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Introduction

We derive sharp bounds on the rate of relaxation to equilibrium for two models of random
collisions connected with the Boltzmann equation, as well as several other stochastic evolutions of
a related type. In fact, there is a fairly broad class of models to which the methods used here may be
applied. The starting point is a model due to Mark Kac [10] of random energy preserving “molecular
collisions”, and its analysis provides the pattern for the analysis of all of the models discussed here,
including a more physically realistic model of random energy and momentum conserving collisions.
However, since the features of the Kac model have motivated the method of analysis presented
here, we begin by introducing it.

The Kac model represents a system of N particles in one dimension evolving under a random
collision mechanism. It is assumed that the spatial distribution of the particles is uniform, so that
the state of the system is given by specifying the N velocities vy, vs,...,vn. The random collision
mechanism under which the state evolves is that at random times 7}, a “pair collision” takes place
in such a way that the total energy

E:Zv,% (1.1)

is conserved. Since only a pair of one dimensional velocities is involved in each collision, there
are just two degrees of freedom active, and if the collisions were to conserve both energy and
momentum, the only possible non—trivial result of a collision would be an exchange of the two
velocities. Since Kac sought a model in which the distribution of the velocities would equilibriate
over the energy surface specified by (1.1), he dropped the requirement of momentum conservation,
and retained only energy conservation.

With energy conservation being the only constraint on a pair collision, the kinematically possible
“post—collisional” velocities when particles ¢ and j collide, v] and v}, are of the form

v; (0) = v; cos(#) + v; sin(h) and v;(0) = —v;sin(0) + v; cos(0) (1.2)

where, of course, v; and v; are the pre—collisional velocities, and 6 € (—m,7].

To specify the evolution, consider it first in discrete time, collision by collision. Let

(k) = (v1(k), va(k), ..., on (k) (1.3)

denote the state of the system just after the kth collision. Evidently, ¢(k) is a random variable
with values in SV~!(v/E), the sphere in RY of radius vE, where E is the energy. Let ¢ be any
continuous function on SN~1(v/E). We will specify the collision mechanism by giving a formula
for computing the conditional expectation of ¢((k + 1)) given ¥(k), which defines the one-step
Markov transition operator () through

Q&(®) = E{¢(5(k +1)) | 5(k) =7 } . (14)

In the collision process to be modeled, the pair {i,j}, i < j, of molecules that collide is to be
selected uniformly at random. Then the velocities v; and v; are updated by choosing an angle
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0, and letting (1.2) define the post—collisional velocities. Let p(f) be a probability density on the
circle; i.e,

/7r p(0)d =1, (1.5)

and take p to be the probability density for the outcome that the collision results in post—collisional
velocities v} (0) and v} () as in (1.2).
Then for any function ¢ on IR", and hence by restriction on SN~ (V/E),

1 N .n
BE{o(@k) | Tk —1) =0} = (g) Z/ p(O)f (v1,09, -, 0 (8), ..., 03 (0), ..., v,)d6

i<jv
and thus

1 N ,r
Qo(v) = (g) Z/_ p(@)p(v1,v2,.. ., 07 (0),...,v5(0),...,v,)d0 . (1.6)

1<J

This expression can be clarified if for each i < j we let R; ;(§) denote the rotation in IRY that
induces a clockwise rotation in the v;,v; plane through an angle ¢, and fixes the orthogonal com-
plement of this plane. Then R; ;(#)¥ is the post—collisional velocity vector corresponding to the
pre—collisional velocity vector ¥, and (1.6) can be rewritten as

e = () >/ O6(R,O)7)0. (1.7

i<j

Let Hy, g denote the Hilbert space of square integrable functions f on the sphere SV ~1(V/E)
equipped with the normalized uniform measure duy. Let (-,-) and || - || denote the inner product
and norm on Hy, g. We now require that p(6) = p(—6) so that @ is self adjoint on Hy g. We also
require that p be continuous and strictly positive at § = 0, which is a convenient condition ensuring
that @ is ergodic.

It is clear from (1.7) that @ is an average over isometries on Hy g, and hence is a contraction.
Moreover, ||Qf|l2 = ||f||2 if and only if f is constant by our ergodicity assumptions on p.

Because @ is self adjoint, it updates the probability density fj, for ¥ as well. Indeed, for any test
function ¢,

| o) i@y = ES(ih + 1)
SN—I(\/E)
=EE{o(d(k+1) | v(k) }) = EQo(0(k))
-/ S()Qf (T
SN-1(VE)
which of course means that Qfx = fry1.

One passes to a continuous time description by letting the waiting times between collisions
become continuously distributed random variables. To obtain a Markov process, the distribution
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of these waiting times must be memoryless, and hence exponential. Therefore, fix some parameter
7n > 0, and define the Markovian semigroup Gy, t > 0, by

(t
Guf = e—(t/™) Z /TN GITN)" g — timy@-n g

which gives the evolution of the probability density for ¥, continuously in the time t.

It remains to specify the dependence of 7o on N. Let TN) denote the waiting time between
collisions in the N—particle model. Suppose that the waiting time for any given particle to undergo
a collision is independent of N, which corresponds roughly to adjusting the size of the container
with N so that the particle density remains constant. Suppose also that these waiting times are all
independent of one another, which should be reasonable for a gas of many particles. (See Kac [10]
for further discussion.) Then we would have Pr{Tj(N) >t} = Pr{Tj(l) > IV or etV = ¢~ NT/m,
Changing the time scale, we put 71 = 1 and hence 7y = 1/N. Therefore, the semigroup is given
by G; = etN(@=D For any initial probability density fo, f(¥,t) = Gy fo(¥) solves Kac’s Master
FEquation

0
S @) = NQ = Df(1), (13)

which is the evolution equation for the model in so far as we are concerned with the probability
density f(¥,t) for the velocities at time ¢, and not the velocities ¥(¢) themselves, which are random
variables.

Because of the ergodicity, if fy is any initial probability density for the process, it is clear that
lim; o G¢fo = 1. The question is how fast this relaxation to the invariant density 1 occurs. To
quantify this, define

w =sw{ 0,00 | 17l =1.4£1 =0 | (19)

If this quantity is less than one, there is a “gap” in the spectrum of @, and hence the spectral gap
of @ is defined to be 1 — Ay. Clearly then, the spectral gap for N(Q — I) is

Ay =N(1—-Ay) . (1.10)

This quantity is of interest in quantifying the rate of relaxation of G;fy to 1 since for any square
integrable initial probability density fy,

IGe(fo = Dll2 < ™| fo — 1|2 -

Mark Kac, who introduced this operator and process [10] in 1956, observed that for each fixed
¢, the subspace of spherical harmonics of degree £ in S™v _1(@) is an invariant subspace under Q).
(This is especially clear from (1.7) since if ¢ is in such a subspace, then so is ¢ o R; ;(6) for each
pair ¢ < j and each angle ). Since each of these subspaces is finite dimensional, ) has a pure point
spectrum. He remarks that it is not even evident that Ay > 0 for all N, much less that there is a
lower bound independent of N. (As Diaconis and Saloff-Coste noted in [5], @ is not compact.) He
nonetheless conjectured that
l}\rfrijgofAN:C>0 . (1.11)



Kac’s conjecture in this form, for the special case p = 1/27 considered explicitly by Kac, was
recently proved by Janvresse [9] using Yau’s martingale method [13], [14]. Her proof gives no
information on the value of C. One result we prove here is that in the case p = 1/2m,

1N +2
Ay =—-——— 1.12
NTaoN—1 (1.12)

and hence 1
liminf Ay = g (1.13)

The result (1.12) has also been obtained by Maslin in unpublished work, using entirely different
methods. Some account of Maslin’s results can be found in a paper [5] by Diaconis and Saloff-Coste
in which it is shown that Ay > C/N? for the Kac model as well as a natural generalization of it in
which the sphere SV is replaced by the special orthogonal group SO(N). Our method gives exact
results in this case too, as we shall see.

Maslin’s approach was based on the representation theory of the group SO(N), and does not seem
to extend to more general cases, such as a non-uniform density p(6), or to momentum conserving
collisions. According to his former thesis advisor, Persi Diaconis, this is one reason it was never
published. We will comment further on the relation of our paper to previous work, especially [9],
[13], [14] and [5], in section 3 where we carry out our analysis of the Kac model, and in section 6
where we analyze the SO(N) variant of the Kac model.

Kac did not explicitly conjecture (1.13), only (1.11), though he discussed motivations for his
conjecture that do suggest (1.13). In particular, he was motivated by a connection between the
many—particle evolution described by the Master equation (1.8), and a model Boltzmann equation,
and he did rigorously establish the following connection: For each integer k, 1 < k < N, let 7y be
the kth coordinate projection on S¥N=1(VE); i.e.,

ﬂk(vl,’vg,...ﬂ}]\[) = Vg - (1.14)
Then define the orthogonal projections Pj through
(Pifomg,gomy) = (f,gom)

for all f in Hy g, and all continuous bounded functions g on [-VE,VE]. That is, P is the
orthogonal projection onto the subspace in Hy g consisting of functions of the form g o m;. In
probabilistic language, P f is the conditional expectation of f given vy; i.e.,

Pefw) =E{ f =01}, (1.15)

and when f is a probability density on SN~'(vE), P.f is its kth single particle marginal. Kac
showed that if a sequence of initial densities féN) on SVN=1(/E) satisfies a certain symmetry and
independence property that he called “molecular chaos”, and if furthermore

g(v) = ngnoo P fo(v)
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exists in L!(IR), then so does g(v,t) = limy o P; (Gyfo(v)), and g(v,t) satisfies the Kac Equation

™

G0 =2 [~ ([ 107 @000 ©)0) - g(e.0g(w 0] aw) p0)06 . (110

The fact that there is a quadratic non—linearity on the right is due to the fact that the underlying
many particle dynamics is generated by pair collisions. The factor of 2 on the right hand side
comes from the 2 in the the normalization factor 2/N (N — 1) in the definition of @, (1.6). The N
is absorbed by the factor of N in N(Q — I), the generator of G;, and the N — 1 is absorbed by
summing over all the NV — 1 particles with which the first particle can collide.

Kac’s limit theorem provides a direct link between the linear but many particle Master equation
(1.8) and the one variable but non-linear Kac equation (1.16). Kac’s proposal was that one should
be able to obtain quantitative results about the behavior of the Master equation, and from these,
deduce quantitative results on the Kac equation (1.16). Specifically, he was concerned with following
this route to results on the rate of relaxation to equilibrium for solutions of (1.16).

It is easy to see that for any G > 0,

ms(v) = \/ge—ﬁ*/2 (1.17)

is a steady state solution of the Kac equation (1.16). (In the kinetic theory context, the Gaussian
density in (1.17) is known as the Mazwellian density with temperature 1/3). Indeed, as is well
known, mg is the limit of the single particle marginal on S™ _1(\/N—/ﬂ) as IV tends to infinity.
Kac wanted to show that for any reasonable initial data g(v), the Kac equation had a solution
g(v,t) with lim;_, g(v,t) = mpg(v) where [ v*g(v)dv = 1/6. Indeed, he wanted to show that
this convergence took place exponentially fast, and he boldly conjectured that one could prove this
exponential convergence for the Master equation from whence (1.16) came. At the time Kac wrote
his paper, very little was known about the non—linear Boltzmann equation, Carleman’s 1933 paper
[2] being one of the few mathematical studies. Given the difficulties inherent in dealing directly
with the non-linear equation, his suggested approach via the Master eqaution was well motivated,
though unfortunately he did not suceed himself in obtaining quantitative relaxation estimates by
this route, and other workers choose to directly investigate the non-linear equation.

