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The Boltzmann Equation for Bose—Einstein Particles:
Velocity Concentration and Convergence to Equilibrium
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Long time behavior of solutions of the spatially homogeneous Boltzmann
equation for Bose-Einstein particles is studied for hard potentials with certain
cutoffs and for the hard sphere model. It is proved that in the cutoff case solu-
tions as time r — oo converge to the Bose—Einstein distribution in L! topol-
ogy with the weighted measure (o + |v|*)dv, where o =1 for temperature T >
T. and ¢ =0 for T < T,. In particular this implies that if 7 < 7, then the
solutions in the velocity regions {v € R3| [v] < 8(r)} (with 8(t) — 0) converge
to a unique Dirac delta function (velocity concentration). All these conver-
gence are uniform with respect to the cutoff constants. For the hard sphere
model, these results hold also for weak or distributional solutions. Our meth-
ods are based on entropy inequalities and an observation that the convergence
to Bose—Einstein distributions can be reduced to the convergence to Maxwell
distributions.

KEY WORDS: Bose-Einstein particles; temperature, entropy; velocity concen-
tration; convergence to equilibrium.

1. INTRODUCTION

The Boltzmann equation for Bose—Einstein particles under consideration
(after normalizing a quantum parameter) is given by

3
~fwn =// B —vano) (fF1(0+ 1A+ £)
t R3xS2

—ff(+ YA+ ) dwdv, (BBE)
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which describes time-evolution of dilute, space homogeneous, and one spe-
cies Bose gases. Physical background and derivations of this model can be
found in Chapman and Cowling (9, Chap. 17), Nordheim,®® and Uehling
and Uhlenbeck.®D In kinetic theory, Eq. (BBE) and its modifications
attract research interests in their amazing quantum effects: For very low
temperatures, such models can be used to describe the process of the for-
mation of the Bose—Einstein condensation (i.e. the velocity concentration),
see e.g. Semikov and Tkachev.(?7-28)

Before going to main subject, let us introduce notations. In Eq. (BBE),
a solution f(v,?) is the density of the number of particles at time ¢ € [0, co)
with the velocity v € R® (therefore f(v,t) should be >0), and fi, f’, f.
denote the same function f at velocity variables vy, v’, v} respectively, i.e.

fzf(vvt)a f*zf(v*vt)’ f/:f(v/9t)’ fx::f(vfpt)’

where v, v, and v, v} are velocities of two particles before and after their
collision; they have the following relations due to the conservations of
momentum and kinetic energy:

V=t VPP =l 4 ol (1.1)
which can be solved explicitly as
V=v—((v—v) - 0o, v=vs+((v—0) 0o, ©ecS? (1.2)

where u - v denotes the scale product in R3, |u|=./u-u, and S*={we
R3||w|=1}. (1.2) implies |(v' —v.)-w|=|(v —vi) - | and [V —v]|=|v— v4]
which as well as (1.1)—(1.2) are often used in the fundamental operations
of the Boltzmann collision integrals.(®7)

The collision kernel B(v — vy, w) = B(Jv — vy|,cos6) is a non-neg-
ative Borel function of (Jv — v4|,cosf) only, where cosf = |n- w|,n =
(v—vy)/|v—uy|,0 €[0,/2]. For molecular interaction potentials with the
inverse-power law, B takes the form

B(v — vy, ) =b(cosO)|v —v.|”.
In this paper we mainly consider the hard potentials and the hard sphere
model: 0 <y <1. For the hard sphere model, B is given by b(t) =const.t

and y =1, i.ec.

B(v — vy, w) =const.cos(0)|v — vy (1.3)
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which is the only “non-cutoff” kernel satisfying fol b(t)dt < 00.®

Function spaces for solutions in the velocity variable are usually cho-
sen weighted Lebesgue spaces L ; (R3) (s >0) which are defined for measur-
able functions by

fEle(R3) <— ”f”L} ::/RB(l + |v|2)s/2|f(v)|dv <0

and we denote L(l)(R3) =LY (R3) for s=0. To study velocity concentration
at v=0 we also use the |v|*-weighted norm (for s > 0)

(RAFAT) I=/RS I’ f ()l dv.

The condition on the L'-initial data f|,—o = fo is given by 0 < fy €
Lé(R3) which means that the mass and kinetic energy of the gas system
(per unit space volume) are finite and thus the entropy is also finite (see
Lemma 2). Since after a velocity translation the function f(v+ vg,t) is
still a solution of Eq. (BBE) with the initial datum fy(v + vg), we can
assume that the mean velocity vy is zero. This is equivalent to assuming
that g3 vfo(v)dv=0.

Classical calculation using (1.1)-(1.2) shows at least formally that
a solution f(v,t) of Eq. (BBE) satisfies the conservation of the mass,
momentum, and energy (such a solution will be called a conservative solu-
tion):

[P senav= [ ol
R3 R3
and the entropy identity:

d S(f@)= 1D t

a7 (f( ))_Z (f (@),
where f(t)=f(., 1), S(f) is the entropy functional:

s¢1= [ (- £)logt 1)~ flog £ )av (14)
R3

D(f) is the entropy dissipation:

D(f):/// B(w—v,0)'(f)dwdv, dv
R3xR3xS?
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and
T(f)=T (f fil+ YA+ fo). £+ O+ £D). (L.5)

Here
(. y)=(x—y)log (%)m X,y 20 (1.6)

and we define I'(x,y)=o00 for x>0=y or 0=x<y; I'(x,y)=0 for x =
y=0.

Mathematical results on the BBE model are so far rather incom-
plete due to its strong non-linearity. In ref. 20, under a strong cutoff
assumption on the kernel B (see (6.1)) and assuming the initial data are
isotropic, fo(v) = fo(Jv]), we proved the global existence and uniqueness
of conservative solutions of Eq. (BBE) and obtained some weak results
on the convergence to equilibrium sates and the velocity concentration.
With a similar cutoff assumption on B, the results on global existence
and uniqueness of conservative isotropic solutions were extended to dis-
tributional (i.e. measure-valued) isotropic solutions by Escobedo et al.1¥
using rigorously Dirac delta functions. By establishing a weak form of
Eq. (BBE) and a weak stability of distributional solutions we extended
the existence result of ref. 14 to including the hard sphere model.*? For
similar quantum kinetic models we refer to Caffish and Levermore,®
Escobedo et al. (1) (for Kompaneets equation), Escobedo and Mischler,(1?
Escobedo er al.19 (for Boltzmann-Compton equation), and Escobedo(!?)
(for both equations). It is also profit to see Saint-Raymond®® and Vil-
lani (32, Chap. 5) for reviews and questions about such quantum kinetic
models.

The present paper is a continuation of refs. 20, 22: We will prove
the strong convergence to equilibrium and the single point concentration
(as t — o0o) for L! solutions f(v,r) of Eq. (BBE) with the cutoff assump-
tion (6.1) and for distributional solutions F; for the hard sphere model.
As mentioned above, the existence of distributional solutions of Eq. (BBE)
with the hard sphere model has been proven in ref. 22 under the isotropic
condition which means that the initial data and therefore the solutions can
be represented (in terms of Riesz representation theorem) by finite positive
Borel measures on R, :=[0, 00). In this paper the isotropic condition for
distributional solutions is only used to insure the existence of conservative
solutions which are obtained by approximated L' isotropic solutions hav-
ing the moment production property (6.5). Except this, we just need the
initial data Fy and hence the solutions F; belong to B; (R®). Here B (RY)
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is the class of finite positive Borel measures F on R? satisfying
/ (1+v|?)dF(v) < oo.
R3

Our main idea comes from an observation that the strong conver-
gence of solution f(v,r) to the Bose—Einstein distribution €, ,(v) =
ae P’ /(1 — ae=P"Py (an equilibrium solution of Eq. (BBE)) can be
reduced to the strong convergence of f(v,#)/(1+ f(v,t)) to the Maxwell
distribution M, 5(v) = qe bl Techniques such as entropy dissipation,
moment production, and the strong compactness of the classical Boltz-
mann gain term Q7 (-,-) can all work with that reduction. Also we obtain
Csiszar-Kullback—Pinsker type inequalities and an inverse inequality for
the BBE model, which imply that for any temperature (T >7, or T <T)

If(@)— Qa,bllLi(\o) = 0= S(f (1)) —> S(Q24.p)- (1.7)
And for T>T,,
“f(t)_Qa,b”Lé_>0<:>S(f(t))_>S(Qu,b)‘ (1.8)

