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A kinetic equation for repulsive coalescing
random jumps in continuum

ABSTRACT. A continuum individual-based model of hopping and coalescing
particles is introduced and studied. Its microscopic dynamics are described
by a hierarchy of evolution equations obtained in the paper. Then the passage
from the micro- to mesoscopic dynamics is performed by means of a Vlasov-
type scaling. The existence and uniqueness of solutions of the corresponding
kinetic equation are proved.

1. Introduction. In this paper, we introduce and study the dynamics of
an infinite system of particles located in R?, which jump and merge (coa-
lesce). Both jumping and coalescing are repulsive. The proposed model is
individual based, which means that the description of its Markov dynamics
is performed in terms of random changes of states of individual particles.
In the proposed model, such changes include: (a) the particle located at a
given z € R? changes its position to y € R? (jumping); (b) two particles,
located at € R? and y € R?, merge into a single particle located at z € R?
(coalescing). The rates of these events depend on the configuration of all
particles. Similar single type population models are used to describe pre-
dation in ecology, see, e.g., [6]. The model proposed can be viewed as an
extension of the Kawasaki model with repulsion studied in [5] where only
random jumps with repulsion are taken into account. To the best of our
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knowledge, the microscopic modeling of this kind of merging is performed
here for the first time. Previous theories, see, e.g., [1, 2, 3, 4, 11, 13, 14],
deal with the particle densities and hence do not take into account the cor-
puscular structure of the system or, see, e.g., [15, 16], while introducing
individual-based models, describe only finite systems with coalescence be-
tween two particles dependent on characteristics of the particles involved
and the mass of entire population. Interactions between particles are not
taken into account. The most important aspects of the model proposed
in this paper are: (a) the coalescence rate depends on the neighbourhood
of the coalescing particles; (b) infinite systems of particles are described.
However, the particle mass is not taken into account, which is supposed to
be done in an extension of the present model.

The state space of the system considered is the configuration space, that
is, the set of all locally finite subsets of R¢

I =I'(RY) = {’y c R%: 4N A is finite for every compact A C ]Rd}.
It can be given a measurability structure. Take
F=0Tpa:neNyAC RY - compact),
that is the smallest o-field generated by the cylinders
Fna={yel:|yNAl=n}.

This allows one to consider probability measures on standard Borel space
(', F) as states of the system. To characterize them one uses observables,
which are appropriate functions F : I' — R. For an observable F' and a

state u, the number
/ Fdu
r

is the p-expected value of F. Then the evolution of states pg — pg can
be described via the dual evolution Fyy — F; based on the following duality
relation

/ng,ut :/Ftdﬂo, t> 0.
r r

The evolution of observables is obtained in turn from the Kolmogorov equa-
tion
d

—F, =LF; Fili—o = F{
dt t ty t‘t—o 0
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in which the “operator” L characterizes the model, see [7, 8, 9, 10] for more
details. In the proposed model, it has the following form

tre) = Y [alyan) (FO\ew)uz) - Fo)ds

{‘T:y}c’y Rd

+) /ég(x;y;v) (F(’y\wuy) —F('Y))dy-

xey R

(1.1)

The first term of L describes the coalescence occurring with intensity
¢1(z,y; z;7v). The particles located at z and y merge into a new particle
located at a point z. The second term describes the jump of the particle
located at = to a point y with intensity éo(x;y;y). The model with L con-
sisting of the second term only is the Kawasaki model studied in [5]. The
kernels ¢; and ¢ take into account also the influence of the whole configu-
ration, which is supposed to be repulsive, see (3.2) below. Note that L is
linear and independent of time and hence we deal with Markov dynamics.
In the present research, we follow the statistical approach, see, e.g., [5,
7, 8,9, 10], in which the dynamics of the model are described by means of
that of the corresponding correlation functions obtained from the following

Cauchy problem

d
k= L%y, ko =k
dt t Ty t=0 0,

in which the “operator” L® is related to L in a certain way. In Section 3,
we calculate L? following the scheme developed in [10]. Usually, equations
for k; are studied in scales of the corresponding Banach spaces. However, as
the structure of L® obtained below is too complicated, in this work we do
not study this equation, which is supposed to be done in a separate work.
Instead, in Section 4 we consider a simplified version obtained by means of a
Vlasov-type scaling procedure developed in, e.g., [8], which is equivalent to
passing to the so-called mesoscopic description. In particular, we informally
obtain the kinetic equation and study its local solutions in an appropriate
Banach space, showing their existence and uniqueness. In the next section,
we introduce necessary notions and technical tools.

2. Basic notions and tools. In this section we introduce basic notions
and tools used for proving the results in the following sections. We give
only a short description with references to the corresponding sources.

