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Abstract. In the present study, the second order of accuracy difference scheme for numerical solution of
the boundary value problem for the differential equation with an unknown parameter p

20 4 Au(t) +iu(t) = f(t)+p, 0<t<T,

u©) =@, w(T) =9

in a Hilbert space H with self-adjoint positive definite operator A is presented. Theorem on the stability of
this difference scheme is established. The stability estimates for the solution of difference schemes for two
determination of an unknown parameter problem for Schrédinger equations are given.

1. Introduction. Difference scheme

The differential equations with an unknown parameter play a very important role in many branches of
applied sciences and engineering (see, [1]-[3] and the references therein).

Theory and methods of solutions of differential equations with an unknown parameter have been
studied extensively (see, [4]-[20] and the references therein). Note that in general such problems were not
well-investigated.

In the paper [22] the boundary value problem for the Schrédinger equation with an unknown parameter
p

%0 1 Au(t) + iu(t) = f(t) +p, 0<t<T,

1)
u©0) =g, w(T) =

in a Hilbert space H with self-adjoint positive definite operator A was investigated. The well-posedness of
this problem was established. The stability estimates for the solution of two determination of an unknown
parameter problems for Schrédinger equations were obtained.
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In the paper [23], the first order of accuracy difference scheme for numerical solution of the boundary
value problem (1) was presented. Theorem on the stability of this difference scheme was proved. The
stability estimates for the solution of difference schemes for two determination of an unknown parameter
problem for Schrodinger equations were given. It is well-known that (see [15]) modern computers allow the
implementation of highly accurate ones; hence, their construction and investigation for various boundary
value problems for Schrodinger equations is generating much current interest.

In the present paper the second order of accuracy Rothe difference scheme

T (g = tg—1) +A((1 + T)I—z—)uk+z<(1 + T)I—z—)uk

= (A +D1-i%) (P +p), o1 = f (1),

tk=kt, 1<k<N,Nt=T

()

U =@, un =
for the approximate solution of the boundary value problem (1) for the differential equation with an
unknown parameter p is presented. It is clear that

u=ve+(A+i)7" P, 3)

=(A+i) (Y -on), (4)

where {vg},, is the solution of the following nonlocal boundary value difference problem
it N vp — vp—1) +A((1 + 51 - z—) v + 1((1 + 51— i%)vk
=(A+DI-i4)pr 1<k <N, (5)

V—UN=Q -1,

The well-posedness of difference problem (2) is established. In applications, the stability estimates
for the solution of difference schemes for the approximate solution of two determination of an unknown
parameter problems are obtained.

The paper is organized as follows. The section 1 is introduction. In section 2, the main theorem on
stability of difference problem (2) is proved. In section 3, theorems on the stability estimates for the solution
of difference schemes for the approximate solution of two determination of an unknown parameter problem
are obtained. In section 4, numerical results are given. Finally, section 5 is conclusion.

2. The Main Theorem on Stability

The aim of this section, is the study of the well-posedness of the second order of accuracy difference
scheme (2).
The following estimate holds:

IDllg—m <1,

Here

= [1 —iT(A +il) [(1 + )l - 1%”

is the step operator of problem (2) for approximately solving problem (1). We state the following lemma
which is needed in the sequel.
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Lemma 2.1. Let A be self-adjoint positive definite operator A > 6I.Then the operator I — DN has an
-1
inverse T; = (I - DN ) and the following estimate is satisfied:
I T7 Nl—n< M(0). (6)
Proof. The proof of estimate (6) is based on the triangle inequality and the estimate
1

Il I—DN_1||—>Ssup B
( ) H—H bspl_|1_,'1(y+i)(1+- IE)N

1
1-(1+78)N < M(@).

Now, let us obtain the formula for the solution of problem (2). It is clear that the second order of accuracy
difference scheme

T (g — k1) "'A((l + )= i%)uk + i<(1 - i%)uk
= (1+ DI-i%) (@i +p) 1 k<N, ?

U =@

has a solution and the following formula holds:
k TA k—j+1

uk—D(p+Z((1+ M —i— )D - (p+(p])1 1<k<N. ®)

Using condition uy = 1, we can write
- T TA
— PN Tyr T8 oN=jie

=D (p+;((1+2)1 zZ)D ;T

Since

ZN“((1+ Oi-it2 )DN Ml = (A + i) (1 - D)ZDNf

=1

=i(A + i) - DN), )

we have that
(p+Z((l + )I—z )DN f“(p T+ i(A +il) (I - DN)p.

