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Abstract. We consider a model of the Riemann zeta function on the critical axis and study its maximum over intervals of length
(log T)?, where 6 is either fixed or tends to zero at a suitable rate. It is shown that the deterministic level of the maximum interpolates
smoothly between the ones of log-correlated variables and of i.i.d. random variables, exhibiting a smooth transition ‘from % to %’ in the
second order. This provides a natural context where extreme value statistics of log-correlated variables with time-dependent variance
and rate occur. A key ingredient of the proof is a precise upper tail tightness estimate for the maximum of the model on intervals of
size one, that includes a Gaussian correction. This correction is expected to be present for the Riemann zeta function and pertains to
the question of the correct order of the maximum of the zeta function in large intervals.

Résumé. Nous considérons un modele aléatoire des valeurs de la fonction zéta de Riemann sur sa droite critique pour en étudier le
maximum sur des intervalles de longueur (log T)?, ot 6 est soit fixé, soit tend vers z&ro A une vitesse spécifiquement calibrée. Nous
établissons que la valeur déterministe attendue de ce maximum passe continiiment de celle obtenue pour des variables log-corrélées
a celle de variables i.i.d., effectuant une transition ‘de 3/4 a 1/4’ au second ordre. Il s’agit d’un contexte naturel pour 1’étude des
valeurs extrémes de variables log-corrélées avec un taux et une variance variables en temps. Un ingrédient-clef de notre preuve est
une estimation fine de la queue de distribution du maximum sur des intervalles de longueur unité, qui inclut une correction de type
gaussien. Un telle correction est également escomptée dans les statistiques du maximum de la véritable fonction z&ta sur des intervalles
aléatoires de taille unité, ce qui est lié a la question analogue du maximum de la fonction zéta sur des intervalles plus longs de la droite
critique.
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1. Introduction

The Riemann zeta function is defined for Res > 1 as

(1.1) {(s)=Znis=l_[1_—lp,s»

n>1 p=1

where the Euler product on the left is over all primes. It extends uniquely to an analytic function over C\{1}. The Riemann
hypothesis states that, except for the negative even integers (the so-called trivial zeros), the zeros of the function lie on
the critical line Res = 1/2. The large values of the function on the critical line also plays a major role in number theory.
The Riemann hypothesis implies that the maximum over a large interval [T, 27] is

(1.2) max |¢(172+in] = O exp( € 22T
. X = X — ),
te[T,2T] ¢ P loglog T
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for some C > 0, as first shown in [31]. The question of whether or not the right-hand side is the true order of the maximum
is still subject of debates, see for example [20] for probabilistic arguments motivating

(1.3) max ]’§(1/2+it)|%exp<%\/logT~10glogT).

te[T,2T

The question of the order of the maximum in shorter intervals is much better understood. Fyodorov, Hiary & Keating
[24] and Fyodorov & Keating [25] conjectured using techniques of random matrix theory and log-correlated processes
that, if t is chosen uniformly on [T, 2T],

(1.4) max|§(l/2+i(r +h))|—IOLTeM(T)

) lh|<1 ~ (loglog T)3/4 '
where (M(T), T > 1) is a tight sequence of random variables converging as 7 — oo to a random variable M with right
tail P(M > y) ~ Cye~2. The leading order log T was proved in [35] (on the Riemann hypothesis) and in [2] uncondi-
tionally. An upper bound for the leading order, and subleading order was proved in [28] with an error of logloglogT.
The upper tail tightness with the correct decay ye ™2’ was recently established in [4].

The techniques developed so far can be also used to investigate large values in intervals with length varying with 7. It
was conjectured in [6] that, for intervals of size (log T)a where 6 > 0 is fixed, the maximum is

los T J1+6
(1.5) max [¢(1/2+i(c + )] = —2DTT Mery,
lh|<(log T)? (loglog T)#Vi+4

where (Mg (T), T > 1) is a tight sequence of random variables. The leading order (log T")"v 140 was also proved there.

This would suggest an interesting jump discontinuity in the subleading order in (1.4) and (1.5) where the exponent 4%

J1+6
does not approach % as & — 0. The main goal of this paper is to shed light on this discontinuity.
Using a random model of the Riemann zeta function, we motivate the following conjecture that identifies the proper
scale to smoothe the discontinuity:

Conjecture. Let 0 <« < 1 and 6 ~ (loglog T)™. Consider an interval of size (logT)? = exp(loglog T)'=%. If T is
chosen uniformly on [T, 2T], we have
(log T)\/ 1+6

(1.6) max lc(1/2+i(x +h)| = Ma(D)

Ih|explloglog 7)1~ (loglog T) %"

for some tight sequence of random variables (My(T), T > 1). In other words, the relation between Equations (1.4) for
0 > 0 and (1.5) for 6 =0 is provided by taking 6 |, 0 like (loglogT) %, 0 <a < 1.

Note that the non-trivial exponent

1+ 2«
4

interpolates between the case 6 > 0 corresponding to & = 0, and 6 = 0 for « = 1. This transition is proved for a random
Euler product defined in the next section, see Theorems 1.1 and 1.2. Along the way, a correction for the decay ye ™2 for
the right tail of the maximum will be proved in the case 6 = 0, see Theorem 1.3. This is relevant for making sense of the
two competing scenarios (1.2) and (1.3) for the global maximum of the zeta function as explained in the next section.

There has been much interest recently in the study of log-correlated processes with time-inhomogeneous variances
and rates, see for example [5,7,10,13,14,19,21-23,32,33,36]. In particular, such models can be designed in such a way
that extreme value statistics interpolate between those of log-correlated variables and those of i.i.d. random variables
[9,15,30]. The above conjecture provides a natural context, the Riemann zeta function, where such interpolated extreme
value statistics would occur.

1.1. Main results

The following random model has been proposed in [27] to study the large values of log |¢| in a short interval /:

Re(U,p~h)
(1.7) Wﬂh):Zp’f;Z, hel,

p=<T
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where the sum is over primes less than T" and where (U, p primes) are i.i.d. random variables distributed uniformly on
the unit circle. The model morally corresponds to a formal expansion of the logarithm of the Euler product in (1.1) around
s = 1/2 +i(r + h). The identification of the random phases p~i% <> U p is then made with the extra assumption that the
U,’s are independent, which is not exactly the case for the p~'*’s. The resulting model (1.7), when exponentiated, can
thus be seen as a random Euler product.!

It was shown in [3] that with high probability

Wr(h) —loglogT 3
(1.8) lim max 2rW logloeT 3 by,
T—00 |h|<1 logloglog T 4

thereby providing evidence for the conjecture (1.4) for the log of the actual zeta function.
This work is concerned with a Gaussian version of this model where the U,’s are replaced by standard complex
Gaussian

Re(G ,p~h)
(1.9 XT(h)zzp‘;’iZ, hel,

p=T

where the G,’s are i.i.d. standard complex Gaussian variables. As explained in Section 2, the process (X7 (h), |h] < 1) is
a Gaussian log-correlated process with variance % » p<T p~'=LloglogT 4+ 0(1).

We choose to work directly with the Gaussian model (1.9) to highlight the new ideas of the proof. A standard approach
to studying model (1.7) is to resort to Gaussian comparison; so that working with a Gaussian process from the start makes
the outline of the proof much clearer. This is done at virtually no cost to the strength of the result, as the two processes are
known to be close, as far as the relevant statistics are concerned, see for example [3] for a pointwise comparison relying
on Berry-Esseen bounds, and Theorem 1.7 in [37] for a global approximation. It was shown in [37] that the exponential
of the process (Wr (h), |h| < 1), suitably normalized, converges to Gaussian multiplicative chaos. Any of these methods
could be similarly applied on top of the present work, in order to extend its results to other models such as (1.7).

The first result is concerned with intervals of length (log T)? for fixed & > 0, where i.i.d. extreme value statistics
prevail.

Theorem 1.1. For 6 > 0 fixed, we have

X7 (h) — VT F0loglog T —1
(1.10) lim  max L +tologlog? in probability.
T—00 |h|<(log T)? logloglog T 4/1¥6

This is consistent with Equation (1.5), after exponentiation. The result is easier to prove than Equation (1.8), as cor-
relations play a lesser role. The second and main result is an explicit interpolation between Equations (1.8) and (1.10),
when 6 goes to zero with T at a suitable rate.

