Examples Using Energy Estimates

We will use energy estimates for solutions to the N-S equations to derive existence results
for solutions having various types of regularity. Of course the various types of regularity for
the solution are determined by the regularity assumptions on the data in the problem and it
will be our aim to show precisely how the energy estimates are modified to correspond to
the data regularity in such a way as to lead to the various kinds of regularity for the solution.

Recall first, that in the basic existence proof we derived the following estimate for the
nonlinear term

b, V)| < Cllally [Vl for iV e Hy(U)"
and this eventually led to the result that B(u(¢)) : L*[0,T : V] - L?[0,T : V'] for p < 4/n.

Then the assumptions, 7(1‘) e L*[0,T : V'], uo € H, on the data lead to a weak solution
u(t) € L*[0,T : VINL*[0,T : H], with u'(t) € LP[0,T : V'] for p < 4/n.

Example 1 Here, we assume that » = 2, and

Re) and f(6) € L2[0,T : V'], f0) € H
and uy € HX(U)"NV.

Then for {w;} a family of functions in K (the divergence free test functions in U) that
spans a dense subset of 7, let

un() = 257, ()W
satisfy |

@(0). 30+ VLT, 1]+ B (0,Tn (D). ) = (A0 3) . (1)
for1 <k <N

Since uy € H*(U)" NV, we can also let uy(0) = Py[uo], Where Py denotes the
orthogonal projection in H>(U)" N V onto the subspace Vy = span[w1,..., wy]. Then
clearly,

18 (0) 2 = [|1Palto]lls < |[tdoll,z and [|Pw[ido] = o2 = O as N — oo

The initial value problem for (1) has a unique solution for each N and by multiplying
(1) by C;y(z) and forming linear combinations, we can infer that

(N, (1)), + VN, B (D] + (i), (), i) = (i)



At t=0 in particular, we have
in(0)|[7 = G(O)ﬂ}v(o))H —[[un(0),1(0)]] = b(un(0),n(0), 1y (0))
= (R0).iiN(0)) | = v(Aiin(0),ii3(0)),, = b(Ein(0),iin(0),i3(0))
and, since we assumed that ?(0) € H,
(eI LA 12| (0]l + v | Az (0) ||| (Ol + [|Biin(0)| | 11 (0) |2

e, [un(0)]l; < ROz + v Atix(0) 1z + |Biin(0))| l
Now observe that,

(i) Aun(0) = —V21iy(0) hence

142N ()l = IV?2in(0)]|,; < Cllain(0)]], < Clltdol]
(i) |bGu,u,v)| < Cllu|l,||Vall,|[v]], (bythe generalized Holder inequality)

The Sobolev inequality for n=2 implies,

=12 - 1/2

- =12 -, 1/2
lall, < |ldll, | Vall,”  and || Vall, < |[Vull,”||V*u

Il
Then the Cauchy inequality gives,

=12 - 1/2 - =12 -, 1/2 -
[l “IIVally” < flall,, IVl " VZall,” < (4]l

— o —

and, finally, |b(u,u,v)| < Cl[ul|,||ul|,.|Vll,, forallu e H*(U)" NV
and all v € H. It follows that for each u € H>(U)" NV thereis a
unique B(i) € H such that |b(ii,u,v)| = |(B(4),V),| Vv e H.
Then

|1Bin(0)]],; < Cllun(0)]], 1dn(0)|l 2

< Cun(0)|l32 < Clltioll,p2
These results lead to,

113 (0)[1,; < A0l +vClto]| 2 + Clltioll . = Mo(f0),10)



ie, {u(0)} is a bounded sequence in H.

By differentiating the approximate equation with respect to t, and then
forming linear combinations of the results, we get

@0, (1)) 5 + VI T(O)T] + BN TN (). (1)
+ bV Ey0.i(0) = (f O30

Note that since we have assumed 7’(;) e L*[0,T : V'], then

(@iinm), = Fo.amy, .

