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SOLVABILITY OF A LINEAR SYSTEM WITH A
NONLOCAL TERM IN A BOUNDARY CONDITION

NATALIYA VASYLYEVA

(Communicated by S. Umarov)

Abstract. In this paper, we analyze a linear system for the Poisson equations with a boundary
condition comprising the fractional derivative in time and the time dependent right-hand sides. A
system of this type arises under studying the Muskat boundary problem with surface tension in
the case of subdiffusion. First, we prove existence and uniqueness of the solution to this problem
in the Holder classes, and provide the coercive estimates of the solution. Second, we apply the
obtained results together with the contraction theorem to establish the one-to-one local classi-
cal solvability to the Muskat problem governed by anomalous diffusion in the case of nonzero
surface tension of a free boundary.

1. Introduction

Boundary value problems with fractional time derivatives are among central ob-
jects of the modern theory of partial differential equations. It deals with various appli-
cations in physics (dynamical processes in fractals and viscoelastic media [10], [20],
[21]), medicine [26], [28], chemistry [16], [34] and with the rich mathematical content
of this subject see, for example, the monographs [11], [24] and references therein.

Note that the presence of the fractional derivative in time in equations or bound-
ary conditions means that boundary value problems describe the anomalous diffusion
(the diffusive motion cannot be modelled as the standard Brownian motion [4], [21]).
The signature of the anomalous diffusion is that the mean square displacement of the
diffusing species ((Ax)?) scales as a nonlinear power law in time, i.e. ((Ax)?) ~1V,
where Vv is a nonnegative number. If v € (0,1), this is referred to as a subdiffusion;
if v =1, we have the case of a normal diffusion which is described with derivatives of
integer orders.

In this paper we turn to solvability of the linear system with a fractional temporal
derivative in the boundary condition and its application to study of a “fractional” free
boundary problem.
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Let k, ag, co and a;;, i, j=1,n— 1, be some given constants, k # 1, k, ap,a;; >

0; and a; = {al,...,a!™ '}, c1 = {c},...,c! "'} be given vectors; R" = {(¥,x,) :
X R x, >0}, R" ={(¥,x,) : ¥ € R x, <0}, RL, =RL x(0,T), Ry ' =
R"!x(0,T). Denote by (-,-) the inner product, and V. = (9‘971,...,9;3—71).

We look for a classical solution (1 (x,1),u_(x,z),p(x’,1)) of the following linear
system with the fractional temporal derivative in the boundary condition:

Ay = fif (x,1) in Ry (1.1)
u_—u —S‘ja--gz—p—i—(c Vep)+cop = fi(x¥',t) on Ry (1.2)

- + “ tjaxing 1L, Y¥P 0P =J1 3 T > .

v du_ ’ —n—1
D/ p +aoﬁ = f(x',t) on Ry , ve(0,1); (1.3)
Ju_ du a1

—= —ka—; —klay,Ve(u_—u)) = fo(X',1) on Ry ; (1.4)
p(x,0)=0 in R"! ui(x,0)=0 in R, (1.5)

where A, = Y, o2

2
=1 9%

are some given functions:

i1 is the unit normal to R"~! directed in R" ; f(;—L7 ffi.j=12,

fifs fy fi=0 if either t=0 or |x| > Ry, (1.6)

for some positive number Ry; D} denotes the Caputo fractional derivative with respect
to ¢ and is defined by (see, for example, (2.4.6) in [11])

t
1 d [w(,t)dr w(-,0)
D'w(-,t) = —/ ’ - ’ , € (0,1), 1.7
Pw(1) fi-viar) G- ta-ve 0.1, A7
where T'(v) is the Gamma function. If v =1, D}w(-,z) := awa(;t)

The considered system has two peculiarities. The first is the presence of the frac-
tional derivative in time of the unknown function p in boundary condition (1.3). Thus,
this condition looks like a fractional dynamic boundary condition (see e.g. [12]). More-
over, as it follows from definition (1.7), the term D) p is nonlocal. Next peculiarity
deals with the structure of system (1.1)—(1.5): the unknown functions u, u_, p are
connected with each other only through boundary conditions (1.2)—(1.4), and the func-

tion p is defined only on the boundary I?;_l .

Solvability of systems like (1.1)—(1.5) in the case of the normal diffusion was
studied by a lot of authors (see e.g. [7], [8], [3] and references therein). As for the sub-
diffusion case, v € (0,1), Kiran and Tatar [12] analyzed existence and nonexistence
of local and global solutions for systems of elliptic equations with fractional dynamic
boundary conditions. In the case of absence the oldest spatial derivatives of the de-
sired function p (i.e., a;; = 0, c{ =0, i,j=1,n—1) in boundary condition (1.2), the
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classical solvability of (1.1)—(1.5) was proved in [31]. To the best of our knowledge,
there are no results concerned investigation of system (1.1)—(1.5) in the general case,
ie. a;j#0, c{ #0,i,j=1,n—1.

Moreover, analysis of problem (1.1)—(1.5) is important for investigation of the two-
phase “fractional” Hele-Shaw problem (or “fractional” Muskat problem) in the case of
nonzero surface tension of a free boundary. We recall that in the classical case (i.e. in
the case of the normal diffusion) this free boundary problem was proposed by Muskat
in 1934 [22]. This problem describes the evolution of two immiscible incompressible
fluids (for instance, water and oil). The interface Y(r) between these fluids is called
as a free boundary (or a moving boundary). The motion of fluids is governed by the
Darcy law, stating that the velocity of the moving boundary V,, := <D}Y(t),ﬁ,>, ;
is the unit normal to Y(¢), is proportional to the pressure gradients of fluids. In the
case of the subdiffusion (v € (0,1)), the Muskat problem governed by “fractional”
Darcy low which is formulated in [33], [23] and means that the “fractional” velocity
V) := (D}Y(t),n;) is proportional to the pressure gradients. The mathematical model
of the “fractional” Muskat problem is represented by (5.1)—(5.5) (see Subsection 5.1 in
this paper).