We now outline the key parts which motivate our proofs for the strong
convergence and the velocity concentration. In the following the constants

i i N S
C are independent of 7 because of the conservation laws. Let g = - 7 f=
f(v,1). Applying the inequality

x=yI<SVx+yy/Tx,y), x,y=0 (1.9)

to x=¢'g,, y=gg. and using Cauchy—Schwarz inequality we find the fol-
lowing control:

/R3(1+f)//R3 - Bmin|g/g;_gg*|dwdv*dv<CV Dmin(f), (1.10)
X

where B, is a suitable “minimum” kernel constructed from B and
Dmin(f) 1is the entropy dissipation corresponding to By, they satisfy
Bmin < B hence Dpin(f) < D(f), and the relevant collision integrals with
the kernel By, are all bounded. The role of the factor 1+ f in (1.10) is to
produce a control for | f — | in some weighted L' topology. Here Q(v)=
M(v)/(1 — M(v)) is a general Bose-Einstein distribution with M(v) =
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ae—Pv=l* and 0<a<1,0<b<oo. We observe that f, 2 and g, M have a
simple but important relation:

A=M(f-=1+f)g—M). (1.11)

To see the connection between (1.10) and (1.11) we need the classical
Boltzmann collision operators Q¥ (¢, ) which are given for a general ker-
nel B by

0+ (. Y1) (v) = f / Bv—ve, @)oY W)dodv,,  (1.12)
R3xS2

O (¢, V)W) =)L) (v), L(i/f)(v)=/R3A(v—v*)lﬁ(v*)dv*,
(1.13)
A(v—v*)zA(|v—v*|)=/ 2B(v—v*,a))da). (1.14)
S

Now let B be replaced by Bp;,. The strict positivity of M (v) implies that
L(M)(v) has a positive lower bound: L(M)(v)>c¢ >0 from which and the
identity (1.11) we deduce

1
(L =M)(f =Dl S;I|(1+f)[gL(M)—ML(M)]llLl
1
< E”(l + N0 (8, 8)— 0" (g, )]l 1 +easy term.

The first term in the right-hand side is bounded by +/Dyin(f) due to
(1.10), while the “easy term” is bounded by Cl|lg — M| ;1 because of the
identity O~ (M, M) = QY (M, M) for Maxwellian M. These yield a nice
control:

11 =M)(f =Dl <€ (lg =Ml +vDain(H) . (L15)

On the other hand, applying the moment production property and follow-
ing Lions’ argument® using the compactness of {01 (g,8)(,)}i>1 and
the entropy dissipation decay Dpin(f(t;)) — 0 (f, = 00) we prove that
there exists a Maxwellian M such that ||g(#,) — M| ;1 — 0 as #, - oo. And
any such M, or equivalently Q=M /(1 — M), are in fact unique, determined
by the initial state fp with mean velocity vo=0, i.e. M =M, p, L=4.5.
By (1.15), this implies

IA=Myp)(f(®) = Qap)llp1 =0 (t—00).



Boltzmann Equation for Bose-Einstein Particles 1033

This convergence holds also in Lé norm (thanks to the moment produc-
tion property) and thus by inequality |v]?> < C(1 + |v/*)(1 — M, p(v)) we
obtain

”f(t)_Qa,b”Lé(\o)_)() (t = 00). (1.16)

By (1.7) this gives the entropy convergence S(f(¢)) - S(2,) which in
turn implies the L; convergence in (1.8) for T > T,.

On the other hand, at low temperature 7 < T, , which implies a =1,
we have

1
—f Q1 (W) dv=(T/T.)** <1,
N R3 ’

where N = fR3 fo(v)dv. Applying (1.16) we then obtain the Bose—Einstein
condensation in the sense that, as t — oo,

1

— fv,)dv—1—(T/T.)*?, (1.17)
N Jji<s

where 8(r) = (|| f(t) — Ql,b||Lé(\0))1/4 — 0(t — 00).

All these results hold also for distributional solutions by taking weak
limit for approximate L! solutions f”(v, ) and by using the monotonicity
of the entropy ¢+ S(f"(1)).

In ref. 20 the limit of velocity concentration was only proved for
fvestf(v,t)dv where S; are abstract sets satisfying mes(S;) — 0(t —
o0). This is because we used a very abstract argument: the biting-weak
convergence.). The present work catches the feature of the convergence
problem and reduces the single point concentration (1.17) to the strong
convergence to Bose—Einstein distribution €215 in the norm || - || L100) but
the method is not yet completely constructive because our compactness
argument could not give any explicit convergence rate. In order to obtain
an explicit convergence rate for the BBE model one may study and gen-
eralize the modern entropy dissipation techniques which deal with the
rate of convergence to Maxwellians for solutions of the classical Boltz-
mann equation (see for instance Carlen and Carvalho,*> Cercignani,®
Desvillettes,'? Toscani and Villani,?? Villaini®¥). This is of course very
difficult but seems possible in terms of the Csiszar—Kullback—Pinsker type
inequalities (4.15)—(4.16), the inequality (1.15) or (3.6), and the L°°-bound
0<g=f/(1+ f) < 1. Finally we note that our proof of the single point
concentration (1.17) is given only in the sense + — oo. This is because
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that for L! solutions with the strong cutoff assumption (6.1), any kind of
velocity concentration (single or non-single point) can not happen within
finite time.?”) For distributional solutions for the hard sphere model, it
is not known whether the single point concentration can occur in finite
time. To obtain such a concentration at a time 7. < oo, one may consider
(as suggested by the above estimates) to prove that || f; — Q|| Lo = 0

or equivalently S(f;) - S(€21) as t — t., where f; is the L' part of F,
(see Theorem 2). But this seems rather difficult though may not be com-
pletely impossible. For the Kompaneets equation, it has been proven in ref.
11 that concentrations can appear in finite time. See also ref. 26 for com-
ments about this kind of researches.

The rest of the paper is organized as follows: In Section 2 we discuss
temperatures and the Bose—FEinstein distributions and give some relations
between them. In Section 3 we realize the reduction from the “Bose—
Einstein convergence” to the “Maxwellian convergence”. In Section 4 we
prove some inequalities about entropy. Section 5 is a further preparation
for Sections 6 and 7. In Section 6 we prove the strong convergence to
Bose-Einstein distributions and the velocity concentration for L' solutions
as shown above. Finally in Section 7 we apply the results of Sections 5 and
6 to prove the strong convergence and the concentration for distributional
solutions for the hard sphere model.

2. ABOUT TEMPERATURE AND EQUILIBRIUM

For a spatially homogeneous Bose gas system governed by Eq. (BBE)
with mean velocity zero, let 0 < N, E < oo be such that mN and %mE are
the total mass and kinetic energy per unit space volume, where m is the
mass of a particle. According to (9, Chap. 2) and (30, pp. 43-44), the
kinetic temperature of the gas system is defined by

where kg > 0 is the Boltzmann constant. In order to study the Bose—Einstein
condensation, we will use the critical kinetic temperature

= _£(5/2)
Tc=— cs
¢(3/2)

where {(s)=)_,2,n *(s>1) is the Riemann-Zeta function,

2/3 2 2/3
r—_" (L) __h ( N ) , Q.1
2kp \¢(3/2) 2emkp \¢(3/2)g
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N = (m/ h)3gN, h is the Planck constant, and g is a statistical weight.
Recall that the second equality in (2.1) is often used in text books for
defining T,. See for instance Landau and Lifshitz (17, pp. 180-181, p. 36),
Parthia (24, p.180 for g=1 (spinless)).

