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Abstract

A kinetic chemotaxis model with attractive interaction by quasistationary chemical signalling
is considered. The special choice of the turning operator, with velocity jumps biased towards the
chemical concentration gradient, permits closed ODE systems for moments of the distribution
function of arbitrary order. The system for second order moments exhibits a critical mass
phenomeneon. The main result is existence of an aggregated steady state for supercritical mass.

1 Introduction

Chemotaxis, the movement of biological agents influenced by gradients of chemical concentrations,
is a ubiquitous process in biological systems. On the other hand, the production or degradation of
chemicals is at the basis of standard signalling mechanisms between individuals. This produces a
nonlinear feedback which, together with chemotactic motility, may drive self-organization processes
in groups of agents.

A typical example, observed in many bacterial and amoeboid species, is aggregation driven by
the production of a diffusible chemical, and chemotactic movement biased towards the direction of
the gradient of the chemical concentration (see the large literature on Dictyostelium discoideum or,
for bacteria, [9]). Since motility usually has a random component, it is a standard question in this
situation, if the attractive mechanism is strong enough to overcome the dispersion caused by the
random motility component.

The type of mathematical models mostly depends on the nature of the motility process. The
standard assumption of Brownian motion with drift, the latter determined by chemotaxis, leads
to a version of the classical Patlak-Keller-Segel (PKS) model [11, 8], where a convection-diffusion
equation for the agent density is coupled with a reaction-diffusion equation for the chemical concen-
tration. For certain bacterial species a description by a velocity jump process is more appropriate,
whence the convection-diffusion equation of the PKS model is replaced by a kinetic transport equa-
tion [10]. The PKS model can typically be recovered as a macroscopic limit [4, 7]. However, some
observed phenomena are only explainable by kinetic models [12].

Three types of long time behavior can be observed in mathematical models. If the random
motion of agents dominates, this leads to dispersion, i.e. the same qualitative behavior as for the
heat equation. For dominating attractive effects, the agent density either has a nontrivial aggregated
long-time limit, or it blows up in finite time, typically in a concentration event. The two-dimensional
parabolic-elliptic PKS model (i.e. with a quasistationary equation for the chemical concentration)
has been thoroughly analyzed with respect to these questions. It shows a critical mass phenomenon:
Among the initial data with finite variance those with the total mass below a critical value lead
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to dispersion and those with supercritical mass to finite time blow-up [1]. At the blow-up time
strong solutions cease to exist, but a continuation by measure solutions is possible as limiting case
of regularized models [6, 13]. The corresponding dichotomy has been shown to exist also in kinetic
transport models [2]. The situation for other versions of the PKS model and, in particular, for
kinetic models is less clear.

Motivated by experimental results for E. coli [9], a linear kinetic model with given aggregated
chemical concentration has been analyzed in [3]. The existence of a nontrivial steady state and its
dynamic stability have been proven (the latter by employing the methodology of [5]). The present
work can be seen as a continuation, where the nonlinear coupling with a quasistationary model
for the chemical is added. The main result is a critical mass phenomenon, but with a dichotomy
between dispersion and the existence of an aggregated steady state. Consider the system

O f +vd,f = / (TSI = v,z ) f' = T[S)(v = v/, 2, t) f)dv, (1)
R
—D&2S = Bp; — 7S, (2)

a one-dimensional kinetic model for chemotaxis, where the cells with phase space density f(z,v,t)
and macroscopic density and flux,

pf(:c,t):/f(a:,v,t)dv and, respectively, jf(a:,t):/vf(a:,v,t)dv,
R R

produce the chemoattractant with density S(x,t). The dynamics of the chemoattractant (diffusion,
production, and decay) is assumed to be fast (and therefore modelled as quasistationary) compared
to the dynamics of the cells.

We consider two choices for the turning kernel:

Model A: T[S](v — v, x,t) = kS(z + o', ),
Model B: T[S](v — v, 2,t) = kS(z + (v —v),t).

