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Abstract

We consider the near-critical Erdés-Rényi random graph G(n,p) and provide a new
probabilistic proof of the fact that, when p is of the form p = p(n) =1/n+ )\/n4/3 and
A is large,

3 2 2
P(|Cmax| > An?/?) = A73/2¢= 5287554

where Cmax is the largest connected component of the graph. Our result allows A and A
to depend on n. While this result is already known, our proof relies only on conceptual
and adaptable tools such as ballot theorems, whereas the existing proof relies on a
combinatorial formula specific to Erdés-Rényi graphs, together with analytic estimates.
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1 Introduction

The Erdés-Rényi random graph, denoted by G(n,p), is obtained from the complete graph
with vertex set [n] by independently retaining each edge with probability p € [0,1] and
deleting it with probability 1 — p. We are interested in the size of the largest connected
component Cpax, or a typical connected component C(v) for v € [n]. It is well known (see
e.g [1, [I5] or [20] for more details) that, if p = p(n) = v/n for constant 7, then G(n,p)
undergoes a phase transition as 7y passes 1:

(i) if v < 1 (the subcritical case), then |Ciax| is of order logn;

(ii) if v = 1 (the critical case), then |Cpay| is of order n?/3;

(iil) if v > 1 (the supercritical case), then |Cimax| is of order n.

Motivated by the lack of a simple proof of 7 Nachmias and Peres [29] used a martingale
argument to prove that for any n > 1000 and A > 8,

P(|C(v)] > An?/3) < 4n~Y/3 exp{—A%(A — 4)/32}

and A
P(|Crnax| > An?/?) < T exp{—A%(A — 4)/32}.

They also gave bounds when p = W for fixed A € R. The best known bound on the
latter quantity is due originally to Pittel [3I] who showed that for p of this form,
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converges as A — oo to a specific constant, which is stated to be (27r)’1/2 but should
be (8/97r)1/ 2 due to a small oversight in the proof. More details, and a stronger result
that allows A and A to depend on n, are available in [33]. Both [3I] and [33] rely on a
combinatorial formula for the expected number of components with exactly k vertices and
k + ¢ edges, which is specific to Erd6s-Rényi graphs and appears difficult to adapt to other
models, together with analytic approximations.

We provide a new proof of asymptotics for P(|C(v)| > An?/3) and P(|Cpax| > An?/3)
that combines the strengths of the results mentioned above:

e it gives accurate bounds for large A as n — oo;
e it allows A and A to depend on n;

e it uses only robust probabilistic tools and therefore has the potential to be adapted to
other models of random graphs.

This is the purpose of our main theorem, which we now state.

Theorem 1.1. There exists Ag > 0 such that if A= A(n) satisfies Ag < A = o(n'/?°) and
p =p(n) = 1/n+ X/n*3 with X\ = X(n) such that |\| < A/3, then for sufficiently large n
and any vertex v € [n], we have
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for some constants 0 < ¢; < ¢y < 0.

Although our methods are not accurate enough to give the correct constant factor in the
asymptotic, identified in [33], we believe that the substantially more robust approach is
worth the small sacrifice in precision. Indeed, the probabilistic arguments in [29] have been
adapted to critical random d-regular graphs by Nachmias and Peres [2§], the configuration
model with bounded degrees by Riordan [32], and more recently a particular model of
inhomogeneous random graphs by the first author and Pachon [IT].

At the end of Sections [3| and 4] (see Remarks and we will comment further on
the problem of finding the right constant in the asymptotic using methods similar to the
ones in this paper. We believe that it may be possible but would require significantly more
technical work. We also remark that Nachmias and Peres [29] gave specific values of n and
A for which their bounds hold, namely n > 1000 and A > 8. We could do the same, but it
would again require significantly more technical details given the more precise nature of our
bounds.

We remark that our proofs of the upper bounds in Theorem are particularly straight-
forward, perhaps even more so than those in [29], despite giving a much more accurate
bound. A key part of the argument will be the following simple ballot-type result, which
may be of independent interest.

Lemma 1.2. Fixn € N. Let Xq,...,X, be Z—wvalued random variables and suppose that
the law of (X1,...,Xy) is invariant under rotations (it may depend on n). Define Sy = 0
and Sy = 22:1 X, fort € [n]. Then for any j € N,

P(Si > 0 V¢ € [n], S = j) < 2P(S, = j).

Our proofs of the lower bounds in Theorem will be more complicated than those
for the upper bounds, although they still use only robust probabilistic techniques such as
a generalised ballot theorem, Poisson approximations for the binomial distribution, and



Brownian approximations to random walks. In future work we intend to demonstrate the
adaptability of our new approach by applying our methods to other random graph models.
As a first step in this direction, for applications of Lemma to a random intersection
graph, an inhomogeneous random graph, and percolation on a d-regular graph, see [10].

Structure of the paper. We start by introducing ballot-type results in Section
where we prove Lemma [I.2] and a corollary which will be the main tool to obtain the upper
bounds in Theorem We also state a generalised ballot theorem due to Addario-Berry
and Reed [I] that will be used for our lower bounds. Subsequently, in Section [3| we prove
the upper bounds in (a) and (b) of Theorem whereas the corresponding lower bounds
will be proved in Section

Notation. We write Ny = NU {0}, [n] = {1,2,...,n}, and [a,b] = [a,b] N Z. The
abbreviation i.i.d. means “independent and identically distributed”. The empty sum is
defined to be 0, and the empty product is defined to be 1. In particular we use the convention
that 1 41@i is zero, for any n and any sequence (a;). For brevity we simply write A
rather than A(n), A instead of A\(n), and p in place of p(n) = 1/n + An~*3. We will often
write ¢ to mean a constant in (0,00), and use ¢ many times in a single proof even though
the constant may change from line to line.

1.1 Related work

Besides his Proposition 2, which gives asymptotics for P(|Cmax| < an?/?) in the case of
constant (large) A and A, Pittel [31] includes several other results which we make no attempt
to rework. These include asymptotics for P(|Cpax| < an?/3) when a is small. Nachmias and
Peres [29] also gave a simple but inaccurate upper bound on this quantity, and it would
be interesting to give an intuitive probabilistic proof of more accurate asymptotics. Pittel’s
paper is partially based on an earlier article by Luczak, Pittel and Wierman [25].

For G(n,p) outside the critical scaling window, i.e. when A is not bounded in n, n2/3 is
not the most likely size for the largest component of the graph, and therefore our results—
while still true, at least provided || < A/3 = o(n'/3°)—appear less natural than those by
Nachmias and Peres [27], Bollobds and Riordan [8] or Riordan [32].

A local limit theorem for the size of the k largest components (for arbitrary k) was given
by Van der Hofstad, Kager and Miiller [I7]. See also Van der Hofstad, Kleim and Van
Leeuwaarden [I9], where similar results to those established by Pittel [31] are proved in the
context of inhomogeneous random graphs.

Aldous [3] used a breadth-first search algorithm to explore G(n, p) for p within the critical
window, and showed that the sizes of the largest components, if rescaled by n?/3, converge
(in an appropriate sense) to some limit, which he described in detail. The same type of
argument has been used by Van der Hofstad [16] to investigate critical SIR epidemics. The
work of Aldous was then developed by Addario-Berry, Broutin and Goldschmidt [2] who
showed that the rescaled components themselves converge to metric spaces characterised by
excursions of Brownian motion with parabolic drift, decorated by a Poisson point process.

There are several other models that share similar properties with the near-critical Erdds-
Rényi graph. For instance, there are many critical models whose component sizes, when
suitably rescaled, converge to the lengths of excursions of Brownian motion with parabolic
drift just as for the Erdds-Rényi graph. Some examples include inhomogeneous random
graphs (see e.g. [6] and [5]), the configuration model (see [13], [2I] and [32]), and quantum
random graphs (see [12]).

In another direction we mention [30],where a large deviations rate function is provided
for the size of the maximal component divided by n, valid for the G(n,~y/n) model with
~ > 0. For a very recent work in this direction, see [4].

Finally, the results of [33] were used to show the existence of times when a dynamical
version of the Erdds-Rényi graph has an unusually large connected component. Related



results about the structure of dynamical Erdés-Rényi graphs were given by Rossignol [34].

2 Ballot-style results

Let X1,...,X, € {—1,1} be i.i.d. random variables taking values in {—1,1}, with P(X; =
1) = P(X; = —1) = 1/2, and let S; = 3./, X;. In its simplest form the ballot theorem
concerns the probability that S; stays positive for all times ¢ € [n], given that S, = k € N,
and says that the answer is k/n; see e.g. [I], I8, 22] 24] and references therein. However, we
will be interested in evaluating probabilities of the following type:

P(1+S,>0Vten], 148, =k),

where k > 1 and Xy, ..., X, are i.i.d. random variables taking values in {—1,0,1,2,...}. A
possible solution might be to apply the following generalised ballot theorem.