By Lemma 2.1, we get

p =T, ([-i(A + D]y — DN[-i(A + D]

Mz

[—i(A + 11)]( 1+ %)1 - i%)DNjH(pjT]. (10)

Using (8 and (10), we get

uk—Dk(p+Z((1+ )N —i A)Dk Mot
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k

+Z( 1+= )I—z )Dk T
J=
(

—i(A + )] — DN[-i(A + iD)]g

1[\12

[— 1(A+1I)]((1+ )[_ZTA)DN ]H(P] ]

Zk‘(( + i A)Dk M = (A +iD) (1 - D)ZD"J

J j=1

I
—_

=i(A + i) (I - DY),

we have that

k
up = R + Z R

=1

P

u=Dp+ Y ((1 = - i%)Dk_jH(pjT (11)
=1

z

+(-DNT,

p-Dp- Y (1+ 1~ i%)”“”%ﬂ}
=1

1<k<N.

Hence, difference equation (2) is uniquely solvable and for the solution we have formulas (10) and (11).
Theorem 2.1. Suppose that assumptions of Lemma 2.1 hold. Then, for the solution ({uk}kN: 1, p) of
problem (2) in C;(H) x H the estimates

1P < M@ i + 1@ i+ 1Al + LAYl + 1 @iy o gy | (12)

I uhily lle.en< M[H @l + 19 e+ 1 {adily ”CT(H)] (13)

hold, where M is independent of 7, ¢, 1, and {(pk}szl.
Here, C" (H) is the grid space of abstract grid functions { fk}ll\] defined on [0, 1]; with norm

Il fi kaH
AR ewgy = AR lle.an +  sup ===
1<k<k+r<N

N —
I fch e = gcag)zif”fk”H'
Proof. From formulas (8) and (10) it follows that
N

p =T, |[i(A +iDly - DN[=i(A + iDlp - oy + DVr = Y DN (g1 = )|
j=2
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Using this formula, the triangle inequality and estimate (6), we obtain

I1p <l T e ([[T=iA + D1, + DV 1=iCA + D]

N
+ Z HDN_jJrlnH—)H ”(Pf - ‘Pi—lnH + ”(PN” + “DN”H—»H ”(P1“H
=2

<Ml llr + 11 s + 11 Al + 11 AW s + 11 {A@RR oy ] -

Estimate (12) is proved. Using formula (11), the triangle inequality and estimate (6), we obtain

1+ 51— i)\ pr
(CREIE

ol

Il e Ml < (

el T+ (1 + 10!y ) 1 T2 Nt

H—H
el
<Ml llr + 11 s + 1Pl Nl

for any k. From that it follows estimate (13). Theorem 2.1 is proved.

+]Z: "((1 + - i%)Dk‘f“

T TAY i
((1+ =i )D

x {H 9l + D]y Nl + il

3. Applications

In this section, we consider the applications of main Theorem 2.1.
First, the nonlocal boundary value problem for the Schrodinger equation

iy — (@(X)uy)y +0u +iu=px)+ f(t,x), 0<t<T, 0<x<1,
u(0,x) = p(x), u(T,x) = P(x),0 <x <1, (14)

ut,0) =u(t,1), u(t,0) = uy(t,1), 0<t<T

is considered. Problem (14) has a unique smooth solution (u(t, x), p(x)) for the smooth functions a(x) > a > 0,
x€(0,1),6 > 0,a(1) = a(0), p(x), P(x) (x € [0,1]) and f(t,x) (t € (0,T),x € (0,1)). This allows us to reduce
the nonlocal boundary values problem (14) to the nonlocal boundary value problem (1) in a Hilbert space
H = [,[0,1] with a self-adjoint positive definite operator A* defined by formula

A*u(x) = —(a(x)uy)y + Ou (15)
with domain

D(AY) = {u(x) : u(x), ux(x), (a(x)ux)x € L2[0, 1], u(1) = u(0), ux(1) = ux(0)}.

The discretization of problem (14) is carried out in two steps. In the first step, we define the grid space

[0,1]y ={x=x,:x,=nh, 0<n <M, Mh=1}.
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Let us introduce the Hilbert space Ly, = L([0, 1]1,) of the grid functions qoh(x) = {qon}llw‘1 defined on [0, 1],
equipped with the norm

1/2
el = ( Y, |<p<x>|2h]

x€[0,1],

To the differential operator A* defined by formula (15), we assign the difference operator A; by the
formula

AZ(Ph(x) = {_(a(x)(Pf)x,n + 6@n }QA_l (16)
acting in the space of grid functions ¢"(x) = {(pn}ll\’I‘1 satisfying the conditions ¢¢ = @um, @1 — Qo = Ppm— Prm-1.