Evidence for the conjectured exponential convergence came from linearizing the Kac equation
about the steady state solutions mg. The resulting generator of the linearized Kac equation can
be written in terms of averages of Mehler kernels, as shown in [12], and so all of the eigenfunctions
are Hermite polynomials (as Kac had observed in section 9 of [10]). The eigenvalue corresponding
to the nth degree Hermite polynomial, n > 1, is then readily worked out to be (see [12]):

2 /7r (sin™(0) + cos™(0) — 1) p(6)do . (1.18)

—T

The eigenvalue is zero for n = 2, corresponding to conservation of energy. As we have indicated,
Kac actually only considered the special case in which p was uniform; i.e., p(6) = 1/2x. In this
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case, the eigenvalues are —1 for n odd, and are monotonically decreasing toward —1 for n even.

Thus, the eigenvalue corresponding to the to fourth degree Hermite polynomial determines the

spectral gap for the linearization of (1.16) in this case. The fact that this gap is 1/2 is consistent

with (1.18), and bears out Kac’s intuition that there is a close quantitative connection between his
Master equation (1.8), and the Kac equation (1.16).

In fact, as we shall see, in the case considered by Kac and some other cases as well, Ay is an

eigenvalue of @ of multiplicity one, and Q fn (V) = Ay fn () for

N

fn(or, o) =Y (v = (L0])) . (1.19)

7j=1
If E = N and gy is defined by P;(fy) = gn o TN, then

Jim g (v) = ma (v)hay (v) (1.20)
where h(4) is the fourth degree Hermite polynomial for the standard unit variance Gaussian measure
on IR. (This is fairly evident, but will be fully evident in view of the formula for P; given in section
2.) Thus, the correspondence between the spectral gaps extends to a correspondence between the
eigenfunctions too.

McKean [12] and Gruenbaum [7], [8] have further investigated these issues. In particular, McK-
ean conjectured that reasonable solutions of (1.16) should relax to the Gaussian stationary solutions

—t/2 corresponding to the spectral gap in the

of the same energy in L' at the exponential rate e
linearized equation. He proved this for nice initial data but with exponential rate e~ where c is
explicit constant, but about an order of magnitude smaller than 1/2. Later, in [4] this result was
established with the almost the sharp rate, i.e., e~l{(1/2=€t for nice initial data. See the papers
for precise statements, but note that all of this is in the case p = 1/27. (The results are stated
differently in [12] and [4], which use a different time scale so that the factor of 2 in (1.16) is absent).

If one expects that the linearized version of (1.16) is a good guide to the behavior solutions of
(1.16), one might guess that (1.18) provides a good guide to the relaxation properties of solutions
of (1.18). This would suggest that in the case in which p is uniform, the slowest mode of relaxation
corresponds to initial data of the form my(v)(1 4 ehyy(v))) for small .

If one further believed that the non-linear Kac equation (1.16) is a good guide to behavior of
solutions of Kac’s Master equation, then one might guess that the slowest mode of relaxation for
the Master equation is a symmetric fourth degree ploynomial, at least for uniform p. Such a line
of reasoning suggests (1.19) as a candidate for the slowest mode of relaxation for Kac’s Master
equation. This turn out to be correct, as we have indicated, and this shows how well-constructed
the Kac model is: A great deal of information is washed out and lost whenever one passes from the
N-particle distribtion function f(7) to its single particle marginal distribution g(v). In general,
there would be no reason to expect that the slowest mode of decay for the Master equation would
not be lost in passing to the marginal.

Indeed, it is easy to see that fxn is in fact an eigenfunction of ). We shall see that for many
choices of p, fx is the optimizer in (1.9). This correspondence between Kac’s Master equation (1.8)
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and the linearized version of the Kac equation (1.16) is a full vindication of Kac’s conjectures. It
also shows that his model is free of extraneous detail at the microscopic level; what happens at
the microscopic level described by the Master equation is what happens at the level described by
(1.16).

We conclude the introduction by briefly stating our results for the Kac model itself, and then
describing the structure of the paper. The key result in our analysis of the Kac model is the
following theorem which reduces the variational problem (1.9) to a much simpler, purely geometric,

one dimensional problem:

Theorem 1.1 For all N > 3,

AN Z (1 - KJN)AN_l (121)
where
. _p{w \ geC(-1.1]) . (gom.1) =0 } (1.22)
llgomi|l2

Notice first of all that ¢ is a function of a single variable — in contrast to (1.9), (1.22) is a one-
dimensional variational problem. Also notice that (1.22) doesn’t involve p, or otherwise directly
refer to Q.

The bound in Theorem 1.1 implies that liminfy oo Axy > []75(1 —k;)As. Since the necessary
and sufficient condition for the infinite product to be non-zero is that

Zlij <00, (1.23)
=3

proving the Kac conjecture is reduced to the problem of proving the summability of x; and the
strict positivity of As.
The second part is easy, since for two particles, @) is an operator on functions on S*. Indeed

(.Qf) = /_ [ 1w) 1w = 0)p(0)a0ds (1.24)

and writing this in terms of Fourier series leads to

A2 = sup {/_: p(0) cos(k@)d@} . (1.25)

k0

By the Riemann-Lebesgue lemma, Ay < 1, and hence Ay = 2(1 — Ay) > 0.
As for the summability of kx, note from (1.22) that ky is a measure of the dependence of the
coordinate functions on the sphere. With F = N, the marginal distribution of (v1,v2) induced by

KN s
’SN_?” 'Ul +v2 (N—-4)/2
N’SN_1’ 1-— N d’UldUQ .
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As N tends to infinity, this tends to

L 24y dy, |
27

and under this limiting measure, the two coordinate functions v; and v, are independent. Hence
for any admissible trial function g in (1.22),

lim

N—oo
1

27T R2

(907T1790772> =

g(vl)g(v2)€_(vf+”§)/2dv1dv2 =

X (1.26)

1 2 2
E/Rg(m)e_”lmdvl\/%/Rg(vg)e_vl/zdvg_
li

im
N—oo

(go7r1,1><go7r2,1> =0

which implies that limy .., Ky = 0, without, however, showing how fast.
In fact, it is not hard to compute Ky:

Theorem 1.2 For all N > 3,
3
N2 -1~

RN =

Since this is summable, (1.23) holds, and so the Kac conjecture is proved. But Theorem 1.2 tell
us much more than just (1.23). One can exactly solve the recurrence relation in Theorem 1 with
kn = 3/(N? —1). As we shall see, this leads to:

Theorem 1.3 For all N > 2,

1— Ay N +2
Ay 2 — QH' (1.27)

Moreover, this result is sharp for the case considered by Kac; i.e., constant density p, in which case
Ao = 0, and more generally whenever

/ p(0) cos(k6)do < / p(0) cos(40)do (1.28)
for all k #£ 0. In all of these cases, An has multiplicity one, and the corresponding eigenfunction is
N

(vﬁ — <vﬁ, 1>) . (1.29)
k=1

Notice that A does not depend on E. This is easy to see directly from the fact that () commutes
with the unitary change of scale that relates Hy g and Hy g for two different values, £ and E’, of
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the energy. We have kept it present in the discussion until now on account of the relation between
the uniform probability measure on SV~1(v/E), and the unit Gauss measure on the real line, or
on IR? as in (1.26). Having said what we wish to say about this, it will be simplest to henceforth
set £ =1, and to delete it from our notation.

The division of our results on the original Kac model into Theorems 1.1, 1.2 and 1.3 of course
reflects the steps in the method by which they are obtained. However, it also reflects a point of
physical relevance, namely that Ky is completely independent of p(f). The complicated details of
the collision mechanism do not enter into x. Rather, they enter our estimate for Ay only through
the the value of the two particle gap As = 2(1 — A2). Once this is computed, there is a purely
geometric relation between the values of the gap for different values of N. The fact that there
should be such a simple and purely geometric relation between the values of the gap for different
values of N is a very interesting feature of the Kac model which expresses the strong sense in which
it is a binary collision model.

The paper is organized as follows: In Section 2 we identify the general features of the Kac
model that enable us to prove Theorem 1.1. We then introduce the notion of a Kac system, which
embodies these features, and prove the results that lead to analogs of Theorem 1.1 for general
Kac systems. This provides a convenient framework for the analysis of a number of models, as we
illustrate in the next four sections. Section 3 is devoted to the Kac model itself, and contains the
proofs of Theorems 1.1, 1.2 and 1.3. Section 4 is devoted to the analysis of the master equation for
physical, three dimensional, momentum and energy conserving Boltzmann collisions. Sections 5 is
devoted to a shuffling model that has been studied in full detail by Diaconis and Shahshahani [6].
We include this here because it can be viewed as the Kac model with momentum conservation, and
is very simple. (We hasten to add that Diaconis and Shahshahani do much more for this model
than compute the spectral gap). Then in Section 6 we treat another generalization of the Kac
model, this time in the direction of greater complexity: The SO(NN) model of Maslin, Diaconis and
Saloff-Coste [5]. Finally, in Section 7 we show that the quartic eigenfunction (1.19) is indeed the
gap eigenfunction for a wide range of nonuniform densities p that violate (1.28).

2: General Features
The Kac model introduced in the previous section has the following general features that are

shared by all of the models discussed here:

Feature 1: For each N > 1 there is measure space (Xn,Sn,un), with pun a probability measure,

on which there is a measure preserving action of Il , the symmetric group on N letters. We denote

HN :L2(XN7MN) . (21)

We think of X as the “INV particle phase space” or “IN particle state space”, and the action of
Il as representing “exchange of particles”. In the Kac model, Xy is SV ~1, Sy is the Borel field,
and ju is the rotation invariant probability measure on S¥~1 = Xpy. A permutation o € Iy acts
on Xy through

0'(’[)1,’1)2,... 7UN) = (va(l)va(Q)v"' 7UU(N)) .
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Feature 2: There is another measure space (Yn,Tn,vn) and there are measureable maps m; :
Xy =Yy forj=1,2,... N such that for all o € lly, and each j,

TjO0 = Ty(j) - (2.2)
Moreover, for each j, and all A € Ty,
un(A) = (771 (A)) - (2.3)
We denote
Ky =L*(Yn,vn) . (2.4)

We think of 7;(z) as giving the “state of the jth particle when the N particle system is in state
z”. For example, in the Kac model, we take

7Tj(1}1,’l)2,. .. ,UN) =05 € [—1,1] (25)

and thus we take Yy = [—1,1]. In this case, Y does not depend on N, and it may seem strange
to allow the single particle state space itself to depend on N. However, the methods we use here
permit this generality, and some of the examples considered here require it.

Notice that once Yy and the 7; are given, vy is specified through (2.3). In the Kac model we

therefore have
|SN 2 2V(N—3)/2
vy (v) = ST, (1—v%) dv . (2.6)

Feature 3: For each N > 3 and each j =1,2..., N, there is a map
gf)j : (XN_1 X YN) — XN (27)

so that
mi(9i(z,y)) =y (2.8)
forallj=1,...,N and all (z,y) € Xn_1xYn. Moreover, ¢; has the property that for all A € Sy,
[un—1 @ vn] (651 (A)) = pn(A) (2.9)

or equivalently, for all bounded measurable functions f on Xy,

[ sy = /| X [ /. st (o) | dinty) (2.10)

= SN2 and any v € Yy = [-1,1] we put

In the Kac model case, for any 0 € Xn_1

on(U,v) = (V1 —=0v%0,v) , (2.11)

11



and (2.9) is easily verified.

So far, none of the features we have considered involve the dynamics. That is, the first three
features are purely kinematical. The fourth feature brings in the Markov transition operator Q).
We do not make the dependence of () on N explicit in our notation, since this will always be clear
from the context.