Theorem 2.1 (Addario-Berry and Reed [I]). Suppose X is a random variable satisfying
E[X] =0, Var(X) > 0, E[X?T*] < oo for some a > 0, and X is a lattice random variable
with period d (meaning that dX is an integer random variable and d is the smallest positive
real number for which this holds). Then given independent random variables X1, X, ...
distributed as X with associated partial sums Sy = 25:1 X, for all j such that 0 < j =
O (v/n) and such that j is a multiple of 1/d we have

P(S,>0 Vi€ [n], S, =j) =0 <‘7nj/21> .

This result will indeed be useful in the proof of the lower bounds in our Theorem
However, for the upper bound we will need a result that holds when j is much larger than
\/n. Our Lemma shows that the upper bound remains true more generally. We now aim
to prove that result.

Fix n € N. Let X = (Xy,...,X,,) be random variables taking values in Z. Define
So = 0 and S; = 22:1 X; for all t € [n]. Given r € [n], define the rotation of S =
(S0, 51, -..,5) by r as the walk S™ = (5§, ST, ..., S;) corresponding to the rotated sequence
X" =(Xr41,.-.,Xn, X1,...,X,). That is,

o if0<t<n—r, then S =S, — S, =i, Xi;

o ifn—r<t<n, then S =S, +Spyrn—5 =31, 1 Xi+ Zf:{*n X;.
In particular, S, =27 | X; 4+ >, Xi = S, (for every 7 € [n]) and S = S.
Definition 2.2. We say that r € [n] is favourable if S} > 0 for every t € [n].
The following lemma contains the key observation needed to prove Lemma [[.2]
Lemma 2.3. Fiz j € N. If S,, = j, then
{r € [n] : r is favourable}| < j.

Proof. The idea is simply that between each two favourable vertices, the partial sum must
increase by at least one. To see this, let 1 < I} < --- < I, < n denote the indices (if any)
such that I is favourable for 1 < k < L. We need to show that L < j. Observe that for each
1 <k < L-—1,since I is favourable and X1, ..., X,, are integer-valued, we have Stl’c > 1 for
all t € [n]; in particular S {:M* 1, = 1. For the same reason, Sie > 1. Consequently

(Ii+n)—1I
L-1 L-1
Sn = Z SIIII;Jrl*Ik + S(IIL1+TL)*IL = Z l+1=1L.
k=1 k=1
But our assumption is that S,, = j, so we must have L < j as required. O



Proof of Lemma[I.3 For any r € [n], since (X1, Xo,...,X,) is invariant under rotations,
P(S; >0Vt e[n], S, =37)=P(S; >0Vt e|n], S, =j)=P(ris favourable, S] = j)
and since S;, = S,,, we obtain that
P(S; > 0 Vt € [n], Sp, = j) = P(r is favourable, S,, = j).

Summing over r € [n] and applying Lemma we have

n

nP(St >0 Vte [n]a Sn = .7) = ZE[H{T is favourable}]l{Sn:j}]

r=1
n
=E |:]1{Sn_j} Z ]l{’r‘ is favourable}:|
r=1
< E[Lgs,—j5] = jP(Sn = J)
which completes the proof. O

The following corollary will be used to prove the upper bounds of Theorem

Corollary 2.4. Fizn € N and let (X;);>1 be i.i.d. random variables taking values in Z,
whose distribution may depend on n. Let h € N, and suppose that P(X; = h) > 0. Define
Sy = 2221 X; fort € Ng. Then for any j > 1 we have

J
n+1

P(h+S;>0Vten],h+S,=7) <P(X;y=h)" P(Spi1 = j)-
Proof. Let X be an independent copy of X;. Define S} = X + S; for 0 <¢ < n. Then

P(h+S, >0Vt e n], h+ S, =)

=P(Xo=h)"'"P(h+S; >0Vt [n], h+S, =7 Xo=h)
=P(X; =h)"'P(S; >0Vt € [n], Sk =4, S5 =h)
<P(Xy =h)"'P(S; >0Vt € {0} U [n], S, = ). (1)

Now since (Sg,ST,...,S}) £ (S1,52,...,5+1), applying Lemma we obtain that
P(S;y >0Vte{0}UIn],S:=4)=P(S; >0Vte [n+1],S,41=17)

J .
< ———P(S,41=7),
“n+1 (Sn41 = 7)

and substituting this into gives the result. O

3 Proof of the upper bounds in Theorem [1.1

A main ingredient in our analysis is an exploration process, which is a procedure to se-
quentially discover the component containing a given vertex, and which reduces the study
of component sizes to the analysis of the trajectory of a stochastic process. Such explo-
ration processes are well-known, dating back at least to [26], and several variants exist. Our
description closely follows the one appearing in [33]; see also [29].

Let G be any (undirected) graph with vertex set [n], and let v € [n] be any given vertex.
Fix an ordering of the n vertices with v first. At each time ¢t € {0} U [n] of the exploration,
each vertex will be active, explored or unseen; the number of explored vertices will be ¢
whereas the (possibly random) number of active vertices will be denoted by Y;. At time
t = 0, vertex v is declared to be active whereas all other vertices are declared unseen, so



that Yy = 1. At each step ¢ € [n] of the procedure, if ¥;_1 > 0 then we let u; be the first
active vertex; if ;1 = 0, we let u; be the first unseen vertex (here the term first refers
to the ordering that we fixed at the beginning of the procedure). Note that at time ¢t = 1
we have u; = v. Denote by 7; the number of unseen neighbours of u; in G and change the
status of these vertices to active. Then, set u; itself explored. From this description we see
that:

o Vi=Y, 1+t —1if Y, 1 >0;
o Vi=mn,ifY; 1 =0.

We now specialize to the Erdés-Rényi random graph, i.e. we now take G = G(n,p). Let us
denote by Uy = n — Y; — t the number of unseen vertices in G(n,p) at time ¢, and define
Fo={Q,0} and 7, =o({n; : 1 < j <t}) for t € [n]. Then for t € [n], given F;_1, we see
that 7; ~ Bin(Uy_1,p). Since U; < n —t, we can couple the process (1;);c[,) With a sequence
(7:)ie[n) of independent Bin(n — i, p) random variables such that 7; > n; for all 4. It follows
that, for any k € [n],

P(|C(v)| > k) =P(Y; > 0 Vt € [k])
P(1+Z(m1) >0Vt e [k])
§P(1+Z(Ti—1)>OVte[k}>. (2)
i=1

We would like to apply Corollary to the sequence (1 + Z:Zl(n —1))¢ejx]; and to this
end we need to turn the latter process into a random walk with identically distributed
increments. This is achieved in Lemma [3.1] below.

Lemma 3.1. There exists a finite constant ¢ such that for any k € [n],

t
k%p k
P<1+;(n—1)>0we [k]) <c]P’<1+Rt>0\7te [k], 1+ Ry > 2—W>,
where (Ri)i>o0 is a random walk with Ry = 0 and i.i.d. steps each having distribution
Bin(n,p) — 1.

The idea behind this lemma is that by adding an independent Bin(¢, p) random variable
to 7;, we transform it into a Bin(n,p) random variable which forms one of the steps of
the random walk R; appearing on the right-hand side. If the sum of the 7; up to t remains
positive then Ry, which is larger, must certainly also remain positive; but also the final value
Ry, must be larger than the sum of the additional contributions from the Bin(i, p) random
variables. A standard bound shows that these additional contributions are concentrated
about their mean, which is approximately k?p/2.

We postpone the details until Section [3:1} and continue with the proof of the upper
bounds in Theorem [I.I] By summing over the possible values of Ry, we can apply Corollary
with A = 1 to the quantity on the right-hand side of Lemma [3.1} it is at most

. D)
1 2 JP(Ren =), (3)
j=h(k,n)
where h(k,n) = %p — #]7 and the upper limit on the sum is due to the fact that

Rit1 < (k4 1)(n — 1) (because each step of R; is at most n — 1, and in Rgy; we are
summing k + 1 of them).



