picture, the fact that the
fundamental building blocks appearing in the external states form an overcomplete basis
(and thus introduce an intrinsic ambiguity in the decomposition of the ‘Feynman graphs’),
prevents us from conjecturing a closed form for higher instanton orders at this point.

The rest of the paper is organised as follows: in section 2 we review the free energy
of LSTs of A-type as well as the results of [1]. Due to the technical nature of the explicit
computations, we present a detailed summary of our results in section 3. Sections 4, 5 and 6
present a detailed study of the examples N = 2,3 and 4 respectively. Finally, section 7
contains our conclusions and an interpretation of our results. Details and definitions of
modular objects, the precise definitions of the fundamental building blocks (along with
their explicit expressions to low orders) that appear as external states, as well as technical
details of some computations that have been deemed too long for the main body of the
paper have been relegated to three appendices.

2 Review: LST free energies and graphs

In this paper we mostly follow the notation of [42] (see also [1, 41]). Little String Theories
(LSTs) of type An can be described via F-theory compactified on a class of toric Calabi-
Yau threefolds X 1, whose web diagram is schematically shown in figure 1. This diagram
is doubly periodic, i.e. the horizontal lines labelled a as well as the diagonal lines labelled
(1,...,N) are pairwise identified. The manifold Xy ; is parametrised by a total of N + 2
Kahler parameters. While various different bases for the latter can be chosen (see [23, 24,
36]), in this paper we shall follow [25, 26, 38] and use the parameters (ay,...,an,S, R),
which are schematically shown in figure 1 as the (sum of) areas of certain curves of Xy
represented by lines in the web diagram.°

Starting from the web diagram in figure 1, the non-perturbative BPS partition function
Zni(ar,.. n, S, R;er2) of the LST is captured by the partition function of the topological
string on X 1. The latter in turn can be computed in an algorithmic fashion using the
(refined) topological vertex formalism. From this point of view, the parameters €; 2 ap-
pearing in Zy,; are related to the coupling constant and the refinement of the topological

SFor completeness, we remark that in previous articles (see e.g. [22-25, 38, 39] for more details) we have
used a different basis of Kéhler parameters, namely (¢1,...,¢n,m, ), which is closer to a description of

the system in terms of M5- and M2-branes, as explained in the Introduction: 1, .. n denote the distances

between the Mb5-branes that are spread out on a circle of radius p = Zf\;l t; and compactified on a circle
of radius 7, while m corresponds to a mass deformation from the perspective of a certain low energy gauge
theory description. As explained in [39, 40] (see also [42]) the two bases are related through a linear

transformation (with the identification tx41 = t1)

R:T—2Nm+Np, S:—m—|—p, ai:ti+1, VZ:L,N (21)
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Figure 1. Web diagram of Xy ; with the parameters (a1, ...,an,S, R).

string.” From the perspective of the LST, they can be thought of as regularisation pa-
rameters that are necessary to render the non-perturbative partition function well defined.
Indeed, in the context of the low-energy gauge theory description, they are identified with
the deformation parameters of Nekrasov’s Q-background [64-66].

Explicit expressions for Zy 1 for general N in terms of Jacobi theta functions have
been given in [22-24, 38]. In this paper, we will mostly be concerned with the free energy,
which is directly related to Zy 1 in the following way

fNyl(/a\l, . ,aN, S, R; 6172) =In ZN71(61, . ,aN, S, R; 6172) . (2.2)

Notice, following [37, 42] (but unlike [1]) we consider the full free energy which is defined
as the logarithm of Zy ;. Our strategy in analysing the LST in this paper is to consider
the series expansions® of F, N,1 in the unrefined limit €1 = —ez = €. To this end, we define

Fni(@,...,an, S, Rye, —€) = S QR PY)(@n,...,an, S,¢), with Qp =1, (23)

From the perspective of the low-energy U(N) gauge theory, where R is related to the
coupling constant, this corresponds to an instanton expansion and P](VT ) can be interpreted

"One way to define the refined A-model of a Calabi-Yau manifold X is via M-theory compactified on
X x 8* x TN, where the Taub-NUT space TN is twisted along S* thus giving rise to the two parameters ;2.
The topological partition function can then be directly computed by counting BPS-states in M-theory [57—
59]. See also [60-63] for a world-sheet definition of the refined topological string and an interpretation of €1 2.

8 Although a prior only a formal expansion, it was pointed out in [42] that each term in this series is
made up from (well-defined) quotients of (derivatives of) Jacobi theta functions.



as the r-instanton free energy. For further convenience, we also define the e-expansion’

(r)(al,...,ﬁN,Se 2625 2P al,...,aN,S). (2.5)

Furthermore, we can also define a Fourier series with respect to the parameters a; . N

Py @ S) = Y Qe POl (S) with Qg = e (2.6)
Nl,...., N
For ease of writing we shall also use the shorthand notation n = {ny,...,ny}. In [41] (see

also [42]) the following decomposition has been introduced

n
PO G, §) = HIO %, 9) ZH QG --Qay, with p=3 s,
1=
(2.7)
where the prime indicates that the summation is understood over all n = {nj,...,ny} €
(NU {0}V with at least one of the n; = 0. The H((z))ﬂ(p, S) are formally defined as [41]
(r){ } ) { +4no+4,...nN+E} j a
H(;“), N1, N ZQZ (r){n1+4n2+L,...,nN (5)7 with Qp _ 62mp — H sz\i'
(2.8)
Since they will be important building blocks in many computations in this paper, we discuss

the functions H((ST))’{O} (p,S) in detail in appendix B.1.

In [1] non-trivial evidence has been provided that the P](V (s ))( N, S) introduced

n (2.7) afford a decomposition in terms of rather simple building blocks with a very
suggestive graphical presentation that resembles in some way an amplitude expansion.
Indeed, in [1] the following decomposition was proposed

‘ N-1 N-l-a
P @) =109 3 (WGe.9) T (H T .5)" 0N @ 1),

" (2.9)
where we have implicitly used p = va 1@;."% Here H (( )) A0 and W((Ol)) are respectively
the expansion coefficients of the free energy for N = 1 and the function W(p,€), which
are reviewed in detail in appendix B (where also explicit expressions (for some low values
of s) are given). Physically, the latter has appeared in previous works and was shown

9To make contact with the coefficients Pl defined in [1], we remark that

N, (251 2s2)
Py, (@, AN, S) = Z (=1)°2 P os, ey (@1, N, S). (2.4)
s1+s2=s

10 A5 remarked before, the proposition in [1] was strictly speaking for a reduced free energy, in which the
logarithm in (2.2) is replaced by the plethystic logarithm

N,nS,nR;ner2), (2.10)

,,,,,,,,,,,,,,,,,

where u(n) is the Mobius function. To order O(Qr), however, only the term n = 1 can contribute. Since,
(1) = 1, this implies that to this order ]—"]‘\’,lit and Fy,1 are in fact identical, such that the results of [1] for
r = 1 directly carry over to our current setup. As we shall see below, this is no longer the case for r > 1.
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Figure 2. Diagrammatic expansion of P](\; Zl))

to be related to the BPS counting of configurations of M5-branes with single M2-branes
ending on them on either side [22, 24]. It has also recently appeared in [42], in the context
of extracting Hecke structures in the spectrum of the LST free energy in the Nekrasov-
Shatashvili limit. Finally, the functions O") are independent of S (and s) and encode
the only dependence of P](VT’ Zl)) on (ay,...,an—1). They were schematically written in [1] as

“(a o~ PF (M, na)AY (@1, N, 1,0
O =3 3 = P L (2.11)
{ ni,...,na=1 24:1 (1 . Qpe 1yenye >

We refer the reader to sections 4, 5 and 6 for explicit examples for N = 2, 3, 4 respectively.
In (2.11), the p§ denote ¢ homogeneous polynomials of order « in the summation variables
n1,..a, ty are linear functions in ny, ., and the Ay are rational functions of the Qal

Graphically, eq. (2.9) was presented in [1] in a way shown in figure 2: the building
blocks H ((81)),{0}7 H (%)) A0 and W((Ol)) are interpreted as external states in a (Feynman)diagram,
where the OV play the role of effective couplings. This interpretation was justified by
the observation that the first non-trivial such function (appart from Q)0 which (based

2.1 5 related to the Green’s

on several examples) were conjectured to be equal to N) Of
function of a free scalar field on the torus and thus indeed represents a 2-point function.
The free energy FJI\’,Iit to order Q% with 7 > 1 was also analysed in [1] for N = 2,3 and
it was concluded that at least partially it also allows for a decomposition in the building
blocks H, ((g)) A0 and W((;)). However, also new structures emerge, which were difficult to
interpret conceptually. In the current work, we repeat the analysis for the full free energy

Fn,1 to higher orders in Q) g.

3 Summary of results

The goal of this paper is two-fold: on the one hand side, we analyse in more detail the
coupling functions ON)@ that appear to leading instanton order. On the other hand, we
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Figure 3. Diagram of a single term in the summation over S (for fixed ¢) in eq. (
lines correspond to scalar two-point functions G”(by — bj; p) +

): the dashed
p—p°

) for » > 1 which stem from the full free energy Fy (rather than F

and provide evidence in several examples (i.e. N = 2,3 and 4) that they similarly exhibit a

decomposition that resembles effective couplings. Since our arguments are based on series

9

plet)
this section a brief summary of our observations

expansions of simple examples, which are rather technical to some extent, we provide in

as follows

7 7N

To order O(Qr) we provide evidence that the observation in [1] (namely that O
1, P

(2),1 i

given by the derivative of the free scalar two-point function on the torus) can be generalised
(N),ax
0 ( 2a

.....

