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Introduction

We study the ultraparabolic equation with two time variables ¢ and a of the form

h(z)u + ug — Uge + c(z,t,a)u = f(x,t,a), (1)
h(z)(us + ug) — Ugze + c(x,t,a)u = f(x,t,a), (2)
and also the equations
h(z)ut — Ugaq — Uza + c(x, t,a)u = f(x,t,a), (3)
h(x)(ut — Ugaa) — Uze + c(x,t, a)u = f(x,t,a), (4)

which can be called quasiultraparabolic; we consider the case of the sign-changing function h(x) with
a discontinuity of the first kind at the point of the sign change.

Forward-backward differential equations (first of all parabolic and ultraparabolic equations) arise
in mathematical modeling of many physical processes [1-7]. It seems possible that at present forward-
backward parabolic equations are studied better (see [7-15]). As for forward-backward ultraparabolic
equations, we can mention only the article [16] where some model equations are studied but of another
type of forward-backwardness than that in (1)—(4). Equations (3) and (4) (quasiultraparabolic) with this
type of forward-backwardness were not studied before.

We can note also the following fact. Recently, essential attention has been paid to the study of higher
order nonclassical forward-backward differential equations [13-15,17—-20] but equations of the forms (3)
and (4) were not considered earlier.

Let us describe the structure of the article. Section 1 presents the results on solvability of boundary
value problems for the ultraparabolic equations (1) and (2). Section 2 studies the solvability of boundary
value problems for (3) and (4). Section 3 deals with the possible refinements of the results.

In what follows, the derivatives are understood in the Sobolev sense (unless otherwise stated).
The solvability of boundary value problems for (1)—(4) is studied in spaces with these generalized deriva-
tives.
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1. Boundary Value Problems for
Forward-Backward Ultraparabolic Equations

Let a function h(z) on [~1,1] satisfy the condition
h(z) € C([0,1]), h(z) >0 forz€0,1], h(z)e C(]-1,0)),
3 xl—i>n—10 h(z) = h(—0), h(z) <0 forz e [-1,0), h(—-0)<D0. (5)
Put Q* = (0,1) x (0,7) x (0,4), @~ = (-1,0) x (0,T) x (0,A) (T and A are positive numbers),

Q1 =QTUQ ,and Q = (—1,1) x (0,T) x (0, A). Assume that c(z,t,a) and f(z,t,a) are defined for
(z,t,a) € Q, while o and 3 are given reals.

Boundary Value Problem I. Find a solution u(x,t,a) to (1) on @ satisfying the boundary
conditions

u(z,t,a)le=—1 = u(z,t,a)[e=1 =0, (¢t,a) € (0,T) x (0, A), (6)
u(z,t,a)li=r =0, (z,a) € (—1,0) x (0, A4), (7)
u(z,t,a)|i=0 =0, (x,a) € (0,1) x (0, A), (8)
u(z,t,a)la=0 = 0, (z,t) € [(=1,0) x (0,T)] U[(0,1) x (0, T)], (9)
and the conjugation conditions
u(z,t,a)|z=+0 = qu(x,t,a)|g=—0, (t,a) € (0,T) x (0, A4), (10)
Uz (2, t,a)|g=—0 = Bug(z,t,a)|z=+0, (¢t,a) € (0,T) x (0,A). (11)

Boundary Value Problem II. Find a solution u(z,t,a) to (2) on Q; satisfying (6)—(8), (10), (11),
and
U(.T,t,a)’a:A =0, (m7t) € (_17 O) X (O7T)7 (12)

u(z,t,a)le=0 =0, (x,t) € (0,1) x(0,T). (13)

The boundary conditions of Problems I and II correspond to the Gevrey conditions [21] (and the
Fichera conditions as well; cp. [22,23]); the presence of the conjugation conditions in these problems is
defined by the discontinuity of h(z) at x = 0.

Let G be a bounded domain in R? of the variables (x,t,a) with piecewise smooth boundary. Put

W(G) = {v(:c,t,a) cv(z,t,a) € WQI(G), Ve (x,t,a) € LQ(G)},

Vo = {v(z,t,a) : v(z,t,a) € Vo(Q7), v(z, t,a) € Vo(Q1)}.

Obviously, Vy is a vector space that can be endowed with the norm

N

Iollve = (Io00-y + Nolagry + Noselagmy + szl i0e) -
It is also obvious that V{; under this norm is a Banach space.

Theorem 1. Assume (5) and the conditions

c(z,t,a) € C(Q), c(x,t,a) >0 for (z,t,a)€ Q, (14)
af > 0. (15)

Then Boundary Value Problem I has at most one solution in Vj.

PROOF. Assume that Boundary Value Problem I has a solution u(z, ¢, a) in Vj. First, we consider the
case of « # 0 and B # 0. Let v = g Multiply (1) by u(z,t,a) and integrate over the cylinder @ ~; next,
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we multiply this equation by vyu(z,t,a) and integrate the result over Q*. Summing the two equalities
obtained, we arrive at

/ u? dzdtda + v / u? dzdtda + / cu? dzdtda + / cu? dzdtda
Q- Q* - Q*

A0 Al
//h :v()adxda—i—;//h 2(x,T, a) dzda
0 -1 0 0

T 0 T 1
//u2xtAdxdt+
0 —1

//u2 x,t, A) dzdt
0
— /fudxdtda—i—’y/fudmdtda.
Q- Qt

M\F—‘

_l’_

N =
N2

0

Since 7 is positive, the last relation justifies the a priori estimate

/ (u2 + u?) dzdtda + / (u2 + u?) dzdtda < Ny [ / f? dadtda + / f da:dtda], (16)
Q- QT Q- Qt
where the real Ny is defined only by « and S.

