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1. Steady-state Navier-Stokes BVP in a bounded domain

1.1. The formulation of the problem

We consider

where

V.ov=0
v =0, on 0f),

vAv=v-Vo+Vp+ f } .
in €,

e Q(C R", n=2,3)is abounded domain;

e v is the velocity, p is the pressure, f is the external force;

e v > 0 is the viscosity.
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1.2. Function spaces where we work in

Denote by
D(Q) = {$ € CX(Q): V- = 0}
Introducing the norm | V||, in D(2), we have the completion Dy ().

Exercise 1. e Show that |V ¢||, is indeed a norm for D(S2).

e Prove the following inclusion properties:
Dy*(Q) C {9 e Wp?*(Q); V-9 =0}
Theorem 2. If 2 is Lipschitz, then
Do*(2) = {v € Wo™(Q); V-4 =0}
Open Problem 3. Is it true that
1,2 1,2
Dy~ () = {9 € W™ (Q); V-1p =0}

for any bounded €2?

1.3. Weak formulation of the problem

Definition 4. A measurable vector v is said to be a weak solution to (1) if
1. v € DY*(Q);
2. v satisfies the following identity:

v(Vu,Vo)+ (v-Vv,¢)+ (f,¢) =0,V € D). (2)

Once we have shown the existence of v, we can recover the pressure p, through

the following lemma.

Lemma 5. Suppose Q is Lipschitz and F : W,*(Q) :— R is a bounded linear func-

tional such that

F(¢) =0, V¢ € Dy*(Q).



NSE 79

Then 3 p € L*(Q) verifies
F() = (0. V- 9), Vip € W™ (Q).

Exercise 6. Prove that we can indeed associate to each weak solution with a pressure p

using the above lemma.

1.4. Garlerkin approximated solutions

We establish the existence of weak solutions to (1) by Galerkin method. To this
end, let {¢;} be an orthonormal basis of D;(Q). We wish to find v € Dy*(Q) such
that (2) holds. We look for an “approximate solution”:

UN = C§V¢i7 CZ]'V € R7
v (Voy, V) + (vn - Voy, ¢) + (f.ér) =0, k=1,2,--- | N,
i.e.
vk + A A + Fy =0, Vk=1,2,--- N,
where

Alsk = (¢l : V¢3, ¢k> )

To show that such {c} exist, we need the following two lemmas.

Lemma 7. (Brouwer’s fixed point theorem) Assume that K(C R") is compact and

convex, P : K — K is continuous. Then there exists an ¢ € K such that P(c) = c.

Lemma 8. Suppose that P : RN — RY is continuous and there exists a p > 0 such

that
P(c)-¢>0,Y |c| =p. 4)

Then 3 ¢* € B, such that
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Remark 9. This is a high-dimensional version of immediate theorem for continuous

functions.

Sketch of Proof of Lemma 8 Argue by contradiction and consider the map

P
B,>cr— — (c)peaBp.

[P(c)]
Using Brouwer’s fixed point theorem yields

P(c¥)

dc*, s.t. — p=c,

[P(c)]

thus
‘C*’:p&P(C*)‘C*:—|C |’P(C)| <0,
p

contradicting to (4). O

With the lemmas above, one easily verifies
Exercise 10. The system (3) has a solution vy.

Hints Consider
P:RY > (Cﬁv)j\il =cy — (v (Von, V) + (vn - Voy, ¢;) + (f, ¢z‘))iN:1 € R",

and using Poincaré inequality (with best constant denoted by 7(), show that

Pley)-ex >0,V |ex| = %
O
1.5. Passage to limitas N — oo
Multiplying (3) by ¢y and sum over i, we easily deduce
Yellf
Vo, < 2205k, ®)

where again, vq is the best constant in Poincar’e’s inequality.

The bound (5) implies that

vy — v, in Dy*(Q),
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and Rellich’s compactness theorem yields then
vy — v, in L2
With these two convergence properties, one easily verifies that
Exercise 11. we can pass N — oo (fix i first) in (3), and lead to
v(Vo,V;)+ (v-Vou, ;) + (f,¢;) =0, Vi.

Also, a density argument shows the existence of a weak solution v to (1).

2. Steady-state Navier-Stokes BVP in an exterior domain
2.1. What is an exterior domain?

Definition 12. Q(C R?) is said to be an exterior domain if it is a domain, complement

to a compact set.
2.2. The problem we are interested in
vAv=v-Vo+Vp+ f

V-v=0
v=20 on 02,

in €,

lim |v| =0.
|| —o00

2.3. Difficulties we encounter

1. ‘Dé’Q(Q) is no longer compactly imbedded in L*(Q);

2. there is no Poincaré-type inequality for an exterior domain.

Definition 13. Given f € D, "*(Q), a measurable vector v is said to be a weak solution
to (6) if

1. v € Dy*();

2. v(Vu,Vo)+ (v-Vv,¢)+ (f,¢) =0, V¢ € D(Q).
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Remark 14. (6) is satisfied in a generalized sense:

lim /S (|| ,w)] dS,, = 0. %

|| =00

2.4. Existence of a weak solution

Denote by Qz = QN Br(0), and consider the “approximate problem”:

VAUn:Un‘VUn+Vpn+f .
in €,,,
V-v,=0 (8)
v, =0 on 092,,.
The system (8) has at least one weak solution v,, by results in Subsection 1.

