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Abstract: In this paper, we study the linear pseudo-parabolic equation with Caputo derivative. In practice, many models related to
time fractional diffusion equations depend on fractional orders. Our main goal is to investigate the initial value problem for fractional
diffusion equation and discuss continuity with respect to the fractional derivative order.
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1 Introduction

Fractional PDEs are now widely used to describe phenomena in domains such as physics, biology, and chemistry, where
integer-order PDEs are ineffective under specific conditions [1-10].Fractional derivatives with some models are a
generalization of equations with integer-order partial derivatives and a hot topic in both academia and industry.

The following time-fractional PDE is considered in this paper

O (u(x,t) + kLu(x,1)) + Lu(x,t) = F (x,1), (x,1) € 2 x (0,77,

u(x,t) =0, (x,t) € 92 x (0,T], 0
u(x,0) = up(x), xXeQ,

u (x,0) =0, xeQ,

where Q is a bounded domain in R” with sufficiently smooth boundary 02, 1 < o < 2, 9% is Caputo fractional derivative
operator of order . When the function u is absolutely continuous in time, the definition in [11] reduces to the traditional
form

I ' 9?
3t0!u(x,t) = m/o (Z—S)I*O!%’S)ds 2)

< 2, . . . o . .
where I'(z) = [e~"+*"'dt and % is the function u(s)’s second order integer derivative with respect to the independent
0

variable s. The .# operator is a symmetrical, uniformly elliptic operator on Q. % up(x) are given functions that satisfy
some later-specified assumption. Equation (1) describes mass transfer processes in media and systems with a fractal
structure.

When a = 1, the (1) model transforms into the well-known pseudo-parabolic with an integer order derivative.

w+kLu+ Lu=Fu). 3)

The pseudo-parabolic equation (3) has several practical applications, such as seepage of homogeneous fluids through a
fissured rock [12], unidirectional propagation of nonlinear dispersive long waves [13, 14], and population aggregation [15].
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There are many works on well-posedness of the pseudo-parabolic equation with classical derivative, we can see [16-27]
and the references therein. The scientific community has long sought to understand the existence, uniqueness, and stability
of fractional differential equations, particularly in fractional calculus.

The present paper aims is to present well-posedness and continuity of the mild solution of a fractional order pseudo-
parabolic partial differential equation (FPPDE for short). There have only been a few papers on the fractional order pseudo-
parabolic partial differential equation up until now. The Ulam-Hyers and generalized Ulam-Hyers-Rassias stabilities for
the solution of an FPPDE were recently explored by the authors, see [28].

In practice, some models on time-space fractiona PDEs depend on fractional order. However these fractional
parameters are not known a priori in modelling problems. Hence continuity of the solutions with respect to these
parameters is important for modelling purposes. This paper comes from the motivation of [32] for considering the
continuity of the solutions on fractional order. Assume that a sequence satisfies oz — o when k — oo. Since « is
unknown, in real life applications, we only get computed approximation ue, of uq. Then our main goal in this paper is to
answer the following question:

Does ug, — uq in an appropriate sense as k — oo, 4)

This paper is organized as follows: In section 2, we collect some preliminaries. In section 3, we consider the problem
of continuity with respect to fractional order.

2 Preliminaries

2.1 The Mittag-Leffler function

The Mittag-Leffler function is a function which is denoted and defined as folows

E.p(§) = i %

= na-+b

(§ € C), for a > 0 and b € R. The following lemmas will be relevant for the primary analysis of Section 3 and Section 4,
respectively (see, for example, [33], [?], and [34]).

Lemma 1.If | < a < 2, then for any & > 0, M is a positive constant that exclusively depends on alpha, such that

[Ear (=) <M, |Eaa(=5)] <M.
We now have the Lemma below.
Lemma 2.Jf A > 0 and | < a < 2, then the following identities hold for all t > 0.

OE, 1 (—At") = fltaflEa,a(flt“),

o (t“*Iana(fM“)) = t“*ZEa,a,l (=A%)

(%)

Proof.Applying Lemma (2.2) in [35].

