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Abstract

We consider a mean field type equation for ballistic aggregation of particles whose
density function depends both on the mass and impulsion of the particles. For the case
of a constant aggregation rate we prove the existence of self-similar solutions and the
convergence of more general solutions to them. We are able to estimate the large time
decay of some moments of general solutions or to build some new classes of self-similar
solutions for several classes of mass and/or impulsion dependent rates.

1 Introduction

The concern of this work is to establish quantitative estimates on the asymptotic be-
haviour of the solutions to some Smoluchowski like models for ballistic aggregation. By
ballistic aggregation, also (improperly) called kinetic coalescence in previous works [6, 11],
we mean aggregation phenomena taking place in a system of particles whose density func-
tion depends on mass and impulsion. It differs from the simplest aggregation mechanism
introduced by Smoluchowski [22] in whose model the particles density function only de-
pends on the mass.

In order to be more precise let us denote by P = P, with y = (m,p) a particle of mass
m > 0 and impulsion p € R? The space of particles states is then ¥ = R, x R% and
the velocity of the particle P, is v = p/m. We assume that at a microscopic level (the
level of particles) the rate of collision of two particles P = P, and P’ = Py is a given
nonnegative function a = a(y,y’) and when these two particles collide they join to form
one aggregated particle P” = P, in such a way that the mechanism conserves total mass
and total impulsion. In other words, the microscopic mechanism reads

Py + Py/ a(y_,y)) f)y//7
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with y” = (m”,p") given by
m//:m+m/, p,/:p+p/.

It is worth mentioning that the above reaction dissipates kinetic energy since, denoting
EF = m! |v¥|?/2 the kinetic energy of particle P, we have

g_e_g = -+~ "M C

2 m+m 2 m 2 m/
1 mm'
- _§m+m’| —v’|2§0

At the mesoscopic (or statistical or mean field) level, the system is described at
time ¢t > 0 by the density function f(¢,y) > 0 of particles with state y € Y. For a
given initial distribution f;,, the evolution of the density f is described by the Smolu-
choswki/Boltzmann like equation:

Of = Q(f) in (0,400) xY, (1.1)
fO) = f™ in Y. (1.2)

The collision operator Q(f) is given by Q(f) = Q1(f) — Q2(f), where
) = 5[ [ au=) £6) S =) dn'a. (1.3
@Nw = [ [ atwt) 1) 1) dntat (1.4

The two following examples of functions a have been considered in relation with models
in astrophysics [26, 1]:

a(y,y) = ans(y,y') == (m'? +m/ V3?2 o — ), (1.5)

m+m’ 1

a’(ya y,) = aNP(ya y/) = mm/ ”U — ’Ul|2 : (16)
This model is seen as a simple test case or elementary analog of more realistic situations
in fluid mechanics or astrophysics [4, 12]. We refer to the introduction of [20, 6, 11]
for an elementary introduction to physics motivation of such a model. We also refer to
[4, 12, 25, 26] and to the references quoted in [20, 6, 11] for a more detailed discussion on
the physics of aggregation.

In the context described above it is very natural to impose on the initial data f;, to

have finite number of particles and momentum. This condition reads:
0< f™e L' (Y,(1+m+ |p|) dydp) . (1.7)

Existence of solutions under that condition has been proved in [20, 6, 11]. It has also been
proved that
f(t,) =0 in LYY), as t — 4o, (1.8)

that is that the total number of particles tends to 0. This is a first result on the long time
asymptotic behaviour of the solutions but still very partial.



A more detailed description of the asymptotic behaviour of the solutions may be ob-
tained by considering scaling properties of the equation (1.1)-(1.4) and the corresponding
self similar solutions. Suppose for example that given a solution f(¢,m,p) of (1.1)-(1.4),
the function f.(t,m,p) = r=>f(rt,r~*m,r~Vp) is still a solution for any r > 0 and for some
exponents A, i, v. A self similar solution is then a solution f such that f = f, for all » > 0.
It is easy to check that such a function must be of the form f(t,m,p) = t*f(1, t*m, t'p).
These particular solutions may describe sometimes the long time asymptotic behaviour
of the solutions of the equation for a suitable family of initial data. The existence of
such self similar solutions may still be a delicate problem, see for example [8, 10] and the
references therein for recent results in that direction for the Smoluchowski equation. We
are very far from being able to treat the general case, when the aggregation kernel a(y,y’)
actually depends on both mass and momentum of the two colliding particles, or even in
the case where the aggregation kernel a(y,y’) only depends on the momentum of the two
colliding particles. We may then be less ambitious and try only to partially improve on
the convergence result (1.8). We may imagine to do so in several ways, listed below by
order of accuracy. Let us just define before the moment Mg(f) of order & of a function
f. It is done, depending on the model considered, as follows:

e when f = f(y) withy=m €Y = (0,00) ory=p €Y =R then @ = o € R and
Malf) = Mal) = [ loi" £ do (1.9)
e when f = f(y) with y = (m,p) € Y = (0,00) x R%, then & = (a, ) € R? and
Malf) = Ma(f) = [ m® 1ol do. (1.10)

The answers may then be:

e Answer 1. Upper bound on moment: 3a&, v, C € (0,00) such that

C
M@(f(t,.))gt—y Vit > 1.
e Answer 2. Upper and lower bound on moments: 3 &, Jv; = vi(a), C; = Ci(a) €
(0,00), such that
&

o SMa(f(t) < 0 Vil

=

e Answer 3. Existence of self-similar solution: there exists some profile function
Yoo : Y — Ry, some exponents A, u, v € R such such that the function

p(t,m, p) =t poo(t* m, 1 p)
is a solution to equation (1.1), (1.3), (1.4).

e Answer 4. Self-similar behaviour: for any given solution f there exists a self-
similar solution ¢ such that f ~ ¢ as t — oo, in a sense to be specified.



Depending on the type of aggregation kernel a(y,y’) that we consider, we are able to prove
one type of answer or another. The results obtained in this work, still very partials, may
be classified as follows.

In Section 2 we consider the case of the kernel ays(y,y’) (which depends on both mass
and momentum) and the only result that we are able to prove is an upper estimate on
some moments (that is a result of type “Answer 17).

In the remainder of the paper, we focus our attention on easier cases where the ag-
gregation rate a only depends upon the impulsion or the mass, namely a(y,y’) = a(p,p’),
a(y,y') = a(m,m’) or even a(y,y’) = 1. In Section 3 we consider kernels a only depending
on the momentum p and p’. A similar case has been considered in [24]. After integration
of the particle density function f(¢,m,p) with respect to m, the resulting equation may
be seen as describing a set of identical particles moving ballistically and such that when
two particles moving with velocities v; and wvo collide they form an aggregate particle
moving with velocity v = v; + vo. This simplified situation has been considered in [25].
We establish several moment estimates of type “Answer 2” when a(p,p’) = |[p — p/|” and
deduce that when v = 2 equation (1.1), (1.3), (1.4) has no self-similar solutions of the
form described above. This may suggest perhaps the non existence of self similar solutions
neither in the case of the mass and impulsion hard spheres kernel.

Examples where a = 1 or a = a(m,m’) have already been treated in the literature
as simplified models (see for example [19] and [12] for a = a(m,m) and [13] for a = 1).
When a = a(m,m’) it is possible to reduce the original equation (1.1), (1.3), (1.4) to
the classical Smoluchowski equation for the zero order moment of the density functions.
That type of aggregation rates is sometimes obtained assuming that the velocity v of the
particles is determined by their mass m. We treat in Section 4 the case where the kernel
depends only on the masses m and m’ of the colliding particles and we exhibit a new class
of self-similar solutions (that is an “Answer 3” type result). Finally, in Section 5 the case
of constant kernel is treated, for which results of type “Answer 3” and “Answer 4”7 are
established.

We end this introduction by some remarks and open questions. A common feature of
these equations is that

M o(t) = M 0(0) and Moyo(t) =0 as t— oo,

and when the cross-section a is homogeneous of order 4 (which belongs to R or R?) it is
likely that

My(t) = - as t— oo, (1.11)

a result which is also known to be true for the coagulation equation (see [10, 9, 8]) and for
the inelastic Boltzmann equation (see [16] and the references therein). The identity (1.11)
has been established when the aggregation rate depends only on the impulsion or on the
mass. But only one side of such identity is proved in the case of the true hard spheres
aggregation rate, that depends both on the mass and the impulsion of the particles. We
ask then.

Open question 1. Is it true that the asymptotic identity behavior (1.11) holds for some
true mass and impulsion depending aggregation rate?

