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Abstract

In the present paper, using a perturbation algorithm, purely implicit three-level
semi-discrete scheme of abstract evolutionary equation with variable operator reduced
to two-level schemes. Using the solutions of these two-level schemes an approximate
solution to the original problem is constructed. Using the associated polynomials,

approximate solution error are proved in the Hilbert space.
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Introduction

In the present paper, purely implicit three-level semi-discrete schemes
for an approximate solution of the Cauchy problem for an evolutionary
equation with variable operator is considered in the Hilbert space. Using
the perturbation algorithm, the considered scheme is reduced to two-level
schemes. An approximate solution of the original problem is constructed
by means of the solutions of these schemes. Note that the first two-level
scheme gives an approximate solution to an accuracy of first order, whereas
the solution of second two-level scheme is the refinement of the preceding
solution by one order.

Questions connected with the construction and investigation of approx-
imate solution algorithms of evolutionary problems are considered for ex-
ample in the well-known books by S. K. Godunov and V. S. Ryabenki [1],
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G. I. Marchuk [2], R. Richtmayer and K. Morton [3], A. A. Samarski [4],
N. N. Yanenko [5].

The main difficulty which arises at realization of multi-layer schemes
(especially for multidimensional problems), consists in use of large random
access memory, which increases in proportion with growth of number of
layers. One of opportunities of overcoming this problem is decomposition
of multi-layer schemes.

The papers [6], [7], [8] are devoted to questions of splitting of the
purely implicit three-level semi-discrete scheme for the evolutionary equa-
tion with constant operator. In these papers a purely implicit three-level
semi-discrete scheme for evolutionary equation is reduced to two two-level
schemes and explicit estimates for the approximate solution at rather gen-
eral assumptions about data the tasks are proved in Banach space. Fur-
thermore, in these works, by reducing with the aid of the perturbation
algorithm the four-layer scheme to two-layer schemes we demonstrate the
generality of the algorithm when it is applied to difference schemes.

We would note, in the present work for an estimate of the error of the
approximate solution, we applied the approach offered in [9], where the sta-
bility of linear many-step methods is investigated by means of the properties
of the class of polynomials of many variables (which are called associated
polynomials). They are a natural generalization of classical Chebyshev
polynomials of second kind.

We would emphasize that the application of the perturbation algorithm
to difference schemes for differential equations was considered in [10]. The
perturbation algorithm is widely used for solving problems of mathematical
physics (e.g., see [11]).

1 Splitting of the three-level scheme

In the Hilbert space H, consider the evolution problem

du(t)
dt

YA () = f(b), te]o,T], (1.1)

u (0) = uo, (1.2)

where A(t) —is the self-adjoint positively defined operator in H with the
domain of definition D(A) does not depend on ¢, f(t) — is a continuously
differentiable abstract function taking values in H, ug —is a given vector in
H and u(t) —is the function to be found.

On the interval [0,7], we define the grid t, = k7, k = 0,1,...,n,
with the step 7 = T'/n. We will use the approximation of the first-order
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derivative
d Sul(t — 2u(ty) + Lu(tp_
du _ ultrer) — 2uty) + 5ulte—) PRy (7o),
dt —— T
Ry(t,u) € H.

As a result, at the point ¢t = t511, Eq.(1.1) can be represented in the form

§u(tk 1) - 2u(tk) + lu(tk,l)
e + Atesn)u (b 13
= f(tes1) — T°Rpa(tou), k=1,...,n—1.

Write system (1.3) in the form

u(tre1) — ulty)

+ A(tgy1)u (try1)

N <U<tk+1) — 2u(t) + u(ti-1)

2 -3 > = f(ths1) = T Rpga (1, 0).

It is obvious that expression in brackets in case of 7 is u"(t;) + 2Ry,
Rl,k € H.

By analogy with this system, we consider the one-parameter family of
equations

Ul — Uk g [ Uk — 2uk + up—
4 At e + 5 ( = 5 1)
T 2 T
= fk+1 + 52Rk+1, (1'4)
frs1 = f(tes1), Ry € H,
in the Hilbert space H.
Assume that wuy is analytic in €,
©
Ug :Zsjug). (1.5)
§=0

Plug (1.5) into (1.4) and equate the coefficients of the equal powers of ¢ to

obtain
(0) (0)

uk+1 — U 0 _
htl T Tk A(tk+1)uk+1 = fk—i-b (16)
u(()o):uo, k=0,...,n—1,
(1) (1) 2uy)
B ) A2y(”
Cerl e A(thrl)ul(chl e (1.7)

k=1,....,n—1,
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(2) (2) 2, (1)
u —u 1 A%,y
% +A(tk+1)“1(<2421 =3 T2k Ly R,

where Aug = up1 — ug.
Introduce the notation

vk:u,(co)—l—Tu,(Cl), k=2,...,n. (1.8)

Consider the vector vy as an approximate value of exact solution of
problem (1.1), (1.2) at t = tg, u(ty) =~ vg.

