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Abstract

We consider a Lévy process in the plane and we use it to construct a family of complex-valued
random fields that we show to converge in law, in the space of continuous functions, to a complex
Brownian sheet. We apply this result to obtain weak approximations of the random field solution to
a semilinear one-dimensional stochastic heat equation driven by the space-time white noise.
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1 Introduction

Let {N(z,y); z,y > 0} be a Poisson process in the plane and S, T > 0. For any ¢ > 0, define the following
random field:

(s, t) :=¢ s zy (—1) V@Y gy s .
(s.1) /0/0\/7/( DYEDdzdy,  (s,t) € 0,5] % [0,7] (1)

Then, in [2] (see Theorem 1.1 therein) the authors proved that, as e tends to zero, x. converges in law,
in the Banach space C([0,S] x [0,T7]) of continuous functions, to the Brownian sheet on [0,.5] x [0,T]. It
is worth mentioning that this result was motivated by its one-dimensional counterpart, which was proved
by Stroock in [10] and says the following: the family of processes

t
=
Ye(t) := 5/ (-1)NG)ds, e >0,
0

where here N denotes a standard Poisson process, converges in law, in the space of continuous functions,
to a standard Brownian motion. Note that this kind of processes had already been used by Kac in [9] in
order to express the solution of the telegrapher’s equation in terms of a Poisson process.

In the present paper, we aim to extend the above result of [2] to the case where the Poisson process
is replaced by a Lévy sheet {L(z,y); x,y > 0} (see Section 2 for the precise definition). Indeed, note
that expression (—1)V (:9) can be written in terms of the complex exponential as eV (%) Hence, when
replacing N by L, we will use the form e™(*¥%) = cos(wL(z,y)) + isin(rL(z,y)) since the expression
(—1)L(z’y) may not be well-defined in R. On the other hand, we will replace m by an arbitrary angle
0 € (0,27). The main result of the paper is the following:
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Theorem 1.1. Let {L(z,y); z,y > 0} be a Lévy sheet and ¥ (§) :

=a(§)+1ib(§), £ € R, its Lévy exponent.
Let 0 € (0,27) and S,T > 0, and define, for any e >0 and (s,t) € [0, 5]

x [0,T],

I

Xc(s,t) := EK/Og /0E Vazy{cos(0L(z,y)) + isin(0L(z,y))}dzdy, (2)

where the constant K is given by
1 a(6)? +b(0)?

" Ve Vo - Y

Assume that a(0)a(20) # 0 and |b(0)| # a(f). Then, as e tends to zero, X, converges in law, in the space
of complez-valued continuous functions C([0,S] x [0,T];C), to a complex Brownian sheet.

We recall that, by definition, a complex Brownian sheet is a complex random field whose real and
imaginary parts are independent Brownian sheets. Hence, in view of the above theorem, we observe that
the real and imaginary parts of X. are clearly not independent, for any ¢ > 0, while in the limit they
are. This phenomenon is not new, for it already appeared in the study of analogous problems in the
one-parameter setting (see, e.g., [1, 4]). Indeed, in [1], a family of processes that converges in law to a
complex Brownian motion was constructed from a unique Poisson process. This result was generalized in
[4], where the Poisson process was replaced by processes with independent increments whose characteristic
functions satisfy some properties. Lévy processes are one of the examples where the latter results may
be applied.

The main strategy in order to prove the kind of weak convergence stated in Theorem 1.1 consists
in proving that the underlying family of laws is relatively compact in the space of continuous functions
(with the usual topology). By Prohorov’s theorem, this is equivalent to proving the tightness property of
this family of laws. Next, we will check that every weakly convergent partial sequence converges to the
limit law that we want to obtain.

In the last part of the paper (see Section 5), we consider the following semilinear stochastic heat
equation driven by the space-time white noise:

%—[i(t,x) — (37(2](15,1') =bU(t,x)) + W(t,x), (t,x) € [0,7] x [0,1], (4)

where T > 0 and b is a globally Lipschitz function. We impose some initial datum and Dirichlet bound-
ary conditions. In Theorem 5.1 below, we will prove that the random field solution U of (4) can be
approximated in law, in the space of continuous functions, by a sequence of random fields {U.}, where
U, is the mild solution to a stochastic heat equation like (4) but driven by either the real or imaginary
part of the noise X.. This result provides an example of a kind of weak continuity phenomenon in the
path space, where convergence in law of the noisy inputs implies convergence in law of the corresponding
solutions. Another example of this fact was provided by Walsh in [12], where a parabolic stochastic
partial differential equation was used to model a discontinuous neurophysiological phenomenon.

The proof of Theorem 5.1 will follow from [3, Thm. 1.4]. More precisely, Theorem 1.4 of [3] establishes
sufficient conditions on a family of random fields that approximate the Brownian sheet (in some sense)
under which the solutions of (4) driven by this family converges in law, in the space of continuous
functions, to the random field U. We refer to Section 5 for the precise statement of the above-mentioned
conditions. In [3], the authors apply their main result to two important families of random fields that
approximate the Brownian sheet: the Donsker kernels in the plane and the Kac-Stroock processes, where
the latter are defined by

0, (t,x) := nVix (—l)N(\/ﬁt"‘/ﬁz),

where IV denotes a standard Poisson process in the plane (indeed, this case corresponds to (1)). As it will
be exhibited in Section 5, the proof of Theorem 5.1 is strongly based on the treatment of the Kac-Stroock



processes in [3] (see Section 4 therein), and also on some technical estimates contained in the proof of
the tightness result given in Proposition 3.1 of the present paper.

Finally, we note that the kind of convergence results that are obtained in the present paper assure
that the limit processes, which in our case correspond to the complex Brownian sheet and the solution
to the stochastic heat equation, are robust when used as models in practical situations. Moreover, the
obtained results provide expressions that can be useful to study simulations of these limit processes.

The paper is organized as follows. Section 2 contains some preliminaries on two-parameter random
fields and the definition of Lévy sheet. Section 3 is devoted to prove that the family of laws of (X;).s¢ is
tight in the space of complex-valued continuous functions. The limit identification is addressed in Section
4. Finally, the result on weak convergence for the stochastic heat equation is obtained in Section 5.

2 Preliminaries
Let (Q,F,P) be a complete probability space. We will use some notation introduced by Cairoli and
Walsh in [6]. Namely, let {F;+; (s,t) € [0,5] x [0,T} be a family of sub-o-algebras of F satisfying:

(i) Fst C Forp,forall s <s and t <.

(ii) All zero sets of F are contained in Fo g .

(iii) For any z € [0,S5] x [0,T], F. = N Far, where z = (s,t) < 2’ = (s, ') denotes the partial order
in [0, 5] x [0, 7], which means that s < s’ and t < ¢'.

If (s,t) < (¢/,t') and Y denotes any random field defined in [0, S] x [0, 7], the increment of ¥ on the
rectangle [(s,t), (s',t')] is defined by

A Y (1) =Y (s, 1) = Y(s,t') =Y (s, 1) + Y(s,1).

An adapted process {Y (s,1); (s,t) € [0,5] x [0,T]} with respect to the filtration {F;; (s,t) € [0,5] x
[0,T]} is called a martingale if E[|Y (s,t)|] < oo for all (s,t) € [0,5] x [0,7] and

E[A, Y (s t)|Fst) =0, forall (s,t)<(s,1).

It will be called a strong martingale if E[|Y (s,t)|] < oo for all (s,t) € [0,5] x [0,T], Y (s,0) =Y (0,t) =0
for all s,t and
E[As Y (s, t)| Fst V Fsr] =0, forall (s,t)<(s,t).

We recall that a Brownian sheet is an adapted process {W(s,t); (s,t) € [0,5] x [0,T]} such that
W(s,0) = W(0,t) = 0 P-a.s., the increment A, W (s',t’) is independent of Fg+ V Fs r, for all (s,t) <
(s',t'), and it is normally distributed with mean zero and variance (s'—s)(¢'—t). If no filtration is specified,
we will consider the one generated by the process itself, namely FW := a{W (s, t); (s,t) € [0, 5] x [0, 7]}
(conveniently completed).

A Lévy sheet is defined as follows. In general, if @ is any rectangle in R% and Y any random field
in R%, we will also denote by AgY the increment of ¥ on Q. It is well-known that, for any negative
definite function ¥ in R, there exists a real-valued random field L = {L(s,t); s,t > 0} such that

(i) For any family of disjoint rectangles Q1,...,Q, in R%’-v the increments Ag, L, ..., Ag, L are inde-
pendent random variables.

(ii) For any rectangle @ in Ri, the characteristic function of the increment AgL is given by
E [eiSAQL] — e—/\(Q)‘I’(S)’ ¢ eR, (5)

where A denotes the Lebesgue measure on Ri.



Definition 2.1. A random field L = {L(s,t); s,t > 0} taking values in R that is continuous in probability
and satisfies the above conditions (i) and (it) is called a Lévy sheet with exponent ¥.

