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Abstract

In this paper we study the stochastic heat equation with potential and ini-
tial condition as generalized stochastic processes. For positive generalized
stochastic process potential (V'(t));>0 and initial condition f the solution
is given as a convergent series of integrals. Our approach is based on the
convolution calculus on a suitable distribution space.
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1 Introduction

The aim of this work is to study the solution of the following Cauchy problem
corresponding to the heat equation

{%X(t, r,w) =aAX(tz,w)+ X(t,z,w) * V(t, z,w) 0

X(vaﬂw) = f(x,w),



where a € R, t € [0,00) is the time parameter, x = (z1,...,2,) € R" is the
spatial variable, r € N, A = Y7 | % is the Laplacian on R". The stochastic
vector variable w = (wy,...,w,) is an the tempered Schwartz distribution space
"= S'(R,R?) with the standard Gaussian measure, d € N, * is the convolution
product between generalized functions (see Subsection 2.2 below) and the initial
condition f as well as the potential V' are generalized stochastic processes.

The Cauchy problem (1) was analyzed by many authors from different point
of view, see e.g., [1], [7], and references therein. Often in the literature is used the
Wick product ) (see [8] for this notion) instead of convolution product * proposed
here.

The motivation to study these equations in such general framework is due to
the fact that usually we have insufficient information on the parameters values of
the system. In some cases these parameters may be very complicated because
they are influenced by the surrounding, the medium or fluctuate due to external or
internal random force.

Recently Ouerdiane et al. [14] obtained the solution of (1) in terms of the
convolution exponential as a well defined generalized function in a suitable distri-
bution space, see Theorem 3.1 below. The main result of this paper is to prove that
for positive generalized stochastic process V' = (V/(t)):>¢ and initial condition f
the solution is given in terms of a convergent series of integrals. For time indepen-
dent deterministic potential V' and initial condition f the solution is in agreement
with the known from the literature, e.g., [1], cf. Proposition 3.5 below.

The starting point is the following Gelfand triple

FoN") D L* (M) D Fp(N7), 2)

where N is a the dual of a complex nuclear Fréchet space NV, 0 is a Young func-
tion (see definition in Section 2),  is the usual Gaussian measure on M’ which
corresponds to the real part of N”’. The test function space Fy(N”) is defined as
the space of all holomorphic functions on /" with an exponential growth condi-
tion of order . The generalized function space F,(/N”) represents the topologi-
cal dual of Fy(N”). In the following we will choose the complex nuclear space
N = (S; x R")¢, the complexification of the real nuclear space S; x R”, which
is adapted to our situation.

Using the Laplace transform £ (which is a topological isomorphism, cf. The-
orem 2.1 below) we may define the convolution of two generalized functions
O, € F)(N") by

DxV=LHLD- LV).



The convolution exponential of ® denoted by exp* ® is then introduced as an
element in F,(N”), where the Young function ¢ = (e’ )* and

0" () := sup(yz — 0(y)) 3)

y=>0

denotes the polar function associated to 6, see e.g., [9].

For positive generalized stochastic process V' = (V' (t));>0 there exists a fam-
ily of Radon measures p = (p¢):>0 (see e.g., [13]) on M’ which represents V" and,
therefore, the Fourier transform of y;, ¢ > 0 is given by

(&) = (VO exp) = [ explily: Ddpu(y).

where ((-, -)) denotes the duality between F;(N”) and F4(N”) which corresponds
to the extension of the inner product of L?(M’,~). Under these hypothesis we
prove that for any test function ¢ € Fy(N”) and all u € N we have

<exp* ( / Vd) . s0) (u)

= +Zn'/0t]n/ N u+y1—i— +yn Hd,usl yz dSz

=1

which connects the convolution calculus and convergent series of integrals. We
will use this equality to write the solution X (¢, x) of (1) for deterministic potential
V' and suitable choice of ¢ as

lz—yl|?

