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equilibrium for the Fokker-Planck equation with
high degree potential
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Abstract

We consider the Fokker-Planck equation with a confining or anti-confining
potential which behaves at infinity like a possibly high degree homogeneous
function. Hypoellipticity techniques provide the well-posedness of the weak-
Cauchy problem in both cases as well as instantaneous smoothing and expo-
nential trend to equilibrium. Lower and upper bounds for the rate of conver-
gence to equilibrium are obtained in terms of the lowest positive eigenvalue
of the corresponding Witten Laplacian, with detailed applications.

1. Introduction.

We present here a joint work [12] with Francis Nier, from the University of Rennes.
We consider the Fokker-Planck equation in R3%,

{ Of +2.0uf = 20.V(@).0uf = 100, (5500 +v) f =0 "
f(z,0,t=0) = fo(z,v)

with a “high degree potential”, V(z) ~ £ \x|2" as * — oo with n > 1 (possibly
n > 1/2). The physical constants denoted by m, 8 and 7, are respectively the
particle mass, the inverse temperature 3 = % where k is the Boltzmann constant
and the friction coefficient.

For V' > 0 at infinity, all steady states in &'(R??) are proportional to the
Maxwellian

M(z,v) = e~ Pp(zv)

where p(z,v) denotes the classical Hamiltonian mov? + V (z).

Meanwhile, it is clear that for V' < 0 at infinity, the equation (1) has no steady
state in &' (R??) except 0. Note that although the Cauchy problem (1) might not be
well-posed for vy = 0, it is (and this will be checked further) for o > 0 and 7' > 0.
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We are interested in accurate estimates of the rate of convergence to equilibrium
with respect to m, v, # and V. This question was raised by C. Villani in [28] and
is related to the physically relevant range of time for general kinetic models. In the
case of a negative potential, this can be interpreted as the life time of metastable
states (cf. [24]).

The trend to equilibrium was studied by several authors at least for some spe-
cific potentials. Bouchut and Dolbeault obtained it in [I] by some compactness
arguments and as well as decay for a nonlinear Vlasov-Fokker-Planck problem with
a free energy decay argument. Talay got some implicit exponential decay [20][27]
by studying directly the stochastic process. In [2], Villani and Desvillettes gave an
explicit polynomial decay for some decaying perturbations of quadratic potentials
with the help of logarithmic Sobolev inequalities. In the more complex situation of
a chain of anharmonic oscillators coupled to heat baths, Eckmann et al. proved in
[0] and [1] the existence and uniqueness of a steady state by the isotropic hypoellip-
ticity techniques that they introduced for such problems but resolvent and spectral
estimates are missing in order to get exponential trend to the steady state. More
recently, Rey-Bellet and Thomas in [21][22][23] have obtained implicit exponential
return to equilibrium in the mean for chains of anharmonic oscillators by going back
to the stochastic approach and by introducing some Lyapunov functional.

2. Statement of the main theorem

We first introduce the isotropic Sobolev chain (isotropy means here and in the sequel
that the phase-space position variables (z,v) and the associated frequency variables
play the same role):

H@(R) = {G € S®*), (1+ D2+ D2 +2+) PG e @} (2)

with s € R, D,, = 20,,, and for which we have §'(R*!) = Uyep H**(R?*!) and S(R*) =
Nser H**(R?). In fact we shall use the following spaces deduced from the preceding
ones after multiplication by the C*®-function M'/? such as

MI/QS'(]RQd) def {g c D/(RQd)’ M_l/Qg c S’(R2d)} 7

and M2 H*s(R?),

When V is positive at infinity, M'/? € S and we denote by M, the L' normalized
Maxwellian. Then [ f =< M, *f, My"* > s is well defined for f € M'2S'. We
introduce the following operators for f € M'/2S’

s g = T

The precise assumptions on the potential V' are

Hypothesis 1. The potential V is a C* function and there exist n > 1 (possibly
n > 1/2) and there are positive constants Cy and C, for all « € N so that for all
r € RY,

V(@) < Co (14 @) and 10,V (@) 2 €7 @) = Gy
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Along the paper C' (V') will denote any finite family seminorms of V' which can be
chosen positive and an index in C(V);pge, Will possibly specify on which the choice
of this family depends. We introduce the scaled potential

Vs(x) = BV (871 x)

and the associated Witten Laplacian on 0-forms

1 1
Ao(Vg) = (—ax + éamv/g) . (8x + §8xV5> .

