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Orientation mixing in active suspensions

Michele Coti Zelati, Helge Dietert, and David Gérard-Varet

ABSTRACT. We study a popular kinetic model introduced by Saintillan and Shelley for the dynamics of sus-
pensions of active elongated particles where the particles are described by a distribution in space and orientation.
The uniform distribution of particles is the stationary state of incoherence which is known to exhibit a phase
transition. We perform an extensive study of the linearised evolution around the incoherent state. We show
(1) in the non-diffusive regime corresponding to spectral (neutral) stability that the suspensions experience a
mixing phenomenon similar to Landau damping and we provide optimal pointwise in time decay rates in weak
topology. Further, we show (ii) in the case of small rotational diffusion v that the mixing estimates persist up
to time scale v~ '/ until the exponential decay at enhanced dissipation rate 11/ takes over.

The interesting feature is that the usual velocity variable of kinetic models is replaced by an orientation
variable on the sphere. The associated orientation mixing leads to limited algebraic decay for macroscopic
quantities. For the proof, we start with a general pointwise decay result for Volterra equations that may be
of independent interest. While, in the non-diffusive case, explicit formulas on the sphere allow to conclude
the desired decay, much more work is required in the diffusive case: here we prove mixing estimates for the
advection-diffusion equation on the sphere by combining an optimized hypocoercive approach with the vector
field method. One main point in this context is to identify good commuting vector fields for the advection-
diffusion operator on the sphere. Our results in this direction may be useful to other models in collective
dynamics, where an orientation variable is involved.
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Over the last decade, a significant mathematical effort has been put into the understanding of mixing

mechanisms in kinetic equations. The easiest example is free transport

Of +v-Vaf =0, f(0,z,0) = f"(z,0), weTveR’

(1.1)

The explicit representation f(t,z,v) = f(x — vt,v) shows a filamentation of the support of the solution

1

through time, leading to convergence of the solution as time goes to infinity, in weak topology, despite
the absence of diffusive mechanisms. The rate of convergence depends on the regularity of the data, from
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exponential convergence for analytic data, to polynomial convergence for Sobolev data. When diffusion is
added, leading to

Of+v-Vuof —vA,f =0,

the small scales created by the filamentation allow for an acceleration of the diffusive process; this leads to
an enhanced dissipation on time scales v~1/3 shorter than the usual v 1.

Identifying these phenomena in more complex kinetic equations, either of transport or weakly dissipa-
tive type, linearly and nonlinearly, has attracted a lot of attention. A main example is the analysis of Landau
damping in the Vlasov-Poisson equation of plasma physics, with pioneering works [26, 30]. More recent
works were dedicated to weakly dissipative cases, trying to exhibit both Landau damping and enhanced
diffusion at the same time [2, 5].

Another field where similar mixing phenomena are identified is the one of collective dynamics. A
famous example in this direction is the Kuramoto model, a system of ODEs describing the dynamics of
coupled oscillators, known to exhibit phase transition, from incoherence to synchronization. At the math-
ematical level, the mean-field limit of this system of ODEs leads to a kinetic equation, with unknown
f(t,0,w) describing the fraction of oscillators with phase § € T and natural frequency w € R. Depending
on a bifurcation parameter quantifying the intensity of the coupling, solutions converge weakly either to
the uniform distribution (incoherence), or to the so-called partially locked states modeling synchronization
(and containing Dirac masses in #). It turns out that this convergence is again due to a mixing process, as
noticed for the first time in [37]. Such phenomenon is now fully confirmed mathematically, both linearly
and nonlinearly [7, 15, 20, 4, 17, 16].

In this paper, we will study mixing properties of a popular model describing a dilute suspension of
elongated active particles in a Stokes flow.

1.1. The model. In [36], see also [35] for a review, D. Saintillan and M. Shelley have introduced a
system of PDEs to describe the dynamics of a dilute suspension of elongated active particles in a viscous
Stokes flow. The word “active” refers to the fact that they convert chemical energy into mechanical work.
A typical example are bacteria, which are able to swim and create stress through the use of their flagellas.
To write down the model, the first step is to consider a collection of IV elongated particles (ellipsoids) im-
mersed in a Stokes flow. They are described by the position of their center of mass z; € T3 = (R/(LZ))3
and their director p; € S2,1 < i < N. The choice of a torus of size L for the spacial domain instead
of a real container is for mathematical convenience: it introduces a typical length scale L without prob-
lems related to the boundary of the domain. Neglecting interaction between the particles, one can use the
work of Jeffery about a single passive ellipsoidal particle in a Stokes flow, see [24, 38]. If the typical size
of the particle is very small compared to L, the torque experienced by the particle 7 is approximated by
PpL (vE(u) + W(u)) |z,pi» Where P, =T —p; @ p; is the projection orthogonal to p;, while E(u) and
W (u) are the symmetric and skew-symmetric parts of Vu. The parameter - is related to the aspect ratio of
the ellipsoid, with v = 1 in the limit case of a rod. Note that in the work of Jeffery, u refers to the unper-
turbed velocity field, that is the one forgetting the particles. It is thus defined everywhere on T%, especially
in x;. The dynamics is then given by

& = u(w;) + Uopi, pi=P,1 (vE(u) + W (u))|z,pi + possible Brownian noise.

The first equation describes the velocity of the particles as a sum of two contributions: the first one corre-
sponds to advection by the velocity field u of the flow. The second one corresponds to swimming along the
director p;, at constant speed Uy > 0. The second equation describes the rotation of the particle, which is
known in the absence of noise to experience periodic trajectories (Jeffery’s orbits). As far as we understand,
these orbits are not really observed in experiments, and it is more accurate to perturb them by adding ad-
ditional rotational Brownian motion, of small amplitude v < 1. On the other hand, we neglect Brownian
motion in z, that is translational diffusion. As pointed out in [36, Page 7], it is not expected to play a big
role in the linear stability properties of the model. We stress though that it could be included in the analysis
below, and all the results would then hold independently of the strength of this diffusion.
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(A) Pusher: bacteria with flagella at the back, (B) Puller: bacteria with flagella at the side at
e.g. E. coli. the front, e.g. C. reinhardtii.

FIGURE 1. Illustration of pusher and puller active particles moving to the right. Depending
on configuration, the force for propulsion is differently applied on the fluid, which yields a
different induced flow around the active particle [35].

Besides the swimming velocity Uyp;, another feature of active suspensions that needs to be retained
is the stress that they create on the fluid. Saintillan and Shelley depart here from the work of Jeffery by
including this effect at the level of the Stokes equation on u. The extra stress due to particle ¢ can be thought
as a dipole: the sum of two opposite and close point forces, along the direction of p;: typically, for bacteria,
one point force is centered at the body of the particles, while the other is centered at the flagella, see Fig. 1
distinguishing between two kinds of bacteria: pushers and pullers. One ends up with

N
*AUWLV‘]:aNva'((pi®pi)5xi)’ vx'uzov
i=1
where this appearance of the divergence operator in front of a Dirac mass is typical of a dipole. Depending
on the orientation of the dipole, the sign of ay can be positive (pullers) or negative (pushers). We refer to
[6] for a more rigorous derivation.
Eventually, with the right scaling of aj, and performing a (formal) mean-field limit, one obtains the
Saintillan-Shelley model, with two unknowns:

e U = U(t, z,p), the distribution of particles in space and orientation,
e u = u(t, z), the velocity field of the fluid.

It reads
O + (Uop + ) - VoW + V- (B [(VE () + W (u))p] ¥ ) = vA, Y,
—Axu—l—vxq:avx-/Q\I/(t,x,p)p(@pdp, (1.2)
Vi -u=0, ’
where we remind that
E(u) = % (Vu+ (Vu)'], W)= % [Vu — (Vu)']. (1.3)

The first equation on ¥ reflects transport along the stream lines associated to
& =u(z)+Uop, p="Ppu[(vE(w)+W(u))(z)p]

inspired by the dynamics of the particles mentioned above. It also contains some diffusion term vA,V¥
(v < 1), where A, refers to the Laplace-Beltrami operator associated to possible Brownian rotational
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noise. The other equations describe the Stokes flow, which is forced by the extra stress div o, with ¢ given
by the marginal in p of a¥p ® p.

Let us notice that this model is very close to the Doi model [18] which describes passive suspensions of
rodlike polymers. In this setting, Uy = 0 (passive particles), and o > 0 is proportional to the Boltzmann
constant and the temperature: the tensor o models viscoelastic stress. While local existence and uniqueness
of smooth solutions of both the Doi and the Saintillan-Shelley models can be obtained by standard methods,
the question of global in time well-posedness is harder. In the case of the Doi model, global well-posedness
was proved in [32] for v > 0, and in [9] for v > 0. Actually a look at the proof of [9] shows that it is still
valid for « of any sign. However, for non-zero Uy, as far as we know, global well-posedness is unknown
(except for the addition of diffusion in x, see [6]). It seems to be an interesting open problem, especially
when v = 0: indeed, one can check that the force field in the equation for . [(yE(u) + W (u))p] has
the same regularity in = as o. This is to be compared with Vlasov-Poisson equation, where the force field
has one degree of regularity more than the density p. In the present paper, we will not contribute to this
well-posedness theory, but will rather investigate qualitative properties at the linear level.

1.2. Asymptotic stability of incoherence: main results. A class of equilibria of interest is given by
v =0%p), w¥=0 (1.4)
of which the isotropic suspension W%° = 1 /4 is a particular case. By analogy with the Kuramoto model,

we will call U%*° the incoherent state, as it reflects zero alignment between the orientation of the particles.
The linearized system around (¥%*°, 4% = 0) reads

1
Outh + Uop - Vb + -V - (B [(VE(w) + W (w)p] ) = vAs, (15)
Bt Ve =Ve-a [ vtan)popds (16)
S2
Vz-u=0. 1.7)

Since F(u) is symmetric, W (u) is skew-symmetric and u is divergence-free, we have

Vy - (I=p@p)E(u)p) = -3p@p: E(u),  Vp (I-pxp)W(u)p)=0. (1.8)

Hence the equations become

3
O + Uop - Vatp — 4—% ©p: E(u) = vA,

T

—Axu—i—qu—Vx-a/ Y(t,x,p)p @ pdp, (1.9)
SQ
Ve -u=0.

A partial analysis of system (1.9) is performed in [36, 23]

e in the case v = (0, looking for unstable eigenmodes, the authors manage to calculate an explicit
dispersion relation. They show that in the case of suspensions of pullers («« > 0), no unstable
eigenvalue exists. As pointed out by the authors, this is consistent with the fact that for the full
nonlinear system (1.9), for any o > 0, v > 0, the relative entropy of any solution v with respect
to 1)%° decays. However, the situation changes completely for pushers (o« < 0). In this case,
unstable eigenvalues exist at low enough z frequencies. In other words, the length L of the torus
is a bifurcation parameter: there is a critical value L., computed numerically in [36], such that for
L < L., there exists no unstable eigenvalue, while for L > L., there exists at least one. Above
this threshold, the incoherent state loses its stability, some partial alignment of the ellipsoidal
particles is observed numerically, while the corresponding velocity field develops patterns that are
favourable to mixing of passive scalars advected by the flow. See the nice recent work [31] for
more on the nature of the bifurcation process.
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e in the case of small v > 0, no explicit dispersion relation is available. But numerical computations
in [36], confirm the picture given at v = 0, with some threshold close to L.. This numerical
observation will be confirmed rigorously here.