By zero-extending, we have v,, € D;*(Q2), and the uniform bounds

H.fH’D_l’Q(Q)
Vv, < —0
Vv ”Lz(Q) > y

Thus
v, — v, in Dy*(Q),
and consequently, one checks that
Exercise 15. For any ¢ € D(Q2),
v(Vo, Vo) + (v-Vu, o)+ (f,¢) =0.

Hints

1. By zero-extending, we may always take a linear functional defined on €2, as
one on ).

2. By restriction (to (supp ¢).—a neighborhood of supp ¢), we may have strong
convergence by invoking Rellich’s theorem.

For example,

(V- VO, @) = (v-Vv,8) = (v0 = v) - Vv, @) + (v V(v, =), 9),
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the second term being trivially treated, while for the first,

(00— v) - Von. ) = Z /( L )0,
- Z (00 = v;) ¢4, 9; (”")i>(val’2wé’2)((supp $)e)

we just need

(vn, — ;) @i — 0,in Dy ? ((supp ¢).)

which is easily deduced from the following (compact) imbeddings:
(D5* N L)) - & C Dy ((supp ¢).) CC L5 ((supp $).) € Dy ((supp ¢).).

3. Regularity of weak solutions

We consider the bounded domain case, the exterior domain case being more or
less the same.

Before doing this, we need the following

Theorem 16. (Existence) Suppose Q) is bounded and of class C™*, m > 0, f €
Wmi 1 < q< oo. Then

Ju € WmHQ), € WmHH(Q),

such that
vAu =Vr+ f .
in €,
V-u=0 (10)
u =0, on Of).

Theorem 17. (Uniqueness) If v is a weak solution to (10), i.e.
v(Vo, Vo) + (f,¢) =0, ¥ ¢ € Dy*(),
then
v=u,p=n+c c€ER,

where p is the pressure associated to v, see Lemma 5.
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With the uniqueness theorem above, we have the main result of this subsection.

Theorem 18. Assume that Q) is a bounded domain in R* or R®. If f € C>(Q),
Qe C®, thenv € C™(9).

Proof. The 2-D case being similarly treated, let us concentrated ourselves in the 3-D

case.

1.
[v-v+ Fllze < C+ vl [Voll, < 00
= v e W»2(Q), pe WH2(Q);
2. forall s € [1,3/2),

[v- Vo + fll, <[]
2
IVo - Vo + fll, < [Vollz, + [[0l] sz V205, < 00

|Vo||; + C < o0

3s
3—s

= veW>(Q), pe W
3. Iterating as many times as possible, we have finally
v e C™(Q), peC(),

by invoking Sobolev imbedding, as desired.

Remark 19. The method here is the well-known bootstrap argument.

Exercise 20. In 4-D case, prove that one can not show regularity of the weak solutions

using the bootstrap argument.

Remark 21. We can however, use different method to show smoothness. In a word, we

have smooth solutions if v € Dy*(Q) N L™(), and in case n = 4,
Dy (Q) € LH(Q).

Remark 22. In case n = 5, Struwe has proved some "partial reqularity” result.
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Open Problem 23. Although we can construct smooth solution for n > 5, can we

prove that any weak solution is reqular?

4. Steady-state body/liquid coupled system
4.1. The problem at hand

Let Q be an exterior domain in R". We shall always stay ourselves safely in R?,
which is physically relevant.

The PDEs we are concerned is the following

vVAv—Vp=(v—€f—-—wxa) - Vo+wXxv

in (2,
V-v=0
(11)
v=€6+wXT on 0f),
|l|im lv(x)| = 0;
mwxézG—/ T(v,p) - ndo
? (12)
wx (T -w)=— [ xxT(v,p)- ndo
)
wx G =0. (13)

4.2. Difficulties we encounter

1. The body/liquid system is nonlocally coupled;

2. since the equations are written in a frame attached to the body, the motion of
the body is unknown;

3. also, the direction of G € S? is not a priori known;

4. 5% is not a convex set, Brouwer’s fixed point theorem could not be applied,

we need instead Lefschetz’s.
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4.3. Function spaces and Kohn's inequality

Denote by
R = {w CO®(R’); w=w +wy X T, wy,wy € R?’},

the rigid motions.

Also, a solenoidal set

V.¢—0
V() =40 €C®); ¢ e Rinaneighborhood of 9
¢(x) = 0when |z| > R,

Notice that
D(Q) CV(Q).
Introducing a norm
Dol = | V2L
2

we have the compeletion V12(Q).