Under the above assumptions, this operator after Friedrichs extension is self-adjoint,
non-negative and with a compact resolvent (about this subject see the comments at
the end of the paper). We introduce its smallest nonzero eigenvalue:

w1(Vg) = mino (Ag(Vs)) \ {0}
For convenience we define for v € N and R € R the function Qg on (Rj)u by
Qr(ty,... t,) = H]V,:1 (tj H;l)R.
Theorem 2.1. Under Hypothesis 1 (n > 1/2) and for vy, 3,m > 0, we have:

1) The Cauchy problem (1) is well-posed for t > 0 in M'/2S'(R?*?). Moreover the
solution f(t) belongs to M'/2S(R?®) fort > 0.

2) There exists a real T = 7(3,70,m) > 0 and for any s > 0 two constant cs > 0
and Ry > 0 so that the estimate

|7 = ((f fo)am)

holds fOT’ all fO € M1/2H75’78<R2d) with QRs = QRs (O<V)S7 \/m’}/[), ﬁ7 i, m)
and for s =0, Qr, = Qr, (C(V),vmy0, 3,1, 7).

3) In part 2), we can take

Ml/QHS,s S CSQRSe?Tt HfOHMl/QH—S,—s

B def Yomin {1, w;(Vs)}
7(8,7%0,m) = 71(8,70,m) = 64(5 + 370%5% + 3Cy;)? 9

where Cf = max {sup ((HessVj)* — (§(0:Vp)* — 3AVj) Id) ,0}.

4) There exists a constant ¢ > 0, so that any T satisfying part 2) is bounded by

7 < eyJwi(Vy) log [Qr, (C(V), Vo, B, w1 (V)] -

For a probability measure f; and in the case V' > 0 near oo, we get as a corol-
lary the exponential decay of the relative entropy with respect to the normalized
Maxwellian M,

H(f(t)‘Mo) :/f(t) log (%to)) dzdv (t > 0).
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Corollary 2.2. There are two constants ¢ > 0 and R' > 0 so that for all proba-
bility measure fo € MY2My(R??) the solution f(t) to the Fokker-Planck equation 1
satisfies

Vi >0, H(f(t)|Mo) < ¢Qr/(C(V), V/mryo, B, t,71)e ™ / My 2 fy dado.

where Ty is defined in (3).

N.B. The only unspecified dependance of the constants in the two previous results
is the ones with respect to d and n which are supposed to be fixed.

3. Witten Laplacian and rate of convergence

The lower bound (part 3) of Theorem 2.1) and upper bound (part 4) of Theorem
2.1) for 7 can be specified under additional assumptions by analyzing the Witten
Laplacian Ay(Vj3). The simplest case is the co-convex (resp. co-concave) one:

Vo € RY +HessV (z) > cold.

The low temperature asymptotics (8 — oo) crucially depends on the number of
local minima of V' while high temperature asymptotics (5 — 0) can be carried out
under rather general assumptions:

Hypothesis H2+4. The potential V is positive near oo and satisfies

n > 1: The potential V' admits a principal part which is an homogeneous potential of
degree 2n, C*° and non-vanishing outside x = 0: There exist §, 0 < § < 2n—2,
and for any o € N, |a| <2, a constant C", so that

Vo € R |09V (z) — 0%V(z)| < O, (z)* 172

n=1: There exist two positive constants Cy, ky and a function G € L*(RY) so
that for all x € RY,

1
|8xV(x)\2 > 022 |ac|2 + G(z) and HessV(x) + §(ng —AV)Id > Iﬂi;lfd.

