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Abstract

In this article, we consider the quasi-linear stochastic wave and heat equations on the real line and with
an additive Gaussian noise which is white in time and behaves in space like a fractional Brownian motion
with Hurst index H € (0, 1). The drift term is assumed to be globally Lipschitz. We prove that the solution
of each of the above equations is continuous in terms of the index H, with respect to the convergence in law
in the space of continuous functions.
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1 Introduction

We consider the following stochastic wave and heat equations on [0, 00) x R, respectively:

O%ul O%ul .
9 (t,z) = W(Lm) +b(u (t,x)) + WH(t, z),
uw(0,2) = uo(z), w€R, (SWE)
ut(oax):vo(x)v .Z'ER7
and a H 82 H
U u .

u(0,z) = up(z), =z e€R.

The initial conditions ug, vg : R — R are deterministic measurable functions which satisfy some regularity
conditions specified below. The drift coefficient b : R — R is assumed to be globally Lipschitz.

The term WH (t,z) stands for a random perturbation that is supposed to be a Gaussian noise which
is white in time and has a spatially homogeneous correlation of fractional type. More precisely, on some
complete probability space (2, F,P), the noise WH is defined by a family of centered Gaussian random
variables {WH (), ¢ € D}, where D := C5°([0, 00) x R) is the space of infinitely differentiable functions
with compact support, with covariance functional

B[ oW w)] = [ [ Fett. NOFHEIE )i m
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for all ¢,1 € D, where F denotes the Fourier transform in the space variable. For any H € (0, 1), the
spectral measure £t is given by

u(dE) = enle e, ey = )T, @

The above covariance relation, as in [11], is used to construct an inner product on the space D defined
in the following way:

e,y = E[WH W @)|, ¢veD.
Let H* be the completion of D with respect to the inner product (-, )z, which will be the natural space

of deterministic integrands with respect to WH  Indeed, our noise can be extended to a centered Gaussian
family {W# (g), g € H"} indexed on the Hilbert space '’ and satisfying

E[WH(gl)WH(gz)} = (91, 92)1

As usual, for any g € H*, we say that W (g) is the Wiener integral of g and we denote it by

/ / (t,x)WH (dt,dz) == WH (g).

The space H contains all functions g such that its Fourier transform in the space variable satisfies (see [3,
Thm. 2.7] and [11, Prop. 2.9]):

/ / Folt, ) (€€ dgdt < oo,

In particular, the space HH contains all elements of the form L0, x[0,2]» with ¢ > 0 and = € R. Then, the
following random field is naturally associated to our noise W

XH(t,2) = W (Lo nxj0.0))-

As a consequence of the representation in law of the fractional Brownian motion as a Wiener type integral
with respect to a complex Brownian motion (see, for instance, [19, p. 257]), we have that

E[XH(L‘ I)XH (s y / /.Flot]xodn] )(g)fl[o’s]x[o’y](r")(g)ﬂH(df)dt
tAs -
:/0 /Rﬂ[ov-”] () F L10,4)(&) prr (d€)dt
= %(t N S)(|gj|2H + |y‘2H . |l‘ _ y‘ZH)'

This is the covariance of a standard Brownian motion in the time variable, while in the space variable we
have obtained the covariance of a fractional Brownian motion with Hurst parameter H.
We denote by (F);>0 the filtration generated by W, namely

F = o(WH (10.4¢), s €[0,1], p € C°(R)) V N, 3)

where N denotes the class of P-null sets in F.

The solution to equations (SWE) and (SHE) will be interpreted in the mild sense. That is, for any 7" > 0,
we say that an adapted and jointly measurable process uf’ = {uf (t,2), (t,z) € [0,T] x R} solves (SWE)
(resp. (SHE)) if, for all (¢,z) € [0,T] x R, it holds

u(t,2) = Iy(t, x) //Gtsm— H (ds, dy)
“
+/0 /RG“S(QC —y)b(u' (s,y))dyds, P-as.
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Here, the function G(z) is the fundamental solution of the wave (resp. heat) equation in R, and Iy (¢, x) is
the solution of the corresponding deterministic linear equation. These are given by

1 ij: vo(y)dy + %(uo(x +t) —ug(x — t)), wave equation,

Io(t, ’E) = (5)
fR Gi(x — y)uo(y)dy, heat equation,

and
ig<e(@), wave equation,
Gi(z) = 2 (6)
W exp ( — %), heat equation.

Our main objective consists in studying the continuity in law, in the space C'([0, 7] x R) of continuous
functions, of the solution ¥ to equations (SWE) and (SHE) with respect to the Hurst index H € (0,1).
More precisely, we fix Hy € (0, 1) and we will provide sufficient conditions on the initial data under which,
whenever H — H, the C([0,T] x R)-valued random variable u*? converges in law to u’° (cf. Theorem
4.1). Recall that the parameter H quantifies the regularity of the random perturbation W, and hence the
level of noise in the system. So we will study the probabilistic behavior of the solution in terms of H, aiming
at showing that the sensitivity in H implies the corresponding convergence of the solutions.

We note that continuity in law with respect to fractionality indices has been studied in other related
contexts. We refer the reader to [18, 17, 16] for results involving symmetric, Wiener and multiple integrals
with respect to fractional Brownian motion, respectively, while in [15, 23] the convergence in law of the
local time of the fractional Brownian motion and of anisotropic Gaussian random fields has been considered,
respectively. Finally, in the recent paper [1], the continuity in law for some additive functionals of the sub-
fractional Brownian motion has been studied.

In order to tackle our main objective, we start by focusing on the linear version of equations (SWE) and
(SHE). That is, we consider the case where b = 0. Here, we first prove existence and uniqueness of solution,
together with the existence of a continuous modification, for any H € (0, 1) (cf. Theorem 2.1). So, for the
particular case of (SWE) and (SHE), this result puts together the more general ones of [2] (valid for H < %)
and [10] (valid for H > 1). The convergence in law of u’ to uf® reduces to analyze the convergence of
the corresponding stochastic convolutions, which are centered Gaussian processes. For this, we first check
that the corresponding family of probability laws is tight in the space C'([0, 7] x R), and then we identify
the limit law by characterizing the underlying Gaussian candidate for the limit (see Theorem 2.8 for details).
Finally, we point out that in the linear case, the proof of the main convergence result holds for both wave
and heat equations.

We remark that there are several well-posedness results for equations (SWE) and (SHE) with b = 0
and a more general noise term, namely of the form o (u(t, )W (¢, ), for some function o : R — R:
if H < % we refer the reader to, e.g., [3, 13], while the case H > % falls in the general framework of
Walsh and Dalang (see [22, 10, 11]). When H < %, most of the existing work focuses on the particular
coefficient o(z) = z, which corresponds to the so-called Hyperbolic Anderson Model (HAM) and the
Parabolic Anderson Model (PAM), respectively (see [3, 12, 5] and references therein). In these cases, the
fact that H < % entails important technical difficulties in order to define stochastic integrals with respect to
the noise WWH . Moreover, as proved in [5, Prop.3.7], the above equations admit a unique solution if and only
if H > i. In the present article, we do not encounter such issues since the noise appears in the equations
in an additive way. Indeed, we plan to address the convergence in law with respect to H for the HAM and
PAM in a separate publication, where the underlying stochastic integrals are interpreted in the Skorohod
sense.

We turn now to the study of the quasi-linear case, that is assuming that b is a general Lipschitz function.
Here, we first prove that equations (SWE) and (SHE) admit a unique solution (see Theorem 3.1). This result
holds for any H € (0, 1) and, as far as we know, is new for the case H < % Gf H > % it follows from [11,
Thm. 4.3]). Moreover, we note that the proof of Theorem 3.1 can be built in a unified way for both wave
and heat equations.

