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Abstract: Motivated by recent developments on solvable directed polymer models, we
define a ‘multi-layer’ extension of the stochastic heat equation involving non-intersecting
Brownian motions. By developing a connection with Darboux transformations and the
two-dimensional Toda equations, we conjecture a Markovian evolution in time for this
multi-layer process. As a first step in this direction, we establish an analogue of the
Karlin-McGregor formula for the stochastic heat equation and use it to prove a special
case of this conjecture.

1. Introduction and Summary

We consider the fundamental solution to the stochastic heat equation in one dimension
1o
du = an,udt+udW, @))

with initial condition u(0, x, y) = §(x — y), where W is a standard LZ(R) cylindrical
Brownian motion and the term u dW is interpreted as an Itd integral. Alternately, we
can write this as

1 :
O = S05u+uW, )

where W denotes space-time white noise associated with the Brownian motion W. This
is a distribution-valued Gaussian field on [0, co) x R with covariance function

EW(, )W, y) =8>y —y)s —1').

For more background see, for example [7,24,41,53].
We will write stochastic integrals fot H (s)dW of a predictable L?(R)-valued process

H as
t
//H(s,x)W(ds,dx).
0 JR
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Then the solution u(¢, x, y) to (1) is given by the chaos expansion

u(t,x,y) =p,x,y)

o
+Z/ /p(n,x,xl)paz—n,xl,xz»..p(t—rk,xk,y)
k=1 Ar(t) JRE
xW(dty,dxy) ... W(dty, dxy), 3)
where A (1) ={0 <t <--- <t <t}and

o=/

(t,x,y)=
P Y V2t

For each t > 0 and x, y € R, the expansion (3) is convergent in L>(W). It satisfies (1)
in the sense that it satisfies the integral equation

t
u(t, x,y) =p(t,x,y)+/0 /Rp(t—s,y/,y)u(s,x,y’)W(ds,dy’). 4)

For more details see, for example [41]. The chaos series representation for the solu-
tion can be viewed as an expansion of the Feynman-Kac formula. To emphasize this
interpretation, the solution (3) is often written as a generalised Wiener functional

'
u(t,x,y) = p(t, x, y)Eexp® (/ dW (s, XS)) , (5)
0

where the expectation is with respect to a Brownian bridge (X, s < t), which starts
at x at time 0 and ends at y at time ¢ [24]. The factor p(¢, x, y) arises because of this
use of the bridge in the representation, corresponding to the §-function initial condition,
rather than the more usual free Brownian motion. The Wick exponential, see Sect. 3,
is denoted by exp®. It is important to note that the integral fot dW (s, Xy), representing
the integral of the white noise 1% along the path s — (s, Xj), is not well-defined, and
equation (5) is purely formal.

This solution arises as a scaling limit of partition functions associated with lattice
directed polymers, in the ‘intermediate disorder’ regime [1,31]. In fact, as suggested
by (5), it can be interpreted directly as a partition function for the continuum random
polymer [2]. On the other hand, it has been known for some time that 7 = logu arises
as the scaling limit of the height profile of the weakly asymmetric simple exclusion
process, at least for equilibrium initial conditions [8], recently extended to include the
present initial condition in [3]. With this ‘surface growth’ interpretation, 4 is understood
to be the physically relevant solution (also known as the Cole-Hopf solution) to the KPZ
(Kardar-Parisi-Zhang) equation [28]

1 2 1 2 T
ah = anh + 5(ayh) + W(t,y),

with ‘narrow wedge’ initial condition.

In a remarkable recent development the exact distribution of the random variable
u(t, x,y) has been determined. This has been acheived via two distinct approaches.
One of these [3,43-46] uses the asymmetric simple exclusion process approximation
together with recent work by Tracy and Widom [49-52] in which exact formulas have
been obtained for that process using an approach based on the Bethe ansatz. Another
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approach [11,16-18] is based on replicas, where the moments of u(¢, x, y) are related
to the attractive §-Bose gas and computed via the Bethe ansatz. These developments
indicate that there is an underlying integrable structure behind the KPZ and stochastic
heat equations that is not yet fully understood.

On the other hand, it has recently been found that there are exactly solvable discrete
(or semi-discrete) directed polymer models [15,32,34-36,47,48], yielding yet another
approach. For these models, there is a direct connection to integrable systems (specifi-
cally to the quantum Toda lattice), which one might hope to understand in the continuum
scaling limit. We will describe here one of the main results of the paper [34], which pro-
vided the motivation for the present work.

Define an ‘up/right path’ in R x Z to be an increasing path that either proceeds to
the right or jumps up by one unit. For each sequence 0 < ] < --- < ty_1 < t we
can associate an up/right path = from (0, 1) to (¢, N) which has jumps between the
points (¢;,i) and (#;,i + 1), fori = 1,..., N — 1, and is continuous otherwise. Let
B(t) = (Bi(1), ..., By(1)), t > 0, be a standard Brownian motion in R and define

ZN@) = /eE(’T)dn,
where
E(m) = Bi(1) + Ba(t2) — Ba(t1) + -+ + By (1) — Bn(tn—1)
and the integral is with respect to Lebesgue measure on the Euclidean set
(1, ....tne) €eRYN Vo 0<ip <o <ty < 1) (6)

of all such paths. This is the partition function for the model, which was introduced in
[35]. In [34] an explicit integral formula is obtained for the Laplace transform of the
distribution of ZN (1), via the following ‘multi-layer’ construction. Forn = 1,2, ..., N,
define

ARG /eE<”l>+"'+E<”">dm ...dm,, (7

where the integral is with respect to Lebesgue measure on the set of n-tuples of non-
intersecting (disjoint) up/right paths with respective initial points (0, 1), ..., (0, n) and
respective end points (¢, N —n + 1), ..., (t, N). Here, the notion of Lebesgue measure
arises by identifying this set of paths as a suitable subset of R?™ =" as in (6). Define
XN(t) = log Z¥ (t) and, for n > 2, XN (1) = log[Z) (t)/ZN | (t)]. The relevance of
this construction is analogous to the role of the RSK correspondence in the study of last
passage percolation and longest increasing subsequence problems; in this setting it is
based on a geometric variant of the RSK correspondence. The main result in [34] is the
following.

Theorem 1.1. The process XV (1) = (X{V(t), e Xﬁ (1)), t > 0, is a diffusion process
in RN with infinitesimal generator given by

1
£:§A+Vlog1/f0~v (8)

where g is a (particular) ground state eigenfunction of the quantum Toda lattice Hamil-
tonian

N-1
H=—A+2) ¢
i=1
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The function v is a (class-one) G L(n, R)-Whittaker function. The diffusion process
with generator L is the analogue of Dyson’s Brownian motion in this setting. The law
of the logarithmic partition function X {V (t) = log Z" (¢), which can now be seen as the
analogue of the top line (or largest eigenvalue) in the Dyson process, is determined as
a corollary. Similar results have been obtained in [15,36] for a lattice directed polymer
model with log-gamma weights, which was introduced by Seppilédinen [47]. In that set-
ting, the eigenfunctions of the quantum Toda lattice (also known as Whittaker functions)
continue to play a central role, as does the geometric lifting of the RSK correspondence
which was introduced and studied in the papers [30,33].

Motivated by these developments, in this paper we introduce continuum versions
of the partition functions Z,iv (t), which we expect will play an important role in our
understanding of the integrable structure that appears to lie behind the KPZ and sto-
chastic heat equations. The continuum partition functions are defined as follows. For
n=1,2,...,t >0and x, y € R, define

Zﬂhnw=meJVO+§l/
k=1 A

xwumdmy”wwmdno, ©)

‘/]Rk ngn)((tls xl)v e (tks xk))
k(1)

where R,i") is the k-point correlation function for a collection of n non-intersecting
Brownian bridges which all start at x at time O and all end at y at time ¢, as defined in
Sect. 2 below. Note that Z; = u is the solution of the stochastic heat equation defined
by (3) above. To explain the above definition we note that, just as in (5), we can formally
write (9) as

n t
Zn(t,x,y) = p(t,x,y)"Eexpo(Z/o dW s, X;‘,)), (10)
i=1

where (X Sl, ..., X?, 0 <s < 1) denote the trajectories of n non-intersecting Brownian
bridges which all start at x at time 0 and all end at y at time . These should be compared
with the partition functions (7). The first main result of this paper is that the continuum
partition functions Z, (¢, x, y) are well-defined.

Theorem 1.2. The series (9) is convergent in L*>(W).

