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Chapter 1

Introduction

The aim of this thesis is to discuss the long time asymptotics of solutions of the vorticity equa-
tion in two and three dimensions.

This is of interest, because the vorticity equation is connected to the well-known Navier-Stokes
equations. These equations are used to describe the velocity and pressure of certain flows and
therefore, the study of long time asymptotics of these equations is relevant for practical applica-
tions. Beside the obvious usage in fluid dynamics, the Navier-Stokes equations are for example
also used in image processing to automatically fill missing parts of images using the remaining
information around. However, in this thesis the focal point is the theoretical analysis and some
mathematical consequences of the large time behavior will be mentioned as well.

The Navier-Stokes equations for an incompressible, homogeneous and viscous fluid are given as

u+(u-Vju+Vp = Au (1.1)
div(u) = 0, (1.2)

where u = u(xz,t) : R? x R — R? is the velocity and p = p(z,t) : R2 x R — R is the pressure
and the viscosity has been rescaled to 1.

In our further observations we are much more interested in studying the vorticity equation rather
than the Navier-Stokes equations. The vorticity equation can be easily derived from equation
(1.1) by taking the curl of the equation above. Setting w = rot(u) = 9, uz — dz,u; in R? the
equations above become the vorticity equation in two dimensions

wr+ (u- V)w = Aw. (1.3)

Studying the vorticity equation instead of the equation for the velocity has a lot of advantages.
In fact, the pressure has been eliminated and we just have a scalar nonlinear equation instead
of a coupled system of three nonlinear equations.

A particular solution of the equations div(u) = 0, rot(u) = w using Green’s-Function can be
obtained as ( .
1 T —y
u@) = o [ Iy, e e R,
2 Jre |w =y
which is also known as the Biot-Savart law. So equation (1.3) is a nonlinear second order partial
differential equation with a somewhat quadratic nonlinearity.



In the three dimensional case the curl is a vector and setting w = rot(u) leads to the vorticity
equation in three dimensions

wt=Aw— (u-V)w+ (w-V)u (1.4)

with div(w) = 0. Just as in the two dimensional case the velocity field can be reconstructed
from the vorticity by

1 (z —y) x w(y)

- dy, = eR3.
47 R3 ’x—y’:s 4

u(z) =

The difference to the two dimensional case is that in this case we have a system of three equa-
tions instead of a scalar equation and we get an additional nonlinear term.

In this thesis we will discuss the large time behavior, in particular the convergence to a steady
state, of solutions to the equations (1.3), (1.4) using an entropy approach. Such entropy methods
to compute the large time behavior of solutions of partial differential equations have become
more and more popular in recent years. The main idea is to find a Ljapunov functional for the
equation (the ’entropy’ functional) and compute the second derivative of this functional along
the trajectories. For some well known equations (e.g. Fokker-Planck type equations) some es-
timates on the second derivative lead to an inequality involving the second derivative and the
first derivative of the Ljapunov functional. Then integration leads to exponential decay in the
entropy and afterwards a so called Csiszar-Kullback inequality leads to decay in L'. In fact,
this has been closely studied in [AMTU] for a large class of Fokker-Planck equations and a non-
symmetric extension has been discussed in [ACJ]. Further entropy methods for some nonlinear
Fokker-Planck equations have been analyzed in [CJMTU].

Such equations are of interest in our case, since we will transform the vorticity equation into a
nonlinear Fokker-Planck equation and study the large time behavior of the transformed equation,
for which we can use some functional inequalities, which are stated in the mentioned papers.
Nonetheless, our transformed equation is not covered by the analysis made in [ACJ] or [CJMTU]
since some crucial constraints are not satisfied.

A big advantage of entropy methods over spectral methods, which can be used to study large
time behavior as well (for example for the heat equation), is that they work well for some non-
linear equations and since the vorticity equation is nonlinear, this fits well for our studies.

The large time behavior of the vorticity equation has been studied in various papers with a lot
of different techniques. For example in [GW1], [GW3] an approach using invariant manifolds
has been made for both the two dimensional and the three dimensional case. In [GW2] some
Ljapunov functionals have been used similar to the observations in the second chapter of this
thesis. One should mention the interesting paper [Rod] as well, where large time behavior for
a non-homogeneous fluid has been studied, as well as the paper [Rou|, where some two dimen-
sional results have been used for the vorticity equation on the three dimensional layer R? x (0, 1).

Our study starts with solutions of the two dimensional vorticity equation, which do not change
sign. For those solutions we use a specific Ljapunov functional, which leads to a case similar
as in [AMTU] and so we get exponential decay to a steady state. In chapter 3 we will allow
solutions that change sign. Due to some difficulties, which arise because of the mixed sign of



the solutions, we have not found general results for those solutions concerning convergence rates
in the literature as well as in our studies and therefore we decided to make some additional
assumptions. In particular, we either have to study solutions of certain structure or solutions
with small initial data. For those solutions we either get similar results as in chapter 2 or some
reduced convergence rates.

The fourth chapter is devoted to the study of some spectral properties of the linear Fokker-
Planck operator in order to show that some particular solutions converge even faster if the
solutions do not have a component in the first eigenspaces of the linear Fokker-Planck operator.
The interesting part of this analysis is that for these solutions the vorticity equation behaves
just like a linear equation.

Finally, the three dimensional case is studied in the last chapter. Since the vorticity equation in
three dimensions comes from the Navier-Stokes equations in R?, finding global results is quite
difficult. As it is well known, in three dimensions the existence of a unique global smooth solution
is yet unknown and one of the Millennium Prize Problems of the Clay Mathematics Institute.
Nonetheless, we try to generalize our results from the two dimensional case for solutions that
fulfill some additional assumptions. Finally, we want to present some other results we found
in literature concerning large time asymptotics in three dimensions, which are not derived with
entropy methods.



Chapter 2

Entropy method and large time
behavior for positive solutions in two
dimensions

In this chapter we want to establish some basic theorems concerning existence and a maximum
principle as well as some useful estimates, which will be used throughout the whole article.
Further, we want to study the large time behavior of solutions with nonnegative or nonpositive
initial conditions using a Ljapunov functional, the logarithmic relative entropy.

At first we cite an existence theorem for the vorticity equation. Existence and uniqueness theo-
rems for the Navier-Stokes equations and, respectively, the vorticity equation in two dimensions
are well known. The sources [Cot], [GMO], [B-A, Bre| all have proven such theorems under
various assumptions and we will state one of those theorems.

Theorem 2.1. Let the initial velocity ug fulfill supy~g A (meas{z : |ug(z)| > )\})% < 00 orin
other words if ug lies in the Lorentz space L*»*(R?) and div(ug) = 0. Further assume that the
initial vorticity wy is a finite measure. Then the vorticity equation (1.3) has a global-in-time
solution w, which satisfies

1. w:[0,00) = M is bounded and continuous under the weak topology.

2. The corresponding velocity field u : [0,00) — L**(R?) is bounded and continuous under
the weak™* topology.

3. The solution can be represented as
w(e.t) = [ Tla ey

with a continuous function I'(x,t;y) satisfying [go T(x,t;y)dy = [po T(x,t;y)dz = 1 for
all t > 0. Moreover there exist constants C1,Cs,Cs,Cy > 0 such that

1 —yl? 1 —yl?
C’ggemp <_C4|$ty|> > F(x,t;y) > Clgﬁl”p <_C2|xty|>

holds, where the constants only depend on a bound for [|wol| v4-
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Further, the solution is unique, if wy is a continuous measure.
Proof: The stated theorem is a combination of the Theorems 4.2, 4.3, 4.5 in [GMO]. O

To study the large time behavior of solutions of equation (1.3) it is more convenient to trans-
form the equation to a nonlinear Fokker-Planck equation, because entropy methods for linear
Fokker-Planck equations are well known. Most important, they have the big advantage that for
those equations a non-trivial steady state exists instead of a time dependent asymptotic state
and entropy methods can be used to show convergence to this steady state.

Using the scaling variables as in [GW1]

and setting

w(z, ) : itw (\/%,ln(l +t)>
ule,t) = \/11+tv (\/1$+t,1n(1 H)) ’

a simple computation shows that w = w(&, 7) satisfies the equation
1
wT:Aw+§(§'V)w+w—(V'V)w (2.2)

with the velocity field
1 _ .0\l
vien =5 [ B, cer?
2m Jr2 € -yl

We will sometimes write v[w](§) to emphasize to which vorticity w the velocity field v is cor-
responding. The linear part of equation (2.2) is a Fokker-Planck equation with the quadratic
potential 1 €2

For sake of simple notation we will write x, t for the transformed variables £, 7. Further equation
(2.2) can be written in divergence form as

1
wy = div (Vw + J%W = Vw> , (2.3)

since div(v) = 0. This immediately leads to conservation of mass

/RQw(t,x)dx _ /R wo(z)dz.

A normalized steady state of equation (2.3) can be found as

1
G(w) = E 67%‘342



which is a steady state of the linear Fokker-Planck equation satisfying v|[G] - VG = 0. Since
every ¢G is a steady state and the equation conserves mass, we write weo () = [p2 wo(y)dyG(x)
as the steady state associated to the initial condition wy.

An appropriate function space we will use later on is the weighted L2-space with the weight
G~!, which we will denote by L?*(G™1).

