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Abstract We continue our investigation of kinetic models of a one-dimensional gas in con-
tact with homogeneous thermal reservoirs at different temperatures. Nonlinear collisional
interactions between particles are modeled by a so-called BGK dynamics which conserves
local energy and particle density. Weighting the nonlinear BGK term with a parameter
a € [0, 1], and the linear interaction with the reservoirs by (1 — «), we prove that for some
a close enough to zero, the explicit spatially uniform non-equilibrium steady state (NESS)
is unique, and there are no spatially non-uniform NESS with a spatial density p belonging
to L? for any p > 1. We also show that for all « € [0, 1], the spatially uniform NESS is
dynamically stable, with small perturbation converging to zero exponentially fast.
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1 Introduction

This paper is a contribution to the theory of non-equilibrium steady states (NESS), of open
systems in the particular context of kinetic theory. The understanding of NESS, their prop-
erties, uniqueness or lack thereof and stability or lack thereof, represents a challenge in
mathematical physics due to the fact that the dynamics are nonlinear, non-Markovian and
the absence of an entropy principle. Our main result is a uniqueness and stability theorem
for the NESS in a simple nonlinear model.

1.1 The Model

We briefly describe the sort of underlying particle model that would lead to the type of
kinetic equation that we study here. It consists of a gas of particles on the one-dimensional
torus T, that interact only through binary energy conserving collisions, however we also
suppose that there are two types of scatterers distributed on the torus according to some
Poisson distribution, as in a Lorentz model, except that each scatterer has a temperature, T}
or T, depending on its type, and a certain radius of interaction, so that when a gas particle
travels across the interaction interval, a Poisson clock runs and if it goes off, the particle
assumes a new velocity chosen at random according to the Maxwellian distribution for the
temperature of the scatterer.

In an appropriate scaling limit, the net effect of the background scatterers is to produce
two uniform thermal reservoirs. Whatever the speed of a gas particle, its rate of interaction
with the reservoirs depends only on the density of the scatterers, again in an appropriate
limit in which their intervals of interaction are unlikely to overlap. The kinetic equation that
one would expect to arise from such a model in such a limit would be of the type (1.1)
below, except that one might expect a Kac-Povzner type collision kernel, also known as
a “soft-spheres” kernel [7, 13]. Our work concerns the kinetic equation itself, and not its
rigorous derivation from an underlying particle system, although the brief description of
such a system that we have given hopefully illuminates the physical context of our model.

We are concerned with the existence and uniqueness of NESS for our system. We make
a further simplification, and model the gas particle collisions with a BGK collision kernel
[4, 14, 15]. This will render the existence of NESS trivial, but the uniqueness is still a
challenging problem, and we shall only prove part of what we conjecture to be true.

These considerations bring us to the following one dimensional kinetic model:

My + M
a,f—i-vaxf:a./\/l_f—i-(l—a),w(%) —f (1.1)
where @ € [0, 1], f = f(¢t,x,v),x € T,veR, and
lvf? v
e 07 )
Mz (v) = s Me(t,x,v) =ps(t, X)) ——, 1.2
1 (V) T 7 ( )= ps( )m (1.2)
with
por(t,x) :=/f(t,x,v)dv,
B (1.3)

Py(t,x) ::/ Vit x,v)dv = pp(x)Ts(t, x),
R
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being the spatial density and pressure corresponding to f. T is then the temperature corre-
sponding to f, and 7} and 7, € (0, +00) being the two temperatures of the reservoirs.

The linear terms on the right in (1.1) that are multiplied by (1 — &) model the interaction
of particles with two reservoirs, both acting everywhere in space. Each time a particle inter-
acts with one of the reservoirs, it velocity is replaced by a new velocity selected at random
from the corresponding Maxwellian distribution. We have taken both of these Maxwellians
to have zero mean velocity which is natural for static reservoirs.

The nonlinear term on the right in (1.1) that is multiplied by « represents the effect of
collisions between particles. The collision term M ¢ is of the BGK type (see [4]), except
that as usual in one dimensional kinetic models, it conserves only mass and energy, not
momentum. Indeed, binary collisions that conserve both energy and momentum are trivial
in one dimension: only an exchange of velocities is possible. For this reason, the mean
velocity of M is zero.

The term — f on the right in (1.1) is the loss term corresponding to both interactions
with the reservoirs and other particles: after such interactions, particles vacate their pre-
interaction state.

Without loss of generality, we choose units in which the torus has unit volume and there
is unit total mass:

1/2

T=[-1/2,1/2] and / /f(x,v)dxdv:l.
- R

12
1.2 Previous Results

In our previous papers [5, 6], we have studied related issues for related models. In [5] we
proved the existence of spatially homogeneous non-equilibrium steady states and exponen-
tial convergence to them for related spatially homogeneous models, but with more realistic
collision mechanisms, and also in higher dimensions. In [6] we studied the exponential rate
of convergence to steady state for a non spatially homogeneous equation of the type (1.1)
but with a modified collision mechanism that permitted the equation to be interpreted as
the Kolmogorov forward equation for a non-stationary Markov process: we replaced the
space-dependent local temperature T (t, x) by the global temperature

Tr(t) ::/ v? fdxdv
TxR

of f that depends only on time. We were then able to apply Doeblin’s method [16] to prove
the exponential convergence. The use of Doeblin’s method to study linear dynamical models
originates with [3, 11].

The rigorous study of NESS for nonlinear kinetic equations remains very challenging.
One problem that has been studied by several authors is the Boltzmann equation in a slab
with different temperatures on the two walls, with and without external forces. At this level
of generality, one cannot always expect a unique NESS—there may be a symmetry breaking
transition, such as the onset of Rayleigh-Bernard flow. Even without external forces, exis-
tence of NESS for the slab problem is a highly non-trivial, and existing results [2, 8] do not
provide any information on uniqueness or non-uniqueness.

More recently, the Boltzmann equation in more general domains and with non-isothermal
boundary conditions has been investigated in [10] where it is proved that when the temper-
ature on the boundary is sufficiently close to constant, then there is a NESS that is close to
the uniform Maxwellian for the mean boundary temperature, and in a small neighborhood
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102 E. Carlen et al.

of this Maxwellian, there is no other NESS. However, it is not known that there are not other
NESS further away, no matter how small the non-zero temperature difference may be.

