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CUSP EXCURSIONS OF RANDOM GEODESICS IN WEIL-PETERSSON TYPE METRICS
VAIBHAV GADRE AND CARLOS MATHEUS

ABSTRACT. We analyse cusp excursions of random geodesics for Weil-Petersson type incomplete
metrics on orientable surfaces of finite type: in particular, we give bounds for maximal excursions.
We also give similar bounds for cusp excursions of random Weil-Petersson geodesics on non-
exceptional moduli spaces of Riemann surfaces conditional on the assumption that the Weil-Petersson
flow is polynomially mixing.
Moreover, we explain how our methods can be adapted to understand almost greasing collisions
of typical trajectories in certain slowly mixing billiards.

1. INTRODUCTION

Let S be an orientable surface of finite type with cusps. Suppose S is endowed with a "Weil-
Petersson" type metric: a negatively curved Riemannian metric which in neighbourhood of each
cusp is asymptotically modelled on a surface of revolution obtained by rotating the curve y = x”
for some r > 2 about the X-axis in R® (where r may depend on the puncture). An example is the
Weil-Petersson metric on the modular surface H?/SL(2, Z) whose cusp neighbourhood is asymp-
totically modelled on the surface of revolution of y = x>. We will state the precise hypothesis on
the metric in due course.

Pollicott-Weiss showed that the geodesic flow for a Weil-Petersson type metrics is ergodic
[11, Theorem 5.1]. In more recent work, Burns—Masur—Matheus-Wilkinson [3, Theorem 1] show
that the geodesic flow for Weil-Petersson type metrics is exponentially mixing. In this article, we
analyse cusp excursions of random geodesics proving bounds for "maximal" excursions, a spe-
cific example of a shrinking target result. Other well known examples of such results include
the logarithm law of Sullivan for a hyperbolic metric on S [12, Theorem 2], the logarithm law of
Kleinbock-Margulis on homogenous spaces [8] and the logarithm law of Masur for moduli spaces
of Riemann surfaces [9].

We also derive conditional bounds for maximal excursions of random Weil-Petersson geodesics
on non-exceptional moduli spaces of Riemann surfaces. Burns—Masur-Wilkinson [4] showed that
the Weil-Petersson flow is ergodic; Burns—Masur-Matheus-Wilkinson showed that the Weil-Petersson
flow is at most polynomially mixing [2]. We derive our bounds for maximal excursions conditional
on the assumption that the rate of mixing is polynomial in time. Moreover, we explain how our
methods in the general case can be adapted to understand almost greasing collisions of typical
trajectories in certain slowly mixing billiards.

1.1. Weil-Petersson type metrics. We recall some facts about the metric on a surface of revolution
R for y = x" for r > 2. The surface R carries a negatively curved, incomplete Riemannian metric.
Let 4 : R — R denote the Riemannian distance to the cusp. The Gaussian curvature at p € R has
the following asymptotic expansion in ¢ as 6 — 0:

(12) K(p) = —rg(;);) 10 ((5&))) .
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2 GADRE AND MATHEUS

We consider negatively curved Riemannian metrics on S that have singularities of the above
form. Let X be a closed orientable surface and let {ps, ..., px} be a collection of distinct points in
X. A Weil-Petersson type metric p is a C°, negatively curved Riemannian metric carried by the
punctured surface S = X \ {p1, ..., px} such that

(1) the metric p extends to a complete metric on X,
(2) the metric p lifts to a geodesically convex metric on the universal cover of S, and
(3) if 6; : S — Ry is the distance to p; then there exists r1,...,7x > 0 such that the Gaussian

curvature satisfies )
ri(ri—1) 1
(7) ]; 5i(p)?> 5(p)

and if V is the Levi-Civita connection defined by the metric then

m = : #
IV"(K(p))| = }_ O (5}*’“(1@))

j=1
form=1,2,3andall p € S.

Let 1 be the Liouville measure on the unit tangent bundle TS for the geodesic flow ¢; : T'S — T'S
associated to a Weil-Petersson type metric. The main theorem we prove is:

Theorem 1.3. For all ¢ > 0 and for p-almost every v € T'S, there is T(v,€) > 0 such that the geodesic
¢rv satisfies
1 . c
T /7; < }2; 5j(rv) < T(—o)/2r,

forallj=1,...,kand forall T > T(v,¢).

1.4. Exponential mixing. The main tool we use is the exponential mixing of the flow [3]. For
6 € (0,1] and an L™ function f : T'S — R let

) - @)
flo = sup = S one

Let C%(T'S) be the set of L™ functions f : T'S — R such that || f||¢ defined as || f|l¢ = |f|L= + |f]e
is finite. The precise decay of correlations is:

Theorem 1.5 (Burns—Masur-Matheus-Wilkinson). For every value 6 € (0, 1] there are constants K, C >
0 such that for every f1, f» € C%(T'S) we have

| f@p@0) dn— [ f@du [ A©)d) <Ke il el

s 1S 1S
1.6. Organisation of the paper. Using the exponential mixing of Weil-Petersson type flows, in
Section 2 we first obtain effective convergence of ergodic averages. After that, we review in Section
3 some useful facts about the geometry of cusps of Weil-Petersson type metrics. The effective
theory and the cusp geometry are then used in Section 4 to estimate the time spent in a cusp
neighbourhood of a particular depth, so that an excursion to this neighbourhood happens or is
prohibited depending on whether the estimate is positive or not. Next, we study in Section 5 how
random Weil-Petersson type geodesics do wind near cusps and the hyperbolic distances covered
by (genuine) Weil-Petersson geodesics in exceptional moduli spaces. Finally, we briefly explain in
Section 6 certain extensions of some of our results to the case of slowly mixing flows including a
class of billiards. For non-exceptional moduli spaces, these extended results give bounds for cusp
excursions conditional on the assumption that the Weil-Petersson flow has a polynomial mixing
rate that is at least linear in time.