Note that each element v € I' is at most countable without finite limiting
points. T' is endowed with the vague topology, which is the weakest topology
that makes continuous the mappings

=Y fx)

rey
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for all continuous compactly supported functions f : R — R. For the
general discussion on configuration spaces we recommend [7, 9].
One can also consider the space of all finite configurations

Ty =Ty(RY) = {77 el:nis ﬁnite},

By Bys(T'g) we denote the set of all bounded measurable functions G :
'y — R such that for some N € Ny and compact A C R? we have
G (zy,...,x,) =0, whenever n > N or one of the arguments z; ¢ A. Then
the K-transform is defined as follows. For any G € Bys(I'y), KG : ' — R is

(2.1) (KG)(7) =) Gn),

ney
where 17 € v means that 7 is a finite sub-configuration of . Obviously, the
K-transform is linear. It acts to the set of all measurable cylinder functions
F : T — R, that is satisfying F(y) = F(ys) for some compact A C R,
where y4 = vy N A. See [12] for more details. It is also invertible with the
inverse given by

(K'F)(n) =Y (-1 E().

£Cn
For G1,G2 € Bys(Ty), it is known that
(2.2) (KGl) . (KGQ) = K(Gl * Gg),

where G * G5 is the “convolution” given by the formula

(2.3) (G1%Ga)(n) =D G1(§) D> Ga(n\& UC) € Bys(T).

£Cn qay
Denote
(24) e(f,7) = [ f(@)
ey

For a measurable compactly supported function f : R¢ — R, the following
holds

(2.5) K(e(f,))(v) = el + £,7).
A probability measure p on (I', B(I')) is said to have finite local moments
of all orders if for any n € N and a bounded Borel A C R?,

/ sl () < oo,
o

where || stands for the cardinality of n € I'g. For such a measure p, one
can define a correlation measure, p,, on (I'g, B(I'g)) by

/ G (n)pu(dn) = / (KG)()u(dy). G € By(To).
To I
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By A we denote the Lebesgue—Poisson measure on (I, B(I'g)), that is,
the correlation measure for the homogeneous Poisson measure with unit in-
tensity. The Lebesgue—Poisson measure is uniquely defined by the following
formula

(2.6) /G(n))\( —i—Z ] / G (21, ma,. .., xn)dz1das - - - day,
n=1
(R)™

which has to hold for all G € Bys(I'y). The Minlos lemma (see, e.g., [7, eq.
(2.2)]), states that

[ [mumu e OnH A @) A
o

o
_ / Gn) D Hmmas )M (ln),
o

where n is a positive integer, G : Ty — R, H : (I'y)™ — R are positive and
measurable and the sum is taken over all n-part partitions (1, ...,n,) of 1,
where parts being empty configurations are also considered. For n = 2, we
can rewrite (2.7) in the following form

G(nUEH (n, ONdnAdE) = [ G(n) > H(En\E)A(dn).
.y /e

(2.7)

o Top £Cn
By taking
h(55a772)» m= {,I},
H(nlv 772) =
0, |771’ 7é 1

and using (2.6) we obtain the following special case of the Minlos lemma

(2.9) //GnUm (z,n)dzX(dn) = /ZG h(z,n\z)A(dn).

o R4 Ty *€1

Analogously, for

H(Tll 2 773) _ h(l’,y,?’]g), m= {x}7772 = {y}7
o 0, |771|7é10r ’772\?51,

we have

1

5 [ ][ co . pnte.ymdsdyan)
T'o R4 R4

— [ 3 Gy )@,

ro, {zyicn

(2.10)
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3. Dynamics of the correlation functions. In this section, we follow
the approach described in [10], obtaining operator L* acting on correlation
functions, corresponding to (1.1). First, by using the K-transform (2.1) we
obtain the operator L (see (3.4) below) and then L related to L by

(3.1) / (EG) (m)k()A(dn) = / Gn) (LK) () M(dn).
o

o
Recall, that
L =1L+ Lo,

where

LFo) = Y [aysn(FoMasuz) - F))d:

{x,y}C’y R4

and

LyF(y) =) /52(90; 7)) (F(V\m Uy) — F(v))dy-
TEY Rd

We assume that (see notion (2.4) for definition of e(f, 7))

&z, y; 27) = erlz, y; 2)e(t ) A\ {z, y}),

(2)

(3.2)
Ca(wyy;y) = ca(xsy)e(ty”, v\z),

with
tgl)(u) — €—¢1(Z—U), t?(f) (u) = e P2(y—u)
and c1, ¢a, ¢1, ¢o being positive real functions.

The above assumptions are important part of the model, as they guar-
antee that both jumping and coalescing are repulsive. Indeed, if y\{z,y}
is nonempty and at least one of its elements, say wu, is such that z — u lies
in the support of ¢1, then the coalescence rate ¢1(x,y; z;y) is smaller than
c1(z,y; z). If there are no such elements in y\{xz,y}, then ¢ (x,y;z;7y) =
c1(z,y;z). It means that the particles which are not involved in the co-
alescence, may influence it and this influence is repulsive. The analogous
reasoning is valid for the jump rate éa(x;y; 7).