Exercise 24. Show that ||D¢)||, is indeed a norm for functions ¢ € V(2).
Hints One verifies trivially that

D¢p =0 = ¢ < R(bysimple differential calculus )
¢ —0(by ¢ = 0when |z| > Ry).
Other hints One can also do this exercise through the following steps:
Dp=0 = Ap=0
= ¢ = 0( by ¢ is analytical ).
Theorem 25. (Kohn's inequality) If ¢ € V(2), then

Do,
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is equivalent to

[#lls +1Vell, -

Proof. Extending rigidly outside (2, we still denote this extension by ¢. Then ¢ €
C5°(R?), and consequently,

IVelho < IVOlsrs
= — / A¢ - ¢( integration by parts )
_ _2/V~D¢-¢(v-¢:0)
= 2 ||D¢H§,R3 (integration by parts )

= 2| Dol (¢(z) € Rwhenz € Q°),

and

1#ll6.c

IN

1@ l6 o
C||V¢||2,R3

ClDollygq-

IN

IN

Moreover, we have the following characterization of V'?((Q).

Lemma 26. Suppose ) is Lipschitz, then we have

1. (equivalent definition)

V-v=0
VIHQ) = v e W2(Q): v, + Ve, < oo ?

V]p = a1 + az X x for some a1, a; € R?

2. (trace inequality)

1] + |az| < [ Doy; (14)
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3. (vanishing at infinity)

lim / o(|z|,w)| dS, = 0.
5‘2

|| o0
4.4. Weak formulation of the problem
Recall that the Cauchy stress tensor
T(v,p) = v(Vv + (Vo)) — pl,
we have
LHS of (11), = div T'(v, p).

Hence multiplying (11), by ¢ € V(Q)(¢ = ¢1 + ¢, x x for some ¢, ¢, € R?), and

from the following computation:

/V-T(’u,p)~¢ = T(v,p)-¢-nda—/Dv-D¢da:
Q o9 Q
= ¢1- [ T(v,p)-ndo+ | T(v,p)-(¢2 X x) -ndo — (Dv,D¢)
o0 o9
= ¢ T(v,p) ndo+ ¢, - / z x T(v,p) -ndo — (Dv, D)
a0 o0

= ¢1-Gi—méy - (wx§) —wXx (I w) ¢ —(Dv,De)(by (12)),
we have finally

(Dv, Do) + (v —€ —w x ) Vv, ) + (w x v, P)

G 1+ mw X €yt wx (T-w)-dy =0, (15)

for all ¢ € V(Q) with ¢|gq = @1 + ¢2 X .
This naturally leads to the following

Definition 27. The quadruple (v, &, w, G) is said to be a weak solution to (11)-(13) if
1. v € VE2(Q);

2. vjgo =€+t w X x;

3. (15) is satisfied;

4. wx G=0.
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4.5. Existence of a weak solution

As applied twice before, we use Galerkin methold. To this end, we need a special

basis.

Exercise 28. 3 {¢y} -, such that

1. ¢r € V(2);

2. (D¢, Do) = Opis;

3. the linear hull L of {¢px} in V(Q) is dense in V12(Q);

4. V¢ ecV(Q), 3 {¢n} C Land acompact set K C ) satisfying
(a) supp(¢pm) C K;
® i llgn = 9ll5 =0

Hints V (Q) is dense in V'1*(Q2), which is a separable Hilbert space.

With this basis at hand, we have to construct approximate solution sequence

(vn. €N, wn, Gy) as

( vy = G, Gilog = P + Pi2 X T
Ev = C§V¢i1
WN = C§v¢i2
Gy € 52,

and the following algebraic system is satistied:

(Doy, Di) + ((vy —&n —wy X @) - VU, ¢p) + (wn X vy, Pi)
—GN - P+ mw X &N - o +wi X (- wy) - Poy,
=0,k=1,2,---,N; (16)
wy X Gy =0.

Theorem 29. The system (16) has at least one solution

cy = (c]lv,~~~ ,c%) .Gy e 52
Before going to the proof of Theorem 29, let us review some results in algebraic

topology.
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Definition 30. Let P be a polyhedron, the Euler characteristic of which is defined as

X(P) = #(vertices) — #(edges) + #( faces).

Example 31. 1. If P is a singleton, then
X(P)=1-04+0=1;
2. if P is a triangle, then
X(P)=3—-340=0;
3. if Pisa "filled” triangle, then
X(P)=3-3+4+1=1;
4. if P is a cube, then
X(P)=8—-12+6=2.

Exercise 32. What is x(P) if P is pyramid?
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Answer
xX(P)=5—-84+5=2.

Definition 33. Two topological spaces X, Y are said to be homeomorphic if there exists

f: X = Y such that

1. f is continuous;
2. f is bijective (injective—one-to-one and surjective—onto);

3. f~Yis continuous.

Theorem 34. (Poincaré-Alexander) If P, and P, are homeomorphic polyhedra (pl. of
polyhedron), then

X(P1) = x(P).

Remark 35. This theorem tells us that Euler characteristic is invariant under homeo-

morphism.

With this theorem at our disposal, we may extend the definition of Euler charac-

teristic to more general topological spaces.

Definition 36. A topological space X is said to be triangulable if it itself homeomorphic
to a polyhedron P. In this case, we define

Remark 37. Due to Theorem 34, the number x(X) is independent of P, which we

choose to triangularize X, thus it is an intrinsic number associated to X.

