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Abstract: We develop an exact determinantal formula for the probability that the Airy,
process is bounded by a function g on a finite interval. As an application, we provide
a direct proof that sup(A;(x) — x2) is distributed as a GOE random variable. Both the
continuum formula and the GOE result have applications in the study of the end point of
an unconstrained directed polymer in a disordered environment. We explain Johansson’s
(Commun. Math. Phys. 242(1-2):277-329, 2003) observation that the GOE result fol-
lows from this polymer interpretation and exact results within that field. In a companion
paper (Moreno Flores et al. in Commun. Math. Phys. 2012) these continuum statistics
are used to compute the distribution of the endpoint of directed polymers.

1. Introduction

The Airy, process A, was introduced in [PS02] in the study of the scaling limit of a
discrete polynuclear growth (PNG) model. It is expected to govern the asymptotic spatial
fluctuations in a wide variety of random growth models on a one dimensional substrate
with curved initial conditions, and the point-to-point free energies of directed random
polymers in 1 + 1 dimensions (the KPZ universality class). It also arises as the scal-
ing limit of the top eigenvalue in Dyson’s Brownian motion [Dys62] for the Gaussian
Unitary Ensemble (GUE) of random matrix theory (see [AGZ10] for more details).

Ay is defined through its finite-dimensional distributions, which are given by a

Fredholm determinant formula: given xq, ..., x, € Randf < --- <, in R,
P(A2(to) < 0. ..., Ao (tn) < x5) = det(I — 2 Keuf ') 210,y w)s (11
where we have counting measure on {tg, . . ., #,,} and Lebesgue measure on R, f is defined

on{fy, ..., t} xRbyf(t;,x) = lxe(xj’oo), and the extended Airy kernel [PS02,FNH99,
Mac94] is defined by
Jedre™ D Al +2) AIE + 1), ifr > 1

Kexi(t, 81, = ,
ext(t, 831,67 |—ffoodxe—Mf—f)Ai(g+A)Ai(g’+x), ifr <t
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where Ai(-) is the Airy function. In particular, the one point distribution of A is given
by the Tracy-Widom largest eigenvalue distribution for GUE.
K. Johansson [Joh03] proved the remarkable fact that

Theorem 1. For every m € R,!

P(sup (Ax(t) — 1%) < m) = Fgoe(4'’m).
teR

Here Fgog denotes the Tracy-Widom largest eigenvalue distribution for the Gauss-
ian Orthogonal Ensemble (GOE) [TW96]. It also arises as the one point distribution of
the Airy; process, which governs the asymptotic spatial fluctuations in one dimensional
random growth models with flat initial conditions, and the point-to-line free energies of
directed random polymers in 1 + 1 dimensions.

The proof of Theorem 1 in [JohO3] is indirect, using a functional limit theorem for
the convergence of the PNG model to the Airy, process, together with the connection
between the PNG process and a certain last passage percolation model for which [BRO1]
had proved the connection with GOE. In this article we develop a method to compute
continuum probabilities for the Airy, process—which is to say, compute the probabil-
ity that the sample paths of the Airy, process lie below a given function on any finite
interval. This is then used to provide a direct proof of Theorem 1 starting only from
determinantal formulas.

Theorem 1 reflects a universal behaviour seen in a large class of one dimensional
systems (the KPZ universality class starting with flat initial conditions) and therefore
has attracted quite a bit of interest at the physical level. Much of the recent work is
on finite systems of N nonintersecting random walks, the so-called vicious walkers
[Fis84]. [Fei09,RS10,RS11] obtain various expressions for the maximum and position
of the maximum at the finite N level. [FMS11] uses non-rigorous methods from gauge
theory to obtain the GOE distribution in the large N limit, and furthermore connect the
problem to Yang-Mills theory.

Our computation of continuum probabilities starts with the following (earlier) variant
of (1.1) due to [PS02],

P(Ax(to) < x0, ..., Ao(ty) < xp)
_ det([ — Kj + Pye®H P ot-mH . ﬁxne(["_[O)HKAi) )

where K aj is the Airy kernel

0
Kai(x. y) = / A Ai(x — 2) AiCy — 1),

—00

H is the Airy Hamiltonian H = —8% +x and P, denotes the projection onto the interval
(—o00, a]. Here, and in everything that follows, the determinant means the Fredholm
determinant in the Hilbert space Lz(R). The equivalence of (1.1) and (1.2) was derived
formally in [PS02] and [PS11]. In fact there are some subtleties, because, for example,
it is not apriori obvious that for s, 7 > 0, e~ can be applied to the image of P,e™"#.
See [QR12] for a discussion of the technical details.