Theorem 1.2. For a € (0,1) and 6 = (loglog T)™%, we have

. Xr(h) —~/1+0loglogT —(1+2a) . .
(1.11) lim  max = in probability.
T—00 |h|<(log T)? logloglog T 4

This is the basis for the conjecture (1.6). This result is also relevant for the pseudomoments of the Riemann zeta
function where it provides evidence for the asymptotic behavior of such moments in certain regimes, see Conjecture 5.4
in [26]. To our knowledge, these interpolated statistics are also new in the context of many weakly correlated branching
random walks. This connection is explained in Section 1.2.

A key ingredient of the proof, which is of independent interest, is a precise upper bound for the right tail of the
maximum in an interval of order one (6 = 0). It gives an alternative and direct approach to proving the upper tail tightness
for log-correlated processes, in particular for the 2D Gaussian free field, that avoids the use of Gaussian comparison
[11,17].

! Another possible approach to model the large values of the zeta function would be to randomize the Dirichlet sum in (1.1) instead of the product. This
model is investigated in [8].
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Theorem 1.3. Let y > 0 and y = o(; loglog 7

W) Then we have

3 ,
P(ma)i X7 (h) > loglogT — 1 logloglog T + y) <Cye™® ¢~y /loglogT
<

for some constant C > 0.

We expect that the result holds up to y = o(loglog T') by analogy with branching Brownian motion, see for example
Proposition 2.1 in [15]. The presence of both the exponential and Gaussian decays is relevant to the question of the
maximum of the zeta function in large intervals quantified by Equation (1.2) and (1.3), at least at the heuristic level.
Indeed, if the Gaussian correction were not present, a back-of-the-envelope calculation for the maximum of independent
maxima in intervals of order one shows that Equation (1.2) should yield the true order of the maximum. However,
Theorem 1.3 gives evidence that the Gaussian behavior prevails for large y, in which case Equation (1.3) should be closer
to the truth.

1.2. Structure of the proof

Conjecture (1.4) is based on the assumption that the statistics of the zeta function on an interval of size one of the critical
line resemble the ones of the characteristic polynomial of a random unitary matrix (CUE). It has been known since
Bourgade [12] that the finite-dimensional distributions of the logarithm of ¢ and of the characteristic polynomial of CUE
are Gaussian, when suitably normalized, with correlations that decay logarithmically with the distance. In the context of
the model (X7 (h), h € I), this is also verified as we have

1 ~
5 loglh — 1| "o iflh—n <1,

(1.12) E[Xr(WXr(h')] = |
o(ln—n'|"") if |h—h'| > 1.

This is explained in Section 2. The dichotomy here is important: for intervals of size one, the variables X7 (h), X7 (h') are
log-correlated, whereas for large intervals, most pairs are weakly correlated. Therefore, the extreme value statistics of the
process (X7 (h), || < (log T)?) should interpolate between log-correlated and IID for # > 0. We are mainly concerned
with the intermediate regime where hybrid statistics should appear. Note that even though the process (X7 (h), |h]| < 1)
is continuous, the analysis can be reduced to a finite number of points: this is made precise in the proof of Lemma 3.6.
The distance (log7)~! between these points is consistent with Equation (1.12), as in the case |h — h’| ~ (log 7)™ the
covariance is essentially equal to the variance 1/2loglogT.

The following analogous problem is useful to keep in mind throughout the proof. An important example of log-
correlated process is branching Brownian motion (BBM), constructed as follows. At time 0, there is a single Brownian
motion at 0. It evolves in time with diffusion constant 1/2 so the variance at time ¢ is /2. We choose 1/2 to match the
variance of X7 (h). After an exponentially-distributed time, the Brownian motion splits into two independent Brownian
motions, with the same branching property. It is not hard to check that after a time ¢ this procedure produces an average
of e’ Brownian motions. It is known since Bramson [18] that the maximum at time ¢ over all Brownian particles is

3
(1.13) t—Zlogt—i—M,,

where the fluctuations M; are known in the limit 1 — oo. In view of Equation (1.4), we see that the extreme statistics of
a BBM at time ¢ should be the same as the ones of (X7 (h), |h| < 1), after the identification loglog T «— t.

What about longer intervals? It is not hard to check that the maximum of two independent BBM’s (or any finite number
for that matter) also satisfy (1.13). Indeed, this is the same as the situation of a single BBM right after the first splitting,
which occurs in a finite time. Hence, the statistics of the maximum are not affected for ¢ large. However, if one takes
many (depending on t) independent BBM’s, Equation (1.13) should eventually morph to IID statistics. Equation (1.12)
suggests that the process (X7 (h), |h| < (log T)?) should behave like (log T)? independent copies of (X7 (h), |h| < 1),
because of the strong decoupling for 4’s at a distance more than 1. In particular, the right number of independent BBM’s
needed to match to the subleading order the extreme value statistics of (X7 (h), |h| < (log 7)?) would be ¢'?. To sum up,
the proofs of Theorems 1.1 and 1.2 are guided by the analysis of the extreme values of ¢’/ independent BBM’s. We stress
that the precise decay 6 ~ t~* needed to capture the intermediate regime is a non-trivial consequence of Theorem 1.3.

The upper bounds of the theorems are derived in Section 3. For 6 > 0, the proof is not hard and is done in Section 3.3.
It follows by a simple union bound on the number of points, which is (log T)? . logT = (log T)*? since there are
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¢ =log T points in intervals of size one, and there are essentially '’ = (log T)? such intervals. The case 6 |, 0 is much
more subtle. It is established by taking a union bound over ¢ intervals of size one, each of which have a precise right tail
given in Theorem 1.3. The calculation involves every factor in the estimate of the right tail. This is done in Section 3.2.
The proof of the right tail of the maximum for 6 = 0 is given in Section 3.1.

The proof of the lower bound in Section 4 is based on the multiscale refinement of the second moment method given
in [29]. In the case 6 = 0 analyzed in [3], it is necessary to truncate the second moment by introducing a linear barrier
that prevents the partial sums of X7 (&) to be too high, an idea going back to [18] for a single BBM. The linear barrier
can be justified as follows: since there are on average e* Brownian motions at time k, a Gaussian estimate yields that the
maximum at time k of a single BBM should be ~ /k - log e¥ = k. There are some important variations in the intermediate
regime where 6 ~ 1. Following the above heuristics for e’ o independent BBM’s, the maximum at time 0 < k <1 of ¢’ o
independent BBM’s is /k - log e¥t'? = /k(k + t0). In particular, this is much larger than k for small k’s! This means
that the barrier should not be too small at the beginning to capture the typical path of the maximizer. Since the barrier is
fairly high at the beginning, it does not affect the trajectories of a single path very much. As a matter of fact, it will be
clear from the proof that the barrier is only effective for times larger than r — #“.

It would be interesting to describe the finer asymptotics of the extreme values of (X7 (h), |h| < (log T)g) down to
the fluctuations, a level of precision still elusive for the Riemann zeta function. It seems feasible to prove tightness of
the recentered maximum by carrying a finer analysis of the random walk avoiding the specific barrier used for the lower
bound. However, information on the specifics of the fluctuations seem much harder to obtain as one expects non-trivial
arithmetic and random-matrix-type corrections of order one whenever 6 > 0. Numerical evidence of this phenomenon
appeared in [1].

Notations. We write f(T) =0(g(T)) whenever limsupy_, ., | f(T)/g(T)| < oo with possibly other parameters fixed,
such as ¢ and € which will be clear from context. We often use Vinogradov’s notation f(7) < g(T) whenever f(T) =
O(g(T)). We also use f(T) =o0(g(T)) whenever limr_.~ | f(T)/g(T)| = 0. Some expressions in the proofs are more
palatable in a loglog scale. The parameters at that scale will be denoted by the corresponding lower case letter. For
example, we write respectively

(1.14) k =loglog K £ =loglogL t =loglogT, forK,L,T.

Finally, we use the double-bracket notation [k, ] for [k, #] N Z, the integers in the interval [k, ¢].

