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Abstract

We give a quantitative estimate for the quantum mean absolute deviation on hyperbolic
surfaces of finite area in terms of geometric parameters such as the genus, number of
cusps and injectivity radius. It implies a delocalisation result of quantum ergodicity
type for eigenfunctions of the Laplacian on hyperbolic surfaces of finite area that
Benjamini-Schramm converge to the hyperbolic plane. We show that this is generic
for Mirzakhani’s model of random surfaces chosen uniformly with respect to the Weil-
Petersson volume. Depending on the particular sequence of surfaces considered this
gives a result of delocalisation of most cusp forms or of Eisenstein series.
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1 Introduction
1.1 Delocalisation of eigenfunctions

The question of the delocalisation of eigenfunctions is a widely studied topic in hyper-
bolic geometry. One of the main results on this topic is the Quantum Ergodicity
theorem. Let X be a compact hyperbolic surface (or more generally a compact man-
ifold with ergodic geodesic flow). Denote by A the Laplacian acting on L*(X) and
by A; the non-decreasing sequence of eigenvalues of A. The Quantum Ergodicity
theorem of Snirelman, Zelditch and Colin de Verdiere [7, 37, 42] asserts that for
any orthonormal basis of eigenfunctions ; in L?(X), we can find a subsequence of
density 1 of the probability measures |v; (z)l2 d Vol(z) that weakly converge to the
normalised Riemannian volume measure #(X)d Vol(z) when A ; — +o00. Quantum
Ergodicity can be alternatively formulated by studying the quantum variance for any
continuous a : X - R

2

R
/Xa(z) (Ilﬁ,(z)l Vol(X))dVol(z)

and showing that it tends to O when A — +o00. The idea is that by this convergence
we obtain an equidistribution of eigenfunctions on average over the spectrum. On
hyperbolic manifolds, this quantum ergodicity property has also been shown to hold
by the authors when averaging on a bounded spectral interval, and making the volume
of X tend to infinity instead [16] (see also [2] for dimension > 2). We will call this
type of setting the level aspect, as opposed to the eigenvalue aspect, i.e. the limit
A j — *oo.

In the eigenvalue aspect, Zelditch proved that the Quantum Ergodicity property
extends to non-compact hyperbolic surfaces of finite area [43], which will be the focus
of this article. Since the surface X is non-compact there is both discrete and continuous
spectra for the Laplacian. Let A\g = 0 < A1 < X» < ... be the discrete spectrum and
fix a corresponding orthonormal system {v/;}jen C L?(X) of eigenfunctions of the
Laplacian. The continuous spectrum is the interval [}P 400). We denote by €(X)
the set of cusps on X. Given r € R and b € €(X), there is (non-L?) eigenfunction
of the Laplacian Ey (-, % +ir) : X — C called Eisenstein series, with eigenvalue
T(r) = 4]'1 + r2, see for example [14] for background. We similarly parametrise the
discrete eigenvalues 7 (r;) = A, with r; possibly complex.

Letnow I C (%, 400) be an arbitrary interval. We let N (X, I) be the number of
(discrete) eigenvalues A ; of the Laplacian on X which are in / including multiplicities,
and

1
#jhj =2} 2

ji)»jf)n

l _ /
MX. T) = —/ =X (L tir) dr
dr Jo-1y ex

where ¢x (s) is the determinant of the scattering matrix, see Sect. 2 or [14] for details.
Then the sum N (X, I) + M (X, I) measures the total contribution of the discrete
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Quantum ergodicity for Eisenstein series... 847

and continuous spectra in the interval /. This definition was also used for intervals
Ir = [le T+ T?1, T > 0, by Zelditch in [43] in the study of Quantum Ergodicity of
Eisenstein series in the semiclassical limit 7 — 4-00.

We define the quantum mean absolute deviation over I of the eigenfunctions by

1

]
Pevxr(@) = G+ Mx. 1) kg“%’a%)_ahﬂf

=)

/ 1 ~
x| 2 <Eb<-,%+ir>,aEb<-,%+ir>>+¢—X(§+ir)a ar |,
bee(X) ¢x

(1.1)
where a € L>(X) is compactly supported,

1
Vol(X)

(l/f,aW)Z/Xa(Z)IW(Z)Isz(Z) and a = /Xa(z)d/L(Z)-

The quantity Devy j(a) measures how far the L?-mass (localised by a) of typical
eigenfunctions and Eisenstein series is from being uniformly distributed.

Zelditch proved in [43] that when I7 = [JT, % +T?], then for any smooth compactly
supported test function a : X — C, Devy 1, (a) — 0 when T — +o0. In this paper,
we are interested in estimating Devy ; for a fixed bounded interval /, in terms of
geometric parameters of X. We prove in particular that under natural assumptions,
Devy ;(a) — 0 when Vol(X) — 400, providing the level aspect counterpart of
Zelditch’s result. Note that because of the presence of the Einsenstein series we only
know how to deal with the quantum mean absolute deviation instead of the quantum
variance (where the absolute value in the sum and the integral would be squared).
This is similar to the situation in the eigenvalue aspect [43], where also quantum mean
absolute deviation is used.

Before we state our estimate let us introduce some definitions. We see a hyperbolic
surface X = T'\H as a quotient of the hyperbolic plane by a discrete group I" of
isometries. We denote by injy the radius of injectivity of X, that is, and injy =
inf,cx injy(z), where

1
injy(z) = Einf{d(z, yz) |y e I' = {id}},
and by (X)<g the R-thin part, i.e. the set
(X)<r ={z € X :injy(z) < R}.

Given Y > 0 we can divide the surface X into a compact part where the cusps are
cut at a height Y, and a non-compact cuspidal part: the compact part X(Y) is the
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848 E. Le Masson, T. Sahlsten

complement of the cuspidal part and is defined by

X(¥) =X\ JXe(0),
b

where X (Y) is the cuspidal zone associated with the cusp b (See the background in
Sect. 2.2 for details or [14, Section 2.2]). All cuspidal zones are isometric. We also use
the notation L$°(X) for test functions a € L°(X) such that the support of a satisfy
spta C X (Y). Throughout the paper, we will write A <p B to denote that A < CpB
with a constant Cp depending on D.

Using all these parameters, we can now state our main quantitative geometric esti-
mate for the quantum mean absolute deviation:

Theorem 1.1 Fix I C (}t, 400) a compact interval. Then there exists Ry > 0 such
that forall R > Ry, k € Nand Y > 0 the following holds. Assume X is a finite area
hyperbolic surface with k cusps. For any a € L3 (X), we have

__ 12(_ Vol(X) 2R 1/2
Devy, (@ Sp [max(VOx D,k (2 + E— Vol(X)<p))
k

+ (Zk log ¥ + k2e=47Y 4 (M(X, ) + klog Vol(X)>)] lalloo,

Vol(X)

where Devy.(a) = (N(X, I) + M(X, I)) Devx.;(a) and p(.i (X)) is a function of
the spectral gap of X

Now, this quantitative estimate can be used to give a Quantum Ergodicity type the-
orem for a sequence of surfaces (X,,). We say that a sequence of finite area hyperbolic
surfaces X, Benjamini-Schramm converges to H if for any R > 0,

Vol((X,)<gr)
Vol(X,)

when n — +oo. Under Benjamini-Schramm converging X, — H, we obtain the
following Quantum Ergodicity theorem for eigenfunctions:

Theorem 1.2 LetI C (J—P +00) be a compact interval. Let X,, = 'y, \H be a sequence
of finite area hyperbolic surface that Benjamini-Schramm converge to H. Assume in
addition that

(1) Xy has a uniform spectral gap (the first non-zero eigenvalue of the Laplacian is
bounded away from 0 uniformly in n);

(2) The systole (length of the shortest closed geodesic) of X, is bounded uniformly
from below;

(3) The number of cusps k, = k(X,) of X, satisfies for some 0 < k < 1/2, k,, =
O(gy) when n — +o00, where g, = g(X,,) is the genus of X,,.
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Quantum ergodicity for Eisenstein series... 849

Fix Y > 0 and let (ay)nen be a uniformly bounded sequence of measurable functions
such that spta, C X, (Y). We have

Devy, . 1(a,) — 0 (1.2)

when n — —+00.

Note that the proof gives a stronger statement than Theorem 1.2, where we are able
to let the systole and the spectral gap shrink to 0 and the support of the test functions
expand, provided that all of this happens slowly enough when n — +o0.

Remark 1.3 In the above results, we assume I C (1/4, 0c0) because Lemma 3.2 used
in the proof of Theorem 1.1 needs a > 4—11, but we believe the result should hold also
for intervals intersecting [0, 1/4) with more careful analysis of the spectral action of
the propagator.

The proof of Theorem 1.2 follows from Theorem 1.1 provided that we can control
the asymptotic behaviour of N(X,, I) + M(X,, I) as X,, Benjamini-Schramm con-
verges to Hl, which is given by the following spectral convergence theorem that we
prove in Sect. 5.

Theorem 1.4 Let I C [0, +00) be a compact interval and X, a sequence of hyperbolic
surfaces of finite area that Benjamini-Schramm converges to the hyperbolic plane H
and such that the systole is uniformly bounded from below. Then

N(Xu, 1)+ M(X,, I) ~ Vol(X,) (1.3)

when n — —+00.

Remark 1.5 Asshownin [2], the methods of [ 16] can be extended to higher dimensional
compact hyperbolic manifolds. This is because Selberg’s theory (spectral side of the
proof) and the quantitative ergodic theorem of Nevo (geometric side of the proof)
extend naturally to more general symmetric spaces. We expect that the new elements
we introduce in this paper can also be generalised to finite volume hyperbolic manifolds
of any dimension. Concerning variable curvature cusp manifolds — for a level aspect
analogue of [5] — the main difficulties lie already in proving a version of the theorem
for compact variable curvature manifolds. In this case indeed, we cannot use Selberg’s
theory and Nevo’s ergodic theorem. We would need to use lower level tools such as
estimates on wave propagation and exponential mixing of the geodesic flow.

Let us now discuss about some consequences of Theorems 1.1, 1.2 and 1.4.
1.2 Equidistribution of Maass forms in the level aspect
On non-compact finite area surfaces the existence of a discrete sequence of eigenvalues

in L? is not guaranteed and is in fact believed to rarely happen (See [31, 32]). Our
general result therefore can mostly be seen as an equidistribution result for Eisenstein
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850 E. Le Masson, T. Sahlsten

series. However, in the case of the modular surface, I' = SL(2, Z), a discrete spectrum
is known to exist since the work of Selberg. More generally, this is the case for any
congruence subgroup defined by

To(N) = {(‘; Z) eSL(2,Z):csOmodN}. (1.4)

In this setting, relevant in number theory, eigenfunctions are usually called Maass
forms. The arithmetic structure carries a family of operators called Hecke operators that
commute with the Laplacian and it was proved by Lindenstrauss [17] and Soundarara-
jan [38] that joint eigenfunctions of these operators and the Laplacian satisfy quantum
unique ergodicity. This property implies the equidistribution of all eigenfunctions in
the large eigenvalue limit (see for example [4] for an introduction to these questions).

The level aspect limit in the arithmetic setting was considered recently in a series of
paper concerning the equidistribution of holomorphic forms by Nelson [25] and Nel-
son, Pitale and Saha [27]. The results are analogous to the quantum unique ergodicity
theory but they rely on the proof of the Ramanujan conjectures which is not available
for Maass forms.

It turns out that the surfaces Yo(N) = I'o(N)\H Benjamini-Schramm converge
to H when the level N — oo ([1, 33]). Moreover, in the case of increasing congru-
ence covers, Finis, Lapid and Miiller showed that the discrete spectrum dominates
the asymptotics as the level N — oo (see [8]). This means that % —- 0
when N — +o00. Hence Theorem 1.1 together with Theorem 1.4 implies a Quantum
Ergodicity theorem for Maass cusp forms, which incidentally does not need to assume
the cusp forms are Hecke eigenfunctions. For Hecke-Maass cusp forms, however, a
quantum ergodicity theorem with a stronger rate of convergence has recently been
obtained by Nelson [26].

1.3 Quantum ergodicity on random surfaces of large genus

The quantitative estimate in Theorem 1.1 allows us to study the delocalisation of
eigenfunctions on random surfaces of large genus, where the random model we will
use is the probability density with respect to the Weil-Petersson volume on the moduli
space of hyperbolic surfaces of finite volume. This probability model for hyperbolic
surfaces was popularised by the work of Mirzakhani [21] (see also the survey by
Wright [40]) and provides very effective tools to estimate the geometric parameters
appearing in Theorem 1.1.

