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NUMERICAL SOLUTION OF PARABOLIC
INTEGRO-DIFFERENTIAL EQUATIONS BY THE
DISCONTINUOUS GALERKIN METHOD

STIG LARSSON, VIDAR THOMEE, AND LARS B. WAHLBIN

ABSTRACT. The numerical solution of a parabolic equation with memory is
considered. The equation is first discretized in time by means of the discontin-
uous Galerkin method with piecewise constant or piecewise linear approximat-
ing functions. The analysis presented allows variable time steps which, as will
be shown, can then efficiently be selected to match singularities in the solution
induced by singularities in the kernel of the memory term or by nonsmooth
initial data. The combination with finite element discretization in space is also
studied.

1. INTRODUCTION

Let H be a separable Hilbert space and assume that A is a linear, selfadjoint,
positive definite, not necessarily bounded operator, with compact inverse, defined
in D(A) C H, and that, for 0 < s <t < T, B(t,s) is a linear operator in H with
D(B(t,s)) D D(A). Consider the initial value problem

t
(1.1) up + Au—|—/ B(t,s)u(s)ds = f, forte (0,T7], with u(0) = uo,
0

where f = f(t), u = u(t), us = du/dt. Setting ||v||, = ||A?/?v|| = (APv,v)"/?, where
[l -] is the norm and (-,-) the the inner product in H, we assume throughout the
paper that the operator A dominates B(t, s) in the sense that, for some « € (0, 1],

(12) (Bt s)o,w)| < Ct =) ollp lwlly, p=0,1,2, p+q=2.

For 0 < o < 1, (1.2) reflects a weakly singular behavior of B(t,s). When oo = 1 we
shall sometimes assume that an appropriate number of derivatives of B(t, s) exist
and are also dominated by A; in this case we refer to B(t, s) as a “smooth kernel”.

In the applications that we have in mind, either A is an elliptic second order
differential operator in a bounded domain @ C R? with homogeneous Dirichlet
boundary conditions, and B(t, s) is a second order differential operator, or else A
and B(t,s) are discrete analogs of such operators, arising from a finite element
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discretization in the spatial variables. Our abstract framework makes it possible to
treat these cases simultaneously. In the differential operators case, (1.2) amounts
to elliptic regularity, plus a bound for the coefficients of B(t,s). The problem
considered may, e.g., be thought of as a model problem occurring in the theory of
heat conduction in materials with memory, cf. [3]. Equations with weakly singular
kernels occur in [7], [9], [10]. For other references, see, e.g., [16].

We shall consider the approximate solution of (1.1) by means of the discon-
tinuous Galerkin method (cf. [4], [5]), which we shall define below in the present
context. When A and B(t,s) are differential operators, we shall consider also the
discretization in space by finite elements, which will then define a fully discrete
method for (1.1) in this case.

For earlier work on discretization in time or space, or both, of equations such
as (1.1), see, e.g., [1], [2], [8], [11], [12], [13], [14], [15], [16], [17]. As we shall
see in Section 5, a weakly singular kernel in the memory term typically leads to a
singularity in the solution (with respect to time), as do nonsmooth initial data. It is
hence of interest that the discontinuous Galerkin method, as compared to standard
finite difference methods in time, facilitates the analysis of variable time steps and,
also, accepts lower regularity of solutions. These advantages of the discontinuous
Galerkin method are well known in the context of standard parabolic problems, cf.
[4], [5]. However, we point out that our analysis in this paper does not take into
account numerical approximation of certain integrals occurring.

To define our time stepping method, let 0 =ty < t; < --- <t, <--- < T be a
partition of the interval [0, 7], and define I, = (t,—1,tn), kn = tn — tn—1. Further
let Vy = V4, for ty € (0,T], denote the set of scalar functions on [0, ¢x], which,
forn=1,..., N, reduce to polynomials of degree less than ¢q on I,, with ¢ =1 or 2.
We shall work with functions in Wy = Vy ® D(A'/?); in the differential operator
applications these are functions of (z,t) € € x [0,ty], which are either piecewise
constant or piecewise linear in time, not necessarily continuous at the nodes of the
partition.

Letting A(v,w) and B(t, s;v,w) denote the natural bilinear forms on D(A'/?)
generated by (Av,w) and (B(¢, s)v,w), respectively, we set, for piecewise smooth
functions V, W, with [V], = V;} — V.=, Vit =lim;_;, + V (t) denoting jump terms,

N
Gxv.w) = 3 [ (0. W) + AV W)
(1.3) .

t N-1
+/ B(t, s; V(s), W(t)) ds) dt + Z ([V]n, W,I) + (V5H, WD),
0 n=1

For B(t,s) = 0 we recognize the bilinear form used in the analysis of the discontin-
uous Galerkin method for a parabolic differential equation.

Multiplication in H of (1.1) by X and integration over (0,¢y) show that the
exact solution satisfies

tN
Gl X) = (uo, X3 +/ (F(), X (1)) dt, VX € W
0
The numerical approximation U € Wy is now defined by

(1.4) GN(U,X):(uO,XJ)+/ON(f(t),X(t))dt, VX € Wy.
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We note that this is a time stepping scheme, which determines U successively on
I, forn=1,..., N, when it is known on [0,¢,_1), from

/In ((Ut, X) + AU, X) + [1 B(-, 5:U(s), X) ds) dt+ (U, XT )

tn—1
:(Un__l,X,T_l)—i—/ (f,X)dt—/ / B(,,sU(s),X)dsdt, VX € Wy,
I, I, JO

where U; = ug. The uniqueness of U follows by Gronwall’s lemma provided that
k = max,, k, is small enough (which we shall assume in the sequel without specific
mention), cf. the stability estimate (3.2) in Theorem 3.1 below. The existence in
the case B(t,s) = 0 follows from the uniqueness since, using the eigenspaces of A,
(1.1) can then be reduced to finite dimensional problems. For B(t,s) # 0 and k
small, the problem may be thought of as a small perturbation of the problem with
B(t,s) = 0, which may be solved by the contraction mapping theorem.
We note that U — u satisfies the “orthogonality” condition

(1.5) GNU —-u,X)=0, VX € Wn.
Our first error estimate is now as follows. Here and below we set

lglr, =sup|lg(t)]| and |glp 1, = sup lg(®)lp-

We shall often also use the analogous notation |g|s, and |g|p, sy, where Jy = (0,tn),
and write D, for d/dt.

Theorem 1.1. Let U and u be the solutions of (1.4) and (1.1). Then there exists
a constant C' = C(T') such that, for ty € [0,T],

N
U = ulry < CEY|Dfulry +C > kS Dl g,

n=1

In particular, this error bound is of order O(k?) for a smooth solution w.

Although the error bound derived in Theorem 1.1 does point at the interplay
between the regularity of u and good choices of the time steps, it has a form which
makes an explicit choice difficult. For this reason we now present an estimate where
the [1-norm in time has been replaced by a maximum norm. Here and below, we
denote Ly = (1 + log(tn/kn))*/?, which is of moderate size compared to 1/ky,
and we shall always assume the mesh ratio condition &, /k,+1 < w, for n > 1.