Lemma 3.(see [36]) Let 1 < a <2, for all j € N then E, | (—A;T%) # O,where T is a large enough number. Moreover,
exists two constant n, and ‘N, such that
N,

Ea,l(*lea)‘ < m (6)

Ng
— <
]+A,jTa -

The following lemma is derived from Lemma 2.3 [37].

Lemmad4.Let 1 < § <V <2anda € (5,Vv). There are three positive constants: N1, M2 and N3 that only depend on 5,V
such that for any & > 0 we obtain

M1 (8,V) N3(6,V)
— < |Ea,1(_‘:)| < Wv |Ea,a(_€)| < W (7)
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Lemma 5.Assume that 0 < 6 < o < o' < v and 0 <t < T. Then there always exists Mg such that

1% — | < max(TV28 1)Ne (o — a)Er % e, (8)
where € is a positive number which is independent of Q..
Proof.1It can be found in lemma 3.2 [38]

Lemma 6.Ler 1 <8 <o < o' <V <2and e > 0. Then there exists a positive constant </ (8,v,€,y,T)
|Eq1 (= 2t®) = Egr 1 (= 2t®)| < 7 (8,v, 8,7, T)AY V=D~ [ (o — ) + (o — ) 9)

foranyy€[0,1] andt € (0,T].
Proof.See section 3 in [38]

Lemma 7.Assume that 1 < § < a < o < v <2 Forany 0 <y <1 and € > 0 there exists a positive constant
PB(8,v,e,y,T)

! !
1 Eqa(—2nt®) =t Egr o0 (= Ant®)

< B(8,v,e,y, TN 1Or-¢1 [(a’ —a)f+ (o —a)|. (10)

Proof.Using lemma 3.4 from section 3 in [38].

2.2 Relevant notations and a representation of solution

We define some proper Sobolev spaces and standardize some notation. L?(Q),H} (22),H*(2) denote usual sobolev
spaces. The symmetric uniform elliptic operator . : () — L? () is defined by

noo p) -
71‘:21 Oxi <$ij(x)a—xju(X)> +I1(x)u(x,t),x € Q

where D(.%) = H} () NH*(Q).Assume that [(x) € C(Q,[0,),.%; € C(Q),%j = ZLji, 1 <i,j < n, and there exists a
positive constant L > 0, forx € Q,& = (&;,&,---,&,) C R”, such that

i Z"lg,.z < Y ELE

1<i,j<n

see e.g. [39] Let us remind ourselves of the spectral problem.

Ly(x) = Ay (x), inQ, (11
on(x) =0, on dQ,
takes a series of eigenvalues (see e.g [40]), for all 1 <i < j < n such that
0<Ai<Ajand lim A, = +oo.
n—y—+oo
Furthermore, .Z*u is defined as the following operator:
Lu=Y (1, 0) A On, veD(Z) = {VE]LZ Z (u, Q) 2),2"<00}. (12)
n=1 n—1
where (-,-) is the usual inner product of I.?(£2) and the notation || - ||s represents the norm in the Banach space S. The
domain D(.«7*) is Banach space equipped with the norm.
|”||1D>(zq : Z | u, Qp } . (13)
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If g = 1 then D(o7') = H*(Q).
For a given positive number p, the Hilbert space

Ms

1

HP (Q) = {VELZ(Q). (v, (p,,>|2),21’<oo}. (14)

J

where

MBra) = X A2 1 00}
n=1

If g = 0 then HO(Q) = L?(R). Let us denote by €'((0,T]; HP (L)) the space of all continuous functions which map (0, 7]
into H?(£2). For a given number 0 < 8 < 1, we define by €7 ((0,T]; HP(£2)) the subspace of €' ((0,T]; H?(£2)) such that

sup P ||v(t)||mrq) <o, forallv e €((0,T];H(Q)),

0<t<T

which is endowed with the norm, see [41],

— B
. = sup " ||v(t p
[l (0.7:80(2)) 0<£T V() llmr @)