The study of the large time behavior of linear Fokker-Planck equations using an entropy ap-
proach is made in detail in [AMTU]. One should note, that the non-symmetric part of the
equation, which is here only the nonlinearity, does not satisfy the crucial constraint formulated
in [ACJ], namely that in general div(vws) # 0, so the results there cannot be used directly.
Nonetheless, we will show that in our case this constraint is not needed to prove the same results.

The following lemma states a maximum principle for equation (2.3).

Lemma 2.2. Suppose wo € L*(R?) and that wo > 0, then w = 0 or w(x,t) > 0 for all z,t > 0.

Proof: For the Navier-Stokes equations, the assumptions of Theorem 3.10 in [PW] are fulfilled,
if we assume wp to be in the Schwartz space S(R?), because of the conservation of mass and the
boundedness of the solution. Therefore, the result holds for the solution of the Navier-Stokes
equations and also after scaling for the Fokker-Planck equation. Since the solution depends
continuously on the initial data in L'(R?), the theorem holds for initial conditions in L!(R?)
too. (I

Definition 2.3. Let J be R or Rt and ¢ € C(J) N C*(J) with ¢ > 0,%(1) = 0,¢” > 0 in J
and (L) " < 0. Further let wy € L'(R") and wo € LL (R") with Jgn wrdz = [p, wodz =1 and

¢//
ey (wi|wg) := / (0 <w1> wadx > 0
R2 w9

wr € J. Then
is called an admissible relative entropy of w; with respect to we with generating function .
The following two inequalities will be very useful for our analysis and hold for both n = 2, 3.

Lemma 2.4 (Generalized Csiszar-Kullback inequality). For all admissible entropies ey,
and wy,wy € LY (R™) satisfying the assumptions of the definition above we have

1 1
5 llwn = w271 gy < Gy o (i) (2.4)

Proof: A proof can be found in [UAMT]. O

Lemma 2.5 (Convex Sobolev inequalities). Let ¢ be an admissible entropy generating
function and w € L*(R"), we € LY (R™) with oo € J. Then the inequality

Jo (G mme= v () i

6
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holds.

Proof: Such inequalities can be obtained by various ways. The idea we want to sketch is that
these inequalities are a byproduct of the entropy method and are deduced by computing the
second derivative of an admissible entropy.

In [AMTU] it is shown that for a linear Fokker-Planck equation with the quadratic potential
i |z (in fact in the paper it is shown for a much larger class of Fokker-Planck equations) we

have
2

e euwt)lwe) = — ey (w(Dlwse) + ry(u(t)

with r(w(t)) > 0. So integrating with respect to ¢ leads to the inequality

d w w |?
colwlim) < = Geolo®ln) = [ 0" () 92w
where the last equality follows using integration by parts.
A different proof of a particular convex Sobolev inequality can be found in chapter 4. U

Remark 2.6. In the following the convex Sobolev inequality is only used for two particular
entropies, the logarithmic and quadratic entropy. The logarithmic entropy is generated by the
convex function v (c) = olno — o + 1 and the quadratic entropy by ¥2(0) = (o — 1)2. Obvi-
ously, we can only use the logarithmic entropy for (almost everywhere) strictly positive solutions
(provided by Lemma 2.2), whereas the quadratic entropy can be used for solutions that change
sign.

For functions w, we € L1 (R™) with [weedx = [wdx the logarithmic Sobolev inequality reads

as )
[omtaes [ w’vmw dr.
n Woo n Weo
For the quadratic entropy we get the Poincaré-type inequality
1 1 21
/ (0 — Weo )? —dz < 2/ Vw+ —zw| —dz.
n Woo n 2 Woo
For solutions with zero mass this inequality can be written as
2 2
w 1 1
—dz <2 Vw+ —zw| —dz.
/ s / VT G

Further it should be noted, that the stated convex Sobolev inequalities are sharp, which was
proved in [AMTU] too.

Remark 2.7. The space L?>(G~1) can be embedded in LP(R?) with p € [1,2) because of

()

1
_p 2 » 1
([ ricrtier ) < g 161,
R2 L

7P (R?)

2—p

2— 2 1-p
= ||wHL2(G*1) <pp> (47‘()1210 7



and for p = 2 using the L°°(R?)-norm which leads to the constant ;-. Due to that and the
inequality

1 1 1
|wy Inwy — we Inws| < C <|w1 — wa|? + |wy — wal| (Wi +w§)> ,
we have that the logarithmic entropy is continuous in L*(G~1).

The idea of the following theorem, which is stated in [GW2] in a quite similar way, is to show
that the logarithmic entropy is a Ljapunov functional for the nonlinear equation (2.3) and then
to use the logarithmic Sobolev inequality to show convergence to a steady state in the entropy.
Afterwards the generalized Csiszar-Kullback inequality yields L!-decay.

Theorem 2.8.  Let ey, (wolws) < 00 and wy > 0 almost everywhere, then a solution w of
equation (2.3) with initial data wo satisfies

w(t) — wool| 1 ray < 1/2e0 (w(t)we) < €72/ 2, (wolwoo).

Proof: Let

cu(w®lune) = |

R2

w(z,t)In (ZSB) dz

be the relative logarithmic entropy with respect to the steady state we,. Since the case w =0
is not interesting, we have that wy > 0 implies w > 0 because of Lemma 2.2, and therefore the
entropy is well defined for our solutions.

At next we want to differentiate the logarithmic entropy with respect to ¢ for all £ > 0. To prove
that the entropy is differentiable we at first assume that the initial condition is in the Schwartz
space S(R?). Then we indeed have a classical solution w € C*([0,00), S(R?)) (compare [B-A]
Theorem A and [GW2] Remark 2.4), which should be understood in the way that the map t —
Pa,m(w(t)) is continuously differentiable for all seminorms py , (¢) = supgerz (1+|2™) [ DY@ (z)).
Further we have the Gaussian lower bound of the fundamental solution in Theorem 2.1 that
states after rescaling and because of wy > 0 that

x —ye t/2[°
w(z,t) > Ch / exp <—02‘2(1y_e_t)|> wo(y)dy

2
| e (—02 1 ’_y‘e_t> wo(y)dy.

The Gaussian upper bound of the same theorem directly leads to the estimate w(z,t) < Cs
So for a fixed ¢y and a neighborhood [t1,t2] with 0 < ¢; < tg < to we have that

1
l—e—t"

Cs(t) > In(w(z)) > —C(ta) |z* + Cy.
Therefore, we obtain the bound

2
‘1 +1n (“))’ <1401+ ) + G < s+ ).

Woo 4 -



Since we have w € C1([0,00), S(R?)) it holds that SUPye[t, 1] SUPzer? |wiq(z)| < oo for all poly-
nomials ¢ in two variables. This leads to

w(xat)> >‘ 2 4 1
we(zx,t) [ In +1 <  sup |wCe(1+ |z|")(1+ |x
) (1 (2450 [+ )1+ ol
_C
1+ [

So we have found an integrable majorant which is independent of ¢t and the dominated conver-
gence theorem allows us to swap integration and differentiation. Finally, we arrive at

entwOn) = [ wnte) (i (220 1Y g

Using equation (2.3) in its divergence form we get that this is equal to

1
/ div <Vw 4 —gw— Vw> <ln <w> 1 1) dz.
R2 2 Woo

Now using integration by parts, the first part becomes to
. 1 w Woo w 1
div({Vw+zazw ) [In| — | +1)dz — —V|(— ) | Vw+ ow ) dz
R2 2 Woo R2 W Woo 2
1 1P
= — / — |Vw + S %W de =: Iy, (w(t)|wss) < 0.
w
One should note here that no boundary terms appear since our solution decays fast for |x| — oo
and all integrations are justified, if we additionally assume that |l (wo|wss)| < 00, because we

will see later that the entropy dissipation is also decreasing in time. Integration by parts in the
other term from above and using div(v) = 0 leads to

1 1
/ div(vw) ( In B dwz—/ V-Vw—l—x-vwdx:—/ x - vwdz.
R2 Woo R2 2 2 R2

Using Fubini’s Theorem we obtain

/R/R |x_y| wlyhw(z)dedy = /R /R ‘x_ y‘z ()l dyds,

and hence we have
/ z-v(z)w(x)dr = / / w(y)w(x)dydx
R? R> /R !9«“ - y!

_ /R /R Zig;)’lw(y)w(w)dydx — 0.

d

7601 (W) |woo) = Iy, (w(t)|weo), (2.6)
which shows that the derivative of the logarithmic entropy does not depend on the nonlinear
term of the equation (2.3). So we are in fact in the same setting as in [AMTU] for non-
symmetric Fokker-Planck equations, where the logarithmic Sobolev inequality has been derived

Therefore, we get



by differentiating I, (w(t)|we). At this point we could use the logarithmic Sobolev inequality,
but then it would remain to prove that |Iy, (w(t)|wss)| < oo for all £ > 0. So we decided to
compute this manually using some results of [AMTU] Lemma 2.13, which stated

2

1
wrdx

Gl = = [

2 w2

+2/ L (Vw + 1xw) . <1xwt + th> dx
R2 W 2 2
- ‘le (w(ﬂ’woo)’ )

if one differentiates along the trajectories of the linear equation, which directly leads to the
logarithmic Sobolev inequality after integration. We will show that this holds for the trajectories
of the nonlinear equation as well. At first, we should mention that the differentiability and the
following integrations by parts can be justified just as for the entropy ey, (w(t)|ws) before. So
we have for the nonlinear equation after integration by parts in the last term

1
v -
w+2xw

IN

2

d 1 1
o [ Ly (w(t)|weo)| < = [Ty, (w(t) |woo)| + /R? 2 Vw + SIW| v Vwdz
1 1 1 1 1
—2/ o (Vw + 2xw> 5TV Vw + @Vw . (Vw + 2:mu> v - Vwdzr
R2
1 1
+2/ — (Aw+x-Vw+w>v~dex.
R2 W 2
Using fRQ |m|2 v-Vwdx = -2 fRQ x-vwdx = 0, which was proved above as well as fRQ v - Vwdzx =

0, the remaining terms are

d V| Aw
7 [ L, (w(t) |woeo)| < — [Ty, (w(t)|woo)| — / v-Vw+ 27v - Vwdz. (2.7)

R2 ’UJ2

Again integration by parts shows that the last two terms are equal and therefore, we have shown
the exponential decay of the entropy dissipation using Gronwall’s-Lemma

[Ty, (w(t) woo)| < €7 L, (wolwso)]| -

Since I, < 0 the inequality (2.7) is equivalent to 4 I (w(t)|wso) > —Iyp, (w(t)|wso) and inte-
grating from ¢ to oo leads to

g g (D)) < —ey, (w(t) ).

