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ABSTRACT. The Crank-Nicolson semidiscrete scheme is considered for an evolutionary equation
with a linear unbounded closed operator 4 in the Banach space. It is proved that if (a) the spectrum of the
operator A is contained in a symmetrical open sector with an angle opening less than 7, lying in the

right-hand half-plane; (b) for any point z ( z # 0) not belonging to this sector, the resolvent norm is not

greater than ¢/ | z| ; (c) the second derivative of a solution satisfies the Lifshitz condition. Then the error
of an approximate solution is not greater than c(g; In Ty &+ 7? ), where 7 is a grid step, while ¢, and

g, are the disturbance of the initial vector and the right-hand part, respectively. © 2013 Bull. Georg.
Natl. Acad. Sci.
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As is known, various initial boundary value problems for nonstationary equations with partial derivatives
can be reduced to the Cauchy problem for an evolutionary equation in the Banach space. One of the methods
of solution of these problems is the semidiscretization method. This method has an advantage that the
system obtained as a result of its application can be solved, for instance, by the finite difference method and
the subsequent discretization of derivatives is carried out with respect to spatial variables. Other methods,
including analytical ones, can also be used.

Questions connected with the construction and investigation of approximate solution algorithms of
evolutionary problems are considered for example in the well-known books by S. K. Godunov and V. S.
Ryaben’’kii [1], G. I. Marchuk [2], R. Richtmayer and K. Morton [3], A. A. Samarski [4], N. N. Ianenko [5]. We
also refer to the works by H. A. Alibekov and P. E. Sobolevski [6], A. E. Polichek and P. E. Sobolevski [7],
M.Crouzeix [8], M. Crouzeix and P.-A. Raviart[9] and M.-N. Le Rouxe [10] dedicated to the approximate
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solution of the Cauchy problem for an abstract parabolic equation. The results obtained in these papers
embrace a sufficiently wide class of evolutionary problems.

In the present paper, our investigation relies essentially on the methods developed in the above-men-
tioned works and in the monograph [11] by the first author.

We consider here the semidiscrete Crank-Nicolson scheme for an evolutionary equation with a linear
unbounded closed operator 4 in the Banach space. It is proved that if (a) the spectrum of the operator A4 is
contained in a symmetrical open sector with an angle opening less than 7, lying in the right-hand half-plane,
(b) for any point z ( z # 0 ) not belonging to this sector, the resolvent norm is not greater than ¢/ | z|, (c) the

second derivative of a solution satisfies the Lifshitz condition, then the error of an approximate solution is not

greater than ¢(g, In v +& +17%), where 7 isagrid step, while g, and &, are the disturbance of the initial
vector and the right-hand part, respectively.

It should be noted that in Serdyukova’s paper [12], the stability of linear difference schemes with constant
coefficients, is investigated in a concrete Banach space, in particular in the space C. That paper was one of
the pioneer works on the study of difference schemes in the Banach space. We also want to refer to Sobolevski’s
paper [13], where a logarithmic estimate is given (without proving it) for the resolvent operators of the Crank-
Nicolson scheme. It is pointed out that this estimate is proved by the Cauchy-Riesz formula if the initial
operator is strongly positive. We further refer to [14], where an explicit estimate of the error of the Crank-
Nicolson scheme is obtained in the Hilbert space under the assumption that the initial operator is self-adjoint
and positively defined. In the same paper, under the same assumptions for the operator, a lemma is proved, by

means of which the obtained results are easily extended to the Banach space.

1. Statement of the Problem and the Formulation of the Basic Theorem

In the Banach space X, we consider the evolutionary problem

du(t)
dt

+Au(t) =f@), te]0,T], (1.1

u (0) = U, (1.2)
where (—A) is the generating operator of a strongly continuous semigroup exp(—tA), t>20; f(t) isa
continuously differentiable abstract function with values from X; u is a given vector from X, u(¢) is the
sought function.

Let us introduce [0,77] the grid ¢, = k7, k=0,1,...,n, with step 7 = T/n . For problem (1.1)-(1.2) we

consider the Crank-Nicolson scheme

u, —u u, +u
kg k=10, (1.3)
T 2 k==

h ~ f|t .
where fk_l f{k_J

2

The following theorem is true.