2. Probability estimates for the model

This preliminary section is devoted to giving more details about the correlation structure of the process X7. It is similar
to Section 2 of [3]. The results here are more straightforward, as the process is exactly Gaussian. We include them for
completeness.

In some cases, we need to study the process in a smaller range of primes. For this purpose, we define, for 1 < K <
L<T,

Re(G —ih
@) Xeoty= 3 SRl < ogT)"

K<p<L

We simply write X g (h) for X1 g (h). The Laplace transform of the process is easy to compute:

Lemma2.1. Let 1 <K <L <T.Forx,) €Rand |h|,|I| €R, we have
’ 7 1
2.2) E[eAXK,L(h)+A Xk, (h )] — eXp( Z 4_(;»2 +X24 ZAA/COS(|h _ h/| log p)))
K<p<L
Proof. This is obvious from the fact that
(2.3) [ap = 42 P = 2% 4272+ 241 cos(|h — K| log p).
Therefore the Gaussian random variable A X g 1. (h) + A’ X g 1. (h’) has variance
1
(2.4) > 4—(,\2 + /2 4241 cos(|h — | log p))
K<p<L

and the claim follows. |
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Setting A’ = 0 in the above yields the variance of X 1 (h)
2.5) 1 S lzl(z—k)Jro(e—mk) K>2
. 2 p 2 9 b
K<p<L

where we use the loglog-notation (1.14). The equality is a strong form of Mertens’s theorem, and can be proved using
the Prime Number Theorem with classical error, see for example [34, Theorem 6.9],

(2.6) #{p <x:p prime} = /x !

du + O(xefcv logx).
> logu

It is not hard to evaluate the same way the cosine sum appearing in the covariance of Xk 7 (h) and Xk 1 (h').

Lemma 2.2. Let 1 < K < L <T. We have, using the notation (1.14),

1
Z —cos(Slogp) =

{e —k+0(52¢%) +0(e™V) ifsel <1,
K<p<L

O(Silefk) + O(efc*/"—k) ifsek > 1.

Proof. This is done in Lemma 2.1 of [3]. We reproduce the details for completeness. The sum can be expressed using
integration by parts and Equation (2.6) as

/L coslogi) | ¢y(e—evioEK),

xk  ulogu

The claim for e < 1 follows from cos(8logu) = 1 + O(8%>(logu)?). When 8ef > 1, we do the change of variable
v = logu and integrate by parts. The integral then becomes

sin(§v)
v

log logL gin(Sv
+/ ( )du
1

ogK 8U2

log K

Both terms are O(8~!e~*). ([l

Based on Lemma 2.2, we see that there are two very different regimes for the covariance based on the value of |2 — /'|:
for1<K<L<T,

() If |h —h'| < et we get
1
2.7) E[Xg.L()Xk.1(H)] =5 k) +0(|n - |?).

In this case the two variables are almost perfectly correlated.
(ii) Inthe case | — h'| > e~*, the oscillatory behavior of the sum causes the variables to decorrelate polynomially

2.8) E[Xk,.(WXk.L(h)]=0(e*n—n|").

It is useful to think of Xk 1 (h) as the sum of increments of a random walk between time k and £. With this in mind, the
above dichotomy says that the random walks at 4 and &’ are almost the same until time — log | — &’|, at which point they
decorrelate rapidly.

We make the decorrelation of the random walks more precise in the following lemma. The decorrelation will be needed
under a tilted measure P: for A, A’ > 0, take

dP X LM+ X L (W)

(2.9) h,h' eR.

dP ~ E[eXx.L0+ Xk Lt))’
It is straightforward to check by differentiating the logarithm of Equation (2.2) that the covariance is unchanged under P,
and that the mean is
A+ A cos(Jh — 1| log p)

2p '

(2.10) E[Xk1()]= Z

K<p<L
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Lemma 2.3. Let 1 < K < T. Consider Ay, A, a collection of intervals in R, indexed by £ € [k + 1,t]. Then for any h,
W with |h — B'| > e~ %, we have under the measure P defined by Equation (2.9):

P(Xk,L(h) € Ag, Xk, (h) € A}, Ve e[k +1,1])
(2.11) = (1+0((e*|n — h’|)‘%)) P(Xk,.(h) € Ag, VE) P(Xk, 1 (h') € A} VE)
+ O(e_c\/m),
where the error does not depend on the choice of A’s and ¢ denotes an absolute positive constant.
Proof. As the process X has independent increments, the probability can be decomposed in terms of the variables

Re(G,p~")
X —m—

(2.12) Yy(h) = I/

el <log p<et
This is X 1/e 1 (h) in the notation of Equation (2.10). We prove that for every £ € [k+1,¢]
P(Ye(h) € By, Ye(h') € B})
@19 =1+ O((ee|h - h/|)71/2) P(Y,(h) € By) P(Y,(h') € B)) + O(efc\/m),

for some intervals B, and B;, where the error terms are uniform in ¢ and in the choice of B’s. Equation (2.11) then
follows by writing the probability increment by increment using a Markov-type decomposition and taking the product.
To prove Equation (2.13), consider first the subset

Ee = {[|(Ye(h). Ye(W')) = Gue. 1) g < (= 1)) ).

where

(2.14) we =E[Y,] =

Z A+ A cos(|h — h'|log p)
el~1l<log p<et 2p
by Equation (2.10). A straightforward Gaussian estimate (or a Chernoff bound using Lemma 2.1) yields @(Eg) <

exp(—c+/et|h — I']). This accounts for the error term in Equation (2.13).
It remains to estimate the Gaussian density on the event E;. The covariance matrix ; of (Y¢(h), Y¢(h')) is

2 ~ . 1 B
(2.15) Ee=<(;i 5;) pe=0(e [h=H|").  of=5+0(e evet),

by Equation (2.8). The inverse covariance admits the following expansion around the identity.

(2.16) Ez‘zaﬂ{((l) ?)—ee(? (1)>+0(8§)G })} 8e=§—ﬁ=0(€_e|h—h’|_l)-

For (v, y') € Ey, the above implies the following estimate:

B _ 2+ /_ 2 B
(v = ooy =) BT (v = ey — pue) = EHO az(y MO% g o(elr - 1)),
l

The estimate for the de_terminant of ¥~ ! is immediate from Equation (2.16). Therefore, the density of the Gaussian vector
(Ye(h), Ye(h')) under P is

-2y L _(y—ue)2+(y/—u«e)2)
(1 +O((¢ | — K]) ))mzexp( - |

This proves Equation (2.13) and concludes the proof of the lemma. |



Maxima of a random model of zeta 595

The above proof can be also used to compare the probability to the one of a random walk with increments of variance
exactly equal to 1/2. We will only need this in the case of one point /. To use the standard version of the ballot theorem,
we will need to compare the random walk at & with a random walk with increments of variance exactly equal to 1/2.

Corollary 2.4. Let 1 < K < T. Consider Ay, a collection of intervals in R, indexed by € € [k -tl, t]. Consider Yy, £ > 1,
i.i.d. Gaussian random variables of mean ¢ as in Equation (2.14), and variance 1/2 under . Then for any h € R and
£ > k, we have under the measure P defined by Equation (2.9):

P(Xk,(h) € Ag, Ve € [k+1,1])
2.17 [ <
@1 = (1+o(e—“¢f—k))zp>< 3 VieAnvee [[k+1,t]]) +0(e™™).

j=k+1

Proof. The proof follows the same line as the one of Lemma 2.3, setting 2’ = 0 in (2.9). Consider the increments ¥, and
the event

Eg={|Ye(h) — pe| < ez}-
A Gaussian estimate shows that P(E}) <« e~ For y € Ey, we have that

L —o-no?20? _ (1+ O(e—cx/e—‘))e—(y—m)z.

o

Putting both estimates together yield for any interval B C R,

P(Ye(h) € B) = (14+0(e~V*)) By € BN E¢) +0(e™).
The probability of Xk ; is then obtained by conditioning successively on the Y;’s and computing the product. O

We remark that if the Ay’s do not grow too fast in such a way that the event {X g 1.(h) € A, V€ € [k+ 1, ¢]} is included
in the events Ey for all £ € [k + 1, ¢], the additive error term is not present and we may conclude that

P(Xk,(h) € Ag, VL € [k + 1,1])

(2.18) = &
=(1+0(eV)P| Y YVieAnVeelk+1.1).

j=k+1

3. Upper bounds
3.1. Upper tail tightness for 6 =0

The purpose of this section is to prove Theorem 1.3. The starting point is in the spirit of Lemma 2.4 in Bramson, Ding,
and Zeitouni [16] for branching random walks; however, their approach has to be generalized to account for the lack of
perfect branching in the model of the zeta function. Our method is applicable to other log-correlated processes that do not
exhibit an exact branching structure.

