KINETIC APPROACH TO LONG TIME BEHAVIOR OF
LINEARIZED FAST DIFFUSION EQUATIONS
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Abstract. We show that the rate of convergence towards the self-similar solution of certain
linearized versions of the fast diffusion equation can be related to the number of moments of the
initial datum that are equal to the moments of the self-similar solution at a fixed time. As a
consequence, we find an improved rate of convergence to self-similarity in terms of a Fourier based
distance between two solutions. The results are based on the asymptotic equivalence of a collisional
kinetic model of Boltzmann type with a linear Fokker-Planck equation with nonconstant coefficients,
and make use of methods first applied to the reckoning of the rate of convergence towards equilibrium
for the spatially homogeneous Boltzmann equation for Maxwell molecules.

1. Introduction

This paper concerns some aspects of the rate of convergence to equilibrium for
solutions to the Cauchy problem of the fast diffusion equation posed on the whole
space R

ov

—=Av", yeRN r>0, (1.1)
or

v(y,0) =wo(y), (1.2)

where NLH <m<1.
The long time asymptotics for equation (1.1) is described by the family of self
similar source type Barenblatt—Pattle solutions
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where the constant C' must be chosen in order to match the initial mass. Recent
results on the subject allow to assert that the rate of convergence is sensitive to the
choice of the initial datum, and it is believed that the values of its moments play an
important role.

As a matter of fact, in the linear case described by the heat equation the rate
of convergence towards the fundamental solution is improved by fixing the center of
mass of the initial data. Moreover, one can fix a certain number of initial moments
in order to recover a higher order asymptotic approximation for the solutions with
a faster rate of convergence [18] [20]. In the same linear case it has been shown
that mass-centering also speeds up the entropy decay [14]. These results suggest the
possibility of detecting a more accurate asymptotic description even in the nonlinear
case by fixing suitably a certain number of initial moments [34].

This phenomenon was first established by J.L. Vazquez in [31] for porous medium
equations. He was able to prove that, while the support of a general solution takes the
shape of the support of its corresponding shifted Barenblatt profile for large times,
a faster convergence rate in L* towards such profile could be obtained in case of
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2 Fast diffusion equations

solutions with radial symmetry. This convergence rate result is valid for the fast
diffusion range as well.

In the fast diffusion case, the spatial translation invariance is related to an explicit
eigenvalue of the linearization of the scaled equation in self-similar variables [12] [15].
Therefore, one expects an improvement of the rate of convergence for the fast diffusion
equation by mass-centering to the rate ! in L' in the translation dominated range,
which is given by the next eigenvalue of the linearization. A nearly optimal con-
vergence rate in the fast diffusion range, based on mass-centering, has been recently
announced in [21] [24].

For the porous medium case, mass—centering has been recently used in [7] to show
that the Euclidean Wasserstein distance between two compactly supported solutions of
the one—dimensional porous medium equation having the same center of mass decays
to zero for large times with a computable rate. As a consequence, mass-centering
allows to detect an improved rate of convergence of solutions of the one—dimensional
porous medium equation towards well centered self-similar Barenblatt profiles.

Let us denote the total mass of vg by

My— / vo(y)dy >0
RN

and its center of mass by

1
My =— .
=3 L oty

Both quantities My and M; are invariant with respect to time (see [30]). Hence,
mass—centering means that we choose the initial datum with the same mass and first
moment of the Barenblatt solution. Except in the linear case, however, higher order
moments of the solution do not follow the same law of evolution of the higher order
moments of a shifted in time Barenblatt profile, even if the same are equal at time
7=0. As far as the second moment is concerned, a recent result establishes however
an asymptotic equivalence between them [28].

Taking into account this asymptotic equivalence, it can be reasonably conjectured
that information on the rate of decay in terms of moments can be obtained by consid-
ering linear or linearized versions of equation (1.1). Among others, we shall consider
in the sequel a linear version of the fast diffusion equation (1.1),

ov(y,T)

Tzdiv (mBC(y,T)m_1Vv(y,T)), yeRY >0, (1.4)
-

v(y,O):vo(y), (15)

where Be(y,7) is a Barenblatt solution suitably shifted in time. The rate of con-
vergence to equilibrium for equation (1.4) will be studied in terms of the number of
moments initially equal to thats of the Barenblatt solution.

Using the spatial-temporal scaling given in [11] [17], the initial value problem
(1.4) can be rewritten as the initial value problem for the Fokker-Planck equation

g—{zdiv[mf—i—ch(x)"“lVf] reRN >0, (1.6)

Fla,t=0)= fo) 0. (L.7)
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The initial value for the Fokker-Planck equation coincides with the initial value for the
fast diffusion equation (fo=wp). In equation (1.6) Bc(x) is the Barenblatt solution
(1.3) evaluated at time 7=1,

1

Bo(z) = <c+ t—mm |x|2)_1_m . (1.8)

Direct computations show that, for any fixed mass, the Fokker-Planck equation (1.6)
has a unique stationary state given by (1.8).

A different linearization was first considered in [9]. There, the large—time asymp-
totic of linearized very fast diffusion equations with and without potential confine-
ments were studied, by reckoning estimates for the spectral gap and drawing con-
clusions on the time decay of the solution. The results in [9] hold for arbitrary al-
gebraically large diffusion speeds, provided the solutions have the mass—conservation
property. Hence, the problem we will be dealing with, was not considered.

Likewise, this linearized fast diffusion equation was deeply investigated in [15] by
Denzler and McCann, who were able to analyze its spectrum extracting sharp rates
of asymptotic convergence to the Barenblatt profile. Our result recovers this rate of
convergence by different methods (see Theorem 4.2 for more details). We must point
out, as explained in [15], that, although our kinetic analysis is rigorous, the passage to
linearization is clearly formal, and allows only to conjecture about analogous behavior
for the solution to the original nonlinear equation.

For any given Barenblatt profile, characterized by the exponent m, higher mo-
ments of the solution stay uniformly bounded in time up to a critical exponent linked
to the value of m. In addition to mass and momentum conservation, due to linearity,
the higher moments of the solutions to equation (1.6) evolve in time in a closed form
in terms of the lower order moments. This imply that the moments corresponding
to two different initial data which are equal initially, remain equal to any subsequent
time. Moreover, since the Barenblatt profile is a steady state to equation (1.6), if the
initial datum has moments up some natural number n > 2 equal to thats of the Baren-
blatt function (1.8), these moments remain constant in time. This property allows to
compute precise rates of convergence to the stationary state in terms of the number
of moments of the initial datum which are initially equal to thats of the equilibrium
solution. The convergence rates of the linearized equations will be here derived in
terms of a Fourier based metric which has been proven very useful in the finding of
rates of convergence towards equilibrium in kinetic theory of rarefied gases, both in
the conservative case [19] and in nonconservative one [3], [25].

These Fourier-based metrics dg, for any s> 0, are defined as

du(f.q) = sup L =IO

EERN |5 s (1-9)

for any pair of probability measures in P, (R"), where Py (R") is the set of probability
measures with bounded s-moment and as usual, f is the Fourier transform of the
density f(z),

f©O= [ e de.

By simple Taylor expansion one shows that the distance is well-defined and finite
for any pair of probability measures with equal moments up to order [s], where [s]
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denotes the integer part of s. Moreover, in case s> 1 be an integer, it suffices equality
of moments up to order s—1 for being d; finite. In this way, an (initially) bounded
distance in our framework means an initial datum with a certain number of moments
equal to thats of its corresponding steady state. In fact, d; with s>2 topology is
equivalent to the weak-star topology for measures plus convergence of moments up to
order [s], and can be related to the Wasserstein distance between probability measures
[29].

The study of the convergence in terms of the distance (1.9) can be obtained
through the analysis of its evolution. To this aim, the first tentative relies in the
direct study of the evolution in time of the Fourier based distance using the linearized
equation in Fourier transform. But, in view of its definition, the study of this evolution
is a overcomplicated matter, due to the presence of a variable diffusion coefficient. To
overcome this problem, instead of working on the Fokker—Planck equation directly, we
will introduce a nonlinear kinetic model of Maxwell type [5] for which the recovering
of the rate of decay in terms of the Fourier based distance is immediate. Then, the
result for the Fokker—Planck equation will follow by a well-established asymptotic
analysis recently introduced for analogous nonconservative Boltzmann equation [25].
This asymptotic procedure is reminiscent of the so-called grazing collision asymptotic.
In kinetic theory of rarefied gases this asymptotic procedure became popular after
the studies by C. Villani [32] [33], who established a rigorous connection between
the elastic Boltzmann equation [13] and the Landau equation [23]. This procedure,
which corresponds to concentrate collisions on the grazing ones, namely collisions
which leave velocities unaffected, allows to recover in the limit Fokker-Planck (or
more generally Landau-Fokker-Planck) equations. Other applications to the one-
dimensional dissipative Boltzmann equation can be found in [27].

In the rest of the paper we will assume the initial datum of unit mass, zero center
of mass and unit second moment

fodx=1, / zfodr=0, / |z|? fo dz=1. (1.10)
RN RN RN

Since the mass and momentum are conserved in time, the solution to equation (1.6),
which is initially a probability density of zero mean, so remains at any subsequent
time ¢ > 0.

