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We consider special Lambert series as generating functions of divisor sums and deter-
mine their complete transseries expansion near rational roots of unity. Our methods
also yield new insights into the Laurent expansions and modularity properties of it-
erated Eisenstein integrals that have recently attracted attention in the context of
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1 Introduction

The central object of study in this paper is the g-series

Saplg) = Y n m P (1.1)

and we shall be interested in its asymptotic expansion as ¢ approaches a rational root of unity
from within the unit disk. For different values of o and 3, the g-series S, g = Sg,, is related to
special types of Lambert series that serve as generating functions of divisor sums, to holomorphic
Fisenstein series or iterated integrals thereof.

Our method for analysing the asymptotic expansion makes use of results by Zagier [1] and
the transseries completion uses resurgent methods [2-4]. The completion captures the terms
that are exponentially suppressed in the asymptotic expansion and, as we shall see, they are
very closely related to the modular properties of the g-series. In particular, we shall be interested
in something that can be called the ‘modularity gap’ [5] which is the failure of the g-series to
transform as a modular form of definite weight given by 1 — a — 8 under the S-transformation
transformation 7 — —% where ¢ = 2™,

Depending on the values of « and (3, this modularity gap is given by a Laurent polynomial
or by a multi-valued function of 7 whose form depends on a choice of resummation. As the
g-series is invariant under the T-transformation 7 — 7+ 1 and since S and T together generate
PSLy(Z) when acting on 7, we obtain the complete behaviour of the g-series S, g(g) under



the modular group PSLs(Z). As all rational roots of unity are conjugate to ¢ = 1 under the
modular group, one can in principle determine the complete form of S, g(¢) expanded around
any rational root of unity. However, as this is not necessarily the most convenient way we shall
also discuss asymptotic expansions near roots of unity directly.

The case of divisor sums corresponds to S,,0(g) for which the asymptotic perturbative ex-
pansion in the limit ¢ — 1~ has already been analysed in [6,7]. Our approach gives a concise
re-derivation of their result, generalises it to other rational roots of unity and provides the com-
plete transseries expansion. This will be the content of section 2. This analysis can also be
extended to ¢g-Pochhammer symbols as we show in an appendix.

For other special integral choices of o and 5, we make contact with iterated integrals of
Eisenstein series of the type that have been recently discussed in the literature [8-11,13-16] in
connection to periods of moduli spaces of genus-one Riemann surfaces and have found ample
applications in string scattering amplitudes [9,13,17-19]. Our methods can be used in this
context to determine the Laurent polynomials of these iterated integrals including the terms
that have been hard to obtain in [9] as they are related to integration constants of the differential
equations the iterated integrals satisfy [13,19-22]. Again, this analysis is deeply tied in with the
modular properties of S, g(¢). This connection will be analysed in section 3.

One important aspect in the discussion of iterated integrals is given by the conjectural elliptic
single-valued map [13,22-25] that we shall discuss in section 4. Our analysis is restricted to what
is known as ‘depth-one’ iterated integrals in the literature and the resulting Laurent polynomials
therefore contain only standard Riemann zeta values rather than (single-valued) multiple zeta
values.

It would be extremely interesting to understand how to apply the methods explained in
the present work to the case of higher depth iterated integrals and multiple polylogarithms (or
single-valued version thereof). In particular it is only at higher depth that in string scattering
amplitudes we start encountering multiple zeta values in the coefficients of the “perturbative”
expansion. Furthermore the conjectured elliptic single-valued map, see for example [13], would
allow us to go from an open string calculation to a closed string one but its action on the per-
turbative and non-perturbative amplitudes is far from straightforward. We believe our methods
could produce new insights into all these extremely interesting problems.
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2 Lambert series

In the current section, we begin by studying the general g-series S, g(¢) defined in (1.1) when
one of the parameters vanishes. The resulting g-series will be denoted by

i~ k
_s 9
ﬁs(q):Ss,o(q)ZE k =g (2.1)
k=1

where s € C and ¢ € C inside the unit disk |¢] < 1. We have carried out one of the sums
in (1.1) as it has become geometric and in this way one recognises that (2.1) is a special case of
a Lambert series for which we have adopted a more standard notation.

It is straightforward to rewrite this Lambert series in two alternative forms making use of
the polylogarithm function

x  k
. 2 :q
k=1

and of the divisor function o4(n) = > djn @°; the sum of the st" power of positive divisors of an
integer n through the equations

[e.e]

Li(q) =) Lid(qg") = > o s(m)q™. (2.3)
n=1 m=1

The Lambert series (2.1) can then be understood as the generating function for the divisor
function o_s(n).
Making furthermore use of the trivial fact o5(m) = m®o_s(m) we can also obtain the relation

oo

o

L_g(q) = osm)q™ = o_(mymq™ = (q0,)°Ls(q), (2.4)
m=1 m=1

so we can consider equation (2.1) for Res > 0 and obtain Res < 0 by analytic continuation

using the (fractional) derivative operator (¢0,)°. For negative integers s this operator should be

thought of as an integral operator and this is what will be explored in section 3.

2.1 Asymptotic expansion at ¢ =1

We first want to obtain the asymptotic expansion of (2.1) for ¢ — 17, meaning from within the
unit disk. To this end, we let ¢ = e >™ with Rey > 0 and consider the asymptotic expansion
for y — 0. An alternative notation that will be used throughout this paper is the modular
2miT

parameter 7 defined by ¢ = e with Im 7 > 0, which is related to the variable y by y = —ir.

By slight abuse of notation we will write interchangeably
‘CS(Q) = ﬁs(y) = [:S(T) with q= e P = 2T (2.5)

We are then interested in the expression

Li(y) =) Lis(e>™). (2.6)
n=1
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This form for the Lambert series under consideration will be our starting point to obtain
an asymptotic expansion for y — 0. We notice in fact that we want to obtain the asymptotic
expansion for a series of the form >, - ¢((m+a)y) if we consider ¢(y) = Lis(e"*™) and a = 0,
and Zagier has proved a very useful result for this situation [1] which we will now review briefly.

Assume ¢(y) is a smooth function for y > 0 with all derivatives of rapid decay at infinity. If
®(y) has an asymptotic expansion around y = 0 of the form ¢(y) ~ >, -, bny", then the asymp-
totic expansion of the function summed over its values at shifted argur_nent has the asymptotic
expansion around the origin given by

Zqﬁ m+a)y —i—anC —n,a)y (2.7)

m>0 n>0

where a > 0. In this expression the Hurwitz zeta function ((—n,a) arises from the naive

interchange of two infinite sums in

Zgb m+a)y ZZb m+a)” Zb Zm—i—a anC —n,a)

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

(2.8)

where the m-sum is divergent and is to interpreted via analytic continuation of the Hurwitz
zeta function. As Zagier has shown the only correction needed in addition to this interchange
is given by the ‘Riemann integral term’

Iy = /OOO o(y)dy . (2.9)

This term arises from interpreting the original sum as an approximation to the Riemann integral
for small y with 1/y being the length of the integration domain. There are also extensions of (2.7)
when ¢(y) is not C* at the origin but includes terms of the form y®logy or y* for Res > —1,
see [1], that we shall also use later.

We want to adapt the method just outlined to the case under consideration of equation (2.6)
so first we have to consider ¢(y) = Lis(e”?™¥) and compute its Taylor expansion near y = 0
given by

27ry

Lis(e™?™) = (27y)*~'T(1 — s) +§: —k). (2.10)
k=0

Applying the method of [1], the asymptotic expansion of the Lambert series for y — 07 is
then formally given by

]— o) o0 o
Ls(y) ~ 5 + Z(any)s IP(1—s)+ Z k' Z 2mny)* (2.11)
n=1 =0 n=1

where the Riemann term I is given by

R R Y M Gl )
IS—/O Lig(e =™)dy = 5 (2.12)



for Re s > 0, although the final result will be valid for any s € C. Clearly the above expression
is only formal since two non-convergent sums have been interchanged, but if one interprets
Yoo (2mny)® as its analytic continuation (27y)*((a) we obtain

C(s+1)
21y

271'
L(y) ~ y

oo
+ (1= 8)D(1 = s)( %y51+§: —k)C(s—k), (2.13)
k=0
where ~ denotes asymptotic in the sense of Poincaré and [1] shows that the above expansion is
then the correct asymptotic expansion of the Lambert series (2.1).
Note that the Riemann integral term can be understood as the limit £k — —1 of the asymp-

totic series
(—2my)*

im

k——1T(k+1)
hence we can rewrite (2.13) to incorporate the Riemann term into the sum and, after shifting
k — k — 1, we obtain

C(s+1)

SR =) = ST (2.14)

L(y) ~ ¢(1— )01 — s) %y51+§: ”’ CA—K)C(s+1—k), (2.15)
=0
where the k = 0 term is understood as a limit. If one makes use of the relation k((1—k) = —Bj,

for k # 1, where B}, is the k** Bernoulli number, we see that equation (2.15) is exactly the same
asymptotic expansion found in a different way in [7], see in particular their Theorem 2.2 after
the trivial change s — —s and having set the authors’ variable x = 1.

