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In this note we study SL(2,Z)-invariant functions such as modular graph functions
or coeflicient functions of higher derivative corrections in type IIB string theory. The
functions solve inhomogeneous Laplace equations and we choose to represent them as
Poincaré series. In this way we can combine different methods for asymptotic expan-
sions and obtain the perturbative and non-perturbative contributions to their zero
Fourier modes. In the case of the higher derivative corrections, these terms have an
interpretation in terms of perturbative string loop effects and pairs of instantons/anti-

instantons.
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1 Introduction

1.1 Two instances of SL(2,Z) in string theory

SL(2,7Z) automorphic forms and functions arise in closed string theory in at least two distinct
instances, depending on the interpretation of the modular group SL(2,7Z). In the first instance,
SL(2,7Z) plays the role of the mapping class group of the toroidal genus-one world-sheet and is thus
associated to perturbative aspects of the string at one-loop order and the group SL(2,7Z) acts on
the modular parameter 7 of the string world-sheet. The second instance is when SL(2,Z) is the
non-perturbative U-duality group of the type IIB string in ten dimensions, and we shall now describe
both cases in more detail.

The appearance of SL(2,Z) automorphic forms in closed string scattering at one-loop order
has been recently formalised in the framework of modular graph functions [1] and modular graph
forms [2,3], where an SL(2,Z)-invariant or covariant function is associated with a certain graph



that is to be thought of as describing a Feynman diagram on the toroidal world-sheet. The modular
function is then obtained from the graph by Feynman-type rules and the resulting functions quickly
go beyond the usual types of holomorphic or non-holomorphic modular forms when considering
complicated Feynman diagrams. Understanding them is crucial for exploring the structure of the
low-energy expansion of string theory at one-loop order, see [4—13] for further work on this topic for
type II and heterotic strings.

In the second instance, the group SL(2,7Z) is interpreted as the non-perturbative U-duality group
of ten-dimensional type IIB string theory [14]. Now, SL(2,7Z) acts on the axio-dilaton of the string
that includes the string coupling g5 and is thus a non-perturbative symmetry, relating perturbative
and non-perturbative effects in g. The symmetry, together with differential constraints from super-
symmetry, is powerful and very constraining and can serve to predict effects in string theory and its
low-energy effective approximation that are hard to compute otherwise [15-21], if one can determine
the exact function invariant under SL(2,7Z), an increasingly difficult task as one progresses in the
low-energy approximation, e.g., higher curvature corrections to the four-graviton sector of the form
D? R* with increasing k.

1.2 Inhomogeneous equations and Poincaré series

A common feature of both instances is that the SL(2,Z)-invariant functions that arise generically
satisfy inhomogeneous Laplace equations. Denoting the variable on which SL(2,Z) acts by z =
x + 1y € H for both cases, this differential equation is of the form

(A—s(s+1)) f(z) =R(2), (1.1)

where A = y? (92 + ;) is the SL(2)-invariant scalar Laplacian and R(z) an SL(2, Z)-invariant right-
hand side. In the first instance (modular graph functions), f(z) has a known representation as a
multi-lattice sum, whereas in the second instance f(z) is in general unknown. But even in the multi-
lattice sum case, it is often not obvious how to extract different explicit forms of the modular graph
function, such as the Fourier expansion that contains (elliptic) single-valued multi-zeta values [22-24].

The aim of this paper is to provide tools for analysing f(z) in the case when R(z) can be
represented as a convergent Poincaré series

Rz = >  p(v2) (1.2)

~EB(Z)\SL(2,Z)

with the standard SL(2,Z) action

a b az+b

and where the Borel subgroup

B(Z) = {i ((1) T) ‘m € Z} C SL(2,7) (1.4)



thus acts by translations z — z + m. The quotient by B(Z) in the Poincaré sum (1.2) indicates
that the function p(z) is periodic, p(z +m) = p(z) for all m € Z, and is necessary in order to avoid
divergences.

A representation of the form (1.2) for R(z) is easy to obtain for the case of the simplest modular
graph functions and for the D®R* correction coefficient as it is known in this case that R(z) is a
polynomial (of second order) in non-holomorphic Eisenstein series

Es(z) = > [Im(y2)]*
YEB(Z)\SL(2,Z)
5(23 — 1) 1—s 2

+

s U T

S)y1/2 DI P01 g (n) Koy j2(2m|nly)e® ™ (1.5)
n#0

whose Poincaré series is absolutely convergent for Re(s) > 1. In the second line, we have given the
Fourier expansion of Ey(z) in terms of the completed Riemann zeta function &(k) =7—*/2T'(k/2)¢(k),
the divisor sum ox(n) = >4, d® and the modified Bessel function K,(y). The Eisenstein series
Es(z) has a standard analytic continuation to Re(s) < 1 (obtainable from (1.5)) and also satisfies
the functional relation £(2s)Es(z) = £(2(1 — s))E1—s(z). The continuation implies in particular that
Eo(z) =1.

The strategy proposed in [25] (see also [1,26]) is to represent the function f(z) in (1.1) also as a
Poincaré series

f(z) = DDR{CE) (1.6)

~EB(Z)\SL(2,Z)

with a periodic ‘seed function’ o(z) = o(z + m) for all m € Z. If this sum is absolutely convergent,
one may attempt to solve the equation

(A = s(s + 1)) o(2) = p(2) (1.7)

instead of (1.1) due to the SL(2,Z)-invariance of the Laplacian. The complexity of this equation
is typically less than that of the original equation (1.1). The price to pay for this is that one has
to analyse in more detail the convergence of (1.6), that one has to provide appropriate boundary
conditions for (1.7) and lastly that one only has indirect information about f(z) through (1.6) even
if o(2) is completely known.

1.3 Outline

In this paper, we shall study how to extract information about the Fourier expansion of f(z) from
that of o(z) and will address different subtleties that arise. We focus mainly on the zero Fourier mode
of f(z) and study its perturbative part (power series in y) and non-perturbative part (power series
in e=2™). In the case of SL(2,7Z) U-duality, these terms are interpreted as string perturbative and
instanton/anti-instanton corrections to the higher-derivative correction term. In the case of modular
graph functions, they encode the asymptotic behaviour of the one-loop scattering amplitude as the
torus world-sheet degenerates to a very thin torus of large diameter.



In Section 2, we review how to generally relate the Fourier expansion of f(z) to its Poincaré
seed o(z) and a certain important proposition of Zagier’s that can be used to extract from this the
asymptotic expansion of the zero mode of f(z). This procedure will be carried out for a general class
of seeds o(z) in Section 3 and the subsequent sections contain several examples of modular graph
functions and the DSR* higher-derivative correction that all can be mapped back to this general
class. Two appendices contain complementary technical details for some of the calculations carried
out in the main body of the paper.

2 General strategy

It is well-known how to relate the Fourier expansion of f(z) to that of o(z) if the two are related
through the convergent Poincaré series relation (1.6), see for instance [27,28] or the brief review in
Appendix A.1. If the Fourier expansions of f(z) and o(z) are given by

= an®)e¥™ ™, o(z) =Y cnly)e™, (2.1)
nez nez
then one has

an(y) = cn(y) + Z Z S(m,n; C)/

G—Qﬂinw—Qﬂimmcm (y) dw . (2.2)
c>0 meZ R ‘ ( )

2(y2 + w2
Here, S(m,n;c) denotes in general a Kloosterman sum
S(m,n;c) = Z e2mi(matng=h)/c (2.3)
q€(Z/cL)*

a finite sum over all 0 < ¢ < ¢ that are co-prime to ¢ such that ¢ is a multiplicatively invertible
element of Z/cZ as indicated in the sum.

Our main interest at present lies with the zero mode ag(y) and therefore we are faced with making
sense of

— 2mimg/c —2mim 5 Y
ao(y) — CO(y) + Z Z Z e q/ /Re 2 (y2+w?) Cm (M) dw

>0 meZ qe(Z/ L)

; —1
_ 2mimg/ —2mm ot Y
_c(y)+yzz Z e2mimg c/Re yeZ(1+62) ¢, (62(1+t2)>dt

>0 meZ qe(Z/cL) >

+yz Z /Co< 1+t2)>dt+l, (2.4)

>0 ge(Z/cL)
for a given set of Fourier modes ¢,,(y) of a seed o(z). Here, we have introduced the separate notation
2rimafe [ 72 y !
=YY ¥ a /Re O e, <c2(1+t2)> dt (2.5)
>0 m£0 g€ (Z/cZ) <

for the contribution from the non-zero modes ¢, with m # 0 to ag.



We are interested in the asymptotic expansion of this expression around y — oco. We see that

the exponent in the integral contains the combination my~—?

and also the typical seed Fourier modes
contain m accompanied by 3! after some manipulations, so that we are faced with expanding a sum
of a function evaluated at multiples of its argument asymptotically. Zagier has proved a very useful
result for this situation [29]. Consider a smooth function ¢(t) for ¢ > 0 such that itself and all its
derivatives are of rapid decay at infinity. Assume also that around the origin one has the asymptotic

series ¢(t) ~ > _,50bnt". Then

1
> ellm +a)t) ~ 4 3 buc(-m, )" (2.6)
m>0 n>0
as asymptotic expansion around ¢ = 0 for the periodic sum with a > 0. Here, {(—n, a) is the Hurwitz
zeta function' and

I :/0 o(t)dt (2.7)

Let us briefly indicate where the terms come from. Plugging in naively the expansion of ¢(t)
leads to [29]

Z o((m+ a)t) ol Z Z bp(m + a)"t" = Z bn Z (m+a)" | t" = Z bnC(—n,a)t™. (2.8)

m>0 m>0n>0 n>0 m>0 n>0

The calculation above is formal since the two sums cannot be interchanged: the m-sum is divergent
and we have used the Hurwitz zeta function as analytic continuation.

