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Abstract: The present study investigates existence and uniqueness of solution of local problems for the degenerate
parabolic-hyperbolic type equations with loaded terms involving a trace of solution in Atangana-Baleanu operators. Because, the trace
of solution (i.e. u(x,0) ) is in Atangana-Baleanu operators and hyperbolic type equation degenerates on the line y = 0, we use some
properties and estimations of hyper-geometric functions on the proofing process of the uniqueness and existence of solution of the
investigated problem.
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1 Introduction

Because of the significant role of mathematics and mathematical physics, engineering, bioengineering, neuroscience,
economy, control theory, dynamical systems pollution and combustion science (see[1,2,3,4,5,6,7,8,9,10,11]), it is very
important to study fractional differential and integral-differential operators. As we know, that Mittag-Leffler function is
more appropriate for expressing nature than power function. In 2016 Atangana and Baleanu proposed a new fractional
derivative with non-local and no-singular kernel that is based upon the generalized Mittag-Leffler function [12]. The
authors presented some useful properties of the new derivative and applied it to solve the fractional heat transfer model.
Other works was conducted and applied Atangana-Baleanu operators to the model of groundwater flowing within an
unconfined aquifer[13],to free convection flow of generalized Gasson fluid [14].

It should be noted that the partial differential equation (PDE)s fractional order more interesting with their intensive
applications to physical phenomena, such as diffusion and wave processes [15,16,17], viscoelasticity [18, 19]. In several
papers (see [20,21,22,23] and others) the authors considered some classes initial and boundary value problem(BVP)s
for PDEs with Riemann-Liouville and Caputo fractional derivatives. Fundamental solutions of PDEs fractional order
were found. Moreover, Greens function of the first and second BVPs for such equations. Many papers addressed BVPs
for the mixed type equations involving the Caputo and the Riemann-Liouville fractional differential operators, see for
instance [24,25,26,27,28]. In addition, some classical methods which are adopted to solve some FDEs involving well
known operators as Riemann-Liouville, Caputo, Erdelyi-Kober, Atangana-Baleanu. Applying classical methods we can
get classical solutions significant for practice. In addition, other works as [29,30,31] and [32] present application of
the fractional calculus to investigations of degenerating mixed type PDEs and hyperbolic equations. On the other hand,
numerous papers(see [33,34,35,36]) proved the existence of approximate solutions for some fractional integro-differential
equations involving the Caputo-Fabrizio and other derivatives. The approximate solution of an equation is equivalent to
the approximate fixed point of an appropriate operator. Using numerical methods, one can obtain approximations of the
unknown exact solution.
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The present article aims to find exact and classical solution of some problems (which differ with conditions on the
parabolic domain) for a parabolic-hyperbolic type equation fractional order including Atangana-Baleanu operators, and
to deduce some conclusions related with statement of the problem. The organisation of the manuscript is given below. In
section 2 we present the statement of the investigated problems and necessary functional relations. Section 3 deals with
the investigation of the problem I. Section 4 discuss the uniqueness of the solution for the problem II. The existence of
the solution of the problem II is depicted in section 5. Finally, the conclusion part is illustrated in section 6.

2 Statement of the problem and necessary functional relations

This section involves statement of the problem. We consider equation:

n
Uxx _CDgyu + Z pk()C,y)ABIfku(x,O)’ aty >0

k=1
0= . %))
(=) " tx — Uyy + Z Qk(xay)ABITy]k”(naO)a aty <0
k=1
with Caputo derivatives (see [2]):
¥y
cDgyu = / %y (x,1)dt, 2)
0
and Atangana-Baleanu integral operators [12]:
ABI%(x) = - au(x) + L/x(xt)alu(t)dt 3)
! B(a) B(a)I'(a) ’
0
where B(¢) can be any normalization function satisfying the conditions B(0) = B(1) = 1, «, B, %, m = const, m > 0,
0<a, B <1(k=12.n);n=x+25(—)".

