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Abstract

Recently, the scaling limit of cluster sizes for critical inhomogeneous random graphs of rank-1 type
having finite variance but infinite third moment degrees was obtained [7]. It was proved that when
the degrees obey a power law with exponent 7 € (3,4), the sequence of clusters ordered in decreasing
size and multiplied through by n=("=2/("=1 converges as n — 0o to a sequence of decreasing non-
degenerate random variables.

Here, we study the tails of the limit of the rescaled largest cluster, i.e., the probability that the
scaling limit of the largest cluster takes a large value u, as a function of w. This extends a related result
of Pittel [29] for the Erdds-Rényi random graph to the setting of rank-1 inhomogeneous random graphs
with infinite third moment degrees. We make use of delicate large deviations and weak convergence
arguments.

Key words: critical random graphs, power-law degrees, inhomogeneous networks, thinned Lévy pro-
cesses, exponential tilting, large deviations
MSC2000 subject classification. 60C05, 05C80, 90B15.

1 Introduction

The Erdds-Rényi random graph G(n, p) on the vertex set [n] := {1,...,n} is constructed by including each
of the (;L) possible edges with probability p, independently of all other edges. Erdés and Rényi discovered
the double-jump phenomenon: The size of the largest component was shown to be, in probability, of order
log n, n?/3, or n, depending on whether the average vertex degree was less than, close to, or more than one.
In 1984 Bollobés [9] and subsequently Luczak [27] showed for the scaling window p = (1+An~"1/3)/n, that
the largest component is of the order n2/3. Since then, the critical, or near-critical behavior of random
graphs has received tremendous attention (see [2, 4, 10, 18, 26]). Let (Cy))i>1 denote the connected
components of G(n,p), ordered in size, i.e., |Cmax| = |C)| > |Coy| > ... Aldous [2] proved the following
result:

Theorem 1.1 (Aldous [2]). Forp= (14 M~'/3)/n, A € R fized, and n — oo,
(|C(1)\n_2/3, |C<2)|n_2/3, . ) i> (11(A),72(A),--4) (1.1)

where v1(A) > y2(X\) > ... are the ordered excursions of the reflected version of the process (W{)i>o =
(Wi + At — t2/2)i>0 with (Wi)i>0 a standard Wiener process.
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Theorem 1.1 says that the ordered connected components in the critical Erdés-Rényi random graph
are described by the ordered excursions of the reflected version of (W;);>o. The strict inequalities between
the scaling limits of the ordered cluster follows from the local limit theorem proved in [24]. In [29] an exact
formula was derived for the distribution function of the limiting variable 1 (\) (of the largest component)
and various asymptotic results were obtained, including
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The result in (1.2) gives sharp asymptotics for the largest component in the critical Erdés-Rényi graph.
It was rederived in [23] by studying the excursions of the scaling limit of the exploration process that is
used to describe the limits in Theorem 1.1. In this paper, we follow a similar path, but then for a class
of inhomogeneous random graphs and its scaling limit, and extend (1.2) to this setting.

Several recent works have studied inhomogeneity in random graphs and how it changes the critical
nature. In our model, the vertices have a weight associated to them, and the weight of a vertex moderates
its degree. Therefore, by choosing these weights appropriately, we can generate random graphs with highly
variable degrees. For our class of random graphs, it is shown in [22, Theorem 1.1] that when the weights
do not vary too much, the critical behavior is similar to the one in the Erdds-Rényi random graph. See
in particular the recent works [6, 30], where it was shown that if the degrees have finite third moment,
then the scaling limit for the largest critical components in the critical window are essentially the same
(up to a trivial rescaling) as for the Erdds-Rényi random graph in Theorem 1.1.

When the degrees have infinite third moment, instead, it was shown in [22, Theorem 1.2] that the sizes
of the largest critical clusters are quite different. In [7] scaling limits were obtained for the sizes of the
largest components at criticality for rank-1 inhomogeneous random graphs with power-law degrees with
power-law exponent 7 € (3,4). For 7 € (3,4), the degrees have finite variance but infinite third moment.
It was shown that the sizes of the largest components, rescaled by n~(7=2/("=1) converge to hitting times
of a thinned Lévy process. The latter is a special case of the general multiplicative coalescents studied by
Aldous and Limic in [2] and [3]. We next discuss these results in more detail.

Py (\) > u) = e 5uU2V% (1 4 6(1)),  u— oo. (1.2)

1.1 Inhomogeneous random graphs

In our random graph model, vertices have weights, and the edges are independent, with edge probabilities
being approximately equal to the rescaled product of the weights of the two end vertices of the edge.
While there are many different versions of such random graphs (see below), it will be convenient for us to
work with the so-called Poissonian random graph or Norros-Reittu model [28]. To define the model, we

consider the vertex set [n] := {1,2,...,n} and suppose each vertex is assigned a weight, vertex ¢ having
weight w;. Now, attach an edge between vertices ¢ and j with probability
pij =1— exp( — w;w])’ where /¢, = Z w;. (1.3)
" icn]

Different edges are independent. In this model, the average degree of vertex i is close to w;, thus incor-
porating inhomogeneity in the model.

There are many adaptations of this model, for which equivalent results hold. Indeed, the model
considered here is a special case of the so-called rank-1 inhomogeneous random graph introduced in great
generality by Bollobas, Janson and Riordan [11]. It is asymptotically equivalent with many related models,
such as the random graph with given prescribed degrees or Chung-Lu model, where instead

pij = max(w;w; /by, 1), (1.4)
and which has been studied intensively by Chung and Lu (see [13, 14, 15, 16, 17]). A further adaptation

is the generalized random graph introduced by Britton, Deijfen and Martin-Lo6f in [12], for which
W; W4

=g 1.5
Pij Uy + wiw; (1.5)
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See Janson [25] for conditions under which these random graphs are asymptotically equivalent, meaning
that all events have asymptotically equal probabilities. As discussed in more detail in [22, Section 1.3],
these conditions apply in the setting to be studied in this paper. Therefore, all results proved here also
hold for these related rank-1 models.

Let the weight sequence w = (w;);c[n) be defined by

w; = [1— F]7Y(i/n), (1.6)

where F' is a distribution function on [0,00) for which we assume that there exists a 7 € (3,4) and
0 < ¢p < 00 such that
lim 2" 1 — F(x)] = cp, (1.7)

T—00

and where [1 — F]~! is the generalized inverse function of 1 — F defined, for u € (0, 1), by
[1— F] Y(u) = inf{s: [1 — F](s) < u}. (1.8)

By convention, we set [1 — F]~1(1) = 0.
For the setting in (1.3) and (1.6), by [11, Theorem 3.13], the number of vertices with degree k, which
we denote by Vg, satisfies
Wk
—Wi}

Nk/nLE[e 1

k>0, (1.9)
where —s denotes convergence in probability, and where W has distribution function F' appearing in (1.6).
We recognize the limiting distribution as a so-called mized Poisson distribution with mixing distribution
F, i.e., conditionally on W = w, the distribution is Poisson with mean w. As discussed in more detail in
[22], since a Poisson random variable with large parameter w is closely concentrated around its mean w,
the tail behavior of the degrees in our random graph is close to that of the distribution F. As a result,
when (1.7) holds, and with D,, the degree of a uniformly chosen vertex in [n], limsup,,_, . E[D?] < oo
when a < 7 — 1 and limsup,,_,., E[D?] = co when a > 7 — 1. In particular, the degree of a uniformly
chosen vertex in [n] has finite second, but infinite third moment when (1.7) holds with 7 € (3,4).
Under the key assumption in (1.7),

(1= F " (w) = (cr/u) " V(1 +0(1)), wlo, (1.10)
and the third moment of the degrees tends to infinity, i.e., with W ~ F, we have E[WW?3] = co. Define
v =E[W?/E[W], (1.11)

so that, again by (1.7), v < co. Then, by [11, Theorem 3.1] (see also [11, Section 16.4] for a detailed
discussion on rank-1 inhomogeneous random graphs, of which our random graph is an example), when
v > 1, there is one giant component of size proportional to n, while all other components are of smaller size
o(n), and when v < 1, the largest connected component contains a proportion of vertices that converges
to zero in probability. Thus, the critical value of the model is ¥ = 1. The main goal of this paper is to
investigate what happens close to the critical point, i.e., when v = 1.

With the definition of the weights in (1.6), we shall write G°(w) for the graph constructed with the
probabilities in (1.3), while, for any fixed A € R, we shall write G)(w) when we use the weight sequence

w(\) = (14 A~ T3/, (1.12)

We shall assume that 7 is so large that 1 4+ An~("=3)/("=1) > 0, so that w;(\) >0 for all i € [n].
When 7 > 4, so that E[W?] < oo, it was shown in [6, 22, 30] that the scaling limit of the random graphs
studied here are (apart from a trivial scaling constant) equal to the scaling limit of the ordered connected



components in the Erdés-Rényi random graph in Theorem 1.1. When 7 € (3,4) the situation is entirely
different, as discussed next.

Throughout this paper, we make use of the following standard notation. We let %, denote convergence
in distribution, and = convergence in probability. For a sequence of random variables (Xp,)p>1, we

write X,, = op(b,) when |X,|/b, — 0 as n — oo. For a non-negative function n — g(n), we write
f(n) = 0O(g(n)) when |f(n)|/g(n) is uniformly bounded, and f(n) = o(g(n)) when lim,, o, f(n)/g(n) = 0.
Furthermore, we write f(n) = O(g(n)) if f(n) = O(g(n)) and g(n) = O(f(n)). Finally, we abbreviate

a=1/(t—1), p=(1—-2)/(r—1), n=(r—3)/(r—1). (1.13)

1.2 The scaling limit for 7 € (3,4)

We next recall two key results that we recently established in [7].

Theorem 1.2 (Weak convergence of the ordered critical clusters for 7 € (3,4) [7]). Fix the Norros-Reittu
random graph with weights w(\) defined in (1.6) and (1.12). Assume that v = 1 and that (1.7) holds.

Then, for all X € R,

(ICoIn ", |Ceyln ) ~L5 (1 (V) 22(N), ), (1.14)

in the product topology, for some non-degenerate limit (v;(\))i>1.

In order to further specify the scaling limit (7;()))i>1, we need to introduce a non-negative continuous-
time process (S¢)>0, referred to as a thinned Lévy process, and defined as

St:b—abt+ct+zi%[zi(t)—a—t}, (1.15)

ia
=2

where a, b, ¢ have been identified in [7, Theorem 2.4] as a = ¢%/E[W], b = ¢% and ¢ = 0 = X\ + ( with
¢ € (—00,0) the constant given in [7, (2.18)]'. Further, here we use the notation

Zi(t) = Lyri<ty (1.16)
where (7});>2 are independent exponential random variables with mean
E[T;] = i“/a. (1.17)
Let H1(0) denote the first hitting time of 0 of the process (S¢)¢>0, i-€.,
H,(0) = inf{t > 0: S; =0}, (1.18)

and C(1) the connected component to which vertex 1 (with the largest weight) belongs. We recall from
[7, Theorem 2.1 and Proposition 3.7] that also |C(1)|n~" converges in distribution:

Theorem 1.3 (Weak convergence of the cluster of vertex 1 for 7 € (3,4)). Fiz the Norros-Reittu random
graph with weights w(\) defined in (1.6) and (1.12). Assume that v =1 and that (1.7) holds. Then, for
all A € R,

n~rlc(1)] -5 HY(0), (1.19)
with H{(0) the hitting time of 0 of (S¢)i>0 with a = ¢%/E[W], b=c%, c= 0.

!There is a typo in [7, Theorem 2.4], in which ¢ = 8 — ab should read ¢ = 8 = XA + C.



By scaling, H{(0)/a for some a, b, c has the same distribution as the hitting time H;(0) obtained by
taking o/ = o’ =1, and ¢ = ¢/(ab) = (A + {)/(ab). We shall reparametrize o’ = b’ = 1 and let

Si=1+ Bt + Zci[l.i(t) - Cz‘t], (1.20)
i=2
where we set .
B=B-1 with B=c =0/(ab) = (A+)/(ab), (1.21)
used the notation
c =1 <, (1.22)

and where Z;(t) is defined in (1.16)—(1.17) with a’ = 1.

1.3 Main results

In this section we state our three main theorems. The first theorem concerns the probability that H{(0) >
u for some u > 0 large, where H{(0) is the weak limit of n~?|C(1)| identified in Theorem 1.3. This is
achieved by investigating the hitting time H;(0) of 0 of the process (St)¢>0 in (1.20).

Theorem 1.4 (Tail behavior scaling limit cluster vertex 1 for 7 € (3,4)). When u — oo, there exists
I > 0 independent of f and A = A() and ki;(8) € R such that

A
u—1/2°

The constants I, A and k;; are specified in Section 2. By scaling, these constants only depend on a,b
through ¢ = ¢/(ab) = (A+)/(ab), any other dependence disappears since the law of H;(0) only depends
on ¢. Since 7 € (3,4), the sum over 7, j such that i+ j > 1 is in fact finite, as we can ignore all terms for
which 7 — 1 —i(7 —2) — j(r — 3) <0.

We can even go one step further and study the optimal trajectory the process t — S; takes in order
to achieve the unlikely event that H;(0) > uw when u is large. In order to describe this trajectory, we
need to introduce some further notation. In the proof, it will be crucial to tilt the distribution, i.e., to
investigate the measure P with Radon-Nikodym derivative e?Su /E[eQ"S“], for some appropriately chosen
6. The selection of an appropriate 6 for the thinned Lévy process(S;):>o is quite subtle, and has been the
main topic of our paper [1]. The main results from paper [1] are reported in Section 2, and will play an
important role in the present analysis. We refer to below (2.12) for the definition of #* that appears in
the description of the optimal trajectory that is identified in the following theorem:

P(H;(0) > u) = P(HI(0) > au) = SR e T T 1)), (1.23)

Theorem 1.5 (Optimal trajectory). For p € [0, 1], define

=1 [ (e ) (120

with 0% as defined below (2.12). Then, for u — oo, for any e > 0,

]P’( sup |Spu — u" 2Ix(p)| < u”%e | H1(0) > u> =1-o0(1). (1.25)
pE[0,1]
Combining Theorem 1.4 and Theorem 1.5, and showing that, for u large, the probability that 1 € C,
is overwhelmingly large, eventually leads to the following result for the largest cluster size (recall 71()\)
from (1.14)):

Theorem 1.6 (Tail behavior scaling limit for 7 € (3,4)). When u — oo, there exists I > 0 independent
of X and A = A(N), ki ; = ki ;(\) such that
A

o o TW AT T oy g TR gy (1.26)

P(1i(A) > au) =

The constants I, A and ;; are equal to those in Theorem 1.4.



