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Abstract

In this paper we study a class of solutions of the Boltzmann equation which
have the form f (x,v,7) = g(v— L (t)x,t) where L(t) = A(I + tA)_l with
the matrix A describing a shear flow or a dilatation or a combination of both.
These solutions are known as homoenergetic solutions. We prove the existence of
homoenergetic solutions for a large class of initial data. For different choices for
the matrix A and for different homogeneities of the collision kernel, we charac-
terize the long time asymptotics of the velocity distribution for the corresponding
homoenergetic solutions. For a large class of choices of A we then prove rigor-
ously, in the case of Maxwell molecules, the existence of self-similar solutions
of the Boltzmann equation. The latter are non Maxwellian velocity distributions
and describe far-from-equilibrium flows. For Maxwell molecules we obtain exact
formulas for the H-function for some of these flows. These formulas show that
in some cases, despite being very far from equilibrium, the relationship between
density, temperature and entropy is exactly the same as in the equilibrium case.
We make conjectures about the asymptotics of homoenergetic solutions that do not
have self-similar profiles.
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1. Introduction

In this paper we study homoenergetic solutions of the Boltzmann equation.
Our approach is motivated by an invariant manifold of solutions of the equations
of classical molecular dynamics with certain symmetry properties ([10,11]).

Briefly and formally, this manifold can be described by choosing a matrix A €
M35 (R), letting ey, ez, e3 be linearly independent vectors in R3, and considering
a time interval [0, @) such thatdet(/ +tA) > Ofort € [0, a) witha > 0. Consider
any number of atoms labeled 1, ..., M with positive masses m1, ..., my and any
initial conditions

w0 =y), O =12, k=1,....,M. (1.1)

Call these M atoms the simulated atoms. The simulated atoms will be subject to the
equations of molecular dynamics (to be stated presently) with the initial conditions
(1.1), yielding solutions yi(t) € R}, 0<t<a, k=1,..., M. In addition there
will be non-simulated atoms with time-dependent positions y, (¢), indexed by a
triple of integers v = (vi,v2,v3) € Z3, v # (0,0,0) and k = 1,..., M. The
nonsimulated atom (v, k) will have mass mj. The positions of the nonsimulated
atoms will be given by the following explicit formulas based on the positions of
the simulated atoms:

Yo k() = (@) + (I +tA)(vieg + v2e2 + 13€3),
v=(,m,») e k=1,..., M. (1.2)

Fork=1,...,Mletfi:--- R3xR3xR3-.. — R be the force on simulated atom
k. Naturally, the force on simulated atom k depends on the positions of all the atoms.
This force is required to satisfy the standard conditions of frame-indifference and
permutation invariance [ 10]. Formally, the equations of molecular dynamics for the
simulated atoms are:

mkj;k = fk("'syvl,lv"'7yU1,Mv"'1yv2,19"'1yvz,M7"')v (13)
w0 =y, O =v), k=1,....M.

Note that these are ODE:s in standard form for the motions of the simulated atoms
since, for the nonsimulated atoms, we assume that the formulas (1.2) have been
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substituted into the right hand side of (1.3). It is shown in [10] and [11] that, even
though the motions of the nonsimulated atoms are only given by formulas, the
equations of molecular dynamics are exactly satisfied for each nonsimulated atom.

While this is stated formally here, if conditions are given on the fj such that
the standard existence and uniqueness theorem holds for the initial value problem
(1.1), (1.3), then the result holds rigorously. The proof is a simple consequence
of the frame-indifference and permutation invariance of atomic forces. The result
can be rephrased as the existence of a certain family of time-dependent invariant
manifolds of molecular dynamics.

These results on molecular dynamics have a simple interpretation in terms of the
molecular density function of the kinetic theory. Consider a molecular dynamics
simulation of the type described above. Consider a ball B, (x) of any radius r
centered at x = (I + tA)(vier + vaes + 13¢3), (v1, V2, v3) € Z3. The ansatz (1.2)
implies that the velocities of all atoms in the ball B, (x) are completely determined
by those in the ball B,(0), but the molecular density function f (¢, x, v) of the
kinetic theory is supposed to describe the probability density of finding velocities
in the small neighborhood of a point x at time 7. Thus, the ansatz associated to this
observation about balls can be immediately written down based on (1.2) and its
time-derivative. It is

ft,x,v) =g, v— AU +1A) " 'x). (1.4)

(The emergence of the quantity A(/ +A)~! arises from conversion to the Eulerian
form of the kinetic theory.)

Besides the reasons mentioned below, the study of these solutions is interesting
from the general perspective of non-equilibrium statistical mechanics. Essentially,
we show for broad classes of choices of A that there exist solutions of the Boltzmann
equation satisfying (1.4). This means that, in a precise sense, this invariant manifold
of molecular dynamics is inherited by the Boltzmann equation. This is true despite
the fact that the Boltzmann equation is time irreversible, while molecular dynamics
is time reversible. It is then particularly interesting to look at the form of the entropy
(minus the H-function) in these cases. We give explicit relations satisfied by the
entropy in some cases, that can be considered as derived constitutive relations. It
would now be extremely interesting to study these relations in molecular dynamics.
Besides the entropy, our results give new insight into the relation between atomic
forces and nonequilibrium behavior.

An alternative viewpoint leading to the same result is presented in Section 2.
That derivation is based on the viewpoint of equidispersive solutions, i.e., an ansatz
of the form

f@,x,v)=g@,w) withw=v—E£&(#x). (1.5)
Under mild conditions of smoothness, this ansatz is found to reduce the Boltzmann
equation if and only if £(¢, x) = A(J +tA) " 'x.
We recall that the classical Boltzmann equation is given by

8 f +vdef =Cf (). f=f(tx)
a:f(v)=f dv*/ QB (- lv—v)[f 1~ ff]. (16
|R3 SZ
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whose precise meaning will be discussed in detail in Section 2. Then, if f is a
solution of the Boltzmann equation (1.6) of the form (1.4), the function g satisfies

g —L(w-dyg=Cg(w), (1.7)

where the collision operator C is defined as in (1.6) and L(t) = A + tA)~L
These solutions are called homoenergetic solutions and were introduced by Galkin
[14] and Truesdell [29].

Homoenergetic solutions of the Boltzmann equation have been studied in [1—
3,6-8,14-16,18,26,27,29,30]. Details about the precise contents of these papers
will be given later in the corresponding sections where similar results appears. To
summarize this literature, we refer to interaction potentials of the form V (x) =
\xl‘;’*" which have homogeneity of the kernel y = “j—j The case of Maxwell
molecules corresponds to the case v = 5, that is, homogeneity y = 0. In this case
the moments M ; associated to the function g defined in (2.5) satisfy a system of
linear equations. As in the original work of Galkin [14] and Truesdell [29], most
previous work is concerned with the computation of the evolution of the moments
M, = [vjvrgdv, as well as higher order moments, in the case in which the
kernel B in (1.6) has homogeneity y = 0. The evolution equation for the moments
yields a huge amount of information about quantities like the typical deviation of
the velocity and similar quantities ([4, 18,30]).

Referring to these studies of the equations of the moments, Truesdell and
Muncaster [30] say: “To what extent the exact solutions in the class here exhibited
correspond to solutions of the Maxwell-Boltzmann equation is not yet established
... It is not clear whether [the moments] correspond to a molecular density”. In
this paper, although we will use at several places the information provided by the
moments, we will be mostly concerned with a detailed description of the distribu-
tion of velocities and other quantities such as the H-function that are not accessible
from the moment equations.

The initial value problem associated to (1.7) has been considered by Cercignani
[6] for a particular choice of L(t). More precisely, Cercignani in [6] (see also [7])
considered homoenergetic affine flows for the Boltzmann equation in the case of
simple shear (cf., Theorem 3.1, case 3.7) proving existence in L' of the distribution
function for a large class of interaction potentials which include hard sphere and
angular cut-off interactions. These solutions are in general not self-similar.

In this paper we first prove the existence of a large class of homoenergetic solu-
tions and we study their long time asymptotics. Their behavior strongly depends
on the homogeneity of the collision kernel B and on the particular form of the
hyperbolic terms, namely L () w - d,,g. We find that, depending on the homogene-
ity of the kernel, we have different behaviors of the solutions of the Boltzmann
equations for large times. Indeed, we prove the existence of self-similar profiles for
Maxwell molecules, when the hyperbolic part of the equation and the collision term
are of the same order of magnitude as t — oo. The resulting self-similar solutions
are different from the Maxwellian distributions. Indeed, they reflect a nonequilib-
rium regime due to the balance between the hyperbolic part of the equation (which
reflects effects like shear, dilatation) and the collision term.
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We recall that the classical Boltzmann equation for Maxwell molecules is
a particular case for which the solution has a simpler structure than the Boltz-
mann equation for more general kernels. This fact is the main idea behind several
methods which allow one to obtain analytic information for the solutions in the
case of Maxwell molecules. For instance we mention the Maxwellian iteration
method already proposed by Maxwell and developed in detail by Ikenberry and
Truesdell (cf. [19,30]). Another method which exploits the simpler structure of
Maxwell molecules is the Fourier Transform method introduced by Bobylev (cf.
[1]). Although both methods allow one to obtain semi-explicit formulas for the solu-
tion of the Boltzmann equation, in this paper we do not rely on any of these methods
since it seems to be simpler to prove the existence of homoenergetic self-similar
profiles using fixed point arguments which, in particular, guarantee the positivity
of the solutions.

The plan of the paper is the following: in Section 2 we describe the main
properties of homoenergetic solutions of the Boltzmann equation. In Section 3 we
characterize the long time asymptotics of £ (f,x) = L(tH)x = (I + tA)~! Ax,
restricting ourselves to the case in which det(I + tA) > 0 holds for all + = 0.
In Section 4 we prove well-posedness for homoenergetic flows, and we prove the
existence of self-similar homoenergetic solutions in the case of Maxwell molecules.
In Section 5 we apply the general theory of Section 4 to various homoenergetic flows
described in Section 3. In Section 6 we propose some conjectures on solutions which
cannot be described by self-similar profiles. These correspond to cases of L(z) and
homogeneity y such that the collision term and the hyperbolic term do not balance.
Some of these conjectures were arrived at by careful study of the corresponding
formal Hilbert expansion, which is presented in a forthcoming paper [20].

An important comment on the solutions discussed in this paper concerns the
thermodynamic entropy. Indeed, as we point out in Section 7, there are many
analogies with the corresponding formulas for the entropy for equilibrium dis-
tributions, in spite of the fact that the distributions obtained in this paper concern
non-equilibrium situations. For example, if we identify the entropy density s with
minus the H-function, then our asymptotic formulas for self-similar solutions yield

the identity
3/2
2 C0g S e (1.8)
P P

Despite the fact that s, p and e can be rapidly changing functions of time for self-
similar homoenergetic solutions, the relation between them is asymptotically the
same as in the equilibrium case (Maxwellian distribution), except for one important
fact. That is, the constant C is not the same as the constant as in the equibrium case:
Cg < Cpy where Cyy is the corresponding value for the Maxwellian distribution.

Another interesting consequence of our results is further insight into the possi-
bility (discussed in [30]) that our solutions for simple shear exhibit non-zero heat
flux despite having zero temperature gradient, in contradiction to most versions of
continuum thermodynamics. A conjectured scenario under which this could occur
is described in Section 5.1.2.

At the end of the paper we give a table which summarizes the rigorous results
and conjectures (see Section 6.3) and in Section 8 we conclude with a discussion
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to clarify the state-of-the-art of the analysis of homoenergetic solutions for the
Boltzmann equation and we give some further perspectives.

2. Homoenergetic Solutions of the Boltzmann Equation

As we recalled in (1.6) in Section 1, the classical Boltzmann equation reads as
Of+vif=Cf), f=[f(xv)
crw=[ v [ doB-ov-vd [ ff],
: s

where S? is the unit sphere in R? and n = n (v, vy) = % Here (v, vy) is a

pair of velocities in incoming collision configuration (see Fig. 1) and (v’, v},) is the
corresponding pair of outgoing velocities defined by the collision rule

V=v+ ((v4s — V) ) o, (2.1
v, = vy — (v — V) - ) 0. (2.2)
The unit vector @ = w(v, V) bisects the angle between the incoming relative
velocity V = v, — v and the outgoing relative velocity V' = v}, — v’ as specified in
Fig. 1. The collisionkernel B (n - w, |v — v]) is proportional to the cross section for

the scattering problem associated to the collision between two particles. We use the
conventional notation in Kinetic theory, f = f (¢, x,v), fi = f (t,x,vy), f/' =

f(t,x, v’), fi= f(t,x, v;)
We will assume that the kernel B is homogeneous with respect to the variable
|v — v,| and we will denote its homogeneity by vy, i.e.,

B((v—v*).wﬂv_m) ZAVB(M,W_M), A>0. (23)

[V — vy [V — vyl

Given f (¢, x, v), we can compute the density p, the average velocity V and
the internal energy ¢ at each point x and time ¢ by means of

p(t, x) =/ f @ x,v)ydv, p@,x)V(tx) =/ f(t, x,v)vdv. 2.4
R3 R3

The internal energy ¢ (¢, x) (or temperature) is given by

p(t,x)a(t,x):/}f(t,x,v) (v —V (t,x))*dv.
R

Homoenergetic solutions of (1.6) defined in [14] and [29] (cf., also [30]) are
solutions of the Boltzmann equation having the form

f(t,x,v) =gt w) withw=v—E&(tx). 2.5)

Notice that, under suitable integrability conditions, every solution of (1.6) with
the form (2.5) yields only time-dependent internal energy and density

et,x)=¢(), pt,x)=p@). (2.6)
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< , V=wv,—v

Fig. 1. The two-body scattering. The solution of the two-body problem lies in a plane, which
is taken to be the plane of the page, and the motion of molecule * is plotted relative to the
unstarred molecule. The scalar p is the impact parameter expressed in microscopic units,
p €[—1,1],and 0 = O(p, |V]) is the scattering angle. The scattering vector of (2.1), (2.2)
is the unit vector w = w (v, V)

However, we have V (¢, x) = & (¢, x) and therefore the average velocity depends
also on the position.