Note that the one-phase “fractional” Hele-Shaw problem with zero and nonzero
surface tension of moving boundary was analyzed in [17], [18], [32], [29], [30]. In
particular, the existence and uniqueness of a classical solution to this problem locally
in time were proved in [29], [30]. As for the Muskat problem subjected by the subd-
iffusion, its local classical solvability was obtained in the case of zero surface tension
in [31]. To our knowledge, there are no advances yet about fractional Muskat problem
with nonzero surface tension.

To show the solvability of such problem, we adapt the classical approach which
is used for a moving boundary problem in the case of the normal diffusion (see, e.g.
[1]) to the subdiffusion case. We reduce the “fractional” free boundary problem to a
nonlinear problem in a fixed domain; then linearize this problem and obtain the one-to-
one local classical solvability of the linearized problem. After that we use this result for
the reduction of the nonlinear problem to a fixed point theorem. On this route we have
to solve many technically difficulties which are related to the nonlocal behavior of the
moving boundary velocity. Significant part of this research is connected with system
like (1.1)—(1.5) which is the principal model problem and the nonlinear problem inherits
the main features of (1.1)—(1.5).

The paper is organized as follows. In Section 2 we define the function spaces and
formulate the main results related with solvability of system (1.1)-(1.5), Theorem 2.1.
In Section 3, using Fourier and Laplace transformations, we obtain the integral repre-
sentation for solution of (1.1)—(1.5). Section 4 is devoted to proof of Theorem 2.1. To
this end we obtain the corresponding coercive estimates for the constructed solution in
Section 3. Note that Lemma 4.1 plays the significant role in this process. In Section
5, following the above stated, we study the solvability of the “fractional” Muskat prob-
lem with surface tension. The principal result of this investigation is represented by
Theorem 5.1.
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2. Function spaces and main result

In order to analyze problems (1.1)—(1.4) and (5.1)—(5.5) we need some definitions
and auxiliary results.

Let D be a given domain in R", Dr = D x (0,T); X, x be any points in D,
x#x, t,71€[0,T], t #7; o, B € (0,1), I be an integer nonnegative number. In this
paper we will use the following function spaces: C([0,T],C'*% (D)), C"*+*B-%(Dy),
clot5® “V(Dr). Note that the spaces C([0,T],C'*%(D)) are used by many authors,

and their definitions and properties can be found, for instance, in [19].
Let

[W}(aﬁ) _ sup ‘W(XJ)_W()?’I) —W(X,T)+W(E,T)|
D - —
T Reb (o)eoT] e — x|*|e — [P

)

and define function spaces C'*®PF-*(Dyr).

DEFINITION 2.1. The Banach space C'*t%B:%(Dr) is the set of functions w(x,r)
with the finite norm:

lssaesy = 3, {suplDi| + (D)%, + Do), + DI,
ljl=0 Dr
where (w)i?gT and (w)t(f}l))T are Holder constants of a function w(x,7) in x and ¢, re-
spectively.

Note that classes Cl+°"HTaV(D_T), 1=0,3 and v = 1, coincide with usual parabolic
Holder spaces (see (1.10)—(1.12) in Chapter 3 in [14]).

DEFINITION 2.2. We will say that the function w(x,7) € C'*%5*V(Dy), 1 =0,3,

€ (0,1), iff the following norms are finite:

! Lol
( V)
||WH l+o: ngav(DT) = HW||C([O,T]7CI+‘X(D)) + HZQ(DJ >[ DT3 s lf [l/3] =0
j =
where [I/3] denotes the integer part of 1/3;
j (3+0; Ll v)
HW” ot 3450‘ Y(Dr) ”WHC ([0,7].C3 (D + H2,1 D tDT
J

+“D1‘/W||C([0,T],Ca(5)) + <Dsz>z(,§D;)'

In a similar way we introduce the spaces CI+O"HTLXV(8DT), dDr = 9D x [0,T].
Moreover, we will use the usual Holder spaces C'*%*(D) and C'*%(dD), their defini-
tions can be found, for example, in [15].
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We define classes %‘k”"ﬁ “%(Dr), as the subspaces of C¥*®B-*(Dz) such that

Diw(x,0) =0, |j| = 0.k
Let d be a smooth surface and dr =d x (0,T).

DEFINITION 2.3. We will say w € P{T%(dr) iff w € C([0,T],C**%(d)) and
Dow € CH5Y (d1), DYw e CH 5V (dr)

1
Ilgtear) = 1oy coay + 1091 s g+ DI s

Throughout the paper we will need in the interpolation inequality (see Corollary
1.2.18 [19]):

”WHclﬁa(lzfll)(D)<CHW||C12 HW”CII (D)’ (2.1)

where 9D € C2, a € (0,1), 0< 1y <15.
One of the main results of our paper is the following.

THEOREM 2.1. Let o, v € (0,1), and condition (1.6) hold.

. av o, av o =n—1 av o =n—1
(i) If f € C*5%(Riy), fi e CHHU TRy ), fofo € PSRy ). Then
there exists a unique classical solution (uy,u_,p) of problem (1.1)~(1.5): uy €

CrroeS R, pe C4+°‘7%v°‘(ﬁr;1); and the following estimate holds

Hqu” 2+a.%‘a(ki )+Hu*HC2+a‘°‘3‘/ o Rn +Hp||c4+a o *7; 1)

+||D pH ol X a

(&)
Cl[”fO H R +Hf0 H o Rn +Hf1||c2+a.%¥‘a(k;*l)
+||ch”"*T"‘( Sn— 1 +||f2H 1+a “(R’; 1)] (2-2)
(ii) If f € ClHo 5 V(R ) and
fos fi, =0, (2.3)

then there is a unique classical solution (uy,u_,p) of problem (1.1)~(1.5): uy €
ce _"(RiT) p € P¥F4(REY), and the following estimate holds

o s+ 10 rasar o+ 1P lpgraqeg

C2||fH oo 4oy, —n—-1,» (24)

3Ry )

where C;, i = 1,2, are positive constants independent of the right-hand sides of

(1.1)—(1.5).
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Note that one can easily see that statement (i) from Theorem 2.1 should be proven
in the case of assumption (2.3). Indeed, applying results from [27] to the following
transmission problem:

_ _n—1
Az = fif (x,0) in Riigs u_ —uy = fi(¥,1) on Ry ;

Ju_ 8 =n—1 R
S5 —k—— 8n —kla;,Vy(u_—uy)) = fr(x';t) on Ry, us(x,0)=0 in R,

we can reduce problem (1.1)—(1.5) with arbitrary right-hand sides to the problem with
the right-hand sides satisfying (2.3). Thus, we represent below the proof of Theorem
2.1 in the case of (2.3).

