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On estimates of the Boltzmann collision
operator with cutoff

R. Duduchava; R. Kirsch & S. Rjasanow

Abstract

We present new estimates of the Boltzmann collision operator in weighted Lebesgue
and Bessel potential spaces. The main focus is put on hard potentials under the
assumption that the angular part of the collision kernel fulfills some weighted inte-
grability condition. In addition, the proofs for some previously known L ,-estimates
were considerably shortened and carried out by elementary methods. For a class of
metric spaces, the collision integral is seen to be a continous operator into the same
space.

Furthermore, we give a new pointwise lower bound as well as asymptotic estimates
for the loss term without requiring that the entropy is finite.

1 Introduction

The classical Boltzmann equation

hf+ W, Vaf)=Q(f. f) (1.1)
describes the time evolution of the distribution density f (¢, z, v)
f : R+XQXR3—>R+.

for a monoatomic dilute gas of particles (see [CIP]). Here R, denotes the set of non-
negative real numbers and  C R? is a domain in physical space. The right-hand side of
equation (1.1), known as the collision integral or the collision term is a quadratic operator:

AN = [ [ Bowo(fe)sw) - f@fw) dedo. 12

R3 S2

Note that Q(f, f) depends on ¢ and x only as parameters, so we have omitted this depen-
dence in (1.2) for conciseness. The symmetric form of the bilinear () is given by

(f,9)(v) =
5 | [ B o (s + 1w)el) - f@gtw) - fwlg)) dedu. (1.3

R3 §2
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The following notations have been used in (1.2) and (1.3): v,w € R3 are the pre-
collisional velocities, e € S? C R? is a unit vector, v, w’ € R? are the post-collisional ve-
locities and B(v, w, ) is the collision kernel. The operator Q( f, f) represents the change
of the distribution function f (¢, x, v) due to the binary collisions between particles. A sin-
gle collision results in a change of the velocities of the colliding partners v, w — v’, w’
with

1

1
z/:§<v+w—|—\u\e> : w/:§<v+w—]ule), (1.4)

where © = v — w denotes the relative speed. Note that this describes elastic collisions,
i.e. momentum, energy and the Euclidean norm of the relative speed are preserved:

Vrw =v+w o, WP+ WP =P+ w? o, == v—w|.  (1.5)

The Boltzmann equation (1.1) is subjected to an initial condition
f(0,z,v) = folz,v), 2€Q, vER? (1.6)

and to the boundary conditions on I' = 0f). If the distribution function does not depend
on z, (1.1) and (1.6) reduce to the initial value problem for the spatially homogeneous
Boltzmann equation

Of =Q(f. f) (1.7)
f(0,0) = fo(v).
The kernel B(v, w, €) reads

(1.8)

The function o : Ry x [—1,1] — R, is the differential cross-section and € is the scatter-
ing angle. We briefly present some types of collision kernels frequently considered in the
Boltzmann theory:

1. Inverse power potentials. In this model, the particle interaction is described by
potentials of order m and the kernel acquires the form

4
B(Jul, i) = ba(p) |ul, )\zl—E, m>1. (1.9)

bx(p) is a continuous function on the semi-closed interval [—1, 1) and has a non-
integrable singularity at ;x = 1 of order

ba(p) =0 (1 —p)* D2 | —3< A<, (1.10)

The condition (1.10) implies that the function b, (u)(1 — ) is integrable on the
interval [—1, 1].

For 0 < A < 1 the potential is called hard, for —3 < A < 0 the potential is called
soft.

The special case A = 0 in (1.9) (or m = 4) corresponds to the Maxwell pseudo-
molecules with

B(Jul, p1) = bo(ps) (L11)

The collision kernel B(|u|, 1) here does not depend on the relative speed |u.
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2. The Grad’s cutoff assumption (see [Gr]) supposes the function by to be integrable,
ie.
1

C\ = 27T/b,\(u) dp < 0o (1.12)

-1

3. In many practical applications, the interaction is considered to be independent of
the scattering angle, as described by the Variable Hard Spheres model (VHS)

C
B(|u|, p) = 4—;|u|)‘, —3<A<1. (1.13)

The model includes as particular cases the hard spheres model for A = 1

d2

where d denotes the diameter of the particles and the isotropic Maxwell pseudo-
molecules for A = 0.

REMARK 1.1 For the study of the bilinear operator, it is common (see e.g. [Gul ], [Gu2]
and [MV]) to impose angular cutoff conditions on by(p). By this, we mean that both
frontal and grazing collisions are neglected:

supp by C [-14+6,1—46] , 6>0.