Brownian motion on a parabola. Note that substituting 7 = 4 into (1.26) yields
ﬁe_m%“m“z““lﬁ””)“(1 + o(1)), which agrees with the result of Pittel in (1.2). This suggests a
smooth transition from the case 7 € (3,4) to the case 7 > 4. We next further explore this relation.
Consider the process (Wp)i>0 = (Wi + Mt — 2/2);>0 with (W;);>0 a standard Wiener process as
mentioned in Theorem 1.1. We now apply the technique of exponential change of measure to this process.

First note that the moment generating function of W, can be computed as
log ¢(u;9) = logE[eﬂ“WI?] = Yu(lu — 2u? + $9u?) (1.27)

and let 0 be the solution of 0 = arg miny log ¢(u; ), which is given by

0, = % - % (1.28)
The main term is
3(u) = ¢(u;0;) = E[efiVi] = o~ su 3050 - omgulu20)?, (1.29)
Noting that
P(yi(\) > u) < P(W) > 0) < P(®aVa > 1) < E[efuWa], (1.30)

we see that this upper bound agrees to leading order with the result of Pittel in (1.2). In order to derive
the full asymtptotics in (1.2), one can define the measure

P(E) = ¢(u) "E[e” Wi 1], (1.31)

rewrite B R
P(11(A) > u) = p(u)E[” W 1, )5y, (1.32)

and then deduce the asymptotics of the latter expectation in full detail. Our analysis will be based on
this intuition, now applied to a more involved, so-called thinned Lévy, stochastic process.

2 Overview of the proofs

In this section, we give the overview of the proofs of Theorems 1.4-1.6. The point of departure for our
proofs is the conjecture that P(H;(0) > u) ~ P(S, > 0) for large u. The event {H;(0) > u} obviously
implies {S,, > 0}, but because of the strong downward drift of the process (S)¢>0, it seems plausible that
both events are roughly equivalent.

In [1] a detailed study was presented on the large deviations behavior of the process (S¢)i>0. Using
exponential tilting of measure the following two theorems were proved.

Theorem 2.1 (Exact asymptotics tail S, [1, Theorem 1.1]). There exists I,D > 0 and ki; € R such
that, as u — oo,

D

e T Bz T 4 o(1)), (2.1)
u

P(S, > 0) =

Theorem 2.2 (Sample path large deviations [1, Theorem 1.2]). There exists a function p — Iz(p) on
[0,1] such that, for any e >0 and p € [0,1),

lim P(|Spy — u” 2Ip(p)| <eu” 2| S, >0)=1. (2.2)

UuU—00



In [1] it is explained that specific challenges arise in the identification of a tilted measure due to the
power-law nature of (S¢):>0. General principles prescribe that the tilt should follow from a variational
problem, but in the case of (S;);>¢ this involves a Riemann sum that is hard to control. In [1] this
Riemann sum is approximated by its limiting integral, and it is proved that the tilt that follows from
the corresponding approximate variational problem is sufficient to establish the large deviations results
in Theorems 2.1 and 2.2. Details about this tilted measure are presented in Subsection 2.1.

It is clear that Theorems 2.1 and 2.2 for the event {S, > 0} are the counterparts of Theorems 1.4 and
1.5 for {H1(0) > u}. Let us now sketch how we make formal the conjecture that P(H;(0) > u) = P(S, > 0)
for large u. We show that P(H;(0) > u) has the same asymptotic behavior as P(S, > 0) in (2.1), with
the same constants except for the constant D. Despite the similarity of this result, the proof method we
shall use is entirely different from the exponential tilting in [1]. In order to establish the asymptotics for
P(H1(0) > u), we establish sample path large deviations, not conditioned on the event {S, > 0}, but on
the event {H;(0) > w}. This is much harder, since we have to investigate the probability that S; > 0
for all t € [0,u]. In order to prove these strong sample-path properties, we first prove that S; is close to
its expected value for a finite, but large, number of ¢’s, followed by a proof that the path cannot deviate
much in the small time intervals between these times. Now here is our strategy for the proofs. We extend
the conjecture P(H;(0) > u) =~ P(S, > 0) by a conjectured sample path behavior that says that, under
the tilted measure, the typical sample path of (S¢):>0 that leads to the event {S, > 0} remains positive
and hence implies {H1(0) > u}. To be more specific, we divide up this likely sample path into three
parts: the early part, the middle part, and the end part. Our proof consists of treating each of these
parts separately. We shall prove consecutively that with high probability the process:

(i) does not cross zero in the initial part of the trajectory (‘no early hits’);

(ii) is high up in the state space in the middle part of the trajectory, while experiencing small fluctuations,
and therefore does not hit zero (‘no middle ground’);

(iii) is forced to remain positive until the very end.

In the last step, we have to be very careful, and it is in this step that it will turn out that the constant D
arising in the asymptotics of P(S,, > 0) in (2.1) is different from the constant A arising in the asymptotics
of P(H1(0) > u) in (1.23).

We next summarize the technique of exponential tilting developed in [1] for the thinned Lévy process
(St)t>0 with 7 € (3,4), which allows us to give more details about how we shall establish the conjectured
sample path behavior for each of the three parts described above.

2.1 Tilting and properties of the tilted process
All results presented in this subsection are proved in [1].

Exponential tilting. We use the notion of exponential tilting of measure in order to give a convenient
description of the probability of interest as follows.

P(Sy > 0) = d(u; )Egle "5 15, 50y), (2.3)

where 1 is chosen later on. We define the measure ﬁ”g with corresponding expectation qu by the equality,

for every event F,
1

Py(E) = Eg[e?"S*1 2.4
9(E) 5w 0) vle El; (2.4)

where the normalizing constant ¢(u; ) is defined as
¢(u; 9) = Ef[e”*]. (2.5)



Choosing a good 1 is rather delicate, and we explain this in more detail now. By the independence of the
indicators (Z;(u));>2, we obtain that

o0

(z)(u; 19) — E[eﬂusu] — eﬁu(lJrBu) He—ﬁu%? (efciu + eﬁciu(l _ efciu)) (26)
=2
Du(1+Bu) 3252, f(i/u”~"19)

with
fla;9) =log (1+e ™ “(e7? " — 1)) + P~ — 9z (2.7)

The function x +— f(x;¢) is integrable at = 0 and at = oo, so the above sum can be approximated
by the integral

S s = [ e 0)de + eotu) = 0 AW) + ealu), (2.8)
i=2 0

for some error term u — ey(u) given by
=9 {u[¢(a) — 1] — u*[¢(2a) — 1]} + 0g(1), (2.9)

where @ = 1/(7 — 1) and the Riemann zeta functions ((-) defined as

= lim {Zn —Nl - —EN‘S}, Re(s) > —1,s # 1, (2.10)

N—oo 2

where Re(s) denotes the real part of s € C. Equation (2.10) follows from Euler-Maclaurin summation
[21, p. 333]. The error term in (2.9) converges to 0 uniformly for 9 in compact sets bounded away from
zero. This implies that i

b(u; ) = ot A@) +Pu(¢ () +(B—((20) +1)u)+og (1) (2.11)

Let 6} be the solution of
0, = argmin |A(9) +vu>~"((a) + (B - ¢(20) + 1)u)} (2.12)

and let 6* be the value of ¥ where ¥ — A(?) is minimal. It is not hard to see that I = —A(6*) > 0 and
that 0 is unique. In [1, Lemma 3.6], we have seen that 6} = 6* + o(1). Further, §* > 0 by [1, Lemma
3.5]. Define ¢(u) = ¢(u; 6}). The next result investigates the main term ¢(u):

Proposition 2.3 (Asymptotics of main term [I, Proposition 2.1]). As u — oo, and with
I = —ming>o A(Y) > 0, there exist ki; € R such that

$(u) = E[e%uSu] = =17 U Dy oy migu DRI (2.13)

Properties of the process under the tilted measure. From now on, we will take ¥ = ¢}, and we
define PP = Py. with corresponding expectation E = ]Eg* In what follows, we abbreviate § = 0. Under
this new measure, the rare event of S,, being positive becomes quite likely. To describe these results, let
us introduce some notation. Recall from (1.24) that, for p € [0, 1],

Io(p) = (1 — 1) /0°° <e0*iir(_1€_—f)_f)e—” _pv> %, (2.14)




where we take ¥ = 6%, which turns out to be the limit of 6} as u — oo (see, e.g., [1, Lemma 3.6]). As
we see in Theorem 2.2, the function p — Iz(p) will serve to describe the asymptotic mean of the process
p +— Spy conditionally on S, > 0. It is not hard to check that

I,(0)=0,  and I,(1) =0, (2.15)
the latter by definition of 6%, since 0 = A’(6*) = Iy(1). Finally,
I5(p) > 0 for every p € (0,1), (2.16)

and
I5,(0) > 0 and I},(1) < 0. (2.17)

Lemma 2.4 (Expectation of S; [1, Lemma 2.2]). As u — oo,

(a) [St} =uT2I5(t/u) + O(1 + t + t|0* — 0} |u"3) uniformly in t € [0, u].

() B[Sy — Su] = u™215(t/u) + O(u — t +u~t + 0 — 0% |u™2) uniformly in t € [u/2,u].
(c) E[§t Su] = u™ 3L (1)(t —u)(1+0(1)) + O(u~t) when u —t = o(u).

(d) vE[S,] = o(1) when u — oco.

We will also need some consequences of the asymptotic properties of I~E[St]. This is stated in the
following corollary:

Corollary 2.5. Asu — oo,
(a) E[S;] > ctu™3 and E[S;] < ctu™3 uniformly for t € [e,u/2], where 0 < ¢ < € < oo;

(b) E[Su_s — Su] > ctu™3 and E[S,_; — S,] < ctu™3 uniformly for t € [Tu~ 2 u/2], where 0 < ¢ <
c < ooy

() E[S] = E[S,,](1 4 o(1)) fort € [t1,t2] and t; € [e,u/2] and ta — t; = O(u=(T—2);

(d) E[S)] = E[S,,](140r(1)) fort € [t1,ts] and t1 € [u/2,u—Tu~ 2], where or(1) denotes a quantity
(T, u) such that limy_,q limsup, . c(T,u) =0 and ty —t; = O(u=(7"2).

Proof. Part (a) for ¢t € [e,eu| for ¢ > 0 sufficiently small follows from Lemma 2.4(a) together with the
facts that I;(0) = 0, I%,(0) > 0, and that 1+ ¢ + ¢|6* — 0} |u"=3 = o(tu”3). The fact that I%,(0) > 0 also
implies that ¢ can be taken to be strictly positive. For t € [eu,u/2], Part (a) follows from the fact that
Ix(p) > 0 for all p € [,1/2] and that 1 + ¢+ t|6* — 0%|u” 3 = o(u”2).

Part (b) follows as Part (a), now using Lemma 2.4(b) together with the fact that I5(1) =0, I,,(1) < 0.

Part (c) follows from Lemma 2.4(a), by subtracting the two terms. Note that the error term O(1 +
t1 4 t1|0% — 0%u73) is o(tyu”3) since 1 > e, while E[S;,] = ©(tu”3) by Part (a) of this corollary.
Further, note that

Al (tfn) = Telts /0] = O™ max 140l (t2 — 1)) = O(1) (2.18)
P

which is 0(1)E[St1].

Part (d) follows again from Lemma 2.4(a) by subtracting the two terms. Note again that the error term
O(1+1t1 +t1|0* — 0% |u™3) is o(t1u™3), while E[S;,] = O(t;u”~3) by part (b) of this corollary and Lemma
2.4(a). Further, note that

st /) ~ Lot fu)] = O™ max [1,(p)(2 — 1)) = Or (D). (2.19)

which is o (1)E[S,,]. O



The next lemma concerns the variance of the process. Define, for p € [0, 1],

o0 0*v —pv 0*v —pv
e’ ’(1—e ) e’ ’(1—e™P) dv
I =(r—1 — 2.20
vip)=(r-1) /0 e (1 —e V) 4 eV ( e (1 —ev) + e‘”) T2 (2.20)
and
e e@*v(e—pv _ e—v) e@*v(e—pv _ e—v) dv
J =(r—1 — 2.21
v(p) = (7 )/0 e (1l —e ?) + eV ( e (1 —ev) + e—”) T2’ (2.21)
o0 629*”(1 —e P)(eTP —e7Y) du
G =(r—1 . 2.22
V(p) (7- )/() (eg*v(l _ e_v) + e_v)Q ’UT_Q ( )
Again, it is not hard to see that
0 < Iy(p) < oo for every p € (0,1], while I,(0) =0, (2.23)
and
0 < Jv(p) < oo for every p € [0,1), while Jy (1) =0. (2.24)

Lemma 2.6 (Covariance structure of S [1, Lemma 2.3]). As u — oo,

(a) Var[§] = u" 3y (t/u) + O(1 4 t|0* — 07 |u™*) uniformly in t € [0,u].

(b) Var[S; — Su] = u™ 3 Jy (t/u) + O((u — t)u™t + (u — t)|0* — 0% |u™=1) uniformly in t € [0, u].

(c) Cov[S;, Su — Si] = —u" 3Gy (t/u) + O((u — t)u™t + (u — £)|6* — 0% |u™*) uniformly in t € [0, u].
The next result bounds the Laplace transform of the couple (S, Sy):

Proposition 2.7 (Joint moment generating function of (S;,S,) [1, Proposition 2.4]). (a) As u — oo,

A Si—E[S] )
- — Lo
Ele VIV@/wuT=3 1 — 032746 (2.25)

where |O] < 0y(1) as u — oo uniformly in t € [u/2,u] and X in a compact set.
(b) Fiz e >0 small. As u — oo, for any A\, A2 € R,

S5 —E[S¢] Su—5;—E[Sy,—5¢]
A1 L A 1 1 Gy (t/u)
e VIvt/we =3 Iy (t/uyuT=3 ] _ e?‘%*ﬁ)‘%*/\l)‘?Tv(t/‘vi).lv(t/u)*9’ (2.26)

E

where |O] < 0, (1) + O(t3G=7)/2) wniformly in t € [e,u — u=T"5/2)] and A\, Ay in a compact set.

By Proposition 2.7 and the fact that uE[S,] = o(1) (see [1, Lemma 4.1]), u~("3)/28, converges to a
normal distribution with mean 0 and variance I, (1). We next extend this intuition by proving that the
density of S, close to zero behaves like (27TIV<1))_1/2 u=(T=3)/2;

Proposition 2.8 (Density of S, near zero [1, Proposition 2.5]). Uniformly in s = o(u™=3)/2) | the density
fs, of Sy satisfies B
s () = Bu==39/2(1 4 o(1)), (2.27)

with B = (27TIV(1))_1/2 and Iy (p) defined in (2.20). Moreover, fs,(s) is uniformly bounded by a constant
times u=T=3)/2 for all s,u and t € [u/2,u].