Our main results deal with the rate of decay to zero of solutions to different
linearizations of the fast diffusion equation (1.1) in terms of the doys distance, where
d=0(m) is given in terms of the exponent m of the fast diffusion. If equation (1.6) is
considered, the typical result in one dimension reads
THEOREM 1.1. Let f(v,t) be the solution to equation (1.6), with initial datum fo(v).
Suppose in addition that

doys(fo,Bc) <M <+oo,  6<(3m—1)/(1—m). (1.11)

Then, the solution f(v,t) converges exponentially to Bo(x) in days—metric, and

2 m m

days(F (), Bc) §d2+6(f0,Bc)€XP{2+6 (1"”5— Sm 1) t}. (112)

Moreover, provided 3/5<m<1 the rate of convergence in (1.12) increases in the
interval 0< 3 < (5m—3)/(2—2m).

A careful reading of Theorem 1.1 clarifies the role of moments in the rate of
convergence to equilibrium for solutions of equation (1.6). In fact, by definition, the
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ds(f,g) distance is finite as soon as the moments of f and g are equal up to the
entire part [s] of s. Hence, while §=0 in Theorem 1.1 only implies that there is
mass—centering of the initial data, 6o =(5m—3)/(2—2m) <1 implies that if at least
the second moments of the initial data are equal, convergence to equilibrium is faster
that before. Note that dy increases as soon as m increases, and the convergence result
is better if we are close to the linear case of the heat equation.

2. Preliminary results The main object of our analysis will be the study of
the large-time asymptotic of the solution to the Fokker—Planck equation

%{vahf+v(®9+ﬂﬂﬂ%f@DL (zeRN,1>0), (2.1)

f(z,t=0)= fo(z) >0. (zeRM) (2.2)
In equation (2.1) the constants o and /3 are such that

1
2, 2
@ =—.
0=+
This condition implies that, if the initial datum fo(x) satisfies conditions (1.10), so
does the solution at any subsequent time ¢ > 0. It can be easily verified that equation
(2.1) has a steady state with overpopulated tails, given by

—1—(28%)~ ¢
Boo(z) =C (a2 +B2af?) 7

(2.3)
The constant C in (2.3) has to be chosen to fit unit mass. In the one-dimensional
case, equation (2.1), with a?=3%2=1/2 has been recently considered in [25] as the
grazing limit of the one-dimensional dissipative Boltzmann equation studied in [2].

2.1. Fokker-Planck equations as linearization of confined fast diffusion
equations

The linear Fokker-Planck equation (2.1) is strictly connected to the linearization
of the fast diffusion equation (1.1). Consider in fact equation (1.1), with initial datum
(1.2). Tt is well-known that (1.1)-(1.2) can be transformed into the fast diffusion
equation with harmonic convection

%:div(xu+Vum), (xRN t>0), (2.4)
u(z,t=0)=ug(x) >0, (zeRYN). (2.5)

The transformation follows by the spatial-temporal scaling

= Y )= B m)r 1/(2—=N+Nm) '
7 B =(@-N+Nm)r+1) (2.6)
t() (@ N+ Nm)r+1) (2.7)

TN+ Nm
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Applying (2.6)-(2.8) the similarity solution of the diffusion equation (1.1), given by
(1.3) yields a equilibrium solution Bg(x) of the Fokker—Planck equation, given by
(1.8).

It is a simple exercise to show that the scaling (2.6)-(2.7) with

oy, r)=R(r) N ] (R?T),t(ﬂ) (2.9)

transforms the linear diffusion equation (1.4) into (1.6) and vo(x) = fo(y).

The linear Fokker—Planck equation (1.6) is obtained from (2.4), but other possible
linearizations can be done from (2.4) as we will show now.

The linear Fokker—Planck equation (1.6) is a linearization of (2.4).- We recall
(2.4)

au . m N

a:dlv(qurVu ), (xeR™,t>0)
and consider a state u(x,t) >0 close to the equilibrium Be(x), i.e., u—Bo=0(¢€) in
an appropriate topology. Thus we approximate the nonlinear term as

Vu™ =mu™ 'V f2mBl T Vu.

Identifying u with f, we just obtain (1.6)

?9—{ =div [a:f—i—ch(x)m*lVﬂ reRN t>0.
Since
1-m
Bo(a)" ™ =0+ - M ap, (2.10)
one concludes with
mV [Be(z)™ ! fl =mBe(z)" 'V f+(1—m)zf.
Hence (1.6) can be rewritten as
af . m—1
a:dlv [ma f+mV (Be(z)™ ' f)]. (2.11)
Other possible linearization of (2.4).- Let us set
1
f(a,t) = (Bc(z) +ep(x,t)), (2.12)

1+e€

for e >0 small and “p=0(1)". Assuming mass-conservation

/ Beo(z)dx= flz,t)yde=M , t>0,
RN RN
we have

/RNp(x,t)dx:M , t>0. (2.13)
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Inserting (2.12) into (2.4), computing the derivative with respect to the parameter e
and setting e =0 gives the linearization:

%:div [zp+mV (Be(x)™'p)] zeRN,t>0, (2.14)
p(x,t=0)=po(z)>0. (2.15)
with
/ podr =M. (2.16)
RN

Note that both linearizations (2.14) and (2.11) have the same diffusion term, and
differ only for the presence of the constant in front of the convection term. This
difference reflects into the stationary solution, which coincides with the equilibrium
Barenblatt solution (1.8) in equation (2.11), while for (2.14) is given by

poo(@) =D BE " (),

where the constant D is fixed in terms of the initial mass. Due to their similar form,
both equations (2.14) and (2.11) can be studied by a unified treatment.

Both linearizations of (2.4) can be written as the Fokker-Planck equation (2.1).-
By a simple scaling argument, one can finally show that both equations (2.14) and
(2.11) fall into the form of equation (2.1). Hence we will focus in the large-time
behavior of solutions to this last equation, and in consequence we obtain the long-
time behavior of both linearizations of (2.1).

First of all, we consider equation (2.14). Using equality (2.10)

17
mBe(z)™! :mc+Tm\x|2. (2.17)

Note that, provided m > (N —2)/N, the coefficient of |z|? is less than 1/N. If p(z,t)
solves (2.14), let us set p(x,t) =6 g(dx,t), where 0 is a constant to be chosen. Then
if y=4dz, g(y,t) solves

% =div [yg+v ((52m0+1_2m|y2> g(y)ﬂ . (yeRN,t>0), (2.18)

gly,t=0)=6""fo(67'y)>0  (yeRY). (2.19)

Therefore, g(y,t) satisfies equation (2.1) for a convenient § in such a way that o + 32 =
1 1—
N where a2 =6?mC and §? = Tm By a simple computation we show that ¢ has

to be chosen in the following way

1 1 1-m
P =——). 2.2

0< Cm <N 2 > (2:20)
The same strategy applies to equation (2.11). The only difference is that here we have
to scale only the time. Let us set f(x,t)=h(xz,mt). Then, if 7=mt, h(z,7) solves

% =div {xmv ((C+ 12_mm|m|2) h(m))] . (zeRY,r>0), (2.21)
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h(z,7=0)= fo(x)>0.  (zeR") (2.22)
In this case,
1 1-m 1-m
2_ L .oR2_
TN om p 2m (2.23)

Note that the bound 3% < 1/N implies m > N/(N +2). By resorting to the definition of
the Fourier based distance (1.9), any result on the large-time behavior of the distance
between the solution to the Fokker—Planck equation (2.1) and its stationary state (2.3)
can be easily translated into the corresponding result on the large—time behavior of
the distance between the solution to the Fokker—Planck equation (2.14) or (2.11) and
their stationary Barenblatt solutions. In fact, the relation p(z,t) =6~ g(dx,t) implies

9(§) = p(6¢), and

€ERN 1€l 1€l
where § is given by (2.20). Analogous result holds for equation (2.11).
REMARK 2.1. The previous computation emphasize a noticeable difference between the
linearized fast diffusion equation (2.14) and the linear one given by equation (2.11).
In the former case, the condition 32 <1/N is satisfied if

SN2 (2.25)
m>——— :
N b
while, in the latter case, the same condition on 3 holds if
> N (2.26)
m>-——. :
N+2

Thus, finite mass for the Barenblatt solution is enough to study the linearized equation
(2.14), while finite second moment for the Barenblatt profile is needed to study the
linear equation (2.11).

2.2. On moments of the Barenblatt solution

The previous analysis shows that the Fokker-Planck equation (2.1) contains var-
ious linear or linearized versions of scaled fast diffusion equations. This fact depends
clearly on the structure of the steady Barenblatt solution. For the sake of complete-
ness, we shall recall in the following some of these properties. First, we recover the
relationship between the zero order moment (mass) of the Barenblatt solution and its
second one (the temperature) (see [28]). Let u(x,t) be a solution to equation (2.4).
For any given r € NU{0}, let us set

Mr(t):/RN |x|"u(x,t) dx.