Now integrating from 0 to ¢ leads to exponential decay in the entropy
ey (w(t)|weo) < e™ey, (wolweo)

and the Csiszar-Kullback inequality (2.4) yields

_1
[w(t) — wool 1 (ray < /260, (w(t)|woo) < €728 /26y, (wowe),

which proves the theorem for initial conditions wy which are in the dense subset {w € S(R?) :
[ Iy, (wlweo)| < 00}

10



For the general case we use a density argument similar to [AMTU] Theorem 2.16.

At first, we approximate wy € {w € L (R?) : ey, (w|ws) < oo} by normalized wy € L (R?)
which also are in L?(G™') defined by wy(z) := anwo(z)Xuw, /w.<n(¥), Where ay are nor-
malization constants satisfying ay — 1 for N — oo. Obviously, these approximations fulfill
wy € L*(G™1) and |lwo —wN| 12y = 0 for N — oo. Since ay — 1, it is easy to find an
integrable majorant because of our assumptions on wg. Therefore, the dominated convergence
theorem leads to convergence in the entropy

€y (wN’wOO) — €y (w0|w00)'
Now we approximate each wy by C°°-functions with compact support wy,ar € CSO(R2). Since
CP(R?) c SR N{w e LG : |1y, (wlweo)| < 00},

where the first inclusion is obvious and the second has been established in [AMTU]. Since
C§°(R?) is a dense subset of L?(G™!), we can approximate wy by wy s in L2(G™1) with
ey (WN, M |Woo) = €y, (WN|Woo) for M — 0o because of Remark 2.7. Now the diagonal sequence
Wy, p(N) converges to wg in L' (R?) as well as in ey, . S0 for wy pr(y all the assumptions of the
first part of the theorem hold and the inequality

ey (W () (1) [woo) < €™ ey, (W (v [Woo)

follows, where wy r7(w) (t) is the solution with initial data wy; M(n)- Using this and the Dunford-
Pettis Theorem, one obtains weak convergence of wy yr(ny(t) = w(t) in L' and the weak lower
semi-continuity of the entropy finally leads to

ey, (w(t)|wse) < l}ﬂioréf ey (W v (v) () [ weo) < et lgri)iglof ey (WN, (V) [ Woo) = e ey, (wolwso),
which proves the theorem for all initial conditions with ey, (wo|wss) < c0. O

Remark 2.9. The statement above can also be proved for nonpositive solutions since then
—w is nonnegative and solves the equation

1
wy = div <Vw + 2xw> + v - Vuw.

Using the logarithmic entropy for that equation now leads to the same result, since the sign of
v - Vw does not influence the calculation.

Since we are more interested in the large time behavior for solutions of the vorticity equation
rather than the Fokker-Planck equation, the following corollary states the matching result for
the vorticity equation.

Corollary 2.10. Let ey, (wo|weo) < 00 and wyg > 0. Then the estimate

< C’%
L1(R2) (1+1)2

1 )
1) — ——wWeo
Hw(’ il <\/1 +t>
holds.

11



Proof: Undoing the scaling transformation from the beginning of the chapter, one gets for the
inequality in the last theorem that

0= e (58 |y = e (e +0) o ()|
w(-,t) — w = w ,In —Weo | —= || dx
Tt =\ ey re L6 \VI+t TAVI+t
= Nw(in(+8) = weoll 1 g2y < Ce™3 0+
1
= (———~.
(1+1)2
O
A consequence of this corollary is that the function %Hwoo (ﬁ) is the only self similar solu-

tion of the Navier-Stokes equations in two dimensions that satisfies our assumptions.

Further, we also get that there is no solution of the stationary Navier-Stokes equations beside the
steady state zero, since every such solution has to converge to our time dependent asymptotic
profile.

Since the result above shows stability of the asymptotic profile %HG (ﬁ) Jg2 wodz indepen-

dent of the size of fRQ wodx, which can be interpreted as the Reynolds number of our flow, we get
in contrary to Poseuille flows for example, that our flow is stable even for large Reynolds numbers.

12



Chapter 3

Solutions that change sign

The condition wy > 0 in the previous chapter of course was necessary, since we took the loga-
rithm of the solution, but seems to be a condition that just arises from our method of proof. In
the following we try to use a different entropy, the quadratic entropy, which can be used also
for nonpositive solutions. The problem with this approach is that in contrary to the logarithmic
entropy terms of the nonlinear part of the equation appear. Therefore, we have not found a
general result concerning studying large time behavior with entropy methods for solutions that
change sign. In the following, we will analyze some particular solutions, where the nonlinear
terms do not appear either. Further we shall prove a similar result for solutions with small
initial data.

At first, we want to sketch an argument made in [GW2] for dealing with solutions that change
sign using the L'-norm as Ljapunov functional. If we define the functions w™ and w~ as the
solutions of the equations

1
wE = Aw® + 2% Vwr +wt — vw] - Vut

with the initial data w™(0) = max(wg(z),0) and w™(0) = — min(wp(x),0). Now the maximum
principle stated in the previous chapter shows that w*(z,t) > 0 and w™(z,t) > 0, and we have
the decomposition in positive and negative part w = w™ — w~. Further, the equations above
conserve mass and so we have

/]R2 lw(z,t)|dr < /]R2 wh(z,t) + w (2, t)de = /R2 wt (2,0) + w (z,0)dz :/

|wo| dex,
RQ

and we have shown that the L'-norm is a Ljapunov functional even for solutions that change
sign. Using this and the relative compactness of the trajectory in a polynomial weighted L?2-
space, the LaSalle invariance principle shows convergence to the steady state in this L?-space
for all solutions with initial conditions in this space.

The advantage of this method is, that no additional assumptions on the solution have been
made, but since we are interested in explicit rates of convergence too, this result is a little bit
unsatisfying. Therefore, we shall make a different approach, where we have to make some addi-
tional assumptions on the solution, but in exchange get explicit rates of convergence.

Let
cun(w ) i= [ ()~ ) o

RQ
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be the quadratic entropy multiplied by [wodz (due to the otherwise unnecessary problems
arising from solutions with zero mass), which is nothing else than the square of the weighted
L?-norm of w — ws, with weight G~1.

Again we want to differentiate the entropy with respect to ¢. This time, showing that we indeed
can change integration and differentiation is a lot easier, since the quadratic entropy is a norm.
Using the mean value theorem, one can easily show that for w € C1([0,00), L?(G~1)) we have

— Jw— U’OOH%Q(G*I) =2 (wy,w — woo)m(cfl) )

which holds for all Hilbert-spaces, not only L?(G~1).
Now differentiating with respect to ¢ and using the equation (2.3) as before leads to

d ) 1 1 1
%e@(w(t)\woo) = 2/]1{2 wdiv <Vw + 2mw> c o wv Vwadx

and after integration by parts in the first part we get

9 /
R2

In contrary to the logarithmic entropy the second integral does not vanish this time, since

1 1 1
—Q/RQ wv-Vwad:z:: 2/R2 w2v-xad1:.

Therefore, we have to restrict ourselves to some particular solutions for which the integral van-
ishes, which are for example radially symmetric solutions.

2

1
\V4 -
w+2xw

1 1
adx -2 /R2 WV - Vwadx.

The following lemma shows that equation (2.3) preserves this property of the initial condition,
which of course is needed for our analysis.

Lemma 3.1. Suppose wy to be radially symmetric. Then w(t) is radially symmetric for all
t>0.

Proof: We show that equation (2.3) is invariant under rotations. Let A be an orthogonal
matrix and y = ATz and set w(y) = w(z). It is well known that the Laplacian is invariant
under rotations. The same holds for x - Vw since V,w(y) = ATV, w(z). The nonlinearity
satisfies

N B G ) I B () VR
@l(a"a) = [ e awiy = A [ =y = aviue),

so Vw - v is also invariant under rotations. The uniqueness result of Theorem 3.1 now shows
that w(z) = w(Ax) for all  and all rotations A if the initial condition is radially symmetric, so
the solution has to be radially symmetric for all £ > 0.

O
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Remark 3.2. For radially symmetric solutions the integral

1
2

r—=d

/R21UV .I'G.’L'

vanishes, since the integrand is zero, because the vectors v(z) = V= [o, In|z — y|w(y)dy and

waé are orthogonal to each other.