An other interesting question should be to establish some asymptotic behavior of typical
velocity or impulsion depending quantity. A way to express that in mathematical terms



is the following:

Open question 2. Is it possible to exhibit some moment Mg for which we may determi-
nate the long time behavior of Ms/Mj (even just saying that it converges as t — +00)?

2 DMass and impulsion dependence case: a remark on the
hard spheres model.

We start recalling an existence result for initial data f;, satisfying the symmetry property
fin(p) = fin(—p) for all p € R%. The functions satisfying that property will be called even
functions in all the remaining of this paper.

Theorem 2.1 (¢f. [11, Theorem 2.6, Theorem 2.8 and Lemma 3.3]) Assume that the
aggregation rate a satisfies

0<a(y,y) =aly,y) <ks(y)ks(¥), Yy,y' €Y,
a’(m’ —-D, mlv _p/) = a’(m?pa m,7p,) v (map)’ (m/ap/) € Ya
a(m,p,m’,p) < a(m,p,m’, —p') ¥ (m,p),(m',p') €Y s.t.{p,p') >0,
with ks(y) := 1+ m+ |p| + |v|. Then, for every non negative and even (in the p variable)

initial condition f, € L*(Y;k%(y) dy), there exists a unique solution of (1.1)-(1.4) f €
C([0,T); LY (Y;ks(y) dy)) N L>=(0,T; LY(Y; k2 (y) dy)) VT > 0, satisfying furthermore:

/f(t,.)mdyz Cst, (2.1)
Y

f(t,.) is even, so that / ft,)pdy = 0, (2.2)

Y

| el dy< [ fulodn >0 (2.3)
Y Y

[ el [ fuloP (2.4
Y Y

/fmady—>0 when t— o0, Va<l1. (2.5)
Y

Remark 2.2 (i) It is worth mentioning that the hard spheres collision rate ags does
satisfy the assumption of Theorem 2.1, but not the Manev rate anp.
(ii) As a consequence of (2.1), (2.3), (2.4) and (2.5) we deduce that

M, 5(t) ::/ ft,y)m®plPdy — 0 as t— oo (2.6)
Y
whenever («, 3) belongs to the region

{B€0,2,a<1—-p3/2}U{B>2 a<2-p}.

In the case of the hard spheres model we are able to quantify the rate of decay of one
of the moment functions of the solution. More precisely, we have the following result.



Lemma 2.3 Assume that a = agg and the assumption of Theorem 2.1 hold true. Then
the solution f of (1.1)-(1.4) is such that A~ := M_; 5 1(0) < co and

1
M < > 0. 2.
_1/3,1(t)_A+t/4 Vt>0 (2.7)

Proof of Lemma 2.3. Notice first that M_;3(0) < oo because
m 3 p| = m?3 o] < m*3 + |uf? < 2k2.

Now, from the expression (1.1)-(1.2) of the collision kernel we have

_ 1
et pm By =5 [ [ Ayt s dvay
Y Y JY
with
A sy = [+ )3 o of | = 3 ) — ol VS [P o — o

On one hand —A_;/3 1 > 0 because

p 4
()P (s ) = bl 112

On the other hand, if we only take into account the values of v and v' where v-v' < 0 and
suppose that, for example, |p| = min(|p|, [p’|) we have

Pl id | / :
Ay 2 (B (B — s ) ) P+ (Pl + )

(55 0711w = s s

Whence, using that f is even:
pl 1 pl 1P|
/f B S T3 Y2, <o M3 (m )1/3ff dydy’

i)

from which (2.7) straightforwardly follows. O

IN

Remark 2.4 As it has already been noticed (cf. for example [2], [3], [23]), if the aggre-
gation rate is of the form a(y,y’) = A(m,m')B(v,v") (as in ags or axyp) and we assume
that f(t,m,p) is a solution of (1.1), (1.8), (1.4) of the form F(t,m)@(pm=%) for some
function ¢ such that [ p(p)dp =1 and 6 € R, then F(t,m) satisfies a Smoluchowski equa-
tion with a coagulation rate given by A(m,m’)C(m,m') with C depending on the function
@ and on B:

%—};(t,m) = ;/ F(t,m —m"YE(t,m') A(m —m',m")C(m —m/,m')dm’ —
0

_ / OOF(t, m)E (') A(m, ) Clm,m) dm! - (2.8)

cmmty=n [ [ o(2) (25 (22) v 2s)




Conversely, consider any ¢ for which the kernel C(m,m’) is well defined, and F a solu-
tion of the Smoluchowski equation (2.8) with coagulation rate A(m,m’)C(m,m’), where
C(m,m') is given by (2.9). Then, the function f(t,m,p) = @(mp=9) F(t,m) satisfies a
kind of averaged (in v) version of (1.1), (1.3), (1.4), namely:

o [ st = [ (@)~ @ar)it.m.p)dp 210)

Of course all the available results on coagulation equation may be applied to (2.8). But
the function f does not satisfies the equation (1.1), (1.8), (1.4) unless B = 1 since it is
not possible to find any function @ such that:

/! // / /
- p b p b p
R3 m mom m m

Notice that, since no uniqueness result of the solutions to the Cauchy problem for (2.10)
is known, we can not even know if the function F(t,m) solving (2.8) (2.9) coincides with
the “v-average” of the solution f(t,m,p) of (1.1), (1.8), (1.4). The case B =1 is treated
in Section 4.

3 The impulsion dependence case a = a(p, p’)

We consider now the equation (1.1), (1.3), (1.4) with a collision kernel a independent of
the mass of the colliding particles. We may then integrate the equation with respect to the
mass and obtain that the function of ¢ and p, fooo f(t,m,p) dm, that we shall still denote
f, satisfies the equation:

of = Q(fif) in  (0,+00) xR, (3.1)
f0) = fimn in RY (3.2)
the collision operator Q(f) is given by Q(f, f) = Q1(f, f) — Q=2(f, f), where
Q(f, Nly) = ;/Rd a(p',p—1") fO') flp—p)dp, (3.3)
QNG = [ avs)) 1) £65) . (3.4
We focus on the cases
alp,p’) =lp—p, ~v€l0,2], deN. (3.5)

Before stating our main result we need some definitions and notations. We say that a
function f on R? is radially symmetric if

f(Rp)=f(p) VpeR! Re SO

where SO(d) stands for the group of rotations on R%. For any weight function & : R? — R
we define the “moment of order k” of the non negative density measuref € Mlloc(]Rd) by

W)= [ ko) )

7



and we define M} as the set of Radon measures y such that My (|u|) < co. For any a € R4
we use the shorthand notation

M, :z/Rf(p) Ip|“ dp,

that is M, = Mg(f) for k(p) = |p|* and the shorthand notation M} = M} for {(p) =
1+ [p|*.

Theorem 3.1 Consider the aggregation rate (3.5).

(i) For any even initial datum fi,, € M3, o € N\{0,1}, there exists a unique even
solution f € C([0,T); M'(RY) — weak) N L>=(0,T; M3, (RY)) to equation (3.1)-(5.4). For
any a € [0,1] the function t — M,(t) is decreasing and f(t,.) is radially symmetric for
any t > 0 if furthermore f;, is radially symmetric.

(ii) Moreover, the solution f(t,.) satisfies

1 1

<M HH< ————r-—
Fy( ) - M,Y(O)fl—{—kigt

—_— t> .
TAURET YA =t 30

for some constants k; = k;(~,d) € (0,00).

One of the main tools in order to establish that result is to consider the equations satisfied
by the moments of the solution f. Using the classical argument for the coagulation equa-
tion, and one more change of variable p’ — —p/, it is easy to check that any even solution
f to equation (3.1)—(3.4) satisfies (at least formally) the fundamental moment equation

d

— M,
dt

1
5 [ 18 o) o+ /1 = ol — 917) dpas
RdJRd

1 ' / o o ||
= 1 L1 el o o1 = 1ol = 191
+a(p, —p) [lp =1 = Ip|* = [p'|*] } dpdp’. (3.7)

We consider in this Section the case v € (0,2) and d € N*, the case y =1l and d =1
and the case v = 2 and d € N*. The case v =0 and d = 1 is treated in Section 5.

3.1 Proof of the existence and uniqueness part in Theorem 3.1.

We prove in this subsection a uniqueness and existence result for a general class of aggre-
gation rates by adapting some arguments from [14, 11], see also [18]. We then deduce the
existence and uniqueness part in Theorem 3.1.

