LECTURE NOTES
TMA4305 PARTIAL DIFFERENTIAL EQUATIONS,
SPRING 2007

SIGMUND SELBERG

We have proved the existence of a weak solution of the Dirichlet problem for a class of
linear second order elliptic differential operators by means of the Riesz representation
theorem. This method is limited to linear PDEs. Now we shall look at another way of
proving weak existence, which has the advantage that it can be applied also to non-
linear PDEs. The idea is to obtain the solution as a minimizer of a functional, which
typically represents the energy of the system. To implement this idea, we shall need the
compactness results proved last week. Also, for simplicity we shall limit our attention to
the Poisson equation, but the method has a wide applicability.

1. DIRECTIONAL DERIVATIVES AND THE EULER- LAGRANGE EQUATION

Let X be a normed vector space, with norm |-|, and assume that F: X — R. Such a
map F is called a functional, but it should be emphasized that we do not assume it is
linear.

Definition 1. The directional derivative of F : X — R at a point x € X in the direction
v € X, is the number
F(x+ev)-F(x
Dy F(x) = lim X eV = F0.
e—0 £

provided this limit exists.

Assume D, F(x) exists for all directions v € X, for a given x € X. Then x is called a critical
point for F if

(1) D,F(x)=0 forall v e X.
This equation is called the Euler-Lagrange equation for the functional F: X — R.

Lemma 1. AssumethatF : X — R, and that at a point x € X, the derivative D, F (x) exists
for all directions v € X. If in addition x is a local maximum or minimum point for F,
then x is a critical point, i.e., D,F(x) =0 forallv € X.

Proof. Fix v, and define ¢(f) = F(x + tv). Then by the definition of D, F(x),
F -F
¢/(0) =lim M = DyF(x).

Moreover, ¢ has a local maximum or minimum at ¢ = 0, hence ¢’ (0) = 0. O
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2. THE ENERGY FUNCTIONAL FOR THE POISSON EQUATION
From now on we specialize the discussion to the following functional that we shall use
in our applications.
Let Q c R” be a bounded domain, set
X = Hy(Q),
let f € L?(Q) be given, and define F : X — R by

1
F(u)=f —|Vu|2+fudx (ueX).
Q2
Alternatively, we can write this as
1
F(u) = E(u,u)1+<f,u),

where (-,-); is the (modified) inner product on Hg (Q) (see the lecture notes from two
weeks ago, §2.3), and (-,-) is the inner product on L2, From this last formulation of F,
we see that F is certainly well-defined. Note also that F is nonlinear. We can interpret F
physically as an energy functional.

Fix an arbitrary u € X. We want to calculate D, F(u), for any v € X. First observe that, by
properties of the inner products,

Fu+v)-F(u) = %(u+ vu+ U)1+<f’”+V>_%(u’”)1_<f’u>
1 1 1
@) =swwit @+ s@on+(fu)+(f,v)=s@wun—(fu)

1
=(u,v)1+§(v,v)1+(f,v>.

From this we get
F(u+ev)—F(u) 1
——————— =W+, v +{f,v),
£ 2
and hence, letting € — 0,

3) DyF(uw) = (u, 1)1 +{f,v).

The Euler-Lagrange equation (1) therefore becomes, in the present situation,
(w,v)1+(f,v)y=0 forallve X = H)(Q).
By density, it is enough to have this for all v € C3°(Q2). Thus, we see that the Euler-

Lagrange equation is nothing else than the weak formulation of the Poisson equation
Au = f (see the lecture notes from two weeks ago, §2.3).

Therefore, if we can prove that F attains its minimum at some u € X, then u must be a
weak solution of the Dirichlet problem

{Auzf inQ,

@ u=0 on 0Q).

Our main task will be to implement this strategy. Note that this method of proving exis-
tence of a weak solution to a PDE is very general, and can be applied also to nonlinear
problems (unlike the approach based on the Riesz representation theorem).
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3. ALOWER BOUND FOR F, AND A MINIMIZING SEQUENCE
Let F be the functional defined in §2. To implement our strategy of obtaining a weak

solution as a minimizer for F, we first need to know that F is bounded below.

