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SUMMARY

We consider a model of N particles interacting through a Kac-style collision
process, with m particles among them interacting, in addition, with a thermostat.
When m = N, we show exponential approach to the equilibrium canonical distri-
bution in terms of the L? norm, in relative entropy, and in the Gabetta-Toscani-
Wennberg (GTW) metric, at a rate independent of N. When m < N, the expo-
nential rate of approach to equilibrium in L? is shown to behave as 5 for N large,
while the relative entropy and the GTW distance from equilibrium exhibit (at least)
an “eventually exponential” decay, with a rate scaling as { for large N. As an
allied project, we obtain a rigorous microscopic description of the thermostat used,
based on a model of a tagged particle colliding with an infinite gas in equilibrium
at the thermostat temperature. These results are based on joint work with Federico

Bonetto, Michael Loss and Hagop Tossounian.
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CHAPTER 1

INTRODUCTION

The primary theme of this dissertation is the question of approach to equilibrium in
statistical mechanics. Statistical mechanics, which arose from kinetic theory, attempts
to understand macroscopic properties of matter starting from the atomic hypothesis.
Its aim is to unify the empirical laws of thermodynamics, hydrodynamics, etc. with
the microscopic laws of physics obeyed by the constituents of matter.

A physical observable O (such as temperature) is associated with a function on the
phase space O(x, p) (correspondingly, kinetic energy) of the system, where x, p € R3Y
and N is the number of constituent particles. As the system evolves according to
Newton’s Laws (we only discuss the classical setting, where the energy scales are
such that the laws of classical mechanics are a valid approximation), the function ©
is a highly fluctuating function of time. However, experimental measurements only
sense average properties due to the presence of a large number of degrees of freedom.
An appropriate limit is taken where N — oo, but physical properties like the density,
kinetic energy per particle, etc. remain finite. This is called the thermodynamic limit.

The main postulates of statistical mechanics are that the state of a system can be
fully described by a probability distribution on the phase space, and that in equilib-
rium (when macroscopic properties do not change), in the thermodynamic limit, the
time average of an observable (the measured value) is equal to the phase space aver-
age of the corresponding function, with respect to an appropriately chosen probability

distribution f.,(x,p). That is,

N—oo T—o00

lim [ dxdpO(x,p)feq(x,p) = lim %/0 O(x(t), p(t))dt .

The above equation is called the ergodic hypothesis. Although proving that a



given mechanical system is ergodic is not easy to say the least, the setup for equi-
librium statistical mechanics is well-defined. In particular, there is a prescription,
formalized by Gibbs, for the choice of the probability distribution depending on the
physical setting. Starting from this prescription, the laws of thermodynamics have
been derived for many systems.

This is not the case when we are away from equilibrium, where the observables
change on macroscopic time and space scales, and fluxes are involved. The general
idea is that the probability distribution is now a function of time. There is not yet a
general formalism that can be applied to all physical systems. In out-of-equilibrium
statistical mechanics, we would like to answer on one hand, questions like how long
a perturbed system takes to relax back to equilibrium. On the other hand, we would
also want to investigate whether one can rigorously explain sustained non-equilibrium
situations in which macroscopic measurements can be made, using ideas from the
formalism of equilibrium statistical mechanics, like a local Gibbs distribution, and
an appropriate limit of a large number of particles. In particular, we would like to
understand what non-equilibrium steady state probability densities look like.

We mainly deal with the first question, but view our results as a step towards
understanding the others. As is common in statistical mechanics, we use a stochastic
system for our investigation instead of a deterministic one, for their better mixing
properties (and hopefully similar statistical features); in particular, the Kac model of
a spatially homogeneous dilute gas undergoing stochastic binary collisions, introduced
by Mark Kac in 1956.

In this introductory chapter, we begin with a recap of the Boltzmann equation
(a ground-breaking attempt to understand the notion of irreversibility starting from
kinetic theory) and the Kac model in Sections 1.1 and 1.2. The motivation and scope
of our work on the Kac model in a non-isolated setting is described in Section 1.3,

where we also describe the outline of this thesis.



Apart from those explicitly cited in the text, the references consulted for this

introductory chapter are [15, 4].

1.1 The Boltzmann Transport Equation and Propagation
of Chaos

In the simplest possible case of a system of /N identical, independent, non-interacting
particles that move via Newton’s Law, the evolution is essentially just streaming. If
the initial state can be expressed by a product probability density f(v1)...f(vy), then
the product structure of the state is preserved by the evolution since the particles do
not interact. The one-particle velocity distribution f(v) is a function on R3, and we
consider the spatially homogeneous case so the probability distribution is independent
of the spatial co-ordinate.

In 1872, Ludwig Boltzmann, in what he claimed was a theoretical justification of
approach to equilibrium (The Second Law of Thermodynamics) from microscopic dy-
namics, published his (now) famous transport equation. He assumed that for a dilute
gas in the macroscopic limit, particles behaved approximately independently and the
state could be defined by a single-particle distribution. The molecules were modeled
as hard spheres of radius R, moving according to classical mechanical laws and un-
dergoing binary collisions among themselves. Their collisions with the boundary, and
collisions among three or more particles were ignored.

He considered the limit of a large number of particles N — oo in a finite volume

V, but R — 0 so that

e The gas remains dilute: the density p ~ NTR3 goes to 0.

e The collisions do not disappear in the limit: the number of collisions per unit
time per particle, which is proportional to %ERQ, where v is the average speed,

must remain finite and strictly positive in the limit.

R—0,N =00, NR* = 0, NR*> — ), (1)



where A > 0 is finite.

Boltzmann made the assumption that under the above limit, called the Grad-Boltzmann
limit, colliding particles always have uncorrelated pre-collision velocities. This allowed
him to approximate the two-particle marginal fy(vy,vs) of the full N—particle veloc-
ity distribution f(vy,...,vy) by a product of its single-particle marginals f(vy)f(v2),
and hence obtain an evolution equation for f(v;) in terms of f alone. This assump-
tion is called the Stosszahlansatz. Following is the spatially homogeneous Boltzmann

equation for a gas of hard-spheres undergoing elastic collisions:

0D~ an [[aw (stw+ e (w =) 07w = - (w = V)l t) = S 07 (.} (W)l
(2)
where n € S2, and dn is the corresponding surface area element. For this equation,

Boltzmann introduced a Lyapunov functional, the entropy

mwf—/#um%AJL (3)

and showed that it is non-decreasing in ¢, and that its maximum value is attained

when f is taken to be the Maxwellian. Through this, Boltzmann showed approach to

the equilibrium Maxwellian distribution (%)% e‘ﬂ‘;‘z in the spatially homogeneous
case.

The derivation of the equation presented was heuristic, and indeed, the Boltzmann
equation took a long time to be accepted by the scientific community. Apart from
doubts cast on validity of the assumptions made, the primary philosophical objec-
tions were that i) time-reversible microscopic dynamics could not lead to irreversible
macroscopic behavior (Zermelo’s paradox), and ii) the laws of mechanics mandate
that the microscopic state always evolves to return infinitesimally close to the initial
point, after a sufficiently long time interval (Poincaré recurrence).

The equation gained importance also because many physically interesting quanti-

ties can be expressed as (thermodynamic limits of ) phase-space averages of functions



that depend only on a few co-ordinate/momenta variables, and hence the informa-
tion contained in a small-particle marginal would suffice - this was the idea behind
‘Boltzmann statistical mechanics’. The Boltzmann equation is the cornerstone for
macroscopic equations like the Euler and Navier-Stokes equations, and now has over-
whelming empirical justification. The apparent paradoxes can be resolved: i) by
interpreting the equation to describe close-to-equilibrium behavior (so the particles
behave approximately independently and Stosszahlansatz would be a reasonable as-
sumption), in an average sense, and in the presence of potential external noise and ii)
by noting that the time scale of validity of the Boltzmann equation is much less than
Poincaré recurrence times. Some of these counter-points were put forth by Boltzmann
himself. In 1976, Oscar E. Lanford III [22, 23] gave a rigorous proof of eq. (2) for
short times (of order less than the mean free flight time). In 1985, Illner and Pul-
virenti [19] showed that the equation is valid for all times, but for the special case of
a gas rapidly expanding into vacuum: one for which the Stosszahlansatz would hold
true.

A different approach was taken by Mark Kac in 1956 to understand the essentials
of Boltzmann’s heuristic derivation. He formulated a model that gained importance
as a non-trivial system which, he showed, rigorously obeyed a Boltzmann Equation

for all times - albeit one that stemmed from stochastic microscopic dynamics.

1.2 Kac Model in Kinetic Theory

Kac’s main motivation, as the title of his 1956 paper [21] says, was to understand
kinetic theoretic foundations through a toy model for which Boltzmann’s equation is
rigorously valid. He considered a system of N particles with 1—dimensional velocities
(for simplicity) that interacted through stochastic binary collisions.

Let v = (v1, ..., vn) represent the 1D velocities of the N particles. The Kac colli-

sion process can be described as follows: Pick a pair ¢, j uniformly among the particles



1,..., N. Pick an angle # uniformly in [0,27). Then, after a collision among particles

*

i and j, the new state of the system becomes v; ;(6) := (vq, ..., v}, ..., v}, ..., uy), where

EEEES) j’
v = v;cost +v;sind

v; = —v;sinf + v;cost

The collision preserves the kinetic energy and hence (v, ...,vx) € SYN"H(V2NE), the
phase space, where E is the kinetic energy per particle. To ensure that the collision

remains non-trivial, momentum conservation is not imposed.

Remark. Although the collision process is simple, it exhibits interesting behavior,
and furthermore, paves the way to understanding its more physical momentum-

preserving three-dimensional generalization - a Maxwellian gas [8].

Kac’s idea was to replace the deterministic chaotic collisions, that were consid-
ered in the Boltzmann equation derivation, with random collisions that are Poisson
distributed in time. The collisions occur at exponentially distributed time intervals

with mean so that the collision rate is proportional to the number of particles

1
NX
N. The constant parameter A > 0 is chosen through physical considerations, and is

taken to be independent of time and of the state v of the system. When the time

N

) ) choices

for a collision event is reached, a choice 4, j is made uniformly among the (
for pairs of particles, and for an angle 6 € [0, 27) uniformly, and the velocities v;, v;
are “rotated”. Since we are interested in statistical properties, the primary object of
interest is the probability distribution f(v) on the phase space SN~1(v2NE). We
now proceed to derive an evolution equation for f(v) based on the description of the
above Markov jump process.

We first study the effect of the dynamics on a generic continuous function ¢(v)

on SN71(v/2NE), and then translate this to its effect on the probability distribution

f(v). Initially, the expectation value of ¢ is

[, o).



The expectation value of ¢(v) after a collision between particles ¢ and j is

where

Rijé(v ][ 6(vi (0

and Jfo% represents an averaging integral. Since the colliding particles are selected

uniformly, the expectation after a generic collision event is

/ Q) (V) f(+.0).
SN—l

where () = ( ZRU’ the Markov transition operator, is called the Kac collision
1<J
operator.
Due to the assumption of exponentially distributed wait times, we have that the

number of collision events in a time interval [0,¢) is Poisson-distributed with inten-

sity NAt, and so the probability of k collision events occurring within this time is

_ Nt
e~ N (NAYk

- Hence, the expectation of ¢(v) at time ¢ is:

[ @) s

k=0

Note that the term Q¥¢ arises from the Markov property of the dynamics.
Finally, we use that ¢ is a generic function to shift the dynamics to the probability
distribution (taking the adjoint), through

[ Fwtom - / {e‘N”ZN (@) (v >}f<v,o>.

k=0

Then, the fact that [ (R;;¢) (v = [¢(v) (R f) (v), i.e., the rotation operator

is self-adjoint on L?(SV™1), yields

f(v,t) = MM Dt f(v 0) .

It follows that the evolution of f(v) is given by the master equation:

of

= AN - Q)] )



Owing to indistinguishability among the particles, f is assumed to be symmetric
in the v;. This symmetry, and the normalization [ f(v) = 1 is preserved by the evo-
lution. The unique equilibrium is the uniform probability measure on S¥1(v2NE),
which follows from the fact that the Kac rotations R;; generate any rotation on the
sphere. As N — oo, number of particles explodes, and hence the total number of
collisions explodes. However, the mean collision wait time for a specific particle is
given by the mean wait time for any collision, N\ times the probability that the
specific particle is chosen, % Analogous to Grad Boltzmann limit (1), the setup here
is such that the mean collision wait time for a given particle (mean free time) remains
finite and strictly positive independent of N.

Kac interpreted Boltzmann’s molecular chaos hypothesis (Stosszahlansatz) in terms
of finite-particle marginals of the phase space probability distribution. He introduced
the notion of a chaotic state (Kac called it the ‘Boltzmann property’), which is a
weaker condition than that of a product probability distribution. The notion of a
chaotic state formalizes the notion that particles are roughly independent in the ther-

modynamic limit.

Definition 1.2.1. [21] A sequence of probability densities { ™) (v)} on SN~ (V2N E)

is said to be chaotic if V&£ > 1, and for arbitrary functions ¢, ..., ¢, on R,

lim FO W)@ (v1)-pi(vp) = [ lim FOW)p;(v;) - (5)

N—=oo JoN-1(,2NE) N—oo JoN-1(\2NE)
Kac showed in [21] that chaotic states are preserved by the evolution (4). This
idea, now called “propagation of chaos”, gives a rigorous probabilistic interpretation

of Stosszahlansatz.

Theorem 1.2.2 (Propagation of Chaos). [21] Let f(v,0) be a chaotic state. Then

f(v,t) as defined by eq. (4) is a chaotic state for every t > 0.

Kac proved the above by expanding the exponential of the generator of the evolu-

tion (4), and showing that each term in the expansion on the left side of (5) converged



to the corresponding term on the right. He was able to interchange the summation
and the limit as N — oo for short times. Since chaotic states are preserved, he proved
the result for all ¢ by iterating the short-time result. In [26], McKean rewrote Kac’s
proof in a clear, algebraic manner.

This property of the Kac model was proved uniformly in time by Mischler, Mouhot
[27] in 2013. Using Theorem 1.2.2, Kac showed that the single-particle density f(v)

on R, defined in a weak sense by

~—

/R F(or)p(vr) = lim F W )p(or) (6

N—oo JgN-1(\/3NE)

satisfies the following Boltzmann equation in the thermodynamic limit.

01;(:) = 2/\][ d@/dw[f(v cosf +wsind) f(—vsinf +wcosf) — f(v)f(w)] . (7)

An equilibrium for the above equation is one for which f(v)f(w) is rotationally
invariant as a function on R?. This is reminiscent of Maxwell’s elegant argument
on how it is reasonable to impose that the velocity distribution f(v,,v,,v,) of an
ideal gas in equilibrium i) does not depend on direction (rotationally invariant) and
ii) has independence in the z,y, z co-ordinates of velocity (product), and that this

implies that it is the Gaussian distribution. We now have that (7) has a family of

1
V2rma

the equilibrium Maxwellian is Mg. Incidentally, it was Maxwell who first observed

equilibria M, := 6_%. However, the energy is fixed to be E by (6), and hence
that the single-particle marginal of the uniform measure on the sphere in the N — oo
limit, is a Gaussian.

The Kac model was ideal for comparative studies between the single-particle Kac-
Boltzmann equation and the N-particle, but linear master equation, as they were
shown to be connected rigorously. In the thermodynamic limit, the evolution of a
chaotic family of initial states {f®¥)(v)} can be described equally accurately by the

master equation as the non-linear Boltzmann equation.



1.2.1 Approach to Equilibrium

The Kac collision process is ergodic on the sphere, that is
Q- Q)f f) = Z][cw/N F(vis(0)) = FV)P >0,
1<J S !

where the inner product is in L*(SV~1), and Qf = Kac

_ 1
f <~ f - ‘SN—I(MQNE)"
conjectured [21] that any initial probability distribution f(v) € L*(SV~!) tends to
the equilibrium uniform distribution exponentially at a rate strictly positive even
as N — oo. This conjecture was proved by Janvresse [20], and shortly after, the

spectral gap (the slowest exponential decay-rate in the L? norm) was found explicitly

by Carlen, Carvalho, Loss [7] (see also [25]) using induction on the number of particles.