It is well-known that A} is a self-adjoint positive definite operator in Ly,. With the help of A}, we reach the
boundary value problem

P L AxyGE, x) + it x) = ph) + fi(EX), 0 <t < T, x € [0,1],

(17)
u"(0,x) = ¢"(x), u"(T,x) = Y"(x),x € [0, 1];..
In the second step, we replace (17) with the difference scheme (2)
A0 ) +A"((1+ 1 - i ) W) +1((1+ DI =)l (x)
= (1 +D1-i%) (P + f1x),
(18)

fie) = fitte = 5,x), e =kt, 1<k <N, x€[0,1]y,

u(0,x) = ¢''(x), u'(1,x) = Y'(x), x € [0,1];.

N
Theorem 3.1. The solution pairs ({”Z (x)}0 P! (x)) of problem (18) satisfy the stability estimates

1 e M 10+ 10, + 1430, + DA, + 1), e |

N N
oy Mt Mz 16" + 160, + {2 N

where M; and M, does not depend on 7, i, (p 1#’1 and fkh, 1 <k < N. Here C(Tl) (Lop) is the grid space of grid
functions { fk} defined on [0, 1]; X [0, 1], with norm

W ch
||{f;?}N||C<1)(L )= {fk} lle, @y +  sup Mr
1 1<k<k+r<N rt

A N ean = max £l

The proof of Theorem 3.1 is based on the abstract Theorem 2.1 and the symmetry property of the
difference operator A;.
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Second, let Q = (x = (x1,-- ,x,) : 0 <xx <1,k =1,---,n) be the unit open cube in the n-dimensional
Euclidean space R” with boundary S, QO=QuUS In [0, T] x Q, the boundary value problem for the
multi-dimensional Schrédinger equation
D Y (@O, )x, + it = p(x) + (£, %),

r=1

i

x=(0x1,...,x,)€Q, 0<t<T,
(19)

u(0,x) = p(x), u(T,x) = P(x),x € Q,

u(t,x)=0,x€S,0<t<T

is considered. Here a,(x) > a > 0, (x € Q3), p(x), P(x) (x € Q), and ft,x) (t€(0,T), x € Q) are given smooth
functions. i i

We consider the Hilbert space L, () of the all square integrable functions defined on Q, equipped with
the norm

I f ”Lz(ﬁ): (f"'fxeo If(x)lzdxl---dxn Z-

Problem (19) has a unique smooth solution (u(f, x), p(x)) for the smooth functions ¢(x), Y (x), a.(x) and f(¢, x).
This allows us to reduce the problem (19) to the nonlocal boundary value problem (1) in the Hilbert space

H = L»(Q) with a self-adjoint positive definite operator A* defined by formula

Au(@) = =) (@ @) 20)
r=1

with domain
D(AY) = {u(x) : u(x), uy, (x), (@, ()i, )x, € L2(Q),1 < 7 < myu(x) = 0,x € S.
The discretization of problem (19) is carried out in two steps. In the first step, we define the grid space

5}1 = {x:xr = (hljlr"' rhnjn)/j: (jl/"' /j‘rl)/o < jr SNW

Nh =1r=1,---,n},Q,=Q,NnQ,5=0Q,NS
and introduce the Hilbert space Ly, = Lz(ﬁ;,) of the grid functions

¢" @) ={p(hji,--  huju))

defined on Q;, equipped with the norm

1

Il = [z o of hl...hn] |

xeQ)y,

To the differential operator A* defined by formula (20), we assign the difference operator A; by the
formula

n
Al = — Z (ol ) L
r:1 rJr
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where A} is known as self-adjoint positive definite operator in Ly, acting in the space of grid functions

u" (x) satisfying the conditions u" (x) = 0 for all x € S;,. With the help of the difference operator A¥, we arrive
the following boundary value problem

il (t, ) + Axul (t, x) + " (£,x) = p" () + f" (£, %),
0<t< T xeQy, (21)

W' (0,%) = ¢" (x), " (T,x) = P" (x),x € O,

for an infinite system of ordinary differential equations. In the second step, we replace (21) with the
difference scheme (2)

Ll () —ul'(x) LTAY . .
O | g ((1 + O~ zTT})uZ(x) Fi((+ DI-i%) )

=(@+DI-i) () + f1(2), (22)

f,?(x) = fh(tk -Lx),tr=kt, 1<k<N, xeQy,

uh(o/ X) = (Ph(x)/ Mh(l,X) = ll}h(x)/ X € Qh'