As in Equation (2.12), we define

(3.1) ey= ) Re(p™"G,), k<t,

ek=1<log p<ek

1
VP
where t = loglog T'. Each Y (%) is a Gaussian variable of variance roughly 1/2. We also define the partial sums

J
(3.2) Siy =Y Ye(h), j<t,
k=1
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and their recentered version,

— . . . 3logt
(3.3) 5; =) —mG)), m(,):,(l_ZTg),
The method requires to introduce a logarithmic barrier:
(3.4) yj=log(min(j,r —j)), l<j=<t—1

so that we have the symmetry v; = v, ;. We also set 9 =y, =0.
The idea of the proof is as follows. The goal is to bound the probability pcross that the value at some / is above the
level m(t) + y:

(3.5) Perss = B((max X7 (h) > m(1) + ).

We start by bounding pcross by @ more amenable expression. The event can be decomposed according to the first time j
after some fixed time » when the barrier y 4 ¥ is crossed by the maximum over A. It is convenient to take r away from
1 for two reasons. First, the increments for small primes have a variance, which is not close to 1/2, which makes the
estimate such as Proposition A.3 more cumbersome. The choice

r=r(y)=yvl
is good. Second, it is then possible to get an a priori bound on max, <1 |S;(h)| for all r < j <t. Indeed, a union bound

gives

t
P(Eir<j§t:|r;1li)i|Sj(h)|>2j+y> < Y P(Seh)] > 2j + )
- j=r+1

t
s miai 202
« Y ol O]
j=r+1
_ Ay 2
<Le 3r_€ 4)ey/t'

The first inequality is obtained by a discretization argument (see Corollary 2.6 in [3] which is proved again in Lemma 3.6
below). The third inequality comes from the fact that 0/2 = j/2 4 O(1) and y is much smaller than 7. The above is much
smaller than the claimed bound in Theorem 1.3. Therefore, we can assume without loss of generality in the proof that

(3.6) lr}?la)§|s,(h)|52j+y, forall r < j <t.
=<

We now estimate Equation (3.5) with an union boundon r < j <t:

(3.7) Paoss = D B(Vr <= maxSen <y e, maxSip ) > y+¥i).

r<j<t—1

Secondly, the interval [—1, 1] can be partitioned into ¢’ intervals of width 2¢~/ and centers h;i) fori < e/. Therefore, the
probability can be bounded by a union bound over these intervals:

o

(3:8) peross < 0 DUP(Vr <l maxSi0n <yt max S >y vy

(i) _
r<j<t—1li=1 |h_hj |<e™/

Finally, the constraint on the maximum over [—1, 1] is limited to 4 = & ;. Using the symmetry of the distribution of the
model under translation, the above expression then becomes

(3.9) Poross K Y€/ P(Vr <€<jSe0) <y+yr, |hrlnaxji,-ﬂ(h) >y+ wj+1).
=e”

r<j<t—1
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We now make a simple but important observation: the overshoot of max | <,-; S j+1(h) is either due to a large value of the
increment S j+1 = S j at h =0 or to a large value of the difference S;1(h) — S;+1(0) for some |h| < e~/ . The first case
is exactly the one that is obtained for an exact branching random walk. The second case is due to the fact the correlation
structure of the model is not exactly a tree. However, these fluctuations can be controlled very precisely by a chaining
argument because of the log-correlations. Specifically, define the following event that includes the barrier and the value
of the endpoint §;:

(3.10) Bi(x)=¥r << ]SO <y+yeandS;0) L}, j<txeZ

where I, = (x, x +_1] forx >0, Iy =(x —1,x]if x <0, and I, =[—1, 1] if x = 0. Performing a union bound on the
range of values of S;(0), we prove the following two estimates:

Lemma 3.1. With the notation above, we have for y > 0 and y = 0(lolg01%§1gogT)
. _ _ 2
(3.11) DT> eP(B(0).5410) = S;0) > y+ Y1 —x) L (y+ De P

r<j<t—1x<y+y;

This is the same estimate one would prove for a branching random walk. The new input is an estimate for the overshoot
due to a large value in the difference in a small neighborhood:

loglog T ),

Lemma 3.2. With the notation above, we have for y > 0 and y = O(IOgloglogT

z E €jp(%j+l(x)a |hn‘ laXiEj_Q_l(h) _§/+1(0) >y 4+ ’Wj+1 _ )C)
j <e

(3.12) r<j<t=lx=y+vjyi <
L (v + e e,

Proof of Theorem 1.3. From the previous discussion, it suffices to bound the right-hand side of Equation (3.9). As
explained above, this splits into the two cases given by Equations (3.11) and (3.12), thereby proving the claim. ]

We now prove the two lemmas. The first proof is along the lines of Lemma 2.4 of [16].

Proof of Lemma 3.1. Consider the change of measure, from P to P, as in Equation (2.9) with A’ =0,

™ AS; (0
(3.13) ar 0 — o0} /2,18;0)
’ dP ~ E[M5i0)] ,

where 012 = %Zlogpyj 1/p = %j + O(1) as in Equation (2.5), and A is chosen in such a way that E[gj] =0 as in

Equation (2.10). The condition for this centering to hold is m(j) = Aoj.z = %A j(14+0(1/j)), which yields the following
identities:

m(j) 3lo 3logt
(3.14) x_—_(2———)(1+0(1/]))_2———+0(1/,)
0]. 2 2
(3.15) » fz—(' 3 1ogr 4 2 Uogt )2)(1+0(1 Ny=j— 208t 6y
. 7 =0 —glogt+ =— )= 5/ ,
(ogt)2 . . log? |
(3.16) km(J)—(21—310gt+§ )(1+O(1/J))=21—3TJ +0().

The probability in the sum can be bounded using PP as follows, for w =y + 1 — X
— — . 3logr i —
P(%;(x). Sj+1(0) = 5;(0) > w) /=2 E[e ™ O, 015 0)-5,050]
—j3lel ;= 3501
(3.17) e It ~E[e j( )le%j(X)IEH](0)—§j(0)>w]

. lo, . —
< eIed T g ]P’(ﬂj (x))e_202w
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where (3.15) is used in the first inequality, (3.16) in the second, as well as the values of K ;(0) on the event Z;(x)
and a Chernoff bound on S;41(0) — S;(0) in the third. We could have used a Gaussian estimate for S;41(0) — S (0).
However, as it will be clear below, the convergence of the sum is ensured as long as the probability for the increment
is < e~ for some § > 0. We choose 8 = 200. This highlights the similarities with the proof of Lemma 3.2, where
Gaussian estimates are not available.

