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1 Introduction

In this paper, we consider the homogeneous Dirichlet problem of parabolic equations, involving
non-standard growth conditions,

wy = A+ m@uFP@Y -y Ay @U@ 8y e Q0 x (0,T) (1.1)

with initial data u(z,0) = ug(x) > 0 and v(z,0) = vo(x) > 0 in 2, where Q@ C R is a bounded do-
main with 0Q € C°°; variable exponents m(x), n(x), p(z), g(x) are positive continuous functions on
(Q; initial data ug, v are smooth on  and satisfy the compatibility conditions on 9. The existence
and uniqueness of local classical solutions to (1.1) is well-known (see, for example, [1]), and T repre-
sents the maximal existence time of classical solutions. The nonlinear parabolic problems like (1.1)
come from several branches of applied mathematics and physics, such as, flows of electrorheological
or thermo-rheological fluids [2, 3, 4], and the processing of digital images [5, 6, 7]. For more detail
information, the interested readers can refer to books [8, 9].
Zheng, Zhao, and Chen [10] discussed the parabolic equations

up = Au+ ™ TP g = Av 4?0 (2,t) € Q x (0,T), (1.2)

with homogeneous Dirichlet boundary conditions, where Q = B = {x € RN : |z| < R}; constants
m,n,p,q satisfy 0 < m < g and 0 < n < p. The simultaneous blowup rate for radial blowup solutions
was obtained as

0 — O((T - t)_ﬁ), eV 0) = O((T - t)_ﬁ)

under suitable assumptions on initial data. The other known results for the special cases of system
(1.2) were studied in [11, 12, 13, 14, 15], etc., where critical blowup exponent, blowup rate, and even
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blowup profile were considered. For the introduced nonlinear term e™* (or €™”), the component u
(or v) of the classical solution for (1.2) blows up by itself for m > 0 (or n > 0) for large initial data.
So the non-simultaneous blowup may happen, which is defined as, for example,

limsup ||u(-,t)]|ec = 00 and |Jv(-,t)]|ec < 400, t€[0,T).
t—T

The simultaneous and non-simultaneous blowup for (1.2) have been studied in [16]. The results are
(i) There exist initial data such that non-simultaneous blowup occurs if and only if m > g or n > p.
(ii) Any blowup is simultaneous if and only if m < ¢ and n < p. (iii) Both simultaneous and non-
simultaneous blowup may occur if and ounly if m > g and n > p. (iv) Any blowup is non-simultaneous
if and only if m > g and n < p, or m < g and n > p. Moreover, blowup rates are obtained.

For the parabolic problem with non-standard growth conditions, Pinasco [17] in 2009 considered
the following parabolic problems

uy = Au+ a(z)uP®  or a(m)/ uP @ (z,t)dx, (1) € Q x (0,T),
Q

subject to homogeneous Dirichlet boundary conditions, where Q2 C R is a bounded domain with 1 <
p— < plx) <py <+oocand 0 < c— < a(z) < cy < 4oo. Here, notations p; = sup,cqp(z) and p_ =
inf,cq p(z). They obtained the solution u blows up in finite time in sense of lim; 7 [[u(-,t)|| L (q) =
+o0 for large initial data.

Antontsev and Shmarev [18] discussed the evolution p(z)-Laplace parabolic equation

wy = div(a(z, t)|VulP D =2Vu) 4 b(z, 1) [u|7@D 20, (x,t) € Q x (0,T),

subject to null Dirichlet boundary condition, with variable functions p(z), o(x,t) € (1,+00). If
p(x) = 2, a(z,t) = 1, and b(x,t) > b~ > 0 (i.e. the semilinear equation), blow-up happens if the
initial data are sufficiently large and either mingeq o(z,t) = o= (¢) > 2 for all t > 0, or o~ (t) > 2,
o (t) \.2ast— oo and [;° e*2=7"(5))ds < oo. For the Laplace equation with the exponents p(x)
and o(z), they proved that every solution, corresponding to sufficiently large initial data, exhibits
blow-up if b(x,t) > b~ > 0, az(x,t) <0, be(x,t) > 0, mingeq o(z) > 2, max,cqp(x) < mingeq o(x).

