ISEM 23 Evolutionary Equations
Solutions to the exercises in Section 3 Team Chemnitz

Exercise 3.1. A sequence (¢,,), in C°(R?) is called a §-sequence if
(a) ¢p >0 for n €N,
(b) sptyy, C [—%, %]d for n € N,
(¢) [gapn =1forneN.

Let ¢ € CX(R?) with spty C [—1,1]d, ¢ > 0 and [pae = 1. Prove that (¢n),
given by ¢, () := nlp(niz) for r € R% n € N defines a J-sequence. Moreover, give an
example for such a function ¢.

Solution. There is a typo in the exercise: It should be ¢, (z) = ndp(nx) instead of
@n(w) = ndgo(nd;z:)!

» The properties ¢, > 0 and spt ¢, C [~1/n,1/n]¢ for all n € N follow immediately
from the assumptions ¢ > 0 and spt ¢ C [-1,1]%.

» Moreover, for all n € N:

/]Rd Pl = /Rd np(na)de = /Rd py)dy =1

by change of variables. Hence, the sequence (¢,,), is a d-sequence.

» An example for a function ¢ € C®(RY) satisfying spt ¢, C [~1,1]¢, ¢ > 0, and
el (may =1 is
Ce~ V(=12 if 2] < 1,
xTr) =
2@ =1, if 2] > 1,

where C' is chosen so that [|¢| 1, ey = 1.

Exercise 3.2. It is well-known that {1;; I d-dimensional bounded interval} is total in
L2(R%) (note that the linear span of which is a smaller set than S(R%)).
(a) Let p € CX(RY), f € Ly(RY). Prove that fxp € C2(R) with 9% (f @) = fx0%p for
all a € Ng, where 0%p = O - - - agdcp. Moreover, prove that spt f*p C spt f +spt .
(b) Let (¢n)n be a d-sequence and f € Ly(RY). Show that f ¢, — f in Lo(R?) as
n — o0.
Hint: Prove that 1;%¢p, — 15 in LQ(Rd) for all d-dimensional intervals and use that

If *enlly < ||y (see also ...).
(c) Prove that C(?O(]Rd) is dense in Lg(]Rd).

Solution. (a) » Let ¢ € C°(RY) and f € La(R). Prove that f * p € C®(R):

We rather give a class of counterexamples: For ¢ € C®(R%), ¢ >0, ¢ # 0 and
f>0ae, f+pd C2RY.

> ... with 9%(f x @) = f * 0% for all a € N¢, where 9% = 97" - - - 7.

This is, of course, textbook stuff ;) therefore we only highlight two ideas:



Distributional derivatives:

For any testfunction v € C°(RY):
(rro0w) = [ [ fete - p)dyoiia)da
Rd JRd
= [ 1) [ o= noroie)dady
(—1 O‘l/ / %p(x — y)(x)dzdy

= (=Dl =00, 0),

where we used Fubini (note that the integrability condition on f together with
the compact supports of the test functions guarantee the required integrability)
in the second line and integration by parts in the third line.

The identity thus obtained gives the asserted equality
O (frp)=fx0%
in the distributional sense. By Sobolev embedding theorems, we also get the

assertion for classical derivatives.

Classical derivatives:

It is easy to see that it suffices to consider the case d = 1 and one differentiation,
which we denote by the usual /. By assumption, the function

g:R =R, g(t) /f '(t — s)d

is continuous. In fact, this is in a certain sense the real heart of the matter, it
follows by a standard application of Lebesgue’s theorem. We use the familiar
convention that fot ds = — f[t o --ds provided t < 0. The fundamental the-

orem of calculus gives that G : x — fo t)dt is differentiable with derivative
g = f*¢ and a short calculation gives that G = f x ¢ up to an additive
constant. In fact, using Fubini and the fundamental theorem of calculus once

more:
/Oxg(t)dt = //f '(t — s)ds dt
= / f(s / '(t — s)dt ds

- / F(5)(@(z — 5) — p(—5))ds
= fxo(@)— f*p(0),

giving the claim.