For both models, we assume «, 5,7,k, D > 0. In Model A, cells decide about reorientation by
scanning the chemoattractant density in the directions of possible post-turning velocities. In Model
B, they scan in the direction of possible velocity changes. Whereas in Model A the outcome of a
turning event is independent from the pre-turning velocity, Model B can be motivated by directional
persistence of the agents. This obviously makes it harder to reach a target, and it is one of the
results of this work that Model B does not lead to cell aggregation. Both models have not been
derived systematically from the microscopic behavior of a particular cell type. However, they are
reasonable from a qualitative point of view, and they have the remarkable mathematical property
that the evolution of moments can be computed by solving linear constant coefficient ODEs without
solving the full equations (see Section 3).
We observe that the rescaling

v x ay? S—)S\/’Y/D

t—-at, v —mm, T— , — ,
ay/y/D V/D T2 4D .
eliminates all parameters, i.e., (1), (2) becomes
O + 00,1 = [ (TISIW = v, 00 = TIS)(0 = '0.0) ) (3)
R
_8:%5 =Pfr— S, (4)



with

Model A: T[S)(v = v 2, t) = S(x + 1),
Model B: T[S)(v — v 2, t) = S(x +v —v,t).
We consider the Cauchy problem with initial conditions
f(z,v,0) = fr(z,v) >0 for z,veR. (5)

The solution S of (2) is defined as the convolution product of the decaying fundamental solution of
—02 + id with p:

Stk t) = 5 [ e ottyay. (©

R

The initial datum is assumed to possess moments of up to second order:

/pjda:://f[dvda::M<oo,
R R JR
/]x\gpjdx—//]x\gf[dvdx<oo,
R R /R

/R/R]v|2f1dvdm<oo. (1)

We choose a reference frame such that the first order moments vanish initially:

/jldx://vfjdvdxzo,

R RJR

/mp;d:cz//xf;duda;zO. (8)
R R JR

We shall show that for Model A the (z- and v-) moments of f up to any fixed order satisfy closed
systems of linear, constant coefficient ODEs. The system of second order moments exhibits a
critical mass phenomenon. If the total mass M is below a critical value, the second order moments
grow indefinitely with time, whereas for large enough mass they converge to finite values. The
corresponding system for Model B always produces growing second order moments. Therefore
we shall concentrate on model A after this observation. It turns out that also the higher order
moment systems exhibit a critical mass phenomenon, however with the critical mass increasing
with the moment order. Since stationary solutions may be the limits when time tends to infinity of
the solutions to the Cauchy problem associated to (1), (2), this suggests a mass dependent decay
behavior of the steady state. However, a precise characterization is still open.

The rest of this work is structured as follows: Existence and uniqueness of global solutions of
the Cauchy problem is proven in Section 2 for Models A and B. In Section 3 it is shown for Model A
that in principle all moments of the solution can be obtained by recursively solving systems of linear
ODEs, where all moments of fixed order are coupled. The second order system exhibits a critical
mass phenomenon. Whereas for small mass the second order moments tend to infinity, they converge
to a steady state, if the mass is above a critical value, indicating the existence of an aggregated
stationary solution in the latter case and dispersion in the former. For higher order systems, roughly
speaking the critical mass increases. It is shown that at each order the system is stable for mass
large enough. On the other hand, for each fixed mass, stability only holds up to a finite order. This
indicates algebraic decay of possible stationary solutions with mass dependent decay. However, the