First of all we analyze problem (1.1)—(1.5) in the case of

=0, c¢f=0 I1=Tn—1. (2.5)

Henceforward the letter C will be used to denote different constants encountered
in our formulas.

3. Integral representation of the solution to problem (1.1)-(1.5)
in the case of (2.3), (2.5)

Due to the quadratic form connected with the Laplace equation is positive, we can
choose coordinates x’ such that the form ¥ 1 @i G, YE € R s reduced to the
diagonal view. Thus, we believe that a;; =0, if i # j.

Let & = (&1,...,&1), |E] = /2= €2, Denote by w(E,x,,1) the Fourier trans-
form of w(x’,x,,7), and by w(-, p) the Laplace transform of w(-,7). Throughout in the

“ 2

paper, we will use the notation instead of “~ 7,

In virtue of (1.6), we can extend the function f(x',z) by 0 for 7 < 0, and then
apply the Fourier and Laplace transformations to problem (1.1)—(1.5).

Some simple calculations allow us to deduce

p*(E,p) = (k+1)/"(S.p) 7 3.1)

n—1
(k+1)pY + 8apkm? glajjéjz\ﬂ — i8apkm3{ay, &)

2n1

(., p) = kHZa,,é P (& p)e TG k(e G (B

27 n—1
Enn) = < Sl @peTE g i T 63)

Let us introduce the following notations:

8apkm? 8apkm? 8agkm® | Sagkm® ,
Ag = ity -y ———0p1u—1 ¢, A= )y ———d] 0,

k+1 T k+1 k+1 T k+1
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A xn>=k+1 / [1-+ k(e E)E | exp{ ~2m(|E by —iE,Y))}E,  (G4)

) = 57 / il IEI exp2m(Ev,+i(EYDIE,  (33)
A ) = [ erp{=n{Ag.E)IE|+ifA1E)m +2m(E.y) aE, (36)
Rn—1
/ m WEE 20 s yan, 3.7)
0

where W (z;b,d) is the Wright function (see its definition, e.g., in [6] or [20]).
After that, we apply the inverse Laplace and Fourier transformations to (3.1)—(3.3)
and get

p(xX',1) /dr/fyt X =y t—1)dy, (3.8)
R—1
n—1 a2p
ot = [ A, )3 iy S0 (3.9
Rn—1

To obtain representations (3.8) and (3.9), we used the following equality

=3

/e npY—n(A&.8)|E+i(A1,8) dn, if Rep’ >0,
0

+ (Aog, §>|€\—1A17

which is easily verified.
By virtue of the smoothness properties of the function f(x,7) and its behavior at
the infinity, all above performed operations are justified.

4. Proof of Theorem 2.1

4.1. Estimates of the constructed solution (x4 (x',x,,1),u—(x',x,,2),p(x',1))

First we define the following Riemann-Liouville derivative of a function w(-,r)
with respect to ¢ (see, e.g., (2.1.8) [11]) as:

9ow(-,1) = r(11_9)%/ot (;V(_ r)) dr, 0 € (0. 1). D

As usual in the potential theory, to evaluate the functions u (x,7) and p(x',#) itis
necessary to describe well the properties of the kernels ¢ (x',¢) (and hence 7 (x', 1))
and 4 (¥, x,).



206 N. VASYLYEVA

LEMMA 4.1. Let a, v € (0, 1)- k>0,y eR, Yy €R2, Y =(y1,..,yi-1,
Vils-o s ¥n1), L=1,n—1, n € (0,+), t €[0,T], € and A be some positive num-
bers. Then functions f(y 71‘]) and %(y ,1) which are given by (3.6), (3.7) satisfy the
following inequalities:

(i)
Al
exp( Azn 1 ‘yj+l/23ﬂ ) e
|D;r;e%/(y/7n)| < C |m|4+n—1 ) ‘m| = Zml’ |m| :0’ 1’2” (42)
=3 J=1
(ii)
/R’l—l %/(y/,n)dyl =1 (4.3)
/ DY )dy =0, k=012, +4)
R)'l*
. , tv—l
t)dy = ; 4.5
it 2051y ) 43)
(iii)
n—1
H(y,0)=T]8(—y;) in the distributions sense, (4.6)

J=1

where 8(y) is the Dirac delta function;

(iv)
1177 * 3 / dﬂ
v —/dr dy L Dyt (f — A f2mm) [W (=75 —v,0)|
Rn 1
< CEF +07, i=Tn—1 4.7)
(v)
€
¥ —/dr / dy”/dn\W —v,0>|r‘1/lDif%f(y’—Aln/zn,n)l
RY? 0
Jn o
Xpyj= 5| dvi<Ce” ij=Tn—T; (4.8)
A —/dr / dy”/dyl/|W Vv, 0)r DA O — A /27, m)]
Rn 2 £
Aln|*
><y~,»—21—;7 an <Ce® ', i j=Tn—T; (4.9)
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t e
Iy = /dr/dmvv(—nﬂ;—vp)\fl /' / DY (o —Am /27, n)dy;|dy"
0 0

R Dyjl>e
<C, j=Tn—1; (4.10)
(vi)
an
gy 1= /dr dy A~ a2 ) W (v, —v)
<C[t%+tva], i=Tn_1; 4.11)
(vii)

€

t +oo
Joi= [z [ ay" [anw(-neimv—vle = [l - am/2mm)