The other term in (2.6) is what Zagier calls the Riemann term and can be understood by viewing
the sum as an approximation to the Riemann integral for small ¢, where % is the length of the
interval.”

Zagier has also proved extensions of (2.6) for the case when ¢(t) is not C™° at the origin but
includes terms of the form ¢*logt or ¢t~* for s > 0, see [29].

3 Asymptotic expansion for general seed

We will now present the details of the strategy outlined in the previous section and we consider the
asymptotic expansion of the Poincaré series associated to a very general type of seed function. In
particular suppose the non-zero Fourier mode of the seed is of the form

cn(y) = oa(|m]) (dr|m|)Py e >mmly (3.1)

for parameters a, b and r. This is true, up to an overall constant, for all the modular graph functions
and all other concrete examples we shall present later are (possibly infinite) combinations of such
terms.

1We note for reference that the Hurwitz zeta function is related to the Bernoulli polynomials by the relation
¢(1—k,a) = —B’“Tm) for positive k.

2This is the term that was missed in [25] where only the analytically continued ¢ terms were found. This explains
why [25] was off at one specific power of the asymptotic variable.



Plugging (3.1) into the relevant part of the Fourier mode of the Poincaré sum (2.4) leads to a
contribution from the non-zero modes of the form

_ it 4 b _ 1
DD DD DA s s P M Ll bt

2 2
>0 m#£0 g€ (Z/cZ) (yc* (1 +t2))

144t

—r 9o m 4mm b —2m™m 1
— 9y1+? Z 2 +2b2 Z 0™, (m) ( ch) /Re ye2(1+12) mdt (3.2)

c>0 m>0 qe Z/cZ)X
_ _ b 1 —
_ 23 2T+2b7’(—yl+b r Z —92r42b Z Zemqa‘a mw™m Z (—me 1C Z)k F(zT + k — 1)
I(r) yc? k! C(r+k) 7
c>0 qE(Z/cZ >< m>0 k>0

2mi/¢ The parameter r must have Re(r) >

when using (A.9) for the integral and having defined § = e
1/2 for the integral to converge so we will assume it in what follows. For positive integer r, the quotient
of I" functions becomes a polynomial in k£ such that one could write this as a polynomial in times
e~™m/¥e* In general the sum over k produces the hypergeometric function 1 Fy(2r — 1,7r; —mm/yc?),
but we shall leave it as a sum.

In order to determine the asymptotic behaviour of this expression we analyse first the sum over

m that can be written as

ma mm\° (—mmy e HFT(2r + k- 1)
2 0™ aa(m) <yc2> 2w T(r+ &)

m>0 k>0
= y nhq, a 7 (—(m+ﬁ)t)k r2r+k—1)
_ hzﬂ;%;)e Mapa T ((m + h)t)P kzzo - nk e 33)

by writing out the divisor and grouping terms in additive classes modulo ¢, and where we have
introduced h = % and t = ﬁ

The sum over m in (3.3) is of the general form studied in [29] and thus amenable to formula (2.6).
We assume b > —1 and not an integer at first, other cases can be obtained from the final result by
analytic continuation. As (3.3) is already expanded in powers of ¢, we can immediately write down
the asymptotic expansion for fixed h as

Z Zenhqna+b((m + il)t)bz (*(m + il)t)knkF(Q’l“ + k- 1)

m>07n>0 k>0 K L(r+ k)
I, Fa+b+1)I'2r—a—-6-2), _, 4
+6th(a+1) 'r—a—->b-1) !
A AR S A NG el 00 ha
+t Z o ((=b—n, c) T T 1) Li_q p n(0"), (3.4)

n>0

where the extra term for h = c¢(modc) is the ‘Riemann term’ in the asymptotic expansion of the
sum over n while the ‘Riemann integral term’ I in the sum over m is given for all h by

th2r+k—1) Db+ 1)I(2r—b—2) .
I, = grhapa+hyp 5 (£10) dt = Lij_o(6") (3.5
" / ;;; " ;O oo+ F) fr—b-p @ (9



when using (A.11). Note also that the quotient of gamma functions in (3.4) is again a polynomial in
n for positive integral r.

Summing this over h, ¢ and ¢ can be done with the help of formulas (A.22) and (A.23) to obtain
the following expression for I of (3.2):

s 237 2r 4207y 1+b=r 1 D(b + )I(2r — b — 2) ((2r — a — 2b — 2)¢(1 — a)
- T(r) T T(r—b—1) C@r—a—2b—1)
y\et1 T'a+b+1)I'(2r—a—b—-2)((2r—a—2b—2)C(a+1)
+<E) Tr—a—b-1) C@r—a—20—1)

\° —m\"T(2r+n-1)
+<y> Zo(y> nl TG+ )
XC(—b—n)C(—a—b—n)C(Qr—a—b—l—n—1)C(2r—b+n—1)

C2r+2n)((2r—a—2b—1)
= I(a,b,7). (3.6)

Here, we have set Lig(1) = ((s) by analytic continuation and introduced a short-hand notation for
terms of this type. The powers of y appearing in the above expression are 32T0=7, y2+t2+0=" and then
y =T for n > 0.

We also note that the quotient of zeta functions appearing can be rewritten as a Dirichlet series
of two divisor sums as

C(=b—n){(—a—b—n)(2r—a—b+n—1)(2r—b+n-—1)
C(2r +2n)
4 sin (”(b;n)> sin (M) Fl+b6+n)l(1+a+b+n)

(27-r)a+2b+2n+2

X Y 0a(m)Tasapsa—or(m)m =1 707" (3.7)
m>0

where we have used the functional equation for the Riemann zeta function and an identity of Ra-
manujan’s. The only n-dependence is in the exponent of the new summation variable m, but with this
rewriting it appears manifest that for general parameters a, b, and r, the sum over n is a factorially
divergent asymptotic series.

We will now provide some concrete examples and show how the procedure described above allows
us to reproduce the perturbative expansion of the zero Fourier mode for certain Poincaré sums and
how it can also be used to retrieve the non-perturbative, exponentially suppressed terms.

4 Modular graph functions

In this section, we apply the method outlined in Section 2 to modular graph functions by making
use of expression (3.6) derived in the previous section. Rather than giving a general analysis, we
present two exemplary cases that highlight also how to deal with certain analytical continuations
and singularities.



4.1 The (C5;; modular graph function

We consider first the example of the modular graph function Cs 1 1(z) that is given explicitly by the
double-lattice sum [1]

5

Cs1.1(z) = 3 Y . (@)

72 |m1z 4+ n1|8maz + nol?|(my + ma)z + (n1 + n2)|?

(m1,n1),(ma2,n2)€Z?
(m4,m4)#(0,0)
(m14ma,n1+n2)#(0,0)

and its zero mode has the known terms [1, 5]

20 g w(E) 5 ((B) TN CBKE) o, 180)

— _ 25 O(e~4rInlyy
1559257 945 7 7 180 " 16727 oms 7 gant ¥ TOle )

(4.2)

ao(y)

This result was derived by studying the zero mode of the differential equation satisfied by C31.1(2)
directly, with appropriate boundary conditions. We shall rederive this result from the Poincaré series
method outlined above.

The function f(z) = Cs1.1(2) satisfies the differential equation [1]*

17270 870 ¢(5)
— T B - Ba(2)Es(2) + 22 |
16777500 ~ opap P2 Bs(2) + 55

(A —6) f(z) (4.3)

Using the Poincaré series representation (1.5) for E5 and E5 we deduce that the seed function o(z)
for f(z) has to satisfy the differential equation

1727° . 8m°

) ) (6s) .
1677757 T 42525

P Ba(z) + Sy (44)

(A=6)o(z)

We have introduced a regulating y¢ for the constant term ((5)/10 in (4.3), keeping in mind that
lime,0 Ee(z) = 1 is constant by the standard analytic continuation of the convergent Eisenstein
series and this shows how to deal with constant sources in the original differential equation.

The differential equation (4.4) can be solved for the Fourier modes ¢,,(y) of the seed o(z) =

ez en(y)e”™" by [25)

_o2md o 2m((3) ¢(5) e
oW = 550557 T 015 Y TToe—n =6
2
nly) = xzos(lml)yPe >, (m #0). (15)

Here, we have used the Fourier expansion of the Eisenstein series from (1.5) and the simple form
of ¢m(y) is tied to the fact that K /2 appearing in Ej has an exact expansion around y — oo.
The particular solution of the Laplace equation (4.4) above has been fixed by requiring the correct
asymptotic behaviour fixed uniquely from the behaviour of the right-hand side.

3Note that the Eisenstein series in [1] are normalised differently from those in (1.5).



4.1.1 Perturbative contributions to the zero mode

Note that the seed function (4.5) is precisely of the type (3.1) described in the previous section when
we substitute a = —3, b = 0, » = 2. As it will be shortly clear it is better to keep b as a regulator and
send it to zero only at the very end, this is by no mean necessary but it allows us to have a uniform
description given by the asymptotic expansion of seeds of the type (3.1). (Otherwise, one could use
the extension of Zagier’s method to include log-terms.)

