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1 Introduction

About twenty years ago Ch. Lubich [8] considered convolution integrals of the following
type

t
() = k(t) * o(t) = /O k(t — T)p(r)dr, te[0,T], T < oo (1)

and, after having set ¢t = t, = nh, h = T /N, for the discretization of y(¢n) defined a
new class of quadrature formulas of the form

yn(h) = k(1) % o(t) = 3 wn_j(W)p(ih),  n=0,1,....N (2)
j=0

called “discrete convolution rules”.

One of the major and more interesting applications of these rules is the numerical
resolution of time-dependent PDE problems via space-time BIE formulations (see [4]),
for example of the form:

t
/0/Swa:—yu;t—r)my,r)dsydr:g(at), ves 3)

where S is the boundary of the PDE space domain, k(r;t) is the free space PDE
fundamental solution, g(x,t) is a given function and ¢(y,7) is the unknown.
A second, but equally significant, application is the evaluation of the potential

t
w(e, ) = /0 /S k(llz — yllit — 7)p(y, ) dSy dr (4)

at a given point = ¢ S, once the solution ¢(y,7) of (2) has been determined. This
problem is currently under investigation by the authors.

Indeed in the last years several authors have used these time integration rules to
solve heat and wave propagation problems (see, for example, [3], [6], [7], [12], [9], [14]
and the bibliographies of these papers). We will focus our description to these problems,
in particular when the initial conditions are homogeneous and the boundary one is of
Dirichlet type. In a forthcoming paper [5] we will use Lubich rules to solve exterior
wave problems with non homogeneous initial conditions.

These rules have the fundamental property of not using explicitly the expression of
the kernel k(t — 7), which is instead replaced by that of its Laplace transform, usually
given by a simple analytic function. These new formulas do not have any degree of
exactness; however, as we will recall in the next section, good convergence properties
are guaranteed under certain assumptions on the above Laplace transform and on the
function ¢(7). Incidentally, we point out that they are an important example of the
more general quadrature formulas more recently described in [13] by the first author.

Thus in Section 2 a review of these rules, which includes some of their main proper-
ties and new remarks, will be presented when k(t — 7) = k(r;t — 7) is the fundamental
solution of the heat and the wave equations. Then, for these kernels, in Section 3
the construction and behavior of the corresponding coefficients wy,_; will be analyzed,
pointing out experimentally some new properties. When the convolution quadrature
is defined by a BDF method of order £ < 6, a new approach for the construction of
its coefficients is presented. In the case of the wave equation, we derive a new analytic



representation for these coefficients, which in some cases turns out to be particularly ef-
ficient for their computation. All remarks and conjectures are supported by an intensive
numerical testing.

Finally, in Section 4 we apply a Lubich convolution rule to a non smooth problem.

2 Lubich convolution quadratures

In the first part of the development of his theory for the new formulas (see [8]), Lubich
assumes that the kernel k(t) is such that its Laplace transform K(s) satisfies the
following conditions:

K is analytic in the sector |arg(s — ¢)| < 7 — ¢ with ¢ < 7/2, c € R; (5a)
|K(s)| < Mls|™", u>0, ie. |[K(s)] — 0, |s| — +oo in the same sector. (5b)

He calls such a function K “sectorial”.

Under these assumptions the Laplace inverse transform certainly exists and is given
by the well known Bromwich formula:

k(t) = = K(s)e® ds
27 r

where for his analysis Lubich takes as I" a contour in the sector of analyticity, parallel
to its boundary and oriented with increasing imaginary part.

In [10] he also shows how to extend his approach to the case u < 0.

In the cases of the heat equation u; = Au and the wave equation uy = Au we
have, respectively:

2
e~ " /4t 1
eat k(t) k’(’l‘,t) Art (S) (7‘,8) o O(T\/g)a (63‘)
2
e " /4t 1 .
D heat: =k(rit) = ———, K(s)=K(r;s) = —e "V*
3D heat: k(t) = k(r;t) (@nt)2’ (s) (r;s) o ® , (6b)
H(t—r) 1
2D wave: k(t) =k(rjt) = ———=—, K(s) = K(r;s) = —Ko(rs), 6c
(0 = hirit) = T K(s) = K(ris) = g-Kolrs),  (66)
3D wave: k(t) = k(rit) = SE=T) K(s) = K(ris) = ——e ", (6d)
' TN Ay - YU 4y ’
where K¢ denotes the modified Bessel function of the second kind of order 0, r = ||z—y/|,

and H (t),d(t) are the well known Heaviside and Dirac delta functions, respectively. We
also recall that Ko(z) ~ /g€ %, |z| — oo, and Ko(z) ~ —1Inz, |z| — 0 (see [1]) .

Notice that, assuming r > 0 fixed, while in the case of the heat equation the Laplace
transform K (s) is sectorial, according to the definition given above, with ¢ > 0,¢ > 0
arbitrarily small, and p > 0 as large as one likes, this is not the case for the wave
equation. In this latter case, K(s) is analytic in Re(s) > o9 > 0, for any given o
arbitrarily small, and in this region it satisfies condition (5b) with 4 = 1/2 (2D) and
i =0 (3D). In this latter case, recalling the extension defined in [10] (see also [9]), and
assuming ¢ € C™[0,T],m > 1, we ought to interpret integral (1) as follows:

t

t
/ k(t —1)p(T)dr = % ki(t — 1)p(r)dr (7)
0 0



where k(t) = §(t — r) is the (distributional) derivative of k1 (¢t) = H(t — r).
Therefore for the wave equation, to express k(¢) in terms of K(s) we choose I' =
o +iR hence use the corresponding Bromwich inversion formula. In the 3D (wave) case
we insert in (7) the representation:
1 K ;
ki(t) = — / KL5) gt g (8)
211 Joqpir S
To construct Lubich quadrature formula (2) for our heat and wave kernels, first

we replace the kernel k in (1), or k; in (7) in the 3D wave case, by its Bromwich
representation. In all cases we obtain

t
y(t) = 2% /F K(s) [/0 ) () dT] ds = ZLm /F K(s) a(t;s)ds,  £>0. (9)
Notice that assuming ¢ € C*[0,T], on I" we have z(t; s) ~ s~ 1, |s| — oo, for any ¢ > 0.
Therefore, also in the 3D wave case the integral over I exists in the ordinary sense.
Then, denoting by z(t) = x(¢; s), we have

t
% _ /0 52T (1) dr + o(t) = sa(t) + o(b).

Thus, z(t) is a solution of the following simple first order linear differential equation

dz
_— = 1
3 = sz) + () (10)
with initial condition

z(0) = 0.

By considering the values of y(t) at a finite number of equidistant abscissas tn,
the key point now is to replace in (9) the functions x(¢n;s) by an approximation of
them, that we obtain by applying to (10) a numerical method having proper stability
properties. To this end the integration interval [0, T is subdivided into N parts of equal
length h = T'/N. If we then apply, for example, a proper linear multistep method (for
example a BDF method, A(«a)-stable with a > ¢ (see (5a)) for the heat equation, and
A-stable for the wave equation), in general of the form:

aTn +1Tp—1+ +ogZp_ = h[Bo(szn +@(nh)) + - + Br(szn— + ©((n — k)h))]

(11)
where z,, = xn(s) = z(nh; s) and the required initial values are: z_ =---=x_1 =0,
we define the following approximation of y(nh):

yn(h) = %/FK(s)xn(s)ds, n=01,...,N. (12)

As we shall see in the next section, xn(s) is an analytic function of s, has one real
positive (multiple) pole and behaves like s~% as |s| — co. Thus the integral in (12)
exists in the usual sense and it can be determined by means of Cauchy integral formula.
In Section 3, this straightforward computation, which represents a different route for
deriving Lubich’s quadrature, will be applied to the 2D wave equation. Notice that
this quadrature rule has no degree of exactness, since z(s) will never coincide with
z(tn; s).