0 g2 0 0
Aln|*
wly;— 20 gy < ce®, i j=Ton—T; (4.12)
2r
e / ar [ ay" / dy / W(n7iv, =) [t Dy (o — A 2w )|
Rn 2 £
Al |®
sly;— 2 an <ce® !, i j=Ta T (4.13)
2r
I _/dr/dn\W s—v, =)t / ‘ / H (Y —Aim/2m,n)dy;|dy’
RE2 yjl>e
<C, j=1,n—1. (4.14)

Proof. Repeating the arguments from the proof of Lemma 4.2 [29], one can easily
obtain statements (i) — (iii) from this Lemma. To get inequality (4.7), we use (4.2) and
deduce

W(-ntv;—v,0 by
flgc/dr/dy/[y“—i—n A - )exp{—Asz/3 an. (4.15)
. ™3 =11
R"
After that performing the consecutive change of variables:
=y/n', k=Ton—T, (4.16)

nt "’ =p, (4.17)
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in the right-hand sides of (4.15), we deduce

t
<C / exp{ AErj}dr /dT/ rors oy po v 1]‘W( —v.0)ldp
Rn 1 p
I e
< C/dr/[r%_lpaﬂ—kpo‘ro‘v YW (—p;—v,1—v)dp. (4.18)
0

Note that the last inequality in (4.18) follows from the next equality for the Wright
functions (see, e.g., (2.2.5) in [24] or (F7) in [20]):

W(—z;—b,d—1)+(d— 1)W(—z;—b,d) = bzW(—z;—b,d — b). (4.19)

Then, applying inequality (20) from [29] to the inner integral in the last inequality of
(4.18), we get (4.7).
As for (4.8), simple calculations lead to

TV, —v,0)
Udr / dy”/dn 1 ‘/y, D) (y — A /27, m)|dy;

T
Rn 2
—l—/dr / dy”/dn\w v, 0)| /lD%%/ ‘—Am/2m,n)[n%dy;
Rn 2
= C[ A + I). (4.20)

Inequality (4.2) together with the arguments from the proof of Lemma 4.2 [29] allow

us to conclude
[BZ31 < Ce%, 4.21)

To estimate %, we apply inequality (4.2) together with change of variables (4.16) for
k # i and obtain

I < C/dr / dr”exp{ A Z rj}/dyz/n“ Bexp{—Ayi/n'*}

R J=Lj#i

x V. (4.22)

Then equality (4.19) together with simple inequality:
0<x’e™<C, y>0, xeR., (4.23)

lead to
£ t Foo
I < const./yf‘fldyi d‘l:/nza/%*l*"W(—nT*V;—v,l —v)dn. (4.24)
0
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At last, using change of variables (4.17) together with equality (22) from [29], one can
deduce (4.8) from (4.20)—(4.24).
Note that the estimate of the term

W(-nt~ ",—v,O
/ ar [ ay' / dy / P Niog. ety —avn 2 mvgan

Rn2 €

has been obtained in Lemma 4.2 [29]:
| 731 < Ce* L (4.25)

Thus, to prove inequality (4.9), it is enough to evaluate the term

. _
/dr / dy”/dyl/' ~V-Olpt e (v — Avn /2, ) nan.

Rn2 €

To this end, we apply again inequality (4.2) together with the change of variables (4.16)
with k # i and get

I e oo

I3 < C / exp{ —A 2 rj}dr”/dr/dn/n“ 5/3 71 ,—Avi/n'/?
j=Lj#i

R?
<|W(—=nt™V;—v,0)|dy;
t +oo

< C/ az / o4l Ae W (< oV —v,0)[dn

[ e

< c/dr/[e/n‘“}"‘*ln“/%”\W(—nr“;—v,0>|dn. (4.26)
0

Here we again applied inequality (4.23).
Next equality (4.19) together with change of variable (4.17) allow us to deduce

t too
I3 < Cs"‘*l/f”%‘"“dr / P2 BW(—p;—v,1—Vv)dp < Ce* ', (4.27)
0

Note that to get the last inequality in (4.27), we used estimate (22) from [29]. Thus,
(4.25) and (4.27) provide (4.9).

As for inequality (4.10), its proof is analogous the arguments of estimate (84) from
[29].

At last, we remark that statements (vi) and (vii) of this lemma are proved as well
as statements (iv) and (v). Thus, the proof of Lemma 4.1 is finished. [

Next we repeat the arguments from Section 7 [30], Lemma 4.3 [29] and apply
results of Lemma 4.1 to establish the following statements.
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PROPOSITION 4.1. Let o, v € (0,1), conditions (1.6), (2.3), (2.5) hold, and f €
C([0,T], C'**(R"1)). Then the functions p(x',t) and u_(x,t), u,(x,t) which are
represented with (3.8) and (3.9) satisfy conditions (1.2)—(1.5). Moreover, there are the
following representations:

DYp(.1) = F(X1) +/ dr/Rn W =y~ = D] F, 1)y, (4.28)

where
o0

M y/7’L' = [t 7w -ntVi—v,—v) % y’m dan;
T
0

1
D;t,p(x’,z):/o dr/RH[Dxr_y/f(x’—y’,t—r)—Dx/f(x’,t—T)}Di,%(y’,r)dy’; (4.29)

3 P =yt 33p(x’,t)]&%/i o
o n d 9 la 5
Zi /R" ! |: 3)’1 3xi23xl dy; OVsxn)dy', L j#n
0%u. n—1 —y,1) 93p(x’,t) IHs / .
- - n d R [ , j=mn;
dx;0x; =1 / [ 3)1,29)71 ox?dx; | dx, s xn)dy’, L#n, j=n
£ 83 (X - 7t) a3p(x/,l) 8,%& , ,
i — x)dy., i=1=n,
i,mz=1a /R’”{ 9y Oym 0x2dx, } Ym O xn)dy', j "
(4.30)
forevery j,l=1,n.

Then Lemma 4.1, Proposition 4.1 and Lemma 3.1 [30] together with results of
Chapter 3 [15] allow us to deduce the following.

LEMMA 4.2. Let conditions of Proposition 4.1 hold. Then there is the following
inequality

DY pllcqpo.ryscrvare—1y) + 1P lcqo,mctrawn1y) < Cllfllcqorycrtom-1y- (431

Note that to evaluate the term [|D}p||¢(o 7);c1+e(gn-1)) We used statements (vi)
and (vii) from Lemma 4.1. As for the estimate of the second term in the left-hand side
in (4.31), we applied statement (iv) and (v) from Lemma 4.1.