CUSP EXCURSIONS OF RANDOM GEODESICS IN WEIL-PETERSSON TYPE METRICS 3

Acknowledgements. We are thankful to Jonathan Chaika for some discussions related to this
work which occurred during a visit of the first author to him at the Institut Henri Poincaré (IHP).
Also, the first author would like to thank the IHP for its hospitality. We thank the referees for their
comments which helped to improve the paper.

2. ERGODIC AVERAGES OF EXPONENTIALLY MIXING FLOWS

Let gt be a flow on a space Y preserving a probability measure . Suppose that g; has an expo-
nential decay of correlations i.e., there are constants K, C > 0 such that

(2.1) “Alelf2lls

2Ogtdy—/f1dy/fzdy < Ke
Y Y

for all t > 0 and all real valued observables fi, f» in a Banach space B C L'(u) consisting of all
functlons satisfying some regularity hypothesis.

Lemma 2.2. Any observable f € B with [, f du = 0 satisfies

T 2
/ (/ f(gty)dt) duly) < ZTIfIR
Y 0

Proof. We write

T
/ f(gy)f(gsy) dtdsdu(y)
0

(

St~ K\
><\

flgx)f )d;u(x)) dt ds.

=1
/

By gi-invariance of y, we get

T 2 T T
/(/f(&x)dt) dp(x) =// (/f Qs %) f (x) dp(x )) dtds.
Yo\ 00

The exponential decay of correlations (2.1) implies that

T 2 T T
/ ( / f(gtx)dt> du(x) < KIfI [ [eoilards < T,
Y 0 00

This proves the lemma.

Remark 2.3. In Section 6, we extend this lemma to polynomially mixing flows.

2.4. Effective ergodic theorem for fast mixing flows. Suppose that g; is an exponentially mixing
flow on (Y, u) satisfying (2.1).
Fix 1/2 < & < 1 and denote Ty = Tj(a) = k2*/ (=1,
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Theorem 2.5. Given m > 1, a function n : R — IN such that n(T) = n(Ty) for each Ty < T < Ty41,
and a sequence {f;}jen C B of non-negative functions, we have for y-almost every y € Y that

T

1

Tl fueny o = 2T funlls < [ fuer) (i) e
0

<mT| fueryll + 2T || fucr)ll 8
for all T sufficiently large (depending on y).
Proof. Given f € B,let F = f — [, fdu € B. Since ||F||p < 2||f| s, we get from Lemma 2.2 that

T
/ (/ F(gtwdt) du(y) < ZTIFIR < ST
Y 0
T 2
2 yGY:(/F(gty)dt) >R ;( T”fHB)
0

By setting R = T?¢||f||%, we obtain

(2.6) i ({y eyY: (/OTF(gty) dt> > T2 |13 }) 8CKT1 —2a

Consider the sequence {f;}jen C B and let F; := f; — [, fjdu. From the estimate (2.6) with T = Tj
and F = F;(1,), and T = Ty and F = F,(1,), we get

Ty 2
. 8K, 1 2
u VAS Y: (/Pn(Tk)(gt]/) dt) P Tl? an(Tk)H% < C T1 2
0

8K 1
C kZa

Therefore,

and

Tiet1
8K 1
. 20 2
H yeEY: (/ Fo(r) (8tY) ) = T | fuery B < Chr™

By the Borel-Cantelli lemma, the summability of the series )| 12% < oo fora > 1/2 and the previous
i=1
inequalities imply that for p-almost every y € Y

T 2
(/ Fy(r (1Y) df) < T2\ fum 13
0

Tit1 2
(/ Fucr,) (8tY) df) < T4 fuqmo I3

0

and
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for all k sufficiently large (depending on y). On the other hand, the non-negativity of the functions
fj says that

Ty T Ti11
/fn(rk)(gtw dt < /fn<Tk)(8t1/) dt < /fn(Tk)(gfy) dt
0 0 0

forall Ty < T < Ty,q. Hence,

T, T,
/Fn(m(gty) dt = /fn(Tk)(gfy) dt — Tk/fn(Tk) du
0 0 Y

T
< /fn(Tk)(gty) dt — Tk/fn(Tk) du
0 Y

Ti11

< / fu(ry (gry) dt — Tk/fn(Tk) dp
0 Y

T11

= /fn(Tk)(gty> df—Tk+1/fn(Tk) dp
0 Y

+ (Tey1 — Tx) /fn(Tk) dp
Y

Tie11

= / Fuery)(gey) dt + (Tryr — Tk)/fn(Tk) dp
0 Y

forall Ty < T < Ty41. We may now combine the above lower and upper bounds on fOT fu(ro) (8ty) dt
with earlier bounds to conclude that for y-almost every y € Y and all k sufficiently large (depend-

ing on y)
T
Tullfu Il = T fucrlls < [ fucro () e

< Terall fuer I+ Tesa L furo 18

20/ (20—1)
whenever Ty < T < Tjy1. Because TkT—Zl = (";%1) — lask — oo and n(T) = n(Ty) for

Tk < T < Ty41, given m > 1, the previous estimate says that for p-almost every y € Y

T

1 n

Tl fuen o = 2T funlls < [ fuer) () e
0

<mT| furyll + 2T || fucr)ll 8
for all T sufficiently large (depending on y and m > 1). This proves the theorem.

Remark 2.7. In Section 6, we generalise this theorem to polynomially mixing flows.