By the Lévy-Khintchine formula, we have

1+ |x|?

V() =ia + 30252 +/

{1 — e 4
R

n(dz), ¢cR,

where @ € R, 0 > 0 and 7 is the corresponding Lévy measure, that is a Borel measure on R\ {0} that

satisfies
/ i (dz) < o0
w1+ [z '

We write U(§) = a(§) + ib(€), where
©) 1= 3o°¢ + [ [1 = cos(éaln(ao)

and

)= at + [ |55 sinten)| nfaa).

Observe that a(§) > 0 and, if £ # 0, a(§) > 0 whenever o > 0 and/or 7 is nontrivial.

3 Tightness

This section is devoted to prove that the family of probability laws of { X, }.~¢ is tight in C([0, S]x[0, T]; C).
This will be a consequence of the next result and the tightness criterion [5, Thm. 3] (see also [7]).

Proposition 3.1. Let {X.}.s0 be the family of random fields defined by (2). There exists a positive
constant C such that, for all (0,0) < (s,t) < (¢',t') < (S5,T),

supE [\As,txg(s’,t')ﬂ <O(s' — 8)2(t — t)2

e>0

This implies that the the family of probability laws of (Xc)eso s tight in C([0, S] x [0,T]; C).



Proof. By definition of X, and the properties of the modulus | - |, we have

B [1800 X (5, )]
4

— KR ‘/s /5 Vay {cos(0L(z,y)) + isin(0L(z,y)) tdzdy

4

[
= KR ‘/ / @eieL(”y)dmdy
i 3

2

s s
=eKE ([ / VI1Y1 ewL(Il’yl)dxldm[ / NEIT e_wL(”’yz)dxgdw)

2

— AKE ([E/E[E/E x1$2y1y26i9(L(zz,y2)—L(I1,yl))d$1dx2dyldy2>

ot sl A
:€4K4Eﬁ / [ / VT1Z2T3T41/Y1Y2Y3Y4

% eiG(L(x4,y4)7L(x3,y3)+L(w2,y2)fL(x1,yl))dm.l dxgdyy .. dy4:| .

e . e .
Taking into account that we can write ¢ 22i=1 (=1’ L(@ii) — g0 25 (=1)" Bo0L(®5:4) e obtain

s sl
4 € € € €
E {|AS,tX5(s’,t')| } :54K4[ / ﬁ / VT1T2T3T4/Y1Y2Y3Y4

x E [eie Zﬁzl(_l)jA”=“L(zj’yj)} dxy...dxedy; .. . dyy.

In order to estimate the expectation inside the above term, we need to consider all 24 possible orders
of the z-variables and all 24 possible orders of the y-variables. Altogether, this amounts to take into
account 576 possibilities. Let P4 be the group of permutations of degree 4. Then,

E[|Ag X (s )]

A A
=2 > 54K4[ / [ / VI1T2T3T4/Y1Y2Y3Ya E [ewZﬁzl(*l)mooL(wwy]‘)}

o€Py BEPs

X Ly 1) <o (2) <o () <o} (Wa(1) <pc) <vs(3) <Up (0} AT1 - - - dTadyr . .. dya

! s ! s
5 e B e . 4 _ j . .
< E E E4K4L 1 L 1 VI1T203T4/Y1Y2Y3Y4 ‘]E [ewzf:l( I)JAO’OL(xJ’y'7)”

og€Py BEP,

x [{Ia(l)<IU(2)<zo(3)<zn(4)}l{y[)’(l)<y/§(2)<y[3(3)<y[3(4)}d$1 o 'dx4dy1 T dy4' (6)

At this point, we observe that the geometric structure of the resulting increments of L in the expression
Z?Zl(—l)jA07oL(mj, y;) of any of the 576 possibilities corresponds to one of the 24 cases drawn in Figure
1; we note that the latter corresponds to all 24 possible orders of the x-variables with y1 < y2 < y3 < y4.
In each of these 24 possible structures, the corresponding increments of L turn out to be multiplied by
c1 € {—1,1} in the black regions, while they are multiplied by co € {—2,0,2} in the white regions.



Let us now fix two permutations o, 8 € P4, and we will focus on the term

0S4 (=1)7 A oL(z;,
)E [ez 2o (T B lle yj)” Iy 0y <) <03y <oy Hiws ) <vs2) <vs(s) <vs (7)
We perform a change of variables in such a way that, making a harmless abuse of notation and using
again the same one for the new variables, we have x1 < x93 < 23 < x4 and y; < y2 < y3 < Ys.
On the other hand, if we denote by @ the region of Figure 1 corresponding the above fixed variables

order, we know that @) can be decomposed as a union of black rectangles and white rectangles. More
precisely, we can write

Q= (Us Q) U (U @),
where the increments Ag, L are multiplied by ¢f € {—1,1} and Ap, L are multiplied by cy € {-2,0,2}.
Hence, expression (7) is given by

03, leAQ L3 cbAg, L)
’E |:e k < I{11<zz<13<m4}1{y1<yz<ys<y4}

0, A5 L 03, chAgs L

‘]E |:€ kTR }]E[@ LT I{azl<xz<x3<x4}j{y1<yz<y3<y4}
0, A5 L 0>, A5 L

‘E [6 LT ” x ’E [6 LT I{xl<m2<x3<x4}l{y1<y2<y3<y4}

_ A C)c _ 3 4l
- H‘e A(Qi)¥( 19))H)€ A(leqm‘1{x1<m2<w3<x4}1{y1<y2<y3<y4}
k !

— o a Ck — 9 a Cl
S ) G CREC LN | e Gt T R A

k l
—XQr)a(b
< He M@r)al )I{zl<zz<r3<z4}l{y1<y2<.1/3<y4}
k
= e_)‘(Q)a(@)[{a:l<:zr4)<am<z<1}[{yl<y2<ya<y4}7 (8)

where Q := U, Q. In the above computations, we have used that the real part of the Lévy exponent W
is a nonnegative function and satisfies a(—6) = a(0). We remark that, independently of the constants
¢k and ¢}, we have obtained an estimated of (7) which only involves the black regions multiplied by 1.
Recall that A\ denotes the Lebesgue measure on R2.

Taking into account estimate (8), it is readily checked that, among all 24 possibilities drawn in Figure
1, it suffices to deal with 4 of these cases (see Figure 2). This is because, in the rest of the cases, the area
of Q) is greater than or equal to the corresponding one of one of these 4 possibilities. Thus, since in (8)
the area of ) appears with a negative sign, we can focus only on the cases of Figure 2.

Let us start tackling the case corresponding to i) in Figure 2. That is, by estimates (6) and (8), we
need to find suitable upper bounds of the term

et // VZ1T223%4+/Y1Y2ysYs exp[—a(0)[(xs — x3)ys + (Y4 — y3)x3
1Jg
+(1‘2 — xl)yl + (y2 — yl)ﬂcl]} dxy...dxady; ...dyy,

where J={$ <z <ap<az<au<L}and I={! <y <y <ys<m <L}

First, estimate x4 and y, in the square roots above by 5;/ and % respectively, and then integrate with
respect to theses two variables. The resulting expression can be easily bounded by, up to some positive
constant,

12T
\/?\/1763// VZT1T2234/Y1Y2Y3 exp [~
nJn

a(0)[(x2 — z1)y1 + (y2 — yl)xlﬂda:l...dxg,dyl...dyg,
Z3Y3
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Figure 1: Each square represents the rectangle [(s,t),(s,t')]. Regions corresponding to
ijl(—l)jAo’oL(;L'j., y;), for all possible 24 orders of the z-variables and y; < y2 < y3 < y4, are drawn
in each square. Black areas are regions where the corresponding increment of L appears an odd number
of times. Note that, indeed, all areas are extended up to the plane axes.
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Figure 2: The 4 relevant cases of Figure 1

where J; = {£ <x; <29 <3 < %} and I, = {é <y <y <ys< %} Now, we estimate xo and ys by

%/ and %/, respectively, inside the square roots, and then integrate with respect to x2 i y2. Hence, up to

some constant, we obtain an estimate for (9) of the form

+/

e G G
:cwmm N
<O(s' —8)2(t —t)2

This concludes the analysis of i) in Figure 2.

In the remaining three cases, the above-used argument does not directly work. Instead, we will add
some small area in the corresponding drawing in such a way that we will be able to argue similarly as in
case 1). We remark that some of the integrand’s estimates that will be obtained in the sequel will hold
everywhere except of a zero Lebesgue measure set of RS,

Let us start with the analysis of the integral corresponding to ii). We need to bound the following
term:

84//\/m1x2x3$4\/y1yzy3y4e‘*(Q”(e)dml-..dm4dy1~.-dy47
I1JJ

where J = {§ <21 <29 <23 <2y < %} I = {ﬁ <y1 <y2<ys<ys < %} and Q is the union of
black rectangles corresponding to the case ii). Note that A := A\(Q) is given by

A= (x4 —23)y1 + (Ya — y3)x1 + (w2 — 21)y1 + (Y2 — y1)71 + (23 — 22) (Y2 — y1) + (Y3 — y2) (T2 — 21).