To infer the same result for the functions u+ which are given with (3.9), we use
Lemma 4.2 together with results from [27] and deduce.

LEMMA 4.3. Let conditions of Proposition 4.1 hold. Then
HquHC ([0,T]; C2+oc( + ”u ”C [0.7]:C2+(R")) < CHf”C([O,T];CH“(R”*I))' (4.32)

Next step of our investigation is a proof of the corresponding estimates to the
functions p(x',z), DYp(x',t), u+(x,t) with respect to time.
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PROPOSITION 4.2. Let conditions of Proposition 4.1 hold. Then there is the fol-
lowing estimate

4 . (4+D!37\m\ V)
2 < X,p>t R’;’l < C"f”C([O,T];Cl*O‘(R”*l))' (4.33)
|m|=2 ’

Proof. Estimate (4.33) is a simple consequence of interpolation inequality (2.1)

)

[
and Lemma 4.2. Indeed, let us evaluate the term (D% p)t(;,:/, .- To this end, we put in
Yy

@.1)
W(X/) ::p(x/,tl)—p(x/7t2)7 ll = l+0{7 l2 ::4+O{7 l1+a(l2_ll) = 47

and get for every 1, 1, € [0,T]:
3—a
1Dp(t1) = Do (o) gty < CllpCot1) = )iy
><[Hp(~,t1)—p(~,t2)llcl+a(Rn71)}°‘/3. (4.34)

Then, inequalities (11), (12) from [29] together with (4.31) lead to

3—a
1D (1) = DEp (1) leqro-1y < CRIPeqo.rcragg1y) T I —0*7
[0} plleqo.rpcr+agrn-1y)]*"?

< C‘l‘l — IZ‘O(V/:; ||f"C([O,T];CIJ“)‘(R”*I))' (4.35)

v)
n—1*
T

As for evaluating of the rest term in the left-hand side of (4.33), they are estimated
with the same way. [

The last inequality in (4.35) guarantees estimate (4.33) for (Dj, p):;

We need the following result in order to get the estimate of D) p, u+ with respect
to time.

PROPOSITION 4.3. Let o, v € (0,1), then the functions J#1(y',x,) given by
(3.4) and (3.5) satisfy estimates

/ (Y xn)dy < C. (4.36)
Rn—l

Proof. Let us show (4.36) for the function %, (y',x,). The change of variables:
Exyn =i, i=1,n—1,1in (3.4) leads to

/ 1 ik{ay, p) . /
) = e | 1 S o o . ). 437
Rn—l
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Since the function [1 + ’k<‘“"” ]exp{ 2r[|u| —i{w,y /x,)|} vanishes if |pj| — oo,

Jj =1,n—1; and one does not have any poles, we can calculate the integrals in (4.37)
along the shifted contours: u; =A;+iA, j=1,n—1, A is a positive constant. Then
we have

n—1
_A . - »
exp{ Z sl /e {1 ik(ar, A+ iA)

0! ESY

Koy, xn) = const.

R—1

x exp{ —2m[|A £iA| +i(A,Y /x,)]}dA, A =A2x. (4.38)

One can easily verify that the module of the integrals in (4.38) is bounded uniformly in
y' and x,. Thus, we have got

n—1
exp{—A §1 |yl /xa}
= dy'. (4.39)

/|c%/+(y/7xn)|dy’<const./

Rn—1 R—1

x}ral—l

Finally, performing the change of variables: y;/x, =z;, j = 1,n— 1, we deduce esti-
mate (4.36) for the function 7 (y',x,).
As for (Y, x,), its estimate is obtained with the same way. [

LEMMA 4.4. Let conditions of Proposition 4.1 hold.

(i) If fe clro5® “V(Ry ) then there is the following estimate:

2 N ) ! iy (S _
|m‘z:0<Dx u:‘:>t,R1T + |m‘Z:0<D D[ p> Rn 1 ~ CHf||Cl+a’HTav(R'}71).
(4.40)

(ii) If f € o3RI hen

DR+ 3 DDl S Dl
|m|=0 |m|=0

B
M
o

<Ol ersaasanir? (4.41)

Proof. Interpolation inequality (2.1) together with estimate (4.32) lead to

3 (H52v) a (25ev)| 7@
(Dhus) o ¥+ (D), {f| T M) [<> ]

HIfIZE )7L @)
[orcha(R" h) [V Ry S
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Then based on representations (3.9), Propositions 4.2 and 4.3, one can easily deduce
inequality

(H%v) 2 \(E%)
(), i <C<Dﬁp>t7R,Fn < Cllflleqo.ryscrrarn-1y)- (4.43)

After that, we joint inequalities (4.42) and (4.43) and get
2 2+a—|m|

( v)
Z <D¢rvnui>t7R’i; < C”fHClJra‘HT”‘v R

—n—1.+
|m‘:0 ( T )

(4.44)

Finally, boundary condition (1.3) together with Proposition 4.1 and inequality (4.44)
( I+o—|m|

T, Im=0,1.

“1
1,RY,

As for estimate (4.41), it follows from inequalities (4.31) and (4.32). 0

allow us to infer estimate (4.40) for the term (DD} p)

4.2. Completion of the proof of Theorem 2.1

Note that estimates (2.2) and (2.4) follow immediately from Lemmas 4.2—4.4 and
Proposition 4.2. The uniqueness of the constructed solution (u4,u_,p) follows from
(2.2). Proposition 4.1 together with results from [27] ensure that functions u,u_,p
satisfy conditions (1.1)—(1.5). Thus, we prove Theorem 2.1 under condition (2.5). To
remove this restriction, we apply method of a parameter extension together with the
results of Theorem 2.1 in the case of (2.5).

Using the arguments above one can easily verify the following result, which will
be essentially use to prove Theorem 5.2 in Subsection 5.4.

