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Finite-Time Blowup and Existence of Global
Positive Solutions of a Semi-Linear SPDE

MARcoO Dozz1 JOSE ALFREDO LOPEZ-MIMBELA

Abstract

We consider stochastic equations of the prototype du(t, z) = (Au(t, x) + u(t, 3:)1+5) dt+
rku(t, ) dW; on a smooth domain D C RY, with Dirichlet boundary condition, where
B, k are positive constants and {W;, ¢ > 0} is a one-dimensional standard Wiener
process. We estimate the probability of finite time blowup of positive solutions, as well
as the probability of existence of non-trivial positive global solutions.

2000 Mathematics Subject Classifications: 35R60, 60H15, T/H35

Key words and phrases: Blowup of semi-linear equations, stochastic partial differ-
ential equations, weak and mild solutions

1 Introduction

Let D C R’ be a bounded domain with smooth boundary dD. We consider a semilinear
equation of the form

du(t,z) = (Au(t,z)+ G(u(t,x)))dt + ku(t,z) dWy, t >0,
u(0,z) = f(z)=20, xze€D, (1)
u(t,x) = 0, t=20, x€dD,

where G : R — IR, is locally Lipschitz and satisfies
G(z) > Cz"P forall z >0, (2)

C, B and k are given positive numbers, {IW;, ¢t > 0} is a standard one-dimensional Brownian
motion on a stochastic basis (2, F, (F;,t = 0), P), and f : D — IR, is of class C? and not
identically zero. We assume (f}) in sections 1 to 3 only; it is replaced by ([[J]) in section 4.
Since we do not assume G to be Lipschitz, blowup of the solution ([) in finite time can not
be excluded, and our aim is to give estimates of the probability of blowup and conditions
for the existence of a global solution of (). A (random) time T is called blowup time of u if

lim sup |u(t, )| = +o0 P —a.s. on {T' < +00}.
t/T zeD



In the classical (deterministic) case where G(z) = 2'*# and k = 0, it is well-known that for
a nonnegative f € L*(D), the condition

/ F)(z)de > \/° (3)

already implies finite time blowup of ([J). Here A; > 0 is the first eigenvalue of the Laplacian
on D, and 1 the corresponding eigenfunction normalized so that ||| = 1.

The existence, uniqueness and trajectorial regularity of global solutions of parabolic equa-
tions perturbed by a time-homogenous white noise have been investigated by different meth-
ods (see e.g. Chueshov and Vuillermot [[l], Denis et al. [fj], Gyongy and Rovira [J], Krylov
[T, Lototski and Rozovskii [[J], Mikulevicius and Pragarauskas [[4]). Several types of so-
lutions have been proposed (see especially the last cited reference for strong solutions), and
the regularity results show that the solution is much smoother in the space variable than for
equations perturbed by space-dependent white noise.

Let us recall the notions of weak and mild solutions of (1) we are going to use here. Let
7 < 400 be a stopping time. A continous Fi-adapted random field v = {u(t,z), t > 0,
r € D} is a weak solution of (1) on the interval ]0, 7| provided that, for every ¢ € C%*(D)
vanishing on 9D, there holds

/D (t, )0 / (@) p(z) dz + / t / (s, 2) Ap(x) + Gluls, 2))o(x)] d ds
+/-€// u(s,z)p(x)dedW, P —as.

for all t € [0, 7[. Let {S;, t = 0} be the semigroup of d-dimensional Brownian motion killed
at the boundary of D. A continous F;-adapted random field v = {u(t,x), t =2 0, x € D} is
a mild solution of (1) on the interval |0, 7[ if it satisfies

u(t,z) = Stf(:c)+/0 [St—r(G(u(r,-))(x) dr + &S (u(r,-))(z) dW,] P-a.s. and z-a.e. in D

for all t €]0,7[ (see e.g. [[g], Chapter IV). We refer to [ for background on existence of
weak and mild solutions, and for their equivalence under local Lipschitz conditions on G.
Let us note that the results in [g hold for a more general class of second order differential
operators which includes the Laplacian as a special case. The positivity of the solution of
(M) follows from comparison theorems (see e.g. Bergé et al. [B] or Manthey and Zausinger

[L3)).