3. CUSP GEOMETRY

For the sake of expositional simplicity, we will focus on a single cusp neighbourhood and drop
the index in the notation. Here, we will recall from [3] properties of Weil-Petersson type metrics
that we need to use. The main focus will be commonalities with surfaces of revolution.
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3.1. Local co-ordinates near cusps. Let W be the surface of revolution for y = x" with r > 2. In
R3, the surface W inherits the co-ordinates

(x,T) = (x,x"cosT,x"sint) where x € (0,1],7 € [0,27)

If 6 denotes the distance on W to the cusp (0,0,0) then é(x,7) = x + o(x) and the curvature
estimate (1.2) holds. Here are some other properties that hold:

(1) The area of the region d < Bas B — 0 is

72+7771Br+1 + O(Br+2).

If we let £(dp) be the length of the curve given by setting § = Jy then the constant 27 here
can be interpreted as the ratio £(dg) /0, when dp = 1.

(2) Clairaut integral: Let ¢:(v) be a geodesic segment in T'W and ¢, be the angle between
the vector ¢;(v) and the tangent to the foliation given by 7 = const. Then ¢:(v) —
x(¢¢(v))" sin ¢y is a constant function.

A Weil-Petersson type metric on S satisfies analogues of the above properties in neighbourhoods
of the cusps. As stated before, we will focus on a single cusp neighbourhood and drop the subscript
from the notation for the cusp, we will regard the neighbourhood as defined by § < Jy, where J is
the distance to the cusp. For 0 < B < ¢y, let D*(B) be given by § < B. Then, the volume of the
region ID*(B) satisfies [3, Section 3.1]

g( (50 ) Br+1
(r+1)é;
which is an exact analogue for the area term for a surface of revolution.

To get an analogue of the Clairaut integral, we need a cuspidal angular function that is the
analogue of sin 6 above. Let | : T'S — T'S be the almost complex structure compatible with the
metric. For a point p in the cusp neighbourhood, let V € T;S be V4. By [3, Corollary 2.2], || V|| = 1.
For a vector v € T} S, leta(v) = (v, V) and b(v) = (v,]V). The functions a and b are the analogues

of the functions cos ¢ and sin ¢ that appears in the Clairaut integral. We first reproduce from [3]
properties of the various quantities that we will need in our analysis.

(3.2) vol(D*(B)) = +O(B)

Lemma 3.3. [3, Lemma 3.3] For every v € T'(ID*(69)) such that a(v) ¢ {1,—1}, the function t —
5(¢e(v)) is strictly convex.

In particular, the convexity implies

Corollary 3.4. [3, Corollary 3.4] Every unit speed geodesic that enters the neighbourhood ID*(B) leaves it
in time < 2B.

Quasi-Clairaut Relations: We now state the quasi-Clairaut relations satisfied by the metric.

Proposition 3.5. [3, Proposition 3.2] If dy is small enough then there exists a constant M = 1+ O(dy)
such that for every geodesic segment ¢(v) : [0, T| — T'ID*(6p) and all s,t € [0, T]

%5(@(0))%(@(0)) < 0(¢s(0))"b(¢s(0)) < MS(¢:()) b(¢1(0))-

4. EXCURSIONS

4.1. Initial positions for excursions. Let §p > 0 and 0 < d < §y be small enough constants such
that the collar C given by 6 € (éy — d,dp + d) is contained in the cusp neighbourhood. Given a
parameter R, we set

Xg = {v € T'S such that §(v) € C and b(v) < 11{} .
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It follows that vol(Xgr) < 1/R.
Proposition 4.2. We can fix 6y > 0 to be small enough such that for any v € Xg,

2
5(r(v)) < R/
for some time 0 < t < a where a = a(r) depends only on r.

Proof. By the quasi-Clairaut relations,

(¢ (v))"b(¢r(v)) < Md(0)"b().
Note that 6(¢¢(v)) is minimised when b(¢:(v)) is maximised and is roughly 1. As the cusp is
asymptotically a surface of revolution, we may assume that dyp < 1 and it is small enough so that
e the maximum of b(¢;(v)) is at least 1/2,
o (6p+d) <25, and
e the constant M in the quasi-Clairaut relation satisfies M < 22
We then conclude that at the instant f; when this maximum is achieved
4Mo;, - 2
R R’
By Corollary 3.4, we have t; < 24y finishing the proof of the proposition.

5(¢1(0))" < 2M0(0)'b(0) <

O

4.3. Smooth approximations of characteristic functions. Let p be a smooth non-negative bump
function that is 1 on 6y —d/2 < 6 < &9 + d/2 and supported on §y —d < 6 < Jp + d such that
lpllcr < 10/d. Similarly, let gr be a smooth non-negative bump function that is equal to 1 on
b(v) < 1/2R and supported on b(v) < 1/R such that ||gr||c1 < 3R. The non-negative function

fr(©) = p(8(v)) gr(b(v))
is a smooth approximation of the characteristic function of Xg. Note that

(1) frissupported on X and
(2) there exists a constant i = h(r) > 1 depending only on r such that

P <R [ frdp <
S

and
I frlle < HRC.

4.4. Deep excursions of typical geodesics. At this point, we are ready to use the effective ergodic
theorem to show that typical geodesics perform deep cusp excursions:

Theorem 4.5. For p-almost every v € T'S, any x > 0 and for all T sufficiently large (depending on v and
r>2),

5(gi(0) ST 7
for some time 0 <t < T.

