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Abstract

Second order Markov chains which are trajectorially reversible are considered. Contrary to
the reversibility notion for usual Markov chains, no symmetry property can be deduced for the
corresponding transition operators. Nevertheless and even if they are not diagonalizable in general,
we study some features of their spectral decompositions and in particular the behavior of the
spectral gap under appropriate perturbations is investigated. Our quantitative and qualitative
results confirm that the resort to second order Markov chains is an interesting option to improve
the speed of convergence to equilibrium.
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1 Introduction

Resorting to nonreversible Markov chains or to second order Markov chains may present some
important advantages from a practical simulation point of view. This feature was emphatized by
Neal [10] who showed how the asymptotical variance can be diminished for empirical estimators of
expectations, when one uses stochastic chains which have a tendency of not returning back where
they were just coming from. Our main results here go in the same direction, but we will rather be
interested in the asymptotic speed of convergence to equilibrium, measured through the spectral
gap. This will lead us to study the whole spectrum of some second order Markov chains and its
behavior under perturbations designed to improve them.

A stochastic chain (X, )nen is said to be a second order Markov chain if at any time n € N, its
future only depends on its past through the present position and the previous one, namely if we
have the following almost sure equality for the conditional laws

ﬁ((Xm)mZn—i-l | (Xm)me[[o,n]]) = E((Xm)mzn—l—l |Xm Xn—l)

(by convention X_1 = Xj). Equivalently, this means that the stochastic chain (X, X} 41)nen 18
Markovian.

We will only consider time-homogeneous second order finite Markov chains, i.e. the X,,, for n € N,
take value in a finite state space V and for any n € N\ {0} and z,2/,2” € V, the quantity

M(x,2";2") = P[X,1=2"|X,=2",X,_1=1] (1)

does not depend on n (when it is well-defined, i.e. when the event {X,, = 2/, X;,_1 = '} is not neg-
ligeable with respect to the underlying probability IP). Conversely, if we are given a Markov kernel
M = (M(z,2";2"))z.0 ey from V2 to V and a probability distribution mg = (mq(x,2’))z ey on
V2, there exists a unique (in law) stochastic chain (X, )nen on V such that the equality (1) holds
and such that the initial law of (X, X7) is mg. The probability distribution m on V2 is said to be
trajectorially reversible with respect to the kernel M, if the corresponding second order Markov
chain starting with the initial law m satisfies for any n € N, the identity in law

ﬁ(XO7X17”’ 7Xn) - ﬁ(Xnan—la”' 7X0) (2)

This notion of reversibility is different from the usual reversibility for the Markov chain
(Xn, Xn+1)nen, which is not satisfied in general. As it was shown by Bacallado and Pande [2],
it is sufficient to check the equality (2) for n = 1 and n = 2. In particular the distribution m is
symmetrical in its first and second variables. Let us write

Va2 eV, m(x,2") = v(z)L(z,2)
= (vxL)(x,2") (3)

where v is the law of Xy and L is a Markov kernel corresponding to the conditional law under m of
X1 when X is given (it is unique if v is positive). By symmetry, v is reversible (in the usual sense)
with respect to L. Let ()N(n)neN be a Markov chain on V, starting with v as initial distribution and
whose transition kernel is given by L. It is not difficult to see that the distribution m is invariant
for the Markov chain (X,,, X;,11)nen and by consequence we are insured of the identities in law

V' neN, L(Xn, Xnt1) = L(Xn, Xni1)
In particular, appropriate assumptions of aperiodicity and irreducibility on L and M will insure
that whatever the initial distributions,

lim E(XnaXn—l—l) = m

n— o0

= lim L(X,, Xpi1)

n— o0



and our main goal in this paper is to compare the corresponding speeds of convergence. They will
be measured via spectral gaps, which give the asymptotical convergence rates to equilibrium. Let
M be extended as a Markov kernel on V2 through the formula

V (x,2), (2", 2") € V2, M((z,2"), (2", 2")) = ("M (z,2";2") (4)

(where ¢,/ is the Dirac function at z’), i.e. we are just reinterpreting M as the transition kernel
of the Markov chain (X, X;,+1)nen. This enables us to see M as a right operator on the space
F(V?) of real-valued functions defined on V2 (or on the space F(V?2,C) of complex plane-valued
functions defined on V?) and as a left operator on the space M (V?2) of signed measures on V2. We
have for instance

VFeF(\V?, VY (x,a)eV? M[F)(x,2") = Z M (z,2';2"VF (2!, 2")
:EIIEV

By invariance of m, the subspace Fi(m,C) := {F € F(V2,C) : m[F] = 0} is stable by M, so let
O (M) C C be the spectrum of M,, the restriction of M to F,(m,C). The spectral gap of M is

AM) = 1-max{|f] : 6 € O.(M)} € [0,1]

Then, if ||-|| is a norm on M(V?), we have for any initial distribution mg on V2,

lim 10 ([moM™ —m|) < In(l — A(M))

n—oo n

and there exists an initial point (x,2’) € V2 such that

.1 n -
Jim = o ([[3enM" = m]) = In(1 = AQD)
Similar definitions can be given for the spectral gap of L, by replacing the state space V2 by V.
One can alternatively consider the second order Markov kernel M (%) naturally associated to L:

Va2, 2" eV, MO (z 2/ 2") = L' 2" (5)

(it corresponds to the transition kernel of the Markov chain ()Z'n, )~(n+1)n€N). We will check that the
spectrum of M) is just the spectrum of L (with the same multiplicities, except for the eigenvalue
0) plus the eigenvalue 0, so that A(L) = A(M(?). Note that since v is reversible with respect to
L, this operator is diagonalizable in R and we have ©, (M) c R, but in general M) won’t be
diagonalizable: we will see that it contains 2 x 2-Jordan blocks if 0 is an eigenvalue of L.

Our first result states that except in the cases where L = v (where the probability measure v
is seen as a Markov kernel via the formulas: V 2,2/ € V, v(z,2’) = v(a’), this convention will be
assumed enforced in the whole paper) or where L is aperiodic (which by reversibility means that
the graph induced by L is bipartite), it is always possible to find a second order Markov chain M
which admits v x L as trajectorial reversible measure and which has a larger spectral gap than L.
Note that the largest possible spectral gap is 1 and that the equality L = v is equivalent to the
fact that A\(L) = 1, so in this situation the spectral gap cannot be improved by any means. In the
aperiodic case, the spectral gap cannot be improved either: let V' and V" be proper subsets of
V such that V = V' U V" and such that the V' x V' and V" x V" entries of L are null. Then if
M admits v X L as trajectorial reversible measure, necessary M is also periodic, since the Markov
chain (X, X;4+1)nen goes from the set V' x V” to the set V” x V' and conversely.

Indeed, let M) be a second order Markov kernel admitting v x L as trajectorial reversible
measure and satisfying

Va,o 2" eV, MWDz, 2";2") > L, 2") Jif 2" # x, L(z,2') > 0 and L(2/,2") > 0
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(in particular M) has less tendency to come back where it just came from than M (?). Tt is not
difficult to see that such kernels exist. For any a € [0, 1], define

MY = (1—a)M® +ap®

which is a second order Markov kernel still admitting v x L as trajectorial reversible measure.
Then we have

Theorem 1 Assume that L is irreducible, that L # v and that L is aperiodic. The mapping
[0,1] 3 a+— A(M@) is differentiable at 0 and we have

%j))w) > 0

In fact we will show a better result, saying that under the above assumptions the whole spectrum
of L outside 0 has an initial tendency to improve: let [0, ag] 3 a +— 6(a) be a differentiable function
such that 6(a) € ©,(M@) for a € [0,aq] (where ag € (0,1) will be small enough in practice) and
such that #(0) # 0. Since 6(0) € ©,(L), it is real. Then we will prove that df(a)/da(0) is real and
that its sign is the opposite sign of #(0), namely initially, when a starts to increase from 0, 6(a) is
going in the direction of 0.

But if instead of improving the whole spectrum outside 0, one only wants to improve the spec-
tral gap, there is a more efficient way to do it, which uses the ordering of the space created by
an eigenfunction associated to the eigenvalue of L corresponding to the spectral gap (under the
assumption that such an eigenfunction is unique up to a factor) as it will be explained in detail in
Section 3. Nevertheless, it should be kept in mind that to get quantitative bounds on the distance
to equilibrium (for instance in the chi-square sense), not just an asymptotical result, the knowledge
of the whole spectrum is preferable to the spectral gap.