Lubich’s elegant approach (see[8]) to compute integral (12), hence to obtain the
quadrature rule (2), although less straightforward than the (more natural) derivation
just mentioned, leads however to a simple integral representation on the complex plane
for its coefficients wy (h):

wn (h) ! K (@) 2~ g, (13)

2m Jjzl=p

where
v(2) = Qo+ arzt e+ gzt
© Bot Bzt A+ GRS

and p is such that the circle |z| < p lies in the domain of analyticity of K (y(z)/h).
We recall that for the k-step BDF method, k = 1,...,6, we have y(z) = Zle %(17
2)!, with ag = Zle % > 0. Moreover, these methods are A(a)-stable, with o =
90°,90°,86°,73°,51°,17°, for k = 1,...,6, respectively. In particular, the first two are
A-stable.
By introducing the polar coordinate z = pei“" we have the following integral repre-

sentation for the coefficients of formula (2):

o) =5 [ s (W) e dy. (14)

2
This integral can be efficiently computed by using the trapezoidal rule, that is,

n il 2™

_n L—1 27
y(pe" L _inl2x
wn(h)szZK<(ph)>e L n=0,...,N (15)
=0

where the interval (0,27) has been partitioned into L subintervals of equal length. All
the wn(h) can be computed simultaneously by the FFT with O(N log N) flops.
Assuming that K is computed with a relative accuracy bounded by e, Lubich has
shown that the choice
L=2N, pV =

in (15) leads to an approximation of wy, with relative error of size /. See however the
remark made by Schanz and Antes in [14].

The (approximate) numerical approach defined by (15) is quite general, although it
requires the use of the complex arithmetic. Moreover, using the double precision arith-
metic, with the above choices of L and p, according to Lubich’s result the coefficients
wn, are computed with a relative accuracy of order 1E — 7. Till very recently it was
the only one available. For the 3D wave equation, in [6] the authors have obtained a
3-term recurrence relation for the coefficients generated by the BDF method of order
2. For this same equation, in the next section we will derive recurrence relations for
the computation of the coefficients of the quadratures defined by all BDF methods of
order p < 6. These require only the use of the real arithmetic. Taking advantage of
our new approach for the construction of Lubich’s rules, for the 2D wave equation we
will also obtain a new analytic expression for the coefficients of the rules generated by
the BDF methods. Unfortunately, for £ > 2 this representation shows a computational
severe drawback.

Several convergence results have been proved by Lubich (see [8], [9]). Here we recall
the major ones.



Theorem 1 Assuming that the Laplace transform K (s) satisfies conditions (5a), (5b)
and that the chosen k-step multistep method, of order p = k, is A(a)-stable with o > ¢,
we have

lyn () = y(nh)| < Cth ™ {hle(0)] + -+ h* [P~ (0)
"D O)] + ta e [ ()]}

where the constant C does not depend on h € (0,hg], 0 < tn = nh < T and ¢(7) €
CP[0,T], T being fized.

Notice that if ¢(0) = 50(1)(0) == Lp(p_Q)(O) = 0, then the quadrature error
is O(hP). Otherwise, to have the maximum convergence order p, Lubich in [8] has
suggested to modify the quadrature rule as follows:

p—2
In(h) == yn(h) + Y wn;(h)p(jh) (16)
j=0

where the new coefficients wy,;(h) are determined by requiring to the rule to integrate
exactly all polynomials of degree p — 2. For this new formula we have the bound

|in(h) — y(nh)| < Cth™'hP,  n>1.

These convergence results apply in particular to the time integral arising from the
heat equation space-time BIE formulation, for any given r > 0, when a k-step BDF
method, with £ = 1,...,6, is used. Unfortunately they do not apply to the wave
equation. Lubich has however proved the following alternative results, which holds for
this latter equation when r > ¢y > 0, €¢g being fixed.

Theorem 2 Let K(s), Re(s) > o9 > 0, be analytic and bounded as in (5b) with yn > 0.
Let the k-step multistep method, of order p > 1, be A-stable and, when p > 0, such
that its y(z) has no zeros on the unit circle, with the exception of z = 1. Then:

(i) Let m > p+ 2+ u. For a smooth function ¢(t) on [0,T] with ¢(0) = --- =
o™= (0) = 0, we have for t, € [0,T]

tn
|%m—wmw0WA|WWﬁw

(i1) For o(1) = 72 (extended by 0 to negative T) with real ¢ > p, we have
lyn(h) — y(nh)| < Ch®

with o = min(m:TMl)pﬂ +1,p).

These error bounds are valid for 0 < h < hg, where hg depends only on o and the
discretization method. The constants C' depend on oo, T, ho and the method, and in (ii)
also on q.

Notice that in particular, in the wave equation case (2D and 3D) these convergence
estimates apply to the BDF methods of order p =1, 2.



In [11] Lubich and Ostermann have also constructed convolution quadratures as-
sociated with parabolic problems, obtained by using implicit m-stage Runge-Kutta
methods, which, when applied to the differential equation &’ = f(t,z) takes the form

m
Tpt+l = Tn + hz bjf(tn + th,an)
Jj=1

m
Tn + hz aijf(tn -|—th,an), i=1,...,m
j=1

Xni

having proper stability properties. These new rules take the form

Ynt1(h) =B Y wnju()p(jh + cvh). (17)
j=0v=1

In particular they considered the 2- and 3-stage Radau IIA methods, which are A-
stable. The integral representation they have obtained for the corresponding convolu-
tion quadrature coefficients is similar to (13). For these rules they have also derived
convergence results. The optimal rate of convergence holds only in any finite interval
bounded away from ¢ = 0. To have it also near 0, one has to add to (17) a correction
term similar to that introduced in (16).

Finally we recall that Lubich has used his discrete convolution rules to solve also
problems other than PDE: for example computation of integrals and solution of 1D
integral equations (see [8], [9]).

3 Construction and behavior of the BDF quadrature coefficients

As stated in the previous section, Lubich convolution quadrature is obtained by replac-
ing in (9), after having set t = tn, the function x(¢n;s) by xn(s) (see (12)). Therefore,
following the statement we made immediately after (12), here we examine the behavior
of zn(s) when this is obtained by applying a BDF method to equation (10).

To this end we remark preliminarily that (tn;s) = €5 X (tn;s), where X (tn;s)
is analytic. In the 3D wave case, on I' = o + iR, the function X (tn;s) decays at
“infinity” as |s|~!. As we shall show next, its approximant z,(s) turns out to be
analytic, having a (multiple) positive real pole and no longer the exponential factor (it
will be rational in s), and decays as s~ ' for |s| — oo. This is obtained by applying
the chosen numerical method to the initial value problem (10) defining x(t) = x(t; s),
which gives zn(s) = z(tn;s).

