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GLOBAL WEAK SOLUTIONS FOR KOLMOGOROV-VICSEK TYPE
EQUATIONS WITH ORIENTATIONAL INTERACTION

IRENE M. GAMBA AND MOON-JIN KANG

ABSTRACT. We prove the global existence of weak solutions to kinetic Kolmogorov-Vicsek
models that can be considered a non-local non-linear Fokker-Planck type equation de-
scribing the dynamics of individuals with orientational interaction. This model is derived
from the discrete Couzin-Vicsek algorithm as mean-field limit [2, [9], which governs the
interactions of stochastic agents moving with a velocity of constant magnitude. Therefore,
the velocity variable of kinetic Kolmogorov-Vicsek models lies on the unit sphere. For our
analysis, we take advantage of the boundedness of velocity space to get LP estimates and
compactness property.

1. INTRODUCTION

Recently, a variety of mathematical models capturing the emergent phenomena of self-
driven agents have received lots of attention extensively. In particular, the discrete Couzin-
Vicsek algorithm (CVA) has been proposed a model describing the interactions of agents
moving with a velocity of constant magnitude, and with angles measured from a reference
direction (See [I, B I5] 21]).

In this manuscript, we look into analytical issues for the kinetic (mesoscopic) description
associated to the discrete Couzin-Vicsek algorithm with stochastic dynamics corresponding
to Brownian motion on a sphere. More precisely, we consider the corresponding kinetic
Kolmogorov-Vicsek model describing stochastic particles with orientational interaction:

8tf+w'vxf:_vw'(fFo)+Awf7
Fy(z,w,t) =v(w-Qf)[Id — w o w)Q(f),

B e = SRS s = [ K= e f (e ddide,

z,w,0) = folx,w), zeRY wes t>0.
f( )

where f = f(z,&,t) is the one-particle distribution function at position z € R?, velocity
direction w € S% ! and time t. The operators V,, and A, denote the gradient and the
Laplace-Beltrami operator on the sphere S¥~!. The term Fy(z,w,t) is the mean-field force
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that governs the orientational interaction of self-driven particles by aligning them with the
direction Q(z,t) € S¥! that depends on the flux J(z,1).

This mean-field force is also proportional to the interaction frequency v. Its algebraic
inverse v~ ! represents the typical time-interval between two successive changes in the tra-
jectory of the orientational swarm particle to accommodate the presence of other particle in
the neighborhood. The function K is an isotropic observation kernel around each particle
and it is assumed to be integrable in R.

Following Degond and Motsch in [9], the interaction frequency function v is taken to be
a positive function of cos @, where 0 is the angle between w and 2. Such dependence of v
with respect to the angle 0 represents different turning transition rates at different angles.
Hence, the constitutive form of such interaction frequency v(6) is inherent to species being
modeled by orientational interactions. As in [9], we assume that v() is a smooth and
bounded function of its argument.

The kinetic Kolmogorov-Fokker-Planck type model with orientational interactions (L)
was formally derived in [9] as a mean-field limit of the discrete Couzin-Vicsek algorithm
(CVA) with stochastic dynamics. There, the authors mainly focused on the model with the
following interaction term

atf+w'vxf:_vw'(fFo)+Awf7

Fy(z,w,t) =v(w-Q(f)(Id — w®w)Q(f),
(1'2) Q(f)(xvt) = %7 J(f)(x7t) = /Sdl wf(wivt)dwy

r,w,0) = folx,w), reRY wes t>o0.
f )

This form of J(f)(z,t) was derived in [9] from the corresponding one ([LT]) with the kernel
K by rescaling time and spatial variables. Such scaling describes dynamics for the model
in (L)) at large time and length scales compared with scales of the individuals:

We discuss more on the specifics of both models, (LI)) and (L2]), in the next section.

The purpose of this article is to present the global existence of weak solutions to models
([CI) and (2] in appropriate Sobolev spaces. In fact we will show that the proofs for both
models, (I.I)) and (L2, are exactly the same.

The classical Vicsek model have been receiving lots of attention in the last few years
concerning the rigor of mathematical studies of its mean-field limit, hydrodynamic limit
and phase transition, among the main properties. More specifically, Bolley, Canizo and
J. A. Carrillo have rigorously justified mean-field limit in [2]. When the force acting on
the particles is not normalized, i.e., vQ(z,t) replaced by J(z,t) in force term F,. This
modification leads to the appearance of phase transitions from disordered states at low
density to aligned states at high densities. This phase transition problem has been studied
in [I, B, [7, 8 I3, I5]. Also, issues on hydrodynamic descriptions of kinetic Vicsek model
have been discussed in [7, 8, 9, 10} [11], [12]. We also refer to [6l [16] concerning related models
of Vicsek model.