A direct computation shows that in order to have solutions of (1.6) with the
form (2.5) for a sufficiently large class of initial data we must have

a
Bj independent on x and 9;& 4+ & - V& = 0. 2.7)
Xj
The first condition implies that £ is an affine function on x. However, we will
restrict attention in this paper to the case in which & is a linear function of x, for
simplicity, whence
§(,x)=L()x, (2.8)

where L (t) € M343 (R) is a 3 x 3 real matrix. The second condition in (2.7) then
implies that
dL (1)
dr
where we have added an initial condition.
Classical ODE theory shows that there is a unique continuous solution of (2.9),

+(L1)*=0, L(0)=A4, (2.9)

L) =U+tA"A=AU +1tA)7", (2.10)

defined on a maximal interval of existence [0, a). On theinterval [0, a),det (I +tA) >
0.
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3. Characterization of Homoenergetic Solutions Defined for Arbitrary Large
Times

In this section we describe the long time asymptotics of the function & (¢, x) =
Lt)x = U+ tA)_1 Ax (cf. (2.8) and (2.10)). There are interesting choices of
A € M343 (R) for which L (¢) blows up in finite time, but we will restrict attention
in this paper to the case in which the matrix det(/ +tA) > 0 for all ¢+ > 0. We will
use in the rest of the paper the following norm in M3x3 (R):

M| = max [mi ;|| with M = (miz); ;55 3.1
Theorem 3.1. Let A € M343(R) satisfy det(I +tA) > 0 fort > 0 and let L(t) =
I+ tA)f1 A. Assume L does not vanish identically. Then, there is an orthonormal
basis (possibly different in each case) such that the matrix of L(t) in this basis has

one of the following forms:

Case (i) Homogeneous dilatation:

L(t) = ;1 + 0<t12) ast — oo. 3.2)

Case (ii) Cylindrical dilatation (K = 0), or Case (iii) Cylindrical dilatation and
shear (K # 0):

1 1 0 K 1
Lty=-10 1 + 0(_2) ast — oo. (3.3)
"\o o o !
Case (iv). Planar shear:
1 0 0 O 1
Lt)=-10 0 K |+ 0(—2) ast — oo. 34
"\o o 1 !
Case (v). Simple shear:
0 K O
L)y=10 0 0], K#0O. (3.5
0 0 O
Case (vi). Simple shear with decaying planar dilatation/shear:
0 K, O 1 0 K1K3 K| 1
Lt)y={0 0 O)J+-10 0 O +0<—2>, Ky #0. (3.6)
o 0o o/ "\o k3 1 !

Case (vii). Combined orthogonal shear:

0 Kz Kr,—tKKj3
Ley=]0 0 Ki . K1K3 #0. (3.7)
0 O 0
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Proof of Theorem 3.1. The Jordan Canonical Form for real 3 x 3 matrices says
that there exists an orthonormal basis ¢1, ¢3, e3 and a real invertible matrix P such
that A = PJ P~!, where the matrix J has one of the following forms in this basis:

a B 0 M 000 £ 1 0 A1 0
B a 0], lo xm of.lo & o].lo » 1]. @38
0 0 y 0 0 A 0 0 7 0 0 x

All entries are real and f # 0. In these four cases, respectively, we have that
det(I +tA)is

(A4an)>+2 B2 (1+1y), (1+tr)(L+1h2)(1+123), (141n)(1+16)2, (1+11)3.

(3.9
Therefore, necessary and sufficient conditions that det(/ 4+ rA) > 0 for r > O are,
respectively,

y20, 220,420,420, 72020, A20. (3.10)
Again on this basis we have that L(r) = P(I +tJ)~'J P~ where, respectively,

atile H7) 5 0 Moo 0
(1+1a)?+12 B2 (1+m)2+,2£52 Em
U+~ = = ar@p) o |l 0 #2320 |,

(410> +2 % (I+1a)>+12p2 i

0 T+iy 0 0 Wi
S 19 I T
1+1€ (I+EI’§)2 T+1x (1+){A)2 (1_’_1,)03
U = +E (3 ’ 0 W (3.11)
0 0 I+1n 0 0 1+2a

The first matrix in (3.11) with y > 0 gives (3.2), and with y = 0 gives (3.3). To
see the latter, note first that

ta+t2(a2+ﬂ2) 1B 0
(1+ta)2+1282  (14+ta)?+12p2
lim P —1B ta+1%(@>+4%) p!
1—00 (+1a)?>+128%  (1+ta)>+1242
0 0 0

=Plei1Qei+er®e)NP ' =1—Pes®@ P Tes. (3.12)

Leta = Pezandn = P~ Te3, sothat a - n = 1. Note that any a and n satisfying
a-n = 1 are possible by choosing (the invertible) P = a @ e3 + nlL Rer+ nzL ®en,
where nf-, n2L are orthonormal and perpendicular to n. The required basis can be
taken as the orthonormal basis €1, €3, n/|n| where n-é; = a - e, = 0. On this basis
a=(—K/v,0,1/v)yandn = (0,0,v), v # 0, K € R, which gives (3.3).

Consider now the second matrix in (3.11). If A;A2A3 > 0 then we get the right
hand expression in (3.2). If exactly one of A, X>, A3 vanishes, say A3 = 0, we get
the expression on the right of (3.12) multiplying 1/¢, and we recover case (3.3). If
exactly two of A1, Ao, A3 vanish, say A = A, = 0, then

00 0
imP|0 0 0 |P'l=Ps®esP '=Pes@P Tes. (3.13)
t—00 0 0 A3

14123
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As above, we write a = Pe3,n = P~ Tes, soa-n = 1, and, as above, choose an
orthonormal basis in which a = (0, Kv,v),n = (0,0, 1/v), K € R, v # 0. This
gives (3.4).

Consider now the third matrix in (3.11). If £ = n = 0, we get immediately
(3.5). If ¢ = 0 but n # 0, we have

1 0 L (0 0 0

OOP_I—i-;POO 0 |p!
t

0 0 00 %

PU+thHlypl =P

S OO

1 1
Per @ P Tes+ ;Pe3 QP Tes+ 0(72)‘ (3.14)

Leta = Pej,n = P Tey, b = Pe3,m = P~ Tez. These are restricted by the
necessary conditions

a-n=0,b-m=1,a-m=0,b-n=0, m§n, alfbh. (3.15)

Choose the orthonormal basis ¢; = a/|al, eé; = n/|n|, é3 = €| x é>. By scaling,
we can assume without loss of generality that @ - ¢ = 1 and m - ¢3 = 1. On this
basisa = (1,0,0),n = (0, K»,0),b = (K,0,1),m = (0, K3, 1), K» # 0. The
conditions (3.15) are necessary and sufficient such that the first two terms on the
right hand side of (3.14) are a ® n 4+ (1/t)b ® m, as can be verified by the choice
P=¢ Qe+ (1/K3)(e2 — K3¢3) ® ez + (K€ + €3) ® e3, which is invertible.
The basis ¢1, €3, €3 is the required basis, and the result is given in (3.6).

Still considering the third matrix in (3.11), assume & # 0 and n # 0. We have

5t
1+1E <1+§>2

. t _

fm P 0 e 0 =1 (3.16)
0 0 1

T+
and we recover case (3.2).
In cases (3.2)—(3.4) and (3.6) the error is clearly bounded by const/t>.
Finally, consider the last matrix in (3.11). If A # 0 we recover case (3.2). If
A = 0, we have

0 1 —t¢
P+t lypt=pPl0 0 1 |P!
0 0 0
=Pei® P Tey+ (Pey—tPe))® P les. (3.17)

Leta = Pej,n = P Tey,b = Pes,m = P~Te3. We have the necessary condi-
tions

a-n=0,b-m=0,a-m=0,b-n=1, mlfn, alfb. (3.18)

Choose the basis ¢; = a/|a|, e3 = n/|n|, éx = é3 x é;. By scaling, assume that
n-eé = 1.1In this basis a = (K3,0,0),n = (0,1, K4),b = (K5,1,0),m =
(0,0, K1), K1 K3 # 0. The corresponding P = K3¢| ® e; + (Ksé1 + é2) @ ex +
(1/K1)(e3 — K4é2) ® e3 is invertible. Putting K» = K3K4 — K| K5, we get case
(3.7). 0O
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Remark 3.2. It is possible to obtain a more extensive classification of the homoen-
ergetic flows if det( 4+ t*A) = 0 at some * > 0. In that case L (¢) blows-up at
t* and the behavior of L(z) can then be read off from (3.9), (3.11) in the proof of
Theorem 3.1. Nevertheless, in this paper we will restrict our analysis only to the
cases in which L (¢) is globally defined in time.

4. General Properties of Homoenergetic Flows

4.1. Well Posedness Theory for Homoenergetic Flows of Maxwell Molecules

We first prove using standard arguments for the Boltzmann equation that the
homoenergetic flows with the form (2.5), (2.8), (2.9) exist for a large class of initial
data go (w) . This question has been considered in [6,7]. However, the approach
used in those papers is based on the L! theory for Boltzmann equations (cf. [5]),
and it will be more convenient for the type of arguments used in this paper to
consider homoenergetic flows in the class of Radon measures. On the other hand,
the analysis in [6,7] is restricted to the case of simple shear (cf. (3.5)) and we will
study more general classes of homoenergetic flows. Moreover, in some cases we
will need to consider equations with additional terms which are due to rescalings
of the solutions. For this reason we formulate here a well-posedness theorem for a
family of Boltzmann equations with the degree of generality that we will require.
The class of equations that we will consider is the following one:

9/G — 9y - [Q(Hw]G) = CG (w) 4.1
CG (w) = f dw*/ dwB (n - w, |lw — wy|) [G/Gf|< - G*G] ,
R3 52
4.2)
G (0,w) =Go(w), 4.3)
where

Q() € C' (10,00); M3,3 (R), Q)] < ci+eat, withep >0, ¢ >0, (4.4)

with the norm ||-|| defined in (3.1). We will assume also in what follows that the
function

A(w,w*)=/ B(n-w, |lw—wl)dow, n=M 4.5)
52 [w — wyl
satisfies

A is continuous and 0 < A (w, wy) < ¢3 with ez > 0. (4.6)

We will prove well posedness results for the collision kernel associated to
Maxwell molecules (or more generally Maxwell pseudomolecules in the notation of
[30]). In this case, the kernel B is homogeneous of degree zero in [w — wy| (e.g., the
homogeneity parameter y = 0) and wethenhave B (n - w, |lw — wy|) = B (n - o) .
This restriction to Maxwell molecules is the reason we assume the stringent bound-
edness condition (4.6).
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We now introduce some definitions and notation. We denote by .Z ([Rf) the
set of nonnegative Radon measures in IRS. We denote as U?g the compactification of
R3 by means of a single point co. This is a technical issue that we need in order to
have convenient compactness properties for some subsets of .Z ([Rg) . The space
C ([0, 00) : A4 (R?)) is defined endowing .#4 (R?) with the measure norm

il = s ln@)l= / e (dw). @.7)
9eC(R3):llglloo=1 R3

We remark that this definition implies that the total measure of [Rg is finite if u €
My (Rg) . Moreover ¢ € C (Rg) implies that the limit value ¢ (0c0) exists.
Given G € C ([0, oo] : .44 (R3)) we define

A[G](t, w) = / dw*/ dwB (n - w, |lw — wy|) G (2, -) . 4.8)
R3 52

Given hy € .4 (R2) we will denote as Sg (t; %), t = tp = 0, the operator
S (t; 1) : My (R2) — 4 (R?) defined by means of

0h — 3y - ([QMw]h) = —A[G](t,w)h, h(ty,-) = ho 4.9)
h(t, w) = Sg (t; o) ho. (4.10)

The operator Si (¢; o) is well defined, since (4.9) can be solved explicitly using the
method of characteristics taking into account (4.4). The solution is given below in
(4.22). A relevant point is that A [G] (w) = 0 and as a consequence no divergences
arise from large values of |w|. We will use the following concept of solutions of
(4.1)—(4.3):

Definition 4.1. We will say that G € C ([0, oo] : .2 (R?})) is a mild solution of
(4.1)—(4.3) with initial value G (0, -) = Gy € 4+ ([Rg) if G satisfies the integral
equation

t
G (t,w) = Sg (t;0) Gy (w) + / Sg (t; ) cHG (s, w)ds, 4.11)

0

where the operator Sg (¢; s) is as in (4.10) and
CHG (w) =/ dw*/ dwB (n - o, |w — wy|) G'G, (4.12)
R3 52
(le (w) = G/ dw*/ dwB (n - w, |lw — wy|) G, = A[G]G. 4.13)
R3 52

We emphasize that (4.11) must be understood as an identity in the sense of
measure, i.e., acting over an arbitrary test function ¢ € C ([Rg) . Note also that all
the operators appearing in (4.11) are well defined for G € C ([O, oo] 1 My ([Rg))

and that Sg (7; s) is a bounded operator from .#,. (R?) to ., (R}) for0 < s <
t<T < oo.
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Theorem 4.2. Suppose that Gy € M+ ([R3) satisfies

/ Go (dw) < oo.
R3

Then, there exists a unique mild solution G € C ([0, Q) M+ ([Rg)) in the sense
of Definition 4.1 to the initial value problem (4.1)—(4.3) with Q and B satisfying
(4.4), (4.6). Moreover, the problem (4.1)—(4.3) is satisfied in the sense of measures.

Remark 4.3. Notice that since B is continuous and it satisfies (4.6) we have that
CHG (w) and CG (w) in (4.12), (4.13) define measures in .#4 (R3) and it
makes sense to say that the equation (4.1)—(4.3) is satisfied in the sense of measures.
The term —d,, - ((Q(r)w] G) is understood integrating by parts and passing the
derivative to the test function ¢. The only difference between solutions in the sense
of measures and the weak solutions defined in Definition 4.4 below is that in this
second case we write the collision kernel in a symmetrized form which will be
convenient in forthcoming computations.

We introduce now the concept of weak solution of (4.1)—(4.3) which will be
also needed later.

Definition 4.4. We will say that G € C ([0, 00) : M+ (IRS)) is a weak solution of
(4.1)~(4.3) with initial value G (0, ) = G € .4 (R}) if for any T € (0, 00) and
any test function ¢ € C ([0, T) : C!' (R?)) the following identity holds:

/w(T,w)G(T,dw)—/ ¢ (0, w) Go (dw)
R3 R

T T
= —/ dt/ 0 9G (t,dw)—/ dt/ [Q()w - 0yl G (2, dw)
0 R3 0 R3

T
+l/ dt/ //da)G(l,dw)G(t,dw*)B(n~w,|w—w*|)
2 Jo R3 JR3 Js2
x [go (rw) 4+t w,) — @, w) — e, w) ] 4.14)

We will use repeatedly the following norms:

1GIl1s :/ (1 + [wl*) G (dw) for G € .4, ([Rﬁ) L s>0. (415
R3
Theorem 4.5. Suppose that G € C ([0, 00) : 4 (R3)) is a mild solution of (4.1)-
(4.3) with Q and B satisfying (4.4), (4.6) and initial value G (0,-) = Go €
My ([Rg) . Then G is also a weak solution of (4.1)—(4.3) in the sense of Defini-
tion 4.2. Suppose that, in addition, G satisfies

IGolly,s < o0 (4.16)
for some s > 0. Then the mild solution of (4.1)-(4.3) satisfies
sup |G (1, )15 < C(T, [IGollp) I1Goll s < 00 4.17)

0<t<T

forany T € (0, 00). Moreover, if s > 2 the identity (4.14) is satisfied for any test
functiong € C ([0, T1: C' (RY)) suchthat | (w)|+|w] [Vye (w)| < Co (1 + [wl?).
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Proof of Theorem 4.2. GivenT € (0, o0) , we define an operator 77 : C ([0, T] :
My (RE)) — € ([0, T : A (R?)) by means of

t
Tr[G1(t,w) = Sg (1; 0) Go (w>+/ SG (1;5) CPG (s, wyds, 01T,
0

where Sg (¢; s) is asin (4.10). Then, due to (4.11), the proof of the Theorem reduces
to proving existence and uniqueness of solutions for the fixed point problem

G = 9r[G].