Nevertheless, the analysis of the weak convergence in the quasi-linear case does not admit a unified
proof for wave and heat equations. More precisely, for the wave equation, the convergence in law of u
to uo, whenever H — Hy, follows from a pathwise argument: we prove that, for almost all w, the
solution of (SWE) can be seen as the image of the stochastic convolution through a certain continuous



functional F' : C([0,7] x R) — C([0,7] x R). In the case of the heat equation, this argument cannot
be directly applied, for the associated deterministic equation which has to be solved in order to define the
above-mentioned functional is not well-posed for a general coefficient b. We overcome this difficulty by
first assuming that b is a bounded function and then using a truncation argument. As it will be exhibited
in Section 4.3, this part of the paper contains most of the technical difficulties that we need to face. It is
also worthy to point out that, in the analysis of the wave equation and the heat equation with bounded b, we
have established ad hoc versions of Gronwall lemma which have been crucial to complete the corresponding
proofs (see, respectively, Lemmas 4.2 and 4.4).

This article is organized as follows. Section 2 is devoted to study the convergence in law for equations
(SWE) and (SHE) in the linear additive case (i.e. b = 0). In Section 3, existence, uniqueness and pathwise
Holder continuity in the quasi-linear additive case are established. Finally, the main result on weak conver-
gence for the quasi-linear case is proved in Section 4: here we treat separately the case of the wave equation
(Section 4.1), the heat equation with b bounded (Section 4.2) and the heat equation with general b (Section
4.3).

When we make use of the constant C, we are meaning that the value of that constant is not relevant
for our computations, and also that it can change its value from line to line. When two constants (possibly
different) appear on the same line, we will call them C, C5. Sometimes we use C,, when we want to stress
that the constant depends on some exponent p.

2 Weak convergence for the linear additive case

In this section, we consider equations (SWE) and (SHE) in the case where the drift term vanishes, that is
b = 0. Then, the mild formulation (4) reads

¢
u (t,x) = Iy(t, x) +/ / Gi_s(x —y)WH (ds, dy), @)
0o JR

where we recall that the term [ and the fundamental solution G have been defined in (5) and (6), respec-
tively. Throughout this section we assume that H € (0, 1). Notice that (7) is now an explicit formula for the
solution u'?. We consider the following hypotheses on the initial data:

Hypothesis A: It holds that

(a) Wave equation: uy is continuous and v € L}, (R).

(b) Heat equation: v is continuous and bounded.

It can be easily verified that the above conditions on the initial data imply that [ : Ry x R — Risa
continuous function. On the other hand, the stochastic convolution in (7) is a well-defined centered Gaussian

random variable since, for any (¢,z) € [0,7] X R,
2 t
} ~ [ [1FGe o2 dgas
0 Jr

T
2 1-2H .
s/o /R|st<s>| €172 de ds < oo,

where we have applied Lemma 2.4 below. Hence, we have the following result:

i t [ Gl = gy s )

Theorem 2.1. Assume that Hypothesis A holds and let H € (0,1). Then, there exists a unique solution
uf = {uf (t,x), (t,x) € [0,T] x R} of equation (7). Moreover, the random field u*! admits a modification
with continuous sample paths.

Proof. We only need to prove that ' has a modification with continuous paths. Indeed, since I is deter-
ministic and continuous, we check that the stochastic convolution @ (¢, z) := uf (¢, z) — Io(t, z) admits a
continuous modification. This is a direct consequence of Step 1 in the proof of Theorem 2.8 below. More
precisely, for any p > 2, there exists a constant C' (depending only on p) such that, for all ¢,¢’ € [0,7] and
z,x' € R, it holds

B[ (ta) — (¢ 2!)P| < O {Je — 1| o — 2P}

where « = H for the wave equation and o« = 5 for the heat equation. An application of Kolmogorov’s
continuity criterion concludes the proof. O

H
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Remark 2.2. In the case of the heat equation, the assumptions of Theorem 2.1 indeed imply that, for all
p=1
sup E[|uH(t,:L')|p] < o0.
(t,z)€[0,T]xR
For the wave equation, this property can be obtained by slightly strengthening the hypotheses of ug and v,
e.g. assuming that they are bounded functions (see [11, Lem. 4.2]).

Remark 2.3. The proof of Theorem 2.1 implies that the stochastic convolution in equation (7) has a modi-
fication which is (locally) 81-Holder continuous in time for any 51 € (0, «) and (locally) S2-Holder contin-
uous in space for any 85 € (0, H).

In the proof of the main result of the present section (cf. Theorem 2.8), we will need the following
three technical lemmas (proved in [3]). They provide explicit estimates, depending on H, of the norm in the
space L?(R; 11) of the Fourier transforms of the fundamental solutions of the deterministic wave and heat
equations, where we recall that, respectively:

. g2
sm‘(;\ﬂ) and  FGi(€) = exp ( t;

In the following three lemmas, we will denote either one of these two functions by FG(§). We recall that
the spatial spectral measure is given by puf (d¢) = cp|¢|'2H d€ (see (2)).

Lemma 2.4 ([3], Lemma 3.1.). LetT' > 0. Then, the integral

FGu(€) = ) t>0,¢€R. (8)

T
Ar(a) = / / FG(©)[ e[ de dt

converges if and only if o« € (—1,1). In this case, it holds:
1

2l-eC, 27712—& for the heat equation,
-«
Ap(a) =
2 1
F(a + )T(1 /2 for the wave equation,
11—« 2
where the constant C,, is given by
1
—7TI'(a)sin(ra/2), a € (0,1),
l-«
1
Co = —171“(1 + a)sin(ra/2), o€ (-1,0),
g, a=0

Lemma 2.5 ([3], Lemma 3.4.). Let T > 0 and « € (—1,1). Then, for any h > 0, it holds:

C|h|'*=*  for the heat equation,
CT\h|}=®  for the wave equation,

T
/0 / (1 — cos(eh)) | FGL(©)2[€]* dé dt < {

where C' = [ (1 — cosn)|n|*~2dn.
Lemma 2.6 ([3], Lemma 3.5.). Let T > 0 and o € (—1,1). Then, for any h > 0, it holds:

Co|h|=2)/2 " for the heat equation,
CoT|h|t=®  for the wave equation,

T .
/0 /R |fGt+h(s>—f@(é)ﬁﬂ“dfcztg{

where
(1—e1/2)2
C, = / HTdn for the heat equation, and
min(1, [n[?) |
Co =4 | ——5—=dn for the wave equation.

|2o/



We will also make use of the following tightness criterion in the plane (see [24, Prop. 2.3]):

Theorem 2.7. Let { X} ca be a family of random functions indexed on the set A and taking values in the
space C([0,T] x R), in which we consider the metric of uniform convergence over compact sets. Then, the
Samily { X \}aen is tight if;, for any compact set J C R, there exist p’,p > 0, § > 2, and a constant C' such
that the following holds for any t',t € [0, T| and x’,x € J:

(i) suprea B[|X2(0,0)] < o0,
S
(ii) supAeAE[|X)\(t’,x’) —X,\(t,m)\l’] < C<|t’—t|+ \x'—x\) .

We are now in position to state and prove the main result of this section.

Hy

Theorem 2.8. Consider a family {u"'"},>1 of solutions of equation (SWE) or (SHE), and suppose that

. d
the Hurst indexes H,, — Hy € (0,1), as n — oo. Then u» = ufo, as n — oo, where the convergence
holds in distribution in the space C(]0,T] x R), where the latter is endowed with the metric of uniform
convergence on compact sets.

Proof. We split the proof in two steps. In the first one, we prove that the sequence of stochastic convolutions
is tight in C([0, T] x R), while the second step is devoted to the identification of the limit law.

Step 1: Since H,, — Hy, the sequence {H,} is contained in a compact set K C (0,1). For a fixed
H € (0,1), we have that the solution u* is expressed as

u (t,z) = Iy(t, z) + /0 /RGt,s(x —y)WH (ds, dy).

We will apply Theorem 2.7 to the family {@" = uf — Iy} geg of stochastic convolutions:

A (1 2) = ull () — Io(t, z) = /0 /Rat,s(x — W (dy, ds).