A Bose-Einstein distribution €2, 5 in LY (R?) (with mean velocity zero)
is an equilibrium solution of Eq. (BBE). Because of the integrability, 2, p
has the unique form

2
ae—bMvl

l—blv‘z, 0<a<1, 0<b<oo (22)
—ae—

Qa,p(v) =

For a Bose gas system with the numbers N, E, it is physically required
that the corresponding Bose—Einstein distribution €2, ; is the maximizer of
the following conditional maximum problem:

/Qa,b(v)dv:max/ Q; ;(w)dv, 2.3)
R3 ab JR3

a,b

where @, b under the max satisfy

f Q, ;()dv< N, / Q ;WvlPdv=E, 0<a<l, 0<b<oo.
R? R}

2.4)
The coefficients of €2, in (2.2) can be solved uniquely through N and E.
To see this we introduce the functions

Pso(t)

R(y=—20
® [P32(0)]/3

o Z‘n
P()=) —. 1e(.1], s>1
n
n=1

It has been proven in ref. 20 that the function R(7) is strictly decreasing on
t€(0, 1] and R(r) » oo as t — 0+. For any a, b satisfying (2.4) we compute
(see ref. 20)

3/2
N, (a,b) = /RS Qup(v)dv= (%) 32P3 (@), (2.5)

X N3 5,0
E = /R3 Q; ;W)v] dv:(z) 37 12Ps 5 (a). (2.6)

These imply

E 3

= 2 R@G).
NG s @
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By definition of 7, T. and notice that R(1)=¢(5/2)/[¢(3/2)]*/ we deduce

3 _ 3/5
I _Ne@h (T R
N/R; Q pIdv=""5 _<Tc R(Zz)) '

Now let a, b be such that Q, j; is the Bose—Einstein distribution satisfying

(2.2)~(2.4). Then applying the relation (2.7) and noting that R(r) > R(1)
for 0 <t <1, we obtain the following identities for all T/T:

1 7 R\ 7\
NA}Qa,b(v)du=<T—c.R(a)) — min (i) bl s

In order to connect equilibrium statistical physics, we also represent 2, p
in terms of the thermodynamic temperature 7 (>0) (refs. 9, 16, 17) by

2.7)

1 1
ea+Bmv2/2 _ 1’ p=

Qap(v)=
with the change
a=e % a=0, b=Bm/2.

The two temperatures 7 and 7 have the following relation (see ref. 22):

TN _ (TN (Psp))
) =L _ (2.9)
T, T, Ps/2(a)

Let R™!(r) with T €[R(1), 00) be the inverse function of R(z). By simple
calculation using (2.7), (2.8), and (2.9) one can easily prove the following

Proposition 1. Let Q,; be the Bose—Finstein distribution satisfying
(2.2)~(2.4). Then (1)

T>TC<=>/ Q.p(v)dv=N and /|v|2sza,,,(v)dv=E.
R3 R3

In that case,

R (ROTT. pe (L3 ”
a=R™ (R(HT/T.), b= £ 37 Psp(a) | .
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Qpdv<N and /|v|2szl,,,dv=E.
3 R3

In that case,

13 5, 13 4, 2/5
—(=.2 P- (1 =(=.2 2 )
b ( 77 5/2( )) <E 37 g5/ ))

(©)

T>T.<T>T..

T<T. or T<T.<=(T/T.)"*=(T/T.)*".

As one sees that at low kinetic temperature T < T, there is a mass
gap:

N0:=N—/.% Qi ()dv=N(1—(T/T.)*?)>0. (2.10)
R.

In view of conservation laws, the Bose-Einstein distribution as a final
and equilibrium state of a Bose gas system should have the same mass
as that of the initial state fy; for any temperature. In this sense, the
Bose-Einstein distribution for low kinetic temperature T < T, should be
defined as €1 (v) + Nodo(v) which is indeed an equilibrium solution of
Eq. (BBE) in a weak form (see ref. 22), where §y(v) is the standard Dirac
delta function. In this paper, our study on long time behavior of solutions
of Eq. (BBE) is focused on the L' distribution €, because the the final
velocity concentration in the ratio No/N =1 — (T/T.)*/° is proved only
through the strong convergence of solutions to 1 . Thus for convenience
we still call Q1 a Bose—Einstein distribution.

3. REDUCTION TO MAXWELLIAN CONVERGENCE

In this section we will use the classical collision operators Q* (¢, V)
given in (1.12)—(1.14). The main result of this section is Proposition 2. We
begin by the following
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Lemma 1. Let a collision kernel B satisfy
OgB(v—v*,a))gl_)(cose)cos39sin39, 3.1
/2
Ag:=4m / sin b (cos6)db < oo. (3.2)
0
Then for any ¢, ¢ € L' (R?) satisfying 0<¢, ¥ <1 we have
0" (p. ¥)() < Agmin{llg 1. 1¥ll,1}, veR’. (3.3)
Proof. By Lemma 1 in ref. 21 we have
// b(cosB) cos’ 0 sin’ O (v )dwdv,
R3xS?

/2
=<47rf sin@Q(cos@)sin39d9> el 1 <Aollell 1,
0

// b(cos ) cos® 6 sin® Oy (v))dwd v,
R3xS?

/2
= (471/ sin@l_;(cos@)cos39d9) ¥l <Aool
0

By assumption (3.1) and the inequality 0< ¢ (v") (v,) <min{p®’), ¥ (v))},
these imply (3.3). |

Proposition 2. Let B(v — vy, @) = b(cosH) cos3951n30\11(|v — vg|)
where b(-) >0 satisfies (3.2) and

/2
Ay i=4r / sinfb(cos ) cos> O sin> 0 do >0 (3.4)
0

W (r) is non-decreasing on r €[0, 00) with 0 < W(r) <1 for all r >0. Let
0<a<1,0<b<o0,vypeR3 be constants and let

M (v)

M (v)=aePlv—uol, QO=T"0
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Then for any ngeLl(R3),g=%f we have

Lasn ([ Bes-saldodudr<3hl /D0 65)
and
1= M) =210 < a1l + 1M1, (g = Ml +VDD) . B:6)

where D(f) is the entropy dissipation corresponding to B(v — vy, w),

8(Ap++/Ap) _hi2 -1
Cu=Caagwom=—""5—— fR Jac” M w(zpdz )

Ag

Proof. By definition of A(z) given in (1.14) we have A(z)=A(|z])=
A§¥(|z]). By assumption on W, A(r) = AjW(r) is non-decreasing on r €
[0, 00) from which and the spherical transformation we deduce a positive
lower bound of L(M): For all veR3,

L(M)(v) = / M(v)A(v — vy)d vy = / a0 Ay — v, )dv,
R3 R3

1
=/ae‘b'Z|2A(|v—vo—z|)dz>—/ ae‘b|z‘2A(\/Iv—voI2+|z|2)dz
R3 2 R3

1 1 1
Z 5 / ae™"’ A(z))dz = - A / ae W (|2))dz == Cap > 0.
2 JRr3 2 R3 2

Here the strict positivity Ca » >0 is because Aj>0,a >0 and W(|z]) >0
for z#£0.

From this lower bounds and the identity (1.11) and using the fact that
ML(M)=Q~ (M, M)=Q" (M, M) and (1+ f)g=f, we have

%CA,M(l _M)|f_9|=%CA,M(1+f)|8_M|
SLM)(1+ Hlg—M|=1+ f)lgL(M) — ML(M)|
<+ fHglL(M) — L(g)|+ 1+ f)lgL(g) — ML(M)|
SFILM =)+ 1+ f)O (8. 8)— 01 (g.9)l

+(1+HI0T (8,9 — 0T (M, M)|.
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Thus

1
FCaml(I=M)(f =Dl p < fILM =]l

2
+IA4+ HIO (g.8)— 01 (g, )l
+I(A+ 0T (g, ) — QT WM, Ml =5 + L+ 15 (3.7)

By L* bounds A(v—wv,) <Aj<Ag we have |L(M —g)(v)| < Aollg — Ml
for all veR3. This implies

L= fILM =]l < Aol fliptllg =Ml (3.8)

Also we have

L =1+l (2.0 — 0" (g )l
/ (1+f)// Blg's, ~ gg.ldodv. dv. (3.9)

Let I'(f) and I'(x, y) be the functions given in (1.5) and (1.6). Let

(AW, v, @) =1+ HL+ fIA+ A+ f).

Applying inequality (1.9) we have

18’8, — g8+ <V/g'gl + g8+/T (g'gL 88x)-

Since

(14 1T (E'g.. 88+) <TI(NHT(g gL, g8+) =T (f)

this gives

(14 F)lg'sl — g8+l <V A+ f)(g'gl+ gg)VT (f).

Therefore by Cauchy—Schwarz inequality we obtain

./ A+ // Blg'g, — gg«ldwdv, dv

R3 R3xS2
1/2
S < / / f B(l +f)(g/g;+gg*)dwdvdv*>

R3xR3xS?2

172

< / / / BF(f)dwdvdv*)
R3xR3xS?