Theorem 1.2. Let U and u be the solutions of (1.4) and (1.1). Then there exists
a constant C' = C(T) such that, for ty € [0,T],

R < a1 .
Uy —u(tn)|| < CLy | Dnax, (kZ|Dfulr,)

When ¢ = 2 it is clear that if we interpolate linearly in I,, between U, _; and U,
we will obtain an approximation for u(t) on all of I,, with the same error bound as
in Theorem 1.2; for a smooth solution this thus shows a global second order error
bound. We shall next give a result for the piecewise linear case, which shows that
then (under appropriate smoothness assumptions) the error in the nodal value Uy,
is of superconvergent third order in k.
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Theorem 1.3. Let ¢ = 2 and let U and u be the solutions of (1.4) and (1.1). If
either B(t, s) is smooth and such that also By(t, s) is dominated by A, or if B(t, s) is
of convolution type, i.e., B(t,s) = B(t — s), then there exists a constant C = C(T)
such that, for ty € [0,T],

e < 31 D? )
Uy —u(tn)|l < CLy | nax, (kn|Dful2.1,)

We remark that in the quantities such as k4| D{u|;, appearing in Theorems 1.1
1.3, the number ¢ may be replaced by any m with 0 < m < ¢; with the proper
interpretation m may also be fractional. Note also that, in all of our results, the
variable ty is allowed to vary in the interval [0,T]. Due to the use of Gronwall’s
lemma, the quantities C'(T") in our estimates grow rapidly as T" increases, cf. [13].

The proofs of our error estimates will be carried out by energy arguments; for
Theorems 1.2 and 1.3 they will depend on the following stability result for the dual
problem to (1.4) with f = 0.

Theorem 1.4. Let ty € [0,T] and let Z € Wy be given by

(1.6) GN(X,Z) = (Xy,9), YX €Wy,
where @ € H. Then there exists a constant C = C(T) such that
1Zloy < Cllell;

and, with [Z]n = ¢ — Zy,
N

> ([ Q2+ 121 at+ 1211 < CLxle.

n=1 i

Note that (1.6) is a discrete version of the backward evolution problem
tn
(L.7) —z+ Az +/ B*(s,t)z(s)ds =0, forte (0,tny), with z(tn) =,
¢

where B*(s,t) is the adjoint of B(s,t). The proof of Theorem 1.4 is carried out in
Theorem 3.1 for a related forward equation of the form (1.4) with up = ¢, f =0. It
is known that Theorem 1.4 holds in the case that B(t, s) = 0, i.e., when no memory
term is present (see [4], Lemma 6.1). In our case we therefore write the solution in
the form U = V 4+ W, where V is the solution for B(t,s) = 0. It then remains to
show the estimates of Theorem 1.4 for W, which satisfies

N N-—1
S [ (W) 4 AKX )t S (V1 X5 + (06 X)

tN t
- —/ / B(-,5;U(s), X)dsdt, VX € Wy.
0 0

The main part of the proof now consists in showing

(18) / Wit < CT) o]l

When B(t, s) is smooth, and also for singular kernels with o > %, this follows at once
from showing that ||| is square integrable in time, which is proved by a simple
energy argument. For oo < % more technical and somewhat lengthy considerations
show that ¢7||W (t)||2 is square integrable with v < %, which again implies (1.8).
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We next give some simple examples of how Theorems 1.1-1.3 apply, particularly
with reference to the regularity of the solution and the choice of the time steps. We
start with B(t, s) smooth. Then Theorem 1.1 shows a O(k?) error bound provided
||Dfu(t)||2 is bounded, whereas Theorem 1.2 gives O(Lyk?), assuming only that
|| Dfu(t)] is bounded. Conditions on ug and f for such properties to hold are given
in [17], Theorem 2.3. In particular, for the homogeneous equation (f = 0), when
q = 1, the requirements are ug € D(A?) and uy € D(A), respectively, and when
q = 2, additionally that (4% — B(0,0))ug € D(A) and ug € D(A?), respectively. In
these cases there are, a priori, no pressing reasons to use variable time steps.

Consider then the limited regularity case when ug € D(A) only, still with B(t, s)
smooth and f = 0. It may then be shown, using the techniques in [14], [15], that

(1.9) eIl + l[u@®llz + tllue (Ol + thue@)ll2 + *[luee(t)l|2 < Co, ¢ € (0,T),

so that the bounds for the higher derivatives are singular at ¢ = 0. Then, in the
piecewise constant case, Theorem 1.1 together with (1.9) shows

N
(1.10) U -l < C’Co(kN + +Zkg/tn_1) < CCoL%k
n=2

(we always assume that k, is chosen so that k, < t,_1, for n > 2), while Theo-
rem 1.2 similarly gives the slightly smaller bound

(111) ||UJ\_[ - ’U,(tN)H S CCOLN 12%XN kn = CCOLN]C
For piecewise linear functions Theorem 1.2 gives
(1.12) |Ux = u(ty)]| < CCoLy (k1 + 2213%)(1\](1@,21/%_1)),
while Theorem 1.3 shows the higher order estimate

- 3 /42
(1.13) [y =t < COLn (ks + max (K /£_,)).

Let us now turn to the case of a weakly singular kernel, which, as already noted,
accounts for much of our technical analysis in this paper. We start with the special
case of a kernel of the form B(t, s) = (t — s)*~! B and, assume first that ug € D(A)
only (and that f = 0). As we shall see below in Section 5, the estimates of (1.9)
still hold, except the one for ||usl||2, and hence (1.10), (1.11), and (1.12) remain
valid. As for Theorem 1.3, if B = A and if ug € D(A?%%), then |Juu(t)|2 < Ct*71,
and an analysis similar to the above is easily furnished.

We shall see below that, in fact, the second derivatives deteriorate near t = 0,
no matter how smooth the initial data ug are. If ug € D(AY%), then ||uy(t)]| <
Ct*~! (and u; € C*(Jy, L)) so that, for piecewise linear functions, we have by
Theorem 1.2 (with a fractional power of ky on Iy),

(1.14) JUR = ultn)|| < CCoLw (K + max (k2/th=9)).

Estimates like (1.13) and (1.14) give guidelines on how to choose suitable mesh
refinements. For instance, with 7' = t); = 1, choosing the time levels by ¢, =

(n/M)',n=0,1,..., M, we find k, ~ vM_ltgj__ll)M. Then taking v = 3 we find
from (1.13) that |Uy — u(tn)|| < CCoLyM =3 for N < M, while v = 2/(1+«), in
(1.14) gives [|[Uy — u(tn)|| < CCoLyM 2.
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We next consider the case when A and B(t,s) are differential operators of the
form described above, and take H = Ly(€2). We shall then study a fully discrete
method combining time stepping by the discrete Galerkin method introduced above
with the use of finite elements for the approximation in the spatial variables. We
assume that we are given a family of finite dimensional spaces S, C Hg(2) such
that there is a positive integer r, the order of accuracy of {Sy}, such that, with
H? = HP(Q) the standard La-based Sobolev spaces,

(1.15) 1€n§ ([lv=xIl + 2V =x)|) < CR”||v||gr, 1<p<r, veH’NH,.
XE€Oh

The approximation U of the solution of (1.1) is now sought in Wy, = VN ® S,
from

tN
(1.16) G (U, X) = (uoh,XJ)+/ (£, X)dt, VX € Wyn,
0

with Gy (-, ) defined as above, and where ugp € S}, is a given approximation to wuy.
The error equation is in this case, cf. (1.5),

(1.17) GN(U — U,X) = (U()h - U(),Xa'_), VX € Wn .

In particular, the right-hand side vanishes if ugp, = Prug, where P, denotes the
Lo-projection onto Sp,.

As examples of results in this case we shall present analogs of Theorems 1.2 and
1.3 above. In both cases our proofs will involve domination for discrete analogs of
A and B(t,s). We therefore make the following assumption, which will serve to
transfer domination, i.e., (1.2) from the continuous to the discrete case: Either

(1.18) B(t,s) = b(t,s)A+ Ao(t, s),

where b(t, s) is a scalar function and Ay(¢,s) is a differential operator of at most
first order, or the finite element spaces have an inverse property

(1.19) Ixlls < Ch7HIxIl, VX € Sh.

