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The aim of this short lecture course is to develop Selberg’s trace formula for
a compact hyperbolic surface M, and discuss some of its applications. The
main motivation for our studies is quantum chaos: the Laplace-Beltrami oper-
ator —A on the surface M represents the quantum Hamiltonian of a particle,
whose classical dynamics is governed by the (strongly chaotic) geodesic flow
on the unit tangent bundle of M. The trace formula is currently the only avail-
able tool to analyze the fine structure of the spectrum of —A; no individual
formulas for its eigenvalues are known. In the case of more general quan-
tum systems, the role of Selberg’s formula is taken over by the semiclassical
Gutzwiller trace formula [10], [1].

We begin by reviewing the trace formulas for the simplest compact man-
ifolds, the circle S' (Section [) and the sphere S? (Section B). In both cases,
the corresponding geodesic flow is integrable, and the trace formula is a con-
sequence of the Poisson summation formula. In the remaining sections we
shall discuss the following topics: the Laplacian on the hyperbolic plane and
isometries (Section Bl); Green’s functions (Section H); Selberg’s point pair in-
variants (Section Bl); The ghost of the sphere (Section [l); Linear operators on
hyperbolic surfaces (Section [); A trace formula for hyperbolic cylinders and
poles of the scattering matriz (Section B); Back to general hyperbolic surfaces
(Section [); The spectrum of a compact surface, Selberg’s pre-trace and trace
formulas (Section M); Heat kernel and Weyl’s law (Section [l); Density of
closed geodesics (Section [[2); Trace of the resolvent (Section [M3); Selberg’s
zeta function (Section [[d); Suggestions for exercises and further reading (Sec-
tion [[H).

Our main references are Hejhal’s classic lecture notes [I2, Chapters ONE
and TWO], Balazs and Voros’ excellent introduction [I], and Cartier and Voros’
nouvelle interprétation [6]. Section [[H comprises a list of references for further
reading.

These notes are based on lectures given at the International School Quan-
tum Chaos on Hyperbolic Manifolds, Schloss Reisensburg (Giinzburg, Ger-
many), 4-11 October 2003.
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1 Poisson summation

The Poisson summation formula reads

S hlm) = 3 [ by dp (1)

meZ nez

for any sufficiently nice test function h : R — C. One may for instance take
h € C*(R) with |h(p)| < (14 |p|)~*~? for some 6 > 0. (The notation 2 < y
means here there ezists a constant C' > 0 such that x < Cy.) Then both sums
in (@) converge absolutely. (@) is proved by expanding the periodic function

flp)="Y_ h(p+m) (2)

mEeEZ

in its Fourier series, and then setting p = 0.

The Poisson summation formula is our first example of a trace formula:
The eigenvalues of the positive Laplacian —A = —dd—;z on the circle S' of
length 27 are m? where m = 0, +1, £2, ..., with corresponding eigenfunctions
©m(z) = (2m)~ /2", Consider the linear operator L acting on 27-periodic

functions by ,
wﬂ@w—A k() f(y) dy (3)

with kernel

k(z,y) = Y h(m) om() B, (y)- (4)

meZ
Then
Lom = h(m)pm (5)

and hence the Poisson summation formula says that

TrL=>Y hm)=>Y_ /R h(p) e>™* dp. (6)

meZ nez

The right hand side in turn has a geometric interpretation as a sum over the

periodic orbits of the geodesic flow on S!, whose lengths are 27|n|, n € Z.
An important example for a linear operator of the above type is the re-

solvent of the Laplacian, (A + p?)~!, with Im p < 0. The corresponding test

function is h(p') = (p? — p'*) L. Poisson summation yields in this case

POUEIERED oy e 2 g
p?—m?)7h = —— dp
R p2_p/2

meZ ne”z

and by shifting the contour to —100 and collecting the residue at p’ = p,
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Imp

we find

Z (p2 _ m2)—1 — 7T_1 Z e—27n|n\p. (8)

mEeEZ P ne”z

The right hand side resembles the geometric series expansion of cotz for
Imz <0,

21e7 % cos z _ _ _
cotz =" =1(1 4 e 2?) E e”2nE = E e~ 2Inlz, (9)
1— e—21z
nez

Hence

D (0 =)t = = cot(m) (10)

MeEZL
which can also be written in the form

_ngz{p — p+ ]_ﬁcot(Wp), (11)

The above h is an example of a test function with particularly useful analytical
properties. More generally, suppose

(i) h is analytic for |Im p| < o for some o > 0;
(ii) |h(p)] < (1+|Rep|)~17? for some & > 0, uniformly for all p in the strip
[Imp| < 0.

Theorem 1. If h satisfies (i), (ii), then

> nim) = 5o [ (o) cottnp) (12)

mEZ

where the path of integration C— is

Imp

A

Y
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Proof. The Poisson summation formula () may be written in the form

S hm) = 3 3 [ 1)+ =g dp (13)

meZ nez

We shift the contour of the integral to ffoogja The geometric series expansion
of cot z in (@) converges absolutely, uniformly for all z with fixed negative
imaginary part. We may therefore exchange summation and integration,

1 oo—10
S htm) =5 [ o)+ () cotlnp) dp. (14)
mGZ — o0 —10
We conclude with the observation that

—oo+10

h(=p) cot(mp)dp = / h(p) cot(mp) dp (15)

oco+10

1 o0 —10
21 —0o0—10

since cot z is odd. O

Remark 1. This theorem can of course also be proved by shifting the lower
contour in ([[2) across the poles to the upper contour, and evaluating the
corresponding residues.

2 A trace formula for the sphere

The Laplacian on the sphere S? is given by
1 0 /(. 0 1 92
A= aaa (5) + raos 1o

where 6 € [0,7), ¢ € [0,2m) are the standard spherical coordinates. The
eigenvalue problem

(A+X)f=0 (17)

is solved by the spherical harmonics f = Y;” for integers [ = 0,1,2,...,
m=0,+1,42,..., £l, where

@ +1) (1—m)]Y?
dr (I +m)!

Y/ (6, 9) = (~1)" F"(cos) ™ (18)

and P/™ denotes the associated Legendre function of the first kind. The eigen-
value corresponding to ¥, is A = [({+1), and hence appears with multiplicity
21 4 1. Let us label all eigenvalues (counting multiplicity) by

0=X<M << = o, (19)
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and set p; = 1/A; + 1 > 0. For any test function h € C*(R) with the bound

|h(p)] < (1 + |Rep|)~27° for some § > 0 (assume this bound also holds for
the first and second derivative) we have

i h(p; i 20+ 1) h(l+ 3) (20)

j=0 1=0
- Z [+ L h+ 1) (21)
l=—o00
Z /|l+2|hl+ 1)e2min gy (22)
=2 (-1 / h(p) cos(2mnp) dp, (23)
nez

in view of the Poisson summation formula. We used the test function |p|h(p)
which is not continuously differentiable at p = 0. This is not a problem, since
we check that (using integration by parts twice)

/000 ph(p) cos(2mnp)dp = O(n™?) (24)

hence all sums are absolutely convergent. With Area(S?) = 4, it is suggestive
to write the trace formula Z3) for the sphere in the form

> o) = 225D [ty do+ S0 [ lolnia)e e dp. (25
j=0

n#0

As in the trace formula for the circle, the sum on the right hand side may
again be viewed as a sum over the closed geodesics of the sphere which, of
course, all have lengths 27|n|. The factor (—1)™ accounts for the number of
conjugate points traversed by the corresponding orbit.