If «a =0 or 8 = 0 then Boundary Value Problem I reduces to two independent problems in the
cylinders @~ and Q™; estimate (16) obviously holds for these problems.

Estimate (16) valid for all numbers a and (3 such that a8 > 0 implies that Boundary Value Problem I

has at most one solution in Vj.
The theorem is proven.

Let us proceed to the study of solvability of Boundary Value Problem I.
Theorem 2. Assume (5), (14), (15) and the additional condition

c(z,t,a) € CH(Q). (14"
) ) € L2(Q )7 fa(I,t,(l) € L2(Q )7

t,a
€ (—1,0) x (0,A), f(x,0,a) = 0 for
)] U[(0,1) x (0,7)], Boundary Value

Then, for every function f(x,t,a) such that f(z,t,a) € Lo(Q), fi(z,

fi(z,t,a) € Ly(Q7), fa(x,t,a) € Lo(Q7), f(z,T,a) = 0 for (z,a)
(z,a) € (0,1) x (0,A), and f(x,t,0) =0 for (z,t) € [(—=1,0) x (0,T
Problem 1 has a solution u(x,t,a) in Vj.

PrROOF. We reduce the conjugation problem to auxiliary boundary value problems for “loaded”
equations (see, for instance, [24, 25] and [19, 20]).
Let G be a bounded domain with (z,¢,a) € G. Denote

Vi(G) = {v(z,t,a) : v(z,t,a) € Vo(G), vext(x,t,a) € La(G), Vpza(x,t,a) € La(G)},
Vo(G) = {v(z,t,a) : v(z,t,a) € Vi(G), vaptt(x,t,a) € La(G), Vzzaa(z,t,a) € La(G)}.

Endow these spaces with the norms

1
lvllvi(e) = (||U||%/O(G) + ”Uth%Q(G) + ||U;m:a||%2(g)) %

N[

||UHV2(G) = (HUH%/l(G) + ||vmctt||%2(G) + vaaaH%Q(G)) .
In what follows, we assume that w(z,t,a) and z(z,t,a) are functions on Q@ and Q~, respectively.
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Consider the following problem: Find w(z,t,a) and z(z,t,a) such that

@)+ 10 — e + e+ S ) Bu(+0,8,) + (-0, 0]
+[Bwza(+0,t,a) + 24(—0,t, a)] + c[fw,(+0,t,a) + 2(—0,t,a)]} = f(z,t,a), (17)
B(2) 2 + 20 — 200 + 02 + /31(1++ Z) (h(@)[wse (40,1, a) — aze(—0, 1, )]
+[wza(+0,t, a) — aze(—0,t, a)] + c[wz (40,1, a) — az(-0,t,a)]} = f(z,t,q) (18)
in QT and Q satisfying the conditions

w(@,t,a)|a—so = w(x,t,a)|e=1 =0, (t,a) € (0,T) x (0, A), (19)
20(2,t,a)|oe—o = 2(2,1,0) =1 = 0, (t,a) € (0,T) x (0, A), (20)
w(z,t,a)l—o =0, (z,a) € (0,1) x (0, A), (21)

w(z,t,a)|la=0 =0, (z,t) € (0,1) x (0,7), (22)

z(z,t,a)i=r =0, (z,a) € (—1,0) x (0, A), (23)

2z, t,0)|am0 =0, (z,t) € (—1,0) x (0,T). (24)

Equations (17) and (18) are “loaded.” Demonstrate that under the conditions of the theorem prob-
lem (17)—(24) has a solution (w(z,t,a), z(z,t,a)) such that w(z,t,a) € V1(Q*) and z(x,t,a) € V1(Q7).
We use regularization and continuation in a parameter.

Let € be a positive number. Consider the following problem: Find w(x,t,a) and z(z,t,a) satisfying

a(l —z)
Trag @)Bue(+0,t,0)
+2¢(—0,t,a)] + [Bwga (40, ¢, a) + 24(—0,¢, a)]

+c[fw,(+0,t,a) + 2(—0,t,a)]} = f(x,t,a), (17.)

B +x)
1+ /8 {h( )[w$t(+0?ta a)

—azi(—0,t,a)] + [wea(+0,t,a) — az,(—0,1,a)]
+clwz(4+0,t,a) — az(—0,t,a)]} = f(z,t,a) (18)

5(wr$tt + w:v:caa) — Wey + h( )wt + Wq +cw +

6(2$$tt + Z.r.taa) — Rz + h(x)zt + Zaq +cz+ —F>

in QT and Q~, respectively, (19)—(24), and such that

wi(z,t,a)|i=r =0, (x,a) € (0,1) x (0, A), (25)
we(2,t,a)|la=a =0, (z,t) € (0,1) x (0,7T), (26)
zi(z,t,a)i=0 = 0, (z,a) € (=1,0) x (0, A), (27)
za(x,t,a)|a=a =0, (x,t) € (—=1,0) x (0,T). (28)