Lemma 3.2 Consider a continuous aggregation rate a : R — R which satisfies

a(—p,—p) = alp,p)) Vpp €RY (3.8)
alp,p’) < a(-p,p)  Vp,p €RY p-p >0, (3.9)

and an even weight function k : R — R,. We define

A(p,p') = a(p,p) (k") + k@) — k)], Awlp.p) = Awlp,p)) + Ag(—p, D).



and assume that
a(p,p’) < Ck(p)k(p) and Ax(p,p') < Ck(p)k(®)*. (3.10)

Then, for any given even initial data fi, € M,% (RY) there exists at most one even solution
feC([0,T); MEHRY)) N L>®(0,T; M}, (R)) to equations (3.1)-(5.4).

Remark 3.3 (i) The same result holds without the assumption that the initial density
function fi, is even when the second condition in (3.10) is replaced by

Ax(p, ) < Ck(p) k(p)?.

The same kind of results was obtained in [14, 11] in the L' framework. The same result
also holds for radially symmetric solutions when we assume that

a(Rp, Rp') = a(p,p’) Vp,p €RY R e SO(d), (3.11)

and the second condition in (3.10) is replaced by
| AR < CHE) K
ReSO(d)

(ii) The same kind of result holds for aggregation rate defined on Y2 with Y = (0,00) x R?
as it is the case when particles are identified by their mass and impulsion, see [11].

Proof of Lemma 3.2. Step 1. We claim that for any g;, € M,% there is a unique
g € C([0,T); M} — weak), G € LY(0,T; M}) and b € C((0,T) x R%Ry) such that

g =G —bg in the sense of D'([0,T) x R?),
g(0 = gy in M.

and that, the differential inequality
d
£H9 kllare < G Ella — 10 g Kl (3.12)

holds in the sense of D'([0,7)). First, it is clear using a classical duality argument that
equation (3.12) has at most one solution. Suppose indeed, g1, g2 € C([0,T); M} — weak)
are two such solutions. For any 7 € (0,T), and any % € Co(R?) the function ¢(t,p) =
@(p) exp ft s,p) ds satisfies ¢(t,-) € Co(RY) for all t > 0, solves the dual homogeneous
equation d;p = by in R x R? and () = 3. Let finally be 9, € Cy([0,T)) such that
Yn(t) = Lon t € [0,7], Yn(s) = 1pz(s) for all s € [0,T) and ¢;, — —d7 as n — +o0.
Then, on the one hand:

(Oe(g1 — 92), o ¥n) = // (Ynp)t d(g2(s) — g1(s))(p) ds

_ /T / o d(ga(5) — 91(5)) (p) ds — / [, tedtants) = () s

=[] petniten) - oD@ s [ [ ot )0 ds

9



And on the other hand,

(Ou(g1 — g2), 9m) = — (b (91 — g2), 9 0n) = — //bwn (92(5) — 1(5)) ().

We deduce that, for all n > 1:

T
/ / Py pd(g2(s) — g1(s))(p) ds = 0
0 R4

and passing to the limit n — +o0, using that g; € C([0,T), M} — weak):

[, #de® - a®)m) =

In order to show the existence of a solution g € C([0,T); M} — weak) of (3.12) we notice
first that, for any g.(0) € Ck. := {u € C(R?); suppu C K.}, with K. C R? a compact,
and any G, € L'(0,T; Ck.) there exists a (unique) solution g. € C([0,T); Ck.) to equation
(3.12) which furthermore satisfies

d .
dt / |gs‘ kdy = / (Gs - bge) signg. k dy
R4 R4

< [ 1Gakdy~ [ lalvkdy. (3.13)
Rd Rd

Here, signg. = 1 if g. > 0, signg. = 0 if g. = 0, signg. = —1 if g. < 0. Finally, we can build
(by a standard truncation and regularization by convolution process) the sequences (G.)
and g-(0) such that furthermore G. — G, g-(0) — ¢(0) in the weak sense of measures in
ML G-l < I1G(8) gy for ae. 5 € (0,T), g-(0)ll3s1 < ll9(0)]lap1- By the previous
uniqueness argument we have g. — ¢ in the weak sense of measure and we get (3.12) by
passing to the limit in (3.13). This ends the proof of Step 1.

Step 2: End of the proof of Lemma 3.2.

Consider two even solutions fi, fo € C([0,T); M} (R?)) N L>°(0,T; M} (R?)) and let us
denote D = fo — f1, S = fi1 + fo. By a standard algebraic computation D satisfies the
following equation

0D = Q(f2, f2) = Qfr, 1) = Q(D,S)
Q1(D,8) — S L(D) — L(S) D,

where

Qlo0) = 5 @lo ) = Q0D L) = [ alprl) ole)) iy

Because of the assumption made on a and f we have D € C([0,T]; M} — weak), G :=
Q1(D,S) — SL(D) € L>(0,T; M}) and 0 < b := L(S) € C([0,T] x R?) so that the first
step implies

< // (K" + k'] |D(dp)| S(dp —//ak:\de|Sdp)
C
< A[D(dp)| S(dp) < 7 1S lla, 1 Dllagy-

Uniqueness follows by using the Gronwall lemma. O

d
Pl < I(Q1(D. S) — S L(D)) kllas — |ID k L(S)||ar

10



Lemma 3.4 Consider a continuous aggregation rate a : R** — R, which satisfies (3.8)
(resp. (3.11)), (3.9) and such that, for some positive constant C':

a(p,p’) < C(k(p) + k()  Vp,p €RY, (3.14)

for the weight function k(p) = 1+ |p|?. Then, for any given even (resp. radially symmet-
ric) initial datum fi,, € M}, (RY) there exists at least one even (resp.radially symmetric)
solution f € C([0,T); M*(R?) — weak) N L>(0,T; M3, (R?)) to equation (3.1)-(3.4). This
solution also satisfies that the map t — Mpg(t) is decreasing for any B € [0,1].

Remark 3.5 It is likely that by adapting some arguments introduced in [17], see also [7,
14], for any even (resp. radially symmetric) initial datum f;, € L3 (R%) the approzimating
solution f,,(t,.) built in the proof below is a Cauchy sequence in C([0,T; L*(R%)) so that
we may conclude f € C([0,T); L*(R%)) N L>(0, T; L, (RY)).

Proof of Lemma 3.4. We define the sequence of bounded aggregation rates a, := a A n,
for which classically fixed point argument (see for instance [11] which deals with some
similar situation) implies the existence of a unique even (resp. radially symmetric) solution
fn € C([0,T); L1, (R%)) to equation (3.1)-(3.4) associated with a, for any initial datum
finn € L%QH(Rd), a €N, a > 2. Then, we have for any 5 € N*, 8 < «

G [an el = 5 [ afian [(6P 4200+ WP 0P = /P~ 1
= /fnféan [262?‘19’ p[?P Y — 1/2}
+Zuﬁl,ﬁz,ﬁ2/fn fhan (p-p) [pI*72 |p|*%,
where in the last sum the integers (i, 82, 83 are such that 51 + B2 + B3 = 8 and must

satisfy also: either §; > 2, or B2 > 1 and 3 > 1. This implies: |p - p/|?" |p|??2 |p|?P <
Ip|27" |p|2P—F) with 1 < 8 < B — 1. Since we also have

/fn fr/L anp'p/ ‘p|2(671) =
B / ndualp,p) A —al=p. ) An)p o/ p|?P <o,
pp'>

we conclude with

d / o
) R ED SR el L N BT

1<p<p-1
When =1 the set of admissible values of 8’ is empty, and we recover a result from [§]
d 2
— 1 <0,
& [ <
so that

o sy < 1 fnals (3.16)

0,

11



When 8 > 2, gathering (3.14), (3.15) and (3.16), we easily conclude by a iterative argument
that

sup an”LlB < CT(ﬁa ||fin,n||L15)' (317)
[O,T] k k

Considering a sequence (fin ) such that fi,,, — fin in the weak sense of measure and
| finnl L, remains bounded, we easily pass to the limit in the equation satisfied by f,
k

thanks to (3.17). The fact that t — Mpz(t) is decreasing follows from the fact that p — |p|”
is a sub-additive function when f € [0, 1], so that Ag < 0 and then d/dtMp(t) < 0. O

Proof of the existence and uniqueness part in Theorem 3.1. It is clear that
a(p,p’) = |p—p'|” satisfies (3.8), (3.9), the first inequality in (3.10) and (3.14). Moreover,
the second inequality in (3.10) holds since we have

No(p,p) = =o' (Ip+0' P+ 101 =+ 1)+ o +0 T (o =2+ 0 = [ + 1)
= 2(p—p1" = lp+2Mp-' + (o= + o+ 27 +1)

where the first term in non positive and the second term is bounded by say 8 (k’)? k, using

that [p &+ p'|7 < 2(|p|” + [p|7). We conclude by using Lemma 3.2 and Lemma 3.4. O

3.2 Proof of the rate decay part in Theorem 3.1 when v < 2.

For an even initial datum f;, € M} (RY) we consider the unique even solution f €
C([0,T); M* —weak)NL>®(0,T; M}), VT, given by Theorem 3.1(i). It satisfies the moment
equation

d 1 1 X
—M, = / / A, dpdp = / / f A dpdp, (3.18)
dt 2 RdJRA 4 RdJRd

8y 0) =lp =" llp+ 2T = Ip[" = P'I"]

with

and
—Ay(p,p)=p—7|" [lp+2 " = p]" = P[] +lp+2 [lp—2" —p]” = ¥']"] . (3.19)

We split the proof of Theorem 3.1(ii) in several steps.