» ... prove that spt f x ¢ C spt f + spt ¢:
The claim is obvious for continuous functions by looking at the integrand that
defines f % . For the case in question, pick a measurable representative f of

the equivalence class f with the additional property that f = 0 outside spt(f).
Then

fO)p(@ —-) =0 unless z € spt(f) +spt(p) (b);
indeed, f(y)cp(x —y) # 0 implies that y € spt(f) and = —y € spt(p). Property
(&) gives that f * ¢ vanishes on the complement of spt f + spt . Since the
latter is a closed set, we are done.

(b)  » Fix I, a bounded interval as in the assertion. Note that for z € I°, it follows
that spt(p,(z —-)) C I for large enough n so that 17 * p,(x) — 1 as n — oc.
By the same reason, 1; * p,(z) — 0 as n — oo for any z € (1)°. As the
boundary of I has vanishing Lebesgue measure, 1; % ¢, — 1; pointwise a.e.
and an appeal to Lebesgue’s theorem shows that 1; % ¢, — 17 in Lo. (If you
haven’t discovered a majorizing function by now, try 1; for J = I + [-1,1]¢ ;)

This already settles (c) since it follows that the closure of C°(R?) contains
{17; I d-dimensional bounded interval}.

» Consider now the linear contractions (use Lemma 3.2.1)
Jn:L2—>L2,f*—>(pn*f.

As J,, — Id on the dense linear hull of {1;; I d-dimensional bounded interval},
denoted by D, by what we just proved, the unifrom boundedness implies that
Jn — Id on Lo, the assertion. (In fact, fix f € Ly and € > 0; take g € D such
that ||f — g|| < 2e. By definition of D and the convergence established above,
there is ng € N such that ||J,g — g]| < %5 for all n > ng. For such n it follows
that

[nf = N < N Inf = Ingll + | Jng — gl + llg — fIl <&,
since ||Jnf — Jngll < ||l llg — f|| and we are done.
(c) See above.

Exercise 3.3. Let a < b, Xy, X1, X2 be Banach spaces, f: (a,b) - X and g: (a,b) —
X1 both continuously differentiable, £: Xg x X; — X5 bilinear and continuous. Prove
that h: (a,b) — X9 given by

h(t) == £(f(t), 9(t)) (¢ € (a,D))

is continuously differentiable with

W(t) = €(f'(t), g(8) + £(f(t).g'(t)) (t€ (a,b)).

If £, f', g, ¢' have continuous extensions to [a, b] , prove the integration by parts formula:

b b
/ (1), g(6))dt = £(F (D), g(b)) — £(f (a), g(a)) — / (F (1), 9/ (6))dl.



Solution.  » We first prove differentiability of A and the formula for »’. Our proof
below actually gives a local version and we do not need continuity of the derivatives!

Fix tg € (a,b) and let ¢t € (a,b). Then bilinearity of ¢ gives that

h(t) — h(to) = £(f(t),9(t)) — £(f(to), 9(t0))
= (1), 9(t)) — £(f(to), 9(t)) + £(f (t0), 9(t)) — £(f (o), 9(t0))
= L(f(t) = f(t0), 9(t)) + £(f (to), 9(t) — g(t0))

If f is differentiable at tg, it is continuous at ¢y as well, so that:

f) — flto)

— f'(to) as t — to.
t—t

ft) = f(to),

With the respective convergence for g, bilinearity and continuity of ¢ we get that

’W - e(f(t) f(t0), 9(1)) + 7—-€(f(to), g(t) = g(to))
0 0

: g( ,<>)+g<f< SLLETC)
e

— ) +2(f(to), 4 (o)) ,

for t — tg, the asserted product rule.

» For the integration by parts formula, we now assume the mentioned continuity
properties. The fundamental theorem of calculus gives that, for a < a’ < b < b:

v v
(SO, b)) - £(F (@), g(a)) = / (1), g(8)dt + / (F (). g/ (1))l

Rearranging the terms and the limits ' — a and & — b proves the claim.
Exercise 3.4. For v # 0, show that ||I, || = 1/|v|.

