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THE MAXIMUM OF A BRANCHING RANDOM WALK
WITH SEMIEXPONENTIAL INCREMENTS

BY NINA GANTERT

Technische Universitdt Berlin

We consider an infinite Galton—Watson tree I" and label the vertices v
with a collection of i.i.d. random variables (Y, ),cr. In the case where the
upper tail of the distribution of Y, is semiexponential, we then determine
the speed of the corresponding tree-indexed random walk. In contrast to
the classical case where the random variables Y, have finite exponential
moments, the normalization in the definition of the speed depends on the
distribution of Y,. Interpreting the random variables Y, as displacements
of the offspring from the parent, (Y,), describes a branching random
walk. The result on the speed gives a limit theorem for the maximum
of the branching random walk, that is, for the position of the rightmost
particle. In our case, this maximum grows faster than linear in time.

1. Introduction and statement of the result. Let I" be an infinite tree
with vertices v and with a distinguished vertex p called the root. Let (X,),cr
be a collection of i.i.d. random variables. Given I" and the collection (X,),r, we
define the tree-indexed random walk (S,),.r by S, := > ,<, X,, where w < v
means that v is a descendant of w (i.e., w is on the shortest path from p to v.)
We denote the rays of the tree by ¢ (rays are infinite paths from p to which do
not backstep) and the set of rays by JI". For a vertex v, |v| denotes the distance
of v to the root, that is, the number of edges on the shortest path from p to
v. There are different ways to define a speed for the random walk (S,),cr. In
[2], [9] and [11], the following notions of speed were considered:

. 1
Cloud speed: s y,q := limsup — max S,
n—oo N viv|=n

Burst speed: sy, ;= suplimsup —

b
Eedl veé |v]

4

Sustainable speed: sy, := supliminf —.
geor vt v

One has always

(1) Ssust = Sburst = Scloud-

The inequalities may be strict in general; we refer to [11] for examples. How-
ever, it was shown that for Galton—Watson trees, these speeds coincide. A
Galton—Watson tree is defined as follows: let Z be a random variable with
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values in N;. Consider the branching process (Z,) with Z, =1 and Z, ; =
Zizil ZE") where Z(ln), Z(zn), ... are ii.d. random variables with the same dis-
tribution as Z and draw edges between the offspring and their parent, the

first ancestor being the root.
Let m := E[Z]. Assume

X, is not a.s. constant, E[X,] =0

(2)
and E[exp(AX,)] < oo for all A > 0.

Let §n = > 7", X,; be the sum of ii.d. random variables X; with the same
distribution as X,, and let I(a) be the corresponding rate function defined by

(3) I(a) == —lim % log P[S, > nal.

Let s* := sup{s|I(s) < logm}.

THEOREM 1 (Hammersley [7], Kingman [8], Biggins [3]). Let I" be a Galton—
Watson tree with mean m > 1. Suppose the vertices of T are labeled by i.i.d.
random variables (X)) satisfying (2). On the event that ' survives, we have a.s.,

*
4) Ssust = Sburst = Scloud = S -

We refer to [11] for the proof.

REMARKS. (i) Interpreting the random variables (X,) as displacements of
the offspring from the parent, the tree-indexed random walk is a branching
random walk, and Theorem 1 says that, under the hypothesis 2, the position
of the rightmost particle moves linearly in time, with speed s*.

(i) For connections to first passage percolation, we refer to [2].

We will here consider one of the cases where (2) is not satisfied. Let (Y,),cr
be a collection of i.i.d. random variables with finite expectations. We will
assume that the distribution of Y, has the following semiexponential upper
tail. Let r €]0, 1[. Assume

5) P[Y, > t] = a(t) exp(—L(t)t")
for ¢ large enough, where @ and L are slowly varying functions such that
L(t)/t'"" is nonincreasing for ¢ large enough. Let ¢ be a positive function

such that

Loy

n n—o00

(6)
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Let
St = limsupL max S
cloud * s oo l,[f I’L) - v
S,
S‘/’urs = suplimsup —*—,
burst geat vee  P(lv])
S,
SY .= supliminf —2—.
St e ved P(|vl)
EXAMPLES.
1. L(¢) = b. Then we can take (n) = (1/b/")n'/".
2. L(t) =logt. Then we can take ¥(n) = (rn/logn)'/".
3. L(t) =loglogt. Then we can take y(n) = (rn/loglogn)l/".