One should mention here, that the integral vanishes for odd functions w as well, since then
the velocity field is even and the integrand is odd. Nevertheless, this is not really useful since
solutions with odd initial conditions do not stay odd in general, which can be seen by decom-
posing the solution into odd and even parts or using the rotation symmetry of our equation.
Further, the integral vanishes for functions that are even in one variable as well, but the only
solutions for which this property is preserved are radially symmetric solutions, so this does not
give additional information as well.

Corollary 3.3.  Suppose wg to be a radially symmetric function and let ey, (wo|lws) < 00.
Then we have

_t
[w(t) = Wool| Lo (rz) < €72 C(p)y/ €y, (wolweo)

2—p

for all p € [1,2], where C(p) = (2}'%”)T (471')17717 forp e [1,2) and C(p) = (477)7% forp=2.

Proof: Lemma 3.1 shows that for radially symmetric initial conditions the solution still is

radially symmetric. The remark afterwards shows that the nonlinear part does not appear in
the entropy for these solutions. So altogether we have for those solutions

d 2

Tle® — gy = -2

1
- de =: Iy, (wlwe) <0,

1
v -
w+2$w

if the initial condition additionally is in S(R?) and satisfies |I,(wolwso)| < oo just like in
Theorem 2.8. Again, exactly as in Theorem 2.8, integration by parts and using ng wzv-xédac =
0 shows that the entropy dissipation decays exponentially. Using the convex Sobolev inequality
as stated in Lemma 2.5 we get

9 /
R2

Integrating this inequality leads to

2

gl s —lw- Wool[72(G-1y -

1
Vw + §:cw

2 2 -
lw = wes||72(-1y < llwo — woellz2 -1y €™

for smooth initial conditions. The same density argument as in Theorem 2.8 (one can ignore the
first approximation step, since the quadratic entropy obviously is continuous in L?(G~1)) can
be used to show the convergence in the entropy for initial conditions with ey, (wo|ws) < 0.

Instead of the Csiszar-Kullback inequality for the quadratic entropy one can use that the space

L?(G7') is embedded into LP(R?) for p € [1,2] as stated in Remark 2.7 with the embedding
constant C(p). Putting these two inequalities together proves the corollary. (]
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Again this shows like Corollary 2.10 that for solutions of the vorticity equation with radial
symmetric initial conditions the estimate

1

: 1
— w
1+t °°<\/1+t>

<C—— 77
LP(R2) (1482

o

holds for every p € [1,2].

The following lemma collects some useful estimates of the vorticity and the velocity field, which
are stated in a quite similar way in [GW1].

Lemma 3.4. Assume wo € L*(G™1).

1. For every p € [1,00], there exists a constant Cp, > 0 such that every solution of equation
(2.3) satisfies
ool 1 g

lw(®)|l Lpr2) < Cpm-

2. For all p € [1,2] there exists a constant C, such that
lw(®)l o2y < Cp,
with Cp, = Cy(p, HwOHLg(G,l)) depending only on p and HonLQ(G,l).
3. Fix 0 < k < 1. Then the velocity field is bounded for every t > 0 by
VI oo 2y < C(L+175),

with C = C(k, |[wol| 12(g-1)) and C satisfying C(|[wol|r2(g-1y) = 0 if [lwollp2(g-1) — O

Proof:

1. A proof can be found in [Cot] Theorem 1 and Lemma 4.1, where the inequality has been
proven even for initial conditions which are bounded measures.
An important particular case is that for p = 1 we have as described above that

/Rz [w(@, t)] do < /R? |wo(x)| dx.

2. For p € [1,2] Holder’s inequality shows

lw|P de = / lwlP (14 |z*)P(1 + |z[*) Pdz
RR2 R2
2-p

</|w’2(1+\m|2)2daz>g (/ (1+Iw!2)22”pdx> 2

The second integral can be easily computed, and so we have

IN

1 2-p
2 22, \2[(2-P\*
oy < ([ @+ lefPac) " (225) 7
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In Theorem 3.2 in [GW1] it is shown that the weighted L?-norm on the right side is
bounded by a constant C' independent of ¢ depending only on the weighted L?-norm of the
initial condition. Obviously, we can replace this weighted L?-norm of the initial condition
with the weighted L?(G~!)-norm, since we will work in this weighted space afterwards.
Further, the cited theorem shows C' — 0 if ||wol 12(g-1) —= 0.

3. We connect some estimates made in [GW1] Lemma 2.1, Theorem 3.2 and compute some
constants more explicitly.

Fix 1<p<2<g<ooandlet a€ (0,1) be defined by % =2+ 1_TO‘. At first, we have for
all R >0
1 1
< — d
Ml < g [ e ey
1 1 1 1
= o T w(z —y)|dy + - — lw(z —y)| dy.
27 Jyy<r vl 27 Jyy1>r Y]

Using Hoélder’s inequality we get

q—1 p—1
q—l q 1—2 p—l P 1—2
v < (125) T R ol + (525) T R Rl

B
. o HWHLP(R2) . _ a1«
ChOOSlng R = (”"U”L(I(]R@) with /B = 172/(] = 2/p71 leads to

p—1

q—1
q— 1y « p—- Ly » « -
viz)| < [(q_Q +(5=) ] ol ey ol -

Using the estimate of part 1 of the lemma for ¢ and the estimate of part 2 for p we get

1
1— e—t)(l—%)(l—a)'

V()| < Clp.a)C5 O ol e,

The clue of this estimate is that instead of using the estimate of part 1 both times, this

leaves us with an exponent of the term involving ¢, which is independent of p. Therefore,

we can choose @ =1 — —f+ to get k = 2(1 — %)(1 — a) (and ¢ such that the constant is

2(1-7)
minimal, since p is defined l(;y fixing o and ¢q). This leads to
7 <o—1 <o+t
[VIIT00m2) < A ety = (1+t77)

and the constant C is sufficiently small if [|wol|2(g-1) is small enough.

O

Remark 3.5. So far, we have only obtained convergence in LP for p € [1, 2], since in this case
we have the embedding of the weighted L?-space in those spaces. Using the lemma above we
can make an interpolation argument to get a result for LP-spaces with p > 2. The first estimate

17



of the lemma above for p = oo translates for the vorticity w into [|w|| oo g2y < €. Now using

this and the estimate we have in L', we get that

/w(mt)— 1w < ’ >pdx < w(t) — ! w ( : > .
R? 7 L+t Z\VI+t B L+t \VI+t/ e
1 : Pt
) =y <m> Loo(R2)
< w(t) — ! woo< : > .
14+t \/m L1(R2)
1 : v
(e o (750 )
1
<

& <02 Cs >p
— | =+ .
(1+1)2 t 14+t

Taking the p-root we get
re (7)
W | ——
1+t V1i+t

which shows convergence for all p € (2,00) as well. For p = oo studying the integral equation
satisfied by w, which is

o

<
Lr(R2) to 2p

w(t) = ePuwg — t 9B (u(s)w(s))ds
0 =2 [ v (u(s)w(s))ds,

and using some estimates on the semigroup e®, which can be found for example in [GW1]
Appendix A, leads to the same result as above.

The following theorem states convergence of any solution with a slightly reduced rate, if we
assume that the L?(G~!)-norm of the initial condition is sufficiently small.

Theorem 3.6. Fir 0 < p < 1, § > 0. Then for every solution of equation (2.3) with
[wol|2(g-1y small enough we have

(L= 5
Jw(t) — wOOHLP(R?) <e G 5)+Ct”0(p) [lwo — U}OOHL?(G”) )

where p € [1,2] and the constant C is sufficiently small, provided the L?(G~Y)-norm of the initial

2—p

condition is small enough and C(p) = (?)T (47r)l_Tp forp € [1,2) and C(p) = (471')7% for

p=2.
Proof: As in the theorem above we have for sufficiently smooth solutions that

d ) 1 *1 1
7 [w(t) = wooll72g-1y = -2 /R2 Vw + S %W ad:v - 2/]1{2 wv - Vwadac

= Ty, (W|woeo) — Ty (W] Weo).
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The goal of the following computations is to get a useful estimate on the nonlinear term.
Because of ng wvzdr = 0 we have

1
Q/RZUJVVU)Gd:U:—2/RQwv-VZda::—2/R2(w—woo)v-vgdx.

Using Young’s inequality we get

w wY\ 1 1
2/R2(wwoo)V'Vde = Q/RQ(wwoo)v.V<G)G :G2dx
1 b 21 1”1
— — Woo —dr + 2 = —dzx.
% Jes (W — Weo)” V] e T+ E/RQ'Vw+2xw e

The lemma above shows that the square of the L°-norm of the velocity field can be estimated
with C(1 4t ") for every fixed k. Using this bound we get

2

1 1 1 1 1
2/1R2 wv - Vwad:n < 2—80(1 +t77) /R2 (w— woo)Qde + 2 /]R2 Vw + S %W de. (3.1)
Now with the convex Sobolev inequality (assuming that ¢ < 1) we obtain
d . 1 21
& Hw(t) —wooHLZ(G—l) S (_2+2€) 2 Vw+ 5.’1311) adﬂ?
1 1
—C(1+t" —ws)?=d
+2€ (1+ )/Rz (w = weo) e
< —( 5)/ ( 12 La —|—10(1+t_*’”)/ ( 2L
—(1 - W — Weo)“ =dxr + — W — Weo )~ =dx
- R2 G 2¢e R2 G

_ 1 —K o 2l
= <1+8+26C(1+t ))/RZ(w Woo) de.