We write then, supposing without loss of generality that ¢’ > ¢ and 2’ > x:
t/
at (', 2"y —af(t,2) :/ / Gy —_s(2' — y)WH (ds, dy)
t JR

+ / / Gy’ — y) — Go_s(z — )W (ds, dy).

Thus, we have
E[|u(t,x) - u(t’,x’)ﬂ < Oy + I),

‘/t.t//RGt’—s(I/—y)WH(ds,dy)‘p]7

=g | [ [(Gete =0~ Gomte’ — i as i

Since I; is the moment of order p of a centered Gaussian random variable, we have

L—E [’ /OT/Rl[t7t/](s)Gt1,;(m/ —y)WH(ds,dy)‘p]

where I, I> are defined as:

Il =E

p/2

T
=z, ) /0 Li.41(s) /R |fth-s(x’—~>(£)|2|§|1—2Hdsds]
- ©)

= ZpCpH/2

t p/2
/t /R FGy_o(a’ — -><s)|2|e|”Hdsds]

[t/ —t p/2
=z ey /0 /R stf(£)2|§”Hd§ds’} :
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Notice that we have used the standard properties of Fourier transform in the space variable, and we per-
formed the change of variable s' = t' — s. The constant z,, is the p-order moment of a standard normal
distribution and cg is given by (2).

Now we apply Lemma 2.4 and obtain

5 P2 [22Hél_2H 1 t — t)1+2Hr/2 wave equation,
prH 1+2H ’
L< (10)
p/2
zpclf’j(/2 [%F(l —H)(t' — t)H} , heat equation.
The above constant C’l,g g 1s the one of Lemma 2.4:
1 1-2H 1
57 T(1—2H)sin (77 ) He (o, 5),
~ 1 1 1-2H 1
Cyoy = —F272H'< ) H (71>
=20 = Toog o Jsin(r—5—), He(5:1),
T =l
2 2
First, we observe that z,, is independent of [ and
I'(2H + 1)sin(nH) _ I'(3) 1
cy = < =-.
2 2 T

Next, as far as estimate (10) for the wave equation is concerned, we note that 22H < 4 and ﬁ < 1, for

any H € (0,1). Thus, we concentrate on the constant 6'1_2 1, which we show that it is uniformly bounded
in H. Clearly, the function Cy_sg : (0,1) — R has, possibly, a singularity only in H = %, but since
I(x) ~ % as ¢ — 04, by simple calculations we have that the function C1_op is continuous also at the
point H = % Therefore, C~’1,2  1s bounded on the set K.

1
On the other hand, regarding estimate (10) for the heat equation, we have that ﬁf(l — H) defines a

continuous function of H on the interval (0, 1), and thus it is bounded on K.
We now turn to the analysis of the term /5. More precisely, we have

L—E U / : [ 100(Gisla =) = Goosla! — )W (ds, dy)ﬂ
=z’ { /0 g /R F(Grosle =) = G’ - ~))(€)‘2£|12deds} .
sl [ [ [F6rsta =i - Fou e [ ae s "
<2 c’;ﬁcp< [ [Pt =06 - Pt — e 112" ac s "

* |:/0t /]R ‘]:ths(l”l - )(5) - ]'—Gt,s(.r — ')(5)‘2‘£|172deds:| p/2)
= chzﬂcp (J1 + Jg),

where C), denotes some constant depending on p. We estimate .J; and J> using similar techniques as those
used for the term I;. Hence, via the change of variable s’ = ¢ — s, we have:

' p/2
Ji= {/ / ‘]—'Gs/+(t/,t)(aﬁ' — (€)= FGy (' — )(€) 2|€|1—2Hd£ ds’] .
o Jr
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Thus, by Lemma 2.6,

]V[IPJ/Q /2t — )P < MZ/Q TP/2(t' — t)PH | wave equation,
Ji1 <
fo/Q(tl — t)PH/2, heat equation.

The above constants are the following:

1 min(1, |h|?)
“My = | —=—Ldh
Y
1 1
= 7dh+/ ——dh
/h,|>1 |h|t2H nj<1 [RPH T
1,1
H 1-H

and

2 _n?

[ (Q—e7)? 1—e 2
NH*/RWWLS | T 4

1 1
S/ 7dh+/ ————dh
hi>1 [A[PT2H inj<1 [RPH1
1 1

H+17H'

1

The function H — —
e function I7i + -

For the term J5, we have:

is again continuous in (0, 1), and thus bounded for H € K.

Jy = M/R ]fGH(x’ — (&) = FGi_s(z — .)(5))2|£|12Hd§ds]p/2

t 9 p/2
= | [ [ eosteta’ — al|FGute - 06 16 aeas|
0 JR
and applying Lemma 2.5 we end up with

CP2p/2(o) — g)PH < CP/2TP/2(2/ — 2)PH | wave equation,
Jo <
02/2(93/ —x)PH, heat equation.

Here, the constant C'y is

1 —cos(h) 1 1
= — < h——
O /R |h|1+2H dhs gt i

which again is a bounded function on the set K.
To sum up, we have proved that

E[\ﬂH(t, ) — aH(t',x’)P] < C((t’ L x)pH),

where o = H for the wave equation and o = % for the heat equation, and the constant C' depends only of
4
pand T'. Thus, choosing p > ———, we have that the hypotheses of Theorem 2.7 are fulfilled by the
mingecx H
family {@"} gex, for both the solution to (SWE) and (SHE). This concludes the first step of the proof.

Hn }n>1, we proceed to prove the conver-

Step 2: In order to identify the limit law of the sequence {u
gence of the finite dimensional distributions of %~ when n — oo.
We recall that, for every H € (0, 1), 4 = uf — ], is a centered Gaussian process, so it suffices to

analyze the convergence of the corresponding covariance functions.



Let (t,z), (¢,2") € [0,T] x R and suppose that ¢’ > ¢. Then,

B[a (1, 2)a" (1 o')] = e, / / FGrou(x — YO FCoal@ — I €] d ds.

Let us first consider the case of the wave equation. Taking into account the explicit form of FG(&) (see
(8)), we have

b emit@=a") gin((t — in
B[ (t, 2)i™ (¢, )] =CHR/O/R s ((t|g|1i)2|1§n)s (= 5)IED e g,

We clearly have that ¢y, — cq,,. The integrand function in the latter integral converges, as n — 00, to

e~ @) sin((t — s)|€]) sin((t' — s)|€])

RRRC |

for almost every (s, &) € [0,¢] x R. Moreover, thanks to the fact that | sin(z)| < z for all z € R, its modulus
is dominated by the integrable function

(t—s)(t' —s)

Teoann (H —1 <
|é"2sup”(Hn)—1’ s € [07t]7 |£‘ = 17

1

RGO [0,], €] > 1.

Then, by the dominated convergence theorem, we obtain that

lim B[l (t,2)a™ (¢, 2')| = e, / t | / e sin((t = 5) €l) sin((¥ — €D 4 o

n—o00 ‘£|1+2H0

—E [aHo (t,2)atho (¢, x')} .