We now rewrite the above sum in a way that is easier to analyse, using the following
elementary observation. If X is a random variable taking values in Z N (—oo, N| for some
N € N, then for any h > 1, we have

N h N
E[X1{x>ny] = E[Z ]l{iSX}]l{XZh}} = E{Z H{th}} + ]E[ > ]l{XZi}}
i=1 =1 i=h+1
N
=hP(X >h)+ > P(X >i).
i=h+1

Applying this to Ri+1, and using that h(k,n)/(k + 1) < k/n when n is large, we have

G " (1) (n—1)

— P =4)< =P > h(k — P >

E+1 Z JP(Rkt1=17) < n (R4 = h(k,n)) + F+1 Z (Re+1 2= J),
j=h(k,n) j=h(k,n)+1

and putting this together with 7 Lemma and 7 we have shown that

(k+1)(n—1)
k .
P(C@)] > k) € SP(Rest = hkm) + 7 Y. P(Risr > ).

il g=h(k,n)+1

The next two lemmas conclude the proof of the upper bound in part (a) of Theorem by
showing that, when we take k = [AnQ/ 3] with A > 1, the right-hand side above is bounded
by cA=1/2n" 13 exp{—A%/8 4 NA%/2 — N2 A/2}. Let

n2/372 n2/3
H(An) = ([ A2, m) = [0, - A

Lemma 3.2. Suppose that 1 < A = o (n'/12), X = o(n'/'2) and A < A/3. There ezists a
finite constant ¢ such that

[An®/*]

C

= Al/2p1/3 €

Lemma 3.3. Suppose that 1 < A = o (n'/12), X = o(n'/'?) and A < A/3. There ezists a
finite constant ¢ such that

([An%/3741)(n—1) . 3 2 2
j —A%/8+AA%/2-2% A
Z P(Rpanz/s141 2 J) < 21736 /8+XA%/2 /2.
J=H(An)+1

1
[An2/3] 4+ 1

Since Rfgp2/3741 i simply a binomial random variable, the proofs of Lemmas and
are exercises in applying standard estimates to binomial random variables. We carry
out the details in Section Subject to these and the proof of Lemma the proof of
the upper bound in part (a) of Theorem is complete.

The upper bound of part (b) in Theorem is deduced from the upper bound in part
(a) using the following standard procedure, used for example in [29]. For any k € [n], denote
by

n
Ni =3 Licwol>k)
i=1
the number of vertices that are contained in components of size larger than k. If u is any
fixed vertex in G(n,p), we have

P((Coa| > k) = B(Ni > K) < 1 E[Ne] = TB(lC(w)| > k)

EN|



and then taking k = [An?/3] and applying part (a), this is at most

n c —A3/84+AA2/2-2%A/2 —3/2 —A3/84AA%/2-22A/2
[An2/3] A1/2n1/36 <cA € ’

as required. This concludes the proof for the upper bounds (a) and (b) in Theorem [I.1
subject to proving Lemmas [3.1] 3.2] and [3-3]

3.1 Proofs of Lemmas [3.1], and

To prove Lemmas [3.1] [3:2] and [3.3] we will make use of the following two preliminary results
on the concentration of Binomial random variables about their mean. The first of these
results is Theorem 1.3 in [7], while the second is Theorem 2.1 in [20].

Lemma 3.4. Let S ~ Bin(n,p), and suppose that np > 1 and 1 < h < (1 —p)n/3. Then
(p(1 —p)n)'/? { h? h B3 }
P(S>np+h) < —————"—ex — + + .
(52 np+h)< h/2m PU 20 —pn " p(—pn " 21— p)Pnd

Lemma 3.5. Let S ~ Bin(n,p) and define ¢(x) = (1+x)log(1 +x) —x for x > —1. Then
for every t > 0 we have that

(a) P(S > E[S] +t) < exp{~E[S]o(t/E[S])} < exp {~t*/2(E[S] +1/3)};
(b) (S < E[S] —t) < exp{—t*/2E[S]}.

We are now ready to start with the proofs of the lemmas stated in the previous section.

Proof of Lemma[3.1. We want to bound

JP’(l + Zt:(n —1)>0Vte [k])

from above, where 7; ~ Bin(n — i, p) are independent. We do this by adding extra terms to
the sum Zle(n — 1) to create a random walk with identically distributed steps. To this
end, let (B;)ie[n) be a sequence of independent random variables, also independent from

(7:)ie[n)» and such that B; ~ Bin(i,p) for every i € [n]. Moreover, define S; = S, B; for
t € [n]. Let
k2 k
P=P(8> 5p- )

Since Sy ~ Bin (k(k + 1)/2,p), an application of Lemma (b) with t = kn=2 + kp/2
yields that P > ¢ for some ¢ > 0. Now using the independence of (7;)ic[n) and (B;)icjn) we
obtain that

t t
_ k2 k

P(l—i—;(n—l) >0Vt e [k}) =P 1p<1+;(n—1) >0Vt e [k], S > 2p—nl/2).

Setting R; = Zle(n + B; — 1), we see that the last quantity is bounded from above by

k> k
-1
c ]P><1+Rt>0\1te[k],1+Rk>2p_n1/2>

so noting that 7; + B; g Bin(n, p) for every i € [n] completes the proof. O



Proof of Lemma[3.3 Write
K =K(An)=[An*?] +1

and recall that

An2/3‘|2 [An2/3—|
2 PT -‘

We want to use Lemma [3:4] to bound from above the quantity

K—-1
TP(RK > H),

H=H(A,n) = N

where we recall that (R¢)>0 is a random walk with Ry = 0 and i.i.d. steps each having

distribution Bin(n,p) — 1. Letting B, , be a binomial random variable with parameters j

and p, setting h :== H — K\/n'/3 (which is of order A?n'/3 since A < A/3) and observing
that

h h3 B

(L= pnK 2= PR

applying Lemma [3.4] we obtain

o),

P(Rx > H) =P(Buk,p > K + H)
=P(Bnk,p, > nKp+ H — K\/n'/?)

(p(L — p)nK)'/? 1 K h L
< exp{ —z + + 3 3
hy/2m 2p(1=p)nK ~ p(1 —p)nK = 2(1-p)3(nk)

K1/2 1 h2
<o [
=z exp{ 2p(1 —p)nK}

c 1 h?
< — —_ 4
— A3/2 exp{ 2p(1 —p)nK} @

Define 1/3
S(A,n 3) = h _ H—K\n

Vol —pnK  /p(1—pnk

Elementary estimates using the fact that A = o(n'/1?) and A = o(n'/'?) show that

A3/2

x(A,n, ) = — MAY2 4 o(AY 2716,

From we therefore have, for large n,

K-1 A 1 2
—z(An,\)"/2
TP(RK > H) < cm YL z(An
c_° A3 N A2 \2A
_C  exp A
= Vans P\ T 2 2 )
which completes the proof of Lemma [3.2) O

Before we prove Lemma we will need the following bound, which is an easy applica-
tion of Lemma [B.5

Lemma 3.6. Suppose that By p is a binomial random variable with parameters N > 1 and
p €[0,1]. Let C € (0,00) be constant. Then for all x € (0, C(Np)?/3] we have that

22
P(Bnp > Np+x) < cexp <2Np>

where ¢ is another finite constant.



Proof. Applying Lemma [3.5] we have

IP’(BN,pZNp—&-JC)Sexp(—]\[p[(l_i_Nip)log<1_~_Nip)_Nip})7

and since log(1 + t) >t — t?/2 for every t > 0,

2

P(Bnyp > Np+x) Sexp(—NpKl—i—Nip)(Nip_wffip)z) _NipD

2 3

- ( N Np{z(;p)z N z(Jg\Crp)s’D

x? x3
P ( ~ 2Np + 2(Np)2)’
which establishes the result with ¢ = exp(C?/2). O

Proof of Lemma[3.3 Writing

, 2/372 2/3
K= K(Am) = [An 41 and 1 =14, = [2L 2]
n n

we aim to bound

1 K(n—1)
% 2. PR =)
j=H+1
from above. We first note that
1 K(n-1) 1 LK2/2)
K 2 PRx=j) < 3 PRk > j)+nP(Rx > K*7), (5)
j=H+1 j=H+1

To bound the second term on the right-hand side of observe that, since A = o(n'/1?)
and A = o(n'/1?), we have K > nKp — K?/3/2 when n is large. Thus, when n is large,

nP(Rg > K?/3) = nP(B,k,, > K + K*/?)
< nP(Bnrp > nKp+ K*3/2). (6)

Using the second inequality in part (a) of Lemma we obtain

K4/3
< — < . A1/3,.2/9
@nexp{ 8(nKp+éK2/3)}neXp{ cA*°n } (7)

and for sufficiently large n we have that

AAZ 224

1 A3
_74'_7_
S—Aw/ge T

Next, for the first term on the right-hand side of , note that

LK2/3) LSy
% 2 PBRx>i) =1 D P(Buxy > K +j)
j=H+1 j=H+1
LSy
= > P(Bukyp >nKp+j—Kin~'/%). (8)
J=H+1

