Partial Differential Equations
Prof. Sivaji Ganesh
Department of Mathematics
Indian Institute of Technology-Bombay

Lecture-53
Laplace Equation

Strong Maximum Principle and Dirichlet Principle

Welcome, in this lecture we are going to study a stronger version of the weak maximum
principle that we considered in the last lectures, it is called strong maximum principle. We will
also be discussing what is known as Dirichlet principle. Dirichlet principle roughly speaking, it
says that solving a Dirichlet boundary value problem is same as solving a minimization problem
for a functional; let us get into the lecture. The outline is consisting of 2 points.
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Chapter 6: Laplace equation

o Strong maximum principle

© Dirichlet principle

Strong maximum principle and then we move on to discuss Dirichlet principle.
(Refer Slide Time: 00:55)
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Strong maximum principle
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o Let{) C R’ be a bounded domain and « : ©2 — R be a harmonic function

@ The Weak maximum principle asserted that
o the maximum value of i on {118 atained on !
o and was silent about attainment of the said maximum value in (2,

¢ Strong maximum principle that we are going to prove says that if such a
maximum is also attained inside (2, then necessarily the harmonic function u
i a constant function

4
So, let omega be a bounded domain in R 2 and u be a harmonic function in omega. The weak
maximum principle asserted that the maximum value of u on omega closure is attained on the
boundary of omega. Of course, it never told where else the maximum is attained. In particular,
whether maximum is attained in the domain omega or not, it did not say. Strong maximum
principle that we are going to prove says that if such a maximum is also attained inside omega,
then the harmonic function must be a constant function.

(Refer Slide Time: 01:39)



Theorem (Strong maximum principle)

Let (2 C &’ be a domain (domain need not be bounded).

Let u : 2 — R be a harmonic function.

If u attains its maximum in €2, then « is constant.

YT T

So, let us take strong maximum principle as a theorem. Let omega inside R 2 be a domain,
domain need not be bounded let u from omega to R be a harmonic function. If u attains its
maximum in omega, then u is constant. Notice in the hypothesis of strong maximum principle,
we are not assuming that omega is a bounded domain. Therefore, even if you have a continuous
function, which is even continuous on the closure of omega the maximum or minimum may not

make sense.

Therefore, strong maximum principle does not talk about that. On the other hand, what does it
talk about is if there is a maximum and that maximum is attained in omega, then the harmonic
function has to be a constant function, that is what the strong maximum principle assert.

(Refer Slide Time: 02:35)
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Proof of Theorem

Idea of the proof
o Assume that » attains the maximum value (denote it by M) at P, € §
o Let P £ (1 be arbitrary. We will show that u(P) = M.

o Step 1: u is locally constant near points of the maximum « is constant on
a disk containing the point 7.

@ Step 2: Continuation argument Connect P, and P by a curve, Try to
continue the idea in Step 1 from £, till 1|

I = . A

So, what is the idea of the proof? Assume that u attains the maximum value denoted by M. In

other words, there is a hidden assumption in the background that is supremum is indeed
meaningful and that supremum is attained at some point in omega. That when it is attained the
supremum is called maximum and let us denote it by M at some point P 0 in omega. So, P 0 is a

point in omega where u attains the maximum value namely the M.

Let P be any other point in omega, we will show that u of P = M, so what does it mean? u of P =
M for every P in omega, that means u is a constant function, how do we show this? Step 1, u is
locally constant near points of the maximum. We are assuming that the maximum is attained at P
0, therefore what is the meaning of the sentence u is locally constant near points of maximum.

There is a disk around P 0 on which u is constant and that constant is M.

Step 2, continuation argument. We have shown in step 1 that u is constant in a disk around P 0.
But | want to show that you have P is also M, so natural idea is to go from P 0 to P using a curve
and show all along the curve u is the constant M. Then it follows that u of P = M, we will see
how this idea is implemented in the step 2. So, connect P 0 and P by a curve, try to continue the
idea in step 1 from P O till P.

(Refer Slide Time: 04:33)
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Proof of Theorem (contd.)

Step 1: « is locally constant near points of ma

o Let u(Py) = M, where M := maxq u.
o Let r be such that the closed disk D!P. ! is contained in (2.

o If there exists a Q € D(P,, r) such that u(Q) < M, then by
continuity of u, there exists an = > 0 such that u < M on the disk
D|Q.z|.