Example 38. 1. x(S') = x(triangle) = 0;
2. x(S?) = x(cube) = 2.

Theorem 39. \(B") =1, Vn > 2.

Theorem 40. Let X, Y be two compact, triangulable topological spaces, then

X(X X Y) = x(X) - x(Y).
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Example 41.
X(B" x §%) = x(B") x x(§*) =1-2=2,Vn>2. (17)

Definition 42. Let X, Y be two topological spaces, f, g : X — Y is said to be homo-

topic if there exists a continuous map
H:X x[0,1] =Y,

such that

-y
X
8
=
I

flz), v € X;
2. H(z,1) = g(x), z € X.

Theorem 43. (Lefschetz fixed point theorem) Let X be a compact, triangulable topolog-

ical space, f : X — X satisfies the following two conditions:

1. f is continuous;

2. f is homotopic to the identity map.

Then
X(X) # 0 = f has a fixed point.
Using this theorem, we have the following

Lemma 44. Let

P : RVxS? 5 RN
T RVxS8? 5 TS?

be two Lipschitz continuous maps satisfying the following inequality:
P(§.e)-£>0,V £ =p.
Then 3 (&*,e*) € B, x S? such that

P, e") =0, 7(&%,€e) =0.
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We postpone the proof of Lemma 44, and deduce easily the
Sketch of Proof of Theorem 29 Consider the map

('D’UNa'Dﬁbk) + ((UN — &N —wn X 33) -V, ¢k) + (WN X Un, ¢k)
P(CN7GN) -
—GN - P +mw X &N - P + Wy X (T - wy) - Py,
T(CN,GN) = wpy X GN,
and verify trivially that

1. P and 7 are continuous;
2. T(CN, GN) S TS2,'

3. V p > k (the constant in Lemma 14) > 0,

P(cy,Gn)-eny >0,V |en| = p.
The proof of Theorem 29 is then complete by invoking Lemma 44
We are now in a position to give the

Proof of Lemma 44 Consider the system of ODEs

€ _ _p
Zt (57 6)7 (18)
d_j = T(éa 6)7

where (£(0),e(0)) € B, x 5? = X. Due to the Lipschitz continuity of P and 7, (18)

has a C'! solution on [0, T') for some T' > 0.

Claim T = oco.

Indeed, we need only show that

€@ +le(®)] < M, ¥t < [0,T), (£(0),e(0)) € X,
for some M > 0 independent of ¢.

e For |e(t)], since

we have
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Thus

e For [£(t)|, we claim then
@) <p, VEe[0,T). (19)
(19) is proved by contradiction. That is, suppose (19) is not true, then
3t €[0,T), e >0, s.t. |€E(t)] =p, |E@X)] > p, V€ (t,t+¢). (20)

(This can be done becuase £ is C! in t)

However, (20) can be true since

d€
% _P<€7)

= §E|€| =-—P(e) &
1d

=

537 [EDF = —P(E@D,e(®) - &(F) <0
= |&(t)| < |&(t)| = p for t in a right neighborhood of .

The calculations above also show that

(£(0), e(0)) = (§,e) € X = (£(1), e(t)) € X,

i.e. the solution will never leave the manifold X if the initial data are given in X.

Let us now consider a map sequence
gr = X 2 (£(0),e(0)) = (& e) — (§(tk), e(ti)) € X,

where t;, = 1/k.

One verifies trivially that

Exercise 45. 1. g is continuous;

2. gy is homotopic to the identity map.
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Hints The first one being the continuous dependence on the initial data, while

for the second one, consider the following ODEs:

) il
i - P c) o
d‘; = 87—(57 )
where s € [0, 1], (£(0),e(0)) € X.
It follows then that (21) has a solution (£(¢; s, £(0), e(0)), e(t; s,£(0), e(0))).
We may then define
Hk(sv ga 6) = (E(tk7 S, €7 8), e(tkv S, 57 6)) :
Clearly, Hj, is continuous and satisfies
Hk(0> 57 6) = (67 6)7 Hk(L Ea 6) = gk(€7 6).
As (17) shows
X(X) = x(By) - x(§%) =1:2=2, YN >2,
we may then apply Lifschetz fixed point theorem 43 to deduce
3 (&k ex) € X, s.t. gu(&r, er) = (&, ex). (22)

Now integrating both sides of (18) from 0 to ¢;, we obtain by (22) that

/ P(E(w), e(u))du — 0, /Otk ~(€(u), e(u))du = 0.

With this information, we may conclude the proof as

:APWWdW“’

0 = F(0)

e define

then

= —P(&(ty), e(tr))t, + o(ty),
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that is,

Ple(t).elt) = A2, @)

Due to the fact that
X =5B,x5
is compact, we may assume, up to a subsequence, that
(&(tr), eltr)) — (£, €7) € X,

Taking £ — oo in (23), we have

P& e") =0.
e Similarly, we have
(€ e") =0.
The proof of Lemma 44 is now completed. O

Remark 46. Lemma 44 is for the 3D case, ie. S* C R®. More generally, we may

consider successfully the odd space dimensions, since
X(B, x S"71) # 0,
for n odd.
Remark 47. However, when the space dimension n is even,
X(Bp x S"1) =0,
the Lefschetz fixed point theorm 43 do not apply.