Although the Vicsek model has been studied via a variety of scales from microscopic level
to macroscopic level, there is few results on existence theory of kinetic description. In [I3],
Frouvelle and Liu have shown the well-posedness of the space-homogeneous case of (L.2]),
in which vQ(z,t) is replaced by J(z,t). More precisely, when there is no advection due
to spatial homogeneity, the kinetic equation (2] becomes Smoluchowski equation defined



3

on sphere, for which Frouvelle and Liu have proved the global solvability and regularity,
moreover by making use of Onsager free energy functional, the large time behavior has
been shown. On the other hand, Bolley, Canizo and J. A. Carrillo [2] have presented
the existence of weak solution of space-inhomogeneous equation with a different kind of
force. More precisely, they considered the difference between spatial convolutions of mass
and momentum with Lipschitz and bounded kernel K, namely wK %, p — K %, J instead
of v€). This force has regular effect for spatial variable compared to our case v§2. To
the best of our knowledge, the well-posedness of the space-inhomogeneous for both kinetic
Kolmogorov-Vicsek models, (1)) and (L2)), is still open.

This paper is devoted to show the existence of weak solutions to the kinetic Kolmogorov-
Vicsek type models with orientational interactions, given by (L) and (L2). In Section
2, we briefly provides some known results for these kinetic models, which give a heuristic
justification for a priori non-zero assumption to be stated in our main result. In Section 3,
we present a priori estimates and compactness lemma, which play crucial roles in the main
proof in Section 4.

2. PRELIMINARIES AND MAIN RESULT

In this section, we briefly review how the kinetic Kolmogorov-Viscek equations, (L)
and (I.2]) can be formally derived from the discrete Couzin-Vicsek algorithm model [9] with
stochastic dynamics. Then we provide our main result and useful formulations.

2.1. Kinetic Kolmogorov-Vicsek models. Following [9], the kinetic Kolmogorov-Vicsek
model considered in (L) is derived from the following classical discrete Vicsek model mod-
eling Brownian motion of the sphere S%~! given by the stochastic differential equations for
1<i<N,

dXZ' = widt,

2.3 dw; = (Id — w; ® w;i)v(w; - Q) Qidt + \/2u(Id — w; @ w;) o dB;,
2.3 -
Qi = {Z s j, = Z Wy.

Here, the neighborhood of the i-th particle is the ball centered at X; € R? with radius
R > 0. The velocity director w; € S! of the i-th particle tends to be aligned to the
director §; of the average velocity of the neighboring particles with noise B} that stand for
N independent standard Brownian motions on R? with intensity v/2p. Then, its projection
(Id — w; ® w;) o dB} represents the contribution of a Brownian motion on the sphere S~
We refer to [I7] for more details on Brownian motions on Riemannian manifolds. The
first interaction term of (2Z3]), is the sum of smooth binary interactions with same speed,
whereas there is no constraint on the velocity in the Cucker-Smale model [4]. In addition
the interaction frequency (weight) function v(w; - ;) depends on the angle between w; and
Q;, parametrized by cos0; = w; - ;.

From the individual-based model (2.3]), the corresponding kinetic mean-field limit as the
number of particles N tends to infinity was proposed in [2] 0], results in the phenomenolog-
ical model for f = f(z,w,t), the one-point probability density function of finding a particle
at position z € R?, with velocity w € S*! and time ¢, evolving according
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8tf+w'vxf:_vw'(fF)+NAwfy
F(z,w,t) =v(w-Q(f)[Id —ww)Qf),

O ant) = T IO = [ (e e . Odyds,

where K is an isotropic observation kernel around each particle, which is assumed to be of
L' class in our framework. Notice that ; corresponds to the diffusive coefficient associated
to the Brownian motion on the sphere S%~1.

On the other hand, if we observe the dynamics of the system at large time and length
scales compared with the scales of the individuals by introducing new dimensionless variables
% = ex,t = et with ¢ < 1, this makes the interaction local and to be aligned the particle
velocity to the direction of the local particle flux. This interaction term is balanced at
leading order € by the diffusion term. Under this consideration, (2:4]) can be considered as
the following equation (see [9])

atf+w'fo=Q(f)
Q(f) = —Vu - (fr(w-QN)Id - w@w)Q(f)) + pluf,
(x

7)o 1) = |J§ o I = [ et

Notice that Q(f) in ([24) and (23] have a singularity when J(f) becomes 0. To avoid
this singularity issue, we are going to present the existence of weak solutions to (2.4]) and
(23 in a subclass of solutions with the non-zero local momentum, i.e. J(f) # 0. As shown
in [9], since w is not a collisional invariant of operator ), the momentum is not conserved.
Thus, it is not straightforward to get J(f)(x,t) # 0 for all (z,¢) from imposing non-zero
initial momentum, i.e. J(f)(z,0) # 0 for all . Moreover, there is no canonical entropy
for a type of the kinetic equations (Z4]) and ([23). Due to these analytical difficulties, we
are going to heuristically justify our constraint J(f) # 0 by observing equilibria only for
([23), which has been studied in [9] as follows: For classification of equilibria in the case of
dimension d = 3, we define the Fisher-von Mises distribution by