Note that the initial vector ugl)
tion v; = ugo) + Tugl), where ugo) is found by scheme (1.6), and v; —the
approximate value of u(t;) with accuracy of O(72).

We prove the following result (let below everywhere ¢ be a positive
constant).

Theorem 1.1. Let A(t) be a self-adjoint positively defined operator
in H with the domain of definition D(A) does not depend on t and let
the solution u(t) of the problem (1.1), (1.2) be a smooth enough function.
Then, if

(a) D(A™(t)) = D(A™(0)), m =2,3;

in scheme (1.7) is found from the equa-

(b) [[(A™ (') — A™(t"))AT™(s)|| < |t —t"|, V', t", s €[0,T], m =
1,2;

(c) H(A(tk.’_l) —2A(tx) + A(tk_l))A_l(tk+1)“ <er?, k=1,...,n—1.
Then, it holds that

lu(ty) — k| = O(r?), k=1,...,n.

Remark 1.2. From condition (a) of theorem 1 for any ¢,s € [0,T] we
have

|A@#)" AT (s)]| < e, m=1,2,3. (1.9)

2 Estimate of the residual

We will estimate the residual of scheme (1.3) by substituting the solution
v, which is determined by the scheme (1.6)-(1.8).
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Multiplying (1.7) by 7 and summing the result with (1.6), we obtain
that v is a solution of the following system of equations:

Vk+1 — Uk T AQ“]@l
——— +t Atk 1 = fr1 - 5—— > k=1,...,n—-1. (2.1)
T 2 T
Rewrite this system in the form
Vg1 — Uk T A0 ~
% + Alths1)vhr + 5= = fir + Baga(7), (2.2)
where k > 2,

A _ IAZUS)—)1

It is obvious that (2.2) can be represented in the following form:

3 1
5Vk+1 — 20k + 5Vk—1
T

+ Alter1)Vrs1 = frrr + R (7), (2.3)
k=2,....,n—1.

Therefore fikH(T) is residual of purely implicit three-level scheme for so-
lutions of scheme (1.6)-(1.8) (see. (1.3)).
It obvious that

zszk—l B ZAQUI(;Z B LQAQUIE}—)1

R = = 24
R4 (7) 2 72 2 72 2 72 (24)
Note that representation (2.4) is true for k > 1.
We will estimate the difference relation (2.4).
From (1.6) follows
“/(321 = Sk+1“1(<;0) + 7Sk+1fk+1, K=0,...,n—1. (2.5)

where S, = (I+ TAk)_l, A = A(tk)
We introduce the notation T'(k,l) = SkSk—1...51, k > 1.
Then from recurrence relation (2.5) we have

ul =Tk +1,uo+ 7 (T(k+ 1, 1) fy + T(k+1,2) fo+ ...

+T(k+ 1,k = 1) fr—1 + Sk11Skfr + Sk frs1) -
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From this equality we have
A =ul)y 20 F il = (T4 1,1) = 2T (k, 1)
+T(k—-1,1)uw+7[(T(k+1,1) — 2T(k, 1)

o+ (T4 1,k —1) —2T(k bk — 1)+ T(k — 1,k — 1)) fr_y

+ (Sk41Sk — 2Sk) fx + Sky1fer1] -

A Tk +1,1) — 20(k, 1) + T(k — 1,1)
= (I 283, + 5, Si) Tk +1,1) @7)
= 7 (A, — Aoy + T AR A ) T(k +1,1),
l=1,...k—1.
and

(Sk+1Sk — 25k) fi + Skt1fer1 = =T Ak154+1Sk fr
+(Skt1 — k) o1 + Se(frogr — fr) = —TApp1S4+1 Sk fr (2.8)

+75k(Ak — A1) Skt fet1 + Sk(frorr — fu),
that (2.6) will take the following form

A2ul(co—)1 =7 (A — Ap1 + TAR A1) [T(k + 1, 1)ug
+7(Tk+ 1L 1) i+Tk+1,2)f2+ ...+ T(k+ Lk —1)fr1)]