We add some technical assumptions listed below. Namely, let

6l(xa Y5 z5 7) - (Kci,y,z>('7\{x? y})7

(3:3) Gawiysy) = (KCZy) (7\w)
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for some C’xy ., and Ca%;y' We discuss the form of these functions later in

this section. Additionally,

Cl<x7 Y; Z) = Cl(y7$; Z)v

Cl(wl,xg;wg)d[Eid.fj = <Cl> < 00, Z7] = 172737 Z#]:

(R4)2

[extwis = [ estwdy = (2 <.

Rd ]Rd

/¢1($)d1’ = (¢1 /¢2 dx = (¢2) < o0
Rd Rd

Suppose that F' = KG, where G : I'g — R. Then, by writing KLG = LF,
we define

(3.4) L=KLK.
By the properties of the K-transform we derive an explicit formula for L.

Proposition 3.1. L defined as above has the following form

L6 = [ 3 [ChyewHLy] oMo u))ds

Ra {Ty}Cn
+ [ 3 [ez, w12, )y,
fa TEN
where
55) Hy.(n) = G(nUz) = G(nUx) = G(nUy) = G(nU {z,y}),

The next step is to pass with the action of the operator L to the cor-
relation functions, i.e. to obtain L. The latter is defined by the pairing
(LG, k)) = ((G,LAk)), see (3.1). Let us consider the integral on the left
hand side of equation (3.1). Using the Minlos lemma (2.7), we can transform
it so that we can obtain L.

Proposition 3.2. L2 defined as above is of the form

L% = L7 + Ly,
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where
=5 [ [T atmakineueu o)
(Re)z To *<1

x e(tt) —1,8)e(tM), n\2)A(dE)dady

;/ /chxy, k(nUgUy)

(R4)2 Tg zen

( -1 5) (z ,77\1') (d§>dydz
/}:Qﬁﬂ% k(nugumx)

(Rd)Q Iy Y&
x e(t) — 1, )e(t), n\y)A(dE)dwdz
—/ / Z c1(w,y; 2)k(nUE)

Rd To {Z:¥}Cn

x e(t) —1,€)e(t), n\{z, y})A(d€)d=

and

LAk: //an\yUﬁUa:CQ(m Y)

Re To yen
x e(t?) —1,8)e(tP — 1,n\y)\(d€)dx

//k:nU£ Zczxy

Re T xren
X He t2 —1,€)e t(2) — 1,n\z)A(d€)dy.
ueé

Proof of Proposition 3.1. First let us rewrite the operator L in a more
convenient form. Using (3.3) and recalling that any configuration treated
as a subset of R? is Lebesgue measure-zero as it is countable, we have

LF() = Y (Kcéyx [KG(-u2)
{zy}Cv R\

- KG(- Uz, y})D (M {z,y})dz
Observe that for any € € T', z,y, 2z ¢ £ we have
KG(EUz)= > G =) |G +Gnu=)| = K|G()+G(u2)|(©

neguz neg
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and analogously

G(EU{z.y}) = K[G() + G(-Ua) + G(-Uy) + G(- U{z. 5} (©)

Using linearity of the K-transform and above observations, we obtain

LiF() = Y KC! ()K[G(-Uz)—G(-Ux)

T,Y;2
{:C,y}C'y R4

- GUY) = GCU )] () 0\ )

Considering the second part of the operator, we have

LF) =Y [ KC2,0\0) KGO\ L) - KGO dy

xey R

=2 / (rez,0x 60y - 66 ua]) ) o)y

me’y

Using notion (3.5) and property (2.2) of the product of K-transforms, we
derive

LPO) = 3 [ K[Chx ] 0\e))ds

{I7y}C’Y Rd

Ly F(y Z / C2;y * Hiy] (Y\z)dy

mE'y
Therefore
LE() = Y | K|Ch.*HL |0\ yhaz
{a:,y}C7 Rd
+ Z /K [Cg;y * Hg;y] (v\x)dy
TEY Rd

Recalling the definition (3.4) of the operator L and denoting

LiG(n) = K'L1F(n), L2G(n) = K 'LyF(n),
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we obtain

LG) =30 S [ K[Chx i€\ (o)

YOOy \n\{w,y}\dK[C *H;yz](i)dz

re {zy}Cn ECn\{=zy}

> KUK |Chyx H | 0\, )z
re {z¥}Cn

= [ 3 |Gy r HL | 00\ yhaz
R4 {%?J}Cﬂ
and analogously

LGln) = 3 (-0 Y [ [z, b2, ] €0y

£Cn z€ Rd

Z Z |77\93\€\K[C *H2 }(f)dy

Rd €N £Cn\z

/ZK 'K C’2 *Hz }(n\w)dy

Rd xEen
= [ [e2, 2 ooy
R xen
Therefore

Lo = [ 3 [Chye HY o]\ yh)az

Rre {zy}Cn
—I—/Z [C’Q *H2 } (n\x)dy
Rd xen

0

Proof of Proposition 3.2. Using the special case (2.10) of the Minlos
lemma and proposition (3.1), we have