There are three more results from [1] that will be used in this paper. The first is a description of
the distribution of the indicator processes (Z;(t))¢>o under the measure P. Since our indicator processes
(Zi(t))+>0 are independent, this property also holds under the measure P:

10



Lemma 2.9 (Indicator processes under the tilted measure [1, Lemma 4.2]). Under the measure P, the
distribution of the indicator processes (Z;(t))i>0 is that of independent indicator processes. More precisely,

Zi(t) = Lz <uy (2.28)
where (T;);>2 are independent random variables with distribution

eeciu(l—e_cit)

=~ Ociju(1 _a—Ciju —c;u fOT t S U,
P(E S t) - iGciug}_i—ciugiﬁc—ciu_c—cit) (229)

eeci“(l—e—ci“)-',-e—%“ fOT’ t > Uu.

The second lemma describes what happens to the variances for small p or for p close to 1:
Lemma 2.10 (Asymptotic variance near extremities [1, Lemma 4.3(b)]). Asp — 1, Jy(p) = —(1 —
p)J{ (1)(1 4+ o(1)) with J},(1) < 0, while, as p — 0,
T—3 . > — — dy
Iy (p) = p"°Zy (1 + o(1)), with Ty =(1—1) [ (1-e¥)e ¥ —%. (2.30)
0 Y

Consequently, there exist 0 < ¢ < € < oo such that, for every p € [0,e] with € > 0 sufficiently small,
ep” 3 < Iy(p) <ep™ 3. (2.31)
We finally rely on the following corollary that allows us to compute sums that we will encounter

frequently:

Corollary 2.11 (Replacing sums by integrals in general [1, Corollary 3.3]). For every a € Rya > 7 — 1
and b > 0, there exists a constant c(a,b) such that

[e.o]

e b = ¢(a, b)u" (1 4 o(1)). (2.32)

=
2.2 No early hits and middle ground

In this section, we prove that the tilted process is unlikely to hit 0 until a time that is very close to w.
We start by investigating the early hits.

No early hits. In this step, we prove that it is unlikely that the process hits zero early on, i.e., in the
first time interval [0, ] for some € > 0 sufficiently small. In its statement, we write 0 € S|y, for the event
that {Ss = 0} for some s € [0,1], so that P(H1(0) > u) = P(0 & Sjp,4))-

Lemma 2.12 (No early hits). For every u € [0,00), as € | 0,
P(0 € Sjpe), Su > 0) = 0:(1)P(Sy > 0), (2.33)

where o:(1) denotes a function that converges to zero as € | 0, uniformly in u.

The proof of Lemma 2.12 follows from a straightforward application of the FKG-inequality for indepen-
dent random variables (see [19], or [20, Theorem 2.4, p. 34]). The standard versions of the FKG-inequality
hold for independent indicator random variables, and in our case we need it for independent exponentials.
It is not hard to prove that the FKG-inequality we need holds by an approximation argument.

11



Proof. We note that the process (S¢)>0 is a deterministic function of the exponential random variables
(T3)i>2 (recall (1.15), (1.16) and (1.17)). Now, the event {0 € Sy )} is increasing in terms of the random
variables (T;);>2 (use that S; only has positive jumps). Here we say that an event A is increasing when,
if A occurs for a realization (¢;);>2 of (T;)i>2, and if (¢});>2 is coordinatewise larger than (¢;);>2, then A
also occurs for (;);>2. Clearly, the event {S, > 0} is decreasing (for a definition, change the role of ¢;
and t; in the definition of an increasing event), so that the FKG-inequality implies that these events are

negatively correlated:
P(O S 3[075],5'“ > 0) < IP(O S 8[075})P(8u > 0). (2.34)

We conclude the proof by noting that P(0 € Sy ) = 0:(1) independently of w. O

The key to our proof of Theorem 1.4 will be to show that P(H;(0) > u) = O(P(S, > 0)), so that Lemma
2.12 and the known asymptotics of P(S, > 0) imply that it is unlikely to have an early hit of zero.

No middle ground. By (2.4) (recall that ¢(u) = ¢(u;0) with 6 = 6}), Lemma 2.12 and Theorem 2.1,
P(H1(0) > u) = p(w)Ele ™" 1s, , 503] = SB[ " 15 oyl + d(w)u=T"D 20 (1), (2.35)
For M > 0 arbitrarily fixed, we split

P(H1(0) > u) = ¢(U)E[e_6u8ul{S[Eyu]>O,Sue[O,M/u}}]+¢(U)E[e_6usu]1{8[ ]>0,Su>M/u}]+¢(U)U_(T_1)/2O€(1)'

(2.36)

e,u

By Proposition 2.8, we can bound

Ele " s,y s0.5.5mm] < Ele™ S Iis 5] < /M/ e " fs, (v)dv (2.37)

< O(u—(T—S)/Q) /OO e—@uvdv _ O(u_(T_l)/Q)e_eM.
M/u

As a result, we arrive at

P(H1(0) > u) = ¢(U)E[e_9usu]1{$ 1>0,8u€(0,M/ul}] + d(u)u= D20, (1) + p(w)u” "V 20, (1), (2.38)

le,u
where 0,,(1) denotes a quantity ¢(M, ) such that limsup,;_,.. limsup,_, ., ¢(M,u) = 0.

We continue to prove that the dominant contribution to the expectation of the right-hand side of (2.3)
—(m-2)

originates from paths that remain positive until time v — ¢ for t = Tu .
Proposition 2.13 (No middle ground). Fiz e > 0. For every u € [0,00) and €, M > 0 fized,
P(0 € Sp -2 Su € [0, M/u]) < op(1)u= 7172, (2.39)

where we recall that or(1) denotes a quantity c(T,w) such that limp_, limsup,_, . ¢(T,u) = 0.

We prove Proposition 2.13 in Section 3.

By (2.38) and Proposition 2.13,
BUL(0) > u) = oER™"S L5 o] + o T2 [0.(1) +on(1) 4 0p(1)]. (240)

Since €, M and T are arbitrary, it now suffices to identify the asymptotics of the expectation appearing
on the right-hand side of (2.40).
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2.3 Remaining positive near the end

To prove Theorem 1.4, by Proposition 2.3 and equation (2.40), it suffices to prove that, with v = (7—1)/2,

Ele™" 15, , 505.c0m/uy) = (A+or(1)u(1+0(1)), (2.41)

—(7—2) —0uS,

where t = Tu . In the above expectation, we see two terms. The term e forces S, to be small,
more precisely, S, = ©(1/u) for u large, while the term 1y Stut >0} forces the path to remain positive
until time u. We now study these two effects.

In order to investigate the probability that Sj,_¢.) > 0, we proceed as follows. Let

Jw)={j: Zj(u) =1} (2.42)

denote the set of indices for which T; < u. We condition on the set J (u). Note that S, is measurable
with respect to J(u). We now rewrite S, in a convenient form. For this, recall (1.20) and write

o

b, u—t u—t
Su—t = 2t Su + ;Cz[L(u —1) — TI( )] (2.43)

t u—t i ¢

=+ ——Su— ) _allnew-rtay — -Ti(w).
=2
Thus, with
Qu(t) =uSy—t —t — (U — t Zcz u]l{Te (u—tu]} — tL; (U)], (2.44)
=2

we have that S,—; > 0 precisely when Q,(t) > —t — (u — t)S,. We rewrite

Qu(t) = Z Ci[u]l{T,-E(u—t,u]} - t]' (245)
€T (u)
Note that, for any t = o(u),
N 1 [ = ~
E[e™? Su]l{S[u,t,upO}] = U/o e ? P(Spu—t > 0| uSy = v) fs, (v/u)dv (2.46)
1

u

== /oo e_evﬁ’(Qu(s) > —v—s+sv/uVs € [0,t] | uS, = U)]?gu(v/u)dv
0

We aim to use dominated convergence on the above integral, and we start by proving pointwise con-
vergence. By Proposition 2.8, fs,(v/u) = Bu~(""3/2(1 + 0(1)) pointwise in v (in fact, even when
v = o(u"~1/2)). This leads us to study, for all v > 0,

Gu (V) = ﬁ(@u(s) > —v— s+ sv/uVs € [0,] | uS, = v). (2.47)
We split
Qu(t) = Au(t) - Bu(t); (2.48)
where
But)=u Y cllimew-ruy—P@ >u—t|Ti<w)],  Aut)=— Y uP(Ty>u—t|T; < u)—t].
1€ (u) €T (u)
(2.49)

Thus, (Au(t))icio, s deterministic given J(u), while (By(t))tcp, 18 random given J(u). The main
result for the near-end regime is the following proposition, which proves that g, (v) converges pointwise.
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Proposition 2.14 (Weak conditional convergence of time-reversed process).
(a) As u — oo, conditionally on uS, = v,

—(r— d
(Au(tu™T"))iz0 == (K)s>0, (2.50)
where k € (0,00) is given by
] e@z_o‘e—m_a C
K= / r — — [e“ —1- m_“]d:(;. (2.51)
0 efr (1 —e 2™ +e @

(b) As u — o0, conditionally on uS, = v,
(Bu(tu™"2))50 5 (Li)iso, (2.52)
where (—Lyt)t>0 is a Lévy process with no positive jumps and with Laplace transform
Eet(Ls)] = ¢ 2o —1mad)ll(d=) (5 (2.53)

and characteristic measure
(_Z)—(T—l)e—Gz

() = (7= 1) ey 1

e*dz. (2.54)

Proposition 2.14 is proved in Section 5, and determines the precise constant A from (1.23), as we now
explain in more detail.

We proceed by investigating some properties of the supremum of the Lévy process from (2.52) that
we need later on. Note in particular that the distribution of L in (2.53) does not depend on v. With a
slight abuse of notation, also the distribution of the limiting process (Ls)s>0 shall be denoted by P.

Lemma 2.15 (Supremum of the Lévy process). Let I, = inf;>o(—L¢ + xt). Then
Pl > —v) = W(v)/W(0), (2.55)

where W: [0,00) — [0,00) is the unique continuous increasing function that has Laplace transform

/Oo e “W(z)dx = a > U(0), (2.56)
0

P(a)’

where the Laplace exponent 1 is given by E[e®"t—L0)] = (@) and is computed in (2.57) below, while ¥(0)
is the largest solution of the equation ¥ (a) =0, and W(oo) = 1/¢/(0) = 1/k is a constant.

Proof. We rewrite (2.53) to see that X = —Ls + ks is a Lévy process with no positive jumps and Laplace
exponent

Y(a) = ka —|—/ (€% =1 —az)Il(dz) (2.57)
(700’0)
= fa+ / (e =1 —azl{,~_1y) I(d2)
(70070)
with

B =K+ /(—oo,o)(_Z)]l{ZS_l}H(dZ) >0 (2.58)

as defined in [5, Section VIL1]. Indeed, recall from [5, Section VIL.1] that E[e®Xs] = e*¥(®) and note that
our ' corresponds to a in [5]. Also note from (2.51) that x > 0. Thus ¢/(0+) = £ > 0 and [5, Corollary
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2(ii) in Section VII.1] yields that X, drifts to co (for a definition, see [5, Theorem 12(ii) in Section VI.3]).
This in turn implies (see [5, Proof of Theorem 8, in Section VII.2])

P(loe 2 —v) = W(v)/W(c0), (2.59)

where W is given in the statement of [5, Theorem 8, in Section VII.2]. For the definition of ¥ see before
[5, Theorem 1 of Section VII.1]. Also note from the second equation of the proof of [5, Proof of Theorem
8, in Section VIIL.2] that W(oco) > 0. To see that W(co) = 1/1(0), note that if a | 0,

* ez _ W)
/0 e W(m)dw-a(1+0(1)).

N/ow, ¥(0) = 0, so that 1/¢(a) = 1/(ay)’(0))(1 + o(1)) as a | 0, which identifies W(o0) = 1/9/(0) =
1/k. O

(2.60)

By Proposition 2.14 and the continuity of W in Lemma 2.15, with M7 = supy< < (Ls — xs) for each
v>0and for t = Tu" ("2, for u — oo,

Gui(v) = gr(v) = P(Mr < ). (2.61)

Further, as T' — o0,

gr(v) } glv) =P( sup (Ls —ks) <v) = W(v)

0<s<oo W(OO) ‘ (2‘62)

Now we are ready to complete the proofs of our main results.

2.4 Completion of the proofs

Completion of the proof of Theorem 1.4. We start by completing the proof of Theorem 1.4. Recall
that it remains to prove (2.41) with v = (7 — 1)/2. By (2.46) and (2.47), we need to compute

1

B M ~
E[efeu&‘ﬂ{g[uit’u]>0’3u€[0,M/u}}] = 'I,L(T_l)/2/0 eiavgu,t@) [u(fig)ﬂfsu (v/u)]dv, (2.63)

where t = Tu=("=2). A similar problem was encountered in [1, Proof of Theorem 1.1], which is restated
here as Theorem 2.1, apart from the fact that there the function g, +(v) was absent.

We wish to use bounded convergence. For this, we note that u(T_3)/2fgu (v/u) — B by Proposition 2.8
for each v (in fact, for all v = o(u)), while, by (2.61)-(2.62), gy+(v) — gr(v), which, in turn, converges to
g(v) as T — oo. Further, since g, +(v) < 1 and u(™3/2fs (v/u) is uniformly bounded (see Proposition
2.8), the integrand e~ g, +(v) [u(T_?’)/Qfgu(v/u)] is uniformly bounded by a constant. Thus, by the
Bounded Convergence Theorem,

_ B M
Ele™ 15, _, >0.8.e0.M/u]}) = u(Tl)/Q/O e gr(v)dv(l + o(1) (2.64)

M
_ mﬁ)/z/() e g(v)dv(1+ o(1) + or(1)).

This identifies (recall (2.41), (2.55), (2.56) and (2.61))

> o B By/(0
A= B/ e g(v)dv = B/ e_‘%P(M <v)dv = “Ele” M) = w (2.65)

0 0 0 ¥(0)
Since D = B/6 by [1, (7.4)] and P(M < v) < 1 for every v, we also immediately obtain that 4 € (0, D).
and completes the proof of Theorem 1.4. O
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Path properties: Proof of Theorem 1.5. We bound, using that {H;(0) > u} C {S, > 0},

1@( sup [Spy — u™2I(p)| > cu”"2 | H1(0) > u) (2.66)
pE[O,l]
_ _ P(S, > 0)
<P( sup [Spy — 0 2Ip(p)| >eu” 2|8, >0)—— v 7 |
(pe[o’l]\ ) #()| | >IP’(H1(O) ="

By Theorems 2.1 and 1.4, the ratio of probabilities converges to D/A € (0,00), while, by Theorem 2.2,
the conditional probability converges to 0. This completes the proof of Theorem 1.5. O

Completion of the proof of Theorem 1.6. We finally complete the proof of Theorem 1.6 using
Theorem 1.4 and recalling (1.21). Denote

oo

S =i+ Bit + Z ¢ Z;(t) — cit], (2.67)
j=T: j#i

where 3; = (A +¢)/(ab) — ¢ (see [7, Remark 3.9] and recall /, ', ¢ from above (1.20)). The intuition for

the above formula is that -

SV =" ¢lT(t) — ejt), (2.68)
Jj=1
where we slightly abuse notation to set Z;(0) = 1 for the process (S{”)¢>0. Since (S”);>0 describes the
scaling limit of the exploration process of the cluster of vertex ¢ > 1, while Z;(t) has the interpretation as
the indicator that vertex j is found in the exploration before time ¢, it is reasonable to set Z;(0) = 1 for
(8:")ez0- 2
Define
HY(0) = inf{t > 0: S’ = 0}. (2.69)
Then, Hq(0) = H®(0). Let C(i) be the connected component to which vertex i belongs, and let C(7)
be the set C(i) if none of the vertices j € [i — 1] = {1,...,7 — 1} belongs to C(i), and the empty set &

otherwise. We know from [7, (3.78)] and the scaling explained around (1.20) that n="|C(i)| % q H®(0)
for each ¢ > 1 with p = (1 — 2)/(7 — 1) (cf. (1.13)). Finally, denote

0 if 3j < i such that Z;(H®(0)) = 1;
Hl-(O):{ if 3j < i such that Z;(H(0)) = 1 (2.70)

H®(0) otherwise.

