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CONVERGENCE OF CUBATURE-DIFFERENCES METHOD
FOR MULTIDIMENSIONAL SINGULAR
INTEGRO-DIFFERENTIAL EQUATIONS

A. I. FEDOTOV

ABSTRACT. Here we propose and justify the cubature-differences method for
the multidimensional singular integro-differential equations with Hilbert ker-
nel. The convergence of the method is proved and the error estimate is
obtained.

INTRODUCTION

In the papers [1]-[4] the quadrature-differences methods for the various classes
of the 1-dimensional periodic singular integro-differential equations with Hilbert
kernels were justified. The convergence of the methods was proved and the errors
estimates were obtained. Here we propose and justify the cubature-differences
method for the 2-dimensional' linear periodic singular integro-differential equa-
tions. The convergence of the method is proved and the error estimate is obtained.

It is known (see e.g. [7], [9]) that the theory of the singular integral equations
in multidimensicnal case is less developed than in 1-dimensional case. Thus, for
instance, if for 1-dimensional singular integral equations simple necessary and
sufficient conditions of solvability is known, then for multidimensional equations
there are some, only sufficient, conditions of solvability and corresponding classes of
solvable equations but the situation in general is still unclear. Here we consider the
class of equations which dominant part maps the set of trigonometrical polynomials
to itself.

The same situation is with the theories of approximate methods in 1- and
multidimensional cases. For 1-dimensional singular integral equations polynomial
collocation method is justified in [6] for all solvable equations. It means that we
don’t need any special conditions in addition to solvability of the equation for
invertibility of the operator approximating the dominant part. In mutidimesional
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12-dimensional case is considered only for the sake of simplicity. All results could be easily
generalised to the case of d (d > 3) dimensions.
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case the same result doesn’t exist. So we need instead to assume, as it is mentioned
above, that dominant part maps the set of trigonometrical polynomials to itself.

To approximate derivatives in 1-dimentional case any converging differences
(with some easy-to-check restrictions for approximating the highest order deriva-
tive) could be used. It means that for equations with smooth solutions one can
achieve the highest possible rate of convergence using the differences of appropriate
order. In mutidimesional case there aren’t any rules of constructing appropriate
differences, so we use fixed second order differences and can’t obtain the rate of
covergence higher than 2.

1. STATEMENT OF THE PROBLEM

Let’s denote by N,Ng,Z,R and A the Cartesian squares of the sets of N-
natural, Ng-natural including zero, Z-interger and R-real numbers and the interval
A = (—m;m] C Rrespectevely. For the elements of this sets (2-components vectors)
beside the usual operations of adding, substracting and multipling the number we
will define the following operations

1-k =Lk + ke, sk = (Iiky, loks), B =1 +12, |1|=1 +1z, 1] = lls,
and relations of the partial order
l<k=( <k)&(la <ky), 1<k=(l) <k)&(ly <ks),
1= (I1,12), k= (k1,k2).

For the fixed s € R let’s denote by H*® Sobolev space of 2-dimensional 2m-
periodical by each variable complex-valued functions with the norm

lulle =l = (3 +13) a0 )

kcZ

and inner product

(u,v)s = Y (1+ k) u(k)o(k)

kecZ

where

u(k) = (277)*2/ u(T)ex(7) dr

A
are the Fourier coefficients of the function w(7) by the system of trigonometric
monomials
ex(7) = exp(ik - 1), keZ, e A.
For the following we will asume that s > 1 providing (see e.g. [10]) the embedding
of H® in the space of continuous functions.
Consider the linear singular integro-differential equation

(1) ABu+Tu=f,
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where A is 2-dimensional singular integral operator

Au = aoo(t)u(t) + a01(t)(J01u)(t) + alo(t)(Jlou)(t) + all(t)(Jllu)(t) s

A:H°— H?,
with singular integrals

—t
(Joru)(t) = (27)~L / u(ty, 72) ctg 222 dry |

—t
(Jlou)(t) = (27T)_1 /U(Tl,tg) Ctg I ! dT1 y

—t —t

(Jiiu)(t) = (zw)*2//u(n,m)ctg n 5 Lt 2 . 2 dry dry

—T —T

which are to be interpreted as the Cauchy-Lebesgues principal value, B is elliptical
differential operator

Bu=(Bu)(t)= Y. bag®)(D*Pu)t), B:H*?" — H* meN,
lat|=|B|=m
with derivatives
D%y = % of order a = (a1,a2) € Ny,
and T : H*t?™ — H* is known linear operator. Coefficients ay(t), k,l = 0,1,
baI@(t), | @ |=] B |= m, and the right-hand side f(t) of the equation (1) we will

consider, for the sake of simplicity, belonging to H*°.