The proof will given in Sect. 4. Define u1 = u and, forn > 2, u, = Z,/Z,—1. From
Theorem 1.1 we expect that, for each fixed r > 0, the process u,(x) = {u, (¢, 0, x), n €
N}, indexed by x € R, is a diffusion process in R which is a scaling limit at the
edge of the diffusion with generator (8), just as the multi-layer Airy process introduced
in [38] is a scaling limit at the edge of Dyson’s Brownian motion. Note that it is not
at all clear a priori that this process should have the Markov property: in fact, this is
quite a remarkable property and can be regarded as the analogue, in this setting, of
Pitman’s celebrated ‘2M — X’ theorem. Moreover, for large 7, the process u;(x), x € R
should rescale (after taking logarithms) to the multi-layer Airy process. At present, we
only know this to be the case for the one-dimensional distributions of the first layer:
it has been shown in the papers [3,46] that the distribution of log[u(z, 0, x)/p(t, 0, x)]
(which is independent of x) converges in a suitable scaling limit to the Tracy-Widom
distribution. This result on the first layer has been tentatively extended to the finite-
dimensional distributions by Prolhac and Spohn [39,40]. As such, it is natural to regard
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the process u;(x), x € R as the analogue of the multi-layer Airy process in the setting of
the KPZ and stochastic heat equations. Similarly, for fixed ¢ > 0, the random sequence
{u,(t,0,0), n € N} can be regarded as the analogue of the Airy point process. There
are many things to understand in these directions, especially the law of the process
(u;(x), x € R). For further recent progress in this direction, see [10, 14].

It is also natural to ask about the evolution of u; as ¢ varies: after all, this is an
extension of the process (u(z, 0, -),t > 0), which evolves according to the stochastic
heat equation and (more or less as an immediate consequence) has the Markov property.
This Markov property can also be seen by means of the Feynman-Kac representation
(5), by splitting the exponential into two factors:

t+u t t+u
exp® (/0 dWw s, Xs)) = exp® (/0 dW s, Xs)) exp® (/ dw s, XS)) :
t

Using the fact that a Brownian bridge over the time interval [0, ¢ + u], conditioned on
its value at the intermediate time ¢, splits into two independent bridges, one obtains the
flow property of the stochastic heat equation:

ut+u,x,y) = / u(t, x, u(u, z, y; t)dz,
R

where u (u, z, y; t) denotes the solution the stochastic heat equation driven by the shifted
white noise W (¢ + -, -). The Markov property follows immediately. Turning to the mul-
tilayer process we see such an argument fails dramatically: the definition of u, involves
non-intersecting Brownian bridges with the same starting and ending points but when we
condition on intermediate values we obtain bridges with distinct starting and end points
and consequently quantities that depend on the white noise in a more general manner. In
view of this there is really no reason to expect the extended process (u;, ¢ > 0) to have
the Markov property. Nevertheless, we will present a number of results which strongly
indicate that it does indeed, somewhat remarkably, have the Markov property. In fact,
we believe that for each n, the process

{(ul(t’()v ')1 ""Mn(taov ))’ = O}

is Markov and give a proof of this claim in the case n = 2 (see Corollary 6.4).

In order to develop a better understanding of the continuum partition functions
Zy(t,x,y), we consider their analogues when the space-time white-noise potential
W (t, x) is replaced by a smooth time-varying potential ¢ (¢, x). For example, we can
take ¢ to be in the Schwartz space E of rapidly decreasing smooth (C°°) functions on
Ry x R.Foreachn =1,2,...,t > 0and x, y € R, define

n t
Z8(t, x,y) =p(z,x,y)"Eexp(Z/ o (s, X;')ds), (11)
i=170

where once again (X 51, ..., X!, 0 <s <t)denote the trajectories of n non-intersecting
Brownian bridges which all start at x at time O and all end at y at time ¢.

In the following, we drop the superscript ¢ and write Z,, = ZZ’ . Now, as above, we
define u = u; = Zy and, forn > 2, u, = Z,/Z,—1. Note that, by Feynman-Kac,
u(t, x, y) satisfies the heat equation

1
du = Eaf,u +¢t, y)u (12)
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with initial condition u(0, x, y) = 8(x — y). In this setting we will show, using a
straightforward generalisation of the Karlin-McGregor formula (see Propositions 3.1
and 3.2 below), that, for n > 2,

n—1

Zn(t, %, y) = cp g det [a§a§u(z,x, y)] (13)

i,j

3

where ¢, ; = frn—=h/2 (H;f;i 7D ~L. But this determinant is the Wronskian associated

with the solutions u, d.u, ..., af_lu of the heat Eq. (12). It follows (see for example [4])
that the functions u,, are in fact Darboux transformations and satisfy the coupled system
of heat equations

1
ity = 303, + [¢(z, V) + 92 log (z,,,l/p"—l)] i (14)

with initial conditions u, (0, x, y) = §(x — y). These equations are not immediately
meaningful if we replace the smooth potential ¢ by space-time white noise. However
they do suggest that, for each n, the multi-layer process (in the white noise setting)

(Zl(ty-xa ')’ "-7Zn(tax7 ')a t = 0)

has a Markov evolution. In order to pursue this, there are two possible directions one
could take. The first, and most obvious one, is to try to make sense of these evolution
equations with white-noise replacing ¢. To this end, it is helpful to consider the following
change of variables which, as it happens, also reveal some deeper structure as we shall
see. Set 79 = 1 and, for n > 1, define

n-1 Tn—1Tn+l1
. n = ——>5

1, = det [8)’;8}1;14(% x, Y)]

i,j=0 ’ ‘L'r%

We will show (see Propositon 3.7) that the evolution of the a,, is given by
1
day = 5a§a,, + dy[aydy log uy,]. (15)

It seems to be the case that these evolution equations will make sense as stochastic partial
differential equations in the white-noise setting [21].

We note the following connection to the 2D Toda equations. We will show (see
Lemma 3.6) that a,, = 9y log 1,,, for each n. Thus, if we define, forn > 1,

qn = 10g(ty/Tu—1) = logu, — log[t"~ (n — D],
then a, = 9179 and the ¢, satisfy the 2D Toda equations
axyqn — eqn+l_qn _ eqn_qnfl’ n Z 1’

with the convention that gg = +o0. In this notation, from (15), the time-evolution of the
ap is given by

1
Oy = 507an + Oylandygn]

A second, and quite different, approach one can take in order to understand (and
prove) the Markov property of the multi-layer process starts from the discussion we had
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above regarding flow property and the Feynman-Kac representation for the stochastic
heat equation. This suggests considering a natural extension of the partition functions
Z, to collections of non-intersecting Brownian paths that start at distinct points and end
at distinct points. In the first instance we continue to replace the space time white noise
by the smooth potential ¢. Set

Ap={x=0x1....x) €R": x1 >--- > x,}, (16)
and denote the interior of A, by A;. For each # > 0 and for x = (x1,..., x,) and
y=O1,...,yu) in Aj, define

n t )
Ku(t,x,y) = pi(t,x, y)Eexp(Z b (s, x;)ds), (17)
; 0
i=l
where (Xsl, ..., X7, 0 < s < t) denote the trajectories of a collection of non-
intersecting Brownian bridges which start at positions x = (x1,...,x,) and end at
positionsy = (y1, ..., y,) attime t, and p} (¢, X, y) is the transition density of a Brown-

ian motion in A, killed when it first hits the boundary, given by the Karlin-McGregor
formula [29],

n
Pt x.y) = > san(o) [ | p(t. xi. yoiy)-
i=1

ogES,

In fact, K, satisfies the following generalisation of the Karlin-McGregor formula,
which we record here as it may be of independent interest.

Proposition 1.3.
K, (t,x,y) = det[u(t, x;, )’j)]?,j=1- (18)

This formula is stated and proved as Proposition 3.2 below; it is valid for any bounded,
continuous time-varying potential ¢ (¢, x).
Now, define, forr > Oand X,y € A,,

Kn(t, X’ y)
AXAY)

where A(x) = [];_ j (x; — x;). This extends continuously to the boundary of A, x Ay;
by Proposition 3.2, for x € R,

My (1, x,y) = (19)

n

M, (1, x1,y) = A(y)~" det [a;;*‘u(r,x, yj)] (20)

ij=1"

Rather surprisingly, we will show that the apparently richer object M, (¢, x1, -) is, for a
fixed x € R and ¢ > 0, given as a function of

(Zi(t, x,)y ooy Zy(2, x,0)).

Forz e Ap—1andy € Ay, writez <yify; > 21>y > > VY1 > Zy—1 > Yn-
Fory € A, denote by GT (y) the Gelfand-Tsetlin polytope
n—1

(OL Y% oy D eAx Ay x - x Ay Y <yt <<y <y
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Then we find that (see Theorem 3.4) fort > 0,x ¢ Randy € A},

n n—1ln—k
Myt x1,y) = Ay~ [Jue, x, y»/GT( ) TTTTaxtt x v dy=*. @b
i=1 Yk=1i=1

In the case ¢ = 0, this identity reduces to the fact that the volume of GT (y) is pro-
portional to A(y). Now, if the analogous formula holds in the white-noise setting, with
K, (t, x, y) defined by the chaos series (44) below, then this implies the Markov property
of the multi-layer process

(Zl(ta-x’ ')a ey Zn(t5-x7 ')’ r= O)'

This is because for each x € R and for each n, the process (M, (¢, x1, -), ¢t > 0) clearly
has the Markov property, in fact a version of the flow property holds, see Corollary 6.2.

