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up phenomenon for the solution in the whole space is based on the test function method (¥(x,?) =
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1. Introduction

In this article, we are interested in exploring the Cauchy problem of the Moore-Gibson-Thompson
equation (MGT) with memory terms

{ﬁum + l/t,, - Au _ﬂAut = N(u, ut)q X € Rn, l > 0, (1 1)

(I/t, Uz, l/ln)(x, 0) = (l/l(), u, uZ)(x)a X € Rna

where the nonlinear term N(u, u,) is illustrated in the forms of

N(u, u;) = N, ,(u) = c, f (t = 8) 7 u(x, s)|%ds,
0
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!
N(u, u)) = N, p(u;) = c, f (= ) Nux, s)IPds,
0

and
N(u, u;) = Ny, p ,(u, u,)
! !
=c, f (t = 8) " Nu(x, s)IPds + ¢, f (t— 5) 7 |u(x, s)|%ds,
0 0
with ¢, = l"(l;—y)’ v € (0,1). T'(:) represents the second kind of the Euler integral, namely, I'(s) =

fooo t*~le7'dt for s > 0. The exponents of nonlinear terms satisfy 1 < p, g < co. We assume Bz(0) =
{x| |x| < R}, where the constant R satisfies R > 2. The initial values (ug, u;, u») € H*(R") x H'(R") x
L*(R") are non-negative functions.

Recently, the research on the MGT equation which is a third order hyperbolic equation
Ty + Uy — 2 At — bAu, = 0 (1.2)

has caught a lot of attention. The MGT equation is one of the equations of nonlinear acoustics, and it
describes acoustic wave propagation in gas and liquid. In the physical background of acoustic waves,
a solution u(x, t) to Eq (1.2) stands for scalar acoustic velocity. The coefficient 7 represents thermal
relaxation. The constant ¢ denotes the speed of sound. The parameter b = B¢ concerns the diffusivity
of sound when 7 € (0,5]. The behavior of the solution to Eq (1.2) is divided into the dissipative case
when 7 € (0, ), and the conservative case when 7 = 8. More precisely, there exists a transition from
the case 7 € (0,) with an energy being exponentially stable to the limit case 7 = § with energy being
conserved in the bounded domain. Employing the test function method, Chen and lkehata [1]
investigated the blow-up result of the solution to the Cauchy problem of the semilinear MGT equation
in the dissipative case. Non-existence of the global solution to the semilinear MGT equation with the
power nonlinear term |u|” in the conservative case is verified in [2]. Local (in time) existence of the
solution is obtained by taking advantage of the fixed-point theorem method. Blow-up of the solution
is derived by applying an iteration argument. Chen and Palmieri [3] discussed the blow-up
phenomenon of the solution to the semilinear MGT equation with the derivative nonlinear term |i,|” in
the conservative case in n space dimensions. The lifespan estimate of the solution in the sub-critical
and critical cases is established by exploiting the iteration method. Shi et al. [4] verified the global
existence and blow-up of solutions to the viscous MGT equation. Ming et al. [5] presented the
upper-bound lifespan estimate of the solution to the semilinear MGT equation with the nonlinear
terms |u|”, |u|’ and |u,|” + |u|?, respectively. The proof is based on the test function technique
(P(x,1) = n:‘}p ,(t)CI)(x, 1), n,z‘f,(t)bq(x, 1)). Taking advantage of the test function method, Ming et al. [6]
established the formation of singularities of solutions to the weakly coupled system of semilinear
Moore-Gibson-Thompson equations with power nonlinearities |v|P, |u|?, derivative nonlinearities
[vil?, lus?, mixed nonlinearities |v|?, |u,/’ and combined nonlinearities |v,|”* + V|7, |u ] + |u|??,
respectively. Upper bound lifespan estimates of solutions to the problem in the sub-critical and
critical cases were obtained. We refer the readers to [7—17] for more details.