Some comments are in order for the cases in which s - m € N={0,1,2,...}. In particular
we notice two singular terms in equation (2.15), namely I'(1 — s)¢(1 — s)y*~! and the k = m
term of the series, however it is fairly simple to see that the sum of these two terms has the
finite limit

: s— (_27Ty)m_1
SILHT% [I‘(l —8)C(1—s)(2my)*t + Wg(l —m)¢(1 —m+s)
/ (_27Ty)m_1
— [m¢’(1 — m) — (log(2my) ~y — () m (1 — m)] 2O (2.16)

where ~ is Euler-Mascheroni constant and ¢ (m) = I"(m)/T'(m) denotes the digamma function.
The case m = 0 has to be understood as a further limit

—2my)™ 1 — log(2
1m[mcu—my4mg%w—7—¢mmnmu—mﬂ( g? _ 7 =1osmy) g 4y

m—0 27Ty

We have then the asymptotic expansions for the Lambert series (2.1) specialised to the case
s=meN*={12,...}

o m—1
Lonly) ~ [m(1 = m) — (tog(2m) — 7 — wm)m c(1 —m)| 2
wa yh—1
+§: C1—k)CA—k+m). (2.18)
k:;ém



Note that when m is an odd integer ((1 — k)((1 —k+m) = 0 for &k > m + 1 so (2.18) does
actually truncate, leading to a finite asymptotic series.
Similarly for the case s = 0 we have

— 10 Y[ > — 2T k
Lo(y) ~ 7127%;2” + kzo (2%!3/)«_,{:)2 . (2.19)

Both asymptotic series (2.18) and (2.19) match with the results of [7] obtained following a
different method.

2.2 Exponentially suppressed corrections and modular properties

We note that the asymptotic expansions (2.15), (2.18) and (2.19) can be used to numerically
compute (2.1) when ¢ = e~ 2™ — 1. However, they cannot possibly be accurate when ¢ — 0,
the centre of the unit disk. The reason is that (2.15), (2.18) and (2.19) are only asymptotic
expansions and miss terms of the form exp(472/log q) = exp(—27/y), exponentially suppressed
in the limit y — 0%, i.e. ¢ — 1.

To obtain the complete transseries representation we start from (2.15) for s generic with
Res > 0, the cases s € N can be obtained as limits. We first define m = [Re s] as the integer
part of Res, and split (2.15) into a finite sum plus an asymptotic tail

N (2t r
Lo(y) ~ (1= sT(1—s)(2my)* '+ WC(I —k)((s+1—k)+L;(y), (2.20)
k=0
with the tail given by
O (—ory)k-1
LIy = > (zr(g,i))é(l —k)(s+1—k). (2.21)

k=m-+2

We rewrite this asymptotic series by making use of Riemann’s functional equation and by shifting
k—k+m+2

s—1 ° k4+m+42—s
T _ ¥ s v _1\ktm o
L (y) = - 008(2);()(277) 14+ (=1)"""™C(k+m+2—s)
XxCk+m+2)¢(k+m+2—3s). (2.22)
Using the known Dirichlet series
C(k+a)((k) =) o-a(m)n", (2.23)
n=1
we can further simplify the asymptotic tail to
s—1 > 0 k+m+2—s

T o _y LS L _1\k+m -

£1(y) = =% cos ( : ) nz:la_s(n) kz_o (2m) L+ (=™ Dk +m+2—s). (2.24)



Using first the Dirichlet series to get rid of the two Riemann zeta is a crucial step' since we have
thus obtained a very simple series where the variable y has been shifted to y — y/n with n € N
and the sum over k is now amenable to standard Borel-Ecalle resummation [2,3] which we will
now briefly review.

Given a formal asymptotic series for y — 0

F) =) ok +a+1), (2.25)
k=0

we can consider an auxiliary function, called the Borel transform of f(y), defined by

B(t) = i thtac, . (2.26)
k=0

If the series defining the Borel transform has finite radius of convergence we can make use of
the known identity

et Dk a+1) = / et (yt) Ty dt (2.27)
0

to obtain an analytic continuation of the formal asymptotic power series f via Borel resummation
given by

Sl = [ Bani= [ iBwa (2.28)

where 6 = argy, provided that the direction of integration does not contain singularities of the
Borel transform, i.e. it is not a Stokes direction for B(t).

We can now consider the direction 6 to be independent from the argument of y and the
directional Borel resummation Sy [f](y) defines an analytic function in the wedge 6 — § <
argy < 0 + 5 of the complex y-plane, with asymptotic expansion for y — 0 given precisely
by our starting formal power series (2.25). If the Borel transform B(t) has no singularities in
the wedge of the Borel ¢-plane 0; < argt < 6y then Sp, [f] (y) is the analytic continuation of
S, [f] (y) on a wider wedge of the complex y-plane since they coincide on the common domain
of analyticity.

Let us apply this method to the present formal power series (2.24). We first define the Borel
transform of the series as

_ = m—+1—s m\ __ gm+1—s 1 (_1)m
B(t)—kzzot’f+ s (] 4 (—1)kHm) = gmHl (1—75+ 1+t>’ (2.29)

and the directional Borel resummation for the tail £ (e7¥) can be written as the Laplace
transform of B(t)

s—1 e¥ oo

yﬂ_ cos (g) nz::las(n) /0 6_% B(t)dt, (2.30)

'The present discussion is very similar to [26,27] where it was shown that one can reinterpret asymptotic

So (L] (y) = —

series with factorially growing coefficients “dressed” by other particular combinations of Riemann zeta functions
as series with simpler coefficients just evaluated at shifted y — y/n with n € N for which it is easier to evaluate
the full non-perturbative completions.



where 6§ — 0, which provides an analytic continuation of the asymptotic tail, valid in the wedge
Rey > 0 of the complex y-plane.

The function B(t) has two singular directions in the complex ¢-plane, argt = 0 and argt = .
Let us focus on the argt = 0 direction, which is the only relevant one for the wedge under
consideration Rey > 0, and compute the Stokes automorphism, i.e. the discontinuity across a
Stokes direction, using Cauchy’s formula

lim. [59 1£7] (y) — S_g [£T] (y)} =S [£] () - 8- [£]] ()

= —2iy*Lcos ( ) Za e 5 , (2.31)

where we have defined the two lateral resummations S4 across the Stokes direction 8 = 0 via
the limit limg_,g+ S+9 = St.

The non-vanishing of this Stokes automorphism means that our resummation (2.30) would
give rise to ambiguities in defining a unique value for the starting asymptotic series (2.24) when
y > 0; furthermore, although our asymptotic tail (2.24) is only a formal object it is nonetheless
manifestly real for y > 0 while neither of the two lateral resummations is.

To obtain a real and unambiguous resummation for y > 0 we have to consider an average
between the two lateral resummations, usually referred to as median resummation [3]:

_ 27mn

Smea [£7] (4) = 82 [£7] (y) + iy cos (5 ZU v (2.32)

This resummation amounts to having subtracted half of the Stokes automorphism (with sign)
from the two lateral resummations S4, in more concrete terms this is equivalent to using a prin-
cipal value prescription to compute the singular integral Sy [EST] (y). The median resummation
is clearly real and continuous as argy — 0.

The Stokes constant cos(%) fixes the imaginary part of the transseries parameter o, i.e. the
overall piece-wise constant (jumping only at Stokes directions) in front of the non-perturbative
terms, to Imo = +icos(%’). We will make the assumption [27] that the complete transseries
parameter does in fact exponentiate, this means we will work under the hypothesis that

o=tz (2.33)

where once more the sign is correlated with the choice of resummation. We have verified the va-
lidity of this assumption by numerically evaluating both the ¢-series and its proposed transseries
to high numerical precision and, at the end of the derivation, we shall provide further evidences
for the correctness of our hypothesis by reproducing some well-known results in certain special
cases.

We can then provide the complete transseries expression for the Lambert series:

m+1 2’/Ty)k71
Li(y) =1 —s)D(1—s)2my)* L+ WC(I —k)C(s +1—k) (2.34)
k=0
+ S+ [E;F] (y) + (Fiy)*™ 12 o_s o ,



valid in the wedge Rey > 0.
Note that the non-perturbative terms take the exact form of the Lambert series (2.3) when
we replace y — 1/y or equivalently 7 — —1/7. So for general parameter s we obtain

. m—+1 (—27Ty)k_1
Lo(y) =¢(1—s)T(1—5)(2my)* " + D T CL=Fk)C(s+1—k) (2.35)
k=0

+ 82 [€7] () + (Fiy)* 'L (;) 7

that we verified numerically to agree with (2.1) for different values of y and s and a precision of
107150'

If we choose the analytic continuation given by the lateral resummation S_ we can rewrite
equation (2.34) to produce a quasi-modular S-transformation replacing y = —it

k—1

m+1 ;
Ly(r) —T71L, (i) = (1= s)P(1 = s)(=2mir)" ™"+ ) (%FZ(T;)
k=0

+8_ [ (r). (2.36)

C1—k)(s+1—k)

Note that we used the lateral resummation S_ defined above but we could have used the di-
rectional resummation Sy along any direction —m < 6 < 0 since all these analytic continuation
coincide on their common domain of analyticity. The modular weight of Ls(7) is 1 — s and we
see that for general s € C the right-hand side can be understood as the modularity gap for
Ls(T), given by a perturbative finite degree Laurent polynomial plus the function S— [Eﬂ (1)
which is analytic in Im 7 > 0 with a branch cut along R~ as one can easily see from (2.30). We
have checked that our modularity gap reproduces precisely the same result as [5].

It is worth emphasising that firstly the non-perturbative terms are captured completely by
the asymptotic perturbative data and secondly they can be rewritten precisely in terms of the
original Lambert series by simply changing 7 — —1/7.

Had we chosen the analytic continuation given by the lateral resummation S1 we can rewrite
equation (2.34) to produce a quasi-modular (—S)-transformation

1 k—1

m+1 ;
£u(r) = (=) (<7) = 61 = 90— )(-2mir)* !+ 2 B

+84 (£ (7). (2.37)

C1—-Fk)](s+1—k)

Again we used the lateral resummation S but we could have used the directional resummation
Sy along any direction 0 < § < 7 as explained above, and the function S; [£]] () we obtain is
analytic in Im 7 > 0 with a branch cut along RT as one can easily see from (2.30).