The approach for delocalisation of eigenfunctions was introduced in [9] in the study
of L? norms of eigenfunctions on random surfaces in the Weil-Petersson model (see
also the recent work of Monk [24]). Furthermore, in our case, we will also rely on some
of the recent work on the spectral gaps A1 (X) of random surfaces X of large genus, in
particular the work of Hide [12] on spectral gaps of random finite area surfaces. Hide’s
work continues and builds the highly active area on bounding the spectral gap 11 (X)
for various models of random surfaces X with probability going to 1 as the genus of
X grows [18, 20, 41]. We also highlight further related works such as Magee-Naud
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[19] in the non-compact case and a recent related breakthrough of Hide and Magee
[13] on optimal spectral gap on a sequence of finite area surfaces.

To fix some notation, denote by X, ; a topological surface of genus g € N with
k > 0 punctures, which we associate with cusps. In the case k = 0, the surface has no
punctures and thus is compact. Let then 7 (X, ) be the corresponding Teichmiiller
space of Riemann surface structures on X, ; identified up to an isotopy. Then the
moduli space M i is the quotient Mg = T (X4 1) /MCG (X, i), where MCG (X 1)
is the mapping class group of isotopy classes of homeomorphisms of X . Then M,
is independent of the base surface ¥, x chosen. There is a canonical symplectic form
gk invariant under the mapping class group on 7 (X, ). This form w,  gives rise
to the Weil-Petersson volume Volg j on My i, see [39]. The Weil-Petersson volume
Vol i (Mg i) of Mg i is aconstant multiple of 7680+2K gee e.g. Wolpert’s work [39],
so we can normalise Vol, x to define a probability measure P, x on M ;. This is our
probability model. We refer to Mirzakhani [21] and Wright [40] for more background
and notation.

Theorem 1.6 Let k(g) € N be such that k(g) = O(g") for some 0 < k < 1/2 as
g — 09, then for g large enough and a Pg (q)-random surface X € Mg i(g), we

have that for any a € Li’é’g g(X ) and any compact interval I C (4—1‘, ~+00) that

Devy,1(a) Si.x llalleo

1
Jlogg

with probability at least 1 — O(g~P) for some power B > 0 depending on .

In other words, provided we control the number of cusps and the support of the
test function, the quantum mean absolute deviation tends to O with high probability
when g — +oo at a rate of O((log 2)"'/?). The logarithmic rate that we obtain
is analogous to the rates obtained by Zelditch [44] in the large eigenvalue limit on
compact hyperbolic surfaces, and Schubert [35] in the semiclassical setting.

The proof of Theorem 1.6 follows from Theorem 1.1 together with the following
properties of random surfaces. Fixe > 0, g > 2and k(g) € Nsuchthatk(g) = O(g")
for some 0 <« < 1/2. Let Be ¢ k(g) C Mg k(g) be the set of surfaces such that

(i) the thin part satisfies

Vol ((X)S%logg> o
vol(x) -8 7

wl—=

(ii) the systole satisfies
sys(X) > g~ % (log 8)?,

(iii) the spectral gap satisfies

2
1 2 1
AI(X)zZ—< i ) e
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852 E. Le Masson, T. Sahlsten

We will denote by Ag k(g) the subset of Mg k() satisfying only the two first conditions
(on the thin part and the systole). Then B ¢ k(g is the intersection of Ag k(o) With
the hypothesis (iii) from the spectral gap and we have:

Theorem 1.7 Let 0 < ¢ < 1 and g > 2. Assume there exists a constant 0 < k < 1/2
such that k(g) = O(g"). Then there exists B > 0 depending only on ¢ and k such
that

Pg k(g (BS,K,g,k(g)) =1- Os,K(g_ﬁ)~

Remark 1.8 (1) Theorem 1.7 is a combination of results of Mirzakhani [21, Theorem
4.2] (systole), Monk [23, Corollary 4.4] (thin part), and a recent spectral gap result
by Hide [12, Theorem 1.3 and its proof for the rate] for finite area surfaces in the
Weil-Petersson model of random surfaces with number of cusps k(g) growing at
most with rate o(,/g). We also highlight the work of Shen and Wu [36] where
it was shown Hide’s result is sharp in the sense that if k(g) grows much faster
than /g, random surfaces in Mg x(¢) can have arbitrarily small spectral gap as
g grows showing that our estimate from Theorem 1.1 cannot be directly used for
such surfaces with too many cusps.

(2) However, we note that Mirzakhani’s result [21, Theorem 4.2] on the systole did
not specify the quantitative dependence on the number of cusps k(g) as g — o0
and the proof of the upper bound for the probability we need here was only proved
for compact surfaces. We prove these missing parts in the appendix (Lemma A.1).

Theorem 1.7 gives us quantitative estimates on the spectral gap, the systole and
the rate of Benjamini-Schramm convergence valid with high probability on ran-
dom surfaces of large genus. However, we still need to estimate the spectral density
N(X,I)+ M(X, I) uniformly over the subset Bg 4 k(g), Which Theorem 1.4 does
not give us. For this purpose, we extend the spectral convergence result of Monk [24]
to the non-compact case, obtaining the following result.

Theorem 1.9 Ler I = [a, b] C [}1, +00). If X € Ag k(o) With k(g) = 0(\/g), then we
have

NX.D+MX, ) 1 [
Vol(X) T 4xm /

1; (M) tanh(r /A — 1/4)dr + R(X, I),
1/4

12
b+1 b+1 1

e [P ko< /P o (24 b —a) /228
log g log g b+1

Note that for Theorem 1.6 we only need to know that R(X, I) is bounded from below
by o(1) when ¢ — +o00 uniformly over X € B, ¢.k(g)- However, as we explain
in Sect. 6, the methods of [24] generalise entirely to the finite area case and the full
theorem is of interest in itself. The detail of how Theorems 1.7 and 1.9 are combined
to obtain Theorem 1.6 is provided in Sect.7.

where
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An interesting open problem here is to find which of the continuous or discrete
spectra dominate in the large genus limit for random surfaces. Typically the continuous
part of the spectrum is expected to generically be dominant. On random surfaces, we
therefore view our theorem mostly as an equidistribution result for Eisenstein series.
An interesting result would be to prove the following:

Conjecture 1.10 For alPg y(g)-random hyperbolic surface X € Mg y(,) of large genus
g, assuming that k(g) = o(,/g) as g — 00, we have that for any compact interval

IC (3, +00):

N(X.I) ol)
MX,I)

when g — 400, with high probability.

As far as we know this problem is open.

1.4 Organisation of the article

The paper is organised as follows. In Sect.2 we give the necessary background on
harmonic analysis on finite volume hyperbolic surfaces and Selberg’s theory we use
in the spectral side of the proof. In Sect.3 we prove a version of Theorem 1.1 for
mean zero observables, which is similar to the compact case but requires additional
steps to handle the presence of cusps and the fact we are using the quantum mean
absolute deviation instead of the variance. This is the first step of the proof of the
general quantitative estimate that we prove in Sect. 4 where we deal more specifically
with the continuous spectrum using Maass-Selberg estimates. In Sect.5 we prove the
spectral convergence (Theorem 1.4). For random surfaces in Theorem 1.6 we need the
quantitative version of the spectral convergence (Theorem 1.9) that we prove in Sect. 6.
Finally in Sect.7 we give the argument for the proof of Theorem 1.6. In the Appendix
we extend Mirzakhani’s result [21, Theorem 4.2] on systole for non-compact surfaces
needed for Theorem 1.7.

2 Background
In this section, we give some definitions and introduce elements of harmonic analysis

on hyperbolic surfaces that we will use in the proof. For more background on the
geometry and spectral theory of hyperbolic surfaces we refer to the books [4, 6, 14].

2.1 Hyperbolic surfaces
The hyperbolic plane is identified with the upper-half plane
H={z=x+4+iyeCl|y > 0},
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854 E. Le Masson, T. Sahlsten

equipped with the hyperbolic Riemannian metric

dx? + dy?
ds? = %

We will denote by d(z, ') the distance between two points z, z € H. The hyperbolic
volume is given by

dxdy

du(z) = R

For a measurable subset A C H we will use the following notation interchangeably:
n(A) = Vol(A) = |A].

The group of isometries of H is identified with PSL(2, R), the group of real 2 x 2
matrices of determinant 1 modulo = id, acting by Mdbius transformations

a b a b az+>b
((C d> e PSL(2,R), z GH) = <C d) 7= m

A hyperbolic surface can be seen as a quotient X = ['\H of H by a discrete
subgroup I' C PSL,(R). We denote by F a fundamental domain associated to I'. If
we fix zg € H, an example of a fundamental domain is given by the set

F ={zeH|d(z0,2) <d(zo,yz) forany y € I' — {£id}}.

The injectivity radius on the surface X = I'\H at a point z is given by

1
injy(z) = 3 min{d(z, yz) |y € I’ — {id}}.

Thus injy (z) gives the largest R > 0 such that Bx (z, R) is isometric to a ball of radius
R in the hyperbolic plane. It is also equal to half of the length of the largest geodesic
loop at z.

Let g € PSL(2, R), we define the translation operator Tg, such that for any function
fonH

T, f(2) = f(g"2).

We will generally see a function f on a hyperbolic surface X = I'\IH as a I'-invariant
function f : H — C,

T,f(2) = f(y '2) = f(z) forally eT.
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The integral of the function on the surface is then equal to the integral of the invariant
function over any fundamental domain

/ f@)du(z).
F

2.2 Cusps

We will now recall some technical definitions of cusps of hyperbolic surfaces of finite
area, see [14] for more details. Let X = T'\H be a finite area hyperbolic surface.
Write €(X) as the set of all the cusps indexed by gothic characters b € €(X). In the
Poincaré disc model, these are identified with elements in the boundary of H so in
particular we can define y b for y € PSL(2, R) by the action of PSL(2, R) on HU dH
by Mobius transformations. Now the stability group of cusp b is the infinite cyclic
group generated by parabolic motion:

Fpy={y el :yb="0}=(yp)

Then there exists an element o, € PSL(2, R) with

_ I 1
)/bbzb, Gb l)’babz(* ]>7

which is called the scaling matrix of the cusp b. These notations are same as in [14,
2.D)].

Suppose ¥ > 0 is a constant. For Y sufficiently large we can find k = k(X) closed
loops (horocycles) vy, ..., ¥k in X (not to be confused with yp, this is a slight abuse of
notation as we will need these later when discussing Mirzakhani’s notation of random
surfaces) of equal length 1/Y such that we can decompose X as

k
X=XY)UX(Y)=X({¥)U U Z;(Y),
j=1
where X (Y) is a compact manifold with the k closed horocycles yi, ...,y C X
as boundaries and X(Y) is the union of disjoint topological cylinders (cusps)

Z1(Y), ..., Zi(Y) cut along the horocycles. All the cusps cut at height Y are iso-
metric to

Cy =To\{z=x+iyeH[0<x <1,y=>=Y},

where I'w is the subgroup generated by the transformation z +— z + 1. In particular
we see that

1
Vol(Cy) = 7
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856 E. Le Masson, T. Sahlsten

For each cusp Z;(Y), using the isometry o : &y — Z;(Y), we can see any function
f of X = I'\H as a function FDx,y) = f(oj(x,y)) such that FDx,y) =
£ (x + 1, y), which allows to write a Fourier series decomposition

FP0 ) =3 f e,
n
in any cusp.

2.3 Geodesic flow

The tangent bundle of H can be identified with H x C. The hyperbolic metric gives the
following inner product for two tangent vectors (z, r¢'?) and (z, r’¢'?") on the tangent
plane 7 H

/

10 cos(8’ — ).

0!
,r/ele)z_

(re = I @2

As a consequence, the map
(z,0) e H xS' > (z,Im(z)e'?) e H x C,

where S! = R/277Z, identifies H x S! with the unit tangent bundle.

The group PSL(2, R) acts on the tangent bundle via the differential of its action on
H. It is well known (see for example [15]) that this action induces a homeomorphism
between PSL(2, R) and the unit tangent bundle of H, such that the action of PSL(2, R)
on itself by left multiplication corresponds to the action of PSL(2, R) on the unit
tangent bundle.

We denote by ¢; : H x S! — H x S! the geodesic flow associated with H. The
Liouville measure d u d6, where d6 is the Lebesgue measure on st , 1s invariant under
the action of ¢,. Via the identification H x S! ~ PSL(2, R), the geodesic flow is equal
to the multiplication on the right by the diagonal subgroup

el/? 0

For a hyperbolic surface I'\H, the unit tangent bundle is identified with
I'\ PSL(2, R), and via this identification the geodesic flow will be given simply by

el/? 0
p('g) =Tg ( 0 e_z/z) .