One important ingredient in this argument is the Karlin-McGregor formula (18). A
priori, its not clear whether or not this will hold in the white-noise setting. In Sect. 5 we
show that it does. Then in Sect. 6 we argue that, modulo technical considerations, this
indicates that the analogue of the integral formula (21) should hold in the white-noise
setting. We give a proof in the case n = 2, just to demonstrate that it can be done. The
main technical issue concerns the continuity of M), (¢, X, y) at the boundary of A,, X A,,.
A proof of the existence of an almost surely continuous extension to the boundary based
on Kolmogorov’s criterion would be long and technical and will not be included in the
present work. Here we satisfy ourselves with a continuous extension in L2, which allows
us to establish the analogue of the integral formula (21), and hence the Markov property
of the multi-layer process, in the special case n = 2. We remark that an interesting
consequence of our proof of the L2-continuity property is that the ratio of two solutions
to the stochastic heat equation is in H'. In fact, such ratios have recently been shown
(in a slightly different setting, for smooth initial data and periodic boundary conditions)
by Hairer [21] to be in C3/>~€. The index 3/2 is consistent with our expectation that the
continuum partition functions Z, (¢, x, y) are locally Brownian in the space variable y.

We conclude this section with some remarks on the RSK interpretation. As remarked
above, the multi-layer construction presented in this paper is based on a geometric
lifting of the RSK correspondence, so it is natural to consider such an interpretation in
the continuum setting. The analogue of RSK in the context of smooth potentials is the

mapping
Dlioxr = Un(0,0,), n = 1.
In the language of RSK,
{un(,0,x), n = 1; x = 0}
is the P-tableau,
{un(,0,—x), n > 1; x = 0}
is the Q-tableau, and their common ‘shape’ is the sequence {u,(#,0,0), n > 1}. We

note the following symmetry, which corresponds to a well known symmetry property of
the RSK correspondence. Writing f = qb][o xR’ P(f)={u,(,0,x), n>1; x >0},
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O(f) = {un(t,0,—x), n > 1; x > 0} and f7(s, x) = f(s, —x), we have: P(f') =
Q(f)and O(f Ty = P(f). Similarly, in the white noise setting, we define

P(Wi,n) = {un(t,0,x), n > 1, x > 0}
and
QW1 = {un(t,0, —x), n>1; x > 0},

where Wg ;] denotes the restriction of W to [0, #]xR. As explained above, we expect that,
foreacht > 0, P(Wo,;)) and Q(W/o,;)) are diffusion processes in RY (indexed by x >
0), which are conditionally independent given their starting position {u, (¢, 0, 0), n > 1}.
This would be the analogue, in this setting, of Pitman’s ‘2M — X’ theorem. Since the
first version of the present paper appeared, substantial progress has been made in this
direction by Corwin and Hammond [14], where a natural candidate for this infinite-
dimensional diffusion process has been constructed.

The outline of the paper is as follows. In the next section we provide some background
on non-intersecting Brownian motions and their bridges. Following this we study the
analogue of the partition functions when the space-time white noise is replaced by a
smooth time-varying potential. In this setting we establish a connection with Darboux
transformations of solutions to the heat equation, which give rise to evolution equations
for the multi-layer process of partition functions. These equations are not directly mean-
ingful in the white noise setting, but suggest that the multi-layer process has a Markovian
evolution. We also give proofs of the integral formula (21) above, the evolution Eq. (15)
and remark on the connection with the 2D Toda equations. In Sect. 4 we present the
proof of Theorem 1.2 on the existence of the continuum partition functions in the white-
noise setting. In Sect. 5, we show that the Karlin-McGregor formula (5.3) holds in the
white-noise setting. In Sect. 6 we consider the evolution of the multi-layer process in
the white-noise setting and give a proof of the Markov property for n = 2.

2. Non-intersecting Brownian Motions

Non-intersecting Brownian motions play a large role in this paper, and we record here
definitions and facts concerning them that will be useful to us.
Recall that
Ap={x=x1,....x0) €eR": x1 =+ > x,}, (22)

and denote the interior of A, by A;. Standard n-dimensional Brownian motion killed
on exiting Aj, has transition densities given by the Karlin-McGregor forumla [29],

n

prx,y) = > sen(0) [ pt. xi, you)- (23)

oes, i=1

Dyson Brownian motion is obtained as a Doob-/ transform of this killed process by the
harmonic function A(x) = [[;_ j (x; —x;). It has transition densities with respect to the

measure A(y)2dy given by

Pyt x,y)

: 24
AX)A(y) )

Qn(ts X, y) =
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Lemma 2.1. For eacht > 0, the transition density g, (t, X, y) extends continuously to a
uniformly bounded strictly positive function on A, x Aj.

Proof. By the Harish-Chandra/Itzykson-Zuber formula [22,25], we can write

ult. x, y) = Q)2 2, / e THXUYUD gy, (25)
U(n)

where 1 /¢, = H;l;} j!, X and Y are diagonal matrices with entries given by the vectors
x and y, and the integral is with respect to normalised Haar measure on the group of
n X n unitary matrices. By bounded convergence, the RHS defines a continuous function

on A, x Ay, and is bounded by Qm)~" 241/ 2¢,. The strict positivity follows from
the strict positivity of the integrand. O

The semigroup property

Gn(s +1,X,2) = /A Gn (5, X, Y)qn (t, y, D) A(y)*dy,

thus also extends to the boundary, by continuity and dominated convergence. Moreover,
it follows from the representation (25) that g, (¢, X, y)A(y)?dy defines a probability
measure on A, for every t > 0 and x € A,. Consequently, Dyson Brownian motion
can be started from any point on the boundary of A,,. In fact, as was shown by Cépa and
Lépingle [12], it almost surely never subsequently returns to the boundary.

Let (H;,t > 0) be a standard Brownian motion in the space of n x n Hermitian
matrices. Then the vector of ordered real-valued eigenvalues of H; evolves as Dyson
Brownian motion. This can be verified by deriving the transition density for the eigenval-
ues using the Harish-Chandra/Itzykson-Zuber formula. Alternatively, following Dyson’s
original approach, applying It6’s formula shows that, denoting the vector of eigenvalues

by (X ,1, th, ..., X}, the following stochastic differential equations are satisfied.
. . . t ds
i _ yi i
X,_X0+,6,+Z/O et (26)
J#i s X5
where ﬁi, i = 1,2,...,n are a collection of independent standard one-dimensional

Brownian motions. Note that these equations hold even if the intitial value Hy of the
Hermitian Brownian motion has repeated eigenvalues, in which case the Dyson Brown-
ian motion is starting from the boundary of A,. This can been seen by the following
argument. Applying It6’s formula from some strictly positive time € onwards ( recalling
the process of eigenvalues does not visit the boundary) we obtain for t > ¢,

, . : ' ds

L€

X =xl+8 +Z/ — (27)

oy Xl —X
jE T As T As

where %€ are Brownian motions. Now for ¢ < €’ the increments of ﬂé’,e_ .. and ﬁif,

agree, and by virtue of this consistency there exist Brownian motions ' starting from 0

such that B;€ = Bi,, — Bi for all € > 0. Now returning to (27), writing it using A, and
letting € tend down to O gives (26) as desired even in the case when the Dyson Brownian

motion starts from the boundary.
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We can construct bridges for Dyson Brownian motion using the standard Markovian
framework, see for example Proposition 1 of [19]. Specifically given points x and y
belonging to A,, we define the bridge from x at time O ending at y at time 7, to be a
process (X;, 0 < s < t) whose law over [0, s], for any s < ¢, is absolutely continuous
with respect to that of Dyson Brownian motion starting from x, with a density

qn(t —5,Xs,y)

28
qn(t,X,y) @8

Note that this is well-defined as the denominator is strictly positive, by Lemma 2.1
above. We will also refer to this bridge, somewhat informally, as a collection of non-
intersecting Brownian bridges. In the special case x = x1,y = yl, where x,y € R
and we denote by 1 € R” the vector with all coordinates equal to 1, the process is also

often referred to as a watermelon. The correlation function R,E")((tl, x1), ..., (tx, xp))
appearing in the definition (9) is defined to be the sum over iy, is, . .., i of the (continu-
ous) probability densities of (X ;11 yeen X ;f ) with respect to Lebesgue measure evaluated
at (x1, x2, ..., xx). Correlation functions for non-intersecting Brownian bridges with
arbitrary starting and ending positions, which appear in Sect. 5 below, are defined anal-
ogously.

