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ON BEST POSSIBLE ORDER OF CONVERGENCE ESTIMATES
IN THE COLLOCATION METHOD AND GALERKIN’S METHOD
FOR SINGULARLY PERTURBED BOUNDARY VALUE
PROBLEMS FOR SYSTEMS OF FIRST-ORDER
ORDINARY DIFFERENTIAL EQUATIONS

I. A. BLATOV AND V. V. STRYGIN

ABSTRACT. The collocation method and Galerkin method using parabolic
splines are considered. Special adaptive meshes whose number of knots is
independent of the small parameter of the problem are used. Unimprovable
estimates in the Lo.-norm are obtained. For the Galerkin method these esti-
mates are quasioptimal, while for the collocation method they are suboptimal.

INTRODUCTION

It is well known that the spline collocation method for a nonstiff boundary value
problem leads to a priori high-order accuracy estimates in the uniform norm [1]-[3].

For the Galerkin method in nonstiff problems the corresponding estimates are
quasioptimal [4]-[6]. For the investigation of stiff systems it is appropriate to use
strongly nonuniform meshes [12]-[15]. This circumstance significantly complicates
the problem. Moreover, for stiff problems, it is difficult to select the principal part
of a differential operator. To overcome these difficulties, the authors of [7]-[11]
proposed Petrov-Galerkin type methods involving special bases in the test spaces;
by means of them it may be possible to approximate solutions very well, not only
in the center of an interval but also in boundary layers. In the present article
we use these ideas. For numerical analysis we use C'' quadratic splines on meshes
proposed by N. S. Bakhvalov. These meshes have a little number of knots, but they
are denser and closer in the boundary layers. This allows us to obtain high-order
accuracy with small additional computational work. The estimates obtained in this
article have the same accuracy as analogous estimates for nonstiff boundary value
problems. It is shown that these estimates are unimprovable, and, for the Galerkin
method, they are quasioptimal.

Note that for collocation methods similar ideas are used in the papers by Asher
and Weiss [12]-[13] and by Ringhofer [14], but they use other meshes and splines
of high defects.
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In conclusion we note that our investigation of the Galerkin method is based
on the remarkable ideas of J. A. Nitsche, F. Natterer, R. Scott, A. H. Schatz and
L. B. Wahlbin [15]-[18].

1. STATEMENT OF THE PROBLEM.
PRELININARIES AND NOTATION

Let A: —1=1t_, <--- <tp, =1 denote any partition of the interval [—1,1],
and let hs = ts41 — ts. By Bi,(t) we denote the B-spline of degree r on the
partition A having support [t;, ti+r+1]. We assume that B; , are normalised so that
> imir Bir(t) =1, t € [ti,tiy1]. Let S(A,r,1) be the space of polynomial splines
of degree r and defect 1 on the partition A. Throughout this paper ¢ denotes a
small positive parameter; C,C1,Cs--- will be used to denote positive constants
independent of € and the partition A.

As usual, C*[—1, 1] denotes the space of all scalar, vector or matrix functions on
[—1,1] which are continuous together with their derivatives up through order s in
[-1,1}; || - s will be the norm in this space.

We use the notation || - ||, for the norm in Ly[—1,1] (1 < p < 00). Using the
sharp order function, we shall write f(e,m) = O*(g(e,m)) if there exist constants
C; and Cj such that, for some €9 > 0 and mg € N, and for every € € (0,e0] and
m > my, the estimates

Cilf(e,m)| < lg(e,m)| < Colf(e,m)|

hold.
If only the first inequality holds, we shall write f(e,m) = O(g(e, m)).
On the interval [—1, 1] consider now the problem

(1.1) L.x = ez’ — A(t)z = d(t), = (z2%..., 27T e R,

(1.2) (=1 = =2F(-1) =2 (1) =-.. =2"(1) = 0.

Here A(t) is a matrix and d(t) is a vector function of class C3. Suppose that the
matrix A(t) has eigenvalues v1(t),va2(t),. .., v, (t) such that, for any ¢ € [-1,1],
v1(t) <wo(t) < - - <wg(t) <0 < wppr(t) < -+ <wp(t); [v(t)| > v > 0.

Let the matrix B reduce the matrix A(t) to diagonal form, i.e.,

B7'AB = diag(v1(t), v2(t), . .., vn(t)).
Represent the matrix B in the corresponding block form

Bi1 B
By1 B

)

.

where By is a k X k matrix.
Suppose that det By1(—1) det B11(1) det Baa(—1) det Bag(1) # 0.
The following statements are known [19].

Lemma 1.1. There exists a constant C and an €9 > 0 such that for all € € (0,]
the operator L. has a Green function G.(t,€) satisfying

(13) |

_GE (t’ 6)
and, for the integral operator associated with G.(t,£), the following estimates hold:

5 < O/ exp(-volt — €]/2),
(1.4) IGelle—c <C, NGellomen < C/e.
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Lemma 1.2. There exists an €9 > 0 such that for all € € (0,&¢) the problem (1.1)-
(1.2) has a unique solution x(t). Moreover, for i =0,1,2,3, we have

(1.5) Iz (@) < C(1+ e~ (exp(vo(t — 1)/e) + exp(vo(~1 ~ 1) /¢))).

Lemma 1.3. The homogeneous system L.x = 0 has the fundamental system of
solutions (F.8.5.) (1(t,€),...,Cn(t,€) (0 < e Leg) for which the representations

(1.6) Cit,e) = {bi(t) +exi(t,e)}exp (;:1— /

-1

t

l/i(s)ds> , i=1,2,...,k,

(1.7)
1 1
Citye) = {bi(t) + exi(t,e)} exp (—g/ I/i(s)ds> , i=k+1,k+2,...,n,
¢
are valid. Here
(L8) I ()l <O/, 5=0,1,2,3,
and b;(t) is an eigenvector of A(t) associated with the eigenvalue v;(t).
2. GALERKIN AND COLLOCATION METHODS.

FORMULATION OF THE MAIN RESULTS

To construct a suitable partition of [—1, 1] we use the Bakhvalov approach [20].
Let a =1 — (3/vp)eIn(1/¢); note that a — 1 as € — 0. Define

() = t, t € [0,al,
= Va- 3e/vo + (3/v0) exp((vo/(3€))(t — 1)), tela,l1].

For t € [—1,0] we set g(t) = —g(—t). Then g(t) belongs to C'[—1,1] and maps
[—1,1] onto [—b, ] in a one-to-one fashion, where b = a + (3/1)(1 — €). Let m be
any natural number. On [0, b] we set

at/m, 1=0,1,...,m
T = :
a+ (b—a)(i —m)/m, i=m+1,m+2,...,2m.

Points 7; on the interval [—b,0] are introduced symmetrically.
Knots t; of the partition A of the interval [—1, 1] will be defined by t; = g~1(n:),

where g~! is the inverse of the function g. Let h = 1/m. We shall distinguish three
cases:

(a) h<e,

B) 0<Cy <e/h <Oy

() eln(l/e) < h.

Recall here that h; = t; 11 —t;.

Lemma 2.1. In the case (7y) the following relations hold:
3e/(vo(j —m+2)) < h; <3e/(vo(j —m)), j>m+1,
(2.1) hj = O(eln(1/e)), j=m,
h; = h(1 + O(eln(1/¢))), j=0,1,...,m—1.
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Proof. For j > m we have
hj =g (Tj41) — 97 (1))
(2.2) = 3e/vo{ln[(j —m +1)(b— a)/m + 3&/vy]
— In[(j = m)(b— a)/m + 3¢/w]}.

Hence, in accordance with MacLaurin’s formula, we get (2.1) for 5 > m + 1. For
j < m these formulas are obvious. The lemma is proved.

‘We next define trial and test spaces. For the trial spaces we take
E={u=(u'(t),u?(t),...,u"(®)",u'(t) € S(A,2,1),u'(~1) = u*(~1)
=...=uf(=1) =) = = u"(1) = 0}.

For the test space consider F' = L. E. It is clear that dim E = dim F' = (4m+1)n,
independently of ¢.

Define the collocation method in the following manner. First introduce colloca-
tion points

&= (tici+t)/2, i=12,...,m,

671 = (ti+ti+l)/2a i=-1,-2,...,—m,
& =11, t=m+1m+2,...,2m+1,
§i=ti+1, i=—m—1,—m—2,...,—2m—1.

Let ] = {-2m —-1,-2m,...,—-m —3,-m —1,-m,...,—1,1,2,...,mym + 1,
m+3,m+4,...,2m + 1} be the index set. The collocation method consists in
finding u(t) € E so that u(t) satisfies
(2.3) Leuli=¢; = d(&;), jel
(2.4) {L€u|t=§m+z}l/ = {d(&m+2)}", v=12,...,k,

(2.5) {Leult=¢_,, ,} = {d(-m—2)}", v=k+1,...,n
in case (), and u(t) satisfies
(2.6) Leuli=¢; = d(t5), j=-2m,-2m+1,...,2m

in cases (8) and (v).
The Galerkin method of least-square type consists in finding u(t) € E so that
for each v € F,

(2.7 (Lew,v) = (d,v).