In the case of a k-step BDF method, whose order is p = k and that in the following
we will denote by BDF'k, we have:

k
Zaimn_i:h(sxn—}—apn), n=0,1,..., r_1=--=x_=0 (18)
=0

where ag > 0 and we have set pn = ¢(tn). Thus it is not difficult to obtain an analytic
expression for n(s). This has the form:

—1
hat eo 5

4
h (0 hon
Tn(s) = — — c; g — ————— 19
n(s) (hs — ag)"T1 ; (hs — ag)nt1=4 pa i Pi hs — ag (19)




where ng) = cz(-e)(ozl7 ...,ag). This expression can be reformulated as follows:
_ hqn—1(hs) hgn—2(hs) hqo(hs) hon

where gp_1 (&) is a polynomial of degree at most £ — 1, whose coefficients depend only
upon the «;’s, but that for notational convenience we write in the form:

-1
@)=Y e E—a0), =10 (21)
=0
although cfln_}?l does not depend upon n.
To derive formulas (20), (21) and (23) below, first we solve (18) for xn:
1 k
xnz}w(Zlaiwni—h@n), n=0,1,..., x_1=-=xz_,=0. (22)
1=

From this we immediately obtain an explicit representation of xg:

h

rg=—"—"—"—
0 hs — ag

%0-

Then, using this formula for zg and (22) for n = 1, we obtain the formula for z1:

#(ax — ) = — ath _ h
s — g (@170 ~hee1) = —¢ A

ry = ®1.

hs — ag hs — ag

Using these expressions for zg, 1 and (22) for n = 2, we obtain the formula for zo
(here we suppose that k > 1; for k = 1 formulas are very simple):

To = hs%ao(alxl + asxg — hg02)
_ 1 _ a%h _ ath _ ash _h
" hs — ag (hs — ag)? LA g L o ¥o »2
h(a? + az(hs — ag)) arh h

- (hs — ag)? o (hsfczo)ZSD1 Ths—ag ¥

Continuing in this way, in the case of the BDFk method, k = 1,2,...,6, we obtain
the formula for z;, i = 0,1,..., k. Finally, using the mathematical induction principle,
a straightforward calculation gives representations (20) and (21) with

k
—j+t —j+e+1 .
cgn_j] ):Zaicgln_j]_i_i ), {=0,1,...,n; 7=1,2,...,n, (23)
i=1
where k is the order of the BDF method.
To obtain this latter representation, for notational convenience we introduce the
following zero coefficients:

At —o i=1,...,n
=0, j=max{li+1—k},...,i—1;i=2 .., n+k—1 (24)

C,E:f:;j+£):07 J:17’k_17£:0717,n



Moreover, we set c%n) = 1. Notice that it is a simple task to check that c£L7l__jj ) — a{
forallj=1,...,n

Then, we construct the coefficients according to the following tableau:

(0) cél) 82) (3) o (n)
(1) e ) (4) o (n+1)
c1 1 €1
cél) 652) c§3) 654) (5) o (n+2)
m 2 .6) ey 5 (6) o (n+3)
3 C3 3 C3
(1) (k 2) (k=1 (k) (k+1) (k+2) (k+3) (n+k)
¢ cp cp cp
2 k—1 k+1 k+2 k+3) (k+4 n+k+1
Cz(€+)1 C§c+1 ) 1(<+1 cl(c+1 ) cl(c+1 ) cl(c+1 ) Cl(c+1 S l(c+1 )
C(nkarl) o Cgln72) Cglnfl) C7(1n) -1 C7(1n+1) -0 ... C%271) -0
n—k+2 n n+1
ELH R o)y ey
(n) k1)
n+k 1 n+k 1

Notice that the zero coefficients (24) are those positioned on the left hand side of
the vertical line and below the horizontal line in the previous scheme. According to
formulas (23), to calculate the coefficient c(J ) we start from the position of the scheme
which is immediately below this coefficient, move down and to the left hand side along
the diagonal, multiplying the first k elements respectively by «;, i = 1,...,k, and sum
these k products.

By inserting expansion (20) into (12), a straightforward calculation, requiring the
application of Cauchy integral formula to each singular term, then leads to the sum
(2), hence to a representation of its coefficients.

In particular, for £ = 1 we have:

(n=i) _ 5 J
Cnej = 0ijoq

where §;; is the Kronecker’s delta symbol.
For k = 2 we have:

(n—j) J

ey =al 7=0,1,...,n
(n Jt+e) _
o 0 for£>[j/2];
‘ _ 041 —7+4+1 y
AT =l P wand Y =1l

We recall that the coefficients «; for BDF1 and BDF'2 are:

BDF1 ag=1, a1 = —1;

BDF2 ag=3/2, a1 = -2, ag = 1/2;
Remark 1 Using the recurrence relation (23) for the coefficients c(n /—H), it is not
difficult to derive corresponding recurrence relations for the polynomlals gr—1(§). In
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particular, in the case of the BDF'2 method, we have the following recurrence relation:

qr-1(8) = —2q0—2(8) + % (5 - *) a-3(§), =3,
w©=-2 a@©=1+3(e-3).

where the degree of the polynomial gy_1(€), ¢ > 2 is [¢/2]. In general, for the BDFk
method one obtains a k + 1-term recurrence relation.

Since the quadrature rule (2) can be obtained from (12) replacing xn(s) by its
analytic representation (20), we obtain

1 hK(s)

wo(h) = 27 Jp hs — ag ds
and
K t K
QJg(h):*L. %ﬂ(ﬁf)ds: h~ (S)Wifl(?ﬂd& (=1,...,n.
2mi Jp o (hs — ao) 2mi Jp (s —ao/h)
Now, we apply Cauchy integral formula to calculate each wy, £ =0,1,...,n. For £ =0,
we have
1 hK(s) 1 K(s)
wo(h) 27 Jp hs — agp ds 27 Jp s—ag/h ds (a0/h) (25)
while for £ =1,...,n
4
h)y=— 1 — (K _1(hs)).
rlh) = Gy m 5 (K () ()
Since
qée_)l(ao) =0, qé )1(a0) = ! chn__/—H), £=1,...,n; i=0,1,...,0—1,

applying the Leibnitz’s formula for the ¢-th derivative of a product we obtain

1 ¢ 14 () —i)
we(h) = e Z WK (Oéo/h) 1 (@0)

£ E i
1 i n [
:72 a— K eo/me i e ey
e . .
=3 KD ag/n)eY, e=1,.n. (26)
=1

(n— )

n—

where we recall that the values of the coefficients ¢ do not depend upon n.

Thus the following main statement holds.
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Theorem 3 For the coefficients of the quadrature rule (2) the following two alternative
representations hold:

1

th(")(ao/h)c("*i) (=1,...,n (27

n—{

l
wo(h) = K(ao/h), we(h) =Y
=1

8€K (z)
1 h
wi(h) = ma<%> , £>0 (28)
z2=0

where the latter has been obtained by Lubich in [8].

Remark 2 Recalling that wp(h) = wy(h;r), from Theorem 3 the following properties
follow:

wy(h;r) = wyp (1; %) , for K defined by (6a),
wy(h;r) = %wz <1; ﬁ) , for K defined by (6b),
wy(h;r) = wyp (1; %) , for K defined by (6¢),

1 r
we(hsr) = e (1; 7

Although the representations given in Theorem 3 hold for any (BDF') Lubich
convolution quadrature, in the case of the wave equation kernel they can be simplified
significantly.

) , for K defined by (6d).

3.1 2D wave equation
In the case of the 2D wave equation, where

1
K(s) = 5-Ko(rs),
K being the modified Bessel function of the second kind of order 0, we use represen-
tation (27). Since
qt Pl
ds® K(S) = % dzt KO(Z)|Z:TS’

in order to apply formula (26), we need to calculate the i-th derivative of K¢(z), ¢ € N.