=10+ Lot (g )+ 0 (2. )I1) > VD). (3.10)
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Next we compute (using (1+ f)g=f and g< f)

I+ NHIOT (g, )+ 0 (8. O]l
=107 (g )l +11f O (g &l + I+ gLl
S2UFLON +1FOT (g &)1

Since A(Jv —vi]) <Ag= | fL()l;1 <A0(I|f||L1)2 and Lemma 1 applied
to O (g, g) leads to

IfQ* (g @)l < Aol fligtliglz < Ao (IIfIILl)z,

it follows that

(I + A0 (g, )+ 0 (2 )l 1) > <V/3Aoll £l

which together with (3.10) proves (3.5). Also by (3.9) and (3.5) we have

L<V3AolfllLiv D). (3.11)

To estimate I3, we first look at the integrand. Applying Lemma 1 to the
functions 0< g, M, |g— M|<1 we obtain for all veR3

107 (g, 8)(v) — QT (M, M)(v)|
<OT(g—M|, W)+ 0 (M, |g—M))(v) <2A¢llg— Ml 1.

Also we have

107 (g,8) =0 (M, M)
<O (g =M1 Dl + 107 (M, [g =MDl
=10 (g—M[. Dl +I1Q (M, |g =MDl
=g =MLl +IIML(g—MDI 1
S<Ao(llglpr +1IMIILollg — Ml

Therefore

I =1+ N0 (g.8)— Q" (M, M)l
=110%(g.8)— 0 (M, M)|l;1 + 11 FIOT (g.8) — QT (M, M)]lI .1
< Ao(llglpr +IMIDIg =Ml + 1 fll12A0llg — M| 11
< Ao Blflp+IMIl) g — Ml (3.12)
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Combining (3.8), (3.11) and (3.12) leads to

1
ECA,M”(I —-M(f=lp<h+h+13

< Ao (41 £ 11 + 1M1 1) g = Ml +/3A0l 1l v/ D)
<40+ VADU SNl + 1M1 ) (g = Ml +VD(D)

This proves (3.6) by definition of C4 p. |1

4. SOME INEQUALITIES ABOUT ENTROPY
Recalling (1.4) the entropy S(f) for 0< f € L%(R3) can be written

S(f)= / S(F ()b,
R3
where

s()=1+y)logl+y)—ylogy, ye[0,00) 4.1)

which is increasing and concave on [0, 00):

YOI =logl+ )20, SO0 y20 @)
Lemma 2. (1) Let f,ge L}(R3). Then
0<f<g=0<s(f)<s(e) =0<S(f) <S(9)- (4.3)
(2) If 0< f e LI(R?), then
sl S2VIF e Is(Oll <41F 1Ly + Co. (4.4)

where Cy is an absolute constant.
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Proof. (4.3) is obvious. To prove (4.4) we write
s(f () =log(1+ f(v))+ f(v)log(1+1/f(v)).

Using the inequality log(1+y) <./y for y >0, we get

s(fF() <2/ f(v) YveR’.

This gives the first inequality in (4.4). Next for any v, by considering
f)=e " and f(v)<e Ml we obtain

s(fF@NL2f @A+ +2e7 72 vueR’.
Multiplying (1+ |v|?)!/2 to this inequality and taking integration gives the
second inequality in (4.4). |

Let F GB;_ (R%). By Lebesgue-Radon-Nikodym theorem (see e.g. ref.
25), there exist a unique 0< f € Lé(R3), a unique pu € B;r (R?), and a Borel
set Z C R? satisfying mes(Z) =0, u(R3\Z) =0, such that dF(v) = f (v)dv+
du(v). We call u the singular part of F.

Lemma3. Let 0 < f" ¢ L%(R3) satisfy sup,,> ||f”||L% < oo and
assume that there is an F EB;_ (R?) such that

n—oo

lim - o) f"()dv= /R3 o()dF(v) VYee CC(R3). 4.5)
Let

dF(v)= f(v)dv+duv),
where 0< f € LI(R®) and pe B (R?) is the singular part of F. Then

limsup S(f") < S(f) (4.6)

n—oo
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Proof. Introduce function space (for constant s >0)

CNLZ R ={pe CRY)| ||l = sup lp(v)I(1+ [v[?) ™% <o}
veR-

4.7)

The L% boundedness of {f"} implies that the convergence in (4.5) holds
for all pe CNL (R3). By applying convolution it is easy to construct
functions 0 < f5 € C(R*) N LI(R3) such that | f5 — fligr—0 as 86— 0+.

Since w is the singular part of F, there exists a Borel set Z CR3 such that
mes(Z)=0 and u(R3\ Z)=0. For any 5> 0, choose an open set 0,07
such that mes(O,) <n. By considering

I3\, (¥) < ¥ (v) :=exp(—j dist(v, RN\0O,)) VYveR?, vj>1

it is easily proven that for any 0<@pe CNL™, (R3)

lim sup/ o) f*(v)dv g/ o) f(v)dv. (4.8)
R3 RM\O,

n—oo n

Now we will use the following functions

pe()=ee VM, W5, =5'(f5+¢.)=log (1 + )
fS +(Ps

where 0 < e < 1. It is easily seen that 0 < W5, € C N L‘f’l(R3) and
supso Ws,ell Lo <Ce= 1+1log(2/¢) < 0o. By concavity s”(y) <0 we have

< s(fs +(ps)+s/(f8 +‘Ps)(fn — fs— @)
< S(f(S +§0£)+\p5,e(fn _f)+\p5,s(f_f8) s

s(fs +@e) <S(f+we)+10g<1+ )(fa—f)
f+oe

<s(F+o) +Ce(+ D2 f5— f1.

s(f")

These imply s(f") <s(f +¢e) + Vs, (f" — f)+2C. (1 +[v/»)/| fs — f| and
hence

S =/ S(f")dv+/ s(f"dv
R3)\O,

n

< )»(n)+5(f+<ﬂs)+/3 Ws.e(f" = dv+2Cell fs = flI L1

R\O,
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where

A(n):sup/ s(fMdv—=0 (n—0) 4.9)
n=z1J0,

which is due to the L! weak compactness of {s(f")} (see Lemma 2). Thus
first letting n — oo (using (4.8)) and then letting n — 04 (using (4.9)) we
obtain

limsup S(f") <S(f +@e) +2Cc |l f = flir-

n—oo

Further letting § — 0+ gives

limsup S(f") <S(f+¢:) (0<e<l). (4.10)

n—oo

Finally since 0<s(f +,) <s(f +¢1) € LI(R?), it follows from dominated
convergence theorem that S(f +¢.) — S(f) as € - 0+. Thus in (4.10) let-
ting ¢ — 0+ leads to (4.6) and the proof is complete. |

The last lemma deals with the Csiszar—Kullback—Pinsker type inequal-
ities (see (4.15), (4.16)) and an inverse inequality (see (4.14)).

Lemma 4. Let 0< feLL(R%) and Q(v)=ae "’ /(1 —ae™?"") with
0<a<l1,0<b<oo. Then (1)

1/3
1 =@ I I =120 +Co (17 =RM10) - @1D
(2) If
f 2 f (w)dv < / P (w)dv 12)
R3 R3
and either a=1 or
[ rwav< [ awa. (4.13)
R3 R3
then
12
0<S@-S(N<C (IF=2p00) (4.14)

1 = Q100 S CoISE) = SN2 (4.15)
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(3) If (4.12) and (4.13) are both satisfied, then

I =Ry SCo[SE) — SN . (4.16)

Here Cp=Cy ((1/b)!/*+(1/b)°/%) and Cy is an absolute constant.
Proof. Part (1) is based on the identity (using (y)™ =max{y, 0})
If —Ql=f-Q+2Q-NH* (4.17)
and a simple estimate (because 0 <a <1)

1 1 1

Q)= < < 4.18
v) %gb‘ﬂz _1 eb|v|2 1 b|v|2 ( )
from which we deduce for any § >0
1
/ Q- fHtdv < / Qdv+ - 22— f)tdv
R3 lv|<é |v|>8
4 1
< 78'{‘ 8_2||f_ Q||L§(\0) .
Minimizing the right hand side with respect to § >0 gives
+ 2/3 13
| @=DFav<Co/n (1 = Qlyy00) (4.19)

and (4.11) follows from (4.17) and (4.19).
To prove Part (2) we first prove (4.15)(4.16). For any given veR> we
denote f= f(v), 2=Q(v). Let
Q. (f, Q=[Q+t(f— D1+ Q+(f -], 1€[0,1].
Then by (4.1)-(4.2) and Taylor’s formula we have

1 2
I-0(f=-)~ /
0< A Wd‘c—s(Q)—s(f)—i—s ((f —). (4.20)

Since

' (@(f — Q) =(log (1/a))(f = D +blv*(f - Q)



Boltzmann Equation for Bose-Einstein Particles 1047

and 0 <a<1,b>0, the assumption in Part (2) implies that
| @1 - o<
R3

and thus by integrating (4.20) we obtain

. 2
0</R3/ d @T)((J{Q)Q) drdv<S(Q) —S(f). 4.21)