Theorem 1.1. Assume that the following conditions are fulfilled:
(a) The solution u(t) of problem (1.1)-(1.2) is twice continuously differentiable and u''(t) satisfies the
Lifshitz condition,
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(b) A is a linear, densely defined closed operator in the Banach space X, whose spectrum is wholly con-

tained in the sector

S={z: |arg(z) < gy, 0<g; <§}
and the condition

Jier -] <2 e = comst >0

|z

is fulfilled for any z, (z #0) not belonging to S. Then the estimate

f{t, 1J_f, 1
I - -

et~ < m%"zo"w]max itk |, k=1,
<i<

is valid, where z, =uy—u(t,), c=const>0.

To prove this theorem, we need some auxiliary statements, which, in our opinion, are of independent interest.

2. Auxiliary Statements

Lemma 2.1. Let us assume that the operator A satisfies the conditions of Theorem 1.1. Then the following

estimate is valid

< @.1)

where k and j are natural numbers, © >0,
1 1 1 )¢
() =|—+—+— |2,
14 [/1 NG u,jzn
9\
A, =min 1612,(ln—3j ,
42
Fis
A =cos(p), ¢, S¢<3-

Proof. Applying the Danford-Taylor integral (see e.g. [15]), we have

- - k - —(k+1) )
—A|I-—A| |I+=4 (1+74)”
2 2 2

k -1
1 J‘ z(1-z2) (z[—%AJ iz, (22)

2mid (142 (1422

where I' is the boundary of a sector | arg(z) |[< ¢ (the integral is taken along the positive direction).

By virtue of Theorem 1.1 we have
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-1 -1
(ZI—ZAJ _2 (21— Aj
2 TI\ 7T

Passing in (2.2) to the norm and taking (2.3) into account, we obtain

- - k - —(k+1) )
—A|I——A| | I+=4 (I +7A4)”
2 2 2

+00

_ Lk
<l ik 24)

27 o |14z 14221

<l (2.3)
| z

where z = p(cos@+isin@).

Let us estimate the improper integral contained in the right-hand part of (2.4). It is obvious that

+00

|1-zf

~([|1+Z|k+]|1+22|j

k
i 1-24p+p?)2
B j ( o ) —dp. 2.5)
0 2\ o 2\y
(1+z/1p+p ) (1+4/1p+4p )
We represent integral (2.5) as a sum of three integrals
. 22 k+l +
—+00 — o
(1-22p+p°)? Joe
j kel zp_j+j+j' 2.6)
O (1424p+p?) 2 (1+4Ap+4p?)2 0 24 &+l

The validity of the following inequalities is obvious:

1+2Ap+p% > (1+Ap)?,
1+4lp+4p* >(1+Ap)°,
1-2Ap+p* <1 if 0<p<2A.

Taking these inequalities into account, for the first integral from the right-hand part of equality (2.6) we obtain
the estimate

k
T (1=24p+ p*)> .
I 2] 74P
O (1+24p+p?) 2 (1+4Ap+4p*)?
22 +o0

dp

1
<|————dps | ———
.([ (1 +ﬂp)k+]+] p .([ a +lp)k+]+] 2.7

1 1
A+ A+ 2Ap) | Alk+ )

|+oo
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Let us estimate the second integral in the right-hand part of equality (2.6).
Forany j >1 the following inequality is valid
k+1 £
{ (1-24p+p*)>
] [ 74P
2 (1424p+p°) 2 (1+44p +4p>)>
k+1 K k+1
< f (1-22p+p*)? f 2P=x(e)" 9
- k+2 m+l ’ .
= 2Ap(1+
% (1420p4 pP) 2 55, 2Ap(1+ 2 (p))
where
k 22
m=—, x(p)= pz-
2 I+p
Since 0< y(p) <1 for 24 < p <+, we have the estimate
1 1" 1
1- "< 1- < :
2(p)(1-x(p)) m+l( m“J 2meD) 2.9)
The inequality
p(I+x(p)" 2 p(1+(m+1)x(p)) = p+24(m+1) -
0
> p+Ak+2) 447 =p+Ady(k+2), A= 4
- 14422 0 ’ 1+422 (2.10)
is also valid by virtue of the Bernoulli inequality.
Taking (2.9) and (2.10) into account, from (2.8) we obtain
k+1 k£
(1-22p +p*)?
] 7P
22(1424p+ p*) 2 (1+42p+4p*)?
o1 ’T dp 1 k14 Mdg(k+2) o
TAK+2) J p+idgk+2)  Ak+2) 22+ (k+2) '
1
< ! n + A = ! ln(—+—+1 < ! 1
Ak+2) A4, Ak+2) 423 A Ak +2)
Let us show that the inequality
T (1-2p+ 5%
] 74P
22 (1+2p+ p?) 2 (1+44p+4p*)?2
v
T1623(k + j+2) (2.12)

is fulfilled for any j>2.
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By virtue of the Bernoulli inequality, the inequality

-l J-
(1+4Ap+4p*) 2 2(1+4p?) 2 21+2(j-1)p*

holds for j>2.