The solution (4.5) can now be substituted into (2.4) to obtain the zero mode of Cs11(2) =
> nez an(y)e*™™* and the contribution I from all ¢, (y) with m # 0 to ag(y) is precisely captured
by the general formula (3.6) specialized to the present case

2

. 2w
I~ Jim <o 1(=3, b, 2), (4.6)
278 [y TA+HIE2-b)¢B—2b)¢(4) | ()" —m\" (n+2)
= 045yt |7 T(1=b) (G6-20) <y> 7;) <y) nl

L n =B -n—b)¢B+n-b)¢6+n— b)]
C(4+ 2n)C(6 — 2b) ’

here the second term of (3.6) is absent since it is proportional to {(a + 1) that in the present case is
¢(=2)=0.

It is simple to see that b serves as a regulator only for the n = 2 term in the infinite series by
producing a finite limit for the {(—2—5)((1—b) term and can be set to zero in all the remaining terms.
Furthermore this asymptotic series does actually truncate when b — 0 due to the presence of the first
two zetas ((—n — b)((3 —n — b) — 0 when n > 4 since either one of the two zetas will be evaluated
at a negative even integer, hence vanishing. This opposite parity, crucial for the truncation of the
asymptotic series, can be traced back to the odd index of the divisor function o_3(|m|), appearing
in the seed function (4.5). For general index (in particular even) divisors the asymptotic expansion
(3.6) will not truncate.

With these considerations in mind it is fairly simple to take the limit for b — 0 in (4.6) obtaining

7o SB) 2@ D) CB)EB) | 11¢0)
90 21y 16m2y? 2m3y3 32miyt

(4.7)

As the zero mode of C3 1 1(2) is given according to (2.4) by
aly) =coy) +u> D, /c0< >>dt+I (4.8)
>0 qe(Z/cZ)*

and we have computed the asymptotic expansion of I, it remains to determine the contributions from
co(y). These are with (4.5) given by*

-1 5,5 2 2 9
> (e Y 2m°y®  2mC(3)y®  ((5) | 2¢(3)* | 21¢(9)

2n+m) U - . (4.9
+yc>o¢ / (62(1+t2)> o 155925 © 945 60 20my | Gdrlyt (49)

“The Euler totient function ¢(c) gives the cardinality of (Z/cZ)* and has Dirichlet series ", ¢(c)c™® = Se=1)




Compared to the asymptotic calculation of I, this is an exact result and we have taken the limit of
€ — 0 after performing the integral of cq.

Combining (4.7) and (4.9) leads to the full asymptotic zero mode perturbative expansion of
C3.1,1(%) as already presented in (4.2). As we will see shortly see it will also be possible to extract
from equation (4.7) the complete non-perturbative completion of the zero mode which is entirely
captured by the perturbative data.

4.1.2 Non-perturbative terms

We have just reconstructed the full perturbative expansion of the zero-mode of the C3 1 1(z) modular
graph function, however it is simple to see from the partial differential equation (4.3) that due
to the Eisenstein series (1.5), this zero-mode will need to receive infinitely many non-perturbative
corrections of the the form e~ with m € N.

Given an asymptotic power series, a standard approach to reconstruct the full non-perturbative
contributions out of the perturbative data is given by resurgent analysis and Borel-Ecalle resumma-
tion [30] (see also [31]), but unfortunately this is not directly amenable to the present case due to
the truncation of the perturbative series (4.2) to a finite number of terms. Here, we only need to
consider the contribution from I in (4.6) since the zero mode ¢y(y) does not produce an asymptotic
tail but only gives rise to a simple Laurent polynomial in y as presented in equation (4.9).

However, thanks to our analysis of the asymptotic expansion of this Poincaré series via the seed
function presented in equation (4.7) we will see that we can reconstruct the complete non-perturbative
transseries expansion for (4.2) entirely out of the purely perturbative data (4.7) in a beautiful example
of Cheshire-cat resurgence [32-34].

Our starting point is the asymptotic expansion (4.6) before taking the b — 0 limit

A3+ —m\" (n+2)((-n—b)((3—n—0b)¢(3+n—b)C(6+n—b)
945y Z (y) n! ((44 2n)¢(6 — 2b) » (10

I(b) = pert(b) +

n>4
where we split the infinite asymptotic series into the sum of a piece

4b72 T(1 4 b)T(2 — b) (5 — 2b)((4)

Toer®) = Ga5y s~ T —b)  C(6—2b) (4.11)
4o3+b 3 (—77)” (n+2)C(=n—b)((3—n—b)C(3+n—Db)C(6+n—b)
945y =\ y n! ¢(4 4 2n)¢(6 — 2b)

with non-vanishing b — 0 limit, reproducing precisely the perturbative expansion (4.7), and an
asymptotic tail that vanishes when b — 0.

To make this manifest we can rewrite the asymptotic tail using Riemann’s functional equation
and shift n — n + 4 to obtain

7o—b " . ,
1(b) = Tpert(b) + 94515(6_% sin(rb) 3" (dmy) -5 T OL JEn? J—: :))!F( +5+1b)
n>0
L CBHn+b)C2+n+b)¢(T+n—b)¢(10+n—b) 1)

¢(2n +12)

10



As anticipated the tail is a Gevrey-1 asymptotic series, i.e., growing like n!, regular in the b — 0
limit and multiplied by sin(7b) that also vanishes manifestly in the same limit. Our strategy will be
now to keep this vanishing sin(7b) while setting b = 0 in all the remaining regular terms® and then
try to perform a Borel-Ecalle resummation (see for example [31]) of the asymptotic tail

C(24+n)C(5+n)(7T+n)C(10+n) .

C(2n + 12) (4.13)

Ly (b) = 1?6 sin(7b) Y (4my) " *(6 + n)T(n + 2)
n>0

To proceed with this strategy we would need first to find a measure du(t), say for t € R*, whose

momenta o
/ " du(t) = d, (4.14)
0
have the same asymptotic growth as the coefficients ¢, = (6 +n)T'(n + 2) C(2+n)4(5&32£g;)n)g(10+") of
equation (4.13). More precisely we require the modified Borel transform
Cn
B(t) = ngn+S 4.15
1)=3 s, (4.15)

n>0 "

to have finite radius of convergence, thus defining a germ of analytic functions at the origin t = 0. If
this happens we can commute the formal series in equation (4.13) with the above integral to define
a possible resummation of the original asymptotic series via

n>0

Under certain reasonable assumptions (see [30,31]), this integral defines an analytic function in a
certain sector of the complex y-plane whose asymptotic expansion for y > 1 coincides with (4.13).
The usual Borel kernel amounts to considering the simple measure du(t) = et t*dt so that the
momenta (4.14) are simply d,, = I'(n +4 + «). In the present case we could consider this measure
however we would not be able to compute analytically the standard Borel transform for the given
coefficients ¢, of equation (4.13) due to the presence of the ratio of Riemann zetas. An alternative
would be to find a measure whose momenta d,, cancel in the Borel transform not only the factorial
growth of the coefficients ¢, but also this particular ratio of zetas, so to make the modified Borel

transform (4.15) amenable to calculation, however no such measure is known to us.’

5This is not necessary and one can repeat this analysis while keeping b # 0 in all terms, the expression will just be
slightly more involved but the final result for the non-perturbative corrections will not change when we take b — 0.

5 It is interesting to notice that the coefficients of the asymptotic tail are schematically of the form F(n—l—a)l‘[leg(n—i—
a;)/¢(2n + B). Had there been instead only a single zeta function multiplying the gamma we would have known a
measure [35] (see also [36]) whose momenta would produce both:

* . dt B
/0 U ez — L+ D),

valid for n > 2, or more generally we find that the measure du(t) = Lig_o(e™")t*~! dt has momenta

| ) =1+ axcn+ )
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To proceed, we realise that we can write that particular ratio of zetas, as discussed in equation
(3.7), in terms of the Dirichlet series

C(24n)C(5+n)C(T+n)((10+n) ZU -

c2n +12) (mjm™"2, (4.17)

m>0

so that we can rewrite (4.12) as an infinite series of a very simple asymptotic expansion evaluated at
shifted coupling y — my very reminiscent of [37]:
16
Loy (b) = — (4my) “Esin(wb) Y o_g(m)o_s(m) Y (4wmy) "6+ n)T(n+2). (4.18)

m>0 n>0

At this point we can just use standard Borel transform to resum the asymptotic tail. We make
use of the known Laplace integral

/OO e H(t)2)" T dt = 27" (n + 2) (4.19)
0

to give a well-defined resummation of the formal asymptotic series

—10

PE) = S04l +2) o SlFI) = [ e [t )| de

n>0 n>0
Ooefie
t(6 — o5t
= / et gdt, (4.20)
0 (t—1)2

where 6 = arg z and Sy denotes what is usually referred to as directional Borel resummation.
We define in this way the resummation of the asymptotic series (4.18):

Loy (b) = 17?(4@ Ssin(rb) 3 0_s(m)o_s(m)Sy[F(4mmy) (4.21)

m>0

However, we see that since arg(4mmy) = 0, the relevant region y > 0, is a Stokes direction, i.e.
a singular direction for the Borel transform (4.20). This means that if we define the two lateral

resummations

Fi6
. 0T e (6 — 5t
SelF)(mmy) = lim [ e 4 yt((tl)gdt, (4.22)

we will have a very simple, yet non-zero, discontinuity for (4.20) called Stokes automorphism:

S_[F|(4mmy) — S+ [F|(4mmy) = j{:l 6_4ﬂmytt((f__15)?

