L-FUNCTIONS

YTANNIS N. PETRIDIS

1. FROM THE DIVISOR PROBLEM TO THE RIEMANN ZETA FUNCTION

1.1. The divisor function. In number theory we encounter arithmetic sequences
that behave rather irregularly, e.g. they are not increasing or decreasing themselves.
Their values and growth quite often depends on the divisibility properties of the
index. The simplest such function is the divisor function d(n) = [{a € N,a|n}|. If
n = p, a prime number, then d(p) = 2, while d(p¥) = k + 1, i.e. it is constant on the
prime numbers, while of the powers of a prime p* it increases roughly like logp(pk).
Even though we cannot see a specific order of growth in the divisor function by
looking at the individual terms, we may ask about the average order of growth of the
divisor function, i.e. we can investigate
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n<x
Writing n = ab for every divisor a of n, we calculate

Dodm =33 1=31=3 > 1=3 || = Z(%O(U)a

n<x n<z aln ab<z a<lz b<z/a a<z

as the fractional part of a number is in [0, 1). Recall that the notation f(z) = O(g(x))
means that there exists a constant K such that |f(z)| < Kg(z) for all z. Clearly

fi(x) = O(gi(z)) for i = 1,2 gives fi(x) + fao(x) = O(g1(x) + g2(x)). We get now

> d(n) :xZé—i—O(x)

n<x a<lzx

An standard idea from analysis is to compare the sum with the integral flm dt/t. By
using left-hand sums and right-hand sums we see that, for any positive continuous
decreasing function f(z):
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FIGURE 1. Riemann sums and the integral [ dt/t

This is the main ingredient in the proof of the integral test for series. This estimate
shows that up to O(1) (i.e. bounded error) the sum Y.V  f(n) and the integral

le f(t)dt are the same. This gives

(2] 2] z
(11) Yd(n) =2 +0() = x/l %—FO(x) _ x/l %—FO(x) — e lna4+0(x).

n<x

A technique invented by Dirichlet (hyperbola principle) allows to estimate

Zd(n) =zlogz + (2y — 1)z + O(Vx),

n<x

where 7 is the Euler constant

1 1
fy—ll]{fn(1+2+ +N lnN).

For details look [5, Exercise 2.4.2]. A second arithmetic function one meets is the
divisor sum o(n) = >, a, or, even, ox(n) = 3_,, a*. In principle, we can follow
similar techniques. There is, however, something unsatisfactory in these calculations.
They seem easy but apply to the specific arithmetic function at hand. It would be
nice to have a more general technique that can apply to estimate the order of growth
of an arithmetic function.

In analytic number theory we associate generating functions to interesting se-
quences that behave irregularly. In the absence of special structure of the sequence
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a, we associate with it the Taylor series

E a,x",

n

which has positive radius of convergence if a,, do not grow too quickly e.g. a, = O(k")
for some k. In the case where a,, have multiplicative properties, it is more natural to
associate the Dirichlet series

00 a,
(1.2) D(s)=>» —
nS
n=1
since the function n® satisfies the obvious relation n{n§ = (nins)*. Hopefully the

series D(s) will converge for certain s. The exact notion of multiplicative properties
usually takes one of the following two forms:

(1) @mn = am - ay, for (n,m) = 1, where (n,m) is the greatest common divisor of
m? n7

(2) Qmn = ap, - a,, for all n,m.
In the first case we say that the sequence a,, is multiplicative and in the second that
it is completely multiplicative. While it may seem that the second is more desirable,
there are many arithmetic functions that do not satisfy the second, e.g. the divisor
function is not completely multiplicative: d(8) = 4 # d(2)d(4) = 2 - 3. In this case
the associated Dirichlet series is

(1.3) D(s)=>_

n=1

ns

It turns up that this function can be factored! In fact, it is exactly ((s)?, where

o0

is the celebrated Riemann zeta function. This series converges absolutely for o =
R(s) > 1. We first use the comparison test, since

1 1

ns no’

Then we use the integral test:

/Wﬁ_ ot 1

1 to N 1—0 1 N g — 1

(For 0 < s < 1 the same calculation shows that the series diverges, while for R(s) < 0
the general term does not even tend to 0). The calculation D(s) = ((s)? is actually
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very easy (formally):

d(n) & 1 1 11
D) =3 b 2 T T g g~ ) =)

A careful eye may notice that we used a rearrangement of the double series Zmb a=*b~%,
so that we order the pairs (a, b) according to their product n = ab. This is allowed
as a consequence of the Fubini theorem for absolutely convergent series. See 9,
7.50]. A question that arises is for which s the Dirichlet series (1.3) converges. We
include a general result that applies to a wide range of Dirichlet series. We define

A, = Z?:l y,.
Theorem 1.1. [8, 9.12-9.14] Assume that > a,, is divergent. Define
: log [An|
op = limsup ———.
logn
Then the Dirichlet series (1.2) converges for R(s) > oo and diverges for R(s) < oy.
It follows that, if

log(|ai| + |as| + ... + |an|)
logn

0 = limsup ,
then the series (1.2) converges absolutely for R(s) > & and is not absolutely conver-
gent for R(s) < . The number oy is the abscissa of convergence and & is the abscissa
of absolute convergence (clearly o < ). For (1.3) we conclude that it converges ab-
solutely for R(s) > 1, using (1.1):

lim 2821 4K) | log(nlogn) )
n logn n logn

Recall that the radius of convergence of the power series > a,z" is
1

~ lim sup /a,

1.2. The Riemann zeta function. So far it all seems to involve calculations with

series. What is not obvious is (i) what properties of ((s) are important in the asymp-

totics of the divisor function, (ii) what is the relation of {(s) with prime numbers.
For the first we first explain the notion of analytic continuation in a simple example.

The geometric series
fz) =2 "
n=0

converges for |z| < 1 and is equal in this region to the function g(z) = 1/(z — 1).
The function g(z) is analytic on C with the exception of a simple pole at z = 1. The
function f(z), which was initially defined in the open unit disc only, is said to have
an analytic continuation in C with simple pole at z = 1. The analytic continuation
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of f(z) is certainly not given by the series >  z™ when |z| > 1. It cannot, as the
series does not converge in this region. It is given by the equation f(z) = g(z).
What is nice in this example is that we can write a simple formula for the analytic
continuation. But this is not always possible and certainly it is not necessary. The
Gamma function is a good example of this. Moreover, it is important for the study of
((s). The Gamma function I'(s) is the generalisation of the factorial (I'(n) = (n—1)!,
n € N). It is given by

(1.5) [(s) = /000 e_tts%, R(s) > 0.

One need to prove that the integral converges at t = oo and t = 0 and it is at the
second point, where the condition $(s) > 0 is used together with integration by parts:

0T 1 [ dt 1
[(s) = {—e_t} + —/ e i — = “T(s 4 1).
S 0 s Jo t s

This method proves also the functional equation:
1

(1.6) [(s)=-I'(s+1).
S

The analytic i.e. meromorphic continuation of the Gamma function to C follows from
this as follows: The right-hand side of the equation (1.6) makes sense for R(s+1) > 0,
i.e. ®(s) > —1. So we can define I'(s) in the strip 0 > R(s) > —1. Then we continue
the process to define I'(s) in the strip —1 > R(s) > —2, using the right-hand side
of the equation (1.6). The process continues to extend I'(s) on successive vertical
strips to the left, covering C. Moreover, this process gives us where the poles of I'(s)
occur: at s = 0 we have the first pole and by this process we find poles at all negative
integers. We can calculate the residues e.g.

Ress—ol'(s) =T'(1) = / e tdt = 1.
0

We summarize the analytic i.e. meromorphic behaviour of ((s) in the following
theorem.

Theorem 1.2. The Riemann zeta function, given by Eq. 1.4 for R(s) > 1 is holo-
morphic in this region. It has analytic continuation to the whole complex plane C
with the exception of one simple pole at s = 1. The residue at the pole is also 1. The
zeta function satisfies the functional equation

n*P0(s/2)¢(s) = 7~ P0((L - ) /2)¢ (L — 5).

Remark. It is more convenient to define £(s) = 7~*/2I'(s/2)((s), so that the func-
tional equation takes the form £(s) = £(1 — s).

There are many proofs of the analytic continuation of ((s). Titchmarsh [7] lists
seven methods and there are variants within each! Our choice of proof is due to two
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facts: (i) it is one of the original proofs of Riemann, (ii) it generalises to number
fields, see Lang, Algebraic Number Theory, p. 252-258.

We work through the various parts of the proof. The holomorphic nature of ((s)
for R(s) > 1 is obvious, as it is the sum of uniformly convergent series of holomorphic
functions 1/n®. Uniformity of convergence on compact sets of the region follows by
comparison with (o).

The proof of the analytic continuation and functional equation we will give uses
the Poisson summation formula, which roughly says that for sufficiently smooth and
decaying functions:

(1.7) Y fy=3 fim

Here we define the Fourier transform by

= /00 f(x)e’%”fx dzx.

For a precise statement see Exercise 8. We actually use it only for f(x) = e ™ the
Gaussian function. This is a function which is equal to its Fourier transform. We
have:
o

(1.8) e :/ e e (g

—0o0
If you have never seen this, here is a proof: use contour integration for e~ on the
rectangle [—R, R] x [0,¢], for £ > 0 and use the standard integral from calculus

/ e ™ dy = 1.