We split the above integral into two terms:

54//\/$1x2503364\/y1y23/3y4efa(a)AI{Azg(m,ml)(yryl)}dxl...d;r4dy1...dy4
1JJ

+€4/I/;\/x1x2x3x4\/y1y2y3y4 €7a(9)A ]{A<2(zz—zl)(y2—y1)}dxl-~-dx4dy1---dy4- (9)

When A > 2(xz2 — 21)(y2 — y1), we have

04 < " aa@)@ e - )
= —CLTH)[(M —x3)y1 + (ya — y3)z1 + (22 — o1)ys + (y2 — y1)z3).

Hence, the first integral in (9) is less or equal than

a(f
et // VT1Z223T4/Y1Y2Y3Y4 €XP {—Q[(ﬂ —x3)y1 + (Ya — y3)m1
1J7

2
+ (1'2 - $1)y3 + (yz — yl)xg}}dxl..‘dx4dy1‘..dy4,

and following the same arguments used in the case i), this term can be estimated by (s’ — s)2(¢' — )2, up
to some positive constant.

On the other hand, as far as the second integral in (9) is concerned, observe that we have

{A <2(z2 —21)(y2 — 1)}
= {(va —23)y1 + (ya — y3)z1 + (y2 — y1)z3 + (22 — 71)ys < 4(z2 — 21)(y2 — 1) }-

In particular, in this region we have

1 1
< (y2 —y1) and 1% < (2 — 1),

which implies that

1 1 1 1
A > (za—x3)y1 + (Ya —y3)z1 + 1903.% + 11/3901 + 1(333 — x2)y3 + Z(y?’ — Y2)T3

1
> 1 [T4y1 + yam1 + (x5 — T2)ys + (y3 — y2)w3].

Thus, the second integral in (9) can be bounded by

et / / VZ1T2T324/Y1Y2Y3Ya
1JJ
()

a
X exp {—74 [Zay1 + yaz1 + (3 — 22)ys + (Y3 — yg)mg]} dxy...dxsdy...dys,

and here again the arguments of the case i) may be applied, yielding an estimate of the form (s’ —s)2(¢/ —
t)2, up to some positive constant.

The same idea can be used to deal with the integral corresponding to iii). Indeed, in this case the
area A is given by

A= (vq4—x3)pn + (w2 —x1)y1 + (23 — 22) (Y3 — 1) + (Ya — y3)w2 + (Y2 — y1)71,



and here one splits the underlying integral taking into account the regions {A > 2(x3 — x2)y1} and
{A < 2(x3 — x2)y1}. In the former, one has

o)A < A o) a5
= *@[(SM —z1)y1 + (y2 — y1)m1 + (3 — 22)y3 + (ya — y3)x2

and the desired estimated is obtained by using the same computations as for the case i). Note that, in
fact, variables which have to be bounded and integrated with respect to are x4, y4, y2, x3, following this
specific order. On the other hand, in the region {A < 2(z3 — x2)y1 }, we get

{A <2z —w2)y1} = {(xa —21)y1 + (y2 — y1)w1 + (23 — 22)y3 + (ya — y3)w2 < 4(x3 — 22)11 }-

So, in particular, in this region we have

1 1
13 <y and Z(x4 —x1) < (z3 — 22),

where we deduce
A > (w4 —x3)ys + (w2 — 21)ys + (x4 — 21)(y3 — y1) + (ya — y3)@2 + (Y2 — y1)21 |

= [(ya — y3)w1 + (22 — 21)ys + (24 — 23)y1 + (y2 — y1)x3).

e S

At this point, we can follow the arguments of the preceding cases.

Finally, it only remains to estimate the integral involving case iv) in Figure 2. In this case,
A= (24— 23)y2 + (22 — 21)y2 + (Y2 — y3)22 + (Y2 — y1)21 + (23 — 22) (Y3 — ¥2)]

and the splitting regions are {A > 2(x3—x2)y2} U{A > 2(y3 —y=2)x2} and the corresponding complement.
In the first region, condition A > 2(x3 — x2)y2 turns out to be equivalent to
a(9)

—a(f)A < *T[(ﬂﬂs’ —22)ys + (ya — y3)w2 + (Y2 — y1)21 + (22 — 21)91,

so we will be able to mimic the arguments used so far. Moreover, note that this case is symmetric in
2 and y, which implies that the computations in the case A > 2(ys — y2)z2 will be the same just by
exchanging z and y.

As far as the case {A < 2(x3 — x2)y2} N {A < 2(ys — y2)x2} is concerned, we have

{A < 2(1‘3 — (L‘Q)yg} N {A < 2(y3 — yz){rz}
={(zs —x1)y2 + (Y4 —y3)r2 + (y2 — y1)21 + (23 — 2)ys < 4(w3 — x2) Yo}
N {(ys —y1)72 + (24 — 23)y2 + (22 — 21)y1 + (Y3 — y2)73 < 4(ys — y2)72}.
In particular, one has
1 1
L <y2 and 1(174 —z1) < (23 — x2),

1 1
153 <y and i(yzx —y1) < (Y3 — y2),

which implies

A >

[(z4 — 23)ys + (22 — 1)y + (Y4 — y3)73 + (Y2 — y1)21]

Ry
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>

(x4 — 23)ys + (ya — y3)xs + (w2 — 21)y1 + (Y2 — y1)a].

-

One can conclude the proof by following the same arguments as in the preceding cases. O

4 Limit identification

Let {Pc}.>0 be the family of probability laws in C([0,S] x [0,T];C) corresponding to {X. }:s0. By
Proposition 3.1, there exists a subsequence {P., }n,>1 of {P;}.>0 converging, in the weak sense in the
space C([0, S] x [0,T]; C), to some probability measure P. This section is devoted to prove that P is the
law of a complex random field whose real and imaginary parts are independent Brownian sheets.

We will use the following characterization of the Brownian sheet, which is a quotation of [2, Thm.
4.1]. Note that other characterizations of Brownian sheet can be found, e.g., in [8, 11].

Theorem 4.1. Let Y = {Y (s,t); (s,t) € [0,5] x [0,T]} be a real-valued and continuous process such that
Y (s,0) = Y(0,t) = 0 for all s € [0,5] and t € [0,T]. Let {Fsy; (s,t) € [0,5] x [0,T]} be the natural
filtration associated to Y. Then, the following statements are equivalent:

(i) Y is a Brownian sheet.
(i) Y is a strong martingale and, for all (0,0) < (s,t) < (s',¢') < (S,T),
E[(As Y (s, t)) | Far] = (s — )t —1).
Owing to Theorem 4.1 and Proposition 3.1, the following two propositions will guarantee the validity
of (almost all) the statement of Theorem 1.1.

Proposition 4.2. Recall that P denotes the weak limit in C([0, S] x [0, T]; C) of a converging subsequence
of the family {P;}eso. Let X = {X(s,t); (s,t) € [0,5] x [0,T]} be the corresponding (complex-valued)
canonical process and {Fsy; (s,t) € [0,5] x [0, T} its associated natural filtration. Then, the real and
imaginary parts of X define strong martingales under the probability P.

Proposition 4.3. Let X be the canonical process defined in the previous proposition. Then, for all
(0,0) < (s,t) < (¢',') < (S,T), it holds:

Ep[ (A Re(X)(s', )| For] = (s — s)(¢' — 1),

and

Ep[(As,:Im(X) (s, t/))2|fs,T} = (s’ —s)t' — 1),
The proof of Proposition 4.2 is based on the following lemma.

Lemma 4.4. Let X, = {X.(s,t); (s,t) € [0,5] x [0,T]} be the (complexz-valued) random field defined in
(2) and {F¢; (s,t) €[0,8] x [0,T]} its natural filtration. Then, for all (0,0) < (s,t) < (s',') < (S,T),

;%E[As,th(slvt/)‘Fg,t \ fs,T} =0, (10)
where the limit is understood in L*(9).

Proof. We will use the notation Y := E[A, ;X (¢, )| Fs: V Fs,r]. First, note that we can write

LW+ ) L(2 ) +A ¢ L))

! s’
T ors 0
A1 X (8,t) = EK/ / VY e ( dxdy.
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Thus, we have

—EK/ / ﬁe (L2 )+ L= D)=LD) R [ wA?viL(z’y)} dxdy

—ex ‘ / T e D) O ) ) gy

and also

E[Y?] —52K2/ / / / JE1T2\ /g e VO (@ == Ot - w-1)

X B [ei0(EEm LG L L@ 2L D)] oy daydy,dys.