We will prove the following.

THEOREM 2. Let I' be a Galton—Watson tree with mean m > 1. Suppose the
vertices of I' are labeled by i.i.d. random variables (Y,) satisfying (5), and ¢
satisfies (6). On the event that I" survives, we have a.s.,

4 4 4 1
) Ssust = Sburst — Scloud = (1Og m) .

REMARKS. (i) Exactly as for Theorem 1, there is an interpretation in terms
of branching random walk: under the hypothesis (5), the position of the right-
most particle moves faster than linear in time, namely like (n)(log m)Y/"at
time n. In the case where Z has a distribution with a regularly varying tail,
a limit theorem for the distribution of the position of the rightmost particle
has been proved in [4].

(i) Let M, := max,.,_, S, be the position of the rightmost particle in the
branching random walk. We can interpret (4) as well as (7) by saying that
the growth of M, is the same as if the rays of the tree were independent.
Differences between a collection of independent rays and the rays of the tree
are expected to appear if one investigates the fluctuations of M, . In the case
where Z has a distribution with a regularly varying tail, this was analyzed
in [5].

(iii) Note that the limit value (log m)'/" only depends on r whereas the func-
tion ¢, which gives the normalization, also depends on L. A similar phe-
nomenon occurs if one considers functional Erdés—Renyi laws for random
variables satisfying (5): the normalization that is, in this case the “size of
the window,” depends on L but the limit set only depends on r; we refer to [6].
The reason one has to normalize with (n) instead of n is the bigger influ-
ence of extreme values; roughly speaking, the tail of the sum of i.i.d. random
variables Y, is given by the tail of the maximum.

(iv) Except that we assumed that Y, has a finite expectation, we did not
make requirements on the lower tail of the distribution of Y,, that is, on the
decay of P[Y, < ¢t] for t - —oc.
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EXaAMPLE. Let I' be a binary tree and (X)), be an i.i.d. collection of ran-
dom variables with distribution N(0, 1). Due to Theorem 1, we have a.s.,

S, 1
(8) suplim —% = lim — max S, = (2log 2)%/2.

gear veé |V|  n—oo 1 vful=n

Let B > 2 and Sff =< Xff. Due to Theorem 2 with Y, = XUB, r=2/B and
(n) = 2P2nP/2 we have a.s.,

B

. v . 1 (B) B/2

2. Proof of Theorem 2. The key to the proof of Theorem 2 is provided
by the following logarithmic tail asymptotics for i.i.d. random variables with
a semiexponential upper tail as in (5).

THEOREM 3. Let Y,Yi,...,Y, be i.i.d. random variables with finite expec-
tation E[Y]. Let r €]0, 1[. Assume
(10) PlY = t] = a(t) exp(—L(t)t")

for t large enough, where a and L are slowly varying functions such that
L(t)/t'"" is nonincreasing for t large enough. Let iy be a positive function
satisfying (6). Let S, := 37, Y;. Then we have, for x > 0,

11) lim %log P[S, = y(n)x] = —x«".

n—o00o

Under stronger assumptions on L and a, one can give much more precise
expansions instead of logarithmic asymptotics. This was carried out by A. V.
Nagaev; we refer to the survey paper [10] by S.V. Nagaev, page 764.

PROOF.
Lower bound. Let ¢ > 0. Since Y7, ..., Y, are independent, we have

(12)  P[S, > ¢(n)x] = PIY; = p(n)(x + s)]P[i Y, > ¢<n><—e)].