3. Darboux Transformations

In this section we replace the white noise potential W by a smooth potential ¢, which
we assume for convenience to be in the Schwartz space E of rapidly decreasing smooth
(C®) functions on R, x R.

Foreachn =1,2,...,t > 0and x, y € R, define

n t
Z0(t, x, y) = p(t, x, y)"lEexp(Z / $ (s, Xg)ds), (29)
—1 /0
i=1
where (X!, ..., X"), 0 < s < t, denote the trajectories of n non-intersecting Brownian

bridges which all start at x at time O and all end at y at time ¢#. On one hand, these are
the analogues of the partition functions Z,, introduced in the previous section with the
white noise W replaced by a smooth potential ¢. On the other, they are directly related
to the Z,, by the formula

Zy(t,x, y) = E[Zu(t, x, y) exp®(W(9))], (30)
where

W(¢):/ /¢(s,x)W(ds,dx)
0 R

and exp® (W (¢)) is the Wick exponential of W (¢) defined by
exp® (W (¢)) = exp (W(d)) — %/ / o (s, x)zdxds) .
0 R

In other words, as a function of ¢, fo (t, x, y) is the S-transform of the white noise
functional Z, (¢, x, y) (see, for example [24]). To see that (30) holds, on the RHS replace
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Z,(t, x, y) by the series (9) and exp® (W (¢)) by its Wiener chaos expansion; computing
the expectation of the product of these two series, and making use of the orthogonality
of multiple integrals of different order, we obtain

ptx ' 3 [ [ gt ot
k=074

k() JR"

xR (11, x1), - (te, x)dx . dxdty . diy

n t
= p(t, x, y)”IEexp(Z/O (s, X;)ds).
i=1

For the remainder of this section we will only consider the case of smooth potential ¢.
For notational convenience we will drop the superscript and simply write Z, (¢, x, y) =

Z,'f (t, x, y). By the Feynman-Kac formula, u := Z; satisfies the heat equation
1
du = zagu +¢(t, y)u (31)

with initial condition u(0, x, y) = §(x — y).

Proposition 3.1. Forn > 2,

- n—1
Zu(t,x,y) = cnsdet[00)uct. x| (32)
L ]=
where ¢, = """V 2¢c, and 1/c, = H';;} Jjl
We will prove this via a generalisation of the Karlin-McGregor formula.
Foreacht > 0 and forx = (x1,...,x,) andy = (y1, ..., yn) in A, define
noopet
Ku(t,X,y) = pi(t, X, y)Eexp (Z / (s, X§>ds), (33)
. 0
i=1
where (Xsl, ... X7, 0 < s < t), denote the trajectories of a collection of non-
intersecting Brownian bridges which start at positions x, ..., x, and end at positions
Y1, ..., Yy at time ¢, and p (¢, X, y) is the transition density of a Brownian motion in

A, killed when it first hits the boundary, given by the Karlin-McGregor formula (23).

Proposition 3.2.
K (t,x,y) = det[u(t, x;, Yj)]?,j=1' (34)

Proof. According to the Feynman-Kac formula, K, satisfies the equation
1
0K = 5 AyKn+ D¢t ) Ko (35)
1

with Dirichlet boundary conditions on d A, and initial condition K, (0, x, y) = [| i 0(xi—
yi). Moreover it is the unique solution to this initial-boundary value problem which
vanishes as |y| — oo uniformly for ¢ in compact intervals. This follows from a variant
of the maximum principle (see, for example [20, Chapter 2, Theorem 2]), which applies
in this setting since ¢ is bounded and continuous.

On the other hand, det[Z (¢, x;, y j)]l’." j=1 satisfies the same initial-boundary value
problem and vanishes as |y| — oo uniformly for # in compact intervals. So the identity
follows by uniqueness. O
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We remark that the same argument can be applied to more general expressions than
(33) in which the potential (s, x) — >_ ¢ (s, x;) is replaced by a bounded continuous
potential v (¢, x) which is a symmetric function of the coordinates of x; we will make
use of this fact in the proof of Theorem 5.3 below.

Proof of Proposition 3.1. It is immediate from the definitions that

Zn(t»a7b) 1 Kn(taxa y)
—_— = 1m T EE—
p(t,a, b)n x—al,y—bl p; (t,x,y)

Now

put, X, y)

im = p(t,a, b)'t "=D/2¢
x—al,y—bl A(X)A(y) P ) "

where A(x) = [];_ f (x; — x;). This can be inferred, for example, from [9, Lemma
5.11]). On the other hand, by Proposition 3.2,

| K, (1, x,y)
1m —_—
x—al,y—bl A(X)A(y)

— 24 Y =l

=c;, det| 9,0, u(t,a,b)| .
i,j=0

Given that we have already established that this limit exists, this follows, for example,

from [54, Theorem 15]), where the above formula is given in the case x = al + €§ and

y=>bl+e€d,wheres =n—1,...,1,0)and e — 0.

Define u, (¢, x, y) recursively by Z,, = ujus - - - uy.

Proposition 3.3. The functions u, satisfy the coupled system of heat equations
__ 1472 2 n—1
Byt = 302, + [¢(;, V) + 92 log (z,,,l/p )] lin (36)

with initial conditions u, (0, x, y) = §(x — y) and the convention Zy = 1.

The Eq. (36) follow from Proposition 3.1 together with known properties of Darboux
transformations of solutions to one-dimensional heat equations with time-varying poten-
tials, see for example [4,5]. For completeness, we will include a direct proof of Propo-
sition 3.3 just after the statement of Proposition 3.7 below.

The coupled heat equations of Proposition 3.3 are not immediately meaningful if we
replace the smooth potential ¢ by space-time white noise. However they do suggest that
the multi-layer process (in the white noise setting)

(Zl(tv-xv ')a s Zn(t’-x’ ')7 r= O)

has the Markov property. In the following, we introduce a natural extension of the Z,
which will play an important role in our understanding of the Markov property when we
return to the white noise setting.

Define, fort > 0 and X,y € A,

Kn(t1 X’ Y)
AXAY)

This extends continuously to the boundary of A, x A,; by Proposition 3.2 and [54,
Theorem 2], for x € R,

My (1, x,y) = (37)

. n
Mo, xLy) = M)~ det [}t yp] (38)
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Rather surprisingly, we will now show that the apparently richer object M, (t, x1, -) is,
for a fixed x € R and ¢ > 0, given as a function of

(Z1(t,x,)y .oy Zy(t, x, ).

Recall from Proposition 3.1 that, for n > 2,
n—1

Zy(t, %, y) = cn p det [a;agu(t, x, y)] L
i,j=

where ¢, ; = t""=D/2¢, and 1/c, = H;’;% j!. Let us write

- n—1
o (t, x, y) = det [a;a;u(t,x,y)]_ - (39)
l,]=
For notational convenience, set 7o = Zg = 1 and A = R. For n > 1, define
Th—1T, Zn 172
an=n1n+1=z n1n+1. (40)

72 t 72
Here we are using the fact that cn_1,,cn+1,,/cﬁ’t =t/n.
Forze Ay,—1andy € A, writez <yify; > 21> y2 >+ > V1 > Zy—1 > Yn-
Fory € A;, denote by GT (y) the Gelfand-Tsetlin polytope

n—1

(OG5 "D e A x Apx o x App sy <yt <<y <y,
Theorem 3.4. Fort > 0, x e Randy € A;,
n n—1n—k
M, (1, x1,y) = Ay~ [ x, y»/ TTTT et x v dyi*.
i=1 GTWY) j=1 i=1

In the case ¢ = 0, this reduces to the fact that the volume of GT (y) is proportional to
A(y). By (38) and Proposition 3.1, this theorem can be seen as a consequence of the
next two lemmas.