In order to get a global picture of how the spectral gap (and indeed the whole spectrum)
depends on the parameter a € [0, 1], we consider a family of homogeneous-space simple examples.
Assume that V is a group G. Let (X,)nen be a second order Markov chain with kernel M and
define the corresponding speed process (Y}, )nen by

VneN, Y, = X, 'X,.
The position-speed process (X,,, Yy, )nen is Markovian and its transition kernel can be written as
YV (z,y), (2 ) € G P((a,y), (@) = buy(@) K (y,4) (6)
where the Markov kernel of transition from speed ¥y to speed y’ above the point 2’ is given by
Ku(y.y) = M@y ' a2y (7)

In the examples we will consider, the group G is Abelian (in which case we adopt an additive
notation) and the speed variable only takes values in a symmetrical subset S C G of generators
of GG, which will be small in comparison to G. Furthermore the situation will be assumed to be
homogeneous: the kernels K, do not depend on the support point z € G. Then under additional
hypotheses (of trajectorial reversibility and a kind of irreducibility, see next section), the probability
measure v is uniform and the transition kernel L corresponds to the Markov kernel of a reversible
random walk: there exists a symmetric probability measure g whose support is S such that

Va2 €aq, L(z,2") = p(a' —2x) (8)

In this context, the second order Markov kernel M corresponds to the Markov kernel K(© for
the speed variables given by

Vyy es, — KO4y) = uW)
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To define a natural perturbation, assume furthermore that p is the uniform distribution over S
(so our framework is parametrized by the data (G,S) consisting of a finite Abelian group and a
symmetric subset of generators). Consider the Markov kernel K (1) which forbids to reverse speed
and transfers the corresponding weight to all the other directions:

|S‘%1 Jify' # —y

Vyyes  KWyy) = {0 ity = —y

Of course, this definition makes sense only if |S| > 2 (due to the symmetry of S, |S| = 1 corresponds
to two trivial situations: G = S = Z; or G = Zg and S = {1}). Define as well the interpolating
kernels:

Vae[0,1], K9 = 1-a)KO® 4qx® (9)
We associate to them the second order Markov kernels M(® for a € [0, 1], which are all trajectorially
reversible with respect to the probability measure

Va2 ed, m(x,a’) =

1 : /

0 , otherwise

Then we have the following behavior for the spectral gap of M (% as a function of a € [0, 1]:

Theorem 2 Assume that G is a finite Abelian group and that S is a generating set of G with
|S| > 2. Let u be the uniform distribution on S and define

L=V
1+/A2-N) ~

where A = A(L) is the spectral gap of the random walk transition kernel defined in (8). Then
under the framework described above, N(M'®) is nondecreasing for a € [0,aq A 1] and nonin-
creasing on [ag A 1,1].  So the best choice of a € [0,1] to get the largest possible spectral gap
A = max,e(o ] MM D) is a=ag A1 and we have, if ag < 1,

a = (5-1) (1)

=AY
- V1i+A2=N

S B S| -2\*
A =1 SST=T) 1 >\+\/< 5] > (2 A)) (12)

The example treated in Section 4 will show that when |S| = 2, the improvement of the spectral
gap can be important and erases the diffusive effect which usually slows down the convergence to
equilibrium of Monte-Carlo methods. Unfortunately, as soon as |S| > 3, the improvement of the
spectral gap is quite weak, as we will see in Section 5. In fact our analysis will also furnish all the
eigenvalues of the operators M ()| for a € [0, 1], see Section 5 for details.

while if ag > 1,

When ag > 1, Formula (12) is a particular case of a result due to Alon, Benjamini, Lubetzky
and Sodin [1]: they consider a random walk on a connected, non bipartite and d-regular graph V',
with d > 3, whose spectral gap is still denoted by A (be careful of the changes of notations with the
article [1], what they call A\, p and d correspond here respectively to [S|(1— ), 1 — A and |S|), and
they want to compare it with the second order random walk (X,,),en which does not backtrack:
at any time n € N\ {0} and for any positions vy, z,, Tp—1, ..., To,

1
PXnt1 =yl Xn = @n, s Xo =20 = o= LyeN(ea)\(zn-1}



where N (x,,) is the set of neighbors of z,, (for n = 0, their convention is that P[X; = y|Xo = z¢] =
é]lye N(zo), but this is not very important). Then they show that whatever the initial condition, if
V is a Ramanujan graph (which means that A <1 — 2v/d — 1/d, namely ag > 1),

1 1/n
PX, =u] — —

n

lim sup max = 1-A (13)

n—oo ucV

where A is defined as in (12) (the value given by this formula is attained for a = 1, so it does
amount in our restricted framework to forbid backtracking, note also that our statement is slightly
more precise, since we get the asymptotic rate of convergence for the couple (X, X,,+1)). Their
approach is completely different from ours and it is based on the recurrence relations satisfied
by the numbers of nonbacktracking paths of a given length and going from a particular point to
another particular point. These recurrence relations enable the authors to write explicitely the
matrix of these numbers in terms of Chebyshev polynomials (applied to the adjacency matrix)
and an asymptotic analysis of some linear combinations of these polynomials leads to (13). This
result of Alon, Benjamini, Lubetzky and Sodin [1] is valid in a more general setting and its proof is
more straightforward (admitting only a limited knowledge of Chebyshev polynomials) than ours,
but they do not consider the case of weak forbidden backtracking (corresponding to 0 < a < 1),
nor are they interested in the behavior of the whole spectrum. In particular, they are not always
exhibiting a faster chain. But more important for us is the following conjecture, which cannot be
stated for d-regular graph, since the sentence “keep going in the same direction” has then no (at
least immediate) meaning.

Indeed, we believe that the qualitative part of Theorem 2 concerning the variation of the spectral
gap could be extended to more general situations. More importantly, we think that it is always
possible to strongly improve the spectral gap, under the assumptions of Theorem 2, by considering
a more appropriate perturbation.

Conjecture 3 Let G be a finite Abelian group and S be a generating set of G with |S| > 2.
Let K1) be the identity S x S matrix (seen as a speed transfer kernel, it forces to keep going
always in the same direction) and consider again the interpolating kernels given in (9), as well
as the associated second order Markov kernels M@ for a € [0,1], which are also trajectorially
reversible with respect to the probability measure m defined in (10). There exists ag € [0, 1] such
that A\(M (@) is nondecreasing for a € [0, ag] and nonincreasing on [ag, 1]. Furthermore there exists
two values 0 < ¢; < ¢o (maybe depending on |S]), such that
ciV/AML) < MM < cy\/A(L)

The main interest of second order Markov chains is maybe that they enable to introduce a
notion of speed in a discrete setting. In addition to the fact that a global reversibility property
can be imposed to them, this feature could be the reason why they provide so good models for
molecular dynamics as it was put forward by the results of Bacallado and Pande [2]. In this
context, a general motivation for us was to investigate the possible spectral implications of the
trajectorial reversibility assumption. The results presented here should be seen as first attempts
in this direction.

The plan of the paper is as follows: in next section we will study the structure of second order
Markov kernels and the trajectorial reversibility property, in the general case and in the position-
speed point of view for groups. In Section 3, we prove Theorem 1 and we present some links with
the work of Neal [10]. In Section 4, we investigate the particular homogeneous example of the
discrete circle Zy, with N € N\ {0, 1}, when the set of allowed speeds is S = {—1,+1}. This will
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lead us to revisit the analysis of a similar model done by Diaconis, Holmes and Neal [3], see also
Gade and Overton [5]. In Section 5, we extend these results to prove Theorem 2 and we give some
examples.

2 'Trajectorial reversibility

We investigate here the trajectorially reversible second order Markov kernels, in order to be able
to easily perturb them in the sequel. Their structure is not without recalling the framework of
differentiable manifolds, feature which should not be so surprising, since second order Markov
chains should be seen as discrete position-speed Markov processes (at any time, the knowledge of
the position and of the speed of the chain is sufficient to determine the law of the future of the
trajectory). In the homogeneous Abelian group case, we also exhibit a skew Kronecker product
property of the second order Markov kernels which simplifies their spectral decomposition.

Let M be a second order Markov kernel on a finite state space V' as in the introduction. We
want to characterize the fact that M is trajectory reversible with respect to some probability
measure m on V2. As it was mentioned in the introduction, necessarily m is of the form (3),
where L is reversible with respect to v. Let V' := {x € V' : v(z) > 0} be the support of v. By
reversibility, if z € V’ and 2’ € V satisfies L(xz,2’) > 0, then 2’/ € V'. For 2/ € V', consider
V!, ={x eV’ : L@, x) > 0}, and M,/ the Markov kernel defined by

Va2’ eV, My (z,2") = M(z,2';2")

Let us check that the restriction of M, to V, x V!, is still a Markov kernel (which will also be
denoted by M,/). Indeed, the trajectorial reversibility of M with m can be written has

Vz,2' eV Va"eV, v(z"L(2', )My (z,2") = v(2')L(z' 2" )My (2", ) (14)

so it appears that if z € V, and 2" ¢ V/,, then we have My (z,2”) = 0. Thus only what happens
on V' is relevant: in the sequel we assume that V/ = V and we remove the primes from the
notations. By considering (14) for 2’ € V and z,2” € V,» and by dividing this identity by v(z'), it
follows that the kernel M, must be reversible with respect to the probability measure L(z’,-) on
V. Let denote by R(L(2’,-)) the convex set consisting of the kernels on V,, which are reversible
with respect to L(a',-) and let R(L) be the “kernel-bundle” [], . R(L(2',-)) over V. The above
arguments show the direct implication in the following characterization and the reverse implication
is proven in the same way through (14).

Lemma 4 The second order Markovian kernel M 1is trajectorially reversible with respect to m =
v x L if and only if (My)zev € R(L), namely if M is a section of the bundle R(L) and from now
on this will be indicated by the notation M € R(L).

This result makes it clear that it is easy to perturbe a second order Markov kernel while keeping
it trajectorially reversible with respect to a fixed measure m = v X L, since this can be done
independently in the different fibers of R(L). Note also that the particular second order Markov
kernel M) considered in the introduction corresponds to the section (L(z,))zev € R(L).

Contrary to reversibility, the notions of invariance, irreducibility and aperiodicity relative to
second order Markovian kernel M will be the usual ones, when M is interpreted as a transition
kernel from V2 to V2, see (4). Nevertheless usually V2 is not an appropriate state space and
we restrict M to a subset of V2, for instance in the previous situation the natural state space is
{(z,2") € V¥ : m(z,2") > 0} (or a recurrent component of this subset). We now check an assertion
made in the introduction:

Lemma 5 If the second order Markovian kernel M is trajectorially reversible with respect to m,
then m is invariant for M.



