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Large deviation results for random walks
conditioned to stay positive

Ronald A. Doney* Elinor M. Jones'

Abstract

Let X1, X5, ... denote independent, identically distributed random variables with com-
mon distribution F, and S the corresponding random walk with p := lim,— e P(Sn >
0) and 7 := inf{n > 1: S, < 0}. We assume that X is in the domain of attraction of
an a-stable law, and that P(X € [z, + A)) is regularly varying at infinity, for fixed
A > 0. Under these conditions, we find an estimate for P(S, € [z, + A)|T > n),

which holds uniformly as x/c, — oo, for a specified norming sequence c;,.

This result is of particular interest as it is related to the bivariate ladder height
process ((Tn,Hyn),n > 0), where T, is the rth strict increasing ladder time, and
H, = S, the corresponding ladder height. The bivariate renewal mass function
g(n,dx) = 322 P(T, = n,H, € dz) can then be written as g(n,dz) = P(S, €
dz|T > n)P(7 > n), and since the behaviour of P(r > n) is known for asymptotically
stable random walks, our results can be rephrased as large deviation estimates of
g(n, [,z + A)).
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Let Xi, X5,... denote independent, identically distributed random variables with
common distribution F, and S the corresponding random walk. Suppose that there
is a norming sequence ¢, and a stable random variable Y such that

% By asn— .
If Y has index o and positivity parameter p := P(Y > 0) which satisfy o € (0,1) U (1,2)
and p € (0,1) or @« = 1 or 2 and p = 1/2 we say that S is asymptotically stable and
write S € D(a, p). It can be shown that {c, : n > 1} is regularly varying with index o~!
so that for some slowly varying function I(n), ¢, = n'/®l(n).

The important recent paper by Vatutin and Wachtel [13] has established local limit
theorems for the position at time n of an asymptotically stable random walk conditioned
to stay positive, in the zones of “normal deviations” and “small deviations”. That is, they
obtained uniform estimates of P(S,, € [z,z+ A)|r > n) as n — oo, where 7 = inf{n > 1:
Sp <0} and 0 < A < oo, in the case that z = O(c,) and the case = = o(c,,) respectively.

These results are of particular interest in the study of fluctuations of random walks
since they can be rephrased in terms of the of the bivariate ladder height process
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Conditioned random walks

((T,, Hy,),n > 0). Specifically, if we introduce the bivariate renewal mass function by

g(n,dz) = ZP(TT =n, H, € dz),
r=0

where Ty, = Hy = 0, and for r > 1, T, is the rth strict increasing ladder time and
H, = St the corresponding ladder height, we have the duality relation

g(n,dz) = P(S,, € do,™ > n) = P(S, € dz|T > n)P(r > n).

Since the behaviour of P(7 > n) is known for asymptotically stable random walks we
see that the results in [13] also give uniform estimates for g(n,dz) in the case that
x = O(ep) and = o(c,,). As many questions about the asymptotic behaviour of random
walks involve controlling the dependence between the ladder times and ladder heights,
these results will find many applications, and in fact have already been exploited in [6]
to find uniform asymptotic estimates for the probability mass functions of first passage
times. It is also noteworthy that these results hold for all asymptotically stable random
walks, including the cases where Y is spectrally positive (i.e. «(1 — p) = 1) or spectrally
negative (i.e. ap =1).

The main aim of this work is to find an estimate for P(S,, € [z,z + A)|7 > n), and
hence for g(n, [z,z + A)), which holds uniformly in z as z/c¢, — oo, for ¢, as defined
above. However, since we are in the scenario where the “one large jump” principle
is applicable, we cannot hope to get a general result in the spectrally negative case,
a € (0,2) and ap = 1,: we know little about the behaviour of the righthand tail F(z) :=
P(X; > z), and the corresponding tail estimate does not seem to be known. Also, if
S € D(2,1/2) and F € RV (—a) with « > 2 it would be useful to have similar estimates,
but it is clear that we have to choose the sequence ¢, in a different way.