! The factor 41/3 corrects a minor mistake in Johansson’s statement. See Sect. 2 for a discussion.
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Remark 1.1. The shifted Airy functions are the generalized eigenfunctions of the Airy
Hamiltonian, as HAi(x — X) = AAi(x — X). The Airy kernel K4; is the projection
of H onto its negative generalized eigenspace. This is seen by observing that if we
define the operator A to be the Airy transform, Af (x) := ffooo dz Ai(x — z) f(2), then

Kai = AI;()A*.

Fix £ < r. Given g € H'([¢, r]) (i.e. both g and its derivative are in L2([¢, r])),
define an operator @g ;] acting on L2(R) as follows: ®[€ f ) =u(r, ), where u(r, -)
is the solution at tlme r of the boundary value problem

oru+Hu =0 forx <g(t), t € (£, 1),

u(l,x) = f(x)1x<g(6)a
u(t,x) =0 forx > g(z).

The fact that this problem makes sense for g € H'([£, r]) is easy to prove and can be
seen from the proof of Proposition 3.2 below. By taking a fine mesh in # we obtain a
continuum version of (1.2):

Theorem 2.

P(A> (1) < g(t) fort € [, r]) = det(l — Kai+ 0%, e~ @”KAi). (1.3)

An expression in terms of determinants of solution operators of boundary value prob-
lems may not seem very practical. But in fact one can give an explicit expression for the
kernel of the operator ® in terms of Brownian motion. Let b(s) denote a Brownian
motion with diffusion coeff%ment 2. By the Feynman-Kac formula,

u(r, x) = Eppy=x (f(b(r))e_f‘f M50 <e(s) o [e,r]) .
The linear potential is removed by a parabolic shift,

Gfgg,,]f(X) = Ep(p)=x (f(b(r))e_ J S, <a(s) on [e,r])
_ 343 r _ra2
— Eye)es (f(b(r))eéb(é) PR 3] sdbs) =[] sy, W])

Fb0r) + rz)eab(mz?)—r(b(r)+r2)+(r3—z3

3
= Eb((i):x—fz( 161452200 on [Lr]) ’

where in the second equality we used integration by parts and added and subtracted
(r3 =03 /3 and in the third one we used the Cameron-Martin-Girsanov formula. This
gives

Theorem 3. Let ®fﬁ,r](x’ y) denote the integral kernel of Qf(,r]' Then

Ex—ry+(r3—£3)/3 e~ /A0

[E r] (x y)=e m
Py 2 5y r? (B(s) < g(s) —s%on L, r]) . (L4

where the probability is computed with respect to a Brownian bridge l;(s) from x — 02
at time £ to 'y — r* at time r and with diffusion coefficient 2.
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This gives a formula which can be used in applications. The obvious one is the case
g(t) = t*+m, in which the probability can easily be computed by the reflection principle
(method of images). A second one is the computation of the joint distribution of the max
and argmax of the Airy, process minus a parabola, which appears in a companion paper
[MQRI11]. The simple result in the case g(r) = t> + m, setting —¢ = r = L, is that

=12 5 2LH j 5 5
®L = Gfiz,L]er = Lpyp2€ L Pm+L2 - Pm+L2RL m+L2» (15)

where Ry is the reflection term

Ri(x,y) = e—(x+y—2m—2L2)2/8L—(x+y)L+2L3/3_ (1.6)

The first term in ®, has been reexpressed in terms of the Airy Hamiltonian by reversing
the use of the Cameron-Martin-Girsanov and Feynman-Kac formulas.

To obtain the L — oo asymptotics, decompose ®, so as to expose the two limiting
terms, as well as a remainder term 2;.:

O =e L0 _ R, +Q, (1.7)

where Q7 = (R — P, 2R Pyppp2) — (e722H — P p2e L H P L 10). In Sect. 5 we

will show that

Lemma 1.2. As L goes to infinity,
S~2L = eLHKAiQLeLHKAi — 0

in trace norm.

Referring to (1.3), we have by the cyclic property of determinants and the identity
*LH K pi = (€M7 K aj)? that

P(A>(1) < g(t) fort € [-L, L]) = det(l — Kaj +eLHKAi®LeLHKAi) . (1.8)

Since L KAie_ZLHeLHKAi = Kj and due to Lemma 1.2, one sees that the key point
is the limiting behaviour in L of e/ K z; Ry e K »;. Remarkably, it does not depend
on L and gives the kernel of Fgog, thus providing a proof of Theorem 1.
Proposition 1.3. Forall L > 0,
eLHKAiRLeLHKAi = AI;()I%I;()A*,
where the A is the Airy transform (see Remark 1.1), and
RO W) =273 A7 3 2m — = N).

Furthermore,

det(] _ AﬁoéﬁoA*) = Fgop(@'/Pm). (1.9)
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The last equality is a version of the determinantal formula for Fgog proved by [FS05],
and which essentially goes back to [Sas05]:

Fcog(m) = det(I — PyB,, Py), where B, (x,y) = Ai(x +y+m).

