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The Finite Element Method for Infinite Domains. I
By Ivo Babuska*

Abstract. Numerical methods (finite element methods) for the approximate solution of
elliptic partial differential equations on unbounded- domains are considered, and error
bounds, with respect to the number of unknowns which have to be determined, are proven.

1. Introduction. The finite element method, its theory and practice, has recently
become of interest in numerical analysis, see e.g. [1}-{13], and the papers of Aubin,
Birkhoff, Bramble, Ciarlett, Schatz, Schultz, Varga, etc.

The theoretical analyses of the finite element method have been concerned with
bounded domains. Strang and Fix, [1], [2], have, however, analyzed the finite element
method with respect to an infinite domain (the space R,), but their procedure re-
quires the solution of an infinite system of linear algebraic equations.

This paper will deal with the problem of finding, by the finite element method,
an approximate solution of a boundary value problem for elliptic partial differential
equations on an infinite domain by solving only a finite system of linear algebraic
equations.

The approach will be shown on a model problem. Our task will be to find the
solution of the equation (weak solution)

(1.1) —Au+tu=f

on R,, where u € Wy(R,) and f € WR,), k = 0.

We will show that the rate of convergence on compact sets of R, is practically
the same as the rate of convergence for boundary value problems on bounded do-
mains. The rate of convergence will turn out to be determined by the number of
unknowns in the system of linear algebraic equations.

Our approach may be easily generalized to the case of an elliptic differential
equation of order 2m, provided that the coefficient of the zero order term of the
equation is bounded above and below by positive constants.

We will analyze only the case when @ = R,. By combining the approach described
above with the results concerning bounded domains (see e.g. [6}11]), it is easy to
get the corresponding results for unbounded domains with bounded boundary.

Throughout this paper, let x denote the n-dimensional vector in R,, i.e. x =
(x1, *** y,xn)Wherex, ER,,i=1,2,---,n.
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Let ||x||* = Z:-l x;and |x| = 2’:-1 [x:|. Ifa€ Ry, let x4+ a; = (%1, **+ 5 X4y
X; + a, x;41, -+ , X,). Let k denote a multi-integer, i.e. k = (k;, --- , k,), where
k,isaninteger,i = 1,2, --- ,n. Let |[K]|* = > 1., kK2 and |k] = D 1., |ki|. Define the
inequality k = Otomean k; = 0,i = 1,2, --- , n. Let C denote a generic constant
which may have different values wherever it appears in the text.

2. The Spaces. In this section, we shall introduce the spaces which will be
used in the paper.
Definition 2.1. Let the space W; ,(R,), with I = 0 an integer, u real, be the Banach
space of all functions u such that
@) lulbes = [ & T (0 <
Ra

Ikl S1:620

where D* = g***+ = "+5/gxk ... gxk=, For p =0, we get the usual Sobolev space.
For i 5 0, we get a weighted Sobolev space. Note that Ly(R,) = W3 (R.).
Let us now introduce the so called B splines. For x € R,, let

¢1(x) = lo le < %’

2.2)

=0, |l =24%.
Let ¢ be an integer = 2. Starting with ¢ = 2, we recursively define ¢,(x) as
2.3) ei(x) = (x) * osi(x), 22,

where * denotes convolution.
Now, for x € R,, x = (x;, *** , X,), define

2.4 ou(x) = iI.Il“"("')’ t21,

and

25 e =0 =% I o). t22,i=1,-+,n
fmlifmd

Let us mention some of the well-known properties of these functions which -
will be important later on:

(1) ¢i(x) 2 0, ¢1,4(x) = O for all x € R,,

(2) p.(x) and ¢,,;(x) have compact support.

(3) Denoting by F(¢Xo), the Fourier transform of ¢(x), we have, with
o= (0'1, cee 9¢7n)s

_ 7 (sin 3o;\'
@.6) Fp,)(0) = ;I( 1o )

_ (sin3e.\'" iirs Ty (sindo;)
@7 Flg:,)(0) = (——%di ) e ‘_II}#( oy )
@8 L) = 1) + prilx + 1.