For details look [6, p. 42-43]. We substitute z = v/f2’ and £/t = ¢’ to (1.8) to get
that the Fourier transform of f(z) = e ™t is (¢ is a positive parameter)

Pey = L et

We apply the Poisson summation formula (1.7) to this pair to get for the theta

function
()= e = z:*m :szfw

nez nEZ

We go back to the Gamma function and substitute in the Euler integral (1.5) t = n’nt’
to get

S dt Lt
rwmzéemwmﬁwt:mﬂwwm Kemwwt
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We sum over n € N and set ¢(t) = 3.2 e™™* to get

2 dt dt >1 dt
5/2 —mntys/2 7Y s/22" - s/2%"
I'(s/2)¢ / E t / ()t /0 2(0(1&) 1)t ;

1 00 00 o]
_ L ep—1y s/zﬂ s/2ﬂ _ 1 ul/? —s/2d_u s/zﬁ
= [ serae e S [Cumer = [ S taw-num e [T e

(with the change of variables u = t~1)

/ ne eE s/2+us/2)du+1/oou( —5)/2__ fs/2du / W(u ul- s/2+us/2>du
(T U

1 1

s—1 s
The improper integral here converges for all s € C: for u > 1 we have

nmu €
= ; c -

Such a convergent integral with integrand depending holomorphic on the complex
parameter s defines a holomorphic function, see [8, 2.83-2.84]. Moreover, we see
that £(s) has poles at 0 and 1. Therefore, ((s) has a meromorphic continuation with
simple pole at 1 with residue 1 (here we need that I'(1/2) = 7'/2, which follows from
fooo =12 tdt = fooo ute " 2udu = ffooo e dy = /7). This is the only pole as
['(s/2) has no zeros (well-known property of the Gamma function). We also see the
functional equation as the right-hand side is invariant under s — 1 — s. The poles of
I'(s) at the negative integers force ((s) to have zeros at —2, —4,.... These are called
the trivial zeros. However, the pole of I'(s) at 0 does not force a zero, because of the
—1/s in the equation above. In fact, {(0) = —1/2.

Recall the notation h(z) ~ g(x), as x — oo: it means that f(z)/g(x) — 1,
as © — 00. There is a general technique in analytic number theory to study the
distribution on average of a sequence from its generating function. This comes under
the subject of tauberian theorems. A simple and very useful one is the following:

Theorem 1.3 (Ikehara-Wiener [5]). Let

) a,
f(s) = nZIE

with a, > 0. Assume that the Dirichlet series converges absolutely for R(s) > 1 and
has an analytic continuation on R(s) > 1 with a simple pole at s = 1 with residue a
and is holomorphic on other points on R(s) = 1. Then

g Gnp ~ AT, T — OO.

n<x
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If the pole is of order k > 1 and the leading term in the Laurent expansion is c¢_x(s —
1)7*, then

1
W~ ————C_ 1 k—l.
Za (k—l)!c x(log x)
n<x
Remark. The function f(s) has analytic continuation to the points on R(s) = 1
means that for each point sq with $(sg) = 1, sg # 1 there is a neighborhood on
which f(s) has an analytic continuation. These neighborhoods may be shrinking as
J(s) — Loo.
Remark. This theorem may seem to lack intuition. However, according to the Perron
formula (see the exercises below) we have

c+i0o s

1 x
n=-— —ds.
;a 27 Joino f(s) S °

If we can deform the contour as in this exercise to include the pole at s = 1, the
residue is exactly az for a simple pole of f(s). The contribution by the deformed
contour ‘should’ be smaller. For this one needs to understand the order of growth of
f(s) to the left of R(s) = 1. This is tricky even for ((s). However, the theorem as
stated does not require any knowledge to the left, only holomorphicity up to (s) =1
with the given pole at s = 1.

With this knowledge we can recover the asymptotics of the divisor function: ¢?(s)
has pole of order 2 at s = 1 with leading singularity 1/(s—1)%. This gives > __d(n) ~
xlogx. B

Actually more refined information can be recovered by using contour integration
and computing lower terms in the asymptotics of the form z(logz)?, j < k — 1.

There is another very important property of the Riemann zeta function. It has an

Euler product:
1
C(S) - H 1 _p_s7

p
where the produce extends over all primes. Formally this is proves as follows for

R(s) > 1:
1 _ - —ks
1 _p—s - Zp

by expanding the geometric series. Multiplying over all primes we get

1 - ks —s
H 1—ps :HZV :Zn = ((s),

p k=0

because every integer n has a unique factorisation into prime powers, and distributing
the product above gives all such products (to the exponent —s). The definition of
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the infinite product [[ b, is similar to infinite series:

[e’e) N
10 = h}v“Hb”’
n=1 1

provided that the limit is nonzero. As far as a rigorous proof of the infinite product

of ¢(s), we fix P. Then

H(1+p‘s+p‘2s+---)=1+is+is+---,
LT
p<P

where on the right-hand side we have the integers with prime factors < P. All
numbers < P are included in this list, so that

'<<s> 11—

pSPl_p_s

1
< )
> no

n>P

which is the tail of ((s). Consequently it tends to 0 for R(s) > 1.

Remark. A slightly more sophisticated point is that an infinite product [](1 + a,,)
converges iff Y log(1+ a,) does. This last series converges absolutely iff > |a,| does.
See [1, p. 191-192]. For R(s) > 1 we have |}, p™™| < 2p7, so in this case

> p | 2k p* < 2((0).

The infinite product of the Riemann zeta function lies at the heart of its relation
to the prime numbers and the prime number counting function

m(z) = {p,p < 2},

We differentiate the logarithmic derivative of ((s) given as the Euler product to get:

¢('(s) ~—p°logp —ms
) T T e

m>1

The last series counts the prime powers p™ with weight log p, i.e. it is the Dirichlet
series associated to the von Mangoldt function

_ J logp, n=p",
An) = { 0, otherwise.
S0
_¢s) _ 3 A(n)
¢(s) n
Complex analysis tells us that the left-hand side has a pole of order 1 with residue
1 (notice the minus sign), as a pole of f(s) of order k contributes a simple pole of
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f'(s)/ f(s) with residue —k. If we can apply the Tauberian theorem, we immediately
get

(1.9) ZA(n) ~x, ie. Z logp ~ x.
n<zx pm<x

It is not obvious why the conditions of the theorem apply, in particular, one needs
to know that ((s) does not have zeros on $(s) = 1, so that these do not give poles
of —¢’(s)/C¢(s). This is due to de la Vallée Poussin. Eq. (1.9) is two steps away
from the proof of the Prime Number Theorem (PNT). We first remove the powers of

primes with m > 1, as all such numbers p™ have p < \/z and their count O(\/EHE),
as logp = O(z¢). Then we have to remove the weight log p from the sum

Z log p.

p<z
This is done by a summation by parts. We get a simple version of PNT:
x
m(e) ~ logx’
Remark. The argument that (1 4+ it) # 0 is based of the inequality
C()*1¢H (o +it)C(o + 2it)| > 1,
for o > 1. This follows from the inequality
3+ 4cosf + cos(20) = 2(1 4 cos ) > 0.

1.3. The Riemann hypothesis. It follows from the functional equation that if p
is a nontrivial zero, so is 1 — p. Moreover, since ((5) = ((s), which follows from the
fact that (o) € R, o > 1, we have that p, 1 — p are also nontrivial zeros.

The Riemann hypothesis (RH) is the statement that all the nontrivial zeros p of
((s) lie on the critical line R(s) = 1/2. It gives the most symmetric location for
the zeros. It is important for many reasons. The most obvious has to do with the
distribution of the prime numbers. The smaller the order of growth of 7(x) — li(x)
the ‘smoother’ the approximation of the discontinuous function 7(z) by li(x). The
easiest way to see this is the following theorem

Theorem 1.4. [4] Suppose that R(p) < 6 for all nontrivial zeros and 0 < 1. Then
Z A(n) =z + O(2%(log x)?)
n<wz
Conwversely, if for a < 1 we have
> A(n) =z +0(x*)
n<w

then all the nontrivial zeros has R(p) < a.
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If RH is true we can take 6§ = 1/2.

Quite often RH is a working hypothesis. We try to prove a statement assuming it
is true to see how far the results can go, even if RH is still unproven. Sometimes one
can prove the results afterwards without assuming RH.

2. DIRICHLET L-SERIES
To capture divisibility properties of integers one can introduce

— x(n)

ns
n=1

L(s,x) =

?

where x(-) is a multiplicative character modulo N, i.e.

X(ab) = X(G)X(b)’ <a7N) =1, (bv N) =1,

while we set x(a) = 0, if (a, N) > 1. Notice that this is a completely multiplicative
function. In practice the construction of y can be done as follows: Let N = ¢ be a
prime, then the multiplicative group modulo ¢, i.e (Z/qZ)* is cyclic with generator,
say g, called a primitive root modulo p, then we pick a complex number y(g) with
X(9)%t = 1. Then we define x(¢g™) = x(g)™. The same can be done if ¢ is a prime
power p' for p # 2, as there is a primitive root in this case (substitute ¢—1 with ¢(q)).
For 2 and 4 we also easily identify the characters. But 2!, [ > 2 has no primitive
root. For details look at [2, p. 28]. The simplest character is the trivial character:
Xo(n) =1, (n,q) = 1.