Our aim in this communication is to study the blowup behaviour of u by means of a
related random partial differential equation (see (f]) below). In section 3 we describe the
blowup behaviour of the solution v of this random partial differential equation in terms of
the first eigenvalue and the first eigenfunction of the Laplace operator on D. This is done by
solving explicitly a stochastic equation in the time variable which is obtained from the weak
form of (fl). The solution of this differential equation can be written in terms of integrals
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of exponential Brownian motion with drift. The results of Dufresne [f] and Yor [[§] on
the law of these integrals easily imply estimates for the probability of existence of a global
solution, or of blowup in finite time of u and v. In section 4 sufficient conditions for v to be
a global solution are given in terms of the semigroup of the Laplace operator using recent
sharp results on its transition density. These conditions show in particular that the initial
condition f has to be small enough in order to avoid for a given G the blowup of v, and that
the presence of noise may help to prevent blowup. The results of section 4 can be used to
investigate the blowup behavior of u by means of conditions (P]) and ([]).

2 A related random partial differential equation

In this section we investigate the random partial differential equation

2
%(t,x) = Av(t,z) — %U(t, z) 4+ e WG (eWiu(t, x)), t>0, z€ D,
v(0,2) = f(z), z€D, (4)

v(t,z) = 0, x€dD.

This equation is understood trajectorywise and classical results for partial differential equa-
tions of parabolic type apply to show existence, uniqueness and positivity of a solution up
to eventual blowup (see e.g. Friedman [[§] Chapter 7, Theorem 9).

Proposition 1 Let u be a weak solution of ({l). Then the function v defined by
v(t,z) = e Wu(t,x), t>0, x€D.
solves ({).
Remark Proposition [ implies in particular that () possesses a strong local solution.

Proof. Recall that Itd’s formula states that {e™*"*, ¢ > 0} is the semimartingale given
by

t W2 [t
e =1 — /@/ e~"WedW, + —/ e "Ws ds.
0 2 Jo

Let us write u(t, p) = [}, u(t, z)p(z) dz. Then a weak solution of ([l) can be written as

u(t, ) :u(O,ap)—l—/O u(s, Ap) ds+/0 G(u) (s, p) ds—l—/-ﬂ/o u(s, p) dWs.

Therefore, for ¢ fixed, {u(t, )l ((t), t > 0} is again a semimartingale. By applying the
integration by parts formula (see e.g. Klebaner [IJ], Ch. 8) we get

v(t,p) = /Dv(t,x)ap(x)dx

t t 9
= v0.)+ / ™™ du(s, ) + / u(s, ¢) (—Fae—”WS AW, + e ds)
0 0

2
+ e ul, )] (1),



where the quadratic variation is given by

[e™™ u(-, )] (t) = —/0 ki "Weu(s, ) ds, t>0.

Therefore,

v(t,p) = v(0,9) —I—/O "W (u(s, Ap) + G(u)(s, ) ds + /{/0 e""Weu(s, @) dW,

t t t
—H/ e~ Weu(s, ) dW, + % / e~ Weu(s, ) ds — Ii2/ e~ Weu(s, o) ds
0 0 0

H2

= w00+ [ ol 20+ G s 0) = o) s

Moreover, by self-adjointness of the Laplacian, and the fact that ¢(x) = 0 for x € 9D,

v(s, Ap) = /Dv(s,a:)Aap(:)s),dx = /DAv(s,x)gp(x) dx = Av(s, p).

3 An estimate of the probability of blowup

Without loss of generality, let us assume that C' = 1 in (f]). Let ¢ be the eigenfunction
corresponding to the first eigenvalue A; of the Laplacian on D, normalized by [ p¥(x)dr =1.
It is well-known that 1 is strictly positive on D. Due to Proposition [] we have that

2

o(t.) =000+ [ oo 00) = s, 0)] s+ G W) (5, ) ds.

Moreover,
v(s, A) = =Au(s, ), (5)

and, due to (B),

/6_“WSG(6“WSU(8,I))¢(QJ) dr > e“BWS/ v(s, )Py (x) da. (6)

D D
By Jensen’s inequality

1+
/ o(s, 2)HPu(z) do > l / U(s,x)w(x)d:c] — (s, )P, (7)
D D

and therefore )

d v(t, ) > — (Al + i) v(t, 1) + e Wiy (t, )P,

dt 2
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Hence v(t, ) > I(t) for all t > 0, where I(-) solves

%[(t) = - (/\1 + %) I(t) 4 e 1(t)"P | 1(0) = v(0,v),

and is given by

@l

t J—
[(t) — 6_()‘1+“2/2)t |}U(O’¢>_ﬁ _ ﬂ/ e—(A1+52/2)ﬁs+ﬁ6WS d8:| ’ 0<t< T,
0

with t
1
7 := inf {t >0 ‘ / e~ MR /2B RV g6 > BU(O, @b)_ﬁ} . (8)
0

It follows that I exhibits finite time blowup on the event [T < oo]. Since I < v(-,%), 7 is an
upper bound for the blow-up time of v(-,%), and therefore for the blowup times of v and .