It is interesting to notice that the two elements S = (9 7j) and —S are both in SLy(Z)
but their action on 7 is the same since they correspond to the same element in PSLs(Z), i.e.
S-7=-S-7=—1/7. Using the slash operator notation (f|sv)(7) = (e7 + d)_sf(g:—is) where
v=(2%) € SLy(Z) we see from equations (2.36) and (2.37) that in general we have

L) = (L] S)m) £ L) = (L] (=)@, (2:38)

1-s 1-s



this means that S and —S act differently on L4(7) for s € C generic. The reason is that for
generic s € C the modularity gap is not a single-valued function. From equation (2.36) we see
that an S transformation has automorphy factor 7°~! while the modularity gap contains the
function S_ [£T] (7) which is a multi-valued function on the complex 7 plane. Similarly if we

perform the transformation —S, the automorphy factor is now (—7)*!

while the modularity
gap contains the multi-valued function Si. [£1] (7).

To summarise, the two different ways to resum the transseries (2.35) using the two lateral
resummations correspond precisely to the two different actions of S and —S on L4(7) which for
generic s € C do not project to an action of PSLy(Z) on Ls(7) because of the multi-valuedness
of both the automorphy factor and the modularity gap. We will shortly see that L£s(7) will be
a genuine quasi-modular form with a proper action of PSLy(Z) only when s is an odd integer.

If the parameter s becomes an integer we can simplify the general transseries (2.35) even
further. Let us suppose that s = m € N is an odd integer. In this case the directional Borel
transform (2.30) does actually vanish because of the cos(ws/2) factor, hence the transseries

(2.35) simplifies to

97 m—1
Loly) = [m¢'(1—m) + 0,1 log(y/273) | 2 (23
m—+1 _on k—1 -
+3 e =B = k) + ()" ().
k#£m

where we used (2.18). Note that the first two lines reproduce exactly the asymptotic expansion
discussed in [7], and we have checked numerically that with the addition of this infinitely many
exponentially suppressed term (2.39) coincides with (2.1) within the numerical precision of
107159 used. We will shortly show that for m = 1 the proposed non-perturbative terms are
crucial and we can prove that (2.39) is exact in this case.

Replacing y = —i7 the above equation gives us the quasi-modularity properties of £,,(7) for
odd integral m:

miT)m L
Lonlr) — 7" L (‘D = €1 = m) + 8y o2 (2.40)
A mir)k1
3 L= k(L= m).
k#m

The function £,,(7) is quasi-modular with weight 1 —m and modularity gap given by a Taylor—
Laurent polynomial in 7 plus possibly a logarithmic term in the case m = 1.

A comment is in order at this point. We see that for £,,(7) with odd integral m both
the asymptotic tail (2.22) and the Stokes automorphism (2.31), related to the non-perturbative
terms, seem to vanish, however our hypothesis that the transseries parameter exponentiates to

+i5 (1-m)

oc=e is now crucial. This is an example of Cheshire-cat resurgence [4,28,29] for which

the non-perturbative terms are still present in transseries expansion for the Lambert series L£4(7)

10



in the limit s — m odd integral despite the vanishing of the asymptotic tail. This analysis is
very similar to what we have observed in [27] in the context of modular graph functions.

When s = m € N is instead an even integer we see that the transseries parameter (i)™~ ! =
Ti™ ! is purely imaginary and its only purpose is to cancel the residue at ¢t = 1 of the directional
Borel transform (2.30) when 6 — 0*%. This is equivalent to a Cauchy principal value prescription
for the integral (2.30) when 6 = 0, hence for s = m even we can write (2.35) as

Ln(y) = [m¢'(1 = m) — (log(2my) — 7 = $(m)) m¢(1 —m)] (277?;/')
m+1 -
2 e — ke m
# 3 ey <R ke (24
k#m
_(_ mﬁﬁ N o_ V. 006_%
(—1ym/2 ; m(n) p. /0 B(t)dt,

where the perturbative part for the m = 0 case has to be understood as a further limit as
discussed around equation (2.19).

We can evaluate the principal value integral of the Laplace transform of (2.29) in terms of
exponential integral functions Ei and obtain

o m—1
Loly) = /(1 — m) — og(2my) — 7 — vm)) m (1 —m)] =2 (2.42)
m+1 _
(=2my)*t .
+k§ T AR —k+m)
k#m

- (-1 m/Qy Za, [eTEi <27m> L e R (27T”>] .
Y Yy

While we have verified that this formula is numerically correct, it is not the most numerically
efficient way of evaluating the Lambert series inside the unit disk. For good numerics it is better
to use Borel-Padé approximants applied directly to the tail (2.22) without using the Dirichlet
series formula (2.23) to rewrite the coefficients.

2.3 An application to Eisenstein series

In this section we want to revisit the well-known case of holomorphic Eisenstein series in our
formalism to provide further consistency checks that the transseries proposed is indeed the
correct one.

11



The generating function for the divisor function (2.3) is closely related to the holomorphic
FEisenstein series

)2 &
Gon (1) = Z N 2¢(2n) + 2(2) Z oon—1(m)q™

e L (2n =Dt
= 2((2n) + GY,,(1) = 2((2n) <1 + 4(132”) Z 02n1(m)qm) ) (2.43)
m=1
2
= 2¢(2n) <1 + C(1_2n)£12n(Q)> .

for ¢ = ™" and n € N with n > 1. Here, we have defined the g-series GY, () that equals
Goy (1) with the constant term removed.

As discussed at the beginning of section 2, we can obtain the transseries expansion for
L_s(q) by applying the fractional derivative operator (g0,)° to Ls(q) for which we have already
computed (2.35). In particular for the present discussion, we are interested in the case where
s = m is an odd positive integer, so it is fairly simple to apply the standard differential operator
(g04)™ to the transseries (2.39) to obtain

CA+m)T(A+m)  (¢(1—m) T 1
et S (O )+ () e, (y) (2.44)

L_m(y) =

where we notice that the second term is present only for m = 1 and vanishes otherwise due to
¢(1 —m) being evaluated at a negative even number.
From equation (2.43) we can easily obtain the transseries expansion for all the Eisenstein

series from the above equation upon setting m = 2n — 1 and y = —i7. For example we have
2
Go(T) = 3 (1 —=24L_1(7)) (2.45)

2 .
T 1 l 1 1
= |1-24( - - — 47722 ([ -=
3 [ <24 AT 247’2+T £ 1< 7'>>:|’

where we used (2.44) with m = 1. We see that our proposed non-perturbative corrections
correctly reproduce the quasi-modularity properties of Ga. We can in fact rewrite £_1(7) back
in terms of G2(—1/7) in the above equation to obtain

Go(T) = 772Gy (—1> 42 : (2.46)

which is a standard result in the theory of modular functions, see for example the classic [30].
Note that in the present case, using equations (A.3), (A.4) and (2.45), we have that the
relation ¢0,L1(q) = £_1(q) is exactly equivalent to:

— 47?1'%77(7) = Go(71), (2.47)

yet another well known identity [30]. Using the same method one can obtain similar known
differential identities for holomorphic Eisenstein series.
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Similarly it is simple to see that for n > 1 equation (2.43) combined with the transseries
(2.44) at m = 2n — 1 reduces to

Gon(7) = 2¢(2n) (1 + gufzn)ﬁl—%ﬁo (2.48)
_ n 2 C(Qn)r(2n> — — 1\ (—ir —2n _l
= 2¢(20) |1+ g (g + 00601 = 20) + (-1 (ir) L1 (1))

— 727 2¢(2n) [1 + C(lf%)clgn (—i)] =7 "G (—i) ,

where we made use of Riemann’s functional equation to rewrite the first term in parenthesis
and used ((0) = —1/2 to cancel the constant term. The non-perturbative terms we propose are
crucial and the above equation manifestly shows the modular properties of the Eisenstein series
as modular forms of weight 2n, i.e. Go,(7) = 772"G2,(—1/7) valid for n > 1.

2.4 Expansions around other roots of unity

The method described by Zagier in [1] and discussed in the present paper below equation (2.7)
allows us to extract also the asymptotic expansion of (2.1) for ¢ approaching any rational root
of unity from within the unit circle.

Let us consider ¢ = e~ 2™+27p/¢ where y € RT and p, ¢ € N co-prime, i.e. (¢,p) = 1. From
the physics point of view we can interpret this setup as an expansion in a background with
non-zero topological angle § = 27p/c and inverse coupling constant 1/g = 27y. In particular
an expansion at a different cusp for instantons in string theory in the context of R* curvature
corrections has been considered in [31]. We stress that our final results will only apply to the
case when c is a prime number but we postpone imposing this restrictions for the moment.

To obtain an asymptotic expansion for y — 0" we make use of the representation for the
Lambert series given in (2.3) in terms of polylogarithms and rewrite the sum into congruence
classes modulo ¢ . e

Es( —i£> - Li, (e~ 27(n+h)7 ghvy 2.49

y—i hz::mzo ( ) (2.49)

where we defined h = h/c, §j = cy and 6 = exp(2mi/c). This analysis is similar to the one carried
out in [27].

As discussed at the beginning of section 2.1 in [1] an asymptotic expansion is derived for
series of the form 3 o #((n + h)§) which, for ¢(§) = Lis(e~2™9"P), is precisely of the form
(2.49) just presented. gimilarly to what we have seen above we only need the Taylor expansion
for Lis(e=2"90"P) near y = 0. However the case h = c has a slightly different expansion, see
equation (2.10), from the h # ¢ cases, so we prefer to split the sum over h in (2.49) into the
1 <h < c¢—1sum and the h = ¢ term which gives exactly the same series discussed above (2.6)
with shifted parameter y — § = cy.

