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Sharp asymptotics for Fredholm Pfaffians related
to interacting particle systems and random matrices
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Abstract

It has been known since the pioneering paper of Mark Kac [20], that the asymptotics
of Fredholm determinants can be studied using probabilistic methods. We demon-
strate the efficacy of Kac’ approach by studying the Fredholm Pfaffian describing the
statistics of both non-Hermitian random matrices and annihilating Brownian motions.
Namely, we establish the following two results. Firstly, let v/N + Amae be the largest
real eigenvalue of a random N x N matrix with independent N (0, 1) entries (the ‘real
Ginibre matrix’). Consider the limiting N — oo distribution P[Am.. < —L] of the
shifted maximal real eigenvalue \,,q.. Then

lim esvar<(3)ip (Amaz < —L) = e,

L—oo
where ( is the Riemann zeta-function and

1 11 = 1
05:210g2+4w7;n<7r+2>-

m(n —m)

Secondly, let X™*®) be the position of the rightmost particle at time ¢ for a system of
annihilating Brownian motions (ABM’s) started from every point of R_. Then

(max)
1 3 X
lim e2v2ﬂ<(2)LIP ¢ < —L| =¢e%.
L—oo VA4t

These statements are a sharp counterpart of the results of [22], improved by computing
the O(L) term in the asymptotic L — oo expansion of the corresponding Fredholm
Pfaffian.
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1 Introduction and the main result

The present paper continues the investigation of the statistics of the real eigenvalues
for random matrices with independent normal matrix elements (the so-called real Ginibre
ensemble) and particles for the system of annihilating Brownian motions started in [22].

A mathematical way of describing random arrangements of points representing
eigenvalues or particle positions is the theory of point processes, see [9] for a review.
Important subclasses of point processes are determinantal and Pfaffian point processes,
whose correlation functions are given by determinants or Pfaffians of kernels of certain
integral operators. Well known examples of determinantal point processes are the laws
of eigenvalues for random Hermitian, unitary and complex Gaussian matrix models; the
eigenvalue statistics for symmetric, symplectic and real random Gaussian matrices are
described by Pfaffian point processes, see [1], [21] for reviews. Moreover, determinantal
and Pfaffian point processes describe the distribution of particles for a number of
interacting particle systems such as the totally asymmetric simple exclusion process
[19] and reaction-diffusion systems for certain combinations of annihilation, coalescence,
branching and immigration of particles, [17], [18], [26].

Of a particular importance for the current investigation is the fact that the law of the
real eigenvalues for the real Ginibre ensemble is a Pfaffian point process, [5], [14], [24].
Moreover, its bulk scaling limit coincides (up to a diffusive rescaling) with the fixed time
law of annihilating Brownian motions started at every point of the real line [26], its edge
scaling limit coincides with the fixed time law of annihilating Brownian motions started
at every point of the negative part of the real line [17], [6].

The probabilities of ‘gaps’ (regions of space void of any particles) are a fundamental
object for point processes, which in fact characterise the law of a simple one-dimensional
process uniquely. For determinantal and Pfaffian point processes gap probabilities are
given by Fredholm determinants and Pfaffians of integral operators determined by the
kernels of the corresponding processes. A particular instance of gap probability is
the distribution of the rightmost or leftmost particle for the process, for example the
statistics of the largest eigenvalue of a random Hermitian matrix (the Tracy-Widom
distribution, [21]), or the largest real eigenvalue of a real random matrix (the Rider-
Sinclair distribution, [23]).

An exact calculation of a Fredholm determinant or a Pfaffian is impossible in all
but a few special cases (for example the celebrated link between Painlevé functions
and the GOE and GSE ensembles, see [1] Section 3.1). Fortunately, the asymptotics of
gap probabilities in the limit of large empty intervals can be studied in many important
cases. If, for example, the operator is translationally invariant, the asymptotics of the
corresponding Fredholm determinant can be studied using Szegd’s theorem and its
modifications, see [8] for a review. In particular, Szegé’s theorem was used by Derrida
and Zeitak to calculate the asymptotics of a single gap probability in a coalescence-
annihilation model started at every point of the real line [11]. Note that for the purely
annihilating case, Derrida-Zeitak’s calculation is non-rigorous due to the presence
of Fisher-Hartwig singularities in the kernel, but the final answer is believed to be
correct and can be rigorised using an appropriate modification of Szeg6’s formula, see
[8], Chapter 6. In [15] Forrester used the Derrida-Zeitak formula and the connection
between the real Ginibre random matrix model and annihilating Brownian motions
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stated above to calculate the asymptotics of gap probabilities for the distribution of real
eigenvalues in the bulk. For us [15] was a crucial paper which inspired our current
research.

