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Abstract.
We prove the existence and uniqueness of classical solutions to mixed problems for the equation

p) P
a—‘t‘(x,t) - a—;(x,t) + g utn ) = fxh)

on a rectangle Q = [a,b]x[0, T], with arbitrary self-adjoint homogenous boundary conditions. We assume
that g4 and f are continuous functions, that f(x,-) satisfies a Holder condition uniformly with respect

to x, and the initial function belongs to the class Wﬁ,l)(a, b) (1 < p <2). Also, an upper-bound estimate
for the solution and, as a consequence, a kind of stability of the solution with respect to the initial function
are established. Moreover, some convergence rate estimates for the series defining solutions (and their first
derivatives) are given. A modification of the Fourier method is used.

Based on the obtained results, we also study the mixed problems on an unbounded rectangle
Q. = [a,b] x [0, +00). The existence and uniqueness of classical solutions are established, and some
properties of the solutions are considered.

1. Introduction

Let G = (a,b) be a bounded open interval of the real axis R, and let T > 0 be an arbitrary number. In
this paper we consider the problem of existence of a real-valued function u = u(x,t) defined on the closed
rectangle Q = [a,b] x [0, T], and satisfying the following partial differential equation, initial condition and
boundary conditions:

2
%(x,t) - gTZ(x,t) + g ulx,t) = f(x,t), ((xt)eQ, (1.1)
u(x,0) = p(x), xeG, (2.1)
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a10 M(IZ, t) + a1 u;(a, t) + ﬁlO M(b, t) + ﬁll M;(b, i’) =0,

3.1
o u(a, t) + ap wi(a, ) + Bao u(b, t) + Py uf(b,t) = 0, tel0,T], 3-1)

where (@i, ai1, Bio, fin) € C* (i =1,2) are linearly independent vectors, and ¢q, ¢, f are given real-valued
functions. We suppose conditions (3.1) are such that the formal Schrédinger operator

L(0)x) = —v"(x) +g(x)v(x), x€G, (4.1)

and the boundary conditions

0,
0,

10 U(ﬂ) + a1 U/(Ll) + ﬁlO U(b) + ﬁll U’(b)

0 0(a) + a V' (a) + Pao v(b) + P21 V' (b) (5.1)

generate an arbitrary self-adjoint operator L, with the discrete spectrum.

Definition 1.1. A real-valued function u = u(x, t) is called a classical solution of the mixed (i.e. initial/boundary—
value) problem (1.1)—(3.1) if it has the following properties:

1,) ue C(ﬁ), u, existson QU (dGx[0,T]), uj, u;’z € C(Q);

2,) u satisfies equation (1.1) for all (x,t) € Q, in the ordinary sense;

3.) u satisfies conditions (2.1)—(3.1) in the ordinary sense. e

We first prove the existence of a classical solution to the problem (1.1)=(3.1), under certain smoothness
conditions imposed on functions g, ¢ and f. Then we study the problem of stability of the solution, with
respect to the initial data. The uniqueness of the solution is established under some less restrictive conditions
then in the case of the existence. Finally, some convergence rate estimates for the series representing the
solution (and its first derivatives) are obtained.

In the second part of this paper, we study a mixed problem [(1.1) — (3.1)]« , defined as the problem (1.1)-
(3.1) with [0,T] and Q replaced by [0,+c0) and Q. = (4,b) X (0, +o0) respectively. In accordance with

this, we define a classical solution of the new problem as a function u : O, — R which has the following
properties:

17°) ue C(Qw), u, existson Qo U (G X [0,+00)]), uj, u) € C(Qw);
2°) u satisfies equation (1.1) for all (x,f) € Q , in the ordinary sense;
37) u satisfies conditions (2.1) and (3.1) in the ordinary sense, the later ones for every t € [0, +0).

Most of the mentioned above results can be applied in proving the existence of such a solution, and in the
analysis of its properties.

We started to investigate the problem (1.1)—(3.1) in [10], working with functions satisfying certain
monotonicity conditions. The existence and uniqueness of the solutions, and some upper-bound estimates
for them were established therein. In the present paper further essential extensions and refinements are
given, and the unbounded case is considered. The technique used in proofs of the theorems is based, on
one side, on uniform and exact, with respect to the order, upper-bound estimates for the eigenfunctions
(and their derivatives) of the operator (4.1)—(5.1), and, on the other side, on the known asymptotics of its
eigenvalues and eigenfunctions.

Note that the corresponding mixed problem for a second—order one-dimensional hyperbolic equation
was considered in [8]-[9] and [12].
There are three more sections in this paper.

In Section 2 our results concerning the existence ( Theorem 1.2) and the uniqueness ( Theorem 2.2) of
the solution are established. Assuming that the functions g, f are continuous, that ¢ belongs to a subclass
of W,(,l)(G) (1<p<2) and f(t,-) satisfies a Holder condition, we prove the existence and we obtain some
a priori estimate for the solution. (As in our previous papers, by a priori estimate we mean an estimation
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(from above) of the uniform norm of the solution, by the corresponding norms of ¢ and f.) Then we
derive the stability of the solution with respect to the initial function ¢ (Corollary 1.2).

Theorem 1.2 is inspired by Chernyatin’s paper [2], where the existence and uniqueness of an appropri-
ately defined classical solution u of the equation (1.1), satisfying the conditions

u(x,0) = 0, xel0,nr]; u(0,t) = u(mr,t) = 0, te[0,T],

were proved. (Conditions 1) and 3) from Theorem 1.2 were supposed therein.) In the proof of Theorem
1.2 we use an appropriate modification of the method developed in [2]. This method contains only one
differentiation (with respect to both x, t) of the series representing the solution, and it gives the possibility
to impose a “minimal” smoothness condition on f . ( Asa price, the second partial derivative of the solution
can not be represented as the sum of a series converging in the uniform metric.) Our approach is mostly
based on the mentioned above estimates for the operator (4.1)—(5.1) .

It is possible to ”separate” the problem of the existence from the problem of the uniqueness, in the
following sense. Having in mind the additional properties of the classical solution, claimed by the assertion
(a) of Theorem 1.2, we appropriately modify 1,)-conditions from Definition 1.1. For such subclass of
classical solutions we can establish the uniqueness under less restrictive conditions on ¢q, ¢, and f.
Theorem 2.2 is proved by a method used in paper [5] .