Lemma 3.5. If f1, f>, ... is a sequence of continuously differentiable functions on R
with f1 = 1 then

det[ﬁ(yj)]z/:l =/ det[]”l-/+1(zj)];";ildzl co.dzy—.
=<y
Proof. Using the formula

n—1

lz<y = det [1yj+1<ZiSYj]i,j=]

we have, by a generalisation of the Cauchy-Binet formula (see, for example [26, Propo-
sition 2.10]),
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/ det[f‘H_l(Zj)]l = 1le dZn—]
z<y

n—1

= /A det[f{,; V5L det[1,,, <yl da e dz
n—1
n—1

Y
Vj+l i,j=1
= det[fi (W)} =1

as required. O

Lemma 3.6. Let g(x, y) be a smooth function and define Wy = 1, Wi = g and, for
—1
n>2 W, =det [8’ B(g(x y)] o . Suppose that W,, is strictly positive for all n > 1

and define T, = Wy, 1 W1/ W,% Then the following identities hold:

Ty = Oxylog Wy = 0y(3y(- -~ 3y(3y8/8)/T1)/T2) - - - )/ Tu—1),
n—1n—k

n
det[d] ' g(x. y)I 1y = Hg(x,yi)/G TTTT 7, i ydyp .
i=1

O) j=1 i=1

Proof. From well-known properties of Wronskian determinants, o, Wy, d, Wy, and d,, W,
can be expressed as determinants, namely

3W=dt[8i8{ , ] ’
x Wn et [9: 958 (x, ¥) i=0,1,....n=2,n; j=0,....n—1

9, W =dt[aia-’ : ] ,
yWa = det 3,9y 8(x. v) i=0,...n—1; j=0,1,....n—2,n

Oy Wi = det [8 g, y)] i=0,1,...n—2,n; j=0,1,...n—2n
It follows from Sylvester’s determinant identity [23, p22] that
Widxy Wy — (0 Wi) (0y Wn) = Wy 1 Wi,
proving the first identity. Essentially the same argument shows that, for any k > 1,
W, %3y W, — (05 W,) (8, Wi) = Wy 185 Wy
This implies that
@y @ W/ W)/ Ty = (@ Wia1)/ Wt

In particular,

(By(37g/)/T1 = (3 W)/ Wa,
By (3" Wa/ W)/ Ta = (322 W3)/ W3,

and so on, yielding the second identity.
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Now, by Lemma 3.5,

. —1
2 g ) | Hee i H]
dot | 2 8@ 2)) _ / det [ 91— [Tav!
g(x. yj) el D gy )

i,j=11i=1

5 oyt 7" 1
1 ———— n—
Y glx,yi ) -1 —1
=/ det —nil HTl(x,)’? )dyln .
yrl<y Tl(x, yj ) i=1
i,j=1

Applying Lemma 3.5 again, using 77 = 9,(0dxg/g), we obtain

i — n—1
g 8] "
n—l ——— " 7—
det Yio sy
n—1
Tl (X, yj )
i,j=1
i) "
n—2 =5 — n—2
Yj g(x, Y1) _
= det |9 poo— 1 ° deff 2
n—2 _4yn—1 y./ T (x yn—Z) !
L i j=1
— . _ _2
n72 35*”5(&)';’2 2"
)T =
ayan _)j T ( g(),.,y_jz) : n—2
j 1(x, Y] _ _
- / det I [T 70y a2
yn—2<yn=l T(x,y; ) i
L ij=1

Now apply Lemma 3.5 again, using 7> = 9, (8y(8fg/g)/T1), and so on, to obtain the
third identity. O

Note that, by Lemma 3.6,
ay = Oxylogt,. 41)

Thus, if we define, forn > 1,
qn = 10g(ty/Ty—1) = loguy —log[t"~!/(n — D1,
then a, = e9+'79" and, by (41), the functions ¢, satisfy the 2D Toda equations
Qpyn = €M1 =0 — n=dn=1 > |,

with the convention that go (¢, x, y) = +oo forall x, y € R.
The time-evolution of the a, is given by the following proposition.

Proposition 3.7. Forn > 1,

ora, = %aian + dyla, 0y logu,]. (42)
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Proof (of Propositions 3.3 and 3.7). First we note that the initial condition u, (0, x, y) =
& (x —y) follows immediately from the definition (29) of Z,,. We will verify the equations
(36) and (42) simultaneously by induction over n. Write &, = log u,, and note that (36)
is equivalent to

1 1 -
Oy = 303+ 5 @yha)? +$(1,y) + 0} log (Z,,_l/p" 1) .

For n = 1, the Eq. (36) holds by hypothesis. Thus

1o 1 2

0hy = anhn + E(ayhn) +P(, ).
It follows that a; = 0y satisfies
1o
3ta1 = anal + 3y[(113yh1],

as required.
Now assume the induction hypothesis (with two parts):

Orup = %Biun + [¢(t, y) + Byz log (Zn_l/p"_l)] Up
and
0ap = zayan + ay [an 8yhn]-

Note that u,,+1 = (t/n)a,u, and

n(x — y)2 n
32,10 1/p") =a>— 22 = —,
) log(1/p") = 95 on ”
Thus,
Oilps1 = %anun + %[anatun + i, 0ray)

= Luer + Lay (50200 + [0t 3) + 92108 (Zoo1/p"") | )

+L (23,,an + 3y [a ayhn])
_ 1
= 102U + [«p(r, W)+ 02 10g (Zu1 /p" 1) + 03ha + ;] el

= 102U + [4:(;, V) + 02 log (z,,/pn)] Unsl,

as required. Note that this implies

Oihnst = 307 hns1 + 5(Oyhns1)” + (2, y) + 35 log (Z,/p") -

By (41) we can write @41 = ay + 0xyhy11. Thus, using the second part of the induction
hypothesis again,

Oran+1 = zayan+1 + ay [anayhn] + ay[(an+1 - an)ayhn+l] + a)z;an-
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But
07a, = dyla,dylogay] = dy[an(Dyhn1 — dyhn)],
so we have
Ons1 = 50541 + Oy[ans10yhne1],

as required. O

4. Proof of Theorem 1.2

We return now to the white noise setting, denoting by u(z, x, y) the solution to the
stochastic heat equation (1) with initial condition u(0, x, y) = §(x — y). In this section
we will show that for eachn > 2, Z, (¢, x, y) defined by (9) is convergent in LZ(W) or,
equivalently,

o0
Z/ /Rk R™((t1,x1), ..., (tk, xi))2dxy ... dxydty ... dty < oo. (43)
k=0 Ag (1)

The first step is to show that this is equivalent to Ee® < oo, where L is the total intersec-
tion local time between two independent copies of the system of n non-intersecting
Brownian bridges. Let (X;, 0 < s < ¢, i = 1,...,n) be a collection of non-
intersecting bridges which all start at x at time O and all end at y at time ¢, and let
(Ysi, 0<s <t i=1,...,n) bean independent copy of X. Define (Lij,O <5<t
to be the semimartingale local time process at 0 of (X’ — Y/)/2, as defined for example
in [42, Chapter VI]. The total intersection local time is defined by L = L; = Zf’ =1 Lij .

Lemma 4.1. In the above notation, Eel is given by (43).

Proof. We show, by induction on k, that the kth term of (43) is equal to E[Lf] /k!.
First recall that RY’) ((t1, x1)) is the sum over i of the marginal probability densities
for each X f] evaluated at x1. Consequently (Ri”) ((r1, x1))* can be expressed as the sum

over all i and j of the joint density of (X ;'I, Y,{) evaluated at (x1, x1). Integrating over
x1 and #; gives an expression which agrees with that for E[L] given by the occupation
time formula (see [42, Chapter 6]).

Similarly R,(C")((tl,xl), ..., (tx, x)) is the sum over iy, iy, . .., iy of the densities of
the (X;], ..., X;}) evaluated at (x1, x2, ..., x;). Consequently

R (11, x1), -, (e, x)))?

can be expressed as the sum over all iy, ..., i and ji, ... ji of the joint density of
(Xil Xik le
foeees

wL YY) evaluated at

(X1, X2, ooy Xk, X1, X2, ooy XE)-

This is integrated over all x; and ¢#; to give an expression for the kth term of (43). On the
other hand we can derive the same expression for E[L’t‘ ] by writing Lf =k fot Lf_ld L,
and evaluating the expectation of this using Proposition 3 and Lemma 1 of [19], together
with inductive hypothesis. 0O
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Next will show that, in fact, all exponential moments of L; are finite. First note that
L; = A+ B, where A is the intersection local time on the time interval [0, /2] and
B is the remainder. Thus, by Cauchy-Schwartz, it suffices to show that A and B each
have finite exponential moments of all orders. Now, on the time interval [0, ¢/2], the
joint law of the bridges X = (X', X2,... X" and Y = (Y!, Y2, ..., Y") is absolutely
continuous to the law of two independent copies of Dyson Brownian motion with Radon-
Nikodym density a product of two factors each given by (28) with s = /2, x = x1,
y = y1. By Lemma 2.1, this Radon-Nikodym density is a bounded random variable.
A similar statement holds on [¢/2, #] after time reversal. It therefore suffices to show
that, for two independent Dyson Brownian motions the total intersection local time has
finite exponential moments of all orders. This is established as a special case of the
following lemma which controls the intersection local time for arbitrary starting points
of the Dyson Brownian motions.

Proposition 4.2. Let X and Y be independent Dyson Brownian motions starting from
points Xo = u and Yo = v belonging to A,. Their total intersection time L; has finite
exponential moments of all orders for all t > 0. Moreover for any f > 0, and € > 0
one may choose t > 0 small enough that

E[eﬂL’] <l+e
uniformly for allu, v € A,,.