In view of the mean value property,

| :
M = ulPy) = —; / u(x)dx
) N

So, let us move to step 1. We are going to show that u is locally constant near points of
maximum. | already mentioned how we should read this kind of words locally. So, this u is
locally constant near points of maximum. It means take any point of maximum then there is a
disk around that on which u is constant that is the meaning of locally constant. Let u of P 0 be M

as we assumed, where M is the maximum of u over omega.

Let r be such that the closed disk D P 0, r is contained in omega. Recall this notation, we use is
closed brackets here these square brackets to denote the closed balls or closed disks if there is a
point Q in this disk P 0, r where u is not M. In other words if u is not M, M being the maximum u
will be strictly less than M. So, suppose this happens then by continuity of u, there is a closed

disk around Q on which the function remains less than M, this follows by continuity.

So, in view of the mean value property, we know that M is given by u of P 0. Now u of P 0 is
given an average or the mean over this disk D of P 0, r this is the area of the disk pi r square
integral of u over the disk divided by the area of the disk. So, therefore, this is the average on the
disk that is equal to u of P 0, we know this because of the mean value property.

(Refer Slide Time: 06:25)
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Proof of Theorem (contd.)

Step 1: « is locally constant near points of maximum (contd.)
In view of the mean value property,

| | i ‘
M = ulP = / ulx)de = ( / ulx)dx / ulx rh’)
| -
. ( [maxs | w..v) Y

Since M < M is not possible

So, we have stated this already on the last slide. Now, we write D of P 0, r as union of 2 things 1
is DP O, r-D Q epsilon union D Q epsilon. Therefore the integral becomes sum of these 2
integrals. Now, | know that on this it is strictly less than M u is strictly less than M, on this u is
less than or equal to M. Therefore, we have a strict less than now, because the first term is

strictly less than and is a non zero quantity.

So, if u multiply with a non zero non negative quantity with strict inequality is respective. So, we
have strict inequality here, | have replaced u with the bond for u, which is strictly as an M on the
disk, and u is less than or equal to M, anyway in omega. Now, if you see these 2 integrals add up
to an integral D P 0, r therefore this evaluates to M, because M is a constant, it comes out, what
you have is integral of D P 0, r, which will give you the area. And anyway you have a area here,
so both get cancelled and you get M. So, what we have got is M less than M, it is not possible.

We conclude that u is constant on the disk D P 0, r, where did we get this contradiction of M less
than M? That is because we assumed that there is a point Q at which u is strictly less than M.
That is the reason why we got M less than M here. Given any real number, it has to be equal to
itself; it cannot be strictly less than or strictly greater than because of the law of trichotomy in
real numbers. So, this concludes the proof of step 1, where we have established that there isan r
such that u is constant on disk of radius r with centered P 0.

(Refer Slide Time: 08:31)
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Proof of Theorem (contd.)

Step 2: Continuation argument

@ Assume that P, {2 is a point of maximum, and let M := u(Py).

o We are going to prove that « is the constant function that takes the value M
everywhere in (.

@ Let P < (2 be an arbitrary point. We will show that u(P) = M.

@ Let - be a smooth curve without self-intersections joining P to P,,. Note that

existence of such a curve essentially follows from the path-connectedness of
{1, which is a consequence of {2 being open and connected

Let us move on to step 2, the continuation argument. Assume P 0 is a point of maximum let M be
=u of P 0. We are going to prove that u is a constant function that takes the value M everywhere
in omega. So, take a arbitrary point P in omega, we will show that u of P = M. So, let gamma be
a smooth curve without self intersections, these kinds of things we need for the technical things

that will follow.

Otherwise, simply speaking takes a curve which connects P and P 0. Existence of such a curve
essentially follows from the path connectedness of omega, which in turn follows from omega
being open and connected. So, once you have a curve, you can always have a smooth curve. So,
take it as a fact or try to do the exercise if you have enough background, try to do this as an
exercise.

(Refer Slide Time: 09:33)
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Proof of Theorem (contd.)

Step 2: Continuation argument (contd.)

@ Since - is a compact se!, it maintains a positive distance from ot Lwfien ©
1 C R, Let us denote this distance by d..