We denote the Banach space of real-valued functions w : (0;7) — D measurable by L7(0,7;D),1 < g < oo, provided that

Moo= ( [ I |,'3dr) Cforlsp<e s

while
VIl z=(0,7:0) = esssupieo.r)|[v(t)|lp,  for p=co. (16)
Assume that problem (1) has a unique solution, and then determine its form. Let u(x,t) = Y, (u(z,-), 9u(+)) ¢ (x) be

the Fourier series in IL? () with. From (1), taking the inner product of both sides of first equation of (1) with ¢, (x), we
get

(OFu(-1),00) + KIS Lu(1),00) + (L), 90) = (F(.0)00) a7)
Using (11), we have
(14 KA., )+ A1), 90) = (1)) as)
and
(). )+ T 1), 80) = T ), ) (19)

‘We can obtain a unique function u,, as follows (see for example, [42], [43])

B At U e (=9
(1) = Eq <1+Mn>uo,n+l+kln/o(ts) Eo. <71+Mn Fa(s)ds, (20)

where ug , = (uo, ¢) and Z,(t) = (F (), §n). Hence, the Fourier series u(x,) = Yo (u(-,1), 9 (-)) ¢, (x) can be used to

represent the solution (1). Therefore, we can get
! —(t =91,
/ (t—5)Eq.a <$> yn(s)dsl Dn.- (21)
n

ZEal (m) 0n¢n+z 1—|—kl
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3 Continuity with respect to fractional order of the time a linear fractional pseudo-parabolic
equation.

In this section, we present the continuous dependence of the solution of Problem (1)) on the input data (the fractional
order a, and the initial condition u).

Theorem 1.Given a number p < q < p+ 1. Assume that 1 < § < oo < &' < Vv < 2 and let uy € HY(Q),
F € ZL%(0,T;H4(2)). Let uy and uy be the solutions of Problem (1) with respect to the fractional orders o and o'. If
the numbers vy, € satisfy 0 <y <1, and 0 < € < 87, then

e, 1) | garo.r @) < M2 (8,V) (A +K)7|luolls (o)

+N3(8,v) (Afl +k)p’llfl Hy(';S)HH‘I(Q) aiozxp, (22)
and
g (x,1) — ug (xaI)H%V(]*YHE(O,T,Hq(_Q))
< (8,v,.7,T)[(o = @) + (& = &) (A + K)o s
T(6=Vv)r+v
+A(8,v.8.7.1)[ (o — 0)f + (o - a)}Arlwﬁ|\f(-,s>|\$w(om<m>, 23)

Proof. The proof comes from the results given in Section 2.1 and some estimates of Mittag-Leffler functions. From (21)
we obtain the solution of Problem 1

ua(x,1) = MO+ /}/Va(t — ) F(5)ds, 24)

where
OC

Wﬁ ZE(ZI <1+k)~ ><Wa¢n>¢n7

=9 B (S g ¢n>] o

1+ kA,

- 1
Nt —s)w=
’ n;ukxn

Therefore, we arrived at the below estimate:

t
U (0,) = Mg ()t + / Nt — ). F (-, 5)ds. (25)

Lemma 8.Ler | < a<2,p<qg<p+1andw € H1(Q).we get several inequalities as follows:
| e ()w |02y < (8, V)i~ %P (A" + k)| W 30 2)- (26)
p—1
| Aale = 5wl < (1 =)@~ 05(8,v) (AT +K)" A7 wlhsaco. @)

Proof.From lemma (4), with 0, we deduce

2
et = T 2ES (*k‘ >|<w ol < ZAZ‘?(%) (80
v)

1 14 1k
At

2
m) p|<W7 o)

7w )2 < Zzzqmz (3.v)(

gi o
n=1 (]+1+k/1)

IN
3

3 V)PP (LKA Y 2w, ) [
n=1

_ 1
<G8, v)r Zap(x—l + )2 Wl (q)
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This implies that