Since C' = C(k, ||wol| ;2(g-1y) is sufficiently small, if [[wol|;2(;-1y is small enough, we can choose
€ < 1 such that € + Q%C = 20. Setting C' = 4% and using Gronwall’s Lemma for the inequality
above we get

_ yl—kK
[w(t) = woollZ2(g-1) < €T Jlug — wos |2y

Substituting 4 = 1 — k and taking the root now shows convergence in the quadratic entropy for
sufficiently regular initial conditions. In fact, because of estimate (3.1) it is enough to assume
[ Iy (w|weo )| < 00, since then for every ¢ > 0 we have that 7, (w|ws) is bounded. It remains to
show that in this case Iy, (w|ws) is still finite for all ¢ > 0 if it is at ¢ = 0. To prove that, we
differentiate with respect to ¢t and get after integration by parts

d 1 1 1
2 I = 4 b 1 1
dt‘ o (W|woeo)| /R2 <Vw+ 2$w> <th+ wat> de
1 1
= Ly, (wlwe) +4/ wv-de:r+/ \Vw|? ve=dz.
R2 G R2 G

In [GW1] Proposition B.1 it has been proven in a similar way to part 3 of Lemma 3.4 that
[zv] < C([bw| 1o g2y + |bw]| fa(g2)) for b= (1+ z|?) and p < 2 and ¢ > 2, since ||zv| < C'|jbv].
If our initial condition is in S(R?) then the solution satisfies w € C([0,0),S(R?)), as we
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stated in the proof of Theorem 2.8. So we can bound [|bw|| 5 g2y + [|bw]| g2y by a continuous,
integrable function n(t) on [0,t]. So altogether we get

d 5 1 5 1
G Ton(wlunl < Lo olum) + vl ([ 90 ot [ jof? o)

2

IN

1
Iy, (wlwee) + 1(t) /R2 ‘Vw + —zw e e

2
< (1= n(0) Ly, (wlweo) + (1)

1 1
—dzx + 2n(t) / lw|? =dx
R2

with an integrable function v(t) on [0, t], since we already know the bound on the L?(G~!)-norm
of the solution, and so Gronwall’s Lemma shows that we indeed have |Iy,(w|ws)| < oo for all
t > 0. A density argument just as in Theorem 2.8 leads to the result for initial conditions with
ey, (Wolwee) < 00.

Again the embedding L?(G~!) — LP(R?) for p € [1,2] shows LP(R?)-convergence to the sta-
tionary solution. O

Obviously, the estimate above is not sharp, since for some particular solutions we have the
sharper estimate of Corollary 3.3 and Theorem 2.8.

Since for ¢ — oo the dominating term on the right side of the inequality is , we have shown
that solutions with small initial data converge for large ¢ almost at the same rate as solutions
that do not change sign and therefore, we essentially have extended the entropy method to the
case of arbitrary solutions. The only crucial constraint is that the initial condition has to be
small enough, which can be explained by the fact that, since we have a somewhat quadratic
nonlinearity, this nonlinearity is not important for small solutions. Nevertheless, this constraint
seems to be unnatural, since for solutions that do not change sign no such constraint is needed.
Unfortunately, we have not been able to remove this constraint since scaling or multiplying does
not work.

o(—3+0)t

Corollary 3.7. Under the assumptions of the previous theorem, the solutions of the vorticity
equation satisfy

o0~ e ()

1 . -
< C(L+ ) Jlwo — wooll 21 -
Ry (L4 G

Throughout our previous analysis for both solutions that change sign or do not change sign we
have made the assumption that the relative entropy of the initial condition is finite. This of
course is necessary, since we use the entropy functionals as Ljapunov functionals, and can not
be removed due to our method of proof. Nonetheless, it is fairly easy, using a density argument,
to reduce the assumptions such that the initial condition only has to stay in a polynomially
weighted L2-space.

But if we want to reduce this assumption any further, we would have to change our method of
proof. One such method is described in the paper [Car|, where the invariance of the vorticity
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equation under the scaling wy(z,t) = A\2w(Az, \t?) as well as some estimates on w) have been

used to show that )

_1+tw°°(m>

which holds even for initial conditions that are finite Radon measures and satisfy that ‘ fRQ wodaz‘
is sufficiently small. But again this result does not give an explicit estimate like one gets with
entropy methods.

. 1—1
lim ¢ »
t—o0

w(t)

=0,
Lr(R2)
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Chapter 4

Higher order asymptotics

The aim of this chapter is to prove that the estimates made in the previous chapters can be im-
proved, if some additional assumptions are made. In fact, in some cases the rate of convergence
can be linked to the spectral subspaces of the linear operator, in which the initial condition lies,
just as for the linear equation.

At first, we compute the spectrum of the linear operator (compare [GW1] appendix A and
[Rod]).

Lemma 4.1. The spectrum of the operator Lw := Aw+ 32 - Vw +w in L*(G™1) only consists
of the eigenvalues {—% ik € Np}t.

Proof: The operator L is symmetric and nonpositive in L?(G~!) because of

. 1 1 1 1 1
(Lw, u) 21y = /11@2 div <Vw + 2xw> uadm =— /R2 <Vw + 2:Uw> <Vu + 2xu> ad:c.

Therefore, the spectrum of L is real and nonpositive.

To show that —% is an eigenvalue it is much easier to study the operator L in Fourier space.
Using the standard calculation rules for the Fourier transformation we have

Lu(p) = — <Ipl2 + %p : V> a(p).

For all multiindices o € N2 with |a| = oy + ag = k the function

2
da(p) = i*Ippg2e V!

solves Ijq-;a = —%gﬁa. Especially, it follows that gZ;o(p) — ¢ P is an eigenfunction to the eigen-

value 0 for the Fourier-transformed equation. So we have that ¢g(z) = e~ 4 is an eigenfunction

for the eigenvalue 0 of the original equation. Using the standard calculation rules for the Fourier
transformation we get that

Pa(z) = 0%o(2)

is an eigenfunction to the eigenvalue —% and the multiplicity of the eigenvalue is at least k + 1.
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One should note here, that these eigenfunctions are nothing else than the Hermite-polynomials
in two variables multiplied with the eigenfunction of the eigenvalue 0.

So we have that o(L) D {—g : k € N}. To see that the spectrum indeed cannot be larger,
one can study the transformed operator £ := G_%(—L)G%, which can be easily computed as

L=-A+ % — % This is nothing else than the Hamiltonian of the harmonic oscillator, of
which the eigenvalues are well known to be o(L) = {% : k € N}, as for example stated in [Rod].

g

Remark 4.2. Since the eigenfunctions are the Hermite-polynomials multiplied with the
Gaussian G they form an orthogonal basis of the space L?(G~!). Therefore, we can analyze an
eigenfunction expansion of our solution, which could lead to higher convergence orders.

One should note here that eigenfunctions associated to eigenvalues # are odd functions and
the eigenfunctions associated to the eigenvalues —k are even and we can choose a convenient
basis of this subspace such that one of those eigenfunctions is radially symmetric.

The following observations are based on the paper [BBDE]|, where higher asymptotics for the
heat equation are studied. In fact, we try to generalize these methods for some particular solu-
tions of our nonlinear equation.

The following lemma proves a higher order convex Sobolev inequality for the quadratic entropy.

Lemma 4.3. Assume fR2 wdr = fR2 Weodx and ng wgbaédx = 0 for all eigenfunctions ¢, of
the linear operator L with 0 < |a| < n. Then the inequality

2
1
—dx

1
Vw + —xw e

2
2
|w = weo|[72(g-1y < n/R2 2

holds with the optimal constant %

Proof: The following proof is based on a classical variational argument. In fact, we want to
1 PP
Vw+ —zw| —=dz

minimize the functional
F(w) =
(w) /Rz e

under the conditions G(w) = [go(w — weo)? &da = 1, H(w) = [go wdz = [ weodz. Obviously,
the functional is bounded below by 0 and is - as well as the constraints - convex, so we indeed
have a minimizer.

The minimizer can be computed (assuming it is in C?(R?), which is fulfilled in our case) using
the Euler-Lagrange equation for the functional F' + AG 4+ pH which is

1
Aw+§az-w+w:)\(w—woo)+uG.
A homogeneous solution of this equation is an eigenfunction of the linear operator with the

eigenvalue A and a particular solution is )‘L)\_“G with a = ng wodz. Inserting this into the
functional F' we get that the value of the functional is —\.
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Since the eigenfunctions of the linear operator are orthogonal, the condition fRQ w¢aédx =0
for all 0 < |a| < n is fulfilled for all w, which are eigenfunctions associated to eigenvalues
A < —5. Obviously, the minimal value of the functional is obtained by choosing the eigenfunction
associated to the eigenvalue —%, which proves the lemma. O

This lemma provides us with a direct improvement of the rates stated in Corollary 3.3 and
Theorem 3.6 if we assume that the spectral subspaces with ng woqﬁaédac = (0 are invariant
under the nonlinear evolution. In the following we will show that for the solutions discussed in
Lemma 3.1 this is in fact true - as well as for the first spectral subspace, which was stated in
[GW1] Theorem 4.5.

Lemma 4.4. Assume wy € L2(G™') and that one of the following two statements holds.

