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A JENSEN-ROHRLICH TYPE FORMULA FOR THE HYPERBOLIC
3-SPACE

S. HERRERO, O. IMAMOGLU, A.-M. VON PIPPICH, AND A. TOTH

ABSTRACT. In this article we give a Jensen—Rohrlich type formula for a certain class of auto-
morphic functions on the hyperbolic 3-space for the group PSLy(O k).

1. INTRODUCTION

1.1. Rohrlich’s formula. The classical Jensen’s formula is a well-known theorem of complex
analysis which characterizes, for a meromorphic function f on the unit disc, the value of the
integral of log | f(2)| on the unit circle in terms of the zeros and poles of f inside the unit disc.
An important theorem of Rohrlich [11] establishes a version of Jensen’s formula for modular
functions f with respect to the full modular group PSLs(Z) and expresses the integral of
log | f(2)] over a fundamental domain in terms of special values of Dedekind’s eta function.

To be more precise, let H? = {7 = x +iy|z,y € R,y > 0}, I' = PSLy(Z), and X =
PSLy(Z)\H?. Let T', denote the stabilizer subgroup of 7 in T’ and let v(7) denote its order.
The hyperbolic measure on X is given by du(7) = dxdy/y* and the hyperbolic Laplacian on X

is given by
0? 0?
— .2 2 =
A=y (ax”ay?)'

The quotient space X has the structure of a hyperbolic Riemann surface of finite hyperbolic
volume vol(X) = 7/3, admitting one cusp which we denote by co. The field of modular
functions on X is given by C(j(7)), with j(7) denoting Klein’s j-invariant [13] satisfying

1
(1) = — + 744+ O(¢-),

qr
as T — 0o, where ¢, = >,
Consider now the class M of functions F' : H? — RU{oo} satisfying the following properties:

(M1) The function F(7) is I'-invariant and can therefore be considered as a function on X.
(M2) There exist distinct points 7,...,7, € X together with constants ni,...,n, € Z
satisfying >, ny = 0 such that, for £ € {1,...,m}, the bound

F(1) = ngv(m)log|m — 7| + O(1),
as 7 — 74, holds and such that F(7) is smooth at any point 7 € X with 7 # 7, for
te{l,...,m}.
(M3) For 7 € X with 7 # 7, for £ € {1,...,m}, we have AF(7) = 0.
(M4) The function F(7) is square-integrable on X.

If F: H? — RU{oo} satisfies the properties (M1)-(M4), then the limit F/(c0) := lim, ., F(7)
exists and we have the equality

(1.1) F(r) =log|f(r)], with f(r COTT G () =)™

(=1
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Now, Rohrlich’s Theorem can be rephrased as follows

Theorem 1.1 (Rohrlich [I1]). Let F : H?* — RU{oo} be in M, the class of functions satisfying
the properties (M1)—-(M4). Then, we have the equality

3 m
2 [ Pr)dutr) = Ploc) + 63 nalog () [*n(r),
X =1
where (1) = @ [12, (L —¢?) is the classical Dedekind’s eta function.

Observe that the function on the right hand side of the equality in Theorem [L.1] is given by
the constant term in the Laurent expansion of the non-holomorphic Eisenstein series F. (T, s)
at s = 1. For 7 € H? and s € C with Re(s) > 1, this series is defined by

E(1,s) = Z Im(~7)°.
YET o \I'

The Eisenstein series is I'-invariant with respect to 7 and holomorphic in s, and it admits a
meromorphic continuation to the whole complex s-plane with a simple pole at s = 1 with
residue

1 3
1 Eu(P.s) = _ 2
ress=1 Eoo(P 5) vol(X)
In this context, the well-known Kronecker’s limit formula for PSLy(Z) (see, e.g., [14]) states
3 3
ll_{l} (Eoo(zv s) — m) = log(|n(2)[* Im(z)) + C,

where C' = 6(1 — 12(’(—1) — log(4m))/m and ((s) denotes the Riemann zeta function. Note
that the constant C' does not appear in Theorem [[LT] since " n, = 0.

The proof of Rohrlich’s formula is an application of this Kronecker’s limit formula. The
formula admits several generalizations and has many applications in number theory, see, e.g. [5],
[8]. There is also an extension of Rohrlich’s formula which has applications to the computation
of arithmetic intersection numbers in Arakelov theory, see, e.g., [9].

1.2. Purpose of the article. The goal of this paper is to give an analogue of Rohrlich’s
formula in H?, the hyperbolic 3-space. We write H? = {P = z +7rj | 2z € C,r € Ry},
which is a subset of the usual quaternions R[i, j, k], and we will view z and r as coordinate
functions on H3. The quaternionic norm on R[i, j, k] induces a norm on H? given explicitly by
|IP|l = \/|z]? +72. We let K be an imaginary quadratic field, Ok its ring of integers, hx its
class number, and d its discriminant. From now on, we let I' = PSLy(Of) C PSLy(C), which
is a discrete and cofinite subgroup, and we let X = I'\H?. By I'p we denote the stabilizer
subgroup of P in I" and by v(P) its order. By du(P) we denote the hyperbolic measure on X
and by A the hyperbolic Laplacian on X (see 2I]). The quotient space X has finite hyperbolic
volume, which is explicitly given by

3/2
(1.2 vol(x) = 2 ¢ (2)

with (x(s) denoting the Dedekind zeta function, and it admits hg cusps (see Section [2).
For P € H? and s € C with Re(s) > 1, the Eisenstein series associated to the cusp oo is
defined by

E(P,s) = Z r(yP)*,
YETLAL
2



where I'"_ is the maximal unipotent subgroup of the stabilizer group I's, of co in I'. The Eisen-
stein series is I'-invariant with respect to P and holomorphic in s, and it admits a meromorphic
continuation to the whole complex s-plane with a simple pole at s = 1 with residue

covol(O) 272
1.3 res;—1 Boo (P, s) = = )
o P S G T il ®)
Here, covol(Of) denotes the euclidean covolume of the lattice O in C. In this case, Kronecker’s
limit formula states

. 27T2 — _727(2 (o) r
(14)  lim (EOO(P, s) — PTG 1)> = |dK|CK(2)l 8 (1ee(P) r(P)) + Ck,

where O is an explicit constant depending only on K. Here, the function 7, : H* — R satisfies
Noo(VP) = ||cP 4 d||*ne (P) for any v = (2 %) € I' and can be considered as the analogue of the
weight 2 real-analytic modular form |n(z)[*. The function 7, is essentially the function defined
by Asai in [I]. More precisely, we have

2rlog (ne(P) _ |0k
|dk|Cx(2) 2

P Am > s o (i 1) TE (47| pafr) e ),
peD~t
p#0
Here, we employed the notation of Section 2l The value ¢ oo(p;1) can be explicitly given
in terms of special values of certain generalized divisors sums. For these results, we refer the
reader to [3], Chapter 8, Sections 1-3.
Consider now the class A of functions F' : H? — RU {oco} satisfying the following properties:

(A1) The function F(P) is I'-invariant and can therefore be considered as a function on X.
(A2) There exist distinct points Q1,...,Q, € X together with constants ¢i,...,¢, € R
satisfying >, , ¢, = 0 such that, for £ € {1,...,m}, the bound

F(P) = e, (Q)———— +0(1
( ) Cr <QZ)||P_Q£|| _'_O( )7
as P — Qy = zy + r¢j, holds and F(P) is smooth at any point P € X with P # @, for
te{l,...,m}.
(A3) For P € X with P # Q, for £ € {1,...,m}, we have AF(P) = 0.
(A4) The function F'(P) is square-integrable on X.
We note that the bounds in (M2) and (A2) are the natural bounds that arise from the type
of singularities of the corresponding Green’s functions.
In Proposition 5.2 of Section B, we will show that, if F' : H3 — RU{oo} satisfies the properties
(A1)—(A4), then the limit F'(c0) := lim,_,, F'(P) exists, and we will prove the analogue of (I.T])
in this case. Our main theorem is

Theorem 1.2. Let F: H? — RU {co} be in A, the class of functions satisfying the properties
(A1)—(A4). Then, we have the equality

1 o m
s /X F(PYp(P) = F(o<) + s 3 eilog (@) ).

(=1

Note that, in analogy with Rohrlich’s Theorem, the constant Cx arising in (L.4]) does not
appear in Theorem [[.2] since Z;; ce = 0.

It is known to the experts that Rohrlich’s formula can be proven using the theory of the
resolvent kernel of the hyperbolic Laplacian and our proof of Theorem is a generalization

of this method to the hyperbolic 3-space. The advantage of this method is that it can be
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generalized to other settings such as the case of the hyperbolic n-space. This method also
naturally leads to an analogue of the function log |j(71) — j(72)| (see the function defined in
(510). The properties of this function play a central role in our proof of Theorem [[L2] and the
proof of these follow from properties of the resolvent kernel and of Niebur type Poincaré series.

1.3. Outline of the article. The paper is organized as follows. In Section P we begin by
collecting background information. In Section Bl we compute the Fourier expansion of the re-
solvent kernel associated to the hyperbolic Laplacian on X. In addition, we give the Fourier
expansion of the Niebur type Poincaré series which appear as coefficients in the Fourier expan-
sion of the resolvent kernel. To the best of the authors’ knowledge these expansions have not
been explicitly stated elsewhere in the literature and are of independent interest. In Section Ml
we study some of the analytic properties of the Niebur type Poincaré series and we prove the
meromorphic continuation of the resolvent kernel via its Fourier expansion. In Section [l we
construct the above mentioned analogue of log |j(71) — j(72)|, prove its main properties, and
give our proof of Theorem using these properties. Identities involving special functions that
are needed in the paper as well as some technical lemmas are given in the Appendix and in
Section [6], respectively.
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ful comments on an earlier version of this paper. Herrero, von Pippich, and Téth thank the
Institute for Mathematical Research FIM at ETH Ziirich for providing a stimulating and com-
fortable atmosphere during their visits to Zirich. Herrero, Imamoglu, and von Pippich thank
Jirg Kramer and the Department of Mathematics at Humboldt-Universitat zu Berlin for their
kind hospitality during the preparation of this work. Toéth thanks the support of the MTA
Rényi Intézet Lendiilet Automorphic Research Group and the NKFIH (National Research,
Development and Innovation Office) grant ERC_HU_15 118946.

2. BACKGROUND MATERIAL

2.1. The hyperbolic 3-space and the group PSLy(Og). Let H? := {P = 2z +rj|z €
C,r € R.g} denote the upper half-space model of the three-dimensional hyperbolic space,
where {1,1, 7, k} is the standard basis for the quaternions R[i, j, k]. The quaternionic norm on
R[4, 4, k] induces a norm on H? given explicitly by ||P|| = ||z +7j| = v/|z|> + r2. For z € C, we
set tr(z) := z +Z. The hyperbolic volume element, resp. the hyperbolic Laplacian are given as

dx du d 2 2 2
:¥, resp. A= —r? <8—+a—+a—)+ 0
r x r

Let d(P, Q) denote the hyperbolic distance between the points P and (). An explicit formula
is given by

(2.1) du(P) :

2 2 2
(2.2) cosh (d(P,Q)) = L=zl Aty

27“17"2

where P = 2y +r1j and (Q = z5 + r9j. An element v = (‘é 3) € PSLy(C) acts on H? by

_ (az+b)(cz + d) + acr? r ,
T ezt dP AP ez +dP” + |2

where P = z 4+ rj. By abuse of notation, we represent an element of PSLy(C) by a matrix.
As mentioned in the Introduction, we let K be an imaginary quadratic field, O its ring of
integers, hg its class number, and df its discriminant. We let I' = PSLy(Og) C PSLy(C) and

we let X := ['\H?. By I'p we denote the stabilizer subgroup of P in I and by v(P) its order.
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In a slight abuse of notation, we will at times identify X with a fundamental domain in H3
and identify points on X with their preimages in such a fundamental domain. The hyperbolic
volume vol(X) of X is given by formula (L2]) in terms of a special value of Dedekind’s zeta
function, which is defined by

)= Y0 N
ICOkideal
I1#(0)
where s € C with Re(s) > 1 and N(/) denotes the norm of I.

A cusp of X is the I'-orbit of a parabolic fixed point of I', and X has hx cusps. From now on
we fix a complete set of representatives Cr C P}(K) for the cusps of X. We write elements of Cr
as [a : b] for a,b € Ok, not both equal to 0, and we write co := [1 : 0] and assume that co € Cr.
Furthermore, for any cusp k = [a : b] € Cr, we fix a scaling matrix o, = (§ &) € PSLy(K) such
that 0,00 = k and

(2.3) 07 T 0 = {(g uﬁ)

with the full lattice A, = (aOx + bO)~2 C C (see, e.g., [15]). For the cusp oo, we choose o,
to be the identity. Furthermore, for the maximal unipotent subgroup I'., which consists of all
the parabolic elements of ', together with the identity, we have

(2.4) o' o, = {(é i)

We let AX = {v € C: tr(v\) € Z for any A € A,} denote its dual lattice. In particular, we
have Ay, = Ox and A¥, = D! with D! = {v € K | tr(v\) € Z for any A € O} denoting the
inverse different.

uGOIX(,)\EA,@}

AGAK}.

2.2. Fourier expansion of automorphic functions. A function f : H* — C is called
automorphic with respect to I' if it is [-invariant, that is, f(yP) = f(P) for any v € I'. An
important tool to study the behavior of an automorphic function f at a cusp ¢ € Cr, with
scaling matrix oy, is its Fourier expansion. More precisely, since the function P +— f(o¢P) is
crgll"'gcrg—invariant, employing (2.4]), we have f(o¢(P + \)) = f(0cP) for any A € Ae. If f is
smooth, the Fourier expansion of f with respect to the cusp £ is therefore of the form

(2.5) foeP) =) a,(r)e’™ ™),

HGAE

where P = z + rj and with Fourier coefficients given by

au(r) !