10



Since A = o(n'/12) and A = o(n'/1?), we have KAn~'/? = o(K?/?), and therefore we may
apply Lemma [3.6] to obtain

LK?/?)

c (j — K n~1/3)2 } c < H+1- K)\/nl/3>
< — expl—4—— 2 V< ——P(G> :
[ = sz;l p{ 2nKp SVE T Vakp

where G denotes a Gaussian random variable with mean zero and unit variance. Recalling
the standard bound P(G > t) < (t\/ 271')71 e_tz/z, which is valid for every ¢ > 0, we obtain

plos H+H1 — K\/n'/? o1 nKp exp(f (H+1 —KA/n1/3)2)
- VnKp T V2rH+1—K)\/nl/3 2nKp '

An easy computation reveals that

_ 1/342 3 2
(H+1-KX/n'/?) >A7_)\A7+)\2§+0(1)’

2nKp - 8 2
and consequently we obtain
c H+4+1-K\n'/3 c A3 A% LA
—=P (G > < SR il \* ok
VK ( - VnKp = pzpis P 8 + 2 2/’
as required. O

Remark 3.7. Here we comment on the possibility of obtaining the correct constant factor
in the upper bound of the asymptotic for P(|Ciax| > An?/?) using the above methodology.
We will give a corresponding comment for the lower bound in Remark

There are three places in our proof of the upper bounds stated in Theorem where
unspecified constants appear. One of these is from Lemma 3.1l The constant appearing
within this result could be eliminated by amending the argument to use k/n” rather than
k/n'/? for e.g. v = 5/12, and strengthening our assumption on A appropriately to ensure
that the error coming from Lemma [3.5|is smaller than our desired bound.

Another step requiring a more detailed analysis comes from the application of Lemma
in the proof of Lemma Similarly to the first case above, this should be possible but
would require stronger conditions on the relationship between A and A, or error bounds that
depend on A/A.

Finally, a further constant appears when we apply Corollary in . Finding the
correct constant here would require a different approach; either an improvement to Corollary
or an attempt to apply other results about random walks to (R;);>0. The latter option
would be complicated by the fact that the step distribution of R; depends on n.

4 Proof of the lower bounds in Theorem [1.1]

Let v € [n] be any vertex in G(n,p) from which we start running the exploration process
described at the beginning of Section [3} We write T = [An?/?]; we will in due course also
have a time 7T} which is smaller than T5.

Recall from Section [3|that 7; denotes the number of unseen vertices which become active
during the ith step of the exploration process, and Y; = 1 + 22:1(771‘ — 1) is the number of
active vertices at step t of the procedure. Moreover, recall that

ni|Fi—1 ~ Bin(n —i+1—Y;_1,p), 9)

where F; = o({n1,...,m}) and p = p(n) = 1/n + In~*3. We will start by proving the
lower bound in part (a) of Theorem that is, by bounding from below the probability

P(IC(v)| >Ts) =P <1 +Z(m -1)>0 Vte [T2]> .

11



We note that the random variables 7; are not independent, which makes our analysis more
difficult. The first part of our argument, therefore, consists of replacing the 7; with a
sequence of independent binomial random variables which are easier to analyse. The idea
is that n;, which is the number of neighbours of our ith vertex that are unseen, is roughly
Bin(n — 4,p), but the first parameter is slightly smaller due to the (random) number of
active vertices that are present at the beginning of the ith step of the exploration process.
If we can bound the number of active vertices above by some deterministic value K with
high probability, then we can remove this source of randomness and obtain a sequence
of independent increments in place of the n;. To this end, fix K € N and suppose that
(0¢)ie[ry) is a sequence of independent random variables with J; ~ Bin(n — K — i,p), and
set Ry =1+ Z§=1(5i —1). We note that the definitions of §; and R; depend implicitly on

K; sometimes for clarity we will write 5§K) and RgK). We will soon fix K = |n??], but
the following lemma works for any K < n —T5. We postpone the proof, which constructs a
coupling between 1; and &;, until Section

Lemma 4.1. Suppose that K + Ty < n. Define 7o := min{t > 1:Y; = 0}, the first time at
which the set of active vertices becomes empty. Then

P(|C(v)| > Tp) > P (REK’ >0 Ve [TQ]) —P@ic[nAT: Y > K). (10)

Our next result shows that if we choose K = |n?/®], then we do not have to worry about
the last probability on the right-hand side of .

Lemma 4.2. Let 7y be as in the previous lemma. As n — oo,

AA2

P(3ielmATy):Y:> [n°]) =0 (A—l/zn—1/3e—%3+7—*27/‘) . (11)

The proof of Lemma which easily follows from Lemma [3.5] is again postponed to
Section
Given (L1)), we can now fix K = [n2/3] and focus on providing a lower bound for

P (R§K> >0Vt € [Tg}) . (12)

Observe that, although we now have a process with independent increments, obtaining a
lower bound for remains a non-trivial task, because the §; that are used to define R;
are not identically distributed. We consider two options to produce a random walk with
i.i.d. increments from (R;)¢c|r,)- The first is to view ¢; as a sum of i.i.d. Bernoulli random
variables, with ¢; summing more Bernoullis than J; and so on; and then to rearrange the
same Bernoullis amongst sums §; that all have equal length. The second is simply to add
an independent Bin(K + 4,p) random variable to ¢; for each i.

It turns out that neither of these two options works on its own. The first has problems
if we try to cover too many values of i, since the more Bernoullis that we have to rearrange,
the less accurate our estimates become. The second has problems when ¢ is small, as the
variance of the added Bin(K + 7, p) random variables is too large when our random walk is
near the origin.

We therefore combine the two techniques. We take Ty € [T»], and carry out the first
strategy for times ¢ € [T}], and the second strategy for t € [T7, T»].

We note first that for any deterministic H € N and T} € [T3],

P(R; > 0 Vt € [T3])
>P(R, >0Vt €[Th], Ry, € [H,2H], R, >0 Vt € [T, T>])
>P(R; >0Vt € [T1], Ry, € [H,2H])P(R, >0 Vt € [T, T3] | R, = H). (13)

We now fix Ty = 2|n?/3/A?| — 1 and H = [n'/3/A].

12



Proposition 4.3. There exists ¢ > 0 such that for sufficiently large n and A,

A
P(Rt >0 Vte [Tl]aRT1 € [H72H]) > CW'

Proposition 4.4. There exists ¢ > 0 such that for sufficiently large n and A,

3 2 2
AT L AAT . ATA
R 2,

c
P(Ry >0Vt € [Ty, T2] | Ry, = H) > 73

We will prove Proposition in Section and Proposition [£.4] in Section For
now we show how these results can be used to complete the proof of the lower bounds in

Theorem [[11
Proof of lower bounds in Theorem[I.1 By Lemmas [I.1] and .2

AAZ 224

P(IC(v)| > To) > P (R, >0 Vt € [T]) — o <A71/2n71/367%3+777> .

In light of 7 it then follows from Propositions and that

4 _ A3 | aA2 A24

This concludes the proof of the lower bound in part (a) of Theorem In order to prove

the lower bound in part (b), we will need to use the fact that for any Ny-valued random

variable X,

E[X]?

E[X2]

This can be proved by applying the Cauchy-Schwarz inequality to X1 x>13-
To proceed with the proof of the lower bound in part (b), let us denote by X =

S L{jc(i)|e[Ts,215)) the number of components of size between Ty and 2T3. Observe that

X > 1 implies |Cpax| > To. Therefore using we obtain

P(X >1)>

(15)

E[X]?
> > . 1
P (|Crnax| = T2) > E[X7] (16)
For the numerator, we have
E[X]? = n?P (|C(1)| € [T2,2T3])°. (17)

Next we bound the denominator from above. Given vertices 4,j € [n], write i <+ j if there
exists a path of opens edges between i and j. Then we can write

E[X?] < nP(IC(1)| € [T2,2T3]) + S1 + Se, (18)
where .
S1=E [ DO Lgemerm e 1{c<j>|e[T2,sz]}1{mj}}
i=1 j#i
and

Sy = E[Z > ﬂ{cu)e[TZ,m]}ﬂ{lcme[Tz,sz]}]l{mj}] :
i=1 j#i

For S; we have

2T
S1<n? Y P(IC)] = ki1« 2)P(1CQ)] € [T, 2T3] | [C(1)] = 1 o0 2)
k=T5
<n?P(|C(1)| € [T, 2T)) P (IC(2)| > Tp).