1.3 Question Studied and Conjecture

Observe that the reservoirs will tend to damp out any mean velocity since My, and M, have
zero mean velocity. Likewise, My has zero mean velocity at each x, so the collision gain
term too will tend to damp out any mean velocity.

Therefore, if f = f(v) is any spatially homogeneous steady state, fR vf dv = 0. More-
over, the time and space homogeneity yield 9, f = 0 and v, f = 0. Finally, multiplying both
sides of (1.1) by v? and integrating over x and v shows

T+ 71,

0=(—DT;+(1—a) . Ty ::/vzf(v)dv.

R
Thus, the constant temperature in any spatially homogeneous steady state f must be T, :=
(T +T»)/2 if a # 1. Then for any spatially homogeneous steady state f, M = Mg, 1+1,)2,
and (1.1) reduces to

My +M
OtM'rlerTz +( —Ot)pf<%) — f=0.

Therefore the unique spatially homogeneous steady state is given by

Jfoo ::aMTw—i-(l—a)w, Tm:¥. 1.4)
Observe that f., is not Maxwellian as soon as o # 1.

If o =0, the term M is not present, the only spatially homogeneous steady state is
Joo = %(Mn + My,), and the equation (1.1) is linear. It can be interpreted as the forward
equation of a Markov process and in [6] we used probabilistic methods to prove that this
steady state is unique and is approached exponentially fast. Hence, for « = 0, there are no
steady states that are spatially inhomogeneous.

Next, consider the case o = 1: there are no thermal reservoirs and energy is conserved.
There is a one-parameter infinite family of steady states, namely My for all T > 0. More-

over, if fj is such that

/ v folx,v)dxdv =T, folx,v)In fo(x, v)dxdv < +o0,
TxR TxR

and f (¢, x, v) is the solution of (1.1) with initial datum fj, then

H(f(t, ) Mr) = /TXRf(t,x, v) ln% dx dv

decreases monotonically to zero, and is stationary only when f = M7y . It follows that My is
the unique steady state among solutions with second moment equal to 7" and finite entropy,
and thus every steady state for « = 1 with finite second moment and entropy is spatially
homogeneous (and equal to M7).

The question that motivates this paper is the study of the NESS in the intermediate region
a € (0, 1). We conjecture the following:
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Conjecture (Uniqueness of the NESS for the BGK model with reservoirs) For all a €
[0, 11, the non-equilibrium steady state of (1.1) is unique, regardless of the temperature
difference, spatially homogeneous and stable under perturbations. We also expect this con-
jecture to hold in higher dimensions x € T, v € R?.

1.4 Main Results

We give a partial answer to this conjecture, showing that it is satisfied when « is small
enough. We first prove the uniqueness:

Theorem 1 For all T, T,, there is an explicitly computable ag > 0 such that for all a €
[0, atg), every steady state solution f., of (1.1) that belongs to L' (T x R), has finite second
moment and is such that p € L?(T) for some p > 1, is constant in x.

Remark 1.1 Our method would also apply in higher dimensions provided there was non-
trivial spatial dependence in only one direction on the torus, say the x; coordinate. The
decomposition between odd and even parts in the next section should be then modified by
splitting along v; only. The rest of the analysis would be similar.

We also prove the stability under perturbation for all o € [0, 1]. For this, we introduce
the (real) Hilbert Space H_ with inner product

1

(f &)y = f (f@ (1 - 8)gx, v)— drdv, (15)
TxR f

o,00

Theorem 2 For all o € [0, 1], the spatially homogeneous steady state described above is
asymptotically stable under perturbation in H(L. Small perturbations decay exponentially
fast in time in this space.

Theorem 2 shows that if for some « > o there do exist non-uniform steady states, they
do not arise as a branch bifurcating off the family of spatially homogeneous steady state
solutions.

1.5 Plan of the Paper

In Sect. 2, we establish some useful relations on the moments of any given NESS and in-
troduce a decomposition between odd and even parts. In Sect. 3, we prove lower and upper
pointwise bounds on local density and temperature of any given NESS. In Sect. 4, we ex-
plain the contraction mapping argument; it is in this section that we use that « is close to

zero. Finally in Sect. 5, we prove a local stability result of the spatially homogeneous steady
states for all a € [0, 1].

2 Preliminaries: Properties and Decompositions of NESS
2.1 Zero Momentum and Constant Pressure

A partial result supporting our conjecture is that the pressure is independent of x, as well as
the momentum m ¢ (x) := py(x)u s (x), the latter being zero:
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104 E. Carlen et al.

Lemma 3 Let f(x,v) be a probability density on T x R such that v? f (x, v) is integrable,
and suppose that f(x, v) solves in a weak sense the equation

Vo, f(x,v)=F(x,v) — f(x,v) (2.1)
where F(x, v) is a measurable function such that (1 + |v|) F (x, v) is integrable and
VxeT, /RF(x,v)dv:pf(x) and /RUF(x,v)dvzo. 2.2)
Then the pressure is constant and the momentum is zero:
Py (x) :/szf(x, v)dv= Py eR
my(x) = /}R vf(x,v)dv=prx)us(x)=0.
Remark 2.1 Evidently, Lemma 3 applies to any finite energy NESS of our equation.

Proof Integrating both sides of (2.1) in v yields

d
amf(x) =ps(x) —ps(x)=0.

This proves that m ¢ (x) is a constant mo, € R. Now multiplying both sides of (2.1) by v and
integrating in v yields

d

3 Pr0) = —my(0) = —me. (23)
Integrating both sides of (2.3) in x shows that m =0, and P;(x) = P, € R is con-
stant. O

Remark 2.2 The proof of Lemma 3 takes advantage of the dimension being one. In higher
dimension, the argument above would only show that m ; is a divergence free vector field,
but not necessarily constant. We shall make further use of the one dimensionality of the
model when proving pointwise bounds on the NESS.