Our focus in the present paper is on what we call the incoherent regime, that is . < L., both in the case
v = 0and v > 0. Again, some theoretical observations are already contained in [36], see also [23]. For
v = 0, the absence of unstable eigenvalue for the linearized operator in (1.9) does not imply automatically
linear stability, due to the possible unstable continuous spectrum. Numerical simulations in [23] show high
frequency oscillations but no instability. Moreover, some decay at rate (kt)~2, where k is the z-frequency
of the perturbation, is seen for some moment of the solution v with respect to p. Stability of the incoherent
state is conjectured on the basis of these simulations. Regarding v > 0, stability is confirmed by simulations,
but no clear rate of convergence with respect to v is given.

Our aim is to clarify most of these aspects, through a detailed mathematical study of the linearized
equation (1.9). Since x € T3, we take the Fourier transform of 1

wlt) = [ Hta ) e, ke T (1.10)
1 .
e(top) =125 Y vit.p)e™?, (1.11)

2
ke<L73

and similarly for uy, the Fourier transform of u. The Fourier transform of the equation is then

, 3
Ouy + Usik - pox = TLp @ p : Biluwn) + vy,
{ k k i
k= ﬁpklo—kka ]P)kL = <I—®‘k‘>7 Ek(u) = §(k®u—|—u®k‘),

u
14

Of 1= oz/2 Ui (t,p) p @ pdp.
S
Note that for £ = 0, the equation reduces to the simple heat equation
Otho —vApho =0
so that we restrict to & # 0. Moreover, through the change of variables

t u ore] v k «
ti=——, U:=-—0, = , V= , ki=—, €e:=—, (1.12)
Uolk| |k Uolk| Uolk| || |al

the system becomes

, 3T
Ocpr + ik -pihp = —p@p: E(uk) + vApg,

up = iPiopk, Ppo=I—-kek), (1.13)
o = E/SQ Ur(t,p) p® pdp,
where

keS? e==+1 withe =1 forpullers, ¢ = —1 for pushers. (1.14)

In this rescaled setting, our main results are the following:

THEOREM 1 (Inviscid case, pointwise decay through mixing). Let v = 0, ¢i" = ¢i"(p) € H39(S?)
for some 6 > 0, k € S?% ¢ = +landT € Ry. Let ¢y = Yy(t,p) be the solution of (1.13) such that
Yrli=0 = ¥} There is an absolute constant I'. € (0, 4o00], with ', = +oo fore =1, and C = 0(5, F),
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such that if I' < T, then forallt > 0

c n
¢ in
[tk (s ) zr-1-8(52) < (1+t)|!1/)k | ra+5(s2)- (1.16)

THEOREM 2 (Diffusive case, mixing persists for small v up to time v~'/2). Let v € (0,1), ¢i* =
in(p) € H*T(S?) for some § > 0, k € S%, ¢ = +1 and I' € [0,T), with T'. as in Theorem 1.
Let 1, = vyi(t,p) be the solution of (1.13) such that Vyli—o = ;. There exist vy = vo(I') > 0,
C = C(5,T) > 0, such that for 0 < v < vy and t € [0,v~/?] it holds that
Cln(2+1)
(1?2
Cln(2+1t)
1+

After the time v~1/2, we have the mixing estimates with an additional log factor until the enhanced
dissipation takes over.

Jur ()] < 18 11245 s2), (1.17)

[0k (t, )| gr-1-5(s2) < R | 2+ (s2)- (1.18)

THEOREM 3 (Diffusive case, enhanced dissipation at timescale v~/2). Under the assumptions of
Theorem 2, there exist M,n,vy > 0 depending on I, and C = C(6,T") such that for 0 < v < vy and
t> v=1/2 it holds that

fu(8)] < Cmin (| In(0) M, &™) 07| pross ey, (1.19)
—nv / m
el 22y < C(L+ )™ || r2vs s2y. (1.20)

A few remarks are in order.

Remark 1.1. On the torus the largest length scale is L, so that in the unscaled equation the original
wavenumber || is at least 27/ L. This leads to the upper bound

< oL

- 27Uy

Hence the stability condition on I" can be translated into a maximal size of the torus.

r

(1.21)

Remark 1.2. Theorem 1 is the expression of an inviscid damping: it leads to a O(¢~?) decay for the velocity
field uy. Notice that uy involves i, through an average in p: this average allows to take advantage of the
mixing phenomenon. As a byproduct, one has a O(t~!) decay of ), itself in weak topology (negative
Sobolev space). The difference in the rate of decay is very much related to the special structure of uy in
terms of 1. We stress that these polynomial rates cannot be improved, even taking analytic initial data. This
is a major difference with Landau damping, and is related to the fact that the orientation variable p € S?
replaces the velocity variable v € R3.

Remark 1.3. In our proof of Theorem 1, the stability constant I'. that we exhibit when ¢ = —1 is sharp: it
means that for I' > T'. there exist eigenmodes with u; growing. Concretely, condition I' < I'. is equivalent
to the fact that some dispersion relation has no root in the unstable half-plane:

F,(z) #0, VRe(z) > 0. (1.22)
Our rigorous analysis of this dispersion relation, including the identification of I'., is inspired by the work

of Penrose [33] on the stability of plasmas. It substitutes for the numerical analysis carried in [36].

Remark 1.4. Theorem 2, dealing with the weakly diffusive setting, shows that for ¥ > 0 small enough,
the mixing phenomenon persists up to time v~1/2, more generally up to time C' v=1/2 for arbitrary C' > 0.
The fact that ~ /2 is a natural time threshold for our problem is confirmed by Theorem 3: solutions of
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the equation experience an exponential decay after this typical threshold. This exponential decay before the
natural diffusive timescale v~ reflects the well-known phenomenon of enhanced dissipation [3, 10, 12, 13],
evoked in the introduction, although one can notice again a strong qualitative difference between variable
p € S? and variable v € R3. In the latter case, the enhanced dissipation would hold with typical time
scale v~1/3. Here, the typical time scale is much longer, which creates strong mathematical difficulties in
showing mixing up to this time scale, and enhanced diffusion afterwards.

For the transition time until the enhanced dissipation takes over, we show the persistence of the mixing
estimates with additional log factors. In advection-diffusion problems, a diffusion-limited mixing behavior
is often observed [29]. That is, inviscid mixing does not persist as ¢ — oo, rather the ratio of the H ! to the
L? norm converges to a positive constant. This corresponds to the existence of a characteristic filamentation
length scale, often referred to as the Batchelor scale in the physics literature.

Remark 1.5. While completing our manuscript, we noticed the release of the interesting preprint [1], about
the same Saintillan-Shelley model (except for the introduction of an additional diffusion in variable x).
Although paper [1] and ours share a few common features, we believe that they are different enough to
provide distinct and valuable insights into the stability of active suspensions.

Regarding mixing, which is the focus of the present paper, [1] only contains a weaker version of our
Theorem 1, showing that under condition (1.22), a L? in time stability estimate

/ g (B)2(1 + £)3dt < oo
Ry

holds. Our extensive discussion of (1.22), see Remark 1.3, as well as our optimal pointwise in time decay
estimates are not covered. We stress that these pointwise estimates are based on the general Theorem 5 on
Volterra equations, which is of independent interest.

More importantly, [1] does not contain any analogue of our Theorem 2, which is the heart of our paper,
and requires completely different arguments from the inviscid case.

On the other hand, [1] contains the derivation of Taylor dispersion estimates when z € R¢, and two
nonlinear stability results (diffusion in x is crucial there). First, in the case of pullers (¢ = 1), using an
approach 2 la Guo [22], the authors prove nonlinear stability of the incoherent state W**°, both for 2 € T¢
and = € R (but without enhanced dissipation). Second, in the case of pushers, they prove nonlinear stability
of the incoherent state with enhanced diffusion, under the stringent assumption I' = o(v'/2), which allows
to treat the model as a perturbation of the advection-diffusion equation. With regards to these last two
results, and although we restrict here to a linear analysis, our Theorem 3 is a significant progress.

1.3. Key ideas. The evolution (1.13) can be split as
Oubr, = Ly ptbg + Lo g, - ug [ty (1.23)

where
Ly = —ik-p+vA, (1.24)

is the advection-diffusion operator, and uy, is the low-dimensional linear map from the kinetic distribution
to the macroscopic velocity field given by

ug[t] i=iPok, Po=I—-k®k), o:= 5/ Y(p)p @ pdp. (1.25)
S2
Finally, I_/Zk is the vector field independent of time defined by
- 3il
L27k(p) = E(p . k)]P)kJ_p. (126)
Here, we have used that u, satisfies & - u = 0 so that

3T _
Ep@w : B (ug) = Lo g - ug-
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By Duhamel’s formula

. t —
Ui(t, ) = etlrrgin 4 /0 =ik (Lo g - ug[hr (s, -)]) ds. 1.27)

Applying the linear map uy, then yields the Volterra equation

ug(t) —1—/0 Ki(t — s) ug(s)ds = Ug(t) (1.28)

with the source .
Ui (t) = ug [T+t (1.29)
and the matrix kernel K, defined by
Kip(t)v = —ug et 5 (Lyy - v)], wveC3 (1.30)

In the proof of Theorems 1, 2 and 3 the key point is to work on the Volterra equation (1.28) and to show that
uy, decays like ¢~ at infinity. Once this is obtained, to go back to the evolution of 1/}, and estimate its decay
in negative Sobolev norms is direct. Regarding the decay of uy, there are two main steps:

1) To show that the source term Uy, and the kernel K, decay like in the corresponding theorem.
ii) To show that under appropriate conditions on I, this decay passes to the solution u, of the Volterra
equation.

Let us stress that the mathematical questions raised by the second step are not specific to our model, and
can be asked for any Volterra equation. They will be examined in Section 2. Obviously, before relating the
decay rate of the solution to the decay rates of the source and the kernel, a prerequisite is the stability of
the solution. Using the classical theory of Volterra equation, one knows that it is equivalent to the spectral
condition

det(I + LKi(2)) #0, VRe(z) >0, (1.31)
where L is the Laplace transform. Under this condition, we achieve Step ii) by proving Theorem 5 in
Section 2. We provide a short proof, that uses the notion of Volterra kernel of type L°° and the underlying
structure of Banach algebra of this class of kernels

As regards Step i), there is a main difference between v = 0 and v > 0. In the inviscid case v = 0,
considered in Section 3, the evolution e!“1.* can be solved explicitly: the kernel and sources are given by
Fourier transforms on the sphere, whose decay properties are well-known, and analyzed through stationary
phase arguments. This implies that U, and K}, are O(t~2). Moreover, the spectral stability condition can be
fully understood through an analysis a la Penrose, see Section 3, completing the proof of Theorem 1.

