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Abstract

We consider the tree-reduced path of a symmetric random walk on Z. It is interesting to
ask about the number of turns 7}, in the reduced path after n steps. This question arises
from inverting the signatures of lattice paths: 7}, gives an upper bound of the number
of terms in the signature needed to reconstruct a ‘random’ lattice path with n steps. We
show that, when 7 is large, the mean and variance of 7,, in the asymptotic expansion have
the same order as n, while the lower-order terms are O (1). We also obtain limit theorems
for T,, including the large deviations principle, central limit theorem, and invariance
principle. Similar techniques apply to other finite patterns in a lattice path.
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1. Introduction

Let G be the free group with d generators ey, ..., e4. Start with the empty word at time 0.
At each time k, choose one from the 2d elements (d generators and their inverses) uniformly
randomly to multiply the current word on the right. For example, the first six choices e3, e3,
3L e, e17 !, eq will produce the reduced word erere; Ley at time 6. Every word at time n
has a unique reduced word with length at most n. It is then interesting to ask about the length
and number of turns in the reduced word.

Definition 1.1. Let w be a word at time n, and let & = g;, - - - a;, be its reduced word, where
aj is either e or e j_l. Define the number of turns of w to be

T(w) =#ayai,, ij # i1, 1< j<k—1}

There is a canonical bijection between words of length n and random walks in Z¢ with
n steps. The quantity 7' (w) counts the number of times the reduced trajectory of the walk
corresponding to w has changed its direction. In the above example, the number of turns in
the reduced word ezeze; ey is 2. If two words reduce to the same word then they necessarily
have the same number of turns.

The main goal of this paper is to calculate asymptotics for 7;,, when n is large. The question
of estimating 7}, arises from inverting the signature for lattice paths, where at most 7' + 2 terms
in the signature are needed for inversion if one knows in advance that the reduced lattice path
has T turns.
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1.1. Motivation from inversion of signature for axis paths

Besides the purely probabilistic interest of 7, one motivation for our study is from inversion
of the signatures for lattice paths, and our aim is to provide an upper bound of the number of
terms needed in the signature to reconstruct arandom lattice path with n steps for large n. We will
give some background material on the path signature in this subsection. A path y : [s, 1] — R?
is a continuous function mapping a time interval into R?. The length of the path is defined as

ly| :=sup E ly (uit1) — v i)l
P N
l

where the supremum is taken over all finite partitions of [s, 7]. If |y| < 400, we say that y has
bounded variation. Let BV (R?) denote the space of all paths of bounded variations in R?.

Definition 1.2. Let y: [s, 7] — R4 be an element in BV(RY). The signature of y, X; ;(y), is
defined as
Xei) =1+ X )+ + X000+

where
Xf,;(l/)=/ dy(u)) ®---® dy(up)
S<U|<-<up <t

is an element in (R9)®",

Let(ey, e3, ..., eq) be astandard basis of R“. Then y can be written in terms of its coordinate
decomposition as
Yy =W\ va)-

Ifw=¢; e, is a word of length n, we write
Cs,i(w) = Cs(ejy -+~ €j,) = / dyiy (uy) - -+ dyi, (un)
S<U|<--<Up<t

as the coefficient of w. As all words of length n form a basis of V", we can rewrite X7 ,(y)
as the linear combination of basis elements, i.e.

XL =Y Cuww,

|lw|=n

where the sum is taken over all words of length .
Re-parametrizing the path does not change the signature. For any paths : [0, s] — R and
B:10,t] — R4, we can form the concatenation « * B:10,s +1t] —> R9 as

au), u € [0, s],

o x Bu) = {ﬂ(u—s)+06(s)—05(0)’ uels,s+tl;

the decomposition of one path into two can be carried out in the same fashion.
For any path y : [s, ] — RY, the path ‘y run backwards’, y’l, is defined as

y ) =y +1—u), u e [s, t],

and the trajectories of y % y ~! cancel each other out.

Concatenation and ‘backwards’ of paths of bounded variation are still paths of bounded
variation. In fact, we have |« * 8| = |a| + |8], and |y ~!| = |y|. The following proposition,
first proved by Chen [1], asserts that the signature map is a homomorphism from BV (R?) to
the tensor algebra.
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Proposition 1.1. Let o, € BV(RY). Then X(a % B) = X (@) @ X(B).

The signature of a path is an important object to study as it determines paths of bounded
variation up to tree-like equivalence. More precisely, Hambly and Lyons [4] showed that if
o, B € BV(R?) then X () = X (B) if and only if o * B! is tree like, which is a continuous
analogue of a null path. This tree-like relation defines an equivalence relation on BV (RY).
Within every equivalent class, there is a unique path with minimal length, called the tree-
reduced path. A natural question then is how one can reconstruct the tree-reduced path from
the given signature. This is in general a very hard problem, but, for the case of axis paths, the
answer was provided by Lyons and Xu [6].