This can be seen as follows. Using the cyclic property of the determinant and the reflec-
tion operator o f (x) = f(—x) we may rewrite the determinant in (1.9) as

det(l — 1301%130) = det([ - 01301%1300) = det(l - Poaléapo) C o (1.10)

where we have used that AA* = o2 = . On the other hand we have o Ro (A, )N\) =
2713 A3 + & + 2m)). Performing the change of variables A > 21733,
% — 213X in the Fredholm determinant shows that the determinants in (1.10) equal
det(! — PoByi/3,, Po).

The rest of the paper is organized as follows. In Sect. 2 we give an overview of the
approach of [Joh03] explaining how Theorem 1 can be obtained indirectly using the
connection of the Airy, process with last passage percolation. Sect. 3 contains a brief
introduction to relevant ideas of Fredholm determinants and then provides a proof of
Theorem 2. Sect. 4 provides a short proof of Proposition 1.3. Finally, Sect. 5 is devoted
to the proof of Lemma 1.2, which essentially amounts to asymptotic analysis involving
the Airy function.

2. Indirect Derivation of Theorem 1 Through Last Passage Percolation

As we mentioned in the Introduction, [Joh03] presented an indirect proof of Theorem 1
by way of the PNG model. His idea was entirely correct, but in the process of translating
between the available results at the time, a factor of 4!/3 was lost. The purpose of this
section is to explain Johansson’s approach and account for the missing 41/3.

We consider the PNG model (which we define below) with two types of initial con-
ditions (droplet and flat), and show that by coupling them to the same Poisson point
process environment we can represent the one-point distribution for the flat case as the
maximum of the interface in the droplet case. Asymptotics of this relationship leads to
the identity in Theorem 1.

Consider a space-time Poisson point process P of intensity 2. Define a height function
above x at time ¢ as

hg(x,t) = max T(m),
mwig—(x,1)

where g represents a space-time curve (g(x), x) <R, 7 is a Lipschitz 1 function of time
(ie., |m(s) — w(s))| < |s —s'| forall s,5"), ¥ : g — (x,1) means that 7 starts at a
point of the form (g(x), x) and ends at the point (x, t), and 7 (;r) represents the sum
of the number of Poisson points that 7 touches. We will specialize this definition to
two cases. In the droplet geometry (for which we write 19°Plel) we take g = |x|, hence
we only consider paths originating along a wedge. As a result the maximal path will
always originate at the origin (0, 0). In the flar geometry (for which we write A12t) we
take g = 0, hence we consider Lipschitz paths starting in any spatial location at time 0
and ending at x at time ¢. This are illustrated in Fig. 1.

Couple P to another Poisson point process P via P(A) = P(t;A), where for any
Borel set A € R?, (y,s) € ;A if and only if (—y, 7 — s) € A (one should think of this
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Fig. 1. The maximization problems coupled to the same Poissonian environment. Paths 7 must be Lipschitz
1 functions of time and 7T (7) represents a count of the number of Poisson points encountered by 7. Left:
A general function g(x) represents the possible starting space-time starting location. Middle: The droplet
geometry in which g(x) = |x|. Right: The flat geometry in which g(x) =0

as a time-reversal of the Poisson point process where s — t — s and x — —x). Let jpftat
represent the flat geometry height function built on the P Poisson point process. Then
the following relation holds

12z, 0) = max K9Pt (7 ).
xeR

Asymptotic fluctuation statistics have been derived for both the droplet and flat geom-
etries and (up to justification of taking the limit inside the maximum, as done in [Joh03]
for a related model) the limiting statistics also respect the same relationship above. Spe-
cifically [PS02] (see also [BFPOS8] for the specific choices of scaling used below) shows
that

hdroplet (t, t2/3x) — 2t

. _ 42
Jim /3 = Aa(x) - x~.

This implies that (up to the justifications mentioned above)

Rt 0) — 21
lim L = max (.Az(x) — x2) .
1—>00 t1/3 YeR
On the other hand, [BFS08] shows that

R, 0) -2t
P G B P V.
Jim /173 =27A10),

where A is the Airy; process. Combining these two identities shows that

P(max(A>(x) = x%) < m) = P(A1(0) = 277 m) = Foop'/*m),

where the last equality follows from work of Ferrari and Spohn [FS05] which shows
that P(A;(0) < m) = Fgoe(2m).