REMARK 4.1. Letconditions of Theorem 2.1 hold and boundary conditions (1.3),
(1.4) be changed by

du —n—1
D)p —|—aoa—ﬁ+ =f(x',t) on Ry ,
du_ duy , —n—1
ﬁ —k5ﬁ —fg(x ,l) on RT s (445)

where 6 € [0,1]. Then problem (1.1), (1.2), (4.45) and (1.5) has a unique classical
solution (u+,u_,p) which satisfies inequalities (2.2) and (2.4) with the constants inde-
pendent of §.

5. Nonlinear free boundary problem subjected by anomalous diffusion

In this Section we apply the results of Theorem 2.1 to investigate the Muskat prob-
lem with surface tension on a free boundary in the case of subdiffusion (“fractional”
Muskat problem).
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5.1. Statement of the problem

Let Q be a double-connected bounded open domain in R”?, n > 2 with the bound-
ary d0Q =TT, I''NI2 =0. Let Y(¢), for each 7 € [0,T], be a surface: Y(¢) C Q,
that separates Q into two subdomains Q1 (7) and Q;(¢) such that Q = Q(r)UY()U
Qz(l‘), and 89, = FiUY(t), i=1,2.

The mathematical model of the “fractional” Muskat problem in the case of nonzero
surface tension is determining functions p;(y,2), y € Q;(¢), r € [0,T], i =1,2, and an
unknown boundary Y(¢) by the following conditions:

—Api=0in Qt), i=12,1€[0,T], (5.1)
p1—p2=yx(Y(t)) on Y(¢), (5.2)
Ipi Ip2
v_ _ g 9P1 4 Y9P2 .
Vi=—higr=—kg 2 on X(), ve (1) (5.3)
pPi= l[/i(y) on FiT = l",- X [07T]7 (54)
Q;i(t)|=0 = Q;, and, hence, Y(t)|;—o =1 are given. (5.5)

Here v, k;, i = 1,2, are given positive constants, k; # ky, the quantity x(Y(r)) de-
fined on Y'(¢) denotes the mean curvature of this surface; n, is the unit normal to Y(r)
directed in Qi(¢); yi(y), i = 1,2, are given positive functions; V,” is the fractional
velocity of the boundary Y(¢) in the direction of the normal n, and is represented by
(see, e.g., [33]):

V= (D/Y(t),n).

We assume that

Yeckte T,ect* e k>7, i=1,2, aec(0,1). (5.6)

5.2. The nonlinear mapping and main results

We apply Hanzawa approach [9] to reduce free boundary problem (5.1)—(5.5) to a
problem in a fixed domain.

Let ® = (wy,...,®,—1) be some coordinates on Y. We represent Y in the form
y = m(w) and denote by 7(w) the normal to Y directed into Q. For sufficiently
small 3 > 0, w—surfaces: m(w)+ nn(w), |N| <2y, do not intersect each other
and Ty UT2. On the set N = {y € R": dist(y,Y) < 3w/2} we introduce the local
coordinates (,n) by

y=0U1,..-,yn) =m(w)+nn(o), m(w) CY.

The free boundary in problem (5.1)—(5.5) can be represented as

Y(1) = {1) - y(,1) = m() + p(o,1)a(e), t € [0,T]}, (5.7)
where @(w,t) is an unknown function, and

l(w,1)] <wCo, 0<Co<1, @(w,0)=0. (5.8)
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Thus, the surface Y(¢) in the local variables is given by

@p(v,1) =n(y) — @(0(y),1) =0. (5.9)
As well as in [31] and [29], we can rewrite boundary conditions (5.2) and (5.3) as

DY <qu)10(y7 ) V q)J@(y’ )> o
' [Vy@p(y,0)]

kl yphV q)ﬁ(y7 )>

(

—k2(Vyp2, Vi@ (,1)); (5.10)
1)
1)

V(D Y,
”“"FWYQV @Zgy |>

Let x(A) € G5 (R'), x(A) = Lif [A| < yo/4 and x(A) =0 if |2| >3y/4, [x¥)| <
Cl/yg, k = 1,3. We choose the constant Cy in (5.8) such that Cy < % then 1+
x!/ (A = 1/2 if |u| < pCo. We will use the coordinates (w,1) to define the diffeo-
morphlsm

(5.11)

€p: (.Xf,l) - (yvt)
from X7 = R" x [0,T] onto Y7 = R" x [0,T] by setting

{y=x7 if dist(x,Y) >3y /4, (5.12)

o(y)=ox),nly) =A(x)+x(Ax))@p(w(x),t) otherwise,

such that the transform e({;l maps Q;(r) onto Q; x (0,T) :=Q;r, i =1,2; and Y(r)
onto Y x [0,T] := Yr; the free boundary is given by

ep({A(x) = 0}), (5.13)

and @(x), A(x) are the coordinates in X7 similar to the coordinates w(y), n(y) in Yr.
After the change of variables (5.12), we have the new desired functions

Vi(X1y oo Xnst) = piYis- - ynst) oep(x,t), i=1,2. (5.14)

Denote by V, = (E};)‘IVX where Ej, is the Jacobi matrix of the mapping y = e(x,)
so that
Vy =V and A, =V,

Taking into account that y = x near I';7, i = 1,2, we reduce free boundary problem
(5.1)—(5.5) to the following nonlinear problem in the fixed domain:

Vovi(x,t) =0 in Qi i=1,2; (5.15)
—1 2

9
) (et =1 S, (0, 0.V o) 58 ‘O ot AHOPTop) onYr: (516)
ij=1

v vy nol vy
Dl =k |S(0.p Vo) 57+ X Si( 0.0, Vo) 5
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- vy nol vy )
_k2 |:S(w“(07vwﬁ)ﬁ+;Sl(w,fo,vw[o)g—a)l on YT’ (517)
Vi = l//,(x) on F,'T; (5.18)

P(0,00=0, ®eY, (5.19)

where V0 = (%,---,BZﬁ); S(0.2,Vo2), Si(0,0,Vof), %j(0,0.Vop),

i,j=1,n—1, o(w,0,V,e) are some specific smooth functions (their representa-
tions and properties can be found in [1], [5] and [30]) such that

as
S(,0,00=1, —(®,0,0)=0, Si(»,0,00=0, i=1,n—1,
apa),—

det{%;(®,0,0)} > & > 0. (5.20)