Definition 1.3. y: [s, 1] — R? is a (finite) axis path if its movements are parallel to the
Euclidean coordinate axes, has finitely many turns, and each straight line component has
finite length.

Any axis path has a unique reduced axis path; integer lattice paths are special cases of axis
paths. An R¢ axis path can move in d different directions (up to the sign). At time 0, it starts to
move along a direction ¢;, for some distance r; then it turns a right angle, and moves along e;,
for a distance r», and so on, and stops after finitely many turns. Thus, up to re-parametrization,
an axis path y can be represented as

y = (re;) * -+ - * (rpe;,),

where the r;s are real numbers, with the sign denoting the direction (we mean —re; = rej_l).
Using Chen’s identity (Proposition 1.1), the signature of y can be conveniently expressed
as
X(y) =exp(rie;) ® - -- @ exp(rzei, ),

which should be understood as the product of n power series in the letters {e;,, ..., €;, }.

If y is already in its reduced form then it is clear that iy # ix41, and we call the word
w = (¢, ...,e,) the shape of y. If a word w is in its reduced form, we use |w| to denote
the number of letters in w, or the length of w. We introduce the notion of square-free words to
characterize an axis path.

Definition 1.4. Letw = ¢;, - - - ¢;, be a word. We call it a square-free word if, forallk < n—1,
Ik 7 k1

In other words, a word is square free if no two consecutive letters in it are identical. The
coefficients of square-free words in the signature give a precise description of the moving

directions of the path. The following theorem, provided by Lyons and Xu [6], gives an inversion
procedure for finite axis paths with the aid of square-free words.

Theorem 1.1. For any finite axis path y: [s,t] — RY, there exists a unique square-free
word w with the property that Cs(w) # 0, and if w’ is any other square-free word with
Cs (W) # O then |w'| < |w|. Furthermore, suppose that the unique longest square-free word
isw=ej - e, and let

Wk = €iy * - 'eik—leizkeikJrl )

which has length n + 1. Then we have

y = (re;) * - - * (rpe;,),

where ry = 2Cs ;1 (wi)/ Cs.r (w).
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Thus, if an axis path has n turns then at most n 4 2 terms in the signature are needed for
inversion. For a lattice path with length L, it can have at most L — 1 turns, so we only need the
first L + 1 terms in the signature to recover it.

In practice, lattice paths in RY are often generated by drawing n letters and their inverses
uniformly randomly from an alphabet, and putting them in the order they are drawn. It is then
important to understand the behavior of the number of turns in the reduced word after a large
number of steps, as this gives an asymptotic upper bound for the number of terms needed in the
signature for inverting a random lattice path, and also the efficiency of the inversion algorithm.

1.2. Outline of the method and summary of results

Let T, be the number of turns of the reduced trajectory of a simple symmetric random walk
on Z4, as defined in Definition 1.1. Then, we can write

n
To=) Vi
i=1

where V; denotes the number of turns created at step i. Note that the V; canbe 1, 0, or —1, and
are correlated. The distribution of V; depends on the whole history in the past.

On the other hand, one can condition on the length of the reduced path L,,. Then T},|L, has
a binomial distribution. A detailed study of L, yields asymptotic behaviors of 7,,. A natural
coupling L, = S,, + D, simplifies the study of L,, where S, is a sum of n independent and
identically distributed (i.i.d.) random variables and D, is dominated by a geometric random
variable.

The main results in this paper are as follows.

(i) Proposition 2.5.

2(d —1)? 2d* —4d + 1
ET, - ———~n—> ———
d2d — 1) d2d —1)
and
2(d — H2(5d —2)
varT, —

d2(2d — 1)?
also converges.

(i) Theorem 3.1—large deviations principle. The sequence of the laws for the random
variables {7, /n},>1 satisfies the large deviations principle with rate function

I(x) = sup[@x —logh(0)],
0

where
1 2 — 1 V2 —T1-1
2@ -+ —C 4|, ozl0g X
w12 1+2(d — 1) 2d—1)
V2d =1 b g V11
5 < 10§ ——8@8@8 .
d £ 2@ -

(iii) Theorem 4.4—invariance principle. For each n, define a C°([0, 1])-valued random
variable {Wt("): t € [0, 1]} by

1 [ 2(d — 1)
m

()
w = -
! oJ/n dQ2d — 1)

tnj| fort € [n]/n,
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and linearly interpolated for other values of #. Then the sequence converges in law to the
standard one-dimensional Brownian motion on [0, 1] as n — oo.