In Section 3 we consider the series representing the solution and its first derivatives. Supposing that the
conditions of Theorem 1.2 are fulfilled, we prove some convergence rate estimates for these series (Theorem
1.3).

The last section is devoted to the mixed problem [(1.1) — (3.1)] . Assuming that g, f are continuous

on their (closed) domains, that ¢ € W;l)(G), and that f(x,-) satisfies a Holder condition locally on
[0, +00) (and uniformly with respect to x), we prove the existence and uniqueness of the classical solution
(Theorem 1.4). Then, we establish an upper-bound estimate for of the solution (Theorem 2.4), and we
discuss convergence rate estimates ( subsection 3.4).

2. Existence and uniqueness

1.2. Main theorems

Let AC(G) be the class of (real-valued) absolutely continuous functions on G = [a,b], and let

M”(G) L {he WG) | hia) = 0= h(b)}, p € [1,+00). (Note, h € W(G) if h € ACG) and h® € L,(G).)

Let g = g(x,t) be a real function defined on the closed rectangle Q. We say that this function satisfies

the Holder condition on [0,T], with an exponent « € (0,1], uniformly with respect to x € G if there exists a
constant B > 0 such that

(VxeG)(Vt, ' €[0,T)  |g(x,t)—g(x,t')] < Blt—t|". (1.2)

If a series ), |h,(y)| converges uniformly on a set E) C Q, then we say that the series Y. h,(y)
n=1 n=1

converges (or, is convergent) absolutely and uniformly on Q (in abbreviation: a.u. on 0 ). Finally, for any
€€ (0,T) weset Q. L G x e, T].

We can now state our main results.
Theorem 1.2. Let us assume:

1) g€ C@G).

2) pe IZ/;})(G) (1<p<2),and @ satisfies the boundary conditions (5.1).
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3) feC(Q),and f satisfies the Holder condition on [0, T], with an exponent « € (1/2,1], uniformly with
respect to x € G.

Then, the following is valid :

(a) There exists an unique classical solution u = u(x,t) to the problem (1.1)-(3.1). It belongs to the class
COG % (0,T)), and u’, € C(Gx(0,T]).

(b) The solution can be represented as a series converging absolutely and uniformly on Q. This series can be
differentiated once with respect to x or t on every closed rectangle Q.. The obtained series for the first derivatives
of the solution converge absolutely and uniformly on Q. .

(c) The estimate

lulleg, < C (Pl + 19l + Ifleg) ) (22)

holds, with a constant C > 0 not dependingon ¢, f.

Corollary 1.2. Let w; = wj(x,t) (1 <i <2) be the classical solution of the problem (1.1)~(3.1) , with the initial
function @; = @i(x). There exists a constant C > 0 not depending on @; and f, such that

lwy = ws lle < C (llor —@2lleg + It = @5 ll@ll ) -

Remark 1.2. If the coefficients in (3.1) satisfy a11B21 — a21 11 # 0, then the above condition ¢ € I;\/;,l)(G)
can be relaxed by ¢ € W;,l)(G) (see subsection 9.2). ¢

Let us precise the statement (from Theorem 1.2 ) concerning the uniqueness of the solution. Replace the
conditions 1,) from Definition 1.1 by the following ones:

L) ueC@Q), ueCOGx(OT1), ufeCQ).

Definition 1.2. We say that a function u : Q — R is a classical solution to the problem (1.1)—(3.1) if the
conditions 17), 2,),and 3,) are satisfied. e

For such functions the following is valid.

Theorem 2.2. Let us assume: 1) g € CG); 2) (ONS ng)(G), and @ satisfies the boundary conditions (5.1) ;
3) feCQ).
Then, there exists at most one classical solution to the problem (1.1)—(3.1).

Remark 2.2. The assertion (a) of Theorem 1.2 shows that the classical solution, “established” by the theorem,
is a classical solution in the sense of Definition 1.2. So, this solution must be unique. It follows that every
classical solution of the problem (1.3)—(3.3) has the form (11.2). As the proof of estimate (2.2) is based on
the form, we conclude that Corollary 1.2 is valid ( see subsection 7.2). ¢

Proof of Theorem 1.2 or, generally, our approach to the justification of the Fourier method is based on a
set of results obtained by several authors. In the next subsection we will formulate (almost all of ) them in
detail.

2.2. Preliminaries

Consider an arbitrary non-negative self-adjoint extension L of the (symmetric) minimal operator
generated by (4.1), with the potential g € L(G). This extension is defined by the corresponding self-
adjoint boundary conditions (5.1); its spectrum is discrete (see [13], §18 or [14], Chp.10). Recall the
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definition of the operator L. Let ID(L) be the set of functions g € L,(G) such that g, g9 € AC(G),
L(g) € L2(G), and g satisfies (5.1).1f g € D(L), then L(g)(x) = L(g)(x). Denote by {v,}{° the orthonormal
(and complete in L,(G) ) system of eigenfunctions of L, and by {1,}]° the corresponding system of non—
negative eigenvalues enumerated in the non—-decreasing order. ( By definition, v, € D(L), and v, satisfies
the differential equation

=0, (%) + qx) vu(x) = A, v,(x) (3.2)
almost everywhere on G.) Then, the following assertions are true.