From now on, we will let Fa(z) := P(X; € [z, + A)) for fixed A € (0,00], so that
A = oo corresponds to F(z) := Fo(z) = P(X; > x). In what follows, we will consider
two different scenarios;

* Case A: S € D(a,p) with 0 < av < 2, ap < 1 and if &« = 1 p = 1/2. In this situation
we know that F(-) € RV (—a), 1 — F(z) = O( F(z)) and we can define the norming
sequence to be the restriction to the integers of a continuous, increasing function
c(-) € RV (a™!') which satisfies

Ili}n;o xF(c(z)) = 1.
« Case B: EX; = 0, EX? < c0,and F(-) € RV(—a) with 2 < @ < co. In this situation
we write ¢(z) := v/zlogz, so that
xll)n;o xF(c(x)) = 0.
Unconditional large deviation results are well known under these assumptions; see
[3] for general results. Special cases of this result can be found in Doney [5] when
A = oocand o < 1, and in [12, 10] when A = oo and « > 1. For lattice random walks,
local results can also be found in [4]. These results are combined in Proposition 0.1
below.

Proposition 0.1. Suppose that the assumptions of Case A or Case B hold, and addi-
tionally, in the local case (A < o0), FA(-) € RV(—(«a + 1)). Then uniformly in n > 1 such
that x /¢, — oo,

P(S, € [z, 4+ A)) ~nP(X; € [z,x + A)) as x — oo. (0.1)
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Conditioned random walks

Although this result applies when n is fixed, to get our conditional results it is clear
that we must have n — oo. In virtue of Proposition 0.1, it is then clear how P(S,, €
[z,z + A)|T > n) should behave, and our result in Theorem 0.2 confirms this.

Theorem 0.2. Suppose that the assumptions of Case A or Case B hold, and additionally,
in the local case (A < 00), Fa(:) € RV(—(a + 1)). Then uniformly in x such that z/c,, —
0,

P(S, €[z, x4+ A)) nP(X;€z,z+A))

P(S, € [z,x +A)|T >n) ~ 5 ~ , asn — oo. (0.2)

Remark 0.3. To be quite specific, (0.2) means that, given any ¢ > 0 we can find n(e)
and I'(¢) > 0 such that, whenevern > n(c) and x > I'(¢)c,,

pP(Sy € [z, x4+ A)|T > n)
nP(X; € [z,z + A))

—1| <e.

From now on we will often use the notation ~ to signify this.

Remark 0.4. The cases where A = oo, or that S is a lattice random walk, are taken
from the thesis [9], and have already found applications in part C of Theorem 1 of [6]
and Theorem 1 of [14].

1 Proofs

1.1 Preliminary lemma.

The following lemma provides a recursive relation for the quantity g(n,dz) = > ,_, P(T} =
n, Hy, € dx), which will provide the basis to prove theorem 0.2. Recall that g(n,dz) co-
incides with P(S,, € dz,7 > n). Another recursive relation,

ng(n,dy) = Z / g(m,dz)P(Sp—m €dy — 2), y>0,
z=0

can be found in [1], and plays a key role in [13]. But it turns out that the following
variant is appropriate in our context. (It should be mentioned that the Lévy process
version of this has been used in [7].)

Lemma 1.1. Forn > 1 and x > 0 we have the identity

z— n—1 .
g(n,dx) / Z x_ g(m, dw)P(Sy—m € dz —w). (1.1)

n

Proof. First we prove

zg(n,dzx) ZZ —E{H; : Tyy; =n,Hpy; € dz} (1.2)
k=1 j= 1

To see this put ¢(a, 3) = E{aT1 1}, so that

ZZ/ P(Ty = n, Hy € dz)a™B"
k=1n=1
99
1 ﬂ%’

_ 9¢ @)t =
_;ﬂaﬁkw 6) (1— (. B))%
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However, writing (Tx+;, Hi+;) 2 (Ty, Hy) + (Tj, Hj) and using the independence prop-
erty, we see that