We split the estimate of Equation (3.17) into two cases. The estimate for r < j < ¢/logt is simpler, as no ballot
theorem is needed. We trivially have

— 2 .
(3.18) B(Z; () < e /%7 « e
since 01.2 = % j+0()and |x| < j, j > r, by the a priori bound (3.6). Therefore, the following estimate holds

(3.19) P(B;(x),Sj4+1(0) = S;(0) > w) Ke ™/ -7 eXNi L =20

logt

Io
The assumption y = o(z/logt) is needed in estimating Ax, so that e T < 3 T o) & 1l.Inthecaset/logt < j <t,
we first note that %lngt j < j3/%, since the function logx/x is decreasing for x > 1. Moreover, Proposition A.3 can be
applied thanks to the a priori bounds (3.6) and Equation (2.17). All this implies

(3.20) P(B;(x),Sj41(0) = S;(0) > w) Ke Ve ™ (y+ Dy + ¢ —x + e/ g=202w
Note that the right-hand side is also an upper bound to (3.19). Thus, the sum of the lemma becomes

YD eP(B().5410) = 5;0) > y+ ¥y 1 — )

r<j<t—1x<y+y;
2/j ) . _
< Z Z e+ DO+ Y —x + e ™ e 2020 Vjm=2),
r<j<t—1x=y+y;

It is convenient to do a change of variable v =y + ¥; — x, expressing the distance between the barrier and S;(0). With
this notation and the fact that [/;41 — ;| < 1, the above is

<O +1) Z Ze—2<y+v/j—v>(v+1)e—<y+w,-—v>2/je—202<v—1>

r<j<t—1v>0

L+ De ™ Z e~ Vi Z(v + l)e_(y+1//j—v)2/te—200v’

j<t—1 v>0

(3.21)

where we bounded e~ C+V;—v)/j by e~ +¥,=v*/1 and extended the sum to j <r. This allows us to use the symmetry
Y j =, to pair the terms j and ¢ — j together. Indeed, for a given v, y + v; — v has the same value for both values of
Jobut (y +v; — v)?/1, so that it is enough to bound the second half of the sum:

-1
(3.22) (y+ e Z e 2V Z(U + e~ 1000 p= (¥ —0)*/1,~100v
j=1t/2] v=0

ote that the term e i e is maximal at v = i — 50¢, which is negative since y = o(¢/log?). In

Note that the t —O+vj=v)7/ 1 p=100v 1 at y + ¥; — 50t, which gat y logr). I
. S . oo . Y )2

particular, this implies that v = 0 is the maximizer in the range considered, hence, e~ 0TV =0)7/1=100v o p=GH¥))7/1 <
27 . . . . .

e Y/ since y > 0. With this observation, we conclude that the above is

t—1
L (y+ e 2e /! Y ey ot e M« (y+ eV e/t
j=lt/2) v>0

by the definition of ¥, which ensures summability. This proves the claim. ]

Proof of Lemma 3.2. We now decompose according to the value of S j+1(0). We need to bound:

(3.23) P efIP(%-H(x), ‘hma)gjﬁ,-ﬂ(h)—ﬁ,-ﬂ(m>y+1/f,-+1—x).

r<j<t—1x<y+v;4i I=
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The term x = y + v; 41 must be dealt with separately. This is to ensure that we consider a jump of size at least 1. To
bound this term, the restriction on the maximum is simply dropped. More precisely, proceeding exactly as in Lemma 3.1
with a change of measure and using the ballot theorem, but dropping the event on the increment S;1(0) — §;(0), one
gets

D BB () KD PO O (e e
r<j<t—1 J=<t

as desired.
Let v =y + ¥;+1 — x. We can now restrict the proof to the case v > 1. On the event considered, there is an & €
[—e™/, e~ /] such that

Sip10t) —S;41(0) > v > 1.

We decompose this increment using a chaining argument. For each /, we consider a sequence /iy — h, within the follow-
ing dyadic sets

o] . .
(3.24) hi € G  where G = {e—fz—k, le [-2’22"]02} Cl-e 7, e], k=o0.

In particular, we can choose it such that 1g =0, and [hg| — hy| < ez;kj (by taking Ay the closest to & in 7% when k > 0).
By continuity, we have

o]

Sjt1(h) — Sj31(0) = Z(Ej+l (hig1) — S j1(hp)).
k=0

The left-hand side being larger than v > 1, there is a k* > 0 such that

— — v
S (hyx — St (hp _—
j+1(heeg1) = Sjp1(he) > EWSE

We perform a union bound over every possibility of neighboring elements of .7 ;. Let (h;); be an increasing enu-
meration of all elements of .7%;41. With these observations, the contribution to Equation (3.23) coming from v > 1 is
bounded by

. — — v
(3.25) <INl Y P(Bi G+ ¥ —v).Sjhir) = S (hi) > 20+ 402 +k)2>'
j<t—=1v>1k>0  h;jeify

We use Chernoff’s inequality with one real parameters A = Aj (to be specified later), and obtain the bound
; ALt S (ha)—S e (hs
32 TXNT T Ly g,y S -Sm00]
J<tv=1k>0  h;jeHiq

The key step is to quantify the effect of the exponential factor on the probability of the event ;. For this, note that
for each h; € 41,

Jj+1
Sjv1(hiv1) = Sjs1(h)) = Sjq1(hiv1) — Sjt1(hi) = Z(Yﬁ(hi-H) — Ye(hy)).

=1

In order to make the correlation with the path at 2 = 0 explicit, we write the orthogonal decomposition of these increments,
i.e., we consider the orthogonal Lz—projection of these increments Yy (h;+1) — Ye(h;) on Y, (0):

(3.27) Ye(hipn) = Ye(hi) = " ¥, (0) + A,
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where Aéh") is a Gaussian variable independent of Y, (0) and of all the other increments Y, m # £. We now estimate

A,Eh" ) and néh" ) The bounds we obtain are the same for all h; € H+1. We first compute the variance of the difference

1
Var(Ye(hiv)) = Ye(h)) = D~ —(1—cos(lhis1 — hillog p))

el~1<log p<et

2
E Z (1ng) (hj.l,.] _ h’)Z

el~l<log p<et

(3.28)

Note that |h; 1 — hi| < e 727% for all h; € 71 by construction, and log p < e’ in this sum, so that

Var(Ye(hiy1) — Ye(hi)) < Z 1(6E)26_2j2_2k K 272D,

et~l<log p<et

The Cauchy-Schwarz inequality then implies
211/2 172 “k —(i—
[E[(Ye(his1) — Yehi)) Ye©)]| < E[(Yethirn) — Ye(r))*]""? - E[¥0(0)?] " < 27%e= 00,
for all h; € #4+1. The bound for ne(hi) is then straightforward

E[(Ye(hiv1) — Ye(hi)) Ye(0)] —k_—(j—b)
E[Y,(02] K 27" .

(3.29) ) =

The orthogonality in (3.27) implies
Var(Ye(hi1) — Ye(hi) =E[(A%)*] + (x) E[ v, (0)*] .

Together with (3.29), this gives the bound:

(3.30) E[(AV?)?] « 2722070,

We now insert the decomposition (3.27) into the bound (3.26). Equation (3.30) yields the following exponential bound,
for some absolute ¢ > 0,

(3.31) B[ Zezior 87 o ¢ Tezpn e 207020 _ 0022720

since £ < j + 1. Note that the bounds in (3.29), (3.30) and (3.31) are the same for all &; € 5% . Provided that A = A; <
2% (our choice of A in the end will meet this criterion), the bound (3.26) becomes

(3.32) < Z Zzej Z e 2(1+k)2 AZ1<1+1W YZ(>1%j+1(y+¢j+1—v)]'

r<j<t—lv=1k>0 h;jeHj

The exponential factor is now amenable to analysis, since its effect is to put a small drift on Y (0). More precisely, we
combine the change of measure (3.13) from PP to P with a second change of measure from P to P such that

dﬁ )‘Zl</+1”£ Y@(O)
(3.33) =

P E[e}»21sj+1”e I)YZ(O)].

Under ﬁ the increments Y,(0), £ < j + 1, are independent Gaussians of variance E[Y, (0)?] < 1 and shifted mean
He + An(h )E[Yg (0)2]. It is straightforward to check that the cumulative drift is of order 1 for all 4; € J%;4 using (3.29):

A Z n )< Z e U027k a2k «1,
<j+1 {<j+1
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again, provided that A < 2%, By interpreting the small upward drift at each £ by a variation of the barrier, we have from
Equation (2.17) and Proposition A.3 the estimate

OADO+D —ays1—vtrei

(3.34) P(Bj11(+¥jp1 — ) < Rk

J=1t/logt,

by simply raising the original barrier by a constant c. The endpoint value is also affected by this, but the constant ¢ will
not matter in the end. In the case, j <t/log¢, we can simply use that

B(Bj1(y + ¥js1 — ) K e OHVn=vaYi <1/ log1,

as in Equation (3.18). Therefore, bounding Equation (3.32) first by introducing P as in Equation (3.17), then by introduc-
ing [P and using (3.34), we are left with the bound

(3.35) y+1 Z Zsze_’\z(lik)Z e 20—y 4 1)ef(y+wj+1fv+0)2/j,

r<j<t—1lv>1k>0

as %41 has of order 2F elements. The only constraint on A is A < 2X. Choosing A = 404(1 + k) will suffice. Summing
first according to k gives the bound

(y+ De Z e~ 2Vit Ze—zoov(v + l)e—(y+11fj+1—v+c)2/j'
r<j<t—1 v>1
This corresponds to Equation (3.21) up to the constant c. It is bounded the same way. The constant ¢ does not matter in
the end, because e~ +Vi+1+0*/1 « ¢=¥*/ gince y = o(r). This proves the lemma. O

3.2. Upper bound for Theorem 1.2

In this section, we prove the upper bound to Theorem 1.2. Note that the convergence is slightly better than the one stated
as the elogloglog T' term from the definition of the convergence in probability can be replaced at no cost by a function
g(T) going to infinity arbitrarily slowly.

