CONVOLUTION POWERS OF UNBOUNDED MEASURES ON THE POSITIVE
HALF-LINE
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ABSTRACT. For a right-continuous nondecreasing and unbounded function V' of at most exponen-
tial growth, which vanishes on the negative half-line, we investigate the asymptotic behavior of the
Lebesgue-Stieltjes convolution powers v*() (¢) as both j and ¢ tend to infinity. We obtain a com-
prehensive asymptotic formula for V*(/) (¢), which is valid across different regimes of simultaneous
growth of j and #. Our main technical tool is an exponential change of measure, which is a standard

technique in the large deviations theory. Various applications of our result are given.

1. INTRODUCTION

Let V : R — [0,o0) be a right-continuous and nondecreasing function vanishing on (—oo,0).
The function V can be thought of as the distribution function of a measure i on the nonnegative
half-line, that is,

u([0,7]) =V (), 1=0.

Let [.L*(j ) (respectively, v*()) denote the Jjth convolution power in the Lebesgue—Stieltjes sense of
measure U (respectively, of function V'), so that

O =V 00 = [ VU eyave), 120, jz2
Let (t;) jen be a sequence of positive numbers which diverges to +oo as j — co. In this note we are
interested in the asymptotic behavior of V*{) (¢ j)as j— oo If
lim V(x) € (0,0), (1.1)

xX—>o0

then, by simple rescaling, we may assume that the limit is equal to 1 and u is a probability measure.
A basic result of probability theory, called the weak law of large numbers, then tells us that, for
every € > 0,

lim VD ((m—g)j)=0, limV*V)((m+e)j)=1, (1.2)
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where m:= [, ) xdV/(x) is assumed finite. Under the additional assumption s?:= | 0,00) x2dV (x) —
m? € (0,0), the celebrated central limit theorem provides a refinement of (T.2):

. 1 X 2
lim V*U) (mj +xs\/j :———/‘ey/%, xeR. 1.3
lim VU mjtasy/)= o | ey (13)

If 2 = oo or even m = oo, so-called ‘stable’ versions of are still available under conditions
of regular variation. This involves replacing ¢; = #;(x) = mj + xs+/j on the left-hand side with
another appropriate sequence defined by the rate at which V(¢) tends to 1. Further results on the
asymptotic behavior of V*(/)(¢;), for other classes of sequences (¢;) cx, follow from the classic
large- and moderate-deviations theory. With these at hand, the picture of asymptotic regimes of
v*() (tj) under assumption becomes is more or less complete. For this circle of questions we
refer to the book [15]].

A related problem has been addressed in the articles [[7,/11,117,/19]. These are concerned with the
asymptotic behavior of w() (tj) as j — oo. Here, W : Z — C is a function of a finite support, and
W) is the k-fold Lebesgue convolution of W with itself defined by W*(!) := W and W*(®)(r) :=
Yoez WHE=1 (1 —s)W (s) for k > 2 and ¢ € C. In this setting the connections with probability theory
vanish. One particularly interesting aspect of these works is the appearance in the asymptotic
behavior of W*U/)(¢;) of the functions H,, with [ &% H,,(x)dx = exp(—z") for z € R and even
m > 2 and = exp(iz") for z € R and odd m > 3. If the function W is nonnegative, as in our setting,
then the asymptotic shape is driven by the Gaussian density Hp, similarly to (1.3]), whereas if the
function W is complex-valued or real-valued and takes values of both signs, then H,, may arise
with any m > 2. In [5, 116, 18] the asymptotic behavior of w() (tj) as j — oo was investigated for
some particular subclasses of functions W : Z¢ — C satisfying Y czd |[W(x)| < oo. The arguments
of all the papers mentioned in this paragraph are heavily based on Fourier analysis.

Returning to our setting of real-valued nondecreasing functions V, assume now that the limit
in is equal to +oo, meaning that the measure u is infinite. As far as we know, under this
assumption, the problem of our interest has not been investigated so far, and the present paper aims
at (partly) closing this gap. Although our results differ significantly from those obtained in the
aforementioned articles, they share some similarities with the classic theory of large deviations for
probability measures, see, for instance, Theorem 1 in [1] or Theorem 1 in [14]]. A more detailed
comparison with the existing theory, in particular with results in the aforementioned references,
will be given in Section [6]

2. THE SETTING

Throughout the paper we assume that

lim V (x) = oo, @2.1)

X—$o0
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and that the sequence (f;) jey grows at least linearly. Also we shall normally write ¢ for ;. The
standing assumption in what follows is

V(s):= /[ )efsde(x) < oo for some s > 0, (2.2)
0700

which means that V(') is also finite for all s’ > 5. Depending on V the function V may be finite
forall s > 0 or s > 51 or s > 51 for some s; > 0. Denote by & the domain of V, that is,

P :={s>0:V(s) <oo}.

It is a standard fact that if V (s) is defined for s > s, then it possesses an analytic continuation to
the domain {s € C: Res > s¢}, see [22]]. Thus, the function
s+ A(s) :=logV(s) = log [ e MdV(x)
0,0)
is well-defined in a sufficiently small complex domain containing Int &, the interior of . Here
log is the principal branch of the complex logarithm.

The function A is infinitely differentiable on IntZ. In particular, —A’ is a continuous function
on Int 7. Assumption (2.1)) excludes the situation in which V(x) = a; 1, .(x) for x > 0 and some
positive a; and ap. The function A is then strictly convex on Int Z which entails that the function
—A' is strictly decreasing on Int 2. Thus, for every s € (s_,s. ), where

s_:= inf (—A'(s)) and s.:= sup (—A'(s)),

se€lnty selnt 2
the equation —A'(x) = s has a unique solution. According to Lemma in the Appendix
s =inf{x>0: V(x) > 0}.

In most applications s = oo, and the equation —A’(x) = s then has a unique solution for all
s > s_. Nevertheless, the situation where s < oo is also possible, see Example [2.7] below.
Throughout the paper we assume tha

t/j€ (s—,s4) forall large enough j € N, (2.3)
and let k(j) = x(j,¢) be uniquely defined by the equation
—A k() =1/]. 2.4

Here are some examples of a function V and the corresponding quantities A and k. Later on
some of these will be explored further.