Lemma 1 The i-th derivative of Ko(z), i € N, is given as follows
1 i/2—1 /. 1 X
i i .
5T Z <]> K;_2j(z) + 3 (z/Z) Ko(z)|, i — even,

_Ko(z) =
dz? 1 (i-1)/2 /.
__ (;) Ki_2;(2), i — odd

where Ky, (z) denotes the m-th order modified Bessel function of the second kind.

Proof Representation (29) follows from relation (9.6.29) in [1]. O
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Setting = agr/h and defining

i/2—1

Ki—2j(x) 1 Ko(z) i — even
JZ:% g =)t 2@/2)% 7

Di(z) = G2 K i) . v
_ jgo W’ 7 — odd

we have
K (@) = 27D, (x).

This expression leads to the following representation for the coefficients wy.

Theorem 4 For the quadrature coefficients associated with the BDFk methods, k =
1,...6, the following representation holds:

1
coh) = o Ko(x) > 0,
¢ ;
1 n—1i
we(h) = =3 (ﬁ) A" D), > 1. (31)
=1

where we have set x = agr/h and the coefficient cnn:ei) does not depend on n.

Notice that this new representation gives us the exact behavior of the coefficients wy
when « — 0 (see the second part of Remark 3). In particular one obtains the following

behaviors:

wo(h) ~—Inzx
we(R)] < Co, €21

The above expression (31) can be slightly simplified in the case of the BDF1
method.

Corollary 1 For the BDF1 method we have:
wo(h) = —1K (z)>0
0 9 0 3
(—1)Z z\*¢
) (= >
wg(h) (2> DZ(LB) > 0, £>1,
where Dy(x) is defined in (30) and x = %.

In the case of the BDF2 method, for the coefficients of (31) we have

n—~{ m

o tm) :(_1)1{ gf=3m <€m>’ m=0,...,|n/2]; £=2m,...,n

all others being equal to zero. Therefore, from expression (31) we obtain the following
representation.
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Corollary 2 For the BDF2 method we have:

wo(h):%Ko(m)>O,
10 & 2\ 1 i aiDi(a
w=CF 3 (5) daiae o b @

i=¢/2]
where Dy(x) is defined in (30) and © = %%

Remark 3 For the BDF'1 method, the expressions given in Corollary 1 allow to com-
pute the w coefficients with full accuracy, since they are given by a sum of positive
terms. Unfortunately, for the BDFk, k > 2, methods, representations (31) and (32)
give rise to a severe numerical cancelation phenomenon when the value of £ is moder-
ate/large, especially when x is small. The reason for this lies in the behavior of the K
Bessel functions when z — 0 (see below). This phenomenon disappears as soon as x
takes larger values. More, for z sufficiently large, several terms of the sums (30), (32)
can be even neglected, thus reducing significantly the computational cost.

In particular, in the case of BDF2, using the double precision arithmetic, for x =
g—,’; = 107" the value of w32 has been computed with 12 exact decimal digits, wyqg with
8 decimal digits. For wgq we had 7 decimal digits only for x > 90. The references values
have been obtained by using an extended precision arithmetic.

Nevertheless, there might be applications where one has to compute only single
convolution integrals on (0,t), with z not small. For example, after having solved
equation (3), when one has to compute the associated potential (4) at a given point
not too close to the boundary S. In this case it may be convenient to split the interval
in two parts: (0,tp), (to,t), to < ¢, and apply Lubich’s rule, with a very few nodes,
only on the smaller subinterval (tg,¢). By adopting this approach, the use of the above
exact representations of the w-coefficients, which in this case would not suffer from
cancellation, could give some advantages. This type of application is currently under
investigation.

We recall (see [1]) that for m > 0 fixed, when z is large we have

[m _
Km(z) ~ 52° :

Ko(z) ~ —Inz,
Km(z) ~2" Y m =11 z™™, m>1.

while for x — 0

Thus in the latter case
" Ko (z) ~ 2™ (m — 1)1

3.2 3D wave equation

In this case we prefer to use the representation (28), i.e.,

K v(2). r
1 A
wn(h) = n'(gz" ) . (33)
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This leads to a recurrence relation for the computation of the wp = wn(h;r). Indeed,
for the Laplace transform given by (6d), having defined

8”

_ —7(2)
n oz™ =0
we obtain
vo = e 770
m
__r m (m+1-¢) _ _
vm+1——h2(£)vﬂ 0), m=0,1,...,n—1.
=0
Thus, setting "
Um = T:L’: en1(0)
we have
ug =1,
(m+1 Z)(O)
r
=0,1,....,n—1
Um+1 = hm+1z 7/ (m Z) ) m 07 ) ,
and
e~ 170
Wwn = ?un

Notice however that in the case of a BDFk method v(z) is a polynomial of degree k
and we have 'y(erl*Z) (0) = 0 whenever m+1—¢ > k. Thus the previous representation
of w41 takes the simplified form:

(m+1 Z)()
Uyl = — hm+1 Z TA— T m=0,1,....,n—1 (34)

where my = max{0,m + 1 — k}. This means that u,,+1 ought to contain the factor
(r/h) Lm/kI+1 that is,

lm/k]+1
T') Um-1, m > 0.

= ;

Thus, for any fixed h and n > k + 1 we have wn(h;7) — 0 as » — 0. In particular,
only wo(h;r) has a singularity (of order 1) at » = 0; the following ones are all smooth.

In the case of the BDF1 method, recalling that v(0) = 1, 'y(l)(O) = —1 and
~(™)(0) = 0 for m > 2, we have

1 m+1
ug =1, Um+1:m(ﬁ) , m=>0,

hence,
—r/h
e

= 4zl <E>n > 0.

For the BDF2 method, for which v(0) = 3/2, 7(1)(0) = -2, 7(2)(0) = 1, and
~(™)(0) = 0, for m > 3, we obtain
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up =1,
r. @
Uy = —77 (0)7
h
r o1
Um+1 = _Em+1 [7(1)(0)1/4% +’Y(2)(0)U7n—1] , m>1.

In this case for the new functions

the following recurrence relationship holds:

q =1,

-
= 2 _—
q1 \/ oh
2r
Im+1 = 24/ 7 dm — 2mgm—1, m > 1.

As already noticed by Hackbusch et al. (see [6]), setting @ = /2r/h this is the well
known 3-term recurrence relation defining the Hermite orthogonal polynomials Hy, ().
Therefore when we use the BDF2 method we have

1 3r 1 3r\ (/2 \/?
“O= g P <_%) C T et P (_ﬁ) (ﬁ) Hn < h) '
This representation has been used in [6] to compute the wy,.

The BDF methods of order £ > 3 are not A-stable, and according to Lubich’s
theory they should not be used to solve the wave equation. However, as it will be
pointed out at the end of this section, the corresponding rules could nevertheless be
used in practice. Thus we derive similar recursion relationships for the computation
of their wy,. This because for these rules, the approach (15) produces severe numerical
cancelation, in particular for k = 5, 6.

For the BDF3 method, where (0) = 11/6, 1 (0) = =3, v (0) = 3, v®)(0) =
—2, and v(™)(0) = 0 for m > 4, we have

ug = 1,
T
-3
u1 h’
ug = —%% (up — 1),
r 1
Um+1 = Em (um—Q —3um—1 + 3Um) , m > 2.