At this point, we take into account the possible orders of x1, 2 and y1, y2, respectively, which amounts
to consider 4 possibilities. Then, in each case we express the exponent in the complex exponential above
as a suitable combination of rectangular increments of L, so that we can compute the corresponding
expectation thanks to (5). Using this procedure, we end up with

E[Y?] = 2(L + L), (11)
where
I = 2K” / / / / JEE i e YO () ) £+ )0 - )
N —0(20)((w1—2)t+(y—1)2 +25 )dl‘ld.rgdyldyg
and

—52K2/ / / / JEEa /i e VO =m) ) £+ = = 4 (2= D) -1)

“ e —\I/(29) (z1—2)Lt+(y1—1)2 +82)d1'1d$2dy1dy2

We recall that U(£) = a(§) + ib(€) is the Lévy exponent. We take the modulus in (11) and estimate the
modulus of the integrands in [; and Is simply by bounding by 1 the modulus of corresponding complex
exponentials. This yields that E[Y2] < 41, where

% Y2 %l 2 ' y X t s t
I = 52[{2 . /f / / \/m\/mefa(g)((wzle)g+(y2*y1)§+(ﬂf1*i)(QZ*g)Jr(l’?*i)(yl*g )

|
I3
~
S
&)
=
—~
8
A
|
ols ol
—
IS
+
—~
<
=
\
o
+

)dl’ldxzd?/l dys.

Taking into account the domain of integration in I above and applying Fubini theorem, we have that

£t ot N
= EZKz/ / / / VT /iy e CO(Eema) E v 2) o =aCO W =82 4o daodyydy,
t £l s
c Jn S J2
If we estimate /x1 by /z2 and /y2 by \/t; and integrate with respect to z1, we get that
s
I < e JeK? / / / o /Gre— O W) E =a20) =% g g gy
= Ju J2

12



where C' is some positive constant. Integrating now with respect to yo and then bounding x> and y; by
2 and t;, respectively, and integrating in x5 and y; (with this order), we finally prove that

1< C2K? (1 et

The latter expression converges to 0 as € tends to 0, which proves the lemma’s statement.

We are now in position to prove Proposition 4.2:

Proof of Proposition 4.2. 1t is very similar that of [2, Prop. 4.2]. Let (0,0) < (s,t) < (s',t") < (S,T).
It suffices to prove that, for any n > 1 and (s1,%1),...,(Sn,t,) such that either s; < S and t; < ¢, or
si <sandt; <T,i=1,...,n, and for any continuous and bounded function ¢ : C* — R, it holds that

[Ep[p(X (s1,t1), -+, X (Sn,tn))As : X (s',8)]| = 0.

We recall that the notation |z| stands for the modulus of z € C. Without any loss of generality, the
converging subsequence of probability measures to P will be simply denoted by {P:}.~o. Thus, by
Proposition 3.1, it suffices to check that

lir% [Ep_[0(X (51,¢1),- s X (5, tn))As: X (s, )]] = 0.
e—

For this, we recall that, as in the statement of Lemma 4.4, {F¢ ; (s,t) € [0,S] x [0,T]} is the natural
filtration associated to the (complex-valued) random field X¢ introduced in (2). Then, we can argue as
follows:

|E]Ps [(IQ(X(Sla tl)a (R >X(Sna tn))As,tX(s/: t/)H
= ‘E[SO(XE(817 t1)7 DN} XE(STH tn))As,tXE (5/7 t/)”
< |E [o(Xc(s1.t1), - -y Xe(Sns b)) E[Ag X (8", )| FS, V Fogl]|

1
< O (E[[BlA X (s, 8)1 75, v Forl])
The latter term converges to zero as € — 0, by Lemma 4.4. O

In order to prove Proposition 4.3, we need two auxiliary results. The first one is the following.
Lemma 4.5. For any (0,0) < (s,t) < (¢/,t') < (S,T), it holds:

lim E[|As X (s,t)*] =2(s' — s)(t' — ).
e—0

Proof. We split the proof in three steps.
Step 1. Owing to the definition of X, (see (2)) and applying Fubini theorem, we have

E[|As i X (s, )%
t ! s’ s’
:52K2ﬂ [ / / [129\/J102 E 6i9(Ao,oL(l‘z,w)*Ao,oL(myyl)) da1dzody dys.

As in the proof of Lemma 4.4, we need to take into account the possible orders of z1,22 and yi,yo,
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respectively. Then, applying also some suitable changes of variables, we have

E[|A X (s, )]

- 52K2/ / 2 / / 2 VTaayrys e VO mv)ert @2 =e0) gy day dy, dys
t x El £
t;, Y2 pT pz2
+ K2 / / / / Va1zayryz e VO @2mm)u o=V 0wy oy oo dy, dys
% Y2 ?l T2
42K / / / / [T1T2Y1Ya e~ Y(=0)(z2—z1)y1 ,—¥(0)(y2—y1)21 dz1drody dys

Y2 5?, T2
+e2K2 / / / [T1T2Y1Y2 e*‘P(*Q)((yzfyl)ler(wzfwl)yz)dxldmdyldyz (12)
z s El

t
Recalling that ¥(0) = a(0) + ib(0), where a(f) = a(—0) and b(f) = —b(—0), we observe that
e YO ((y2—y)zrt(z2—w1)y2) 4 o=V(O)(z2—21)y1 o~V (=0)(y2—y1)21
4 e VN (@2—a)y1 , — V() (y2—y1)e1 | o= ¥(=0)((y2—y1)a1+(z2—21)y2)
= e~ 4O (@ay2=2141)9 g (b(0)(x2y2 — x1y1))
+em @ emy)mr@me v cos (b(0) ((y2 — y1)ar + (22 — 21)y1)) -

As a consequence, we can infer that

E[|As Xe(s', 8] = 2(1f + I5), (13)

where

’

t;/ Y2 = T2
I5 = 52K2/; /t / / VZT1T2Y1Y2 e~ @O (@2y2—131) g (b(0)(z2ys — x1y1)) dxidzodydys  (14)

and

12 = E2K2/ / / /12 \/me*a(e)((w*y1)$1+($2*x1)yl)
x cos (b(0)((y2 — y1)z1 + (22 — z1)y1)) dz1dzady: dys. (15)

Step 2. Let us consider the case s =t = 0. In order to deal with I], we make the changes of variables
zi = z;y; and v; := S5, 1 = 1,2, and we define u := % Thus, by I’'Hopital’s rule, we have

1 Vo uvy
lim If = lim s't K2/ / / 7'2::“)2 e~ Ouvata®)z1 cog (h(6) (uvg — 21)) dzrdvy dus.
o Jo 1

uU—roo
Applying now the changes of variables v} := uvy and v} := uvy, and again I'Hépital’s rule, we obtain

that the latter limit equals to

A T T1
lim s't' K2 / / % e~ Outa®z1 o (h(0) (u — 21)) dzydv). (16)
o Jo 1

U— 00

In order to compute the above limit, we use the formula cos() = 3(e* + ¢~%). Hence, the expression
inside the limit (16) can be written as the sum % (A, + B,), where these terms are given by

u v
Ay =5V K? / / VAU —a(@)uta®)z gib(0)(w=2) g gy,
o Jo ¥
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B, = st K? /u /v VEU a(0)uta(0)z ,—ib(0)(u—2) gy,
o Jo U

We will only deal with lim,,_, ., By, because lim,_,~, A, can be treated in a similar way. Indeed, rewriting
B, as

K2fo fo u VZ o+ 0Dz gy
u— 3 e(a(®)+ib(0))u

and applying ’'Hopital’s rule twice, one easily proves that

B, =

St K?
1. Bu _ Y-
w00 (a(0) +ib(8))?

Similarly, one gets
i st K?
2 ) - o
Thus,
a(0)? — b(6)°
(a(0)> +0(6)%)*

Now, we are going to compute lim._,o I5. Recall that the latter term is given in (15). The strategy
that we have followed to deal with I{ cannot be applied here. More precisely, we have not been able to
compute the limit of I5 directly, but we will introduce an auxiliary term which will converge to some
quantity, and we will prove that the remainder converges to zero.

hm[1 =stK?