N-1}\{¢} j€S
|S|=a

S Y (b
(=0 sc{o
for all couplings oo =0

271 )
-], 3.1
(3.1)
B() =0

N — 1 and where we have introduced the new arguments
and b

J
bj =2 an,
n=1

(3.2)

N =1
Furthermore, G(z; p) is the two-point function of a free boson on the torus and the prime

Furthermore, the second summation in (3.1) is over all subsets S of {1
precisely « scalar Greens functions

denotes a derivative with respect to the z-argument (see appendix A.3 for more details)

X

cardinality « (i.e. which have exactly « elements). Therefore, the product over j contains

for N = 2,3,4 can be found in subsequent sections

., N —1} of
While the notation in (3.1) is somewhat involved, a term for fixed S can be represented
in a very simple graphical form, as shown in figure 3. Further (more concrete) examples
» =
R

To order O(Q%) for r > 1, the structure of the free energy

ry . .
PN (s
ilar to the » = 1 counterpart, albeit in a more intricate fashion: analysing the cases N = 2

) is more involved
However, nonetheless, in the examples we have studied, it still affords a decomposition sim-



and N = 3 up to orders O(Q%) and O(Q%) respectively and up to s = 2, we find that
these examples can entirely be decomposed in terms of H ((;)’{0} and W((;")). However, the

fact that H ((g)) A0 and W((;)) are an over-complete basis renders the decomposition ambigu-
ous (in particular for higher values of s). Nevertheless we observe that tentative coupling
functions appearing in such decompositions lend themselves to an interpretation as cor-
rected couplings OV):! with additional internal points. We provide structural evidence for
this interpretation by the following observations

o The coupling functions for > 1 are still combinations of (derivatives of) scalar two-
point functions multiplied by modular forms. In the cases of low s and r, where the
intrinsic ambiguity is limited, we observe that the latter can be arranged in such a
way as to render the couplings holomorphic

o The modular forms that appear in this process are in fact (holomorphic) graph forms.
In the case of N = 2 and (r, s) = (2,0), in which case the ambiguity of the decompo-
sition is still under control, we can in fact show that the appearing graph form can be
related through Cauchy-Riemann differential operators to a graph function, which in
turn can be written as the double integral over two scalar two-point functions. Such
terms would indeed be interpreted as disconnected contributions in string one-loop
amplitudes.

However, while very intriguing, the intrinsic ambiguity in the decomposition of the free
energy, prevents us from making this observation more precise at the current time.

4 Example N = 2

4.1 Decomposition at order O(Qr) and scalar correlators

The simplest example is the case N = 2. As was already argued in [1] to order O(Qg), the

free energy*! PQ(T;)D (@1, S) can be written as the sum of two terms!?
r=1) ~ 1),{0 1 1),{0} £,(1),{0 ~
Pg(,(s) )(al» P S) = H((s)) { }W((o)) 0(2)’0 + H((s)) t }H((o)) © 0(2)’1(ala P) ) (4-1)
where the two coupling functions are given explicitly as
oo 2 n
020 =9, and 0@, p) = - Z & — | Q% + Qi,f . (4.2)
e Qp ' Qal

Graphically, the two terms appearing in (4.1) can be represented as shown in figure 4,

in the form of two-point functions. In this presentation, H ((51)),{0}’ H ((01)) A0 and W((Ol)) are

attached to the external legs, while @0 and @)1 are (effective) couplings. In [1] it was
furthermore shown that @®):! can be written in the following fashion
2 w2

W p(ar; p) + 3

2
- (2m)?

" This is in fact the same term that appears at order O(Qr) in .Fg,lft as defined in eq. (2.10).
12For ease of writing we shall drop the arguments (p, S) appearing in the building blocks H((ST))‘{O} and W(f)).

21

0@ (ay, p) = [G”(&l; A+ —

Es(p) (4.3)

~10 -
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Figure 4. Diagrammatic expansion of PZ( ( ) in (4.1) in terms of two-point functions: (a) H((j))’{o}

coupling to W((o)) through O®)9; (b) H {0} coupling to H((é))’{o} through O®)1,

(a) (b)

Figure 5. Diagrammatic presentation of the combinations of scalar Greens functions appearing in
the summation over S (for fixed £) in (4.4): (a) for O@)0 and (b) for O?)!. Dashed lines with

end-points (32,3 ) represent factors of G” (b; — bj, p) + 57_7;.

Here @(z;p) is Weierstrass’ elliptic function, Fs is the second Eisenstein series (see ap-
pendix A.1 for the definitions) and G(z;p) is the Green’s function of a free scalar field on
a torus. Another way of arguing for the result (4.3), which shall be relevant for similar
computations in subsequent sections, is presented in appendix C. We can combine (4.2)
and (4.3) into

2 for a =0,
#)2 Z}:O >t (G”(gg —Ej; p) + 37”) fora =1,

QW v Z > 11 (G” by — bji p) + 27”_) , (4.4)

(=0 SC(OIN(0) jes pP=p

0@y, p) =

where by = 0 and b = d;, while |S| in the last relation denotes the cardinality of the set
S. Here we have also used that G”(z;p) = G”(—z;p). Graphically, the combinations of
scalar Greens functions appearing in (4.4) can be represented as shown in figure 5, where

dashed lines represent factors of G” (b; — Ej; p) + 31”5.

4.2 Decomposition at order O(Q7%) for r > 1

To order O(Q%) for r > 1, the expansions of F; and fp et are different, such that the
results of [1] cannot be directly carried over. We therefore consider below in detail the
cases r = 2, 3.

- 11 -



4.2.1 Contributions at order O(Q%)
(r=2)

We have analysed P, (s) asa series expansion in ), to order 10 up to s = 4. The results
we find are compatible with a decomposition of the form

4 .
B (@1,0.9) = 3 (0-21(p. 5)) (d01(p. $))* [fg;§r=2> (v, ) (4.5)

J=0

n\ s+2 n2ktl
+Z( + 5 )Z g 0 0.9)

Here f(js’gT:m are quasi modular forms of weight 2(s + 7 — 1) and g{ ]§ (=2 are modular

forms of weight 2(s + j — 2 — k). Explicit expressions for f(js’g and gg’)’( ) can be given as

combinations of Eisenstein series, for example for s = 0 we find

02 _q @ 1 2,02 __ I 3,2 P 3,2) _ Eo—Fabr
fso =0 fiso 4608’ Js5o 1152’ fs=o 1152 Js5o 144 7
0,0,(2 1,0 2,0,(2 1 3,0 3,0,(2 Es
gs ( ):O7 gs ( ) 07 gsz(]( ):_%7 gs ( ):O7 5:(]( ):_Ev
0,1,(2 1,1,(2 2,1,(2 3,1,(2 1 3,1,(2
gs:()( ):07 g,s:O( ):07 gs:(]( ):07 g,s:O( ):_ﬁ7 gs:(]( ):07
0,2,(2 1,2,(2 2,2,(2 3,2,(2 3,2,(2 1
9.2 =0, 957 =0, 9.2 =0, 9.2 =0, g2 =5 (46)

For s = 0, these explicit expressions afford the following decomposition in terms of the
basic building blocks Hj)"{*/:13
2 (@40} 1,(2) (@0 (2000} (210} (@)1

1 4 .
— 45 (HO) RE() +4E1(0) To(p,a) + 2T (p,)] + 5 (Héoi {“}) 1o T (p.a),

where we defined the differential operator 0 := Qpﬁ and Zj is defined in (A.10). For
generic k € NU {0}, the latter can be written as derivatives of Zy (see (A.11)), which in
turn is related to the (derivative of the) scalar Greens function G(p,a;) (A.16). In view

P (@1,p.5) =

of the discussion of the free energy to order O(Qr), it is tempting to give the following
interpretation of the various terms appearing in (4.7):

1. Up to different numerical prefactors, the terms in the first line of (4.7) correspond
schematically to the same two-point functions as in figure 4, except that the external
states have been replaced by their counterparts for r = 2.

2. The first term in the second line of (4.7) has the appearance of a 4-point function

(1 ){0})

(since it contains 4 powers of H ) However, the tentative coupling-function (i.e.

without the four ‘external states’ H ((0)

pt 1 . ~
O 2 (@1 p) = =45 PEs(p) +4Ei(p) To(p, ) + 2Ta(pan)) . (4.8)

13This decomposition is unique if we assume only terms involving H <2) ©3 , but not W(OQ)>
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(1),{0} (1),{0}
He) <::>H@
(1),{0} (1),{0}
H(O) o v O H(o)
A0} o 00}
(0) (0) H(1)7{0}
(0)

(a) (b)

Figure 6. Diagrammatic presentation of the 4-point functions appearing in the first term of
the second line in (4.7) and which contribute to the coupling (4.8). The nodes represented by o
correspond to external states (with insertion points 30 = 0 and 31 respectively), while the nodes
represented by e correspond to internal states. Following the decomposition (4.10), diagram (a)

leads to the coupling 0782:)’2%:20 (a1, p) before the subtraction of the quasi-holomorphic contribution,

while diagram (b) leads to (97(.2:)’2%::()1 (@1, p).

depends (apart from p) only on a single ‘position’, namely a;. Following the interpre-
tation of the coupling functions appearing at order O(Qg) as schematically shown in
figure 5, this would suggest that of the 4 states, two are external (and are inserted
at positions 30 =0 and 51 = a1), while the positions of the remaining two states are

internal (and could be integrated over). Two graphs of this type, which could give rise
(2)v4'pt
r=2,5s=0°

shown in figure 6. These are two distinct corrections where the two internal states

to the various different terms appearing in the coupling O are schematically

modify the two-point function, either in the form of a disconnected diagram as in
figure 6 (a) (from which still the Es-dependent contributions need to be subtracted)
or through a direct insertion as in figure 6 (b).