Solution. From Lemma 3.2.1 we already know that ||I,|| < 1/|v|. In order to prove
the reverse inequality we assume that v > 0. (The case v < 0 is similar.) Note that in
the vector valued case, one has to assume that H # {0}, since otherwise the claim is
incorrect! Moreover, we could restrict ourselves to the scalar case, as can be seen from
the following. Let ¢» € H with |[¢|| = 1 and define for € > 0 the function f. € L2, (R, H)
by

fe(t) = ethl/21[—1/2,1/2](‘575)7#)-

We will show that this family can be used to get the lower bound by an elementary
calculation. First, for € > 0 we find that

er”iz,u(R,H) = /Rél[l/g,l/g](et)dt =1,



and fore >0and ¢t € R

s

t 2
= (/ eys€1/21[1/271/2](68)d8>

0 if 1< 1/(26),
2
By (e”t - e*”/<26>) if —1/(2¢) <t < 1/(2e),
v
2
% (e”/ (2 _ o=/ (26>) it £>1/(2e).

For € > 0 we calculate

2
nnﬁﬁwmﬂfiéﬁbf dt

t
/ fe(s)ds
1/(2¢
= / 0 g (e”t—e_”/@f))ZdtJr% (el//(26) ,e—u/@e))Z / X g
V= J-1/(2¢) v o

€ (1 1 ( 2
- (- = _1>
v? <6 2v <e +

” (e*l’/E — 1)) —|—ﬁ (1 —e*”/€>2.

Thus, we get that HL,feH%2 JRH) 1/v? as € — 0. This implies || I, || > 1/v.

Exercise 3.5. Prove Corollary 3.2.7, i.e., for v € R the mapping

exp(—vm) : Lo, (R; H) — Lo(R; H), f = (t > e "' f(2))
is unitary, and for v, u # 0:

exp(—vm) (0, — v) exp(—vm) ™" = exp(—um) (0, — p) exp(—pm) =" (%).
Moreover, the operator

Bup = exp(—vm) By, — v) exp(—vm) !
is skew-selfadjoint for all v # 0.

Solution. » The first assertion follows by inspecting the definitions: clearly, exp(—vm)

is linear and isometric and the inverse exp(—vm)~! is just multiplication with the
inverse function.

» For further use notice that exp(—vm) also maps test functions onto test functions,
i.e.

exp(—vm)(Dy) = Dy.



» By the previous observation and Proposition 3.2.4 is suffices to check equality (x)
for test functions, i.e. on the core Dy. Using linearity, we see that it is enough
to consider functions of the form pz, with ¢ € C°(R) and x € H, so finally, we
can forget about H and consider the scalar case, p € C°(R). By slight abuse of
notation we denote the mapping

exp(vm) : C(R) = CP(R), ¢ — (t — e”1p(t)),

by the same symbol that was designated to its cousin between Lo—spaces. Obvi-
ously, exp(vm)i is a representative of the equivalence class exp(—vm) !¢ € Loy,
for any ¢ € C°(R). The product rule gives:

Ory(exp(vm)ip) — v(exp(vm)yp) = (exp(vm)y)’ — v(exp(vm)y)
= exp(vm)y’

where we used 9;,p = ¢/, see the discussion preceeding Proposition 3.2.4. for the
first equality sign and the product rule for the second equality. Therefore,

exp(—vm) (0, — v) exp(—vm) 1y =o'
holds for all v # 0, ¢ € C(R) giving (*) by our discussion above.
» From the previous observation we get that
A) := (O — v)|CE(R)

is skew-symmetric. In fact, it is unitarily equivalent to A := C°(R) 3 ¢ + ¢’ in
Lo and this operator is skew-symmetric as can be seen from integration by parts.
Since C°(R) is a core, it follows that (0, —v) =: A, satisfies

AL = (AD)" = (4))" D —Ay.

Closedness of A, gives that
Ay D —A,.

» An appeal to Corollary 3.2.6 implies that the domains of A} and —A, are equal,
so that the claim of the exercise is established.

Exercise 3.6. Let v € R and H be a complex Hilbert space. Prove that o(0;,) C
{it + v; t € R}, where 0 is defined in Corollary 3.2.7.

Hint: For f € dom(d, ),z € C compute (Re (2 — 9¢u)f, )1, r;m) by using Corollary
3.2.6. For proving the surjectivity of z — 0;, for a suitable z, use the formula

Tan(z — ) = ker(z* — 05,

Remark: Later we will see that, actually, 0(9;,) = {it +v; t € R}.