We prove that the operator 77 is contractive if T > 0 is sufficiently small. To
this end we prove the estimates

HCH)GHM <ClGI3, (4.18)
€961 = €6y < CUGHY + G2l G = Gally . (4.19)

where the norm ||-|[,, is as in (4.7) and we have used (4.6) as well as the fact
that the mapping (w, wy) — (w/ , w;) is bijective and that the symplectic identity
dwdw, = dw'dw} holds (cf., (2.1), (2.2)). We define & C C ([0, T]: .#4 (R?))
by

o ={Gec(0.71: 4 (R)) 16 .0l <21Golly forr €0, T1}.
On the other hand we have the following estimates:
IS¢ ;)| <1 for0 S s St < 00, (4.20)

where we denote the norm on the space .% (.4 (R?) , .44 (R?)) by ||-|l. Moreover
we have

|SG, (t:5) = S, (1:9)| SCT G1 = Gallp, 0Ss<t<T.  (421)
Here we used the norm ||-|| 7 given by

IGllr = sup [IG G, 0)llp-
1€[0,T]

The estimate (4.20) follows by integrating (4.9) and using A [G] (¢, w) = 0. On
the other hand, (4.21) can be proved using the representation formula for S (¢; s):

Sc (t;8) ho (w)
t t
= exp (—/ AIGI(E, U (t,8) w)d’g) exp </ tr(Q(&))df;‘) ho (U (t; s) w),
‘ ‘ (4.22)

where

W =-0WU (s;Dw, U(sis)w=weR.
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Then, (4.21) follows using that [e ™ — 2| < [x — x2|,and sup,,cgs [A[G ] (w)
—A[G2](w)| £ C||G1 — G2y yields the estimate

I[Sq, (t:5) = Sg, (t: )] hol|,,

= CT |Gy _G2||T/ ho (U (¢, s) w) dw
R3

= CT |G - Gally /D; ho (w)Jac (U (s, 1)) dw
< CT G = Gallg lholly -
Combining (4.18), (4.19), (4.20) and (4.21) we obtain that
177 [Glllr < Golly +4C Golly T (4.23)
for any G € o7. We also have
171 [G1] = Tr [G2llir = ClGolly T IG1 — Gallr

Therefore, the operator 7 [G] is contractive in the space 2/ with a metric
given by the norm ||-||7 if T is sufficiently small. This implies the existence of a
mild solution in the time interval [0, T'] for T sufficiently small. Notice that the
fact that G is nonnegative follows immediately due to the choice of the space of
functions 7.

Applying the differential operator d; — 9, - [Q (#)w] to (4.11) we obtain, using
(4.9) and (4.10), that the following identity holds in the sense of measures (i.e. the
whole expression is understood using a test function ¢ = ¢ (w)):

3G (1, w)—=dy [QOWG (t, w)] = CPG (1, w)=A[G] (1, w) G (1. w) . (4.24)
whence G satisfies (4.1)—(4.3) in the sense of measures. Integrating (4.24) we obtain
IG C.Ollm = 1Golly forO=t=T. (4.25)

Therefore, using a similar argument we can extend the solution to an interval
[T, T + 8] and iterating we then obtain a global solution defined for 0 < ¢ < oo.
Notice that the constants C above depend on the time 7 where we start the iteration
argument due to the fact that || Q (¢)|| can increase as t — 0o, but this norm is
bounded for any finite interval 0 < ¢ < T and therefore we can prove global
existence. O

Proof of Theorem 4.5. Multiplying (4.24) by a test function ¢ (¢, w) integrating
by parts and using a standard symmetrization argument on the right-hand side of
(4.24) (cf. [9,30]) and integrating in ¢ € [0, T'] we obtain (4.14).

We now prove that under the assumption (4.16) the solution obtained in Theo-
rem 4.2 satisfies (4.17). Using the symplectic formula dw’dw), = dwdw; (cf. (2.1),
(2.2)) and (4.12) we obtain

™G] <ciGl Gy, G e (RY). (4.26)
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where s > 0. On the other hand we claim that

156 t:5) Gl £ C (D) Gl 0S5 S1=T <00, G ety (RY)
4.27)
This estimate follows by multiplying (4.9) by the test functions 1 and |w|® , using
that A[G] (t, w) = 0, integrating over R? and using a Gronwall-type argument.
Then, estimating [|G (¢, -)||; 5 in (4.11) and using (4.26) and (4.27), as well as the
mass conservation property (4.25), we obtain

t
IG . )15 = Cs (T) IGolly 5 + Cs (T) IIGOIIM/O IG (s, )l sds, 05t ST,

whence (4.17) follows, using Gronwall’s Lemma.

The fact that the identity (4.14) in Definition 4.4 is satisfied for test functions
¢ bounded by a quadratic function as stated in the statement of Theorem 4.5 then
follows by approximating the test function ¢ by a sequence of test functions ¢, €
C (Rg) and using the fact that (4.17) implies that the contribution of the integrals
due to the sets with |w| = R tends to zeroas R — oco. 0O

Remark 4.6. Suppose that G satisfies || Goll; ; < 00, and let G be the correspond-
ing solution of (4.1)—(4.3) obtained in Theorem 4.5. We can then obtain a sequence
{Gm}men of solutions of (4.1), (4.2) with initial data G, o satisfying | Gym.o|| 15 <
oo for some § > s and such that SUP;efo, 7] Gm (@, ) =G )y — 0 as
m — oo. Indeed, we define G, 0 = GOX{|w|<m} Then ||Gmo”1 . < oo and

by dominated convergence |Gyu,0 — Go Hl — 0asm — oo. Using (4.11) with
initial data G0 and Gy, taking the dlfference of the resulting equations and arguing
as in the proof of Theorem 4.5 we obtain

t
G (t,) = G (&, )15 £ [Gmo — Gol, , + C/O |Gn (@) =G ()], df

whence the stated convergence follows, using Gronwall.

Remark 4.7. Well posedness Theorems analogous to Theorems 4.2 and 4.5 for
more general collision kernels B (in particular for kernels with homogeneity y
different from zero) can be proved adapting the theory of homogeneous Boltzmann
equations as described in [9]. We restrict things to kernels satisfying (4.6), since
the theory is simpler and these are the only ones needed in what follows.

4.2. Moment Equations for Maxwell Molecules

A crucial fact that we use repeatedly in this paper is the fact that for Maxwell
molecules the tensor of second moments M; ; = f[R3 w;wiG (¢, dw) satisfies a
linear system of equations if G is a mild solution of (4.1)—(4.3). In order to compute
the evolution equations for M ; we will use (4.14) with the test functions ¢ =
w jwg. The resulting right-hand side can then be computed using suitable tensorial
properties of the Boltzmann equation acting over quadratic functions which shall
be collected in that which follows.
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We will assume in the rest of this subsection that the collision kernel B =
B (n-w, |lw— wy|) in (4.1) is homogeneous of order zero in |w — wy|. More
precisely, as we observed in Subsection 4.1, in the case of Maxwell molecules, we
have

B(n-w,|lw—ws) =Bn- w). (4.28)
We will denote by W = W (u, v) a bilinear form
W: R xR — R (4.29)

In order to simplify the notation we will write the quadratic form associated to this
bilinear form by W (v) instead of W (v, v) . We first prove the following lemma
which allows us to transform dependence on two vectors to dependence on just one
vector:

Lemma 4.8. Suppose that B in (4.1) is as in (4.28) and W is any bilinear form as
in (4.29). Then

Dw (W, wy) = %/52 doB (n-w) [W (w') + W (w)) = W (w) = W (wy)]
= QW (w — wy)

== foo (S (o= )]
’ (4.30)

where for each w € S* we denote as P,, and PaJ; the orthogonal projections in the
subspaces span {w} and span {w} respectively, i.e.,

Pov=0w oo, Pj;v:v—(v-a))wforveﬂ?3. (4.31)

Proof. Using the collision rule (2.1), (2.2) we can write w’ = w+n, w, = wx—n
with n = (wy — w) - ®) w = P, (wy — w) . Then
W(w')+W(w))—Ww) — W (wy)
=Ww+nw+n+Wws—nwe—n—Ww,w) — W (w, w)
=2[W (w,n) = W (ws,n) + W (n,n)]
=2[-W(ws —w,n) + W ((ws —w) - 0) w,n)]

= 2W (P (we = w), Py (wa = w)),
whence the Lemma follows. O

To quantify the moment equations for Maxwell molecules, we introduce the
object

Z @) = / dwB <Q) [Pive ], veR, (4.32)
52 [v]
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where we will understand a ® b as a bilinear functional acting on R? x R? in the
following manner: given two vectors wi, wy € R3, we define

(a®b) (wi, w2) = (a-wy) (b-w). (4.33)

Then Z (v) as defined in (4.32) is a bilinear functional in R?> x R3. We have the
following result:

Lemma 4.9. Suppose thatU € SO (3) . Then, forany v € R3 the following identity
holds:

7 (Uv) =/ dwB <w”> [(Upwlv) ®(UPwv)] —UzZWUT, (434
s2 [v]

where Z is as in (4.32).

Proof. Using the definition of Z we have

w-Uv n
Z(Uv)_/sz da)B< T ><Pw Uv®Pva).

We now change variables as w = U@, with @ € S2. Then,

. Uw-Uv i
ZWv) = | dop 2222 (PUAUU ® PU(;,UU> .
52 [Uv] @

An elementary geometrical argument, using the fact that orthogonal transfor-
mations commute with the projection operators, yields

PyaUv = UPgv, Py,Uv=UP;v,

whence, using Uo - Uv = & - v as well,

Z(Uv) = /52 doB (“’|v|”> [U (P;v) ®U (P;ov)] :

and the result follows. 0O

Lemma 4.9 implies that Z defined by means of (4.32) is a second order tensor
under orthogonal transformations. We now compute a suitable tensorial expression
for Z (v) in a coordinate system where this computation is particularly simple.

Proposition 4.10. The tensor Z defined by means of (4.32) is given by
o]
Z(U)Zb U®U—Tl N (435)

where

1
b= 371/ B (x) x? (1 - xz) dx > 0. (4.36)
—1
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Moreover, suppose that we define

1 !/ /
Tjx= 3 1o doB (n - ) [Wix (w') + Wi (w)) — Wik (w) = Wi (wy)],
N
(4.37)
where W i are the quadratic functions W (w, w) = wjwi. Then

|w_w>k|2 .
Tix=-b (w—w*)j(w—w*)k—TSj,k , J,k=1,2,3. (4.38)

Proof. Suppose that v # 0, since otherwise Z (v) = 0. We then compute Z (v)
in a very particular system of spherical coordinates. More precisely, we take the
direction of the North Pole in the direction of v and we denote as 6 the angle
of any vector with respect to this direction and ¢ the azymuthal angle in a plane
orthogonal to v with respect to any arbitrary direction in this plane. We construct
an orthonormal basis of R3 by means of e; = ﬁ and choosing as ez, e3 two
orthonormal vectors contained in the plane orthogonal to e;. Using this coordinate
system we can parametrize the sphere S as

cos (0)
w=|sin@)cos(¢p) |, 6 €[0,7], ¢ €[0,2m). (4.39)
sin (6) sin (¢)
Then
cos? )
P,v =cos(@)w = | sin () cos (8)cos(¢) |,
sin (6) cos (0) sin (¢)
and using (4.39) and (4.31) we get
sin? (6)
Pty = | —sin (9) cos () cos (¢)
—sin (0) cos (0) sin (¢)

Then Pwlv ® P,v can be represented by the matrix

cos? 0 sin 0 cos @ cos ¢ sin> @ cos @ sin’ 0 sin ¢
Y(O,¢)=| —cos®Ocosgpsind —cos2Ocos>¢sin?fd —cos?Ocosgsin®fsing | .
—cos? Osinfsing —cos2fcospsin®@sing  — cos> 6 sin 6 sin? ¢

Therefore the computation of Z (v) in (4.32) reduces to the computation of

b4 21
/ sin (f) B (cos (0)) |:/ Y 6, ¢) d¢:| do.
0 0

In the integration in the ¢ variable all the elements outside the diagonal give
zero. Using this in the coordinate system under consideration, v = (1, 0, 07, we
then obtain

vl?

Z(v)=b|:v®v—71],
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where

T 1
b =3 / B (cos (6)) cos? 6 sin® 0d6 = 37‘[/ B (x) x> (1 - xz) dx.
0 1

Since both sides of (4.35) transform according to the law for the transformation
of second order tensors under orthogonal transformations (cf. Lemma 4.9), it then
follows that this formula is valid in any coordinate system.

Using the definition of Z (v) and Lemma 4.8 we can write the functions
Qw; (w, wy) with W, (w, w) = wjwy as

Tjkx = 2w, (w,wy) = ij.k (w — wy)
=—Z(w—wy) (ej.e), j.k=12.3, (440

where {e1, e, e3} is the canonical orthonormal basis of R3. Finally (4.38) follows
using (4.40) as well as the fact that (v ® v) (¢, ex) = vjvy. O

We now compute the evolution equation for the moments (M, k)j k123

Proposition 4.11. Suppose that Go € /5. (R?) satisfies and [ (1 4 |w|*) Go (dw) <
o0 for some s > 2 and that CG is as in (4.2) with B given by (4.28). Let us assume
also that

/ Go (dw) = 1 and / wGo (dw) = 0. 4.41)
R3 R3

Suppose that G € C ([O, o] My ([Rf)) is the unique mild solution of (4.1)-
(4.3) in Theorem 4.2. Then the tensor M = (Mj,k)j k—1 2.3 defined by means of

M = f[R3 wjwiG (1, dw) is defined for t 2 0 and it satisfies the system of ODEs

dM,"k
di + Qe () Mg+ Qre (1) Mj g

==2b(Mjr—méj). jok=12,3 Mjx=Mc;, (442

where b is as in (4.36).