This tentative interpretation is supported by two further (somewhat circumstantial)
pieces of evidence:

(i) The effective coupling in (4.8) naturally decomposes into the sum of two terms
2),4-pt -~ 2),4-pt, 1 2),4-pt,2
O£:)2’Sio(a1,p) = 07(‘:)2,51;0 +O£:)2,sp:0 ) (4.9)

where each term stems from one of the two diagrams in figure 6 and where we
defined

@aptd oo 1 il = P o@1G, ) - L
Or:2,s=0 (alap) VT [DE4(/)) + 4E4(p) Io(p,al)] Y o (al)p) 48 0Ey

1
=51 {E4 O Gy, p) — quasi—holomorphic] ,
2),4-pt,1 /~ 1 ~ 1 4 2).1/~
O 25 @1, p) = =5 Talp.@) = 45 DA O @, p). (4.10)
Here we used the shorthand notation D = %m 8%1. We note in particular, that

these couplings are still composed of (combinations of) scalar two-point functions

G” (51 _Bj; p)+ gf%, which are ‘decorated’ either through multiplication with the

~13 -



@ - bp=0 @----2--o b =3ad

(a) (b)

Flgure 7. Diagrammatic presentation of the couplings in (4.10). Dashed lines with end-points

(bo,bl) represent factors of G”(ay; p) + pz”%, while crosses indicate the action of the derivative

operator DA : (a) the coupling OT 5, Sptol (@1, p) (where the subtraction of the quasi-holomorphic

contrlbutlons is understood); (b) the coupling O£2)24Spt01

modular form F, (and a subsequent removal of non-holomorphic contributions)
or through the action of the derivative operators Dy . Indeed, following the
presentation of figure 5 for r = 1, the two objects in (4.10) can graphically be
presented as in figure 7: while as before dashed lines represent the scalar Greens
function, crosses indicate the action of the operator D%l. Furthermore, the term
‘quasi-holomorphic’ in (4.10) denotes the subtraction of all terms containing
the quasi-holomorphic form F» appearing in an expansion of Fy 0?1 (which is
implicitly assumed in figure 7 (a)). Indeed, using (A.8) as well as (4.3) along
with the expansion (A.13) of the Weierstrass function we find

_ ,\ E4(p) EG( R
0D P @1, p) = 05 + §j2 (2k +1)¢(2k +2) Bag2(p) @3"
r=2,s=0 487263 144 48 =

(4.11)
which only depends on the holomorphic Eisenstein series Fof (with k& > 1), but
not Es.

(ii) The holomorphic Eisenstein series E; appearing in the bubble in figure 7 (a)
(and which tentatively corresponds to the disconnected contribution in fig-
ure 6 (a)) is in fact (proportional to) a (holomorphic) graph form [48] that
is related to a graph with two bivalent vertices

(4,0)

Cl60](p) = 2¢(4) Ealp) < > (4.12)
(0,0)

We refer to appendix A.3 as well as to [47, 48] (see also [46, 49-55]) for the
definition and our conventions and notation. As was explained in [48], graph
forms of the type C[% J] in (4.12) can be related to C[FJ] through the action of
Cauchy-Riemann differential operators by using the general relation (A.27)

CI3810) = gys ¥ (m)CBE (o). with ¥ = 2i (lmp)°

Using furthermore (A.28) we have

2z 22 2
B0 =il = [ 52 [ 52 (S —an) - (@)

3 (4.13)
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(2),{0} (1),{0}
H (0) H (0)

(1),{0} (1).{0} (1).{0} 2).(0}
H, H, H, Hg,

(a) (b)

Figure 8. Diagrammatical representation of the apparent 3-point function 05.1)’2:?;‘20 in (4.15) as
a two-point function (with external states marked with o) corrected by one internal state (marked

with e). (a) internal state is given by H((g)),{o}; (b) internal state is given by H((é))’{o}.

Bo— 0 emeepemnne b=

Figure 9. Diagrammatic presentation of the coupling in (4.15). The dashed line with end-points

218 while the cross indicates the action of the derivative

p—p’

(bo, b1) represents a factor of G”(ay; p) +
operator D% )
1

Here C[11](p) is a dihedral modular graph function that can be written as the
torus integral over two insertion points and whose integrand is proportional
to two powers of the scalar two-point function. Therefore indeed, the bubble
in figure 6 (a) can be interpreted as (a differential operator acting on) a dis-
connected diagram with two integrated positions which are contracted through

scalar Greens functions.

3. The last term in the second line of (4.7) has the appearance of a 3-point function
(since it contains 3 powers of H ((é)) ’{0}). Graphical representations of such terms are
shown in figure 8, which differ by a choice of external and internal points. Just as in
the discussion of the 4-point functions, the internal states simply modify the tentative

coupling functions

2),3-pt -~ 4 . 8 N
07(”:)2,51):0(&17 p) = gzl (p7 al) = _g D’i\l 0(2)71((117 p) . (415)
Graphically, both terms in figure 8 contribute to the this coupling, which itself can be
presented as in figure 9. As before, also this coupling can be written as a D%l deriva-
tive (represented by the cross in figure 9) of the scalar 2-point function on the torus.

While it is quite interesting from the perspective of the results we have obtained to order
O(Qr) that such a decomposition of the free energy to order O(Q%) exists, the latter is
still quite speculative. In order to add more credibility to this proposed interpretation

as corrections to the two-point function it would be important to also analyse PZ(Q()S) for

2) gvk1(2)

higher values of s: while we have worked out the corresponding functions fg @ and g

appearing in (4.5) up to s = 4, it turns out that the decomposition in the basic building

blocks H ((g)) A0 s ot unique anymore, but leaves certain ambiguities. For example to order

~15 —



s = 1 we can present PQ( ()1) in the following fashion

P2(2)1)(al’ P, S) 2 (2),{0} W(Q) O( ),0 H(2),{O} H(2),{O} 0(2),1(a1’ S)

i 5 (0) T3 (0)
+é(H(){0})21 +(H()’{O}) T B + 6E6Ty) + BET + — T
3 0 2 (0) T 6048 C 60 1T 63078
1),{0} (1),{0} 13 + 360«
( ) (1) { T(DE4 +4E4To) + 1o
1),{0}\2 ;(2),{0} 17+ 60y
+ (Hy) ) o) {a(bE4+4E4IO) 50 L (4.16)
8 1),{0} 77(1),{0} 7(2).{0} 52 (1,032 77(2).{0}
+<45+325) H G T+ (3 328 (H) ) R

where «, 8 and 7 are undetermined constants. As is evident from this expression, these
latter constants not only impact the tentative modified coupling functions that appear
for the various 3-point and 4-point functions, but also any potential recurring patterns.
Furthermore, since the various H ((ST)) A0 how also appear with s = 0 or s = 1, there are many
more choices which of these states are assigned to be ‘internal’ and which are ‘external’
These ambiguities make a precise statement difficult at this point. However, we point out
the following observations, which to some extent support the tentative interpretation given

in this subsection:

e We have checked up to s = 4 that P2(2()S) (@i, p,S) can be decomposed using only

H ((2)) A0 46 cover the S-dependence.

e We have checked up to order s = 4 that the numerical factors can always be chosen in
such a way that the only terms that would enter into potential higher-point coupling
functions are of the form

Vn >0,
0Fo,. + 2kEoy Ty, Ve>1 or 12, VYn>0, or FEo1, y (4.17)

k>1.

All the couplings appearing up to s = 4 are holomorphic in the sense that they can be
expanded in a power series in a1, where the individual coefficients are combinations
of the Eisenstein series E4 and Eg only (but not E3).

o The Eisenstein series Eo, multiplying Z,, appearing in (4.16) as written in (4.17)

2k 0] ( p)
in (A.31) of graphs with two bivalent vertices. It is therefore again tempting to once

can (as in the case r = 1) be interpreted as dihedral modular graph forms C[%;

more interpret them as disconnected contributions.

~16 —



4.2.2 Contributions at order O(Q%)

For completeness, we also briefly discuss the decomposition of the free energy to order
O(Q%). Indeed, P2(3()0) can be presented in the form

. 3 9
Py oy (@1,0,8)= 1 Hig Wi 004 TG O HGHY 0@ @, p)

477(0 (0)
()| D B (2 e
() ) m 0 | () B g T
(GO (g ) [PER IR ] (0 i (1477 )
(B oz BY O HEO {0}(136 2175)];611, (4.18)

where a and 3 are two undetermined constants. In the same spirit as to order O(Q%), the

terms in the second to fifth line represent corrections to two-point functions with 4, 3, 2

or 1 internal points respectively. Due to the ambiguity in the decomposition in terms of

the building blocks H, ((g)) ’{0}, it is not possible to determine precisely the arising corrected
3)

couplings. However, already the fact that P, 0) allows a decomposition in terms of only
these particular building blocks, can be seen as a further argument for the picture already
developed to order O(Q%).