2.4 Polar coordinates

Let zo € H be an arbitrary point. For any point z € H different from zo, there is a
unique geodesic of length r going from z( to z. Using the geodesic flow, it means that
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Quantum ergodicity for Eisenstein series... 857

there is a unique & € S' and r € (0, 00) such that z is the projection of ¢, (zo, 8) on
the first coordinate. The change of variable z +— (r, ) is called polar coordinates.
The induced metric is

ds® = dr* + sinh?r d92,
and the hyperbolic volume in these coordinates is given by
du(r,0) = sinhrdrdb.

2.5 Spectrum of the Laplacian and Eisenstein series

In the coordinates z = x + iy, the Laplacian A on H is the differential operator

2 2
A= —y2 8_+8_
Y\ ax2 a2 /)’

A fundamental property of the Laplacian is that it commutes with isometries. We have
for any g € PSL(2, R),

T, A = AT,.

The Laplacian can therefore be seen as a differential operator on any hyperbolic surface
X = I'\H. The spectrum of the Laplacian A on X can then be decomposed into the
discrete part Lo = 0 < A1 < ... and the absolutely continuous part [1/4, +00), where
the latter come from Eisenstein series, which we will recall their definition from [14,
(3.11)] now.

Suppose X = I' \ H is a hyperbolic surface of has finite area with cusps €(X). For
each cusp b € €(X), we can associate with the Eisenstein series, which is first defined
foralls e CwithRes > 1 and z € X as:

Ey(s,2)= Y (my,'y2)".
yelp\I'

Here the subgroup I'p and yp are defined in Sect.2.2. For each z € X, the Eisenstein
series have a meromorphic extension s +— FEp(s, z) to the whole complex plane
C. Then, for each A € [1/4, +00) in the absolutely continuous part, and each cusp
b € &€(X), the Eisenstein series z — Ep(s1,2), 2 € X, where s, € C is determined
by s, (1 — 53) = A, is a non-L? eigenfunctions of the Laplacian with eigenvalue A.

Note that as A > 1/4, we have s, = % +iry, where r), = £,/A — %. Furthermore,

t(ry) = A, where, recall, t(r) = le +r2.
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858 E. Le Masson, T. Sahlsten

2.6 Scattering matrix and truncated Eisenstein series

Assume the cusps b € €(X) are numbered with j = 1, ..., k, and we slightly shorten
the notation by identifying each cusp b with exactly one j. For 1 < ¢, j < k we can
expand the Eisenstein series Ey associated with cusp £, in the j-th cusp Z;(Y). Given
s € C, this expansion is of the form

EY (5.0 ) = 803" + i)y ™ + > i (s, y) €™
n7#0
for some functions f,,(J )(s, y) representing the coefficients of the non-zero Fourier
modes. The scattering matrix is defined as the k x k matrix ®(s) = (Pg; () 1<, j<k-
The determinant of @ (s), denoted by ¢(s), is called the scattering determinant. When
Res = 1/2, we have that ®(s) is a unitary matrix.

Given a height Y, we can form a truncated version £ }/ (s, z) of the Eisenstein series
E (s, z) defined forany 1 < £ < k by

EY(s.2) = Ej(s.2) = 8ju (Imo; '2)* — ®je(s) (Imo, '0)! ™
if z € Z¢(Y), and by
Ej(s,2) = Ej(5,2)

if z is in the compact part X (Y).
For any y > 0 we denote by IT} the projector on functions whose zeroth Fourier
mode vanish in each cusp at height higher than y such that EJY (s,2) =T} E;(s, 2).

2.7 Invariant integral operators and Selberg transform

We say that a bounded measurable kernel K : H x H — C is invariant under the
diagonal action of I" if for any y € " we have

Ky -z,y -w)=K(z,w), (z,w)eHxH
Assume for simplicity that K (z, w) = 0 whenever d(z, w) > C for some constant

C > 0. Such a kernel defines an integral operator A on the surface X defined for any
f e C(I'\H) by the formula,

Af(2) =/HK(Z, w)f(w)du(w)=fDZK(Z,Vw)f(w)dM(w), zeD.

yell

The function K : H x H — C given by

K(z, w) = ZK(Z, yw)

yel
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Quantum ergodicity for Eisenstein series... 859

is such that k(yz, y'w) = K(z, w) for any y, ¥y’ € T, is the Schwartz kernel of A.
A special case of invariant kernels is given by radial kernels. Letk : [0, +00) — C
be a bounded measurable compactly supported function, then

Kz, w) =k(d(z,w)), (z,w)eHxH

is an invariant kernel.
For k : [0, 400) — C, the Selberg transform S(k) of k is obtained as the Fourier
transform

“+0o0

Sk)(r) = / e g (u) du

—00
of

T Kk(p)sinhp
| ~/cosh p — coshu

For a function / : R — C, the Selberg transform is inverted using the inverse Fourier
transform

gu) =2

1 too
glu) = —f e h(s)ds
27 J_ o

and the formula

K(p) = b /+OO g () du
V2n J,  /coshu —coshp

Eigenfunctions of the Laplacian are eigenfunctions of all operators of convolution
by a radial kernel and the eigenvalues are given precisely by the Selberg transform.

Proposition 2.1 ([14], Theorems 1.14 and 1.16) Let X = I'\H be a hyperbolic surface.
Let k : [0, 4+00) — C be a smooth function with compact support. If ¥ is an
eigenfunction of the Laplacian on X of eigenvalue A, then it is an eigenfunction of the
radial integral operator A associated with K. That is,

AV (z) = /k(d(z, w) Y (w)dp(w) = h(r)¥(2),
where the eigenvalue h(r)) is given by the Selberg transform of the kernel k:

h(ry) = SK)(rp),

andr; € Ris defined by . = t(r)) = 4—11 + r%.

Note that this statement can be generalised to the case of k : [0, +00) — C measur-
able bounded and compactly supported by approximation and dominated convergence.
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3 Mean zero case

We first consider the case where the test function is of mean 0. We will consider the
general case in Sect.4. The proof of the mean zero case follows closely the proof for
compact surfaces in [16]. The main difference is the Hilbert-Schmidt norm estimate in
Lemma 3.5 that now takes into account the presence of cusps and an additional argu-
ment used to deal with the quantum mean absolute deviation instead of the quantum
variance.

Proposition 3.1 FixI C (1/4, +00) a compact interval. Then there exists R; > 0 such
that for all R > Rj and for all hyperbolic surface X with Vol(X) < oo and for any
compactly supported measurable function a € L°°(X) such that [ a(x)du(x) = 0,
we have

Vol(X) 2R
pGDR  min{l, injyy, &2}

1/2
Devx (a) Sr C(X, 1) ( VOl((X)<R)> llalloo-

where

Cox. I — max{N (X, I), k(X)}'/?
X D="NXh+mMx. D

k(X) is the number of cusps and p (A1) is a function of the spectral gap.

The key idea proposed in [16] is to introduce a ball averaging operator that we see
as a form of wave propagation. For any bounded measurable function u : X — C we
define

Pou(z) = e%/B( ) dia), 3.1
Z,t

where B(z,t) is the hyperbolic ball of radius ¢ around z. The operator P, is at the
centre of our dynamical approach. Our goal is to show that the mean deviation for a
mean-zero test function a

1
NX. D)+ M(X.1) ; Wy av)]

j€l

1
+— Z <Eb<~,%+ir>,aEb<-,%+ir)> dr |,
At Jei bed(X)

satisfies some invariance under the action of P; in the sense that we can formally

DeVX,I (a) =

replace a in the previous expression with the time-evolved operator % fOT P;a P dt

and consider
1 T
DeVX’] (—/ P,aP,dt),
T Jo
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Quantum ergodicity for Eisenstein series... 861

which in turn is controlled by the dynamics of the geodesic flow when 7" — +o00. In
fact we just need

1 T
Devy 1(a) < Devy s (;/ PiaP dt)
0

where the implied constant is uniform in 7" and X. For us we relate 7 and R by
T =2R.

3.1 Invariance of the quantum mean absolute deviation (spectral side)
The first step is to understand the action of P; on eigenfunctions ;, of the Laplacian of

eigenvalue A. The operator P, has the form of aradial integral operator: foru € L*°(X),
we have

Pu(z) = / Ko (2, w) uw) dju(w)
with radial kernel K;(z, w) = K;(d(z, w)), where
k:(p) := e_t/zl{pgz}~

By Proposition 2.1 we have for any function v, such that Ay, = Ay,

Piyn(z) = /kt(d(z, w) Y (w)dp(w) = Sk;) (s:)92(2),

where S(k;) is the Selberg transform of the kernel k; and s, € C is defined by the
equation A = }‘ + s2.

The action of % fOT Pya P, dt on ¢, will be understood through the following
lemma, proved in [16, Proposition 4.2].

Lemma3.2 Let I C (%, +00) be a compact interval. Then there exists a constants
C; > 0and T; > O such that for all T > T; we have

1 T
inf —/ ISk, (r)|>dt > C;
T Jo

rer—I(I)

where T(r) = 4—11 +r2
Given any A € I, an application of Lemma 3.2 to ¢, gives us a bound for any
T > Ty

Wnavi = g |(va (3 [ Rara)u)| 62)
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862 E. Le Masson, T. Sahlsten

This applies to both cusp forms and Eisenstein series. Thus summing and integrating
the above estimate (3.2) over both the discrete and continuous spectrum, we get a
formal bound for the quantum mean absolute deviation (1.1). It is not obvious that
this bound is in fact finite. We will show it by establishing in Proposition 3.4 that
% fOT P,a P; dt is a Hilbert-Schmidt operator. We first have the following bound of the
quantum deviation. We note that this also gives a bound for the trace of the spectral
projection of the Laplacian to the interval 7.

Proposition 3.3 Under the assumptions of Theorem 1.1, there exists Ty > 0 such that
forall T > Ty and any a € L*°(X) with fXad,u =0, we have
1 T
D <CX,IH—/PPdt” ,
evx, 1(a) Sr C( ) 7 J, rarlty us

where

max{N (X, I), k(X)}'/?

CXD =X DI MX. D)

and k(X) is the number of cusps of X.

Here the quantity

1 T
H—/ P[ClPt dtH
T 0 HS

is the Hilbert-Schmidt norm of the operator % fOT P:a P; dt, that we bound in the next
section.

Proof of Proposition 3.3 Leta = Vo+(X) [ a(x)du(x) and assume a = 0. Write

1 T
A::—/ P[ClP[dt.
T Jo

Our aim is to relate Devy j(a) to ||A ||12-IS using the spectral theorem. By the Cauchy-

Schwarz inequality, the concavity of the square root (which gives a + vb <
%\/a + b), and the bound (3.2), we have the estimate:

> <Eh( : +ir>,aEb<.’ 1 +i,)>

bed(X)

dr

> |<x/rj,awj>|+f

»jel )

< N(X, 1)‘/2< Y Wyj.a vf,->|2>

)\_/EI

1/2

2 172
dr)

-1 1/2
+ (T (DIECOD (/1 >

@D pee(x)

<Eb ( i —I—ir),aEb(-, ) +ir>>
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< max{N(X, 1), |r“(1)||¢<X>|}‘/2< > g av)))?

Ajel
2 1/2
/ <Eb<~,%+ir),aEb(-,%+ir>> dr)

<1 (max{N (X, I), |f‘(1>||¢(X)|})‘/2< >

XjEI
/ "D e x)

<y max{N(X, D), [t L (DI 2 Algs.

"D peex)
2

o)

2 12
dr)

<Eb(-, L4ir, AEg(, L+ ir)>

For the last inequality we use the spectral theorem (See [14, Theorem 7.3 and Theorem
7.4]) for the kernel of the operator A, which gives

2
<Eb(., i +ir>, AEj ( i +ir)> dr < || Alls-

D My AP+ - /

ajel "D péerx)

3.2 Bounding the Hilbert-Schmidt norm

Write R; = 2Ty, where T; > 0 is from Proposition 3.3. Let R > R; and write
T = R/2soT > Ty. Then by Proposition 3.3, to prove Theorem 1.1 we will need to

bound
1 T
H'—(/‘ fﬁaf}dt”
T Jo HS

Since the test function a € L°°(X) has compact support in X, we can choose ¥ =
Y, > 0 large enough such that

spta C X(Y)
where

X)) =x\|{Jxem),
b

and Xy (Y) is the cuspidal zone associated with b. This means that the support of a
does not go beyond height Y into the cusps.

We can prove that % fOT Pya P, dt is Hilbert-Schmidt and has the following quan-
titative bound that we apply with T = 2R:
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Proposition 3.4 (Geometric bound) For every a € L*(X) compactly supported and
every T > 0 the operator % fOT Pia Py dt is Hilbert-Schmidt with norm

4T

T 2 2
E f papar| < € voi@)aplall.
T Jo HS ™ Tp(h1)  min{l,injyy, 7"} -

forY, > 0 large enough such that spta C X(Y,).