This means that our resummation (4.21) would give rise to ambiguities in defining the value for

dt = —2mie” ™™ (4 + 4my) . (4.23)

the starting asymptotic series (4.21) when y > 0, since as just shown we would get two different

valid for n > —a when 8 —a > 1, orn > 1 — 8 when 8 — a < 1. A Borel-Ecalle resummation with this modified
kernel is possible and in [37] it was shown that one can reinterpret an asymptotic series with coefficients of the form
I'(n 4+ a){(n + B) as a series with simpler coefficients evaluated at shifted couplings y — my with m € N for which it
is easier to evaluate the full non-perturbative completion. A very similar phenomenon will arise in the present case.
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results by taking the limit arg(47my) — 0F in (4.21); furthermore, although the formal expression
(4.13) we started with is manifestly real for y > 0 neither of the two lateral resummations is.

To obtain a real and unambiguous resummation for y > 0 we have to consider a sort of average
between the two lateral resummations, usually referred to as median resummation [31], and define
the resummation of (4.18)

Loy (5) = 26 4” U5 o _y(m)or_s(m) [ sin(eb) S+ [F] (dmmy) — 7(isin(rb))e (4 4 dmmy)]
m>0

(4.24)
where the sign is according to argy < 0 or argy > 0. We have substracted half of the Stokes
automorphism (with sign) from the lateral resummations so that in practice this amounts to use a
principal value prescription to compute the lateral resummation (4.21) for § = argy = 0. Clearly
the asymptotic expansion for y > 1 of the above equation coincides with (4.18) since we have only
added non-perturbative terms, and precisely thanks to these non-perturbative terms the median
resummation produces a real and unambiguous result in the limit arg(4mmy) — 0%, i.e. y > 0.

As we send b — 0 we see that both the asymptotic tail and the non-perturbative contribu-
tions seem to vanish, however, we will make the hypothesis that this is an example of Cheshire-cat
resurgence [32-34] for which the non-perturbative terms will still be present in this limit despite
the vanishing of the asymptotic tail. We make the assumption that the transseries parameter, i.e.
the factor o = +isin(wb) has also a real part and it exponentiates to o — exp(=+inb), so that its
imaginary part still vanishes in the b — 0 limit, while its real part remains and the full transseries

becomes
I(b) = Ipert(b) 47ry n;)a 3(m)o_s(m )[sin(ﬂb)Si [f](4mmy) — ﬂeimbe*“my(él + 47rmy)]
= Toert (0) = 16(4my) ™ 5N o_s(m)o_s(m)e™ ™Y (4 + dmmy)
m>0
= Lpert(0) = > o3(m)o_5(m)(wy) *me” ™Y (1 - m;y) : (4.25)

which reproduces precisely the non-perturbative contribution that can be easily extracted from the
PDE (4.3) and have been recently discussed in [26]. In principle, if we had a PDE formulation for
the seed function with b # 0, it should be possible to extract the complete transseries parameter
without having to assume any exponentiation hypothesis, however at the present time this deformed
PDE description in b is lacking.

To conclude this section, we want to stress the importance of the result: from a suitable deforma-
tion of the seed function we obtain a perturbative expansion of the zero Fourier mode that does not
truncate. Using a clever rewriting of the Riemann zeta functions we can write this asymptotic tail
as an infinite series of two divisor functions times a simpler asymptotic series evaluated at shifted
coupling 4mmy. The Borel-Ecalle resummation of this asymptotic tail forces us to introduce non-
perturbative terms of the form e~ entirely encoded in the perturbative data, and, under some
reasonable assumption, these non-perturbative terms survive even when we remove this b regulator
thus giving us the full non-perturbative completion of the zero Fourier mode for the modular graph
function.
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4.2 The C5;; modular graph function

We consider next the example of the modular graph function Cy ;1 1(2) that is given explicitly by the
double-lattice sum

4

Ca1,1(2) = > Y (4.26)

m4myz + ni|tmaez + nol?|(m1 + ma)z + (n1 + ng) |2’

(m1,m1),(ma,n2)€Z?
(m1+ma,n1+n2)#(0,0)

and its zero mode has the known terms [1, 5]

4 2
ao(y) = 2 vt o+ WC(3)y+ 5C<5)y—1 - ¢(3) v 9((7)y—3

—4
~ 14175 45 127 A2 T R4 minlvy | (4.27)

As mentioned already for C3 1,1, this result was derived by studying the zero mode of the differential
equation satisfied by Cs 1 1(z) together with its large y limit. We shall rederive this result from the
Poincaré series method.

The function

F) = Conn(e) — 2 _By(2) (4.28)
T 14175
satisfies the differential equation [1]7
(A=2)f(z) = ! (Ba(z) — Ba(2)?) . (4.29)
2025

The reason for choosing this particular combination is that the leading perturbative power y* of y
cancels on the right-hand side when plugging in (1.5).

The right-hand side is problematic now because the E3 term contains a linear term in y due
to (1.5) and from the seed function point of view this will introduce divergences upon Poincaré
summation. This is very general and a special treatment must be made to discuss modular functions
with source terms of the form E?, i.e., squares of Eisenstein series. This was also noticed in [38]
where differential equations with non-linear sources EsFE were analysed using spectral theory and
the case s = s’ had to be treated separately. This also happens for the DSR?* case discussed in
Section 5.

The way to proceed is to deform the differential equation [25] and to write F2 as the limit of
FEyFEs . as € — 0. The deformed Laplace equation in this case can be taken as

_ 27 (4 + 2¢)

(A= @+a(1+6) f(2) =

(Eave(2) — E2(2)Eae(2)) - (4.30)

Proceeding as for the C'3 11 case and using the Poincaré series (1.5) for the Eisenstein series Fy
and Fa.., one can deduce that the seed function o(z) for f(z) has to satisfy an associated differential

" Again note that the Eisenstein series in [1] are normalised differently from those in (1.5).
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equation that can be solved for its Fourier modes expansion o(z) = Y, o, ¢n(y)e*™* by [1,25]

_ T+ 26) g

co(y) +o ,
3
em(y) = 7T(1<J(r46;r26)"—3(\ml):t/”ge‘%"”'y : (m #0). (4.31)

Once again, as anticipated in Section 3, this seed function is of the general type (3.1) discussed
above when we substitute a = =3, b =0, r =1+ €. As for the C3 11 case, it is better to keep b # 0
as a regulator and send it to zero only after having computed the asymptotic series (3.6), finally we
will send € — 0.

The solution (4.31) can now be substituted into (2.4) to obtain the zero mode of f(z) =
> ez an(y)e*™™* and the contribution I from all ¢, (y) with m # 0 to ag(y) is precisely captured
by the general formula (3.6) specialized to the present case

—3—€
[motim TS +29)
b—0 (1+e€)

21+2b—26yb—e

=1
b0 w2tel'(2 +¢€)

I(=3,b,1+¢)
yI'(b+ 1)I'(2e — b) (3 4 2¢ — 3b)((4)
7 I(e—b) C(4 + 2¢ — 2b)

o\ N T(n+1+26)¢(—n —b)C(3 =1 —b)C(1+n+ 2 — b)C(4+n+ 2 —b)
" (y) 2 (y) nl-T(n+ 1+ €)C(4+2n+ 26)C(4 + 2¢ — 2b) )

(4.32)

n>0

where the second term of (3.6) is absent once again since it is proportional to ((a + 1) that in the
present case is ((—2) = 0.

Once more b regularises the n = 2 term and the asymptotic series terminates at n = 3 due to the
presence of the first two zetas ((—n — b)((3 — n — b) vanishing for n > 4 in the limit b — 0.

Taking the limit b — 0 we produce

2172C(3+26)C(4) T(2¢) 1 . 47T(1+26)¢(3)¢(4 + 2¢)
T2 +e) (0’  m 2T+ el2+eC(2+26)
L560) B2 T6D

127 ¢ o e

I~ C(1+2¢)y~+

(4.33)

where we have already taken the limit € — 0 in all the terms of (4.32) besides the first and the n =0
term since they deserve some comments.

First of all, we notice in the first term of (4.32) that we have the ratio I'(2e — b)/T'(e — b) for
which the two limits b — 0 and ¢ — 0 do not commute! This means that, had we started with
the undeformed equation (4.29), for which € = 0 to begin with, we would have found the wrong
coefficient. The deformation of the PDE source term E? — E E,, is crucial.

Secondly, this deformation is also crucial to regularise the divergences arising in the integral of the
zero mode co(y) of the seed function caused by the presence of a linear term in y in the expansion E3.
In particular, we see that the n = 0 term in equation (4.32) produces a term in (4.33) proportional
to (14 2e).
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Having computed the contribution I to the zero mode ag(y) in (2.4), we still have to consider the
part coming from co(y). With (4.31) this is given by

y— _ mB3)
co(y) + ZJDZOCb(C)/RCO <CQ(1+t2)> dt = o0 Y (4.34)
99 (ATT(1+2€)C(3)C(4+2¢) _,
+;¢(C)C o < T2 T +r2+e) ¥ )

L wC(3) AT+ 260)¢(3)C(4+26) C(1+2€) .
T 0 YT T T+ T2+ C(2+2€)

As previously stated, the deformation (4.30) is essential otherwise we would have produced the
divergent expression ) . $(c)c=? signalled by the (1 + 2¢) factor. We note that the divergent term
coming from the integral of the zero mode is matched exactly and with opposite sign by the n = 0
term in (4.33).