Direct computations show that

d
—Ms(t)=—2M5(t)+2N u™ dz, (2.27)
dt RN
Since the Barenblatt is a steady solution to equation (2.27), its second moment Mo
satisfies

My+2N [ B2 da.
RN
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Using the expression of the Barenblatt solution (1.8) we find

1-— 1-—
/ BY da::/ <c+ 5 mlaﬂ) Be dr=CMy+—2 M.
RN RN m 2m

Hence

and therefore

CMy= (1—H”) M. (2.28)

found in (2.23).
REMARK 2.2. Since both My and My are nonnegative, formula (2.28) implies the
restriction

1 1-m

N o >0.

Consequently the second moment is finite if and only if m > NLH
The precise values of higher order (and bounded) moments of the Barenblatt
solution can be evaluated recursively starting from the equality

d

aMn(t):—nMn(t)+n(n—2+N)/ "2 da, (2.29)

RN

where 2<né€N. As before, we use the fact the Barenblatt is a steady solution to
equation (2.29), which implies

Mn:(n—ZJrN)/ BE dx.
RN

We find
1-— 1—
/ |x|n—23g} da:Z/ |x|"72 <C+2m|g;|2> Be dl-:C’Mn_Q_‘_imMn'
RN RN m 2m

Finally, using the expression of C' found in (2.23),

1 1-m 1 1-m
— My=(—=———|M,_o.
(n—2+N 2m ) (N 2m ) ?
This relation also gives the maximum moment of the Barenblatt solution which is
bounded. In fact, the procedure can be iterated up to the value of n for which the
coeflicient of M, is greater than zero. A further interesting property of Barenblatt

solutions is related to the scaling of variables. We used this scaling in the previous
section to normalize the constants « and 3. We have
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LEMMA 2.1 (Relation between Barenblatt solutions). Let B a Barenblatt solution
with constant C' and mass and energy Mo and Ma respectively. Then, if g2 =1,
the function B(x)=bB(ax) is a Barenblatt solution with

b

_ _ b _
My = — Mo, Mg:aiMz and C=bm""1C. (2.30)
a

N N+2

Proof. Expressions for mass and energy are direct computations. We will focus
only in proving that B is really a Barenblatt solution. We have

_ 1— 1—
B(a)™ ' =pm! <C’+2mma2|x|2) =5 O A a,

Then, since ™ 'a? =1 the previous equality can be written as

_ 1-m =
B — m—1 2
(x) (b C+ o || )

2.3. Remark on the heat equation

In order to understand the role of the Fourier based distance in the reckoning of
the large—time behavior of the linear Fokker—Planck equation (2.1) we recall briefly
how this distance can be used in the case of the linear heat equation. The result
that follows is contained in [20], where it appears as a simple example to justify
application of the distance dg to the rate of convergence towards the Gaussian density
in the central limit theorem. Another application of the distance (1.9) to the classical
Fokker—Planck equation can be found in [10]. These results follow in consequence of
the fact that in these cases there exists an explicit solution, which allows for exact
computations. Due to its importance in applications to the linear Fokker—Planck
equations, we briefly describe how this distance works.

It is well known that a solution of the heat equation

0
%:Au, zeRY, (2.31)

u(z,0) =up(x), (2.32)

where ug(x) is a probability density function satisfying conditions (1.10), behaves
asymptotically in time as the fundamental solution of (2.31), which is given by the
Gaussian density

1 z|?
wzt(x)mexp{uf}. (2.33)

The rate of convergence, that in L? norm is governed by t~™/2, can be improved as

soon as we have more information on the moments of the initial data. A simple proof
of this result follows by using the Fourier based distance (1.9). More precisely, let u;
and ug be solutions of (2.31), corresponding to initial data ug 1 and ug o respectively,
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and let s>0 be such that ds(uo,1,u0,2) is finite . By Fourier transform, we get for
i=1,2

81571\2({;75) = _|£|2ﬁ\z(taf)
Solving the ordinary differential equation leads to

@1 (t,6) —ua(t,§)[* = exp(—2t|&]*)[iao.1 (€) — w02 (€)|*.

It follows that the L? norm is estimated by using the Parseval equality

/ g (£,2) — s (t,2) P dr = (27) N / T3 (1,€) — T3 (1.6) [P de
]RN N

= (2m)~N ox exp(—2t[¢[*) |01 (€) — w0 2(€) [ dé
< dg(uo,1,u0,2)* F(1).

The function of time F'(¢), that is equal to
F(t)=m)™ [ expl(=2tig)lePde

is bounded and can be computed explicitly to give (2.34). In fact, if

C =y [ exp(-2le) i e

F(t)y=Ct=+N/2),
Therefore, it follows that
(w1 —u2) (£, )72 vy < ds(uo,1,u0,2)* C =+, (2.34)

where the constant C is explicitly computable [20].

In particular, as s — 0, we recover from (2.34) the usual t—N/2 decay rate. The
decay rate in (2.34) can be rephrased in terms of moments. Let s=m+J, where m
is an integer and 0 <§ < 1. Since the Gaussian density (2.33) is a solution to the heat
equation, looking at the definition of the metric dg, if the initial datum ug(x) has
the same moments of the fundamental solution wa(x) up to p=m, the ds-distance
ds(up,ws) is bounded, and the rate of convergence becomes t—(s+N/2)

As the previous example shows, one of the interesting features of the distance
(1.9) is that it can be used through interpolation to obtain convergence in stronger
spaces. This property has been discovered in [6], and subsequently used in various
applications to the dissipative Boltzmann equation [3].

2.4. A property of the Fourier-based distance

Various properties of the distance (1.9) were collected in papers [19], [29], where
the interested reader can achieve information on the relationship of this norm to
other more familiar equivalent norms used both in probability theory and in mass
transportation. For the purposes of this paper, however, further properties are needed.
We prove the following
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LEMMA 2.2. Let {fn(2)},50 and {gn(z)},50, ERY, be two sequences satisfying
conditions (1.10) and such that f, — f, g, —g. Suppose in addition that, for some
r>2

|| fr (2) < 400, |z|"gn (z) < +00 (2.35)
R Rn

and, in addition
dr(fnagn) < +0o0.
Then, for all s<r,
ds(fvg)Sliminfds(fmgn)~ (2'36)
Proof. By definition, d,(f,,g,) is bounded if all moments of order less or equal

than [r] of f, and g, are equal. Since f, — f and g, — g, condition (2.35) implies
that, for any s<r

/ 2l fo () — / 2]? f(2). / 2] g () — / al*g(z).  (2.37)
R™ R" Rn Rn
Thus, d.(f,g) =D is bounded. Now, consider that

HGEG]

cern  EF
o R©-9©-G©-30)]| [R©-5©
w2k ein G s T

Now, from the inequality

|- -
SUp ——————— S sup ——————— ,
eI<s €l = 15 4

for any given € >0 there exists § >0 such that, for all n

~ o~

Fn(&) —9n(8) = (f(£) —79(£))
sup ,
le|<s 1€]*

’ <(C+D)o]"* <e.

Likewise, there exists R >0 such that, for all n

o~

Fa(€)=3u(©) = (F(©)~3(0))|
sup
>R <l°

<4/R°<e.

Thus, for any € >0 we can find § and R such that

~

Ja(€)=5n(&) = (F(©)~5(0))]
sup

£ERN €] B
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Fa(&) =5n(©) ~ (7€) =5(9))|

Y Csceien il :
1/~ -~ R .
maX{e, sup 55(lfn(é)—f(f)lﬂgn(é)—9(€)|)}~ (2.38)
s<le|<R

Now, since f,, — f and g, — g we have

VE, ful€) — F(6);

and since f,, satisfies conditions (1.10), |D2ﬁl(§)| <1 and Dfn(O) =0. Thus {fn}n>0

is uniformly equi-continuous on the compact set {§ <|¢| <R}. By Ascoli’s theorem,

this entails that sups<¢<p |70 (€) = J(€)| goes to 0. Same conclusion for the sequence
gn- Finally, there exists ng >0 such that for n>ny,

1
max{ €, sup —
{ s<lel<r0°

(17208 = F(&) 1+ 15a(8) ~5(0)1) } <e. (2:39)
This concludes the proof.
O

3. The one—dimensional Fokker-Planck equation

3.1. A nonconservative kinetic model

This section concerns the introduction of some nonlinear kinetic model of Boltz-
mann type, which is related to the Fokker—Planck equation (2.1) in the so—called
grazing collision limit procedure [32], [33]. Similar ideas were introduced in [25] in
order to obtain information on the self-similar profile of one—dimensional nonlinear
Boltzmann equations of Maxwell type, in the case of lack of conservation of the en-
ergy. The main advantage in working with a Boltzmann type equation relies in the
possibility to obtain in a relatively easy way the rate of decay of the Fourier based
distance.

Let us consider a binary interaction between particles governed by the law:

v =v4+n(Av+pw), w*=w+n(Aw+pv); (3.1)

where (v,w) are the pre-collisional velocities which generate the post-collisional ones
(v*,w*). In (3.1) A and p are positive constants and n is a parameter which varies in
[—1,1].