Proposition 1.2 ([4], [6]). If g € L1(G), then there exist constants Co > 0 and A > 0, independent of n € N
and t >0, such that

max |0,(x)| < Co ; (4.2)
xeG

Z 1 <A. (5.2)
t< VA <t+1

Proposition 2.2 ([7]). Suppose q € C(G). Then v, € C?(G), the equation (3.2) is satisfied everywhere on G,
and there are constants uo(G) >0 and C;>0(j=1,2), independent of n € N, such that

{ch,sz it Ap > (G,

6.2
C]‘ if 0<A, <uo(G). (62)

max | vi,j) ()] <
xeG

o (1)
Proposition 3.2 ([11]). (a) Let q € Li(G), h € W, G (1 < p < 2). Then equality

W) = ¥ hyou@) (I
n=1

(b) Suppose g € L1(G), h € D(L). Then equalities
H(x) = Y hyod(x) (j = 0,1) hold on G, the series being convergent a.u. on G.
n=1

b
%t f h(x)v,(x)dx) holds on G, and the series is convergent a.u. on G.

a

Note that Propositions 1.2-3.2 are also valid in the case of an arbitrary self-adjoint extension L of the
operator (4.1). (Then, only a finite number of negative eigenvalues of L may exist; some obvious minor
changes in formulation of Propositions 1.2-2.2 are needed.) For the sake of simplicity, we will work with a
non-negative operator L, and estimates (6.2) will be used supposing that py(G) =1.

o (1)

We will also use an appropriate estimate for Fourier coefficients h, of a function h € W, (G). The
estimate is based on the known asymptotic behavior of the eigenfunctions and eigenvalues of the operator
L, and it was obtained in [11]. Suppose g € L1(G), where G = (-1,1). There exists a number 1y € IN such
that for every n > ny the following holds

\//\_n:nn+)/+%, (7.2)

where B =2 if the boundary conditions (5.1) satisfy 63 —46_16; #0,and B =3/2 if 65-46_16, =0
(see [13], pp.66-67,74). Here, y > 0 is a constant, and {p, };,, isabounded sequence: |p,|<p.
In order to formulate the estimate mentioned, we introduce the following functions (defined a.e. on G)

and the following Fourier coefficients:
he() € @) - cos yx, hi) € W) -sinyx,  j=0,1,2;
1

1
ay(g9) = fg(x) cos nmxdx, by(g) = fg(x) sin nmxdx, nelN U {0},
-1

-1
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where g € L1(G) is an arbitrary function. Now, for any n > ng the estimate

D D D
[l < =5 (aullioc + hool + 1ba(hoc +hos) 1) + =2+ (lau(ie + o)) + bullne + 1)1 ) + = (82)
holds, where the constants D; have the values:

def Ve def P VC
__I

D; = , D
1 p 2 p (92)
def 4 2 \/E 2 AcD ’ C ’
Dy & (2 X; ) Wl + =5 Wil lall o
717’[0

Here, numbers D > 0 and c¢ > 0 are defined by asymptotic relations for the eigenfunctions.

In order to avoid technicalities, we will prove all of our results supposing that G = (—1,1). Transition
from the interval (-1,1) to an arbitrary bounded interval (a,b) can be realized by the following change of
variable:

b—a a+b

t + ,
2 2

Consequently, in the general case one should put (2x —a —1b)/(b —a) instead of x, and 7 should be
replaced by m/(b—a).

Finally, let us note that we will frequently use the known inequalities of Bessel, Holder and Riesz,
applied to the orthonormal (on G) systems {v,}’, and {cos nnx, sin nmx | n € NU{0}}.
3.2. Existence of the solution

In this subsection we begin the proof of Theorem 1.2, establishing the existence of a classical solution.
Let {v,}7°, {As 2 0} be defined as before. (Then A;, — +c0 as n — 0.) Denote

1

1
on = f P dx,  fill) = f f Do ds, teloT],
]

-1

and suppose thaton G the following is valid :

plx) = Z Pnon(x),  flx,t) = Z fu®)va(x), tel0,T]. (10.2)
n=1 n=1

Applying the formal scheme of the Fourier method to the problem (1.1)-(3.1), we obtain that a “candidate”
for the solution has the form

t

u(x,t) = Z vn(x)[(pn Mt 4 ffn(T)e_A” (t=7) d’c]. (11.2)
n=1 0

In order to justify the method, rewrite (11.2) as  u(x,t) = ui(x,t) + us(x,t), where, formally,

00

uy(x, t) = Z O (x) e,

n=1

oo t
u(x,t) = Z Un(x)'ffn('c)e"‘"(t‘T) dr.
0

n=1

(12.2)
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Proof of Theorem 1.2, except the “uniqueness part”, relies on two lemmas.

Lemma 1.2. Suppose that g € C(G), ¢ € VOVLD(G) (1<p<2),and @ satisfies boundary conditions (5.1) . Then,
the equality

(o)

ui(x, t) = Z On(x) e (13.2)

n=1
holds uniformly on Q, and the equalities

oy ot
T (x,t) = HZ:; Anvn(x) @y e ,

. N (14.2)
% — ’ —Ant @ _ 2 —Apt
S = Y v ene™, S = ) ol eae

n=1 n=1

hold uniformly on any rectangle Q. . The corresponding series are convergent a.u. on Q and Q. respectively.

Lemma 2.2. Let usassume: q € C(G); f € C(Q),and f satisfies the Holder condition on [0, T], with an exponent
a € (1/2,1], uniformly with respect to x € G . Then, the equality

t
uy(x, t) = Z v, (x) ffn(’c)e‘}‘" = dr (15.2)
n=1 0
holds uniformly on Q, and the equalities
2 . d |
oup _ a —A (t=1)
G = Lo g [heeia,
= 0

(16.2)

n=1

t
duy _ o ~An (t=17)
DRI IEAC) f fu(z)e dr
0

hold uniformly on any Q.. The series are convergent a.u. on Q and Q. respectively. Moreover, for every point
(x,t) € Q¢ it holds

t
u =, o
TR = Yo [f@et I,
0

n=1

the series converges in L(G), ()7, € C(G % (0,T]), and u, satisfies the equation (1.1) on Q, in the ordinary
sense.

The terminology used above will be more accurately clarified through the proof of Lemma 1.2.

Having Lemma 1.2 proved, we see that equalities (14.2) hold on (), so one can immediately check that
the function u; belongs to the classes described in 1,), satisfies equation (1.1) (with f =0) on Q in
the ordinary sense (by Proposition 2.2 ), and satisfies boundary conditions (3.1) for any t € (0, T]. Also,
Proposition 3.2 (a) obeys the validity of the first decomposition (10.2), the series being a.u. convergent
on G. So, equality (13.2) and decomposition mentioned give u;(x,0) = ¢(x) on G, wherefrom it follows
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that u; also satisfies boundary conditions (3.1) for f = 0. Hence, u; is a classical solution to the problem
(1.1)-(3.1), with f=0.