3. Proof of Theorem 2

The operator in (1.2) should be seen as a discrete version of the boundary value problem
operator ®fe,r]’ where ¢(¢t) = g(¢+r —1). In particular, forn > Olett; = £+i(r —£€)/n,
i =0,...,n, and define the discrete time boundary value problem operator

@g

) to—t)H p t1—t)H ti1—ty)H p
8 = Pelunye ™ Pyye 1T gl = B
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The proof of Theorem 2 amounts to showing that, as n goes to infinity, the discrete oper-

ator converges to the limiting operator ®[ 1. (note the order in which the points g(#;)
appear in (3.1), which explains why we need to introduce g). This convergence must
be in a suitably strong sense to ensure the convergence of the Fredholm determinants.
Therefore, before turning to the proof of Theorem 2, let us briefly review some facts
about Fredholm determinants, trace class operators and Hilbert-Schmidt operators (see
Sect. 2.3 in [ACQ11] for more details, a complete treatment can be found in [Sim05]).

Consider a separable Hilbert space H and let A be a bounded linear operator acting on
‘H.Let |A| = v/ A*A be the unique positive square root of the operator A*A. The trace
norm of A is defined as ||A||; = Zzozl(en, |Alen), where {e,},>1 is any orthonormal
basis of H. We say that A € 31 (H), the family of trace class operators, if || Al < oo.
For A € Bi(H), one can define the trace tr(A) = Zzil (en, Aey) and then the Hilbert-

Schmidt norm ||Al2 = /tr(|A|?). We say that A € B,(H), the family Hilbert-Schmidt
operators, if | All2 < oco. The following lemma collects some results which we will need
in the sequel, they can be found in Chaps. 1-3 of [Sim05]:

Lemma 3.1.(a) A — det(I + A) is a continuous function on B (H). Explicitly,
|det(/ + A) —det({ + B)| < [|[A — Blli exp([[All1 + [|Bll1 + D).

(b) If A € Bi(H) and A = BC with B, C € By(H), then ||All1 < [|Bll2[IC 2.

(c) If |Allop denotes the operator norm of A in H, then ||Allop < [|All2 < Al
IAB|1 < [Allop I Bll1 and [|AB|l2 < [[Allop | Bll2.

(d) If A € Ba(H), then |A*||2 = ||All2. If A has integral kernel A(x, y), then

12
1Al = (/dx dy|A(x,y)|2) .

The proof of the continuum limit of (1.2) will follow easily from the next proposition.

Proposition 3.2. Assume g € HY([¢, r]) and let g(t) = gt +r —t). Then the oper-
ators Kxj — ©F ]e(’_E)HKAi and Ka; — @g e(’ OH g . are in Bi(L*(R)), with

n,[¢,r
| Kai — ®§ e r]e(r’Z)HKAi 1 bounded unlformly in n. Furthermore, for any fixed £ < r

we have, writing nj = 2,

; .08
kli)ngo ”(KA] ®nk,[€,r]e

O K pp) — (Kai — O, 1" OH Kapll = 0. (3.1)

The idea of the proof is the following. Just as done in the Introduction for ®fe,r]’ it
is possible to use the Feynman-Kac and Cameron-Martin-Girsanov formulas to write
a formula for the kernel of G)g 0] in terms of a path integral with a killing potential

enforced only at the dyadic mesh of times {;}; 1 — (as opposed to being enforced at all

times in [£, r]). If one considers a parabolic barrier g then the kernel for @ e is
given in terms of the probability of a Brownian bridge exceedlng a fixed value at some

time {#;};Z,. This is compared to the analogous kernel for @ 1 given in terms of the
probablhty of a Brownian bridge exceeding a fixed valued at any time ¢t € [€, r]. As the
mesh goes to zero, these two probabilities converge and hence so do the kernels. This
proves the proposition for parabolic g, and the extension to g € H'([¢, r]) then follows
readily since H' is the Cameron-Martin space for Brownian motion.
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Proof of Proposition 3.2. We will first prove the result assuming that g(s) = (s — %(Z +
r)?. Let o(x) = (1+x2)!/2 and define the multiplication operator M f (x) = ¢(x) f (x)
(note that the choice of ¢ is not particularly important and any strictly positive, polynomi-

ally growing function would do). To estimate the trace norm of Ka; — @‘[ge r]e(’ —OH g .
we use Lemma 3.1 to write

[ Kai = ©f, 1" Ky < O — Oy |1~ O K.

(3.2)
For the second Hilbert-Schmidt norm above we have by (4.1) that
M~ ler—OHK . H; _ / dx dy/ da di(p(x)—ze(ui)(r—a
R? (—00,0]?
S AiL(x — A) Ai(y — A) - Ai(x — 1) Ai(y — 1)
00 0
= / dx / dx p(x) 72?0 Aj(x — 1)?
—00 -0
<c@r—o)e 3, (3.3)

where ¢ = max, g Ai(x)? < 0.
Now we consider the first norm on the right side of (3.2). Shifting time by — (£ +r)/2

inthe definition of O, ,

and g(s) = s2. Using the formula for G)fl L.L] (x, y) given in Theorem 3 we get

| itis clear that this operator equals ®f~_ L. Where L = (r—£)/2

p e~ (=2 /8L—(x+y)L+2L3 /3
O = 93 e

h(s) <Oon[—L, L]) .