As easily verified,
Vi li—0 = A (5.21)

We look for the functions vjo(x) as a solution of the following transmission problem:
Awio=0 1in Q;, i=1,2; V,'0|r,. = l[/,-(x);

B dvip _, dvyp
Vio — V20 = ’)/K'(Y) and kl&ﬁ(a)) _k28ﬁ(a)) on Y. (5.22)

‘We assume that conditions (5.6) hold, and

vi(x) € CTH(IY), i=1,2. (5.23)

Then, the regularity theory for transmission problems (see, e.g., [27]) can be applied to
problem (5.22) that yields the one-valued solvability of this problem and

2 2 _
Y olles-eqgy < CCS IWillessaqry + KO esvary)s violx) = vilx,0) in .
i=1 i=1

(5.24)

THEOREM 5.1. Let o, v € (0,1); T; and Y satisfy assumptions mentioned in
Subsection 5.1 and conditions (5.6), (5.23) hold. Then for some small T, there exists
a unique solution (vy(x,1),v2(x,1),(w,1)) of nonlinear problem (5.15)—(5.19) for t €
[0,T] such that

viln1) € TN Qir), plor) e CHOTA(YT), DY plw.r) €T A(xy),
and vi(x,0) is given with (5.22) and (5.24).

The proof of Theorem 5.1 consists in two steps. The first is the linearization of
nonlinear problem (5.15)—(5.19) on the initial data (v10, v20), and then proving that the
linear problem has a unique solution. On the next step we show that the corresponding
nonlinear mapping is a contraction, and so it has a unique fixed point.
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5.3. Linearization of system (5.15)-(5.19)

Based on boundary conditions (5.17) and relations (5.20), (5.24), we can conclude

D! 2(0,0) = —k1S(,0,0) a;i‘)h = —kaS(,0,0) 8;;0\ . (5.25)
Let us define a function s(®,?) as
s(0,0) =0, D's(w,0)=DY@(»,0) on Y. (5.26)
In virtue of D) F(l‘-/i-v) = 1, we may choose the function s(w,?) as
v
s(w,1) = D, o(,0)| . (5.27)

r(1+v) ' .

Using (5.24)—(5.27), one can easily verify the following:

COROLLARY 5.1. The function s(w,t) given by (5.27) satisfies (5.26) and

4
Isllcqo.rr.coe vy + 107 sllco.ry.cvrecry) + 2. <Dszle>,(€r)T
|7]=0

2
COY Mjllesrar;) + k) llestaq), B € (0,1).
=1

Then we introduce the new unknown functions wj(x,#), i = 1,2, and o as
o(w,t)=p(o,t)—s(m,t); wi(x, 1) = vi(x,1) —vip(x), i=1,2. (5.28)
After some tedious calculations, we get next problem:
Aw; = Fip(wi,0) in Qir, i=1,2;

0
Zb, (w,1) 9 =.%(o) on Yr;
I=1 8 o

%o
Zblja)t8 3(01—’_

3W1
D'o = —kib 7
t (o 1 O(m)3ﬁ(a)) +J2(WI7G)
8W2 o
= — Y‘ M
kzbo(w)gﬁ(m) +F3(w2,0) on Yr;
w;=0 on Ir; 0(®,0) =D)06(®,0)=0, ® €Y, (5.29)

where the representations of the functions Fj(w;,0), i = 1,2, Z#(0), F2(w1,0),
F3(w2,0), byj, by, 1,j=1,n—1, by can be foundin [1], [31].
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System (5.29) can be written briefly as
1= F(z), where z=(wi,w2,0), (5.30)

where a linear operator </ is defined by the left-hand side of (5.29), and .# is a non-
linear operator, % (z) = {F10(z), %20(2), #1(z),-F2(z),#3(z) } . Following the argu-
ments from Subsection 3.2 [31], we can deduce the following result.

COROLLARY 5.2. The functions Fy, i =1,2, F;, j=1,3, contain the higher
derivatives of wi(x,t) and o(w,t) with the coefficients that tend to zero as t — 0, the
“quadratic” terms of minor differential orders of unknown functions. Moreover,

‘%0|t=0207 i:1727 Lgﬁj|t=0:0 ]:17273’ (531)

bij(w,1), bj(w,t) € C3TEVY(Y7); bo(w) € CTT(Y7), Lj=Tn—1 (532
n—1
bo(@) > 0,B0lE1> < Y bi&i&; < By 'IEP, EerR™!, (o) €Y (5.33)
1j=1
where Py is a positive constant.

Note that results of Corollary 5.2 together with conditions (5.29) provide

wi(x,0)=0, xe€Q;, i=1.2. (5.34)

5.4. Proof of Theorem 5.1

First of all we prove the boundedness of the linear operator </ in the correspond-
ing functional spaces. To this end, we freeze the functional arguments in the functions
and put

L%Q(W,‘,G) :=F,~0(x,t), i=1,2, ﬁl(c) :=F1(x,t),
Far(wi,0):=F(xt),  F3(w,0):=Fs(x1). (5.35)
Then system (5.30) can be considered as a linear system with variable coefficients.

The solvability of this system will be proved under the weaker assumptions on the
coefficients then in Corollary 5.2.