Hence using [1] we have

L (y —1 E) s(cy) + i 2my i ZZEIC ( > Ligi1 g ( thcp) ) (2.50)

=0
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Before embarking on the general analysis, we make a few observations on a special case. The
case c =2, p =1, i.e. ¢ — —1, is the simplest to discuss because in this instance we can make
use of the identities

2
Lis (1) = (2'7" = 1)¢(s)

¢ (k) = @ - 1),

so that equation (2.50) becomes

£ (5= 3) =204 279020 — L) — 2L (), (251)
or in terms of ¢ variable
Lo(—q) =2(1+27%)Ls(¢°%) — Ls(q) — 217°L4(¢h). (2.52)

Of particular interest is the s = 1 example discussed above, for which we have the relation

L1(—q) = 3L1(¢%) — L1(q) — La(q"), (2.53)
which, due to equations (A.3)-(A.4), can be rewritten in terms of the Dedekind eta function
using ¢ = €™ and it becomes

1 = 1(27)°
n 7'—|-> =exu———7"— (2.54)
< 2 n(7)n(47)
a known identity for this modular function [30].
We can obtain similar relations for Re s < 0. In particular for s = —m with m € N we have
Lom(=a) = 2(1+2") L (q®) = Lom(q) — 277" Lom(q") - (2.55)

which thanks to equations (2.45)—(2.48) can be rewritten in terms of the Eisenstein series when
the integer m = 2n — 1 is odd:

Gan <T + ;) = (2+4")G2n(27) — Gaon(T) — 4" G2 (47), (2.56)

and once more ¢ = €*™7. This identity can also be derived from (2.3) making use of the
multiplicative property of the divisor function and equation (B.9) and it is a special case of a
more general identity that we derive below in (2.76), where we also also explain the relation to

Hecke operators.

We return now to the study of the general case (2.50). Starting from

— - 3 27Tcyk R ( > 2mi 12 .
Lo (y—i%) = Luley) +k§0 ;c Ligip (%), (257)
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first we want to rewrite the polylogarithm and Hurwitz zeta functions in the functionally reflected
form. To this end we make use of

; 'k — o
Lis+17k <627Tzhfcp) — M |:Z~67,2(S+1k)<-(k — s,

h
(2m)k—s c

) —ie2 (IR — 51 — h)} . (2.58)
C

where we defined h = phmodc and h € {1,...,c— 1}, alternatively h = p~'hmod ¢ with p~! the
multiplicative inverse of p modulo ¢. Similarly we have

¢ (1 _k, ’Z) _ (2;(:;1 lzc;g (k i) cos <7r2k - 27{[) (2.59)

2T (k) l mk hip~!
2ok ;C (k, c) cos <2 —2m - > .

Hence we can write

Zzllg‘ <1 — k, Z) Ligi1k (em?) B W hzl ZC:C (k: i) ¢ <I<: — s, i‘) (2.60)

X [ezmmc1 cos (F—S> + e_%ihl{l cos (W(S — 2k)>] )

2

where we rewrote ((k — s,1 — %) changing summation variable h — ¢ — h. Note that this
expression is manifestly vanishing for £ > s 4+ 2 when s is an odd integer.
We then obtain the following truncating perturbative expansion for (2.50) when s is an odd

integer?
s\Yy—1 c = - 2 o S .
-2
< et e (o (5) s (52)
2 2
c—1 _
_ l h Rip~] s o Ripl m(s—2k)
; - - S5, = 2mi= - 2 =L T(8—2K)
+c ZC</<:,C>C<IC s,c> (e COS(2)+€ cos< 5 >>]
h,l=1
The terms ¢—* — ¢~ ¥ come from the [ = ¢ term in the sum, while the +1 next to them comes

from the L4(cy) term in (2.57) whose perturbative expansion we have already computed. For
example we have

‘ 3 2im3 3 1173 2(—4mim® — 243¢(3 393
£3<y_z> w | 2in® ((3) | Uaty |y (dwin® - 243((3) | 7y

11580y T 243 2 108 54 180

o-3)-2D)

2While it is not obvious from this expression, the final perturbative asymptotic piece only contains single

(2.62)

Riemann zeta values and no Hurwitz zeta values. This follows from the fact that we can in principle obtain the
expansion at any rational root of unity by an SL2(Z) transformation of the expansion at ¢ = 1 which we showed
above to contain only Riemann zeta values.
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As a check we can see that the only singular term in y in (2.61) comes from the k£ = 0 term
which can be simplified dramatically to

P Py C(S + 1)
£s (y ! c) C 2mestly’ (2:63)

exactly as already derived in a completely different way in [6].
We will focus now on the asymptotic tail which exists for s not an odd integer. Apart from
the £ = 1 term that has to be understood as a limit, we can set k£ to be an integer and we can

rewrite the expression (2.60) as

X COS (%S> [e%ihlpcl + (—l)ke_zmhlpcl} )

Isolating the [ = ¢ term in the above expression we have

c—1

D¢k 1)¢ (k s, i) cos (%‘9) [1 + (—1)’6} = c(K)C(k — 8) (= — 1)1+ (=1)%),  (2.65)
h=1

hence we are left with studying sums of the form

c—1c—1 T o
¢ < ) < —s, ﬁ) eE2mit— (2.66)
1

h=11=

As we show in appendix B, such expressions can be evaluated in terms of Dirichlet characters
for the finite group Z/(cZ) and we assume from now on that ¢ is a prime number.
The final result can be expressed via

pIN
XE(N) = 2757 o (N), (2.67)

where the character xo(N) is equal to 0 when N = Omodc and 1 otherwise. In terms of these
we have (cf. (B.6))

c—1c—1 FL ” 2k s
Zg( ) ( s ) somiti SR TNCET Ty (268)
h=11=1 N>1

The resulting tail is then given by

Lg(y_ip>:_(cy) ;os(”;) 3 <%)k* (2.60)

C
k=s+2

s—1

<D J]fk(]\s[) [Ck_s (x‘(N) + (*1)kX+(N)) + (1 +c % — c_sc_(k_s)> 1+ (=DM,

N>0
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which is very reminiscent of the asymptotic tail (2.24) found previously. We stress that this
formula is only valid for ¢ a prime number.

We can apply the same technique of Borel resummation as performed above, noticing that the
alternating terms (—1)* in the asymptotic tail will produce singularities of the Borel transform
along the negative real axis, hence irrelevant for our discussion of a non-perturbative completion.
As previously argued we will assume that the transseries parameter does indeed exponentiate
and we obtain for the non-perturbative terms

L (y=it) = (ic?y) e (Z m(N)x(N)e‘My)
N=1

C

+ (iey) ™ (L4 e7) L (;y) (i)l lL, <;)
-1

= (icy)* 1L, (@13, —i—ipc> , (2.70)
where we have used the simplification (B.8) derived in the appendix, and again we have picked
the sign for the transseries parameter corresponding to the lateral resummation S_ for the
asymptotic perturbative series (2.61) as previously discussed in section 2.2.

Note that (2.70) is exactly the expected transformation for a modular form of weight 1 — s.
The modular parameter we started with is 7 = iy + % and in the limit y — 07 it approaches a
rational point on the real line which is conjugate, via an SLs(Z) transformation, to the cusp at
T — i00. We just need considering the SL9(Z) matrix

Y= (‘N —M) , (2.71)
¢ -p

with N, M € Z such that Np+ Mc = 1, which is possible since (p,c) = 1. With this choice of ~
we have that v.-7 = ﬁ — Y and it is obvious that N = p~!

C
operator notation we would have that a modular form of weight 1 — s would transform as

mod c. Using once more the slash

(i) () = e 1) = Gy ™5 (= ) (2.72)

2y c

precisely as the above non-perturbative completion.
We also observe that if we consider an average over the non-trivial ¢ roots of unity

ciﬁs (y i %’) (2.73)
p=1

we have that the term x~(N) in (2.70) simply contributes as —1 because of the sum over roots
of unity which leads to

c—1
NP . p 1—s (; 2 \s—1 1 —s\ (5.0 8—1 1 . \s—1 1
- - - - S 5 1 S - - S - .
;:1 L, (y 1 c> c (zc y) L (czy) +e(1+c%) (icy)” L <cy> (iy)° L <y>
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Furthermore it is simple to see that, with the use of (2.60), the sum over non-trivial roots of
(2.57) simplifies dramatically the perturbative expansion (2.61) reducing it to a simple linear
combination of our initial perturbative asymptotic series (2.13)

c—1
Z cr (y —1 %) = —ct=Lf (ng) +e(1+c¢)LY (ey) — LE (y). (2.74)
p=1

Finally we see that each perturbative term combines with a non-perturbative one allowing
us to use our complete transseries form (2.35), so that for prime ¢ we are left with

c—1

Z L (y — z%) = 7L (Py) 4+ (14 ) L(ey) , (2.75)
p=0

which reduces to the special case (2.52) for ¢ = 2. This equation can also be derived directly
from the g-series expansion by using properties of the divisor function for prime c.

When specialised again to the case s =1 — 2n with n € N we can use (2.45)—(2.48) and the
above identity becomes

c—1
S Gan (T + %) = — " Glan(c27) + (¢ + ) Gap(cT) (2.76)
p=0

valid for ¢ a prime number and generalization of (2.56). This identity can be understood by
recalling that the holomorphic Eisenstein series are eigenfunctions of the Hecke operators Ty,
acting on holomorphic modular forms of weight & by [30, Chap. 6]

d—1
(T f)(T) =mF 1Y "dF> " f <m7d+2pd> : (2.77)
dlm p=0

For the case of f = G2, evaluated at argument c¢r and the Hecke operator 7T, with ¢ prime we
have

c—1
e o o S (o 47)
p=0
= 02n-1(c)Gan(cr) = (141 Gan(er), (2.78)

where the second line uses the known Hecke eigenvalue og,_1(c) of Ga,. This last equation is
equivalent to (2.76). The Hecke algebra allows obtaining relations similar to (2.76) for Eisenstein
series in the case when c is not prime.

We note that the general Lambert series £ defined in (2.3) is an eigenfunction of the Hecke
operators as the divisor sum satisfies the requisite property

N d o (%) = o_y(m)o_s(n) (2.79)

dln,m
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for any s and m,n > 0. The constraint on the sum is that d has to be a divisor of both m and
n, i.e. a divisor of ged(m,n). The Hecke eigenvalues are

ToLy = o_s(n)Ls, (2.80)

and our Lambert series is clearly Hecke normalised, i.e. the coefficient a; in front of the ¢! term
in the g-series expansion (2.3) is simply a; = 1. This could also be used to obtain expansions of
L around roots of unity when c is not prime. One does not require exact modularity of L, for
this, the almost modular transformation with weight £k = 1 — s is sufficient.