X(t,z) = (damt)™"/? f( Je datdy

_r \m+y1+ Ayn—yl? “
+ (4art) /QZn'/Ot]n/r)n er daf dde#&'(%)dsi.

i=1

We would like to mention that the positivity of the potential V' implies the
following property for p: for each ¢ > 0 there exists n € N, m > 0 with
i (M_,,) = 1 and p; satisfies the integrability condition,

/ exp(0(mly| —n))dpu(y) < 0. 4)

If V is deterministic and time independent, then the corresponding measure x
which verify (4) implies that V' belongs to the so-called Albeverio-Hgegh-Krohn
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class, see [1]. This class of potentials was studied by Asai et al. [2] and Kuna
et al. [10] for the Schrédinger equation in connection with Feynman integrals.
Our method may also be applied to solve the Cauchy problem corresponding to
the Schrodinger equation if we replace a by i%, where £ is the Plank’s constant
divided by 27 and m is the mass of the non relativistic particle, see Remark 3.8
for more details.

Finally, we would like to mention that our method also applies to smooth
initial conditions f and potential V. In fact, any test function ¢ € Fy(N”) or any
h € L?(M'’,~) may be considered for initial condition f or to play the role of the
potential V' because, in both cases we have an element in F)(N”) due to the triple
(2). In that case the convolution product turns into the usual convolution product
with respect to v and the dual pairing is simply the inner product in L?(M’, ),
see Remark 3.9-2.

2 Preliminaries

2.1 Test and generalized functions spaces

In this section we introduce the framework need later on. The starting point is the
real Hilbert space H = L?(R,RY) x R", d,r € N with scalar product (-, -) and
norm | - |. More precisely, if (f,z) = ((f1,-.-, f4), (z1,...,2,)) € H, then

d r
=3 [ A+ 30t = e + o
i=1 i=1
Let us consider the real nuclear triplet
M =S5 R,RY) xR DHDSR,RY) xR" = M. (5)

The pairing (-, -) between M’ and M is given in terms of the scalar product in

H. e ((.2), (D)) = (@, O)as + (@,D)ar. (@,2) € M’ and (€,p) € M.

Since M is a Fréchet nuclear space, then it can be represented as

M= ﬂs (R,RY) x R" = ﬂ/\/ln,

n=0

where S, (R, R?) x R" is a Hilbert space with norm square given by | - |2 + | - 2.,
see e.g., [6] or [4] and references therein. We will consider the complexification
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of the triple (5) and denote it by
N DZDN, (0)

where N = M +iM and Z = H + iH. On M’ we have the standard Gaussian
measure y given by Minlos’s theorem via its characteristic functional: for every

(&p) e M

Cl6p) = [ explil(w.a), (€. PDe((w) = exp(—5 (1 + o).

In order to solve the Cauchy problem (1) we need to introduce an appropriate
space of generalized functions. We borrow this construction from [11]. Let
0 = (91,62) . R%’_ — R, (tl,tg) — 91(151) -+ 62(752) where 61,92 are two Young
functions, i.e., 6; : R, — R, continuous convex strictly increasing function and
0;(t .
lim L =00, 0;0)=0, i=1,2.

t—oo

For every pair m = (mq, my) with my, my €0, 0o, we define the Banach space
Fo.m(N_pn),n € Nby

FomNon) =S Now = €, entire, [[flg,,, = sup |f(z)[ exp(=0(mlz]-n)) < oo},
zZEN_n,

where for each z = (w, 2) we have 6(m/|z|_,,) := 01(m|w|_,) + O2(mz|x]). Now

we consider as test function space the space of entire functions on N of (61, 05)-

exponential growth and minimal type

FoN) = [ FomNow),

mE(RiP ,n€Np

endowed with the projective limit topology. We would like to construct the triple
of the complex Hilbert space L?(M’, ) by F4(N”). To this end we need another
condition on the pair of Young functions (6, 6). Namely,

0;(t
lim Z()<oo, 1=1,2. (7)

t—oo 12

This is enough to obtain the following Gelfand triple
FoN') D LAM'7) D Fo(N), (8)
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where F;(N”) is the topological dual of Fp(N”) with respect to L?(M’, ) en-
dowed with the inductive limit topology.