Example 2.1. Let V(x) = bx® for x > 0 and some positive b and ¢. Then A (s) =log(bI'(a+1)) —
alogs, —A'(s) = a/s for s >0, s_ =0 and s = oo. Hence, k(j) = aj/t for j € N.

Example 2.2. Let V(x) = ax+ b for x > 0 and some positive @ and b. Then A(s) = log(b+a/s)
and —A/(s) = a/(bs® +as) for s > 0. Hence, k(j,t) = ((a> +4abj/t)'/> —a)/(2b) for j € N.

Note that V*(/) (t)=0forr <s_j.



Example 2.3. Let V(x) = (log(x+ 1))* for x > 0 and some & > 0. Then ¥ = IntZ = (0,0).
By the Karamata Tauberian theorem, see Theorem 1.7.1 in [2]], V(s) ~ log®(1/s) and A(s) ~
ologlog(1/s), as s — 0+. Moreover, by the monotone density theorem (a version of Theorem

1.7.2 in [2]]),
(04

—A(s) ~ slog(1/s)’
Hence, k(j) ~a/((t/j)log(t/j)) as j — oo and t/j — oo.

s—0+.

Example 2.4. Let dV(x) = 2_1x_1/zexp(x1/2)]l(07w) (x)dx. Then, as s — 0+, A(s) ~ 1/(4s) and
—A/(s) ~ 1/(4s%). Hence, k(j,1) ~ (j/1)"/2/2 as j — coand ¢/ j — oo

Example 2.5. Let V(x) =e®™ — 1 for x > 0 and some a > 0. Then A(s) = loga — log(s —a) and
—A'(s) =1/(s—a) for s > a. Hence, k(j,r) = a+ j/t for j € N. Interestingly, there is an explicit
formula for the convolutions of V

#(j) A A L A :
v (x):—/oy edy:m/o yleddy, 120, jeN  (25)

(=1
which follows by induction. Here is an even simpler formula
. Jjaax
(%*wmxwzﬁﬁf—,xzo,jeNm:NumL

J!
where Vp(x) = e® for x > 0.

Example 2.6. Let V(x) = e for x > 0 and some a > 0. Then A(s) = logs —log(s —a) and
—A(s) =a/(s(s—a)) for s > a. Hence, k(j,t) = (a+ (a®>+4aj/t)"/?)/2 for j € N,

Example 2.7. Let dV(x) = (x+ 1)_2_“6)“11(0700) (x)dx for some o > 0. Then Z = [1,0), V(1) =
1/(1+a)and —V'(1) = [ x(x+1)">"%dx = 1/(a(1 + @)). Thus, —A/(1) = 1/« meaning that
s+ = 1/a and k() is undefined for oz > j.

3. MAIN RESULTS

We call V arithmetic, if it is piecewise-constant with jumps at points belonging to the lat-
tice (@] + won),en for some ®; > 0 and @, > 0, and nonarithmetic, otherwise. Put a(j) :=
(JA"(k(j))"/* for j € N,

Theorem 3.1. Suppose that j — oo andt =t; — oo in such a way that (2.3) holds true.
(a) Assume that 1im .. k(j)a(j) = oo and lim ;e Y k(j)a(j) = 0 for all y > 0. Put

o EGDE - V(k())]
TOAM(() A (()V(x(G)

Suppose further that

Tj=o(a(j)), Jj—o° 3.1)
4



and, for every fixed y > 0,
V(xk(j)—iz/T;
lim sup sup ( E‘]) IZ/ )
e 2yt VI(K())

<1. (3.2)

Then

L (V(k()))) et
2m)12 k(j)a(j)
(b) Assume that lim_,. k(j) = 0 € (0,0), limje A" (k(j)) = 0% € (0,0) and that V is nonar-
ithmetic. Then

. oo, (3.3)

1 (V(k(j))) eV

Remark 3.2. Note the under the assumptions of part (b) condition (3.1)) holds automatically.

v=Ul(t) ~ Jj— oo, (3.4)

Remark 3.3. The function s — —A(s) is strictly concave on (sp,0) and therefore possesses the
Legendre transform u — A*(u) := infy~, (us + A(s)), which is finite at least for u € (s_,s). The
definition of k() in (2.4) entails

(V(k(1)e™ V) = exp{j ((1/))k(j) + A (k(j)))} = & /),
thereby leading to an alternative form of (3.3))

“(j 1 exp(jA*(1/)))
\% (])(t> ~ (275)1/2 K‘(])a(]) s

Taking into account that limj_.e ¥ k(j)a(j) = 0, for all y > 0, this yields a neat formula

j—r e

logV* U (e) ~ jA*(t/]), j— e, (3.5)
that holds true in both parts (a) and (b) of Theorem [3.1]

Denote by p(m,s?) the density of a normal random variable with mean m € R and variance s > 0
given by

1 _ (yﬂ;)z

As usual, for k € N, A %) denotes the kth derivative of A.

P(masz;)’): yeR.

Corollary 3.4. Assume that V is nonarithmetic and that t = o j +y for some fixed o« > s_ and
somey = y(j). Let r € N be fixed and 0 a unique solution to —A'(8) = & and 6* := 1" (0).
Ify(j) = 0(j(r+1)/(r+2)) as j — oo, then

(+1
1 22:1 bf) jf

(2n0%))1 12 ’

as j — oo, where by = —(26%) 7!, by = —A)(0)/(66?) and b3, by, . .. are som real constants.

j— oo, (3.6)

2The constant by is a rational function of () (0),...,Ak+1)(@). Details can be found in the proof of Corollary
5



Ify(j) ~ cjrtD/+2) gg i — oo for some ¢ > 0, then

41

. Cyr L
&0 (1(9))/e™1"T, j oo, (3.7)

" B 1
V) ~ O T
In particular, if y(j) = 0(j*/3) as j — oo, then
V(1) ~ %ee’Vj(G)p(O,sz;y), J= e
ify(j) ~ cj?/3 as j — oo for some ¢ > 0, then
V() ~ o7 lem A0/ (0))p(0,6%iy), e

Thus, in the setting of Corollary [3.4the asymptotic behavior of V*U)(r) exhibits infinitely many
phase transitions, which are indexed by r € N and depend on whether y(j) = o(j+1/("+2)) or
y(]) ~ Const'j(r—H)/(H'z)

An interesting problem is to find a sequence (;)jcn such that v*() (tj) converges to a finite

as j — oo,

positive constant. This is accomplished in the following corollary which can also be regarded as a

version of (1.3).