/ (4G () k()M ()
o

:// Z [C;yz*H:iyz](n\{xay})k(n)dz)\(dn)

To R4 {z,y}Cn
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=5 | [ r i) @k U Gy dsdy
Rd3F0

Recalling the definition (2.3) of the convolution * and using the Minlos
lemma in the form (2.8) twice, we obtain

J@ormrmaan =5 [ [3 et feu0

(R )3 To &Cn qay

X k(nU{z,y}) (dn)d:ﬂdydz

—5 | [ ]t D> S HL,.(nUQ)

(Rd )3 I'o I'o
x k(nU U {z,y})A(dn)A(d€)dzdydz

-5 | [ ][ ctutcvomnt,muo

(R4)3 T'p T'o Tp
X (51U €U C U {, g Adn) M (dE)N(dC) ddydz.

To

l\J\v—l

Using again the Minlos lemma (2.8), but in the opposite direction, we have

J@ermrmaan =3 [ [ [ et cuom,.m

(Rd)S Iy Ty SC7
X k(nU&U{x,y})A(dn)A(dE)dxdydz

e
=5 | [H /(wfu{x,y})

Rd3FO

x 3 Ch. (€U C)A(dg)] A(dn) dadydz.

¢Cn

To

Let us rewrite above using the definition (3.5) of H} .. (n).
/ (L1G) () ()A(d)

/ / (nUz)—GnUz)—GUy) - GnU{z,y})
Rd)SI‘O
[/ (nUEU Lz, y}) Y Ch,(§ U QL) | Mdn)dzdydz.

To ¢Cn
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Using the special cases (2.9) and (2.10) of the Minlos lemma, we obtain

/ (E4G) () ()M (dn)

:/G [ //an\zugu{xy} Z xyziuC (d§)dzdy

o (Rd)2 Ty *€7 ¢Cn\z
[ knugun) 3 Clyele uONddyd:
(Rd)Q To zEen ¢Cn\z
_% / /Zk nUEUZ) S O, (€UQA(dE)dadz
(R4)2 T'g yen ¢Cn\y
[ X knue Sl euOndeds] A
Rd Ty {zy}Cn Cn\{z,y}

Employing the same technique to the second part of the operator ﬁ, we
derive

/ (£2G) () k(m)A(d)

o

///ZCQ (EUQHZ, (Mk(nUEUz)A(dn)A(dE)dady

(R4)2 Ty To ¢Cn

/G [//Zk:n\yugw > C2(EUQAdE)dx

Rd T YET ¢Cn\y
- [ [rau9 3 3 eeuon d&)dy]A(dn).
R4 To TEN (Cn\zx

Therefore, we obtain

LA%k(n) =
(36) = //an\zusu{wy} ) ST L, (€ U dE)dady
(Rd)Q Iy €1 ¢Cn\z
(3.7) ! / /anum ) ST O, (EUONdE)dyds
(Rd)2I‘ zEN ¢Cn\z

(3.8) //anugu:c > Ch L (EUONdE)dadz

(Rd)Q I, YEn ¢Cn\y
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o) [ X kv X chuvonui

Rd Ty {%y}Cn ¢Cn\{=zy}

(3.10) //an\yugu:c ) D C2L(EUQA(dE)da

Rd [y Y7 ¢Cn\y
i) - [ [Truo 3 vy
Rd Iy TEN ¢Cn\z

Note that so far we have not used any assumption about coefficients ¢; and
¢o apart from that they can be written as results of action of the K-transform
on corresponding functions C;’y; , and C’%;y. Let us calculate explicit forms

of these functions. Recall that

61($,y;z;7) = Cl(ﬂi‘,y;z) H e*(bl(zfu)’
uey\{z,y}

G(z;y7) = calwsy) [ e 0.

ueY\x
We have
Kcml AE Cl(xv Y; Z) e(t,(zl)v ')7
that is
C;,y;z = K_lcl(xvy;z) 6(1 +tgl) - 1") 33 Y5 2 IZ

=ci(z,y;2) K ' Ke(tWM — 1,) = e1 (@, 5 2) e(tD) — 1, ).

Therefore

(3.12) CL () = ci(z,y;2) et — 1,).

Analogously we can derive

(3.13) C2.,(n) = ca(z;y) e(t?) — 1,n).