Then, by [7, (3.79)], n™?|C<(7)] LIPS H;(0). This provides us with the appropriate background to
complete the proof of Theorem 1.6.

We start with the lower bound. By construction, v;1(A) > a- H1(0) (see [7, Theorems 1.1 and 2.1] and
recall that Cg;, denotes the ith-largest connected component). Therefore,

P(v1(A) > au) > P(H1(0) > u), (2.71)

and thus the lower bound follows from Theorem 1.4.
For the upper bound, we use that (cf. [7, Theorems 1.1])

P(1(A) > au) = lim P(Ji: n~?|C<(i)| > au) < lim > P(n~*|C<(i)| > au). (2.72)
n—oo - n—oo i>1 -
2We take this opportunity to correct some typos in [7]. In [7, (3.76)], the term —abti~® = —abtc; should be replaced by

—abti~?* = —abtc?. This corresponds to the choice of 3; = (A + ¢)/(ab) — ¢ here. Further, in [7, (3.79)], the product over
j € [i — 1] should be over ¢ € [i — 1].
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By the weak convergence of n™?|C(i)| and the fact that there are with high probability only finitely
many clusters that are larger than en” (as proved in [7, Theorem 1.6]),

P(11 () > au) < P(H1(0) > u) + Y P(H;(0) > u), (2.73)
i>2
The first term is the main term, and we prove that 3., P(H;(0) > u) = o(P(H1(0) > u)) now.

For this, we note that

P(H;(0) > u) = P(Zj(u) = 0Vj € [i — 1], 5[(0)14

=P(Z;(u) = 0Vj € [i = 1)P(S,

0) (2.74)
> 0| Zi(u) = 0 € [i —1]).

[0,u]
We can rewrite, on the event {Z;(u) =0Vj € [i — 1]},
S = ()‘J“C)t—i— Z ci(Zi(t) —cjt) + ¢ — th< >‘+<)t—|— Z ci(Z(t) — cit) + 1 — Zth (2.75)
j>i+1 j>i+1

Therefore,

P(Sjpy > 01 Zj(u) = 0Vj € i —1]) < P<(/\;2<)t+ > (Tt —cit) +ear— > At>0Vte [O,U])
j2it+1 j=1
(2.76)

= IP’(S[%) | > 0| Z;(u) = 05 € [i] \ {1}).

The event {Z;(u) = 0Vj € [i]\ {1}} is decreasing (recall the notions used in the proof of Lemma 2.12)

in the random variables (7T});>2, while the event {S{) | > 0} is increasing. Thus, by the FKG-inequality,

[0,]
P(Sjg > 01Zi(u) = 0¥j € [i] \ {1}) < P(Sg), > 0) = P(H1(0) > u). (2.77)
We can identify
i—1

P(Zj(u) = 0Vj € [i — 1]) = e~ =19, (2.78)

Combining (2.73), (2.77)—(2.78) we arrive at
Py (\) > au) < P(H1(0) > u [1 +3 e B ICJ"] (2.79)

1>2

Since ¢; = j~* with a € (1/3,1/2), Y12} ¢; > (i — 1)02»_1 = (i — 1)~ Therefore,

S e - S = o(1), (2.80)

1>2

This completes the proof of Theorem 1.6. O

3 No middle ground: Proof of Proposition 2.13

In this section, we show that the probability to hit zero in the time interval [e, u — Tu*(T*Q)], where T is
a constant, becomes negligible as 7" — oc.

The strategy of proof is as follows. We start in Proposition 3.2 by investigating the value of S; at
some discrete times (¢x)r>1 in [0, u] and show that with high probability S; does not deviate far from its
mean. Next, in Proposition 3.3, we show that it is unlikely for the process (S;):>0 to make a substantial
deviation in the interval [tg, tx+1] from its value in ty.

We start with a preparatory lemma that will allow us to give bounds on the asymptotic parameters
appearing in the upcoming proofs:
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Lemma 3.1 (Asymptotics of parameters). There exists K > 1 such that
. o
P(Zc?L;(u) > KuT_g) < Cu b, (3.1)

and, for all |\| < du with 0 > 0 sufficiently small, there exists K > 0 such that

@(iqu — Ti(u/2)] (e — 1= Aey) > K)\QuT_4> < Cu~(r D), (3.2)
=2

Proof. We use the second moment method. With Lemma 2.9 we compute that

E[ i) <Y GCO)(1—e ). (3.3)
=2 1=2

Split the sum into i with ¢;u < 1 and ¢;u > 1. For the first, we bound 1 — e~ %" < O(1)c;u, for the latter,
we bound 1 — e~ %" < 1, to obtain

E[icfzi(u)]gmm Yo Gdu+0(1) Y d=00uT?(1+0(1)), (3.4)

=2 i ciu<l i c;u>1

the latter by an explicit computation using that ¢; = i'/(7=1).
Further, with Corollary 2.11

Var(ic?li(u)) < ic?(l — @(TZ < u) Z cle™4" = O(1)u">(1 + o(1)). (3.5)

The Chebychev inequality now proves (3.1).
For (3.2), we again compute

[icl 1—Z;(u/2)] (e ’\Ci—l—)\ci)} Zce cin/2[he 1 — \¢j] = Zce_c’“/2 Mei(ne;)? /2.
1=2

=2 =2
(3.6)
Thus, for |A| < du and again using Corollary 2.11, we obtain

[ZCZ Ti(u/2)) (X — 1 — Aci)} = O\, (3.7)

=2
Further,
o o0
Var(Zc, U/2 ](e)‘ci _1_)\61 ) ZC e —ciu/2 )\CZ_l_ACZ')2 (38)
=2
oo
9)‘)\’4 Z Cge—ciu/262\)\|ci — O(|>\|4U7_7).
Again the claim follows from the Chebychev inequality. O

We continue to show that the probability for S; to deviate far from its mean at some discrete times
in the time interval [e,u — Tu~(7~?)] is small when 7T is large enough:
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Proposition 3.2 (Probability to deviate far from mean at discrete times). Let n > 0 and 6, = u~ (72,
For any e >0 and M > 0,
lim sup u(7~1/?P (Elk €N s.t. kb, € [e,u—Tdy]: |Sks, — IE[SMUH > nE[Sks, ], Su € [O,M/u]) = or(1),
uU—00
(3.9)

where we recall the definition of or(1) from Proposition 2.13.

Proof. The proof is split between the cases t € [e,u/2], t € [u/2,u—¢] and t € [u—e,u —u~("~2)], where
€ > 0 is some arbitrary constant.

Proof for t € [e,u/2]. We start by proving the proposition for ¢ € [, u/2], for which we use Proposition
2.7 with A1 = £1 and A9 = 0 to see that, for any = > 0,

=/ S —E[S] e
P<|Iv(t/u)u73‘ > x) <ce (3.10)

where we note that the e® error term can be put inside the constant ¢ since |0 < 0,(1) + O(t*7=3)) and
t > ¢ is strictly positive. By (2.31) in Lemma 2.10, I,,(p) < ¢p™ 3 for all p € [0,1/2]. Applying this to
p =t/u yields

P (yst —E[S]| > cxt(7_3)/2) < ce T, (3.11)

By Corollary 2.5(a), we have E[S;]/(tu™3) € [c, € for t € [¢,u/2] and some constants ¢, ¢ > 0. Therefore,
taking x = ant%(f’”)uT—S for some a > 0 chosen appropriately,

~ - ~ Lis—r) +_:
B (15— Bl > nBis) < comm?* 70 (312)

We take t = k6, for kd, € [¢,u/2], so that there are at most u/d, = u™'possible values of k. Thus,
P (3t € e, u/2]: Sy, — B[Sl > nE[Si,]) < cleyutemem T, (3.13)

This proves the proposition for kd, € [e,u/2].

Proof for t € [u/2,u —¢]. We continue by proving the proposition for ¢ € [u/2,u — €], for which we
again use Proposition 2.7 with A\; = 4+1 and Ao = 0 to see that, for any = > 0,

ﬁ<| S — E[Si]

W‘ > a:) <ce ”. (3.14)

By Lemma 2.10 and the fact that I;,(p) > 0 for every p € (0,1), we obtain that there exists a constant
¢ > 0 such that I, (p) > c for all p € [1/2,1 — ¢]. Applying this to p = t/u yields

P (]St —E[S)]] > cxu(T_?’)/Q) <ce . (3.15)

By Lemma 2.4(d) and Corollary 2.5(b), we have E[S]Ju~(""2 € [¢,¢ for all ¢ € [u/2,u — €] and some
constants ¢ = c(e),¢ = ¢(¢) > 0. Therefore, taking z = anu("~1/? for some a > 0 chosen appropriately,

P (|3t RS > nfa[st]) < comam TV, (3.16)

We take t =t = kd, for kd, € [u/2,u — €], so that there are at most u/d, = u”~! possible values of k.
Thus,

P (Eltk € [u/2,u—cl: |S;, — B[S, ]| > nfei[stk]) < c(e)umLemamu TV, (3.17)

This proves the proposition for kd, € [u/2,u — €].
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Proof for t € [u—e,u—Tu"(""?]: Rewrite. The proof for t € [u—e,u—Tu"(""?)] is the hardest, and
is split into three steps. We start by rewriting the event of interest. We define s = v — t and investigate
Su_s in what follows, so that now s € [Tu~(""2) ¢].

Recall the definition of Q,(s) in (2.44),

Qu(s) =uSy—s —s— (u—8)Sy, = — Z cilulyreu-su)y — $Zi(u)], (3.18)
=2
so that |S,_s — E[Su_s]| > 7E[S,_] precisely when
1Qu(5) — E[Qu(s)] + (u— 5)(Su — E[Su])| > nuE[S,—s)]. (3.19)

When S, € [0, M/u] and using that uE[S,] = o(1) by Lemma 2.4(d), we therefore obtain that if (3.19)
holds, then N N
1Qu(s) — BIQuis)l > muk[Su_s] — M + o(1). (3.20)
By Lemma 2.4(d) and Corollary 2.5(b), we have that E[S._s] > csu™3 for some ¢ > 0. Therefore,
NuBE[S,—s] > enT, so that, by taking T'= T'(M) sufficiently large, we obtain that
ﬁ(ask € [Tu T2 e]: |8y s — BISu_,]| > nE[Su_s.)Su € [0, M/u]) (3.21)

gﬁ(ask e [Tu=2 ] |Qusk) — E[Qusi)]| > nessu™2, S, € [0, M/u]).
)

We condition on J(u) from (2.42), and note that S, is measurable w.r.t J(u) to obtain

P(%k e [Tu= 2 ¢]: |Qu(sk) [Qu(sk)]\ > nespu” 2, S, € [o,M/u]) (3.22)
= E[]l{sue[o sy P(3ss € [Tu™ T2 €] [Qusr) — E[Qu(sr)]| > nespu™ 2 | «7(”))]-
This is the starting point of our analysis. We split, writing 1’ = /2,
P(3sk € [Tu" "2, e]: [Qu(sk) — ElQu(sk)]| > mespu™? | T (w) (3.23)

<P(3sy, € [Tu="D )1 |Qu(sk) — E[Qulsk) | T(w)]| > nespu™2 | T (u))

* H{ESkE[Tu‘(T‘Q) ]t [E[Qu(sx)|T (w)]-E[Qu(sk)][>n’esjum=2}"

We conclude using the union bound that
B(3s € [Tu 2, ]: |Qulsk) — ElQuisi)]| > nesiu”2,S, € [0, Mu]) (3.24)
< Y ER(IQuls) —ElQulsi) | Tl > nesiu™ | T () Lis, cio,nafu |

k: sp€[Tu=(7-2) ¢]
+P(3sn € [Tu™"2, 6] [B[Quls) | T (w)] — EQu(sp)]| > n'eseu™2).