details of the dynamics are unclear. Higher order systems might exhibit increasing and decaying
modes as well as oscillations. For this reason, we cannot deduce convergence to a stationary solution
from the moment systems. For Model B the situation is simpler and less interesting. The second
order moments again solve a closed ODE system, whose solutions always tend to infinity. Therefore
we conjecture that in Model B dispersion always dominates and restrict the further analysis to
Model A. A formal asymptotics for large mass, equivalent to a macroscopic limit, of Model A is
performed in Section 4. In the large time limit of the resulting macroscopic convection equation,
concentration with repect to position and exponential decay with respect to velocity is obtained,
indicating anisotropic decay behavior in phase space also for finite mass. The existence of a smooth
steady state for Model A with supercritical mass (of the second order moment system) is proven in
Section 5. The natural question of a precise characterization of the decay behavior of the stationary
solution remains open. So far it resisted both our attempts of a direct asymptotic analysis and of a
reconstruction from results on the moments. Another question, which remains the subject of future
work, is a characterization of the long time behavior when dispersion dominates, i.e. for subcritical
mass in Model A and for all cases in Model B. Finally, it should be possible to extend some of the
results to corresponding multi-dimensional models.

2 The Cauchy problem

Theorem 1 Given f; € LY (R?) and M = [, fi(z,v)dz dv, there is a unique solution
f €C([0,00), LY (R?)) to the Cauchy problem associated to Model A, i.e.,

Of+vouf=0Qa(f),  ft=0)=[r, (9)

with
Qa(f)(v,z) = Slpsl(x +v)ps(x) = M f(z,v),  Slpl(z) = ! /Rp(y)e_'m_y'd@/, (10)

where py(z,t) = [p f(x,v,t)d

Remark 1 By an application of Theorem 1 of [{] the additional assumption f; € L>(R?) implies
boundedness of the solution uniformly in time, i.c., f € L®°(R? x (0, 00)).

Proof. For every T > 0, let

X = {p eC ([O,T];Lﬁr(R)) : /Rp(x,t)dx =M, Vt e [O,T]} ,

equipped with the natural norm || - || x,., and let Ra(p) = [ f dv, where f is the solution of
8tf(x7v7t) + v(?xf(a:,v,t) = p(l‘,t)S[p](l’ + ’U,t) - Mf(l‘, U,t) ) (11)
f(z,v,0) = fr(z,v). (12)

It can be computed explicitly as

Ra(p)(z,t) :e_Mt/RfI(ﬂz—vt,v)dv—l—/o e_Ms/RS[p](a:—l—v(l—s),t—s)p(m—vs,t—s)dvds. (13)

For p € Xp nonnegativity of R4(p) is obvious, and the mass conservation property follows by
integration of (13) with respect to x, implying R : Xp — Xrp.



The idea is to show that R4 is a contraction with respect to || - ||x,. First we observe that
Jg Slpl(z,t)dz = M for p € X and that p — S[p] as a map from L*(R) to L'(R) is Lipschitz with
Llpschltz constant 1. This implies for p1, p2 € X7, after a change of variables,

T
| e [ et =9)islon = Slpalne — )
0 R2

+8[p2](n,t = 8)|p1 — pal (&, t — 5))dE dn ds
< 21— M)lp1 — pallxy -

[Ra(p1) — Ralp2)ll xr

IN

Thus, for T < 1n2 the map R4 is a contraction on Xp. This proves local solvability. As a
consequence of the uniform bound in L!(R?) the solution can be extended indefinitely in time steps
of length T. =

Theorem 2 Given f; € LY (R?) and M = [, f1(z,v)dz dv, there is a unique solution
f €C(0,00), LY (R?)) to the Cauchy problem associated to Model B, i.e.,

o f +vo.f =Qp(f), ft=0)=fr, (14)
with
1

Qu()(v2) = [ Slpsla+v =) f @)’ = MfG@o),  Slolla) =5 [ plw)e My, (15)

where pg(z,t) = [5 f(z,v,t)dv.