Corollary 3.5. Assume that there exists 0* € 9 such that A(0*) = 0*A'(0*) and V is nonarith-
metic. Fixy € R and lett =1(j,y) be a function satisfying

Y <9 e )~ i (3.8)
for some €(j) = o(1), j — oo. Then, with 62 := A"(6*),
; 1
imV@D) = —— o¥/2
}EEOV (1) (27:02)1/29*6 . (3.9)

4. APPLICATIONS

Recall our standing assumption that V (x) = 0 for x < 0.
Example 2.1| (continuation). Recall that in this example V (x) = bx* for x > 0 and some b, @ > 0,
V(s)=bI'(a+1)s~% —2/(s) = ¢ and k(j) = e j/t. Further, 1" (s) = . which implies that

2
t t
AM(k(j)=—5, a(j)=—, «(ja(j)=+0j.
(K1) = g al) =gz K(al) =V
Condition (3.1)) holds in view of
Tj = ci-t/j

for a constant ¢; > 0. Condition (3.2)) reads
sup |1 —iz| ™ * = (1+ ") %2 <1 forevery fixed y > 0
lzI>y
and also holds true. Note that no assumptions have been imposed on ¢ = ¢;. This ensures that (3.3)

holds true for any sequence () jen.
6



If ¢; ~ c- j for some ¢ > 0, the same asymptotic also follows from part (b) of Theorem 3.1 After
simple manipulations we obtain

o 1 br(o+1)e%*\’/
Vumwvwmﬁﬂ< o )”ﬁ”

Example - (continuation with a = b = 1, Laguerre polynomials). Recall that in this case V(t) =
=1

t+1fort>0. Put f(r) =t and g(t) = 1 for 7 > 0 and note that f*/)(r) =¢//(j!) and g*))(¢)
for all j € N and ¢ > 0. This entails
() Dy = 3 (7N (50 4 gt ()
V(1) = () = W g™ (1) = —=Lj(—t) t>0
0=+ 00 =L ()00 =L () G100 120
where L; is the standard Laguerre polynomial. Clearly,
N 1 , 1 1
Vis)=s""+1, Als)=logls+1)—logls), A(s)=—7—1 s-=0, sy=+e
s s
1 1 2 2 1 4j\1/2
2" : A" (s) = _ = (i) == (1 —> —1].
O=p- i MO w <=5 (145
We now distinguish three cases according to the limit behavior of the ratio j/z.
CASEI: j =o(t) and j — +oo. We are in the setting of Theorem [3.1[a), since in this case
. ) 3
~_J ] J .
K(j)==—54+0| = —
)=s—%+ (t3), J—r e
and, moreover,
a(j) ~1j 2 k(ali) ~ Vi, Ty~ ) e @.1)
The only condition which remains to be checked is (3.2). Upon squaring it takes the form
2
1+ —5
+1)2712
limsup sup Lz)’ <1 forevery y> 0.

e 12y U aie
J
For 0 < b < a, the function z + (14z%/a)/(1+2%/b) is decreasing on (0,o). Thus,
2
) G W L+ e L
imsup sup | —————~ | =limsu =
p sup 2 p 7 14 92/49

Jj—oo lz|>y 1+W Jj—reo I—I—W')sz

In view of tx(j) = j/(1+ k(j)), formula (3.3)) reads

G ORGDY, vee

1 1 1 1
G(z):= exp{l—ﬂ—i—log (1—1—2)} = <1—|—E> exp <1—+Z) , z2>0.
7
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CASE II: ¢ ~ ¢ j for some ¢ > 0. In this case lim o k(j) = ¢(c) ;=271 ((1+4c~ )2 —1) > 0.
Since also

L ., R 1 _ 1+42¢(c)
PO = M) =GR T U@~ P+
_ 1+429(c)

= =c2(1+4c_1)1/2, Jj— oo

and V is nonarithmetic, part (b) of Theorem [3.1] yields

(02 —|—4c)_1/4 1

S A O, e

CASE IIT: t = o(}). In this case k(j) ~ (j/t)'/? as j — co. In particular, k() diverges to infinity.
Also,

A (k(f) ~ 2/, a(j) ~ (20372712,
k(j)a(j) ~ 22V, T ~3(t/ )2 e,

and (3.1) holds true. Unfortunately, (3.2)) does not hold in this regime which means that Theo-
rem [3.1] is not applicable. Nevertheless, a formal substitution of the above ingredients into (3.3)
yields

L0 =V ~ S GG, e @2)

which under the additional assumption ¢ = o(j 1/ 3) as j — oo simplifies to

1

exp (—1/2+2(t)"/?), t— . (4.3)

Formula (4.3) is indeed correct. Actually, it is a particular case of Perron’s formula for the Laguerre
polynomials, see formula (8.22.3) on p. 199 in [21]].