On the other hand, Lemma 2.2 shows that u, is a classical solution to the problem (1.1)—(3.1), with
@ = 0. Therefore, the function (11.2) will be a classical solution of the general problem (1.1)-(3.1), with
the series representation having all the properties stated in Theorem 1.2. The uniqueness of the solution is
proved in section 8.2.

In the next two subsections proofs of the lemmas will be given.

4.2. Proof of Lema 1.2

The series (13.2) converges absolutely and uniformly on Q. This is implied by the relation

Z |vn(x)(pne_)\"t| < Z [02(X) [ @,
n=1 n=1

the majoring series being uniformly convergent on Q (which follows from Proposition 3.2 (a) ). Hence, the
first series converges to its sum u; uniformly on Q (which was formulated above as ”the equality (13.2)
holds uniformly on Q”), and u; € C(Q)).

The second part of Lemma 1.2 is based on the following fact: For every € > 0 there exists a constant
K > 0 such that the estimate

K
~Aut

holds for all A, > 1, t > € (see[3], p.139). Now, by virtue of estimates (4.2), (5.2), (17.2) and the Bessel
inequality , the following is valid on each € :

i Anlvn(x)(Pnle_A"t = Z () + Z )
n=1

0< VA, <1 VA, >1

(17.2)

[ |
< ACHI @Il + CoK- Z (fi';z
VA, >1

N R (18.2)

coo(5( L L) (L wr)

n

k=1 k<A, <k+1 VA >1
1/2 e
< D3 + A Dyl - Z 2 .

This means that the first series (14.2) converges a.u. on Q. ; especially, the series converges uniformly on
the rectangle. It follows, by virtue of equality (13.2), that (u1); exists on Q. and the first equality (14.2)
holds on Q. (which was shortly formulated above as “the first equality (14.2) holds uniformly on Q. ”).
Consequently, it actually holds on Q. Moreover, (u1); € C(G x(0,T]).

By differentiating ( formally ) equality (13.2) with respect to x, we obtain the second series (14.2) ; it can

be estimated from above (on Q) in the following way :

Y o @eale™ = Y 0+ Y0
n=1 0< VA, <1 VA>1
1
< AGGlele + CoCiKllgll ) - Z 1

VA, >1
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(The estimates (4.2)—(6.2) and (17.2) are used.) Hence, the series converges a.u. on Q. , wherefrom it results,
by equality (13.2), that (u1), exists on Q. and the second equality (14.2) holds on Q. (which was
formulated above as ”“the second equality (14.2) holds uniformly on Q. ”). Consequently, this equality is
validon Q, and (1), € C(G x (0,T]).

Finally, for the series Y v//(x) @, e ! we obtain, according to estimates (4.2)-(6.2) and (17.2), that
n=1

Y l@ede = Y 0+ Y0

n=1 0< VA, <1 VA>1

< ACGIle + Cov Y Aulgale™!
VA, >1

< Ds + G K- Z |(Pn|

172 7
Vi, >1 O

where (x,t) € Q. . Since the convergence of the majoring series can be proved as in (18.2), it follows that the

third series (14.4) converges a.e. (and, as a consequence, uniformly ) on Q. . Hence, we can conclude, by the
second equality (14.2), that the derivative (u1)’, exists on the closed rectangle and the third equality (14.2)

x? _
holds on Q. (which was formulated as “the third equality (14.2) holds uniformly on Q. ”). Consequently,
this equality is valid on Q,and (1)), € C(G % (0,T]).

Lemma 1.2 is proved.

5.2. Proof of Lemma 2.2

The lemma was actually proved in [10]. However, in order to keep our paper self-contained, we will
expose the major elements of the proof. The central point of the proving procedure is the following one:
Proof of existence and continuity of (i), is not based on the direct differentiation of the second series
(16.2) (because f is not smooth enough), but on

Proposition 4.2. If for each t € [e,T] the series

o)

t
o) | fu@e I dr
Lo |

n=1

converges in L,(G) toa function w(,t) € C(G), then uy has the partial derivative (u2)?’, on Q., and
(u2);,2(xr t) = ZU(X, t)

Proof of the proposition relies on Theorem 8.15, from [1]. The theorem states: Suppose that a series

Y oun(x) (uy € c<1>(6)) converges point—wise on G toa function s = s(x), and that ), uj,(x) converges in
n=1 n=1

L(G) toa function o € C(G). Then, s is differentiable on G, and s'(x) = o(x) on the closed interval. Now,
having the second equality (16.2) proved (see below the second part of the proof of Lemma 2.2), we can
apply the theorem to the second series (16.2), and obtain the proposition.

Moreover, we need an appropriate asymptotic formula for the functions

def

t
F.(H) = f fa(t)e 04, tele,T], (19.2)
0



N. L. LaZeti¢ / Filomat 31:16 (2017), 5241-5262 5250

where € € (0,T) is an arbitrary number. In paper [10] we established that the following is valid :

(Vtele,T])  Fu(H) = f”A(t) - @e‘“t + 07, 1), (20.2)

where IO(/\;(HO’) )( < (4 + K(a, €) ) A, (1+9) "and the constant K(a,€) > 0 does not depend on t and n (see
also [2]).

Let us now turn to the proof of Lemma 2.2.

The series (15.2) converges a.u. on Q. By estimates (4.2)—(5.2), this follows from

fﬂamwun= Y, 0+ Y 0s
n=1

0< VA, <1 VA>1

1
<24GTIfleg, + 4G flegy Y., 1
VA>1

Hence, the series converges to its sum u, uniformly on Q,and u, € C(ﬁ) .
Consider the existence and continuity of the derivative (u3),. Let € € (0,T) be fixed. Differentiating
(15.2) with respect to x, by virtue of (19.2) and (20.2) , we obtain the following formal equalities on Q.:

Y, R®E + Y, F)o)
0<VA,<1 VA>1

Wt
Z Fu(t) v,(x) + Z fA()v;(X)— (21.2)
0< VA, <1 VS I

LY e B ot g,
VA1 " Vai-1

(u2) (x, )

Estimates (4.2)-(6.2) give: ), |F,(H)v,(x)| < 2ACC1 T ”f”c@) . The other series converge a.u. on Q..
0< VA, <1

