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Nonexistence of Solutions
to a Hyperbolic Equation with a
Time Fractional Damping

Mokhtar Kirane and Nasser-eddine Tatar

Abstract. We consider the nonlinear hyperbolic equation
uy — Au+ DSu = h(t, x) |ul’

posed in Q := (0,00) x RV, where D%u, 0 < a < 1 is a time fractional derivative,
with given initial position and velocity u(0,z) = ug(x) and u; (0, 2) = uy(z). We find
the Fujita’s exponent which separates in terms of p, « and N, the case of global exis-
tence from the one of nonexistence of global solutions. Then, we establish sufficient
conditions on uj(x) and h(z,t) assuring non-existence of local solutions.
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1. Introduction

In this paper, we consider the equation
uy — Au+ DYu = h(t, z) [ul’ (WE)
posed in Q := (0, +00) x RY, subject to the initial conditions
w(0,2) = ug(x) and wu(0,z) = ui(x), (1)

where A = 9] + ...0% is the Laplacian in the space variable x and D¢ for
0 < a < 1 is the time fractional derivative defined by

o _ 1 d " fo)
(D31) (t)—m%/o mdg-
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This fractional derivative is said to be left-handed. The right-handed fractional
derivative is defined by

o _ -1 d [* fo)
OO i), o

(see [12] and [13] for more on fractional integrals and derivatives). In equation
(WE), the term D¢ represents an attenuation of fractional type (see [8, 14,
15, 16]). Before we discuss our results in detail, let us briefly dwell on some
literature related to the equation (WE).

In the case of purely fractional derivative time modelling, Seredynska and
Hanyga [14] considered the nonlinear equation

D?*u+ D"y + F(u) = 0,

where D' with 0 < n < 1 represents the (1 + n)-order fractional derivative in
the sense of Caputo [12], and ~ is the thermo-viscous coefficient. This equation
serves as a model for the anomalous attenuation. Our equation can be viewed
as an infinite dimensional version of the equation above.

In one of our previous papers, some conditions were obtained for the oc-
currence of blowing-up of solutions to (WE), with A(¢,z) = 1, on a bounded
domain. More precisely, in [8], it is proved that the solution is unbounded and
grows up exponentially in the LP-norm for sufficiently large initial data. This
paper has been followed by two others by Tatar [15, 16]. In [16], the set of
initial data has been considerably enlarged using a different argument based on
a new Lyapunov type functional. Then a blow up in finite time has been proved
using an argument similar to the one used in [8] but combined with a technique
due to Georgiev and Todorova [4] together with a suitably chosen functional.

Here, in the first part of the paper, we relax completely the conditions on the
data and prove a result of different flavor in the sense that a critical exponent
is found which separates the case of blow-up from the case of global existence;
the decisive point is then made according to the size of data in some functional
space. The method of proof we follow here has been already used in [7] (see
also [6]) to not only give a short proof of an important result in [17] but also to
answer positively an open question raised there concerning the equation (WE)
with a linear damping of the form u, (rather than a time fractional damping).
This method of proof appeared first in the book of J. L. Lions [9] for the heat
equation with polynomial nonlinearity and then in the paper of Baras and
Pierre [2] (see also [3]). It remained dormant till the series of very interesting
papers by Qi S. Zhang [18, 19] followed by a sizeable number of articles by
Mitidieri, Pohozaev, Kurta, Tesei, Laptev, Veron, Guedda and Kirane collected
in [10]. The method is rather simple and consists in a judicious choice of the
test function in the weak formulation of equation (WE) accompanied with a
scaled variables argument.
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The theorems we will present here are concerned with the non-existence of
solutions. In case of the existence of a local solution then our results would
mean that this solution must blow up in finite.

In the second part of the paper, we establish a sufficient condition on h(¢, x)
and the initial data assuring non-existence of solutions for any time. Necessary
conditions are also established for the existence of global solutions. To this end,
we will adapt a method used in Baras and Kersner [1], originally established
for parabolic problems. In [1], the following problem has been considered:

u(0, ) = up(x) > 0. (PE)

{ut—Au:h(ac)up, reRY t>0
It was shown that no local weak nonnegative solution to (PE) exists if the initial
data satisfies
lim uf"h(x) = +oo,

|z|—o0

and any possible local weak nonnegative solution blows-up at a finite time if

|xl\i£>noo ! () |z = +o0.
Our plan for the rest of the paper is as follows: In the next section we prove
a first result on non-existence of solutions after some time 7’,. Section 3 contains
the statements and proofs of other results on non-existence of local and global
solutions for the same problem but with a space dependent potential.