Show that, for every fixed number ¢, there is a solution (w(z,t,a), z(x,t,a)) to this problem such that
w(z,t,a) € Vo(Q") and z(x,t,a) € Vo(Q™) if the conditions of the theorem hold and f(z,t,a) belongs
to Lo(Q). We apply continuation in a parameter.
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Let A be a number in [0,1]. Consider the following problem: Find solutions w(z,t,a) and z(x,t,a)
to the equations

E(sztt + wa:a:aa) — Wgy + )\{h(w)wt + Wy + cw

Aa(l — )

m[/\ﬁh[th(w,t, a) + z¢(—0,t,a)] + [Abwza (40, t, a)

+24(—=0,t,a)] + c[ABw,(+0,t,a) + z(—O,t,a)]]} = f(z,t,a), (17.5)

E(watt + waaa) — Zzz + )\{h(w)zt + zq +cC2

AB(1
+ m [h[wat(+0,,a) = Aazy(—0,t, a)]
+[wwa(+0; t’ a) - )\aza(—(), t’ CL)] + C[w$(+07 t7 a)

—)\az(—O,t,a)]]} = f(z,t,a) (18:.1)

in QT and Q, respectively, satisfying (19)—(28). Show that the theorem [26, Chapter III, Section 14] on
continuation in a parameter is applicable to the family of problems (17, ), (18; ), (19)—(28).

To this end, it suffices to demonstrate that

(a) the boundary value problem (17.), (18.0), (19)-(28) for a fixed € under the conditions of the
theorem and the membership of f(z,t,a) in Lo(Q") and Ly(Q ™) has a solution (w(z,t,a), z(x,t,a)) such
that w(z,t,a) € Vo(Q*) and 2(z,t,a) € Va(Q7);

(b) the solutions (w(z,t,a),z(x,t,a)) to problem (17, ), (18.), (19)—(24) such that w(z,t,a) €
Vo(Q") and z(z,t,a) € V2(Q~) under the conditions of the theorem and a fixed ¢ satisfy the a priori
estimate

lwlvaory + 12lha@-) < Rolllfllza@t) + 1fllza@)) (29)

with the constant Ry defined by the functions h(x) and ¢(z,t,a), the numbers «, 8, T', A, and ¢.
The validity of (a) is obvious. Verify (b).
Define the function u(z,t,a) by the equalities

Aa(l — z)[APwz(40,t,a) + 2(—0,t,a)]

u(aj?t? a) = w($7 t7a’) + 1 + AQQ/B b

AB(1 + z)[wg (40, t,a) — Aaz(—0,t,a)]
1+ X2ap

u(z,t,a) = z(x,t,a) +

in Q" and Q~, respectively. This function satisfies the equation

€ (Uzztt + Uzzaa) — Uzz + AlR(T)us + uq + cu] = f(z,t,a) (30,)

in @)1, the conditions
u(z,t,a)|z=10 = Aau(z,t,a)|z=—0, (t,a) € (0,T) x (0, A), (31y)
Ug (2, t,0)|g=—0 = ABugz(z,t,a)|z=1+0, (t,a) € (0,T) x (0,A4), (32,)

as well as (6)—(9), (21)—(28).
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First, we consider the case of & # 0 and 8 # 0. Multiply (30)) by —(uu + uee) and integrate
over Q~; next, multiply this equation by —v(us + u.,) and integrate the result over Q. Summing the
two equalities obtained and integrating by parts, we infer that

€ / (uitt + 2u2,, + uiaa) dzdtda + ey / (uitt + 2u2,, + uiaa) dzxdtda
Q- Qt

A0
—|—/ (u2y + u2,) da:dtda+’y/( u2, + u2,) drdtda — ;\//h z)u?(z,T,a) dzda
0 -1

Q- QT
/\AO 0
2//h 2(2,0,a) dzda + = //u?;ntA)d:Bdt
0 -1 0 —1
)\TO )\Al
+2//u (x,t,0) dedt + 72//11 YuZ(z,0,a) dzda
1 00

|3

O\H St~
o O

0
A1
A 2 2
+ h(z)u;(xz,T,a) deda + h(z)u;(z,0,a) dxda
0 0

u?(z,t,0) dedt

1
/u?@,t, A) dzxdt + ?

+/c u?—i—ui) dzdtda + vy

—

c(ut +u ) dzdtda

Q- Qt
+ /(ctuut + cquuyg) drdtda + 7 /(Ctuut + cquug) drdtda
Q- Qt
/ f(utt + taq) dzdtda — / f(ust + ugq) dzdtda. (33,)
o+

The Young inequality, estlmate (16), the simplest integral inequalities (namely, the estimates of the
functions uy and ug, in Lo through ugy and ugee), and (33)) ensure that

[ a2 it 2+ i) dodtdat [ (0 i+ 02+ 02, dodida
Q- Qt
<N ( / f? dzdtda + / f2 da:dtda), (34)
where the constant N; depends only on «, 3, and e.

Multiplying (30\) by Uzztt + Uzzaa, integrating over the cylinders @~ and Q, and employing the
Young inequality and (34), we easily derive that

2 2 2 2 2 2
/ (uzztt + u:za:ta + u:m:aa) dxdtda + / (uz:ztt + u:za:ta + u:va:aa) d:r:dtda
Q- QT

gNz( / f? dedtda + / f? da:dtda), (35))
Q- Q+t
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where the constant N2 depends on h(z), «, (3, and €.