= floeP e 2mitr(n) g,
covol(A¢) Jeya, (0¢P)

If we assume that f is an eigenfunction of the hyperbolic Laplacian, satisfying Af = (1—s?) f for
some s € C with s # 0, and that f is of polynomial growth as 7 — oo, that is f(z+7j) = O(r®)
as 7 — oo for some constant C, then the expansion (2.5)) has the form (see, e.g., [3], Theorem
3.1, p. 105)

(2.6) f(0eP) = agr'™* + bor'—° + Z a, 7K (47| p|r) e )
ueAg
H#0

with ag, by, a, € C and with K,(-) denoting the modified Bessel function of the second kind.
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2.3. Poincaré series. For later purposes, we define two families of eigenfunctions of the hy-
perbolic Laplacian, namely the Eisenstein series and the Niebur type Poincaré series, which
from now one will be called Niebur—Poincaré series for simplicity. For this, let xk € Ct be a
cusp with scaling matrix o,.

For P € H? and s € C with Re(s) > 1, the Eisenstein series associated to the cusp & is given
by

E.(P,s)= > r(o'yP)"™
ye AL

The Eisenstein series is an automorphic function for I' and it is holomorphic in s in the region
Re(s) > 1. Moreover, it satisfies the differential equation

(A= (1=35%) EL(P,s) =0,

i.e. it is an eigenfunction of A. For s € C with Re(s) > 1, the Eisenstein series admits a Fourier
expansion of the form (2.6]) given by (see, e.g., [3], Theorem 4.1, p. 111)

(2.7)

s -s 2t s mitr(uz
Bi(06Py5) = ngll - T o+ 00g(055) 170 4 = Dl prelps s) K (4l plr)e ),
ueAg
p#0

where 0, ¢ is Kronecker’s delta symbol and, for s € C with Re(s) > 1, we have set

T e%ritr(u%)
2. el s) = —— ¢ -
(2.8) Prcli ) = i Z PR
(cd)EU; Ri,c0¢
with
(29) Roc = T\{y € T2 26 # ) /T

Note that {y € T' : v¢ # rk} =T if £ # k. It is known (see, e.g., [3], [12]) that the function
©re(p; s) admits a meromorphic continuation to all s € C, which is holomorphic at s = 1 if
w # 0. It is also well-known that one can use the above Fourier expansion in order to prove that
E.(P,s) admits a meromorphic continuation to the whole complex s-plane. There is always a
simple pole at s = 1 with residue given by
covol(A,)
vol(X)

In case that k = 0o, the residue is explicitly given by (3] and we have

(2.10) ress—1 Ex(P,s) = = ress—1 Prx(0; 9).

7|0k
s0,00(0;
Pooce058) = pory s ZLs—i—lX

where the sum runs over all characters y of the class group of K and L(s, x) denotes the
associated L-function (see, e.g., [3], Chapter 8, Theorems 1.5 and 2.11). From these, a straight-
forward computation yields the Kronecker’s limit formula (T4)) stated in the Introduction.

Finally, we recall the definition of the Niebur—Poincaré series. For P € H? and s € C with
Re(s) > 1, the Niebur—Poincaré series associated to the cusp x and to v € A%, v # 0, is given
by

(211) FR,V<P7 S) = Z T(O’;lfyp) [S (47T‘V‘T<O';1’}/P>) 627T’itr<VZ(O';1’yP))7

~yel”\I'

K?
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where I4(-) denotes the modified Bessel function of the first kind. We recall that the Niebur—
Poincaré series converges absolutely and defines an automorphic function, which is holomorphic
for s € C with Re(s) > 1 (see, e.g., [10]). Moreover, it satisfies the differential equation

(A —-(1- 52)) F&V('a s) =0,
i.e. it is an eigenfunction of A.

2.4. The resolvent kernel. The resolvent kernel for the hyperbolic Laplacian is given by the
automorphic Green’s function. For P,Q € H? with P # ~Q for any v € I, and s € C with
Re(s) > 1, it is defined by

1
G3<P7 Q) = % Z Ps (COSh<d<P7 7@))) )
~el’
where ¢, (t) = (t+ /12 — 1)7*(t* — 1)7%/2. The series defining G,(P, Q) converges uniformly on
compact subsets of {(P,Q) € H? x H3 : P # ~Q for any v € ')} x {s € C : Re(s) > 1}. We
recall the following well-known properties of G4(P, Q) (see, e.g., [3]):
(G1) The function G4(P, Q) is I'-invariant in each variable and can therefore be considered as
a function on X x X, away from the diagonal. Moreover, we have G4(P, Q) = G5(Q, P).
(G2) For fixed @ € X, we have a singularity of the form

G.(PQ) = "y o + Oal)

as P — Q.
(G3) For P,Q € X with P # Q, we have (Ap — (1 — s%))Gs(P,Q) = 0.

The Green’s function is holomorphic for s € C with Re(s) > 1 and it admits a meromorphic
continuation to the whole complex s-plane with a simple pole at s = 1 with residue

1
vol(X)’

Moreover, using the spectral expansion of G¢(P, Q) given in [3] (Proposition 4.6, p. 285), it is
easy to see that the function

P lim (GS(P’ Q)= Vol(X)?SQ - 1))

is square-integrable on X, for fixed ) € X, and orthogonal to the constant functions, i.e.

(2.13) /X lim (GS(P, D- o X)?s2 . 1>) du(P) = 0.

3. FOURIER EXPANSIONS

(2.12) res,—1 Gs(P, Q) =

In this section, we compute the Fourier expansion of the Green’s function and that of the
Niebur—Poincaré series. Part of the computations involve explicit evaluations of certain integrals
in terms of special functions. The proof of these technical identities is postponed to Section
in order to keep the exposition simple.

Proposition 3.1. Let P = z +rj € H® with r > r(aglny) for any v € T', and s € C with
Re(s) > 1. Then, we have the following Fourier expansion

1—s
Gs(ocP, Q) = 1<A£) (T E5<Q,s)+2ZFg,H<Q,s)rKs<47rm|r)e2ﬂtr<w>).

covol s
ueAg

H#0
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Proof. The Fourier coefficient a,(r) = a, s(r, Q) in the Fourier expansion (2.5)) of the function
P — G4(P,Q) with respect to the cusp £ is given by

1 / ’
— G(0eP,Q)e 2™ 2) gy,
covol(A¢) Jeya, ¢

To compute this integral, we start by writing

ClosP. Q) = = 3 T . (cosh(dly ' ocP.AQ))

’yEFé \I' neT;

= % Z Z s (cosh(d(P + A,agl’vQ))) ,

YETL\I A€,

a’uvs(r7 Q) =

where for the last equality we employed (2Z.4)), namely the identity o, ll"'gag ={(39)| X € A}
Hence, we get