On the other hand, in the case of the heat equation, we have

—zf(z z) _(t=s)e” S)6 e_%
E[ o (¢, @)t (¢ o) —cH,L// o dé ds. o

The pointwise limit of the above integrand is given by

2 2
e_iﬂz_zl)e_(t_%)ge_w%)g

R |

forall s € [0,¢] and ¢ € R, and its modulus reads

_ (et —25)¢?
2
G
Now, we use the bound
e~ < —, ifa>0,
ax
with @ = (¢t +t' — 2s)/2 (which is always positive provided that s € [0, ¢]). Thus
1
_ <
(4t —20)€? ‘£|qupn(H”),1a ‘5' = 13 RS [Ovt]a
e 2 <
e 2

(t — t)]€[2 imfn ()17 €] > 1, s €0,1].
This covers all cases except ¢ = t'. In this latter case, the modulus of the integrand appearing in (11)

becomes L

EEen IS Lse 0,

e~ (t—9)&?
‘£|2H,,,71 S

exp (= 1= ")

|¢[2infn (Ha)—1

1> 1, s €[0,t],

9



and the integrability of this function is an easy consequence of Lemma 2.4. Therefore, by the dominated
convergence theorem, we also obtain that

lim E[uH (t, )@t (t’,w')] _ E[QHO (t, a:)ﬂHO(t’,x')},

n—00
which concludes Step 2 of the proof.
To finish the proof of the theorem, it remains to observe that, since the translation by I is clearly a
continuous mapping from C([0, 7] x R) into itself, the convergence in distribution 7~ 2 @iHo implies the

e d .
convergence in distribution wfn S yHo which was our statement. O

3 Quasi-linear additive case: existence of solution

In this section, we consider equations (SWE) and (SHE) with a general drift coefficient b, where we assume
that b : R — R is a globally Lipschitz function. Let 7" > 0. Owing to (4), we recall that a solution to these
equations is an adapted and jointly measurable process {uf (t,2), (t,z) € [0,7] x R} such that, for all
(t,z) € [0,T] x R,

u (t,x) =Io(t,2) + //Gtsx— A (ds, dy)

// (8,9))Gi—s(x — y)dyds, P-as.,

where the term I and the fundamental solution GG are specified in (5) and (6), respectively.
IftH > % the existence of a unique solution to (12) follows from [11, Thm. 4.3], assuming that the term
I satisfies

12)

sup [Zo(t, )| < oo.
(t,z)€[0,T] xR

The case H 5 was considered in [22]. Finally, we have not been able to find a proof of existence in the
case H < 5 ThlS section is devoted to present a proof of existence and uniqueness of solution to (12) which
holds for any H € (0,1) (cf. Theorem 3.1). Furthermore, we provide sufficient conditions on the initial
data ensuring that the solution admits a Holder-continuous version (cf. Theorem 3.2 below).

Along this section, we will require more restrictive conditions for the initial conditions ug and vg in the
case of the wave equation. Concretely, we consider the following assumption:

Hypothesis B: It holds that
(a) Wave equation: ug and vg are H-Holder continuous and bounded.

(b) Heat equation: ug is H-Holder continuous and bounded.

Moreover, we recall that we are considering the filtration (F/?);>o which is generated by our fractional
noise W (see (3)).

Theorem 3.1. Let p > 2 and assume that Hypothesis B is satisfied. Then, equation (12) has a unique
solution ufl in the space of L*(Q)-continuous and adapted stochastic processes satisfying

sup EDuH(t, z)|p} < 0.
(t,2)€[0,T] xR

Proof. 'We follow similar arguments as those used in [10]. We split the proof in four parts.

Step 1: We define the following Picard iteration scheme. For n = 0, we set

t
Wl (t,2) = Io(t,2) + / / Gl — )W (ds, dy), (13)
0 R

and for n > 1 we define
t
ull(tn) =l (t0) + [ [ Geoslo = p)b(ul (5. )dy . (14)
0o Jr
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Clearly, the process u2! is adapted and, by step 1 in Section 4.3, it is L2(£2)-continuous. Then, u{! admits a
jointly measurable modification (cf. [6, Prop. B.1]), which will be denoted in the same way.

Owing to Lemma 3.3, we obtain that, for every n. > 0, the Picard iteration u/! is L2(2)-continuous, and
thus has a jointly measurable modification. Moreover, by Lemma 3.4 below, v is uniformly bounded in
Lr(Q), ie.

sup E[|uf(t,m)|p] < 00.
(t,x)€[0,TTxR
The above two facts imply that uf is well-defined, for all n > 0. On the other hand, it is clear that any
Picard iteration defines an adapted process.

Step 2: We prove that the Picard iteration scheme converges in the space of L2(2)-continuous, adapted
and LP(€)-uniformly bounded processes, which is a complete normed space when endowed with the norm

I I » 1/p
= sw (Bl @ar]) "
(t,z)€[0,T]xR

I

Indeed, it can be seen as the closed subset formed by adapted process of the space
L°([0,T] x R; LP(Q)),

which is a Banach space for any p > 2.

Then, it is sufficient to show that the sequence of Picard iterations is Cauchy with respect to || - ||, to
infer the existence of a limit.

We use that b is Lipschitz and Minkowski inequality for integrals to obtain

(E[‘urffﬂ(t, z) —ull(t, w)‘p})l/p
= (6] [ ] Ge-ste = 05, 00) = )t

p})l/p

<c(n]] /: /]R Grs( = y)luf! (s,y) — ull_1(s,9)\dy dSIpDW

< C/Ot/R (E{Gt—s(l’ — y)p\uf(s,y) — “5—1(57y)|le/pdyds

! Hy ./ H / P 1/p
<c [ [Guia-u) sw (B[ll(s) ~ ull s )p]) s
0 JR y€eR,
s'€[0,s]
t 1/p
—c [ s (Bl ()~ ull s (l])
0 yER,
s’ €[0,s]

This inequality implies that

t

sup (E[Jufly 1 (s,2) - UE(s,x)lp})l/p < c/o sup (B [[uff (s',) - u,{il(s’yyﬂp})l/pds

z€R, yER,
s€[0,t] s'€0,s]
If we define

1/p
Jalt) = sup (B[lufls(s.2) = wll (s, 0)] )
r€R,
s€[0,t]
we have that

fn(t) S CA fn_l(S)dS.

Then, by Grénwall lemma, we can conclude that {uf! }n>o defines a Cauchy sequence in the underlying
space, and therefore it converges to a limit u, namely

lim sup E [|uf(t, x) — uH(t7 1-)\?} = 0.
N0 (¢ 2)€[0,T] xR

11



Since any v is L?(£2)-continuous and adapted, u*? has the same properties. In particular, L?(£2)-continuity
implies the existence of a joint-measurable version of u.

Step 3: We check that the process u is a solution of (12). To do this, we take n — oo with respect to
the uniform LP(£2)-norm in the expression

U$ﬁtﬂ:wﬁﬂwr+ﬁLéGFAw—yMWEQwD@d&

The left-hand side, by its definition, converges to u, while for the non-constant (with respect to n) part of
the right-hand side, we argue as follows:

(EH /Ot/RGtS(m — ) (b(uH (s,)) — b(u" (s,y)))dy dsm)l/p
< C(EH /Ot/RGts(m — ) |ull(s,y) — “H(&y)\dyds‘p})l/p
< C/Ot/RGtS(:U —y)(E[\uf(s,y) — “H(&y)\le/pdyds

sof s (B[l - usalr]) s

(s,9)€[0,T]xR
1/p
<C sup (E[|uf(s,y) —uH(s,y)|pD .
(5,9)€[0,T]xR
We note that the latter term converges to zero as . — oo. Thus, we have that u? satisfies (12).
Step 4: Uniqueness can be checked by using analogous arguments as those used in the previous steps.
O

We have the following property of the sample paths of the solution .

Theorem 3.2. Let p > 2. Assume that Hypothesis B is fulfilled. Let u™ be the solution of (12). Then, for
any t,t' € [0,T] and z,z’ € R such that [t' —t| < 1 and |z’ — x| < 1, the following inequalities hold true:

suﬁE[\uH(t’,m) —uH(t, m)\P] < Clt — 1P (15)
xe
and
sup E[|uH(t7 x') —uf(t, x)\p} < Cpla — x|HP, (16)
t€(0,7]

where v = H for the wave equation and v = % for the heat equation. Hence, the process u™ has a
modification whose trajectories are almost surely ~'-Holder continuous in time, for all v/ < ~, and H'-
Hélder continuous in space for all H' < H.