We will work with a fundamental domain F of X that we decompose such that:

F(Y)=F\|JFo(¥),
b

and Fy (Y) represent the cuspidal zone associated with the cusp b. Having fixed 7 > 0
and a € L*°(X), we write for (z, w) € F x F

1 (T 1 (T
Kr(z, w)=[7/0 P,aP,dt](z, w)=7/0 [PiaP)(z, w) dt

where we use the bracket notation [A] for the kernel of an integral operator A. Then

we have
1 T
H—/ PtaP, dt
T Jo

Now the kernel K7 : X x X — R on X can be represented as an invariant kernel
K7 : H x H — R under the diagonal action of I on H x H as follows:

2

/f|KT(Z, w)2du(z)dw(w).
FJF

HS

Kr(z,w) =Y Kr(z,y-w)
yell

for any (z, w) € F x F.In our case, seeing a as a I'-invariant function on Hl, we can
write in the above

T
Kr(z,w) = %f e! f a(x)du(x)dt.
0 B(z,t)NB(w,t)

Thus in particular, we have that the Hilbert-Schmidt norm can be written as

1 T 2 5
HT,/() Pia P, dt /;:/;: ‘ Z Kr(z,y - w)‘ du(z)du(w).

HS pr

Hence to prove Proposition 3.4, we need to estimate Hilbert-Schmidt norms of integral
operators with invariant kernels, which we do in the following lemma.
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Recall (F)<>r denotes the points in the fundamental domain F with radius of
injectivity less than 27':

(F)<gr ={z € F :injy(z) < 2T},

and we denote by (F)~»7 the complement of this setin F. We write H(Y) =" F(Y)
for all the images of the compact part of F' by the action of I".

Lemma 3.5 Let A be an integral operator on X such that

2
Al = /F /F | YKy w| du@duw), (3.3)

yell

forakernel K : H x H — R invariant under the diagonal action of T on H x H. Fix
T,Y > 0. We assume that the kernel K satisfies K (z, w) # 0 when

(1) d(z, w) <2T and z, w € H(Y), or

(2) there exists x € H(Y) such thatd(z,x) < T andd(w,x) <T.

Then we have:

Al S//IK(Z, w)l*dpu(2)dp(w)
FJH

64T

_ — 5~ Vol ((F)SQT) sup  |K(z, w)|*
min{1, injy y,7)"} (z,w)eFxH

Proof This is a more general version of Lemma 5.1 of [16] on Hilbert-Schmidt norm
estimates in terms of the injectivity radius, that allows us to treat the case when X is
not compact. Write R = 2T. Assume first that the case (1) holds for the support of
K, thatis, K(z, w) # 0 when d(z, w) < 2T and z, w € H(Y). We split the integral
(3.3) into two parts over points with small and large radius of injectivity, and use that
in the first part, the sum over I is reduced to one term.

IAlfs = /(F) /F DK Gy - w)Pdu)dp(w)

yell

+ Kz, - w)Pdu(z)duw).
/(F)<R/F|Z (z,y - w)|"du(z)du(w)

yell

We get using the Cauchy-Schwarz inequality that

2
Y K@y -w)| < Ne(Rizow) Y K@y w),

yell yell
with the lattice counting parameter

Nr(R;z,w) =fi{y e ' : d(z, yw) < R}.
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Now since z, w € H(Y), for any y € I such that d(z, yw) < R, we have
B(yw,injyy)) C B(z, R +injyy))

andify’ € ' —{y} theny’w ¢ B(yw, injy(y)). We deduce that the number of lattice

points Np(R; z, w) is bounded by the number of balls of radius injy y, that one can

fit in a ball of radius R + injy y), that is

.. _ R
cosh(R +injy(y)) — 1 - e

INP(R; z, w)| < — S oo
cosh(injy(y)) — 1 min{1, mJX(Y)z}

where the implied constant is universal. The rest is similar to the proof of Lemma 5.1
in [16]: we have

1A% < fF /H 1K (2, w) 2@ dpu(w)

eR

—_ / 1K (z w) Pdp(2)dpu(w).
min{l, injy )"} J(F)x JH

The second term on the right-hand side is bounded by

R

———————— Vol(B(R)) Vol (F)<g) sup |K(z, w)|%,
min{l, injy y)~} (zow)eF xH

and Vol(B(R)) < e®, which concludes the proof in the case (1). For the case (2), that
is, K (z, w) # 0 when there exists x € H(Y) such thatd(z,x) < T andd(w,x) <T.
We now note that if such x exist, then the height of z and w is bounded from above by
Te™ . Therefore, we need to adjust the estimate with the division by inj(Ye!) > inj(Y)
asel > 1. O

We are interested in the invariant kernel

1 T
Kr(z,w) = ?/ e’ / a(x)du(x)dt
0 B(z,0)NB(w,1)

associated with %for Pra Py dt. We see that K (z, w) = 0 whenever d(z, w) > 2T so
Lemma 3.5 can be applied with R = 2T'. Hence in order to prove Proposition 3.4 we
are left with proving L? and L> estimates for our invariant kernel.

The L bound is straightforward, we have

sup K7 (z, w)* < llall%, (3.4)
(z,w)eF xH

since Vol(B(z,t) N B(w, 1)) < Vol(B(t)) < €' forall (z, w) € F x H.
The L? bound is at the core of our analysis.
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Lemma3.6 If T > O, then we have

lall3

Tp(B)*

/ / |K7(z, w)|Pdp(2)dp(w) <
F JH

The proof of this follows from a quantitative ergodic theorem by Nevo published
in [28] (see also [16] for more explanations on the application to our setting).

Let (X, v) be a probability space, and G a group equipped with its left-invariant Haar
measure dg, and a measure-preserving action on &’. For a collection of measurable
sets A; C G we define the averaging operators

1

wx(A) f(x) = m

/ flg7'%)dg, feL*(X), xedk.
Ar

This result was proved by Nevo in [28] and stated in this form by Gorodnik and Nevo
in [10, Theorem 4.1]:

Theorem 3.7 If G is a connected simple Lie group equipped with a measure-preserving
action on the probability space (X, v) that has a spectral gap, then there exist C, 0 > 0
such that for any family A; C G, t > 0, of measurable sets of positive measure, we
have

< CIA I f 2
L2(X,v)

(A f — /X fdu

forany f € L*(X, v), where we denote by | A, | the measure of the set A,. The constant
C depends only on G and 6 depends only on the spectral gap.

Theorem 3.7 applies in particular when G = PSL(2, R) and X = I'\ PSL(2, R)
for I" co-finite as in our setting. The important point is then that the spectral gap of the
Laplacian implies that the action of G on X" has a spectral gap, and that & depends on
the spectral gap of the Laplacian. Note that we could also write this theorem for any
measurable set but we want to emphasise that we see this as an ergodic theorem (or
equidistribution theorem), with the idea that |A;| is increasing with 7.

In order to use Theorem 3.7, we need to use a change of variable and lift the kernels
Kr to SL(2, R).

Proof of Lemma 3.6 The proof is identical to the one in Section 7 of [16]. We briefly
reproduce its main steps for the convenience of the reader. We identify PSL(2, R)
with the unit tangent bundle {(z, 6) € H x Sl} of H (see Sect.2). We define A;(r) C
PSL(2, R) to be a set such that A,(r)~" - (z, 0) is the lift in the unit tangent bundle
of two balls of radius 7 with centres given by the projections z; and z> onto X of the
points ¢_,/2(z, 6) and ¢, 2(z, 0) of the unit tangent bundle. Here ¢; is the geodesic
flow on the unit tangent bundle of X.

Here we recall some notation from [16, Lemma 7.1]. Let F be the fundamental
domain associated with X. Writing Bor = {(z1,22) € F x H : d(z1,22) < 2T},
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define a mapping ® : By — F x S! x (0, 27T) by

D(z1, 22) = (m(z1, 22), (21, 22), d(21, 22)).
Here m(zy, z2) is the middle point of the geodesic between z; and z, the vector
0(z1, z2) is the direction of the unit vector at m(z1, z2) tangent to the geodesic between

z1 and 22, and d(z1, z2) is the geodesic distance between z; and z5. Then [16, Lemma
7.1] states that for any f : H x S! x [0, 00) — C that satisfies

f(V'(Z’Q)aV)Zf(ZaG»") VVEFa

there is a change of variable:

2T
/ F(®(z1, 22)) dp(zi) dp(zz2) =/ sinh(r)/ / f(z,0,r)d0du(z)dr.
Bor 0 F JS!

We will use the following function:

2

T
f(z,0,r):= ‘%/ e A (M| (A (r)alz, 0)dt| , (z,0,r) € HxS! x [0, 00),
r/2

where

1

(A (r))a(z,0) = A 0]

/ fg™" (z,0)dg.
A (r)

This function satisfies for all (z1, z2) € Bar that

2

1
f(@(z1,22)) = |=

T
T/ ot / a(g™" - (m(z1, 22), 0(z1, 22))) dg dt
d

(z1,22)/2
A (d(z1,22))

The set {g’l - (m(z1,22),0(21,22)) | g € Ai(d(z1, 22))} is the lift to the unit tangent
bundle of B(z1, ) N B(z3, t) by definition of A;(d(z1, z2)), and the Haar measure dg
descends onto the hyperbolic areadp on B(z1, t)NB(z2,t). As B(z1,t)NB(z2,t) =0
if t < d(z1, z2)/2, we thus have

1T :
f(®(z1,22) = ‘F/ e’ / a(x)dp(x)dt| = |Kr(z1,22)|
0
B(z1,t)NB(z2,t)

Therefore, as K7(z1, z2) = 0if d(z1, z20) > 2T, we have by the change of variable
that
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/ / |K7 (21, 22)1Pd 1 (z2)d 11(22)
F JH

2T
:/ sinhr//
0 F Js!

Then Minkowski’s integral inequality yields

2T
/ sinhrf/
0 F JS!
T 2

2 1 T
5/ sinh r (—/ e A I (A (r)all 2 (pxst) dt) dr.
0 T Jip

2
dodu(z)dr.

T
l/ e A ()| T (A (r)a(z, 6) dt
T Jip

2
dodu(z)dr,

T
l/ e A ()| T (A (r))a(z, 0) dr
T Jrp

By Theorem 3.7 with G = PSL(2,R) and & = I'\ PSL(2, R), there is a constant
p(B) > 0 depending only on the spectral gap § of the Laplacian and a constant C > 0
that only depends on G = PSL(2, R) by Theorem 3.7 such that

I (A (rDall 2pxsty < C AP all,.

Hence the previous integral is bounded by

2T 1 (T 2
/ sinhr<—/ e A PP Ylall, dt) dr. (3.5)
0 T Jip

Note that as A, (s) is given by the lift of intersection B N B, of two balls By, B, C H
of radius ¢ such that their centres is at a distance s from each other and that B; N By
is contained in a ball B(z, p) of radius p > 0 that satisfies coshp = %
by the hyperbolic Pythagoras theorem. As a hyperbolic disc, the area of B(z, p) is
47 sinh?(p/2), which is therefore bounded above by Ce’~"/2, for some uniform con-
stant C > 0. A picture and more details on this can be found from Figure 2 of [16].

Thus we know that for some uniform constant
A ()] S &2

We can thus bound (3.5) with a uniform constant times

2 LT > ’ 127 Jall3 a3
/ sinh r —/ e 2 PBE=TD g1, dt | dr < - 5dr S 5
0 T Jip2 T=Jo p(B) Tp(B)

so the proof of the claim is complete O

Combining (3.4) and Lemma 3.6 with Lemma 3.5 we thus proved the desired bound
claimed in Proposition 3.4. Together with Proposition 3.3, this completes the proof of
Proposition 3.1.
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4 General case: Proof of Theorems 1.1 and 1.2

In this section, we treat the general case of observables with non-zero mean, and prove
Theorem 1.1 and Theorem 1.2.

4.1 Proof of Theorem 1.1

If a is a test function that does not have mean 0, i.e.

_ 1
a.—m/Q(Z)dZ#O

we fix an arbitrary ¥ > Y, where Y, is defined as the smallest height such that the
support of a is in X (Y,). We then define

b(z) :=a(z) —ax(z), zeX
where

Vol(X) : .
Vorxay: iz e XX

0, otherwise.

This idea to use such a symbol is similar to what is done in [5], albeit simplified by
the fact we do not need b smooth, as our proof works for L°° test functions.
By this choice of x we have that

/b(z)dz=/a(z)dz—ﬁ/x(z)dz=0.
X X

Write
Devy.s(a) = (N(X, I) + M(X, I)) Devy.;(a).