We will bound both contributions separately, and start by setting the stage. We compute that

Qu(s) — E[Qu(s) Zcz [Lirequ—suy — BT € (u—s,u] | T (u))] (3.25)

- Z Giu [H{Tie(ufs,u}} - pi,u(s)] s
=2

where we abbreviate
Pia(s) = P(Ti € (u—s,u] | T(u)) = B(T; € (u—s,u] | i € T(u)). (3.26)
It turns out that both contributions in (3.24) can be expressed in terms of p; ,(s), and we continue our

analysis by studying this quantity in more detail.
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Proof for t € [u —e,u — Tu~(""?]: Analysis of p;,(s). We next analyse the conditional probability
piu(s). We compute (recall (1.22), (2.28) and (2.42))

P(T; € (u—s,u))  P(T; <u) - P(T; Su—s)

Di. S:ﬁ’Tie u—s,ul |t e J(u)) = e = 3.27
iu(s) = P(T; € ( I (u)) BT < ) BT < ) (3.27)
Using the distribution of T; formulated in Lemma 2.9, we obtain, for any s € [0, u],
Ociu(1 _ o—ci(u—s)
~ e’“t(l —e )
P(T; <u—s)= efeiu(] — e—ciu) 4 e—civ’ (3.28)
so that
Ociu(1 _ a—ciu) _ Jfciu(q _ a—ci(u—s) —CiU [ ACiS cis
e’et (1 —e ) — el —e ) e Ct(e 1) e 1
pi,u(s) = e@ciu(l _ e—CiU) = 1 — e Gu = eciv _ 1 : (329)
We start by bounding p; ,(s), for s € [0,¢], by
piu(s) < O(s/u), and piul(s) < O(cis)e " (cu A1) 7L (3.30)
Moreover, for u sufficiently large,
lupiu(s) —s| < s(ciuAl). (3.31)

Proof for t € [u —e,u — Tu"(""?)]: Completion first term (3.24). For the first term in (3.24), we
use Markov’s inequality in the form P(|X — E[X]| > a) < a *E[(X — E[X])*] to obtain

P(|Qu(s) = E[Qu(s) | T(w)]| > nlesu™? | T (w)) < (esu™ ) E[(Qu(s) — E[Qu(s) | T(w)])* | T (w)],

(3.32)
and recall from (3.25) that

Qu(s)~E[Qu(s) | T(u)] = — Zciu[l{Tie(u—s,u]}_ﬁn(n € (u=s,u] | T(W)] = = > ciu[Lireu—sul}—Piuls)]-

=2 1=2
(3.33)
The summands are conditionally independent given J(u) and identically 0 when Z;(u) = 0, so that
E[(Qu(s) —E[Qu(s) | T())* | T(w)] <Y clu'piu(s)Ti(u) (3.34)
i>2
+ Y Gutpiu(s)(L = pi($)Zi(w)pju(s) (L = pju(s)Zi(w).
,j2>2: i#]

By the second bound in (3.30) and Corollary 2.11, the first term is at most
Oo(1)su* Z e " (c;u A1) < O(1)su Z e 1 + (c;u) 7Y = O(su™?). (3.35)
i>2 i>2

By (3.1) in Lemma 3.1, we may assume that Y o0, ¢2Z;(u) < Ku™ 3, since the complement has a proba-
bility that is o(u*(ffl)/ 2). Then, in a similar way, using the first bound in (3.30), the second term is at
most

(Zc wpi(8)Li(u) )2 < O(l)(sZc?uL-(u))Q = O((su”?)?). (3.36)
As a result, _

E[(Qu(s) — E[Qu(s) | T(w))* | T ()] < O(su™?) + O((su™*)%). (3.37)
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Since s > Tw~("=2)_ this can be simplified to

E[(Qu(s) —E[Qu(s) | T(w))* | T(w)] < O((su”?)?). (3.38)
We conclude using (3.32) that, on the event that {> oo, c?Z;(u) < Ku™ 3},

(Csu‘er)Q

P(1Qu(s) — E[Qu(s) | T(w)]| > nfesu™ > | T(w)) < = O~ (su™%)7?), (3.39)

(77 csuT— 2)4

so that, also using that P(S, € [0, M/u]) = O(u=("~Y/2) by Proposition 2.8,

™ VPE[B(1Qu(sk) — BlQu(sk) | TW)]] > lesiu™2 | T(w))Ls,epo.nmsuy |
< O(n~H(su™ ) 2)ulTVPB(S, € [0, M/u]) = O(n~* (su™2)7?). (3.40)
This bound is true for any s € [Tu~("=2) ¢]. Taking s = s, = ku~ (72
leads to

02 S EP(1Qu(sk) — BlQulsk) | T()]] > ey | T (W) ) Ls,eomy | (3:41)
k: sp€[Tu=(7=2) €]

<O k2 =0n""/T) = or(1),

k>T

and summing out over k > T

when we take T' = T'(n) sufficiently large, as required.

Proof for t € [u—e,u—Tu (""2)]: Completion second term (3.24). For the second term in (3.24),
we need to bound

ir?(ask € [Tu=2 &) [E[Qu(sk) | T(u)] — E[Qu(s)]| > n/csku7_2>. (3.42)
We compute using (3.18)
E[Qu(s)] = =Y ci[uP(Ti € (u— s,u)) — sP(i € T (u))], (3.43)
=2
while
E[Q. chz uPTE(u—squGJ( )) — 5. (3.44)

As a result, using (3.26),

E[Qu(s) | T (u)] — =-> alT P(i € J(u))][upiu(s) — s] =: sX + Y (s), (3.45)
=2
where with (3.29)
> ~ 1+ cju — e%™ e’ — 1 —¢s
X:—Zci[Ii(u)—IP’(zEj(u))]w, :—chl P(i € J(u ))]W'
= (3.46)
As a result,
ﬁ»(ask e [Tu=TD,&]: |E[Qu(sk) | T(w)] — E[Qu(si)]| > n’cskuT_Q) (3.47)

< @(|X| > nlcu”?/2) —I—IP’(Elsk e [Tu="2 ¢]: |V (sg)] > n/cskuT_2/2).
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For both terms, we use the Chebychev inequality.
For X, as E[X]| = 0, this leads to

IAEB(\X| > e ?/2) < Var(X). (3.48)

(nlcu7—2)2

—Ci;u

We use Lemma 2.9 to see that ]P’(z € J(u) = 1—e

1—eCitpe—ciu(1+6)? so that

= . =~ . =~ = (1-— e—ciu)e—ciu(l-i-ﬁ) —ciu(1+6)
P(i e J(w)P(i & T (u)) =P(Zi(u) = 1)P(Zi(u) = 0) = (1 — oo 7 o702 < O(1)cue " ,
(3.49)

since 1 —e ™% 4+ e~ 2110 is uniformly bounded from below away from 0 for all > 0. We use this together
with Corollary 2.11 to compute that

~ 14 ciu —e“"\2
21 : — i
Var(X Z CP(Zi(u) = 1)P(Z; (u) 0)( o ) (3.50)
Z 63 —ciu(146) O(l)uT_g.
Therefore,
B(IX| 2 n/eu™?/2) < O()()2u~ 2D Var(X) = O(W) () 2w~ = 0w V%), (351)
as required below.
For the term involving Y'(s), we start by using the union bound to obtain
ﬁ(ﬂsk e [Tu=2 ¢]: |V (sp)| > n'cskuT_2/2> <eu 2 max IF’(]Y(S;C)] > n’csku7_2/2).
k: sp€[Tu=(7-2) €]
(3.52)
Then, by the Chebychev inequality and as E[Y (s;,)] = 0,
4
T—2
where, using (3.49), e“* — 1 — ¢;5 = O(s%c?) and e“* — 1 > c;u,
= 2> 2P : e — 1 —aisy?
Var(Y (s)) = u Zc Pl € J(w)P(i & j(u))( " ) (3.54)

=2

84) chlefciuﬂ«w) _ 0(84)0(11/775),

where we used Corollary 2.11 in the last equality. Substituting this into (3.52) and (3.53), we arrive at

IF’(EISk € [Tu T2 ¢]: |Y(s)| > n’csku7_2/2) < eu 2 max O(s3u™5u=2T=2)) (1)) =2

k: sp€[Tu=(7-2) ¢

=0 /() )u™® = o(u=7V72), (3.55)
since 7 € (3,4). Combining (3.51) and (3.55) in (3.47) completes the proof. O

We now know that with high probability the process does not deviate much from its mean when
observed at the discrete times kd, € [e,u — Td,]. We continue to show that this actually holds with high
probability on the whole interval [, uw — T'§,]. We complete the preparations for the proof of Proposition
2.13 by proving that it is unlikely for the process to deviate far from the mean for all times ¢ € [e,u—T,]
simultaneously:
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Proposition 3.3 (Probability to deviate far from mean at some time). For everyn >0 and M > 0,

limsup w""V/2P(3t € [e,u — T6,): |S; — E[S)]| > 2nE[Si], Su € [0, M /u]) = or(1). (3.56)

UuU— 00

Proof. Fix T > 0 and recall that 6, =« ("2, Let

Ey = {|Sks, — E[Sis, || < nE[Sks,] Yk s.t. kby € [e,u — Tdy]} (3.57)
N { Z(%[l —Zi(u/Q)](e’\Ci —1-Ag) < K)\QuT_4} N { ZC?L(U) < KuT_3},
=2 1=2

where we take A = du with 6 > 0 sufficiently small and K > 1 as in Lemma 3.1. We first give a bound
on P(ESN{S, € [0, M/u]}). We apply (3.1) in Lemma 3.1 to obtain that

P() " Ti(u) > Ku™ %) = O(u= " 1) = o(u™("71/2), (3.58)
which is contained in the error term in (3.56). Further, by (3.2) in Lemma 3.1
P(O) " eill = Ti(u/2)] (e — 1= Ae;) > KX ) = O(u™"") = o(u=T1/2), (3.59)
1=2

Combined with Proposition 3.2, this ensures that

limsup u'™"V/2P(ES N {S, € [0, M/u]}) = or(1). (3.60)

UuU—00

As a result, we are left to control the fluctuations of the process on any interval Iy, = [kdy, (k+1)d,]. We
use Boole’s inequality to bound

P(E,,3t € [e,u—T6,]: |S; — E[S}]| > 2nE[S]) (3.61)
< > P(Ey,3t€ Li: |S — E[Si]| > 20E[Sy)).

k: kéu€le,u—T3dy]

Let tx = kdy, so that I}, = [t, tx11]. We split the analysis into four cases, depending on whether ¢;, < u/2
or not, and on whether S, — E[S,] > 2nE[S;] or S, — E[S;] < —2nE[S;], which we refer to as ‘large upper’
and ‘large lower’ deviations, respectively.

Part 1: The case t; < u/2 and a large upper deviation. We start by bounding the probability
that there exists a t € I = [ty,tr1], € < 4 < u/2 such that S — E[S;] > 2nE[S;]. Using that
E[S:] = E[S:,](1 4 o(1)) for any ¢ € I, by Corollary 2.5(c), we bound
P(E,,3t € I: S — E[S)] > 2E[S)])) < P(3t < 641 Sip, — S, > gﬂi[stk}). (3.62)
By (1.20),
Stthk Bt + Z Cz t + tk Il(tk) - Ciﬂ? (363)

which can be stochastically dominated by the process 8t + R; with R, = S22 ¢i[Ni(t) — ¢;t], where
(Ni(t))t>0 is a Poisson process with rate ¢;t. As a result,

P(E,,3t € I: S; — E[S,] > 20E[S]) < P(3t < §u: Bt + Ry > g]ﬁ[stk]). (3.64)
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Since (R¢)t>0 is a finite-variance Lévy process, it is well-concentrated. In more detail, for A € R, we
define the exponential martingale

M(\) =N where  ¢(A) = log E[eM] =) " ¢ifet — 1 — ;). (3.65)
=2

Then, for every A > 0, using that ¢(\) > 0 and by Doob’s inequality,

P(3s<t:fs+Rs>x) <P(3s<t: My(\) > P toN—tB (3.66)
o 2zA—te(N)—tIBINF E[M,(\)?] = e—[ZwA—t¢(2A)—2t|B|A].

IN

We apply this inequality to z = gIE[Stk], t =6, and A = 1, and Corollary 2.5(a) implies that E[Stk] >
ctyu™ 3 for ty = k6, € [g,u/2]. Therefore (using tj, = kd,)

™ . i " —ckdyu™ 3
Uy - Ot T = >~ B .
P(E,,3t € I: S; — E[S)] > 20E[Sy]) < (1 + o(1))e (3.67)

which is small even when summed out over k as above.

Part 2: The case t; < u/2 and a large lower deviation. We continue with bounding the probability
that there exists a t € Iy = [tg,tgy1], € <t < u/2 such that S; — E[S;] < —2nE[S;], which is slightly
more involved. Again using that E[S;] = E[S;, ](1 + o(1)) for any t € Ij, by Corollary 2.5(c), we bound

P(E,, 3t € I;: S, — E[S)) < —20E[S)]) < P(3t < 6u: Siu, — Siy, < —g]E[Stk]). (3.68)
Further,
Sttty — Si, = Bt + Z Gl (t + tr) — Zity) — cit] (3.69)
= Bt + i cill — Ti(te)] [Tt + ti) — Tilty) — cit] — ti ETi(ty)
i =
= Bt + f; cill = Ti(ti)][Ni(t) — cit] — f;c,-u — ()] [Ni(t) — Liwyysny] — tic?L(tk)

> Bt + R, — Dy — 6,E4,

where we set

'R,:‘/ = Ci[l — Iz(tk)][Nz(t) — Cit] (370)
(=2
and -
= Zci[l - Iz(tk)][NZ(t) — ]l{N( >1} u = ZCQI (371)
=2

Thus, conditionally on (Z;(tx))i>1, the process (R})i>0 is a Lévy process similar to the Lévy process
investigated in Part 1 above, D; is the contribution due to ¢ for which N;(t) > 2, while &, yields an upper
bound for the decrease in the drift of our process. We deal with the three terms one by one, starting with
(R})i>0- As in the previous part,

P(3s <6, fs+ R, < —ZIE[Stk]) (3.72)
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is small enough even when summed out over k such that t; € [e,u/2]. This again follows by Doob’s
inequality and the bound that for any A > 0, and with F;, the o-algebra generated by (St)ic(o,¢,),

P(As<t:Bs+R,<—a|F,) <PAs<t: Mi(=)) >N | £, ) (3.73)
< e—[21/\—t¢’(—/\)—t|ﬁ~\)\]I~E[M£(_/\)2 | F] = e—[2x/\—t¢’(—2)\)—2t\B|A]’
where B
M(N) = RN with @A) = log E[eM™ | Fy, ). (3.74)
We compute that
¢'(\) =Y logE[er! TN =el | 7 1 =N " i[1 — Ti(ty,)] (X — 1 — Aey). (3.75)

=2 =2
Now follow the same steps as in Part 1, using that 0 < ¢'(—2) < const. By Lemma 3.1, the term 6,&, s,
with probability at least 1—Cu~("~1) bounded by 6, Ku™~% = K /u, which is o(E[S;,]) as E[S;, | > ctpu” 3
for t;, € [e,u/2] by Corollary 2.5(a). We continue to bound D; by bounding

B(3t < 6.: Dy > nE[S,]/4) = B(Ds, > nE[S,]/4). (3.76)
since the process t — D, is non-decreasing. By the Markov inequality,
P(D;y > ) <2 'E[Dy] < 2~ ZciIE[Ni(t) — Liny>13) < cx™? Z ci(cit)? < ct?/x. (3.77)
i=2 1=2

Applying this to z = 7E[S,]/4 with E[S,] > ctju™ " and t = 6, = u~ ("2 yields
P(3t < 6,: Dy > nE[S;,]/4) < cu™ 2D (nty) T3 = ekl (79, (3.78)
When summing this out over k such that ¢, = k&, € [¢,u/2] we obtain a bound c(logu)u~ (7% =
o(u=("1/2) since (27 — 5) > (7 — 1)/2 precisely when 7 > 3. This proves that
> B(Ds, > nElS,)/4) = ol "V, (3.79)
k: kéuE€le,u/2]

as required. Collecting terms completes Part 2.
Part 3: The case t; > u/2 and a large upper deviation. This proof is more subtle. We fix k& such

that ¢ € [u/2,u — T4, and condition on F3,, which is the o-field generated by (Si)i<t, to write (recall
(3.57))

P(Ey, Sy € [0,M/u],3t € I1: S; — E[S)] > 21E[S)]) (3.80)

S E |::[].{|Stk *E[Stk]‘gni[stk]vszQ CZ‘[I*IZ'(U/Q)} (ekciflf)\ci)SK)\zqull}P(at € Ik;: St - ]E[St] Z 27”E[St] | ]:tk):| .

