CONVERGENCE TO EQUILIBRIUM IN THE FREE
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ABSTRACT. We consider the one-dimensional free Fokker-Planck equation
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where H denotes the Hilbert transform and V' is a particular double-well quartic
potential, namely V(z) = ix‘l + ng, with ¢ > —2. We prove that the solution
(pt)e>0 of this PDE converges in Wasserstein distance of any order p > 1 to the
equilibrium measure puy as t goes to infinity. This provides a first result of conver-
gence for this equation in a non-convex setting. The proof involves free probability
and complex analysis techniques.

AMS 2010 Classification Subject. 35B40, 46154, 60B20.

Key words. Fokker-Planck equation; Granular media equation; Long-time be-
haviour; Double-well potential; Free probability; Equilibrium measure; Random ma-
trices.

1. INTRODUCTION

We consider the following one-dimensional free Fokker-Planck equation
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In this equation, (ut):>o denotes a family of probability measureson R, V : R — R is
a given potential, and H denotes the Hilbert transform, that is, for any probability
measure ;4 on R and x € R,

1 1
Hu(x :][ d = lim d ,
o) = f T, dnly) =i o eri T ()

where f stands for the principal value of the integral. Partial differential equation
(PDE) (1) must be understood in the sense of distributions, i.e. for any regular
enough test function ¢ : R — R,

(;it () dps(x) = —;/V,(ﬁ) () dpy(x // T —y dﬂt( )dp(y) -

Under this form, it is sometimes called the McKean-Viasov equation with logarithmic
interaction.
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1.1. Existence and uniqueness. As far as we know, the problems of existence
and uniqueness of the solution to the PDE (1) are not completely solved.

Existence was tackled in [Biane and Speicher, 2001, Theorem 3.1]. Using the
free stochastic calculus formalism (see [Biane, 1997, Biane and Speicher, 1998] for
an introduction), they proved that if, roughly speaking, V' is locally Lipschitz and
grows 'nicely" at infinity then, for any initial condition X, whose distribution is
compactly supported, the free stochastic differential equation (SDE)

1
dXt - dSt - ivl(Xt>dt7 (2)

where S is a free Brownian motion, admits a unique solution (X;);>¢ starting from
Xo. As they also checked that the distribution of the solution (X});>o satisfies the
PDE (1), this proves the existence of a solution for the latter.

As for uniqueness, using free transportation techniques, [Li et al., 2014, Theorem
1.3] shows that the free Fokker-Planck equation (1) admits a unique solution start-
ing from a compactly supported p as soon as V satisfies the same properties as in
[Biane and Speicher, 2001, Theorem 3.1] and V" is uniformly bounded below.

In this paper, we are interested in the free Fokker-Planck equation (1) for the
particular potential
1
V(z) = 13:4 + g:vQ : c>—2. (3)

FIGURE 1. Potential V' defined by (3) with —2 < ¢ < 0.

Indeed, the quadratic potential V' (z) = %2 gives rise to the free Ornstein- Uhlenbeck
process and is well understood; the quartic potential (3) is then the most simple ex-
ample of a potential satisfying the assumptions of [Biane and Speicher, 2001, The-
orem 3.1] and [Li et al., 2014, Theorem 1.3]. Consequently, given any compactly
supported initial condition, existence and uniqueness of the solution to Equation (1)
are ensured and we can moreover identify this solution with the distribution of the
solution (X;)¢>o to the free SDE (2).

Note that the case when ¢ > 0 is already covered in the existing literature, and
the aim of this paper is to extend the study of the asymptotic behaviour of the
solution (1)¢>0 to the range ¢ > —2 (see also [Li et al., 2014, Conjecture 5.1]).
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1.2. Granular media equation. We say that a family (u;):>¢ of probability mea-
sures on R? having densities (pi)i>0 satisfies a granular media equation if we have in
distribution

9]

S =V VU (o) +V+ W) (4)
where U : R, — R can be seen as an internal energy, V : RY — R as a confinement
potential, W : R? — R as an interaction potential, and where the operation  is the
usual convolution in RY.