Proof. The bounds (15) and (16) are an easy corollary of the stronger results obtained in step 1 of Section
4.3. Indeed, in that theorem, the same kind of estimates have been obtained uniformly with respect to the
Hurst index H, when restricted on a compact set [a,b] C (0,1). Nevertheless, here we need to obtain (15)
and (16) only for a fixed H € (0, 1). O

In order to conclude this section, we state and prove the two lemmas that we used in step 1 of the proof
of Theorem 3.1 above.

Lemma 3.3. For each n > 0, the process ull defined by (13) and (14) satisfies the following. There exists
a constant C' = C(n, H) such that, for any t € [0,T] and h € Rwitht + h < T, it holds

Chm™inCHY)  \wave equation
su E[th—i—h,x —uf(t,z 2}< ’ ’ 17
zeﬁ fun'€ ) n(bol] < ChH, heat equation. {17
and, for any x € Rand h € Rwith |h| < 1,
sup E“uf(t, x+h) —ull(t, m)ﬂ < Ch?*H, (18)

te[0,T]

In particular, the process ull is L*(Q)-continuous.

12



Proof. We proceed by induction. In the case n = 0, first we study the time increments. We focus on the
right continuity. The computations for the left continuity are analogous. We have

B[lufl (4 h2) - uf (1, 2)?] < 2(41 + A3),
where

A1 = |Io(t+ h,I) - I()(t,{E)|2

to=8]| [ [Gn o9 -G asan+ [ [ G- oW asan]]

t

In [3], Theorem 3.7, it is shown that

A < Ch?H  for the wave equation,
Y= ) Chrtl  for the heat equation.

Concerning the term Ao, we have
Ay <2(As1 + Asp),

where
oo =8| [ [1Gesnsta =)~ Gosa )W )],

Ao =] [ o [ Greneate =y as. )]

These terms have been studied in the proof of Theorem 2.8, concretely As ; corresponds to term J; in
that theorem and term A, o corresponds to I;. So,

A < Ch'2H  for the wave equation,
2,1 < .
’ Ch2tH_ for the heat equation,

and

Ao < Ch'*2H  for the wave equation,
2,2 < 1 .
ChzH | for the heat equation.

Putting together the above estimates, we obtain the validity of (17) for n = 0.
Regarding the space increments, we have, for any h € R with |h| < 1,

B|luff (t,2 + ) = uff (t,2)?] < 2(B1 + Ba),
where
By = |Io(t,x + h) — Io(t, z)[?,
Bo= | [ [(Geatoth =)= Gty s

As before, by [3, Thm. 3.7], we have
B; < Ch*H

for both heat and wave equations. The term By corresponds to .J5 in the proof of Theorem 2.8, hence
By < C|h|'2H,

So, we have proved (18) for n = 0.

We suppose now by induction hypothesis that ull satisfies (17) and (18). Let us compute the time
increments of unHH, for0 < h << 1:

E[‘UnHH(t + hvz)_uerl(tv I)\z} < 3(D1+ D2 + D3y),

13



where

Dy = E[|uH(t+h ) —ul(t, x)ﬂ,

// Hit+h—s,x— ))fb(uf(tfs,yﬂdyds)Z],
Ds—F /tH}L/RGS(yﬂb(un(t—kh—s,ﬂc—y))|dyds)2}.

We already showed that D; is bounded as the right hand side of (17), so we only need to handle D5 and
Ds. As in Lemma 19 of [10], first we compute Ds. Namely, using that b is Lipschitz and applying Cauchy-
Schwarz inequality and Fubini theorem, we have

D2<C’ // dyds // Hovh—s,o—y) —ul(t —sz— )|2dyds}

<c| / /Gs<y>|u5<t+h—s,x—y> —ufz’@—s,x—y)deds}

—C// t+h78xfy)fuf(t*é’,w*y)P]dyds

< Ch?*H | wave equation,
ChH,  heat equation.

Notice that in the last inequality we used the induction hypothesis.
Regarding D3, we have

D5 gC’/tt+h/R(1—|—E[|uf(t+h—s,r—y)QDGS(y)dyds.

The uniform boundedness in L2(2) of uf’ (by Lemma 3.4) gives that

t+h
D3 < C’/ / Gs(y)dyds < Ch,
t R

for both wave and heat equations. Thus, taking into account the above estimates for .J;, Jo and .J3, we obtain
that u/7, ;| satisfies (17).
We are left to deal with the spatial increments of u//, ;. Indeed, we have

B[lufs (b + h) = ullyy (62) 2] < 20K + Ko),
where
Ky = EJuf! (t.2+ 1) - ufl (t,2) ],

=B[([ [ e s ) ol ¢ s - )Gy as) ]

The term K has already been studied, and K5 can be treated as the term .Jo, obtaining that Ky < C |h|2H .
So we can infer that (18) is fulfilled for u// ;. ]

Lemma 3.4. Let p > 2 and [a,b] C (0,1). Let ul, n > 0, be the Picard iteration scheme defined in (13)
and (14). Then,

sup sup sup E[|uf(t7x)|”} < oo.
n>0 Hela,b] (t,z)€[0,T)x R

Proof. First, we have
¢ p
B[lufl (t,2)") < C’p<|fo(t,:r)|p+EH/0 /RGt,s(x—y)WH(ds,dy)’ )

14



By [11], Lemma 4.2, we have that

sup  |Io(t, 7)| < oo,
(t,z)€[0,T]xR

and this is uniform in H, since we are considering the same initial conditions for every H. Regarding the
stochastic term, arguing as in (9) and applying Lemma 2.4, we get

]/ /Gt =)W (ds, dy)| ] = zif? /Ot/R|]-"Gts(:c—-)(§)2|§|l2Hd§dsr/2

p/2 .
Cp <t1+2H ) , wave equation,
p/2 .
C, (tH ) , heat equation.
The last inequality comes from an estimate essentially identical to the one already computed in (10). All

above constants which are dependent on H can be uniformly bounded, provided that H is in the compact
interval [a, b] C (0, 1). The above considerations yield

sup sup E[|ué{(t7x)|p] < 0.

Hela,b] (t,z)€[0,T] xR

Next, owing to (14) we can infer that

[\unﬂ(t ;L')|p} <O 1—|—E / /Gt s(@x —y)b(u g(s7y))dyd5’pp,

If we apply Holder inequality, we obtain

il [ [ G-ttty

<om] [ [ Grsta =) (1t oY as]

—01+02/ [ Giesta = [l . ayds (19
<ot [ aw s B[] - s
R HEJa,b] (s',y)€[0,s] xR

<oty [ sp s B[l

0 Hela,b] (s',y)€[0,s] xR

The constants appearing in the previous calculations are clearly independent of H. Then, we have

sup sup B [IUf+1(t’, y)\p}
Hela,b] (t',y)€[0,t] xR

t
<CiaCaf s s B[l ds
0

Hela,b] (s/,y)€[0,s] xR

We conclude the proof by applying Gronwall lemma. O

4 Quasi-linear additive case: weak convergence

This section is devoted to prove that the mild solution u® of equation (SWE) (resp. (SHE)) converges
in law in the space of continuous functions, as H — Hy, to the solution u7° of (SWE) (resp. (SHE))
corresponding to the Hurst index Hy.

Throughout this section, we fix Hy € (0,1) and any sequence (H,,),>1 converging to Hy. Then, we
consider the following assumptions for the initial data:

Hypothesis C: For some a > H, it holds that

(a) Wave equation: ug and vy are a-Holder continuous and bounded.

15



(b) Heat equation: ug is a-Holder continuous and bounded.

Without any loss of generality, we assume that H,, < «, for all » > 1. Hence, we will be able to apply
the results of the previous section for all these Hurst indexes.