Example (general functions of linear growth). Consider a more general situation V (x) =a-x+
€(x), where a > 0 and x — €(x) is a function of finite total variation on [0,0). Suppose tha for
some p € {3,4,5,...}, [jp ) Y'[d€(Y)| < oo and put

ﬁk::/[ )ykde(y), k=0,1,....p—1.
0.00

k]

3By definition, f[opo) yP|de(y)| = f[OM yPdE () (€), where E(g ) (€) is the total variation of € on [0, y].
8



Therefore, as s — 0+, by Taylor’s expansion,
p—1 _g)k k
s)=afs+ Y —ﬁk(k, ) +0(sP), —V'(s)=a/s*+ Z ﬁ"“ Prsi (=) +o(sP ™,
k=0 :

-3 _
V"(s) =2a/s® +pZ W +0(sP72), =V"(s)=6a/s*+ Z M +0(sP73)
k=0 : k=0 :

(4.4)
and
p
A(s) = —logs+loga+ Z Sisk +0(sPh), 5 — 0+,
k=1
where §;’s are the values of certain multivariate polynomials at points f;/a, £ =0, ..., p—1, which

can be calculated explicitly. For instance, 8; = fo/a, & = —Bi/a— B3/ (24%), & = B2/(2a) +
BoBi/a*+ B3/ (3a’). Since the derivatives of A are the known rational functions of the derivatives
of V, we conclude from (4.4) that

p
A(s)=—1/s+ Z kSss L+ 0(sP), A'(s)~ 1/s%, A"(s) ~ =2/s°, s—0+.
k=1
Denote by ¢ a solution to —A'(¢(s)) = 1/s for s > 0. In particular, x(j) = £(j/t). By asymptotic

inversion, we infer
p+1
Us)=s+ Y u_1s*+0(s*?), s—0+ (4.5)
k=2
for some real coefficients 1,.. ., 1,. For instance, 1; = —&;, 1 = 612 —26,13= —313 +66,6, —365.
Assume that j — +co and t/j — 4o0. A specialization of (4.5) yields

p+1
kK(j) = j/t+ Y u1(i/0*+0((j/1)P ). (4.6)
k=2
By virtue of
a(j) ~ tj V2, x(ja(j) ~ 2 T ~ Tt)j, s,

relation (3.1) holds true. Next, we check that (3.2) holds without any extra assumptions. Using
that i, .y [de(y)[ < eo and writing
V(x(j) —i2/Ty) =

a N
a4 / e (K0)=i2/T) g (x),
<) — /75 o )

we infer
sup P (x(j) /7)< sup et [ e el = e 0L

9



Thus, (3.2) follows upon noticing that

. V(k(j) —iz/T)| _ j b
limsup sup - = limsup = sup |V (x(j) —iz/T;)|
= lzy VK(G) joee @ >y !

. J 1
<1 =
=S+ P/THIP T (14 p2/49) 2

Thus, part (a) of Theorem [3.1]is applicable. Using (4.3) in combination with (A (£(s)) +£(s)/s)' =
—{(s)/s*> we conclude that

<1.

A(l(s))+£(s)/s = —logs+C — ft(lk/k)sk+0(s1”+1)7 s — 0+,
k=1

for some C € R. Using lims_,04+ (A (s) +logs) = loga, we conclude that C = 1+ loga, whence
J p
(V( K(Jj )))Je k() = e/ ACG/NFG/M/GD) = ]]afef exp < Z u/k) k+]/t +0(j P+2/ﬂ?+1)>

Using Stirling’s approximation we obtain from (3.3])

V() ~ ﬂT‘,ﬂexp (— y <lk/k>j"“/rk+0(j"+2/r"“>> i, 4.7)
' k=1

which is meaningful provided that j = o(t(l’“)/ (1’+2)). A particular case of this formula for p =1

was derived by a completely different technique in [3]].

Let &1, &, ... be independent copies of an almost surely (a.s.) positive random variable &. The
function U defined by U(t) := 1+ Y,> P{& +...+ &, <t} fort > 0 is called renewal function.
The original motivation behind the present work has been our desire to understand the asymptotic
of U*\V) (t) for various asymptotic regimes of divergent j and 7. Now we explain that does the
job under some additional assumptions imposed on the distribution of &. Assume that E[EP1?] <
o for some p € N and that some convolution power of the distribution of & has an absolutely
continuous component. Put m := E[£]. By Remark 3.1.7 (ii) in [10], the function x — U (x) —x/m
has a finite total variation and, furthermore, [y ., y*|d(U(y) —y/m)| < eo. Since

1 1
e YdU(y)—y/m)=———F — —,
Jo & TAOO) /) = e -
an application of Lebesgue’s dominated convergence theorem yields

Bk:/[Ooo)y"d(U(y)—y/m)Z(—1>k lim (%_Lyk)’ k=0.1....p=1.

s—0+ E[e_sé] ms

s >0,

I

In particular,

Bo=E[£%)/(2m?), B =E[£]/(6m?) — (E[£])?/(4m?),
B = E[§*)/(12m%) — E[£*|E[£?]/ (3m’) + (E[£?])*/ (4m?).

10



Thus, assuming, for instance, that p = 3 we obtain from (4.7)

t

U*(])(l‘) ~ mJ]' exp (bljz/l+b2j3/[2—|—b3j4/t3)> ]—> oo

whenever j = o(r*/°). Here, b; = E[£2]/(2m), by = —E[&3]/(6m),
_ 1 <E[§4] | 2BIEEEY) (E[éz])3>
24\ m m? m3
The expression for b3 makes it clear that, unlike by and by, b; with j > 3 is not a function of

E[£/*1] alone.

Example [2.5] (continuation). Recall that V(¢) = e — 1 and there is an explicit formula (2.3)) for
v*U)(¢). Further

b3

A (k(j) =127 a(j)=tj"V2  wk(a(j)=arj VP4 V2 T =T1/].

Note that k(j)a(j) always diverges as j — oo but in order to ensure subexponential divergence we
need to assume that

t=o0(e"), j—o foreveryy>O0. (4.8)
Condition (3.1)) holds true whereas condition (3.2)) follows from the formula
V(e()—iz/T) 1
V(x(j)) 1 —iz/7

Thus, Theorem [3.1](a) yields

V*(j)(f)_ ! /m J—lavg L(a_et)jeaz(a_th\/_-)l
TG-nth T ST 2 ;v

J e,

where the last equivalence is a consequence of Stirling’s approximation. This asymptotic formula
holds under the sole assumption (4.8)).

Our results have a neat interpretation in the theory of branching processes. Let & be a random
point process on [0,0), that is, a random element defined on some underlying probability space,
which takes values in the space of locally finite point measures on [0,). Now we define a branch-
ing random walk generated by &. A population is initiated by one individual, the ancestor located
at the origin. The ancestor generates offspring, constituting the first generation, whose birth loca-
tions are given by the point process &?. The first generation gives rise to the second generation,
where the differences in birth locations between individuals and their respective mothers are dis-
tributed in accordance with copies of &, which are independent for distinct mothers. The second
generation produces the third one, and so on. Each individual in these successive generations

operates independently of others.
11



By definition, the intensity measure of & is a deterministic measure given by
U(A) :=E[Z(A)] for Borel A C [0,c0).

