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Abstract. In the present article, a problem for a Schrödinger-parabolic equa-

tion with nonlocal boundary condition is considered. The stability estimates
are established for the solution of nonlocal boundary value problem for Schrödinger-

parabolic equation. The first and second order of accuracy difference schemes
are used for approximate solutions of nonlocal boundary value problem. An

example is considered and some error results of numerical experiments are

presented in order to verify theoretical statements.

1. introduction

In the present paper, the nonlocal boundary value problem (NBVP)

du (t)

dt
+Au (t) = f (t) (0 ≤ t ≤ 1) ,

i
du (t)

dt
+Au (t) = g (t) (−1 ≤ t ≤ 0) ,

u (−1) = αu (µ) + ϕ, 0 < µ ≤ 1

(1.1)

for differential equations of Schrödinger-parabolic type in a Hilbert space H with
self-adjoint positive definite operator A is considered.

It is well known that various NBVPs for the Schrödinger-parabolic equations can
be reduced to problem (1.1).

A function u(t) is called a solution of the problem (1.1) if the following conditions
are satisfied:

i. u(t) is continuously differentiable on the segment [−1, 1]. The derivative at the
endpoints of the segment are understood as the appropriate unilateral derivatives.

ii. The element u(t) belongs to D(A) for all t ∈ [−1, 1], and the function Au(t)
is continuous on the segment [−1, 1].

iii. u(t) satisfies the equations and nonlocal boundary condition (1.1).
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In this study, the stability estimates for the solution of the problem (1.1) for the
Schrödinger-parabolic equation are established.

Methods of solutions of NBVPs for PDEs and PDEs of mixed type have been
studied extensively by many researches (see, e.g., [1]-[12] and the references given
therein).

2. the main theorem on stability

The goal of this section is to obtain the stability estimates for Schrödinger-
parabolic equations. In applications, the stability estimates of mixed type NBVP for
Schrödinger-parabolic equations are constructed. On the other hand, all theoretical
statements are supported by the results of numerical experiments.

Theorem 2.1. Let ϕ ∈ D(A). Let f (t) and g (t) are continuously differentiable
functions on [0, 1] and [−1, 0], respectively. Then, problem (1.1) has a unique solu-
tion and

max
−1≤t≤1

‖u (t)‖H ≤M
[
‖ϕ‖H + max

−1≤t≤0
‖g (t)‖H + max

0≤t≤1
‖f (t)‖H

]
, (2.1)

max
−1≤t≤1

‖Au (t)‖H ≤M {‖Aϕ‖H + ‖g (0)‖H (2.2)

+ max
−1≤t≤0

‖g′ (t)‖H + ‖f (0)‖H + max
0≤t≤1

‖f ′ (t)‖H

}
,

inequalities hold. Here M is independent of f(t), t ∈ [0, 1], g(t), t ∈ [−1, 0] and ϕ.

Proof. First of all, we will obtain a formula for the solution of problem (1.1).
It is very well known that there are unique solutions of the initial value problems

du (t)

dt
+Au (t) = f (t) (0 ≤ t ≤ 1), u (0) = u0 (2.3)

and

i
du (t)

dt
+Au (t) = g (t) (−1 ≤ t ≤ 0), u (−1) = u−1 (2.4)

that is,

u (t) = e−tAu(0) +

∫ t

0

e−(t−s)Af (s) ds, 0 ≤ t ≤ 1 (2.5)

and

u (t) = ei(t+1)Au−1 − i
∫ t

−1
ei(t−s)Ag (s) ds,−1 ≤ t ≤ 0, (2.6)

respectively. Using formula (2.6), we get

u (0) = eiAu−1 − i
∫ 0

−1
e−isAg (s) ds,−1 ≤ t ≤ 0. (2.7)

After that we can write

u (t) = e−tA
[
eiAu−1 − i

∫ 0

−1
e−isAg (s) ds

]
+

∫ t

0

e−(t−s)Af (s) ds, 0 ≤ t ≤ 1. (2.8)

Now, using the nonlocal boundary condition

u (−1) = αu (µ) + ϕ,
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we obtain the operator equation{
I − αeiAe−µA

}
u−1 (2.9)

=

{
α− ie−µA

∫ 0

−1
e−isAg (s) ds+

∫ µ

0

e−(µ−s)Af(s)ds

}
+ ϕ.

Here, the operator
I − αeiAe−µA

has an inverse,

T =
(
I − αeiAe−µA

)−1
and

‖T‖H→H ≤M (2.10)

holds. The proof of this inequality is based on the following estimate∥∥∥−αe−(µ+i)A∥∥∥
H→H

< 1.

We have that ∥∥∥−αe−(µ+i)A∥∥∥
H→H

≤ |−α|
∣∣e−µδ∣∣ ∣∣e−iδ∣∣ ≤ 1.

Then, it can be written that

‖T‖H→H ≤
∥∥∥(I − αeiAe−µA)−1∥∥∥

H→H
≤ 1

1− |α| e−δ
.

Here, using the following definition

(
I − αeiAe−µA

)−1
u =

∫ ∞
δ

1

1− αeiλe−µλ
dEλu,

we get ∥∥∥(I − αeiAe−µA)−1∥∥∥
H→H

≤ sup
δ≤λ≤∞

1

|1− αeiλe−µλ|∣∣1− αeiλe−µλ∣∣ ≥ 1− |α|
∣∣eiλ∣∣ ∣∣e−µλ∣∣ ≥ 1− |α|

∣∣e−µλ∣∣
≥ 1− |α|

∣∣e−λ∣∣ = 1− |α| e−δ.
Therefore, ∥∥∥(I − αeiAe−µA)−1∥∥∥ ≤ 1

1− |α| e−δ
≤M.