Theorem 1.2.3. [7] The spectral gap of the Kac evolution operator,

. B N+2
inf{(N(I —Q)f, f): f € L*(S"" N, ||f|| =1, < f,1 >=0} = 2(N—1)°
The gap eigenfunction is a fourth-degree spherical harmonic: Z] 1 ] N%Q(Zjil U?)2~

We thus have exponential approach to equilibrium in the L? metric:
_AN42),
1f(v,t) = 1|2 < e 2 D7[f(v,0) = 1|2,
where 1 is the uniform probability measure on the sphere.

Remark. The appearance of the spherical harmonic as an eigenfunction is not sur-

prising, since the Kac operator commutes with the Laplace-Beltrami operator on the

SN-L

A more physical measure of equilibrium is the Gibbs entropy, the N —particle

version of Boltzmann’s entropy (3). Define

s()e= [ rioss

10



We use the opposite sign, and hence approach to equilibrium in this case is in-
dicated by the decrease in S(f). It is easy to see, from convexity of xlogz, that

S(f) > 0and S(f) =0« f=1. Furthermore, Kac showed in [21] that

as
2 <

dt — 0
under the evolution (4).

A quantitative rate of decrease in entropy was found by Villani in 2003 [31]. He

did so by showing that the entropy production —Z—f satisfies:

CAS(F(L1) o2
it  ~ N-1

S(f(. 1), (8)
so that S(f(.,t)) — 0 at an exponential rate inversely proportional to the number of
particles. The result was obtained independently by Carlen, Lieb, Loss [5] using an
induction argument.

If the bound is sharp, it would indicate that in the large-particle limit, a constant
exponential decay-rate in entropy is not obtained. Indeed, for the Kac-Boltzmann

equation (7), the entropy S(f|Mg) = [ flog MLE is measured relative to the equilib-

rium Gaussian density, Mg, and Cercignani’s conjecture [10], which is

_ds(ﬂ'c’lz”ME) > kS(f(.,t)|Mg)  for some k >0,

fails to hold. This was shown in [6], by explicitly constructing a sequence of states
with finite, non-zero entropy but arbitrarily small entropy production. The sequence,
similar to those used by [2], was a convex combination of Maxwellians, (1 —§)M B+
oM b. Each Maxwellian would be a solution to (7). The energy of the former tends to
E while that of the latter goes to oo as § — 0, but note that each portion contributes
equally to the kinetic energy of the full distribution. Choosing § arbitrarily close to
0, this becomes an optimizing sequence for the inequality %% <0.

Thus, it was clear that entropic approach to equilibrium at an exponential rate

uniform in N failed to persist in the thermodynamic limit, and the best result at

11



the level of the entropy production was the result % < 0 by Kac. Note that this
doesn’t preclude the possibility of a result involving higher order derivatives of the
entropy, and one can speculate that the entropy decays exponentially after a slow,
rate-determining initial decay period.

Returning to the many-particle master equation, Einav [13] showed that the en-
tropy production bound (8) was essentially optimal by considering optimizing se-
quences similar to the above, but with ¢ depending on N. These were states in which
a macroscopic fraction of the system’s kinetic energy was contained in a vanishingly
small fraction N~ of the particles, for a« > 0 suitably chosen. One can wonder if
restricting to states that we expect to see in nature would lead to better entropic
approach to equilibrium (in particular, at an exponential rate uniform in N, so that
it would persist in the thermodynamic limit). This leads us to the first problem

considered in the thesis.

1.3 Motivation

One possibility to ensure proximity to “physical” states is to consider the Kac model
in which each particle also interacts with a heat bath. Furthermore, it would be
independently interesting to undertake a study of the Kac model in a non-isolated
setting. This was the motivation for the first project [3], in collaboration with Federico
Bonetto and Michael Loss. We study a system of N particles interacting via the Kac
collision, and each of them also undergoing a Kac-type collision with a particle from
a heat bath at inverse temperature (.

To remain close to the so-called physical states, is it necessary to apply the ther-
mostat interaction to all particles? In the second project [30], which was work with
Hagop Tossounian, we study equilibration in the Kac model with a proper subset of

the particles connected to a heat bath at temperature It so turned out that in

1
5

12



the previous model, the equilibration persisted even in the absence of the Kac colli-
sion. Hence, this model helps us better understand the role of the Kac interaction in
attaining equilibrium.

Another purpose was to introduce spatial inhomogeneity in the sense of identifying
a subset of particles as situated “closer” to the heat bath. Hence, the thermostated
particles would be the medium of transfer of energy and the role of the inter-particle
interaction can be understood clearly. The rate-determining step is the transfer of
energy between the thermostated and non-thermostated particles.

In both systems, we obtain results on the rate of approach to the equilibrium
canonical distribution quantitatively using the L? distance, the relative entropy, and a
metric related to the Fourier transform, and study its behavior in the thermodynamic
limit. The results are detailed in Chapter 2.

In Chapter 3, we delve deeper into the thermostat model used, and show that it
can be obtained as a large-size limit of non-ideal heat bath interactions. This work

was in collaboration with Federico Bonetto, Michael Loss and Hagop Tossounian.

13



CHAPTER 11

THE INTERACTION OF THE KAC MODEL WITH A

HEAT BATH

In this chapter, we study a system of N particles interacting via the Kac collision,
as before, but in a non-isolated setting where a portion of the system (m out of N
particles) is allowed to interact with a heat bath. The kinetic energy of the system is
not conserved.

The setting is non-trivial, and yet simple enough that a variety of physically
interesting questions are mathematically tractable. In the following two sections, we
explore in detail the two cases we consider: Model I where m = N, and Model II
where m < N. They differ qualitatively from one another, as we shall see.

Most of the results described in this section have been published in [3, 30]. Sections
2.1 and 2.2 describe the models and list the main results. The remaining sections
2.3, 2.4, 2.5, 2.6 contain the proofs and discussion. We conclude in Section 2.7 by

discussing the various measures of equilibration used in this Chapter.

2.1 The Models

As in the Kac model, spatial homogeneity is assumed, but the phase space changes
to {v € RV} as the heat bath dynamics will move the velocities out of the constant-
energy sphere. The system is assumed to interact with an ideal heat bath whose
particles remain in thermal equilibrium at temperature %; they are not affected by
the interaction with the system. The heat bath interaction of, say Particle j, can be

described through its action on a test function ¢(vy, ..., vy). Its transformation, given

14



this interaction, is
/dwg(w)][ dop(v;(0,w)) = Wig,

where v;(6, w) = (vq, ..., v; cos@+wsiné, ...) and g(w) = \/ge_ﬁw; is the Maxwellian
at the temperature of the heat bath. Hence, the interaction depicts a Kac style
collision between the system particle 7 and a particle from an infinite gas in thermal
equilibrium at temperature % On a probability distribution f(v) on the phase space

R¥ the action is given by the adjoint of the above operator, that is,

(W) (v) = /dw][ dfg(—v;sinf +wcosb) f(v;(0,w)) . (9)

We will refer to this operator as the thermostat.
One could consider a stronger operator than the above: one that ‘thermostats’
instantly. It forces Particle j to lose memory of its current distribution, and to acquire
1

the Gaussian distribution at temperature 3. On a test function ¢(v), the result of

Particle j’s interaction is

/dwjg(wj)gp(...,wj, )= 80,

and on a probability density it becomes what we will call the strong thermostat:

S;f(v) = g(v)) /dwjf(vl, ey W), UN) (10)
2.1.1 System Immersed in a Heat Bath

The system is modeled as a Markov jump process in which each of the N particles
in the system interacts with the heat bath (as well as with each other). We will use
the thermostat operators W; from (9) to model the action of the heat bath. The
collision events, i.e. the Kac and thermostat interaction, occur as a Poisson process
with intensity N(A+ u) with A, ¢ > 0 and proportional to the respective intensities of

the Kac collision and the thermostat, and /N is the number of particles. This scaling

15



is chosen, as in the Kac model, to ensure that the mean free time for a single particle
is O(1). The parameters A and p are chosen according to physical factors.

The wait times between “collision events” are distributed exponentially with mean

1
N(A+p)?

by:

and the transformation of a test function ¢(v) after such an event is given

A Bl
</\+MQ+ )x-iruN;Wj) (V)

That is, once the time for an “event” is reached, the Kac collision is chosen with
a probability ﬁ and the thermostat interaction with probability ﬁ, and within
this, particles are chosen with uniform probability.

We now move to the probability distribution viewpoint and obtain the master
equation for the evolution. The state of the system is described by the probability
density f(v) € L'(R"). The reasoning is similar to the derivation of the Kac master

equation (4), and f is seen to evolve through the equation:

g_{ — —(AGk + 1Gw)f | (11)

where G := N(I — Q) is the Kac part, and Gy = Z;V:l(] — W;) corresponds to
the thermostat that acts on each of the particles. Throughout, we assume symmetry

among particles 1,..., N, which is preserved by the evolution. The normalization

[ f(v) =1 is also preserved. Henceforth, we will refer to this as Model I

2.1.2 System in Partial Contact with a Heat Bath

Consider N particles labelled 1, ..., N interacting through the Kac collisions, where

1,...,m, with m < N, also interact with a heat bath at temperature % To keep
things simple, in this case we will use the strong thermostat operators S; (see (10))
to model this interaction. The strong thermostat can be interpreted as an exchange
of particles from the system with the heat bath. When particle j “hits” the heat
bath, it is replaced by a particle from the heat bath that now assumes the label j.

Since the heat bath particles have a Gaussian distribution, the effect is the eventual
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equilibration of the whole system to the temperature %, where the Kac interaction

plays a crucial role in the equilibration of the non-thermostated particles (m+1, ..., N).
We assume m < N, since the case m = N has effectively been considered in the
model described in the previous subsection (2.1.1). In this model, events occur at ex-

ponentially distributed times with mean and such a collision event transforms

1
NA+mp?
a test function ¢(v) as follows:

N mp 1 =,
(NA—l—m,uQ+ N)\—irm,uﬁzsj) V)

j=1

When the time for such an “event” is reached, the Kac collision or heat bath inter-
action is chosen, with probabilities proportional to NA and mpu, respectively. The
Markov transition operator is the adjoint of the above, and thus the master equation

for the evolution of a probability density f(v) € L'(R") becomes

o Gk + 1G9 (12)
where G, the Kac part, acts among the /N particles as before, while the thermostat
operator Gg := > " | (I—.5;) acts only on Particles 1, ...m. Here, we assume symmetry
between 1,...,m and m+1, ..., N, and this is preserved by the evolution. We will refer
to this as Model II.

In the upcoming sections, we obtain quantitative results on the approach to equi-

librium in the two systems described above, using various metrics to represent equi-

libration.

2.2 List of Main Results

In both the models considered, it is easy to see from eqs. (11) and (12) that the

() ::( %) [[e

=1

Gaussian

is an equilibrium state. Moreover, it can be inferred from the results of section 2.3

that it is the unique equilibrium.
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In contrast with the isolated Kac model (Section 1.2), the Kac operator Gx now
acts on functions on RY. Thus, when s, the heat bath parameter is 0, both Models
I and II have a degenerate steady state. Any function that is radial, i.e. depends
only on ||v|], lies in the kernel of Gx. The heat bath operators W and S, in Models

I and II, are what determine which radial function the states evolve to: the above

Gaussian.
The kinetic energy K (t) := % [on <Z o1 vk) f(v,t)dv of the equilibrium Gaussian
state is 3 /3, and we expect that both models have kinetic energies that approach this

value. The Kac part G preserves Y, vz, and so below we study the effect of Gy and
Gs.

From eq.(11), it is easy to obtain
dK i
— =—uNK+ = Z/dwdv][de( v)g f(v;(6,w))
= —uNK+ = a Z(Z/dvka + /dwdvg )j{dﬁ(vj cos(0) + wsin(&))2>

J k#j

7 BN
= —uNK N-1DK+=K

We thus get for Model I, that the kinetic energy approaches the equilibrium kinetic

energy exponentially at a rate §

Setting

=10, (14)

the above equation reads as Newton’s law of cooling when 7'(t) is identified as the
temperature at time ¢t. However, this identification is not valid unless the probability
density at time ¢t is close to the Gaussian . This is not true in general, except
in the case of a quasi-static transformation, which can be achieved in Model I when

1 << A, so that the Kac collisions are strong enough to effectively guide the evolution
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through rotationally invariant states, whose finite-particle marginals are Gaussians in
the thermodynamic limit.

Due to the asymmetry between particles 1,...m and m + 1, ..., N in Model II, we
get a coupled system of differential equations for K, (t) := % [ox (3, v2) f(v,t)dv

and K n(t) = 3 fon (i1 08) £V, v,

K]\}fm —m AN—m) Kme 0
_ N-1 )\(NN_l) + (15)
Am -m m
Ko N—1 N1 M Ko 2_5
N—m
The equilibrium for the above is 2 and the smallest eigenvalue of the matrix
28

(in magnitude) is

Hence, the kinetic energy approaches the equilibrium value % at a rate ~ % for N

large.
Remark. We shall now set 5 = 1 without loss of generality.

Consider the transformation

f=~1+h) (16)

that defines h, the perturbation from the ground-state. Let h lie in the space
L*(RY,~(v)dv) with inner product (hq,hs) := [ hihoydv. Under this transforma-
tion, the evolution operators in eqs. (11) and (12), transform into new operators that
act on h, as Gx — Lk, Gw — Lr, and Gg — Lp. The operators are defined
explicitly in Section 2.3. It then turns out that the operators corresponding to the
time-evolution of h, £ := ALk + puLr for Model I, and Ly, := ALk + pLp for Model

I1, are both self-adjoint.
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We have the following theorems on the lowest eigenvalues of the operator £, and
these indicate the rates of approach to equilibrium in Model I in terms of the L2(RY, v)

distance. The proofs are detailed in Section 2.3.

Theorem 2.2.1. Define the spectral gap
Ay i=inf{|(h, LR < [Jhl] = 1, (b, 1) = O }.

We have

The corresponding eigenfunction is

v—l

Mz

hay (v
=1

Note that the parameter A of the Kac operator does not appear in the gap, the
slowest decay rate in the L2(RY, v(v)dv) distance. To understand the role played by

the Kac collision in the equilibration process, we define the “second” spectral gap
AF = imf{|(h, LB : |[Bl] = 1, (1) = 0, (b, hay) = O} ,

which signifies the rate of decay when the initial distribution has no component in

ha,. We have
Theorem 2.2.2. Af,) is given by the lower root of the quadratic equation

) 3 3
A - A e — A = ) = 1
()\ N + u)aﬂ—u()\ N"‘8M> 8)\ N,U(N 2) 0, (7)

N+2

where Ay = %N— The corresponding eigenfunction is an even polynomial of degree

4 in all the v;.

As N — oo one finds
A5
AP :min{§+§u,u} : (18)
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Hence, in the large system limit, both the first and second spectral gaps are
uniform in N. The proof of the above theorem uses the spectral gap of the Kac
operator on the sphere (mentioned in Sec 1.2) to approximate the Kac operator Ly
with the orthogonal projection onto radial functions.

For Model II, the asymptotic behavior of the spectral gap
ONm = f{|[(h, Lnmh)| : ||R|| =1, (h,1) = 0} (19)
for large N is given in the following theorem:

Theorem 2.2.3. Assume A\, u > 0. Then for1 < m < N —1,

m m 2\
N 152,1 < Onm < 2 (20)

—lp+X~
(2A+p)—/4N2+p2

2

where 051 = , which can be directly computed as it is an eigenvalue
of a sum of projections (in the 2—particle case, the Kac operator @) = Rjs is a pro-
jection). Thus, as we are close to equilibrium, h — 0 in L?(R", v3) at an exponential
rate with a constant, which, when m = «aN, is uniform in the number of particles. In
contrast with Model I, here the Kac collision plays a role in the equilibration of the
slowest mode itself. This is expected, since A = 0 means that the non-thermostated
particles m + 1, ..., N never reach the temperature of the heat bath.