‘?/’r;,

J |\
o I} then take 4. to be any positive real number f A
y - }
[ ¢

‘ N /
S

Pirtsd D%wartal Paiabery Letwedd AN

So, since gamma is a compact set, it maintains a positive distance from boundary of omega when
omega is a proper subset of R 2. So, let us denote this distance by d gamma. If omega is R d then
take d gamma to be any positive real number. So, in other words, we have P 0 here, we take any
point P and take a curve gamma. Now, if imagine this is a bounded domain omega, or domain is
omega is like this, it has boundaries. Then what is the distance of this curve to this boundary of

omega? That is a positive number.

So, we have to see which is a closest point perhaps this is the closest point in this picture or
maybe this. So, if you call d gamma as a distance, what does that would mean is that? If you take
at any point on this curve, take a circle of radius strictly less than d gamma, it will not intersect
the boundary of omega and that is the reason why we are taking this. In other words, this ball of
radius which is strictly less than d gamma is properly contained in omega. Of course, if omega is
R d you can take any d gamma you do not have to be careful at all.

(Refer Slide Time: 11:03)
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Proof of Theorem (contd.)

Step 2: Continuation argument (contd.)

@ Since - is a compact set, it maintains a positive distance from (! when
(2 C R, Let us denote this distance by d..

e ll\} then take 4. 1o be any positive real number
@ In either of these two situations, the disk of radius = with center at /.

denoted by D | P | hesin $2

o By Step 1, u equals M on the entire disk.

T S T
So, in either of these 2 situations the disk of radius d gamma by 2 which is strictly less than d
gamma with centered at P 0 denoted by D P 0 d gamma by 2 lies in omega. Not only this even
the closed disk D closed bracket P 0 d over 2 close bracket that also lies in omega. So, by step 1,
we know that u is constant on this disk, because P 0 is a point of maximum therefore u is locally

constant, we proved in step 1.

Therefore, u is identically equal to M on this ball, on this disk. Actually, step 1 says that u is
locally constant around points of maximum of u. But if u carefully observe step 1, what we have
actually proved is that whenever you find a disk with centre at P 0, where P 0 is a point of
maximum of u such that the closed disk is contained in omega then u is identically equal to M on
this disk.

(Refer Slide Time: 12:15)
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Proof of Theorem (contd.) /9
Step 2: Continuation argument (contd. 6
p g ( ) P, 1.
e Forapoint Q ¢ 4, let d(P,. Q) denote the distance from P, to Q along the
curve 4.

T ST

Now, for a point Q in gamma let d P 0, Q denote the distance from P 0 to Q along the curve
gamma, so let me just illustrate. Suppose, you have find point P 0 P here and you take any point
Q, the usual distance is the Euclidean distance which is the length of this line. But what | am
asking you to do is take the length along this curve. You know that if you move along curves and
not along straight line the distance will be more. So, go along this that distance is called d of P 0,
Q.

(Refer Slide Time: 13:03)
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Proof of Theorem (contd.) v alt
v
Step 2: Continuation argument (contd.) 4.0 1
&M <
e Forapoint O ¢+, let d(P,. Q) denote the distance from P to Q a{)%g the™ i |
curve 1. L, |

o
o We now take a point P, on - which lies in the disk D | Py, 5 | 2 T.

So, we now take a point P 1 on gamma which lies in this disk P 0 d gamma by 2. That means, so
this is P 0, this is p and by step 1 we have proved that on this disk whose radius is d gamma by 2

u is constant. Now we plan to take a point P 1 which is on this curve lies in this disk, but where



will we take? Will we take here, will we take here? Let us see more prescription, we are going to
take on this curve, I want P 1 to be on the curve gamma also. So, | will take P 1 inside this disk

here, thisis my P 1, so P 1 is inside this ball, P 1 is here.

Not only that, | want to maintain some distance D of P 0, P 1 I will take it to be d gamma by 4.
Recall, what is thisd P 0, P 1? It is a distance along the curve d gamma by 4, therefore P 1 will
lie inside because along a curve | am doing a smaller distance d gamma by 4, where the disk is d
gamma by 2. So, this point P 1 cannot be outside, if a P 1 satisfies this criterion, that the distance
along the curve is d gamma by 4, it is not outside this disk, therefore full d be inside. So, it is
possible to find such a P 1 which is in this disk as well as this criterion.