Proof

By definition a probability measure m on V? is invariant by M if

V(2 2") e V? Z m(z, 2 YM(z,2";2") = m(a',2")
zeV

Equivalently, it means that for any F € F(V?),
E[F (X1, X2)] = E[F(Xo,X1)] (15)

where (X, )nen is a second order Markov chain with M as kernel and starting from the initial
distribution m. But if m is reversible, we have

E[F (X1, X2)] = E[F(X1,Xo)]
= E[F(Xo, X1)]

where the second equality comes from the symmetry of m.
|

Remark 6 One can give a characterization similar to Lemma 4 of second order Markov kernels
which leave a measure m invariant. First note that if m is left invariant by a second order Markov
kernel M, then its marginals on the first and second factor of V? are equal. Indeed, just apply
(15) to a function F' only depending on the first variable. Let us call v this common marginal
distribution on V' and as before assume that its support is V. Let L1 and Lo the Markov kernels
defined by

Va2 eV, m(z,2’) = v(z)Lao(z,2') = v(z/)Ly(a', )

(v is invariant by L; and Lg).
As above, represent M as a family of Markov kernels (M,),ev. It follows from the invariance of
m by M, that for any x € V, M, can be seen as a Markov kernel from V,~ to V., where

V.. = {2’ eV :m(2, z) >0}

xT

V.h = {2’ eV i m(z,2) >0}

xT

Then it is not difficult to see that m is invariant for M if and only if for any = € V, M, transports
the probability measure Li(z,-) into the probability measure Lo(z,-). In particular Lemma 4
enables to see that a probability measure m is trajectorially reversible with respect to M if and

only it is invariant and symmetric.
0

Assume again that the second order Markov kernel M is trajectorially reversible with respect to

m and consider M* the dual operator of M in L?(m). Since m is invariant for M, it is well-known
that M* is Markovian in the abstract sense: it is nonnegativity preserving and the function 1
taking everywhere the value 1 is preserved. But as we compute it in next result, in general M*
has not the form of a second order Markov kernel:

Lemma 7 Define the tilde operation on F(V?) as the exchange of coordinates:

VFecFV? VeV, F(x,2") = F(2 z)

Then we have

VFcFV?,  MF] = M][F]
or more explicitely,
Vo eV, M*[Fl(z,2") = Z M (2, x; 2" F (2", x)
z"eVv



Proof

Consider again (X, )nen a second order Markov chain with M as kernel and starting from the
initial distribution m. For any F,G € F(V?2), we have

mlFM[G]] = E]
= E|

= E[
[

I
&

where the last but one equality comes from the symmetry of m.
|

We now come to the situation where the state space is a group G and we consider the family of
Markov kernels (K, )zeq associated to M as in (7). In addition define the Markov kernels

Vayy € Kuyy) = K.y ')

which will be called the modified speed kernels associated to M. If a symmetric probability measure
m = v x L is given on V? with v giving a positive mass to all the elements of G, we consider the
family of probability distributions (fi,).eq given by

Vo,ye G, [iz(y) = L(z,zy)
Then Lemma 4 leads to the following result:

Lemma 8 The second order Markovian kernel M is trajectorially reversible with respect to the
symmetric distribution m if and only if for any x € G, K, is reversible with respect to e If
furthermore the kernels K, do not depend on x € G and admit a unique recurrence class S which
generates G, then v is the uniform distribution and L is the Markov kernel of the random walk on
G whose increments follow the symmetric law i on S which is reversible with respect to K.

Proof
The first part follows immediately from the fact that

VY €G, Ko(y,y) = My(zy,zy)

For the second part, assume that for all z € G, I?m =K , where K admits a unique recurrence
class S which generates G and that K is reversible with respect to a probability measure . Then
the support of iz is S and by uniqueness of the invariant measure on a recurrence class, we have

Va,o/ €G,  L(z,2) = fu(z7'2) = A(z"'2)

So it appears that L is the Markov kernel of the random walk on G whose increments follow the
law fi. Since S generates G, L is irreducible and admits a unique invariant probability measure
which is necessarily the uniform distribution v, because, as L, it must be invariant by translations.
By reversibility of v with respect to L, we get that i is symmetric:

VvyesS, nayh) = hly)

and in particular S must be symmetric.



Note that in practice, it is convenient to rather start with a Markov kernel K reversible with
respect to a symmetric probability measure f. It is then immediate to check that the associated
second order Markov kernel M defined by

Va2 2" eq, M(z,2';2") = K((') 'z, (z')"'2")
is trajectorially reversible with respect to the measure m defined by
1 .
Va2 €, m(x,z') = @,u(:n L2

The second order Markov kernel M will then be said to be (spatially) homogeneous (this situation
can be extended to state spaces which are not groups, under appropriate homogeneity assumptions,
but we won’t enter in the description of such a setting here).

Remark 9 In general K may have several recurrent classes and the link with the recurrent classes
of M is not so clear. Consider for instance the case where G = Zy, with N € N\ {0, 1} and where

the modified speed kernel K is given by the matrix : < (1) (1) > on the set S = {-1,1} C Zn.

The speed kernel K is then the identity kernel, which means that once a speed has been chosen
in {—1,1}, it will never change. So M has two recurrent classes: {(x,z — 1) : = € Zy} and
{(z,z+1) : © € Zy}. Conversely, if we take for K the identity matrix, then all the sets of the
form {(xz,z + 1), (x + 1,2)}, where z € Zy, are recurrent classes for M.
Indeed, even the link between the recurrent classes of K and those of K can be quite involved.
Nevertheless, if a set I is symmetric and invariant for K (namely x € [ and y ¢ I imply that
K(z,y) = 0), then it is also invariant for K.

O

We now concentrate on the homogeneous case. We will always denote by S the support of the

measure [ entering in the definition of this situation. The transition kernels K and K will be
understood as S x S matrices. Without loss of generality, we assume that G is generated by S
(replace otherwise G by the subgroup generated by S). By considering the change of variables

G%3 (z,2)) — (z,y):=(z,272') e G

we transform the transition kernel M of the Markov chain (X,,, Xp,+1)nen into the position-speed
variables transition kernel P given in (6). Note that the natural state space for this kernel is rather
G x S instead of G2. In the next result we exhibit the spectral decomposition of kernels whose
structure generalizes that of P.

Proposition 10 Let S and V be finite sets with respective cardinals s and v. Let K be a S X
S matriz and for any y € S, let Q, be a V x V matriz. Assume there is a basis (¢1)icfs] of
F(V,C) consisting of eigenfunctions for Q,, independent of y € S (where [v] :={1,2,...,v}). The
corresponding eigenvalues are allowed to depend on y € S and are denoted by (al(y))le[[v]]. For
fized 1 € [v], consider K; the S x S matriz defined by

Vuy,y es, Ki(y,y) = oy)K(y,y)

Assume that it is diagonalizable (in C) and denote by (01x)pes] and (Yix)refs] its eigenvalues and
corresponding eigenvectors.
Next consider P the (V x S) x (V x S) matriz defined by

V() () eV xS, P,y (@) = Ky,y)Qy(x,2)

(this is the skew Kronecker product of Q by K). Then P is diagonalizable, its eigenvalues are the
Ok for (I, k) € [v] x [s] and a corresponding family of eigenvectors is (w1 @ Vi k) k)] x[s] -
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Proof

This result is in fact more difficult to state than to prove. For (I,k) € [v] x [s], consider Fj :=
¢1 @ Py k. Since the family (4;);cf,) is linearly independent and the same is true for the family
(Y1k)kefs) for any fixed I € [v], the family (Fjx)( x)efo]x[s] 1S also linearly independent and is thus
a basis of F(V x S,C). Next for given (I, k) € [v] x [s] and (z,y) € V x S, we compute that

PlEg(ry) = Y K@y)Qyr.a)Fu('y)
z'eVy'es
= Y K@y ) Y Qle.a)al)
y'es z'eV
= Y K,y ) )ow)e)
y'es

= @) > Ky, v )ur)

y'esS

= oi(x)0 k1 k(y)
= OF k(2 y)

so Fy is an eigenvector for the eigenvalue 0; j, relatively to P.
[ |

Coming back to our homogeneous setting, we would like to apply the above proposition with V' = G
and the translation kernels (Qy)yes defined by

Va2 eq, Qy(z,2") = 0yy(a))

If they were jointly diagonalizable, they would commute and since G is generated by S, we would
end up with

Vyy' €G,  QQy = QyQ

and these identities imply that G is Abelian. Conversely, if G is Abelian, then we can find r € N\{0}
and Ni,...,N, € N\ {0,1} such that G is isomorphe to the group product Hle[[l,r] Zn,, so a
generical element x € G will be written under the form (z;);c[1 ), With ; € Zy, for | € [r]. For
k= (k)ien € ILiep [0, Ni — 1], consider the mapping py € F(G,C) defined by

Vo= ()i €G, pr(x) = exp | 2mi Z kyx; /Ny
le1,r]

Since the mappings py, for k € Hle[[l,r]] [0, N; — 1], correspond to the irreducible representations of
G, we get that for any y € 5,

Qulor]l = pr(Y)pk

So it appears that (pg) kel e [0Ni—1] is a basis of F(G,C) which enables to simultaneously diag-
onalize the @, for y € S, and we are in position to exploit Proposition 10. To do so conveniently,
we introduce some notations:

G* = {pe ke ] [0,N 1] (16)
le1,r]

and for p € G*, A(p) is the S x S diagonal matrix whose diagonal entries are given by (p(y))yes-
We also consider the S x S matrix A, := A(p)K. Then Proposition 10 implies the following result:

11



Proposition 11 Let G be a finite Abelian group and M a homogeneous second order Markov
kernel on G with speed transfer matriz K. If all the matrices A,, with p € G*, are diagonalizable,
then M is diagonalizable and its spectrum is the union of the spectra of the A,, with p € G* (with
multiplicities).

One can go further: if one of the matrices A, is not diagonalizable, one can consider its decompo-
sition into Jordan blocks and an immediate extension of Proposition 10 enables to transfer these
Jordan blocks into Jordan blocks for M. In particular the spectrum of M is always the union of the
spectra of the A,, with p € G* (with obvious relations between the dimensions of the corresponding
Jordan blocks). These observations do not require M to be trajectorially reversible, but we believe
that the latter property could be helpful to understand the spectral structure of the matrices A4,,
with p € G*. Nevertheless this reversibility condition won’t be sufficient to insure that they are
diagonalizable, even under the stronger assumption made in Lemma 12 below (see Section 4).