1
27 covol( Ag

s (1, Q) = 3 / 2 (cosh(d(P, 0;9Q))) 25 g

YETLAT
Now, we set Z := z(aglyQ) and 7 := T(ag 7v@). Using formula (2.2)), namely

|2 = 2P + 17 47
2rr

cosh(d(P, 571Q)) =

we obtain by a change of variables (z — z + 2),

a1, Q) = S e, (),

YETL

2 2 ~2
L,s(r,7) = / Ps (—M +2T~ il ) e 2mit(nz) g
C rr

By Lemma [6.1] we have

21 covol Ag

where we have set

_ s tpl=spstl if p=0,
1, s(r,7) = )
Arri Ky (4m|v|r ) s(Amlv|r), if uw#0.
Summing up and recalling that 7 = r(o; '9Q), we conclude
1 ,r.lfs ) 1 1 ,r.lfs
(@) = S = "B
40,1 Q) covol(Ag) s Z riog @) covol(Ag) s (@)
'yeFé\F
and, for u # 0, we derive
_ 2 - -\ —2mitr(u3)
(1, Q) = m’f’[(s(‘mw r) Z L (4| pl7)e g
YETLT
K (Al Fe(Q.)
= ———rK,4nr|p|r)Fe_,(Q, s),
covol(Ag) HIT)Eemn
as asserted. This completes the proof. O



We proceed by computing the Fourier expansion of the Niebur-Poincaré series Fj, ,(P,s),
where k € Cr and v € A*, v # 0. For this, we define the function J, : C* — C by

K

' (4 /2) T, (47V/Z), if Re(z) >0,
(3.1) 3:(2) = { L(4ny=2)L,(4nV—3), if Re(z) < 0.

Using the identity I,(z) = eT*™/2J,(2e*™/2) for z € C with Re(z) > 0, it is easy to verify that
Js(2) is well-defined for z € C, z # 0, with Re(z) = 0. With this, we have

Proposition 3.2. Let P = z+rj € H3 and s € C with Re(s) > 1. Then, we have the following
Fourier expansion

covol(A,) (2m|v|)®

Ff@l/ P = 5,@ IS 4 27T’itr(yu2z) o . .
0P, s) = beerl(dnlvlr) Y e + covol(Ag) sT(s) '~ (—vis)r
u€0/{+1}
+ Z ‘Bﬁ’g(lj’ /JL, S) TKS(47T|,LL|’I°)62W“1"(MZ)'
;LEAE
p#0
Here,
2 627Ti tr((va+ud)/c) Vi
'B/{ y ’ o — S (_) |
(v, i s) covol(A¢) Z pE g &

(z 2)60’;19{&505
and pe o(—v; 8), Rye, and Js(-) are given by [2.8), 2.9), BI), respectively.
Proof. To simplify the notation, we set f(P) := r(P)I, (4r|v|r(P)) > *#*(") and we define

= > > flomPp).

YERx,£ n€T

Recalling the definition (ZIT]) of the Niebur-Poincaré series, we then deduce

F. (0¢P,s) = Z f o, vcrgP)

~ETIA\D

(3.2) =bee > [(0790cP) + Fup(0eP, s).

’YEF;\F,&@

To treat the first term in (3.2), we assume that 6, ¢ = 1, that is k = { and 0, = 0¢. Then

e Y. flostvoeP) = Y f(yP)=rLalplr) Y i)

YELAs y€om LIk )ow ue0 ) /{£1}

where for the second equality we note that o W)ow = { (0 ,2%) | ue 0f } /{£1}, which
is an immediate consequence of (2.3]) and dﬂl) and we used the identity (0 2 )P =ulz+rj
for u € Ox.

To treat the second term in (3.2)), we note that the function 1/7’\,{71,(06, s) is o 'T;o¢-invariant.

The Fourier coefficient b,,(r) = b, ., (r, s) in the Fourier expansion (2.5]) of the function 1/7’\,{7,,(]3, s)
with respect to the cusp £ is given by

1 ~ ,
b s _ FHV P —27rztr(uz)d )
Bk, (7“, 5) COVOI(Ag) /C/Ag ; (OE 73)6 z
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To compute this integral, we start by writing

1/7’\,{7,,(0513, s) = Z Z f (o7 moeP)

YER, € n€T

= Z Z f(a;lvcrg(P+)\)),

’YERK,E )\EAE

where for the last equality we employed (2.4), namely the identity o, 11"205 ={(19)| X € A}
Hence, we get

1 .
P —2mitr(pz) )
buruy(r,s) = 700\701( J E /«:f (vP)e dz

“/60',:13{”7505

cztd - with v = (%) and using

Now, writing z(yP) = P e

(v cztd
f (’YP) _ r 1. 47T|V|T 627Titr(V%)6727”tr(c \cz+d\2+\c|2r2>
ez 4+ d? + [¢2r? 7" \ |ez + dJ? + |¢|?r? )

a_ 1
C C

we obtain by a change of variables (z — z — %)

1 . a d
b . — 27rztr<uz+uz)j
1220 <T7 S) COVOl(Ag) . Z € <T7 V,IM,C),

where we have set

j(?", V,[L,C) ::/ ; r I ( 247T|V|7’ )627ritr(ym+uz)dz.
c [e[*( ||

|2 +72) 7 \el(J2” + 72)

By Lemma [6.2], we have
287TS+1|V|8
|c[26+ D 52D (s)
2m
Jef?

ri=s, if =20,
I(ryv, p,c) =
Js (%) rK(4n|plr), if p#0.

Summing up, we conclude

1 25stlpyls e
bo,n,u(r, S) _ | | Tl s Z

2mitr(ve)

covol(Ag)  s2T(s) |c[?s+2
5 (ZI)GJ;IRK,EJE
1 9sstl|,)|s 2m’tr(7u%)
_ v s Z € .
covol(Ag)  s%I'(s) |c[?s+2

(z Z)GJE_IRE,NUK,
Recalling definition (2.8)), we get that
covol(A,) 2578 |v)® |,
covol(Ag) sT(s) en(—vis),

as asserted. Furthermore, for p # 0, we conclude

bO,n,u<T7 S) =

27 tr(u%Jrug)

27 e Vit
Dy (1, 8) = ————1 K (4 N —(_>
¢ d)S9r R0

= Bn,ﬁ(”a 15 S)TKS<47T|:M‘T>'
10



This completes the proof. O

4. ANALYTIC CONTINUATION

The main goal of this section is to prove the meromorphic continuation of the Green’s function
via its Fourier expansion. We remark here that the existence of this meromorphic continuation
is well-known and follows from the spectral expansion of the Green’s function (see, e.g., [3],
Proposition 4.6, p. 285). Here we choose a different approach as we also need precise information
about the growth at the cusp oo of this meromorphic continuation. In order to do this, we
first analytically continue the Niebur—Poincaré series F.,, (P, s) by using the explicit Fourier
expansion given in Proposition with & = oco. Before doing so, we need the following result.