In the absence of translational invariance, the situation is more complicated. If the
operator is integrable (as is the case for all point processes describing eigenvalues of
complex Hermitian random matrices), the asymptotics of the distribution of extreme
eigenvalues can be studied by reducing the problem to a matrix Riemann-Hilbert problem
and analyzing the latter, see e.g. [10]. As was discovered recently in [2], the operator K
which defines the Pfaffian point process for the annihilating Brownian motions and the
edge scaling limit of the real Ginibre ensemble is Fourier-conjugated to an integrable
operator. This is a significant development, placing the real Ginibre ensemble firmly in
the realm of integrable systems. Unfortunately, the associated Riemann-Hilbert problem
turned out to be somewhat complicated allowing the calculation of the asymptotics of
the Fredholm Pfaffian only for the operator 7K, where v < 1, thus making it difficult to
relate the answer to the distribution of the largest real eigenvalue (y = 1). Moreover, the
constant factor C, is not directly accessible by these methods for any ~. Notice however,
that in the context of particle system, vK for % <~ < 1 has a clear probabilistic meaning
— it describes the statistics of mixed annihilating-coalescing Brownian motions, [17].

An alternative approach to the asymptotic analysis of Fredholm determinants was
pioneered by Mark Kac [20] who was the first to state and prove a continuous version
of Szeg6’s theorem, which originally was formulated for Toeplitz matrices rather than
translationally invariant trace class integral operators. The main idea due to Kac is to
interpret the log-det expansion of the Fredholm determinant of the trace-class integral
operator T acting on L? functions on I C R,

— 1
logdet(I = T) = — Z - / T(x1 —22)T (22 —x3) ... T(xy — 1) dzy ... dTYy,

n=1

as a certain expectation with respect to the measure of a random walk whose increments
have a (pseudo) distribution T'(z)dz. Of course, the result of [20] can be derived directly
by taking the continuous limit of Szeg6’s theorem for Toepltiz matrices.

However, as we showed in [22], the probabilistic approach can be used for the
derivation of new results, namely the tails of the distribution of the rightmost real
eigenvalue (the rightmost particle) for the edge scaling limit of the real Ginibre ensemble
(annihilating Brownian motions). This is the most difficult v = 1 case in the terminology
of [2], see the discussion above. In [22] we already calculated the asymptotic of the
relevant Fredholm Pfaffian up to O(1) errors. In the current paper we will show that by
sticking closer to the original Kac argument we can calculate the constant term as well
as characterise the size of the correction. The calculation turns out to be rather short
and intuitive. It is based on some classical properties of random walks with general
increments, as discussed in [13].

The main result of the paper is the following statement. Let VN + Amaz D€ the largest
real eigenvalue for the N x N real Ginibre ensemble. Let [Ey denote the ensemble
expectation. Let

PMpaz < —L) = ]\;im Exn(L(Anaz < —L)) (1.1)
— 00

be the edge scaling limit of the distribution of the largest real eigenvalue.
Theorem 1.1. For L > 0,

¢(3/2)
lim €2V “P (Apae < —L) = e, (1.2)

L—oo
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where
1 1S e 1
C,==-log2+ — s —— 1.3
e 35 (o ) 1

log P (A\pax < —L) = — 2(j?L+C +o(L7'), (1.4)

where for o(L~'7): for any y > 0, limj,_,o, L' 7#o(L™1T) = 0.

More precisely,

The problem of computing exp C¢, the constant factor in the asymptotic expansion
of Fredholm determinants, is a known difficult problem in statistical physics, see for
example [3] for the calculation of the constant factor for the partition function of the
six-vertex model and a review of similar cases.