In work [19], Ferreira, Pablo, Pérez-Llanos, and Rossi discussed the homogeneous Dirichlet prob-
lem of u; = Au + u”™®) and also its corresponding Cauchy problem in R™. They obtained some
interesting results for nonnegative p(z) as follows, for Q@ = R™ or bounded €, if py > 1, there
exist blow-up solutions, while if p; < 1, then every solution is global. For the Cauchy problem,
if p_ > 1+ 2/N, there exist global nontrivial solutions; If 1 < p_ < p;y <1+ 2/N, all solutions
blow up; If p_ < 14 2/N < p4, there are functions p(x) such that the problem possesses global
nontrivial solutions and functions p(z) such that all solutions blow up. Two more results of global
solutions were obtained: If Q C B,.(z¢) for some o € RY and r < V2N, then the problem possesses
global nontrivial solutions, regardless of the exponent p(x); If p_ > 1, then there are global solutions,
regardless of the size of 2. The authors of [19] found out some new phenomena in bounded domains,
which are quite different from the corresponding parabolic problems without variable exponents:
There are functions p(z) and bounded domains € such that positive solutions blow up in finite time
for any initial data.

The first results for the homogeneous Dirichlet problem of parabolic equations

wp = Au+ 0P v = Av+u?@ ) (2,8) € @ x (0,T),

have been obtained by Bai and Zheng [20]. Some criteria are established for distinguishing global
and non-global solutions of the problem, depending or independent on initial data. Especially, some
Fujita-type result is obtained: there exist suitable domain €2 and variable exponents such that any
solution blows up in finite time, just as that of [19].

How to use the four variable exponents to describe blowup classifications of solutions and their
blowup rates is worth to be studied for system (1.1). Up to now, few research works discussed
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simultaneous and non-simultaneous blowup solutions for parabolic systems with non-standard growth
conditions. Motivated by this, in the present paper, we discuss the complete and optimal classification
for blowup solutions of (1.1) and also consider the blowup rate estimates.

This paper is arranged as follows: in the next section, we give the main results of the present
paper; in Section 3, critical blowup criteria are obtained for classical solutions; in Section 4, critical
exponents for simultaneous and non-simultaneous blowup are proved; the final section deals with all
kinds of blowup rates for solutions.

2 Main Results

The first result concerns the blowup criteria for classical solutions of (1.1). In what follows, we still
use the notation of [17] e.g., p4 to represent sup{p(z),z € Q}.

Theorem 2.1 For problem (1.1), if my > 0 or ny > 0 or pygy > 0, classical solutions of (1.1)
blow up in finite time for large initial data. Conversely, if my = ny = prqy = 0, every classical
solution remains global.

In order to obtain the simultaneous and non-simultaneous blowup estimates, we assume

(H1) Q = Br = {x € RN : |z| < R}; both initial data and variable exponents are radially non-
increasing in Bp, satisfying Am, An, Ap, Aq < 0.

(H3) Aug+(1—egp)e™+uotP+vo  Agyy+ (1 —ep)ed+U0t"+% > () in Br, where € > 0 is a small constant

and ¢ is the first eigenfunction of the Dirichlet Laplacian in B normalized by / p(x)dx = 1.
Br

It is easy to check that the radial solution (u,v) satisfies ut, v > 0 and Vu, Vo < 0 in Bg by the
comparison principle.

Theorem 2.2 (i) There exist initial data such that u (or v) blows up alone if and only if my > q4
(or ny > py).

(ii) Any blowup is simultaneous if and only if my < g4 and ny < p.

(iii) Both simultaneous and non-simultaneous blowup may occur if and only if my > g4 and ny >
P+

(iv) Any blowup is non-simultaneous if and only if my > q4 and ny < py (for u blowing up alone),
or my < q4 and ny > py (for v blowing up alone).

The following theorem shows blowup rate estimates for solutions of (1.1).

Theorem 2.3 (i) Ifmy < ¢4 andng < pi, ormy > g4, ny > py and assume that simultaneous
blow-up happens, then

Py—ng

0 = 0 ((T — t)‘W) . et =0 ((T — t)‘%> .

(ii) If my < g+ and ny = py, then
9t
e(q+fm+)u(0,t) _ O(| log(T B t>|), en+v(0,t)vq+fm+ (O7 t) = O((T — t)*l).