First observe that on {|S;, — E[S,]| < nE[S,,]}, we have
}?’(Elt (S Ik: St — E[St] Z 2?7@[5}] | ]:tk) S @(Ht S 5u: St-l-tk — Stk Z gE[Stk] | .Ftk) (381)

by using that E[S,] = IE[Stk](l + or(1)) for any t € I} by Corollary 2.5(d). Similar to (3.69), we bound
from above

Stity = Sy, = Bt + Y _ il = Litp)|[Tit + tn) — Tit) — cit] —t > I Tilty) (3.82)
=2 =2
<Pt+ Yl = L) [Nit) — eit] = Bt + Ry,
=2
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where we note that R} is as in Part 2. Conditionally on F;,, the process (R});>0 is a Lévy process, and
we use

PAs<t:fBs+R,>z|F) <P(Is<t: Mi(N) > 0" N—tBX | £, (3.83)
672[1A7t¢”(A)7t|B|A]E[M2()\)2 | ] = ef2x)\+t¢”(2)\)+2t|,5’|)\,

IN

where we recall equations (3.74) and (3.75). Since e — 1 — A¢; > 0 for every A € R, and since
1 —Z;(ty) <1—1ZI;(u/2) for every t, > u/2, a.s.
PN <Y el = Ti(u/2)] (e — 1 — Ae;). (3.84)
=2

On the event {3 7%, ¢;[1 — Zi(u/2)] (e — 1 — A¢;) < KAX*u"*} (recall (3.80)), we have that ¢/()\) <

KX2u™%, so that we can further bound, choosing A = du and t = 8, = v~ (772,

ITD(HS <t: BS + R; > ‘ ftk) < e—2x)\+tK4)\2uT*4+2t|B\)\ < e—2x5u+K462+2u*(7*3)\B|<5_ (3.85)

We take z = IE[Stk] and note that Corollary 2.5(b) and Lemma 2.4(d) yield that E[Stk] > c(u —t)u™ 3
for ty, € [u/2,u — T9,]. Then,

P(3s <t: Bs+ R.>z | Fy) < ce~eOuti)uT?, (3.86)

Summing over k with t, = ké, € [u/2,u — T6,] and §, = v~ ("), using Proposition 2.8 and IE[Stk] <
c(u—t)u™3 by Corollary 2.5(b) and Lemma 2.4(d) yields as an upper bound (recall also (3.80) and the
definition of E,, from (3.57))

> P(Ey, S, € [0, M/u],3t € I}: S, — E[S)] > 21E[S)]) (3.87)
k: tp€lu/2,u—Tdy]
Se Y B8, ~EIS,]| < nElSJjem T
k:tp€u/2,u—Tdy]
<c > nEIS,)(sup fs,, (w) )em bl TkonT
k: tp€lu/2,u—Ty] w
< ey (T3)/2 Z Cu— kéu)uT—Se—cé(u—kéu)uT*2
k: tr€lu/2,u—T46,]
< cuf(‘rfl)/2 Z C(u - k5u)u772efc6(u7k5u)u"_2
k:tp€lu/2,u—T34,]
< cu—(T—l)/2e—C(5T _ 0T<1)u—(7'—1)/2

— 9

as required.

Part 4: The case t; > u/2 and a large lower deviation. We again start from (3.69), and note that
the bounds on D; and 6,&, proved in Part 2 still apply, now using that by Corollary 2.5(b) and Lemma
2.4(d) E[Stk] > c(u — t)u™3 for ty, € [u/2,u — T4, with 6, = u~("=2) below (3.77). We further use this
estimate to replace the statement that §,&, is O(E[Stk]) from below (3.73) by §,&, < oT(l)fE[Stk]. The
exponential martingale bound for R} performed in Part 3 can easily be adapted to deal with a large lower
deviation as well. We omit further details. O

Proof of Proposition 2.13. The proof follows by combining Propositions 3.2 and 3.3. Indeed, choose
n = 1/4 and observe that E[S] > 0 on [e,u — T4,], using that E[S;] > ctu”* for t € [¢,u/2] and
E[S;] > e(u — t)u™3 for all t € [u/2,u — T6,] by Corollary 2.5(a),(b) and Lemma 2.4(d). O
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4 Conditional expectations given uS, = v

A major difficulty in the proof of Proposition 2.14 is the fact that, while the summands in the definition
of Qu(t) in (2.44) are independent, this property is lost due to the fact that we condition on S,. The
following lemma allows us to deal with such expectations:

Lemma 4.1 (Conditional expectations given a continuous random variable). Let G((Ss)s>0) be a func-
tional of the process (Ss)s>0 such that G((Ss)s>0) > 0 P-a.s., and 0 < E[G((Ss)s>0)] < oo. Then, for

every w € R,

~ too .
BIG(S)iz0) | Su =] = = 1(w) | e EG(S) 0 5 (1.1)

where i denotes the imaginary unit.

For G((Ss)s>0) = 1, (4.1) is just the usual Fourier inversion theorem applied to the (continuous)
random variable S,,. The expectation IE[G ((Ss)s>0)el¥u] factorizes when G((Ss)s>0) is of product form
in the underlying random variables (Z;(s))s>0. In our applications, ]]TZ[G((SS) s>0) | Su = w] will be close
to constant in w. Then, in order to compute its asymptotics, it suffices to check that the computation in
the proof of Proposition 2.8 is hardly affected by the presence of G((Ss)s>0)-

Proof. Define the measure P¢ by

E[G((Ss)s>0)1E] .
E[G((S)s20)]

Under the measure P¢, the random variable S, is again continuous, since 0 < E[G((Sy) s>0)] < oo. Let

PY(E) = (4.2)

f:g"u denote the density of S, under the measure PE. Then, we obtain, by the Fourier inversion theorem
applied to P¢, that

f§. (w) :/_ e FWRS [e‘k‘s“]%. (4.3)
Now, by (4.2),
7 (u) = OS] [ Szl (4.9
o E[G((S)0)] ‘
while
zo ks _ E[G((Ss)s20)¢"]
B = E[G((S)s>0)] o)

Therefore, substituting both sides in (4.3) and multiplying through by E [G((Ss)s>0)] proves the claim. [

Let IF)U denote P conditionally on uS,, = v, so that Lemma 4.1 implies that

~ 1 too ks, 1 dk
Ey [G((Ss)s>0)] = ~/ e ikv/uf [G((Ss)szo)e‘ksﬂ—. (4.6)
fs.(v/u) /- 2
In many cases, it shall prove to be convenient to rewrite the above using
E[G((SS)SEO)GMSU] = E[eiksuE[G((Ss)SZO) ‘ j(u)]:|7 (47)
since the random variables (T;);c7(u) are, conditionally on J(u), independent with
~ 1 — ecilu—t)
PT;<u—t|T;<u)=——"— (4.8)

1 — e cGu

In the following lemma, we investigate the effect on P(i € J(u)) of conditioning on S, = w:
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Lemma 4.2 (The set J(u) conditionally on S, = w). There exists a constant d > 0 such that for any i
and w = o(u(7=3)/2),

B € T() | S =w) =B € Tw)| < deiB(j € T()BG ¢ T (w)u= /2 (49)

Proof. By Lemma 4.1 (for the second term use G = 1)

B € T |80 =w) - F(j € T(w)] (w10)
1 oo —ikwm =/ ikS dk
= — 1 ’LUE ]]_ . " o ]P i ” s
Fs. (w) ’/OO € [( Gegwy — P € J(u))) e ] o
_ 1 oo —iku—(T—3)/2p iku—(T— 3)/25 dk
T w32 fg (w) ‘/_oo ¢ E[(ﬂ{jej( y—PUe T ))) } o

Recall Lemma 2.9. Under the measure P, the distribution of the indicator processes (Z;(t))¢>0 is that of
independent indicator processes. Define S’ = S, — ¢;(Zj(u) — cju). By (1.20) and (2.42), the random
variables Z;(u) and S’ are independent under P. This yields

B(j € T(u) | Sy =w) - P(j € T(w))| (4.11)
1 oo ~ eu—(—3)/2 (r—3)/2 dk
< - - . _ iku cj (Zj(u)—cju) ‘ iku™ S

= W32 s (w) /_oo ‘EKHUEJ(“)} Flje j(“))) ’ } ‘E[ ” o

_ 1 Too thu—(T—3)/2,. =T ihu—(r—3)/250) dk

w32 fs (w) /oo B(j ¢ TW)B(G € T W) Je ’ _1‘ ‘E[e ”%

Next we claim that there exist constants C7, Cy such that for all j > 2

‘E[eiku—v—wﬂs,&”” < Cpe—Calkl™?, (4.12)

Indeed, for S’ replaced by S, the result was derived in the proof of Proposition 2.8 in [1]. To prove the
same for S with j > 2 arbitrary, and following the approach in [1], we obtain for 5 u —(r=3)/2-1 < 1 /8
the bound

= 5 —(7— (49)
log(‘E[elku (r=3)/28Y :H) < —eut T2 Z C? < _Co|k,’7-—2 + CU4_T]{72C§?1[{CJ.<1/“} (413)
1>2:¢;<1/ui#g

< —colk|T 2 + cumTTVE2 < —colk| T2 + o,
while for y = 8%u‘“‘3)/2 > u,
log ([E[ei™ "2 87|} < —eolk|™2 + cut T2 < —colk[2 +eutTRAyS (4.14)
& =% cu G Hei<1/y} = 7C0 cu Yy :
< —colk|" 2 + e Tl = —olk[T 4 e

Substituting (4.12) in (4.11) yields

B € T() | Sy =w)—B(j € T ()] (4.15)
1 oo iku—(7—3)/2¢. —C T—2 dk
S € ik ¢ 1| Cpe~ColklT? 25
~ w3125 (w) /OO Bi g J(w)B(i € T(w) [e ’ 1 21
We further have
e 1/2
ok 2 —1’ —( 1—cos(ku*<ff3)/2cj))) " < k92, (4.16)
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which yields

P(j € J(u) | Su=w) —P(j € T(u)) (4.17)
1 Bt ~(r=8)/2,, o~Calti—2 9K
Scﬂwm/_m Bli ¢ T (u) B € () o 2z Clbl™ 2
; ey, L [T o2 dk
= OBl TR € T ey e [ e

For w = o(u(™"3/2) and by Proposition 2.8, u(m3)/2fs (w) = B(1 4 o(1)) uniformly in w and the claim
in (i) follows. ]

Corollary 4.3. There exists a constant C' > 0 such that for any ¢ and w = o(u(T_g)/Q),
P(i € J(u) | Sy =w) < C(1Acsu). (4.18)

Proof. The bound by 1 is obvious. The bound by Cc;u follows once we recall (2.29) and observe that for
¢; <1/u, P(T; <u) =P € J(u)) < C(1)cju. Now use Lemma 4.2(i). O

5 The near-end ground: Proof of Proposition 2.14

In this section, we prove Proposition 2.14. The proof is divided into several key parts. In Section 5.1, we
show convergence of the mean process A, in Proposition 2.14(a). In Section 5.2, we prove the convergence
of By, in Proposition 2.14(b).

5.1 Convergence of the mean process A,

Recall the definition of A, from (2.49). By (4.8),

—ci(u—tu= (7)) _ —ciu
Ay(tu= T2y = — Z cj [ue ’ _ ¢’ —tu_(T_Q)] . (5.1)
)

€T ( L—emor
7 u

We use that [e* — 1 —z| < eP2?/2 for 0 < 2 < D with z = cjtu_(T_Q)7 where for 0 <t < T, cjtu_(T_Q) <

tu~("=2) < const., to obtain

(r-2)
Ay(tu™ Z cjtu” [c UT oo 1} + E,(t) (5.2)

JET (u)

with an error term FE,(t) bounded by

2 e Gu
-2)
J
< CT2u_2(T_2) {u ;’ + cﬂ ,
JET (u): ¢;>1/u JET(u): ¢;<1/u
uniformly in ¢ < T. Since Zy>2 ¢ < oo and u= 272+l = 45=27 — 5(1), the first term vanishes. Further,

by Corollary 4.3 with w = v/u,

u—zv—zn@v{ S Cg]:u—%f—?) Yo EP(GeTm) Ut Y d=0(1), (54)

JjeT(u): c;<1/u jeT(u): c;<1/u JjeT(u): ¢;<1l/u
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so that also the second term is o5, (1).

In the above proof, we see that it is useful to split a sum over j € J(u) into j € J(u) such that
¢; > 1/uand j € J(u) such that ¢; < 1/u. Then we use upper bounds similar to the ones in Corollary 4.3
to bound the arising sums. We will follow this strategy often below.

We further rewrite (5.2) into

e —1 —cju

Ay(tu=2)) = tjg(:u) gi(u)+ Eu(t)  with  gj(u) = u= T Deze o (5.5)
Note that 0 < gj(u) < 1 for u big. Below, we will frequently rely on the bounds
gj(u) < C(T)u_(7_2)cj(1 A cju) (5.6)
and, using (2.29) for t = u,
P(T) <u) < C(r)(1Acu), 1—P(T; <u) < e Gul+0), (5.7)

By (5.3), to prove the claim of Proposition 2.14(a), it is enough to show that

b=y qiu) =Y Tiu)gi(u) = k. (5.8)

JE€T (uw) Jj=2

For this, we compute the Laplace transform of x, under the measure ﬁ”v using Lemma 4.1 and a change
of variable. For a > 0,

= 1 oo 3 —(T— = 3 — (72 dk
E, o] = ~ / ] (e s (5.9)
w2 s, (v/u) J oo 2m

By Proposition 2.8, for each v > 0, u(T_?’)/zfgu (v/u) — B. We aim to use dominated convergence on the
integral appearing in (5.9), for which we have to prove (a) pointwise convergence for each k € R; and (b)
a uniform bound that is integrable. We start by proving pointwise convergence:

Lemma 5.1 (Pointwise convergence). For a > 0 arbitrary, v = o(u("=Y/2), and with r,, as in (5.8),

T—1)/2~

E[e—anueiku*(T*S)/QSu] = e e IVIR/2 4 51, (5.10)

e—ikvu’(
Proof. Trivially, e~ikbvu= U2 bointwise when v = o(u™V/2). To compute E[e*“"‘”eik”_”_g)/z‘gu],
recall the definition of S, from (1.20) and recall that the indicator processes Z;(t) = 17, < are indepen-

dent under the measure P (cf. Lemma 2.9), to sce that

~ Lo, —(T7—3)/2 Lo —(T—3) /24 331, —(T—5)/2
o] _ )

[T (14 (om0 _ (T, < ).
Jj>2

The remainder of the proof proceeds in three steps.