Let 2 be a domain bounded with segments: AjA, = {(x,y): x=1,0<y<h},B1B, ={(x,y): x=0,0<y<h},
ByA, ={(x,y): y=h,0<x< 1} atthey > 0, and by the characteristics:

ALC: x4 (1=28)(—y) T3 = 1; BC: x— (1—28)(—y) 75 =0

of Eq. l aty <0, where6:m A1 (1;0),A (1h) (0-0) (O-h) ( . (m4+z)l 26).

Introduce designations: QT =QN(y>0), Q" =QN(y<0), 1 ={x: 0<x< i}, h={y:0<y<h}.
Problem I. Find a solution u(x,y) of Eq. 1 from the class:

V)= {u(x,y) cu(x,y) €C(Q)NC*HL ™), u, € C(§+\{y:h}) U €C(Q7), cDyu e C(Q*)}

with boundary:
Mx(]v)’):(Pl()’)a 0§)’<h7 (4)

ux(0,y) = @2(y), 0<y<h, (5)

. 1-268
u(x,—(m) ) =y(x), xel. 6)

and discontinuous matching conditions:

Jim 3 (59) = A w5, ~0)+
+12 /r t O dt+)L3( )MX(X,O)+)L4()C)M(X,O)+)L5(X), ()C,O) EAIBI (7)

0
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4
where ¢;(y) (i = 1,2), w(x), r(x), 4;(x) (j = 1,2...5) are given functions, such that Y 7Lj2(x) # 0.
=1
Problem II. Find a solution u(x,y) of Eq. 1 from the class:

= {u(x,y): u(x,y) €C(Q)NC* Q7 ),un €C(27), cDueC(Q")}
satisfies all conditions of the Problem I, in addition to 4 and 5, which changed to

u(l,y)=@3(y), 0<y<h, ®)

w(0,y) = @s(y), 0<y <h, ©)
where @;(y) (i = 3,4) are given functions. It is known [37], that the Riemann function for Eq. (1) at y < 0 (on & =
x—(1-=208)(—y) 25 and n=x+(1-28)(—y) = coordinate)is defined with the Gauss hypergeometric function:

Lo (m=9¥ (& — &) (n— o)
RGoid.) = s st (881 ) 1o
where
1
H(a1,az,a3;Z)—F T(as—ay) / 2= ] X)) l(l—Z)c)f‘l‘dx,

0

0 <Rea <Reas, |arg(l—z)| <.
In fact, the solution of the Cauchy problem for equation (1) in the domain £~ with initial dates

u(x,0)=17(x), 0<x<1l; uy(x,—0)=v (x), 0<x<1 (11)

is given by formula [37]:

u(&,n) =k

m\:

n
n—s)ov- (s)ds—kz(n—é‘)"”/ (s— &> (n—5)° "t (s)ds
14

-208

n n
+kzé/ Bricz(s) ds/qksz ) (z§)5H<5,6,1;%)dz, (12)

245511225 28) - s s— 125
where kj :%,kz Fg( ; G(s,2) = qr (%7(2“;5)) :

Considering 6, 3 and using some properties of Riemann-Liuoville operators (see[2]) from 12, we will get

n
o kI(8) s ~o? 1-6 725/ - Ly Tl df Qk 1(n—2)
M T Ry (R 0,; ) (n OO )

B LR Snzajdti % / () ds/ (t,2) H(Ml,r(n—z))dz
wra-g o B Buren ] =9 qonre \ =)

2 spi—s, (M
T ara—s)" Pon v(3): (13)

where D% f (o € R") is the Riemann-Liouville fractional derivative which looks like [2]:

wpe_ L (AN f0 .y
(Dax )x_F(I/Z*OC) (dx) ;l/(xt)(anrldt’ [OC]—{—]’ >a. (14)
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On the other hand, considering designations 11 and lim0 ¥ 7%y (x,y) = v (x), 0 < x < 1 from 7 we obtain
yort

X

Vi) = 4 (v (x) + Ao (x) / r()T(0)dt + A3(x) T (x) + Ay (x) T(x) + As (x). (15)