(i) If my = q4 and ny < py, then
Pt
et tODyriTni (0,4) = O((T — )71, ePr V0D = O([log(T - 1)]).
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(iv) If my = ¢4 and ny = py, then
u(0,t) = O(|log(T —t)[), v(0,t) = O(|log(T — t)]).
(v) If u (orv) blows up while v (or u) remains bounded up to blowup time T, then

et = 0 ((T - t)f’"_l) (or 'Ot = 0 ((T - t)fi)) )

3 Proof of Theorem 2.1

We show the proof of blowup criteria for classical solutions of (1.1).

Proof of Theorem 2.1. Let m4 > 0. Due to the continuity of m(z), there exists a ball B C Q, in
which my > m(x) > § > 0. Introduce a function

n(t) = /B o1 (@), H)dr,

where 1 and A; are the first eigenfunction and the first eigenvalue of the Dirichlet Laplacian in B

respectively with / p1(x)dx = 1. Tt is easy to see that
B

n(t) < Jlu( Ollpe(m) < ul, 1)l ()-

We only need to prove that 7(¢) blows up in finite time. One can obtain
7Oz M)+ [ e
B
0+1
> — Mt — 0L (¢ 1
>+ (557) 7O, (3.)

1 1
if n(0) = / o1 (z)ug(x)de > max{l,)\f [(6 + 1)/6]5% } Hence there exists constant ¢ > 0 such
B

that /() > en®t1(t). By integration from 0 to ¢, one can obtain that

o= (170 - §t>_w.

So 7(t) blows up in finite time for positive . Hence u blows up in finite time for my > 0 and large
1 (x)up(z)dz.

B

Similarly, v blows up in finite time for n, > 0 and large initial data.

Now, let p1g4 > 0. For the continuity of positive variable exponents, there exists some positive
constant § = min,cq{p(x), ¢(x)}. Define

¢ty = / p(@yu(r )z, €(t) = / o(@)(z, t)dz,

where ¢ and A are the first eigenfunction and the first eigenvalue of the Dirichlet Laplacian in

respectively with / p(x)dx = 1. As the discussion of (3.1), we have
Q

¢'(t) > fAc(t)+/ o(z)eP@v@) 4y

B

> —X((t) + /B p(x)e D de
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> —XC(t) + €51, (3.2)
similarly, there is the inequality
€'(t) = —X(t) + ¢ (1), (3.3)
Combining (3.2) with (3.3), we have
K'(t) > =AK () + c(¢PH(t) + €771 () > —AK(t) + cKPTH(t)

with K(t) = ((t) + £(t). Hence K (t) blows up in finite time for large initial data, which deduces
(lu(s )lloo + lv(:, 1) ]loc) Plows up.
If my =ny =pigqe =0, then

uy = Au + eP@V < Au+ eV, (x,t) € 2 x (0,T),
v = Av 4 e?@% < Ay ettt (x,t) € A x (0,T).

It is easy to see that the classical solutions remain global for p; g+ = 0. O

4 Proof of Theorem 2.2
In order to prove Theorem 2.2, we introduce the following lemma.
Lemma 4.1 Assume (Hy) and (Hz) hold. Then
wy(,t) > eg(x, t)em@u@ETP@@) 0 1) e Bp x [0,T), (4.1)
vi(z,t) > ep(x, t)et@u@D+n@v@) (1) € Bp x [0,T), (4.2)
where ¢(x,t) satisfies

or(x,t) = Agd(a,t), (x,t) € Bg x (0,T),
¢(1"ﬂt) =0, (:C,t) € OBR % (OﬂT)ﬂ
qb(x,O) = 90(55)) T € Bp,

where  is the first eigenfunction of the Dirichlet Laplacian in Br normalized by / p(x)dx = 1.
Br

Proof. Construct functions
J(@,t) = (2, 1) — ep(a,t)e™ DBV (5 1) € B x (0,T),
K(z,t) = vi(,t) — eg(a, t)et@u@On@v@t) = (4 ) € Bp x (0,T).
It is easy to check that
J(x,t) >0, K(x,t) >0, (x,t) € 9Bgx(0,T);
J(2,0) = Aug(z) + (1 — ep(x))em+uo@)FP+0(@) > 0 2 ¢ Bp,
K(x,0) = Avg(z) + (1 — ep(x))ed+uo@Fn+vo@) > 0 2 c B,
By computation, we have
Jp — AJ + ege™ @@V Am(z))u + (—Ap(z))v]