B 1 ox o(w-Q)
Malw) = fSQ exp(@)dw p< Jz )

(2.4)

2.5
(2.5) )
t)

for a given unit vector Q € S?. Here, o denotes an antiderivative of v, i.e. z—i(T) = v(7).
Since v is positive, ¢ is an increasing function, Mg is maximal for w - Q = 1, i.e. for w
pointing in the direction of 2. Therefore, €2 plays the same role as the averaged velocity of
the classical Maxwellian of gas dynamics. Moreover, the diffusion constant p corresponds
to the strength of temperature, which measures the spreading of the equilibrium about the
average direction (). Here, the value of the diffusion constant is fixed, in contrast with
the classical gas dynamics where the temperature is a thermodynamical variable whose
evolution is determined by the energy balance equation.

By using Fisher-von Mises distribution, the operator @ and equilibria of (ZX]) are ex-
pressed as follows:

Lemma 2.1. [9] (i) The operator Q(f) can be written as

Q) =19 [May V(=)
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(i) The equilibria, i.e. the solutions f(w) satisfying Q(f) = 0 form a three dimensional
manifold £ given by
€= {pMo(w) | p>0, Qe§?},

where p is the total mass and ) is the director of the flux of pMq(w), i.e.

B  J(pMa)
p= /S Mo (w)dw, Q= W

J(pMq) == / pMio(w)ds = pe(),
S
where

f07r cos 0 exp <M> sin 6df

m
c(p) =
o exp (@) sin 0d6

We note that ¢(u) — 1 as p — 0, and ¢(u) — 0 as p — oco. This means that the local
momentum J(pMgq) of equilibrium solution f = pMg is not zero as long as the strength p
of diffusion is not sufficiently large compared to orientational interaction. Therefore, if the
diffusion constant  is not large, it would make sense that the local momentum J(f) of our
solution f is assumed to be nonzero at least near the equilibrium.

2.2. Main result. In this part, we present the main results for global existence of weak
solutions to equations (LI]) and (L2)).
Before giving the main theorem, we introduce the following notations for simplification.

e Notation : From now on, D denotes R? x S%~! and P_. denotes Id — w ® w.
Note that the mapping v — (Id —w @ w)v is the projection of the vector v onto the normal
plane to w.

e Framework : In the following sections, it turns out that the proof for (I.I]) is the same
as that for (I2)). Thus, for convenience, we rewrite ([LT]) and (I2]) as one form:

atf‘i'w'vxf:_vw'(fFo)"i'IUAwfa

(2.6) Fo(z,w,t) = v(w- Q)P Q(f), Qf)(z,t) =
flz,w,0) = fo(z,w), (z,w) € D, t>0.
where J(f)(z,t) denotes either

J(f) (1) = /D K|z — yl)wf (4,0, 8)dyde,

J(f) (1)
[T (), )]

or

J(f)(x,t) := /Sdl wf(z,w,t)dw.

As already mentioned, we assume that v(-) is a smooth and bounded function of its argument
and K(|-]) € L*(R?). Moreover, we go around the singularity issue for Q(f) by imposing
a priori assumptions that the weak solution f of (1)) satisfies

(2.7) J(f)(z,t) #0 forall z € RY ¢ >0,
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and the weak solution f of ([2]) satisfies

(2.8) J(f)(z,t) #0 forall z € RY, ¢ > 0.
Theorem 2.1. Assume that fo satisfies
(2.9) fo€ L'NL>®(D) and fy>0.

Then, for given T > 0, under each assumption 1) and ([2.8)), the equations (1) and
([T2) respectively have a weak solution f, which satisfies

=0,
feC,T;LY(D)) N L>®((0,T) x D),
Vof € L*((0,T) x D).

and the following weak formulation: for any ¢ € C°([0,T) x D),

t
/ / foid+ fw -Vep+ fF, - Vuod — uVof - Voodrdwds
0o JD

(2.10) + / Fo6(0, )dzdws = 0,
D

Fo(x7w7t) = V(w ) Q(f))PwiQ(f)
Moreover, f satisfies that for any 1 < p < oo,

2p(p—1 p,2 >
(2.11) 11250 0,70 (D)) + %vafg IE20myxmy <€ 7 Iollro),
and
(2.12) IflLes(0.1)x0) < €Tl foll Lo (D)

Remark 2.1. In the following sections, it turns out that the proof of Theorem[2.1] is based
on energy method, in which the diffusion term puAyf plays a crucial role, but the strength
w > 0 does not essentially affect the proof of existence. Thus from now on, we set p = 1
without loss of generality.

2.3. Formulas for Calculus on sphere. We here present some useful formulas on sphere
S%1 which are extensively used in this paper.

Let F' be a vector-valued function and f be scalar-valued function. Then we have a formula
related to the integration by parts:

(2.13) /Sdl fVy - Fdw=— " F-(Vof —2wf)dw.