Let f(v,t) denote the distribution of particles with velocity v€R at time ¢ >0.
A kinetic model governed by binary collisions among particles can be easily derived
by standard methods of kinetic theory, considering that the change in time of f(v,?)
depends on a balance between the gain and loss of particles with velocity v due to
collisions. This leads to the following integro-differential equation of Boltzmann type
25),

2= [ (G- w0 dvan. (52
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In (3.2) (v«,w,) are the pre-collisional velocities that generate the couple (v,w) af-
ter the interaction. J is the Jacobian of the transformation of (v,w) into (v*,w*),
while B.(n) represents the collision frequency. The collision frequency depends on
a small parameter ¢ >0. As ¢—0, binary collisions concentrate on collisions which
are grazing, namely the post-collision velocities are close to the pre-collision ones.
This phenomenon is well-known for the Boltzmann equation, where the grazing limit
allows to recover in the limit the Landau equation [32], [33]. In what follows, we will

assume that B.(n) satisfies the following properties:
1

P.1 For all €, B.(n) is a symmetric function of n, so that / B.(n)n dn=0
~1

1
P.2 For all €, the second moment of B.(n) is bounded, Aezz/ B.(n)n? dn .
-1

Moreover lim,_,gA.=1
1

P.3 For any r>2, with r €N, it holds limeéo/ [n|" Be(n) dn=0 .
-1
The kinetic equation (3.2) is the analogous of the Boltzmann equation for Maxwell

molecules [5]. Also, it presents several similarities with the one-dimensional Kac model
without cut—off introduced by Desvillettes [16]. Among the possible choices of the
collision frequency, one can consider the following

—
B.(n)=1{ 2e(mrgen 1n€led

0 otherwise.

When necessary, we will denote by f(v,t) the solution to the initial value problem
for equation (3.2). In this way, we emphasize the dependence of this solution on the
e—parameter. Moreover, without loss of generality, we can fix the nonnegative initial
density fo(v) to satisfy conditions (1.10).

REMARK 3.1. At a first view, the choice of a nonnegative initial density satisfying
conditions (1.10), while quite natural for the study of a kinetic model of Boltzmann
type, appears quite restrictive at least for the study of the linearized equation (2.14),
where the solution is a perturbation of the Barenblatt profile, and there are no reasons
to pretend the perturbation to be positive. To clarify why it is enough to get results on
the kinetic equation (3.2) with nonnegative initial data, consider that thanks to mass
conservation, this equation can be rewritten as

of
a:Qe(fvf)_Cef(v)a (33)
where
QD) = [ [ Bl 1w ) duwdn, (34
and

C.— / " Bo(n)dn. (3.5)

The solution to equation (3.3) can be expressed as

f(v,t)zfo(v)exp{—C’Et}—&—/O Qc(f,[)(v,s)exp{—Cc(t—s)} ds. (3.6)
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Of course, representation (3.6) holds independently of the sign of the initial datum
fo(v). On the other hand, in consequence of the form of the bilinear operator Q.,

[f(v,8)] < Ifo(v)lexp{—Cet}Jr/o Qe(If11fD(v,5)exp{=Cc(t —s)} ds. (3.7)

Since the solution to the Boltzmann equation (3.3) is nonnegative in correspondence to
a nonnegative initial density, choosing |fo(x)| as initial density, the solution fi(v,t)
to equation (3.3) is nonnegative, and

fr(v,t) =[fo(v)[exp{-Cct} +/0 Qe(f+,f+)(v,s)exp{—Ce(t—s)} ds. (3.8)

This implies | f(v,t)| < f+(v,t). Thus, any upper bound related to the absolute value of
the solution to the Boltzmann equation with a general initial value (with no sign!) can
be derived from the same equation taking as initial value a nonnegative density (the
absolute value of the initial value). A further comment is in order. Since equation
(2.14) is a linear equation on can split the solution in its positive and negative part,
and solve the equation for these parts separately. Then the original solution can be
recovered by the sum of both.

3.2. A related conservative kinetic model

Thanks to the remark of the previous section, without loss of generality, in what
follows we will work with nonnegative initial values, satisfying conditions (1.10). To
avoid the presence of the Jacobian, and to study approximation to the collision oper-
ator it is extremely convenient to write equation (3.2) in weak form. It corresponds
to consider, for all smooth functions ¢(v), the equation

/gzﬁ ) fe(v,t) dv—/ . B.(n)(¢(v") = ¢(v)) fe(v) fe(w) dw dv dn, (3.9)

One can alternatively use the symmetric form

d

& rwowa=1 [ [ B

(G(u")+ $(w') = 6(0) —(w))dvduwdn, )

Existence of solutions to (3.9) or, equivalently, to (3.10), can be proven by using
arguments like in [16]. Evolution of moments then follows by a suitable choice of the
function ¢. If $=1 we obtain from (3.9)

/fe (v,t) (3.11)

namely mass conservation. Conservation of momentum is obtained by taking ¢(v) =wv,
and making use of assumption P.1. We have

%/vae(v,t) dv:/_1 R2B€(n)(n(/\v+,uw)) fe() fe(w) dw dv dn=

1
(/\—i-,u)/ Bc(n)n dn/vae(v)dv:O. (3.12)

—1
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Taking finally ¢(v)=1v? we obtain

d
dat ).’ *felv,t) dv
/ /]1%2 U+n()\v+ﬂw)) )fe(v)fe(w) dw dv dn=
/ /R? >\U+Mw) +2”U()‘U+Mw)) fe(U)fe(w) dw dv dn=

1
242 n)n? dn | V2 f.(v) dv= (N2 4 p?) A, | 02 f.(v) dv. .
(i) [ B dn [ 0 1.0) do= 02 ) A [ Ry av. (313)

Since the initial density satisfies (1.10), we obtain that the second moment is expo-
nentially increasing, and

M(t) =exp{Ac (N + %) t}. (3.14)

Due to (3.14), it follows clearly that stationary solutions of finite energy do not exist,
and the large-time behavior of the kinetic equation can at best be described by self-
similar solutions. The standard way to look for self-similar profiles is to scale the
solution according to the role

=ML/ (v/Ma(0).t). (3.15)

This scaling implies that /nge(v,t)zl for all t>0. Assuming ¢ smooth and of

bounded support, by elementary computations one concludes that g = g.(v,t) satisfies
the equation

d A+ ) A, ,
%/RQS(U)ge(v,t) dv—&-(_'_;)/Rvggqﬁ (v) dv=

[ [ B 007) = 6(0)) () ge(w) dw do . (3.16)

Let us consider a third-order Taylor expansion of ¢(v*) around v

G0 (oo, OO s

B") —6(0) = ¢ () (0" —0) + D (o — )P+ S

or equivalently

6(0") —0(0) =0/ @) (n (-t ) + 1002 g+ 3 vy

where ¥ is a value between v and v*. Substituting the Taylor expansion into the
integral on the right-hand side of (3.16), taking the limit e—0 and using property
P.3 we obtain that the integral containing the third order term vanishes. Moreover,
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provided g¢(v,t) converges to g(v,t) as e — 0, using mass and momentum conservation
into the weak form (3.16) we obtain that g(v,t) satisfies

2,2 A202 4 42
/(b dv—l—M/vg(ﬂ(v) dv:/ wqﬁ”(v)g(v) dv, (3.17)
dt 2 R R 2
which is the weak formulation of the following Fokker-Planck equation
0 A2+u? 0 0% (NP4
— _ . 1
Sl o) = o (4 (318)

Since in our linearized equations the coefficient in the convection term is one we take
A and p such that A2+ p?=2. Within this choice,

O 000 = o (v) + 5 s (P04 122) g). (3.19)

Note that equation (3.19) is nothing but the Fokker-Planck equation (2.1), where

o N o 1
B = 5 and o= (3.20)
The passage to the limit outlined above is largely formal. The derivation, however, can
be made rigorous by using the same arguments like in [25]. Consider in fact the class of
probability densities {gc(v,t)}.~,. For all €, the solution to (3.16) satisfies conditions
(1.10). By virtue of Prokhorov theorem (cfr. [22]) the existence of a uniform bound on
the second moment implies that this class is tight, so that any sequence {ge, (v,t)},>
contains an infinite subsequence which converges weakly to some probability measure
g(v,t). Therefore, the weak solution to the Boltzmann equation (3.16) converges, up
to extraction of a subsequence, to a probability density g(v,t). This density is a weak
solution of the Fokker-Planck equation (3.19).

3.3. The evolution of higher moments

A detailed calculation, along the lines of [25], allows to recognize how many
moments of the solution to (3.2) remain uniformly bounded in time with respect to e.

Suppose that the initial density go(v)= fo(v) is such that

/ 0> g0(v) dv = Ma 5 < oc. (3.21)
i

Then, since the contribution due to the term %(vg€ (v)) can be evaluated integrating
by parts,

0
[ 10w o do=—2+0) [ o (wt)do,
IR IR

we obtain

d
dt

2
[+ £)dv+ (24 6)2 ﬂ‘ A/ 0[2+0 g, (v, ) dv =

1
/Bi(n)dn/ dvdw(\(l—i—)m)v—i—,unwﬁ”—|v|2+6)g€(v)ge(u}). (3.22)
-1 IR?
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Let us recover a suitable upper bound for the last integral in (3.22). Given any two
constants a,b, and 0 < <1 the following inequality holds

(lal+161)" <al’ +[b/°. (3.23)
Hence, choosing a=|1+ An||v| and b= |un||w|,
(14 An)v+ pnw] e < (14 An)v+ pnw)? (IL+ A0 |v]° +pn | Jw]®) .