In Section 2.4, we take up a study of the relative entropy of a density f with

respect to the equilibrium Gaussian v(v) defined as

S(7i) = [ 1o fdv |

This functional is strictly positive except at equilibrium, i.e S(y|y) = 0. One could

try to prove Cercignani’s conjecture [10] for the Models by finding a bound for the

entropy production —%, of the form

- BUR) 5 kstam) 1)
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for some k > 0, which implies the exponential bound S(f(.,t)]y) < e *S(f(.,0)]y)
for the entropy. The left-hand side of (21) can be written in terms of the generator
of the evolution and its properties could be used to find a bound. In both of our
systems, however, the better approach seems to be to employ convexity of the entropy
to expand the term S(e~IxF+HIW) £~ and S(e~A9x+1I9s)t f|v) for Models T and 11,

respectively, and find an upper bound for the rate of decay.

Remark. This approach of using the entropy directly was used in [5] to obtain the

entropy decay bound (8) for the isolated Kac model.
We have the following Theorem for Model I:

Theorem 2.2.4. Let f(v,t) be the solution of the master equation (11) with initial

condition f(v,0). Then

S(F D) < e ™S(f(,0)l)

where
p="1

2

We prove this by first considering a single-particle system (N = 1), where we
relate the thermostat W; on one particle to the Ornstein-Uhlenbeck semigroup, and
use the entropy decay properties of the latter [28, 16, 1, 17, 29]. To generalize to
higher values of N, we invoke Han’s inequality [18] in information theory (this can
also be inferred from the Loomis-Whitney inequality [24]), which bounds the sum of
entropies of marginal distributions in terms of the total entropy.

Theorem 2.2.4 implies an entropy production bound like (21): % < —£S. The
strength of the Kac term A does not play a role in this bound since the entropy
production due to the Kac term is zero on any radial function. One may wonder if

we can obtain a better entropy production bound by taking into account the coupling

between the Kac and thermostat terms, but it turns out that & = § is optimal, and
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will be shown by explicitly constructing an optimizing sequence along the lines of
2, 6, 13].

For Model II, we have the following entropy decay property:

Theorem 2.2.5 ([30]). Assume 1 < m < N and let f(v,t) be the solution of the

master equation (12) with initial condition f(v,0). Then

- e £+
& ¢ Tg¢f

S 1)) < (— —“) SUGOM . (22)

where {1 = & (m, N) = <N—’\2+H + 2/ (NA+ )2 — d4mp/(N — 1))

Define

Z(t) == —g—_e_’E*t + €—+e_5*t :

£ — & & — &
For A\, > 0, lim o Z(t) = 0 and Z(0) = 1. In fact, Z’(t) < 0 since {_ < ;.

The slowest decay mode (the dominant rate as ¢ — 00) is the one corresponding to

m\

(N Hence, we obtain an eventually exponen-

e~¢-t and for large N, £_ ~ w
tial decay of relative entropy through this bound, albeit with decay constant ~ 7.
Unfortunately, since Z’(0) = 0, the Theorem does not give us a bound of type (21)
on the entropy production.

Next, in Section 2.5, we consider a metric introduced by Gabetta, Toscani, Wennberg
[14] that is related to the Fourier transform of probability distributions. We show in
Theorem 2.5.1 that this metric, when used to measure the distance from equilibrium,
behaves exactly like the relative entropy. The results in this section were obtained
later, and hence do not appear in [3, 30].

In Section 2.6, we examine the notion of propagation of chaos applied to Models
I and II. The main result is Theorem 2.6.2, which shows propagation of chaos for

Model I, which enables one to connect it rigorously with a Boltzmann-type equation.

If we define

Tuo) = tim [ 5005)des-do
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then eq. (11), through Theorem 2.6.2, gives rise to an effective evolution for f,, that
is
Theorem 2.2.6. f,(v) is the solution of the following ‘Boltzmann Equation’:

af,

—Giv) = 2)\][ de / dw(f,(vecosf +wsin ) f,(—vsinf 4+ wcos ) — f,(v)f,(w)]

+ ,u[/ dw][ dfg(—vsin® +wcosf) f,(vcosf +wsinb) — f,(v)]

with fo(v) as initial condition.

Our proof follows the one for the isolated Kac model in [21, 26|, and hence it
does not establish the validity of the above Boltzmann equation uniformly in time.
We believe it should be possible to prove such a result by adapting the proof in [27]
where propagation of chaos for the isolated Kac model is shown uniformly in time.
The additional thermostat term in our case preserves product states, and hence should

not cause a hindrance in adapting the proof.

2.3 Approach to Equilibrium in L*

As in the case of the isolated Kac model, the question of equilibration in Models I and
IT can be translated to one in spectral theory, through the ground-state transformation
(16) that leads to self-adjoint evolution operators. We can then focus on the spectral
properties of these operators - in particular the smallest eigenvalues (in magnitude) -
and infer from this the equilibration rate of the system. Note however, that in doing
this, we are restricting to distributions f such that h = 5 —1is in L?(RY,v). For
instance, Gaussian states with temperature greater than twice that of the heat bath
do not satisfy this constraint.
In concurrence with the ground-state transformation (16), let Xy := {h € L*(R",v) :

(h,1) = 0}, where (.,.) denotes the inner product in the L? space with weight . The
condition (h,1) = [ h(v)y(v)dv = 0 corresponds to the normalization of the proba-

bility density f. In the following two subsections, we address the rate at which h — 0,
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the equilibrium, in the Hilbert space X'y for each of the models above. In particular,

we prove Theorems 2.2.1, 2.2.2 and 2.2.3.

2.3.1 Model I

The master equation (11) written in terms of h is

oh
5 —(ALk + pLlr)h, (23)
N
where L := N(I — Q) corresponds to the Kac collisions and L := Z (I —T;) to
j=1

the thermostat, and

Th = ][ i / dwg(w)h(v;(0,w)) (24)

The Kac operator does not change under the ground-state transformation, i.e.,
Lk = Gk, whereas the thermostat does. Recall that the vector v;(6,w) = (v, ..., v, cos 0+
wsind, ...) is the velocity vector obtained following the Kac collision of particle j with
a thermostat particle with velocity w.

It is easy to see that the operator £ := ALk + puLy for the evolution of h is self-
adjoint on X. Moreover L preserves the subspace of Xy formed by the functions
symmetric under permutation of the variables.

To begin, we report some known or simple results on the spectra of Lx and L.
We say that a function h(v) is radial if it depends only on r? = Y, v?. We call X,

the subspace of Xy that consists of radial functions. We have
Lemma 2.3.1.
o Lx>0,Lr>0.

o Lilh|=0< he X, and Lr]h] =0 < h = constant.
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Proof. All claims follow from the following observations:

2((I — Q)h, h) Z][de/ (vi;j(8)) = h(v)|*vdv > 0

1<J

23" (1= Tp)h, by ][de/dvdwg (W)|R(v;(6,w)) — B(v)[?) >0,
J
the first of which is an 1dent1ty due to Kac [21]. O
Notice that the Kac operator alone acting on R" has a degenerate ground state.
From the above Lemma, we see that the unique equilibrium state in Xy corresponding
to eq. (23) is h(v) = 0.
The following Theorem is a direct consequence of the results in [7], and is equiv-

alent to Theorem 1.2.3.

Theorem 2.3.2 ([7]). We have that

1N 42

Ay = inf{[(h, Lxh)| - [|h|| = 1,h L X} = 2N -1

2
N
and the corresponding eigenfunction is Z] VU — Ni+2 <Zj:1 vf) .

To study the spectrum of L1 we use the Hermite polynomials H,(v) with weight

g(v). More precisely, for « integer, we set

so that
1. H,(v) is a polynomial of degree a. Moreover H,(—v) = (—=1)*H,(v).
2. The coefficient of v* in H, is 1.

3. The H, are orthogonal in L?(R, gdv). More precisely

/Hal Hg, (0)dv = V2101104, -
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Lemma 2.3.3. H,(v;) form an orthogonal basis of eigenfunctions for the operator
T; and T;H, = s Hy with s = 0 if o is odd while

(2a0)!
Qa2

2T
S2q :][ df cos®* 6 =
0

Proof. We drop the subscript j here for ease of notation. First, we observe that

/T[Ha(v)]Hn(v)g(v)dv = /dwdvg(v)g(w)Hn(v)][ dOH,(vcosf + wsinb)

= /dwdvg(v)g(w)Ha(v)][ dOH,,(vcosf + wsinb).
(by self-adjointness)
As T preserves polynomial degrees, T[H,(v)] is a polynomial in v of degree «, and so
the first line implies that [ T[H,(v)]H,(v)g(v)dv = 0 if n > «. Likewise, the second
line implies that [ T[Hy(v)]H,(v)g(v)dv =0 if & > n. Thus,

T[H,(v)] = caHa(v) .
By equating the coefficients of v* in the above, we get that ¢, = f cos®0 = s,. O

Note that sya41) < 524 and sz, — 0 as o — oo. Since L is just the direct sum
of (I —1T}) we get the following characterization of the spectrum of Lr.

Corollary 2.3.4. The functions
N

Ho(v) := [ [ Ha,(v) ,

i=1
where a = (ay, ..., an), is an eigenfunction of Ly with eigenvalue

Oy 1= Z (1 —$q4,).
The set {Hy} -, form an orthogonal basis of eigenfunctions for L in X . In particular

Lr>0on X+,

To study the spectral gap, we need to understand the action of Lx on products
of Hermite polynomials H,, the eigenfunctions of Lr. We first state and prove the

following lemma which helps us restrict our investigation to even polynomials.
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Lemma 2.3.5.

o Any eigenfunction of uLr + ALk is either even or odd in each variable v;.

o [f E is an eigenvalue of pLp + ALy, with an eigenfunction that is odd in some

v;, we have that E > 2\ + p.

Proof. The first part can be seen by noting that the operator uLr + AL commutes
with the reflection operator S;[h](v) := h(..., —v;, ...). For the second part, say (uLr+
Ak )h = Eh, with Si[h] = —h. Then T1[h] = 0. In addition, for any i # 1,

][dﬁh(vi,l(ﬁ)) :][dﬁh(vi cosf + vy sinf, ..., —v; sin @ + vy cos b, ...)

:][deh(\/vf +v2cos (¢ —0), ...,y /v + visin(p —0),...)
:][dﬁh(\/v? + v} cosh,...,\/v? +visinb,...)
:][dﬁh(—\/viz +v?cosb, ..., \/v? +v¥sind, ...) (taking  — m — )

0 (using that Si[h] = —h) .

Thus,
N
ANh = A Y ][dﬁh(vm-(e)) + Nph— Y Ti[h] = Eh
(2) < jyij#1 i#1
or
N (N -1
2
which proves the claim. O

We will show that the eigenfunctions of interest have corresponding eigenvalues
that are smaller than 2\ + u. We can thus restrict our attention to the space of

functions that are even in all variables. To this end we define

N
Y 20 = 25}.
=1

Lo = span { Hsy,

Moreover we set

N
ol = _a
i—1
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and

E={a: Z a;a; # 0}, that is the set of o in which at least two entries are non-zero.
i<j

Lemma 2.3.6. In each Ly the eigenvalues of Lp are given by ooy = Zj (1 = 52q,),

where |a| = 1. It follows that

e The smallest eigenvalue in each Loy is 1 — sop and the corresponding eigenfunc-

tions are precisely linear combinations of Hao(v) with o = (0,...,1,...,0).

e minoy, = 1. Moreover, the minimum is reached when two of the a;’s are 1 and
ac= -

the rest are 0.

Proof. To prove the first statement, we start by observing that the function J(z) :=

2w
][ cos™ fd# is strictly convex in . Consider a such that |a| = I. We need to show

0
that
> J(aw) < J(1) + (N —1)J(0)

and that equality is attained if and only if a = (0,...[,...0). By convexity, we have

that

J(oy) = J<%l +y %o)

JFi

Q; (6%
<= -2 .
< lJ(l)+j§# lJ<O)

Summing the above over i, we get the result.
The second claim follows from the monotonicity of the sy, and the fact that

So = % ]
We now have all the ingredients to find the spectral gap of L.

Proof of Theorem 2.2.1. By Corollary 2.3.4 and Lemma 2.3.6, we have that L >
1/2 and thus £ > 1/2 on Xy. On the other hand, L[> Hy(v;)] = pLr]d> . Ha(v;)] =
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B(>_ Hy(vs)) since Y Hy(v;), being a radial function, is annihilated by the Kac part.
Thus, Ay = p/2 and ha, = .8 Ha(v;) € Ly. O

To compute AE\Q,) we need to better understand the action of Lx on the Lo;. This

is done in the following Lemma, which is actually a generalization of Lemma 2.3.3.

Lemma 2.3.7. Let A be a self-adjoint operator on L*(RN,~v(v)dv) that preserves the
space Py, of homogeneous even polynomials in vy, ...,vx of degree 2. If
AP o3N) = Z cﬁvfﬁl...vf\,ﬁN :
8=l
we get

A(Hza, (v1)..-Haay (vn)) = Y ¢gHag, (v1)... Hagy () -
1B1=lal

Proof. First, we observe that A(Lg) C Log. Indeed, if f € Lo, and g € Ly with
m < I, we have (Ag, f) = (9, Af) = 0 because Af contains only monomials of degree

at most 2m. This means that

A(Hza, (01).-Haay (vn)) = Y kaHap, (01)... Hagy (vy)
1Bl=le

and because

A(vFr oY) = Z cévfﬁl...v?vﬁ]v :
18|=lal

we get that ¢s = kg for any [ by equating the coefficients of the term of maximal

degree vfﬁl...v?\,ﬁj\’. O
Remarks.

e Since Lg preserves the spaces Py, the above Lemma applies to it. Thus, the
action of Lk on products of Hermite polynomials Hy,(v;) can be deduced from

its action on products of monomials v?", and the latter turns out to be simpler.

e Note that Ly is invariant under Ly and thus is invariant under L.
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In preparation for computing the “second spectral gap” AS\?) we note that Theorem
2.3.2 implies that

(h,Lxh) > (h,An(I — B)h) ,
where B is the orthogonal projection on radial functions, that is
B[h](v) :/ h(w)do(w) . (25)
SN=1(Jv])

where SV ~1(r) is the sphere of radius r in RY with normalized surface measure do(v).

Setting L := An(I — B) we have
(B LhY > (b, (4L + \Lr))

so that

AQD > inf{(h, (ulr + ALR)R) : ||h]| = 1,h L Lo, Ly}, (26)

where we have replaced the operator Lx with the much simpler projection L. Note,
the same reasoning as before shows that the space Lo is invariant under Lg. For

later use we define
[(a) = / VI 0N doy (V).
SN—I(l)

Theorem 2.3.8. The smallest eigenvalue a; of the operator

plr + ALg
restricted to the space Lo satisfies the estimates

a, > x,
where x; is the smaller of the two solutions of the equation
22 — (Mpy + (2 = so)p) & + (1 — so)pi® + Mpyp = MyusyNT(1,0,...0) . (27)
Proof. The equation for the eigenvalue x of uLly + ALg gives
p> Tih+ AyBh = (Np+ My — 2)h .
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Observe that if [a| = I, B[o}*" - - - v3*"] is an homogeneous radial polynomial of degree

20 so that we have
!
201 2a o a 281 28
Blvi® - oy™(r) = Na)r® =T'(a) E —51!---5N!U1 Lo (28)

in particular

> @ =1 (29)

larf=l

Writing a generic function f in Ly as

the eigenvalue equation becomes:

i Z Z 820;Catoa+AAN {Z caf(g)} Z OZI‘LHQQ = (Np+AAy—x) Z caHay ,

l..ay!
lal=l = =l N =

(30)
where we have used that the projection B satisfies the hypothesis of Lemma 2.3.7.

Thus for every «

l!
(102 + My — ) cq = KAMAN—
= = oql...ay!