Taking this inequality into account, we obtain

k
! 1-24p+p*)?
_[ ( k+lp p) dp
2 (14+24p+p%) 2 (1+4lp+4p )2
! 1-24p+p’ :
< j ( kﬁz p) dp
P (1+22p+p%) 2 (1+2(j-1)p?)
_ 1 2(p)(1-2(p)"
22 3, p(I+ 2 ()™ 1+2(j -1)p?)

1 k+1 1 +oo

dp dp

< j _< j .
2k+2) 3 p(+2(/-D)p?)  Ak+2) 3, p(1+2(—1)p?)
:/1 1 j(l_ 2(j._1)szdP
(k+2)u p 1+2(j-Dp

) 1 J1+8A%(j-1)
= In

AMk+2)  22402(j 1)

= ! In P
Ak+2)  1+2(j-1)p>

:;ln I+— ! < 3 !
2A(k +2) 8A2(j—1) ) 162°(k+2)(j-1)
= ! < !
1623 (k(j —1)+2j-2)  16A°Qk+ j+(j—2))
1 1 1
< < < .
163 Qk+ j+1) " 164°(k+k+ j+1)  16A°(k+j+2)

We have thus proved inequality (2.12).

Let us now estimate the third integral in the right-hand part of equality (2.6). Like in the case of the second

integral of (2.6), we have

k

+00

(1-24p+p*)?
j 2] 74P
HL(1+24p+ p?) 2 (1+44p+4p*)2
k
+00 2.5
(1-24p+p°)?
< j k+2 j-1 dp

H1(1+2Ap+p%) 2 (1+4Ap+4p?) 2

1
;j” P AR 10 M
\22p(1+ p)(1+ 2 (p)

ﬂ
(1+p%) 2

1

1
2«//1(k+1 j 212” JA@ -1k +1) \/I(k+j)'
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With estimates (2.7), (2.11), (2.12) and (2.13) taken into account, equality (2.6) implies the estimate

k
¢ (1-22p+p)? )
j dp<-="— 2.14)

K+l Ikt
O (1+2Ap+p?) 2 (1+4Ap+4p*)2

where
1 1 1
A= —+—+——1.
c2( ) [i \/z AA]J

Taking (2.5) and (2.14) into account, from (2.4) we obtain integral (2.1). Lemma 2.1 is proved.

Remark 2.2. It is not difficult to observe that estimate (2.1) remains valid if the operator (I + TA)_] is
!
replaced by the operator (1 + EA) , 1.e. the following estimate is fulfilled

yl
< (,jij) (2.15)

T - k T —(k+j+1)
—A| [ ——A I1+—A4
2 2 2

Remark 2.3. Using the Danford-Taylor integral , it is easy to prove the estimate
“(TA)([+ TA)_k “ < %, c = const > 0.

Theorem 2.4. Assume that the operator A satisfies the conditions of Theorem 1. 1. Then for the transition

-1
operator L = ([ —ZA)[I +%AJ of the Crank-Nicolson scheme the estimate

t
|| emE, k=2,...m, 2.16)
T
is valid, where 1 = T/n and the constant ¢ > ( does not depend on t .
Proof. It is obvious that
L+1=28,, L-I=-7AS,.
From these equalities it follows that
2.17)

[* =20 4S5 +1.

Multiplying both parts of equality (2.17) by I? , we obtain
L' =20 ST + 1 = 21 ASY L + (-2 AS] +1) = =27 AS] (L + 1)+ 1.

Further, by induction, we have
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D" =220 dS; (D772 + 2" T+ 2.18)
Hence it follows that
= 20asg (P 4 2 v+ L)+ L. 2.19)

Ifin equality (2.18) we take the norms, use estimate (2.15) and Remark 2.3, then we obtain

|2 | < 2(fe 2255 +[rar =43 ]+ + [r 453 |)+1

<of Ly 4 41 +1<cIn@m)+1. (220)
2m-1 2m-3 2

Analogously, from (2.19) we obtain

|22 < e(in(2m-+1)+1). (221)

(2.20)and (2.21) yield estimate (2.16).
Lemma 2.5 (see e.g. [16, ch. I]. Let the operator A satisfy the conditions of Theorem 1.1. Then for any

