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Continuity and strict positivity of the multi-layer
extension of the stochastic heat equation

Chin Hang Lun* Jon Warren'

Abstract

We prove the continuity and strict positivity of the multi-layer extension to the stochas-
tic heat equation introduced in [43] which form a hierarchy of partition functions
for the continuum directed random polymer. This shows that the corresponding free
energy (logarithm of the partition function) is well defined. This is also a step towards
proving the conjecture stated at the end of the above paper that an array of such
partition functions has the Markov property.
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1 Introduction

In [43] O’Connell and Warren introduced the following: for eachn =1,2,...,t >0
and z, y € R define

oo

S [ Ryt whasay)). @
Ar(t) JRE

Zo(t.2.y) = pola — y)"(l n
k=1

where Ap(t) = {0 < 51 < 82 < -+ < s < t}, s = (81,...,8), ¥ = (¥i,...,y;) and
Ry (s,y’;t,x,y) is the k-point correlation function for a collection of n non-intersecting
Brownian bridges each of which starts at « at time 0 and ends at y at time ¢, see
Section 2.4. p,(z — y) is the heat kernel (27t)~1/2¢~(==%?/2t The integral is a k-fold
stochastic integral with respect to space-time white noise, see Section 2 for the definition
of such integrals. It was shown in [43] by considering local times of non-intersecting
Brownian bridges that the infinite sum in the definition is convergent in L? with respect
to the white noise.
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Continuity and Strict Positivity of the multi-layer extension of the SHE

Observe that © = Z; is the solution to the (multiplicative) stochastic heat equation
(SHE) with delta initial data:
{atu<t7x,y> = (38, + Wt w)ult.zy), te 0,00y R, a2

By a solution to the above we mean a random field u which satisfies almost surely the
mild form

t
u(t,x,y) = pi(z —y) + / / pe—s(y — v )u(s, z,y") W(ds,dy'). (1.3)
0 R

Iterating equation (1.3) multiple times gives the chaos expansion (1.1) for n = 1. One
can express the solution u(t, z,y) in a more suggestive notation:

t
U(t, x, y) = pt(x - y)Eg,y;t |:éaxp</0 W(Sa bS) d8>:| ) (14)

b

where b is a Brownian bridge that starts at = at time 0 and ends at y at time ¢ and E;

denotes the corresponding expectation. &xp is the Wick exponential defined by

Exp(My) = exp (M, — (M, M),),

for a martingale M. The Feynman-Kac formula (1.4) is not rigorous as it is unclear how
one would define the integral of the white noise along a Brownian path and moreover
to exponentiate such an expression. However, Taylor expanding the exponential, then
switching the expectation with the infinite sum and evaluating the expectation, one
obtains the chaos expansion of u. With this in mind, (1.4) can be thought of as a short
hand for the chaos expansion (1.1) in the case n = 1. On the other hand, one can obtain
a rigorous expression by replacing W in (1.4) with a smoothed version of the space-time
white noise. Indeed, Bertini and Cancrini showed in [5] that such expression has a
meaningful limit as one takes away the smoothing and that the limit solves the SHE.
With this Feynman-Kac interpretation, one can think of the solution to the stochastic
heat equation as the partition function (up to a multiplication by the heat kernel) of the
continuum directed random polymer [1].

Analogously, we write

n t
Zults.0) =l = )" B | 8x0( 3 [ (s, xD) as) | 1.5)
i=1"0
where (X!,..., X" 0 < s <t) denotes the trajectories of the above mentioned collection

of n non-intersecting Brownian bridges and Ef y:¢ 1s the corresponding expectation. In
the same manner as in the n = 1 case, (1.5) should be thought of as the short hand for the
chaos expansion (1.1). Therefore, in view of (1.5) one can interpret Z,, as the partition
function (up to a factor of the heat kernel) of a natural extension of the continuum
directed random polymer involving multiple non-intersecting Brownian paths.

Since the work of Bertini and Giacomin [6], it is widely accepted that the logarithm
of u is the Cole-Hopf solution to the KPZ equation [37],

Och(t,z) = %&zh(t,x) + %(&Eh(t,x))z + W (t,z), (1.6)

with narrow wedge initial condition. This solution arises as the scaling limit of the corner
growth model under weak asymmetry. The Cole-Hopf solution to the KPZ equation via
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the Feynman-Kac formula (1.4) can be seen as the free energy of the continuum directed
random polymer. With this interpretation the Cole-Hopf solution can be regarded as the
continuum analogue of the longest increasing subsequence of a random permutation,
length of the first row of a random Young diagram, directed last passage percolation
and free energy of a discrete/semi-discrete polymer in random media etc., see [3], [4],
[11], [31], [32], [45], [34], [20] and the references therein. In each of these discrete
models, there is further structure provided either by multiple non-intersecting up-right
paths on lattices, multi-layer growth dynamics or Young diagrams constructed from
the RSK correspondence. The work in the above mentioned references have shown
that in some cases, utilisation of this additional structure have lead to derivations of
exact formulae for the distribution of quantities of interest. The above mentioned
discrete models provide examples of what is called integrability or exact solvability. The
motivation for introducing the partition functions Z,,, which are the continuum analogue
of the structures mentioned above, is that they should provide insight to the integrable
structure in the continuum setting.

The main result of this paper is that the continuum partition functions possess some
nice regularity properties.

Theorem 1.1. For all n > 1, the function (t,z,y) — Z,(t,z,y) has a version that is
continuous over (0,00) x R x R. Moreover,

P(Z,(t,z,y) > 0 forallt >0 and z,y € R] = 1.

Now define forn =1,2, ...

ZTL t? 07
hn(t,l') = IOg <Z§(t0x;)r)> y (17)

with the convention that Z; = 1, then hy(¢,x) is the Cole-Hopf solution to the KPZ
equation with narrow wedge initial data. An immediate corollary to the above theorem is

Corollary 1.2. For alln > 1, h,, is well defined and it is a continuous function of (t, z)
over (0,00) x R.

The collection {h,,n > 1} represents a multi-layer extension to the free energy of the
continuum directed random polymer. It is the analogue in the setting of the KPZ of the
multi-layer PNG or its discrete counterpart studied in [45] and [34] respectively.

We mention here the work of [18]. The authors showed the existence of a collection
of random continuous curves such that the lowest indexed curve is distributed as the
time ¢t Cole-Hopf solution to the KPZ with narrow wedge initial data. It is believed (see
[18, Conjecture 2.17]) that for each ¢t > 0 fixed, their collection of curves is equal to
{hn(t,z) : n > 1,2 € R} defined by (1.7). Proving this will give an alternative proof of
the continuity and strict positivity of Z,, at a fixed time ¢. In this paper, we provide a
direct proof of this and furthermore our proof gives a stronger result since ¢ can vary
over (0, 00).

There has been other recent work on multiple polymer paths and the multilayer
process in the stochastic heat equation setting. In [23] and [24], in a manifestation of the
exact solvability, the Bethe Ansatz is used to make exact and asymptotic distributional
statements. More recently in [19], it was shown that directed polymer models involving
multiple non-intersecting random walks, each with the same starting and end points,
moving through a space-time disordered environment converges to Z,, defined by (1.1).

The continuity and strict positivity of u = Z; was proved by considering its mild form
which suggests that to prove Theorem 1.1 one could consider the evolution equation
satisfied by Z,. By considering a smooth space-time potential, the authors in [43]
showed that Z,, should satisfy a certain SPDE, see [43, Proposition 3.3 and 3.7], however
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unfortunately it is not immediately obvious that this SPDE makes sense in the white
noise setting. Instead, we shall show that a natural extension of Z, does satisfy a
rigorous evolution equation which can be regarded as a multi-dimensional stochastic
heat equation. This allows us to derive the continuity and strict positivity of the extension
and from which Theorem 1.1 follows as a corollary.

Denote by W,, the Weyl chamber {x € R" : 21y > 25--- > 2, }, then forn =1,2,...,
t > 0andx, y € W, define

o0

S [ meyixy wiesay). as)
An(t) JRE

K, (t,x,y) = p,(t,x,y) (1 +
k=1

where Ry, is the k-point correlation function of a collection of n non-intersecting Brownian
bridges which starts at x at time 0 and ends at y at time ¢. pj,(¢,x,y) = det[p;(z; —y;)|7 ;-1
is by the Karlin-McGregor formula [38] the transition density of Brownian motion killed
at the boundary of W,,. It was proved in [43, Proposition 3.2] that K, also satisfies a
Karlin-McGregor type formula:

Ky (t,x,y) = det[u(t, 2, y;)]i -1 (1.9)

where each term in the determinant are solutions to (1.2) each driven by the same white
noise. Now, define fort >0, x, y € W

K, (t,x,y)

AAY) o

M(t,x,y) =
where A(x) = [, ;<,(zi — ;) is the Vandermonde determinant. It follows from (1.8)
that M,, has chaos expansion

p;;(t,X7 Y) ( - / / / Qk / )
M, (t,x,y) = 220 (1 4 Ri(s,y':t,x,y) W& (ds,dy’) ). 1.11
(t,x,y) AX)A(y) ;;:1 i I k(s ¥, %x,y) (ds,dy’) (1.11)

By (1.9) and the continuity of the solution to the stochastic heat equation, it is easy to
see that K, (t,x,y) is almost surely continuous on (0,¢) x W,, x W,, and is zero on the
boundary of W,, x W,,. It follows that M, (¢,x,y) is continuous in the interior W2 x W2.
By [8, Lemma 5.11], p (¢, x,y)/A(x)A(y) is a smooth function of (x,y) over R™ x R"™ and
since the k-point correlation function Rj extends continuously to the boundary of the
Weyl chamber, see Section 2.4, we see from its chaos expansion (1.11) that M, (¢,x,y)
is defined for x, y € OW,,. This also suggests that M, (¢,x,y) is a continuous function
on W, x W,,. Furthermore, from (1.9) we see that M,, being a ratio of determinants is
a permutation symmetric function of its spatial variables, that is for any permutations
m, o of {1,...,n}, M,(t,7x,0y) = M,(t,x,y). Hence, we can extend M,, by symmetry
to a function on R™ x R” and we will show that there exists a version of M,, that is
almost surely strictly positive and continuous on the whole of R™ x R™ and for all ¢ > 0.
Moreover, when all the x coordinates are equal and likewise for y, M,, agrees up to a
multiplicative constant with Z,,, that is

My (t,al,b1) = ¢, 1 Z,(t,a,b), (1.12)

where ¢, := ([[}5'#) " ¢"("D/2and 1 = (1,...,1). Equation (1.12) was shown to
hold in [43] but there the continuity of M,, on the boundary of W,, was only established
in an L? sense; here we extend it to almost sure continuity. Note that (1.9) suggests
that K, (t,x,y) and M, (¢,x,y) can be regarded as the stochastic analogue of p} (¢, x,y)
and p (t,x,y)/A(x)A(y) respectively where the latter has limit at the boundary equal to
Cnapi(a —b)".
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In Section 4, we will show that for all (¢,x,y) € (0,00) x R™ x R"™, M,,(¢,x,y) satisfies
almost surely the mild equation

p;kL(t7X7Y) 1 /t / / / /
p— —a
M, (t,x,y) AX)A() + e, Qi—s(y, Y )My (s,x,y") dy;, W(ds, dy;)
= Jo(t,x,y) + I,(t,x,y), (1.13)

where dy’, = dys ...dy, and

Qulx.y) = S x,y) = 50 detl s~ )l (119

is the transition density of Dyson’s Brownian motion starting from x € W,, and ending at
y € W,. It satisfies

Qi(al,y) = cnsAly Hpt (1.15)

We can extend @Q; by symmetry to a function on ]R" x R™ and so the integral over R" in
the mild equation (1.13) is defined.
Consider also the following integral equation for (¢,y) € (0,00) x R™,
1
Mity) =~ | 9(y")Q:(y.y") dy’
n. Jrr
1 t
fo | Q)M y) vl Wids,dyh)
(Tl — 1)' 0 R™

= Jp(t,y) + L.(t,y), (1.16)

where g : R” — R is permutation symmetric and may be random but independent of the
white noise. The function g is the initial condition for equation (1.16) in the sense that

}g%%/ 9(y)Q:i(y,y') dy' = hm/ y)Q:(y,y') dy' = 9(y).

On the other hand, we say that M, (¢, x,y) is the solution started from a delta initial data
at x even though strictly speaking it is the ratio of K, (¢,x,y), which can be shown to
satisfy an integral equation similar to (1.16) with delta initial condition, and the product
of Vandermonde determinants A(x)A(y).

We now state the main results regarding the solutions of (1.13) and (1.16) from
which Theorem 1.1 follows as a corollary by (1.12). Let %;,(R) be the collection of Borel
measurable subsets of R with finite Lebesgue measure and let W = (Wt(A),t >0,A€
%b(]R)) be space-time white noise on a complete probability space (Q2,.%#,P) endowed
with a right-continuous filtration (.#;):>¢ such that W is .%#;-adapted and W, (A4) — W, (A)
is independent of %, for all A € %,(R). From now on we fix this filtered probability
space (2, #, (Z¢)1>0,P). We use E to denote the expectation with respect to IP and for
Al = (E] - |p])1/p denotes the LP(f2) norm. Throughout this paper, ¢, < 2,/p is
the constant appearing in the Burkholder-Davis—-Gundy inequality.