Let us analyse the presented asymptotic formula for the gap probability at the edge
of the spectrum in more detail. Numerically, exp(C,.) = 0.75, which is consistent with its
numerical value obtained in [2]. Let us also compare (1.4) with the bulk scaling limit
of the probabilty P(N(—L,0) = 0) that the interval (—L,0) contains no real (unshifted)
eigenvalues. As predicted by the Derrida-Zeitak formula [11] applied to the real Ginibre
ensemble in [15],

log P (N(—L,0) = 0) = — 2(3\//272)L+C +o(LY), (1.5)

where

1 1
C’blog2+47rnz_:1n< TFJFZ\/T) (1.6)

Comparing (1.5) and (1.4) we see that the leading terms coincide. This is not very
surprising, see [22] for a heuristic explanation. However, there is no reason why the
O(1) terms should be the same. In fact, we see from the above formulae that
P(Mpae < —L 1

lim & Qmar <L) _ e, _ L (1.7)

L—oo P (N(—L,0) =0) V2
It would be interesting to see if it were possible to derive relation (1.7) without computing
P(Mpaz < —L) and P(N(—L,0) = 0) separately.

Interpreted in terms of particle systems, our result reads as follows:

Corollary 1.2. Consider the system of instantaneously annihilating Brownian motions
on the real line started from every point of R_ (half-space maximal entrance law). Let
Xt(m‘””) be the position of the rightmost particle at a fixed time t > 0. Then

lim evo=S(3) Jnp (X(m‘”) < —X) — Ce. (1.8)

X—o0

The Corollary is a direct consequence of the observation that

Xm0 DA - (1.9)

This in turn follows from the fact that the edge scaling limit of the law of real eigenvalues
for the real Ginibre ensemble and the single time distribution of ABM’s with half-space
maximal entrance law rescaled by 1/1/4t can be characterised by the same Pfaffian point
process, see [5], [6] and [17] for a proof of this fact.

The rest of the paper is organised as follows. In Section 2 we collect the probabilistic
tools necessary to establish our main result, explain the main idea for the argument
and finally prove Theorem 1.1. In Section 3 we prove the probabilistic lemmas used to
derive the statement of the Theorem. For the sake of completeness we also present a
streamlined proof of the key identity due to Kac [20], which underpins our argument.
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2 The proof of Theorem 1.1

The starting point for the proof is the Rider-Sinclair formula [23], which gives a
Fredholm Pfaffian expression for P(A,.. < —L). More specifically, we will use a
probabilistic restatement of Rider-Sinclair’s result proved in [22], which can be explained
as follows. Let (B,,,n > 0) be the discrete time random walk with Gaussian N(0,1/2)
increments started at zero. Let

{ T, = infn>0{2n —1: B2n71 Z L}7

70 = inf,s>o{2n: By, <0}. (2.1)

In words: 7 is the smallest even time such that B,, <0, 7, is the smallest odd time such
that B, > L. Also, let
My, = sup{By : k is odd, k < 2n} (2.2)

be the supremum of the random walk (Bj),>o taken over all odd times not exceeding
the time 2n. Then
Theorem 2.1.

P(Amae < —L) = /7IP(TL <710 e—g ]E(éo(BTO))e%E(min(L,MTO)&o(BTO)). (2.3)

Remark 2.2. We use the expression E(X4,(Y)) to mean a continuous Lebesgue density
for the measure E(X1(Y € dy)) evaluated at y. If y = 0, we sometimes write E(Xd(Y))
as E(X1(Y € d0)).

Remark 2.3. Notice a slight change of notations in (2.2), (2.3) in comparison with
formulae (1.7), (1.9) of [22].

We will also need the following two facts from [22]:
Lemma 2.4. As L — oo,

Plr, < 70 = ﬁu +o(L 1)), (2.4)
Also,
E (6 (Byy)) = C%f). 2.5)

Formula (2.4) is a slight improvement on Lemma 3.2 of [22], which only claims the
error bound of magnitude O(Lil/ 2). The improved bound is obtained simply by using
Holder rather than the Cauchy-Schwarz inequality in the proof, without changing the
rest of the argument. Equation (2.5) is equally straightforward to check and we will do
it below to illustrate the utility of a probabilistic approach, see Remark 3.1 below. In
addition, we need the following key statement due to Mark Kac [20]:

Lemma 2.5 (Mark Kac, 1954). Let (X;);>1 be independent identically distributed random

variables having continuous even density function p on R, and Sy, = X1+ Xo+.. . +Xg, k >
1. Then

oo m=l (k) (n—k)
n / S PD@PTI@) o6
0

(n) =0) = —
P (0)E (max(0, S1, Sa, ..., Sn_1)|Sn = 0) 2 n=F

where p*) denotes the k-fold convolution of p with itself or, in other words, the density
function of S;.