Feature 4: For each N > 2, there is a selfadjoint and positivity preserving operator @ on Hy
such that Q1 = 1. These operators are related to one another by the following: For each N > 3,

each j =1,2,..., N, and each square integrable function f on Xy,
N
Qs =5 3 [ (W Qiadren) o) (212
j=1/Yn

where for each j and each y € Yy,

Fiw() = f(8;(- ) - (2.13)

It is easily verified that the Kac model posseses this feature.

Definition: A Kac System is a system of probability spaces (Xxy,Sn,un) and (Yy,7Zn,vn) for
N € IN, N > 2, together with, for each NV, maps 7; and ¢;, j = 1,2,..., N, a measure preserving
action of Iy on (Xy,Sy, un), and a Markov transition operator Q on H = L?(Xy, pn ), related
to one another in such a way that they possess all of the properties specified in features 1 through

4 above.

In analyzing the spectral gaps of the operators () in Kac systems, certain other operators related
to conditional expectations will play a central role, as indicated in the previous section. Suppose
that (Xn,Sn, un), (Yn,Zn,vN), T, and ¢}, are defined and related as specified above. For each
j=1,2,...,N, let P; be the orthogonal projection onto the subspace of Hx consisting of functions
of the form g o 7; for some g € Ky. Then, with y = 7;(x) and f;, given by (2.13),

Pif(x) = glm;(x))  where  g(y) = /X Frp @)y () | (2.14)

In terms of these projections, define

1
P=— > P (2.15)

which is clearly a positive contraction on Hy. Define a contraction K on Kpn by

(Kg)omny =Py (gomn-_1) . (2.16)
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Note that Kg(y) is the conditional expectation of g o my given that m = y. That is,
Kg(y) =E{gony |"n-1=y }. (2.17)

In concrete examples, it is easy to deduce an explicit formula for K from (2.16) and (2.14) or
directly from (2.17). By the permuation symmetry,

P (gomj) = (Kg)om; for all iF£7g . (2.18)

Combining (2.13), (2.14) and (2.16), we obtain

Kg(y) = /X g (-1 (b (&, ))) dpiw 1 () (2.19)

which provides an explicit form for the operator K. For example, in the case of the Kac model we
obtain

Ko@) = [ o(/T=Puy 1)1 (w)
:/ g(V1—v?2w)dvy_1(w) (2.20)

—1
SV !

B |[SN=2] J_4

g(V1 —v2w)(1 —w?) N =D 2qy

from (2.6) and (2.19).
Theorem 2.1 Given any Kac system, let P and K be defined by (2.15) and (2.16). Define uy,

kn and By by
HUN = Sup{ <f7 Pf>7‘(N ‘ HfHHN =1 and <17f>7'{1\7 =0 } (221)
KN = sup{ <g7Kg>ICN ’ ”gHICN =1 and <17g>K:N =0 } (2'22)
v = It {9, Koy | llgllen =1} - (2.23)

Suppose, moreover, that the operator P has pure point spectrum. Then, either uy =0 or

ix —max{%(l—l—(N—l)/@N), %(1+(N—1)5N) } . (2.24)

In case Ky > BN, then the multiplicity of kn as an eigenvalue of K coincides with the multiplicity

of un as an etgenvalue of P, and the map

1 1/2 N
" (N(l + (N — 1)@)) ]Z_:h"”j (2.25)

is an isometry from the ky—eigenspace of K in ICn to the uy—eigenspace of P in Hy.
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Proof: Suppose that f is an eigenfunction of P with eigenvalue v. Since P commutes with
permutations, we may assume that either f is invariant under permutations, or that there is some
transposition, which we may as well take to be o1 2, such that f ooy = —f. We will treat these
two cases separately.

First suppose that f is symmetric. Then for some h € Ky independent of k, Py f = h o m, and
SO

1 & 1 &
Vf:Pf:NZPkf:NZhowk. (2.26)
k=1 k=1

where v is the eigenvalue, and h is some function on IR. Applying P; to both sides of (2.26) yields

N
1
vP f = Nkz_lpl(hoﬂk) ;

which can be easily simplified to

1
Vhomzﬁ(hom—l—(N—l)Khom).

If h is identically zero, i.e., if P;f = 0 for all j = 1,..., N, the eigenvalue v must necessarily be
zero by (2.26). Otherwise, h is an eigenfunction of K with eigenvalue o so that

1 .
=1+ -1)7) . (2.27)

Note that ¥ may vanish without h being the zero function. In this case h must be an eigenfunction
of K with eigenvalue —1/(N — 1). In any case, v = 0 or otherwise equation (2.27) must hold.
We next consider the case in which

f001,2:—f-

Note that
Py(fooi2)=Pf=0

whenever k is different from both 1 and 2. It follows that

Ppf = % (PLf+Pf) .

WE

1
N

e
Il

1

Again, applying P; to both sides of the equation and keeping in mind that when P, f = hom
then Pof = —h o my we get
1
vhom = N(hom — Khomy) .

In case h vanishes identically, the eigenvalue v must vanish also, otherwise h is an eigenfunction of
K with eigenvalue 7 such that

(2.28)



Since by the definition (2.23), —(/N — 1)y is the most negative eigenvalue of K, the determination
of pun now follows from (2.27) and (2.28).
For the last part, observe from (2.27) and (2.28) that when xy > Gy > 0,

i = (L (N = D) (2.29)

and, by the argument leading to (2.27), any eigenfunction of P with eigenvalue py is in the range
of the map in (2.25), and a simple computation verifies the isometry property. H

Theorem 2.2 Given any Kac system, let P and uy be defined by (2.15) and (2.21). Define Ay by

An = sup{(f, @ )rn | 1flleny =15 (fi D)y =0} (2.30)

Then
Ay < ()\N—l+(1_)\N—1)MN) . (231)

Moreover, there is equality in (2.31) if and only if the suprema in (2.30) and (2.21) are attained
at a common function fy.

Proof: We start from (2.12), taking any function f € Hy satisfying the conditions imposed in
(2.30).

1 N
Qe = 37 2 | @b dont)

=3 3 [ U= BIWI+ BIW). QU5 = BIW)+ P @) dvnly)

J=177N
N
2
93 | 1P )

Since each P; f(y) is constant on Xx_1 and so on Hx_1, QP;f(y) = P; f(y), and

([fiy = Pif@W] Pif () Hw_, =0

But



and hence

N
([, Qf)mn = %; /YN (fiw = Pif W], QU — Pif W)y dvn (y) (2:52)

Now since ([fj.y — P; f(y)], )35 _, = 0 for each y and j,

(fiw — Bif W], QU iy — Bif W) rw—s < An=1llfiy — PifW)l3en_,

= (Il = 1P f @B, )

Averaging over j and integrating over y,

N
i S Aty = Pt QU — PifWrn—ydvn (y) < Av—a (IF 150y — (F Pfrn)
N 4 v

From this and (2.32), (2.31) follows, since f itself is an admissible trial function for pn. The final
statement is an evident consequence of the proof of (2.31). W

Corrolary 2.3: With ky and Oy defined as in (2.22) and (2.23), define

Ay =N(1-Ay) . (2.33)
Then
AN Z (1 - max{/ﬁN,ﬁN})AN_l (234)
for all N > 3, and hence for all N > 2,
N
Ay =[]0 = max{s;, 3;})As . (2.35)
j=3

Proof: This follows directly from (2.24), (2.31) and (2.33). W

We see that a sufficient condition for iminfy_oc Ay > 01is Ay > 0 and

H (1 —max{rn,OBn}) >0 .

N=3
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Assuming that max{ky,On} < 1 for all N > 3, this last condition is of course satisfied whenever

Z max{ky, N} < oo .

N=3

3: Analysis of the Kac Model

The Kac model, with (Xx, Sy, pn) being SV 1 equipped with its rotation invariant probability
measure and

N -1 N -
Qf(vl,vg,...,vN):<2> Z/ p(0)f(v1, v, v} (0),...,v5(0),...,v,)d0

1<]

was the basic motivating example for the definition of a Kac system made in the previous section,
where the rest of the elements of the system, namely the action of Ily, the spaces (Yn,7Zn,vN),
and the maps 7; and ¢; have all been specified.

All that remains to be done before we apply the results of section 2 is to compute the spectrum
of K. There are a number of ways that this can be done. The method presented here is the one
that most readily adapts to the case of three dimensional momentum conserving collisions, which
we treat in the next section. In a later section we shall use a more group theoretic approach when
we discuss the generalization of the Kac walk to SO(N).

Theorem 3.1 There is a complete orthonormal set {g,}, n > 0, of eigenfunctions of K where gy,
18 a polynomial of degree n and the corresponding eigenvalue a, is zero if n is odd, and if n = 2k,
an 18 given by

N-3
SV

g = (—1) v (1 —sin”#)*sin™¥ —3 9d6
In particular,

_
TN
s — 3

fTNZ
15 (3.1)
Qg —
(N —=1)(N+1)(N +3)
105

ag —

(N=1)(N+1)(N+3)(N +5)

and |aopyo| < |agk| for all k. Hence for the Kac model,

3
N2 1"

max{/ﬁN,ﬁN} = KN =

17



Proof: We have already deduced an explicit form (2.20) for K in the previous section. We note
that by an obvious change of variable, we may rewrite it as

|SN_3| T

Kg(v) = g(/1 —v2cos 6) sin™ 3 0d6 .

S sNR

The right hand side is clearly an even function of v. Since the operator K preserves parity, it
evidently annihilates all odd functions. Hence we may assume that g is even.

Further, since (m) 2 (1—22)* is a polynomial of degree 2k in v, we see that the space of
polynomials of degree 2n or less is invariant under K for all n. This implies that the eigenvectors
are even polynomials, and that there is exactly one such eigenvector for each degree 2k.

Now let gop be the eigenvector that is a polynomial of degree 2k, and let aoy, be the corresponding
eigenvalue. We may normalize gof so that the leading coefficient is 1, and we then have

gor = v2* + h(v)
where h(v) is an even polynomial in v of degree no more than 2k — 2. Thus
opv?F 4+ aoph(v) = aopgor = Kgor = Kv?* + Kh(v)

This implies that
Kv** = a9,0%* 4 lower order .

The result now follows directly from the formula for K, the recurrence relation

s _ 1 s
/ sin™(0)dg = / sin"~2(0)df (3.2)
0 0

n

and the fact that K1 = 1. Observe that the leading coefficient of v in (1 —v?)¥ is (-=1)k. H

It is evident from (3.1) that, using the notation of Theorem 2.1, ky = 3/(N? — 1) and By =
1/(N —1)2. Hence, for N > 3, ky > By, and Theorems 1.1 and 1.2 are now proved.

In order to prove Theorem 1.3, it is necessary to determine A,. But in (1.25) we have already
determined Ag, and since Ag = 2(1 — Ag), it follows that

Ay = 2 inf {/W (1- cos(k@))p(@)d@} .

k20 | J_.

By the Riemann-Lebesgue lemma, A\ < 1, and so in any case As > 0. In the case Kac considered,
S is just the projection onto the constants and Ay = 0 so that Ay = 2.
It remains to solve the recurrence relation (1.21). Notice that

—9)(N +2)
DN+

—~

_ W
1—I€N—(N
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The product of these terms collapses and

N .
H( —2)(j+2) _1N+2 5.0
jzg(j—l)(j—i'l) 4N -1
Hence
s U-DE+Y 47
and it then follows from (2.35) of Corollary 2.3 that
1N +2 1IN+2 1—X N+2
Ay > ———Ay=——"2(1— X)) = .
NZ N1t T gy oA 2 N-1 (36)
Now, we inquire into the sharpness of this result. By Theorems 2.1 and 3.1,
PfN = MNfN (37)

if and only if fy has the form fy = Z;\le gyvomand Kgy = (3/(N? —1))gn. That is, (3.7) holds
exactly when, up to a multiple of

By the last part of Theorem 2.2, the bound obtained in Theorem 1.3 can only be sharp if Qfy =
An fn for each N. Hence it is natural to compute @ fn. The result is contained in the next lemma.