Step 1. One the one hand, for any given A > 0 and any p,p’ € R? such that A~ [p/| <
Ip| < Alp| we easily get

1A (p, )] (Ip| + [P')" max [(|p] + '), [p]” + [¢'|"]

2" max(|pl, [p')** < 2" A7 (Ip| [p])". (3.20)

VANVAN

On the other hand, we define M := max(|p|, |p|), m := min(|p|, |p']), x := m/M € [0,1],
e:=p-p €[—1,1] and we compute (in the first line we have assumed that |p| = M which
is not a restriction to the generality because of the symmetry of A,)

—A(p,p) = M {[p—ap|" 1+27 = p+ap ] +p+ap| [1+27—p—ap ]}
= M {1+ e[+ 2ea+ 222 + (1 - 260+ 22/
—2(1+25x+x2)7/2(1—25x+az2)7/2}
= M* {227+ 0(z*)} <3M* 27 =3(|]p||p'|)" (3.21)

12



uniformly on ¢ € [~1,1] and z < Aj" for Ag > 1 large enough.
Using (3.20) and (3.21) we obtain

Ayp.p) =~k p|" P Vp,p €RY,

AN

with k1 := max(3/4,2% A})/4, and equation (3.18) then implies

%M7 > —ky M.
The first inequality in (3.6) follows straightforwardly by integrating this differential equa-
tion.

Step 2. We still use the variables M, z, € introduced in Step 1. We also define » > 0 and
u € [0,1] by setting 72 := |p|? + [p/|> and u := 2p - p'/7?, so that |p &+ p/|? = r2 (1 £ u).
Splitting the positive and the negative terms in identity (3.19), we have

~A(p,p) = "+ 1) (p =2 +p+0) = 2lp - Ip+ 7|

= { (|p(‘2r2/j_ﬁp(/||§;f/);/2 {(1 +u)? 4 (1 u)'Y/Q} —2(14u)/? (1~ u)V/Q} .

Since /2 € [0,1], the map z — 27/2 is sub-additive, and we obtain

A ) = 2 {0 (-] -2 w2 (- /)
> MY (L) (1= u)P o), o) = (1 -+ (1402 -2,

We easily verify that ¢ is increasing on [0, 1] so that ¢(u) > ¢(0) = 0 for any v € [—1,1],
u # 0. Coming back to the variables M, x and ¢, that is ¢(u) > 0 for any p, p’ € R% such
that the associated variables M, z and ¢ satisfy M > 0, x > 0 and € # 0. Moreover, when
e =0 (p and p’ are orthogonal vectors) we also have

-A(p.p) = 2(p + P22 [Ip\7 + ' = (Ip* + Ip'\Q)”/Q}
> 2M¥ [14+27 = (14222 >0

for any p, p’ € R? such that the associated variables M and z satisfy M > 0, z > 0, because
the function z — 27/2 is strictly sub-additive on Ry, that is (2 + 2 < 2 4 ()2
for any 2,2’ > 0. From these two lower bounds on —A, we obtain

A (p,p)) > MV )(x,¢) (3.22)

with ¢(z,e) > 0 for any > 0 and € € [—1,1].
Next, coming back to (3.21), we also deduce

Ay (p,p)) = M* {227 + O(2?)} > M*" 2" (3.23)

uniformly on ¢ € [-1,1] and < A;' for Ag > 1 large enough. We deduce from (3.22)
and (3.23) that for some constant kz > 0 we have

1~
Vp,p/ € ]Rd - ZA’y Z k2 MQ’Y 557 = k? (|p| ’p,|)73

13



and equation (3.18) then implies

d 2
%M'Y S —kz M’Y‘

The second inequality in (3.6) is again obtained by integrating this differential equation.

3.3 The case a(y,y') =|p—p'|, d=1.

In the particular case d = 1 and v = 1, it is possible to estimate more precisely the decay
rate of the first moment Mj. It is also possible to estimate the decay rates of several other
moments.

Lemma 3.6 Assume a(y,y’) = |p — p/| and d = 1. For any even initial data f;, €
M}(R) the unique solution f € C([0,T]; MY(R)) N L>®(0,T; M}(R)) of (3.1)-(5.4) given
by Theorem 3.1 satisfies for any t > 0

maX<(1—|—]\]§f(((())))t/2)2,(2+2;/\;§]\/€0((0(;)t)3/2> < M(t) < (1+JJ\\443((?)))75)1/2 (3.24)
M1(O)1—1+t < M) < J\M (3.25)

(1+J\]\4412(((§]))t/2)2 < Mo(t) < M5(0) (3.26)

M;(0) < Ms(t) < M;(0). (3.27)

(14 M1(0)t/2)2 —

Remark 3.7 The estimate (3.25) on My(t) gives the exact value of the power of t at
which the first moment decays for t large. That is not the case for the estimates on M.,
a =0,2,3 which are actually rather partial. They do not even allow to obtain the limit of
any of the quotients of moments M, (t)/M;(t) for o =0,2,3 ast — oco. The value of such
limits would indicate whether the solution f(t) has a tendency to concentrate or to spread
as t increases (see also below the discussion concerning the case vy = 2).

Remark 3.8 Let us perform the “Mazwellian approzimation” as in [25], replacing the
collision rate a(p,p’) = |p—p'| by the “root mean squared” velocity V (t) := \/ma(t)/mo(t),
where here my, denotes the k-th moment of the solution of that modified equation. We easily
compute
1
ma(t) = ma(0) and mo(t) = .

(v/m2(0) /2 +mo(0)~1/2)?
It is worth emphasizing that My(t) (the number of particles at time t for the equation with
rate a(p,p’) = |p — p'|) and mo(t) (the number of particles at time t for the equation with
rate a(p,p’) = V(t)) have definitely not the same long time behavior. As a conclusion, the
“Mazwellian approrimation” is not a good approximation here.

Proof of Lemma 3.6. Let us denote M = max(|pl,|p’|) and m = min(|p|, [p|). We
systematically exploit the differential equation

d 1
—M, == "A,, dpdp’ 2
o 4/R/Rff pdp (3.28)
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with
Ay =M —m][(M+m)* —M*—m®+[M+m][(M—m)*—M*—m].
Step 1: We suppose o = 1. In that case
Ay =—=2(M+m)m,

from where we deduce

d M) Bu(t)

0 =25 20 = [ [ 1 min(ol, )Y o

Since 0 < {min(|p|, [p'])}? < |p| |p'|, we have 0 < By(t) < MZ(t) and therefore

d M3(t
—M7(t) < — Mi(t) < M) ), (3.29)
dt 2
from where (3.25) follows.
Step 2: We suppose o = 0. Then, since
Ao =—2M,
we have J Bo(t)
G = =200 By = [ [ 7 wax(lpl W) dpds. (330)
dt 2 RJR

Using |p| < max(|pl, |p'|) < |p| + [p'|, we deduce My My < By < 2 My M; and then

d 1
~My My < = My < —5 Mo M. (3.31)

By the previous estimate (3.25) on M (t) we get

MO(t) < d < Mo(t)

20 + oz = a = a0y 1

and we obtain the first lower estimate as well as the upper bound in (3.24).
Step 3: The case o = 2. We deduce from
AQ =—4mM 2

that:
d

G0 = =Ba(t), Ba(t) = [ [ 7" winlol ') Il 1| dpi

Using that 0 < min(|p|, [p']) |p| [p/| < |p|* [P| together with (3.25), we obtain

1 d
My ————— < My My < —My(t) <0
M0y T t2 S T S 2(8) <0,

and (3.26) follows.
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Step 4: The case o = 3. From the following estimates on As
0>As3=—-2Mm3—2m*>—-4Mm>>—4|p?|p|,

we deduce

d
0> @M:a(t) > — My M3,

which again implies (3.27).
Step 5: Suppose o« = 0 again. We complete now the lower estimate of My in (3.24). To
this end we write for any ¢ > 0

d 1
7M — _ = / I_ dd/
2 Mo 2/}%{ff\z¢ p| dpdp
1 1
> —4//ff’(€+lp—p’!2)dpdp’
RJR €

e

>
- 4

2
M — = My M.

g
By interpolation we have My(t) < My/3(t) M2/*(t). Since, by (3.27), Ms(t) < M;(0) for
all ¢ > 0 we deduce Ms(t) < Mé/g(t) M§/3(O). Therefore

iMo(t)

€ 2 0 4/3 . ,2/3
. S 2

We now chose ¢ = e(t) > 0 such that e M = %Mg/s M§/3(O), or equivalently ¢ =
Mo_l/3 M?}/S(O). With that choice of €(¢) the equation reads

d 9 13 5/3
il > _2
dtMO(t) Z M7 (0) My,
and the second lower estimate in (3.24) follows. O

Remark 3.9 In the last step, we may also argue as follows. Combining the estimate
max(|p|, |¢']) > (Ip| 1p')Y2, (3.27), the differential equation (3.30) and the interpolation

estimate M15/2 < M12/2 M§/2 we obtain:

d 1 1 5/2
—My < ——M M .