Next by assumption (4.12) and the identity (4.17) we have
1f =100 <2f vl f)tdv. (4.22)
2 R3

Note that if veR3 satisfies Q(v) > f(v), then 0 < @, (f, Q) <Q(1+ Q) for
all 7€ (0,1). From this we deduce (by Cauchy-Schwarz inequality)

LVT=—r@-pHt
Q-fHt =2 ——=—.
@=7 NCEGAD)

Pd-n@-* |1

Multiplying |v|?> to this inequality and applying Cauchy—-Schwarz inequal-
ity again we obtain (using (4.21))

(1-10)P.(f, Q) dr

/3 Q- £)Tdv<vV2/8(Q) — S(f) \//3 WAQU +Q)dv . (4.23)
R R

Applying inequalities in (4.18) we have

vl
(ot 40

4 —
IR+ € o :

from which we deduce (with an absolute constant Cp)

/ iR+ @dv< o (/572 +(1/0)*)
R3
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Therefore by (4.22) and (4.23) we obtain (with a different Cy)
1/ =Rl < Co (/B4 /) [S@ - SN2, @.24)

This proves (4.15). Next assume that (4.12) and (4.13) are both satisfied.
Then by (4.17) and (4.19) we have

1/3
1 =2l < Co/* (ILf = Ry100))

This together with

vf? 5/2
-Q <2)Q <2 | ———dv=Co(1/b)Y
If = Q0 <212 1100, fR e 74V ="Co(1/6)

gives
||f—9||L§ =If=Qlp+If- QllLé(\o)
1/3
<Co (/P +/073) (I =R 100 ) (4.25)
and thus (4.16) follows from (4.25) and (4.24).
Finally we prove the inverse inequality (4.14). By monotonicity (4.3)

and the inequality 0<s'(y)=log(l1+1/y) <4y~!/* and noting that f >0
we have

S - S(f) = / [5() —s(Nldv < /Q @) sy

1
1 Q—
/Q>f/ °g< Fro@- f))( f)drdy

<4f / V4@ = e do
Q>fJ0

16
=3 /R}[(Q— NP av. (4.26)

For any & >0, applying the inequality (v) < ﬁ and the Holder inequal-
ity we have

/ (Q— TP dv
R3

< / Q¥dy + / 2 R — F) T
| <8

lv]>48
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1\ 1/4 3/4
g/ ( 2) dv+</ |v|6dv> (/ |v|2(sz—f)+dv>
li<s \Dv| [v]>8 [v]>3

3 B 3/4

Minimizing the right-hand with respect to § >0 gives

3

1/2
fR (@ £y v < Co1/m)* (I = 21100
which together with (4.26) gives (4.14) and the proof is complete. ||

5. STRONG CONVERGENCE OF L'-SEQUENCE

Proposition 3. Let B(v — vy, w) be given in Proposition 2 and
assume further that b(r) >0 for 7 €(0, 1). Let D(f) be the entropy dissipa-
tion corresponding to B(v — vy, ). Let {f,}72, be non-negative functions
in L}l(R3) satisfying

supll full <. inf S(f) >0, (5.)

n>1
hm / fn(v)(lv U,|U|2)dv:(N, 07 E)v hm D(fn):()s (52)
n— o0 R3 n—od

where 0 < N, E <oo. Let Q,p5 (With 0 <a<1,0<b <o0) be the Eniqge
Bose-Einstein distribution determined by (N, E). Then (whatever 7> T,
or T<T,)

nll)ngo | fa _Qa,b”[‘;(\o)z(), ”lglgo S(f)=S8Qaup). (5.3)
Moreover if T >T,, then
lim || f — Qapll 1 =0. (5.4)
n—oo 2

Proof. Step 1. We prove that if ¥;, ¥« are non-negative functions
in L%(R3) satisfying Sup;>| “1//1‘“4 <oo and

Yi(w) = Yoo (v) (j— 00) ae veR?, (5.5)



1050 Lu

then
SWj)—>SWoo) (j—>00). (5.6)

In fact Lemma 2 and the boundedness of {v;} in L;(R3) imply that
{s(¥j)} is weakly compact? in L'(R3). Thus the pointwise convergence
(5.5) implies (5.6).

Step 2. Let g, = fn/(1+ f,). We prove that {Q*(gn,gn)}flo=1 is com-
pact in L'(R3). It suffices to prove that

sup | Q1 (gn, gn)ll 1 <00, (5.7)
n>1 2
sup ||Q+(gn, gn)(‘+h)_Q+(gna gn)”Ll -0 ash—0. (5.8

n>1

First of all we have by (5.1) and 0< g, < f, that

supllgnll ;1 <sup |l full 1 <o0. (5.9)
n>1 RS | 4

By assumption on B we have A(|z]) :f52 B(z, w)dw < A which gives
L(gn)(v) < Afligall,1 for all veR? so that

10 (@ns )l =107 (s gl 1y = llgnL (&)l < Af(llgall 1)

and thus (5.7) follows from (5.9).

The proof of (5.8) can be reduced to prove the boundedness of
{0t (gn, gn)} in the Sobolev space H'(R3) by assuming that the ker-
nel B satisfies some smoothness conditions (see Lions,!¥) Bouchut and
Desvillttes,? Wennebrg®+39). And then apply a smooth approximation
to the original B. Here we shall use a weaker but enough estimate from
ref. 19 without the smoothness assumption: By A(|z]) < Ajj we have

/“’ rANP
o[ HAOF
0

o0 2
dr < (A% 2/ L
(g s |0 papdr =

which implies that there is a measurable function ®z(¢) on R> that
depends only on the kernel B, satisfying ®p(¢) >¢ >0 and ®g(§) —» o0
as |&| — oo, such that

/ ®5(E)F (0 (gn. 8)) (E)PdE < f / 282w (1 + v — a2 dv dv,.
R3 R3xR3

2In this paper, the “compact” should be understood as “relatively compact”.
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The right-hand side of this inequality is less than 4 (||g.ll Ll )2 (because
0< g, <1). Here F denotes the Fourier form. Therefore by (5.9) we obtain

sup/m Dp(E)F(QT (gn, gn))(E)PdE < 00.

n>1

This implies that

A(h):=sup || Q" (gn. gn)(-+h) — Ot (gn. gn)l7. >0 as h—0.

n>1

Now for all || <1 and all 2< R <00

10 (gn, gn) -+ 1) — 01 (gn, gn) Il 1
</|<R|Q+<gn,gn><v+h>—Q+<gn,g,,><v>|dv

+/|| RIQ*(gn,gn)(erh)—Q*(gn,gn)(v)ldv

8
32
<3R A(h)‘f‘ﬁ/

11210 (gn, gn)(V)|dv.
lv|>R/2

Thus by (5.7)

C
sup 10" (gns g) - +1) — QT (gu, gn) 1 3R/ A(h) + =
nz

where C < oo is independent of (R, k). This implies (5.8).
Step 3. Let M, =4.5/(14+2,5). In this step we prove that if

Jim (1= Ma,p) (fo = Rap)ll 1 =0 (5.10)
then (5.3) and (5.4) hold.
Suppose (5.10) holds. Then the L}‘-boundedness of {f,} implies that
(5.10) holds also in L%(R3):
nlglgo ”(1_Mu,b)(fn_Qa,b)”[é:O (511)

Next by 0 <a <1 we have

_ blv|?
1-M, >1—e bl >
ab (V) e AT
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which implies (with C=(1+b)/b)
0 SCA+ (1= Map () (5.12)
and so as n — oo
Ifn = S2a.6ll 110y S CICL = Map) (fo = S2ap)ll ) — 0. (5.13)
Choose a subsequence {n}72 ;| C{n} such that

lim |S(fnk) - S(Qa,b)l =lim sup |S(fn) - S(Qa,b)| . (514)
k— o0 n—o00
By (5.13) there exists a subsequence {nkj}j:1 of {nx}72, such that f,,kj (v) —>
Qq.p(v) (j—00) a.e. veR3 so that by Step 1 we have S(fy, ) — S(Qq,p) as
j— o0o. This together with (5.14) implies limsup,,_, o, |S(f,,j) —S5(R4,)1=0
and (5.3) is proven.

Now assume that 7 >T,. Then

lim || fullpr =N =Rl
n—od

and thus applying (4.11) in Part (1) of Lemma 4 together with (5.13) we
obtain (5.4).