>2eVe - [uVm(z) + m(z)Vu + vVp(z) + p(z) Vo] em@utp(z)v
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+ g™ @U@ [T () + m(z)Vu + oVp(z) + p(z) Vo]
+ ege™@uAPEV [9Fm (2) - Vu + 2Vp(z) - Vv + m(z) Au + p(z) Av)]
+ g — Aug — ege™ P TPE (m(z)uy + p(a)vy)
— Eem(z)u+p(w)v(¢t — A¢)
>m(z)e™ @@L T 4 p(g)em @RV (2,1) € Br x (0,T),
similarly,
K; — AK + e¢e?@ @0 [(_ Ag(2))u + (—An(z))v]
>q(z)e?@utn@)v g 4 op(g)et@urn@vE (2 1) € Br x (0,T).

Then (4.1) and (4.2) hold by the comparison principle. O
By (4.1), we obtain

ug(0,1) > (0, T)eP+v0Wem+u0) = ¢ [0, 7).
Integrating the above inequality from ¢ to 7', we have the estimate for u,
u(0,1) < log { [em 6(0, T)er+ )] TR (T — )" botepn.). (4.3)
By the similar method,
v(0,t) < log { [ens (0, T)et+40 (0] A } te0,7).

Considering the assumptions on ug and vg, one can prove that Au(0,t) < 0 and Awv(0,t) < 0.
Hence we have the important inequalities

u (0,1) < em+ul0)FP+v0t) -y e 0 T), (4.4)

v:(0, ) < e+ OB +nev(08) p [0 T). (4.5)

We use the following lemma to prove Theorem 2.2 (i). It is easy to see that Theorem 2.2 (ii) can
be obtained directly from Theorem 2.2 (i).

Lemma 4.2 There exist suitable initial data such that u blows up while v remains bounded if and
only if my > qy. There exist suitable initial data such that v blows up while uw remains bounded if
and only if ny > p4.

Proof. Without loss of generality, we only prove the case for u blowing up while v remaining
bounded.
At first, we prove the sufficiency. Let

B 1 |z —yl?
Fet7) = s i |

be the fundamental solution of the heat equation. Assume (g, ¥p) is a pair of initial data such that
the solution of (1.1) blows up. Fix radially symmetric vo(> ¥g) in Br and take M; > vp(0). Let
uo(> o) be large such that T satisfies

o miay
My > vp(0) + _m 5m+¢(O,T)ep“’°(0) T my e Mr
my — 4+
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Consider the auxiliary problem

q

_a+ _ a9+
Uy = A+ [emy (0, T)ep+v0 O] 7 (T — )" mren+Mi - (2,t) € Br x (0,7),
o(x,t) =0, (x,t) € 0BR x (0,T),
0(x,0) = vo(x), x € Bg.
For my > ¢4+ and by Green’s identity [21], we have

t _
/ Tz, y,t,0)v0(y)dy + / / P(eayt,7) 20 ds, dr
BR 0 BBR 877

9+

t s _ar
+/ / I(x,y,t,7) [5m+q§(0,T)ep+”“(0)] e (T —7) ™+ e+ Midydr
0 JBg

o(x,t)

S e
vo(0) + M {sm+¢(0,T)ep+vo(0)} T e M
my — g+

IN

< M.
So v satisfies

_ 94 _ 9+ _
0 > AU+ [emy¢(0, T)ep+o O] "7 (T — )" ™+ e, (,t) € Br x (0,T),
0 (z,t) € OBR x (0,T),

o(x,0) = vo(x), x € Bp.

ve < Av + [emy¢(0, T)ep+o O] 7 (T — )" ™+ e+, (,t) € Br x (0,T),
v(z,t) =0, (x,t) € 9Bgr x (0,T),
v(z,0) = vo(x), x € Bg.

By the comparison principle, v < o < M;. Since (ug, v9) > (to, Vo), (u,v) blows up. And hence only
u blows up at finite time 7.

Secondly, we prove the necessity. Assume u blows up while v remains bounded, say v < C. By
(4.4), us(0,1) < Ce™+™0b) for t € [0,T). Hence, one obtains the estimate for u as

u(0,¢t) > log |c(T — t)f"ﬁ , te[0,T). (4.6)
By using (4.2) and (4.6), we have
(Ii

v,(0,1) > e (0, T)em+0 (T — )™ ™+, (4.7)

Integrating (4.7) from 0 to ¢, we have
t o
v(0,t) > c/ (T —7) ™+dr +v(0,0).
0

The boundedness of v requires m4 > q4. g

We introduce three lemmas to prove Theorem 2.2 (iii) and (iv). For fixed constant € € (0, 1), we
define the set Vo making up of the initial data which satisfy (H;) and (Haz).

