DYNAMICS IN A KINETIC MODEL OF ORIENTED PARTICLES
WITH PHASE TRANSITION*
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Abstract. Motivated by a phenomenon of phase transition in a model of alignment of self-
propelled particles, we obtain a kinetic mean-field equation which is nothing more than the Smolu-
chowski equation on the sphere with dipolar potential. In this self-contained article, using only
basic tools, we analyze the dynamics of this equation in any dimension. We first prove global well-
posedness of this equation, starting with an initial condition in any Sobolev space. We then compute
all possible steady states. There is a threshold for the noise parameter: over this threshold, the
only equilibrium is the uniform distribution, and under this threshold, the other equilibria are the
Fisher—von Mises distributions with arbitrary direction and a concentration parameter determined
by the intensity of the noise. For any initial condition, we give a rigorous proof of convergence of the
solution to a steady state as time goes to infinity. In particular, when the noise is under the threshold
and with nonzero initial mean velocity, the solution converges exponentially fast to a unique Fisher—
von Mises distribution. We also found a new conservation relation, which can be viewed as a convex
quadratic entropy when the noise is above the threshold. This provides a uniform exponential rate of
convergence to the uniform distribution. At the threshold, we show algebraic decay to the uniform
distribution.
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1. Introduction. Phase transition and large time behavior of large interacting
oriented /rod-like particle systems and their mean field limits have shown to be inter-
esting in many physical and biological complex systems. Examples are paramagnetism
to ferromagnetism phase transition near Curie temperature, nematic phase transition
in liquid crystal or rod-shaped polymers, emerging of flocking dynamics near critical
mass of self-propelled particles, etc.

The dynamics on orientation for self-propelled particles proposed by Vicsek et al.
[22] to describe, for instance, fish schooling or bird flocking present such a behavior in
numerical simulations. As the density increases (or as the noise decreases) and reaches
a threshold, one can observe strong correlations between the orientations of particles.
The model is discrete in time, and particles move at a constant speed following their
orientation. At each time step, the orientation of each particle is updated, replaced
by the mean orientation of its neighbors, plus a noise term.

A way to provide a time-continuous version of this dynamical system, which allows
one to take a mean-field limit (and even a macroscopic limit), has been proposed by
Degond and Motsch [7]. Instead of replacing the orientation at the next time step,
they introduce a parameter playing the role of a rate of relaxation towards this mean
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orientation. Unfortunately the mean-field limit of this model does not present phase
transition. In [12], the first author of the present paper proved the robustness of the
behavior of this model when this rate of relaxation depends on a local density. In
particular, phase transition is still absent. However, when this parameter is set to be
proportional to the local momentum of the neighboring particles, we will see that the
model presents a phenomenon of phase transition as the intensity of the noise crosses
a threshold. This phenomenon occurs on the orientation dynamics, so here we will
consider only the spatial homogeneous dynamics.

In a joint work [6] with Pierre Degond, we have formally derived macroscopic
limits for the inhomogeneous case. Using the results of the present paper, we have
obtained, in the hydrodynamic limit, that the phase transition now appears as the
local density crosses a threshold. Under this threshold, the local equilibria are uniform
in orientation, and the corresponding macroscopic model is a nonlinear diffusion for
the density. Above this threshold, the system is locally ordered, and the evolution
of the local density and orientation is given by a nonconservative first-order system,
which appears to be nonhyperbolic.

The particular model is described as follows: we have N oriented particles, de-
scribed by vectors wq,...,wy belonging to S, the unit sphere of R”, and satisfying
the following system of coupled stochastic differential equations (which must be un-
derstood in the Stratonovich sense), for k € [1, N]:

(1) dwy, = (Id — wr @ wi)Jg, dt + V27 (Id — wy, @ wy,) o ABF,
1 N
(2) Jk = N ij‘.
j=1

The term (Id — wy, ® wy) denotes the projection on the hyperplane orthogonal to wy

and constrains the norm of wy, to be constant. The terms Btk stand for NV independent

standard Brownian motions on R”, and then the stochastic term (Id — wy ® wy,) o dBF

represents the contribution of a Brownian motion on the sphere S to the model. For

more details on how to define Brownian motion on a Riemannian manifold, see [13].
Without this stochastic term, (1) can be written as

wk = Vw(w : Jk)|w:wk7

where V,, is the tangential gradient on the sphere (see the beginning of section 2.1
for some useful formulas on the unit sphere). So the model can be understood as a
relaxation towards a unit vector in the direction of Ji, subjected to a Brownian motion
on the sphere with intensity v/27. The only difference with the model proposed in [7]
(in the spatial homogeneous case) is that there Jj is replaced by vy, where Q is
the unit vector in the direction of J; and the frequency of relaxation v is constant
(or dependent on the local density in [12]). One point to emphasize is that, in that
model, the interaction cannot be seen as a sum of binary interactions, contrary to the
model presented here. Here the mean momentum Jj, does not depend on the index k
(but this is not true in the inhomogeneous case, where the mean is taken among the
neighboring particles).

To simplify notation, we work with the uniform measure of total mass 1 on the
sphere S. We denote by fV : R; xS — R the probability density function (depending
on time) associated with the orientation of one particle. Then, as the number N of
particles tends to infinity, fV tends to a probability density function f satisfying

(3) o f = Q(f),
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with
(4) Q(f) = =V - (Id —w @ W) J[f1f) + TAL S,
(5) J[f] = /Swf(.,w)dw.

In the model of [7], J[f] is replaced just in (4) by v Q[f], where Q[f] is the unit vector
in the direction of J[f].

The first term of Q(f) can be formally derived using a direct computation with
the empirical distribution of particles. The diffusion part comes from It6’s formula. In
a recent work [2], a rigorous derivation of this mean-field limit has been provided, even
in the inhomogeneous case. This derivation is linked with the so-called propagation
of chaos property. We refer the reader to [21] for an introduction to this notion.
The laboratory example given in this reference is the original model of McKean [18],
which is a more general version of our system in R™ instead of S (in that case, (3) is
called the McKean—Vlasov equation). The main point is to adapt the theory in the
framework of stochastic analysis on Riemannian manifolds.

Notice that (3) can be written in the form

Of =V - (fVU)+TAf,

with
W, ) = —w - J(t) = /SK(w,w) F(t,@) da.

This equation is known as the Smoluchowski equation (or the nonlinear Fokker—Planck
equation) and was introduced by Doi [8] as the gradient flow equation for the Onsager
free energy functional

(6) .7-"(f)ZT/Sf(.,w)lnf(.,w)dw—l—% K(w,o)f(,w) f(.,®) dwd.

SxS

This functional was proposed by Onsager [19] to describe the equilibrium states of
suspensions of rod-like polymers. They are given by the critical points of this func-
tional.

Defining the chemical potential p as the first-order variation of F(f) under the
constraint fs f=1 weget u=7Inf+ ¥, and the Smoluchowski equation becomes

o0f=V-(fVp).

In the original work of Onsager [19], the kernel has the form K(w,®) = |w X @|,
but there is another form, introduced later by Maier and Saupe [17], which leads to
similar quantitative results: K (w,@) = —(w - @)2. In our case, the potential given
by K(w,&) = —w-® is called the dipolar potential. This is a case where the arrow of
the orientational direction has to be taken in account.

One of the interesting behaviors of the Smoluchowski equation is the phase tran-
sition bifurcation. This is indeed easy to see (here with the dipolar potential) from
the following linearization around the uniform distribution: if f is a probability den-
sity function, the solution of (3), we write f = 1+ g, so [jgdw = 0 and we can
get the equation for g. We multiply the equation by w and integrate using the for-
mula fsw Qwdw = %Id (this is a matrix with trace one and commuting with any
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rotation) and the tools in the beginning of section 2.1. We get the linearized equation
for g and J[g]

g =TAug + (n— 1w J[g] + O(g?%),
Gl == (5 1) Jlal + 0.
Therefore if we take the linear part of this system, we can solve the second equation
directly, and the first one becomes the heat equation with a known source term.
Finally, around the constant state, the linearized Smoluchowski equation is stable
if 72> % and unstable if 7 < % We expect to find another kind of equilibrium in
this regime. The work has initially been done in [10] for the dimension n = 3; the
distribution obtained is called the Fisher—von Mises distribution [23].

A lot of work has been done to study the equilibrium states for the Maier—Saupe
potential and in particular to show the axial symmetry of these steady states. A com-
plete classification has been achieved for the two- and three-dimensional cases in [16]
(see also [24], including the analysis of stability under a weak external shear flow).
The interesting behavior, besides the phase transition, is the hysteresis phenomenon:
before a first threshold, only one family of anisotropic equilibria is stable; then, in
addition, the uniform equilibrium becomes stable, and after a second threshold, the
only equilibrium is the uniform distribution. In the case of a coupling between the
Maijer—Saupe and the dipolar potentials, it is shown in [14], [15], [26] that the only
stable equilibrium states are axially symmetric. To our knowledge, less work has been
done to study the dynamics of the Smoluchowski equation, in particular the rate at
which the solution converges to a steady state.

The purpose of this paper is to give a rigorous proof of the phase transition in
any dimension for the dipolar potential and to study the large time dynamics and the
convergence rates towards equilibrium states.

In section 2, we give some general results concerning (3). We provide a self-
contained proof for existence and uniqueness of a solution with an initial nonnegative
condition in any Sobolev space. We show that the solution is instantaneously positive
and in any Sobolev space (and actually analytic in the space variable), and we obtain
uniform bounds in time for each Sobolev norm.

In section 3, we use the Onsager free energy (decreasing in time) to analyze the
general behavior of the solution as time goes to infinity. We prove a kind of LaSalle
principle, implying that the solution converges, in the w-limit sense, to a given set
of equilibria. We determine all the steady states and see that the value % is indeed
a threshold for the noise parameter 7. Over this threshold, the only equilibrium is
the uniform distribution. When 7 < %, two kinds of equilibria exist: the uniform
distribution, and a family of nonisotropic distributions (called Fischer—von Mises dis-
tributions), with a concentration parameter £ depending on 7.

Finally, in section 4, we show that the solution converges strongly to a given
equilibrium. We first obtain a new conservation relation, which plays the role of an
entropy when 7 > % and shows a global convergence to the uniform distribution with
rate proportional to 7 — % Then we prove that, in the supercritical case 7 < %,
the solution converges to a nonisotropic equilibrium if and only if the initial drift
velocity |J[fo]| is nonzero (if it is zero, the equation reduces to the heat equation, and
the solution converges exponentially fast to the uniform distribution). We prove in
that case that the convergence to this steady state is exponential in time, and we give
the asymptotic rate of convergence. Finally, in the critical case 7 = %, we show that
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the speed of convergence to the uniform distribution is algebraic (more precisely, the
decay in any Sobolev norm is at least %)

2. General results.

2.1. Preliminaries: Some results on the unit sphere. This subsection con-
sists essentially of a main lemma, allowing us to perform some estimates on the norm
of integrals of the form fs gV,h, where h and g are real functions with mean zero.

But let us start with some useful formulas. For V a constant vector in R™, we
have

Volw-V)=(1Id —wew)V,
Vo (d-—w@w)V)=—-n—-1w-V,

where V,, (resp., V,,-) stands for the tangential gradient (resp., the divergence) on the
unit sphere. When no confusion is possible, we will use just the notation V. Then,
taking the dot product with a given tangent vector field A or multiplying by a regular
function f and integrating by parts, we get

[ o9 A = - [ A

/vafdw: (n—l)/swfdw.