>0 and natural k(k <n, ¢ =T/n) we have the inequality
“(I + rA)_k “ <c, c=const>0.
Remark 2.6. For any natural & the estimate
“(L" _ sk )uo“ < (M) | Auy|, uy € D(4)
is valid, where
L= (1 —%AJ([+§AJ_I , S=(I+74)™".
Indeed, by Lemma 2.1 the representation
F-sk = —S)(L"“ + 128 e LSF2 4 g )

= —%TZAZSOS(L"_] + 0728 4o+ LSF2 4 gH )

implies the estimate

”(Lk —Sk)uo“ < T"Au()"i
i=1

EAL’f—fSOSfH
2

()
Sr"AuO”z . =c](/1)r||Au0||.
i=1

Here we have used the representation
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-1
L-§ =([—%AJ([+%AJ —(I+74)"

= Kl —%AJ (I +74) —(1 +%Aﬂ([ +%AJ_] (I+7A4)"
= —%(TA)Z (1 +%AJ_] s.
Lemma 2.7. Forany t > 0 and natural k (k <n, 7 = Tin ), the following estimate is valid
|stf|<e. = const>o. (2.22)
Proof. By virtue of Lemma 2.5 and Remark 2.6 we have
2w =2 =%y sFu) < o = 55w + 5" < o u] + | 5* el < e (< [ 4u] + ).
Taking this inequality into account, we obtain
”SL"uH - ”L"Su” - “L" (I+74)" u“ <c (r ”A(I +74)! u” + “(1 +74)! u”)
< C(H(m)(z +74)”! “"u" + ”(1 +74)”! “"u") <clul.

Clearly, this implies (2.22).
Remark 2.8. It is obvious that, analogously to (2.22), the estimate

“SOL" H <c (2.23)
is also valid.
3. Proof of the Basic Theorem

Let us proceed to proving the basic Theorem 1.1 (in what follows, ¢ always denotes a positive constant).

. . Iy . ..
Equation (1.1) atthepoint t =¢ | = (k - E)r is written in the form
k—

u(fk)—u(fk—l)+A”(tk)+u(tk—1) “rle +lgo,({])+lAgo(2), G.1)
T 2 k=] T 2

where
tot oy

w;il) _ th- j' {u”(s)_u{tk—]zﬁdsalﬁ;f T{u”(lk_]J_u”(s)stdfs

Lot 2
i)

k k

_
2

o = J. {u'(t)—u{tk_indt+ J. {u'[tk_;J—u'(f)Jdﬁ
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From (1.3)and (3.1) we have

zZ,—Z zZ, +2z,_
k k—l+Ak k-1

T 2 ~ %

where

1 1
z = u(t,)—u,, gok=;<o;‘>+5A¢f>+{f(rk ,]—f ,J.

From (3.2) it follows that

z, = Lzp | +TSy0,

-1 -1
L={1-Za|1+Za| , s,=|1+La] .
2 2 2

From the recurrent relation (3.3) we obtain

where

k
z, = LkzO +75, ZLk_igol-.

i=1

It is obvious that for ¢, the following estimate is true

2 2

From (3.4), taking into account (2.23) and also estimates (2.16) and (3.5), we obtain

los|| < ez® +

k
el < |2 ol + 73S 2l
i=1

i f(f, 1J_f, 1
I - -

< cln—"zO" + crztk + ¢t max
T 1<i<

This completes the proof of Theorem 1.1.

(3.2)

(3.3)

(3.4)

(3.5)

Acknowledgement: The present work was supported by the Shota Rustaveli National Science Founda-

tion within the framework of the project D-13/18.

Bull. Georg. Natl. Acad. Sci., vol. 7, no. 2, 2013



On the Convergence of the Crank-Nicolson... 31

3.)0)(73.)&0 30

60665015 1503(4)03'30 83(’)&‘800‘860 absémggabolsomaols

dﬁOGJ—GOJNQIS(")GOIS GOBmééQQOBdé’aéﬂQO 15538015

X 03, @ 3ImYS”

* o. xogoboggogmls Lok, m&ngmlmls lmlﬁgg:gﬁ’mgm 350(7(7:51;{)(5(7(@0, 0. (7(7()127&1; Lok, 8&3{*}(7353500){7 gamggo(ﬁndals

oglséoégén
= Zs‘)j‘)tﬁm&-]gimls (ﬁgjﬁo{ja(ﬁo 27503(7(5[}0(&7@0, 3&(‘7{*)0)(7@00)0 Homljg‘)@odo[) Qgi)ﬁ(&)ggg@o