To start with, we apply the same changes of variables that we performed for I5, we set u := % and
apply 'Hopital’s rule, so lim._,q IS equals to
1 v2 uvy z1v
lim Kzs't'/ / / 1/uv2@ ea(‘?)(Qzl_wl_ ’512) cos (b(ﬂ) (221 —uvy — @))dzldvldvz.
U— 00 0 0 0 U1 U1
Next, we make the changes of variables v7 := wv; and vy := uvy and we apply again 'Hopital’s rule.
Hence, the latter limit becomes
lim K2s't' f/ / \F a(9) 2Z1 o ) cos (b(@) (221 — T — _—))dzldvl
U—00 U1
Finally, performing the changes x := % and y := %, we end up with
lim IS = lim C,,
e—=0 U—00
with -
Cy = KQS't'uz/ / Vxy e CRy=y=2)u cog(b(0) 2y — y — 2)u)dzdy. (17)
o Jo
At this point, we introduce the auxiliary term mentioned above:
~ 1,1
Cy = K%s't'u? / / Ve OCey=y=2) ooq(b(9) 20y — y — z)u)dzdy, (18)
o Jo

where we note that, compared to the right hand-side of (17), we have only replaced /zy by /y. For the

moment, assume that lim, o, (Cy — C’u) = 0. Let us compute the limit of C’u, recalling that this term
has been defined in (18). As in the analysis of the term I§, we use the formula cos(d) = 1 (e +¢e7%), so

we split C,, as the sum of two terms (multiplied by %), one of which is given by
K24t 2/ / \/geu(Zzy y— z)(a(())-&-zb(&))d‘rdy
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and the other one is the same with a(6) — ib(0) instead of a(f) + ib(#). Integrating first with respect to
x and then applying 'Hopital’s rule, one gets that the limit of the above term equals to

U (a()+ib(0))y g
lim K2t fo \./Qe ,y .
U—00 (a(@) + Zb(@))\/a e(a(0)+ib(0))u

It is straightforward to check that the latter limit is m(;ﬁ%. The limit of the term involving a(6) —

ib(0) will be given by m((fﬁ%. Therefore, we have that

. e 1s N 12 a(9)2fb(9)2
timy 1> = Jim, Cu = S0 Ky ooy

Note that this is exactly the same limit that we obtained for If. In conclusion, owing to (13) and the
expression of K given in (3), the lemma’s statement holds in the case s =t = 0.

In order to conclude the present step, we need to check that lim, s (Cy — Cy) = 0, that is

1
lim uz/o /0 (VTY — /y) e* O Coy=y=2)u co5(b(0) (20y — y — z)u)dzdy = 0.

u—r00

Let us introduce the notation

1 1
D, = u2/ / Vzy — VYY) e“(g)@zy_y_z)"dmdy.
o Jo
Then, it clearly holds that ~

In order to apply a sandwich type argument, we will prove that both —D,, and D,, converge to zero as
u tends to infinity. We will only tackle the term D,,, since the analysis of —D,, is analogous. Note that
D, = D} — D2, where

1,1 1,1
D! = u2/ / oy e O Cey=y=2)ugr gy and D? =2 / / \/ﬂea(e)(zzy_y_z)“dxdy.
0o Jo 0o Jo

Regarding D2, observe that the integral in = can be computed explicitly and we can argue as follows:

1
. . Y _ _
lim D2 = 1 _ VY (e @ o) g
ugrolo u ugrc}ou 0 a(G)(Zy - 1) ¢ € Y

ifol (2;/?1) (e(a(b’)(yfl)ﬂ)u _ e(fa(a)y+1)u) dy

u—00 a(@) %
o L fol VI (e@O=D+Du 4 o(=a@y+1)u) gy
w00 a(f) uese '

In the last inequality, we have applied 'Hopital’s rule. By performing a change of variable, the latter

expression equals to
N O I N T
VO — €88 u— oo

im
u—oo a(f)

The second term in the above sum clearly converges to zero as u — oo, while the limit of the first one

equals to, thanks to I'Hopital’s rule,

1 Vet 1

% 4(6) ca @ (a(B)u + o(var)  alB)

16



Thus, we have proved that lim,_,., D2 = a(é)z. On the other hand, in order to deal with D} we will use

again a sandwich type argument, as follows. First, note that we trivially have D! < D2. Next, applying
the changes of variables v = uy and z = Z%, we end up with

lim D) = lim vu / / VZ qma®) o+ =29 g g,
o Jo U

u v
> lim \/ﬂ/ / ﬁe‘“(e)(“_z)dzdv.
U—00 0 0o v

Observe that the latter limit equals to a(lT)Q because it corresponds to the limit of B, defined above in
the particular case of s’ =t' = K =1 and b = 0. Hence, we obtain that

. 1 _
8P = i

and therefore lim,_, -, D, = 0.

Step 3. Assume that either s # 0 or ¢ # 0. By step 1, recall that we have
E[|As  Xe(s,t)]*] = 205 + I5),
where the terms on the right hand-side have been defined in (14) and (15), respectively. Set

t s t s
FE(Sat) = 52K2/O /O /0 /0 f(xhx%ylay2)1{21§w2,y1Syg}dxldx?dyldy%

where f(z1,22,y1,¥2) = \/T1T2Y1Y2 e~ a(0)(z2y2—21y1) cos(b(0)(x2y2 — z1y1)), and

t EX t s
G (s,t) == 52K2/ / / / 9(21, 2, Y1, Y2) L {21 <ws.y <y} dT1dT2dy1 dys,
0 0 0 0

where g(x1, w2, y1,42) == \/Trazyryz e O W2mv)mitE2=e0v) cos(b(0) (y2 — y1)a1 + (w2 — 21)y1)). Ob-
serve that I and I5 can be written as follows:

H
|

IT = A Fo (s, 1) — 52K2/ / / / F(o1, 22,91, Y2) 1y, <yoydr1dT2dy 1 dys
tJe JtoJo

oo
- 62K2[ / / / f(@1, 22, y1, y2)da1dzody: dys
: Y& JOJ0

! s t s’
—52K2/ / / / (1, 22,91, 92) Lz, <anydr1dzady dys
£ Jg Jo J

: AS,tFE(Slvt,) - IlEl - 152 - 413

and
I3 = A 1G5(s', ) = I3, — I3, — I3,

where I5;, i = 1,2, 3, are defined analogously by using the function g. By step 1, one verifies that
1
1' Ag FE s — 1 A € A — / _ ! _ .
li A FE (', #) = lim A GE(s', 1) = 5 (5 = )(¢' — 1)

In order to conclude the proof, it suffices to check that I5; converges to zero as ¢ — 0, for all j = 1,2
where the latter are defined by simply bounding the

(Rl

and ¢ = 1,2, 3. For this, we estimate any I5; by 1:;
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cosinus by 1. Next, we note that fi < f;i, for all i = 1,2, 3, and that any of the I~§7i can be bounded by

3

52K2/ / / / 9(x1, 22, Y1, Y2 )drody: dr1dys. (19)
o Jo Jo Je

In this integral, we use the explicit expression of g, we perform the changes of variables Z; := ez; and
i = ey;, 1 = 1,2, we set u := 6%, we use that Zo < s’ and we integrate with respect to Zo. Thus, (19)
can be bounded, up to some positive constant, by (using again the notation z; and y; for the variables)

t’ s
u/ / /y2 VI 67"‘(9)((927?/1)751+(37731)yl)“dy1dl~1dy2.
o Jo Jo VY1

Estimating now yo by ¢’ inside the square root and integrating in ¥, the above expression can be bounded

by (up to some constant)
s t
L —a@u(s—am
e STEIYL dyy day
/0 /0 VZI1Y1

This expression converges to zero as u — co, by the Monotone convergence theorem. O

Here is the second auxiliary result needed to prove Proposition 4.3.

Lemma 4.6. Let (0,0) < (s,t) < (¢/,t') < (S,T). Then, there exists a sequence {Cc}eso such that
lim. o C. = 4(s' — 8)2(t' —t)? and

E[(E [|a.X° (1) 17 1)) < C.

Proof. We split the proof in four steps.
Step 1. By definition of the random field X¢, we first observe that

E [|As: XE(s 1) | FE 7]

:K2€2/s / / / \/9619622/13/2E[eig(L(zz’yQ)_L(zl’yl))|]'-§,T} dzydzody dys.

In order to compute the above conditional expectation, we have to consider all possible orders of z,z2
and y1, Yy, respectively, which corresponds to a total of 4 possibilities. Hence,

% s?/ Y2 T2 . . .
E UAs,tXa(s/7t/)|2 |JT.:3,T} = KZEQﬁ / ﬁ / meze(l/(;,yﬂ—l/('gyyl))
x e~ YO (@2=e1)v2+(v2=y)@1=9) g dyy darodys
% s?/ Y2 T2 . R .
+IKe /t / /t / VI1T2Y1Y2 emi0(L(2w2)=L(zu)
x e~ V(O @22y o= V(=0 (w2 —y1)(@1=2) gy, dyy daodyso

% %’ Y2 T2 )
1 EX 1 EX

w e~ Y(=0)(@2—21)y1 o —¥(0) (y2—v1) (w1~ g)dxl dyrdzadys

% Y2 T2 X s R
+K2€2[ / / / VETagg e I (H )Lz )
X

t
<

s
e

e YO (@ =20t v =v) (01=2)) gy dyy oy
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We have also applied changes of variables in order to have x; < x5 and y; < y2 in all terms. We denote
by A5, i =1,2,3,4, the above four terms, respectively. Thus, we have

4
E[(E (180X (s, ) 1Fer])’] = 3 E[4545).

i,5=1

For the sake of clarity, we will only analyze one of the terms in the above sum, since the other ones can
be treated exactly in the same way. So, we proceed to tackle the term E [(Aﬁ)Q] In fact, by Fubini
theorem, we have that

9 44 t;/ % Ya T4 t;/ S?/ Y2 T2
E[(A])?] = K¢ ﬁ / ﬁ [ / ﬁ / VI1Z223T41/Y1Y2Y3Y4

< E [ew(Le,yQ)fL(g,ylHL(g,y4>fL<§,y3>)}

% e—\P(G)((zz—zl)y2+(y2—y1)(w1—§)+(z4—13)y4+(y4—y3)(w3—§))

X dwldyldxgdygdxgdy3d$4dy4. (20)

Note that in the above integral we have y; < y» and y3 < y4. However, in order to compute the expectation
in (20), we need to consider all possible orders of the variables y1,y2, ys3, ya, with the restrictions y; < yo
and y3 < y4. This amounts to take into account 6 different possibilities, which we split in two groups:

(i) 1 <y2<ys<wysandys <ys <y <y,
() 1 <ys<y2<ys, y1 <Y3<ys <o, y3 <Y1 <ya <o and y3 < y1 < o < ya.

