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STRONG SOLUTIONS TO THE STOCHASTIC
QUANTIZATION EQUATIONS

BY GIUSEPPE DA PRATO AND ARNAUD DEBUSSCHE
Scuola Normale Superiore di Pisa and Ecole Normale Supérieure de Cachan

We prove the existence and uniqueness of a strong solution of the
stochastic quantization equation in dimension 2 for almost all initial data with
respect to the invariant measure. The method is based on a fixed point result
in suitable Besov spaces.

1. Introduction. In this article, we consider stochastic quantization equations
in space dimension 2 with periodic boundary conditions. These are reaction—
diffusion equations driven by a space—time white noise. It is well known that the
solution is not expected to be a smooth process and the nonlinear term is modified
thanks to a renormalization.

More precisely, let G = [0, 271% and H = L%(G). We are concerned with the
equation set

dX = (AX+:p(X):)dt +dW (@),
X(0) =x,
where A: D(A) C H — H is the linear operator
Ax=Ax—x,  D(A)=HG)

1.1

and Hﬁ(G) is the subspace of H 2(G) of all functions which are periodic together
with their first derivatives. Moreover, p(§) = Y _ ar€* is a polynomial of odd
degree n > 3, with a,, <0, and : p(x): means the renormalization of p(x) whose
definition we shall recall in Section 2. Finally W is a cylindrical Wiener process
defined in a probability space (€2, £, P) and taking values on L%(G).

Formally, (1.1) is a gradient system with an invariant Gibbs measure v defined
as

(1.2) v(dx) = cet99:D 1 (dx),

where ¢ is a primitive of p, c¢ is a normalization constant and u is the Gaussian
invariant measure of the free field. The measure v is well defined by the important
Nelson estimate; see [15], Chapter V2.

In [14], Chapter V, this problem was set to find a dynamic that has invariant
measure v. This problem was considered by several authors, beginning with
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Jona Lasinio and Mitter [11] who used a Girsanov transform; see also [3, 10].

Using the Dirichlet form approach, this problem was studied by Albeverio and
Rockner [1] and by Liskevich and Rockner [12], who studied strong uniqueness for
a class of infinite dimensional Dirichlet operators; see also [8] for similar results.

Finally, the problem was considered by Mikulevicius and Rozovskii [13] in their
general theory of martingale solutions for stochastic partial differential equations
(PDEs).

In all these articles (with the exception of [1] and [13]) a modified equation was
considered of the kind

dX = (=)' *X + (=A% : p(X):) dt + (—A)"2dW (1),
X(0) =x,

(1.3)

where ¢ is a positive number subject to different restrictions. Notice that the
invariant measure that corresponds to (1.3) is still v. This modification allows
smoothing of the nonlinear term and, in some cases, using the Girsanov transform.

In [13] the problem (1.1) also was considered in its original form, showing
that it has a stationary weak solution thanks to a compactness method. Note also
that in this latter paper, it was shown that if ¢ = 0, then the law of the stationary
solution is singular with respect to the law of the linear stationary solution ([13],
Theorem 4.1). Therefore, it seems hopeless to use the Girsanov transform in this
case.

Up to now, no article has considered the existence of pathwise solutions except
for special nonlinearities of the type : f(x):, where f is the Fourier transform of
a complex measure with compact support (e.g., f(x) = cosx; see [2]). (The case
& =0 also can be considered here.)

In [13] only solutions in law are constructed. In the present article we construct
a strong (in the probability sense) solution for the original problem (1.1) for
w-almost every initial data x. We do not consider the modified equation (1.3)
although our results easily extend to this case. Since many qualitative properties
can be derived more easily from strong solutions than from weak solutions, we
think that our result can be used to further study (1.1).

Let us explain our method, which is similar to what we used in [6] for the two-
dimensional Navier—Stokes equations. One of the main difficulties when dealing
with renormalized products is that they do not depend continuously on their
arguments, so that it is not straightforward to use a fixed point argument or even to
get strong uniqueness. The trick here is to split the unknown into two parts: we set
X =Y + z, where z(¢) is the stochastic convolution

72(r) = /_t eI aW (s).
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It is classical knowledge that z is a stationary solution to the linear version of (1.1).
Then the observation is that ¥ is much smoother than X and that we can write

k
(1.4) Xk =3yt
=0

so that problem (1.1) becomes

dy AY+zn: szczyz k—1

- = ai kL
(1.5) dt i

Y(0) =x — z(0).