Lemma 3.2 For fn(¥) = Y0, (vi = (1,01)),

where
N = i <1 - /_ 7; cos(49)p(9)d9> . (3.9)

Proof: This is a straightforward calculation. W

Clearly, for the original Kac model, with p uniform, v = 1/4, and so (3.8) implies that Ay =
N(1 — Ay) is no larger than (N + 2)/(2(/N — 1)). Since for the original Kac model Ay = 0, this
upper bound on Ay coincides with the lower bound in (3.6) and hence (3.6) is sharp in this case.

In fact, the upper bound on Ay provided by Lemma 2.3 coincides with the lower bound in (3.6)
whenever fy(vy,v2) = v} + vi — (3/4) is such that

Qfz =X f2 . (3.10)
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Writing v; = cos(#) and vy = sin(f), we have
cos(46)
YR

Hence (3.10) certainly holds whenever (1.28) holds. Finally, the fact that under the condition
(1.28), fn is, up to a multiple, the only eigenfuncton of @ with eigenvalue Ay follows directly from

f(cos(0),sin(F)) =

Theorems 3.1, which says «y has multiplicity one, and Theorem 2.1. This completes the proof of
Theorem 1.3.
We shall show in section 7 of this paper that actually in a wide range of circumstances

Qfn =AN[N

for all N sufficiently large, even if this is false for, say, N = 2. Thus in a great many cases Lemma
3.2 provides the precise value of Ay, and hence Ay, for large N. However, before returning to
analyze the Kac model in this detail, we proceed to give several more examples of Kac systems.

Having explained how our exact determination of the gap for Kac’s original model works it is
appropriate to compare this approach with Janvresse’s [9] application of Yau’s martingale method
[13], [14] to the same problem. There are similarities between our analysis and Yau’s method, in
that Yau’s martingale method uses induction on N, correlation estimates, and the same conditional
expectation operators P;. There are, however, significant differences, as indicated by the difference
between Janvresse’s estimate and our exact calculation.

First, in Yau’s method the spectrum of the P; operators is estimated not in ‘Hy g, but in the
Hilbert space whose inner product is (h, (I — Q)h), the so—called Dirichlet form space associated to
@. This means that the details of the dynamics enter (through Q) at each stage of the induction,
while in our approach purely geometric estimates, as described in Theorem 1.1, relate A to Ax_1.

Second, Yau’s method was designed to handle problems without the permutation symmetry
that is present in the class of models considered here. The method just described makes full use of
this symmetry. As an example, using this symmetry, we need only to produce spectral estimates
on P, the average of the P;. That the inductive argument presented here makes full use of this

permutation symmetry is one source of its incisiveness in this class of problems.
4: Analysis of the Boltzmann Collision Model

Consider now a pair of identical particles with velocities v; and v; in IR3. Now we will require
that the collisions conserve momentum as well as energy. These are four constraints on six variables,
and hence the set of all kinematically possible collisions is two dimensional. It may be identified
with S? as follows: For any unit vector w in S?, define

v (w) = v + (w- (v; —v))w (4.1)
v; (w)=vj — (w- (v; —v;))w (4.2)
Now specify N velocities ¥ = (v1,va,...,vxN) before the collision with
N N
Z ;> =E and Zvj =0. (4.3)
j=1 j=1
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The random collision mechanism is now that we pick a pair ¢, 7, ¢ < j, uniformly at random, and
then pick an w in S? at random, and the post—collisonal velocities then become

((vi, 5 0f (W), 05 (W), uw)

We then define the one step transition operator ) by

1 N
Qs(V) = (N; 1) f(vl,vg,...,vf(w),...,v;(w),...,vn)b(w-(vi —v;)/|v; —v;|)dw ,

. 2
z<js

where b is a non-negative function on [—1,1] so that
27r/ b(cos0)sin(f)dd =1 .
0

The function b puts a weight on the choice of w so as to determine the relative likelihood of
various scattering angles. This definition differs from corresponding definition for the Kac model
chiefly through the more complicated formulae (4.1) and (4.2) paramaterizing three dimensional
momentum conserving collisions. We begin the analysis of this Boltzmann collision model by
specifying the structure needed to display it as a Kac system.

By choice of scales and coordinates, we may assume that

N

N
Z v =1 and Zvj =0 (4.5)
j=1

j=1
both hold initially, and hence for all time. Thus our state space X is the set of all vectors
¥ = (v1,09,...,uy5) € IR?N

satisfying the constraints in (4.5). We equip X with its Borel field and the metric and uniform
probability measure inherited from its natural embedding in IR?N . The symmetric group Iy acts
on Xy as follows: for o € Iy,

o(v1,v2,...,UN) = (Vo(1), Vo(2)s - - » Vo(N)) -

This action is clearly measure preserving. We note that Xy is geometrically equivalent to the
unit sphere $3¥N—4 in IRV 3 but apart from identifying normalization factors in our probability
measures, this identification is not conducive to efficient computation because any embedding in
IR3N =3 obscures the action of the symmetric group.

To identify the single particle state space Yy, note that

N -1
sup{|on| | (vi,ve,...,0n) € XN } = - (4.6)
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To see this, fix vy and observe that due the momentum constraint in (4.5), Z;V:_ll v; = —un. To

maximize |vy|, we must minimize the energy in the first N — 1 particles. However, by convexity it
is clear that

N-1 N-1
inf Z ;|2 Z v; = —UN
j=1 j=1
is attained at
1
(’1)1,1}2,. .. ,’UN_l) = —m(’l}]\[,’l}]\[,. .. ,UN) s

which leads directly to (4.6).

In short, the momentum constraint prevents all of the energy from belonging to a single particle,
and so each v; lies in the ball of radius \/(N — 1)/N in IR®. (While this is true for N = 2, this
case is somewhat special. For N = 2, v, = —v; and so |va| = 1/1/2, rather than |vy| < 1/1/2.)

We could take Yy to be the ball of radius \/m in IR?, for N > 3, which would then
depend on N. However, certain calculations will work out more simply if we rescale and take Yy
to be the unit ball in IR?, independent of N. Therefore, we define, for N > 3,

Yy={velR®||v]<1}

and let Ty be the corresponding Borel field. We take Y to be the unit sphere in IR®. We are then
led to define 7; : Xy — Y by

N\ /2
mj(v1,v2,...,0N) = N 1 vj . (4.7)

The measure vy is now determined through (2.3), but before deducing an explicit formula for it,
we introduce the maps ¢; : Xny_1 X Yn — Xy, through which this formula is readily determined.

Consider any fixed N > 3, so that Xy_; is non empty. Fix a point & = (wy,ws,...,wy_1) €
Xn_1, and a point v € Yy. In order that we have

WN(QZ)N(va)) =U,

the Nth component of ¢y (W, v) must be /(N — 1)/Nv. Now observe that for any a € IR,

Vyoo o ,OWN -1 —

o B 1 1 N-1
U= (v1,v2,...,UN) = awl—m mv, NV

satisfies SV

j=1v; =0, and

N
> il = + ol
j=1

since Z;V:_ll |w;|*> =1 and Zj.\[:_ll v; = 0. Therefore, define

() =1~ |v? (4.8)
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and

( ),0) (v) 1 (v) 1 N -1
on((wy,wa, ..., wN_1),v) = | (V)W — ———=0,...,a(vV)wn_1 — v, v,
N (W1, w2 N—-1 1 NI N N—-1 NI N N

(4.9)

and we have that ¢ : Xny_1 XYy — Xn. For j=1,...,N — 1, let 0; y be the pair permutation
exchanging j and N, and define ¢; = 0 n 0 . We now show that with these definitions (2.9)
holds, and in the process, obtain an explicit formula for vy.

Lemma 4.1 For N > 3, the measure vy induced on Yy through (2.3) for the Boltzmann collision

model s
‘SSN_7‘

dvy (v) (1—|o)BN=8/2qy (4.10)

- ‘SSN—AL‘

In the case N = 2, vy is the uniform probability measure on S? = Y5. Moreover, for these measures
vN, and with ¢; defined as above, (2.9) holds for the Boltzmann collision model for all N > 3.

Proof: The measure pp is defined through the natural embedding of Xy in IR?N | and hence it is
advantageous to consider the tangent spaces to X x as subspaces of IR*". Making this identification,

a vector E: (&1,&2,...,&nN) is tangent to X at ¥ = (vy,va,...,vy) € X provided
N N
Zgj C U = 0 and Zgj =0. (411)
j=1 j=1
Likewise, a vector 77 = (n1,72,...,nn—1) is tangent to Xy_1 at @ = (w1, wa,...,wn-1) € Xn_1
provided
N-1 N-1
Z n;-v; =0 and Z n;=0. (4.12)
Jj=1 j=1

And finally, it is clear that the tangent space at any point v of Yy is IR®.
Now let
(¢N)* : T*(XN—l) X T*(YN) - T*(XN)

be the tangent bundle map induced by ¢n. One easily computes the derivatives and finds that for
a tangent vector (77,0) at (w,v),

(0n)«(7,0) = (a(0)77,0) - (4.13)

Likewise, for a tangent vector (0,u) at (i, v),

. 1 . 1 N_1
v v u> (4.14)

(a0) (00 = (W)““ CVNI-R e T V=R VT

Now let (x be any vector of the type in (4.13), and let {y be any vector of the type in (4.14).
Obviously

(Cx,C¢v) =0 (4.15)
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where the inner product is the standard inner product in IR*". Moreover,

(Cx, Cx) = @® (v)(iT, ) (4.16)

where the inner product on the right is the standard one in IR*~3. The determinant of the
quadratic form gx given by

is
det(gx) = a>CN =7 (v) (4.17)

since X_1 is 3N — 7 dimensional. Finally,

(v-u)?

a?(v)

and the determinant of the quadratic form gy given by

(v-u)?
a?(v)

(Cy,Cy) = + |ul?, (4.18)

U + Juf?
is
o] 1
det =14 ——=——. 4.19
)= 020 T @ 19

Now let iy and fiy_1 denote the unnormalized measures on Xy and Xy_1 given by the Rie-
mannian structures induced by their natural Euclidean embeddings. If (z1,...,x3x_7) is any set of
coordinates for Xy _1, and if (y1,y2,y3) are the obvious Euclidean coordinates for Yy, then these
induce, through ¢y, a system of coordinates on Xy. (Since Xy_; is a sphere, up to a set of mea-
sure zero, one chart of coordinates suffices.) The volume element dfiy(x,y) in these coordinates
can now be expressed the volume element dfiy_1(z) using (4.15) (4.17) and (4.19):

djin (z.y) = aSN”(v)dﬁN_l(:c)ﬁdy .