After establishing the existence of a solution to (16) in Theorem 29, we may now

do a priori estimates and pass to limit as N — oo in (16) for each fixed k.
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Exercise 48. Show that a priori we have
[Doxll, < - 4)
where k is the constant in (14).
Hints Using the fact
((a x x) - Vv,v) =0, fora fixed a € R?,
we are led to the conservation of energy:

dissipation of energy due to viscosity

2
V||D'UN||2

= Gn-&n

work done by gravity.

from which and (14), (24) is derived.

Now it is the right time to passage to limit.

Exercise 49. We have naturally the following convergence properties:
1. Dvy — Dvin L?;

2. vy — v in L*(B) for all bounded B C );

3. Nligloofzv =&, A}Lﬂéowiv = w;

4. v =€+ w x xon I

5. lim Gy =G;

N—oo

for some (v, €, w, G).

Exercise 50. Using the convergence properties in Exercise 49, and the method in Sub-

subsection 2.4, show that the quadruple (v, €, w, G) is indeed a weak solution to (11)-(13).

Open Problem 51. Continuing Remark 47, how can we prove the existence of weak

solutions to the steady-state body/liquid coupled system (11)-(13)?
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FIGURE 1. Non-uniqueness

4.6. Non-uniqueness, regularity and related topics

1. In general, there is no uniqueness. In fact, non-uniqueness is easily proved for
certain symmetric bodies. For example, the steady flow as Figure 1 depicted.
Since non-uniqueness is natural, it would be essential to study the stability
properties of the steady-state solutions. Because we observe experimentally
only those (steady-state) solutions that are stable, those solutions which are
unstable are not so important.
Unfortunately, the problem of the stability of steady-state solutions is a
completely unexplored territory.
2. The regularity of a weak solution is easily done by bootstrap argument as in

Subsection 3.
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5. Time-dependent falling body problem—a review

We consider the time-dependent counterpart of (11)-(13):

v+ (v—€§—-—wxz) - Vo-—vAv+Vp=0

v+ (v—€—wxx) Vv—rAv P inQ % (0.7),
V-v=0
V|oaxpr) = &(t) + w(t) x @,

%:Qt F— T(v,p) -ndo—w x &,

a 09 (25)
I-———/ x xT(v,p) ndo—w x (T w),

0 —w3 W3
dQ? .
W:R@J)‘Q,Q(O):L R(w)=| w3 0 —w

Here we use the notation v(0) = vy, £(0) = &, w(0) = wy.
The system (25) involves both PDEs and ODEs, and is coupled by a nonlocal
coupling.

The weak solution to (25) is trivial, while for the strong solutions, we have

Theorem 52. (Local existence) Suppose Q(C R?) is of class C* and F € L*(0,T), T >

0. Assume moreover that vy € W1H2(Q) with

V"UQZO, ’U()|3Q:£0+(.d() X &, 50,0)0 - Rg.

Then 3T* € (0,T) and (v, p, &, w, Q) satisfying (25) in Q@ x (0,7*). Also,

v, Vv € L0, T* LA(Q)),

v € L2(0, T W22()),
£weWh2(0,T%), Q € W2%(0,T%),
O, Vp € L*(0,T*; L*(Qr)), V¥ R large.

Here Qg = Q2N Bp.
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Theorem 53. (Global existence) Assume in addition that F € L*(0,00). Then 3§ > 0
such that

||U0H172—|—/ |F(t)’2dt<5:>T* = 00.
0
Theorem 54. (Asymptotic behavior as t — oo)

lim [[Vo(t)], =0,

t—o00

Jim [6(8)] = 0= Jim fo(®)]

lim |Q(t) — I =0.

Open Problem 55. How can we prove the uniqueness of strong solutions to (25)?

6. Steady bifurcation theory of the Navier-Stokes problem in a bounded

domain

In this subsection, we consider the system 1.

6.1. What is a bifurcation?

We first state a uniqueness result.
Theorem 56. (Uniqueness) There exists a C = C'(2) > 0 such that if
2
R = 171z <C, (26)
14
then the weak solution v constructed in Subsection 1 is unique.

Proof. Suppose v is another weak solution, then (2) and a simple density argument

imply

v(Vv,9) + (v-Vv,¢)+ (f,¢) =0,

v (V’Ulv ¢) + (’01 ’ V’Uh ¢) + (fa ¢) =0,

for all ¢ € Dy*(Q).
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Denote by u = v — vy, and taking ¢ = u, we deduce easily
v|[Vuls = (v-Vo,u)+ (v - Vo, u)
= —(u-Vv,u) — (v;-Vu,u)

= —(u-Vov,u)

IN

2
[lly Vol

IA

Cr IVl [IVoll,.,
Le.