The main strategy to prove that u» converges in law to u’° can be summarized as follows. Recall that
b is assumed to be globally Lipschitz. Let 7 be a deterministic function in C([0, 7] x R), and consider the
(deterministic) integral equation

o(t,2) = /0 /R b(z(5,9))Gr—s(z — y)dsdy + (¢, 2), (20)

which is defined on the space C([0,T] x R), endowed with the metric of uniform convergence on compact
sets.
We will prove that (20) admits a unique solution. This allows us to define the solution operator

F:C([0,T) x R) — C(]0,T] x R) [e3))

by (Fn)(t,z) := z(t,z). We will show that this operator is continuous. Note that u» = F (@) (almost
surely), for all n > 0, where @ denotes the solution in the linear additive case (i.e. b = 0). Moreover, by
Theorem 2.8, @ converges in law, in the space of continuous functions, to %70, Therefore, we can apply
Theorem 2.7 of [9] to obtain the desired result.

Here is the main result of the paper.

Theorem 4.1. Assume that Hypothesis C is fulfilled and b is globally Lipschitz. Then, u!l» 4, ufo, as
n — 0o, where the convergence holds in distribution in the space C([0,T] x R).

The proof of the above theorem will be tackled in the following three subsections. Indeed, we need to
distinguish the case of the wave equation from the one of the heat equation. Moreover, for the heat equation,
we split the analysis in two subcases: bounded b and possibly unbounded b. As it will be made clear in the
sequel, in the latter case, the above-explained strategy based on the solution operator cannot be applied, so
the case b unbounded will be studied separately.

4.1 Wave equation

In this section, we provide the proof of Theorem 4.1 for the stochastic wave equation (SWE). For this, as
already explained, it suffices to prove that equation (20) has a unique solution and that the solution operator
(21) is continuous. These two facts will be proved in Theorem 4.3 below.

We recall that the fundamental solution G of the wave equation on [0, 00) X R is

1
Gi(z) = 51{|m|§t}-

We will make use of the following ad hoc version of Gronwall lemma ([8]). We give its proof for the sake
of completeness.

Lemma 4.2. Let {f,, n > 0} be a sequence of real-valued non-negative functions defined on [0,T] X [a —
T,b+ T, for some a,b € R such that a < b, and T > 0. Suppose that there exist \, u > 0 such that, for
every (t,x) € [0,T] X [a,b] andn > 0,

t T+t—s
frato) <2+ 5 [ [ psg)dyds,
0 r—t+s
and that fy is bounded. Then, for every n > 0 and (t,z) € [0,T] X [a, b], it holds that
n=l o a2\k 2\n.
pt ut
fultr) <230 EEE g )
k=0

n:

) (22)

which in particular implies that
limsup f,, (t, z) < Xexp(ut?).

n—oo
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Proof. We prove it by induction: the case n = 1 reduces to the inequality

filt,x) < A+ pit®[] fol] o

that is clearly satisfied. We go on with the inductive step: if (22) holds true, then

r4+t—s n—1
e x+ 5 [ kz Lol 5 sy
n—1
(ns?)k (us?)™
—>\+2/02(ts)[)\k0 ol 2 s

n—1
(st)n
§A+u/0t[AZ Lol 85 s
=0

S ) ()
:““[Akzo '(2k+1)+||f0‘|°°n!(2n+1)}

—1 .
n uk+1(t2)k+1

kI(2k + 1)

'n+1 (tZ)nJrl

=A+A —_—
+ n!(2n +1)

+ 11 folloc™
k=0
u'n,Jrl (t2)n+1

n k(42\k
we (%)
<)\E o )

which is our thesis. In the last two inequalities, we shifted by one the index of the sum and we used the fact
that 4k + 6k +2 > k+ 1, for every k € N. If we take the lim sup as n — oo in both sides of the inequality
we also obtain easily that

limsup f, (t, z) < Aexp(ut?).

n— o0

We will use the above Gronwall-type lemma to prove the following theorem, proved also in [8].

Theorem 4.3. Letn € C([0,T] xR) and consider the deterministic equation (20) in the case where G is the
fundamental solution of the wave equation. Then, (20) has a unique solution z € C([0,T] x R). Moreover,

the solution operator
F:C([0,T] x R) = C(]0,T] x R)

defined by F(n) = z is continuous, if we endow C([0,T] x R) with the metric of uniform convergence on
compact sets.

Proof. We define the Picard iteration scheme
zo(t,x) == n(t, x)

zn(t, ) = / /Gt s(@ —y)b(zn-1(s,y))dyds + n(t, x) 23)

r+t—s
/ / b(zn_1(s,y))dyds + n(t,z), n>1.

—t+s

Clearly, the above expressions of the Picard scheme are well-defined. Moreover, since b is Lipschitz contin-
uous, if z,,_1 is continuous then also bo z,,_1 is so. This gives by induction that z,, is a continuous function.
Moreover, we will show that z, converges uniformly on compact sets on [0,7] x R. More precisely, we
prove that the sequence {z, },,>¢ is uniformly Cauchy on [0, 7] x [—L, L], for every L > 0. Indeed, for all
(t,z) € [0,T] x [-L, L], we have

) = 2lt2) = |3 / [ blento) bl s

t+s
r+t—s

<C / /
r—t+s

17
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We can apply Lemma 4.2 to the sequence of functions f,, := |z,41 — 2,| and with A = 0 and p = 2C,
obtaining that

202"
et = st < (s ey — () 2L
(5,9)€[0,T]X [~ L—T,L+T] n
20 L)
(e fatey) - ae)) 25

(s,y)€[0,T|x[—L—T,L+T)

Notice that the latter bound does not depend on ¢ and . This remark, together with the fact that the function
21—z is bounded on any compact set, and that the sum >~ 2 b—0 (20L2 is convergent, yield that the sequence
{zn(t, ) }n>0 is uniformly Cauchy on [0, T'] x [—L, L]. Let z(t, x) denote its limit. Then, by the uniqueness
of the pointwise limit, the fact that C'([0, 7] x R) is a complete metric space (with the underlying metric)
and that z,, n > 0, are continuous functions, we have that z is also a continuous function in C([0,T] x R).

Letting n — oo in (23) and observing that b o z,, — bo z uniformly on compact sets, one easily gets that
z solves equation (20).

The uniqueness of the solution comes from a simple remark: suppose we have two solutions 21, 22
relative to the same 7. Then, for a fixed L > 0 and for any (¢, z) € [0,T] x [—L, L], we have

r+t—s
|z1(t, ) — zo(t, @) < = / / b(z1(s,y)) — b(22(s,y))|dy ds

t+s

r+t—s
<C/ / |21(s,y) — 22(s, y)|dy ds.

t+s

It remains to apply Lemma 4.2 to obtain the uniqueness for every L > 0, and thus for the equation on the
whole space.

Let us now turn to the analysis of the solution operator ' : C([0,T] x R) — C([0,7] x R), which
is defined by F'(n)(t,x) := z(t,x). We need to prove that this operator is continuous with respect to the
metric of uniform convergence on compact sets. That is, we show the continuity of the restricted mapping

Fp, : C([0,T] x R) — C([0,T] x R),

for every L > 0.
We denote by || - ||,z the supremum norm on C([0, 1] x [ L,L]). Let z; := F(m) and 25 := F(12)
for some 71,12 € C([0,T] x R). Then, for (t,z) € [0,T] x [-L, L],

r+t—s
[21(t,2) — za(t, 2)| </ / b(z1(5,9)) — blza(s,9)|dy ds + [ (t,) — 7a(t, )
r—t+s

Tr+t—s
<0/ / 2105, 9) — z2(5,)|dy ds + |1 — el oo,z
r—t+s

Here, we apply again Lemma 4.2 to obtain that

[|21 = 22|loo,L < Cllm — n2|loo,L-

4.2 Heat equation: b bounded

In this section, we prove Theorem 4.1 for the stochastic heat equation (SHE) in the particular case where the
drift b is assumed to be a bounded function. This is necessary in order to construct a Picard iteration scheme
to solve equation (20),

Recall that the fundamental solution of the heat equation in [0, 00) x R is given by

1 _lx)?
e 2,
V2nt

As we did in the previous subsection, first we establish an ad hoc version of Gronwall lemma.