To obtain a lower bound, we first note that by Cauchy-Schwarz,

1 1
() Fu) = 5 (uy 10 + (fruy= 5 (w1 = I £l N2

Now recall the Poincaré inequality (see the lecture notes from two weeks ago, §2.3),
which states that

(6) luls < ClIVulls = Cu,u);  forallue X = Hy(Q),

where C only depends on Q. To apply this in (5), we use the inequality (Exercise 1 be-
low)

1
@ absea2+4—b2 foralle >0and a,beR.
£

Applying this to the last term in the right hand side of (5), and then using (6), we get

1 1
Fu) = S (wu)n - 17115 - €llt
1 1
2 5 ww -~ 17115 - Cetu, un

1 1 2
=|=--C , -— .
(2 8) (u u)l de “f”Z
Now choose € > 0sosmall that1/2—Ce =1/4,i.e.,€ = 1/4C. Then we conclude that

1
@) F'z S, w1 -C| f]-

In particular, F(u) = -C ” f “5’ so F is bounded below. With this information in hand, we
can define I € R by

9) I= inf F(u).
ueX=H}(Q)

We can then choose a sequence {1} = X such that

(10) F(uj)—1  asj—oo.
We may also assume

(1 Fuj)<I+1  forallj.

Let us now show that the sequence {u;} is bounded in X = H& (Q). Indeed,

%(uj;uj)le(uj)—<f,uj> by definition of F
<I+1+|f|,ul, by (11) and Cauchy-Schwarz
1
<1+ | flp+elul by (7)

1
<I+1+ - I£I5+Ceuj,up by ®),
so choosing again € = 1/4C, we conclude that

(12) |uj|,, <4+ +4C|f|;  forallj,
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which proves boundedness in X of the minimizing sequence {u;}.

In the following discussion, whenever we extract some subsequence of our minimizing
sequence {u;}, we shall always denote the subsequence by {u;}. In other words, we
simply replace the original sequence by the subsequence. We can do this because the
properties (10) and (11) are obviously true for every subsequence.

Now, if it should happen that some subsequence of {;} has a limit u in X, then by the
continuity of F we would have F(u) = lim;_., F(u;) = I. So in this case, u would be a
minimizer.

However, even though {u;} is a bounded sequence in X, we cannot in general deduce
that it has a convergent subsequence, because X is an infinite-dimensional space (see
the discussion in last week’s notes). To fix this problem, we can use weak compactness.
Recall the theorem from last week, stating that every bounded sequence in a Hilbert
space has a weakly convergent subsequence. We may therefore assume (passing to a
subsequence—see the above remark on notation) that our minimizing sequence {u;}
converges weakly in X, to a limit u. It remains to prove that u is actually a minimizer,
i.e., that F(u) = I. For this, we need some kind of “weak continuity” of F. In the following
section we make this vague idea precise.

Exercise 1. Prove (7).

4, WEAK LOWER SEMICONTINUITY OF F

As in the previous section, assume

(13) uj—u  weaklyin X = H(} ).
We then claim that
(14) F(u) <liminfF(u; ),

J—0o0

with F(u) = (1/2)(u, u)1 +{ f, u), as before. (If you are not familiar with the limit inferior,
see the appendix to these notes.)

The property (14) is called weak lower semicontinuity. We can restate it as follows. Given
any € > 0, there exists N = N(¢) € N such that

(15) F(u)-e=<F(uj) forall j = N.

Before proving this property, let us assume it is true, and use it to prove that the weak
limit u is a minimizer, i.e., that F(u) = I := inf,cx F(v). The inequality F(u) = I holds by
definition of I, so we need only prove F(u) < I. It suffices to show that F(u) < I + 2¢ for

every € > 0. Fix ¢ > 0, and let N = N(¢) € N be as in (15). By (10) we can also find N' € N
such that F(u;) < I+e¢forall j = N'. From this and (15) we then conclude that

Fu)—e<F(uj)<I+¢ forall j =max(N,N),
hence F(u) < I +2¢, as desired.

It remains to prove (14). We need the following fact:
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Lemma 2. In every Hilbert space H, the norm is weakly lower semicontinuous. Le., if
Xj — x weakly in H, then
lxll <liminf || x; | .
Jj—o0
Also,
Jx1? < timin (] ;) .
J—0o0

The proof of the first inequality is Exercise 7.1.3 in McOwen (assigned for this week).
The second inequality follows from the first one, by the following general fact:

Exercise 2. Suppose a =0 and {a;} < [0,00). Show that if

a<liminfa;,
j—oo

then

a® < lijnlcigf(a?).