In the following, let U and ¥V denote the functions defined on the set of all multi-
integers k.
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Definition 2.2. Let the space Q,*,1 = 0, 1, h > 0, ureal, be the space of all functions
U such that

2.9y [|Ul|g e = B* 2 UG ™ <
k .

(for I = 0) and
(2.10)

101150 = h[,,i 2 X UG+ 1) — UG ™ + 3 IU(k)I’e"'“"'] <w
(for I = 1).

Let U € Qi *for I = 0 and / = 1. Define the mapping S}, j = 1, by
(2.11) SiU = 3 Ukwi(x/h — k),

k

and the mapping S%"%, j = 2, by
(2.12) U = 2.3 Uk)p;,«(x/h — k).

THEOREM 2.1. For |u| sufficiently small, there exist constants C, and C,, 0 < C, <
C; < =, such that ‘
2.13) G| Ullg,» S ||SiUllw,sicz0 S CallUllgss 1=10,1,1> 1,
and .
(2.14) Cill Ulla,es = |18 Ullwa.uocznr S Csll Ullgyens.

Proof. 1. Let us first consider (2.13) for / = 0 and p = 0. It is sufficient to prove
this inequality for & = 1.

In [14] we have proved that
(2.15) F(S}U)0) = Zy(9) 32 UGK) exp(ifk, o)),
where
(2.16) Z(0) = Fle:)o)
and
(2.17) k, o) = g kios.

By a well-known property of the Fourier transform, we have
(2.18) F(S; O|2ucr = @2) ||S;Ull2ocrar-

Hence, we may write

@19) RS Ollbes = 3 fn T U exoitk, o)|! |Zito — DI e,

where Qo = {x; || < =}. Since there exists a C such that |Z,(s)|* > C > 0 on Q,
we have, from (2.19),
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2
(2.20) ||F(S;)||L.cam = C fn lE U(k) exp(i(k, o))| do = C(2x)’ ;luck)l’.

From (2.20), (2.18) and (2.9), we obtain

(2.21) [1S; Ullzueny = CllUllgyes.

From (2.19), we also have

2
2.22) F(S; D |2ucrn < _/; lz": U(k) exp(ilk, )| do Z‘:Z?;
with
(2.23) Z,"x = max IZ,'(O' - I)l.
o€Qe

From (2.6) it is clear that >, Z2, < o, Therefore,
(2.24) 1187 UllL.cm = ClUllgge-s.

Inequalities (2.21) and (2.24) together prove (2.13) for the case / = 0 and p
Inequality (2.14) can be proved in the same manner.

2. Let us now prove (2.13) for / = 0 and u > 0. Let U € Q%' and
U, k) = Uk)e*'™. Using (2.13) for u = 0 and U,, we obtain, because of (2.9),

(2.25) j; )

On the other hand, we have

0.

2
; | UK)| e'*o;(x — k)| dx SC || U]|ghe.s-

2
ezulsl dx.

2.26) ISE UL pecrm = L > Ukt — &)

Now since ¢;(x) = 0 for all x € R, and since ¢; has compact support, it follows from
(2.26) that

2
ezulzl dx

1S Ullwa.pocm = f IE | UK)| 0i(x — k)
Ra k

2.27)
dx.

I\

c f IE | UK), e oi(x — k)
Ra k
From (2.25) and (2.27) we obtain ’

[1S; Ullw,.,omay = C||Uljgpees.
Now from (2.13) for 4 = 0, we have with C > 0, that

CllUl|gws S C fR l; | UK)| e*'™*'oi(x — k)

=],
-

2
dx

2
dx

; Uk)e""™'pi(x — k)

2
dx

2
dx] ,

z [U(k)e"'"go,(x - k) + U(k)(eﬂlkl — e“"')qa;(x - k)]

k

= 2[”S: Ullw.. .00 + #2/; ‘; | Uk)| e*™' Q)i (x — k)
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where |Qi(x)| = C, independently of k. Hence, we have