Then, we have that

NE

E[(A9)%] = ) Bi(1,1), (21)

>
Il
—

where B (1, 1), B5(1,1) correspond to (20) with the orders of (i), respectively, while B¢(1,1), k = 3,4, 5,6,
correspond to (20) with the orders of (ii), respectively. It turns out that we have a similar decomposition
of any of the terms E[Af A;], which we denote by

6
E[A5A5] =) Bi(i,j).
k=1

Hence
E (B [|80 X )2 1F2])7] = 30 3 Biind). (22)
i,j=1k=1

In the next two steps, we will focus on the analysis of (some of) the terms in the decomposition (21) of
E [(Ai)z] As already mentioned, the terms arising from E[AfAj] can be treated analogously. We will
come back to expansion (22) later in step 4.

Step 2. We claim that, for any k = 3,4, 5,6, it holds

|Bp(1,1)] < K4€4/ V122838 4/ Y1Y2Y3Ya 1w, <w0} Las<aa} Ly <ya<ys<ya}
D
% e~ 0O ((wa—ws) E(@2—w1) L+ (ya—ys) £ +(y2—y1) £+(ys—y2) (@1 - 2))

x dx1dy dradysdrsdysdradyy, (23)
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where D := [£, £]4 x [£, £]4 and we recall that a(6) is the real part of ¥(6). We prove this estimate for

€' e gl e
B5(1,1). For the remaining terms the argument is completely analogous. So, let us assume that in (20)

we have the order y; < y3 < yo < y4. In this case, the expectation in (20) equals to

e~ VO ((Wa—y2) 2+ (ys—y1) £ +2(v2—vs)2)

Plugging this term in (20) and shifting the modulus inside the integral, we can infer that

|B§(17 1)| < K4E4/ \/xlx2x3m4\/y1y2y3y41{rlgzz}1{I3§z4}1{y1§y3§y2§y4}
D
% e*a(e)((ufﬂcs)§+(w27x1)é+(y47y2)§+(1137y1)§+(yzfyl)(w1*§))

% eia(e)(z(W*yS)§+(y4*y3)(“375))dwldyldxgdygdxgdygdx4dy4

< K4€4/ VI1T2Z3T4/Y1Y2Y3Y4 1 {01 <ws} Wzs<awa} 1{y, <ys<y2<ya}
D
% e*a(9)((1’4*x3)£+(7€2*x1)é+(y4fy2)§+(y37y1)§+(y27y1)(w17§ )
X d{L‘ldyldIQdde.ngyng4dy4.

Performing a change of variable, we obtain that the latter term equals to

K4€4/ VI Z283T4\/Y1Y2Y3Ya L {21 <wo} Nws <wa} Wy <yo<ya<yu}
D
% e—a((’)((m—zz)%ﬂzz—zl)§+(y4—y3)§+(y2—y1)§+(y3—y1)(11—§))
X d:rldyldxgdygdxgdygdm4dy4.

In order to obtain (23), it suffices to observe that, in the domain of integration, it holds that (y3—y1)(z1—
2) 2> (y3s —y2) (w1 — 2).

Step 3. Here, we prove that the right hand-side of (23) converges to zero as € — 0. Let us introduce
the following notation:

ﬁg = 54 /; \/x1x2x3x4\/y1y2y3y4 1{11Szz}1{13314}1{y1§yz§y3§y4}
% =0 ((@a—3) t4+(wa—21) L+ (ya—ys) £ +(y2—91) 2+(ya—y2) (21— 2))
X drydyrdredysdrsdysdrydyy,

so we want to check that lim._,q 8¢ = 0.

To start with, in the expression of 5° we bound the two square roots by using the upper limit of any
xz; and y;. Next, we integrate with respect to z4, x3 and x2. We also use the fact that, according to the
statement of Proposition 4.3, we may assume that ¢ > 0. Thus,

S?/ % Y3 % Y2 s B B
B < 05/ / / / / e—a(9)((y4—y3)‘g+(yz—y1)g+(y3—yz)(z1—;)) dy1 dyadysdysdz: .
s S Je S e

At this point, we integrate with respect to y; and yy4, thus

% t;/ Y3 .
65§053/ / / =0 (s=2) (1= ) gy o o

o

o t;, Y3
— / / / a0 (v gy e
€ £ Ji
€ % Y3
+C€3/ / / e_a(e)(y3_y2)zdy2dy3dx.
0/ Ji
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Note that the second term in the latter sum may be bounded, up to some positive constant, by 2, which
converges to zero. Regarding the first term, it can be bounded by

S/;S 1
082/ —dx = Ce? (In(s' — 5) — 2In(e)),
e X

which also converges to zero as € — 0.

Step 4. By (22) in step 1 and steps 2 and 3, we have that

B [(E [Ja,X°(,0)? 1754))°] = Bi (i, )

-

.
Il
m

|
= 1=
. M-

Bi(i,4) + pe. (24)

Il
R
=~
—

2,

where we recall that Bf (i, j) and B5(i, j) are the terms in the decomposition of E[Af A5| with the orders
of (i), respectively, and lim._,¢ p. = 0.

Focusing again (only) on the case i = j = 1, one easily verifies that

2
> Bi(1,1) = K*e 2/ VT1T223247/Y1Y2Y3Y4 Ly <ws} Has<aa} H{yr <yo <ys<ya}Ulys <ya<w1 <ps}}
k=1
w e~ YO (z2—z1)y2+(za—23)ya+(y2—y1)w1+(ya—ys)x3)
X dx1dyidredysdrsdysdridys,

where we recall that D := [2, %]4 x [L, ’%}4. Observing that

Lt <y <ys<yalU{ws<wa<mi<v2}} < Lwi <o} Hys<uals

we end up with

2
ZB (1,1) < K¢ 2/ V1222304 Y1Y2Y3Y4 1 o) <wo} V{zs<wa} L {yr <yo} L{ys<va}
k=1 D
« e~ Y(O) (z2—21)y2+(wa—23)ya+ (Y2—y1)T1+(Ya—vs)23)
X d$1dy1d$2dy2d$3dy3d$4dy4.

One can get similar estimates for B§(4,j) + B5(4,5) with 4,5 # 1. Gathering all the resulting bounds
together, it can be verified that

E[(E (180X (5,0 |17 0])’] <024 e, (25)

where

t;/ Y2 % xT2
6. = KQEQ/ / / / T T2U1 Y2 (3—‘1’(9)((12—a:1)yz+(yz—y1)11)d$1dggzdy1dy2
% Y2 %/ T2
+ KQEQ/ / / / VEizayiyz e VO @2 me)v = 0wy gy dy dy dys
i K s s
C o pE qw
+ K22 / / ’ / / ’ /T T2y Y2 e~ Y(=0)(@2—z1)y1 ,—P(0)(y2—y1) 71 drrdzody dys

% y2 LT o2
+ K22 / / / / \/m6_‘1’(—9)((12—11)y2+(y2—y1)11)dm1d.r2dy1dy2.
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Note that ©. coincides with the right hand-side of equality (12) in the proof of Lemma 4.5, where in the
latter it was precisely proved that
lim ©, = 2(¢' —t)(s' — s).

e—0

Therefore, by (25) and recalling that lim._,o p. = 0, we conclude the proof by taking C. := ©2 + p.. [

We can now provide the proof of Proposition 4.3.

Proof of Proposition 4.3. We prove that, forall0 < s1 < - < s, <sand 0<t; <---<t, <T,
and any continuous and bounded function ¢ : C — R, we have

Ep [¢(X(sl,t1), e X (5ni ) ((As,tRe(X)(s’,t'))Q — (s —s)(t — t))} -0

and
Es [@(X(sl,tl), e X (500 t)) ((As,tlm()()(sct’))2 (s — 8t — t))} —0.

Since P, converges to P weakly in C([0, S] x [0,T7]; C), it suffices to check that

;15% A =0 and ;13(1) B, =0, (26)

where
A =E {@(Xg(sl,tl), o X)) (AgiRe(Xo) (5, #)) = (5" = )t t))]

and
B. =E [@(Xe(sl,tl), e X (5n 1)) ((A&tlm(Xa)(s/,t/))Q (s =)t — t))} .