For the BDF4 method, where v(0) = 25/12, 7(1)(0) = —4, 7(2)(0) =6, 7(3)(0) =
-8, v (0) = 6, (™ (0) = 0 for m > 5, we have

ug = 1,
u1:4z7
T
’U/QZ—E(S’LL()—Ul),
2
uz = %g (2ug — 3uq + 2u2),
u __r 1 (u —4u + 6u —4dum), m>3
m—+1 — hm—|—1 m—3 m—2 m—1 m) = 9.
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137/60, vV (0) = =5, 2 (0) = 10,7 (0) =

For the BDF'5 method, where v(0) =
( )(0) =0 for m > 6, we have

—20, v4(0) = 30, 7V (0) = —24 4

ug =1,
T
uy = 5E,
ug = _%g (2up — u1)7
ug = %g (2uo — 2u1 +u2),
wg = 7%2 (uo — 2u1 + 2u2 — u3),
Uyl = %%—H (Um—4 = Sttm—3 4+ 10um —2 — 10um—1 + Sum) , m > 4.

Finally, for the BDF6 method, where v(0) = 147/60, v (0) = —6, v(?(0) = 15,
v3)(0) = —40, v (0) = 90, 4 (0) = —144, 4 (0) = 120, (™) (0) = 0 for m > 7,
we have

ug =1,
,
ulp = 6%7
r3
Uy = _Ei (5u0 — 2u1) 5
" —31(20u — 15u; + 6us)
37 3 o P
rl
ug = =3+ (15ug — 20uy + 15uz — Gug),
1
us = %Z (6uo — 15uy + 20ug — 15u; + Guo) ,
r 1
Umtl = =501 (Um—5 — 6um—a + 15Um—3 — 20um—2 + 15um—1 — 6um),
m > 5.

Notice that this approach, besides being exact in exact arithmetic, has a compu-
tational cost of O(N) flops. Moreover, when the BDF method is not A-stable (k > 3),
in particular for k£ > 4, the trapezoidal rule (15) gives rise to very large summands,
hence to severe numerical cancelation, which completely destroy even the correct order
of magnitude of the computed coefficients. For these reasons in all the testing we have
performed for the (wave) 3D case, the coefficients wy, have been determined using the
above recurrence relations, which appear to be stable.

3.3 Coefficient behavior

Taking into account Remark 2, in Figures 1-8 we have plotted the behaviors of some w
coefficients associated with the BDFk methods (of order p = k), denoted by wn (1;d),
and with the m-stage (m = 2,3) Radau IIA methods of order p = 3,5, denoted by
wn,v(1;d) (see (17)), considered in this paper. We recall that in the case of the latter
coefficients (see their representation given in [11]), the same relationships given in
Remark 2 apply to @n(h;7) = hwn,v(h; 7). In particular we have plotted the behaviors
of these coefficients for two fixed values of n (n = 20,100), and letting the variable d
vary from 0.01 to 200.
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For the 3D wave case, in [6] the authors have taken advantage of this behavior of
the coefficients of the BDF2 method to reduce significantly the computational cost
required by the construction of the matrix associated with the Galerkin BEM they
have used. As shown in Figures 5-8, also the coefficients wp, of the Radau methods

show a similar behavior, actually having fewer oscillations and a smaller “support”.

To simplify the code programming, all the coefficients have been computed us-

ing expression (15), except for the 3D wave case where we have used our recurrence

relations.
x10° Pl x10° P2 x10° P38 x10* Pl x10* P2 x10* P8
4 4 4 8 8
3 3 3 6 6 6
2 2 2 4 4 4
1 1 1 2 2 2
0
) 100 200 0 100 200 0 100 200 0 100 200 0 100 200 0 100 200
x10° P4 x10° PS5 x10° P8 x10* P4 x10" P x10*  p=6
4 4 8 8
5
3 3 6 6 6
4
2 2 3 4 4 4
2
1 1 2 2 2
1
0
) 100 200 0 100 200 0 100 200 0 100 200 0 100 200 0 100 200
Fig. 1 2D heat, BDF: wao(1;d) (left-side) and wigo(1;d) (right-side), d = 0.01 : 200.
x10t Pl x10" P2 x10* P83 x10° Pl x10 p=2 x10°  P=3
3 25 2 25
25 25 25 2 2 2
2 2 2
15 15 15
15 15 15
1 1 1
1 1 1
s o5 05 05 05 05
0
0 100 200 0 100 200 0 100 200 0 100 200 0 100 200 0 100 200
x10¢ =4 x10* PS5 x10¢  P=6 x10 p=4 x10 p=5 x10°  P=6
3 25 2. 25
25 25 25 5 2 5
2 2 2
15 15 15
15 15 15
1 1 1
1 1 1
s o5 s 05 05 05
0
0 100 200 0 100 200 0 100 200 0 100 200 0 100 200 0 100 200

Fig. 2 3D heat, BDF: wao(1;d) (left-side) and w100(1;d) (right-side), d = 0.01 : 200.
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p=1 p=2 x10” p=l x10” p=2
0014 0.025 4
0.012 002
001 3 6
0.008 0015
2 4
0.006 001
0.004
0.005 N 2
0.002
o 50 100 150 200 o 50 100 150 200 o 50 100 150 200 o 50 100 150 200
p=3 p=4 p=3 x10" p=4
0.04 0.15 0.15
01
003 01 4
0.05 2
002 005 o
o
001 0 005
-01 N
o -0.05
-0.15 -4
-0.01 -0.1 0.2 -
0 50 100 150 200 0 50 100 150 200 o 50 100 150 200 o 50 100 150 200
Fig. 3 2D wave, BDF: woo(1;d) (left-side) and wio0(1;d) (right-side), d = 0.01 : 200.
x10™ p=1 p=2 - -
4 35%10 p=1 x10 p=2
8
3
6 2.5 5
2 ¢ 2
2 15
° 1
-2 05)
4 .
o 50 100 150 200 o 50 100 150 200 0 50 100 150 200 0 50 100 150 200
s =3 =4 -
x 10 P P p=3 p=4
15 004 001
1
0.02 4000
05 0.005
0 0 2000
0
-05 -0.02 0
-1
-0.005
-0.04 —2
s 000
-2 -0.( -0.01
o 50 100 150 200 o 50 100 150 200 0 50 100 150 200 o 50 100 150 200

Fig. 4 3D wave, BDF: wao(1;d) (left-side) and wioo(1;d) (right-side), d = 0.01 : 200.

We remark that the small oscillations appearing in the center of the two graphs
p =4 in Fig.3, are due to the numerical cancelation generated by the trapezoidal sum
(15). Indeed, if we compute wag(1;d) using our exact representation given in (31), they
disappear. Thus, apart from these latter oscillations, the curves reported in the figures
above represent the exact behavior of the corresponding w coefficients.
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2-stage, v=1
Y10 2-stage, v=1
T T T T T T T T 6 T T T T T T T T T
1 J 1
1 oL 1
40 60 80 100 120 140 160 180 200 o 20 0 60 80 100 120 140 160 180 200
<10* 3-stage, v=3 c10* 3-stage, v=3
T T T T T T T T T 1 T T T T T T T T T
4 1
AL | 1
0 20 40 60 80 100 120 140 160 180 200 (9 20 40 60 80 100 120 140 160 180 200
Fig. 5 2D heat, RK: w20,,(1;d) (left-side) and wioo,,(1;d) (right-side), d = 0.01 : 200.
2-stage, v=2 2-stage, v=2
8 T T T T T T T T T T T T T T T T
6 4
ar 4 1
2F 4
0
0 20 40 60 80 100 120 140 160 180 200 60 80 100 120 140 160 180 200
3-stage, v=1 3-stage, v=1
1 T T T T T T T T 1 T T T T T T T T T
08 B B
06l B B
04f B B
02} B B
o . . . . . . . . . . . . .
0 20 40 60 80 100 120 140 160 180 200 80 100 120 140 160 180 200

Fig. 6 3D heat, RK: w20,,(1;d) (left-side) and wioo,,(1;d) (right-side), d = 0.01 : 200.