Combining (4.33) and (4.34) we cancel the divergent term and we can safely send ¢ — 0 to recover
the full asymptotic zero mode perturbative expansion of Cy; 1(2) already presented in (4.27), after
adding back in the zero modes coming from %Eﬁl in order to relate f(z) to Cq1.1(2) via (4.28).
One can repeat a similar analysis as we did in Section 4.1.2 and extract from equation (4.32) using
(3.7) the complete non-perturbative completion of the zero mode. We have checked that this matches

exactly the non-perturbative corrections recently found in [26] using a completely different approach.

5 The DSR* correction in type IIB

We now employ the method of Section 3 to derive the asymptotic expansion of the DS R* coefficient
function in ten-dimensional type IIB superstring theory. Calling this function f(z), it was argued
in [20] to satisfy the differential equation

(A —12) f(2) = —4¢(3)* Bz 2(2)” (5.1)

by considering compactified eleven-dimensional supergravity and making extensive use of supersym-
metry.

A Poincaré series representation of f(z) was given in [21]. Here, we use a slightly different one
that stems from the deformed problem studied in [25] in order to avoid problems related to the square
of the E3/5 on the right-hand side, similar to the discussion in Section 4.2.

The non-zero Fourier mode of the deformed DSR* seed is given by [25]

_ 8¢ (3 + 2¢)

. 59— 2¢
enls) = S8 0l (1 = 2 Katalaly) + 2 K2l

mnly

10 — 4e
K7/2_6<2w|n|y>) . (5.2)

T(7/2 — €)(nlnly) /2t

The virtue of this combination is that it is regular for y — 0 and it has a convergent expansion for
y ~ 0 of the form yce=27"ly > >0 a¢(4m|n|y)’, plus possibly logy terms. Note that, as derived in full
detail in Appendix B.1, this expansion is not the usual expansion for Bessel functions at y = 0. It
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is crucial for the evaluation of the integral of the seed function, as in equation (3.2), to have both
the exponential factor and a convergent expansion around the origin, the asymptotic nature of the
Poincaré series will arise by performing the sum over the Fourier mode number n after integration
and not by using the asymptotic expansion for the Bessel functions. Let us also note that we are
focussing on the expansion around y = 0 in this discussion—even though we are ultimately interested
in the asymptotic expansion of ag(y) around y — oo—is that the formula (2.4) for ag(y) involves an
‘S-transformation’ of y, that exchanges the asymptotic regimes.

Our strategy will be to write (5.2) as a combination of the basic general building blocks (3.1)
and this can be done most conveniently by considering a shift-differential operator acting on a single
term. Using the properties of Bessel functions and confluent hypergeometric functions and after some
tedious calculations, that we relegate to Appendix B.1, one finds that the non-zero Fourier mode
(5.2) of the deformed seed function can be written succinctly as

cn(y) =D [0—2(\71\)(4W!n!)“y”°‘“6’2”‘”‘y (5-3)

a=0
where D is a shift-differential operator in an auxiliary variable a. We refer to Appendix B.2 for all
the details while for the rest of the present discussion we only need to remember that D is function
only of a and not of y or n, and that its action commutes with the procedure discussed in Section 3
to extract the asymptotic expansion for the Poincaré series.

In particular we notice immediately that the form of the non-zero Fourier mode (5.3) is precisely
of the type (3.1) considered previously. This means that the perturbative part to the zero mode of
the DSR* coefficient function coming from the non-zero Fourier modes of the seed function can be
obtained directly from equation (3.6) specialized to the present case

I~DI(-2,a,14+a+¢€),, - (5.4)

The application of the shift-differential operator in « after using (3.6) is rather involved but
straightforward, the details have been relegated to Appendix B.3. Once all the terms are collected
we obtain (see equation (B.38))

2
I~ 3@ + gy - T EE) ey 200
72T (e +1/2)¢(1 + 2€)¢(3 + 2¢)
 (9—6)(14€)C(2+ 2¢)

Y™+ O(e) . (5.5)

We note the occurrence of (1 + 2¢) that diverges in the limit € — 0.

As before, in order to obtain the complete perturbative zero mode of the D® R* coefficient function
we also need the contributions coming from the zero-mode of the seed function, however these are
easier to obtain.

The zero Fourier mode of the deformed seed is given by

2¢(3)C(3 + 2¢) . 72 (3 + 2¢) e

) = =3¢ 9— 6e
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Its contribution to the zero mode of the Poincaré sum is just like for ordinary Eisenstein series. Hence

we obtain
-1 2¢(3)C(3 + 2¢ 5+ 2
o)+ 3000 [0 (ot ) = GG o gy 6)
m2((3 + 2¢) [ e, E(1+2¢) _e]
9 6e €2+ 2¢)7

with the completed zeta function £(s) = 7~ %/2T'(s/2)((s). We see that the last term contains a
&(1+2¢) ox ¢(1+ 2¢) that diverges in the limit ¢ — 0. As it happened in Section 4.2, also in here this
term is the reason that one has to deform the differential equation. Near ¢ = 0 the above expression
takes the form
2
R e
72T (e +1/2)¢C(1 + 2€)¢(3 4+ 2¢) _,
(9 — 66)T(1 + €)C(2 + 2¢)

+0(e), (5.8)

such that the final total perturbative zero mode of the DSR* coefficient function that arises by
combining with (5.5) is
4¢(6) _3

S0 ~ SCBPY+ SCCB)y + 4@y + 5y o) (59)

in agreement with [20,21]. The three terms represent the perturbative tree-level, one-loop, two-loop
and three-loop contributions to the four-graviton scattering amplitude in ten-dimensional type IIB
string theory. The term proportional to y~2 is a homogeneous solution to the differential equa-
tion (5.1) satisfied by the D®R* correction that comes out correctly of the Poincaré series approach.
The correctness of the three-loop term was verified in a direct pure spinor calculation in [39].

The regularisation with € is important to both circumvent a divergent Poincaré series and to
correct the y' term. As already explained in Section 4.2, this regularisation is necessary because
the inhomogeneous Laplace equation (5.1) satisfied by the D®R* correction contains a source term,
arising from the square of the R* coefficient function, that is precisely of the form E:,Q) /2 From the
seed function analysis this term has to be regularised via E3/5F3/5, . as we did for the C2 11 modular
graph function.

6 Conclusions

In this paper, we have presented a method for obtaining the asymptotic expansion of certain classes
of Poincaré series f(z) whose seed Fourier modes are associated with the class (3.1). It is also possible
to obtain non-perturbative information from this asymptotic expansion using resurgent analysis as
we have demonstrated in several examples.

At the moment the focus of our studies has been entirely devoted to the derivation of the zero
mode sector. An obvious future direction is to extend our analysis to the non-zero modes and derive
their perturbative and non-perturbative expansions starting from the integral form (2.2).
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Another task yet to be completed is the reconstruction of the non-perturbative corrections to the
DOSR* coefficient function by combining the use of the shift operator introduced to rewrite the Fourier
modes (5.3) together with a Cheshire-cat type of resurgence similar to the discussion in Section 4.1.2
for the simpler setup of the U311 modular graph function.

Furthermore, even within the class of modular graph functions discussed in the present paper,
it is conceivable that from our asymptotic expansion (3.6) it will be possible to write the general
expression of the non-perturbative corrections, reconstructing them entirely out of the perturbative
data. For the two cases C3 1,1 and Ca 1 1 discussed in here we have checked that these non-perturbative
corrections match exactly the one derived recently in [26] using a completely different approach.

We have little doubt that our method can be applied to many more modular graph functions, for
example those in the class Cgp . studied in [1] or the tetrahedral functions studied in [9] and whose
Laplace equations are known. Since the Laplace equation for a given value of (a, b, ¢) higher than the
examples considered here can generally involve also sources involving other Cy iy » functions (before
diagonalisation of the Laplacian), we expect the corresponding Fourier modes to be more involved but
still derivable from (3.1), presumably up to the action of a differential operator. It is also extremely
interesting to understand how to extend our analysis to different type of multiplicative functions,
besides the divisor sum o,, appearing in the seed function (3.1) and whether or not such cases exist
within string theory.

There are several possible generalisations of the present analysis presented here. Besides an
extension to the analysis of the non-zero modes f(z), one tantalising avenue seems to be to use the
methods to investigate higher-derivative terms in the type IIB effective action starting from D®R*
whose exact form is currently unknown. Laplace equations for D8 R* and, in particular, D' R* have
been proposed in the literature [20,40] and it would be interesting to analyse them via the Poincaré
series approach and study their perturbative terms.

It is also conceivable to extend the present strategy beyond SL(2,Z) to higher rank groups.
According to the two instances in the introduction, there are two different generalisations: either
going to higher genus world-sheets (which means Sp(2g,Z) for low genus g) or going to higher rank
U-duality groups (which means E,(Z) for compactification of type II on a space-time torus 77 1),
Modular graph functions for world-sheets of genus two and higher have been explored recently [41-46]
with a focus on obtaining the perturbative terms in the non-separating divisor limit of the Riemann
surface that is similar to the asymptotic expansion studied in the present paper.