We end this section with a discussion of the structural properties which can be deduced from a
natural reinforcement of the trajectorial reversibility. Indeed, let M be a trajectorially reversible
homogeneous second order Markov kernel, with modified speed kernel K reversible with respect to
f. By definition of K, we have for any y,y’ € S, u(y)K(—y,y’) = n(y ) K(—v',y), so taking into
account the symmetry of i, we get u(—y)K(—y,vy') = u(—y")K(—v',y). Summing over y € S, it
follows that 1i(—y) = K (—y), namely i is invariant for K. So the assumption of the next result
is not so farfetched, note that it is in particular satisfied by the families of examples considered in
Theorem 2 and Conjecture 3.

Lemma 12 Assume that [i is also reversible with respect to K, then the matrices A,, with p € G*,
are conjugate to symmetric and centro-Hermitian matrices.

Recall that a S x S matrix B (where S is a symmetrical set) is said to be centro-Hermitian if
B = B, where

Vyy eSS, Blyy) = B(-y,—v)

see for instance Lee [8] or Pressman [12]. Weaver [14] gave a nice review of the corresponding
notion of a (real) centro-symmetric matrix, property which is satisfied by the speed transition
kernel under the above assumption.

Proof

Under the hypothesis of this lemma, we simplify the notations and write u instead of . For
p € G*, let p'/? = (p*/2(y))yes be a vector of square roots of (p(y))yes, chosen in such a way that

p'2(—y) = p'/2(y) (recall that we have p(—y) = p(y) and that this complex number has modulus
1). Define next

B, = AW AL
= AEp KA /) (17)

(where for any vector v, A(v) is the diagonal matrix with corresponding entries). Since A, is
conjugate to B,, both matrix have the same spectral structure, but B, has two practical advantages:
is is symmetric and centro-Hermitian. Indeed, we have

Vyy' €S, Bylyy) = ‘fj((s,))K(y,y’)pl/z(y)p1/2(y’)

so the symmetry of B, is a consequence of the reversibility of K with respect to . The centro-
Hermitian property comes from the fact that

VyesS,  u(—y)=uply) and p?(—y) = p'/2(y)

12



A consequence of the above result is that the spectrum of A,, for p € G*, is stable by con-
jugacy, since this is true for any centro-Hermitian matrix B (see for instance Lee [8]): to any
f=(f))yes € F(S,C) (seen as a column vector), associate the vector f = (f(—y))yes € F(S5,C).
An immediate computation shows that

V feF(S,C), Bf = Bf

Thus if B is centro-Hermitian and if f is an eigenvector of B associated to eigenvalue ¢ € C, then
f is an eigenvector of B associated to eigenvalue 6.

Note that we knew a priori that the spectrum of M is stable by conjugacy, because its entries
are real. But this property corresponds to the fact that the spectrum of A, is conjugate to the
spectrum of A; = A_p, for any p € G*. This leads to the following observation: if 8 is a non-real
eigenvalue of A,, with p # p € G*, then its multiplicity as an eigenvalue of M is at least the double
of its multiplicity as an eigenvalue of A,.

Remark 13 In view of the above considerations, it is not clear how to deduce spectral informations
from the trajectorial reversibility assumption. Nevertheless in the homogeneous case, one can use
it to deduce information on the convergence to equilibrium in the following way. For simplicity
consider the Abelian case. Let (X,,,Y},)nen be the position-speed Markov chain associated to the
second order Markov kernel M, whose modified speed kernel is denoted K as above. Consider the
Markov chain (Y},)nen defined by

VneN, Y, = (-1,

This chain has K as transition kernel and thus is reversible with respect to j1, so to understand its
convergence to equibrium, we can resort to the usual spectral techniques. The chain (X, Y}, )nen
can be deduced from (Y, )nen via a deterministic procedure: for any n € N, we have

X, = i}o — }/}1 + 5}2 — e F (—1)n_1}/}n_1
Y, = (-1)"Y,

So (X,)nen appears as a time-inhomogeneous, but periodic, additive functional of (}Afn)neN To
come back to the situation of a time-homogeneous functional, it is better to consider the Markov
chain (an,anH)neN, whose convergence to equilibrium can easily be deduced from that of
(}A/n)neN. Then one can resort to the well-known large time behavior of additive functionals (see
for instance Maxwell and Woodroofe [9] and the references given therein), at least on the covering
lattice of GG, based on the central limit theorem for martingales. Next it remains to “project” this
result on G: once the variance enables to cover a fundamental domain for G, the stochastic chain
(X )nen will be close to equilibrium, namely uniformly distributed.

But we won’t developp this approach here, because it is not in the spirit of the paper.

3 Infinitesimal improvement of spectrum

Our purpose here is to show that the spectral gap (and even the whole spectrum outside 0) of a
reversible Markov chain can always been improved (except in the situation of an i.i.d. sequence)
by resorting to related second order Markov chains, which “have a little less tendency to hesitate
in their way to equilibrium” than the original chain. The rigorous formulation of this heuristic is
enclosed in Theorem 1, and this section is mainly devoted to his proof. But we will also investigate
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the best way to improve only the spectral gap, when the underlying first order kernel L is the
transition matrix of a random walk on a regular graph and under an additional assumption of
multiplicity one for the spectral gap.

Our starting point is a Markov kernel L which admits a reversible probability measure v,
positive on the finite set V. Since we will only be interested in second order Markov chains which
are trajectorially reversible with respect to the probability measure v x L (defined in (3)), up to
a restriction of the state space V, there is no loss of generality in assuming that L is furthermore
irreducible. We associate to L the second order Markov kernel M () defined in (5). We begin by
verifying an assertion made in the introduction:

Proposition 14 The spectrum of the transition operator M©) is equal to the spectrum of L with
the same multiplicities, except for the eigenvalue 0, whose multiplicity is N> — N, where N = |V|.
In particular M© is diagonalizable if and only if 0 is not an eigenvalue of L. When 0 is an
eigenvalue of L, let d be the dimension of the corresponding eigenspace. Then the canonical form

of M contains d 2 x 2-Jordan blocks < 8 (1) )

It follows that (M(9))? is always diagonalizable. This is not true for M) as we will see on an
example in next section.

Proof
Since v has positive weight everywhere and is reversible with respect to L, the latter operator
is diagonalizable in R. Let (6;);cpny be its spectrum and (f;);cqny be a corresponding family of
eigenvectors. For i € [N], define F; € F(V?) by
VY (z,2') € V2, Fi(z,2) = fi(2)
We compute that for any (z,2) € V2,
MOF](@,a") = Y M(z,22")Fy(a',2")
z"eVv
= Y L))
z’eV
= L[fil(z)
= 0;fi(2')
= 0;F;(z,2")
so that [} is an eigenfunction associated to the eigenvalue 0; with respect to M(©. We denote
by F the vector space generated by the functions F;, with ¢« € [N]. It is in fact the subspace of
F(V?) consisting of functions only depending on the second variable. Let us also denote by F’ the
subspace of F generated by the functions F;, with ¢ € [N] satisfying 6; = 0.
Next for 29 € V, consider F,, the space of functions F' from F(V?) which can be written under
the following form
VY (z,2") € V2, F(z,2') = 6z(x)f(2))
where f € F(V) satisfies L[f](z9) = 0. For such a function F' € F,,, we compute that for any
(z,2") €V,
MOF)(z,2") = Z L2, 2" F(2', 2")
eV

= Onyla) Y L&', a") f(2")

eV
()LL)
= 0
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so that I is an eigenfunction associated to the eigenvalue 0 with respect to M (9. Next consider
F" the subspace of F(V?) generated by all the F,,, with z9 € V. By the above computation,
F" is included in the eigenspace associated to the eigenvalue 0 of M(®). Clearly the subspaces
Fay, for zp € V, are mutually linearly independent, since the corresponding functions vanish on
disjoint sets. Furthermore the mapping F(V) > f — L[f](x0) is a non degenerate linear form, so
the dimension of F,, is N — 1. Thus we get that the dimension of F” is N> — N. Note that the
dimension of F is N, so M) would be diagonalizable if we had F N F” = {0}. But in general, we
only have FNF" = F'. Indeed, let F € FNF", we can find some coefficients (a,,)z,ev and some
functions f;, € Fy,, for ¢ € V, such that

r = Z amoémo ® fmo

o€V

Further there exists f € F(V') such that

VY (z,2) € V2, F(x,2") = f(2)
= axf:c(x,)

It follows that for any x € V,

Lif](z) = azL[fs](z) = 0

so that F € F'. Conversely, if F € F', just choose a,, = 1 and f,, = f for all g € V in the above
description to see that F' € F” and by consequence F' € F N F".