2. Non-existence of global solutions

The function h(t, ) is assumed to be nonnegative and satisfying h(tR? zR) =
RPR(t, z) for some p positive and R large. Let us make clear first what we mean
by a solution to problem (WE). Q7 here will denote the set Qr := (0,T) x RY
and L} (Qr, hdtdxr) will denote the space of all functions v : R x RY — R

loc

such that [, |v|" h(t, ) dt dz < oo for any compact K in R x RV,

Definition 2.1. The continuous function u € L}, .(Qr) is a local weak solution

of the problem (WE) subject to the initial data (1) on (0,7") (0 < T < 400) if
u € LY (Qr, hdtdz) and is such that

/Q ht,z) [ul? o + /R w(@polr) = /Q (wpn — b +uD%)  (2)

holds for any ¢ € C3(Qr), ¢ > 0, and satisfying ¢ = 0, p; = 0 at t = T and
¢, = 0 at t = 0. Here we have set ¢(0,x) =: ¢o(x).
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Remark 2.2. We have the formula (integration by parts) (see [13, p. 46])

fab f(x)(D%g)(z)dx = f; g(z)(D* f)(z) dz. In our case we extend u by 0 for ¢ <0.
Our first result reads

Theorem 2.3. Assume that [pyui(z) >0, and 1 <p <1+ 2fj’\‘,tp2a. Then,

problem (WE)—(1) does not admit global non trivial solutions in time.

Proof. The proof is by contradiction. So, we assume that the solution is global.
Let @9 € CZ(R), wo > 0, g decreasing and such that

() = L if jyl <1
W0, ity > 2

We choose o(t, z) = (&), where &€ = R~4(t2+|z|*), R is a positive real number,
A is any real greater than p, and such that

[omarmere [ ey [ Dl ey < oo
supp Ay supp it

supp D% ¢

with p + ¢ = pq. Here and in the whole paper supp will stand for support. We
clearly have ¢;(0,x) = 0. This function ¢ will be taken as a test function in (2).

First, let us write
1 _1
/wptt:/u(hgo)p(hgo) PPt
Q Q

As ¢ is of compact support, using Holder’s inequality, we obtain

1 1
/ upy < (/ |U|p h@) </ (h@_% |80tt|q) .
Q supp ¢ Supp ¢

We can appeal to the e-Young inequality to get

/ wpy < / [l b + C. / (ho) ™% [ pul" (4)
Q supp ¢ Supp it

for some € > 0. Likewise, we have the estimates

~—~

3)

[ uae= ( [ hw>; ( [ e I0) 5)

and

/ WA < ¢ / uf” hip + C. (ho) ™ | A7, (6)
Q supp ¢ supp Ay
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The same is true for the third term in the right hand side of (2)

forss ([, o) (L, oorimt)

and
/ uD%p < 5/ lul” he + C’a/ (hgp)_% ‘Df(p}q. (8)
Q supp ¢ supp D% ¢
Summing up, (4), (6) and (8), with £ small enough, we infer that
Jlurbes [ w0 [ e (e 1867+ D7) ©)
Q RN Supp ¢

for some positive constant C. From now on the constant C' will denote a generic
positive constant. At this stage, we introduce the scaled variables t = TR?,
r = yR and set Q := {(7,y) € RT x RY;72 + |[y|* < 2}. Therefore, writing
o(t,z) = (TR* yR) =: x(1,y), we have

_ 9 _Aq— 9P _ g _ 9
/(hso) v lpn|? = RPN /h 7 Xrr | T X
Q Q

ap

[ o tiaer = e [k ayc
supp Ay Q
and
-4 « N—2aq—%2 -4 « -4
/ (h(p) P‘D_QD|q:R2+ 2aq p/h p‘D_X‘qX v
supp D% ¢ Q
So, we have

/ uf? hip + / w(@)po(o) < € {REVIE L gl ()

Observe that we have chosen ¢q in such a way to have |x..|? and |Ax|? at the
same magnitude in R. Now we impose the condition

200+ p
lap<lag_——oTP .
Pt oy _oq P

In the estimate (10), we have to distinguish two cases:
Either p < p, : In this case, passing to the limit as R — oo in (10) we

obtain
]%EI;O{/]u|phgo+/u1(x)<po(x)} = /h\u|p+/u1(:€) <0.
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This contradicts the requirement [ u;(z) > 0.