Here (, ) denotes the inner product in (Lo[—1,1])™.

In this paper the Galerkin method is considered only in the case (). Recall that
h=1/m.

Theorem 1. There exist constants C' > 0, g9 > 0, hg > 0, 79 > 0 such that for
all € € (0,&0] and h € (0, ko] with h < ~pe the problem (2.6) has a unique solution
u(t) and

(2.8) llze () = u()lloo +ellzz(t) — &/ (t)lloo < CR®.

Theorem 2. For every vy; > 0 there exist numbers C > 0, eg > 0, hg > 0 such
that for all € € (0,e0] and h € (0, ho] with y1e < h < €/v1 the problem (2.6) has a
unique solution u(t) and the estimate (2.8) holds.
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Theorem 3. There exist numbers 9 > 0, hg > 0, 72 > 0, C > 0 such that for all
€ € (0,e0] and h € (0, ho] with eIn(1/e) < ok the problem (2.3)~(2.5) has a unique
solution u(t), and the estimate (2.8) is valid.

The following theorem shows that, for the collocation method, the estimates
(2.8) are best possible in order.

Theorem 4. There ezist a constant C; > 0 and a function d(t) € C3[—1,1] inde-
pendent of € and h such that, for sufficiently small € and h, in all three cases (o),
(8), (7) the estimate

(2.9) Iz (t) — u(t)lloo > C1h?
holds.

Theorem 5. There exist numbers g > 0, hg > 0, v2 > 0, C > 0 such that for all
e € (0,&0] and h € (0, ho] satisfying €In(1/e) < y2h the problem (2.7) has a unique
solution u(t), and

(2.10) e (t) — u(t)]loo < ChHE.
Remark 2.1. As will be shown
. _ _ 3
inf o (t) - u®)lleo = O(R).

Thus the estimate (2.10) in general is unimprovable and quasioptimal.

3. PROOF OF THEOREMS 1-3
The proofs of Theorems 1-3 are based on the notion of interpolation projection.

Definition 3.1. The linear operator P: C[—1,1] — F = L.F such that PP = P
and (Pd)(t;) = d(t;) for any d € C[-1,1] (j = —2m,...,2m) is said to be the
interpolation projection for cases () and (B); in the case () the interpolation
conditions take the form

(Pd)(&;) = d(&;) forjel,
{(Pd)(€m+2)} = {d(Em+2)}", v=1,...,k,
{(Pd)(é—m—2)}" = {d(§—m—2)}", v=k+1,...,n.
Lemma 3.1. There exist numbers g > 0, hg > 0. v2 > 0, C > 0 such that for

all € € (0,&0] and h € (0, hq], if eln(1/e) < 4oh, then the interpolation projection
P(e, h) exists and

1P, h)llc—c < C.
Remark 3.1. Analogous statements are true in the cases (a) and (3).

Lemma 3.2. Let d(t) € F be the best approzimation of d(t) € F in the sense of
the norm in C[—1,1]. Then in cases (a), (8) and (y) we have ||d —d||o < Ch? for
some C.

Lemma 3.3. For all € € (0,e0] and h € (0, ho] such that the interpolation projec-
tion P exists, the collocation problem has a solution u(t) in cases (a), (8) and (7).
Moreover, fori=0,1,

lze(8) = u(®)llcs < NGello—ei (L + |Plle—c)lld = dlc-
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It is easy to see that Lemmas 3.1-3.3 and Lemma 1.3 imply Theorems 1-3.
We outline the proofs of Lemmas 3.1-3.3. The proof of Lemma 3.3 follows from
the estimates

[ze —ullc: = [|GePd — Gedl|ci < ||Gellc—cil|Pd = d| ¢
< |Gello—ci(1P(d=d)|| +[ld - d]lc)
and Lemmas 3.1 and 3.2.

The proof of Lemma 3.2 is based on the approximation theorems of de Boor [21]
for the space of splines on nonuniform meshes. These theorems and Lemmas 1.2

and 2.1 imply that there is a function Z(t) € E which satisfies
(3.1) () = 2@)lleo < C°,  ellai(t) = &' )lo0 < C.

Letting d = L., due to (3.1) we obtain ||d — d||eo < ||d — d||cc < Ch?, i.e., the
assertion of Lemma 3.2. For details of the proof, see [7] and [9].

Remark 3.2. The case a =1 —2/vpeln(1/e) was considered in [7]-[9]. To establish
the statements in the case a = 1 — 3/vpeln(1/¢) there are no essential changes.

The proof of Lemma 3.1 is based on the following statements.

Proposition 3.1. The interpolation projection P exists if and only if there exists
a basis N1,...,Nq (N; = N;(t,e,h)) in F such that, in the cases (¢) and (), the
system of linear equations

q
(3.2) Zaij(ti) = fi, i=-=2m,...,2m,

Jj=1

has a unique solution; and, in the case (7y), the system of linear equations
q
Zaij(gi)=fi’ iEI’
j=1

v

q
(3.3) Z iNj(Emya) p = {fme2}’s  v=1,2,...,k,

v

ZaJ (Eomes) b ={fom—a}’, v=k+1,...n

has a unique solution for any collection of vectors f7 € R™.

Proposition 3.2. Let the basis {N;(t)} from Proposition 3.1 satisfy the following
conditions:

1) Y IN;(®)llre < Cy for any t € [-1,1].

2) There exists a constant Cy such that for any collection of n-dimensional vec-
tors f; with || f;||r» < 1, the solution of system (3.2) (or (3.3)) satisfies the estimate
maxi<j<q o] < Co.

Then for the family of interpolation projections, the uniform estimate | P|lc—c <
C1C5 holds.
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For proofs of these simple assertions, see [8] and [9)].

A basis satisfying the conditions in Propositions 3.1 and 3.2 is called an N-basis.
Thus to prove Lemma 3.1 and Theorems 1-3 it is sufficient to construct an N-basis
in F = F(g, h).

Lemma 3.4. There are functions

Nij(t,€) = bj(tiv1)Bip1,1(t) + @45(t, €) + paj (¢, €),
(z’=m+z’0,m+i0+1,...,2m—2;

(3.4) it=-2m—2,...,—-m—ig—4;j=k+1,k+2,...,n),
i=m+ig—1,...,2m—2;
1=-2m—2,...,-m—ig—3;5=1,2,...,k),

in the space F' such that

(35) Supp L4 C [t—2mat—m—1] U [tm+1at2m]a

(3.6) supp ®4;(t,€) C [ti+1, tits],

(3.7 d" @45 /dt” || poo;—1,1) < C/(I5] = m)h;", v=20,1,

(3:8) 10" pi /dt” | Looey 201 < CF max{(i| = m)?, (lg] = m)°}hg”,  v=0,1,
where iy is a sufficiently large number and C is independent of ig.

Lemma 3.4 was proved in [7] and [11], where the estimates (3.7) and (3.8) were
obtained only for v = 0. We shall prove them for v = 1. As it was shown in the
proof of a lemma on basis functions in [9], the functions p;;(t,€) can be written in
the form p;;(t,€) = L.ki;(t,€), where k;; € [S(A,2,1)]", and, moreover,

(3.9) l[£i5ll0 < C/(J5] = m).

Consider the function p;;(t,€) on an arbitrary interval [tq,tq+1]. Represent this
function in the form

(3.10) pij(t,€) = ex’(t,€) — Ag(t)kij(t, ) — (A(t) — Aq(t))ki; (. €),
where
Ag(t) = A(tg) + A'(tg)(t — tg) + 3 A" (tg)(t — tg)?.

Taking into account the smoothness of A(t) and the fact that x;;(t, €) is a poly-
nomial of the second degree on [tg,t,+1], by (3.9) and Lemma 2.1 we have

I (AW - Alte)rs(t, ) < CR2 (il - m)
Loo[tqatq+1]

< Ce%/((li| = m)(lgl —=m)) < C/ max{(|i] - m)?, (lg] —m)*}
for v = 0,1. According to estimates (3.11) and (3.8), for v = 0 we have
(312) ez’ (t,€) = Ag(t)rij(t, €)l| sty tars) < C/ max{(li] —m)?, (lg] — m)*}.

The function ex;;(t,e) — Aq(t)ks;(t, €) is an n-dimensional vector function, each
component of which is a polynomial of degree < 4 on [ty,%441]. Using the equiva-
lence of norms in the space of polynomials of fourth degree on [tg,t4+1], by (3.12)

(3.11)
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we get

< Chg' ) max{([i| = m)?, (lg] —m)°}.

L [tq:tq+1]

By (3.10), (3.12) and (3.13) the estimate (3.8) follows from v = 1. The estimate
(3.7) for v = 1 may be proved analogously. The lemma is proved.
Fori=-m-—ip—2,....m+iy—2and j=1,...,k, put

(3.14) Nij(t) = Le(Bi2b;(t:)),

(3.13) H%(méj — Aq(t)kss)

and fori=—-m—149—3,...,m+i9—1land j=k+1,...,n define
(3.15) Nij(t) = Le(Bi+1,2b(tiv1)).