Let us state a historical overview concerning several results for the semilinear wave equation with
memory terms

(1.3)

uy; — Au= N(u, u,), xeR", >0,
M(X, 0) = EMO(X), ut(-x7 0) = 81/!1(.X), X € Rn’
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where N(u, u;) = N, ,(u), N, ,(u;). Chen and Palmieri [18] considered Problem (1.3) with a nonlinear
memory term of the power type N(u, u;) = N, ,(u) in the sub-critical and critical cases. The blow-up
dynamics of solutions were proved by making use of an iteration argument in the sub-critical case and
the slicing approach in the critical case. Non-existence of the global solution to Problem (1.3) with
a nonlinear memory term of the derivative type N(u, u;) = N, ,(u,) was investigated in [19], where
the iteration method and ODE (ordinary differential equation) blow-up approach were performed. It
is worth noticing that Problem (1.3) with N(u, u,) = N, ,(u) possesses the critical exponent p.(n, ),
which is the maximal solution to the quadratic equation

—-n-Dp*+(n+3-2y)p+2=0.

Moreover, p.(n, y) satisfies lir? p.(n, v) = p.(n). We observe that p.(n) stands for the Strauss critical
Vand

exponent of the classical wave equation
uy — Au = |ul’.

Here, the meaning of the Strauss critical exponent p.(n) represents the threshold between the global
(in time) existence of the solution and blow-up dynamic of the solution with small initial values
(see [20-25] and the references therein). The non-existence and existence of the global solution to the
Cauchy problem of the classical wave equation with the derivative type nonlinearity [u,|? are
considered in [26, 27]. Applying the test function related to the hypergeometric function method
W(x,1) = Dg a(x, H(Mr())), Ikeda et al. [28] established the blow-up results and lifespan estimates of
solutions to the classical wave equation with combined-type nonlinearities ||’ + |u|? and a
corresponding weakly coupled system.

Many scholars are committed to the Cauchy problem of the semilinear wave equation with nonlinear
memory terms

(1.4)

Uy — Au+ h(u;) = N, ,(u), xeR" t>0,
M(X, 0) = MO(X), ut(-x7 0) = ul(.X), X e Rn7

(see detailed illustrations in [29-35]). Taking into account the test function method, Fino [33] deduced
the blow-up result of the solution to Problem (1.4) with the weak damping term h(u,) = u,. Global
existence of the solution to the problem when 1 < n < 3 is demonstrated by using the weighted energy
method. Chen and Ikehata [29] studied the formation of a singularity for the solution to Problem
(1.4) with scaling invariant damping, i.e, i(u;) = <=u;. The proof is based on the Kato lemma in the
case 1 < p < ps(n + u, y) and the iteration method in the case p = ps(n + 2, y). Non-existence of the
global solution to Problem (1.4) with the structural damping term A(u,) = 2(—A)% u, is verified by taking
advantage of the test function technique (¢(x,7) = DﬁT(w(t))ﬁ(‘PR(x))") (see [30]). Problem (1.4) with
h(u;) = u(=A)zu, (u > 0, 0 < o < 2) is considered in [32]. The blow-up of the solution is obtained
by applying the method of the test function. Dannawi et al. [31] showed the blow-up phenomenon of
the solution to the Cauchy problem of the semilinear wave equation with space- and time-dependent
potential, as well as nonlinear memory, where the test function method was employed.

Motivated by the works in [2, 3, 5, 29, 32], our main aim of this article is to verify the blow-up
dynamic of the solution to Problem (1.1) with the different nonlinear memory terms N, ,(u), N, ,(u;)
and N, , ,(u, u;), where the test function technique is performed (¥(x,t) = goR(x)D;TT(w(t))). It is
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worth noting that Chen and Ikehata [29] presented the blow-up dynamic of the solution to the Cauchy
problem for the semilinear wave equation with a scaling invariant damping term and memory term in
the case p = p.(n+ 2, y). The main tool performed in the proof is the iteration method together with a
slicing procedure. Non-existence of the global solution to the semilinear wave equation with a
structural damping term and memory term has been deduced by applying the test function technique
(¢R(x)D;TT(w(t))) (see [32]). Taking advantage of the test function technique and iteration approach,
Chen and Palmieri [2, 3] investigated the upper-bound lifespan estimate of the solution to the
semilinear MGT equation with power nonlinearity (|u|”) and derivative nonlinearity (|u|”). We extend
the problems studied in [2, 32] to Problem (1.1) with N(u, u,) = N, ,(u) by employing the test
function technique (see Theorem 1.1). The blow-up phenomenon of the solution to Problem (1.1)
with small initial values and nonlinear terms |u|’, |u,|?, |u/P + |u|? is discussed in [5]. From our
observation, the non-existence of the global solution to Problem (1.1) with
N(u, u) = N, _,(u;), Ny , 4(u, u,) is still unknown. Consequently, we apply the test function technique
to supplement the blow-up result of the solution to Problem (1.1), which is different from the method
in [5] (see Theorems 1.2 and 1.3). Moreover, our results in Theorems 1.1-1.3 exactly coincide with
the blow-up results of solutions to Problem (1.1) with N(u, u,) = |ul?, |u|?, |u;|’ + |u|? wheny — 1°.
Due to the similarity of structure in the equations, we observe that our results in Theorems 1.1-1.3 are
the same as the blow-up of the solution to the classical wave equation with the nonlinear memory
terms N, ,(u), N, ,(u) and N, , ,(u, u,). To the best of our knowledge, the results in
Theorems 1.1-1.3 are new.