By the definition of the projection PP 1, it is obvious that
(2.14) P,iw=0, P,.V,f=V,f,
Poou-v="P, 1v-u,

for any scalar-valued function f and vectors u, v.
On the other hand, for any constant vector v € R%, we have

Vu(lw-v) =P,
Ve (Pyiv)=—(d—1)w-v.

In order to easily derive the formulas above, one can begin by rewriting them as spherical
coordinates. We refer to [I3] 20] for the derivations of formulas above.

L,

(2.15)



3. A PRIORI ESTIMATES AND COMPACTNESS LEMMA

In this section, we first derive a priori estimates, then compactness lemma, which play
an important role in the proof of Theorem 211

Lemma 3.1. Assume that f is a smooth solution to [286l) with fo satisfying 29]). Then,
for any 1 < p < 0o, we have

2(p—1)

2 »_
(3'16) HfHLw(O,T;LP(D)) + |’wa§|’£2((0’T)XD) < eCTpfl ”fO”Lp(D),

i particular, if p = 0o, we have

(3.17) £l 0.1)x0) < €Tl foll Lo (D)
Proof. For any 1 < p < oo, it follows from (26 that

d
—/ fPdrdw = —p/ PV - (fr(w - QP Q)drdw +p/ fPIA fdadw
dt Jp D D
=: 11 + Is.
By integration by parts as ([2.I3]) and using w -V, f = 0, we get

Iy = —p(p— 1)/ P2V f - Vo, fdudw + 2p/ P lw - v, fdaedw
D D
_ _M/ Vo /5 [2dwdw.
p D
We use the formula (2ZI5) to have
L = —p/ frt (V(w SV f PO+ fU(w-QP,LQP — (d—1)friw- Qw- Q)dxdw
D
< pllv(w - Q)| g / P YV, fldazdw + p||v (w - Q)| 2o / fPdrdw
D D

+p(d— D)ll(w - Q)| /D fPdudw.

Using Holder’s inequality, the first integral in right hand side above can be estimates as

o tvastdut < ([ gravao) ([ griaspaas)

_ %(/Dfpdxdw>l/2</D\wa§\2da;dw)l/2.

Il§2(p7_1)/ \wa§]2dxdw+C(L+p)/ fPdxdw.
p D p—1 D

Then we have

Combining the estimates above, we get
2(p—1
i/ fPdzrdw + M/ |wa%|2d:17dw < C’(L —I-p)/ fPdxdw,
dt Jp p D p—1 D

which gives the Gronwall type inequality

d p
g1 lle (o) < C}?HfHLP(D)-
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Therefore, we have

_p
11l 2o o.720(0y) < €T 71| foll Loy

which implies the LP estimate ([B.I6]). Moreover, taking p — oo, we have L>° bound B.1I7).
g

Remark 3.1. In the proof of Lemmal31, we only needed the boundedness of Q2 rather than
specific feature of J itself. In the following proofs, each term corresponding to Q0 has to be
bounded, thus Lemma[31] can be applied.

The following lemma provides the compactness that ensure the strong LP convergence of
solutions to the following equation ([B.I8]) with bounded force term as a generalized form of
our main equations. This strong compactness property is based on the boundedness of force
term and velocity space. On the other hand, the celebrated velocity averaging lemma plays
a important role on the analysis for kinetic equations with unbounded velocity variable (See
for instance [I8]). Our compactness property crucially underlies the proof of Theorem [2.1]

Lemma 3.2. Assume that fo satisfies 29), and f, is a smooth solution to

atfn +w- v:cfn =—-V,- (fny(w : Fn)]P)wJ—Fn) + Awfna
fn(x7w70) = fo(ﬂ?,&)),
where F,, : R" x Ry — R™ is a given function of (x,t).

If the sequence (F),) is bounded in L>®((0,T) x R?), for any 1 < p < oo, then there exists a
limit function f such that up to a subsequence,

(3.18)

fo— f asn— oo in LP((0,T) x RY) N L2((0,T) x RY; HY(S471)).
Moreover, the associated sequences
(Jp) == (/DK(|:E - y|)wfn(y,w,t)dydw> for a given kernel K(|-|) € L'(R%),
and

(Jp) := </§d1 wfn(:n,w,t)dw)

strongly converge to the corresponding limits J and J in LP ((0,T) x RY) respectively, where

T= /D K (Jz — yl)eof (9.0, )yl
and

J = </Sd1 wf(:z:,w,t)dw).

Proof. Since the sequence (F},) is bounded in L>((0,T) x R%), there exists F' € L>((0,T) x
}Rd) such that up to a subsequence,

(3.19) F, = F weakly — x in L>°((0,T) x R%).
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Let f be a solution of (BI8]) corresponding to F'. Then, we subtract the equation (BI8])

corresponding to F' from (BIF) to obtain
Oulfn = )+ Valfa = ) = =V (o = NV Fa)Pys Fr)
~ Vo (fr(w: F) = vlw- F)P,uFy))
v, (fy(w CFYP,u(F, — F)> YA — ).