So, it has been proven the estimate (2.10).
Hence, we obtain the following formula from the operator equation (2.9)

u−1 = T

(
α

{
−ie−µA

∫ 0

−1
e−isAg (s) ds+

∫ µ

0

e−(µ−s)Af(s)ds

}
+ ϕ

)
. (2.11)

Therefore, formulas (2.8), (2.6) and (2.11) are obtained for the solution of the
problem (1.1). The proof of first part of the main theorem has been finished.

In the second part, proofs of estimates (2.1) and (2.2) will be given. Because of
the symmetry properties of the operator A, we have the following estimates∥∥e±itA∥∥

H→H ≤ 1, t ≥ 0. (2.12)
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Firstly, the proof of the estimate (2.1) will be obtained. Using formula (2.11), we
get

‖u−1‖H ≤
{∥∥∥(I − αeiAe−µA)−1∥∥∥

H→H

(
|i| |α|

∥∥e−µA∥∥
H→H

∫ 0

−1

∥∥eiAs∥∥
H→H

×‖g(s)‖H ds+ |α|
∫ µ

0

∥∥∥e−(µ−s)A∥∥∥
H→H

‖f(s)‖H ds+ ‖ϕ‖H

)}
≤M

[∫ 0

−1
‖g(s)‖H ds+

∫ µ

0

‖f(s)‖H ds+ ‖ϕ‖H

]
.

Hence,

‖u−1‖H ≤M
[
‖ϕ‖H + max

−1≤t≤0
‖g(t)‖H + max

0≤t≤1
‖f(t)‖H

]
. (2.13)

Using formula (2.8), we obtain

‖u(t)‖H ≤ ‖u−1‖H +

∫ 0

−1
‖g(s)‖H ds+

∫ t

0

‖f(s)‖H ds.

Hence,

‖u (t)‖H ≤M
[
‖ϕ‖H + max

−1≤t≤0
‖g(t)‖H + max

0≤t≤1
‖f(t)‖H

]
, 0 ≤ t ≤ 1. (2.14)

Using formula (2.6), we get

‖u(t)‖H ≤ ‖u−1‖H +

∫ t

−1
‖g(s)‖H ds,−1 ≤ t ≤ 0.

Hence,

‖u(t)‖H ≤M
[
‖ϕ‖H + max

−1≤t≤0
‖g(t)‖H + max

0≤t≤1
‖f(t)‖H

]
. (2.15)

Therefore, using inequalities (2.14) and (2.15), we complete proof of inequality
(2.1).

Secondly, the proof of the estimate (2.2) will be obtained. Using fomula (2.11)
and integration by parts, we obtain

‖Au−1‖H ≤M
{
‖Aϕ‖H + ‖g (0)‖H + max

−1≤t≤0
‖g′ (t)‖H (2.16)

+ ‖f (0)‖H + max
0≤t≤1

‖f ′ (t)‖H

}
Now, we consider −1 ≤ t ≤ 0. Using formula (2.6) and integration by parts, we get

‖Au (t)‖H ≤ ‖Au−1‖H + ‖g (0)‖H + max
−1≤t≤0

‖g′ (t)‖H

Therefore, for −1 ≤ t ≤ 0 we obtain

‖Au (t)‖H ≤M
[
‖Aϕ‖H + ‖g (0)‖H + max

−1≤t≤0
‖g′ (t)‖H (2.17)

+ ‖f (0)‖H + max
0≤t≤1

‖f ′ (t)‖H

]
.

Finally, we consider 0 ≤ t ≤ 1. Using formula (2.8) and integration by parts, we
get

‖Au (t)‖H ≤M
{
‖Aϕ‖H + ‖g (0)‖H + max

−1≤t≤0
‖g′ (t)‖H (2.18)
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+ ‖f (0)‖H + max
0≤t≤1

‖f ′ (t)‖H

}
.

Using estimates (2.16), (2.17) and (2.18), we obtain (2.2). This completes the proof
of the main theorem.

3. numerical results and error analysis

In this section, the nonlocal boundary value problem

ut − uxx + u = (2− 2t) e−t
2

sinx, 0 < t < 1, 0 < x < π,

iut − uxx + u = (2− 2it) e−t
2

sinx,−1 < t < 0, 0 < x < π,

u (0+, x) = u (0−, x) ; ut (0+, x) = ut (0−, x) ,

u(−1, x) = u(1, x) + 2e−1 sinx, 0 ≤ x ≤ π,

u(t, 0) = u(t, π) = 0,−1 ≤ t ≤ 1

(3.1)

for a one dimensional Schrödinger-parabolic equation is considered. The first and
second order of accuracy difference schemes are constructed for approximate solu-
tions of nonlocal boundary value problem (3.1). We have second order difference
equations with respect n with matrix coefficients. For the computations modified
Gauss elimination method [13] is applied.

The errors between exact and approximate solutions are computed by the for-
mula

ENM = max
1≤k≤N−1

(
M−1∑
n=1

∣∣u (tk, xn)− ukn
∣∣2 h)1/2

.

Numerical solutions are recorded for different values of N and M, where u(tk, xn)
represents the exact solution and ukn represents the numerical solution at (tk, xn).
The results are shown in the Table 1 for N = M = 20, 40, 80 and 160.

Method N = M = 20 N = M = 40 N = M = 80 N = M = 160

FO DS 0.0244 0.0133 0.0069 0.0035

SO DS 0.0060 0.0015 3.774× 10−4 9.4410× 10−5

Table 1. Comparison of errors for the approximate solution of
difference schemes

Hence, based on the numerical results of numerical experiments, one can conclude
that the second order of accuracy difference schemes are more accurate than the
first order of accuracy difference scheme.
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