Remark 4.12. In (4.42) we use the convention that the repeated indexes are summed.
We will use the same convention in the rest of the paper.

Proof. Due to Theorem 4.5 with s > 2 the tensor M is well defined and G is a
weak solution of (4.1)—(4.3) in the sense of Definition 4.4. Moreover, Theorem 4.5
implies also that we can take as test functions in (4.14) ¢ = 1 and ¢ = w;

/ G (t,dw) = 1 and / wG (t, dw) = 0. (4.43)
R3 R3

Moreover, taking in (4.14) the test functions ¢ = W; ; = w;wy, we obtain

de,k
dr

+ fw [Q(w - 0y (wjwi)] G (¢, dw) = K 4. (4.44)
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where we define K ; as

Kjr= / / T; kG (t,dw) G (¢, dwy) , (4.45)
' R3 JR3

with T ; as in (4.37) and where we have used that B (n - o, [w — wx|]) = B (n - w)
due to the fact that B is homogeneous of order zero. Using (4.38) we obtain

lw — wyl?
Kj,k:—b/"33 /I‘R? |:(w—w*)j (w_w*)k_T*Sj,k:|

G (t,dw) G (t, dwy) .

Expanding the products and using (4.43) as well as the symmetry properties of
the integrals, we obtain

1
Kjk = =20 (M) —mdjx), m= 3t (M), (4.46)

where b is as in (4.36). Notice that the trace of K = (Kj,k)j k123 1S zero,

something that might be seen directly from (4.45) using that |w’ ]2 + ]w;|2 =
wl? + [w.

Computing the integral on the left hand side of (4.44) and using (4.46) we obtain
(442). O

4.3. Self-Similar Profiles for Maxwell Molecules

We prove in this subsection a general theorem on the existence of self-similar
homoenergetic solutions for several choices of the matrix A in (2.10) for Maxwell
molecules, i.e. the collision kernel B is given by (4.28).

Two special cases are considered in detail in the sequel: 1) simple shear (cf.
(3.5) and Section 5.1) and 2) planar shear (cf. (3.4) and Section 5.2). Formally,
we begin from (1.7) and make self-similar ansatzes. In the case of simple shear we
make the ansatz

_ o3 - v
g(w7t) =e G(E)’ E - ﬂl’ (447)
e
and reduce (1.7) to
—Bo (6G) — Kog, (52G) = C[G]. (4.48)

In the case of planar shear we first make the change of variables
1_
gtw)=—g(w), v=log(®),

which reduces (1.7) to

0:8 — Kw30u,8 — 0y (w3g) = Cg (w) . (4.49)
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Then we further assume that

grw)=eFGE), £= e%' (4.50)

Inserting (4.50) into (4.49) we get
—B0: (§ - G) — K0, (63G) — 055 (63G) = CG (w) . (4.51)

Detailed descriptions of these reductions are found in Sections 5.1 and 5.2.
A general equation that includes both of these cases is

—ady - (WG) — 3y - (Lw G) = CG (w), w e R3, (4.52)

where L € M343(R), @ € R, C[-]is the collision operator in (4.2) with the function
A (w, wy) defined in (4.5) satisfying (4.6). We will assume also that the function
B (n-w, |lw— wy|) is homogeneous of order zero on the variable |w — wy|. In
that case A (w, wy) is just a real number, which will be denoted as Ag € R4.. The
effect of the collision kernel C is nontrivial if Ag > 0.

The main result that we will prove in this subsection is

Theorem 4.13. Let B be as in (4.28). Suppose that b in (4.36) is strictly positive.
There exists a sufficiently small ky > 0 such that, for any ¢ = 0 and any L €
M343(R) satisfying ||L|| < kob, there exists « € Rand G € ([Rz’) that solve
(4.52) in the sense of measures and satisfy

/G(dw):l, / ij(dw)zo,f w2 G (dw) =¢ . (4.53)
R3 R3 R3

Remark 4.14. Notice that if ¢ = 0 the only solution of (4.52) satisfying (4.53) is
G = 8,—¢. The main content of Theorem 4.13 is the existence of solutions of (4.52)
with arbitrary values of the velocity dispersion, something that can be thought also
as arbitrary values of the temperature.

Remark 4.15. Theorem 4.13 is a perturbative result, because we assume the small-
ness condition || L|| < kob. This will allow us to prove the existence of self-similar
solutions for several of the fluxes described in Section 3. However, this smallness
condition is probably not really needed, at least in the case of simple shear in (3.5).
We derive in Theorem 5.5 a sufficient condition for the existence of self-similar
solutions in the simple shear case for arbitrary values of the shear parameter. This
condition could be checked numerically for each choice of the kernel B. The deriva-
tion of this condition requires a more careful examination of the interplay between
the hyperbolic term and the collision term in (4.52).

The main idea in the proof of Theorem 4.13 is to prove the existence of nontrivial
steady states for the solutions of the evolution equation

G; —ady - (WG) —dy - (LwG)=CG (t,w), t >0, w e R>. (4.54)
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The equation (4.54) is a particular case of the equation (4.1) where we take Q (t) =
L + «l. In this case the equations (4.42) for the second moments become
de,k
T +2aMjy+ Lj Mo+ L oMy
= -2b (Mj,k — maj,k) s Jk=1,2,3, Mj; =M. (4.55)

The equations (4.55) comprise a linear system of equations with constant coeffi-
cients. Therefore they have solutions of the form M = T';, xe??* . On the other
hand we can formulate an equivalent problem, namely to determine the values of «
for which there is a stationary solution of (4.55) with the form M x = I'j x. Such
values of « solve the eigenvalue problem

o 1

er,k + % (LjeTke + LieTje)
=—(Djx—T8x), j, k=1,2,3, Tjp=Tx; (4.56)
with |
= 3 (T1,1 4+ T22 +T'33) (4.57)

and b > 0 given by (4.36).
We prove the following result:

Lemma 4.16. There exists a sufficiently small ky > 0 such that, for any L €
M343(R) satisfying ||L|| < kob, there exists @ € R and a real symmetric, positive-
definite matrix (Fj»k)j,k=1,2,3 such that (4.56), (4.57) hold. Moreover, a can be
chosen to be the complex number with largest real part for which (4.56), (4.57)

holds for a nonzero (Fj’k) k=123 This particular choice of o, denoted a, satisfies

la| = Ckob (4.58)
for some numerical constant C > Q.

Proof. Suppose first that L = 0. In that case the eigenvalue problem (4.56), (4.57)
can be solved explicitly. The problem is solved in a six-dimensional space due
to the symmetry condition I'j x = I'y ;. In this case there are two eigenvalues,
namely « = —b and o = 0. In the case of the eigenvalue « = —b there is a
five-dimensional subspace of eigenvectors given by {I" = 0} . On the other hand,
in the case of the eigenvalue « = 0 we obtain the one-dimensional subspace of
eigenvectors I'j x = K& where K € R. Then if ||L|| < kob the result follows
from standard continuity results for the eigenvalues. The corresponding matrix
I"j « is a perturbation of the identity and then it is positive definite. The fact that the
eigenvalue with the largest real part is real follows from the fact that the problem
(4.56), (4.57) has real coefficients and therefore the eigenvalues, if they have a
nonzero imaginary part appear in pairs of complex conjugate numbers. However,
there is only one eigenvalue close to « = 0 since the degeneracy of the eigenvalue
o = 0if L = 01is one. The estimate (4.58) follows from standard differentiability
properties for the simple eigenvalues of matricial eigenvalue problems (cf. [22]).
O
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Remark 4.17. We notice that the dimension of the space of eigenvectors of the
eigenvalue problem (4.56), (4.57) is not necessarily six, because the problem is not
self-adjoint. Actually, we will see in Subsection 5.1 that if the matrix L is chosen as
in the simple shear case (cf. (3.5)) the subspace of eigenvectors is five-dimensional.

As indicated in the Lemma we will use the notation & to denote the eigenvalue
of the problem (4.56), (4.57) with the largest real part obtained in Lemma 4.16 and
we will denote as N x the corresponding eigenvector. Then

a - 1 _ _ _ _ _ _
ZNj,k + b (Lj,ENk,Z + LieNje) =— (Njx — NSjx), Njx = Ni,j
j k=1,2,3
1 - _ _
N =3 (Ni,1 4 Nap + N3jz), (4.59)

where in order to have uniqueness we normalize N j.k as
- \2
> (Nja) =1 (4.60)
J.k

Notice that & is bounded by Ckob.
The following result is standard in Kinetic Theory (cf. [9,31]); we just write
here a version of the result convenient for the arguments made later:

Proposition 4.18. (Povzner Estimates) Ler s > 2. There exists a continuous func-
tion kg : [0, 11 = R such that k5 (y) > 0ify € [0, 1), k5 (0) = 0, and a constant
Cs > 0 such that, for any w, w, € R3, the following inequality holds:

|w'[* + [wl " = [wl* = [wel < —k5 (11 - o)) (wl’ + |wslf)

o [l o + " wl ] 4.61)

(w—wy)
where n = .
[w—wy|

Proof. Suppose first that % lw| £ |wg] £ 2|w|. Then, using the collision rule
(2.1), (2.2), we obtain, using that both norms are comparable,
[+ [wi]” = Twl* = [wal” £ Cs (1wl + [wal’) = [w]” = Jwsl*
< — (Iwl® + [wyl*)
+ Cy [Tl sl + " ]

whence (4.61) follows. Let us assume then without loss of generality that |w| <

% |wy|, since the symmetric case |wy| < % |w| can be studied analogously. We

have several possibilities. If ]w’ } < % and |w;] < %, we obtain

N 5
[w'[* 4+ |wi]” = lwl = [wal® £ Cs lwl® — Jwl* — [wsl?,
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and (4.61) also follows. If max { L} > 2! we argue as follows: suppose

1, ]w;| are larger than |w|, Then, using the triangular inequality as
well as (1 + x)* < 1 + Cyx, for any x € [0, 1] we obtain

}w’|s < |w' - w|S + Cy lwl [w' — w|s71 ,

A

Iw;|s |wf,ﬂ—w|s+CS|w||w;—w|s_1
On the other hand,
[wal” 2 [ws — wl = Cs |w] [wi —w*~",
whence, using that ‘w’ — w’ < C |wy| and ‘w; - w‘ < C |wy|, we get
||+ |w | = [wl —w | < |w' = w| +[w], — w] —|wse — w+Cs [wal " w].
(4.62)

Using (2.1), (2.2) we obtain w’—w = P, (wyx — w)and w,—w = P;L (w, — w)
(cf. (4.31)). Representing (wy — w), (w’ — w) and (w} — w) in a spherical coor-
dinate system for which the North Pole is @ we obtain

/o s /AN L _anlS
|u) w\ + |u)* w| |wye — w|
= —ky (n - ®) lws — wl* [|cos (0)° + [sin (O)]° — 1], (4.63)

where
ks (n - ) =1~ lcos (O)° — [sin (O)[*,

The functlon ks has all the properties stated in the Proposition if s > 2. Com-
bining (4.62) and (4.63) we obtain

N N —
W'+ Wi ] = [wl* = [wsl® £ —k5 (- @) lwy — w]* + Cy [w*~" |w]
< —ks (- @) [wel* + Cs [wl* + Cs [ws |~ w]
< —k5 (1 ) [yl +2C; [we ! |w],
whence (4.61) follows in this case since |w| < 2 |wy|. If }w ‘ % ‘w ] we

obtain, with similar arguments,
[w'|" + [wl | = [wl = wel® < Jw), —w|" = Jwe — wl® + Cy [we* " |w]
< |w’ — w|s + |wfk — w|s — |lwye — w|*

—1
+ Cs lwi '™ |l

and we can the obtain (4.61) in the same way. The case |w | T |w | is
similar. 0O

We now prove that the nonlinear evolution defined by means of Theorems 4.2,
4.5 is continuous in time in the weak topology of measures.
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Lemma 4.19. Suppose that Gy € A+ ([Rf) satisfies

/ Gy (dw) =1, / lw|* Go (dw) < oo (4.64)
R3 R3

forsomes > 2. Wedenoteas Sy (t) Go = G (t, -) the unique mild solution of (4.54)
given by Theorem 4.2. Then the family of operators %, (t) define an evolution
semigroup. The mapping Sy : [0, 00) x M4 ([Rf) — My ([RS’) is uniformly
continuous in the weak topology of M4 (IRg) on any set of the form [0, T] x
M + ([Rg) , where T € (0, 00) and M + ([Rg) is the subset of measures G €
My (RY) satisfying (4.64).

Proof. The semigroup property is just a consequence of the results in Theorems 4.2,
4.5. In order to prove the weak continuity of the operator in ¢ we prove first that the
functionst — [ ¢ (w) G (¢, dw) are continuous for any test functionp € C (R?).

To prove this we notice that for any function ¢ € C' ([R3) such that ¢ (w) is constant
for lw| = R with R large we have

’/[RSw(w)G(dw,tl) —/W(p(w)G(dw,tz) = Cln —nl, (4.65)

with C depending on the derivatives of ¢, but independent on G if f g3 Go (dw) =
1. This is a consequence of the weak formulation identity (4.14). Since

IG (. I)ho=C(T), 051 =T,

we obtain that the contributions to the integrals due to the region { lw| = R } can be
made arbitrarily small if R is large. Then the stated weak continuity in time follows
using the density of the chosen test functions in C (R?).

It only remains to prove that forany 7 > 0 the mapping ., (T') : Ay + (Rg) —
M + ([Rg) is continuous in the weak topology. To this end, we first notice that
the function A (w, w,) defined in (4.5), is a constant Ag in the case of Maxwell
molecules. We now use the following metric to characterize the weak topology:

Wi (G, H) = sup /(p(w) (G — H) (dw). (4.66)
‘aw(l)'gl

This metric is referred to as the 1-Wasserstein distance (see for instance [32]).
Suppose that G is a weak solution of (4.54). Using the weak formulation (4.14)
we obtain

0r (/ o (t,w) G (t, dw)>
[RS

= / o (t, w) G (t,dw) — / [(dw + Lw) - 3y¢] G (¢, dw)
R3 R3

1
+—/ dw/ dw*/ doG (t,dw) G (1, dw,) B (n- ) [¢' + ¢, — ¢ — ¢.].
2 Jr3 R3 52
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We now consider a test function with the form ¢ (¢, w) = ¥ (U (¢t) w), where
U (t) = e*TD)" Then the identity above becomes

O (/ v (U () w)G(t,dw)>
R3

1
= —/ dw/ dw*/ dwG (t,dw) G (¢, dwy) B (n - w)
2 R3 R3 S2
x[v(U@Ow)+v (U®w,)—vU@Ow -y U@ w)]. (4.67)
Suppose that we have two solutions of (4.54), G, G with initial data G1 0, G20 €

My (R?) respectively. Integrating in time (4.67), writing the resulting equation for
both solutions G, G and taking the difference we obtain

/[R3 ¥ (U (1) w) (G1 — G2) (t, dw)
— /[R3 ¥ (w) (G1,0 — G2,0) (dw)

t
+ l/ dsf dw/ dw*/ dwGq (s,dw) (G| — G2) (s,dwy) B (n - w)
2 Jo R3 R3 52
x [ (U@ w)+vy (U w,)—v¢ U E)w) — ¢ U (s) ws)]
+ l/Idsv/‘ dw/ dw*/ dw (G1 — Gy) (s, dw) G2 (s, dwy) B (n - w)
2 Jo R3 R3 52
x[¥ (U w)+v (UG w)) =y U ) w)—y U ) w)].  (4.68)

We now take ¥ (w) = ¢ (U (—t) w) for a test function ¢ () satisfying |8§<p| <
1. Then, using the chain rule as well as the fact |U (t)| + |U (—1)] £ Cr for
0 <t < T and the collision rule (2.1), (2.2), we obtain

10w ()| = [3wp (U (=) w)| = Cr,
|0w ¥ (U () w')| = |dwe (U (- U () w')| £ Cr,
0w (U () w))| = |dwe (U (—0) U (s) w})| < Cr,
10w (U () wi)| = [dwep (U (=1) U (s) wi)| = Cr,
10w (U (s) w)| = [dwe (U (=) U (s) w)| = Cr.