Or p = po : In this case, we obtain from (10) [h|ul’ ¢ + [u1pe < C and
therefore [ h|ul’¢ < C. Letting R — oo, we obtain [ h|u|” < C. So

lim lul” hep =0, (11)

R—o0 Cr

where Cp := {(t,z) : R* <* + lz|* < 2R'}.
Using (2) and the estimates (3), (5) and (7), we may write

/\UIP he —l—/ul(l‘)SOo(x) < (/OR uf? W)%{ (/(hgp)_% Mt‘q)%
(Jorsaa(fuors et}

Passing to the limit as R — oo in (12) and taking into account (11), we obtain

I%i_r)rgo{/\u]phga—l—/ul(x)goo(x)} — 0.

This is again in contradiction with [wu; > 0. The proof is complete. O

(12)

Remark 2.4. Observe that in the limiting case when @ — 1, the critical expo-
nent is po,g = 1+ 22, This is in agreement with the one found in [17] and [7].

Remark 2.5. Notice that the previous argument works perfectly as well for
the case 1 < o < 2. In this case we use the definitions (see [14, p. 37])

(DS f) (t):ﬁ <%)n/0t$da, n=[a]+1

and
fo _ (_1)71 i " o f(O') o n = o
(D2f) (t) = Tn—a) (dt) /t CEn=E do, [a] + 1.

3. Necessary conditions for local and global solutions

In this section we assume that inf,cg+ h(t, z) > 0.

Remark 3.1. From the formula (see [13, p. 36])

X o F(T) T f(o)
(D2f) () = T1—a) {(T — t)e _/t (o — t)o‘dg} ’
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(for absolutely continuous functions) it is clear that if f(7") = 0, then the right-
handed fractional derivative reduces to

(D°f) () = F(%Q) /t : ! _(Ut)>ada.

This is to be compared with the fractional derivative in the sense of Caputo.

Our first results in this section are the following

Theorem 3.2. Let u be a local solution to (WE)—(1) where T < 400 and p > 1.
Then, there exist constants v and L such that

» 1 /4\7 ~v?
lim inf i (2)h 7 (£, 2) < = ( = + L0 )
‘1$I|I11I1 uy () (t,x) < p (p) (Tqu

Proof. By the definition of a weak solution, for any ¢ € C§°(Qr), ¢ > 0 such
that suppy C {z € RV : |z| > Ry > 0}, we have

w(@)po() + [ At ) |ul o < | (Jullpul + [ul |Ap| + [u] |[Dg]). (13)
R Q

N

Using the e-Young inequality ab < ea? + C.b? (with C. = %(pg)_%) we can

estimate all three terms in the right hand side of (13). Indeed, writing |u| || =
1 1

|u| (ph)? (ph)"? |@u|, we find for e > 0

[ nlled <= [ e[ ol o), (14
Qr Qr Qr

where ¢ is always the conjugate exponent of p. Likewise, we obtain for the other
two terms

[ liselse [ urnesc, [ jaer e (15)
T Qr T
and
/ | D% | ga/ \u|phg0+C€/ D% | (oh) . (16)
Qr Qr Qr
Taking € = 1, we deduce from (14)-(16) and (13) that

7= /Rwuxxmm)sq/zx / (leul” + 120" + D) (ph) 77, (17)

Qr
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q
with Cy )y = %(%) ». At this stage, we make the choice

ft)=o(3) (1-£)"

where ® € C°(Qr), ® > 0, supp® C {z € RY : 1 < |z| < 2} and |AD| < k.
It is clear that the requirements previously set for ¢ are satisfied (p(T,x) =
oi(T,z) = p4(0,2) = 0). Next, we estimate the three terms in the right hand
side of (17). Let us make the change of variables ¢t = 77" and put v = ¢(q¢ — 1).
Using this and the assumptions on ¢, we find,

/ pul? (ph) ™5 < yoT1-2 / hi=ig, (18)
T 1
and

/ |Ap|? (ph) 7 < qu‘QqT/ h'1®. (19)

T 1

For the third term, it is easy to see that

4 2q(1—q) 2¢?
[ ettt = [ (- 2)" e o (- 2)] e
Qr Qr

Now we compute the right-handed fractional derivative

d T(1— 22\ d (T(T2 — 52)%
MO a)Dg< — %—Z) q: - @ do = —T 41— ﬂ do.

dt t (U — t)a dt ‘ (O— _ t)a
Using the Euler’s change of variable y = =% we see that 1 —y = T=2 and