We have
w(z,t,a) = u(x,t,a) — Aa(l — z)u(-0,t,a),
(e, 0) = u(a, t,a) ~ NB(1 + 2)us (0,1 a). 0

These equalities, together with (34) and (35) for the function u(x,t,a), validate (29) for w(z,t,a) and
z(z,t,a) in the case of a # 0 and 3 # 0.

If either & = 0 or 8 = 0 then one of the equations of (17. ), (18, ) becomes independent (it does
not contain w(x,t,a) or z(x,t,a)), and so the required estimate for one of the functions is obvious;
as a consequence the second function satisfies the estimate as well.

Hence, for a fixed €, the solutions w(z,t,a) and z(z,t,a) to (17.), (18.), (19)-(28) under the
conditions of the theorem satisfy (29) uniformly in A. Together with the obvious solvability of (17 ),
(18 0), (19)—(28) in V2(Q™) and V2(Q™), the last fact means that (17.), (18;), (19)—(28) has a solution
(w(z,t,a),2(x,t,a)) such that w(z,t,a) € Vo(QT), z(z,t,a) € Vo(Q7).

The above arguments ensure that the family of the problems (17.), (18;), (19)—(28) gives rise
a family of solutions (w®(z,t,a),2%(z,t,a)) such that we(z,t,a) € Vo(Q") and 2°(z,t,a) € Vo(Q).
Given (w®(z,t,a),2°(x,t,a)), demonstrate that we can extract a sequence that converges to a solution
(w(z,t,a),z(x,t,a)) to (17)—(24).

First of all, we establish that the family of solutions to (17.), (18;), (19)—(28) satisfies a priori
estimates uniformly in ¢ provided that f(z,t,a) meets the conditions of the theorem.

We omit the index ¢ for solutions to (17.), (18¢), (19)—(28) in the proof of a priori estimates below.

As before, we first consider the case of a # 0 and 3 # 0.

Given a solution (w(z,t,a), z(z,t,a)) to (17:), (18;), (19)—(28), define u(x,t,a) by the equalities

a(l — z)[fwy(+0,t,a) + 2(—0,t,a)]
1+ap ’

B(1 + x)[wz(+0,t,a) — az(—0,t,a)]
1+ ap

u(z,t,a) = w(z,t,a) +
(37)

u(z,t,a) = z(x,t,a) +

in @ and Q™ respectively. The function u(z,t,a) satisfies (301). Equality (331) corresponds to this
equation. Integrate by parts on the right-hand side of this equality. Applying the Young inequal-
ity and the simplest integral inequalities, we find that the function u(z,t,a) determined by a solution
(w(z,t,a),z(z,t,a)) to (17:), (18:), (19)—(28) satisfies the estimate

€ / (Ul + UZyq + u2g,) dxdtda + € / (Ul + U2y + U2gq) drdtda
Q- Q+
+ / (u2y + u2,) dzdtda + / (u2y + u2,) dzdtda
Q- Q+
< M, [ / (f2 + f2) dzdtda + / (f2 + f2) dzdtdal, (38)
Q- Q+

where the constant M; depends only on « and 3.
Multiply (301) by —ugs(x,t,a) and integrate over the cylinders @~ and Q. Summing the two
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equalities obtained, we infer

£ / (W2gy + Uly,) drdtda + € / (u2y + u2,,) dzdtda

Q- Qt
+ / u?, dzdtda + / u?, dzdtda
Q- QT
= /(hut + ug + cu — f)ug, dedtda + /(hut + Ug + cu — f)ug, drdtda.
Q- Qt

This relation, the Young inequality, and (38) yield

€ / (uiwt + ugza) dzdtda + € / (u:%tt + uiw) dzdtda

Q- Qt
- / u?, dzdtda + / u?, dzdtda
Q- Q*
< M, ( / (f* + £ + £2) dadtda + / (f*+ fe+ 12) dwdtda), (39)
g o

where the constant M, is defined by ¢(z,t,a), h(x), o, and (.
The last estimate

g2 / (uim + uima) dzdtda + * / (ufmt + uima) dxdtda
Q- Qt
< Mg( / (2 + f2 + f7) dadtda + / (fP+f2+12) dxdtda> (40)
Q+

is an obvious consequence of (30;), (38), and (39); the constant Ms in this estimate depends on ¢(z, ¢, a),
h(z), o, and (.

In the case of a = 0 orf3 = 0, the validity of (38)—(40) is obvious.

The above estimates ensure passage to the limit. Note that it suffices to justify a possibility of
passage to the limit for the family {u®(z,¢,a)}.

Choose a sequence {e,} of positive numbers such that £, — 0 as n — oo. To every &,, there
correspond the function u,(z,t,a) that is a solution to the equation

5n(unzztt + unmmaa) — Ungz + Alnt + Upg = f(xv t, a)

on @ satisfying (10), (11), and (19)—(28). The family {u,(x,t,a)} satisfies (38)—(40) uniformly in n.
These estimates and the reflexivity of Hilbert space imply that there exist sequences {ey, }, {un, (z,t,a)},
and a function u(z,t,a) such that

€ny, — 0,
Unyaz (T, t,0) — Uge(w,t,0)  weakly in Lo(Q7) and Lo (QT),
Un, (T, t,a) = ug(z,t,0) weakly in Lo(Q) and L2(Q),
Unga(T,t,a) = ug(x,t,a) weakly in Ly(Q) and La(QT),
EnyUnyzztt(T,t,a) — 0 weakly in Lo(Q7) and La(Q™),
EnyUnyzzaa (T, t,a) — 0 weakly in La(Q7) and L2(Q™)
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as k — 0o. These convergences imply that the limit function u(z, ¢, a) satisfies (1). It is obvious also that
u(z,t,a) belongs to Vj and satisfies (6)—(9), (10), and (11). Hence, u(z,t,a) is a solution to Boundary
Value Problem I.