Theorem 1.3. (a) Suppose that g is .%y-measurable and symmetric and satisfies for all
P> 2, supyepn [|9(y)llp < Kpg < oo, then there exists a solution (M (t,y), (t,y) €
[0, 0) x ]R”) to the integral equation (1.16) that is unique (in the sense of ver-
sions) in the class of all random fields (v(t,y), (t,y) € [0,00) x R™) that satisfy
SUP (1 y)ef0,r)x ke [V(t,¥)|lp < oo for all T > 0. The solution satisfies for all p > 2

1ML (¢, y)||2 < AK2 e et (1.17)

for a constant A > 0 depending on n.
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Moreover, M¢ has a version such that (t,y) — MZ(t,y) is locally Hélder continuous
on (0,00) x R™ with indices oo < 1/2 in space and «a < 1/4 in time.

(b) The chaos expansion (1.11) defines a solution (M, (t,x,y), (t,x,y) € (0,00) x R™ x
IR") to the integral equation (1.13) such that forallp > 2 andT > 0

sup || My (t,%,y)|2 < Coprt™, fort <T, (1.18)
x,yeR"®
for some constant C,, , 7. M, is a fundamental solution to (1.16) in the sense that
whenever g satisfies the assumptions of part (a) of this theorem, then,

M) = o [ g@M(tx,¥) A da

n:
is the unique solution to (1.16) with initial condition g.

Moreover, M,, has a version such that (t,x,y) — M,(t,x,y) is locally Hélder
continuous on (0,00) x R™ x R™ with indices o < 1/2 in space and o < 1/4 in time.

Theorem 1.4. Let g be as in Theorem 1.3(a) with the additional property that g is
non-negative almost surely and P[g(y) > 0 for some y € R"] = 1. Then the solution M¢
to (1.16) satisfies

P[MI(t,y) >0forallt >0andy € R"] = 1.

Let M,, be the random field defined by (1.11) then
P[M,(t,x,y) >0 forallt >0 andx,y € R"] = 1.

Comparing (1.13) and (1.16) with (1.3), we see that they have a similar form to the
mild equation of the SHE which has been well studied. It has been shown for various
initial data that the solution is Hélder continuous with indices up to 1/2 in space and
up to 1/4 in time. For example, the case with initial data having bounded moments was
studied by Walsh in [49]. Bertini and Cancrini stated the Holder continuity in [5] for a
class of initial data which includes a delta function. More recently, Chen and Dalang
[12] proved the Holder continuity for a non-linear SHE with initial data x4 being a signed
Borel measure over R such that (Ju| * pt)(xz) < oo for all t > 0 and = € R. For other
variants of the SHE see for example [16], [48], [47] and the references therein.

In each case the tool used to prove the continuity of the solution is Kolmogorov’s
continuity criterion. Denote the stochastic integral term of (1.3) by (¢, y) then the key is
to show that

E(|I(t,y) = I(t',y)P] < C(ly — o/ [P> + |t = t'[P/Y),

for p large enough. This in turn requires showing some continuity estimate for the
heat kernel and in our case, estimates for the kernel ();, see Theorem 3.2 below. These
estimates get increasingly involved for increasingly less regular initial data due to the
pth moments E[|u(t,y)|"] of the solution being unbounded as ¢ | 0 or as y — oo or both.
However for certain initial data such as a delta function, even though the pth moments
blow up as time ¢ | 0, they are for any fixed positive times uniformly bounded in space
and thus one can in effect isolate the effects of the initial data by solving the equation for
a small time and then start afresh with the current solution as the new initial condition.
This is the case with M, (¢, x,y). We will show that for all positive times ¢, E[| M, (¢, x,y)|?]
is bounded uniformly in space for all p which puts us in the situation of (1.16) with g
having uniformly bounded pth moments for which continuity is easier to obtain.

The strict positivity of the solution to the stochastic heat equation was first proved
by Mueller in [41]. He showed that if the initial data f is non-negative, continuous with
compact support with f(z) > 0 for some x € R, then forall ¢ > 0

Plu(t,x) > 0 for every z € R] = 1.
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Bertini and Cancrini proved a weak comparison principle using the Feynman-Kac formula
and used it to extend Mueller’s result to a delta type initial data. Shiga in [48] proved
the stronger statement

Plu(t,x) > 0 for every x € R and every ¢t > 0] =1,

for initial data being continuous functions such that the tails grow no faster than e*/*!
for all A > 0. More recently, Moreno Flores in [27] proved the strict positivity of the
solution for delta initial conditions, using a convergence result of a discrete polymer
model to the SHE, see [2]. Chen and Kim [14] further generalised the strict positivity
result to the fractional SHE, which includes as a special case the SHE considered here,
for measure-valued initial data by adapting Shiga’s method.

In all of the proofs above (except for the polymer proof) a key result is a large
deviation estimate on the stochastic integral term of the solution. Mueller proved such
result using the fact that integrals of the type fg fR f(s,y) W(ds,dy) can be considered
as a time-changed Brownian motion. Chen and Kim using a method of [15] derived a
similar estimate for the fractional SHE using Kolmogorov’s continuity criterion. We will
adapt the approach of [14] since we will first derive the necessary estimates in order to
prove Holder continuity anyway:.

The outline of the paper is as follows. In Section 2.1 we first briefly recall integration
with respect to space-time white noise and multiple stochastic integrals. In Section 2.2
we derive an upper bound on the L”({2) norm of stochastic integrals which will be used
repeatedly in this paper and we discuss briefly non-intersecting Brownian bridges in
Section 2.4. We then prove some estimates on the transition density @; in Section 3
which are central to the proof of existence and continuity. A key to the proof of the
estimates is the Harish-Chandra/Itzykson-Zuber formula [30]. The existence, uniqueness
and moment estimates part of Theorem 1.3 will be proved in Section 4. The proof of
Holder continuity is in Section 5. Finally, in Section 6 we prove a strong comparison
principle for the integral equation (1.16) of which Theorem 1.4 is a corollary.
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2 Preliminaries

2.1 White noise and stochastic integration

In this section we briefly recall the Walsh stochastic integral with respect to white
noise, see for example [49], [40] and [21] for details. Let %b(Rd) be the collection of
Borel measurable subsets of R? with finite Lebesgue measure. A white noise on R¢ is a
mean zero Gaussian random field {1 (A)} ¢ #,(r+) With covariance function

E[W(A)W(B)] = |ANB|, forall A, B € %,(R%),

where | - | denotes the Lebesgue measure on R?. We will only consider the case d = 2
and we interpret one of the dimensions as time. More precisely, we define a space-time
white noise (W;(A),t >0, A € %,(R)) by Wy(A) := W([0,1] x A) on a filtered probability
space (Q,.Z,(%)1>0, P) as described above Theorem 1.3.

A random field f is elementary if it is of the form

f(s,9) = X1(ap(5)1a(y),
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where X is bounded and .#,-measurable and A € #(R). A simple function is a finite
linear combination of elementary functions. We say that a random field f is predictable
if it is measurable with respect to the o-algebra generated by the simple functions and
we say that f € &, if it is predictable and f € L?(Q2 x [0,00) x R). According to Walsh’s
theory, [49], {W:(A)} belongs to a suitable class of integrators called worthy martingale
measures and the integral .
/ / f(s,y) W(ds,dy),
o Jr
is defined for all f € ;.
We will make use of the following stochastic Fubini theorem, [49, Theorem 2.6].

Lemma 2.1. Suppose that f : Q x [0,00) x R x R — R is predictable and that

E[ /O - /R /R F(s,2,9)? p(de) dy ds]

is finite where (1 is a given finite measure on R. Then

/R(/OOO/RJ‘(S,a:,y) W(ds,dy)) u(dx)z/Om/R</Rf(s,x,y) u(dx)) W (ds, dy)

Now we turn our attention to multiple stochastic integrals which appear in the chaos
series in the introduction. Let k > 1. We say that f € L%([0,t]F x R¥) if f € L2([0,#]* x R¥)
such that f(rs, my) = f(s,y) for all (s,y) € [0,#]* x R* and 7 € Sj, where S} is the set of
permutations of {1,...,k} and 7s = (S1,...,Sxk). Let Ay,..., A be disjoint subsets of
[0,#] x R. An elementary function in L%([0,#]* x R*) is a function of the form

k
s,y) = Z Hl{(sﬂi7y7ri) € A} 2.1)

eSSy i=1

For such f we define the k-fold integral by

/[ kasy ) Wek(ds, dy) —k;'HW
0,t]*

=1
It can be shown that linear combinations of functions of the form (2.1) are dense in
L%([0,1)* x R*) and that for an elementary f, the integral (f-W ) satisfies an It6 isometry,
hence for a general f € L%([0,t]* x R*), we define (f - W), = limy, 00 (fn - W)i where
{fn}n>1is a sequence of elementary functions such that f,, — f in L2([0,¢]* x R¥). The
resulting integral is a mean zero random variable with covariance given by

E[(f-W)k(®)(g- W)s(D)] = (f,9) L2045 xr)- (2.2)

For f € L%([0,t]* xR¥) that are not symmetric, we define its integral by first symmetrising
fvia
fsy) =+ =S f(msmy),
TESk
and then define )
(f - W)e(t) = (f - W)k(t).
Finally, for functions f defined on A(t) x R¥, for example the k-point correlation function

Ry, appearing in (1.1) and (1.8), we first extend it to a function on [0, ¢]* by setting it to
be zero for s ¢ Ay(t) and then define

/ f(s,y) WE(ds,dy) = (- W)k(t).
Ag(t) JRF
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Now define a time reversed white noise W by W ([0, s] x A) = W ([t—s,t]x A), s < t and
A € B,(R). We will need the following result for the proof of continuity in Section 5.2.1.

Lemma 2.2. Let f € L%([0,t]* x R*) then
[ ] semwetasan = [ [ pe-sy) sy as.
[0,t]* JR* [0,t] JRF

wheret —s = (t — s1,...,t — sg).

Proof. The result in the case when f is an elementary function of the form (2.1) follows
from the definition of the integral and the definition of 1. For general f € L%([0, ]* x R¥),
let {f.}n>1 be a sequence of elementary functions converging to f. The result of the
lemma holds for (f, - W)g(¢) for all n and by taking limits we see that the result also
holds for (f - W) (t). O

2.2 L? bounds on stochastic integrals

The following estimate is a useful bound on the L”(2) norm of stochastic integrals; it
can be considered as a version of [17, Lemma 2.4] or [28, Lemma 3.3] adapted to the
present setting. Recall that for brevity we denote dy,, = dy; ...dy,, and ¢, < 2,/p is the
constant appearing in the Burkholder-Davis-Gundy inequality.

Lemma 2.3. Define a random field (f(t,y); (t,y) € (0,00) x R™) by

t
flty) = / / Lis(y, y)w(s,y') dy, W(ds, dyy),
O n
for a suitable random field w and I'y(y,y’) is a non-random and non-negative measurable

function on (0,00) x R"™ x R™ such that [, , Tv_(y,y")w(s,y’) dy/ is integrable in the
sense of Walsh for all (t,y) € (0,00) x R™. Then for all integersp >2,t > 0andy € R"

t 2
1 LyIE < / / ( / Tos(y,¥)lw(s ) dy;) dy)ds.
0 JR \JRr1

Proof. Fix t and y, then by the Burkholder-Davis-Gundy inequality applied to the mar-
tingale ([, g Di—s(y, ¥y )w(s,y’) dy, W(ds,dy}), r € [0,t]), we have

‘ 2
/ / (/ L s(y, y)w(s,y") dy;) dy;ds
0 R Rn—1

Applying Minkowski’s integral inequality [36, Corollary 1.30] twice, we obtain
2
dy;ds

t
17ty < ¢ / / / Ty a(y,y (s, y') dy’
0 JR I JRn—1 »

t 2
< [ [ (] ety eyl avt ) dfas
0 JR \JRrn—1

as required. N

1fty)ls < e
p/2

Lemma 2.4. Forallk > 1 and f € L?>(Ax(t) x R¥) we have

H/ / f(s,y) W&k (ds, dy)
An(t) JRF

Proof. Since multiple stochastic integrals on Ay(t) coincides with iterated stochastic in-
tegrals, applying Burkholder-Davis—-Gundy inequality and Minkowski’s integral inequality
k times gives the desired upper bound. O

2
< cﬁ’“/ f(s,y)? dyds.
p Ak(t) R*
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2.3 Predictability of random fields

Recall that the Walsh integral is defined for random fields in &%, see Section 2.1
above, therefore it is convenient to have a set of conditions to verify the predictability of
a random field. The following result is from [13, Proposition 3.1] which is an extension
of [22, Proposition 2] to space-time white noise.

Proposition 2.5. Let t > 0 and suppose a random field (f(s,y),(s,y) € (0,t) x R)
satisfies

(i) f is adapted, that is for all (s,y) € (0,t) x R, f(s,y) is #s-measurable;
(i) for all (s,y) € (0,t) x R, ||f(s,y)|l2 < oo and (s,y) — f(s,y) is L?(Q2)-continuous on
(O7t) x R;
(i) [y fro (5,93 dyds < oo,

Then f € &5 and
t
| [ s was,ap,
0 JR

is a well-defined Walsh integral.