As was shown in [8] and [11], the set {IV;;} is a basis in F' in cases (§) and (7).
From (3.9) and (3.8) it follows that it is an N-basis. This completes the proof of
Theorem 2.3.

Note that in the case (a) (Theorem 1) the proof of Lemma 3.1 is considerably
easier and does not require construction of an N-basis (see [9]).

4. PROOF OF THEOREM 4

Let b1(t) = (b1,1(¢),...,b1.,(t)) be an eigenvector of the matrix A(t), associated
with A1(t), and let e; = (0,...,0,1,0,...,0) be the unit vector. Put

(4.1) d(t) = t)z (b“( it 17“(1)“r 1) .

Let z. be the solution of the problem (1.1)—(1.2), and u(t) the unique solution of
the corresponding collocation problem (2.6). We shall prove that the estimate (2.9)
holds (in the cases (a), (8), (7)), if € and h are sufficiently small.

Let

(4.2) (1) = Z(cm Lot —aa, a)t“) .,
and
(4.3) d(t) = Lea(t),

where Cl (t,e) = (C11(t,€),...,C1n(t,€))T is an element of an F.S.S. of the equation
L.z =0 (see (1.6)). From (1 6)—(1.8), (4.1) and (4.3) we conclude that

(4.4) ld(t) = d(®)llc= < Ce.

Let z.(t) = G.d(t) and Z.(t) = G.d(t) be solutions of the problem (1.1)—(1.2)
with right-hand sides d(t) and d(t), respectively, and let u(t) and %(t) be solutions
of the corresponding collocation problem in cases (), (8), (y). Take y.(t) =
T (t) — z(t) and v(t) = u(t) — u(t).

Proposition 4.1. For sufficiently small € and h
(4.5) llye () = v(t)||oo < Ceh?.
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Indeed, y.(t) solves the problem (1.1)—(1.2) with the right-hand side d(t) — d(t),
and v(t) solves the corresponding collocation problem. Then the estimate (4.5)
follows from (4.4) and Theorems 1-3. The proposition is proved.

Rewrite the estimate (4.5) in the form

(4.6) |(Ze —T) — (zc — u)|boo < Ceh®.
This means that the estimate (2.9) will be proved when we show that
(4.7) [z (t) = a(t)]|o > C?.
From (4.2) and (4.3) it follows that
(4.8) T (t) = Z(t) + Cu(t, €),

since T (—1) = Z.(1) = 0. Let us prove the estimate (4.7). First of all we observe
that, due to (1.6)—(1.8), we have

- j—;(gl(t, £))= (”13)) bu () exp { ! /_ tl v (s) ds}

+ 0@ exp {% /_tl 1 (s) ds}.

Since for —1 < t < t,,,—2 collocation points coincide with knots of the partition A
in all three cases, we have €u(t;) = A(t;)u(t;) +d(t;) (i = —2m, —2m+1,...,m—3).
Hence on [—1,t_,—3],

(4.10) eu'(t) = R[A(t)u(t) + d(t)],

where R denotes the projection which maps every n-dimensional vector-function f
into the n-dimensional broken line interpolating f on t_om,...,t—m—3. From (4.10)
we have

(4.11) a(t) = / RIA(s)u(s) + d(s)] ds

for t € [-1,¢t_m—3]. It is obvious that

(4.12) Z.(t) = 7.(<1) + é /_ [A(s)o(s) + )] ds.

From (4.11) and (4.12) we obtain

Z(t) —u(t) = (T-(—1) —u(-1)) / (d(s) — Rd(s))ds
(4.13) |
+ - / RA(s)(Z(s) —u(s))ds = S1 + Sz + Ss.
-1
Assume that the estimate (4.7) does not hold. Then there exists a function
v(e,h) — 0 as ¢ — 0, h — 0 such that
(4.14) Iz () = T)lloo < v(e, )R

To be specific, let m be an even number. Put t = t_3/o, in (4.13). Then from
(4.14) we have

(4.15) I1Ze(=1) = a(=1) ]|z < v(e, R)R?
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and

1 / " RA(s) (7. (s) — u(s))ds

€ J_1 R
< C(t_zjom + 1)/ev(e, h)h* < Cu(e, h)h>.

(4.16)

The last inequality holds since Lemma 2.1 implies that, for —2m <7 < —=3/2m
in cases (a), (8), (7),

(4.17) Creh < i1 —t; < Caeh, C1>0,Cy > 0.

Hence (t_3/2m +1) < Ce.
Further, due to the smoothness of d(t) and (4.17),

1 [t-3m/2 _

—/ (d(s) — Rd(s))ds

(418) ||= 5

< Ce™Ht_gmyo + 1)(eh)? < C(eh)*.
Rn

Let I be the unit matrix and E be the identity operator in C[—1,1]. Then, by
(1.6) and (4.8),

é /_ tl_am“ [A(s)Z. (s) — RA(s)E. (s)]ds
_ é /_ t1‘3m/2(E — R)(A(s)z.(s))ds
) L tl‘a'"“(E — R)(mi(s)a(s5,2))ds
+1 [ - R -
x (6771(3, ) exp (é /_ sl u(r, s)df))
— Tt Tt s

To evaluate Ji, Jo, J3, let us use the formula for the residual term in linear
interpolation on [t;,%;11]. According to this formula, for each function f(s) €
C?[-1,1], for s € [t;,t;11] we have

@20y (BRI = T iy n), nelotial
where 7 is a number of a component of the vector f = (f!, f2,..., f").

Due to (4.2) we have |Z.(s)] < C. By virtue of this fact and (4.17), (4.20), for
f =T, we get

(4.21) J1 < Ceh®.

Relations (1.7) and (1.8) imply that the second derivative of the function located
under the symbol (E — R) in the expression for Jj is estimated by C/e. Considering
this estimate and formulas (4.20) and (4.17), we obtain

(4.22) Js < Ceh?.

Let us estimate J,. Choose a number j in such a way that b; ;(—1) > C > 0 holds
for the jth component. Due to the smoothness of b (t), for any 1 € [~1,%_3,/2]
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with e small we have b, j(n,€) > C > 0. Therefore from (1.6)—(1.8) and (4.9) we
get

42) i) > e (1 [

-1

n

ul(s)ds) > Ce™?, C >0,

for n € [ti,tiv1]) (—2m < i < —3m/2) (since by virtue of (4.17) n+ 1 < Ce and
vi(n) < -y <0).
From (4.23) and (4.20), for s € [t;,ti+1] (=2m <3 < —3m/2) we have

(4.24) (B = R)(n(s)¢u(s,€))l = Ce™(s = t5)(ti1 — 5)-
By (4.24) and (4.17) we obtain

1 [t-sm/2 )
e mem ey
1 —3m/2-1 tit1
(4.25) > 5 > ) C(s — t;)(tig1 — s)ds
1=—2m @
—3m/2=1 ., 3 3
— 693 Z (tz+16 tz) > Ch2m > ChQ, >0
1=2m

However, (4.25) contradicts (4.13)—(4.19) and (4.21)—(4.22). Theorem 4 is proved.

5. PRELIMINARY RESULTS
This section is devoted to preparations for proving Theorem 5.
5.1. On series and finite sums estimates.

Proposition 5.1. For every v and § (1 < v < ) there is a constant C(,8) such
that, for all numbers k and s,

= 1 C(v,9)
D e iy L s T

Proof. Let k < s. Let us divide the sum in the left side of the inequality into four
SUIS, Y 1, D0, D3, 24, i accordance with the change in i: ¢ € (—o0, k] for Y ;;
i€ (k,k+[(s—k)/2]) for Y p;iek+[(s—Fk)/2]+1,s] for Y 4; and i € [s+1,00)
for y~,. We then obtain

1 - 1 C) C)
2. < (1+s—k)5i:§_:m AF ki) ~ U ts—kF = (AFs-kn

1

The terms ) ,,> 5, , are estimated in the same way. The proposition is proved.

Proposition 5.2. Let the function F(z) = f(k—x)g(x—s) be monotone increasing
(decreasing) and continuous on the interval [q,p]. Then

ZSF(i)S /qp F(z)dx (Z F(i / (a:)da;>.

i=q+1

This is a modification of the Cauchy-MacLaurin criterion.
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5.2. Some properties of singular exponents on the mesh A.
Lemma 5.1. For eachy€ (0,1] andg=m+1,...,j (j =2 m+1) the estimates

(5.1) exp(rro(t —t5) /) = O*((q —m)** /(j —m)®%),  tE€ [tg,tq11],
are valid.

Proof. Due to Lemma, 2.1 we have

j—1 j—1
3e 1 3e .
t; —t2>t; —tgp1= Z thV— Z y——m+2=u_ln((J_m)/(q_m))+O(1)’
v=g+1 0 v=g+1 0

Substituting this in the exponential we obtain (5.1). This proves the lemma.