Since we know that

/ dﬁN = ’SSN_4‘ s
XN

we easily deduce from this that for all continuous functions f on Xy,

‘SSN_7‘

| F@duy = Gy [ /X fosfwdm-l] (1= Jo*)BN=9/2qy . (4.20)
N N N-—1

Finally, suppose that f has the form f = g o my for some continuous function g on Yy, N > 3.
Then evidently f o ¢n(wW,v) = g(v) everywhere on Xxn_1 X Y and hence by the definition (2.3)

and (4.20),
|3 7] 2\(3N—8)/2
/Y gdvy = . fdun = W . g(v)(l — ‘U‘ )( —8)/ dv . (4.21)
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Hence we see that (4.10) holds, and hence that (2.9) holds for the Boltzmann collision model. W

Lemma 4.2 The Boltzmann collision model, consisting of (Xn,Sn,un), (Yn,TIn,VN), T, &5,
j=1,...,N, and Q as specified in this section constitute a Kac system as defined in section 2.

Proof: The properties not already established in Lemma 4.1 are now easily checked using (4.9).
|

Now in order to apply the results of section 2 to this Kac system, we need to determine the
spectral properties of the operator K. The explicit form of K for the Boltzmann collision model is
easily obtained from (2.19): For all functions g on Yy, the unit ball in in IR?, and all N > 3,

N2

N N -2 1
= /1|2 - 1— [yH)BN =1/ 2qyy 4.22
/le‘q(\/N—l o\ 7Y N_1v>( yl%) vN-1(y) (4.22)

S3N-10 VN2 - 2N 1 B
5| 0 <7_1ﬁ— oy — 0| (1= [y N -10r2gy
y[<1

Kg(v) = /XN1 g ( % (WUJNA - %NU>> dpn—1(w)

93N N N -1

(The restriction to N > 3 is because (4.21) only gives us the right form for v is this range. Indeed,
3N — 11 is negative for N = 3. The correct analogs of (4.21) and (4.22) are easily worked out by
the same sort of analysis. We do not do this here, as we do not need these formulae.)

Several properties of K are evident from (4.22). First, K commutes with rotations in IR®. That
is, if R : IR®> — IR® is a rotation, then clearly

K(goR)=(Kg)oR .
Hence we may restrict our search for eigenfunctions g of K to functions of the form
g(v) = h([o))[v]* Vem v/ [0])

for some function h on IR, , and some spherical harmonic Vp .

Second, for each n > 0, K preserves the space of polynomials of degree n. To see this notice
that any monomial in mw that is of odd degree is annihilated when integrated against
(1 — Jw|?)BN=1D/2qy, and any even monomial in /1 — [v[2w is a polynomial in v.

Combining these two observations, we see that K has a complete basis of eigenfunctions of the

form

Gnt;m (V) = R o ([0*)[0] Ve, (v/[0]) (4.23)
where h,, ; is a polynomial of degree n.
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A third observation leads to an explicit identification of these polynomials and a formula for the
eigenfunctions: Suppose that Kg(v) = Ag(v). Let é be any unit vector in IR®. Then since g is a

polynomial and hence continuous,

t—1 t—1 |S3N-T| N N -1

J— 1 5
_g N—le )

since K1 = 1. Combining this with Kg(v) = Ag(v), we have

3N—-10 /N2 o 2N 1
lim Kg(té) = lim M g <71« /1 — 20 — é> (1- |w|2)(3N—11)/2dw
YN-1 -

\g(é) = g (- Nl_ 1@) . (4.24)

Now consider any eigenfunction g, s, of the form given in (4.23), and let A, ;, be the corre-
sponding eigenvalue, which will not depend on m. Then taking any é so that )y ., (€) # 0, we have
from (4.24) that

 hae(1/(N = 1)) 1\
Ang = mexﬂ) (‘jv—1> . (4.25)

Finally, a fourth elementary observation identifies the polynomials h,, (. For all distinct positive
integers n and p, the eigenfunctions g, ¢, and g, ¢ are orthogonal in K. Hence for each ¢, and

for n # p,
/ ([0 hp,e ([0 [*) (1 = [0]) BN =92 0P do = 0.
lv]<1

Taking r = |v|? as a new variable, we have
1
/ B (1) o (r) (1 — ) BN =8/ 206012 —
0

This is the orthogonality relation for a family of Jacobi polynomials in one standard form, and this
identifies the polynomials h,, ;. A more common standard form, and one that is used in the sources
to which we shall refer, is obtained by the change of variable ¢t = 2r — 1, so that the ¢ ranges over
the interval [—1,1]. Then for a, f > —1, JieP (t) is the orthogonal nth degree polynomial for the
weight (1 —)%(1 +¢)8. Then with the variables ¢ and |v|? related as above; i.e.,

t=2v* -1, (4.26)
he([0]?) = T3P (8) (4.27)

for 3N -8 1
a= 2_ and B=10+ 3 (4.28)
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The particular normalization of the Jacobi polynomials is irrelevant here, as we shall be concerned
with ratios of the form J{*" (t)/qua’ﬁ)(l). Indeed, notice that from (4.26) when |[v]? = 1, t = 1,
and when [v|?> = 1/(N? — N), t = =1+ 2/(N? — N). Hence from (4.27) and (4.25), we see that

T (Z1 4+ 2/(N? — N)) 1 \*
Ang = o (—N — 1) . (4.29)

We summarize this in the following lemma:

Lemma 4.3 Define the functions

In,eam (V) = hone([0]*) 0] Ve (0/ [0])

n>0,¢0>0 and —¢ < m < {, where the Yy, are an orthonormal family of spherical harmonics,
and the hy, ¢ are polynomials expressible in terms of the Jacobi polynomials through (4.27). Then

{gnem | >00>0,—<m<{}

is a complete orthonormal basis of eigenfuntions of K. Moreover, if A\, ¢ ts the corresponding
eigenvalue, then (4.29) holds.

The problem of determining the spectral gap for K is thus reduced to the problem of determining
the largest number of the form (4.29). The following integral representation of ratios of Jacobi
polynomials, due to Koornwinder [11] (see also [1], pp. 31 ff.), is useful in this regard.

For all -1 <z <1, all n and all a > 3,

J(avﬁ) G

J(avﬁ) 1

where
M 3(r,0) = ca.p(1 — %) 12041 (sin 6)*° drdf

and c,, 3 is a normalizing constant that makes dm,_ g a probability measure.
Notice from (4.28) that o > [ exactly when 2¢ < 3N — 9. Hence we define

3N -9
by = . (4.31)
2
For all £ < ¢y, we may use (4.30) to compute A, ¢.
First, however, observe that
142 —(1—z)r? ?
Rk é z)r +iv1—a%rcos(f)| =
(4.32)
1 2 1—x)? 1—a?
( —Zx) + ( 4:1:) r? + 2:1: r? cos(26) < 1
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with equality exactly when r =1, and § =0 or =.

Lemma 4.4 For all { < {y(N), and all m,

|)\n,5| < Hn, ¢

where, with x = —1+2/(N —1)2,

T 1
i [
0 0

Moreover, for each £, n+— i, ¢ is monotone decreasing:

n/2

14z —(1—a)? Ly
+z (2 z)r +iﬂrcos(9) dmaq,(r, 0) <_m) ’

Mo < [ forall k>j.

Proof: The montonicity follows directly from (4.32), and the rest is a summary of the discussion
above.

We now proceed to calculate the eigenvalues for £ +1/2 < (3N — 8)/2 using (4.30) and (4.29).
The case n = 0 is trivial:

l
1
Ao, = Mo = (—m) (4.33)

for all £ < £y3. The montonicity in Lemma 4.4 now guarantees that for all n and all 3 < ¢ < £y,

1 3
< | — . 4.34
sl < (527) (1.31)

Next, it is straightforward to calculate A; ; and Ay ¢ using (3.2) and the beta integral

1
1—t) b 1qp = L2
/0 ( ) I'(a+0)

The results for n =1 and n =2

l
Ay = [5 -(1- 5)32]€f—t36] (—ﬁ) (4.35)
and
, 40410 , (20+45)(20+3) 1\’
Aze = [5 B i A G gy T 4)] (_N - 1) ’ (4.36)
where 1
=T (4.37)
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The eigenvalues

ALe =~ (Nl— 0t 3(]\2‘;61\[1)2} <_N1— 1>£

are all negative and hence irrelevant for calculating the gap of K. Note that )\, ¢ is asymptotically
5/3N? and otherwise Ay, is O(1/N3). In fact for all £ in the specified range with £ > 3

1
‘)\n,é‘ < Hne < Ho,3 < m .

Finally, a very simple computation provides a constant C' independent of N so that

and H1,2 < (438)

c C
Hs,oﬁma M2,1§ma N3
(The cases with n odd are most easily done through estimates on cases with even n, For example,
since 30 < ui/ 64 by Hoélder’s inequality, it suffices to show that uy, = O(1/N*).) Therefore, again
using the montonicity form Lemma 4.4, the only values of (n,#) with ¢ < ¢y such that |\, ¢| is of
order (1/N?) or larger are those for which n + ¢ < 2. By the computations above, we then have

Sup{ )\nyg ’ n+l>0, £<4¥ } = )\2,0 (439)
and
Hlf{ )\nyg ’ { <ty } = )\1,0 . (440)

Regarding the restriction ¢ < ¢y in (4.39) and (4.40), it is reassuring to note that for the largest
value of £ in this range, the corresponding eigenvalues are no larger than (1/(N — 1))GN-11)/2,
This suggests that a fairly crude bound on the part of the spectrum corresponding to ¢ > ¢y will
suffice to eliminate the restriction on ¢ in (4.39) and (4.40). We shall show that this is the case.

For this purpose we need the integral kernel corresponding to the operator K. From (4.22) we
have that for all g € Ky,

<gaKg Kn —

Eiais 10| 3N-11)/2 3N_8)/2
|S3N =4 /|<1/||<1 y,0))(1 — |y|2)5r 21 - |U|2)Sr 2 dydv

where

1— 2y —
— lv]2y o1

<\/N2 —2N 1 )

u(y,v) = | ———— v .
N

Making the change of variables (y,v) — (u(y,v),v) we find

1 N-1, N-1 2
1— ul2) = 1— 2 2 )
(1 =1yl") 1—\v\2( N—2" N-2" N-2" ”)

29



which leads to

|S3N—4| N2_2N
N

3/2
|83N_10| 2—2N+1> <gaKg>’CN:

(BN—11)/2 (4.41)

N-1, N-1, 2 )
gw)g(u) [ 1— u” — ve — u-v dydv .
/|yg1/ug1 ()()( N -2 N -2 N -2

We therefore define the kernel K (u,v) by

BN-10] /N2 _ 9N 4 1\%/? N-1 N-1 P (BN—11)/2
K(u,v) |5 |< + ) ( - - u-v) .

T 83N\ NZ 2N N—2" TN—2" N2""),
(4.42)
Now let the g, ¢,m be the normalized eigenfunctions introduced in Lemma 4.3. Then
1 ¢
)\n i —— neL,my K ne,m
N 2€+1Z<91&, Gnt,m)
m=—/
(4.43)

— [ uynel

1 ¢
21 m;@ yg,m(u)yg,m(v)] K (u,v)dvdw
:/hn7g(|u|2)hn7g(|v|2)Pg((u-v)/|u||v|)K(v,w)dvdw

where, Py(cos(6)) is the Legendre polynomial of order ¢, and it is orthogonal to all other polynomials
of degree strictly less than /.

Now note that the positive part taken in (4.42) is superfluous unless the values of |u| and |v| are
such that both

N-—1 N-—1 2
1-— 2 2 < 4.44
N2' T N—2¥ Syl (4.44)
and
N -1 N -1 2
1-— 2_ 2> : 4.4
N 2! TN ¥ 2 N_2|v||w| (4.45)

Therfore for all values |u| and |v| that are in the complement of the set defined by (4.44) and (4.45),
the kernel K (u,v) is a polynomial of degree (3N — 11)/2 in cos(0) = u - v/(|ul|v|), provided only
that N is odd so that (3N —11)/2 is an integer. Now if ¢ > ¢y, then then ¢ > (3N — 11)/2 Hence,
for such fixed values of |v| and |w|, the integral over # vanishes, and we may as well redefine K (v, w)
so that it vanishes on the complement of the set defined by (4.44) and (4.45).