13



For Sy we have

n 2T n 215
S2 Z]E{Z > ]1{|cu>|—k}z]1{jec<i>}} < E{Z > ﬂ{cu)—k}k}

i=1 k=T, i i=1 k=T

Returning to and recalling that Tp = [An?/3], we obtain

E[X?] < nP (|C(1)] € [Ty, 2T3]) + n2P (|C(1)| € [Ty, 2T5]) P (|C(2)| > Tb)
+ 3An°/PP (|C(1)| € [Ty, 2T3)) .

By the upper bound in part (a) of Theorem [1.1
C2
P(IC(2)| > T2) < A1/2,173
and therefore
E[X?] < cAn®/ PP (|C(1)| € [T, 2T3)) .

Substituting this and into and then applying 7 we obtain

) n?P (IC(1)| € [Ty, 2T3))°
P (ICmaxl > [An?/ 31) = AP (IC(1)) € [T, 2T5))

nl/3
=c—P(C)] € [13,212]) - (19)

Observe that
P(C(1)| € [T2,2T]) = P(|C(1)| = T>) — P(|C(1)| > 2T3),

and by applying the upper bound in Theorem [1.1(a) with 24 in place of A, together with
(T4), for A sufficiently large we may ensure that P(|C(1)| > 213) < P(|C(1)| > T»)/2.
Therefore (19) is at least

2 2

132°€ ’

3 2 2
C 7AT+>\A AZA

as required. This completes the proof of Theorem 1.2, subject to the proofs of Lemmas
and [£:2] and Propositions [4.3] and [£-4] O

4.1 Rearranging Bernoullis and applying the ballot theorem: proof
of Proposition 4.3

We first introduce a technical result which will be used to transform (R;);er,] into a process
with i.i.d. increments.

Lemma 4.5. Suppose that N € N, and that L € [N] is odd. Let (I});j>1 be i.i.d. non-
negative random wvariables and set X; = Zj\;l I} for i = 1,...,L. Then there exist

1.1.d. random variables (i;:)i,jzl with the same distribution as IJZ: such that if we set Xz =
E;VZ_I(LH)/Q I! then

. 2521 X; < Zle X; foralll <t < L;

L L
o Y L Xi=2 X

14



The reader can think of the I} as Bernoulli(p)-distributed, so that X; ~ Bin(N — i,p)

and X; ~ Bin(N — (L+1)/2,p). The idea behind the proof is that X; has more summands
than X, so if we transfer some of the summands from X; to X, we do not change the
value of Zle X; but we decrease X;. Then we move on to X5, and transfer some of its
summands to X7,_1, which decreases Zle X; without changing Zle X;; and so on. We
postpone the details until Section

Before we can proceed with the proof of Proposition we need one more tool. We
can use Lemma to transform (R;);e[r,] into a process with i.i.d. increments, but in order
to apply the generalised ballot theorem, Theorem [2.I] we need our increments also to have
mean zero and for their distribution not to depend on n. The following lemma is slightly
more general than we will need.

Lemma 4.6. Take n € N, h, >0, a,, € (—1,00) satisfying na, € Z, b, € (—1,n —1) and
t, € N. Suppose that M; = 1+ ZE=1(Wi — 1) where the W; are independent Bin(n(1 +
an), (1 + by)/n) random variables. Let p, = (1 + an)(1+b,). Then

P(M; >0 Vt € [t,], My, € [hn,2h,])

. - tn
> (pp A1) ple=te(=mdtn (M, > 0 Yt € [t,], My, € [hn,2hn]) — — (1 + ay) (1 + by)?
n
where M, = 1+ Zle(Wl — 1), and (W;)'", is a sequence of independent Poisson random
variables with mean one.

We delay the proof, which uses a fairly standard Poisson approximation for the binomial
distribution and then a simple change of measure to remove the drift, until Section [4.4] and
proceed with the proof of Proposition

Proof of Proposition[{.3 As previously mentioned, we want to bound
]P(Rt >0 Vte [Tl],RTl S [H, QH])

by means of the generalised ballot theorem, Theorem To this end, we first need to turn
the process (Rt)ie[r,) into a random walk with i.i.d. steps having mean zero. In order to
obtain identically distributed steps we will make use of Lemma

Recall that H = [n'/3/A] and R, = 1+ Y_i_,(6; — 1), where each §; is the sum of
n—|n?/%| —iii.d. Ber(p) random variables. It follows from Lemma with N = n— [n?/%]

and L = T, that there exists a sequence (d;)ie[r,) of i.i.d random variables with §; ~
Bin(n — [n?/5] — (T} +1)/2,p) for which, setting R, = 1+ >__, (6; — 1), we obtain

P(R, >0 ¥Vt € [T], Ry, € [H,2H]) > P (ﬁzt >0Vt e [Ty, Ry, € [H, 2H]) . (20)

In order to evaluate the probabilities appearing in the above sum by means of the gener-
alised ballot theorem, we still have to turn (Rt)te[Tl] into a process whose increments have
mean zero. We do this by applying Lemma with h, = H, t, = T) = 2|n?/3/A%| — 1,
an = —|[n?°]/n — (T1 +1)/(2n) and b, = A/n'/3. Since |\| < A/3, it is easy to see that
there exists a constant ¢ > 0 (not depending on n) such that

(i A 1)%Mm > .

£—./L‘2

Also, using the inequality 14+ > e valid for x > —1/2, for sufficiently large n we have

ply et = (L (= 1)) 2 e

for some constant ¢ > 0. Finally, since

tn 9 In 1
Z(l +an)(1+b,)" =< PSR PISVER
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from Lemma we obtain that

P (Rt >0Vt e [T, Ry, € [H, zH])

> cP (Rt >0Vt e [T1], Ry, € [H, 2H]) - ﬁ (21)
for some constants ¢ > 0 and C' < oo, where Ry = 1+ Y!_,(6; —1) and (6;)72, is a sequence
of independent Poisson random variables with parameter 1.

We are now in a position to apply Theorem [2.1 Recalling that H = [n'/3/A] and
Ty = 2|n%3/A%] — 1, for all k € [H —1,2H — 1] we have k < 2H = O(y/T1). We can
therefore conclude from Theorem 2.1] that

P (Rt >0Vt e [Ih], Ry, € [H, 2H])

Z]P’(Rt—1>OVte[Tl],RTl—le[H—l,QH—l])

2H—1 k+1
zc 3/2
k=H-1 Tl

which is of order An~'/3. Substituting this bound into (21) gives

cA C

P(Rt >0 Vte T, Ry, € [H,ZH]) > = — T

Taking A sufficiently large that the first term dominates, and then recalling , gives the
result. O

4.2 Adding independent binomials and approximating with Brow-
nian motion: proof of Proposition [4.4

Recall that R; = 1+Z§:1(5,’ —1) where (6;)12, is a sequence of independent Bin(n— K —i, p)
random variables. Recall also that H = [n!/3/A], K = [n?/°], Ty = 2|n?*/3/A%] — 1 and
Ty = [An2/ 3]. Throughout this section we write T = Ty — T7.

Our first task in this section is to replace R; with a sum of i.i.d. random variables. We do
this by adding an independent Bin(K + 4, p) random variable to §; for each ¢, and checking
that the sum of these additional random variables cannot be too large using Lemma

Lemma 4.7. Fort € [0,00), define

(t)__ﬁ+i+ﬁ
P =740 T a2 s T o

Then there exists ¢ > 0 such that for all large n,
P(Rt >0 Vte [[Tl,Tg]] |RT1 = H) > P(St > g(t) vVt € [LTH) . Technl/G

where Sy = Zzzl(Ai — 1), and (A)L, is a sequence of independent Bin(n,p) random
variables.

The proof of Lemma [4.7]is in Section Next, in order to apply a Brownian approxi-
mation to our random walk, we would like the step distribution not to depend on n.

Lemma 4.8. Fort € [0,00), define

A Y
4A A2n1/3 2
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Let g and (S;)L_, be as in Lemma . Then there exist constants ¢,C € (0,00) such that

P(S; > g(t) Vt € [1,T])

nl/3

)

> ce)‘Az/Q*)‘QAm]P(S’t >y(t) vt e [1,T], S < y(T) + 3§Z3) — Cexp ( -

where Sy = ZE:I(AZ' —1) and (AL, is a sequence of independent Poisson random variables
of parameter 1.