In the sequel we will need to integrate functions of the form: for some random field M,
let f(s,y1) = [gno1 Qi—s(y,y')M(s,y’) dy, where we recall Q; is the transition density
of Dyson Brownian motion defined in the introduction. (Note that we have suppressed
the dependency of f on ¢t and y to keep the notation simple.) The following proposition
provides convenient conditions to verify the integrability of such a random field.

Proposition 2.6. Let ¢ > 0 and y € R". Suppose the random field (M (s,y’), (s,y’) €
(0,t) x R") satisfies
(i) M is adapted i.e., for all (s,y’) € (0,t) x R", M (s,y’) is %s-measurable;
(ii) (s,y’) — M(s,y’) is L?(Q)-continuous on (0,t) x R";
(ii) SUpP(syr)e(0,0)xRn [M(s,y")||2 < oo.

Then (f(s, z), (s,2) € (0,t) x R) defined by f(s,9}) = [pn-1 Qi—s(y,y")M(s,y’) dyl, is in

Py and
t
/ / f(s, ) W(ds, dy}),
0 R

is a well-defined Walsh integral.

Proof. We will show that f satisfies the three assumptions of Proposition 2.5. Since
Q+—s(y,y’) is continuous and deterministic, Q:—s(y,y’)M (s,y’) is adapted by (i) and so
the integral [,_, Qi—s(y,y')M(s,y’) dy, is also adapted. Assumption (iii) of Proposi-
tion 2.5 follows from (iii) above since by Minkowski’s integral inequality and Lemma 3.7
below, we have for some constant C'

t
/ / 1£ (s, 12 dylds
0 R
t 2
< / / ( Qt_s<y7y'>||M<s,y'>||2dy;) dy,ds
0o Jr \JRrn—1

t 2
< sup ||M(8,y/)|\§/ / ( Qi—s(y,y’) dy;) dy;ds
0 JR \JRr1

T (s,y)€(0,t)xR™

< 2011/2 sup 1M (s, y")|3-
(5.9")€(0,t)xR"
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It remains to show the L?(2)-continuity of f. We wish to show that for each (s,y’) €
(0,) x R, imy, 2)— (s,) || f (1w, 2) = f(5,9)||2 = 0. Let u € [s/2, (t+5)/2] then by Lemma 3.1
below we have for a constant C' depending on n that

Qu-uly,z) < Ot —u) /2 [ ¥ /20w e==2/50-w)
=1

n/2 n
2/ C/QHGy, J(t—s He—z2/8t s/2).
(t—s)n Py

The last line is integrable with respect to dz, = dzs...dz, and so by the dominated
convergence theorem, the continuity of Q); and assumption (ii), the right hand side of

1f(u, 21) = f(s,90)]2
< sup HM(u7y)H2/Rn_l |Qt7u<Y7 (zlvz*)) - Qtfs(y7 (yivz*))| dz,

(u,y)€[s/2,(t+s) /2] xR™
+ Qr—s (¥, (¥1,2:)) 1M (u, (21,24)) — M (s, (y1,2)) |2 dz.
Rn—l
converges to zero as (u, z1) — (s,y}). Finally, an application of Proposition 2.5 completes
the proof. O

2.4 Non-intersecting Brownian motions

Dyson Brownian motion introduced in [25] can be realised as the eigenvalues of
Hermitian Brownian motion, an n x n Hermitian matrix whose entries are (up to the
Hermitian condition) independent standard complex Brownian motions. The eigenvalues
of such a matrix is a Markov process with state space W,, with transition density Q:(x,y).
It also arises as the Doob h-transform of Brownian motion killed at the boundary oW,
with h(x) = A(x) (see for example [29] and [39]).

One can construct bridges of Dyson Brownian motion, which we will call Dyson
Brownian bridge or non-intersecting Brownian bridges, using the framework of [26].
For x, y € W, a collection of non-intersecting Brownian bridges X, = (X!,..., X7?),
0 < s <t, starting at x at time 0 and ending at y at time ¢ is a process whose law is
absolutely continuous on ¢(X,;u < s) for any s < t to that of Dyson Brownian motion
started at x with Radon-Nikodym derivative equal to

Qt—s (Xsa y)
Qt(Xa y) '

In particular, for 0 < s; < ... < s <t, the law of (X,,,...,Xs,) is given by the density

Qsl (X7 yl) H?:Q Qsi—8171 (yi_la yi)Qt—sk (yka Y)

Qt(xa y)
The above is well defined at the boundary of the Weyl chamber, see Section 2 of [43]; in
particular by (1.15), taking limits as x — a1, y — b1 where 1 = (1,...,1) one obtains
n k % — 1 n
c A(yh)A*) [T—1psi(a— ygl) ITis i (si = si1, ¥y 1 y') [T;—1pe—si (b — yf)
" S;L(nfl)/Z(t _ Sk)n(n_l)/Qt_”(n_l)/th(a _ b)n ’
where ¢;! = [[/,"i!. The k-point correlation function Ry(s,y1;t,%,y), y1 = (41,--.,u¥)

appearing in (1.8) is defined as

. —k Qsl(x7y1)H QQsl Si— 1( )Qt Sk y y k
(=™ [ SRER ZHUHQdyJ 2.3)
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For each i we have chosen to leave the first coordinate of y* and integrated out the rest
but this choice is arbitrary by symmetry. Note that this is also the reason for the form of
the stochastic integral term in (1.13).

In the sequel we will need to bound integrals of the square of the k-point correlation
function Rj. Correlation functions of densities given by a product of determinants
have been studied extensively in the context of determinantal point processes, see for
example [35] and [10]. They can be expressed as a determinant of a matrix whose entries
are given by some kernel function. However for general start and end points x and
y this kernel function is difficult to compute, but since all we need is the integral of
the square of R}, it is not necessary to compute Ry explicitly and so we will not pursue
this. Instead, the next two results proved in [43] which expresses the integral of R? in
terms of intersection local times of Brownian bridges will be used. Let X = (X!,..., X")
and Y = (Y!,...,Y") be two independent copies of a collection of n non-intersecting
Brownian bridges which start at x at time 0 and end at y at time ¢ and let ]Ef ;/ . denote
the corresponding expectation of the joint law of the bridges. Let L;(X® — Y7) be the
local time at O of the difference X* — Y7. Then we have, see [43, Lemma 4.1],

Lemma 2.7. Fixn > 1. For all integers k > 1 and allt > 0, x, y € W, the following holds

k
/. 2 / XY .
Ak(t) - Rk(svy7t7x7y) dde— Exyt[( g:lLt ) :|

The following is used to bound the above moments of local times.

Lemma 2.8. For alla > 1 and 0 < t < T, there exists constants C := C(a,n,T) and
¢’ :=C'(a,n,T) such that

oy (B R [exp (o 30 10 - 19)] < 0 B < g

7,7=1

The above two lemmata show that for each t > 0, sup, , | Z,(t,7,y)||2 < oo and thus
the chaos series (1.1) is convergent in LQ(Q). The same is also true for (1.8).

Proof of Lemma 2.8. The first inequality is essentially Proposition 5.2 in [43], however
the proof given there contains an error which we correct here.

By writing
STLuX' =Y =Y Lip(XT =Y+ > (Li(XT = Y7) = Lyp (X' = YY),
i,5=1 ij=1 i,j=1

and applying the Cauchy-Schwarz inequality, together with the time reversibility of
the non-intersecting Brownian bridges, we see that it is enough to show that, for all
X,y € Wh,
t
P Y) gy foxp (20 Y Lya — YD) < €4, (2.4)

AR)A(y) = P

The law of the pair of systems of non-intersecting bridges over the time interval [0,¢/2] is
absolutely continuous with respect to the law of a pair of independent Dyson Brownian
motions, with Radon-Nikodym derivative,

Qiy2(Xiy2,¥) Qiy2(Yis2,y)
Qt (X7 y) Qt (X7 }’) .

The error in [43] is the omission of the second factor from this density. An application of
Cauchy-Schwarz, together with the fact that X and Y are independent and identically
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distributed gives,

Elyu|exw (20 Y Lip(XT - ¥9)] <
i5=1
, 1/2

- 2(X¢ /2, . - A .

X {Qtét((xt’/y)zy)] x | BEY [exp (4a Z-]Z:l Lijp(X* — Yj))} ;
where ]Eff denotes the expectation with respect to which the law of X is a Dyson
Brownian motion starting from x, and XY denotes the expectation with respect to
which the law of X and Y is that of a pair of independent Dyson Brownian motions,
each starting from x. On the righthand side of the above inequality the second factor is
controlled by the argument of Proposition 4.2 of [43], and it is bounded by a constant
independently of x € W, and t € [0,7]. To control the first factor we observe that the
Harish-Chandra formula (3.1) implies that

Qu(x,y) _ pp(t,x,y) —n?)2
AG)? ~ AAQ) =K

for a constant K, depending on n only. Consequently, bounding a single factor of
Q1/2(Xy/2,y) using this inequality, gives,

o |:Qt/2(Xt/2aY>2] < K (t/2) " AXAWY) g x [Qt/z(Xt/z’.Y)]

(2.5)

Qt(xv y)2 pn(t X y) Qt(xv y)
- K (t/2)_n2/2 A(x)A(y)
Pt x,y)’
when we note that % is the Radon-Nikodym density of a probability measure

and therefore has expectation one. This proves (2.4), and hence the first inequality in
the statement of the lemma, with

1/2

C=K,2""/? sup [BXY [exp (4(1 3 Ly(Xi - Yﬂ'))]
xeW,

Finally the second inequality in the statement follows from the first on a further applica-
tion of (2.5). O

3 Estimates on (),

Before proving Theorem 1.3 we need estimates on various quantities involving

the kernel Q;(x,y) = Agg (2mt)—"/? det[e*(mi*yﬂ'f/%]ﬁj:l. The following known as the

Harish-Chandra/Itzykson-Zuber formula [30] provides a useful alternate expression for
Qti
det[e*(rﬁy]) /Zt]
A)A(y)

1
- WQ/ exp ( — —Tr(Dy — UDXUT)Q) au, (3.1
U(n) 2t

where Dy and D are diagonal matrices with entries z4,...,z, and y1, ..., y, respectively.
en = (TT15 z') and the integral is with respect to the normalised Haar measure on
the unitary group U(n). Furthermore, the integrand above is bounded uniformly in U as
the following bound from [42, Lemma 1] shows

1
sup exp ( — —Tr(Y - UXUT) ) < He (yi—wi)?/2¢ (3.2)
Uel(n) 2t
EJP 25 (2020), paper 109. https://www.imstat.org/ejp
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From this and the Harish-Chandra formula we also have the following

Lemma 3.1. For allt > 0 and z, y € R™ we have with a constant C depending on n,

Qi(x,y) < Ct™/? H o2 /2t —y? /8t

i=1
Proof. First note that

—(yi—x)%/2t —(y?—222) /4t ,—(y;—2x;)% /4t —(y?—2x3)/4t
e~ Wimzi)™ /2t _ o= (yi—23) /4t o —(yi—22:)" /4t < o= (¥; 9«*1)/7

and so by the Harish-Chandra formula and (3.2), recalling the definition of Q; (1.14), we

have
n

@ 2 5
Qi(x,y) < m—r e A(y)? [ [ e ¥ /4tem /2,
(27 )n/2¢n? /2 11;[1

The Vandermonde determinant A(y) is a homogeneous polynomial in ¥, . . ., y, of degree
2

n(n —1)/2 and since sup, y“e™? /B < C.B*?, a, B > 0 where C, is a constant depending

on «, we have for a constant C' depending on n

A(y)2 He—yf/St < Ctn(n_l)/Q,

i=1

and from which the statement of the lemma follows. O

As mentioned in the introduction, Q:(x,y) is well defined on the boundary of the
Weyl chamber and since it is a product and ratio of determinants, it is permutation
symmetric and so we can extend @Q; to a function on R" x R™ by symmetry. Denote
Ki(x,y1) = f]Rn,l Q:(x,y) dy., recalling that dy, means integration with respect to
Y2, .-, Yn fory = (y1,...,yn) € R™. The following result strongly indicates the continuity
of M,; in fact it is a key estimate in its proof in Section 5.

Theorem 3.2.

(a) There is a constant C'y > 0 depending only on n such that forallt > 0 andx, z € R"

we have
t 2
//(/ |Qs<x,y>—c28<z,y>|dy*) dynds < Cylx — 2],
0 JrR \Jrn-1

(b) there are constants Cy, C3 > 0 depending only on n such that for all t, v with
0 <u<t<ooandx e R"”, we have

u 2
/ / (/ 1Qt—uts(X,¥) — Qs(x,y) dy*> dyrds < Colt —ul'/?,
0 R Rn—1

ot
/ /Ks<x,y>2 dyds < Cst — u]'/>.
u R

and

The theorem is a consequence of the series of results below. First observe that @
has the following scaling property:

(y/v1)
(x/V1)

Qil(x,y) = t‘"/2i det [ e GIVEBIVIL2] = 2, (xVE y V). (33)

Ver
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The left hand side of the inequality in Theorem 3.2(a) is bounded above by

/0OO /]R (/Rnl |Qs(x,y) — Qs(z,y)| dy*>2 dy,ds
B /0°° \/5/1R </R Qi(x//5,y") = Qu(z/v5,y')] dYL)Qdyids7 (3.4)

where we have changed the integration region to [0, o) in the time integral which results
in an upper bound due to the positivity of the integrand. The equality follows from the
scaling property (3.3) and a change of variables. Theorem 3.2(a) follows from (3.4) and
Lemma 3.3 below.

