ISSN 0001-4346, Mathematical Notes, 2009, Vol. 85, No. 2, pp. 293-295. (© Pleiades Publishing, Ltd., 2009.
Original Russian Text (© R. V. Shamin, 2009, published in Matematicheskie Zametki, 2009, Vol. 85, No. 2, pp. 318-320.

SHORT
COMMUNICATIONS

Approximation of Evolution Differential Equations
in Scales of Hilbert Spaces

R. V. Shamin®

Institute of Oceanology, Russian Academy of Sciences
Received July 10, 2008

DOI: 10.1134/50001434609010337

Key words: evolution differential equation, solution existence time, scale of Hilbert spaces,
nonlinear operator, Cauchy problem.

Evolution differential equations in Hilbert spaces arise in numerous problems in different fields of
natural sciences. In these problems, it is necessary to approximate infinite-dimensional systems by
finite-dimensional equations (or by systems of ordinary differential equations). In the approximation of
the evolution equations in scales of Hilbert spaces, high efficiency can be attained by using computers.
In the present paper, we consider the problem of estimating the time of existence of solutions and
approximations in the chosen scales of spaces. The results obtained allow us to develop constructive
methods for obtaining such estimates in specific cases. We note that the problem of estimating the
solution existence time in scales of spaces is actual both in the case of linear equations, where global
solvability is possible, and in the case of nonlinear systems, where the existence time of the solution is
finite.

Let H be a Hilbert space. Throughout the paper, the Hilbert spaces are assumed to be separable and
infinite-dimensional. We let e, denote an orthonormal basis in H. We introduce a continuous generally
nonlinear operator A: D — H, where D is a Hilbert space densely and continuously embedded in H and
satisfying the condition {ex} C D. We consider the Cauchy problem

u'(t) = Au(t), t e (0,7) (1)
u(0) = ¢, p€H. (2)

Definition 1. A function u € Ly(0,T; D), v’ € Ly(0,T; H), satisfying (1) and (2) is called a solution
of problem (1)(2)on (0,T).

Remark 1. It follows from Remark 2.2 in [1] that a function w € Ly(0,T; D), v’ € Lo(0,T; H), has a
trace u(0) € H.

To construct a scale of Hilbert spaces, we consider a system of functions {7x(s)} defined for
k=1,2,... and s > 0 and satislying the following conditions for each fixed k: ~;(s) > 0, %(0) = 1,
and 7(s) are continuous and strictly decreasing in s. We introduce the spaces Hy, s > 0, as the closure

of all the linear spans S5 uye; with respect to the norm

[e.e]

lullzr, =D lugy%(s),  where  wg = (u, ex)mr.
k=1

In the space H, we introduce a finite-dimensional projection operator Py by the formula

o) N
PN <Z ukek> = Z UkEL .
k=1 k=1
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We approximate problem (1), (2) by the finite-dimensional problems

(@N)'(t) = PxAu™(t), € (0,T) (3)
u(0) = Pvo, e H. (4)
Assumption. There exists numbers s; > 0andt; > 0,0 =0,1, ..., such that, for all N, problem (3)(4)

has a unique solution ™ (t) € Hy, fort € (0,ty), problem (1) (2 )has a unique solution w on (0, ¢y ), and
this solution belongs to Hy, for almost all ¢ € (0, tp). In this case,

. N .
A}E}loo [u™ = ully 01,8, =0

forsome T" > 0.

For any element u € Hg, s > 0, we introduce the function

v(u) = lim = v(ug),
k—o0

where the function vy (uy) satisfies the condition
Ve (Vg (ug)) = |ugl for 1> |ug| > 0;

we set v(ug) = 0 for ug, > 1; and we have v(0) = oo for ug, = 0.

Theorem 1. /[ u € Hy, then v(u) > s.

Proof. We have the representation |ug| = agyx(s), where oy € lo. Without loss of generality, we
assume that ag, < 1. Since the function v (a) does not increase, we have

vk (lur]) = ve(axyi(s)) > vi(i(s)) = s.

Theorem 2. Suppose that the series
i<’}’k(52)>2
1 Vk(s1)
converges for 0 < s1 < s9; then, for u € Hy such that v(u) =s,0 < s < o0,
u€ Hg . forany €€ (0,s).

Proof. Lete € (0, s) be fixed. We denote d;, = v (uy) — s. Since

lim vg(ug) = v(u) = s,

k—o00
there exists a K > 0 such that 6 > —e for k > K. In this case, we have |ug| = vi(s + o), k > K. It
follows from the condition on fyk(s) that

(s
ull?, . = Z|uk| (s —e +Z< > < oo.

Yi(s1)
For the practically important case in which v, (s) = =", we obtain an estimate of the function v(u)
from the values of vg(ul).
Theorem 3. Let y,(s) = e™*%; suppose that the Assumption is satisfied, the functions uN are
solutions of problem (3) (4), and the function u is a solution of problem (1) (2). Fort e (0,T),
where T is the quantity from the Assumption, if v(u(t)) = s, 0 < s < 0o, then, for any 0 < e < s,
there exists a constant C. > 0 independent of N and k and satisfying the inequality

ve(ul (1)) — v(u(t)) < C’EllC +¢, E<N.
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The proof of Theorem 3 generalizes the proof of Theorem 2.1 [2].

As an example, we consider abstract parabolic equations. Let V' be a Hilbert space densely and con-
tinuously embedded in H. We consider a continuous linear operator L: V' — V', which is V -coercive,
i.e., Re(Lv,v) > |lv|3 for any v € V. We introduce a closed unbounded operator L: D(L) C H — H,
where

D(L)={ueV:Lue H},
and introduce the operator in (1) as follows:
Au(t) = —Lu(t) + f(t), where f € Ls(0,T; H).

In [1] and [3], examples of V-coercive operators are given from the class of functional differential
operators which have important applications (see [4]). Using the results of the papers listed above,
we can show that the Assumption is satisfied for p € V.

Another important example is given by nonlinear Cauchy—Kowalewski systems. Such systems in
Hilbert spaces were studied in numerous works (see, e.g., [5]—[8]). In[2], Theorem 3 was used to obtain
constructive estimates for the time of existence of analytic solutions to nonlinear Cauchy—Kowalewski
systems. In [9], these results allowed us to solve the important problem of the existence of equations
describing the surface waves of an ideal fluid on a finite time interval.
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