We then introduce some notation. We denote by Hs (S) the subspace composed of
mean zero functions of the Sobolev space H*(S). This is a Hilbert space, associated
with the inner product <g,h>§~{3 = ((—=A)®*g,h), where A is the Laplace-Beltrami
operator on the sphere. This also has a sense for any s € R by spectral decomposition
of this operator. We will denote by || - || ;. the norm on this Hilbert space.

We then define the so-called conformal Laplacian A, _; on the sphere (see [1])
which plays a role in some Sobolev inequalities. This is a positive definite op-
erator (pseudodifferential operator of degree m — 1, mapping H 5(S) continuously
into H*~"+1(S), which is a differential operator when n is odd) given by

H (—A+j(n—7—2)) for n odd,
X 0<< 52
() Buor = : )
(-A+(2-1)?)°2 H (=A+jn—j—2)) forn even.
07 -2

Equivalently, it can also be defined by

(8) Ap_1Ye=L({+1)...(¢ +n—2)Y, for any spherical harmonic Y; of degree ¢.

Here is the main lemma.
LEMMA 2.1 (estimates on the sphere, valid for any s € R).
1. If hois in H=5tY(S) and g is in H*(S), the following integral is well defined
and we have

Ml =415

) } / th} < Cllgll.

where the constant C' depends only on s and n.
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2. We have the following estimation for any g € H*T1(S):

< Cllgll%.

(10) \ [avi-arg

where the constant C' depends only on s and n.
3. We have the following identity for any g € H="=" :

(11) / gVA; 1l g=0.
S

Let us make some remarks on these statements. The first one expresses just the
fact that the gradient operator (or, more precisely, any of its component e - V for
a given unit vector e) is well defined as an operator sending H**1(S) continuously
into H=%(S) for any s.

The second one is actually a commutator estimate. It is equivalent to the fact
that for any given unit vector e and for any g, h € H*T!, we have

/S ge - V(=A)h+ he - V(=A)g| < Cllgl .11l ..

Defining the operator F' by
Fg=e-V(-A)’g = (=A)’V - ((ld - w @ w)eg)

and integrating by parts, this inequality becomes | [y h Fg| < 5’||g||Hs |12]] z7s- In other
words, F sends H*(S) continuously into H~5(S) for any s.

So since F' = [e-V, (—A)®]4+(n—1)(—A)’e-w, this second statement (10) expresses
that the commutator [V, (—A)?] is an operator of degree 2s.

With the same point of view, (11) gives an exact computation of the commutator
of the gradient and the inverse of conformal Laplacian.

This says just that [V,A; "] = —(n — 1)A, ! w or, multiplying left and right
by &nfl, that [V, &nfl] = (n - 1)0.)&,1,1.

The proof of this lemma relies on some computations on spherical harmonics and
is given in section A.1.

2.2. Existence, uniqueness, positivity, and regularity. We present here a
self-contained proof of well-posedness of the problem (3), working in any Sobolev space
for the initial condition. Some analogous claims are given in [5], without proof, start-
ing for a continuous nonnegative function. They are based on arguments of [3], stating
that the Galerkin method based on spherical harmonics converges (exponentially fast)
to the unique solution. They are weaker with respect to the initial conditions and
the positivity but stronger for the regularity of the solution (analytic in space). As a
remark we will give the same regularity result and prove it in section A.2.

DEFINITION 2.2 (weak solution for some s € R). For T > 0, the function f €
L2((0,T), H¥*L(S)) n HY((0,T), H5~X(S)) is said to be a weak solution of (3) if, for
almost all t € [0,T], we have for all h € H—T1(S),

(12) (Ouf, h) = =7(Vu [, Vuh) + (f, J[f] - Vuh),

where (-,-) is the usual duality product for distributions on the sphere S.
Since it is sometimes more convenient to work with mean zero functions (in order
to use the main lemma of the previous subsection), we reformulate this problem in
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another framework. We set f = 1+ g so that f is a weak solution if and only
if g € L*((0,T), H*1(S)) N H'((0,T), H*~'(S)) with, for almost all ¢ € [0,T] and for
all h € H3tL(S),

(13) <8tgv h> = _7-<ng7 th> + (n - 1)J[g] : J[h] + <97 J[g] : th>

It makes sense to look for a weak solution with prescribed initial condition in H?,
since it always belongs to C([0,T], H*(S)), as stated by the following proposition.
PROPOSITION 2.3. If g € L2((0,T), HST1(S)) N HL((0,T), H5~1(S)), then, up to

redefining it on a set of measure zero, it belongs to C([0,T], H*(S)), and we have

T
max [u(t)||%. < C / 2 + 100l
[0,77] 0

where the constant C' depends only on T.

The proof in the case s = 0 is the same as in [9, section 5.9.2, Thm. 3]. To do the
general case, we apply the result to (—A)3g.

THEOREM 2.4. Given an initial probability measure fo in H*(S), there exists a
unique weak solution f of (3) such that f(0) = fo. This solution is global in time.
Moreover, f € C*((0,+00) x S), with f(t,w) > 0 for all positive t.

We also have the following instantaneous regularity and uniform boundedness
estimates (for m € N, the constant C depends only on 7, m, and s) for all t > 0:

1
1@ <€ (14 5 ) Lol

The proof consists of several steps, which we will treat as propositions. We first use
a Galerkin method to prove existence on a small interval. We then show the continuity
with respect to initial conditions on this interval (and hence the uniqueness). Next,
we prove the positivity of 1 + g for regular solutions. This gives us a better estimate
of J[g]. Repeating the procedure on the following small interval, and so on, we can
show that this extends to any ¢ > 0. Regularizing the initial condition then gives
global existence in any case.

We finally obtain the instantaneous regularity and boundary estimates by decom-
posing the solution between low and high modes.

For the proof of all propositions, we will denote by Cy,C4,... some positive
constants which depend only on s and 7. We will also fix one parameter K > 0
(which will be a bound on the norm of initial condition) and denote by My, My, ...
some positive constants which depend only on s, 7, and K.

PROPOSITION 2.5 (existence: Galerkin method). We set

1
14 T=—h{(l+ —ux—
(14) Cln<+1+2ch)’

where the constants C1 and Cy will be defined later.
If | gol| g < K, then we have existence of a weak solution on [0,T] satisfying (13),
uniformly bounded in L*((0,T), H*t1(S)) N H*((0,T), H*~\(S)) by a constant M,.
Proof. We denote by Py the space spanned by the first N (nonconstant) eigen-
vectors of the Laplace-Beltrami operator. This is a finite-dimensional vector space,
included in HP(S) for all p and containing the functions of the form w — V - w (see
section A.1 for more details).
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Let ¢V € C'(I,Py) be the unique solution of the following Cauchy problem,
defined on a maximal interval I C Ry (“nonlinear” ODE on a finite-dimensional
space):

LoV =Ty [rAugY = Vi - ((Id - w @ w)J[gN](1 + gM))],
g™ (0) = TIn(g0).

where Il is the orthogonal projection on Py. The first equation is equivalent to the
fact that for any h € Py, we have

(15) St ) = (Vg™ Vh) + (0~ DY) T + (g7, TgV] - V)
The goal is to prove that [0,7] C I and that there exists an extracted sequence N
such that, as k — oo,

o gN* converges weakly in L2((0,T), H**1(S)) to a function g,

e 9:gN* converges weakly to drg in L2((0,T), H*(S)), and

o J[gN¥] — J[g] uniformly.
We have that (—A)®*¢"N € Py, so we can take it for h, put it in (15), and use the
second part of Lemma 2.1 to get

14d .
(16) gallgNllzs +7lgN %00 < ColJlg™M Mg 1%, + (n = 1)%[J[gN]

(17) < Cillg™ 3. (1 + CallgN || g-)-
Indeed, any component of w belongs to any H~*; then J[g"] = (w, g") is controlled

by any H*® norm of ¢'¥.
Solving this inequality, we obtain for 0 < t < C7 ' In(1 + (C2 || 1IN (go)|| 7)),

1TV (g0) | 47« '
Co|[TIN (go) || g+ (1 — e=1F)

(18) g™+ < —o—

Then we have || g™ (t)|| ;7. < 2||go]| 7. for all ¢ in [0,77]. There is no finite-time blow up
in [0, T]; then the ODE (15) has a solution on [0,T] for any N € N.
Now we denote by My a bound for |J[¢™V]| on [0,7]. The inequality (16) gives

d
319" 1% + 279 ™ Iy < (14 Mo)Cillg™ 1.
Solving this inequality, we get for ¢ € [0, T,
t
(19) Iy 27 [ 1™ s < ol e

We then use the ODE (15) to control the derivative of g. Taking h € H~*T1(S), we
write h'V = Iy (h), and we get

<ath7 h> = <8th7 hN>
S TN N goss 1Y gr-osn + Call g™ e IV 1 o + Mollg™ [l gro 12 | -
< (719N jgess + Callg™ Nl e + Mollg™ Il g ) all -1
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and thus we obtain

10eg™ 571 < 27%M1g™ 1 F0sn + 2(Ca + Mo)? (g™ 15

Integrating in time7 we get, together with the estimate (19),
0. N 2(Cy+ M, )2 Mo)C
g 2 2 1+ i
/O 1909 ™ 5.+ < [+ Tamyes fmj)ocg]HQOHH&( 0)CsT

Then we can take M = K2e(1+Mo)CsT max (771 7 4 %), and we get that g™V

is bounded by M, in L2((0,T), H**1(S)) N H*((0,T), H~(S)).

Now, we need just estimates for %J [¢"V]. We can take h = w -V for any constant
vector V' in the ODE (15) and use the tools given in the beginning of this section.
We finally get

4
dt

n—1

J[gN]'=

< (Cs + MoCo)||gol| g ez HHMICaT,

-l - [1d-wsw)lg]gY do,
S

Indeed, again, since any component of Id — w ® w is in H~%, we can control the
term [(Id — w ® w)g" dw by any H* norm of ¢V, uniformly in N and in t € [0, T7.

In summary if we suppose that go is in H*(S), for some s € R, we have that gV
is bounded in L2((0,T), H*Y(S)) N H'((0,T), H~(S)), and that J[g"] and £ Jg"]
are uniformly bounded in N and ¢ € [0, 7.

Then, using weak compactness and the Ascoli-Arzela theorem, we can find an
increasing sequence Ny, a function g € L2((0,T), H5t1(S))NH'((0,T), H*~(S)), and
a continuous function J : [0,7] — R™ such that, as k — oo,

e J[g"V*] converges uniformly to J on [0, 7], and
e g™k converges weakly to g in L2((0,T), H*t(S)) and in H((0,T), H*~1(S)).
The limit g is also bounded by M; in L2((0,T), H*T1(S)) N H'((0,T), H~(S)).

Then, since we have fOT Js e(t)w(g™* — g) dwdt — 0 for any smooth function ¢,
we get [ o(t)(J[g] — J)dt =0, and so J = J[g].

For a fixed h € Pjs passing the weak limit in (15) (for Ny > M), we get for
almost every ¢ € [0, 7] that

Vh € Py, (Oig,h) = —7(Vwg, Voh) + (n —1)J[g] - J[h] + (g, J[g] - VWh).

This is valid for any M (except on a countable union of subsets of [0,T] of zero
measure). By density (and using the first part of Lemma 2.1), we have that ¢ is a
weak solution of our problem.