Lemma 3.3. Suppose a function R(x,z;y) : R" xR" xR — R satisfies for some constants
c1,c2>0

/ R(x,2;y)? dy < min(cy, c2|x — z/%), (3.5)
R

for any x, z € R", then
|5 | Rox/Vaa Vi) dydt < Clx o),
0o VtJr
with C' = 4.,/c1¢s.
Proof.

007 X Z N 2
/O \/%/RR( /Vt 2Vt y)? dydt

q|xfz| c oo Cs )
< —dt—|—/ —=|x—z|*dt = C|x — z|. O
0 \/7E z—f|xfz|2 t3/2| | ‘ |

Thus, we need to show that

L |Q1(X>y) - Ql(Z,Y)‘ dy*

n—

R(x,2;y1) := /

satisfies the hypothesis of Lemma 3.3. Using the inequality (a + b)? < 2(a® + b?) and the
fact that Q; is non-negative, we have

/ R(x,2;y1)* dy1 < 2(/ K1 (x,91)% dys +/ Ki(z,y1)° dy1> <4 sup 151.(%, )1 22 (day)-
R R R xeR”

On the other hand, let r(p) : [0,1] — R", r(p) = (1 — p)x + pz be a parameterisation of
the straight line from x to z and denote by VQ; the gradient of Q; with respect to the
first variable then

| @y @y < [ [ Ve o)l any.

1
S»/l;ﬂlfl/o |le(r(p)7y)||X7Z‘ dpdy*

By Lemma 3.4 below we have ’%S: (%, y)‘ < CQ2(x,y) for all j and so
"9
‘VQI(X7 y)|2 = Z 67‘1()(’ y)2 S 7’LC2Q2(X, Y)2
j=1
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Thus, by Minkowski’s integral inequality

1/2 1/2
</ R(x,z;y1)* dy1> < CI|X*Z|/ (/ Ky(r dyl) dp
R

< o |X_Z| sup ||K2( ">||L2(dy1)7
xeR™

for a constant C’ depending only on n. Therefore, in order to verify the hypothesis of
Lemma 3.3 it suffices by scaling to show that

sup / Ki(x,9)* dy < oo. (3.6)
x€ER™ JR
Lemma 3.4. There is a constant C := C(n) such that forallj=1,...,n,
0Qy
8$J’

Proof. By the Harish-Chandra formula (3.1), Q:(x,y) can be written as

(x,y)‘ < CQxu(x,y).

1
Qixy) =t | A(y)?exp (- Tr(Dy — UDUT)?) dv,
U(n)

where ¢/, = (27r)~"/?¢c,. Observe that by the cyclic property of the trace and the fact that
U is unitary, Tr(Dy — UDxU")? = Tr(UTDyU — Dy)?. Therefore,

0Qy —n?/2 1 2 T o _ i T
o ) = ot /u . SA(y)2((UT Dyl — ) exp( 5 Tr(Dx — U'DyU) ) du,
(3.7)

as long as one can justify the differentiation under the integral sign. Rewrite the
integrand above as

%A( 2 ((UTDyU),; ){exp(— %Tr( —U'DyU) )} (3.8)

For a Hermitian matrix H, one can check that TrH? = Y"1 | h% +2Y", <, |h;j|* and there-
fore Tr(Dx — UTDyU)? = Y1 | (z; — (UTDy U)“) +2Z<j|(UTD U”| The quantity

n

1 1 2
47|(UTDyU)jj — x| exp ( I > (2= (U'DyU)ss) ) exp ( — 272 |(UTDyU)i5]7)
i=1 i<j
is bounded above by a constant and thus (3.8) is bounded above by a constant times
A(y)? exp ( — £Tr(Dx — UTDyU)Q). This combined with (3.7) and applying the Harish-
Chandra formula again we have

?(x,y)‘<00t”/2/ A( )exp(—%Tr( UDU))dU
j

- ClQQt (X7 y)7
for some constant C, C’ depending only on n.

It remains to justify the swapping of the derivative and the integral in (3.7). To do
this we shall use the following result from [9, Theorem 16.8].

Proposition 3.5. Let (Y, 1) be a measure space. Suppose that f(z,y) is a continuous
and integrable function of y for each x € I, where I can be taken to be R and that for
eachy ey, %(x, y) exists. If for each =* there exists a function g(z*,y) integrable in y
such that |9L(z,y)| < g(z*,y) for all y and all x in some neighbourhood of z*, then

a%j/yf(ﬂc,y) u(dy)Z/Yg%(m»y) p(dy).
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Since e~T(Py=UDxU"?/2 < 1 and dU integrates to one we can apply the above

proposition with g = 1 which completes the proof. O

To show (3.6), we shall use the following result from [33, Proposition 2.3] which shows
that for 1 < N < n, the N-point correlation function of @; is given by a determinant:

n!
m/ﬂ . Qi(x,y) dyny1 ... dy, = det[Ki (X, yi, Yj)]1<ij<nN,

where (see the equation below [33, equation (2.18)])
f( (X U ’U) L /dZ/ dw e%(w*U)Q*%(zfu)(‘) 1 ﬁ w— T
t\Ay Uy = T 5 _N9osi0 t t
(2mi)2t2 /| L w—z ke,

x{(w+z)(wz)+usztz 2w = 2) } (3.9)

— (w—m;)(z — 7))

J
where v is a closed contour around the z;’sand I';, : ¢t - L+ it, t € Rwith L € R
large enough so that v and I';, do not intersect. Then by taking N = 1, K;(x,y) =
%f(l(x, y,y). Observe that the integral formula (3.9) makes clear the symmetry of
K, with respect to the ordering of x4, ..., z, and that there are no issues if any of the
x;’s coincide.
Observe that

/ Kl(X, y)2 dy S sup Kl(x7y)/ Kl(x7y) dy =n! sup Kl(X7 y)a (310)
R yeER R yeER

since jW Q1(x,y) dy = 1 for all z. So it suffices to show that sup, , K1(x,y) is bounded
or equivalently by the translation invariance of K; which follows from [33, equation
(2.18)]) that sup,cg» K1(x,0) is bounded.

Lemma 3.6.

sup Ki(x,y) = sup K;(x,0) < oco.
xER" x€R"

Proof. By formula (3.9) we have

1 2 2 i w — Ty
K O = —— d d —z /2 w/2 J
nKi(x,0) (27”,)2[Y z . we e (w—|—z)y1;[1 P
1 / / 20wl W — T e T
+ —— [ dz dw e #/2ew”/ J J
@mi)* ), Jr, ]1;[1 z = ; (w—x;)(z — ;)
=11 + I>. (3.11)

Since the integrand is holomorphic we can by Cauchy’s theorem deform the contour I',
so that L = 0. We can also take v to be the closed (rectangular) contour (see Figure 1)
around z1,...,x, composed of four parts v:, v, v and ;, where v; : v — —u + di,
u€|[-R,R],v:u—>u—di,u€[-R,R], v :v— R+vi,v€|[-d,d,and vy :v— —R—uvi,
v € [=d,d]. R:= R(z) is chosen so that the minimum distance between the contour ~
and the x;’s is at least d. We shall consider each parts of the contour separately. Denote
the contribution from the contour v, by I;(v,), j = 1,2 and likewise for the others.
Since |z — z;| > d for all z € -y and j, we have
|w] + |2\ "
(1 Y

n
=1 =
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Io

di Yt

m Tr

Tp Tp-1 €3 T2 1

—di Vo

Figure 1: Sketch of the contours used in the proof of Lemma 3.6.

On v, |z| = |R + vi| = (R? +v?)Y/2 < (R? 4 d?)'/? and
|67z2/2| _ ‘ef(R2+2iRv7v2)/2| < o~ R/2,d%/2
Therefore,
[11(7r)]
dz|  _R2o g2p [ At _p2)9 2, 2\1/2 lt| + (R* +d*)Y/2\"
< e | -
_/T 5 e RQﬂ'G (|t| + (R*+d*)"?) (1 + 7
e—R?/2.d%/2
< Wlength(w)f(]%),

where f(R) depends on d, n and is polynomial in R and hence I;(y,) — 0 as R — co.
For I5(7,), observe that

; 1 n lw| + 12| \"
<D TE
z:1|z—xk|d< Ty ’

and so in a similar manner as above we have that

n e F2/2ed°/2

Iry(v,)| £ =———=———Ilength(v;)g(R),

[2(7)l < )2 gth(v:)g(R)

with ¢ a polynomial in R. Thus, we also have that I5(7,) — 0 as R — co. By symmetry,
the same argument shows that 7(~;) also vanishes as R — co. Thus, we can deform the
contour + to the two horizontal lines, v : v - —u+diand y_ : ©u = u — di, v € R. On

EJP 25 (2020), paper 109. https://www.imstat.org/ejp
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Yo, |2 = (u? 4+ d?)'/2 and |e=*"/2| < ¢=**/2¢4°/2, Hence, in the same fashion as above, we
have
/2 — (w242 /2 2, 2\1/2 ] + (u® +d*)'/2\"
|Il(7+)|§4—2/du/dte (] + (2 + ) 2) (1 + _
™ JR R
< Cdn, (3.12)

for some constant Cy ,,. Similarly, we have

d2/2 ) t+(u2+d2 1/2\ "
Bl < 5 [au [ anemteei (14 MR

S Cd7n7

for some constant (7}, ,,. By symmetry, |/1(v-)| and [I2(v-)| are also bounded by Cy,,, and
C}.,, respectively. Take d = 1 and thus we have shown that there exists a constant C
independent of x and depending only on n such that

sup K;(x,0) < C,
x€R™

which completes the proof. O

Lemma 3.7. There exists a constant Cy > 0 depending only on n such that for all t > 0
andx € R",

/ Kt(x,y)2 dy < C’4t_1/2.
R

Proof. By the scaling property of @; and a change of variables

/ Ki(x,y)* dy = t_l/z/ Kl(xt_l/Q,y/)2 dy’.
R R

By Lemma 3.6 and (3.10), the latter integral for each fixed n is bounded uniformly in =
which gives the desired result. O

We are now ready to prove Theorem 3.2.

Proof of Theorem 3.2(a). Summarising the argument given above, we take

R(X7Z;yl) = /nil |Q1(X7y) - Ql(Z7Y)‘ dy*

and the result follows from Lemma 3.3 and (3.4). The hypothesis of Lemma 3.3 for
this choice of R is verified by checking equation (3.6) which in turn holds by virtue of
Lemma 3.7. O

Proof of Theorem 3.2(b). Lett = u + h where h > 0, then we need to estimate

/Ou~/]R </1Rn_1 Qs +n(%,¥) = Qs(x,¥)] dy*>2 dy:ds.

Making the change of variable s = hs’, y = v/hy’ and using the scaling property (3.3) of
Q:, the above is bounded by

00 2
w [T (] Qe ViY) - QuixVRYl v ) dngas
0 R Rn—1
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and hence it suffices to show that

/OOO/]R (/}Rnl Qs41(x,y) — Qs(x,y) dy*>2 dyds < oo

uniformly for z € R™ which we shall do by dividing the time integral from 0 to 1 and from
1 to oo and bounding each of them separately. Firstly, by Lemma 3.7, the non-negativity
of Q; and the inequality (a + b)? < 2(a? + b?), we have

/01 /nz (/]R"l Qs+1(x,y) — Qs(x,y)] dy*>2 dy:ds

1
<2 [ [ Kunbxof + Ku(xp)? dyds
o Jr
< C,
with C > 0 independent of x. On the other hand, we have

s+1 8
Quatxy) - Quxy = | [ 5

(x,y) dr

and so we need to estimate the derivative of ;. Using the Harish-Chandra formula and
denoting Ay = (Dy — UDxUT)? we see that

0Q,
or

(x,y) = Cn(277)_n/27"_n2/2A(Y)2/

2
e—TrAU/Zr(TrAU _ n ) dU,
Un)

212 2r

where we have applied Proposition 3.5 with g = 1 to swap the derivative and the integral.
Then in a similar manner as in the proof of Lemma 3.4 we have

0Q,
or

/

(x,y)‘ < CTCn(QW)_n/Qr—nz/QA(y)2/ e~ TrAu/4r qr7
U(n)

C
= ?Q%(XJ’)’ (313)

for some constant C' > 0 depending only on n. Therefore, by Minkowski’s integral
inequality and Lemma 3.7
2 1/2
dy*> dyl)

</]R (/R /:H 88%' (x,y) dr
</ </]R ]/Sﬂ L Qurlx. )drdy*>2dyl)l/2
o i)

S 0/875/4

Consequently,

o0 2 %)
/ / (/ |Qs+1(x,y) — Qs(x,y)] dy*> dyds < 0/2/ 5792 ds < 0.
1 JR \JRr—1 1

Finally, by Lemma 3.7 we have

¢ ¢
/ / K, (x,y)? dyds < 04/ 5712 ds < 204t — ulM?.
u JR u

This completes the whole proof of the theorem. O
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4 Existence, uniqueness and moment estimates

4.1 Bounded initial data

We now prove the existence, uniqueness and moment estimates part of Theorem 1.3(a).
The proof of continuity will be delayed to Section 5. In the sequel constants will generally
be denoted by ¢, C or K and possibly adorned with primes or subscripts. They may
differ from line to line and their dependence if any will always be specified. However,
C;, 1 < i < 4 will always mean the constants in Theorem 3.2 and Lemma 3.7. T" > 0 will
always denote the finite time horizon.