Substituting (2.4, 2.5) into (2.3), we find

¢(3/2)

log P(Mmaw < —L) +
g IP( ) Wors

L=R(L), 2.7)
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where ) ) )
R(L) = 5 (min(L, M,,)d (Br,)) — 5 log L — 7log2+ o(L™). (2.8)

It remains to calculate the leading asymptotic of R(L), as L — oo, which turns out to be
O(L"). Decomposing over the values of 75 = 2n,

E (min(L, M+,)do (Br,) an (2.9)

where

pn(L) = E (min(L, Ma,)1 (19 = 2n)dg (Bay)) - (2.10)
The summands p, (L), n > 1, can be simplified using the cyclic invariance of the incre-
ments of the random walk B. Namely, we have the following result proved in Section 3.

Lemma 2.6. Let (S,),>1 be a discrete time random walk such that the distribution of
increments has a continuous density. Then

1
pn(L) = EE (HllIl (L,Mgn 7m2n) 50(Sgn)), (211)

where

Mo, = Inf{Sy : k is even, k < 2n} (2.12)
is the infimum of the random walk taken over even times not exceeding 2n and M, is
the supremum of the walk over odd times defined in (2.2).

Remark 2.7. Notice that the above statement does not rely on the Gaussianity of
increments. It is a particular instance of a family of results for random walks conditioned
to finish at zero found in [13].

We conclude that p,,’s are fully determined by a joint distribution of the maximum,
the minimum and the final position of the random walk. Let us fix € € (0,2). Then

LLQ_FJ 0o
E (min(L, Mr)d0 (Br,)) = > pa(L)+ > pa(L). (2.13)
n=1 |L2—¢|+1

For n < L?>7¢, My, — mso, < L with probability close to 1. Therefore (2.11) is well
approximated by p,, (L) ~ L1 ((Ma, — m2,) do(B2,)), which can be computed adapting
the original Kac’ argument [20]. This approximation decays as 1/2n at large n’s, leading
to the logarithmic divergence of Y °  p,(L) and thus the necessity for a separate
analysis for large n. Fortunately, for n > L?~¢, the random walk can be well approximated
by a Brownian motion. Then p, (L) can be computed using the classical Levy’s result
for the trivariate distribution of the supremum, the infimum and the final value of the
Brownian motion on an interval, see e.g. [4], [13] for review. Rigorising the argument,
we arrive at the following Lemma proved in Section 3.

Lemma 2.8. Forn < L€,

n—1
1 1
L)=—Y ——— +EV@L 2.14
Pa(l)=5—> i W (L), (2.14)
k=1
where
2 e’¥
EWM(L — L. 2.1
BOW)] < | =5l (2.15)
Forn > L€,
(L) 1 2 Li _ 2k2L2 +E(2)(L) (2 16)
n =5 € n n s .
P 2n e
EJP 25 (2020), paper 116. https://www.imstat.org/ejp
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where, for any fixed v € (0, %) there exists an n-independent constant C., > 0 such that
|[EX(L)| < Cyn =324, (2.17)

Substituting (2.14, 2.16) into (2.13) and then into (2.8), we find

[L®7¢] . n—1 00 2
1 1 1 1 1 2 2L
RIL) = — Sl N — /= rLa(Z=
(L) 47 nz k( k) +2 LL2ZJ+1 <2n ™3 (wn))
e c
2—¢
1 2y, 1 ra 1) 1 c- ) —1+
— log (2L )+§ EP(L) + 5 > EP(L)+o(L7), (2.18)
n=1 n=|L2=¢|+1

where

Qt) =Y e (2.19)
k=1

is a function on R closely related to Jacobi’s §-function, Q(¢) = %, see [27] for a

review. It satisfies Q(t) = O(e™™) for ¢t — oo and Q(t) = 2%/2 — 2 +0(1) for t | 0, which
we use to verify the convergence of integral bounds derived below