Theorem 3.2. The solution pairs ({uZ (x)}si " (x)) of problem (22) satisfy the stability estimates

< Mo h AT n\N
19" i, < M (1", + 1, + BAF ey, + I{AT Nl |-

N N
oy Mo Mz 16" + 160, + L) N

where M; and M, is independent of 7,4, (ph, ljzh and f]f, 1 <k < N. Here C(Tl) (Lop) is the grid space of grid
N _
functions { f}?}1 defined on [0, 1]; X Q) with norm
N ||f]fl+r_ ]11“L27,

N
h h
I {fk} e,y =l {fk} llc,qy) + sup ————,
1 "'Co(Law) 1 2 i o

AL e = max I1£71
k 1 CT(LZh) 1<k<N k Lo+

The proof of Theorem 3.2 is based on Theorem 2.1 and the symmetry property of the difference operator
Aj defined by formula (19) and the following theorem on the coercivity inequality for the solution of the
elliptic difference problem in Ly,.

Theorem 3.3. For the solutions of the elliptic difference problem [21]

Aul'(x) = '(x), x € Qy,
(23)
u'(x) =0, x €Sy,

the following coercivity inequality holds:

n
I h
Y N, < M@,
r=1
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where M does not depend on h and «'".

4. A Numerical Result

In present section, the numerical analysis of approximate solution of the boundary value problem

249 _ PUD 4yt x) = p(x) + f(E %), x € (0,7), € (0,1),

u(0,x) = sinx, u(1,x) = e 'sinx, x € [0, 7], (24)

ut,0)=u(t,7)=0, te0,1]

is given. It is clear that the exact solution of problem (24) is u (f,x) = ¢”' sinx and p (x) = sinx. Using (2) for
the approximate solution of (24), we get the following second order of accuracy difference scheme

uk — yk1 uk =20k +uk

My n Ty n+l n-1
i (142

k g4k k _ g4k k
—13 Wio 4un+1 * 6u” 4“7171 + Wy
2 h
k  _ o,k k
n+1 Zun + un—l

+i(1+ Sl - % 7

=0, 05 = (1+ Df(t — 5, %)

T (f(fk = 5, Xn41) = 2f (e — 5, 20) + ftx — %,Xn—l))

2 h? (25)

p(Xpe1) = 2p (xn) +p (xn—l))
2 ’

+(1+§)p(xn)+i§(
tr =kt, 1<k<N,
Nt=T, x,=nh,2<n<M-2,Mh=m,

u% =sin (x,), ul = e 'sin(x,),x, =nh,0<n <M,

=0,0<k<N,

k_ g,k k_ ok _ k k
2u0 5u1+4u2 Uy = 4u

k ko_
Uy, —4uy, o +5uy,  —2uy, =0,0<k<N.

For obtaining the values of p (x,) at the grid points we will use formula

p (xn) — —(3_1 sm (xn+1) - ZSIZZ(X‘VI) + sin (xn—l) + ie_l sin (xn)

oN = 20N + ol
-l hzn nl N x, =nh,1<n<M-1, 26)
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where v’s‘, s = n + 1,n is the solution of the second order of accuracy difference scheme

Uk +1
-Yn n T\ N
] — 1 + =

T (1+3) h?

(-1 kK _ ook k
—v v 205 + v

I -
h4

k k k _ gk k
(7 4v,  +6v, —4dv. | +U,
2

2]+i(1 + Lyok

k _opk 4ok
1 -1
P = ¢ = (L Df (- 3,%)

s (f(tk = 5, %Xn41) — 2f (e — 5, %n) + ftk — §,xn1)) (27)
2 h2 ’

ti=kt, 1<k<N,Nt=T, x,=nh,2<n<M-2,Mh=m,
oN - =(e‘1—1)sin(xn),xn =nh,0<n<M,

n

vk =0k, =0,0<k<N,

k

_ ok k
3=0 4v

208 —50% + 40k — v hs 4k, +50  —20h =0,0<k<N
is generated by difference scheme (5).
Applying the difference scheme (27), we obtain (N + 1) X (M + 1) system of linear equations and we can

write them in the matrix form as

Avyio + By +Coy + Duyy + Evyp =1, 2<n<M-2, (28)
~ 4 1 4
v =ovm=0,01 = 5027 503 UM-1 = 5UM-2 T 50M-3,
where

o

o R
[SENe)
o o
o o
o O
o O

(N+1)X(N+1)