As a generalization, analogous results hold for the number of occurrences of any finite collection
of finite length pattern # = {P; = (e¢;;, ..., ¢ )} in a lattice path: the key is to establish a
central limit theorem for the number of occurrences of elements in & conditioned on the
length of the path L;, which is essentially an i.i.d. sum of m-dependent random variables
(see [7]), where m is bounded above by max; k;. The number of turns 7; corresponds to
P = {Pij = (ei,ej): i # j}. For the sake of clarity, we will focus only on the number of
turns.

The paper is organized as follows. In Section 2 we show that the lower-order terms in the
mean and variance of L, are O(1); we then obtain similar results for 7,,. A key ingredient in
the derivation is to prove that cov(S,, Dy) is O(1). We compare it with cov(S,,+1, Dn+1), and
show that their difference decays exponentially with n, thus proving convergence.

Section 3 is devoted to the proof of the large deviations principle for {7}, /n}. We derive the
rate function, and, thus, prove the principle, by comparison of the Laplace transform of L,, with
that of S,,. It turns out that the rate function deviates from the normal one as predicted by S,
on the lower side of the real line.

In Section 4 we prove the central limit theorem and invariance principle for 7},. This result
shows that, although the components of 7}, are correlated, the increments are still asymptotically
independent under proper scaling.

2. Lower-order terms in the mean and variance

Let L,, denote the length of the reduced path after n steps. Then, 7,|L, has a binomial
distribution with parameters (L, — 1, (2d —2)/(2d — 1)). Let X; be a sequence of i.i.d. random
variables with P(X; = 1) = (2d — 1)/2d and P(X; = —1) = 1/2d. Let Ly = 0. Then L, can
be defined inductively as

Liyv=L;+X;+1, L;i>0; Liy1=1, L;=0.

We want to compare L, — S, where S, = Z?:l X;. Itiswell known that L,,/n — (d —1)/d
almost surely. We compute a finer estimate to show that EL,, —n(d — 1)/d = O(1).

Since L; — S; does not change when L is away from 0, a difference only occurs when L
hits 0. Let R, denote the number of times that L, hits O after the first step up to time n. Since
P(L ever comes back to 0) = 1/(2d — 1), R, converges to a geometric distributed random

variable R, with
2d-2( 1 !
P(R =k) =
2d — 1\ 2d — 1

(see, e.g. [3]). Here, step O is counted as a return, because L and S can be different in the
first move. Let D, = L, — S,. Then %Dann_l has a binomial distribution with parameters
(Ry—1, 1/2d). In particular, D, < 2R,_1. So the mean of the difference is

1 2d — 1
ED, =EE(D, | R,—1) = -ER,_ T E——
n (nl n]) d n1_>2d(d_1)

Thus, we get an error term for EL,,.
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Lemma 2.1. Let L,, denote the length of the reduced word after n steps. Then

d—1 2d -1
n)= .
d 2d(d—-1)

lim <EL n—

n—oo

Now we compute the lower-order terms in varL,. Since varL, = varS, + 2cov(S,, D,) +
var D,,, it suffices to show that cov(S,, D,,) = O(1). We show it in the following lemma.

Lemma 2.2. Under the above coupling L,, = Sy, + D,, we have

lim (ES,D, — ES,ED,) = —u(d),
n—oo

where 0 < u(d) < 2d*Q2d — 1)(d* +2d — 1)/(d — 1)°.

Proof. Let U, = (S, — n(d — 1)/d)D,,. We will show that EU,+, — EU, decays
exponentially fast. Note that we have

d—1
Tt 1)>(Dn + 1= Xnt1)

d—1
d

Uny1 = 1{1,=0) <Sn + Xpt1 —

+ 1{L,,>O} <Sn + Xny1 — (n + 1)) D,

d—1

d—1
=U, + (Xn+l - T)Dn + 1z, =0y (1 — Xn+l)(Sn+l -

d

(n + 1)).

Since X,,41 is independent of D, and —n < §,, < 0 when conditioned on L, = 0, taking the
expectation of both sides yields

—4(n + DP(L, = 0) < EU,4, — EU, <O0. 2.1)

Also, P(L2,+1 =0) =0, and

" I\ a1\ % 2d—1 (2d—1\"
P(Ly, = P <y 22 — < .
(Lap =0) < <S2n50>_1§ (m) ( - ) _2(d_1)< = )

We can then deduce from (2.1) that EU,, is decreasing and bounded from below, and, thus, that
it has a finite limit. Adding up all (EU,, — EU,_) gives EU,, — —u(d), where 0 < u(d) <
2d%*(2d — 1)(d* +2d — 1)/(d — 1)°.

Remark 2.1. The negative correlation agrees with probabilistic intuition: when S, is small,
the process L, tends to visit 0 more times, and, thus, D,, is likely to be large.