In applications it is very important to have the characterization of generalized
functions from F,(N”). First we define the Laplace transform of an element in
F4(N7). For every fixed element (£, p) € N the exponential function exp((&, p))
is a well defined element in Fy(N”), see [5]. The Laplace transform £ of a gener-
alized function ® € F(N”) is defined by

B(E,p) = (LP)(E,p) = (@, exp((€,p)))- )

We are ready to state to characterization theorem (see e.g., [5] for the proof) which
is the main tool in our further consideration.

Theorem 2.1 1. The Laplace transform is a topological isomorphism between
Fy(N') and the space Gy« (N'), where Gy« (N') is defined by

GrN) = U GrmlN),

me(R% )2,neNg

and Gg+ m(N,) is the space of entire functions on N, with the following
O-exponential growth condition

Gorm(Nn) 2 g, |9(&,p)| < kexp(8] (ma|€ln) + 05(malpl)), (§p) € Na.

2. The Laplace transform is a topological isomorphism between Foy(N') and
itself.

2.2 The Convolution Product x

It is well known that in infinite dimensional complex analysis the convolution
operator on a general function space F is defined as a continuous operator which
commutes with the translation operator. Let us define the convolution between a
generalized and a test function. Let ® € F)(N”) and ¢ € Fy(N”) be given, then
the convolution ® * ¢ is defined by

(@ *p)(w,2) = (P, T (wm) )

where 7_, ;) 1s the translation operator, i.e.,
(T—@ayp)(,y) == p(w+n,2+y).
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It is not hard the see that ® x ¢ € F»(N”’). The convolution product is given in
terms of the dual pairing as (® * )(0,0) = (@, p)) for any & € Fj(N’) and
peFy (N /).

We can generalize the above convolution product for generalized functions as
follows. Let &, ¥ € F;(N”) be given, then ® * ¥ is defined by

(@5 W, ) = (@, ¥ x o)), Vip € Fp(N'). (10)

This definition of convolution product for generalized functions will be used on
Section 3 in order to write the solution of the stochastic heat equation in (1). We
have the following equality, see [14], Proposition 3.3:

© « exp((&,p)) = (L) (& p) exp((€,p), (§,p) EN.

As a consequence of the above equality and definition (10) we obtain
L(P*xT)=LDPLY, &V e Fy(N') 11

which says that the Laplace transform maps the convolution product of F;(N”)
into the usual pointwise product in the algebra of functions Gy« (N'). Therefore
we may use Theorem 2.1 to define convolution product between two generalized
functions as

OxV=LHLDLY).

This allows us to introduce the convolution exponential of a generalized func-
tion. In fact, for every ® € Fj(N’) we may easily check that exp(LP) €
G.o«(N). Using the inverse Laplace transform and the fact that any Young func-
tion @ verify the property (0*)* = 6 we obtain that L7 (G e+ (N)) = Floomye (N7).
Now we give the definition of the convolution exponential of & € F)(N’), de-
noted by exp* ¢

exp* @ := L (exp(LD)).

Notice that exp* ¢ is well a defined element in F, (’e@*)* (N) and therefore the
distribution exp* ® is given in terms of a convergent series

* - 1 *N
exp <I>—50+Zlmq> : (12)
where ®*” is the convolution of ® with itself n times, ®*0 := §, by convention

with §p denoting the Dirac distribution at 0. We refer to [3] for more details
concerning convolution product on Fj(N”).
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3 Applications to the heat equation

A one parameter generalized stochastic process with values in F(N”) is a family
of distributions {®(¢), t > 0} C Fy(N’). The process ®(t) is said to be con-
tinuous if the map ¢ — ®(¢) is continuous. For a given continuous generalized
stochastic process (X (t))¢>o we define the generalized stochastic process

t
Y(t,r,w) = / X(s,z,w)ds € Fy(N")
0

o[ xtmeris) €)= [ £x6p.000s (13

The process Y (¢, z,w) is differentiable and we have 2Y (¢, z,w) = X(t,z,w).
The details of the proof can be seen in [14], Proposition 4.11. The main result in
[14] is stated in the following theorem.