Using the above, we can rewrite the operator L®. For convenience let us
denote the part of it corresponding to the coalescence, that is the terms
(3.6)-(3.9), as L{ and the part corresponding to the jumps, that is the
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terms (3. 10)*(3 11), as L§. Substituting (3.12), we derive

LikGy //an\zugu{my} > alzy:z)

Rd 2T, €7 CCn\z
e(t!h) — 1,6 U QN(dE)dady
D) / /kaufuw > i@, y; et — 1,€ UQNdE)dydz
(R4)2 T *€7 (Cn\e

- / /Zk(nuwx) > alwy2)e(tl) —1,EUQON(d)dadz

(R4)2 To yen ¢Cn\y
Yo ktug) DD almyiz)e(t) — 1,EUQA(dE)dz
Rd Iy {zw}Cn ¢Cn\{z,y}

and analogously using (3.13), we obtain

Lyk(n //Zk‘ MyUeUz) Y ea(a;ye(t?) — 1,6 UON(dE)da

Rd Ty YEN ¢cn\y
// MU D calmyle(t?) — 1,6 UA(dE)dy
Rd To €N (Cn\z

Consider the first component of L{* and denote it as

Lﬁk(n)Z% / /Zk(n\zuﬁu{wvy})

(r1)2 To *<"

x Y ea,y; 2)e(tt) — 1,6 U QAdE)dady.

Next, for a given 7 let us introduce C(n) = {£ € T : ENn # 0}. Then, be-
cause any configuration treated as a measurable subset of R? is of Lebesgue
measure 0 and the empty configuration does not belong to C(n) for any
n € Ty, we have A\(C(n)) = 0 for every n € T'y. Indeed, using the char-
acterization (2.6) of the integral w.r.t. the Lebesgue—Poisson measure, we
obtain

00 1 .
AC(n)) = / Ty (E)A(dE) = g)ngm / G0 (@1, wp)day - day,
To n=1 (Rd)n

7©

First, notice that i) = 0, as empty configuration cannot have common

part with any configuration. Then, because

() o) ) M
Loy (@ zn) < I (@1) + Lo (22) + o+ Loy (20)
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we have for every n € N

/ Igl(;)(xl, conyTp)dxy . odry, <n / [/ (1()7])( )dx} dry...dx,—1.
(Rd)n (Rd)nfl R4

Taking into account that

/ 19 (@)do = / I(a)dz = I(n) = 0,

Rd R4
where [ denotes the Lebesgue measure, one can clearly see that A(C'(n)) = 0.
Therefore, when integrating over I'o\C(n) instead of Ty, the result is the
same. However, all subconfigurations ¢ of n are disjoint with any £ €
I'o\C(n), which allows us to separate the product taken over £ U ( into
one taken over £ and another taken over (. Thus we can write

Lk (n) / /chxy, k(n\zUguU{z,y})

(R )2 T *€"

et =1,6) > et = 1,QA(dE)dudy.
(Cn\z
Recalling the definition (2.1) of the K-transform and its property (2.5), we

have
S et —1,0) = K(e(t) — 1,))(11\2) = e(t?), 1)\2).
CCn\z

Therefore we can rewrite the action of LA in the form

hk =3 [ [ S etk ueu s

(Rd)? Fo *€"
x e(tH) — 1,8)e(tM), n\z)\(d€)dwdy.

Applying the same method for the rest of the LlA and for the L2A, we obtain
the result. g

4. The Vlasov scaling and the kinetic equation.

4.1. The Vlasov scaling. We follow the scaling technique described in
[8]. Let us introduce the scale parameter € € [0, 1] with € = 1 corresponding
to the unscaled case (microscopic level) and € — 0 to the fully rescaled case,
where the description of the system is based on the density of a medium
(mesoscopic level), instead of the corpuscular structure. Evolution of density
in time is characterized by the corresponding kinetic equation. The scaling
is performed in such a way that the evolution of the rescaled case preserves
poissonity of a correlation function. This allows us to identify above abstract
density of the medium with density of the Poisson measure, which is concrete
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mathematical object. We alter the operator L2 by scaling ¢; — ec1, ¢1 —
epy and ¢o — €go for € € (0,1], which can be interpreted as weakening the
interactions between particles. Altered in such a way operator we denote
by L2. Next, we renormalize it, defining

LTk(n) = L2 (e k(n)).

Let us consider the first component of the operator L*". We have (cf.
Proposition 3.2)

k) = 5 [ [ S enayiz)e MBI G\z UEU (o)

(R%)2 To €7
< [Je® G —1) T e A(dE)dady.
u€g uen\z

Note that integrating over (R%)%\(n x 1) instead of (R%)? and over T'g\ (1 U
{z,y}) instead of I‘O does not influence the result, so we have

k) =5 [ [Tkt ueu o)