(2.28) Cl| Ulla,e-s = 2[118; Ull%..,ecm0r + #ClUl[ay0]-
Therefore,
(2.29) [1Ullg,ees S C||8iUllw,. po(zes

for sufficiently small |u].
This proves (2.13) for the case / = 0 and u = 0, u sufficiently small in absolute
, value. Inequality (2.14) can be proved for the case / = 0 and p # 0, u sufficiently
small in absolute value, in the same manner.
3. Let us now prove the theorem for / = 1. We have

[ ol -]

ax. = h [—; U(k)[(oi.o A —k — Pi.e h ll k
2.30) = 13 o+ 1) - v 2 - 0]

= 5 vwe(2 - K.
k
where
@31) V) = (UG + 1) = UG/ h.
From (2.14) with / = 0, we obtain
as;u

(2.32) Cill Vllayer = 0%, |l w,,po(ra

= G| Vllayer -
Inequality (2.14) follows immediately from (2.30), (2.31) and (2.32). This completes
the proof of Theorem 2.1.

3. Some Auxiliary Theorems about a Bilinear Form. Let 3¢, = W; (R, X
W ;.-4(R.). Define on 3¢, the bilinear form 4 by

(3.1) A(u,v) = j; (z-; :Tu-é%:—,- + uv) dx.

We shall now prove some important properties of this bilinear form.
THEOREM 3.1. For sufficiently small |u),

(3'2) IA(“, v)l é C”ullws.y‘(nn)Ilv“Wx.-p'(Rn)!
3.3) sup | A(u,v)| 2 ClPllw,. -1 (rm»

Hull Wy, g2 (Ra) S1

where C > 0 and
(3.4) sup |A(u, U)l g C”u“w..’i(u‘), Cc>0.

el w,, -yt (Ra)S1

Proof. 1. Inequality (3.2) is easily proved by the following inequalities:
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f (ienlzl aa: e—ulzl dv +enlz| -#Izlv) dxl
Ra %

sm=]

o Rl )T )

1/2 1/3
+ [ (e#|z|u)2 dx] [ (e—lﬂ.‘llv)ﬂ dx]
Ry Ra

S Cllullw,.oza ollw,, -2 20 -

2. Let o € W} _,(R,) and let u = ve**'*!, By direct computation, we have

F) ~2ulzl —oule 9 —2uls
(U;x. )___ e~ la’% — 2ue™! 'vsgnx‘.

| A, v)| =

(3.6)

Hence,

“ullzwl.p‘(ﬂs)

3.7 .= 2[[ [ie-m:l(a ) + dnp¥ -m:l_I_vae-c»lsl]ezml]dx

t=1

= Cllollwa.-srcrm
which implies that 4 & W, ,(R,). Furthermore,
IA(ve—zulzl’D)l

dv —2ulz| 2 —2ulz| I
-/;. i=1 [axf 20 g0 X, ][3-"&] dx + Ra ve &

Z |||, -t z0 = 260 |[0][%,. 120 2 Cll0l|#0, 220+

Inequality (3.8), together with (3.7), proves (3.3).
3. Replacing p by — p in the above discussion we have inequality (3.4).
Let us prove a further theorem.
THEOREM 3.2. For sufficiently small |u|, we have

3.8)

(B9 | ASIU StV S ClS Ullw oS} Vllw.. - caas
(3.10) neno™® | A(STU, S]P)| 2 ClISi VW, cao
and

G.11)  sup |A(S}U, $tV)| = C|ISUllw..r ko

184AVIl Wy, —ut(Rp) S

Proof. 1. Inequality (3.9) follows 1mmed1ately from (3.2).
2. To prove (3.10), take ¥ € Q" and let U(k) = V(k)e **'*'*, then

Ul[gen = 2h"[ Z Z |V + 1) — V()| e~

i=1

(3.12)
+ (2#)20 Z |V(k)|2 —2ulklh + Z IV(k)|2 —2!1“5]

which implies that
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[[Ullgues = ClI Vllg-,1.
Hence, by Theorem 2.1, we have
(3.13) 1187 Ullwe.0220 = ClISTV I w0.oprc2are
Furthermore,
| A(S; U, 83 V)