[Vull; (v = Cr[IVo],) < 0. (27)
While standard energy estimate shows

2
v[Voly < [Iflls vl

< 2llfl: Vol

that is,
2 = v )

substituting this into (27), we have

Chiy
IVl (v— g ||f||2) <0

14
Thus v = 0 if
£l I
2 <0179_C'

O

Notice that in the above uniqueness result, (26) is important. The natural ques-
tion is then that what can we say in case (26) is not true, i.e. R is large?

The followings are some questions we are concerned about:

1. When R is large, do uniqueness still hold?
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FIGURE 2. Doughnut

2. If itis not so, how many solutions then, and for a fixed f, what is the manifold

(v,v), where v € (0,00), v is a weak solution to (1)?

For the first question, we give an unaffirmative answer. In particular, we have

Theorem 57. (Non-uniqueness) Let §) be a smooth body of revolution around an axis L
and 2 does not contain L. For instance, the doughnut as Figure 2 depicted. Then 3 f and
v, such that if R > ~q, then (1) with boundary data v, has at least two different solutions.

The above non-uniqueness result tells us that when R is large, we can not expect
uniqueness. This coincides with the observation in experiment. And this is just the

starting point of bifurcation.
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The second question is then the fundamental issue of bifurcation theory. We give

the answer in the next subsubsection.

6.2. Main result—functional/geometrical properties of the set of solutions

We state the main result of this subsection here.

Theorem 58. 1. Forany f € DEI’Q(Q), system (1) has at least one weak solution;
2. there exists an open and dense set R = R(v) such that for each f € R, system (1)
has a finite and odd number K = K (v, f) of solutions;

3. the number K is constant in each connected component of R.

Remark 59. The first item in Theorem 58 is done in Subsection 1(with slight modifica-
tion). But we give a different and unified proof here.

Proof of Theorem 58

1. Abstract formulation of (1).
We shall show in Subsubsection 6.3 that the weak solution of (1) can be

written as
M(v) =vv+ N(v) = F, inD}*(Q),

where N (v) and F are suitably defined.
2. Functional properties of M.
We shall show in Subsubsection
(a) 6.4 that M is proper, i.e. the preimage of a compact set is still compact;
(b) 6.5 that M is Fredholm of index 0, i.e., the dimension of the kernel of M
equals to the codimension of the range of M, and both are finite;

(c) 6.6 that the degree of M is not 0, and conclude the proof of Theorem 58.

O
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6.3. Abstract formulation of (1)

We shall formulate (1) with f € Dy 12(Q) as an equation in ‘Dé’Q(Q), where we

use the notations in Subsection 1.

Recall that Dy*(Q) is a Hilbert space with scalar product
[v,w] = (Vv,Vw), v, w € Dy*(Q),
and the weak formulation (2) says that
v[v, ¢+ (v-Vv,¢) + (f.¢), V¢ € Dy*().

Observing that
o [(v-Vo,9)l < o], IVll, o], < ClIVol; IVl
o [(f. ) < [Ifllpyr20) 10l D320 s

we have by Riesz representation theorem,

v[v, @]+ [N(v),¢] = [F,¢], V¢ € D;*(2),

where
b [N<’U)7 ¢] = (’U ’ V’Uv ¢)l
o [F,9]=—(f, )

Notice that (28) is equivalent to

M(v) =vv+ N(v) = F, in Dy*(Q).

We shall study various properties of M is the following subsubsections.

6.4. Properness property of )/

(28)

(29)

We first establish a sufficient condition to ensure an (nonlinear) operator to be

proper, then verify that M satisfies that condition.

Lemma 60. Let X, Y be Banach spaces, M : X — Y with the following two properties:

1. M = H + C, where H is homeomorphic and C' is compact;
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2. M is coercive, i.e.
2]l x = 00 = [[M(2n)[ly — 00, V {za} C X. (30)
Then M is proper.

Proof. Let K(C Y) be compact. For any {z,} C M~(K), we wish to find some
convergent subsequence. Since {M(z,)} C K, we may assume, up to a subse-

quence(we shall always do so later), that
M(an) = y.

Coerciveness of M then implies that {xz,} is bounded. Invoking the compactness

of C, we have
C(xy,) — z.

Thus

and hence

r, — H Ny — 2).

Using this lemma, we prove
Lemma 61. M is proper.
Proof. Due to the fact
M (v) = vv + N(v),

and Lemma 60, we need only show that
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1. N is compact.
Let {v,} (C Dy*(R2)) be bounded, we have for V ¢ € D;*(1),

[N(v,) — N(vp), 9] = (v,-Vv, — v, Vo, ¢)
= (U0 V(00 =), @) + (V0 = V) - VUi, @)
= —(v,-Vo,v, —vy) + (v, — V) - VU, @),
and thus, up to a subsequence,
IN(w) = Nwa)lppea < oaly 00 = vl + 100 = vl [V
— 0, asn,m — o0,

due to the compact imbedding Dy*(Q) cC L4(Q).
Now that { N (v,)} is Cauchy in Dy*(Q2), we are complete.
2. M is coercive.