3 Generalised iterated Eisenstein integrals

We now return to the study of the more general g-series

Sapla)= Y n om g™, (3.1)

n,m>1

for which clearly we have S, 3(q) = Sg.(q). This series converges absolutely for all o, € C
provided |g| < 1.
Similar to the treatment for Lambert series it is very simple to show the following identities

Saple) = 3 222 v _ 5 ZaalN) (3.2)

N« NB
N>1 N>1
= Zn*aLi[g(q") = Z m*fBLia(qm)
n>1 m>1

= (q0q) " Ls-a(q) = (q0q) " La—p(q) ,

where again the operator (gd,)”* is to be thought of as a fractional derivative or fractional
integral operator, depending on the sign of a. (Similarly for (¢d,)~?.) Furthermore we also
have q04Sqa,3 = Sa—1,8—1 which will be useful later on.

Once more we will make use of [1] and, as discussed at the beginning of section 2.1, we
change variable ¢ = e~2™ and rewrite

Sas(y) = y™ Y _(ny) *Lig(e >™) = y* Y _ dap(ny), (3.3)

n>1 n>1

where ¢q 5(y) = y_aLiﬁ(e_ZWy).
Proceeding as we did before we first obtain, using (2.10), the expansion of ¢, g(y) near y = 0

x k,k—a
bupl) ~ @) 1yP=o = )+ CEE gy, (3.4
k=0 ’
while the Riemann term is given by
Iop= /0 bap(y)dy = 27)* ' T(1 = a)C(F — a+1). (3.5)
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Note that this integral is convergent only for Rea <1 < Reff or Rea < Re 8 < 1, however the
asymptotic expansion we will derive will actually be valid for all o, 3 € C. The reason is that
for the integral I, g to be divergent, ¢, g(y) must have non-integrable singularities y~* with
Res > 1 at the origin but these singular terms can be treated separately, see [1], and we can
view the expression above as the correct analytic continuation valid also outside the domain of
convergence of the integral as a function of o and 3.

Proceeding with the method described in [1] we have the asymptotic expansion

oo o k; [o.¢] B
> a,s(ny) “B 4 (27)P7ID(1 — B) > (gt + Z f@ ) > () (3.6)
n>1 y n=1 k=0 n=1
which we analytically continue to derive the asymptotic expansion for S, g(¢q) when ¢ = e~ 2™y
and y — 07
Sa5(@) ~ T(1 = @)((B — a+1)(2my)* " +T(1 = )¢ — B+ 1)(2my)" ! (3.7)
L (—2my)k
+ 3 ok b,
k=0

which is manifestly symmetric in o <> 3.

Note that for generic «, 8 € C the above expression — although completely regular — is
actually a factorially divergent asymptotic series, furthermore when « and/or 8 become integers
(2.1) or when @ — 8 we have that various terms appear to be singular, however by taking
the appropriate limits, as discussed previously in section 2.1, we can always obtain a perfectly
regular, asymptotic power series which only in special circumstances will be truncating as we
will shortly see.

3.1 [Iterated Eisenstein integrals

As we have seen in (2.43), the Lambert series L5_,(q) for 8 —a =1 — 2n with n € N is very
closely related to holomorphic Eisenstein series without the constant term. More precisely, we
have for the holomorphic Eisenstein series Ga,(q) without constant term denoted by GY,(q)
n (2.43) that

G3,0) = Ganla) —2(2n) = == =01 L1 ula). (3.8)
Consider then a fixed  —a = 1 —2n and a non-negative integer c. Then (3.2) shows that S, g

leads to B-fold integral of GY,, i.e. an iterated Eisenstein integral of the type studied in the
literature. To make this connection more precise, we use the notation of [13] and define

G (@) G (ar)
Eolkiy ... kpyT) = —17'/ dlog q1 - - - dlog g, ——  eaapu e 3.9
(h )= 0<q1<<gr<q ' (2 (2mi)h 39
where the k; are integers in the set {0,4,6,8,...} and by convention G§ = —1. The number

of non-zero k; is called the depth of the iterated integral. In the present work we shall only
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encounter iterated integrals of depth one, i.e., there is only one non-trivial Gg but it can be
integrated many times. The definition (3.9) excludes the case k = 2, corresponding to the non-
modular Eisenstein series G2 however our analysis can be used to obtain expressions for iterated
integrals also of Gi2. The general g-series expansion of the iterated integral (3.9) can be found
in [13, Eq. (2.21)].

Our g-series are related to the iterated integrals (3.9) by

254,8(q)
(a=p)”

where we assume that @« — 3+ 1 = 2n and « is a non-negative integer forcing 5 to be an integer

Eola—B+1,0007) = (3.10)

as well, while 0! is a shorthand notation for o — 1 successive zeros. In this formula we have
also taken without loss of generality o > 3. Special cases are

Eo(k, 071 7) = —w, (3.11)
6ok, 0" %) = - T

with k£ > 2 even integer.

Note that in the present work we are following the convention for iterated integrals given
n [13]. The integrals (3.9) under consideration can be written as linear combinations of powers
of 7 and the objects:

) ) ) 100 100 100
gl 2 ]T; 7| = /TngkT(Tr)dTr/ Ir— "G, (Tro1)dTe—y lelel (11)dr, (3.12)
ki ko ... Kk
T Tr T2
where again k; are even positive integers and j; are non-negative integers.
The theory of iterated integrals (3.12) was developed by Brown in [8]. As thoroughly ex-
plained in [13] one can easily convert Brown’s integrals (3.12) to (3.9) however in the present

work we will only be working with depth one iterated integrals for which we have

2mi)P it (=D ag g 2((k) (2mir)Pt!
(;!g [z; T] - az:(:) (z(o—l)!(%m)p Eolk, 0% 7) - (2C7r(z'))k ((p +)1)! ’ (313)

or the inverse relation:
(2mi)pti=k & (P pea s |a 2¢ (k) (2miT)Pt?
Eo(k,0P; 1) = 1)!2)(_1) <a>7p Gl +(2m')k PR (3.14)
2¢(k) (2miT)Ptl
(2mi)k (p+1)!

The endpoint divergences at the cusp 7 — 700 of the above integrals have to be understood

a=

2 A\p+1—k
— 7( 7”;‘ / (T — Tl)ka(Tl)dTl +

in the sense of tangential-basepoint prescription as described in [8], in practice for the present
case this simply amounts to the prescription [ 7dr = —7PT1/(p+1).
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3.2 Laurent polynomials of iterated Eisenstein integrals

We will first be interested in iterated integrals & (k, 0¥=2~% 7) which means o = k — £ — 1 and
B =—0 with k>2even and £ € Z, i.e.

o 255—e-1.—¢(q)
pooe, oy 2Skeo1,0(0)
EO(kao 77—) (k}—l)'

(3.15)
Since k is even « and  have opposite parity. The cases (3.11) correspond to two special values
for £, namely £ =0 and £ = k — 1. The case £ = 0 corresponds precisely to the quasi-modular
objects Ly_1(7) studied above in section 2, while ¢ = k — 1 corresponds directly to the modular
Eisenstein series GJ(7), see (3.8).

When « and /5 have opposite parity and are related to k as above, the asymptotic series (3.7)
actually truncates after n > o + 1. Note furthermore that the first two terms can be singular
for «, 8 tending to integers, however, in this limit they are precisely compensated by the terms
with the same powers of y coming from the series, i.e. the n = a—1 and n = 8 — 1 terms, which
are also singular to produce a finite result.

For example, we obtain the following asymptotic expansions

2 < ™ ¢B3) 7y (B3’ 7r3y3)
_g - 7 < _’_7 s

2 2
4 . = — — = —— ~ —_—

9 p
Eo(4,057) = =55 -1(q) = —g(qaq)ﬁza(q)
2 ™ iy
~ T3k (—2m) <_ o2 Tas BT ) ’ (310

2 2 _
50(4707070;7—) = _554,1((]) = _g(an) 1[’3(Q)

2 x (=2m) (m’log(2my) ('(4) (B)y 7y (B’ 7yt
Y <180 _27r_2+72_6+720>’

~

£0(4,0,0,0,0;7) = ~= 855(0) = = (40,) Ls(0)
2l (Polesm) | 49 Py ¢, (ot 7

~

3! 180 24 180 2w 4 216
_ Byt Ty
24 3600 /) °

We will refer to these as (holomorphic) Laurent polynomials of iterated integrals and the par-
ticular cases above have already been given in the literature [10,11,13,23]. The novelty of our
approach is reflected for example in the constant ¢’(4) term present in the £(4, 0,0, 0; 7) expan-
sion, while everything else could have been derived either by differentiation or integration from
the Lambert series £3(q) studied above. This term is an integration constant that is difficult to
determine in the approach of [13] which relies on the Cauchy—Riemann equation satisfied by the
iterated integral.

30ur formulas will also provide generalisations of (3.9) since in principle the parameters a and 8 need not be
integers so that a direct interpretation of (3.2) as a bona-fide iterated integral is unavailable.
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An example of such a Cauchy—Riemann equation following from the definition (3.9) is
0:&0(4,0,0,0; 7) = 2mi&y(4,0,0; 7) (3.17)

and integrating this directly as a holomorphic function requires fixing one integration constant

which can be fixed by studying the modular behaviour.*

Here it follows directly from a limit
of our general formula (3.7). Had we studied &(6,0%;7) we would have found ¢’(6) appearing
and so on. The particular coefficient (’(4) plays a role in the one-loop four-point amplitude
of the open superstring [32, Eq. (4.22)]. It is easy to generate the integration constants in
Eo(4,0%H: 1) = —%(qﬁq)*eﬁg(q) for any ¢ > 0 and the cases £ = 1 and ¢ = 2 are shown
n (3.16). Doing this one finds that the transcendentality of the integration constant is 3 4 ¢ as

can be seen from the general formula (3.7).