Proof. The processes X and Y satisfy a system of SDEs

X_u,+,3,+2/ t‘_v,+y,+2/

Vi _vyi’
J#i J#i i -

where B¢, yi,i = 1,2, ..., n are a collection of independent standard one-dimensional
Brownian motions. Recall this holds even if u and v lie on the boundary of the Weyl

chamber. By Cauchy-Schwartz, it suffices to show that for each distinct pair i, j, ij
has finite exponential moments of all orders, each of which can be bounded arbitrarily
close to 1, uniformly in u and v, by choosing ¢ small.
Recall that L' is the local time process of (X’ —Y/) /2 at zero. Consequently Tanaka’s
formula, see [42, Chapter 6], states that,
2L = 1X; = Y] | = |ui —vj —/0 sgn(X; — ¥{)d(X; - ¥{)
. 4 . . . .
= |X; = Y/ | = ui —vj] —/0 sen(X; — Y{)d(B; — v)
t . ,
~ [ sencxi - ¥/}~ EDyds
0

< XD — ;| +1Y] —vj| +

1 . . .
/ sen(X! — v{Yd(Bl — y)
0

t t .
+/ |D;|ds+/ |E]|ds,
0 0

where
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Thus, it suffices to show that each of the random variables

. t . . . .
IX; —ul, 1Y) —vjl, '/ sen(XL —YHd Bl — v)|.
0

t t .
/|D;|ds and/ \EJ |ds,
0 0

has finite exponential moments of all orders, each of which can be bounded arbitrarily
close to 1, uniformly in # and v, by choosing ¢ small.

The third of the above random variables is the absolute value of a Gaussian random
variable with mean zero and variance 2¢ and so the desired property holds straightfor-
wardly. (To see this, note that the stochastic integral is a continuous martingale with
quadratic variation process 2¢, hence is a Brownian motion by Lévy’s characterisation
theorem [42, Chapter IV, Theorem 3.6].)

To control the exponential moments of the first and second of the above random
variables, we recall that Dyson’s Brownian motion arises as the process of eigenvalues
of a Brownian motion (H;,t > 0) in the space of n x n Hermitian matrices. Then
I:It = H; — Hy defines a Hermitian Brownian motion starting from the zero matrix, and
applying Weyl’s eigenvalue inequalities to the sum Hy + H; we deduce that

X! —ui|l <o

where o; is the spectral radius of I:I,. Since the Brownian motion (I:I,, t > 0) can be
taken to not depend on u, and the spectral radius of H; has exponential moments that
approach 1 as ¢ tends 0, this gives the desired control for | X} — u;|. The same argument

applies of course to |Ytj —vjl.
The fourth and fifth random variables are essentially the same, so it remains to show

that, for each i,
l .
& ::/0 |D;|ds

has finite exponential moments which can be made arbitrarily close to 1. We will prove
this by induction over i. Fori < j, define

! 1
Yo xi— x
First we note that
1
3 =/ Dids = X} —u1 — B/,
0
has finite exponential moments which may be bounded as desired. Now, since

El=%n+--+&1

and each term is non-negative, this implies that §;; < & and hence that &;; has expo-
nential moments satisfying the same bound for each j =2, ..., n. Now

t
B —En+Ente b =/ D2ds +260 = X2 —us — B2 + 2612,
0
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Thus & and &3, ..., &, all have exponential moments of all orders which may be
bounded as desired. Similarly,

3 =83+ +86u+ - +8&, = /Ot Djds +2&13 + 2623
=X —u3 — B + 2813+ 2603,
the fourth term is handled similarly, and soon. 0O
We note that, by the stationarity of space-time white noise, the law of
Zn(t,x,y)/p(t, x, )"

does not depend on x, y and the above proposition implies that

C; := E|Zu(t, x, )/ p(t, x, y)"|* < 0.

5. Karlin-McGregor Type Formula in the White Noise Setting

Forn=1,2,...andx,y € A}, define

o0
Kt x,y) = pi(t,x, y)(l e3[R )
k=1 Ar(t) JRE

xW(dty, dxy) ... W(dt, dxk)), (44)

where R,ix’y) is the k-point correlation function for a collection of n non-intersecting
Brownian bridges started at positions X = (x1, X3, ... X,) and ending at positions y =
(1, y2, ..., yn) attime t.

Proposition 5.1. The series (44) is convergent in L*(W).

Proof. We need to show that E[e“14] < oo where L is the total intersection local time
between two independent sets of n independent Brownian bridges started at positions x
and ending at positions y attime 7, and A is the event that each set is non-intersecting. Note
that P(A) > 0 since x,y € AS. So it suffices to show that Ee/ < oco. By considering
pairwise intersection local times and applying Holder’s inequality one obtains Eel <
Ee"sz where R is the local time at zero of a standard Brownian bridge on [0, 1],
which has the Rayleigh distribution P(R > r) =" 2/ 2r>0 (see, for example [37]).

0

In fact, Proposition 4.2 yields the following stronger statement.

o

Proposition 5.2. Foreacht > 0, there is a constant d; < oo such that for allX,y € A,

E|K,(t,%,y)> < d; pi(t, X, Y) AX)A(y).
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Proof. As in the proof of Theorem 1.2, let L be the total intersection local time between
two independent copies of the system of n non-intersecting Brownian bridges started at
positions x and ending at positions y at time ¢. Then (cf. Lemma 4.1)

E|K,(t,x,y)I* = pi(t,x,y)*Ee".

Write L, = A + B, where A is the total intersection local time on the time interval
[0, #/2] and B is the remainder. By Cauchy-Schwartz,

EeL < (EeZA) 1/2(]E623)1/2'
Now, as explained in Sect. 2,

E2A — |:€/n(t/2, Xi2,y) ez"‘}
Qn(taxa Y) ’

where E denotes the expectation with respect to a Dyson Brownian motion started at
x. By Lemma 2.1 and Proposition 4.2 this is bounded by d; /g, (¢, X, y) where d; is a
constant independent of x, y. The second term is treated similarly, and the statement of
the proposition follows. O

Before proceeding to the Karlin-McGregor formula, which is the main result of this
section, we recall the approach of Bertini and Cancrini to the stochastic heat equation. In
[7], these authors make sense of the formal Feynman-Kac representation (5) by means
of smoothing the white noise. For x > 0 introduce the mollified white noise W* defined
by

t
W (t, x) =/ /SK(x — y)W(ds, dy),
0 JR

where &, (+) is the centered Gaussian density of variance 1/«. Then the analogue of (5)
is then meaningful and defines random variables u“ (¢, x, y).
Moreover, for each (¢, x, y), and any p > 1,

u @, x,y) = u(t,x,y) in LP(W) as k — oo. (45)
Theorem 5.3. Forx,y € A;, K, (t,x,y) = det[u(z, x;, y;)]

n
ij=1"

Proof. Recall that E denotes Schwartz space of rapidly decreasing smooth (C°°) func-
tions on R, x R. Let ¢ € E, multiply both sides by exp® W (¢) and take expectations.

The left-hand side becomes K. Z’ (t,X,y), defined earlier by the Feynman-Kac expression
(33). The right-hand side becomes

Colt, x, y) = [detlu(t, xi, y)I2 1y exp® (W (@) |,
which will we now argue is also given by (33), and since ¢ € E is arbitrary the statement

of the theorem will follow.
Consider the quantity

Ci(t.x,y) i= E [detlu (1, 51, vy exp* (W (@)
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Replacing each u“ (¢, x;, y;) by its Feynman-Kac representation, using Fubini, and inte-
grating over W we obtain

t
Cr(t,x,y) = ZSgn(J)pn(t, x, oy)Eexp (/ Y (s, B;’)ds)
= 0

where for each permutation o, B? is a bridge of standard n-dimensional Brownian
motion starting from x and ending at 6y = (Yo (1) - - - » Yo (n))> and ¥ is given by

n
Vs, 2) = D (s 2 + D Seplai —2))
i=1 i<j
with
(5. 20) = / 5(2 — (s, 2.
R
Because /" is invariant under permutations of the coordinates, as remarked earlier the

argument for the Karlin-McGregor formula of Proposition 3.2 allows this to be rewriten
as

t
Cr(t,x,y) = pit,x,y)Eexp (/ Y (s, Xs)ds) , (46)

0
where X = (X SI ..., X¥,0 < s < 1) denotes a collection of non-intersecting Brownian
bridges which start at positions X = (xy, ..., x,) and end at positionsy = (y1, ..., Yn)

at time ¢, and p} (¢, X, y) is the transition density of a Brownian motion in A, killed
when it first hits the boundary.

We now let k tend to infinity. On the one hand, from their definitions and (45), we
have

Cr(t,x,y) = Cu(t,X,y).