0

For further supposes, from equation 1 at y — +0 considering

lim D! f(y) = I'(a) lim y' = £ (y)
y—0 y—0

we get
n
t'(x) = T(o)vF(x)+ )] pi(x, 0081z (x) =0, 0<x < 1. (16)
k=1

3 Investigation of the problem I

Taking 7/(0) = ¢>(0) and 7(0) = y(0) into account, twice integrating from O to x the equation 16, we will get
n X
() = I'(a) / (x—vE(@R)di— Y / (r— ) pa(t, 0B 1P (1)ds + x2(0) + w(0).
k=1

Furthermore, using 3 and owing to 15 after some calculations, we receive

X X X

() = ['(a) / (x— A (1)v (6)dt + () / r(s)7(s)ds / (x— ) a(r)dt — (@)

0 s
X

(As(r)(x —1))"z(r)dt

O\x

0
/ o1 =By r
+I() 0/ (x—D)A4(1)2()di + (@) / (xft)7L5(t)dt+k;l 50 0/ (x— 1)pi(1,0)7(1)ds

0

+,;B(ﬁk)r(ﬁk)0/7( )dS/ (=) B dt +x¢(0) + w(0) — A3(0) y(0)x. (17)

On the other hand, owing to 14 and functional relation 13, we will rewrite as:
n n t
~ kI'(8) d n® d L—2§
= —_— dt — —_— t dt
v-(m) lel— ydn / 125 k1F1— ydn /
0 0 0
N 5 n I
CI SZ d / —28 /
H 6,0 1, dz — — 17294t [ d
X fs z ( , - ) : le 1* d : ’
0 0
t

< / Gi(s,2) s(t—z) 2 516, (N
XkZIB(n)F(n)b/(s—y)'n * (ts)5Z5H<5 oL s))d”kr(l—a)" Phw(3)s a9

=

(x—1)2 (t)v—(r)dt :

Considering 18, we will calculate following integral J = I" (o)

O—x

kT (a)(8) | FEt or(a) |
J = zlr(l _5) O/(X—n)ll(n)d |:/ mdi] mo/(x—n)ll(n)ng

n t t
61,28 S =% Ods Gi(s,2) 5 s(t—2z)
wd O/(n 13 dtO/kZlB(Yk)f( )d/(t_s) H<5,5,1, (t_s))dz]
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() | y o
mo/(xn)ll(n)md L/(nt)5 Iy Zﬁdto/ds

- % ) Gr(s,2) s(t—2)
L smore | 5ot sfzaH(a’S’]’z(rs))dZ]

+kl§1(a)5) b/‘(x—n)M(n)n‘SDén‘Sw(g)dn-

Integrating by parts after some simplifications, we finally get:

—ki,rr 2L O/XT dt/x = xt)lngéx M) 4
+kl§1(a)5)O/T(s)dsj((x—n)h(n)né)/dns/(n (;)_Ss)]; QSdfkil ;_ygcs/[%; Z)H(3 0,1 igﬁ)d
klliz(o_‘)a)o/xr(y)dyy/x ((xn)kl(n)n‘s)'dny/n(n t)5lfz’sf”kIB(WT;(ﬁ)y/t(S(I_y):)kﬁl *
[ a5 H<5 5 1‘SEI_3)dz+k112_,1;1((i)5)0/x(xT])ll(n)naD(l)n‘sW(g)dn. (19)
Substituting 19 to 17, we will have:
©(x) = (@) [ r(s)e(s)ds [ (x—0)alt)de — (@) / (23(1) (x— 1)) 2(0)dt + I'(@) / (e — 1) Aa(0) (1)t
) s ) )
S ATLY SRR Ly B LTS
+k1§1(a)5)jf(s)dss/x ((x—n)h(n)né)/dns/n(n (Z)i)]; ZSdIanl ;—ka;(jqk(zé ) (5 6,1 thig)d
- s 0/ ()dy / (= mamn®) an /n (-1 2
R e AL = )
+;B(ﬁk)ﬁ;(ﬁk) Zr(s)dsj%dt—i—l‘(a)o/x(x—t)ls(t)
s Z@n)b(n)nw Py (L) +202(0) + w(0)(1 - (0} o)
Hence, we will rewrite 20 as the second kind Volterra integral equation
/ K(x,5)7(s)ds + f(x) @1
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where

K(x,s) =T (ct)r(s) / (x—t)Aa(t)dt — () A5(s)(x — s) + T (o) Az(s) + () (x — 5) Aa ()