(31)
where we set 3, cal'(@) = K. Consider first the case K # 0, that is (z — My —
Uoa,) # 0 for every a. Rearranging, multiplying both sides by I'(«), and adding we

get

1 1 [!
- = Na)———— .
)\AN |§::l )\AN + HO2q — X (Q) Oél!...OéN!

(32)

With z moving in from —oo, the first singularity of the right side of eq. (32) occurs
when

T = |m|1_r% (AAN + poa) = My + (1 — s9),

where the last equality follows from Lemma 2.3.6. The right side of eq. (32) is

a positive increasing function of z until the first singularity. Thus, the smallest
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eigenvalue is less than AAx + p(1 — sy). For 0 < < Ay + pu(1 — sg) we get

1 1 1 [!
= NI'(I r
My My + (1 —sg)p—= (1,0,..0) +|Zl (AN + pogg — ) <g)a1' ay!
Q€=
1 1 [!
< NI'(l,0, ... _ Na)————
- )\AN+<1—SQZ)M—$ ( 707 0)+)\AN+LL—ZE|ZZ <g)041!...a]v!
acE
< ! NT(,0,..0) + ———[1 = NT(1,0,..0)] . (using cq. (29))
L0, ... —[1 - ,0,..0)] . (using eq.
T My (1= sy — My +p—z &
It is easily seen that the equation
Lo ! NT(L,0,..0) + ~——[1 - NT(1,0,..0)] (33)
My My + (1 —sy)pu—x T My +p—x T

and (27) are equivalent and hence the smallest eigenvalue a; > x;.
Note that necessarily x; < AAy + (1 — sy). Thus, if K =0, a; = My + pos, for

some « and hence a; > My + p(1 — sy) > x;, which proves the theorem. O

Proof of Theorem 2.2.2. Since symmetric functions are preserved under £, the space

of symmetric Hermite polynomials in L, with orthonormal basis

/ 2
{ N(N——lez v;) Ha(v;), \/>ZH4 (v;)}

gives rise to two eigenfunctions. The action of uLr+ ALk on this space is represented

by the following matrix

3\ —/3)
Ll gy Wy o
(34)
—/3) Sp + A
VN1 2

whose characteristic equation is (17) and smallest eigenvalue is thus ay. Hence, we
immediately have Ag\z{) < as.

To see the opposite inequality recall that x; is the smaller of the two solutions of
the equation (33) Since for I > 2, sy < s4 = § and I'(},0,...0) < T'(2,0,..0) = yg

we get from (33)

Ag\%) Z as .
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The eigenfunction corresponding to the “second” gap Aﬁ) is given by 2@22 caHo €
Ly, where ¢, are symmetric under exchange of indices (see eq. (31)). In fact, eq. (31)
characterizes the symmetric eigenfunctions of uLr + ALg when K # 0 and the non-
symmetric eigenfunctions when K = 0. This means that solutions z of eq. (32)
correspond to symmetric eigenfunctions alone. Hence, the unique eigenfunction (by
extension, also that of ulr + ALg) corresponding to ay is symmetric, which is the
physically interesting case.

We eventually do get the optimal bound ay due to the following reason: The space
of symmetric functions in Ly is spanned by the set {}_,; Ha(v;)Ha(v;), > Ha(vi)},
which can also be spanned by two functions, one of which is radial (of degree 4) and
the other perpendicular to the radial one. The latter gives the gap Ay for L. Hence,
the action of Lx and Lx on the space of symmetric functions in L, is precisely the
same.

In the limit N — oo, the off-diagonal elements of the matrix (34) vanish. There-
fore, in this limit, the eigenvalues xy tend to 3 + 34 and p (see (18)), which corre-

sponds to the simultaneous diagonalization of operators L7 and Lg.
2.3.2 Model II

The master equation (12) in this case, for the evolution of the perturbation h, becomes

oh

T —(ALk + pLlp)h, (35)
where Lx = Gk is the Kac part as defined in eq. (11), and Lp := > 7" (I — P}),

where

P;h = /dwjg(wj)h(vl,...,wj,...,vN) :

It is easy to see that Lx and Lp are self-adjoint on Xy and each P; is a projection
onto the space of functions in Xy independent of v;. Defining the evolution operator

LN m = Ak + pLp, we describe some of its properties.
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Lemma 2.3.9.
o Lnm >0 on Xy.
e Lymh=0&h=0.

Proof. We know from [21] and 2.3.1 that (I — Q) > 0 and (I —Q)h = 0 & h is radial.
Each (I — Py) is a projection with kernel precisely the subspace of functions in Xy
that are independent of v;. The only function in Xy that belongs to the kernel of
> e (I — P;) and is also radial is 0. Hence, the Lemma is proved, and we can infer

from it that v(v) is the unique equilibrium of (12). O

Lemma 2.3.9 implies that initial states in Xy decay to equilibrium at an exponen-
tial rate dn,,, the spectral gap of Ly, defined in (19).

First, the observation that Lo ; is simply a linear combination of two projections
(Q = Ry» is an orthogonal projection onto radial functions in R?) lets us compute the
whole spectrum in the two-particle case. This is done in Appendix A. We see that

the spectral gap is the lower root of the quadratic 2 — (2 + p)z + Au:

(2X + p) — /4N + p?
(5271 = (36)

N 2

with gap eigenfunction

2 2
g _ 2 p
Dt =0y, o) + oy Ha(va),

where Hj is the monic Hermite polynomial (with weight ) of degree 2.
For general N, m, the asymptotic behavior is given by Theorem 2.2.3, which we

NOW prove.

Proof of Theorem 2.2.3. The proof is based on an inductive argument that follows in
essence the one in [7] in which the spectral gap of the Kac model is computed exactly.

We first prove the following claim for 1 < m < N:
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N—m—15 n m
N—1 NMPmTNq

ONm > ON—1,m—1 - (37)

We let ,c%“)m be the evolution operator Ly, with the k' particle removed:

N m

(N —1)A
Lm = N S U-Ry)+p Y (I-R)
2
1<j =1
i, #k 1#k
Remark 2.3.10. E%}m is also self-adjoint in L?(R",~), and will have m or m — 1

strong thermostats in it, depending on whether k& > m or k < m, respectively. Also,

the coefficient of the Kac term corresponds to collisions among N — 1 particles.

Next we show that

_ (k)
Lym=~5—7 ; LY. (38)
This follows, since
N N 92\ N m
k
D Lm = 2|y X U-Ry)tw > (U-R)
k=1 k=1
i < g, I=1
1] #Fk L #Fk
N m
= 20) (I-Ry)+(N—-1p> (I-R)
i<j =1
= (N-1)Lym
Then
;X
- - (k)
(s Lvmlh]) = 57— ,; (s L 1)) - (39)



At this point, we want to introduce the gaps dn_1,, and on_1,,—1 for N — 1
particles into the right hand side; for this, we will need the functions to be orthogonal
to 1 in the space L*(RN! ~(0y,)), where v(?y,) is the Gaussian v with the variable vy

missing. To this end, we define the projections

Wk[h] = /h’y(ifk) d?)l ce dvk,1d0k+1 e d?}N

and write, for each k, (h, EE\]f)m [h]) = ((h — mh), E%i)m(h — mgh)). This holds because
the range of the projection 7y is exactly the kernel of ES{?}W and the operator Egl\;)m

is self-adjoint. Thus, from (39),

SN m = N_ 1nfz h— meh), L3, (h — mh)) |

where the infimum is over h € Xy, ||h|| = 1 as per the definition of the spectral
gap. Since (h — mzh) is orthogonal to the constant function 1 in L*(RN! ~(4y)) by

construction, we use the definition of the spectral gap to write

1 .
o > N_11“f< S° ncumlllh = mhlP) +26N - (Il = meh] >>

k=m+1

(by Remark 2.3.10)

N m
L.
| inf <5N1,m Z (1A)? = ||mkh]|?) + On—1m—1 Z(HhH2 - HﬂthZ))

k=m+1 k=1

N
N —m m

1
> SN—1m SNt ON—1,ms ON—1,m— hl[?
Z N 1N +N_1N1, 1T N 1maX{N1 N-1 1}811}3;“7% I,

where we have used symmetry among 1,...,m and m + 1,..., N and the fact that the
infimum is over functions with norm 1.

First, we note that dx_1,m > On—1m—1 since (I—F,,) > 0. Next, sup{zlfj:1 |||, h €
Xn} equals supy, (h, SV mh). Since {m} is a collection of commuting projection

operators _, T 18 a projection and the supremum is 1.
v 2 k=1
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We then get

N—m m 1

SNt & N1 —
N1 ON-tm T AT ON—Lm1 T

(5N,m Z 5N—1,m7

which implies claim (37).
We now prove the first inequality in Theorem 2.2.3. The region of interest is

{(N,m):1<m< N —1}. We will use induction on N > 2.

e The base case N = 2, m = 1 is the trivial statement dy; > 0.

e Now suppose

ONm > 021 (40)

m
N -1
for all m such that 1 <m < N—1. To show that dny1,m > d21% for all m such

that 1 < m < N, consider the following two cases:

— m = 1: We need to show that dyi11 > 5]2\,—’1. From (37), we deduce that

N -1
N

N -1

1
OnNt11 > N1+ N&v,o = ona -

In the above, we have dyo = 0 because when none of the particles are
thermostated, the ground-state is degenerate (any radial function in R
is an equilibrium for the Kac part). Applying (40) with m = 1 then

completes the proof of this case.

—1<m<N:
N—m [ mdq, m [ (m—1)ds, .
> ’ B N At bt
ON+1m 2~ (N - 1) + < N1 (using (37) and (40))
m m
= 52’1m(N —-_m-+m — 1) = 52’1N .

This proves the first inequality in (20). We prove second inequality in (20), by

m

~-> for On . This can be done by finding

finding an upper bound proportional to

a (possibly crude) upper bound on the eigenvalues of Ly, on the space of second
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degree Hermite polynomials with weight «. This space is invariant under Ly ,,, and
the action of Ly, on it with basis {Zg:mﬂ Hy(vg), Y ey Ho(ug)} can be described
by the following matrix. We use the identities R;; H2(v;) = (H2(v;) + Ha(v;))/2 and

R;jHy(v,) = Hy(vy,) for 4, j # k in obtaining the entries.

Am —Am

N-1 N-1

AN-—m) AN-m)
TN N1 T H

Its smallest eigenvalue is —(u + 35 1 = \/ 1— i(}”\f T NA1)2) Hence, by definition

of the gap,

1 N m ANp
ONm — ) (1= /1= .
o < gty J N-1(t 2

For N large enough, we can write

5 <1 N NA m AN
M= TN N T

or
m 2)\,u

ON,m
N _N—1u+/\

]

Thus, as we are close to equilibrium, 4 — 0 in L2(R"Y,v) at an exponential rate

On.m, which for large N, is proportional to the fraction of thermostated particles.

Remark. The matrix in the previous proof is related to the evolution of kinetic
energy of the system, see eq. (15), as the behavior of the kinetic energy is indicative
of the action of the operator Ly,, on polynomials of the form v]z. Moreover, for
N = 2,m = 1, we show in Appendix A that the gap eigenfunction - the slowest
rate of decay in the space L*(R?,7) - is a second degree polynomial. One may thus
wonder if the gap eigenfunction is a second degree polynomial for other values of N

too. However, currently we only have asymptotic bounds on 0y ,.
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2.4 Approach to Equilibrium in Entropy

In this section, we study the behavior of the relative entropy functional

S(fl) = / floggdv (41)

under the two evolutions (11) and (12). We have

/flog dv_/(f)log(f)»ydv

> /fvdv log /fydv

by Jensen’s inequality, and this implies that for any probability distribution f on R,
S(flv) > 0. Moreover, S(f|y) = 0 < f = ~. Hence, the tracking the decrease in
S(flv) as f evolves is a good measure of equilibration.

We are interested in quantifying the decay in .S, for which one approach has been to

study the entropy production _E along the evolution, and in particular, computing

1dS(f(,01y) ds
S

2 as %2 is linear in the generator of the evolution (see eq. (42)).

sup; —
However, our approach is to look at the term S(f(.,t)|y) and utilize its convexity.
This lends itself to the more general case where the entropy decay is sensed only in
higher order terms, and not in the linear term.

We use the representation f = ~vh, where h(v) = 1 indicates equilibrium. This is
slightly different from the ground-state transformation (16). Since f is a probability
distribution, we restrict to h > 0, with [hydv = 1. The relative entropy then
becomes [ hlogh~ydv, which we denote by S(h) (overloading the notation) for the

remainder of this section.

The main results in this section are the proofs of Theorems 2.2.4 and 2.2.5.

2.4.1 Model I

The evolution of h is given by (23), which we restate below.

Ooh

N
o = NMQ - Dh+p) (T, -

J=1
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To begin, we show that S(h) decreases under this evolution.

Now,

ds oh h Oh oh
= = Eloghydv—i—/ﬁavdv :/Eloghydv, (42)

where the second term vanishes because the normalization [ hydv = 1 is preserved

by the evolution. Relative entropy decreases along the Kac flow ([21]), and since

Z/(T] — I)hlog hrydv
J
=> /Tjhlog hrydv — gS(h)
J
1 N
=3 Z Tihloghydv + [ hT;(log h)ydv | — —-S(h)
J

1 N
<3 > (/Tjhlog hrydv —|—/hlog(Tjh)7dv> -5 Sh)

J

(by concavity of log and averaging property of 7j)
1
=3 Z (/Tjhlog hrydv +/hlog(Tjh)wdv - /hlog hydv — /(Tjh) log(Tjh)wlv>
J

#3350 ([ oty + [won(ranay) - 3 s

J

<53 [ (0= (Tm) Qog(Th) — log(m) rdv + 5:S(h) ~ S

N | —

(by convexity of S as shown in Lemma 2.4.1)

<0

— Y

we have that % < 0 for Model I. Theorem 2.2.4 makes a stronger claim: that if
h(v,t) is a solution of eq. (23), then S(h(.,t)) decays to 0 exponentially as t — oo
via

S(h(.,t)) < e PS(h(.,0)), (43)

where p =

NS
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The idea is to write h(v,t) explicitly as e_(N’\(Q_])+“Z;V:l(Tj_I))th(v,0), utilize
convexity of S(h) to expand the exponential, and prove entropy decay in each term

of the expansion. The upcoming lemmas provide the necessary ingredients.

Lemma 2.4.1. Let a,b € R such that a +b = 1. Let hq, hy be such that ffyhl =

[ ~vhe =1, and hy, hy > 0. Then
S(ahy + bhy) < aS(hy) +bS(hs) .

Proof. This follows immediately from Jensen’s inequality and the fact that S(h) is

an integral of a convex function. O
Lemma 2.4.2. Given h € L*(RY,y(v)dv) such that [ hydv =1 and h > 0,

S(Qh) < S(h) .

* *

Proof. The entropy is non-expansive under the rotations R;jh = § h(..., v} vl ...)do

PRIRERD) j7

as shown below:
S<Rijh> = /(Rijh) 10g(Rijh)7dV
< / Ryy (hlog h) yav |

by Jensen’s inequality. The claim follows as v is invariant under rotations. Now by

convexity of entropy (Lemma 2.4.1),

S(Qh) < ﬁ S S(Ryh) < = S(h) = S(h)

< (3)

]

The next proposition shows that in the case of one-particle (N = 1), the entropy

is a strict contraction under the action of the thermostat, with coefficient %
Proposition 2.4.3. Given h € LR, g(v)dv), with [ h(v)g(v)dv = 1, h > 0 and

2m
Th := /dwg(w)][ dOh(vcosf 4+ wsinb),
0

S(Th) < =S(h) .



To prove this, we will be invoking the following well-known property of the

Ornstein-Uhlenbeck process, see [28, 16, 1, 17, 29].