For the diffusive case v > 0, we cannot solve the evolution e‘*1+ explicitly and the main effort in
proving Theorem 2 and 3 is to obtain optimal mixing estimates on the advection-diffusion equation. This
is performed in Section 4. In terms of the advection-diffusion evolution e*1, the first result is an enhanced
dissipation result, which can be proved by adapting hypocoercive methods:

PROPOSITION 1.6. There exist constants Cy, 0,19 > 0 with the following property: for every vy >
v > 0 and Y'" the advection-diffusion evolution is bounded for all t > 0 as

L . _ 1/2 .
[[e" k™| 2(g2) < Coe™ " H[W™ | 2 (s2). (1.32)
The main novelty is that the inviscid mixing estimates persists until the enhanced dissipation takes over:

PROPOSITION 1.7. There exist vy > 0 and M > 2 such that for c¢,§ > 0 there exists a constant C' with
the following bounds: For any v < vy, any scalar function F and t < v=1/2 it holds that

_ In(2+¢ ;
/ (etLl,kwm)de‘ < C\/ﬁ‘FHHlJﬂ;’meHlﬂg (1.33)
s2 (1+1)
and
) In(2 +t¢ ;
/ (k™ F Y (p - k) dp| < CLQ)”FHH%LS‘WWHH?M- (1.34)
<2 (1+1)
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Further, for t € [v=Y2, cv=1/?|Inv|] it holds that

/2 (etlrrgim)F dp‘ < CVYH I v|M|| F|| raes |07 || s (1.35)
S

and

/S (e FV(p - k) dp‘ < Cv|Inv|M[|F | gros |9 || 2. (1.36)

The key idea is the use of the vector field method. This method, introduced for the analysis of decay
properties of wave equations [25], was used recently in the context of Vlasov type equations on R [5]. It
allowed to exhibit mixing when 0 < v < 1, despite the loss of explicit representation formula. Let us just
mention at this stage that the key point is to construct good vector fields, meaning that they commute to the
advection-diffusion operator ik - p — vA,,. In the Euclidean setting (1.1), the natural choice J = V,, + itk
works well over the time scale »~!/3, after which enhanced dissipation dominates. On the sphere this has
no good analogue as the obvious generalization J = V,, + ¢V(p - k)t, when applied to a solution ¢ of the
advection-diffusion equation, creates commutators of the form ¢V, with a time integral that can not be
controlled over the large time scale v~ /2. We overcome this difficulty by combining two ideas. We first
introduce a better vector field,

1
v —2iv
Roughly, it allows to replace the bad commutator by one that behaves like v¢(1 — k - p) V1), hence vanishing
near £k. Then, we adapt Villani’s hypocoercivity method [39], using additional weights in time. The key
point of this adaptation is that, besides proving enhanced diffusion at time scale /2, see Remark 1.4, it
provides extra decay information for some quantities vanishing near the poles +k of the sphere. This allows
to control the commutator and apply the vector field method. All details will be found in Section 4.

Using the decay estimate, the proof of Theorem 2 is achieved in Section 5.1. Regarding the enhanced
dissipation estimates of Theorem 3, a key point is to understand the behaviour of the diffusive Volterra kernel
past time v~ 1/2, and notably to check the spectral condition (1.31) for small v. In the Euclidean case, see
for instance [5], this can be proved perturbatively from the inviscid case, using the decay of the diffusive
kernel uniformly in v. In our spherical setting, this is where we need the second part of Proposition 1.7.
This analysis and the proof of Theorem 3 are performed in Section 5.2.

Jy=a(t)V+ip(t)V(p-k), where «(t):= cosh(v—2ivt), p(t):= sinh(v/—2ivt).

2. Volterra equations
In this section we study a general Volterra equation:
u(t) + K xu(t) =v(t), t>0, (2.1)

with unknown v : Ry — C", and data K : Ry — M,,(C) (the kernel), v : R; — C" (the source). The
convolution is here on R, defined by F'xg(t) = fg F(s) g(t—s) ds. We are interested in the global in time
solvability of this equation, and in accurate polynomial decay estimates for solution v under assumptions of
polynomial decay on K and v. The classical path to study this equation, detailed in [21], is to construct the
so-called resolvent of the equation, that is a matrix-valued R : Ry — M,,(C) satisfying

R(t)+ K+ R(t) = R(t) + R+~ K(t) = K(t). (2.2)

Note that the convolution product does not commute when n > 1, so that in this case, the resolvent satisfies
two distinct equations. It is then straightforward to check that if K and v are integrable, and if there exists
an integrable solution R of (2.2), then an integrable solution u of (2.1) is given by u = v — R x v and is
unique.

For the construction of the resolvent, a vague idea of proof is the following. Assuming there is a solution
R to (2.2), and extending both R and K by zero on R_, the relation (2.2) holds now for all ¢ on R, replacing
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the convolution on R by the usual convolution on R. Taking the Fourier transform yields in particular
(I+K@€)RE) =K, YEeR. (2.3)
This suggests to impose the condition
det(I+K)#0 on R (2.4)
and to define
R=F'I+K)'K. (2.5)

This is however too quick. We remind that, in order to obtain (2.3), we have extended our hypothetical
solution R by zero on R_. Hence, we must not only verify that the formula (2.5) makes sense, but also that
it gives a function that vanishes on R_. Condition (2.3) is not sufficient for that. Still, under the stronger
condition

det(I + LK(z)) #0 forall Rez >0, (2.6)

where LK (z f oo e *'K(t) dt is the Laplace transform of the kernel, everything goes nicely. This is
the content of following theorem

THEOREM 4 ([21, Chapter 2]). Assume that K € L'(R.., M, (C)), and that the spectral condition (2.6)
is satisfied. Then, there exists a unique solution R € L*(R., M, (C)) of (2.2). As a consequence, for any
v € LY (R4, C"), (2.1) has a unique solution u € L*(R;,C").

Once global existence of an L' solution has been obtained, a natural question is its decay, depending
on the decay of the kernel and data. While many works, for instance on Landau damping, treat this kind
of question, most results fall into one of the following two types. Either they use weighted spaces and use
the stronger assumption [ |K ()| (1 4 ¢)* dt to conclude from v in O((1 +¢)~*) that uis O((1 4 t)~%),
e.g. [15, 20]. Or they establish LP in time estimates without loss for p = 1,2. Indeed, while weighted L'
estimates behave well with respect to convolution formulas such as (2.2), L? estimates may be established
using (2.3) and Plancherel formula, see [1].

Note that this is a significant loss of information, and a look at (2.1) shows that we may expect much
more: if K, vare O((1+¢)~%) for & > 1, one may hope that u is O((1+¢)~%) as well because this property
is stable by convolution. Our main result exactly shows this:

THEOREM 5. Assume that (2.6) holds. Let o > 1, and assume that K satisfies
IK(t)| < Cgx(1+1t)7%, t>0, 2.7
for a > 1 and a constant C'ic. Then, for any v, the solution u of (2.1) satisfies
sup (14 6)%u(t)| < sup (1 + ¢)*|v(t)].
teR4 teR4

Remark 2.1. Faou, Horsin and Rousset [19, Corollary 3.3] have a related result for specific weights. Our
proof is different and easily applies for general weights, notably weight In(24¢)(1+¢)~?, that will be used
later.

Our proof relies on the analysis of Volterra equations of non-convolution type carried in [21, Chapter 9].
These equations take the form

u(t) + / k(t,s)u(s)ds = ov(t), for almostevery ¢ in J, (2.8)
J

where J is a subinterval of R;. An important notion developed there is the one of Volterra kernel of type
LP, that we introduce here only for p = oco.

Definition 2.2. A Volterra kernel on .J is a measurable mapping & : J x J — M,,(C), such that k(¢,s) = 0
forall s,t € J with s > ¢.
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Definition 2.3. A Volterra kernel is said to be of type L on J if it satisfies
Wellc,s < o0 where [[tll; = sup [ [k(t.s)|ds.
teJ JJ
On J we can define a generalized convolution product

(hy % o) (L, 5) 1= /Jk:l(t,u) ko (u, 5) du

and one can directly verify that the set of Volterra kernels of type L on J, equipped with (4, %), is a
Banach algebra for the norm |||, ;. Moreover, one can show that the space L>°(J, C") is a left Banach

module over it, through (kv)(t) = [ k(t,u) v(u) du.
As for classical Volterra equations, one has a notion of resolvent:

Definition 2.4. Given a Volterra kernel £ on J, a resolvent of £ on J is another Volterra kernel satisfying
r+kxr=r+rxk==%k.
As in the convolution case, the resolvent determines the solution.

Lemma 2.5 ([21, Chapter 9, Lemma 3.4]). If k is a Volterra kernel of type L on J, which has a resolvent
r of type L on J, then, for any © € L*°(J,C"), equation (2.8) has a unique solution & € L*°(J,C"),
given by

a(t) =o(t) — /Jr(t,u)f)(u) du.

|l poo(ry S 0] Lo (-

In particular,

Using the standard von Neumann series for perturbations of the resolvent map in the Banach algebra,
we can control the resolvent around a known resolvent.

PROPOSITION 2.6 ([21, Chapter 9, Theorem 3.9]). If k = k1 + ko is the sum of two Volterra kernels of
type L™ on J, if k1 has a resolvent 1 of type L™ on J, and if

1
52l oo, < I
then k has a resolvent of type L™ on J.
PROOF OF THEOREM 5. For € > 0 (to be chosen later sufficiently small), we consider
a(t) == (1 +et)®u(t), o0(t):= (14 €t)v(t).
By (2.1), they satisfy

u(t) + k(t,s)u(s)ds =o(t), VteR; (2.9)
Ry
with the Volterra kernel
1+ et)®
k(t,s) := &K(t —s) ift>s, k(ts):=0 otherwise.
(1+es)®

By Lemma 2.5 it suffices to show that & is of type L* on R, and has a resolvent of type L> on R;. We
decompose k as

(1+et)
(1+es)>

Clearly, [[k1| o g, < K[z so that ky is of type L*°. By Theorem 4, under (2.6), the convolution Volterra
kernel K has a resolvent R, solution of (2.2). Setting

ri(t,s) == R(t—s) ift>s, ri(t,s):=0 otherwise,

k(t,s) = K(t —s)lsct + < - 1> K(t — s)lger =: k1(t,s) + kalt, s).
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yields the resolvent ry of k; on Ry.. Moreover, [|r1|, g, < [|R||: so thatry is of type L>. By Proposi-
tion 2.6, it then suffices to show that we can make ||k2|[|, g, arbitrarily small by choosing € small enough.
For this last claim, first consider ¢ < \/e for a parameter A > 0. Then

t t N ds o ds’
[ et ntas < [0 g fm s ey [

which can be made arbitrary small by choosing A\ small enough. This A\ being fixed, we consider now
t > \/e and split the integral at ¢ for 0 < ¢ < 1. First,

1 t d
/kgts]ds</ ANy ds
st \\ 1+ edt (14+t—s)>
1 @ ! 1 T\
5(( —i—et) _1>/ ds/ < sup < —i—t/) 1
1+€(5t Ry (1+3)Oc t’€R+ 1+(5t

which can be made arbitrary small by choosing some § < 1 close to 1. Then, for fixed A, § we find
ot 6t
) 1+ et)” d
/ |ka(t, s)|ds < sup t—s/ L+et) N( t+et) / i
0 5€(0,5t) (1+es) (1+t)> Jr, (1+es)>

Pt + et)® < sup (14 er)
e(l+t)*™ 5 er™

€

5 ()\—1 + 1)01604—1’
which again can be made arbitrary small by choosing € sufficiently small. (]

3. Isotropic suspensions in the inviscid case

As the incoherent state is rotational invariant, we can always choose a coordinate system so that k& € S?
equals the coordinate vector e := (0,0, 1)*. More precisely, if 1y [¢)""] is the solution of (1.13) with initial
data ¢*", one has for any rotation matrix R:

Yre[Y™ (R™1)](t,p) = ™) (8, R™'p),
so that it is enough to assume k = e to prove Theorem 1 or Theorem 2. For easier readability we then also
drop the explicit dependence in the index k. The system (1.13) reduces to
Ob = L1 + Lo - u[y)] (3.1)

where Ly = Ly ¢, u[t)] = uc[th], Ly = Lo, see definitions (1.24)-(1.25)-(1.26). By standard methods,
for any ¢ € H*(S?), s > 0, there exists a unique solution 1 € C(R, H*(S?)) N CY(Ry, H*~1(S?)) if
v =0,resp. ¢ € C(Ry, H*(S?))N L2 (R4, H1(S?)) if v > 0, of (3.1). The point is to obtain the decay

loc
estimates, first for u, then for v itself. We consider in this section the case v = 0.