Again we delay the proof, which is similar to the proof of Lemma [4.6] until Section
and proceed with the proof of Proposition As mentioned above, our strategy is to
approximate the random walk (St)tT:o appearing in Lemma with Brownian motion. We
will use an accurate bound of Komlés, Major and Tusnddy due to its ease of application,
although we will not really need the additional precision gained over the earlier result of
Strassen [30, Theorem 1.5]. The following rephrasing of the original theorem is from [9].

Theorem 4.9 (Komlds, Major, Tusnddy [23]). Let (§;)i>1 be a sequence of i.i.d. random
variables with E[&;] = 0 and E[¢?] = 1. Suppose that there exists > 0 such that E [69‘5”] <

0o. For each k € {0}UN, let Uy = Zle &. Then for every N € N it is possible to construct
a version of (Uy)h_, and a standard Brownian Motion (Bs)scjo,n] on the same probability
space such that, for every x >0,

P (maxU;C — Bi| > MlogN+x> < Ce™™®
k<N

where M, C' and ¢ > 0 do not depend on N.
Applying this with N = T and Uy, = Sj, we immediately obtain the following corollary.

Corollary 4.10. Suppose that S; = Zle A;, where (AL, is a sequence of independent
Poisson random variables of parameter 1, and that (Bs)s>o is a standard Brownian motion.
There exist constants ¢,C € (0,00) such that for any x, > 0 and any function v : [0,00) —
R,

P(S: > () ¥t € [LT], S < A(T) + 3242)

> P(By > (s)+ Mlog T+, Vs € [0,T), Br < v(T)+ 2 — MlogT —x,,) — Ce .

We have now reduced our task to bounding the probability that a Brownian motion
remains above a curve up to time 7', and is not too far above the curve at time 7.

Proposition 4.11. There exists a constant ¢ > 0 such that for any x, satisfying A® <
Ty K nl/g/A, any constant M (not depending on n) and v as in Lemma for large n,

—A3/8

3n1/3 &
P(By > (s) + Mlog T+, Vs € [0,T], Br <(T) + ¥ — MlogT — ) > 7
The proof of Proposition involves considering two time intervals, [0,7/2] and [T'/2,T],
and approximating v(7T') by a straight line on each of these intervals. We carry out the details
in Section
We now have all the ingredients to prove Proposition [4.4] and therefore Theorem

Proof of Proposition [{.J] We simply combine Lemmas[4.7land[£.8| Corollary and Propo-
sition 111 O
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4.3 Proofs of Lemmas [4.1], [4.2], [4.5|and 4.7} creating i.i.d. sequences

We first prove Lemma which replaces 7;, the number of unseen vertices that become
active at the ith step of the exploration process, with an independent Binomial random
variable that does not depend on the history of the exploration process.

Proof of Lemma[/-1 From the description of the exploration process provided at the begin-
ning of section 3, recall that u, is the vertex that is explored at step ¢. Let us denote by A}
the set of unseen vertices that become active at step ¢ — 1 of the process (with A} = {u1}),
and let A; = UE:O A, the set of all active or explored vertices after step ¢ — 1. Also, write
X! for the indicator that u; is a neighbour of vertex v.

For eacht =1,2,...,n— K, if |A;] < K 4t then let B} be any subset of the vertices [n]
such that

o AP C B

° Bf NAi_1 = @;

o |BiUA1| =K+t
If | A, > K +t then let By = A;. Then let

=B UA_1|-K—t>0.

Take a sequence X B X;, ... of independent Bernoulli random variables of parameter p, also
independent of everything else.
Note that

:ZXf}

v Ay
and define

0 = Z Xﬁ-&-i)&;

v@BrUA; 1 i=1

Then, since
|(BZ UAtfl)C‘ + 7 :’I'L—K—t,

and the random variables {X! : v € AS_;} are independent and independent of {XJ : v €

_,} for any j # i, we see that (6;)7= is a sequence of independent random variables
such that §; ~ Bin(n — K — ¢, p).

We also observe that if |A;] < K +t, then |[Bf UA;_1| = K + 1t and so r, = 0. Since
we also have A} C B}, we see that if |4;] < K + ¢ then 7, > 0,. Thus, recalling that o
denotes the first time at which the set of active vertices is empty and since {19 > Th} =
{1+, (m —1) >0 Vt € [Th]} we obtain

P(|C(v)| > Tp) = (1+Z . —1)>0 VtE[TQ])

\%

]1»<1+Z ; —1) >0 Vt e [Tp] and [Ay| < K +1 Vte[TOATz])

P 1+25 —1)>0 Vte [0 and |4 < K +t VtE[TO/\TQ])

Y%
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where the last inequality follows from the fact that on the event {|A4;] < K +t Vt € [T2]}
we have 1; > §; for t € [Ty] (and 79 ATy = To on {1+ 3/ (i — 1) > 0 Vt € [T2]}). Now

t
IP’(H—Z(&Z- —1)>0 Vte [Ty and |4 < K +t Vte [TOATQ})
=1

21@(1+i(5i—1) >0 Ve [Tg]) —[P’(Hte [0 A To] : | A| 2K+t).

i=1
Since |A;| =Y, + t, the result follows. O

Next we prove Lemma which ensures that the probability that the number of active
vertices becomes too large is small.

Proof of Lemma[].3 Let GUE Bln(n p). A union bound gives

IP’(EIZ‘STO/\TQ Y; > | 2/0) ZIP(Y> 2/5J,i§To)
< Zp(l ¥ _Z(g D2 isn) @)
<ZIP<1+Z -~ 2 ). (23)

Denoting by By,q a binomial random variable with parameters N and g, by Lemma 3.5 we
see that for i € [T3],

IP<1 + Z(Cj —1)> Ln2/5J> =P (Bm,p > inp —ixn "3 4 [n?/%] - 1)
j=1

) Al
2/5
<P <Bm,p >inp+n / (1 — Cn1/15>> . (24)

Now, A = o(n'/3%) and |A| < A/3, so A|A| = o(n!/!®) and hence for large enough n we
obtain

4/5/4
< > 2/5 ) < Y
1) <P (Bm,p >inp+n°/2) <exp { 2inp+ In/5 } (25)

Since 7 < T, we see that < 6*0”2/15/‘4 for some positive constant ¢ > 0. Finally, since
A, X\ = 0o(n'/?%) as n — oo we conclude that

3 2 2
e—an/IS/AZO(A 1/2 _1/3 AP aa% a4 A>. .

Lemma[£.5] involves rearranging Bernoulli random variables to produce an i.i.d. sequence.

Proof of Lemma[].5 Recall the convention that the empty sum is zero. By hypothesis,

Xi=3 T, (26)
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where (I7); j>1 are i.i.d. non-negative random variables. Let £ = (L +1)/2; recall that L is

odd, so ¢ € N. Define

N—¢
Mo, 1<i</
X =7 ,
N—i N—(L+1-1)
1 L+1—1 .
n+ > I , {<i<L.
j=1 G=N—£+1

Observe that (X;)%, is a sequence of i.i.d. random variables and X; = ZN ¢ I;,1<i<L

Next we claim that , .
Z <> X (27)
i=1 i=1

for all 1 <t < L. To see this, observe first that when 1 <t < /£ we have that

t t N—¢ t N—i t
D Xi=D Y L)Y L= X
i=1 i=1 j=1 i=1 j=1 i=1
Next, for £ < t < L we have that
t V4 t ¢ N—¢ t N-—i t N—(L+1—1)
IRE ST DR TS 9D IR VD S SR S
i=1 i=1 i=0+1 i=1 j=1 i=0+1 j=1 i=0+1 j=N—(+1

Making the change of variable k = L 4+ 1 — 4, we see that

t N—(L+1—1) L

SOy e Y Y ey Y i

i=0+1 j=N—0+1 k=L+1—t j=N—£+1 k=L+1—tj=N—£+1

where the last equality follows from the fact that the term corresponding to k = £ is zero.
Therefore

, ‘
Srie Y I (28)
i=1 '

as claimed. The second statement of the lemma simply follows by taking ¢ = L in (28)), in
which case the subsequent inequality is an equality. O

Lemmal[4.7] provides an alternative way of producing i.i.d. sequences of Binomial random
variables, by adding independent binomials to the original sequence.