Since the law of z(#) is equal to u for any ¢ € R, we can define :z": in the classical
way through the formula

Elg(:2")] = /Rgcx”:)mdx),

where g is any Borel bounded real function. The main advantage of consider-
ing (1.5) is that now the nonlinear term is a continuous function with respect to
the unknown. However, the price to pay is to work with Besov spaces which are
well suited to define the product with the distribution :z":. We will show that Y is
sufficiently smooth so that the products in (1.4) are well defined. Then we can
solve (4.2) by a fixed point on a suitable Besov space.

2. Notations and preliminaries. We denote by {ex}; .7 the complete ortho-
normal system in H = L?(G), G = [0, 27]?, defined as

1 .
ek@):ge'“‘f% ke7Z?

If x € H, we define (xi);c72 by

x= Z Xiek.

kez?

Forany N e Nand x € H, we set

xy = Pyx = Z (x, er)ex.
|kI<N

Then we set # := CZ” and denote by u the product measure on #,

w= kéz N (0, (1+ k™) 1= N (0, C),

where N (0, (14 |k|*)~1) is the Gaussian measure on C with mean 0 and variance
A+ kD7
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We identify H with £2(Z?) through the isomorphism
x € H> {xi)pep € (7).

Finally, we recall the definition of white noise. We denote by Hy the linear space
spanned by {ex}; .72 and, for any z € Hj, we set

Wz(x)z(x,C_l/zz), x e H.
Then W, € L(H, ) and we have

2.1 /ﬂ W, (X)W (x)u(dx) = (z, 7). 7,7 € Hy.

Therefore, the mapping
Ho— L*(Jt. ), z+> W,

is an isomorphism and, consequently, it can be extended to all H. Thus Wy is a
well-defined element of L2(#, u) for any f € H.

Moreover, H,, n = 0,1,..., are the Hermite polynomials defined by the
formula F(t, 1) = ¢="/2H1h = Y% (1" //nl)H, (%), t > 0, A € R. Well-known
results are

(2.2) /eWz<X)M(dx):e‘Z‘2/2, z € H
H
and
(2.3) /}( Hy (W5 (2))Hy (W (2))u(d2) = 8u m[( f. &)1,

where f, g € H, with | f| =|g| =1, andn, m € NU{0}. Then H,, (W), H,,(W,) €
L2(3, ).
Let us introduce the renormalized power. We have for any N € N,
xn (&) = pn Wiy (x) for xp a.e.in H,
where
1/2
1 { s ! } /
ION =3 72
2 H=N 1+ |kl

and

1
e = 3

— .
PN jkj=n /1 + |k

Now, for any n € N, we set

X (€) = Vnlol Hy(Wyye)(x))  for xp ae. in H;



1904 G. DA PRATO AND A. DEBUSSCHE

the sequence x +—>:x}; : is Cauchy in L2(H, u; HS(G)) for any s < 0 (see [15],
Chapter V1) and we have denoted by H®(G) the classical Sobolev spaces. Thus it
has a limit denoted by :x":. Finally, we set : p(X):=>"}_,ak Xk

We are going to solve (1.1) in the Besov spaces JB;;J(G). Let us recall their
definition.

For any g € N, we define 8, = Pys — P,q-1, so that

dqu = Z upey.
201 <|k|<24
Foro e R, p>1andr > 1, we define
O‘BZJ(G) = {u: Z 2rqa|5qu|’LP(G) < —1—00},
geN

which is a Banach space with the norm

1/r
lulsg, ) = (Z 2rqal5qu|2p(g)> :

geN

The following result is crucial in our argument and is the main motivation for
working in Besov spaces; see [4, 5].