2.2 Higher Moments

Multiplying the steady-state equation

vaxfzaMer(l—a)pf(w) —f 2.4)

by v2, and integrating in v yields

i/v3f(x,v)dv=(l—a)<
dx R

since by Lemma 3, P;(x) = (T; + T>)/2. Next, multiplying (2.4) by v* and integrating
yields

W+ T,
2

)Gorco 1),

%/Rv“f(x,v)dv:—/Rv3f(x,v)dv.
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Combining the last two equations yields

2 +T2
“a LY vy dv=(1-a) 5 (orx)—1). (2.5)
Since the right hand side integrates to zero, we have
T, +T
[vrewa- [ v4f(x,v)dxdv=(1—oz)< | 2)/w<x—y>(p/(y>—1)
R TxR
where
eZm’kx
wm:ZW sothatw(x)}_ o
ks£0
It follows that
T, + T
/u“f(x,u)dv—/ v f(x,v)dedv| < (1 —a) 1+ By (2.6)
R TxR 12

In particular, for « close to 1, f vt f(x,v)dv is nearly constant; its average is

2 2 2
/ v4f(x,v)dvdx:3[a<Tl+T2> +(1—a)T1 +T2] 2.7
TxR 2 2

and thus the spatial fluctuations in [ v* f(x, v) dv are a small fraction of the mean for large
temperatures.

Lemma 4 Let [ be a solution to (2.4) such that

/ (1+v%) f(x,v)dxdv < o0
TxR

and recall that Py, := (Ty + T>) /2. Then (2.6) is valid, and the spatial density ps satisfies

1
x)> —m8m (2.8)
P30 —m+ T
Proof By the Cauchy-Schwarz inequality and Lemma 3,
1/2
VXeT, Py=P/x) :/ V2 f(x,v)dv < (/ vt f(x,v) dv) p? ().
R R
so that
-1
pr(x) > Pozo(/. v4f(x, v)dv) .
R
From (2.7), we have the bounds
/ v f(x,v)derdv <3Q2—a)P2
TxR
1—a)P
sup/ Ve ndy <32—aypl 4 LT Fx
xeT JR 6
Combining bounds yields the result. O

@ Springer



106 E. Carlen et al.

2.3 Splitting Between Odd and Even Parts and a Wave-Like System

We split a given steady state f into even and odd parts f = E 4+ O with respect to the v
variable. The steady state equation (1.1) can be rewritten as:

Vo, E=—0 2.9)
v9,0=F, — E '
where
. . My, + My,
Fo(x,v) i =aMix,v)+ (1 —a)ps(x)G(), G:= — ) (2.10)
Combining the two equations in (2.9), we obtain
(1—v*3})E = F,. 2.11)

Note that for each v # 0, the operator (1 — vzaf) is invertible with a bounded kernel. The
equation (2.11) conveniently and efficiently expresses the iterated effects of velocity aver-
aging on the steady state, or rather on its even part.

Lemma 5 For each density p on T, there is at most one NESS f such that p = py.
Proof We have seen that for any NESS, P, = (7| + T»)/2, and then by Lemma 3, o, T, =
Py, so that M is determined by p. It follows that F, is determined by p, and then since
(2.11) is uniquely solvable, the uniqueness of f follows. |
The formal solution of (2.11) is
1

E=(1-v%) F, (2.12)

and can be written in terms of an explicit Green’s function. Integrating in v yields
pf(x):f[(l —*9?)7'F, ] dv. (2.13)
R

Lemma 6 Let T), T, > 0 and a € (0, 1) and P, = (T} + T) /2. For any probability density
p=px)onT,define T(x) = Py/p(x) and

Ml vy = L) oty o P2 g

SG 7 J6o) T V2P
Fulpl(x,v) =aM,(x,v)+ (1 —a)px)G(v) (2.14)
Wulpl(x) = fp[(1 =022 Fulp]] dv

with G defined as in (2.10). Then for all p, W,[p] is a probability density on T, and p is the
spatial density of some NESS f if and only if p = W,[p], and in this case the unique such
NESS is given in terms of p by (2.15) and (2.16) below.
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Proof Let p be any density. Then F,[p] is a probability density on T x R. Since (1 +v%32)~!
preserves both integrals and positivity, (1 + v?32?)~! F,[p] is also a probability density on
T x R, and hence its marginal, ¥,[p], is a probability density on T.

Next, suppose that p(x) = ps(x) for some NESS f(x,v). By Lemma 3, M[p](x,v) =
M (x,v), and therefore F,[p](x, v) is given in terms of f by (2.10). Then E(x, v), given
by (2.12), is a probability density on T x R. E(x, v) is the even part of f(x, v) and finally
O(x,v), the odd part of f(x,v), is given by the first equation in (2.9). Then by (2.13),
p=¥[pl

Finally, suppose that p(x) is a probability density on T such that p = ¥,[p]. Define
F,[p] by (2.14), and then define E,[p](x, v) by

Eqlpl:= (1—v%92) " Flp), 2.15)
and then define
Oulpl = =00 Ealp] and  f,(x,v) = Eo[p](x, ) + Oulpl(x, y). (2.16)
Then
0y [, (x, v) = — 04 [p] — v*0; E4[p]
= —041p] — Eqlpl+ (1 = v29?) Eu[p]
= Fulp]l = fp-

Lemma 3 applies to this equation, and we conclude that ps, Ty, = Py. The fixed point
equation p = ¥,[p] implies ps, = p and M[p] = M, . This shows that f, is an NESS for
our equation, and concludes the proof that p is the spatial density of a NESS if and only if
it is a fixed point of ¥,,. ]

It follows from Lemma 6 that our conjecture would be proved if we could show that the

constant density is the only fixed point of ¥, for all o € [0, 1]. We prove this for sufficiently
small « in the next section.

3 Pointwise Bounds on the Moments of the NESS

3.1 Preliminaries

We define the standard Fourier series of an integrable function » = r(x) on the torus T =
[—1/2,1/2] by

1
7 (k) ::/ r(x)e d ™ dx, kel,
0

and we recall the inversion formula (when, say, the Fourier modes (7 (k))cz are absolutely
summable)

r) =Yy Fk)e ™,

keZ

Define ¢, (x) the fundamental solution to the Laplace equation
-1
(1= @3)%) @u(x) =80 (x)
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108 E. Carlen et al.

on the torus T = [—1/2, 1/2]. This fundamental solution is explicit:

1
G0 =D o tm), pu(x) 1= S—e
mez |U|
and its formula in Fourier is
172
b= [ e mdi= o ke
! 12 ' 1+ 2m)2v2k?’ '

The following bounds will be useful: ¢, € L?(T) for all p € [1, +o00], and

P

llow |l = Ly € i [1, +00) llow |l = €L (3.1
v 4 — ) S 5 ) v ad ’ :
PullLr®) P 2] p PullLem®) 200

and it satisfies the lower bound

1
Vi, yeT, @(x—y)>-—e . (3.2)
2]

3.2 Lower Bound on the NESS

We have already proved a uniform lower bound on the spatial density of any NESS in
Lemma 4. We now prove a stronger result: a uniform lower bound holds for every density
in the range of ¥, .