Proof of Lemma[f. ] Recall that R, = 1+ 3°_,(6; — 1). As we did in Section E write
T =Ty —Ti. Let (L;)ie[r,) be a sequence of independent random variables, also independent
of (0s)ie[r,) and such that L; ~ Bin(K + 4, p). Then, setting

T+t

So= > G+ Li-1), (29)

i=T1+1
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we see that 0; + L; i Bin(n,p). Let £; = EZTZI'HH L;. Then for any f: N — R,

P(R; >0 Vt € [Ty, T2] | Ry, = H) =P(Rp, 1w — Ry, > —H Vit € [T))
St — ﬁt > —H Vte [T])

(
P(
P(S; > L, —H Vte[T), L; < f(t)+ H Vt € [T))
P

>
>P(S, > f(t) Ve e [T)) —P(3t € [T): Ly > f(t) + H).
(30)
We now let f(t) = E[L:] + %(Tl +t) — H and aim to show that
P(3t € [T]: L, > f(t) + H) < Te=*4"" (31)

Indeed, a union bound gives

T AL/2

PRt e[T): Ly > f(t)+H) < ZP(,@ >E[L] + W(Tl +t)>,
t=1

and then applying Lemma [3.5] yields

A(Ty + t)2n~5/6 > (
2K + Ty + 1/2)tp + t2p + 2220040 )

3n5/12

T
IP’(EItG[T]:Et>f(t)+H)<Zexp<— 32)

One may easily check that for some finite constant C', we have
2(K + Ty +1/2)tp < CTit/n < C(Ty +t)*/n,

t’p < Ct*/n < O(Ty +1)*/n

and

2Al/2(T1 +1) < C’Tl

2
3/ < F(Tl +1t) <C(Th +t)*/n.

Thus, for some ¢ > 0,

< A(Tl + t)2n75/6
ex —
2(K + Ty + 1/2)tp + t2p + 222040

> < exp(—cAn'/®)

which combines with to give (31)).
Substituting into proves the Lemma with f in place of g. It therefore suffices
to check that f(t) < g(t) for all ¢ when n is large. This holds since

T+t

L ~ Bin ( YK+ i),p) — Bin (K + T1)t + t(t + 1)/2,p),
i=T1+1
and we have
8t 1/2, —5/12 n'/? 1/2, —5/12 t
p(K+T1+1/2)tSW, A n T1§ﬁ and A n tSnl/?’AQ.
These estimates show that f(t) < g(¢) and complete the proof. O
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4.4 Proofs of Lemmas and [4.8: Poisson approximation and a
change of measure

The proof of Lemma uses two standard ingredients: a coupling between Binomial and
Poisson random variables, and a change of measure to remove the drift from a random walk.

Proof of Lemma[.6 Note that E[W;] = (1+ ay)(14 b,) = u, for each i. By [I5, Theorem
2.10] we can construct a coupling between (W;);eny and a sequence W/ of i.i.d. Poisson
random variables with parameter u,, such that

n(l4+a.,) 2
1+0b,\2 1+a,)(1+0b,
P Aw) < S (FE) o BrelUah)
=1

Let M} =1+ Y\_,(W/ —1). Then
]P’(Mt >0 VtE [ty], My, € [hn,2h, ])
>P(M{ >0 Vtel[ty], M{ € [hyn,2h,]) —P(3i€ [tn]: Wi #W,), (33)
and a union bound gives that

(1 +an)(1+ by)? .

P(3i € [t,] : Wi # W) < (34)

We now seek to remove the drift from the sequence M| by using a change of measure.
Define a new probability measure Q by setting, for B € o(W{,..., W/ ),

tn , /1 —tn tn / 11 —tn
E[%HW‘“]EW] 2 [na B ]
=1

Note that Zt" = M{ +t,—1 and, since W7 is Poisson with parameter p,,, E[,ufl
ehn(1/pn=1) — ¢l Thus

W{] _

Q(B)=E [11 T A L (35)

We write Eq for expectation with respect to the probability measure Q. It is straightforward

to check that, under Q, the W/ are independent Poisson random variables of parameter 1.
By the definition of QQ, we have

P(M; >0Vt e ﬂo to], M € [hn,2hy))

M +tn—
=Eq [un ]1{M{>0Vt€[[0,tn]], Mt'ne[hnzhn]}} e

> (pn AP plr T1Q(MY > 0t € [0, 8], M]| € [, 20]) 1) n,

(1_#w/)tn

Since (W/)ir, is a sequence of mdependent Poisson random variables of parameter 1 under
Q, substituting this and into gives the result. O

The proof of Lemma[4.8]is similar to that of Lemma[4.6] but we will need to delve deeper
into the details of the coupling between the Binomial and Poisson random variables.

Proof of Lemma[{.8 We follow almost the same proof as Lemma noting that E[A;] =
np for each i. By [I5, Theorem 2.10] we can couple (A;)L, with a sequence (AL)L | of
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i.i.d. Poisson random variables with parameter np. Write S} = Z§=1(A; —1). Then we
obtain

P(S; > g(t) Vt e [0,7])
>P(S; > g(t) Vt € [0,T], S} > g(t) + " vt € [0,T])
— P(S) > g(t) + 2 Vit e [0,T])
—P(S) > g(t) + 2 Wt € [0,T], 3t € [0,T] : S, < g(t))
P(S, > g(t) + o Vit € [0,T]) —P(r&a%dst—Sﬂ > %) (36)

where the last inequality follows from the fact that

1/3

P(S; > g(t) + % Vt e [0,T], 3t € [0,T] : Sy < g(t))

<PEte]0,T]:|S,— S > 4;)—]P(211<a72<|5t Sy > ni2y,

To estimate the last probability, we see that

nl/3 T

]P’(max|5t Sy| > ) <P Z |A; — Al > n'? < Elel®i=210Te=n'?/(44) - (37)
t<T T\ ! E 44 ) — ’

where for the last inequality we used the i.i.d. property of the increments A; — AL, To
continue our bounds we need some more detail about the coupling of A; and A} from
the proof of [15, Theorem 2.10]. We break A; up into a sum of n i.i.d. Bernoulli random
variables of parameter p, which we call (5;‘)?:1, and couple these with n Poisson random
variables (3})}_, of parameter p, so that

A=Y 8 and A=) g
j=1 j=1

The coupling is arranged so that for each ¢ and 7,
o P(B; =8 =0)=1-p,
o P(B; =pj=1)=pe?,
e P(B;=1,8;,=0)=e?— (1 -p) and

o P(B;=1,8,=k) =P8, = k) = <~ for k > 2.

We deduce (using the inequality e=* <1 — x + 2%/2, valid for all x > 0) that

’ -p
E[el? %l =1 —p+pe™ +e(e? +Zek 1Q
2 0 k
p 2 - (ep) 2
<1 — p <1
< +62+pee ];)(k—i—Q)'_ +cp
for some finite constant c¢. Thus
Elel®1 =11 < (14 ep*)" < exp(ep?n),
and substituting this into gives
1/3 1/3 1/3
LN 9 n ) ( n )
_ )<« _ 2 )\ <« _
P(rtnga%qSt Sy > 1A ) < exp (cp nT ) S C'exp A (38)
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for some finite constant C'.
We now consider the first quantity on the right-hand side of , and use the same
change of measure as in with p, = pn to remove the drift from S;. Noting that

1/3

g(t) + % = 7(t), by the definition of Q, for any £ > 0,

P(S) > g(t) + 20 Vi € [0,T])
>P(S; > (1) Yt [0,T], Sy <A(t) +¢)

= EQ [(pn)sér+T]l{S;>w(t) vte[0,T], S'TSV(t)M}} e(l—pn)T

> (pn A1) (pn)" DT PITQ(S] > y(t) VE € [0,T], Sp <A(t) +6).  (39)

Taking ¢ = 37;4/3 and recalling that pn = 14+ An~1/3 and

nl/3 T pT2  A2pl/3 nl/3

sty e o)

and using that [\| < A/3, |A| = o(n!/3%) and 1+ z > ¢ for all # > —1/2 we have
(pn A1)t > ¢

and
(pn)"f(T) =(1+ )\n_1/3)142n1/3/2+0(n1/3/A) > ceuﬁ/z’

and using the more precise inequality 1 + z > er=2"/2=12 for all z > -1/2,

32, —2/3 _ 3 2
e A*n T/2—O0(X°T/n) > ce A A/2.

(pn)Te(lfpn)T _ ((1 + /\nfl/B)ef)\nfl/s)T >
Substituting these estimates into , we obtain

P(S] > g(t) + % Vit € [0,T])

> MU 2NARQ (5] > A(T) Yt € [0,T], Sp < A(T) + 22,

Since (S})I_, is a sum of independent Poisson random variables of parameter 1 under Q,
substituting this and into gives the result. O

4.5 The probability a Brownian motion stays above a curve: proof
of Proposition 4.11
Recall that
(s) = s + _ 95 + ps’
RV R ERVE R

and write

Po(T) = P(B, > ~(s) + Mlog T + x, Vs € [0,T], By <4(T) + 22 — MlogT — );

our aim in this section is to bound P, (T) from below.