Using (3.25) we recover the second lower estimate in (3.24).

3.4 The case a=|p—p/|?

When v = 2 and d € N*| the family of moment equations may be closed, for all the “even”
moments Mo, o € N. This allows to prove a non existence result of self similar solutions
in that case. We first obtain in the next lemma the exact expressions of the even moments
of order less that or equal to four of the solutions to the equation (3.1)-(3.4).
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Lemma 3.10 Assume a(y,y’) = |p — p'|?and d € N*. Then, there exist numerical con-
stants kg € (0,00), k1 := 2, such that for any radially symmetric initial datum fi, €
M (R?) the unique radially symmetric solution f € C([0,T]; M*(R%)) N L>(0, T; M (R?))
of (3.1)-(3.4) given by Theorem 3.1 satisfies for any t > 0

Mo (0)

Mo(®) = (M2(0)=1 + 2 kg t)1/(2ka) (3:32)
1

Ma(t) = Ma(0)~" + 2kyt (3:33)

Ma(t) = My(0) (Ma(0)™" + 2kgt) i 2. (3.34)

Proof of Lemma 3.10. We proceed in several steps.

Step 1: If a = 2. Using the fact that f is radially symmetric (so that the odd moments of
f vanish) and the notations p = ro, r = |p|, p’ = ' o', v’ = |p/|, the fundamental moment
identity (3.7) implies

d

1
—M, = // FrUpP —2p-9 +10'1*] (2p-p') dpdp/
dt 2 Rd Rd

= / ff'p-p?dpdp’

= —2/ / fOr) £y r& (r )d“drdr’x/ / [0 0']* dodo’
§d—1,) gd—1

= —2de2,
(/ / dada)
Sd 1 Sd 1
= d
Wy /Sd 101 o.

We compute k1 = 1, ko = 1/2. The expression (3.33) immediately follows by integrating
that ODE.
Step 2: If a = 0. In that case the fundamental moment identity (3.7) and the fact that f
is radially symmetric imply
G = 5 [ [ £ £ P = 2pe s WP (1) dpy
Rd/Re
= —Msy M.

Integrating that ODE with the help of (3.33) we get (3.32).
Step 3: If « = 4. When a = 4, the fundamental moment identity (3.7) and the fact that
f is radially symmetric imply

d 1
M = 5 [ 5P =200+ WP A + 810l (-8 + 210l 1Pl do

dt
— 1 ! 2 . N2 2 /
= Q/Rd/Rdff {21pP1[4 (- p')* +2pl* IP'[*) = 16 |p|* (p - p')*} dpdp/

- 2/11@«1/]1@ I Al P =21pl* (- )} dpdp’

= (2= 4ky) My M.

with
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Integrating that ODE with the help of (3.33) we get (3.34). O

Remark 3.11 It is straightforward to check that if ®(t,m,p) solves (1.1), (1.3), (1.4)
with a(y,y’) = |p — p'|7, so does

®,(t,m,p) = p *fpt,p"m,p™"p) (3.35)
for all p > 0, whenever the exponents satisfy:
A=v(y+1)4+6—1. (3.36)

This may suggest the existence of self similar solutions of (1.1), (1.3), (1.4) with a(y,y') =
|p— |7 of the form :

®(t,m,p) = 'O (t‘S m,t” p) (3.37)

for some function ©. Therefore the function

g(t,p) = / e <t5 m, p) dm =t [ ©(m,t’p)dm
R4 Rd
= "G (1" p) (3.38)

with p = A—0 = v(y+1)—1 would be a self similar solution of (3.1)-(5.5) and its moments
of order o € R, would then be:

Ma(g(t> )) = Ma(G) t,u—(d—&-oe)u’ (3'39)

On the other hand, by Lemma 3.10, when v = 2 the solutions f of equation (3.1)-(3.4)
with initial data fi € M§(R) satisfy

Mo(f(t,)) ~ Gyt %0, My(f(t,.)) ~ Cot™", Mi(f(t,)) ~ Chthi >, (3.40)

as t — +oo for some positive constants C{y, C% and C}. It is easy to check that to have
both (3.39) and (3.40) requires :

Bodv—l=—t I—dy—1=-1; —(I4d)y—1=——2
ka ka
that is impossible. We deduce that when v = 2, the equation (3.1)-(3.5) has no self similar
solution of the form (3.38) with self-similar profile G € M}(R). Therefore the equation
(1.1), (1.3), (1.4) with a(y,y’) = |p — p'|? has no self similar solution of the form (8.37)
with © such that My ((©) < oo and Mys(0O) < oco.

Remark 3.12 Consider again any solution f of (3.1)-(3.4) with initial data fi, € Mg
and suppose, only for the sake of simplicity, that we are in the case d = 1. Then the
moments M~ (f(t)) for 0 <~ <2« satisfy:

a—1
d 2a
£M20c :BZ:I <25> Mog Ma(o41- Z (25+1> Mg o My(a—p)-

18



In particular:

d
gMG = 3 My Mg — 5 M},

When My(0) = 1/2 (only for the sake of simplicity again), the solution is

2 M4(0)?

Mg(t) = <M6(0) —2My(0)* + (¥ iy

) (1+6)*%  vt>0,

with, by Holder’s inequality, Mg(0) — 2 My(0)? > 0. It then follows that the moments of f
satisfy the following

Ms(1) 12 Ms(t)

~ ~ ko t3/? A1

Mo(t) ~ kot~ "/2,
as t — +o0o, for some positive constants rk;,1 = 0,1,2. We notice that the “mean second
moment” tends to 0 as t — +o0o. The behavior of the mean second moment Ma/My is
then comparable with the behaviour of the energy (second moment) of the solutions to the
inelastic Boltzmann equation that decreases as t — +oo. The opposite will be true for a
model considered in section 4. On the other hand, (3.41) shows that the behaviour of the
mean sixth moment Mg/My is similar to that of the high moments of the solutions of the
Smoluchoski equation that increase as t — —+00.

4 The mass dependence case a = a(m,m’)

Consider now the problem (1.1)-(1.4) where the kernel a(y, y") only depends on the masses
of the particles, namely

a(y,y') = a(m,m’), (4.1)
and introduce the associated Smoluchowski equation
oF 1 /m
a(t, m) = 3 /0 F(t,m —mF(t,m')a(m —m',m')dm’

- /ooo F(t,m)F(t,m) a(m,m')dm’.  (4.2)

For any function 1 € L'(R3) we define the Fourier transform F and the inverse Fourier
transform F~! by

b(n) = (Fy)(n) = ) e Pdp,  (Fl)(p) = (2m)7° g b(n) P dp.

Theorem 4.1 For any continuous function a on R®, homogeneous of degree 671, 6 €
(0,00), and such that ¢ := F*(e=*)) > 0, and for any solution F = F(t,m) to the
coagulation equation (4.2) with coagulation kernel a(m,m’), the function f(t,m,p) defined
by

f(t;m,p) = m= F(t,m) ¢ (L5, (4.3)

is a solution of the equation (1.1), (1.8), (1.4) for the same aggregation kernel.

19



Remark 4.2 The functions defined on R? that are the Fourier transform of non nonnega-
tive measures are, by a theorem of S. Bochner (see for example [21]), the so called positive
definite functions. Ezamples of such functions are e PPI" for all B > 0 and r € (0,2].
We deduce that a(p) = |p|'/?, with 6 > 1/2 are admissible examples in Theorem 4.1. For
0 = 1/2 the velocity distribution function is then of Mazwellian type. In the case § = 1
the wvelocity distribution function is of the type Lynden-Bell obtained in [15]. Another
example is a(p) = [p1]| + |p2| + |[p3| for which 6 = 1.