(Refer Slide Time: 14:46)
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Proof of Theorem (contd.)

Step 2: Continuation argument (contd.)

e Forapoint Q ¢ 4, let d(P,. Q) denote the distance from P, to Q along the
curve 4.

o We now take a point P, on ~ which lies in the disk D ( £, 5 | and such that
d(Py. P =, (why is it possible to find such a point P, ?)

o Note that u(Py) = M

| have already explained why is it possible to find such a point. And u of P 1 = M, because P 1 is
in the disk P 0 d gamma by 2, therefore u of P 1 is M.

(Refer Slide Time: 15:04)
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Proof of Theorem (contd.) PZ
Ak, %) =

Step 2: Continuation argument (contd.)

o Now repeating the above argument, get points Py. Py« -« € + till we get a
k & N with the property that P € D (P, % )
‘ e m,,?}
(X §_ e

oA

Now repeating the above argument get points P 2, P 3 and so on till you get a k in N such that P
belongs to the disk with centre P k and radius d gamma by 2. So, in each of these steps when we
try to find P 2, P 3 etcetera, we are insisting on this. That P | of course belongs to the previous
one P I - 1 radius d gamma by 2, we are not compromising the radius, radius is always the same.
And importantly, the distance between the centre and the point we are choosing is d gamma by 4,

the distance is fixed.

That means, we are definitely moving along this curve, P 1 is here, so this distance along the
curve is d gamma by 4 and it is here, so these 2 distances are same. See sometimes it might
happen that you are moving from some point to another point in the step 1 let us say x 0, x 1, X 2.
But then you may be never crossing this some point x star, it can happen that the steps are
becoming smaller and smaller and you are getting accumulated somewhere, you are not crossing

this x star.

But every time if you move a fixed step like this, you will definitely exhaust the distance which
you need to do is simply d of P 0, P that is a distance if you cross using these tiny steps d gamma
by 4. How many number of times that is the thing really here. So, | = 1 to k perhaps then
definitely you will exceed this. So, somewhere before the P will fall into one of these disks, this
is extremely important.

(Refer Slide Time: 16:58)



Proof of Theorem (contd.)

Step 2: Continuation argument (contd.)

o Now repeating the above argument, get points P,.Py.--- € 4 lill we get a
k & N with the property that P & D) ( Py, % ). (why is it possible o find such a
k?)

o We will then have u(P) = M.

@ This finishes the proof of the theorem.

et iy T
We will then u of P = M because u of P k = M and u is constant on this disk. Therefore at any

point in this in particular at P which is in this desk, u will be M. This finishes the proof of the
theorem.

(Refer Slide Time: 17:14)

Another Proof of Theorem

Define a set § by

§:={xeQ: ulx)=M)

@ Sis anon-empty subset of (2.

Q $§is aclosed subset of 2 as u is continuous

@ $is an open subset of (2. Proof is Step 1 in our proof,

Q@ Thus §is a non-empty subset of {2 which is both open and closed.

Q Thus § = () as (1 is connected

Another proof let us look at. Define a set S by set of all x in omega such that u x = M, S is a non

empty subset of omega because we are assuming that u takes the value M. What is the M? M is
at maximum value of u, u takes the value M at some point in omega that is the assumption,
therefore the set is non empty. And it is a close subset of omega, because u is a C 2 function in

particular continuous function, continuous function equaling a constant will be a closed set.



You can also think like this, this is a continuous function, constant function is also continuous, so
2 functions are continuous. That set where they are equal is a closer or you can also look at u x -
M = 0 and set of all x where a continuous function takes a value O here close it. Now, it is an
open subset of omega, it is not clear just from this definition, using continuity you can only

prove it is closed, we have to u is something extra that we know about u namely u is harmonic.

Open set is exactly step 1 in our proof, where we have proved that if u take the maximum value
at some point, then there is a disk around that point where u take constant value M. That is
precisely the meaning of showing the set is open set. So, we have got a set which is non empty,
open and closed, it is a subset of omega, what is omega? It is a open and connected set, there you
have a subset which is non empty and both open and closed. By connectedness of omega such set
has to be the full set that is S = omega, this is the another poof because we are using here omega

is connected.