First, let us estimate the error terms in (2.18) using (2.15, 2.17). Notice that the
function f(z) = 273/2*7 is decreasing on R4, if v € (0,2), and the function g(z) =
273/2 exp(—2k>L? /) is increasing for 0 < & < L2~ provided k > 1. Therefore, Y"__ f(n)

and Zfl:a g(n) can be bounded above using integrals:

LLZ EJ 0o 0o 1+L2 e 212
C dx 212 1 e =
(2) < 2 _ e - -
Z E —L;fjﬁn (L)‘ =79 /112—‘ x3/2— + 11— e—2L* /0 13/2 dz
Cy ., (aoi= 2L 1 14+ L% 212
STok tr oo szt T

Since vy > 0 can be chosen to be arbitrarily small, we conclude from the above that

L2 sJ

Z EW(L Z E(Q)(L)‘ —0 (L—1+€/2+) _ (2.20)
n=[L2~¢|+1
Therefore,
[L27¢] . n—1 o )
1 1 1 1 1 2 2L
RI) = — 3 -y ———s ) <_ m())
I8 el n 1 ,ZC(TL — k) TLII_LQ*‘JJ,»I 2n ™ ™
_1 2 —1+e€/2+

410g (2L%) +o (L . (2.21)

Using integral bounds it is elementary to establish an estimate, as n — oo,

n—1

Z —7T+O(n_1/2), (2.22)
[ke(n —

which can be used to re-write R(L) as follows:

1 1 > 1 2 212
o - 25 (e ) E L e (R)

||
_

,i
~

N
o
[

log (2L%) + o (L71¥¢/2t). (2.23)

] =
| =

1
n

n=1

EJP 25 (2020), paper 116. https://www.imstat.org/ejp
Page 7/15


https://doi.org/10.1214/20-EJP512
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

Fredholm Pfaffians, interacting particle systems and random matrices

Recall a classical result for the sum of harmonic series [27], as N — oo,

N
1
ZE =logN +v+O(NY, (2.24)

n=1

where v is the Euler-Mascheroni constant. Using (2.24) in (2.23) we find

131 (e R 1 2 212
w - 23S Y (meVme ()
4 —n k(n —k 271:[L2*5J+1 2n ™ ™
_ € y_1 ( 71+e/2+)
1 log L + 11 log2+o (L . (2.25)

An application of the mean value theorem to the terms of the second sum on the right
hand side of (2.25) leads to

- 1 2 2L? > (1 2 2 ot
2 (zn‘ WLQ(WD—/L_E(zz‘ msﬁ(m»d“o@ )

n=[L2~¢|+1

L2 2 > (1 2 2
= Slog L — /d:m/—BQ <> +/ ( /=0 ()) da + o(L™29).  (2.26)
2 0 T T 1 2x mad  \ 7z

Substituting (2.26) into the right hand side of (2.25) we discover that

R(L) = % “log2 + %i <Z\/T W)—;/Ol\/gfl(;)dx

n—1
V(0 202 g (e
2/1 (21‘ 7Tm3ﬂ(7m:>>dx+0(L ) (2.27)

As € > 0 is arbitrary, we conclude that the magnitude of the error term is o(L~!T).

In principle, (2.27) gives an answer for the O(1) term in the expansion of P(A,,4: <
—L). It can however be considerably simplified, which probably means that the calcula-
tion detailed above can also be significantly streamlined. The rest of the proof is an exact
calculation based on the relation between the Euler-Mascheroni constant and Jacobi’s
theta functions.

The calculation is based on the following two remarks: firstly,

+

& Q¢
= log(4m) — 2+ 2/ (1+ \/Z)%dt, (2.28)
1
see [7] containing this as well as a large collection of other expressions for the Euler-
Mascheroni constant. Formula (2.28) follows from combining a more standard expression
for v in terms of Riemann’s (-function,

- ff - 4]

s—1 s—1
see [27] for the derivation, and Riemann’s integral representation of ¢,

7.(.5/2 ﬂ_5/2

g ) Q)
R e, () SR

see e.g. [12]. Secondly,

(s) =

1+2Q () = VE(1+2Q(t)), (2.29)
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which follows from the standard transformation properties of the theta function and can
be proved directly using Poisson summation formula, see [27] for review. Now let us
modify the right hand side of (2.27) as follows express vy using (2.28), change variables
in the penultimate integral according to t = E' apply (2.29) to the integrand of the last
integral. The result is