The convergence of L(s,x) for the other characters can be determined as follows:
since

S ()

as a geometric sum. Consequently we have > _.x(n) = O(1), i.e. is bounded
(in fact by ¢ — 1). Using Theorem 1.1, we see that the Dirichlet series converges for
R(s) > 0. By sticking absolute values, we get that the domain of absolute convergence
is the same as for ((s), i.e. R(s) > 1. The Dirichlet L-series is holomorphic for
R(s) > 0 as a consequence. In particular there is no pole at s = 1. Such Dirichlet
L-series were introduced by Dirichlet to prove the infinity of primes in an arithmetic
progression

a,a+q,a+2q,...,

where we have to assume (a,q) = 1. Let us assume that ¢ is prime for simplicity. He
proved that

> is:L > X(a)log L(s, x) + O(1).

p=a (mod q) x (mod q)
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The important ingredient here is the use of orthogonality of characters

L > xl(a)x(n) = { (1): = a (mod g)

g—1 o otherwise.
X (mod gq

The first line is obvious since n = a (mod ¢) means that x(a) = x(n) = x(a) =
x(n)~!. For the second line we write @ the multiplicative inverse of a (mod ¢) and
notice that an # 1 (mod ¢). We set k = ¢"™ = an. We can assume also that (n,q) = 1.
Then we can find a character ¢(-) with ¢(an) # 1. Just choose a ¢ — 1 root of 1, say
w with w™ # 1 and set ¥(g) = w. Then as x ranges over all the characters (mod ¢),
so does ¥y. As a result

> xk) = S0 (k) = D wlk)x(k) = (k) Y- x(k) = > x(k) = 0.

X

Dirichlet considered what can happen to log L(s, x) as s — 1. The character y, gives
L(s,x0) = (1 —q*)((s) and we know that this tends to co as s — 1. The rest of
the characters are separated into the ones that take complex values (and they come
in pairs) and the real character with x(g) = —1. Dirichlet could easily consider the
complex characters and see that L(1,y) # 0. The real one, given by

o=()

using the quadratic residue symbol, is much harder to treat.
As far as the analytic properties of the Dirichlet L-series we have the following
theorem:

Theorem 2.1. [2, p. 68-71] The L-functions have analytic continuation on C with
no poles, unless x = xo the trivial character. Define the Gauss sum

() =Y x(n)e*me.

(a) If x(—1) =1, then

¢ (s/2) L5, x) = T g2 0-9RD((1 - ) /2)L(1 5, %),
Va4
The trivial zeros are now 0, —2,—4, .. ..
(b) If x(—=1) = —1, then
PR (54 1)/2) L) = T R (2 )2~ 5. 7)
t\/q

The trivial zeros are at —1,—3,—5, .. ..
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Remark. Concerning the sum ) _\ x(n) the bound O(q) is far from optimal (in
the ¢q aspect). The Polya—Vinogradov inequality gives

M+N
> x(n) =0(q"*logq).

n=M+1

See [2, p. 135]
The Dirichlet L-series also have an infinite product, much like {(s):
1
Lis,x)=|| —————, X(s)>1

(5:X) Hl—x(p)p‘s (5)

p

The proof is essentially the same as for ((s), using the complete multiplicativity of

x()-

3. THE GAUSS CIRCLE PROBLEM
The third sequence we would like to study is
r(n) = #{(a,b) € Z*,n = a* + b*}

which counts the number of ways of representing n as sum of two squares. At first
glance it is not obvious that it is a multiplicative function. However, the Lagrange
identity

(a® + b)) ( + d*) = (ac + bd)* + (ad — bc)?

(a simple consequence of |z123| = |21] |22| with 23 = a + ib, 23 = ¢ + id) shows that
the product of two numbers which are sums of squares is a sum of squares. For a
proof that r(n) is multiplicative, look at the exercises. We are forced to consider

D(is)=Y T(Z).

n

It becomes clear that we are interested in the norms of points in the complex plane
with integer coordinates: Z2. This is a lattice in R?, i.e. a Z-module in R? of rank
2. There is an easy elementary estimate on r(n) on average (this argument is due
to Gauss): ». _ r(n) counts the number of lattice points in a disc of radius /z
centered at the origin. Put a square of size 1 centered at any one of these points.
These squares are quite often entirely inside the disc but some of them extend off the
disc. However, they are all contained in a slightly larger disc of radius /z 4+ 1/v/2,
as follows from the triangle inequality: for a point (x,y) inside the square centered
at (a,b) we have (notice that the diagonals of the squares have length v/2)

V2

1
2’ '

(@.0)] < Vo = [(z,y)| < V& + 7

|(z,y) = (a,0)] <
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[
[L
\

s |

F1GURE 2. The Gauss circle problem

Since the area of a disc of radius R is 7R?, we get

d o= ) 1§w(\/§+%>2:w<x+\/ﬁ+%).

n<z (ab)|<VE

Actually one can go one step further. The disc of radius /x — \/i? is contained

entirely in the union of the squares defined above. Let (x,y) be such a point, i.e.
((z,y)] < v/x —1/v2. Let a = [z], b = [y], so that (a,b) is a lattice point. The
triangle inequality gives
1
a,b)| < |(x, + — < y/z.
|(a,0)] < [(z,y)| 7 Vi

This gives that
1Y)’ 1
Sre ¥ e LY e (evm ),
V2 2
nsw |(a,b)|<v
Together these results give the estimate, known to Gauss
Zr(n) =z + O(Vx1).
n<x

We recall the notation f = O(g), which means that |f(z)| < Kg(z) for some constant
K and all . The Gauss circle problem asks to estimate the remainder

R(z) = Zr(n) — Tx.

n<x
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It is still open and the conjecture, due to Hardy, is that
R(z) = O (z'/*+9).

Although it is not of direct importance to the theory of automorphic forms, which
we wish to introduce, we remark that the first improvement to the Gauss esti-
mate R(r) = O(z'/?) is due to Sierpinski and Van der Corput (and uses cru-
cially the Voronoi summation formula) and is R(z) = O(z/?). Many mathe-
maticians worked in this problem. The best known result is due to Huxley [50]
R(z) = O(x31/416 |og18627/16640 1) and it is too complicated to explain here. Hardy’s
conjecture is not possible to improve, as R(x) = Q(z'/*) (for the best Omega result
look at Soundararajan).

4. LATTICES AND SLy(R)

The most general lattice in R? is
L = {njw; + nywy, (ny,ny) € Z*},

where we have fixed two complex numbers w;, ws, which are linearly independent
over R. As far as the shape of the lattice is concerned, we can scale it and rotate it,
so that wy = 1. Moreover, since w € L <& —w € L, we can assume that 3(wq) > 0.
We set z = wq. The lattice is now

L={m+nz (m,n) € Z*}.

A lattice or vector space has many bases and we learn early to switch from one to
another. If the vectors wy, we are a basis of the lattice and w}, w} is another basis,
then they are related by an invertible 2 x 2 matrix A with integer coefficients

a b
= (00)
such that A~! also has integer coefficients. Since det(A- A™') =1 = det(A)det(A™1)

and these are integers, we must have det(A) = +1. If the bases have the same
orientation det(A) = 1. This leads us to consider the special linear group

SLy(Z) = {(Z Z),a,b,c,deZ,ad—bc—l}.

In these lectures this ends up being the most important group and a prime example
of the theory. We would like to visualize the change of bases in the shape of the
lattice. We form the parallelogram with two adjacent sides w; and wq (or 1 and z).
This is called the fundamental region. Two bases for the same lattice will produce
different shapes of the fundamental region. If we insist that the first vector is 1, what
happens to the second vector? To get the vector z from w; and ws, we scaled the
rotated the lattice and this is done by setting

Wa

z = .
w1
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If we act on the basis (wq,w;)? by v = ( CCL Z > € SLy(Z) to get (wh,w))” then

wy = aws + bwy, W] = cwy + dw;

so that

(4.1) 7_Z:Z/:w_é_awg+bw1 az+b

wy  cwy +dw,  cz+d

This is the action of a linear fractional transformation. The most general transfor-
mation of this has the form

fyz_az%—b _<a b

ot d . d) € SLy(C).

They have many well-known properties that are studied e.g. in complex analysis [1].
For instance, they are meromorphic functions with a simple pole at —d/c and map
lines and circles in the complex plane to lines and circles of the complex plane. They
are conformal in the extended complex plane CU{oo}. Given two triples of points in
the extended complex plane (z1, 29, 23) and (wy, we, w3), there exists a unique L.f.t. T
mapping T'(z;) = w;, i = 1,2, 3. We saw that in a lattice we can take a basis of 1 and z
with §(z) > 0. Which linear fractional transformations preserve the positivity of the
imaginary part of z, i.e. for &(z) > 0 we also have I(yz) > 0. Such transformations
should map the real line to itself, and, therefore can be written with real coefficients
(see the exercises). Here is a good point to include the fundamental calculation for
a,b,c,d € R:

12) 362 = 5

cz+d cz+d) 2 ez 4 d)? ez +df?

In fact we can consider these transformations preserving (z) > 0 as forming a group.
Closely associated is the group

SLy(R) = {’y: (g Z),a,b,c,deR,ad—bc:l}.

We call the complex numbers with positive imaginary part the hyperbolic plane H|,
ie.

az+b aZ+0b\ lad(z—Z2)—cd(z—2) (ad—0bc)3(z)
: )

H={zecC,3(2)>0}.
The group SLy(R) acts on it by (4.1). Strictly speaking this is not the group of linear
fractional transformations, which are mappings, because two matrices give the same
1.f.t. if they are related by multiplication by —I. Automorphic forms and modular
forms are really the study of functions that transform in a certain way under the
action (4.1). We would like to study the geometry of this action. Before we do so, we
can define an automorphic form of weight &k for SLy(Z) to be a function on lattices,
which is homogeneous of degree —k. This means that

F(AL)=X"F(L), VL.
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We set f:H — C, f(z) = F((1,z2)), where (,) means the lattice generated by the
vectors. We determine the behavior of f under the action of SLy(Z). We have

f(vz) = F((1,72)) = F((cz + d) " {cz + d,az + b)) = (cz + d)*F({cz + d, az + b))

= (cz+d)"F((1,2)) = (cz + d)* f(2),
since the lattice is determined by the two bases 1,z and cz + d,az + b.