Lemma 7 (Pointwise lower bound) Let « € [0, 1] and let p be any probability density on T
of the form p = W,[po] for a probability density py on T. Then

1- Mr, + M
VxeT, p&)>re ) (g) dv. (3.3)
dfe Jicp< 2

Proof Define F,[po] in terms of py using (2.14). Then

px) = / @u(x = y) Fulpol(y, v)dy dv. (3.4
TxR
The operator (1 — (vd,)?)~" preserves positivity, and since F,[pp] = (1 — &) poG, we obtain

p(x) Z(1—Ot)/RG(v)(/Tgou(x—y)po(y)dy)dv

> (1 —a) G(U)(/T%(x -y po(y)dy> dv.

I<p|=2

The kernel ¢,(x — y) is bounded below by e~!/1"l/(2|v]). The function defined by
t>0r t"'e" vanishes as t approaches zero or infinity, is maximum at f = 1 and then
decreases as ¢ increases, and has the value 1/(2./¢) at ¢ = 2. This implies

Y(x —y) = m

for all x, y whenever 1 < |v| <2, which concludes the proof. O
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3.3 Upper Bound on the NESS
Lemma 8 (Gain of integrability of ¥,) Leta € [0, 1] and r € [0, 1), and let py € L'*/>(T)

a probability density. Then p := W,[po] € L'*" (T), and there are A,, B, > 0 depending only
on r and degenerating as r — 1 such that

fp'“dxgaA,/ o2 dx + B,. (3.5)
T

As a consequence, if p = py € L'7"/2(T) is a fixed point of ¥,, there is a constant
K, o > 0 depending only on r and o and monotone increasing in o such that

/p'“dx <K, q
T

Remark 3.1 Note that the constant K, , is independent of || ol 1+~2(r). That is, knowing
only that [1. p'*/2dx is finite, we obtain a universal bound on ;. p'*" dx.

Proof Define again F,[p] in terms of py using (2.14) so that p(x) is given by (3.4).
Multiply (3.4) by p” (x) and integrate in x:

/ P () dx = / p’(x)(f 00 (x — ) Falpol (v, v) dy dv) dx
T T TxR

=/ (/ %(x—y)p’(x)dx>Fa[po](y,v)dydv~
TxR T

Equation (3.1) implies

(x— r X dx < r < .
/?1‘901,( ¥) po(x) = ||pO||L1(T)”¢U”Lﬁ(T) - Q)

Therefore

fp“’(x)dxsf ol Fulpo] (v, v) dy du
T TxR
< fT 0 [ (5,0) + (= (G dy do

50{/ |v|7’/\/lp0(y,v)dydv+/ [v]7"G(v) dv.
TxR R

Now using the definition of M, and Lemma 3:

/ [v|7" M, dyd /(/ | Lo 22 103/2()’) _L’zzf;o(w d >d
v ydv < v 7 dv ) dy
TxR oo T . \/W

and making the change of variable w = (po(y)/ Px)'/?v,

dw.

/| |—I pg/z(y) - pO(‘)d ( )l+r/2 /
v =
V27 Py poly V2m P
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110 E. Carlen et al.

This yields (3.5) with

'IL’2
/|w|—’e—%dw and B, ::/lvl_’G(v)dv.
R R

1
A= ———
V2m P

Now suppose that p = py € L'*"/2(T) is a fixed point of ¥,. We have from the inequality
and Holder’s inequality that

14r/2
I+r

/p1+)'dx SO{A,/,OH—V/ZdX + B, 50{A,</p1+"dx> +B,.
T T T

Since the exponent (1 4+ r/2)/(1 4 r) on the right is less than one, this proves that there is a
constant K, > 0 depending only on r and & such that [;. p'*" dx < K. O

Lemma 9 (Pointwise upper bound) Let o € [0, 1] and let p be any probability density on
T that is a fixed point of W,, and such that p € L? for some p > 1. Then p satisfies the
pointwise upper bound p(x) < Ry, where Ry, < 00 only depends on the total energy, o and
on p, and is monotone increasing in «.

Proof In the case where p € (1, 7/4), finitely many applications of the previous lemma will
yield, for any g € (7/4,2), a bound

/ p?(x)dx < Crg
T

for some finite constant C,, depending only on r and «. We deduce that for all p > 1, the
following control holds

/ p*(x)dx < Cpy.
T
We return to (3.4) and expand F, to write
p(x) = 0!/ Pu(x — )M, (x,v)dydv+ (1 — a)/ Pu(x = y)p(y)G(v)dydv. (3.6)
TxR TxR
Observe that Lemma 7 implies

3/2 2 ¢ 3/2 2
P77 (x) oL P (x) TR

AA . = = ’
o V) V21 Py V21 Py

which yields

/ @u(x — )My (x,v)dydv
TxR

<L / exp[—ﬂ} ( / 0o (x — 1)p2(y) dy) dv. 3.7)
T V27 Py Jr 2Py T
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We apply Holder’s inequality with conjugate exponents p = 7/6 and g = 7 to obtain

( / @u(x = )p*2 () dy) <leollm 0] s,
T

32
=< ||‘Pv||L7(11‘)||P||L7/4(T)

3/2

6/7
/ ”p”L7/4(T)

<~
—6/7
<Crolv|™

where in the final step we have the used estimate (3.1) with p = 7. Using this in (3.7) and

noting that
FooU? 6/7
/exp —= |7 dv < oo,
R 2P,

we deduce a universal upper bound on me @y (x — y)Mp(x,v)dydv.
The term foR @y (x —¥)p(¥)G(v)dydv is bounded using Holder inequality and (3.1):

/ @ux = )M dy < @l llollLsm < Cralvl™7.
T

The two last inequalities combined with (3.6) imply the pointwise bound on p. ]

4 The Contraction Mapping Argument
4.1 Setting of the Argument
Recall the relation ps Ty = Py, and

Fylpl= aerToc + (1 —a)pG,

6 om (M)

w,[p] = / (1—v292) "' Fulpldv.
R

The local density of any steady state must be a fixed point of ¥,. When « = 0, the map ¥,
is linear, and a consequence of the spectral analysis of the next Sect. 5 is that it is strictly
contractive in H' or L? norms. To extend it to small positive o, we make use of the a-priori
bounds proved in the previous Sect. 3.