(Fo68mpggbomos 83509300l Fagtol 3. bsscsasl dog®)

BOEOBO’I) 1303603'30 BOEBOQ':]QOO dm'aols 08(")0050 :B(")Q':]GO':]&)O aosémgaﬁolsmaols 9613030,
aaam-z]]so%gzit‘)ago, BOJ{]&OQO A (")3360&(‘)600). .)8 .)3(")(3.)5015 BOOBQ(")DBOO) .)3(*)5.)15]5515 33(’)'8&(’)30)

Jﬁosd—ﬁodmmhmﬁoh 6')15336')QQ°1’663®?]Q° 'lsﬂaao'ls 'lso'a'aogabom. 8(‘5600‘233‘)’ hmd )
aaMgQQbaQoo '333;2330 30(4)(')6360: .5) A (')3360@(*)6013 13335&60 '33;20’[3 3062&3{]50 Eo'bzﬁaﬁkoaﬁéaa'an

Bma%BabaQ Lodg@htromm Baﬂ&mﬁ'&o, Gedmols g3dmol goby Eadmaboa 7 -bg; 3) 53301&30360 z
—maols (z#0), 6033;{)0(3 364 36-30)35015 53 Baﬂ&mt’ﬂs, A (')336.)&(')6015 %%mgaaséo 54 o;:)aao&a&o

C/|Z|; a) 150980130 08(")0050"} 08(")505"}51} 3005500 83(")&){] 60301} ‘3983360 voﬁ)amabago, 6(’)83QOG
Odaéﬂ(")(aomaa’l} QO(B’BOGO"} 306(")60"}. 80305 BOOBQ(‘QDBOO)O Qamsbbl}sol} GQ(’)aOQaBO 06 OQ&BO&SBO

c(gpIn ! +¢ +72), ].s.)Q.)G T 360l Boa\mls Bo:x_o, E9RS & '3315.)3.)30130;(\) V‘)ﬁamoQaasas 15.)%’80150
33:]&(\160150 [ ) a.)ﬁ&mgaaols 3.)6?(,335.) dbstrols 83’3(5(')0)333315.

Bull. Georg. Natl. Acad. Sci., vol. 7, no. 2, 2013



32 Jemal Rogava and David Gulua

REFERENCES

. S.K. Godunov, V.S. Ryaben ’kii (1973), Raznostnye skhemy. M., 400 p. (in Russian).

. GI. Marchuk (1977), Metody vychislite]’'noi matematiki. M., 456 p. (in Russian).

. R. Richtmayer, K. Morton (1972), Raznostnye metody resheniia kraevykh zadach. M., 418 p. (in Russian).

. A.A. Samarskii (1977), Teoriia raznostnykh skhem. M., 656 p. (in Russian).

. N.N. lanenko (1967), Metod drobnykh shagov resheniia mnogomernykh zadach matematicheskoi fiziki.
Novosibirsk, 196 p. (in Russian).

6. H.A. Alibekov, PE. Sobolevskii (1977), DAN SSSR, 232, 4: 737-740.

7. A.E. Polichka, PE. Sobolevskii (1976), Differents. Uravneniia, 12, 19: 1693-1704 (in Russian).

8. M. Crouzeix (1980), Numer. Math. 35 No. 3, 257-276.

9. M. Crouzeix and P-A. Raviart (1976), C. R. Acad. Sci. Paris Sér. A-B, 28, 6, Aiv, A367-A370.

10. M.-N. Le Roux (1979), Math. Comp. 33 No. 147, 919-931.

11. J.L. Rogava (1995), Poludiskretnye skhemy dlia operatornykh differentsial’nykh uravnenii. Tbilisi, 288 p.

(in Russian).

12. 8. I Serdiukova (1966), Zh. Vychislitel’noi Matematiki i Matematicheskoi Fiziki, 6, 13: 477-486 (in Russian).

13. P E. Sobolevskii (1973), Variatsionno-Raznostnye Metody v Mat. Fizike, 146-151 (in Russian).

14. J. Rogava and R. Galdava (1998), Proc. 1. Vekua Inst. Appl. Mat., 48: 129-159.

15. N. Danford, J. Shvartz (1962), Lineinye Operatory. Ch. L., M., 896 p. (in Russian).

16. J. Rogava and M. Tsiklauri (2006), Lecture Notes of TICMI, 7, 164 p.

WA W N =

Received April, 2013

Bull. Georg. Natl. Acad. Sci., vol. 7, no. 2, 2013