The theorem is proven.

The existence and uniqueness theorems similar to Theorems 1 and 2 are valid for Boundary Value
Problem II as well.

Theorem 3. Let conditions (5), (14), (14), and (15) hold. Then Boundary Value Problem II has
at most one solution in Vj.

PRrROOF. Demonstration is similar to that of Theorem 1.

Theorem 4. Assume that conditions (5) and (14)—(16) hold. Then, for every function f(z,t,a)
such that f(x,t,a) € L2(Q)7 ft(x7taa) € L2(Q_)7 fa(wvtva) € LQ(Q_)a ft(xat7a) € LZ(Q+)7 fa(matva’) €
Ly(Q™), f(z,T,a) =0 for (x,a) € (—1,0) x (0, A), f(z,0,a) =0 for (z,a) € (0,1) x (0, A), f(z,t,A) =
0 for (z,t) € (—1,0) x (0,T), and f(z,t,0) = 0 for (0,1) x (0,T), Boundary Value Problem II has
a solution u(x,t,a) in Vj.

PROOF. Let € be a positive number. Consider the following problem: Find solutions w(x,t,a) and
z(x,t,a) to the equations

(Ut + raan) — za @)+ 0] + e+ S () B (0,8,0) + (-0, 0]
+h(x)[Bwza(40,t,a) + 24(—0,t,a)] + c[Bwy(+0,t,a) + 2(—0,t,a)]} = f(z,t,a), (41;)
(et + 2e200) = 22+ Wt + 2] + 2+ BT @) (40, 1,0) - a2(-0,8,0)]
+h(z)[wee (40, t,a) — aze(—0,t,a)] + clwy(+0,t,a) — az(—0,t,a)]} = f(x,t,a) (42¢)

in Q1 and Q™ , respectively, satisfying (19)—(23), (25)—(27), and the conditions
2(z,t,0)la=2 =0, (z,1) € (=1,0) x (0,T), (43)

zo(x,t,a)|a=0 =0 (z,t) € (—1,0) x (0,T). (44)

It is easy to establish by continuation in a parameter (with the use of an equation of the form (17, ),
(18..,)) that (41.), (42;), (19)—(23), (25)—(27), (43), (44) for a fixed ¢ has a solution (w(z,t,a), z(z,t,a))
such that w(z,t,a) € Vo(Q"1) and z(x,t,a) € Vo(Q~) provided that f(z,t,a) belongs to Ly(Q). Next,
repeating the proof of (38)—(40), it is easy to show that the family {u®(x,¢,a)} of functions constructed
with the use of w®(z,t,a) and 2°(z,t,a) by means of (36) and (37) contains a sequence that converges to
a solution to Boundary Value Problem II. The solution belongs to the required class.

The theorem is proven.

2. Boundary Value Problems for
Forward-Backward Quasiultraparabolic Equations

We study boundary value problems for (3) and (4) with different boundary conditions in the vari-
able a. The scheme of the study of these problems is similar to that for Boundary Value Problems I
and II. More exactly, the boundary value problems in question are reduced to auxiliary problems for the
functions w(z,t,a) and z(x,t,a) whose solvability is established by regularization and continuation in
a parameter, while the passage to the limit in the parameter of regularization is realized with the help
of “appropriate” a priori estimates.

Let us proceed to a detailed exposition of the results.

In what follows, (5) is assumed fulfilled.
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Boundary Value Problem III. Find a solution u(z,t,a) to (3) in Qi satisfying the boundary

conditions
u(z,t,a)|z=—1 = u(z,t,a)|=1 =0, (t,a) € (0,T) x (0, A), 45

(45)
u(z,t,a)li=r =0, (x,a)€ (—1,0) x (0, A), (46)
u(z,t,a)li=0 =0, (z,a) € (0,1) x (0, A4), (47)
w(z,t,a)la=0 = ta(z,t,a)la=0 = 0, (z,t) € [(=1,0) x (0, T)]U[(0,1) x (0,T)], (48)
u(z,t,a)la=a =0, (z,t) € [(—=1,0) x (0,T)] U [(0,1) x (0,T)], (49)

and the conjugation conditions (10) and (11).

Boundary Value Problem IV. Find a solution u(z,t,a) to (3) in Q satisfying (45)—(48), (10),
(11), and the condition

Uaa(x7tv a)|a:A =0, (l'at) € [(_1’ 0) X (O?T)] U [(07 1) X (OaT)]' (50)

Boundary Value Problem V. Find a solution u(z,t,a) to (4) in Q1 satisfying (45)—(47), (10),
(11), and the conditions

u(z,t,a)|g=0 = ug(z,t,a)|a=0 = u(z,t,a)lq=a =0, (x,t) € (0,1) x (0,7, (51)
u(x,t,a)|g=0 = u(z,t,a)|a=a = ug(z,t,a)|q=4 =0, (z,t) € (—=1,0) x (0,T). (52)