The free Fokker-Planck equation (1) corresponds to the particular case

d=1, U(s) =0, V(z) = ;V(a;), and W(z) = —log |z .

Several classical partial differential equations arising from physics fall into the
class of a granular media equation (see [Villani, 2003, Chapter 9.1]), starting from
the heat equation (for U(s) = slog(s), V = 0, W = 0). Conditions are known
to ensure that Equation (4) admits a unique solution, but we will not discuss this
point here and rather focus on reviewing some existing results about the long-time
behaviour of the solutions.

At least two main techniques can be identified. We focus on the entropy dissipa-
tion method, which is close to the techniques we will use in this work, but we will
also briefly mention some results using an approximation by a particle system.

The first results using entropy dissipation are due to Benedetto et al. [1997, 1998],
who are interested in particular potentials arising from physics. In these works,
to study the long-time behaviour of the solution, the authors consider an entropy
functional naturally associated to (4) defined by

Fw = [ uw)ds+ [ v@rdu@ +g [ e -y duut),
R4 R4 R x RY

as the sum of an internal energy, a potential energy, and an interaction energy asso-
ciated to a given measure u, and they show that this entropy is strictly decreasing
along the trajectory (u:)r>0. Under appropriate assumptions on V and W, F' admits
a unique minimizer fi,, which is shown to be the limit of y; as ¢ — 4o00.

Combining this entropy dissipation method with optimal transport techniques,
Carrillo et al. [2003] establish convergence of p; in a more general setting, even lead-
ing in some cases to explicit rates of convergence. Note that Cattiaux et al. [2008],
Bolley et al. [2010, 2012, 2013] got various improvements of these results. Neverthe-
less, all these results require convexity, positivity, or smoothness assumptions on V
and W.

In a series of works, Tugaut [2013a,b] then tackled the problem of non-convex
potentials in the case when U(s) = oslog(s) for a small ¢ > 0 but his results still
require a smooth interaction W.

An example of physically meaningful singular interaction is given by W(z) =
— log |z|, which is out of reach of the previous methods as they are. This problem
of the logarithmic interaction in dimension one has been recently tackled by Li
et al. [2014], who could adapt Carrillo, McCann, and Villani’s method to the free
probability framework, at least in the case of a convex potential V. We also mention
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the recent work by Carrillo et al. [2015], in which a two-dimensional logarithmic
interaction is considered, corresponding to the Keller-Segel model.

In view of these results, the study of the long-time behaviour of the solution of the
granular media equation with a logarithmic interaction and a non-convex potential,
such as (3), is of natural interest.

Another motivation to study the granular media equation with a logarithmic
interaction is its link with a particle system which is well known in random matrix
theory.

For any N > 1, we consider the system of stochastic differential equations (SDEs)

Vi € [1,N], dX V() = VBABi(t) — V(XY (1))dt — le VW (1) — XV ()t

J#

()
where the B;’s are independent Brownian motions. The solution (X (t),... XY (#))i0
of (5) is a natural particle system that can be associated to PDE (4).

Indeed, as the number of particles N goes to infinity, its empirical measure

(% >N 5XiN(t)>t>0 converges to a solution of PDE (4), the Brownian term giving

rise to an internal energy U(s) = slog(s). If the Brownian term in (5) is multiplied
by \}—N, it disappears in the limit and we get the solution of (4) with U(s) = 0.

Using propagation of chaos for a modified approximating particle system, Malrieu
[2003] recovered some of the results of [Carrillo et al., 2003]. Bolley et al. [2010] and
Cattiaux et al. [2008] also considered a particle system to prove convergence of the
solution to the PDE they study.

In the case of a logarithmic interaction (U(s) = 0, V(z) = 0, and W(x) =
—log |z]), the particle system (5) is the well-known Dyson Brownian motion intro-
duced by Dyson [1962] as the process of eigenvalues of Hermitian random matrices
with Brownian entries. This process (or its variant when V is quadratic) has been
much studied, among others by Chan [1992], Cépa and Lépingle [1997], Fontbona
[2004], Rogers and Shi [1993]; see also [Anderson et al., 2010, Section 4.3]. For more
general potentials V), this particle system has been studied by Allez and Dumaz
[2015] in the cubic case and by Li et al. [2014] in the convex case.