For higher rank U-duality groups E,,(Z), there is a fair amount known for the lowest derivative
corrections R* and D*R?, see [47-50], where the solutions can be given in terms of parabolic Eisen-
stein series, i.e., Poincaré sums of characters of a parabolic subgroup. As Eisenstein series satisfy
homogeneous differential equations and since there are many methods available for analysing them,
these cases have been treated in detail. The situation is less clear starting from DSR* where the
differential equation implied by supersymmetry again is inhomogeneous [20,51,52]. For some higher
rank cases, solutions have been proposed in the literature based on different methods [25,51, 53],
however, their equivalence and their full physical content in terms of an asymptotic expansion are
in general not known. We hope that the methods of the present paper can also help to study these
functions.
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A  Useful identities

A.1 From Poincaré series to Kloosterman sums

In this appendix, we briefly review how to obtain the relation (2.2) between the Fourier coefficients
of the seed of a Poincaré and those of the summed function. We follow [27,28] to which we direct
the reader for additional details and references.

The Poincaré sum (1.6) is a sum over cosets in B(Z)\SL(2,Z). These can be represented by

a b
L) .

with ¢ € Z and d > 0 coprime, where choosing a representative of the coset means choosing any

matrices

fixed solution for a and b of the condition ad — bc = 1. The sum over coset classes with coprime
¢ and d can be further refined by grouping the terms in d modulo ¢ using a further right quotient
B(Z)\SL(2,Z)/B(Z) as follows. Multiplying by elements from B(Z) on the right means

<a b) (1 k)z(a b+ak:)’ (A2)
c d 0 1 c d+ ck

so one may sum over all k € Z and all elements in Z/cZ that coprime with ¢ as long as ¢ # 0. This is
the set (Z/cZ)* that appears in many places in this article. For ¢ = 0, there is only the term d = 1
and the coset is represented by the identity element. Therefore the Poincaré sum (1.6) is

@+ > Do ( z+1k)+d)> (A-3)

>0 de(Z/cL)x ke

where we have rewritten the argument of ¢ using ad — bc = 1 with a any fixed solution. The sum
over ¢ # 0 is restricted to positive numbers as the right quotient by B(Z) also includes a possible
sign change.

Performing a Poisson resummation on k € Z leads to

@Y S et (Do g ) (A.4)

>0 de(Z/cZ)* neZ

20



Shifting the integration variable w — w + x + d/c then yields with z = x + iy

i i —2minw 1
Z) + Z eZmnx Z Z e27rznd/c/Re 2 P <CCL - 02<w — Zy)) dw

nez >0 de(Z/cZ)*
=0(2) (A.5)
+ Z e?ﬂ'znx Z Z Qﬂind/c/ e—?m’nw Z e?ﬂ'ima/ce_Qmmmcm (62 (w2y+ yQ)) dw,
nez >0 de(Z/cZ)* R mez

where we have inserted the Fourier expansion o(z) = Y, 7 cm(y)e*™™* at the given argument.
From the above equation we can read off the Fourier modes of f(z) = Y, o, an(y)e*™ as

2mind/c+2mima/c 72ﬂinw72ﬂimm Y d
UESSIB o oF 2 (Y

c>0de(Z/cZ)* meZL
(A.6)

Replacing d by ¢ one arrives at (2.2).

A.2 Integrals of Fourier modes

The Fourier modes we encounter are combinations of terms of the form ¢, (y) oc y"e~2™¥ for some
power r. For the zero modes in (2.4) we then have to evaluate integrals of the type

/ i p——— (A7)
e ————dt. .
R (L+22)
Expanding the exponential, the individual terms are in the class (for Re(a + b) > 1)
1 1 cup Dla+b—1)
dt =22 b A.
/R (1 +at)" (1 —dt)p "T@re) (A-8)
such that
—2mm A 1 J T (—mmy e H)FT(2r + k- 1)
c t = A9
R e D i =

k>0

valid for Re(r) > 1/2. For integer r this is a polynomial of degree r — 1 in o times exp(——) For
generic r we can rewrite the result using the shift operator D, = e% that satisfies DF f(a) = f(a+k).
Then the formula becomes

—2mm it 1 T m™m re2r+a-1)
c2(1+t2) dt = ——D B S
/Re ’ 1+ 2y =100 TP\ Ty ) T Tt

(A.10)

a=0

Another integral that will be useful is

N t’frzr+kz—1) rb+1)r2r—b-2)_.
grhap—sip § L1 dt = Ligipeq (67 A1l
/ nz>0 n kz>0 T+k) F(T—b—l) 1+b+1( ) ( )

that can be computed using the shift operator D, and also uses

/ tPLis(0"e ) dt = T'(b + 1)Ligyp41(09). (A.12)
0
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A.3 Sums of polylogarithms

In this appendix, we consider sums of the form

Z ¢’ Z ZC 1 T n(ehq) ’ (Al?))

>0 €(Z/cZ)* h=1

where @ = ¢2™/¢ i a primitive c-th root of unity. The parameters k and n need not be integers in
this expression and in fact many expressions become singular when they are.
First, we note that the Hurwitz zeta function can be rewritten according to [54]

he  T(k)

C(1 — k, E) = (27T)k

(i_kLik(Qh) + z’kLik(H_h)) . (A.14)

The two terms are related by complex conjugation, so it is sufficient to consider one of them. Therefore
the basic object we are facing is

c—1
et > Lig(6")Lin(6™), (A.15)

c>0 q€(Z/cZ)* h=0

where we have shifted the h-summation using the periodicity of 6".

Under the (numerically verified) assumption that the object obtained by summing over ¢ and h
and dividing by Lig(1)Li,(1) is multiplicative in ¢, it is sufficient to consider the case ¢ = p’, where
p is a prime and ¢ an integer. In that case one has to determine

Sk Z > Lig(6")Lin(6") (A.16)

h=0 qe(z/p*z)*

/-1
:Z Z Z Lij (0% )Li, (0%P™9) 4 Lij,(1)Li, (1) (p?)

m=0ac(Z/p*—"mZ)* q€(Z/p*Z)*

where we have grouped the sum over h into different classes. Now one uses that for ged(a, péfm) =1
the second factor in the sum is independent of a and yields

Z Li, (9P 9) = Z Lin (6P™7) = Li, (1)p™ <p(f—m)(1—n) _p(f—m—l)(l—n)) . (A7)

qe(Z/p*2)* qe(Z/p*L)*

while the first factor leads to

Z Lik(gapm) _ Lik(l) (p(@—m)(lfk) _ p(ﬁfmfl)(lfk)> ) (A.18)
ae(Z/p—m7)x
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We obtain therefore

Lip(1)Lin (1) Lln Z Z Lix (6" Lin (6"

h=0 qe(Z/p*Z)*

-1
[ ( 1-n) _p(mefl)(lfn)) (p(ffm)(lfk) _p(éfmfl)(lfk))} +o(ph)
m=0
B B .- 1— pf(kJrnfl)
=(1-pH- Lyp~tkt 2)W +o(p"). (A.19)

For the Dirichlet series written as an Euler product we next need to form

ts v ) (1 _pl—k—s)(l _ pl—n—s)
(ZZOSkm(pe)p b = le(l)Lln(l) (1 7p27n7k78)(1 _ plfS) ’

(A.20)

leading for sufficiently large Re(s) to

c—1
Yot 3T S Lik(0")Lia(6") = C(k)C(n) EEZ i fjf)c(i)i(z — B . (A.21)

c>0 q€(Z/cZ)* h=0

where we have also substituted Lig(1) = ((k) to continue Lix(1) to most values of k. As said before
this calculation requires £ and n to be analytically continued and the above formula works well to
determine limiting values.

Returning to the original expression (A.13) we then find

. - AT _ T(k) nc(n+k+s—2)g(s—1) e
20" 2 2R O = e s A e O

_ (A —=k)C(n)¢(n+k+s—2)C(s—1)
N C(k+s—1)(n+s—1) ' (A-22)

Here, c.c. stands for the complex conjugate and we have used the functional equations for (k) and

I'(k) for the simplified expression.
We also note

Zcfs > ZLI 00) = 3 gLy (1) = e TR 2 2) (A.23)

>0 €(Z/cZ)* h=1 >0 ((s+n—1)

When taking limits it can be useful to remember that the derivative of the Riemann zeta function
at negative even integers satisfies
(2n)!
2(2m)2n

¢(=2n) = (-1)" ¢2n+1). (A.24)

B Expanding the D°R* seed modes

In this appendix, we perform the rewriting of the Fourier mode of DSR* seed function presented
in (5.2) and derive its contribution to the asymptotic expansion of the zero mode of the DSR*
coefficient itself.
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B.1 Bessel functions and confluent hypergeometric functions

The modified Bessel function can be written as

Ky(z) = Vme ?(22)°U(s + 3,25 + 1;22) (B.1)

in terms of the confluent hypergeometric function U (a, b; z) that is a variant of Kummer’s function
(a)e 2

M(aab;z)lel(a‘vb;z):ZiTv (B2)
= (b) 0!

defined in terms of the rising Pochhammer symbols (a)p = a-(a+1)---(a+¢—1) = Flgtl(:)z). For
b ¢ Z one has the relation [54]

F(l;(i;ji)l)M(a, b; z)+z1_br(1i)(;)l)M(a—b+1>2_b§ 2)- (B3)

Putting this back into (B.1) makes the symmetry K,(z) = K_;(z) manifest. The second term in (B.3)
contains a finite number of singular terms (in z) for b > 1 but b ¢ Z.