Proposition 2.1. Let u(d) be a constant as in the previous lemma. Then

. 2d — 1
lim (varL,, — —n) = B(d),

n— 00 d?

where B(d) = —2u(d) + (2d — 1)(4d?> — 6d + 3)/4d*(d — 1)*.
Proof. Since

(2d — 1)(4d? — 6d + 3)

varD,, = Evar(D, | R,—1) + varE(D,, | R,—1) — 22 1) ,
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we have

2
varL, — Tn = 2cov(S,, Dy) + varD,, — B(d),

where B(d) = —2u(d) + 2d — 1)(4d* — 6d + 3)/4d*(d — 1)*. This completes the proof.
Combining the above estimates for L,, we then have similar estimates for 7},:

2d —2 2d —2

Ly— —,
2d — 1 2d — 1
varT, = Evar(T,, | L,) + varE(T,, | L)

2(d — 1 4d —1)? 2(d — 1

= ( )IELn+ ( )Varn—¥.
(2d —1)?2 2d — 1) 2d — 1)2

This gives the following proposition.

ET, = EE(T, | Ln) =

Proposition 2.2. Let (d) be the error term in varL,, as above. Then

2(d — 1)? 2d%* —4d + 1
<]ET,,— @1 >=_—+

lim =,
n00 d2d — 1) d2d — 1)
and
: 2(d — 1)*(5d —2) 4(d — 1)? 2d% —4d + 1
1 T, — - d) — .
n‘l‘éo(var " T 2Qd - 1)? ”) 2d— 12" D" ea— 1y

3. Large deviations
The goal of this section is to prove the following large deviations theorem for 7,,/n.

Theorem 3.1. The sequence of the laws for the random variables {T, /n},>1 satisfies the large
deviations principle with rate function

I(x) = sup[@x — log h(9)],
6

where
1 2d — 1 V2 =T1-1
— 2@ -+ —2 |, gz log
P EX 1+ 2(d— 1)e? 2d—1)
V2 =1 R e
- < -
d £ W -

We postpone the proof of this theorem to the end of the section. In light of the Gartner-Ellis
theorem (see [2, Section 2.3]), it suffices to show that

lim (Ee’T)!/" = n(6)

n——+00

for every 6 € R, with the limit % essentially smooth.
Note that 7;,| L, has a binomial distribution with parameter ((2d —2)/(2d — 1), L, — 1) for
L,>1,and 7,, =0if L, = 0, so we have

Ee’T = P(L, = 0) + P(L, > 0)Ew(®) 1,
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where
2d -2 , 1

0) = .
w® =571 t o1

The first term is bounded by

VT

P(Ly =0) < ) P(Sy = —k) < c( y

k=0

and we need to estimate Ew (6)L» for large n.
In the context below, we regard w to be a positive real number independent of 6, and study
the asymptotics of (Ew’")!/" as n — +oo0.

Proposition 3.1. If w > 1 then we have

lim (EwlH)!/" = 2d — lw + il
n—+o00 2d 2d w

Proof. We compare the difference between Ewl»+! and Ewl»:

Ewnt! = Ely,—o) wr+ + El1, -0 whnt!
= wP(L, = 0) + E 1,0 wh ¥
= wP(L, = 0) + Ew*+E 1, .o wl"
= wP(L, = 0) + EwX* Ewl" — EwX+ P(L, = 0)
= <2d2—d_lw + %%)Ew“ + %(u} — %)]P’(Ln =0).
Let
2d—1

11 1 1
xn:EwL", a= 2d w—l—ﬁz, b:ﬂ(w—z), pn =P(L, =0).

Then we have the following recursive relation:
Xp = axy—1 +bpp_1.
Since x; = w, adding them up yields
xp=a"'w+b@ Ppr+a" prt - +appa+ pu-i).

For w > 1, we have b > 0. In this case, since "1 < Xp < na" ! from the expression above,

we obtain
. 2d — 1 11

1/n
2 " 2w

=a

lim (x,) ,
n—oo
thus proving the proposition.

The situation for w € (0, 1) is more involved. We prove it based on comparison with
(EwS)1/7 Note that S, is a sum of i.i.d. random variables, so, by Cramer’s theorem, it
satisfies the large deviations principle with rate function

2d — 1
J(x) = sup|:6’x — log( e + —e_g)].
0
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Lemma 3.1. For any w > 0, the equation
2d — 1 11
a . —J(a) — -
we 2 " 2dw
has a unique solution at o* = ((2d — Dw? — 1)/((2d — D)w? + 1). Furthermore, a«* is the
global maximizer for

3.1

fu(@) = w¥e /@,

Proof. We first obtain an expression for J in terms of « only. It is clear that J(«) = +o0
for |a| > 1. For a € [—1, 1], the maximizer 6* is

1 4+«
0* (o) = |: ng—lode—l):I ae[—1,1],

passing to the limit 200 for « = %1. Substituting into J, we have
1 4o V2d -1 \/1+o¢ \/1—0{
J —a|log —— —1 2d — 1 — -1
(@ = “[ 08 1, ~ loel )i 2d °g< —« V1ita

fora € [—1,1]. Differentiating with respect to «, we obtain

1 l+a

J (@) = log o log(2d — 1) (3.2)
for @ € (—1, 1). Note that

d

fl(@) = d—(w“e*“")) =w% ' Dlogw — J'(@)),

(04

and, since J is convex, f,, has the global maximizer o* satisfying
J' (a@*) =logw.