Step 1: Asymptotic factorization. We start by proving that
E[e_a”“eik“7<773)/23“] = e_aﬁ[”“@[eikui(Tig)/Q‘S“] +o(1). (5.12)

To this end, we first use

’Haj - Hbj‘ < TT lanlla = b5l T 100 < lay — b5l if Sljp(!aj! Vb)) <1, (5.13)

j=2 Jj=2 322 51<y J2>J j=2
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to get (recall that g;(u) > 0)

LT - 75 ot 2 o
Jj=22 Jj=2
H E[e—an(U)q,f (w)Fiku~ (773 2¢;T; (U)] — H e~ 4 (U)ﬁ(TJSU)fE[eikU’(T*‘?’)/%jzj (U)] ‘

7>2 3>2
<> ‘]E () ik~ (7926, T w)] _ e*aqj(u)ﬁ(TjSu)fE[eik“_(f_g)/QCjIj(U)]‘
j>2
= Z Aj(—agj(u
j>2

where we abbreviate ¢ = —ag;(u) < 0 such that
A](q) — ‘IE[er(u)q+iku*("’3)/20jf[j(u)} _ eq@(Tjﬁu)fE[eiku*("*&/QCjIj(u)] ‘ ) (515)

To bound Aj(q), we write k=2 (eik“_(T_S)/QCJ' — 1) and use the triangle inequality to bound
each summand by

Ayfa) = | (1= B(Ty < ) + et PR < ) (510)
_eqﬁ(Tjgu) (1 _ ]F:EV])(T] S u) + eiku*(773)/20jfb(z"’j S u))’

< ‘1 — B(T < u) + "P(T; < u) — P TH=w

+ ‘eq _ odB(Tj<u)

ik 92, 1) P(Tj < u).

We can bound

(. : —(t=3)/2,..
‘eq _ eqP(T] <u) < ‘q|e (gV0) and e1ku ¢;

- 1’ < k|32, (5.17)

which gives a bound \q!e(qvo)\k\u*(T*B)/QCjIF(Tj < u) on the last line of (5.16).
To bound the first line of (5.16), we use the error bounds [e™® — 1 + z| < |z|? for all z > 0 to all the
exponential functions in it, to obtain

‘1 — P(T; < u) + eTP(T; < u) — P T | < O@2B(T; < u). (5.18)

Together, this leads us to
Aj(~ag;(w)) = A;(a) < Clale®) (Jg] + [klu=="2¢; ) < Cla)gyw) (5(u) + [klu=2¢;) = 5.
(5.19)

To prove (5.12), by (5.14) and (5.19) it is enough to show that } .-, =; = o(1). Consider the sum over
¢; > 1/u first. By (5.6),

Z =< C Z u_(T_2)cj (u_(T_Q)cj + cju_(7_3)/2) (5.20)
j>2:¢;>1/u j>2:¢;>1/u
<C Z w72y~ (7=3)/2, 2 <C Z u 30— 3)/203 = o(1),
j>2:¢;>1/u Jj>2:¢cj>1/u

where we have used that Zj c? < oo and 7 > 3 in the last equality. For ¢; < 1/u and by (5.6), we
similarly get

Y o5<c ¥ u—w—s)C?( (=32 4 ¢ 3/2) <0 Y wTIRE = (1), (5.21)

j>2:¢;<1l/u j>2:¢;<1l/u j>2:¢;<1l/u

This completes the proof that ;-5 =; = o(1) and thus of the claim in (5.12). O
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Step 2: The limit of E[x,]. We proceed by showing that limy_yo0 E[ky] = & with £ > 0 as in (2.51).
By definition of &, in (5.8), ¢;(u) in (5.5) and P(T; < u) in (2.29),

Jim E[s,] = lim Zjquu)P(Tj < u) (5.22)
JZ2
Ii —(7—1) o€t -1 Cju eecju(l - e_cju)
= - J
ULH;OU JZ; cjue 1 — e Gu e@cju(l _ eiju) + e~ Cu
e@rj_o‘

_ 1 —a, —z; % |z —a
= lim A x- %t |eti —1—a:j Py — —

J ; —x. —x
A—0t > ezj (1—8 T )+e T

—a

0 e@x’o‘e—x a
= / T — — [em —-1- x_a]dx,
0 77 (1 —e %) 4@

with A = = and xj = jA, j > 2. Here we used that the integrand in the last line of (5.22) is
continuous and integrable over (0,00). Set —z~“ = z to get the representation (2.51) for . O

Step 3: Completion of the proof. By Proposition 2.7, we know that
]:E[eiku_(T_zs)/QSu} N e*kQIV(l)/Q_ (523)

Therefore, Steps 1-2 and (5.23) complete the proof of pointwise convergence in Lemma 5.1. O

To show that the dominated convergence theorem can be applied, it remains to show that the integrand
in (5.9) has an integrable dominating function:

Lemma 5.2 (Domination by an integrable function).

00
/ sup
—00 u>uQ

Proof. By definition of S, from (1.20) and the independence in Lemma 2.9,

Iﬂé[e_“““eikuiﬁism‘s"] dk < oo. (5.24)

2

~ e 2 - e ~
[E[ememmein 28 I < T [B(Ty < wpemeo "% 4 (1~ B(T; < w) (5.25)
j>2

=11 [1 +P(Ty < w)?(e 200 () 4 1)
j>2

+2ﬁvb(7} < ) cos(ku™ T/ 2¢;)em0u W (1 — I?”(TJ <wu))— Qﬁ(Tj < u)] .
We can rewrite each factor as
1 — 2P(T; < u) {ITD(TJ» < u)(1— e 220 W) /2 4 (1 — cos(ku~T=3/2¢;)e= W) (1 — P(T) < u))} (5.26)
<1 —2P(Ty < u)(1 — cos(ku™"=3/2¢;)e™ W) (1 — P(T; < w)),

since g;(u) > 0. We then use log(1 4+ x) < « for x > —1 to obtain

2) < ; 9P(T; < u)(cos(ku™T=3/2¢;)em0u) —1)(1 - BP(T; < w)). (5.27)

The latter equals

> 2P(T; < ) (cos(ku~ "I %)) — 1)(1 = P(Tj < w)) + e;(u), (5.28)
j>2
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with an overall error term (using that sup; g;(u) is arbitrarily small for u big enough)

Z|ej )| < Cla Z]P’T < u)gj(u)(1 = P(Tj < u)). (5.29)

Applying (5.7), we get

Z ’6] ‘ < C ){ Z u—(T—Q)Cje—Cju(l—i-@) + Z cjuu_(T_Q)C?u} < C(a)7 (530)
j>2 j>2:¢;>1/u j>2:¢;<1/u

where we have used the bounds

S w T AgemouH0) < D N B <o), (5.31)

iiei>1/u :¢;<1/u

whose proof is straightforward.
Together with (5.27) and (5.28), we obtain

log (‘IE [e‘“”“eiku*h*mm&i}

) ZIP’ (T; < w)(cos(ku=T"3/2¢;) = 1)(1 = P(Tj < w)) + Cla).  (5.32)

As all summands are nonpositive we obtain together with (2.29)

logqﬁ{e*a”ueikuiﬁigwsﬂ D <C Z cju(cos(ku*(T*S)/zcj) — 1)+ C(a). (5.33)

j>2:¢;<1/u

Following the proof of [1, Proposition 2.5, (6.7)-(6.10)], we obtain

o[- o5

) < C1— Caolk|™? (5.34)

and integrability of \E[e_a““eikufﬁig)/zs“]

| against k& uniformly in u follows. O
Completion of the proof of Proposition 2.14(a). By the dominated convergence theorem, Lem-
mas 5.1 and 5.2 complete the proof of Proposition 2.14(a). O

5.2 Convergence of the process B,

In this section, we investigate the convergence of the B, process and prove Proposition 2.14(b). Since
the limit is a random process, this part is more involved than the previous section. We first note that

Bu(tu™ ") = 3" el -2y — P(L > u—tu T2 | T; <), (5.35)
€T (u)

and the processes (17, ¢ (y—¢y—(r—2) 4]} )1>0 are, conditionally on J (u), independent. Thus, (B (tu==2))50
is, conditionally on J(u), a sum of (conditionally) independent processes having zero mean. We make
crucial use of this observation, as well as the technique in Lemma 4.1, to compute expectations of various
functionals of the process (B (tu=(""2)));>0.

In order to prove the stated convergence in distribution, we follow the usual path of first proving weak
convergence of the one-dimensional marginals, followed by the weak convergence of all finite-dimensional
distributions, and complete the proof by showing tightness. We now discuss each of these steps in more
detail.
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5.2.1 Convergence of the one-dimensional marginal of B,

We start by computing the one-dimensional marginal of B, (tu=("=2)) (recall (5.35)) and show that it is
consistent with the claimed Lévy process limit. We achieve this by computing the Laplace transform

Yup(a) = B, [emaBultw™ T (5.36)

and proving that it converges to the Laplace transform of the claimed Lévy process limit at time ¢. The
main result in this section is the following proposition:

Proposition 5.3 (One-time marginal of B, (tu=(""2))). There exists a measure II such that, for every
v,a > 0 fired and as u — oo,

¢v,u(a) N etfom(e*az_l-i-az)ﬂ(dz)’ (5‘37)
which is the Laplace transform of a Lévy process (Ls)s>o with non-negative jumps and characteristic
measure I1

e—@z

I(dz) = e (1 —1)(—=2)" V2. (5.38)

e 02(1 —e?) +e*
Therefore, the one-dimensional marginals of the process (By(su™("=2)));>0 converge to those of (Ls)s>0.

The remainder of this section is devoted to the proof of Proposition 5.3. As for A,, we use Lemma 4.1
and a change of variables to rewrite

boula) = B efaBu(tu—“—Q))} N 1 / e kv [ () ik /25, dk
VU = Ly = =~
u(7_3)/2f5u (U/u) oo 2T
— 1~ /+00 e—ik‘vuf(T*l)/QIE[w (a)eiku7<7*3>/28u:| % (539)
u(7*3)/2f8u (’U/U) — oo 7 o2’
where
Vo) =E[emm0 ) | 7 ()] (5.40)
= H e“cj“ﬁ(TP“_t”i(TfQ)|Tj§”) (1 + (e7 9" — 1)@(7} >u—tu (772 | Ty < u))
JET (u)
— eac]'up;.‘,t <1 + (efac]'u _ 1)p;'tt>a
JET (u)
and where we abbreviate
~ ec]-tuf(T’Q) -1
Ple = B(Ty > u—tw T2 | Ty <) = e © (5.41)

by (4.8). We again wish to use dominated convergence on the integral in (5.39).

We proceed along the lines of the proof of the convergence of the mean process A,. Basically, in
the proof below, we replace —ak, in (5.9) (recall the definition of &, and ¢;(u) from (5.8) and (5.5)) by
2 jeg(u) Tier Where we define

ecitu=(T7D g
ri, = (e7 9 — 14 acju)pj“»’t = (e ¥9" -1+ acju)l_e—_cjue_cj“. (5.42)
In what follows, we frequently make use of the bounds
Py < Ctu_(T_l)(cjue_Cj“ A1) < Ctu~ T, (5.43)
and

iy < C(a, T)eju~""2(1 A cju). (5.44)

We again start by proving pointwise convergence:
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Lemma 5.4 (Pointwise convergence revisited). For a > 0 arbitrary, v = o(u(7~1/2),
efikvu—("—l)/QI"Ef[wj(a)eiku—(‘r—:a)/zsu] _ etf_Ooo(e‘”717az)1'[(dz)eflv(l)k2/2 + 0(1) (545)

Proof. The first factor on the left-hand side of (5.45) converges to 1. We identify the limit of the expecta-
tion in the following steps that mimic the pointwise convergence proof in Lemma 5.1. It will be convenient
to split the asymptotic factorization in Step 1 of that proof into two parts, denoted by Steps 1(a) and
1(b). We start by showing that we can simplify v, (a):

Step 1(a): Simplification of ©);(a). As a first step towards the identification of the pointwise limit,
we show that we can simplify the expectation in (5.45) as follows:

E[|vs (@) — e>eae i

] = o(1). (5.46)
To prove (5.46), we denote the difference in (5.46) by

= I e TT (1+ (e =gy, ) = T @7 0eie], (5.47)

JET (u) JjE€T (u) JET (u)

so that B
‘E [WJ(“) — eXieT(w T

} ‘ < E[E,(t)]. (5.48)

Using the first line of (5.13) and applying the error bound |e® — (1 + x)| < |z|? for |z| < 1 to the
differences |a; — bj|, the error of the approximation can be bounded by

< C H eaCJngt Z H <1 + (efaciu _ 1)p5t> [(efacju N 1)p}€t]2 H e(e—ac v—1)pY Pitt

JjeT (u) JET (u) i€T (u),i<j ieJ (u),i>j
(5.49)
Next use that 1 —x < e™® for x > 0 to obtain as a further bound to the above
C Z QdCTupY H ple™ @it —1+ac;u)py, [(e7iv — 1)p;+t}2 ) (5.50)

JET (u) i€ (w)\{7}

For t < T with T > 0 fixed, we further have by (5.43) that e*"“Pi.t < C(a,T). Together with e~ *—142 > 0
for x > 0, we obtain

Eu(t) < C(a,T) ] el " trocmrl N [(emaer —1)p%,]%. (5.51)
i€ (u) JjeT (u)

The bound e™® — 1 + 2 < 22/2, Vo > 0 yields
a2 U
Eu(t) < Ca,T)e' Eicaw(@ie ™ [(emacu 1)pu )%, (5.52)
jeJ (u)
We first bound the sum in (5.52). With 1 —e™* < z for 2 > 0 and by (5.43) we obtain

Z [(e™ — 1)29?,15}2 < Z (acju)? (p;{t)Q < C’(a,T)u_Q(T_?’)_l{C + Z c?u_l}. (5.53)

jeT (u) jeT (u) jeI(u): ¢j<1/u
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This yields as an upper bound for (5.46) (recall (5.48)),

~ . o2 N
E[Ey(t)] < C(a,T)u‘2(T‘3)‘1{E[ez Ziem)(cw)%,t] (5.54)
~ a2 w " ag ) w
* Z cJZuilE[ﬂ{jeJ(u)}GT(cj")%fat}E{eTZieﬂu)\{j}(w)z’pi,t}}
j:ci<l/u
~| a2 2 u
<Cla T2 1 Y AE [ez S ) p] ,

j:¢i<l/u

where we have used (5.7) in the last line.