Proof. A solution f to the Cauchy problem associated to Model B is directly obtained as the limit
of the increasing sequence (f;) defined by fo =0 and f;1; given from f; as the solution to

atfj+1(xavyt) =+ UazfjJrl(:Ean t) = /S[pfj](m +v— ’Ul,t)fj(l'avlvt)dvl - ij+1(l‘,1j,t) ) (16)

fj+1($7v70) = f[(xvv)a
where py, = [ fidv. fj+1 is explicitly given from f; by

t
fiv1(x,v,t) = e M fr(z—ut, v)—i—/ M=) / Slpgl(x+v(s—t+1) =0, s) fi(z+v(s—t), 0", s)dv' ds.
0 R
(17)
Consequently it can be proven by induction that (f;) is nonnegative, and non decreasing since
fo=0< frand fj—1 < f; imply 0 < Slpy,_,] < S[py;] and f; < fj41 by (17). Moreover, denoting
by m;(t) = [ fj(z,v,t)dzdv and integrating (16) with respect to (z,v) € R?, it holds

mi, = m? — Mmjiq,
so that it can be proven by induction that
mj(t) <M, jeN. (18)

And so, by the monotone convergence theorem, (f;) converges in L' to a nonnegative function f. It
implies that the limit in L' of ( [ S[py,](z+v—0',1) fj(z, v/, t)dv’) is [ S[ps](z+v—0',t) f (2,0, t)dv’.
And so, f is a solution of (14). Conservation of mass from (14) implies that [ f(z,v,t)dzdv = M.
The limit of (17) implies that f € C([0,00), L1 (R?)). f is the unique nonnegative solution of (14)
since its construction makes it minimal among the nonnegative solutions of (14). Indeed, if there
were another nonnegative solution f, then f < f and [ fz, v, t)dedv = ff(a:,v,t)da:dv = M would
imply that f: f. =



3 Evolution of moments

The closedness of the equations for the moments for Model A relies on the following result

Lemma 1 Let 0 <n < N, let p € LL(R) have finite moments up to order N, i.e.,
/|:L‘|kp(:n)d:1:<oo, k=0,...,N,
R
and let S be the bounded solution of 92S = S — p, i.e.,

S(x) = ;/Re_'z_yp(y)dy.

Then also S has finite moments up to order N, and with

Ry = / ¥ p(x)dz Sy = / 2*S(x)dzx k=0,...,N,
R R
the following relations hold:

a Sk—Rk—l-kJ(ki—l)Sk 2, k=0,....,N,
// N—n nS l’—l—U) (l’)dﬂ?dvzz<z> (—l)n_kSkRN,k OSTLSN

k=0

Proof. The result can be shown by straightforward computations. We multiply the differential
equation for S by |z|¥ and z*, and use

/ |2[*028 dx = k(k — 1)/ lz|*2Sdx, and / 2*02S dx = k(k — 1)Sk_o,
R R R

to show the boundedness of the moments of S and a). Then b) is a consequence of the substitution
y =z + v and of the binomial theorem. =

If we concentrate on moments of order NV, then the lemma implies
Sy =Ry + LOT

and
[ [t vpla)de do = (<17 + bux) Ro + LOT
R

where LOT (Lower Order Terms) stands for terms only depending on moments of order lower than
N. Now we introduce moments of solutions f of (3), (4) with respect to x and v:

// V" f(x,v,t)dvdx.

—/ / 2N (00, f)dv dx = (N — N)AN_—n—1n+1
R JR

With the help of Lemma 1 and with



we can derive differential equations for the moments. The first and obvious one is mass conservation:
Ao}o =0 — AO,O =M.

As a consequence, the turning operator of Model A after elimination of the unknown S by (6), can
now be written as

Qa(f)(x,v) = Slpsl(x + v)p(x) — M f(x,v).

For the first order moments, we obtain
Ajg= Ao, Ag1=-MAgy, = A= A1 =0,
because of (8). For the moments of order two it gets more interesting:

Asy = 241,
Aig = Agp—MA 1 —MAy, (19)

)

Apa = 2MAsg — MAgs +2M?.