5 Example N =3

After the case N = 2, we shall now discuss Little String Theories with N = 3.

5.1 Decomposition at order O(Qr) and scalar correlators

While it was already argued in [1] that the free energy P?E( ) U can be decomposed using

the basic building blocks H, (( )) A0 and W(( )) in the following form

(r=1)(~ = _ g(,{0} W\2 H(3),0 (1), {0})* g (1),{0}
PB,(S) (a17a27p7 S) - H(S) (W( )) O( ) + (H(s) ) (0) O( )1 (al,ag,p)

+ (HDOV 092@,35,0), (1)
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bop=0 b1 = a1

Figure 10. Trivial diagrammatic presentation of the constant coupling @®):0 in (5.4).

the form of the @®)*(a@y,dy, p) was (mostly) only given as infinite sums

0 0=3, (5.2)
o0 _ n Qn
OO @1,82,0)=) - (@" o Tt o HQa Q) ) (53)
a1,a2,p ;1 Qr Q Q 1 ¥ag (QalQaz)"
0(3)’2(61’627p):i 2" lQn <Qn JrQn QZ ”>+<(Q31Q:z\2)n n + Q: >‘|
= (1-Q5)° (0:,02) Qo
- na(2n1+n2) (n14+n2)(n1—n2) 14z T
Z,%:l((1—@21)(1—@22)*(1—@21)(1 Q’"‘l*’”)) (Q% “a
PTG A AN
+Q QT Qi QSEJFQ%QS; T o + ) (5.4)

The coupling O®)0 can in a trivial manner be represented as in figure 10: it simply
corresponds to no correlator connecting any of the three points

~

bp =0, by =a1, by = a1 +dy (5.5)

thus yielding a constant. Furthermore, based on the discussion of similar structures already
appearing in the case of N = 2 (sce e.g. eq. (4.2)), we can write for O®)2(ay, d, p)'*

.
O (G, 5, p) 7 ZZ (G” by — bji p) + p7_”>. (5.6)

=1 j2t p

Graphically, up to an overall numerical factor (2 oL this coupling can be represented
as in figure 11 as a single two-point function connecting any combination of the points
{bo, b1, bs).

Finally, the coupling function O®)2(@y, @y, p) is more complicated to analyse than the
previous ones due to the presence of the double summation in the second term in (5.4). Fol-
lowing the discussion in [41], however, we can represent it in terms of generating functions
T(z1,22; p) (see eq. (A.32)) of multiple divisor sums up to length 2, which were introduced
in [44]. Since these functions have a well-defined Taylor series expansion!® (A.33), we can
compute the series expansion of O)2 (@1,as; p) in powers of a;2. However, in order to

Compared to a slightly different expression in [1], here we have used the implicit periodicity of G”(z; p)
under a shift 2 — z + p along with the symmetry G"(z; p) = G"(—z; p).
151n fact, this is the form in which the T have originally been introduced in [44].
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Figure 11. Diagrammatical representation of the coupling O®)! in (5.6). The dashed lines

represent the two-point function G” (6@ _Zj) 4 2mi

p—p

bo bo bo

[ [ ] [ ]

, A Y rn

, A Y , A Y
" + “ + " ‘\
, A Y s A Y
A A Y A A Y
, A Y , A Y
, . , .

N @mmmmmm== o ~ N @Emmmmmm== ® ~ ~ @ ® ~
bo b1 bo b1 bo b1

Figure 12. Diagrammatical representation of the coupling O®)2 in (5.7). The dashed lines

represent the two-point function G” (gg —Zj) + Ef%.

extract the correct pole structure and also due to the complexity of (5.4), we limit our-
self to study the leading powers in @2 as a limited power series in @), which (assuming
modularity of the various contributions) can be expressed as polynomials in the Eisenstein
series. The relevant details can be found in appendix C.2, where we find that the series
expansion matches the combination (C.19) of scalar Greens functions which can also be
written in the form

~ o~ ~ o~ 211
092 (ar,0,p) = iy 3 I (860~ Byin) + =) (57)

p—p

Yet another way to present this is result is

2 .
R SN | [ GO AR B
£=0 } jeS

0BGy, Gy, p) =
T2 pP—pP
\ \:

which matches the general expression in (3.1). Graphically (up to a numerical factor), this

coupling can be represented as in figure 12 as two scalar two-point functions connecting

two distinct pairs of points {50,31,52} We note that all three coupling functions @®)0
n (5.2), OBl in (5.6) and ©®)2 in (5.7) match the general form (3.1).

5.2 Decomposition at order O(Q%) for r > 1

We can repeat the analysis of the previous section for contributions to the free energy to
orders @, for r > 1. As in the case for N = 2, however, we shall encounter the problem that
a decomposition in the building blocks H (( )) {O} and W((ST)) for r € {0,1} is not unique since

the latter form an overcomplete basis. While this ambiguity prevents us from determining
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(r)

the precise pattern in which P37(5) decomposes, the general form of the result still gives
further credence to the picture already advocated before. Using the same approach as in
the case N = 2,'6 we have matched the next-to-leading order O(Q%) of the free energy
Pézﬁ)) to a decomposition in terms of H ((;)) A0 and W((ST)) and certain (modular) coupling
functions. In order to present this form despite the above mentioned ambiguities, we use

a condensed notation: starting from
P(r 2) Z;)zk: S A inid (K @L2.0) (H((S;,{o}) 1(H(<§)>,{o}) z(W(<01)>) 3(W(<02))) +
a 21,Z2,13,14

for a = 0, k can only take the value £k = 1 with the coupling Ic’gzl(am,p) = 1 and the
following non-vanishing coefficient functions

(0) (2—900&1 —810[19—360[2—{-180[3)E6 (0) (—2160&1 +720¢3+11)
€1,6,0;0,0 — 5184 ) €1:4,0,2,0 = 144 )
(0) 364 — 1152001 — 316 — 25920017 — 86418 +2304a3 5 (0)
€1:5,0,1,0 — 55296 Ey, Cii,2:1,0 = s B,
(0) 76800(1 — 16 — 864&17 + 30720&2 — 1536&3 —176 2 (0) —3@16 —4
€1:4,1,00 = 55206 Ey, C11012—Tv
(0) (72a1 + 10819 + 48 — 243 — 1) Eg (0) (=162a19 — 36 — 1) Eg
€1:4,0,0,1 — ) €1:3,1;1,0 — )
72 54
(0) (5761 + 316+ 1296017 + 432018 — 5763 +4) Ey (0)
€1;3,0;1,1 = 988 ; €1;2,20,0 = @19 L6,
(0) (—1152a1 4+ 316+ 1296017 — 23042 + 11523 — 16) Ey (0)
€1:2,1;0,1 = 364 ’ €1;0,3,0,0 = 17 Ea,
(0) (192041 — Q16 —864a17—288a18+384a2 — 192043 —24) E4 (0)
€1:2,1:2,0 = 96 ) €1:0,1;2,1 = ¢16 5
0 3(8041—80(3—1) E4 0 40—30416
Cg :2, 0:3,0 = 3 ; Cg;()),l;O,Q BT (5.9)

For a = 1 there are three different types of graphs K¥(a19,p) (ie. k € {1,2,3}) and the
(1)

corresponding coefficient functions ¢; ; . .. (p) are tabulated in table 1. Here we are using

a symbolic notation for the K (@12, p): solid points represent (by , b1 ,b2) and a sum over
all cyclic permutations is understood. Furthermore, dashed lines with n crosses between

any of these points represent factors of D%" (G” (b; — Bj; p) + 5”;) such that e.g.

°

Ki@@12,p) = = G (b —b1;p) + CH(by — by; p) + GCH (by — bo; p) -

*-----o

161 e. we study limited series expansions in Qp, which we match to quasi-modular forms, as explained in
appendix C.
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. 0 T —— 0 0
A 288(27)10
2| ¥ %
K % 0 0 0 0
‘ * 4501 +903—2 0
[e5] Q3 —
18(2m)10 0 0
° (10—288cr1 —9a5) By 0 2(2"1‘48&2—246053—{-3015) 0
/' 864(2m)6 9(2m)
4 \
3 ;*‘ \\ 1203 2(8az—8aa+as) 0 0
’ \ (2m)6 (2m)8
¢ . -
5
0 (2m)6 0 0
o (11-2160a,)Eg (96011 +64c2—3203—ag—4) By 0 2(8+3as)
SN 864(2m)1 96(2m)4 9(2m)
4 ! ' 0 0 2(ar—3a—2) _ 2ary
’ \ 3(2m)6 (2m)8
¢ s (18—1440:1 +48a3—a7)E4 O ag (054 -
96(27)” (2m)8 (2m)

Table 2. Coefficient functions 0(2)

kji1,i2;13,04

(p) for a = 2.