L F LB o0+ D@D R0 0),

t

= B(Bx) kI(1-8) J (1—5)1-25
[ 5 1,—-28
+;£%¥%%}/[wx(35+1ﬁﬂnéllﬂ )+ A(MN°(x—1n) dn/w tist dt
xnl’thQk(s) s(t—2)
kZ]B(Yk)S/ rad <8’6’1’ (t —s))dZ
2M(a) [ n
- m/[(&c— (5+1)17)115*‘&1(17)+7L{(n)n5(x—n)]dn/(n )01,

’ % t(y—syk [ d(2) y(t—2)
“Lamrm | oy / (5015525 )
O)dt

B [ (=Dt
X BT (ﬁo/ (—s) A

106) = 22(0) + ¥ (0)(1 250 / ~02s(0)
0

ndpL-3 n
lelf O/X M)A (n)n° Doy "’(2)‘1"'

Lemma 1.Ler valid 0 < o, By, Y < | and conditions

pr(x,y) € C(§+) Nc? (.(2+) , qr(x,y)C (57) nc' (.Q’) Jk=1,2,...,n;
@i(y) € CI0,A]NCY(0,h), (i=1,2), w(x) e C(T\)NC*();

2’j(x) € C[07 ]] mCl (Oa 1)) (J = 15255)5 ),3()6) € C[07 ]] mC3(07])7 A'4()6) € C[07 ]] mCQ(Ovl)v
then the integral equation 21 has a unique solution.

Proof.Based on the class of given functions 24-26, from 22 we have

K (x,5)| < c1|x— s+ ca|(x— )% | + const|A1 (x,5)| + const|Ax(x, s)| + const|A3(x,s)| + const|A4(x,5)],

X
I = lﬁk
K

X
where A (x, s) f = —XLdi, Ay (x,s) =
N

HM:

k=1

X n t

A3(xvs):/(x—77)d77,/‘(77_t zgdtz }’k (%) / *SY" /Qk (5’67];§((;3)d1

N

t

e = frenun [ O Z/ 200155

N

(22)

(23)

(24)

(25)

(26)

27)

(28)

(29)
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1
Applying replacement ¢ — s = z(x — s5), we will get: Aj(x,s) = (x — 5)!T2 [20°1(1 — 2)dz,
0
n 1
Ay(x,5) = ¥ (x—s)"+Pe [ P=1(1 — z)dz, which follows, that
k=1 0
A (x,5)| < const - (x—5)"*20 | |Ay(x,5)| < const- (x—s)""P", B* = max{PBi,..., Bu}- (30)

Due to estimation of hypergeometric function [37]:

cl, if az—a;—a,>0, 0<z<1
H(ai,az,a3;z) < (1l —2)B7 972, if a3—a;—ax <0, 0<z<1 31)
C3(1+|ln(1*Z)|), if a3701702:0

taking 24-26 into account and making some evaluation from 28, we get

X t

—5)%™ 1
|A3(x,s)| < const - /(x n dT]/ 1)%-1 725dtz / s)

N

Considering replacement y — s = z(r — s), we obtain

y n

[A3(x, )| < const - /(xfn)dni m /(77 — )07 1B (1 —5) TN 0gy .
k=1 J

N

Moreover, introducing the same subsequent replacements # — s = z(1) —s) and 1 —s = z(x — s) consistently, making some
estimations we will get

|A3(x,5)| < const|(x— )T |, ¥ = max{,..., }- (32)

Based on the same estimations, we will infer that
|A4(x,5)| < const(x —s5)>. (33)
Hence, taking 30, 32 and 33 into account, from 27 we conclude that
K (x,5)] < c1lx— | +cal (x — )% + 3] (x — ) 20| + e (x = ) TP 4 5] (x — )7 |+ cp(x — 5), (34)

where ¢; = const, i =1,2,...6.
Easy to spot, that

[F)] < erle] + e + o 02|, (ci = const, i=17,8,9). (35)

Based on 34 and 35, we will infer that

K (x,5)| < const, K(x,5) € C([0,1] x [0,x]) UC ((0,1) x (0,x)) (36)

|f(x)] < const, f(x) € C0,1]UC*(0,1). 37)