Boundary Value Problem VI. Find a solution u(x,t,a) to (4) in Q1 satisfying (45)—(47), (10),
(11), and the conditions

u(z,t,a)|a=0 = ua(z,t,a)|a=0 = Uaa(z,t,a)|a=4 =0, (z,t) € (0,1) x (0,T), (53)
Uga (T, t,0)|a=0 = u(z,t,a)|a=a = ug(z,t,a)|q=4 =0, (x,t) € (—1,0) x (0,T). (54)

Define the spaces Vp 1, V1,1, and V51 and the norms on them as follows:

Vou = {v(z,t,a) 1 v(z,t,a) € Vo, Vaaa(,t,a) € La(Q7), Vaaa(z,t,a) € La(QM)},
Vig = {v(z,t,a) :v(x,t,a) € Vo1, Vext(z,t,a) € La(Q7), vaae(w,t,a) € La(QT),
Vzraaa (T, @) € L2(Q7), Vazaaa(®,t,a) € La(QT)},

Vo1 = {v(z,t,a) s v(z,t,a) € Vig, Vaan(z,t,a) € La(Q7),

Vratt (2,1, a) € La(QT), Vrraaaaaa(®,t,a) € La(Q7), Vozaaaaaa(®,t,a) € La(QT)},

1

2

lollva, = (|rv||%o+ [ Rudoiiaas | vsaadxdtda) ,
+

1
3
||UHV1,1 = (HUH%/OJ + / (ngt + Ugwaaa) d$dtda + / (Ugwt + Ug‘waaa) d$dtda) )
Q- +
1
2
HUHV2,1 = (”UH%GJ + / (vazcxtt + U?cwaaaaaa) dmdtda + / (v?:xtt + U?cmaaaaaa) dxdtda)
Q- Qt
Obviously, Vo1, V1,1, and Va1 with the above norms are Banach spaces.

The proofs of uniqueness of solutions to Boundary Value Problems III-VI coincide and we state only
one uniqueness theorem.
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Theorem 5. Let (5), (14), and (15) hold. Then each of the Problems III-VI has at most one
solution in Vj 1.

PRrROOF. Demonstration is similar to that of Theorem 1.
Theorem 6. Let (5), (14), (15), and the condition
c(z,t,a) € C*(Q) (14")

hold. Then, for every function f(z,t,a) such that f(z,t,a) € La(Q), fe(z,t,a) € La(Q7), falz,t,a) €
LQ(Qi); faa(watv a) S LQ(Qi)a faaa(x7t7a) € LQ(Qi)y ft(l':t’a) € L2(Q ) (x,t,a) S L2(Q+)
faa(z,t,0) € Lo(QT), faca(2,t,a) € La(Q™), f(@,T,a) = 0 for (z,a) € (~1,0) x ( , f(2,0,a) =0 for
(z,a) € (0,1) x (0, A4), and f(x,t,0) = f(x,t, A) = fa(:r t,0) = 0 for (z,t) € [(—1 ) (0, 7)) U[(0,1) x
(0,T)], Boundary Value Problem III has a solution u(z,t,a) such that u(z,t,a) G Vo1
PRrROOF. Counsider the following problem: Find a solutions w(z,t,a) and z(z,t,a) to the equations
1—x)h
o o1 = 2)h(z)

— Wqgaq — Wgy + CW + W[ﬁth(—i_ov t, a) + Zt(_()? t: a)]

M[gwmm(—i—o t, (Z) + Zaaa( 0,1, a)]

1+ ap
+c[fwy(40,t,a) + 2(—0,t,a)] = f(z,t,a), (55)

h(x)zt — Zaga — 2oz + C2 + M[wmt(+0, t,a) — az(—0,t,a)]

1+ ap
B(1+ x)
_m[wxaaa(‘i‘oy t, CL) - azaaa(_oa t, a)]

+clwz(40,t,a) — az(—0,t,a)] = f(z,t,a) (56)

in QT and Q, respectively, satisfying the conditions

w(+0,t,a) = w(l,t,a) =0, (t,a) € (0,T) x (0, A), (57)
zz(—0,t,a) = z(—1,t,a) =0, (t,a) € (0,T) x (0,A), (58)
w(z,0,a) =0, (z,a) € (0,1) x (0,A), (59)

w(z,t,0) = we(x,t,0) = w(z,t,A) =0, (x,t) € (0,1)x (0,7), (60)
z(z,Tya) =0, (z,a) € (—1,0) x (0,A4), (61)

z(x,t,0) = z4(x,t,0) = 2(x,t,A) =0, (x,t) € (—1,0) x (0,T). (62)

To prove solvability of this problem, we employ regularization and continuation in a parameter.
Let € be a positive number. Consider the following problem: Find functions w(x,t,a) and z(x,t,a)
satisfying the equations

5(w:mctt + wmcaaaaaa) — Wex + h(m)wt — Wgqaq + CW + W[ﬂwmt(+o7 t, a)
+2(=0,,0)) = S Braal(+0.,0) + 0,1, 0)
+c[Bwz(+0,t,a) + 2(=0,,a)] = f(z,t,a), (55¢)
5(Zxcctt + Zx:caaaaaa) — Zgg + h(m)zt — Zgaa +CZ + W[th("’_oa t, a)
1
—az(—0,t,a)] — W[wmaa(—l—o,t, a) — @Zgaa(—0,t,a)]
+clwz (+0,t,a) — az(—0,t,a)] = f(z,t,a), (56¢)
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in QT and Q~, respectively, (57)—(62), and also the conditions
wi(z,Tya) =0, (z,a)€ (0,1) x (0,A), (63)
Waaa(,1,0) = Waaa(, 1, A) = Wagaa(,t, A) =0, (2,1) € (0,1) x (0,T), (64)
zt(z,0,a) =0, (z,a)€ (—1,0) x (0,A4), (65)
Zaaa (T, 1,0) = 2aaa(2,t, A) = Zagaa(®,1, A) = 0, (z,t) € (=1,0) x (0,T). (66)

Solvability of this problem is established by continuation in a parameter. Since all arguments are similar
to those in the proof of existence of a solution to problem (17.), (18;), (19)—(28), we demonstrate only
how to derive necessary a priori estimates.