Lemma 5.2. Let functions g1(t,€), ga(t,€) € C3[—1,1] be such that for some Kk €
(0,1]

|d*g1(t,)/dt’| < Ce™* exp(rwn(t —t5)/e), € [tms1,t], 0< 0 <3,
|diga(t,€)/dt!| < Ce™* exp(kup(t; —t)/e), telt,1], 0<i<3.

Then there exist functions Z1(t,€), Za(t,€) € S(A,2,1), approzimating g1 and g,
such that

d(Z1 = g1)
(5'2) dt* Loo[tq,te+1]
Ce™? ) )
= (j —m)3(q —m)3—i=3x ((=0Lm+lsg<j—1)
and
di(ZQ - g2) Cet . .
(5.3) ”'—‘7— S——am (=012
dt Loo[tgtat1] (g—m)3

Proof. By virtue of an approximation theorem of de Boor [21] there is a function

Zy(t,e) such that form+1<¢g<j—1landi=0,1

d"(Z1 - gi)
dt?

< Cr*™ “gillllLoo[tq—lytq-l—Z]
Leo[tgite+1]

< Cle/(g—m))* e ™* exp(vo(ty — t;)/e).
But, according to Lemma 5.1, exp(v(t, — ;) /) < C(g—m)**/(j —m)3*, implying
(5.2). The estimate (5.3) is obtained similarly. The lemma is proved.

5.3. Properties of N-bases in trial spaces. Let us study the functions N;; from
Lemma 3.4. Let by(t) be an eigenvector of A(t) and let

n
(5.4) N;; = Z ’Y;i;’j (t)bp(t)-
p=1
Lemma 5.3. The representations
(5.5) W2 (8) = 6ipBisia(8) + Bij(t,€) + fij(t,)
are valid, where 8qp is the Kronecker symbol, j,p = 1,...,n, t € [tmyig+2,1] U

~

[—1,t—m—iy—2], and i changes on the index set from Lemma 3.4. In addition, ®;;
and fi;; satisfy formulas (3.5)—(3.8).
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Proof. Let the vectors by (t) be such that (by(t), by(t)) = 6,y for each fixed ¢ (here the
inner product is considered in R™). From (5.4), by simple computations, one can
show that v*7(t) = (Ny;(t),b}(t)). Hence by virtue of continuity and smoothness
of by(t) and by formulas (3.4)—(3.8), we get the lemma.

Denote the length of the B-spline support 4n the representation (3.4), (3.14),
(3.15) of the function N;; by Z;;. Let Lt = —ed/dt— AT (t) be the formal conjugate
operator of L.

Lemma 5.4. There ezists a constant C' such that for any z(t) € (Loo[—1,1])",
[zl <1,

(5.6) |(z, LINyj)| < Cmax{L;j,e}.

Proof. Let L;; < Ce. Consider the case in which N;; has the representation (3.4)
(the representations (3.14) and (3.15) are considered similarly). We have
(@, LENij)| < L2 Nsjlln < L2 Bigr, 10 (Eav)lln + 112 @ (D)1l L2 s (B, €)1

Further, by virtue of (3.7) and the inequalities ||Biy1,1]l1 < CLsj and || B, 4]l1 <
C, we have

(5.7) 1L2Bisnnb;(tin) + | L2350 < Cle + Liy)
and, due to (3.8),
tpt1 ,
Ll < S0 / ety — Aty | e

p|>m+1 7t

C.
(58) S (A CETE!

[p|>m+1

Ch,
2 o = (=Y

[p|>m+1

From (5.7) and (5.8) the estimate (5.6) follows for L;; < Ce. In the case L;; > ¢,
the representation (3.14) or (3.15) holds for Nj;, the term §;; is missing, and the
term containing the B-spline is estimated similarly to (5.7). This proves the lemma.

Lemma 5.5. For anyp and q withm+ig < p < q < 2m—2, and forj = 1,2,...,n,
the estimates

< Celn((g —m)/(p —m))

1

q
L) Ny
v=p

are valid.
Proof. We have
q q q q
LY N6 = L2 Y Buyra(®)es(turn) + L2 ) ®us(t) + LT s (b).
v=p

v=p v=p v=p

Further, by virtue of Lemmas 3.4, 2.1 and the above relation, we have

q
EBV+1,1(t) =1 forte [tp+2,tq+1],

V=p
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and

q
L2 Bui(t)e;(tur)|| < el Bpira(te;(tpr)lhn

v=p 1

< Oe +tysz — tys1) < Celn((g —m)/(p — m).

Next, according to (3.6), (3.7) and Lemma 2.1,

L*Z‘bwte

v=p
<e Z‘b (t,€) +C vi(t,€)
v=p 1
a2 brst a+2 Tt
<e y / Ellfb’wllmdwo > / 1.5l rndt
K=p+1 k=p+1
q+2
<Ce Z 1/(k —=m) + C(tg+s — tpt1)
rk=p+1
< Celn((¢ —m)/(p — m)).
Finally,
L*Zﬂw (t,€)
v=p
2m—1 trtl 2m—1 toi1
<e Y / ant Mwat+c 3 [ Elluu] (t,) et
k=m+17tx = k=m+1
2m—1 q
DYDY = —
fc—m+1u pmax{(’{' (V m) }
2m—1 2m—1

C’e
Z Z max{(k — m)3, (v —m)3}

fc—m+1 v=m

2m—1

< Ce E (n— < Ce.

rk=m+1

The lemma is proved.

5.4. Properties of bases which are biorthogonal to bases {N;;}.

Lemma 5.6. In the space F' there are bases {\;;(t)} which are biorthogonal to the
bases {N;;} (i.e., (Nij, Aps) = 6i;0ps); moreover,

2m—2

(5.9) =Z > VN,

s=1p=—2m—2
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where
(5.10) 13l < C/((L+ |i — pl)? max{Ly;, Lys}),
(5.11) [Vidl < C/((+ i — pl)*?(Lij Lps)*?).

This lemma was proved in [11].

Lemma 5.7. There ezxists a constant C' such that for every i,j and v with
2m-2<i<2m -2, 1< j<n, 2m < v < 2m—1, and for every t €
[tv,tut1], the following estimates hold:

(5.12) X (D)l g < C/(Lig(1+ i = v])?),
(5.13) s Ollre < /(L s Luo) /(1 + i = v])*/2).
Proof. Applying Lemma 5.6, we have
n 2m—2
g @lan <D0 D ¥ Nps () 2n

(5.14) S pmmame

<CY T D7 EHIBe®) + lles (Dl rn 3,

s=1p=v-2

where Bp(t) denotes a B-spline of the first or second degree in the corresponding
basis function representation.
Further, due to (5.10), Lemma 3.4 and Proposition 5.1,

n 2m—2

YooY Mlles®lre=d" > il @)z

s=1p=—2m-—2 s=1 m+ip<|p|<2m

<C/Lyy, Y, Y((t+Ip—iD*max{(lp| - m)* (llv] - m| +1)°})
s=1 m-+io<|p|<2m
< C/(Lijmax{(1 + |i = m|)?, (L + | [v] = m|)*}) < C/(Liz (1 + i — v])*.
The similar estimate of the first term in (5.14) follows from (5.10). Using a
similar argument, the estimate (5.12) can be proved.
Using (5.1), we can prove (5.13) in the same way. The proof is completed.

Lemma 5.8.
(5.15) Al < C.
Proof. Lemma 3.4 implies that || Nps||; < CLys. Hence by (5.10) we have

n 2m—2
Pl <5 >0 1Rl Nss
s=1p=—2m-2
n 2m—2
< CZ Z Lps/((L+]i - p|)2 max{Lys, Li;})
s=1p=—2m-—2
n 2m—2
<cY Y ya+li-p<c
s=1p=—2m-—2
The lemma is proved.
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Lemma 5.9.
(5.16) “Ga/\w”oo < Cmin{l/e, 1/Lij}'

Proof. From the inequalities ||G¢(t,€)|lcc < Ce and || Nps/Lps|l1 < C and Lemma
5.6 we get

n 2m—2

IGN;Drn <D D 1AIGNps (Bl
s=1p=—2m-—2

n 2m—2

< CZ; _; . IGe(Nps /Lyps) | e /(1 + |i = p])?

n 2m—2

<C/eS" ST INpe/Lpslh/(1+]i — pl)? < Ce.

s=1p=—2m—2
By virtue of Lemma 1.1, |G|z, —L., < C, and hence
[Gedij)lloo < CllAijlloe < C/Lyj.

The lemma follows from the last inequalities. The proof is completed.
5.5. Some properties of the Green function in the problem (1.1)—(1.2).

5.5.1. Expansion of the Green function in the eigenvectors of the matriz A(t). Let
b, (t) be the eigenvectors of A(t), and expand G¢(t,£) in the following way:

(5.17) Ge(t,€) =D _ Bu(t, el (£).
v=1
Lemma 5.10. The estimates (v =1,2,...,n)

91
(5.18) Ha—gqﬁu(t,@\
hold.

Proof. This follows from Lemma 1.1, the relation 8, (t,&) = (G.(t,£), b%(£)) (see
the proof of Lemma 5.3) and the smoothness of the vector b (§).