-1 B[ 3 vl =) [ 3 vl - 1)
+ L[ vl = ][5 v - )] o

(3.14)

However,
9 —~26lkIA (J_C - )
. T o5
(3.15) = ; Yk + 1;1) — V(k) ¢la¢(§ _ k)e""""“

=2 3 Ve + le)m.;(’—‘ - k)le"""'"

with Q, uniformly bounded, independently of k. Now we obtain
(3.16) | A(SU, SiV)| = Cl|| Vlo_,» — 2uC|| V|[a_,sn] with C > 0.
In fact,

[.L5 rerrals - ][5 voon; - )] o
- Lol ronli-4)]
+ [; V(k»,(ﬁ —~ k)(e-a»-m - e-a,.,.)][; V(km(,_; _ k)]] .

Using Theorem 2.1, we obtain

J. [ vem§ - ke = o ][Z‘. (% - &) | as

s f . [2 O] so,-(’;‘ - k) 10, x, 0| 2u][; RG] w(’—,j - k)]e'.’"" dx

= 2uC || Vl[o- s

where Q(u, x, k) is bounded independently of k because of the compact support of
¢4(x). By a similar argument, using (3.15), we obtain

[ [ 3 vz - ) [ £ v - )] o
= [ Z [ E y(k),,,(— - k)] dx + R

Ra i=l

3.17)
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with [R| < 2uC ||V]|5_,:.». Hence, for sufficiently small ||, we have
(3.18) |ASIU, StV 2 Cl|V][a_s 2 ClSHV| e oprcrn -

From (3.18), using (3.13), we get-inequality (3.10). Inequality (3.11) is proved by
changing u to — u in the above discussion.
This completes the proof of Theorem 3.2.

4. The Finite Element Method and its Convergence. In [6] we proved the follow-
ing two theorems.

THEOREM 4.1. Let H, and H, be two Hilbert spaces with scalar product (-, +)x, and
(+s *)u,, respectively.

Let B(u, v), u € H,, v € H,, be a bilinear form on H, X H, such that

4.1) B, )| = Cillulla, lIo]lx,,
“4.2) sup |B(u,v)| = Ci|lv|la.,
Hull 7,51
and o
(43) ) sup IB(U, U)l g C3”“”Hn
el Bas1

with C, < =, Cy > 0, C; > 0.
Let H}, be the space of bounded linear functionals on H,. Let f € Hj. Then there
exists exactly one element u, & H, with

“4.4) “uo”m = ||f”n.'/Cs,
such that
4.5) B(uo, v) = f()

forallv € H,.
THEOREM 4.2. Let the assumptions of the Theorem 4.1 be fulfilled. Further, let M,
and M, be closed subspaces of H, and H,, respectively. For every v € M,, let

(4.6) sup  |B(w,v)| = do(My, M) |[v]]s,

Hullg,s1

with dy(M,, M,) > 0, and for every u & M, let
4.7) sup |B(u,v)| = do(My, M) ||u|la,

1ol lE,S1

with dy(M,, M;) > 0,
Let f € H, be given and let u, denote that element of H, for which

4.8) B(uo, v) = f)

holds for all v € H, (such an element exists and is unique by Theorem 4.1).
Assume there exists w & M, such that

(4.9) lluo — wlla, = &.
Furthermore, let i, & M, such that

(4.10) B(, v) = f©)
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Sorallv GIM,. Then

C,
@D oo = e, = [ 1+ 375 o
We will utilize the Theorems 4.1 and 4.2 to analyze the solution of the equation
(1.1) —Au+ u={.

Let us first prove Lemma 4.1.
LemMa 4.1. Let f € W3 _(R,), then

of
-/;. 9x; udx =

Proof. For any f € C* with compact support,

[ 2Lua -

The functions f € C" with compact support are dense in the space W3 _(R,),
hence, (4.12) holds for all f € W3 _,(R,). The following theorem will complete the
preparation for the main results of the paper.