Solution. From Corollary 3.2.7, see the previous exercise and solution, we know that
for all v € R the operator 0y, — v is skew-selfadjoint. (This was the claim for v = 0 and
together with the unitary equivalence it extends to arbitrary v.)

Hence, its spectrum is purely imaginary. This implies 0(0;,) = v + (0, —v) C
{v+it;t e R}.

Exercise 3.7. Consider the differential equation
(0 = D) u =11

Since 8,5271, —1= (0, —1)(0y +1), it follows by that there is a unique u € Lo, (R)
solving this equation if v ¢ {—1,1}. Compute these solutions.

Hint: For u € dom(9;,) use the fact that u is necessarily continuous (which we shall
establish in the next lecture).

Solution. We begin by remarking that it suffices to consider the case v € [0,00) \ {1}.
Indeed, let u be the unique solution in dom(d;,) to the given ODE. Then clearly we
have that u(—-) is the unique solution of the given ODE lying in the space dom(d; —, ).

According to Proposition 4.1.1, J; ,u agrees with the distributional derivative % of u
if we view u as a distribution. By the characterization of dom(d;,) given in Proposition
4.1.1, we need to find a distributional solution u of

i—u=1/ 17

such that u, % € Ly ,(R). Since u, @ € dom(d, ), it also follows from Theorem 4.1.2 that
u and @ have to be continuous.

If we define the open sets J; = [—o0,—1), Jo = (—1,1), J3 = (1,00), then the
restrictions w1 = uly,, ug = ul,, us = ul s, solve the ODEs

ﬁl—ulzo, ﬁg—Ung, ilg—u?,:().

It is well known that the functions {ef,e~*} form a fundamental system for the homo-
geneous ODE i — v = 0. It is therefore easy to see that there exist a;,b; € R where
7 =1,2,3 such that

ui(t) = ajel + bre?
ug(t) = agel + boet — 1

u3(t) = aze’ +bge .

We therefore aim to choose the aj,b; such that

uy(t) = are’ + bre! . |
u(t) = ug(t) = aget +bge ™t —1 : —1<t<1
us(t) = age’ + bge™* cot>1



lies in C*(R). Moreover, we want to choose the a;, b; such that in addition u, @ € La, (R)
holds. By the above discussion, such a choice of the a;, b; gives us the unique solution
of

3zyu —u=1_q4].

We start by assuming that v > 1. Since e'1y,,e "1, ¢ Lo, in this case, it follows
that we must choose a; = b3 = 0 and thus u; = 0. In order to ensure continuity, we
require that

0=u(—1)=age t +byet -1

0=1(-1) = age™ ! — boe.
This linear system has the unique solution ay = —%e, by = —%e‘l. It follows that
ug(t) = —1 — cosh(t 4+ 1). To determine as, b3, we need to solve the system

u(1) = —1 — cosh(2) = aze — bge™?
(1) = —1 —sinh(2) = age — bze .

The unique solution is given by az = —e™! — %e, bs = %e_l. One obtains that
u3(t) = —e!~! —sinh(t + 1). Therefore, for v > 1 the solution is given by

0 ot < -1
u(t) = ¢ —1 —cosh(t + 1) o —l<t<1.
—e!~l —sinh(t+1) : t>1

We now turn to the case 0 < v < 1: Since we need to have u € L ,(R), it follows that
a1 = b3 = 0. To ensure continuity,we therefore need to solve the linear system

u(—=1) = ae! = agel4+be—1
w(—-1) = ae”! = ase” ! — boe
u(l) = bze ! = boe ™t —1
w(l) = —bze™! = age—boe t.

In matrix-vector notation, this is the system

el —el  —e 0 ai -1
1 el e 0 az| | O
0 —e —e 1 el ba | | -1
0 —e el —e! b3 0

The solution is given by

a1 =—ge+ 56_1, az = %e‘l, be = %6_17 by =—ge+ 56_1-
One obtains that
—Lettly Let—1 t<—1
u(t) =q g4 ge -1 0 —1<t <1
—ge 1 4 ge7! t>1.