)

Application of the Routh-Hurwitz criterion to the characteristic polynomial of the coefficient matrix
shows that for M < 2 at least one positive eigenvalue exists, whereas for M > 2 all eigenvalues have
negative real parts. Thus, in the latter case all solutions converge to the steady state

oM 2M? >

A2, A11,A02) =
(A2,0, A1,1, Ao,2) (M—2’O’M—2

For the higher order moments we only concentrate on the highest order terms on the right hand
sides:

Aan,n = (N - n)Aanfl,nJrl + ((_1)n + 5n,N) MAN,O - MAan,n + LOT,

for 0 <n < N. This is a linear ODE system with constant coefficients and an inhomogeneity only
depending on lower order moments. This shows that all moments can be computed recursively.

If the coefficient matrices of all systems up to order N only have eigenvalues with negative real
parts, then all moments of order up to IV have finite limits as ¢ — co. We have already shown above
that for N = 2 this property holds, iff M > 2.

The characteristic polynomial of the order N coefficient matrix can be written as

N-1 n
pN(A) = =AM = )N + MN! Y (_Mn‘_A) + (=1)NM N,
n=0 ’

and the determinant of the coefficient matrix is thus given by
pn(0) = (“DNMNlgn(M),  an(M) =1+ ()N "

As we know already and can also be seen from go(M) = 2 — M, the 2"®-order coefficient matrix has
a zero eigenvalue for M = 2. The same is true for 3¢ order (q3(M) = M — M?/2 = (2 — M)M/2)
but, surprisingly, not for 4" order. The function q4(M) = 2 — M + M?/2 — M3 /6 has a unique real
zero My =~ 2.51.

Conjecture: The functions ¢y have unique positive zeroes My, building an increasing sequence,
which tends to infinity. The N*"-order linear system above is stable, iff M > My.

If the conjecture is true then, for every fixed M > 0, only a finite number of moments tends
to a bounded value as ¢ — oco. This would indicate an M-dependent decay of the equilibrium
distribution with stronger decay for larger values of M.

The essential parts of the conjecture can be proved:



Lemma 2 For fited N, and M large enough, all roots of py have negative real parts.

Proof. First we look for eigenvalues, which remain bounded as M — oco. For fixed A,

pn(A)
MN

= (DY N) oM,
which provides a first root
Mo=-N+0OM™1).

Next we look for roots A = —M — p with p bounded as M — oo. It is straightforward to show

PN (=M — p) o

—M ) -1 - _ N

NI =rn(p)+O(M™), with ry(p) = (=1)" + ng_o e

Denoting the roots of ry by p1,...,uny € C (multiple roots allowed), we found N more roots of py:

Nj=—M—p; +O(M™1), j=1,...,N.

Obviously, all the N + 1 roots we found have negative real parts for large enough M. =

Lemma 3 For fixed M, and N large enough, there exists at least one positive root of py.

Proof. For fixed \ and M,

as N — 00.

NIM

Therefore, for N large enough there exists A > 0 such that sign(py()\)) = (=1)¥. On the other
hand,

lim py(A)(—
A—00
completing the proof. =

Combination of the existence theorem 1 with the previous results leads to the propagation of
moments:

Corollary 1
Let the assumptions of Theorem 1 hold and let (1 + |z|N + [v|V) f; € LY(R?) for an N > 1.
Then the solution f of (9), (10) satisfies (1 + |z~ + [v|V) f € LS (RT; LY(R?)).

If N >2 and M > 2, then (1 + |z|® + [v]?)f € L®(R*; L(R?)).

For Model B, the computations are similar but a little more involved. As for Model A, Agg = M
and Ay 9 = Ap,1 = 0 hold. The 27 order moments satisfy the closed ODE system

Asy = 24,
Aig = Aga—MAyy,
AO,Q = 2M (M + A270 - A171) . (20)



By their definition and by the Cauchy-Schwarz inequality, for nonvanishing initial data f; their
initial values satisfy A2 (0)Ap2(0) > A;1(0)% and A2(0), Ag2 > 0. A straightforward computation
gives

d
Jr(A20400 = AT 1) = 2M Ag o (M + Azy0) .
This guarantees that Az and Ap remain positive for all times. As a consequence, %(M Az +