Throughout this paper, we write f < g when there exists a positive constant C such that f < Cg.

The main results in this paper are presented as follows.

We consider Problem (1.1) with N(u, u,;) = N, ,(u) with general initial values in R".

Theorem 1.1. Assume g € (1,1 + ni;ZZ] and

(o, ur, ux)(x) € H*(R") x H'(R") x L*(R").
It holds that
f (Buz(x) + uy(x))dx > 0.
Rl’l
Then, there is no global weak solution to Problem (1.1) with N(u, u;) = N, ,(u).

We discuss Problem (1.1) with N(u, u,) = N, ,(u;) with general initial values in R".

Theorem 1.2. Let p € (1,1 + 2 1 and

n+y—1
(o, Uy, ur)(x) € H*(R™) x H'(R") x L*(R").

It holds that
f (Buz(x) + uy(x))dx > 0.
R}’l

Then, there is no global weak solution to Problem (1.1) with N(u, u;) = N, _,(u,).

We study Problem (1.1) with N(u, u,) = N, , ,(u, u,) with general initial values in R".
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Theorem 1.3. Let p and q satisfy

2 —
I<p<l+ 4

d g>1,
n+vy-—1 and 4

3-vy
n+y-2
Suppose that (ug, uy, u>)(x) € H*(R") x H'(R") x L>(R") and

p>1and 1<g<1+

(Buz(x) + uy(x))dx > 0.
R}’l

Then, there is no global weak solution to Problem (1.1) with

(Lt ut) y )23 q(u ut)

Remark 1.1. Applying the Poincare’s inequality, we deduce

1
|V u|"ydx > f |u|Ydx > Cf lulfydx.
L w (t + R)q R)l lp R)l lp
This means that the blow-up result of the solution to Problem (1.1) with

t
N(u, ug) = Ny, o(Viu) = ¢y f (t = )7V, ulx, s)l"ds
0

is the same as Theorem 1.1.

Remark 1.2. It is worth noting that our results in Theorems 1.1-1.3 exactly coincide with the blow-up
dynamics of solutions to Problem (1.1) with N(u, u,) = |ul”, |ul”, |u;|’ + [u|? wheny — 1. Due to the
similarity of structure in the equations, our results in Theorems 1.1-1.3 are the same as the blow-up
results of the solution to the classical wave equation with the nonlinear memory terms N, ,(u), N, ,(u,)
and N, , ,(u, u,).

2. Proof of Theorem 1.1

2.1. Several definitions and related lemmas

Definition 2.1. [36] Let f(#) € L'(0,T). The Riemann Liouville left- and right-sided fractional
integrals of the order @ € (0, 1) are defined by

1 !
Lo, f() = ) j; - " f(dr, >0, 2.1)

1 T
L f(0) = @I (-0 f(ydr, t<T.

Definition 2.2. [36] Set f(r) € AC[0,T]. The Riemann Liouville left- and right-sided fractional
derivatives of the order a € (0, 1) are defined by

d d ('
Dy, f(1) = Ié““f( ) = — f t-1)"f(nydr, t>0,

< @) dr
Dy f(1) = I}.T“f( ) =

F(l )dtf (=0 "f(rydr, t<T. (2.2)
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Definition  2.3. Let  (ug, uy, ur) € H*R"Y x H'®R") x L*®R") and
u € C([0, ), H*(R") N C'([0, ), H'(R") N C*([0, o), L>(R")). u € qum([O o) X R") when
N(u, u) = N, ,(u). u, € Lf’oc([O oo) X R") when N(u, u;) = N, ,(u;). u € L? ([0, 00) X R™) and