=2

Since y(n)/n — oo, the second term on the r.h.s. of (12) goes to 1 due to the
law of large numbers. For the first term on the r.h.s. of (12), we have

P[Y; = ¢(n)(x + &)] = a(y(n)(x + &) exp(—L((n)(x + £))i(n)" (x + £)").
Taking logarithms, dividing by n and letting n — oo yields, due to (6),

(13) limninfilog P[S, = y(n)x] = —(x+¢&)".

For £ — 0, the lower bound in (11) follows.
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Upper bound. We can assume w.l.o.g. (replacing Y with Y ) that Y is non-
negative. Note that

a9 PIS, = pn)x] = P max Y = w(ws| + P| 2 ¥ 2 wiya],

i=1

where Yi(n) = Y; Iy —y(n)x}- For the first term on the rh.s. of (14), we have

15 P| max ¥, > 4(n)x] < na(wn)) exp(-Lmxbn) =),

hence
1
(16) lim sup - log P|:%nax Y, > l/,(n)xi| < _x"
For the second term on the r.h.s. of (14), apply Chebyshev’s inequality with
¢ > 0 to get
P[ > an) > t//(n)x] < E[exp(c—L(lp(?_)r) Y(”)ﬂ
amn i—1 #(n)

xexp(—cL(y(n))p(n) x),
where Y := Y1ty y(n)xy- We will show that for ¢ < x" 1,
L
(18) lim sup log E[exp <0M Y(”)>i| <0.
n P(n)t=r
Equations (6), (14), (16) and (17) then imply

1
(19) lim sup - log P[S, > ¢(n)x] < —x".

ProOF OF (18). Let & € N be such that £ > /(1 — r). Using the estimates
logx <x—1lande*—1<x+2x?+2x3+ .+ (1/(k+1)!)x**le*, we have

log E |:exp <c% Y(n))}

L) iy
1 5 L(¥(n))?

1.L 3
+5¢ WE[(YWV] + ECS%E[(Y“W] 4o

1 1 L(p(n))*! PNk L(y(n)) oy
- (k+ 1)!Ck llp(n)(k+1)(1—r)E|:(Y( )k 1eXp(CW1ﬂ ))]

Since we assumed Y to be nonnegative, and because of (10), we have that for
each m, limsup, E[(Y()™] < oo, and we see from (20) that it suffices to show

(20
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that, for ¢ < ™1,

@) limsup LW E[(Y<n>)k+1ex ( L(#(n)) <n>>] <o.

n d,(n)(kﬂ)(lfr) (/j( )1 r
Since
L(p(n)) !

(22) l/j(n)(k-kl)(l—r)—l n—00 0
due to our assumption on £, it is enough to show that, for ¢ < x" 1,

. 1 L(y(n))
(23) lim sup —E[ y(m)ktl oy ( 2y ) | < 00

S [ Ok

Fix £ > 0. Due to the Cauchy—Schwarz inequality,

S o

(24)

The first term on the r.h.s. of (24) remains bounded for n — oo. To prove (23),
it therefore suffices to show that for ¢ < x”~1, we have, for each T > 0,

[exp((l + s)cf;((lpg?)r) (")>; Y™ > Ti| <00

Now we use the fact that for a nonnegative random variable X and ¢ > 0,
0<T < K < o0, we have

(25) hmnsup " ( )

Elexp(tXT g x>1)]
(26) K
=/ te®P[X > s]ds+eTP[X = T] — (!X — 1)P[X > K].
T

Plugging in K = ¢s(n)x and t = (1 + &)c(L(#(n))/¥(n)'"), we get

1 R Ly (n)) v, n) ™ >
w<n>E[e""((” Sy ¥ )Y T}
__ L L(y(n )) L((n)) n
27) ‘W/T (o) p<(1+s)c T s>P[Y< ) > s]ds
RSO (D)
T © p((l Oy T)
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The second term on the r.h.s. of (27) goes to 0 for n — oo. The first term on
the r.h.s. of (27) is, for n large enough,

=

1 oo L(¥(n))
o(n) I (1+ 2&)cexp <(1 + ¢&)e b
L(¢(n))