1 =1 [«
— — +o(L7'T)
-5 (S W )
1 1 [1 ™2 Q(t)
410g27r—§+ 271-_7 o \/idt / ; —=dt

1 1 /1 210 — Q@Y
110g27'r*§+ %4’5/1 t3/2 dt

1
= ;log2 (2.30)

where the last equality follows from another application of (2.29) to the integral in the
previous expression. Theorem 1.1 is proved. O

3 The proof of probabilistic lemmas

3.1 Lemma 2.6
Let (Xy)i<k<on forn =1,2,..., be a sequence of independent indentically distributed

random variables with a continuous density. Let S = (Sk)o<k<2n be the associated
random walk started at zero,
k
Si=> X (3.1)
m=1

We will frequently consider the walk conditioned to be at 0 at time 2n, so that S;, = 0.
Let S be the random walk associated with the cyclic shift of the increments X’s by p
steps to the right,

S = Z Xontp, (3.2)

where the addition in the time indices is performed modulo 2n. As it is easy to check,
under the conditioning that S, =0,

S = Sy —5,, S = 0. (3.3)

Under the conditioning S5, = 0, for any p, (S,(f ))ogkggn is a bridge, whose law is p-
independent,

d

(S,(cp))ogkgzn 0 (S;iq))ogkgzn, 0<p,g<2n—1. (3.4)
Recall that 7 is the first even time the value of the bridge S becomes negative. We write
rép ) for the corresponding exit time for the bridge S®). Similarly, Mz(fl) is the odd time

maximum of the walk S®). Using the fact that the even time global minimum of the
bridge is unique almost surely, one can easily show that

Y1 (7(52”) - 2n) ~1la.s. (3.5)
p=0
Notice that the event Tézp ) =on corresponds to the shift to the time at which the even

time global minimum of the random walk has been achieved. Recall that

Moy, = min Sog. (3.6)
0<k<n

EJP 25 (2020), paper 116. https://www.imstat.org/ejp
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Therefore,

pn(L) = E (IIliIl(L7 MQn):ﬂ.(TO = 2n)60(52n))

o fZE(mmL MEP (A = 2m) | SGP = 0) Pr(SGP € do)

n—1
ey 1 Z E (mm(L My — Sap)1(r$%) = 2n) | Sa,, = o) Pr(Ss,, € dO)
@6 1 :
= - ZO E (mln(L7 Mo, — mgn)]l(Té%) =2n) | Sop = O) Pr(S2, € d0)
-
1 n—1
= ~E <min(L, Moy —man) Y 115" = 2n) | Sa, = 0) Pr(Sy, € do)
p=0

1
EE (min(L,Mgn — mgn) | Sap, = 0) PI‘(SQn c dO)

1
= ;E (min(L, Ma,, — may,)do(San)) - =

Remark 3.1. Using the notations developed for the proof, it is very easy to rederive
(2.5), even though the computation presented below uses no new ideas in comparison
with [22]:

E((S()(S-,—O)) = ZE(]I(TO =2n (50 Sgn Z 7’0 = 2n | Soy, = 0) PI‘(SQn S dO)

1(r{®”) = 2n) | SV = o) Pr(S, € d0)

Il

[
S

=

—~ —~

:ﬂ.(TéQp) =2n ‘ SQ'IL = O) Pr(S2n c do)

n=1 p=0
0 1 n—1
= Y -E 1(7$%) = 2n) | S = o) Pr(Sy, € d0)
n=1 n p=0
(3.5) <1 <1
= Z:IE]E(l | Son = 0) Pr(Sa, € d0) :Zﬁ 1(Sy, € d0)
_oylL e
v 2mn V2T
3.2 Lemma 2.8
3.2.1 n<L?¢
Starting from formula (2.11) of Lemma 2.6,
1
pn(L) = EE ((MZn - m2n) 6O(B2n)) + Ey(Ll) (L)> (37)
where
1
EP(L) = =~ (Man = man = L), 60(B2n)) (3.8)
and z, = 21(x > 0).
EJP 25 (2020), paper 116. https://www.imstat.org/ejp
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We start with estimating the error term EY (L). Let (Bt)¢>0 be the rate-1/2 Brownian
motion. It follows from the definition of Ms,,, ms, that