Proof of existence, uniqueness and moment estimates of Theorem 1.3(a). The proof is
by a Picard iteration argument. Throughout the proof, we fix an arbitrary integer
p > 2. For (t,y) € (0,00) x R" define m°(t,y) := J,,(t,y) where J,, was defined in (1.16)
and for £k > 1, let

1 ’ -
) =’y + o [ Qe sy v Wids. )

=m (t,y) + I"(t,y). (4.1)

Claim 1: the stochastic integrals /; are well defined

We need to show that for all ( y) € (0,00) x R", the random field (fi(s,y), (s,y) €
(0,t) x R) defined by fi(s,9}) := [gn-1 Qe—s(y, y ) k(s,y') dy, isin P, forall k > 0

Fix (t,y) € (0,00) x R" and consider fo(s,y}) fRn_l Qi—s(y,y)m®(s,y") dy*.
need to show that m? satisfies the three assumptions of Proposition 2.6. Since the initial
data g is Fp-measurable, m® is adapted to the filtration (%;);>0. By assumption on g,
supyegn |9(¥)llp < Kp 4 < oo and hence by Minkowski’s integral inequality, we have for
allt >0

1
el < o [ o) @iy ay

S(buplg ||p> /Qtyy

< Kpy (4.2)

By Lemma 5.2 below, (s,y’) — m%(s,y’) is L?(2)-continuous over (0,t) x R" and so
Proposition 2.6 implies that fy € 4, and

t
/ Quosly,y)m"(s,y") dy’. W(ds, dy}),
0 R»

is a well defined Walsh integral. Consequently, the random field (m?(t,y) = m°(t,y) +
I'(t,y), (t,y) € (0,00) x R") is well defined.

We wish to show that the sequence {m*(t,y)}x>o is Cauchy in LP(£2). To this end, let
di(t,y) := [[mFTi(t,y) — m*(t,y)|,. By Lemma 2.3, Lemma 3.7 and (4.2), we have for all

(t,y) € (0,00) x R™,

we? <226 [ ([ @ty y iyl ay.) asis
<2K2 CLAZCVE

n p
— vt
r3)’

where I'(3/2) = /7/2 and A,, denotes 1/(n — 1)!.

_ 2 2 2
= Kp,gC4AnCp
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Now assume for induction that for all 0 <1 < k, (m!(t,y), (t,y) € (0,00) x R™) is well
defined and satisfies

(i) m! is adapted,
(i) (s,y) > m!(s,y) is L?(Q2)-continuous on (0,¢) x R" for all ¢ > 0,
(iii) for all (¢,y) € (0,00) x R*and 0 <I<k—1

(1+1)/2

2 2 2 2 /i1
di(t,y)” < K o (CaAycpv/m) m

(4.3)

We want to show that the same is true for m**! and d;. Let (t,y) € (0,00) x R". Observe
that m*(t,y) = m°(t,y) + 3_, m!(t,y) —m!~1(t,y), and so to bound the pth moments of
m" it suffices to bound each of the d;’s, 0 <1 < k — 1. Indeed, by property (iii) and (4.2),
we have

k

Im*(, y)[12 < 2lmO( y)12 + 3 2y (1, y)?
=1

tl/?

—_— 4.4

<2K: Z (2C4 A% c2\/T)!

which shows that sup, y)c(0.4xRr» [m*(s,y)|l2 < oo. This and the induction hypothesis
shows that m* satisfies all three assumptions of Proposition 2.6 and

t
"t y) = A, / Quos(y,y)mb (s,y") dy’, W(ds, dy}),
0 R™

is a well defined Walsh integral for all (¢,y) € (0,00) x R™. Moreover, it is adapted and
so mFtt = m® 4 I*+! is also adapted. We need to check the L?(Q)-continuity of I**!. By
Theorem 3.2 we have forall0 <r <wu <tandy, z € R” that

1155 (u, ) = 1M (r, 2)I3

<2A2//</ |Qu—s(y,y") = Qr_s(z,y")||m" syllzdy*) dyyds
Rnl

2
w2 [ ([ Qe syl avt) dutas

<24X(C1+Co+C5)  sup [mF(s,y) 3 (ly — 2|+ Ju—r|?),
(s,y’)€[0,t] xR™

which proves the L?(f2)-continuity of m**! on (0,¢) x R".
For the bound on d;, we use Lemmata 2.3 and 3.7 and the induction hypothesis to
obtain

dult,y)? < A2 2/ / ( [ Qe y)dy*> dy,ds

k/2
s
< K (CaALc))FHak/? / o (t—s)"?ds
ol AT T )
2 2 2 k+1 thr1)/2
= KP’Q(C‘LAHCP ﬂ—) P(L-gl + 1) 9 (45)
where we have used the Euler Beta integral [44, equation 5.12.1]:
1
_ _ I'(a)T'(b)
w1 —w)l P du= = a,b >0, 4.6
/0 ( ) I'(a+b) (4.6)
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and the fact that I'(1/2) = /7 to evaluate the time integral. It follows that the bound
(4.4) holds with k replaced with k + 1.

Thus, by induction we conclude that for all integers k&, the random field (mk(t, y) =
ml(t,y) +I%(t,y), (t,y) € (0,00) x R™) is well defined and satisfies properties (i), (ii) and
(iii) listed above.

Claim 2: the sequence {m"(¢,y)};>o is Cauchy in L?((2)
This follows from the fact that for any 7" > 0

o0

sup Y di(t,y) < oo,
(1)€l0,T] xR £

which is a consequence of equation (4.3), the ratio test and the following asymptotic:

E((ii‘;)) ~ 2%7% as z — oo, see [44, equation 5.11.12]. We conclude that there exist a

random field which we denote by MJ(t,y) such that m*(¢,y) — MZ(t,y) as k — oo in
L?(Q) uniformly in y € R™ and ¢ € [0, 7).

Claim 3: M?(t,y) solves equation (1.16)

Since each m” is adapted, M/ is also adapted. The L?(Q2)-continuity of M7 is inherited
from that of m* since the convergence is uniform on [0, 7] x R" for all T > 0. Now take
k — oo on both sides of (4.4). By [13, Proposition 2.2], we know that for all z > 0

(1 rerf(@) =Y = (4.7)

Using this with o = 2C; A2 c2\/mt'/? and the fact that |erf(-)| < 1 gives the bound (1.17)
in the statement of the theorem. Thus, by Proposition 2.6, for all (¢,y) € (0,00) x R" the
random field f defined by f(s,y}) = [gn-1 Qi—s(y, ¥ )MI(s,y’) dy. for (s,y7) € (0,t) x R
is in &7, and the stochastic integral

t
Lt.y) = A, / Quosly,y)ME(s,y") dy’, W (ds, dy}),
0 R™

is well defined.

It remains to show that the limit M2 (¢, y) solves (1.16). Fix (¢,y) € (0,00) x R™. By
definition, m*(t,y) = m°(¢,y) + I*(¢,y) where the left hand side converges in L”({) to
MJ(t,y). For the right hand side we have by the uniform convergence in L?(Q2) of m*
that

115t y) = Lt y)ll; < 2CaA%cpvt  sup  [mF (s, y') = Mi(s,y")l;
(s,y")€[0,t]xR"™
—0 ask— oo.
The limit of both sides of the equation m”(¢,y) = m°(t,y) + I*(t,y) must be equal almost

surely and so we have shown that for each (¢,y) € (0,00) x R™, M(t,y) satisfies (1.16)
almost surely. This proves existence.

Claim 4: the solution M?(t,y) is unique

Suppose that M(t,y) and N(¢,y) are both solutions to (1.16) with the same initial data
gandletd(t,y) = ||M(t,y) — N(t,y)|, then by a similar calculation as for existence we
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have for each k,

k)2
dty?< s dis,y)? (CaA22ym)t—t (4.8)

(5.)€[0.] X R" L(5+1)
which converges to 0 as k — oo. Therefore, d = 0 and so for all (¢,y), M(t,y) = N(t,y)
almost surely i.e. M and N are versions of each other. This proves uniqueness. O

4.2 Delta initial data

We now turn our attention to the integral equation (1.13). In this case, the solutions
no longer have pth moments which are bounded uniformly in time and so we need a
different approach to the one used in the previous subsection. Our proof uses the chaos
expansion (1.11) and the local time estimates in Lemmata 2.7 and 2.8.

Proof of moment estimates and fundamental solution property of Theorem 1.3(b).
Consider M, (t,x,y) defined by the chaos expansion (1.11). We first estimate its pth
moments for p > 2.

Claim 1: the pth moments of M, (¢,x,y) satisfies (1.18)

The approach is to construct an approximating sequence to M,, and estimate the moments
of each term of the sequence and take limits. The natural candidate for the approximating
sequence is the following: for each (¢,x,y) € (0,00) x R* xR", let m°(t,x,y) := J.(¢,X,y)
where J,, was defined in (1.13) and for k£ > 1 define

k
wttxy) = nexy) (1430 [ syt woldsay) ).
Aut) IR

In other words, m*(t,x,y) is the kth partial sum of the chaos expansion for M, (t,x,y).
Let di(t,x,y) = [|[mFTL(t,x,y) — m*(t,x,y)|, then by Lemma 2.4

dr—1(t,x,y)% < cﬁkmo(tx,y)z/ Ri(s,y';t,x,y)? dy'ds. (4.9)
Ag(t)

Therefore,

k
I x,3)]12 < 2mO(t %, ¥)2 + 3 2 i (1 x, )2
=1

< 2m® (t,x,y) (1 + Z 2c / Rl(s,y/;t,x,y)2 dy/ds>.
AL t)

. . n i -\
Each term in the sum above is equal to (202)1Ei3¥t[(2i7j:1 Ly(X* — Y7))']/l! by
Lemma 2.7 where X = (X!...,X"), Y = (Y!,...,Y") are independent copies of a
collection of n non-intersecting Brownian bridges which start at x in time 0 and end at y
in time ¢. Letting k¥ — oo we have for all (¢,x,y) € (0,00) x R™ x R"™

12 < 2m°(t, %, y) ]Effyyt[exp (2c§ i Ly(Xt — Yj))] (4.10)

ij=1

lim [[m"(t,%,y)
k—o0

For each t > 0 and p > 2, Lemma 2.8 shows that the right hand side of the previous
2

display is bounded above by Ct~" for all x, y € R™ for some constant C' depending on n

and p. By Cauchy-Schwarz inequality

Im® (8, %, 3) = m" (6, %, )5 < [Im" (8, %, ) =m" (&, %, ¥)[|l2[m* (£, %, y) —=m* (£, %, ¥) 5,5 -
(4.11)
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It follows from [43, Proposition 5.1] that (1.11) is convergent in LQ(Q) and so the partial
sum m* converges to M, in L?(Q2). Combining this with the moment bound (4.10)
shows that (4.11) converges to 0 as k, k' — co. Therefore, m*(t,x,y) also converges to
M, (t,x,y) in L*(2) and we can replace the left hand side of (4.10) with ||M,, (¢, x,y)]2.

Claim 2: M,(t,x,y) is a solution to (1.13)

We show that M, (t,x,y) defined by (1.11) satisfies equation (1.13) for all (¢,x,y) €
(0,00) x R™ x R™. Recall that M, (t,x,y) is well defined on the boundary of the Weyl
chamber and it is symmetric under permutations of both its space variables, hence we
can extend it to a function on R™ x R™. Similarly we also extend @Q;_s(x,y) to the whole
of R™ x R™.