Similarly, the kernel of e~ —OH = ¢=2LH equals the above one with the probability
replaced by 1, and hence

ef(xfy)z /8L—(x+y)L+2L3/3

(™ OH _0f, YM(x,y) = — p(y)
P )12y =y 12 (I;(s) > 0 for some s € [—L, L]) : (3.4)

Using a known Brownian bridge formula (see for example p. 67 in [BS02]), the latter
crossing probability equals e~ G—LHO=LY/2L g o < L% y < L? and 1 otherwise, and
therefore
I =O" —ef, . pM|3
_ U dx dy [e—(x—y)z/SL—(x+y)L—4L3/3]z(p(y +L2)2
8L RZ\(_OO’Q]Z
1

_ N2 _ _A73 2
Yo Joop L GBS o (v + L7, (3.5)
e

where we have performed the change of variables x — x+L2, y > y+L?. Both Gauss-
ian integrals can be easily seen to be finite, so we have shown that (e~ ~9H — ®([§l, M €
By(L*(R)). Using this with (3.2) and (3.3) it follows that K o; — @fe’r]eﬁ—f)f’ Kaj isin
Bi(L*(R)).
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Next we observe that we can shift time and apply the Feynman-Kac and Cameron-

Martin-Girsanov formulas directly on @‘5 (¢.r] (n times) exactly as we did for ®fe. »p> and

it is not hard to check that we get a formula analogous to (3.4):

1 2 3
—r—0H g _ —(x—y)2/8L—(x+y)L+2L3/3
(e r —@n,[g,r])M(x,y) = — me P BLEELRLT B g ()
'P;;n(_L)=x—L2,}3n(L)=y—L2 (l;” (t') = 0 forsome i € {0, ... ,n}) ,

where 5" is now a discrete time random walk with Gaussian jumps with mean 0 and
variance 2L /n, started at time —L at x — L2, conditioned to hit y — L? at time L, and
jumping at times #' = —L +2iL/n,i > 0. A simple coupling argument (see the next
paragraph) shows that the last probability is less than the corresponding one for the
Brownian bridge, and thus we obtain for || Ka; — ®fl’[€ ]e(’ —OH g .1l the same bound

as the one we get for || K aj — (Bfe)r]e(’_e)HKAi |I1 from (3.5). This bound is, in particular,
independent of 7.

Finally, in order to prove (3.1) we couple the Brownian bridge b and the conditioned
random walk 5" by simply letting b (") = 13(tl."") foreachi =0, ..., ny. Since the
Brownian bridge hits the positive half-line whenever the conditioned random walk does,
it is clear that

‘(ef(r—e)H _ef

[e,r])M - (ei(r%)H - ®§k,[£,r])M‘(x’ )

e~ (=02 /8L—(x+y)L+2L7/3

= n £ ) 3.6
=7 (V) Gn, (x, y) (3.6)

where gy, (x, y) is the probability that the Brownian bridge b(s) hits the positive half-
line for s € [—L, L] but not for any s € {t(')”‘, ey t;,’;k}. Since every point is regular for
one-dimensional Brownian motion, g,, (x, y) N\ 0 as k — oo for every fixed x, y, and

thus by the monotone convergence theorem we deduce that || (e_(’ —OH _ G)‘f[’l r])M —

(e=r—DH _ ®£k,[€,r] YM||» — 0ask — oo. Using (3.3) and a decomposition analogous

to (3.2) yields (3.1).

To extend the resultto g € H L([¢, r]) we note that everything in the above argument
deals with properties of a Brownian motion b(s) killed at the positive half-line. In the
general case we will have by Theorem 3 a Brownian motion b(s) killed at the boundary
8(s)—s2or, equivalently, a process b(s) = b(s)— 8(s)+s% killed at the positive half-line.
Using the Cameron-Martin-Girsanov Theorem we can rewrite the probabilities for b(s)
in terms of probabilities for b(s). Since g(s) is a deterministic function in H L(e, rD,
the Radon-Nikodym derivative of 15(s) with respect to b(s) has finite second moment,
and thus by using the Cauchy-Schwarz inequality we get the first two statements in
the result from the above arguments. The convergence in (3.1) follows as well from the
above arguments because it only depends on almost sure properties of the corresponding
Brownian motion. O

Proof of Theorem 2. Using the time reversal invariance of the Airy, process and the
notation introduced before Proposition 3.2 we have

P (Ax(t0) < g(to), ..., Aa(tn) < g(tn)) = P (A2(t0) < &(t0), ..., Az(ta) < &(tny))

= det (I — K+ @ik’[e’r]e(r_e)HKAi)



356 I. Corwin, J. Quastel, D. Remenik

where n; = 2F. Since the Airy, process has a version with continuous paths (see
[Joh03,CH11,QR12]), the probability above convergesto P(A,(¢) < g(¢) fort € [£, r])
as k — oo. The result now follows from Proposition 3.2 and Lemma 3.1, which imply
that

lim det(! — Kaj +©F

k— 00

[&rje(r_z)HKAi) = det([ — Kaj+ @fz’r]e(r—Z)HKAi).