Remark 4.3 Notice that the initial data of the solutions (4.3) in Theorem 4.1 are of
the form f(0,m,p) = m™3Fy,(m) ¢ (p/me) for some Fy,. Theorem 4.1 is not therefore
a general existence result of solutions to the Cauchy problem associated to (1.1), (1.3),

(1.4).

Proof of Theorem 4.1. We have to check that the function f(¢,m,p) defined by (4.3)
solves (1.1), (1.3), (1.4). We start with writing

of s (P \OF

ot " <m9) ot

= () 15 [ B = )P alm — o)
m9 2 0 ’ ’ 7

_/Ooo F(t,m)F(t,m') a(m,m’) dm'| . (4.4)

On the one hand, using that

the last term in (4.4) gives

m~p (%) /000 F(t,m)F(t,m")a(m,m’) dm’ =

= (L) Fm) [ atm ') Fled) [y o L ay

m m
—f(tom) [ [ atmm) ft.n ) (4.5)
0 R3
On the other hand, let us define the function
g(m,p) = m=*%o(p/m").
Using the definition of ¢ and the homogeneity of a, it satisfies for any 0 < m’ < m

gm,n) = @(m?n) = exp(—a(m’n)) = exp(—ma(n))
= exp(—m’a(n)) exp(—(m —m')a(n))
= g(m',n) g(m —m',n),

or coming back to the origin function
g(m,p) = /RS g(m’,p') g(m —m/,p —p') dp'.
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Using that identity in the first (gain) term in (4.4), we get

m= 3% (%) /0 F(t,m —m"F(t,m")a(m —m/',m')dm’ =

= g(m,p) / F(t,m —mF(t,m')a(m —m',m')dm’
0
= / / F(t,m —m"g(m —m/,p—p ) F(t,m )g(m',p')a(m —m/,m") dm’'dp
R3 JO
= / / ft,m—m/,p—p) f(t,m',p')a(m —m/,m") dm'dp’. (4.6)
R3 JO

We conclude that f satisfies (1.1), (1.3), (1.4) by gathering (4.4), (4.5) and (4.6). O

Remark 4.4 Solutions of the form n(m,t) o(m,v) or n(t,m)e ™" (which corresponds
to 8 = 1/2) have been considered in previous references as for example [2], [3], [23].
Sometimes this form is obtained from physical arguments, sometimes it is postulated as a
sitmplifying ansatz.

The previous Theorem is useful in order to prove the existence of self similar solutions
for some kernels a(m,m’) as it is seen in the following corollary.

Corollary 4.5 Suppose that a and 0 are as in Theorem 4.1. Assume further that F is
a self similar solution of the coagulation equation with coagulation kernel a(m,m’). Then

the function f defined by (4.3) is a self similar solution of (1.1), (1.8), (1.4).

Proof of Corollary 4.5. The hypothesis on F' means that for some functions ®, v(t)
and p(t) it may be written as:

F(t,m) =v(t)®(u(t) m).

Therefore f is a self-similar function since it may be written as

ft,m,p) = m‘39u(t)¢(u(t)m)s0(%)

0
= v(®p®Y (u(t)m) " d(u(t) m)p (W)
= v(Ou™ v () m,ut)’ p)

Remark 4.6 The existence of self similar solutions of (1.1), (1.83), (1.4) corresponding
to the case 8 = 1/2 of Corollary 4.5 had already been proved in [11].

Remark 4.7 Self similar solutions of the coagulation equation are well known to exist for
the cases a(m,m') = 1, a(m,m') = m +m’ and a(m,m') = mm’. Their existence has
been proved in [9] and [10], for several other kernels with homogenetity A < 1. In that
case they are of the form:

F(t,m) =t Txd <:}A> . (4.7)
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We deduce that, under the assumption of the Corollary 4.5, and for these kernels a(m,m’)
with homogeneity A < 1,

f(t,m,p) = A @ (tlwi) % (i) . (4.8)

is a self similar solutions to equation (1.1), (1.3), (1.4). A straightforward calculation
yields

1—

_ Xk _ e k ke
Pk(t)—/Rd/o Ip|® f(t,m,p)dmdp =t /Rd | P| go(P)dP/O M"™ ®(M)dM. (4.9)

As a consequence, we have Py — 0, Py — 0 and more generally Py, — 0 whenever k < 071
but P,/Py — oo for any k > 0 and P, — oo whenever k > 0~1. The interpretation in
terms of the model is that the total number of particles in the gas and the total impulsion
of the gas decrease and tend to zero, while, for instance, the mean second moment Py /Py
tends to infinity as t tends to infinity. This behavior is quite similar to that of the solutions
to the Smoluchowski equation (where the mean impulsion moment Py/Py — oo for any
k> 0) and is completely different to that discussed in Remark 3.11.

5 The constant case a =1

We consider in this Section the aggregation kernel a = 1. Equation (1.1), (1.3) (1.4) reads
then:

1 m
o(tmp) =5 [ [ ftom =y~ f) St o dy
R JO
—f(t,m,p) / / ft,m',p)ydm’ dp'. (5.1)
R4 JO
The first result is on the existence of self similar solutions.

Theorem 5.1 Let ® € C1(R) such that:

. &2
C_}&Ilé_l_m (P (() =0 (5.2)

and suppose that

2

gy, x) = F 'L | ———
$ e 2gq>(%)+1

satisfies g € LY(RT x R). Then, for all real positive numbers B;, i = 1,---,d the function

—dtd m p1 Pd
t 2y (t’ﬂl\/{ "',ﬁdﬁ> . (5.4)

is a self similar weak solution to (1.1), (1.8), (1.4) with a = 1. If moreover g € C*(R* xR)
then 1t is a classical solution.
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Remark 5.2 As it will be seen in the Remark 5.8 below, it is easy to obtain different self
similar solutions of the equation (5.1) using Theorem 5.1. Notice nevertheless that these
self similar solutions are not necessarily non negative.

Proof of Theorem 5.1.

The formal argument leading to the expression (5.3) and condition (5.2) is the follow-
ing. If we look for a self similar solution of (5.1) of the form (5.4) the function g must
then solve:

d+2
—;QF g —ydyg — x Vaeg = // —y,x—a)g(y, 2" )dy da' —
—9// g(y/, 2")dy' da’. (5.5)
RJO

We integrate this equation with respect to x and y and obtain

/R/o gy, 2" )dy' dx’ = 2. (5.6)

We now Fourier transform with respect to  and Laplace transform with respect to y:

1 1.5
Og+ 58 Veg = 55"~ 3 (5.7)
We divide by g% and define G = 1/g:
1 1

The function G may then be any function of the form:

G(c.6) = co (KC (5.9
b C 2
for any arbitrary, derivable function ®. Therefore we should have:
- 2
96,6 = —— (5.10)
2¢® (T) +1
with, due to (5.6):
2 2
lim —:2<:> lim C@(’g') =0.
(0,620 9 g (%) 11 ¢—0,6-0 ¢

It is then straightforward to check that, given any function ® € C''(R) satisfying (5.2) the
function G defined by (5.9) is such that G~! satisfies (5.7). Therefore, if (5.3) defines a
function g € L'(R* x R), the function g satisfies (5.5) in the weak sense of distributions
in R™ x R and the function (5.4) is a weak solution of (5.1). O

23



Remark 5.3 If ®(z) =z +1,

2 2
9(¢,§) = =
Y Y PRI GiEo e
e_%e_%
Y o
Vays
and then,
1 m 1 d 2
ft,m,p) =t T2 — 73 e am Lim A (5.11)
V2ym

is a self similar solution of (5.1). This is, up to a constant, the profile of the self similar
solution that appears in Theorem 5.4 below. It is possible to obtain other self similar
solutions of (5.1). Some of them are explicit others are not. If, for example, ® = 1
then g(y,x) = € Y 0,—0. Another explicit example is for ®(z) = z which gives g(y,x) =

_lz|
Vo —oe V2. Notice that in all these three examples the solution g is non negative. On
the other hand, if we take ®(z) = \/z, the inverse Laplace transform, let us call it h(y,§),
is still explicit:

Ve lErfc =z
h(y,&) =L (2 2452 + 1) _ YTE @ <\/Z) (5.12)

It remains to check that h(y, ) has an inverse Fourier transform with respect to the variable
&. It is easily checked that, for ally > 0 fized:

§
h(y,g):O<W>, as & — 0

1 /€ 4
h(ng)=%+o<£2> as [€] = +oo.