1. Let wg be radially symmetric and satisfy ng wg(x)qﬁaédx = 0 for a radially symmetric

. . . . ol
ergenfunction ¢ associated to a fived eigenvalue —= .

2. Let [go wo(x)gf)aédx = 0 for an eigenfunction ¢o with |a| = 1.
Then we have [po w(z,t)pagdz =0 for all t > 0.
Proof:

1. The proof is straightforward differentiating the L?(G~!)-inner product using that the linear
operator is symmetric. Let A be the eigenvalue associated to the eigenfunction ¢, then

d

1 1 1
o7 - w¢aadm = /]1%2 Lw¢a5dw — /}R2 V- qubaada: (4.1)

1 1
= A RngbaGdac—/sz-quSade

holds. Again, this formal computation can be easily justified as in chapter 3. If wy is
radially symmetric, we get that w is radially symmetric for all times ¢ > 0. Since we
assumed that ¢, is radially symmetric as well, the integral vanishes in this case too. Now
integration with respect to ¢ leads to

I I
/R2w¢>ade—e /R2w0qbaGd:L"—O.

2. A basis of the subspace associated to the eigenvalue —% is £1G and z2G and inserting this
in equation (4.1) leads to

d/ w:cidx:/ waid:v/ v - Vwz;dz.
dt Jre R2 R2

Since the linear operator L is in divergence form, we get that

1 1
/ Lwz;dx = —/ Oz, w + —x;wdx = —/ wr;dr,
]RQ RQ 2 2 RQ

because w is decreasing fast for |x| — co. Because of w = rotv we have for i = 1

/RQV-wald:L‘ = —/R2 viwdr = —/R2 v1 (Og,v2 — Opyv1) dx

= / @Clvlvgdx = —/ 8x20202dx =0
R2 R2
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and obviously, the same holds for ¢« = 2. So altogether we get

d

1
T » wx;dr = —3 /]R2 wx;dx

for all solutions w and therefore, the subspace created by [ wo(z)dagdz = 0 for |a| =
1 not only stays invariant by the nonlinear evolution, but also does not appear in the
asymptotics for ¢ — oo.

O

One should note here, that in terms of large time behavior the vorticity equation behaves like
a linear equation for radially symmetric solutions, which is nothing special, since then we have
v - Vw = 0 and therefore, equation (2.3) reduces to the linear Fokker-Planck equation with a
quadratic potential. The interesting part of the lemma above is that, due to the particular form
of the nonlinearity, we see some linear effects in the lower eigenspaces too.

Remark 4.5. The lemma above shows that if the first moments are zero for the initial
condition, then the first moments are zero for all times. Since

/ xwo(x — x)dx = / (i + (20)i)wo(x)dx

R2 R2

for i = 1,2, we can choose a vector zy € R? such that for the translated initial condition
wo(z — xg) the first moments vanish and we get a higher order of convergence for this initial
condition. Since the vorticity equation is invariant under translations we can always make such
a translation.

However, this does not work for the nonlinear Fokker-Planck equation since the equation is not
invariant under translations and a translation also shifts the first moments.

Remark 4.6. In the previous lemma we have shown that no nonlinear terms appear in the
evolution of the eigenspace corresponding to the eigenvalue —%. Obviously, for higher eigenspaces
this is not true, but for the next eigenspace a similar result can be deduced. A basis for the
eigenspace corresponding to the eigenvalue —1 consists of the functions ®; = (|z|* — 4)G(x),
Py = (22 —22)G(z) and ®3 = x122G(x). One should note that we choose the basis such that the
first eigenfunction is radially symmetric. Now inserting ®; into the second integral in equation
(4.1) we get

/ V- qu)lldx = —2/ wvadr = 0,

]RQ G R2

where the last equality has been computed in chapter 2. So if ®; does not appear in the
eigenfunction expansion of the initial condition, it will not appear for any ¢ > 0 either. For &,
and ®3 this is not true.
In higher eigenspaces no such result can hold, because for every polynomial p we have using
w = rot(v) that

/R2 v - Vwpdzr = /R2 vlvg(aglp — Bgzp) — (V3 — 3)Dy, O, pda

and the equations 831 p— 8%2]7 = 0, O03,0.,p = 0 cannot be solved for any polynomial in two
variables with degree greater than 2.
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In [GW1] an improved convergence rate is obtained by linearizing the equation around the
stationary solution and subtracting some terms of the eigenfunction expansion. In fact, this has
been done up to the eigenvalue A = —1, since it becomes more and more technical the more
eigenfunctions you subtract. The advantage of our approach is that for some particular solutions
using the invariance of the spectral subspaces and in particular the resulting improved convex
Sobolev inequality we have an improved convergence result for large eigenvalues too.

Corollary 4.7. Let wg be radially symmetric with wo € L*>(G™1) and ng wOQSQéd:B =0 for
all multiindices a with 0 < |a| < n, then we have

lw(t) = wooll po(re) < € 2 C(p)y/ ey (wolweo)

2—p

for all p € [1,2], where C(p) = (%) : (47r)177p forpe[1,2) and C(p) = (477)_% forp=2.
Proof: If wq is radially symmetric, then w is radially symmetric for all times and therefore,
we can choose a convenient basis for the eigenspaces such that the eigenfunction expansion of
w consists only of radially symmetric eigenfunctions. Because of that and Lemma 4.4 we have
that the condition [ps w(t)dagdr = 0 for all multiindices v with 0 < || < n holds and so the
assumptions of Lemma 4.3 hold for all £ > 0 and we have an improved convex Sobolev inequality
for our solutions.

As in Corollary 3.3 we have for these solutions that

2

1
Edﬂf,

d ) 1
7 [w = weo|[72(g-1) = =2 /11@2 'Vw + S3W

and now the improved convex Sobolev inequality shows

9 /
R2

Integrating, taking the square root and using the embedding L?*(G~!) < LP(R?) for p € [1,2]
as before proves the corollary. O

2
Zdr < —n||w — weo 121y -

G

1
Vw + 5:1310

Corollary 4.8. Under the assumptions of the previous theorem we have for solutions of the
vorticity equation

1 .
‘1+t“’°°<\/m>

<o——
LP(R2) (1482t

s

An improved result of Theorem 3.6 holds as well, which can be proven in exactly the same way
as Corollary 4.6.

Corollary 4.9. Let the assumptions of Theorem 3.6 be fulfilled and assume that the solution
w satisfies fRQ wgbaéd:n = 0 for all multiindices a with 0 < |a| < n and all t > 0. Then the
estimate

l(t) = wosll o2y < € ETHEC(p) 1wy — wool 21y
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holds, where all constants have the same meaning as in Theorem 3.6.

c

For the vorticity equation the right side of the inequality above is replaced by — T
(1+8)27 P

Similar as in [BBDE] we deduce an improved logarithmic Sobolev inequality from the improved
convex Sobolev inequality from Lemma 4.3. Therefore, we define the continuous, nonnegative
and decreasing function h : RY — R with h(0) = 1, h(1) = % and h(s) := Sm(j:iggl) on
R*\{0,1} and the functional on L>°(R?)

H(2) = ||zl oo m2) sup h(2(2)).
zeR?2

Lemma 4.10. Assume that w > 0 and % € L*(R?) and that fR2 wdr = f]R2 Weodr and
Jge w¢aédw = 0 for all eigenfunctions of the linear operator L with 0 < |a| < n. Then the

mequality
2H (=
/ wln<w>d1‘<(oo)/
R2 Woo n R2

with the optimal constant % holds.

w |* w?
V‘ —2dx (4.2)

Woo | W

Proof: Using the definition of # and the conservation of mass we get with v := _*

1
/ wln <w> dr < 7-[(u)/ (W — Weo )2 ——d.
R2 Woo HUHLOO(R2) R2 Woo

Now the improved convex Sobolev inequality from Lemma 4.3 leads to

[e%<}

2

1 2
) / (W — weo)?—dz < 2 M) / V| weeds
HUHLOO(RZ) R2 Woo n ||U||LOO(R2) R2 | Weo
2
A0 / v | ooy
n R2| Weo| w
Proving the optimality of the equation is quite technical and we refer to [BBDE]. [l

Now we can improve the convergence estimate of Theorem 2.8 if we make some additional
assumptions.

Corollary 4.11. Assume wg > 0, ey, (Wo|ws) < 00 and H%}? < C forallt >0 and

-
Jre w(t)qﬁaédx =0 for allt > 0 for all eigenfunctions of the linear operator L with 0 < |a| < n.

Then the estimate
w(t) = wooll oy < € 3 fe (wple)

holds.

Proof: Since h < 1 and with our assumption on the L°°-norm, the functional H satisfies

()<

Woo |
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for all ¢ > 0, which can be inserted into equation (4.2). Further equation (2.6) stated

3 g, ) ) = Iy, (0Dl

The improved logarithmic Sobolev inequality now leads to

%% (w(t)|woo) = Iy, (w(t)[woo) < —nCey, (w(t)|woo)

and integration proves the corollary. ]

Remark 4.12. One should note, that the assumption that the functional H is bounded for
all ¢ > 0 is not very restrictive, since our solutions decay to ws, anyways and for example it can
be shown that for radially symmetric solutions this functional decays in time.
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Chapter 5

Large time asymptotics in three
dimensions

In this chapter we try to adapt some results from the two dimensional case for the vorticity
equation in three dimensions. As it is well known, studying the Navier-Stokes equations in three
dimensions is much more difficult than in two dimensions. Therefore, we again have to make
additional assumptions on our solutions.