C
< elta eXp(—V0|t—§|/5), q=0,1,
R"

5.5.2. On spline approzimation of the Green function. Let t € [ts,ts11] C [tmtio+2, 1]
We shall construct two specific spline approximations of the function G.(t,&) as a
function of £ when t is fixed.

Lemma 5.11. There is a matriz function Z1(t) such that:
1. For each fized t, the rows of Z1(t) are elements of the space F'.
2. maxee(s, 1., 1Z(t, ) — Gelt, ©)llmnen < O/ (v —m)?), s <v < 2m 1.
3. supp Z1(t,&) C [t«, 1], where t. = tos_(s—m—1)/2) (t 15 fized, £ changes).
4.1 Z:1(t,6)|lLe. < CJe (-1 <t,E<1).

Lemma 5.12. There is a matriz function Zo(t,£) such that:

1. The rows of Zy(t,s) are elements of the space F for every fized t.

2. maxept, b, 1 22(8,€) — Ge(t, ) pnxn < C/(e(s —m)?), m+ 1< v <.

3. supp Z2(t,€) C [tm+t1,t«], where t, > ts; ts is a knot such that either t, =1
ort, —ts = O*(e).

4. 0122(t, )L, < Cle (-1< 8,6 <1).
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Let us prove Lemma, 5.11. The proof of Lemma 5.12 is similar.

Consider an arbitrary row g.(t,&) of the matrix G.(t,&) for some fixed ¢. For
this row let us consider the problem L.§(£) = [ge(t, £)]T with boundary conditions
(1.2). The solution & (¢, &) of this problem may be estimated as follows:

1826, €)1 = | / Gele ol )i

R

1
<5 [ expl-le = rl/0) expl-wlt - 7l/)ar
-1

C’( |t — 7] ( |t—7’|>)
— (14— exp| —vp—
€ € €

< C(k)/e exp(—rrolt = €|/e)

for every s € (0,1). Analogous estimates are also valid for 876, (¢, £)/0¢%, j = 1,2, 3.
Letting £ = 2/3, from Lemma 5.1 we get that there is a spline 6. (¢, &) defined
as a function of £ on (ts41, 1] and satisfying (for ¢ = 0,1) the inequality

IN

i C
(5.19) 1(8em (t:€) = 8= (£, )Pl gty 010) < i —mpe V2

Continue the functions & ,, on the interval [—1, 1] in such a way that the quantity
€lld.mlloo + ||6c.m|loo is controlled. With this aim in mind, take a point ¢, = t,
(b =s—[(s—=m—1)/2]). It is easy to show that t; —t. = O*(¢). Let t.. be a closer
knot to the middle of interval [t.,ts]. Then t.. —t. = O*(e) and ts — t. = O*(g).

By using t,, ., and t, we construct “patch-functions” (see [7]) Z;(t) and Z(t),
parabolic splines and for which

ZOt) =0 (i,j =0,1),
Zi(ts) =0, Zi(ts) =1, Za(ts) =1, Zy(ts)=0.
From estimates obtained in [7] it follows that
(620  1Z0 Wl <CE N2 Wl <O (1=0,1).
For t € [t«,ts] we put
(5:21) Bem(8,€) = be,m (b, ts0) Z2(€) + 6L (8, ta0) Z1 ().

The continued function is sewn smoothly into the point ¢; and vanishes with
its derivative at the point t.. Obviously it is possible to consider this function as
defined in the whole interval [—1,1], if we put 6 m(t) = 0 for t € [-1,t,]. From
estimates of g.(t,£) (see Lemma 1.1) and the definition of 8, ,,(¢,§) it follows that

(5.22) 1680 (t: tsro)llrn < C/eM*.
From (5.20)-(5.22) we obtain
(5.23) [ Lebe,m (b, )l st 2] < Ce

Now let Z1(¢,£) be the matrix whose rows are the vectors L¢6. m(t,&). Then
from (5.19) and (5.13) we let Lemma 5.11.

Let us establish two estimates on the approximation of the functions G.(t,¢&)
and Zp(t,€).
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Lemma 5.13. The following estimates hold:

| @o-nwom

LO( 1 1
e \(E-m)*2 " (1+]i—s])3/2
fort € [ts,tsy1], m+io+2<s<i+2; and
1
|/ (G0~ za
-1

<g_ 1 + 1
S e \G-—m)P2 T 1+ Ji— )32

fort € [ts,tsq1], m+ip+2<i+2<s<2m-— 1.

(5.24)

(5.25)

Proof. Let us prove (5.24). The estimate (5.25) is established in a similar way. We
have

H / ~ Zi(t,)N(0)

(5.26) < / (Gl €)= Zr(t, )l s (€ o

1
+ / 1Ge(t,€) — Z3(t,€) | o | Ny (©) .
Further, due to (5.13),

[ 160.6) = 2266, e I @ e

(5.21) "/~
/ Gt )| e [ ey €)1 + / 124 (t,€) | e [ a5 (€)| i,
t
/_ Gt )l g€
C t
(5.29) <2 [ explvle — /el ande

C tm tm41 t
=_(/ s ).
€ -1 trm tmt1

Since ¢|lne| < 1/m and t € [tmy1,1], we have exp(—vp|€ — t|/e) < Ce? for
& € [-1,ty,]. Thus, according to (5.15),
tm
-1

Further, due to (5.13),
1 [tm+1
g/t exp(—vol€ = t/2)|i; () rndE < CllAi; ()l Leaitm trmaa]
C(i —m)Y/? < c
~ ellnel(i —m)5/2 T (e(i —m)?)’

(5.30)
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Now applying Lemmas 5.1, 5.7, 2.1 and Proposition 5.2 we obtain

1 t
S el =t/ (O llande

tm+41

<€ % [ ewcule -t/
p—m+1

N3 (r V205 _ o N\1/2
Y p(i(siz)é;u?u —(Z|)572l)
p=m-+1 p
(5.31) < C v f-mPp-m) (i —m)'
T e A (p—m)e(s —m)3(1+ i - pl)5/2
C( )1/2 d
S? m)1/2 Z (1_“_ 5/2
p=m+1
C (s —m)/(1+i—s)%2, s—m<i-—s,
T e |1/(1+i-s)%2 s—m>i—s,

<C/(e(1+i—5)32).

By means of property 4 from Lemma 5.11 and (5.13) we get analogously

t t
[ N2l @llnde = [ 12300, men 3 €
C t
< T [ Mol

C S tpt1
< = _ P 1/2 - N\b/2.—1
(5.32) = e ;/t (p—m)(i —m))"=/(L+]i —p|)*/"e™d¢
1
<___ _ 1/2
> (i ) pz; (1+Z— )5/2(p_m)1/2
< C (G —m)t/? 1 < C
T (s-m)V2 S (L+i—p)P2 T e(l+i— )3

where ' =s—[(s —m —1)/2].
From (5.27) and (5.32) we obtain the estimate

t
(5.33) [ 1666 = Za(t )l mnen N (O 1nn

< g(l/(l +i—8)%241/(i —m)¥?).
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Due to property 2 from Lemma 5.11, estimate (5.11), Lemma 2.1 and Proposi-
tion 5.1, we have

1
/t 1Ge(t,€) — Za(t, &) o |0y (€) |

S
T~ v-mPrv-m eg/(1+]i-v])¥/?

(5.34) O — myi/2 2 .
_Cc-—m . N5/2
. ;s (V_m)5/2(1+|z v|)
__C
~ (i —m)?’

From (5.33) and (5.34) we obtain (5.24). The lemma is proved.

5.5.3. On decomposition of the matrix Zy(t,£) in the basis functions of the space
F. Since each row Z,(t,£€) (p = 1,2) is an element of F', it may be decomposed in
the basis {NL}, ie.,

n 2m—2

(5.35) Zy(t,6)=>_ > ol (N5,

j=1i=—2m—2
where the of;(t) are column vectors. Let us study the coefficients of;(t).

Lemma 5.14. Let t € [ts,ts41] C [tmtig+2, 1]. Then

(5.36) af;(t) = Bj(t, tiva) (1 +0 (|z|+m) +0 (W»

(if s < i+ 2, then for p = 1; if s > i+ 2, then for p = 2), where (3;(t,&) is the
function from (5.17).

Proof. To be specific, let s < i+ 2. For £ € [tm4iy+2, 1] we have

n 2m-—2

(5.37) 2,6 =) Y. al(t)NL®),

=1 k=m+ig

since N,;(§) =0 for k < m + 19 and & € [tytig+2, 1] (see Lemma 3.4).
Further, in accordance with Lemma 5.11,

(5-38) Zl(ta 5) = Ga(t)g) + 0(1/(5(7’ - m)Q)» §€ [tu>tu+1]» v>s+1.
Substitute £ = t,, in this representation and apply (5.37). Then

(5.39) zn:

forv=s5+1,5+2,...,2m. To simplify (5.39) we use the decompositions obtained
in Lemmas 5.3 and 5.10, and write

> ar(ONG(E) = Ge(tt) + O(1/(e(v — m)?)