Thus, t(A) is the average number of individuals of the first generation with birth locations belong-
ing to A. Denote by N;(¢) the number of individuals of the generation j with birth locations in
[0,7]. Using induction in j, it can be checked that E[N;(t)] = u*)([0,7]). Our results provide a
robust tool for the asymptotic analysis of these averages in generations j, with j and ¢ tending to
infinity.

For the time being, put V(x) = u([0,x]) for x > 0. Assume that there exists 8 > 0 such that
A(6%) =0*A'(6*). A specialization of Proposition 3.2 in [12] yields for 6 € IntZ, 6 < 6*

2
W(e) 1 e 2}(//( O as

I 126 0(-N(0)9) (1 (9)) I (— A (6 +y) —

where W(0) is a random variable with E[W(6)] = 1 (the a.s. limit of the uniformly integrable
Biggins martingale). In particular, if y = O(j'/2) we infer

Nj(=A'(8)j+y) ~ @ef’( MO (0(0)) p(0,4"(8)]y), j—oeo as.

Formula (3.6) demonstrates that this a.s. convergence is accompanied by the convergence in mean.
Finally, we note that we are not aware of any results on the a.s. convergence of N;(¢) with diverging

j=o(1).

5. PROOFS

Denote by X ; a random variable with the distribution

—x(sy=0) (ds)
p{x,eds}_ 2 §>0, jEN (5.1)
s (V(x(j)))]
and note that
gle-in) = VED D) _ joetin-20)), >0, jen. (52)
(V(x(1)))/

The original choice of k(j) was motivated by this change of measure and more importantly by
the fact that E[X;,;] =t which can be readily seen by differentiating (5.2). Also, observe that
Var [X;,] = (a(j))* PutX;, =t —X;, for j € N.

Integrating over s € [0,7] in (5.1)) we obtain

VO () = (V(x(j)) e DB X1 g ], jEN.

Thus, Theorem [3.1]is equivalent to the following proposition.
12



Proposition 5.1. (i) Under the assumptions of part (a) of Theorem[3.1]

lim x(j)a(/)Ele XLz o)) = p(0,1;0) = (21)~"/2,

Jeo
(ii) Under the assumptions of part (b) of Theorem

lim 62 Ele % g 1] = p(0,6%0) = (2107)"1/2.

Jj—reo

To explain the appearance of the normal densities in Proposition and as preparation for its
proof, we introduce, for each j € N, a nonnegative random variable X J/-J with the Laplace transform

V(x(j) +u)
V(x(j)

Formula (5.2) shows that X/, is the sum of j independent copies of 7/ j — X ]’-J and it is straightfor-

Ele “Xis] = u>0. (5.3)

ward to verify that X;,/a(j) converges in distribution to a standard normal law, see (3.8)) below.
However, this central limit theorem alone is insufficient for deriving the asymptotics in Proposi-
tion and more subtle properties of X;, are required. Our proof of Proposition hinges on
Proposition [5.2] below, which is essentially a central local limit theorem for a specific triangular
array of random variables, where the jth row consists of j independent copies of 7/ j —

Proposition 5.2. (i) Under the assumptions of part (a) of Theorem

lim sup | 5 Y) 507 P € (). xalj) + 8(7)} = p(0, 1:x)| =0
J=*° xeR J

for any sequence (8(j)) jen of positive numbers satisfying

; Yi
im 2Y) o gna 1im 200 _
Jj—roo a(J) Jj—roo a(])

for every fixed y > 0.
(ii) Under the assumptions of part (b) of Theorem[3.1} locally uniformly in & > 0,

lim sup |P{X; ; € [xa(j),(x+8)a(j))} —Op(0,1;x)| =0. (5.4

J=*=xeR
Our proof of Proposition [5.2] is a non-trivial adaptation of the standard proofs of local limit
theorems for sums of independent random variables with a fixed distribution, see [14} 20], to the
triangular array setting. Surprisingly, not much seems to be known about local limit theorems in
this setting. The only general result we are aware of is [[13], which, however, does not serve our

purposes.
13



5.1. Proof of Proposition 5.2} If the assumptions of part (i) prevail, we argue along the lines of
the proof of a local limit theorem for standard random walks (Corollary 1 in [20]).
For j € Nand 6 > 0, put

vi5i= 8 P{X;, € x+8)}, xeR.

The so defined function is a version of the density of a random variable X it — Us, where the
variables X ; and Us are independent, and Us has a uniform distribution on (0, §). In particular,

. l_e—i5Z
= 7IZU6 =
Vs(z) :=E[e” 9] 5. zeR.
Thus,
. 1 o 1 o
iz, Ny — / ir/a(i)y, () = — ReiKii/a(i) ). 5.5
/Re vj s(xa(j))dx a(j) R vj 5(x) a()) e Vs(z/a(j)) (5-5)

The function ¢ defined by ¢(z) := (1 —|z[)T(_; 1)(z) for z € R is the characteristic function of
an absolutely continuous probability distribution with density g given by
g(x):= : _ﬂ;(z)sxv x eR,
see Chapter XV.2 in [9]. For each b > 0, put g,(x) := bg(bx), x € R and @(z) := @(z/b), z € R.
Then ¢y, is the characteristic function of a distribution with density g,. Using this in combination
with (5.3) we infer, for j € Nand b > 0,

L& [ v a(r=yatines(y)dvr = ﬁE[eﬂW“(”wg (2/a(i)gs(2), z€R.

By the Fourier inversion,

[ vis(G=ya(i)en0)dy =

Equivalently, for x € R,

27a(j) /_bb e*qu[eizf(j.t/a(j)]ws (z/a(j)op(2)dz, x€ER.