Moreover, the second and third estimates as well as our assumptions (cf. (4.5),
(4.6)) in B imply

aw</ B(n~a))W(U(s)w')da)>‘+ aw(/ B(n.w)w(U(s)w;)dw>‘
52 S2

<cr (4.69)

To check this estimate we start by estimating the second term, since the first one
is similar. We then introduce a rotation matrix % (n) € SO (3) which transforms
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one of the coordinate axes, say e; into the vector n. We then change variables by
means of w = Z (n) @, whence

/ZB(n.w)xp(U(s)w;)dw
N
:/zg(g(n)el-%(n)cb)w(U(s)w;)d@
S
:/23(61.@)w(U(s)w;)dcb,
N

where w), = wy — (Wx — W) - W) © = wy — (W — W) ~<%(n)(2))<%’(n)c?). We
then need to compute 9, (U (s) w,) with w, given by this formula. In particular

this requires to estimate dy, [((wy — w) - Z (n) ®) Z (n) &| where n = %

Therefore, using that |d,,n| < mfm’ we obtain
|9 [((wse —w) - Z (n) @) Z (n) @]| < C.
Thus
0wy (U wi)[ = Cr. 0S5 =T,

and this implies (4.69).
Taking now the supremum in (4.68) over all the functions ¢ satisfying |8§ [0 | <1
and using the definition of the 1-Wasserstein distance in (4.66), we obtain

t
#1(G1,Ga) (1) < Cr#1 (Gr0, G20) + CT/ 71 (G1, G2) (s) ds,
0

and using Gronwall’s Lemma we obtain
W1 (G1,G2) (1) £ Cr#1 (Gro. Gao)
and this implies the continuity of . (¢) in the weak topology. O

Proposition 4.20. Let2 < s < 3. Suppose that [z Go (dw) =1 [3 |w]® Go (dw) <
oo and that the following identities hold:

/ w;Go(dw) =0, jell, 2,3},
R3
f wjweGo (dw) = KNk, j, kell, 2,3}, (4.70)
R3
where (Nj,k) is as in (4.59), (4.60) and K = 0. Then

/ 5 (1) Go (dw) = 1, / w;. 75 (1) Go (dw) = 0,
ke ke @.71)
/ wjweSg (1) (Go) (dw) = KN foranyt =0,
|R3
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where « is as in (4.59). Moreover; there exists ko > 0 sufficiently small, which
depends on B, such that if |L|| < kob there exists a constant Cy = Cy (K) > 0
such that if we assume that

f lw|* Go (dw) = Cy, (4.72)
[R3

then, for any t 2 0,

/[R Il ) Go) @) £ €. @73)

Remark 4.21. Due to Lemma 4.16 the matrix (N juk) j 1 2.3 18 positive definite.
Then, it might be readily seen, using a coordinate system in which (1\7 j,k)

is diagonal that there exists measures G satisfying (4.70) and (4.72).

J.k=1,23

Remark 4.22. It will be seen in the proof that the constant kg depends on a function
that characterizes the absolute continuity of the integrals of B. More precisely, we
define the function

Q5) = sup/B(n-a))da), §>0, nes?
lAISs /A

where the supremum is taken over all the Borel sets A such that A C S? and |A| is
its measure in S2. Notice that the function €2 is independent of  due to its invariance
under rotations. Our assumptions on B (cf. (4.5), (4.6)) imply, due to the absolute
continuity property of the L' functions, that lims_,o  (§) = 0. The constant kg in
Proposition 4.20 depends only on the function 2. Notice that if we had assumed
that B contains Dirac masses, we would not have lims_, 2 (6) = 0 and it will be
seen in the proof of (4.73) below would fail.

Proof. Due to Proposition 4.11 the moments M ; satisfy (4.55). Then, choosing
o = a as well as (4.59) we obtain the second group of identities in (4.71). The
conservation of mass and linear momentum in (4.71) follows as in the proof of
Proposition 4.11.

It only remains to prove (4.73) assuming (4.72) with C, sufficiently large. To
this end we approximate G by the sequence Gy ,, described in the Remark 4.6.
Given that || Gom H |5 < 00, with§ > s we can use in the corresponding version of
(4.14) the test function ¢ (w) = |w|® with 2 < s < 3 we obtain that the function
M (1) = [ [wI* Gy (1, dw) satisfies

MM (1) = — saM™ (t)—sf lw|* "2 w(w - Lw)Gy (dw, 1)
[R3

1
+—/ //da)Gm(dw,t)Gm(dw*,t)B(n~a))
2 Jr3 Jr3 Js2

s o[+l = o = o],
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We then estimate [p; lw|* 2 w(w - Lw)G,, (dw, 1) by kobM™ (1) . Tt then
follows using (4.58) as well as the Povzner estimates (cf., (4.61)) that

M (1) < CkobM™ (1)

1
+—/ / / dwGo (t, dw) G (¢, dw,) B (1 - @)
2 Jr3 JR3 Js2
x [ = (- @) (b + ) + C [Tl =" el 4 e~ ] ]

where C is just a numerical constant. The function «; (y) is continuous and it
vanishes only for y = 0. Since B is also continuous we can prove that

/ B(n-w)ks (In-w))dw = ub
S2
for some © > 0 which depends only on the modulus of continuity of B. Then

b
M 0 = ChobM® =57 [ [ (1wl + 10.b) G 1.0u) Gy 1)

[ [ ol l] G 1) G )
= (Cko — ) bM™ (1)
+ G fR f[R [0l =" Tl + [, ]| G (1, dw) G (1, )

The estimates (4.71) imply that f[R3 |w|? Gy (1, dw) < CK. Then, since s < 3,
HM™ (1) < (Cko — ) bMI™ (1) + CK.

Here C is just a numerical constant. Then, it follows that, choosing kg < %

we have Mfm) < C, = 2CCK. Taking the limit m — oo we obtain Ms(m) —
Mg = [gs lwl® G (7, dw) < C, and the result follows. O

With this Proposition is rather easy to prove now the existence of the desired
self-similar solution, as stated in the Theorem below which is the main result of
this section, using Schauder fixed point Theorem. A similar idea has been also used
with adaptations in [12,13,17,23-25].

Proof of Theorem 4.13. Suppose that ¢ in (4.53) is strictly positive, since for
¢ = 0wehave G = § (w) (see Remark 4.14). We define the subset % of .# (IRE)
such that

/[R%G(dw):l, fR%w,-G(dw)zo, Agijkc(dw)zKNj,k 4.74)

holds, as well as the inequality f[R% lwl* G (dw) < Cy = Cy (¢) . We choose K in
(4.74) in order to have

3
KZNj’j =Z.

J=1
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The set % is convex and closed in the x-weak topology of measures. Moreover % is
compact in this topology. We consider the semigroup .#; () defined in Lemma4.19.
For any & > 0 (arbitrarily small) we have that the operator .%4 (h) transforms %
in itself. Given that . (h) is compact, we can apply Schauder theorem to prove
the existence of Gfkh) € % such that .75 (h) Gih) = Gih) . Moreover, since .7 (h)
defines a semigroup we have .5 (mh) Gih) = fol) for any integer m. We then
take a subsequence {hj} such that hy — 0 and the corresponding sequence of
fixed points {Gihk ) } . This sequence is compact in %/ and, taking a subsequence if
needed (but denoted still as {/;}), we obtain that it converges to some G . Given any
t > 0 we can obtain integers my such that myhy — t. We have .5 (myhy) Gfkhk) =
Gfkhk) — G4 and, on the other hand,

Sz (mphy) G = [ S5 (mphy) — S5 ()] G0 + S5 (1) G0,

The last term converges to . (1) G4 using the weak continuity of the semigroup
Y& () (cf.Lemma4.19). On the other hand we have that [ (mihy) — S5 (¢)] Gfkhk)
— 0as k — oointhe weak topology due to the uniformicity of the estimate (4.65).
Then .5 (t) G« = G, for any t > 0. Then G, is a stationary point for the semi-
group. Notice that we can pass to the limit in (4.74). O

4.4. Behavior of the Density and Internal Energy for Homoenergetic Solutions

In the next section we will apply the tools developed in the previous subsec-
tions to the different homoenergetic flows described in Section 3. For the reader’s
convenience we recall that the equation describing homoenergetic flows is

g —L(t)w-0d,g =Cg(w). 4.75)

We also recall (cf. (2.3)) that the kernel B in (1.6) is homogeneous with homo-
geneity y. We want to construct solutions of (1.7) with the different choices of
L (t) in Theorem 3.1. The solutions in which we are interested have some suitable
scaling properties, and two quantities which play a crucial role determining how
are these rescalings are the density p (¢) and the internal energy ¢ (¢) . These are
given by (cf. (2.4))

p<r>=/ g (1. dw) . e(r)=/ wl? g (1, dw), .76)
[R3 [R3

which will be assumed to be finite for each given ¢ in all the solutions considered
in this paper. Integrating (1.7) and using the conservation of mass property of the
collision kernel, we obtain

hp )+ Tr(L @) p(t) =0, 4.77)

whence

t
p (t) = p (0) exp (— / Tr (L (s))ds). (4.78)
0
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Nevertheless it is not possible to derive a similarly simple equation for the
internal energy ¢ (¢) , because the term —L () w - 9, g on the left-hand side of (1.7)
yields in general terms which cannot be written neither in terms of p (¢), € (¢).
Actually these terms have an interesting physical meaning, because they produce
heating or cooling of the system and therefore they contribute to the change of
¢ (t) . To obtain the precise form of these terms we need to study the detailed form
of the solutions of (1.7). The rate of growth or decay of ¢ (¢) would then typically
appear as an eigenvalue of the corresponding PDE problem.

5. Applications: Self-Similar Solutions of Homoenergetic Flows for Maxwell
Molecules

The self-similar solutions which we construct in this paper are characterized by
a balance between the terms —L (¢) w - d,y¢ and Cg (w) in (4.75). Such a balance
is only possible for specific choices of the homogeneity of the kernel y. Actually
in all the cases in which we prove the existence of self-similar solutions in this
paper we have y = 0, i.e. Maxwell molecules. We recall that, for this choice of
interactions, the collision kernel B is given by (4.28).

5.1. Simple Shear
In this case, combining (1.7) and (3.5), we obtain
g — Kwydy, g =Clgl. 5.1
Notice that in this case (4.78) reduces to
p()=p©O) =1, (5.2)

where, without loss of generality, we can use the normalization p (0) = 1 rescaling
the time unit. Using (1.6), the definition of p (¢) in (4.76) and (5.2), we obtain that
the physical dimensions of the three terms in (5.1) are
] (1. oy ta1. (53)
[7]

Notice that if |w| changes in time, we can have a balance of second and third
terms in (5.3) only if y = 0, i.e. for Maxwell molecules. On the other hand (5.3)
indicates that we cannot obtain a balance between the first two terms of this equation
with power law behaviors for [w], and the only way to obtain such a balance will be
assuming that [w] scales like an exponential of 7. In the case of Maxwell molecules
we consider solutions with the following scaling:

w

gw,n)=ePGE), £= il (5.4)

where € R, which characterizes the behavior of the internal energy, is an eigen-
value to be determined. The factor e=3#" has been chosen in order to have the
density conservation condition (5.2).
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Plugging (5.4) into (5.1) we obtain
—Bo (6G) — Koy, (5G) = C[G], (5.5)

where (5.2) implies the normalization condition

f[R} G (&) dE = 1. (5.6)

Notice that given that the homogeneity of the kernel is y = 0, it is not possible
to eliminate the constant K in (5.5) by means of a scaling argument which preserves
the normalization (5.6). The equation (5.5) is a particular case of (4.52). We can
then apply Theorem 4.13 which yields immediately the following result:

Theorem 5.1. Suppose that B is as in (4.28) and that b in (4.36) is strictly positive.
There exists kg > 0 small such that for any { 2 0 and K € R such that % < ko
there exists B € Rand G € 4+ ([Rg) which solves (5.5) in the sense of measures
and satisfies the normalization condition (5.6) as well as

/ij(dw)=0,/ lw]> G (dw) = ¢ . (5.7)
R3 R3

Remark 5.2. We observe that in the Theorem above the assumption f r3 w;G (dw) =
0 is not restrictive. Indeed, if this assumption is not satisfied, we can compute the
evolution equation for the first order moments and we get o, ( f[R—* wG (dw)) +
L) J, g3 WG (dw) = 0. Furthermore, in the case of simple shear considere here, we

have L(t) [ps wG (dw) = (K Jr3s w2 G (dw) , 0, O)T. Therefore, (f[R3 wG (dw))
(1) = exp (— s L(s)ds) (Jos wG (@w)), . We now set (fs wG (dw)), | =

lr=
v1, y2, y3)T #= (0, 9 O)T and introduce the propagated solution G such that
G(wi, w2, w3, 1) = G(wi+yi, wat+y2+yit, w3+ys, t). Itis then straightforward
to show that G satisfies (5.1).