Proof. Fix % <a<1lm=20>0.Letl > 0be a parameter to be chosen later and consider the
functionn : R — N, n(T) = TE for Ty < T < Tiyq (where T; 1= j2¢/(22=1),

The effective ergodic theorem (cf. Theorem 2.5) applied to the functions fr introduced in the
previous subsection says that, for p-almost every v € X and all T sufficiently large (depending on

vandr > 2),
T

1 [}
[ Fury (@0t > STl fugr o =27 e o
0
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On the other hand, by construction,

1 9
| fury I = — and || funyllo < TS
hT;
for a constant h = h(r) > 1and forall Ty < T < Tjy1.
It follows that, for yu-almost every v € X and all T sufficiently large,

/ Fury(@r0) d —Tl ¢ opTeHeE,

If1—-¢>a+06ie,
1—uw > E
1+60 7
the right-hand side of this inequality is strictly positive for all T is sufficiently large. Since the

function f,(r) is supported on XTg, we deduce that if =% 179 > ¢ then, for y-almost every v € X and

all T sufficiently large, ¢4, (v) € XT,; (where Ty < T < Tyyq) forsome 0 < to < T.

By plugging this information into Proposition 4.2, we conclude that, if +g > ¢ then, for u-
almost every v € X and all T sufficiently large,

2 4
(¢t( )) Tg/r < Tg/r

for some time 0 < t; < T + a (where a = a(r) is a constant).
This proves the desired theorem indeed, we can take the parameter ¢ arbitrarily close to 1/2 in
the previous paragraph because 1 179 — 1/2asa—1/2and 6 — 0.
O

4.6. Very deep excursions are atypical. We will now show by an elementary application of the
Borel-Cantelli lemma that a typical geodesic doesn’t perform very deep excursions:

Theorem 4.7. For p-almost every v € T'S, any x > 0 and for all T sufficiently large (depending on v and
r>2),

5(¢p(v)) > T~ "
forall times 0 <t < T.

Proof. Let & > 0 and B > 0 be parameters to be chosen later, and denote Ty = kP.
By the convexity of the distance J to the cusp i.e., by Lemma 3.3, we see that if 6(w) = T, ¢, then
8(¢s(w)) € [(1/2)T; ¢, 2T, ¢] forall |s| ~ T °.
(k)

Therefore, if we divide [0, Ty| into ~ Tk1 *¢ intervals I ; (k) )

= [aj b | of sizes ~ T,;g, then
{v 13t € 1Y with 5(gu(v)) = T,;C}

C {v : 5(¢al<_k>(v)) € [;Tkﬁlszé] }
By (3.2)

#(D"(2/R) \ D*(1/2R)) = O (Rl) :

Since the Liouville measure y is ¢;-invariant we deduce that

1 . (k) . — _g J— 1
u <{v €T'S: 3t I with6(¢(v)) =T, }) =0 (Tkg(r.u))
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for all j. Because we need ~ Tkl *+¢ indices j to cover the time interval [0, Ty], we obtain that

u({oeT's:3te [0, witho(gy(v) = T, °})

(4.8)
~0 ().
Tk

We want to study the set
Ay = {v € T'S: 3t € [0, Te] with 6(¢x(0)) < Tk_g}.

We divide Ay into By := Ay N{v € T'S : 6(v) < 2Tk_§} and C; := Ay \ Bx. Because we have
u(By) < u({v € T'S : x(v) < 2T,:§}) = O(l/Tf(Hl)), we just need to compute y(Cy). To compute
this we observe that

Ce C {v L3t € [0, Ty] with 6(¢y(v)) = T,;C}

and, a fortiori, u(Cy) = O(1/ Tkgr_l) thanks to (4.8). In particular,

i’ ({v € T'S: 3t € [0, Te] with 6(¢y(0)) < T,;é}) = u(Ap)

1
0 ——].
(TE”)

Note that the series ) 1/Tk‘§r71 = Y 1/kPE=1 js summable when B(ér—1) > 1, i.e,, when
k=1 k=1

&> a1+ %) In this context, Borel-Cantelli lemma implies that, for p-almost every v € T'S, we
have §(¢:(v)) > T, forall t € [0, Ty] and all Ty = kP sufficiently large (depending on v). Since
T’%l — 1 as k — oo, we conclude that if

1 1
21+ =
£> L1+ 3)
then for p-almost every v € T'S, the distance to the cusp satisfies 6(¢;(v)) > T~ forall t € [0, T]
and all T sufficiently large (depending on v).
This ends the proof of the theorem: in fact, by letting B — oo, we can take ¢ > 1/r arbitrarily
close to 1/ in the previous paragraph.
O

Remark 4.9. The upper bound for very deep cusp excursions in this theorem does not need the effective
ergodic theorem and/or speed of mixing. In particular, we will see in Section 6 an extension of this result
to the case of Weil-Petersson geodesic flows in non-exceptional moduli spaces (whose precise rates of mixing
are currently unknown,).

5. WINDING NUMBERS AND HYPERBOLIC DISTANCES

In this section, we give estimates for the statistics of winding numbers around cusps and hyper-
bolic distances along random Weil-Petersson type geodesics.