2. CALCULATION SCHEME
Let’s fix n = (n1,n2) € N, denote by
In=1 x1In,, In,={kjlkjeZ|k;|<n;}, j=12,
index set and difine the grid
A, = {tx = (tr,, thy) | k= (b1, ko) € In,tr; = kjhy, hy =2m/(2n; +1),5 = 1,2}.

on A. Approximate solution of the equation (1) we will seek as a periodic grid
function (vector of values) un = un(t) defined on A,,.

Differential operators DB of the equation (1) we will approximate by the
operators

(2) By, = L9298 1 5 0Pun
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where

0%up = 071 052 uy, 0%y = 00105 Uy

Ojun = hj (un(t + h;dj) —un(t)),  Jjun = hj (un(t) — un(t — h;d;)),

0; = (8;1,052), j = 1,2, and ;5 is Kronecker symbol.
Singular integrals are to be approximated by the cubatures and quadratures.
To do this we will integrate interpolative Lagrange polynomial

(Pnun)(T) = Z Un(tk)gn(ﬁ tk) ;

kel
sin((2n; 4+ 1)(15 — tx;)/2)

n(Ttk) = 2n; + 1) sin((1; — tx,)/2)’

j=1,2 (

T=(11,72) € A, tx = (tg,,tr,) € Ay .

Then the integrals will take the form

(Jor Patin) (ti) = (2na + 1)1 3 A7) un (b, 11,) |

la€ln,
3) (J10Patin)(txe) = (201 + 170 3" "), un(tiy tr,).
l1€In1
(Jllpnun)( ) 2n + 1 Z ,\/k?l)ll,\/k:g)bun(tl) s
1€1,,

tk € Ay, 1 =(1,1), and the coefficients W(q)

(@) _ rm

Yr —{tgm, , rodd}.

rmT
r even, — Ctg m

Operator T' we will approximate by any covergent operator T},.

Substituting the numerical deffirential formulas (2), cubature and quadrature
sums (3), the values of the coefficients ax; (t), k,1 = 0,1, baI@(t), |a|=| Bl=m
of the operator (Thun)(t) and the right-hand side f(t) in the nodes of the grid
A, in the equation (1) we will obtain the system of linear algebraic equations

@) an(t) Y beati)(DPus) )
lot|=|B1=m

Faon(t)@n+ D7 S 900 ST bt t) (DR Pun) b 1)

l2€1n, |at|=|B|=m

Fan)@n + D73 W ST bt t) (DS Pun) 1)

heln, la|=|B|=m
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tan(tolzn+ 1734 A0 S b i) (DS Pun) by 1)
1€ln lat|=|B|=m

+ (Taun)(tk) = f(tx), tk€A,,

of the cubature-differences method.

3. PRELIMINARIES

Let’s denote by Hj the set of grid functions (vectors of values) on A,, with the
norm

R 1/2
on = lunllmg = (30 (1+ 1) ()™ 2)

kel,

and inner product

<un7 Un>s,n — Z (1 + k2)san(k)(n)ﬁ(k)(n) ,
kel,

where
Un(K)™ =2n+1]7" ) un(t)er(t), keln,
1€1,,
are Fourier-Lagrange coefficients of the function uy(t) by the grid A,,.
The sets H® and H;; we will bind by the operators
Pnu = (U(tk))keln y Pn t H° — Hﬁa

(Patun)(T) = > tn(ti)én(T,ti), Pa: Hy — H,
kel

and denote by F,(u)s the best approximation of the function v € H® by the
trigonometrical polynomials of order not higher than n. It is known that in Hilbert
space the polynomial of the best approximation of the function is its partial sum
of the Fourier series

(Sau)(t) = Y a(kex(t),  En(u)s = |lu— Snulls.

kel,

Lemma 1. For any u € H*, s € R, s > 1 and n € N the following estimations
are valid

| Palls—ms =1, Ipnllms—my < 2M(n,s)\/¢(2s —1),

[ Papnu — ulls < (1+2M(n,5)\/((25 — 1)) En(u)s

where M (n, s) = (7Yn§+n§)s, n = (ny,ng), and ((t) is the Riemann’s (-function

min(ni,n2)

bounded and decreasing for t > 1.
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Proof. The equation ||Pyun|ls = ||tn]sn for any u, € Hy follows directly from
the definitions of the norms in the spaces H* and Hj. So ||Pal|ms— g+ = 1 is valid
trivially.