Theorem 2.4.4. Let P, be the semigroup generated by the 1-dimensional Ornstein-

Uhlenbeck process, that is, Us = Ps[Uy] is the solution of the Fokker-Planck equation

oU,(v)
0s

= U{(v) —oUg(v)
with initial condition Uy. For every density h on LY(R, g(v)dv) we have
/g(v)dv P,[h](v) log(Ps[h](v)) < ezs/g(v)dv h(v) logh(v) .
Remark. The semigroup, which can be represented explicitly as
P (v) = / dwg(w)h(e o + V1= Pw) , (44)
is self-adjoint in L?(R, g(v)dv).
We are now ready to prove Proposition 2.4.3.

Proof of Proposition 2.4.3. To connect the Ornstein-Uhlenbeck process P, with the

operator T" we set

e—S

o w/2 ‘ 92 00
T[h](v) := /dwg(w)]g dOh(vcosf + wsinf) = ;/o dsﬁf’s[h}(v) ,

where we use eq. (44) and the change of variables cos(f) = e~*. It follows that

_s/

/dvg(v)T[h] log T[h] = /dvg(v) (% Ooods\/%&[h]) log (% Owds’ﬁ&/[h])

S/dvg(v) <% Omds\/%ﬂ[h] logPs[h])

(using convexity of xlog x)

2 [ e?
< — ds—e_zs/dv v)hlogh  (using Theorem 2.4.4
- g()hlogh  (using )

1
= §/dvg(v)hlogh :
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The next step is to prove the corresponding result for the operator 7. Let

h = he+h, where h, is even, i.e. he(v) = h.(—v), and h, is odd, i.e. h,(—v) = —h,(v).

Observe that T[h] is even, T[h,] = 0 and T[h.] = T[h.]. While the first two

identities follow directly from the definitions, the lzjst one also uses the fact that

/dwg(w) /:r dbh.(vcosf + wsinf) = /dwg(w) /02 dOhe(—v cosf — wsin #) under
3

the change of variables § — 7 — 6 and w — —w. Thus,

/ dv g(v)T'[h](v)log TTh](v) = / dv g(v)The](v) log TThe](v)

_ / dv g(v)T[h.) (v) log T[] (v)

1

<3 / dv g(0)he (v) log he (v)

1

<5 [ dog@hio)oghtv)

where, in the last inequality, we have used that h.(v) = (h(v)+h(—v))/2 and Jensen’s

inequality. O

Remark 2.4.5. The above Proposition is a short step from proving Theorem 2.2.4

for the N =1 case. To be precise,

%k
/dv g(v)e T Dtplog(eTDh) < et Z t—l /dv g(v)T*[h](v) log T*[h](v) (by convexity)

The following two lemmas will help extend the result to N > 1.

Lemma 2.4.6. Let h(v) satisfy the assumptions in Lemma 2.4.2. Then
N
> S(Ph) < (N =1)S(h) .
i=1

The above Lemma is a version of Han’s inequality [18] adapted to our situation.

We first prove the following useful Proposition.
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Proposition 2.4.7. Let f(v) be a probability density on RY and let its marginal over
the j™ variable be denoted by f;(v;) = [ f(v)dv;, where ¥; = (v1,...,0j-1,Vj41,. .., UN).

Then we have

N
> [ fossydv; < (V1) [ flog fiv
j=1
Proof. We first observe that from the Loomis-Whitney inequality [24], that is
/ Fi(v1)..En(VN) < ||Fil|pnv—1. || En] v
RN

for F; € LN=1RN-1), it follows that

N 1
7 = /Hij_ldV <1. (45)
j=1

Thus we have

/flog f# dv :Z/ f# log f# Hfé - dv
H ij71 Hijﬂ

I
> 7 [/%dv] log [/édv] =—logZ ,

where we have used Jensen’s inequality and the convexity of zlog(x). The Lemma

follows easily from the above inequality and (45). O

Proof of Lemma 2.4.6. Moving to the “f” representation for the moment (f = ~vh),

and writing

Ph = ’ /f(...vi...)dvi,

we have

és(ﬂh) = / Fi(6;) log (J;((:j))) 46

= Z/fl log f;dv; _Z/fi log (v, ) do;

<V =) [ flog fav - (=1 [ Flogiv,
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where the last step follows from Proposition 2.4.7 and the following computation

Z/filogv(ﬁi)dﬁz = Z/flogv(ﬁi)dv: /flog (ny(qji)) dv |

Switching back to the “h” representation, we have the result:

N

> S(Ph) < (N - 1)/flog %dv = (N -1)S(h) .

=1

Lemma 2.4.8. Let h(v) satisfy the assumptions in Lemma 2.4.2. Then

S <%ilfrh> < <N]; %) S(h) .

Proof. First, we have

S(Tyh) = / (Th) log(Th)ydv

Tih Tih
— [ (55 ) o () ) (Bl + [ Tibog(Pnyya
= ZPJL og zPZh n)yav ihlog(Ph)ydv
(since P;h is independent of v;)
= 1/ "o ) (P +/T-hl (Ph)yd
= 2 _ch Og Plh ) ’y A% i ()g ] /7/ V’

where the last step follows by applying Proposition 2.4.3 to Pi_h as a function of v;

alone. It satisfies the assumptions since [ Pi_hg(vi)dvi = ]Iz?Z = 1. Thus, so far, we

have

1 h
. < — .
S(T:h) < 5 /hlog( zh) 7dv—|—/hlog(P,h)7dv

_ %S(h) + %S(Pih) |

The T;h in the second term could be replaced by h due to self-adjointness of 7} in

L*(RY ~dv) and the fact that log P;h is independent of v;. Now, we start with the
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left-hand side in the statement of the Lemma, and apply convexity of S(h) (from

Lemma 2.4.1):
1 & 1 &
SN Zi:l SN Z:
1 1 &
< _ .
< 2S(h) ton ;:1 S(Ph) ,

where the last step follows from the previous computation. Finally, applying Lemma

2.4.6 to the second term yields the proof. O

Remark. The previous Lemma 2.4.6 implies that S (% SV PJL) < (&) S(h).

Notice that this is slightly stronger than the result of the above Lemma. This is not

surprising, as P; can be interpreted as a “stronger” counterpart of Tj.
We are now ready to prove the main theorem of this section.

Proof of Theorem 2.2.4. Writing the exponential of the generator of the evolution as

a convex combination,

k
ok
—(NAQ-D)+n XN (1))t _ N¥ (4 M)t % A
¢ il LEAN Z oY)

Then, Lemma 2.4.1 implies that

k
+ A)Ftk ol A
S (h(.,t)) < e Nt N VG _p Lsnp o A 0) po
(h(., 1) < Z SN LTt @) o
(46)
We digress to analyze the term with the square bracket, and will return to (46)

after.

1 X i 1 & A
<—N Z ; + —Q> ] E <N ZTih> + mS(Qh)
P
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where the last step is inferred from Lemmas 2.4.8 and 2.4.2. Having shown that

M iim—@ k( 0) <( p N-3, 2 )ksw( 0))
AN =\t A N aE S

substituting the above in eq. (46) yields the result eq. (43). ]

In contrast to the Kac model, the presence of the thermostat guarantees an ex-
ponential rate of convergence strictly positive uniformly in N. It is fundamental in
the above analysis that the thermostat acts on all particles. The presence of the Kac
part gives no contribution to the above estimate of the exponential decay rate (see
Lemma 2.4.2).

Comparing the first order terms in the Taylor expansion of the statement of the

main Theorem 2.2.4 shows that

d3(f(v. )

L
= LS (1w, ) (47)

This can be leveraged to yield a lower bound on the spectral gap Ay as follows:

given a function f of the form

with [ hy =0 and € small, one can write
Oh 2h2 2h2
len— )<~ 1 -
e/vat(eh 5 )_ p/v( —i—eh)(eh 5 ),

where p = p/2. That is,
/ h@h B 7h2
Mo ="P) o
Thus in L*(RY, ~(v)dv) we get
d p
—|In|| < —=||R]] .
9l < 2y

Observe that this is very similar to the result one get from Proposition 2.2.1 but

p < p. One may wonder whether p is the optimal estimate for the decay rate of the
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relative entropy. We show that it is so for the case N = 1 through the following
optimizing sequence similar to that used in [2, 6, 13] (It is easy to generalize the

following to the N > 1 case in which the Kac term exists). Consider
ds(v) == (1 — §) M (v) + 6 M, (v) ,

where © = (1—:5), Yy = % and M,(v) = \/2;7716_”2/ 2a_ The governing evolution equation

18

We claim that
lim —1 @(
6=0 S(¢s) dt

thereby showing that (47) is an optimal bound. ¢; is a convex combination of

¢5)2_gu

Maxwellians, one of which approaches the distribution of the heat bath M; = ¢
and the other corresponds to a very high energy distribution (albeit with a vanishing
weight) as § — 0. Notice also that the two functions (1 — §)M, and M, con-
tribute equally to the total kinetic energy. These types of functions have been used
in [2, 6, 13] as examples of distributions that are away from equilibrium (in the sense
of the entropy) and yet have vanishingly low entropy production (in magnitude) with
respect to the Kac-Boltzmann equation. Another interesting fact about ¢; is that
S(¢s|v) — 3 as & — 0 (this is shown below), but S(v|¢s) — 0.

From eq. (47), the entropy production for the above evolution satisfies the bound

ds 1
< _2g.
dt — 25
In other words, we have that
1
/Wflogidvg—/flogidv. (48)
g 2 g

Here, we show that the sequence ¢; satisfies
. on 1 ®s
I > — I
(lslr%/ W s log J dv (ISII% 5 ¢slog . dv (49)
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while S(¢5|g) remains bounded away from 0, and hence would work as an optimizing
sequence, as claimed. First, we study the behavior of S(¢s|g) as § — 0. We will

occasionally drop the subscript 0.

S(plg) = / % log ggdv
(1

—0)S(M,|g) +0S(M,|g)

1 1 1 1
—)+(5( logd+ —— <) .

1
=(1-9)(3 2(1—-6) 2 20 2

210g(1—5)+

Hence, lims_o S(¢|g) < 3. However,

S(gb|g):(1—5)/Mwlog?+5/Mylog?

oM,
(1-9¢ /M log +5/M log — (by monotonicity of log)
9

=(1—=0)log(l—0d)+0dlogd+ (1 —0)S(M,lg) +S(M,lg) .

Following the previous computation, we get lims_,o S(¢|g) > 5. Hence, lims_,0 S(¢[g) =
%. This is finite and bounded away from zero for § small enough. We have thus com-
puted the right hand side of (49).

Now, we observe that by (48), [W¢log %dv is finite for all 4 small enough. In

the following, we estimate this as 6 — 0 and prove (49).

/ng log ?dv =(1-9) / WM, log ?dv + 5/WMy log 25dv
g 9 g

1 =0)M, _5)Mzdv+5/WMylo oM,

> (1-— 5)/WMxlog

=(1—-9)[log(1—9) + / W M, log %] + 0[log § + /WMy log %]

= (1—0)[log(1 — d) + %S(Mxlg) + K] + 6[log 6 + %S(My]g) + K],
where K, := 1(1— 5-) — 2log(2c) and we have that [ WM.log MC = 15(M.|g) + K.

2c
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Thus,

/W¢log¢dv> (1-96 < /Mlog )M)—l—K +—10g(1—5))

( /M log —i—Kb—i-—logé)

(S((1 = 0)M,|g) + S(6M,]g))
1-9) (K + = log(l — 5)) +9 (Ky + %log5>
% (6lg) + (1 — ) (Km + %log(l _ 5)) +5 (Ky + %log 5) |

N —

_|_

—~

Taking limits, (49) is proved.

Hence, we have shown that (47) is the best bound for the exponential decay rate.
This bound does not involve the parameter X of the Kac collision, though, so one could
wonder if the role of the Kac term can be quantified by studying higher derivatives

of the entropy.

Remark 2.4.9. All the results in this subsection can be proved in terms of the
entropy production, which is the approach used in [3]. However, this same is not so

for the next subsection, which deals with Model II.

2.4.2 Model 11

The evolution equation obeyed by h(v,t) is eq. (35), which we restate below:

oh

= = NXQ —1) h+uz (P — DDh = —Lymh .

Here,

ds
- /(NA(Q Ih+uZPk h)logmdv.
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We know (from [21]) that [ N(Q — I)hlogh~ydv < 0. Also,

/ Pihlogh~ydv = / Pyh Pi(log h)ydv (by self-adjointness of Py as observed in Section 2.3)
< / (Pyh)log(Pyh)ydv (by concavity of log and averaging property of Py)
< /hlog h~dv (by convexity of zlogx) .

Thus % < 0. Theorem 2.2.5 describes the decay of the relative entropy quantita-

tively, through the equation

. 5— €7§+t g—i— efg_t

Here are a few remarks on this bound. Recall that

B S
§r — & &+ —¢&-

is identically equal to 1 when X or p is 0. For A\, u > 0, tlim Z(t) =0, Z(t) is equal
—00

Z(t) =

to 1 at t = 0 and it is a decreasing function of ¢ > 0. The last claim can be seen by

computing
iz _ &g,
dt & =&

since €. < &,. For large ¢, the dominant term in the bound (22) is e=*-!, and for

(e —e 1) <0 (50)

large N, £ ~ W’M Hence, this bound yields an eventually exponential decay
of relative entropy, although the decay rate ~ {% vanishes in the macroscopic limit

N — oo even if m is a finite fraction of N.

For the special case N = 2,m = 1, observe that {_(2,1) = do is the spectral gap
of 2A(1 — Q) + u(I — Py) (see (36)).

The Theorem is proved as follows: we write h(v,t) explicitly in terms of the
exponential of the generator of the evolution, expand the latter using the Dyson
series and use the convexity of the entropy. We exploit the entropic contraction of
terms of the form P;() in the expansion. These steps will yield a non-trivial bound

for the entropy at time ¢ in terms of the initial entropy.
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The following lemmas build up to the evolution operator e *~=? via the terms in
the Dyson expansion in steps. For instance, Lemma 2.4.10 bounds some of the terms
obtained by decomposing the Kac operator in the expression S(P;Qh). Throughout,

we assume that h € L'(RY,~) and h > 0.

Lemma 2.4.10. We have

iS(Plleh) < ((N=1)=5)S(h) .

Jj=2

Remark. It is interesting to compare this with Lemma 2.4.8.

Proof. In the following proof, we will apply the continuous version of Han’s inequality
[18] (this also follows from the Loomis-Whitney inequality [24], as shown in Lemma

2.4.6) for the entropy rewritten to suit our situation:

N

> S(Pih) < (N —1)S(h) . (51)

j=1
Note that if h is symmetric in its arguments, this amounts to saying that for each
j = ]‘7 ) N7
N -1
N

sy < X —Lsny. (52)
For 7 > 1,

S(Plleh) = /Pllehlog(Plleh) ’YdV

Rijh Ryjh
= /P1<P1];jh) log(Pl(Pl}f)jh))Plpjh ydv +/P1R1jhlog(P1Pjh) ydv

where we use that P, P;h does not depend on v;. Since the argument of the logarithm
in the last term is also independent of v;, we can integrate P, R,k with respect to those
variables and use that [ PiRy;h g(v1)g(v;)dvidv; = [ h g(v1)g(vj)dvidv; = PyPjh to

write:

Ryh Ryh
S(Plleh) = /Pl(Pllpih)lOg(Pl(Pllpih))Plpjh ’}/dV + /Plehlog(Pleh) ’}/dV .
J J
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Now, we apply the symmetric version of Han’s inequality (52) to If Phh as a function

of v; and v; to get:

S(PyRy;h) <

Ry;h Ry;h
/ Pllg . log(Pljijh)HPjh ydv +/P1Pjhlog(P1Pjh) ydv

1
S(Ryjh) — §/R1jhlog(P1Pjh) ydv +/P1Pjhlog(P1Pjh) ydv

1
2
1
2
1 1

§S(Rlyh) + §S(P1Pjh) :

where, to get to the last step, we have used that R;; is self-adjoint and P FP; is
independent of v; and v;.
Now, summing these terms, and noting that S(R;;h) < S(h) by the averaging

property of Ry;, we get

N
Zs PiRy;h) > S(P;Pih)
Jj=2

We invoke Han’s inequality (51) on Pih = (Ph)(ve,...vNn), ie. Zjvzg S(PjPh) <

N | —

+

(N —2)S(P1h) < (N —2)S(h) to complete the proof. O

Lemma 2.4.11.