4.2 The Contraction Estimate

Lemma 10 Given any ¢ € (0, 1), define
C.:= {peL%T):/p(x)dx:landO<s<,0< 1/8}.
T
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Then W, (C,) C L*(T) for all « € [0, 1] and there are o, 8, € (0, 1) depending on & such
that for all a € [0, o,):

Vo, 0 €C, |Wlp)) — Walp2) ”Lz(ﬂ-) < =381 — p2ll 2(m)-

Proof Recall that in our normalization the global conserved quantities satisfy

1
Poo 1= f(x,v)ydxdv=1, Too = — vzf(x,v)dxdv:

'+ 15
TxR Poo JTxR 2 ’

The fact that ¥, (C,) C L*(T) is straightforward and we only prove the contraction prop-
erty. We linearize the map ¥, around a profile 5 € C, with global mass 1 and global temper-
ature T,. The local temperature is 7' (x) = Too/p(x). We write the fluctuation

p=p+o witho € L*(T) and /o(x)dx =0.
T

The functional derivative of ¥, is:

(3 25
[1—v297] 1<70MT_@0— 2 pUMTDO)dv

» %0 »

D%[ﬁ]ﬂ:a/

R

+( —a)/[l —19%] o G(v) dv.
R

We estimate by duality for o7, 0, € L2(T):

N
(1= 0202 o) (35t by — 0% b Yacan

N2 2T s

(02, D[] -m)za/

TxR

+-o) | ([1-v*?] '02)GW)o(x)dx dv
TxR

=: Dy + D,.

Let us study the first term D;. Using the controls p € C. we deduce

3 v2p : 2 2 2
[/nr(EM%M +mM%°C) o (x) dx] < Cee™™ ol 2

for some constant C,, v, > 0 depending on ¢, and therefore
p
» 2T
Lo 12 ,
< Cellollz2em) f <f ([1=23]] 02) dx> e " dy
R\JT

12
<C.lo ||L2('JI‘)/</ o,fdx) e dv
R T

= CelloillzemlloallL2er

/ ([1 — v283]7102)<§ML& — U—M@)(ﬁ (x)dx dv
TxR 4
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where we have used that [|¢, || 1) = 1. We conclude that
Dy <aCellotll 2y llo2ll 2y

Let us now study the second term D,. We Fourier transform it in x:

_ 0, (k
/TR([l—vzaf] laz)G(v)m(x)dxdv:2:/R%G(v)&l(k)dv.
x keZ

The perturbation o has zero mass, hence 6 (0) =0 and

/ ([1—v?37]" Gz)G(v)m(X)dxdv
TxR

G2 (k) .
Z / [1+ 2m)%v 2k2]G(U)01(k)dv

keZ, k0

G(v) X )
= (/R 1+ 2m)2? dv) Y. 6162 (k)

keZ, k#0

<A =3dc)lotll2emlo2ll 2y

with §¢ € (0, 1), where we have used that

G(v) _
(/R T2 dv) < (/I;G(v) dv) =

Therefore the operator D¥,[5] is bounded from L?(T) — L?(T) with the operator norm
bounded by

| Dwtsl]| = sup (02, DW,[5] - 01) < aC, + (1 — a)(1 = 8¢).

ol 2y =L llozll 2 gy =1

For o small enough we deduce ||| D¥,[p]|ll < (1 —8.) with é, € (0, 1). Finally, since the set
C. is convex, the mean value theorem gives, for p;, p, € C,:

1
|¥e (o)) = Wa(02) | 12y = H/ DY, [(1 —1D)p1 +1p2] - (p2 — p1) dt
0

L2(T)

< =38)lp1— p2ll 12T

which shows the contraction property for the nonlinear map. |
4.3 Proof of the Main Theorem 1

‘We now prove Theorem 1. By Lemma 7 and Lemma 9, there is a ¢ > 0, depending only on
T, and T, such that every steady state of (1.1) with @ < 1/2 belongs to the set C,, defined in
Lemma 10. Then by Lemma 10, there is an ¢y with 0 < oy < 1/2 such that ¥, is a strictly
contractive mapping on this convex set C,, and hence there is a unique fixed point in C;.
Since there is always one spatially uniform steady state, it is the unique steady state.
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5 Perturbative Stability of the Spatially Uniform NESS
5.1 Strategy

In this section we investigate the perturbative stability of the spatially homogeneous NESS

My + My, _h+D
2 e 2

foow i =aMr, + (1 —a)G(), GU):= 6D

When the reservoirs have different temperatures and are coupled to the system, that is
for o € (0, 1), there is transfer of heat through collisions from the hot reservoir to the cold
reservoir, and there is no detailed balance; i.e., time reversal invariance is broken in the
steady state. This is reflected in the fact that the linearized operator is a non-self-adjoint
operator on H, = L*(f!,) for a € (0, 1), as we shall see.

Nonetheless, we shall prove that the linearized collision operator still satisfies a micro-
scopic coercivity inequality (see (5.9)), expressing the dissipative nature of the linearized
evolution on the orthogonal complement of the null space of the generator. This fact is
striking since we do not derive it, through linearization, from a nonlinear entropy principle,
which is the usual source of such inequalities. In our non-equilibrium setting, there is no
analog of the H-Theorem, and therefore we must prove it by direct analysis of linearized
collision operator.

Once the microscopic coercivity is proven, we can prove that our system is hypocoercive
by a variety of methods, and we briefly describe two of these.