If we ask that f is holomorphic in H, we are lead to the theory of classical modular
forms. For the spectral theory of automorphic forms, we ask instead that f satisfies
appropriate partial differential equations. This is not simply an effort to generalize.
There is a theory of invariant differential operators out of the Lie algebra of SLy(R)
that justifies this. This will not be explained further in the notes.

5. HYPERBOLIC GEOMETRY
Since for v € SLy(R)

5.1 "(z) = =
(5:1) 7() (cz + d)? (cz + d)?
(a simple calculation, using that det(y) = 1), and the formula for computing the

length of a curve s(t), t € [a, b] is
b
- / 15/(1)| dt

we get by the formula for change of variables that the length of v(s(t)) is

N b 1
a |CS

This shows that inside the circle |cz 4+ d| = 1, given by |cz +d| < 1, the length is
increased, while outside it is decreased. However, this does not remain true if we
change the way we measure lengths. We can turn v to be an isometry of H, if we
adjust the metric. The clue is in Eq. (4.2). We have (using the complex derivative
in the form df /dz = f'(2))

[d(v2)l _ ' (2)[ldz| _ |dz|

S(vz)  S(2)/|cz+df*  S(z)

a(cz+d) — claz +b) 1
)

This means that if we set
o |deP da?+ dy?
(82)° y?
to be the metric, then 7 € SLy(R) is an isometry, since it preserves the lengths (at

least locally). This is the hyperbolic metric on H, and H is called the hyperbolic
plane. Notice that angle measurements between (tangent) vectors are the same as in

ds
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the Euclidean case. This is seen by the absence of the dx dy term. We can know find
the hyperbolic length of the curve s(t) = x(t) + iy(t), t € [a, ] by the formula

L:/* TP +y()°
o y(t) '

Once we know how to compute lengths of curves, we define the distance d(p, q)
between two points as the infimum of the lengths of the smooth curves connecting p
and ¢. Curves which locally minimize the distance are called geodesics. We compute
the geodesics in hyperbolic space:

Theorem 5.1. The geodesics in H are the half circles with center on the x-axis and
the half-lines parallel to the imaginary axis.

Proof. We begin by considering z = ia, w = ib with b > a > 0. Let s :[0,1] — H be
any curve with s(0) = z, s(1) = w. Then for its length we have

- L2+ Y (7)?2 1L(t) 1 y(1) — In(b/a
L_A y(t) ﬁszwﬁ_l< )_HW)

y(0)
On the other hand the most obvious choice of curve between these points is the
segment on the imaginary axis z(t) = i((1 — t)a + tb), t € [0, 1] with length

Lop— ba
!/———i—ﬁ: = n(b/a).
o t( u

b—a)+a “
This means that the imaginary axis minimizes the distance between any of its points
and it, therefore, a geodesic.

In general z and w are arbitrary. We can find a 1.f.t. g that maps them on the
imaginary axis. The geodesic through ¢ - z and ¢ - w is the imaginary axis. Since
1.f.t’s are isometries, the image of the imaginary axis by ¢g~! is a geodesic. We claim
that it is one of the two kinds described in the theorem.

Case 1. R(z) = R(w), so that g(u) = u — R(2). Then the geodesic is the vertical
ray through z and w and is the image under ¢! of the imaginary axis. Case 2.
R(z) # R(w). By drawing the perpendicular bisector of the segment through z and
w, which is not parallel to the real axis, we find a point of its intersection with the
real axis. Make this a center for a circle passing through z and w. We claim this is
the image of the imaginary axis under g=!, or, equivalently, that g maps this circle
to the imaginary axis. We can specifically write down ¢ as follows: Let o and ( be
the points of intersection of the circle with the real axis. Then

_u-#8

gu) = ——.

This is seen as follows: g maps « to co and 3 to 0. Since it preserves angles and the
circle is perpendicular to the real axis, its image will be perpendicular to the image
of the real axis, which is the real axis again (g has real entries). The only line-circle
through oo and 0 perpendicular to the real axis is the imaginary axis. 0
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A\

F1GURE 3. Various geodesics for H
In fact, it is not too difficult to compute the distance between the points z and w:
(5.2) d(z,w):ln<|2_w|+|z_w|>.

|z —w| — |z — w|
See the exercises below.
In practice another form of the distance formula is more useful. Set

|z — w|”
2.3 u(z,w) = ————~
(5:3) (z,w) 43 (2)S(w)
Then
coshd(z,w) =14 2u(z,w).
The function u is called the standard point-pair invariant.

It is interesting to notice that hyperbolic circles are Euclidean circles at the same
time. Set the center to be w and the radius r = d(z,w). The formula (5.2) shows
that z satisfies the equation
Z—w

1+ k
pu— k T pu— e ——
z— w‘ A

With T'(z) = (z —w)/(z — w), ¢ = T(z), we have || = k and this is a circle. Then
the locus of z is T~ of this circle. Since 77! is a 1.f.t., this is also a circle.

Remark. Since 1.t.f. maps circles to circles (or lines) but do not preserve the centers,
a hyperbolic circle is a Euclidean circle with different center.
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F1GURE 4. The hyperbolic disc and its geodesics

Remark. There is another model of the hyperbolic space, which is the Poincaré disc

ID. This is the unit disc with the metric
dz? + dy? dz|?
(5.4) ds? =4 W _y |Z|2 .
(1= (22 +y?)) (1—1z7)2

As a domain in the complex plane it is conformal with the upper-half space H using

fD—H, z— —i .
z—1
The normalization guarantees that the origin of D corresponds to the point i €
H. Here the geodesics are the images of the ones in H under f, which is a 1.f.t.
Consequently, they are also arcs of circles, or line segments. Since the geodesics of
H meet the real axis at right angles, conformality implies that the geodesics in D
are perpendicular to the circle |z] = 1. So they are circular arcs with this property
and diameters of the circle. We see that Euclid’s fifth postulate is not satisfied, for
instance, in the figure there are many geodesics from P parallel to (not intersecting)
b, e.g. h and g.

Let us show how formula (5.4) is obtained. Setting w = f(z) and w = x + 1y, we
have

dw 2 B —i |z +2R(2) + i

dz (2 —1i)? B |z — i
which implies that

|dw|2 4 ]dz|2 /lz— i|4 4 |dz|2

S(w? (L= 22/ 2 —il" (-2

Eq. (5.4) is useful when using polar coordinates.
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How does one measure area in the hyperbolic plane? The formula for the metric
tells us that in the x direction we measure lengths infinitesimally as dx/y and in the
y direction as dy/y. The area should be the product of the lengths so we arrive at
the hyperbolic measure
dx dy
(5.5) dp(z) = 2
Y
We are interested in calculating areas of hyperbolic circles and triangles (and more
generally polygons).

Theorem 5.2 (Gauss defect or Gauss-Bonnet formula). The area of a hyperbolic
triangle with vertices in H U {oo} is

m—(a+B+7),

where «, 3, v are the interior angles at the vertices. If a vertex is at R U {oo} (we
say that the vertex is at the boundary of H), then its interior angle is 0.

Proof. Let us assume first that there is a vertex at the boundary of H. By using 1/(z—
a) we can further assume that it is at infinity. Then two of the sides are segments
parallel to the imaginary axis. The third side is an arc. By using a translation we
can assume the arc is given by Re, 0 € [a,b]. Then the area is

Rcosb Rcosb 1

/ > dz dy d
- 7 — —— ax
Rcosa JvVR2—x2 y2 Rcosa V R? — 22
—(m/2=b)=(b—-a)=F+7—aq,

since on the interior angles, say  matches with b and the other « is supplementary
to a. This is # — (o + 4 0) and the formula is correct.

If no vertex is on the boundary of H, we use a l.f.t. to move one of the sides to
become parallel with the imaginary axis. Call «, 3,7 the interior angles. If the side

is AB is vertical, consider the two triangles ACD and BC' D, where D is at infinity.
Using the result above

Area(ABC') = Area(ACD) — Area(BCD) =7 — (o + @) +7— (ﬁB\C + D/@)

A= = Jaresin 0]°%° = (1/2 — a)

cos a

=m7—(a+5+7)
since ACD = v+ BCD and DBC = 7 — (. This proves the result. O

Remark. In particular it follows that the sum of the interior angles is strictly less
than 7, unlike Euclidean geometry.

Remark. There are many reasons why we care about hyperbolic triangles. One
is that fundamental domains for many arithmetically defined discrete subgroups of
SLs(R) are unions of simple hyperbolic triangles.



22 YIANNIS N. PETRIDIS

We compute the area of a hyperbolic ball of radius r. By using the model of
hyperbolic space in the unit disc we can assume that the center is at (0,0) and
the Euclidean radius is R (a hyperbolic circle is also a Euclidean circle). Putting
the center at (0,0) makes both centers agree (with (p,#) polar coordinates in the

Euclidean plane)
o2 1
d(O,R):/ dp =1In +R:r,
0

1—p? 1-R
which shows how R and r are related:
1+ R em —1
= = = h(r/2).
e 1—R:>R 1 tanh(r/2)

Now the area of the hyperbolic disc is

m Ry 11" 1
A(r) = S — =4 =4 1
(r) / / TV ”L—p?h ”(1—1%2 )

= 47 (cosh®(r/2) — 1) = 4 sinh*(r/2).

It is extremely instructive to compute the length of the hyperbolic circle of radius
r. Using the standard formula from calculus dz? + dy? = dp? + p?df? we get on a
circle of radius R

T 2R R >
L(r) :/o = R2d9 = 4771 i 47 tanh(r/2) cosh”(r/2)

= 4r sinh(r/2) cosh(r/2) = 2m sinh r.

Notice that L(r) ~ me” and A(r) ~ me", as r — 00, so the area and the length grow
at the same rate!