We calculate directly as
[M(v),v] = v[v,0]+[N(v),v]
= v|[Voll;,
thus
v|[Voll, < [M ()]l pp2q) -

and hence

HUTLH’D(I)"Q(Q) — 00 = ||M(vn)||’1)(1)’2(§2) — 00, V {v,} C Dy*(Q).

6.5. Fredholm property of M

We shall show in this subsubsection that M is Fredholm of index 0.

To this end, we need a series of tools from functional analysis.

Notation 62. e X, Y «~ Banach spaces;
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o L(X,Y) «~s the set of bounded linear operators;
e M: X =Y e~ Misamap from X toY;

o N(M) «~s the kernel of M;

o R(M) «~ the range of M.

Definition 63. L € L(X,Y) is said to be Fredholm if
1. a =dim[N(L)] < oo,
2. p=codim [R(L)] = dim[Y/R(M)] < occ.

And the index of L is defined as

ind(L)=a—-p€Z.

Remark 64. It is well-known that the Fredholm property and the index is invariant

under small (w.r.t. norm) or compact perturbations.

In order to extend the definition of Fredholm property and the index to more

general (nonlinear) operators, we need

Definition 65. A map M : X — Y is said to be (Fréchet) differentiable at xy € X, if
there is an M'(xy) € L(X,Y), say, such that

M (o + h) = M(xo) = M'(zo)Rlly = o (l|hllx) , as [|h]lx — 0.
In this case, M'(xy) is said to be the (Fréchet) derivative of M at xy.

Exercise 66. Show that if M'(x,) exists, then it is unique.

Exercise 67. 1. Show that for L € L(X,Y"), we have
L'(z)=L,VxeX.

2. Show that N is (Fréchet) differentiable at any w € Dy*(Q), and find the (Fréchet)

derivative.

Remark 68. For functions defined and with values in R, the (Fréchet) derivative is the

same as the ordinary derivative.
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Remark 69. One may also consider higher (Fréchet) derivative inductively.

Theorem 70. (Inverse function theorem) Let M : X — Y and M'(x,) is bijective.
Then M is a bijection from a neighborhood of x onto a neighborhood of M ().

Now we are ready to extend Definition 63 as

Definition 71. A map M : X — Y is said to be Fredholm if M'(x) is Fredholm for

some xo € X, and the index of which is defined as
ind(M) = ind [M'(x)] .

Exercise 72. Show that the Fredholm property and the index of M is well-defined, i.e.,

ind(M) is independent of x, where we evaluate the (Fréchet) derivative.

Hints Invoking the invariance of Fredholm property and the index under small
perturbations.

We are now ready to state
Lemma 73. M is Fredholm of index 0.
Before going to the proof of Lemma 73, we need

Lemma 74. Suppose that M : X — Y is compact and (Fréchet) differentiable at x, €
X. Then M'(xy) is also compact.

Proof. Argue by contradiction. Suppose that M’(z) is not compact, then M'(x)(0B;)
does not have compact closure in Y, where 0B, is the unit sphere in X. Thus by

Cauchy’s convergence criterion,
3 {z,} C OBy, €0 >0, s.t. || M'(x0)(x,) — M'(x0)(z)ly > €0, ¥ 1 #m.
While direct computation shows that

M (xo + awn) = M(zo + owm)lly = o] - [M (o) (zn) — M’ (20) (2

— [|M (xo + ax,) — M(xg) — aM'(zo)z,]|y



v
)
o
o

|
S
2

v

if |a| > 0 is small and fixed.
Thus {M(x¢ + az,)} has no convergence subsequence, which contradicts the
hypothesis.
O

Now, let us concentrate ourselves in the

Proof of Lemma 73 Recall that
M :Dy*(Q) 3 v vv + N(v) € Dy*(Q),
we have
M'(v) =vI + N'(v).

From the proof in Lemma 61 and Lemma 74, we gather that N'(v) is compact.
Thus M’(v) is Fredholm of index 0 being the compact perturbation of a homeo-
morphism.

By definition, we have M is Fredholm of index 0 also. O

6.6. Degree property of M and the ending of Theorem 58

In this subsection, we study the degree property of M, and conclude the proof
of Theorem 58.

As done perviously, we need to recall some basic facts from nonlinear functional
analysis.

We use the notations as in Subsubsection 6.5.

Definition 75. Consider a map M : X — Y. We say that x € X is a reqular point

of M if M'(x) is surjective; otherwise, it is a critical point. We also say that y € Y is a
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regular value if M~(y) = (0 or M~(y) contains only reqular points; otherwise, it is a

critical value.

Notation 76. e R = R(M) e~ the set of regular values of M;
o O =O(M) e~ the set of critical values of M.

Concerning the set O, we have

Theorem 77. (Sard’s theorem, a simple version)Let M : RN - RN, 2y € RN bea

critical point of M, i.e.

det [aMZ] =0.

3 T j
Then

LMO) = 0.

Theorem 78. (Smale’s theorem) Let X, Y be two separable Banach spaces, M &
C*(X,Y) be Fredholm of index m. Assume that

k > max {m,0}.
Then O is of Baire first category, i.e.

and R is densein Y.