Proposition 3.3. Ler g(T) be a function with g(T) — 00 arbitrarily slowly, and 6 = (loglogT)™ with0 <a < 1. We
have

1+ 2
3.36 P| max X7(h)>+/1+6loglogT — ——1logloglogT + T>=01.
o <Ih|s(logT>9 o VIV &) (D

Proof. We use the short-hand notation t = loglog 7', and write, with abuse of notation, g(¢) for g(7). For 8 =¢~%, define

(3.37) O =vVTT8r— 2 ot + ()
. m = — ——10 .
* a/ire T8

The probability of the maximum on the interval [—(log T)?, (log T)?] is bounded above by a union bound on (log T)?
intervals of length 2. The translation invariance of the distribution of the model then gives

(3.38) IP( max  X7(h) > ma(t)> < (logT)’ -P(max Xr(h) > ma(t)).
lhl<(log T)? h<1

The recentering m,, can be expressed as my (t) =m(t) +y withm(t) =t — % logt and

1+ 2x
. =1 —Dt— | ———-3/4]1 .
(3.39) y=W1+46 )t <4m 3/ > ogt+g(t)

Note that y > 0 and y = o(¢) if 0 < @ < 1, so that Theorem 1.3 can be applied. It gives

)2
(3.40) IP’( max  Xr(h) > ma(t)> <oy Vet
ikl <(log T)°
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From Equation (3.39) and the fact that 6 = t~*, we deduce that

y2

7:
2y =2(/1+60 — Dt — (@ — 1) logr +2g(t) + O(t~* log1),

(246 —2v/1+60)t +O(r " logt)

and

y2

(3.41) T+2y=9t+(1 —a)logr +2g(1) +O(t " logr).
We also have by a Taylor expansion
(3.42) logy =log6 +logt —log2 + O(t_“ logt) =1 —-a)logt +0(1).
With these estimates, the right-hand side of Equation (3.40) becomes
< exp(@t +logy — 0t + (o — 1) logt — 2g(t))
< exp(—2g(1) + O(1)) = o(D).
This proves the claim for any o € (0, 1) and concludes the proof. ]

Remark 3.4. In the case 2« > 1, the above proof can be made more direct. It is not hard to check that the weaker estimate

(3.43) ]P’(max Xr(h) > my (1) + y) & yeV
|h|<1

is sufficient for the proof.
3.3. Upper bound of Theorem 1.1
In this section, we prove the upper bound to Theorem 1.1.

Proposition 3.5. Letr g(T) be a function with g(T) — 400 arbitrarily slowly, and 6 > 0 fixed. We have

1
3.44 P max Xr(h) >+/1+6loglogT — ——
G4 <|h|<aogn9 r SO T T o

We will need the following discretization lemma which states that the maximum of §; over a neighborhood of size
e~/ behaves like a single Gaussian random variable of variance j.

logloglog T + g(T)) =o(1).

Lemma 3.6. Let C >0and 1 <j <t.Foranyl <y <Cj, we have

—y2/j
Pt

B max ;00> v) e

|h|<e™/

where < c means that the implicit constant depends on C.
The proof of the proposition is a straightforward union bound using the lemma.
Proof of Proposition 3.5. Let

mo(t)=v1+6’t—4 logt + g(1).

1
V146
The interval [—(log Ty, (log 7)?] can be split into (log 7)1 intervals each of length 2¢~". Therefore, a union bound
gives

IP’( max  Xp(h) > mo(t)> < (log T)'*? ~IP( max Xr(h) > mo(t)>.
|h|<(log T)? |h|<e—!
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Lemma 3.6 can be applied with j =t (recall that S; = X7), and C = +/1 + 0, yielding

e—mo()?/t
IP’( max Xr((h) > mo(t)) < ' 1F0) . —m
[h|<(og T)° t!/
This is o(1), thereby concluding the proof. (]

Lemma 3.6 is proved by a chaining argument similarly to Lemma 3.2.
Proof of Lemma 3.6. The probability can be divided into

P( max S(h)>y,S(O)>y—1)+}P’( max S(h)>y,S(O)<y—1)

|h|<e —J |h|<e™ J

The first term is <P(S;(0) >y — 1) € & " for y > 1. It remains to bound the second term. Summing over the values
of §;(0) gives

]P( max S;(h) > y,S;(0) <y — 1)

lhl<e™J

(3.45)
<Y IP( max S;(h) — §;(0) >y —x, ;(0) € I )

lh|<e=J

x<y—1

where the intervals 7, are defined below (3.10). This is of the same form as the expression in Equation (3.12) of Lemma

3.2 with j + 1 instead of j, without the sum over j, with ¥; 1 = 0, and with the event %1 (x) being simply {S;(0) € I}

(without the recentering). Proceeding the same way using a chaining argument up to Equation (3.35) leads to the bound

forv=y—x

v e*(y*v)z/j

Z sz M ao? —r

v>1k>0 J

Note that the full ballot estimate (3.34) is not needed here, as only the endpoint is involved. We choose A = 200C (1 + k)3,
so that the above becomes

e~ =2/

i1/2

ZZZ" —100C(1+k)w ,—(y=v)/j <<Zefl()0cv.

v>1k>0 v>1

J

The summand is maximal at v = y — 100C;. This is negative fo y < Cj. We conclude that the maximizer is at v =1 so
that
e_yz/j
IP( max S;j(h)>y,5;0)<y— 1) < 117

|h|<e=J

from which the claim follows. O
4. Lower bounds

The lower bounds to Theorem 1.1 and Theorem 1.2 are stated in the next two propositions.

Proposition 4.1. For any ¢ > 0, we have for 6 ~ (loglog T)™“

142«
P max Xr7(h) >+1+6loglogT — ———1logloglogT — clogloglo T>=1—0(1).
<|h|§(logT)9 T glog N gloglog gloglog

Proposition 4.2. For any ¢ > 0, we have for 6 > 0 fixed

IP’( max Xr(h)>+/14+6loglogT —

1
—————logloglogT — elogloglogT | =1 —o(1).
|h|<(log T)? 4146 gloglog gloglog >
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Proposition 4.1 is proved in the following subsection. The proof of Proposition 4.2 is very similar, and the differences
are discussed in Section 4.2.

4.1. Proof of Proposition 4.1

Recall the loglog notation in Equation (1.14). Define also

1+ 2« logt log?
4.1 =14+ - ——— = =
1) . 4v1+6 t t

Consider the set of points in the interval [—e?, ¢?'] which lie at a distance e~! of each other
H= [—eet, e(%] Ne '7Z.
Note that #H = 2170 _Clearly, it is sufficient for the purpose of the lower bound to bound the maximum on .
P(max Xr(h) > ,u) —1—o0(1).
heH
We need to introduce some notations to state the lemmas needed for the proof. Define for a fixed § > 0
(4.2) Zs={heH: Xr(h) — ut €[0,8], Xg (h) < kp+b(k), Vk <t},

where the linear barrier b(k) is

ke k
4.3 b(k) = — 1——), k<t
43) o5 (125). ks

I—a

The barrier b(k) is such that b(0) = tT and b(t) = 1. (The factor 1/10 could be replaced by any positive number smaller

than 1/2.) Consider also P defined in Equation (2.9) with K =1 and A’ =0:

dP e X1 (0)

(4.4) I = B

From Lemma 2.1, we have

1 1 1
45 B[ XT O] = #2072 52— = —=—1t+0(),
(45) [ = K z;p 3 o0

where Equation (2.5) is used to estimate the variance. The mean is by Equation (2.10)
(4.6) E[X7(0)] =20}
Therefore, for the tilted mean to be wt, we take

4.7 A= Z—; =2+ 0O(1/1).

t

With this in mind, define the recentered partial sums Xk (0) = Xk (0) — E[X7(0)], k <. It is also convenient to define
the event

(4.8) J(h) = {Yr(h) €[0,8], X g (h) <b(k), Yk e [1, tﬂ}, heH.