Substituting into the right-hand side of (3.22), recalling that the mean value of g is
equal to zero, and the second moment of g equal to one, gives

1
/Be(n)dn/ |(14 An)v+ pnw|* 0 g (v) ge (w) dvdw <
IR?

-1

[ (@ Ao g (14 Aol + anl” ) g (0)g. () dodo =
IR?

1
/Be(n)dn(|1+)\n\2+5+|;m|2+‘5)/ [v|>T g (v) dv+
IR

-1

1
/Bg(n)dn(\1+)\n|2\,un|6+|un|2|1+)\n|5)/ [v|° ge (v) do.
-1 IR

Grouping all these inequalities, we obtain

d
7/ g (0,8 dv < S.(6) [ [0 ge(v,t)dv+ D, (3.24)
dt Jir IR
where
1 /\2+M2
36(5):/ Be(n)dn (|1+ [>T+ |un|* T2 —1) — (24 6) —— A, (3.25)
-1
and, by Holder inequality
1
D5§/ Bs(n)dn(|1—|—/\n|2|/m|5—|—\/m|2|1+)\n|5). (3.26)
-1

By property P3 it follows that Dy is uniformly bounded with respect to €. On the
other hand, using a Taylor development up to the order three we obtain

21 6)(1+6
14+ A0 =14 (24 8)An+ %)\2#4—0@3). (3.27)
Substituting into (3.25) we obtain
216
S = % (A26— i2) A, +0(e). (3.28)

Hence, S. <0 as soon as A\?6 — 2 <0 and e is suitably small. In this case, inequality
(3.24) gives an upper bound for the moment, that reads

D
2446 < M. s ) 9
/IR|U| ge(v,t)dv < 20+ 15y < (3.29)
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Let us set 6 =p2/A\2. In the case 6 >3 we can easily iterate our procedure to obtain
that any moment of order 24§, with § < which is bounded initially, remains uni-
formly bounded with respect to € at any subsequent time. The only difference now is
that the explicit expression of the bound is more and more involved. We proved
LEMMA 3.1. Let gc(v,t) be the solution to the initial value problem for the kinetic
equation (3.16), where the initial datum go(v) satisfies

/ 0> g0(v) dv = Ma 5 < oc. (3.30)
IR
Then, if 6 <5=pu%/\?,

‘U‘2+5g€(v,t)d11 (3.31)
IR

is uniformly bounded in time for all . Moreover, if § < the function S. defined by
(3.25) satisfies

lim ,(6) < 0. (3.32)

3.4. Rate of convergence in Fourier based metrics
Let M denote the space of all probability measures in R and

M, = {,UGMO:/ [v|" p(dv) <oo,r>0}
R

the space of all Borel probability measures with finite momentum of order r equipped
with the topology of the weak convergence of the measures. By a weak solution of the
initial value problem for equation (3.2), corresponding to the initial probability density
fo(w) € M,. r>2 we shall mean any probability density f € C*(R, M,.) satisfying the
weak form of the equation (3.9) for ¢>0 and all smooth functions ¢, and such that
for all ¢

lim [ ¢(v)f(v,t)dv= [ ¢(v)fo(v)dv. (3.33)
t=0JIr IR
In the rest of this section, we shall study the weak form of equation (3.2), with the
normalization conditions (1.10). It is equivalent to use the Fourier transform of the
equation [5]:
9f (&)
ot

=Q(7.F) e, (3.34)

~

where f(,t) is the Fourier transform of f(v,t) and

a(rhe-/

-1

1

Be(n) [ f(€(14+An), ) f(npu&,t) = f(&.6)] dn. (3.35)

The initial conditions (1.10) turn into

~

F(0)=1,7(0)=0,f"(0) =1,
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where fj € C?(R). Hence equation (3.34) can be rewritten (recall (3.5)) as

8f(£ t)+cf§t / Be(n) f(€(L+An).t) f(npué.t)dn. (3.36)

We work with the metric introduced in [19]

ds(f,9) =sup

Sup 7‘&5 . (3.37)

It is easy to show that (see [26], [25]), for any given collision integral of form
(3.35), given two initial densities fo1 and fy o belonging to M,.,r>2, and such that
d,(fo,1, fo,2) is bounded, d,(f1(t), f2(t)) is bounded at any subsequent time ¢ >0, and
the following inequality holds

dr(f1(t), f2(t)) <dr(fo,1,f0,2)

-exp{ </11 Bo(n)[[14+An|"+ (un)" —1] dn> t}. (3.38)

Inequality (3.38) implies a similar inequality for the scaled function g, which we recall
is defined through the bcahng g(v,t)= \/ My (t \/ My (t),t). The Fourier transform

of gis g(§) = (5/\/ o( ) From the deﬁmtlon of d, it follows

1

()> dr (f1(2), f2(t))-

dr(gl(t),gz(t))=< TAG

Therefore

dr(91(t),92(t)) <dr(g0,1,90,2)"

~exp{ (/11 B.(n) [|1+>\n|r+ jun| —1— gnQ(A2+u2)] dn) t}. (3.39)

The exponent in (3.39) coincides with the function S.(-) defined in (3.25), and evalu-
ated at §=r—2.

Applying Lemma 2.2, and taking the limit ¢ —0 on (3.39) and calling again ¢
the solution, for all § <r—2 we find that the solution to the Fokker-Planck equation
(3.18) satisfies

+0

da+6(91(t),92(t)) <d2+6(go,1,90,2) exp { 2+0 (A6 —p?)) t} . (3.40)

The exact rate of convergence in d—metric follows by analyzing the parabola h(d)=
246 _
+ =— (A*6—4?), that is nonpositive in the interval §€[0,0=p%/A% (see Figure
'77) The minimum value in this interval is achieved at 6y =¢5/2—1 where h(dy)=
1
8

(u —|—2)\2). Thus, if §p>0, in the interval § €[0,0¢] the rate of convergence in
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do 1 s—metric is increasing, and we have a gain in the rate of convergence if the initial
data have a big number of equal moments. Now, dy >0 if u? >2A2, or, what is the
same (see (3.20)),
2 2
2__ M 22X
=—>20"=—. 3.41
e s (3.41)
This implies that we have an improved rate of convergence in dys—metric for equation
(2.18) in the range 1/3 <m <1, while the same holds for equation (2.21) in the range
3/5<m< 1. We include these results into the following.
THEOREM 3.2. Let f(v,t) be the solution to equation (2.14), corresponding to the
initial datum fo(v) satisfying (1.10). Suppose in addition that

do+s(fo,DBE™) < +o00, §<(14+m)/(1—m). (3.42)

2—m

Then, the solution f(v,t) converges exponentially to Be(v) in doys—metric, and

doys(f(t),DBE™) <days(fo,DBE ™) exp { 274—5 (1=m)s—(1 +m))t} . (3.43)

Moreover, provided 1/3<m <1 the rate of convergence in (3.43) increases in the
interval 0<5<(3m—1)/(2—2m). Likewise, let f(v,t) be the solution to equation
(1.6), with initial datum fo(v). Suppose in addition that

dors(fo,Bo)<+o0,  8<(3m—1)/(1—m). (3.44)

Then, the solution f(v,t) converges exponentially to Bo(x) in doys—metric, and

ds(0).Be) < o oo 50 (- Yeh o)
m m

Moreover, provided 3/5<m <1 the rate of convergence in (3.45) increases in the
interval 0<d < (5m—3)/(2—2m).

Proof. The proof of this theorem is a direct consequence of the previous compu-
tations and we can obtain it by identification of coefficients, as follows. First of all,
we recall that both linear equation ((2.14) and (1.6)) can be written using different
scaling as equation (2.1) (see section 2.1). For equation (2.14) we have

Y ) No1-m
o = = = — =

= d p? - =
7 =5 ad F=g=—3

thus (3.41) holds if and only if m >1/3. On the other hand, since

pr=14+m and N=1-m

)
we obtain that the rate of convergence ()\25 — u2) is written as

ZE (1 —m)o— (14m)).

And the minimum value is achieved in g = 2m2
—2m

(see previous computations) and
this value is

1(3-m)’
23 1—m
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For equation (1.6) we have

2 -1 A2 11—
a2:'u—:3m and 62:—:7m
2 2m 2 2m

and in this case (3.41) holds if and only if m>3/5 and the rate of convergence is
written as

240 <l—m5_3m—1)

2 2m 2m

m—
And the minimum value is achieved in g = 52 (see previous computations) and
—2m
this value is
1 (m+1)2
22 m

The result of Theorem 3.2 introduces new bounds into the game. As a matter
of fact, while our method of proof improves the rate of convergence in both cases as
soon as we are sufficiently close to the linear heat equation, while we are not able to
show improvements in the rate of convergence to equilibrium as soon as we are too
far from the linear one.