@ /RP{X/J € [(x=y)a(j), (x—=y)a(j) + &) }gs(v)dy

1 . - .
— g/_beIZXE[elsz,t/a(J)]WS(Z/a(j»(pb(Z)dZ. (56)

We shall prove that, with b = b(j) = e/ for some ¢ > 0 to be specified below and § = 5(}),
where (8(j)) jen is any sequence of positive numbers satisfying 6(j) = o(a(j)) as j — oo,

lim sup %/RP{X',IE [(x=y)a(j), (x=y)a(j) +8(j))}8n(j(¥)dy— p(0, 1;x)| =0.  (5.7)

J7* xeR
As we have already mentioned, X;, is the sum of j independent copies of the random variable
t/j —XJ’.J, where le‘,z has Laplace transform (5.3)). According to Lemma 1 on p. 109 in [15],

[0 /90)] —e=Z/2| < 16]z)%e % /3L, |2 < (4L;)7", (5.8)
14



where

3].

lim L; =0. (5.9

Joe

1 =1/
Lj:= ]-1/2IE |:()L//( k(] )))1/2

Now we check that under the present assumptions

Indeed,

(A" (x(j)))*?
: 3 = :
= A (x()) ) )

W' (kG2 A (k(D)P2V(KG))  VA(K()))
and the right-hand side is o(j'/?) as j — oo in view of (3.1). This proves (5.9). As a consequence
of (5.9), X ; satisfies the central limit theorem
Xj, —t
S L L N(0,1), s,

a(J)

where N(0, 1) is a random variable with the standard normal law.
Using p(0,1;x) = 27) 7! fp e~ 12 ~7/2dz for x € R we obtain from (.6)

/i [ 4/ +EX],))
E[‘W( T }<

_a . \ . . .
27 sup (J) / P{X;, € [(x—y)a(]),(x—y)a(])+5(]))}gb(j)dy_p(()’1;x)’
xeR 5(]) R
b(j) . - . '
= sup / e_luE[CIZXj’t/a(])]II/S(J‘)(Z/a(j))(Pb(j)(Z)dZ—/e_'zxe_zz/zdz‘
xeR J=b(}) R
@) % a) . _2p
S/(4Lj)1 B[/ s ) (2/alf)) oy () — e /?|dz
+/ |E[ izX; ,/a(j) ”dZ—i— C_Zz/zdz
(4L;)~"<|z|<b()) 2> (4L;)~!
= A(Jj)+B(j) +C(j).

To analyze A(j), write, for |z| < (4L;)~!
[Be i “Dyss ) (2 a()) @y (2) —e =7
< [ER10) — 22| 4 gy () — 1Ie 2+ [ </a() — 1]
< 16[2Pe ™AL+ [2[e ™2 /b(j) + 2T 28(j)/ (2a())).

We have used (5.8)) to obtain the first term on the right-hand side. The third term is a consequence

of the inequality |1 —e ™™ —ix| < x?>/2 for x € R, see Lemma 1 on p. 512 in [9]. Thus, recalling
15



also (5.9),
MGV <1y [ e et (e 1 8(7)/2a() [ e e > 0, jsen

Now we work with B(j). As we have shown, L; < 4Tj/a(j). Thus,

_ Vik(j)—iu/a(j V(Kk(j)—iu)|i
B(]):/ ' ‘ (x ({) /al ‘ du < 2b(j) sup ’M‘
(4L))~1 <|u| <b(j) V(k(j)) u>@La(y-1 V(K())

. V(x(j) —iu) J

<2b(j) sup ~
u>(er)-1 V(x()) ’

By virtue of (3.2)), for large j € N,
wp [P —iT)
w>1/160  V(K(j))

for some ¢; > 0. Hence, recalling that b(j) = e*/ we obtain B(j) < 2e(¢=¢1)/ — 0 as j — oo when-
ever ¢ € (0,c1). Since lim_,.. L; = 0, we immediately conclude that lim_,., C(j) = 0. Combining
fragments together we arrive at (5.7).

Let (p(j)) jen be a sequence of positive numbers tending to zero, to be specified below. Replac-
ing in first 0(j) with 8(j)(1£2p(j)) and then x with x F p ()0 (j)/a(j) yields

a(j)
TS T £2p(7))8(7)

/P{Xue [(x=y)a(i) Fp(i)6(j), (x—y)a(j)+ (1 £p(7)6(j))}
x gp(j)(¥)dy = p(0, LxF p(j)8(j)/a(j))| =

Thus, given € > 0, for all x € R and large enough j,

S0 [ PUEL € lr=3)ali)+ P3N (r—)ali)+ (1= PUDB N ey 0)dy
> (1-20()p(0.Lx + p ()3 fal]) -

Dj(x) :=

Observe that, for any x € R,

=y +p()8()/a(i)x—y+(1=p(j)8())/a(j)) € be.x+8(j)/a()))

whenever |y| < p(j)d(j)/a(j). This entails

D) < S B(%;, € [xal)).xali) + 6} [ 8 )y

o(j) M<p())8(j)/alj)
a(j)

‘ 8p(j)(y)dy. (5.10)
6(j) /|y|>p(j)5(j)/a(j) b(J)( )

16



Recall that so far the sequence (5()) jen has been an arbitrary sequence satisfying §(j) = o(a(j))
as j — oo. We shall now also exploit the assumption that §(j)/a(j) decays subexponentially. Let
(p(J))jen be defined by
a(Jj)
(p(j))*8(j)
Such a choice and subexponential decay of 6(;)/a(j) guarantees lim; . p(j) = 0. With this
choice of p and using that g, ;)(yv) = b(j)g(b(j)y) we conclude from (5.10) that

=b(j)=e, jeN. (5.11)

D/(6) < 5P < balisa + 8GN [ s+ 5B [ o
and thereupon
SR, € [ra(j)xa(j) + 3(7)
> ((1=2p (o0, 15+ PSC ali) ~ = 5115 / o E)( /| o E)
- (5.12)
Uniform continuity of p in combination with lim; . (p ) entails
tim sup p(0, 1+ p(7)8(})/al ) — <o )] =

J=*xeR
Since p converges to 0 and g is the density of a probability distribution, lim;_, f\y\gl /p(j) g(y)dy=
L. In view of [~y /o5y g()dy <4m~! [77, ;) y2dy = 4n~'p(j) and the facts that p exhibits an
exponential decay, whereas a(j)/0(j) grows subexponentially, we conclude that

. a(j) /
lim ——+ g(y)dy =0.
J=o 8(J) Jiy[>1/p(j) ®)

Letting now in (5.12) j — oo and then € — 0+ we obtain that, uniformly in x € R,

imint §102(8,, € (xa(j)xa(s) + 8(3) = p(0,1:3),

The converse inequality for the upper limit follows analogously but simpler.
Relation (5.4) is essentially Stone’s local limit theorem (Corollary 1 in [20]). In view of this we
omit a proof. The only thing that needs to be mentioned is that nonarithmeticity of V is equivalent

to the inequality
V(6 —iu)

V()
The proof of Proposition [5.2]is complete.