Indeed, in order to check the validity of the limits in (26), we will prove that
lim(A: + B:) =0 and lim(A:. — B:)=0.
e—0 e—0

We will first deal with the limit of A, + B.. More precisely, we have that

A.+ B, =E [p(Xc(s1,t1)s .o, Xe(8nst0)) (|As: XE(s, )2 —2(s — 8')(t — )]
=E [p(Xc(s1,t1), - Xe(sn, tn)) (E[|Ag e X5 ) [ Fop] —2(s = s")(t = 1))].

Hence, to prove that lim. ,o(Ac + B:) = 0, it is enough to check that E[|A, ,X¢(s',t)|? | FZ ;] converges
in L?(Q) to 2(s — s')(t — ), as € — 0. Indeed, by Lemma 4.6, we have:

E[(B[1a0 X (s, ) 1F 7] =205 = )t = 1))]
<O —4(s— &)t —tE[|Ag X(s,1)2] +4(s — 8')2(t —t)?, (27)

where lim, g C. = 4(s’ — 5)%(t' —t)2. So, by Lemma 4.5, the right hand-side of (27) converges to zero as
e —0.

Let us now deal with the limit of A. — B.. To start with, note that

A.—B.=

N =

E |:QD(X5(81, tl), N ,XE(S»,“ tn))

Yo 2 s
X (Ks/ / w/Jt:yei“(z’y)d%dy> + (Ks/ / \/xyei“('”’y)dxdy)
t s t s

2
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We are going to prove that lim._,o A. = 0, where

o s 2
Ao =E [o(Xc(s1,t1),. .., Xe(5n,tn)) (Ka/s/ \/@ei%(z’y)dmdy>

—i0L(z

The limit involving the complex conjugate e %) can be tackled using analogous arguments. Expand-

ing the squared integral of A., we end up with

AE =FE |:90(Xg(81,t1), ce >Xa(sn7tn))

A A
o K22 / / / / e eig(L(”l’ylHL(”?’y‘Z))dmldmgdyldyg] ‘
i El i s
As we have already done several times throughout the paper, we consider the four possible orders of

1, T2 and y1,y2 and, in each of these terms, we apply a change of variables so that we have x7 < x5 and
Y1 < Y2. Thus,

A.=E [@(Xs(sl,tl), vy, Xe(8n,tn))
L2y g ,
% (2[(252 / / / / [T T2y e’e(L(”“’ylHL(“”Z’W))dxldyldmgdyg

% S?/ Y2 T2 .
+ 2K262[ / [ / VT1T2Y1Y2 eze(L(zz’yl)+L(Il’y2))d3:1dy1dx2dy2>] .

At this point, the idea is to write L(z1,y1) + L(z2,y2) and L(zs,y1) + L(x1,y2) as sums of suitable
rectangular increments of L (which will be clearly specified in the next equation), and use the property of
independent (rectangular) increments of L (see Definition2.1). Proceeding in this way, one obtains that

A.=E [@(Xe(sl,tl), e X (5mt0)) eim(%»%)}
2 < Y2 T2
29 [° ¢ i0( Dy, yy L(wa,y2)+00,y; L(w1,y2)+ A ,oL(wz’yl))}
x <2K € /£ K /£ K VEizayiy: E [e 1 "

i20( As ¢ L(z1,91)+A, ¢ L(£,y1)+As oL(zy,t
xE[el (8 s Ko+, bz m+as obte ))}dxldyldxzdyz

+ 2K2€2/ / / 2 / 2 m E |:6i9(A0,y1L(ley2)+A$1-0L(I2’y1))}
t s t s

i20( As 1+ Llz1,y1)+A, ¢ L(251)+As oL(z1,t
X [672 ( 2,1 L@ny)+Rg L L(Ey)+A 2 oL@ 0} dac1dy1d:c2dy2>.

Recalling that ¢ is a bounded function and computing the expectations of complex exponentials in terms
of the Lévy exponent ¥(&) = a(£) + ib(£), one can easily obtain that |[A| < C A., where C is a positive
constant and

1~\5 = Kzgg/ / /2/ 2\/m6—0(9)(@2—y1)11+(zz—zl)y1)

x e~ 1@ =DE+E@1= 1) 4o, dy, dzadys.
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We finally prove that lim._,q A. = 0. Indeed, taking into account the integration limits of all variables
and applying Fubini theorem, we have

s’

st
AE S C /s /e /s /e e~ 1nin(a(9),a(29))((y27é)i‘i’(l‘?*i)é)deddexldyl.
L B y1 Jx1

We integrate with respect to xo and y9, thus

t s’

A< 052/5 /? ¢~ min(@(®).a(20)((n ~ ) 2@ =) g gy

t
< Cet

Hence, we have lim._,q A = 0, which implies that lim._.o A, = 0, and so lim._,g A. — B. = 0. The proof
is complete. O

We have all needed ingredients to prove the main result of the paper:

Proof of Theorem 1.1. The tightness result Proposition 3.1 and Propositions 4.2 and 4.3 imply, by
Theorem 4.1, that X, converges in law, as ¢ — 0 and in the space C([0, S] x [0,T];C), to a complex
random field X = {X(s,t); (s,t) € [0,5] x [0,T]} whose real and imaginary parts are (real-valued)
Brownian sheets. It only remains to check that those real and imaginary parts are independent, for
which it suffices to prove that the corresponding covariance vanishes. For this, we will make use of the
approximation sequence (X;)cso, as follows:

Note that Re(X) and Im(X) are independent if, for any (0,0) < (s,t) < (¢/,¢') < (S,7), 0 < 51 <
e <sp<sand 0<t <--- <t, <t, and any continuous bounded function ¢ : C* — R, we have

lim B [p(Xc(s1,81), -, Xe (s, tn)) (As i Re(Xe)(', 1)) (AsiIm(Xo)(s', #))] = 0.

Using the equality o8 = % {(a —i)? — (o +if3)?}, we obtain that
E [0(Xo(51,11)s- s Xe(5m t)) (AssRe(X)(5', 1)) (As Im(X) (s, )]
2

=-FK

i s
B[, 0), o X, t) (Ke [/ rxyef“@%y)dxdy)

2

[
— (Ks/ / ,/:L‘yewL(“’y)d;z:dy> . (28)
t El

We observe that, in the analysis of the term A, — B, in the proof of Proposition 4.3, we indeed proved that
the two terms arising from the difference in (28) converge to zero as € — 0. So the proof is complete. [

5 Weak convergence for the stochastic heat equation

We consider the following one-dimensional quasi-linear stochastic heat equation:

—(t,x) — T(t,x) =b(U(t,x))+W(tz), (tz)el0,T]x][0,1], (29)
where T' > 0 stands for a fixed time horizon, b : R — R is a globally Lipschitz function and W(t,x)

denotes the space-time white noise. We impose the initial condition U(0,z) = ug(x), = € [0, 1], where
up : [0,1] — R is a continuous function, and boundary conditions of Dirichlet type:

U(t,0)=U(t,1) =0, t € [0,T].
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For simplicity’s sake, throughout the section we will assume that 7= 1. All results presented here can
be easily extended to a general 7" > 0.

The solution to equation (29) is interpreted in the mild sense, as follows. Let {W (¢, z); (t,z) € [0, 1]?}
be a Brownian sheet defined on some probability space (2, F,P) and {F3; ¢ € [0, 1]} its natural filtration.
A jointly measurable and adapted random field U = {U(t,z); (¢,2) € [0,1]%} is a solution of (29) if it
holds that

U@@ﬁéﬁuwm@@+AAGHQMMW&W@%
—|—/0/0 Gi_s(x,y)W(ds,dy), a.s. (30)

for all (¢,z) € (0,1] x (0,1), where G denotes the Green function associated to the heat equation in [0, 1]
with Dirichlet boundary conditions. Existence, uniqueness and pathwise continuity of the solution to
(30) are a consequence of [13, Thm 3.5]. For the reader’s convenience, we recall that the Green function
G is given by

> -

Gi(x,y) =2 Z sin(nmz) sin(mry)efnzﬂzt.

n=1
In this section, we aim to apply [3, Thm. 1.4] in order to deduce that the above solution U can be
approximated in law, in the space C([0,1]?) of continuous functions, by the family of mild solutions
{Un}n>0, where U, solves a stochastic heat equation perturbed by (the formal derivative of) either the
real or imaginary part of the family introduced in (2):

Xc(t,x) = eK/O; /0; /sy {cos(0L(s,y)) + isin(0L(s,y))} dyds,

where we recall that {L(s,y); s,y > 0} denotes a Lévy sheet and its Lévy exponent is given by ¥(§) =
a(€) +ib(§). The constant K is given in (3) and @ € (0, 27), where we assume that a(0)a(20) # 0. Note
that, compared to (2), in the above expression of X, we have modified the variables’ notation in order
to properly match with the framework of stochastic partial differential equations.