<Rd>2 ro *<"
<1 = ( e (z—u —1) [ e C-Ade)dady.
ueg uen\z

Let us pass with € to the limit. Noting that

lim 1 (e_€¢1(z_“) — 1) = —¢1(z —u),

e—0 €

we can write

tig Lk = 5 [ [ S ealeas ki UL (o)
(Rd)? Lo *<7
< [ (= é1(z = w) Md€)dzdy.
uel

Let us denote V = hr% L*". Calculating analogously as above, one derives
%

Vk(n) = / /261 z,y; 2)k(n\z U U {z,y})
“ie
x [[(=o1(z — w)A(d€)dady
ueé

-3 / / S erla,ys kU € Uy) T (—o1(z — w)A(de)dyd=

(R4)2 Tg zen u€g
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-5 | [Tawparnueun [Jo - wddsd:
(R4)2 Tg yen u€l
[ 3 kiU Unieatasy) T[(-oaly — ) de)ds
R4 T yen u€eé
~ [ [ K093 extwi [T (6aty — w)A )y
Rd T TEN u€f
Consider the following problem
(4.1) %Tt Viry,  ri=o0 =10

in the Banach space
Ko={r:To—R:||r|lsg < oo},

where
[I7[]6 = ess sup el |r ().
n€lo
As usual in the Vlasov scaling, we assume that the initial state is a Poisson
measure and hence rg is of the form

=[] po(z)

xren

r(n) = [ pe()

If r; is of the product form

xren
then
d
dt T dt H OEDY ( 11 pt(y)) ).
ren xreN yen\z

Therefore, by expressing Vr; in the form

Vry(n Z( 1T retw ) v(pe, ),

€N  yen\z
for some v(pg, z) (which is done below), we can obtain a problem for p;
corresponding to (4.1), namely a kinetic equation
d
dt
If p; is a solution of (4.2), then we can easily check that

n) =[] ()

ren

(4.2) pe(x) = v(pe, ), pe=o = po-

is a solution of (4.1). Therefore by showing existence of solution of (4.2), we
obtain the existence of (4.1). As we show the local existence and uniqueness
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of the kinetic equation (see Theorem 4.1 below), we obtain the local exis-
tence of (4.1). It is possible to show its uniqueness using the Ovsyannikov’s
method, but it is beyond the scope of this paper.

Let us denote the first component of V' by V. We have

i) =5 [ [ S auwanmzugu o

(Rd 2 Ty Z€N

x [[(—61(z = w)A(d€)dxdy

ueé
/ /ch (z,y; 2 I~
Rd 2 1, €N ven\zuw{x,y}
X H —¢1(z — w))A(d€)dxdy.
u€eg

Because I(n) = 0 and A\(C(nU {x,y})) = 0, one can rewrite above as

Vir(n Z( II )( / / c1(x,y; 2)

Zen vem\z (RH)2\(nx7) To\C(nUfz.y})
% pu(@)pely) [ (=pe(w)r (= — ) N(d€)dady ).
uel
Therefore
V17”t Z( H Pt )Ul Pty 2 )7
Z€n  wven\z
where
1
vilp, 2) = 5 / 1(2, y; 2)pe (@) pe(y /H —pi(u)p1(z — u))A(d§)dxdy.
(Rd)2 To u€ef

Noting that for a(u) = —pi(u)p1(z — u)

F{};{ga A(d€) _1+; (Rd/ (1) ... a(wn)der . .. dzy
— 1+;n!<]¥a(u)du)n:exp</a(u>du)7

Rd
we can reformulate the above, obtaining

1

wino) =5 [ awmopeE e (- [ o - o) dds

(Rd)2 Rd
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Calculating analogously as above, one can obtain explicit form of v and thus
the following kinetic equation

Go) =3 [ atanen (= [ o - wnddn)nEd:

(R4)2 Rd

- % / (Cl(w,y; z) +aly,z; Z))

(R)2
(43) xexp (= [ o1(z — wpwdu)ou(a)on () dud:
R

+ [eatwares (= [ oate — wprtu)dn) pv)dy
R4 R4

- [estmes (= [ oaly - wipudu) o)y
Rd R

Pt=0 = PO-

4.2. The kinetic equation. Let us rewrite the problem (4.3) as

(4.4) Pt(@) = Balpe, 2) + Ra(pe, 2), - pr=o(@) = po(@),
where
Ri(p,x) = —%pt(l‘) / <C1(x,y;3)+61(y,x;2))pt(y)dydz
(RY)2
—h(pt,w)/@(x;y)dy
Rd
= — pe()h(pt, )
for
o) =5 [ (elewia) + el o) + ()
(Rd)2
and
Ra(pt, ) = % / c1(y, z;2) exp ( - /¢1(37 - U)Pt(u)du)Pt(y)Pt(Z)dde
(Rd)z Rd

+% / (Cl(xyy;Z)JrCl(y,x;Z))

(R4)?
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X [1 — exp < - /¢1(Z - U)Pt(u)duﬂ pe(z)pe(y)dydz
Rd

+ /CQ(y;fE) exp ( - /qbz(w - U)Pt(u)du>Pt(y)dy

Rd Rd

+ /cQ(m;y) [1 — exp ( - /¢2(y - U)pt(U)dUHPt(:c)dy-

Rd Rd

Note that from (4.4) we can obtain the equivalent integral equation

t
pi(e) = pola)exp (= [ hipu)ds)
0

(4.5) t t

+/R2 Ps, & exp(—/h(pg,x)da)ds.
0 s

Theorem 4.1. Problem (4.4) with the initial condition py € L>(R?), po >
0 has the unique local classical solution.