PROPOSITION 2.1. Let p,r>1, a0+ >0, a0 <2/pand B <2/p. Then if
ue JBZJ(G) andv € £,’§,r(G), we have uv € cﬁ’;,r(G), wherey =a+ 8 — % and

(2.4) luvlpy, ) = clulsg, )Vl )

3. Some technical lemmas. We recall the following result for the reader’s
convenience.

LEMMA 3.1. Forallé,n e R andn € N, we have

n

3.1) ValH, € +n) =Y CoNkIH E)n"F,
k=0
where
K n!
Cn = kl\(n —k)!

PROOF. Recalling the definition of the Hermite polynomials, we have

2 X"
e 172+t E+n) — Z

n=0 ﬁ

H,(§ +n)
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and

tnn

—t2/2+t5 ol — Z

— n—h\.n
Z(Zf( — o @ )t.

n=0 \k=0

Now, identifying coefficients we get

——Hy (5 +n) = HeEn" ™, neN,

1
N Zf( — k!

and the conclusion follows. [l

LEMMA 3.2. Letk,r,p>1,0 <O0. Then for n € N the mapping

727"

belongs to Lk(%, uw, £;,(G)). Moreover, when N — o0, :z'j\,: converges to :7":
ok
in L(#, u, JBZJ(G)).

PROOF. Letg € N. Then

| 1845212 @)

=1,
—/ {/ . 1<|h<2q('271§/1,€h)€h(€)
s(p—l)f’"/Z/G[/ﬂ

P
G2y en)en)| déu(dz)

24— 1<\h|<2‘1

p

u(dz)} dg§

2

> Gy enen(®)

p/2
u(dz)} dg§
20—1<|h|<24

since

Yo Cdynenen € Ly(F, ),
201 <|p|<24

where L2(#, 1) is the Wiener chaos of order n, by the Nelson ultracontractivity
estimate; see [15].
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However,
2
/ > CZynenen®)| u(dz)
# 20—l <|p|<24
_/ /ch 12y (§1): 12y (82): eny (B1)

29~ l<Ihll lha| <24

x ep, (&)en,(&2)en, (§) d&1 d&r n(dz).

We have
/ﬂ 2 (8) 12 (E2)1 1u(d2)
=n!(nn &), v (&))"
1 L n
=n! %(Sl)%(&))
(|h2<:N 14 |h)?
since
2 &) =Valph Hy(Woyen @), i=1,2,
where
1
v (&) = py' enEien.
hlzN 1+ |h)?
We deduce that

2

> Gy enen(®)| n(dz)

# 241 <|h| <24

(3.2) B Z n!'/GXG ( Z

2071 <|hy |, ha| <24 lh|<N

1 L n
= |h|2€h(€1)eh(€2)>

x ep, (ED)eny (62)en, (§)en,(§)dE1 d&
= > nla(N),

201 <|h|<24

where o, (N) are defined by

1 n
yﬁ@):( > TThe h@)) =Y aj(Nen(®).

|h|<N heZ?
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We have in fact

/G 2 ahNyenEen(Een, Een, (b2) dér déo

heZ?

= Z o) (N)8h+h,=08h+hy=0
heZ?

and (3.2) follows.
Therefore, we have

| 18:2: o)

r/2
s(p—l)"l’/2<n!>”/2|G|( > aZ(N))

(3-3) 20—1<|h| <24
p/4
<c(p, n>|G|< > (oe},’(N))Z) 2r4/2,
20-1 <|h| <24
We claim that
(3.4) /ﬂ 184 :z"Nzli,,(G)/L(dz) <c(p,n,s)27? Vs <O.

Fix s < 0. Then we have

Z (aZ(N))Z 52—2(q—1)(1+§) Z |h|2(1+€)<aZ(N))2

20— <|h|<24 heZ?
—2(g—D(A+5 2
5 2 (q ) +S)|y]r\l7|H1+E(G)'
Consequently,
r/4
( Z (O‘Z(N))2> opg—=1/2
2a—1<|h|<24
_ — 5 —1)/2 2
< 2= Pla=D(A+5)/2+p(g=1)/ |V1<l/|1;1/1+§((;)

— n—p(g—15/2),,n,P/2
_2 |yN|Hl+§(G)‘

On the other hand, we have

|y1<l/|H1+§(G) =< C(I’l, §)|VN|7;{13,, (G) =< c(n, S:)

since

S
= <1,

:Bn:1+
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as proved by recurrence. Therefore, setting § = 2s/ p yields (3.4).