This function is then in L*(R) with respect to the & wvariable and has then an inverse
Fourier transform with respect to & which is g(y, x):

9y, 2) = F (h(y, ) ().

Moreover, for all y > 0, g(y,-) € L*(R) and the convolution of g(y,-) with itself is well
defined

Flgy—o)xg9/,) (&) =hly -y, &) hy,€)
and

/ "Floly— o)+ gl ) (©)dy = / " hly — o€ by €) dy
0 0
Therefore,

L1F G-y sow ) ©lde < [° [ Inw-v.on y5|dsdy—21k,
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with

y/2

! :_/ Wy — v, h(y,&)|dsdy,

1 0 Iéléy’l/k(y_y/)l/‘z‘ ( )y’ €)|
y/2

12::/ / h(y — o, €) h(y', )| de dy,
0 9'1/2<|€\<(y—y’)1/2

I3 :/y/Q/ ’h(y—y/7€) h(y',§)|d§dy’,
0 y/1/2<(y y)1/2<|§\
y

i :/ L, s M = O M) ey
y/2 JIgI<y—y) P<yt/?

r :/ / 172 |h(y — ¥/, €) hly,€)| de dy,
y/2 J (y—y) 2 <g| <y /2

Ig :/ / |h(y_y/’€) h(y/7€)‘d€dy/
y/2 (y y/ 1/2<y/1/2<|£‘

We must verify that each term is finite. Indeed, we have

c y/2 £2 i dyf
nsoff pECTm—T
! o ey reopyz g Py — g

c /m min{y*?, (y — y)*/?}
0 Yy =)

IN

dy' < oo;

y/2 €| 1 ' /
I C O dé¢d
vl A< = 1) (f e o(a)) e

y/2 ded
3/2/ //1/2<|§|<(y g2 <,/ |§| > Sdy
y/2
— 4+ 1) déd ;
3/2/ /'1/2<|§|<<y ¥)" (v 7 ) Sl < o

bscof” (v rerola))-

=< =+

’ Vst e \VIIEL ¢
1

IN

IN

<\/y y|£!+1+0 y§2y>>dfdy/
y/2
= O/ //1/2<(y y1/2<|g|<\f\/y y|§!2 R < yl Vy—1y \%>+
e *z(w y|§r3>+o<ma3> )dédy
Yy
= \/5/0 \/37/1/’1/2S(y—y’)1/2§|§|’z|§2dy+

v/2 11 1 d¢
+C/ < + ) / dy +
VI VY Jyrrcy—yni2< |£|3

y/2 d
+C'/ / 54 dy
<(-y)'72<le| l&]
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< Gl vl G )it L

Similar estimates show that the integrals 14, Is and Ig converge. The function foy h(y —
v, &) h(y', &) dy is then in L*(R) and has then an inverse Fourier transform which is

/0 Moty — o) gy, ))(€) dy.

In the second result of this Section we obtain solutions of (5.1) for a particular class of
initial data and we describe their long time asymptotic behaviour in terms of self similar
solutions (cf. Remark 5.5).

Theorem 5.4 Suppose that the initial data fi, € LY(Y;k%(y)dy) is even, non negative
and such that

/ / e*o"™ fin(m,p)dpdm < 400 (5.13)
0 JRd
for some sog > 0. Suppose also that the function Fy defined as:
1 o0 .
Fy(C,€) = / /e”’gemcfm m,p)dpdm 5.14
o= [ [ (m.p) (5.14)
satisfies:
/ / | Fo(u + v, &) dvdé < oo (5.15)
Rd J—o00
when u > sg. Then the function
f(t,m,p) =F~H (L7'F) (t,m,p) (5.16)
H2
F(t,¢,€) = g (5.17)

2 Hot/2 ’
(Ho + (t/2))* (e — 7oty )

with Hy := Moo(0)~! as defined in (2.6), is such that f € C'((0,00); L}(RT x R9))
and satisfies (1.1), (1.2), (1.3) (1.4) with a(y,y’) = 1 for all t > 0 and almost every
y € RT x R,

Furthermore, f satisfies

e*CQm d

v 1l
(HM&,Z) T, of, (5.19)

in the weak sense of measures o(M(Y),Ce(Y)), as t — +oo, where
4 2

;12

P (5.18)

S

D2 £ tm, VEp) — poo(m,p) = C1

0371' e

—sz

:Cl

O e G T Mol (5.20)
_ 2Mi0(fin)
Csi = Mo o(fin)Ni(fin)’ Ni(fin) / / P fin(m,p)dpdm.  (5.21)

26



Remark 5.5 Theorem 5.4 shows that the solutions of (5.1), for the set of initial data
satisfying the hypothesis, behave asymptotically when t — 400 as one of the self similar
solutions obtained in Theorem 5.1. Notice indeed that (5.18) means that the solution
f(t,m,p) behaves, in a weak sense, as the self similar solution:

_ m p1 Pd
t (d+2)/290oo (t’ﬂlt 75d7

)

as t — +o00. Notice also that this self similar solutions is essentially the same as (5.11) in
Remark 5.3. It is also noteworthy that, among all the possible self similar solutions, the
solution f converges to one that is regular and non negative.

Proof of Theorem 5.4. By Theorem 5.4, there exists a unique solution f of the equation
(5.1) in C([0,T); L*(Y; ks(y) dy)) N L>=(0,T; LY (Y; k% (y) dy)) for all T > 0. Moreover, if
the initial data is non negative so is the solution for all time. It turns out that the equation
(5.1) may be explicitly solved using Fourier transform with respect to p € R and Laplace
transform with respect to m > 0. Let us then consider such a transform defined as:

F(t,¢,€) :(2;)(1/2/0 /Rd e~ =P (¢, m, p) dp dm. (5.22)

Due to the properties of the solution f we may then apply the transform (5.22) to both
sides of the equation (5.1) and obtain the following Bernouilli equation:

OUF (1,6, ) = L F(1,6,) ~ Molt) FI1,¢.€) (5.23)
My(t) = F(t,0,0). (5.24)

We first notice, taking ¢ =& = 0 in (5.23), that My(t) satisfies %Mo(t) = —1ME(t) from
where
1

M) = 72773

(5.25)
The unique solution of (5.23) is the function F(t,(, &) given by (5.17). On the one hand,
the function t — (Hot/2)/(Ho + t/2) is strictly increasing with limit in infinity equal to
Hy, so that for any ¢ € (0, 1) there exists T € (0, 00)

Hyt/2
T — L < Hy(1-— 2
VtE[O, ] H0+t/2_ 0( 5)7 (5 6)
and on the other hand
FO.COI< [ /R £(0,m, p) dmdp = Hy . (5.27)
0

Gathering (5.26) and (5.27) the fraction in the right hand side of (5.17) is well defined for
all ¢ > 0. More precisely for any ¢t € [0, 7] there is 6 = §(¢) > 0 such that

1 Hyt/2 ’

B 1 ’ Hyt/2
F(0,¢,§)  Ho+ (t/2)

~ Ho+ (t/2)
> |F(0,¢,8) " = Ho(1—6) > 6 [F(0,¢,6)|7". (5.28)
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By the hypothesis on f;,, for any fixed £ € R the function Fy(-, §) is analytic in the half
plane Re({) > —sp, it tends towards zero when in the half plane Re({) > —s0/2, ¢ tends
two-dimensionally towards infinity. It immediately follows from (5.17) and (5.56 ) that
F(t,-,£) satisfies the same properties for all t > 0 and ¢ € R? as well as

/ / |F'(t,u+1iv, §)| dvd§ < 0o (5.29)
Rd J—oc0
for all u > sq for all t > 0. We deduce that for any ¢ > 0 and almost every & € R?

/ F(t,u+ i, €)] dv < o0 (5.30)

and therefore the function F(¢,-,£) is the Laplace transform of the function:

x+1 00
LU E(t - €))(m) = 1/ e F(t,¢,€) d¢

278 Jyioo

the integral being independent of > so. Notice that we have, for any « > 0:

41 00

/ le™C F(t,¢,€)| dC dE = xm/ / F(t,z +iv,€)| dvdé < oo.