To obtain the norm of the operator p, let’s take the arbitrary function u € H*®
and write according to the difinition of the norm in H}

Ipaull2n = (1+%%) k)™,

kel,

where
ak)™ =20+ 17" ) u(t)e(t), kely
1€l,,

are Fourier-Lagrange coefficients of the function u(t) with respect to the grid A,,.
Substituting the values of the function wu(t) in the nodes of the grid A, by the
values of its Fourier series we will obtain

0™ = 2+ 1)1 3 (3 atmem(t) ) ex(tr)

lel,, mecZ
=P2n+1]7" ) ) d(m)em(t)ex(t) = Y d(k+mx(2n+1)).
meZlel, mecZ

Then, following [5], we will write

paull?n = > (1 +Kk%°| 3 @k +m* (2n + 1)) |

kel, meZ
> ‘ S (K5 (L+ (k+m* (20 + 1))
kel, mcZ

Xk m (2n+ 1)) (1+ (k+ms (20 +1))2) ]

3 (Z ja(k+m* (20 +1))2(1+ (k + m * (2n + 1))?)°

kel, meZ

X 0 (L KR)/(+ (k+mx (20 4+ 1))%)))
meZ

< max ( S ((1+%%)/(1+ (k+mx (20 + 1))2))S)Hu||§.

kel
" "meZ

IN

The chains of the inequalities

max( Z (1+k)/(1+ (k+m=*(2n+ 1))2))3)

keln mecZ
<> (A+n*)/(1+(n+m=(2n+1))?))°
meZ
<272 (nf +n3)* ) (nf(2my —1)% + n3(2my — 1))
meN

—S
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< 4M?(n, s) Z (my +my —1)72% = 4M?(n, 5) Z m'2
meN meN
=4M?(n,s)((2s — 1),

HPnpnu - u”s < ||Pnpnu - Pnpnsnu”s + ”Snu - u”s
< (142M(n, $)\/¢(2s — 1) ) En(u)s
finish the proof of the Lemma 1. O

To prove the convergence of the method we need the function M (n,s) to be
bounded. So we’ll restrict the set of indices to one where M (n,s) is bounded.
Let’s for some ¢, s € R define the set

N(c,s) ={n|neN, M(n,s) <c}.

Obviously, N(c, s) = () for ¢ < 2°/2 and N(c,s) = {n|n = (4,4,...,5), j € N} for
¢ = 2°/2. For the following we’ll mean that all indices n, ng, n; mentioned below
belong to N(c, s), and n — oo means that n gets the values of some sequence

(nj)jeN, n; (S N(C, 8), n; < N1, j = 1,2, e
Lemma 2. For any s <p and u € HP
En(u)s < (1 +02)P2E, (u),.

Proof.
Bu(w)s = u = Sal, = ( 3 0 +1) a2
keI,
= ( > (4K k2)5*”|a(k)|2) P )Pl E W), o

k&I,

4. JUSTIFICATION

Theorem. Let for some c,s € R, s > 1, ¢ > 2%/2 the equation (1) and calculation
scheme (2) — (4) of the method satisfy the following conditions:

1) for any n operator A maps the set of all trigonometric polynomials of order
not higher than n to itself,

2) B is elliptic operator i.e. for any point t € A and real numbers Tq, 3 the

following inequality is valid 2

Z baﬁ(t)TaTﬁ >C Z o s

oul=|B|=m laj=m

3) operator T : H¥2™ — H**¢ is bounded for some e € R, € > 0,

2Here and further C' denotes generic real positive constants, independent from n.
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4) operator Ty, approzimates operator T with respect to pn, i.e. for any function

ue H?
||Tnpnu - pnTUHS,n =1Mn—0 for m— o0,

5) the equation (1) has a unique solution u* € H*T?™ for any right-hand side
feHs.

Then for all n, beginning from some ng, the system of equations (4) is uniquely
solvable and approzimate solutions uj, converge to the exact solution u* of the
equation (1)

[un = Pnt*[|s+2m — 0, n — oco.
If, in addition, u* € H5T?™+2  then the error estimate
[ug, = Pt [[s4am < C(h® +nn),  h=(h1,ha), hy=27/(2n;+1), j=1,2,
is valid.

Proof. Let us take an arbitrary constant r» € R which is not an eigenvalue of the
problem Bu +ru =0, u € H*"™ and make in the equation (1) a substitution

(5) v=Bu+ru, veH®.

The existence of such constant follows from the properties of the spectrum of the
elliptical operators (see e.g. [8]). Then

(6) u=Gv, Bu=v—rGu,
where G is the inverse to Bu + ru and the equation (1) will take the form
(7) Kv=Av—rAGv+TGv=f, K:H°— H*,

being still equivalent to the original one. The equivalence here means, that solv-
ability of one of the equation yields solvability of another and their solutions are
joined by the relationships (5), (6). Now let us rewrite the system of equations (4)
as an operator equation

(8) Aanun + Tnun - fn 5
An =pnAPn, fo=puaf,

(Bntun)(tx) = Z baﬂ(tk)(Dg+ﬂun)(tk)a tk € Ap,
lat|=|Bl=m
and make a substitution
(9) Un = Bnun + iy , vp € Hy .