By (3.2), solving the above first-order condition yields

. @d—Dw?—1
T Q2d—-Dw2+1’
and, thus, g 1 -
*\ _
fol@) == vt 3w

Since a* is the global maximizer of f,,, we conclude that (3.1) has a unique solution at o*.

Proposition 3.2. Let o* = o*(w) = (2d — DHw? — 1)/((2d — Dw? + 1) as above. Then

lim lim (Ew® 1 pro2dl, LD
lim  Jim B Lis, e —easve)' " = = w5

This proposition shows that the major contribution to Ew®»

near o*n.

is from the S,s with values

Lemma 3.2. (a) Let « > 0. Forall ¢ € (0, ) and all small enough § > 0, there exists
N = N(a, ¢, §) such that

IP(Ln — S, <én ﬂ)

l+a—c¢

S
—"e(a—e,a—i—e))zl—n(
n

foralln > N.
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(b) For all ¢ > 0 and all small enough § > 0, there exists N = N (g, §) such that

1—¢ sn/4
P(Ln§8n|Sn§—sn)zl—n< )
l+e¢

foralln > N.

Proof. We first prove part (a). Observe that D, = L, — S, = 2| ming<x<, Sx|. We first
consider the quantity P(ming<x<, Sx > —dn | S, = an), where, without loss of generality, we
have assumed that (1 4+ «)n/2 is an integer, and have replaced §/2 by §. Once conditioned on
the e\{ent {S, = an}, all. possible paths contain ((] Jﬂf) n /2) positiv.e.movemer.lts and ((17;’) n /.2)
negative movements. Since all these paths have the same (conditional) weight, the quantity
P(ming<k<p, Sx = —dn | S, = an) is independent of d. Thus, we may assume that d = 1,
where all paths are the trajectories of the (conditional) simple symmetric random walk. That
is,

IP’( min S; < —én ‘ Sy :an) :IE”( min Sk < —én ‘ S’n :an),
0<k=<n 0<k=<n
where S, is a one-dimensional simple symmetric random walk. By the reflection principle we
have _ _ _
IP’( min § < —dn, S, = an) =P, = —[(a +26)|n).

0<k<n

Using Stirling’s approximation, we estimate the ratio

P(S, = —|(a + 28)n) | _( n )/( n )
P(S, = an) U —a—28n/2)/ \d+a)n/2

(l—a ) (1+a >/|:<1—ot—28 ) (1+a+25 )}
= n|! n|! —n )| ————n !
2 2 2 2
~ [ (I—)' (1 o)t }”/2

(

1 — o —28)1-0=25(] 4 o 4 28) 1+ +28
— els@—g@+25)ln/2,

where g(x) = (1 — x)log(1 — x) 4+ (1 + x) log(1 4 x). It is straightforward to check that
1+x
1—x

for x € (0, 1), and, thus, for small enough § > 0, we have

>0

g'(x) =log

]P’( min S < —dn

0<k<n

S
—"e(oz—s,a+a)>
n

. S S,
= Z ]P’<min Sk<—8n,—"e(a—s,a+£)>/P<—"e(a—s,a+£)>
1<k<n n n

pe(a—e,a+e)

[P(gn =—(B+ 25)n)]

<n  sup _

Be(a—e,a+e) ]P’(Sn — ,31’1)

<n sup el8(B)—8(B+28)In/2
Be(a—e,a+e)

l—a+e sn/2
<n|l —— s
- l4+a—c¢
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and, consequently,

| — a4 e\2
1+a—e> '

S,
P(min Sy > —én —ne(a—s,oc—l-s)) 21—11(
0<k<n n

As L, — S, = 2| ming<x<n Sk|, replacing 8 by §/2 gives (a).
The proof of part (b) is similar, and is thus omitted.