u; € Ly ([0,00) x R") when N(u, u;) = Ny, 4(u, uy). It holds that

loc

foo (=Buyd; — u;p; — uAd + Bulg,)(x, s)dxds

0 Jre

-5 o(x, 0)uy(x)dx — f o(x, Ou(x)dx + B f Ap(x, 0)ug(x)dx
RVL n RI’L

= f N(u, u,)o(x, s)dxds, (2.3)
0 Jrr

where ¢ € C([0, 00) X R"). Then, u is called a global (in time) weak solution to Problem (1.1).

Lemma 2.1. [36] Let T > 0 and «a € (0, 1). It holds that

f O, g(0dr = fo §(ODY Flt)di (2.4)

for f(t) € I4,(LP(0,T)) and g(r) € I§ (LU0, T)) such that % + 5 =1+awithl < p, g < oo, where
I§ (L0, T)) = {f(t) = I§,h(t)| h(r) € LU0, T)},

I5.(LP(0,T)) = {f() = Ih()| h(t) € L7(0, T)).

Lemma 2.2. [37] Leta € (0,1)andt € (0,T). Then
D15, f () = (1)
for f(t) € L'(0, T) with 1 < r < co. Moreover, it holds that
(=)D D3, f(1) = D f(0)

for f(t) € AC™[0, T

Lemma 2.3. [32] Assume that w(t) = (1 — %)ﬂ with T > 0 and 8> 1. It holds that

1+ F(B+ 1) —(m+a t —Q—m
D) = p T

where m > 0 and 0 < a < 1. For some positive constant C, it holds that
f (w()) 7 Dy ()| Tdt = CT "5,
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Lemma 2.4. [38] Let p(x) € C5’(R") satisfy
1
13 |x| < A~
e(x) = 2
0, |xl>1.

Moreover, it holds that

(or(0)) 7TI(=A) @p(0)#dx s R 7,
R

where pg(x) = (R™'x), 0 < s < 1.

2.2. Proof of Theorem 1.1

We set ¢ = @r(x)w(?) and the test function y(x, 1) = DS, ((x, 1)) = @r(x)D5.(w(t)) with @ = 1 — .
Replacing ¢(x, s) in (2.3) with N(u, u;) = N, ,(u) by applying ¥(x, s) and exploiting (2.1), (2.2) and
Lemmas 2.1 and 2.2, we obtain

Jr+T7" f (Buz(x) + u1(x))pr(x)dx
R

~T778 | (1 (%) — T up(x))pr(x)dx

R2

-1 [ Auoenids =1 [ uoprtod
R? R”
T
0 R~
=J1+Jy+ Jz+ Jy, (25)

where Jp = fOT fRn lu(x, s)qu(x, s)dxds.
Utilizing the change of variables f = #, X = %, Lemmas 2.2 and 2.3 and (2.5) gives rise to

T
il < f uCx. erIDL (w(s)ldxds
0 R?
1

1 T q , i
S Ji( fo fR ) Pr(X)(W($)™ 7D W(s)| dxds)7

< JIRTT7 (2.6)

T
1l < f f JuCx, Sk COIDE 0w (s)ldoxd's
O n
< JIRTT7 0, 2.7)

From Lemmas 2.3 and 2.4 with s = 1 and (2.5), we achieve

T
AR f u(x, $)IA@R(OIDS (w(s)ldxds
0 R”
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. T J , .
< T fo () D, ()7 ds)

(| (R T 1AQR@I dx)7

{IxI=R}

o,
< JIRTTATT (2.8)
T
NARS f f lu(x, $)|A@r(X)IDF (w(s))ldxds
0 n
~L T q , 1
S Jgl f W)™ 7 D" (W) ds)7
0

_d ’ 1
X (| (er(0)) TIAQR()IY dx)7
{IxI>R}
b2t 1
S IR TY , (2.9)
where j;g = fOT f{|x|>R} |le(x, s)|q$(x, s)dxds.
Making use of (2.5)—~(2.9) and |Agg(x)| S R %¢r(x) and taking R = T yields