Letnow k> 1,r > 1, p>1 and o < 0. Then, using the Jensen and Holder
inequalities, we find

on ok
| il i)

k/r
:/:% <22‘1m|8q:z'}v:|2p(®> w(dz)

qeN
k 1/r
< ( / (qu’“wq:zz:m@) u(dz))
H geN
=

k-1 L/r
(/J( ( Z zquo'/(z(k—l))> Z 2‘]”]{0’/2|8q ZnN|’[:kp(G)//L(dZ)>

qeN geN

1/r
fc(r’k"”s’”)(/ Zquka/zlf?q5Z"N¢|rLkp(G)M(dz)) .

qeN

We can assume that rk > p (otherwise we will choose the larger one). Then we
have, taking into account (3.4),

/ﬂ [ e

- 1/r
<c(p,rk,0) /ﬂ Y20k, 32’11\13|rLkp(G)M(dZ)i|
L geN

1/r
< C(p, , k, O’) Z 2qua/22—qs:|
LgeN

for any s < 0. Therefore, choosing s = rko /4, we find

/ﬂ |:2y: I’fgg_r(g)u(dz) <c(p.r.k,0).

It is now easy to conclude the proof. [J

LEMMA 3.3. Letge JBZJ(G) and h € JB;N(G). Assumethats <0, o = 2 +
2s, —s < m, p>landr>1.Thenforl=0,...,n—1, glh € £§,2,lr+1)s(G)
and a constant c(s, «, n, p,r) exists such that

) )
18l gerins gy = cs.at.n, p1)I8lpy (6)Ih1By,6)-
Moreover,
(Pyg)' Pvh—g'h in BETVYG).
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PROOF. The result is clear for / = 0 and follows from Proposition 2.1 for
[ = 1. We prove the general case by recurrence. Assume that the result is true
for some [ > 1. Then applying Proposition 2.1 with u = g and v = g'h gives the
results for/ + 1. U

As already mentioned, we can define the probability measure on #¢,
v(dx) = ce Y™ p(dx)
with
Ux)=—(:1qx):1),
where ¢ is a primitive of p and c is a normalization constant. Furthermore,
(3.5) e Velkg, )  Vk>1.
COROLLARY 3.4. Let x be a random variable with law v and let 7z be

a random variable with law . Assume in addition that y .= x — z €
L2, £g’r(G)) with

2 2
a>n, o=——+2s, — <5 <0,r>1, p>1.
p pQ2n+1) p

Then

px): —ZakZCky AN

P-almost surely.

PROOF. By Lemma 3.2 it follows that
:zé\,:—>:zl: inLk(Q;£;’r)Vs<O,pzl,rzl,kzl,leN.
In a similar way, using the identity
E(:pen)illy 6) = [, i)l e Pndn = C.
by (3.5) and the Holder inequality, we get
p(xn): = p(x): in LY(Q. B ,(G) Vs <0, p=1,r=1,k>1
By Lemma 3.3, we have forall k > 1,/ =1,...,n — 1,
yhy ik o= yliZk in LY (@, :B;fer)S(G))

and so in LY/"(2, £§,%;’+1)S(G))
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and
yv— ¥yt inLYMQ, 8%T(G)).

Now, by Lemma 3.1 we have

n n
plxy):= Zak :xﬁ,:: Zak (v )k
k=0 k=0

n
=" axVklph Hi (W) 0n) + W) @n))
k=0

n k
I—k
Sy kel
k=0 I=0
and we obtain the result by letting N — co. [J

COROLLARY 3.5. Let ye LP(0,T; :8;‘,",(G)) and h € LP(0, T, :Bj,’,(G)),
with o =2/p+2s, p>n, —2/(p2n+ 1)) <s <0 and r > 1. Then for all
I=1,...,n—1, we have hyl € Lp/(l+1)(0, T: JBZ(,%IH)(G)) and

I )
|y |Lp/(/+1)(0’T;£;‘%1+1)(G)) <c(p,a,n,r, S)|h|LP(0,T;£;,’,(G))|)’|Lp(o,T;£g’r(G))-

The proof is a straightforward consequence of Lemma 3.3.