For Q(f, g) we will impose the following growth condition instead, which is clearly ful-
filled for angular cutoff kernels:

1
(1) _ 5(A+5-3/p)/2 ba(pt)
Cyp =2 W/(1+M)3(1_1/p)/2 dp < oo, 1<p<oo. (1.15)

It is worth noting that the quadratic operator Q(f, f) and the symmetrized operator (1.3)
can be rewritten with by replaced by

ba(i) = (ba(pe) + ba(—11)) 1oy (1) - (1.16)

where 14 denotes the indicator function of the set A (see e.g. [ADVW]). Assuming (1.15)
for by is obviously not more restrictive than Grad’s cutoff assumption for b, so the con-
dition

1

A(D_ 9(A4+5-3/p)/2 E/\(M)
Cy= 9(A+5-3/p)/ 77/ ENEELE du<oo,1<p<o. (1.17)

is then fulfilled automatically. Furthermore, we have C)(\li = 220,
Another estimate for Q(f, g) can be obtained by the more restrictive assumption

1
(2) _ o(A+3-3/p)/2 3(1-1/p)/2 ba(p)
C)\’p = 9 /M2 max (2,2 /p)/ )7‘(‘/ (1= j2p0-1/n/2 dp < oo. (1.18)



Clearly, the condition (1.18) implies (1.15) which implies (1.12).

For practically relevant kernels such as the VHS model, conditions (1.15) and (1.18) are
fulfilled only for 1 < p < 3, but the case p = 2, which is very interesting for numerical
considerations, is included. If one uses the modification (1.16) for the collision kernel,
then thanks to (1.17), this constraint on p does not occur neither for the quadratic nor the
symmetric form of the collision operator.

In the cutoff case, the collision integral (1.2), decomposes into the natural gain and loss
part

Q(f?Q)(U>: QJr(f?g)(U)_Qf(f?g)(U)’ (119)
where
Q.(1.9)0) =5 [ [ Blul.w) (£t + Fw)g()) dedw 120
R3 S2
and

0 (1.9)0) =5 [ [ Blul.w)(fe)gtw) + fwig(w)) dedw, a2

R3 52

and analogously for the non-symmetric operator Q( f, g).

Before we start the study of the mapping properties of the operators @ (f) and
Q—(f), we discuss results known from the literature.
Thanks to the pre-post-collisional change of integration variables,

///F(v,w,(u,e))dedwdv:///F(v',w',(u,e))dedwdv, (1.22)

R3 R3 S2 R3 R3 S2

the weak form of the bilinear collision integral is given by

/Q(f, 9)(v) p(v) dv = (1.23)

3 [ ] Bl s @)gtw) (o) + o) - o(0) - o(w)) dedvdu.

R3 R3 S2

A very important property of the collision operator is the invariance under rotations and
translations in velocity space.

The mapping properties of the collision operator were studied by several authors.

This investigation started in [Ar], [Gul] and [Gu2] in the setting of weighted Lebesgue
spaces for kernels with angular or Grad’s cutoff condition.

Because of the structure of the collision transformation (1.4), especially the gain part
has ever drawn the attention of researchers to itself. In [Li], the application of results
known from the theory of pseudodifferential operators made it possible to prove that the
gain term has a smoothing effect, if the collision kernel B is infinitely smooth and com-
pactly supported with respect to i and the Euclidean norm of the relative speed w.

In the sequel, the assumptions on the kernel were relaxed. In [We], by use of the weighted



Radon transform it was shown that similar results hold also for kernels without finite sup-
portin u, if 1/2 < A < 1 and with additional integrability conditions for the distribution
function. In [BD], it was assumed that for some constant /&

|B(Jul, )] + 10, B(ul, )| < K (1 + [ul),

with continous J,, 5. Similar assumptions were made in [Lu], where, in contrast to the
previously mentioned papers, it was not required that the distribution function is in LL;.
In [DR], smoothness of b, was only assumed in the sense of the Bessel potential space
H¢([—1,1]) for some a > 1 (see Theorem 3.6 for an extension of the main result there).
Finally, the recent work [MV] requires only Grad’s cutoff assumption together with the
condition, that there exists some § > 0 such that

1 1—e

/bx(u)du—/bx(u)du <Cpe® , £>0,

—1 —1+e

to develop an elaborate regularity theory for the spatially homogeneous equation. Note
that in contrast to (1.15), this condition is independent of p.

The motivation for finding estimates on the collision operator is to study integrablity
and regularity properties of the solutions to the initial value problem (1.7). For example,
the fact that the loss term has no smoothing effect implies, that no appearance of smooth-
ness can be expected in finite time. However, if the initial datum is smooth, then the
smoothness propagates ([MV]).The question arises if the situation is different for non-
cutoff kernels. First steps towards that direction have been done in [DW], still for kernels
with quite technical additional constraints.

Also, for the theoretical foundation of deterministic numerical schemes, knowledge
about the mapping properties of () can help to find suitable approximating functions and
to establish corresponding consistency results.

The plan of the paper is as follows:

In section 2 we give the definition of the function spaces considered in this paper and
collect some auxiliary results frequently used in the following sections.

In section 3 we investigate the mapping properties for the gain part of the collision
operator for hard potentials with 0 < A < 1. A class of metric spaces is introduced, for
which the gain term is a continous mapping into the same space. We recall one of the main
results given in [DR] which also includes some soft potentials and present an extension.
Using interpolation results for Bessel potential spaces we derive a heterogeneous mapping
property for the weighted Lebesgue spaces.