4. Proof of Proposition 1.3

Since K a; is the projection onto the negative (generalized) eigenspace of H (see Remark
1.1), we have

0
K pi(x, 2) = / dr e Ai(x — 2) Ai(z — 1) da. 4.1
—0Q

Then, recalling that the Airy transform is given by Af (x) = ffooo drAi(x — A) f(),
we can write

LT KR M Kaj = APyR, PyA*, 4.2)

where
1

V8r L JR?
< Ai(z — L) AiZ = 1.

ﬁL(K X) _ d3dz ef(z+272m72L2)2/8L7(z+z)L+(x+i)L+2L3/3
Applying the change of variables 2u = z + 7, 2v = z — z, we get

1 (ufmeZ)2

svro 273 ~
dudve  r  2uLAGAMLAFL Ay 2) Ai(u—v—2).
V2w L JR?

Using the formula

RL(A, %) =

/OO dx Ai(a +x) Ai(b — x) = 2713 Ai27 (@ + b))

—00

(see, for example, (3.108) in [VS10]), the v integral equals 2~1/3 Ai(2=1/3(2u — 1 —1)).
Therefore

R _ —1/3  poo s ~
Rr(h, )= NirTs du ef(ufmez)z/ZL72uL+(A+A)L+2L3/3 Ai(2’1/3(2u —x=1%)
—00
2713

o0 ~ ~
_ 7/ dt/ du e—(u—m—L2)2/2L—2uL+(A+A)L+2L3/3+z3/3—2*'/3z(x+x—2u)
J2m L 2w Jr —00
where in the second equality we have used the contour integral representation of the
Airy function, Ai(x) = 5= [ dt e /3~ with I' = {c +is: s € R} and c any positive
real number. The u integral is just a Gaussian integral, and computing it we get

—1/3

ﬁL(A X) _ /dt €z3/3+21/3Lz2+[4'/3L2+2—1/3(A+X—2m>]z+zL3/3+(;\+X)L
r
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Now we perform the change of variables = s — 2!/3L to obtain
—-1/3

RLO ) =

/ ds es3/372_1/3(2m7)»75\)s —-13 Ai(2*1/3(2m - 5\))
1 ’

(here the contour I is simply I shifted by 2!/3L, so the integral still gives an Airy
function). Note how all the terms involving L have canceled.

5. Proof of Lemma 1.2

The proof of this result amounts to asymptotic analysis of integrals involving the Airy
function. The following well-known estimates for the Airy function (see (10.4.59-60)
in [AS64]) go a long way in the proof:

IAi(0)] < Ce 3 forx >0,  |Aix)| <C forx <0. (5.1)

However, at one important point the above bounds for x < 0 will prove insufficient, and
it will become necessary to utilize a representation (5.6) for Ai(x) which splits it into
complex oscillations of opposite phase. Then, following standard methods of asymptot-
ics for oscillatory integrals (i.e., shifting real contours up and down to turn oscillations
into exponential decay), we will achieve our bounds needed to complete the proof of
this lemma.

We will use the following version of Laplace’s method, which we state without proof
(see, for instance, [Erd56]):

Lemma 5.1. Let
I(M) = / dx f(x)e? M
Q

where Q@ C R" is a (possibly unbounded) open polygonal domain and f and ¢ are
smooth functions defined on Q2. Assume that the local maxima of ¢ are attained at a
finite subset {x1, ..., x,} of Q. Then there is a constant C > 0 such that

n
[1(M)] < C D M7 f (xp)]e? M
k=1

for large enough M, where ki = (n+1)/2 if x; € 0Q and k; = n/2 if x; € Q.
We write QL = SAEIL — Q% where
Q) =" Kni (RL — Ppy2RLP, 2) e" P K,
Qi —lH K, (e—zLH P, e 2H 13m+L2) LI K
The proof of Lemma 1.2 is contained in the next two lemmas.
Lemma 5.2.