Z/ a™p .RHSOf(1.2)_ZZj.<5]¢J 13/3>¢k_(1—¢)2'

n=1"2=0+ k=1 j=1

So (1.2) holds, and we can write the RHS of it as

o0 oo 1

ZZ - Z/ (x —w)P(T; =n—m,H; € de —w)P(Ty, =m, Hy € dw). (1.3)

h=1j=1" w

=1g= m
Now, from equation (3) of [1], with ¢, := min(m : H,, > z), we have the identity
J

P(T;=n—m,H; €dx —w) = n_mP(Sn_mEdm—w,%:j),

so (1.3) can be written as

iiZ/w x_wP(Sn—medm_waawzj)P(TkZm,Hk € dw)

; n—m
k=1j=1 m
(oo}
T—w
:ZZ/ P(Sy—m € dz —w)P(T, = m, Hy, € dw)
k=1 m w = m

T —w
= P _ —
ZLn—m (Sn—m € dz —w)g(m, dw),

m

and Lemma 1.1 follows. O

1.2 Proof of theorem 0.2.

The following lemma is required to prove Theorem 0.2.
Lemma 1.2. Under the assumptions of Theorem 0.2, in both the local case A < oo
and the global case A = oo, there is a A € (0,00) and n* < oo such that for Fa(z) :=
P(X; € [z,z+ A)),

P(S, € [z,z+A), 7 >n)
sup

= < 00. (1.4)
z>Acy, ,n>n* TLFA(I)P(T > TL)

Proof. Let T = inf{n : S, > y'}, where / = ¢,d"/? and d = d(z,n) = x/c,, so that
cn = o(y') and y = o(x), where ¢, is defined as before, and write

n

P(S, € [,z +A), T >n) :Z/ P(S, € [z,x+A), 7 >n,T =t,5 € dw)
t—1 Jwe(y ,z/2]

+Y P(Sp€[m,a+A),7>nT =15 >1/2) = Q1 + Q2.

t=1

Note that
Q1 :Z/ P(r>t,T=1,8 € dw)Py(Sp_¢ € [z,2 4+ A),S; >0,Vi=1,---n—1)
1—1 Jwe(y’,z/2]
n
< sup  Pu(Sh—t € [z, + A))/ P(r>t,T=t,5S; € dw)
t—1 wE(y' /2] we(y',z/2]

<C  sup  Py(Spi€lma+A)Y Plr>tT=t).
t<n;we(y’,z/2] t=1

ECP 17 (2012), paper 38. ecp.ejpecp.org
Page 4/11


http://dx.doi.org/10.1214/ECP.v17-2282
http://ecp.ejpecp.org/

Conditioned random walks

To see that for some constant C,
n
P(r>n)> Z (r>tT=t), (1.5)

note that

P(r >n)> exits [0,y'] before time nat y', 7 > n)

P(s
Zn: T=tT>t)P (1nfS > —y).

w< sn

However, lim,,_,o, P(inf,<, S > —y’) > 0 uniformly as d — oo, since, using Pruitt’s
inequality [11] in the case that « € (0, 2),

P(inf S, < —y') < P(max|Sy,| > y)<Cn(F(y')+ F(—y)) =0,

uniformly, for some constant C, and in the case that a > 2, an application of Chebyshev’s
inequality gives the desired result. Therefore, by applying Proposition 0.1,

Q1 < sup Py(Sn—t € [z, + A))P(T > n)
t<n;we(y’ ,x/2]
~nP(X; € [v/2,2/2 + A))P(T > n) ~ CnEa(z)P(T > n).

In addition, letting z; be a sequence such that 2o = /2 and ; = z;_1 + Afori=1,..,
and for a constant C' > 0 which may change from line to line,

QQ :ZZP(Sn S [I,I+A),T>H,T:t,5t € [IZ?IZ+A))

t=1 1

n y'
< ZZ Pir>t—1,8_1 €du)P(X; € [z;i —u,x; —u+ A))P(Sp—t € [t —x; — Az + A — x;))
. u=0

< sup P(X; € [x; —u,x; —u+ A)) ZZPT>t—1 P(Sp_t €z —x; —Ajx + A —1y))

u<y’,i

=2 sup P(X; € [x; —u,z; —u+ A)) ZPT>t—1 ZP n—t € [T — ;2 + A — 1))

<2Fa(x/2 —y) ZP(T >t—1)~ CFa(z/2 — y)nP(1 > n) ~ CFa(x)nP(1 > n)

t=1
and (1.2) follows. O

It turns out that the first part of the following proof is also valid in both the local and
global situations.