Gt((E) =
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Lemma 4.4. Let {fn}n>1, fn : [0,T] X R — R, be a sequence of functions that satisfy, for every (t,x) €
[0,T] x R, the following inequality: for some i, A > 0,

fus1 (t,2) = fult,2)] < o ™ b fu(5,9)) — b1 (5, )|y ds + A,

==

where b : R — R is bounded and Lipschitz continuous with Lipschitz constant C. Then, we have that, for
anyn > land (t,z) € [0,T] x R,

O () = At
st (t,2) = Falt, )] < 2pllo U 4 S AT
n! P k!

As a consequence, we also have that

lim sup (sup\fnﬂ(t 2) = fult,2)]) < A,

n—oo

Proof. We prove it by induction. First, we compute

falt,z) — 5T b (5, ) — b(fols, )|y ds + A

fi(t,z)] éu/ot/ﬂg\/gw(lti_s)

|z—y|?
< 24 [bloc e T dy ds + A

i 1
o L=
< 2| |bl[e /t 1ds + A
0
= 2ut||b]|oo + A
For the inductive step, we have to exploit the Lipschitz continuity of b:

lz—y|®

|fn+1(t7x) - fn(tv-r)| < € 0= ) |b(fn(5 y)) (fnfl(say)”dyds +A

=

¢ 1 _le—y|?
C/ / 6 2(t-9) |fn(57y) _fn71(37y)|dyd3+/\
\2m(t — s)

1 =2 s
< uC //We z<t—>[2|\b||w7 Zﬂd;,dwx

n—2
Ncnlnl )\k
- wai dyds + A
/O[IIH — +Zk,]ys+
Ltk
= 2[b||0cC™™ i +Z—+>\

A direct consequence of this fact is that

limsup | fry1(t, ) — fal(t, z)| < Aet,

n—oo

which concludes the proof. O

The proof of Theorem 4.1 in our standing case follows from the following result.

Theorem 4.5. Let n € C([0,T] x R) and consider the deterministic equation (20) in the case where G is
the fundamental solution of the heat equation, and such that b is Lipschitz and bounded. Then, (20) has a
unique solution z € C([0,T] x R). Moreover, the solution operator

F:C([0,T] x R) — C([0,T] x R)

defined by F'(n) = z is continuous, if we endow C([0,T] x R) with the metric of uniform convergence on
compact sets.
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Proof. As in the case of the wave equation, we consider the Picard iteration scheme
ZO(t7 I) = 77(75: l‘)

aata) = [ [ Goesla = p)Mener () duds + n(t.2)

€ 5T (21 (5,y))dyds + n(t,z), 0> 1.

t
1

a /0 /R V2m(t—s)
We clearly have that z is continuous. Assume that z,,_; is continuous, and we check that z,, is so. In fact,
let (t,x) € [0,T] x R and pick a sequence (t,,, T,n) — (¢,x) as m — oco. Then,

tm
Zn(tm, xm) = / / Gtmfs(-rm - y)b(zn(57 y))dy ds + n(tma l‘m)
0 R

tm
- / / Gsl(y/)b('zn—l(tm — 5 g — y/))dy’ ds" +n(tm, Tm)
0 R

SUP,, tm
- / / 1[07tm]><R(s/7 y/)GS’(yl)b(anl(tm L yl))dy/ ds' + N(tm, Tm).
0 R
Thanks to the continuity of b and z,, 1, the latter integrand converges point-wise to

1[0,t]><]R(S/a y/)Gs’(y/)b(anl(t - 5/7 T — y/))

Since b is bounded and G has finite integral over [0, sup,,, t,,] X R, we can apply the dominated convergence
theorem to obtain that

lim Zn(tm7$m) = Zn(taw)a
m—ro0

SO z,, 1S continuous.
For every (t,z) € [0,T] x R, we can infer that

_lz—y?
e 2(t—s)

b(zn(5,9)) = b(zn-1(s,y))|dy ds.

R R A v = =

By Lemma 4.4, we get

Cnfltn CnflTn
T < 2[[bl|oe ———-
mn. n:

eir (@) = 2a(t,2)] < 2/]bll

Since the rightmost term of this inequality is the general term of a converging series, and the series does
not depend on (¢, z), we can infer that the sequence {z, (¢, )}, >0 is uniformly Cauchy in [0, 7] x R. This
means that a limit z exists and, since z, — z uniformly, z € C([0,T] x R). Moreover, it is straightforward
to verify that z is the solution to equation (20). Finally, uniqueness of solution can be easily checked by
applying again Lemma 4.4.

As far as the continuity of the solution operator ' : C([0,7] x R) — C([0,T] x R) is concerned, where
F(n)(t,z) = z(t, ), this property can be verified similarly to the case of the wave equation, but applying
Lemma 4.4. O

4.3 Heat equation: b general

In this section, we aim to verify the validity of Theorem 4.1 for the stochastic heat equation (SHE) in the
case of a general globally Lipschitz coefficient b. Recall that the initial condition ug is assumed to satisfy
Hypothesis C. In particular, ug is a-Holder continuous for some o > H.

We will use a truncation argument on the drift b: for every m > 1, set

) b(x)Am, ifb(x) >0,
b (@) 1= {b(x) V—m, ifb(z)<0.

We have that b,,, is bounded and Lipschitz continuous, and converge pointwise to b, as m — oo. Moreover, a
unique Lipschitz constant can be fixed for all functions b,,,, m > 1, and b. We define ug" to be the solution
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of (12) where b is replaced by b,,,, and corresponding to the Hurst index H,,. An immediate consequence of
Section 4.2 is that, for any m > 1,

ufln 4, ull (24)

n—oo
on C([0,T] x R).

Then, the proof of Theorem 4.1 is split in three steps.

Step 1: First, we check that the family of laws of {u*»},,>1 is tight in C'([0, 7] x R). For this, we will
apply the criterion stated in Theorem 2.7. We point out that, indeed, the computations of this step are valid
for both heat and wave equations.

Notice that condition (i) of Theorem 2.7 is clearly satisfied, since uf'* (0, 0) is deterministic and does
not depend on n. Regarding condition (ii), let ¢, ¢ € [0,T] and 2,2’ € R with ¢ > t and 2’ > =, and we
can suppose that |z — 2’| < 1 and |t — /| < 1. We aim to estimate

E [\an (t', ') — uln (¢, x)|p] <c, (E [|an(t', o) — utin(t, x’)ﬂ +E [|an(¢, &) — utin (1, x)|pD
= Cy(1+7).
(25)

We will see that
I <yt —t|Pre, J < Colz’ — x|P7P, (26)

where 8, 87 > 0 are two positive constants.

To start with, we have that

1<C, (|Io(t’,x’) — Iy(t,2)P

+E ‘/ /Gt/_s z' —y)WHn (ds, dy) — / /Gt s(a’ —y)WHn (ds, dy)’ }

+EH/0 /RGt’—s(”U'*?/)b(uH"(&y))dydsf/0 /RGt—s(wl*y)b(uH"(S,y))dyds‘p})
=:Cp(ly + Ir + I).

Regarding I, it is known from [3], Theorem 3.7, that, for a a-Holder continuous initial condition, it holds

(infpn Hn)p
L<Clt —t|F <Ol —t 27
Next, by step 1 in the proof of Theorem 2.8, we clearly obtain that
L <Clt —t* Hntaglale (28)

It remains to estimate [3. First, in the first summand of I3 we perform the change of variables s’ = s—(¢'—t),
so that we obtain I3 < Cy,(I3,1 + I3.2), where

I3, fE ‘/(ﬂ ,)/Gt o (2" — y)b(ul? (s’—l—(t’—t),y))ds’dy’p}
and .
I ::EH/O /R(;t_s(x'—y)(b(an(s+(t'—t),y))—b(an(s,y)))dyds]p]

Clearly, I3 < C|t' — t[’ by Holder inequality, Lemma 3.4 and the linear growth of b. For I3 5, we have
that
]

fa = [ [ Grosta’ = ) (000 s+ 0 = 0,00) = a0y s

< CE[/Ot/RGtS(x’ - y)‘uH"' (s+(t' —1),y)) — uH’”’(s,y)‘pdy ds]

<C /Ot/RGt—s(ﬂﬂl —y)(sup supEHuH"(s+ t —t),)) —UH"(S,y)‘deyds

n>1 yeR
¢ P
=C | sup supEHuH” (s+ (' —t),9) —ull"(s,9) }ds.
0 n>1 yeR
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This latter estimate, together with (27) and (28) and the very definition of I, let us infer that

sup supE[|uH" (t+ (' —t),z) —ull (t,x)|p}
n>1 xz€R

t P
<Cilt — 1P+ Co [ sup supE[[uttn(s + (¢ = 1)) - u™ (s.0)[ ],
0 n>1 yeR

where the constants C; and C5 do not depend on H,, and 3; = % inf,, H,. Hence, by Gronwall lemma, we
obtain the desired estimate for I (see (26)).