Now for any h € H—5tX(S), we have that (g™ (t) — Ix(g0), h) = fg(@th,m
is controlled by M;iv/t||h||z-.41, uniformly in N. So, passing to the limit, we get
that g(t) — go in H—*t(S) as t — 0. But since we know that g € C([0,T], H*(S)),
by uniqueness, we get g(0) = go. O

PROPOSITION 2.6 (continuity with respect to the initial condition). Suppose that
we set T = C%ln(l + m) as in (14) and that we have two solutions g and g,
with [|g(0)|| - < K and [|g(0)]| 4o < K.

Then there exists a constant Mz such that g — g is bounded in L*((0,T), HL(S))
and in HY((0,7), H*-1(S)) by Myl9(0) — 5(0)]] ..
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This automatically gives uniqueness of a weak solution on (0,7") with initial con-
dition go.

Proof. Putting h = (=A)*g € H—5*! in (13), we do the same estimations as in
the previous proposition. We have the same estimate as (16)—(17):

1d .
sl + 7ol < ColJlllllglG. + (n = 1)%| J[g]?

(21) < Cillgll%. (1 + Callgll ge)-

So if we set T = C; *In(1 + (1 + 202 K)~1), we can solve this inequality on [0, 77,
exactly as in (18). These solutions are then uniformly bounded in L?((0,T), H5T(S))
and in H'((0,T), H*~(S)) (by the constant M).

Taking u = g — ¢ and using (13) gives an equation for u: for almost all ¢ € [0,T]
and for all h € H=5(S),

(22) (Gru, h) = =7(Vou, Voh) + (n = 1)J[u] - J[h] + (u, J[g] - Vh) + (g, J[u] - Vih).
Now we take h = (—A)*u and use the first and second parts of Lemma 2.1 to get

1d
2dt
(23) < Ma(1+ [|gl o) Nl

lull e + Tllulfen < 0+ MO)CsllullFy, + Crllullgllgl g (= 2) ull -

Gronwall’s lemma then gives the following estimate:

T T
lull. +T/ [ullFeer < lluoll. exp <Mz/ (1+ ||§||Hs+1)>
0 0

< Jluol . =T,
Using (22), we get that u is bounded in L2((0,T), H*T1(S)) N H((0,T), H5~(S)) by
a constant Mz times [|u(0)|| ;.. 0

PROPOSITION 2.7 (positivity for regular solutions (maximum principle)). Sup-
pose that go s in H (S), with s sufficiently large (according to the Sobolev embeddings,
so s > 2 s enough) so that the (unique) solution belongs to C°([0,T],C*(S)).
Here T is defined as in (14), with K = ||go| 7. We go back to the original formula-
tion f =14 g. Then f is a classical solution of (3).

If fo is nonnegative, then f is positive for any positive time, and, more precisely,
we have the following estimates for all t € (0,T] and w € S (if fo is not equal to the
constant function 1):

(24) o= (n=1) JE 1Al min fo < £(t,w) < e(n=1) JE 1A max fo.

Proof. Since the solution is in C°([0,T7], C*(S)), we can do the reverse integration
by parts in the weak formulation (12). We get that, as an element of L2((0,T), H*~1(S)),
the function 9, f is equal (almost everywhere) to TA, f — V,, - ((Id — w @ w)J[f]f),
which is an element of C°([0,7] x S). So up to redefining it on a set of measure zero,
the function f belongs to C1([0,T],C(S)) N C°([0,T], C*(S)) and satisfies the PDE.

Applying the chain rule and using the tools given in the beginning of this section,
we get another formulation of the PDE (3):

(25) Ohf =7Auf = JIf]-Vuf+n=1J[f]-wf.
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The next part of the proposition is just a classical strong maximum principle.
Here we prove only the left part of the inequality; the other part is very similar, once
we have that f is positive. B

Suppose first that fo is positive. We denote by 7" > 0 the first time that the
minimum on the unit sphere of f is zero (or T'=T if f is always positive).

Then we have for t € [0,T] that 8,f > AL f — J[f]- Vi f — (n — D|J[f]|f. If we
write f = fe~ (=D o WU we get

(26) Of = TALf — J[f] - Ve f.

Then the weak maximum principle (see [9, section 7.1.4, Thm. 8], which is also valid

on the sphere) gives us that the minimum of f on [0, 7] x S is reached on {0} x S.
That means that we have a nonstrict version of the left part of the inequality (24):

(27) vt e [0,T],Vw eSS, f(w,t)> e~ (=D Jo 1711l msin fo-
Consequently, we have that ming f (T) >0, and so T = T. If now fo is only
nonnegative, take f§ = {jz, and by continuity with respect to initial condition, in-

equality (27) is still valid. That gives that f is nonnegative on [0, 7], and consequently
we have that inequality (26) is valid on [0, T].

Now we can use the strong maximum principle (see [9, section 7.1.4, Thm. 11]),
which gives that if the inequality (27) is an equality for some ¢ > 0 and w € S, then ]7
is constant on [0,t] x S. So fy is the constant function 1. a

PROPOSITION 2.8 (global existence, positivity). Suppose fo is a probability mea-
sure belonging to H*(S) (this is always the case for s < _an, according to Sobolev
embeddings). Then there exists a global weak solution of (3), which remains a proba-
bility measure for any time.

We remark that the uniqueness of the solution on any time interval remains by
Proposition 2.6.

Proof. We first prove this proposition in the case s >

We define a solution by constructing it on a sequence of mtervals.

We set Ty = &~ -In(1+ m) asin (14). This gives existence to a solution g

in C([O, T]], HS(S)) By 1nduct10n we define Tk+1 = Tk + ].H(]. + m),

which gives existence to a solution g € C([Tk, Tk+1], HS(S)).

So we have a solution on [0, T, provided that T < T}, for some integer k.

Now by the previous proposition, this solution f = 1 + g is nonnegative. We
obviously have |J[g]| = |J[f]| < [slw|f = 1. Then we can do better estimates,
starting from (20):

n+3

5 dtl\gllz o+ Tl < ColT[gllllgllF. + (n = 1)°1T[g]]?
(28) < Gsllgll,.

Then, Gronwall’s lemma gives us that [|g(T%)|l 7. < llgoll .€“*T. Suppose now

that the sequence (T}) is bounded; then | g(T%)|| . is also bounded. By the defi-
nition of Ty, the difference Ty — T} does not tend to zero, which implies that
the increasing sequence (T%) is unbounded, and this is a contradiction. So we have

that Ty hopo oo, and the solution is global in time.
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Now we do the general case for any s. Take g& as a sequence of elements of He+2
converging to go in H® and such that f¥ =1+ g§ are positive functions. Let g* be
the solutions associated with these initial conditions.

Then we have the same estimates as before; since we still have |J[g]| < 1, solv-
ing (28) gives

t
lg* ()11%. +T/ 19" @) Feer < Mgl g7 e“".
0

We want to prove that g* is a Cauchy sequence, so we study the difference v = g7 — g*
(in the same way as what was done for g — g in (22)-(23) to prove uniqueness), which
satisfies, for any h € H*(S),

(29) (B, h) = =7V, Voh) +(n—1)J[u]- J[A] + (u, J[g]- Voh) + (9", J[u] - Vo,h).
We take h = (—A)*u and use the first and second parts of Lemma 2.1 to get

14 .
5T 9l e (=) ul -

(30) < Cro(L+ 119" o)l .-

lully. + TllullF. < CollullFy. + Crllull -

If we fix T' > 0, Gronwall’s lemma then gives the following estimate:

T T
a7 [l < ol exo <Olo [ a+ ||gk||Hs+1>>
0 0
< llwol%. exp (Cro(T + 7' VT gh | ;.¢7))

Since ||g&| ;7. is bounded (because g§ converges in H®), together with (29), we finally
get that u is bounded in L2((0,T), H*tY(S)) N H*((0,T), H*~(S)) by a constant Cp
times [|u(0)|| .. This gives that g* is a Cauchy sequence in that space, and then it
converges to a function g, which is a weak solution of our problem (by Proposition 2.3,
we have that g(0) = go). This is valid for any T > 0, so this solution is global.

If we take ¢ in C*°(S), since f¥(t) = 14 g*(t) is a positive function with mean 1,
we have that

~llelloo = (f51), =llelloe) <{H(2),0) < {5 lellso) = Il

Passing to the limit gives [{(g(t),9)| < ||¢|lco. Furthermore, we have (f*(¢),1) = 1
so that (f(t),1) = 1, and if ¢ is a nonnegative function, then (f*(t),¢) > 0 and we
get (f(t), ) = 0. This gives that f(t) is a positive Radon measure with mass 1, which
is a probability measure. ad

PROPOSITION 2.9 (instantaneous regularity and boundedness estimates). If fo is
a probability measure, then the solution f belongs to C*°((0,4+00) X S) and is positive
for any time t > 0, and we have the following estimates for all s € R and m > 0:

1
1 @Nen < € (14 3 ) Lol

where the constant C' depends only on 7, s, and m.
In particular we have that for to > 0, f is uniformly bounded on [tg,+00) in
any H® norm.
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Proof. Suppose fo € H*(S), and fix ¢ > 0. The solution f is in C([0, +00), H*(S))
and in L%((0,t), H¥71(S)). Then there exists s < ¢ such that f(s) € H*"1(S). So we
can construct a solution belonging to C([s, +oc), H*T!(S)). But this solution is also
a weak solution in L?((s,T), H**1(S)) N H=((s,T), H*~1(S)) for all T > s, so by
uniqueness it is equal to f. Then f belongs to C([t, +00), H*T!(S)). Since this is true
for all t > 0, then f belongs to C((0,+00), H**1(S)). We can repeat this argument
and have that f belongs to C((0,400), HP(S)) for any p, and is a positive classical
solution, by Proposition 2.7. Using the equation, differentiating in time gives that it
is also in C*((0, +o00), HP(S)) for any p and any k, so by Sobolev embeddings it is
a C* function of (0,4+00) X S.

Since we have positivity, we can have estimates for any of the modes of f = 1+g.
Let us denote by f the orthogonal projection of f on the N first eigenspaces of the
Laplacian and by g% = f — fV the projection on the other ones (high modes).

We have a Poincaré inequality on this space: ||gNH m ||gNHHS+1
(we recall that the eigenvalues of —A are given by £(£+n — 2) for £ € N). We use the
estimate (20):

1d s
5 g9l + TllglGen < ColJlgllllglF. + (n = 1)°|J[g]?
CO 2 s 2 N 2
< : — _ .

Now we have, since f is a probability measure, that

1N =13, = /S<—A>Sfodw <=2 Yz < EnIFY = Ll ge

the last inequality being the equivalence between norms in finite dimension. Dividing
by this last norm, this gives that the low modes of f are uniformly bounded in time
by a constant K. Then we have, taking N sufficiently large,

1d

2 dt||gH2 s ||g||Hs+1 ~X Cll'

Now multiplying this formula by ¢ at order s 4+ 1, we get

1d

5 tlglZ) + SllglZ e < Cuat + 59l

and finally

Ld 2 T 2 T 2 T 2 T
s Ul + 5t ) + 5 (ol + Stlalfer ) < On+ Crog.

Together with the Poincaré inequality, solving this inequality gives us
lgll%. + —tllgHHsH lgoll%.e” ™ DaE 4 Cra(1 +1).

So we have the result for | f|[3;. = 1+ ||g]|%,,, and m = 1:

1
@0 < € (143 ) 1ol
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Then we apply this inequality between 0 and and the inequality at order m be-
tween 5 and ¢ to get the result at order m + 1. The case where m is any nonnegative
real also works by interpolation. O

This last proposition ends the proof of Theorem 2.4. Let us here make two
small comments concerning the analyticity of the solution and the limit case with no
noise: 7 = 0.