Proposition 3.3. For w € (0, 1), the limit (Ew™)'/" exists as n — 400, and we have

2d — 1 N 11 6( 1 1)
w T w R — k]
2d 2d w V2d — 1
lim (Ew)!/" =
n—+o00 V2d —1 . (o 1 ]
_— w , —|.
d V2d — 1

Proof. We first consider the case in which w € (1/4/2d — 1, 1) and o™ = ((2d — DHw? —
1)/((2d — w? + 1) > 0. In this case, we have

(Ewrml/m > [E(w“ 11,5, <sn)

S 1/n
X P(—" e(@* —e o+ 5))]

n

S,
alays (a*—s,oc*—i—e))
n

; S 1/n
> w¢ +8+5[P’<—" e(@* —e o+ s))
n

Ry 1/n
2e (a*—s,(x*+8)> .

><]P’<L,, -8, <én
n

Taking n — 400 on both sides yields

. . * _ *
lim inf (Ewlm) /" > @@ te+de=J (@ +e),
n——+00

Since ¢ and § are arbitrary, we have

* * 2d — 1 11
lim inf (Bwn)!/" > ¥ e~/ @) = WA — .
n——+00 2d 2d w
On the other hand, Ewt» < EwS forall w < 1, so
2d — 1 11
li Ewfnl/m < ——— w4 ——.
fim sup(Ew™) " < =Y 2w
Thus, we conclude that
2d — 1 11
li Ewinl/n = 22~ —
o Ew) 2 " 2w

forw € (&/2d — 1/d, 1).
We now consider the case in which w € (0, 1/4/2d — 1) and o™ < 0. In this case, we have

EwE)V/" > Bl 1, <sny | Su < —en)P(S, < —en)]V/"

> w’P(L, <6n | S, < —en)/"P(S, < —en)'/".

https://doi.org/10.1239/jap/1371648957 Published online by Cambridge University Press


https://doi.org/10.1239/jap/1371648957

510 Y. JIANG AND W. XU

Again, sending n — +00, and taking ¢ and § arbitrarily small yields

i inf eyl 2 10 _ YT
n—>+oo — P
On the other hand,
2d -1
lim  tim @it = YL
wll//2d—1">+ d
By monotonicity we have
2d — 1
lim sup(Ewlryl/n < Y241
n—+o0 d
and, thus,
2d -1
lim sup(Ew’")!/" = V2d -1
n— 400 d

forall w € (0, 1/4/2d — 1).
Finally, we consider the case in which w = 1/4/2d — 1 and «* = 0. Again, by monotonicity
in w we have
lim (Ey2d —1 tryln = Y241
n——+o00 d
This completes the proof.

The following corollary is an immediate consequence of Propositions 3.1 and 3.3.

Corollary 3.1. The laws for the random variables {L,/n},>1 satisfy the large deviations
principle with rate function

I (x) = sup[fx — loghr (0)],
0

where

2=l Lo 951 Q2d — 1)
e —e Y, ——1lo -1,

2d 2d =75

hp(0) =
V2 =1 b 1o V211
B <log—«— .
d £ 2@ -

Now we are in a position to prove Theorem 3.1.
Proof of Theorem 3.1. Recall that
Ee’Tr = P(L, = 0) + P(L, > DEw(©) !,
where we have

P(L, = 0) < C(—T)

for all n. On the other hand, Propositions 3.1 and 3.3 imply that

lim (Buwlnl/n > Y241
n——4o00 - d

for all w > 0. Thus, we see that

lim (Ee!™H)V/" = lim (Ew(©):)'/" = h(o),
n——+00

n——+00

where £ is defined in the theorem. Itis also straightforward to check that / is essentially smooth.
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Thus, the Gartner-Ellis theorem implies that the laws for {7}, /n} satisfy the large deviations
principle with rate function
I(x) = sup[fx —logh(6)].
0

This completes the proof.

‘We end this section with two remarks.

Remark 3.1. As an alternative to the Gartner-Ellis theorem, one can compute the rate function
for T,,/n directly, i.e.

P(EG(a—s,a+s)>

n

T, L, L,
=ZP(7€(C(—S,O£+5) ‘ 7e(,B—S,,B+8))]P’<7e(,B—B,ﬂ—i—S)),
B

where the sum is taken over appropriate 8 € (0, 1). In each product, the first probability
is known as T,|L, and has a binomial distribution, while the second probability can be
asymptotically computed from the large deviations principle for L,. Finally, sending § — 0,
one can get the rate function for {7,,/n}.

Remark 3.2. We give a heuristic explanation why lim,, (Ew»)!/"  if it exists, is a constant for
w below the critical value. Let w = e, and consider the Laplace transform

(EwLn)l/n — (EenL")l/n.

Call the limit of the right-hand side A(n), if it exists. For w > w* = 1/4/2d — 1, the limit
exists and is equal to (2d — 1)e"/2d 4+ e~ /2d. Note that n* is a maximizer for this quantity
on [n*, +00), so we have

A’Jr(n*) =0. (3.3)

On the other hand, as a limit of the Laplace transform, A must be convex if it exists. We have

already seen that
v2d —1
d

forall n < n*, so, together with (3.3), the convexity of A forces the graph to be flat on (—oo, n*],
and is thus equal to +/2d — 1/d.