The sum in ([Z3) resembles the geometric series expansion for tan z for
Imz <0,

tanz = —cot(z +7/2) = -1y _(=1)"e 2I"l%, (26)
nez

As remarked earlier, the sum converges uniformly for all z with fixed Im z < 0.
We have in fact the uniform bound

> |(=1yreainis

neZ

o0 o0 1
<142 2nImz<1 2/ QIImzd —1— 27
_+;e <142 e x — (27)
which holds for all z with Im z < 0.
Let us use this identity to rewrite the trace formula. Assume h satisfies
the following hypotheses.
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(i) h is analytic for |Im p| < o for some o > 0;

(ii) h is even, i.e., h(—p) = h(p);
(iii) |h(p)| < (1 +|Rep|)~27° for some § > 0, uniformly for all p in the strip

|Tm p| < 0.

Theorem 2. If h satisfies (i), (ii), (iii), then
- 1
> hlos)==5 [ hlp)ptan(mp)dp,
. 1 /¢
Jj=0 x
with the path of integration

Imp

o Rep

Y
|

Proof. We express ([Z3) in the form
S [ oh) e dp+ 31" [ (e dp, (20

newz neZ

which equals

0

=S [ ke 3oy
e ne

| entpyemi dp. (30)
0

Let us first consider the second integral. We change the path of integration to
Cﬂ
Imp

o N Rep

qQ
Y
|

Due to the uniform bound 1) and
lph(p)[1 = (2m T p) ] dp| < o0 (31)
Ci
we may exchange integration and summation, and hence the second integral

in (B) evaluates to
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oo
Z(—l)”/ ph(p)e 1M dp 1/ h(p) ptan(rp) dp (32)
new 0 2!
The first integral in ([B0) is analogous, we have

e

nez >

ph(p)e™I"P dp = — /C h(p) ptan(mp)dp  (33)

=1 /C _Nlp) pran(zp)dp. (34)

The final result is obtained by reflecting these paths at the origin, using the
fact that h is even. 0O

Remark 2. The poles of tan z and corresponding residues can be easily worked

out from ([[II),

7 tan(mp) = —mcot [1(p + 1)] (35)

1 1
Tt %} (36)

|
S il @

Taeh T o—a+

(the sum has not been reordered, we have simply shifted the bracket)

:_Z[p+l+ +p—(ll+%)] (38)

Note that the extra factor p in the integral [E8), as compared to Theorem [
yields the multiplicity of the eigenvalues of the sphere.

3 The hyperbolic plane

In this section we briefly summarize some basic features of hyperbolic geom-
etry; for a detailed discussion see Buser’s lecture notes [B].

The hyperbolic plane H? may be abstractly defined as the connected, sim-
ply connected two-dimensional Riemannian manifold with Gaussian curvature
—1. Let us introduce three convenient coordinate systems for H?: the Poincare
disk ® = {z : |z] < 1}, the upper half plane $§ = {z : Imz > 0} and polar co-
ordinates (7, @) € R>( %[0, 27). In these parametrizations, the line element ds,
volume element dy and the Riemannian distance d(z, z’) between two points
2,2 € H? are as follows.
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H? ds® dp coshd(z, 2)
D 4(dz? + dy?) 4 dz dy |+ 2]z — 2'|?
(=22 —y2)? |(1—a?—y?)? (1 —|z)2(1 — |21])?
& dx? + dy? dx dy 1+ |z — 2?
y2 3?2 2Im zIm 2’
polar|dr? + sinh® 7 d¢?| sinh7drdé |coshr [for z = (7,¢), 2 = (0,0)]

The group of isometries of H2, denoted by Isom(H?), is the group of smooth
coordinate transformations which leave the Riemannian metric invariant. The
group of orientation preserving isometries is called Isom™ (H?). We define the
length of an isometry g € Isom(H?) by

£y = g) = inf d(gz,2). (39)

Those g € Isom™ (H?) for which ¢ > 0 are called hyperbolic. In the half plane
model, Isom™ (H?) acts by fractional linear transformations,

G 6=  aegrm 2T <“b

et . d> € SL(2,R) (40)

(we only consider orientation-preserving isometries here). We may therefore
identify g with a matrix in SL(2,R), where the matrices g and —g obviously
correspond to the same fractional linear transformation. Isom™ (H?) may thus
be identified with the group PSL(2,R) = SL(2,R)/{%1}. In this representa-
tion,

2 cosh (£4/2) = max{| tr g, 2}, (41)

since every matrix g € SL(2,R) is conjugate to one of the following three,

(0. (p.0). (g
with b € R, a € R>g, 6 € [0, 27).

The Laplace-Beltrami operator (or Laplacian for short) A of a smooth
Riemannian manifold with metric

ds?® = Z gjrda? da® (43)
j

is given by the formula
1 0 L0
A=3 o (Virt s ) (14)
” Vg 0xI Ox

where g/* are the matrix coefficients of the the inverse of the matrix (g;z),
and g = |det(g;x)|- In the above coordinate systems for H? the Laplacian
takes the following form.
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H? A
e
0 4 Ox? + Oy?
0? 0?
2 _— _—
9 Y (83:2 i 0y
olar L 2 sinh g + # 6—2
P sinh T Ot T@T sinh? 7 042

One of the important properties of the Laplacian is that it commutes with
every isometry g € Isom(H?). That is,

AT, =T,A Vg € Isom(H?). (45)

where the left translation operator T, acting on functions f on H? is defined
by
[Ty f1(z) = f(g~'2) (46)

with g € Isom(H?). Even though (@H) is an intrinsic property of the Lapla-
cian and is directly related to the invariance of the Riemannian metric under
isometries, it is a useful exercise to verify [H) explicitly. To this end note that
every isometry may be represented as a product of fractional linear transfor-
mations of the form z +— az (a >0), z— 2+b (bER), 2 — —1/z, 2 — —Z.
It is therefore sufficient to check ([HH) only for these four transformations.

4 Green’s functions

The Green’s function G(z,w;A) corresponding to the differential equation
(A4 X)f(z) = 0 is formally defined as the integral kernel of the resolvent
(A+ )71, ie., by the equation

(A4 2 f() = / Gz, w; ) f(w) dyu(uw) (47)

for a suitable class of test functions f. A more precise characterization is as
follows:

(G1) G(-,w;\) € C°(H? — {w}) for every fixed w;

(G2) (A4 NG(z,w; \) = (z,w) for every fixed w;

(G3) as a function of (z,w), G(z,w;\) depends on the distance d(z,w) only;
(G4) G(z,w;\) — 0 as d(z,w) — oo.