Theorem 1.5. Let U and u be the solutions of (1.16) and (1.1), respectively,

and assume that (1.15) and (1.18) or (1.19) holds. Then there exists a constant
C = C(T) such that, for ty € [0,T],

1Ux = u(ta)ll < CL (lluon = woll + B sup [fu(®)]lmr + max (K4IDfuls,)):
0<t<tn 1<n<N

Theorem 1.6. Let ¢ = 2, let U and u be the solutions of (1.16) and (1.1), and
assume that (1.15) and (1.18) or (1.19) holds. If B(t,s) is smooth and such that
also By(t, s) and By (t, s) are dominated by A, then there exists a constant C = C(T)
such that, forty € [0,T],

Uy —u(ty)|| < CLy <||U0h —ugll +h? sup [u(t)| v
0<t<ltn

2 tn
3 l
+lgla§xN{kn(§l_0)|Dtu|z,zn+ / |u|2ds)}>.

The plan of the paper is as follows: In Section 2 we show the error estimates of
Theorems 1.1-1.3, assuming the stability result of Theorem 1.4, which is proved in
Section 3. The completely discrete case with finite elements in the spatial variables
is analyzed in Section 4 and some examples of the use of the error estimates are
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given. Finally, some examples of regularity results of the type used above are shown
in Section 5. Some technical lemmas are collected in Section 6.

We finally remark that on several occasions we claim existence of solutions of
our problems in specified functions spaces, as a result of the corresponding a priori
estimates. Such results can be justified using the Faedo-Galerkin method based on
eigenvector expansions associated with the operator A, cf., e.g., [2], Theorem 1, for
an example in the context of integro-differential equations.

2. PROOFS OF THE ERROR ESTIMATES

In this section we prove the error estimates of Theorems 1.1, 1.2, and 1.3. The
proofs of the latter two results are based on the stability estimates of Theorem 1.4.
In all of the proofs we use the linear interpolation operator II, which maps smooth
functions of ¢t onto Vp, and which is defined, for n =1,..., N, by

(M), = g(tn), ifg=1,2, and /1 (Ig)(t) dt = /1 g(t)dt, ifqg=2.

n

Then II approximates the identity operator to order ¢, i.e.,
(2.1) Mg — gz, < Ck;'|D{"glr,, for 0 <m <gq.

Note in particular the case m = 0, which means that II is stable with respect to
|- |7,. Writing

U—-—u=U-Tu)+ Mu—u)=60+mn,

we thus have access to bounds for n. For the other term 6 € Wy we note that the
“orthogonality” relation (1.5) yields

GN(G,X):—GN(’I],X), VX € Wy,
where, by integration by parts in definition (1.3),

NV, W) Z/ — (V. Wy) + A(V, W) + /B sV()W)ds)dt
(2.2) L

1
-2 + (V. Wy)-

=1

3

Using also the defining properties of I, we conclude that 0 € Wy satisfies the
equation

(2.3) Gn(6,X)= —/OtN (A(n,X) + /OtB(-,S;n(s),X) ds) dt, VX € Why.

Proof of Theorem 1.1. By (2.1),  is bounded as desired. To estimate 6 we choose
X =0 1in (2.3), and after a simple calculation we obtain

N-1 tn tn
%I|9&|\2+%IIGJIIQ+%Z|\[91n|\2+/0 Hen%dt=—/ Aln, 0) dt

(2.4) /“V/ det_/tN/B s;0(s),0) ds dt

:R1+R2+R3
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Here, Ry < JN [Inll2 dt 0]y, and, by assumption (1.2) and a change of order of
integration,

tN tN
RQ<0/ / 9 >||2ds||9<>||dt<0/ lll2 ¢ 16 1.

Further, using also Schwarz’ inequality and in the last step the technical estimate of
Lemma 6.3 (with 6 = 0), combined with the arithmetic-geometric mean inequality,
we have

tN
<o [ [ as o a
2 1/2 in 1/2
gc/ /t—o‘lﬂs ds) dt / 6|2 dt
(f () esrees)ds)ae) ([ lelizar)
tn t tN
gc/ (tN—t)a_l/ ||9(s)||§dsdt+%/ 16]12 dt.
0 0 0

Clearly, since ¢ = 1,2, we have (recall that [v];y = sup;e(o.,) [[V(E)])

< +
101w = max (1161 + 167-1]1) <2 max 6] + max [l + 11657,

and hence
N-1

2 —|2 2 +12
03, < € max, (6717 + 3 116)all> + 16 11)-

We therefore conclude from (2.4) and the above that

tN tN 2 tN t
0+ [ eitae < e [T lar) w0 [ en =0 ol dsae

Denoting the left side by ¢x and the first term on the right by ay, we have, since
t<t,fortel,,

N tn
quSanZ/ (tx — " at [ ol as

0

<aN+CZ/ — )27 Ldt ¢,,.

Using a variant of Gronwall’s lemma (Lemma 6.4 below) and (2.1), we find

tN
o <€ [ Inladt < €3 Rl Do, £ € KD,

n=1 n=1

Since U — u = 6 + n, this completes the proof. O

Proof of Theorem 1.2. We shall estimate Uy — u(ty) by duality. Let Z be the
solution of (1.6) with ||¢|| = 1. Since ny = 0 we have

Uy —ultn),¢) = Oy, ) = Gn (0, 2),
so that, in view of (2.3),

(2.5) (UJ\_,—u(tN),go):—/O /B sin(s). Z) ds) di.
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Using assumption (1.2) and Theorem 1.4, we obtain

tN
|(Uy —u(tn), o)l SCI??IJN/O 1Z]l2dt < CLN|nly,
which proves the theorem. O

Proof of Theorem 1.3. Again we use the error representation (2.5) and Theorem 1.4.
Switching the order of integration in the memory term in (2.5) yields

wy — )=~ [ (a2 + [ B, 2660 a5)

tN

_ _/OtN (an(t), 2(t)+ | A7'B(s,)2(5) ds) dt = _i/z A )

t

where

K(t) = Z(t) + " ATB*(s,4)Z(s) ds.

Since 7 is orthogonal to constants (recall that ¢ = 2), we have

t
[ gy =| [ (ano i+ [ Keds)dd] < alolea, [ 1Kl d
I, I, th-1 I,

Hence

N
05—t < (ko) 32 [ 1l

Since n = ITu — u may be estimated by (2.1), it remains to prove

N
(2.6) Z/ | K| dt < CLy.
n=1"1n
If B(t,s) is smooth, then, for t € I,,,
tn
Ko(t) = Zu(t) — AL B* (1, ) Z(1) +/ A-LBY (5, £)2(s) ds.
t
We note that (1.2) gives |A=1B*(t,t)|| < C and similarly, under our present as-
sumptions, [|[A71B;} (s,t)|| < C, and hence (2.6) easily follows from Theorem 1.4.
If the kernel is of convolution type with B(t,s) = B(t — s), then
tN tn—t
K(t)= Z(t) + A—l/ B*(s —t)Z(s)ds = Z(t) + A—l/ B*(s)Z(s +t) ds.
t 0

It follows by a direct calculation that K is differentiable for t # t,,, n =0,..., N.
In fact, for ¢t € I,,, we have

tn N-1
Ki(t) = Z,(t) + A—l(/ B (s = )Zu(s)ds + 3 B"(tr — D)2 — bltx — )7y ),
t l=n

where Z; denotes the piecewise constant function obtained by differentiation of Z,
and the sum is empty if n = N. Noting that (1.2) implies || A1 B*(¢)|| < Ct*1,
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we get