2_0.2 —
1—9y%= {T_t)Q — 222, Therefore

T 2 2124 1 2q
(T% — o%) / 5 1—y o B
I:= ~ 7 do= 1— A—" T — t)la—atly—aq

or

L ot 1%
= [yeae g o + 25 | o
O -

By the binomial formula we may write

) 1
=Y gt gyt / y (L= )*(1 +y)'dy
0

=0

where C7¢ = 2q(2q71)(2q;!2)“'(2q71+1). Using the formula

v
,  u,v >0

1
/ (1—7) v tdr =
0
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we obtain

2q 19 - o
] = ZZZO 22(] lCl quth Z(T o t)2q +14+1

where M, .= 3! _ ! Legtln—atd) Hepee

n  I'(2¢g—a+n+2)
2q
a t2

_7-49 X
—
=0

Substituting this expression in (20) we obtain that
| 1Dl oy
Qr
Tlfaq 2q(1—q)
T(1—a) / (1-79)
2q q

Z 2zquCZ2qu72quf1(1 — )2 (2 — 1) — (4 — a4+ 1)7] |
=0

1

X

It is not difficult to see that, as [ + 2 — a > 0, we have the estimation
/ [D2g|" (ph)™» < LT'7 / he (21)
T 1

with L := riimy [0 227/ CPMi(6g — 1 — ac+ 1)]".

Now observing that

inf (uy ()R /R N /R wn(z)polr) = /R n(@)e ()

|z|>R

and gathering the relations (17)—(19) and (21), we infer that

Ii‘nf (ur(z)h?™") / 9D < [YIT 24 KIR™T+ LT Cyya / AP, (22)
z|>R RN 1

Taking the supremum with respect to ¢ of both sides of (22) and making use
of the assumption inf,cg+ h(t, 2) > 0, we can divide by [x (infep+ h)' 1D >0
(recall that 1 — ¢ < 0). Then, letting R — 400, we obtain

q
liminf (uy(z)h?") < ( 7 —|—LT1_O“1) C1/4, (23)

|z|—o00 — \T?%1

which completes the proof. O
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We can immediately deduce the following results.

Corollary 3.3. Let p > 1. Assume that

lim inf ul(a:)hﬁ(t,x) = 400,

|z|—o00
then problem (WE)—(1) has no weak local solution for any T > 0.

Corollary 3.4. Suppose that 1 < p < 7= and uy(z) > 0. If (WE)—(1) admits
a global weak solution, then

lim inf [ul(x)( inf h(t,x))q_l] —0

|z]—o00 teRT

Proof. Suppose that (WE)—(1) has a global weak solution and that

qg—1
P :=liminf [ul(aj)< i%{er h(t,a:)) ] > 0.
te

|z|—o0

Then from (23), it appears that

1 1
’Yq _|_ L ag—1 ’Yq _|_ L 2¢—1
T < C C .
> max { ( P 1/4) ) ( P 1/4

This is a contradiction. O

The next theorem gives another necessary condition for existence of a global
weak solution. At the same time it provides (in case w;(z) > 0) a sufficient
condition for blow up in finite time of any possible local solution.

1

Theorem 3.5. Suppose that 1 < p < 1= and u 1is a global weak solution to

(WE)—(1). Then, there exists a positive constant K such that

. . -1 gag—1
lim inf (ul(x)hq |z|"

|z|—o0

) <K

Proof. As p < ﬁ, we have ag — 1 > 0 and then for 7" > 1 we may write

v+ L

e

VAT ™2 4 RIR2T + LT <

From (22) we see that

|z|>R Toa—1

1+ L
inf (u;(z)h?") / h'T1® < (V il +qu2‘1T) Cia / R'TD. (24)
RN 1
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Minimizing the left hand side expression in (24) with respect to T, we obtain

|z|>R

q L 1 ag—
inf (ul(x)hql)/ R < <k:q+ i >C’1/4K1“qR2 o 1/ h'9®
RN Kl 1

where K; := k—lq(aq — 1)(v? 4+ L). Now, using the assumptions on ¢ (namely,
R < |z| < 2R), we see that

inf <U1($)hq_1 |$|2aqa—1 ) / hl—q |$|72aqa—1 @
RN

|z|>R
T4+ L ag—1 L g
1

(25)

1

To conclude it suffices to take the sup with respect to t of both sides of (25)
and divide by [pn [infier+ h(Z, )] |$‘72(aq*1)/a 5. .
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