Am) <

4. Central limit theorem and the invariance principle

In this section we derive the asymptotic distribution of 7}, for large n, including the central
limit theorem and invariance principle. Under the natural coupling L,, = S, + D,,, D,, < 2R,
where R), is (almost) surely bounded by a geometric random variable R. As we will be frequently
using this property, we state it as a lemma below.

Lemmad4.1. Let L, = S,, + D,, and let R, be defined as above. Then, D, < wR, and
R = sup,, R, has a geometric distribution with

2d—2< 1 )1/"
P(R, = k) = )

2d —1\2d -1
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Theorem 4.1. Under the above assumptions, n V2L, —(d-Dn /d) converges in distribution
to N0, 2d — 1)/d?), and n='/*(T, — 2(d — 1)?>n/d(2d — 1)) converges in distribution to
N(0,2(d — D2(5d — 2)/d*(2d — 1)?).

Proof. For any x € R,

1 2d — 1
F,(x) = P(ﬁ(lm — 7n> < x>

(i) 4 <

— F(x),

where F is the distribution function for N (0, 2d — 1) /dz). The convergence in the last line
follows from the fact that D,,/</n — 0 almost surely, as R = sup,, R, is almost surely finite.
Now we compute the moment generating function for n~ V2T, —2(d — 1)*n/d2d — 1)).
For simplicity, let u = 2(d — 1)2/d(2d — 1) and p = (2d —2)/(2d — 1). Then
]Eee(Tn —un)//n — efglf‘\/;lEeeTn/\/;l
= e IUVIRE TV | L)

= e MVIE(1 — p + pel/Vryln—]

2
N _ b0 o (1
e Eexp((L,, l)log(l—i—ﬁ + o +0<n

_ et PN RV S (l)])
=e Eexp((Ln 1)[ﬁ+2n(p9 p6°)+o "

1 L,
= Eexp(%(Ln — %n) + 5921)(1 — p)7 —|—0(1)>

d—-1*5d-2) ,
~ (G )

The convergence in the last line follows from the law of large numbers and central limit theorem
for L,, and the dominated convergence. This implies that n~V2(T, —2(d — 1)*n/d2d — 1))
converges in distribution to N (0, 2(d — 1)>(5d — 2)/d*>(2d — 1)?).

Since L, behaves very much like S,,, we expect that, under proper scaling, it converges to
the standard Brownian motion.

Proposition 4.1. Ler (2, P, F) be a probability space affording the discrete-time process
{Si, i € N}. Foreachn € N, define a CY([0, 11)-valued random variable {Wt("): t el[0, 1]}

by
d—1 [ 2d —1
Wt(n) — [Ltn — p tn]/ nT

fort € [n]/n, and linearly interpolated for other values of t. Then the sequence converges in
law to the standard one-dimensional Brownian motion on [0, 1] as n — o0.

Proof. This is plain in light of Lemma 4.1, as L{;,] — S[s»] is bounded by a geometric random
variable, uniformly in 7.
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More difficult is the invariance principle for 7;,, the number of turns at time n. We prove it
in the next theorem. Let 62 = 2(d — 1)%(5d — 2)/d*(2d — 1)°.

Theorem 4.2. For each n, define a C°([0, 11)-valued random variable {W,(n) :t €[0,1]} by
1 2(d —1)?
w = T — 29 D"
o/n dQd - 1)
fort € [n]/n, and linearly interpolated for other values of t. Then the sequence converges in
law to the standard one-dimensional Brownian motion on [0, 1] as n — o0.

4.1. Proof of Theorem 4.4

Recall that, for a sequence of processes to converge to Brownian motion, it suffices to
check that their finite-dimensional joint distributions converge to that of a Brownian motion
and Prohorov tightness criterion (see Theorem 16.5 of [5]).

Lemma 4.2. Let Wl(") be defined as above. Then

o n

ey Wtin)) — (Btl ) Btzv R B[k)v

where B; is a standard one-dimensional Brownian motion starting at 0.

Proof. It suffices to show that L(W" — W™ | W™ r < s) is asymptotically N (0, f —s)
and independent of {Wr(") : r < s}. This is a generalization of the central limit theorem for 7},,
which corresponds to the case s = 0, and also suggests that, for general s, we can compare
with the case s = 0. We couple Wt(") — WS(") with two extreme cases, as considered below.