(2.9)
—72 A1 Skr15% fe — T2 Sk (Arg1 — Ak)Skat fr
+7Sk(fr+1 — fr)-
Taking into account (2.9), from (1.7) we get:
“121421 = SkJrlul(cl) +7Sk+19k+1, k=1,...,n—1 (2.10)

where

ge+1 = (A — Ak + TAR A1) —%T(k + 1, Lug
—% (T(k+ 1, 1) f1 + T(k+1,2) fo+ ...+ T(k+ 1,k — 1) fy_1) -
+%Ak+15k+15kfk + %Sk ((Aks1 — AR AL) Sk Akt fo
—%Sk(fk:—&-l — fk)-
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From (2.10) we get

ul) =Tk +1,2)ul) + 7 (T(k+1,2)g2 + T(k +1,3)g3 + - - .12
+T(k+ 1,k —1)gr—1 + Sk+15k9k + Sk419k+1) -

From here, taking into account (2.7) and (2.8), we get
A2V = 7 (Ap — A + TARApsr) [T(k +1,2)ulV
+7 (T(k+1,2)g2 + T(k+1,3)g3 + ... + T(k+ 1,k — 1)gr—1)]
—72 A 1Sk 115kgk — T2 Sk(Akg1 — Ak)Skr19k11
+78k (g1 — gr) = 7 (Ap — Apy1 + TARAry 1) [T(k: +1,2ulY (213
+7(T(k+1,2)g2 + T(k+1,3)g3 + ... + T(k + 1,k — 1)gr—1)]
7281 (Ar1 A ) SkAkge — T2Sk((Ar — Ar) A ) Skt
X Aps1gre1 + 7Sk(gra1 — gr)-

Due to condition (b) of Theorem 1.1 from (2.11) it follows that norm of
g is uniformly bounded. Taking this fact and condition (b) of Theorem 1
into account, it is obvious that all components in expression (2.13), behind
an exception 7Sk (gxr1 — gk), are order of O(72).

From (2.11), for gx+1 — gr we have

1 1
Gk+1 — Gk = _ZQk,IUO —3 (Qr1f1+ Qrafo

1
+o F Qrp—1fr—1) + 3 (Ak+1Sk+1Sk f — AkSkSk—1fr—1)

3 (6 (A — AVATL) Seia A fin (2.14)
— St ((Ax — Ak—1) ALY SkArfi)
—% (Sk(fe+1 — fr) = Sk—1(fx — fr-1))

where
Qui = (Ar — Ap1 + TAR A1) T (k4 1,1)

(At — Ap + T Ap 1 AT (R, D)
— (A — Apy1 + T AR A1) (T(k + 1,1) — T, D)
+(Ap — Ap1 + TARAR 1 — Ak + A — TAR 1 Ag) T (R, D)
— (A — Apsr + TA AR ) A Tk + 1,1)
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—(App1 —2Ak + A1 + T7(Ap—1 A — ApAp 1)) T(k, 1)
=7 (A4 = Ak)AI;—il-l) -7 (AkAI;l-l) Ai+1) A1 T(k+1,1)
— (((Aps1 = 245 + A1) AL) Ara
7 ((Ap-1(Ak41 — Ax)) + (Ax — Ak—1)Ap11))) T(k, 1)
=7 (((Ae — A0 AL
-7 (AkA;;il) Ai_H) A T(k+1,1) — (((Ak+1 —2A; + Ak—l)Algil) Apy1
7 ((Ar1 A7) (AR = AR DA + (Arer — A ALT) AR

+ (A — A1) ALy Ay)) Tk, D) (2.15)

Here and for following transformation we take into account the following
equality
Ap1(Apy — Ap) = Aj_ | — Aj_1 Ay,

= A} | AR AR A A=A - AR (A — A1) Ay
Further we have
Ap+1%+15k Sk — ApSkSk—1fe—1 = Ak 1415k (fr — fr-1)
+(Ak1S4+15% — ARSkSk-1) fr1 = Skt (Ap+145 ") SkAy
X(fie = fr—1) + (Ak19%+1(Sk — Sk-1) + Ak415k+15%k-1

—ApSESk-1) fro1 = Sk (A1 A7) SkAR(fe — fre1)

+ (T Ak1Sk+1Sk—1(Ap—1 — Ar) Sk + Apg1(Skg1 — Sk)Sk—1

+ Ak 196 Sk-1 — ARSKSk—1) fr—1 = Sk41 (A1 45 ") SkAk

X(fr = foe1) + (7Sks1 (Aps1 A, Y) Sk—1Ap—1(Ap_1 — Ag) Sk (2.16)
+7 A1 Sk (A — Ap1)Sk+15k—1 + (Ak+1 — Ak) SkSk—1) fr—1

= Sit1 (Ap1 AL ") SkAr(fe — fr1) + (7Skt1 (A1 4 Y,) Sk
((A2_, — AD)A; % + (A — A1) ALY SpA?