Analogous estimates are then proved for the loss term in section 4 and combined with
the results for the gain term to retrieve mapping properties for the full collision operator,
which is the main goal of this paper. We also tried to make all constants in the estimates
explicit, except for those appearing by interpolation.

We conclude with the presentation of a pointwise lower bound for the linear part of () _ -
the so-called collision frequency - which holds without the assumption, that the entropy
is finite.



2 Function spaces and auxiliary results

We start this section with the definition of the function spaces under consideration using
the following standard notation for the weight function

(WY =0+ [»H?*, veR", veR. (2.24)
]Lz<,”> (R™), 1 < p < oo, v € R, stands for the weighted Lebesgue space endowed with the

norm

1/p

1L = | [ sl a 029

for1 < p < oo and
Hf ‘ LQH = ess. seuRg [(v)” f(v)].

As usual, we will write L,,(R") instead of L\ (R") and by default we will assume R as

the underlying Euclidean space.

S denotes the Schwartz space of all infinitely smooth and rapidly decreasing functions,

the elements of dual space S’ are called tempered distributions.

The weighted Bessel potential space H? = H;’<”> ,s5,v € R, 1<p < o0, is defined by
H = ®) = {pes ol = [[(Velm| <oof, (26

P P

where Hap | ]HI;H is the norm in the Bessel potential space H) = Hf,’m) without weight

1/p
p

dy

il = | [ |7, e
and ¢(§) = Foe[e(v)], ngv[w(@] are the Fourier transforms

Foelp(0)](€) = / o) gy,

R3

s | PO e de.

Felu[(©))(v) =

3

In a particular case p = 2, v = 0, due to the norm in the space H* = H acquires the
simpler form

1/2

o | || = (2m)~"2 / REG AN 2.27)

3
For non-negative integers m = 0, 1,2, ... the weighted Bessel potential space H" is
isomorphic to the classical weighted Sobolev space W = W;n’<"):

Pym) — gy — {g LR} C, g el Va: |a| < m} , (2.28)

p p
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endowed with the norm
1/p
gl W@ = | > [logIL|" | (2.29)

laf<m

= U W2 (B,), where

r>0

Finally, we denote W7

00,loc

B, ={veR®: |v|<r}

We collect some properties of the Boltzmann operator as well as some inequalities which
we shall frequently use.

LEMMA 2.1 (see [DR, Lemma 3]). The invariance under Galilean transformations implies

Q- (1w =X () Q@ ro ). (230
BRa
*Q(f,9)(v) = ) Q@°f, 07 P g)(v). (2.31)
>(5)

and yield the following boundedness properties:
RQi,Q_,Q : SXS—S. (2.32)
The following lemma is a collection of some useful elementary inequalities:
LEMMA 2.2 Forall v, w € R3 the following inequalities hold:
a) Peetre’s inequality:
Vv eR : (vtw)” < 220\ (w) (2.33)
or equivalently

Yo >0 () (w) T <272 (vtw) . (2.34)

b) Let v', w' be the post-collisional velocities given by (1.4), then

V>0 @ () < ) (w)”, () < @) (wh. (2.35)

c)
Vv >0 : o] < (v)” < M,(1+ |[v]) (2.36)
1+ v < my(v)”, (2.37)

where m,, = max(1, 21*”/2) and M, = max(1, 211/2*1)_

Results similar to the following one are standard in the context of the Boltzmann equation
(see e.g. the ”Cancellation lemma” in [ADVW]). For the sake of self-consistency, we
present the proof:



LEMMA 2.3 Let the collision kernel be of the form (1.9) and w' be defined as in (1.4)
with v € R3 fixed. Then for all v € R and any function F the following identity holds

1
b
//bA(u)hJ — w|"F(w') dwde = 2m 20+3)/2 / % du/ v —2|"F(2)dz,
S2 R3 -1 R3
provided that the integrals on the right-hand side exist.
Proof. Let v € R3 be fixed and define

(v—w,e)

:u(wve) = ‘U—IU|

One computes

dz 1 v—w dz 1
— =_1I T det (| — | = =(1 :
dw 2< * \v—w\e ) e <dw) 8< +ulw,e))

We have

v — w]?
2

v —w

v — 2> =2 —w — (z —w)]* = el =v—w(1+ pw,e)).

v —wl
Multiplying the identity
2 —2)=(v—w)+|v—wle
with e and taking the square one finds
Ao = 2[pu(z )" = v — w1 + p(w,e))*,

giving

plw,e) =2u(z,e)* =1, [v—w| = ‘:(Z_’ :)| nd det <C§j> = 4u(z,e)2.

With this we can change the integration variable from w to z noting that as w varies over
IR3, 2 varies (for given e) over the half space given by the condition y(z,e) > 0.