As it is shown in [12] equation (9) is uniquely solvable for all n, beginning from
some nj, and for v, = pyv solutions uy = Ghvy = Gupav converge to the solution
u = G of the equation (5). Here Gy, is inverse to the operator Byun + ru, and

(10) Un = Gpn, Bpun = vy — 7Gnty .
By the substitution (9) we will get an equation
(11) Kpvp = Apvn — 7AnGnon + TuGnvn = fn, K,:H, — H}

n?
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which is equivalent to the equation (8). As above the equivalence here means, that
solvability of one of the equations yields solvability of another and their solutions
are joined by the relationships (9), (10).

The invertibility of the operators Ky, : HS — HJ we’ll prove following [11]. To
do this we have to establish the following:

a) || Pafo — flls — 0 for n — oc;

b) the sequence of operators (K, ) approximates operator K compactly;

c¢) K is invertible.

The validity of a) follows immediately from the definition of fy, and the Lemma 1.

HPnfn - f”s = ||Pnpnf - f”s < OEn(f)s-

To check b) we will show first that the sequence (K;,) approximates the operator
K with respect to P,. For arbitrary v, € H; we will write

HPnKnUn - KPnUan S ||PnAnUn - APnUan
(12)
+ |T| ||PnAl’lGnUn - AGPnUn”s + ||PnTnGnUn - TGPnUan

and estimate each summand of the right-hand side independently. From the def-
inition of the operator A, and condition 1) of the Theorem it follows that the
first summand is equal to zero. For the second summand, using once more the
definition of the operator Ay, condition 1) of the Theorem and boundness of the
operators A and P,, we will have

7| | PaAnGavn — AGPavnlls < C||PapnAPaGrvn — AGPavy||s
S C”PnGnUn - GPnUan
< C(/|Gavn — puGPavn|lsn + Ea(GPavn)s) -

For the third summand, using Lemma 1 and boundness of the operators Ty, we
will obtain

| PaTnGnvn — TGPyvnlls < C(||Gnvn — PnGPavn||sn
+ [|[TapnGPatn — pnT G Patn||sn + En(TGann)S) .
Finally, the estimation (12) will take the form
| PaKnvn — K Pavn||s < C'(||Gnvn — PnGPatn|lsn
+ | TapnGPavn — pnTGPavn|lsn
+ En(GPyvn)s + En(TGann)s) ,

which, taking into account the condition 4) of the Theorem, convergence of the
operators (Gyp) and convergence to zero of the best approximations of the functions
G P,vy, and TG P,vy,, means the approximation of the operator K by the sequence
of the operators (K, ) with respect to Py,.

Let us assume now, that the sequence (vn), vn € HS is bounded ||vn|lsn < 1,

and prove that the sequence (PpKpvn — K Pyvy) is compact in HS. We will write

PoK vy — KPyvy = rAGPpvy — TGPpvn — 1AP Grvn + PaTnGuvn ,
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and prove the compactness of each summand of the right-hand side. The operators
G:H® — Hst2m T . Hst2m _ gste A H5H2m™ . H52™ are bounded, so the
sequences (rAGPavy) and (T'GPyvy) are bounded in H¥17 v = min(2m, €) and
thus compact in H*. The operators Gy, : H3 — Hi™*™ and TGy : HS — HETe
are also bounded so the polynomials P,Gynvyn and P, TyGrvy are bounded in H5TY
and thus sequences (rAP,Gnvn) and (PaThGnvn) are also compact in H®, which
gives the compactness of the sequence (PnKpnvn — K Pyvy).

The validity of ¢) follows from the condition 5) of the Theorem and equivalence
of the equations (1) and (7).

Therefore, according to the Theorem 6.1 [11], for all n, beginning from some
ng, ng > ny, the equations (11), (8), and thus the system of the equations (4) are
uniquely solvable and the approximate solutions (u}) of the system of equations
(4) converge to the exact solution u* of the equation (1) with a rate

[ug = Pat”[[st2mn < Cllpn(ABu” +Tu”) = (AaBapnt” + Tapnu®)||sn

< C(Ea(Bu)s + |[[pnBu* — Bapntt*||sn + [[pnTu” — Tapau®|

If, moreover, u* € H¥ 2™ +2 then Bu* € H**? and as it is shown in [11],
[paBu* — Bppat*|sn < Ch®.

On the other hand, according to the Lemma 2, and using obvious inequality (1 +
n?)"9 < CO(h?)?, g € R, ¢ > 0, we will have

En(Bu*)s < (14 0% Ey(Bu*) 40 < C(h?),

which, together with the condition 4) of the Theorem gives the requested estima-
tion

s,n) .

[un — Pot”[|s+2mn < C(h2 + 1) -
The Theorem is proved. O
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