Let T(.y be the standard process of the number of turns, and define

U[m,n] = T|[m,n]v

that is, the number of turns in the segment of the walk during the time interval [m, n]. Then,
one immediately sees that
Titn) — Tisn) < Ulsn), 1tn]1s

as the former may cancel turns created before time sn.
On the other hand, we have the reversed inequality

Tin) = Tigny = U —2| _min ),
Len] Lsn] = Ylsnl, Ltn]] 1 <k<|(t—s)n] k

and it suffices to estimate the behavior of | ming<x<, Sk|. Since

L(t=5)n] M
V2d =1
“ (%)

Oggnsk(zM)g Y BSi=-m) =c( =

we see that it is bounded by a geometric random variable, and, thus,

1

on

min Sk‘ — 0 in probability.
0<k<(t—s)n

Note that Uy, ,) has the same distribution as 7;,_,,; therefore, L(W; — W' | W"(0, s))
converges to N(0,t — s), and is clearly independent of W"(0, s). By induction, we also
get the asymptotically independent increment property for the sequence W".
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Lemma 4.3. W,<") satisfies Prohorov’s tightness condition, i.e.

lim lim sup E( sup [W — WA 1) =0.

-0 n—>o0 lt—s|<h

Proof. Let T, := T, — 2(d — 1)*>n/d(2d — 1) be the centered number of turns at step n.
The idea of the proof is similar to Ottaviani’s maximal inequality for the random walk on R
(see Lemma 14.8 of [5]).

Fix e > 0. Lets € [0, 1) and & € (0, 1 — ¢). Define v := min{k € (tn, (t + h)n]: |Tx —
Tim)| > 2¢04/n}. Then

P(T (r+hyn) — Tiinj| > €04/n)
> P(z < (t + W)n, | Tjg+mn) — Tr| < eo/n)
L(+h)n] B B
= Y Pa=kP(T g4 — Tkl <co/n | =1k
k=|tn]+1
>P(c <n) min  P(Tgnn) — Tel < eov/n | T =k).
ke(tn,(t+h)n]

We want to bound P(r < n) = P(max | Ty — TLth > 2¢e04/n). First note that, when hn is
large enough, TL(t+h)n | = TLm | behaves like a Gaussian with mean 0 and variance ho?n. So,
there exists N (¢) such that, for alln > N(¢)/h, we have

2
]P)(|TL(t+h)nj — TLthl > EO'\/_) < exp< 2/1) 4.1

On the other hand, |TL(t+h)nJ — Ty < U, (t+hyn) + M|pn). According to Proposition 2.2, the
variance of the former term on the right-hand side is (¢ + #)n — k with an error uniformly
bounded in ¢, &, k, and n. The second term is dominated by a geometric random variable, and,
thus, has a finite variance. So, by Chebyshev’s inequality we have

2[(t + hn —k + C]

P T\ +hm) — Tel <eo/n |t =k) >1— .

Since k takes values between tn and (¢ + h)n, the minimum bound is achieved atk = [tn]| + 1,
S0 we obtain
2h  C
min P(T —Ti| <e t=k)>1—— — —,

ke(tn, (t+h)n] (Timm) = Til < o /n | ) 2 n
where C is independent of ¢, &, k, and n. The last inequality is valid as long as the right-hand
side is positive, which requires & to take small values and n to take large values. These values
depend on ¢ only. The last bound, together with the bound (4.1), implies that

. 2h Cc\! 2
]P’( max  |Ty — Tl > Zwﬁ) < <1 _ —) exp(—g—). (4.2)
n

ke(n, (t+hn)] g2

Since, for n > 16/¢%02, we have

- P
P( sup |Wt(izS w| > 8) < IP’( sup Tk — Tyn)l > —oﬁ),
5e(0,h ke(tn, (t+h)n) 2
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and the bound on the right-hand side of (4.2) is independent of ¢, we obtain

2h  C\7! g2
(n) (n)

sup ]P’( sup |W. s — W | >8> < (l————> exp(——)
e Sseoy T &2 n 32h

foralln > max{N(e)/h, 16/e202}. Now divide the interval (0, 1) into | 1/ % |+ 1 subintervals,
each with length at most 4. Then |t —s| < h implies that either s and ¢ are in the same subinterval
or they are in two adjacent intervals. This observation gives

2 2h c\ ! &2
IP’(V s?lgh |W; W > 8) < (h + 2) (1 2 . ) exp( 32h) 4.3)

for all n > max{N (¢), 16/252}. Since

JE( sup W — W) A 1) <4 ]P’( sup (W — W > e),

[t—s|<h [t—s|<h

the maximal inequality (4.3) quickly gives

lim lim sup]E( sup |W" — WA 1) <e,

h—0 pn—>00 |t—s|<h

which implies Prohorov’s tightness condition since ¢ is arbitrary.

Combining the above two lemmas completes the proof of the invariance principle.
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