Then we have

Devy,(a) < Devy (b)+a | > /(X(Z)— DIy Pdz|+Exr |
)\jGI

where

S 2 gy 4 PG HID)
5x,1=/ /x(z)ZlEj(r,z)l dz+ —p——|dr
1 |Jx = ox(5 +ir)
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By Proposition 3.1 we have

2R

1/2
. Vol((X)<R)||b||§o) :

Devy ;(b) <1 C(X, 1) 1613 + ————
pP(ADR : min{1, injy yer/2)~}

and using that a is supported inside X (Y) we can compute that ||b]c < 2||@| 0, and
Ibll2 < 2||lall2. Moreover, z — x(z) — 1 is of mean 0 and we have

1 ) 2
NX. D+ MX. D) > /(x(z)—l)ll//j(z)l dz| <Devy (x — 1)
’ ’ rjel

2R

1/2

e

X, D ———lx =13+ ——— Vol(X)<p)llx — 1113 :
! ( pP(ADR 27 min{1, IHJX(YL,R/Z)Z} =K *©

Note now that by Cauchy-Schwartz inequality

1
2 2 2
a” < —|a < |la

and we also have by the definition of x that ||x — 1|lsc < 1. Hence

—2 2 2 —2 2 2
a’llx =1z < llall; and a’llx — 1y < llallz:
so in the end

1 ) 2R
——lal} +
pGDOR" 2
+ ! a&
a .
NX.D+Mx,. D" %!

172
Devx r(a) 1 C(X, 1) < VOl((X)gR)||a||§O>

min{1, injy(y,r/2)%}

Therefore just need to estimate a€x ;. We have

Vol(X)
VOI(X(Y)) -[—1(])

k ! :
Vol(X(Y)) ¢x (5 +ir)
= ”aHOO/ 1) /x D IEj(r )P de+ ) s dr
-

m i3 Vol(X) <Px(%+ir)
We can use the Maass-Selberg relations (see [34, Section 2]).

afy | <a

k ;1 .
/ Z|Ej(r,z)|2dz+V01(X(Y)) (px(f LRI R
X 5 Vol(X) ox (3 +ir)

Lemma 4.1 (Maass-Selberg relations) Suppose X has k cusps. s = % + ir. Then for
any y we have
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903((5') T Tr (Yzzrq)}(s) _ Y—2ircDX(s))

k
Ei(s,2)|>dz = 2klogY —
/Z' j@ D de=2klog Y =) 2ir

x(y) J=1

k
+ ZIH”{,Ej(s,z)Izdz
xX\x() /=!
As the scattering matrix @ x (s) is unitary when Re (s) = 1/2, we have in this case

| Tr ®x (s)| < k. Hence by the linearity of the trace

| Tr dx(s)| =

’

| sin(2r log Y)| k
2ir r

. (YZirq)x;((S) _ Y—2ir¢x(s)>‘ | sin(2r log Y)|
r p—
p

using that Tr ®x (s)* = Tr ®x(s). Moreover, as s = % + ir, we have for all z =
x +iy € X\X(Y) that

-2
My E;j(s, )| Sre” ™
where the implied constant depends on the spectral interval / (see for example Iwaniec

[14, (6.20)]).
We thus have for Y > Y,

_ - Vol(X (1))
a€x,1 S lalloo (2klog ¥ +K2e™4Y) + allos (l - T(X))/ "
-

oy (3 +ir)
ox (5 +ir)

where we used that Vol(X \ X(Y)) < k. We then notice that

_ Vol(X(¥)) _ Vol(X\X(¥)) _ &
Vol(X) ~ Vol(X) =~ Vol(X)

Finally, the proof of Theorem 1.1 is concluded if we can establish the following
geometric bound for the scattering determinant:

Lemma4.2 Recall

1 _ /
MX. 1) = _f X (L yir) dr
dr Jo-1y ex

Suppose X has k cusps. Then

/;"(1)

The proof of this lemma follows by applying the following proposition with f =
1,-1(s) on the scattering determinants and continuous spectrum:

oy (X +ir)

——| dr Sr M(X, I) 4 klog Vol(X) + Vol(X)
ex (5 +ir)
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Proposition 4.3 Let X be a hyperbolic surface of finite volume and k cusps. Then for
all f € LI(R) with f > 0, we have

ff() d—‘/f() i)

—|— zr)
where the implied constant does not depend on X.

gDX —|—tr

= (kl log Vol(X)| + Vol(X)> (WATE
§0x +lr

Proof The proof uses crucially the formula

k(G Fin)
ox (5 +ir)

2Rep — 1
(1/2 = Rep)? + (r — Imp)?’

=210gb1+2 4.1)
o

[14, (11.9)] where p runs over all the poles of ¢x(s) with multiplicities and b; =
b1(X) > 01is a constant.

The constant b1 = b1(X) has a meaning in terms of the geometry of X. This
was explained in [14] and we will summarise it here as we the claim follows from a
geometric bound for it. First of all, by the formula [14, (3.21)] at every s € C with
Re(s) > 1, for two cusps £, j, the entry (®x(s))¢; of the scattering matrix has a
Dirichlet series representation

'is—1/2) o
(q)x(s))gj = ﬂl/ZT XC:C 2 Séj(o’ 0; o),

where I'(+) is the Gamma-function, S¢;(0, 0; ¢) is the Kloosterman sum [14, (2.23)]
and the sum is over real numbers ¢ > 0 from the set (notation from [14, (2.22)]):

L[ * —1
C@jz{c>0.<c *)eo*g Foj},

where o, and o; are the scaling matrices associated to cusps £ and j, recall Sect.2.2
for definitions of these. This also then implies, by the definition of the determinant,
as noted in [14, Page 160] that the scattering determinant ¢ (s) = det ®x (s) has the
Dirichlet series representation

B Fs—1/2\' o,
<px<s)—(ﬁ—r(s) ) ;anbn : (4.2)

where a1 # 0and 0 < by < by < --- < b, — oo. Here the terms b, are given
by the length k products of possible combinations of the real numbers ¢ appearing
in the Dirichlet series representation of each (®x(s))¢;. The term a, is then the
corresponding coefficient S¢; (0, 0; ¢) containing also the sign information. Thus the
element b is the smallest elements c in this Dirichlet series representation of @x (s).

Write ¢; := minC;; and consider the number cic; ...ck, ¢; = minCj;. Then, by
the definition of the determinant, there will be one n € N such that b, = cjc; ... ck in
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the sum (4.2). Now, this number c¢; comes from isometric circles associated to group
elements y € I', and in fact cjfl equals to the radius of the largest isometric circle over
y €I, see e.g. [14, Section 2.6]. In particular, by [14, (2.31)], ¢; satisfies the bound:
¢j < Vol(X). Therefore, we have the following estimate for b; in terms of volume of
X:

b1 < Vol(X)¥ (4.3)

Having described b; = by (X) from (4.1), we can now move to adapt it to prove
our claim. In the sum over the poles in (4.1), let S1(r) be the sum over finite number
of the poles in (1/2, 1] and S>(r) be the sum over the poles with Res < 1/2. Note all
the poles are either in {Res < 1/2} orin (1/2, 1], and there are only finitely many in
the latter case. Then in particular S7(r) > 0, S>(r) < 0 and by (4.1) we have

g .
—@y (5 +ir)
I T dloghy + S1(r) + Sa(r). (4.4)
vx(5 +ir)
Then if f > 0, using S1(r) > 0 and S2(r) < 0, we obtain:

+
[ s >\ZXE2 D ar <21tz + [ rosiodr = [ rosiar
x(3 +

4.5)

Using again (4.4) and — f(r)S>(r) > 0 and S;(r) > 0, we also have the following
estimate:

—o l+'
/f(r)%dr‘+2||f||1|10gb1|+/f(r)51(r)dr

—/f(F)Sz(r)dr <
<PX(§

(4.6)

Moreover, by a result of Otal and Rosas [29, Theorem 2], we know that the number
of eigenvalues < 1/4 isat most2 g — 2+ k < Vol(X) including possible multiplicity
for each eigenvalue. On the other hand, for each pole p; € [1/2, 1], we know that
0 < p;j(1 —pj) < 1/4is an eigenvalue of the Laplacian and that the multiplicity of
pj is at most the multiplicity of p;(1 — p;) as an eigenvalue of the Laplacian, see e.g.
[30, Theorem 4.1 combined with Theorem 3.1] or [11, (3.33) on page 299]. Hence
the total number of poles including multiplicities in [1/2, 1] is bounded by < Vol(X)
giving us

0 < 51(r) < Vol(X)

SO

/ FO)Si(rydr S VolX) | flh- 4.7)
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Combining (4.3), (4.5), (4.6) and (4.7) gives us

/f()\“’x(2 Dlar—| [ 2220 k(G i, dr| 5 (Kl1og Vol (X)] + Vol 1 £ 1.
ox (3 +ir) ox (3 +ir)

4.2 Proof of Theorem 1.2

We now deduce Theorem 1.2 from Theorem 1.1. Let us first discuss on the term
p(A1(X,)) from the statement.

Remark 4.4 Suppose B is a set of hyperbolic surfaces X of finite area such that 1 (X) >
o for some fixed constant &g > 0. Thus the surfaces in B have uniform spectral gap
with uniform lower bound given by &¢. Now, as discussed in [10, 28], uniform spectral
gap for all surfaces X € B implies

= sup{q (x| 3(x)) : X € B} < oo,

where g (x| L2 x)) is the integrability exponent of the regular representation 7 | L2(X)
on L3(X) = {f € L*(X) : [ fdu = 0} and nx f(x) := [ f(g"'x)dg, x € X,
f € L%(X) and dg is the Haar measure on PSL(2, R). The quantity co only depends
on the set 5. On the other hand, as we saw in the proof of Theorem 1.1, the quantity
p(A1(X)) equals to the quantity 8 from Theorem 3.7.In [10, Section 4] and in particular
[28] where Theorem 3.7 is proved, we see that 6 can be chosen to be any of the numbers
n! (11— r’]), where | < r < 2 and n € N is the smallest even integer such that
n > 2cq. Setting for example » = 4/3, we see that p(A1(X)) = 6 > 1/(4co + 8),
which is an X independent lower bound.

Thus by Remark 4.4, as 11 (X},) is uniformly bounded from below, we know that
also p(11(Xy)) is. By assumption the number of cusps k,, = k(X)) of X,, satisfies for
some0 <k < 1/2,k, = O(g)y) whenn — +00, and in particular Vol(X,) = O(gy).
Putting this together with the uniform bounds on the systole giving

1
inj(X (Yefn/?)) = 5 min{sys(X). Ry =1y > o= Ra/2y 1,
the spectral gap and the test functions a,, we obtain

1
NXp, D)+ M(X,, I N(X,, 1), g€}2
(Xn, )+ M(X, )DeVXn,I(an) < max{N (X, )]gn}
Vol(X,,) Vol(X,)?
1
1 yosran YolXa)<r,) )2
R, Vol(X,)
+ g+ g TAM (X, 1) + g2 log g,
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where we have chosen a sequence R, — +oo of Benjamini-Schramm convergence
Vol ((X
parameters such that >R/ 2% — 0 whenn — +o0.
n

By the spectral asymptotic estimate Theorem 1.4 proved in Sect.5 we know that

im N(Xp, I) + M(Xy, I)
n— 400 Vol(X,)

=0(1)

which together with the previous bound on Devy, (a,) gives
DCVXm](an) -0

when n — +o00.

5 Proof of the spectral convergence

We show in this section the following level aspect analogue of the Weyl law:

Theorem 5.1 Let X, be a sequence of finite area hyperbolic surfaces of genus g, and
number of cusps k, = o0(gn), Benjamini-Schramm converging to the plane H, and
such that the length of the shortest closed geodesic (the systole) is uniformly bounded
from below by a constant. Then for any compact interval I C [0, 00) we have

N(Xp, I) + M(Xp, I) ~ Vol(X,),

when n — —+o00.

In Sect. 6, we will prove a quantitative and somewhat stronger version of this result.
The proof of Theorem 5.1 uses the following proposition about the asymptotics of the
heat trace when n — +-00.

Proposition 5.2 Let X,, be a sequence of finite area hyperbolic surfaces of genus g,
and number of cusps k, = 0(g,), Benjamini-Schramm converging to the plane H, and
such that the length of the shortest closed geodesic (the systole) is uniformly bounded
from below by a constant. Fix t > 0. Then

1 W 1 +oo _ /1
m o Ze N On (2 i) e Gt gp
n—oo VOI(Xn) =0 47 —o0 ©n 2

1 © 1/4 2
=1 e "V tanh (e r)r dr,
T J 00

where ¢, := @x, is the determinant of the scattering matrix associated with X,,.