Hypothesis H2-. The potential V' is negative near oo and satisfies

n > 1: There exist n’, 1 <n' <n, and a constant C > 0 so that

Vo e RY, AV(z) < Gy (|gz;|2”"2 + 1) .

n =1: There exist two positive constants Cy, ky and a function G € L*(R?) so
that for all v € RY,

10,V (x)]> > C2 |z|* + G(z) and dCy — AV (x) > 25"

VIII4



o -convex (concave)

Hypothesis H2+ H2-

n—1 n— *IOg(\/m'YO/B 721”1) 7log(\/ﬁ'yoﬁ%)
Vv m/yoﬁw j ]- ’Yoﬁ = T j m n277,1 '70 j T j \/Eﬂ%
1 1 log (\/ﬁ'yoﬁ on ) ) log (ﬁygﬂ%)
1< Jmy85s | L <7< <= _
= Vol mo =T =T Y

Table 1: High temperature asymptotics.

(n>1)
Morse function with 1 or More than 1 or 0 minimum
0 local minimum
—n—1
n— —log \/M'YO/B n ,KL

Vmy 28| iy X7 = ( Jm ) Tje\;av 10g<\/EVO+ nlwo>

3n—1
n— log{ v/myoB n -
B = Vi e 373 ( T ) 7 < = log (vm)
myoB3 ™

Table 2: Low temperature asymptotics.
The notation a < b means a < kb where ky depends only on V.
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Note that things are completely known in the case of a quadratic potential by
low-energy approximation of the spectrum (see [21]) or by expressing the solution to
(1) with a Mehler formula ([11]). And this says that our lower bounds are optimal
in the case n = 1.

4. Isotropic hypoellipticity

After congugating by M1/? and scaling, we can write the Fokker-Planck in the more
convenient following form (for an Hilbert-space type analysis)

O+ Ku=0 (4)
with K =v.0, — 0,V3.0, + v (=0, +v/2).(0, +v/2) (5)
and  V;=pV(B %),  y=yv/mBE, (6)

In the expression of operator K we recognize a transport part
XO = v.@x - a;EVﬁ.@U

and a diffusion part which is up to a multiplication by + the harmonic oscillator
in the velocity variable. The last one can be written with the help of the classical
annihilation and creation operators

&Jl +U1/2
b=0,+v/2=| : , b* = (Oyy, +v1/2,-++ , 00, + v4/2),
(‘%d +Ud/2

and we get the following expression for operator K

Operator K is nor selfadjoint neither elliptic. Nevertheless the form vector field +
square of first order operator suggests as in [5] and in the spririt of the theorem
about sum of squares of vector fields of Hormander the introduction of the following
operators

Oy, + 0y, V/2
V2 T2, Xo) = 0, + 0,V/2 = | ,
Oy, + 0, V/2
7_1/2a* = (aﬂh + 0951‘//2, e ’axd + 8501 V/2)7

and (say for 6 > 0)
A’ =a*a+b*b+ 0.

Operator A? is formally selfadjoint and elliptic (in an adapted metric). It appears
as the sum of the harmonic oscillator b*b and the so-called Witten laplacian

a'a =7 (=0 + (0,V)?/4— AV)2).
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The spectral study of operator the Witten laplacean a*a and therefore A% is well
studied (see for example [10, 15]. Tt is essentially selfadjoint, and under assumptions
H1 with compact resolvant and with S as a core. The strong relations between K,
and A? where already known at least in simple cases [24]. Indeed some nice algebraic
relations appear such as

— HessVsb = [a, X )

and  [A? Xo] = —b*(HessV; — Id)a — a*(HessVs — Id)b.
The most readable link between operators K and A? is the following isotropic hy-
poelliptic estimate for n > 1/2, § =1 and ¢ = min{1/4,1/(4n — 2)} :

Yu € S(R™), [A%ul® < Ciyp (I Kull” + [lul®) -

The choice of € comes from a ¥do analysis inspired by [5], in a metric associated
to the Sobolev chain

H ={uel? ANuelL?} ( dual H7).