As described in the introduction, the global existence of a smooth solution of the Navier-Stokes
equations in three dimensions is unknown. Nonetheless, the following theorem from [GW3]
states existence for solutions of the vorticity equation with small initial data as well as a result
concerning large time behavior in certain LP-norms. The idea of the proof is to make some
estimates on the integral equation and an approximation argument afterwards. While the steps
are not too difficult, we decided to omit the proof since the methods do not coincide with the
ideas of the previous chapters.

Theorem 5.1.  For all initial data wo € L3?(R3) with lwollps/2rsy < € for a sufficiently

small € > 0 and div(wg) = 0 there ewists an unique solution w € C([0,00), L3/%(R3)) N
C((0,00), L*(R?)) of equation (1.4) with w(0) = wq. Further, for all p € [3,00] there ezists a
constant C, > 0 such that the inequality

lwoll o2 g
lw @l g2y < Cp—rmg (5.1)

t 2
holds for all t > 0. The corresponding velocity field u is in LI(R3) for q € [3,00] and satisfies

lwoll ps/2(ms)

@)l La@s) < Co—1—5 — (5.2)
t2 2q
for allt > 0.
Proof: Compare [GW3] Theorem 2.2 and the paper of Kato [Kat]. O

The three dimensional case can be seen as a direct generalization of the two dimensional case,
since if we have an initial condition of the form (0,0, (w3)o(x1,22))”, we have that the solution
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satisfies w(x) = (0,0,ws(z1,x2)) because div(w) = 0 leads to dz w3 = 0. So the velocity field
given by the three dimensional Biot-Savart law has the form

u(z) = —L;T/Rz/RWdygd(yhm)

1 1 (22 — y2)ws(y1, y2)
= —/ /3dy3 (=21 +y1)ws(y1,92) | d(y1,92)
Am Je2 Jr o — |

0
1 9 (22 — y2)w3(y1,y2)
=~ ir —x1 + y1)w , d(y1,y2),
A7 Jr2 (21— y1)? + (22 — y2)? (=21 yl()) 3(y1,v2) | d(y1,92)

where the first two components are exactly the Biot-Savart law in the two dimensional case.
Now the first two equations of the three dimensional system are obviously satisfied, since all
terms are zero and the third equation becomes the vorticity equation in two dimensions.

In the following we shall transform the vorticity equation in three dimensions into a nonlinear
Fokker-Planck equation. In fact, one can make the same transformation as we made in the
two dimensional case, but the resulting equation does not conserve mass. Since this is rather
unsatisfying in the context of entropy methods we will make a different transformation that
ensures conservation of mass. The scaling variables

3 z 3
— 2 — 2 n(1 + ¢
3 NavieT n(l+1t)
and setting
B 1
w(z,t) = WW(&T%
V6 1
u(z,t) = ?mv(gﬂ')
lead to the equations
1 _r2 _z2
wT:Aw—i—gf-Vw—i—w—e 2§(V-V)w+e 2§(W-V)V (5.3)

and div(w) = 0. These equations are a coupled system of nonlinear Fokker-Planck equations
with the quadratic potential %|:r:|2. Again we will write x,¢ for the variables &, 7. A time
independent solution of the linear system is a constant vector in R? multiplied with the Gaus-

||

sian G := W@f ¢ for x € R3. But in contrary to the two dimensional case we have that
this Gaussian is not a stationary solution of the equation (5.3), because the term (w - V)v
does not vanish. Nonetheless, this seems to be a reasonable asymptotic state, because the
nonlinear terms are multiplied with the decaying term €73, Considering the conservation
of mass, we therefore hope that under some reasonable conditions our solutions converge to

Woo(2) := ([ps widzG (), [s widzG(x), [gs wgda:G(x))T.

In the two dimensional case we used the logarithmic entropy as a Ljapunov functional for
solutions that do not change sign. This can not be done here, since due to the appearance of the
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second nonlinear term the logarithmic entropy is no Ljapunov functional any more. Therefore,
we will use the quadratic entropy similar to Theorem 3.6. This can be done in the three
dimensional case as well, because we can bound both nonlinear terms in a similar way as in the
two dimensional case. In this case the assumption that the initial data has to be small is not
that unnatural, since we indeed only know existence for solutions with small initial data.

Theorem 5.2. Fiz tg >0, 6 > 0. Then for every solution of equation (5.3) with [[Wo 13/2(gs)
small enough and ||w(to)||r2(g-1) < 0o we have

3 2
1w (t) = Wooll Loqs) < € 12°C(p) | € 82K [ Wlto) — WoollFa g1y + KD (/ wédx>
i=1 /R

fort > to, wherep € [1,2] and the constants K = K <to, HW0HL3/2(R3)>, K=K (to, HWOHL3/2(R3)>

satisfy K, K — 0, if ||w0||L3/2(R3) — 0 or if tg — oo, and C(p) is the embedding constant of
L2(G7Y) in LP(R3).

Proof: Differentiating the weighted L?-norm in ¢ and using that the right hand side of equation
(5.3) is in divergence form leads to

dt /R?’ G t dt R3 G £ R3 (wl w1 + waOrwy + w3 t’wg) G x,

where the differentiability of the weighted L?-norm as well as all integrations by parts can be
justified with the same arguments as in Corollary 3.3. Using equation (5.3) we get

2 /R3 wﬁtwiédm = 2/]1{3 w; <div <Vwi + ;xwz) — ge_%(v -V)w; + ge_%(w . V)vi> adm

and integration by parts in the first term leads to

1 1 Vw; 1 i2
2 /RS w;div <Vw¢ + 3azwi> adaz = -2 /R3 WG?’:EM(Z@“.

So we get altogether

R IV, + Laew,|”
" de_;_2/ﬁas ¢ "

R3
4 1 4 1
—ge_% /R3 (v-V)w- wédx + §6_% /R3 (w-V)v- wad:n.
Since ) . .
-9 . CWe—dr = = 2y .=
/]R3<V V)w WGd:U 3/R3\W\V33de
and

1 1 1 1 3 1
2 w-VV -wedr = —= wli2v.z— _,E w - Vwv;—dz,
/R:z( ) de 3/R3‘ ’ de:U 3i 7 Jr3 vedx
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the only remaining nonlinear parts are the integrals in the last sum. Those terms can be
estimated in a similar way to the two dimensional case using Young’s inequality and so we get

2 1 1 [ |w] Vil
5 RSW.Vwiviédx < HviHLoo(Rs) 2€/R3 le‘ﬁLQSHUi”Loo(RS) /RS e dx

2
dx

1 |w|? 1
— ol 52 [, oo 2 Mol [ T+ o

jw; |
42 ol ey | -

Rescaling inequality (5.2) leads to

G

Clwoll 13/2(ms)

[V oo msy £ —F—=—
\V1-— e_%t

and altogether we get with this bound on the velocity field that

d ’W’2 3 ~ _1\ 1 _t ‘Vwi—i—%mwif
% R37d$ S Z(—Z‘i‘ﬁgc(l‘{‘t 2)838 2>/RBGdZL'

+ 26+i C~'<1+t_%)e%t6_ / wdz
2e R3 G

4 Lo 2
(2rec (1eet) ety [ Totirul,,
R3

1 ~ 1 1
est < C (1 + fi) est

ol

Il
.Mw

G

=1

3\ A -1\ -1t ’W_WOO‘Q
(e ) efrert)t [ Bzt
3 1 1 3 2
2 1 fftz i
+<2€+28>C(1+t 2)6 6 2 </st0dx>

Using the convex Sobolev inequality for each w; (choosing € small enough such that we have

- _1
6eC(1+t, 2)6_%t0 < 2) we get for all £ > ¢

d |w|? 3\ ~ _1\ 1 W — Woo|?
— ——dr < —1 b} — | C (14t ——d 5.4
dtha”ﬁ—( +(5+25) (172 et /Rg g (4
3 L 1o 2
A e i
—|—<25—|—2€> C(l+t2)e s E (/stodx) .

Now we should mention that (1 + t_%)e_%t is integrable on [0,00), so we could use Gron-

_1
wall’s Lemma. But since this term is bounded on [tg,00) by (1 + ¢, 2)6_%t0, for sake of
simple notation we rather use this bound, since we have to make the assumption t > tg

anyways. Since C = C (HWQH L3/2(R3)) is sufficiently small, we can now choose € such that

32



- _1
20 = (56 + %) C <1 +t, 2) e~5% and after integration from ¢y to ¢t we get that

2 2
/ [wit) — weol” - e—(1—25)(t—to)/ [wlto) — weol”
R3 G R3 G

3 2 t
(126)(tto)(jz< / wédx> / S=28)(5—t0) Lo 1
i=1 R3 to

2
< —(1-20)(t—t0) / [w(to) — weo|”
s G

3 2
—L(t—t) A 6 / i
+e s 05—126; RBde;r ,

S _1
where C'=C(1+1t,?) (25 + 2%) Now, if we take the square root, we get

3 2
IWwlE) = Wl < € [ EOHER ) — wleon + K3 ([ whir)
i—1 /R

Finally, the embedding of L?(G~!) in LP(R3) proves the theorem. O

In comparison to the two dimensional case, the main differences are the appearance of the second
term in the root, which leads to slower convergence, and the condition ¢ > ty. The first difference
appears due to the fact, that in three dimensions we have that Z§:1 ng, ViWoo * V%dm # 0 and
so we had to change the proof, which leads to the appearance of this second term.
Nonetheless, if we study solutions with zero mass, this term vanishes and we have a higher order
of convergence.