With this point of view, the reader who is familiar with random matrix theory
will get an insight why a natural candidate for the long-time limit of the solution to
the free Fokker-Planck equation (1) should be the equilibrium measure associated
to potential V', that we now define.

1.3. Main result of the paper. Let D be a closed subset of Cand V : D — C
be a polynomial such that

lim ReV(z)—2log|z| = +o0.

|z| =400, z€D

Then the functional
Sy s — // log | — t] dya(z)dpu(t) + / ReV'(2) dpu(z). (6)
D2 D

called Voiculescu free entropy, admits a unique minimizer among probability mea-
sures supported on D. This minimizer is called the equilibrium measure associated
to V and D, and is denoted by uy. Note that when D C R and V' is real-valued,
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we have
Sy () = — // log |z — | du(x)dp(y) + / V(z)du(z).

We refer to [Saff and Totik, 1997] for a development on this topic for which the
equilibrium measure is defined in a much more general setting.
For the quartic potential

1 c
V(z) = 1554 + 53:2

and D = R, the equilibrium measure is explicitly known (see [Johansson, 1998,
Example 3.2] for instance):

e when ¢ > —2, its density is given by

! (;xz +b0) VaZ = 1 (@) (7)

™

pv ()

where

azzg(\/02+12—c) b:1 c+ 0—2—1—3
3 : 07 3 4 ’

e when ¢ < —2, its density is given by

pv () = o laly 2 — ) — ) 1t i (0) ®)

where a? = -2 —¢, b =2 —c.

In this paper, we focus on the case when ¢ > —2, in which the equilibrium measure
has connected support. Here is the main result of this paper.

For any real p > 1, if 4 and v are probability measures on R such that | - |V is
integrable for u and v, then the Wasserstein distance of order p between p and v is
defined by

1/p
W,(p,v) —(inf/ \x—y\%r(dx,dy)) ,

where the infimum runs over all probability measures 7 on R x R with marginal
distributions p and v.

Theorem 1.1. Let V(x) = ix‘l + %xz with ¢ > —2. Given any compactly supported
probability measure py on R, the solution (u;)i>o of the free Fokker-Planck equation
(1) with initial condition g satisfies

lim WP(M#A/]JV) =0

t—+00

for all p > 1, where py is given by (7).

Let us mention that the convergence in W, distance is equivalent to the weak
convergence of measures together with the convergence of the moments of order p
(see for instance [Villani, 2003, Theorem 7.12]).

The case when ¢ > 0 was already covered by previous results of Li et al. [2014].
Indeed, in [Li et al., 2014, Theorem 1.6 (i) and (ii)], they proved that

tk-ﬁrpoo W2 (Mt7 HV) =0
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as soon as V is convex (in the case when V is strictly convex, they even get that
t — Wo (e, py ) exponentially decreases to 0). They provide a proof for convergence
in W, p < 2, that could be easily extended to any W,, p > 2. We also refer to
[Groux, 2016, Section 6.4] for some complements.

On the other hand, a result of [Biane and Speicher, 2001, Section 7.1] implies
that, if ¢ < 0 and |c| is large enough, then there exist initial conditions pg for which
the solution (p):>o does not converge towards the equilibrium measure gy .

The rest of the paper is organized as follows. Some tools, such as properties of
(1t)e>0 viewed as the law of a free diffusion and the description of critical measures
via complex analysis techniques, are introduced in Section 2, and Section 3 uses
these tools to prove Theorem 1.1. Section 4 is the final section of this paper, in
which we present some perspectives for future work.

2. FREE PROBABILITY AND COMPLEX ANALYSIS TOOLS

2.1. Some properties of the solution of the free Fokker-Planck equation.
As we explained in the introduction of the paper, the solution of the free Fokker-
Planck equation (1) can be interpreted as the distribution of the solution to the free

SDE 1
dXt - dSt - §V/(Xt)dt,

where S is a free Brownian motion. As a consequence, it inherits some properties
of free diffusions with regular drift, studied by Biane and Speicher [2001], the most
important of which are the following.