~ a2 . U
The claim (5.46) follows once we show that Ele > 2i€7(w (csu)*p N] is bounded. To prove this, consider

first the sum over ¢; > 1/u only. By (5.43) and (5.31),
Z (ciu)2pi“7t <C Z (cou)?eitu~ T2 < C Z tu~ ) < C(T). (5.55)
€T (u):c;i>1/u ieJ (u):c;>1/u iie;>1/u

Using (5.43) once more, it remains to show the boundedness of
=l 2y, (cw?pt, | _ = Cla)s, (ciu)2tu=(-=1)
E|e 2 &ied(uwie;<1/ui%W P | < E[e €T (u)ie; <1/ul } (5.56)

= [T (B <wet@em?n™ 4 1 - BT <)),
<l/u

which is equivalent to bounding

S tog(B(T; < wpeC@C’ T (1 BT <)) < 30 BT < ) (Ot )
ci<l/u ci<l/u
R (5.57)
appropriately. Here we used that log(1+ z) < z for x > 0. Next bound P(7; < u) < Cc;u in the above to
obtain that for ¢; < 1/u we have C(a)(cu)?tu="Y < C(a, T)u" "1 < log(2) for u big enough. Hence
we can use that e* —1 < 2z for 0 < z <log(2) and thus get as a further upper bound to (5.57)

C(a,T) > cufcu)u™ " < C(a,T). (5.58)
¢ <l/u
The last inequality follows from (5.31). This completes the proof of (5.46). O

Step 1(b): Asymptotic factorization. We next show that
E[eZieqw aethu™"m/280] _ Bl jeqw TR [eibum 28] 4 o(1). (5.59)
To prove (5.59), we note that, by the definition of 7, in (5.42),

E,(t) = ’E[ereJ(u) T;teikuf(ng)/QSu] _ eE[EjeJ(u) T;‘i,t][NE[eikui(Ti?’)/QSU] (5.60)

_ H IE[te(u)r?,t—kiku—(us)/zcﬂj(u)] _ Her;{tﬁ(Tjgu)fE[eiku—(r_g)/gcjzj(u)] ‘
J=2 j>2
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As in the calculations of the Laplace transform of A, in (5.14), we now apply (5.13). Note that here we
cannot apply the second bound of (5.13) as sup;(|a;| V |b;]) is not bounded by 1 (recall that r}, > 0).
Instead, we get

Eu(t) S Z H ‘E[ezjl (u)T;'llvt+iku_(‘r_3)/2cj1zj1 (“)]‘ (561)
J222<5:<j—-1
% ‘E[ezj(u)r;t+iku—<7_3)/2cj1j(u)] _ eTﬁtﬁ(TjSu)E[eiku7(7—3)/26jzj(u)]’

< 11

Je>j+1

eT;Q,tP(TjQ SU)E [eiku7(773>/2cj21j (u)] ‘ .

We proceed to prove that the first and the third product are bounded by constants. Indeed, we can bound
the third product using (5.7) by

H er;wﬁ(Tjggu) < eczjzﬂ;{t(cjum)’ (5.62)
J2zj+1
where, by (5.44) and (5.31),
> rteunl) <C. (5.63)
Jj=2

For the first product in (5.61), we obtain as an upper bound
[TE[E ™5 =] (ﬁ(Tj < w4+ (1 - P(T; < u))) (5.64)
Jj=2 Jj=2

- H (1 T ﬁ(n S u)(e"ﬁ;’t - 1)) S 62322 @(Tjgu)(eTj,t_l)'
Jj=>2

As T is uniformly bounded for u big enough the above is again bounded by (5.63).
Hence, it suffices to bound the middle part of (5.61), that is, it remains to show that

Z ‘E[ezj(U)Tiﬁiku—u_s)/zqzj(u)] _ er;{tﬁ(Tjgu)fE[eim(ug)/zcjzj(u)}‘ - Aj(?’;”ft) =o(1), (5.65)
3>2
where we recall the definition of Aj(¢) in (5.15). By (5.19),
Aj(r) < Crite’Se (rty + |klu=T3 2¢)) (5.66)

for u = u(k) big enough. The bound on r¥; in (5.44) is equal to C(a,T) times the bounds on g;(u
in (5.6). The remaining calculations for A, in (5.19)-(5.21) therefore directly carry over, so that (5.65
follows.

D\_/\_/

Step 2: The limit of K} . 7(,)7j,]. In this step, we identify the limit of E[};c 7, r},;]. For this, we
use that by definition of r}/; in (5.42), that of p}, in (5.41), and (2.29) with ¢ = u,

" ecj-tu’(T*m -1 eHCju(l o e—cj-u)
— —acju . —cju
E[ gﬂ )rj,t} = ;Q(e Lt a0 e G — ey 4 o (5.67)
J u =z
ciuty~(T—1) Ociu
> —1 ofe;
— 47D —acju __ & ’ —cju
tu ‘>2(e 1 + acju) tu_(T_l) € eQCju(l _ e—Cju) + e~ Ciu
12
o 601’")‘

o0
U—r00 —_ —x —_ —_ —r
=t e —14azx ¥z %" T
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«

The convergence of the sum to the integral follows as in (5.22). Next set —x~% = z to get

lim EIE[ Z 7’}‘74 = /O (e =1 —az)II(dz), (5.68)

—oo t
Y T ieaw —oo

with II(dz) as in (5.38), respectively, (2.54). For II to be the Lévy measure of a real-valued Lévy process
with no positive jumps as in [5, Section V.1], by the Lévy-Khintchine formula in [5, Section 0.2 and
Theorem 1 in Section I.1], we have to check that II is a measure on (—oc,0) that satisfies [ II(dz)(1Az?) <
co. Indeed, close to 0, z2II(dz) behaves like (7 — 1)z~ ("=3)dz, which is integrable at 0 and for z — oo,
I1(dz) behaves like e=%(7 — 1)z~ (""Ddz, whose integral is finite for all n € N. O
Step 3: Completion of the proof. The convergence of E — e R Iv(1)/2 jg already
proved in (5.23). Therefore, Steps 1(a)-1(b) and 2, together with (5.23), complete the proof of pointwise
convergence in Lemma 5.4. O

[ewnr%f*3ﬂ2su]

To show that the dominated convergence theorem can be applied, it again remains to show that the
integrand has an integrable dominating function:

Lemma 5.5 (Domination by an integrable function).

[e'S)
/ sup
—00 U>Ug

Proof. This follows in a similar way as in the proof of Lemma 5.2. We compute

E[4h, (a)e™ TS0 dk < oo (5.69)

-~ H —(7— 2 =~ H —(T— . u 2
Bl (a8 [T =[BT S TT e e (1  e — 1ol (5.70)
J€J (u)
-~ H — (77— -~ . U 2
=TT |ty < w)+ e T OB < et e (14 (7 — py)|

Jj=2

This is identical to the bound appearing in (5.25), apart from the fact that the term e~%® in (5.25) is
replaced with bj,(u) = e*9"“Fi+ (1+ (emoem — 1)10%) in the above. Proceeding as in (5.25) to (5.28), we
finally obtain

log ’Iﬁ[wj(a)eikuiﬁiw%“} ’2 (5.71)

< ST OB(T; < )[BTy < u)((ba(u)? — 1)/2 + (cos(hu™T32¢))bj(u) — 1)(1 = BT < w),

j>2

where the additional first term in comparison to (5.27) arises because bj¢(u) < 1 no longer holds. Indeed,
since (14 (e7* —1)p) > 1 for x > 0 and p € [0, 1], we have that b;,(u) > 1. Further,

bj,t(u) _ eacjuP}Laf(l + (e_acju _ 1)])}]”13) < e(e—acju_l-i-acju)p;"t _ er]-,t(u)' (5‘72)

The first part of the sum in (5.71) can, by (5.72) and since e* —1 < 2z for 0 < z < log(2), be bounded
by

D OP(T; < u) (e —1) < C(a,T) Y (1A cju)’ry,. (5.73)
Jj=2 Jj=2

Now we can apply (5.44) and (5.31) to get as a further bound

C(a,T){ Z w7 4 Z c?u_(T_A‘)} <C. (5.74)

j>2:¢;>1/u j>2:¢;<1/u
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For the second part of the sum (5.71), we proceed as in (5.27)-(5.34) to split it as

— Z 2P( T; <u)P T <u)(l- cos(k:u*(T*S)/ch))(l - ]?’(1} <)) (5.75)
§>2
+ Y BTy < ) cos(ku™ T 2e;) (b p(w) — 1)(1 = B(T) < ).
Jj=2

By a second order Taylor expansion and the fact that r;,(u) is bounded, there exists a constant C such
that b;:(u) —1 < Crj(u). Now we can proceed as in (5.27)-(5.34), where we again take advantage of

being able to dominate the bounds on r¥; in (5.44) by the bounds on g;(u) in (5.6). Integrability of

|E[¢J(a)elk“ (r=92s, ]| against k follows. 0

Proof of Proposition 5.3. The claim follows from Lemmas 5.4, 5.5 and the dominated convergence
theorem. O

5.2.2 Convergence of the finite-dimensional distributions of B,

In this section, the convergence of the one-dimensional marginals of the process (Bu(tu*(T*Q)))tZO gets
extended to convergence of its finite-dimensional distributions. In the same way as above, it can be shown
that, for 0 < t;--- < t,, the increments (B, (t;u=""2) — B,(t;_1u~(""2))"_, (where, by convention,
to = 0) converge in distribution, under IF’U, to independent Lévy random variables with the correct
distribution.

In what follows, we only outline some minor changes in the proof. Instead of (5.40), we fix n € N,
d€ (RT)"and 0 =1tyg <t; < - - < t, <T and consider

o) = E[e* S an(Bu(teu=T=2) = By (ty_yu=2)) | j(u)] (5.76)
_ H ec]uzk 1 QKPS 1.ty (1 + Z(e—akc]'u — 1)p?,tk,1,tk)
JET (u) k=t

with (the two-point analogue to (5.43))

™ ec]-tu’("’2> _ ecj-su’(T*Q)
Pise =P(Tj € (uw—tu™ T2 u—su™ ] | Ty <) = 9" g (5.77)
for 0 < s <t <T, using (4.8). Then, clearly, (5.43) is replaced with
Pist < C(t— s)u~ "D (e e u A 1). (5.78)

We follow Steps 1(a)-(b) to Step 3 in the proof of convergence of the one-time marginal.
Similarly to Step 1(a), one can show that

oot T 5

JjeJ (u

—(L Cj
k€5t —1+akcju)p;-ftk_17tk

} = o(1). (5.79)

We then continue to reason as from (5.39) onwards, where 7%

14 in (5.42) gets replaced by

n

TZ{E Z(e_akc]'u —1+ akcju)p;{tk_htk_ (5.80)
k=1

The remaining calculations are analogous to the one-dimensional case. The asymptotic factorization in
Step 1(b) is replaced with

7 [ezf@ﬂ“‘) r;’{eikuf(ffs)/zgu} _ elﬁ[zjej(u) TR [eikm(nswsu} +o(1) (5.81)
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and we calculate the limit of E[}_ ;¢ 7., r;,‘

)

F] in a similar way as in Step 2 in the previous subsection as
- n eCjtku7(7—72) _ ecjtk*lu?(T?Q) .
E[ 3 r;,jf} =3 S (et — 1+ ageju) 1—eu eUP(j € T (u)) (5.82)

jET (u) i>2 k=1

o M
v / Z(e*a’cxia — 1+ agx™ )" *(ty — tg_1)e "
0 k=1

—a
s e@ac

x
efr (1 —e 27" e o ”

0 n
_ /_ 37 (e — 1 — ap2) (ty — ty_1)I(d2).

0 k=1

Finally, we note that

~ “ 0 n n
eE[ZJGJ(u) T exp! Z(eakz —1—agz)(ty — tp—1)(dz)| = E[GZkzl ak(_(Lt’“_Ltk_l))] , (5.83)

0 k=1

where we have used that, by definition, Lévy processes have independent stationary increments. This
completes the convergence of the finite-dimensional distributions of (B, (tu~("=2)));0. O

5.2.3 Tightness of B,

We next turn to tightness of the process (By(tu=(""2)));5. For this, we use the following tightness
criterion:

Proposition 5.6 (Tightness criterion [8, Theorem 15.6 and the comment following it]). The sequence
{X,.} is tight in D([0, T], R?) if the limiting process X has a.s. no discontinuity at t = T and there exist
constants C > 0, r > 0 and a > 1 such that for 0 <t < ts <t3 <T and for all n,

E [[Xn(tg) — X ()] 1 X (t3) — X (t2)["| < Clts — t1]° (5.84)
Let
VOt = Bu(tu ") = N cullinewpu-e2 .y — PTG > u—tu T2 | T < )], (5.85)
€T (u)

We show tightness of V) (t) given uS, = v. In what follows, we therefore bound
E, (V™ (t2) = VO (1)) 2 (V) (t3) = VO (t2))7] (5.86)
= B[E[(V(t2) = VO (1))X (V" (t3) = VO (12))* | T(w)] | Sy = 0]

First observe that with
I}”(s,t) = H{Tie(u_tu—(T—Q)’u_su—(T—Q)]} (5.87)

we have pi', , = E[Z}!(s,t) | T; < u] (recall (5.77)) and
E[(V®(t2) = VO (00) 2 (VP (ta) = VO (2))* | T (w)] (5.88)

:IE[ ( Y cu {I?(tmtn+1)*p3tmtn+l}>2|‘7(u)]
ne{l,2} €T (u)
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By the conditional independence of the processes conditional on J(u) (recall comment preceding (4.8)),
and as we subtract their respective expectations, we obtain

EI(V(t2) = VO (1) 2(VO (ts) = VO (82))? | T () (5.89)
~ 2
=E| Y (et T] (Ztntas) = Plane) 1T
i€T (u) ne{l,2}
FE[ Y Y (@) (T te) — by ) (Tt ts) — Pl )’ | T ()]
i€J (u) jT (w)\{i}
2B > Y @wew? T (T tor) = lsns) (T s tar)) = P, ) | T ().
€T (u) jeT (u)\{} ne{l,2}

We can bound this from above by

C{ Z( )pzt1t2pzt2,t3+ H (Z Ciu Pztn,tnﬂ)} (5.90)

€T (u) ne{l,2} €J(u
By (5.78),
E[(V ) (ta) = VO (02)2 (V) (t3) = VO (£2))? | T (w)] (5.91)
< Clts— ta)(ts — )] 3 (e T e e A1+ (30 (esu)u T e e 1))2}.

i€ (u) i€J (u)

For the first sum, note that (c;u)u=2""1) = ctu=27=3) 5o that its sum is order o(1) as >, ¢} < oo and
7 > 3. For the second sum in (5.91), we note that the sum over 7 such that ¢; > 1/u is clearly bounded,
since it is bounded by

Z (cou)u~ (T Deei, (5.92)

i ci>1/u

which converges to a constant as u — oo since it is a Riemann approximation to a finite integral. For the
contributions due to ¢; < 1/u, we bound its expectation as

IEU[( Z (ciu)zuf(Tfl))z} (5.93)

€T (u): ¢;<1/u

< Z (ciu)?(cju)*u=2Yeucju + Z (ciu)*u=2"Veu
i#7,ci<1l/u,c;<1/u €T (u): ¢;<1/u
2
<( Y @) e > dec
i ¢;<1l/u i:¢;<1l/u
by (5.31). Hence, we get with (5.86) and (5.91)-(5.93),
Eo[(V®(t2) = VO (02) (VP (t3) = V(12))?] < Clta — t1)(t3 — t2) < Clts — 11)?, (5.94)

as required. O

5.2.4 Completion of the proof of Proposition 2.14(b)

The convergence of the finite-dimensional distributions together with tightness yields (B, (tu~(7=2)));>0 A,

(Lt)e>0 by [8, Theorem 5.1].
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