Remark 2 The same formula for the blow-up time of a stochastic differential equation,
containing a stochastic integral with respect to W, has been obtained in Bandle et al [fI].
The argument based on the first eigenvalue (and the corresponding eigenfunction) of the
Laplace operator on D is applied there directly to u, and leads to a stochastic differential
inequality for wu(t,?). The associated stochastic differential equation can again be solved
explicitly by means of the It6 calculus, and the same formula as above is obtained for the
blowup time of the solution of this equation. Both approaches are therefore equivalent, but
the approach in [[l] requires a more complicated comparison theorem for stochastic differential
inequalities.

Let us now give an estimate for the probability of blowup in finite time of v. From (§),

Plr=+4o] = P /t exp(—(\ + K%/2)Bs + kBW,) ds < %U(O,qﬁ)_ﬁ for all t > O]
0

= P _/OOO exp(—(A1 + £2/2)Bs + kBW,) ds < %U(O,qb)_ﬁ] 9)

_ p / mexp@BWg“’)dsg%vm,wrﬁ],

where W = pus + Wi, = —(\ + £2/2)/k, and 3 := r3/2. Setting 7i = p/B3 we get

4 o ~ 1
Plr =+o0] =P [—2/ exp(2WH) ds < —U(O,¢)_B:| : (10)
K23° Jo B
It follows from [[§] (Chapter 6, Corollary 1.2) that
o -~ 1
(1) —
/0 exp(2WH) ds 27
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in distribution, where Z_; is a random variable with law I'(—p), i.e. P(Z_; € dy) =

ﬁe_yy_ﬁ_ldy. We get therefore (see also formula 1.10.4(1) in [B])

5o(0.0)~7°
Plr = to0] = / h(y)dy.
0

where

I<L252 2 (2 1 +r2) /K23 2
h(y) = ( y/2) 5 5 exp (—ﬁ) .

yL((2M + k%) /(x253)) K23y
In this way we have proved the following

Proposition 3 The probability that the solution of (1) blows up in finite time is lower
bounded by f;’(‘& -0 1) dy.

Remark 4.1 Notice that formula 1.10.4(1) in [f] expresses the probability density function
of fot exp(—(\; + k?/2)Bs + kBW,) ds in terms of the Kummer functions for 71 < 2.

Remark 4.2 By putting x = 0 we get v = u and, moreover, in (J) we obtain that
P[r = +00] = 0 or 1 according to [, f(z)¢(z)dz > A7 or [ fla)(z) dx < A?, which is
a probabilistic counterpart to (J).

4 Non explosion of v

We consider again equation (f]), but we assume now that x # 0 and that G : Ry — Ry
satisfies G(0) = 0, G(z)/z is increasing and

G(2) < AP forall 2> 0, (11)

where A and 3 are certain positive numbers. Let {S;, t > 0} again denote the semigroup of
d-dimensional Brownian motion killed at the boundary of D. Recall that Equation (f) can
be re-written as

o(t,z) = e 28, f () + /0 t e RS, (e G (e Mru(r, ) (x) dr (12)
We give now a sufficient condition for the existence of a global solution of ().
Theorem 5 Assume that f satisfies
ApB /OOO e | e 28, f|2 dr < 1. (13)

Then Equation (|}) admits a global solution v(t,z) that satisfies
e r2G, f(x)
1
(1= 88 g eoellemrri2s, f% dr)”

0<w(tz) < : t > 0. (14)



Proof. Defining

t
B(t) = (1 — Aﬁ/ e“ﬁWTHe_“QTﬂSTngo dr) , t>0,
0

Tl

we get B(0) =1 and
dB

SR (E) = ATl ES, 12 B ),

which implies

¢
Bt)=1+ A/ e“BW"]|e_“2T/25Tf||foBl+B(r) dr.
0

Suppose now that (t,z) — Vi(x) is a nonnegative continuous function such that V() €
Co(D), t >0, and

e 28, f(x) < Vi(z) < B(t)e ™28, f(z), t>0, z€D. (15)
Let .
R(V)(t, ) = e ™28, f(x) + /0 e Wrem RS, (G V(1)) () dr.
Then,
R(V)(t, x)

_ 6_5%/25”0(@ +/Ot e Wrg—r?(t-r)/2g, (G(e’t/;z/:;;(.))‘/;(')) () dr

2 t 2 Ger B(r)|le /28, f|ls)
—K2t)2 —kWy —K3(t—7)/2 LERIEVA 4 d
AT (‘TH/O ©r St"‘( B(r)lle="/28, f|loo () | (=) dr

t
< RS () 4 A [ B )|, fLe IS (e RS, f) ) dr
0

IA

t
= S, f(a) {HA/ e“ﬁW*B”Wr)||e‘“2’“/257f||fodr} = ¢ 25,/ (2)B(),  (16)
0

where to obtain the first inequality we used the rightmost inequality in ([J) and the fact
that G(z)/z is increasing, and to obtain the second inequality we used ([[1]). Consequently,

eSS (@) S R(V)(tx) < B(t)e ™28, f(x), ¢20, xe€D.