THEOREM 4.3. Let f € W, (R.), | = O, |u| sufficiently small. Then there exists
exactly one solution u of Eq. (1.1) in W ,, such that

(4.13) ”u“W-.n“’(B-) = C'H“W.,.'(R.)-
Proof. Since f € W, (R.,), we have

4.12)

||f||w.,-,.-(a.) “uHW...'(a.) .

i w., —secrar |8l wa, pca) «

du
—_— b
Ra f dx; dx| =

T/(u) = ‘/1; fu dx, Tl wa-pr ey S fllwe.peczare

Using Theorems 4.1 and 3.1, we have

Hullws.rcz S Cllfllw,.pozer S Clifllw,.,tczare

Differentiating both sides of Eq. (1.1), using Theorems 4.1, 3.1 and Lemma 4.1, we
obtain

du )
—l = Clifllw,. .oz = Clifllw,.atcrare

0x:| 1w, (Rw)

Hence,

[ullw,.,ocrm = Cllfllw..etcrar-

By differentiating Eq. (1.1) / + 1 times and using mductlon, we obtain (4.13) for
Eq. (1.1).

Let us now describe the finite element method. Let f € W} o(R,) and let Y(h) bea
decreasing function of & defined for 2 > 0. Let

(4.14) Uny,ix) = X, Clkei(x/h — k).
Ikl sy (h)

Let us determine the coefficients C(k) such that
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@.15) Alur.y.1,0) = f,, o dx

for all v of the form (4.14).

We can now prove the main theorem of the paper.

THEOREM 4.4, Let f € W) ((R,) and let Y(h) = h™* for any given ¢ > 0. Let u,
be the solution of (1.1) in W} (R,).

Then on every compact domain ,

(4.16) o — wn.y illwew S CB M |[fllw,.orcaa
for j = 1+ 2, where

4.17) [ullw,: @ = fo[; (g-)’:—‘) + u’] dx.

Proof. From Theorem 4.3, we have u € W ,*(R,). Therefore, u, & W}*X(R,) for
u < 0 also. Let us use a cut-off function x(x) € C” with x(x) = 1for |x| < 1 and
x(x) = 0 for |x| = 2. Define xa,4(x) = x((W(h)™'3x) and u,, ,(x) = xa, ¢(x)o(x). Then

uo,;.(x) = 0, for lxl g ‘§¢(h),
uo.h(x) - "o(x) = 0’ for lxl é %‘,’(h)’
and

[tonllwa,et+2c2m S ClIflws.etcra-
In [14], we have shown that for j = I + 2 there exist d(h, k) such that

(4.18) = C”“o.hllw...'“m..)hl“-

o — ‘k\: d(h, k)¢,<’—,: - k)

We have also shown that the support of

Wia,0(Ra)

wx) = 3 d(h, k)¢,.(’—; - k)
k
lies in a Lk neighborhood of the support of u,, 4, i.e. the support of w(x) lies in the set
0Or, = {x |x| = 3¥(h) + Lh}. Therefore, for 4 small enough,

Ony = {x; x| ¥WD}D OFy.
For u < 0, |u| sufficiently small, we obviously have

(4.19) [uo — wllw.,1cre = Huo — wllw. ,iczey + o — ullw,, e

< ClE 7 [Ifllwa.aize + € [Ifllw.. 2ol
since #y » — u = 0 for |x| £ 3(h). However, e*¥®/* = ¢~ "/* < Ch'**, Therefore,
(4.20) [lto = Wllwa,rczm S CH'*" [[fllws.0r (202
and hence, from Theorems 4.2 and 3.2, we have

(4.21) luo = wr,y.illwe iz = CE' |[fllwa,erczurs

the desired result.
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Let us count the number T of unknowns in (4.18) which we have to determine by
solving a system of linear equations. It is clear that T is of the order A""'**.
Now let the “effective” H (see [7]) be defined by

(4.22) H= (T)'".
Thus H = h'*‘. Hence, instead of (4.16), we may write

(4.23) o = tn,y.illwey < Cle, DH [Ifllw,..0tcm
= Cle, DT "V |fllw..0tmm -

Now, by the same manner as in [7], we can show that the rate of convergence
indicated in (4.23) is the highest possible rate of convergence on every compact
domain, provided that we neglect the e.
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