Indeed, according to (6.2), for every (x,t) € Q. the estimates

i) Cilfulh)] e Ci(4+K@e)
A—nvn(x)’ < |0(1:) o) | < —Ee
are true. Therefore,
fn(t) , s ) 1/2 1 1/2
Y5 ww| sa(lmor) (X 1)
VA>1 n=1 VA>1

Z |O(A;(1+a))v;(x)| < (4 + K(are))cl . Z %
Vi>1 = Al

=1
< DsA Z Kl+2a °
k=1

Having in mind that the function ). | f,(t) > is bounded on [0, T], we can conclude that the first and the
n=1

third series (on the right-hand side of (21.2)) converge a.u. on Q. . Then the convergence of the second
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series follows immediately from the convergence of the first one. Therefore, it is proved that Y, F,(t) v/,(x)
n=1

converges a.u. on Q.. This and equality (15.2) imply that (i), exists on Q., and the second equality
(16.2) holds on this closed rectangle. As a consequence, (i), € C(E x(0,T]).

Let us now establish the existence and continuity of the partial derivative (u); on Q.. By (19.2),
F,(t) = fu(t) = A, Fu(t) . Using this and (20.2) , we write the formal equalities on Q.,

WieH) = Y Fahoi® = Y (ful= A Ful®)) 0a(x) +
n=1

0< VA<l (22.2)
+ Y AOEM 0,0 - Y 0 ) o)
VA>1 VA,>1

The first ( finite ) sum can be bounded by 2(1+T)A Cg A1l @ The first series following this sum converges

a.u. on Q. This can be proved by using estimates (4.2) ,(5.2), and (17.2) . For the second series we have

Z |o vnx)|§(4+K(oze) Co - Z @
VA1 VAn>1
SA@+Mmakww%%,
k=1

where the numerical series converges because of « € (1/2,1]. Hence, we proved that the series Y. F,,(f) v,(x)
n=1

converges a.u. on Q. , wherefrom the existence of (u2); and the first equality (16.2) on Q. follow. Moreover,
(uz); € C(Gx (0, T]).
It remains to consider the existence and continuity of the derivative (u2)?, . We will start from the series

Y. Fu(t) v}/ (x). By Proposition 2.2, we can first write the equalities
n=1

Fu() vy (x) = q(x) Fu(t) 0a(x) — Ay Fu(t) 0a(x)

q(x) Fu(t) va(x) + F;(t)vn(x) - fn(t)vn(x)/

where (x,t) € Q,, and then the formal equality

Y EME) =90 Z Fa(t)on() +
n=1 =

+ g (t)vn (x) - Z fn B vn(x).

Now, for every t € [¢,T] the three series on the right-hand side in (23.2) converge in L»(G) to functions
q-uy, (u2);,and f respectively. Since the function

w(xr t) = Q(x) u2(x, t) + (u2);(x, t) - f(x/ t)

is continuous on 55 , we see that the condition imposed in Proposition 4.2 is satisfied by the series (23.2).

(23.2)

That is why the derivative ()7, exists on Q. , the series Y, F,(t) v;;(x) converges point-wise on Q. to
n=1
this derivative, and the equality

2
%?un_qmmun+ ﬁaﬁ—fmo (24.2)
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holds on the closed rectangle. The number € € (0,T) being arbitrary, it follows that (1), € C(G % (0,T)),
and (24.2) shows that u, is a solution of the equation (1.1) on Q (in the ordinary sense).

Proof of Lemma 2.2 is completed.

6.2. A priori estimate
Let u be the classical solution of (1.1)—(3.1) . Then,

u(x,t) = wi(x,t) + ua(x,t), (25.2)

where functions u; are defined by the series (12.2) . We are going to estimate these functions separately. Let
us start with

(e H] < Y lo@ene™ 1 < Y 10,0 1@al. (26.2)

n=1 n=1

Using estimates (4.2), (8.2) ( the second one applied to the function h def @), and the inequalities of Holder
and Riesz, we obtain the following chain of equalities and inequalities:

00

Y 0@ leal = Y 1o.@lgal + Y 1o0@]lpul <
n=1 n=1

n=np+1

(o)

m0 G- lipllue) + CoDi- Y |

n=np+1

1
n

(18 + o) + Ibu(pac + 901 ) |

< Ei+ B y . )W( Y (IaO)l + 1O ))l/r+

k=0

0
°° 1 1/p
< E + Ez( Z — ) “llpoc + @osllL ) +

o)

o) 1 1/P l
+E3( Z prr ) Np1e + @il ) + E4.Z =

n=1 n=1
Here, constants E; — E4 have an obvious meaning, and r > 0 is a number such that p‘l +r1=1.

Now, by analyzing constants D; (see (9.2)) and E;, we may conclude, by (26.2), that the estimate

max | (t,x)| < D7 (lleg + 119 ) (27.2)
x,t)€

holds, where D7 is a constant not depending on ¢, f.

In the case of function 5, it holds:

[PEHIEDY

n=1

t
Un(X) - ffn(T) e M0 dr
0

1
2 2
+ 2,0 < 24C T Ifle + 4Gl ), 5
VA,>1 VA,>1
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where (x,£) € Gx (0,T]. Having in mind (5.2) , we see that the estimate

max |uz(x, )| < Dsllfllc, (28.2)
(x,HeQ

holds if we put Dg dfya C(ZJ (T + n2/6) .
Finally, from relations (25.2), (27.2)—(28.2) we obtain the estimate (2.2), with C © max {D7, Dg}.

Hence, we can conclude that the assertions of Theorem 1.2, except the one concerning the uniqueness
of the solution, are proved.

7.2. On Corollary 1.2
We assume, of course, that functions g, f, @1, @, satisfy conditions from Theorem 1.2. Then, the
function u(x,t) def wi(x, ) — wy(x,t) is a classical solution to the problem

ou J%u
E(x’t) - ﬁ(xft) + g(x)u(x,t) =0, (x,1)eQ,

u(x,0) = 1(x) — 2(x), -1<x<1,
u(x,t) satisfies the boundary conditions (3.1), te€[0,T].

That is why the corresponding estimate (2.2) for u is valid (see Remark 2.2).