In addition,  @\(0),@x(0),, = NIl

and since  [pG@,3w)| < C(all, @, "

for n=2,

N - - 12
G

()|l + 201 @I < 21 Ol iyl + 2CTRiN O] BN vl

Now  2CIin ()|l [N ()] lin(D)lly < ollin()lI} + C) [yl l7, v ()1

and  2[[/' Ollyllun@lly < sollayly + o2 |1 O

therefore,
i)l + Tl < CLIF O + @@ vl ] @)

The approximate equation has been manipulated into the form of an energy
estimate from which the basic a-priori estimates can be derived.

Note first that (2) implies

Lyl — av®[in@I < CIF @I
where
an(t) = Cllin()|[;

Since we showed in the course of proving the basic existence theorem that

(under weaker assumptions on the data) ||ZZN||L2[0’T:V] is bounded, uniformly in N,



it follows that ay(7) € L'[0,T]. Then the Gronwall inequality implies

laNI% < [CIF @I + Ao, }ef O c[IF O + Mo ]
Since this holds for all t, 0 < ¢ < T, we have proved
[yllz=r0.7:m < M
i.e., {uy(?)} is a bounded sequence in L*[0,7T : H]
A second a-priori estimate is obtained by integrating (2) from 0 to T. Then

T - T T -
Lo [ lin@lrde < [ [ I Olde+ [ @ w1l dt |

15 22077 < L I2g0.70y + NI 20,1 M 20,109 | S Mo
i.e., {uy(t))is a bounded sequence in L?[0,T : V]
These a-priori estimates now imply the existence of a subsequence converging
weakly in L2[0,T : V] and weak-*in L*[0,T : H] to alimit v(¢) € L*[0,T : VINL"[0,T : H]
In addition, we can use distributional arguments to show that v(r) = u'(¢) where

u(z) denotes the limitin L2[0,7 : V] of the sequence {un(t)}.

Then these hypotheses on the data have led to the existence of a weak solution (¢)
of the N-S equations with

u(t) € L?[0,T : VINC[0,T : H] and u'(f) € L*[0,T : VINL*[0,T : H]

Example 2 Here we assume n=2,3 and U c R" has a smooth (i.e., C?) boundary.
We will suppose the data satisfies,

o) e L*[0,T : H], and o€ V.
For u e H*(U)"NV
) |4l = V23l < 30, IID%;, = 14l
(if) 7= Au € L*(U)" but then the regularity theorem for the Stokes’ problem implies

i e HAU)" and |l < C|lfIf = C |4l



Then it is clear that ||ZZ||A = ||AZZ||H defines a norm on H2(U)" N V that is equivalent
to the H?(U)" — norm.

Before proceeding with the energy estimates we need an estimate for the nonlinear
term from the N-S equation.

Lemma 1 For u € H*(U)"NV, B(u) € H and

. — —,1/2 - 1/2,— .
(@) BGHI, < Cillull, || 4al, @), i n=2
.. — - / -, 1/ .
i) B@)l, < Calldll})| Aull,” if n=>3

Proof of lemma- When n=2, apply the generalized Holder inequality with p=q=4, and
r=2 so that

|IUui6iu,-deX| < Nluillll Gauaillallvjll2

Now the Sobolev inequality for n=2 can be used to obtain

[, widvidx| < CQluillelVallz) > (1012l Vou]2) > vz

< Clluillsr* (Nl sagjllal Vaaill2) " (1 VDitsl12) " [yl

and it follows that,

bGi, W) < Clally* 3" lele) " 19l < Clall el 1153 15
This estimate implies that for each 1 € H*(U)" NV, b(u,u,+) defines a bounded
linear functional B() on H with |[BGi)||,, < C|[all; 2l » ||dlly>.