Define the function u(z,t,a) by the equalities

a(l — :E)[ﬂwm(+07 t? CL) + Z(_Oa t? CL)]
14+ aB ’

u(z,t,a) = w(z,t,a) +

B(1 + x)[wg(40,t,a) — az(—0,t,a)]
14+ af

in QT and Q~, respectively. The function satisfies the equation

u(z,t,a) = z(z,t,a) +

6(u:r;w:i&t + U;m:aaaaaa) — Ugg + h($)ut — Ugaa = f(xa t, CL) (67)

in @1, as well as (10), (11), and (45)—(49), (63)—(66).

Assume that a # 0 and § # 0. Multiply (67) by —us — Ugaaaae and integrate over @ ; next, multiply
this equation by v(—uy — Ugaaaaa) and integrate over Q. Summing the results, integrating by parts,
and applying the Young inequality, we see that solutions to (67), (10), (11), (45)—(49), (57)—(62) satisfy
the first a priori estimate

2 2 2 2 2
/ (umtt + Ugtaaa + Uzaaaaaa + Uyt + uzaaa) dzdida
Q-
2 2 2 2 2
+ / (uactt + Uztaaa + Uzaaaaaa + Uzt + uzaaa) dzdida
Qt

§N3< / f2 dzdtda + / f2 dxdtda), (68)
Q- Qt

where the constant N3 depends only on «, 3, and ¢.

The second a priori estimate is derived after the multiplication of (67) by uzztt + Uzzaaaaaa and the
integration; this estimate is of the form

/ (“imtt + uf%ztaaa + ug:maaaaa) dzdtda + / (ugxtt + ug:a:taaa + ugzaaaaaa) dxdtda
Q- QT
< N4( / f? dzdtda + / f? da:dtda), (69)
Q- QT
where the constant Ny depends only on h(x), «, (3, and €.

The validity of (68) and (69) in the cases of @ = 0 or 5 = 0 is obvious.
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Estimates (68) and (69) for u(x,t,a) imply similar estimates for the functions w(z,t,a) and z(z, ¢, a).
In turn, the estimates for w(z,t,a) and z(z,t,a) and continuation in a parameter ensure that, for a fixed €
and f(w,t, a) from Ly(Q), (55¢), (56¢), (57)—(66) has a solution (w(z,t,a), z(x,t,a)) such that the cor-
responding function u(z,t,a) belongs to V51 and is a solution to the problem (67), (45)—-(49), (63)—(66).
Verify that under additional conditions on f(z,t,a) the function u(z,t, a) has a priori estimates uniformly
in e.

As before, we first consider the case of o # 0 and 3 # 0.

Multiply (67) by —ut — Ugaaaae and integrate over the cylinder @~ ; next, multiply this equation
by Y(—ust — Ugaaaaa) and integrate over the cylinder Q*; summing the results, integrating by parts, and
applying the Young inequality and integral inequalities, we obtain the estimate

€ / (uazctt + uazctaaa + uiaaaaaa) dzdtda +e / (uitt + u?ztaaa + u?taaaaaa) dzdida
Q- Qt
+ / (ugt + uiaaa) dzdtda + / (uit + uiaaa) dzdtda
Q- QT
< My [ / (f? + f£ + faua) dzdtda + / (f* + f¢ + faua) dzdtdal, (70)
Q- Qt
where the constant My depends only on « and 3.
The estimate

2 2 2 2 2
€ /(umxtt + uimaaaaaa) dzdtda +e /(ummtt + umxaaaaaa) dzdtda
Q- QT

< M5< / (F2+ [} + f20) dedtda + / (F2+ 2+ fan) dxdtda) (71)
Q- QT
is an obvious consequence of (70); the constant M5 here depends only on h(z), «, and g.
Estimates (70) and (71) allows us to organize the passage to the limit (see the arguments at the end
of the proof of Theorem 2). The limit function u(x,t,a) belongs to V71 and is a solution to Boundary

Value Problem III.
The theorem is proven.

Theorem 7. Let (5), (14), (14”), and (15) hold. Then, for every function f(z,t,a) such that
f(z,t,a) € Ly(Q), fi(z,t,a) € Lo(Q7), fa(z,t,0) € La(Q7), faa(z,t,0) € La(Q7), faaa(,t,a) €
LQ(Q_)7 ft(:pvtaa) € LQ(Q+)’ fa(w7taa) € L2(Q+)7 faa(x,t,a) € LQ(Q+)7 faaa(x,t,a) € L2(Q+)7
f(z,T,a) = 0 for (z,a) € (—-1,0) x (0,4), f(x,0,a) = 0 for (z,a) € (0,1) x (0,4), and f(x,t,0) =
fa(z,t,0) = faa(z,t, A) =0 for (z,t) € [(—1,0) x (0,7)] U [(0,1) x (0,T")], Boundary Value Problem IV
has a solution u(z,t,a) such that u(z,t,a) € Vp 1.