/ / by (wlv — wl? F (') duw de

52 R3

_4/ / = 2 1)5(;;|:F(z)dzde

S2 {z:pu(z,e)>0}

_ 4/ v — 2[7F(2) / @z 1)

(2, €)7+2
{e:(z.0)>0}

To treat the inner integral we parametrize the half sphere {e : u(z,e) > 0} as follows:
Let U be an orthogonal 3 x 3-matrix with (v — z)/|v — 2| being the third column and

1 cosp\/ 1 —
GZEU sin /1 — for 0<op<2r , —-1<pu<l.
V1t



It follows

1+,U’ 2—3/2
=4/ d dod
M(z76) 2 2 e \/ﬁ ¢ M?

and we retrieve the desired result:

1
4 b)\(2M(Z, 6)2 B 1) de — 27T 2(’\/+3)/2 b)\(l’b) d,u
M(Zv 6)2"‘7 (1 + M)(7+3)/2 [ |
{e:p(z,e)>0} -1

3 The gain part of the collision operator

In the present section we will obtain estimates for the gain part of the collision kernel,
assuming that the collision kernel satisfies the cutoff conditions presented in Remark 1.1
or Grad’s cutoff.

For the sake of conciseness we will frequently use the notation

fo(v) = ()" f(v) . 3.1

Estimates as given in the following theorem have also been proven in [Gul], [Gu2] and
[MV, Section 2] for kernels with angular cutoff. To our knowledge, the proof presented
here is the most elementary one.

THEOREM 3.1 Let the condition (1.15) hold, 1 < p < oo, and v, s > 0. Then
@+ (£, 9) [H;@]| < Cooipllg [ e+ (3.2)

with a constant C'; depending only on the smoothness parameter s and such that Cy = 1.

Proof. We start with the simplest case s = 0 and p = 1. Using (1.15), the weak form of
the gain part and inequalities (2.35), (2.36) and (2.33) we find

et (L) < [ [ [ Bl wis@latw)le) dedw o

R3 R3 §2
< [ [ [ ol = wP oy 1) ot de duwe
R3 R3 §2
<22 [ [ [0l lgr(w)] deduds
R3 R3 S2
< Gl L llg [T (33)

For p > 1 we will use the inequality

()" v = w] < V2

(WY !y = 3.4

which is immediately deduced from (1.5), (2.33) and (2.35). For the case p = co we find

A
// ‘Z}H 4 R O (1) fuia (V') gua(w') de dw

R3 S2

"Q+(fvg> ’]L’ ‘ - Sup




<22 sup [for@) sup [ [ 10500)lgvoaw)| dedo

v’ €R3 vER3
R3 S2
=22 £ JLE | sup / [ 3@l e (335)
ve
S2 R3

Since we assume (1.15), we can apply Lemma 2.3 with v = 0 to the last expression and
obtain

@« (F 1) JLE| < 209 2] £ [ L] flg [ 1.8 H/ 1+'u3/2 djs
Nl £ T g L3 (3.6)

The case p = o is also completed.
Now let 1 < p < coandsetp’ = p/(p—1)sothat1/p+ 1/p’ = 1. Using (3.4) and the
Holder inequality we proceed as follows

p

A
Q-1 1L = [ | [ s st foes (g (w) dedus] do

R3 |R3 S2

= QWQ/(// (L 1)/ (11) g ()|

R3 R3 §2
~3/(2p) / | '
X (U ) by (1) g (0| fraW)F] T dedu | do

< 2N/ / ( / / (1+p) (QP)bA(u)gm(w')dedw>p/p

R3 R3 §2

) //(1 + 1) b5 (1) g A (W) frra (V) P de duw do

R3 S2

p/p
< 2*/2 qup <//(1 + 1) o (1) || g (w') | de dw)

veER3
R3 S2

/

!

x / / / (L4 1)@ oy ()| gir (@) | foir ()P dedwdv.  (3.7)
R3 R3 S2

Applying Lemma 2.3 to the first factor in the last expression and using (3.3) for the
second one, we obtain

p/p
(v+A) (lu)
|Q+(f.9) | L || < 2%/ Sup (25/27TH9“L H/ (1 + p)pa-1/ d“)

1
v v b (lu)
oo LIl 1L P [ o

< (O lo L™ g 68)

10



and (3.2) follows for the case 1 < p < oo as well. The case s = m = 1,2, ... is reduced
to the case s = 0 if we apply an equivalent norm in the Sobolev space

e [E 2 < Gl 32 (6707 | L

lal<m
and (2.30):
|Q+(f.9) [Hy- | < Cr > [16)70°Q+(f.9) [ Ly |
|| <m
! ﬁ o — 14
< X5 ()l re L)
|a|<m BLa
<anely S50 (2 ) oot ot )
lal<m f<a
<acy X () lalmr e e
la]<m
< 930, O o7 [ BV 0 B 39)
because

B _ a _ o3(m-1)
3 Z(a = S (14pe e, (3.10)
aeNS  B<a a€eN3
|| <m |ao| <m

We got (3.2) with C, = s322°C" for any integer s = m € Ny. Fors > 0,s # 1,2,... we
apply the interpolation (cf. [DR, Theorem 10] for a similar considerations). |

By Remark 1.1, we immediately obtain the following continuity statement for the sym-
metrized gain term:

COROLLARY 3.2 Let Q. be given by (1.20) and the condition (1.17) hold. Then for
1 <p<ooandv,s > 0 the mapping

0, (Hi,@u) N H;,(w») y (Hi,@u) N H;,@H)) . H;,<u> 3.11)

is continous and the estimate

194 (/. 9) | H:¥ | < %Cs @S;(Hf | Hjam»H + Hg | Hf%umH)

X ( |/ [ B 4] + Hg!H;’<”“>H> (3.12)

holds.