Remark. We also notice that although in Euclidean geometry the circle |z| = 1 is
at finite distance from the origin, it is at infinite distance in hyperbolic geometry:
r=1In(l+R)/(1 —R) — oo as R — 1. This way the hyperbolic disc D (and H)
becomes a complete Riemannian manifold. It can be proved that its curvature is
constant = —1. The Gauss defect formula can alternatively be proved from the value
of the curvature and the general Gauss-Bonnet theorem.

6. HOLOMORPHIC MODULAR FORMS FOR SLj(Z)

In this section we only consider I"' = SLy(Z). The orbit of a point z € H is defined
to be orb(z) = {vz,v € I'}.

Definition. A fundamental domain D of I' is a subset of H such that every orbit of
[' in H has one element in D and two points in D are in the same orbit iff they are
on dD.
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Lm[r]
A B
[
Re[t]= -1 : | Re[1] =+
" !
I ] _ .'I:II.'3
Ijzfj_-,-_.,q__.‘l_,_...---TJI.._.__FI‘_._|'_'I+L—£'
=1

- Re[T]

id— T

Theorem 6.1. (a) The standard fundamental domain for SLy(Z): Let
1 1
D:{Z€H7—§ < R(z) < §>|Z| > 1}.

Then D is a fundamental domain of T'.

(b) Let T = ( (1) 1 ) and S = ( (1) _01 ) be the matrices acting as translation

T(z) = z+ 1 and inversion S(z) = —1/z. Then I' is generated by them, I' = (T, S).
Moreover, S* = —I and (ST)?> = —I. The stabiliser of i is (S) and the stabiliser of
p = e¥i/3 s (ST).

Hint of proof: Given a point z € H, we can apply enough powers of T" to move
it within the strip {w, —3 < R(w) < i} If m = dist(R(z),Z), then R(T"™"z) €
[—1/2,1/2], since every number is within 1/2 from an integer. If zo = T""z € D,
we are done. Otherwise, |z3| < 1. Then this implies that |S(z2)] = | — 1/22] > 1.
We repeat the process to get z3 with R(z3) € [—1/2,1/2]. The process cannot be
continued indefinitely, as SLy(Z) is a discrete subgroup of SLy(R).

We consider the set Cp = {z € H, |R(z)| < 1/2,3(z) > B}. This is called a
cuspidal sector. The map ¢ = e*™* maps it to the punctured disc of radius e 275,
called D3, in a biholomoprhic way, up to the identification of (z) = —1/2 with
R(z) = 1/2. A function which is periodic with period 1 on Cp induced a function
f on Dy. If f is meromorphic at 0, i.e. has at most a pole and not an essential
singularity, then we say that f is meromorphic at oo. This is equivalent to AN €
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N, 3K, |f(q)qN| < K. Then f(q) =3

n—=—

0
f(Z): Z Cn627rmz
n=—N

~ Cng" is the Laurent expansion of f and

is the Fourier expansion of f at the cusp ioo. The integer — N is the order of f at oo.
If N =0, we say that f is holomorphic at co and if N > 1 that f is cuspidal at co.

Naturally in our mind we have automorphic functions, i.e. functions f : H — C of
weight k for I, i.e.

(6.1) flyz) = (cz +d)" f(2).
These are periodic, since f(z + 1) = f(2), i.e. the lower row of T is (0,1. So the
above commends on ¢ expansion at oo apply.

Definition. A modular form for I' is a function f : H — C that is holomorphic
in H and at oo and transforms according to (6.1). If f is cuspidal, then we call it
holomorphic cusp form.

We easily see that for I' = SLy(Z), k has to be even. This follows from the remark
that —I € SLo(Z), but introduces the same Mobius transformation as I, so that

f(=Iz) = f(2) = (=1 f(2).

Remark. The cuspidality condition may see not well motivated. The following is
an important point of view in the theory of elliptic curves: If f(z) is a cusp form
of weight 2, then f(z)dz is a holomorphic differential on H and at oo and invariant
under T'. First we check that f(z)dz is invariant:

f(yz)d(v2) = (cz + d)* ()7 (2)dz = (cz + d)* f(2)

dz = dz,
cz +d)? = J(z)dz
using (5.1). The holomorphicity in H is obvious, it is only oo that can be an issue.
We have dg = 2mie*™*dz = 2miqdz, so that

f(2)dz = Flo)d = L s~ gt

2miq 2w =

Lemma 6.1. If f is a cusp form, then f(z) = O(e™?™), as y — oo.

Proof. Having a convergent Taylor series at ¢ = 0 with ¢y = 0 means f(q) = O(q),

which translates to the result, as |q| = e™?™.
U

Lemma 6.2. (Hecke bound on the Fourier coefficients of cusp forms) If f is a cusp
form of weight k with Fourier expansion

0
f(Z) _ Zanﬁ?m’nz’
n=1
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then
|a,| = O(n*/?).

Proof. We look at g(z) = y*/?|f(z)|. Using (4.2) we get

k)2
660 = (1) s+ 07 =11

As f(z) is decaying exponentially in y, as y — oo, this decay overpowers the poly-
nomial increase of y*/2 and ¢(z) decays at oo. In particular it is bounded on the
fundamental domain D. Since it is automorphic of weight 0, it is bounded on all of
H. Hecke’s bound will use y — 0 in the proof. We recover the Fourier coefficients of
f by Fourier analysis on [0, 1]:

1
e g, = / f(x + iy)e 2™ 4o = O(y~*/?).
0

(One needs to know that the Fourier expansion is valid on all of H). Plugging y = 1/n
produces the result, as it makes e 2™ = 27 fixed.
O

7. EPSTEIN ZETA FUNCTION AND EISENSTEIN SERIES

The natural generating function for counting the lattice points for a lattice L is

the function
1
D(z,s) = _
(2) Z |m + nz|®
(m,n)#(0,0)
However, this converges for R(s) > 2, and analytic number theorists prefer to work

with Dirichlet series converging for $(s) > 1, in accord with the Riemann zeta
function

So we modify it first to
1
Z | + |25
(ma)#(00) I T 12
and then to the Epstein zeta function

Cx

B(z,s) = Z &

2s
(o) M T 12l

The introduction of (z)* allows to write the term as (z)*, where the second row
of v is (n,m) (at least this is possible when (n,m) = 1).
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For the Gauss circle problem we need to plug in z = 7. Another function that
plays a role here is the Dirichlet L-series associated with the (nontrivial) character
(mod 4), x(-), defined as

1, n=1 (mod4),
x(n)=<¢ =1, n=3 (mod4),
0, n=0 (mod 2).

Then

L(s,x) =Y XTE?)

Unlike the Riemann zeta function this converges for $(s) > 0, although not absolutely
in the strip 0 < R(s) < 1. And it can be evaluated at 1:
1 1 s
L(l,x)=1 3 + z = arctan(1l) = 7
Since B(i,s) = 4((s)L(s, x) (see exercises below), this is the generating series for
the Gauss circle problem introduced above. Since ((s) has an analytic continuation to
R(s) > 0 with single pole at s = 1 with residue 1, then B(i, s) satisfies the conditions
of the theorem with a = w. The result is the main term in the Gauss circle problem.
Here is a slightly more advanced point of view: Let R? act by translation on itself:
(x,y) - (z,w) = (x + z,y + w), where - denotes the action. This is clearly a group
action, since (0,0) does not move the point and g; - (g2 - p) = (9192) - p (associativity
of addition!). If we restrict the action to the subgroup Z?2, then the integer lattice is
the orbit of the origin (0,0). So the Gauss circle problem asks to count the number
of points in this orbit at distance < \/x from a fixed point, here the origin.

8. FROM COUNTING LATTICE POINTS TO THE HYPERBOLIC LATTICE POINT
PROBLEM

In number theory one also imposes extra conditions at our counting problems. For
instance, we can ask for the number of lattice points with relative prime coordinates
(these points are visible from the origin, i.e. the segment from (0,0) to (m,n) does
not contain other lattice points.) These lead to consider

Cx

E(z,s) = Z L)SQS

(At lcz +d|

for z = 4, which gives

. 1
E(i,s) = Z Yo

(¢,d)=1
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FIGURE 5. Visible points from (0,0) in the first quadrant

The relation between B(z,s) and FE(z,s) is very simple. Setting d = (m,n),
m =dm/, n=dn', (m',n') =1, we have

ZZSZ

So the residue of E(i,s) at s =1 is 7T/C( ) = 6/m. This gives

#{(m,n), (m,n) = 1,|(m,n)| < vz} ~ g:c oo,

One can consider lattice-counting problems in higher-dimensional Euclidean space.
As far as the main term of the counting function is concerned, Gauss’ argument works
the same way, e.g.

#{(a,b,c,d) €7 a> +b* + A+ d Sx} ~ ey’

where ¢, is the volume of the unit ball in R*. What if we impose the restriction that
ad — bc = 17 i.e. we consider the 2 x 2 matrix

()

from SLy(R). How many such matrices with integer entries have norm a? + b* + ¢* +
d*> < /x? This is really a question about the growth of the group SLy(Z). First of

|m . + n’|25 = ((2s)E(z, s).
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all we realize that actually a® + b® + ¢* + d* = 4u(vi, 1) + 2. This is because

Iyi — i ]ai+b+c—di|2 a® + b + ¢ + d* — 2(ad — be)

u(vi8) = 43(7i) 4 - 4

We also know that cosh d(vi, ) = 2u(yi, ) + 1. So the condition a? +b*+c*+d* < X
can be understood as d(vi,7) < cosh™'(X/2). So we are asking to count the number
of points in the orbit of i that are within distance cosh™(X/2) from the point .
More generally: We fix two points z and w in H and consider the orbit I'z of z. Here
[’ can be SLy(Z), or other similar group. We are interested to count the points in
this orbit with a certain distance from w. Set

P(X)=#{yeTl du(yz,w)+2 < X}.