Adopting the theory of Volterra type integral equations and considering 36 and 37 we will conclude the equation 21 unique
solvability. Besides the solution of the equation 21 we can write via resolvent-kernel as

/Rxs s)ds+ f(x)

where R(x,s) is resolvent-kernel of K (x,s). Lemma 1 is proved.
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Finding 7(x), we will determine v~ (x) from the functional relation 18. Hence, a solution of the investigated problem
is restored in the domain £~ as a solution of the Cauchy problem (see 12). Solution of the Problem I is restored in the
domain Q7 as a solution of the second BVP for Eq. 1(see [22]):

y y
u(ry) = [ Gy 0.men(mian — [ Glxxt.myea(m)dn + [ Golx—E.y)e(E)ag
0 0

vl ;
= [ [ G0 X pu(& .01 e(@agan
00 k=1
here

y
Go(x—é,y)z ﬁ/niaG(xayaéan)dna
0
o211 X— n of2 " P n /2
Gt = = [e::% <—' — >+e::a§§ <7' L )]

is the Green’s function of the second boundary problem for Eq. 1 in the domain Q2 with the Riemanne-Liouville fractional
differential operator instead of the Caputo ones [24], [22],

=

”Zg)n'r 8 —0n)

is the Wright type function [23].

4 Uniqueness of the solution for the problem II

Uniqueness and existence of solution of the Problem IT will be proved using the same methods as in works [26,31,32].
Assuming As(x) = 0 and considering 15 from 16, we have

(%) = T(@)A (x)v (x) + () Aax /r (1)di+
0

I'(0)A3(x)7" (x) + (@) Ag(x)T(x) + Z pi(x, 04 81Per(x) =0, 0<x< 1 (38)
k=1

In addition, we multiply to T(x) equation 38 and integrate from O to 1:

1 1 1 t
/ T"(x)f(x)dxff(a)./ ()M (x)v~ (¥)dx + T / (x / (s)7(s)dr+ (39)
0 0 0
1 1 1
a) / ()25 (1) 7 (¥)dx + I () / ()70 + Y / () pa (6,0 B 1P 2(x)dx = 0 (40)
0 0 k=17

1
Considering 7(0) = ¢4(0), 7(1) = @3(0) easy to spot, that [ 7”(x)7(x)dx < 0. Moreover, we can prove that
0

1 t
a)/ T(x) A2 (x)dx / r(s)(s)dr <0, if (’12(’“)
0 0
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1
a) / ()3 ()7 (1)dx < 0, if AL(x) >0
0

1
n
Z/T x) pr(x, 08 1P T (x)dx < 0, if py(x,0) <0, pf(x,0) <0
k:lo

In [31] was proved that

1
/1 Y1 (x)v(x)dx > 0, at ge(x,y) < 0, Ai(x) > 0.
0

To conclude, we will formulate this
Lemma 2.If conditions 0 < o, B, e < 1, (k=1,2,...,n) and
A ' 22(0
2, 2O 21 >0
r(x) r(0)
Pi(x,0) <0, pi(x,0) < 0, ge(x,y) <0, Ay (x) >
hold, then the solution of the Problem II. unique.

5 Existence of the solution of the problem II
Theorem 1.If all conditions of the Lemma 2. (24) are satisfied and

@i(y) €C[0,A]NC" (0,h); (i=3,4) y(x)eC' () NC* (L), (41)
then the solution of the Problem II exists.

Proof:Eq.(16) is written as
v'(x) = fa(x), 42)

where
fHrlx)=T(a)v*(x) Z pr(x,0 ABlﬁkT( ).