Jr+ T | (Bua(x) + ur (x)pr(x)dx
Rn

i b 3a L2 a T h -2, .
SJpRI(TY +T7¢ )+ JJgRe (Te " +T7 )
4B f () = T () gr(x)elx
Rn

+T727°8 f uo(X)pr(x)dx + T~ f uo(X)pr(x)dx
-

n

< JlgT%’_z_“ + T‘l_“ﬁf (u(x) — T_luo(x))goR(x)dx
Rn

+T728 f uo(X)pr(x)dx + T f uo(X)r(x)dx. (2.10)
-

n

It is worth noting that ¢ € (1,1 + ni;ZZ] is equivalent to —(2 + )¢’ + n + 1 < 0. Therefore, our
considerations are divided into two cases.

In the sub-critical case —(2 + )¢’ + n+ 1 < 0, by sending 7 — oo in (2.10), we arrive at a
contradiction.

In the critical case —(2 + )¢’ + n + 1 = 0, according to (2.10), we acquire Jz < C for a certain

positive constant C as T — oco. Taking R = TK~! in (2.10), we conclude
1 n n 1 n n
JR STUT'K 7 + K @)+ JyK 72+ 7K, (2.11)
It follows from u € L4((0, c0) X R") that

T
lim Jz = lim f f lue(x, s)|q$(x, S)dxds = 0.
T—eo r 0 J{x=TK )

—00

Consequently, we acquire the desired result by taking K big enough. This finishes the proof of
Theorem 1.1. u
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3. Proof of Theorem 1.2

We assume

T

Iz = f f |l (x, 8)|P zp(x s)dxds,

IR = f f e, (x, $)|P 1,//(x S)dxds.
{IxI>R}

LetY(r) = ft - w(t)dt. Then, we have ¥'(¢) = —w(t)

Replacing ¢(x, s) in (2.3) with N(u, u;) = N, ,(u,) by using ¢ = D T(!//()C 1) = goR(x)DtlT(w(t)) and

applying (2.1) and (2.2), Lemmas 2.1 and 2.2 lead to
In+ T | (Bua(x) + ui(x))pr(x)dx
Rn
BT [ wopodx+ [ w(oDg, HOAg0x
Rn Rl‘l

T
- fo f e, Bl — b — D P()Agr(x) — BAY)(x, s)dxds
.

=L+L+05+14
Combining Lemmas 2.2 and 2.3 and (3.1), we acquire
T
s [ [ heroID3 s s

< I f fR R FIDE (I dxds)”

> 71_2_
< DRV TV,

L] < fo ' fR i, lpr(IDy (w(s))ld v
<DRPT
Employing Lemmas 2.3 and 2.4 with s = 1 and (3.1) gives rise to
] < f fR i, 9l Apr()ID (¥(s))ld xds
<Ti( f (w(5))" 7 D2, (B ds)7
< (| (er() T IAgR(x)F dx)7

{IxI=R}

~L I
S I;;Rp, 2Tp,+1 oz,

3.1

(3.2)

(3.3)

(3.4)
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where we have utilized the fact that (w(s) _%(DﬁT‘P(s))”' < Td-or,

Analogously, we acquire

T
JARS f f ) |t (x, $)IA@r(X)Djjr (W(s))ldxd s
,,LO T I , 1
S I,‘;(f w())” 7 |1Djr(w())I” ds)7”
0

([ (x0T 1Agrl )7

{Ix=R}

~L
<TIRVITV ™ (3.5)

Taking into account (3.1)—(3.5) and choosing R = T, we derive

Ig+T7" | (Bua(x) + ui(x))pr(x)dx
-

% R et N '“,l; LD - L—a
SIRV(T? 2+ Tr ™)+ DRV 2(T7 ™ 4+ T7 )

BT f 0y (X)rp(x)dx — f uo() D F(O)Apr(x)dx
R !