Let
() = e 28, f(z) and 0P (z) = RWM)(tx), n=0,1,2,....

Letting n — oo yields, for t > 0 and z € D,
e_nztpstf(z)
; o 3 /8
(1= AB fy et emrrr2s, fllSdr)

0 < o(t,z) = lim v} (z) < B(t)e 28, f(x) <

n—oo



Hence, v(t, x) is a global solution of (I3) due to the monotone convergence theorem. [

Remark. If we modify (i) and ([2) by replacing G(e""Vrv(t, z)) by G(v(t,z)), then a global
positive solution still exists for all f small enough, even if the inequality in ([[1)) holds only
for z € (0,C*), where C* is some positive constant. In fact, if f satisfies

o0 5 ,8
1l < C° (1 ~ a9 [ e e, g dr) | an

then Theorem [ still holds if we replace the factor e®"r in ([3) and ([[@) by the factor
e~"Wr. We only have to verify that assuming 2 € (0, C*) in ([[I]) already implies the second

inequality in ([6):

—K2
™28 lloe < 11 fllec

' 2 1
< " <1—A6/ e Wr|le" "/QSTngodr) = C for all t > 0,
0 Bx(t)

where

1
B

t
B*(t) = (1 - Aﬁ/o e"‘””WT||e_"””27’/257,f||ffO dr)

This yields ,
B (t)[le™"28, f|loo € (0,C%) (18)

for all ¢ > 0, since f # 0.

Let us now proceed to derive a sufficient condition for ([J) in terms of the transition
kernels {pi(x,y), t > 0} of {S;, t > 0} and the first eigenvalue \; and corresponding eigen-
function . We recall the following sharp bounds for {p;(x,y), t > 0}, which we borrowed
from Ouhabaz and Wang [[7].

Theorem 6 Let 1) > 0 be the first Dirichlet eigenfunction on a connected bounded C°-
domain in RY, where a > 0 and d > 1, and let py(x,y) be the corresponding Dirichlet heat
kernel. There exists a constant ¢ > 0 such that, for any t > 0,

1, Pz, y) - —(Mo—
max ¢ 1, -t (d”w} < eMsup -~ < 1 o(1A L) TR 2emCem
{ ¢ vy Y@V (y)

where Ao > Ay are the first two Dirichlet eigenvalues. This estimate is sharp for both short
and long times.

The above theorem is useful in verifying condition ([J). Indeed, let the initial value f > 0
be chosen so that
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where n > 1 is fixed and K > 0 is a sufficiently small constant to be specified later on.
Therefore S, f < KSiyy1, and for any ¢ > 0,

Sif(x) < K/pt—l—n z,y)Y(y)d

- K A1 (t+m) pt+n($ay) —)\1(t+n) 2 d
/ e e D )y dy
( )2 Al(t"rn) pt+7]( 7y) —)\1(t+?7) ( )d
s K\supel) /De b e A
2
< K (sup @b(:c)) / (1 +e(1A(t+ 77))_(d+2)/26_(’\2_’\1)(t+")) e~ M1 (y) dy
zeD D
2
= K(sup@b(:c)) e_’\l(H")—I-CtE’_’\z(H"))/ Y(y) dy
xeD

< K(1+c)e™ <sup1/1 ) _Altfw ) dy,

zeD

which is independent of z. Since the function (¢,x) — S;f(z) is uniformly bounded in =z,
condition ([[J) is satisfied provided that

Ap

K(l—i—c)e (supqﬂ ) /w dy] / d,r,eHQWr—()\1+/-;2/2)ﬁr<1’
0

zeD

or
eMBn

/ T dp W28 : (20)
0
AG|K(14¢) (supw )/@b dy]
zeD

Notice that condition ([[7) is satisfied if K in ([9) is sufficiently small.

We have proved the following

Theorem 7 Let G satisfy ([[1), and let D be a connected, bounded C**-domain in R?, where
a > 0. If (I9) and (BQ) hold for some n > 0 and K > 0, then the solution of Equation (I3)
15 global.