First observe that as a consequence of the Markovian structure of the correlation
function Ry, see (2.3), we have for s = (s1,59,...,5;) With s1 < so... < s < s < tand
z=(21,2,...,2;) € R* together with x,y,y’ € R" that

L / ’TL » ! , ,
m - Qi—s(y,y )m Ry(s,z;8,x,y") dy.
A N
= AGAGy) T (E:9), @)t xy). (412)

Thus, substituting the chaos expansion of M,, into the stochastic integral term of (1.13),
the kth term of the expansion gives a contribution

1 /t N Dn(5,%,y')
Y —s\Y> ARV VATR
=y S @YY AGAGY)
/ Ri(s,2z;5,x,y" ) W®*(ds, dz) dy’, W (ds, dy})
Ag(s) JRF

_ %)

= R s,z;t, X,y WeFt(ds, dz). (4.13)
KA oo o B W s, da)

The interchange of the order of integration is justified by the stochastic Fubini’s theorem
(Lemma 2.1, which also holds for a multiple stochastic integral) since for each s and ¥},

pi(s.xy)\ o ,
Qi—s(y,y’) () / / Ry(s,z;8,x,y" )" ds dz dy,
Rt AX)AY) ) Jaws) Jre

< | Qs (v YD) IMa (s, % y)E dyl < oo,
R'n.f
appealing to Lemmata 2.7 and 2.8.
Summing over k in (4.13) gives

1 t
m/ Qs ¥ )M (s:x,5) dy LW (ds, dy)
*Jo n

prtxy) OO/ / ok
=T Ri(s,z;t,x,y) W*%(ds,dz), (4.14)
AIA0) 2= Sy s T ) WH(ds, da)

provided the sum can be passed though the integrals and the integral on the lefthand
side is well defined. To show that the integrand belongs to &, and so the integral is well
defined, we first show that the integrand is L?(Q2)-continuous. By [43, Lemma 6.1], M,,
is L%())-continuous and the same is true for the above integrand by the same manner as
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in the proof of Proposition 2.6 and appealing again to Lemmata 2.7 and 2.8 to bound the
second moment of M,,.
Next we calculate, by multiplying the chaos expansions, that

, 1 Pn(8:%,Y) ) (s,%,y")
]E[Mn(s,x,y )Mn(s,x,y )] = A(X)A(y’) A(X)A(y") x

(1+Z/ Ri(s,z;s,x,y' )Ri(s,2; 8, x,y") ds dz).
k=1 Ak(s) Rk

Then using this, together with (4.12) and monotone convergence, we deduce that, with
A, denoting 1/(n — 1)!,

af )
" 0 JR

2
dy ds
2

2 oo
p;kL(t7X7y)> / 2
=| == Ri(s,z;t,x,y)" dsdz < oco.

(oae 2 [ o )

Qt—s (y7 y,)Mn(Sv X, y/) dy:«
]Rn—l

Therefore, by Proposition 2.5 the integral on the lefthand side of (4.14) is well defined.
Similarly we can calculate

i)
" 0 JR

where m*(s,x,y’) is the kth partial sum of the chaos expansion for M,,(s,x,y’), obtaining,

(pii(t»x, y)

2 oo
= Ri(s,z;t,x,y)? ds dz.
ne) l_zk;Q/Al<t> e )

2
dy; ds,
2

Qt—S(Ya yl) (Mn(57 X, y/) - mk(57 X, y/))dy;
Rr—1

We observe that this tends to zero as k tends to infinity, and so prove the interchange of
sum and integral to obtain that (4.14) was valid.
Finally it follows from (4.14) that the right hand side of (1.13) is equal to

A(x)A(y)

which is the definition of M, (¢,x,y) as required.

RO (103 [ Rlsmtony) W asas)),
k=1 Ak(t) RF

Claim 3: M, is a fundamental solution to (1.13)

Let g be a function satisfying the assumptions of part (a) of the theorem and define

1

v(t,y) = 1 /Rn g(x) M, (t,x,y)A(x)? dx.

The integral defining v is well defined; noting that g(x) and M, (¢, z,y) are independent,
we have

B| [l cox3)1a60? ax] < swp oGl [ 1006 x ) AR ax < .

where the integral is finite because

/ ||Mn(t,x,y)||1A(x)2 dx:/ IE[Mn(t,x,y)}A(x)2 dx
Rﬂ,

n

A(x)
= /n p;(t,X7 y)m dz = TL!,
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noting that M, (¢,x,y) is non-negative by [43, Proposition 5.5]. We claim that

1 / /! / 1 K ! / !/ /
o(t,y) = E/Rn 9y )Q:(y,y') dy' + m/o o Qi—s(y,y)u(s,y') dy, W(ds,dy;)

from which it follows, by the uniqueness of solutions of (1.16), that v(t,y) = MI(t,y)
with probability one.

Multiplying both sides of (1.13) by g(x)A(x)? and integrating with respect to x, the
claim will follow, provided we justify exchanging the order of the integrations on the
righthand side. Exchanging the integrals with respect to x and y’, is straightforward. To
use the stochastic Fubini Theorem to interchange the integral with respect to x and the
stochastic integral it suffices to show that

[ L
nop(x) Jo Jr
is finite, where p is some chosen positive density satisfying [, p(x)A(x)? dx < cc. This

follows by taking the measure yu to be p(x)A(x)? dx in Lemma 2.1. Now, equation (1.13)
implies that, with A4,, denoting 1/(n — 1)! as previously,

t " 2
0o JR

A)A(y)
and consequently, using the independence of g(x) and M, (¢,x,y) we see that it is enough
that

2
dy} ds dx,
2

g(X) R Qt—s(Y7y/)Mn(Saxa y/) dy:k

2

Qt—s <Ya yl)Mn<S7 X, y/) dy;
Rn—1 2

2
[ M (%, 3)l2 5

x 2
(supllatlB) [ S I (rx v dx

is finite. In view of the hypothesis on g, and the Gaussian bound on || M, (¢, x,y)|3
coming from the Harish-Chandra formula and (3.2), we can make both this quantity and
Jzn P(x)A(x)? dx finite by choosing, for example,

o) = (1+ 3 22) 7"

Thus the application of the stochastic Fubini Theorem is justified and the result proved.
O

5 Continuity
We shall use the following version of Kolmogorov’s continuity criterion which is due
to Chen and Dalang, see [12, Proposition 4.2].

Theorem 5.1. Consider a random field (f(t,y) : (t,y) € Ry x R?). Suppose there are
constants «y, . ..,aq € (0,1] such that for all p > 2(d + 1) and all M > 1, there exist a
constant C := C(p, M) depending on p and M such that

d
156.3) = FGs0lly < € (It sp 4 3 s =l ).
i=1
for all (t,y) and (s,x) in [1/M, M] x [-M, M]?. Then f has a modification which is locally

Hoélder continuous on (0, 00) x R? with indices (Bay, . . ., Bag) for all 8 € (0,1).
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5.1 Bounded initial data

We now prove the Holder continuity of the solution to (1.16) by verifying the as-
sumptions of Kolmogorov’s continuity criterion. We first estimate the increments of
Jn(t,y) = - f]Rn y')Q:(y,y') dy’ where g satisfies the bound supy cg. [|9(y)llp < Kp4-
Lemma 5.2. LetM > 1 and p > 2. There exist constants K, := K;(g, M,n,p) > 0,1 =1,2
such that forallt, ¢ € [1/M,M] andy, y' € R"

[ Tn(t,y) = Tn(t',y)|lp, < Kift —t'],

and
[ Tn(t,y) = Tnlt,y )y < Kaly —¥'|.

Proof. By the assumptions on g and Minkowski’s integral inequality, we have
1
1903) = a3y = (s @l ) [ 1@i0v.2) - Qo) aa
-\ zeR"

We first consider the time increment. By (3.13), there is a constant C depending only on
n such that forally € R" and ¢, t' € [1/M, M|
tl
oQr
d
| Sy

| 1n - Quyalda= [

t/
< C’/ r1 Q2 (y,2z) dzdr
t

]Rn
< Cn!M|t" —t|.

dz

Similarly for the space increment we need to estimate

[ 1@to-awalie= [ | [ Va0 v ar i

n

where r(p) = (1 — p)y + py’, p € [0,1] is the straight line from y’ to y. By Lemma 3.4,
aQt (y, z) < CQ2(y,z) and so the previous display is less than

Cf/ ) [ Qulr(o).2) dzdp < 'y ]
forallt € [1/M,M]andy, y’ € R™. O

We now turn our attention to the stochastic integral term I,, (¢, y).

Proposition 5.3. Let M > 1 and p > 2. There exists a constant K := K (g, M,n,p) such
that for all (t,y) and (u,z) € [0, M] x R"

12 (t,y) = Ln(u,2) ]l < K (|t = ul'* + |y —2/'/?).

Proof. We consider the spatial and temporal increment separately. By (1.17), there is a
constant C' := C(g, M, n,p) such that

sup 1M (s, 5"l < C.
(s,y")€[0,M]xR"

Then by Lemma 2.3 and Theorem 3.2(a)

1n(t,y) = In(t,2)|;

t 2
cone [ | ( / Qts(y,y'>—Qts(z,y'>|dy;) dy}ds
0o Jr \Jrn—1

< C’chic]ay — 1z,

where once again we denote 1/(n — 1)! by A4,,.
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For the temporal increment we have (assuming without loss of generality that 0 <
u <t < M) that

[1n(t,y) = In(u,y)|2 < 21 + 211,

where by Theorem 3.2(b)

b 2
I:= HAn/ / |Qt—s(y, ") — Qu-s(y.y')|MI(s,y") dy’. W(ds, dy;)
0 JRm

p
u 2
<cae [ ] ( [ 10) = Queslry) dy;> dg/ds
0o JrR \Jrr—1
< CgCAicf)\t —ul|'/?,
and
t 2
I := HAn/ / Qi—s(y,y ) MI(s,y") dy, W(ds,dy;)
u R™ p
< C3CAZE |t — ul'2. m

By the subadditivity of the function x + |z|?, for 3 € (0, 1] we have

n

n /8/2
y -y’ = (Zlyz —y§|2> < v — il
1=1 =1

Lemma 5.2 and Proposition 5.3 together shows that for all M > 1 and p > 2, there is a
constant C' := C(g, M, n,p) such that for all (¢,y) and (¢,y’) in [1/M, M] x [-M, M]™,

1Mt y) = M, y)llp, < © (t — D i - y£|1/2> :

i=1

Taking p large enough and applying Theorem 5.1 shows that MJ has a version that is
locally Holder continuous on (0,00) x R™ with indices up to 1/4 in time and up to 1/2 in
space.

5.2 Delta initial data

We now turn our attention to M, (t,x,y). Observe that in this case we cannot apply
the method used in Proposition 5.3 directly since the pth moments of M, (¢,x,y) are not
bounded uniformly in time, for instance if x =y then

||Mn(t,X,X)H% = E[Jn(t7X,X)2 + 2Jn(t,X7X)In(t,X, X) + In(taxa X)Z]
=E[J,(t,x,x)?] + E[I,(t,x,x)?]

Z Jn(t,X,X)Q,
where )
(27Tt)_n 2 . —(Ti—Tg(s 2 /o4
Jn(t,x,x):w(l—k ngn(g)He ( @)/ )7
ogeS, =1
o#id

which converges to infinity as ¢ | 0. However, for any ¢ > 0 fixed we have by (4.10) and
Lemma 2.8 that there is a constant C := C(n, p,t) such that

2 n
Pn(t X,y : 3 P a2
||Mn(t,X,Y)H§ < 2<A((X)A(y))) EXX’;; [exp (262 Lt(X — YJ))} < Ct R

,j=1
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uniformly for x, y € R™. Thus, for all positive times, M,, belongs to the class of initial
data in Theorem 1.3(a). It is clear that at any given time we can restart the equation
taking the current solution as the new initial data. More precisely, let 7 > 0 and consider
the shifted white noise W7 (s, y) := W (7 + s, y). Define M7 (t,x,y) := M, (7 +t,x,y) then
it is easy to check by using the semigroup property of (); that M, satisfies the integral
equation

1
M;L—(t,X7 y) = EA Mn(Ta X, y,)Qt(yvy/) dy/
1 t
+ 7/ Qi—s(y, Y )M (s,x,y") dy, W7 (ds,dy;).
(TL — 1)' 0 R™

In other words, M is the solution to (1.16) driven by the shifted noise W7 with initial
data M (0,x,y) = M,(7,%x,y). Let M > 1 and p > 2 then Lemma 5.2 and Proposition 5.3
applies to show that there is a constant C' := C(M,n,p, 7) such that for all ¢, ¢’ € [r, M]
andy,y’ € [-M, M]™ and x € R"

M (t,x,y) — ME (', x,y")|l, < C([t—t'|"* + ]y —y'|"/?). (5.1)

5.2.1 Continuity in the initial condition

We study the continuity of x — M,,(¢,x,y); in fact we show that (¢,x,y) — M, (t,x,y) is
jointly continuous. Recall the chaos expansion of M, (t,x,y):

M, (t,x,y) = Jn<taxvy)(1 + Z/ / Ry(s,y'it,x,y) W®’“(ds,dy’)>, (5.2)
o1/ An(t) IR

where for 0 < s; <...<sp <t y1=Wv% ..., y%),

Ri(s,y1;t,x,y) = ((n — 1)!)*k><

k i— ; k
p;(slvxayl)nizzp:(si75i—17yz 1ayl)p;(t75kaykay) . i
* [T 1 as;-
(Re—1)k pn(tax7 Y) i=1j=2

It is easy to see that J,(t,x,y) = J,(t,y,x) and from the expression of Ry, one can see
that forallk > 1

Rk(svz;taX7Y) = Rk’(tféai;taynx)ﬂ (53)

wheret —S:=(t —sg,...,t —51),0<t—sp <...<t—s1 <tand z:= (zk,2k-1,-..,21)-
Therefore, it is reasonable to think that each term in the series (5.2) above is symmetric
in x and y provided one can reverse time in the multiple stochastic integral. This
motivates the following proposition.

Proposition 5.4. For all n > 1 and y € R" the random fields (M, (t,x,y), (t,x) €
(0,00) x R™) and (M, (t,y,x); (t,x) € (0,00) x R™) are equal in distribution.