= 2-stage, v=1
2-stage, v=1 x10 9
002 T T T T T T T T T
0015 ]
001 1
0005 1
. . . . . . . . -2 . . . v . . . . .
s = o o o 1m0 o 0 20 40 60 80 100 120 140 160 180 200
3-stage, v=1 Y10 3-stage, v=1
o T T T T T T T T T T T T
oo1f 1 ]
0005 1
0
4
. . . . . . . . . ” . . . . . . . . .
o 20 0 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200

Fig. 7 2D wave, RK: waq,,(1;d) (left-side) and wi0o,.(1;d) (right-side), d = 0.01 : 200.



2-stage, v=2

©10° 2-stage, v=2
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L L L L L L L L L . L L L L
0 20 40 60 80 100 120 140 160 180 200 ] 20 40 60 80 100 120 140 160 180 200

Fig. 8 3D wave, RK: waq,,(1;d) (left-side) and wigo,.(1;d) (right-side), d = 0.01 : 200.

We remark that the (apparent) peaks appearing in Figures 7,8 are due to a scale
effect, caused by the large size of the d domain compared to that of the practical
support of the wp v coefficients. In fact, if we restrict the d-interval, for example to
[10,30] and [85,115] for n = 20 and n = 100, respectively, then, as expected, the wn, .,
curves are very smooth.

In the following graphs (Figures 9-12), where d is fixed and n = 0 : 100, we
present the behavior of some of the wy (1; d) coefficients and of the quantities wn (1;d) =
>t wnw(1;d), as a function of n, generated, respectively, by the BDF methods of
order p = 1 : 6 and by the (A-stable) Runge-Kutta Radau IIA of order 3 and 5, in
the heat and the wave equation cases (see the dotted curves). In the same graphs, the
continuous curves define k(d;t) as a function of ¢. In the Radau case, the behavior
of the single stage coefficients wn,, (1;d) is very similar to that of their sum (over v);
however it has a smaller hight and their sum defines a better approximation of the
kernel k.

X120 p=1 x10° p=2 x10" =3 Y107 2-stage

o 50 100 o 50 100 o 50 100 o 10 20 30 40 50 60 70 80 9 100

x10¢ P4 x10* PS5 x10*  P=6 x10° 3-stage

0 50 100 0 50 100 0 50 100 0 10 20 20 40 50 60 70 80 % 100

Fig. 9 2D heat: wn(1;20), n = 0: 100, and k(20;t) (BDF left-side, RK right-side).



21

x10° P71 x10°  P=2 x10° P83 x10° 2-stage
1 1 1
08 08 08
06 06 06
04 04 04
02 02 02
0 50 00 0 50 00 0 50 100
x10°  p=4 x10° PS5 x10°
1 1 1
08 08 N
08
06 06
06
04 04
04
02 02 02
0 50 00 0 50 00 0 50 100

10

3D heat: wn(1;20), n = 0: 100, and k(20;¢) (BDF left-side, RK

right-side).

p=1 p=2 2-stage
0.06 006 o T T T T T T T T
005 005 005 ]
004 004 0,04 4
003 B
0.03 003
002 e
002 002 ootk i
0.01 001 E ] SS—— =
- 001 . . . . . . . . .
0 20 40 60 8 100 0 20 40 60 80 100 o 10 20 30 40 50 60 70 80 %0 100
p=3 p=4 3-stage
006 T T T T T T T T T
005 4
500 004 4
003 e
002 B
500 001 e
0 4
001 . 1 1 1 1 1 . . .
20 40 60 80 100 0 20 40 60 80 100 o 10 20 30 40 50 60 70 80 % 100

Fig. 11 2D wave: wy(1;20), n = 0: 100, and k(20;t) (BDF left-side, RK right-side).

- = - =
X0 p=1 x10 p=2 Y107 2-stage
6
3 151 1
4
2 10t 1
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1 L 1
o 5
or -2 of 8 8
-1 -4 . . I I I . I I I
0 20 40 60 80 100 0 2 40 60 8 100 0 0 2 20 20 50 50 70 80 % 100
x10° =3 p=4 ©10° 3-stage
3 25 T T T T T T T T
2F 1
150 B
s 1
05k B
i . L I I . . . I .
0 20 40 60 80 100 0 20 40 60 8 100 (] 10 20 30 40 50 60 70 80 %0 100

Fig. 12 3D wave: wp(1;20), n = 0: 100 (BDF left-side,

RK right-side).
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By looking at expressions (1) and (2) it seems natural to conjecture that, apart for
a normalization constant, we should have

wn(h) = k(r;nh)

in some sense, where r, h are fixed and nh > 0 is varying. Indeed a property of this
type, for the heat equation kernel and the BDF methods, has been proved by Lubich
in [8]. In fact, in this specific case we can rewrite Theorem 4.1 in [8] in the following
form:

Theorem 5 Under the assumptions of Theorem 1 and for any given (fized) r > 0 and
T > 0, in the case of the heat kernel, for n > 1 we have

W™ wn(h) = k(r;nh)| < Cp hP

where the constant C . does not depend on h € (0, h] and onn, h <nh < T, and p
is the order of the chosen BDF method.

Notice that recalling the expressions of the heat kernels and the first two identities
in Remark 2, to the left hand side of the above inequality we can give the new form

W2 wn (15 d) — k(d; )|

where ¢ = 2,3 in the 2D,3D cases, respectively. This, and a corresponding remark
for the Radau ITA methods, are the main reason for having compared in the previous
graphs, and in the conjectures that will follow, the quantity between the absolute
values.

Conjectures. In the case of the heat equation, for the BDF methods in each graph we
have also reported the (continuous) curve k(d;t), 0 <t < 100. Except for the method
of order 6, the values of the wy’s lie on the curve k(d; t). For the Radau ITA rules, k(d; n)
is compared with >)" | wn,(1;d). Although for these latter there are no convergence
results like that stated in the previous theorem, the two graphs are surprisingly in a
very good agreement. Thus, in the Radau case, it is the sum Y .' ; wn,,(1;d) that has
to be considered as an approximation of the kernel value k(d;n), not the single stage
coefficients wp,v, which do not give equally good approximation of the corresponding
values k(d;n+1—cy).

In the case of the wave equation, the coefficients wn (1; d) generated by the A-stable
BDF methods all define a good (smooth) approximation of the Dirac delta function
centered at ¢ = d. Moreover, since for fixed d the coefficients wn (1; d) appear negligible
whenever n is not in a neighborhood of d, of the form (d—en,d+dn), 0 < €n,dn < d, in
general many of them can be ignored when computing the corresponding convolution
quadrature, thus reducing significantly its computational cost.

In Tables 1, 2 we report the values of the convolution quadrature stability factors

for the BDF methods, and
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Table 1 Fspo(d), d = 5,20,100, for the heat equation case.