1
| Ao (t)Wllge(@) < M(8, V)t “”(fﬁk)”l\WIIw(m- (28)

Similarly, applying lemma (4), we also get

N ¥ _ It — 5)*

I Aalt = Wl = X frge 9 ”Eé,a( ) >|< ol
2
N ¥ N3(8,V)
< (t—s)*eD) , |(w, @n) ",
n; (1+kAn)? 1+ 2l

) A gy 29)
Therefore, we deduce that
|t~ wliniay < (=)@ P03(6,v) (o ) A Wl (30)
- ’ M+k ! (€)

Thus, the proof of the lemma is complete. (8).

Lemma 9.Ler | < <2,¢>0;,0<y<1andwe HI(Q).The following inequalities are present:

[ (1)~ a(0)] ]

H(Q)
< (8,v,e.7.T) (@ = ) + (& = )| E 7 +K) 7 wllsa ) G1)
H[%/(I_s)_%(t_s)}wuw(g)
< B(8,v,e,7,T) [(a’ o) (o — a)} AT =997 g ) - (32)
Proof.-We get
/ 2
d —At® —At®
(1) — = 29\ o 2 ) — n 2
| [#ert) — al0)] LA Ea,1<1+k&l> Ea,l<l+m>] [0, 0) (33)

Using Lemma (6), we get

| [ (0) = )| ]

2

H4(Q)

(y=1)
2 A
2q 2 PN ’ n —2v(l—y)—2¢ 2
(8.v,e.7.T) (@ — @) + (o ~a)] (H,dn) r [n,u)2,

HMX

, -
< M(s,v,e,y,n[(a'fa>8+<a'fa>} UG T R AN )

<P (B.v,e 0. T)[(@ @) 1 (o — )] D kP
So, we obtain that
| [ ()~ Atatt)] )

< (8,v,8.7.T)| (@ = @) + (& = ) [ I E (A7 + 1) 7wl (34)

H4(82)
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where 0 < y < 1. We get the following approximation using the lemma (7)
2
H [%/(I —s) — Nt — s)} WHH(](Q)

oo AZq - _A/ , l —A{ 2 ,
— 5%~ ! oyl " (f—g) —(t—s5)% —
; 1 +kk t S) Ea ,Q 1 +k/'i,, (t S) (t S) EO! 1 +k)L (t S) |<W7 §0n>| )

I
WKM 90n>|27

)2(7*])#57/72872 [(OC/ —a)f+ (OC/ - OC)}

<Y #(,v.enT
YA (i

2

< B8, v, 1 T)| (o = @)+ (of — )] A — 5212 ZZ( +k) 2324w, @n)P,
2

< %2(55‘/;87%7—‘) [(a/_a)s—’—(a/_a)} )’;Zkizy(t_s)25Y72£72||WHH2-H‘1(Q)

Hence

(IEZEBERAGE]

H(Q)
< B(8,v,e,7,T) [(a’ Q) (o — a)}k;'w(t — )57 wl|za(). (35)

All estimations of lemma (9) are obtained. The proof is now complete.

Now, we need to estimate the term [|u(-,?)|pr(q)- From (24) and applying lemma (8), we obtain

/Jl@t—s -, 8)ds

0.0 o) < ||-#a (0o
<IM(8, V) (A +k) l[uolla (@)
/ 1 1 Pt
+ / (1—95)*" *“P)fﬁs(é,v)(?tf +k) A HIZ (o)l ) ds- (36)
Assume 0 < p < 1 then o« — ap — 1 > —1.By the assumption .# € £ (0,T;H9(2)), we obtain
lar, 1)o@y < (8, V)i~ P (A7 + k) uo (o)
| t
_ =i, _ 11—
+0(8,v) (A +6) AT IF )y [ 6= 9) s
0