For any fixed p € [1,00), it follows from the above equation that

d
a/D(fn—f)pd:Edw

= [ (= 177V (o = D0l FPs o
—p/ (fu— PV, - <f(y(w ) —v(w- F))Pwan>dxdw
D
_ W= )PV - (fr(w- F)P,. (F, — F))dzd
p [ (= 177V ($0( PIPs (B = F)) dad
p [ (a7 Bulf — e
D
=N +T+ T3+ Ts
We follow the same computation as I; in the proof of the Lemma [3.1] to estimate
Jr = _p/D(fn - f)p_l <V(w CF)Vu(fo = f) Pyr By + (fn — f)V/(w ’ Fn)’PwlFNF
—(d=1)(fn— fiv(w- Fy)w - Fn) dxdw
< ol Fllie1Fallie [ (= 1P Vel = Pldede
4ol Bo)l=Falle [ (5= fPdod
D

+p(d = 1w Follz= | Fallze /D (fn— f)Pdade.

2(p—1) 2 Cp?
< T/D]Vw(fn—f) y2dg;dw+p_ : /D(fn—f)pdxdw

By the same computation as I in the proof of the Lemma B.1l we have
Thus, we have

/ |V | drdw
d

E | (fn prdedo < 0/ PP dadw / Volfo — ) Pdwde + o + T,
D
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Since f, = f at t = 0, applying the Gronwall’s inequality to the above inequality, we have
that for any 0 <t < T,

/D (fn — f)Pdxdw ) / / |V )2 |Pdedwds < eCT / t(J2+J3)(S)ds

We use the formula (Iﬂﬂ) and the mean-value theorem to rewrite J» as
J2=—p /D(fn — frt [(l/(w “F,) —v(w-F)Vy,f-P,.F
+ f(W(w-F)FE, —V(w-F)F)-P_.F,
—d-1Dfv(lw-F,) —vw- - F))w- Fn] dxdw
/ (o= 1Y [V (w0 B (By — F)Vuf B F
+ 1 (Y (@ F)(Fy = F) + (@ F)w - (Fo = F)F) PPy
(A=) f (W Ew - (Fy — Flw- Fn] davdu
= [ (a7 [ BVt B P
+ f(w - Fy)P L Fy + fU (w- EX)F P Fhw
—(d-1)f(w- FHw - an} (F, — F)dzdw,

where F); and F;* are some bounded functions due to MVT.
Similarly, using ([2.I5]), we rewrite J3 as

j?,: _p/D(fn_f)p_l {V(M'F)wa‘]P’wl(Fn—F)+fV/(w-F)PwLF'PwL(Fn_F)
—d=-1fr(w- F)w- (F, — F)] dxdw

—p/D(fn — fprt [y(w F)WVof+ f(w-FYPLF —(d—1)frv(w- Fw| - (F, — F)drdw.

Thus we get
”fn fHLp(D ‘ dzdwds
(3.20)
CT/ / (F,, — F)dxdwds,
where

= —p(fu—f)P ! [V’(W' VWl PoiFw+ fU(w- F)P o F, + fV(w- EX)F P FLw
—(d-1)f/(w-Fw-Fuw+vw- - F)Vof + fv/(w- F)P . F —(d—1)fr(w- F)w]

Once we can show ® € L'((0,T) x D), we can conclude the proof by the weak convergence
F, as (BI9). Thus, it remains to show the L' boundedness of ¢.
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To this end, using the uniform boundedness of (F),), we have the same estimates as in
Lemma [B1] i.e., for each g = f,, f,

91l oo (0,7;0 (D)) < CllfollLepy, 1< p < oo,
vag2 220, 1)x Dy < CHfo”Lp(D 1<p<oo,

where the positive constant C' only depends on p and T". Then using those estimates and
Hoélder’s inequality, we have

/0 ' /D (fu — F)P IV, fdrdwds < ( /D (fo — f)dedw>1/ 2( /D (fu — F)P2|V f|2d:1:dw)1/ ’
< 0(/D(fg;+fp)dxdw)1/2(/D|vwf§|2dxdw)l/2

< C07

/OT /D (fo — )P~ fdadwds < ( /D (fn — pdmdw / P dxdw 1

< 0( /D (f5+fp)dxdw) v ( / fpdxdw)%

< C07

and

where the positive constant Cp depends on || fo||»(p). Thus we have
1@l 22 (0.1)xp) < Culll(fr = FP T VLo <y + 1(fn = FP T fllror) <))
S 0*007

where C, is a positive constant as
Co = pd| ((IV' @+ F)llzo + 1/ (- F)llzw) + V(- ) luoe [ Flloe )| Pl zoe

+[v(w - F)lpee + [V (w - F)llpoo || Fllzes |

which does not depend on n thanks to the uniform boundedness of (F},).
Therefore, by applying ([B.19), it follows from ([B.20) that

fo— f 0 LP((0,T) x D),
(3.21) )
Vofn = Vof in L*((0,T) x D).