Thus in general, we have only found N? — d independent eigenvectors for M), For i € [N] , with
6; = 0, consider the function G; € F(V?) defined by

V (z,2') € V2, Gi(z,2") = fi(x)
We compute that for any (z,2) € V2,

MOG)(z,2") = ZM(w,x’;x”)Gi(x',x”)
:E//GV
— Y LA
m”GV
= fi(a)
- Fi(ajv‘r/)

Thus the 2-dimensional vector space generated by Fj and G; is stable by M(® and the matrix

associated to the operator M) in the basis (G, F;) is the 2 x 2-Jordan block < 8 (1) ) The

announced results follow at once.
[ |

In the above proof the reversibility of L was not really necessary, it was sufficient to assume that
it is diagonalizable. One can even go further by revisiting the above proof:

Remark 15 Let L be any Markov kernel on S and construct the kernel M) as in (5). Then as
above the spectrum of M(© is equal to the spectrum of L plus the value 0. More precisely, the
Jordan blocks associated to an eigenvalue 6 # 0 of L are in exact correspondance with those of
MO Concerning the eigenvalue 0, let d be the number of 1 x 1-Jordan blocks for L. All of them
are transformed into 2 x 2 blocks for M©). But for r > 2, all the r x r-Jordan blocks of L are
transformed into r x r-Jordan blocks for M (?). And there is furthermore the creation of N2 — N —d
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1 x 1-Jordan blocks for M(?). This comes from the fact that the (r+ 1) x (r + 1) matrix A defined
by

1 ,ifj=i+1landie€[r—1]
Vigjelr+1],  A(ij) = { 1 ,ifi=0andj=r+1
0 , otherwise

admits a decomposition into a 1 x 1 block and a r x r block (both associated to the eigenvalue 0).
O

In Proposition 14 we have considered the spectrum of M (9 as an operator on F (V2), but in general
we are only interested on its action on a subspace of F(V?): since the probability measure v x L
is invariant for M©) we prefer to see M) as an operator on L2(v x L), whose dimension is the
cardinal of the set {(x,y) € V2 : L(x,y) > 0}. By our assumption v > 0, we have F(V) = L2(v)
and there is no ambiguity for the spectrum of L. The proof of Proposition 14 can then be extended
to this situation: the spectrum of M is the spectrum of L plus maybe the eigenvalue 0. Indeed
the eigenvalue 0 is necessary in the spectrum of M(©) if dim(L?(v x L)) > N. Note that under
our reversibility and irreducibility assumptions on L, the only situations when this inegality is not

satisfied is when [V| =1 or |V| = 2 and L is given by the matrix (1) (1) . Similar observations

also hold in the more general setting of the above remark (but assume furthermore that L is
irreducible, so that it admits a unique positive invariant measure).

In order to go in the direction of Theorem 1, consider a second order Markov kernel M)
admitting v x L as trajectorial reversible measure and satisfying for any z,2’,2” € V,

MWD (z, 22"y > L2, 2") yif " # @, L(x,2') > 0 and L(2',2") > 0 (18)

Such transition kernels exists, since according to Lemma 4, the only requirement is that for any
fixed 2/ € V, the kernel (Mi,l)(a:, 2"))z.zmev is reversible with respect to the probability L(z/,-).
Next, as in the introduction, for any a € [0, 1], we consider the interpolation kernel between M ©
and M():

M@ = 1-a)M? +aMm®

which is a second order Markov kernel still admitting v x L as trajectorial reversible measure. We
need some information about the behavior of the spectral decomposition of M (@ as a function of
a, at least for small a. From Chapter 2 §1.8 of Kato [7], we easily deduce the following result:

Lemma 16 There exists ag € (0,1) such that the number s of distinct eigenvalues of M@ does
not depend on a € (0,a0). It is possible to parameterize these eigenvalues by (0i(a))cs in such
a way that for any | € [s], the mapping (0,a0) 2 a +— 6;(a) is analytical. Furthermore these
mappings admit continuous extension to [0,ag) and the set {6;(0) : 1 € [s]} coincides with the
spectrum of M) (note nevertheless that the cardinal of this spectrum can be stricly less than s,
when occurs a splitting phenomenon of some eigenvalues at 0). Moreover for any | € [s], we can
find a continuous mapping [0,a0) > a — Fy(a) € F(V2,C)\ {0} such that for any a € [0,a0), F,
is an eigenfunction associated to the eigenvalue 0;(a) of M@ | and such that the mapping (0,a9) >
a— Fy(a) € F(V2,C)\ {0} is analytical.

In fact the above lemma holds for general second order Markov kernel M (). But the assumption
(18) is need for the next result.

Proposition 17 With the notations introduced in the previous lemma, assume that | € [s] is such
that 6;(0) # 0. Then the limit lim,_,o, 0;(a) exists and belongs to R. By consequence 6)(0) exists
and coincides with the previous limit. Furthermore if |6;(0)] # 1, then the sign of 6;(0) is the
opposite sign of 0,(0) (recall that 6;(0) € R\ {0}). If [6;(0)] =1, we have 6;(0) = 0.
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Proof
By definition, we have for any a € [0, ag),
M@F(@) = )R ()
and we can differentiate this equality for a € (0,ap) to get
(MY = MO)Fy(a) + MWF/(a) = 6j(a)Fi(a) + 6i(a) F] (a) (19)

where the primes represent differentiation with respect to a € (0, ag).
Our goal is to get rid of the term F}(a) that we don’t control as a is going to 0. Lemma 7 implies

that the fonction Fj(a) defined over there is an eigenvector of (M()* associated to the eigenvalue
0(a). Indeed, we have

P

(M@)[F(a)] = M@[F(a)]
(a)Fi(a
a)Fi(a

(a)

Multiply (19) by E(a) and integrate the obtained equation with respect to m, to get

0(a)Fi(a)
= 0(a)Fi(a)

m[Ei(a) (MY — MO)Fy(a)] + mlFi(@) MW F/(@)] = 6j(a)m[Fi(a)Fi(a)] + 6i(a)m[Fi(a)F] ()]

By definition of the dual operator (M(®)* we have

m[Fy(a)M W F/(a)] = m[(M®@)*[Fi(a)]F](a)
= O(a)m[Fi(a)F/(a)]

Thus we deduce the following equation where the term Fj(a) has disappeared:

m[Fy(a) (MY = MO)Fj(a)] = 6j(a)m[Fi(a)Fi(a)]
We can now use the continuity properties put forward in Lemma 16 to see that
lim m[Fy(a)(MY = M) Fy(a)] = m[E©0)(MD — MO)F(0)]
a—U4
lim m[Fi(a)Fi(a)] = m[E(0)F(0)]
a—>0+

so the limit lim, o, 6;(a) exists if we have m[F;(0)F;(0)] # 0. To compute this term, we note that
since F(0) is an eigenvector of M) associated to the eigenvalue 6;(0), according to the proof of
Proposition 14, there exists an eigenfunction f € F(V) of M) associated to the eigenvalue 6;(0)
such that

Voo eV,  F00)(ra2) = f(@)
It follows that
m[E(0)F(0)] = > v(@)L(z,2))f(x)f(2)

z,x' eV
= v[fL[/]
= 0(0)v[f?]
which is different from 0. Thus lim,—, 6j(a) exists and by consequence the mapping [0, ag) > a —

6;(a) is differentiable at 0 and 6;(0) = limg—0, #j(a). To evaluate this derivative, it remains to
compute

mFO)(MY - MOYR©)] = Y v@)L@a)f(@) Y Dulz,a")f") (20)

z,x'eV z"eVv
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where for any x,2’,2” € V, we have defined

Dy (x,2") = M(,l)(a;,a:”)—M(,O)(x,x")

These quantities are real, so we already get that 0;(0) € R. To go further, note that for any z’ € V/,
D, is a generator matrix: outside the diagonal its entries are nonnegative (even positive in the
present case) and the sum of the entries of any row is zero. Furthermore this matrix is reversible
(in the usual sense) with respect to the (row) vector (L(2/,x))zecy. It is then easy to see that (cf.
for instance the lecture notes of Saloff-Coste [13])

Z L(x',2)Dy (2, 2" ) f(2) f(2") = —% Z L(2',2) Dy (2, 2" ) (f(2") — f(:v))2
22 eV ataeV
< 0

Since by reversibility of L the r.h.s. of (20) can also be written as

dovla) Y L@ x)Dy(w,a") f(x) f (")

z'eV z,x" eV
it appears that m[Fj(0)(M® — M(©)F;(0)] < 0 and by consequence 6,(0)67(0) < 0.

Let us now consider the situation where 6;(0)0;(0) = 0. According to the previous computations,
this is equivalent to the fact that

Va,o/,a" €V, Dy(z,a")(f(2") - f(z)) = 0

namely, for any z,2’,2” € V such that D,/ (x,z"”) # 0, we must have f(z”) = f(z). Due to our
assumption (18), this amounts to the condition that for any = # 2’ € V such that there exists
2’ € V with L(z,2') > 0 and L(a’, ") > 0 (inequalities which are equivalent to M (z, 2'; ") > 0),
we must have f(2”) = f(x). This is equivalent to the fact that f must be constant on the recurrence
classes of L% namely L?[f] = f. Thus, since L[f] = 6,(0)f, this means that §7(0) = 1, hence the
announced results.

|

We can now come to the

Proof of Theorem 1

Since L is assumed to be irreducible, the eigenspace associated to the eigenvalue 1 is just Vect(1), so
that 1 € O,(L). Furthermore —1 ¢ O,(L), otherwise L would be periodic, thus we have A(L) > 0.
On the other hand, as it was mentioned in the introduction, the condition that L # v insures that
ML) # 1, so in fact A(M(©) € (0,1). With the notations of Lemma 16, define

I = {le[s]:|0,(0)]=1—X\L)}
By continuity of the eigenvalues of M () as functions of a, we can find a, € (0,ap) such that
Vael0,ah], AMY) = max{l—|6(a)| : l €I}

By considering a first order expansion at 04 of the functions 6;, for [ € I, Proposition 17 easily
implies that [0,1] 3 a — A(M @) is differentiable at 0 and that

dAN(M (@)

T (0) = min{|6(a)| : L €1}

> 0
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Next consider the situation where instead of infinitesimally improving the nonnull part of the
spectrum of M) we just want to improve its spectral gap. What is the best way to do it, at least
infinitesimally? More precisely, let D be the set of signed kernels D = (D(z,2’;2")4 2/ o7ev from
V2 to V, such that for € > 0 small enough, M + ¢D is a second order Markov kernel which is
trajectorially reversible with respect to v x M and such that the following normalization condition
is satisfied:

Va2 eV, Z |D(m,x';x”)| < 2
z" eV

As above, we can show that A\(M©) + eD) is differentiable at the right of 0 and we are wondering
what are the perturbations DI € D which maximize the improvement of the spectral gap, namely
such that

iA(M“)) +eDM)

d
= — 0)
T sup - AMY™ +€eD) (21)

e=0 DeDp a€ e=0

To simplify the analysis of this problem, assume that there is only one eigenvalue 6 of L such that
A(L) = 1—10] (0 can be positive or negative) and that the multiplicity of 6 is 1. By a slight misuse
of language, in this situation we will say that the spectral gap is of multiplicity 1. Let f € F(V)
be an associated eigenfunction (different from 0).