Similarly, for @ = 2, we have four different K%(a@19,p) (for which we use the same
condensed graphical representation) such that k& € {1,2,3,4}. The coefficients ct?) (p)

ksi,i2;i3,14

are tabulated in table 2. Finally, for a = 3, there are four different K5(@ 2, p) (for which
we use the same condensed graphical representation) and therefore k € {1,2,3,4}. The

(3)
k;i1,12513,14
eq. (5.9) and tables 1, 2 and 3 are undetermined constants and label the ambiguity in the

decomposition of ngr(g)z).

coefficients ¢ (p) are tabulated in table 3. The parameters o 19 appearing in

Despite this structural ambiguity, we see that (similar to the case of N = 2), a de-
composition is possible which lends itself to an interpretation in terms of n-point functions
(with n < 6) where the external states are given by H((g))’{o} and W((g)) for r € {1,2}. Deter-
mining precise coupling functions, however, is very difficult, due to the many undetermined
parameters ;. We remark, however, that the fact that all of the K¥=1(@y 9, p) can again
be written entirely as combinations of ‘decorated’ scalar Greens functions, is in line with
the interpretation we have given in the case of N = 2. In particular, just as before, these

‘decorations’ again consist of differential operators D% or of multiplication with holomor-
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k(a (3) (3) (3) (3) (3) (3)
k| K3(@2,p) €k36,0;0,0 Ck;4,1;0,0 | ©£:2,2:0,0 | k;5,0,1,0 | Ck;3,151,0 | Cks4,050,1
LJ
7\
1 N o 0 0 0 0 0
’ \ (271—)10
4 \
X -X-0
LJ
7\
ro 45012
2 4 % 9(22710 0 0 0 0 0
4 \
$--nn-- .
L]
Y
4 \
30 0N 0 = — 0 0
4 \
--X--»
LJ
7\
o0 12—96a1 —ay) 2(3ay—4) 2
4 P 96(2)0 By 9(2m)0 0 0 - (2%16 (26?)6
4 \
$--nn-- .
Table 3. Coefficient functions c,(:') s (p) for a = 3.
7321,22513,24

phic Eisenstein series that can be interpreted as dihedral modular graph forms C [26“ 8] (p)

in (A.31) and can thus be interpreted as disconnected contributions.

6 Example N =4

Repeating the above discussion for the case N = 4 is much more difficult due to the
increased complexity of the free energy even for r = 1. Nevertheless we can report some
non-trivial results to order O(Qr), which are in line with the general picture advocated
above: as was argued in [1] to this order the free energy can be decomposed as

(r=1) ~ _ r(1),{0} 1)3 , 1),{0}\? (1)) 2 1~
P{ @2s.0,8) = H)Y (W) 0D 4 (H)) (W) 0D @124,0) (6.1)

3 4
+ (Héi;7{0}> W((sl)) 0(4),2@172737/)) + (H((sl))ﬁ{o}) 0(4),3@172737/)).

Implicit expressions for the couplings O™« for o = 0, 1, 2, 3 as infinite series can be inferred
from the expansions of the free energy presented in [41]. These series representations can
be analysed with the same methods outlined in appendix C. For o« = 0, 1, 2 we have checked
up to order O(af , 3) that they are compatible with

OWO =4
0(4)’1(a1,273’ p) = 1 D) Z <G”(Zg - 5]) + 27TZ> ) (62)
(2m)* 57 p=p
@ 1 & o - omi
O\ (a R = (G” bg —b + _) (G” bg — b)) + _) ,
(@123, p) (27" Z:l = ( J1) 0—p ( JQ) 0—p
J1#LF#52
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Figure 13. Diagrammatlcal representatlon of the coupling O*)-! in (6.2). The dashed line represent

the two-point function G” (bg —b; i)+ Zf;.

where we have introduced the points
50:0, Elzal, 32=a1+ag, 53261+62+63. (6.3)

For O®W3 it was remarked in [41] that the coefficients for the free energy for the case
N = 4 have been matched up to the maximal order (’)(Q;E;), but may receive additional
corrections beyond that. This order allows us to unambiguously only determine the leading

singularity of O3, for which we find after a lengthy computation'”

1 { 1 1
= = + == =
(27‘(‘) CLl (CL1 + az) (a1 +ao + a3)2 a% a% (CLQ + a3)2
+ 1
a% a§ (a1 + ag) a§ (ag + 63)2 (61 + as + 63)

OW3(@y 53, p) = (6.4)

2} + O(ams)

This pole-structure is compatible with the closed form expression

OW3(@ 53, p) = 62 3 H(G” (be — bj,) + 27”). (6.5)

(=1 71<i2<3J3 a=1 p—p
J1,2,37¢

The form of the couplings O in (6.2) and (6.5) is compatible with the general form (3.1).

(4),1,2,3

The (non-trivial) couplings O can also be graphically presented: up to numerical

factors O™-1 in figure 13 corresponds to all possible ways to contract two out of the 4

271

points 30,172,3 with a single two-point function G”(Eg — Ej) + 25 The coupling O¥-2 in

figure 14 corresponds to all possible ways to contract one out of the 4 points 3071,2,3 with
two distinct other points through one two-point function respectively. Finally, the coupling
OW:3 in figure 15 corresponds to all possible ways to contract one of the 4 points with
all other points through two-point functions. Due to the high complexity and the large
amount of intrinsic ambiguity, we refrain from discussing a decomposition of the N = 4
free energy to higher orders in O(Qr). We leave this problem for further work.

7 Conclusions

In this paper we have continued and extended the study of [1] to decompose the free energy
of LSTs of type Ay. In contrast to [1], we have considered the full free energy that counts

17TO®:3 receives contributions from all coefficients listed in [41], which involve up to 3 infinite series with
various powers of Q;\ . We refrain from presenting the details of this calculation.
1,2,3
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Figure 14. Diagrammatical representation of the coupling O*)-2 in (6.2). The dashed lines

represent the two-point function G (gg ,gj) + 3’_72
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Figure 15. Diagrammatical representation of the proposed coupling O3 in (6.5). The dashed

o~

line represent the two-point function G” (b, — Ej) + 2mi
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all BPS states (including multi particle states), which does not impact the results of [1]
to leading instanton order (from the perspective of the low energy U(N) gauge theory),
but streamlines some of the results to higher order in ()r. We have studied the examples
N = 2,3 and 4 which exhibit clear repeating patterns, that we thus conjecture to hold
in general: to leading order O(QRr), it was already argued in [1] that the free energy
can be presented in a way that resembles a Feynman diagrammatic expansion, which is
schematically shown in figure 2. The external states are given by the building blocks
H ((;))’{0} and W((Ol)), which are the expansion coefficients of the free energy for N = 1 as
well as the leading term in the expansion of the quasi-Jacobi form W(p,S,€1) defined
in (B.4). In the current paper, we have analysed in detail the effective couplings Q)
(for N = 2,3 and 4) appearing in this decomposition and have provided evidence that they
can be entirely written as combinations of (derivatives of the) scalar two-point function of
a free scalar field ¢ on the torus with the general conjectured form given in (3.1). The
latter can in fact be also written as a correlation function in the following form

o N-1 R R
O @n...v1,0) = (2(7:)122"041 gz—;) sc{o zzv:fl}\{e} <: oo Hsa¢(bj) :> =

|S|=a

= i: Z <: exp <_(2jr)2 0p (Zg)) s H 3(15(@-) :>

(=0 Sc{0,....N—1}\{¢} jES
[S|=«a

A&

In the last line we have introduced the counting parameter A and it is understood to
extract the coefficient of A*. Furthermore : ... : denotes normal ordering to prevent self-
contractions.

We also note that the form (3.1) (or equivalently (7.1)) also implies a recursive struc-
ture, that allows to obtain O<N>7a(al,,_,,N_1, p) from O(N+1)’a+1(61,,”7]v, p) by contour inte-
gration of ay

N-2
O @y N_1,p) = —iﬁfédaN (Z (an — pi)> OWNFTAt @Gy nyp). (7.2)

i=0
Here it is understood that @; . n and p are independent variables. Furthermore, the details

of the choice of the contour C are not important, except that it encircles all N — 1 poles of

an
po=0, and pi=—»_ a; Vi=1,...,N-2. (7.3)

The contour integration in (7.2) is designed to extract the pole of a single scalar two-point

(N+1.041(Gy N, p), while the additional factor of 3

function in the decomposition of O
takes into account that for a given pole p;, there are exactly two diagrams of the type
figure 3 that provide such a singularity.

Finally, to orders O(Q%) for r > 1, we have found that the free energy still affords a
decomposition in the basic building blocks H ((2)) A0 and W((ST)). The tentative coupling func-
tions are again composed of combinations of second derivatives of the scalar Greens function
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on the torus, which, however, can be decorated in two different ways: either through the
action of a differential operator D%? (for n € N U {0}) or through multiplication with
combinations of holomorphic Eisenstein series. We have argued that the latter precisely
correspond to (dihedral) modular graph forms with bivalent vertices as defined in [47]
and thus lend themselves to be interpreted as disconnected contributions from a Feynman
diagrammatic point of view. This suggests that also higher instanton orders allow a decom-
position in terms of graphs. However, an inherent ambiguity in the decomposition of the
free energy (due to the fact that H ((g)) A0 and W((ST)) are an overcomplete basis) prevents us
from making this statement more precise: in the future it will therefore be important to get
a better understanding of the origin of this diagrammatic expansion. In this regard, it will
also be important to understand the appearance of the propagators of a chiral scalar field
on a torus. While, for example, decompositions of the topological free energy (on the ellip-
tic curve) in terms of cubic graphs (and a formulation of the topological partition function
as a path integral with a cubic scalar action) have been discussed in [67, 68] (see also [69)]),

the scalar field propagators Q)@

in our current formulation only appear after suitably
stripping off external states (in the form of H ((L:)) ’{0}(;), S) and W((;)) (p,S)). Furthermore
(see e.g. figure 3) we have not found evidence that the interaction of the scalar field theory
is limited to be cubic. This makes the appearance and interpretation of the scalar field less
direct and the precise origin behind this mechanism remains to be understood.