N tN tN tN
Z/ K| dtg/ 12| dt—i—C/ / (s — )°~ 1| Zu(s)| ds dt
n=1"1In 0 0 t

N—-1 N—-1 tNn
+cZ/ Z(n—t)a-ldtn[zmuc/ (ty — )Vt | Z5
n=1 I 0

n l=n

and after changing the order of integration and summation,

N . N-1 !
Z/, ||Kt||dtsc/0 ||Zt||dt+02||[z1z||2/1(n—t)a-ldtwuzgn
n=1 n =1 n=1 n

tN N-1
<o([T1znd+ X nznl+1250).
n=1

which proves (2.6) and thus completes the proof. |

3. STABILITY

The object of this section is to prove our main stability result, Theorem 1.4,
for the backward evolution problem (1.6). It is convenient to carry out the proof
for a related forward problem obtained by a change of variable t — tx —t. More
precisely, setting Z(t) = z(¢tny — t) in (1.7) yields

t
%+ Az +/ B(t,s)2(s)ds =0, t € (0,tx); Z2(0) = ¢,
0

where B(t,s) = B*(ty — s,tx —t). A similar consideration applies to (1.6), which
is thus equivalent to a forward problem of the form (1.4) with f = 0, up = ¢,
with a different kernel, namely B(t, s), and a reversed mesh. By noting that B(Z, s)
satisfies (1.2), and inverting the mesh ratio condition, we see that Theorem 1.4
follows from the following theorem, where Ly = (1 + log(tx /k1))"/2.

Theorem 3.1. Let tn € [0,T] and let U € Wy be defined by

(3.1) Gy(U,X)= (0, X)), VX €Wy,
where ¢ € H. Then there exists a constant C = C(T) such that
(3.2) Ulss < Cligl.
and, if kn1/kn < w for n > 1, a constant C = C(T,w) such that, with [U]y =
Ui — ¢,
N
(33) S ([ 0+ 1U1) i+ 01 < Ol
n=1 “In

We begin by proving (3.2).
Proof of (3.2). With X = U in (3.1) we have

N-1 tn
ORI+ 31T+ 5> 1010 +/O U113 dt
n=1

:(@,U;)_/ON/O B(t, ;U (s), U(#)) ds dt.

Hence, since (o, Ug") = 3 ([l¢ll® + 11U |12 = [[[U]o]|?), and in view of (1.2), we get

License or copyright restrictions may apply to redistribution; see https://www.ams.org/journal-terms-of-use



NUMERICAL SOLUTION OF INTEGRO-DIFFERENTIAL EQUATIONS 55

N—-1
Usll? UlLlI? +2 w Ul?d
ORI+ 30 WO +2 [ e
n=0
tN t
<lel+c [ 1wl / (t — )1 [U(s)] ds dt

tN tN t 2
<lell+ [ witdere [ ([ e-somoelhds) at
0 0 0

By application of Lemma 6.3 to the last term we obtain

N-1 tN
ORI+ D 1ULall* + U113 dt
0
n=0

tN t
< |l + CT® / (ty — 1)* / |U(s)|12 ds d,
0 0

and Gronwall’s lemma (Lemma 6.4) gives (as in the proof of Theorem 1.1)

N-1 tN
(3.4) IO+ > ULl +/0 U3 dt < C(T)||glf>.
n=0

Hence, we have estimated the nodal values Uy in the desired way, and the proof
will be complete once we have proved

(3.5) [ 1wlat<c@lel, fri<a<y.
I,

In order to show (3.5) we take X (t) = (t—t,—1)U(¢) for ¢ € I,,, X (t) = 0 otherwise,
n (3.1) to obtain

/ (=t )I|U(8) |2 dt = — / (t— ta ) AU (1), Us(1)) dt

(3.6) fn fn

_/ (t—tn_l)/ B(t, ;U (s), Us(t)) ds dt = Ry + Ro.
I, 0

Here, for Ry we have, by means of an integration by parts and (3.4),

d _
Ri=—4 [ =t G0 = kU R+ [ 01 < ool

For Ry we use (1.2), Schwarz’ inequality, an inverse inequality, and Young’s in-
equality (Lemma 6.1), to obtain the estimate

Re<C [ (1=t 1>||Ut<>||1/ (t — )2 U (s)] ds dt

<Ck2/ ||Ut||1dt+0/ / (t—s8)* U (s )||1d5) dt

tn
<c | |vza+ o / V|2 dt < O(T) / \U|12 dt < C(T) o]

I’Vl
Since U, is constant on I,,, we have

(3.7) (/, oA dt)2 :2/ (t — tn ) |U:(0)|? dt,

I,

and hence the above estimates prove (3.5). |
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The remaining result (3.3) will be proved by splitting U into two parts U =
V+W, where V € Wy is defined by the purely parabolic discrete problem obtained
by setting B =0, i.e., VX € Wy,

N N-—-1
39 3 [ ((VX)+ AVX)) it Y (VI X + 057 X5) = (00X,

For the “parabolic part” V of U we hanz the following result. In particular, (3.3)
holds with U replaced by V. Recall that Ly = (1+log(tx/k1))*? and knq1/kn, < w
for n > 1.

Lemma 3.1. With [V]o = V5" — ¢ we have, for the solution of (3.8),

tN N
||V1\7||2+2/0 IVITdt+ > 1VIn-all? = llell?,
n=1

N
([ (VIR + VIR e+ VD) < el
1 n

n=

and
N ~
S ([ W+ IVlz) e+ V]l < CExlel.

We refer to Lemma 6.1 of [4] for the proof of this lemma. We now turn to the
estimates for W which is the solution of

N N-1
S [ () + A X))+ 3 (W X5 + (W X7
(39) n=1"1In n=1
tN t
- _/ / B(t, s:U(s), X (1)) dsdt, ¥X € Wy.
0 0
Our aim is to show first that

tN -
(3.10) / Wl dt < C(T,w) LIl
0

In the case of a smooth kernel (o = 1 in (1.2)), and also in the case of a singular
kernel with o > %, this will follow at once from

tN ~
(3.11) / IWI2dt < C(T)E% |l

which we shall derive in a simple way in Lemmas 3.2 and 3.3. Since, as follows from
the discussion in Section 5 below, ||w|s = O(t*~!) where w is the continuous in
time analog of W, we do not expect (3.11) to hold for a < %, and we shall therefore
show instead essentially that tYAW(t) € Lo(Jy, H), with v < 1, which implies
(3.10). We begin with the case of a smooth kernel.

Lemma 3.2. Let W be the solution of (3.9). If B(t,s) is a smooth kernel, then

tN ~
/ IWlladt < C(T)Ewlgl-
0
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Proof. We shall show (3.11) which clearly implies the desired result. With X (¢) =
AW (t) in (3.9) we have, by a straightforward calculation,

N-1 tN
YWl + Wz +3 S |\[W1n||%+/0 W2 dt
n=1

_tN t
= —/ / B(-,s;U(s), AW) ds dt.
o Jo

Using the bound for B in (1.2) with = 1, and Schwarz’ inequality, the term on
the right may be bounded by

tN t tN tN t 2
¢ [Tl [ wehdsa <y [T wigace [ [ vla) .
0 0 0 0 0

Since U = V + W we hence have
tN tN 2 tN t

(3.12) / (W2 dt < CT(/ |\V||2dt) +CT/ / W2 ds dt.
0 0 0 0

In view of Lemma 3.1 the first term on the right is bounded by C(T)L%||¢||?, and
by an obvious estimate for the second term, we now have

N

tN B tn
| Wi < e el o Y (k[ 1w a).

n=1

The desired result now follows by the standard discrete Gronwall lemma. O

Lemma 3.3. The conclusion of Lemma 3.2 remains valid if B(t,s) is weakly sin-
gular with o > %

Proof. In this case we obtain instead of (3.12)

tN tn t 2
/ W2t < c/ (/ (t—5)* [V (5)llods)
0 0 0

4 c/OtN (/Ot(t W (s)] ds)Q dt.