Here 6(z,w) is the Dirac distribution at w with respect to the measure dpu. It
is defined by the properties that

(D1) 6(z,w)du(z) is a probability measure on H?;
(D2) [ f(2) (2, w) dp(z) = f(w) for all f e C(H?).
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E.g., in the disk coordinates z = z + 1y, w = v +1v € © we then have

(1-2?—y*)°

0(z,w) = 1

0(x —u)d(y —v) (48)

where d(z) is the usual Dirac distribution with respect to Lebesgue measure
on R. In polar coordinates, where w is taken as the origin, 7 = d(z,w), and

8(7)

Property (G2) therefore says that (A + X\)G(z,w;\) = 0 for z # w, and
/ (A+ NGz, w: Ndu(z) =1 Ve >0, (50)
d(z,w)<e

In view of (G3), there is a function f € C°°(Rsq) such that f(7) = G(z,w; ).
Then

- / (A + NGz, w: A)dp(2) (51)
d(z,w)<e
= 27T/0 (% (sinthiT) + )\sinhT> f(r)dr (52)
=27 sinhef’(e) + 27\ /E sinh 7 f(7) dr. (53)
0

Taylor expansion around € = 0 yields f/(¢) = 1/(2w¢) + O(1) and thus f(e) =
(1/2m)loge + O(1) as € — 0. Equation (G2) is therefore equivalent to

(A+N)G(z,w; A) =0, d(z,w) >0, (54)
G(z,w; A) = (1/27) logd(z,w) + O(1), d(z,w) — 0.
Proposition 1. If p € C with Imp < 1/2, and \ = p? + %, then
1
G(z,w;\) = —%Q,%ﬂp(coshd(z,w)) (55)

satisfies (G1)-(G4), where Q, is the Legendre function of the second kind.
Proof. With f(r) = G(z,w; \), @4) becomes

sinh 7 dr

1 d d
— | sinh7— A = 0. 56
[ (sm TdT> + ]f(T) (56)
Set r = coshr, f(cosh7) = f(7), and A = —v(v + 1), to obtain Legendre’s
differential equation

2

[(1 - ﬁ)% - 27“6% +v(v+ 1)] fr)y =0, (57)
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whose solutions are the associated Legendre functions P,(r) and Q,(r). Q.
has the integral representation

e—lpt

1 o0
_14,(cosht) = — )
@ %er( ™) \/5/7 vcosht — cosh T

which converges absolutely for Im p < 1/2 and 7 > 0. From this it is evident
that Q_%_Hp(cosh 7) — 0 as 7 — oo (see also Lemma[l below), so (G4) holds.

(58)

For t — 0 (p fixed) it has the asymptotics required in ([&4), cf. the well known
relation

Q_%ﬂp(coshﬂ ~ —(log(T/2) +v+ 7/’(% + 10)) (59)

where v is Euler’s constant and ¢ the logarithmic derivative of Euler’s I’
function. O

Lemma 1. Given any € > 0 there is a constant Ce > 0 such that
7(Im —l-i-e)
|Q_14.p(coshT)| < Cellog| e™ P2 (60)

uniformly for oll 7 > 0 and p € C with Im p < %

Proof. From the integral representation (B8) we infer

h L[ 61
cos < — —dt
|Q7%+1p( < \/5/7 vcosht — coshr (61)
1 ! RIC )
< — ¢"(Imp=g+e) —dt (62)
V2 + +/cosht — cosht
since . .
et(Im p7§+e) < eT(Im p7§+e) (63)
for all ¢ > 7, if € > 0 is chosen small enough. The remaining integral
1
00 t(5—e)
i (64)

—_—_dt
+ y/cosht — cosht

has a log7 singularity at 7 = 0 and is otherwise uniformly bounded for all
T—o00. 0O

Remark 3. This is only a crude upper bound, but sufficient for our purposes.

To highlight the p dependence, we shall use

1

Gplzw) = 5=

Q7%+1p(coshd(z,w)) (65)

instead of G(z, w; A).
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Lemma 2. Suppose f : H? — C with |f(z)] < Ae®¥*°) with constants
A,a > 0. Then the integral

[ Gotew () dut) (66)

converges absolutely, uniformly in Re p, provided Imp < —(a + %) The con-
vergence is also uniform in z in compact sets in H2.

Proof. Note that |f(w)| < Ae®@(w) < Aevd(0:2)ead(20) T polar coordinates
(take w as the origin) 7 = d(z,w), and du = sinh 7 dr d¢. In view of Lemma
[0 the integral (G is bounded by

o 1
< / llog 7| e~ (2~ MP== T ginh 7 dr (67)
0

which converges under the hypothesis on Imp. 0O

5 Selberg’s point-pair invariants

Let H be a subgroup of Isom(H?). An H-point-pair invariant k : H2 x H? — C
is defined by the relations

(K1) k(gz,gw) = k(z,w) for all g € H, z,w € H?;
(K2) k(w,z2) = k(z,w) for all z,w € H.

Here we will only consider point-pair invariants which are functions of the
distance between z,w, such as the Green’s function G,(z,w) studied in the
previous section. Hence H = Isom(H?) in this case. We sometimes use the
notation k(1) = k(z,w) with 7 = d(z, w). Let us consider

Hew) == [ Gawpn(o)dy (68)

T J oo

where the test function h : C — C satisfies the following conditions.

(H1) h is analytic for | Im p| < o for some o > 1/2;

(H2) h is even, i.e., h(—p) = h(p);

(H3) |h(p)] < (1 +|Rep|)~27? for some fixed § > 0, uniformly for all p in
the strip |Im p| < 0.

For technical reasons we will sometimes use the stronger hypothesis

(H3*) |h(p)] <n (14 |Rep|)~ for any fixed N > 1, uniformly for all p in
the strip |Im p| < 0.
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The Fourier transform of h is
1
t)=— [ h(p)e *'dp.
o) = 3= [ ho)edp (69)
With the integral representation (B8) one immediately finds

1 e (¢
k(z,w) = — / gt) dt,
7v/2 J; +/cosht—cosht
The analyticity of h and (H3) imply that g and its first derivative (all deriva-

tives provided (H3*) holds) are exponentially decaying for |t| — oco. To see
this, consider

T =d(z,w). (70)

1 14 —1
g"(t) = o [ (=1p)"h(p) ™" dp (71)
T JR
1
_ _ v —1pt
5 R_w( 1p)” h(p) e dp (72)
1
=_—e 7 / [—1(p —10)]"h(p — 10) e *tdp. (73)
2 R
Since, due to (H3*),
[ 1o =101t = 10)]dp < o (74)
we find
19" ()] <, e M. (75)

The point-pair invariant k(z,w) gives rise to the linear operator L defined
by

LA = [ k) fw)da(w) (76)
H?2
Proposition 2. Suppose f € C*(H?) is a solution of (A + p? + 1) f = 0 with

|Tm p| < 0 and | f(2)| < Ae®¥ =0 with constants A > 0,0 < o < o—%. Then,
for h satisfying (H1), (H2), (H3),

Lf=nh(p)f. (77)

Proof. We have
[Lf](2) = /H2 k(z,w) f(w)dp(w) 78)
- % " {/_Z Gy (z,w)p h(P')dp’}f(w)du(w) (79)

=[] vt s ad bt s0)

1 JH2 —oco—10
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where we have shifted the contour of integration by o. Then
1 oo —10
-2 [T eveaswao e e
H

™ — o0 —10

since the inner integral converges absolutely, uniformly in Re p, see Lemma
We have