5.2 Linearization Around a Spatially Homogeneous NESS

Consider densities f that are close to fi , With fluctuations denoted
h(x,v) = f(x,0) = fooua(V)
p(x) =1+o0o(x) witho(x):= /Rh(x, v)dv, (5.2)
P(x) =Tw+1t(x) witht(x):= /R v2h(x, v)dv.
The fluctuations of the local density and local pressure have zero mean:
/Ta(x)dx =0 and Ar(x)dx =0. (5.3)

Consider the weighted L? Hilbert space of real valued functions defined by the norm

i, = [ Jhcof dx do. (5.4)
TxR

o, (V)

We expand M — My, to first order in terms of 4, o, 7:

My(x,v) — My, (V) (L+9)7w) *szr(lf(f);) ! -

X, v) — V)= ————¢ WMottt — ———¢ T

! Y T EO)) Nz
~ (22 Vo + (= + 2 VM o)
~(3 T . (Vo (x AT 1., (V)T (x
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2

= My (0)o(x) + %(;— - 1)MTOO(U)<iT(x) - a(x)>. (5.5)

oo

The fluctuation 7 = f — f o satisfies the equation
oh+voh=aMy—-Mys )+ 0 —-a)oG—h. (5.6)
To first order we obtain the linearized equation
dh+Sh=Lyh C}))

with the free streaming operator S := v, and the linearized collision operator

'L'(x) 2
Loh(x,v) :=0(x) foou(x,v)+ = < o(x ))(T——1>Mrw(v) h(x,v). (5.8)

TOO o]

Note that both £, and H, depend on « and that £, is bounded on H,, for all @ € [0, 1]:

observe that f o > oMy, and therefore
2 2 2 2
M
(/(v B 1) 75 (V) dv)
L2(T) \/R T S,

2 2 ,
Y \u .
L2(D) (/R ( T ) T (V) v)

1 1
”UHLZ(T) + ”T”LZ(T) < max{l; T_} ”h”’zHa
o0

I£ah113,, S loll -0

T
(T) Too

Too

T
||0||L2(T) + -0

5.3 Microscopic Coercivity

We shall now prove that the null space of L is the space of functions o (x) fx o (v) for
o € L*(T) and prove a spectral gap on the orthogonal of this null space.

Lemma 11 Let o € [0, 1] and L, defined as in (5.8). Then for all h € H,,

2

1 _
(h, Lah)y < —Ta drdv.  (5.9)

h(x,v) —foo,a(v)/ h(x,w)dw
R

1
Joo.a (V)

TxR

Remark 5.1 1f we had taken H, to consist if complex valued functions, we would need a
real part on the left side of the inequality since £, is not self-adjoint. Note that for o € [0, 1),
the constant A, = I’T"‘ is strictly positive but A, — 0 as o« — 1. This reflects the fact, see
the proof below, that the dissipativity in the energy mode is lost because there is energy
conservation in this limit. In fact in this limit case the microscopic coercivity nevertheless
holds once accounting for the larger null space of £;. We are not concerned in this case
for which the NESS is already known, and we refer to [1] for a study of the microscopic
coercivity and hypocoercivity for the equation of this limit case; This could also be deduced

from the abstract results in [12].

Proof Let us define the following orthonormal family in L2 ( fog}a dv):

2

Hy(v) := foo,as Hi(v) = Vfoo.as Hy(v) :=cq (U— -

™ 1>foo$a, (5.10)

1
VTs
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where ¢, > 0 is the normalizing constant so that || H |4, = | (one can check that ¢;? =
3+(1—a)(2— TT‘—g:Z)) — 1). We also define the corresponding orthogonal projections [T,

Iy, IT; in Lz(fog}adv) (note that they all depend on «):

Hy(h)(v) := (/ h(w)dw> Hy(v),
R

() (v) == (Lh(w)JLT_ dw)Hl(v), (5.11)

w? T
I (h)(v) = (/ h(w)ca(— — l) dw) H>(v) = (— —o)caHz(v).
R Too Too

Finally we denote IT+ the orthogonal projection on {Hy, H>}* (note that this projection
includes I7; in its range).
The linearized collision operator £, can be written using this notation a

o Mry —h

Loh =Iy(h I (h 5.12
o( )+2€2 2( )fow (5.12)
We then compute the Dirichlet form
2 o Mr,
(Lah, hys, =T |2, + ~5{ Ma(h) =22, M,(h)
“ 2Cot foo,a Hey
o My,
+ (M =2, T () — Ikl
2cZ o He o
where we have used that H, My, fog]a is orthogonal to Hy and H; in L*( fog]a dv).
Let us define
M
Uy () 1= H(w) ) (5.13)

froa®)

The projection of this function on Hy and H; in L?( fog}a dv) is zero and its projection on H,
has coefficient

2 2
/ua(v)Hz(v)f l(v) du=c§f<;——1) My, (v)dv = 2¢2.
R 00, R oo

Its norm satisfies

1 V2 2 My (v)?
Uy, (v)? d:2/<——l>Ld
/R O = S\ Froa@)

ci v? 2 2ci
<@ (= —1) My dv< =2
o Jr\ Ty o

where we have used in the last line f o > oMy, . We then decompose orthogonally U, =
IT,(Uy) + IT+(U,) and deduce by Pythagoras’ theorem that

)
1T @ [, < 43—

k) =FCa ™2 (5.14)
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‘We deduce on the one hand that

T

2
2—2<n2(h) f Hz(h)> =3 /T R(Ti —a> U () Hy(v) dx dv
Ca 0, Ha X 0

2
=ac§/<i—a> dx=a”1'[2(h)H§_L .
T Too “«

‘We deduce on the other hand

O{ Too n
_> T L L
_zca TXR(TOO G)H (Z/{a)n (h)dde

o N - 2 12 ,
Sf”H Wa)“ﬁ(f;h)(/(i‘“) dx) la+m],,,
=32 NI o | D], | T,

<(1-e?)"|mw|,, [T m],,

where we have used (5.14) in the last line.
We therefore obtain

(Lah, ), < (@ = DM, +(1—a®)|m)|,, [T+, — |70, .

The quadratic form on the right hand side is negative for « € [0, 1) since then (1 — &?) <
4(1 — o)?. It degenerates at o = 1. The matrix of the quadratic form

(Vi, Vo) € R? 1> (@ — DV} = Vo + (1 —?) Vi Vs
has characteristic polynomial
) 1
PX)=X+Q2-0)X + (1 -a)(3-a)

whose roots are «/2 + 1 £ 1/2. The greatest eigenvalue is therefore (o« — 1)/2 which con-
cludes the proof. O

5.4 Hypocoercivity
With the microcoercivity at hand we can now readily prove hypocoercivity: That is, we

shall prove that for some constant C < co and some A > 0, every solution /4, in #H, of our
linearized evolution equation satisfies

IAll3¢, < Ce™ IRl (5.15)

With this in hand, it is a simple matter to prove the nonlinear stability. We discuss two
approaches to proving (5.15) for our model. One approach applies when the steady state
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is symmetric in v, as in our case. As noted in [1], whenever this is the case, there is a
natural orthonormal basis such that in this basis the streaming operator is represented by
uncoupled tridiagonal blocks, while the gain term in £, is represented by uncoupled lower
triangular blocks. This structure permits the extraction of simple, explicit bounds on .
Another approach, developed in [9] is more abstract and not requiring symmetry of the
steady state, provides an efficient route to (5.15). In this section we prove:

Theorem 12 The decay estimate (5.15) is valid with the following explicit values of A
and C:

@) Ifcgzi/i <l wemaytakeC:4andA:%.