Step 4. We now prove that (5.10) holds true. Let {n j};?ozl be a subse-
quence of {n} such that

jlin;o (1= Map)(fn; — Qap)lr=limsup [(1 = Ma,p)(fn — Qa,p)ll 1
g n—oo
(5.15)

Recall that

fnj(v)

gnj(v)zm-

We shall prove that a subsequence of {gn;} 2, converges to a Maxwell-
ian. First of all the L bounds 0< g,; <1 and (5.9) imply that {g,, ?‘;1
is weakly compact in L' (R?). So there exist a subsequence of {n j}?il’ still
denote as {nj}?O:p and a function go, € L'(R3) such that

fl//gnjdv—>/ Vgsodv (j—o00) VyeL®RY. (5.16)
R3 R3
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This implies that, after modification on a null set, 0 < goo(v) <1 for all
veR3. In the following, further extraction of subsequence of {gn; 132 P
may be needed. For notational convenience (without loss of generahty)
we denote {gn;}92; to be various convergent subsequence of {g,,_/}]=1
We claim that [ps goodv > 0. Otherwise, [gs goodv =0, then (5.16) implies
lim;— o0 l1gn; I ;1 =0 so that g,;(v) > 0(j —o00) a.e v eR?. This implies
that

8n; (v)

Ju, (V)= -0 (j—>o0)aec veR>.
! l_gnj(v)

By Step 1, this implies lim;_, o S( nj)=80)=0 which contradicts the
assumption inf, > S(f,) > 0. Therefore fR3 goodv > 0. By positivity A(z) >0
for all z£0, this implies that L(gs)(v) >0 for all veR3. Next by L!-com-
pactness of {Q%(gn, g1)} there exists a function 0< G € L' (R?), such that

lim Q% (g, gn,) — Gll 1 =0
J—>00
which implies that

lim Q% (gn,. g0,)(») =G(v) ae. veR’.
. ;2 8n,

Let us write (recalling (1.13))

Q_(gnj’ gn,-)(v) . Q+(gnj’ gnj)(v) B Q(gnjsgnj)(v)

= (5.17)
L(gn;)(v) L(gn;)(v) L(gn;)(v)

8n; (v)=

Since A(z) <Aj on R3, it follows from (5.16) that for all veR3
lim L(gy)(v) = lim / g, W) AW — 1)y = L(goo) () > 0.
J—>00 J—00 JR3

On the other hand, the assumption lim,_, o D(f,;) =0 and Proposition 2
imply that

///R o 18n8n = gngnildewdv, dv V3A0l full 1/ D(fa) =0 (5.18)

as n— oo. This implies lim, o0 | Q(gn. &1)ll;1 =0 and thus

Q(gnj’gnj)(v)_)o (]—>OO) a.c. U€R3.
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Therefore from (5.17) we obtain the pointwise convergence:

gn; (V) = %::go@(v) (j—>o0) a.e. veR3.

Since {gnj}f/?il
8collL1 =0. By (5.16), this implies oo =goo a.€. ON R? and so lim;— o0 llgn; —
goollz1 =0. Now applying Fatou’s Lemma and (5.18) we have

///m . szBlggogoo;—googoo*ldwdvdv*
X X

éliminf/// B|g,,j/g,,,./ —8n:8n: |dodvdv,=0.
j*)OO RSXR3X52 J % J J %

Since B(z,w) >0 for a.e. (z,w) e R?®xS? and 0< goo € L' (R?), it follows
that g/ gool = 80800y fOT a6 (v, vy, w) € R x R¥ x S? and hence goo is a
Maxwellian:

is weakly compact in L' (R?), it follows that lim j—oo llgn; —

8oo(V)=M(v) = GePlv=wl g e peR3.
Therefore
llgn; —M|l1 —0 as j—o0. (5.19)

Since 0< goo <1 and ng goodv >0, these imply that 0 <a<1,0< b < oo.
Let

M(v) Ge—blv=vol®

Q)= = _ .
©) 1—M®©®) [ —ge-blv—ul

Then by Proposition 2 and (5.19) we have

10 = M) foy = Dl <C (llgn; = Ml +,/D(fa)) ) >0 (j—>00).
(5.20)

This convergence together with the L}1 bounds sup, > | fxll L)< imply

I = M) (fn; =Dy >0 (f—00). (5.21)
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We need to prove =%, , i.e. v9p=0,a=a, and b=nb. If this is done,
then (5.15) gives (5.10) and the proof of the proposition is complete by
Step 3. We first prove vg=0. As shown in (5.12) we have (with C denoting

different constants) |v —vo|2 < C(1+|v—vo|H)(1 = M) <C + [v*)(1 —
M (v)). This implies

/R3 [v—v0l?| fu; () = QW) |dv < C||(1 = M)(fo, =Dl —~0 (522

as j — 0o. By Cauchy-Schwarz inequality, this gives that as j — oo

172
<C (/3 Iv—volzlfn,(v)—ﬂ(v)ldv> —0.
R

‘ f 0 =00 fo, () — L)y
R3

Since [p3 (v —v0)QW)dv =0, [g3 vfu(v)dv— 0, [gs fu(v)dv— N >0 (n —
0), it follows that vy=0. Therefore we can write

QW) =2, ;). M@)=M, ;).

Applying (5.22) again and using Fatou Lemma we obtain

/113 Ivlzﬂé,g(v)dv = jli)ngo/l.13 Ivlzf,,j(v)dsz, (5.23)
/R3 Q; j(w)dv < ]lglgo /R3 Jn;(W)dv=N. (5.24)

To prove d=a and b=>b we first consider the case 0 <da < 1. For this case
we have 1 —M;;(wv)21-a>0 for all veR3 and thus

1 .
1 fn; —$2 5l L1 <mll(1 =M ) (fn; = Pl =0 (j—00).

This implies [ps 2; ;(v)dv = N which together with (5.23) implies that
Q5 arrives at the conditional maximum (2.3) and hence by definition and
the uniqueness of Q, , we conclude that a=a and b=b.

Next suppose a=1. If ng Ql’g(v)dva, then, as shown above, a =
a(=1) and b=b. If [p3 R ;()dv#N, then (5.24) implies [p3 Q) ;(v)dv <
N so that by (2.7) (with a=1) we have

1>l/ Q ~(v)dv=(7/70)3/5
N R3 Lb



1056 Lu

ie. T <T, which implies by Proposition 1 that a=1 and therefore b =b
because from (5.23), (2.6) (with @=1) and Proposition 1 one sees that b
and b have the same expression in terms of E.

We have proved that Q@ = Q, 5, M = M, . Therefore by (5.20) we
obtain

hm ”(1 _Mu,b)(fnj - Qa,b)”Ll =0
j—>00

which together with (5.15) implies (5.10) and the proof is complete. |

6. STRONG CONVERGENCE OF L'-SOLUTIONS

In this section we consider hard potentials with certain cutoffs that
insure the global existence, uniqueness and moment production property
of conservative L' isotropic solutions of Eq. (BBE).?9 We will prove that
the convergence of the solutions (as t — oo) is uniform with respect to the
cutoff constants.

Theorem 1. Let B(v — vy, w) =b(cosO)|v — vi|¥ where 0 <y <1 and
b(-) =0 is a bounded Borel function on [0, 1] satisfying b(t) >0 for all T €
(0, 1). Given any set K C[l,00). For any K €C, let

Bk (v — vy, @) =min{B(v — vy, ®) , K|v— vs|> cos? 0 sin6 } (6.1

and let { fOK tkerc C L%(R3) be a family of non-negative isotropic initial
data satisfying

infgex S(f) >0, (6.2)
[ P edv=v.0.5) VK ek (6.3)

R3
where N, E >0 are constants independent of K. For every K € I, let 0<
fX ec!([0,00); L'(R3)) be the unique conservative isotropic solution of
Eq. (BBE) with the kernel Bk (v— vy, ) satisfying fX|,_o=f&. Let T, T,

and €, be the kinetic temperatures and the unique Bose—Einstein distri-
bution determined by N, E. Then

(I) For all KeK
1 t
SUK =508+ /0 Dx(fK@nde Y120, (64

sup L @Ol <C+ /0627 ¥i=0, Vs>2, (6.5)
Ke
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where Dk (f) is the entropy dissipation corresponding to Bg (v — vy, w),
the constants C; depend only on b(-),y, N, E and s.