8.2. Uniqueness: Proof of Theorem 2.2

Aswe have already mentioned, the uniqueness of the classical solution will be proved by a method used
in paper [5]. Note that, in our general settings, the use of the method is essentially based on Proposition
3.2(b).

Suppose that there exist two classical solutions to the problem (1.1)—(3.1) (in the sense of Definition 1.2 ) ;
let us denote them by w;, w,. Then the function u(x, t) def w1(x,t) — wy(x,t) is a classical solution of the
problem

8_u(x t) — &2_u(x B+ gx)ulx,t) =0, ((xt)eQ
a t 7 axz 7 q 7 - 7 7 7

u(x,0) =0, -1<x<1, (29.2)

u(x,t) satisfies the boundary conditions (3.1), te€[0,T].

Using Definition 1.2 and the above differential equation, we can see that for each t € (0,T) the function

ge(x) & u(x, t) satisfies conditions of Proposition 3.2 (b) . Hence, for every (x,t) € Gx(0,T) the equality

1

(e8]

u(x,t) = Z cn(t) vy (x), where ¢, (t) def f u(x, t) v,(x)dx,

n=1 3

is valid, the series being a.u. convergent on G.From u, u; € C(G % (0,T)) it follows that ¢, € CD(0,T),
and

1
ou

c,(f) = —(x, t) v,(x) dx.
IE
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The function c, is a solution (on (0,T)) of the equation c;(f) + A, c,(t) = 0, which follows from the
equalities
1

1
2

_11 B 1
= fu(x,t)[ U;,’(x)—q(x)vn(x)]dx = —/\n-fu(x, £) v, (x) dx .
-1 -1

(The first equality is a consequence of the differential equation (29.2) ; the second one holds because the
functions g;, v, belong to the domain of the operator L, and the third equality follows from the differential
equation (3.2) .) Therefore, we have

cu(t) = Bye™t,  te(0,T),

where B, is an arbitrary real constant.

Now, using the initial condition (29.2) and the continuity of u on Q, for every n € N we obtain the
equalities

1
B, = ltirrol cu(t) = fu(x,O)vn(x)dx =0,
-1

and conclude that ¢,(t) = 0 forall t € (0,T) ,neN. This means that u(x,t) = 0 on the set G x (0,T). But
again, the function u being continuous on Q, we actually see that w; = w, on Q. Hence, Theorem 2.2
is proved.

Let us now return to Theorem 1.2. By Remark 2.2, the classical solution, “established” by the theorem,
must be unique. Now, proof of Theorem 1.2 is completed. =
9.2. On Remark 1.2

Suppose that the coefficients of the linear forms (3.1) satisfy

anfn — axnpu # 0. (30.2)

Then, according to Remark 4 in [11], the basic estimate (8.2) remains valid if we require that /& € W;,l)(G)
only. Let us underline the fact that the self-adjoint boundary conditions (b.c.) with the real coefficients
were considered in that paper, but all the results proved there hold also in the case of arbitrary self-adjoint
b.c. with the complex coefficients.

Note that (30.2) is satisfied if A, # 0, B, # 0 in the case of the separated self-adjoint b.c., and if
k12 # 0 in the case of the coupled (real or complex) self-adjoint b.c. (see [14], p.71). ¢

3. Convergence rate estimates
1.3. Formulation of results

Let u = u(t,x) be the classical solution. As it was shown, this solution has the form

o)

u(x,t) = Z Un(x)[(pn Mt 4 ffn(r)e‘A" (t=7) d’[].
0

n=1
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For any u > 2 we can define the partial sum of the order u :

[u]

t
G(X,t,'[,l) L Z Un(x)I:(Pne_/\"t + ffn(T)e_An(t_T)dT]'
0

n=1

([u] is the entire part of p.) This section is devoted to the asymptotic behavior of function ¢ and its
derivatives, as y — +oco.

Theorem 1.3. Suppose conditions from Theorem 1.2 are satisfied. Then, for all € € (0,T), 6 € (0,a —1/2) the
following relations hold :

(ir,};a;é |u(x,t) - o(x,t;/,l)| = o(ﬁ), U= +00; (1.3)
max |u(x,t) - o(x, t;y)) = 0(%); (2.3)
(x1)eQe H

1 1
(x,rr:)zeiég u;(x, 1) — o;(x,t;y)| = O(W) + O(W); (3.3)
max |u(x,t) — or(x, t; y)| = o(%) . 4.3)
(x,)eQe H

Remark 1.3. The above estimates hold on Q or Q. uniformly with respect to the both variables x, t. If
we relax this requirement, then it is possible to prove that, for any fixed t € (0,T] and 6 € (0,2a — 1), the
corresponding estimates are valid :

1
e |u(x,0) - o(x,0;)| = O(yl—l/p)’
1
max |u(x,t) — o(x,t; = 0(—);
na | (x,1) ( !J)) 1372
’ ’ . — 1 1 M
max uy(x,t) = oj(x, )| = O(W) + O(MZa—l—é)’

max |u;(x, f) — o.(x,t; y))
xeG

Il
(=)
—
=
2=
N
S~

All the ingredients, necessary for proving the estimates, can be found below, in the reasonings which
will be used in the proof of Theorem 1.3. ¢

2.3. Proof of estimates (1.3)-(2.3)

Suppose u > 1.Foreach (x,t) € Q itholds

t
)

lu(x,t) — o(x, t;u)| < i |vn(x)(Pn e_/\”tl + Z Un(x)'ffn(T)e_/\”(t_T> dr|. (5.3)

n=[u]+1 n=[u]+1 0

I. We are going to derive two estimates for the first sum. In order to get the estimate (1.3),, we use estimates
(4.2), (8.2) (the second one applied to h & @), and the Holder inequality . So, for any u > np and
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(x,t) € Q, we obtain the relations