Lemma 4.3. Let Zs be as in Equation (4.2) for § > 0 and w as in Equation (4.1). We have
E[Z5] = 201400 . o= /Q0) _ o=dut/o (1 (0)).

In particular, this gives the lower bound

4.9) E[Zs] > t° - 8™,

which shows that E[Zs] — oo as t — 00, for fixed §.
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Lemma 4.4.
(4.10) E[Z2] < {(2+o(1)) e+ . o=/ 2o) B( 1 (0)) ).
Proof of Proposition 4.1. The Paley-Zygmund inequality implies

EIZ5)* -
P(Zs>1) > ng] = (8 é 0(1)) )

by Lemmas 4.3 and 4.4, and the fact that p¢ /Ur2 — 2. The claim follows by taking the limit 7 — oo and then § — 0. J

Proof of Lemma 4.3. By linearity of expectation and the change of measure (4.4), the expectation can be written, with
the choice A = ut/ 0,2, as

E[Zs] = #H) - E[*XT@]. o EXT(0)] E[e—WT(O)n,(O)]
4.11) — 2p(IHO | P12/ Q207) | —uPiP /o | —dut/o} P(J(0))
— 240 | =11/ Q0}) | ~but/o} B(J0)
where we used Equations (4.5), (4.6) and (4.7). This proves the first claim. For the second claim, the definition of  gives

e_MZIZ/(Zo'tZ) < e—(1+9)z .ta+l/2+£.

It remains to apply Proposition A.1 to P(J(0)):

bW DO iy

(4.12) P(J(0) > 8—57— O

Proof of Lemma 4.4. The second moment of Zs can be written as a sum over pairs of &’s

E[Z3]=) P(J()yNJ(K)) <@#H)- > P(JO)NIH)),

N4 |h|<(log T)?

where the last equality is by the symmetry in 4’s. The sum is split into three terms: |h| < 1, || > €'?/? and 1 < |h| < €'?/2.
The dominant term is the latter.

For the sum over || > ¢'?/2, we use the biased measure P in Equation (2.9) with A = A" and K = 1

AP S XrO+Xr(h)

4.13) ﬁ = E[EA(XT(0)+XT(h))]'

Lemma 2.1 gives for the Laplace transform

22 1 4 cos(|h|log p)
AMXTO)+XT7(h)] - et
E[e T T ]_exp< > E

(4.14) p

p=<T
= exp(k2o% + O(|h|_1)).
In particular, the tilted mean is by Equation (2.10)
(4.15) E[X7(0)] =207 +O(1h ).

We choose E[X7(0)] = ut so that

(4.16) r="0 4 0(e?) = 2u +001/1).

Oy
Lemma 2.3 gives
P(J(0) N J(h)) = (1+0(e~"72)) B(J(0)) - P(J (h)) + O(exp(—ce'”’*))

4.17) = =
= (1+0(1))P(J () - P(J (),
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where Equation (4.12) is used to get the second equality. As before, define the recentered process Xk =Xk —E[Xk],
k € [1,t]. With this notation, the contribution of || > €%/% to E[Z;] is

@ - > PONI(R) = e PEXTO gy S B(10) NI (h)
(4.18) | >et0/2 |h|>e0/2

_ (2+0(1))2 oW /o} | p21(146) @(1(0))2,

where in the first inequality we bounded the factor ¢ *(X7(O+X7()) i the expectation with respect to P from above
by 1 (on the event J(0) N J(h)). In the second equality, we used Equations (4.15), (4.17), and the fact that there are
2+ 0o(1))e"" terms in the sum. This is (to leading order) equal to the right-hand side of Equation (4.10). It remains
to prove that the other contributions are negligible compared to (E[Z;s])?.

For the case 1 < |h| < e'?/%, we proceed as in Equation (4.18). The number of 4’ in the sum is now <« e instead
of being >> ' 1t%) Moreover, the additive error term in (4.17) is O(1). Since P(J(0)) > ¢~'%/* by (4.12), we get

t+16/2

@) - Y PIO)NJTh) < e A (e 21050 B(1(0))?).

I<|h|<et®/2

(4.19)

This is o((E[Zs])?) by Lemma 4.3.
It remains to bound the contribution of |A| < 1. It is convenient to split into the intervals e k=1 < |n| < e for
0 < k <t. For a given k, the contribution to E[Zg], that we denote by (E[Zg])k is

E[Z) <@ > PONIMh).

e~k—l<|h|<e *
We handle two ranges of k’s differently:

D: 0<k<t—ote/100 (D) : ¢ — @t <,

In the first range, most of the barrier is not needed to show that the contribution is negligible compared to (E[Zs])? > 1%,
Only the value at the “branching time &k is necessary. This is because the barrier is too high at these times to affect the
probability of the walks. For technical reason, we need the boundary case k = 1 — r*+¢/190 to be slightly smaller than
t — t%, where the barrier becomes of order one.

To handle the additive error term coming out from the decoupling in Lemma 2.3, it is necessary to split the random
walk X7 into X and Xk r where K’ is slightly larger than K. We take k' = k + r where r = 10loglog . We consider
the biased measure IP now defined separately for Xg/ and Xg/ 1

dP o1 (X O+ X s () A2 X O+ X gr ()

(4.20) dP ~ Elen KrOFXo )] Froh2 e rOF X 7 )y’

We pick A1 = p and A =2 to reflect the fact that X g/ (0) and X g/ (h) are almost perfectly correlated for |h| &~ e *. The
Laplace transforms are easily computed using Lemma 2.1 and Lemma 2.2:

4.21) E[et Xk O+ X ()] « oK — gl k) E[e24XkT OFXk700)] Q21K _ 2uPa—k—r)

The tilted mean are given by Equation (2.10) together with Lemma 2.2:

B[ )] =E[Xg 0] =k +0()  E[xk.7 O] =E[Xg 0] = (s - &) + (")

Again, the recentered sums are X g = Xg' — E[X) ] and X g/ 7 = Xg/,7 — E[X g/ 7].
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Case (I). The probability is split using the value of X g at 0 and /. Note that these values are bounded by b(k’). Since
there are approximately ¢’ =% h’s with || ~ e in H, we get

(E[Z3]), < @H) - Y P(Xx(0) € (g1 — L.q1l. Xgr(h) € (q2 — 1. g2])

q1.92=b(k")
P(Xgr,7(0) +q1 €[0,8+ 11, Xgr,7(h) + g2 €[0,6 + 1])
(4.22) K HOHER N @t e kAT | 20(q1+4) p =217 (1—k—r)

q1,92=b(k+r)
< e 0t=h G255 @1 /24e) Z e @1+q2)

q1,92=b(k+r)

In the second inequality, we changed measure to PP using (4.21), and simply dropped the probabilities of the events
under [P keeping only the normalizing constants. In the third inequality, we simply replaced the definition of u given in

(4.1). Note that ek fGH2ER@+1/240) o o= 1500—K) for k< — 1o +€/100 Moreover, by definition of b(k), we have
b(j) <6 % + 1 for all j, therefore the above is

(4.23) (E[Z,%])k < e 100Uk | 2ubktr) < Lo 3=k

The sum over the range of k considered then yields

E[Z2]), < e e 9,a+25/100 Le.
81k

1§k§t—t“+€/100

This is much smaller than (E[Z5])?) > % - §2¢~**, by Equation (4.9) and the choice of r.
Case (II). It remains to estimate the contribution of ¢ — r*+¢/190 < k <7 This is done as in Equation (4.22) keeping
now the probabilities after the change of measure. This gives

(E[Zaz])k <e .e—o(t—k) ,t(§+2#)(oz+l/2+s)

Z NI P(Ag(q1) N An(g2)) - P(Bo(g1) N Bu(q2)),
q1,92=b(k)

where

An(@) = {Xx:(h) € (g — 1,q). X.(h) < b(0), Ve € [1, K]}

4.24) o o
Bu(q) ={Xk7(h)+q€[0,6+1], Xg/ 1 (h) +q <b(), VL e [k +1,1]}.