Lemma 4.1. We have the bounds
O (|z[Re®) for0 < |z <1,
38 Z)| =
1ds(2)] 0 (egw\/E|Z|Re(s))  for |z > 1,

holding uniformly for s in any compact set contained in Re(s) > —1/2.

Proof. Using the asymptotic formula (ATH), we conclude

|42 2|8
S TP

for z — 0. This implies the first bound. In order to obtain the second bound, we use (A.13])
and get

I,(4mV/=2)I,(47v/=Z) = O (|z\Re(s)68”Re(‘/’_z)> ,
for z — 00, Re(z) < 0. On the other hand, formula (A.14]) gives
J,(47/2) J,(47VZ) = O <|Z|Re(8)68ﬂllm(ﬁ)\> ’

for z — 00, Re(z) > 0. The second bound follows easily from these estimates. Since the used
asymptotic formulas and bounds are uniform for s in any compact set contained in Re(s) >
—1/2, we conclude that these estimates are also uniform. This completes the proof of the
Lemma. UJ

Given v, u € D! both non zero and s € C define

= 3 [S(v, 1, 0)|
Z’(”? H; S) = ‘6‘2—1—23 ’
c€0k /{£1}
c#0

where
S(v,p,c) = Z eZritr((uvtup)/e),

u,u*€0k /O
uu*=1

By using the trivial bound for [8(v, u, c)|, namely |S(v, i, c)| < N(c) = |c|?, one sees that the
series Z(v, u; s) converges absolutely for Re(s) > 1.

Lemma 4.2. The series Z(v, j1; s) converges absolutely for Re(s) > 1/2. Moreover, there exists
a > 0 such that the bound
|2(v, 115 5)] = O (N(vuD?)*)
holds uniformly for s in any compact set contained in Re(s) > 1/2.
11



Proof. This result is essentially due to Sarnak. Indeed, from the proof of Proposition 3.4 in [12]
we have

S(v, p, ¢ 05 -1 1, NPy
S PSS T aexe T (et )
ce0 /{£1} PCOgk PCOgk
c£0 vuD?CP P#(0)

where 0 = Re(s) and the products run over prime ideals P C Ok. The infinite product

N(P)_QO
1LON(P)y 2o+ V)
IT (12604 + 2
PCOgk
P#(0)
converges for o > 1/2, proving the absolute convergence of Z(v, u, s) for Re(s) > 1/2. On the
other hand, since the function z — (1 — 277)~! is decreasing for z > 1 and N(P) > 2 for any

prime ideal P, we have
[T G-Np)y) ' <a-27)"

PCOg
vuD?CP

where £ is the number of prime ideals dividing vuD?. But ¢ < 2w#(N(vuD?)), where w?(n)
is the number of prime divisors of n € N. It is known that w#(n) = O(log(n)), which gives
(1-277)7f < N(vuD?)" for some a > 0 depending on . Moreover, one can choose o > 0 such
that this bound holds uniformly for ¢ in any fixed compact set contained in ¢ > 1/2. This
implies the desired bound for |Z(v, u, s)|. O

Lemma 4.3. Let v, ;1 € D! both non zero. Then, the series Boo oo (v, 15 8) converges absolutely
for Re(s) > 1/2 and the bound

[Bocoo (v 1:5)| = O (VI |y e+ )
holds uniformly for s in any compact set contained in Re(s) > 1/2.
Proof. We start by writing

covol(Ok) O Tt} c?
c#0

For fixed s € C with Re(s) > 1/2, Lemma [A.1] gives

S s e(s) S ’
3 (VCM )33( )’ Olpf 3 | |2’121;68)

ce0k /{£1} W|<1
c#0
Re(s) 18, 11, s fiorre
Hvpl Z ‘C‘2+2Re(s)€ g
|45 [>1
Since
8 v, 1, T/ v/ c A - »
Z |‘C‘(2+2li{e(2)| PV < et #{C € Ok :|ef* < |V/~L‘} =0 <€8 v “‘\yu|),
|4 [>1
we have
S(v, i, ¢ v e - "
SRy, (C—é‘)‘ = 0 (Jonl™@2(v, 1, Res)) + eVl a1
ce0k /{£1}

c#0
12



This together with Lemma .2 implies the absolute convergence of B, (v, p; s) and the desired
bound for |Bo oo (v, 115 5)|. This completes the proof of this Lemma. O

We now give the analytic continuation of the Niebur—Poincaré series.
Proposition 4.4. The Niebur-Poincaré series Fy ,(P,s) has an analytic continuation to
Re(s) > 1/2. Moreover, for fized P € H? and 6 > 1, the bound
Foo,z/(P, 8) _ OP,5 <max {|V|Re(s)e47r|l/\r’ ‘V‘Re(s)+le4&;\u\ })

holds uniformly for s in any compact set contained in Re(s) > 1/2.

Proof. By Proposition 3.2 we have

2

(4.1) F(Pos) =rl(dnlulr) 3 gPriutets)
w0} /{£1}
+ > Boooo(v, 15 8)r K (A pulr) e (42,

;LEAE
p#0

For s in a fixed compact set in Re(s) > 1/2 we have, by Lemma [4.3 and (A.12)), the bound

S (B ol s)rKs<4w|u|r>|:0(ﬁ|u|”“ > WH/%WIV“e—“w'r),
HEAL peDd-1
p#0 u#0

s

) -
sI'(s)

Poo,c0(—V3 5)

where 0 = Re(s). The inequality

_ 48|v|m _ -1
SVl g=amlulr < A4 w15~ lulr

which holds for 6 > 1, gives
(4.2) Z |Boo,co(V, 5 8)r Ks(4m|p|r)| = Oy (\/;|V|a+1645:w Z |M|a+1/26—7r(1—5—1)|u|r) '

HEAE peDL
p#0 p#0

In particular, the series on the left hand side converges. This, together with the Fourier ex-
pansion (A1) and the analytic continuation of Yo ~(—v;s), give the analytic continuation of
F.,(P,s). Now, by the asymptotic bound (AT3), we have

(4.3) rl,(4rlv|r) = O (rRe(s)“\U\Re(s)e‘”""r) )

On the other hand, as mentioned in the Introduction, the function ¢ «(—v; s) can be expressed
in terms of certain generalized divisors sums and it therefore has at most polynomial growth
with respect to |v|, uniformly for s in any fixed compact set contained in Re(s) > 0. This,
together with (£.2)) and (4.3]), gives the result on the growth of |F (P, s)|. This completes the
proof of the Proposition. OJ

We can now state the existence of the meromorphic continuation of G4(P, Q) together with
precise information about its growth at the cusp oco.

Theorem 4.5. For fized P,Q € H? with r = r(P) > max{r(Q),7(Q)"'}, the automorphic
Green’s function Gs(P,Q) has an analytic continuation to Re(s) > 1/2, s # 1, with a simple
pole at s = 1. Moreover, we have

m i (G(P.0) — 5 (@) = ~H8 o),

asr — OQ.
13



Note that the analyticity of G(P, Q) for Re(s) > 5, s # 1, is equivalent to Sarnak’s lower
bound for the first “exceptional” discrete eigenvalue of the Laplacnan on X ([12], Theorem 3.1).