2mi i 00

The function & — 2m [ eHico om¢ p (t,¢,€)dC is then integrable and we have:

1 .
f(t,TYL,p) = (27-()(1/2/Rdelpg‘c_l(F(taHf))(m)dg
1 fotiee .
= 2 ), /R €S e F(t, (,€) dC de. (5.31)

In order to study the behaviour of f(t,m,p) as t — oo it is a classical argument to
consider the rescaled function ¢ associated to f by the relation

o(t, M, P) := t%0/2 £t t M\t P), (5.32)
so that
¢ — —(d+4)/2 ¢ m b ] .
f(t,m,p) P\t (5.33)

Taking the Fourier and Laplace transform in both side yields

F(t,¢,6) = t7'9(t,1¢,VEE) (5.34)
with
®(t,¢,§) = tH : (5.35)
(Ho + (t/2))? ( ke Hfiét//i))
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Since we are interested in the long time behaviour of ®(-, ¢, ¢) for all ¢ and & fixed , we

may write:
1 Hot/2 1 H}?
O T2 Foc g T ren)
F«Lfa%) 0 F«lfa%) 0
and consider the auxiliary function
tH?

U(t,¢,8) =

7t7f
AH?

t( 1 QHS) .
[
F(07?7W) t

We perform the following expansion up to the order o(1/t):

§

COF!
t oC

0=

1
F(0,$ Vit

5
—1
Z gzgja&afj 0 0,0)+0<t

Since by hypothesis f is even with respect to p, we have

F o0
OF 0,0,0) = —i / / fin(m,p) py dpdm = 0
O, 0o Jrd
and then: op—1 8F
- 1

We also have

62
851353000 / /pzp] (0, m, p)dpdm,

which with the help of (5.38) implies

0?F~1 0*F
0,0,0) = —F770,0,0
og.08; 000 10,00 5¢ 5,

— H2(0)/0 /Rd pip; f(0,m,p)dpdm

(0,0,0)

(/27 (5t~ Ho+ 8

(0,0,0) + == - V¢F1(0,0,0) +

1>.

= QBZ'J.

(5.36)

(5.37)

(5.38)

(5.39)

Since fin(m,p) is even with respect to the p variable we have B; ; = 0 whenever i # j.

Similarly, we compute

)a )
87(())070) = _/ mf(oamvp)dpdm7
8C 0 Rd
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which implies

OF ! 1 OF
e (0,0,0) = WGC(OOO) LA (5.40)
Thanks to (5.37), (5.38), (5.39) and (5.40), we deduce that (5.36) reads now:
_ 4H?(0)
TG0 = (CA+2;Bi 62 +2H?(0) + o(1))
from where
4H?(0) -
Jim 90,66 = lm V6O = e b = (GO (A1)

In order to come back to the original variables, we recall that from standard integral
calculus for any C,D > 0

_ Inl? 1

1 00 ) emee 5D
-m( —ip& do dm = -
(27r)1/2/o /]Re ‘ vom T T ypetC

from where choosing C := 2 H3 /A and D; := B;/.A, we obtain

Ipg 12
11 _AHE  epyp e D
(FL7) (Teo) = (2mm) 1/2.A H
A | _Pg 2
4H8Ag_1 —Cm d eiﬁ VE;
:We 1—11 Tizwoo(map)

as defined in (5.18). Finally, (5.65) implies that ¢(¢,.) — ¢ in the weak sense of
measures, which is nothing but (5.18). 0

It is very easy to obtain a simplified version of Theorem 5.4 for the equation (3.1)-(3.4)
with a(p,p’) = 1:

Theorem 5.6 Suppose that the initial data fi, € M}, (R?), a € N\{0,1} is non negative
and satisfies fin(p) = fin(—p) and let Fy be its Fourier transform:

_ —ipé
R = F () = o= [ 7 futo)do (542)
Suppose moreover that
/]Rd |Fo(€)]| d§ < 400 (5.43)
Then the function
f(t,p) = F 1 (F) (t,p) (5.44)
H2
F(t,€) = 0 (5.45)

2 Hot/2 ’
(Ho+ (¢/2)) (kg — 7oty )
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with Hy' := Fp(0), is such that f € C([0,T); MY (R?) — weak) N L>(0, T; M3, (RY)),
f € C([0,+00); L>(R%)) N C([0, +00) x RY) and satisfies (3.1)-(3.4) with a(y,y') = 1 for
all t > 0 and almost every y € RT x R%,

Furthermore, f satisfies

2 f(t,V1p) = poolp) (5.46)
in the weak sense of measures o(M*(Y),C.(Y)), as t — +oc where
Poo(p) = F ' (Weo) () (5.47)
4H?(0
Voo(§) = =3 2( ) (5.48)
> i1 Bi & + 2H?(0)
B; = / P2 fin(p) dp. (5.49)
Rd
In particular, when d = 1:
poo(p) = 2, 2 e=Clol, (5.50)
My(fin)

Proof of Theorem 5.6. The equation (3.1)-(3.4) may be explicitly solved using Fourier
transform with respect to p € R. By Theorem 3.1 we already know the existence and
uniqueness of a solution f € C([0,7); MY (RY) — weak) N L>(0,T; M1, (R%)). Apply-
ing Fourier transform to both sides of the equation (3.1)-(3.4) we obtain the following
Bernouilli equation:

OUF(t€) = 3F2(,€) — Molt) F(1,€) (5:51)
Mo(t) = F(t,0). (5.52)

We first notice, taking £ = 0 in (5.51), that My(t) satisfies %Mo(t) = —MZ(t) from
where
1

M) = 72573

(5.53)
It is then straightforward to solve (5.51) and obtain the function F'(¢,&) given by (5.45).
On the one hand, the function ¢ — (Hot/2)/(Ho + t/2) is strictly increasing with limit in
infinity equal to Hy, so that for any § € (0,1) there exists T' € (0, 00)

Hyt/2
Vtelo,T —1 < Hy(l-96 5.54
6[7] H0+t/2_ 0( )7 ( )
and on the other hand
FO.91< [ fOp)dp= 15" (555)

Gathering (5.54) and (5.55) the fraction in the right hand side of (5.45) is well defined for
all ¢ > 0. More precisely for any ¢t € [0, 7] there is 6 = §(¢) > 0 such that

1 Hyt/2 ’

B ’ 1 ’ Hyt/2
F(0,¢,§)  Ho+ (t/2)

F(0,¢,€)| Ho+ (t/2)
> |F(0,¢,8) " = Ho(1—68) > 6 |[F(0,¢,€)|™". (5.56)
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Therefore:
1
P06 < 3 IFo(€)
and (5.44) follows.

In order to study the behaviour of f(¢,p) ast — oo it is a classical argument to consider
the rescaled function ¢ associated to f by the relation

(t, P) =t f(t,VE P), (5.57)
so that
e =t (65 (5.59)
Vit
Taking the Fourier and Laplace transform in both side yields
F(t.6) = t7'0(t,Vi¢) (5.59)
with
tH}
o(t,¢) = . (5.60)
2 1 Hot/2
o+ 0020 (' ~ il )
Since we are interested in the long time behaviour of ®(-, ) for all £ fixed , we may write:
1 Hyt/2 1 H?
£y H 2) ey oty 2
F0,5) Ho+(t/2) F(0.5) o+ (t/2)

and consider the auxiliary function

tH
w(t,8) = :
(/D) (5555~ Ho+ il )
4H; : (5.61)
" 1 _ 2H?
F(O,%) t
We perform the following expansion up to the order o(1/t):
L Hy= S Ve Zéswl 0) + (1) (5.62)
F(0,%) TV % 9g, ag; ¢ i) '

Since by hypothesis f;), is even with respect to p, we have

i/Rd fin(p) pdp =0
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and then:
oOF~—1 1  OF

We also have
aQF—l
0&; 0

which with the help of (5.63) implies

(0,0) = —/Rd pi pj f(0, p)dpdm,

0*F
0&;0¢
= H2(0)/Rd pipj f(0,p)dp =:2B,; ;. (5.64)

aQF—l
98,08

(0,0) = —F72%(0,0) (0,0)

Since fin(m,p) is even with respect to the p variable we have B; ; = 0 whenever ¢ # j. We
denote B;; = B;. Thanks to (5.62), (5.63) and (5.64), we deduce that (5.61) reads now:

2
(g = —— 10
(S Big2 +2H2(0) +o(1))
from where
. L B 4H?(0) B
Jim ®(t,6) = lim Tt ) = S B2 +2H2(0) oo (§)- (5.65)

and (5.65) implies that p(t,.) — ¢ = F 1 (V) in the weak sense of measures, which
is nothing but (5.46).
When d = 1, we recall from standard integral calculus that for any C' > 0

1 /eipa € _ |7 |k
V2or Jr 1+C¢2 2C ’

from where for C' = B/2H{ we obtain

V2 Hy

Poo(p) = F 7 (Voo) (p) = 2\/ZH0 e_) 77|

and (5.50) follows. O
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