<8, V)P (A + k)P uo e

~1 Pl i o 1oor
FEY) (A HE) AT 1T ) ey g 37
Multiplying both sides of the latter estimate to %7, we get the following
1% [u(x, 1)) < (8, V) (A7 + k)P luolrza(a
s (2 k) a2 a
M@V (A7 +k) A, ||J(~,s)||Hq<g>a_ap. (38)
Therefor, we obtain the following estimates
Ju(x,0)llgar(orma@) < M(8,V) (A "+ &) ||uollma (o)
_q p=l, T
FG6,V) (A7 +E) A, 17 C.9) (@) g (39)
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From (24)-(25), by applying Lemma 9, we get the following estimate

||ua/(x,t) - ua(xvt)HHq(Q)

< H Mo — Ma(1)] () / 1t —s)— Nt —5)]F (-,5)ds

0
gms,v,e,y,n[(afa>8+<afa>}fv< A 01 ol

+/5£(5,v,g,y,r)[(a’—a)u(a’—a)} AT (0= )L (- 9) | iza ) s
0

Since the assumption 0 < € < 8, we know that 6y — 1 — & > —1. It follows from .% € £*(0,T;H?(£)) that
(g (x,1) —wa (x,1) |ma()
A (8,v,e,1.7)|(@ — ) + (o = ) |47 + 1)) g0 )

1

‘%}(67‘/78)7/7T) [(a/_a)g+(a/_O‘)})’f]kinﬁ.("S)Hf""(O,T,H‘I(Q))/(t_s)syisilds'

0
< o (8,v,6,1.7) (@ = @)° + (o = )| A7 4007 g

Sy—¢
I t
+AB(8,v,e,y,T) [(a’ —a)f+ (o — a)} A Tk V|\y(.,s)|\3w(ojﬂq(m) 57— ¢
We get the following estimate by multiplying both sides by t¥(1-7)+¢
MUV g (1) = wa(x,1) s @)
< (8,v,6.7.7) (& = ) + (& = )| (A + )" Juoe
t(0=V)r+v

+%(5,V,8,%T)[(05'*OC)SJF(05'*0‘)}/1171/‘77”3‘\('75)||$w(o,T,Hq(Q))
Hence, we obtain that
[lug (x,7) —ug (xvt)|‘<5V(|77)+€(07T7Hq(9))
< (8,v,8.0.7) (o = ) + (o = )| (A7 + 1) Juola o

T(6-v)r+v

I £ I —ly—y-
+93(5,v,e,y,T)[(a Q)+ (a a)}a, e

||9('7S)||$w(o,r,Hq(Q))

We finish Theorem (1) .

Conflict of Interest

The authors declare that they have no conflict of interest.

References

[1] I. Podlubny, Fractional differential equations, Academic press, California, (1999).

Sy—¢

(40)

(41)

[2] V. Kiryakova, Generalized fractional calculus and applications, Pitman Research Notes in Mathematics 301, Longman, Harlow

1994.

[3] H. G. Sun, Y. Zhang, D. Baleanu, W. Chen and Y. Q. Chen, A new collection of real world applications of fractional calculus in

science and engineering, Commun. Nonlin. Sci. Numer.Simul. 64, 213-231 (2018).

@© 2022 NSP
Natural Sciences Publishing Cor.



Progr. Fract. Differ. Appl. 8, No. 1, 137-146 (2022) / www.naturalspublishing.com/Journals.asp N S 145