Here, Young’s inequality (Lemma 6.1) and Lemma 3.1 show that the first term is
bounded by

N s iy 2 20—172 2
c/ 20 dt(/ VI dt) < T LB ol
0 0

For the second term we use Schwarz’ inequality to obtain the bound

N tn
CTQO“len/ W13 ds.
n=1 0

The proof is again concluded by the standard Gronwall lemma. O

The case of 0 < a < % is more involved and requires some preparations. In

addition to the technical lemmas of Section 6, we shall need the following simple
identity, where we use the piecewise constant function ¢ — ¢t defined by

(3.13) t=t,, fortec (tn_1,tn).
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Lemma 3.4. If 6 € R, X € Wy, and Y (t) = $°X(t), with { defined in (3.13),

then
N
Z/ (Xo(), Y () dt + Z + (X7, Y5)
n=1 In
N-—
= SR XRI2 + XTI + 4 Z tha I XInl? - § Z (ther = 85) 1511
Proof. This follows by a straightforward calculation using Y, = ¢5 X, O

Lemma 3.5. Let W be the solution of (3.9). If B(t,s) is weakly singular with
0 < a<l1, then we have

tN
/O 2w )2 dt < OT) ol

Proof. With X (¢) = t=2*W(t) in (3.9) we have, in view of Lemma 3.4, the bound
for B in (1.2), and Schwarz’ inequality,

St W 12+ St W12 + 5 Z tuts W]l

2

-1

(]

%
<0/ Fw [ - o)) dsa
< %/Ot £—2a||W(t)||§dt+c/0tN f_o‘/ot(t—s)“—1||U(s)||1ds)2dt.

After deleting nonnegative terms on the left side we hence have

tN . tN R t 2
[rmworase [T (e [a-amuehs)
0 0 0

Recalling that U = V + W and t < £, we have by Lemmas 6.2 (3 = %) and 3.1,

tN R t 2 N
[ [e—srtwvenas) a<c [T iviza < ol
0 0 0

Similarly, since § < £, Lemma 6.3 (with § = 0) shows

tn . ¢ - ,
/0 (t /0 (t = 8)*HIW(s)lls dS) dt
= /0 N (/0 (t =) (s~ W (s)lh) ds)th

tN t
< OTO‘/ (tN—t)o‘_l/ =201 ()12 ds dit.
0 0

134
(35 =)+ [ i o
1

N
t‘2°‘/BtsU W (t)) ds dt

3
Il

=Y
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Replacing t by # in the upper limit of the inner integral, we hence have

tN N tn
| wanta < ol e 0 (f oot [T st we)ias),
n=1 "

and the proof may be completed by Lemma 6.4. O

Lemma 3.6. The conclusion of Lemma 3.2 remains valid also if B(t,s) is weakly
singular with 0 < a < %

Proof. Recall the assumption ky,11/k, < w for n > 1. This time we shall show
tN
(3.14) | EIw O < o Bl

for %—a << %, from which the result obviously follows since 2y < 1. Throughout
this proof we use the abbreviation C' = C(T, w).
With X (¢) = t2YAW(¢) in (3.9) we now have by Lemma 3.4

tN
2 — 2
LWy |2 + L2 Wi | + 2Ztn+l 2+ / YW (0)]12 dt

N— N t
=3 Z (n+1 —ti”)IIWJII? —/0 52”/0 B(t,s;U(s), AW (t)) ds dt.

Using the bound for B in (1.2), and Schwarz’ inequality, the last term on the right
may be estimated by

tN t
¢ [T EIWO [ -9 U2 ds
0 0

tN N tN N t 2
< %/0 tz”IIW(t)IISdHO/O (t”/o (t—s)o‘_1||U(S)||2d5) dt.

Hence, we have

tN
| el Z(W—t?)nw,:n%
0 n=1
tN R t 2
+c/ (ﬂ/ (t— ) V()] ds) dr
0 0

tN . t 2
+C/ (ﬂ/ (t—s)o‘_1||W(s)||2ds> dt = Ry + Ro + R,
0 0

2

Here, by the inequality (1+2)?7—1 < x for x > 0, and the assumption k,,+1/k, < w,

27 27 = tfj((l + Epyr /tn)? — 1) < kgt T < whnt 12

n+1
so that, by the inverse estimate k,|W|[7; < C [, |[[W]}dt, and Lemma 3.5,

N-—1 tN
Ri<w Y kat, WW < 0T / 20w (@)||2 dt < Clle]>
n=1 0

We now turn to R, and note that

(3.15) B <O((t—s) + 827712 for0<s <t
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This inequality clearly holds for s,¢ € I; because s < § =  then. For t > t; the
inequality is obtained by combination of £ < (14w)t, for ¢ > ¢, with the elementary
inequality 7 < (t — s)7 + 57, for 0 < s < t. In view of (3.15), we thus have

tN 2
R2<C/ / —8) TV (s )||2ds> dt

t 2
+CT2a+2’Y—1/ (tl/Q—a—'y/ (t_S)a—ls’y—l/2(§1/2HV(8)”2) dS) dt.
0 0

Using first Young’s inequality (Lemma 6.1) on the first term and Lemma 6.2 (with
B =) on the second one, and then Lemma 3.1, we get

tNn 2 tN R
stcﬂ%h—l(( | wiea) + [ t||V(t>||§dt> < CE ol
0 0

For R3 we use the inequality {7 < C((t —s)?s~787 4+ §7), for 0 < s < t, which is
proved in the same way as (3.15). Hence, by Lemma 6.3 (with § = v and 6 = 0),

tN 2
Rg<c/ / )T (S W(s) o) ds)dt
tN 2
e / E— ) (&W ) 2) ds) i
t
gOTO‘/ (tn — 1)~ 1/ 2| W(s)|12 ds dt.
0 0

Replacing ¢ by £ in the upper limit of the inner integral, and recalling the estimates
of Ry and Ra, we now have, with C = C(T,w),

tn

tN
/ EW(e)|3dt < CLY ||s0||2+CZ/ (ty — 1)~ 1/ 82| W (s)||2 ds dt,
0

and the proof is completed by Lemma 6.4. O

Altogether, from Lemmas 3.1, 3.2, 3.3, and 3.6, we infer that

tN -
(3.16) / |Ullz dt < C(T,w)Enlgl.
0

To complete the proof of Theorem 3.1 it remains to show the following.

Lemma 3.7. Let U and ¢ satisfy (3.1). Then

N
S ([ Wil dt+ 101l < ) Lol
Proof. First, (3.6) and (1.2) imply

/ (bt ) [ U (1)) dt

< kn|Udl1 / ||U||2dt+0/ / U)o ds di).
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In view of (3.7), and k,|U|r, < C [, |[Us]| dt, we obtain

(3.17) /||Ut\dt<C / |\U|\2dt+// )M (s) | ds ).

and the estimate of U; follows from (3.16) by a change of order of integration.
Finally, taking X (t) = [U],—1 for ¢t € I, X (¢) = 0 otherwise, in (3.1), we get

||[U]n_1|\2:—/l( +(t) + AU (1), [U]pn—1) dt — //BtsU NUYn—1) ds dt

Wbl o+t aee [ [ -l dsa)

and the estimate of [U],,—1 follows from (3.16) and (3.17). O

4. THE COMPLETELY DISCRETE METHOD

In this section we consider the completely discrete method for solving (1.1) using
the discontinuous Galerkin method for the discretization in time, combined with
finite element approximation in space, and prove Theorems 1.5 and 1.6. Thus we
now assume H = Lo(Q), and that A and B(¢,s) are partial differential operators
of the form described in Section 1, and that S, C H}(f) satisfies (1.15). The
completely discrete solution is now defined by (1.16).