LEMMA 3.6. Let f € LP/"(0,T; B850 "(G)) and p > n, s <0, a =
2/p + 2s such that

(n—Ds+1-2>0.
p
Then
t
/ "4 f(r)dT € C(I0, T]; B;,,(G)) NLP(0,T; B ,(G))
i , :
and

‘/te(t_’)Af(r)dr
0

Sc(p’n’s’a)T8|f|

C([0.T1: 85, (G)NLP(0.T: B .(G))
Lr/n©,T;: 857 (6))

wheres:l—l—(n—l)s—%.

PROOF. Since

A 1 -1
le" X183 (6) < ct™ )Slxlggzrrzfl)s(G), x € 3;,}’ (G,
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we have
t
/ T F(n)dr
0 By,
Now, by the Holder inequality it follows that

‘/[e(t_f)Af(r)dr
0

!
<c f (¢ — )" F (O] s, .. dT.
L6~ o Bpr 7@

C(0.T]: 8}, ,(G))

LV 1/y
s(n—
< C</(.) ‘[y dT) |f|Lp/"(0,T;£](,2";_l)“ (@)

= CT(n_l)H_l/y|f|Lp/n(0,T;JG’f,2_¥71)S(G))

_ &
=cT |f'Lp/n(O,T;ﬁﬁ””(G))’
1 n
where - + 2 = 1.
ere - + »
In a similar way we find

‘/te(t_’)Af(r)dr
0

t
<c / (t — 0)@=Ds=/2) p(oy 6y,
By, o B (G)

and by the Hausdorff—Young inequality (| f * g|.r <|f|rLr|glLas if % + é = % +1,
p.q,r €[l,+0o0]), it follows that

‘/ze(’_f)Af(r)dt
0

LP(0.T:84,,(G))

r 1/y
v[((2n—3 2—1
< C(/() L 71(@n=3)s)/ /P]d‘r) |f|Lp/ll(0’T;£;)2‘i;*l)S(G))

((2n—3)s)/2—1/p+1/7
< c1(@n=3)9)/2=1/p /y|f|Lp/n(o,T;£§,2,'}’”S(G))

= cT((Z”_3)S)/2_”/p+1|f|Lp/n(0 ;827 (G))
A Bpr

1 — 1
where7+ —l—i-p. O

n
P
4. Construction of the solution and main result. We want to solve the
problem
dX =(AX+:p(X):)dt +dW(),
X(0)=x.

In view of Corollary 3.4, we know that if X is a stationary solution of (4.1) with
invariant law v and if Y = X — z, where

2(r) = /_t eI qW (s)

“.1
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is sufficiently regular, then (4.1) is equivalent to

— =AY + ay CY 277
4.2) dt e
Y (0) =x — z(0).

This argument, as well as Corollary 3.4, remains valuable under the weaker
assumption that v, = L(X(¢)) is absolutely continuous with respect to p and
has a density in L?(#, u) with p > 1. (Note that, as is the case for stationary
solutions, it is expected that if X is a solution to (4.1), the law of the process X is
singular with respect to the law of a linear solution [13]. However, as is the case
for stationary solutions, this does not contradict the possibility that for each ¢, the
law of the random variable X (¢) is absolutely continuous with respect to 1.) This
motivates the following definition.

DEFINITION 4.1. X is a solutionof (4.1)ifandonlyif X =Y +zand Y isa
mild solution of (4.2).

We now state the main result of this article.
THEOREM 4.2. Letoa = % +2s, p>n,r>1and

2 1 n
0>s>max{— , — (1——)}.
pCn+1) n-—-1 p

Then for all v-almost every x there exists for any T > 0 a unique solution of (4.1)
such that

Y € C([0, T, JB;J(G)) NLP(0,T, £g’r(G)).

REMARK 4.3. It is not difficult to see that if we take a random initial data
with law v then Theorem 4.2 provides a solution Y such that ¥ + z is a stationary
solution of (4.1).

Before proving the theorem, we state and prove a local existence result.