3.3 Transseries completion and modular properties

From the asymptotic expansion (3.7) it is simple to derive the non-perturbative corrections
following the same line of reasoning as the one applied to the Lambert series in section 2.2.
Using the functional equation for the Riemann zeta functions we arrive at

Yyl & ktl—a T(k+1—a)l'(k+1—
Sap(a) = - Za,g o Z(Qin) Ao Dk F(k)+(1)+ b) (3.18)

o () -0 ()

which for 8 = 0 and « = s reduces precisely to the Lambert case (2.24). We stress again that for

«, B integers of opposite parity this tail does actually truncate as is manifest from the cosines.
One can define the Borel transform in this case as

Ztk 8 k;;)ﬁ) [cos (W) — (=1)* cos (““;mﬂ (3.19)

— (1)t [COS (W) (1 =ty — cos (w) e t)ﬁl] |

which clearly has two singular directions for argt = 0 and argt = w. Note that we chose in here
a slightly asymmetric form in « <> § only to obtain a simpler Borel transform, we could have
insisted in using expressions symmetric in « <+ § and the Borel transform would have become
a hypergeometric function 9 F; without changing anything important in what follows.

From this Borel transform it is simple to compute

lim Sy [Sqs] (v) = S-0 [Sa 5] (v) = S+ [Sas] (v) — 5= [Sa 6] W)

9—>0Jr

— Z { 2i cos (O‘;B)ﬂ @2m) Py og a(n)e v U (5, 148 —a; 27;") . (3.20)

4Also, Enriquez’ method to infer such integration constants from B-elliptic multiple zeta values does not apply
here (cf. appendix of [13]) since &y(4,0,0,0;7) cannot be realised as an elliptic multiple zeta value.

23



where U denotes the confluent hypergeometric function.

Assuming as we did above that the transseries parameter icos(m(a + 3)/2) exponentiates
to 0 = exp(+i5 (1 — a — 3)) we obtain that the non-perturbative completion of the asymptotic
series (3.7) becomes

8
0p—al —2m 2mn 2mn
Sap(y) = (Fiy)* ! Z ﬁ op-aln), (y) (6, 148 —a y> (3.21)

wwlz“ﬁa 622”2%(,5, L.
m™mn

where the sign is according to the direction we choose to resum the Borel transform of (3.7)
and in the second expression we rewrote U (8,14 3 — o;2) = 2 9 Fy(a, B; —271) to make the
symmetry « <> § manifest again. In particular notice that for the case «, § integers of opposite
parity the asymptotic tail vanishes and there is no Laplace integral to be performed, o + 5 — 1
becomes an even integer and hence the sign does not matter so that, passing to the variable
T = iy we have

00 .
. P Oé-‘rﬂ—l 0'5,04(77,) _27rTn7,' . 1T
Sa,ﬁ(T) - Sa,B(T) +7 7; nB € 2F0 a, 57 omn )’ (322)

where S¥ 5(7) is a Laurent polynomial (plus possibly logarithmic terms) obtained by (3.7).
For a, 8 generic we have that the perturbative series does not truncate and are left with

Sap(t)=T(1 - a)((B—a+ 1) (—2miT)* ! + F(l — B)¢(a — B+ 1)(—2miT)P~1 (3.23)

5 5Ta] () Y Tl o (5T
2mn

where S_ [SOTl ] (1) denotes the lateral Borel resummation of the asymptotic (non-truncating)
series (3.18), i.e

(271' (—it)* ! &

S-[Sapl (1) = Zaﬁ a(m)T(1 = B) (3.24)

X /Omm5 e~ T [cos (ﬂa;ﬁ)) (1— )P — cos (W) (14 t)ﬁl] dt

with —m < ¢ < 0.

Note that this integral is not necessarily convergent near ¢t ~ 0, but only because we decided
to resum via Borel transform the complete asymptotic series (3.18), while to have a convergent
expression we should have first split the asymptotic series (3.18) into a finite order polynomial
by keeping 0 < k < [Re ], with [Re o] denoting the integer part of Re «r, and an asymptotic tail
k > [Re ] that we can Borel resum with a genuine convergent integral. However for simplicity
we prefer to present (3.24) and interpret it as analytic continuation in « and this will produce
the same results.
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We can rewrite both in (3.22) and (3.23) the oFj in its (asymptotic) Gauss series form to
obtain the suggestive

Sap(T) =S5 5(1) + > (a)%(!ﬁ)m
m=0

7_(1+,6’+m71
(—2mi)™

1
Satm,B+m <_T> ) (3.25)

where we denoted schematically with S(S, s (1) either the truncating perturbative expansion ap-
pearing in (3.22), or the perturbative Borel resummed expansion appearing in the general case
(3.23). This expression suggests that the functions S, g(7) transform as a vector-valued quasi-
modular form, with weight 1 — o — 8 and modularity gap given by 71——# Sg 5(7) where the
perturbative part is intended as above.

We want to stress again two important points: firstly that the non-perturbative corrections
are completely encoded into the asymptotic perturbative data; and secondly that the non-
perturbative terms can be written precisely as a (possibly infinite) linear combination of our
original functions S,/ g/(—1/7) evaluated at S-dual modular parameter. This phenomenon that
the non-perturbative corrections provide exactly the S-dual vector-valued modular completion
of the asymptotic power series is closely reminiscent of the analysis carried out in [33] in the
context of 3-dimensional N' = 2 Chern—Simons theories.

Going back to the iterated integrals &y(k, 027 7) we need to consider Sk—t—1,—¢(7). In
particular we have two special cases ¢ = 0, corresponding to &y(k,072;7) and £ = k — 1
corresponding to & (k,0~%; 7). The key fact is that in both cases the o Fy in (3.22) reduces to 1.
Let us focus on the ¢ = 0 case first which give us

_ 2 _ = _27mni
Eo(k,0F%7) = = [51151,0(7) + 72 Zal_k(n)e = ] (3.26)
’ n=1
_ 2 P k—2 k-2, 1

where 5,57170(7) is precisely the Laurent polynomial obtained for the original Lambert series
(2.20) for m =k — 1 odd.

The above equation tells us that & (k,0%2;7) is a quasi-modular form of weight 2 — k with
‘modularity gap’ given by 72*kﬁ55_1’0(7). We can derive the same expression starting from
Brown’s version of the iterated integrals (3.14). Changing integration variables 71 — —1/7 and
using the modularity properties of G(7) we can easily derive

r(T) 2¢0(k) (771 + 7FY)

_ _ _ 1
Eo(k,Ok 2;7') = @) (k= 2)1 + (2ri)(k — 1! + 7*2¢&, (k,()k 2. —7_) , (3.27)

where 7(7) is precisely the period polynomial [34] of GY (using the tangential-basepoint regu-
larization as mentioned above):

ri(T) = /OZOO(T — )" 2GY(r1)dm (3.28)
) R (k=2 ()2 k) 4,
- _4g(1 — k) nzo (k—2—n) (2mi)nt T
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where in this expression we have already explicitly evaluated the L-series associated to Gg using
(2.43).
We can then rewrite the Laurent polynomial discussed above

2 rk(T) 20(k)(r "+ 75
- ———5F = 3.29
(k—1)! k-10(7) (2mi) (k — 2)! 2mi)(k—1)! (3:29)
which is then guaranteed [8,34] to satisfy the cocycle conditions
5,5_170(2 (A+8)=0,  SP,| a+v+vY=0, (3.30)

where U = T'S = ( _(1)) and the notation means the sum of the actions of the SL(2,Z) group
elements.

1 1.y _ Gl
For the { = k — 1 case we have & (k,07";7) = CEoLE where
o o (2mi)F . (2mi)
— _ = _ . ].
Gi(q) (k_l)!n§>10’k 1(n)q (k:—l)!ﬁl k() (3.31)

is the standard holomorphic Eisenstein series without constant term. We can specialise equation
(3.22) to the case £ = k — 1 and obtain

_ 2 _ > _2mni
Eo(k,0717) = G [s};lk(q) +777> opi(n)e = ] (3.32)
’ n=1
_ 2 P —k —1. 1
= —mso,kk@ +77"& <k‘,0 ,—T> :

It is simple to realise that

S(PJ),lfk(q) = (qaq)k_lslil,o(Q) = (zm)l_kaf_lslil,o(ﬂ - C((Qljzzl;()i) B C(2277_2'7']{:) - CEI;BTI;)(?
(3.33)

where we notice that the second term is non-vanishing only for k¥ = 2 (remember k is an even

positive integer). Rearranging the terms we obtain

1

T

21

L) +20(k) = 7GR (= =) + 20 (0)] + ok (3.34)
which is precisely telling us that the holomorphic Eisenstein series G¢(7) = G(7) + 2¢(k) are
modular forms of weight k for £ > 4 even and quasi-modular for k = 2, as we had already
derived before in section 2.3.

To understand the modular properties of the iterated integrals & (k, 0F~2¢; 7) we now have
three interesting intervals to consider: ¢ = —f € {0,...,k — 2}, £ = —f > k — 1 and finally
{=—p<0.

The first two intervals are the easiest to understand and the key property is that when the
parameter (3 is a negative integer the hypergeometric function appearing in (3.22) is actually a
polynomial of degree ¢ for £ = —3 € {0,...,k — 2} or of degree { — (k — 1) for { > k—1. In
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particular, given the discussion above, we notice that for £ > k — 1 we are actually just taking
[—(k—1) derivatives of the holomorphic Eisenstein series G(—1/7) which is a modular function,
hence the modularity properties will be “spoilt” by the derivative but they are very simple to
recover.