Moreover, if M is proper, then R is dense in Y.

Exercise 79. Let M € C'(X,Y) be Fredholm of index 0. Show that for the operator

equation
M(z) =y, (31)
foragiveny €Y,

1. if m < 0, then (31) is not well-posed in the sense of Hadamard; in fact, there is no

continuous dependence on y.



NSE 111

2. if m = 0 and M is proper, then there exists an open and dense set R in Y such that

forally € R, (31) has, at most, a finite number of solutions.

Hints

1. Show that for any y € Y/, for which (31) has a solution, we have for any ¢ > 0,
there exists y. € R such that
(a) M(x) = y. has no solution;

(b) [lye —yll <e.

2. Invoking the inverse function theorem 70 to entail the finiteness.

Before stating another version of Smale’s theorem, we introduce

Definition 80. For amap M : X — Y, the degree of which at y € 'R is defined as

0, if M y)=0o0r#M ' (y) =0 (mod2),
1, if#M (y) =1 (mod?2).

deg(M,y) =

Theorem 81. (Smale-Caccioppoli) Suppose that M € C*(X,Y). Then
deg(M,y1) = deg(M,y2), ¥V y1,y2 € R.
Due to Theorem 81, we have
Definition 82. Let M € C*(X,Y), we define the degree of M as
deg(M) = deg(M,y), y € R.
Theorem 83. Let M € C?(X,Y) be Fredholm of index 0 and proper. Then the condition
deg(M) # 0, (32)

implies that

1. (31) has at least one solution for eachy € Y;
2. there exists an open and dense set R € Y such that (31) has a finite and odd number

of solutions.
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Proof. 1. Due to the Smale’s theorem 78 and 32, for Vy € Y,
AR Sy, = M(z,) — y.
Thus {y,} U {y} is compact. The properness of M then yields some
Ty — T,
which then implies
M(zp) — M(z) =y.

2. By Exercise (79), we need only show that #M~*(y) is odd, while which is
easily deduced from (32).
0

Now, we have a sufficient condition to ensure (32), which is easy to check in

practice.

Exercise 84. Let M € C?*(X,Y) be Fredholm of index 0 and proper. Suppose that
1. 3y € Y such that

M(x) =y

has a unique solution z;
2. M'(z) is injective.
Then
1. (31) has at least one solution for eachy € Y;
2. there exists an open and dense set R € Y such that (31) has a finite and odd number

of solutions.

Hints Show trivially using ind(M) = 0 that z is a regular point of M.
Now we conclude the proof of Theorem 58.

In view of Exercise 79 and Exercise 84, we need only to verify trivially
. Mv)=vv+ N(v)=0=v=0;

2 M0)(w)=vw=0=w=0.
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7. Exam at co

1. Let Q be domain of R?, complement of a compact set B. Consider the follow-

ing boundary value problem in :

vAv=(v—§—-wxzx) - Vo+Vp+ f } .
in Q2

V-v=0 (33)

v]og = 0, lim;0 v(x) = 0.

We say that v : 2 — R? is a weak solution to (33) if the following conditions
are satisfied:

(a) v € Dy*(Q);

(b) v obeys the following equation:

v(Vo,Vo)+ (v—€—-—wxx) Vv, )+ (f,¢) =0, Vo € D), (34)
where, we recall,

D) ={¢ € (°(Q); V- ¢ =0},

D,*(Q) = completion of D(N) under the norm ||V, ,

and (u,w) = / u - wdz.

Q
Show that for any &, w € R? and for every f such that the map
D*(Q) 3¢~ (f,¢) €R
is a bounded (linear) functional, problem 33 has, at least, on weak solution.

Proof. One easily adapts the details in Subsection 2 and Subsubsection 4.5 to
conclude the proof. O

2. Let

) { O B u is a weak solution to (33) with§ =w =0 }
=< v:0Q— ; .

and with given f. |u(z)| < M/ |z|, for some M > 0
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Show that there exists a v > 0 such that if v € C(©2) and

sup [(|z] + 1) [v(z)[] <7,
e

then v is the unique weak solution to (33).

Proof. (a) We first establish a Hardy type inequality:
2
/—(\u( @)l dx < /|Vu )| dz, u € DF*(Q).

] +1)°
Formally,
2
JCR WRPLLC
o (|| +1) Q || +1
= —Q/U-Vu- sgn(x)dx

IN

and (36) follows readily.

2(/ <||;y(+1 ) (/'V" |dx) :

(35)

(36)

(b) We now prove the problem. Suppose v; is another weak solution to (33)

with £ = w = 0. Then (34) and a simple density argument yield

v|[Vul, = —(v-Vou,u)+ (v; - Vo, u)
= —(u-Vv,u)+ (v;-Vu,u)
= —(u-Vuv,u)

= (u-v,u)

_ (H%-w,u-um)

sup [(|z] +1) [v(z

IN

< 27|Vl (by (36) and (35)),

where u = v — v;. Thus u = 0, v = v, if we take

v
7—2-

‘VU’HQ
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