Lemma 4.3 The set of (ug,vo) in Vo such that u (or v) blows up while v (or u) remains bounded
is open in L°°-topology.
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Proof. Without loss of generality, we only prove the case for u blowing up with v remaining bounded.
Let (u,v) be a solution of (1.1) with initial data (ug,vo) € Vo such that u blows up while v remains
bounded up to blowup time T, say 0 < 2§ < v(0,t) < M. It suffices to find an L°°-neighborhood
of (ug,vp) in Vg such that any solution (@, 9) of (1.1) coming from this neighborhood maintains the
property that 4 blows up while ¥ remains bounded.

By Lemma 4.2, we know m4 > g4. Take My > M + . Let (@, ?) be the solution of the problem

¢ = Al 4 e@P@T 5 — Ap 4 ea@utn@)8 (1 1) € Br x (0,Tp),

(z,t) = v(z,t) =0, (z,t) € 90BR x (0,Tp),
a(z,0) = to(z), v(z,0) = g(x), x € Bp,

where radially symmetric (g, g) is to be determined.
Define

N(uo,vo) = {(@o,ﬁo) | [[o(z) — u(z, T — €0)lloo <& [[T0(z) —v(2, T = €0)[lo0 <&,
(i, T0) = (a(z, T — £0),0(x, T — o)), (@0, o) € VO}.

Since u blows up at time T', there exists constant 9 > 0 such that (@, ) blows up and Tj satisfies

_9+ m4—ay
My > M+E€+ L [m+5q§(0,T0)eP+f’0(0)} ™+ T, ™ en Mz

my — g+

provided that (&g, o) € N(ug, vo).
Consider the auxiliary system

~ _ 4 _ 94
B = AT+ [myeg(0, Tp)er+ O] "7+ (Ty — )" "+ entM2 - (2,t) € Br x (0,Ty),
o(x,t) =0, (x,t) € 0BRr % (0,Tp),
o(x,0) = o (x), x € Bg.

By Green’s identity, v < M. Hence
_ -5 _ar
> NG+ [m+g¢(o,To)ep+v°<0>} Ty —t) ™ e P, (z,t) € B x (0,Tp).
On the other hand, by (4.3), we have

a4+ q

~ T m S ~
T < AG+ [m+s¢(0,T0)ep+”0<0>} Ty —t) ™+ e ¥, (z,t) € B x (0,Tp).

By the comparison principle, v < v < Ms, then % must blow up.

According to the continuity with respect to initial data for bounded solutions, there must exist a
neighborhood of (ug,vg) in Vg such that every solution (@, ) starting from this neighborhood will
enter N(ug, vg) at time T' — g, and keeps the property that @ blows up while ¢ remains bounded.
O

Lemma 4.4 Assumemy > qy and ny > p4. Then both simultaneous and non-simultaneous blowup
may occur.

Proof. Assume the solution of (1.1) blows up with initial data (ug,vo) € Vg. Then the solution
with initial data (ug/A, vo/(1 — X)) € Vg for A € (0, 1) also blows up. By Lemma 4.2, we know there
exist some A1 near 0 such that u blows up while v remains bounded if A = A1, and some Ay near 1
such that v blows up while v remains bounded if A = Ag, respectively. By Lemma 4.3, such initial
data sets are open and connected. Then there must exist some A € (A1, A2) such that simultaneous
blowup happens. (I
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Lemma 4.5 If my < q4+ and ny > py, then any blowup must be v blowing up with u remaining
bounded. If my > qy and ny < py, then any blowup must be u blowing up with v remaining bounded.