0o

Y, lo@llel <
n=[u]+1
) 1 1/p 0 . . 1/r
B Y, =) (X (ool + b+l ) +
n=[u]+1 =[ul+1
) 1 \Up oo . . 1/r
Eg( Z ﬁ) ( Z (|ﬂn(§016+§015)| + Ibn(q01€+q015)| )) +
n=[u]+1 n=[ul+1
o S 1/p ' /p
1 dt dt
B Y b [5) e B [5) e
n=[ul+1 [ul+1 [ul+1
+00
dt 1 Eg E7
E; f 7= L1Tp ( Bs o) + qu(u) T )
[u]+1

where r = p/(p — 1), the constants E; do not depend on (x,t) and u, while the functions

sl 1/r
ar@ (Y (Iongu+ @0l +bulgoc + o))
n=[u]+1
def . ur
ar, () = ( Z (|ﬂn((P1c + @15) " + [ (e + @1s) [ ))
n=[u]+1

are well defined by the Riesz inequality. Also, lirP ai(u) =0 = lirP az (i) . Therefore, by virtue of the
H—+o0 H—+0o0

preceding relations, (uniformly on Q) it holds:

- o(ﬁ) 6.3)

[e]

Z | 0, (x) e

n=[u]+1

In order to get the estimate (2.3), we will use estimates (4.2), (7.2), (17.2), and the Cauchy-Schwartz
inequality. Suppose € € (0,T) and p > ng are fixed. Then, for every (x,t) € Q. we have

e ~ e |(p |
Z |vn(x)(pn)e At < CoK- Z A372 <
n=[ul+1 n=[ul+1
KLY ) (X L) G e
3 n 6 = 5123 52 7
T n=[u]+1 n=[u]+1 n 5 Tt H
def b 12 —
where a3,(u) = ( Y s |2) . Hence, (uniformly on €. ) it holds:
n=[u]+1
. ~Aut 1
Z |vn(x)(pn(e wt — O(T/z)‘ (7.3)
n=[u]+1 ¢

II. Let us now estimate the second sum (5.3). This time we will use the first mean—value theorem for
the definite integrals. Suppose 1 > ng. Then, by virtue of estimates (4.2) and (7.2), for each (x,t) € Q) and
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some T* € (0,t), we obtain:

t
IR ffn(T) e M0 gr| < 26, (] _
n=[u]+1 0 n=[]+1 n
2Cy ) 0 1\1/2 2C, ) ,
?.ﬁl(H,T).( Z E) < s Pl =5,
n=[u]+1 u
def X 1/2
where Bi(u,t) = ( Y )P ) . S0, we can conclude that, for any 6 € (0,2a — 1), the estimate
n=[ul+1
o0 t
Z Un(X) - ffn(T)e_A" -1 gr| = 0( % ) 63
n=[ul+1 J u

holds uniformly on Q.

ITII. Finally, by (5.3), (6.3) and (8.3), we conclude that (1.3) is valid. On the other hand, relations (5.3),
(7.3), and (8.3) show that (2.3) holds.

3.3. Proof of estimate (3.3)

Let u > ngand € € (0,T) be fixed. By the first equality (14.2) and the first equality (16.2), we can write

(e8]

lu;(x, 1) — oj(x, t;u)| < Z |Anvn(x)(;3n€_A"t n Z

n=[u]+1 n=[u]+1

t
Un(x)% f fu(mye 04|, (x,t) € Q..
0

9.3)

I. In order to estimate the first series above, we will use the Cauchy-Schwartz inequality and estimates
(4.2),(7.2), (17.2) . Hence, it holds:

Y, Mlo@eule™ < K-}, ST
n=[u]+1 n=[u]+1 'n
CoK = 1\ K 1
T 'as,z(u)( Z 2 ) < T ~azo(u) - m ,

n=[u]+1

co 1/2 _
where a3,(u) def ( Y. lon |2) . Therefore, the following is valid on Q:

n=[u]+1
. —Apt 1
Y Ao gule ™t = O(Tz) (10.3)
n=[u]+1 H
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II. Consider now the second series (9.3) . Starting with equalities (22.2), we can write the relations

t
Z vn(x)b% f fu(r)e 04z | <
n=[u]+1 0

Y, AOHo@le™ + Y [0A)] lou)] <

n=[u]+1 n=[u]+1

COK B1(11,0) - ( i %)1/2 Co(4+K(a,e) o

n=[u]+1 n=[u]
Gk 1 Co(4+K(oz,e)) 1 s 1
51/2 13 i, 0) - 52 T 2 T 2a-1-5 Z o’
B K n=[u]+1
where 6 € (0,2a — 1) is an arbitrary number. Hence, the estimate
- t
Z v, (%) 4 fu(r)e 04z = o _ (11.3)
g n - p2e-1-5 )’ :
n=[u]+1 0

holds uniformly on Q..

III. Finally, by virtue of (9.3)-(11.3), the estimate (3.3) follows.

4.3. Proof of estimate (4.3)

Let u > ngand € € (0,T) be fixed. By the second equality (14.2) and the second equality (16.2), we can
write

00

lui(x,t) — ollx, )| < Z U),(x) @ e‘A"t| +
n=[u]+1
- ¢ (12.3)
Z 0y, (x) - f fu(@e ™ dr|,  (x,H) €Qe.
n=[u]+1 0
I. In order to estimate the first series above, we use (5.2), (7.2) and (17.2):
Z [0,(x) ol < C K- Z <
n=[u]+1 n=[u]+1
G K > 1)\*  GK 1
=R asza(u) - ( Z ﬁ) < m'aa,z(#)'m ,
n=[u]+1
wherefrom it follows that
. ’ ~Ant  _ 1 13.3
Z |7, @ule™™" = 0 o7 ) (13.3)

n=[u]+1
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II. In the case of the second series (12.3), we can write the relations

t
Z v} (x) ffn(’c) et dr| <
n=[u]+1
SIIAG] HO] |4+ K(a,0)|
Ci ( + g Y ) <
n:[%tl \/Kn n§‘+1 An §+l /\ 2
G > 1\2 |4+K(a,e)|
2 (b +ﬁl<u,o>)(n_[zfﬂﬁ) + [ZM',l S S

C 1 1 |4+K@e| 1
?1(51(”’”+51(”’0))u1/z_5'ﬁ t S e e

2 o tl2a /-120(

Here, equalities (20.2) and estimates (5.2), (7.2) are used. So, one can conclude that the estimate

t
00 ) B . 1
Z vn(x)-ffn(fc)e At=0) g | = o( 7 ), (14.3)
n=[u]+1 0

holds uniformly on Q..
III. Relations (12.3)—-(14.3) show that the estimate (4.3) is valid.