3.1. Volterra equation on u. As indicated in Section 1.3, we can rewrite the evolution for v as a
Volterra equation

u(t) + K xu(t) =U(t)
with
U(t) := ufeT9i],  K(t)v := —ul[e'™ (Ly -v)], veC3. (3.2)
As v = 0, by the definition of -], we find explicitly for a test function ¢ that

ule™1¢] = ie / P.ip(e-p)(e™1¢)(p)dp = ie / P.ip (e p)p(p)e " “Pdp. (3.3)
s2 §2

We recognize a Fourier transform over the sphere, with well-known decay properties, quantified in
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Lemma 3.1. Let M € N, § > 0 and F € H*+1%9(S2) be a function over S?. For a unit vector e € S?
define the integral

1) = / P E(p) dp, 1> 0.
SQ

Then there exist complex numbers ¢y, +, 1 < m < M, and In; = Ip(t) such that

Cm,+ € span ({G’BF(ie), 18] < 2m — 2}> (3.4)
C
Vt Z 0, ‘IM(t)’ S WHFHHQJW+1+5(S2) (35)
and
M . .
I(t) =) (cmpe’ + cm e ) (L+)7™ + Iy (t). (3.6)
m=1

For completeness, we shall provide the proof of this lemma, directly inspired from the lecture notes [8],
at the end of this subsection. In the special case of our source U and kernel K, the integrand F’ of the lemma
contains the projection [P, 1, that is vanishing at p = £k so that Lemma 3.1 with M/ = 1 implies the bounds

U] S 1+ 720" s,
K@) <1+
Hence we find by Theorem 5 that under the spectral condition
det(I + LK (X)) #0 forall ReA >0, 3.7

the first bound (1.15) on the decay of w holds. To complete the proof of Theorem 1, it remains to check when
assumption (3.7) is satisfied, and finally to analyse the decay of ) itself. This will be done in the following
Subsections 3.2 and 3.3.

PROOF OF LEMMA 3.1. We introduce a smooth partition of unity xo, x+, with xo+ x4+ +x— = 1 over
S?, where Y is supported away from p = e and 4 is supported in a neighborhood of +-e. We decompose

1) = Ro0) + 1)+ 10, 1) = [ F@hal)d, 1€ 0+~

By the rotational symmetry, one can introduce coordinates such that e is along the z-axis. Then any
point p € S? can be parametrized as

p=p(7,2) = (V1 —22siny, V1 — 22 cos,2)" (3.8)
for z € [-1,1] and 7y € [0, 27). The surface measure on the sphere is do = d-y dz so that
1 2m
Ip(t) = / e Ry (2)dz, Fp(z) = / (Ex0)(p(v,2)) dv. 3.9
~1 0

The key point is that F} is compactly supported in (—1, 1) so that its extension by zero to R, still denoted
Fy, is in H2M+2(IR). We find in particular that

Vi1, P 0)] = R0 < | Follwarnagy < [ Follwarsage) S IF | gavsis). (310
It remains to treat I (/_ can be handled in the same way). Let
©:B(0,1) CR?> = 8%, z— (z,/1— |z[?).
We find
L= [ T R ) o) de

where j is the Jacobian from the change of variable.
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The key point is that the phase /1 — |z|? has a non-degenerate critical point at z = 0, with Hessian
matrix at zero being —27. By Morse lemma, there exists a smooth diffeomorphism ¢ from a neighborhood
U of 0 in R? to B(0,n), for n small enough, so that /1 — [¢(y)|2 = 1 — |y|?. By taking the support of x
sufficiently small, we can perform another change of variables and arrive at

I = e [ PP () ay

where F is the product of F{y o ¢ o ¢ with a smooth function, compactly supported in U coming from the
Jacobian. Extending F'; by zero outside U, we end up with

_ it —ily[2t et il
I (t)=e e Fi(y)dy = — e FL()dE
R2 R?

with the Fourier transform F+ of Fy and where the last line comes from Plancherel identity.
We can then perform a Taylor expansion

e & [e\™ ]2M
¢ T o (‘%) +O< £M )

m=1

Setting

Cmt = eiiml_l)!<—i>m1 /R ey (€ de = 2weflm1_1)!<—z’>m1[<—mm1F+}<o>

we obtain that

M it
Cm,+€ C A
Lit)=> mtT t I (), () < s 12 Byl 1o
m=1
One can then notice that
€M Byl rey < NQAHIED T 0N po@ey [ AHEN PO R [ p2(re)
S 1F4 | mzmers ey S I1F | ganas g2y

The result of the lemma follows directly. (|

3.2. Stability condition. We now study the stability condition (3.7). This condition was already studied
through explicit numerical computations in [36], but here we provide another angle through the argument
principle which allows a complete solution.

We first compute the determinant.

Lemma 3.2. For A € C with Re A > 0 we have

B 3Te [T 22(1 - 2?) 2 . }
det(1+ LK (\)) = (1 e v dz) ifAZi(—1,1).  (3.11)

3r 3T 21-22) _\’
det(1+ LK(\) = (14 2"Tp2(1-02) + PV 25 202 N A= ibgerb e (~1,1).
4 4i J_4 b+z
(3.12)
PROOF. We remind that
- 31z
Ly = i —(@p-e)p
We again take the parametrization (3.8). We then deduce from (3.2) and (3.3) for Re A > 0 that
3F€ or Zg(l _ 2 sin? sinycosy 0
/ / sin 7y cos y cos®y 0] dydz.
1 A+iz

0 0 0
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FIGURE 2. Encircled area of the curve b — F'(b) for the spectral condition in Proposi-
tion 3.4.

This directly yields the expression for Re A > 0. For Re A = 0 the result follows from continuity and
Plemelj formula. U
Remark 3.3. The principal value can be computed explicitly: forall b € (—1,1),

Pv/_l1 Wdz_zb?’— ;lb+(b4—b2)1nijrz. (3.13)
This is an odd function, that vanishes at 0 and at +b, where b. > 0 can be evaluated numerically to
b ~ 0.62375.

Moreover, the function is negative on (0, b.), positive on (b, 1).

PROPOSITION 3.4. For the inviscid system, one has depending on

(1) If € = 1, then the spectral condition (3.7) is satisfied for allT' € R .
(2) If ¢ = —1, the spectral condition is satisfied if and only if I' < ., where

1 3
— =21 -12).
1—\0 4 C( C)
PROOE. For Re A > 0 define the analytic function F'(\) by
3 +1 2 1— 2
F(a+ ib) = ;/Z_lz(b_i_;)dz if (a,b) & {0} x (—1,1),
3 3t 1221 - 22)
F(ib) = —=—b*(1 = b*) + = PV T " ldr ifbe(—1,1).
() = = v (=t + 5 /Z:_l by, 47 ifbe(-L1)
By Lemma 3.2, there exists then an eigenmode if and only if F' attains in the right half plane the

value /T

By the explicit expression, we also see that F'(A) — 0 as |[A\| — co. Hence by the argument principle
the attained values are exactly those values encircled by the curve b — F'(ib). This curve is plotted in Fig. 2
but can also be understood analytically.

For |b| > 1, the expression directly shows that F'(b) is purely imaginary, while for [b| < 1 we find
that Re /' < 0. Hence it cannot encircle positive real numbers, which proves the first statement of the
proposition.
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In {|b] < 1} the curve crosses the real axis at b = 0 and b = +b.. By the expression of F', we see that it
indeed crosses the real axis at —37b2(1 — b2)/4. Hence we then have an eigenmode if and only if

1
—<4—§1—§
s < SR -8R,
which shows the claimed stability. O

3.3. Control on ). With the control of u we go back to prove (1.16). Again, it is enough to treat the
case k = e. Let ¢ € H'*°(S?). From (1.27), we deduce

/Szw(t,p)go(p)dp:/S2 eePyin (p) dp+/ /S2 t=s)epy, (p)La(p) - u(s)dpds =: I1(t) + Iz(t).

We apply Lemma 3.1 with M = 0, to obtain
1
1™ el res S = 19" sl res,

|h@”§(1+o 14t

as H'19(S?) is an algebra. As regards I, we write

I(t) = /Ot/?( eI Lap)ap) - us) s + //2 e o) L) - ute) dpas

= _[271(t) + IQ,Q(t)'

We bound the parenthesis in the first term using again Lemma 3.1 with M = 0: it follows

t/2 1 B
a0 5 [ g leballmseduts)] ds

< 1 1 t/2 1 in
S T lellpes o ﬁdSW | rr+s

1+t 1+s)
1
N mH@”HHéW | grs+s,

where we have used (1.15) for the second inequality. Eventually, we use again (1.15) to get
t
1 . _
Iro(t)] < —ds ||y Lo||peo
BaO1S [ 4" Lssllo ol

1 .
N mHW”HlHWMHH%%

where we applied the Sobolev imbedding H'*+°(S?) < L*°(S?). This concludes the proof of (1.16) and of
Theorem 1.

4. Decay estimates for advection-diffusion on the sphere

In this central section of our paper we prepare for the results under small angular diffusion v by proving
Proposition 1.6 and Proposition 1.7.

Here we study mixing estimates for the semigroup e'“1.* where Lip = —ik-p+vA k € S2. As
explained at the beginning of Section 3, there is no loss of generality in assuming £ = ¢ = (0,0,1). We
shall later use spherical coordinates (6, ), with colatitude § € (0, 7) and longitude ¢ € (0,27), so that
p = sinf cos p e; +sinfsinpe, + cosbe.

Setting 1(t) = e!Z1.#4)"", we thus study decay estimates for solutions to

Op +1ip - e = VA, pESQ, 4.1)

where, from now on, we suppress the subscript on all differential operators, as it is understood that they are
all with respect to the variable p on the sphere S2.
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A first feature of (4.1) is that the interaction of transport and diffusion leads to an enhanced diffusion
time scale O(1/+/v) that is much shorter than the heat equation one O(1/v). This phenomenon is analysed
in details in Section 4.1. Furthermore, we exhibit an auxiliary time v~ /3 for the decay of ||V (p - €)4| 12, a
quantity that vanishes near the pole. This additional time scale is coherent with classical results for enhanced
dissipation in the Euclidean setting, where the absence of critical points also leads to typical time v1/3,

In the following Section 4.2, we build a vector field J,, under the form

Jy, =a,(t)V +ip,(t)V(p-e)

such that, roughly:

(i) ap ~ 1, B, ~ t over times y1/2,

(ii) J, 1 is well-controlled over times v12,

In the usual Euclidean setting, where ¢ - p is replaced by e - v, v € R?, the vector field J = V,, + ite is an
easy and convenient choice: it commutes with the advection-diffusion operator, so that .Ji) can be controlled
easily for all times. In the case of the sphere, we do not know how to construct such a commuting vector
field. Designing a J,, for which we can show properties (i) and (ii) is difficult, and relies on the refined
estimates of Section 4.1.

By these vector fields we can obtain the first part of the mixing estimates of Proposition 1.7 up to time
v~1/2 in Section 4.3. For the estimates on the longer time scale, we adapt the estimates in Section 4.4 which
then concludes the proof of Proposition 1.7.