Proof. We only prove the case for v blowing up with u remaining bounded. Considering (4.1), (4.2),

(4.4), and (4.5), we have

e(q+7m+)u(01t)ut (07 t)
ed(0,7T) ’

By Lemma 4.2, there is not the case for u blowing up alone. We only need to prove that v and v

cannot blow up simultaneously. If not, assume simultaneous blowup happens.
If my < ¢4+ and ny > py, then by integrating the left inequality of (4.8) from 0 to ¢, one obtains

£p(0, T)eld+—m+HuO0)y, (0, 1) < eP+=m0vO)y, (0, 1) < te0,T). (4.8)

e0(0.T) (qr-miyut) « o L ~(np=prw(0t).
g4 — My B ni —py

This is a contradiction to simultaneous blowup occurring.
If my =g+ and ny > p4, then

1
£6(0, T)u(0,t) < C — ———e~(m+=P4)v(0t),
ny — P+

It is also a contradiction. O

Proofs of Theorem 2.2 (iii) and (iv). The sufficiency for the cases (iii) and (iv) can be obtained
by Lemmas 4.4 and 4.5, respectively. Now, for the necessity of case (iii), we only need to prove
that, if the exponents do not satisfy m4 > p; and ¢+ > n4, then there is not the phenomenon of
coexistence for simultaneous and non-simultaneous blowup. It can be obtained by Theorem 2.2 (ii)
and Lemma 4.5, directly. Similarly, the necessary condition of case (iv) can be proved by Theorem
2.2 (ii) and Lemma 4.4. O

5 Proof of Theorem 2.3

In this section, we give the estimates of blowup rates.

Proof of Theorem 2.3 (i). We only prove simultaneous blowup rate in the region my < g4+ and
ny < py. The case for my > ¢4 and ny > py can be obtained by the similar methods. Integrating
(4.8), we have the relationships between u and v as follows,

ela+—m)u(0,1) < Ce(?+*n+)v(01t), o(P+—n4)v(0,1) < Ce(’l+*m+)u(01t), telo,T). (5.1)

Considering (4.1), (4.2), (4.4), (4.5) with (5.1), we have
s (RO o oo (RO <o 52
¢ ¢

Then simultaneous blowup rate follows from (5.2) immediately. O

Proofs of Theorem 2.3 (ii) and (iii). We only prove case (ii), and case (iii) can be proved by
the similar method. By using the similar method to establish (5.1), we have that

C’UW (O’t) S eu(O,t) S CUW (O,t), te [Oa T) (53)
Then v satisfies

9+
¢ < e ORI (0, 8)0,(0,8) < €, te[0,T).
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Integrating the above inequalities from ¢ to T', we obtain

+oo _ a4
e(T—1t) < / e "s i ds < CO(T —t), te]0,7T).
v(0,t)

Since

Foo . Feo e
/ e "*%s T+ ds / e "*%s -+ ds
v

v(0,t) lim (0,%) _ l
n

L . C
efn+v(07t),v gy —my (0’ t) v(0,t)—+o0 ef’n+’u(0,t)v gy —my (0, t)

lim
t—T

)

that is,

+oo o at et
e s -t ds < Cem (0T =m0, ¢).

q
ce 0O T (0, 1) < n/
v(0,t)

Then we have the blowup rate for v as

oT — 1)1 < e+ ODGTT=mT (0,4) < O(T — 1)), te0,T). (5.4)
On the other hand, by (5.3) and (5.4),

o(T — )7 < eg(0, T)et+OD+n+v(00) <4y (0, 1), ¢ €[0,T),

(0, 1) < e@+uOD+n0(0.) < O — )~ te[0,7).
Since
cv(0,t) < el =m0 1) < Cv(0,t), te0,T),
we obtain
oT — )™t <elar—m)u@by (0 1) <C(T—1)"Y, telo,T),
hence blowup rate for u is followed. O

Proof of Theorem 2.3 (iv). By a method used to establish inequalities (4.8), we obtain

1
ed(0, T)us(0,t) < v:(0,¢t) < Wut(o,t).

It is easy to prove that

ep(0,T)u(0,t) <v(0,t) +C, te|0,T),

v(0,t) < uw(0,t) +C, te[0,T).

1
ed(0,7T)

Then ,
celm++ep+o(0.1)]u(0:t) < u(0,1) < Ce[m++To+,T)]“(O’t), te[0,7).

By integration, we have
cllog(T —t)| < u(0,t) < Cllog(T —t)|, t€][0,T).
Similarly, the blowup rate for v is obtained,
c|log(T —t)| <v(0,t) < Cllog(T —t)|, te€l0,7). O

The non-simultaneous blowup rate is equivalent to that of the scalar equation, which can be
obtained from e.g. (4.3) and (4.6). Theorem 2.3 (v) is proved.
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