Ula, b;2z) =

We also require the expansion of the confluent hypergeometric function U(a,n + 1;z) around
z =0 when n € Z>¢. This is given by [54]

~ n—l @
U(a,n+1;z) =U(a,n+1; 2)

(B.4)
(a) e:o n)e E'

where

Ula,n +1;2) (B.5)

(_1)n+l F(a—l—ﬁ)zg
= 1 l) — (+1)—yp(l+1
Tl — ) 2 T + 11 O1(1 5 (08 T 9@+ O = v+ €4 1) = (t+ 1)
contains the regular and log terms and the digamma function is the logarithmic derivative of the
gamma function according to ¢(x) = I'(z)/I'(z). Using formulas (B.1), (B.3) and (B.4) we can
obtain the expansion of K,(z) of the form

K(z) = e * x (shifted Laurent series around z = 0). (B.6)

The lowest power that occurs in the series is z7° for any real s > 0.

We note that we can rewrite (B.5) by introducing an auxiliary parameter « as in appendix A.2.
In this way one obtains with the shift operator D, = ¢% the following compact expression for the
regular part U(a, n+1;z2):

Ula,n+1;2) =

(—1)”‘H a4+ ¢+ a)zz““"
{ (n+€+1+a)11(€+1+a)}a 0

B I(a+ o)z
N F(a ZDL) [ n+1+a)F(1+oz)]a:O

9 { Ila+ a)z® }
" I(al(a—n)1—Dy “|T(n+1+a)l(1+0a)],o°




B.2 Rewriting the D°R* seed

The specific combination appearing in the DSR?* seed Fourier mode is

enty) = B2 0 ) ol (B3
X Zl+6 (1 — 26)K2(Z) + 10~ 46K3(Z) — (10 — 46)21/2+6

NPErEEnll

where we use z = 27|n|y.

We shall first rewrite the second line in the form e™* x (convergent power series in z), showing
along the way that there are no negative powers of z appearing in this particular combination. As
a second step we shall write the whole expression as the action of a differential operator acting on a
simpler term.

The expansions of the various Bessel functions near z = 0 are

~ 2,2 23
= 0000 (5455

B 22 2B A 2°
Kale) = e [P 0(3,7:22) + s ea) ™ (142 + 24 - 0 2]
T2e-7)

Krjy o(2) = Vre™ [(22)7/26 P 3) M(4 —€,8 — 2¢;22) (B.9)
6—7/2F(7 — 2¢)

+ (22) Ti—0

M(e—3,2¢ — 6;22’)}

= /me”? [(22)7/26F(26 il M(4 —€,8 —2¢22)

T(e—3)

_79 (7 — 2¢) 2—¢ 2)*
€e—7/2 2
2T AT <1+Z+526 15— 6¢ Z 26— )]

>

Note that, as stressed above, this is not the usual asymptotic expansion of the Bessel functions
around z = 0 where we have stripped away the exponential factor, necessary for the convergence of
the integral (2.4).

Taking into account also the pre-factors of the second line of (B.8), the possible singular and

3+€’ Z—Q-‘,—E7 Z—1+6

constant terms are of the orders z~ and z¢ with coefficients (after dropping the

common /e %) :

T6) . 5 10—4e o 5T(7—2€)

S/ R T/ R VT
27T (10 — 4e) r%(/})z) - %226—32((74__25) =0, (B.10)
S (-2 r?él/l)z) 2 2(10 - 46)r€;?)2) e 52—_ 266 F(lg/; i) 26_31;((74_—2:)) =0,

@ - 6>F1;EE;1)2) T i(m ) F%(/S;)Q—3 - 1; = r(lg/;i) 2 Fr((74_—2:)) =0
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Therefore, the non-zero Fourier mode (B.8) of the seed of the DSR* function can be written in an

expansion where every term is at least of the order z!'T¢:
8v/T(C(3 + 2¢ e —
en(y) = TBL2 ) 2l e
1—4e
_ F(4) Zl+6 Z2+e
4(1 —26) 227U (3, 5;2 1-2 —

)
F(6) Zl—i—e 22+€
8T(7/2) (10— 4¢) <_ 192 320 >

— 2¢ — 10—4 — 2z)¢
U0 AT = T) ey e 8 — 9622) — 810 4€ ez—3+ez((6 Be (22)

+8(10 — 4e)2* U (%, 75 22) +

[(7/2 —e)T'(e — 3) N3 = (2 6) 0 |’
. W(;_z(n)(mmn—l—ee—z (B.11)
x [(1 26)(22)P T (3, 5, 22) + (20 — 86)(22) (L, 7;22) + 11_\};6(2@1% Ey‘;(zz)%e

T(e—3/2) I(1+e¢) . I'(2+e¢) . TI'(B+e .
LR <r(26— o1 2 e e @ rparm 2 )

a2 3/2) 5~ <F<4 +0-)@22) T T+ e+ e><zz>4+f+6> ]

T T(8+(—2)0(1+¢) T(B+)T(1+C+ 2e)

where we have also inserted the expansion of Kummer’s function (B.2). Note that the above ex-
pression has a smooth limit ¢ — 0 in which the sum over ¢ disappears, reflecting the fact that
K7/5_¢ — K75 with a finite expansion, and the three terms in the second line also disappear such
that

~ z 2)?
cn(y) ;; 8v((3)o_o(n)(4n|n|) " te™? {(2,2)3(7(3, 5;2z) + 20(2z)3U(%, 7,22) + 122ﬁ + 2(3\}%} i
(B.12)

We further simplify (B.11) by writing it as the application of a differential on a simpler function.
This was already done for the U functions in (B.7).
We start with the terms involving U and rewrite the relevant part of (B.11) as

(1 —2€)(22)*T°U(3,5;22) + (20 — 8¢)(22)* U (£, 7;22) (B.13)
_ [(1 —26)(22)3¢ T'(5/2 + a)(22)* (20 — 8¢)(22)3T¢ T'(7/2 + )(22)* }
 1-Dy “|TG/20(=3/2)TG+a)l(14+a)  T(7/2)I(=5/2) I(T+a)l(1+a) ],

2 [0
-2 0a 0, [(oﬂ — 13042 2¢(a® + 30 +10)) (52(14 )2;(& ) 5 (2z)1+0‘+€] .
We note also that
1 (/2 + a) arte
— —(1+ Da)0a [(oﬂ —13a + 2 — 2¢(a® + 3a + 10)) G+ a)l(a 1) (2z)1 ot LZO
= 112\}726(22)”‘- - 51;)\1;‘;(2,2)2“, (B.14)
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so that the first line of the square brackets in (B.11) can be rewritten as

1—10e 5+ 14e

(1 - 26)(22)3+6U(%, 9; 22) + (20 - 86)(2z)3+60(%7 7; 22) + - ﬁ (2 )1+5 W(22)2+6
__ 1 1 T(1/2+ a) .
=1 Daﬁa [(QQ —13a+2 — 25(a2 + 3a + 10)) NSRSy Sltat }ao . (B.15)

The three contributions in the second line of (B.11) can be written as

EF(E — 3/2) F(l + E) . 1"(2 + 6) ) F(?) n 6) E
92+2 T (F(Ze - 2)I'(5) (2z)1+ + m@ )2+ + W(QZ)% )

22+26 F(l —|—Oé—|—€)
= I'(e—3/2)(1+ Dy + D? 2z)ote B.1
=320+ Dot D) | ey @ (B.16)
The last line of (B.11) involving the ¢-sum takes the form

B 22+2€F(€ —3/2) Z D(4 40— €)(22)4H e P+ e+ €)(2z)4F e

7 e \D(S8+0—20T(1+0) T(8+OT(1+0+2)
B _22+2€F(e -3/2) 1 D4+ a—e)(22)4oe T'd+a+ €)(2z)4tate (B.17)

B w 1-Do | T8+a—-2¢)T(1+a) TI@+a)l(1+a+2e)], ’

In this way, the whole seed Fourier mode ¢, (y) can be written as (finite) linear combinations of terms
of the form o4 (n)(47|n|)by"e=2"1"¥ together with the action of differential operators on them, where
we recall that z = 27 |n|y.

The notation we introduce for this rewriting is

en(y) = e (y) + P (y) (B.18)
where
P (y) =DW (0_s(n)(dn|n|) =1 7¢(22) T e ) | (B.19)
@ 23 4 20)T (e — 3/2)
Cn (y) - ﬁ(l — 462)
1 e L (TA+a—e)(22)42 ¢ T(4+a+e)(2z)4ate
“1-D, [‘7‘2(”“4”‘"') e (r(s fa—200(1+a) T@+al(l+tat 2e)> LZO
and
o+l
DU f(a) = — \iﬁrﬁ’ J_r Zg) - ?Cba [(a2 — 13a + 2 — 2¢(a® + 3a + 10)) NG i(a);f(;)_ ) f(a)] »

2572€C(3 + 26)T'(e — 3/2)
V(1= 4e)

I'l+a+e)
T(5+ a)l(2c — 2+ o) f(o‘)] o
(B.20)

(1+ D, + D?)