Remarks. 1) The integral on the left of (BQ) coincides with the corresponding integral
in sections 2 and 3. The same type of bounds as in Section 3 can therefore be applied to
estimate the probability of existence of a global positive solution. By means of the law of the
iterated logarithm for W we see from (R0]) that the presence of a noise may help to prevent
blowup in finite time.

2) If G(2) = Az'*7P, the results of this section can be applied to the solution u of equation
(M) since v(t,z) = e~ Wtu(t,x), t > 0, z € D.



Acknowledgement M. Dozzi would like to thank Prof. Z. BrzezZniak for discussions on
blowup of PDE’s and SPDE’s and acknowledges the European Commission for partial sup-
port by the grant PIRSES 230804 ”Multifractionality”. J. A. Lépez-Mimbela acknowledges
the hospitality of Institut Elie Cartan, Nancy University, where part of this work was done.

References

[1]

[6]

Bandle, C.; Dozzi, M.; Schott, R. Blow up behaviour of a stochastic partial differential
equation of reaction-diffusion type. Stochastic analysis: random fields and measure-
valued processes (Ramat Gan, 1993/1995), 2733, Israel Math. Conf. Proc., 10, Bar-Ilan
Univ., Ramat Gan, 1996.

Bergé, B., Chueshov, 1.D., Vuillermot, P.-A. On the behaviour of solutions to certain
parabolic SPDE’s driven by Wiener processes. Stochastic Process. Appl. 92 (2001), 237-
263.

Borodin, Andrei N.; Salminen, Paavo Handbook of Brownian motion—facts and formu-
lae. Second edition. Probability and its Applications. Birkhéuser Verlag, Basel, 2002.

Chueshov, Igor D.; Vuillermot, Pierre A. Long-time behavior of solutions to a class
of stochastic parabolic equations with homogeneous white noise: 1t0’s case. Stochastic
Anal. Appl. 18 (2000), no. 4, 581-615.

Denis, Laurent; Matoussi, Anis; Stoica, Lucretiu. LP estimates for the uniform norm
of solutions of quasilinear SPDE’s. Probab. Theory Related Fields 133 (2005), no. 4,
437-463.

Dufresne, Daniel. The distribution of a perpetuity, with applications to risk theory and
pension funding. Scand. Actuar. J. 1990, no. 1-2, 39-79.

Friedman, Avner. Partial differential equations of parabolic type. Prentice-Hall, Inc.,
Englewood Cliffs, N.J. 1964.

Fujita, H. On the blowing up of solutions of the Cauchy problem for u; = Au + u!T®.
J. Fac. Sci. Univ. Tokyo, Sect. 1 13 (1966), 109-124.

Gyongy, Istvan; Rovira, Carles. On LP-solutions of semilinear stochastic partial differ-
ential equations. Stochastic Process. Appl. 90 (2000), no. 1, 83-108.

Klebaner, Fima C. Introduction to stochastic calculus with applications. Second edition.
Imperial College Press, London, 2005.

Krylov, N. V. An analytic approach to SPDEs. Stochastic partial differential equations:
six perspectives, 185-242, Math. Surveys Monogr., 64, Amer. Math. Soc., Providence,
RI, 1999.

10



[12]

Lototsky, Sergey; Rozovskii, Boris. Stochastic differential equations: a Wiener chaos
approach. From stochastic calculus to mathematical finance, 433-506, Springer, Berlin,
2006.
Manthey, R., Zausinger, T. Stochastic evolution equations in Li”. Stoch. Stoch. Reports
66 (1999), 37-85.
Mikulevicius, R.; Pragarauskas, H. On Cauchy-Dirichlet problem for parabolic quasilin-
ear SPDEs. Potential Anal. 25 (2006), no. 1, 37-75.
Ouhabaz, El Maati, Wang, Feng-Yu. Sharp estimates for intrinsic ultracontractivity on
CY-domains. Manuscripta Math. 122 (2007), no. 2, 229-244.
Pazy, A. Semigroups of linear operators and applications to partial differential equations.
Applied Mathematical Sciences, 44. Springer-Verlag, New York, 1983.
Rothe, F. Global solutions of reaction-diffusion systems. Lecture Notes in Mathematics,
1072. Springer-Verlag, Berlin, 1984.
Yor, Marc. Exponential functionals of Brownian motion and related processes. Springer
Finance. Springer-Verlag, Berlin, 2001.

Marco Dozzi José Alfredo Lépez-Mimbela

IECN, Nancy Universités, Centro de Investigaciéon en Matematicas

B.P. 239, Apartado Postal 402

54506 Vandoeuvre-les-Nancy, France 36000 Guanajuato, Mexico

dozzi@iecn.u-nancy.fr jalfredo@cimat .mx

11