In this calculus, A%, K and X, are of order 2 whereas a, b and 0,V are of order 1.
The gain of € comes essentially from the fact that K is a differential operator with
coefficient with polynomial behavior (at least for the first derivatives) : indeed the
commutator [A% X] is of order 3 — ¢ and not only 3. In fact the theorem can be
deduced from a series of hypoelliptic lemmas that we give below.

As a consequence we get some spectral properties of operator K, a priori defined
as a differential operator on S and S’ . For r € R, we define the close operators K,
with domain

D(K,)={ueH", KueHl}.

For all r, we get that & is a core for K, that there is a constant A\, depending
algebraically on the physical constant such that A\, + K, is maximal accretive, and
also that K, is with compact resolvant. Besides all K, have the same eigenvalues
and eigenfunctions which moreover belong to §. We remove the subscript r for the
following.

5. Some ideas about (pseudo-)spectral estimates

The Fokker Planck equation in the form 0,u + Kwu is of parabolic degenerate type.
To prove the properties of the solutions, we want to give a sense to the following

Dunford integral (see a.e. [20] [3, pp 556-577] for a general introduction)
e = = e % (z— K) ' dz (8)
2T Jr '

Some problems arise in this formula. It supposes that we have a good description of
the spectrum of K, in order to make the integral converging, and also that uniform
bounds for the norm of the resolvant are known (so-called pseudospectral estimates).
Let us mention that a priori the resolvant is not a pseudodifferential operator since
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K is not elliptic, and that the numerical range of K is the full right half complex

plane.
(Pseudo-)spectral estimates will be partly consequences of the key hypoelliptic
estimates of the following type

[Au|? < Re (Ku,(L+ L*)u)+ Re (LKu, Lu) 9)
+Chyp (Re (Ku,u) + [[ul®) . (10)

for u € S and where L = A*2a¢*h and e = min {1/4,1/(4n — 2)}. As a consequence
we get that the spectrum of K is contained in an infinite cusp

SKd:‘af{ze(C, |z—i—1|<C’oo|§Rez+1|N, ?RezZ—l/Q}, (11)

of frontier I' = 'y UT'«, and where N = 2/¢ (see the picture below). We mention
that Cy is of the form C, = cQr(C(V), 3,7).

Tl

/ - -
Ta \ Eﬂ;l o=
\E .
- -
.
'
-
" -
" T

Figure 1: Integration contours: 0Sx =g Uy, 0S% =11 UT .
Let us give some ideas about the proof of (11).

1st step : Hypoellipticity and eigenvectors. Let us consider an eigenfunction
u associated with an eigenvalue z = p+iv € R™ +iR. the main tool is the estimate
(9) applied to u which gives:
[Au]]?> < Re (zu, (L + L*)u) + Re (L(zu), Lu)
+Chyp (Re (2w, u) + [|ul?) .
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Since L + L* and L*L are symmetric operators we obtain
1A%l < o (uy (L + L7) ) + p (L, L) + Gy (4 1) ||| (12)

Now aA2~2 and its adjoint are bounded operators (by 1). Therefore ||Lul® =
(aN*~4a*bu, bu) < ||bu||® = p||u||>. This yields of course p || Lu||®* < 12 ||ul|* and we
also obtain

(s (L4 L) u) < 20| L] flull < (e + 1) [Jul|®

Hence we have

IA%ul|* < Gl (i + 1) Jul®. (13)

I
for a constant CY .

2nd step : functionnal analysis. We want to generalize the estimate
2+ 1 [Jul|® < 2 ((K + 1) (K + L)u, u)
. Indeed we get for any 7 €]0, 1],
2+ 17 JJul|* < 4 (K + 1)"(K +1))"u, u) (14)

Note that this result is a consequence of a more general result for maximal accretive
operator ([12, Appendix B].