The reason that we have split the Fourier mode ¢,(y) in this way is because the two parts have
different contributions to the asymptotic expansion.
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B.3 Applying the general formula for the asymptotic expansion

We now apply the general formula (3.6) for the asymptotic expansion of Fourier modes of the
type (3.1) to (B.18) to obtain the asymptotic expansion for z — 0 in a similar decomposition

I~ IM 4 1) (B.21)
where, after exchanging the differential operator and the asymptotic expansion,
IW =pW(=2 0,1+ a+e) (B.22)

will be evaluated momentarily and I follows from applying (3.6) to 07(12) (y).

We begin by showing that ®) vanishes in the asymptotic expansion for € — 0. Writing out the
(2)

geometric series 1/(1 — Do) =35 DY again, a single term in ¢, (y) contributes to the asymptotic

expansion either as I(—2,3 4+ /¢ —2¢,4+ ¢ —€) or I(—2,3+ ¢, 4+ { + ¢€) which are given by

21—y ¢ yF(4—|—€—e:te)F(3—l—€+6:te)+

Ad+Llte)|m I'(e)

L TR+ PG+ L+ et e) ((2+20)((3) (w)?’*“ﬁ (—7r>” D(7 + 20 + n =+ 2¢)
Yy I'2+e¢) ¢(3 4+ 2¢) Y N\ n!-T'(4+{+n=+te)

I(-2,3+0—eted+lte)= T

" ((=3—tl—n+eFe){(-1—Ll—n+eFe)(d+l+n+ete)((6+L+n+ete)

C(8 + 20+ 2n =+ 2€)C(3 + 2¢) (B.23)

Inspecting this expression we see that all individual terms are continuous and finite in the limit ¢ — 0
(since £ > 0 and n > 0), and we can set € = 0; the very first term even vanishes. Since the two terms
with e appear with opposite signs in cg) (y) their contribution to the (perturbative) asymptotic
behaviour vanishes when € — 0 and thus:

I® ~ 0 (B.24)

e—0
and we are left with the contribution I(!) in (B.22) coming from c,(ll)(y).
In order to evaluate (B.22) we first note that

I(-2,a,1+a+e) (B.25)
o 2lrZery e yI(d+a)l(a+26) ((24+2)((3) 1 wl(a—1DI(24 a+2e)((2+2¢)
" T(l+a+e|n ['(e) ¢(3 + 2¢) 12y L'(2+e) C(3 + 2¢)

7\ —m\" T(1+2a+2¢e+n)
+<y> ;(11) nl-I(l+a+e+n)
(2—a—n){(—a—n)((B+a+2e+n)((1+ a+2e+n)
C(2 4 2 + 2€ + 2n)((3 + 2¢)

X

We begin with the contributions from the second line of the differential operator in (B.20). These
can be evaluated fully since

Fl+a+e)l(-2,a,14+a+e) CPA+L+e)I(-2,4,1+L+¢)

DZ
o 5+ a)(2¢ — 2+ a) TG+0T(2—2+0)

(B.26)

a=0
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and the factor 1/T'(2e — 2 4 ) goes to zero when € — 0 and ¢ = 0,1, 2. Therefore, we only need to
analyse the potentially diverging terms for € — 0 in I(—2,¢,1 4+ £ + €). Inspecting (B.25), there are
no such terms for £ = 1 and £ = 2. For £ = 0, there is such a term when n = 0 in the sum and this
is the only possible contribution. The result is that the second line of (B.20) contributes as

. ¢(0)C(1 + 2¢) 32
lim (26<<3>F<‘3/2Wr<5>r<2€_2>> =2 (B.27)
to the asymptotic expansion of 12, i.e. to the y-independent terms.

We are then left with the first line of the differential operator (B.20) acting on I(—2,a, 1+ a+€)
given in (B.25). We treat the three terms in I(—2,a,1 + « + €) separately as they contribute at
specific orders in y: The first term only contributes at order y', the second term only at order y~!
and the third term in (B.25) contributes at all orders y~* for k > 0 (and potentially log(y)).

In order to evaluate the action of the differential operator on the first term in (B.25), we observe
that for cancelling the 1/I'(€) in this expression, one requires @ = 0 in the numerator of (B.20) and
thus should not apply any of shift operators D, contained in the differential operator, otherwise the

result vanishes for ¢ — 0. The complete contribution at linear order in y in the limit is therefore

S SI6RE) i, [(az - a2y A P 26)]@ = 2.

(B.28)

This deals completely with the first term in (B.25).
Proceeding to the second term in (B.25) we are dealing with the order y~!. Since the potentially
diverging I'(ac — 1) cancels between (B.25) and the differential operator, we are left with

L(a+ $)T2+ o+ e)((2+ 2e)
FMl+a+el'(G+a)l'(2+¢) :|oz 0

22767r3/2y7176 9,
3(1—4¢2) 1-D

[ (a® — 132+ 2 — 2¢(a® + 3a + 10))
«

4m32¢(2) 1 M(a+1/2)T(2+a)
— =y laal—Da [(Oﬂ — 130+ 2) T o)l 4 a) LO
Ant2¢(2) L, [2a(a—2)(a+ DI (a+1/2)
= I +a) l..
_ _40@;4) - (B.29)

The limit € — 0 can be taken first since there are no singularities in this limit and the geometric sum
converges uniformly. This is the complete contribution from the second term in (B.25).

The final contribution we need to evaluate is the third sum term in (B.25) when the first line of
the differential operator (B.20) is applied to it. This can have contributions at orders y—* for k& > 0
and the lowest few values of k have to be analysed differently from the generic cases due to diverging
terms.

Let us denote by

(1) <7r>°‘+n Fl+2a+n+26)C2—a—n){(—a—n)(B+a+n+26)((1+a+n+e)
tn = Yy nl-T'(1+a+n+e€)d(24+2a+ 2n + 2¢)((3 + 2¢)

(B.30)
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the nth term in the sum of the third term in (B.25). We note that most terms depend only on oo+ n
that also sets the order in y. Potential divergences in u, come from the zeta functions when the
argument approaches one. This can happen for (2 — a — n) when (a,n) = (1,0) or (a,n) = (0,1)
and for ((1+ o+ n + €) when (a,n) = (0,0). Shifts in a come from expanding out the geometric
sum 1/(1— Dy) =Y ys0 D5 In the differential operator (B.20) there is also a factor 1/I'(a — 1) that
can vanish for & = 0 or & = 1 and combine with diverging terms in u,,.

At order ¢° and for the first line of the differential operator there is only a contribution from the
ug in (B.25) and one should not apply any shift operator D, for this order in y. This contribution
has a divergent contribution in the limit ¢ — 0 and comes out as

0. 32 (@) — 72T (e +1/2)C(1 + 2€)¢(3 + 2¢) _,
9" (9 — 66)T(L+ €)C(2 + 2¢)

+0(e) (B.31)

that has to be combined with (B.27) and thus cancels the finite piece. We also see that there is
an explicit divergent piece due to the ((1 4 2¢) that we leave as it is since it combines with a piece
coming from cy(y).

At order y~!, there are two contributions coming from the third term in (B.25), one with u; and
no a-shift and one with vy and a single a shift. Combining the two leads to®

LL5%(4)
: 3 Y

(B.32)

that has to be combined with the contribution (B.29).
At order 2, there are three contributions from the third term in (B.25). Combining these leads

to
-2 WC(3)2C(5) -2
ey e B.33
1(6) (:33)
At order y~3, there are four contributions from the third term in (B.25). Combining these leads
to
_ 4¢(6) _
3 3
o=y °. B.34
57 Y (B.34)

k

In order to analyse the general term y~% with & > 4 we note first that there are no potential

singularities when ¢ — 0, so we take this limit first. Then we are left with evaluating for k > 4

k. . (o +1/2)
yF o —16v/7¢(3)0a [g DY, <(a2 —13a + 2)r(5 S R 1>uH> LO . (B.3p)

Inspecting (B.30) we see that the only the combination c+n appears in the zeta functions. Therefore
all terms in the inner sum have the same common factor

C2—a—-k)}(—a—k)(B+a+k)((1+a+k)
C(2 + 2a + 2k)

. (B.36)

8Here, as elsewhere, potential log(y) terms cancel.
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If k is even, this function starts at order a? when expanded around o = 0 due to the vanishing of
the zeta function at negative even integers. Since the sum multiplying this common factor is regular
at o = 0 this shows that there are no contributions at order y~* for k = 2n > 4 with n an integer.
For odd k the quotient of the zeta functions starts at order .

If k is odd, we then look in more detail at the non-zeta factors that multiply the common zetas

<”)a+ki<—1>u<<a +0° —13(a+ ) +2Q0(a+0+1/2)  T1+2a+k+0) (B.37)

y — 'G+a+0(a+l—1)T(a+l+1) T(kE—(+1)I'1+a+k)’
We have verified that this sum starts at order o for odd 5 < k < 99 and are confident that this
holds for all odd k& > 5. This means that there are no terms in the asymptotic expansion of the form
y~F with k£ > 3.
Let us collect all terms in the asymptotic expansion of I as defined in (B.21). Combining the

terms (B.27), (B.28), (B.29), (B.31), (B.32), (B.33) and (B.34) leads to

2 o1 mCB3)*C(5) o 4(6) 5

I~ 2¢(2)¢B)y +4¢(4)yt —

5C(2)CB)y +4C(4)y OB

T PT(e+1/2)¢(1 4+ 26)¢(3+26)
(9 —66)I'(1 4 €)C(2 + 2¢)

+O(e) . (B.38)
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