(I.1) For any temperature ( T >T. or T <T. ) and for all K e K,

1/2
0<5(@u) = SUEN<Co (IFF O = Qunllyg) Y120, (66)

1/2
1750 = Rublyo <Co [SQup = SUF] T viz0,  ©67)

and

sup [S(Qap) = S(FEEN] =0 (1—00). (6.8)

(I1.2) If T>T,, then for all K e K

1/6
1K) = bl <G [SQup =SUF @] viz0. (69)

Here, in (IL.1)-(I1.2), C, = Co((1/b)}/* + (1/b)°/*) is the constant given in
Lemma 4. In particular, Cp is independent of K.

(I1.3) If T <T., then there exists 0 <7y <oo which is independent of K
such that

_ 1 _

L= (T/T)Y 5 +C8(1) > — / FR@0dv= 1= T/T)YS Vizi
N Jivi<s)

(6.10)

where C=57/(bN) and
1/4
o Koy
3= s (IO = Quplyyep) =0 (1=00).

Proof. For Part (I), the entropy identity (6.4) is a result of ref. 20.
The moment production (6.5) has been proven in the proof of Theorem
4 in ref. 22. It should be noted that in ref. 22 we also required that b(-)
is continuous and »(0) =0, but these conditions are only used to prove a
weak stability of {fX}xeic. In fact from the proof of Theorem 4 in ref. 22
one can easily check that at least for the cutoff kernels Bx (v — vy, w) the
present conditions on b(-) are enough to obtain the moment production
property (6.5). Of course for the hard sphere model, i.e. for b(t) =const.t
and y =1, all requirements are satisfied.
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For Part (II), we first prove the entropy inequalities (6.6), (6.7) and
(6.9). By definition of Q,, and that fX conserve the mass and energy, we
have for any K e K

/|v|2fK(v,t)dv=E=/ [0*Qup()dv V=0,
R3 R3

Also by Proposition 1 one sees that the inequality T <7, implies a =1,
while the inequality 7 > T, implies

/fK(v,t)dva:/ Qup()dv Yt>0.
R3 R3

Therefore the estimates (4.14)—(4.16) in Lemma 4 apply to deduce the
entropy inequalities (6.6), (6.7) and (6.9).

Now we will use Proposition 3 to prove the uniform entropy conver-
gence (6.8). Consider the "minimal" kernel: b(cosf) =min{b(cos6), 1},

Bmin (v — vy, @) = b(cosH) cos’ 6 sin’ 0 min{|v —vs|?, 1}.
Recalling (6.1) and K C[1, 00) we have
Boin(v —vs,w) <Bg(v—vy,0) VKek. (6.11)

Let Dnin(f) and Dk (f) be the entropy dissipations corresponding to the
kernels Bpin (v — vg, ) and Bg (v — vy, ) respectively. By (6.11) we have
Duin(f) < Dk (f) for f>0. To prove (6.8), we choose a sequence {t,} C
[2, 00) satisfying t, — 0o (n— o00) and a sequence {K,}C K such that

Lim [S(Rq,5) = S(f 5" (tn)] =limsup sup[S(Qap) = S(f* (1)]. (6.12)

t—o00 Kek

By entropy identity (6.4) we have (because 0 < S(fX (1)) <S(Q4.p))

In

2 8
= [ i, (FF endr=— (SR ) = S5 w/2)) <

In th/2

85(L24,p)

n
This implies that there exist t, €[t,/2, t,](n=1, 2, ...) such that

85(S2,p)
—_—

n

Dk, (f% (1)) < 0 (n—00).
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Since 0< Dyin (FX (1)) < Dk (fX (1)), it follows that
Dunin (f 5" (2,) >0 (n— 0).

Also, by conservation laws, moment production (6.5), S(fX (1)) > S( fOK ),
and (6.2)—(6.3) we have

f(1,v,|v|2>f’<"<v,rn>dv=<N,o,E>, n=1,23,...,
R3

K : K : K
n , f S(fkn > inf S 0.
Ziﬁ’ I/ (rn)llLi <00 221 (f () Jnf (fo)>

Therefore applying Proposition 3 to the kernel B, with the entropy
dissipation Dy, and the functions f,(v) = f%*(v,,), and noting that
SCfEn (@) <S(fEn (10)) < S(Qa,p) We obtain

0< S(Qup) = SUE (1)) <S(Qup) — S(FE (1,)) = 0 (n— 00)

and therefore (6.8) follows from (6.12). This proves (IL.1)~(I1.2).
Finally we prove (I1.3). Suppose T <T.. Then a=1 and fR3 Q1)

dv < N which implies that (8(t))4=supK€,C I FX@) — leb”L;(\O) >0 for all
120. Let No=N — g3 Q1 pdv. We compute
/ R, t)dv=No+Ix (1), (6.13)
[v|<8(1)

Ix() = / Q1 p(w)dv + / [Q150) — K @, Oldv, (6.14)
[v[<8() |v]>8(t)

< 52L(1)”fK(t) - Ql,b”lé(\o)g 52(1‘).

(6.15)

‘ / 215 — FK (v, )]dv
|v]|>8(t)

Since §(¢) — 0, there exists 0 <y < oo such that §(¢r) <min{,/1/b, 7/b} for
all # >1p. By inequality 1+x <e* <1+ 2x for 0<x <1 we have for all # >

72

4
dr <—56(1).
r< ()

2 3(t)
—8(t)</ Ql’b(v)dv:4n/ —
b I<8() 0 ebr’—1

By (6.14)—(6.15), the left-hand side inequality gives for all K € K

Ix(1)> 27”80) — 82 (1) =5(1) <27” —6(z>) >0 Vi>1,



1060 Lu

while the right-hand side inequality gives
4 S
Ik (1) < =200 +82(0) < 8().

Combining these with (6.13) and recalling that No=N(1— (T /T.)/%) (see
(2.10)) we obtain (6.10). |

Remark. Theorem 1 implies that at low temperature 7 < T, the
solutions fX (v, 1) can be split as a sum of “regular” parts and “singular”
parts: fX,t)=fK@,t)+ fX (v, 1) where

K= @, Ol =sey, 0= 0 D<) -

As time goes to infinity, the “regular” parts fX(v,) converge in L'(RY)
to Q15 uniformly in K, while the “singular” parts fX (v, ) converge uni-
formly to a unique Dirac delta function. That is,

limy o0 SUPK e / K@D —2upldv=0,

lim,%oosupKE,C/ fSK(v,t)go(v)dv—Nogo(O)‘:O YoeCNL®R3).
R3

7. STRONG CONVERGENCE OF DISTRIBUTIONAL SOLUTIONS

In this section we shall use the result of uniformly strong convergence
(Theorem 1) to prove the strong convergence to equilibrium and the veloc-
ity concentration for distributional solutions of Eq. (BBE) where the col-
lision kernels include the hard sphere model.

In view of existence we have so far only isotropic solutions. As seen
in the previous section that in our proofs of the strong convergence and
velocity concentration, the isotropic condition (on initial data) is only used
to insure the existence of conservative solutions that satisfy the entropy
identity and the moment production. Once these hold true, the isotropic
condition will never be used in our proofs. Therefore it is benefit to write
the isotropic version as a general version. Let F be a finite positive Borel
measure on Ry =[0, 00). By Riesz representation theorem, there exists a
unique finite positive Borel measure F on R3 such that

/w(v)dF(v)zf (L/ w(rw)dw)dﬁ(r) vy eCoRY. (7.1)
R3 R, 4 S2
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Also, by Lebesgue-Radon—Nikodym theorem, there exist a unique 0< f €
L'(R,), a unique finite positive Borel measure /i on Ry, and a Borel set
Z Cc R, satisfying mes(Z) =0, (R \Z) =0, such that dF(r) = f(r)dr +
dii(r). Let p be the unique finite positive Borel measure on R? determined
by @ through the relation (7.1) and let f(v):ﬁfﬂvl). Then

dF ()= f)dv+du() (7.2)

0< feL'(R% and p is the singular part of F. By the uniqueness of the
Lebesgue decomposition, (f, u) is uniquely determined by F (or equiva-
lently by F) through (7.1)~(7.2). Because of these correspondence, we will
not distinguish between F and F, and we call the measure F (or dF(v))
an isotropic distribution on R3.

In order to introduce distributional solutions of Eq.(BBE) for the
kernel B(v — vy, w) =b(cosh)|v — v,|” with 0<y <1 we assume that b(7)
satisfies

1
0<b(-)eC(0,1]), /b(r)dt>0, b(0)=0. (7.3)
0

The condition »(0) =0 is only used in a proof of a weak stability and
thus the existence of distributional solutions. Roughly speaking, if 5(0) #£0,
then the smooth test functions multiplied by the collision kernel will not
be always continuous (see ref. 22). Note that the hard sphere model (1.3)
satisfies (7.3).