Remark 2.10 (analyticity of the solution). We can show, as claimed in [4], [5],
that at any time ¢ > 0 the solution is analytic in the space variable. The idea is to
show, following [5] (based on [3], [11]), that the solution is in some Gevrey class of
functions, defined by a parameter depending on time. This class is a subset of the set
of real analytic functions on the sphere. More details and a complete proof are given
in section A.2. We could have dealt with this classes of functions instead of working
in the Sobolev spaces directly, but we will not need these properties of analyticity in
the following. In any case, to prove analyticity we need the initial condition to be
in H-"= (S), so this study of instantaneous regularization was necessary.

Remark 2.11 (case where 7 = 0: no noise). The proof is also valid, except that
the solution belongs to L>((0,T), H*(S))NH((0,T), H*~1(S)) if the initial condition
is in H*(S). By an optimal regularity argument, we can get that a solution is in fact
in C([0,T], H*(S)). The nonnegativity argument is then also valid, and so the solution
is global. Obviously, we do not have the instantaneous regularity and boundedness
estimates.

3. Using the free energy. In this section, we derive the Onsager free energy (6)
for Smoluchowski equation (3) and use it to get general results on the steady states.

3.1. Free energy and steady states. We rewrite (3) as
O f = Q(f) =Vu- (vaf - vw(w ’ J[f])f) =Vy- (fvw(Tlnf —we J[f]))

Since any solution is in C*°((0,400) x S) and positive for any ¢ > 0, there is no
problem with using In f and doing any integration by parts. We multiply the equation
by 7ln f — w - J[f] and integrate by parts, and we get

/& (tlnf —w- J[f])d /f|V (tIn f —w - J[f])? dw.

Since the left part can be recast as a time derivative, this is a conservation relation.
We define the free energy F(f) and the dissipation term D(f) by

(32) F(p) = [ fwf =317,
(3) D) = [ Velrinf = TP,
and we have the following energy dissipation relation:

(34) &.7: +D =0.

We define a steady state as a (weak) solution which does not depend on time.
Here are some characterizations of the steady states.

PROPOSITION 3.1 (steady states). The steady states of Smoluchowski equa-
tion (3) are the probability measures f on S which satisfy one of the following equiv-
alent conditions:
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1. Equilibrium: f € C*(S) and Q(f) = 0.

2. No dissipation: f € C1(S) and D(f) = 0.

3. The probability density f € C°(S) is positive and a critical point of F (under
the constraint of mean 1).

4. There exists C € R such that TIn f — J[f] -w=C.

Proof. By definition, a steady state f is a solution independent of ¢. Since it
is a solution, it is positive and C*°, and we get that Q(f) = 0 . By the conserva-
tion relation (34), we get that £ F = 0, so D(f) = 0. Since it is positive, we get
that V,(71In f —w - J[f]) = 0, so there exists C' € R such that 7ln f — J[f]-w = C.

Now we do a variational study of F around f. We take a small perturbation f+h
of f which remains a probability density function (which means that [ h = 0).

We can expand the function z +— zInz around f, since f > ¢ > 0, and we have

Ffm =7 [(Fnf i g0 = SR =T [ whr Oz

:]—'(f)+/gh(71nf—J[f] +w)+ O(|[h]%)
= F(f) + O(|Ih%),

which means that f is a critical point of F. So f satisfies the four conditions.

Conversely, if f € C2(S) and Q(f) = 0, then f is obviously a steady state.

If rlnf — J[f] -w = C, then f € C?*(S) and Q(f) = 0. We will show that the
second and third conditions reduce to this fourth condition.

Doing the above computation around a positive f € C°(S) gives that if f is a
critical point for the free energy, then [ h(rInf — J[f] - w) is zero for any h with
mean zero. This is exactly saying that 71ln f — J[f] - w is constant.

Finally, if we suppose f € C(S) and D(f) = 0, at any point wy € S such
that f(wg) > 0 we have that V(71ln f — J[f] - w) = 0 on a neighborhood of wy.

The function ¢ defined by ¢(w) = 71n f — J[f] - w is then locally constant at any
point where it is finite, so ¢! ({C}) is open in S for any C € R.

Now if ¢(wg) = C, with wy converging to we, then f(wy) = exp
( C—i—J[f]-wOQ )

(C+J7[-f]'wk)'

Passing to the limit, we get that f(ws) = exp
So p~1({C}) is closed.

Since f is not identically zero, there exists C' € R such that o~ *({C}) # ), and
by connectedness of the sphere, we get ¢~} ({C}) =S, so rln f — J[f] - w = C. 0

, which gives p(weo) = C.

3.2. LaSalle principle. We give here an adaptation of LaSalle’s invariance prin-
ciple to our PDE framework.

PROPOSITION 3.2 (LaSalle’s invariance principle). Let fo be a probability measure
on the sphere S. We denote by Foo the limit of F(f(t)) as t — oo, where f is the
solution to Smoluchowski equation (3) with initial condition fo.

Then the set Ex = {f € C=(S) such that D(f) = 0 and F(f) = Fo} is not
empty.

Furthermore, f(t) converges in any H® norm to this set of equilibria in the fol-
lowing sense:

lim 1nf IIf (&) — gllgs = 0.

t—oo ge

Proof. First of all, F(f(t)) is decreasing in time and bounded below by —=, so F
is well defined.
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Let (¢,) be an unbounded increasing sequence, and suppose that f(¢,) converges
in H*(S) to fe for some s € R. We first remark that f(¢,) is uniformly bounded
in H**2P(S) (using Theorem 2.4), and then by a simple interpolation estimate we get
that [|f(tn) = f(tm)l|%.s, < () = F ()l 1 f () = f(tm)ll fros2n, and f(t,) also
converges in H*1P(S). So fu is in any H*(S).

We want to prove that D(f) = 0. Supposing this is not the case, we write

2
o) = [ gy [a-wo s -2 [
(35) ZTZ/S%—I—O—Z(TL—1)7’)|J[f]|2—/(w.J[f])2f.

s
Now we take s sufficiently large such that H*(S) C Loo(S) N HL(S). If fo is positive,
then D, as a function from the nonnegative elements of H*(S) to [0, +o¢], is continuous
at the point foo. In particular since D(foo) > 0, there exist 6 > 0 and M > 0 such
that if | f — foollm= < J, then we have D(f) > M. We want to show the same result
in the case where f is only nonnegative. We define

2
p.(p =7 [ B v a—at-vmpnp - [y
S € S
We have by monotone convergence that D.(f) converges to D(fs) as € — 0. So
there exists € > 0 such that D, (foo) > 0. Now by continuity of D, at the point fo., we
get that there exist § > 0 and M > 0 such that if ||f — foo|| s < 0, then D(f) > M.
The fact that D(f) = D:(f) gives the same result as before.

Now since 0;f is uniformly bounded in H?® (for ¢ > ¢; > 0), there exists n > 0
such that if |t — ¢/| <7, then || f(t) — f(#')| = < §. We then take N sufficiently large
such that ||f(tn) — foollms < % for all n > N.

Then we have that for n > N, D(f) > M on [t,,t, +n]. Up to extracting, we
can assume that t,41 > ¢, + 7, so we have

F(F(tn) — F(f(tn1p) = / " D(f) > oM.

tN

Since the left term is bounded by F(f(tn)) — Foo, taking p sufficiently large gives the
contradiction.

Now if we suppose that for a given s the distance (in H*® norm) between f(¢)
and £ does not tend to 0, we get € > 0 and a sequence t, such that for all g € £,
we have ||f(t,) — gllgs > e. Since f(t,) is bounded in H**1(S), by a compact
Sobolev embedding, up to extracting we can assume that f(¢,) is converging in H*(S)
t0 foo- By the previous argument, f € C*°(S) and we have D(f) = 0. Obviously,
since F(f) is decreasing in time, we have that F(fs) = Foo. S0 foo belongs to €,
and then ||f(t,) — foollms = € for all n. This is a contradiction.

Since the distance between f(t) and € tends to 0, obviously this set is not
empty. ad

3.3. Computation of equilibria. Define, for a unit vector 2 € S and x > 0,

the Fisher—von Mises distribution with concentration parameter x and orientation §2
by

exp(kw - Q)

(36) Mra(w) = Jsexp(kv - Q)dv
s
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Note that the denominator depends only on k. We have that the density of Mg is 1,
and the flux is
_ Jswexp(kw - Q)dw

(37) Mgl = Jsexp(rw - Q)dw = R,
s

where
foﬂ cosf e s gin" 2949

38 — Jo &
(38) c(x) Jo ercost gin™ =2 9 d6

If f is an equilibrium, 71n f — J[f] - w is constant, and then f = Cexp(r~1J[f] - w).
Since f is a probability density function, we get f = M,q with kKQ = 771J[f] (in the
case where |J[f]| = 0, then x = 0 and we can take any §2; this is just the uniform
distribution). Finally, with (37) we get J[f] = c¢(k)§2, which gives the following
compatibility condition:

(39) c(k) = TK.

We give the solutions of this equation in a proposition.
PROPOSITION 3.3 (compatibility condition).

o IfT > %, there is only one solution to the compatibility condition: Kk = 0. The
only equilibrium is the constant function f = 1.

o IfT < %, the compatibility condition has exactly two solutions: k = 0, and
one unique positive solution that we will denote k(7). Apart from the constant
function f = 1 (the case k = 0), the equilibria form a manifold of dimen-
sion n—1: the functions of the form f = M, q, where Q € S is an arbitrary
unit vector.

_ cw)

Proof. Let us denote 7(x) = =. A simple Taylor expansion gives 7(x) =
K—>

Since the function 7 tends to 0 as Kk — 400 (because c¢(k) < 1), it is sufficient to prove
that it is decreasing. Indeed, the function is then a one-to-one correspondence from R*
to (0,1), and the compatibility condition for £ > 0 is exactly solving 7 = 7(k).

But we have (after one integration by parts) that 7 (k) = 1(1 — n7(k) — c(x)?),
which, by the following lemma, is negative for x > 0. O

LEMMA 3.4. Define 8 = c(k)>+n7(k) — 1. Then for any k > 0, we have 3 > 0.

Proof. Define [y(cos0)]. = [ v(cosf) e % sin" " § df.

Then we have by definition g = 2 e}iJr"[Z([’f]Z]”[l]“*”[l]i

that the numerator is positive. We will prove in fact that the Taylor expansion of this
term in x has only positive terms.
We have, if we denote a), = @ foﬂ cos? 0sin”260dh > 0,

1

n

. So we need only show

1] = Z apk® and  [cosf], = Z(gp +2) ap k2L
p=0 p=0

Now doing an integration by parts in the definition of a1, we get

a 1:2p+1 ) — Qp+1
PR o1 \(@2prD(2p+2) T

which gives
ap
2p+n’

(40) (2p+2) ap1 =
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We have, for k > 0,

o0
Br[1]2 = Z Z(2p +2) apt1(2¢ + 2) ag41 + Z n(2p +2) apr1ag — apa, | K2
k=0 \p+g=k—1 pt+a=Fk
o0
2k+1
= Z Z 2pap2qinaq + Z (Zprin - 1) Aplq | K *
k=0 \p+qg=k,p=1 p+q=k
o0
_ 1 2k+1
- Z Z 2p(2q+n 2p+n) ApQq K
k=0 \p+q=k
o0
_ 1 1 1 1 2k+1
=S X (vt - 55) Tl — ) |
k=0 \p+qg=Fk
i 2
_ 2(p—q) 2k+1
- Z Z (2p+£)(gq+n) aplq | K .
k=0 \p+q=k

So we finally get

00 -1
p=0 k=0 \p+q=k

which gives that 5 > 0 when s > 0. d

Remark 3.5. We can do another proof, following an argument of [25], which does
not need to compute B explicitly.