5.1. Winding number during an excursion. We will first describe how to calculate the winding
number in an excursion. Let ¢;(v) be a Weil-Petersson type geodesic with an excursion in a cusp
neighbourhood. Suppose that during the excursion the distance to the cusp satisfies d(¢:(v)) >
1/D with 6min = 1/D.
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By the quasi-Clairaut relations,

1
2 0min < 0(¢(v))"b(¢1(0)) < Mbnin
which is equivalent to 1/ MD" < §(¢¢(v))"b(¢e(v)) < M/D".
For 0 < B < &, recall that D*(B) is the cusp neighbourhood given by 6 < B. Let S}(B) =
dD*(B) i.e., it is the level set § = B. In what follows, we write x < y if there exists a constant

C(r) > 1 that depends only on r such that C(r) "'x < y < C(r)x. So for instance, the quasi-Clairaut

relations will be written as
5(p(v))"b(¢t(v)) < Oppin-

Lemma 5.2. For all Bwith 0 < B < &y, the length of S'(B) satisfies
((SY(B)) < B'.
Proof. From [3, Page 260], the arc-length element along S*(B) satisfies
al = <56 - O(B’“)) db.
The lemma then follows by integrating the arc-length element.
O

Let B = 6(¢¢(v)). Recall that the cuspidal angular function b(¢(v)) = (¢:(v), JV) measures
the projection of the velocity vector to the direction JV that is tangent to the level set § = B. By
Lemma 5.2, the length ¢(S'(B)) of the level set is < B” and hence the winding number w along the
excursion is given by
(53) w= [ LICAC) N

5(¢1(v))
Remark 5.4. By [3, Lemma 3.1 (1)], we have
@)
dt
For an excursion with d,,;, = 1/ D, the quasi-Clairaut relations give b < 1/6"D’. Substituting the pair of
observations in to 5.3, we get

o[
- Drd2ra/1 — b2

For the surface of revolution of y = x", the Clairaut relations 6"b = ¢/, = 1/D" and a further change of

variable 6 — u reduces this exactly to [11, Equation (8)].

Proposition 5.5. Suppose a Weil-Petersson type geodesic ¢;(v) has an excursion in a cusp neighbourhood
With by = 1/D for some D > 0 large enough. Then the winding number w for ¢;(v) corresponding to
the excursions satisfies

(5.6) w= DL

Proof. Recall that v is the initial vector for the geodesic ¢;(v). We will formulate Equation 5.3
entirely in terms of the variable b and then give an estimate for the integral.
By [3, Lemma 3.1 (3)]
db(¢i(v))  rab
Since during the excursion b(¢;(v)) > 0 and a(¢:(v)) < 0, we can substitute a = —v/1 — b? to get

db(¢pe(v))  rbv1—1b?
P = —0(bV1—-12).
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Equation (5.3) then becomes

”’Xb(v/) (§> (rbm_joa)m>) ab.

By using the quasi-Clairaut relations, we get
(bDr)(r—l)/r

w =< db
i) rv1—0b2—D-1O0(b~Vry/1—1b?)
(%

1
_prl / b db.
/T2 - D-10(V1 - B2

b(v)
Rearranging the integral on the right as

1
b

/ N7 - DO / <rb1/r—L1>—1o(1)> <\/1b—*b2> o

b(v) b(v)

it remains to show that the integral is bounded above and below independent of D.

To simplify notation, we set ¢ = b(v). By the quasi-Clairaut relations, c < 1/D’"J]. Let ] be the
positive integer that satisfies 2/ < 1 < c2/*1. We cover the interval [c, 1] dyadically by intervals If
forj=0,1,---,] —1whereforj <] —2

Ij = [c2/,c2/t!]

and Ij_1 = [c2/71,1]. We will split our integral over these sub-intervals I; and estimate each
individually.
Note that 1/4 < ¢2/~! < 1/2. We can then conclude that on the interval I -1
1 1 1

< < .
r/2—D-10(1) ~ rb¥/r—D-10(1) " r/4—D"10(1)

For D sufficiently large, the left hand side is bounded below by 2/r and the right hand side is
bounded above by 8/r. As a consequence,

1
2 b 1 b 8 b
z db < db < = ———db.
r / V1 =12 / <rb1/’—DlO(1)> <\/1_b2> r ]/1 N
c2/~

c2/-1 c2/-1

The anti-derivative of b/+v/1—b? is —v1—b?. So by direct integration, the left hand side is
(2/7r)V/1 — ¢2/=1 which is bounded below by (2/7)+/1 — 1/2. Similarly, by direct integration, the
right hand side is (8/r)v/1 — c2/~! which is bounded above by (8/7)1/1 —1/4. In summary, the
integral in question restricted to Ij_; is bounded.

We now estimate the integral

c2i+1

4= | Gar—pom) (vics)

c2i

restricted to the dyadic interval [c2], c2/ 1] for j < J —2. On the interval [c2/, c2/t1], we have

1 1 1
. < < .
rcl/r20+0)/r — 5ocl/rO(1) ~ rbV/T — D710(1) T rcl/r20/7 — §pct/7O(1)
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Thus if we let

c2j+1 b
B; = / ———db
! ) V1=

C.

then
1 1

<rcl/r2(]‘+1)/r _ 50C1/ro(1)> B] = AJ = <rcl/r2]/r — (50C1/TO(1)> B]

Equivalently

1
Aj = <rc1/’27'/r - 50c1/rO(1)) By
By direct integration

B, = V112

c2j+1

= V1 — 222 — \/1— 222742 < (c2)%

c2
Thus
Aj < (c2))®r=1/r,

In conclusion, we get the estimate
wx DY A; =< D (c2))@V/r < DlO(1).

This concludes the proof of the proposition.
O

5.7. Total winding along random geodesics. Combining the estimate in Proposition 5.5 for the
winding number during an excursion with the effective ergodic theory, we now estimate the total
winding along random Weil-Petersson type geodesic.