Distributional Solutions of Eq. (BBE) ([22]): Let b(-) satisfy (7.3),
B(v — vy, ) = b(cosO)|v — v,V with 0<y < 1. Let Fy, F; € Bf (R%) be
isotropic distributions for all ¢ > 0. If F; satisfies the following (i)—(iv),
then we say that F; is a conservative isotropic distributional solution of
Eq. (BBE) with the initial datum Fy.

(i) Fili=o=Fp,
(i) frs(Lv, [VdF ) = [gs(L,v, [v|)HdFo(v) Vi=0,
(i) the function t > [ps@([v>)dF,(v) is in C!(Ry) for all ¢(r) €

C,%(R+) (i.e. %(p(r) for k=0, 1, 2 are all continuous and bounded on R )
and

(iv) the equation
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d
- o(vHdF () =(Qp(F), 9)
t JR3

holds for all >0 and all ¢(r) € Ci(RJr).

Here ¢ — (Qp(F;), ¢) (for every fixed 7) is a bounded linear func-
tional constructed in ref. 22. In the following we do not use this func-
tional. What we shall use is only the existence of the distributional solu-
tion which is obtained by weak convergence of certain approximate L!
solutions.

Theorem 2. Let B(v— vy, w) =b(cosh)|v—uv,|" satisfy b(-) e C([0, 1]),
b(t)>0in t€(0,1), b(0)=0 and 0 <y <1. Let FoeB;'(R3) be an isotro-
pic distribution satisfying

dFy(v) = fo(v)dv +duo(v),

where 0 < fy € Lé(R3) is an isotropic function with fR3 fo(w)dv > 0
and ug € B;’(R3) is the singular part of Fy. Let N =fR3 dFy(v) , E =
fR3 |v|2d Fy(v), and let T, T,, and Q4 be the temperatures and the Bose—
Einstein distribution corresponding to N and E. Then there exists a con-
servative isotropic distributional solution F; of Eq. (BBE) with the kernel
B and F;|,—9= Fp, such that for the Lebesgue decomposition

dF;(v) = fi(w)dv+du (v),

where 0 < f; € L;(R3) and u; € B;'(R3) is the singular part of F;, the
following (I) and (II.1)—(I1.3) hold:

(I) F; is a weak limit of a subsequence {f"/ (-, t)}?‘;l of L' approxi-

mate solutions {f"(-,#)}>>, of Eq. (BBE) with the cutoff kernels (6.1) for
K=neK=/{1,2,3,...}. Here the weak limit means

'lim/ (p(v)f”-f(v,t)dvzf e()dF,(v) YeeC(R?), Vi>0.
J—>o0 JR3 R3
(7.4)

(I1.1)  For any temperature ( T >T. or T <T. ) and for all >0

172
0< 80 =S <Ch (Ifi = Ruslliyee) - (7.5)

/ . 0Pd e (0) <1 fi = Qabll 1 0) S ColS (Qup) = ST, (7.6)
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and
S(ft) = S(Qap) (t—>00). (7.7

(I1.2) If T >T., then for all >0
/R U P ) <DLy = apl < ColS(Qap) = SUHIYE. (718)

Here, in (IL.1)-(I1.2), C, =Co((1/b)'/* 4+ (1/b)°/*) is the constant given in
Lemma 4.

(I1.3) If T <T., then there exists 0 <1y < oo such that for all >

1= (/T +Co)> - / dF,)>1=(T/T)*°, (19
N Jpi<so

where C =57/(bN) and
3O =(fr = bl 1000 =0 (1 00).

Remark. In the case po=0, i.e. there is no velocity concentration
at the initial state, the theorem insures that the single point concentration
still occurs as t — 0o even fy is smooth. On the other hand, for the case
fo=0, i.e. Fy is totaly singular (with respect to the Lebesgue measure),
there is so far no result on the long time behavior of the corresponding
solution F;.

Proof of Theorem 2. Part (I): We need to construct approximate
L'-solutions f” of Eq. (BBE) with initial data fo which satisfy the condi-
tion (6.2)—(6.3) in Theorem 1 for K =n. To do this we consider dvy(v) =
%fo(v)dv+dy,0(v). By assumption on f{ we have ng [v]2dvy(v) >0 so that
the Mehler transform can be used to construct isotropic functions 0<hg €
Lé(R3) satisfying (see Lemma 6 in ref. 22)

[ oo = [ doo P, n=1.23...
R3 R3

lim/ w(v)h”(v)dv:f p(v)dvo(v) YeeCNLSMRY).
n—00 R3 R3
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Here CﬂL‘i°2(R3) is given in (4.7). Let fg’(v)z%fo(v)+h8(v). Then
/ (Lv, [ fl(wdv=(N,0,E), n=1,2,3,... (7.10)
R3

lim R3w(v)fg(v)dv:AS¢(v)dFo(v) V(peCﬂL‘ioz(R3).

n—00

Moreover by monotonicity (4.3), fy > % fo, and fR3 fo(v)dv >0 we have

. . 1
inf S(f3) > S o> 0. (7.11)

For any n, let B,(v — v, ) be the cutoff kernel given in (6.1) with K =
n, and let f" be the unique conservative isotropic solution of Eq. (BBE)
with the kernels B, and f"|,—o= f. By the weak stability and the exis-
tence results proved in ref. 22, there exist a subsequence {f ”f};?ozl of {f"}
and a conservative isotropic distributional solution F; of Eq. (BBE) with
Fi|;—o = Fy, such that (7.4) holds. Also by (7.10)—(7.11) and Theorem 1,
{f"} has all properties listed in Theorem 1 for K=nek={1,2,3,...}.
Part (IT). Let dF;(v) = f;(v)dv+du,(v) be the Lebesgue decomposi-
tion as stated in the theorem. Since F; conserves the mass and energy, it
follows from Proposition 1 that for any temperature and for all t >0

/|v|2ﬁ(v>dv</ |v|2dFt<v>=E=/ WPQup)dv.  (7.12)
R3 R3 R3

Moreover T < T implies a=1; T >T,. implies that for all t>0

/R3ft(v)dv</R3dFt(v)=N=/R3 Qqp(v)dv. (7.13)

Therefore the conditions in Part (2) of Lemma 4 are all satisfied for f; and
Q4.p. Furthermore, the equality in (7.12) implies that

/R vPdp(v) = fR NP Qap = fdv<Ifi = Qabllyng).  (714)
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while the equalities in (7.12) and (7.13) imply

/ <1+|v|2)dut<v>=/ (L4101 (Rap — AV < fi — Qpll 1 -
R3 R3 2
(7.15)

Thus by Lemma 4 ((4.14)-(4.16)) and (7.14)~(7.15) we conclude that the
estimates (7.5), (7.6) ( for any temperature) and (7.8) ( for T > T.) hold
true.

Next we prove (7.7). By weak convergence (7.4) and Lemma 3 we
have

limsup S(f"/ (1)) <S(fi) <S(Qap) V120.

Jj—o0o
By Theorem 1, this implies

0< S(Qa,p) — S(f1) <sup[S(Qap) = S(f"(N]—>0 (1 —>00).

n>1

Finally we prove (7.9). Suppose T <T.. Then a=1. Let §(¢) be given
in the theorem. Note that if §(r) =0 for some ¢ >0, then f; =, a.e. on
R3, so that dF;(v)=Q) p(v)dv+dp(v), and by (7.14) the measure p; con-
centrates at v =0. Thus by conservation of mass we deduce that

N= f dF,(v) = / Q1p)dv 4+ 12 ({0))
R3 R3
which implies u,({0}) =No=N(1 —(T/T.)*/°) and hence

1 1 _
5 Fr0h=—moh=1- (T/T)*.

This means that (7.9) holds for §(¢r) =0. Therefore to prove (7.9) we can
assume that &(z) >0 for any given r. We compute

/ dF,(v) = No+1(1),
[v[<8(1)

1(r>=/ szl,bdv+/ <s21,b—f,>dv—/ dity (v),
[v[<8(1) [v[>8(t) [v[>8(t)
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and, by (7.14),

1

1
dp (v)<—/ [Pdu (0) < —— 1 fi = Qupll 100 =82 (1) .
/v|>s(z) ' 82(1) Jw ! 82(1) fi bUL3(\0)

The rest of proof is the same as that for Part (I1.3) of Theorem 1 with the
same constant C=57/(bN). |
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