0 00 00 00

0 0 00 00
pep-|0 0B 0000 ,

000 .0O0S©BO
0

ﬁ (N+1)x(N+1)

and
-1 0 0 0 0 1
c vy 0 0 0 O 1 0 .0
C= 0 o vy 0 0 O 1= 01 .0
0 0 O o vy 0 00 1 (N+1)x(N+1)

000 . 0 0 ¥ lnmxa
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Here,

P S S RS LS R S L
TP T TR T T T T e T e T e 2T T

By using modified Gauss elimination method, we can reach the solution of v’;, 0<k<N,0<n<M.PFor
the solution of the matrix equations, we seek formula for the solution of the form

Un = %+lvn+1 + ﬁrH—ler—Z + Vn+ls n=M- 2/ U /2/ 1/
M = 0,
om-1 = [(Bym—2 + 5I) — (4] — am-—2) ay1] 7 [ - o) YM-1 — YM=-2],

where aj,fjand y;, j=1,---M — 1 are calculated as
pi1 = —(C + Day, + EBy1 + Eay10,) " (B + D@y, + Ety_1By),
,8n+1 = - (C + Dan + Eﬁn—l + Eoz,,_lozn)_l (A) ,
Vsl = (C + Da,, + Eﬁn—l + Ean—lan)_1 (I(Pn - Dyn - Ean—lyn - E)/n—l)

with a; and B are (N + 1) X (N + 1) and y; and y; are (N + 1) X 1 zero matrices and

0.0 -1 0 . 0
4 _1
4 = 0 3 0  Ba = 0 5 0
4 1
0 0 5 J(N+1)x(N+1) 0 0 . 5 IN+Dx(N+1)

Then, applying the second order of accuracy difference scheme (25), we have again (N + 1) X (N + 1) system
of linear equations and we write them in the matrix form as

Apityy + Botty1 + Couy + Dotiyyq + Eouyp =10,, 2<n<M-2,
1 4

~ 1
ug =up =0,u1 = Sh2 ~ gls, Um-1 = SUM-2 T Blmes, (29)

A=A, B,=B,D,=D,E; =E,

and
1 00 0 0 O
oy 0 0 0 0
C, = 0 o vy 0 0 0 ,
000 .0 7y0
000 0 0 ¥V lnsiyxeven
where
d 2 3t 2t . 1 i
y=z;+ﬁ—zﬁ+h—2+z+z§,a=—;.

Applying modified Gauss elimination method, we can reach the solution of £,0 <k <N, 0 <n < M. We
will give the results of the numerical analysis. The numerical solutions are recorded for different values
of N and M and u¥ represents the numerical solutions of these difference scheme at (t, x,). Table 1 is
constructed for N = M = 20, 40 and 80 respectively and the error is computed by the following formula.

1
M b
E= g}fg] {Z |u(tk, Xp) — u],‘,)z h}

n=1
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Table 1. Error analysis for the exact solution u (¢, x) .
Method N=M=20 N=M=40 N=M=80
1% order of accuracy d.s. 0.0024 0.0012 6.0463 x 10~
2" order of accuracy d.s.  3.0543x107*  7.4075x10~*  1.8351x107°

For their comparison, Table 2 is constructed when errors are computed by

E = max |u(tk,xn) - ulf,|

1<k<N
1<n<M
Table 2. Error analysis for the exact solution u (¢, x) .
Method N=M=20 N=M=40 N=M=80
15t order of accuracy d.s. 0.0019 9.5692x 10*  4.8241x107*

27 order of accuracy d.s.  2.7818x10™*  6.1783x10™*  1.4793x107°

Table 3. Error analysis for p (x) .
N=20 N=40 N=80

15t order of accuracy d.s.  0.0145 0.0072 0.0036
24 order of accuracy d.s.  0.0017 4.3813x10~%  1.0884x10~*

Thus, by using the second order of accuracy difference scheme the solution accuracy increases faster than
the first order of accuracy difference scheme. Therefore, the theoretical result for the solution of difference
scheme, the second order of accuracy is supported by the result of this numerical example.

5. Conclusion

In the present paper, the well-posedness of the second order of accuracy difference scheme for the
approximate solution of determination of an unknown parameter problem for the Schrédinger equation is
established. In applications, the stability estimates for the solution of difference schemes of the approximate
solution of two determination of an unknown parameter problem are obtained. Moreover, applying the
result of the monograph [15] the high order of accuracy single-step difference schemes for the numerical
solution of the boundary value problem (1) can be presented. Of course, the stability estimates for the
solution of these difference schemes have been established without any assumptions about the grid steps t
in t and h in space variables.
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