Proof. Fix k > 1and (t,x,y) € (0,00) x R" x R". Recall the time reversed white noise W
defined by W ([0, s] x A) = W([t—s,t] x A) for s < t and A € %,(R). Extend Ry(s, z;t,X,y)
to a function on L2([0,t]* x R¥) by setting it to be zero for s ¢ A.(t). Let R;, be the
symmetrisation of Rj given by

1
Rk(S,Zﬂf,X,Y) = y Z Rk(ﬂsaﬂ-z;taxa Y)7
" wEeSy

EJP 25 (2020), paper 109. https://www.imstat.org/ejp
Page 30/41


https://doi.org/10.1214/20-EJP511
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

Continuity and Strict Positivity of the multi-layer extension of the SHE

where 7s = (8x(1),---,5xk)) and likewise for 7z. Clearly, we have Ri(8,z:t,x,y) =
Rk(s, z;t,x,y). Therefore by Lemma 2.2 and (5.3), (recall the definition of the multiple
stochastic integral in Section 2.1)

/ / R(s,z:t,%,y) W (ds, dz) = / / Ri(s,2:t,x,y) W (ds, dz)
Ay (t) JRF [0,t]k JRK
- / Re(t — 5,21, %, ) W (ds, dz)
[0,t]% JRK
_ / Ru(5,7:t,y,x) W (ds, dz)
[0,t]* JR
:/ Ry (s, z;t,y, %) W®k(ds,dz).
An(t) JRF

Thus, applying the above to each term of the sum in (5.2) we see that

M, (t,%,y) = Ju(t,y, %) (1 + Z/ / Ry(s,:t,y,x) W®’“(ds,d2)>
= Janw) Jre

D M, (1 y, ),

for all (¢,x,y) € (0,00) x R"™ x R™ and the result follows. O

Finally, we return to proving the joint continuity of the solution to (1.13). We bound
| M (t,x,y) — My, (t',x’,y")||2 by considering the increments in each variables separately.
Since M, (t,x,y) = M (t — 7,%,y) for t > 27, we have by Proposition 5.4 and (5.1) that
for all M > 1 and p > 2 there is a constant C' := C(M,n,p, ) such that for all (¢,x,y)
and (¢,x',y’) € [27, M] x [-M, M]™" x [-M, M]"

[ M (t,%,y) = Mu(t', %", 5)llp
<Myt —7,xy) = Myt — 7%, y) |l + [ M7 (¢ — 7y, x) = M7 (¢ — 7,5, %) ||,
< C(|t _ t/‘1/4 + |X _ X/|1/2 + |y _ y/|1/2).

Since 7 > 0 is arbitrary, we can take 27 = 1/M and thus we have shown that there exists
a constant C' = C'(M, n, p) such that for all (,x,y) and (¢, x',y’) € [1/M, M] x [-M, M]*"
the above inequality holds with C in place of C. Finally, using the subadditivity of
x — |x|? for B € (0,1] and applying Theorem 5.1 proves the existence of a Holder
continuous version. This concludes the entire proof of Theorem 1.3.

6 Strict positivity
6.1 A weak comparision principle

Recall that K, (t,x,y) can be expressed as K, (t,x,y) = det[u(t,z;,y;)|};_, where
u(t, x,y) is the solution to (1.2) with initial data J,. Bertini-Cancrini [5] proved that
u(t, z,y) is the limit in LP(Q) for all p > 2 of u*(¢, x,y) as € — oo, where u®(t, x,y) is the
solution to the stochastic heat equation subject to a mollified white noise W¢ in place of
the space-time white noise. Its solution is given by the following Feymann-Kac formula
which is well defined for the noise W*¢:

tm) = o= )L e[ W00 a5)].

where the expectation is with respect to a Brownian bridge b starting from « at time 0
and ending in y at time ¢. By the above Feymann-Kac formula it is then clear that for all
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(t,z,y) € (0,00) x R x R, with probability 1, u(¢, x,y) > 0. Using this and the determinant
formula for K, the authors in [43, Proposition 5.5] proved by a path switching argument
that K, (¢,x,y) > 0 almost surely, for all (¢,x,y) € (0,00) x W,, x W,,.

In fact, a stronger result is true since the above implies that K, (¢,x,y) > 0 for
all rational points (¢,x,y) almost surely. It is well known that (¢,z,y) — u(t, z,y) has
a jointly continuous version and hence the same is true for K,, as it is just a sum of
products of the u’s. Therefore, by continuity

P[K,(t,x,y) > 0forallt >0and x,y € W,] = 1.

Since the Vandermonde determinant A(x) = [[,.; ;<,(%; — z;) is non-negative for
x € W,, we see that M, (t,x,y) = K, (t,x,y)/(A(x)A(y)) > 0 for all z, y € W, almost
surely. By the continuity of M,, proved in the previous section, this non-negativity extends
to the boundary of the Weyl chamber and by symmetry to the whole of R"™. That is,

P[M,(t,x,y) > 0forallt > 0and x,y € R"] = 1. (6.1)

The next lemma extends this to solutions M?(t¢,y) of equation (1.16) with non-negative
initial data ¢ and in fact by the linearity of the equation this is equivalent to a weak
comparison principle.

Lemma 6.1 (Weak comparison principle). Let M!(t,y) and M2(t,y) be the solution
to (1.16) with initial data g, and g, respectively. Assume in addition to the assumptions
of Theorem 1.3(a) that g1 > go, then

P[M}(t,y) > M2(t,y) forallt >0 andy € R"] = 1.

Proof. By linearity of the equation (1.16), it suffices to prove the lemma in the case
g1 = g and g» = 0. By Theorem 1.3(b) we have that

M0y) = o [ gbMu(tx ) AG) dx

From (6.1) and the non-negativity of g we see that for all (¢,y) € [0,00) x R", M3(t,y) >
0 almost surely which combined with the continuity of (¢,y) — MJ(¢t,y) gives the
conclusion of the lemma. O

6.2 A strong comparison principle

We now prove a strong comparision principle of which Theorem 1.4 is an easy
corollary.

Theorem 6.2 (Strong comparision principle).
(a) Let M!(t,y) and M?2(t,y) be two solutions to (1.16) with initial data g; and g,

respectively where g, and g-» are as in Theorem 1.3(a) and are also continuous. If
furthermore g1 > g2 and ¢1(y) > ¢2(y) for some y € R™ almost surely, then

P[M}(t,y) > M2(t,y) forallt >0 andy € R"] = 1.
(b) Let M, (t,x,y) be a solution to (1.13), then

P[M,(t,x,y) >0 forallt >0 andx,y € R"] = 1.

We begin with a lemma which provides a lower bound for the deterministic term
Jn(t,y) in (1.16). Recall that Dyson Brownian motion describes the eigenvalues of a
Hermitian Brownian motion; the eigenvalues of a GUE matrix have the law of the Dyson
Brownian motion at time 1 when it is started from the origin, given by (1.15) with a =0
and t = 1.
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Lemma 6.3. Let 8 := 3 ming—g 1, PausA\"") > 1[Pcup[\ae < —1] with the inter-
pretation that if k or n — k is equal to 0 then the corresponding probability is equal to 1
and where Af,]fzn A'Y), denotes the smallest and largest eigenvalue of a k x k GUE matrix
respectively. Forall h > hg > 0,t > 0, M > 0, there exists an mq := mo(ho, M,n,t) such

that for all m > myg, all s € [t/2m,t/m] and x € W,
Q(h,s,x) 1= / Qs(X, ¥)L(—hny (¥) Ay = Bl (= nt/mht M /myn (X)-
Wn

Proof. Fix h > 0 and an enlargement parameter o. We first bound Q(h, s, x) from below
for small times s and x = (z1,...,7,) satisfying h + ov/s > x1 > ... >z, > —h — 0./5.
Set § = 2h/(n + 2), and consider K > 0 to be chosen later but satisfying 2K+/s < 6.
Certainly,

Q(h,S,X) > 1> > Un QS(X7y)1(—h,h)"(y) dy
max; |y; —zi|<K/s
Now for k € {1,...,n — 1} and indeed trivially for £k = 0 or k = n also, we may write by

means of the Laplace expansion of determinants

A c
R O O AR X
5C{1,2,...,n} 1.k (%)
IS|=k

1
S|
where

As(y) _ HieS,jeSc (yi — yj)
A (x) Hie[1,k],je[k+1,n] (v — ;)

sgn(S) = (—1)Cies F2senmd), yS — (45 ... yS) = (yi)ics and similarly for x[14,
xF+1 and y5° where [1,k] = {1,2,...,k} and S¢ is the complement of S.

If we set o = h + o+/s and x,+1 = —h — o/s then there must exista k € {0,1,...,n}
with x — 241 > 0. We first consider the case when & ¢ {0,n}. With such a choice of k,
we obtain from the Laplace expansion,

Q(h,5,%x) > Q(h,s, K,x)+ > R(h,s,Kx,5)

SC{1,2,...,n}
|SI=k S (L k]

where

Q(h” 87 K? X) =

Ap g (y) (K] <[,k k+1,n] o lk+1,n]
— S ’ 9 ’ S " ) " 1 - " d
I A[l,k](x)Q (MM y ) Qs (x y )L (=nmyn (v) dy

max; |y;—z;|<K+\/s
which corresponds to the term in the sum (6.2) with S = {1,2,...,k} and R(h, s, K,x, S)
are the analogous terms from taking the other possibilities for S.

Let us bound each |R(h, s, K,x, S)| from above. We have, assuming that o/s < §,

k(n—k)
< (W) < (n+ MY = C(k,n).

HiESJESC(yi — ;)
Hie[l»k],je[kﬂ,n] (i — xj)
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Enlarging the domain of integration gives

|R(h, s, K,x,S)|

< C(k,n) Qs (xM ¥y %) Qs (x* 1 yS) 1 Ly e (y) dy

Y1>...>Yn
max; |y;—z;| <K+/s

Sc(k’”)/ yisosye Qe y%)Q (M, yT) dy

yP > >un g

max; |y;—z;| <K+/s

= C(k,n) Qs (xMH y%) dy®

yf>...>y,§
max; |yd —zf |<K/5

k+1,n] 8¢ s°

% . ) [k+1,

/ yS >"'>yiik QS(X Y ) dy
max; yf" —27" <K Vs

< Clkn) / Yo > >y @ (X[Lk]’ys) dy®.
max; |y} —af [<K /s

Denote the elements of S as S(1) > S(2) > --- > S(k) and the ith component of x°
as Tg() = x?. Since S # [1,k] there must exists at least one j € {1,...,k} such that
S(j) € [k + 1,n]. Suppose that z € RF satisfies |z; — 27| < Ky/s foralli = 1,...,k and
recall that 2K /s < §. Then we can estimate

|zj—xj|2|$}g—xj|—|zj—xf|26—K\/§2K\/§.

Consequently, the last displayed integral above is bounded above by

C(k,n) Qs(xM*. 2) dz

21>...>2k
lzj—z;|=K/s

Now Q, (x[#),.) is the density of the ordered eigenvalues of the matrix M = D + /sG
where D is a diagonal matrix with entries x!"*! and G is a k x k¥ GUE matrix. By Weyl’s
eigenvalue inequality [7, Theorem III1.2.1] the ith eigenvalue of M lies in the interval
[z + \/E/\gfzn, x; + \/E/\gff()m] where Afsl)n and A%}, denote the smallest and the largest

eigenvalue of G respectively. Thus, we obtain

IR(h, s, K,x,5)| < C(k,n)P[min(A\*) ") > K].

min’ max) =

We turn to bounding Q(h, s, K, x) from below. For y in the region of integration we
have

Hie[l,k],je[k-‘,—l,n] (i = y;) > H (ml —xj — QK\/§)>

Wicp . jemsrm (@i — ) i€[1,k],5€[k+1,n] i

2K /5 \
>(1——F—
- )
=:C(K,s,0,k,n).
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Then
C(K,s,6,k,n)"'Q(h,s, K,x)

Z/ ooy, QXY@ (bl g Le 1 (y) dy

max; |y;—z;|<K/s

= Qs (xMH, y Y1y oy (y1H) dytH)

Y1>..>Yk
max;er ) |yi—2i | <K+V/s
k1, k1, k1, k1,
x/ Yigs > >V Qs (el Ly LR Ty (D) dy o]

max;e(p41,n] [Yi—Ti| <K\/s

where the integral factorises by virtue of the inequality 2K+/s < §. We now bound each
of these two resulting integrals. Assume that 20+/s < §. Considering the first factor,
and applying Weyl’s inequality to the matrix M as before, noting that z; — o/s < h and
xy — K+/s > —h, gives a lower bound of

P {W) <-cand \*) > —K] . (6.3)

maxr — min

Similarly, noting that z51 + K+/s < h and z,, + 0+/s > —h, the second factor is bounded
below by

P [\ < Kand ALY > o). (6.4)
Thus, we obtain the following lower bound,
Qh, s, K,%) > C(K, 5,6, k,m)P [\, < —o and A}), > K]

X P [\l < K and AJY > o

max
We can make P [/\,(ﬁ;f) > K } and P [/\gfl)n <-K } arbitrarily small, simultaneously
forall k =1,2,...,n, by choosing K large enough. Then, for a chosen K, C(K, s, 4, k,n)
can be made arbitrarily close to 1 by choosing any sufficiently small s, and moreover the
desired inequality 2K +/s < §, will also hold for all sufficiently small s too.
In the case k = 0, there is only one term in (6.2) and

Q(h, S, K, X) = QS (X[l’n]’ y[l’n]) 1(—h,h)" (y[ln]) dy[Ln]

Y1>...>Yn
max;e(i,n |yi—=:|<K/s
By the same reasoning as above and noting that in this case x; — g > ¢ so that
x1 + K+/s < h and x,, + 01/s > —h, we have the lower bound (6.4). The same argument
applies in the case k = n to obtain the lower bound (6.3). Thus we have shown that given
any € > 0 there exists a sg > 0 depending on ¢, n, h and o alone so that

Q(h,s,x) +¢& = B(n,0) >0,

for all s < sp and x satisfying h + o+/s > 21 > ... >z, > —h — 0/s, where

Bln,o) = min PAIY > 0| P AR, < 0]

1,...n

with the interpretation that one of the probability on the right hand side is equal to 1 if £
or n — k is zero.