- Gy (z,w) f(w)dp(w) = (A+ p* + D7 (2) = (0% = p*) L f(2)  (82)

and thus

Lo =416 [ L

—0o0—10 PI2 - p2
This integral converges absolutely, cf. (H3), and is easily calculated. We shift
the contour from —i0 to +10 and collect residues, so that

i /ooflcr 2p/h(p/) dp/ _ h(p) N h(_p) N L /ooer 2p1h(pl) dp/' (84)

2
27T1 —00—10 P’ — p?

dp’. (83)

14 2m —oo+10 0/2 - p2

Since h is even, the integral on the right hand side equals the negative of the
left hand side, and thus

1 oco—10 2plh(pl)
— =h 85
271_1 oo p/2 _ p2 (p)7 ( )

which concludes the proof. O

It is useful to define the auxiliary functions @,  : R>¢ — C by the relations

®(2(cosht — 1)) = k(1) = k(z, w), T =d(z,w), (86)
and
Q(2(cosht — 1)) = g(t). (87)
Lemma 3. The following statements are equivalent.
(i) h satisfies (H1), (H2), (H3*).
(ll) Qe COO(RZ()) with
QW] <, (L+0)7"  ¥p>o. (88)

Proof. Clearly g € C*(R) if and only if @ € C*(R>¢) (this is obvious for
t # 0; the problem at ¢ = 0 can be resolved by expanding in Taylor series).
In view of (), the bound (BY) is evident for ¥ = 0. The vth derivative of g
is of the form

gM(t) = ZU: aj, @M QU (2(cosht — 1)) (14 O(e™Ith) (89)
j=0
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with suitable coefficients a;,,. Hence, by induction on v,

evltl ‘Q(”)(2(cosht -1))| < ’g(l’)(t)‘ +| Z aj, 1 QU (2(cosht — 1)

=0
(90)
v—1
)]+ 3 Mle-oile (91)
=0
<, e ol (92)

This proves (i) = (ii). Conversely, 8] implies via [8) the exponential decay
of g, which proves (H1). (H3*) follows from g € C*(R). O

The integral transform ([[{0) reads in terms of the functions @, @,
1 [ Qn
o=+ [ L, (93)
T Je n—¢&
Lemma 4. Consider the following conditions.
(i) @ € C*(Rx0) and |QW)(n)| <, (1+1)
(ii) @ € CX(Rxo) and |[$)(€)] <, (1+€)77 7717

Then (i) implies (ii) for any fized € > 0, and (ii) implies (i) for any fized
e <0.

—o—V

Proof. The vth derivative of @ is

5 e 71T e / Q' 201+0 +£ o)
% d (95)
_—%/:O%dn. (96)
Therefore (i) implies & € C*(Rxo). Furthermore, from (),
2 (9)] < /OOO (L+ ”+jﬁ)wl dn) (97)
<y (148777 /Ooo % dn, (98)

for € > 0 small enough. The last integral converges for any € > 0.
The implication (ii) = (i) follows analogously from the inversion formula
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LAY
= dg. 99
Q= [ e (99)
To show that (@) is indeed consistent with ([@3)), write (@) in the form
Q= [ o+ e (100
and thus -
Q= [ P+ (101)
The right hand side of [@3) is
LQW L[
W/g N 7T/RQ(é“Jrn)dn (102)

1
:——//@@+ﬁ+ﬁmmW, (103)
T JRJR

where we have used () in the last step. This equals of course

= —2/0 &' (& +r)rdr = —/0 Q' (& +r)dr = P(€) (104)

which yields the left hand side of [@J). O

Proposition 3. The following statements are equivalent.

(i) h satisfies (H1), (H2), (H3*).
(ii) k(z,w) is in C*°(H? x H?) with the bound on the vth derivative,

[kW)(1)] <, e”(0F/2797  yr >, (105)

for any fixed € > 0.
Proof. In view of LemmasBlandHl the statement (i) is equivalent to the condi-
tion for &, statement (ii) in LemmaPl Since k(z, w) = k(1) = @(2(cosh7—1)),

the proof is exactly the same as that of Lemma Bl with g(t) replaced by k(7),
and Q(2(cosht — 1)) by @#(2(cosh7 —1)). O

6 The ghost of the sphere

Note that for z = w, the kernel k(z, w) has a finite value, unlike the logarithmic
divergence of the Green’s function G,(z, w). In fact,
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k(z,2)=— dt (106)

™2 /0 vecosht — 1

__ L[ g, (107)

27 Jo sinh(¢/2)
S ho) pdp (108)

[
L s o

where changing the order of integration is justified, since
sin(pt)

9] S ¢

and |h(p)| < (1+|p|)~%, assuming (H3*). We use the geometric series expan-
sion

1 2e*t/2
=2 t 111
sinh(t/2) 1—e- Z exp | 21 (111)

so for |[Imp| < 1/2

°° sin(pt) - [ 1 1
—— = dt =1 + 112
[ M e e v s LT
= —mtan(mp) = 7 tanh(wp), (113)
compare (BY). We conclude
1 oo
k(z,2z) = 4—/ h(p) tanh(mp) pdp. (114)
™ — 00

Let us conclude this section by noting that the logarithmic divergence of
the Green’s function is independent of p, see ([£4)). It may therefore be removed
by using instead

GP(va) _GP* (va) (115)

where p, # p is a fixed constant in C with |Im p,| < 1/2. We then have from

1t 1pst
iiglz Gz w) = G (2, w)] = 27r\/_ / cospht Vcosht — cosh T copshT dt (116)
00 o—1pt _ o—1pst
= 47r/0 Wdt (117)
1 1 1
T & [p—1<l+%> pe =11+ 3]
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where we have used the geometric series expansion ([[TIl) as above. The last
sum clearly converges since

1 1 )
PRy Ryt i s U (119)

Remark 4. In analogy with the trace formula for the sphere, we may view the
geometric series expansion,

tanh(mp) = » (—1)"e *"I"l7, (120)
neL

cf. Ed), as a sum over closed orbits on the sphere, but now with imaginary
action. These orbits have an interpretation as tunneling (or ghost) orbits.

7 Hyperbolic surfaces

Let M be a smooth Riemann surface (finite or infinite) of constant negative
curvature which can be represented as the quotient I"\H?, where I" is a strictly
hyperbolic Fuchsian group (i.e., all elements v € I" — {1} have £, > 0). The
space of square integrable functions on M may therefore be identified with
the space of measurable functions f : H? — C satisfying the properties

T.f=f Vyerl (121)

and

12 = /f FPdu < oo (122)

where T, is the translation operator defined in ([@8) and Fr is any fundamental
domain of I" in H2. We denote this space by L?(I"\H?). The inner product

(fi, f2) = Jifodp (123)
Fr
makes L?(I"\H?) a Hilbert space. Similarly, we may identify C*(I"\H?) with
the space of functions f € C*°(H?) satisfying (IZI) (note that more care has
to be taken here when I" contains elliptic elements). Since A commutes with
T,, it maps C*(I'\H?) — C*>(I"\H?).
To study the spectrum of the Laplacian on I'\H?, let us consider the linear
operator L of functions on I'\H?,

LAG) = [ et fwdu (124)

with kernel

kr(z,w) =Y k(yz,w) (125)

yel’

with the point-pair invariant k as defined in (B8]). The convergence of the sum
is guaranteed by the following lemma, cf. Proposition @l below.
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Lemma 5. For every § > 0, there is a Cs > 0 such that