Proof. (Of Theorem 0.2) Our aim is to show

P(S, €lz,z+A),T>n) 4

Plr>n) EP(XI € [z,x + A)),

and we can rewrite the result of Lemma 1.1 as

vk — Py(Sy—m € d
P(S, € [z, +A), T >n) P(S, Edw7>m)M.
Y
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Therefore, showing that

n—1

O /erA/ y—w P(Sy, € dw,7 > m) Pw(Sn__m € dy) U o1
-m nP(T >n) INED)

m 1

as n — oo, is sufficient to show that Theorem 0.2 holds. We write Qa = Q(Al) + Q(AQ) with

/ +A/15 "l w P(S € dw, 7 > m) Py (Sy_m € dy)
: nP(r > n) yFa(x)

Firstly, for any § € (0,1), when w < ¢z note that (y — w)/y must lie in the interval
(1 —4,1), and by applying Proposition 0.1,

nP(T > n) (n—m) Fa 3

S/IJFA % P8, edw,m>m) 1  Py(Sp_m € dy) nzzl/ém P(Sy, € dw, 7 >m) Fa(z — w)
2 @) "t nPaem) Fa@)

Furthermore, note that for sufficiently large =, Fa(z — w)/Fa(x) is bounded between 1
and (1 — 0)~ "2, so that by defining I5 := )", P(7 > m, S,, < x6),

m=1

Is (1) —a-2
(1- 5)nP(T SSINOE Qp’ = (1-9)

I5
nP(T > n)Fa(x)

so we need only deal with

n—1 n—1

Is = ZP(T>m)—ZP(T>m,Sm>x5).

m=1 m=1
Recalling that 7" := inf{¢ : Sy > ¢'}, where ¢/ is defined as before, we write

P(r > m, S, > x0) :ZP(T:t,T>m,Sm > xd)

t=1

:ZP(T =t,7>m,Sy > 8,5 €[y, 20/2]) + ZP(T =t,7>m,Sym > 20,5t > x6/2).
t=1 t=1

Note that, using (1.5),

m m z8/2
ZP(T—tT>mS > dx, S € [y, 26/2]) <Z/ P(T =t,7>1t,5: € du)P(Spm—t > 0x —u)

t=1

P(T =t,7 > t)P(Sm—t > 20/2)

NE

<sup P(S,> x6/2)
r<m t

<CmF(z5/2)P(T > m),

Il
s

for some constant C, and

NE

P(T=t,St >x6/2,7 >m, Sy, > 0x)

o~
I

1

P(T=t71>t—1,5 >x§/2)

~
Il
-

F(z§/2—y ZP7‘>t*1
t=1
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It then follows easily that, for any fixed ¢
n—1 n—
P(r>m, S, <xd) P(r >m) w 1

= _— 1 -.

Z nP(t > n) ZﬁnP(T>n)+0()%p

m=1

Thus, given any € > 0 we can find . > 0, A., and n. such that

nP(r > n) (n—m) xp(x)

i / O 7' > m,Sm S dw) (93 - w) Pw(Sn—m > ‘T) c

whenever n > n. and x is sufficiently large.
To show that QA = o(1), we consider the cases A = co and A < oo separately.