Proof of Proposition 5.2 The proof is based on Selberg trace formula for finite area
hyperbolic surfaces (See [14, Chapter 10]). One of the main difficulties is to deal with
conjugacy classes of parabolic elements, corresponding to cusps. The idea is to use
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a cut-off at a height Y in the cusps and to compute the truncated trace spectrally and
geometrically. Diverging terms in Y then cancel each other and what remains is the
final trace formula. The diverging terms only come from the parabolic classes and
so we will use the final form of the trace formula [14, Theorem 10.2] for every term
apart from the ones corresponding to hyperbolic elements in I' — {id} (denoted by
‘H,), whose treatment does not require any cut-off. For the hyperbolic terms instead
of using the final form as a sum over closed geodesics, we revert to the integral of a
kernel, to which we can apply BS-convergence.
We have the formula

[ -, (1 .
E ht(rj)—l-—f h:(r) —+ir)dr
T 4 J_ o 2

Pn
|

Bl (=, h(zr)d k; (d d
- [w ()7 tanhGrry dr + 3 f (d(z, 72) da(2)

yeH,

+ 70 1 (1 _ q>n<1>> —|€,]g:(0)log2 — &l /oo he(r) ¥ (1 +ir)dr.
4 2 2 Jowo

Here k; is the heat kernel, 4, (r) = e ™" G+ its Selberg transform and g; = fzt the
Fourier transform, F,, is a fundamental domain and |&,| is the number of inequivalent
cusps, ¥ (s) = I'(s)/ '(s), and &, (s) := Py, (s) is the scattering matrix of X, (See
[14] for background). For Re(s) = % the scattering matrix ®,,(s) is unitary (see [14,
Theorem 6.6]) and its rank is equal to the number of cusps, so the term Tr (1 — &, ( %))
is controlled by the number of cusps |€,|. By assumption on X, we have ||1€VZ|| -0
when n — +o00.

The treatment of the hyperbolic terms follows exactly the proof of the compact
case: Proposition 9.5 in [16]. Using the heat kernel estimate k; (p) <; e~ P/B) we can
show that for any R > 0

] e R 1 Vol((X,)<r)
A V; / @ y)du =0 (sys(x,o) +o (sys(xn> Vol(X,) )

where sys(X,) = inf,cx, {d(z, vz),y € H,} is the length of the shortest closed
geodesic (systole). By Benjamini-Schramm convergence, we can take a sequence
R, — 00 such that

VO]((Xn)<R,l)
Vol(X,)

when n — +o0. This concludes the proof of Proposition 5.2. O
From Proposition 5.2 we can deduce Theorem 5.1 by an approximation argument

identical to the proof of Theorem 9.2 in [16]. Indeed we can approximate any function
f supported on the union of compact intervals T~ () for a compact interval I by
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linear combinations of exponential functions x + e~ with r > 0 using the Stone-
Weierstrass theorem.

6 Quantitative spectral convergence

We now turn towards random surfaces and Theorem 1.6. Before we prove it we adapt
in this section the results of Monk [24] to finite area surfaces. In [24], a quantitative
version of the spectral convergence is proved for compact hyperbolic surfaces. We will
need such quantitative convergence because we want uniformity over the probability
sets we consider, and the previous section does not give us that. The argument of [24]
extends to non-compact surfaces because the terms in the trace formula arising from
the parabolic elements are well-behaved under the Benjamini-Schramm convergence
assumption. We reproduce here the steps of the argument of [24], emphasising the
main differences.

Let k(g) = O(g") for some 0 < x < 1/2 and Mg y () be the moduli space of
hyperbolic surfaces of genus g with k(g) cusps, recall Sect. 1.3 for the definition.
Define the subset Ay r(g) C Mg k(g) Of surfaces X such that

ey

Vol ((X)Eélogg) -
vol(x) ¢

W=

(@)

sys(X) > g~ % (log g).

We first remark that these assumptions are satisfied with high probability when g is
large.

Theorem 6.1 Assume k(g) = O(g") for some 0 < k < 1/2, then Aq () satisfies
that Py i (g)(Ag k(e) = 1 — O (g7P) for some B > 0.

The probability of the event of surfaces X satisfying (1) was proved in [23, Corollary
4.4]. The systole part (2) was mentioned by Mirzakhani [21, Theorem 4.2] but there
was no quantitative dependence on the the number of cusps k and the proof was given
only for compact hyperbolic surfaces. Since we have growing number of cusps, we
need a quantitative version. We provide this in Appendix A (Lemma A.1). Together
with [23, Corollary 4.4], this gives a proof of Theorem 6.1.

We now prove a quantitative spectral convergence theorem for surfaces in Ag ko),
extending the one proved for compact surfaces in [24].

Theorem 6.2 Let I = [a, b] C (0, 400). If X € Ag k(g) with k(g) = O(g") for some
0 <k < 1/2, then we have

NX,D+MX, D) 1 1
X = E/Itanh (nﬂ) dr+ R(X, 1),
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1/2
b+1 1 I

o2 crx <02 v0g (24 (6 —a) [ 288
log g g b+1

for some implicit constant C > 0 that only depends on k > 0.

where

The proof is based on applying Selberg’s trace formula to well chosen test functions.
We use the same test functions as [24]. One of them will give the result for % <a<bd

(the test function H; below) and the other for b < 1 (the test function FI, below). Let
us now state Selberg’s trace formula that plays a crucial role in the proof of Theorem
6.2. It can be extracted from [14, Chapter 10] as is explained at the beginning of the
proof of Proposition 5.2.

Lemma 6.3 (Selberg’s trace formula for hyperbolic surfaces of finite area) We will call
a function h : C — C admissible if it satisfies the following properties:

(1) h(—r) = h(r) foranyr € C;
(2) h is holomorphic in the strip |Im z| < % + € for some € > 0;
(3) for any r in the strip h(r) < (1 + |r|2)_l_€.

For any admissible function h : C — C we have:

1 [ oy /1
Zh(rj)—i_a/ioo XX(E—G—zr)dr

IFI/ " /
(ryr tanh(rr)dr + Y | k(d(z, y2))du(z)
yeH

1 r’
+ %Tr <I - dDX(E)) |€]g(0)log2 — % h(r )—(1 +ir)dr,

where K is the inverse Selberg transform of h and g is the inverse Fourier transform
gu) = 211 _JFOZO eS"h(s) ds and T is the Gamma-function. The set F is a fundamental
domain of the surface X and |€| is the number of inequivalent cusps in X.

We will apply this trace formula for two different test functions H; and H; below,
depending on which part of Theorem 6.2 we are proving.
Let us first consider the test function H; = Hl“’b, which we define for all 4—1L <a<b,

but due to Lemma 6.9 later, we can use it effectively only fora > 1/2. Fix 3—‘ <a<b
and define 0 < a < § such that

L b o? and b 1+52
a=-+a° an = - .
4 4
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Fix ¢t > 0, which, we will eventually set ¢ := _f)%q. Define, as in [24, Section 4.1],

the function

t (P 5 5 1 [ )
he(r) := g, p) % v (r) = ﬁ/a exp (—17(r — p)°) dp = N3 exp(—p~)dp,

2.2 . . . .
where v, (x) = #e*t *”, which then gives us the holomorphic and even test function:

H (r) :==h(r) + h(=r).

By Lemma [24, Lemma 19], this test function has the proper decay in order to be
admissible for the Selberg trace formula.

Before we apply the Selberg trace formula, we will give the following lemma that
allows us to compare H, quantitatively to the modified indicator function

I, a<r<§p
Lup(r) =1{1 re{ep
0, r<aorr>g

that we end up using several times in the proof.

Lemma6.4 WhenO <o < B,t > 0andr € R, we have:

s(tlr +al) +s(t|r —af), r<aorr=4,,
|H,(r) — 1ja.p1(1)| < {s(tlr +al) +s@)r —al) +stlr— B, a<r <8,
s(lr +al) +s(tlr — gD, r>pBorr=uq,
_p?

where s(p) = 2\/15106

Proof The proof is a combination of triangle inequality
|H (r) — Lo, p1(1)] < |he(—=r) = 1j, g1 (=) + B (r) — 11, g1 ().

and [24, Lemma 21] that says

s(tlr —al), r<aorr=_,
lhi(r) = lia,p1(N)| = ystlr —al) +s@lr — B, a<r<§p,
s(tlr — B, r>porr =«,
where s(p) = ﬁe_pz. O
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Let us now apply the Selberg trace formula to H;, which gives us:

1 1 [ —gh 1
7| ZHt(rj)-FE H;(r) ox (E—i-lr)dr
. —00
j

1 B
= o / r tanh(zwr)dr + R(t,a,b) + Rx(X,t,a,b) + Ryc(X,t,a,b)
Y4 o
where

+00
R(t,a,b) .= %/0 (H;(r) — 1j¢,p1(r)) r tanh(zr) dr
1

Rik(X,t,a,b) =
[F|

> [ Kacyane
yeH

where K; is the inverse Selberg transform of H;, and

_ H/0) N
Ryc(X,t,a,b) = 4|F|Tr<1 c1>X(2)> |F|G,(0)1og2

el
27| F|

o0 F/
/ H,(r)—0+ir)dr,
—o0 r

with G; the inverse Fourier transform of H;. We now proceed to estimate these three
quantities.

The first one R(¢, a, b) has no dependence on the surface, and it can be estimated
in exactly the same way as is done in [24]. We have

Lemma 6.5 ([24, Proposition 20]) For any t > %, and any 4—1‘ <a<b

R(t,a,b) =0 (?) .

For Rk the estimate is virtually the same as in [24], except that the injectivity
radius is replaced by the systole. To see that, let us recall that for a general hyperbolic
surface X = I['\H the injectivity radius can be written as

1
injy = — inf inf d(z,
x 2znelx;21“ @r2)
and the systole as
sys(X) = inf inf d(z, yz),
zeXyeH

where H is the set of hyperbolic elements in I'. On compact surfaces we have I' = 'H
so sys(X) = 2injy. On a non-compact surface, the relevant quantity to estimate R x
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is the systole, as R ¢ involves the sum over hyperbolic elements. We use the following
lemma.

Lemma 6.6 For a hyperbolic surface X = U'\H, if H denotes the set of hyperbolic
elements of T', we have

el
#yeH:diz,vy2) < j} S min{1, sys(X)?}

forany z €e Hand j > 0.

The proof of Lemma 6.6 consists of exactly the same counting argument as in the
proof of Lemma 3.5, but instead of counting over all elements of I and considering
elements with z € X(Y), where, recall X(Y) = X\ [J, Xp(Y), and Xp(Y) is the
cuspidal zone associated with b, we count only over hyperbolic elements and take
z € H, the injectivity radius of the thick part injy y, gets therefore replaced by the
systole sys(X).

Once this is understood, the extension of [24, Lemma 24 and Proposition 25] is
immediate:

Lemma 6.7 ([24, Proposition 25]) There exists go € N such that for all g >o, X €
Ag k(g) and pair 7 < a < b we have

b
Rx(X,t,a,b) S
log g
._ logg
whenevert = VR

Proof The computation is the same as in the compact case of [24], we sketch the
argument without going into the computational details. We need to use the estimate
on the kernel K;(p). From [24, Lemma 23] we have that for any » € (0, 3), t > —0
and p > r,

b ,02
K S —expl——).
t(lo) ~ r2 p ( 4l2>
Take r < sys(X) and L > 8r2. We estimate R (X, t,a, b) splitting between the
points (F') <z with radius of injectivity less than L and the points (F)>y with radius
of injectivity greater than L. For (F)>; we have, decomposing into a series and using
Lemma 6.6

K:(d(z,yz))du(z)

F
| I JF)or j>L j=d(z, )/z)<1+1
eJ Vb
F __e 41?2 dl/L(Z)
| | (F)>L >L r?
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and, recall, in the sum the elements y are hyperbolic. Apart from taking r < sys(X)
instead of r < injy, there is no difference with the compact case and given L > 812
we can bound this quantity by
tvb
—e
4
Similarly for (F)~; we have a bound in

/b ((F) <Ll 1

rt |F|
We set t = V:f/ggg, and L = ¢ logg = 8¢>. We can then use that in Ay x(g) we have
|(F)<%logg| - g_%
|F| B
and
sys(X) z g~ (log g)?.
which gives the required bound. O

The term R y ¢ arises from the non-compactness (the parabolic elements of I') and
therefore does not appear in [24]. First note that for Re(s) = % the scattering matrix
®x (s) is unitary (see [14, Theorem 6.6]) and its rank is equal to the number of cusps,
so the term Tr (I — Py (%)) is controlled by the number of cusps |€|. We thus have

)

Lemma 6.8 There exits go € N such that for all g > go and X € Ag i(g) and every
pairz—lt <a < bande > 0, we have

¢ o r’ )
IRnc(X,t,a,b)| S % <|Hz(0)l +1G:(0)| + V Hi(r) 7 A +ir)dr
—00

We obtain the following bound.