The second difference is caused by the estimate on the velocity field for our transformed equa-
tion. In the two dimensional case we used an estimate on the square of the L°°-norm of the
velocity field and proved that the velocity field decreased in time in this norm. For our trans—
formed equation in three dimensions in contrary, the velocity field grows with the rate est. In
the proof above this is compensated by the term e~ 2, with which the nonlinearity is multlphed7
but this is not enough to compensate the growth of the square of the L>°-norm. Therefore,
we used a different estimate on the nonlinear terms in the quadratic entropy, which leads to a
point where we have to use the convex Sobolev inequality with a time dependent factor, which
becomes unbounded for t — 0. So to uniformly bound this factor in time, we made the rather
unnatural assumption ¢ > tg, but this does in terms of large time asymptotics not make a huge
difference at all.

Again we want to undo the scaling to translate this result for the vorticity equation.

Corollary 5.3. Under the assumptions of the previous theorem we have for solutions of the
vorticity equation that

0 ™ (Vo)

Lr(R3) (L+¢)s 2

1 -
'\/aKHW(tO) Wooll 721y + K
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fort > tg.

This result can be extended to the case p > 2 with the same argument, that was made in Remark
3.5.

One should mention that a result like Corollary 3.3 does not hold in the three dimensional case.
While the equations (5.3) still are invariant under rotations, this does not hold for div(w) = 0,
so we can not have solutions that are radially symmetric.

Just like in the two dimensional case, if the first spectral subspaces do not appear in the eigen-
function expansion of the solution, we can get a higher order of convergence.

The spectrum of the linear operator Lw := Aw + %x - Vw + w can be computed with the same

methods as in Lemma 4.1. So we get o(L) = {—%, ke NO} and the eigenfunctions associated

to —% are given as ¢, (x) = 8%l for all multiindices a € N} with |a| = k.

Further, the improved convex Sobolev inequality from Lemma 4.3 obviously holds in the three
dimensional case as well. The following lemma shows that the second part of Lemma 4.4 is also
valid in the three dimensions.

Lemma 5.4. Assume wy € L?>(G™') and that Jre Wo(az)gbaédx = 0 for an eigenfunction ¢,
with |a| = 1.
Then we have [po W(x,t)padr =0 for all t > 0.

Proof: A basis of the subspace associated to the eigenvalue —% is z1G, oG and x3G and
inserting this in equation (4.1) leads to

d 2 2
/ wjzidr = / Lwjx;dx — Zes / (v - Vwjzidr + Zes / (W - V)vjzid.
dt Jp2 R2 3 R2 3 R2

Since the linear operator L is in divergence form, we get that

1 1
/2 Lwjzdr = — /2 O, w5 + ga:iwjdx =-3 /2 w;z;dr,
R R R

because w; is decreasing fast for x| — co. Using integration by parts in the nonlinear terms
leads to

—/ (V . V)wjxida: —l—/ (W . V)vjmidx = / Viw; — ijidx.
R2 R2 R2

For ¢ = j this is obviously zero. For i £ j we will show that this vanishes too for i =1, j = 2,
the other cases follow with exactly the same arguments. Using w = rot(v) and div(v) = 0 we
get

/ viwe — vawdr = / 01 (041 — Op, v3) — V2(0py V3 — Opgv2)dx
R2 R2

= / 02,0103 + Op, 2U3dx = —/ Oz,v3v3dr = 0.
R2 R2

d 1
/ wjxidx: —/ wj:cida:
dt R2 3 R2
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for all solutions w and therefore, the subspace created by [ Wo(2)¢a&dr = 0 for |a| = 1 stays
invariant by the nonlinear evolution. U

Just as in the two dimensional case for the vorticity equation we can always translate the initial
condition such that the first moments vanish, since the vorticity equation in three dimensions is
invariant under translations as well.

Now we are able to prove a higher order convergence result.

Corollary 5.5. Let the assumptions of Theorem 5.2 be fulfilled and assume that wo € L*(G™1)
with [gs qubaédm = 0 for all eigenfunctions with 0 < |a| < 1. Then we have

Hw(t)HLp(]R3) <Ch (p’ to)e—(1—26)t
for all t > to.

Proof: The corollary follows directly from the improved convex Sobolev inequality just as
Corollary 4.6. One should mention that because of our additional assumptions, our solution
has zero mass and therefore the stationary state wy, is zero as well and the second term in the
square from Theorem 5.2 does not appear. If we do not study solutions with zero mass, we do
not get a fast rate of convergence since the improved convex Sobolev inequality does not help
with the second term of the right hand side of the differential inequality (5.4). 0

Again, if more eigenspaces do not appear for all ¢ > 0, we get an even faster convergence just
as in the two dimensional case. As in the two dimensional case, if one chooses a basis of the
second eigenspace that has a radially symmetric eigenfunction ¢, the subspace generated by
ng qubaédx = 0 stays invariant under the nonlinear evolution. But for all other eigenfunctions
this does not hold.

In the following we want to cite and explain some interesting results about large time behavior of
the vorticity equation in three dimensions, which we found in the literature, to give an overview
about some further results in the three dimensional case.

An interesting connection between the two and the three dimensional case is, that the stationary
solution of the nonlinear Fokker-Planck equation in two dimension appears in a family of explicit
solutions of the Navier-Stokes equations in three dimensions. These particular solutions are
called Burgers vortices and are given by

0
wp(z) = 0 2, .2
afe 5
and the velocity field
—x2 2, 2 Y121
1 1 zi+x
UB(.T) = % al m <1 — 6_73142> + Y22 |,

0 L2 Y323

with Z‘?:l v = 1 and v1,72 < 0 and 3 > 0. Due to the last term, this velocity field is not
satisfying the Biot-Savart law we mentioned in the introduction. Nonetheless, it is a particular

35



solution of the equations w = rot(u), div(u) = 0, since the second term is a Laplace field.
One should note that this particular solution is a solution with infinite energy and therefore
leads to no contradiction to our result from above.

These Burgers vortices have an interesting asymptotic behavior, since they are stable in a par-
ticular sense, which was analyzed in [GW4] and which we want to cite in the following theorem,
which can be found in [GW4] Theorem 1.2.

)

Theorem 5.6.  Assume that (y1,72,73) = 73( 55 %
A4)

L 1) and that for every fized p € (O,
there exists R,e > 0 such that if |a| < R and sup,,cg H"‘JOHL?((wB)gl) < ¢ the solution w of (

with initial condition wy + awp satisfies for p € [1,2]

SuI)I ||w(7x37t) - de()||LP(R2) e O(e_ll"y3t)’
Tr€

where I C R is a compact interval and & = o + da and

1
73 2 ’7313
2//2 0)3(x1, T2, x3)d(x1, T2)dw3.
R

Proof: We shall sketch the idea of the proof, which is to linearize the vorticity equation at the
Burgers vortex awp and then to explicitly compute the integral representation of the associated
semigroup. Then in the decomposition w(z,t) = ¢(z3,t)wp(x1,z2) + @(x,t) with ¢(zs,t) =
Jg2 wa(@1, x2, 23, t)d(x1, x2) the function & decays exponentially to 0, since the semigroup does
that acting on functions, which satisfy that the integral with respect to the first two components
vanishes. Then it can be shown that ¢(x3,t) satisfies the equation

b1 + 137305, 6 = 02,0,

which can be solved explicitly and the explicit formula shows the convergence in the desired
norm to da. O

In the paper [GW4] this result has also been extended to non axisymmetric Burgers vortices,
where v, and 7 are given as y; = =5 (1 + ) and 2 = — £ (1 — A), which seems to be a better
fit as a model for turbulent flows.

Finally, we shall cite a result stated in [Rou], where the vorticity equation has been studied on

the domain R? x (0,1) and where w = w(z, 2,t) for (z,z,t) € R? x (0,1) x R* is I-periodic in
z. The main idea in the paper [Rou] is that in this case the scaling

w(z,z,t) = ! w T In(1+1¢)
U 14t \ViFt T
1 T
,2,t) = ,2,In(1 41
u(z, z,t) \/1+tv<\/1+tz n( ))

leaves the domain invariant and leads to the equations

1
ow = A,w+ 3% Vow + w + e'd*w 4+ N(w) (5.5)

Vz-wx+e%8,zwz =0
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with N(w) = (wy - Vo)v — (vp - Vo)w + e%(wgazv — v30,w) where w, = (wy,ws)? and
Ve = (02,02,)7.

An important property of this equation is, that we have conservation of mass, in particular for

. . _le? . . .
the third component. Further, G := (0,0, G) with G = ﬁe 1, x € R? is a stationary solution

of the equations above. The following result shows that this stationary solution is stable in a
similar way as the Burgers vortices from above are stable.

Theorem 5.7.  There exists an € > 0 such that for every wo € L*(G™1) with div(wg) = 0
and [|[Wol| 21y < € an unique solution w € C([0,00), LP(R? x (0,1))) with w(0) = wq of the
equations (5.5) exists. Further for every p € (0,1) we have

[w(t) — G|l orax(0,1)) < Ce™ [Woll 21
for p € [1,2] with o = fRQX(Oyl)(wo)gdzdx.

The main idea of the proof is to once again make some estimates on the integral equation as
well as a decomposition of the solution similar as in Theorem 5.6.
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