To any signed kernel D from V2 to V, associate the family (D,/).ey of signed kernels from V to
V' defined by

Va za" eV, Dy(z,2") = D(wz,2';2")

For fixed 2’ € V, let D, be the set of signed kernels (D(z,2”));z7ev from V' to V' which are
reversible with respect to L(2/,-) (i.e. V z,2" € V, L(2',2)D(z,2") = L(2’,2")D(2", x)) and which
satisfy 3 vy | D(x, 2’ 2")| < 2and Y oy, D(2,2") = 0 for all 2 € V. It is easy to check (see the
proof of Lemma 4) that D € D if and only if D,» € D, for all 2’ € V. Define for any 2’ € V, the
mapping H,, : D — R via the formula

VD= (D(‘Tv‘r”))m,m”ev € Dy, Hm’(D) = Z L(‘Tlv‘T)D(‘Tv‘r”)f(x)f(x”)

z,z"’eV
Then the arguments given in the proofs of Proposition 17 and Theorem 1 also show the

Lemma 18 A signed kernel DT € D satisfies (21) if and only if for any 2’ €V, Di,, minimaizes
the mapping Hyr on Dy, As a consequence, by compactness of Dy and continuity of Hyr, such an
optimal D' € D exists.

In order to get an idea of an optimal DT € D, let us make the following additional assumption: for
any x’ € V, the probability measure L(z/,-) is uniform over Vs (recall that this set was defined
as the support of L(2/,-) at the beginning of section 2) and that n := |V,/| does not depend on
2’ € V: L is the Markov transition kernel of the simple random walk on the connected and regular
graph on V whose edge set is {(z,2') € V2 : L(z,2’) > 0}. The reversibility condition on the
elements of D, amounts to asking them to be symmetric. Denote by x1, x2, ..., z,, the elements of
Vr (as we work with fixed 2’ € V', we won’t indicate that everything is depending on this point),
ordered such that f(z1) < f(xe) < --- < f(x,). To simplify notations, any element D € D,/ is
identified with a n x n matrix (D(i, j)); je[n) Where D(i, j) stands for D(z;,z;). Then under the
above assumption we have:
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Proposition 19 Let Dl, = J, — I, where I, is the n X n identity matrixz and J, is the n x n
reverse diagonal matriz (V i,j € [n], Jn(i,7) = 0n—jy1(i)). The matric Dl, is a minimizer of the
functional Hy on Dyr. Thus, when L is the transition kernel of a random walk on a reqular graph
whose spectral gap is of multiplicity 1, DT = (Dl/)x’e\/ corresponds to the best way to perturb M 0)
i order to improve infinitesimally its spectral gap.

The proof of this proposition will be based on the following technical result:

Lemma 20 Consider SP,, the set of n X n doubly substochastic matrices and the functional G
defined on SP,, by

¥ P =(P(i,)))ijen) €SPn,  GP) = > P(i,j)gi)h(j) (22)

i,j€[n]

where g, h : [n] — Ry are two nondecreasing functions. Then I, is a maximizer of G on SP,.

Proof

Note that for any P € SP,, we can find a Q € P, the set of n x n doubly stochastic matrices,
such that all the entries of ) are larger or equal to those of P. Since g and h are nonnegative
functions, it follows that G(Q) > G(P), and it is sufficient to prove the above lemma with SP,
replaced by P,,. To do so, we consider an induction on n € N\ {0}. For n =1 the result is obvious,
since P; = {I1}. Next assume that the above lemma is true for some n € N\ {0} (and for all
g, h as in the lemma) and consider P a maximizer on P41 of a functional G which has the form
described in (22) with n replaced by n + 1. If there exists k € [n] such that P(k,n + 1) > 0, then
P(n+1,n+1) < 1 and we can find [ € [n] such that P(n + 1,1) > 0. Assume for instance that
P(k,n+1) < P(n+ 1,1) (otherwise work with the transposed matrix) and introduce the matrix
P’ € P, defined by

0 i 1,) = (0 + 1)
. o) P+, = Plin+1) i (i) = (n+1,0)
PRIl PED =8 by Pl ) ) = ek Lk 1) or () = (1)
P(i,j) , otherwise

We compute that

G(P)-G(P) = (g9(n+1hn+1)+gk)h(l) —gn+1)h() — g(k)h(n +1))P(n + 1,k)
= (9(n+1) = g(k))(h(n +1) = h(1))P(n + 1, k)

quantity which is nonnegative due to the assumptions g(k) < g(n+1) and h(l) < h(n+1). Thus P’
is also a maximizer of G on P,,41. Iterating this procedure, we end up with a maximizer Q@ € P41
such that Q(n+1,i) = Q(i,n+1) =0 for all i € [n] and G(Q) = G'(Q") + g(n+ 1)h(n+ 1), where
Q" = (Q(i,7))ije[n] € Pn and G’ is the mapping on P, defined by the rhs of (22). So it remains
to apply the iterative assumption to get the result.

[

Let us now proceed to the

Proof of Proposition 19

We first assume that n is even, say n = 2m. Let [ € R be given, for any D = (D(i, 7)) je[n] € Do’
we have by definition of D, and due to the fact that L(z’,-) = 1/n on V,s (set which was defined
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at the beginning of Section 2), we have

nHy(D) = > D(,a")(f(x) =1+ D(f(") —1+]1)

cTev
- Z;VD(:v,w”)(f(w) ~D(f@") = 1)
4 %VD(w,w”)(f(x) + f(a") - 12 ZEVDW”)
- :VD(w,w”)(f(w) En -y
fme ZVD(:I:,:E”)f(!E)
- Z:;De(:v,f’)(f(x)—l)(f(:v”)—l) (23)
Choose o
. f(m)+§(m+1) (24)

so that (f(z) — 1)(f(2”) — 1) is nonpositive for (z,2”) € [m] x [m + 1,n] U [m + 1,n] x [m]
and nonnegative for (z,2"”) € [m] x [m] U [m + 1,n] x [m + 1,n]. It follows that to minimizes

Hyr on Dy, it is enough to consider D € D,/ such that D_ _ = (D(4,5)); jepm) and Dy 4 =
(D(i,4))i,je[m+1,n) have nonpositive entries and such that D_ 4 = (D(4,)) @ j)e[m]x[m+1,n] and
Dy = (D(i,5)),j)e[m+1,n]x[m] have nonnegative entries. Indeed, for instance if D(i,j) > 0 with

i,7 € [m], consider the matrix D’ € D,s defined by

0 if (@, 5) = (4, ) or (¢,5") = (4,9)

D(,j") + D(i,j5) i (i',5") = (m+ 1,i) or (¢,5") = (m + 1, )
vi,j eln], D'(/j) = D(@,j")+ D(,j5) i (i',5) = (i,m + 1) or (¢,5") = (j,m + 1)

D(i/,j/) — 2D(i,j) , if (i/,j/) =(m+1,m+ 1)

D, 5" , otherwise

We have

Hy(D') = Hu(D)=2(f(@0)f(7) = (F() + FG)S(m+ 1) + f2(m + 1) D, j)
< Hx’(D)

where we have taken f:: f—1
The case where there exists (i,7) € [m] x [m + 1,n] with D(i,j) < 0 is even easier to treat: just
transfer the negative weights at the entries (4, ) and (j,4) to the entries (¢,7) and (7, j).
Thus to find a minimizer D € D,y for H,/, we can assume that the entries of D_ _ and D, , are
nonpositive while those of D_ , and D, _ are nonnegative. Define P_ _ as the matrix obtained
from —D_ _ by reversing the order of the rows and of the columns, Py = —D, , P_ | as the
matrix obtained from D_ | by inverting the order of the rows, and P, _ as the matrix obtained from
D, _ by inverting the order of the columns, so that these four matrices are doubly substochastic.
We can write naturally

nHy(D) = —(G- (P -)+ Gy (P--) + G- 4 (P-4) + G4 —(Py-))

)

where for instance G_ _ is the functional on SP,, defined by

VP =(P(i,§))ijem) € SPm,» G- —(P) = Y P(i,5)g(i)h(j)

i,5€[m]
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where g = h is the nonnegative and nondecreasing function given by
Viel[m], g6 = —fm—i+1)

In fact the four functionals G_ _, G4 4, G_ + and G4 _ are of the same type as the map G
considered in Lemma 20. It follows that I, is a maximizer for all these functional. Coming back
to the description of D in terms of P_ _, Py ., P_ , and P _, we get that D = J,, — I, is in fact
a minimizer for H,/.
It remains to treat the case where n is odd, say n = 2m + 1. In this situation, we rather define
I = f(m+1) instead of (24), so (23) enables to erase the (m + 1)™ row and the (m + 1)™ column.
Then the above arguments can be applied to the remaining matrix.

|

The proof of Lemma 20 also shows that the maximizer is unique if and only if g(1) < g(2) < --- <
g(n) and h(1) < h(2) < --- < h(n). From the above proof we deduce that the minimizer of H, is
unique if and only if f is one-to-one on V.. If this is true for all 2’ € V, we get from Lemma 18
that there exists a unique DT € D such that (21) is satisfied. In particular this condition is fulfilled
if the eigenvector f is globally one-to-one.

Remark 21 The random walk assumption is quite restrictive, but we believe that the qualitative
fact that the best infinitesimal perturbation corresponds to jumping from smallest values to largest
values of an eigenvector associated to the spectral gap (on the neighborhood V,, for € V') can be
extended, except that in the general case, one would have to use the repartition function for the
values of the restriction of this eigenfunction to the neighborhood V, endowed with the probability
measure L(x,-). We won’t go further in this direction, since our purpose was just to indicate that
the local landscape induced by such an eigenvector can be used to optimally improve the spectral
gap, at least infinitesimally.