4.1. Hypocoercive estimate for advection-diffusion. In this subsection we will introduce the hypoco-
ercive estimates which will yield the enhanced dissipation of Proposition 1.6.
Using the covariant derivatives V as discussed in Appendix A, we find in our case of S? that

VAY = AV — Vi

where the Laplacian A = tr(V?) is the connection Laplacian (the correction comes from the Ricci curvature
tensor which equals the metric on the sphere). Taking the covariant derivative of (4.1), we therefore get

VY +ip-eVip +iV(p-e)y = vAVY) — vV, 4.2)
We explicitly compute A(V(p - €)1)) in Lemma A.1 and this concrete expression yields

o(V(p-e)p) +ip-e(V(p-e)p) =vA(V(p-e)p) +vV(p-e)p +2v(p-e)Vip. (4.3)

We further note that [p - e < 1 and |V(p-e)| < 1. In spherical coordinates, we find explicitly that
|V(p - e)| = sin @ which is uniformly lower-bounded away from the poles where it vanishes linearly.

We now derive several energy identities for the solution to (4.1). In all what follows, (-,-) and || - || stand
for the complex scalar product (with the conjugate on the second variable) and norm on L?(S?) respectively.
For simplicity, we will use the same notations for the scalar product and norm of L? vector fields, or more
generally for L? sections of any tensor bundle over S?. A direct computation using the antisymmetry of the
operator ip - e allows us to derive the L? balance

1d
sl +vlIvel® =o. (44)

By testing (4.2) with V), we obtain the H' balance

1d

gaHWJHZ +V|[VVY[? +v||[VY[* = = Re(iV(p- €)i, Vi) < [V(p- )yl [VY].  4.5)
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Next we find
d
3 ReliVp- )y, Vi) +[[V(p- e)P|* = vRe(iA(V(p- e)v), V) + v(iV(p - €)1, Vi)
+ 2vRe(i(p - e)V, V) + v Re(iV(p - €)1y, VAY)
= —vRe(iV(V(p- e)v), V*9) — vRe(i(p- )b, Ag))  40)
—vRe(iV - (V(p-e)v), Ay)
< |V ([l + IV (V- e)p)]))-
From (4.3) we find
1d
SVl Y| + VIV (V- e)d)l” +v[V(p- )y
=20vRe(V(p- €)Y + (p-€)VY, V(p-e)h)
@.7
=2V vl +v (o V(e V(P
< 20|V (p-e)p|* + 2]y
For positive constants a, b, ¢ to be chosen later independently of v, define the energy functional
E[y] = % [ + avt||[Ve||* 4 260t Re(iV (p - )y, Vib) 4+ cvt® ||V (p - ewn?]. 4.8)

Such a form of time-dependent functional takes inspiration from [28, 14, 40]. Assuming that 2b> < ac, the
mixed term can be controlled by the squares so that

1 avt cvtd
Bl 2 3 [IW1P + SIVul? + S 190 el @9)
Moreover, from (4.4)—(4.7), we deduce that E'[t)] satisfies the identity
d av 2 2, 1o 112 5  3ovt? 2
il < _ = — _ — .
ZB[y] < = (v—3) IV — art| V2|2 — (vt = 5= ) IV (- )|
4.10
— |V (V(p- e))|I” + 26vt| V|| [V (p - e)dbll + avt]|V (p - e)y[| || Ve| 10
+ 40”2 V20| (101l + IV (Y (- e)9)]) + 2028 ([ V(p - ) + [19]1%).
It follows that
d v av 9 av’t 9
_ < = _ = _
B0 < - (5 = 5 I9ule - 2 v
2 3evt? 2,3 2 .2 2 .2 2
— | but® — 5 —2cv°t” — 2a”vt” — 8b°vt” | |V(p - e)|| (4.11)

5 8bRAt3 166 :
- (e = D) 19w i + (1 ) el

We will choose the constants according to the following lemma, which is crucial for the subsequent analysis
and holds for the longer time-scale v~

Lemma 4.1. For any 6 > 0, there exists by such that for the constants a = 62/3, O<b<bygandc= 32b2/a
and for all times t < v~ it holds for 0 < v < 1 that
d

v 2
EE[¢]+§HV¢H +

av’t but? c*t3 1662
T+ IV wlP+ IV T el < (K0 4 2c) 2w,
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PROOF. By the choices a = b2/ 3, ¢ = 3202 /a and the constraint ¢ < Sv~1/2 the result follows from
(4.11) as soon as

3 b 3 b
EC +2¢8 + 2a* + 8b* < 5 © < + 25> 16643 + 263 4-8b? < <3
Hence we find the result for a small enough bg. (|

To conclude the enhanced dissipation from the previous lemma, we need to control ||7/||. This is achieved
by an interpolation inequality involving ||V (p - €)% ||, which gives a good control apart from the poles +e,
and || V||, see also [1, Lemma 4.3].

Lemma 4.2. For all 0 € (0,1], all vectors e € S* and all complex-valued g € H'(S?), the following
inequality holds

g
a'2|g|* < §||V9H2 +2|V(p-e) g|*. (4.12)

PROOF. Introducing the spherical coordinates (6, ¢), with latitude 6 € (0, 7) and longitude ¢ € (0, 27),
the inequality (4.12) becomes

(o
gl < 5 [ (10wl +

Now, for o < 1, we have
o1/2

909|2> sin 0 df dep + 2]|g sin 0. (4.13)

1/2 1/2

gl = o'/ lgsin 0] + o/%||g cos O]|* < [|gsin]* + o'/2||g cos 0. (4.14)

Moreover, an integration by parts entails
g cos B> = / cos 00p(sin 0)|g|*> sin @ df dyp = ||gsin||* — ||g cos 8]|> — 2Re(dgg cos b, g sin 0)
SZ

<o ?|gsing|* — g cos 0] + o/*|| gy,
implying
o'2lg cos ]* < llgsinII” +  l|vgll” (4.15)
Combining the above estimate with (4.14), we obtain the desired estimate (4.13). ]
We can now conclude the enhanced dissipation.

PROOF OF PROPOSITION 1.6. Fix the constants a, b, ¢ according to Lemma 4.1. Let A > 0 to be fixed

later independently of v. Let vy such that 4“” 2 < 1. From the definition of E[¢], we have, for all v < 1y, at
1/2

time t = \v—
A3y -1/2
B > 21l + 290 + 296 e

2
(2rv<p-e>ww “”uvwr?)

1
5 (1 (a0)/202) w1,

where the last line comes from Lemma 4.2, with o := 4“” < 1. By the evolution estimate of Lemma 4.1

)\3 1/2
> - 2 AV T
> i+ 2

v

we also find (as ||| is non-increasing), that at time ¢ = /\V_l/ 2
1 . ,
Bly] < gl + A2
Hence we find that at time ¢ = )\1/_1/2,

)2 < —E 2N

in||2
< ama I
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Taking A small enough (depending on a, b, ¢ but independently of /), the factor at the right-hand side is less
than 1, which implies exponential decay with a rate proportional to v/*/2. U

4.2. Hypocoercive estimate for vector fields. In this subsection we introduce the vector fields to show
the mixing estimate Proposition 1.7 for > 0 when the semigroup e*“! cannot solved explicitly. This has
already been used in a few instances for mixing estimates [5, 11]. In terms of L1, the evolution of 1) of (4.1)
can be written as

(O — L)Y =0, Ly =—ie-p+VA.
and the idea is to find a vector field J for which we control Jv. A natural candidate for a vector field is

J =V +itV(p- e), which commutes with the inviscid part of the equation. However, it does not commute
well with the diffusion operator. Namely, we find that

(0y — L) JY +vJy = 2iut(V(p ce)+ (p- e)V@D).

By Duhamel’s formula,

J(t) = e J(0) 4 2iv /0 LU= (T (p - e)yp(s) + (p- e)Vib(s))ds.

If we were to rely only on the straightforward (yet optimal on time scales O(1)) bounds
[(s)ll2 <, [[Vp(s)ll2 < C(1 +5),

we would get

t
7002 < 01+ v /0 s(14s5)ds),  we<uI

The second term behaves like Cvt3, and therefore diverges for ¢t > v~ 1/3

the enhanced dissipation one for this problem.
To overcome this issue, we introduce the viscosity-adapted vector field J, of the form

Jup = a(t)V +iB(t)V (p - ). (4.16)
for scalar functions o« = «v,,, 8 = ... For the evolution, we then find

(at ilp-e) — VA) (@VY) = o/ Vi) — iaV(p - e)t — vaVip,
(0 +ip- ) = vA)(IBV(p- e))) = BV (p- €)= BV (p- e+ 280V ((p- )0).

In order to control the commutator error terms, we set

B'=a and o =28

, which is a faster time scale than

and thus take

a(t) = cosh(V=2it) and B(t) = \/%sinh(\/jiut).

2 we see that & ~ 1 and 3 ~ t. By this choice, we find that now X = J,1

For the time frame ¢ < vl

solves
<6t +i(p-e)— yA)X +vX =2ipvV([p-e— 1Y) (4.17)
or
: 2ifv 232 ,
(at +i(p-e)— 5 [p-e—1]— VA)X +vX = —Ty[p ce—1]V(p-e)yp +2ifvV(p-e)i. (4.18)

The gain from the adapted vector field J,, is that the right-hand side now vanishes at the north pole p = e.
As the enhanced dissipation estimate from Section 4.1 provides better decay properties for quantities that
vanish at the poles +e, this will provide a better control of the source term, and in turn a better control of
X. Obviously, the right-hand side still does not vanish at the south pole p = —e, so that we need to localize
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the estimates away from this pole. Symmetrically, one could construct another vector field X for which the
roles of the north and south poles would be reversed.

To obtain good control of X (away from the south pole), our starting point is Lemma 4.1 with § = 1.
After integration in time, using that [|¢)(¢)|| < [|¢™| for all ¢, we get for all £, < v~ that

sup (]2 + vtV |2 + vV (p - e)u?)
te(0,t+)

t .
- /0 (VIVEI2 + 21V (- ) + V22| + V(T (- ) ) S (1 + vt 42

(4.19)
From there, as a preliminary step, we deduce a few easy bounds on X and R:
Lemma 4.3. There exists vy > 0, such that for all 0 < v < vy and all t, < v=Y it holds that
s ts ’/3|2 )
| viiaes [TV Rars sup (jof + 1) 0 e,
0 0 [ 7t*]
Furthermore, for
R=2ipvV([p-e— 1) (4.20)

and any cutoff x excluding the south pole —e we have

ts 2 ‘
[tz ars s (laf + )@ etyom e
0 (0,¢%]

In particular,

u—1/2 y—1/2

V2H| VX dt + /0 HRXIZ dt < o

v—1/2
/ VHX\?dtJr/
0 0

PROOF. The bounds relative to X follow from the definition X = aV + iV (p - €)1y and from the
hypocoercive estimate (4.19). For the control of R, we decompose

5 2
AR < 225t (- e - UVex? + loxtP) < € (1) 26 (1950 omt? + o)
and the estimate also follows from (4.19). O]

We now state the key estimates of this paragraph, where we first focus on times up to /2. In the first
iteration, we use the nested cutoffs y and x’ excluding the south pole —e.