The idea is that we compute 7/ = (n — 1)% — 27(T — f3), so we see (except in
the case k = 0) that if 7 = 5 =0, then 7’ < 0 (indeed, we will easily see in (46)
that 7 — f is positive). For the case /<a = 0, we can compute the Taylor expansion of 7
up to order 2: T(k) = - — n2(n+2 k? 4+ O(k*). So we have that any critical point of 7
is a maximum. Since there is a local maximum at x = 0, the function is decreasing.

We can have an asymptotic expansion of the order parameter ¢(x(7)) as T reaches

the critical value . Indeed, we have that 7 — l ~ _mﬁ(ﬂz by the expansion
of 7 in the previous remark. So
(41) o(k(T)) ~ Lh(T) ~ /(R +2)(2 —7)as T = L.

PROPOSITION 3.6 (minimum of the free energy).

o IfT > %, the minimum of the free energy is 0, reached only by the uniform
distribution. Any solution converges to the uniform distribution in any H*
norm.

o IfT < %, the minimum of the free energy is negative, reached only by any
nonisotropic equilibrium M, ;)q-

Proof. By the LaSalle principle (Proposition 3.2), we have that
min F(f) = min F(f).
fece=(s), f>0 (f) fEC>=(S), f>0,D(f)=0 (/)
Indeed, for any positive initial condition f in C*°(S), there exists an equilibrium fo,
such that F(foo) = Foo < F(f). This gives
inf F(f) = inf F(f).

feC>=(8S), f>0 feC>=(8), f>0,D(f)=0
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Since the set of equilibria is compact (either a single point, or one point and a manifold
homeomorphic to S), this infimum is a minimum.

Furthermore, if fy is not an equilibrium, then D(fy) > 0, and then F(f(t)) is
decreasing in the neighborhood of ¢t = 0. So the minimum of F cannot be reached
for fo.

In the case 7 > =, this gives the result since the only equilibrium is the constant
function 1. By the LaSalle principle, we also get that the solution is converging to
the constant solution in any H® norm.

In the case 7 < I, we have that F(1 + ew - Q) ~ L(7 — 1)e? for a fixed unit
vector Q2 € S, so there exists fy such that F(fp) < 0. Then the uniform distribution
cannot be a global minimizer. Since F(M,)q) is independent of 2, we get that this
value is the minimum. d

4. Convergence to equilibrium. In this section, we establish and study the
convergence of the solution to an equilibrium for any initial condition in the three
different regimes, depending on whether 7 is greater, less than, or equal to l.

4.1. A new entropy, application to the subcritical case 7 > =. In this
section we derive a convex entropy, which shows global decay to the unlform distri-
bution in the case 7 > l

On H="z" (S) we deﬁne the norm || - ||~7 1 by ||gH2 = ngAn 19, where
the conformal Laplacian A,,_; is defined by (7). ThlS norm is equlvalent to ||- HH* not.
We also define || - || ongd s by ||g||? Sonzn = = Js AgA;l g, and this norm is equivalent
to the || - HH7%3 norm.

Taking h = E;llg in the weak formulation (13) and using the last part of
Lemma 2.1, we obtain a conservation relation:

1 2
gl
We remark that this is a conservation law between quadratic quantities, as would be
the case for a linear equation.

Since the component of g on the space of spherical harmonics of degree 1 is
given by nw - J[g], a simple computation shows that this component’s contribu-
tion to ||g||2 na is equal to 5[ J[g ]|2. Then the last term of the conservation

_ 2

2
Sl oy

relation (42) is bounded by 2= 1Hg||~_n .. Together with the Poincaré inequal-
2
ity [|g||* Sonse > (n—1)||g|? ons1y We get the following estimate:
2

d 1 2
= v <=1 (-- .

N~

This gives in the case 7 > % an exponential decay of rate (n — 1)(7 — 1) for the
norm || - || ~_n=1:
H 2
lgll - 252 < llgoll ;- nza exp(=(n = 1)(r = 3)1).

In the general case, if fo € H*(S) with s > —251, we use the estimate (31):

Ll +7llglZnn < G
2dt : HFUS (N4 1) (N +n—1)

1901701+ (n=1)* T [g]*+Coll ¥ =17,
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810 AMIC FROUVELLE AND JIAN-GUO LIU

Now we have, since f is a probability measure,

(=17 )P+ Coll#¥ =112, < KnllfY 1R oy < Knlgol,_ye 2 DC 30,

the first inequality being the equivalence between norms in finite dimension. For
any € < %, taking N sufficiently large, together with the Poincaré inequality we get

1d
2 dt

—2(n—1)(t—2
lgll%. + (2 = D(r =gl < Cllgoll?, _na eV,

where the constant C' depends only on s.
Solving this equation, we get

—2(n=1)(r—e)t 2(n—1)(r—)t.

gl < llgoll.e + =g 90l _nsae”

: _ 1 . n—1
Taking, for example, ¢ = 5-, since s > —*5=, we get

1

gl < (1420527 golly e 2D,

In summary, we have the following theorem.
THEOREM 4.1 (new entropy). For a given probability density function f, we de-
fine the quantities H(f) = ||f — 1”%—"%1 and D(f) = 27||f — 1||%_n,3 — ﬁU[sz

We have the following conservation relation for any solution f of Smoluchowski
equation (3):

d ~
(13) SH() + D) =0,
When T > %, the term ﬁ(f) is nonnegative, so the new entropy H(f) is decreasing
mn time.
Furthermore, if T > %, then in any Sobolev space H*(S) with s > —"=L, we have

2
global exponential decay of the solution to the uniform distribution, with the rate given

by (n —1)(r — 1).
More precisely, there is a constant C' depending only on s such that for any initial
condition fo € H*(S), we have

1
1f = Ulzs < Cllfo = ee” DT

Let us make a small remark here. Actually this conservation relation is true for
any solution, without any positivity condition. We need only that the mean of f
be 1. Since we have existence and uniqueness in small time for any initial condition,
with the same instantaneous regularity results (valid only for a short time existence),
we get that the solution belongs to H~ "7 (S) at some time. But the conservation
relation then gives that we have a global solution. So we can state a stronger theorem
of existence and uniqueness.

THEOREM 4.2. Given an initial condition fo in H*(S) (not necessarily nonnega-
tive), there exists a unique weak solution f of (3) such that f(0) = fo. This solution
is global in time (Definition 2.2 is valid for any time T > 0). Moreover, f is a classical
solution belonging to C*°((0,4+00) X S) (and even analytic in space; see section A.2).

Remark 4.3. In this case, we do not have any uniform bound on H*(S), and we
can derive the same existence theorem for the case 7 = 0 (see Remark 2.11), but only
for the case s > —"T_l (which does not include all radon signed measures).
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Another remark is that if we change the sign in front of the alignment term in
Smoluchowski equation (3) (taking K(w,®) = w - @, every particle tends to go away
from the mean direction), then we can derive a conservation relation in the same
way. But here the “dissipation term” is D(f) = 27| f — 1”%—"7_3 + ﬁumﬁ >

27(n — 1)H(f), without any condition on 7 > 0. So in any Sobolev space H*(S),
with s > —"T_l we have global exponential decay of the solution to the uniform
distribution, with rate (n — 1)7.

4.2. Study of the supercritical case 7 < % In this section, we fix 7 < %
and we study the behavior of a solution as t — 4+o00. We will write & for x(7) and ¢
for ¢(k(7)). We first establish that the limit set of equilibria £, given by the LaSalle
principle (Proposition 3.2) depends only on the fact that J[fo] is zero or not.

PROPOSITION 4.4. If J[fo] =0, then E is reduced to the uniform distribution.
Equation (3) becomes the heat equation. We have exponential decay to the uniform
distribution with rate 2nt in any H*(S).

If J[fo] # 0, then J[f(t)] #0, for all t > 0. The limit set Eoo = {Muq,Q € S}

consists of all the nonisotropic equilibria. Furthermore, we have for any s € R,
(44) Tim [|£(5) ~ Mool = 0.

where Q(t) = % is the mean direction of f(t).
Proof. First of all, we write the equation for J[f], multiplying (3) by w and

integrating on the sphere. We get

d

&ﬂﬂz—ﬂn—nﬂﬂ+(éad—w®wmeJm

(45) =<u—m—nﬂM—Lw®wQJm,

which can be viewed as a first-order linear ODE of the form LJ[f] = M(t)J|[f].
The matrix M is a smooth function of time, so we have a global unique solution.
Consequently, if J[f(t9)] = 0 for to > 0, then we have J[f(t)] = 0 for all ¢ > 0 and
(3) reduces to the heat equation. The distribution f has no component on the first
eigenspace of the Laplace—Beltrami operator, and the second eigenvalue is 2n, so we
have exponential decay with rate 2n7 in any H® norm.

Now we suppose that J[fy] # 0, so by the previous argument we have J[f(¢)] # 0
for all ¢ > 0. There are two possibilities for the limiting set: either the uniform
distribution, or the set {M.q, 2 € S} (by Proposition 3.6, they do not have the same
level of free energy).

In the first case, by the LaSalle principle, f(t) converges to the uniform distribu-
tion. Then the matrix M (t) = (1—(n—1)7)Id— [, w®w f converges to (n—1)(+ —7)Id.
Using the ODE for J[f], we get

S = a1 30151 > (=) (3 =) =) 1)

for ¢ sufficiently large. Taking e sufficiently small, we get that |J[f]| tends to infinity,
which is a contradiction.

So we have that £o, = { My, € S}. Now suppose that || f(t) — M.o)llm- does
not tend to 0. We take ¢,, tending to infinity such that || f(¢,) — Myeqq,)llms =€ > 0.
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By our LaSalle principle, there exists Q,, € S such that || f(t,) — Mxa, ||gs — 0. Up
to extracting, we can suppose that Q,, — Qy € S, so f(tn) = Mxq.,, in H(S). In
particular we have that J[f(t,)] = ¢(k)Q0, and then Q(t,) = Qoo. Then M, o,
converges to My, , giving that | f(t,) — Miq,)llms — 0, which is a contradic-
tion. d

Now we focus on the case J[fo] # 0. We define (t) as in the previous proposi-
tion, and we will expand the solution around M,q ). We first show the convergence
in L2(S) to a given equilibrium, with exponential rate, assuming conditions on the
initial data.

PROPOSITION 4.5. There exists an “asymptotic rate” roo(1) > 0 satisfying the
following property.

Suppose that || f(t) =Ml ms is uniformly bounded on [to, +-00) by a constant K,

with s > —3(n;1). Then for all 1 < roo(7), there exist Qoo € S and 0,C > 0 such that
if | f(to) — MnQ(to)Hm < 6, we have

1£(t) = Muga.. |2 < Ol f (to) = My z2e™" 1)

The constants § and C depend only on 7, s, K, and r. Moreover, as T — -, we have
that 1o (7) > 2(n = 1)(; = 7) + O((3: = 7)),

Proof. We first introduce some %otation. When there is no confusion, we write
just Q for Q(t), and we will always assume ¢ > to. We write cosf = w - Q. We denote
by (-)a,.,, the mean of a function against the probability measure M,q.