5.7.1. The winding function: As before let p be a smooth non-negative bump function that is 1 on
do—d/2 <8< b +d/2and supported on Jy —d < & < Jp + d such that ||p||c1 < 10/d. Recall the
cuspidal angular function a(v) = (v, V). Let V be the set of v be such that 6y —d < §(v) < d +d
and —1 < a(v) < 0. In other words, V consists of unit tangent vectors which under geodesic
flow immediately head for an excursion deeper into the cusp neighbourhood. Let w be the smooth
function supported on V defined by

w(v) = p(v) - (winding number during the excursion defined by the geodesic ¢;(v)).

For R > 1, let g be a smooth non-negative bump function that is equal to 1 on 1/R < b(v) and
supported on 1/2R < b(v) such that ||z||c1 < 3R. Let wg be the truncation of w defined by

WR = qg - W.

Lemma 5.8. There exists a constant y > 1 such that for all R > 1 large enough

1</wd<
1 SRV’Y

and
HwRHG < 17R9+(r71)/r.

Proof. 1t follows from Propositions 4.2 and 5.5 that

1 1
1 1
1/R 1/2R
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which by direct integration implies that

/SwR du = O(1).

On the other hand,

max wg(v) =< RU-D/7
veV
which is attained when b(v) =< 1/R. Noting the supports of bump functions p and § we conclude

that
(r=1)/r

R = RO+(r=1)/r

lwrllo =

finishing the proof of the lemma.
O

For a geodesic ¢;(v) and a fixed cusp neighbourhood, we define the total winding W, (T) till time
T to be the sum of all winding numbers corresponding to all excursions in the cups neighbourhood
till time T. More precisely,

T
W, (T) = /w(cpt(v))dt.
0

The main result in this section is as follows:

Theorem 5.9. There is a constant P > 1 such that for y-almost every v and for all T sufficiently large
(depending on v and r) the total winding till time T satisfies

1
ﬁT < Wy(T) < PT.

Proof. The upper bound for W, (T) directly follows from Lemma 5.8 and the ergodicity of Weil-
Petersson flow.

By Theorem 4.5, for y-almost every v, for any x > 0 and all sufficiently large T (depending on v
and r)

5(gn(0) < T

for some time 0 < ¢t < T. In particular, invoking Proposition 4.2 we can use the truncation W1 to
establish a lower bound for W, (T). The rest of the argument uses the lower bound in the effective
ergodic theorem viz. Theorem 2.5.

As required for Theorem 2.5, welet1/2 < a < land T; = 724/ (2¢=1) We consider the function

n:R — N given by n(T) = (Tj)%*’“ foreach T; < T < Tj;1. By Theorem 2.5, given m > 1 we
have that for p-almost every v

1
%THwn(T)HLl = 2T*[|wyy1)lle < Wo(T).

To establish the theorem, we need to only analyse the second term on the left. Note that

%fm')(GJr(rfl)/r)

T\, lo < T*T, =T
where
1 r—1
=040+ —— —xkrf—x(r—1).
v oc+29+ P krf —x(r — 1)
Since
U<Dé+19+r_1
2 2r
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it suffices to prove that we can choose « and 6 so that the right hand side above is less than 1. First,
note that by making & — 0 we can make the contribution of the second term as small as we want.
In particular, we choose 6 small enough such that

1 o+ r—1 < 1
2 2r 2
In particular, this means that as « — (1/2), we can achieve
1

T~

x+ 19 +—
2 2r

This concludes the proof of the theorem.
O

5.10. Hyperbolic distance along random Weil-Petersson geodesics: The previous discussion about
winding numbers can be easily adapted to give the order of magnitude of the hyperbolic distance
travelled by a random Weil-Petersson geodesic in exceptional moduli spaces. Recall that for the
Weil-Petersson metric on exceptional moduli spaces r = 3.

More concretely, let ¢;(v), 0 < t < tmin, be a unit-speed Weil-Petersson geodesic reaching its
closest position to the cusp at time tyin. Denote by dmin the Weil-Petersson distance between
¢t (v) and the cusp.

Consider the upper half-plane model {z € C : |[Rez| < 1/2,Imz > hy}, hp > 1, of cusp neigh-
bourhoods in exceptional moduli spaces. In this model, ¢;(v) describes a curve (x(t),y(t)) whose
tangent vector v(t) has almost unit size with respect to the metric (dx? + dy?)/y>. Therefore, the
Euclidean size of v(t) is ~ y(t)3/? and, a fortiori, the hyperbolic length of v(t) is ~ y(t)!/2. Since
y(t) ~ 6(7y(t)) "2, we get that the hyperbolic distance disty,, travelled by - (t) is

disty,,, < / e _dt

h —~ 7 . 7 SN

P do o o(¢r(v)

This expression is somewhat similar to the formula (5.3) and, in fact, one can use the arguments in
the proof of Proposition 5.5 to show that

, fmin — (ft
disty,, = /0 (@) log D
where dmin = 1/D.
By replacing Proposition 5.5 by this estimate in the arguments establishing Theorem 5.9, we
conclude that there is a constant P > 1 such that, for almost every vector v and for all T suffi-
ciently large, the Weil-Petersson geodesic segment {¢;(v) };co,7) (in an exceptional moduli space)

generated by v travels a total hyperbolic distance disty,, (T) with

1 .
ﬁT < disty,,(T) < PT.

5.10.1. Comparison with the Sullivan law: By considering the largest excursion till T in the upper
half-plane co-ordinates above, Theorems 4.5 and 4.7 imply that for some constant c; > 1 the max-

imum imaginary part y"'! (T) satisfies

for all times T large enough (depending on the Weil-Petersson geodesic).
On the other hand, for the hyperbolic metric, by considering the largest excursion till time T in
the upper half-plane co-ordinates, the maximum imaginary part nyX(T) satisfies

1
C—T1*€ < yﬁ%’fx(T) < cpT1Fe
2



CUSP EXCURSIONS OF RANDOM GEODESICS IN WEIL-PETERSSON TYPE METRICS 15

for some constant c; > 1 and for all times T large enough (depending on the hyperbolic geodesic).
These estimates can be proved by using similar techniques for the hyperbolic flow. See for example,
[7, Lemma 5.6].