4. The N-dimensional Fokker—Planck equation

The results of Section 3 clarify the strategy we used to obtain precise rates of
convergence towards the steady state for the one-dimensional Fokker—Planck equation
(2.4). In one dimension of the velocity variable the connection between nonconser-
vative models of the Boltzmann equation and the Fokker—Planck equation with non
constant diffusion coefficients was known for binary collisions of different type [25]. To
our knowledge, however, in higher dimensions, at present no studies on this connection
have been considered so far. Clearly, higher dimensional models have been studied in
the grazing limit in the conservative case by Villani [32] [33], but there, starting from
the nonlinear Boltzmann equation with elastic collisions, the limit equation results in
the nonlinear Landau equation. To obtain in the limit a linear Fokker-Planck type
equation requires the introduction of a particular collision dynamics. We deal with
this extension in the forthcoming Section. Since many arguments will be taken from
the one-dimensional analysis of Section 3, when not necessary to the understanding,
we will only briefly outline them.

4.1. N-dimensional binary collisions and nonconservative kinetic mod-
els

The starting point of our analysis will be the introduction of a particular collision
dynamics, that in the grazing limit is able to produce the target equation (2.4).
Clearly, as the one-dimensional analysis suggests, this is not the only possible model
of binary collision that produces the correct result. Nevertheless, this law is in our
opinion the simplest possible generalization of (3.1) to higher dimensions. The binary
interaction between particles will be governed by the law:

v =v4+n(Aev+pew), w*=w+n(A e w+pe-v). (4.1)

In (4.1) (v,w)€R?N are the pre-collisional velocities which generate the post-
collisional ones (v*,w*) € R?N | X and y are positive constants, n € [—~1,1]Y and e € RV
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is a unit vector. Consequently, the integro-differential equation of Boltzmann type
(3.2) is written as

:/CN /SM o B;(]:) Gf(v*)f(w*)—f(v)f(w)) dwde dn (4.2)

where (v.,w,) are the pre-collisional velocities that generate the couple (v,w) after the
interaction, J is the Jacobian of the transformation of (v,w) into (v*,w*), Cy denotes
the cube in RY centered on the origin with dimensions [—1,1]", S~ represents the
unit sphere in R, By is the measure of the surface of SV~1 and B.(n) represents
the collision frequency. Proceedings as in dimension one, we will assume that B.(n)
satisfies the following properties:

Pn.1 For all €, B.(n) is a symmetric function of all the components of n, so that

foralli/ B.(n)n; dn=0, foralli#j, / Be(n)n; nj dn=0
Cn Cn

Pn.2 For all ¢, the second moment of B.(n) is bounded,

:/ Bc(n)|n|? dn < oco. Moreover lim, oA, =1.
Cn

Pn.3 For any r>2, with r €N, it holds lime_,o/ [n|" Be(n) dn=0.
Cn
The weak formulation of (4.2) now reads

Lo [ [ ] B s

(P(v*) +d(w™) —d(v) — p(w))dvdwdedn.

(4.3)

Conservation of mass follows directly considering ¢(v) =1 and using Pn.1. Likewise,
conservation of momentum follows by taking ¢(v)=v and using Pn.1 again. The
evaluation of the law of variation of the second momentum requires computations we
present below. Precisely we obtain

LEMMA 4.1. Let fe be a solution of (4.2) corresponding to an initial value satisfying
conditions (1.10). Then the moment of order two is exponentially increasing and it

holds
Ac (N2 +p?)
My(t) =expd =2 20 4 b (4.4)

Proof. Choosing ¢(v)=|v|? into the weak form (4.3) we find

G Lorwmra=g [ ] Z )

(Jo*? + Jw*|? = Jv|? = |w]?) dvdw dedn.

By the collision rule (4.1) we obtain

G Loompa= [ [ S0 ).

(|n\ Ae-vtpew’+20\ev+p e-w)v-n)dvdwdedn.
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By property Pn.1 follows

Be(n) . .. )
/CN /SN_l/RQN By 1<) (A e-vtpe-w)v-ndvdwdedn=0.

Therefore,
d B,
dt/RNfe(U)l’UPdv:/CN/SNI/RZN B(J::)fe(v)fﬁ(w)

Jn)?|A e-v+p e-w|® dvdwdedn,

which can be written as

ZANfG(v)|v|2dvANLNIA2N Bl;—gvmfe(v)fe(w)

In|> (A2 (e-v)? 4+ p2(e-w)? +2Au(e-v) (e w)) dvdwdedn.

Finally, since mass and momentum are conserved, we obtain

& ronra= [ [ ]2 g

In|> (A*(e-v)*+ 12 (e w)2) dvdwdedn

S [ oo
CN SN 1 RN

AN +p?)
—TANfS(U)‘U| dU.

The last equality follows by symmetry, since from the equality

v)|n|*(e-v)?dvdedn

1 9 1 9 o
—_ “de=— “d
BN SN—1eZ € BN SN 16J © Z#j
it follows
1 5 1
- de=— i=1
BN/Squ e i i=1,...n,
and
1 2
_ de= —1v|?
B o 1(e v)“de N|v|
]

As discussed in the one-dimensional case, the exponential growth of the second
moment implies that do not exist stationary solutions with finite energy. To look for

self-similar profiles, we scale the solution according to

9e(0,6) = (M) f. (v3/ DL (D). 1) .

(4.6)

By this scaling, we obtain that the second moment of g. remains equal to one for all
t>0. Thus, if the initial value to the kinetic equation (4.2) satisfies condition (1.10),
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so does ge(v,t) at any subsequent time. The weak formulation of equation (4.2) for
the scaled function g. is written as

2 2 Ae
% . ¢(U)ge<vvt) dv+% . Vo-vge dv=
|/ ™) (6(0%) = 6(v)) go(0) ge(w) dw dv de dn.  (4.7)
Cn JSN-1JR2N BN

If we consider a third-order Taylor development of ¢(v*) around v we obtain

P(v") = d(v) =Voup(v) - (v —v) + % (v —v)Hess(¢)(v) (v* —v)" + R(¢,0,0",v)

where we denoted by Hess the Hessian matrix of a function, and by w? the transpose
of a vector w. Moreover R represents the remainder evaluated in correspondence to
a vector o =Av+ (1—M\)v*, where X is a suitable constant, 0 <A <1. Resorting to the
expression of v* in terms of v we find

P(v") =d(v) =V (v) - n(Ae-vtpe-w)+

—n(Ae-v+pe-w)Hess(¢)(v) (n (Ne-v+pe-w)) +R(¢,0,v*,v).

Substituting the above expression into (4.7), and owing to property Pn.3 shows that
the term corresponding to the remainder vanishes when € goes to zero. Therefore, we
will focus on the remaining two terms. The integral corresponding to the first term
in the Taylor expansion vanishes thanks to property Pn.1. In fact

/CN/SNI/RQN B;(]:L) V,Ud)(’l})T],()\@’U«l»‘u,ew)ge(v)ge(w) dw dv de dn—

/SN*I/RQN %Vwb(v)- (/CN Be(n)n dn) (Ae-v+pe-w) g (v) ge(w) dw dv de=0.

On the other hand, by property Pn.1 the second term can we written as follow

! Beln) ) () ge(w)n (he-v-+ pe-w)
s fo o B

Hess(ge)(v) (n (Ae-v+pe-w))' dw dv de dn=

/SN 1/]R2N796 E(w)< - 826(3(120) /CN Be(n)n; dn)

(Ae-v+pe-w)? dw dv de=
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1 1 0%¢(v) A
5/5’1\771/]1{21\’596(0)96(’“}) ( - avlg N)

(N(e-v)*+pP(e-w)*+2Mp(e-v) (e w)) dw dv de=

2]<f4éN /SNfl /RZNQG(’U)QG(U})A(ZS(’U)
(/\2(€'U)2+M2(e'w)2—|—2)\u(€"0)(6'11})) dw dv de—

2]\1[4;]\{ /SNﬂ /ngs(v)gs(w)Aqb(v) ()\2(6-1})24-#2(@.11))2) dw dv de =

A
IN2 /Rw 9e(v) ge(w) Ad(v) (N?[v]? + p?w]?) dw dv=

/}R 9e0) A (0) (ol +42) do.

Ac
2N?2

Therefore, collecting terms, and taking the limit e — 0 we find that the limit function
g(v,t) satisfies the equation (in weak form)

d (A2 +pu?) A,

G | oatet) v EEIE | Vo0)-ug du
A
sz [ A0a(e) (2ol +%) (4

which is the weak formulation of the following Fokker-Planck equation

o) N tp? A%+ p?
grato) -5 aivtog) = (2 g(0)). (49)

As in the one-dimensional case the coefficient in front of the convection term can be
made equal to one by setting A2+ ;2 =2N. Within this choice,

9wt =divig) A | (2 0+ 22 o) (4.10)

g\ T Avg onz” TNz )9V '
Again, as in the one dimensional case, it follows that the limit function g(v,t) satisfies
the Fokker-Planck equation (2.1), by taking

2 2
2 M 2 A
a*=—— and =—
2N?2 p 2N2
which satisfy a2+ 3% =1/N. We can now repeat the reasoning we did in one-dimension
of space, to conclude that the sequence {gc(v,t)}.., contains a subsequence that
converges weakly to a function g satisfying (4.8).