PROPOSITION 4.4. Leta = % +2s, p>n,r>1and

2 1 n
0>s>max{— , — (1——)}.
pCn+1) n-—1 p

Then for all x € JB;N(G) and a.e. w € Q, there exists T*(x, ) and a unique
solution of (4.1) such that

Y € C([0, T*(x, )], B3 ,(G)) N LP(0, T*(x, ), B%,.(G)).
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PROOF. We solve the integral equation

n k
(43) Y(1)=e"(x — Z(0) + ft AN g Y LY (v) i (n): d
0 k=0 1=0

using a fixed point argument in the space
&r=C([0,T], JB;J(G)) NLP0,T, JBZJ(G)).
Clearly
2 e LP(0, T, B, ,(G)) a.s. for 1 < p <oo.

We have, in fact, by Lemma 3.2 and stationarity of z,

T
E 2K )b, )zT/:k_Z:ps .
([ 1@ty o de) =T [ 1561, gt

Moreover, by Corollary 3.5 and Lemma 3.6, if Y € &7, we have

¢ n k
/ A Zak ZC,ICYI(I) X (0): dr e &7
0

k=0 =0
and
t n k
/ DA Zak ZC,ZCYZ(I) ) de
0 k=0 =0 &r
n k—1
1. k—I.
SCTSZWH(ZW 1z '|LP/(1+1)(0,T,£;,2§+1)S)
k=0 1=0 '
+ |Yk| k-1
LP/k0,T, 8, %)
n k—1
l k=1,
SCTSZ|ak|(Z|Y|LP(0,T’£gr)|'Z -|L1’(0,T,JG’;,_,)
k=0 1=0 '
NV 1Y |Lr,7,85
LP(0,T.8%,) 0.7,85 )
<c(s,p,r,T,n,ag, .. .,an,a))Tg(IYl'éT +1).
Moreover,

|4 (x = 2(0)) ], < clx —2(0)l gy, -

Consequently, we can find an invariant ball in &7 for the fixed point iteration
for T < T*(x,z(0),z) = T*(x, w). The same argument shows that the iteration
mapping is a strict contraction in §7. [J
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As far as global existence is concerned, it remains to find an a priori estimate
in :8;,’r(G). The following computations can be justified by using a Galerkin
approximation which has an invariant measure close to v (such as in [13]). Let
X (t, x) be the solution of (4.1). We have

t
X(t,x) =ex —i—/ T4 p(X (1, x)): dt 4 2(t) — €'42(0)
0
and so
t
|X (. x) |85 ,(G) = clxl|ss G +C/0 l:p(X(z,x)):|8s, (G dT

+ 2|83 . 6) +1200)] 85 . (6)-

Consequently,

sup [X (1, x)|8s . (G)
1€[0,T]

T
<clxlgs ) +c | [:p(X(z,x)):lss ) dt+2 sup [z(t)]ss,-
P 0 P, 1€[0.7] P

Now it follows that

E( sup |X(t,X)|:3;',,,(G))
1€[0.7]

T
< clxly, () +c /0 El:p(X (r.)): |35 ) dT

+2E< sup |Z(t)|J‘3";,’,(G)>
t€l0,T]

and, consequently,

/}( E( sup |X(t, x)|£;.r(g)>v(dx)

tel0,T]
T
=c [ Wy, @vn+e [ [ BlpX o)l @i dr

+2E< sup |Z(t)|J‘3";,’,(G)>'
t€l0,T]

Since v(dx) = e~V ™ i (dx) and

/ﬂ |x|’§3;’r(6)u(dx) <400  VkeN,
we have

/:}( |x|£%’r(g)v(dx) < +00.
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Since v is invariant, we have

T
| [ Bl oy, @ de
0 H :

=7 /ﬂ :p): 18, eV Ppld)

172
< Tle_U|L2(J€,M)[/J€ |:p(x):|?3;-)‘r(6)u(dx)} < 400

by Lemma 3.2.
Finally, it is not difficult to see, using the factorization method (see [9],
Section 5.3), that

E( sup |Z(l‘)|;3;')‘r((;)> < 400.
tel0,T]

In conclusion,

E( sup |X(t,x)|£;”((;)> < +00
tel0,T]

for v-almost all x and then the global existence for v-almost all x follows. This
ends the proof of Theorem 4.2. [J
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