My, < sup By, mo, > inf B (3.9)
0<t<2n 0<t<2n

As the function z — z, is increasing,

1
‘ET(Ll)(L)| = EE ((MZn — Map — L)+ 5O(B2n))
< 1IE] (( sup By — inf B;— L) JO(BM)>
n OStS?ﬂ O§t§2n +
< lIE << sup W; — inf W; — L> 6O(Wn)> , (3.10)
n 0<t<n 0<t<n i+

where (W});>0 is the standard Brownian motion. Thus the error term E (L) is bounded
by an expectation with respect to Wiener measure, which can be computed using the
known joint distribution of the supremum, infimum and the final position of the Brownian
motion,

P < inf Wy>a, sup Wy <b, W, € dO)
0<t<n

0<t<n
1 252 2 2 2
= Tu(ab):=) (e_T(b_a) — e R (b—k(=a) ) (3.11)
kez V2T

where a < 0,b > 0, (see for example [4] (9.1)). Applying (3.11) leads, after some work
very similar to the upcoming calculation (3.23), to the equality

B ((o?fgn Wi~ oé?in Wi — L) N 50(Wn)>

2 s 2k2L2 1 262
= /—L e n — et db. (3.12)
™ ; /[—L,L]C V2mn

272

Using this for the right hand side of (3.10), approximating e ¥ < e—% fork > 1
and then summing the resulting geometric series when n < L2~ leads to the desired
bound (2.15) of Lemma 2.8.

To finish the proof of (2.14), we need to calculate +IE ((Ms, — may) 6o(Bz2y)). Using
reflection symmetry,

E (m2n50(32n)) =-E <Or<nI?§n(BZk)5O(BQH)) =-E (()Iél]?i(n(wk)50(wn)> 5 (313)

where (Wj)r>o is the random walk with N (0, 1) increments. Let us denote the increments
of random walk B by X7, Xs,... ~ N(0,1/2), let Y7,Ya,,... ~ N(0, 1) be the increments
of the walk W. Then

B (Vo) Go(B) = B (o (BB

=E (max(Xl,Xl + X2 + Xg, e ,Xl -+ XQ + ...+ Xgn_1)60(B2n))
= (Xl =+ maX(O,Xg 4+ X3, Xo+ Xg+Xu+X5,...,. Xs+X5+...+ Xanl)(so(BQn))

=K (ma‘X(07 Yla Yl +1/23 B 7}/1+Y2+ . -+KL—1)6O(WH)):]E <Orglka§( (Wk)(SO(W?L)) . (314:)
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Substituting (3.13) and (3.14) into 1 E ((Ma, — man) 6o(Bz2n)) we find

1 2
T ((Man — man) do(Ban)) = ~TB( max Wido(W, Z (3.15)

)
0<k<n /k —
k n

where the last step used formula (1.11a) from [20] (Lemma 2.5 of the present paper).
Formula (2.14) of Lemma 2.8 is proved.

3.2.2 n>[L[%*°

For large values of n it is natural to approximate the Gaussian random walk with

Brownian motion to re-write (2.11) as follows:

1
pn(L) = —F (min (L, sup B, — <11f1<f2 Bt) do (an)> +E®(L), (3.16)
n ,

0<t<2n 0<t<2n
where the correction term is

E@(L) (3.17)

n

E ((min (L, sup Bopi1 —0<;nf ng)—min (L, sup By — inf Bt))éo (Bgn>> .

0<2k+1<2n <2k<2n 0<t<2n  0<t<

3=

Forany L,z,y € R,
| min(L, z) — min(L, y)| < |z — y|,

which allows us to bound (3.17) as below:

EQ(I) < m (
n

1
+ ]E(
n

The two terms on the right hand side are very similar and can be bounded by the same
function of the index n. We will present the derivation of the bound for the first term only.
In what follows, (W;);>¢ is the standard Brownian motion, (W B;)o<:<1 is the Brownian
bridge.