[4] A. Atangana and D. Baleanu, New fractional derivatives with nonlocal and non-singular kernel: theory and application to heat
transfer model, Therm Sci 20(2), 763-769 (2016).
[SIN. H. Tuan, D. Baleanu, T. N. Thach, D. O’Regan and N. H. Can, Final value problem for nonlinear time fractional reaction-
diffusion equation with discrete data, J. Comput. Appl. Math. 376, 112883, 25 pp (2020).
[6] N. H. Luc, L. N. Huynh, D. Baleanu and N. H. Can, Identifying the space source term problem for a generalization of the fractional
diffusion equation with hyper-Bessel operator, Adv. Differ. Equ. (261), 23 pp (2020).
[7]1 T. B. Ngoc, D. Baleanu, L. M. Duc and N. H. Tuan,Regularity results for fractional diffusion equations involving fractional
derivative with Mittag-Leffler kernel, Math. Meth. Appl. Sci., to appear.
[8] N. A. Triet, V. V. Au, L. D. Long, D. Baleanu and N. H. Tuan, Regularization of a terminal value problem for time fractional
diffusion equation, Math. Meth. Appl. Sci. 43(6), 3850-3878 (2021)
[9] N. H. Tuan, D. Baleanu, T. N. Thach, D. O’Regan and N. H. Can , Approximate solution for a 2-D fractional differential equation
with discrete random noise, Chaos Soliton. Fract. 133, 109650 (2020).
[10] N. H. Tuan, T. N. Hoang, D. Baleanu and T. N. Thach, On a backward problem for fractional diffusion equation with Riemann-
Liouville derivative, Math. Meth. Appl. Sci. 43(3), 1292-1312 (2021)
[11] L. Li and G. J. Liu, A generalized definition of Caputo derivatives and its application to fractional ODEs, SIAM J. Math. Anal.
50(3), 2867-2900 (2018).
[12] G. I. Barenblat and I. Kochiva, Basic concepts in the theory of seepage of homogeneous liquids in fissured rock, J. Appl. Math.
Mech. 24(5), 1286-1303 (1960).
[13] T. B. Benjamin, J. L. Bona and J. J. Mahony, Model equations for long waves in nonlinear dispersive systems, Philos. Trans. R.
Soc. Lond. Ser. A 272, 47-78 (1972).
[14] W. T. Ting, Certain non-steady flows of second-order fluids, Arch. Ration. Mech. Anal. 14, 1-26 (1963).
[15] V. Padron, Effect of aggregation on population recovery modeled by a forward-backward pseudoparabolic equation, Trans. Am.
Math. Soc. 356, 2739-2756 (2004).
[16] Y. Cao, J. Yin and C. Wang, Cauchy problems of semilinear pseudo-parabolic equations, J. Differ. Equ. 246, 4568-4590 (2009).
[17] Y. Cao and C. Liu, Initial boundary value problem for a mixed pseudo- parabolic p-Laplacian type equation with logarithmic
nonlinearity, Electr. J. Differ. Equ. 2018(116), 1-19 (2018).
[18] D. Huafei, S. Yadong and Z. Xiaoxiao, Global well-posedness for a fourth order pseudo-parabolic equation with memory and
source terms, Disc. Contin. Dyn. Syst. Ser. B 21(3), 781-801 (2016).
[19] H. Chen and H. Xu, Global existence and blow-up in finite time for a class of finitely degenerate semilinear pseudo-parabolic
equations, Acta Mathe. Sinica, Engl. Ser. 35(7), 1143-1162 (2019).
[20] H. Chen and H. Xu, Global existence and blow-up of solutions for infinitely degenerate semilinear pseudo-parabolic equations
with logarithmic nonlinearity, Disc. Cont. Dyn. Sys. 39(2), 1185-1203 (2019).
[21] H. Chen and S. Tian, Initial boundary value problem for a class of semilinear pseudo-parabolic equations with logarithmic
nonlinearity, J. Differ. Equ. 258(12), 4424-4442 (2015).
[22] H. Ding and J. Zhou, Global existence and blow-up for a mixed pseudo-parabolic p-Laplacian type equation with logarithmic
nonlinearity, J. Math. Anal. Appl. 478, 393-420 (2019).
[23] Y. He, H. Gao and H. Wang, Blow-up and decay for a class of pseudo-parabolic p-Laplacian equation with logarithmic nonlinearity,
Comp. Math. App. 75(2), 459-469 (2018).
[24] L. Jin, L. Li and S. Fang, The global existence and time-decay for the solutions of the fractional pseudo-parabolic equation, Comp.
Math. App. 73(10), 2221-2232 (2017).
[25] Y. Lu and L. Fei, Bounds for blow-up time in a semilinear pseudo-parabolic equation with nonlocal source, J. Ineq. App. (229),
(2016).
[26] F. Sun, L. Liu and Y. Wu, Global existence and finite time blow-up of solutions for the semilinear pseudo-parabolic equation with
a memory term, Appl. Anal. 98(4), (2019).
[27] X. Zhu, F. Li and Y. Li, Global solutions and blow up solutions to a class of pseudo-parabolic equations with nonlocal term, Appl.
Math. Comput. 329, 38-51 (2018).
[28] C. V. J. Sousa and C. E. de Oliveira, Fractional order pseudoparabolic partial differential equation: Ulam-Hyers stability, Bull.
Braz. Math. Soc. (N.S.) 50(2), 481-496 (2019).
[29] M. Kh. Beshtokov, To boundary-value problems for degenerating pseudoparabolic equations with Gerasimov—Caputo fractional
derivative, Izv. Vyssh. Uchebn. Zaved. Mat. (10), 3-16 (2018).
[30] M. Kh. Beshtokov, Boundary-value problems for loaded pseudoparabolic equations of fractional order and difference methods of
their solving, Russian Mathematics, 2019 - Springer.
[31] M. Kh. Beshtokov, Boundary value problems for a pseudoparabolic equation with the Caputo fractional derivative, Trans. Differ.
Uravn. 55(7), 919-928 (2019).
[32] D. T. Dang, E. Nane, D. M. Nguyen and N. H. Tuan, Continuity of solutions of a class of fractional equations, Pot. Anal. 49,
423-478 (2018).
[33] S. G. Samko, A. A. Kilbas and O. I. Marichev, Fractional integrals and derivatives, theory and applications, Gordon and Breach
Science, Naukai Tekhnika, Minsk, 1987.
[34] K. Diethelm, The analysis of fractional differential equations, Springer, Berlin, 201).
[35] N. H. Tuan, D. O’Regan and T. B. Ngoc, Continuity with respect to fractional order of the time fractional diffusion-wave equation,
Evol. Equ. Contr. Theor. 9(3), 773-793 (2020).