Proposition 2.1 (see [Biane and Speicher, 2001, Theorems 3.1 and 5.2]). Let V' be
a C* potential such that V' is locally Lipschitz, and such that there exist a < 0 and
b > 0 such that, for all z € R,
—aV'(z) <ax*+b. 9)
Let (p)i>0 be the solution of the free Fokker-Planck equation (1) starting from a
compactly supported pig.
(i) There exists M > 0 such that, for everyt >0,
supp(pe) C [—M, M]. (10)
(ii) There exist Ky, Ky > 0 depending only on V such that, for everyt > 0, the
density p; of ps satisfies
K
00 < —
lolloo < i

where DY/? is the fractional derivative of order 1/2.
(iii) The family {p;}i>1 lives in a subset A of L*([—M, M]) which is compact for
the topology induced by || - ||2.

K
TE, DYl € 4 Ko, (11)

In the statement of Point (ii), the notion of half-derivative appears. It can be
defined by several ways; we will just mention that for v € L?, the derivative of
order 1/2 of u is the inverse Fourier transform of & + (1+¢2)Y40(€), where @ is the
Fourier transform of u (see [Demengel and Demengel, 2012, Chapter 4] for instance).
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We notice that the potential (3) satisfies the assumptions of Proposition 2.1.
Nevertheless, we include here a proof of Point (iii), since it will play a key role in
extending the entropy dissipation method to this singular interaction, as we will
explain at the beginning of Section 3.

Proof (of Proposition 2.1 (iii)). By Proposition 2.1 (i)-(ii), there exist M, Ky, Ky >
0 such that, for every ¢ > 0, (10) and (11) hold. For every ¢ > 0, we denote by
A the set of probability density functions f with support in [—M, M| which satisfy
1 flloe < % + Ky and || D2 f||, < £ + K,. Note that, for ¢ > 0, A; contains all the

Piis'S, s > 0, where p;y s denotes the density of the measure ;¢ as in Point (ii).

Furthermore, for every ¢ > 0, A, is a subset of the Sobolev space H'/2([—M, M]),
defined as the set of L2-probability density functions whose derivative of order 1/2
belongs to L?. Because the injection of H'/?([—~M,M]) in LP([—M, M]) is com-
pact for every p € [1,00) (see [Demengel and Demengel, 2012, Theorem 4.54] for
instance) and A; is bounded in H'Y2([—M, M]), we can deduce that the set A; is
relatively compact in L?([—M, M]). Hence, we can choose for A the closure of A,
in L2([— M, M)). O

Furthermore, even if we consider here a singular interaction in granular media
equation (4), thanks to the bounds stated in Proposition 2.1, we have an entropy
dissipation formula as in [Carrillo et al., 2003].

Proposition 2.2 (see [Biane and Speicher, 2001, Proposition 6.1]). Under the as-
sumptions and notations of Proposition 2.1, we have

d

1
— v () = _2/ ‘QV/ — Hy

2
du . 12
dt ot ( )

As this formula suggests, probability measures p supported in R satisfying the
FEuler-Lagrange equation

1
Hpy = §V’ p—a.e. (13)

for a real potential V' are the candidates for the long-time limit of ;. We will call
these measures stationary measures because they are exactly the stationary solutions
of Equation (1) in the sense of PDEs, i.e. they are solutions of Equation (1) that
are constant in time.

2.2. Critical measures and their identification. In addition to the equilibrium
measure and stationary measures that we encounter in our problem, we introduce
the notion of critical measure, as defined by Martinez-Finkelshtein and Rakhmanov
[2011].

A probability measure p on C such that Xy () < +oo is called a critical measure
associated to V' if, for every h : C — C regular enough, the quantity

Dy () = tim Z2) = 2w )

s—0 S

is zero, where p/»* is the push-forward measure of u by the deformation of identity
z+— z+ sh(z), s € C.
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The reason why we consider critical measures is that, by [Martinez-Finkelshtein
and Rakhmanov, 2011, Lemma 3.7], we have

DSy (1) = Re ( [vine aue - [ wdu@)du(y)> ,

hence for a probability measure p supported on R, the previous condition is equiva-
lent to the Euler-Lagrange equation (13). As a result, critical measures supported on
R are exactly stationary measures, and we will be able to use some tools developed
to identify critical measures in order to identify stationary measures.