From a physical perspective, the observations made in this paper suggest that non-
perturbative information about the LSTs of A-type can be obtained using simple, purely
perturbative ingredients, namely two-point correlation functions of a free scalar field on the
torus and the BPS counting function of a single M5-brane on a torus. It would be interesting
to analyse if similar statements can also be made for other LSTs and/or supersymmetric
gauge theories. Similarly, it would be interesting to extend the current study to quantities
other than the free energy. Yet another question is to understand if the decomposition of
the free energy introduced in [1] and further elaborated in the current paper reveals new
symmetries of the underlying LSTs, which might for example be linked to the conformal
symmetry of the scalar two-point function we have encountered in the effective couplings
OW).a We leave these questions for future work.
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A  Modular toolkit

Throughout this paper we are using various different modular objects. This appendix serves
to define them and present various different of their properties along with other concepts,
which are useful for the discussion in the main body of this article.
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A.1 Jacobi forms and Eisenstein series

Many of the objects discussed in this paper are (related to) Jacobi forms: let H be the
upper half-plane. Following [70], a weak Jacobi form ¢(p, z) of index m € Z and weight w
of SL(2,Z) is a holomorphic function ¢ : H x C — C that satisfies the following properties

ap+b z ) w 2mime 22 a/b
= d cotd L(2,Z
qb<cp—|—al’cp—|—al (cotd)Te et 9lp,2), v cd < SL@2),

d(p,z+kip+ke) = e~ 2mim(kipt2k:2) o(p,2), Vki12 €N, (A1)

and which affords a Fourier series
bep) =3 S elm ) Qe with  c(n,k) = (—1)¥c(n,—k).  (A2)
n=0kecZ

Further symmetries of Jacobi forms follow from the fact that two Fourier coefficients ¢(n, £)
and c(n’, ') (for fixed n,n’ and ¢,¢) are identical if

0?2 — amn = (¢')? — 4mn/ and ¢ =/{'(mod 2m). (A.3)

The Jacobi forms we shall encounter in the main body of this article can be written as ho-
mogeneous polynomials (both with regards to their index as well as weight) of the following
two standard Jacobi forms

_ 9%(Z,p) an 2) — . 92‘(2,,0) 2
P—21(p,2) = () d $0,1(p, )—8;(&(07;})) ; (A.4)

of weight and index (—2,1) and (0, 1) respectively, where 0;(p, z) (for i = 1,2,3,4) are the
Jacobi theta functions and 7 is the Dedekind eta-function. Furthermore, the coefficients of
these polynomials in ¢_5 1 and ¢p 1 themselves are homogeneous polynomials (with regards
to their weight) of (holomorphic) Eisenstein series [70-72]

dn

E2n(p) =1- B72n Z O'anl(k) Q]; ) (A5)

where By, are the Bernoulli numbers and o, (k) is the divisor sigma function. In certain
cases, we shall also use the notation Gan(p) = 2((2n)E2,(p). The Es, for n > 1 are
holomorphic modular forms of weight 2n, while E5 transforms in the following fashion
under SL(2,Z)

E, (Zgig) = (cp+ d)? Ey(p) —% ¢ ’ \ (Z 2) € SL(2,Z). (A.6)

Thus E5 can be completed into the following quasi-modular form of weight 2

Ba(p,p) = Ea(p) — — (A7)

mIm(p)
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Furthermore, the holomorphic Eisenstein series display a ring structure in the sense that
any Eo, for n > 1 can be written as a combination (of powers) of E4 and Ejg.

We shall sometimes also encounter derivatives 0 = @, & of the Eisenstein series Fop,
(for n > 1), which can again be expressed in terms of combinations of Eisenstein series
with combined weight 2n + 2, which, however, are linear in Fo

1 1 2
VE= (Bp By~ E), 0= (E{~FEj), 0Es= Es(E2E4—F),

1
aE10:6(5E2E4E6—3E§—2E3), DElg—@(441E2E4 691E3 Eg+250B,E3 ). (A.8)

Finally, we remark that (quasi)Jacobi'® forms can be related to one-another through Hecke
transformations. Let Jy, ., be the space of Jacobi forms of weight w and index m and let
n € N, then

Hn : jw,m — jw,nm
6(p,2) — Hal LYy (M) (A.9)

dln
b mod d

A.2 Weierstrass’ elliptic function and scalar two-point function

A class of infinite series [1, 41] that are useful in the discussion of the free energy in the
case of N = 2 is defined as (with @ € C)

0 2k+1 Qn ~
Ti(p,@) = Z (Q” ) . with Q=€ VkeNU{0}. (A.10)

- Q3 Q%
The series for generic k can be written as derivatives of the generating function Zy
1 0 0
Ti(p,a) = D2 Iy(p,a) with D= — — =Q~—. (A.11)

Furthermore, it was shown in [41] that the generating function Zy can be related to Weier-
strass’ elliptic function @

Io(p,a) = [G2(p) + p(a; p)] (A.12)

(27i)?
where the Eisenstein series Go = 2((2) E> is defined in (A.5) and

1 oo
o(z;p) = o) + Z(Qk + 1) Gappalp) 22 (A.13)
k=1
A proof of (A.12) (which is slightly complementary to the argument presented in [41]) can
be found in appendix C.1. Finally, it was observed in [1] that via the relation [74, 75]

w2 A
p(@; p) = G"(@ p) = 5 Ex(p), (A.14)

18For the purpose of this paper, we understand quasi-Jacobi forms as homogeneous polynomials of ¢_2 1
and ¢o,1, whose coeflicients also depend on the Eisenstein series E2. For a more rigorous definition we refer
o [73] (see also [41]).
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the infinite series Zj in (A.10) can be related to derivatives of the two-point function of a
free scalar field ¢ on the torus

~. . a _71101(&;;)) o ™ 6*52
Glap) = (0(@) 6(0) = ~n| Gl — T @ -2, (A15)
in particular . i
Lo(6.3) = 5 @)+ (A.16)

For later use, we also exhibit another way of presenting this scalar two-point function: let
A =7 ® pZ be a two-dimensional lattice and define

(]y: AxC—C
(p,a) = (mp+n,a1p+ az) — (pla) = mag — nay . (A.17)

Eq. (A.15) can then be written as

Imp ! eQﬂ—i <p @

G(a;p) = ; (A.18)

pEA

where the summation excludes the origin of A.
Furthermore, as is evident from (A.12), the generating function Zy is not holomorphic
and modular, due to the presence of Go. However, by multiplying Zg with holomorphic
Eisenstein series Eoj, (for k > 1) and subtracting a judicious derivative of the same Eisen-
stein series (as listed in (A.8)) one obtains an object whose Taylor series expansion in @ is
purely holomorphic and modular: in addition to the example (4.11) discussed in the main

body of this paper, we also find the following expressions relevant up to s =4
3B E? 6Fg

0Eg + 6Es To(p, @) = — g5 — b —

~ok

k=1
A 2E7 2E,Es 8E3 & A
0Eg + SEE IO(P, (1) == 2/\42 - 5 ;l Z(2k + 1)G2k’+2(p) a2k )
T>a 3 4 =
0(E4Es) + 10E4Es Ioy(p, @) 5Babs  E{ Fg  10EiFs i(% +1)Gaopya(p) a*
41L6 486 L0\P, Q) = — o T T, T T, T B 2k+2p)a
2m%a 2 3 4 =
. 3L 2 = ok
D(Elg) + 12F1o Io(p, a) = *W — E¢E] — 3E12 Z(Qk + 1)G2k+2(p) av. (Alg)
k=1

A.3 Graph functions and graph forms

In this appendix we review so-called modular graph forms. Our conventions and presenta-
tion mostly follow [48] as well as [55]. Modular graph functions have first been introduced
in [47] (see also [48-52, 55, 56]): let T" be a graph of N vertices (labelled by i, =1,...,N)
with r;; oriented edges connecting vertex i to vertex j. An example of n edges connecting
the vertices ¢ and j is shown in figure 16. The weight w of the graph is defined as the total
number of all edges, i.e. w =3 1<, j<ny 7. The modular graph function associated with
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nij

Figure 16. n;; oriented edges connecting vertex i to j.

the graph I' is then defined as the following integral over the positions z; (withi =1,..., N)
of the N vertices on the torus ¥, that is parametrised by the modular parameter p

d?z g
H/E == G(2i — 2z;p)" . (A.20)

PI p 1<i<j<N

Due to the properties of the scalar Greens functions, Cr is invariant under SL(2,Z) acting
on p. Notice, however, that it is a non-holomorphic modular function, which can be made
more manifest by using the presentation (A.18) of G(z; p), to write!”