@© 2022 NSP
Natural Sciences Publishing Cor.


www.naturalspublishing.com/Journals.asp

146 ~N S B H. D. Binh et al: Continuity with respect to fractional ...

[36] T. Wei and Y. Zhang, The backward problem for a time-fractional diffusion-wave equation in a bounded domain, Comput. Math.
App. 75(10), 3632-3648 (2018).

[37] D. T. Dang, E. Nane, D.M. Nguyen and N.H. Tuan, Continuity of Solutions of a Class of Fractional Equations, Potential Anal 49,
423-478, (2018).

[38] N. H. Tuan, D. O’Regan and T. B. Ngoc, Continuity with respect to fractional order of the time fractional diffusion-wave equation,
Evol. Equ. Contr. Theor. 9(3), 773-793 (2020).

[39] K. Sakamoto and M. Yamamoto, Initial value/boundary value problems for fractional diffusion-wave equations and applications
to some inverse problems, J. Math. Anal. Appl. 382, 426-447 (2011).

[40] T. Kato, Perturbation theory for linear operators, Springer-Verlag Berlin Heidelberg, 1995.

[41] D. T. Dang, E. Nane, D. M. Nguyen and N. H. Tuan, Continuity of solutions of a class of fractional equations, Potent. Anal. 49,
423-478 (2018).

[42] A. A. Kilbas, H. M. Srivastava and J. J. Trujillo, Theory and applications of fractional differential equations Elsevier Science B.V.,
Amsterdam, 2006.

[43] K. Diethelm, The analysis of fractional differential equations, Springer, Berlin, 2010.

@© 2022 NSP
Natural Sciences Publishing Cor.



	 Introduction
	Preliminaries
	Continuity with respect to fractional order of the time a linear fractional pseudo-parabolic equation.