Z e—(1+t5)d(vz,w) < Cs (126)
yel’

for all (z,w) € H? x H2,

Proof. Place a disk Dy(r) = {#/ € H : d(vz,2’) < r} around every point
zy = 7z, and denote the area of D, (r) by Area(r). Then

1 J( .7
—(140)d(z~,w) < —(1+46)d(= ,w)d ’ 127
¢ - Area(r) /DW(T) ¢ ,Uz(Z ) ( )
where B
d(z',w) = min d(z,w). (128)
z€D~(r)

Because of the triangle inequality

d(z',w) > min [d(z',w) —d(z,2")] > d(z',w) — 2r (129)
z€D~(r)

for 2z’ € Dy (r). Use this in (IZ7) to obtain

3 o (D) e () Z/ e~ I+ w) gy (1), (130)
by ~ Area(r) ier /D)
If 1
r<-— min /£ (131)

2 yer—{1} !

the disks D, (r) do not overlap. (Note that min,ep_(13 £y > 0 since I is
strictly hyperbolic and acts properly discontinuously on H2.) Therefore

2r(1446
= Area(r) Sy
2 2r(1446) oo
:zeia(ﬂ/ e~ )7 sinh 7 dr. (133)
0

This integral converges for any § > 0. O

Proposition 4. If h satisfies (H1), (H2), (H3*), then the kernel kr(z,w) is
in C®(I\H? x I'\H?), with kr(z,w) = kr(w, 2).

Proof. PropositionBland Lemma B show that the sum over k(yz,w) converges
absolutely and uniformly (take 6 = o —1/2—¢ > 0). The same holds for sums
over any derivative of k(yz,w). Hence kr(z,w) is in C*°(H? x H?). To prove
invariance under I, note that
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kr(yz,w) = Z k(' vz, w) = Z k(v z,w) = kr(z,w). (134)
y'erlr y'er

Thus kr(z,w) is a function on I'\H? with respect to the first argument.
Secondly

kr(z,w) = Z k(v z,w) = Z k(w,~'2)

y'erlr ~'er
=D k(Y w2 = Y k(Y T w, 2) = kr(w,2), (135)
y'er y'er

which proves symmetry. Both relations imply immediately kr(z,yw) =
kr(z,w). O

Proposition 5. Suppose f € C*(I'\H?) is a solution of (A + p* + Df=0
with |Tmp| < o and |f(2)| < Ae®¥=°)  with constants A > 0,0 < a < o — :
Then, for h satisfying (H1), (H2), (H3),

Lf = h(p)f. (136)
Proof. Note that

/f K (2 0) f (w)dp(w) = / (2 w) f(w)dp(w) (137)

H?2

and recall PropositionPl O

8 A trace formula for hyperbolic cylinders

The simplest non-trivial example of a hyperbolic surface is a hyperbolic cylin-
der. To construct one, fix some v € Isom™ (H?) of length ¢ = ¢(v) > 0, and
set I' = 3, where 3 is the discrete subgroup generated by v, i.e.,

3={Y": nelZl} (138)

We may represent 3\H? in halfplane coordinates, which are chosen in such a

way that
et/2 0
1= (% o) (139)

A fundamental domain for the action of v on 9, z — e’

z, is given by
{zeH: 1<y<e'} (140)

It is therefore evident that 3\H2 has infinite volume. A more convenient set
of parameters for the cylinder are the coordinates (s,u) € R?, with
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x = ue’, y=¢e’, (141)

where the volume element reads now
dp = ds du. (142)

In these coordinates, the action of v is (s,u) — (s+ ¢, u), and hence a funda-
mental domain is

Fs={(s,u) eR?: 0 < s</(}. (143)
Note that
n ez — 2 12 2
cosh d(y 2,2)21+W=1+2smh (nl/2)(1 4 u®) (144)
Y
and hence
k3(z,2) = k(z,2) + Z k(v"z,2) (145)
n#0
=k(z,2)+2)_ k(y"z,2) (146)
n=1
= k(z,2) +2)_ &(4sinh’(nl/2)(1+ u?)). (147)
n=1

From this we can easily work out a trace formula for the hyperbolic cylinder:

Proposition 6. If h satisfies (H1), (H2), (H3), then

N~ Lg(nt)
/3\H2 [k3(z,z)—k(z,z)]d,u_;m_ (148)
Proof. We have
//Z¢(4sinh2(n£/2)(l+u2)) ds du (149)
R JO
L . )
= W /}R@(481nh2(n€/2) + & )d§ (150)
and with ([00),
= m Q4 Sinhz(nﬁ/Z)) (151)
14
= 2sinh(nf/2) Q(2(cosh(nf) — 1)) (152)

which yields the right hand side of ([[]), cf. ). O
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Proposition 7. If h satisfies (H1), (H2), (H3), then

[ k(a2 = a2 = [ hoyns(o)dp (153)
3\H? R
where -
n3(0) = = 3 fexp[(m+ & +1p) €] ~ 1} (154)
m=0

18 a meromorphic function in C with simple poles at the points

v 1
2—7T€+1(m+5), veZ, m=0,1,2,..., (155)

Pvm
and residues res,,, n3 = 1/(m).
Proof. The geometric series expansion of 1/sinh ([[TI)) yields

Z Suf]f :22 / Z ZGXP (m+ 5 +1p) nl]| h(p)dp (156)

m=0n=1

and using again the geometric series, this time for the sum over n,
Sexp [~ (m+ 4 +1p)nl] = {1—exp [~ (m+L+1p) (]} —1 (157)
= {exp[(m+ 3 +1p) (] —1}71. (158)
This proves the formula for n3(p). Near each pole p,,, we have

m3(p) ~ = fexp [(m+ & +10) €] 1} " (159)
1 1
m p— [(2n/0v+1(m+3)]

(160)

and so res,,,, n3 = 1/(m). O

The poles of n3(p) are called the scattering poles of the hyperbolic cylinder.
A wuseful formula for nj is

00 / e—lpné

n3(p)=%;m, Imp < 1/2, (161)

which follows immediately from the above proof. Furthermore, by shifting the
path of integration to —100, we have the identity

n3(p’ 1
/ 23( 22 dp' = “ns(p), Imp<0. (162)
R P— P p
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9 Back to general hyperbolic surfaces

Let us now show that the kernel kr(z,w) of a general hyperbolic surface
\H? (with I" strictly hyperbolic) can be written as a superposition of kernels
corresponding to hyperbolic cylinders.

Define the conjugacy class of any element v € I as

{y}:={ye€Tl:7=gyg ! for some g € I'}. (163)

Clearly the length £, is the same for all elements in one conjugacy class. The
centralizer of -y is

3y={g€rl': gy=ng} (164)

Lemma 6. If v € I' is hyperbolic, then the centralizer is the infinite cyclic
subgroup

3,= {0 nezy, (165)

where v, € I' is uniquely determined by v via the relation v]* = v for m € N
as large as possible.