O

Under some circumstances, one can get nice informations about the speed of convergence to
equilibrium by studying singular values, see for instance Fill [4]. This is not the case in our
situation: the singular values associated to a trajectorially reversible second order Markov kernel
are relatively easy to compute but they don’t provide pertinent quantitative informations:

Proposition 22 Let M be a second order Markov kernel trajectorially reversible with respect to
vx L (with v > 0) and consider its dual operator M* in1.2(v x L). The spectrum of the Markovian
operator M*M in L2(v x L) is the union, with multiplicities, of the spectra of the M2, for x € V,
where M, is the transition kernel on V, defined at the beginning of Section 2.

We knew a priori that the kernels M, for z € V', were diagonalizable in R, since they are reversible
with respect to the probability measures L(z, ). The diagonalizability in R of M*M (in L?(v x L))
comes from its self-adjointness in .?(v x L). The examples of next section show that usually the
information contained in the M,, for x € V, is of a local nature (it just describes how the speed
evolves above the point € V') and is not sufficient to deduce the global rate of convergence to
equilibrium. That is why in our context the singular value approach is not very promising.
Proof
Taking into account Lemme 7, we compute that for any F € F(V?) and any (z,2') € V2,
M*M[F)(xz,2") = Z M (2", ;2" YM (2", 25 2" F (2, 2")

ZE” 7-’2,”6‘/

_ Z <Z Mm(ﬂf/,ﬂf//)Mm($H,3§‘m)> F(IIZ‘,II}‘///)

eV \z"eV

_ Z Mg(ﬂj/, x///)F(% :E///)
eV
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It follows that for any fixed x € V, the set {(z,2) : 2’ € V,} is stable by the Markov kernel
M*M. Furthermore the restriction of M*M to {(x,2') : 2’ € V,.} is given by the matrix M?2. The
announced results follow, once one has identified L?(v x L) with the set of functions defined on
the support of v x L, which is U,ey{(z,2") : 2’ € V. }.

|

To end up this section, we make some connections with the work of Neal [10]. We begin by
recalling the notion of asymptotic variance. Let P an irreducible Markov kernel on V' admitting
w as invariant probability. Consider (X, )nen @ Markov chain whose transition kernel is P and
let f € F(V) a function satisfying p[f] = 0. Then for n € N large, the variance of the random
variable (f(X1) + -+ + f(X,))/v/n admits a limit o(P, f) called the asymptotic variance of f (it
does not depend on the initial distribution of Xy). This result can be extended to second order
Markov chains: let (X,,)nen be such a chain with second order transition kernel M. Assume that
M is irreducible on a subset of V2 and let m be the associated invariant measure. Let f € F(V)
be a function whose integral with respect to the second marginal of m (or with respect to the first
one, see Remark 6) is null. Then the above limit also exists and again it is denoted by o (M, f).

Next consider a second order Markov kernel M ()| trajectorially reversible with respect to v x L,
with v > 0 and L irreducible. Assume that the relaxed version of (18) is fulfilled:

Va"#£z eV, MW (z, 22"y > L', 2"

and that M) is irreducible on the support of ¥ x L (in his Theorem 2, Neal [10] stated this
irreducibility condition is a consequence of the previous assumptions, but this is wrong in general,
consider the example of next section with @ = 1). Then Neal [10] has proven that

oMW, f) < o(MO f) (25)

for any function f € F(V). The link of this bound with relations between the spectrum of M ™)
and that of M) is not obvious. To try to clarify the situation, let us recall Peskun’s theorem [11].
Indeed, Neal [10] also gave a new and very elegant proof of Peskun’s theorem, based as that of
(25), on a decomposition of the trajectories. So consider two irreducible Markov kernels PO and
PM) | both reversible with respect to the same probability measure p on V. Assume that P has
less tendency to stay at the same place than P©):

Ve#z eV, POz, 2y > PO ()
Then Peskun’s theorem asserts that
VieF(V), oM. f) < o(PO,f)

In this situation, this bound leads to relations between the spectra of P and P(). Indeed, one
have, for i = 1,2, that (see for instance Peskun [11])

o(PY,f) = 2ul(f — plfN)(Ad — POYTf — ulfN)] — ul(f — i)

where (Id—P®)~1 is the inverse of the operator Id—P®) : Fy(u) — Fo(p), with Fo(s) the subspace
of F(V) of functions f such that p[f] = 0. Using the variational formulation of eigenvalues (see
for instance the book of Horn and Johnson [6]), it follows that

vievy, 69 < ¥

where 1 = ng') > Héi) > . > 9‘(3‘ > —1 is the spectrum of P This observation enables
to see that if for a € [0,1] and 5 € [|V|], 0§a) is the j'" eigenvalue (in nonincreasing order) of

P@ = (1 —a)PO + aPM then the mapping [0,1] 3 a — 9§a) € [-1,1] is nonincreasing. Next,
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with the notations of the introduction, consider 1 — \(P(®)) = max{]@éa) l, \9{3)‘ |}. Let ap = inf{a €

0,1 : 1= A(a) = —9|(3)|}, with the convention that ag = 1 if the previous set is empty. It
appears that the mapping [0,1] > @ — 1 — A(a) is nonincreasing on [0, ap] and nondecreasing on
[ag, 1]. Note that this corresponds to the qualitative behavior we are hoping for in Conjecture 3.
Nevertheless, there is a strong difference between the behavior of the spectrum in the situation
of Peskun’s theorem and in the setting of Theorem 1: initially at a = 0, the nonnull eigenvalues
begin by going toward 0 in Theorem 1, while they are decreasing in Peskun’s theorem (so for the
eigenvalues starting from a negative value, they are going outward 0).

This discussion cannot be extended to (25), first because this equation is only valid for functions
depending on one variable and second because we don’t know if the variational formulation of
eigenvalues is true for second order kernels, which usually are not reversible in the usual sense. So
despite the assumptions of Theorem 1 are similar to those considered by Neal [10] and the fact
that we are working in a similar spirit, it seems there is no obvious relation between (25) and our
results.

4 A case study

We are interested here in the simplest family of examples in the homogeneous setting: the group
G is the cyclic group Zy, with N € N\ {0, 1,2} and the speed only takes values in the symmetric
set S ={—1,+1} C Zy. In particular we will check that Theorem 2 is true in this case.

The natural state space of the associated second order Markov chain is the set of nearest
neighbors G?) := {(z,2') € Z% : |2’ — x| = 1}, and for any a € [0, 1], consider

(14a)/2 ,if/=z+1and2” =2"+1
(14a)/2 ,ife/=z—1and2” =2"—-1
V (z,2) e G?, V" €@, M (g, 2 2") = (1—-a)/2 ,if/=zx+1land2” =2"—1

(1—a)/2 ,ifd/=z—1and 2’ =2"+1
0 , otherwise

This is a homogeneous situation since the speed transition kernel does not depend on the underlying

position and is given by
lta 1l—a
K(a) = < lza 1—%(1 )
2 T2
The set G* defined in (16) is the collection of the mappings p : G 3 x — exp(2wikz/N) € C,
where k € [0, N —1]. Thus according to the comments made after Proposition 11 and before (17),

the spectral decomposition of M(® into Jordan blocks corresponds to the union of the spectral
decompositions of the matrices

1+4a l—a
a . 5 p(1 =
Bg ) = < 21—a( ) 1+a 2(_1) >

where p € G*. For the rest of this section, let us identify p with p(1) and G* with {exp(2mik/N) :
k € [0,N — 1]} c C. Consider more generally, for p € T, the unit circle in C, the matrix defined
by

1ta l-a
Bf(’a) = < 12—ap 1+2a> (26)
7 P

2

These matrices were already used in Diaconis, Holmes and Neal [3] to deduce the spectral de-
composition of a related model, where the discrete circle Zy is replaced by the path [N] (but
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the authors did not interpret the chain they studied as a second order Markov chain, nor as a
position-speed Markov chain, furthermore their reduction to the above matrices is not deduced in
the same manner as here).

A direct computation shows the following result:

Lemma 23 Let write p =2 C + 1S, with C = R(p), S = S(p) € [—1,1] the respective real and
imaginary parts of p, and let ap(p) = (1 —|S])/(1 + |S]) € [0,1]. The matriz Béao(p)) is not
diagonalizable and is in the conjugacy class of a 2 x 2-Jordan block associated to the eigenvalue
(1 4+ a)C/2 (which will also conveniently denoted Hffi(p))). If a € [0,a0(p)), the matrix B,()a) is
diagonalizable in R and its eigenvalues are

@ _ l+a, /(1—a)?-5%1+a)
o = —Cx 5

If a € (ao(p), 1], the matriz B,S“’ is diagonalizable in C and its eigenvalues are

2 2 _ _ 2
Hgf:)t _ 1—;—&0:&1,\/5(14-602 (1 a)

Thus it appears that for a € [0,1], M@ is diagonalizable if and only if a & {ag(p) : p € G*}. In

any case, the spectrum of M(® coincides with the set {9512 : p € G*, e € {—,+}}. Note that the

eigenvalue 1 of M@ associated to the constant eigenvectors correspond to the eigenvalue 1 of the

matrix BYL). The other eigenvalue of BYL) is a, so with the notations of the introduction we have

0.(MW) = {05 : pe G\ {1}, ce {—,+}} U{a}
In particular the spectral gap of M@ is given by
AM@) = 1 —max({05) : pe G\ {1}} U{a}) (27)
where for any p € T,

e

)

9;‘2 = max{‘@&?)_

} (28)

Note that the quantities Héﬂ only depend on the real part of p € T, i.e. 9,()672 = 022, and that

{Hl(fi, Gl()aj_} = {—9(_627_, —9(_627 4} It follows that 9,()672 is a function of the absolute value of the real
part of p € T. A first step toward Theorem 2 is the following study:

Lemma 24 Let p € T\ R be given. On [0,a0(p)] the mapping a — 0&2 is strictly concave and

decreasing. For a € [ag(p), 1], we have 9,(;,2 = a.