R’

Ly
ST 77 | (Buy(x) — uo(0)gr(x)dx, (3.6)

Rﬂ
where we have applied the following:
f uo(xX) Dy P(0)Apr(x)dx < T f uo(x)pr(x)dx.
R" Rz

2—y
n+y—1

It is worth noticing that p € (1,1 +
are divided into two cases.
In the sub-critical case —(1 +a)p’ +n+1 < 0, by letting T — oo in (3.6), we obtain a contradiction.
In the critical case —(1 + @)p’ + n + 1 = 0, employing (3.6) yields Iz < C for a certain positive
constant C as T — oo. Taking R = TK~! in (3.6), we arrive at

] is equivalent to —(1 + @)p” + n+ 1 < 0. Thus, our discussions

i n n 1 n R
Ir < Illi: (T_IK_? + K 7))+ I]S(K_(?_z) + T_IK_(7_2)).

As aresult, we conclude that the solution blows up in finite time when p € (1,1 + niz -]. This ends the

proof of Theorem 1.2. u
4. Proof of Theorem 1.3

Replacing Jg in (2.5) and I in (3.1) with Ix + Jg when N(u, u,) = N, , ,(u, u;), we derive the
same estimates of J;—J4 and I;—I; as in Theorems 1.1 and 1.2. Therefore, we need to consider the

following 16 cases in Table 1.
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Table 1. Combination of the estimates /1y, Ji, I, J», I3, J3, 14, J4.

Est. 11, Jl Est. 12, J2 Est. 13, J3 Est. 14, .14
Case 1 I 15 I 1,
Case 2 J] 12 13 I4
Case 3 I] 12 13 J4
Case 4 Ji L, I Ju
Case 5 11 Ij Jé 14
Case 6 J] 12 J3 I4
Case 7 I Jr I L
Case 8 Jq Jo I; 14
Case 9 11 J2 J3 J4
Case 10 J] J2 J3 J4
Case 11 Il 12 J3 J4
Case 12 J[ 12 J3 J4
Case 13 I Jo I; Jy4
Case 14 J] J2 13 J4
Case 15 A Jr J3 1,
Case 16 Ji Jo J3 1,

To verify the blow-up dynamic of the solution, we recognize that it is sufficient to discuss Case 1
and Case 10 by direct calculation.
In Case 1, similar to the derivation in (3.6), we have

In+Jrp+T7° (Buz(x) + w1 (x))pr(x)dx
R

<I%RL’ Ti,—z—a Ti,—l—a ﬁR'—’,—z Ti,+1—a Ti,—a
NRp(p + T )+Rp(p +p)

+BT ' f uy (x)pr(x)dx — f uo(xX) Dijr P(0)Apr(x)dx.
R R

2-y
n+y—1

Therefore, we obtain that the solution blows up in finite time when 1 < p < 1 +
In Case 10, similar to the derivation in (2.10), we achieve

and g > 1.

I+ JJr+ T | (Bua(x) + w1 (x))pr(x)dx
R’l

< éRl/ Ti/—:;—ﬂl Ti,—Z—a Fj%Rl/—z Ti/—a’ Til_l_a
~JR @ (Ta + T )+JRq (T4 + T4 )

T8 | () = T () pr(x)dx
R’l

+T72°B f up(X)pr(x)dx + T~ f uo(x)pr(x)dx.
n R?l

As a consequence, we conclude that the solution blows up in finite time when p > 1 and 1 < g <

1+ ni;ZZ The proof of Theorem 1.3 is completed. [ ]
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5. Conclusions

This paper is devoted to establishing the blow-up dynamic of the solution to the Cauchy problem
of the semilinear Moore-Gibson-Thompson equation with general initial values and the nonlinear
memory terms N, ,(u), N, ,(u,) and N, ,, ,(u, u,), respectively. We have presented the main results by
utilizing the test function technique (Y(x, ) = goR(x)D;TT(w(t))) (see Theorems 1.1-1.3). Our main new
contribution is that the effects of nonlinear memory terms on the blow-up results of solutions have
been obtained. The problems studied in [2, 32] were extended to Problem (1.1) with
N(u, u;) = N, 4(u) (see Theorem 1.1). We have supplemented the formation of singularities for the
solution to Problem (1.1) with N(u, u;) = N, ,(,) and N, , ,(u, u;) by applying a method which is
different from the approach used [5] (see Theorems 1.2 and 1.3). It is worth noting that our results in
Theorems 1.1-1.3 exactly coincide with the blow-up results of the solution to Problem (1.1) with
N, u,) = |ul’, |ul?, |u,/’ + |u|? when y — 17. To the best of our knowledge, the results in
Theorems 1.1-1.3 are new.
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