ol
2,11l —— 0.
L—o0

Proof. We proceed as in (4.2) and factorize leL as

QF = AQ! a*,
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where
~ - 1 = 2.2 = 3 b
QLo i) = dz d7 e~ @+E=2m=2L2)% BL—(+D) L+2L* 3+ (+3) L
L J37L /b
FAi(z = 2) AIGE = D1, 5, (5.2)

with D = R? \ (=00, m + L?]?. Using the Plancherel formula for the Airy transform
ffz = f(Af)z, we have [|Allop = [|[A*|lop = 1, so by Lemma 3.1 it will be enough to
show that

123 11; — 0. (5.3)
L—o0

Performing the change of variables z = L>(1 —w) +m, Z = L*(1 — ) +m in (5.2)
the kernel becomes

L7/2e(x+X)L—2mL

V8 D

ALY =) +m — )1

Qloni) = dwdib X T @D AL2(1 = w) +m — 1)

ri<00 5.4)
where D = R2\ [0, 00)2 and f(w, i) = —WD° 4 (1 + i) — 4.

We split the region D into the union of three disjoint regions of pairs (w, w): D| =
fw=<lw=<1}-{0<w=<1,0<w=<1},D,={w=<0,w > 1}and D) = {w >
1, w < 0}. By the triangle inequality we can bound || Q IL (A, 5») |I1 by the sum of the trace
norms of the operators obtained by restricting the integral in (5.4) to each of the regions
D1, D, and Dé. We will write 2 kl p, for the operator restricted to Dy, with the anal-
ogous notation for the other regions. Notice that, due to the symmetry of our formula,
we do not need to bound || SAZlLIDé I1, as it satisfies the same bound as || leLlD2 II1.

Let us focus first on the operator restricted to Dy, which is the simplest case because
1—w>0and 1 — % > 0. We write 2} = G1G2G3 with

GOk, w) = e*E AL (1 — w) +m — M i<o,w<1,

- L' L3 f (w, )
Gaw,w) = «/?e o l(w’i))ED]f
T

Gy, %) = e ™L AVL2(1 — D) +m — 1)1

A<0,w<l1

and use Lemma 3.1 to estimate ||fZlL 1 < 1G1lI211G21121G3]l2. We begin with G and
assume first that w < 1 +mL ™2, so that using (5.1) have

_ 0 min{1, 1+mL~2}
1G1 P13 =/ dA/ dw > ML AYL2(1 — w) +m — 1)2
—00 —0o0
(o8] o0
< Ce*Z’”L/ dk/ dw e~ 243w o1 ,—2mL
0 0

Likewise, using the other bound in (5.1) it is easy to get |G Py, 1.2 ||% < Clm|e= "L,
Therefore |G|l < Ce "L, and of course the same bound works for G3. On the other
hand, f attains its maximum on D at the points (1, 0) and (0, 1), where its value is
—%. Lemma 5.1 then allows to conclude that
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7
||G2||2 — dw di L e2L3f(w,u")) < CL7(L3)73/26711L3/12.
2 D 8
1

Putting the three bounds together we deduce that
1921 10,1 < = F (55)

for some C > 0.
Let us now turn to the trace norm of the operator restricted to D, (and hence also to

DY)). This bound is slightly harder owing to the fact that one of the Airy functions is oscil-

latory (rather than rapidly decaying) in this region. As readily derived from the contour

integral representation of the Airy function by deforming the contour and performing a

change of variables, Ai(-) may alternatively be expressed as

V—x

2mi

Ai(x) = Re|: /ds exp(i(—x)*/?(—s +s3/3))],
r

where T is the contour {s = a + b(a)i : a > 0} with b(a) = (a — 1) % This con-

tour is the steepest descent contour for f(s) = i(—s + s>/3) and has the property that
Im f(s) = Im f(s9) = —2/3, where so = 1 is a critical point of f. Along I' we can
write f(s) = —2/31+ g(s), where g(s) is real valued, g(so) = 0 and g(s) decays to
—oo monotonically and quadratically with respect to |s — so|. Thus we may also write

Ai(x) = %(G(—x) +G(—x)), (5.6)
where
G(x) = exp(—zxmi)ﬁ/ ds exp(x/?g(s)).
3 271 Jr

This expansion of the Airy function is the key to our oscillatory asymptotics.
By applying the change of variables w = 0+ L~3/?v and & = 4+ L~3/2{ the integral
we wish to bound is given by

R . Ll/ze(x+i)L 0
Qo= —o— dvhy(v)
8 —00
© L _w)? ) 12~ =
x/ die 5 A(-3L*—L'"?5+m -1, ;_,. (5.7
_313/2 =
where
2
h() =e3L AIL? — LV 2v+m — ).
‘We rewrite this as
Q= H H, (5.8)
with
L2 >
Hy (A, v) = ="V 100 (1)1, <0,
V87 U=
00 2