Therefore, solutions of (5.1) with the form (5.4) exist, at least if the shear
parameter K is sufficiently small compared with the parameter b which measures
the strength of the collision term. Actually we can give a physical meaning to the
condition % in terms of a nondimensional parameter. The parameter K is, up to a
multiplicative constant, the inverse of the time scale g4, in Which the effect of the
shear deformes a sphere into a ellipsoid for which the largest semiaxes has double
length than the shortest one. On the other hand b is the inverse of the average time
between collisions 7.,;. Then % = % and, therefore, the smallness condition
in Theorem 5.1 just means

K
R~ (5.8)
b Tshear

‘We remark that the value of 8 can be computed explicitly. Indeed, we have seen
in Subsection 4.3 that the eigenvalue 8 in Theorem 4.13 is the solution « of the
eigenvalue problem (4.56), (4.57) with the largest real part. In the particular case
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of the equation (5.5) the problem (4.56), (4.57) with the normalization condition
(4.60) takes the form

o K 1
<Z + 1) i+ ZFI,Z =TI, I'= 3 (T + 22 +T133)

o K o K
(Z + 1) T2+ —Thy =0, (— + 1) T34 —Th3=0

2 b 2
(% +1) T =T, (% +1) 23 =0, (% +1) 33 =T, (59
with
Fix=Tej. j. k=123 (5.10)

The eigenvalue problem (5.9) (or more precisely an equivalent formulation of
it) has been studied in detail in [30], Chapter XIV. We summarize some relevant
information about the solutions of (4.56), (4.57) which will be used later.

Proposition 5.3. The eigenvalues of the problem are @ € {—b,b(}1 —1),
b (A —1),b (A3 — 1)} where we denote as A j, j =1,2,3 the roots of

2
,\3=,\2+K—. (5.11)
6b?
The equation (5.11) has for any K # 0 a real root A1 > 1 and two complex
conjugates roots Ay, A3 withIm (Az) = —Im (A3) > OandRe (L) = Re (A3) < 0.
The subspace of eigenvectors associated to the eigenvalue « = —b is the two-
dimensional (complex) subspace {Nl,l =1, N33=—u1, Ni3=pu2, Nia=
Nyp=Ny3=0, uy, 2 € C}.
We have the following asymptotic formulas for Ai:

K2 3
M~1+—+..asK —> 0, Ap ~
1 652 1

- as K — oo. (5.12)
(60%)*

Remark 5.4. We assume that the vector spaces are complex, given that some of the
eigenvalues are complex. Notice that the subspace spanned by all the eigenvectors
has dimension five, in spite of the fact that the underlying space is six-dimensional
(see Remark 4.17).

Proof. The claim about the set of eigenvalues follows using the change of variables
A = £ + 1 and distinguishing the cases A = 0 and A # 0. In the first case we obtain
Ni12 = N2y = Nz 3 = Ni 1+ N33 = 0and this yields the structure of eigenvectors
in the case @ = —b.

It is immediate to check, just plotting the function (A3 - Az), that there is a
unique real solution A1 of (5.11) which satisfies A; > 1. Then Re (A2) = Re (13)
and using that A1 + A2 + A3 = 1, we obtain A1 +2Re (A2) = 1, whence Re (1) =
T(1=xp) <O.

The asymptotic formulas (5.12) follow from elementary arguments. O
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Notice that Proposition 5.3 implies that the largest eigenvalue of the problem
B9 isa =b(; —1) > 0. Since B = &, we obtain that 8 > 0 in (5.4). This
implies that the average of |w|? increases as ¢ increases, something which might be
expected, since the effect of the shear in the gas yields an increase of the internal
energy of the system.

Theorem 5.1 requires a strong smallness condition on % (cf. (5.8)). Actually
this smallness assumption can be removed, but this requires to derive a more sophis-
ticated version of Povzner estimates which takes into account the effect of the shear.
This is the next point which we consider.

5.1.1. Sufficient Condition to have Self-Similar Solutions for Arbitrary Shear
Parameters We now formulate a sufficient condition for the existence of self-
similar solutions in the case of simple shear for arbitrary values of the shear param-
eter K. The stated condition depends on the collision kernel B in (4.28). In order
to formulate this condition we introduce the following quadratic form:

WoE.m =) ujxE®n (e e). (5.13)

JSk

where the quadratic forms (§ ® 1) (e, ex) are as in (4.32), (4.33) (cf. also the
quadratic forms W; ; in Proposition 4.10) and u j x € R are given by

K

ui1=1, urr» =01 —=2), uz3=1, ujp = ———
1,1 22=0CBA1 —2), u33 1,2 b

, ur3=1u23 =0, (5.14)

where A1 is as in Proposition 5.3. The quadratic form Wy is positive definite. This
follows by writing Wy in matrix form as

K
) 1K — i 0
Wy = ~ iy BGxi1—2) 0
0 0 1

Since A1 > 0, in order to check that Wy is positive definite we only need to
check that the determinant of Wy is positive. We have
K? 1

det (W) = (311 —2) — o
1

(5.15)
Then, using (5.11),

det (W()) =

3 2.0 K73 |@)?, K
(A1)? [(M) 3 1) 12b2}_(,\1)2[ 3 T |7

Therefore

sup Wo (&) = ¢1 > 0. (5.16)
[§1=1
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In order to formulate stability criteria which would yield the existence of self-
similar solutions for a given value of the shear, we define the following function:

v 0)

R ) L
S (& K) —/Sz dwB (- &) (Wo (Pe) log< NG

Wo (P,
+Wo (Pyé) log <—v0v(() (;)»

— | doB(w-&) (W (Pr Wo (Put) — Wi :
[ dwos @6 (W0 (Pig) + Wo Pot) — Wo )
£ e RN {0}. (5.17)

and, for any quadratic form W we define

VWi = [ denie-) (W (Pig) + W (R - W ©)
S2
—K&05 W (§) —=2BW (§). (5.18)
We then have the following result:

Theorem 5.5. Suppose that B is as in (4.28) and that b in (4.36) is strictly positive.
Let 7 and W be as in (5.17) and (5.18) respectively. Suppose that K € R satisfies
the following property:

iIv}/f I:IIEIIn—nl [V (&; W; K)+ I (§; K)]:| <0, (5.19)
where the infimum is taken over all the quadratic forms W. Then, for any { 2 0,
there exists B € Rand G € M+ (Rg) which solves (5.5) in the sense of measures
and satisfies the normalization condition (5.6) as well as (5.7).

Theorem 5.5 allows us to obtain quantitative estimates about the value of the
shear parameter K for which self-similar solutions exist. Notice that, in particular,
Theorem 5.5 implies Theorem 5.1. Indeed, if K = 0 we obtain that Wy is just the
identity. Then the last integral in (5.15) vanishes due to Pithagoras Theorem and
ng(jfgf) <0, log (ngg’(’;?) < 0if |€] = 1. Then # (£; 0) < 0.
Then the inequality (5.19) holds for | K| sufficiently small whence Theorem 5.1
follows.

The main difference between the proof of the Theorems 4.13 and 5.5 is the fact
that instead of using the classical Povzner estimates (cf. Proposition 4.18) in order
to control the dynamics of large particles, we will use a modified version which
takes into account not only the collisions between particles, but also the effect of
the shear term — K 9z, (52G) . The result is the following:

we have log

Proposition 5.6. Suppose that B is as in (4.28) and that b in (4.36) is strictly
positive. Suppose that for a given K € R the condition (5.19) holds. Then there
exists a function ¢ : R> — R, ¢ = ¢ (&) homogeneous in & with homogeneity
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s € (2, 3) (depending on K) and positive constants k, C, depending also on K,
such that, for any measure &, &, € R satisfying (5.6) and fIR3 EG (d&) = O the
following inequality holds:

U (9] (€, &) < —k@ () + CIE]2 &2 for |&] < ||, (5.20)

where

U gl (§,65) = /;zda)B (w- (& —&) (<p’+(p; - —(p*)
—K [£205,0] (§) — BE - B9 (£) (5.21)

and where B = b (L1 — 1) with A1 as in Proposition 5.3.
Moreover, there exists co > 0 such that ¢ (§) = co |€|* for any & € R3.

Proof. If K = 0 we have 8 = b (A; — 1) = 0 and the result just follows from the
classical Povzner estimates (cf. Proposition 4.18). Therefore we will assume that
K # 0 whence A; > 1. We will prove Proposition 5.6 in two steps.

Step 1: We first prove that the positive definite quadratic form Wy defined in
(5.13), (5.14) satisfies

D (&: Wp) =0 forall & € R, (5.22)
where
@& Wy =2 [ dot ( l;) [Wo (Pae. Put) |
—K [£20¢, Wo] (§) — 2BWo (§) . (5.23)

We look for Wy in the form. Using Proposition 4.10 and the definition (5.13),
(5.14) we obtain

oE W) =—2 [ do B( |;>[Wo (Pie. Pug) | - K [£206 Wo] )
—2BWo (&)

_ . @8\ (pt .
_—2%u,,kﬁzdw3( & )(Pws®ng) (ej. ex)

— K uji[B28rb1 )+ E28;814] — 2B Y ujikib

i<k JSk
3 l§1?
—Zqu]k £k — —8,k —Kzul,kézék—Kul,léléz
Jsk k
—2B) ujikjbk.

JSk
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Then
2b
® (5: Wo) = <2b+2/8)2u,ks:,sk+i uj
i<k J

— K Y uiigiér — Kuyibi1&
k

(2b+2ﬁ)zu,kw,k+2— [Zuu}z(s,kwjk

J<k i<k

— K Zul,ksj,ZWj,k —2Kuy11 Wi . (5.24)
JSk

Since the quadratic forms W; ;. are linearly independent in the space of quadratic
forms we obtain that ® (&; Wp) = 0 for any £ € R if

B ) 8k K K .
= =+ 1 )ujpt+—== E ugg——ui8j2——01 ;8 ku11 =0, j <k. (525
(b 3 7 2b b

The eigenvalue problem is the adjoint problem (5.9), (5.10) assuming that in
space of quadratic forms we take the scalar product ) j DTk r k= <F, f‘)

Using that 8 = b (A1 — 1) (cf. Proposition 5.3) we then readily obtain that u 4 in
(5.14) yield a nontrivial solution of (5.25). Therefore, the quadratic form given by
(5.13) with the coefficients u j x in (5.14) satisfies (5.22).

Step 2. Suppose now that the stability condition (5.19) holds. Then, there exists
a quadratic form W such that

‘rsr‘li_nl[W(E;Wl;K)%ff(%‘;K)]§—Co<0 (5.26)

for any & € R? satisfying |€] = 1. We define a function ¢ homogeneous with
homogeneity s = 2 (1 4 ¢) > 2 in the form

@ (&) = [Wo (&) + Wy (£)]'F°. (5.27)

Given a function ¢ : R3 — R we define

V€0 = [ deBe-6) (o(rie) + o) -9 ©)
S2
—K&205,0 (6) = & - Vg ©) (5.28)

where f = b (A1 — 1) . If ¢ is homogeneous with homogeneity s = 2 (1 4 ¢) we
can rewrite (5.28) as

Vo = [ B (o(rE)+oro - o)
S2
—K&200 €) —2(1 +2) By ).
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Then using (5.16), (5.18), (5.27) and Taylor’s Theorem, we obtain the following
approximation of ¥ (&; ¢):

V(€0 = & Woi K)o [ den -6 (Wo (Pie) o (wo (Ple))

+ Wo (Pe§) log (Wo (Pe)) — Wo (§) log (Wo (5)))

— K&e[1+1log (Wo (§))] 0, Wo (§) — 2Be Wy (€) log (Wo (£))
— 2BeWy (&) +

+ e E; W, K)+ O (£2>

ase — 0.
We now use the fact that % (§; Wy; K) = 0, and we rewrite K&d¢, Wo () +
2B Wy (€) as an integral term to obtain, using (5.17),
v (E;
y:%(S;K)+W(E;W1;K)+O(8) ase — 0 (5.29)

uniformly in |£] = 1.
Using (5.26) we obtain

7/(€;¢)§—%0<0in gl =1 (5.30)

if ¢ > O1is sufficiently small. Moreover, using (5.16) we also obtain that, for |£| = 1
and ¢ sufficiently small, we have

0E) 25 >0if §l=1. (531)
We can then prove (5.20). The right-hand side of (5.21) is homogeneous in
&, &x. We can then assume without loss of generality that |£| = 1. Suppose first that

|&«] < 8 for some § > 0 sufficiently small to be determined. Then, using (5.28) as
well, we have

Ul (§.6) =7 (§:0) + Z (£, 645 0)
where
RE 6 = [ B E =€) (¢ +oi—0—0)
P— . J_ f—
/S deBe-6) (¢ (PrE) + o (PH -0 ©).
Using the collision rule (2.1), (2.2) as well as the continuity of the function
Z (&, &; ) in &, it then follows that Z (&, &,; ¢) can be made arbitrarily small if

|&] = 1 and § is small enough. Then, using (5.30) we obtain

%[m(s,s*)g—%‘) if [E] =1, |&] <6,
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and using the homogeneity of % [¢] as well as (5.31) we set

Ulpl (6,6 S —kp(§) if § #0, |&]=3§].

On the other hand, if § || < |&] < |&[, we just use that Z [¢] (&, &) can be
estimated as C [|§]° + |&]°] < C €12 |&,]2 . Therefore (5.20) follows. O

We can now prove Theorem 5.5.

Proof of Theorem 5.5. We now argue as in the Proof of Theorem 4.13. The only
difference in the argument arises in the Proof of Proposition 4.20 where the inequal-
ities (4.72), (4.73) must be replaced by

/ @ (w) Go (dw) = Cs (5.32)
R3

and
fg ¢ (w) 7 (1) Go (dw) = Cy, (5.33)
R?

respectively. In order to prove that (5.32) implies (5.33) we estimate the derivative
of the function M (t) = f g3 @ (w) G (¢, dw). To this end, we use the approximation
argument described in Remark 4.6, as it was made in the proof of Proposition 4.20.
Therefore, we have a sequence of functions { G, },,,c\ satisfying supy<,<7 |G ll1,5 <
00, § > s for each m and such that sup, (o 77 |G (7, ) — G (¢, )|l y — Oholds as

m — 00. We then define M™ (1) = Jgs lwl® Gy (¢, dw). Using (4.14) we obtain
O Y TS
R3 R3

1
x f do| 5B 1-0) [0 (w) +¢ (w)) =9 @) = ¢ (w,)]
S2 2

— K [620¢] (w) = B - de0 () |. (5.34)

We decompose the integral on the right hand side in the regions {|w| > |w.|},

{lw] < |wy|} and {|w| = |w,|} respectively. Notice that the measure of the set
{lw| = |wx|} could be different from zero. Then, setting

0(w, w,) = /S 4B (n-0) [ (0) + 9 () 9 () — g ()],
and using a symmetrization argument in w, w,, we obtain,
1
/ / Gon (1, dw) G (1, dur,) = Q(w, w,)
R3 JR3 2
- / / Gon (1. dw) G (1, duw) Q(w, w3)
{lw]>]wx|}

+ l f/ G (t,dw) G, (1, dwy) Q(w, wy).
2 ) Jjwi=tw. )}
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Therefore, (5.34) can be rewritten as
dM™ (1) = f / G (t, dw) Gy (t, dwy) x (w, wy)
{lw|Z[w.l}
x [ 0w, w.) = K [£2060] (w) - BE - e (w) ]
+ / / Gon (1, dw) G (1, dwy) x (w, w3)
{lwl S wyl}
x [Q(w, wy) — K [£20¢,¢] () — BE - % (w)],

where the function x (w, w,) is given by

L wl # |wsl,
x(w, we) =1 1
5 )
The first integral on the right-hand side can be estimated using Proposition 5.6.
On the other hand, in the second integral we use that | K [£20,¢] (w) + B& - ¢ (w)
< Clwl £ Clw|? |wyl? since we are integrating in the region {|w| < |w*|} . We
then obtain the estimate

8tMg(m) (1) § _ E / / G (t,dw) Gy, (¢, dwy) @ (w)
20 Niwlzpw.1)

lw| = |ws].