2) CO[Z\/—_ ;,wemaytakeC 4and)\—£.

This is also true, with the same constants, if we replace H, by Hé, the latter Hilbert
space being defined in (1.5).

Remark 5.2 This result is stronger than Theorem 2 in that it provides explicit bounds on
the exponential rate of convergence. The reason for the /T,, dependence of A for small
T is that hypocoercivity depends on the effects of the streaming operator v, to “mix” the
conserved mass mode into the dissipated modes, and the tridiagonal representation of the
streaming operator given in (5.17) shows that its mixing effects are proportional to /7.
When T, is large, there is rapid mixing, but this can do only so much good: The dissipativity
of the non-conserved modes as estimated in Lemma 11 is bounded independent of T, but
the mixing only shares this dissipativity around, it cannot improve the dissipativity no matter
how fast it runs.

It is also worth noting that we have simple bounds on ¢,: By the arithmetic-geometric
mean inequality, 0 < T2 <1,and hence 2 < ¢, 5 32—a)—1.

The proof of Theorem 12 is quite short once one has computed matrix representations of
vd, and L, with respect to a basis that we now introduce: The basis is {¢/**g,, W) }m=0.kez
where {g,,(v)}>0 is the sequence one gets by applying this Gram-Schmidt orthonormal-
ization procedure to the sequence of functions v f, o (v) for m > 0. We write these in the
form g, (v) = H,, (V) feo.« (V) Where H,, is a polynomial of degree m. For h € H,,, we write

h= Y ikhy(k)e™ g, (v). (5.16)

m=>0,keZ

The action of the free streaming operator S := vd, then is

Sh(x,v)= Y ikhn(k)e* vg, ().

m=>0,keZ

It is a simple consequence of the fact that f , is even in v that for each m > 1, vg,, is a
linear combination of g,,_; and g,,+1; see [1]. Since the operation of multiplication by v is
self-adjoint, it follows that there exist numbers {a,},>1 such that

V8 (V) = v Toolimi18m+1(V) + v/ Too@mgm—1(v)  with the convention g_; :=0.

For m =0, by (5.10), vgo(v) = vfoo.a« = +/Too81, and hence a; = 1. Likewise,

2
V foow =V Too (;— - 1>fooi,a +V/Twg0(v)

1
Ugl(U)=F
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and hence a» = ¢, ! One can work out a,, for or higher values of 7, but these are not needed
here.

Let E(k) denote the element of £, whose mth 1 component is ﬁm (k). Then the correspond-
ing vector of coefficients for Sh is given by ikSh(k) where S is the tri-diagonal matrix

0 a 0 O 0 1 0 0
a 0 a 0 - 1 0 c;l 0
S=JT.| 0 @ 0 a - |_ /7° 8 o' 0 @ | (507

0 0 as 0 0 as 0

‘We now turn to the gain term in the linearized collision operator. The linearized collision
operator does not act on the spatial variable. By projecting (5.12) in our basis we get

Loah(k, v) = ho(k)go(v) + %ﬁxk)Hz(v)MTw(v) — Tk, v). (5.18)

For each k, the action of £, in the {g,}>0 basis is given by
Lo, (k) = (Lsh(K)),

where L, + Id is the matrix whose first column is the unit vector (1, 0,0, ...), whose third
column is the vector (0, 0, &, b3, by, . ..), with all other columns being zero, and with

by = 55 o) | Ha(0) Hy(0) M, (0)dv,
cO(

so that, in particular, by = b; =0 and b, = «.
Therefore, we may rewrite our linearized equation as the decoupled system of equations

3, h(k) = (L, — ikS)h(k), (5.19)

for each k € Z. For k = 0 we simply have from (5.18) B,E(O) = —E(O) since ﬁ(())o = ﬁ(O)z =
0.

For each k # 0, define C;, = —(L, — ikS). We seek a positive definite matrix P, such
that for some fixed A > 0,

VkeZ, CiPi+P.Ci>2)P;. (5.20)
Then if we define the Lyapunov function e(h) by e(h) =Y, ., wk (E(k), Pkﬁ(k)) ¢, for

any sequence {wy}rez of positive numbers we have that for any solution of our linearized
equation with initial data ko with e(h) < oo,

d
ae(h(z)) <-2xe(h(t)) = e(h(1)) <e > e(ho). (5.21)
‘We will construct the matrices Py so that for some C > 0

1
VkeZ\(0), KI<Pi < (5.22)

This implies that the function e(h) is equivalent to the norm on H,, if we take each w; = 1.
We then conclude that (5.15) is valid with C = % and the value of A appearing in (5.20). By
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making other choices for wy, we obtain decay in various Sobolev type norms. For instance,
taking w; = 1 + k2, we would obtain decay in the norm defined in (1.5). With the matrix
representation computed, and Lemma 11 at our disposal, we are ready to prove Theorem 12.

Proof of Theorem 12 Because L, is lower triangular with positive diagonal entries that are
uniformly bounded away from zero except of course for the zero in the upper left, and
because S is tridiagonal, a simple prescription from [1] provides P;. For a parameter ¢ €
(0, 1) to be chosen later, define P, (a) by entering

1 —ic/k
<ic/k 1 ) (5.23)

as its upper-left 2 x 2 block, with all other entries being those of the identity. The eigenvalues
of Py(a) are 1, 14+ c/k and 1 — ¢/ k, and hence (5.22) is satisfied with K =1 — c.
Then simple computations show that

C;P(a) + Py(a)Cy = (2I-L—-L") +R
where R is the matrix whose upper 3 x 3 block is

2c/Toe  —ic/k C«/Tooc;'
ic/k 0 0
VT, 0 0

and whose remaining entries are all zero. Hence for any (real) h = (ho, by, hy...) € £2,

(h, Rh) 2 = 2cy/ Tochg + 2¢y/ Toocy ' hoha > o/ Too (g — 32 h3).