Proof. Let P,Q € H? and assume that r = r(P) > max{r(Q),r(Q)"'}. By Theorem B.1] we
have

1 7,.1—8 .
Gs(P,Q) = 2 ) Fu K (4 arie(z) )
(P.Q) COV01<OK)( 5 )+ it =@ o) (e
Musﬁo

By Proposition 4] together with the asymptotic bound (A12), we have

45| pl
Z |Foo M TK (47T|M| )| = OQ(S(\/_ Z |M|R€(S 47r‘u‘ max{ a7 | ( |u|e r-(Q‘)L })
ueD1 eD!
p#0 20

for any § > 1, uniformly for s in any compact set contained in Re(s) > 1/2. Choosing ¢ such
that » > max{r(Q),dr(Q)~'} we conclude that the series on the left hand side is convergent.
This proves that G4(P, @) has a meromorphic continuation to Re(s) > 1/2 having poles only
where E (P, s) has poles, in which case the multiplicities also agree. Since E (P, s) admits an
analytic continuation to Re(s) > 0, s # 1, with a simple pole at s = 1, we conclude the same
for G4(P, Q). Now, we note that the above computations also give

1-s

”
4. 1 P, —F =o(l
(45) i (G(P.0) — L5 5 Be(@.9)) = ol1)
as r — 00. A straight-forward computation using (L3) gives
rl=s 1 1 + log(r)
46 m (———— B (Q,8) - ———E.(Q,s) ) = ——28")
(46) P (covol(OK)s (@) covol(Og) (@ S)) vol(X)
Formula (4.4)) follows by combining (4.5) with (£6]). This completes the proof of the Theorem.

t

5. PROOF OF THE MAIN THEOREM

To prove our main theorem, we first introduce a building block for the class of functions in
A. More precisely, for P,Q € H? with P # vQ for any v € I, we define

(1) L(PQ):=lim ( (PQ)— — (EOO(Q, 8) + B (P, 5) — @oon0(0; s))) .

covol(Og)
Recalling (Z12) and (ZI0), the above limit exists. This function can be seen as the analogue
of log |j(m1) — j(2)| (see Proposition 5.1 in [7]). The next lemma summarizes the properties of
the function £(P, Q).

Lemma 5.1. The function L(P,Q) satisfies the following properties:

(L1) The function L(P, Q) is I'-invariant in each variable and can therefore be considered as
a function on X x X. Moreover, we have L(P,Q) = L(Q, P).
(L£2) For fized Q € X, we have a singularity of the form

UQ) (@)
PR =54

as P — @, and the function P — L(P,Q) is smooth at any point P € X with P # Q.

(L£3) For P,Q € X with P # Q, we have ApL(P,Q) = 0.
14
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(L4) For fizred Q € X, we have
_ 19l
vol(X)  2covol(O)

'C(PaQ):_ T2+0(1)7

asr=r(P)— oc.

Proof. Properties (£1), (£2), and (£3) follow from properties (G1), (G2), and (G3) of the
Green’s function G4(P, Q) together with the equality

S (°)
iP.Q) 1P —ql

as P — Q. In order to prove property (£4), we consider the Fourier expansion (2.7)) of E. (P, s),
namely the equality

+ Oq(1),

| | s —S 21+sﬂ.s S mwitr(pz
Exo(P,5) = 55" 4 e oo(058) 1177 + ) D 1 oo oo (p; 8) 1 I (4| pa|r) e 42
peD~!
p#0

where we employed the identity [['w : ] = |Ox|/2. A straight-forward computation using
([Z10) gives
covol(Ok)

vol(X) log(r).

Since Qoo 0o(pt; 1)| is of at most polynomial growth in || and K (r) has exponential decay as
r — 00, we therefore get

i (E(Pos) = e (09 =

s—1

: . 1-s - _
1 Qo 00 (05 5) (r 1)

|02 ‘TQ 00;2)11((;2?) log(r) + o(1),

as r — oo. Property (£4) now follows from this together with (4.4]). This completes the proof
of the Lemma. 0J

The function £(P,Q) is a building block for functions in A. More precisely, we have the
following proposition which can be seen as an analogue of (LTJ).

Proposition 5.2. Let F : H? — RU{oo} be in A, the class of functions satisfying (A1)—(A4).
Then, the limit F(c0) := lim,_,, F'(P) exists and we have the equality

F(P)=F(c0)+2m Y ¢/ L(P,Qy),

forany P € X with P # Qq, for{ =1,....m
Proof. Let us define F(P), for P € X with P # Q, for £ =1,...,m, by

F(P)=F(P)—2m Y ¢/ L(P,Qy).
/=1

By properties (A3) and (£3), we have that Aﬁ(P) =0for P# Q¢ =1,...,m. On the
other hand, properties (A2) and (£2) imply that F(P) is locally bounded around any point in
X. This implies that F(P) extends to a smooth function F : X — R satisfying AF(P) = 0
everywhere. Indeed, by taking geodesic normal coordinates around any point, one can reduce

the problem to the case where F(P) is a harmonic function with respect to the euclidean
15



Laplacian, at least locally. The existence of the harmonic extension of F (P) then follows from
Theorem 2.3 in [2]. Using > _,", ¢, = 0, we note that

m m

£(PQ) = Yt (6P~ oo Fel@e))

(=1

— Zce lim ( (P, Qe) = Vol(X)?s2 - 1))

2 1
li
+ZC€ Py (Vol (X)(s2—1) covol(OK wo(Qer 8 )

m

= Zce lim ( (P, Q) — vol(X)?s2 . ) Vol Zce log (10 (Qe)7e)-

(=1

~
Il
—

As mentioned in Sectlon 2.4, the function

P+ lim < s(P, Q) — ol(X)?SQ - 1))

is square-integrable on X, for fixed ¢),. This implies that the function
P ZCZL<P7QZ)
=1

is also square-integrable. By property (A4), we conclude that F (P) is square-integrable over
X. By Theorem 4.1.8 in [3], p. 140, we know that any smooth, harmonic, square-integrable

function on X is constant. We conclude that F(P) is constant. Finally, using (£4) together
with Y°," ¢, = 0, we have

ZC@L P Qg ( )
=1
as 7 — 00. We conclude that F(P) = F(co). This proves the result. O
We now prove our main theorem.

Proof of Theorem[I2A. Let F : H®> — R U {oo} be a function in the class A satisfying the
properties (A1l)—(A4). By Proposition (5.2l we have

1 m
vol(X) /XF<P>d“<P) = F(oo Vol X;CZLU:’, Qu)dp(P).

Since Y, ¢, = 0, we have

/XZ@ (P, Qe)du(P /hchz( (P, Q) — me(Qz’s>)dﬂ<P)

i et (G400 - gty ) P

m

+ /X ;C" Hirg <V01<X)?s2 1 cov011<oK)E°°<Q‘” 5)) 4u(P).