+C/ / Gm (t,dw)Gm (Z‘,du)*)|W|%|w*|%
R3 JR3
K
- 5/ / G (t,dw) G, (1, dwy) ¢ (w)
R3 JR3
+ // G (t,dw) Gy, (1, dwy) @ (w) +
{lwl<|wsl}

+c/ / G (1, dw) G (1, dwy) 0] ¥ w3
R3 JR3

2

where the positive constant C changes from line to line.
Since 5 < 2 we can estimate the last integral in terms of the particle density
and the energy. Then

K s s
<— S +C/R3 /[R Gon (1, dw) G (1, dws) ] ]

K
dM™ (1) < ‘EMS(’") (1) + Co (¢),

with k > 0. It then follows that the set {M S(m) B sC *} with C, sufficiently large,
is invariant. Using that

IM™ — M| £ C|Gp — Gll1s,

it then follows that M™ — M, as m — oo. Therefore, the set {M; (1) < Ci}is

invariant. The rest of the proof can then be made applying the Schauder fixed point
Theorem, along the lines of the proof of Theorem 4.13. O
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5.1.2. Heat Fluxes for Homoenergetic Flows for Simple Shear Solutions We
discuss in this section a phenomenon described in [30] concerning the onset of non-
trivial heat fluxes for homoenergetic solutions. Suppose that a self-similar solution
of (5.5) exists for K sufficiently large. The heat fluxes in gases described by means
of the Boltzmann equation are given by

q = / |w|2 wg (dw) . (5.35)
R3

In the solutions obtained in Theorems 5.1 and 5.5 we can assume that they
satisfy the symmetry condition

G (w) = G (—w) (5.36)

This is due to the fact that the space of measures satisfying (5.36) is invari-
ant under the evolution semigroup . (¢) . Therefore, for such self-similar solu-
tions the heat flux g given by (5.35) is zero. This is seemingly in contrast with
a computation made in [30] where the evolution of the third moments tensor
M= f g3 Wjwrweg (dw) has been computed and it has been seen there that for
generic solutions the third moments tensor increases exponentially. In particular
the heat flux ¢ in (5.35) can be computed in terms of the third moments tensor and
it also increases exponentially if | K| is sufficiently large.

It is not clear if the self-similar solutions constructed in this paper yield the
same distribution of velocities associated to the evolution of the moments in [30]
because we have not proved either the uniqueness of the self-similar solutions or
stability. However, the fact that the evolution of the second moments tensor M ; ; for
the solutions obtained in this paper growth exponentially with the same exponent
obtained in [30] strongly suggests that the type of solutions considered in this
paper and those suggested in [30] are related. However, the exponential growth of
the third moments tensor obtained in [30] raises doubts about the stability of the
solutions obtained in this paper. We will argue now that the values of the exponents
obtained in [30] support the following scenario for large values of K : the self-similar
solutions in Theorem 5.5, if they exist (i.e. if condition (5.19) holds) are stable under
small perturbations, but the eigenmode associated to the leading eigenvalue of the
problem obtained linearizing around the self-similar solutions does not satisfy the
symmetry condition (5.36).

In order to justify this scenario we will use the notation in [30]. The exponential
growth of the second moments tensor is e’ where A is the root of the following
equation with the largest real part (cf. (XIV.4) in [30]):

AA+1)7? = Zp (5.37)
=T .

The parameter T plays a role equivalent to % in Theorem 5.5.

On the other hand, the exponential growth for the heat fluxes ¢ is given by e*’
with R is the root with the largest part of one of one of the following equations (cf.
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(XIV.29), (XIV.31) in [30]):

R 32R 2—1T2 5.38
(r+3) (x+3) =3 (039

R+3 ’ R+2 2—2T2 R+31
2 3) 36)°

In order to study the stability of the self-similar solution G it is more conve-
nient to represent it using the variable £ = e% where ¢! yields the characteristic
velocity w of the particles for self-similar solutions. Since the second moments
tensor increases as e’ and in the simple shear case the total mass is preserved, we
would have 8 = %. Therefore, the eigenvalues obtained by means of (5.38) would
be associated to small perturbations of the self-similar solution G (&) if the largest
root of the equations (5.38) satisfies

3A
R<3f=". (5.39)

In order to prove (5.39) we introduce a new variable R = 3. Then y is the
solution with the largest real part of one of the equations

( 1y’ 2y g 5.40)
X+2> <X+9>_81 -

+12 +22_2T2 L3
XT2) \*T9) T \X T 10s)
On the other hand we can rewrite (5.37) using that A = 28 as
B ﬂ+1 2—1T2 (5.41)
2) 127 '

We need to prove that the root of (5.40) with the largest real part satisfies x < S,
where § is the root of (5.41) with the largest real part. This result would follow
proving the following inequalities for x > 0:

12 ( +1)2 81< +1)2< +%)

XX 2 < X 2 X 9

2 12 22

12x(x+l> St s) (;J”‘)
2 2 (x+5)

’

which reduce to



830 RICHARD D. JAMES, ALESSIA NOTA & JUAN J. L. VELAZQUEZ

The first of these inequalities is obviously satisfied, and the second one is equivalent

to
31 2\*
24X (X—Fﬁ) <27 (x+§) fOfX 20,

2\? 31 , 46 4
27 x+§ —24x x4+ —)=3x"+—x+-=- >0,

or equivalently

108 9 3

which is obviously satisfied.

Therefore the desired instability follows. These inequalities suggest the scenario
mentioned above concerning the stability of G (£) . More precisely, the asymptotic
behavior of small perturbations of G would yield solutions with the form

G(t,6) =G (E)+ep(E),

where A = R — % < 0and ¢ (§) # ¢ (—£) . Nevertheless in order to prove this
scenario a more careful analysis of the linearized problem would be needed.

5.2. Planar Shear

In this subsection we consider the self-similar solutions for homoenergetic flows
(2.5), (2.8) with L (¢) as in (3.4) with K # 0. Then g solves (1.7). We first check
using dimensional analysis that the terms —L (¢) w - 9, g and Cg can be expected
to have the same order of magnitude as t — oo if the homogeneity of the collision
kernel B is y = 0, i.e. for Maxwell molecules.

Using (3.4) in (1.7), we obtain that g solves

K 1
08 — 7w38w28 - ;w38w3g =Cg (w). (5.42)

We have ignored the term O (ﬁ) in (3.4) because this term is integrable, and
it just produces a factor of order one in the evolution of the characteristic curves in
the space w as r — ©0.

In order to find a reformulation with a conserved mass we need to compute the
evolution of the density p (#) . We have tr (L (¢)) = 1 and then (4.77) implies

!
(1) = @, (5.43)

Suppose that the homogeneity of the kernel B is y. Then, using (5.43), we can
see that the scaling properties of the four terms in (5.42) are given by

[g] [g] [g] [wl”[g]

(t1" (17 [e]” [1]

Therefore, all the terms have the same order of magnitude even if the tempera-
ture increases if y = 0, i.e. for Maxwell molecules. We will restrict to this case in
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this subsection. In order to transform (5.42) to a form with conserved density we
use the change of variables

1
g(t,w):;g(‘l:,w), ‘c:log(t),

whence
0:8 — Kw30y,8 — 9y, (w3g) = Cg (w). (5.44)

‘We remark that
07 (/ g (z, dw)) =0. (5.45)
[R}

We now look for self-similar solutions of (5.44). The conservation property
(5.45) suggests to look for self-similar solutions with the form

Zrw) =e PG E), E=—-. (5.46)
ePt
Therefore
—B0 (6 - G) — K, (63G) — 0z (63G) = CG (w) . (5.47)
This equation is a particular case of (4.52) witho =
0 0 0
L=]10 0 K|. (5.48)
0 0 1

Theorem 4.13 will then imply the existence of nontrivial solutions of (4.55). It
is worth to write in detail the eigenvalue problem yielding 8. We recall that g is
the solution « of the eigenvalue problem (4.56), (4.57) with the largest real part.
We use (5.48) to write

Ljrx=K8;28k3+ 8363
Then, the eigenvalue problem (4.56), (4.57) becomes

1
gl“j,k + — ([K(Sj,z + 5/',3] T3+ [K(Sk’z + 5](’3] Fj,3)

b 2b
= —(Tjx—T8x), j, k=123,
Cjk =Tk

1
I = 3 (Fl,l + T2+ F3,3) ,

or, in more detailed form,

o o K
<Z + 1) =T, <Z + 1) Fio+—-Ti3=0,

2b
<a+1)r + =0 (5.49)
b 1,3 2h 1,3 — .
(a+1)r PSS (“+1)r it —o

b 2,2 b 23 =1, b 2.3 2h 3,3 2h 2,3 =Y,

o 1

d 1) F334 -T3s=T. 550
<b + 33+ PREX (5.50)

We then have
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Theorem 5.7. Suppose that B is as in (4.28) and suppose that b is as in (4.36).
There exists by > 0 large and ko > 0 small such that, for any ¢ = 0 and any
b 2 by and any K € R such that % < ko there exists B € Rand G € M+ ([Rg)
which solves (5.42) and satisfies the normalization conditions

/G(dw):l, /ch(dw)zo,/ w2 G (dw) =¢ . (5.51)
R3 R3 R3

Moreover, the following asymptotics hold for B:

K% —2b 1\ .
ﬁ~T+0<Z) if K=0(JE) as b — oo. (5.52)

Remark 5.8. Notice that the exponent 8 might have positive or negative values.
This depends on the value of K. In homoenergetic flows described by (3.4) (equiva-
lently (5.48)) there are two competing effects. The dilatation term tends to decrease
the average energy of the molecules (which we will think as a temperature in spite of
the fact that the velocity distribution is not close to a Maxwellian). On the contrary,
the shear term tends to increase the temperature of the system. The exponent S is
positive if the effect of the shear is more important than the one due to dilatation,
and as a consequence the temperature of the molecules increases. On the contrary,
if the effect of the shear is small compared with the one of dilatation, § is negative
and the temperature of the system decreases, as it might be expected.

Remark 5.9. In the original set of variables the self-similar solution has the form

(t,w) = ~G (%)
, W) = — D R
& 4 t
with G as in Theorem 5.7.

Proof. The existence of a real number 8 and a measure G satisfying (5.51) and
solving (5.47), if b is sufficiently large and % is sufficiently small, is a straightfor-
ward consequence of Theorem 4.13 since, under these assumptions, ||L|| in (5.48)
is small.

It only remains to prove the asymptotics (5.52). To this end we describe in
detail the solutions of the eigenvalue problem (5.49), (5.50). We denote 1 = % +1.
The problem (5.49), (5.50) has five eigenvalues, one of them with multiplicity two,
namely

1
A= —%, with eigenfunction I'j o = KT'1 3, I'11 =T22=133=123=0
A = 0 with 2d subspace of eigenfunctions I'33 =I'1 3 =123 =T +T22=0.

The three roots of the equation give
2 4 7
—§A2 +2B%) — 532 +3B)% — 3B+ A =22 =0, (5.53)

with A = % and B = ﬁ If A and B are small one of the roots of (5.53) would be
close to A = 1 and the other two would be close to zero. Since we are interested in
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the root with the largest real part we compute the asymptotics of the root close to
one. Using the Implicit Function Theorem we obtain

2 2
A—1=§A2—§B+O(A4+B2)

as (A, B) — 0, whence (5.52) follows. 0O

5.2.1. Planar Shear with K = 0. We now consider self-similar solutions for
homoenergetic flows (2.5), (2.8) with L (¢) as in (3.4) with K = 0. Actually this
case can be considered a limit case of the one considered in the previous subsection
(namely K — 0), but we discuss it separately because the competition between
dilatation and shear effects does not take place. In this case g solves (1.7) which in

this case becomes, ignoring the term O (tiz) as in the previous subsection,

1
08 — ;w38w3g =Cg (w). (5.54)

Using (4.77) we obtain
p (1)
p )= - (5.55)

A dimensional analysis argument similar to the one in the previous subsection
shows that the balance between the hyperbolic term —%w3 9w, & and the collision
term Cg (w) takes place for kernels B with homogeneity y = 0. We will restrict
our analysis to that case.

We change variables in order to obtain a problem with conserved “mass”. We
define

1
gt w) = ;é(f, w), T=1log().
Then
0rg — du; (w3g) = Cg (w). (5.56)

Thus 9; (fgs & (v, dw)) = 0. Taking this into account we look for self-similar
solutions of (5.56) with the form

w

gaw) =G E), §=—. (5.57)
ePt
where G solves
—B0g (§ - G) — 0 (§3G) = CG (w). (5.58)
This equation is a particular case of (4.52) with « = $ and

0 0 0
L=10 0 0]. (5.59)

0 0 1

We also remark that (5.58) and (5.59) are analogous to (5.47) and (5.48) with
K = 0. We will prove the existence of nontrivial solutions of (5.58) for some
suitable B, using Theorem 4.13. We recall that 8 is obtained by means of the
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Fig. 2. Graphic of the function 8 = S (b)

solution of an eigenvalue problem (cf. (4.56), (4.57)). Actually, this eigenvalue
problem in the case of L given by (5.59) takes the form (5.49), (5.50) with K = 0:

(g~|—1)F1,1=F, (%+1)F1,2=0, (%+1)F1,3+if‘1,3=0 (5.60)

b 2b
(a+1)r -r (“+1)r s -0 (“+1)r lraor
b 22=1, b 2,3 2% 23 =Y, b 3,3 b 33=1.