Theorem 3.1 1. The Cauchy problem (1) has an unique solution X (t) which
is a generalized F;(N")-valued stochastic process, where the Young func-
tion (3 is given by 3 = (¢”")*. Moreover, the solution X (t) is given explicitly
by

t
X(t,w,z) = f(w,z) * exp” (/ V(s)(w,x)ds) * Yoat (14)
0
where o4 is Gaussian measure on R” with variance 2at.

2. If the potential V and the initial condition f do not depend on the random
parameter w then the solution of (1) is given by

X(t>x) = (g(t,") * 72at)<x>7 (15)

where g is equal to

o(t.2) = f(z) exp (/Ot V(s,:c)ds) |

We are now going to write the solution of the Cauchy problem (1) as a limit of
convergent series of integrals. To this end, we choose the potential V' = (V(¢)):>0



as a positive generalized stochastic process represented by the family of Radon
measures (fi)¢>o, i.€., forany ¢ > 0

Vreh = [ edu). oe RN,

Moreover the measure i, verify the following integrability condition: there exists
n € Nand m > 0 with p;(M_,,) = 1 such that

/ exp(O(mly|—u))dpue(y) < oo. (16)

Lemma 3.2 For each Radon measure ;. on M’ verifying (16) and all p € Fy(N”)
we have for any u = (z,w) € N = M’ +iM'

(exp )+ ) () = o)+ 3~ [ plutynt. +ya)dulyn) . - dpyn).
17

Proof. First we compute 1*" * ¢, for any p € Fy(N’) and n = 2. Hence if u € N’
we have

((p*p)xp)(u) = (pux*(p*p))(u)
=, T—u(p* )

_ //T_U(M*SO)(yl)d:u(yl)
- /l(lu*gp)(U‘i'yl)d,u(yl)

= [ (] et i) duton).

Now, using iteratively this procedure on the equality (12) we obtain for every
0 € Fy(N') and any u € N’

((exp™ p) * @) (u) (18)

|
1 n. ( /)*

This proves the desired result. |



Lemma 3.3 Let (V(s))s>0 C Fy(N”) be a positive generalized stochastic pro-
cess represented by the family of measures (js)s>0. Then for any ¢ € Fo(N') we

have
<</OtV<S>ds,w>> = /Ot<<v<s>,so>>ds (19)

Moreover, we have

<<exp* ( /0 tv(s>ds) ,go>> - <<eXp* ( /0 t usds> ,<p>> . Q)

Proof. In fact equality (19) is nothing but the definition (13) with ¢ = exp((&, p)).
Therefore by a limit procedure we get the required result (19) for general test
function ¢ € Fy(N”) since the set of exp((§,p)), (§,p) € N is total in Fp(N”).

To prove equality (20) we proceed in two steps: first we notice that for every
s > 0 V(s) = V(s) is represented by (5 * is which follows from the following
calculation with p € Fy(N”)

V() Vo) = V() V(s) )
- [ e @i

= /(/ ,w(x+y)dus(y)) dps()

= <<,us * s, 90>>

Iterating this process we obtain

{(exp™ V(s), ) = ((exp” s, ) (21)

Then equality (20) is a consequence of (19) and (21). |
We now use these two lemmas to derive the following corollary.

Corollary 3.4 Let (V(s))s>0 C Fy(N”) be a positive generalized stochastic pro-
cess represented by the family of measures (us)s>o. Then for any test function
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0 € Fo(N"), u € N holds

<exp ( ()ds) ) () @)

= +Z o / /(M,)y(uw oot ya) [ die (i) ds.

[0,¢]" i=1

We are now ready to write the solution (14) of the Cauchy problem (1) as a
convergent series of integrals. We will apply the preceding corollary with ¢ of the
following form

- _la—y? r
pi(x) = (Yoar * (@) = (damt) ™2 | fly)e” @i dy, zeR,
R’l‘
where the initial condition f is a given function.

Proposition 3.5 Let V. f be deterministic functions. The solution of the Cauchy
problem (1) admits the following representation

Xi(x)

- +an/

[0 t] n

/ l‘—f—yl_’_ +yn Hd,usl .% dsz
Rr)n

_lz—y|?