Proof. v € PSL(2,R) ~ Isom™ (H?) is conjugate to a diagonal matrix

er/2 0
(0 o) (166)

with ¢4 > 0. The equation

et/2 ab ab etr/2
< 0 e_év/Q) (c d) - <c d> < 0 e_év/Q) (167)

has the only solution b = ¢ = 0, a = d~!. Hence the centralizer is a diagonal
subgroup of (a conjugate of) I'. Since I" is discrete, the centralizer must be
discrete, which forces it to be cyclic. 0O

Remark 5. If «y is hyperbolic and I" strictly hyperbolic, then {y} # {y"} for
all n # 1. Furthermore, the centralizers of v and 7™ coincide.

The sum in ([ZH) can now be expressed as

Z k(yz,w) = k(z,w) + Z Z k(g 'vgz, w) (168)
~yer YEH ge3 \I"

= k(z,w) + Z Z k(vgz, gw) (169)

~eH ge3\I'

where the respective first sums run over a set H of hyperbolic elements, which
contains one representative for each conjugacy class {7}. We may replace this
sum by a sum over primitive elements. If we denote by H, C H the subset of
primitive elements, [[5d) equals
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=k(z,w) + Z Z k(vgz, gw) (170)

YEH g€3,\I

Z Z Zk gz, gw) (171)

YEH. 9637\1_‘” 1
and hence, finally,
1
br(ew) =k w) =5 S0 3 {ks, (g5.00) — Koz gu)}s  (172)
YEH. ge3 \T"

recall that
k3 (z,w) ka zZ,w) (173)

10 The spectrum of a compact surface

It is well known that for any compact Riemann manifold, —A has positive
discrete spectrum, i.e.,

0= <A< <. .. — o0, (174)

with corresponding eigenfunctions g = const, 1, @2, ... € C°°(I'\H?), which
satisfy
(A+2)p; =0 (175)

and form an orthonormal basis of L*(I"\H?). Furthermore, since A is real-
symmetric, the ¢; can be chosen to be real-valued. We furthermore define

pi =1/A— 1 —m/2 <argp; < /2. (176)

If f € C*(I'\H?), the expansion

) =) ciwiz), ¢ =(f,05), (177)

J

converges absolutely, uniformly for all z € H2. This follows from general spec-
tral theoretic arguments, compare [I2, p. 3 and Chapter THREE].

Proposition 8. If h satisfies (H1), (H2), (H3), then
Lej = h(p;)e;- (178)

Proof. Apply Proposition Bl Each eigenfunction ¢; is bounded so o = 0.
Furthermore, by the positivity of —A, we have |Imp| <1/2<o. O
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Proposition 9. If h satisfies (H1), (H2), (H3*), then
w) =Y hlp;) i (2) B (w), (179)
§=0

which converges absolutely, uniformly in z,w € H2.

Proof. The spectral expansion ([[IZ7) of kr(z,w) as a function of z yields

w) =Y cjp;(2), (180)
j=0
with
o= [ k(g () duz) = Talw) = Flp)) 7, (w) = hlp) 7, (w)
I\H2
(181)

The proof of uniform convergence follows from standard spectral theoretic
arguments [I2, Prop. 3.4, p.12]. O

In the case z = w, Proposition Bl implies immediately the following theo-
rem.

Theorem 3 (Selberg’s pre-trace formula). If h satisfies (H1), (H2),
(H3*), then

o0

S bl = 5= [ by tanhimp)pdp+ 3 kz). (152)
7=0

e yer—{1}
which converges absolutely, uniformly in z € H2.
Proof. Use ([[Id) for the y =1 term. O
Using ([Z2), the pre-trace formula ([[8J) becomes

1 o0

D ps) o3 ()" = = | hlp) tanh(mp) pdp (183)

+%Z S {k3,(92,92) — k(gz.92)} . (184)

YEH. ge3,\T"

Theorem 4 (Selberg’s trace formula). If h satisfies (H1), (H2), (H3*),
then

A M ()
Zh o) rea( )/ h(p) tanh(mp) pdp + Z Z 281:15 ZK )

- YEH, n
(185)
which converges absolutely.
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(We will see in the next section (Corollary [l) that the condition (H3*)
may in fact be replaced by (H3).)

Proof. We integrate both sides of the pre-trace formula [[82) over I"'\H?. By
the L? normalization of the eigenfunctions ;, the left hand side of (82
yields the left hand side of ([IBH). The first term on the right hand side is
trivial, and the second term follows from the observation that

/ flgz)dp = / F(2) du (186)
I\H2 3\H2

which allows us to apply Proposition B to the inner sum in (IZd). O

FISSPAVA

Remark 6. The absolute convergence of the sum on the right hand side of
([IE3) only requires (H1), or

lgt)| < et vi>o0. (187)

One way of seeing this is is that, since g is only evaluated on the discrete
subset (the length spectrum)

{6, yeI—{1}} C Ray, (188)

we may replace g by an even C*°(R) function g (for which absolute convergence
is granted) so that g(¢,) = g(¢) for all y, and

lg(t)] < e M v >o. (189)

Remark 7. We may interpret the sum over conjugacy classes in the spirit of
Propositions @ and [ provided h satisfies (H1), (H2), (H3*), we have

Zh AYL(M)/ h(p) tanh(mp) pdp + = Z/

- vEH
(190)
Alternatively, replace the first term on the right hand side in ([I8H) by ([[X),
then

= L Area(M) [ _lyg(nty)
jgoh(p]) B 27 /0 smh dt+ Z Z 2sinh(n¢ /2) (191)

~YEH. n

11 The heat kernel and Weyl’s law

As a first application of the trace formula, we now prove Weyl’s law for the
asymptotic number of eigenvalues \; below a given A,

NA) =#{j: A <A} (192)

as A — oo.
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Proposition 10 (Weyl’s law).
Area(M)
4m
Proof. For any @ > 0, the test function

N(A) ~ A A — oo (193)

h(p) = =" (194)
is admissible in the trace formula. The Fourier transform is
e—t2/(26)

g(t) = N

and so (IZH) reads in this special case (with \; = p3 + 1)

(195)

0 1
Ze"“ Aot / e P 3) tanh(mp) pdp

47
e—B/4 —(nty)?/(26)
+/iB VAarp Z Z 281nh nly/2) (196)

~YEH. n
The sum on the right hand side clearly tends to zero in the limit 8 — 0. Since
tanh(mp) = 1 + O(e~2717l) for all p € R, we obtain

Ze*ﬁ“ - AYL(BM) +O(1), B0 (197)

The Proposition now follows from a classical Tauberian theorem [I7]. O
The sum Z;io e~ represents of course the trace of the heat kernel e”4.

Corollary 1. The condition (H3*) in Theorem [ and Remark [] can be re-
placed by (H3).
Proof. Weyl’s law implies that, for any § > 0

o0 oo

DA+N)TT <00, de, Y (I+Rep) 0 <o, (198)
§=0 =0

To prove this claim, note that

iu +A) T2 = /000(1 + ) 2AN (x) (199)
j=0
=(1+42z)"72N(x) h (200)
x=0

- (1 + g) /000(1 +2)" 292 N(z) da (201)



28 Jens Marklof

(use integration by parts) which is finite since N(x) grows linearly with z.