We would like to estimate P(X) as X — oo. This is the hyperbolic lattice counting
problem. For SLy(Z) here is the result

P(X) = 6X +O(X*3).

In view of the fact that the length of the hyperbolic circle and the area of the hy-
perbolic disc it encloses are comparable for large r, the argument of Gauss for the
standard lattice-counting problem cannot possible work. The spectral method does
(as well as methods from dynamical systems, introduced by Margulis et al.) The
spectral method does not only provide the main term in the asymptotics but gives
information on the error term. Here is the general result:

= Y oy )X 1 o(x),
Yy
s;€(1/2,1]

We need to introduce (and study) the quantities of the right-hand side. The Gamma
function is T'(s) = [~ e~*t*dt/t for R(s) > 0 and generalizes the factorial as I'(n) =
(n—1!, n E N More, importantly, s; are ‘spectral parameters’ the numbers
A; = sj(1 — s;) are eigenvalues of the Laplace operator on L*(T'\H) and u;(z) are
the corresponding eigenfunctions. As a prelude of things to come, we mention that
the Laplace operator can have infinitely many L? eigenvalues but only those < 1/4
contribute to the above sum. It could be that actually the error term is larger than
some terms of the sum: If s; < 2/3 the corresponding term is smaller than the error
term. This corresponds to eigenvalues s;(1—s;) > (2/3)(1/3) = 2/9. It can be proved
that SLo(Z) has no eigenvalues in the interval (0, 1/4] corresponding to s; € [1/2,1).
In general, eigenvalues \; < 1/4 are called small eigenvalues. The Selberg eigenvalue
conjecture is that

AL >1/4

for groups of ‘arithmetic nature’, called congruence subgroups. For SLy(Z) the con-
tribution to the sum of the eigenvalue A\g = 0, i.e. sy = 1 is calculated as follows. We
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have I'(1/2) = y/m. The eigenfunction corresponding to Ag is the constant

1 1
uo(z) = = :
\/Area(I"\H) /3
The area of I'\H is in this case the area of a hyperbolic triangle with vertices at oo,
e/, e2™/3 and interior angles 0, 7/3, /3.

9. PROPERTIES OF THE EISENSTEIN SERIES AND THE LAPLACE OPERATOR

What about computing the number of lattice points inside a disc of radius R but for
the skewed lattice generated by 1 and z? The technique with the factorization of the
Epstein zeta function B(i, s) is not available. According to Th. 1.3 it is expedient to
know the analytic/meromorphic continuation of B(z, s) for values of s with R(s) < 1.
Here are two important points:

e B(z,s) is a function periodic in the z = R(z) variable with period 1. This
is obvious, since changing z to z + 1, simply changes the basis of the lattice
(recall 1 is a basis element).

e B(z,s) is certainly not holomorphic, or harmonic is z. Let us apply A =
02+ 65 to y* = (2)®, which is the function we are somehow automorphizing.
We get

Ay® = s(s — 1)y° 2,
and this is certainly not zero. However, is we multiply it with 32 we get almost
what we started with, up to the factor s(s — 1). In fact, this means that y*
satisfies the eigenvalue equation

y* (07 +0;) f(2) = —s(1 = ) f(2).

The question is what kind of operator is the one appearing on the left. It ends up

that this is the hyperbolic Laplacian
0? 0?
A=y ==+ =].
Y (W i ay?)

The spectral theory of automorphic forms is essentially the study of the hyperbolic
laplacian and its eigenvalues/eigenfunction, not on the whole hyperbolic plane (al-
though this is a first step) but on domains in it representing the action of discrete sub-
groups of SLy(R) (fundamental domains) with appropriate boundary conditions. We

start with explaining the factor y? in front of the Euclidean Laplacian A,y = 02 —1—85.
The general form for the Laplacian in the metric g;; is

1 0 0
1 A = —— ij_=Z

where g = \/det(g;;) and ¢¥ is the inverse matrix to g;;. This definition for the general
Laplace operaror agrees with the alternative A f = div(grad(f)), where grad(f) is the
gradient vector field and div represents its divergence. Rather than introduce these
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notions for general Riemannian manifolds, we stick to the definition (9.1). Here

gn =92 =y 2and g1o = gn =0, g"' = ¢® =y ¢g? =¢* =0, and g = y?

The following heuristic (or aposteriori argument) shows that this makes sense. Let f
and g be two smooth functions, say, vanishing on the boundary of the region V. We
would like the Laplace operator to be symmetric for such functions. This means

| ragint: / 9(Af)dp(2).
If we use Af = y*Acyq and (5.5) we get

[ 100t~ [ 9891 = [ Fsig— gdaaranty= [ 15— S

oV
by the standard Green’s formula in R?. Here 9/0n is the normal derivative. With the
assumption of vanishing on 9V, the right-hand side is 0 and the hyperbolic Laplacian
is symmetric.
A standard technique to understand partial differential operators is to separate
variables and also to consider solutions that have a special symmetry. For instance,
we already noticed that y°® satisfies the eigenvalue equation

(9.2) Af(z)+s(l—s)f(z) =0.
There should be a second linearly independent solution, and this is y ~% as easily
seen. Clearly they are linearly independent, unless s =1 — s = s = 1/2. In such a
case we verify that y'/2Iny is the second solution. These solutions are independent
of the x variable. They show in the zeroth Fourier coefficient of the Eisenstein series.
On the other hand it is interesting (in fact necessary) to know the eigenfunctions
of the Laplace operaror that depend only on the hyperbolic distance and not on the
polar angle. For this we write the Laplace operator as

0? N coshr 0 n 1 0?
Or2 ' sinhr Or | sinh?r 062

1-s

A_

and using u as
2 1 2
A—u(u+1)aa—+(2u—l—1)aau +m%
For the proofs look at the exercises. We assume that f(z) = f(r) = F(u) = Fs(u)
and it satisfies (9.2). Then
wlu+ 1) F"(u) + 2u+ 1)F'(u) + s(1 —s)F(u) =0
A solution of this is the hypergeometric function
Fi(u)=F(s,1—s,1,—u).

Students are usually not familiar with the hypergeometric functions. Unfortunately
special functions, like hypergeometric functions, Legendre functions, and Bessel func-
tions show up regularly in the spectral theory of automorphic forms (depending on
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what expansion one works with) and are quite intimidating at the beginning. Here
is a quick note on hypergeometric functions. The Gauss hypergeometric function
F(a,b,c,z) is defined as
- 1)--- —Dbb+1)---(b+n—1
F(a,b,c,z)zza(a+ )-(a+n—1b0b+1)---(b+n )z”,
nle(c+1)---(c+n—1)

n=0
where |z| < 1, c € C\ {0,—1,—2,...}. We need to know the differential equation
satisfied by it and it is
2(1=2)F"(2) — ((a+ b+ 1)z —c)F'(z) — abF(2) =0
and the integral representation

T (b;((cc)_ b /0 71— 1) (1 — t2) %t

for R(c) > R(b) > 0. We see by substituting z = —u that F'(s,1 — s, 1, —u) satisfies
the eigenvalue equation in u and is independent of 6. Its value at u = 0 is 1. There
should be a second linear independent solution. This is the Green’s function for
functions invariant under rotations. It is defined as

Ga(u) = ﬁ/@ (t(1 = )" (t + )~ dt.

We need to show that A in the u coordinates has eigenfunction

/l(t(l — 1)) Mt +u) T dt

with eigenvalue s(1 — s). If we prove that

F(a,b,c,2) =

(A+s(1—3)t(1—t) " (t+u) = s%{(t(l — 1) (t+u)~!

then differentiation under the integral sign will give 0 as

/o % (H(1 = ) (t+u) "t = (H1 —£)*(t +u) |y =0

as t* vanishes at 0 and (1 — ¢)® vanishes at 1 for R(s) > 0. The calculation is not

inspiring, using (10.2)

(A+s1—38)t+u) = uwu+1)s(s+ 1)t +u) 2+ 2u+1)(—s)(t +u)*!
+s(1 —s)(t+u)"°.

Afterwards we multiply with (¢(1 — ¢))® which is independent of u, while

s%{(t(l—t))s(t—ku)Sl} = (5 (1—t)5—t5(1—1)" M (t4u) " b s(—s—1)t5(1—t)%(t4u)* 2
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The factor t*71(1 — ¢)*7 (¢t + u)™*~2 appears throughout so we need to prove the
simpler looking:
u(u+1)s(s+1)+2u+1)(—s)(t+u) +s(1 —s)(t+u)? = s*(1 —2t) —s(s +1)t(1 —1t).
Both sides are quadratic polynomials in u, so we compare the coefficients of 1, v and
u? on both sides:
w?: s(s+1)—2s+s(1—s)=0
from the left-hand side with no quadratic term on the right-hand side.
w:  s(s+1)—2st —s+s(1—s)2t =s*(1—2¢)

1: —st+s(l—s)t? =ts(—1+t—ts)
from the left-hand side, while from the right-hand side we get
2 (1 —2t)t — s(s+ Dt(1 —t) =ts[s(1 —2t) — (s + 1)(1 — t)] = ts(—2ts — 1 + st + )

10. EXERCISES

(1) In this problem fccj;o denotes a contour integral along the vertical line R(s) =
c traversed upwards.