At the end of this proof, let us note the following. Using estimate (7.2) in the previous considerations,
we have quietly supposed also that the number u is such that

y+%>0 forall n > [u] +1,
n

which is possible because the sequence {p,},.,, is bounded.

Proof of Theorem 1.3 is completed. =

4. On the problem [(1.1) — (3.1)]

1.4. Existence and uniqueness
Note first that, in accordance with the agreement stated at the end of subsection 2.2, in this section we
also work with the interval G = (-1,1). Hence, we consider the problem of existence of a real-valued

function u = u(x,t) defined on the closed rectangle Q. = G x [0,+c0), and satisfying: the partial
differential equation (1.1) on G X (0, +00), the initial condition (2.1) , and the boundary conditions (3.1) for
every t € [0,+00).

The following notions will be used. We say that a function g : Q. — R satisfies the Holder condition

locally on [0, +00) , with an exponent a € (0,1], uniformly with respect to x € G if for every T >0 there exists
a constant By > 0 such that

(VxeG)(Vt, ¥ €[0,T])  |g(x,t)—g(x,t')| < Brlt—t'|*.

In this case we write g € Hlom(G [0,+00)). Also,if T >0 and € € (0,T), then QT "G x [0,T] and
Qre ¥ G x[eT]; Que & Cxe +00) if €€ (0,+0).
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This subsection is devoted to the following assertions.

Theorem 1.4. Let us assume:

1) g€ C@G).
2) pe VOV;,D(G) (1<p<2),and @ satisfies the boundary conditions (5.1).

3) f € CQw) N Hipea(G, [0, +0)), where a € (1/2,1].
Then, the following is valid :

(a) There exists a unique classical solution u = u(x,t) of the problem [(1.1) — (3.1)]w . It belongs to
CO(G x (0, +0)), and w’, € C(GX(0,+c0)).

(b) The solution can be represented as a series converging absolutely on Q. , and uniformly on every Qr . This
series can be differentiated once with respect to x or t on every closed rectangle Q.. The obtained series for the
first derivatives of the solution converge absolutely on G x (0, T), and uniformly on any Qre .

Proof. Let us first note that the conditions from Theorem 1.2 are satisfied on any Qr, T> 0. Thatis why,
by virtue of Qu = Ursg Qr, the real function

o t
ue ) LY 0,0 puet + f fuye 00 e | (1.4)
0

n=1

is well defined on Q.. . Also, the restriction u |5T is the classical solution to the problem (1.1)—(1.3) on every

Qr . Based on this fact, one can establish, using propositions (a), (b) of Theorem 1.2 and the relevant parts
of their proofs, that (1.4) is a classical solution of the problem [(1.1) — (3.1)]c . The solution is unique, and
it obeys all the additional properties stated in Theorem 1.4. We omit the details. m

2.4. An a priori estimate. Stability

This subsection concerns the self-adjoint operator L such that A, > 0, n € IN. In order to formulate
1

our results, we introduce the function g(t) def f ) flx,t) ( dx, t € [0,+00). This function is continuous on
]
[0, +00) if fe C(Qw).

Theorem 2.4. Let the conditions from Theorem 1.4 be satisfied. Then, there exists a constant C > 0 such that for
any t € (0, +o0) the estimate

legony < C (16l + 19/l + max o) ) (24)
holds. The constant does not depend on ¢, f .

Proof. As before, we start from the representation u = u; + u,, where the functions u; are defined by
(12.2) . Analyzing the proof of estimate (27.2), we see that the estimate

sup |u(t,0)| < D7 (llelleg + 19 ll@ ), (3.4)
(26,£)€Qe0

holds, where D7 is a constant not depending on ¢, f (see subsection 6.2).
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In the case of function u;, for any (x,t) € Qo the following holds:
5 - ¥ o
1

0<VA,<1
2AC?
. 0 2 —_—
+ Z()S n 621?39(7)+2C maxg(T) Z T

VA>1 NS

lua(x, 1) |

IA

U () - ff (1) e =9 dr

Having in mind (5.2) , we see that the estimate

max |uy(x, )| < Ds-max g(t) (4.4)
(x,HEGXI04] O<t<t

is valid if we put 158 =2AC; (1/A1 + n2/6).
By virtue of (3.4)—(4.4), the estimate (2.4) holds, with 6 = max{Dy, ﬁg }.m

Corollary 1.4. Assume, additionally, that the function g = g(t) is bounded on [0, +00). Then:

(a) The classical solution u is a bounded function on Q. , and the following estimate holds:

sup |u(x,f)| < N(Il(ﬂllc@ + ¢/l + sup g(t)) (5.4)

(%,)€Q 0<t<+oco
(b) Let w; = wi(x,t) (1 <i<2) be the classical solution of the problem [(1.1) — (3.1)]c , with the initial
function @; = @i(x). There exists a constant C > 0, not depending on ¢; and f, such that

sup |wi(x, ) —wa(x, | < C (llpr = p2lleg + It = @% Il ) - (6.4)

(26,H€Q0

Proof. The estimate (5.4) is an immediate consequence of the estimate (2.4) . Then, the estimate (6.4) follows
from (3.4), by virtue of the fact that w; — w, is a classical solution of the problem [(1.1) — (3.1)] , with

def def .
% = @1— @2 and f = zero—function. m

3.4. Convergence rate estimates
Analyzing proofs of estimates (1.3)-(2.3) , one can see that these estimates are valid in the case considered
too. Namely, we have

Theorem 3.4. Suppose conditions from Theorem 1.4 are satisfied, and that the function f is bounded on Q.
Then, for all € € (0,+00), 0 € (0, — 1/2) the following relations hold :

max |u(x,t)—o(x,t;y)| = 0(%1/)' U — oo ;
(x,5€Qw u P

1
max |u(x,t) — o(x, t;u)| = 0(—).
(et | H | 132

Regarding the estimates for the first derivatives, it is possible to prove that, for any fixed f € (0, +c0) and
0 €(0,2a —1), the four estimates from Remark 1.3 are valid. In this case, only conditions from Theorem 1.4
are needed.
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