Consider X7 = C([0,T] — L*(R%)), T > 0 with the norm

pllrey = sup eV ||pf]| .

t€[0,T]
Denote
Bry(r) ={p€ Xr: |lpllry <7, pr 20Vt € [0, T},
Bry(r, po) = {¢ € Br,(r) : ¥0 = po},
where pg € L¥(R?), pg > 0, r > ||po||= and T,y > 0.

Lemma 4.2. Given r > 0, there exist v, T > 0 such that F defined by the
RHS of (4.5) with the domain Br«~(r) C X7« acts again to the Bp« (1)
for any T* € [0, T).

Lemma 4.3. Let pg € L¥(R%),p9 > 0 and r > |lpol|pe. Let T, satisfy
Lemma 4.2 for this r. We can choose T* € [0,T] in such a way that for

any p, ¥ in Br= (1, po) the inequality ||F(p) — F(4)|lr= < Cllp = |1+
holds for some constant C < 1.

Proof of Theorem 4.1. Choose 7 > ||po||z~ and take corresponding =y, T
from Lemma 4.2. Take T™ as in Lemma 4.3. Define the sequence of Picard
iterations (p(™),en, in the following way

p) = po vt € [0,7%],

(4.6)
pM = P(p" V), neN.
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Obviously, p© e Brs(r). Therefore, by Lemma 4.2, o™ e Br« (r) for
all n € Ny and from Lemma 4.3 we obtain

Cn

(n+k) o~
s 1 _ C’

k
= ol <1160 = p Ol 30 € < [l = O
=1

llp

where C' < 1 is a positive constant. Therefore (p(”))n €N defined by (4.6) is
a Cauchy sequence. As Bp« ,(r) is a closed subset of a Banach space, there
exists

lim p™ =pe B+ ~(r).

n—oo
Clearly F(p) = p and therefore p; satisfies the integral equation (4.5) for
t € [0,7%]. Thus it is a local classical solution of (4.4).
Now suppose there is another local classical solution of this equation, say
1. Then ¥y = pg and for r,v,T* as above, there exists T < T™ such that
Y € Br(r). However, from Lemma 4.3 we have

lp = ¢llry = [1F(p) = F()llry < Cllp = Pl
for C' < 1, which means that
Ty =0
and thus p is the unique local classical solution. O

Proof of Lemma 4.2. Take arbitrary T,y > 0 and p € Br,(r). Note
that

hpi, z) = (c2),

3
(4.7) Ralpr,w) < S llpill7e= (1) + 2llpel| o< {c2),

pr(x) <|lpell L <

It is obvious that F' preserves positiveness of p. Furthermore, using above
estimates and the definition of By, (r), we derive

(F®) @) = miz)exp (= [ hipu
0

t t

+/R2 Ps, & exp( /h(pa,az)drf)ds

0 s

t
< [lpollpoe? +/R2(p57$)6(8_t)<62>d8
0
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t

e 3
<@ lpllry + [ (Gteelr Ve ol

0
+ 2(ea) 0D iy, ) ds .

Therefore, we obtain

(@) [ seer]re 2(23<31>><2> (clreniear —1)

+ 72+1 (e(7+1)<02>t _ 1)}

|()]

Thus

<r sup f(t),
Ty te[0,T)

where

o~ (D) (e2)t 3lenr (v _
f(t) = e 0F! [1+ (27+1)< >( 2t 1)

)]

Note that f(0) = 1. Additionally
_ 3{c1)r
") = — (+1){e2)t _ NTT @y et
F6) = = (v + {eae 1+ 2 1 (e 1)
2
(vHD{e2)t _
sl )

+ et [3<C21>7“e<2w+1><c2>t n 2<CQ>€(7+1><CQ>t]

and hence

70) =~y + Dfea) + (Slenyr +2(ea)).

Choosing v > 1 + 32<<6612>; , we have f’(0) < 0, which guarantees existence of

T such that sup f(t) = 1. Taking T = T* for T* € [0, T] yields
te[0,7]

1 F ()|l

Therefore F'(p) € By« ~(r) for p € By« (7). O

oy ST
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Proof of Lemma 4.3. We have

t

(F0)~ ) @) = ml@yexp (= [ hipe,a)ds)
0

t

—l—/Rg(ps,x) exp(—]h(/?a,x)da>ds

0
t

(4.8) — po(z) exp ( — /h(z/Js7 :c)ds)
0

—/tRQ(ws,x)exp(—/h(wg,w)da)ds
0

S
t
=D+ /DQdS,
0

where

D1 = o) [0~ [ 1) e (= [ s )]
0 0

and

t

Dy = /t [Rz(psw) exp(—/h(paw)dff)
0

S

— Ro (s, z) exp < — /h(i/)a, x)da)} ds.