Let us now deal with the term J in (25). Assume that ' = x + h, for some h > 0. We have
B[l (t,2 + h) = u(t,2)] < C, (1ot @ + h) ~ To(t, )|
t t p
| [ [ Gt n—yw sy~ [ [ Gt gw s ay)
0o Jr o Jr

+EH/Ot/RGt—s(x-Fh—y)b(uH"(S,y))dyds—/Ot/RGt_S(I_y)b(an(&y))dde’PD

=:J1 + Jo + Js.
(29)

By [3], Theorem 3.7, and step 1 in the proof of Theorem 2.8, we get, respectively,
Ji < C R HIPang gy < ¢ plinfe Hap, (30)
In order to tackle the term J3, we perform the change of variable 3’ = y — h in its first summand, yielding

i

Js = EH /Ot /]R Gi_s(x — 1y )b(u (s,y' + h))dy ds — /Ot ./R Gi_s(x — y)b(u" (s,y))dy ds

Then, renaming the variable 3’ as 1, we have

5= [ t [ (b s+ = (a5, ) Gl — |

<C | sup supEHuH" (s,y +h)) —ull(s,9)) p} ds.

0 n>1 yeR

Putting together this bound and those of (30), we get

supsup E [|uH" (t,x + h) —ufl" (¢, x)|p}
n>1zeR

t p
< Cy hPrP +02/ sup SUPEHUH"(SaE/+h)) —UH"(Syy)’ }dé’,
0 n>1 yeR

where 5; = inf,, H,. By Gronwall lemma, we conclude that estimates (26) hold. Therefore, by Theorem
2.7, the family of laws of {uff"},~; is tight in C([0, 7] x R).

Step 2: This part of the proof is devoted to show the following uniform L?(2)-convergence:

sup sup E[|ug(t7m) - uH(t,x)|2] — 0.
Hela,b] (t,2)€[0,T)xR m—>00

We remark that, indeed, the uniformity with respect to (¢, z) € [0, 7] x R will not be needed in step 3, but
we obtain it for free thanks to our Gronwall-type argument exhibited below.
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We argue as follows:
B[lufl(t, @) - u (t,2)]
<c/ [ Giestar = [l a5.90) = bl )]y s
= //Gt (= B [[bn (] (5,)) — b (5,0))|?] iy s
//Gt (@ = Y)B[Ibu(u (5,)) = b(u™ (5,) | dy s
<o //Gt (= B[l (s.9) — u (5,) ] dy ds
/ [ Gresla = [0 ) = B ()P o )
<c / s swp Blull(s',y) — (', 9)]ds

0 Hela,b] (s',y)€[0,5] xR

(3D

+/Ot/RGt_s(x—y)E[bm(uH(S,y)) —b(uH(Syy)”ﬂ%PduH(S’y) - m|)%dyd5),

where in the progress we used the fact that |b,,, (uf (s,4)) — b(u (s,y))| = 0, whenever |uf (s, )| < m.

A direct consequence of Lemma 3.4 is that u® is uniformly bounded in LP(Q), with respectto H € [a, b]
and (t,x) € [0,7] x R, for any p > 2, which means that there exists a constant M which depends only on
p and T such that

sup sup E[|uH(t,:L’)|p] <M. 32)
Hegla,b] (t,2)€[0,T] xR

Hence, by Markov inequality,

Bl P

P(|u’? <
(Ju™(s,y)[ >m) < 2 m

[

Note that the latter estimate is again uniform with respect to H € [a, b] and (s,y) € [0,7] x R. Thus, going
back to (31) and using the linear growth of b and (32), we get

P R >>fb<uH<s,y>>|4]%Mw’f(s,y)>m|>%dyds)

1/2
//CM Gi—s(z—vy dyds</C

We observe now that if on the left-hand side of (31) we replace ¢ with any ¢’ < ¢, the inequality would still
hold exactly in the same way (indeed, the integrand on the right-hand side is positive, so it is increasing as
a function of t). Therefore, we can infer that

(33)
ds = —

sup sup E[|u£{(t’, x) —ut(t, :c)ﬂ
Hela,b] (t/,2)€[0,t] xR

t
<%, / sip sup  B[ull(sy) - w5, y) P ds.

Hela,b] (s,y)€[0,s] xR

Then, Gronwall lemma implies that

sup sup E[\ug(t', x) —uf (¥, x)ﬂ <
Hela,b] (¢/,2)€[0,T] xR

which is what we wanted to show.
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Step 3: We prove that the finite dimensional distributions of u’» converge to those of u’°. Given a
finite dimensional vector {(t1,21), ..., (tx, 1)} and f € Cy(R¥), we can write

‘E[f(uH” (t1,21),...,u (ti,zr)) — f(uHO(tl,acl), . .,uH"(tk,xk))] ‘

< ‘E[ Ha(ty 2y, ult™ (ty, @) — f(ug"(tl,xl)7...,uﬁ"(tk,xk))”
+[B[#( znm,m ot () = F (W0 (b @)l ) ]|
B[ (ulle (b)) = £, 1), 0 (b ) ]|

=: I1(m,n) + Is(m,n) + Is(m).

Assume that f : R*¥ — R is Lipschitz continuous with Lipschitz constant L ¢ (we can always restrict to the
class of Lipschitz continuous functions to verify weak convergence). Then, for all H € [a, b],

sup [B[£(ut (t1,01), ..l (b, 20)) = fufhtr,00), o ull (b))
HG a b

< sup B[|f(u (ta0). o u (@) = Sl (tn,w0), o uf (s wn) |
Hela,b]
L[S ) — w10 ]
< sup U (L5, T5) ti,x;
ey < 3 Tj 31 Tj
o (34)
<L; sup (E | r[;{bt7$ H(t'7:r')‘2
fHeab( [; J J AR D
k iy L1\ 1/2
=Ly sup (ZE[W (tj,xj) —u” (tj,z;)] D
Hela,b)

1/2
< Lfk%< sup sup E[\uﬁ(t,z) - uH(t, 1)\2]) ,
Hela,b] (t,x)€[0,T] xR
where the last term converges to 0 as m — oo thanks to step 2, and taking into account that we are consid-
ering an arbitrary but fixed number of terms k. Hence, for any € > 0, there exists m > 1 such that, for all
m > mg, we have

sup (11 (m,n) + Ig(m)) <

TR

In particular, we have

’E{f(uH" (t1, 1), ..., un (g, 1)) — F(ufo(ty, 21), ..., w0 (tk,xk))} ‘ < Iy(mo,n) + g
Finally, it is sufficient to observe that the convergence (24) implies the corresponding convergence of the

finite dimensional distributions, and thus for some ny > 1 we have that, for all n > ny, it holds Iz (mg,n) <
5. Therefore,

‘E[f(an(thxl), e (e a)) — f (), 7uH°(tk7xk))H <e,

where € can be taken arbitrary small. This concludes the proof of Theorem 4.1 for the stochastic heat
equation (SHE) in the case of a general Lipschitz continuous drift b. O
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