1
=C, /T/n,b(n)x exp((l +&)c S Mn)xs)a(tﬂ(n)xs)
(28) x exp(—L(¢(n)xs)y(n) x"s")ds
1
=Cyf, . albn)xs)
x exp((n)"[(1+ e)cL((n))xs — L(yp(n)xs)x"s"]) ds,

where C; = (1 + 2¢)cx. Due to our assumptions on L, we now see that if
c(1+¢) < x"1, the integral remains bounded for n — oo, and this proves (23).
Finally, since ¢ > 0 was arbitrary, we conclude that (18) holds for ¢ < x" 1.

s)a(s)exp(—L(s)sr) ds

REMARK. We see from the proof that it suffices to have
(29) ay(t)exp(—Ly(¢)t") < P[Y = t] < ay(t) exp(—Ly(2)t")
with a, a9, L, Ly as in Theorem 3.
We now follow the strategy in [11]. Let §n =>7".,Y where Y;,1<i <n,
are i.i.d. with the same distribution as Y,,.
Step 1. Exactly as in [11], we show that a.s. on nonextinction of T,
(30) shoua < (log m)Y/".

Let g be the probability of extinction of I'. We denote by I, the vertices of I’
at level n. Due to Theorem 3, for each £ > 0, there is § > 0 such that, for n
large enough,

31) P[S, > y(n)(logm + &)/"] < exp(—n(log m + 8)) = m ™" exp(—n3).
We have

P[S, > ¢(n)(logm + &)'/" for some v € I},| nonextinction]

= L > P[Sv > y(n)(log m + &)/ for some v € Fn||l“n| = k]
1 p=1
(32) x P[|L,| = k]
< S RP[G,| = Ejm e = — 1 mimnens = L gno
19,5 § 1-gq 1—gq ’

where the inequality is due to (31). Equation (30) is straightforward from here
by applying the Borel-Cantelli lemma.
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Step 2. We show that a.s. on nonextinction of T,

(33) s”

sust

> (log m)"".
This time, we have to modify the argument in [11].

(i) Assume that the Galton—Watson tree has finite variance: that is, o2 :=
Var(Z) < co. Let § > 0 and a = (logm)¥" — 28. Let 1 < y < (logm)(a + 8)~"
and M > 0. We denote the integer part of y* by |y*]. We will consider the
following tree I'(y, M) which is embedded in I'. The vertices w; at level & of
I'(y, M) satisfy

wo = p, |wy| = [wy_1| + 1¥*],
Suw, > Su, , + ¥(1¥* Da,
Sy > Sy, , — |y*| M for all u in the path from w, ; to w,.

We will first show that, for M large enough, on nonextinction of I', I'(y, M)
survives with positive probability. Here I'(y, M) corresponds to a branching
process with time-dependent branching, which is constructed by:

(a) Considering the levels |y] + [y2| +--- + [¥*] of the original tree T;

(b) Performing a (dependent) percolation where one keeps each path from
level |y| + [¥%] 4+ --- + [v*"!] to level |y| + |¥?] + --- + |¥*] as an edge of
I'(y, M) with probability

Py = P|:§MJ > ¢([y"a, ) min §j > —LykJM].

<j=<lv*]
Note that
N i Lv*]
(34) P[ min S; > — M:| > P[— Y < M]
1<j<lyt] 7 Lv'] Lv*] ng !

and, for M large enough, the last probability goes to 1 for & — oo due to
the law of large numbers. Together with Theorem 3, this implies that p, >
exp(—|v*|(a+8)") for k large enough. Denote by V, the size of the generation
at level |w,| in T, before percolation, and by V, the size of the generation
at level |wy| in ' after percolation. Here (V});.o and (V});., are branching
processes with time-dependent branching. More precisely, V, = V, = 1 and