2D heat 3D heat

d=5 d=20 d =100 d=5 d=20 d =100
P BDF
1 233-001 4.47-002 3.36—-008 1.28—002 1.26—-03 6.74—10
2 233—-001 4.47-002 2.31-—-008 1.28—-002 1.26-—03 4.77—10
3 233-001 4.47-002 228-—-008 1.28—002 1.26—03 4.71-10
4 233-001 4.47-002 2.28—-008 228—-002 1.26—03 4.71-—10
5 2.33-—-001 4.47-002 2.28 — 008 1.28 — 002 1.26 —03 4.71 — 10
6 2.33—-001 4.47-002 2.28—-008 1.48—-002 1.26—03 4.71-—10
P RK
3 232-001 4.45-002 221 -008 1.28—002 1.26—03 4.56—10

5 232-001 4.45-002 2.21-008 1.28—-002 1.26-03 4.56—10

Table 2 Faoo(d), d = 5,20, 100, for the wave equation case.

2D wave 3D wave

d=5 d=20 d =100 d=5 d =20 d =100
P BDF
1 6.98—001 4.77—-001 2.10—001 1.59—-002 3.98—-03 7.96—04
2 6.98—-001 4.77-001 2.10—001 2.04—002 5.68—03 1.31—03
3 7.03—-001 6.82—-001 7.66+001 4.45-—002 4.16—-02 3.23+ 00
4 2774000 2654004 4564011 7.33—-001 3.57+03 4.024 09
p RK
3 7.03—-001 4.80—-001 212—-001 2.00-—002 4.96—-03 9.87—04
5 7.04—-001 4.81-001 2.12-001 2.32—-002 5.64—03 1.12—-03

for the m-stage Radau ITA methods (m = 2,3), where we have chosen N = 200 and
d = 5,20, 100.

In the case of the wave equation, the convolution quadratures obtained by using
BDF methods of order p > 3 are all unstable (mildly for p = 3, and strongly for
p > 4). In Table 2 we have not reported the values of Fago(d) corresponding to the
cases p = 5,6 because they increase very rapidly. Vice versa, as expected, Table 1
shows that in the heat case we have stability for all formulas.

Convergence properties of convolution quadratures, associated with Runge-Kutta
type methods such as the Radau ITA ones, have been obtained in [11], when these
methods are applied to convolution integrals whose kernels have sectorial Laplace trans-
forms. To our knowledge, similar results have not been derived in the non sectorial case,
in particular for a convolution integral associated with the wave equation. Nevertheless,
since these methods are A-stable, we have applied them to time integrals arising from
the 2D and 3D wave equation, of the form:

t
y(t) = /0 k(r;t — m)p(r)dr, 0<t<l,
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with 7 > 0 fixed. In Tables 3,4 we have reported the absolute error estimates |yy (h) —
y(1)|, h =1/N, (first part of each column), coupled with the corresponding estimated
order of convergence (second part of each column). Due to space reasons, in Tables 5,6
we have reported only the error estimates, since the estimated convergence orders
confirm the theoretical ones. The error estimates have been computed by comparing
yn (h) with the exact value y(1) in the case of the 3D wave equation, and with the
more accurate approximation yas6(h) in all the other cases.

Table 3 2D wave, o(7) = exp(7)7°, r = 0.5.

N BDFp=1 BDF p = 2 RK p =3 RK p=5

4 7.07-02 2.67—-02 2.30—03 6.49—06
1.39 1.80 3.01 6.04

8 2.70-02 7.69—-03 2.86—04 9.87—08
1.29 1.78 3.05 5.56

16 1.10—02 2.25—-03 3.44—-05 2.09—-09
1.19 1.83 3.03 5.33

32 4.85-03 6.30—04 4.21-06 5.21-11
1.11 1.90 3.02 5.18

64  2.25—-03 1.69—-04 5.20—07 1.43-12
1.06 1.95 3.01 5.14

128  1.08—03 4.38—05 6.46—08 4.07—14

Table 4 3D wave, (1) = exp(7)7°, 7 = 0.5.
N BDFp=1 BDF p = 2 RK p =3 RK p=5

4 7.42-02 3.22—-02 1.79—-03 2.54—05
1.16 1.64 2.77 5.42

8 3.32-02 1.03—-02 2.62—-04 5.92—-07
1.14 1.72 2.98 5.12

16  1.50—-02 3.13—03 3.31-05 1.70—-08
1.10 1.83 3.00 5.06

32 7.03-03 8.80—04 4.13—-06 5.10—10
1.06 1.91 3.00 5.03

64  3.38—-03 2.34—-04 5.15—-07 1.56—11
1.03 1.95 3.00 5.02

128  1.65—03 6.06—05 6.42—08 4.82—13
1.01 1.98 3.00 4.38

256  8.18—04 1.54—-05 8.01-09 2.32—-14
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Table 5 2D wave, BDFp, o(1) = exp(7)7?, r = 0.5.

N p=1 p=2 p=3 p=4 p=>5 p==6

4 5.63-02 191-02 9.77-03 6.06—-03 4.19-03 3.11-03

8§ 1.41-02 3.31-03 141-03 7.76—-04 4.86—04 3.29-04
16 3.72-03 6.76—-04 2.43-03 1.09-04 5.23-05 2.45-05
32 1.15-03 1.66-04 4.27-05 1.19-05 3.17-06 8.87—-07
64 4.25-04 4.38—-05 6.64—06 9.92—07 1.67—02 3.68+13
128 1.78-04 1.16-05 9.32—-07 7.29-02 6.28423  5.20+79

Table 6 3D wave, BDFp, p(1) = exp(7)7?, r = 0.5.

N p=1 p=2 p=3 p=4 p=>5 p==6

4  6.50-02 2.62—-02 1.46-02 9.54-03 6.83—-03 5.19-03

8 2.05-02 5.61-03 255-03 1.44-03 9.13-04 6.19-04
16 6.34—-03 1.30—-03 4.78—-04 2.11-04 9.66—05 4.15-05
32 2.20-03 3.38—-04 8.49-05 2.23-05 5.45—-05 1.04—-06
64 8.67-04 9.10-05 1.31-05 1.81-06 3.89—-07 8.07—06
128 3.78-04 2.41-05 1.82—-06 1.60—-07 2.17—-03 1.61+01
256 1.76—04 6.22—-06 2.40-07 1.22402 2.734+08 2.74+16

We have performed an intensive testing also for other values of » > 0 and for
smoother functions (7). All the results we have obtained are very similar to those
reported in the above tables. Thus they seem to confirm the expected behavior of all
the methods we have considered.

Incidentally we notice that when we have computed the integrals associated with
2D and 3D wave equations, with r > 0 fixed, using the BDF methods of order p = 3 : 6,
for the values of N considered, in Tables 5, 6 all the approximations reported show the
optimal rate of convergence p, until N does not exceed an integer Ng = No(p,r/h),
which seems to decrease as p,r/h increase. We remark however, that if one is satisfied
with a certain (low or moderate) accuracy, than this could be achieved by a high order
BDF method taking a step size larger than that required by the A-stable BDF method
of order 2. For example, in Table 6 with the BDF method of order 6 we obtain a relative
accuracy 1.04F — 6 taking N = 32, while the BDF method of order 2 with N = 256
only gives the accuracy 6.22F — 6. This is also the case of the application mentioned
in Remark 3.

We have also used the Lubich rules given by the BDF methods of order p=3:6
to solve the wave equation. In this case errors blow up very soon, and furthermore
the starting point of the instability strongly depends on the ratio between the time
stepsize and the space discretization element size. But in this case, it would be more
appropriate to couple the BDFk, k > 2, method with a space approximant of local
degree k — 1. However we have not examined this latter situation.