We begin by introducing discrete analogs Ay, By (t, s) : S, — Sp, of A, B(t, s) by

and recall the following analog of (1.2).

Lemma 4.1. Assume that (1.2) holds and that either (1.18) or (1.19) is satisfied.
Then, for An and By(t,s) defined in (4.1), forp=0,1,2, p+q=2,

[(Br(t, s)¢, X)| < C(t — )Y AL | A x|, Ve, x € S

Proof. This is a trivial modification of the proof in [17], pp. 142-143, where the
case of a smooth kernel B(t, s) was treated. O

In our analysis of the completely discrete method for (1.1) we introduce for the
approximation in the spatial variable the Ritz-Volterra projection defined as the
operator Vj, : C([0,T], H') — C([0,T], Sy), given by
(4.2) A((Vau — u)(t), / B(t,s; (Vau —u)(s),x)ds =0, Vx € Sh.

We note that for ¢t = 0 (and for all ¢t € [0,7] if B(t,s) = 0), Vju reduces to the
standard Ritz projection defined by

A(Rpu—u,x) =0, Vx€ Sh.
Lemma 4.2. With V,u defined by (4.2) we have, fort € [0,T],

I(Va)(®) = w(®)] < W (Ju)lmr + [ 0= u(s)lands). for1<p <

Proof. This is a minor modification of the proof given in [11], Proposition 2.2. O
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Proof of Theorem 1.5. As in the proof of Theorem 1.2 we shall use duality. Let
lell = 1, and let Z now be the solution of the spatially discrete analog of (1.6)
(with Wy replaced by W 1,). Further, let W = IIVju, where II is the interpolation
operator defined in Section 2. Then we have

(Uy —ultn),9) = (Uy = Wi, 0) + (Wy —ulty),¢) = R+S.
Here, using (1.6) and the error equation (1.17),
R=GNU -W,Z) = (uop — v, Zg ) + Gn(u — W, Z) = Ry + Ra,
and hence by (2.2), [Z]ny = ¢ — Zy, and the definition of the Ritz-Volterra projec-

tion,
N
R2+S=Z/ (- (-W.2)+ A(w-W,2)
n=1"1In
t N
+ | Bls = W)(), 2) ds) dt = 3 ((w=W);,[Z]n)
N n=1
:Z/ (—(u—W,Zt)+A(th—W,Z)
n=1"1n
t N
+ | B s V= W)(9), 2) ds) dt = 3 ((u=W);, [Z]n).

Application of Lemma 4.1 and Theorem 1.4 (with H = S, A replaced by Aj, and
| - ||2 replaced by ||Ap - ||) now shows

N
Re+ 51 <l Wi 3 ([ 10+ 112100
n=1 n
tn

OV — Wy, / 1AnZ]| dt
< CLN(|u - Wiy +O|th — W|JN).
Here, in view of the stability of II (see (2.1) with m = 0), we have
lu—Wlsy + | Vhu — Wy < C((II = Dulyy + |[Veu — ulgy).

Using also the obvious bound for R; together with (2.1) and Lemma 4.2, this
completes the proof of the theorem. O

For the proof of Theorem 1.6 we shall also need the following estimate for the
Ritz-Volterra projection, where || - ||2 = ||A - || as before.

Lemma 4.3. Let B(t,s) be smooth with B(t,s), B:(t,s), and Byu(t,s) dominated
by A, and assume that either (1.18) or (1.19) hold. Then

P t
IDEANVa) O] < C( S 1D(Oll + [ Nullads).  forp=0.1.2.
1=0 0
Proof. For p =0 we have by (4.2), for x € S,

(43)  (An(Vhw)(t),x) = (Au(t). x) + / Bt 5: (Viu — u)(s), x) ds.

License or copyright restrictions may apply to redistribution; see https://www.ams.org/journal-terms-of-use



NUMERICAL SOLUTION OF INTEGRO-DIFFERENTIAL EQUATIONS 63
Taking x = Ap(Viu)(t) and using Lemma 4.1 we get

t t
14V @) < [u(®ll2 + € [ I4nVial ds +C [ fulads.
0 0

Gronwall’s lemma then gives

4V Ol < (o)l + [ ulads)

which is the desired result when p = 0.
For p = 1 we have, by differentiating (4.3),

(DtAh(th) (t)v X) = (DtAu(t)v X) + B(tv t; (th - ’LL) (t)v X)

+ /0 By(t, s; (Viu — u)(s), x) ds,

and the result clearly follows using the domination assumption for B:(t, s) and its
consequences for By, (¢, s) by Lemma 4.1.
The case p = 2 obtains by further differentiation and similar arguments. |

Proof of Theorem 1.6. We consider again the representation for Ry +.5 in the proof
of Theorem 1.5. Now we have, since Z(t) = Z | + (t — tn—1)Z:, and Viu — W is
orthogonal to the constants, cf. the proof of Theorem 1.3,

tN N
]/ A(th—W,Z)dt‘:‘Z/ (A (View = W) (1) (¢ — 1 1) Z0) |
0 n=171In
SCLN max (kn|(H—I)Athu|]n).
1<n<N

We also have, again in the same way as in the proof of Theorem 1.3,

tN t
| /O /0 B(t.s: (Vi = W)(s), Z(8)) di| < CLy max (ka|(I1 = 1) A Vicul1, ).

The right-hand sides of the latter inequalities are now estimated using Lemma 4.3.
Also, using the properties of II,

N
32 - wmars (- wz20)

N
- Z (/1 (u=Vhu, Ze) dt+ (u = Vi), [Z]0) )|

< CLn|Vhu —uljy < CLNh" sup |u(t)| gr,
0<t<t

N

and the proof is concluded as in Theorem 1.5. O

Corresponding to the examples given in the introduction we shall now give a few
examples in the fully discrete context. We observe first that in the case of a smooth
kernel B(t,s) and a smooth solution of (1.1), and with an appropriate choice of
uon, Theorems 1.5 and 1.6 show, for piecewise linear functions (¢ = 2), nodal error
bounds of orders O(h” + k?) and O(h" + k3), respectively.

We consider now the case of the homogeneous equation (f = 0) and initial data
up “smooth” but not “higher order compatible” in the sense that ug = 0 on 9f2
but Aug # 0 on 9. Let thus v be an arbitrary number with v < 1. Then AY

1
does not require boundary conditions, and therefore ug € D(AY*!). It then also
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follows from elliptic regularity that AYB(t,s)A~7~! is a bounded operator. By
Corollary 5.1 below (trivially modified to the case of a smooth kernel), applied to
the general differential equation case, we then have

(4.4) la(t) | 2+ < C.

Further, in the smooth kernel case, one may show that then |lu (t)|| < Ct*~! (and
us € CV(Jn, Ls2)). Thus, from Theorem 1.5, in the smooth kernel case, for r > 2,
q = 2, with ugp, appropriately chosen (recall the remark following Theorem 1.3),

_ 1 1—
Uy =t < CLay (B2 4 k¥ 4 max, (62/6,77))-
Similarly, one may show that ||Aus(t)|| < Ct7~2, so that, from Theorem 1.6, for
r>2q=2,
[Ux = u(tn)ll < CLy (772 4 k™ 4 mas (k/677)).