Hence, going back to (4.43), we have the whenever N is odd and ¢ > {y,

¢
1
At = —— / / Gne,m (W) Gre,m (V) K 4 (u, v)dudv 4.46)
2f+1m§_g jul<1 Jjol<1 (4)3nem ) (
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where

N—1{,,2 N—l 2 2 (BN-11)/2
. _ (N?2-2N+1 3/2 | §3N-10] ( Nslul® = ¥l - Psue U) .
alu,v) = N2 9N [S3N=T] (1 — [o2)BN=8)/4(1 _ |u2)BN-8)/4 a(u,v)

and where A is the set of points (u,v) € IR® satisfying (4.44) and (4.45), and finally where

‘SSN_7‘

1/2
) = (S ) (= W g0
The last definition is such that

/ e P = lgnem ey =1

and so by (4.46) and the Schwarz inequality, whenever N is odd and ¢ > £,

§/ / | K A(u,v)[*dudv . (4.47)
lul <1 J|v|<1

This leads directly to the following lemma:

Lemma 4.5 There is a finite integer Ny such that for all odd integers N > Ny, and all £ > fg,
1\ V2
’)\n,d S N .

Proof: On account of (4.47) and the definition of K 4, our task is to estimate

1- N 1,2 _ N—=1},2 BN-11
= |ul? — 7= |v]* — N gl v
|t
Define the quadratic forms
N-1, N-1,, 2
— +
@) =" ~ N ¥ Ty W

on IR?. Notice that

and that



Hence the integrand above is no larger than

(1~ gl o))" s
(T (ol + o) 972
Next note that the eigenvalues of ¢4 are, in both cases, 1 and N/(N — 2). Hence
(ful* +[0F*) < ga(ul, [v]) < = (jul* + o) - (4.49)
Thus, by the first of these inequalities, the ratio in (4.48) is no greater than
(1= g (Jul. [o)) *Y 7172 (4.50)
The conditions (4.44) and (4.45) can be expressed as
q4(lulv]) =1 and  g_(Jul,[v]) < 1. (4.51)

Combining the first inequality in (4.51) with the second inequality in (4.49) we have that on A,
lu|?> + [v|* > (N —2)/N, and hence g_(|ul,|v]) > (N —2)/N on A. Hence on A, the quantity in
(4.50) is no greater than (2/N)BN=14/2 The result now easily follows. W

Note that on account of this result, increasing Ny if need be, the condition ¢ < ¢y in (4.39) and
(4.40) may be dropped, and the estimates remain valid, for all odd integers N with N > Ny. Our
next task concerning the determination of the spectral properties of K is to remove the condition
that N be odd.

Lemma 4.6 Let kx and By be defined for the Boltzmann collision model as in Theorem 2.1. Then
for all N > 3,

1Bn] < BN -1l (4.52)
and for all N such that ky_1 < 1/2,
KN-1
< 4.
oy < L (1.53)

Proof: First let g satisfy ||g||xy, =1 and Kg = kxg. Then

KN = <g7Kg>

= / gomigomedun
Xn (4.54)

= / [/ (gomodn)(gomeodn)dun—1|dvy .
YN XNn-1
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Now,

gomo¢n(W,v) = hy om (W)

hv(y) =g <%\/1— |’U|y— N1—1U> .

Finally, let hy be given by

where

hvoﬂlzhuoﬂl—/ hyomidun—_1
XnN-1

=hyom — Py(gom)

=hyom — Kgomy .

Going back to (4.54) and using the variational definition of kx_1 we have, much as in the proof of
Theorem 2.2,

v <o [ | I om Py | du () + (L= o) Kol
YN XN-1 (455)

=kn_1+ (1 —ky_1)RA -
Since ky_1 < 1, this last inequality may be written as Py(ky) > 0 where

1 KN—-1
1—/€N—1x+ 1—kNo1

Py(z) = 2?

The polynomial P5(z) has the roots z =1 and x = kny_1/(1 — ky—1) < 1 and is negative between
these two numbers. Since ky < 1 (4.53) follows.
The proof of (4.52) is similar but simpler. Suppose g satisfy ||g|[xy = 1 and Kg = Gyg where

BN :1Hf{<h,Kh> ‘ ”hHICN =1 } :
The analysis that lead to (4.55) now yields
Oy = By + (1= On-1) | Kgllk,

which certainly implies (4.52). W

We are finally ready to prove the analog of the original Kac conjecture for the Boltzmann collision
model:

Theorem 4.7 For the Boltzmann collision model
llj{fni%f Ay > 0.
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Proof: We choose Ny large enough so that for all odd integers N > Ny,

KN = A20 ,

where Az o is specified in (4.36) and (4.37). We can do this since Ay o ~ 5/N?, and Lemma 4.6 tells
us, increasing Ny if need be, that

2
KN < N2
for all N > Ny. Now by Corollary 2.3,
. .2
th\p_l}I&fAN > H (1-2/j)An, -
Jj=No+1

The infinite product is clearly strictly positive, and so it remains to verify that Ay > 0 for all N,
and in particular N = Nj.

This may as well be done by a compactness argument since we are not being specific about Np.
For 1 <i < j <N, define

R, ;f(0) = /32 flor,ve,.00 07 (W), 05 (W), vn)b(w - (v — ;) /|vj — vi])dw | (4.56)

so that by (4.4),

= ) SR 1@) (457)

1<j

This operator is not compact. In the case where w is selected uniformly, one easily sees that for
any unit vector ¢ € IR*, and any odd integer k, fi(7) = (71 (¥) - é)" is an eigenfunction of Q, with a
non-zero eigenvalue independent of k. In the case of the Kac model this was explicitly observed by
Diaconis and Saloff-Coste, and this may have been clear to Kac when he remarked on the difficulty
of showing that Ax > 0 for the original Kac model.

However, consider Q2V. Observe from (4.56) and (4.57) that Q2" is an average over monomials
of degree 2NV in the operators R; ;. Each such monomial enters with the same positive weight, and
each is a contraction on Hy, since clearly each R; ; is a contraction on Hy.

Now one such monomial is
A= (RioRo3R34...Rn1)(Ryy... RyzR32R0 1)
which is positive. It follows that there is a positive number a so that

Q*N =aA+(1—a)B
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where B is a self-adjoint contraction on Hy. (B is the average over the remaining monomials.)
Now it is easy to see that A is compact. Since it entails averages over each of the variables, it has
a continuous kernel, and hence is Hilbert—Schmidt. Now

sup{(f, Q*N flaen 1fllrw = 1, (1, Flry =1}
= sup{<f,aA—|— (1 - CL)Bf> H‘fHHN =1, <17f>7'(N =0 }
< asup{(f,Af> ’”f”HN - 17<17f>7'(1\7 =0 }+ (1 _a) :

Now since A is compact, sup{(f, Af>7‘(N H‘fHHN =1, <17 f>'HN =0 } is attained. And clearly if f

satisfies HfHHN =1, <]‘7f>HN =0, and <f7 Af>HN =1, then HRk,k-FlfHHN =1= ||f||HN and this
is impossible by our ergodicity assumptions. H

5: Analysis of a Shuflling Model

When momentum and energy are conserved for one dimensional velocities, the only possibility
is an exchange of velocities. Thus the Kac walk in this case is simply a walk on the permutations
of (v1,va,...,vnN), which, at least when all of these velocities are distinct, we may identify with a
random walk on the permutation group IIy. The corresponding walk has been throoughly analyzed
by Diaconis and Shahshahani [6], but we briefly discuss it in this section to illustrate several features
of our approach. (In fact, they estimate approach to uniformity in the total variation norm, for
which they need, and derive, not only the spectral gap, but information on all of the eigenvalues
and their multiplicities.)

Let Xy =Ily, and let

Yy ={1,2,...,N} . (5.1)

For o € Ily, define for j =1,2..., N,

mi(o) = o(j) - (5.2)
Let pn be normalized counting measure on X, so that v is normalized counting measure on Yy.
To define the transition function, fix a number p with 0 < p < 1, which will represent the
probability of “success”in a coin toss. Consider a deck of N distinct cards which are to be “shuffled”
as follows: Pick a pair ¢ < j uniformly at random, and then toss a coin to generate independent
Bernoulli variables with success probability p. If the result of the coin toss is success, exchange cards
at the ith and jth positions from the top of the deck, and otherwise do nothing. This procedure is
then repeated.
We can identify the state of the deck at each stage with the permutation ¢ which puts it in that
order starting from a canonical “unshuffled” order. In these terms, the current state o is updated
by

0 — 04,40

where o; ; is the pair permutation exchanging 7 and j, and fixing all else. If the result is not success,
the current state o is not altered. The one step transition operator is clearly

)= () S bsn+a-nse) . (5.3

1<j
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To display this as a Kac system, define ¢ : Xy_1 X Yy — Xy by
¢N(J, ,IC) = O-k,Na' (54)

where 6(j) = o(j) for j < N —1, and 6(N) = N. Note that 7y o ¢n(0,k) = ok n(G(N)) =
ok, N(N) = k. We then define ¢; = ¢ 0 0j n. It is clear that these maps are bijections, and since
Un—1 ® vy is uniform counting measure on Xy _1 X Yy. (2.9) is trivially true. Thus it is clear that
this shuffling model is a Kac system.

Moreover it is easy to see that

N
Kg(i) =Y Ki;g(j) (5.5)
j=1
where )

Hence K has the eigenvalues 1, with multiplicity one, and —1/(N — 1) with multiplicity N — 1.
Hence for this model, with sy and By as in Theorem 2.1,

—kn = (N —1)8n = ~N_1 (5.7)

and thus by Corollary 2.3
il 1
Ayx > 11— —= ] As. 5.8
=11 (- 51e) > >

Again, this product collapses, and one finds

N
1 > ( N >1

M(-—)= ()L (5.9)
—1)2 _

j:g( (j—1) N—-1)2

Clearly ()2 may be identified with the matrix

[ 1;p 1§p] (5.10)

and hence ()2 has the eigenvalues 1 and 1 — 2p. Hence Ay = 1 — 2p, and As = 4p. Combining this
with (5.8) and (5.9), we have

Ay >

% . 5.11
=N_17 (5.11)

To see that this result is sharp, we need to display an appropriate eigenfunction. We know
from Theorem 2.2 that (5.11) can be sharp if and only if there is a function fy satisfying both
Qfny = Anvfyand Pfy = punfn. Theorem 2.1 then tell us that since By > kv for this problem, we
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get an eigenfunction of P with Pfy = uy fy from eigenfunctions h of K with Kh = —1/(N — 1)h
through
N =hom —hom; for 1<i<j<N (5.12)

for some i < j. A tedious but straightforward computation, using Zj\;l h(j) = 0, which is equiva-
lent to Kh = —1/(N — 1)h, shows that

Qpe = (1- 527 ) i -

This implies that Ay > 1 —2p/(N — 1) and hence

Ay <
N=N_1

2p . (5.13)

This leads to the following result:

Theorem 5.1 The binary shuffling model is a Kac system, and

N

A =
NTN 1

% . (5.14)

Moreover,

N
NI — = 2
1= = () f

if and only if f has the form specified in (5.12) for some function h on {1,2,...,N} such that
Z;\le h(j) = 0. In particular, Ay is an eigenvalue of Q of multiplicity (N — 1)2.