Take an arbitrary T* € [0, T]. We have

t
(4.9)  |D1f < |lpol|ze={e1) / l1ps = ®sl|zoeds < 7(c1)te” @ |p = |7 .
0

To estimate |Ds|, consider two cases. First, suppose

/ (h(pg, x) — h(@ng))da > 0.
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Then

1D2| < [Ra(pa)exp [ = [ (hlpora) = b)) do]

t

- Ra(u)ep [ = [ (hor2) ~ vr,2)) do |

#|Rau)exp [ = [ (hlpor2) = hio,))do]|  Ralir, o)

< ‘Rz(psw) —Rz(%x))

+R2<¢s,x>{1exp[/(h<pg,x>hwa,x))do}}.

t
In the other case, when [ (h(pa, z)—h(¢s, a:))da < 0, we have analogously
S

|Do| < ‘RQ(PsﬁU) - R2(¢37J3)‘

+ Ra(pw ) {1 = exp [ = [ (n(wm2) = pr. ) )do | }.

Note that both Ra(ps,x) and Ry (15, x), as both belong to Brp= (r), satisfy
the same estimate (cf. (4.7))

Ra(ps, ), Ra (s, x) <
which allows us to write
1Do] < [Ra(ps, ) — Baw, )| +
(4.10) ¢

X{l—eXp{—s/‘ (Yo, 2) — Mpo, @ ‘do}}

t t

t-exp [~ [ |b0e0) = hlpoo)|do] < [ [h2) = hlpe,)|do

;/’ / <c1(x,y;z)+c1(y,x;z)> (pa(y)—wa(y))dydz‘dg

s (Rd)2

l\D\OJ

(c1)e 2y{e2)s 2 4 2<02>67<02>ST,

<Cl>e2v<02>5r2 + 2(02>67<C2>87‘)

We have
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t

t
= /<01>Hpa — Yollpeedo < /<Cl>€”<@>"!\p = Yll7=5do

< {en)e" 2t = 9)|lp — 7=,
which yields

t

(411) 1—exp |- / (1(tos) = lpg,2)|do| < (er)te @ lp = Y- .

s

Let us estimate

Ra(pss @) = Ra(ts, )|
<5 [ awzo e (- o - o))
(R4)2 R4
—exp (= [ drla = w)u(u)du) (o)) |dud:
R
5 [ (s rawe) |[1-eo (- oG- opwd)]
(R4)2 R

< pu()outy) = [1=exp (= [ éne = walu)du) | (o) (w)] dydz
Rd

+ [eato) [exp (= [ oala = wpuuidu)ouv)

R4 R4

—exp (= [ dnla — wpu(u)du) ()| ay
Ra

+ /cz(x;y) ‘ {1 — exp ( — /¢2(y — u)ps(u)duﬂps(az)
Rd

Rd

- [1 — exp ( - /d)g(y - u)zps(u)du)]ws(:c)’dy.
Rd

Denote by I; the i-th component of the RHS of the above inequality for
1 =1,2,3,4. Then estimating analogously as above, we derive

Iy, 11 < (ea) (27520 (@a)r + €727 [ p -
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Moreover, noting that

ps(1)ps(2) = () 2)|
; (ps( )+ %(z)) ps(y) — %(y)‘ + %(ps(y) + ¢8(y)) Ps

we obtain

(Z) - 1/}5('2) s

< St )

T
I

IA

(c1) (2627(02)87“ + 637<02>5<¢1>r ) Hp - 1/)‘

Ty
Therefore,

[Baps,2) — o, )| < B<01>67<02>5(267<C2> P 10 g1)2)

+ 2<c2>6’\/<02)s (e’y(02)5<¢2>r + 1)} Hp . w’ .

Substituting (4.11) and (4.12) into (4.10) and using it together with (4.9),
we obtain (cf. (4.8))

(Flo) - F())

(4.12)

(x)) < et p(p)

t

where

£ =t [Srene e ((e)e + (60)
e (2er) o)t + 3er) +2(ea) (2)) + 2ea)]-

Therefore,

7o) - Fw)

< sup f(t)
" telo,T%]

Note that f(¢) is continuous, increasing function of ¢t and f ( ) = 0. Thus,
there exists 7°* > 0 such that f(7**) < 1 and f(t) € [0, f(T™)] for t €
[0, T**]. Choosing T™* = min(T™**,T"), we obtain

1P -Fwll,. <cllo=v],.
with C = f(T*) < f(T**) < 1. 0
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