Cr(p) = Z H

2
Pl PwEN a= 1\pa’

H 5}{ (Z szPb) y (A21)

where we used the shorthand notation

% (Z Fibe) = 0K (Z Lia ma> % (Z Lip nb) ,  for  pa=ma+png, (A22)

b=1 a=1 b=1
and we have defined

1 if edge a ends on vertex ¢ and
pomts into vertex ’

lifz=0,
o) = and T, = { —1 it dfgg endspnvertesand | (A23)
0ifx#0

0 else

This definition of modular graph functions has been generalised in [48] to so-called modular
graph forms. To describe the latter, we first generalise the graph I' by decorating each edge
by two integers: instead of the oriented edges in figure 16 between two vertices ¢ and j, we
now consider figure 17 with labels a;;, and b;j, (for a =1,...,n). We then define?”

Clym1(p) = Z = _br H5K (Z Fzsps> : (A.24)

PLypweh T ProProi=1

19Since it will turn out more convenient for the discussion in the main body of this paper, our normal-
isation here follows [55] and is missing a factor of (I‘“Tp)w relative to [48]. In (A.20) this factor has been

accounted for by using the normalisation fz Imp =1.

20As in (A.20), we follow the normalisation of [55], which differs by a factor (Imp/) S5 relative to [48].
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(ai5,1,bij,1)
(aij,2,bij,2)

7 (@45,3,b5,3) J

(aijn,bijn)

Figure 17. n oriented and decorated edges connecting vertex ¢ to j.

where the sums over r and s run over all possible labels (ij,a). Since in the current paper
only the modular graph forms with two vertices are important, we shall not make the no-
tation in (A.24) precise for generic N,?! but focus on graphs with N = 2. Such graphs are
called dihedral graphs and for n edges connecting the two vertices, we arrange the decora-
tions (aq,ba) (for @ = 1,...,7n) into the matrix [4] = o or o], We then write for (A.24)

Cl5)(p) = Z H ar_,,r (ﬁ:lps) (A.25)

p1ypneAr=1Pr Pr

Dihedral graph forms with a single edge vanish
C[le] (p)=0, Vai, by € N. (A.26)

In this paper we shall exclusively encounter dihedral graph forms with two edges, for which
numerous identities and relations are known. For example, in [48] it was shown that

v (1) Cl§)(o) = (g BT R el ), with V=2 g
' (gz?)
as well as
Clhs(p) = (1)@= C[pi2 ol (p). (A.28)
Furthermore, the following explicit expressions have been given in [48§]
k0 T\
Cll) = () &), vk > 1, (429
where £ (p) is the so-called non-holomorphic Eisenstein series
gp= 3 W . (A.30)

(m,n)#(0,0)

Finally, the modular graph forms (along with the dihedral graph with two bi-valent ver-
tices) relevant for the current paper are

29 (p) = {2C( ) Es(p,p) if k=1, (A31)

00 2¢(2k) Ear(p) if k > 1.

*For this purpose, we refer the reader to the original literature [48] (see also [55]).
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A.4 Generating functions of multiple divisor sums

In [44] the following generating function was introduced

k e2mingz; Q7p“+"'+"j

T(z1,. .., 2k;p) = Z (A.32)

1 _ :)Ll+.“+nj

From a mathematical perspective, these functions can be related to multiple zeta values
and are expressable in terms of (reduced) polylogarithms. These, in turn, have made
appearances in the physics literature, related to (loop) amplitudes in (supersymmetric)
string theories, e.g. [47, 50, 53, 54, 76-86]. For the current work, we remark that (A.32)
affords the following Taylor series expansion
T(z1,...,2K5p) = Z [$1,. .., 8k p] (2miz)* 7L (2mizg,) %L (A.33)
51,...,5,>0

Here [s1, ..., sk; p] are called brackets of length & € N in [44]

Zn>0 Qz 0'51—1,...,sk—1(n)
(81—1)!...(8k—1)! ’

are generating functions of multiple divisor sums

[S1,...,8k;p] = s; e N Vjie{l,... k}, (A.34)

Dly--- 5Pk GNU{O},
Oprepe(n) = >R, (A.35)

uqv]t...Fupvp=n k,n E N
u1>...>up>0

B Building blocks

The decompositions of the LST free energy studied in the main body of this paper use
two classes of functions as their basic building blocks: the expansion coefficients of the free
energy for the case N = 1 and the expansion coefficients of a specific function that governs
the BPS counting of a configuration of a single M5-brane with M2-branes ending on it on
either side. In this appendix we review both of these building blocks and also provide basic
expansions for the convenience of the reader.

B.1 Free energy for N =1

We first consider the expansion coefficients of the free energy for N = 1 in the unrefined

limit. For N = 1, the decomposition (2.7) of the Fourier modes P](VT )(s) of the free energy

Fn1, as introduced in eq. (2.6), is simply??

(p,8) = H(" P (p, 8). (B.1)

s

(r)
PN:L(S)

The functions H](\}")(’j)o} (p,S) are in fact (quasi) Jacobi forms of weight 2s — 2 and index 7.

For r =1, they are related to the basic Jacobi forms ¢g; and ¢_o; in (A.4)

_¢72’1(p’s) ifS:07
H{) 1 (p, 8) = { Lol o=t e
R 0210, 8) 15 > 1,

22Notice, for N =1 we have p = ai.
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where Fos(p) are the (holomorphic) Eisenstein series and Bag the Bernoulli numbers.

Higher orders in r are related to H ((51))’{0} through the action of the Hecke operator

O, 8) =, (£ (p,5)) Vs >0, B3)

where H, is the Hecke operator defined in (A.9).

B.2 The function W {(p, S)

The second class of building blocks that we shall use in the main body of this paper are the
expansion coefficients (in powers of €) of the quasi-Jacobi form W that was first introduced
in [23, 37]

02(p,S) — 01(p, S +€)01(p, S — € o
Wi(p,S,€) = (. S) 1<9%(p76)) it ):2;)62 W((Sl))(p,S). (B.4)

The W((Sl)) are quasi Jacobi forms of weight 2s and index 1 and the first few of them are

1):E§—E4

m_ 1 ( (1) 5E3+3E>,E,—8Fq
W(O) = ﬂ((ﬁo,l +2E2¢_21), W(l) 283

o2 Wy = 51840

$_21-

Following [42] , similar to (B.3), we can define more general building blocks suitable also
for r > 1 through Hecke transformations

W (0.8) = o (W (0.9)) - (B.5)

For further convenience, we present W((szo) forr=2andr =3

9 1
W((o)) (p,S) = 331 (¢(2J,1 + 4E2¢01021 + 4E, ¢—2,1) ; (B.6)

: 1
Wie) (p.5) = Tgmgm (@01 + 6E268 1621 + 12Ead00” 5, + 8(0E2Es — 8E) 65, .

C Series expansion of coupling functions

In this appendix we present some technical details of the Taylor series expansions of various
couplings OWN)e,

C.1 Coupling O

The simplest non-trivial example is the coupling O)1(@y,p). Although eq. (4.3) has
already been argued for in [1], we present a somewhat different approach here, which
(in principle) is also applicable to some later (more complicated) examples. We start
from (4.2) which, as already remarked in [41], can be written in terms of the generating
functions (A.32)

0P Gy, p) = —2D5 [T(a1 — p; p) — T(—a1; p)] - (C.1)
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In principle (A.33) affords a full series expansion in powers of a;, except that care has to
be taken since T'(a; — p; p) has a singularity for a; = 0. To this end, we write

o0
T(@ —p;ip) =) Qs
n=1

+ 1?222] T(a1;p) + ZQ (C.2)

The derivative of the last term can be written as

” 1 1
Z @ = Da 1 anl B (em-gl _ e—irr31>2 " 4sin?(nay) (C-3)
such that we can rewrite (C.1) as
02! = % —2D- 3 (14 (=1)*)(2miay)*~" i Q" 9s-1(n)
2sin“(mway) et = 77 (s —1)!
)2k=2
= s X iy (1 Palo). (€4
Using furthermore the Laurent series expansion
1 1 ]1 ~2k
sinZ(ray) — 207 A%+4+kzl2k+1 2C(2k +2) a3 ] (C.5)
along with the definition (A.13) we find
O — % [ i:: (2k + 1) 2¢(2k + 2) Fay12(p) 2’“] %+212 p(ay;p), (C.6)

which is indeed (4.3).

For later use, we also remark that a (limited) series expansion in @, to fixed order in
a1 can be obtained in a much simpler fashion. To this end, we recall that it was shown
in [41] that O®)! can also be written as®?

1

)15 S P
O (a1, p) 212 [Sln (may)

— 472 Z Z nQpk (Q2, QE—I")] . (C.7)

k=1n=1

This expression is equivalent to the following series expansion in @,

O (@1,p) = 5 [slnmn Sy Qr e (ah + Qa‘f)] . (Cy

n=1 £n

ZHere it was assumed that |Q,| < 1 and |Q:1\ < 1, such that O®"! is absolutely convergent.
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Since the sum over / is finite (for fixed n), we can extract limited expansions for fixed
orders in ay. For the first few orders we find

1

O(a;?): 52 (C.9)
0@): é(1 24Q,~T72Q%—96Q3—168Q+0( Qp)wEQ ,
0(@2): 7;(2) (1+240Qp+2160Q2+6720Q3+17520Q4+(’) (Q3) )~

O(@h): 17;49(1 504Q,—16632Q2 ~122976Q%—532728Q+0O( Qp)w7r fg*g ,
0(@%) 1;:; ; (1+960Q,,+354240Q2+61543680Q3+4858169280Q4+O(Q5)) %

Here the identification in terms of Eisenstein series follows if we assume that the coefficient
of a7¥ in 0@ is a quasi-modular form of weight 2k + 2. These terms of low order in
a1 indeed match the precise expansion in (C.6). In fact, we remark, that in the current
case this can be made precise by extracting the coefficient of the term @2* (for s > 0) in a

~2s5+1

Laurent series expansion of (C.8) (the terms a7 are identically zero)

(25+1)2¢(25+2) _QiQ”ZK 27”&”) T @sHD)A(2542) 27” ZQ o2s41(n
n=1

272 — (2s)! 272
_ <2s+1)227f2<2s+2> _4((227:))! zfif:f) (1 Byeralp)) = (2s+1>22§2<25+2> e,
Combining with the 61_2 term stemming from m, we obtain
OO (@1, p) = g [a% + 222 4 il@s 1) Gaialp)a| . (C0)
=

which is indeed (C.6), thus confirming once more the result we have inferred from analysing
the limited expansions (C.9) and assuming modularity of the final result.