App) = 2M(M + Azp) > 2M?2, so MAyy + Ap tends to infinity. Now assume Ap( remains
bounded. Then Ap2 — oo, implying by the second differential equation A;; — oo and, thus,
by the first equation the contradiction Az — co. Assume on the other hand that Ao remains
bounded. Then Ao — oo, implying by the second differential equation A;; — —oo and, thus,
by the third equation the contradiction Ago — 00. So both Asy and A2 become unbounded as
t — oo, meaning that the chemotactic effect is not strong enough to prevent dispersion. This is not
too surprising, since Model B only supports velocity changes in the direction of the target, whereas
Model A supports post-turning velocities in this direction. For this reason we concentrate on Model
A for the rest of this work.

4 Formal asymptotics for large mass

With the rescaling f — M f, S — M.S, Model A takes the form
O +vuf = M (Slpgl(x +v)p— f) , (21)

with M now taking the role of an inverse Knudsen number.

The rescaled version of the steady states for the moments are

2 2M
M_2’ 1,1,00 ) 0,2,00 M_2°

which suggests an equilibrium state concentrating with respect to x as M — oc.
As M — oo, formally f(z,v,t) = fo(x,v,t) = po(x,t)S[po](z + v,t). Mass conservation gives

A20.00 = (22)

Oipo — Oz(wpo) = 0.

Obviously, we have po(z,t) — 6(x) as t — oo and, thus,

lim fo(z,v,t) = %6_‘U‘5($).

t—o00

This is in agreement with the limit as M — oo in (22).

5 Stationary solutions

In this section we first prove in Theorem 3 the existence of even nonnegative L'-solutions to the
stationary problem, then their C*°-regularity in Theorem 4.

Theorem 3 For any M > 2 there exists an even nonnegative distributional solution f € L'(R?) of

0O, f(x,v) = ps(x)Slpsl(x +v) — M f(x,v), /]1%2 f(z,v)drdv =DM, (23)

which is also a mild solution satisfying

f(z,v) = /OOO pr(x — sv)Slpsl(z +v(1 —s))e Mds, (z,v) € R%. (24)



Proof. The strategy of the proof is to first solve a truncated problem and then to pass to the
limit. Large (resp. small) values of the position (resp. velocity) variable will be truncated. At
the resulting boundaries of the position domain, reflecting boundary conditions will be used. This
perturbation also produces a perturbation of the total mass, which needs to be corrected.

Let j > 2 and Q; := {(x,v) : |z| < j, |[v] > 1/4}. Our first goal is to prove the existence and
uniqueness of even functions f; € LEF(RQ), pj € L}F(R), such that

fi =0, in R?\ Q;, (25)

00y fj(w,v) = pj(x)S[pjl(z +v) — M fj(z,v), in Q;, (26)

fj(_jav):fj(_]v_v)a f](]?v):fj(]7_v)7 (27)
-1

p) =M ( [ @) oy to). (25)

Note that, with j — oo, problem (23) is recovered at least formally, if the mass correction factor in
(28) converges to 1, which will be shown below.
Problem (25)—(28) will be solved by a fixed point iteration. Let K be the convex set

K = {pe LY (R) : peven, p(z) =0 for |z| > j, /p(:v)dx: M} ,
R

and let the map T be defined on K by

where F' is the solution of

F(z,v) =0,  inR2\Q,, (
00, F(z,v) = p(z)S[pl(z +v) - MF(z,v),  inQy, (31)
F(_jav) = F(_j7 _U)7 F(]?”) = F(.]? _U)‘ (

)

Since the evenness of p > 0 implies evenness of S[p|] > 0, this problem is invariant under (x,v) <>
(—x, —v). Therefore it suffices to compute F' for x > 0, subject to the symmetry condition