It remains to show that ([B.2I]) implies the strong convergence of the associated sequences
(Jn) and (J,,). For (J,), using the Minkowski inequality, Holder’s inequality and Young’s
inequality, we estimate

Rd
1
/ / / [ 5 ( "_f)\pdwd8>”dw
§d—1
1
P
sc /0 /Sdl 1K 0 (fn = P dwds)

< C\K| pr@ayll fa = fllze(o,)xD)-

1
K #, (fn — f)wdw‘pda;ds> !
gd—1
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Similarly we have
1
/ W(fr — f)dw(pdxds) z
d—1

) ~ T
[T = T e 0,1y xmm) = </0 /Rd s
T 1
(] e
§d—1 0 R4

< C|fu = fller(0,1)x D)

4. PROOF OF THEOREM [2.1]

In this section, we use the a priori estimates and compactness property in previous lem-
mas to prove Theorem 211 For this end, we intend to use iteration scheme to construct a
sequence of solutions (f,,) to linear approximate equation of (Z.6l), for which at n-th step,
Q(fn—1) in the force term will be given from previous (n— 1)-th step. In this iteration, even
if we suppose ([2.7)) or (28], since the linear approximate equation is different from the orig-
inal equation (4], the corresponding momentum J(f,,) of the solution f, of approximate
equation at n-th step can be zero, which fails in defining Q(f,,) at next step. In order to
remove this issue of singularity, we need to first regularize the equation (2.6]).

4.1. Regularized equation. We first regularize (I and (2] by adding € > 0 to the
denominator of €2 as follows.

Oufe+w - Vofe = Vo (for(w- Q)P0 + Auf,
Je(z,t)
(4.22) ) = _we\my
fe(z,w,0) = fo(z,w), e RY, we st t>0.

where J.(z,t) denotes one of either J(f.)(x,t) or J(f.)(x,1).

4.2. Construction of approximate solutions. We now construct a sequence of approx-
imate solutions to the regularized equation ([{.22]) by using the following iteration scheme.
We define a initial function f; by

fl(l‘,w,t):fo(l‘,W), (x,w)GD, t>0.
Then, we find f5 solving

Oufe+w - Vafs = =V (for(w- Q)P ) + Bufo,
Q(x,t) = Mﬂ%, Ji(z,t) = either J(f1)(z,t) or J(f1)(x,1),
fo(z,w,0) = fo(z,w).

Inductively, we define f,,+1 as a solution of

Otfny1 +w-Vefag1 =V - (fn+1’/(w “Qp)P1 Q”) + Ay frt1,

(4.23) Qn(z,t) = % Jo(z,t) = either J(f,)(z,t) or J(fo)(z,1),

fTL-I-l(:vav 0) = fO(:va))
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We have omitted e-dependence in f. , above for the notational simplicity. First of all, we
need to justify the solvability of the approximate equations ([£23]) for n > 1 as follows.

Lemma 4.1. For any T > 0 and fized n > 1, assume that f, is a given integrable function
and fo satisfies (29). Then, there exists a unique solution fn,11 > 0 to the linear equation
#23) satisfying the LP-estimates:

2 P — oT-P_
(420 lfrlieomrmn + 222V oy < €T ol
and
(4.25) | fas1llzoe0.myx 0y < €Tl follzoo(p

The proof of Lemma [Tl follows the same argument as Degond s proofin [5]. We postpone
its proof in Appendix for the reader’s convenience.

4.3. Passing to the limit as n — oco. We now show that f, converges to the solution
of regularized equation ([£22]), which provides the existence of weak solution to ([A22]) as
follows.

Proposition 4.1. For a given T > 0 and € > 0, if fo satisfies (29), then there exists a
weak solution f. > 0 to the [@22]) satisfying the LP-estimates: for 1 < p < oo,

2 P — 1 - na oT-P_
(4-26) Hfa”LOO(O,T;LP(D)) + ( P )vaf62 H£2((oj)><[)) Se = ”fOHLP(D)
and
(4.27) I fell 2o (0.1yx 0y < €Tl foll oo (p)-

Proof. Since the sequence (£,) defined in ([#23)) is bounded in L*°((0,T) x R%), we can
apply Lemma with F,, = Q,. Then, there exists a limit function f. such that up to a
subsequence,

fn— f- asn— oo in LP((0,T) x RN N L2((0,T) x RY HY(S71)),
Jp — J. asn — oo in LP((0,T) x RY),

where the pair (J, J.) is either (J(fa), J(f2)) or (J(fa), J(f2))-
Moreover, this yields