If  satisfies (H1), (H2), (H3), then the function he(p) = h(p)e~<"" clearly
satisfies (H1), (H2), (H3*) for any € > 0, with the additional uniform bound

[he(p)l < (1+[Rep) =27 (202)

where the implied constant is independent of €. By repeating the calculation
that leads to (), we obtain the following estimate for the Fourier transform
of he,

lge(t)] < e, (203)

where the implied constant is again independent of €. Theorem H yields

A M e(nly)
Zh o) rea( )/ he(p) tanh(mp) pdp + Z Z?s?ni:ﬁ )

- YEH, n
(204)
Due to the above e-uniform bounds, both sides of the trace formula converge
absolutely, uniformly for all ¢ > 0. We may therefore take the limit ¢ — 0
inside the sums and integral.

12 The density of closed geodesics

In the previous section we have used the trace formula to obtain Weyl’s law
on the distribution of eigenvalues A;. By using the appropriate test function,
one can similarly work out the asymptotic number of primitive closed geodesic
with lengths £, < L,

II(L)=#{y€ H, : £, < L}. (205)
In view of Remark Bl we know that, for any ¢ > 0,
> e < oo (206)
YEH.
which implies that, for any € > 0,
(L) <, ek0+e), (207)

There is in fact an a priori geometric argument (cf. [I2]) which yields this
bounds with € = 0, but the rough estimate [01) is sufficient for the following
argument.

Let us consider the density of closed geodesics in the interval [a+ L, b+ L]
where a and b are fixed and L — oco. To avoid technicalities, we will here only
use smoothed counting functions

> vty = /0 b O (t) dII(t) (208)

YEH,
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where ¢, (t) = ¥(t — L) and ¢ € C;°(R). One may think of ¢ as a smoothed
characteristic function of [a,b]. Stronger results for true counting functions
require a detailed analysis of Selberg’s zeta function, which will be introduced
in Section [T

Let po, ..., pm be those p; with Im p; < 0. The corresponding eigenvalues
Ao, - - -, A are referred to as the small eigenvalues.

Proposition 11. Let ¢ € Ci°(R). Then, for L > 1,

oo o ~ L/2
| ewane - | wL<t>dﬂ<t>+o(eT), (209)
where
~ M (54t
dIl(t) = Y ———dt. (210)
j=0

Proof. The plan is to apply the trace formula with

_2 sinh(t/2)

g(t) ;

which is even and, for L large enough, in C;°(R). Hence its Fourier transform,

[(t — L) +¢(—t — L)] (211)

h(p) = /R%(e(%ﬂp)t _e<*%+w>t) [(t — L) +¢(—t— L) dt (212)

- / %(e(%ﬂp)t _ e(*%ﬂp)t + e(*%ﬂp)t _ e(%ﬂp)t)¢(t —L)dt, (213)
R

satisfies (H1), (H2), (H3). Let us begin with the integral

1 1 1 3
LGOIy dt — <2+1P>L/ —— @)y (1) dt. 214
/Rte 4 ) ° Rt+ L v 2

Repeated integration by parts yields the upper bound

1 1 1 1
(5+1p)t ¢
e'2 t)dt| < 7/ ——e'dt 215
/RHL Vi) ' N THIIN Jonpw T L (215)
LN ———mm . 216
N TAT N (216)
So .

1 1 e(§—Ilnr1p)L
—elgtt t—L)dt _— 217
/R Fe T~ L dt < fr (217)

This bound is useful for Im p = 0. The other corresponding integrals can be
estimated in a similar way, to obtain the bounds (assume —1/2 < Imp < 0)

1

1 1
/ ZelTa Ty — L) dt <
R L

f L+ )Y .
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/ 1eF%*‘P)%/;(t —L)dt <y - (219)
Rt L1+ |p)N’
and
[ 3t pyd - (220)
—ela! —Ddt<y ————
Rt ML+

Therefore, using the above bound with N = 3, say, yields

thj /m t)dII(t +0(L/2) (221)

and
= Area(M) [ el/?
> o)~ 22 [ o) anhe) pdp = O )
. 4n oo L
j=M+1
The sum of the above terms equals, by the trace formula, the expression
1
>3 yulnty). (223)
yEH, n=1

The a priori bound (21 tells us that terms with n > 2 (corresponding to
repetitions of primitive closed geodesics) are of lower order. To be precise,

SN =ty < > — ANt n o (LU+9/2 - (994)
NeH, n—2 " 2<n<(Ltb)/bmin |

where we assume that ¢y, is supported in [a + L, b+ L], and £, is the length
of the shortest primitive closed geodesic. Therefore

> ty) = /OO Yr(t)dII(t) + O (eL(1+e)/2) ' (225)
0

YyEH,

The leading order term as L — oo is

L+b
Z Yr (e, / Yr(t) dt <717 (226)
YEH

which leads to the improved upper bound for the sum involving repetitions,
e 1 e(L+b)/n eL/2
Z Z E¢L(n€7) < Z TM < I (227)

yEH, n=2 2<n < (L+b)/ i

and hence leads to the desired improved error estimate in [225). O
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13 Trace of the resolvent

The trace of the resolvent R(\) = (A + \)~! is formally
TeRO) =Y (A= A) " =D ko) b = (0" =47 (228)
Jj=0 j=0

where p = /A — % as usual. The test function h does not, however, respect

condition (H3). To overcome this difficulty, we define the regularized resolvent

RA) =(A+N)""=(A+r)"" (229)
for some fixed \.. The corresponding test function is
h(p') = (p* = p*) "1 = (02 = '), (230)

which clearly satisfies (H3), since

2 2 B
Me') = o= = 0w ) (231)

We have already encountered the kernel of the regularized resolvent,
k(z,w) = G,(z,w) — G, (z,w), (232)

in Section [l The trace of the regularized resolvent is thus

o0

= 1 =p) =2 =07 (233)

j=0

which, for any fixed p* ¢ {£p,}, is a meromorphic function in C with simple
poles at p = £p;. h is analytic in the strip |Im p’| < o provided ¢ < |Im p| <
[ Im p*| where o > 1/2.
The trace formula ([[A0) implies therefore (use formula [[IX) for the first
term on the right hand side, and ([[E2) for the second)
%J

1
i+
Z )+ Clp). (284)

~ Area(M) — 1
TI‘R(p):_ 27_51 )§|: —l(l+ )

where

Clpe) = —5— > 3, (p-) (235)

2p+ YEH.

converges absolutely, cf. Remark B
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Let us rewrite this formula as

= [ |

2 2 2 2
— 0. _ 0.
~EH 7 =0 p Pj Pk = Pj

_ Area(M) . 1
g{p_l(H%) p*—l(l—i-%)] —C(ps). (236)

All quantities on the right hand side are meromorphic for all p € C, for every
fixed p. € C away from the singularities (this is guaranteed for |Im p.| > 1/2).
Therefore ([230) provides a meromorphic continuation of

nr(p) == Y n3,(p) (237)
YEH.

to the whole complex plane.