Vi1 _ Vi
(35) Vi=2X X V=3 X
j=1 j=1
where X}, ;,j =1,2,...,V, are ii.d. (X, ; is the number of descendants in

the | y*|th generation of the jth vertex at level £ — 1 of I'(y, M)), and X, ;,
Jj=12,...,V, are ii.d. with

X, ;
(36) Xk,]z Z Yi,k’

i=1
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where Y; ,,i=1,2,..., X, ; are (dependent) random variables with P[Y; , =
1] = pp =1- P[Y; ;, =0]. Let m;, := E[X,%j] and G} = Var(XkJ). We will
show that

(37) Wk::#’ k=1,2,
mpmp_q---My

is a uniformly integrable positive martingale. We then conclude that for W :=
lim;,_, . W, we have E[W] = E[W,] = 1 and therefore P[W > 0] > 0 which
implies that P[(V}) survives] > 0. To prove uniform integrability, we will show
that

(38) sup E[W?] < oco.
k

Note first that, due to (36),

(39) 17, = prE[X} 1] = pym"'l and E[X? ] < p,E[X3 ], k=1.2,...,
hence

(40) oy < ppVar(X,, 1) + (pr — P E[X, 1], k=12,....

Recursive calculation of the variance of a branching process with time-
dependent branching yields

Var(V,)
—9 2 2
mimy_q---mMy
k 6’?
(41) => —5 -
MMy Ty

For the number of descendants X, ;, we have

o—zmb’kjfl (m l.'ykj — 1)

42 Var(X = k=1,2
( ) ar( k,l) m—1 s 9 4y
(see also [1], page 4). Due to (37) and (41), we have
Var(V,
LUARSACLOSES

mpmy_p---my

k 2
(43) 22_2_—]_4'1, k=1,2,

j=1 MM ey

Since E[X}, ;] = ml""), we see from (42) that

\M<C1, k=1,2,...,

(44) <
E[ X}, 1P



1228 N. GANTERT

where C; is a constant depending on m and o but not on k. Using (39), (40)
and (44), we see that

[\

~ 2
(45) —’5i01+<i—1)5(01+1)i, J=12,...

m5  Dpj pj j

~

and, using (45) and
46)  p;=exp(~|y/|(a+8)),  E[X;,]=pm") j=12 .,

we see that the r.h.s. of (43) can be bounded uniformly,

k '2 k 1
J
sup Y —5— — < Cysup )y _ - _
) k=1 m?'mjfl"’ml k=1 pjpjamy p; omly?l. . p
47 . v
© g platsy \ LY I+ Ly At Ly
J
SCZ;m(ml/“Y) < 00,

where Cy = (C;+1). The last term in (47) is finite since (a+68)" < (1/y) log m,
and together with (43), this proves (38). Hence, we have shown that P[(V})
survives] = P[I'(y, M) survives] > 0. However, on nonextinction of I'(y, M),
we have

a((lyD+--+d(ly* 1)) - v IM  a

(48) sV > liminf =—.
ST oo YLy +-- 4+ (k) yur
For vy — 1, this yields sfust > a with positive probability. Now, exactly as in
[11],
(49) A :={I'[I finite or S;bust <aonl}

is an inherited property. Applying the 0—1 law proved in [11], Proposition 3.2,
we conclude that P[s':ust > a] =1 a.s. on nonextinction. For § — 0, (33) follows.

(i) Finally, if the variance of Z is infinite, we can approximate in the follow-
ing way: let Z(K) = ZI (z<k} Where we choose K € N large enough such that
m&) .= E[Z()] > 1. Then Z¥) has finite variance. The corresponding tree
I''K) is the tree remaining if we delete in I' the K + 1th, K + 2th,. .., children
of every vertex. Now, by (i), we have s, > (log m®)¥" a.s. on nonextinction
of T®), For K — oo, we have m&) — m and therefore s’ > (logm)V/" a.s.
on nonextinction of I'.

Step 3. Together with the first step, we have now shown that a.s. on nonex-
tinction of I', we have

(50) (log m)"/" < 84t < Surst < Setoua < (logm)™/". O

sust —
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