(5.61)
We then have the following result:

Theorem 5.10. Suppose that B is as in (4.28) and suppose that b is as in (4.36).
There exists bg > 0 large such that, forany ¢ 2 0andanyb 2 bg there exists B € R
and G € M+ ([Rg) which solves (5.42) and satisfies the normalization conditions

/G(dw):l, /ij(dw)z(), /|w|2G(dw)=g. (5.62)
R3 R3 R3

l+1 + ! 12+81 (5.63)

b b 3b || '
Remark 5.11. It might be readily seen that 8 < 0 for any b > 0. Moreover
B = B (b) is a decreasing function of b. (See Fig. 2). Therefore, the temperature
of this system decreases as ¢ increases. Notice that this solution reduces to the one

obtained in Theorem 5.7 if we take K = 0. We obtain f — —% as b — oo. Thus,
the temperature decreases faster as b increases.

Moreover,

1
:b —_
p 2

Remark 5.12. In the original set of variables the self-similar solution has the form

o= o 2).

with G as in Theorem 5.7.
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Proof. The existence of a real number 8 and a measure G satisfying (5.51) and
solving (5.47) if b is sufficiently large and % is sufficiently small is just a conse-
quence of Theorem 4.13 since under these assumptions ||L|| in (5.48) is small.

It only remains to prove the asymptotics (5.52). To this end we describe in detail
the solutions of the eigenvalue problem (5.49), (5.50). We denote A = % + 1. The
problem (5.60), (5.61) has the following eigenvalues and eigenvectors:

A=0:T13=T23=TI33=0; I'1,1 + 22 =0, Ty, arbitrary
1
A= —% . Fl’z = F3,3 = Fl,l = Fz,z = 0; F1,3, F2,3 arbitrary.
Notice that the subspaces of eigenvectors of each of these eigenvalues have
dimension two. The last remaining eigenvectors are

)\——1 B -1 A/ (B 1)? 8B
1 5 _( _)+ ( _)+§
)»———l —B—l—,/B—12+—8B

Since B is given by the eigenvalue of (5.60), (5.61) with the largest real part,
i.e. A1 we obtain (5.63). O

6. Conjectures on the Non-self-Similar Behavior

We recall that, the collision operator in (1.7) is quadratic. It rescales as follows:

p () [wl” (g, (6.1)

where [w] is the order of magnitude of w, y is the homogeneity of the collision
kernel B (cf. (2.3)) and [g] the order of magnitude of g

The term L (¢) can yield different behaviors as t — oo. We denoted the term
L (t) w - 9y g as hyperbolic term; it can be constant, or it can behave like a power
law (increasing or decreasing). As we pointed out in the introduction, the key idea
is that there are three possibilities depending on the value of the homogeneity y
and the function yielding the scaling of [w] . Either the hyperbolic term is larger
than the collision term as t — o0, either the collision term is larger or either the
hyperbolic term and the collision term have the same order of magnitude. Suppose
that L (¢) scales like a function 7 (¢) . The hyperbolic term scales then like 1 (¢) [g]
and the collision term scales as in (6.1). Therefore, we need to compare the terms:
n(¢) and p (1) [w]” .

In order to present the expected picture for homoenergetic solutions of the
Boltzmann equation, in this section we give conjectures for the cases in which the
hyperbolic term and the collision term do not balance; more precisely, the cases for
which one or the other term dominates. We believe, based on formal calculations,
that the latter can be handled by the Hilbert expansion, but using as small parameter
1/t. These lengthy formal calculations are presented elsewhere [20], and here we
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give conjectures based on these calculations to complete most of the cases classified
in Section 3. See Table 6.3 for these conjectures.

The cases in which the hyperbolic terms dominate have two subcases. In one
subcase, according to a simplified model (presented in [21]), the collisions term is
formally very small ast — oo, but has a huge effect on the particle distributions. We
do not make conjectures about this interesting subcase here. In the other subcase the
hyperbolic terms are so dominant that the collisions have no effect on the asymptotic
behavior of the solution (“frozen collisions”).

We describe a few details on these formal calculations below.

6.1. Collision-Dominated Behavior

Here we focus on the case in which, for some values of y, the collision term
dominates the hyperbolic term. From now on, we refer to this case as the “collision-
dominated behavior” case.

For collision-dominated behavior we have computed the asymptotics of the
velocity dispersion using a suitable Hilbert expansion around the Maxwellian equi-
librium. To formulate our conjecture based on this expansion we define, for r > 0,

1, simple shear,

1/t, planar shear, or 2d dilatation, or combined shear. 62)

() = {
In the long time asymptotics, the solutions behave like a Maxwellian distribution
with increasing or decreasing temperature depending on the sign of the homogeneity
parameter y.

Conjecture. Let g (-) € C ([0, 0o] : .4y (R})) be a mild solution in the sense of
Definition 4.1 of the Boltzmann equation with cross-section B and let |1 be defined in
the various cases by (6.2). Then, fort — 00, the solution behaves like a Maxwellian
distribution, i.e.

g(w, 1) — C’ﬁ(t)%e*ﬂ(’)lwlz in L* ([R3; eilwlzdw> , (6.3)

1
K]
(2m)2

where C = . More precisely, we have the following cases:

1 Assume that
Tr(L) #0 (6.4)

with L as in (2.10). We define a := % Tr(L). If,u(t)e_%‘” — 00 the asymptotic
behavior is given by a Maxwellian distribution (6.3) with

B(t) = Ce™ as t — oo, (6.5)

where C > 0 is a numerical constant.
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2 Lety > 0 and assume that

T (g
= 6.6
/0 w) ©0
and
Te(L) = 0, 6.7)

with L as in (2.10). Then the asymptotic behavior is given by a Maxwellian
distribution (6.3) with increasing temperature where B(t) satisfies

2
' 7
B(t) ~ (yb/o M‘Z)) as f — oo, (6.8)

withb = — (& - LE, ()"'[(§ - LE)])), (Green-Kubo formula).

Further details about this conjecture can be found in [20]. We emphasize that
in case 1), with p(¢) = 1, in order to obtain a dynamics dominated by collisions,
we must choose the homogeneity y satisfying the conditiona - y < 0.

6.2. Hyperbolic-Dominated Behavior

As mentioned at the beginning of this section we focus on the case of frozen
collisions, i.e, that the collisions term becomes so small that the effect of collisions
is irrelevant as ¢+ — oo. The formal argument underlying our conjecture is based
on control of collision rate (gain term) for molecular densities that satisfy the
asymptotic first order hyperbolic equation d;g 4 9, - (L(t)wg) = 0. If the resulting
collision rate is decreasing in time, we refer to this case as hyperbolic-dominated
behavior. More precisely, our terminology frozen collisions refers to the case of
exponentially decreasing behavior of the collision rate as t — oo. In this case we
conjecture that g(¢, w) converges in the sense of measures to a limit distribution
that depends on the initial datum.

Note that these regimes are complementary to those given by the formal Hilbert
expansion and the self-similar profile, except for the case of simple shear, for which
there is a gap —1 < y < 0. In this gap the collision rate is small but it still plays
a significant role in the formal asymptotic behavior of the Boltzmann equation. A
detailed justification for these conjectures can be found in [21].

6.3. Table of Results
We collect here all the results obtained in this paper, the conjectures presented
above and discussed in [20,21].

— Simple shear.
The critical homogeneity corresponds to y = 0, i.e. to Maxwell molecules.

Critical case (y =0) Supercritical case  (y > 0)
Self-similar solutions with increas- Maxwellian distribution with time
ing temperature dependent temperature (Hilbert

expansion)
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Homogeneous dilatation.

The critical homogeneity corresponds to y = —2.
Critical case (y = —2) Subcritical case (y < —2)
Maxwellian distribution with time Maxwellian distribution with time
dependent temperature (Hilbert dependent temperature (Hilbert
expansion) expansion)

Planar shear.

The critical homogeneity corresponds to ¥y = 0, i.e. to Maxwell molecules.
Critical case (Y = 0) Subcritical case (y < 0)

Self-similar solutions Maxwellian distribution with time
dependent temperature (Hilbert
expansion)

— Planar shear with K = 0.
The critical homogeneity corresponds to y = 0, i.e. to Maxwell molecules.
Critical case (y = 0) Subcritical case (y < 0)
Self-similar solutions Maxwellian distribution with time depen-
dent temperature (Hilbert expansion)

Cylindrical dilatation.
In this case we have two critical homogeneities: y = —% and y = —2.
(y > -2 (v <-3)
Frozen collisions Maxwellian distribution with time depen-
dent temperature (Hilbert expansion)
— Combined shear in orthogonal directions (K, K>, K3) with K| K3 # 0.
The critical homogeneity corresponds to y = 0, i.e. to Maxwell molecules.
Critical case (y = 0) Supercritical case  (y > 0)
Non Maxwellian distribution ~Maxwellian distribution with time
dependent temperature (Hilbert expan-
sion)

7. Entropy Formulas

Homoenergetic solutions are characterized by constant values in space of the
particle density p = p (¢) and internal energy ¢ = ¢ (t) . We now discuss the form
of another relevant thermodynamic magnitude, namely the entropy. We identify
for the Boltzmann equation the entropy with minus the H-function. Then if the
velocity distribution is given by f = f (¢, x, v) , we obtain the following entropy
density for particle at a given point x:

s(x,t)__L
o) p()

It then readily follows, using (2.5), that the entropy density for particle is inde-
pendent of x and given by

s@o _ 1
o) p) Jr

ff(z,x,v)log(f(z,x,u).)d%.

g (t, w)log (g (1, w)) d*w. (7.1)
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Itis interesting to notice that in several of the solutions discussed above, the for-
mulas for entropy for particle have many analogies with the corresponding formulas
for equilibrium distributions, in spite of the fact that the distributions obtained in
this paper deal with nonequilibrium situations.

The case in which the analogy between the entropy formulas for the equilibrium
case and the considered solutions is the largest, not surprisingly, if the particle
distribution is given by a Hilbert expansion (see details in [20]). However, there
is also a large analogy between the entropy formulas of equilibrium distributions
and self-similar solutions. This is due to the fact that to a large extent, the entropy
formulas depend on the scaling properties of the distributions. Indeed, notice that
both in the cases of solutions given by Hilbert distributions or self-similar solutions
we can approximate g (£, w) as

1 w
g(w, 1) a(t)G<A(t)> ast — 00 (7.2)

for suitable functions a (¢), A (¢) which are related to the particle density and the
average energy of the particles. In the case of solutions given by Hilbert expansions
the distribution G is a Maxwellian, which can be assumed to be normalized to have
density one and temperature one. Moreover, we will assume also that the mass of
the particles is normalized to m = 2 in order to get simpler formulas. This implies
that the Maxwellian distribution takes the form Gy, (§) = n_%e_mz.

In the case of the self-similar solutions considered in this paper, G is a non
Maxwellian distribution.

We define the energy for particle e (¢) as

p(t)em:e(r):/ w2 gdw.
R3

Then, using the approximation (7.2), we get

23 [1E1> Gdg
== | GE)dE, e=2222——
J a/ (6)ds, e [G@®)de
Therefore
3
el _ (JIEPGde)®
P (fGE de)
and
3 2 3
log (ﬁ) = log (a) + log M
P (/G &) de)?
On the other hand, (7.1) yields
J Glog (G)d§

S
2 _
p el T
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Then R
s ez
—=log| — |+ Cg, (7.3)
P o

where Cg is

[ Glog(G)ds tog (/161 Gdg)
[ G &) dg (/ G (&) dé)

The formula (7.3) has the same form as the usual formula of the entropy for the
equilibrium case, except for the value of the constant Cg. In the case of solutions
given by Hilbert expansions the value of Cg is the same as the one in the formula of
the entropy for the equilibrium case. Therefore, in the case of the solutions obtained
in this paper which can be approximated by Hilbert expansions, the asymptotic
formula for the entropy by particle is the same as the one for the equilibrium case.

In the case of the self-similar solutions the value of the constant C differs from
the corresponding value for the one for the equilibrium case. Since the entropy tends
to a maximum for a given value of the particle density and energy, it follows that
Gg < Cy, where C)y is the corresponding value of the constant for a Maxwellian
distribution with density one and temperature one and it takes the value Cp =
3 3
3[1—log (3)]-

In the case of hyperbolic-dominated behavior the formula of the entropy for the
corresponding solutions does not necessarily resemble the formula of the entropy
for the equilibrium case, because in general the scaling properties of the particle
distributions are very different from the ones taking place in the case of gases
described by Maxwellian distributions. For further discussions in this direction we
refer to [21].

(T[]

Cg = (7.4)

(S}

8. Conclusions

We have obtained several examples of long time asymptotics for homoener-
getic flows of the Boltzmann equation. These flows yield a very rich class of possi-
ble behaviors. Homoenergetic flows can be characterized by a matrix L (¢#) which
describes the deformation taking place in the gas. The behavior of the solutions
obtained in this paper depends on the balance between the hyperbolic terms of
the equation, which are proportional to L (¢) and the homogeneity of the collision
kernel. Roughly speaking the flows can be classified in three different types, which
correspond to the situations in which the hyperbolic terms are the largest ones as
t — 00, the collision terms are the dominant ones and both of them have a similar
order of magnitude, respectively.

In this paper, we provided a rigorous proof of the existence of self-similar
solutions yielding a non-Maxwellian distribution of velocities in the case in which
the hyperbolic terms and the collisions balance. A distinctive feature of these self-
similar solutions is that the corresponding particle distribution does not satisfy a
detailed balance condition. In these solutions the particle velocities are given by a
subtle interplay between particle collisions and shear.
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The solutions obtained in this paper yield interesting insights about the mechan-
ical properties of Boltzmann gases under shear. In addition the results of this paper
suggest many interesting mathematical questions which deserve further investiga-
tion. We have obtained in several cases critical exponents for the homogeneity of
the collision kernel. At the values of those critical exponents we expect to have
self-similar velocities distributions. This has been proved rigorously in the cases
in which the value of the critical homogeneity is zero, i.e. for Maxwell molecules.
New methods are needed to prove the existence of self-similar solutions for critical
homogeneities different from zero, as for instance we could expect in the case of
cylindrical dilatation for the critical value of the homogeneity, i.e. y = —2.

In the case of collision-dominated behavior and in the case of hyperbolic-
dominated behavior we proposed some conjectures for asymptotic formulas for
the solutions based on formal computations presented in [20,21]. In the first case
we have obtained that the corresponding distribution of particle velocities for the
associated homoenergetic flows can be approximated by a family of Maxwellian
distributions with a changing temperature whose rate of change is obtained by
means of a Hilbert expansion. It would be relevant to prove rigorously the existence
of those solutions and to understand their stability properties.

In the case in which the hyperbolic terms are much larger than the collision
terms the resulting solutions yield much more complex behaviors than the ones
that we have obtained in the previous cases. The detailed understanding of the
particle distributions is largely open and challenging.

Moreover, there are also homoenergetic flows yielding divergent densities or
velocities at some finite time. These flows seem to also have interesting properties
but we have not considered them in this paper.
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