The proof looks so simple, because we are using the fact that if you are working in a connected
set or a connected topological space, a subset which is both open and closed has to have only 2
choices either it is empty set or the whole set, we are using that result here, that is why it is
simple. And step 1 proof anyway, we have to supply here. So, essentially step 2 is removed and
we are appealing to the connectedness. Of course we have used the connectedness in another
format in the other proof also.

(Refer Slide Time: 19:48)
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Remark on the Proof of Strong Maxim

@ Both the proofs use the mean value property of «
Q Mean value property is an exclusive property of Harmonic functions, which
are solutions to Ju =1

©Q But Strong maximum principle holds for a larger class of elliptic operators, for
which the Mean value property may not hold. Proof uses Hopt's lemma.

Q Most of the texts dealing with general elliptic operators have the necessary

delails

Remark on the proof of strong maximal principle. Both the proofs u is the mean value property
of u, namely in step 1. Mean value properties in exclusive property of harmonic functions, recall
we have not only shown that every harmonic function has mean value property, but also every
continuous function which has mean value property is harmonic. So, almost mean value property
is exclusively a property for the harmonic functions. Harmonic functions means solutions are

Laplacian u = 0.

But, strong maximum principle holds for a larger class of elliptic operators for which mean value
property may not hold, because general elliptic operator need not be just Laplacian all the time.
So, there are operators which are more general than Laplacian for which also the strong
maximum principle holds. And the proof uses what is known as Hopf’s lemma, lemma of Hopf.
Most of the text dealing with general elliptic operators has the necessary details, you may cancel
them if you are interested. But in this course, we will not go beyond Laplace equation as | have
pointed out at the beginning.

(Refer Slide Time: 21:00)
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o Strong maximum principle asserts that

“If a harmonic function attains its maximum in a domain 2

(bounded domain or otherwise), then it is necessarily a constant
function. "

o Note that Strong maximum principle does NOT comment on

« Existence of a maximum value for harmonic functions

» Location at which the Supremum (maximum) is attained (if
exists)

e

Strong maximum principle asserts that, if a harmonic function attains it is maximum in a domain

omega bounded or otherwise, then it is necessarily a constant function. Note the strong
maximum principle does not comment on existence of a maximum value for harmonic functions,
does not comment about location at which supremum is attained if it exist.

(Refer Slide Time: 21:32)
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o Let () be the domain exterior to the unit disk. E iR

(s !

Let us look at an example. Let omega be the domain exterior to the unit disk, it means my
domain is R 2 - the unit disk that is origin radius 1, my omega is this.
(Refer Slide Time: 21:58)
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Example
o Let () be the domain exterior to the unit disk,
o The function u(x.y) = log(x* + y*) is a harmonic function on (.

e 1 has neither a maximum value nor @ minimum value in ().

This function u x, y = log x square + y square is a harmonic function and omega, this can be
easily checked, u have nice neither a maximum value nor a minimum value in omega.
(Refer Slide Time: 22:12)

Dirichlet principle

GI
Let us look at Dirichlet principle.
(Refer Slide Time: 22:15)
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o Let A be a symmetric positive definite matrix. Let b € R?, TFAE.

Q x ¢ R"is a solution to the linear system Ax = b.

@ x ¢ k% is the minimizer of the functional
»

\J — ‘,; - -~ ‘}-
Jy)=zyAy-yb

o Dirichlet principle is an analogous result in the context of
Dirichlet BVP.

o This is a very useful idea. Demonstrating its utility is beyond the
scope of this course.

Before that, let us recall some facts about a system of linear equations. So, let A be symmetric
positive definite matrix, let b be a vector in R d then the following statements are equivalent. x
belongs to R d is a solution to the linear system Ax = b that is same as saying x is the minimizer
of this functional J of y half y transpose Ay - y transpose b. Dirichlet principle is an analogous

result in the context of Dirichlet boundary value problems, this is a very useful idea.

Demonstrating it is utility is beyond the scope of this course, nevertheless let me mention a
couple of points. We have many methods to solve the system of linear equations Ax = b. For
example, we have what is known as direct methods, which will give us exact solutions like
Gaussian elimination method and some modifications of that. Exact methods are good, but when

this A is a big size matrix, matrix of big size that is d is very big then it is not profitable.