Hy(v, %) = eiL—vz/lﬁ/ dioe 25" AI(=3L2 — L5 +m — M5 o
3L e
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We will focus on the last integral in v and prove that it is bounded by ¢~CL for some
C > 0. As the Airy function is bounded on the real axis, we readily find that due to the
Gaussian term, we may cut our integral outside of a region Rs = (—8L>/%,8L3/?) by
introducing an error of order ¢=C'L’ Thus we may restrict our attention to Rs. o
' IIl,Tsing the expansion given by Eq. (5.6), the v integral may be written as %(I L+11)
wit

sL3? wi+i2 ~
1L=/ die "8 GQBL*+L'"?’5—m+2).
—§L3/2

We wish to show that |I;| = |I.] < e=CL* For simplicity we set v = A=m =0,
though the argument below does not rely on this assumption and applies equally well
forall A <0, v < 0and m # 0 as necessary. Under this simplification, and performing
a change of variables from v to r by setting

L3 = 3L? + L'?9)%/?,
we obtain

33248/
I = §L3/2/ dr r_1/3e_LT§3(r2/3_3)2G((L3r)2/3).
33/2_g/

Since we can consider an arbitrary § before the change of variables, we can likewise
consider an arbitrary §' > 0 for which to bound I . Plugging in the expression for G we
get

152 3P ps [ 2Py zri}
= dre

I = / exp(L3rg(s))ds.
r

3 J33o_y
Observe that this integrand is analytic in r. Thus by Cauchy’s theorem, rather than inte-
grating from 33/2 — §’ to 33/2 + §' along the real axis, we may do so along any other
curve between these points. Due to the properties of g(s) along I', as long as Re(r) > 0
we have that

‘/ ds exp(L3rg(s))
r

< / ds exp(L® Re(r)g(s)),
T

which is certainly a bounded function of r for Re(r) > 0. The decay of the integrand is

thus controlled by
1 2
Re(— |:§(r2/3 —-3)r - §riD : (5.9)

Informed by this we may deform the r integration contour to the contour B = B1 U B, U
B3, where By = {332 —§' +iy : y € [0, 7]}, B, = {x +in : x € [33/%2 — 8,332+ &'}
and By = {3%2 + 68 +iy : y € [0, n]}. It is an exercise in basic complex analysis to
see that one can choose 7 in such a way that, along the contour B, (5.9) stays bounded

below a constant —C for C > 0. This implies that the exponential is bounded by e—CL?

along that curve and hence for the entire integral we get |17 | < ¢=CL for some C > 0.
Going back to the definition of H; this implies that

1 X py T 3
||H2||% = 4_1/ 2dv di ez)‘L_”z/s(]L + IL)2 < e—CL*‘
—(00,0]
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Returning to (5.8), it now suffices by Lemma 3.1 to prove that || Hy ||> does not grow
like ¢CL° . This follows readily by integration using (5.1), which implies that

2 2
log(hy (v)) ~ 5L3 — 5(L2 —L'Y2u 4232~ cL¥*y (5.10)

for some fixed C > 0. Note how the L3 terms perfectly cancel. This finishes showing that
12 1p, 111 < ¢=CL | As noted before, we may likewise develop a bound for || 2} Ll
Putting this together with (5.5) gives (5.3), which finishes the proof. O

Lemma 5.3.

2
1271 —— 0.
L—o0

Proof. The proof of this result is the same as that of the previous lemma. Using the
definition of Q% and factorizing as in the above proof we get

~9 A
Q] = AQ; A*
with
N o 2mL+(+A)L (w—10)? /8L+(w+i)L—4L3 /3
QAN =——"co=— [ didwe " B
L A 8mL D

Ai(—w+ L2 — A +m) Ai(=b + L* — A +m)1, 5.

Applying the change of variables w > L?w and @ > L% the kernel becomes

L7/2 e()\+)~\)L/272mL

A ~ 3 rs ~
Q2(h, 0 = dwdw e T A L2 — w) +m — X)
L /8 D
AL =) +m — D)1, 5,
where f(w, ) = ~®@<D 4 (4 + i) — 4. Note the similarity with (5.4), the only

difference being that in f we have a term —(w — w)2/8 instead of —(w + W)?/8.

As in the above proof we need to bound ||§A2% Il1, and to that end we split D into the
same three regions D1, D, and Dé. The operator restricted to Dy is easy to bound, exactly
as before. On D, (and thus also on Dé) we can repeat the same argument as before. The

only diference is that, when we apply the change of variables w = 0 + L~3/?v and
W = 4 + L=3/2§, the function hy (v) in the resulting integral in (5.7) is now multiplied
by e2“L3/2, coming from the difference between f and the function f defined after (5.4).
This change does not affect the bound on the v integral (I, and Iy in the above proof).
It is straightforward to check that the rest of the proof is not affected either (note in fact
that the only place where the definition of 27 (v) is used is (5.10), and the approximation
there is still valid). O
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