Define s )
n 9s pS
V) =1+ g = Y s Ty

and s )
n 9T T

= T _— e
vr =9(T)+ 4A A2pl/3 + 2

Note that since x,, < n'/?/A, for large n we have M log T + x,, < n'/3/(8A), so

Po(T) > P(By > ¢(s) Vs € [0,T], Br < ¢r). (40)
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We approximate the curve ¢(s) given above with two straight lines defined, for s € [0,T/2],
by
¢4772>—7¢a») n'/? (o2 + )5

b) =00+ (77 )s =~ + (s + 1
and
&(T) — ¢(T/2) nl/3 9T pT? 9 3pT
(o) = o(T/2) + (S == )s = =55 + g + 1+ (G + 1)
Also define

I= [sz/Q — AV21/3, wT/z}

- 9T pT2 1/2,.1/3 9T pT2
= [Tznw Tt AT st T]~

See Figure |1| for reference. Note that /2 — AY2n'/3 > ¢(T/2) when n is large, so the
interval I falls entirely above the curve ¢.

Yr /2 4

*(T'/2) 1

0 : :
#(0) 1

Figure 1: We want our Brownian motion to stay above the blue curve, and the two green lines
f1 and ¢ show linear approximations to this curve on the two half-intervals. The dashed red line
shows roughly where we expect our Brownian motion to be, given that it stays above the curve.
This is a caricature of the true picture, and not to scale.

Since ¢ is convex, the linear interpolations ¢; and ¢ fall above the curve and therefore

is at least
IP’(BS > {l1(s) Vs €[0,T/2], Bs > la(s —T/2) Vs € [T/2,T], Br < 1/JT)

For a lower bound, we may also insist that at time 7'/2 our Brownian motion falls within
the interval I. Moreover, it will be convenient for us to know that at time 7', our Brownian
motion is some distance above the curve. To this end define

1/3 1/3 1/3

r| = [a(r7) + g + |

n
16A

Putting all this together we obtain

I':= [¢T -

P.(T) > /IIP(BS > (1(s) Vs €[0,T/2)], Brys € dw)

Py (Bs > la(s) Vs € [0,T/2], By € I').  (41)

Here P, denotes a probability measure under which our Brownian motion starts from w
rather than 0.
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Lemma 4.12. For any p,y € R, t >0, z >y and z > y + ut,
P.(Bs >y+pus Vs <t, By € dz)

- e (= C5 ) (1 e ()

Proof. We begin with an exponential change of measure to balance the drift p. Letting
(Fs)s>0 be the natural filtration of our Brownian motion, define P, with expectation op-

erator &, by setting

dP,
dP,

Then under P, (Bs)s>o0 is a Brownian motion with drift p started from z, and therefore

_ 6;1,Bt7uzfp,2t/2

Fi

Pa:(Bs > Y+ ps Vs < t, Bt € dz) = gﬂc [e_uBt+#2t/2+#z]l{Bs>y+,us Vs<t, B:€ dz}]
= et/ 2tuep (Bos 4 s Vs <t B, € dz)
= e 1=t t/2uTp (B S g Vs <t By + pt € dz).

We now recall that, as a consequence of the reflection principle for Brownian motion, for
x>y and w >y,

(exp<_M>_exp<_M>)dw_

P.(Bs >y Vs <t, By € dw) = 57 57

1
V2t
Since the ratio within the second exponential expands as

(wte—2)? (w-2)? 2Aye—-wrtyw-y?)
2t - 2t t ’

grouping by —(w — x)?/2t we obtain
P.(Bs >y Vs <t, B; € dw)
—7)2 _ a2
= L exp(fi(w 2) ) <1exp(2(ym wrEyw=y ))>

27t 2t t

Taking w = z — ut and substituting into the expression above, and then simplifying, gives
the result. O

We now use Lemma to obtain a lower bound for the probability that B; stays above
the line /1 (s) and finishes near w € I at time T'/2.

Corollary 4.13. For w € I,

C 2
P(Bs > l1(s) Vs €[0,T/2], Br/y € dw) > —e /T du.
( 1(s) (0,7/2], Br2 >—\/T

Proof. We apply Lemmam with = 0, z = w, y = —n'/3/(8A), u = m + % and
t = T/2. With these parameters, w > y + ut and hence Lemma tells us that

P(Bs > t1(s) Vs €[0,T/2], By, € dw)

2
Since w € I, we have w > % + % — AY2p1/3 and therefore

(w+ ntf o 9T @)Lﬁ’ - (ZE _Al/znus)ﬁ -,
8A 2A2n1/3 8 J4AT — 8 4AT —
for some ¢ > 0, and the result follows. O
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Next we bound from below the second probability that appears in the integral , again
by means of Lemma [4.12

Corollary 4.14. For w € I and A sufficiently large,
Py (Bs > la(s) Vs € [0,T/2], Brys € I') / ~—w)T g,

Proof. We now apply Lemma@with rT=w,yY =— 81:13 + W—l— pg » M= e 1/3 +

and ¢ = T'/2. This tells us that

3pT

P (Bs > fa(s) Vs € [0,T/2], By € I')

e~ (zmw)?/T (1 —exp (2(11) — y)(/;t +y=2) )) dz. (42)

1
B vl Jp

we want an upper bound for the exponential term

2(w—y)(ut+y—Z)>.

ex
p( ¢

To this end observe that, since z > ¢(T) + n'/?/16A and

nl/3 9T pT?

™= —— + —— ==
H(T) 8A +A2n1/3+ 2’
then
9T pT2 n1/3 - nl/S
tfy—z= <
MYy —2="513 T 3 ~ 84 “= 164

Also, since w € I we obtain

nl/3 nl/3 (pT2  pl/3
_ O L SO N L (T LI 1/2,1/3
(0= t+y—2) < 2wy < o (T + e - aa)
nl/3 pT?
_167?(1_ (1),
whence
2w —y)(ut +y—2) 4w —y)(ut+y-— 4 nt/3 pT? 1
(w—y)pt+y—2) 4w-y)(ut+y 2)S n PTG o)) ~ -k
t T T16A 8 32
Plugging this estimate into 42| we obtain the desired result. O

Proof of Proposition[{.11l Substituting Corollarles and m into (41)), and recalling the
definition of I’ we obtain

YT Y /2 R R
) > — / / e /T=E=w) /T quy dz. (43)
W /2—AL/2n1/3

Using the substitutions v = w — 47 /2 and v = z — 9, the term on the right-hand side of
the inequality in equals

0 0
% / L / o~ (ut v /22 T—(w—utr /2)°/T gy, d
77}6/4 —Al/2p1/3

which, after multiplying out the quadratic terms in the exponent, becomes

0
< / / =202/ T+2un/ T~/ (2T) ~v* /T—vir /T 4o, o
T 1/3 Al/21/3
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Since u,v < 0, we have 2uv/T > 0 and therefore the integral over u is at least

0
/ e~ 20T > cAY2p1 /3 > VT,
_Al/2p1/3
We deduce that 0
_c —¢7/(2T)—v*/T—vr /T
P,(T) > 7T /Jll/3 e ¥ T/ dw. (44)

16A

Now

Yr 9 pT A (1)7

T — A2p1/3 + D E +0 A2p1/3

so the exponent on the right-hand side of is e‘w%/ZT_O(l); thus becomes

¢ nt3 c 2
Pn(T) e wT/(2T) Z me wT/(QT).

> ﬁ "164
It then remains only to note that
V2, 1 9T pT?\ 2 81T IpT? p*T3 A3
2T — ﬁ(Ain/B’ 7) = 5azgis gz s~ TOW
and the proof is complete. O

Remark 4.15. Here we continue the discussion started with Remark[3.7] where we highlighted
at which steps within the proof of the upper bounds stated in Theorem we saw the
appearance of constant factors in front of the probability P(|Cmax| > An?/?). For the lower
bound, the problem of finding the right constant is similarly involved. For instance, with
Proposition[f.3] we see the appearance of a constant which comes not only from some involved
computations, which similarly to Remark could possibly be tightened subject to further
conditions on A and A, but also from an application of Theorem (the generalised ballot
theorem). Therefore, in order to properly identify this constant, one would need to either
go through the proof of the generalised ballot theorem in our setting and check whether
it would be possible to keep track of all the constants appearing there; or to apply other
results on random walks, for example the probability for a random walk to stay positive [35]
together with a convergence in law of random walks conditioned to stay positive, e.g. from
[14).
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