In fact, a lot of errors might get enhanced in the method of solution. And people have found that
conjugate trading method is one of the very useful methods which is based on minimizing this
functional. So, Dirichlet principle is analogous to this result and if you understand the utility of
this result, it is easier to understand how this will also be useful. In fact, these kinds of ideas are
used in establishing solutions to elliptic equations and that method is also called calculus of

variations.



And method itself is called the first method is called the direct principle of calculus of variations
where they will look at a minimizing sequence. That is a sequence, for example in this context
sequence of vector y n such that J of y n converges to infimum of this functional and show that y
n converges to some y and J of y is actually the minimum of the functional. So, that is the
general idea in the direct method in calculus of variations.

(Refer Slide Time: 24:42)
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Theorem (Dirichlet principle)
Let ! be a bounded domain with smooth boundary
Letf € C(D), g € C(0%2), and u € C(D).

The following statements are equivalent.

@ The function « is a solution to Dirichlet BVP
A= flx)in€, u=gonoal
Q uis a minimizer of the f;mct:(?ny S
e COfF

J:{v € C (L)) : v=goOnii)f =

| [

J(v) = ; / V| dx / flx)v(x)dx

T S T
What is Dirichlet principle? Let omega be a bounded domain in R 2 with smooth boundary. Let f
be continuous on omega bar, g belongs to C of boundary of omega and u is C 2 of omega bar.
Then the following statements are equivalent. The function nu is a solution to the Dirichlet
boundary value problem, -Laplacian u = f in omega and u = g on the boundary of omega. And

that is same as saying u is a minimizer or the functional J defined by this formula below.

And defined for v, which is in C 2 omega bar such that v = g on boundary of omega. So,
minimizer in this set, because if u is a solution to Dirichlet boundary value problem using this
set, u = g on boundary of omega u is C 2 of omega bar by our assumption. So, for a C 2 omega
bar function, these 2 statements are equivalent. If you know that u is a solution to the Dirichlet
boundary value problem, you can prove that it is a minimizer of this functional. And so,
conversely if u is a minimizer of this functional then it actually solves the Dirichlet boundary
value problem. So, let us denote the set by S.

(Refer Slide Time: 26:01)
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Proof of (1) = (2)
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@ Let u be a solution to Dirichlet BVP. Let v & §.

o Multiplying the equation —Au = f with u — v and then integrating on ! yields

J1)

/_\mxuu(x) v(x))dx = //'vi.rluux v(x))dx
{ JN

o Integrating by parts on the LHS of the last equation gives

/Vuu,’xl (Vu— Vv (x)dx = //\:xumx ~ v(x)) dx

No boundary terms from integration by parts. Because « = v on i1,

T S
So, let us move to proof of 1 implies 2. Let u be a solution to the Dirichlet BVP (()) (26:07) let v
be an element of S. Multiply the equation -Laplacian u = f with u - v and then integrate on omega
which by this we get this. Then integrate by parts on the LHS that means the Laplacian u
becomes grade u and you will get a gradient here which is here, gradient of u - v grad u - grad v.
No boundary terms from integration by parts because u = v on the boundary.
(Refer Slide Time: 26:43)
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Proof of (1) = (2) (contd.)

Re-arranging terms in the equation

/\‘mn (Vie—Vv) (x)dx /f'.l'l (u(x) = v(x))dx,

we get

/ l‘Tnlxil'\dxr /f'u:umdx = /\'m.r;.ﬁxrd.r //'(x)vl.rl(!x

'.I

So, rearranging the terms in this equation we get this. So, bring this term to this side take this
time here to that side.

(Refer Slide Time: 26:54)
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Proof of (1) = (2) (contd.)

Note that

/\"u.\"rdx < /iVu |Vv| dx

; (/ IVl dx) (/ Tudx)
i(/ Vul d 4 / wdr)

Now, look at this inequality, integral grad u dot grad v is less than or equal to integral non grad u

into non grad v. Simply because a dot b is less than or equal to norm a into norm b, this is a

Euclidean norm after vector. So, it is grad u of x grad v of x is less than or equal to non grad u of

x into non grad v of x. Now, here this integral is less than or equal to this integral. After that, this

is called the first time as a, second term as b this is a into b. That is less than or equal to a square

+ b square by 2, | have used that, so we get this.
(Refer Slide Time: 27:39)
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Proof of (1) = (2) (contd.)