Proof: The equality (5.14) follows from (5.11) and (5.13), and this identifies An. We have shown
above that every function f of the form (5.12) with Z;V:l h(j) = 0 satisfies Qf = Anf, and by
Theorem 2.2, the converse holds as well since any such f must also satisfy Pf = punf, and this
occurs only when f has the specified form. Finally, it is easily seen that the N — 1 functions

homy —homy, homg—homy, homg—homy, ... ,homry_1—hony

are a basis for the span of the functions of the form specified in (5.12) whenever ||h|x # 0 and
Z;.V:l h(j) = 0. Also if h and h are any two orthogonal eigenfunctions of K, hom; — h o mj is
orthogonal to hom, — hom for all i < j and k < £. Since the —1/(N — 1) has multiplicity N — 1

as an eigenvalue of K, the final statement is now shown. H

Diaconis and Shahshahani actually devote most of their attention to the model in which the
success probability p depends on N through p = 1 —1/N. The present methods are easily adapted
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to handle the case in which p depends on N. Let @), denote the transition operator defined in (5.3).
Then clearly for two different success probabilities p and p’,

p p

This may be used to take into account the effects of the N dependence in p on Ay.

6: The Kac Walk on SO(N)

Let SO(N) denote the group of orthogonal N x N matrices with unit determinant. In this
section we consider a generalization of the original Kac model in which the state space is SO(N)
instead of SN ~!. This generalization was introduced by Diaconis and Saloff-Coste [5], and studied
by Maslin as well, both in the case of “uniformly selected rotations”, i.e., p(#) = 1/27. To explain

”

the nature of the underlying process, which these authors call the “Kac walk on SO(N)”, we let
R; j(0) denote the same rotation in IR" that was used in (1.7), except now we identify it with the
corresponding N x N matrix, and we will now consider our N—dimensional velocity vectors ¥ as
column vectors of an othogonal matrix. Then multiplying R; ;(¢) and the “pre—collisional velocity
vector” ¥ produces the “postcollisional velocity vector”, just as in the original Kac model.

Given a continuous function f on SO(N), define

os@=(3) X [ st (©.1)

1<j v

where p(0) satisfies the same conditions imposed on p(#) in the original Kac model.
The connection with the Kac walk on SV ~! becomes quite clear when one writes G in terms of
its N columns, G = [0y, 0a, ..., Uy], since then

RZJ(G)G — [Ri,j(ﬂ)ﬁl, Ri,j(e)’ﬁg, e ’R’L’J (9)’(7]\7] .

Each of the @; is an element of SN =1, and it is clear from (1.7) that under the Kac walk on SO(N),
each column of GG is a Markov process in its own right, and is in fact a copy of the original Kac walk
on SV, Therefore, if f depends on G only through the first column of G, which is an element of
SN=1 Qf coincides with what we would get by applying the @ operator for the Kac model to f
considered as a function on SV~1. In this sense the Kac walk on SO(N) is a generalization, and
indeed, an extension, of the Kac walk on S™V—1.

This relation between the Kac walks on SO(N) and S™V~! provides an immediate upper bound
on the spectral gap for the walk on SO(N): We see, by restricting the class of test functions to
those that depend on G only through a single column, that the spectral gap for the Kac walk on
SO(N) cannot be larger than the spectral gap for the Kac walk on S™V~1.

In fact, as found by Maslin in the case in which p(€) is uniform, the two gaps actually coincide.
In this section, we prove this also when p is not assumed to be uniform. The Kac walk on SO(N)
provides a good illustration of the methods of this paper in which the “single particle space” depends
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on N. This example goes beyond our previous examples in other ways as well, as we shall see as
soon as we begin with displaying it as a Kac system.

It turns out that it is most convenient to do this through consideration of the Kac walk on
O(N), the group of orthogonal N x N matrices. For a continuous function f on O(N), we define
Qf exactly as above, except that now G now ranges over O(N). We equip O(N) with its Borel
field and its normalized Haar measure py. Then by our assumptions on p, Q) extends to be a self
adjoint Markovian contraction on Hy = L?*(O(N), uy). However, it is not ergodic; the nullspace
of Q is two dimensional, and spanned by 1 and det. Of course, on the subspace L?(SO(N), uy), it
is ergodic.

The reason for working in the non-ergodic L?(O(N), ux) setting is that permutation symmetry
plays an important role in our analysis. The natural action of IIy on O(N) is through interchange
of rows. Note that this extends the action of Il on SV~ considered as the first column of G, that
we used in our analysis of the original Kac model. Interchange of two rows of an element of SO(N)
of course changes the sign of the determinant, and so does not preserve SO(N). An alternative
is to conjugate elements of SO(N) by the permutations; that is, to swap both rows and columns.
This however complicates the construction of a Kac system for the model, and in any case, it is
of some interest to show that the methods used here can be applied when there is more than one
ergodic component. This said, we proceed with the construction of the Kac system.

The “N-particle space” (Xn,Sn, un) will of course be O(N) equipped with its Borel field and
its normalized Haar measure is uy, as indicated above. Let O(NN) denote the component of O(N)
on which the determinant is positive, so that O(N); is just SO(N), and let Let O(N)_ denote the
component of O(N) on which the determinant is negative.

For any permutation o in Ily, let P, denote the corresponding N x N permutation matrix. For
G in O(N), define o(G) by

o(G) = P,G .

That is, o acts on the matrix G by permuting its rows. Clearly this is a measure preserving action
of Il on O(N).

We take the single particle space (Yy,Tn,vn) to be SV=1 equipped with its Borel field and
normalized rotation invariant measure vy. For each j = 1,2,..., N, let e; be the jth standard
basis vector in IRY, written as a row vector, so that for any N x N matrix A, ejA is the jth row
of A. We then define

That is, 7;(G) is the jth row of G. It is clear that 7; : Xy — Yy and that

mi(0(Q)) = 7o) (G)

for each j and G. So far, we have verified the first two features required of a Kac system.

The next steps in the construction of this Kac system are slightly more involved. We have to
construct the maps ¢; : Xny_1 x Yn — Xy, but since there is no canonical embedding of O(/N —1)
into O(NN), they have to be constructed “by hand”, using a convenient coordinate chart. (Just as
with the original Kac model, the maps ¢; cannot be continuous since Xy_; x ¥ and Xy just do
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not have the same topology. But just as in that case, we are only concerned with measure theoretic
properties of these mappings, and on a set of full measure they will be well behaved.)
Let
- =(0,0,...,0,—1)

denote the “south pole” in SN¥~!. We may use the stereographic projection to identify S™—1\{v_}
with IRV ™. At each point of IRV~ we of course have the standard orthonormal basis. The
stereographic projection, which is conformal, caries this back to an orthogonal basis for the tangent
space at the corresponding point in SV ~!\{#_}. Normalizing these vectors, we thus obtain a
smoothly varying frame of orthonormal vectors

{u1(7), ua(V), ... un—_1(V)}

in IRY parameterized by @ in SV~1\{#_}. For each @, they form an orthonormal basis for the
tangent space to SV1 at ¥
Now for each ¥ in SNV ~1\{#_}, define U (%) to be the (N —1) x N matrix whose jth row is u; (7).
Let the jth row of U(#_) be e;. The map v — U(%) is now defined on all of S =1, though of course
it is discontinuous at the “south pole”, ¥_. This, however, will not be a problem.
Now define the map
oy : O(N —1) x S¥=1 — O(N)

as follows: Given G in O(N — 1) and @ in SV~1, first form the (N — 1) x N matrix GU (%) with
U (%) as specified above. Because G is in O(N — 1) and the rows of U (%) are orthonormal, the rows
of GU(%) are orthonormal. Moreover, since the rows of U(%) are a basis for the tangent space to
SN-1 at 7, each one is orthogonal to @. The rows of GU(%) are linear combinations of the rows of
U(¥), and hence these too are orthogonal to 0. Therefore, if we form the N x N matrix

[GU(U)]

U

by adjoining 7 to GU (%) as the final row, we obtain an orthogonal matrix.

Next observe that the determinant of this matrix is just the determinant of G. Indeed, it is clear
that when ¥ is the “north pole”, so that U(¥) consists of the first N — 1 rows of the N x N identity
matrix, then the determinant of this matrix is simply the determinant of G, whcih is either +1 or

—1. Now as ¥ varies in SN¥~1\{v_},
det ([ _,(77)}>
0]

varies continuously. Hence the value is just det(G) for all such ¢. Continuity fails at the “south
pole”, but there it is again obvious by the special form of the definition of ¢y at ¥_ that still in
this case the determinant is still just that of G. Hence the image of

@ [0 < oxic

0l
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does indeed lie in O(N), and det(¢x (G, 7)) = det(G). It is also clear by construction that

everywhere on O(N — 1) x SN~1,

Finally, it remains to check that this map is well behaved with respect to the measures uny_1,
vy and ppy. Given a function f on O(N), we may compute the average of f with respect to py in
two stages as follows: First compute the conditional expectation g(#') where

9(v) = E{f(G) | 7n(G) = 7} .

Then
/ F(G)dun(G) = / o(@)dvw (7).
O(N)

SN-—-1

Also, it is clear that we can compute the conditional expectation E{f(G) | 7y (G) = v} by averaging
over orbits generated by left multiplication of G by elements G’ belonging to the subgroup of O(N)
consisting of orthonormal matrices whose final row is e. This subgroup is just a copy of O(N —1),
and so

4(mn(G)) = / H(G'C)duy 1 (G') .

O(N-1)

It follows directly from this that

/ f(G)dun(G) :/ [/ f(on (G, 0))dun—1(G") | dvn (D) .
O(N) sv—1 | Jon=1)

We define ¢; for j = 1,2,..., N — 1 in terms of ¢ and the pair permutations exchanging j and
N, in the natural way. Clearly the analogs of the results just derived for ¢y hold for each ¢; as
well. Thus, with these definitions, the third feature required of a Kac system is verified.

To complete the verification that the O(N) Kac walk can be made into a Kac system, we only
need to verify that

1 N
Qs = 37 2 [ (Ui Qsai ) o)

where for each j and each y € Yy = SN—1,
fi5() = f(9;(-,0)) .

This is clear, given the definition and computations just above.
We are not yet ready to apply Theorems 2.1 and 2.2 to this Kac system, since we must modify
the definition of An. We define

)\N = Sup{<f7Qf>HN | ||f||HN =1 ’ <f7]->'HN =0 ’ <f7det>HN =0 } ’
which differs from (2.30) due to the restriction that f be orthogonal to the determinant.
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As a consequence, a modification of the operators P; is also required. In the definition (2.14)
used in examples with a single ergodic component, we averaged over all of X _1, or put differently,
conditioned only on Yy. Now we will condition on Yy and the ergodic component. Given f in Hy,
and j = 1,2,..., N, define g, and g_ on Yy = SNV~ as follows:

and

The definitions are such that
g+(V) =E{f | ;=7 and det=+£1}.

The factors of 2 are because O(N — 1)1 each accounts for exactly half of O(N) by volume. We
now define

(7,(@))  if det(@) = +1
Pif(G) = {gf(@(c)) if det(G) = —1 .

Since P; f depends on G only through ¥ = 7;(G), it is again convenient to abuse notation by writing
P; f(0).