Using (2.13) and (L4), we obtain

; e 2 vol(X)
/X;cz (P, Qe)dp(P) s%;CE(SQ 1 covol(Og) oo(Qg,S))
=D crlog(n0(Q0) 7).
=1
This completes the proof of Theorem [L.2] 0

6. TECHNICAL LEMMAS

In this section we prove two lemmas that were used in Section [3] for the computation of the
Fourier coefficients of the Green’s function and of the Niebur—Poincaré series.

Lemma 6.1. For u,s € C with Re(s) >0 and r > 7 >0, let

. 2P+ 72+ 72\ o
I S, — . L r(uz)d
(75 7) /@ <—2rf e z

with @,(t) = (t + 12 —1)7°(t?> — 1)~"Y2. Then, we have

(r,7) = {27T$1T187:s+17 if =0,

I
Arrt Ks(4n|v|r)Ls(4n|v|7),  if u # 0.

HyS

Proof. Using polar coordinates z = pe', we get

2w [ee] 2 2 ~9 )
L.(r,7) = / / ©s (w) e 2ot (ue®) 1o,
0 0

2rr

Letting t = p? and f(t) := (¢t +r? + 7?)/2r7, we have

t=o00

(i) = [ @) =T (50 VFE 1) (| =T

t=0

where we have used that r > 7. This proves the first formula. For u # 0, we write p = |ule™®
and get

27 ) 2m . .
/ o 2miptr(ue’®) gp / e~ miplulsin(9) gg 21 Jo (47| plp),
0 0

by using formula (A.T]). Replacing this in the above formula for I, ;(r, 7) and making the change
of variables t = p*/r?, we get

~ 00 r f2
1, s(r,7) = 7r7~2/ Qs (§ (t +1+ ﬁ)) Jo (47| p|rv/t)dt.
0
Using formula (A0), we have
puvja) =a [ Lawe
0
for b > a > 0. Using this identity with a = 27/r and b=1¢+ 1+ f—z, we get

o] A7 B 72 “ S
I,s(r,7) = 27Trf/ I, (ﬂ) e (1+52) / Jo(dr|p|rv/t)e M dtdu.
0 0

r
17



Formula (A.2) with a = u and b = 47 |u|r yields
1, s(r,7) = 27?7*7:/ I (27“_’“) 6_<1+%)ue’4’r2‘“‘2”2/“d—u.
0

r u

Next, we make the change of variables ¢ = 872|u|?*r?/u and we get

> b o202 dt
I,s(r,7) = 27?7“77/ I <a7> S e_t/27,
0

with a = 4 |u|r and b = 4x|p|7. Observing that a > b > 0 and using ([A.3]) we conclude
1, s(r,7) = 4mr7 Ky(a)Ls (D).
This completes the proof of the Lemma.

Lemma 6.2. For v, u,c € C with v, c both non zero, r > 0, and s € C with Re(s) > 0, put

r 477" V‘T —2mitr (Viz +MZ>
J = I 2(|2[2+12) dz.
(ro, i) /<c|c|2<|z|2+r2> (|c|2<|z|2+r2>>6 :

Then, we have

7T1+325|V|s
lc|2049)sT (1 + s)

21 .
BB rK (4n|plr) 3, (%), if p#0,

re o ifp=0,
I(r,v,p,c) =

where Js(2) is giwen in (B1]).
Proof. We start with the case = 0. Using polar coordinates z = pe®, we get

4 47”‘ lp cos
I(r,v,0,c) / / I, ( mlvlr ) e TR+ ) dodp.
P P’ +7‘2 |c[2(p? +72)

Using formula (A.T]) and making the change of variables £ = p/r, we get

B 21rr S é" 47T|I/| 47T|V|€
0.0 = 15 [ &t (i) (e )
ar|v|

Using Lemma [A.Tl with a =

7T1+525|V|s s
= T
‘C‘Q(1+S)SF<1 + S)

This proves the first formula. For pu # 0, we start by writing

0 () = [ rate () o) s
H c |2 T 1% T

with 8 = “¢. Making the change of variables { = pz and using polar coordinates §{ = pet | we

obtain

o0 4 2w —273 Bpe™ " +Bpe® +2p cos(0
) B o (25
ik p2 Jo 2\ p2+r2) )
18




Now, we compute

25 . Bpe” -H?pe 27 . .
/ e%4 G cwz/‘a“wLWﬂ”ﬂm@w
0 0

Amp
_27TJO <p g |B+p +T‘2|>

by formula (A.I)). We conclude

r 2z (Blr [* p Ar|B|r 4mp 2, .2
\y\ﬂ<m,y,u,c): /0 p2+r2[s e Jo p2+7’2|ﬁ+p +7r7)d

|l
Making the change of variables t = p/r, we get

T _ 2xm|Blr [t 4|6 Arrt
|v|d U e ) = I Jo
7 T N GCES A

%3+ﬁ+1Dd

Now, by formula (AII) with A = | 2(t2+1 + 1|, z =4nrt, and s = 0, we get

Amrt | B (-1 1 B tr(B b
Jo <t27i:1 _2+t2+1D :Z( k!) (2 + 1) (|Tz|1 T rﬁz)(tul)) (27rt)* Jy (4mrt).

k=0

Therefore, using the binomial theorem, we have

o (m#) -
K\ |87 tr(B)+ /oo . k1 ; ( 47| 5| )Jk(llm’t)dt.

k
2| B|r 27T K
m|2 kz ]Z rk+2j _|_1)k+j+1 § 7’(t2+1)

Using the power expansion for I,(z) given in formula (A.6]), we have

S tk—f—l 47T|ﬁ‘
/0 (2 + 1)k+j+1[s (r(t2 mn 1>) J(4mrt)dt

2|81\ o= (27| B])%r % /oo fhe1
- » drt)dt
( r ) —o 0! P(S —+ ¢ + 1) 0 (t2 + 1)8+k+g+2€+1 Jk;( wr )

2|81\ " S (2B (2mr) R ()
—(D(s+0+1) D(s+k+j+20+1)

9

r

by formula (A.5) with s =k, p=s+k+ j+ 2¢, and a = 4r. This gives

|V||M|23(L v, 1 C)
2r|Blr- \ful "

(_l)k(27T)25+2k+j+4£|6|s+2j+2£ tl"(ﬁ)kin5+j+2g(47T’f‘)
(k= DT (s+ 0+ D) (s+k+j+20+1)r

M 1M

M»
¢ 1)

0
(—1)FH7 (27 )25+ 2K437 4L B|s 2420t (BYR K4y (dTr)

KT (s+ 04+ D (s+k+2j+204+1) 77

)

I
,Mg

e
Il
o
<
Il
o
~
Il
o
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using a well-known identity for the double sum over k£ and j. Applying this identity again for
the double sum over j and ¢ and using Lemma [A.2] with z = 47r, we get

ZISYESANIE S S <—1>k+j<27r>28+2’f+3fWﬂftr</3>kzj: I\ (=277) Ko (7)
om Bl \Ju” ) KGIT (s + k + 2 + 1)rd 0) T(s+l+1)

k=0 j=0 ¢=0

) 30 GBI $S (CDen) ()

= JIT(s+j+1) £ k!F(s+k+2j+1)'

Assuming that tr(3) > 0, using formula (A.7) and recalling that 3 = %, we therefore obtain

J(T,V,M,)—%TK(MWIT)Z(% PNVEOD™ ) (1 /53).

|
= I(s+j+1)
Applying Lemma (A.3) with x = 47+/tr(8) and A = \/5/tr(B), we get

I(r,v, pm,c) = |2| rK(4m|u|r)J (4%[) < \/7)
= i—‘ZTKS(ZIW\uh’) s <I;—§) .