Note that in general, several critical measures may exist while there is only one
equilibrium measure. This is the case for a potential satisfying the conditions given
in [Biane and Speicher, 2001, Section 7.1] for instance. A key point in the proof
of Theorem 1.1 will be to show that for the quartic potential (3), there is no other
critical measure than the equilibrium measure.

The following statement gives the most important properties of critical measures
supported in R we will use in the sequel. The key point is that the Stieltjes transform
of a critical measure pu, defined on C\ R by

Gu(2) = | duta),

Z—X

satisfies an algebraic equation.

Proposition 2.3 (see Kuijlaars and Silva [2015], Huybrechs et al. [2014]). Let V' be
a polynomial and p be a critical measure supported on R.

(i) There exists a polynomial R of degree 2deg(V') — 2 such that

1 2
R(z) = (5V') - Gul2) (14)
almost everywhere for Lebesque measure on C. Moreover, we have
1 V'(x) =V’
R = ver - [ O . (15)
4 R T —z

(ii) Ewvery non-real root of R has even multiplicity.
(iii) The support of p is a finite union of intervals connecting zeros of R.

Point (i) combines Proposition 3.7 and Formula (3.31) from Kuijlaars and Silva
[2015]. Point (ii) is an easy consequence of analyticity of Stieltjes transform, see
[Huybrechs et al., 2014, Lemma 2.6]. At last, Point (iii) comes from [Kuijlaars and
Silva, 2015, Proposition 3.9].

Let us remark that a critical measure p is completely determined by the associ-
ated polynomial R. Hence, finding critical measures boils down to determining all
possible polynomials satisfying Equations (14) and (15). For the quartic potential
and other polynomials with few monics, this is possible to do so (see Martinez-
Finkelshtein and Rakhmanov [2011], Huybrechs et al. [2014] for examples). How-
ever, in the quartic case, we will only use R in order to show that a critical measure
has connected support. Indeed, as soon as this is the case, we can just recover p by
solving a singular integral equation, as we will do in the next subsection.

Proposition 2.4. For the potential V() = %1‘4 + Sa? with ¢ > =2, every critical
measure supported in R has connected support.
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Proof. By (15), the polynomial R defined in (14) is given by

1 1
RE) = 320+ 520+ 1@ = 02 2 [ adue) - [ 2 duta) .

We can not find the roots of this polynomial because the two first moments of u are
unknown. However, we will be able to count its real roots applying Descartes’ rule
of signs.

Lemma 2.5 (Descartes’ rule of signs, see Weisstein). Let
PX)=a,X"+...+a1 X + ag

be a polynomial with real coefficients. We denote by p, resp. q, the number of sign
changes in the sequence (ay,...,a1,ap), resp. ((—=1)"ay,, ..., —ai,ag), in which we
have removed the zeros. Then, the number of positive, resp. negative, roots of P is
at most p, resp. q, and has the same parity as p, resp. q.

If we distinguish all the possible cases, it easily follows that the polynomial R
admits 0, 2, or 4 non-zero real roots, whatever the value of ¢ > —2 is and whatever
the signs of the quantities [@du(z) and [ 2?du(x) + ¢ are.

In addition to this, every non-real root of R has even multiplicity by Proposition
2.3 (ii). Since R admits 6 roots, it follows that the multiplicity of 0 is necessarily
even.

e If 0 is not a root of R, then R admits at most 4 real roots, thus at least
two conjugate non-real roots. But, by Proposition 2.3 (ii), every non-real
root is at least a double root, thus R has in fact at most two real roots. By
Proposition 2.3 (iii), ¢ has connected support in this case.

e If 0 is a root of R, then it is at least a double root. Thus R is explicit and
we have R(z) = 12%(z* + ¢+ 2)(2* + ¢ — 2). This is impossible for ¢ > —2
by Proposition 2.3 (ii). For ¢ = —2, this leads to R(z) = $2*(z — 2)(z + 2),
thus by Proposition 2.3 (iii), the support of p is [—2,0], [0, 2], or [—2,2].