Lemma 4.4. There exists vy > 0, such that for all 0 < v < vy and cutoffs all x,x' : S* — [0, 1] such that
X' = 1 on the support of x and such that —e does not belong to the support of X', one has for some C > 0
the estimate

sup (XX + vt VXA + vV (- €) @ Xx]?)
t.€l0,v=1/2)
v—1/2

b (AT + IR + 2T ) @ X + AV (V- ) 0 X)) e
0

<c <IIW'"H%1 + /O

Before the proof, we show that iterating this estimates shows the estimate with the sharp rates.

v—1/2

VEV(p-e) ® XX/H2dt> .
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Corollary 4.5. There exists vy > 0, such that for all 0 < v < vy and cutoff x : S* — [0, 1] such that —e
does not belong to the support of x, one has for some C' > 0 the estimate

sup  (IXx|2 + vt VXX + vV (p - €) @ X
te[o,v—1/2]
v—1/2

b [ (AT IR+ V€)X + V(Y- ) 0 X)) e
0
< Clp™ 3.

PROOF. Consider nested cutoffs x, x’, x” : S — [0, 1] such that x’ = 1 on supp x and X" = 1 on
supp X’ and x” excludes —e.
In a first step, applying Lemma 4.4 with y’ and x” yields in particular with the factor '/2 the bound
—1/2 L—1/2
[ PRI e XxIP < o o [T eIV o e Xy
0 0
J1/2

< OV Py + O /0 IXI2 < 'l 2

where the last inequality comes from Lemma 4.3. Hence we gain the control

v—1/2 —1/2
.}G

v
POV XNIP< [ Vo 8 XX < O,
0
so that the corollary now follows by another application of Lemma 4.4. ([l

We now come to the proof of Lemma 4.4.

PROOF OF LEMMA 4.4. The basic idea is to reproduce the hypocoercive estimates of Section 4.1,
where we have additional contributions from the cut-off x and the remainder R. We rewrite (4.17) as

(O +ip-e—vA)X +vX =R. 4.21)

We find
& S + XX = v Re(Xx, AXx) + Re(Xy, Rx)
< | VXX + 20| VX x| [Vx ® X + Re(Xx, Rx).
For the last term, we use the explicit expression (4.20) of R and integrate by parts to find
Re(Xx, Rx) < 2|8lv (2 VXX + [IXVXIDII(L —p- e)yx]l < CvIBI(IIVxX] + IXVXI)IV(p - )yl

It follows from Young’s inequality that

1d v
S| Xx|P+ 2| VXX|? < E 4.22
S I XX + LIV X2 < B, (422)
where, for some absolute constant C,
Ei(t) == Cw|X|?>+vIBP|V(p- e)v|?). (4.23)

For the gradient, we find, using the commutation VAX = AVX + O(|VX]), see Appendix A:
1d
§ay\vxx||2 +v||[VXx|* = vRe(VXx, VAXY) — Re(VXx,iV(p-e) ® Xx) + Re(VXx, VRYX)

< —V[[VVXX|? + 2v]|Vx @ VX[[[VVX ]| + Cv[[VX x|
T IVAXIIV(P-e) © Xx|| + |AX X [ Bx[l + 2[[VX x| 1R @ V]|
Hence, by Young’s inequality,
1d

v
5 31 VXXIP + IVVXAP < VXXV - €) © Xx| + Ea (1), (*.24)
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where, for some absolute constant C,

1
Balt) = € (VIVXI + SIRVI)

(4.25)
For the mixed term we find
d
3 ReiV(p-€) ® Xx, VXX) + 20 Re(iV(p - €) @ Xx, VXX) + [[V(p-€) @ Xx|P?
=vRe(iV(p-e) ® AXx,VXx) +vRe(tV(p-e) ® Xx, VAX )
+ Re(iV(p-e) ® Rx, VXx) + Re(iV(p-e) ® Xx, VRY)
< Cov[|[AX X[ (IV(p - e) @ VXX[| + [ Xx]| + VX - V(p-€)X]])
+ Co (IV(V(p-e) @ X)x|[ + [XxID [ Bx]l + Col[V(p - e) @ X[ [[VXx @ R]|.
It follows by Young’s inequality that
3 Re(iV(p-€) @ Xx, VXx) +|[V(p- €) @ Xy
< Cov | AXX] (IV(V(p - e) @ X)xIl + [ Xxl) + Es(t),
where
Es(t) == Cov | AXX[[[IVx - V(p- )X + Co (V- (V(p-e) @ X)x|| + [IXxI) [|1RX]- (4.26)
Finally, we find using the explicit calculation of Lemma A.1 that

1d
S IV-e) ® Xx|*+v|[V(p-e) @ Xx|?

=vRe(V(p-e) @ Xx, A(V(p-e) ® X)x) + vRe(V(p-e) @ Xx, V(p-€) ® Xx)
+2vRe(V(p-e) ® Xx, (p-e)VXx) +Re(V(p-e) ® Xx,V(p-e) ® Rx).
For the contribution of R, use the explicit expression of R and the definition of X to find that
Vip-e)@ R=V(p-e)®2ipvV([p-e—1]1)
= 2 V([p- e — 1)(X — aVe)) - 2iBvV2(p-€)lp - e — 14,
so that
Re(V(p-e) @ Xx,V(p-e) ® Ry)
< Cv(IV(V(p-e) @ X)x| + IV (- ) @ Xx||) (IV(p- ) @ XXl + [allIV(T(p- €))l| + fal ] )
+CvIBlIV(p-e) © Xx[lIV(p-e)d].
Hence we find

1d
S IV €)@ Xxl2 + vV (p-e) @ X

< —v[|[V(V(p-e) @ X)x|* +2v[|V(p-e) @ Xx|*> + Crv|| X x||* + Ea(t),
where

Eu(t) = Cuv|| V(T (p-€) @ X)xl| (IV (- €) @ XX'|| + [l V(V(p- )| + lal ] )

+ ClV(p- €)@ Xxl(IX] + IV (- €) @ X' | + [all V(Y (p- eyl + lalllv]])
+ CBlIV (- €)@ XXV (- e,

From here, we can proceed exactly as in the proof of Lemma 4.1: for suitable positive constants a, b, ¢, vy,
for all v < 1y, an energy of the form

1 )
BX] = B[] = 5 [IXxI? + avt| VX x| + 26082 Re(iV (p - €) © Xx, VXx) + vt |V (p - €) X x|
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is both coercive .
a C
BIX] 2 5 [IXIP + Svtl VXX + Sve |V (p - €) X2

and satisfies for times ¢t < v~ the inequality

d but? cv?t?
L a0+ 21w + e + 9 0 0 X+ LEITT0- 0 © X2
< Cv t3||Xxﬂ2 + B (t) + thEg( ) + bt E3(t) + cvt® By(t).
(4.27)
Thanks to (4.19) and Lemma 4.3, we have for all ¢, < ! that
b b
/ E1+/ vty S sup (Jaf? + s )+ A 2 (4.28)
[0,¢]
In particular,
v—1/2 v—1/2
/ £y +/ vtEy < 1.
0 0
Regarding F3, we have by Young’s inequality that for all £ > 0:
V? By < k%t VVX|? + Co*3||V(p - e) @ XX|?
+RAEIV(V(p - e) @ X)x|? + k8| Xx|? + Cutl| RY||°
< K(VHVVX|? 4+ 8| V(V(p-e) @ X)x|?)
+ OBV (p - €) @ XX'||* + 26| X x| + Es,
where still using Lemma 4.3, we have for all ¢, < v 1
t 2 A
/ By < / e 5 s (|oé|2 ’ﬁi )L+ e 4.29)

In particular,
1/2 —1/2

v v
/ By < / R < 1.
0 0

Regarding F4, we estimate for all ¢ < v~}
v Ey < sV (V(p-e) @ X)x|
+ C* 8 (IIV(p- ) @ XxI2 + a2V (V (p - ) + laf[[v]?)
+avt?|V(p-e) @ Xx|? + Co’t || X|° + Cot* 81|V (p - )9
<k(PEIV(V(p-e) @ X)xIIP + vV (p-e) @ Xx|I*) + Cur*t*|V(p- €) © XX||* + Eu,
1

where, for all ¢, < v~
e _ te
Bt [ vx|?
0 0
t*
4 [ (PPN @ X P+ 2Rl o P + BRIV G- 9vl?)  @30)
0

2
< sup (Jof? + ) (1 v 2
[0,£5] t
Here we used in the last step (4.19) and Lemma 4.3. In particular, this shows

—1/2

v ~
/ B <L
0
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For x small enough independently of v, and forall t < v~ !, we get

d but? c
3 PIX]+ *HVXXIIQ HVVXXHZJerV(p e) ® Xx|* + (V(p-e) ® X)x|

<OV X x| + C/l/zt?’”V(p ) @ Xx|I? + E1(t) + avtEy(t) + bE3(t) 4 cEy(t).

4.31)

~1/2 using the bounds on E1, Es, E5, E4. O

The desired inequality follows by time integration from 0 to v

To obtain a good decay rate for the velocity field of our linearized model, we will need to control also
the L>° norm of ¢ near the pole. This is the purpose of the next lemma.

Lemma 4.6. There exist absolute constants C' > 0 and vy > 0 such that for all v < vg and t < v=/2 it
holds that

X (t,p)|* < Ve |[iee +C (L —p- et +[L—p- eV + [L = p-elvt® + 1) [T

PROOF. Using the Leibniz rule for the covariant derivative, we have

1
SAIXP = g(AX, X) + [VXP,

where A X still refers to the connection Laplacian of the vector field X and where | X | = /g(X, X) is the
usual norm induced by the metric on tensors. Back to (4.18), it follows that
’X‘Q 2 2 25° .
(0y —vA)—— +V|VX|" +v|X|* = (——I/[p e—1V(p-e)y +2ipvV(p-e), X)  (4.32)
so that
X 2 1B 3 2 M _ >
(O = v) G < X+ Cor Lottt + O vl —p- el

< vt X[+ (v = p- e + wtl — p- e]) 16 3

where the latter inequality holds for all ¢ < v~1/2. It is then easy to find absolute constants ¢ > 0, vy > 0,
aop, ai, asz,as > 0, such that for all v < vy, the function

f= (aoyt4[1 —p- 6]3 + a11/2t5[1 —p- 6]2 + agut2[1 —p-el+ ag) Hl/)mH%oo
satisfies
(0 —va) (e IXP - f) <0 we<uTR

The lemma then follows from the maximum principle for the scalar heat flow on the sphere. g

The estimates on X = .J,1/ can roughly yield a decay like ¢~!. For the sharp decay of ¢~2 for the
velocity field, we need to iterate and thus also need a control of J,X = aVX +i5V(p-e) ® X. From
(4.17), we get

(@ +i(p-e)— VA) J X +vJ,X = —va[A,V]X —ifvV(p-e) @ X + 2ifvV([p-e — 1]X) + LR,

where we recall R = 2ivV([p- e — 1]1)). By Ricci’s formula, see Appendix A, one has [A, V] X = RVX
for some tensor R so that

—valA, VX = —vRJ,X +ViBRV(p-e) @ X
and eventually
<8t+i(p-e)—VA> J,X = —v(R4+1)J, X +viB(R—1)V(p-) @ X +2ifvV ((p-e—1)X ) +.J, R. (4.33)

Using the previous estimates, we shall prove:
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Lemma 4.7. There exists vy > 0, such that for all 0 < v < vg and cutoffs x : S* — [0, 1] such that —e

does not belong to the support of x, one can find C > 0 independent of v satisfying for all t < v—1/2
17, X (#)x|1* < Cllv™ |-

PROOF. Let x, X’ such that x’ = 1 on the support of x and such that —e does not belong to the support
of . Performing an L? estimate on (4.33), we find after standard integrations by parts that

S S XXIP VIV LXK < VLX) X © Vx| + Ol X
+ OVIBIIV(p-¢) ® Xl Xx]
+ 2018 |(p - e = 1) Xl (I V1, Xcl| + 21, X © V)
+ Re(J,Rx, J, X x).