We now deduce the statement of the lemma from the above. Set 0 =1, ¢ = 8(n, 1)/2
and fix hy > 0 then there is a s9p = so(ho,n) such that for all s < sp and x € (—hg —
Vs, ho +1/s)" we have

—_

Q(ho, s,%x) > iﬂ(n,l). (6.5)
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Now fix M > 0, t > 0 then for all m > 2M?/t and s € [t/2m,t/m] we have /s > M/m.
Therefore, the infimum of Q(hg, s,x) over x € (—hg — M/m, ho + M/m)" is larger than
the infimum of the same quantity over x € (—ho — /s, ho + +/s)". Hence, choosing
mg such that mg > 2M?/t and t/my < so we have that the inequality (6.5) holds for
all m > mg, s € [t/2m,t/m] and x € (—hg — M/m,ho + M/m)™. Moreover, if h > hy
then § = 2h/(n + 2) > dp = 2ho/(n + 2) and thus with the same sy and hence the same
mo = mo(ho, M,n,t) as above, the inequality (6.5) holds with A in place of hy for all
m > mg, s € [t/2m,t/m] and x € (—h — M/m,h + M/m)". O

Lemma 6.4. Let 8 be the constant in Lemma 6.3. Lett > 0, M > 0and h > hy > 0
be such that (—h,h) C (—2M,2M) and let M¢ be the solution to (1.16) with initial data
g = 1(_pp)». Then, there exists an mg := mo(ho, M, n,t) such that for all m > mq

IP[MTQL(&Y) > gl(—h—M/'m,h-i-J\f/m)" (y) for all t/Qm <s< t/m and Y€ R" >1- 5(m)7
where §(m) is such that (1 — 6(m))™ — 1 as m — 0.

Proof. Let § be as in Lemma 6.3 and let M > 0, ¢t > 0, h > hy > 0 be given, then
by Lemma 6.3 there exist an mo = mg(ho, M, n,t) such that for all m > mg, all s €
[t/2m,t/m]and y € R"

Jn(8,Y) 2 BY—h—nt/m s M /myn (Y)-

Since J,, is deterministic, we have

]P{Mg(s,y) < él(_h_M/mﬁJrM/m)n (y) for some s € [t/2m,t/m] and y € ]R"}

2

(s,y) < —él( h—M/m,h+M/m) (y) for some s € [t/2m,t/m] and y € ]R”}

B
{ wp L) > S
s€[t/2m,t/m]
yE(—h—M /m.h+M /m)™
5
5 sup ‘In(SaY)|p
s€[t/2m,t/m]
lye(—h—M/m,h+M/m)"
< (g) sup |In<s7y>|P] , (6.6)
| (s,¥)€E[t/2m t/m]x[-3M,3M]"

for all p > 2 by Markov’s inequality. We shall bound the final expectation. Fix 6 €

(0,% % ) then since I,,(0,y) = 0 for all y, we have
I’ﬂ ) P In 3 - In 0, P
sup (s yQ) <E sup (s,¥) ! 0,y)
t/2m t/m) | (t/m) s€ft/2m,t/m] s
3M,3M]" lye[—3M,3M]"
[n _ In / p
<E sup (5,5) - 0(5 .Y) (6.7)

5,8’ €[0,t/m],s#s’ ‘5 - S ‘
L ye[-3M,3M|"

Recall that Kolmogorov’s continuity criterion (see [46, Chapter I, Theorem 2.1]) states
that for a stochastic process (X (t) : t € [0,T]¢), if there exist strictly positive constants
C, a and p with ap > d such that

[X(s) — X(t)||l, < Cls —t|*, foralls,tc[0,T],
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then X has a Holder continuous modification which satisfies for all § € [0, — d/p),

[ X(s) — X(t)| amg  20%129/
W o | ST T (6.8)
s,t€[0,7]¢ »

Note that for 6 fixed, the right hand side of (6.8) is bounded for all p > 2.
From the proof of Proposition 5.3 we see that for all p > 2 there is a constant
C := C(n) such that for all (s,y), (s',y’) € [0,t/m] x [-3M,3M]",

11(s,y) — In(s",y")lp < Cep sup 1M syl (1 — &'[V4 + ly — y'[2).  (6.9)
se|0,t/m
yE[-3M,3M|"™

Then by Kolmogorov’s continuity criterion, for p > 4(n + 1) there is a constant K’ :=
K'(M,m,n,t) such that (6.7) is bounded by

(K'yd sup [ M(s,y)llf < (4K'y/p)Pe? ™,
s€[0,t/m]
ye[-3M,3M|"™
for a constant A depending only on n, where to obtain the inequality we have used the
moment bound (1.17) and the fact that g < 1 and ¢, < 2,/p. Furthermore, if m > mg At
then ¢/m < 1 and thus for such m we can, by the explicit bound on the right hand side
(6.8), replace the constant K’ in the previous display with a constant K := K(M,n).
Consequently, for all p > 4(n + 1)

P 8K "
<ﬁ> E sup 1L, (s,y)?| < 8Kp <) AP t/m
2 s€t/2m,t/m] B m

yE[—3M,3M]
Ap?)t —1.0
< exp e + plog(8K S~ t"\/p) — pflog(m) | .

Choose p=8(n+1)and § € (Il), %) and for such choice denote the exponential in the last

line above by §(m), then for m large, §(m) ~ exp(— log(m?("+1)) with p = 80 > 1/(n + 1)
and therefore

m 1 "
(1_5(m)) ~ <1_7np(n+1)> —>]., asm—>OO,
for all n > 1 as required. O
We are now ready to prove the main result of this section.

Proof of Theorem 6.2. By linearity, M,! — M2 is the solution to (1.16) with initial data
g1 — g2 and so it suffices to prove that P[MJ(¢,y) >0forallt >0andy e R*] =1, for g
such that g > 0 and g(y) > 0 for some y € R"™ almost surely.

Since g is continuous by assumption one can find constants ¢ > 0, d > 0 small enough
such that g(x) > ¢} ; 1(y,—a,y,+a) (%) for all x € R™. Without loss of generality, we can
assume ¢ = 1 and take y to be the origin for convenience. By the weak comparision
principle (Lemma 6.1), we can assume that the initial data is g(-) = 1(_q,ay (")

Let v = 8/2 where { is the constant in Lemma 6.3. Fix ¢t > 0 and M > 0 such that
(—d,d) C (=M, M). For k =1,...,m, define the events

2k — 1)t kt
Ay = {Mﬁ(s,y) > ykl(_d_%,%%)n(y) forall s € [2m, - andy € R" ¢,
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and for k = 2,...,m the events

Bll

{Mg(t/Qm,)’) >yl _gom gpmya(y) forally € IR"}
By =

[(k — 1)t (2k— 1)t

, } andyGlR”}.
2m

{M20603) 29414 g ) orall s
We consider first the sets A;. By Lemma 6.4, there is an mg = mg(d, M, n,t) such that
for all m > my there is a §(m) such that

P[A1] > 1 —6(m).

Now assume that A4; N---NAy_; occurs. On the event A;_; we have MJ((k—1)t/m,y) >
7’“*11(_d_M(k_1)/m7d+M(;€_1)/m)n (y) for all y € R™ almost surely. Define a time shifted
white noise by W¥(s,y) = W((k — 1)t/m + s,y). Let M¥(s,y) be the solution driven
by the noise 1" with initial data given by v*~*1(_s_ ar(k—1)/m.dta(k—1)/m)n (¥). On the
event A;_,, by the weak comparison principle, MJ((k — 1)t/m + s,y) > M (s, y) for all
s> 0and y € R” almost surely. It is easy to see that M’ (s,y) := vy~ =D MF(s,y) is the
solution to (1.16) with initial data 1(_4—nr(k—1)/m,d+M(k—1)/m)» (¥). Lemma 6.4 applied to
MPF with hg = d and h = d + M (k — 1)/m shows that with the same m and §(-) as above
that for all m > my

. tot .
P {Mﬁ(s,y) > 71(7d7%k’d+%k)“(y) forall s € [Qm’ m} andy € R } >1—46(m),
and hence
t t
k k n
P [Mn(s,y) >y 1(_d_%«,d+%)n(y) forall s € [Qm’ m} andy € R } >1—4d(m).

By the above discussion, this implies that
IP[Ak|A1 M- ﬁAkfl] >1- 5(771) forl1 <k<m.

Now since A; C By, P[B1] > 1—4(m) and then proceeding in the same manner as before,
we have
IP[Bk|Bl M- ﬂBk_l] >1- 5(m) forl <k <m.

() (0

21_(1_]? ﬁlAk>_<1_P

> (1 (m)" - 1.
73] ]

Finally, by the union bound

P ﬁAkmﬁBk =1-P
k=1 k=1

)

(5
k=1

Since (1 — §(m))™ — 1 as m — oo, we conclude that

m m

ﬂAkmﬂBk

k=1 k=1

> lim P
m—r00

t
P |MI(s,y) >0forallse [Q,t] andy € {—2, >

=1

Since t > 0 and M > 0 are arbitrary, this completes the proof in the case when the initial
data ¢ is a continuous function.
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We now prove part (b) of the theorem; the everywhere strict positivity of a solution
M, (t,x,y) to (1.13). We first prove that for all x € R"™

P[M,(t,x,y) >0forallt>0andy € R"] = 1. (6.10)

Let W7(s,y) = W(7 + s,y) be the time shifted white noise and let M be the solution
to (1.16) driven by the noise W™ and with initial data M,, (1,x,-). Recall that, see (6.1),
P[M,(t,x,y) > Oforallt > Oandy € R"] = 1. If P[M,(7,x,y) > 0forsomey] =1
then since y — M, (7,x%,y) is continuous by Theorem 1.3 (b), the strong comparison
principle for continuous initial data proved above applied to the solution M, shows that
P[M(s,x,y) > Oforalls > Oally € R"] = 1. On the other hand, if P[M,(7,x,y) =
0forally] > 0 then M (s,x,y) = 0 for all s > 0 and y € R" with strictly positive
probability. Since 7 is arbitrary, this shows that for each x, either the event { M, (¢,x,y) >
Oforallt > 0andy € R"} or the event {M,(t,x,y) =0 forall ¢t > 0and y € R"} occurs.
Let p(x) denote the probability of the latter event. By [43, Corollary 6.2], we have for all
t > 0 and x € R™ with probability one,

M@ = o [ MMy A dy,
where M, (t,x,y) and M (¢, y,x) are independent and by Proposition 5.4 equal in distri-
bution. If either of the two is identically zero then so is M,,(2¢,x,x) and since the event
{M,(2t,x,x) = 0} and {M,,(¢t,x,y) = 0 for all (¢,y)} are equal up to a null set, this im-
plies that p(x) > 2p(x) — p(x)?. Hence, p(x) is either 0 or 1 but E[M (¢,x,y)] = J,(t,x,y)
which is non-zero and so p(x) must be equal to 0.

Fix 7 > 0 then (6.10) together with Proposition 5.4 shows that there is a set /' of
probability zero such that on its complement, M,, is jointly continuous and M, (7,x,0) >0
for all x. Define ¢(x) := M, (7,%,0)/2 and d(x) = inf{]y| : y € R™ with M, (7,x,y) =
¢(x)}, then on the complement of N, ¢(x) and d(x) are strictly positive and M, (7,x,y) >
cl(_qan(y) for all x, y € R". For N > 1, define the random set By := {x € R" :
c(x) > 1/N,d(x) > 1/N} then M, (7,x,y) > (1/N)1(_1/n1/n)(y) for all y and all x €
Bp. The strict positivity result proved above applied to the solution with initial data
(1/N)1(—1/n,1/n)»(y) together with the weak comparison principle implies that

P[EN] :=P[M, (7 +s,x,y) >0foralls >0andy € R",x € By| = 1.

On the set N we have |Jy_, By = R"™ otherwise there exists an x € R" such that
either ¢(x) = 0 or d(x) = 0 which is a contradiction and therefore P[\_, En] =
P[M, (T + s,x,y) >0 forall s >0 and x,y € R"] = 1 as required. O
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