F(0,v) = F(0, —v), (33)

and then to extend it by parity. With the explicit representations
F(z,v) = e M*/"F(0 / My=a)/v () S[p] (y + v)dy , v>0, (34)
Flow) = M0E G - 1 [ M0l s, v<o, @

and the boundary conditions (32), (33), the inflow data at + = 0 and at x = j can be computed
explicitly:

PO.0) = v | o) (Sl + o) 4 S{plty = e ) dy. 0>,

eM‘/v J
FG) = e |, P (STl + e 4 Sl - ve )y, v <0, (360

10



This determines F' > 0 completely with the consequence that T'(p) > 0 is well defined and even,
implying that 7" maps K into itself.
Integration of (31), using (30) and (32), implies that

1
/RPF do =M - — Rp(x) </|yx<1/j Slp] (y)dy> dz. (37)

In the integral with respect to y, we use S[p|(y) = % [, e71¥=2Ip(2)dz < M /2. We obtain

M(I;)g/deng, (38)
R

which shows that the correction factor in (29) converges to 1 as j — oo. Before we use that,
however, the problem for finite j still has to be solved.

Since p — S[p] is obviously continuous as a map from L!(R) to L>®(R), it is straightforward to
show continuity of T" with respect to the L!(R)-topology. We claim it is also compact. Since we
have

0. F (z,v)] < j(p(z)S[pl(z +v) + MF(z,v)), in Q;,

|0zpr| < M (p + pr) follows, and the estimate (38) implies

/ j' 10,T(p)|dz < 2M2j (39)

—J
Therefore the map T : K — K is compact with respect to the L!-topology and has a fixed point

by the Schauder theorem, i.e. there exists an even solution (f;, p;) of (25)-(28).
For the limit j — oo, we note that the estimate (38) also holds for F' = f; with the consequence

~1
Pj = ViPf; s with 'yj:M</pfjdx> —1 asj—o0.
R

Since the bound (39) for the derivative is not uniform in j, we shall use as a replacement bounds for
the second order moments. From (26) we derive the moment system corresponding to the stationary
version of (19):

—2Aj71’1 = / xQ,oj(a?)S[pj](a? + v)d(x, ’U) — MAJ‘7270 s (40)

Q;

0 = [ @Sl +o)d(ee) - MAjpa, (1)

j (/ vz(fj(j,v) + fj(—j,v))dv> —Ajo2 = / zvp;(z)Spjl(x +v)d(x,v) — MAj11, (42)
R Q;
where the notation

Aj,m,n = / .Z'mvnfj ($, ’U)d(l’, ’U)
R2

is used. In the first terms on the right hand sides the perturbations introduced by the cut-off have
to be considered, similarly to (37). In particular,

| #o@siple+ i) < [ Po@splatoden) =y Mazo, (43
Q; R2
| oi@sipla+ o) < [ oSl + olde, 0 =204 + 2054120, (1)

Q;

11



where the equalities follow from Lemma 1. For the mixed moment, the sign of the error being
unclear, it has to be estimated. It holds that

M
/ o, PSRN 00| < T [ lalos(a)da

< iV A4j20,
3

with d; = % — 0 as 7 — o0o. The last estimate is an application of the Cauchy-Schwarz inequality.
This implies, using Lemma 1 and (42),

—Ajo2 < —M~jAj20+ 0\ Aj20— MAj11.

Now we use (43) in (40):

M
—Aj11 < 7(%’ —1)Aj20.

Hence,

M2

—Ajo2 + <M %~ (G 1)) Ajo0 < 0jv/Aja0- (45)

Moreover, it follows from (41) and (44) that

Ajo2 —27jAj20 < 2M . (46)
By M > 2, v; — 1, 6; — 0, the sum

M2
((M =2y -G - 1)) Ajoo <2M + 651/ Aja0
of the two inequalities (45) and (46) implies uniform boundedness of A;2 ¢ as j — oo and, conse-
quentially, the same is true for A; o2 by (46). Concluding, we have proved uniform boundedness as
j — oo of

/ (1+ 2% +v?)f; dr dv and of /(1+a:2)pj dx .
R2 R

It follows that subsequences of f; and p; converge tightly to nonnegative bounded measures f and,
respectively, p, both with total mass M, satisfying p = ps. Since the map p — S[p] is continuous
from the set of bounded measures with the weak topology into the set of continuous functions, we
can pass to the limit in the distributional formulation of (26), proving that f solves (23) in the
sense of distributions.