= (damt)™? | fy)e o dy
R"

=1 T L R
Hart) 2y / / Fe = gy T dio (o) s
n—1 . [0715 7 n RT

=1

If the potential V' is time independent and r = 1 then the solution is given by

_Jz—y|?

X,(z) = (damt) 2 / Fy)e = dy

_(zty1+..Ayn— )2
+(4mat) I/Qan/ /f T dydp(y) - dp(y).

We are now going to obtain the analogous of Proposition 3.5 for initial condi-
tion from our generalized function space F. (N”). Before let us define the adjoint
of the translation operator applied to a generalized function from F).(N"). For
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any z € N’ and ® € F).(N") we define the generalized function 7* & € F).(N”)
as
(2@, 0) = (@, 7-200)), Vi € Fope(N).

Now we generalize Lemma 3.2.

Lemma 3.6 Let 1 be a Radon measure on M’ fulfilling condition (16), then for
every distribution ® € Fj.(N") we have

* - 1 *
(exp™ p) x® = o + Z ﬁ/ ) Tfylf...fynéd:u(yl) o du(yy), (23)
n—l . ( "\n

where for everyn = 1,2, ... the distribution f(M’)" T ey @dp(y) - - dp(yn)
is defined for any ¢ € Fo(N') as

(o e ) i) o)

_ / (@ pt(ya) - dpy)
(M)

_ / (@, Ty D) - - dalyn)
(M)

= /(,)n(<1>*30)(y1+---+yn)du(y1)---du(yn)-

Proof. Equality (23) may be derived as follows: for any test function ¢ € Fy(N”)
definition (10) gives

((exp™ p) @, ) = ((exp” 1, @ * 0)).

Now we use the relation between the convolution product and dual pairing to ob-
tain

{(exp™ p, @+ ) = ((exp” ) x (P * ©))(0).
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Applying Lemma 3.2 with @ * ¢ replacing ¢ yields

{((exp™ p) x @, @)

= @O+ [ @0t ) o
= @Y @) dny)
=@ [ @ o) dn(n)

Theorem 3.7 Let (V (t))i>0 be a positive generalized stochastic process repre-
sented by the family of Radon measures (jit)i>o on M’ which verify the integra-
bility condition (16). If the initial condition f is a generalized function in Fj.(N"),
then the solution of the Cauchy problem (1) is given by

t o0 1 n
(eXp* / V(s)ds) « U =WV 4 Z o / / e ¥ H dus, (yi)ds;,
0 n=1 n: [Ovt}n (M/)n

i=1
where V is the distribution given by f x (7Yoqs ® 0g), here you is the Gaussian
measure on R" with variance 2at and 6 is the Dirac measure on S,.

Proof. The prove is a consequence of (22) and (23). |

Remark 3.8 The Cauchy problem corresponding to the Schrodinger equation is

{m%x@, ¥) = —EAX(t,2) + X(t,2) * V(t,z)
X(0,x) = f(x).

In our framework this corresponds to choose a = z% and interpret the measure

Yoat as a generalized function defined for any test function ¢ € F»(C") by

lz—y|2

(Yout * 9)(x) = (2mithi/m) /2 / o) dy.

r

Hence the corresponding solution is given by

Jz—y|?

X(t,x) = (2mith/m)™""* | f(y)exp (/tV(s,y)dS> e in dy.
R" 0
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Remark 3.9 1. We would like to mention that the spaces Fo(N") and its dual
F4(N7) are independent of the Gaussian measure ~y. For another probabil-
ity measure P on M’ we can construct the analogous Gelfand triple as in
(8) changing in an appropriate way the condition on the Young function 0

in (7).

2. If one wants to handle potential not as generalized functions as we do here
but as an ordinary function, e.g., v € Fo(N"), then we may identify v with
the generalized function vP € Fy(N"). In fact, for any test function p €
Fo(N") we have

(0P.) = (Pog) = | vla)p@)iP()
and this obviously defines a linear continuous functional on Fo(N"). Notice
that in this case vP * ¢ coincides with the usual convolutions (v * )p
between functions with respect to the measure P.
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