In the case of a weakly singular kernel and ug € D(AY), v < i, the blow-up
of uy as t*~1 for small t may interfere with the above result. We still have (4.4)
and also, with u = v + w, cf. Section 5, [Jw(t)|| < Ct*, and |Jwy ()] < Cto~1.
It is easily seen that then w; € C*(Jy, Ls). Furthermore, vy € C7(Jy, La) and

llvee(B)|| < Ct7~1 so that u; € CP(Jy, La), where 8 = min(a,~) and |lug(t)| <
CtP~1. We therefore obtain from Theorem 1.5, in the case r > 2, ¢ = 2,

- < 2742 144 2 1—6)
[Ux = u(tn)l| < CLy (B2 4 k7 4 max (k2/6,73)).

5. SOME REGULARITY ESTIMATES IN THE WEAKLY SINGULAR CASE

The purpose of this section is to elucidate the regularity properties in the weakly
singular case by studying the example of a singular kernel of convolution type,
B(t,s) = (t — 8)*" 1 B, where B is time independent, in the case of a homogeneous
equation, i.e., f = 0. Information of the type we are presenting about the behavior
of the solution for ¢ near 0 was used in the introduction and Section 4 in discussing
the application of our error estimates.

For motivation, we consider first the problem

t
(5.1) ur + Au + / (t—s)*TAu(s)ds =0, t >0; u(0) = uo,
0

i.e., the case B = A. The analysis may then be carried out by eigenvector expansion,
and is reduced to the study of the scalar equation

(5.2) Y+ Ay + )\/t(t —5)*y(s)ds =0, t € (0,1); y(0)=1,
0

where A is an eigenvalue of A. It may be seen that y(¢) is bounded independently
of A and continuous as ¢ — 0+ and hence |y’ (t)] < C\. Differentiating, we find that

t
Y+ Ay Ay (0) + )\/ sy (t —s)ds = 0,
0
and it follows that
(5.3) y'(t) ~ X4 O(N?Y), ast—0+.

Interpreted in terms of (5.1), this means that if ug € D(A?), then ||uy| = O@t*~1)
as t — 0, and that more regularity of uy does not remove this singularity at ¢ = 0.
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For the purely parabolic problem, i.e., when B = 0, the solution is u(t) = E(t)uo,
where E(t) = exp (—tA) is the analytic semigroup generated by —A, and

(5.4) | DFE(#)ugl|2; < Ct=FFI7D|ug||ar,  if ug € D(AY), 0 <1< k+ j,

where | may also take on fractional values. (This estimate is also easy to prove
by eigenvector expansion.) In particular, in the differential operator application,
the solution has an arbitrary number of derivatives in both x and ¢ for x € Q and
t > 0. Note that the condition that ug € D(A!) incorporates various compatibility
conditions of ug on 0.

In the case of a weakly singular kernel of the form B(t,s) = (t — s)* !B, the
solution u(t) may be written as u(t) = v(t) + w(t), where v(t) = E(t)uo, and where
w(t) solves

(5.5) w + Aw = — /t(t —8)* 'Bu(s)ds, t >0; w(0)=0.
0

Our aim is now to prove estimates for low order derivatives of w in the case that
ug € D(A). Combined with (5.4) these yield estimates for u. More precisely, we
shall show the following result which means, in particular, that our present case is
no worse, with respect to singular behavior, than the case above when B = A.

Theorem 5.1. If ug € D(A), then we have

(5.6) IDfw(t)]|2; < Ct*T T luglla,  for j=0,1, 0<k+j<2.
We begin with two lemmas.

Lemma 5.1. Let g(t) be a function with values in H satisfying

(5.7) lg@®)Il < Cot*™ and ||lg'(t)|| < Cot*2.

Then, with E(t) the semigroup generated by —A, we have
t
IF(0)]ls = [AF()|| < CCoto=",  where F(t) :/ Bt — 5)g(s) ds.
0

Proof. We have, since AE(0) = —FE'(0),

t

t/2
AF(t) = /0 AE(t — s)g(s)ds + /t/z(DSE(t —5))g(s)ds = Ry + Ra.

Here, by (5.4) and (5.7)
t/2
IR < 000/ (t — s) 151 ds < CCyto?,
0

Integrating by parts,
t

Ry = g(t) — E(t/2)g(t/2) — s E(t = s)g'(s)ds,

and the desired result follows. (|

Lemma 5.2. Let g(t) be a function with values in H. Then

H/OtE(t—s) /Os(s—cr)o‘_lg(cr)dadsHQ < C/Ot(t—a)o‘_lﬂg(a)” do.
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Proof. By a switch of order of integration and a change of variables we have

/Ot Bt —s) /Os(s —0)* tg(o)dods = /Ot < Ot_g E(t—o—7)7o! dT) (o) do.

Application of Lemma 5.1 to the inner integral immediately proves the lemma. [

Proof of Theorem 5.1. We begin with the case k =0, j = 1. Letting u = v + w on
the right in (5.5) and using Duhamel’s principle,

_ /tE(t — ) /s(s —0)* 'Bu(o)do ds

(5.8)
/ E(t—s / s —0)* ' Bw(c)do ds = Ry + Rs.

Writing B = (BA™1)A, we have from Lemma 5.2 and (1.2) (the assumption that
A dominates B) that

IRl < C / ) (o) do

Further, by the boundedness of E(t) we have, again using Lemma 5.2,
Bl = | / AB(t - 5)/ (s — 0)* " (BA™) E(0) Aug dor s
0 0

t
< C’/ (t — o)=L B(o) Aug|| do < CH* o]
0
Thus
t
[w(®)[l2 < Ct*[Juol2 + C/ (t — o) Hw(o)]l2 do,
0

from which the result follows by Gronwall’s lemma, cf. Lemma 1 in [2] and (6.1)
below.
We shall next show (5.6) in the case k = j = 1. Differentiating (5.5) we have

¢
(5.9) Wy + Awy = —t "' Bug — / s Buy(t — s) ds.
0

Setting u = v + w and noting that Aw(0) = 0 by the already proven case of (5.6)
and hence w¢(0) = 0 by (5.5), we have, by Duhamel’s principle,

=— /t E(t — 5)s* ' Bug ds
0
(5.10) - /0 E(t—s) /Os(s —0)* ' BE(0)ug do ds

t s
—/ E(t—s)/ (s — 0)* ' Bwi(o)dods = Ry + Ry + Rs.
0 0

By Lemma 5.1 and (1.2), we find
1R1l2 < Ct*Huo]2.

Further, for Ry we have

| Roll2 = H /Ot AE(t — s)BA Y g(s) dsH,
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where, using that E'(0)ug = —E(0)Aug,

t t
g(t) = / (t — s)* LAE(s)Aug ds = / s VAE(t — s) Aug ds.
0 0

We shall apply Lemma 5.1. By that lemma, ||g(t)| < Ct®~1||ugl|2. For the estimate
required for ¢'(t) we write

t/2 t
gt) = (/ +//2)s°‘_1AE(t—s)Auods:gl(t)+gg(t).
Here
t/2
gy (t) = (t/2)* TAE(t/2) Aug — /0 s YA2E(t — s)Aug ds,

and clearly, using (5.4), |lg1(t)|| < Ct*~2||lugl||2. Further, by integration by parts
and a change of variables, we have

t
g2(t) = / s*I'DJE(t — s)Aug ds
t/2
t/2
=t Aug — (t/2)* T E(t/2) Aug — (a — 1)/ (t — 5)*"2E(s)Aug ds.
0
Differentiating this expression with respect to time, and proceeding as for gf, gives

the same bound for g} as for gf, namely, ||g5(t)|| < Ct*2||ug|l2. We may then
apply Lemma 5.1 to obtain

| Roll2 < Ct* H|ug|2.