Using the inequalities on the last slide, we get

/ [Vulx)|* dx /!’lxl!".x"dx

< é(/ Vul* dx + /|Vr "dx> - /f'(x’t vix)dx

Re-arranging the terms in the last equation, we get

l/ |\‘,,g,\-|33dx - //'u}wmdx < l/?\':dx - /f(x)rlxldx

————

So, using the inequalities on the last slide, we get that integral over omega of non grad u of x

square dx - integral over omega of f u is less than or equal to this - integral over omega of f v.



So, rearranging in terms we get this, all the terms featuring u on one side and v on the other side,
but what is this?

(Refer Slide Time: 28:06)
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Proof of (1) = (2) (contd.)

Note that the equation

];/ IV ulx) | dx - /_I‘u‘wndx < L/Vr:dx - /_/'[x)\'l.rldx
& J Jil “JA il

is nothing but
Ju) < J(v)
Thus « is the minimizer of the functional J over the set §

This completes the proof of (1) = (2)

T T S —

This is nothing but J u is less than or equal to J v, this is the definition of J u; this is the definition
of J v. Thus u is a minimizer of the functional J over the set S, this completes the proof of 1
implies 2.

(Refer Slide Time: 28:27)
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Proof of (2) — (1)

Letve G0, and 1 € R, We have

Ju+w) = Ju) r/:‘Tu Vv~ fv) dx 4 : / V|’ dx

Rewnting the last equality, we gel

r X
Ju+ ) = Ju) = I/IVH.VV - fv) dx + 5 / \Vv|| dx.

T T —T

Let us look at proof of 2 implies 1. So, let v be a C 0 infinity function defined an omega and t be

a real number. Then we have J of u + tv, u plug into the formula of J you get this expression.



And rewriting this what we get is J of u + tv - J if u take this to the left hand side this remains as
itis, RHS.
(Refer Slide Time: 28:54)
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Proof of (2) — (1) (contd.)

Since the functional J achieves its minimum at i, the function / : & — R delined
by

hit) = Juw)=Ju
achieves its minimum at ¢ =0

Thus //(0) = 0, which yields

/ Vulx).Vv(x)dx = /_t!.m'l,.ru!x

Integrating by parts on the LHS of the last equati®n gives
- / Aulx)vix)dx / f(x) v(x)dx
J12 JA)
rI

So, since the functional J achieves it is minimum at u that is the hypothesis in 2. The function h

here from R to R defined by h of t = J of u + tv - J of u that achieves minimum att = 0. Thus, h
prime of 0 is 0 which will give us this relation. Integrating by parts on the LHS will give us -
Laplacian into v. So, integral -Laplacian u into v = integral f v and this is true for every v which
is C 0 infinity of omega.

(Refer Slide Time: 29:39)
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" Proof of (2) — (1) (contd.)

Since the equality
/ Aulx)vix)dx = /}'m v(x)dx
Ji J

holds for every v & C°(12), we conclude that for each x € (1,
-Au(x) = f(x).
Note that « satisfies the boundary condition as u € .

This proves that « I$ a solution to the BVP.

This completes the proof of (2) —: (1)




Therefore, -Laplacian u of x = f of x. Note that u satisfies the boundary condition as u belongs to
the set S, the set S in the definition itself includes that u = g on the boundary of omega. So, here
we need not work with C 0 infinity of omega, we can as well work with C 0 2 of omega, that is C
2 functions with compact support in omega. If this equality holds for every v which is C 2 0 of
omega, then you have that -Laplacian u = f holds at every point of omega. So, this proves that u
is a solution to the BVP. Thus completing the proof of 2 implies 1.

(Refer Slide Time: 30:30)
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Summary

@ Strong maximum principle was proved.

Q Established the equivalence of Dirichlet BVP and a
minimization problem.

T T T S T T

So, let us summarize what is done in this lecture. We have proved a strong maximum principle

and we have established the equivalence of Dirichlet boundary value problem and a

minimization problem. Thank you.