It remains to show the mild formulation and that f € L'(R?). Starting with the latter, we
integrate (27) between —oo and x (resp. = and +oo) for v > 0 (resp. v < 0), which implies that

v|fj(1:,v)§M/pjdm:M2, (z,v) €R? j€N.
R

Consequently the only possible singular part of f is a Dirac measure at v = 0:
flz,v) = g(z,v) +7(z)d(v),

12



with g € L (R?) and v € L} (R). In the distributional formulation of (23),

—/ vg0rp d(x,v) = / (pg +7)Slpg +(x +v)pd(z,v) = M | gpd(x,v)— M/ ye(z,0)dz,
R2 R2 R2 R

we choose a sequence of test functions ¢, € C§° (RQ), such that ¢, and 0d,, are uniformly bounded,
on(2,0) — 1 for all x € R, and |supp(p,)| — 0 as n — co. Passing to the limit in the distributional
formulation, only the last term remains, showing that v = 0 and f = g € L'(R?).

We observe that (34)-(36) holds for p = p; and F' = f;. The observations of above also
justify passing to the limit j — oo in these formulas. A short computation then leads to the mild
formulation (24), completing the proof. =

Theorem 4 Let M > 2 hold. Then solutions f of (23) as in Theorem 3 satisfy f € C>°(R?).

Proof. With the Fourier transform
f(§7 k) — / / f<m7 v)e—’i(ﬁx"rk’v)dv dﬂ:’ ,
R JR

a straightforward computation leads to

_ (¢
S - 2%, eer
Consequently, (24) is equivalent to
e 7 —msPr(E(1—s) — k)pr(k + €s)
Flek) = /0 e s, (47)

~

Moreover, pr(£§) = f(£,0), so that

e 00 3 s/\f 1— - g [ee) —Ms . /\
e = [P < [T s s el )76
C

T g Sup 7L = 8)p7(es)

Using the boundedness of p; by M as a start and

1 1
o0 (L €T —s)DA+1Es) — 1+1E]

iteration on the above inequality gives

- (eM)?"
Pf(f) < Wu

for arbitrary n and, therefore, py € C*°(R). Actually, we shall use the equivalent

C

W(S)\Sm, VnZO,

in (47), leading to the estimate

est

If(&, k)] < 6721/0 (1+ (€(1—s) = k)2)"(1 + (€5 + k)2)nd5'

13



Note that
(L4 (&L —5) —k)*)(L+ (Es+k)*) > 1 +max{(£(1 —s) — k)%, (§s + k)*}.

Both as functions of £ and of k, the squares under the max have parabolas as graphs. The minimal
value of the maximum is taken at their intersection. This gives

2
minma{(6(1 — ) — K%, (€ + K} = minmax{(a — 0%’} = &
. k2
rgrgﬂlgmax{(f(l - S) - k)27 (fS + k)2} = (1 + 2(8 . 1)+)2 ;

where for the second result, the cases s > 1 and s < 1 have to be treated separately. We obtain

2 2
(14 (€1 = 5) = k) (A + (Es+k)?) > 1 *max{i’ (1 +2<f - 1>+>2}

>1+§+ k2 S 1+E&+ R
- 5 5(1+2(8—1)+)2 - 5(1—|—2(8—1)+)2’

where the second inequality follows from max{a/4,b} > (a +b)/5, a,b € R. Consequentially, for
every n > 0 there exists C,, > 0, such that

n .2
~ ocy,

Flem)| < Cn

> —Ms 2n _
[T s s = S

(1+&+ k2

implying f € C*(R?). =
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