NG =D a7 (Deg(),  Gelt,t) =D Bylt,tn)eq(ts)-

q=1 p=1
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Substitute these decompositions in (5.39) and equate the coefficients of the vectors
eq(t,). In accordance with (5.5) we get

2m—2
(5:40) D (Bumrz + Bg(t) + pog () (8) = By (t,1,) + O(1/(e(v — m)?),

K=m-+1ig

v=s+1,s+2,...,.2m, j=12,...,n.
Since Lemma 5.11 yields || Z1(¢,£)|| grnx» < C/e, from (5.37) we then obtain

2m—2
(5.41) Z (burt2 + Prj(ty) + ﬂfﬂj(tu))a}cj(t) =0(1/e),
K=m-ig
v=m+ig+2,...,8, j=12,...,n,
in a similar way.
Let us consider (5.40), (5.41) as a system of linear algebraic equations with
unknowns o ;(t). From Lemma 5.3 it follows that for sufficiently large 7o the matrix

of this system has its inverse matrix bounded uniformly in € and m. Therefore,
since ||Gc(t,&)||gnxn < C/e, we have

L (#)|lr < Ce.
(5.42) Jmax e (Dl < C/e

By virtue of Lemma 5.3, the values yi.;(f,) and ®,;(f) satisfy the relations
(5.43)
g ()] < Cmin{l/(k —m)*, 1/(v = m)’},  @yj(ty) = O(1/(k —m))bypra-

Finally, transform the system (5.40) in the following way. Move the terms with
number kK = m + g, ...,s — 2 to the right-hand side and use the estimates (5.42),
(5.43). As a result we get

2m—2
D Sumra(l+O(1/(k = m))ag;(t) = B;(t, t,) + O(1/(e(v — m)?)
K=s—1
forv=s+4+1,8+2,...,2m. This is a system with a diagonal matrix. Solving this

system, we have
(1) = Bj(t, ter2) (1 + O(1/(k — m)) + O(1/(e(k —m)?))).
Hence (5.36) holds. The proof is completed.
6. PROPERTIES OF THE FUNCTIONS G.\;;(t)
The two statements below play an important role in the proof of Theorem 5.
Lemma 6.1. The following formulas are valid:

1°. For —-m<i<m—3,t€ [ts,ts41], and -2m < s <2m — 1,

(6.1) ”Gs)\ij(t)”R” <Cm ((1 n |7:1_ 8|)2 + (n _ :;-7:|)3/2> ’

2°. For |i] > m + 1o, t € [ts,ts11], and s € [-2m,m + 49 + 1] (z > 0) or
s€[-m—i9g—2,2m—1] (¢ <0),

c 1 1
(6.2) 1GeAi; ()l rm < = ((1 T2 + (i - m)3/2) '
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Lemma 6.2. For |i| > m+1g, t € [ts,tst1], |$| = m +i0+ 2, and i > s we have
(6.3)

1 _ 1 1
Ceds() = By(t,12) (1 o <|z'| = m) reo <<|z'| —me T fi- s|>3/2)) ’
where the §;(t,£) are defined on [—1,1] x [-1, 1'], and

64)  10°6,(,)/06% I < oz exp(—wolt ~€l/c),  a=0,1.

6.1. Proof of (6.1). Let t € [ts,ts+1]. In accordance with (5.12), the relation
L;; = O*(1/m) and Lemma 1.1 we have

(6.5)

1 2m—1 tyt1
eAij n o= ()5 = G (t,6)Nij(€)d
6@l = | [ a.eora| = 3 | [T ceonemn]
c 2m—1 m tu41
< gi_;mm/n exp(—volt — &|/€)d€
2m—1
<Cm ,,—sz m exp(—volt — tu|/€)(1 — exp(—vohy /¢).

If v changes from —m to m, then all values exp(—w|t — t,|/€), except maybe a
single one, would have been of order O(¢?) due to the condition ¢|lne| < 1/m. If
|v| > m + 1, then

1- exp(—yoh,,/e) < Chu/g < C/(ll/l - m)

From these facts we have

(6.6)
Cm gl 1 exp(—volt — t,| /)
Gl = = O (; G+f-F  v-m
—m—1
exp(—vplt — t,|/€)
+V_z_;m1/1+|z—vl) ol -
Cm 2m—1 —-m—1
T+ - )7 +C’"<u_f§+l OEDEr m)+u_z_;m<|v|—m><z—v>2>
Further,
2m—1 1 2m—1i 2m—1
Z (V—z)Q(z/—m)= Z () Z ()
v=m+1 v=m+1 v=2m—i+1
Cln(m —z) C
= Tm-7 CU%‘; 1@_ = =i

The second sum in (6.6) is estimated analogously. Thus from (6.6) we get
IGNisll R < Cm(1/(1+ i = s))* +1/(m — [i])?).

This concludes the proof.
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6.2. Proof of (6.2). To be specific, let ¢ > m+ig and ¢ € [ts, ts41] C [—1, m+20+2]
(the other case is considered in a similar way). By virtue of (5.9), (5.10) and
Lemma 5.1

2m— tut1
1G s () = / Gt )Nij (€)de
v=—2m ty R»
2m—1 n 41
(67) <Y > [ esotosle - el
v=—2m s=1
C 2m—1 1
S _5— u:-zzm (1 ¥ [Z — V|)2 EE[Itl;l?ff.;.ﬂ eXp(-Volt - 5'/6)

First consider the case when t € [t_m—i;—2, tmtio+2]- Since ¢|lne| < 1/m, due
to Lemmas 5.1 and 2.1 we then have

(6.8)
O(g?), for all v except maybe v =s — 1,
$,8+ 1, if t € [t—m,tm],
max exp(—w|t —¢|/e) <
ety tut1]) p( Ol gl/ ) - O(]./(]. + |V - m|)2), if t € [tm, tm+i0+2])
O(l/(1+|v—m|)?), ifte€ [tomoio—2)t—ml-
Therefore from Proposition 5.1 we have

2m—1

© X A e oot €1/0

u——2m §€[tmtu+1

C m—ig 1 .
o <Zm A+l P+ —mp?) * T+l —a])?

(6.9)

< s i)
T e \(Q+i-s)? Q+li-m])?/)’
From (6.8) and (6.9) we have

C L !
G (D) rn < = ((1 Tli—s))? + 1+ —ml)Q) ’

which yields the estimate (6.2).
Now let t € [—1,t_s—i,—2]. In this case we have

tom 1
610) o0l < | [ TG oro@e] +| [ catonne
-1 R tem R"
Since |L;j| > ham—1 > Cm/e, by virtue of (5.11) one gets
t—m C m tom—1 C
i Ge(t,§)Ni; (§)dE o S g ) 1G= (2, )l rnrnd€ < 7.

The second term in (6.10) may be estimated from the inequality
|Ge(t, €)|| grxn < C/eexp(vo(€ —t)/e) < Ce?



706 I. A. BLATOV AND V. V. STRYGIN

for g € [t—m, 1] (compare (6.8)). This concludes the proof.

6.3. Proof of Lemma 6.2. To be specific, let i >m+iand s >m+ig+2. In
the case s <1+ 2 we have

611) G- [ (Gelt.6) = 1t DN () + / TN

Due to Lemma 5.13,
(6.12)

! C 1 1
_ g <z .
[ ewo-neonserd| < (mmm+ arrem)
Further, according to the definition of A;;(t) and (5.35), (5.36),
(6.13)

/_1 Z1(t, ©)Nij (§)dE = as (1) = Bij (¢, tiv2) (1 + O(1/([i] = m)) + O/ (e(li] — m)?).

The relations (6.11), (6.13) and (5.17) imply formulas (6.3)—(6.4). Lemma 6.2 is
proved.

7. PROOF OF THEOREM 5

7.1. Galerkin projection. Let D = {zx € (C}[-1,1)": z}(-1) = - - = 2¥(-1) =
zF*t1(1) = .- = z™(1) = 0} be the domain of definition of the operator L.. Let
xz € Dand f = L.z. Then z is the solution of the corresponding problem (1.1)—(1.2)
ford=f.

Let P, be the orthogonal projection of (Lz[—1,1])™ onto F(e,m). It is easy
to show that the Galerkin problem (2.7) for d = f is equivalent to the problem
PnL.xy = Py,f or L.z, = P, f. Hence 2., = G Ppf = Ge Py Lexz. The operator
Qm = GePnL.: D — E is called the Galerkin projection (see [4]). Obviously
Q72n = Qm~

Error estimates for the solution of problem (2.7) are closely connected to an
estimate of the norm of projection @Q),,,. Namely, the following statement is true.