Let us be more precise about the above statement. First, we rewrite X, in the following way:

t T
X (t,z) = nK/ / NET {cos (9L (\/ﬁs, \/ﬁy)) + 4 sin (HL (\/ﬁs, \/ﬁy))} dyds,
0o Jo
with n =e~2. Set
05 (s,y) = nK /sy cos (0L (vVns,v/ny)) and 62%(s,y) :=nK,/sy sin (0L (vVns,/ny)).
Let ¢ € {1,2} and consider the stochastic heat equation

oYy U
ot YT g2

with initial condition ug and Dirichlet boundary conditions. The mild form of this equation is given by

(t,x) = b(UL(t,z)) + 00 (t,z), (t,z) €[0,1)%

W@ﬂ:AQ@@%@@+AAGH@wMW@W@®

t pl
+//Gmmm%mw@m (31)
0J0

Owing to [3, Sec. 3], equation (31) admits a unique solution U whose paths are continuous almost surely.
Here is the main result of the section:
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Theorem 5.1. For any i € {1,2}, the sequence {U:},>1 converges in law, as n — oo and in the space
C([0,1]2), to the solution U of (30).

The proof of this theorem is based on [3, Thm. 1.4], where sufficient conditions on a family of random
fields {6,,},,>1 have been established such that the sequence of solutions to the stochastic heat equation

driven by 6,, converges in law to U, in the space of continuous functions. The first requirement is that
0, € L?([0,1]?) a.s., and then there are the following conditions (see hypotheses 1.1, 1.2 and 1.3 in [3]):

(i) The finite dimensional distributions of the processes

Cn(t, ) ::/0 /OL 0, (s,y)dyds, (t,x) € [0,1]%

converge in law to those of the Brownian sheet.

(ii) For some q € [2,3), there exists a positive constant C, such that, for any f € L9(]0,1]?), it holds:

(/01/01f(t,ac)en(ax)dacdt)2 <C, (/Ol/olf(t,xﬂqudt)g,

(iii) There exist m > 8 and a positive constant C' such that the following is satisfied: for all s¢, s € [0, 1]
and g, 7 € [0, 1] satisfying 0 < sg < s < 289 and 0 < z¢ < x) < 27, and for any f € L2([0,1]?),
it holds:

sup E

n>1

§C</0/Of(s,y)2dyd8) :

Hence, in the proof of Theorem 5.1 we will prove the validity of all above conditions in the case
where 6, is given by ¢, for any i € {1,2}. Indeed, as it will be explained below, we will use similar
arguments as those used in one of the applications tackled in [3], namely the case where 6,, are given by
the Kac-Stroock processes on the plane:

m

sup E

n>1

/ / F(5,9) 0 (s, y)dyds

O, (t, ) = nv/tax (—1)V (82
where N, (t,z) := N (y/nt,/nz), and {N(t,z); (t,x) € [0,1]?} is a standard Poisson process in the plane.
We start with the following technical lemma, which is the analogous of [3, Lem. 4.2]:

Lemma 5.2. Let f € L2([0,1)?) and a > 1. Then, for any u,v’ € (0,1) satisfying that 0 < u < u' < 2%u,
it holds

1 u’ 2 1 u
sup E / / f(t, )0 (t,2) dedt < 3 5 (201 — 1)K2/ / f(t,x)? dzdt,
n>1 0 Ju a’(e) 0 Ju

for any i € {1,2}.

1

Proof. We will only deal with the case involving 6., since the result for 62 follows exactly in the same

way. Note that we clearly have
1 pu ) 2
E / / ft,x)0,, (t, x) dedt <E
0 U

2

)

1 pu
nK/ / \/zgei“(‘/m"/ﬁm)f(t, x) ddt
0 u
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and the latter term equals to

2K2/ / / / \/WE [ Ao oL ftl \/ﬁzl)_AO,OL(\/ﬁtZA/HIQ))}
X f tl,xl)f(tg,xg)dzldtldxgdtQ

Observe that this expression is completely analogous as that at the beginning of the first step in the proof
of Lemma 4.5. Thus, the same arguments used therein yield

1 u’ 2
( / / f(t,x)eg(t,x)dxdt> <o+ 1), (32)

where
1 pto uw' pxo
=tk [ [0 ) e Vit O
0 0 u u
X COS(b(g)n({EQtQ — l‘ltl))d$1dI2dt1dt2
and

1 pte pu’ pxze
Sl A A B R A N e
0 JoO u u
X COs (b(@)n ((tz — tl)l’l + (IQ — Il)tl)) d{l?ldl‘thldtQ.

At this point, we apply the inequality zw < (2 + w?) in such a way that
1
f(ty, 1) f(ta, x2)Vtizitams < 3 (t1$1f(t17$1)2 + t21132f(t27902)2) .

This makes that both I7" and I3 can be bounded by the sum of two terms of the form I + 175, j = 1,2,
respectively, where I involves f(t1,21) and I, involves f(ta,22). Then, once all cosinus are simply
bounded by 1, one observe that the resulting four terms are completely analogous as those appearing in
the proof of Lemma 4.2 in [3], and can be treated using the same kind of arguments. Thus, we obtain

that
" 1 1 ) 1 u’ )
Iy § 5 2K f(tr, z1)*dzdts,
1 20‘
I{f2§ / / f(t2, x0)*dwodts,
1 20‘
151,13 / / f(t1,z1)%dzydty,

1420 - 1), ,
1272 S §WK /(; /7; f(tg,.rQ) d.Z'thQ.

Plugging everything together and using (32), we conclude the proof. O

The above lemma allows us to prove the following proposition. In fact, its proof follows exactly the
same lines as that of Proposition 4.1 in [3] and therefore will be omitted.
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Proposition 5.3. Let p > 1 and f € L?([0,1)%). Then, there exists a positive constant C, which does

not depend on f such that
1 1 i
<G (/ / £t ) dmdt) :
0o Jo

(/01 /01 F(t,2)0,,(t, ) dxdt>2

The last needed ingredient for the proof of Theorem 5.1 is the following result, which is the analogous
of [3, Prop. 4.4] in our setting.

sup E

n>1

for any i € {1,2}.

Proposition 5.4. Let m € N be an even number and f € L2([0, 1]2). Then, there exists a positive
constant Cy, which does not depend on f such that, for all so, s, zo, z{, € [0, 1] satisfying 0 < sp < s( <
259 and 0 < o < x < 2xg, we have that

m

(/00 /:f(s,y) ei(say)dyd8>m < Cnm (/00 /: f(s7y)2dyd8> 7

Proof. Let i € {1,2}. For any (so, o) € [0, 1]?, we define

Z (s0,20) / / F(s,9)0: (s, y)dyds.
Observe that, for all (0,0) < (so,2z0) < (sh, z() < (1,1), we have

E [(Abowozn(sO?xO))m} S E [|A80¢w02n(867x6)|m] 9 (33)

sup E
n>1

for any i € {1,2}.

where the random field Z,,, which does not depend on i, is complex-valued and given by
_ S0 )
Zu(sa)i= [ [ £(s,0) (4(5.) + 63 (5,0) dyds
o Jo

(here i = /—1). In order to bound the right hand-side of (33), we can proceed as in the first part of the
proof of the tightness result Proposition 3.1, obtaining

E {(ASUsIUZ:L(S/O7:Z’JO))mi| Sanm/ / Hf (85, Yi)\/SiY;
[s0,s5]™  [wo,xp]™

x )E [ew z;;l(_l)mo,ostj,mj ] ) dyy - - dypdsy - - sy,

At this point, we apply that y; < z{; < 2z and s; < s < 2s9, and we compute the modulus of the
expectation as it has been done in the proof of Proposition 3.1; more precisely, using the method set up
therein in order to end up with the estimate (8). Thus, we can infer that

E | (B0 Zi(sh20)"

< 2™ (soo) FpmE™ / H f(s5,y5) e *a(e)ngo((y(m) Ym—1))++ @@ —Y1)))
[s0,80]™ J[zo,xy]™
~ efa(G)nxo((S(m)75(m,1))+..4+(8(2)78(1))) dyl L. dymd81 <o ds,

—9m (5010)%771! nmMK™ / 8]7y]-) e*a(g)nso((y(m)*y(mfl))+-~+(y(z)*y(1)))
[Sn SU rn. [IO,IU]IH

= a(0)nzo((sm—sm—1)+ +(52 51)) 1{51§”_§sm} dyy -+ dymdsy - - - dsm
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Note that the latter expression is almost equal to that in the right hand-side of equation (31) in the proof
of [3, Prop. 4.4]. Hence, we can conclude the proof exactly in the same way as in that result. O
Proof of Theorem 5.1. As explained above, we need that 6! € L2(]0,1]?), a.s., which is clear by

n
definition of the random fields 6%, i = 1,2, and that conditions (i), (ii) and (iii) are fulfilled.

First, note that (i) is a consequence of Theorem 1.1. Secondly, Proposition 5.3 implies that (ii) is
satisfied and, finally, Proposition 5.4 assures the validity of condition (iii). O
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