The second continuity result for Q is obtained directly under stronger assumptions on
the angular part of the collision kernel but we are rewarded with some refinement with
respect to the norms of f and g. Note that because of the strong condition (1.18), this
result is suitable only if f # g.

11



THEOREM 3.3 Let the condition (1.18) hold, 1 < p < oo, v, s > 0. Then the sym-
metrized operator

Q, (Hj‘”“) HH;,@H)) y (Hj‘”*” me;@*”) L EY (313)

given by (1.20) is bounded
[Q+(f9) [ || < O O |1 B2 flg | B+ (3.14)
[Q4(r,0) B <C. 00 [l B 7| B @as)

with a constant C'; depending only on the smoothness parameter s and such that Cy = 1.

Proof. Due to symmetry it is enough to prove only one of inequalities (3.14) or (3.15).
In the second summand of

=5 [ [stle = wl($0)gw) + g0 ded
R3 52

we replace the variable e by —e which implies that y is replaced by —u and v’ and w’ are
interchanged (this is indeed the idea behind the symmetrization leading to (1.16)). For
1 < p < o0, this together with (3.4) gives as in the proof of Theorem 3.1

1Q+(f. 9 [157 1"

< o2 lp /(//|b)\ | foea(v )||9u+A(w,)|+|9u+A(Ul)||fu+A(w,)|) dedw) dv

R3 “R3 S2
P
< 2(/2-1)p /(// b ()| + [ba(— )\)\fu+)\(z}’)||gy+)\(w')|dedw) dv
R3 “R3 2

< (2(>\+33/P)/2ﬂ_ ”f } L§V+)\) H Hg ’ L;)quA) H

1 1 »
bx (1) ba(1)
d d
. (/1 (L p)saimp +/1 (1= pya-im

V4
: (Cipﬂf!M"“W!!!uffllé"m”) : (3.16)

because
1 1 max (2, 23(1_1/7’)/2)

(11 p)30-1/n)/2 . (1 — p)30-1/n/2 = (1— 23010/

For s # 0 the proof is completed as in Theorem 3.1. |

The following result gives a pure Hf,’<") -estimate for the gain term. Note that we need

stronger conditions on the weight but the reward is that we require only Grad’s cutoff
assumption for the collision kernel and therefore the result holds in particular for the
VHS model for all p. The case p = 1 is already treated in Theorem 3.1 so it is omitted.

12



THEOREM 3.4 Let the condition (1.12) hold, 1 < p < oo and v,s > 0. Then for any
v >3/p + Awithp = p/(p— 1) the mapping

Qp : H3WH) 5 H3 0+ o) (3.17)
is continous and the following estimate holds
1Q+(f,9) I HZ Wl < Co 22 Co O I THGY [ lg | H@ 4 (3.18)

where the constant C ., depends only on the indicated quantities and C as in Theo-
rem 3.1.

Proof. Since both f and g are assumed to belong to the same space, it is enough for the
proof to consider the non-symmetric form of (). Similarly to the previous proofs we
have for 1 < p < oo using (2.33)

1Q+(fg) | LY Hp</ (//b Yo — w1 £()] lg(w >\dedw> o

R3 52
<2 [ [ [nww e >||g<w'>|dedw>pdv
R3 R3 S2
=22 Loy [ ol @) @) 1) g ) de dw)pdv
R3 R3 S2
<2 [t ([ [ i) 18 0 s ) de dw>pdv,
R3 R3 S2

where we used that ¥ — A > 0 and so by (2.35) we have the inequality
()™ < () Mw')

Writing by (1) = b ()P by(1)"/?" and applying Hélder’s inequality to the inner integral
we obtain

1Q4(f,9) | LY < 202 / ( [ [l )|pdedw>

R3 52

p—1
X (//b)\(,uxw)p/(’\_” dedw) dv (3.19)

The second integral in (3.19) decomposes into the integral over S?, controlled by Grad’s
cutoff assumption, and the integral with respect to w, which is finite whenever p’(A—-) <
—3 as it was assumed,

, 1y
O = ( / (w)? O dw) " <. (3.20)

RS

13



Thus we have

1Q+(f,g) | LW
<AL, / )y / / oA f ()P gy (W) de dw dv
R3 R3 §2

and the estimate follows using (3.3).
The case p = oo is simpler:

N@”Q+(ﬂgﬂvﬂfS2”2@0f/:/bﬂquW*”@MV‘WfA#NhMOUNdedw
R3 §2
< 2)\/2ny+7 | L<>o” ngJr'y ‘ ]L’OOH //b)\(,u)<w>)\_7 de dw, (3.21)
RS SQ

and the integral with respect to w is bounded since for p = co we assume A — v < —3.
The result for the Bessel potential spaces follows as in the proof of Theorem 3.1. |

Let us consider the spaces

L = (L = (LY, 1<p< oo, (3.22)
m=0 v>0
m=0 v>0

which can be endowed with the standard metric

< \f—g |1
pp(fvg): m 2 m7
2%1+Hf—gMéW

= |l —g|Hp™|

pen(f9) =

S| - g |Hp™

—m

A continuity result holds also for these metric spaces:
THEOREM 3.5 Let the condition (1.18) hold, 1 < p < oo and s > 0. Then the operator
Qy : HY < HE) — H2e) (3.24)
is continuous: For any sequences { fi.}, {gr} with
Jim pop(fi, /) =0, lim pi(gr. g) =0
it follows

]}LI&pS,p(Q+(gkafk)vQ+(g7 f)) =0. (325)
In particular, Q) L§°°> X L;OO> — IL,;,OO) Ls continuous.
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Proof. The convergence (3.25) follows from the equality

Q4 (gr, fx) — Q (9, f)=Q gk, fr) — Q1 (g, fr) + Q+(g, fr) — Q+(g, f)
=Q (9 — 9, fr) + Q1 (g, fu — f),

the estimates (3.14), (3.15) and the fact that the sequence g, — g converges to 0 and
therefore is uniformly bounded in each H3"’. n

Requiring some moderate smoothness for the angular part of the collision kernel, one
deduces the following smoothing properties of the gain term:

THEOREM 3.6 Let Grad’s cutoff condition (1.15) hold and, in addition,

by € HY([-1,1]), a>1. (3.26)
1. If
1 3
—§<)\§1, 'y>§+)\, v>0, c>0, —0<s<o, (3.27)
then the operator
Qr : HV x HHW T HEthw (3.28)
Is continuous,
2. If
—2<A<1l, v>34+X, v>0, c0>0, —-0<s<o, (3.29)
then the operator
Q. : HIWM x HHT o HEL (3.30)

IS continuous.

Proof. By definition (2.26), we have
fe Hf;@ﬂ) & f, € H;Kw , p=2,00
and from (2.35) we deduce for s =0
1Q+(£.9) I L™ = 16)" Qe (£,9) | LS < Q£ 1) I L5V 33D)

So the problem is reduced to the case v = 0 which was proven in detail in [DR, Theorems
7 and 10] by use of estimates for the adjoint operator ()} . |

REMARK 3.7 Note that the continuity property (3.28) implies the following continuity
result

Qs - (Hi‘”ﬂ> N Hggf”*”) x H# ) s o) (3.32)
In fact, (3.32) for v = s = 0 follows from (3.28), v = s = 0 since
IS < I TR0 2. (3.33)

The case v # 0 is tackled by splitting the weight as in Theorem 3.6 above and the case
s # 0 by the interpolation as in [DR, Theorem 10].
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From the smoothing property (3.32) we derive a heterogeneous continuity statement for
the gain term. In a different context a similar result was proved in [MV, Theorem 4.1].

COROLLARY 3.8 Let 1 < p < oo and the conditions (1.15), (3.26), and (3.27) hold.
Then the operator

0, - (M”*W N ]L,ggW) X L - LY (3.34)
is continuous: There exists a constant C'y , , .., such that
v ) (11/2 vy (11/2 w
[Q: (1) L] < CrpgurllF LV IS L 0 L] 3.39)
holds, provided
l<gep, qer<—1 o270 g1 (36
1-04q/3 q9(p—2)
Proof. From (3.32) with v = s = 0 we see that
(V7Q, - LY ALY x LY — Hb (3.37)

and the continuity (3.2) with v = s = 0 yields
(Y7Qy : LY x LY — L (3.38)

Note that the latter continuity holds already for v > A. By applying the complex interpo-
lation

(Hzo(R™), HEH(R™)), = H(R"),  0<©<1 (3.39)
1 1-6 ©6
0<qo,q1 <00, s=(1-0)sg+0s;, —= + =
q qo0 q1
(see [Tr, 2.4.7(2) and 2.3.5(2)] we derive the continuity
2(p—q)
Q. 'ALY) x LY — HO 0="r 3.40
< > Q+ ( ) X q - q ) q(p _ 2) ( )
The embedding
So—— > —— — HEe- O (R™) € HEDO/(R™) (3.41)
do T
(see [Tr, 2.7.1(2)]) adapted to the present situation gives
O — § > —§ or r< L E H®7<7> C ]L<“/> (342)
qg T ~1-06¢/3 q T

which holds under the condition (3.36) (see [Tr, 2.7.1(2)]. Combining this with the con-
tinuity (3.40) yields

(7Qy : (LY NLY) x LY — LY (3.43)

which is the same as the continuity (3.34) for p # 2 and v = 0. The constant C , 4.,.»
contains the constants of the continuity estimates (3.37), (3.38) and the embedding (3.42).
For p = 2 we get the continuity (3.34), v = 0 directly from (3.37) and the embedding
(3.41).