The point of the definitions is the following: Note that f in Hy satisfies both (f, 1), = 0 and
(f,det), = 0 in case it satisfies both

/ f(G)dpn(G) =0 and / F(@)dun(G) =0
O(N)+ O(N)_

But in this case, by the definition of P;,

/O(N_l)+ (fj,a(@) — ij(6)> dpn_1(G) = 0

and

[ (@ Ri@) auns@r =0,

for almost every v. Hence ( fjﬂ;(é) —Pif (17)) is, for almost every ¥, orthogonal to both 1 and det

on O(N —1). This is the key requirement for the proof of Theorem 2.2 to hold with the modified
definition of Ay. We leave to the reader the easy verification of this. Of course the definitions of the
quantities py in (2.21), and ky in (2.22) have to be modified in the same way as was the definition
of Any. With these modifications made, the analog of Theorem 2.1 holds as well, and again, as the
proof is essentially the same, the verification of this is left to the reader. We summarize this by
saying that the presence of more than one ergodic component can be taken into account within the

framework of ideas described in section 2 by conditioning not just on the single particle space, but
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on the ergodic components as well. The present model is a case in point, which we choose to leave
as an example rather than attempting a general formulation.

With these results in hand, our task is to compute the spectrum of the K operator for this
system, which is still defined through (2.16). This is what is used in the proof of Theorem 2.1,
though (2.19) no longer holds due to our modification of the definition of P;.

However, it is clear from the definition of K in terms of conditional expectations, through (2.17),
that

Ko@) = [ gW)duy_o(9) (6:2)

where the integral on the right is computed with respect to the uniform probability measure on
SN2 identified with the subset of SN ~! consisting of those unit vectors W for which W -# = 0, as
indicated in the limits of integration. That is, the value of Kg(¥) is just the “equatorial average”
of the values of g around the “equator” with respect to a pole running along 7.

It is immediately clear that K preserves the space of polynomials of any fixed degree d, and
hence the eigenfunctions of K are the spherical harmonics on S™V~1.

The zonal spherical harmonics of degree d are those that depend on W only through e - W for
some fixed unit vector e. Let zq (1) denote the corresponding zonal spherical harmonic, and let
pa(w) be the polynomial of degree d so that the zonal spherical harmonic zq (W) on SV~ is given
by

200 (W) = pale - W) .

The normalization is fixed so that the reproducing kernel property holds:
[ W)z (W) (W) = (e
SN*I

for any spherical harmonic h of degree d on SN ~!. This means that
|za.ell5 = pae - e) = pa(1) -
Now fix ¢, and let h(WV) be any spherical harmonic of degree d that is orthogonal to z4 3. Then

/ WEW)dpy 1 (G) = 0 (6.3)
O(N—1)

where G runs over those rotations of IR” that fix #. This is because the left hand side is a spherical
harmonic of degree d that depends on W only through ¢'- W. This means that it is a multiple of
24,57 However, since h was orthogonal to z4 7, so is the average, and hence the identity (6.3) is
established. But comparing (6.2) and (6.3), we see that

Kg(7) = / 9(CWo)dun_1(C)
O(N—1)

for any Wy with Wy - ¥ = 0. Hence, under our assumptions on h, Kh(%) = 0.
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Now let g be any spherical harmonic of degree d. Let Pzg be defined by

1

Pig(W) = pa(D)

([ o020V 107 ) z5(00) (6.4
SNfl

which is simply the orthogonal projection of g onto the span of z4 7. Evidently g— Pyg is a spherical
harmonic of degree d that is orthogonal to z4 5, and hence by the above, K(g — Ptg)(¥) = 0. It
follows that

Kg(v) = K(P3g)(7) .

But the right hand side is easy to compute as clearly Kz;5 = pq(0). Now by (6.4) and the
reproducing kernel property, we have

Now it is possible to compute the ratios p4(0)/pa(1) using generation functions, though it would
not be so clear from this which value of d gives the largest ratio. However, none of this is necessary:
If we fix any direction unit vector €, and take any function ¢ on [—1, 1], we have

where Kxk.. is the K operator for the original Kac model, whose spectrum we have computed in
Theorem 3.1. Hence the eigenvalues of K and Kk, coincide and are provided by Theorem 3.1
This solves the eigenvalue problem for K.

Theorem 6.1 Every spherical harmonic ¢ on SN~ of degree d, considered as a function ¢ on
O(N) through qE(G) = ¢(GW) for any fized vector @ in SN~ is an eigenfunction of K, and the
corresponding eigenvalue is pqa(0)/pa(1). These eigenvalues are the exactly the eigenvalues of the

K operator for the original Kac model that are given in Theorem 3.1

Therefore, (3.3) and (3.4) hold just as in Section 3, and we have once more that

IN+2
> - .
AN Z gD

It remains to calculate A,. But O(2) is just two copies of S!, and the same Fourier analysis
argument described around (1.24) once more gives us

Yo = sup { /_ 7; o(6) cos(k@)d@}

for the second largest eigenvalue of () when N = 2.

The generalization of Maslin’s result to nonuniform p now follows immediately from what has
been said above.
Altogether, we have proved:
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Theorem 6.1 The spectral gap for the Kac walk on SO(N) with the transition operator Q given by
(6.1) coincides exactly, for each N > 2, with the spectral gap for the transition operator Qgac of the
corresponding Kac walk on SN~ as given in (1.7) with the same density p. When p is uniform,
the multiplicity of the corresponding eigenvalue equals the dimension of the space of fourth degree

spherical harmonics on SN~1.

7: Analysis of Maximizers for Nonuniform p(9)

We return to the Kac model on SV~! with a non uniform density p(f), so that @ is given by
(1.7), and we examine the circumstances under which the quartic function fy given in (1.19) is an
optimizer for (1.9). Because of the very close relation of the Kac walk on SO(N) to this model, as
described in Section 6, our analysis is readily adapted to that model as well, though we shall not
carry out the adaptation here.

According to Lemma 3.2 fy is an eigenfunction of @) with the eigenvalue

2v(N +2)
- (7.1)
where
1=1 / (1= cos(46))p(6)d0 . (7.2)
We therefore define I'y by
_2(N+2) ([N, QFN)
o =S = (- ) 73

so that if fy happens to be a maximizer for (1.9), then I'y = Ay, but otherwise Ay < I'y. That
is,

Ay <Tyn, (7.4)
and there is equality in (7.4) if and only if fx is a maximizer for (1.9).

Now the operator () commutes with permutations so the permutation invariant functions f
constitute an invariant subspace S of Hy g, and clearly this subspace includes fn. It is the
symmetric densities f that are relevant in Kac’s limit theorem relating the Master equation (1.8)
and the Kac equation (1.16). We will therefore restrict our attention to this subspace, where the
result is especially striking, and which is physically the most significant. We therefore define AN
to be the second largest eigenvalue of ) restricted to S:

w=sw{ .00 |78 Ifla=1.0n =0 } | (75)

and we define Ay = N(1 — Ay). Clearly



and there is equality in (7.6) if and only if fx is a maximizer for (7.5).
Taking the symmetry constraints into account it is easy to compute Ay using (1.24), with the
result that
&, = 2min / (1= cos(k6))p(0)d6 (7.7)

We see from (7.1) and (7.2) that if the supremum in (7.7) occurs at k = 4, then
Ay =T, . (7.8)

It is easy to see that An and Ay_; are still related by the inequality proved in Theorem 1.1 for
AN and AN_li

AN Z (1 - KJN)AN_l . (79)

We also know from Theorem 1.3 and the definition of I' ;y in terms of fy that 'y solves this same
recursion relation:
FN = (1 - IiN)FN_l . (710)

Notice that (7.8), (7.9) and (7.10) together imply that Ay > I'y for all N > 2. But from (7.6)
we have AN <TI'y for all N > 2. Hence AN =I"y and fy is a maximizer.

We see that if fy is the maximizer for N = 2, the fy is a maximizer for all N. So far we are
simply translating old results into the symmetric case, but we have relied less on explicit calculation
in order to bring out the following point: Suppose we had any sequence of admissible functions gy
for the variational problem (7.5), and we defined Iy by

I'n =N(1—(g9n,Q9n)) - (7.11)

Then if it happened that the I'y so defined satsified the recurrence relation (7.10), and also satsified
(7.8), it would follow by simple comparison that Ay = I'y for all N > 2 and gy would be a
maximizer for (7.5). All that was required of gy is that (7.11) leads to a solution of (7.10), and
that (7.8) holds.

The following simple observation leads to further progress: Suppose that the minimum in (7.7)
does not occur at k = 4, and so (7.8) is false. But suppose that for some Ny, ANO =I'yn,. That is,
suppose that for N = Ny, fn is a maximizer for (7.5). Then fn is a mazimizer for (7.5) for all
N > Ny, so that AN =Dy for all N > Ny and therefore

]\;Lmoo Ay = A}l_r)noo 'y =2y, (7.12)
which is the result we would have gotten if the mazximizer for N = 2 had been quartic. Therefore,
either (7.12) holds, or else fn is never a mazimizer for (7.5) for any N

Now we know that fn spans the second eigenspace of P corresponding to its second largest
eigenvalue, where P is the operator whose second largest eigenvalue pp is the key to the recursion
in Theorem 2.2. (Recall that P does not depend on p). If for each N, the true mazimizer hy for
(7.5) is orthogonal to fn, which is the case whenever fx is never a maximizer for (7.5), then we
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can replace pyn in Theorem 2.2 by a smaller number fin, and hence can replace kK in (7.9) by a

smaller number Ky. As we shall see, it turns out that this strictly smaller number Ky is

105

(N+5)(N+3)(N+1)(N—-1)" (7.13)

/%N = Oég(N) =

where «(8) is an eigenvalue of the K operator as described in Theorem 3.1, while

3
(N+1)(N-1) "

Ky = a(d) =

In summary, we have two things working for us:

FEither (7.9) holds with a kn replaced by a strictly smaller number Ky for all N, or else there is an
Ny so that AN =Dy for all N > Ny.

Now when ky is replaced by Ry in (7.9), it leads to a much better lower bound for An. But this
improved lower bound cannot violate (7.6). If it does, it can only mean that the second alternative
holds and not the first.

This argument leads to the following result:

Theorem 7.1: (Conditions for fy to Maximize for Large N) Assume that
Ay > 0450 . (7.14)

then for all N sufficiently large,
Ay =Ty (7.15)

and fn is the corresponding eigenfunction.

Proof: All of the key ideas have been explained above, and it only remains to check the details.
As we have seen, if (7.15) does not hold for all sufficiently large N, then fy is orthogonal to the
true gap eigenfunction hy for all N, since Q is self adjoint and fy is always an eigenfunction.

This means that hy is orthogonal to the constant function and to the function fy. Now we
repeat the induction argument in the proof of Theorem 2.2 once more but for the constraint that
hy is orthogonal to both 1 and fy. Under these new conditions, we obtain the recursion

Av < (5\1\{_1 +(1— 5\N—1)ﬂN)

in place of (2.31), where fiy is given by (2.21), except that now we require f to be orthogonal to
both 1 and fy. Again, Theorem 2.1 shows that fiy can be computed in terms of the eigenvalues of
K, with the result that it is «(8) that is now relevant, not a(4), due to the new constraint. (Recall
that ag(IV) is negative, and so is irrelevant.) Hence

Ay > An_1(1—ag(N)), (7.16)
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The inequality (7.16) can be solved recursively to yield

L(N - DN + DI(N +3 +iVOI(N +3—iv6) 7 (717)
T(N)T(5 +iv6)D(5 — iv/6)[(N + 6)I(N + )T(N +2) '

Ay > 90

With the help of the relation
T

T()[(1 - 2) =

sin(7z)

the limit as N — oo of (7.17) can be computed and yields

. 3 sinh(v/67) &
Iminf Ay > — ——+—>Ag =: LA5 .
Now “NET0T or 2 2
This quantity has to be compared to 2y and this shows that whenever 2y < LA, (which is easily
shown to be implied by (7.14)) there exists some finite N beyond which fy is the gap eigenfunction.
|
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