Solution of Eq. 42 satisfying 7(0) = ¢4(0), (1) = ¢3(0) has a form:

X) = / (x=0)fa(t)dt —x | (1 =1) fa(t)dt + @4(0)(1 —x) +x¢3(0). (43)
0

o _

X 1
We will investigate integral J; = I' () [ (x —#)v ' (¢t)dt —x [ (1 —t)v ™ (t)dr. Substituting 15 into J;, we get
0 0

/ x— DAV (1)di + (@) / (x— D) Aa(r)dt / F(s)7(s)ds

0 0 0
/ x—1)23(t)T (t)dt + T (« )/(x—t)M( ()dt+T'(a / —1)25(t)
0 0 0

| 1 1

x/ (1= D)A)V (1)dr —x / (1 —t)lz(t)dt/r(s)r(s)ds—x/(l 1) 2a(0)T (1)t
0

0

—X

0
1
(1= 1) Aa(t)T(1)dlt — x/17t7L5()
0

O\_ S
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Considering 18 and integrating by parts after some calculations, we will get:

x X n
Ji :F(oc)o/(x—t)ll(t)v(t)dt_ k]ill; 5 0/ x—n)A(n n!#m
n n
ZF((X) 5 ]t 206
klr(]_5)0/(< ) (n)n? an/r ds/ P
5y [ Gus.2) s(t—2)
L | 3 (6015075 ) o
x n I
kllz—'lgl(a)g) / ((x 11)2»1(77)115) dn /(77 t)aflfzgdt./ds
0 0 0
.y % 7(y) e s(t—2)
L zeorn | 5o/ e (B015=)
+ 0/ (= mamn?Dl Py (1) an,
1 1 n
Jo=T / (1-1)A )dr%/((ln)b(n))’m/%dt
0 0 0
1 n
oI (a) / (n—1)>"+2
—mo/((l n)h(n)né) dno/f(s)dss/ () i

ol — %
X
k;B(Vk)

S B C) BN O (% s(1—2)
L | ooorw ] o (80155075 ) o

1
+%O/(ln)kl(n)néDénéw(g)dn,

(44)

(45)

Taking into account 44, 45 and substituting J; to 43 after some simplification, we will get second kind Fredholm integral

equation:
1
o) = [ K(e)e(e)dr + F() (46)
o
where
Kii(x,2); 0<t<x,
K, (1) = { K1 0o0) o @7
K]Q(x,l‘); x<tr<1.
© 2020 NSP
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X

Ki1(x,1) :F(Oc)r(t)/(xfs)/b(s)dsfl—'((x) [((X7l‘))l,3(l‘))/+(X*t)k;;(t)}
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1 n
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t
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L /s ds/q“z 8,8,1: 224 ) az (49)
i Yk (%) z(y—s)

F<x><p4<o><1x>+x<p3<o>+% [ mantnol, ey () an

0
1
k]F 1f O/ (mn°Diyy (3 ) dn
+T() / (x—1)As(1)dt — T (o) / (1—1)2s(0)dr. (50)
0 0

Due to class of given functions (see 41) and 31 considering 0 < a, By, ¥, 20 < 1 from 47-49 and 50, we will receive that
|K, (x,2)| < const and |F (x)| < const. Moreover,

Ki(x,1) € C([0,1] x [0,x]) UCS ((0,1) x (0,%)), F(x) € C[0,1]UC?(0,1). (51

Because we prove that the Problem II has a unique solution, due to (51), and based on the theory Fredholm equations,
Eq.(46) has a unique solution. Therefore, solving integral equation (46), we will find 7(x). Furthermore, from (13), will
find v~ (x). We will restore the solution of the Problem II in the domain Q7 as the first BVP for Eq. (1)(see [22,26]), and
in the domain ™~ as a solution of the Cauchy problem. Thus, Theorem 1 is proved.

6 Conclusion

BVPs for the loaded parabolic-hyperbolic type equations with the trace of solution included to Riemann-Liouville, Caputo
or Atangana-Baleanu operators, will be reduced to Volterra integral equations in case if, in the parabolic domain, they were
given conditions as 4 and 5 and local boundary condition on the characteristics of the hyperbolic equation. In this case, it
is not required to prove uniqueness of solution separately.

BVPs for such equations will be reduced to Fredholm integral equations if, in parabolic domain, they were given
conditions as 8 and 9 and local(or non-local) boundary conditions on the characteristics of the hyperbolic equation. In this
case, it is required to prove uniqueness of solution separately.

Analogical problems as Problem II with non-local conditions on the characteristics of the hyperbolic equation will be
investigated with the same methods.
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