<1, ueR\{0}.

Remark 5.3. Recall that a probability measure with the characteristic function ¢ is called strongly
nonlattice, if

sup ¢ (u)] < 1
|u|>y
17



for every fixed y > 0, see, for instance, equation (3) in [20]. Our assumption (3.2) is equivalent to

limsup sup [E[e™X5u~"/)/T)| < 1 (5.13)

Jortee Jul>y

for every fixed y > 0, where the random variables X ’ , are as defined in (5.3). Thus, (3.2) can be
regarded as the assumption that the distributions of the normahzed random variables (X ( —t/7)/T;
are asymptotically strongly nonlattice as j — oo.

5.2. Proof of Proposition[5.1, Suppose that the assumptions of part (a) of Theorem [3.1]hold. Put
0(j)=0/x(j) forafixed 6 > 0 and all j € N. The so defined () satisfies the assumption of part
(i) of Proposition[5.2] We use a decomposition

()Rl N5, s = K(al) [ e AL <)

Fxlati) [, e PAPLR; <) = KU) L)

a(j),e
In view of lim_,e K(j)a(j) = e,
L(j) < k(ja(j)e” ) = 0, j—eo.

We proceed by writing

k(a1 _—
K(7) < x(ialj /ﬁ YAPIX; , < y/x(j
() < x(j)a()) ;) oo {Xi.: <vy/x(j)}

Lk(ja(j)]-1 ()

<0 ;) e“’(g(j)ﬁ"{fj,r € [i6()),(i+1)6(j))} — p(0, 1;i6(j)/a(j)>)
x(fa(j)-1 la()x(j)]-1
+6 Y e ?(p(0,1:i8(j)/a(j)) — p(0,1;0)) + p(0,1;0)6 Yy e
=0 i=0

=: Kl(]76) +K2(J7 9) +K3(]76)
Note that

lim K3(j,0) = p(0,1;0)

J—ree l—e~
Further, given € > 0 and picking 6 > 0 sufficiently small, we obtain, for large j € N and i €

[0, [x(j)a(/)] —1],

g —p0,1;0), 6—0+.

p(0,1;i8(j)/a(j)) = p(0,1;0)] < e.
This yields limsupg_, o, limsup,_,., [K2(j, 0)| < €. Therefore, limsupg_,o limsup;_,.. |K2(j,0)| =
0, since K>(j,0) does not depend on €. Finally, by Proposition given € > 0, for large j € N
and all i € [0, |x(j)a(j)] —1],

SLTPLR € 80,1+ D30}~ p(0.1i8 () fals)| < &

As a consequence, limj_,., K (j,0) = 0.
18



We have proved that limsup;_,..(K(j) +L(j)) < p(0,1;0) = (27)~'/2. The converse inequal-
ity for the lower limit follows analogously. The proof of Proposition is complete under the
assumptions of part (a) of Theorem 3.1}

Under the assumptions of part (b) of Theorem 3.1} lim o k() = 6 € (0,c0) and k(j)a(j) — oo
holds automatically. The proof goes by exactly the same reasoning as in case (a), and we omit
further details.

5.3. Proofs of Corollaries 3.4 and 3.5

Proof of Corollary[3.4) Note that¢/j — o0 > s_ as j — oo which entails lim;_,., K(j) = 6. Recall
the standard notation [x*] f(x) for the coefficient in front of x* in the Taylor expansion of f at zero.

For £ € N, put ay := [t'}(—=A'(6 —1)) = (= 1)1 A+1)(9) /¢!, We intend to define the constants
by for £ > 2, which appear in (3.6) and (3.7). To this end, we first recursively define auxiliary
constants ¢y as follows. Put ¢; := 1/a;. Fix k > 2 and assume that the values of ¢y,...,c;_| have
been determined. For i =2,...,k, put r;; := ] (c1x+ ...+ cg_1x*"1)L. Then ¢y is defined by
aicg+ Z?:g a;r; , = 0. For instance, since 1 » = c%, we conclude by solving ajc +axrp o = 0 that

azc% ar 1(3) (9)
C2 ==
aj a? 20 6
Fix r € N. Our construction of the constants ¢, ensures that, foreach k= 1,...,r,

r r i r r i k k i
[xA] Zai (Z cpce) = Zai[xk] (Z ng€> = Zai[,xj‘] (Z cpce)
=1 \i=1 i=1 =1 i=1 =1

koo (el i k 1 k=1,
:alck+2ai[x] Zng zalck—l—Zairi’k =
: = :

=2 =2 O7 k:2,...,r.

Hence, for r € N, we obtain the relation

14
Y a (Zcpc’) =x+0("), x—0, (5.14)
/=1 i=1

which could have also served as the definition of the constants c;. Put
k a:
1
bi:i=—ck+ Y ——rit1pr1, keN.
=i+l

Since ryx = c’f, we infer by = —cy + (a1/2)c% = —c1/2 = —(20%)7!. Using rj3 =2cicy, we
obtain by = —cy + (a1/2)2cic2 + (az/3)c3 = (az/3)cd = —213)(0) /(652).
Now we prove (3.6). According to part (b) of Theorem [3.1] it suffices to check that

v
(0 (()) e~ (7(0))7e 17T j oo,
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Put x(j) = 6 — k(). Using (2.4) and Taylor’s expansion we obtain

t/j=o+y/j=-2"(6—-x(j)) +Zae o((x(j)))

_ oc—|-; ar(K(j))" +O((x(j)).
=1

Thus, ¥, ar(R(j))" + O((R(j))" ') = %, and (5.T4) implies that

~ r X V4 X r+1 . o
K(])—E%(j) +0(<J.> ) J—> oo (5.15)
It remains to show that
B B Nag
A0 —%(j)j+(0—K(j))t=06t+A(0 ]—l—Zng—-l—O(l) j—>oo. (5.16)
/=1

This follows by another application of Taylor’s expansion

A6 —x(j))j+ (60— k(i)

<z<e> i

MNTHO((R( ))”2)>J'+9t—§(j)t

r yr+2
= 0r+A(0)j— yK‘ Z Z—H—FO(F)
r €+l
ED 6,1 2(0) ]—f—ZbgyJ——f—o(l)
/=1

Here, O(y\"+2)/("+1)) = 5(1) is secured by the assumption y(j) = o(j+1)/"+2)). This finishes the

proof of both and (3.6).