On the other hand, since ¢ converges uniformly to ¢, and X does not visit the boundary
of A, the right-hand side of equation (46) converges to that of (33). This is justified by
an application of the Dominated Convergence Theorem using the fact that sup, g [},
where [ denotes the local time of a one-dimensional Brownian motion at level x, has
finite exponential moments. O

It is known [7] that for each x the solution to the stochastic equation (¢, x, y) admits
a version that is almost surely continuous in # and y and moreover is strictly positive.
It follows from the above theorem that for each x € R”, K,,(s, x, z) admits a version
that is almost surely continuous in ¢ aqd z. Define K, (¢, z, y; s) via the chaos expansion
(44) but with the shifted white noise W (s + -, -). For each y € R”, this similarly admits
a version that is almost surely continuous in ¢ and z. In the following we assume that we
are using these versions.

Corollary 5.4. For eachx,y € A;,
Ky(s+1,x,y) = / K, (s, x, 2)K, (1, 2,y; 5)dz,
Ay

almost surely. Consequently, for each x € A;, K,(t,X, ), t > 0 is a Markov process
taking values in C(A;, R).
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Proof. This follows from Theorem 5.3 using the (generalised) Cauchy-Binet for-
mula [26] together with the corresponding flow property for the solution of the stochastic
heat equation, namely that for each x, y € R,

u(s+1,x,y) = / u(s, x, 2)u(t, z,y; s)dz
R

almost surely. O
We conclude this section with the following.
Proposition 5.5. For each x,y € A;, K, (t,X,y) > 0 almost surely.

Proof. In the above notation, we first claim that for each x, y € A; and « > 0, it holds
almost surely that

det[u“(z, x;, yj)]?’j:1 > 0.
To see this, we use the Feynman-Kac representation, from [7, (2.17)],
u“(t, x,y) = pt,x, y)EFf(b)

where the expectation is with respect to a Brownian bridge b starting at x and ending
at y at time ¢, and F{(b),0 < s < t is an almost surely continuous, strictly positive,
multiplicative functional of b. It follows, by a standard path-switching argument (see,
e.g., [27, Sect. 1.2]), that

n
det[u* (¢, xi, y)I} 1y = Pt x, VE] | FF (X0) (47)
i=1

where the expectation is with respect to a collection of n non-intersecting Brownian
bridges (X1, ..., X,) started at positions x and ending at positions y at time ¢. Indeed,
multiplying both sides of (47) by 14(y), where A is a measurable subset of A, and
integrating with respecttoy € A,, gives

n n
Z(—l)”]E[H Ff(B); B(t) eocA] = }E[HFIK(BI-); B(t)e A; T >1t], (48)

oeS, i=1 i=1
where B is a standard Brownian motion in R” started at x and 7T is the first exit time

of B from A,. To prove (47) it suffices to show that (48) holds for every measurable
A C A,. Let us write

r(B) =[] FB)
i=1

and note that (48) is equivalent to

z (~D?E[I'(B); B(t) eoA; T <t]=0.

oeSy,
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Now,

Z(—l)”E[F(B); B(t)eoA; T <t
oEeS,
n—1

=> > (-1)’E[(B); B(t) ecA; T =T, <t

i=1 o€eSs,

where T; = inf{t > 0: B;(t) = B;+1(t)}, so it suffices to show that

Z(—l)”]E[F(B); B(t)eoA; T=T; <t]=0

o€esS,
foreachi =1,...,n — 1. Fix i and define
~ < /;
By = B(t) t<T,
siB() t =T,

where s; denotes the adjacent transposition (i, i + 1). By the strong Markov property, B
has the same law as B. Moreover, since F/ is a multiplicative functional, we also have

I'(B) = I'(B). Hence,

E[C(B); B() €0 A; T =T, <t] =E[[(B); Bt) €sioA; T =T, <1]
= E[F(B); B(t) €esicA; T =T, < t]

and it follows that

Z(—l)"]E[F(B); B(t)eoA; T =T, <t

o€eSy,

Z(—])“E[F(B); B(t)esicA; T =T <t]

oeS,
=— > (~D"E[[(B): B() € sioA: T=T; <1]
o€esS,
=— > (=DE[[(B); B1) o A; T =T, <1],
€S,

as required. The result now follows from (47), letting x — oco. O

6. On the Evolution of the Z,, in the White Noise Setting

In this section we discuss the analogue of Theorem 3.4 in the white noise setting, and
the implication that (Z; (¢, x, ), ..., Z,(t, x, ), t > 0 is Markov.
We expect, but will not prove here, that for each ¢ > 0,

K,(t,x,y)

Mt %.3) = X 08
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has a version which almost surely extends continuously to a strictly positive function on
Ay x A, In particular, for each ¢ > 0, almost surely,

Zn (tv a, b) = Cn,t hm Mn (ta X, Y)’ (49)

—>ay

uniformly on compact intervals. Assuming this continuity it can be shown that the
analogue of Theorem 3.4 holds in the white-noise setting, that is, if we set Zp = 1 and
define, forn > 1,

a — Ezn—lzn+l
n — ¢ Z’% ’
then, forr > 0,x e Randy € A;,
n—1n—k
M, (t, x1,y) = A(y)~ 1Hu(t x, y,)/ TTTT et x i ay = 50
GTM) k=1 i=1

It is not difficult to see (from the flow property described in Corollary 5.4 of the previous
section) that for each x € R and for each n, the process

(M](t7~XI5 ')7"'7M}’l(t7XI’ '))a tZO

has the Markov property. Assuming the validity the formulas (49) and (50) this would
imply that (Z1(¢, x, -), ..., Z,(t, x,-)), t = 01is a Markov process.

A proof of the existence of an almost surely continuous extension for M, (¢, X, y)
based on Kolmogorov’s criterion would be long and technical. Here we will satisfy
ourselves with a continuous extension in L2, which then allows us to prove (50), and
hence the Markov property of the multi-layer process, in the special case n = 2.

Lemma 6.1. For eacht > 0,

K, (t,x,
Mn (t’ X, y) — M
AX)A(y)
extends continuously in L2(W) to A, x A,. Moreover this extension satisfies
Zy(t,x,y) =cnM,(t, x1, y1).

Proof. First we recall that we have the representation

pp(t, X, y)( / / xy)
Ml’l 9 Ay R ’
t,x,y) = A)AY) N ((t1, x1)s ooy (ts X0))

xW(dty, dxy) - - W (dt, dxk)), (51)

where R,Ex’y) are the correlations functions of a collection of n non-intersecting Brownian

bridges starting at x and ending at time ¢ at y. Since

pp(t, X, y)
AX)A(y)
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extends continuously to A, x A, this representation naturally defines the extension of
M, (t,X,y) to A, x A,. Our task is show continuity in L2(W). For this it is enough to
show that

x,y.X,y) > E[M, (1, x, y)M, (t,X',y)]
is continuous. Now, as in the proof of Theorem 1.2 this expectation is equal to

P, x, y)pi(t,x',y)

o Elet]
AX)AYAX)AY)
where L is the total intersection local time of two independent sets of non-intersecting
bridges, X and X' say, starting at positions X = (x1,...x,) and X' = (x|, x}, ..., x;)

and ending aty = (y,...,y,) andy’ = (y{, y5, ..., y,) attime 7.

Let us write L = Lo,5) + Ls,+—s5] + L[s—s,;]» Where L{o,] denotes the local time
accrued over the time periods [0, §] and so on. By conditioning on the position of the
bridges at times § and ¢ — § we have

]E[eXp(L[s,t—a])l(X(O), X'(0), X(1), X' (1)) = (x,X,y, y/)]
= /p((x, Xy, y). (. &, n.71")
X ]E[eXP(L[s,z—s])I(X(S), X'(8), X1t —8),X'(t—98)=(,&,n, ﬂ')]dé’d’é/dﬂdﬂ/-

where the kernel p(-,-) can be written as a product of transition densities for non-
intersecting Brownian motions, and is thus seen to be continuous. From this it follows
by a dominated convergence argument that

E[exp(Lis,—sD (X (0), X'(0), X (1), X' (1)) = (x,x',y,¥)]

depends continuously on (x, X', y, y) also.
To deduce the continuity of

z — E[exp(L)|(X(0), X'(0), X (1), X'(1)) = (x,X,y,y)]
we must show that the difference
E[exp(L)I(X (0), X'(0), X (1), X'(1)) = (x, X, y, ¥)]
—E[exp(Ls,—s)I(X(0), X'(0), X (1), X'(1)) = (x, X, y,¥)]

can be made uniformly small for z within compact sets by choosing § small enough.
Applying the Cauchy-Schwartz inequality this amounts to showing that

E[exp(4Lj0,s)[(X(0), X' (0), X (1), X' (1) = (x, X, y,¥)]
and
Elexp(4Lj—s,)I(X (0), X'(0), X (1), X'(1)) = (x, X, y, Y]

can be made uniformly close to 1. This follows from Proposition 4.2, noting that the
joint law of X and X’ over the time interval [0, 8] is absolutely continuous to that of
a pair of independent Dyson Brownian motions, with a density, specified by equation
(28) that, by virtue of Lemma 2.1, is bounded uniformly for (x, X', y, y') belonging to
compact sets. O
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Foreacht > 0, the continuity in L>(W) of the mapping (x, y) — M,,(z, X, y) implies
the existence of a version of the stochastic process M, (¢, -, -) which is measurable, see
Cohn [13]. Henceforth we will always assume that we are using this version, and likewise
with regard to Z, (¢, -, -).