We have the following identities (we recall, by Lemma 3.4, that 8 = ¢ + n7 — 1

is positive):

(WYM,.q = {cos@)pr,, Q2 =cQ,
((3052 N =1—(n—1)7,

(46) ((cosh — )y =1—(n—1)7—c*=7-5>0.

We can write f = (1 + h)Myq; then we have (h)ar., = 0. Since  is the direction
of J[f] = (1 + h)w) p,.q, we get that (hw)ar., = (hcosb) Q.

So we can do an expansion of the free energy and its dissipation in terms of h.
Since we know that M, ) is a critical point of 7, we already know that the expansion
of F((1 + h)Mq) — F(Mq) will contain no term of order 0 or 1 in h. We get,
using (32),

F(A+ M) Muo) = F(Mua) = 750 a0 — 51{hw)arq [ + O(R]1%)-

Using Sobolev embedding and interpolation, we have (writing C for a generic constant,
depending only on 7, s, and K)

n—1

1—n=1
If = Muallso < OIlf = Mol o < OIIf = Meallpz = K5

So since 1 — "2_81 > % and f — Mg = hMyq, with M,q uniformly bounded below
and above, we get that ||h]|2, = o((h?)pr.,,) (and, more precisely, for any € > 0, there
exists 7 > 0 depending only on €, 7, s, and K such that [|h]|2, < e(h?)ur.,, as soon

as (W) ., <1n). We get

(47) F(f) = F(Mua) = 3[r(h*) a0 — (heos0)3,, ] + o((h*)ar0)-
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We use the definition (33) of D(f

):
n(Mea(1+h)) = (1 + h)w) s, - w)[*) M0
(

D(f)={(1+h)|V(r]
= {1+ h)|V(rIn(1 + h) — (hcosO) ar.,, cosO)|*) ar,
> (1 —||hlloo){(IV(TIn(1 + h) — (hcos @) ar,.q cos)[*) ar.q -

Now we can derive a Poincaré inequality of the form

<|V9|2>MNQ 2 AH<(9 - <g>M~Q)2>M~Q'

Indeed, we use the fact that Mg is positive and bounded:
(V9 ) 1.0 > min Mo, [ Vgl
S

> min M.q(n — 1) /(g - fs 9)?

min M,ig _
max Mo Tl 1 fS My

(n—1)e " {(g - <9>Mm)2>Mm-

Actually this is a rough estimate; we have here A, > (n — 1)e™?%, but a more
precise study of A, can be done using separation of variables and is given in the
appendix of [6]. The problem then reduces to finding the smallest eigenvalue of a
one-dimensional Sturm—Liouville problem, but even in that case, we did not manage
to find a better estimate for now.

So we finally get

D(f)

=
(48) >

—2K

> (1= [[Alloo) A {[rIn(L + h) = 7{In(L + 7)) a1, = (hcos 0) a1, (c0s 0 — €)]*)arq
> (1= [[lloo) A ([rh — (hcos ) a1, (cos 0 — ) + O(Al1Z%)]*) i
> (1= [hlloe) M (T (B a1, — (B + 7)(hcos 0)3,,) + O(IR]1%)-

With the same argument as before, we get that

(49) D(f) = Ae(r* (W) atq — (B+T)(hcos )3y ) + o((h)ar.q)-

The goal is now to express the bounds in (49) and (47) as the sum of positive terms.

Indeed, we expect to have a Gronwall inequality which will give a rate of convergence.
We set o = #(h cos ) ., and we write h = a(cos — ¢) + ¢g. Using (46), we

have that « is well defined since 7 — 8 > 0 and we get (¢)rr,., = 0 and (gw) ., = 0.
Plugging (h?) ., = (T — B)a® + (¢%) M., into (47) and (49) gives

(50) F(f) = F(Mga) = 3[8(r = B)a® + 7(g*) m.q) + o((B*)ar,0),

w(BHT = B)a® + (9% aa) + (W) 0,0

WBBT = B)a? +7(9%) mea) + o((h) M)

So for all 7 < A3, if (h?) s, is sufficiently small, we have D(f) = r(F(f) —F(M.q)).

Using the conservation relation (43), there exists dp > 0 (depending only on 7, s, K,
and r) such that if || f(t) — Mo l|L2 < do, we have

SIFU) ~ F(Ma)) = ~D() < ~20(F () ~ F(Mo)]
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Then we obtain, for all T', such that || f — Muqllrz < do on [to, T,
F(F(T) = F(Muamy) < [F(f(t0)) = F(Myae))le > 1),

and then, using the estimate (50), we get that for ¢ € [to, T,

(51) If = Myal 2 < Collf(to) — Muqqse)llp2e ™71,

So if we take 0 < g—‘; < 6o and we start with [|f(t0) — Moo llze < 0, we get
that ||f — Myallr2 < do on [to,T] for all T > tg. Otherwise, the largest of such a T
would satisfy 6o = || f(T) — Muqr)llze < Coe~"(T=1) < §y. So the inequality (51)
holds for all ¢ € [tg, +00).
It remains to prove that €(t) converges to some (. if we want to have strong
convergence to a given steady state. This is possible using the ODE satisfied by ).
Indeed, we have J[f] = ¢Q + (hw)prs,., = (¢ + a(r — §))f2, and then

d d d
aj[f] = (c+a(r — ﬂ))aﬂ + (1 — B)Qaa.

So applying Id — Q ® Q to the ODE (45) gives an ODE for 2 in terms of o and g. We
get

(Id—Q®Q)%J[f] - (d-0Q®0) </w®wfdw) J1f]

S
=—(c+a(r—5))Id - Q) [(hcosOw) ., + (cosOw) ]

Since ((cos@ — ¢) cosOw) ., and (cosOw) s, are parallel to Q, we get that

dQ

(c+ al(t — 3))5 =—(c+alt—58)Id-Q2Q){gcosOw)nr,,-

Since (¢4 a(r — B)) is the norm of J[f], it is never zero, and we get (the notation C
standing for a generic constant depending only on r, s, 7, and K)

dQ
| < OV < CIF - Mol

So we have exponential decay of % with rate r; in particular,  is converging to
some , € S. More precisely,

[2(t) — Qo] < / |92 1dt < C|| f(to) — MHQ(tO)||L2efr(t7to).
t

Now we have that || Mo — Mea. [z < C|Qt) — Qoo| (the function Q +— e«
from S to R is globally Lipschitz with a constant independent of w € S). So we get
the final estimation:

1f=Mag. N2 < 1f =Maoll 2+ Muo@y —Mao |22 < Cllf (to) = Moy [ p2e 7).

So the proposition is true with ro(7) = AxB > 0. By the estimate (48), we know
that A, > (n — 1)e=2%. By the expansions of ¢ and k as 7 — < given in (41), we get

that 7o (r) = 2(n — 1)(X — 1)+ O((L —1)3). O

n
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By Proposition 4.4, we have that f(t) — M,q) tends to zero in any H*(S). So
the hypotheses of Proposition 4.5, for any r < r.(7), are satisfied for some tg > 0.

Once more, by interpolation and uniform boundedness on [tg, +00) of the HP
norm, we have

1-= s
If — Mo llms < COIf = Mea 2" I|f — Mea |l v
- 1= s
<Ol f(to — Mgyl 2 e rmp)limto)

so taking p sufficiently large, we also get exponential convergence for the H® norm,
with rate r(1 — ¢) for any 6 > 0.

Finally, we have that for all r < ro(7) and s, there exist some time ¢ty and C' > 0
such that ||f — M.q_||gs < Ce "t for t > t5. We can even get rid of the constant C

since for any 7 < r and t sufficiently large, Ce™" < e~ .

oo |

4.3. Study of the critical case 7 = % For any 7 € (0,+00) \ {1}, we have
exponential convergence to some equilibrium. However, the rate of convergence tends
to 0 when 7 is close to 1 (in the case where J[fo] # 0). So we do not expect to have
a similar rate of convergence in the critical case.

First of all, we know by Proposition 3.6 that the solution converges (in any H*(S))
to the uniform distribution as time goes to infinity. The goal of this section is to
estimate the speed of convergence to this equilibrium.

PROPOSITION 4.6. Suppose that || f(t) — 1||g= is uniformly bounded on [tg,+00)
by a constant K, with s > @

Then for all C > 1, there exists § > 0 such that if ||f(to) — 1|2 < 0, we have,
fort > to,

C

1£) - s < —
n(n+2) (t - to)

1
\/\/2(n+2)|f(t0)—1|L2 *

The constant § depends only on 7, s, K, and C.

Proof. As in the previous section, we work on [tg, +00). We write f = 1+ h, and
as in the previous case, we suppose that J[fy] # 0. By the same argument used in
Proposition 4.4, we have that J[f(¢)] # 0 for all ¢ > 0, so we define €(t) as the unit
vector {ﬁﬁgh Similarly we denote (-) for the mean of a function on the unit sphere
and cos € for w - Q.

We have (h) = 0. Since 2 is the direction of J[f] = ((1 + h)w) = (hw), we get
that (hw) = (hcos0)Q.

We perform an expansion of the free energy and its dissipation in terms of h. We
get, using (32) and taking 7 = %,

F(+h) = 5(3(h%) = §(0%) + 75 (h")) = 3(hcosh)* + O(AIIZ).

Now we write @ = n(hcos#) and we define

(52) g=h—acos — 2a*(cos® 0 — 1) — La3(cos® 6 — n%rz cosf).
We have (cos* §) = m (we have used the formula (40) to compute % = (cos* 0)).

Since we have (cos®f) = (cos#) = 0 and (cos®6) = L, we get (g) = (gcosf) = 0.

We will see that the terms of order 2 in g will not vanish in the expansion of the free
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energy and the dissipation term. But we will need to expand the free energy in o up
to order 4 and the dissipation term in « up to order 6. We have

(53)  £(h?) = 3{g®) + Fa? + pErtga’ + fa¥(geos?0) + O(a | gllos + o),
—é<h3>=—#;2)a4——a (geos0) + O(lgll% + allgl% + 0®[lgllee + 7).
LY = o + Ol + allgl’ + a?llgl% + a¥llglle + o).

We finally get
(54)  F+h)=5:(0") + e’ + Olglli + allgllz + o?llglls + o).

Using the inequality a?b? < sa* + (1—s)bTs for s € (0,1), with a = a and b = ||g|co,
24 2+l

we get that a|g|2, < 50° + 5lgll * and o®||gllee < Fa° + 2[|glloc >

By Sobolev embedding and interpolation, as in the previous section, we have

1
2

(55) lglloo < Cllgllz ™

with 1 — 2 > 8
Since « is controlled by ||h| g, using the definition (52) of g, we have a bound

g”HS )

for ||g|| ms on [to, —l—oo)7 depending only on s and K. We finally get ||g||z:% < C{g*)H,
with > $(2+ 3)8 > 1.
So using (53) and (54), we get that for any € > 0, there exists ¢ > 0 such that
if [|h]|r2 < 4, we have
(1 =e)({g*) + 50°) < (h*) < (1 +€)({g°) + 7a?),
(56) (1 2)(3h(s?) + mrtraa’) < F(1+ h) < gdtoy (2n2(n + 2){g?) + o).

From that, up to taking a smaller §, we obtain

(57) e 2nF(L+h) < (h%) < 7= 2¢/n(n + 2)F (1 + h).

1+€
We now estimate the dissipation term. We use the definition (33) of D(f) and the
Poincaré inequality to get

D(f) = {1+ h)IV(5 (1 +h) — (1 + hw) - w)[*)
((1 + )|V (2 In(1 + h) — (hcos ) cos0)|?)
(1 — ||A]loo){[In(1 + h) — (In(1 + h)) — n{hcos B) cos H]?).