(i) THE GLOBAL CASE (A = c0)
In this case we have
QO - Z / / (1 >m,Sm € dw) (y — w) Py(Sn—m € dy)
S - nP(r > n) (n—m) yF(x)
For fixed m, note that

/ /y P(T >m, Sy, € dw) (y — w) Py(Sn_m € dy)

(n—m) Y
/ / P(r >m,S,, Edw)Pw(Sn,medy)
=0z Jy>w n—m)
/ P(t >m,S,, € dw)
w=0x (n_m)

P(Sm>6x)NmF(6x)_0 (P (r > n
) o — o (F@nP@E>n),

so that we can discard the terms with m < n*, where n* features in Lemma 1.2. Next
we write

Z / / P(r >m,S,, € dw) (y = w) Pu(Sn_m € dy)
m=n =z Jy>w -

(n—m) Yy

P(Sp_m € d
Z / / P(r > m, Sy € duw)—— L1 € d2) =P + PP,
a1 Jw=6z J 220 (n—m) (w+2)

where P(s(l) has z € (0, \/acn,m), and P(S(Q) has z > V/dc,_,,. Now, using the result of
Lemma 1.2, and noting that mP(7 > m) is asymptotically increasing,

n—1
(1) ﬂcnfm \/E = Cn—m
PV < — M Z P(7 > m, Sm > d)=— ~or > mF (52)P(r > m) ==
m=n*+1 m=n*+1
<M p(r > n)F(s )Zn:im
S5 bl >n T 2
dey, ~ -
NC\(?;C nP(r > n)F(6z) = o (nP(r > n)F(dz)).
To deal with P(;(Q), we use the following lemma:
ECP 17 (2012), paper 38. ecp.ejpecp.org
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Lemma 1.3. For any random variable X, and positive constant w,

E{ :ch]ng(c)
X +w c+w
Proof.
- x> —/oo LU= F(z)) = F(c)+/mﬁ(x)de
X+w =77 ). wtx Cctw . (w + z)2
c _ e w
< F F d
“c+w (c) + (C)/c (w+x) *
CF()
c+w
as required. O

Applying this lemma to P(S(Q), and recalling that P(S,,_,, > Vdcn_m) ~ (n—m)F(Vdcp_m),

P(2)<Z/ P(r>m,Sn de)Q\fcnm (n,m>\/acn,m)
-m w+ Vden—m

N Z / Plr > m. 5, € duw)2Y Cn-mE(Vden_rm)

w+ Ve
<cf Z P(Sy, > 02)P(r > );”_*’;1 = C\;;C” P(r > n)F(z) = o(1)nP(r > n)F(z),

as required, so that when A = oo,

Qg) =0 (nP(T > n)F(z)) .

(ii) THE LOCAL CASE (A < o0)

Now with A < oo, we prove that

oA _w n—m —w =
Z/ / , P(r>m, S, edw)((n_m))P(S ;dy ):O(HP(T>H)FA($)).

Note first that

A - B Adz—w
/ (y = w)P(Snm Edy—w) _ 1 / 2P(Sp-m € d2).
Y

=xzVw Yy T z:(z—w)+

Next we see that for any fixed m and suitably large & when y > kc(n —m) and n is large
enough we have

A+y
/ 2P(Snm € d2) < (A +9)P(Snm € (y,y + A))

=Yy

<2(n —m)(A+y)Faly) « 2(n —m)yFa(y),

and hence,
z+A—kc,_ r+A
nom - P Sn—m dy —
/ P(T>m,Sm€dw)(y w) X € dy = w)
w=40x y=xVw (n - m) )
2 z+A—kcn—m .
<- P(t >m,S,, € dw)(z —w)Fa(z —w)
T Jw=éx

§2(1 S FaA((1 = 8)z)P(Sy > 6z) = o(Fa(x)) = o(Fa(z)nP(T > n)).
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Note that the Gnedenko and Stone local limit theorem implies that there exists a con-
stant C' > 0 such that

P(S, €l(w=A)"u) < —, r=1 (1.6)
Using this gives
1 z+A A+4z—w
7/ P(r>m,S, € dw)/ 2P(Sp—m € d2)
x(n - m) z+A—kcp—m z=(z—w)t
A+zx ke —m N
_m/o P(r>m,S, €x—dw)P(Sp—m € ((x —w)",A+ 2z —w)
(A+z)A

kcn—m
/ P(r>m,S,, € x—dw)
0

“xz(n —m)cp—m
(A4 2)AP(S,, € (x — kcp—m,z]) mAP(S] € (x — kcp_m, ))
x(n —m)cn—m NCp—m

NmAkcn_mFA(x) _ mAkKF A (z) = o(Fa(x)nP(T > n)).