4.2. Convergence in Fourier based metrics We use the same notation as
in one dimensional case and we denote by My the space of all probability measures
in RY and

M, = {ALEMO:/ [v|" 1(dv) <oo,r>0}
RN
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the space of all Borel probability measures with finite momentum of order r equipped
with the topology of the weak convergence of the measures. A weak solution of the
initial value problem for equation (4.2), corresponding to the initial probability density
fo(w) € M,., 7 >2 we shall mean any probability density f € C'(RY,M,.) satisfying the
weak form of the equation (4.3) for ¢>0 and all smooth functions ¢, and such that
for all ¢

lim [ o) f(v,t)dv= [ &(v)fo(v)dv. (4.11)
t=0/Ir IR

In the rest of this section, we shall study the weak form of equation (4.2), with the

normalization conditions (1.10). It is equivalent to use the Fourier transform of the

equation [5]:

D _6(F.F) €. (412

Bé(n [f(ﬁ +(n-&Ae,t) f(n-&) pe,t) —f(s,t)] de dn
N

S fEt+ (n-eet)f(n-E)pe.t) de dn—CX J(E.1)
N
(4.13)

where
CEN:/ Bc(n) dn.
Cn

In the N-dimensional case, the initial conditions (1.10) take the form

Jo€=0)=1, V/fo(6=0)=0, Afp(¢=0)=—

where fo € C2(RN).

Then, proceeding as in the one-dimensional case [19], given two initial data fo 1
and fo 2 such that d,(fo,1,f0,2) is bounded for some > 2, one obtains for the corre-
sponding solutions to ((4.3)) the estimate

dr (f1(2), f2(t)) < dr(fo,1, fo.2) - exp{ Ry ()t} (4.14)

where
/ / |7—|—(n el +|(n-y)ue|"—1] de dn,
CN SN—-1

and y=¢/|¢| denotes a unit vector. The estimation (4.14) is translated to the analo-
gous estimation for the scaled function g.. As in the one-dimensional case

dr(Gey (£),9e2 (1) = Ma(t) "2 de (f1(1): f2(t)) < (fo1, fo2) -exp{Riy(r)t}

or equivalently, since d,(fo1,f0,2) =dr(g0,1,90,2)

dr(ge1 (t)’géz(t)):M2(t)_r/2dr(fl( ) f2( )) (960179602) exp{SfV(r)t} (415>
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ko R

Ay + -y e|"+|(n-y)pe|” — 1—ﬁn (A +p? )} de dn. (4.16)

where now

In order to pass to the limit e —0 we use a Taylor development for the function
h(v) = |v]**% with v € RV,

h(v)=h(vg) + V,h(vg) - (v—1p)+ % (v —wvg)Hess(h)(vo) (v —vg)" + R(h,,v0,v)

Since v =7+ (n-y)Ae and vg = (n-y)\e,we use properties Pn.1 —Pn.3 and (4.5) into
(4.16) to obtain

A1 1 N2 246

S$(2+46)= 2NA(2+6)5 +oy Ac(2+0) - 7(% 1?) +0(n?*?).

Taking the limit e —0 we find

245 (5
SN(2+5)=% {N)\Q—/ﬂ}

Therefore, using Lemma 2.2 we obtain for the limit function g the following inequality

da15(91(t),92(t)) <da15(g0,,90,) - exp{Sn(2+0)t}, (4.17)

which can be rewritten in terms of the general Fokker-Planck equation (2.1) for the
stationary solution and a general solution as

doys5(f(t),Boo) <doys(fo,Boo) ~exp{2(2+5) (6ﬁ2 —2Na2) t}. (4.18)

We are now in a position to prove the main result of this Section, namely the N-
dimensional version of Theorem 3.2. We can observe that for the linearized equation
(2.14) also considered in [15] we obtain the same rate of convergence taking 6 =0.
THEOREM 4.2. Let f(v,t) be the solution to equation (2.14), corresponding to the
initial datum fo(v) satisfying (1.10), and let us denote by B=D B2 ™ the stationary
solution to the same equation Suppose in addition that

dovs(fo,B) <400,  6<(2—N+Nm)/(1—m). (4.19)

Then, the solution f(v,t) converges exponentially to B in doys—metric, and
_ _ 2446
dats(f(t),B) <dats(fo,B)exp T((l—m)é—(Q—N+Nm))t . (4.20)

N
Moreover, provided ) <m<1 the rate of convergence in (4.20) increases in the

interval 0 <6 < ((N+2)m—N)/(2—2m). Likewise, let f(v,t) be the solution to equa-
tion (1.6), with initial datum fo(v). Suppose in addition that

doys(fo,Bc)<+oo,  §<(m(N+2)—N)/(1—m). (4.21)
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Then, the solution f(v,t) converges exponentially to Bo(x) in doys—metric, and

da15(f (1), Bc) §d2+s(fo,Bc)exp{22J]rV5 <1mm 5— (2+N73%mN> t}. (4.22)

Moreover, provided (N +2)/(N +4) <m <1 the rate of convergence in (4.22) increases
(N+4)m—(N+2)

in the interval 0 <§ <
—2m
Proof. The proof of this theorem is an easy generalization of the 1-dimensional
case and we can obtain it simply by identifying coefficients, since in section 2.1 we
showed that both linear equation ((2.14) and (1.6)) can be written, using different
scaling, as equation (2.1). For equation (2.14) we have
A2 1—-m

o p 1 1-m 2 _ _
) VR VA B Ly v R

[\
3
=

Np?
\2

Sn(240) is nonpositive if and only if § < . And the minimum value is achieved

N 2
at 6o = % —1 which is positive if and only if Nu?>2)? or equivalently if and only
if Na? >23? (analogous N-dimensional version of (3.41)). And finally, this inequality

N
holds if and only if m > ——. On the other hand, since
N+2

2—N+N 1-—
MQZQN# and )\2:2N2?m

we obtain that the rate of convergence Sy (2+06) takes the form

2490
SN(24+0)=—((1=m)6—(2—N+Nm)).
24+ N)m—N
The minimum value is achieved at do= % (see previous computations)
—2m

and this value is

1(4—N+(N—-2)m)*

SN(2+6))=—=
N (2+) 8 1-m
For equation (1.6) we have
2 2
9 M 1 1-m 5 A 1-m
S e d _ A _1Tm
=N am ™M T T

and in this case Na?>23? holds if and only if m > (N +2)/(N +4) and the rate of
convergence is written as

Sn(249)=

246 (1—m(5 (2+N)m—N>_

2N m B m

(N+4)m—(N+2)

2o and this value is

The minimum value is now achieved in dg=

2
Sn (24 do) :_% ((2_]\][\)[:;Nm) .
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]

REMARK 4.1. For equation (2. 14) the conditz’on 0 <1 (which means only equality for
the initial mass) is satisfied zf N2 o< X while §g <1 (which means equality of

N+1’

the second moments) requires m <m< ?thi For equation (1.6) the condition § <1
N+1 N+2 N+4
holds whenever N+2 <m< {3 . Likewise 69 <1 if i <m<F{ig-

Some comments to Theorem 4.2 are needed. Despite the one-dimensional situa-
tion, the boundedness of the Fourier based metric for s > 2 requires that all the cross
moments of both the initial value fy and the stationary state are equal up to [s], where
[s] is the entire part of the number s. When s> 2, this condition reads very strong.
Thus, the conditions of Theorem 4.2 are equivalent to thats of Theorem 3.2 only for
radially symmetric initial data, which, as it can be easily seen looking at the kinetic
model, imply that the solution is radially symmetric at any subsequent time. In this
case, in fact, only the principal moments of both the initial value and the stationary
state need to be equal.

In the general situation, however, it has been shown first for the elastic spatially
homogeneous Boltzmann equation for Maxwell molecules [19], and subsequently for
the inelastic Boltzmann equation for Maxwell type interactions [4], that the explicitly
computable and fast decay to zero of the cross moments can be used to relax the
condition of Theorem 4.2 to all the initial data satisfying (1.10). A similar strategy
could be applied in the present situation. On the other hand, since we are interested
in understanding how the values of the moments improve the rate of convergence to
equilibrium, this problem is not of primary importance for our analysis.

Second, as shown in paper [6] for the elastic spatially homogeneous Boltzmann
equation for Maxwell molecules, the decay of the Fourier metric, combined with the
uniform boundedness of stronger norms, gives rise to precise rates of convergence
towards the stationary state in these strong norms. This idea has been recently
applied to the spatially uniform Boltzmann equation for inelastic Maxwell model in
presence of a thermal bath in [3]. In the purely inelastic setting, however, the lack of
an entropy principle, makes it difficult to extend the results of [6] to this case [4]. In
the next Section we will give indications on a possible way to obtain decay rates in
stronger norm for the target Fokker-Planck equations.

5. Rate of convergence for general initial values

5.1. Propagation of regularity

The goal of this section is to show that the smoothness of the initial data of the
Fokker-Planck equation (2.1) is propagated, so that we have uniform in time bounds
on the smoothness. This result, combined with suitable interpolation inequalities [6]
can be used to obtain convergence in stronger spaces with almost the same rate of
convergence of the metric do. This strategy has been recently applied to the dissipative
Boltzmann equation in a thermal bath in [3].