For the case & (k,0"27% 1) with £ = —3 € {0, ...,k — 2} we can just expand the hypergeo-
metric function in (3.22) to obtain

4
D(k—1—p) (O\7Th 2P 1
k—2— Z k—2—-p. -~
Eo(k,0 => : 1 0) <p> OO &o <k,0 ; T) (3.35)

p=

2

- Waﬁslf—l,o(Q) )

and note that (2mi)~¢04SY | (¢) = SY |, ,(g). We can also invert the above expression

4 1 Flp+2—k
(s ) B () oot

+ r\?]@afsif—Lo(Q)] ;
which reduces to the two special cases discussed above for / =0 and £ = k — 1.

This equation nicely exhibits an upper triangular structure where the S-transformation of
Eo(k, 0F=2=4; ) involves all other iterated integrals & (k,0¥=27P; 1) with p € {0, ..., ¢}. It should
thus be thought of as a finite upper triangular matrix. If we consider all the &y(k,0¥27¢; 1)
with £ € {0,...,k—2} as a (k—1) dimensional vector, we then have that under S-transformation
this vector transforms with a (kK — 1) x (k — 1) upper triangular matrix (plus a (k — 1) vector
of cocycles, i.e. the Laurent polynomials in 7). This vector can be thought of as arising from a
(k — 1) dimensional representation of SLy(R) [8,11].

This finiteness property of the S duality transformation does not happen in the remaining
case to analyse, i.e. the case £ = —f < 0, for which it is worth noticing that this range of
parameters lies outside the class analysed in [8]. Let us consider for example &y(4, 0,0, 0; 7) for
which o = 4 and § = 1. Using (3.22) we have

o_ 3 2mni
£0(4,0,0,0;7) = £F(4,0,0,0; 7) 42 7-3(n) 2= 2 Fy (4,1,2n>

T 1
=&5(4,0,0,0;7) + 742(4),0 <27r) & (4, 03+P; —T> , (3.37)

p=0

where the perturbative part £} (4,0,0,0;7) was presented in (3.16). It is manifest that the
S-transform of an iterated integral outside the range ¢ < k — 2 produces an infinite tower of
higher and higher iterated integrals, it is only for & (k, 0¥~2~¢; 1) with ¢ > 0 that we produce a
finite upper triangular tower. As we have already mentioned this case does not fall within the
class of objects studied in [8,11], however it is tantalising to think that perhaps this case might
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correspond to an oco-dimensional representation of SLa(R) (such as a Verma module) rather
than a finite-dimensional one.

We notice that our dictionary (3.15) between iterated integrals and the g-series studied is still
meaningful even when we consider k& € N odd, for example by slight abuse of notation & (3, 0;7)
can still be understood as genuine iterated integral of the g-series £_2(q) = >, <, 02(n)q" as in
(2.3). -

We can then consider &(k,082;7) with k& € N odd and proceed as above to derive its
modular property under 7 — +S7. The only difference with the k even case (3.26) lies in the
fact that the perturbative series does not truncate in this case. Using (2.36)-(2.37) we know
that the new “cocycles” will not be Laurent polynomials (3.29) any longer but rather they will
be given by the multi-valued lateral resummations (3.24) S+ 557170 (7). It would be extremely
interesting to understand whether one can generalise the cohomological arguments of [35] to
accommodate for this more general case of multi-valued “cocycles”.

As a last comment for this section, similar to the observation at the end of section 2, we
note that the g-series S, g(q) defined in (3.1) has weight given by £ = 1 — a — § and it is an
eigenfunction of all Hecke operators T), that were defined in (2.77). Using the property (2.79)
and the expansion (3.2) it is easy to show that

T0Sa8 = n_Bag_a(n)Sa”g =n"“0q—p(n)Sa s, (3.38)

for any o and 3, and clearly S, g is Hecke normalised. Given the relation to iterated Eisenstein
integrals of depth one stated in (3.15), this means that we have also

TEo(k, 057274 1) = n 1 %o (n) & (k, 0F7275 7). (3.39)

Some connections between Hecke operators and iterated integrals were explored in [12].

4 Single-valued prescription

In this final section, we study the relation between our results and the elliptic analogue of the
single-valued map (denoted esv in what follows) [13,22-25]. From a string theory perspective,
the map esv is meant to provide the one-loop generalisation of the single-valued relation between
open and closed string tree-level amplitudes [36-43]. Unlike the tree-level case the exact form
of the map esv is unknown with conjectured pieces of it given in [13,22,24], and for the present
discussion we will mainly use the ingredients of [13,24]. The g-series S, g(q) was related to
holomorphic Eisenstein series for special values of o and 3, but also produced generalisations
thereof. We shall now investigate how the images of S, g under the elliptic single-valued map
are related to non-holomorphic Eisenstein series.

To explain expressions to which the map esv can be applied, we begin, following [13], with an
iterated integral over the A-cycle of the genus-one string torus, apply an S-duality transformation
to obtain an iterated integral over the B-cycle. Here it is important to start with zero weight
expressions which at depth one means according to (3.25) that we need to consider the case
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a—+ B =1, or equivalently o = k, 8 =1 — k and study
2
&2k 0F Ly = __“ g 4.1
0( ) 77-) (2k') k,1— k( ) ( )

where for the moment we will consider £ € N\ {0}. The above can be thought of as the ‘balanced,
weight zero, middle case’ in terms of possible iterated integrals. Let us first consider

e

using the general formula (3.35) and then apply the esv prescription. Specialising (3.35) to
k — 2k and £ — k — 1 we have

—FF((Q:)) & <2k, k=L —i) :Zé L2k - 1 L) (k ; 1) (=2miT)PHL=RE (2K, 0% —27P, 1)
+ Fé)s};_k (-1) , (1.3
wich can be rewritten as
—1;((2:))50 <2k, 0k, —i) =— —27iT) :z: <2k —2- p) (_2”;!T)p_k€o(2k, 0%=27P. 1)
+ F( Skl k( ) (4.4)

Before applying the esv prescription let us focus on the purely perturbative truncating part
obtained from (3.7):

Stie (1) - (%)k P — k(2 - 28)

T

n (L) C(2k) + Z 27”/7 —n)C(1—k—n). (4.5)

211

At the present time we are interested in the case of k € N hence the first term and the n = k—1
in the sum have to be rewritten making use of Riemann’s functional equation to arrive at an
expression containing only zetas at positive arguments given by

it ()
@k =314k i\ 1 Bog g, [(—inT\"
= =2k =1) ( 2 > C(2k = 1L+ CO) + (- G ( 2 )
k—2
2K, (wlke+n)\ C(k—n)C(k+n) i (2k—1)1 C(2Kk)
+2 knomm( 2 ) F=n Gy 2 (k— )l (—inr)k -
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The ¢(0) part of the first term comes precisely from the n = k — 1 term in the perturbative sum,
while the last term in the above expression comes from the n = k term.
The (conjectural) esv prescription amounts to (for n > 0) [13,24]°

T — T—T=2m= er—y ,
esv : £ = 2Reb, (4.7)
¢(2n) — 0,

(2n+1) — 2¢2n+1).

—inT
2
hence we see that once we apply esv to (4.6) only the first two terms survive: in the sum the

—iTT

so that esv( 5 ): Y;

Note that in all above expressions we used the combination

cosine forces k and n to have the same parity, which implies that both ((k 4+ n) are even zetas
and the last term is directly an even zeta. Putting (4.4) together with (4.6) we arrive at

esv[ ERACIOPS <2/<;, 01, —i) ]

(%)
= (2k —2—p\ (4y)r* ~2-p
—8yF(2k)p:o< k-1 ) o [50(%’0% )

where Ej denotes now the non-holomorphic Eisenstein series in the normalisation

e S

2k
oo 17T
20K 20— PER-1)
- gk 2 L (k)mk=1/2 2
4./T )
+F\(/k§ Z al_gk(]n])\n|k_%e2m”TlKk7%(27T|n|72). (4.9)
n€eZ\{0}

In the above formula we have shown the general Fourier expansion of the non-holomorphic
Eisenstein series that is valid for any value of k. If k is an integer the Bessel function has an
exact expansion for large 7 that gives a rise to an explicit series in ¢" + ¢" that agrees with the
one of the real part of the iterated Eisenstein integral. Our expression (4.8) matches precisely
equation (2.34) of [13].

Let us try and repeat this analysis for the case k generic. In this case the expression
Eo(2k, 01 —%) cannot really be thought anymore of a proper iterated integral, e.g. for k = 3/2
we would have &y(3, 0%; —%) so a fractional number of integrations. We will however interpret
this as its associated g-series expansion and start again from the expression in terms of Sy 1

- 1;((2]?50 <2k,o’“; —i) = F?lg)sk,l_k (—i) : (4.10)

via

®The variable y agrees with y in [13] and is introduced here to ease the comparison.
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We have to consider now the general case (3.23) specialised to o = k, 8 = 1 — k. Let us begin
with the non-perturbative terms

2 1 2 X o1_ok(n) 9o ,
7SNP —— | = 1-2 2mniT e 11— k‘ B L1
L'(k) "“’1"“( T) F(k:)nz::1 ni-k ¢ 20D %m (4.11)

9 = o1—2k(n) ik ' '
:r(k)nz::l Ao 4" (=2minT) "0 U(1L = k.2 = 2k; —2minT)

We can apply the esv prescription is a simple way now via 7 — 2ims and ¢" — ¢" + ¢ (note
that for this prescription we think of ¢ as independent of 7) and after rearranging the sum we

NERNE)

obtain

2 0'17219(’77:‘) 2minT ,—2m|n|T 1—k
neZ\{0}
4 .
= r\(/k? > avan(lnl) [nl* 2T, (2ninin) (4.12)

nez\{0}

where we rewrote the confluent hypergometric function U in terms of modified Bessel function
of the second kind K. For k integer the Bessel function reduces to a spherical Bessel and can
actually be written as an exponentially suppressed term e~ 2™ times a polynomial of degree
k —1in 1/7o. This is the reason why in the single-valued prescription for the k integer case,
given by equation (4.8), we only have a finite sum over iterated integrals.