Applying Lemma 2 to the sequence {u;}, and using (13), we conclude that

(16) 1(u u) <liminf1(u u;)
Sy s D i A

This takes care of the first term in F (1), but we also need control the second term, ( fru )
To handle this, we can use a theorem proved last week:

Theorem 1. The inclusion H& Q) cI%(Q) is compact.

In view of this, we may assume that {u;} converges (strongly) in L2(Q) to a limit u'. We
claim that u' = u. To see this, note that {u;} converges weakly to © in H(} (Q), henceit also
converges weakly to u in L?(Q). On the other hand, {} converges strongly, hence also
weakly, to ' in L2(Q). By uniqueness of the weak limit we conclude that v’ = u.

Thus, we may assume that {u;} converges to u in two senses: (i) weakly in X = H& (Q),
and (ii) strongly in L?(Q). By (ii) we have, of course,

a7 lim (fup)=(fu).

Finally, combining (16) and (17), and using also the general fact that

(18) liminf(a; + b;) = liminfa; + liminfb;,
j—oo J—oo J—oo

for sequences in R, we get:

1
liminfF(u;) = iminf| = (uj, uj)1 +( f,u;) by definition of F
j—oo j—oo \2
1
= liminf - (1}, u;)1 +liminf( f,u; ) by (18)
jooo 2 j—oo
1
= E(u, wr+(fou) by (16) and (17)
=F(u), by definition of F

which proves (14). Here we also used the fact (see the appendix) that if {a;} cRis a
convergent sequence, then liminf; .o a; =lim; .« a;.

Exercise 3. Prove (18).
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5. CONVEXITY AND UNIQUENESS

From (2) and (3) we see that
(19) F(u+v)>F(u)+D,F(u) forall u,ve X, v #0.

This property is called strict convexity. (To explain this terminology, think of the analogy
with the case where F : R?> — R. Then v — F(u)+ D, F(u) parametrizes the tangent plane
to the graph of F at the point u, and (19) says that the graph of F lies strictly above the
tangent plane, except at the point of tangency, of course.)

We now show that the strict convexity implies that F can have at most one critical
point. Once we have proved this, it follows, of course, that the weak solution of (4) is
unique.

So suppose there are two different critical points, u; and u,. Thus, we assume D, F(u;) =
D, F(uy) =0forall v e X. Setting first v = up — u;, we see from (19) that

F(Mg) = F(ul +v) > F(ul).

By symmetry, we also have F(u1) > F(uy); we have arrived at a contradiction, hence
there cannot exist two different critical points.

Finally, let us remark that (19) implies that any critical point is necessarily a strict global
minimum. (This also implies uniqueness, of course.)

6. APPENDIX: THE LIMIT INFERIOR AND LIMIT SUPERIOR OF A SEQUENCE
Suppose {a;} =R is bounded below. The limit inferior of {aj}is defined by
liminfa; = lim ( inf aj) .
j—oo N—oo\j=N
Note that the limit on the right hand side does exist, since

by := inf a;
N-= N

is monotone increasing as N — oo (the inf is over a smaller and smaller set as N in-
creases).

If {a;} is also bounded above, we can define the limir superior by

limsupa; = lim (supa )
j—oo 7 N=oo j=N !
Again, this is well-defined.
Let us write a = liminfj .. a; and f =limsup;_.,, a;, assuming these exist.
For proving properties of these limits, the following facts are quite useful:

Since a = limy_, by, We see that the following holds. Given € > 0, there exists N =
N(¢) e Nsuch that a — € < by, and hence

a-c<a; forall j = N.

(We remark that liminfa; can be characterized as the largest number « satisfying the
above property. This provides an equivalent definition of the limit inferior.)
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Similarly, if 8 exists, then given € > 0, there exists N’ = N'(¢) € N such that
aj<pf+e forall j=N'

(We remark thatlimsup a; can be characterized as the smallest number g satisfying the
above property. This provides an equivalent definition of the limit superior.)

The advantage of the limit inferior/superior is that these always exist (for a bounded
sequence), whereas the ordinary limit does not always exist. Here are some simple re-
lations between these various types of limits (here we assume {a;} is bounded, and we
define @ and B as above):

i) a=<p.
(i) If {a;} converges to a number a, then a = § = a.
(iii) Conversely, if a = , then {a;} converges, and lim; . a; = a = B.
Exercise 4. Prove the properties listed above.

Exercises for this week: (from McOwen) 7.1: 3, 6. Also: Exercises 1, 2, 3 and 4 from these
notes.