+7(Ap1 AL ) Sk ((A7 — A%-&-I)A}:-%-l

+(Ap1 — Ak>AE+11) Sk+1 (Az—&-lAI;EI) SkflAiA

+(Apg1 — Ap) AL Sk(ARAL ) Sk—1Ak—1) fro1.
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Se(fre1 — fx) = Sk—1(fx — fo—1) = (Sk — Sk=1)(frt1 — fr)
+Sk—1(fut1 — 2fk + fu—1) = —7Sk(Ar — Ar—1)Sk—1(fr+1 — fr)
+Sk1(fra1 — 205 + frm1) = =7 ((Ak — A1) A1)

XSk—1Ak—1(fr41 — f&) + Se—1(fr+1 — 2fx + fo—1).

From (2.14) taking into account (2.15), (2.16) and (2.17) we have the
inequality

(2.17)

lgk+1 — gll < er. (2.18)

Note that due to condition of Theorem 1.1 we get
IARAT (b, Dull = | (AR AL ™) Sk (AR AR Skt

.o Sl+1 (A;:L_IAl_m) SlAgnuH
< (AR AL™) NSk (AT AL TSkl
o Sl (A AT™) ISl [T |
<clAfull, m=13, k=1

Then from (2.13) taking into account (2.18) and due to the conditions
of theorem 1.1, in the case of the sufficient smoothness of the initial data
the following estimate holds:

1
AQ“l(c—)1

72

<e¢  c=const>0. (2.19)

Hence, taking into account (2.19), from (2.4) for residual Ry(7), we
obtain

H§k+1(7)H <ecr?,  ¢=const > 0. (2.20)

3 The estimate for the approximate solution error
Taking into account (1.3) and (2.3), for error z = u(t;) — vi we have:

3 1
52k+1 — 22k + 52k—1
T

+ A(tg+1) 241 = 1h41(7), k=2,...,n—1, (3.1)

where (1) = — (Tng(T, u) + Ek(T)) :
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Remark 3.1. Taking into account (2.20) we conclude that if the so-
lution of problem (1.1)-(1.2) is sufficiently smooth, then ||ry(7)| = O(7?).

The following result holds.
Theorem 3.2. Let A(t) be a self-adjoint positively defined operator in
H with domain of definition D(A) does not depend on t. Let it holds that
l(AW) - A A~ s)| < it =],
vt' t" s €[0,T], c= const > 0.
Then, it holds that

k
241l < elllzoll + [lzall + TZ;ec(t’“‘“)llr(tm)\l), (3.2)
1=
k=2,....n—1, c¢=const > 0.

For the proof of Theorem 3.2, we need some auxiliary proposition.
Lemma 3.3. Let the operator satisfy the conditions of Theorem 3.2.
Then, it holds that

4 1
|(A(tr+j) — A(tj))Uk(ng, ng)H <e¢, c¢=const>0, (3.3)

where k=1,...,n—1, j5=0,...,n—1,

L= (I+ gm(tj))fl.

Proof. The scalar polynomials of two variables Ug(z,y) we will be
defined by the following recurrence relation:

Ur(z,y) = 2Up_1(z,y) — yUr—2(,y),

UO($7y) = 17 U,1($,y) =0.
The following formula holds (see [1] )

Ur(,y) = Vy*Us <5§ 1> . (3.4)

As A(t) is a self-adjoint positively defined operator, then Sp(L;) C [0,1].
Then according to the formula (3.4) we have:

4 1 k 4 11
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According to the theorem about an estimate of norm of an operator
polynomial (see [2], p. 346) the following inequality holds:

1 3
= Uk( < -. 3.5
‘ (3 i3 )H JS%"“?, FUES (3:5)
Here we used the following estimation
1
Uk(z,y)| < Ty 0<y<l [z|<1+y. (3.6)
As
k k-2
2 .