For the present case of k generic the Bessel function does not truncate but it is still expo-
nentially suppressed as 79 — +o0o. Let us move to the first two perturbative terms in (3.23)
which after the S duality transformation 7 — —1/7 are of the form

2

271 k-1 2 T k
(k) <T> P =k =20 + 55 (55) Tk)c(k) (4.13)

2r(1;(—k)§7)ri(211;2— 1) <—2if>1—k ) QCT(jk) <_2”>k ;

similarly to what we obtained above for the integer k case but with two major differences.
Firstly we notice that for k generic ((2k — 1) and ((2k) will remain untouched, and we are
not aware of a similar extension of the single-valued map applied to the zeta function at a
generic argument. Secondly we see that the term containing ¢(0) in (4.6) is now absent from
the asymptotic perturbative series (3.24)

S_1SF 4] <—i> = i o1-2¢(n) (=2minT)" ™" U1 — k, 2 — 2k; —2minT) (4.14)

nl—k
n=1

~Z 2Dk~ myc(1 — k—m)
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where we evaluated the Borel resummation (3.24) for the particular case o« = k, 3 = 1 —k, which
we know is asymptotic to (3.7). We note how similar the resummed asymptotic perturbative
series is to the non-perturbative terms (4.11) with the only difference given by the absence of
the ¢" term in the summand.

In this general k case we are not aware of any argument why the esv prescription should
remove the resummed perturbative expansion, hence we obtain the expression

esv[r(zk)sk,l_k <_i> ]
e[RRI (i) (Y g ()

ey ()
k

k)
20 (k *%)C( Ak 22 ) s
()mh= " a2 T T()

; esv[rfms[saml (-2)]

— By(r) +esv[r(2k)5 ST, ] <—i> ]. (4.15)

S ora(nl) [z, 1(27|n|72)
neZ\{0}

where again Fj(7) denotes the non-holomorphic Eisenstein series for any k. It is interesting to
notice that the case k half-integer has to be understood as a limiting case of the generic case,
in particular the coefficients of the term 7‘ -k desplte being now a zeta even ((2k — 1) is not
projected to zero, while the coefficient of the 7§ term despite being now a zeta odd ((2k) is not
doubled by the esv prescription.

The case k integer is very subtle since both the 7' k¥ and 7§ have non-trivial esv projections
and must be combined with esvS_ [SkTJ_ & to produce equation (4.6). It seems that for generic
k it is only the multi-valued analytic function S_— [S,Zl_k] that produces an obstruction to the
equivariance under SLg(Z) of esv Sy 1_j in the sense of [11]. It would be extremely interesting
to understand the role played by the resummed perturbative series S— [Sk 1) from an iterated
integral point of view and possibly find a modified esv prescription that would take care of it.

Finally we notice how the functional equation I'(k)Ey(7) = T'(1 — k)E1_¢(7) can be easily
derived using the symmetry of Sy 1_(7) = S1_ & (7).

A An application to ¢-Pochhammers

In this appendix, as a further check of our proposed transseries expansion, we analyse a particular
case of the Lambert series (2.1) directly related to a certain ¢g-Pochhammer symbol.
The g-Pochhammer symbol is defined as the infinite product

o0

(a,9)o0 = [J(1 = ag™). (A1)

n=0
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By setting a = ¢, the g-Pochhammer symbol can be related to the Lambert series at s = 1. The
proof is straightforward once we use Lij(¢) = —log(1l — q)

Li(g) =) Lia(g")=—) log(l—¢") =—log [ 1—q-¢") = —log(g.0)es,  (A:2)
n=1 n=1 m=0

hence we have

(¢, Q)oe = e 51D, (A.3)
The g-Pochhammer symbol is also closely related to the Dedekind 7 function via
(4:0)o0 = ¢ /**0(7), (A4)

2miT is the square of the nome.

where 7 is the half-period ratio and ¢ = e
Since equation (A.3) relates the g-Pochhammer (g, ¢)oo to the Lambert series £1(q), we need
to specialise equation (2.39) to the m = 1 case and obtain
Laem) =BV L Tt ) 4 (e ), (A.5)
where again ¢ = exp(—2my).

Passing to g-Pochhammers we have

(6—27ry7€—27ry)00 —_ L el%(y*y_l) (6_2-7”, 6_2-7”) , (A6)
9]

VY

or equivalently going back to the ¢ variable

(4,000 = 2 ot g7 (eﬁfi, elii) : (A7)
log(1/q) o

4r?
Note that for ¢ — 1= we have elea — 0 and since (0,0)oc = 1 we have that (A.7) can be

approximated by
27 %
~ [ ————efleig A.
(Q7 Q)OO log(l/q)e gqq 24 ) ( 8)

Using formula (A.4) we see that the proposed transseries does indeed produce the correct

as already derived in [7].

transformation under the action of the modular group. Starting from (A.6) we use y = —i7 so
that 1
2miT _2miT _ "—”(7'—1—7-*1) ( _2mi ,m)
e“™ e = ——e¢l e T ,e T , A9
( Jo = 57 . (A.9)

g 2n(r) = L q‘Qlﬁln(—l), (A.10)

n(r) = L (—1> : (A.11)

This supports our claim that the transseries parameter does indeed exponentiate the way we
presented.
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B Dirichlet characters and Hurwitz sums

In this appendix, we derive some of the intermediate identities used in section 2.4 when studying
the limit of the Lambert series Ls(g) for ¢ approaching a rational root of unity e~ 2myt2mip/e wWith
y — 07 and p and ¢ co-prime integers.

Our first object of study appears in (2.66) that we recall here for convenience:

c—1 c—1 T
l h it
¢ <k c) ¢ (k: _s, c) it — (B.1)
h =1

h=11

The Hurwitz zeta has the following Dirichlet series representation valid for (¢,1) =

B L) = S Lok B
( ,C)—ngo (h). (B2

where ¢(c) denotes the Euler totient function of ¢ and the sum runs over all the Dirichlet
characters modulo ¢, denoted by x, while L(x, k) is the associated L-series, i.e. L(x,k) =
S5 x(mn*.

To avoid dealing with non-trivial subgroups of the cyclic group modulo ¢ we will assume that
¢ is a prime number, hence the number of Dirichlet characters modulo ¢ is precisely ¢(c) = c—1
since every [ € {1,...,c— 1} is coprime with ¢, i.e. (¢,l) = 1. Making use of (B.2) we can then

write
»> l L et -1 _
;;C(lﬁ c) C<k — S, C) +omille = Z ¢ (X k— )hzl_:l (e +omih _l(h)

(B.3)

First we notice that the sum over h, [ imposes x = x’ hence the sum over (y, ') reduces to a single
sum over all the Dirichlet characters x; with i € {0, ..., ¢(¢) — 1}. To prove this orthogonality of
Dirichlet characters in Fourier space we take an integer j such that (j,¢) = 1 and consider

— fomihpt - — L ——
x(J) X e X (h) = X(jhe X(h) (B.4)
h,l=1 h,l=1
c—1 c—1
nl’ —1 1 _ h _
= Y XTI () = Y )W) e X (W)
h,l'=1 =1
c—1
—/ —(1/ :|:27rzﬁll,p71 —1 (T
=X0) Y x(W)e = X'(I),
R =1

so that we must have y = x’. In the above argument first we made use of the complete

multiplicative properties of the Dirichlet characters and then changed summation variables to
I'=1j(modc) and b/ = hj~(modec), with =1 the multiplicative inverse of j modulo c.
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At this point, we can use the completely multiplicative property of the Dirichlet characters
for the associated L-series

ximxi(m) _ 5~ 0-olV)a(N) (B.5)

konk—s k—s
nm N
n,m>1 N>1

L(xi, k) L(xi, b — s) =

Putting everything together we obtain the expression

c—1 c—1 T _
(kL) (k- ) vt
h=11=1 ¢ ¢
_ ¢(c)—1 c—1 _
O'_S(N)C% s 1 B Tm-hlp71 =
= g 2 ) Y e ). (B.)
N>1 =0 hl=1

The final double sum can be simplified by

#(c)—1 c—1

1 pip~1 . 1 bl
P 2 X 2 MOETENI = G 2 ) 3 e (i)
i=0 hi=1 i=0 hi=1
1 e ! i bl
= Xz(N)Xi(p) _z(l)e m7>&(h)
5P
1 o)1 1 ! +omihl
= Xi(Np™) i(D)e™""" < xi(h)
o I hi=1
1 #(c)-1 c—1 .
=50 Xi(Np™) Y xa(h)e?mie (B.7)
=0 h=1
c—1
St S e )
- "

Il
>
.y
3

where the character xo(V) is equal to 0 when N = 0mod ¢ and 1 otherwise. In here we simply
changed summation variables defining hl = hmod ¢ and used the fact that >~ x(n)x(a) is equal
to 1 if n = amod ¢ and 0 otherwise.
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The next expression we want to simplify occurs in (2.70) and reads

_ox N
_ O',S(N)E_Qﬂ—lp e 27"62y
N=#£0 mod ¢
1 -1 _on ¥
-y <+¢p> N oy (eN)e T (B.8)
c*y c N1
1 -1 —or X —ord
o (i) -0 Y e - @
N#0 mod ¢ N>1
e (R ) e ) 4 [ e oa(eN) — o (@N)] S
cy c cy

N>1

1 -1 1 1
=L, <2 —i—ip) —(14c?%)Ls <> +c L, <> ,
cty C cy Y

where first we have written out the character defined in (B.7) and then used the fact that for
(¢, N) =1 and ¢ prime we have 0_s(cN) = (1 + ¢ %)o_s(N). Moreover, the following identity

(14 ¢*)os(c*N) — 04(c**N) = ¢**04(N), (B.9)

valid for ¢ prime not necessarily coprime with N and for any integer a > 0 was used.
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