Lemma 7.1. The following estimates hold:

lz = Qmzllo < (14 |Qmlloo) | — Zmlloos

where

1Qmlloc =1@mllLe—toe =  suD  [|@mlloo,
z€D: ||z]o0 <1

and Z is the best approzimation of x in E in the sense of Loo[—1,1].
Since QmZTm = Tm, the proof is evident.
Since x. satisfies (1.5), one can easily obtain ||z — Z¢]|cc < C/m? through de

Boor’s approximation theorem analogously to Lemma 5.2. Hence, by means of
Lemma 7.1, we conclude that it is sufficient to prove the estimate

(7.1) [Q@umlle <C

uniformly in € and m.
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7.2. Representation of Galerkin projection and preliminary estimates.
Considering

n 2m—2

Qm =G.P,L, and Pmy—z Z Nij)Aij(t),

j=1i=—-2m— 2

we have

2m—2

(7.2) Qme = Z > (Lex, Nij)Gedij (2).

j=1li=—2m-2

Since we need to bound the norm of Q,, we shall further consider ||z < 1.
Integrating (7.2) by parts, we get rid of the derivative of the function . As a result
we obtain

(7.3)
Qme =Y _[(we, LINig) + ¢ (2(—1), Nig(—1)) + e (2(1), Nig (1)1 GeAis (8),
%]
where ¢, and 1. are bilinear functionals, bounded uniformly on e, by means of

which the terms outside the integral are expressed.
From estimates of the function NV;; (see Lemma 3.4) we obtain

(7.4)

|¢e(2(=1), Nij(=1)) < C, [9he(z(1), Ni5(1))| <€, 1= —-2m —2,2m -2,
|6e(2(=1), Nis(=1))| < C/(2m +2 — i])?,
[e(2(1), Ng(D) < C/(2m+2 = il)®,  i# —2m—2,2m 2.
Due to Lemma 5.9, ||eGeA;;|| < C. This fact and (7.4), (7.5) lead to

(7.5)

(7.6) <cC.

[e e}

D e(@e(@(=1), Nij(=1)) + e (2(1), Nig (1)) Gy

4,3

From (7.3), (7.4) it follows that, if the bound

2m—2

Z Y (@ LINy)GeAi(t)

j=1i=-2m-—2

(7.7) <cC

holds for arbitrary € (Loo[—1,1])™ with [|z]e < 1, then it would be sufficient to
prove the estimate (7.1).

7.3. Proof of (7.7). We first notice that, by (5.6) and (5.16), every term in the
sum (7.7) is bounded uniformly in & and m. Thus it is sufficient to bound each of
the expressions

m—3
(7.8) L= > (x,LiNij)GeXij(t)
and
2m—2
(1.9) L= > (& LiNy)Ger(t)
i=m-+1ig

oo
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(the estimate of the sum 21_7712;‘; , can be obtained through a similar argument
as for (7.9)).
We first consider Ir. Let t € [ts,ts+1]. According to (6.1) and (5.6) we have

m—3 m—3
C
D (@ LNy, Gy (1)) < oy > GG ®)lge
i=—m R i=—m
1
;m Tri-sp =

and hence
(7.10) L <C.

Now let us bound Ip. If t € [ts,ts+1] C [—1, tmtig+2], then I2 can be bounded in
the same way as I; by (5.6) and (6.2). Let t € [ts,ts41] C [tmtio+2, 1]. In this case
by (7.6) and (6.3)—(6.4) we have

(7.11)
2%32 (x, LIN;;) (ﬂj(t, Tiy2) (1 +0 (;_1—m> +0 (g(,—_l}n—)ﬁ)

1=m-+ig
N 1
L+ fi— o)

Rn
2m—2 1
<c > ( 5+ )
; — 3/2
e (1 + i —ml[)*/
2m—2 ﬂ t t: 2 2m—2
+Ce|| Y, L2 D (& LINy)B;(t tiga)
i=m-+1ip Rn 1=m+1ig Rn
2m—2 1 2m—2
<C+C| E' — - exp(—volt = tigal/e)| + || Z. (2, LENi;)B;(t, tive)
1=m-+ig 1=m-1ig R™
Further, due to Lemma 5.1, we get
2m—2
' E e exp(—volt — tiy2|/€)
1=m-1io
. 2 2m—2 (S _ m)3
<C — ]| < C.
(¥ ke 3 o)
i=m+ig i=s—1

Thus, to complete the estimation of I5 it is sufficient to bound the last expression
in (7.11). For every j =1,2,...,n

2m—2 s—2
> (@ LING)Bi(ttiv2)|| < || D (@ LINiy)B;(t tiya)
(7'12) 1=m-1ig .- R i=m-+io R
[ Y (2, LINy)B; (t tiga)
1=s—1 R™
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To bound each sum in the right-hand side of (7.12), use Abel’s transformation

q q—1
(7.13) D (Aipr — Ai)bi = Agiabg — Apbp — Y Ag(biry — by).

1=p i=p

To estimate the first sum put b; = 3;(¢,t;42); then

s—2
A; = —Z(m,L;Nl,j) (i=m+ig,m+ig+1,...,8—2; p=m+ip,q=23).
Then, by virtue of (7.12) and (7.13),
(7.14)
s—2
Z (.’17, L:N'LJ)ﬁJ (ta ti+2)
i=m-+ig R™
s—2
< (iv, Ly Nuj> Bi(tstmrio+2)||  + (z, LENs—25)B; (¢, ts) || rr
v=m+ig Rn
s—3 s+2
+ D (iv,LZ > Nuj) (Bj(t, tirz) — B (t, titr))
i=m-+ig v=1 R»
Further, due to Lemmas 5.1, 5.5 and estimates (6.4),
s—2
(m, L; Z Nuj) B; (ts tmtio+2)
v=m-+ip Rn
(7.15) C 5-2
<<\ =Le z;r Nyj | exp(vo(tmaio+2 —1)/€)
v=m-+ig
<eln(s—m) <C,
(7.16) [[(; LZ Nej)Bj (s ts) oo < Cllzlloo < C,
s—3 s—2
> (96, L ZNuj> (B (¢, tiga) — B (t, tit1))
i=m-+ig v=1 Rn
s—3 s§—2
<C Z <:1:,L; ZN,,]) hi(1/€%) exp(—volt — tir2|/€)
i=m+io v=i R
(7.17) < Cllzlloo,
s—3 .
In((s —m—-2)/(t —m
Z (( i )/( )) eXp(—Vo|t _ ti+2|/5)
) , T—m
i=m-+ig R™
C s—3
< o > I((s—=m—2)/(i-m))(i-m)*<C
i=m-ig

(the last step in (7.17) is made by means of Proposition 5.2).
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From (7.14)—(7.17) the estimate for the first sum in (7.12) follows. The second
sum is estimated in the same way by setting

i—1
bi=Bj(ttiva), A= Y (a,LINy),
v=s—1

t=s5—-1,5....,2m—-1, p=s—-1, q=2m—2,

and making calculations analogous to (7.14)—(7.17). This completes the proof of
Theorem 5.

8. NUMERICAL EXAMPLES

To confirm the theoretical results we consider the following examples.

Example 1.
(8.1) ex’ = (_31 i) T+ (_11) , z = (21,237,
(8.2) z(=1) =z*(1) = 0.

The exact solution of the problem (8.1)—(8.2) may be written in the form
z*(t) = Cy exp(2t/e) — Cyexp(—2t/e) + 0.5,
z2(t) = 3C) exp(2t/e) + 3Cq exp(—2t/e) — 0.5,
where
Cy = (exp(2/e) — exp(—2/¢))/(2(3 exp(4/€) + exp(—4/¢))),
C2 = (3exp(2/¢) — exp(-2/¢))/(2(3 exp(4/¢) + exp(—4/¢))).
Example 2 ([23]).
(8.3) ez’ = A(t, Nz + f(t,&,N), z = (21,27, z7H(=1) =2%(1) =0,

A(t,\) = E(t,\) (_01 g) BN, ),

sin A\t  cos At
cos At —sin At /)’

(8.4)
E(t,\) =E"Yt,\) = (

Example 2 differs from the example considered in [23] only by inessential vari-
ation of the boundary conditions. Analogously with [23] (see (7.1)) we write the
solution of the problem (8.3), (8.4) in the form

z(t) = E(t, \)®(t, \)s + x,(2),

where E(t,\)®(t,)\) is a fundamental matrix of a homogenous system (8.3) (see
[23]) and z,(t) = (exp(t), exp(—t))T. A constant vector s should be chosen in such
a way that z(t) satisfies the boundary condition (8.4). As in [23], we set A\ = /4.

The results of the numerical computations for Examples 1 and 2 are presented
in Tables 1-6. For £ and m the corresponding cell contains the quantity

— it Lt — . =t
€e,m = g?’é _2mm§?é2m og}c%o |20 (85 + k(tj+1 — t5)/10) — e (t; + k(tj41 — ¢;)/10)]

in the upper part of the cell and the observed rate
Ve,m = Ing(es,m/2/es,m)

in the lower part of the cell.
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The numerical results for the collocation method are given in Tables 1-4. Ta-
bles 1 and 2 contain the results for Examples 1 and 2, respectively, for the algorithm
in cases (a) and (B); the analogous results for case (y) are presented in Tables 3
and (4). The numerical results for the Galerkin method are presented in Tables 5
and 6. The symbol “~” means the observed rate becomes negative.