S(h)

(58)

’I’L2

We have
S(h) =In(14+h) — (In(1 + h)) — n{hcosb) cos
= h = (h) — acos® — 5(h* — (h%)) + 5(h* — (*)) + O(|[All*).
We compute

h—(h) — acosf = g+ $a*(cos® 0 — L) + La®(cos® 0—7%2(:059)
~30 = (%) = —3(a” " cost)(eos’ 0 —3) + O(lgl* + gl +o),

(h* = (n%)) = 307 cos® 0 + O(|lg]I%, + ellgl% + a?llgll +a*).

Wl l\.’)l
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So

(S(h)?) = (lg + o (3 — 33) cosO)*) + O(llgll* + allgl® + a*lgllo + a7)

n

(59) = (%) + e + Olgl% + allgll% + a*glloe +a?).

1 1
As before, we get that allgl|% < 1a” + $||g|\z:3 and o?||gll < 2a7 + %Hg”i:s

1
Using (55), we get Hg||§j3 < C{g?)", with 1 > $(243)¢ = 1. So using (58) and (59),
up to taking a smaller §, we have, for ||hl|pz < 4,

D(f) > (1 - )25 (6%) + o)

Now for any C,C" > 0, if we take a and g sufficiently small (so again up to taking a
smaller §), we have that C(g2) + a® > (C"(g?) 4+ a*)2. So we get

D(f) = (1 - &) ey (207 (n + 2)(g%) + a*)2.

Putting this together with (56) and the conservation relation (43), we get that for
any 0 < € < 1, there exists dg > 0 such that, as soon as ||h||z2 < do, we have

8(n—1)(1—¢)

d 3
FF N =P < - s

Then we obtain, for all T such that ||h||z2 < dp on [to, T],

-1 -1 4(n—1)(1—¢) _
(60) FU@) ™ > F(f)~F + A0 g - t),

Then, using (57), we get that for ¢ € [to, T,

-2 5 Vi—e 2n(l—e) -1 4(n—1)(1—¢) _ )
IRz = (14¢€) 2¢/n(n+2) It+e Aoz + (14+¢)3 \/n(nt2) (t = to)

ot

We write ' = 1+
(1—¢)

(a one-to-one correspondence between 0 < ¢ < 1 and C > 1),

)

and we get

1
2

1 2(n—=1) 1y
(61) IAllz> < © |:\/2(n+2)|h(to)||L2 + amry tO)}

So if we take § < min(do, C‘Q\/ﬁ 62) and ||h(to)||2 < 6, we get that ||h| L2 < do

on [tg,T] for all T > ty. Otherwise, the largest of such a T would satisty

— 1 =
o= I < € | S| <o

So the inequality (61) holds for all ¢ € [to, +00), which ends the proof. O

With this proposition, since f tends to the uniform distribution in any H*(S), we
2(n—1) . 1
n(nT2): there exists to such that we have If@) =12 < Nar=n
2(n—1)
n(n+2)’

get that for any r <

for t > ty. We can even get rid of the tg in this inequality since for any r < 17 <
1 1
<

Vit—te) - Vrt’

for ¢ sufficiently large, we have
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As in the previous section, using interpolation to deal with the other Sobolev
norms of the solution would lead, for any n > 0 and ¢ sufficiently large, to an inequality
of the form || f(t) — 1|/ g» < Gyt~ 21", But we can actually do slightly better. Indeed,
we have, following the notation of the proof and using (52),

Rl ae < |all| cos @ g + Coa® + Cslal® + ||gl| z»-

We have || cosf||g» = (n — 1)2. We take to > 0 satisfying the conditions of the
proposition and such that ||h||2 < §. We have that g is uniformly bounded in
any HP(S), and so by interpolation, we have ||g| gs < C,,||gH1L;77 for any n > 0. Now
using (60) and (56), we get

3
(5= (g% + moﬁ)f% > An-DUze? 4y,

7 (1193 /n(nt2)
(14¢) 3 n(n+2)
2n—1)(1—e)3 (t—t0)

3
we have that ||h]|gr < (n— 1)5\/ (fe)*n(nt2) 4 O(¢=1+7). This gives that there
2(n—1)(1—¢) 2 (t—to)

which gives ||g||z> = O(t!) and o? <

. So finally, for any n > 0,

3
exists t1 > to such that for ¢ > t1, we have ||h|| gr < (1+5)(n—1)§\/ (te)Pn(nt?)
2n—1)(1—2) 3 (1—to)

This is true for any € > 0. In conclusion, we have that for any r <

there exists t; such that for ¢ > ¢, we have || f(¢) — 1|l gr < \/%
4.4. Summary. In summary we can state the following theorem.
THEOREM 4.7 (convergence to equilibrium). Suppose fy is a probability measure
belonging to H*(S) (this is always the case for some s < —251 ).
Then there exists a unique weak solution f to Smoluchowski equation (3) satisfying
the initial condition f(0) = fo.
Furthermore, this is a classical solution, positive for all time t > 0 and belonging
to C*((0,+00) x S).
If J[fo] # 0, then we have the following three cases, depending on T:
o If1T > %, then f converges exponentially fast to the uniform distribution, with
global rate (n — 1)(t — 1) in any H? norm.
More precisely, for all ty > 0, there exists a constant C > 0 depending only
on tg, s,p,n, and T such that for all t > tg, we have

-2
n(n—1)P—1(n+2)’

1

1£(t) = e < Clfollmse™ DT,
o IfT < %, then there exists Q0 € S such that f converges exponentially fast
to Myq, with asymptotic rate roo(7) > 0 in any HP norm.
More precisely, for all v < roo(7), there exists to > 0 (depending on fy) such
that for all t > to, we have

I f(#) — Muallge < e ™.

When 7 is close to + we have that 1o (1) ~ 2(n —1)(1 — 7).

o If T =2 then f converges to the uniform distribution in any HP norm, with

n
. n(n—1)P—1(n42)
asymptotic rate \/ ——— 55—
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More precisely, for all v < m, there exists to > 0 (depending
on fo) such that for all t > to, we have

1
1 (&) = 1 zr < T
If J[fo] = 0, then the equation reduces to the heat equation on the sphere, so f
converges to the uniform distribution exponentially with global rate 2nt in any HP
norm.
For the subcritical case 7 > %, we used Theorem 4.1. In the case where p < — "T’l,
a simple embedding gives || f () — 1||m» < || f(t) — 1||H 21, 5o we need only show the

result for p > —"T_l. We get

l — —(n— 7'7l —
IF = U < CllA(to) = Ulmwe™ DD < O (tg)]| e D010,

The last inequality comes from the fact that f(¢9) is a probability density function,
so f(to) — 1 is the orthogonal projection of f(ty) on the space of mean zero functions.
Using Proposition 2.9, we get || f(to)|lme < Ct, |l follm= in the case p > s. Otherwise
we use just a simple embedding to first get || f(¢o)||m» < ||f(to)||m= and then by the
same proposition || f(to)||a» < C||follms -

Then the results in the case 7 < % and 7 = % are a summary of the conclusions
of the two previous subsections. However, although it gives a clear understanding of
how fast the solution converges to the equilibrium, in some sense, this summary is
not as accurate as Propositions 4.5 and 4.6, which give a kind of stability: starting
close to an equilibrium, the solution stays close.

5. Conclusion. In this paper, we have investigated all the possible dynamics
in large time for the Smoluchowski equation (3) with dipolar potential. We have
obtained a rate of convergence towards the equilibrium given any initial condition
and any noise parameter 7 > 0 for any dimension n > 2.

The rate of convergence to the anisotropic steady state, in the case 7 < %,
depends on a Poincaré constant which does not seem easy to estimate. A better
knowledge of the behavior of this constant, for example as the noise parameter 7
tends to zero, would be useful for understanding the limiting case 7 = 0, where
we have existence and uniqueness of the solution. In this limit, the steady states
are given by the sum of two antipodal Dirac masses (1 — a)dq + ad_q with Q € S
and 0 < o < 4. We conjecture that if the initial condition is continuous (and with
nonzero initial momentum), then the solution converges to one of these steady states,
with a = 0.

It should also be possible to get the same kind of rates for the Maier—Saupe
potential, but there the classification of the initial conditions leading to a given type
of equilibria is much more difficult, in particular in the case where two types of
equilibria are stable.

Appendix A.

A.1. Using the spherical harmonics. For the following we will use the spher-
ical harmonics, so we recall some preliminaries results. We fix n > 2 and work on R”
and its unit sphere S,,_1.

DEFINITION A.1. A spherical harmonic of degree £ on S, _1 is the restriction
to S,—1 of a homogeneous polynomial of degree € in n wvariables (seen as a func-
tion R™ — R) which is a harmonic function (a function P such that AP = 0, where A
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is the usual Laplace operator in R™ ). We denote by Hgn) the set of spherical harmonics
of degree £ on S,_1 (including 0, so they are vector spaces).
We know that the space of homogeneous polynomials of degree ¢ in n variables

has dimension (”:f;l) (the number of n-tuples (i1,...,i,) of sum £). Writing an

arbitrary homogeneous polynomial P of degree ¢ under the form P = Zf:o Qi X},
with the polynomials @); being homogeneous of degree i in the first n — 1 variables,
and imposing that P be a harmonic function gives the following conditions (taking
the term in X}~2) for i € [0,¢ —2]: AQ—; + (i + 1)(i + 2)Q¢—;—2 = 0. Finally, the
polynomial P is determined only by the polynomials @), and Qy_1 in n — 1 variables
of respective degrees £ and ¢ — 1. This gives the dimension of the space of spherical
harmonics.
ProrosITION A.2. The dimension of ’Hén) is given by
kén) _ (n+€f2) + (n+€73) _ (nJréfl) _ (n+€73).

n—2 n—2 n—1 n—1

The second expression comes from two successive applications of Pascal’s triangle
rule and will be useful in the following. It can also be seen by the following property:!
every homogeneous polynomial P of degree ¢ can be decomposed in a unique way
as H+|X|?Q, where H is harmonic of degree £ and Q is homogeneous of degree £ — 2.
Tterating this decomposition, we get

|X|Hy,  {even,

P=Hi+ |X|PHy—o+ |X|*Hp—g + - +
e X Heo + [ X1 He-s {|X|f—1H1, ¢ odd,

where the polynomials H; are harmonic of degree ¢. This shows that any restriction of
a polynomial on the sphere is equal to a sum of spherical harmonics (the terms | X|%
are constant when restricted to the sphere). This gives, with the Stone-Weierstrass
theorem, that the sums of spherical harmonics are dense in L?(S,_1) (since they
are dense in the continuous functions). Together with the radial decomposition of
the Laplacian A = M%lar(r"—lar) + T%Aw (where A, is the Laplace—Beltrami op-
erator on the sphere S,_1, which is self-adjoint in L%(S,_1)), we get the following
result.

ProroSITION A.3. The spaces ’H§"), for £ € N, are the eigenspaces of the
Laplace—Beltrami operator A, on the sphere S, _1 for the eigenvalues —€(¢ +n — 2).
They are pairwise orthogonal and complete in L*(S,_1).

We can construct a basis of Hé") by induction on the dimension using the sepa-
ration of variables. We describe this construction and will use it in the following.

For a given unit vector e,, € R™, we take an orthonormal basis (eq, ..., e,) of R™.
Any w € S,_1\ {en, —€n} can be written as w = cosfe,, + sinfv, with § € (0, )
and v € S,,_o. We identify R"~! with the vector space spanned by (e1,...,e,_1).
The special case n = 2 works if we consider Sy = {e1, —e; }.