The proof of (3.7) goes the same path and only requires an extra term in Taylor’s expansions. A
counterpart of (5.15)) is

0= Fall) o)), -
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With this at hand,

A6 —k(j))j+ (6 — k(i)

r+1 y5+1
— 6t+/l(6)j+2b57+0(1)
(=1
r yZ-H
— Gt+),(6)j—|—Zb57+br+1cr+2—|—o(l), j— oo
/=1

The proof of Corollary [3.4]is complete. O
Proof of Corollary[3.5 First of all, note that the function 7(j,y) exists (at least for large enough j),

for (3.8)) implies that, for large enought > 0,7/j > —A'(0*) € (s_,s4).
Formula (2.4) implies that

_10gj—y+€(j) _.p*_ (s
2o ey oK)

k(j) = 6"

In particular, lim;_,. k(j) = 6*. According to part (b) of Theorem it suffices to check that
under the assumption of Corollary [3.5]

D (1c(j)))ier<() JO(e(i) k(A (K(J)
i V() e )

_ /2
lim I lim I e /2. (5.17)

Using Taylor’s expansion yields

_ log /)2
— G*sz(j) +0 (—( Og,zj) ) ,  J = oo
J
This entails

. logj+ j(A k(1)) — kj(t) A (x(2)))

- log j)?
= —27logj+6*c?jx(j)+ 0 (( f’;;’) ) =—y/2+0(1), j—reo
and thereupon (5.17)). 0]
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6. BIBLIOGRAPHIC COMMENTS

In this brief closing section, we compare our results and methods with those existing in the liter-
ature. Observe that (3.4)) formally coincides with (3.3)), whenever k() — 6 and A" (x(j)) — 2.
Therefore, we focus on the latter formula. Relation (3.3)) resembles a large deviation estimate for
standard random walks due to Petrov [14], see the bottom of p. 248 in [15]. However, there are
two significant differences. First, since V satisfies (2.1) we had to pass to probability measures,
which was achieved with the help of the standard method of exponential change of measure (for-
mula (5.1)). Second, even after applying the exponential tilting, the resulting random walk’ X;;
turned out to be non-standard, for its step distribution depends on #, see (5.3). This has caused sig-
nificant technical challenges in the proofs of Propositions [5.1)and [5.2] Informally, this complexity
is reflected in the fact that, in our version of Petrov’s formula (p. 248 in [15]), both x and / depend
on n (in Petrov’s notation).

Another related large deviations result is Theorem 3.3 in [6] with relation (3.19) therein resem-
bling our formula (3.3). However, this result is not applicable (even after an exponential change
of measure) in the setting of part (a) of our Theorem where ¢/ j (which corresponds to m,, in
the notation of [6]) diverges to infinity. Proposition which is our key technical result can be
regarded as a generalization of Lemma 3.2 in [6]].

We conclude the discussion by noting Feller’s paper [8] on logarithmic large deviations for row-
wise sums in triangular arrays of independent random variables. In principle, the results from
that paper could have been applied to derive the logarithmic asymptotics in (3.5 under weaker
assumptions. Just in case, we stress that we are primarily interested in the precise rather than
logarithmic asymptotics.

7. APPENDIX

The following result is known if V is a distribution function, see, for example, Chapter 9.1.2
in [4]. We have not been able to locate in the literature its version for arbitrary nondecreasing
unbounded functions. Therefore, we give a proof.

Lemma 7.1. Let V : R — [0,00) be a right-continuous and nondecreasing function vanishing on
(—0,0). Put xg :=inf{x > 0: V(x) > 0} and A(s) =log [j ., AV (x) for s € 2. Then

s_=inf(=A'(s)) = lim (=A'(s)) = xo.

s€g §—>+oo0

Proof. The second equality follows from the monotonicity of —A’. For the proof of the last equality
we distinguish two cases: xop = 0 and xo > 0.
CASE x9 = 0. Fix £ > 0 and note that [ ; 5 dV(x) =: K(€) > 0. Since

f(&oo) e*sde(x)

e—s€/2 f(O,oo) efsx/de(x) _ e—5€/2 f(()po) efsx/zdv(x)
Jio.0y €74V (x)

Jogme ™ dvix)  — e /2K (¢)
2

< — 0, s— oo



by the monotone convergence theorem, we conclude that,

/ eV (x) ~ / e AV (x), 5 —> 0.
[0,00) [0,€]
Similarly, one can check that
/ xe **dV(x) ~ / xe *dV(x), s— oo
[0,00) [0,€]
for every fixed € > 0. Thus,

xe*dV (x xe ¥dV (x
lim (—2/(s)) = tim 0™ "V Jogre TVE)
oo s Jig o) €AV (X) s [ig €7V (x)

Since € > 0 is arbitrary we conclude that lim_, ;o(—A'(s)) = 0 = xo.
CASE xo > 0. This situation can be reduced to the previous one by passing to the function V; (x) :=
V(x+xo). Indeed,
A(s) =log e *dV(x) =log e *dV(x) =log e 0 F0)qy (x) =1 —sxg + A (s)
[0,00) [x0,00) [0,00)
and thereupon
inf (—2'(s)) = xo + inf (—A{(s)) = xo
S€ED S€ED
according to the already considered case xo = 0. U
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