Our numerical examples show that the observed rates of convergence for the
collocation method tends to 2 uniformly in ¢ and m with 1/(em) < const in cases
(o) and (B), and in € and m with em < const in case (y). Note that, for e € 1/m
in cases (@) and (), and for 1/m < € in case (7), errors of evaluation strictly grow.
This means that different values £/m need to be applied in different algorithms.

The observed rate for the Galerkin method is close to 3 uniformly for small ¢.

TABLE 1

o 4 8 16 32 64 128

op_ 1| 3S1E~—2 | 7.35E—3 | 1735 ~3 | 424E —4 | 1055 —4 | 2.62E 5
2.25 2.08 2.03 2.01 2.007

\p_ 1| 468E—2 | 9.33E—3 | 219E -3 | 5.38E—4 | 1.33E—4 | 331E -5
2.33 2.09 2.03 2.01 2.008

g _o| #60E—2 | 108E -2 | 258E 2 | 6.27E—4 | 1555 —4 | 3.85E—5
2.38 2.06 2.04 2.02 2.008

L o | B88E—2 | L12E—2 | 2.60E—3 | 6.54E —4 | L61E—4 | 401E 5
2.40 2.05 2.04 2.02 2.009

\p_3| LTIE—1| 1L13E—2 | 2745 -3 | 6.66E —4 | 1645 —4 | 4.08E —5
3.92 2.05 2.04 2.02 2.009

\p_4| LB4E+0 | LI4E -2 | 275E -3 | 6.67E —4 | 165E—4 | 4.09E -5
7.34 2.05 2.04 2.02 2.009
g 5| L88E+1 | 854E -2 | 2.75E -3 | 6.6TE—4 | 1.65E—4 |  2.009
7.79 4.96 2.04 2.02 2.009

\p_¢|19LE+2 | 867E—1| 60453 | 6.67TE—4 | 16554 | 409E -5
7.78 7.17 3.13 2.02 2.009
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TABLE 2

\ T 4 8 16 32 64 128

g 1| 35LE—2 | 735E—3 | 1.73E—3 | 424 —4 | 2.30E —4 | 451E — 2

2.29 2.08 2.03 0.83 -

Lp_ 1| 482E—2[933E—3 | 21953 | 538E—4 | 1.33E —4 | 331E—5
2.33 2.09 2.03 2.01 2.008

3p_o | 360E—2 | LOSE -2 | 2.58E —3 | 6.27E —4 | 1.55E —4 | 3.85E — 5
2.23 2.06 2.04 2.02 2.008

L o | 589E—2 | L12E—2 [ 260E—3 | 6.54E —4 | L61E—4 | 4.01E—5
2.40 2.05 2.04 2.02 2.009

g _3| 602E—2 | 1185 —2 | 2.755 —3 | 6.66E —4 | 1.64E —4 | 4.08E —5
241 2.05 2.04 2.02 2.009

4| 603E—2| LI4E—2 | 275E -3 | 6.67E —4 | 165E —4 | 4.09E —5
241 2.05 2.04 2.02 2.009

E_5|B03E—2 | LI4E -2 | 2758 —3 | 6.67E —4 | 1.65E —4 | 4.09E —5
2.41 2.05 2.04 2.02 2.009

\p_¢|60E—2 | LI4E -2 | 275E—3 | 6.67E —4 | 165E —4 | 4.09E —5
241 2.05 2.04 2.02 2.009

TABLE 3

o 4 8 16 32 64 128

op_ 1| 3T4E—2 | 8235 -3 | 2.03E -3 | 5.00E -4 | 1.24E —4 | 3.10E — 5
2.18 2.02 2.02 2.01 2.004

\E_ 1| 410E—2 | 846E -3 | 2.07E —3 | 5065 —4 | 1.25E—4 | 3.125 — 5
2.28 2.03 2.03 2.01 2.006

g _o | 433E-2 | 8445 -3 | 2.055 -3 | 4.995 —4 | 1.235 —4 | 3.06E — 5
2.36 2.04 2.04 2.02 2.008

gp_o| 440E—2 | 83053 | 20353 | 4945 —4 [ 1.22E—4 | 303E —5
241 2.03 2.04 2.02 2.009

\E_3| LTBE+0 | 837E—3 | 2.02E—3 | 491E —4 | 1.21E—4 | 3.01E -5
7.71 2.05 2.04 2.02 2.009

p_4| L92E+2 | 938E—1|127E—-3 | 491E—4 | 121E—4 | 301E—5
7.68 6.02 4.69 2.02 2.009

\E_5 | 200E+4 | 101E+2 | 134E+0 | 1L96E—2 | 327E—4 | 3.01E -5
7.63 6.23 6.10 5.90 3.44

E 6 00 1.04E+4 | 1.39E+2 | 212E+0 | 3.20E -2 | 5.16E — 5
00 6.23 6.03 6.01 9.23
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TABLE 4
G 4 8 16 32 64 128
342E -2 | 2.59E—2 | 468E—2 | 6.68E—2 | L.19E—1 | L64E +0
2E —1
0.40 - - - —
\E_1|397E~2 | 840E-3 | 307E~3 | 445E-3 | 529E -3 | 5.98E —3
2.24 1.45 - — -
s _ o | 429E~2 | 843E -3 | 20563 | 4.99E 4 | 1.23E 4 | T.06E -5
2.35 2.04 2.04 2.02 0.80
\E_o| 435E—2 | 839E -3 | 20363 | 494E —4 | 1.21E -4 | 3.03E -5
2.38 2.05 2.04 2.02 2.009
\E_3| L46E—~2 | 837TE-3 | 202E-3 | 491E -4 | 121E—4 | 301E -5
2.42 2.05 2.04 2.02 2.009
\E_4| 448E~2 | 836E-3 | 20253 | 491E -4 | 121E—4 | 3.01E—5
2.42 2.05 2.04 2.02 2.009
\p_5 | 448E—2 | 836E -3 | 202E—3 | 491E—4 | 121E—4 | 301E -5
2.42 2.05 2.04 2.02 2.009
\E_¢|448E~2 | 836E -3 | 202E-3 | 4.91F —4 | 121E—4 | 3.01E -5
2.42 2.05 2.04 2.02 2.009
TABLE 5
o 4 8 16 32 64 128
o _ 1| LI8E~3 | L49E—4 | 18565 | 2285 —6 | 3.12E 7 | 461E -8
2.9 3.01 3.02 2.87 2.66
\E_1| LT3E=3 | 213E—4 | 2.66E—5 | 33266 | 408E -7 | 5215 -8
3.02 3.00 3.00 3.02 3.23
3p_o | 266E—3 | 288E—4 | 347E—5 | 4255 -6 | 5.26E 7 | 6.47E -8
3.21 3.05 3.03 3.01 3.02
\F_o|362E—3|388E—4|428F—5 | 478F -6 | 5.76E 7 | T.05E -8
3.22 3.18 3.16 3.05 3.03
\p_3| 521E~3 | 6.04E—4 | 687E—5 | 7.64E -6 | 8.26E 7 | 9.11E -8
3.11 3.14 3.17 3.21 3.18
\p_4| GIBE~3 | T40E—4 | 88265 | LO4E—5 | 121E—6 | L.39E -7
3.05 3.07 3.08 3.10 3.12
\p_5 | 67T6E~3|825E—4 | LOOE—4 | 1.22E—5 | 146E 6 | L75E 7
3.03 3.04 3.04 3.06 3.06
\E_¢| 7I8E~3 | 883E 4| 10854 | 133E -5 | 1.62E 6 | 1.98E 7
3.02 3.03 3.02 3.04 3.03
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TABLE 6

o 4 8 16 32 64 128

9F — 1 566E —3 | 5.80E—4 | 953E—5 | 1.21E—5 | 1.52E—6 | 2.92E — 7
3.29 2.61 2.98 2.99 2.38

1E —1 731E—3 | 958E—4 | 1.23E—4 | 1.56E -5 | 1.96E—6 | 246E —7
2.93 2.96 2.98 2.99 2.99

SE 2 856E—3 | 1.13E—3 | 143E—4 | 1.82E—5 | 228E—6 | 2.85E -7
2.92 2.98 2.97 3.00 3.00

1E—2 893F -3 | 1.22E—3 | 1.54E —4 | 1.96E —5 | 244F —6 | 3.05E -7
2.87 2.99 2.97 3.01 3.00

1E—3 9.10E—-3 | 1.25E—3 | 1.59E—4 | 2.02E—5 | 2.53E—6 | 3.14E -7
2.86 2.97 2.98 3.00 3.00

1E—4 9.11E—-3 | 1.26E—3 | 1.59E —4 | 203E—-5 | 2.53E—6 | 3.13E—7
2.85 2.99 2.97 3.00 3.01

\E—5 911E—3 | 1.26E—3 | 1.59E —4 | 2.03E -5 | 2.53E —6 | 3.09E — 7
2.86 2.99 2.97 3.00 3.03

LE — 6 912E —3 | 1.26E—3 | 1.60E—4 | 2.04E -5 | 2.62E—6 | 3.2TE—7
2.86 2.98 2.97 2.96 3.00
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