1 c+1i00 5 1, xTr > 1,
(a) Prove that, for ¢ > 0, —/ —ds=1<¢ 1/2, =1, (Perron
T Je—ioo 5 0, 0<z<l.
formula)
Look at Figure 6 for the contour to consider.
For x > 1, inside the contour there is a pole at s = 0, which is simple:
Res(f,0) = liH(l) s =20 =1.
S— S
We need to control the integral on vg. As above, on the left semicircle s(t) =
c+ Re', /2 <t < 37/2.

|.CES| _ |eslogx’ _ elogac(c—i-Rcost)

We also remark that the inequality siny > 2y/7 holds for 0 <y < 7/2. This

follows from the concavity of siny on [0, 7/2]. The secant line 2y/x from (0, 0)
to (m/2,1) is below the graph. Now

s 3m/2 $C$Rcost ) T xcx—Rsiny ) T l.cx—Rsiny
[ | [ | [ ) < [T,
e S ™ 0 0

/2 Cc+ Ret ¢ + Reilytn/2 R—c
with the substitution ¢ = y + 7/2. The last integral can be split into two
equal integrals over [0,7/2] and [r/2, 7], since siny takes the same values in
both. We get

s ™/2 c.—Rsiny /2 ch—R2y/7 c —2Ry/m /2
/x—ds§2/ Rax‘x dy§2/ Rx‘x iy = Rx { x }
vn S 0 R—c 0 R—c R—c |—R(logz)2/m |,
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T’ _
= R ofogaz F T 0 B

as ¢ > 1.
For 0 < z < 1 the parametrization of the right semicircle is s(t) = ¢+ Re,
—m/2 <t <7/2. We substitute t =y — 7/2:

tr Rcost )
= / T _jRe%dt| <

—ds
=2 C+ Re't

/2 ¢ .Rcost /2 Rax¢ Rsiny
REY gt = 2/ Y gy
0 R —C

—7/2 —cC

Now x < 1, so logx < 0 and

stmy — elogastmy S elogazRQy/ﬂ — $2Ry/ﬂ'.

xS
/ —ds| <2
TR S
T’

= = olega " Y 0 e

w/2 RxchQy/wd Rax¢ xQRy/Tr /2
/0 R—c "TR_¢ {R(logw)Q/wL

as r < 1.
For x = 1 we compute the integral directly:

1 et 1 [ ddt 1 [ ¢ it 1 [~ ¢
270 Joino S " omi w CtHit  2m J_ 2+ t2 2412 21 ) o 2 Ht?

as the function t/(c? + t?) is odd. This integral is elementary: substitute

t = cu to get
1 [eteod 1 [ c-cdt 1 /°° du arctan(u)|™ 1 1
— —ds = — — = — = =—7=-.
270 Jino S 21 J_ o A+ cu? 27 J_ 14 u? 27 o 2m

(b) Let the function f(s) be defined by the absolutely convergent series

f) =2 Rs)>a>0.
nS
n=1
Show that for x ¢ Z
1 c+i0o s
Zan =5 - f(s)%ds, c> a.

n<zx

%) and the series converges absolutely for R(s) > a, we have

- |an|
Zlnmm

Since [n°| =n
that the series

(s) > a.
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This implies that, if we fix ®(s) = ¢ > a, then the convergence of the series
in the s variable is uniform (Weierstraf test). Moreover, on the vertical line

R(s) = ¢ we have

c

T T

T

5]

which is bounded so we get uniform convergence of the series even when mul-
tiplied by x®/s. This means we can interchange summation and integration

S

to get
1 c+ioo C+ZOO I’/?’L 0 0, T <n,
= BNECECED STy B SR UM T o

n=1 n<x

(2) Let a, be multiplicative. Show that its Dirichlet series has a product expan-

sion
[ee)
- H Z apip°.
p j=0
This is a generalisation of the Euler product for the Riemann zeta function.
We use the unique factorisation of the integers into primes and expand the
infinite product on the right-hand side. We use the multiplicativity of a,, in
the form apmay = a,mg and its generalisation to any finite number of factors.

(3) Show that

We have

1 1 sz — k(n)
(=Rl =D g D0 = DI Z =2
m=1 l,m n=1 lm=n n=1
(4) Prove that B(s) converges absolutely for R(s) > 1.
(5) Prove that r(n) =43 ,, x(d), where x is the quadratic character (mod 4).
Show that this implies that

B(i,s) = 4¢(s) L(s, ).

Let p and ¢ be primes. It is well-known that a prime is a sum of two squares
iff it is congruent to 1 (mod 4). Use the fact that Z[i] is a unique factorization
domain with primes

o 1+, 1—7q,

e q,if ¢ =3 (mod 4),

e a+ib, a—ibwitha®+0>=p, p=1 mod 4.
Proof: The units in Z[i] are i, £1. When we write

n=A+ B = (A+iB)(A—iB) =2 [ ][ ¢
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with p =1 (mod 4) and ¢ =3 mod 4 we have
=1+ 1 —i)* [[(a+ib)(a—ib) []q"
This gives that
A+iB=i"(1+i)"(1—i)® H(aJﬂb ) qusl

A—iB=i"(1-i)"(1+i) [[(a—ib)"(a+ib) ][ ¢
so that a1 +as =a, ri +ry =1, s1+ So = s and s; = S3. So s has to be even
and we must split the powers of g equally between A+ iB and A —iB. If s is
odd for a prime ¢ = (mod 4), then r(n) = 0. Otherwise, we will show that
r(n) = 4[](r + 1). We have r + 1 choices for r1, which, therefore, force the
value of 7. We have o + 1 choices for a; and these fix a5. We have 4 choices
for t. However, since (1 —14)/(1 +1i) = —i,

(1407 (1= 0)" = (L) (i) = (14 (=)™

This shows that, varying a; produces only modifications in the exponent of
the unit 7. So the choices for a; are irrelevant. We are left with independent
choices only for r; and ¢. These are 4[[(r + 1).

Notice that, if we define a(n) = >, x(d), we need to show that r(n) =

4a(n). We have that a(n) is a multiplicative function, so that

a(2%) =1, ZX )=r+1,

s

ag) = "x@)=1-1+ - x1=

=0

a(n) = H(r +1) H #

This means that a(n) is 0 if there is a factor ¢° with s odd and ¢ = 3 (mod 4).
In such a case we also know that r(n) = 0 from the discussion above. Other-
wise, the two formulas agree.

To show that

=> 7«7(: )L(s,x)

n=1
we notice that the coefficient of n™* from the right-hand side is

4) "1-x(d)

dn
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(6) Show that ((2) = 72/6.
We use Parceval’s identity on R/Z, said differently, for any periodic function
f : R — R with period 1 and Fourier coefficients

f(n) = / f(z)e i do

we have

A 2 9
S| Fm| =1
nez
We use f(x) = x — [z], the fractional part of x. We have

1 1 ) 1 1
0 0

On the other hand, for n # 0 we use integration by parts to get
1

—2minz 1 —2minx
£ —2minx zre € 1
J(n) /xe v [ —2min L +/0 omin 2min

These give

1 1 1 =1 1 1 1 1 7
4 + Z 4m2n2 3 ; Adm2p2 3 4 12 Z n? 6

n n=1

(7) Use the summation by parts formula in the form

> aufln) = A)f(e) ~ [ A (w)du,

where
Ax) = Z an
n<zx

and f(z) is a continuously differentiable function on [1, z] to show that ((s),
which initially converges for R(s) > 1 has a meromorphic continuation to the
region R(s) > 0 with single simple pole at s = 1 with residue 1.

Proof: Let a, = 1, so that A(z) = [z], and f(u) = u™°, so that f'(u) =
—su~*"1. Then we get

O =

n<x
s u " * {u}
= [z]z +S{—S+1L_S/l us+1du

s 42 pRt; du.

s
s—1 s—1 , ustt
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Letting x — 0o, we have for R(s) > 1
s * {u}
5) = -5 du.
O
Here is where we can see the meromorphic continuation. The given integral

converges not only for R(s) > 1 but for (s) > 0, since the numerator is
bounded between 0 and 1 and (with o = R(s))

| -0 @ 1
/ du = |2 = —.
1 uetl -0, o
The convergence of the improper integral implies that it defines a holomorphic
function of s in R(s) > 0. The second term s/(s —1) =1+ 1/(s — 1) has a
pole at s = 1 with residue 1.

Poisson summation formula. Let f be in LY(R) with f € L'(R) and both of
bounded variation. function, we define its Fourier transform by

fo= [ " fa)e e d

Then

Y fy=3 fm).

nez meEZ
We construct a periodic function

g(@) =3 fla+n),

which has period 1 and convergence under the assumptions on f. We calculate
the Fourier coefficients for g(z):

1 1
@(m) = /0 g(x)e—%riml' dxr = Z/O f(l’ + n>6—27rimr dx

neEL

n+1 . o0 . A
=Y [ twemmay= [ ey = fon).

nez v m"
By the Fourier inversion formula for g:
g(x) = g(m)e*™m.
mEZL

We plug x = 0 to get the Poisson summation formula.

b
Let T'(z) = az——il_—d. Assume that it maps the real line to the real line. Show
cz

that we can choose a, b, ¢, d to be real numbers.
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Proof: Set p=T(0) =b/d, v =T(c0) =a/cand s = T(1) = (a+b)/(c+d),
which are real by assumption. This gives

a+b=s(c+d)=vc+pd = (s—v)c= (p— s)d.
If (s—v)(u—s)#0, then ¢ = d(u — s)/(s —v) = pd, with p real. Also
a =vc=vpd, b = pud. These imply
az+b wvpdz+pd  vpz+p

Ty — —
T etd pdz +d pz+17

which has real coefficients. If s = v = pu, b = sd, a = sc and

az+b  scz+sd
= = =secR
cz+d cz+d
The case d = 0 is even easier: Tz = (a/d)z + (b/d) with b/d € R (T(0) is
real), and T(1) = a/d +b/d € R. So a/d € R.
Show that

Tz

d(z,w) = In <

for the hyperbolic distance between z and w.
Proof. It z =ia and w = ia, with a > b > 0 the formula reduces to

|z —w| + |z — w
|z — 0| — |z — w|

a+bt+a—>

1 —
na+b—a+b

a
ln -
"D
which agrees with the proof of Theorem 5.1.