It follows that
1d
2dt

We first notice that

v TXX |2 +vB2(V(p-e) © Xx|* S vlalP VXX |+ vIBPIV(p-e) @ XX|*.

For the last term, we use that

JuR = 2iV5JVv([p € 1]1@ = 2iV/BV([p "€~ 1]Jl/¢) + QiVB[Jm V([p € 1])]¢
=2iwpV(p-e—11X)+2iwp[J,,V([p-e—1])]¢Y = R + Ra.

For the first part, we find by integration by parts that

Re(Rix, J,Xx) < 20181 11(p - e = )X (91, X ]| +2]11, X © Vx])).

14
17,5X1* + IV LXN* < OV L XX+ CoIBPIV(p - ) © XX + (TR, Ju X X)-

This right-hand side was already encountered above and we bound it as

Re(Ryx, JuXx) < gl!VJuXxH2 + V|| XX |2+ CvIBP[V(p - e) ® Xx|*.
For the other component, we further compute that

Ry =2ivBaV (V(p-e)yp) + 2v8°V(p-e)(p-e — 1)t := Ry 1 + Rao.
One has
Re(Rz1x, J,Xx) < CvlaB||[V(p - el (IIV A X x| + 119X @ V),

so that one ends up with

Re(Ra1x, ,XX) < 5[V XX + Coll X' | + CrlaB RV (p - )
Eventually, we notice that

Roo = %Vﬂ(p re—1)(X —aVy),
resulting after integrations by part in
Re(Ro2x, JuXx) < C|B]l|(p- e = )X x| L X x|l + Cvlap|V(p - )bl (IVLXxX] + 17, XX]])
< %HVJVXXH2 +C|| B XX|P + CYIBP(IV(p- ) @ Xx|? + [V (p- e)y]?).

(4.34)
Hence, collecting all these bounds, we find for all ¢ < v~ ! that

1d

v
5 a1 XX + IV XX S E@) (4.35)
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where
E(t) := v]aP[VXX|]P + v|BPIV(p- e) @ XX'|I? + v]eB|*||V(p - e)v|>. (4.36)
Fort < 1/_1/2,
E@t) SVIVXX P+ v V(p-e) @ XX|I? +vi?|V(p- e)e|?
and thanks to Lemma 4.4, one has foyim E(t)dt < C, independent of v. This yields the claimed estimate
for J,X. ]

4.3. Mixing estimates. We now show how the obtained estimates can be used to obtain the mixing
estimates up to time v /2 of Proposition 1.7.

PROOF OF PROPOSITION 1.7 FOR TIMES UP TO v~ /2. We start with the proof of the first inequality.

We split the integrand
[ o0Fa= | voFxdp+ [ sOP1-x)dp
S2? S2 S2

where x is a smooth function which is 1 near e and 0 near —e. By symmetry consideration, it is enough to
show the decay for sz ¥ (t)F'x. We introduce a cutoff . which is 1 in a ball of radius € around the pole
p = e, zero outside a ball of radius 2¢, and satisfies | Vx| < e~!. We write

/wadp—/ waexdp+/ GF( = x)xdp = I + Iy,
2 §2 S2

As [[Y)]|Loe < [[9h™]| Lo, We get
11| < CE||F||oe||9)™ || oo -

As regards I, we write

/wF(l—xe)XZ/Vp e) -e)y |V(F ),2(1 Xe)X
= ./V(p-e)-(X—avw)}iz(l—xe)x
8 V(p-e)l 437)
. .
- ﬁ/w VARG ap! TN

/¢V ( )|V(F )’2(1 —XE)X> =11+ Izp.

We introduce again spherical coordinates (6, ¢), with colatitude # € (0, 7) and longitude ¢ € (0,27), so
that p = sinf cos p e, +sinfsin p e, +cosf e, and V(p-e) = — sin fey, while the surface measure on the
sphere is ds = sin #dfd. For the first term, we find that

x| / |
F|lpo / ——yds < F||lpo ——ds Xx
IBIH I foo. Tsind \m” I\ J o Tomap %) 151

1
ek / 1 :
Flpe - do X < F|lpee/|Ine||| X

SIS

0]> | sinb|

In particular with Corollary 4.5 this shows for times ¢ < v~1/2 that

Vel [ .
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For the second term, we get
Q |F| 1 |[VF|
Ly <C|= VXe|— - F - d
|22 < ‘ﬁ|/|9|>6’w (‘ X‘|sm0\+\smﬁl2’ H_\smﬁ\ 5
« : 1 1
<= |||y L°°( F Loo/ ————ds + ||F' Loo/ ————=ds
\ﬁ\H e [ I1F]] s o/ £]S00) IE] ol [0 02

1 1/2
+ ”FHH1</|9|>6 ]sin9|2d8) )

< O Gl el (1 2 + 1 ).

—-1/2

In particular for times ¢t < v it shows that

1

C .
[I22] < = [lnel [¥" || zoe (I Fllzoe + [1F][ )

Taking € = % yields the first inequality.
As regards the second inequality, we write

/wFVpe ﬂ/ X —aVy)x B/FX)(—F/z/JV (Fx) = J1+ Jo.

Applying the first inequality to the integral in .J5, we find for times ¢ < v~'/2 that

In(2 +t)

| 2] <C 2

1™ gz | F | s

The term J; is similar, except that ¢ is replaced by X, on which we have a weaker control. Using the same
strategy as in the proof of the first inequality, we can write

1 1 1
Ji=—= | XFx=— | XFxe — [ XF(1—x)x =: K1 + Ks.
1 zﬂ/ X Z.5/ XX+@B/ (1= Xe)x =t K1 + Ky
We treat K as I, except that we use Lemma 4.6 as a substitute to the L°° bound on 1. We get
C .
1Ky | < ?(62 Ve vttt 1 UV 2EE) [ e | B oo

We then treat Ko as I3, resulting in

F
Ko= [ V0 AX gl - xx

(4.38)
F
+ [ XV (V0 Ol xx) = K+ s

As before we find
|K2a| <

WQHJ y X[V [ el [ F zee

which yields in particular for ¢t < v~/ that

o
< S 19" 21 Flzee v/ lne].
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For K o, we further decompose it as

Kz,QZBO;/XVXs‘ <v( !2X> /X — ) .<v( . )Mx)
_ ;/vae- (V( ’2x>
i [ XS < >|2X>
v

-5 [ xv (0 )rvv<(p 5 (V(p'e>wﬁ¥>wx>>_:Hl+H2+H3'

For H; we obtain the bound
C |a

1Pl [ 1]
‘B|2 e<|0|<ce
we get by Lemma 4.6 that

|Hi| <

and in particular for times t < v~1/2

C .
[H| < - (e + Vot + vt?23 4 v 242 | F| poo |0 | ppri,oe -
For Hs, we compute

N [
Ho|l < C —=||F|ly1.00 _—
Hal < gl Fllwee | TP

it shows by Lemma 4.7 that

dfdy <

C lof
= 153 1 Fllwre | Jo X

18]
In particular for ¢t < y1/2

/

C .
| < 2 | Pl 97 1

Finally,

|Oé|2/ (FI+IVF])  (F|+|VF])  |V*F|
H3 < C X Xe . . , .
sl < 1813 X VXl | sin 62 |sin @3 | sin 6|

In particular, for t < v~1/2 we use Lemma 4.6 to find
C )
] < G (2 4V + 204 ) + 0216 ) [0 e [P s

Taking € = % yields the second inequality. U

4.4. Mixing estimates after time /2. In this subsection, we prove the remaining estimates in Propo-
sition 1.7, i.e. for times ¢ € [v~ /2, cv~1/2|Inv|]. The general idea is the same and it has already been an-
ticipated in the previous subsections. The main difference is to notice that we cannot approximate anymore
a by 1 and 3 by ¢ but that « and /3 are exponentially growing in this time scale.

PROOF OF PROPOSITION 1.7 FOR TIMES AFTER v~ 1/2. Performing the proof of Lemma 4.4, we do
not substitute « and /3 in the last step but rather take out a supremum. As an analogue of Corollary 4.5 this
yields for all t, < v~! the bound

. (IXx[? + vt | VX X|2 + vt V(p- ) @ Xx|?)
te[0,tx

t*
+/0 IVX x|+ [ V2X x| + vV (p - ) @ Xx|I” + 2| V(V(p-e) ® X)x[?) dt (4.39)

< Coup (jaf + Z5) 14 188y 2
[0,t%]
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Using this inequality in (4.35)-(4.36), we find as an analogue of Lemma 4.7 that for all ¢, < ! the bound

sup [ 4XO < Csup (Jof? + 20) (1 4 0148 (440)
t€[0,t4] [0,6%]

Regarding the L°° bound on X near the poles, we restart from (4.32) to deduce

2 4 2
(8t—uA)|X| < +C]lny]1/"6’2|t4t3[1—p o) W+cylnyyﬂyt[1—p-e]y¢\2
2, W 31 . 13 o iny|2
< “ ’\X\ +Clny| Ty (v [L—p- e’ + vt[l —p-e] ) [ L,

where we used that |3]?/(Ja|?t?) < 1 for the second inequality. Mimicking the end of the proof of
Lemma 4.6, we find that for all £, < 01/—1/2\ Inv|,

sup | X (¢,p)[* < [|[V™| 1o

te[0,tx]

2 .
+ C|In y|< sup ‘f‘ ) ([1 —p- 6]31/7511 +[1—p- e]2y2ti +[1—p- e](ugtg + utz) + 1) ||W”||%oo.

[0,¢+]
(4.41)
Taking into account that
L) g |nv]*  for t € [ /2 cv Iy
EE v, Sv|lnv or v , CV nv
and using (4.39)-(4.40)-(4.41), we can adapt the proof of Section 4.3 to obtain the second part of Proposi-
tion 1.7. O

5. Proof of mixing and enhanced diffusion for the diffusive Saintillan-Shelley model

The good decay estimates for the semigroup e“! of the previous subsection now allow us to conclude
the results by studying the Volterra equation (1.28).