THEOREM 5.2. Let o, v € (0,1), X, T; € C3F%, ky, ky be positive and k; # ky
condition (5.35) hold and

Fo € C*5%(Qir), i=1,2, i € C*F* 5 %(Y), F; e C"T%(Yp), j=2,3,

Fj(x,0)=0, j=1,3 Fp(x,0)=0; (5.36)

n—1
Bl < Y bim(@,0)&En < By IEP (w.) €Yy, E€R™, (5.37)

Im=1

bo(w)>0; by e CTHY), by, by €C*TEV4(Y), ILm=T,n—1. (5.38)
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Then for some small T, there exists a unique solution (wy,wy,0) of linear problem
(5.30), such that

Ml\)

|| l” oAt v, a(g + ||GHCA+G‘%‘O‘(TT) + ||Dtv0||cl+a.%.a

1 (Yr)

2
<C| X lIFoll ot
i=1

P o L1 R e L] RV

(Qir o) |’

(5.39)

where C is a positive constant independent of the right-hand sides of (5.30) and de-
pends only on the measure of Qi, Ty, Y, and ||bolcirapy), [1bimllc2revapy,),

16| cavavr ) -
Proof. At first, we prove Theorem 5.2 under condition:
Fo, 1 =0, i=1,2, F,=F. (5.40)
We apply the method of parameter extension to solve problem (5.30) and rewrite it as

AXWiZO in QiTa i=1,2;

n—1 820 n—1 80
—wr— Y by(@,1)=———+ 3 by(@,1)—— =0 on Yr;
e lmzz{l m(® )3w19wm+1:21 e, )3601 on T
0
D;’G-l—kzbo(a))&ﬁv(vj)) =F on Yr;
owq owy ko
=0 T k=—;
T Paa@ 0o I ki
w;=0 on I'7r; o(w,0)=D)c(®,0)=0, wEeT, (5.41)

where 6 € [0, 1].
If 6 =1, problem (5.41) is just problem (5.29), when & = 0, problem (5.41) splits
into two boundary value problems:

3W1

Axwl =0 in QIT; W

‘TT = 0, w1|F1T = 0, (5.42)

so wiy =0 in Qir; and

Awr, =0 in Qr; 0(0,0)=D/c(0,0)=0, weY;

n—1

W2+Zb1m((x)t Zbla)t —O on Yr;
Im=1

P
D! 6 + kobo(0) ——2— = F, on Yr. (5.43)
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Problem (5.43) has been studied in Section 5 [29] (see ;l;heogem 5.1) where ogxe-to-one
local solvability of (5.43) has been proved: wy € C2+% 5 %(Q,7), 6 € CH% 75 %(Y7),
DYo € C'T% 5% (), and

||W2||C2+a.%g‘a(Q2T) + HG”C‘HD“L—%‘G(YT) + ||DthHC1+a‘¥_g‘a(YT)

<Ol gravga (5.44)

(rr)’
where the positive constant C depends only on the measure of ;, T, Y, and ||bo|| 1+ (1) *
[bijllc2roveiryys [1illcaravayy)-

To show the well-posedness of linear problem (5.29), we have to obtain apriori
estimate uniformly with respect to & for the solution (w;,w;,0) of problem (5.41).

Adapting the standard Schauder technique to the case of a fractional derivative and
applying the results of Theorem 2.1 and Remark 4.1, we deduce:

2
. v
izzl HWIHCZJra#VTD‘,a(Q’_T) + HG”CA+0!,VTD‘,<X(YT) + ||Dt GHCIJraA,VTD‘A,a(YT)

Ci < 3
< CillPll oy, + g ;w»fg:; ), (5.45)
=

where the positive constant C, is independent of §; € is a positive constant which will
be chosen below.
Let us denote

V,'ZZW,'(',tl)—W,'(',tz), i=1,2, y:=6(~,l1)—0(~,t2),

Blj ::blj('vtl)_blj('7t2)7 Bj ::bj('7tl)_bj('7t2)7 l7j:17n_17

and apply the results from [27] and embedding theorem to the following transmission
problem
AVi=0in Q, V;=0 on TI'r;

nol %o 0%
V= B 72 ) sz
Vi—V, lgl [ ”(“’”)aw,am, +bl~f(“’”2>aw,am,}
nol do 0.7
_ B -— — | = Tr;
1=21 { z(w,l)aml +bl(w’t2)8wj go on Y;
A% oV,
— ko =0 Yr. 5.46
on(w)  Con(w) T (5.46)
Thus, we can deduce
sup|Vi| < Cligollco,rcr vy, i=1,2. (5.47)

Qir
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Finally, interpolation inequality (2.1) together with (5.47) allow us to conclude

2
Z Wl IQT Tva/3[||GHC4+a#%>a(TT)+||D[‘/GHC1+%‘/TD!@(YT)}. (548)
Then we choose € such that CICT £727% < 1/2 and get from (5.48) and (5.45)
the uniformly estimate
1 vo — vo v vo
; HWlHCZ#»O!‘T.O!(Q’_T) + HO-HC‘HO“T‘“(YT) +(|Dy GHCH‘X‘T‘O‘(YT)
S ClIR va gy, (5.49)

where the positive constant C is independent of 6. Thus, we have proved Theorem 5.2
under condition (5.40). To avoid this restriction it is enough to use statement (ii) from
Proposition 2.3 [31]. O

Next we prove solvability of nonlinear problem (5.29), and hence, (5 15)—(5.19).
We introduce the functional spaces .77 and 7743, such that z € 4 and ¥z € 74,

S = %v2+a,va/3,a(QlT) « %v2+a,va/3,a(ﬁzT) « %v4+a,va/3,a(TT)
XCI-&-a,va/B,a(TT).
0 b
= ga,va/S,a(QlT) ~ ga,va/S,a(QZT) ~ g2+a,va/3,a(YT) ~ gl+a,va/3,a(YT)

X%lera,va/S,a(rT) > C5+a(1~1) « C5+a(1~2);

and
Izll.os = [ (w1, w2, 0)l]74
2
z{ HwiHCZJra‘va/S.a(QiT) + HG”CAHa.va/}‘a(YT) + ||DthHCI+a‘va/3.a(YT);
1
172l = (F10(2), F20(2), F1(2), F2(2), 3(2),0,0)

2
2 HJIO ||Ca va/3a + HJI( )HCZJra‘va/S.a(YT)
i=1

+2 HJJ ||Cl+a va/3, O‘(T'T)

By Theorem 5.2 we can rewrite equation (5.30) as
2= '\ 7 (z) =R(z),

where R(z) is a nonlinear operator, R : .7 — % . To show that R is a contraction
operator we apply standard arguments from Subsection 5.2 [31] together with results
of Theorem 5.2. That finishes the proof of Theorem 5.1.
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