Since the hyperbolic distance travelled by a random Weil-Petersson geodesic grows linearly in
T, this indicates that the largest excursions are shallower for the Weil-Petersson metric.

6. EFFECTIVE ERGODIC THEORY OF POLYNOMIALLY MIXING FLOWS AND APPLICATIONS

In this section, we derive an effective ergodic theorem for slow mixing, specifically polynomially
mixing flows. Subsequently, we will comment on the applications of the theorem.

Let g; be a flow on a space Y preserving a probability measure y. The flow g; has a polynomial
type decay of correlations if there are constants K, C > 0 such that

©1) [ fifeogedu— [ Adu [ fadu| <KA+0CUfillslf2la
Y Y Y

for all + > 0 and all real valued observables fi, f» in a Banach space B C L!(u) consisting of
all functions satisfying some regularity hypothesis. Polynomial mixing can be found in many
non-uniformly hyperbolic flows. Examples include semi-intermittency type semi-flows and many
billiards maps. See [10], [6] for details. Instead of dealing separately with decay of correlations
of the form (log T)#/TC for large T we simplify the discussion by making the constant C slightly
smaller allowing us to drop the logarithmic numerator.

Analogously to Lemma 2.2, we get

Lemma 6.2. There exists a constant Q > 0 such that any observable f € B with [, f du = 0 satisfies for
all T large enough one of the following bounds:
2

6.3) / /Tf(gtw dt | dp(y) < QT|fII3 when C > 1,
Y OT ,

(64 [ | [ femat ) duty) < QT10g TIIff when C =1,
Y OT ,

©5) J | [ flemat| dnty) < Q1> €| when € < 1.
Y 0

Proof. By the same reasoning as in the proof of Lemma 2.2, we get the bound

T

2
/(/Tf(gfx>) dV(XKKHfH%/T/(H\t—s\)Cdtds.
Y 0 0

0
The lemma follows by direct integration.

T T T T

//(1+|t—s|)—cdtds:2/ /(1+t—s)—cdtds.
0

00 s

When C # 1, the integral reduces to

T
1 - 1
0/1_C(1+t 5)

T T
T 1 1-C
sds_o/l_c(l—i—T s) ~“ds 0/1_Cds.
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When C > 1, the first of the integrals is bounded above by O(T). When C < 1, the first of the
integrals is O(T?~¢). The lemma follows in these cases. When C = 1, the integral reduces to

T

T
/log(l +t—s)
0

T T
ds:—(1+T—s)log(1—i—T—s)‘0 +(1+T—s)‘0

S

=(1+T)log(1+T)-T

which implies the lemma.

Remark 6.6. This lemma generalises Lemma 2.2.
Lemma 6.2 permits to extend the effective ergodic theorem viz. Theorem 2.5 as follows:

Theorem 6.7. In addition to the hypothesis for Theorem 2.5, if a satisfies

. (1 C
(6.8) a > min <2, 1-— 2>

then Theorem 2.5 holds: Given m > 1, a function n : R — IN such that n(T) = n(T) foreach Ty < T <
Tiy1, and a sequence { fj}jen C B of non-negative functions, we have for p-almost every y € Y that

T
]' [
Tl fumy o = 2T lla < [ fuer) (gt
0

<mT| furyll + 2T || fuer)ll 8
for all T sufficiently large (depending on y).

Proof. Given f € B,1et F = f — [, fdyu.
If C > 1 then the bound in Lemma 6.2 implies that the proof of Theorem 2.5 works without
change. If C = 1 then the estimate (2.6) gets modified to

T 2
i ({y eY: </O F(gy) dt) > Tz“ufn%}) <4QT " *1ogT.

Letting F; = fj — [, fjdu, the estimate above implies

T 2
" o 2alogk
plyyey: (/Fn(n)(gty) dt) > T furolls ¢ | < 4QT¢ **log Ty =4Q(M_f:)kza
0
and
2ulog(k+1)

Tie1 2
plqyey: (/ Fucr,) (8tY) df) > T N fury I3 <4Q(2

/ 1)kt 1)2

The series ) j- 4 liﬁi is summable for « > 1/2. The remainder of the proof is then unchanged from
Theorem 2.5.

If C < 1, then the estimate (2.6) gets modified to

2
H ({y e€Y: </OTF(gty) dt) > Tz"‘\|f||%}> < 4QT2C2



CUSP EXCURSIONS OF RANDOM GEODESICS IN WEIL-PETERSSON TYPE METRICS 17

Letting F; = fj — [, fjdy, the estimate above implies

T 2
plQUeY: (/ Fu(r)(8ty) dt) > T2 || fury 13 <AQTP 2 = 4Q*(2-C-20)/ (21
0

and

Tiet1 2
ARVARE (/ Fn(Tk)(gfy)dt) > T fur I ¢ | < 4Q(K + 1)22-Cm20/Gem),
0

The series Y5> ; i24(2~C~2%)/(2¢-1) js summable when
20(2 — C — 2a)
20 — 1
which is satisfied when 2 — C — 2a < 0 or equivalently

< -1

C
1-——.
o> 5

The rest of the proof now follows Theorem 2.5.
O

6.9. Applications. Let us now briefly indicate how the general effective ergodic theorem (cf. The-
orem 6.7) can be combined with our arguments from Sections 4 and 5 to analyse certain statistics
of random Weil-Petersson geodesics in non-exceptional moduli spaces and typical trajectories of
planar billiards.