S(erP=DtQp) < (1 - %) S(h).

Proof.

S(er=Dtop) = S(e M Qh + (1 — e ™)PyQh)  (since P, is a projection)

< e MS(Qh) + (1 — e ")S(PQh)

< e S (h) + (1 — e“t)% 3" S(PRh)

—eMS(h)+ (1 — e—ﬂt)(—}v)( > S(PiR;h)+ ) S(PiRi;h))
2) i<jij#l =2

< e SR + (1 — a%é( Z#S(h) F(N—1- %)S(h))
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where we use Lemma 2.4.10 in the last inequality. We use the convexity of the entropy

and the averaging property of P; and () in the previous steps. O

Lemma 2.4.12. Let 1 <m < N. Then

S (exp (u S (- I)t)) Qh) < (1 - ”}&N_—f_g}) S(h). (53)

Proof. We prove the above by induction on m. The base case m = 1 (and any N > 1)
was shown in the previous Lemma. We restrict to {(N,m) : 2 < m < N} for the rest
of the proof. Assume that the Lemma is true for m — 1 (and any N > m — 1). To
infer from this its validity for the case m (and any N > m), we analyze below the
entropy of B, exp (u ZZZ;(P;C -1 )t), where we expand the Kac operator @, split it
into terms that contain m and those that do not, and utilize the convexity of the

entropy.

(P exp MZ ) < (1—%)5 sl (MZ{C ) Z R;jPnh

1<j
Zv];ém

2 o (e (Wi (P = DY)
+NS< T P Rinh| .

l#m

In the first term!, we also use the commutativity of P,, with R;; when neither ¢

nor j equal m. Next, we treat the terms as follows:

e Term 1: We apply the induction hypothesis for m — 1, N — 1 since P, h is a
function of N — 1 variables and ( Z R;; is the Kac operator acting on
1<J
i,j#m
N — 1 variables.
e Term 2: We use the averaging property of exp (,u ZZ;I(Pk —1 )t), convexity,

and Lemma 2.4.10.

!This term is non-zero only when N > 2, which is the case here.
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We obtain

SEn e (1 3 (P = 0QR) < (1= D)1~ — )iy (54
2 1 3
BRI T

Now starting with the left-hand side of (53) and using convexity plus the fact that

P,, is a projection, write

m

m—1
S (exp (u Z(Pk — [)t)Qh) =9 ((e“tl + (1 —e*)P,) exp (1 Z (P, — It )
k=1 k=1
m—1
<e S <eXp 0 Z (P, — It )
k=1
m—1
+(1—e*")S (P exp MZPk—[ ) :
k=1

Using the induction hypothesis for the case m—1, N for the first term, and the bound
(54) for the second term, the Lemma follows through some algebraic simplification.

[
In the following, denote A(t) :=1 — ml—e?)

N(N-1)

Proof of Theorem 2.2.5. Expanding e “N=! using the Dyson series with @ as the

perturbation:
NXQ-Dt+p Sy (Pe—D)t _ —NA NAQU+u S (Pe—T)t
t
M SRt / it et SF-DE-1) NAQ eh S
0

t t
n / s / 'ty SR NAQ n S(R-D=t) NAQ e DBD |
0 0
Therefore, using the convexity of entropy, and Lemma 2.4.12,

S(h(.1) < - <1+N/\/tdt1A(t—t1)+(N/\)Q/tdtl /tl dts A(t — 1) Aty —t2)+...) S(h(.,0))

= e MM (14 NA(A*1) + (NN (Ax A1) +..) S(h(.,0))
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where * is the Laplace-convolution operation. Thus we have that

S(h(.,t)) < e MM p(t)S(h(.,0)), (55)

where ¢ is defined through the series above. We compute ¢(t) using its Laplace

transform @(s). Then:

. 1 o Tk
Ps) =+ D (NAAG))
k=0
where A(s) = I m(% - ﬁ) is the Laplace transform of A(t).

Summing the geometric series (the sum converges if we assume, for instance, that

@(s) is defined on the domain s > N)),

B(s) = L
The inverse Laplace transform of the above is
E_eWA=En)t £ eNA=E)t

+ .
\/(N)\ + p)?2 —4dmAu/(N — 1) \/(N/\ + p)?2 —4dmAu/(N — 1)
Now we invoke the uniqueness of the Inverse Laplace Transform: No two piecewise
continuous, locally bounded functions of exponential order can have the same Laplace

transform (see e.g. [11]). Since ¢(t) (see eq. (55)) belongs to this space, we get

“ ¢ oAt ¢, A=)t
p(t) = — + :
VINA+ )2 —4mAu/(N = 1) /(NA + p)? — 4mdu/(N — 1)
Plugging this into (55), we obtain the desired result (22). O
Remarks.

e From (50), one notices that %hzo = 0. This implies, in particular, that Theo-
rem 2.2.5 does not give us a bound like (47) on the entropy production for Model
I. This results from the fact that the significant bounds used in the proof, from
Lemma 2.4.10, required the presence of the second-order term >, (P, — I)Q.

Note that CgTQZ\tZO < 0.
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e The main bound (Lemma 2.4.10) was obtained by estimating terms of the form
S(PyRy;h) with j > m that corresponds to a non-thermostated particle hitting
a thermostated one, and we ignored any possible contribution from many other
terms e.g. S(R;jRih), that arises from “second-order” collisions. Thus, there

may be scope for a better bound.

e In particular, we hope to obtain an entropy decay rate that scales as § (as
we had for the spectral gap). We were able to obtain a decay rate scaling
as % for a modified model: a system of N particles where one of them is
strongly thermostated and the Kac collision interaction is replaced by the (much
stronger) projection onto radial functions. Thus, the role of the Kac interaction

in the equilibration process needs to be better understood.

e The first remark implies, in particular, that unlike Model I (Subsection 2.4.1),
the methods used in this subsection cannot be replicated to obtain a proof
in terms of the entropy production. In the case of Model I, unlike here, we
were able to show contraction in entropy in the first order term % Zf\il T+ Q.
At this point, we demonstrate why a common approach to finding an entropy
production bound for Model II fails. Consider the case N = 2, m = 1 with

A =3, = 1. Here, one could write

dS(h)

— = /Plhlog hydv + /thog hydv — 2S(h)

< /Plhlog Pyhvydv + /thog Qhydv —2S(h) .

We use in the last step that P, () are projections and log x is concave. Bounding
this from above by —kS(h) (for some k£ > 0) would be sufficient to obtain an
entropy production bound. This idea has worked, e.g., for a sum of mutually

orthogonal projections like strong thermostats P acting on different particles.
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However, in our case, we can find, for every € > 0, a density h, such that

[ Pihelog Piheydv + [ Qhelog Qheydv
S(he)

>2—¢. (56)

The details are shown in Appendix B. The idea is to take h proportional to
the characteristic function of the set [—a,a] x [R — a, R + a]. As R — oo, the
ratio above asymptotically approaches the value 2. The intuition behind this
construction is that as R — oo, h is supported approximately in the intersection
of the supports of Pih (a “band” of width 2a parallel to the vy axis) and Qh
(an annulus around the origin). It is the tangential nature of this intersection
that precludes the application of Han’s inequality [18] to improve the bound
S(Pih) + S(Qh) < 2S(h). We are not, however, ruling out the possibility of

using a different method to obtain an entropy production bound.

2.5 Approach to Equilibrium in the Gabetta-Toscani- Wennberg
Dzistance

Given two probability densities fi(v), fo(v), the distance ds(fi, f2) introduced by

Gabetta, Toscani, Wennberg [14] is defined as

A= =

da(f1, f2) :=sup |1() _ f2(§)]
££0 €[?

: (57)
where fl, fg denote the Fourier transforms of fi, fs respectively. That is,

f€) = [ foe s eav.
We will call the above metric the GTW distance.

Theorem 2.5.1. In Theorems 2.2.4 and 2.2.5, S(f|vy) can be replaced by da(f,).

The Theorem follows from the following lemmas that essentially state that da(f, )
satisfies those properties of the relative entropy S(f|v) that are needed in the proofs

of the Theorems showing equilibration in entropy.
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The first is the convexity of ds(f,~) in each argument, similar to Lemma 2.4.1 for

the entropy. In particular,

Lemma 2.5.2. Let a,b > 0 such that a+b = 1. Let fi, fo be probability densities on

RN, Then

da(afi +bf2,7) < ady(f1, ) + bda(f2,7) -
Proof. This follows directly from the definition of ds, writing 4 as a¥ + b7. m

The next Lemma shows the contractive property of the GTW distance under the

thermostat, similar to Proposition 2.4.3:
Lemma 2.5.3. Let f(v) be a probability density on R, and g(v) the Gaussian. Then

Proof. Starting with the left-hand side,

—

do(W 1, g) = sup VI 1E) ~9E)
££0 §
_ qup VIO — Wo(Q)]
£#0 &2
|JC do <f(5 cos ) — g(€ cos 9)) g(&sin0)
= sup
££0 ¢
| db <f(§ cos ) — g(§ cos 9)) §(£sin6) cos? 0|
= sup
£#0 52 COSQ 9

< ds(f,9) <][ df cos® «9) (since |g| < 1)
[

Now we show a version of Han’s Inequality for the GTW distance, similar to

Lemma 2.4.6 for the relative entropy.
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Lemma 2.5.4. Let f(v) be a probability density on RN and let f; := [ dv;f(vi, ..., iy .. UN)

be the 1—th particle marginal. Then

D> da(fir) < (N = Dis(f.7)

Proof. Note that the Fourier transform of f; is equal to f le,—0. The left-hand side is

N N R A
ng(f“'7> — ZSup |f(§1a 76@ :_)0, 7£N) — /y|
=1 i=1 € €12
N A~
B YL KL N SRR RN, T
_;S%p €2 - (|§%+--.+0+...+§]2V|
N |29 e
< d2(f7’7)z‘ ’ _,2 ¢

O

Like the relative entropy (Lemma 2.4.8), the distance do(f,7) also exhibits a
weaker version of the previous Lemma in the case of a sum of thermostats W;, instead

of the strong thermostats P;.

Lemma 2.5.5.

d [ = NW < N-—3 d

2 N; f _( N > 2(f,7) -
Proof.

Zny <sup |§1|2]172 Q(f(él,...,ficosé,...,é ) — g(& cos0) Hg@) (& sin0)
J#i
L
< ds(f,~ supKPN;][ €1+ A+ & cos® O+ . —l—SN)

= d2(f,7)ﬁ (N— %) :
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The final property we need is the adaptation of Lemma 2.4.2, the non-expansivity

of the GTW distance from equilibrium under the Kac operator Q.

Lemma 2.5.6. B o
GIPNIIG]
gz €2 &0 €2
Proof. N
Q)] _ 1 fCn§n &)l
sup = < sup
g0 [€ (3) ; €40 €[?

—

1
= —C " " = sup
) — £ 6+ PG R e €]

S qup i) &1

2.6 Macroscopic Limat

In order to study the N — oo limit of Model 1, it is interesting to see how the notion of
propagation of chaos (Section 1.2) looks in our scenario. Since the probability distri-
bution is assumed to be symmetric in each v;, the primary difference from Definition
1.2.1 of a chaotic sequence is that the phase space is now RY.

Given a distribution f™)(v) with v € RY, we can define the k particle marginal

as

N
o) = [ 1) T dor

i=k+1
Definition 2.6.1. A sequence of probability distributions {f™)(v)}%_, on RV is

said to be chaotic if, V& > 1, we have
. N . N
Jim i (o) = lim JTAY @)

where the above limit is taken in the weak sense.

Given that at time t = 0, we have a chaotic sequence of distributions, the evolution
equation (11) can be shown to preserve this property for all ¢, through a simple
generalization of the proof by Kac [21] (see also [26]). The statement, and proof idea

of the propagation of chaos statement are below.
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Theorem 2.6.2. Let f™N)(v,0) be a chaotic sequence of initial densities. Then its
evolution under the master equation (11), fN)(v,t), is a chaotic sequence for any

fixed t. That is, if

k

im [ oy (01)-pr(0) f (v, 0) = ] lim /R i) fM (v, 0)

<

for any k € N and any ¢1(v1), ...¢x(vg) bounded and continuous, then for any t:

k
lim ©1(v1)-pr(vi) f H lim goj (v;) f NV (v, 1)

N—oo RN N—oo
=1

<.

for any k € N and any p1(v1), ...px(vx) bounded and continuous.

We adapt McKean’s version [26] of Kac’s proof [21]. The idea is to write f(v,t) =
e~ (\IrHHITE f (v 0), expand the exponential in series of ¢, and use the chaotic property
of the initial sequence. The key observation is that G is a derivation already for finite

N (in the sense of Lemma 2.6.4). Two main ingredients are needed:

Lemma 2.6.3. The series Y -, ';—i [ o1(v1)..or(vi) (NG + uGr)' f(v,0) converges ab-
solutely if t < 4/\+u

Proof. To prove the lemma, it is enough to show that:

1(AGx + 1G7) dlloe < (4X + 200)'m(m + 1)...(m + 1 = 1)[[¢] | (58)

and then follow the proof in [26]. The above statement follows from a simple induction

starting from

[(AGk + pGr) (V1 -y vm )| < [AGK@| + [nGrd] < (4A + 2p)m[f]|o -

Calling
Cro _22][(10 o, 0; €080 + vy 8ind, L) — @) |

i<m
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one can prove, as in [26], that if ¢;(vy), ..., ox(vx) are bounded and continuous then:

lim [ (AGx + nGr)'[pr-on] fN(v,0) = lim [ (ALx + pGr)'[pr-on] fN (v, 0) .

N—oo N—oo

The main ingredient to re-sum the power series expansion and obtain the Boltz-

mann equation is the following “algebraic” Lemma.
Lemma 2.6.4. If (¢ @ ¥)(v1, ..., Vmsk) = O(V1, ooy Uy )Vt oovy Unik), then
T +Gp)o @] = Tk +67)[0] @ ¢+ ¢ @ Tk +G7)[Y] -

It is now possible to prove Theorem 2.2.6 by following the proof in [26] step-by-
step. Thus, in the macroscopic limit N — oo, all the information is contained in the
single particle marginal that satisfies the Boltzmann equation in 2.2.6.

We close the discussion on Model I with a few comments on the “Boltzmann
equation” in Theorem 2.2.6. The equilibrium is the Maxwellian %e”ﬁ/ 2 and the
relative entropy along the evolution with respect to this decays at an exponential
rate &, which can be shown to be optimal (these follow from the results of Subsection
2.4.1). The evolution operator resulting from the linearized version of the Boltzmann
equation is diagonalized by the Hermite polynomials (both the collision and thermo-
stat parts), with the n-th degree polynomial H,(v) yielding eigenvalues 2A(1 — 2s,,)
and u(1 — s,), respectively, where s, = ][ - cos" fdf). Thus, the gap is 5, and the
“second” gap is % + g i, which correspond t(i) the N — oo limit of the respective gaps
found at the Master equation level (Proposition 2.2.1 and Theorem 2.2.2). Inciden-
tally, the eigenvalue p found in the latter (see 18) does not appear here since the
single-particle marginal of the corresponding eigenfunction vanishes in the limit.

In Model II, when m is finite, the coupling to the heat bath becomes insignificant
in the thermodynamic limit. On the other hand, when m = a/N for some a < 1, we

expect that a coupled Boltzmann equation system should result. The Stosszahlansatz

needs to be reformulated in a precise manner to adapt to our situation where there is
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an asymmetry between the strongly thermostated and the non-thermostated particles.
Moreover, generalizations of our model could bring about connections to previously

studied thermostated Boltzmann equations [9].

2.7 Measures of Equilibration

In the previous section, we have used three indicators of equilibration: the spectral
gap, relative entropy and the GTW distance. Here, we compare their strengths and
weaknesses as measures of equilibration. The kinetic energy, although a physically
interesting quantity, is clearly not a very strong indicator, and we leave it out of the
current discussion. Apart from general comments, we compare how each of these indi-
cators act on distributions that are approximately independent: F(v) ~ f(v1)...f(vn)
that arise in many physical scenarios.