The idea is that X, (0) and X, (k) should be essentially equal for £ < k’, whereas Xy, 7(0) and X 7 (h) are essentially
independent for £ > k’. To obtain an upper bound we can simply drop Aj(g) in the inequality. This is expected to be
almost sharp since X (0) and X (k) should be essentially equal for £ < k. For the decoupling, since k¥’ = k + r slightly
larger than k, the additive error term in Lemma 2.3 will be absorbed. More precisely, in order to estimate P(Bo(g1) N
Bj(g2)), we apply Lemma 2.3, Corollary 2.4 and Equation (A.2) to get

P(Bo(q1) N Bi(q2)) < P(Bo(q1)) - P(Bi(g2)) + O(e™V¢)
(4.25) 1

<TTETy []@®k+r) —q+1).

i=1,2

by the choice of r and the fact that b(¢) = 1. The probability @(Ao(ql)) is bounded using Corollary 2.4 and Proposition
A.2 to give

bk+71r)—q1 +D(BO)+1) ‘ (bk+r)—qgr+1) -1

(4.26) P(Ao(q1)) < U+ )2 1372 ’
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where we use the fact that k is much larger than r in the range considered. (The increments here do not have variance ex-
actly 1/2, but can be simply fixed by considering the slightly larger event where the barrier start at r, and by conditioning
on the position at time r. The error term in Corollary 2.4 can then be easily absorbed.)

Putting Equations (4.26) and (4.25) together yield

(S22 @t 1/248)+(1-a)
k3/2(t _ k)3

(B[Z3]), <" -e7"70

> T bkt r) —gi 1) - (blk+7) — g1 + 1) (bk +7) — g2+ 1).
q1,q2<b(k+r)

The three factors in parentheses are smaller than 1872 since b(k + r) < 1219 Moreover, we have similarly as in Case
(I): e 0= 2ubk+7) o= T600=K) | for all k in the range. The above becomes

(G255 @t 1/248)+(1-a)

B2 (t — k)3

(B[Z5]), e 172

The numerator can also be simplified:
t(’§+2%)(a+1/2+a)+(1—a) — [3/2+e t(1—§)(a+1/2+g>_
We are left with

o 132 . 43¢/2 t(l—];‘)(a+l/2) o . t(l—%)(a+1/2+a>

I32(t — k)3 < (t — k)3

(B[Z3]) <

’

since k3/2 > (t — 1@ +e/100)3/2 55, 13/2 1t remains to sum over k. After the change of index k =t — k, the contribution of
the range is

‘ @0 Kt 1/2+4e) %

1
2 ro 32 ro3e/2 N L Te/4
> (EB[Z]), <t > m < 2123 < 17,
k=t —ra+e/100 4] k=1 k=1
This proves that this contribution is o(E[Zs])?) by Equation (4.9) and concludes the proof of the lemma. [l

4.2. Proof of Proposition 4.2

We now explain which modifications in the proof of Proposition 4.1 are necessary to prove Proposition 4.2. Note that the
case 6 greater than zero is actually simpler as we do not need the ballot-type estimates used in Case (II) in the proof of
Lemma 4.4.

Proof of Proposition 4.2. As seen in the proof of Proposition 4.1 it suffices to proof a lower bound on the first moment
and an upper bound on the second moment of Zs. Adapting the barrier in (4.3) to the case 6 > 0 we choose

k Ot k
4.27 bky=—4+—(1—-), k=<t
a2 052 (-8). ks

Moreover, in the definition of u we set o« = 0.
We start by showing a lower bound on E[Zs]. The first bound in Lemma 4.3 (and its proof) still hold, with o = 0,
without any modification. Noting that the barrier in (4.27) is linear and of order ¢ at the beginning we have

P(J(0)) > ¢~/2.
The bound in (4.9) follows. Next, we turn to the upper bound of JE[Z(%]. Equations (4.18) and (4.19) hold as is.

It remains to bound the terms with e *~! < |h| < e ¥ for k > 0. We proceed in a more straightforward way than the
proof of Lemma 4.4. We split the walk Xt into Xg and X g 7. (There is no need for an extra spacing K’ to allow for a
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better error in the decoupling here.) We have

E[Z3]), < @) - Y PXkO €@ —1Lail. Xxh) € (@2 — 1.2
q1,92=b(k)

P(Xk.7(0)+q1 €[0,8+ 11, Xk 7(h) +q2 €[0,8 + 1])

(4.28) AP ]76M<q1+qz)eu2k, 2H@1+a2) p=217 (1K)
q1.92=b(k) k
et G202 3 A u@itan
ql,qzsb(k)ﬁ

In the second line, we changed measure to P, and instead of simply dropping events under P we kept a factor of order
1/+/k from the first probability. In the third line, we again simply replaced the definition of ;2. By definition of b(k), we
have b(k) <6 % + 1, therefore for k <t — Clogt (for some constant C large enough),

(4.29) (]E[Zt%])k < o= 100U=K) | 2ub(k) < g—%(t—k)7

1/2

where we absorbed the 7'/ in the exponential, and we bounded w by 2. The sum over k is thus of order one. For

k —k
k >t — Clogt we observe that t<7+2‘7)(1/2+8)/\/§ is of order #°. Therefore, we get in this range

S OE[Z]) < Y et ) e
k>t—Clogt k>t—Clogt

The upper bound on the second moment then follows as in the Lemma 4.4. This concludes the proof of Proposition 4.2. [J

Appendix: Gaussian Ballot Theorem

In the propositions below, it is useful to define for 0 < § < 1 the intervals I, = (x,x + ] for x > 0, I, = (x — §, x] if
x <0, and I, =[—4, 8] if x = 0. In the first proposition, we allow the increments of the random walk to have different
variances. In the second and third, all increments have variance 1/2.

Proposition A.1 (Ballot theorem with linear barrier: Lower bound). Let (S, j > 1) be a random walk with Gaussian
increments of mean 0 and variance sz with ¢! < 0 < c for some fixed c > 1. Define the linear barrier

b(j)=aj + b(0).
Then, for any j > 1, (b(j) — x) - b(0) < j, we have

bO)(b(j) —x)  _e?
(A.]) P(V1<€<j, Se<b(®), Sjel)> W&e T
J

Proof. The probability is bounded below by the probability for a Brownian motion on the continuous-time interval, see
for example Lemma 6.2 in [38]. |

Proposition A.2 (Ballot theorem with linear barrier: Upper bound). Let (S;, j > 1) be a random walk with Gaussian
increments of mean 0 and variance 1/2. Define the linear barrier

b(j) =aj + b(0).

Then, for any j > 1, b(0) > 0 and x < b(j), we have

GO+ DOG) —x+1)

(A.2) P(V1<€<j, Se<b(®), Sjel)< R

Proof. This is a standard ballot theorem with linear barrier, see Lemma 6.2 in [38]. O
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Proposition A.3 (Ballot theorem with logarithmic barrier). Let (S;, j <t) be a random walk with Gaussian incre-
ments of mean 0 and variance 1/2. Define the logarithmic barrier

¥j = log(min(j, 1 — /).
Lett/logt <k <t,y=o(t/logt), =20k < x < Y. For r =y, we have

G+Dy+yr—x+ ])e*%

(A3) P(Vr<j<k, Sj<y+vj, Skl |8 <3r)< 7

Proof. See Propositions 4 and 5 in [4]. Proposition 4 there was stated for k > /2 but holds verbatim for k > t/logt by
applying Proposition 5. The condition r = y = o(¢/log ¢) ensures that r is small compared to k so that (k — r)3/% ~ k3/2.
The lower bound on x is to make sure the distance to the barrier at time & is < k. Finally, the bound |S; | < 3r is such that
the initial distance at time r is no more than the order of y, so that the factor (y + 1) (measuring the distance between the
barrier and the starting point at the initial time ) on the right side still holds. ]
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