After application of the Fourier transform, the Fokker-Planck equation (2.1) takes
the form

g=—§ Vef - a?€2F + B[P Ac. (5.1)

To simplify computations, thanks to linearity, we can consider separately the real and
imaginary parts of f(£), f(§)=a(&)+ib(§). Both the functions a and b then satisfy
the same equation (5.1). In the following we argument for a but clearly the same
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holds for b. Multiplying the equation (5.1) satisfied by the real part a(¢) by 2|¢|**a
one has

da?
E‘fﬁk _ —|£|2k§~V§a2 —2a2|§|2k+2a2+2ﬁ2 |§|2k+2aA§a.

Therefore, integrating over RY we obtain

i 2k42 = — 2k ¢ 2 4
G [ Jeprat de=— [ jepte-vea® ag

—2042/RN|5|2’€+%2 dé+232 /RN|§|2]“+2aA5a d¢. (5.2)

Direct computations, integrating by parts produce
/ €?k¢-Vea? dg:—(N+2k)/ €% a? dg,
RN RN
and
[ e anca de= by (v r2k) [ (PRt dg— [ 6P (Vea)® de,
RN RN RN

Hence (5.2) is written as

G | e de=(vezb 2] [ jePha de
t Jan »

~2a [ g g2 [P (Ve)® de
RN RN
(5.3)
Since | f|? =a2+b?, we obtain

d

a 2% F12 ge_ 2 2% F12
G [ JePHR ds= (2 e2g )] [P de

942 /RN 1€[2K 2| 12 de — 22 /RN |¢|2k+2 {(Vga)Q—F(ng)?} dg (5.4)

The next step is to find suitable lower bounds for the two negative terms in (5.4).
We are almost sure that the bounds we will derive in what follows are not new, and
one can find them somewhere in the pertinent literature. Due to the simplicity of the
proofs, however, we will present them in some detail. We have

LEMMA 5.1. Let f€ L*(RYN) be a probability density function such that, for some
k>0

/ |¢|?++2 [(vga)%(vfb)z] d¢ < 0. (5.5)
RN
Then, [ I€]2F| £(€)|? is bounded, and the following inequality holds

GG s [ 6P [(Vea? 4 (Ven?] de. 50)
RN RN

4
(N +2k)
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Proof.
Let A\ be a positive constant. Then

2

OS/RN £[%F )\é—|a(£)+|§|va(§) dngz/RN € a(€) de
+/RN Rer d“”/m ¢ a(€)¢- Va(€) de. (5.7)

The last integral into (5.7) can be integrated by parts to give

2>\/ [€[**a(€)EVa(€) dfz)\/ €7 - Va? () de=
RN RN

N2 [ JePae) de.

Substituting into (5.7) implies

/ €22V a(€)[? de > A(N +2k) / €2a2(€) dE— X2 / €24a2(6) de. (5.8)
RN RN RN

Choosing A= (N +2k)/2 into (5.8) then proves inequality (5.6). O

Let us introduce, for r >0, the Sobolev space norms ||- || g~y by

ey MG

Using inequality (5.6) into inequality (5.4), we can rewrite it as

d
@Ilfllémgw) <D f I3 @y = 22 F 1 Frerr vy (5.9)
where the constant D holds

(N +2k)?

D=D(N,k,B)=(N+2k) (14+28%(k+1)) — 5 5

(5.10)
From the differential inequality (5.9) we deduce the uniform boundedness of
£l 7% (r~y- The result follows by the following Nash-type inequality.

LEMMA 5.2. Let f€ LYRYN) be a probability density function such that, for some
q>0

[ O de<oc.

Then, if 0<p<gq, [ \f|p|f(§)\2 is bounded, and the following inequality holds

R R d(p,q,N)
/ EPIF©)2de < Cp.g. N) ( / |f|Q|f<s>2d£,) (5.11)
RN RN
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where, denoting by By the measure of the unit ball in RY,

4= BN g+ N
a2 (q—p\ N ¢
C(p,q,N)=By™ () —_—,
and
p+N
dp,q, N)=""""<1.
(p,q,N) N <

Proof. Since f is a probability density, | f| <1. Therefore, for any constant R>0
the following bound holds,

/ EPIF () de < RY / PP de+ R / €9 P2 de
RN [£I<R [EI>R

< RP d RP—4 q| £|2 d

< /ng et /|§|>Rs| 2 de

< RN*7|By| 4+ RP / €97 de
RN
(5.12)

Optimizing in R we obtain the result. D

We can use Lemma 5.2 to obtain a bound in (5.9). To this aim, choosing p=2k
and ¢=2k+2

d
e ey < DU g vy —20°C (2k, 2k 42, N) =1/ 4@k 2200 g EEERSE2A)

(1-a)/d
< DI By (1-2 a7l ISR

Since d < 1, the time derivative can growth only if the right-hand side remains positive,
that is when

2(1-d)/d _ Do/
IR < P

Clearly this implies a uniform bound on || f ||§1k(1R ~y- We proved

THEOREM 5.3. Let fo be the initial datum for equation (2.1) such that || fol| g g~y is

finite. Then, any probability density f(t,v) solution of (2.1) is bounded in H*(RYN),
and there is a universal constant D so that, for all t >0,

1f ()] ey <max { || foll g mvy, B

1/d 2(1 d)
B= Do .
202
C(2k,2k+2,N) and d(2k,2k+2,N) are defined as in Lemma 5.2, while the constant
D is defined in (5.10).

where
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5.2. Strong convergence to equilibrium

This section is very short. The regularity result proven in the previous Section
can be used together with Theorem 4.2 to obtain rates of convergence to equilibrium
in stronger norms. We only need to collect results and to explain how to compute
the constants involved in it. The key point are some interpolation inequalities, re-
cently considered in [6] to obtain strong convergence results for the elastic Boltzmann
equation for Maxwell molecules. These inequalities have been subsequently been used
for obtaining sharp rates of convergence to equilibrium for the dissipative Boltzmann
equation in presence of a thermal bath [3]. The first of these inequalities reads
LEMMA 5.4. [Control of the H*-distance] Let k,p >0, then

Hf_g”%Ik(RN) §Cd2(f>9>61 ||f_gH?{2k+p(]RN)’

with
fr= gt
Yok 2p+ N+ 4
g 22+ N+4)
T ok+2p+ N+4
B ? k+N+4)\ 7
T s (2p(2k+N+4)\
kp,N)=[—1N op) T 4 (AEETN T
k.. N) <2k+N+4> (2p) +( By >

Proof. For R>0 we obtain

. 1 .
15 =gy < [ 6PHF P et [l g e
[EI<R [EI>R
1
< / €202, g) dE+ —[|] — g2
l€|<R R

and optimizing on R we obtain the result. 0O

This result shows that the weak dy distance coupled with ||-|| g~ smoothness,
controls the H* distance for r sufficiently larger than k. The next inequality shows
that control of sufficiently many moments and control of the L? norm together, control
the L' norm.
LEMMA 5.5. [Control of the L'-distance [6, Theorem 4.2]] Let f be an integrable
function on RN . Then, for all r>0

[onaescon( [ rwra) o ([, wPrsta) o

with
N 4r /(N +4r) Ay N/(N+4r)
N = [— -
con=|(5)" (%)

Using both Theorems 5.3 and 5.4 with »=1, we prove
THEOREM 5.6. Let fo be any initial datum for the Fokker-Planck equation (2.1)
satisfying conditions (1.10). Suppose in addition that the conditions of Theorem 4.2

‘BN|2T/(N+4T).
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are satisfied, so that there exists a positive constant x such that for some § >0 there
is convergence of the solution f(v,t) in dats-norm towards the steady state foo(v) at
the exponential rate x . Let € >0 be given. Then, there is a number r depending only
on € so that whenever

N 2
/ \vl2fo(v)dv+/ k|2 fo(k)] dk < 0o
RN RN

then it holds that

1 £(t) = foollr (mrvy < Ceexp{—(1—¢€)xt}. (5.13)

C. is explicitly computable in terms of the integrals specified above. Moreover, in-

creasing r, we obtain the same result if the L'-norm is replaced by any H™-norm.
Proof. The result follows from the uniform propagation of regularity shown in

Theorem 5.3, and from the interpolation inequalities, Lemmas 5.4 and 5.5 above. 0O

6. Conclusions

We discussed in this paper the approach to equilibrium for various Fokker-Planck
equations with variable coefficient of diffusion. These equations separate in a distinc-
tive way from other Fokker-Planck equations with variable coefficients for the reason
that they are obtained by linearizing fast diffusion equations confined by convection.
We investigated the approach to equilibrium by using suitable kinetic models of the
Boltzmann equation corresponding to nonconservative collision interactions. These
interactions are in fact such that the energy is produced by binary collisions. This
allows to use for the reckoning of rates of decay Fourier-based metrics which are easy
to handle in this kinetic framework. From one side, this seems artificial, since one
has to use nonlinear kinetic equations to obtain results on a linear equation. Look-
ing however to previous attempts to the study of this problem, a similar artificial
approach based on the nonlinear diffusion equation has been used in [9] to obtain
Poincaré inequalities for the linearized fast diffusion equation. As a matter of fact,
the analysis of [1] based on the decay of suitable entropies fails for Fokker-Planck
equations with polynomial growth of the diffusion coefficient, and requires a further
development of entropy techniques.
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MIUR project “Mathematical Problems of Kinetic Theories”. Research of Maria
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