The spectral gap A indicates an exponential decay in the L? distance as follows:

F(v,t A F(v, 0
[ S
. . . . . F(v,0
If the initial distribution is a product, ||¥—1HL2(RN,,Y) ~TL )l ~ Y,

for ¢ > 1. Hence, one needs to wait for a time order N to observe equilibration even
if A remains strictly positive independent of N. This is not favourable. Moreover,
as mentioned in the previous section, the spectral gap information can be gleaned
from the linearized Boltzmann equation. Nevertheless, studying the L? distance is
a good idea in general as i) the analysis lends itself to tools from spectral theory ii)
obtaining the eigenfunctions in explicit form yields more insight into the equilibration
process iii) it indicates behavior close to equilibrium. In the discussion following eq.
(47) for Model I, we saw that the spectral gap places an upper bound on the entropy
production bound. In Model II, where we did not have an entropy production bound,

the gap helped understand the “lowest-order” behavior.
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The relative entropy has historical significance and a physical meaning in equi-
librium. And importantly, it is an extensive property, and hence a good measure of

equilibration, independent of the dimension of the phase space.
ST Fwnl) =D S(f(w)lr(vy)
J J

The GTW distance also behaves well on product distributions. The triangle in-

equality can be employed to show that ds is sub-extensive.

d2(H f(Uj>,’7> < ZdQ(f(Uj)v’y(vj))

In addition, it can be used to prove existence, uniqueness and approach to the

steady state in circumstances when the steady state itself is not explicitly known [9)].
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CHAPTER II1

THE THERMOSTAT MODEL: TWO PERSPECTIVES

We look deeper into the thermostat model used in Model I. The rationale behind the
model, as seen before, is as follows: given a test function ¢(v) of the state space,
and an initial probability distribution f(v), the expectation value of ¢ after Particle

7 collides with the thermostat is

/dvdwg(w)][ dfe(...,vj_1,v;cos0 +wsinb, vjq,...) f(v),

which corresponds to a modification in the system state space due to a Kac style
collision with a particle with the Gaussian velocity distribution g(w). The thermostat
is assumed to be ideal: its state itself is not altered by interaction with the system.

In this chapter, we discuss two approaches to simulating the action of this ther-
mostat on a particle dynamically, as a limit of systems with non-ideal thermostating:
i) By letting the particle undergo Kac collisions with a huge number of particles with
the Gaussian velocity distribution (Section 3.1) and ii) By letting the particle un-
dergo Kac collisions with a single particle whose velocity distribution is “reset” to
the Gaussian at a huge rate (Section 3.2). We describe the two treatments and prove
quantitative statements in the following two sections. The main results are Theorems
3.1.12, 3.1.13 and Theorem 3.2.1. The results in Section 3.2 have been published in
[30].

3.1 A Microscopic Realization

In this section, we show in terms of the GTW and L? metrics that the thermostat

model can be realized as a tagged particle colliding via the Kac mechanism with
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an infinite heat bath. Consider Particle 1 (the tagged particle) with initial velocity
distribution f(vy) interacting with (N — 1) particles 2, ..., N whose velocities have the

equilibrium Gaussian distribution. Then we show that for every ¢ > 0,

NIt (f(vl)g(vg)...g(v]v)) N (62(W1—I)tf(1)1)> g(UQ).--g(UN)

as N — oo uniformly in t. Notice the placement of the parentheses above: i) the right
hand side evolution does not change the state of particles 2,..., N, and ii) the Kac
interaction on the left hand side mixes the states of all particles. Particles 2, ..., N are
perturbed from the Gaussian state due to the their mixing with Particle 1. However,
this perturbation is spread across N — 1 particles, and turns out to be negligible as
N — 0.

To start with, we present a preliminary computation on the above limit in the
special case of t — oo. In this limit, the Kac evolution leads the system probability

distribution to the radial projection of the initial condition (recall eq. (25))

Fo dow)s(w)glus).glox) = Bf
SN=1(lv[)

whereas the thermostat evolution (which only acts on Particle 1) takes it to the full
Gaussian y(v), and thus with no memory of the initial state.

Starting with the observation that the Gaussian is a radial function, and that the
Fourier transform F commutes with B, the GTW distance between B f and ~ is given

by

f’

d2(Bf,7) = S;IO) HE
g B (&) ~ 6 T, 66
€40

N
1 R
<sup — |f(m) = gm)l | | 9(ns)
p#0 p2 neSN-1(p) H ’

p#0



On the other hand, the L? distance is measured (as in Chapter 2) by considering

the norm of the function % — 1 in space L2(RY,y(v)dv). Define u(v,) :=

1) and note that (u—1,1) = 0, where the inner product is in the aforementioned

g(v1)

space. We write, without loss of generality,

u—1= chHgk(vl) ,

k=1
where Hy are Hermite polynomials of degree 2k as defined in Chapter 2. Notice that
Hy is not in the sum, since u — 1 is orthogonal to 1. We can restrict to even Hermite
polynomials as the odd ones lie in the kernel of B so that B(u — 1) = 0, and there is

nothing to show.

B(u—1) chB (Hap)

Now, from eq. (28) and the fact that B satisfies the hypotheses of Lemma 2.3.7,

BHou(01) = (k.00 0) 37—y, (01)..H (o) (59)
o= — Bil..Bx

Observing that BHoy is a linear combination of Hermite polynomials of total degree

2k, we get from the orthogonality of the Hermite polynomials that
1B(u—1)|]* = Zlck\ || B Hal[* (60)

Now, we compute ||BHoy||> = (BHok, BHa,) = (BHay, Hay) (B is a self-adjoint

projection in L2(RY ~(v)dv)) to get from eq. (59) that
| BHop(v1)[|* = T(,0, ..., 0)|| Hap,(v1)|

N 1
Finally, it is easy to see that I'(k,0,...,0) = % < ‘/WE when N > 2, and thus
2

T > m
1B = DI < Y3 ey Halwn) 2 = Y flu = 1]
k=1
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In other words, ||B(u —1)|| < %Hu —1]J.

The above computations give us an idea of what quantitative bounds (in terms
of N) to expect for the general ¢ case. Indeed, we will state and prove our result for
general t below, where the scaling is seen to be = for the dy metric, and — for the
L? metric.

An analysis of the limit to be studied yields

N

(N7 — 2D f(uy) Hg (vy) = (¥1@=D — 20=01) £ () T] (o)
=2
L [Q (1 ) Lot
- N 1 (2 g(v;
= K N N -
> Nkpk FL 5 5 s N

_ Nt bt .

—e kz:; k! ZQ 1_N+NWI))(1_N+NWI) f<v1)jli[2'g(vj)'

(61)
Since (1—2+£W1)™f(v1) H;VZQ g(v;) is a function of vy multiplied by a Gaussian

in variables vg, ..., vy in every term in the sum, the action of the operator

2 2

Q — (1—N+NW1)

on such a function simplifies to

iy (B (") 0w 3 (s g m)

(62)

We will use two different representations of the initial state f(vy):
e For the L? distance, consider u(v) = E L*(R, g(v)dv), with [ u(v)g(v)dv =
] /) put Wy transforms

0. The operator () does not change since Q[ g(

into T}, defined as

Tiu(v) == /dwg(w)][ dfu(vcosf + wsinb) .

It can easily be seen that Wi[f(v)g(v)] = [T1f(v)]g(v).
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e h(v) = f(v) — g(v), for the result in terms of the GTW distance. Neither
operators () or W; change in this representation. We have naturally that h €

LY(R) and [ h(v)dv = 0.

Inspired by eq. (62), the following two main Lemmas investigate the relationship
between the operators ﬁ ZjVZQ R;; and the thermostat on the first particle, acting
on functions that are either independent of vs, ..., vy (for the L? case) or rotationally
invariant in ve,...,vy (for the GTW metric case). As N — oo, the two operators
are close, quantifying the idea that the thermostat is formed out of repeated Kac

collisions of Particle 1 with Gaussians.

Lemma 3.1.1. Let u € L*(R, g(v)dv). Then

N
1 1
H (N - ij2 o Tl) w(o)ll* = = (T, (1 = Ti)u)

where the inner product and norm above are in L*(RY,y(v)dv).

Proof. First, we recall the definition P; f(vy, ...,on) := [ dv;g(v;) f(..., v, ...), and note

the relationship between the thermostat and the strong thermostat:

1 = 1 < 1
I (m Z Ry; — T1> u(vy)|]? = m <leu>“>+m Z<R1j“’ Rpu)
j=2 Jj=2 J#k
9 N
N1 Z<R1jua Tl“) + <T1u> T1u> )
=2

where we use that each Ry; is a projection on L*(R,~ydv), and hence self-adjoint and
idempotent. Next, we use repeatedly the fact that u is independent of v; for j > 2

to add P; and P at various points without loss of generality:

N N
1 1
| (ﬁ > Ry - T1> u(vy)|* = o1 > (P;Ry;Pju,u)
=2 =2
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N

1 2
HOEE > (PR Py, PiRuP) = 5= > _(RijFyu BTvw) + (Tru, Tru)
ik =
1 N 1
G >_(PTiu,u) + N1 > (BT, BT
=2 i#k
92 N

———— ) (PT\u,T\u) + (Tyu, Thu) |
N-14

where the last step follows from (63). Finally, getting rid of the P; and P since Tiu

is a function of v; alone, we get the desired result. O]

Next, we state and prove an analogous result in the GTW distance ds, for which

we introduce the following functionals.

Definition 3.1.2. Let h € L*(R) with [ h(v)dv = 0, h(—v) = h(v), [v|h(v)|dv < oo
and [ v?|h(v)|dv < co. Define

D(h) . = sup ‘h( V 52 + 772) — ]AZ<|£D‘ (64)

2

£n#0 Ui
di(h) = sup M (65)
0 [€]

where the Fourier Transform h = F(h) = [ e ™ h(v)dv.

The following Lemma shows that the assumptions on h guarantee the finiteness

of D(h).

Lemma 3.1.3. Let o > 0 in L' be such that [ o(v)dv =1 and ¢(—v) = ¢(v). Let

Vv, be its variance and ¢ be its Fourier Transform. Then

5(&1) — p(&)] < 2m°w, |5 — &3] .

Proof.
15(6) — $lE)] < / v cos(2mé 1) — cos(2mExw)|p(v)

< / dvp(v) [2sinfr(&) + &)o] sinlr (€ — €)0]] < 27 / dv o(v) €2 — €2] v

which proves the Lemma. O
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We will use the above Lemma in particular, with ¢(v) = g(v), the Gaussian, to

obtain bounds. We now have the main Lemma in the case of the GTW distance:

Lemma 3.1.4. Let h satisfy the assumptions in Definition 3.1.2. Then

ds (ﬁ;Ruh(v1)];l2:g(vj),wlh(vl)];Eg(vj)> : (1

<

<~ 52>(h)+dl(h)> .
Proof.
1 N N N
dy (mZRuh(Ul) Hg(vj),Wlh(vl) Hﬂ%)) <
1
€2 N -1

sup ————
g PN -1

N
2 {][ (5 + €7 cos0)3(\/ 3 + €7sin®) — f dbh (6 cosO)alcy sinem@-)] |
1=2

[ avtity/s + € cost) s co0)laty /5 + € sno)

N A
< Slgp Nl_ 1 ZZQ |?|2§%2 [][ dOD(h)E? cos? § + 27?2(%)][ db ‘h(gl cos0)| §(&; sin 0)&7 cos® 0}

(where the second term in the previous step is obtained by applying Lemma 3.1.3 to
the Gaussian. The variance v, =

+ '][ dOh(& cos 0)[§(&1 sin0)§(&;) — 9(y/ £ 4 & sin 9)]‘

7)

1 2 02
< — | = 3 —m&7 sin“ 0
<N 1 {2D(h) +di(h)m su£1p7[ db|&; || cos’® Ole }

< BD(h) + dl(h)] .

The last step is obtained as follows. Set w = |£;|siné to get

5 9 rlél
fameeost oo < 2 [Faw (1 ) e m <
0

™ &l

SRR

(o]
1
/ e duy =
0

™
O

The next few Lemmas investigate the behavior of the term (1—2+2W1)™ f(v1) [1=59(v))
that appears in eq. (61).
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Lemma 3.1.5. Let u € L*(R, g(v)dv) be such that (u,1) = 0. Then

(T?u, (I —T)u) < =(Tyu, (I —Ty)u) .

l\.’)lr—t

Remark 3.1.6. The proof below also shows that the quadratic form (Tyu, (I-T7)u) >

0.

Proof. The Hermite polynomials with weight g(v) form an orthonormal basis of eigen-
functions for 77. Let us denote this by {H,(v)}>,. Then, since (u,1) = 0, we can

write

:chH v

n#0
Plugging this expression into the left side of the inequality to be proved,

(TPu, (I = To)u) =Y leaPA2(1 = A)
n#0

where A, are the (non-negative) eigenvalues of T} corresponding to H,. Now, since
in the above expression, the sum is over n # 0, we have that A\, < % (from Lemma

2.3.3). This yields

(T, (= T} < 5 3 fealAu(l = )

n#0
1
= §<T1u, ([ — T1>u> .
0
Lemma 3.1.7. Let h satisfy the assumptions in Definition 3.1.2. Then
2
di(Whh) < ;dl(h) .
Proof.
doh 0)g(&sinf
(17 — sup I 4PH(Ecos D)i(esin)
€40 §
2
< dl(h)][ d6) cos 0] (& sin ) — dl(h)][ cosf] = 2dy(h) -
T
0
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The next two Lemmas apply, respectively, the previous two Lemmas to bound
terms that contain (1 — 2 + 277)"u(v1) and (1 — 2 + 2W;)"h(v1), which appear
in the proof of the Theorem via eq. (61). These remain functions of v; alone for any

m > 0.

Lemma 3.1.8. Under the assumptions of Lemma 3.1.5,

(T1(1— % + %Tl)mu, (I-T)(1- % + %Tl)mw < (1 — %)Qm (Tyu, (I —Ty)u) .
Proof
(T (1 - % + %Tl)u, (I -T)(1 - % - %Tl)m =
(1= 2 {To, (7 = )+ (1 = )T, (1 = TaJu) + ()T, (T = Ti)u)

< ((1 - e %i) (Tyu, (1 = Ty)u) |

where the last step follows from Lemma 3.1.5. Rearranging the term in the parenthesis

above yields (1 — %)2, and iterating the above result completes the proof. O]

Lemma 3.1.9. Under the assumptions of Lemma 3.1.7, let H,,, := (1—%+%Wl)mh(v1),

I, :==D(H,,), and J,, := dy(Hy,). Also let o :=2 —4/m € (0,1). Then
o Ju < (1—=F)"Jo.
¢ In< (=P h {0 -0 -}

Proof. For the first part, we use the convexity of d; to write

2 2
Im < (1 — N)Jmfl + Ndl(lemfl) .
Now, by Lemma 3.1.7, we have
2 2 2
m <(1-—= m— AT _¢Ym—-1,
e A

which proves the first part.
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For the second part, we start by writing

D ((1 - % + %Wl)Hml) <(1- %)D(Hml) + %D(Wlel) .

Now, we study the term D(W1H,,_1) as an aside.

DW1H,q) =
1 N -
suI;O s ][de <§(\/x% + a3 cos0)H,,1(1/ 22 + 23 sin0) — §(|z1| cos @) H,p,—1 (|21 | sin 9)> ’
T1,%2 2
(/T2 + 22 cos O . .
< sup ][deg( “1 +2x2 cos f) ‘Hm_l(\/x% +a3sinfd) — H, 1 (|1 sin@)‘ +
z1,2270 Ly
- 722 0s0) — 6 0 X
sup ][dQ g(\/ 7 + 23 cos 2) §(|x1] cos 6) H (|| sin 0)]
1,270 )
1 g(xacosf) — 1
< =D(Hp_1) + sup dl(Hm_l)][ d0§ (|| cos ) ‘9( 2= ) | sin 0] |21 |
2 x1,x27#0 )
1 2 2 % ~ . 2
< —D(Hp—1) + vy2rdy(Hp—1)— sup dfg(xy cos )| sinb||x| cos” O
2 T 21,2270 J0

< =D(Hp-1) + di(Hpm-1) -

DN | —

The last step follows from a computation exactly like that in the proof of Lemma
3.1.4.