3rd step : Wdo calculus and functional analysis. From the Wdo calculus we
know that 1 < (K + 1)*(K + 1) < CA*. Hence we have with e <1/4 <1

(K + 1)K + 1), u) < CF2(A%u, w). (15)

Synthesis : locus of the spectrum. From steps 1, 2 with n = ¢/2 and 3, we can
write

1
a1l < (K + 1 (K + )P uu) < CR(A*0,0)
< OO 1Pl
and the estimate follows. a

Remark 5.1 Actually what is needed for the use of the Dunford integral is a
pseudospectral estimate. This can be carried out by using the ¥-do calculus and
taking Ku = zu + (K — 2)u instead of Ku = zu in the three preceding steps. As
a consequence we get on the complement of some changed Sy a uniform bound for
the resolvant.

Remark 5.2 For low frequencies, for which estimates imply in particular the lower
bound for the rate of convergence to the equilibrium, some hypoelliptic results of

VIII-9



the form (9) are also needed. We bound from below the smallest positive real part of
the eigenvalues of K by some constant times the smallest positive eigenvalue of A%
In the computations optimize the parameter § in the definition of A% and strongly
use the orthogonal decomposition

K:M%+KM

where Ey = Span(Mé / 2) when V' is positive at infinity. Besides the upper bound is
obtained by using quasimodes.

6. Comments.

Our approach mimicks Hormander’s method for the operators c—l—Xﬁ—Zj.V:l X7 X;in
[13] and its refined version by Kohn in [16]. After the work of Rotschild and Stein
[25] the most developed analysis was carried out by Helffer and Nourrigat in [9]
and [19] for arbitrary polynomials of vector fields and even polynomials of pseudo-
differential operators. Short introductions to this work can be found in [17][18]. We
recall that the strategy after the Rotschild-Stein Lifting theorem consists in studying
representation of some nilpotent Lie algebra associated with the X}’s. This supposes
that the iX}’s are imaginary vector fields or, up to some lower order remainder,
symmetric pseudo-differential operators. In our analysis, this is not the case for the
annihilation-creation operators ¢b and —ib*. Of course by adding a variable 6, one
gets the imaginary vector field +¢0, —iv0dy but no unitary representation allows to go
back to the initial situation. Hence there are two options for hypoelliptic problems:
1) Work with symmetric operators (—id, and v in our case) and refer to the general
theory; 2) Keep non symmetric operators and write adapted commutator estimates.
In any of these two cases, applications to pseudospectral estimates rely on a variant
of hypoelliptic estimates with symmetric factors of the operator K like in Lemma 9.
As previous applications of hypoelliptic techniques, the work of Helffer and Morame
[7][8][0] as well as the recent work [!] of Eckmann and Hairer on Fokker-Planck
equations follow the first approach. To our knowledge the only work where the
non real case was developed is the article [5] of Eckmann, Pillet and Rey-Bellet on
Fokker-Planck type equation with short-range perturbations of quadratic potentials.
We chose initially this second approach because we thought that the compactness
result for the resolvent had nothing to do with choice of coordinate axes in the
phase-space, which is contained in the splitting of ib into —i0, and v. thanks to
the nice algebraic properties of the Fokker-Planck equation, we were able to develop
the low energy analysis which provides the bounds for the rate of convergence to
equilibrium. It is not obvious that such accurate analysis of the low energy spectrum
could be done without them.

Beside the nonlinear problems where some other structures given by thermodynam-
ical quantities might enter, possible developments of this work in the linear case
may be the study of the Fokker-Planck equation with periodic potential, the case
of variable friction, or other degenerate parabolic type equations coming from sta-
tistical mechanics ([5]) or from linearized kinetic equations (see the survey paper

[28]).

VIII-10



Eventually a recent answer to the conditions insuring the compactness of the
resolvant of the Witten Laplacian has been given in [11]. As a consequence it gives
necessary conditions on the possible degeneracy at infinity of the potential leading
to exponential trend to the equilibrium. Meanwhile our proof has to be adapted to
this case.
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