C.2 Coupling 0®):2

The coupling ©®)2 is defined in (5.4). Due to the complexity of this expression, a purely
analytic approach (as discussed in the first part of the previous subsection) is much more
difficult and we therefore resort to studying limited expansions in powers of @,. To leading
orders in @j 2, we can match the latter to combinations of Eisenstein series, which in turn
we can compare to combinations of scalar two-point functions.?* More precisely, we start
from the following (schematic) presentation of the coupling

0B)2(@y,d, p Z 3 (@, a2) pM () (C.11)

k=—2 1

24While this procedure does not constitute a rigorous proof, the fact that we find agreement for many
orders in 61,2 leads us to believe that (5.8) is indeed the complete result.
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where tg%) (@1, a2) are rational functions in @ 2, which are homogeneous of order 2k and
pl(-%) (p) are series expansions in @),. We shall then work out the first orders of the latter
and match them to combinations of Eisenstein series of weight 4 + 2k. From the ensuing
pattern, we will be able to present a closed form expression that fits to all orders that we
were able to compute.

We start with the terms in the first line of (5.4), which are governed by the quotient

ﬁ. In order to sum up their contribution, there are three conceptually different terms
P

[o¢]

Z Tognp Qut e?mine for (€ {0,1,2}, (C.12)

where z can stand for various linear combinations of a1 o (with |€2™%®| < 1). We can further
write this as

JZ(I) — Z Z an (k+¢-1) 27rma:
n=1 k=1

oo n262mnw + ZOO: k41 00 nQan 2minT for ¢ — 0

Zn 1 k=1 =1

= Zk:l k Zn—l nQan 627Tinz for / — 1 :
ok — 1) Y02, n2Quk e2mine for = 2.

Notice that the first term for ¢ = 0 diverges for z = 0, thus leading to a pole in the free
energy. Furthermore, in order to obtain a (limited) series expansion in powers of @, it is
useful to write this expression in the form

2miz 1+627r7lz

W + 21 Q) m (M + k) e2mikT for ¢ =0,
Jo(x) = > =1 Q;n Zk|m m k e2mikz for { =1, (C.13)
o1 Q5 g (m — k)k 2Tk for £ =2.

Since (for fixed m) the sum over k is finite, we can derive a limited series expansion in @,
for a given power of x.

In order to analyse the terms in the second and third line of (5.4), we consider

< no(2n1+n2) (n1+n2)(n1—ng) Crnatlang 2mi(nieyn22)
ngb(xl,:m)— Z ((1_Q21)(1_QZ2) (1_@21)<1_Q21+n2) Q € )

ni,ne=1
for £1,05 € {0,1}. We can start by writing (with Q, = €*™*1 and Q,, = €?™*2)
Ty, (71,72) Z Z [ (2n1 +n2) + (n2 —n) 21142} Z1(k1+£1)+n2(k2+22) Qm
ni,n2=1ky,ka=0

The terms in which (k1 +¢1) = 0 and/or (k2 + ¢2) = 0 lead to divergent sums over nq
and need to be considered separately. In order to do so, we need to distinguish the various
cases for /1 2:

— 37 —



. 51:0and£2:0:

)
J()’()(.%'l,l'g) = Z nl(n1+2n2 xl + Z Z inkl Z nl(m +2TL2) 211 ;T[;L;
nl,ng—l ki=1n1=1 no=1

+ Z Z [ng 2n +n2)+(n%—n%)@21k2} Qp2 Q3!

ko= 1n1,n2 1

+ Z Z [12(2n1 +19) + (nd = n3) k2] Qurtrtnabe o iz,

k’l,kz 1n1,n2 1

which can be cast into the form

okern)=Da (Dot 2Dn) g Sy Gy, B ddena

m=1 k=1 mni,n2=1
(n1+ng)k=m

m sz 1 QI2)+2) lel(k(17Q$1)+2) k
JrZQ Z|: )2 Tl+ (1_@11)2 3:2]

m=1 k|lm

[eS) m m m
m ni No 2 2 nl No
+§ Qp E E n2(2n1—|—n2) T x2+ § (nl n2) zo | *
m=1 k1,ka=1 ny,ng=1 ny,ng=1
n1kytngka=m nyi(k1+ko)+ngko=m

. Elzlandﬁgz():

J1o(z1, 72) Z Z QM ny (ny + 2ns) Q1 Q2

ki=1n1,m2=1

S 00
YYD QR ng(2ny + o) + (v} — n3)Qu] Q@2

k1,ko=1n1,n2=1

which can be recast into the form

k 1—
Jio(z1,22)= ZQmZ Qa2 1 Bl QM))Q (C.14)
m=1 k|m ( ng)
o m m m
+yQ0 Y d. m@mim)Qnei+ Y, (ni-nd)QQk
m=1 k1,k2=1 ny,ng=1 ny,mo=1
niki+noko=m ny(k1+ke)+noko=m

e /1 =0and ¥ =1:

o0

J071($1,.Z‘2) = Z Z QZ2(k2+1) [712 (2’/11 +n2) + (n% — n%)Q;“ kz} ;; Z;

ko=0n1,n2=1

oo oo
Y Qe g (2n dng) + (nd - )@ 2V | Q@i

k1,ko=1n1,n2=1
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which can be recast into the form

oo o0 m
kEQuz, (2+k(1-Qz,)) Ak 2 9\ k1 Ak
hoaleraa) =3 QY —HIToE o Qu ) QDL (n-n)Qns
m=1 k|m 1 m=1 nqy,ng,kg=1
ny(kg—1)+ngko=m
o0 m m m
+yQr Y S na@nitne) QR Qe+ > (n?-n3)QmQr:
m=1 k1,k2=1 ny,may=1 ni,ng=1
niki+ngko=m ny(k1+kg—1)+noko=m

(C.15)

e /1=1and ¥l =1:

o0 [e.e]
Jlena)= 3 N QbR [y (20 4 m0) + (nf - nd)Qp V| Q@i

k1,ko=1n1,n2=1

which can be recast in the form

J1,1(Z’1,1‘2) (016)
o0 m m m
2 2
=>Qr > Y mm+n)QnQE+ > (n} —n3) Q31 Q3
m=1 k1,ka=1 ny,ng=1 ny,ng=1
niki+ngkg=m nq(k1+ka—1)+nokog=m

From these expressions we can extract an expansion in @, for any (fixed) power in the

arguments z12. Consequently, we can work out the leading terms in a Fourier series
expansion of the pg%) (p) in (C.11) for low values of k. The latter precisely match the

following combinations of Eisenstein series

pV=1, V=, =8, =B, P

— E2 E4a
o =E,  p"=E2, pV =B, pV=BE, Y =EE, (€17

with the following matching rational functions in @ 2

0 a1+a1az+a3 D (a14a1az+a3)* t(O):i
L T 8rtaZag(artag)? L 24720306 +a2)? by
(0)_ 20§+6aa; +9a4a3+8a3a3+9a2a4+6a, a3+2a8 () _ T (@1+a102-+a3)
2 2406343 (a1 +G2)2 ’ ! 180 ’

2 w2 (a3+a1az+a3) (a$+3aja2+5atas+5asas+5a3as+3ara3+as )
2 7560243 (a1 +az)? ’

9 a2 (6 amBa | gnde 33 | an2ad | o A5 |~
@) 7w (a3+aax+a3)” (af43ata,+8atas+11aias+8atas+3a,a3+aj)

1= 54006202 (a1 +-as)? ’

t(4) _ (Zil +a162 +62)27r4 t(ﬁ) _ 7T6 (2&?—}—6&?&2—|—15&%&%+206?&%+15&%6§+661&2+268)
2 1134 ’ 1 16200 ’
(6) m

R P T e [3a124+18a 1 ax+83a1°a3+250a a5 +509a5as+734a] a5

+817a%as+734a7a5+509a1a5+250a5a5+83a a5’ +18a1a5 +3a5%]. (C.18)
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We

have checked up to 2k = 10 that this expansion matches the following closed form

expression

1 omi omi
OB)2(@y, ds, p) = (G"a; + ) (G”a; + )
(@1,az,p) @) (a1;p) =7 (az; p) -

+ (G"(al;p)+ 27”) (G"(a1+az;p)+ 27”)

p—p p—p

21

.
+ (@"(aQ;p) + p) (G”(Zil i)+ mp) ] o (C19)
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