In both cases, we have shown that u has connected support. O

2.3. Singular integral equations. Euler-Lagrange equations are singular integral
equations that can be solved once we know the support of the solution, or at least
its number of connected components, thanks to the following result. For a slightly
different approach, see [Tricomi, 1957].

Theorem 2.6 (see [Muskhelishvili, 1972, §88|). Let L be a finite union of intervals
U?Zl[agj,l, as;] and let f be a given Hélder continuous function on L. The singular
integral equation

—
admits a Hélder continuous, bounded solution ¢ if and only if f satisfies the following
p conditions:

thf(t)

Vk € [[O7p_1]]a /
L T2 /It — ay

In this case, the solution is unique and it is given by

Vo € L S 1 Vi —a; J(0) dt
) 90(1') - 7T2 el |ZE a]| I (t o x) H2p .
J= j=1

|t — ay|

Vo e L, ffw dt = f(x)

dt =0
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Applying this theorem to the quartic potential (3), we get the following.

Proposition 2.7. For the potential V(x) = iﬂl:4 + %xz with ¢ > —2, the only
stationary probability measure with bounded density and connected support is the
equilibrium measure y, which is defined by (7) .

Proof. Let p be a stationary probability measure with bounded density, denoted
by p, and with connected support, denoted by [a,b]. By Theorem 2.6 applied to
f(xz) = —3V'(z) and p = 1, the existence of p is ensured by the condition

[ i

An elementary computation leads to

3+ ct
/ e T (56 + 3ab? + 3a%b + 50%) + ¢~ (a + b) ,
Vit —a)(b—1t) 16 “2
thus condition (16) reads
(a+ b)(5b* — 2ab + 5a* +8¢) = 0. (17)
Moreover, by Theorem 2.6 again, the density of u is given by

 J@—ab-x) g £+ ct
o(2) f = at

2m? (t—a)(b—1t)
1 b 3 1 3
= o (x —a)(b—x) (:c +; +8b2+4ab+8a2+0>. (18)

This result has been obtained by standard integral computations. By integrating
this expression between a and b, since p is a probability density function, we get a
new constraint on a and b:

(b—a)*
256

The two equations (17) and (19) allow us to determine a and b. First, Equation
(17) gives three families of possible solutions:

1 2
a = —b, fb—i— \/—100—6b2 a:gb—gv—loc—sz.

Equation (19) then eliminates some cases. Note first that, if ¢ is non-negative, only
the first case would be possible, and that the same situation occurs when ¢ is nega-

tive but b > —gc.

(150 4 18ab + 15b% 4 16¢) = 1. (19)

e Case 1: a = —b.
In this case, Equation (19) gives

2
b= \/3 (Ve +12-¢),
so the density given by (18) becomes

1
p(x) = bQ—xQ(a: + c—l— \/02—|—1)

o
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This is exactly the equilibrium measure of V' for ¢ > —2, see (7).

1 2
e Case 2: a = 51) + 5\/—100 — 6b2.
Equation (19) now implies that
45b% 4 156¢b° + (182¢* — 552)b* + (76¢* — 880c)b? + 5¢* — 200¢% 4 2000 = 0.

We will show this is not possible under the conditions —2 < ¢ < 0and 0 < b? < —2¢.
Indeed, we can study the polynomial function

f:(z,c) = 452" + 156cx® + (182¢% — 552)x% + (76> — 880c)x + 5¢* — 200¢ + 2000

w

on the compact set
5
Kz{(m,c)éRQ | —2<¢<0, ngg—gc}.

The resolution of %(1’, c) = %(m, ¢) = 0 shows that the only critical point of f in
K is (0,0). Consequently, f attains its minimum on the boundary of K. The study

of the three functions
c— f(0,¢) = 5(c* —20)?,
z > f(z,—2) = 452" — 3122% + 1762% + 11522 + 1280,
and - 20
c— f (—36, c) = 3(02 —15)?

allows us to conclude that the minimum of f on K is attained at (%0, — ) and is

equal to @. Consequently, f does not vanish on K and Case 2 does not lead to a
suitable solution pu.