For v > 0 the continuity (3.34) follows if we apply the weight splitting as in (3.31). =
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4 The loss part of the collision operator

In the present section we will obtain upper and lower estimates on the loss part Q) _(f, g)
of the collision operator. For collision kernels with cutoff the loss part can be written as

Q_(f,9)(v) = Cs / o — w f(v)g(w) dw = f(v)Lg(v) (“.1)

R3

where L, also called collision frequency, is a linear convolution operator

Lg(v) = C, / v — w|rg(w) dw, -3 <A<, 4.2)
R3

THEOREM 4.1 Let the condition (1.12) hold, 1 < p < oo, v > 0 and s > 0. Then the
operator

Q— . Hs,(u+)\> % H‘i=<y+)‘> N H;’<V) (43)

14

s continuous
1Q-(£,9) [H;@|| < 2Y2C, Cullg | B V[|| [ H | 4.4

with a constant C'; depending only on the smoothness parameter s and such that Cy = 1.
Similarly to (3.24) and (3.25) the operator

Q- HO X HYOD ) 4.5)

P
1S continuous.

Proof. The proof is similar to the case of the operator (), but yet simpler (cf. Theorem
3.1), with obvious sup-norm modification for p = oc:
P 1/p
dv)

lQ-(f.9) |1 :( / ]cu / %ﬁmww(w) duw

<220, ( [lntwldw) ([ 1P i) "

<22Clg LIV 1 Ly (4.6)

The case s > 0 is derived from this in the same way as in the proof of Theorem 3.1. m

We now consider the symmetrized form of the collision operator. Combining Theorems
3.3, 3.5, 4.1 we immediately obtain for the full collision operator:

COROLLARY 4.2 Let the condition (1.12) hold, 1 < p < oo and s,v > 0. Then the
collision operator

Q: (Y NH ) x (B NH ) — @.7)
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s continuous
]_ nd S,(V S,(V
letr. o) (B0 < 50 @Y Cr - E0) (7 [ llg [ @)
+ g |1 )

with a constant C; depending only on the smoothness parameter s and such that Cy = 1.
Similarly to (3.24)-(3.25), the operator

Q : HO x HP™ — H2 4.9)

1S continuous.

LEMMA 4.3 Letlgqgoo,q’:qgland

3 3 3
v>3——4+A-—ml==4+A-m|>=+A-m>0 (4.10)
q 4q 4q
(cf. (4.2)) for some m = 0,1,2,3. Then
L H% — H ™Y 4.11)
is continuous for all s > 0 and the inequality
| Lg |HZ™ M| < Cravgusm [lg | HP™|| (4.12)
holds for all g € HZ™.

Proof. For m = 0 the proposition was proven in [DR, Corollary 13]). Form = 1,2,3 we
apply m derivatives to the operator and get a similar operator yet with the kernel having

the upper bound
m—1
I x—2il o = w].
i=0
Replacing A by A — m we can apply the part already proven. |

LEMMA 4.4 (see [DR, Remark 15]) The operator
L : H,,, — H 12 (4.13)

is continuous for arbitrary s € R.

The next result is the counterpart of Theorem 3.4 for the loss term. Again it turns out that
the proof is much simpler.

THEOREM 4.5 Let the condition (1.12) hold, 1 < p < oo and s > 0. Then for any
v >3/p + Awithp' = p/(p — 1) the following holds:

a) The collision frequency L is continous for the setting
L : ]Lé,'y> — LY,
with the estimate
ILg | LEV| < 2Y2C0Cop g | L (4.14)

where the constant C'y -, is given by (3.20).
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b) The loss term Q_
. S, =Y S,{(y—=A
Q, : H tn X n — H (=2

Y

is continous and the following estimate holds:

1Q—(f, g) | HEO™N | < 2Y2C, Oy Oy [1F | HEOY | |lg | HE O] (4.15)
Proof.
a) This is a simple consequence of (2.36), Peetre’s and Holder’s inequality, we have

) Lg(w)] < s [ (o) o = wPlg(w)] du

RS

<220, [ () lgy )] du

R3
1/p’ 1/p
< 2M2Cy ( /(w}pl(’\”’) dw) ( / |gy(w)|? dw) ) (4.16)
R3 R3
and the first integral is finite by assumption on ~.
b) As for the gain term it is sufficient to consider the non-symmetric form of () _:

1Q-(f,9) LY VP = /<v>p('*A’If(v)!p\Lg(v)\pdv

RS

< g | LEV|P / W7 )Pde @17)

R3

and the result follows by inserting (4.14). The statement for the Bessel potential spaces
follows once again by first treating the case for positive integers s and subsequent
interpolation. |