By Lemma (11),

(5.24)

(h,QI-L-L")h), >(1-a)) i
m=1

Combining these estimates with I > (1 — ¢)Py, (5.20) then holds with

-«
2% =/ Toominc, —— —cc22} (1 — 0).
Vs { T }( )
We now choose ¢ so that ¢ = min{3, g 3.7} If ¢ 57 < 5. then & > 15 If ¢ 72 >

thenkz‘/%?. O

)

=

We now explain another route to (5.15) which is relies on general abstract results obtained
in [9].

Theorem 13 (Abstract result of hypocoercivity from [9]) Consider a Hilbert space H and
two closed unbounded operators S and L such that:

(H1) Microscopic coercivity: There exists an orthogonal projection I1y such that L1y =
ITyL = 0 and there is A,, > 0 such that

Vh e Domain(L), —(Lh,h) >4, |(I — no)hHZ.
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(H2) Macroscopic coercivity: The operator S satisfies S* = —S (skew symmetry) and there
exists Ay > 0 such that

|\SIToh||*> = Ay I IToh|*  for all h € H such that Ty(h) € Domain(S).
(H3) Consistency: I1,ST1) = 0.
(H4) Auxiliary operator: Define A := (1 + (SI1y)*(SITy)) "' (SI1y)* and assume that
AS(1 — I1y) and AL are bounded with a constant Cy; > 0 such that
VheH, |AS(L—Mph|+ ALK <Cy |(1—Ho)h.

Then there exist positive constants A > 0 and C > 0, which are explicitly computable in
terms of Ay, Ay, and Cyy, such that

YheM, Vi=0, |e“n|<cCe™|n].
We give a short proof of here for the convenience of the reader.

Proof of Theorem 13 Define the modified norm
1
HIMY = 3 017 + & (AR, )
where & > 0 will be chosen small enough below. Given h, := e'‘“*~5h, we compute

d
3 P =(Lhi hy) — e(ASTTohy, hy) — e(AS(1 — Mo)hy, hy)

+e(SAh, h,) +e(ALAy, hy)
=: — D[h,].

We have used here that £*.4 = 0 which follows from A = I1y.A and I1,£ = 0 in (H1). By
(H1), (H2), and by ASITy = (1 + (SI1y)*(SITy)) "' (SITy)* (SIy), the sum of the first two
terms in D[h;] is coercive:

. EA-M 2
—(Lhy, hy) + e(ASTIohy, hy) = ming Ay, ——— ¢ A"
1+Ay

Let us prove that the operators .A and SA are bounded:

VheM, |Ah|< %||(1 —Mo)h| and |SAR| < | (1 — Mo)hl. (5.25)
The equation Ah = g = I1)g (remember that A = I[1y.A) is equivalent to
(SMo)*h =g + (SMy)* (STo)g-
Taking the scalar product of the above equality with g and using (H3), we get

Igll* + ISMog > = (h, SMyg) = ((1 — My)h, STpg)
1 2 5
< | —=m)n|ISMegl < Z”“ — Mok ||+ ISHogl*

which completes the proof of (5.25).
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The first inequality in (5.25) implies that #[/] is equivalent to ||/ ]|*:
1 2 1 2
5(1 —&)|lhll” < Hlh] < 5(1 +e)lal”. (5.26)

The second inequality in (5.25) and (H1)-(H2)-(H3)-(H4) imply

A
DIf1 2 || (1 = )b | + li”;M [ Toh, 1> — e(1+ Cap) | (1 — o), || 1 e
> o — e+ Ca— 1= oy, | e 22— tc 2 i o2
- m M 28 0)1ty 1+)\‘M M 2 0rty

for an arbitrary § > 0. By choosing first § and then ¢ small enough, a positive constant x can
be found, such that D[h,] > «||h,||>. Using (5.26), this implies

d 2K

—H[h] < - HIh],
o [h:] = s (7]
completing the proof with A =« /(1 +¢) and C =+/1+¢/4/1 —¢. a

Second proof of Theorem 2 We consider « € [0,1) (for « = 1 the result is already
known from [1]). We apply the previous Theorem 13 with # being the subspace of
Ho = L*(f5!,dxdv) consisting of functions that satisfy the zero global mass condition
fo]Rh(x’ v)dxdv = 0. We take S = vd, and L = L,, the linearized operator defined
in (5.12), and I1y(h) = (f]R hdv) fs o defined in (5.11). Then (H1) is proved in Lemma 11
and (H2) follows from

, dxdv 2
(0,0 froa) = Tooll0:0 1220, = Toollo [l 2r)
TxR foo,a

where we have used the Poincaré inequality in the unit torus, and the zero global mass
condition. (H3) follows from f]R Vfoo.« (v) dv = 0. Finally, to prove (H4), we first figure out
some explicit formula for A:

1

Ah = _[(1 - Tooaf)_ 8xj]foo,ou Jjx) ::/ vh(x,v)dv
R

ASh=—[(1 = Tw8?) 027 ] frowr  T(0) ::/vzh(x,v)dv.
R

Since (1 — T502)719, and (1 — T0?)~'9? are bounded operators on L*(T), we deduce
that A and AS are bounded, and (H4) follows since L, is bounded and L, I1y = 0. This
concludes the proof of hypocoercivity for our linearized operator £, — S.

5.5 Nonlinear Stability

We close this section by proving nonlinear stability. Let & € [0, 1) and consider a probability
density f;, € Hy and define h;, := fi, — foo.« € He. This fluctuation has zero global mass
by definition. We define the solution through

t
hr=er(£a—s)hin+/ e(’*s)(ﬁ‘x*S)R[hs]ds
0
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with the nonlinear remainder term defined by

1 v? 1
Rlh]l:=Mp - My, — |:MTOO(T + —<T— - I)MTOO(U)<T—‘C - U>]

2\ T 0o

with o and t defined in terms of & as before. Taylor expansions and straightforward calcu-
lations, using the multiplicative property of the H'(T) Sobolev norm, show that

2 2 2
||R[h]||'H‘L S ||U||Hl(’]r) + ”T”H'(T) S “h”'H‘]I

(For more detail in a closely related argument, see [1].) We deduce the a priori estimate

t
—A —A(t— 2
Ml < Ce ™ iyl + C' / eI, 2, ds
0

for some constants C, C’, > > 0, and one can use the values of C and A provided by Theo-
rem 12. By a standard argument, this shows global existence and exponential decay at rate
A when ||h,-n||H‘11 is small enough. O
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