Rescaling time,

sup By — sup Bog41
0<t<2n 0<k<n

do (an)>

inf B;— inf By
0<t<2n 0<k<n

do (an)> . (3.18)

1
—E ( sup By — sup Bogii|do (Bgn)>
n 0<t<2n 0<2k+1<2n
1
= -k ( sup W; — sup Wt 0o (W1)>
n t€[0,1] tE{ + 2 o
1
=4/ 5 E sup Wy —  sup Wy||[W71 =0
2mn te[0,1] te{kq lyn)

1
E
2mn? (

Recall the following fact about Brownian motions hence the Brownian bridges: for any
fixed v > O there is a non-negative random variable H, defined on the same probability
space as the bridge itself such that,

sup WB; — bup W B; ) . (3.19)
t€[0,1] te{E+a 5o

\WB, — WB,| < H,|t — 7|37, forall t, 7 € [0, 1]. (3.20)

EJP 25 (2020), paper 116. https://www.imstat.org/ejp
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Moreover, ]E(Hv) < oo, see e.g. [4]. Exploiting (3.20) to bound the right hand side of

(3.19) one finds that
1 E(H,) (1)
- < —r= | — . .
nE< do (an))_ o2 <2n> (3.21)

The second second term on the right hand side of (3.18) obeys the same bound. Thus
combining (3.18) with (3.21) we conclude that

sup By — sup DBapy1
0<t<2n 0<2k+1<2n

EP(L) < Cyn =32+, (3.22)

n

-

[N

where C, = QE\(/I;L;) (%) is an n-independent constant. The estimate (2.17) of
Lemma 2.8 is proved.

In order to calculate the leading term in the expression (3.16) for p,, (L) we just need
to evaluate the expectation of min (L, SUPg<t<2n By —info<i<on Bt) using the distribution
U, (a,b) given in (3.11). Recall that B is a rate % Brownian motion. Then, integrating by

parts,

0<t<2n 0<t<2n

E (min (L, sup B; — inf Bt> do (Bgn)>

0 oo ) 82
= _/—00/0 mm(L,b—a)aaabllln(a,b)dbda

0 oo
= / / 1(b—a < L)%\Pn(a,b) dbda + LY, (—00,0)
—o0 JO
L

L
= — v, (b—L,b)db+ .
/0 ( ) V2t

To evaluate the boundary term above we have used the facts that ¥, (0,0) = 0 and

U, (a,0) = 0, and that ¥,(a,b) extends to the region a € (—o00,0],b € [0,00) where
U, (—00,00) = 1/4/2mn. Using the value of ¥,, from (3.11) gives

1 2k212 2 2
\I/n(b — L,b) = E JR— (B*T _ e*;(bka) )
keZ \/%

and this leads to

1 2L > 2k2 2
E(min | L, sup B;— inf B;|dg(Bon) | == — e~ w7, (3.23)
< ( otann L 0<ion t) 0 (B )) 2 \/27m;
Formula (2.16) of Lemma 2.8 is proved. O

3.3 Lemma 2.5
Fix k < n and define

Ej := E (max(0,51,...,5%) | S, =0). (3.24)
Decomposing the expectation according to the events Sy < 0 and S; > 0 we find

By =B 1Sk > 0)max(Sh, .., ) | Su = 0) + E (1(Sk < 0)max(0, 51, 5k) | 5 = 0)
= E(]].(Sk > O)Xl | Sp = 0) + (IE(]l(Sk > O) maX(O,Xg,XQ + X35...,85, — Xl) | Sp = 0)

1
+ E(1(Sk < 0) max(0,S1,...,Sk—1) | Sn, =0)) = EE(ﬂ(Sk >0)Sk | Sn=0) + E_1,
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where the last equality is due to the invariance of the law of the increments X1, X5,... X,
with respect to a permutation of the first £ increments and the X — —X symmetry of
the distribution of increments. Solving the resulting difference equations for Fj’s with
the initial condition Fy = 0, we find

E(1(Sk > 0)Sk | Sp, = 0). (3.25)

| =

n—1
E (max(0, S1,...,8:-1) | Sn =0) =Y
k=1

(Formula (3.25) is attributed in [20] to Freeman Dyson.) Therefore,

1
p™(0)E(max(0, S1, ... ,Su_1)|S,=0) 2 ZE(L(Sk > 0)Sk | S, = 0)p™(0)
k=1
n—1 1 n—1 1 o)
= BSOS = S p [ wp @) P a)da
k=1 k=1" "0
n i 1
_n (k) () (n—k) 5
2 2 Rn = k)/o xp™(x)p (x)dx (3.26)
Lemma 2.5 is proved. O
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