5.1. Proof of Theorem 2. We first prove Theorem 2. Coming back to the Volterra equation (1.28), we
drop the subscript k and restore the superscript v so that it now reads

t

+/ K" (t —s)u”(s)ds = U"(t), (5.1)

0
with
UY(t) = u[e'T1p™],  KY(t)v = —u[e'T(Ly -v)], wveC3.
We remind that
) — 3l
Ly = —i(p- k) +vA, Ly= - —— - k)Prip

and

ult)] ;= iPpiok, Po=I—-k®k), o:= 5/ Y(p)p @ pdp.
S2
Thanks to the identity
(p-k)Prip=—P.V(p-k),
we find that

Ur(t) (9™ F ¥V (p - k) dp,

2

T o

K'tv= [ (M Ly-v)FV(p-k)dp, F :=—ieP,.,

2
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Then, Proposition 1.7 shows that there exists a constant C independent of v such that

Cln(2+1) Cln(2+1t)

U*(t)] < (1 —|—t)2 meHHQJF‘S? K (1)] < (1 —I—t>2 ) vt < vl (5.2)
Introduce U" := U1l;<,-1/2 and K" = KY1,.,,-1/2 that satisfy
~ Cln(2+1¢), , ~ Cln(2+1)
U (t)| < ———=|lv™" K'(t)| < ———- vt >0 53
‘ ()‘— (1+t>2 H@/J HH2+57 ‘ ()|— (1+t)2 ) = Y, (5.3)
and consider the corresponding modified Volterra equation
t
(1) + / RY(t— s)i(s)ds = TV (b). (54)
0

Let K™ be the inviscid kernel considered in Section 3, that is the kernel for v = 0. We have seen that "
decays like 2. We now claim that

lim [| K" — K|, ) = 0. (5.5)

Indeed, let & > 0O be arbitrarily small. We fix some large 7" > 0 independent of v, so that

+oo ) +oo
/ |Kmv‘_‘_/ ‘KV‘ SH-
T T

Note that the second condition can be achieved because the constant C' in (5.3) is independent of . Now,
for all v such that v=1/2 > T, we write

~ . ~ . JFOO ~ .
IR = K™ |,y < 1K = K™ + /T (171 + |5
<K = K™l + .

Eventually, it is standard to show that, given any initial data in L?(S?), and any finite time interval (0, T),
the solution 1) of the advection-diffusion equation

O +ilp- k)" —vAP” =0

converges in L (0, T, L?(S?)) to the solution 1™ of 9, +i(p- k)™ = 0 (with the same initial data).
With the choice of initial data 1;, = L - v, it follows that lim,, o || K¥ — KianLl(OVT) = 0, and the claim
(5.5) follows.

From there, we can conclude by the stability of solutions of Volterra equations for v small enough equa-
tion (5.4) has a solution, that decays like O(In(2 + t) /t?). More precisely, one can construct perturbatively
the resolvent R”, satisfying

R'+ K"+« R" = K",
see Proposition 2.6, which even applies to non-convolution kernels. In particular, the stability condition

det(I + LK¥(z)) # 0 in {Rez > 0} is satisfied, and |R||;: < C. Using the estimates in (5.3) and
Theorem 5 (see also Remark 2.1), we deduce that

@ (1)) < Cln(2+1t)

(1 n t)2 HwinHH“‘sa t>0.

But, as K = K" on [0, vl 2), by uniqueness of the solutions of the Volterra equation on a finite time
interval, one has @ = u” on [0,v~/2), and the first inequality in Theorem 2 follows. From there, the
second one can be obtained exactly as in Section 3.3, by relating 1) to u through Duhamel’s formula. This
concludes the proof of the theorem.
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5.2. Proof of Theorem 3. Here we use the additional decay estimates from the enhanced dissipation
of Proposition 1.6 and the extended time-frame of Proposition 1.7. Using the second inequality in Proposi-
tion 1.7, we have

(K S vimv™, U (@) S vy Mg gass, VEE [V ]l (5.6)
Moreover, by Proposition 1.6, we also have for v small enough
K@) S e, U )] S e 0 s, (57)

We first prove that || K" — K[ 11, ) — 0 as v — 0. We fix ¢ such that ceg > 3. We decompose

T 00 v- cv= 12| Inv| 00
||K”—K|1L1s/ \K“—K|+/ K|+/ |K”\+/ |K”|+/ K.
0 T T v c

—1/2 V—1/2“nl,|
The first three terms can be treated as in Section 5.1: for any x > 0 there exists 1" large enough and v small
enough so that

1/2

y—1/2

T [e%)
/ ]K”—K|—|—/ yK|+/ K| < k.
0 T T

For the fourth term, we use (5.6), that yields

—1/2

cv=1/2|Inv|
/ |K”|§1/1/2]1n1/]M+1§/£,
14

for v small enough. Finally,

o0 o0 1/2 1
v —eov/ <t CEQ— %5
/ | K" | 5/ e <v 2 < K,
Ci Ci

v=1/2|Iny| v=1/2|Iny|
for v small enough. Hence, ||K” — K| 1(g,) — 0 as v — 0. Arguing as in Section 5.1, we deduce that the
spectral condition det(/ + LK"(z)) # 0in {Re z > 0} is satisfied, and that the resolvent R” associated to
KV satisfies ||R”|| ;1 < C.
We now would like to establish the bound

—novl/2 i €
O S e  ges, = . (538)

We come back to the proof of Theorem 5, replacing the weight (1 + €t)® by e~mv""*t The non-convolution

kernel k(t,s) = ((ﬁ:zzgl((t — 8)14_g>0 is now replaced by

Bt s) = e PO R
=K,(t—s)li—ss0+ (e"o”m(t*s) — I)KV(t — ) li—ss0 =: kY (t,s) + k5(¢, s).

It is easily seen that k¥ is a Volterra kernel of type L°°. Moreover, by the previous considerations, for v small
enough, k7 has the resolvent 71 (¢, s) := R”(t — s)1;—s>0, which satisfies ||r]][cor, < [R’|1r,) < C
for a constant C' independent of v. By using Proposition 2.6, it is enough to show that ||k% || r, can be

made arbitrarily small for  small enough. We fix ¢ = z=- = -1, and decompose for some § > 0 to be

3eo 3no
fixed

v > l// v
ke, < [ [ =11 9)]as

Sy—1/2 ¢ lny|p=1/2 %) 1/2
g(/ +/ -|-/ ))(em” 5—1)K1”(s)‘ds::11—|—12—|-13.
0 ) c

v—1/2 [Inv|p—1/2
Let x > 0. Using the uniform bound K” = O(In(2 + t)t=2) on [0, v~ /2], we find

I < (e™ —1) <k for § small enough.
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This  being fixed, using the bound |K”| < v|Inv|™ on [6v~'/2 cv='/2|Inv|], which follows from (5.2)
and (5.6), we find
I < V—nocyl/Qlan’M-l—l < V1/2_1/3 < K,

for v small enough. Eventually, using (5.7), we get

Iy < pleommle=1/2 < 12 <
for v small enough. Hence, for v small enough, k" has a resolvent r” that satisfies |||l r, < C. Also,
by the bound (5.7), we know that U = e™""*tU/" is bounded by C||¥™|| gy2+5, and finally

W =0" —/ ™ (t,s)U" (s)ds,
R4

is bounded as well, which yields that u” = e~V 2ty satisfies (5.8).
For the intermediate time regime, we fix ¢ such that ngc = 2. Combining (5.2) and (5.6), we find that

In(2 4 t)M+2
K, (1) 5 2D
(1+1)
Arguing exactly as in Section 5.1, we deduce:
In(2 + t)M+2

vt € [0,cv 2| Inv|].

RQIPS e 19" |2, V€ [0, ],
which in particular gives for small enough v:
()] S V@) M2 gars, VEE [T e Iy, (5.9)

Moreover, with our choice of ¢, for v small enough and t > cv~'/2|In v/,
o 1/2
e MV < 2 <yl Iny| M2

so that (5.8) and (5.9) imply the first inequality in Theorem 3 (replacing M by M + 2).
To obtain the control of 1) = ", we use the expression

¢
P (t) = etbigyin +/ (e(tfs)Lll_}2> -u”(s)ds.
0
By Proposition 1.6 and (5.8), we get

t
— 1/2 _ 1/2(4_ _ 1/2
1 () < == || + / o TS ds | g2+
0

t
< e_eoyl/2t||¢m|| +e min(eo,n0)v'/?t / ds||Win]| 245,
0
which implies the last bound in Theorem 3.

Remark 5.1 (Stability of pullers). The spectral stability condition
det(I + LK"(2)) # 0, in {Rez >0}

was shown above to be satisfied for small v, through perturbation of the inviscid condition. Actually, in the
case of pullers, there is a more straightforward way, valid for all v and directly for the original kernel K.
Indeed, one can simply notice that
3 —
LK (2)v-1U="— — L)t
(Z)’U v A (Z 1) ¢ ¢7
where ¢ = (p - k)P,Lp - v. Interms of F = (2 — L1) !¢ we thus find
3 3T
LK (o7 =" ((: = L)F.F) = (Rez||FH2 + VHVF||2) >0 for Rez > 0.
7r s

This implies in particular that det(I + £K") cannot vanish in the unstable half plane.
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Appendix A. Reminders on covariant derivatives

For the computations on the sphere, it is natural to rely on covariant derivatives from Riemannian ge-
ometry. Classical references are [34, 27], we just provide here a quick reminder. We start by introducing
the natural metric g on the sphere induced by the Euclidean scalar product on R3. In spherical coordinates
(0, p) it is explicitly given by

(10 Lo (L0
95 =\ 0 sin26 9" = 0 sin~26)"

Given this metric and the associated Levi-Civita connection, we introduce the covariant derivative of a
tensor, denoted by V. We remind that the covariant derivative of a vector X, resp. of a covector w, is the
(1, 1)-tensor, resp. the (0, 2) tensor, defined in a coordinate basis by

VX7 = 9;X7 + T X",
resp.
Viqu = OjWw; — Ffjwk,
containing the Christoffel symbols I' defined as

1
Iy = 59“(8]'91'1 + 0igji — O19i5)-

For general tensors, the covariant derivative is defined recursively through the formula
VTeT)=VTeT +Te VT

The basic properties of the covariant derivatives are that they commute with the metric g and that they satisfy
the Leibniz rule.
Thanks to this covariant derivative, we then define the connection Laplacian of a tensor as

A =tr(V?) = gV, V;.

Higher-order derivatives do not commute due to the curvature. The Ricci identity captures the defect by
the Riemann curvature tensor R. In a coordinate basis, it takes for a covector w the form

[Vaa vb]wc = _Rdcabwd-
By the definition of the connection Laplacian, we thus find for a scalar function f that
[A,V]f =RicVf

where Ric denotes the Ricci curvature, obtained by contracting the first and third argument in the Riemann
curvature tensor. On a unit-sphere the Ricci curvature just equals the metric and thus we find

[A’ V]f =Vf

which yields a good sign for our estimates in Section 4. The good sign simplifies the algebra even though
the estimates would equally work for a bounded curvature.
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Acting on a general tensor X, we find a similar expression with a successive application of the Riemann
curvature tensor. As the Riemann curvature tensor is bounded on a sphere, we just note that
[A,V]X = RVX

for a bounded tensor k.
In the enhanced dissipation estimates, we use the commutator between the Laplacian and the tensor
(p-e)X, for a fixed vector e. It is provided by

Lemma A.1. Let X be a (0, N)-tensor. Then it holds that
AVip-e)@X)=-V(p-e)@ X —2(p-e)VX +V(p-e) ® AX.

PROOF. We compute the expression in the spherical coordinates (6, ¢) where we take e to be the north
pole. Using the Leibniz rule, we find that

A(Vig(p-e)Xiy,..in) = (AVig (- €)) Xiy, i) +29™" (Vi Vig (p-€)) Vi Xiy i, + Vig(p- €)AXG,
We can explicitly compute that
A(V(p-e)) =VA(p-e)+RicV(p-e) = VAcosd + Vcost =sinfdfd = -V (p-e).

For the mixed term, we find

Sin

Vi Vi, cos = 0,05, cos 0 — I‘fmoak cosf.
In the spherical coordinates, the only non-zero Christoffel symbols are

cosf

0 .
I, = —cosfsinf and Fie = Ffw =g

This then yields that
9" (Vi Vig(p- €))VnXiy,.in = (P €)Vig Xiy -
Hence we have arrived at the claimed expression. O
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