6.9.1. Bounds for cusp excursions for the Weil-Petersson metric on non-exceptional moduli spaces: Con-
sider the Weil-Petersson geodesic flow on the unit cotangent bundle T' M, , of non-exceptional
moduli spaces M, ; 3¢ — 3+ n > 1. Recall that v € T' M, is v = (X, q) where X is a Riemann
surface and g is a quadratic differential with unit Weil-Petersson size.

The proof of Theorem 4.7 can be modified to give lower bounds on the hyperbolic systoles
sys(¢:(v)) of the Riemann surfaces associated to a Weil-Petersson geodesic ¢;(v).

More precisely, we affirm that, for almost every v € Tl./\/lg,n, for any « > 0, and for all T
sufficiently large (depending on v), the Weil-Petersson geodesic ¢;(v) generated by v satisfies

(6.10) sys(¢y(v)) > T~5°F
forall times0 <t < T.
In fact, let > 0 and B > 0 be parameters to be chosen later, and denote Ty = kP.
By [4, Lemma 4.14], if sys(w) = Tk_é, then we have é(¢s(w)) € [(1 /2)Tk_€,2Tk_C] forall |s| ~ Tk_g.

(6 50

Hence, by dividing [0, Ty into ~ T; *¢ intervals I ]-(k) =[a b | of sizes ~ T, g/ we obtain

k) . - 1 _
{v :dte I].( ) with sys(¢:(v)) = T, 5} C {v : sys(¢a§k)(v)) € [sz 5,2Tk ‘3] } :
Let u be the Weil-Petersson volume. By [4, Lemma 6.1],

u({we T' Mg, : 1/2R < sys(w) <2/R}) =0 (1> .

R4
1 )
AL
Tk

o

From the invariance of y1, we deduce that

u ({v € T' Mg, : 3t € I].(k) with sys(¢:(v)) = T,:é}>
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for all . Since ~ T,: *+¢ indices j are needed to cover the time interval [0, Ty], we conclude that

i ({v € TlMg,n : 3t € [0, T] with sys(¢¢(v)) = Tk_g}> =0 <T3§1>
k

Define Ay = {v € T' My, : 3t € [0, Ty with sys(¢(v)) < Tk_g} and divide it into By := Ay N

{v e T" My, : sys(v) < 2Tl:‘:} and Cy := Ay \ By. Since j(By) = O(l/Tf‘:) (thanks to [4, Lemma
6.1]), our task is to estimate y1(Cy). We observe that

Cr C {v : 3t € [0, Ty] with sys(¢¢(v)) = Tk_g}

and, a fortiori, u(Cy) = O(1/ Tlf é71). In particular,

1 ({v S TlMg,n : 3t € [0, T] with sys(¢:(v)) < Tk_é}) =u(Ax) =0 <T3£1§_1>
k

The series Y 1/T,§”:_l = Y 1/kPB1 is summable when (3% —1) > 1, ie, when & >
k=1 k=1
%(1 + %) Hence, the Borel-Cantelli lemma implies that, for y-almost every v € T'M ¢n, we have

sys(¢(v)) > T, ¢forall t € [0,T;] and all T = kP sufficiently large (depending on v). Because
Tl}—zl — 1 as k — oo, we conclude that if

1 1
C>30+ﬁ)
then, for y-almost every v € T' My, one has sys(¢;(v)) > T ¢ forall t € [0, T] and all T suffi-
ciently large (depending on v). By letting B — oo, we get (6.10).

On the other hand, we are currently unable to adapt the proof of Theorem 4.5 to get upper bounds
on the systoles sys(¢:(v)) of the Riemann surfaces associated to a Weil-Petersson geodesic ¢;(v).
Indeed, the proof of Theorem 4.5 relies on the effective ergodic theorem which in turn depends
on polynomial rates of mixing. At present, it is unknown whether or not Weil-Petersson flows
on non-exceptional moduli spaces have polynomial rates of mixing [2]. Nevertheless, if we assume
that the Weil-Petersson flow on T' M, , has a polynomial rate of mixing (6.1) for a certain constant
C > 0, then one can follow the steps in the proof of Theorem 4.5 to show that, for almost every
v € T' Mgy, for any « > 0, and for all T sufficiently large (depending on v), the Weil-Petersson
geodesic ¢;(v) generated by v would satisfy

(6.11) sys(¢e(v) < T
for some time 0 < t < T.

min{1,C}
-8 ¥

6.11.2. Billiard dynamics. The investigation of the precise rates of mixing for several classes of non-
uniformly hyperbolic planar billiard maps and flows is a well-developed subject with a vast lit-
erature. In particular, Chernov-Zhang [6] established almost linear rate of mixing (i.e., (6.1) with
C < 1 arbitrarily close to one) for the maps associated to many semi-dispersing and Bunimovich-
stadia billiards, Melbourne [10] obtained similar estimates for the corresponding billiard flows,
and Baladi-Demers-Liverani [1] recently proved exponential mixing for finite horizon Sinai bil-
liard flows.

Therefore, we have that a wide class of planar billiards satisfy the effective ergodic theorem in
Theorem 6.7 with C = 1.

We expect that, thanks to the nice features of the so-called homogeneity strips (see e.g. [6]), this
effective ergodic theorem can be employed to analyse almost greasing collisions along random
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billiard trajectories. Moreover, we believe that our investigation of winding numbers can be mod-

ifed to study the sizes of corner series' of random trajectories of the billiard flow associated to the
three-cusps billiard considered by Chernov-Markarian [5].
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