Recall that K, (2, z, y; s) is defined via the chaos expansion (44) but with the shifted
white noise W (s + -, -), and define M,,(¢, z, y; s) from it via

K}’L (t9 X’ y’ S)

My(t,X,y; s) = m,

Corollary 6.2. For each X,y € Ay,
My +tx9) = [ My x DM, (2 yi5) 0P,
An

almost surely.

Proof. First note that, for X,y € Aj this is an immediate consequence of the flow
property for K, given by Corollary 5.4.

Fory € A;, weextend theresulttoanx € A, \ A, by taking a sequence x,, of points
in A, converging to x. Then, by Lemma 6.1,

Mn(s + ta Xn’ Y) g Mn(S + ta Xa Y),
in L2(W), and hence also in L' (W). On the other hand we have,

E M,y (s, X0, )M, (1,2, y; 5)A(2)*dz

An

- / Mo (s, % )My (t, 2, y: ) A (2)d2

< / E[IMy(s. %0, 2) — My (5. x. 2)[| E[My (1. 2. y: )] A @) dz,
A)l

where we have used the independence of M,, (s, X, z) and M,,(¢, z, y; s) and the positivity
of M, (¢, z,y; s) which follows from Proposition 5.5. Now Lemma 6.1 certain implies
that the integrand on the right-hand side tends to O for every z. Moreover,

p;[k(s’ Xnv Z)

EMn 630 2] = oS A @)

is uniformly bounded by Lemma 2.1, as is E[ M, (s, X, z)], and

/ E[Mn(t,z,y;s)]A(z)zdz=/ it 2, y)— A g1,
An A, Ay )

Consequently, by Dominated Convegence, the integral on the right-hand side of the
displayed inequalities converges to 0 and hence the flow property is proved to extend
to X.

To further extend the flow property to y € A,\A,, we take y, € A; converging to

y, and apply essentially the same arguments again, making use of the result just proved.
]
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We can now establish the identity (50) in the case n = 2.

Theorem 6.3. For x € Randy € A5,

M>(t, x1, 1 YU My (¢, x1, z1
2, xly) / 2(t, x1, z1) (52)
Y2 Jy

u(t’x’yl)u(tsxvy2) y1— ) u(t,x,z)2
Proof. Tt is known [7] that the solution to the stochastic equation u(¢, x, y) admits a
version that is almost surely continuous in ¢ and y and moreover is strictly positive. We
assume in the following that we are using this version. In particular, having fixed ¢, x
and y; > yp we let Ac(x) be the event {u(z, x, z) > € for all z € [y, y1 + 1]}. Then as
€ | 0 we have P(Ac(x)) 1 1.

By Theorem 5.3, for x,y € A5,

1
MZ(taX, ) = —[u(t5x17 I)M(I,XZ, 2) - u(tax15 2)u(t7 X2, 1)]~
RPNCINCY ’ ’ ’ ’
Hence,
Ma(1, %, y) _ 1 [u(t,m,yo _ult, x1, y) ] (53)
u(t, xo, yDu(t, x2, y2)  AXA(Y) Lut,x2,y1)  ut,x2,y2) ]
Writing y = (z + &, z) where i > 0 this becomes
My(t,x, (z+h,2)) 1 [u(t,xl,z+h) Cu(t,x1,2)] (54)
u(t,xa, z+hult, x2,2)  (x1 —x)h Lut, x2,z+h)  u(t,x2,2) ]

Integrating this equation with respect to z over the interval [y, y;] we obtain

/yl My(t, X, (z+h, 2))
y

, u(t,xp, 2+ hu(t, x2, 2)

1 Myt x1, 2) 2yt x1, 2)
= —dz — —dz|.
(-xl _xz)h yl u(tv-x27 Z) y2 u(tv-x27 Z)
Now let & tend to zero. By the continuity of u (¢, x1, -) and u(¢, x», -) the RHS converges
almost surely to

1 [u(t,xl,yl) B u(t,m,yz)]

(x1 —x2) Lu(t,x2, y1)  ult, x2, y2)
We want to identify the limit of the LHS. Consider
/y1 My(t, X, (z+h, 2)) /3" Mj(t,x, z1) ‘
dz — ———-dz
y y

L u(t,xp, z+hu(t, x,2) ., u(t, x2,2)?
Y1 _
S/ M) (t, X, (z+h, 2)) Mg(t,x,zl)ldZ
Y.

E =

) u(t, x2,2)%
+/y‘ lu(t, x2,z+h) —u(t, x2,2)|[Ma2(t, X, (z+h, z))
v u(t, x2, 2)%u(t, xa, z + h)

dz.
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We have

y

1
E[E; Ac(x2)] < 672/ E|Ma(t, x, (z + h, 7)) — Ma(t, X, z1)|dz

y2

Y1
+e*3/ (E[Ma(t, X, (z +h, 2)ME[(u(t, x2, 2 + h) — u(t, x2,2))*D"/?)dz
y2

(55)

By virtue of the uniform continuity in L, of the mappings (z1, z2) — M (¢, X, (21, 22))
and z — u(t, x1, z) these integrals tend to zero as & | 0, and consequently E tends to
0 in probability. Thus we have proven

1 [u(t,m,yl) _ u(t,xl,yz)] _/y' M>(1,x, z1))
Yy

(x1 —x2) Lu(t,x,y1)  ut,x2, )| Jy, ult,x2,2)?

dz. (56)

Next letx = (x + h, x) and let 4 | 0. The LHS of (56) can be rewritten as

Mo(t, (x +h, x), (y1, y2)) .
M([, X, yl)u(ts X, yZ)

01 —»2)

as h | 0 this converges in probability to

Ms(t, x1, (y1, y2))
u(t, x, yDu(t,x, y2)

1 — )

On the other hand, if we consider

. /yl My(t, (x + h, x), z1)) _/y1 Ma(t, x1,z1)
y y

u(t, x,z)>? u(t, x,z)>?

2 y2

we have
Y1
B[Fs Ac0] < €7 [ BIMAr. (b, 21) — Moo, 312Dl
y2

which again by the L, continuity of M; converges to 0 as # | 0. From this it follows
the right-hand side of (56) converges to

/-“ M (1, x1, zl))d
Y.

3 )
,  u(t,x,2)

as required. O

We remark that the identity (56) shows that the ratio of two solutions to the stochastic
heat equation is in H'; in fact, such ratios have recently been shown (in a slightly
different setting) by Hairer [21] to be in C3/27¢,

Corollary 6.4. For each x € R, the process
(Zi(t,x,), Za(t, x,-)), t =0

has the Markov property.
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Proof. Fix times 0 < s < t. Suppose that F = F(Z(¢, x, -), Z»(t, x, -)) is a bounded
random variable (depending on the random fields at a finite number of points). We wish
to show that the conditional expectation given the white noise Wg s of this random
variable is measurable with respect to the random fields (Z; (s, x, -), Z2(s, x, -)). To see
this, note firstly that by Lemma 6.1 the same random variable F is a function of the
fields (M (¢, x1, -), M»(t, x1, -)). Now the flow property for M, obtained in Corollary
6.2 together with the independence of M (¢, -, -; s) from Wjo ) implies the conditional
expectation E[ F|Wjo 5| has a version G of the form G = G (M| (s, x1, -), Ma(s, x1, ).
We have M| (s, x1, -) is proportional Z (¢, x, -), and more profoundly, by the preceeding
Theorem, M> (s, x1, -)) can be expressed in terms of Z1 (¢, x, -) and Z»(, x, -). Thus we
see that G is of the required form. O

It would be interesting to understand the evolution of the multi-layer process in
terms of a system of stochastic partial differential equations. Motivated by the evolution
equations obtained in Sect. 2 in the case of a smooth potential, it is natural to consider
and to try to make sense of the system of equations

1
By = 5af,a” + dy[a,dy log uy ], (57)

where Z, = u; ... u,. For recent progress in this direction, in the case of smooth initial
data and periodic boundary conditions, see [21].
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