<

NCn—m n

So we can discard the terms with m < n*, where n* features in Lemma 1.2. In addition,
if we write n = 1 — 4/2, then for all large z,

n—1 z4+A N B i
Z / / P(T > m,Sm c dw) (y w) P(Snfm c dy w)
Yy

m=n*+1 w=dx =xVw (TL - m) Yy
1 n—1 1 z+A z—w+A
<= Z / P(r>m,S, € dw)/ 2P(Sp—m € dz)
x n—m Jy=6z z=(z—w)t
m=n*-+1
[ ol 1 (1=8)z+A u
== Z / P(r>m,S, €x+A— du)/ 2P(Sp—m € dz)
e 1 n—m Ju=o z:('u—A)+
1= 1
SE m:zn*:—i-l n—m /u:() uP (T >m, Sy € &+ A —du)P(Sy—pm € [(u— A)F,u)) = J.

Showing that J is o (RP(7 > n)Fa(z)) completes the proof. We write J = J1) + J2),
such that for suitably large k,

n—1

1 1 kcn—m
JO = = Z p— / P(r>m,Sy, € x4+ A —du)uP(Sp—m € [(u— A)+,u)).
m=n*+1 - u=0

Using the bound (1.6) again gives

n—1 OA kCn—m
JM < Z —/ uP(T >m, S, € x+ A — du).

i x(n—m)cn—m Ju=o

Now let N = [kc,—n,/A], then for some constant C' > 0 which may change from line to
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line,

ken—m (r+1)A
/ uP(7'>m,Sm6m+A—du)§Z/ uP(r>m, S, € x+ A — du)
u=0 r—0 A

N

Z DAP(T >m, Sy € [x — 1A,z —rA+ A])
r=0

N
<mP(T > m) Zr—i—l YAFA(z — 1A)
r=0

~mP(T > m)Fa(x Zr—i—l

<CmP(t > m)FA(x)c% m- (1.7)
Now,
JW < ——————mP(r >m)F, 2
3 e > M,
NCTLP(T > n)Fa(z) Z Crn—m
z m>n* (TL - m)

N CnP(1 > n)Fa(x)

T

cn =0 (nP(1 > n)Fa(z))

as required. Finally, to show that J(® is also of the correct form, note that for u €
[kcn—m,nx], k sufficiently large and all m

P(Sp_m € [(u—A)",u)) <2(n —m)Fa(u — A) «~ 2(n — m)Ea(u).

Now, since uFa(u) ~ K F(u) for some constant K,

J(2)< Z/ uFa(u)P(T > m, Sy € 2+ A — du)
m>n* kcn—m

K e
~— Z / Fu)P(r > m, Sy € x+ A — du)
x k

m>n* Cn—m

and we can use a variation of the argument leading up to (1.7) to show that

nx B N nx B
/ F(u)P(tr >m, Sy, €+ A —du) < CnP(T > n)FA(J;)/ F(u)du.
kcn—m k

Cn—m

When « < 2, ¢ satisfies F(c(z)) ~ 1/z for > 1 so that

Y INEUR) T W

B “Hy/k)An
= / F(y)dy / dz
y=ke(1) 1

ke(n) _ z
=/ < Hy/k)F(y)dy + n/ F(y)dy
y=ke(1) ke(n)

~k /"1 wF (ke(w))c (w)dw + n/k F(y)dy

c(n)

=c(n) —c(1) + n/k F(y)dy. (1.8)

c(n)
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Conditioned random walks

Note that .

n — n - n —

— F(y)dy < —xzF(kep) ~ —F(cy), 1.9

L Py < Pk ~ o) (1.9
we can choose k to be as large as we want, giving the desired result. If o > 2 we have
xF(c(z)) — 0, and the same argument applies. O
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