PROOF. Given ¢ > 0, consider the following problem: Find functions w(z,t,a) and z(x,t,a) satisfy-
ing (55.) and (56.) in QT and Q~, respectively, and the boundary conditions

w(+0,t,a) =w(1,t,a) =0, (t,a) € (0,T) x (0,A4),

2:(—=0,t,a) = z(—1,t,a) =0, (t,a) € (0,T) x (0, A),
w(z,0,a) =0, (z,a) € (0,1) x (0, A),
we(z,T,a) =0, (z,a)€ (0,1) x(0,4),
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w(z,t,0) = we(z,t,0) = Waaa (T, t,0) = wee(z,t, A) = Wagaa(z,t, A)
= Wagaaa(®,t, A) =0, (z,t) € (0,1) x (0,T),
zt(x,0,a) =0, (z,a) € (—1,0) x (0, A),
2(x,t,0) = z4(2,t,0) = 2gaa(x,t,0) = 240(x,t, A) = Zagaa(z, t, A)
= Zaaaaa(Z,t, A) =0, (x,t) € (—=1,0) x (0,7).

The existence of a solution (w(z,t,a),z(x,t,a)) to this problem such that w(z,t,a) € V21(Q") and
z(z,t,a) € V21(Q7) is established by continuation in a parameter. Given functions w(z,t,a) and
z(z,t,a), construct a function u(z,t,a) as before and show that this function satisfies a priori estimates
uniformly in € under the conditions of the theorem for f(x,t,a). These estimates allow us to justify that
we can pass to the limit and the limit function is a solution to Boundary Value Problem IV.

The theorem is proven.

Theorem 8. Let (5), (14), (14”), and (15) hold. Then, for every function f(z,t,a) such that
f(z,t,a) € L2 Q), fi(z,t,a) € La(Q7), falx,t, a) € Ly(Q7), faalz,t,a) € La(Q7), faaa(z,t,a) €
L2Q7), flwitia) € Lo(Q), fulw,t,a) € Lo(@F), fualw,ta) € La(QY), fona(mtia) € Lo(QF),
f(z,T,a) = O for (z,a) € (—1,0) x (0,4), f(z,0,a) = 0 for (z,a) € (0,1) x (0,4), f(z,t,0) =
fa(z,t,0) = f(x,t,A) = 0 for (z,t) € (0,1) x (0,T), and f(z,t,0) = f(z,t,A) = fa(ac A) = 0 for
(z,t) € (=1,0) x (0,7, Boundary Value Problem V has a solution u(z,t,a) such that u(z,t,a) € Vp 1.

Theorem 9. Let (5), (14), (14”), and (15) hold. Then, for every function f(x,t,a) such that
f($7taa’) € LQ(Q): ft(l‘atva’) € LQ(Q_)’ fa(:z:,t,a) € LZ(Q )7 faa((E,t,CL) € L2( ) aaa(CE?t?a’) €
L2(Q_)a ft(‘rvtva’) € LQ(Q+)7 fa(x,t,a) € LQ(Q+)’ faa(ﬁvtva’) € LQ(Q+)’ faaa( t, a’) € LZ(Q+)
f(z,T,a) = 0 for (z,a) € (—1,0) x (0,4), f(z,0,a) = 0 for (z,a) € (—1,0) x (0,4), f(z,t,A) =
fa(z,t, A) = faa(x,t,0) =0 for (z,t) € (—1,0) x (0,T), and f(x,t,0) = fu(x,t,0) = faa(a: A) = 0 for
(z,t) € (0,1) x (0,T), Boundary Value Problem VI has a solution u(x,t,a) such that u(z,t,a) € Vo .

PRrOOF. Demonstrations of Theorems 8 and 9 proceed along the lines of Theorems 6 and 7: we reduce
the problem to a system of “loaded” equations for w(z,t,a) and z(z,t,a), employ the regularization of
the system obtained by a system of the form (55.), (56.), apply continuation in a parameter, and pass
to the limit.

3. Remarks and Complements

1. Boundary conditions (6) (or (45)) can be replaced with the conditions of the second, third, or
mixed boundary value problems, we note only that in the case of the second boundary value problem we
need the additional condition

c(z,t,a) > co >0 for (z,t,a) € Q.

2. Conjugation condition (11) can be replaced with the condition

ux(z, ta a)|$:*0 = ,Bux(:E, t, a’)|$=+0 + Vu($a t, a’)|w=+0' (11/)

Moreover, the coefficients o and 3 in (10) and (11) and «, 3, and « in (10) and (11’) can be functions
of t and a. The corresponding conditions on «(t,a), 5(t,a), and (¢, a) are easy to point out.

3. The symmetric segment [—1, 1], which is the domain of variation of z, can be replaced with the
segment [dy, ds], where d; < 0 and dy > 0.

4. It is possible to add lower-order terms to (1)—(4), for example, the summands b(x,t)u, and
c1(z,t,a)uq, can be added to equations (1), (2) and (3), (4), respectively, and so on. The additional
conditions are easy to describe.

5. Forward-backward differential equations with two time variables ¢ and a (for example, ¢ is the
astronomic time and a (age) is a biological time- or the age), arise in biology, neutron transport, and in
the description of counter flows of gases (see, for instance, [6, 7,24, 27]).
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