This implies the second formula in the case u # 0,Re (%) > 0. The case Re (‘;—’2‘) < 0 is
completely analogous, so we omit the details. Finally, the case Re (Z—Q‘) = 0 follows from any of
the two other cases by taking the limit § — it,t € R,¢ # 0. This completes the proof of the
Lemma. l

APPENDIX A. IDENTITIES INVOLVING SPECIAL FUNCTIONS

In this appendix we recall some identities involving special functions that are used in the
paper. Most of these identities are well-known and can be found in the literature and for these
we just give a reference. For some of the less-known identities we give sketch of proofs.

We start with the well-known identities. These are

2m

(A1) / e~ g9 — 27 Jy(a), a >0,

0
(A.2) / e~ Jo(bV/t)dt = ¢ eV 0> 0,beR,

0
(A.3) / I (%b) e‘%-;ﬂ(ﬁuﬂ)% = 2K (a)ls(b), a>b>0,Re(s) > —1,
0

* et Ty —p)
(A.4) /0 o 1)Vd3: =T Tw) Re(v) > Re(pu) > 0,
and

(A.5) /Ooo (LJs(at)dt _ (a/2) Ku—s(a)7 a>0,—1 < Re(s) < Re (2,u + %) ,



which can be found in [6] (formulas 8.411-1, 6.614-1, 6.653-2, 6.565-4, and 3.194-3, respectively).
We also have

> (z/2 s+2k

(A.6) T (s + k1) z € C\ (—o0,0],
0 (1 \k(4/9)s 2k
(A7) L2 =Y E{;! ;25<+//?++1)’ 2 e C\ (—o00,0],
and :
" /n L(l+b) T(n+a—bI(b)
(A4.8) Z (6)(_1)£F(£+a) CT(a—bI(n+a)

=0
in loc. cit. (formulas 8.402, 8.445, and 0.160-2, respectively). For the Gauss hypergeometric
series o F (a, b; ¢; 2), we have the transformation property (formula 9.134-2 in loc. cit.)

“a a 1+a 4Z
(A.9) 2oFi(a,bya —b+1;2) = (14 2) 2F1<2’ 9 b+1(1+z)2)

Formulas 4.16-1 in [4] and 5-22-16 in [16] are

(A.10) /OOO I(at)e " dt = \/%(b +V0? —a?)"®,  Re(s) > —1,Re(b) > | Re(a)|,
(A.11) T(A2) =2 ) (=2/2) ]E,AQ —1 Jork(2).

k=0
We also have the well-known asymptotic bounds, valid uniformly for s in a compact set con-
tained in the half-plane Re(s) > —1/2,

(A.12) |Ks(x)| =0 (x_l/Qe_x) , forxz — o0,z eR,

and

(A.13) I(2)=0 (|2|Re(8)eRe(z)) ,

(A.14) Jy(2) = O (|z|e) el |

for z — oo, larg(z)| < 47 — & with fixed § > 0. The asymptotic formulas
z2/2)°

(A.15) I(2) ~ Js(2) ~ F<(s/+)1)’ for z — 0,

also hold uniformly for s in a fixed compact set.
We now give the less-known identities in the form of several lemmas.

Lemma A.1. We have

< ¢ a a& a’
I A = ——————
, 2+1°\e+1 Jo € +1 S 25+1sD(s + 1)
for any a > 0 and s € C with Re(s) > 0.

Proof. Using formulas (A.6) and (A7), we have
s ( ; ) ( . )
I Jo d
o Eric\gy)Er)

a\s (—1)/a?k+% o0 g2+
= (= . . d€.
3) 2 RO TG, @
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By putting z = €2, n = k + j, and using formula (A4]), we see that this equals
1 (a)Si a’ i n\ (=1)T(s + 2n — j)
2 \2 n:04nn!F(2n+s+1)jZO j) T(s+n—7+1)
By formula (A.§]) we have

i (n) (—1)jF(s+2n—j) _ 1y - (n) (—1)jF(8%n+j) _ {51, ?f” =0,

im0 \J [(s+n—j+1) = \J [(s+j+1) 0, if n > 1.

Replacing this in the previous expression gives the desired formula. 0
Lemma A.2. For s,z € C, we have

L\ (—2/2) Koyia(2)  (—2/2Y K(2)
Z(E) [(s+¢+1)  T(s+j+1)"

£=0

Proof. This identity can be proved by induction over j, the case 7 = 0 being obvious. For the
inductive step one can use the identity

Kun(2) = Koa(2) + 2K,

(see formula 8.468-10 in [6]). We omit the details. O
Lemma A.3. Assume that A € C\] — 00,0], Re(A?) =1/2, and x > 0. Then

e (AP
Js(Az)Jy(Ax) = nz% nlT(s +n+1

) s+on(T)

and similarly

0 .I‘A 23+2n
Z (z]4]*/2)

n!T(s+n+1) s+on(2).

n=

Proof. By using formula (A7) and collecting the powers of x, we have

—20—2n

Ji(Ax) 1, (Ax) = %(‘%y ; <fo) L(s+n +A1)Wts +l—n+1)

and

o8] s+2n S [4/2] n
S A ) = 3(5) T S
= nlT(s+n+1) i 47 T(s+L+1) &= nl(t —2n)!T(s +n+ 1)

where [¢/2] denotes the integral part of £/2. Putting a = A% and using that @ = 1 — a, we get

E ¢ A4 = (1-a) o1 | —s =4, —{;s+ 1; =
—\n/l(s+n+l(s+l—n+1) T(s+1I(s+1+7) l1-a

and

[¢/2 in
3 4] 1 10 ¢

- F(—5— —5s+L4a(l1—-a) .
=l —2n)!T(s+n+1) 0T+ 2 T2 55+ a(l—a)
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Thus, we just have to prove the identity

a 1—¢ /¢
(1—a)' o Fy (—s — 0, —l; s+ 1; m) = o5 (T, —g5i8 + 1;4a(1 — a)) .
This follows from identity (A.9) applied toa = —¢, b = —s—/, and z = a/(1—a). This completes
the proof of the first formula. The proof of the second formula is completely analogous, so we
omit the details. 0J
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