Recalling that we have v > 3/p’ + A > X we see that under the conditions of Theorems
3.4 and 4.5 the loss term maps into a subspace of the space containing the image of the
gain term. Taking into account the proof of Theorem 3.5, we conclude:

COROLLARY 4.6 Let the condition (1.12) hold, 1 < p < co and v,s > 0. Then for any
v > 3/p + Awithp' = p/(p — 1) the collision operator

. S, (V+ s,(v+ s,(v
Q : Hp( ) XHp< ) —>Hp< N
is continous with the estimate
1Q(F, 9) | Hy | < 222 Cy Cx O IF | HO | Nlg | HEH7) L (4.18)
Furthermore, the collision operator is a continous mapping in the following sense:

Q : H3) x H3™ — H ) (4.19)
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We give a new pointwise lower bound for the collision frequency. It is given in a form
which may be useful also in the context of the spatially inhomogeneous Boltzmann equa-
tion. For preparation, we denote by

1

p
m | = /f(v) v dv
r 3 v|v]?/2

the density, the momentum and the energy flux, respectively.

LEMMA 4.7 Let the collision kernel B(|ul, p) satisfy (1.12), 0 < X\ < 2 and the function
f € L, be a.e. non-negative with finite density, momentum and energy flux. Then the
inequality

Lf(v) > Cy (p(<v>A — 1) = 21220 ()2, m + 21')) , vER? (4.20)

holds.

Proof. By inequality (2.36) we see that

Lf(v):C,\/ (14 |v — w|?) f(w) dw — Cyp

R3
ZC,\/(v—w>)‘f(w) dw—Cyp. (4.21)
R3

Using Lagrange’s theorem for the weight function (-)* we can estimate from below as
follows: There exists 0 < ¥} < 1 such that

(v —w)= W) = Mo — dw) 2 (v — Yw, w)

= (V) + INv — Jw)* 2w |* — Mv — Jw)* 2 (v, w) (4.22)

The first summand is non-negative and for the second one, we invoke Peetre’s inequality
and the fact, that the weight function is increasing for non-negative exponents:

<U _ 1921}))\_2 < 21—)\/2 <v)’\_2<19w>2_)‘ < 21—>\/2<U>)\—2<w>2 )
Thus, by definition of the weight function we have
(v —w)* > () =1 =272\ )21 + |w]?) (v, w).

Inserting this into (4.21) we obtain

Lf(v) ZC,\p<(v>)‘ — 1) — 2172 C,\<U)A2(v,/w(1 + |w|?) f(w) dw)

—Cy (p(<v>)‘ C 1) = 22N () 2, m + 2r)) (4.23)

as claimed. ]
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REMARK 4.8 1. Lower bounds similar to (4.20), are known but with the additional
condition of finite entropy: If

fe) 20, Hy= [+ log f0)] + 0Pl do < oc.
R3
then (see [Ar, Lemma 4] and [Mas, Lemma 3.1])
Lf(v) = M1+ [v]Y),
where the constant M = M (X, Hy) depends on \, Hy and || f | L§2> B

2. For the spatially homogeneous initial value problem, it suffices to consider such dis-
tribution functions for which the density is 1 and the average velocity is 0. Instead
of using Peetre’s inequality for the second summand in (4.22), one can estimate

(V) + I (v — Y)Y 2 |w]* — Mo — Jw)* 2 (v, w) > (V) — X (v,w),
since {-)*~2 is bounded from above by 1. This gives
L) > (o) —1.

With this, one can prove the production of LLi-moments by the method in [We2]
without assuming finite entropy.

3. In general, the lower bound in Lemma 4.7 is of course positive for large |v|. Without
assuming finite entropy, it seems rather difficult to find a strictly positive lower
bound. However, an alternative estimate without the requirement of finite entropy
was given in [Bo] for the special case of hard spheres (1.14): Let f(t,-) be a
solution of the initial value problem (1.7), then

1
Lf(t,v) > WLfo(v).

The next result shows that the estimate obtained in (4.20) is asymptotically precise.

LEMMA 4.9 If0 < A < coand f € LYY (R3), then

Tim (6} Lf(0) = Cy / flw (4.24)
or, equivalently,
Lf(v) = Cxp{v)™ 4+ o((v)™) as |v| — o0. (4.25)

Proof. Let f,,(v) = f(v) for |[v| <mnand f,(v) =0 for |v| > n. Then

lim <U>—)\Lfn( C}\ lim / |U—w|)\ )

|v|—o00 |v]—o00
lv|<n

[v|<n
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Obviously,

n—oo
R3

lim [ f,(w)dw= C,\/f(w) dw . (4.27)

On the other hand, applying Peetre’s inequality (2.33) we find

A
Tim ()L = f)(0) = Cx lim %h(w) duw
o] >n
< 2M20y ‘Ul‘iinoo / fa(w) dw =0 (4.28)
o] >n
where f), € Ly defined as in (3.1). The equalities (4.26)-(4.28) imply (4.25). ]
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