Ca,b

NG

RNC(Xatvavb) 58

[p—1
fort := L and ¢, = log (ﬂ—4> + 1+ +/b.

43 sinh(z (Ja—1))

Proof If X € Ajg k(g), we know that for some 0 < « < 1/2 the number of cusps

€] = k(g) = O(g"), soin particular, % < g7+ Thus the claim follows if we can
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884 E. Le Masson, T. Sahlsten

prove the estimate

/

o0 r
|H,<0)|+|G,(o>|+‘/ o S+ indr

<e Ca.py/10gg.

For the term H;(0) we have the estimate

2 [T 2
| H,(0)] = 21, (0) < —/ e dp <2,
T

—00

For G;(0) we can compute that g; is given by

3

1 (sin(,Bu) B sin(au)) [:722

gr(u) =—
b4 u u
and therefore
2B —
1G] = 21501 = 22 =4 — 0 (V).
T

Finally, let us look at the integral ffooo H,(r) 1% (1 + ir) dr. First we can split

/

1) r’ ) B’ ) o0 r .
/ H,(r)F(l—l—Lr)dr:/ ?(l—l—tr)dr—l—/ (H;(r)—l[a’ﬁ](r))?(l+1r)dr.
(6.1)

Let us estimate the first integral ff 1% (1+ir)drin (6.1). Since the digamma function
s > TI'/(s)/ T'(s) is holomorphic in a neighbourhood of the curve L = {1 +ir : r €
[a, B1} in C, the fundamental theorem of calculus for complex line integrals applied
to the curve L gives us

B 1
f %(1 +ir)dr =i (LogT'(1 +iB) —Log'(1 +iw))

where Log(w) = log |w| + i Arg(w), Arg(w) € (0, 2], is the principal branch of the
complex natural logarithm. By [3, 6.1.31], we have |I'(1 +iy)|> = Sm;%y) SO

[LogI'(1 +iB) —Log'(1 + i) < [LogI'(1 +iB)| + [Log I'(1 + ix)|
<log|l'(A+iB)|+log|l'(1 +ia)| + 27

1 1
=3 log Ll log T + 2m.

sinh(77 B) t3 sinh (o)
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Since sinh(x8) > sinh(ra), o = ,/a — ;11, B=./b— 4—11, we have

bh—1
<op(— L Vb3 )1
sinh(z(,/a — 1))

We are left with estimating the second integral f fooo (H;(r)—1{q,5(r)) % (1+ir)dr
from (6.1). If we apply Lemma 6.4 to bound |H;(r) — 1[¢,g)(r)|, we end up having
singularities near +« and +f so we have to truncate the integration using a parameter

vlogg

0 <ée < (B—a)/2, which we set ¢ := 1/t, where, recall t = Wi , which will force

B 1
— (1 +ir)d
/a Iﬂ(—i—lr)r

us to assume the genus g is large enough. Define
Co =R\ ([a—s,a+a]U[ﬂ—a,5+a]U[—a—a, —a+e]U[-B —¢, —/3+g]).

Since h;(r) = \/LE ftt(ff__rr)) exp(—pz) dp and H;(r) = h;(r) + h;(—r), we can use a

trivial estimate |H;(r) — 1iq,5(r)| < 2(8 — o)t + 2, |1%(1 +ir)| < log|r| for all

r € Rby [3,6.3.18], and that r = _ﬁbfgg , which together imply

F/
/R (H;(r) = 1jg,51(r)) F(l +ir)dr Sa,p £y/logg.
\Ce

Let us now complete the proof by dealing with the integral over C,, where we will
heavily use the estimate from Lemma 6.4 that says any r € R has the bound

s(tlr +al) +s(tlr —al), r<aorr=4,
|Hy(r) — Lia.p) ()] < {s@tlr +al) +s@tlr —al) +s@tlr — ), a<r <p,
stlr +af) +s@r — B, r>porr=a,

1
2mp
Let us first consider the integration over (8 + €, 00):

2. . L
where s(p) = e~ " is a decreasing function in p.

/

o0 ~ r
/ By 7) = Ty O)I| (4 i) .
B

+e

Since |1%(1 +ir)| < log|r| for all r € R by [3, 6.3.18], a change of variable p =
t(r — B) gives us that we can bound this by a constant multiple of

o 1 5, 0
tir — 1 dr < — ] — d
/MS( r=phiogirldr S 5 [ e log (24 8) dp
since forr > B+¢candas B > o, weknow s(¢|r +a|)+s(|r—B|) < 2s(tlr—pB|) as

s(p) is decreasing in p. Since log(p/t + B) < log(p + B) whenever t = V;f’/ggg > 1,
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that is, for large enough genus g, then using ¢ = 1/¢, we obtain a bound

/OO|H() i ()|’F/(1+')d <1/°° -0 ( +,8>d <, !
r) — || — ir|dr < - e 0
L 1| 1 ST g(o NN T

as the integral over [0, oo] is a finite constant depending on S.

We can repeat this idea for the other parts of the integration. If r < o — ¢, we know
that |H,(r) — i[a,ﬂ](r)| <s(t|r + a|) + s(t|r — «]). Depending on now whether r is
positive or negative, we use a different bound. In case here r > 0, as s is decreasing,
we will use the bound s(¢|r +«|) +s(t|r —a]) < 2s(t|r —a|). Incase r < 0, we use
instead s(t|r + «|) + s(¢|r — «|) < 2s(t|r + «|). Therefore, we can always bound:

- F/
/ |H,(r)—1[a,ﬁ](r)|’—(1+ir)(dr
(—o0,a—e]NCe r

—o—&
S/ s(t|r +al)|log|r||dr

—00
o0 o—E&
~|—/ s(t|r+a|)|log|r||dr+/ s(tlr —al)|log|r||dr
—a+e —00
1
Se ,
Vlogg

where the last inequality is performed exactly like before with the integral over (8 +
g, 00).

Finally, we need to bound the integral over [« +¢, 8 —¢]. Here | H; (r) — i[a,;;] )] <
s(tlr +«a|) + s(t|lr —a|) + s(t|r — B1). Now, setting ro := (8 — «) /2, we know that
|[ro—a| = |ro—p|soforr < ro,wewillusethebound|Ht(r)—i[a,5](r)| < 3s(tlr—al)
and for r > rg, the bound |H;(r) — i[a,ﬂ] (r)] < 3s(t|lr — B), which are possible as
s(p) is decreasing. These give us

1-\/
(i) dr

B—e -
/ [H; (r) — 1o, p1(r)]

+e

oo B—e
S/ S(tlr—aI)IIOglrlldr+/ s(tlr — gDl log|r(ldr
a+e —00
1

Sa,ﬁ
Jlogg

as with the other cases. |

N . .
For t = X228 the previous lemmas give us

43’

o DI N Ox
1 oo L .
X1\ 4 T T e

1
<§ +ir) dr
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1 [# b
= —/ r tanh(zwr)dr + O
4 J, log g

We now need to take special care of the complex values r; € C in the discrete sum
on the left-hand side. This is because the test function H; is not real valued and small
for complex values. We use a bound on the number of complex 7;, or equivalently
on the number of eigenvalues < %. We remark that this number of eigenvalues is
< 2¢ — 2+ k(g) = O(|X]) by a result of Otal and Rosas [29]. This gives the
following lemma from [24, Lemma 26] with an identical proof, because it only uses
the fact that the number of complex r; is of the order of the volume of X. Note here
is the only place where the assumption a > % is needed.

Lemma 6.9 Assume now that% <a<b.IfX € Ag i(g) withk(g) = O(g") for some
0 <k < 1/2, then

1

X ri¢R
J

1
Hi(rj) S .

Using this, we end up with the following proposition, similar to [24, Corollary 27].

Proposition 6.10 There exists go € N such that for any g > go, any % <a < band
any hyperbolic surface X € Aq j(q) With k(g) = O(g") for some 0 < k < 1/2, we

have
1+' d l/bt h(z/x — 3yda
—+ir)dr | — — anh (77 -3
2 47 J, 4

1 1 e
‘ﬁ (Z H,(r,->+5/ H(r)
rjER —o0

o)

fort = —ilb\/ggg, o =,/a— % and B = /b — }T, where the implied constant only

depends on the exponent k.

—(p;(
X

Proposition 6.10 allows us to control the part of the spectrum in [%, 00). However,

to prove Theorem 6.2, we would also need to consider the spectrum in [0, %) for which
we need a different test function that gives an analogue of Proposition 6.10 since H,
does not have good estimates here. This is done similarly as in Monk [24, Section 3.2],
where we can use the analytic and even test functions for 0 < a < b < 1 defined by

H(r) == fi (l +7’2)
4
where for any A > 0
¢ b
70 = (00 G) = / exp(—12(. — ) dt.
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In [24, Section 3.2] Monk used the notation /; for I—~1t but we want to avoid confusion
with the notation in our earlier definition H;. The proof follows virtually the same
steps and adapts in the same way, using same Selberg’s trace formula (Lemma 6.3)
as we did above, all the relevant estimates associated with this new test function are
in [24, Lemma 11] as we did with H; above using Lemma 6.4, which gives us the
analogue of [24, Corollary 18]:

Proposition 6.11 There exists go € N such that for any g > go, any 0 <a < b <1
and any hyperbolic surface X € Ag k() With k(g) = 0(g") for some 0 < k < 1/2,
we have

: i L T YA L L
X % ,(r.,)—i-E " =(r) o (E—Hr) 4 Rl ) tanh( (/A — 7)
rj

o)

= . ologg _ 1 _ 1 T
fort = Ve @ = V41 and B = /b — 7, where the implied constant only

depends on the exponent k.

Let us now show how Theorem 6.2 follows from Proposition 6.10. We will follow
a similar strategy as in [24], where we first apply Proposition 6.10 to small intervals
[bj,bjt1]of length 1/t ~ 1/,/Iog g, but now due to errors produced by Proposition
4.3, we end up with extra coefficient in front of the constant term that the Gaussian
tail of A, will mitigate in the end.

Let us first give a technical upper bound lemma that follows by combining Proposi-
tion 6.10 with Proposition 4.3. It has an error produced by the spectral window that we
do not want in Theorem 6.2, but applying it with short intervals J of length roughly
1//Togg together with the Gaussian tail bounds for the propagators H; and H; to
prove Theorem 6.2.

Lemma 6.12 There exists go € N such that for any g > go, any 0 < by < by and
any hyperbolic surface X € Ag ko) with k(g) = O(g") for some 0 < k < 1/2, if
J = [b1, by], we have

NX, )+ MX,J) 1 ol | b2 _
X —E/Itanh(n A—z)dk‘—O( logg-i—(ﬁz 51))

where bj = zlt + /3/2., Jj = 1,2, and the implied constant only depends on the exponent
K.

Proof Let us consider first the case by > % and so define now H; using the parameters
a = by and b = by. Define the signed measure

1 —¢y (1 .
dv(r) = Y dé, (r) + Z—WX (5 + lr) dr

r_,-eR
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and the positive measure

o) = 3 s, (r) + —’ ( +ir>

rjeR

dr.

Then we have:
N(X,J)~|—M(X,J)=/1dv§/1df).

Now Proposition 4.3 and positivity of H; and v implies that for some constant C > 0
independent of X we have

NX,J)+MX,J 1 - .
( ) + M( ) x inf H; < — [ 1dv(r) x inf H,
1X| [B1.52] IXI [B1,B2]

|X| / H;(r)dv(r)

|X|<‘/H,(r>dv(r>

+ C(k(g) log(|1X]) + |X1) / H;(r) dr)-

Now by Proposition 6.10 applied with a = by, b = by and t = Y& log , the integral
with respect to v has the estimate:

1 b
|X|/H[(r)dv(r) /Jtanh(rr A—%)d/\—kO( @).

Thus, as k(g) = O(g") for some 0 < k < 1/2, we arrive to:

|X| <‘/Ht(r)dv(r)

/ H )dv(r)| +

+ (k(g) log(1X1) + IXI)/ Hz(r)dr>

k(g) log(IX|)
'le (—m +1>/H,(r>dr

1 b
5—/ tanh(w\/A — 1) dA + O —2+/Ht(r)dr :
4 J; log g

Finally, using the the estimates on | H,(r) — i[a g1(r)| from Lemma 6.4 we can deduce
that inf|g, le H;, = O(1) and f H;(r)dr = O(B2 — B1), which completes the proof

when by > 5. Now when by < 1, we can just repeat the above argument by using H,
logg Jlogg

instead and apply Proposition 6.11 instead with t = Wl replaced by 7 = N
which gives the claim. O
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Returning now to the statement of Theorem 6.2, the upper and lower bounds on
R(X, I) are then proved in a similar way as in [24, Section 3.5], but we need to be
careful with the continuous part of the spectral density and use Proposition 4.3. We
give the proof of the lower bound, which is the part we really need in this paper.