Q, — Q. :=

AP asn — oo in L>(0,T; LP(D)).
3

Indeed, this is derived from

/ 1 — Q. Pda
Rd

:/ e(Jn = J) + | el (Jn = Je) + (|| — \Jn\)‘pdx
([Jn !+a)(uy+a)
Ep Rd

e(n = Je) + | Je|(Jn = Je) + Je(|Je| — ’Jn’)‘pd
<C@) [, (190 = TP 4100 = I+ [19a] = || ) do
Rd

|Je| + e
< () / = J.Pda,
Rd
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Therefore, those imply that the limit f. satisfies the following weak formulation of (£.22]):
for all ¢ € C°([0,T) x R? x S4=1),

t
/ / f0rp + few - Vo + foF -V — Vi fe - Vodrdwds
0 JD

+/Df0¢(0,-)d:17dw =0,

Jo(x,t
FE :V(OJ'QE)]P)OJJ_Qa, Qa(x,t) = W,
€ 9

J.(x,t) = either J(f.) or J(f.).

In addition, we use the proof of Lemma Bl and the boundedness of €. above, to complete

the LP estimates (£26]) and (Z27). O

4.4. Passing to the limit as ¢ — 0. In this part, we complete the proof of Theorem 2] by
showing the convergence of ([£.22]) to (2.6]) in the weak sense, as ¢ — 0. For the convenience,
we denote a sequence f, := f., for a convergent sequence ¢,, — 0, then consider a sequence

JIn B
m, Jn = /Sdl andw

Since the sequence (F},) defined above is bounded in L>((0,T) x R?), we can apply Lemma
Then, there exists a limit function f such that up to a subsequence,

fao— f asn—ooin LP((0,T) x RY) N L2((0,T) x REG HY(SY)),
J, —J asn — ooin LP((0,T) x RY),
where the pair (J,, J) is either (J(f,), J(f)) or (j(fn),j(f))

We may show that f is the weak solution to (2.0)), that is, f satisfies the weak formulation
[2I0) as the limit of the following formulation for ([@.22]):

[ [ ot o Voot g 2L Y

+ /[)f0¢(0,-)d$dw =0,

for any ¢ € C([0,T) x R? x ST—1).

By the convergence of f, in ([L28]), we can easily show that all terms in the formulation
above except for the nonlinear force term converge to the corresponding terms in (ZI0).
On the other hand, the convergence of the nonlinear term requires further justification as
follows.

F, =

(4.28)

Vu® — Vi fn Voodrdwds

Lemma 4.2. Asn — oo,

JIn t w-J J
nV P, . ———— V,odrdwds — —— )P, — - Vpdrdwds,
[ s s ey ot = [ [ po( oo 5 Vs
when |J(z,t)| > 0 by the assumption 1) and (28).

Proof. We here omit the projection operator P thanks to (2.I4]) for convenience, i.e., we
show that

JIn t w-J\ J
nV - Vyodrdwd — | — - Vyodrdwds,
//f !J\—i-&?n)\Jn\-FEn qﬁst—)/O/Dfl/(m)’J’ pdrdwds
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First of all, since (A27]) and v is bounded, there is a uniform constant C' such that

w-Jy JIn
n < nl|| oo o < C.
I (s ) e oy < Ml s
which implies that for some F',
w-Jp Jn oo
an<‘Jn‘+En>‘Jn’+En F  weakly — x in L*°((0,T) x D).
Thus it remains to show Ny
w-
F = —_— =
Sl

on {(t,z,w) € (0,T] x R% x S | | J(x,t)| > 0}.
For that, we consider a bounded set
Xps = {(t,z,w) € (0,T] x Br(0) x S | [J(x,1)| > 6},

where R and § are any positive constants, and Br(0) denote the ball with radius R, centered
at 0 in R%.
Since f, — f and J, — J a.e. on Xps by ([A.28]), we use Egorov’s theorem to have that for
any 7 > 0, there exists Y;, C X such that | Xps\Y,| <7 and

fon—=fo Jn—J in L®(Y,).

Thus, for sufficiently large n,
)
| Jn (2, t)] > 5 for (z,t) € Yy,
which allows us to get
I -
| Jn| +&n I lLo(yy)

H \J|(Jn = J) + J(|J| = |Jn]) — anH
([Tn| +€n)| | Lo(Yy)

- ZH [ J|(Jn = ) + J(J| = |Jn]) — 6nJH
6 ]| Lo(Yy)

2
< 5 (n = Tllzee i + Wl = 11l vz = 0)
— 0.
This yields

- Jn Jn -JN J
‘ f"”(\;:] + En) ol +en fV(ﬁT])WHLw(Yn)
- Jn -J JIn
f"[”(];:\ —i—sn) B V<w\J\ )] |Jn] + €n
-J Jn J
(i) e~ )

< Cllfalloe (/12 + V[l o

Leo(Yy)

+ R

w - Jy > Jn
|Jn| +en/ | 0] + en

L= (Y, Lo (Yy)

e = Tl + = Fllm Il

— 0.
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Thus we have I\ J
w .

e (20 L

] ) ]

Since 1, R and § are arbitrary, taking n,6 — 0 and R — oo,

on Y.