then we have

|TA(t )L2 | < % max (1 —x)xk <

k> 2. 3.7
z€[051] B ( )

??‘\OJ

Taking into account (3.5), (3.7) and due to the conditions of theorem
3.2 we obtain

|(attsr) - s (4Lj, i)

<

4 11
Iattss) — At A~ [aers | |on (32557 <
teri —t 3 § _
=0 k2 ©

Thus, Lemma 3.3 is proved.
Proceed to the proof of the Theorem 3.2.
Proof. From (3.1) we obtain

4 1 2

el = gLiize — gLiize- + gTLkJrlTkJrl(T)a (3.8)

where 5
L= I+ gTA(tk))_l

By induction, from (3.8) we obtain formula (see [3] ):

k
1 2 .
Zk4+1 = U,iU,}zl — gUg_lLQZO + 57' E U]’ii%LiJ’»lrk_}_l(T), (3.9)
=1

where operators U ,i are determined by the following recurrence relation

.4 . 1 )
Uk = gLlitilUk 1 — g LitiUk—a,
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Ui=1, U =0.
Consider the following homogeneous difference equation

3wiy1 — 4wy + wi—
2T

+ Awpr =0, i=1,2, ... (3.10)

where A is self-adjoint and positive definite operator.
Obviously, from (3.10) we have

4 1
Wi+1 = ngk - ngk—la
2 -1
By induction we obtain
4_ 1 1 4 1
=Ug | =L, -L ——LUg_1 | =L, =L . 3.11
W1 k<373 )wl 3 k1<3,3 >wo (3.11)

In the equation (3.10) we will replace operator A by the operator A(t;)
(j-it is fixed) and we write the obtained equation in the form

3wg1 — Awy + wi—1
2T

+ Altksj)wrr = (Altetj) — A(ty)) wee1-

From this equation we have

4 1 2
Wiyl = ngﬂ'wk - ng-&-jwk—l + gTLk—i—j(A(tk—&-j — A(ty))wi1-

Therefore, taking into account (3.10) we obtain
i — Lyt
Wg+1 = Ukwl - gkaleJrle
P (3.12)
+37 2 UpliLivs(Alting) = Alt;)wisr.
1=

If wo = 0, then taking into account (3.11), from (3.12) we have

4 1 )
90 Fo L1
37 Z Up ™ Livj(A(tisg) — A(tj))Ui(ng7 ng)wl_

=1
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As wy is an arbitrary vector, from last equality we obtain the formula

; 4 1
Ui = Ur(3Lss 3Ly)
(3.13)
2, z U Lisj(Altisg) — A()Ui(3L5, 3 1,).
Obviously, from here we get the following inequality
; 4 1
0] < 05 L5 5 1)
5 kK 41 (3.14)
o S IO Al — AU L, L)
i=1
According to (3.6) we have
4 1 4 1
||Uk(*L‘7§L‘)H < (hax ’Uk(g gy)‘
; (3.15)
(Vy |Uk ) <3

0< <1

Taking into account bounds (3.3) and (3.15), from (3.14) we have

k
ULl <c+e 7Y U, c=const > 0.
i=1

If k£ we replace by (n — j), we obtain
U7l <ec+e- TZHUW

or that too most

Uil <ete-r Z 1U7—s]l-

s=j+1
Introduce the notations |US_,|| = x5 , we obtain
ijC+CT($j+1+"-+$n), ]:0,1,,71—1

From here, by induction we obtain the following bound

Tni < c(1+cr) 7 1+ Tap). (3.16)

zn = |Ugll =1,
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from (3.16) we have
Tpi<c(l+er), i=0,1,---,n.
Hence, we can write the bound
U < e(1+er)" < ce™.
If ¢ we replace by the (n —i — j), we obtain
US| < cetrisi, i =0,1,- ,n -,
or that too most
U < e, §=0,1,-- k. (3.17)

Taking into account (3.17), from the representation (3.9) we obtain the
statement of the Theorem 3.2.

Proceed to the proof of the Theorem 1.1.

It must be noted that as representation (2.4) is right only at k& > 2, the
proof of the estimation (3.2) does not extend for the case k = 1, i.e. for
vector vo. Though it is simple to obtain the estimation

|u(ta) — va|| = O(72). (3.18)

Then taking into account (3.18) and due to Remark 3.1 from inequality
(3.2), in the case of the sufficient smoothness of the functions, follows the
statement of the Theorem 1.1

|uty) — vkl = O(7%), k=1,...,n.
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