Proof of the lower bound for R(X, I) in Theorem 6.2 Consider first the case % <a <

b. Then «, B determined by a = % +a?andb = }‘ + B2 satisfy % < a < B.Toprove
the lower bound in Theorem 6.2, we need to find C > 0 independent of X and a, b
such that

NX,D+MX,I) 1 b+1
> — [ tanh (7\/a— 1) dr—C .
X —4n/1 o (” )

logg

Let us split

NX, )+ M(X,I 1 o 1 «
( ) + M( ) / —/ Hldv——/ H;dv
1X] T X | X1 X1 J oo

H -1 d
|X|/(’ [a,p]) AV

Let us now bound each of these term individually. For the first term, ﬁ [ Hydv, we
apply Proposition 6.10, which gives us

/Ht(r)dv(r)> L/ tanh(r A——)dk— ( b )
|X| 4 log g

for an implied constant independent of X, a and b. Therefore, we will be done, if we

b+1
log g

can bound all the other terms in absolute value above by a constant multiple of

using the Gaussian tail of 4, defining H,.
Let us first look at in detail bounding the term ﬁ / ﬂoo H, dv. For this purpose,

we apply Lemma 6.12 on intervals of length ﬁ. More precisely following [24],

for the case r > B we use a subdivision b; = b + 1 with t = _v410«/g§g and writing
B; = /bj — 3. If we now use the trivial bound |fﬁ’+l H;dv| < ffng H; db since

H, > 0, together with Lemma 6.12 applied to 1ntervals J =1J;j =[bj,bjy1], we
obtain an upper bound:

/ H;(r)dv(r)
B

> Bj+1
m‘ EZE‘/ Hy(r)dv(r)
Jj=0 Bi

sup H;
) |X] [Bj.Bj+1]
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(o)
bjy1+1
=O(Z(bj+1bj+ tas +ﬁj+1ﬂj)x sup H,)

j=0 logg [ﬂj’ﬂj+1]

1 1 &
=0 | —+ —— \/; sup H; |,
(vlogg Vlogg ; 1B).8+1]

where in last line we used the mean value theorem for square root to give 811 — f8; <
#&,(bﬂ-l —bj)=bjy1—bjasfj=p>az= % by the assumption a > % and also
the uniform bound || H;|lcoc < 2 used in the interval [By, B1]. Now by Lemma 6.4, if
r € [Bj, Bj+1l, and j > 1, we have:

eVi
|H(r)| < 2«/;—«/7

Therefore we obtain

o o= ()
—_— V= .
x| Jg Tog g

Since the support of v is contained in [0, 00), the other integrals ﬁ ffoo H dv =
IITI Jo H:idvand |17| J(H; = 11q ) dv = ﬁ fOOO(Ht — 11¢,81) dv. They can be then
dealt with an identical argument by splitting the integration domain inside [0, co)
into intervals of length 1/¢ and applying Lemma 6.12 together with the estimates
from Lemma 6.4. Thus we have finished the proof in the case of a > % Now if
0 < a < b < 1, we can use the similar argument as above, but now with the test
function I:It and Proposition 6.11 instead, which works for the subintervals of [0, 1].

O

7 Rate of quantum ergodicity on random surfaces

Let us now discuss in detail how we can prove quantum ergodicity for eigenfunctions
of the Laplacian on random surfaces in the large genus limit (Theorem 1.6). The
proof of this follows from Theorem 1.1 together with Theorem 1.7 mentioned in the
introduction and Theorem 6.2.

Proof of Theorem 1.6 Fix a compact interval / C (1/4, +00) and large enough g > 2.
Assume k(g) satisfies k(g) = O(g") for some 0 < k < 1/2. Fix now a small enough

& > 0 such that 4—1L - (%) — & > 0. Recall we defined that any X € B; « ¢ k(o) C
M k(g satisfies the three conditions:

10 21 1
IX]

_1 _L 1 1 2k +1 2
=g 3. sys(X) z g (logg)? and M (X) = o — | — — &,
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Moreover, by Theorem 1.7, there exists 8 > 0 such that

I[Dg,k(g)(Be,/c,g,k(g)) >1-— 05,K(g_ﬁ)’ as g — o0.

Thus Theorem 1.6 follows, if we can establish that for all surfaces X € B; i ¢ k(¢) and
a € LYP(X) for Y := log g, the quantum mean absolute deviation

Devy,j(a) Srx

llallco

1
Jlogg

with animplied constant independent of X . Recallhere L{°(X) isthe setofa € L*°(X)
such that the support of a satisfies spta C X(Y), where X (Y) = X\ Ub Xp(Y), and
Xp(Y) is the cuspidal zone associated with b.

Thus let us fix X € Be  gk(g)>a € LY (X) forY :=1logg > 0asg >2,and a
compact interval I C (%, 00), and bound Devy j(a) from above.

First of all, by Theorem 1.1, there exists R; > 0 such that for all R > R; such that

Bovis(@ <1 (maxtvex, nkeon? (— e N
PO o MR LS 000 0IR T min(1L injxgperny 2}
+ 2k log ¥ + k(e + 18 (MK ) + k(g Tog1XD) ) el

where Devy.;(a) = (N(X, I) + M(X, I)) Devx.;(a) and p(r; (X)) is a function of
the spectral gap of X. We will apply this bound with the choice R := 1]_6 log(g), where
we assume g > 2 is large enough such that R > R;.

Divide now the upper bound for /Dgx, 1(a) by N(X, I) + M (X, I), which leads
to the following estimate:

1/2
|X| 2R
max{N (X, I), k(g)} )1/2 PO OOR T min{L.injy ., r/2)) (X0 <&l
NX, 1)+ M(X,I) NX, I)+M(X,I)

Term (a) Term (b)

Devy,(a) <1 (

2k(g)log ¥ + k(g)Pe™Y 4 M) (M(X, 1) +k(g) 10g(|X|)>

+ NX,DH+MX,I)

llallco,

Term (c)

where we have indicated three terms (a), (b) and (c) that we will estimate now in the
following.
Term (a). First of all, Theorem 6.2 on quantitative spectral convergence implies that

NX, D+ M(X,I) = |X][(c; + R(X, 1)), (7.1)
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where

1 [ [ 1
cp = — 1;(A) tanh(wr/A — 1/4)dr and R(X,I) Zj, — 7 .
/4 ogg

=47Tl

Thus, as k(g) = O0(g") for k < 1/2, |X| = O(g), we can bound the term (a) as
follows:

max{N(X, ). k(®)} _ X[ NX, D) k(g)

NX.D+MX,I) NX,)+MX,I) NX,I)+M(X, I)] St L

Term (b). By definition in the B ¢ x(s) We have the following X independent
uniform spectral gap bound from below:

1 2K + 1\2
I(X)_4 2 &

forall X € B; «¢,k(¢)- On the other hand, like we discussed in Remark 4.4, this implies
that p(A1(X)) > co forall X € B, « ¢ k(q), Where cp > 0 is independent of the surface
X.

Moreover, as Y =logg, R = % log(g), and sys(X) > g_TI4 (log g)%, we have for
large enough g:

- [ —R/2y— L 1
inj (yer2) = 5 minfsys(X), e =2y 71} 2 g2 (log )2

as e R/2 = g‘ﬁ. Furthermore, since R = % log(g), we have

(X)<r C (X)

<llogg
giving

[(X) 21 100,
|(X)5R|S <tlogg Sg_%.
[X| [X|

Therefore, by (7.1) and 2R = 26 102(®) — ¢'/8 we obtain the following bound for
the term (b):

|X] 2R
SOIO0R T 0=kl
min 1,1nJX(YeR/2) < 1 n 2R |(X)§R|
NX, D+ MX,I) ~ R

. ) X
mln{l,anX(YeR/z) } 1 X1
1 gl/8 1(X) <1 jog

A

+
lo : ) X
g8 mln{l,lﬂjX(YeR/z)} 1X]
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1 1/8
SR
logg ~ g=mlogg
<
~ logg

Term (c). Finally, using ¥ = log g, k(g) = O(g“) fork < 1/2,|X| = O(g) and
the bound (7.1), we can estimate:

2k(g) log ¥ + k(g)?e ™Y + & (M(X, I) + klog |X]) loglog g
N(X, 1>+M(X, I} S i

Combining (a), (b) and (c) gives us the claim

1\ loglogg
D < 1.
evx,1(a) Sk ( (10gg> + = >|Ialloo S \/— llalloo

with a constant independent of X. Thus the proof of Theorem 1.6 is complete.

m}
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Appendix A. Probability of a small systole

We extend here the result of Mirzakhani [21, Theorem 4.2] on the Weil-Petersson
probability of having a small systole, adding a quantitative dependence on the the
number of cusps k and giving a proof for non-compact hyperbolic surfaces. This is
used for Theorem 6.1.

The proof is essentially the same as Mirzakhani’s argument, but we rely on Lemma
A.4 from Hide [12]. Before, we state and prove the lemma, let us recall some notation
from [21]. If we have L = (Lq, ..., L;) with L; > 0, then we define the moduli
space My (L) as M such that the boundary elements are associated with lengths
Li,i =1,2,...,k Thus the moduli space corresponding to finite area hyperbolic
surfaces with k cusps is given by Mg i = M, «(0, ..., 0). In each space Mg (L)
one can also consider the Weil-Petersson volume Volyp and we have the following
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relation of the Weil-Petersson volumes Vg « (L1, ..., Ly) of Mg (L1, ..., Ly) and
Vg i of ./\/lg,kt

LittL
Vei(Li, ..., Ly) < et ey,

see [21, (3.7)].
We have the following result.

LemmaA.1 Suppose k(g) = o(,/g). Suppose 0 < & < 1. Then for any g > 2:
Py k(o) (X € Moyt sys(X) <€) S €2,

where the implied constant is independent of € and g.

Proof Fix 0 < ¢ < 1 and g > 2 and define the event
M;k(g) ={X € My ) tsys(X) < e}.
We just need to verify that
&g
Volwe M ke) _
Ve k(o)
with an implied constant independent of ¢ > 0. Define the counting function
No(X,¢e) :=f{y C X :4£,(X) <&,y is non-separating},
that is, No(X, ¢) is the number of simple closed geodesics y of length < e on X —y is
a surface of genus g — 1 and k(g) cusps and 2 boundary curves. Furthermore, fori > 1
and j > 0, we define N; ;(X, ¢) as the number of simple closed geodesics y C X of

length < ¢ which divide X into a surface of genus i and j cusps and 1 boundary curve
and a surface of genus g — i with k(g) — j cusps and 1 boundary curve. Now using

rg/21 k(g)
N(X,e) = No(X. &)+ > Y Nij(X,e).

i=1 j=0

as in the proof of Theorem 4.2 of [21] using Mirzakhani’s integral formula (Theorem
2.2 [21]) we can estimate:

VOIWP(MZ,k(g)) < / N(X, 8) dX

g.k(8)

1 &€
=5 [ Vo Myt 200.0.... 0.1 1)
0
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[8/21k(g)

1 k@)Y [¢
+5 2 Z( ; )/0 t Volwp (M(Si j+1 X Sg—ik—j+1(0,0,...,0,1,1))dt,

i1 j=o » 7/
where the binomial coefficient occurs as we need to select the j cusps from all the k(g)
possibilities since the mapping class group fixes the cusps pointwise, which means that

they will be in different mapping class group orbits. Now, by V, x(o)(L1, ..., L) <
el1 - FLey, 4 (o) as in the proof of [21, Theorem 4.2] we have:

Volwp (M1 k(¢)+2(0, 0, ..., 0,2, )) < € Vo k(g)42-
and
Volwp(M(S;, j+1 X Sg—ik(e)—j+1(0,0,...,0,¢,1)) < €2tVi,j+1Vg7i,k(g)fj+]~

By Lemma 5.1(iii) of Mirzakhani and Zograf [22], there is a universal constant C, > 0
such that as long as k(g) = o(,/g), we have as g — oc:

Vo k(g) —2
L2 _ o, (&) — o),
Ve k(e 2g —4+k(g)
Furthermore, by Lemma A.4 of Hide [12] there exists a universal constant C; > 0
such that for any sequence (k(g)),>2 with k(g) = 0(,/g), we have

3 (k(g)) Vijr1 Vemik@-jtt _ o1+k@©” _ o(1)

% <
0si<g.0=j<k(® 7 8:k(g) 8
2<2i+j<2g+k(g)-2

since whenever 1 <i <[g/2land0 < j <k(g),then2 <2i+j <2g+k(g)—2
since g > 2. Thus

&
Yhwe M) ¢ 2 ¢ o2

Ve k(o) ~

as ¢ < 1, where the implicit constant is independent of ¢, k(g) and g. O
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