Finally, from Lemma 5.2 and (1.2) we find

|mm<c/ ) ()2 dor

Thus (5.10) gives

t
lwe(®)]l2 < C+°~luoll2 + C/ (t = o) Hwe(0)]2 do,
0

and a variant of Gronwall’s lemma, cf. Lemma 1 in [2], yields the desired estimate.
We may now also easily treat the case j = 0, k = 2, i.e., estimate wy; by use of
(5.9), splitting the last term on the right there as

t t/2 t
/ s* 1 Bwy(t — s)ds + / s 'BE(t — s)Aug ds + / s*IBE(t — s)ug ds.
0 0 t/2
We then apply the result already derived for j = k = 1 to estimate the first term
and use integration by parts in the last.
The case k =1, j = 0 is treated in a similar fashion using (5.5). O

In our discussion at the end of Section 4 we also used the following;:
Corollary 5.1. Let v < 1. Ifug € D(A'™) and |A'™BA™'77|| < C, then
(5.11) lu®llos2, < Clluollaras-

Proof. This follows by applying A" to (5.8), noting that (5.11) holds with u(t)
replaced by v(t), and proceeding as before with the appropriate modifications. [

License or copyright restrictions may apply to redistribution; see https://www.ams.org/journal-terms-of-use



68 STIG LARSSON, VIDAR THOMEE, AND LARS B. WAHLBIN

Finally, we present a fact used in the discussion of Theorem 1.3 in the introduc-
tion.

Corollary 5.2. If B= A and ug € D(A**®), then
lue ()2 < Ct*~Hluolla+2a-

Proof. By the discussion in the beginning of this section it suffices to show that for
the solution of (5.2),
Ay ()] < CaZrege—t,

Writing y = v +w = e~ 4+ w we have by Theorem 5.1 (with H = R,B = A =
multiplication by ) that |w”(t)| < M*~1. The appropriate bound for v follows
from (5.4). O

6. SOME TECHNICAL LEMMAS

In this section we state and prove three inequalities and a variant of Gronwall’s
lemma, that we have used several times above.

We begin with the following variant of Young’s inequality, which follows at once
by the standard Young’s inequality for convolutions on R by extending the functions
by 0 outside the interval [0, T'].

Lemma 6.1. If f € L1([0,T]) and g € L2([0,T]), then

([ ([ se-swea) a)” < [Csara( [

We continue with a special case of an inequality of Hardy, Littlewood and Pdlya,
adapted from Theorem (6.20), p. 187, in [6].

T 1/2
2 dt) .

Lemma 6.2. Ifa,3 >0, k= (fol(l — )il dt)z, and f € Ly([0,T]), then
T t 2 T
/ (t1/2—°‘—5/ (t —s)* 1121 (s) ds) dt < n/ F2(t) dt.
0 0 0
Proof. With o = s/t we have

‘ 1
t1/2—0¢—5/ (t _ S)a—lsﬁ—l/Qf(S) ds = / (1 _ a_)a—la,ﬁ—l/Qf(tO') dU,
0 0

and, by Minkowski’s inequality for integrals (see [6], p. 186),

(/OT (/01(1 —0)* o2 f (o) d0)2 dt) i
< /01 (/OT (1— a)a_lgﬁ—1/2f(tg))2dt)l/2 do
' a1 g1z [T e 1/2
:/0 (1—o)tePY (/0 f (ta)dt) do.

Since fOT fPto)dt <ot fOT f2(t)dt for 0 < o < 1, this proves the desired inequal-
ity. O

The following is a generalization of Lemma 2 in [2].
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Lemma 6.3. Ifa >0,0<6 < %, = fol(l — )0 14=28 gt and f € L2(]0,T)),
then

/OT (/Ot(t — )20 f (s) dS)Zdt < T /OT(T — )t /Ot F2(s) ds dt.

Proof. By Schwarz’ inequality we have

(/ (¢ - o)1 (s ds)” < /

where, for 0 < s <t < T,

t

t
(t —s)to-1572 ds/ (t — )20~ £2(s) ds,
0

t
/ (t — 7)o =20 g = =% < T (t — 5)7°.
0

Hence

/OT(/Ot(t— 5)ate= 1‘5f()ds dt<uT°‘// ye1f2(s) ds dt.

The integral on the right side is equal to

/OT/Otsa_lf2(t—8)dsdt:/Tsa—l/sz(t_S)dtds
/ N 1/T S deS_/()T(T—t)a_l/otf2(7')d7'dt,

which yields the desired result. O

A well known version of Gronwall’s lemma states that if ¢ and a are nonnegative
functions with a increasing, then

a 1
(6.1) o(t) < alt +K/ ¢(s)ds, fort € [0,T],

implies ¢(t) < C(K,a,T)a(t), forte[0,T],

cf. Lemma 1 in [2]. The following is a discrete version of this, that we have used
repeatedly in our treatment of the case of a weakly singular kernel. We remind the
reader that k£ = max,, k,.

Lemma 6.4. Assume that 0 < a <1, K >0, ¢n,any >0, ay < any1 for N > 1,
and 6 = Kk*/a < 1. If, for ty € (0,71,

(6.2) on <an + KZw n®n, where WJ(\(/IL = / (ty — t)"‘_1 dt,
Iy

n=1

then
¢N < 0(67 K,Q,T)CLN, fOT In € (OvT]

Proof. We begin by showing that, for 0 < a <1, 8 > 0, we have

(6.3) Z wihwl® < CwPrY, j<N-1,

n,j —
n=j+1
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where C = fo t)P=1te=1 dt. This follows from the following calculation, where
we employ the mequahtles (tn, —s)* 1 < (t—s)*" ! and s <

ZwNn n]— Z// tN_tﬂ1 )a_ldtdS

n=j+1 n=j+1

- /1 (/:N(tN — )AL (= s)o ! dt) ds
< /I (/tN(tN—t)ﬁ‘l(t—s)o‘_ldt) ds

b S

= C/I. (ty —s)PTolds = ng\?ja).

Next we note that, in view of the given inequality (6.2),

N1
¢N<aN+KZw ¢n+KwaN¢N7 N> 1.

n=1

Since KwEVN =KkS/a <6, we get

(6.4) on < (1— (aN+KZw<“> ) N>1

Then we prove, by induction, that, for [ =1,2,...,
(6.5) on < C(6,K,1,0,T) (aN n Z wNngbn) ty € (0,T].

This is clearly true for [ = 1. For the induction step we use (6.4) to get

N-1
Zw](\(, a)¢n<C(6 K,l,a,T) (Zw(l Da)g —I—Zw(l La) Zw(a) )
n=1 n=1

where, to estimate the first term, we note that

Z W0, < (Z (- 1>a>) ay = C(l,a, T)ay,

and, by switching the order of summation and using (6.3),

N—-1 N-2 N-1
Z ((l Le) Zw Z( Z w((l D) (a)¢J<Cloc ZWNJ
n=1 j=1 n=j+1 7j=1
This proves (6. 5)
Finally, we choose [ such that laa — 1 > 0. Then wg\l,oz [, ( I, t)le=lat <

T'*= 1k, so that (6.5) implies

N-1
on < C(6,K,a,T) (aN +3 knqbn), ty € (0, 7).
n=1

The result now immediately follows by the standard discrete Gronwall lemma. [
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