When n=3, apply the generalized Holder inequality with four functions and p=6, g=4,
r=12 and s=2, so that

|IUui6iujvjdx| = |IUui(aiuj)l/2(ajuj)l/2 vjdx|
< [ludlls |1 @ite;) Il (Birg) 112 [ vill2

12 12
< luills [ Qi) 12~ I Giwep)lls ™ Wil

Now the Sobolev embedding theorem asserts that for n=3, H!'(U) < L%(U) and so



this last estimate implies

[, widwvide | < Cludl3f | @up)llyi vl Vi e H2U)' NV,
hence

32 1/2
1bGt,u, )| < Cllally"(ludll ) IVl

which leads to the result (7).l
In this example, we take the basis {w;} to be the eigenfunctions of the Stokes’ operator

A.
Then
(W, %) = @w;, V), = (W), Ywel
and
Wi, W = (Aw;,w _ J
(Wi, wi)) = (Awj, wi) {Oifj;tk}
If in() = X, Cin() Wy

solves  (ii(1),#)),, + (vAiin(t) + BEin(1)), i), = (A0 3;) 1</ <N,
in(0) = 257 (o, W)W,
then clearly, |ux(0) —1o||, - 0, as N - « since we have assumed that ug € V.
Multiplying the approximate equation by ; leads to
(Gin(0), ) + Al (1) + BGin(1)),4W)), = (0, 4%;) 1</ <N,
and, forming linear combinations of these equations, we get
(Gin(®),1in(1))) + (uAtin() + Bin(0), Atin(1) , = (A0, 4iin®) | 1<j <N,
It follows from lemma 1 and the hypothesis that ?(t) € L*[0,T : H], that we have
L)1) + ol in(@)1}, < IADIlAiN @)+ Crlldn I} 1 AN @),
< Gl + Toldin )} + Foll vl + CO) NI} B}

Here we have used both the Cauchy and the Young'’s inequalities. Now we have



L an(0)|[} + o) din ()|l < 2C AN + 2C)|[an )] v}, (3)
As in the previous example, ay(?) = 2C(v)||ﬁN(t)||2||ZZN(t)||f, e L'[0,7] and then
L\ i) + an(®)|in(0)] < 2C DI

Then the Gronwall inequality is used to conclude that {uy(¢)} is a bounded sequence
in L*[0,T : V]. Alternatively, if we integrate (3) from O to T, we get

T — — T = T, - —
v Iiin(@)|[5dre < [dn(O)[},+2C, [ IRDIFdt +2C) [ [[in(@)][5 @)y dt

and since {ux(?)} is a bounded sequence in both L*[0,7 : V] and in L*[0,T : H], it
follows that

T . 6 -
v, i) dt < Ms.

Finally, since |+|| , is equivalent to ||¢||,2, we conclude that {uy(¢)} is a bounded
sequence in L?[0,T : H*>(U)"] . and in the usual way, we obtain the existence of a
weak solution u(¢) € L2[0,T : H*(U)"]. Note that the (n=2) lemma implies

[ IBGIeDIfyde < C[ a5 4GOI, [in(o)l[ e < oo
Then B(u(t)) € L*[0,T : H] and since Au(t) € L*[0,T : H], we have
7(t) = fit) - vAu(t) - BG(t)) € L*[0,T : H].
In the n=3 case, the equation
(Gin(0),1in(1))) + (viin(r) + BGin(), Atin(1),, = (A0, 4iin(®)) |
becomes,
L4 v+ oldiin O, < ROl AN (@)l + Crllin N Aiin (o)1)
< Loliin() |+ FOI + Folldiin)]}, + C), vl
where we have used again, the Cauchy and Young’s inequalities. Then

- 2 - 2 . - 6
LN un()|l, + vllAun(0)|l;, < S IONF + 2C)|[un()|l)-



The term ||Z:’N(t)||?,. appearing on the right side of this estimate presents an

obstacle which is not easily overcome. We are only able to obtain local in time
versions of the results that we found in the case n=2.