If z and w have the same real part, the right-hand side of the formula is
the same as for 3(z) and $(w), so it is again obvious.

If R(z) # R(w), then we use the L.{.t. g introduced in Th. 5.1. We have
9z — gw| + |9z — gw|
92 —gw| — |9z — gw|

So it suffices to prove that the fraction above is equal to

d(z,w) = d(g(2), g(w)) = In

|z —w| + |z — w|

|z —w| = |z —w|
An easy calculation shows that («, 5 € R)
- -8 (B-a):-w)

) = = T e T T )@ —a)

A similar calculation holds with w instead of w. Take absolute values, cancel
0 — a and we get the result.
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(11) Show that
coshd(z,w) =1+ 2u(z,w).
This follows the pattern of the previous exercise. If z = ia, w = ib

(b—a)? V> +a*> b/a+a/b
u(z, w) P u(z,w) + 50 5
In(b/a) —In(b/a)
= ¢ +26 = coshIn(b/a) = coshd(z,w).

For the general case use g. It suffices to prove that
u(gz, gw) = u(z, w).
Since (gz) = (8 — @)3(2)/ |z — a|* and similarly for S(gw) we get

(@=p)?|z—w|?

2
u(gz gw) _ lz—a}lw—a)? _ |Z — w‘ — u(z w).
1 (B;LT“SZ) (ﬂ|;a_):‘(2w) A3(2)S(w)

(12) (The Laplacian in polar coordinates) Show that

0%  coshr 0 1 0?

Or?  sinhr dr = sinh®r 002

The hyperbolic metric in polar coordinates is:

ds* = dr? + (sinhr)2d6?

This can be seen by the hyperbolic metric in the disc
4 — 4(dz?* + dy?)
(1—]z?)?

We compute the relation between p = |z| and . By putting the origin of the
polar coordinates at 0 in the Poincaré disc we get

S | 1 1
r:/ Sdp = ——+——dp=1In Bl
o 1—p o L+p 1-p L=p
We solve for p = tanhr/2. This gives
1
1 —tanh®(r/2) = 1/ cosh®(r/2), dp= ————.
(r/2)=1/ (r/2), dp 2 cosk?(r2)

Now as is well-known in Euclidean polar coordinates
dz* + dy* = dp?® + p*db?
This gives
A(dp® + p?d0%) _ 4(1/4)dr2/cosh4(7“/2) + tanh?(r/2)d6?
(1—p?)? cosh™(r/2)
— dr? + 4 cosh?(r/2) sinh?(r/2)d6? = dr® + sinh? rdb?>.

ds® =
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Now we compute the Laplacian in these coordinates: The metric matrix is

(”)_ 1 0 T 1 0
95) =\ 0 sinn?r )0 95 T9 T\ 0 sinh2r

so that g = det(g;;) = sinh®7. The general form for the Laplacian in the
metric is 5

1 0
A=— v —
N ; Ox; V99 0z,
which gives for the hyperbolic Laplacian

(10.1)
1 0 0 9%  coshr 0 1 02
A= —(sinhr =) + = (sinh ' r—) | = = = =
sinh r <8r<sm ror) T gt )) or? " sinhr Or = sinh?r 062
(13) Find the expression of the hyperbolic laplacian in u and 6 coordinates.
We have for the u variable coshr = 14 2u. We have sinh?r = cosh?r —1 =
(2u +1)* — 1 = 4u(u + 1). Moreover, by differentiation w e get

2
(sinhr)r r g
and 4 cosh
cosh7(1)? + (sinh 7) (1) = 0 == 7y = — ,COS3 .
sinh” r

We have for the differentiation operators, using the chain rule (note that since
r determines u and vice-versa (irrespective of 6, we do not need to worry about

the 0 variables).
o oro 0? 5 02
Ju " ouor @ W g T
We plug them into (10.1)
0? 9, coshr | 0 1 02
A= (r,)~? (@ - mﬁ’ula> Smhr@l% t T e
Now 7,2 = (1/4) sinh? 7 = u(u + 1). For the coefficient of 9/0u we get:

3 coshr _; sinh®r —4coshr  coshrsinhr

3 _ rol = — ; = coshr =2u+ 1.
“ + sinhr “ 8 sinh? r + sinhr 2 +

This gives for the Laplacian in the (u, ) coordinates:
02 0 1 0?

Remark. Notice the formulas 1.16, 1.20, 1.21 in [16]. They differ from the
above in the sense that 260 = ¢. This is due to the fact that he uses the matrix

T:( cos ¢ sin¢)

—sing cos ¢
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to act at the point ¢ as a rotation. But in the action of SL(2,R) this acts as
rotation of angle 2¢: this is seen by computing its derivative at i:

1 1 ,
T'(z) = — T'(i) = ——— = ¥
(2) (—sin ¢z + cos ¢)? (@) (e~i%)2 c

(14) Show by direct calculation that the hyperbolic volume element
dxdy

Y2
is invariant under the action of SLy(R).

Using the language of differential forms we have
drdy drANdy idzAdz

dp(z) =

v 2 ()2
Since d(vz) = 7/'(2)dz we get
idyz) Nd(yz) _ iy ()dz/\fy()dz ]’y’(z)|2d,z/\d2_1'dz/\d2
2 (S(2)) 2 2/lez+d’ 2 gfleztd 2 42

using (4.2), and (5.1).

(15) (i) Show that the Euclidean Laplace operator can be calculated as

0 0 0 0
4——=4——.

0z 0% 0z 0z

(ii) Suppose that U and V are open sets in the complex plane. Prove that
if f:U —V and g:V — C are two functions that are differentiable in the
real sense (in z and y) and h = g o f, then the complex version of the chain
rule is

Aeucl =

oh agaf+ﬁgaf @ 0gé9f+ag@f
9z 920z  0z02 0z 020z 09z0z
(iii) Show that A commutes with any element of SLy(R), i.e
A(f(r2)) = (Af)(v2)-

Proof:
(i) We have for a function f with continuous second partial derivatives

of _ (%_‘ﬂ) of _ (Wﬂaf)
0z T 0z ox Oy

ox dy
which gives

Pf (0 O\, ... (0 .0 o of
4&82‘(%‘@)“””“‘(% >fx <8x )fy

= f:m; - ny:v +Z(fmy - ifyy) - facm - nyac + Zf;ty + fyy = fx:v + fyy - Aeuclfv
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since the mixed partial f,,, fy» are equal for functions with continuous second
partial derivatives. Reversing the order of the calculation gives 40:0.f =
Aeuclf'

(i) Set f(z,y) = u(z, y)+iv(z,y), ie., (z,y) = (ulz,y),v(z,y)) — h(u,v).
By the standard chain rule for functions of two variables we have

oh dg % dg Ov

(10.3) % ~ 323 " 395
oh _ Ogou  gon
dy  0xdy Oydy
Moreover,
of _ 1(0F AR\ L L
(10.4) 5, = 2(8:6 zay)2(ux+wx i(uy + ivy))
of _ 1(of .of 1( — vy — i(uy — iv,))
5, = 3\ 5 Zay = 5 (e — tvy —i(uy —ivy)).

By the definition of 9/0z and 9/0z we have

99 _ 1(@_-@>

9z 2\ oz Zay
99 _ 1(99 .09
0z 2\ox oy)’

We add and subtract the last two equations to get

dg 09 0Og 0g 1 (ag 89)

or 002 oy i\oz o2

We substitute the last equations to (10.3), multiply the second equation in
(10.3) by i, subtract them to get

oh dg (10u 1 0u dg (10v 1 0v
10. AL A [t Pl I A et b
(105) 0z ox (263: 228y> * dy <2 ox 228y>
1 .
= (gz + gi)ﬁ(uz - Zuy) +
1 . . 1 . .
= gzg(um — QU + Uy + vy) + ggg(um — Uy — Uy — Uy)

- ngz +gifz

1 1
;(92 - gz)ﬁ(vdf — ivy)
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using equations (10.4). Similarly we get

% — @ 1@_*_1@ _'_@ 1@4_1@
9z~ ox\20z  2'0y) Tay\20x 2%y

1 ) 1 1 )
= (9-+ gz)E(Ux + Zuy) + 2(92 - gz)ﬁ(vx + wy)

1 : : 1 : :
= gzi(um + duy, + v, — vy) + ggé(uac + duy, — v, + vy)
= g.fz+g:/%
since

0z ox dy 2
of  1[0f Of\ o .
2 T~ 3 (8:1: +zay) = 2(uJU vy + i(uy, — 1vy)).

(iii) We remark that, since (z) is holomorphic we have

N _ dy _

Also 09/0z = 7/(z). This gives by applying (ii)

2f o = 5_f o~ -~
a1 7= \5z) 7T
Now we calculate

g a_f o A = 82f o~ - AN . 82f o |/|2
9 \\az) 277 ) T \0z02) 27T T T \gaz )T

since an application of the product rule gives 97/ /92 = 0 (v is anti-holomorphic,
so is killed by 0/0z. So we have proved

Aeucl(f o 7) == (Aeuclf) oy h/|2 ;

which gives

2

A(f © 7) = (yZAeucl) (f © 7) = y2(Aeuclf) o7~ ’7/‘2 = y—(Aeuclf) o

ez +d|*

= (S(v2)*)(Aeucrf) 07 = (Y Acuaf) o v = (Af) 0 7.
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Ficure 6. Contours for the Perron formula: on the left x > 1, on the

right x < 1.
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