1 2
e Case 3: a = 5()— 5\/—100 — 6b2.

Very similar computations lead to the fact that the same function f must vanish on
the same compact K, and thus to the same conclusion.

Finally, the only stationary probability measure with bounded density and con-
nected support is indeed the equilibrium measure iy . 0

Remark. The previous calculations also show that there does not exist a stationary
probability measure with bounded density and connected support when —v/15 <
¢ < —2 because, in this situation, Case 1 of the proof leads to a density taking
negative values, and Cases 2 and 3 still lead to unsuitable solutions.

In addition to this, the same technique allows us to prove that, when ¢ < —2,
the only symmetric stationary probability measure having a bounded density and a
support with two connected components is the equilibrium measure. We recall that,
by Proposition 2.4, there does not exist such a symmetric stationary measure when
c> —2.

Finally, we mention that, for ¢ = —/15, there exist two stationary measures with
bounded density and connected support. The first one is given by the density

M;ﬂd(x_;?) (95 ) (= v) (=~ 78)
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on the interval {%\/ﬁ, %\/ﬁ} and the second one is its symmetrical measure with respect
to the origin. We refer to [Groux, 2016, Chapter 7] for the detailed computations.

3. PROOF OF THEOREM 1.1

We are now able to prove Theorem 1.1. The ideas are as follows. First, thanks to
properties of free diffusions stated in Section 2.1, we find an accumulation point of
(f¢)+>0 which is a stationary measure with a bounded density. By Propositions 2.4
and 2.7, this accumulation point is necessarily the equilibrium measure py. We then
prove that all accumulation points have the same entropy, using again the estimates
of Proposition 2.1. Since puy is the unique minimizer of Xy, this proves it is the only
accumulation point. A compactness argument allows us to prove the convergence of
(te)1=0 towards gy .

We emphasize our proof depends on the special potential (3) only through Propo-
sitions 2.4 and 2.7; the other arguments given below are valid for every potential V'
satisfying the assumptions of Proposition 2.1.

From now, for every ¢t > 0, we denote by p; the density of ;.

Proof (of Theorem 1.1). By (12), the function t — 3y (p) is decreasing on [0, +00).
As it is also bounded below (by Xy (uy)), this function admits a finite limit as ¢
goes to infinity. Therefore, by (12) again, there exists a sequence (ty)ren such that
t, — oo and %Ev(utk) — 0 when £ — .

By Proposition 2.1 (iii), extracting a further subsequence if necessary, we can
assume that the densities p;, converge in the L*-topology to a limit p. As the p;,’s
are defined on the compact set [—M, M|, L*-convergence implies that [ py, () dz
converges to [ p(x)dz, hence the limit p is a probability density function defined
on [—M, M]. We denote by p the probability measure associated to p. By Scheffé’s
lemma, 1, also converges in distribution towards fx.

We will now prove that p is a stationary probability measure with a bounded
density. First, as the densities p;, converge in L?([—M, M]), extracting a further
subsequence if necessary, we can assume that they converge almost everywhere on
[—M, M]. Thus, we have ||p[lc < K.

Furthermore, for all £ € N, we can decompose

1
|/ ’Hﬂtk - 5‘//

<

2 1 ,
dp,, — ’Hu -5V
1, 1_,

’H:utk - §V d/jltk - ’H,LL - 5‘/

1

where the integrals are taken over [—M, M].
Let us show why the first term in the right-hand side goes to 0 as k — +o00. Denoting
by K a uniform bound on the densities and using the Cauchy-Schwarz inequality,

2
du|

2
d/,l/tk

2 1
dpu, _/’HM— ivl

2 du‘ (20)
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we have for all k € N*,

2
d,l,btk

12 1 /
dp, — ‘H,U— §V

< K‘/ | H pia, () — H ()| (|H p ()| + [Hp() | + [V ()]) dz
K| Hpy, — Hpllz x ([ Hpe, |2 + 1 Hpll2 + [[V]]2)

and by the continuity of the Hilbert transform from L?(R) to L*(R), Hpy, converges
to Hp in L?.