4 An application to a non smooth problem

We have applied the Lubich/collocation and Lubich/Galerkin BEM to space-time BIE
formulations of type (3) for the heat and wave equations, associated with homogeneous
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initial values and sufficiently smooth compatible boundary data, satisfying the condi-
tions required by the Lubich convergence results. The convolution rules we have used
were those satisfying the properties required by the Lubich theory. All the numerical
results we have obtained confirmed the expected rate of convergence.

However, in this final section we apply the BDF1 and BDF2 Lubich rules to a
simple (non smooth) exterior problem for the 2D wave equation. This is:

ugt (x,t) — Au(x,t) =0, x €R*\ T, te(0,2]
u(x,0) = ut(x,0) =0, xeRz\F
u(x,t) = g(x,t), (x,t) € Xp:=1T x(0,2]

I' = {(z,0),z € [0,1]}, first with the smooth compatible Dirichlet boundary datum

4

g(x,t) =t (35)

(see Tables 7, 8), and then with

sin? (472),if 0 < 2 < 1/8

1, if 2 >1/8 (36)

o(x,1) = H[t — kal f(t — ka), f(z) = {

where k = cos(¥), with ¥ € (0,7) given (see Figures 13, 14 and Table 9 below, where
9 =m/2,m/4).

In the first case, the BDFk, k = 1,2 methods have been coupled with the Galerkin
(see [9]) and collocation BEM, for simplicity both based on piecewise linear (space)
approximants associated with a uniform partition.

In the case of the boundary condition (36), which has been taken from [2], the
assumptions required by Theorem 2.2 are not all satisfied, and moreover for the solution
»(x,t) we expect square root endpoint singularities for any ¢t > 0 when ¢ = 7/2, and for
t> \/5/2 in the case ¥ = 7/4. Nevertheless we have solved both problems by coupling
Lubich BDF1 quadrature first with a Galerkin method and then with a midpoint
collocation one, taking piecewise constant (space) approximant associated, in spite of
the endpoint singularities, with a partition of the domain I" into M subintervals of
length 1/M.

The w coefficients of the BDF'1 method have been computed using the new repre-
sentation given in Corollary 1, while those of the BDF2 method have been determined
using (15). The space integrals have been computed by using a 16-point Gauss-Legendre
rule on each subinterval.

Since both BEM methods have essentially given the same accuracy, in Tables 7-
9 we have reported some of the results produced by the collocation method. In these
tables, next to each error column, we have inserted the estimated orders of convergence,
which have been obtained by taking as reference values those given by the parameters
M =128 and N = 256. The parameter M has been taken sufficiently large, but fixed,
because we wanted to test the behavior of the sole BDFk rules.
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1 12 14

16 18 2

Fig. 13 2D wave eq., collocation method with BDF1, M = 40 and N = 320, and g given
by (36) with 9 = 7/2; density ¢(z,t) for ¢ = 1/2,1,2 by varying = (left-side) and for x =
1/4,1/2,3/4 by varying ¢ (right-side).

Table 7 2D wave eq. and g given by (35); relative errors at x = 1/4 for t = 1/2,1,3/2,2 and
M = 128, by varying N and p =1, 2.

p=1
(1/4,3/2)

N | (1/4,1/2) /41 (1/4,2)
8 | 5.05—01 2.74 — 01 1.76 — 01 1.25 —01
0.74 0.88 0.92 0.94
16 | 3.02—01 1.49 — 01 9.29 — 02 6.50 — 02
0.88 0.94 0.96 0.97
32 | 1.65—01 7.78 — 02 4.76 — 02 3.31 —02
0.95 0.98 0.99 0.99
64 | 8.54 — 02 3.95 - 02 2.41 —02 1.67 — 02
p=2
N | (1/4,1/2) (1/4,1) (1/4,3/2) (1/4,2)
8 | 2.97—-01 8.54 — 02 3.66 — 02 1.98 — 02
1.65 1.88 1.93 1.93
16 | 9.50 — 02 2.32 — 02 9.59 — 03 5.18 — 03
1.91 2.02 2.03 1.99
32 | 2.52—-02 5.74 — 03 2.34 — 03 1.31 —-03
2.17 2.34 2.33 2.07
64 | 5.63 —03 1.13—-03 4.66 — 04 3.12—-04
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Table 8 2D wave eq. and g given by (35); relative errors at « = 1/2 for t =1/2,1,3/2,2 and
M = 128, by varying N and p =1, 2.

p=1
N [ (1/%1/2) /2D (1/2.3/2) /2.2
8 | 5.21-01 2.89 — 01 1.86 — 01 1.31 - 01
0.73 0.87 0.92 0.94
16 | 3.13-01 1.58 — 01 9.82 — 02 6.83 — 02
0.88 0.94 0.96 0.97
32 | 1.71 =01 8.26 — 02 5.04 — 02 3.48 — 02
0.95 0.98 0.99 0.99
64 | 8.85—02 4.20 — 02 2.54 — 02 1.75 — 02
p=2
N[ (1/%1/2) /%D (1/2,3/3) /%2
8 | 3.08—-01 9.01 — 02 3.75 — 02 2.00 — 02
1.63 1.90 1.96 1.96
16 | 9.96 — 02 2.41 —-02 9.67 — 03 5.14 — 03
1.89 2.04 2.08 2.09
32 | 2.69 —02 5.84 — 03 2.28 — 03 1.21 —-03
2.14 2.41 2.61 2.59
64 | 6.09 —03 1.13 - 03 3.75 — 04 2.02 - 04

10F

-5

— x=1/4

0 0.1

03 0.4

05

0.7

Fig. 14 2D wave eq., collocation method with BDF1, M = 40 and N = 320, and g given
by (36) with 9 = 7 /4; density ¢(z,t) for t = 1/2,1,2 by varying = (left-side) and for x =
1/4,1/2,3/4 by varying ¢ (right-side).
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Table 9 2D wave eq., collocation method with BDF1, M = 128 and by varying N, and g
given by (36) with ¥ = 7/2,7/4; relative errors at « = 1/2,1/4 for t = 1,3/2,2.

Y =m/2
N | (1/2,1) (1/2,3/2) 1/2,2)
8 | 2.14-01 4.56 — 02 2.86 — 03
0.98 1.63 0.85
16 | 1.08 — 01 1.47 — 02 1.59 - 03
1.07 1.45 0.45
32 | 5.16 — 02 5.40 — 03 1.16 — 03
1.40 1.24 1.70
64 | 1.96 — 02 2.29 - 03 3.60 — 04
¥ =m/4
N [ (/50 (/4,372 (1/5,2)
8 | 7.80—02 7.82—-03 1.32 - 03
1.81 0.77
16 | 2.23 —02 1.17 — 02 7.76 — 03
1.48 0.40 1.14
32 | 7.98 - 03 8.82 — 03 3.52 - 03
1.25 0.59 1.67
64 | 3.34 — 03 5.88 — 03 1.11 - 03

The results we have obtained in the case of the boundary condition (36), in partic-
ular Figure 13, are very similar to those reported in [2], which have been obtained by
applying to (3) a full (space-time) Galerkin method, based on an energetic formulation
and taking piecewise constant approximations. Thus the Lubich’s approach seems to
be effective, at least from an engineering point of view, also in cases where the required
smoothness conditions are violated.
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