By convention, the only spherical harmonics on Sy are the constant functions (of
degree 0) and the functions e; — ¢, —e; — —c (of degree 1).

IThis can be shown using the appropriate inner product (P,Q) + P(D)Q on the space of

homogeneous polynomials P of degree ¢, where P(D) is defined as 50T a[aan if P = X?l XA
o OX

and extended by linearity (so, for example, we have that | X|2(D) = A). If we denote by E the space

of polynomials of the form P = |X|%2Q, with Q of degree £ — 2, then the orthogonal of E consists of

all the polynomials P such that for all Q of degree £ — 2, we have (] X|2Q)(D)P = Q(D)AP = 0, that

is, in all the polynomials P such that AP = 0. So the claimed decomposition is just the orthogonal

decomposition on FE and E-L.
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Now, for n > 1, we choose an orthonormal basis (Z}, ..., qus'?_m) of H ™V for
any m € N and we have the following result.

PROPOSITION A.4. There exist polynomials Qg m of degree £ — m such that
if we denote Yé’fm(w) = Qu.m(cosO)sin™ 0ZF (v), then the Yé’fm for m € [0,{],k €
[1, k,(r?_l)]] form an orthonormal basis of Hén).

Proof. Writing Ye’fm (w) = Q.m(cosf)sin™ OZF (v) and asking it to be a spheri-
cal harmonic is equivalent to the following linear ODE for Qg (we recall that the
Laplace-Beltrami operator is given by sin®~" 89 (sin" 2 00y) + —L—A, in these co-
ordinates):

sin?™" Gg( — sin" "1 0Q} ., (cos 8) +m cos sin™ ™3 0Qy 1 (cos b))

—m(m+n—3)Qrm(cos)sin™ 20 = —£({ +n — 2)Q¢ ,n(cos h) sin™ 6.
We write z = cosf, and this equation transforms into
(1—2?) v — (n+2m = 1)zQ) ,, + (€ —=m)(L+n+m—2)Qm = 0.

This equation is a particular form of the Jacobi differential equation, where the two
parameters « and 8 are equal (also called the Gegenbauer differential equation).
One solution of this differential equation is a polynomial, called the ultraspherical
polynomial (a particular case of the Jacobi polynomials, also called the Gegenbauer
polynomials) and denoted by Pi()‘) following the notation of Szegé in [20]. Precisely,
it satisfies the differential equation

(1- x2)y" — X+ Dy’ +i(i +2\)y = 0.

m—1 n
Taking A = m — 1 + % and ¢ = £ —m, we get a solution Q. = O‘mee(fm +2),

where g, is a positive constant of normalization such that Y} is of norm 1

in L?(S,,—1). We have to be careful here because Pi()‘) is not defined for A = 0, and
so the only special case is n = 2, m = 0, for which we have a solution Qo = V2T,
where Ty(cos @) = cos €6 (the Chebyshev polynomial of first order of degree ¢).

So for a fixed ¢, we have constructed a family of spherical harmonics Yé’fm of
degree ¢ for m € [0,4],k € [[1,/6,(7?_1)]}. They are pairwise orthogonal in L2(S,,_1)
since the Z* are pairwise orthogonal in L?(S,_5). The size of this family is ex-
actly

¢ ¢
(62) DRIV =30 () - () = (0D + (0 = K,
m=0 m=0

which is the dimension of Hén), so we get that the Ye’fm for m € [0,4], k € [1, kr(,szl)]]
form an orthonormal basis of H, én). O

From now on, we will use the construction done in the proof. We have that, for a
fixed m > 0, the polynomials Q)¢ ,, for £ > m are a family of orthogonal polynomials

n—1

for the inner product (P, Q) — fil P(x)Q(x)(1 — 22)™ 72 da.

We will use three properties on the Gegenbauer polynomials (see [20]) for the
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following for i > 0, A # 0, and A > —2 (with the convention Pg) =0):

oo Lo 20D+ 2))
(63) [ P -yt = 2 oEHE
(64) i+ 1P =2(i+ NXPX = (i+21-1)PY),
(65) (1-x%)(PVY = m ((H— 2\ — 1)(i + 20) PN —i(i + 1)]31.(;\%) .

We have the following normalization for the Qg y:

1 1
/ @2 (2)(1 — 22y g :/ (1— 22" 4.
-1 -1
This gives the following relation, together with (63):

9 (2 (e+1-m) 9
(66) Qim0 (Crmtn—2) C6m’

By the previous construction, we can decompose g = Zh&mcszfm and we
have fsn,l 9> = Zk,e,m |C§,m|2'
spherical harmonic of degree 0 is the constant function 1). So from now on, the
indices k, £, m of the sum will mean £ > 0,m € [0, ],k € [1, k,(ﬁ*l)]].

We decompose h = Y, , . dj, Y}/, in the same way. We give a first formula in
the form of a lemma.

LEMMA A.5. We have

1
67)  en- /S gV = 5 37 bnl(C 1= Vel iy — ek i ],
n—1 k,4,m

Since g is of mean zero, we have ¢j o = 0 (the only

where by, = Y=ndIvbimin_a 9
¢m N W
Proof. We have

en - VYg]fm = —sin 989Yg’fm = [(1 — X2)Q2’m — mXQg,m] (cosB) sin™ 0Z% (v),

and using the inductions formulas (64), (65), and (66), we get

1
68)  (1—X*)Qlm —mXQem = Slbe—1m(+ 1 —=2)Q-1.m — bemlQet1,m],

where by ., is given in the statement of the lemma. In the special case n = 2, m =0,
using the formula Q¢ o(cos @) = cos 8 gives the same formula as (68), with by = 1.

So we have that [, e, - VY[ Y/} . can be nonzero only if m = m/, k = ¥/,
and ¢ = ¢ + 1. By bilinearity, together with the fact that ijm form an orthonormal
basis, this gives the claimed formula. d

Now we have all the tools to prove Lemma 2.1 (we recall it here).

LEMMA 2.1 (estimates on the sphere).

1. If hois in H=5tY(S) and g is in H*(S), the following integral is well defined
and we have

} / gw} < Cllgll -1l jose:

where the constant depends only on s and n.
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2. We have the following estimation for any g € H*T1(S):

‘/SQV(_

where the constant depends only on s and n.
3. We have the following identity for any g € H*

/ gVA L g=0.
s
Proof. Using Lemma A.5, we get

2 —s+1
04n—1 (Aex1 )2 V5 K —=— ik
e [ g d Y \EE (32) Wk nlNT il
Sn_1

k,4,m

1 5
Z \ e+n 2 (/\e+1) é+1CE+1m||/\ dem|

77m

C”gHHsJ

< Cligl g 1Al -1,

where Ay = £({ + n — 2) (the eigenvalue of —A for the spherical harmonics of

—1/A
R

degree ¢). The last line comes from the fact that the sequences
and “n%( )\X - )% are bounded (they tend to 1), together with a Cauchy-Schwarz
inequality. This gives the first part of the lemma, since this is true for any unit
vector e,,.

Now we take h = (—=A)®g, which is replacing df ,, by Afcf,, in Lemma A.5. We

get

€n - /S gV (=A)g= Z %bLmC?Jrl,mCZm[(é +n— 1)/\§+1 —LA7]

k,4,m

(NI
[SI

~t(=5) |

= s by
< Y0 e mlAF ek all(e+n—1) (32)

k,4,m

< Clgll.

Indeed, we have that % =1-2400?),s0|({L+n-— 1)(&7“)2 —U(2-)3] s
¥4 241
bounded (it tends to (n — 1) + 2s). Since this computation is now valid for any unit
vector ey, this gives the second part of the lemma.
The last part is straightforward by taking h = A_l 19 with Lemma A.5. According
"1

to the definition given in (8), we have df,m = D@D cg m- We get

-1, _ 1 k k (n—1 ‘ _
€n /S gVA~T g = Z ib&mcul,mce,m[(e+1)...?e+n—1) - e(e+1)...(e+n—2)] =0,
n—1 k,l,m

which is true for any unit vector e,,. ad

A.2. Analyticity of the solution. Following [5], we will show that the solution
belongs to a special Gevrey class We deﬁne the space G, as the set of functions g

(with mean zero) such that A A)2g is in L2(S). Using the notation of the
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previous proof, this is a Hilbert space associated with the inner product

L(l4+n—2)
Z o(0+1) D) CZdem'
mtom SO -2
The norm on this Hilbert space will be written as | - ||,

THEOREM A.6. We define r(t) = d min{1,¢}.

If 6 > 0 is sufficiently small, then for any solution of Smoluchowski equation (3)
of the form f =1+ g, with g(0) € H’%(S), we have that g(t) is bounded in Gy
uniformly for t > 0.

Before giving a proof, we remark that the condition g(0) € H- "% (S) is not very
strong since, by instantaneous regularization (Proposition 2.9), we have it for any
time ¢t > 0. The shape of r(¢) is not optimal, and we will provide a more precise
condition in the proof. Now since G, for r > 0, is a subset of the set of analytical
functions on the sphere, we get that any solution becomes instantaneously analytic
in space.

Proof. We take r as an arbitrary function of ¢, and we will denc1>te its time
derivative by 7. For a given solution f = 1+ g, we put h = A~ €27 (=2)% g in (13).

The left-hand side is

. 2ry/L(€+n—2)
<atgﬂ A;E A)z Z gclgm
kém€€+1 (l+n-— ) mde o
1d 8 (Z+n 2) L(Ll4+n— 2| |2
_HZ 2dt \0(0+1)...(0+n— \/NH (€+n—1)\/€—|—n—2

_1d ) 1
= 5= lgllE, =7l (-a) kgl

Using Lemma A.5, we get

_ 1 1 eZT\/(E—i-l)(E—i-n—l) o 627’\/5(2+n—2)
. VA71 2r(—A)2 - - bom k k
e 9 VA1 9=3 kz_e_m R N S VN ()

Z V) +n—T)erVEDEn-l) YUl +n —2)erVilttn=2)

VT (l+n=2)l+n—1) ets1m VIl+1).. . (l+n—2)

|Cf,m|

) Vel +n—1) (er(\/(éJrl)(éJrnl)\/€(€+n2)) 3 er<\/(€+1)(€+n1)\/€(€+n2)))
Vl+1)(l+n—2)

< sinh(r(v2n — v — 1) (~A) i g||2, .

Indeed, the expression /(¢ + 1)({ +n — 1) — \/€({ +n — 2) is a decreasing function
of £ > 0. Since this is valid for any unit vector e,,, we get

< sinh(r(v2n — vV —1))|[(=A) ¥ g||%...

\JH (9. VA2 )

. 1 1 Q2rv/A=T
Now since [[(~A)¥gl2, < g ll(-A)glZ, and [J[h]] < Sl Tlgl), we i
nally get

1d

1 2ry/n—1
—lgllz, + |7 -
2dt vn—1

(¢ sinh(r(van — V= D)| [(-8)}gli, < o—gyp-
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As soon as 7+ sinh(r(v/2n — v/n — 1)) < (1 —e)y/n — 1 and r is bounded in time
(for example, the shape given in the statement of the theorem, r(¢) = dmin(1,t),
for § sufficiently small), using the Poincaré inequality, we have that [|g||Z, satisfies
an inequality of the form g + ay < b with some positive constants a and b. Therefore
this quantity is uniformly bounded, provided g(0) is in G, ). So if we have 7(0) = 0,
we need only that ¢(0) be in H-*= (S). O
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