On the other hand, it follows from similar arguments and from p € L? that the
second term in the right-hand side of (20) also tends to 0 when & — 4o00. By (12),
we finally have

A\

d 1 2 1 2
0= lim —%y(u,)= lm _2/‘Hﬂtk_2vl dpu, :—2/’HM—QV/ dp .

k——+oo dt k——+o0

The limit measure p is thus a stationary probability measure.

As p is also a critical measure supported in R, when V' is the quartic potential
(3), by Proposition 2.4, i has connected support and, by Proposition 2.7, p is the
equilibrium measure py .

We will now prove that two accumulation points for (p;)s>o in the L-topology
must have the same entropy.

Indeed, let (ps, )ren be a convergent subsequence from (p;);>0 in the L?-topology.
We denote by p its limit. Then p is a probability density function supported in
[—M, M] and it is bounded by K; + K>, as these properties hold for p, with ¢ > 1.
We denote by u the associated probability measure.

By the Cauchy-Schwarz inequality, we have

[V~ [V

< lps. = pll2[[Vl2

and

’ // log |7 — ylps, (%) ps, (y) dxdy — // log |z — y|p(z)p(y) dxdy'
< | [ 1otz = 4l @os ) ) dxdy|
; | [[ 11z = o) 0) ~ ol dxdy\

1/2
< 2(Ky + K3).V2M || ps, — pll2 <//10g2 |z — y dxdy)
for k large enough. Therefore, we get

lim By (ps,) = Ly (p) .-

k——+o0

This proves the "continuity" of entropy along a solution.
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Since the function ¢ — Xy () is decreasing, we conclude that two accumulation
points lead to the same entropy.

This allows us to complete the proof. Indeed, since we proved that the density
pv of wy is an accumulation point of (p;);>¢ in the L2-topology, since uy is the
unique minimizer of free entropy Xy, and since all accumulation points have the
same entropy, the only possible accumulation point in the L2-topology is py. But,
by Proposition 2.1 (iii), the p;’s, t > 1, are contained in a compact set A for this
topology, so p; converges towards py in the L2-topology. As we explained at the
beginning of this proof, this implies that p; converges in distribution towards gy .
Since weak convergence and W),-convergence, p € [1,+00), coincide for distributions
on a given compact set, the conclusion of Theorem 1.1 follows. 0

4. PERSPECTIVES

Many natural questions follow this work.

e The case ¢ < —2. Our result uses the fact that, when ¢ > —2, we have only
one critical measure that can be an accumulation point for (p;);>0 (Proposi-
tions 2.4 and 2.7). When ¢ < —2, can we describe the critical measures that
are candidates to be accumulation points? For instance, there is no critical
measure with bounded density and connected support when —v/15 < ¢ < —2.
In this case, is the equilibrium measure puy the only suitable critical measure?
Is the convergence of the solution of (1) towards uy possible in this case?
Besides, the value ¢ = —+/15 appears as the value under which the existence
of unilateral critical measures for the quartic potential becomes possible.
This threshold also appears in Bertola and Tovbis [2015] in a slightly differ-
ent context. Are the measures described in Bertola and Tovbis [2015] the
only critical measures?

Finally, when ¢ is very negative, can we describe the basins of attraction
associated to each possible limit for the solution of the free Fokker-Planck
equation?

e Other confining potentials. We only used the special form of the quartic
potential in order to get Propositions 2.4 and 2.7. Do our methods apply
in other cases? For instance, can we change the potential V', take a higher
degree, or consider higher dimensions?

e Non-confining potentials. Several works deal with non-confining potentials.
For instance, Allez and Dumaz [2015] studied a cubic potential, and Brézin
et al. [1978] considered the quartic potential V(z) = 2% + 42 with g < 0.
For these potentials, once the problems of definitions are solved, we can tackle
the problem of long-time behaviour. Can we prove a convergence result for
the cubic potential or for the quartic potential with —% < g < 0, as Biane
and Speicher conjectured for the latter?
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