Hence, we have

D ((1 — % + %Wl)Hm—l) < (1- l)7)(Hm—1) + Edl(Hm—l) ;

which can be written as

1 2 o'
< . = _ —ym—1 )
I < (U= M mes (1= 9)" o

To solve the above, set I,, = ¢1(1 — %)™y + c2 5 (1 — &)™ Jy. Plugging this into the

recurrence relation gives

Jo 1
o =1-22
I() l—«
N
Co =
T 1-a
From this, the second part of the Lemma is proved. O
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We present two final technical Lemmas, before proceeding to the Theorems.

Lemma 3.1.10. Let u(v) € L*(R, g(v)dv). Then

1Qul] < [full,
where the norm is in the space L*(RYN y(v)dv).
Proof. This follows directly from Lemma 2.3.1. O

Lemma 3.1.11. Let h satisfy the assumptions in Definition 3.1.2. Then

—

Oh(E h
o (PO _ O]
g0 |€]2 gz0 [€)
Proof. This follows directly from Lemma 2.5.6. [

Theorem 3.1.12. Let f(v) in L'(R) be a probability density such that u(v) := 1% €

L*(R, g(v)dv). Then

2
||eNH@Dy — 2UT Dy || < v2 [l = 1[[(1 =€),

~VN-1

where the above norm is in L*(RY v (v)dv).

Proof. Starting with eq. (61) and using the sub-linearity of the norm, and Lemmas

3.1.10, 3.1.1 and 3.1.8,

[eNHU@=D)yy_ 2HT=D) 1| < \/7 Z thk (3) j% (1 - %)m V=10, =T —=1).

The assumptions of Lemma 3.1.8 are satisfied by u — 1, which we introduce through

the observation that (Tyu, (I —Th)u) = (Ty(u — 1), (I — T1)(u — 1)).

0 thk1_<1_%)k

o el 6 R ATE) DRt
= VT D, T T )Y 1 (V= (V= 1))
2/ (T (u—1),([ =Ty )(u—1 4
N TN T J
Noting that /(T3 (u— 1), (I — T1)(u—1)) < \%Hu — 1|, we have the proof. O
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Theorem 3.1.13. Let f(v) € L' such that [ f(v)dv =1 and [ f(v)v?dv =: v < c0.

Then we have

ds <€N(Q_I)tf(vl) [To(). ™D )] Q(Uj)) <

j=2 j=2

{2 e [ ).

where Iy = D((f — g)e), Jo=di((f — g)e)-

Remark. The second moment assumption on f guarantees that I, and Jy are finite.

Proof. Let h(v) = f(v) — g(v). Note that we can replace f by h in the above expres-
sion. Moreover, since the action of operators N(Q — I) and 2(W; — I) on the odd
part of h is exactly the same, h can be replaced by its even part. This observation,
coupled with the assumption that vy < oo ensure that the even part of h satisfies the
assumptions in Definition 3.1.2. For the remainder of the proof, we assume without
loss of generality that A is the even part of f — g.

Starting as in the L? case from eq. (61) and using the linearity of the Fourier

transform,
N N
( oo i)
7j=2 J
1| (@ (s S B = W) (1= 3 4+ 2 k) T o)
Z k! Z Sub 2 '
m=0 70 |£’

Now, recalling that H,, := (1 — % + %Wl)mh(vl), and using Lemma 3.1.11,

dy <6N(Q—I)tf(vl> Hg@}j), 62(W1—I)tf(vl) Hg(vj)> <

=2 Jj=2

e N Z 1 i ds (ﬁ ; RyiHy,(v1) Hg(vj), Wi Hp (01) Hg(w))

=2 Jj=2

N

N—-1|2

3
|
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where the last step follows from Lemma 3.1.4. Now, finally, we apply Lemma 3.1.9

to complete the proof.

N N
d2<N(Q Itf Hgvj 2(W1 tf Hg,U])_

20N SN NREF (L T 1 Jo &
= — 1—(1——=) 1—(1—-=)) .
N—lk:O k! ((2 1—a)( ( N))+<1—a )= N)))
Summing the series, we get the desired result. O

In the next section, we look at another route to realizing the thermostat model

W: as a suitably defined van Hove limit of a partially thermostated system.

3.2 As a van Hove Limit

Here, we start with Model II when there are only two particles (N = 2, m = 1)
described by eq. (12):
af

Sr = 2 = Ru)f = (I =50 = =GN (66)

Here the superscript makes it explicit that the solution depends on \.

Particle 2 interacts through the Kac collision with Particle 1, which is given the
Gaussian distribution g(v) = \/;e’g at random times due to the action of the
strong thermostat S;. We increase the rate p at which this acts relative to the rate
of the Kac collision 2A. This can be achieved by increasing the time scale of the Kac
operator > — oo and sampling at longer time intervals 7 := t\. Thus, the strong
thermostat, operating on a much smaller time-scale, becomes powerful in the limit.
The result is that by passing through a van Hove (weak-coupling, large time) limit
[12] of this system, Particle 2 gets thermostated, via its interaction with Particle 1
whose distribution is essentially always g(v).

We are interested in the evolution of f*(vy,ve,7) := f>(vy,vs, 1) in the limit

A — 0. Here f*(uvy,vs,t) satisfies (66) above. The equation satisfied by f*(vy,vs,7)
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is then:
o

~ - AL
o=l )P - - s0P = S @

A

We have the following theorem, which states that the diagram in Figure 1 com-

mutes.

Theorem 3.2.1. Let f* satisfy eq. (67) with initial condition f(vy,vs,0) = (v, v5) €
LY(R?). Then for T > 0, /l\in% A= g(v1) f(va, 1) eaists in L'(R?), where f satisfies
—

the equation

of .
— =21 - W 68
o - wf (63)
together with, the initial condition f(vy,0) = Sl(g(& Wy is the thermostat (9) acting
on vsy.
e 39"

g(vl)f(v2uo>€—) g(v1) f(va,7)

27 (I1-W2)

Figure 1: van Hove Limit

Proof. We can write e= 57U~ = [ 4 (I — S))(e #"/* — 1) because (I — S;) is idem-

potent. This implies that
e XU — G|y = e HR||T — Sy|; < 2e7H3. (69)

For each A, the operators in %gA are bounded. Thus, the Dyson expansion (the

infinite series version of the Duhamel formula) corresponding to the evolution in (67)

gives e 39" ¢ = Y reo be(¢) where
bo(¢) = e 30507,
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bi(9) = / e KU=SNE=)[ (] — Ryp)]e 50016 dty, and
t1=0

br(9) :/ e~ AUI=51)(r—t1) [—2(I—Rys)]e -50-= Sl)(t1*t2)“_[_2(I_R12)]€*%(I*51)(tk)¢df
{0<t <..t1 <7}

Using (69) and the identity S;R1251 = S1We = W5S;, we show that Vk, by(¢) con-

verges to

/{0<t << }Sl[_Q(I B Rl?)]sl cee [_2(1 — R12)]51§Z5 dt = % (_2(] _ WQ))k (S1¢)

in L' as A = 0.
Finally, we use the fact that for each u > 0, ||e"xU=5Vug||; = ||¢||, and ||(I —

Tk
f{0<tk< t1<7}d dtk”¢||1 = (4kg) ||¢||17

independently of A\. Therefore the dominated convergence theorem can be applied

Ri)d|li < 2[|¢][1 so that [[be(e)]| < 4F

to give

. —TgA o . -
fime ™9 = fim ) bu(@) Zi:f%bk
= (21 - W)y T (510) = 205,
k=0

]

Given this connection between the strong thermostat S and the thermostat W, it is
worth revisiting the entropy bound (22) for Model II. Upon making the transformation

(pt, A) = (4, 1) corresponding to the van Hove limit (see eq. (67)), we obtain the bound
S(t) < e 'S(0)

as A — 0. This is exactly the optimal entropy production bound (43) for the ther-
mostat W (Note: the thermostat here appears with a factor of 2, owing to the 2\

term).
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CHAPTER IV

CONCLUSION AND OUTLOOK

There is still much distance to cover en route to understanding the non-equilibrium
behavior of the Kac model, and extrapolating this to gain insight into general non-
equilibrium systems. At this point, we have an understanding of physically relevant
quantities like the spectral gap and entropy decay rates. For Model I, the first and
second gaps were computed and the entropic convergence to equilibrium, and equi-
libration in the GTW metric were established in a quantitative fashion. Here, the
approach to equilibrium persisted uniformly in N. Moreover, since propagation of
chaos holds, a rigorous connection was made with a Boltzmann-type equation. It is
conceivable that a propagation of chaos result uniform in time can be obtained using
methods similar to those used in [27] for the isolated Kac model.

Moreover, Model II, the partially thermostated system, provides clues to the scal-
ing of equilibration time-scales, and raises the question of whether “eventually ex-
ponential” entropy decay is a possible occurrence in systems like these. Our results
imply that if a macroscopic fraction of particles is thermostated, the kinetic energy
and the L? norm decay exponentially to their respective equilibrium values at a rate
independent of N. However, our entropy bound and the GTW distance yields a de-
cay rate that vanishes as N — oo in the thermodynamic limit. Hence, at least under
a suitable class of initial conditions, we think it should be possible to improve (22)
to reflect the physical situation. The question of entropy production at ¢ = 0 (and
any N) remains unsettled. The bound (22) does not preclude the possibility of zero
entropy production at time 0. However, we do not know if it actually occurs in the

model for some initial conditions.
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We could also investigate the case of Model II where the strong thermostat S is
replaced by the more physical thermostat W. We believe that the qualitative nature
of the results will be similar, but the proofs will be slightly more complicated. On the
other hand, Model I with the thermostat W replaced by S is simple to analyze, given
our results. For example, the spectral gap and the exponential decay rate in entropy
in this case become p. It is interesting to note that this system is the m = N case
of Model II, and so one could wonder if it is possible to improve the entropy bound
(Theorem 2.2.5) for Model II to obtain one that tends to e #* as m  N.

A question that follows naturally from Chapter 3 is whether the fully thermostated
Model I can be realized as a large-size limit of systems with non-ideal heat baths. In
this case, the scaling must ensure that the Kac collisions among the particles survive
in the limit.

Apart from the questions posed above to further the understanding of the results
and to close some gaps, there some allied problems that are interesting. First, we
would like to able to generalize our analysis on these problems to the momentum-
preserving three-dimensional Kac collision [8]. Next, we could consider the sustained
non-equilibrium situation and ask what the steady-state looks like when we couple a
Kac system to two unequal heat baths. A quick check tells us that the steady-state is
not a Gaussian. Numerical explorations could be a possible approach to finding the
steady-state. Also, it would be of interest to study large systems in which spatially
inhomogeneity is intertwined with the equilibration process. One step to this end is
to consider a network of Kac systems with unequal heat baths at some nodes, and

interactions with neighboring nodes alone.
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APPENDIX A

SPECTRUM OF EVOLUTION OPERATOR FOR

N=2M=1

We analyze the spectrum of the self-adjoint evolution operator Lo7 = 2A\(I — Q) +
(I — Py), in the space L?(R? ~v(v)dv), and deduce its spectral gap stated in (36).
For simplicity, we denote the operators £,; and P, by £ and P.

Notice that £ is a linear combination of two projections () = R is an orthogonal
projection onto radial functions in R?). The condition (h, 1) = 0, corresponding to the
normalization of f = (1 + h), leads us to work in the space of Hermite polynomials
{Hy(v)}22, with weight g(v). The space of interest X, is spanned by {K;; : i,j €
N, (4,4) # (0,0)}, where K;; := H;(v1)H;(v2). Without loss of generality, we work
with monic Hermite polynomials.

The action of P is as follows:

0 1 #£0
]{bJ =0

PK,

1/7j =

Since each term in Kj; ; is odd in either v; or v, when either ¢ or j is odd, we have
that QK;; = 0 when either 7 or j is odd. We deduce the action of ) on Ks,, 24, from
2a1 200

its action on v]*'v5** using the following Lemma from Ref. [3], which applies to @ as

it is a projection onto radial functions.

Lemma A.0.2 (Ref. [3]). Let A be a self-adjoint operator on L*(RYN ~(v)dv) that

preserves the space Py of homogeneous even polynomials in vy, ..., vn of degree 21. If

A2 03 N) = Z cﬂlnﬂNvfﬂl...U?fN ,
doai=>0 B
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we get

A(HQOQ (U1>"'H2aN<UN)) = Z cﬁluﬂNH?/JH (Ul)“'HQ/J’N(UN) :
Y= B

Let n:= a; + ag and Ty, 4, := foh cos21 @ sin%*2 0df = %ﬁi:géi‘f;;))!”, with the

standard definition (—1)!! = 1. Then we have

i or j odd
Fal,ag Zm:() (:rlz) 2m2n—2m -1 = 2(11,] = 2ay
Now a case-by-case analysis, using the fact that Lo, := Span{Haq, (v1)Haa,(v2) :

a1 + ap = n} are invariant subspaces for £, yields the following for the spectrum of

L:
Eigenvalue Eigenfunction
2 N+ p K;;,torjodd,i#0
o ciKgion—9; where Y0 e, =0
2\ Ky, j odd
rtm Yoo cf[’"K22-72n,22- and eq. (70)

Remark A.0.3. The first row corresponds to functions that belong to the kernels of

both () and P, and the second row to functions that belong to the kernels of ) and

I—P.
Here,
o (2X + p) £ /(2A + p)? — 8Au(l — Tp)
B 2
and
2\ 2N ("
C(:)‘:’n:m and cf’n:#fori%o. (70)
Using the fact that I'p,, = % 02” cos?" 0df is decreasing in n, it is easy to see

that the smallest eigenvalue is £ 7°!. The corresponding eigenfunction is #Ko,g +

2\
1 KQ,O'
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APPENDIX B

OPTIMIZING SEQUENCE FOR INEQUALITY (56)

Our aim is to find a sequence of densities h. on L'(R? ~ydv) such that

> 9 —
S(he) S

for any € > 0.
Choose h = Z%l[,aya]ziglm,aﬁﬂ]. Here Z, = ffa \/ge_%ﬂdv and Zf = Ifj: \/ge_
We have S(h) = —log(Z,Z).

Then Pih = Zigl[R_a,RJra] so that S(Pih) = —log(ZE).

For the entropy of Qh, we bypass the exact computation and instead use the
fact that Qh is a density supported on the annular region I' with inner and outer
radii Ry = R —a and Ry = \/m. Then the entropy of the function
K(vy,v9) = Zirlp (Zr is the normalization) bounds from below the entropy of the
function Qh. That is,

S(K) < S(Qh) .

(The above follows for instance, from the observation that fr (1%F) log ( (1?%)) ydv >
0.)
Note that S(K) = —log Zr. Therefore, we have

S(Pih) +5(Qh)
S(h)

Recall that Z, is independent of R. Let us study the dependency of the other

S(Pih)+ S(K)  —log ZF —log Zp
S(h) ~ —logZ, —log ZE °

>

terms on R. First,
R+a 2 a 2 2
Bv Bw BR
Zf = / —ﬁ ede’U = / —/3 eiTeiTefﬁWRdw
roa V2w LV 27
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or

Also,

Ro
Zp = Be P2 pdy = e~ 3 (R-a)® _ o=5l(R+a)*+a?]

Ry

Finally, we get that

-5R? @ ~2(R-a)? —8[(R+a)2+a2
S(P) + S(Qn) _ — 108 (7 FF e Z,) oy (o800 — o-hiniar)
S(h) B —log Z, — log (e_gRQBﬁRaZa>

Y

where the right-hand-side goes to 2 as R — oc.
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