SN T
F= fy(“’T’)m on {(t,z,w) € (0,T] x R x ST | |J(x, )| > O}

Therefore, we complete the convergence. ]

Thanks to lemma above and (£28]), we conclude that f satisfies the weak formulation

E.10).
On the other hand, the estimates (ZI1]) and (ZI2)) follow directly from the estimates (Z.26])

and ([@27)).
APPENDIX A. PROOF OF LEMMA [ 1]

We here prove the existence of solution f to the linear equation

Of +w- Vof =V, - (fy(w-Q)Pw¢Q> F AT

A.29 7—L’t) 7$ = walxr,w W
(A-20) R =N U s

f(x7w70) = fO(‘va)7

where ¢ is a given integrable function.
We begin by rewriting (A.29) as

Of+w-Vaf +v(w- QP Q-V,f

(A.30) + U (w- QPP — (d—1)fr(w - Quw-Q—A,f =0,
f(z,w,0) = fo(z,w),

where we have used the formula ([2Z.13]).

Then we consider a new function f(z,w,t) := e M f(z,w,t) for a given A\ > 0, which leads
to

Of +w-Vof + 1Vl + (At +1s)f = Auf =0,
fz,w,0) = fo(z,w),
where the functions 11, ¥9 and 3 are given by
1 (z,w,t) = v(w- Q)P Q,
Yoz, w,t) = v/ (w- Q)P Q%
P3(z,w,t) = —(d — Vr(w- Qw - Q.
Since || < 1 and the smooth function v is bounded, 91, ¥ and 3 are also all bounded.

Therefore, the Lions’ theorem [19] guarantees the existence of (A.31]) by the same argument
as [5]. More precisely, the equation (A.31]) has a solution f in the space

Vi={f e L*([0,T] x REH'(S™™)) | 0f +w - Vaf € L*([0,T] x RY HH(S 1))}
Furthermore, by the Green formula in [5], we have the fact that for any f € Y,

(A32) < atf +w- wavf >= %/ (|f(x,w,T)|2 - |f($7w70)|2)d$dw7
D

(A.31)
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where <, > denotes the pairing of L?([0, 7] x R%; H~1(S9"1)) and L2([0, T] x R%; H'(S41)).
We use ([A.32) to show the uniqueness of solutions f in Y as follows.
Let us consider a solution f € Y to (A3]]) with initial data fo = 0. Then by using (A.32),

we have
(A.33)
0=<0f+w- -Vaf +¢1-Vuf +A+v2+3)f — Auf, f >

1 - 1 _
=3 [ 1R )P dsdo— 5 [ Vol P
+/(>\+1/12+1/13)\f!2dxdw+/ Vo fI2dzdw
D D

v

1 _
<)\ = 5lIVe - illzee o<y = 1922 (0,71 D) — H%HLoo([o,ﬂm)) /D |1 dadw.
Since
Vo -1 =V (w-QVu(w-Q) PO+ v(w QV, -P,.Q
=V (w- - QP,LQ? — (d—1r(w- Qw-Q,
V. - Y1 is bounded. Thus we choose A such that

1
(A.34) A> SIVe - illzeo,r1x ) + 12l (0,11 0) + 3]l L=jo,71x )

then (A33) yields f = 0, which proves the uniqueness of the linear equation (A.3T]).
Therefore, (A31)) has a unique solution f € L?([0,T] x R, H' (S 1)).

Furthermore, since fo > 0 and fy € L°°(D), by using the similar argument as ([A.33]), we

can show

f>0 and feL>(0,T) x D).
For that, we use the following fact in [5], for any f € Y,

<@ﬂHwW%ﬂ>=l/Qﬂ@%@?ﬂﬂ@wﬁwwmw
2Jp

where f_ := max(—f,0).
Then, since f_(z,w,0) =0 by fo > 0, we have

0=<f+w -Vof +¥1-Vof + A+2+3)f — Auf, f- >

1 [ . 1 .
:—§/D|f_(x,w,T)|2dxdw+§/DVw-1[)1|f_|2dxdw
—/(A—l—l/}g—l—l/}g)\f_]zda:dw—/ Vo - |?drdw

D D

1 _
< —()\ — §HVW Y1l zeeo,11x D) — 12l oo ((0,11% D) — H¢3HLO<>([0,T}xD)) /D |f- [P dwdw.
By the same choice as (A34)), we f_ = 0, which proves f > 0.
The same argument also deduces
11l oo o,m1x 0y < L foll oo (-

We now go back to (A30) by using the transformation f(z,w,t) = e f(z,w,t). Since our
results for f are invariant under this transformation, we conclude the proof, together with
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the estimates (4£24]) and (£23), which is estimated by using the proof of Lemma [3.1] and
the boundedness of (2.

1
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