Proposition 12. The function nr(p) has a meromorphic continuation to the
whole complex plane, with

(1) simple poles at p = £p; with residue
20 if p; =0
vess,, np — pj/ () ff p; =0, (238)
uj/(m) if p; #0,

where [ is the multiplicity of p;.
(ii) simple poles at p =1(l + 3) with residue

_ Area(M)
resl(H%) nr = W (2l =+ 1) (239)
(iii) the functional relation
Area(M
nr(p) +nr(—p) = ~ M ) (240)

Proof. (i) and (ii) are clear. (iii) follows from the identity (1&). O

14 Selberg’s zeta function

Selberg’s zeta function is defined by
2= II (1 - e—fv<s+m>) , (241)
yeEH,. m=0

which converges absolutely for Re s > 1; this will become clear below, cf. (224
and ([Z43). Each factor
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ﬁ (1 - e*‘3~<5+m>) (242)

m=0

converges for all s € C, with zeros at
§ = Sym = —m +1(27/L5)v, velZ, m=0,1,2,.... (243)

Note that s,.,, = %-i—lp,,m where p,.,, are the scattering poles for the hyperbolic
cylinder SV\H? What is more,

dislog ml;[() (1 _ e—fw(s-i-m)) =L, mzzo (1 _ eéw(S-i-m)) - = mns, (p), (244)

with s = % 4+ 1p, and thus
ZI

Z

Recall the the genus is related to the area of M by Area(M) = 4w (g —1).

(s) =mnr(p), Res>1 (ie,Imp< —1/2). (245)

Theorem 5. The Selberg zeta function can be analytically continued to an
entire function Z(s) whose zeros are characterized as follows. (We divide the
set of zeros into two classes, trivial and non-trivial ).

(i) The non-trivial zeros of Z(s) are located at s = 1 and s = & +1p; (j =
1,2,3,...) with multiplicity

{2,“]' if pj =0 (246)

pi i pi # 0.

The zero at s = 1 (corresponding to j = 0) has multiplicity 1.
(i1) The trivial zeros are located at at s = —1, 1 = 0,1,2,... and have multi-
plicity 2g — 1 for 1 =0 and 2(g — 1)(2l + 1) for 1 > 0.

Furthermore Z(s) satisfies the functional equation

1
2

Z(s)=Z(1—s)exp |4dm(g — 1) /05 vtan(mv)dv| . (247)

Proof. Equation ([Z30) yields

1z > 1 1
—(s) = +
%12 jz_:o{(s—%)ﬂpﬂ pi—pf]
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Note that
2s—1 1 1
= + ) (249)
(s—3)+p2 s—(3+p) s—(3—1p)
hence the corresponding residue is 1. Furthermore
25 -1
—2(g—1 250
9- 1= (250)

has residue 2(g —1)(2l+1) at s = —I. Statements (i) and (ii) are now evident.
The functional relation follows from ([40), which can be written as

27/(3) + %(1 —5) =4n(g—1)(s — 3) tan[x(s — 3)]. (251)

Integrating this yields
s—1/2
log Z(s) —log Z(1 — s) = 4n(g — 1) / vtan(mv) dv + ¢, (252)
0

that is

s—1/2
Z(s)]Z(1 —s) = exp l47r(g - 1)/0 vtan(mv)dv + ¢l , (253)

The constant of integration c¢ is determined by setting s = 1/2. Notice that
the exponential is independent of the path of integration. O

One important application of the zeta function is a precise asymptotics
for the number of primitive closed geodesics of length less than L, L — oc;

we have [12] i
g
(L) :/ dIl(t) + O <ijf> . (254)

The error estimate is worse than in Proposition[T] since we have replaced the
smooth test functions by a characteristic function. The asymptotic relation
@54) is often referred to as Prime Geodesic Theorem, due to its similarity
with the Prime Number Theorem. The proof of ([Z24)) in fact follows the same
strategy as in the Prime Number Theorem, where the Selberg zeta function
plays the role of Riemann’s zeta function.

15 Suggestions for exercises and further reading

1. Poisson summation.
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a) The Poisson summation formula () reads in higher dimension d

Y fm)=3" fn) (255)

meZzd nezd

with the Fourier transform

~

flr) = g f(p) ™ Pdp. (256)

Prove ([Z23) for a suitable class of test functions f.
b) Show that @&H) can be written in the form

Y~ f(m)=Vol(L\R") 3 f(n) (257)

meL* nel

where L is any lattice in R? and L* its dual lattice.

c¢) Any flat torus can be represented as the quotient L\R?, where the
Riemannian metric is the usual euclidean metric. Show that the nor-
malized eigenfunctions of the Laplacian are

om () = Vol(L\R?)~1/2e?mm® (258)

for every m € L* and work out the corresponding eigenvalues A;.
d) Use ([251) to derive a trace formula for

Zh(m)

j=0

where p; = \/)\—J (this formula is the famous Hardy-Voronoi formula,
cf. [II0).
2. Semiclassics.
a) Show that for p — oo

1 IS
G _ —1pT—1m /4 9] -1 259
) ==y [ e FOET). (259)

for all fixed 7 = d(z,w) > 0. Hint: divide the integral (B)) into the
ranges [7,27) and [27,00). The second range is easily controlled. For
the first range, use the Taylor expansion for cosht at t = 7 to expand
the denominator of the integrand. Relation ([Z59) can also be obtained
from the connection of the Legendre function with the confluent hy-
pergeometric series F(a, b, ¢; 2),

D(v+1) e W 11 N 3 1

Siya2 -

Fv+3)(1—e?)/27 (2727 271 —e?
(260)

Q. (cosht) = /7
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b) Show that ([Z29) is consistent with [I, eq. (41)]. Hint: use the (s, u)-
coordinates defined in ([T]).
¢) Compare the Gutzwiller trace formula [I0], [7], with the Selberg trace
formula. (Analogues of the ghost of the sphere (Section H) for more
general systems are discussed in [2].)
3. The Riemann-Weil explicit formula.

a) Compare the Selberg trace formula with the Riemann-Weil explicit
formula [T, eq. (6.7)], by identifying Riemann zeros with the square-

root \/A; — % of eigenvalues \; of the Laplacian, and logs of prime

numbers with lengths of closed geodesics. See [3] for more on this.
b) What is the analogue of the ghost of the sphere?

4. Further reading. In this course we have discussed Selberg’s trace for-
mula in the simplest possible set-up, for the spectrum of the Laplacian
on a compact surface. The full theory, which is only outlined in Selberg’s
original paper [T5], is developed in great detail in Hejhal’s lecture notes
12, [13], where the following generalizations are discussed.

a) The discrete subgroup I' may contain elliptic elements, which leads
to conical singularities on the surface, and reflections (i.e., orientation
reversing isometries). Technically more challenging is the treatment of
groups I" which contain parabolic elements. In this case I'\H? is no
longer compact, and the spectrum has a continuous part, cf. [I3].

b) Suppose the Laplacian acts on vector valued functions f : H? — CV
which are not invariant under the action of 7T’,, but satisfy

I,f=x(Nf vyer (261)

for some fixed unitary representation x : I" — U(N). The physical
interpretation of this set-up, in the case N = 1, is that Aharonov-
Bohm flux lines thread the holes of the surface.
¢) The Laplacian may act on automorphic forms of weight «, which corre-
sponds, in physical terms, to the Hamiltonian for a constant magnetic
field B perpendicular to the surface. The strength of B is proportional
to a.
I also recommend Balazs and Voros’ Physics Reports article [I] and the
books by Buser [4], Iwaniec [T4] and Terras [I6], which give a beautiful
introduction to the theory. Readers interested in hyperbolic three-space
will enjoy the book by Elstrodt, Grunewald and Mennicke [§]. Gelfand,
Graev and Pyatetskii-Shapiro [9] take a representation-theoretic view on
Selberg’s trace formula.
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