Proof

According to the above observations, we can assume that the argument of p belongs to (0,7/2].
In this situation, for a € [0, ap(p)], we have

o = o

1—a)2— S2(1 2
_ 1—;QC+\/( a) 25( +a)

where C'= R(p), S = J(p). It is clear that 9;‘2 is a smooth function of a € [0,a0(p)) and its second

derivative is given by

d2a 7 ((1—a)? — S2(1+ a)z)%

d? 9(a) B 252
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Thus it appears that a 9;‘2 is strictly concave. Either by direct computation or by using

Theorem 1, we get that d%@,()?i <0, so 02‘2 is a decreasing function of a € [0, ag(p)].

For a € [ao(p), 1], we have ‘Hl()aj_ = ‘Hf)al and
o = |

= VT aPCT S0 FaP (1 ap
- Ve

So the look of the mapping [0, 1] 5 a — 9;‘2 is: it decreases until it reaches the curve [0,1] 3 a — /a

(at ag(p)) that it follows afterward (and thus is increasing). Note that just before ag(p), 9&2 is

strongly decreasing, since lim,_,q(,)— d%@,(fz = —o00, as it can be easily be seen. In particular we

have
Vac(0,1, 6% > va > a (29)
s0 (27) can be transformed into
AM®) = 1—max{0{) : pe G\ {1}}

Furthermore, since the maximum of curves which are first nonincreasing and next nondecreasing
has the same appearance, we already deduce that the mapping [0, 1] 2 a — A(a) first nondecreases
and next nonincreases. To get more information in this direction, we need the following simple
result.

Lemma 25 Let p,p’ € T be such that their respective real parts satisfy C > C' > 0. Then for any
a € [0,1] we have,

(a) (a)
0 > 0,

py* — ok

Proof

The assumption 0 < €’ < C clearly implies S? < (5)2 for the corresponding imaginary parts and
ao(p) > ao(p’), so in view of the above behaviors, it is sufficient to prove the wanted inequality for
a € [0,a0(p’)]. But in this interval it can be written

202 _ 2(0N2 —
1+a0+\/(1+a)0 4a - 1+a0,+\/(1+a) (C")? —4a

2 2 - 2 2

and so it is obvious (the strict inequality even holds there).
|

This result leads us to consider pg € G* whose real part is the largest possible in absolute value,
since we get

Vaelo1],  AM@) = 1-6%,
A picture enables to convince oneself that
po = exp(2mi|N/2]/N)

where [-] stands for the integer part. Note that pp is also the unique element of G* such that
AMO) =1 — Hé?)?* and recall that A\(M () = (L), where in the present example L is the
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transition kernel of the nearest neighbor random walk on Zy. According to the parity of N we
have different results:

e When N is even, we have pg = —1 and A(L) = 0, this reflects the periodicity of the corre-
sponding random walk. We obtain that A(M (%)) = 0, for any a € [0,1], fact we could also have
deduced a priori from periodicity (see the introduction).

e When N is odd, let C = cos(n/N) be the absolute value of the real part of pg. We have
ML) = 1 — Cy and define ay = ag(pg) = (1 + sin(r/N))~ (1 — sin(7/N)). Note that for N large
(and still odd) this number is close to 1 and that the beginning of its expansion in terms of 1/N
isay ~1—27/N. We can also express it in terms of the spectral gap of L:

R i
1+4/1-C%

1 - VAL)(2 - L))
1+ /AML)(2 = ML)

The spectral gap of A(M(®) for a € [0,1] is then given by

a 1+a)2C% —4a .
)\(M(a)) — 1— %CN—% s lf(le [O,CZN] (30)
1—+a ,if a € [an, 1]
Similarly to what we remarked for 9/(,?,2 after the proof of Lemma 24, \(M (“)) is improving a lot
just before an. The largest spectral gap of M(®) correspond to the choice a = ay and we get

)\(M(“N)) = 1—\ay

L \/1— AL - AT)
1+ /AL)(2— ML)

Thus for N large and odd, we have

AMEN)) %

2

which is an important improvement with respect to the spectral gap of L satisfying A\(L) ~ 5.

The diffusive effect has been erased.

Theorem 2 amounts to the above statements in the case of our example (since S = {—1,1},
replace |S| in the formulas by 2 and note that the alternative ag > 1 does not occur in the present
case).

More generally, the previous considerations (see also Gade and Overton [5], when the discrete
circle is replaced by a path) enable to get the following picture for the evolution of the spectrum of
M@ (seen as an operator on F(G?))) as a goes from 0 to 1, for N odd (a similar behavior holds
for N even, except for that the eigenvalue —1 does not move). First note that for any a € [0, 1],
the spectrum of M(® is included into [—1,1] U C(y/a) where C(y/a) C C is the circle centred at 0
and of radius \/a. Next the eigenvalues go by pairs. At a = 0, one starts from zero and the other
one from an eigenvalue of L and they go in the direction of each other (there is one particular case
which is the pair containing the eigenvalue 1: this value does not move and just looks its partner,
the eigenvalue a, coming in its direction). When they meet, they begin to leave the real line and
go on the circle C(y/a) C C. They will keep on moving on the circle (which itself is increasing), in
a conjugate way. Putting aside the exceptional pair containing 1, the last pair to leave the real line
is the one containing the eigenvalue corresponding to the spectral gap. Once this pair has left the
interval [—1, 1], all the eigenvalues (except the two exceptional ones) have the same modulus and
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so all of them correspond to the spectral gap. At a = 1, all eigenvalues are regularly distributed
on the unit circle C(1) and are all of multipicity 2. Indeed M (1) has two irreducible classes, which
correspond respectively to the determinist walks which always turn around Zy in the clockwise or
in the anti-clockwise direction and both of them have G* as spectrum.

Remark 26 Up to a real factor, the matrices defined in (26) with a € [—1,1] and p € T correspond
to the general 2 x 2 matrices which are symmetrical and centro-Hermitian. These properties enable
to get some of the above results without entering into the computations of the eigenvalues. This
approach, as well as a better exploitation of Lemma 12, would have to be developed further in
order to go in the direction of Conjecture 3. But here let us just deduce the first part of Lemma 24.
Recall the tilde operation on F({—1,+1},C) which was defined after the proof of Lemma 12: if
f=(f(=1),f(1) € F({~=1,+1},C), we have f = (f(1), f(—1)). When the matrix B,S“) defined in
(26) has two distinct real eigenvalues, the corresponding eigenvectors, say cpﬁf)_ and cpgfzr, can be
assumed to be real. According to the remark after the proof of Lemma 12, for € € {—, +}, we have
furthermore that gZE)aE) is proportional to gogffe) . Consider the usual bilinear (not sesquilinear) form
(-,-) defined by

V=0, f1), 9= (9(=1),9(1) € F{-1L+1},C),  (f,9) = [f(=Dg(=1) + f(1)g(1)

The above properties of the eigenvectors imply that for € € {—, +},

(3. 0)) = 2601l (1)
< 0

otherwise, due to the proportionality of (ﬁf,ae) with cpgfe), we would end up with gpgfg) = (0,0).

Furthermore, since B,S‘”) is symmetric with respect to (-,-), we get that

05 (B o) = (B BOIAR) = (BRI oih) = 082 (o) = 652 (@) otk

and thus <~£‘f)_, cpgf) > = 0. Note that since we can find ¢t € R such that (gpéa)_ +tcpgf) )(=1) =0
(

~( a

by consequence <cpp?)_ + t(ﬁ;ﬁ, cpgf)_ + tgpgl_)i_> = 0, we have that <[§£a)_7 (p;a)_)> and <(ﬁ£a3r, Cpp,+)>

)

are of opposite signs. We can renormalize the eigenvectors so that these quantities are 1 and —1
or vice-versa. Taking into account the elementary fact that for any c1,co € R, we have

and
)

cit — c9s

in = max(cy, ¢
5t>0:t—s£0 t— S ( ' )

we deduce that

"“,B(a)
.o o AE)
) feF({-1,41},0): <f7f>7$0 <f7 f
!}?,B(a) f
o o (£ 51

FEF({~1,41},C): (f.f)#0 <f, f >

Due to the fact that for a € [0,a(p)], these eigenvalues have the same sign (because det(Béa)) =
4a), the first part of Lemma 24 is then a consequence of the affine nature of the map [0,1] 3 a —

B\,
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When the matrix Bﬁa) has conjuguate nonreal eigenvalues, note that the tilde operation enables
to pass from one eigenvector to the other eigenvector. Contrary to the above situation, we then

have <<,p£)a2, gpg?)> =0, for € € {+, —}, because

00 (3, o)) = (3, B@[e]) = (BOER], o)) = 652 (5, o)

5 Global improvement of the spectral gap

Here we reduce the proof of Theorem 2 to the computations made in the previous section. But
we will also see that when the generating set S contains strictly more than two elements, then the
resort to the second order Markov chains considered here only provides weak improvements of the
spectral gap. Three examples will illustrate this unfortunate fact.

Let us recall the framework of Theorem 2: G is a finite Abelian group and S is a symmetric
subset of generators of G, with s := |S| > 2. For any a € [0, 1], we consider the homogeneous speed
transition kernel given by

_a_ / if ) £ —
Vyy es, — K94yy) = { O"%&J)f@) ’#y/# y
(1—a)u(y) ity =—y
where p is the uniform distribution on S. Of course, if G is a cyclic group and S = {—1,1}, we
recover the example treated in the preceding section.
Consider G* the set defined in (16), where G has been identified with a product group Hle[[l,rﬂ Zn,

(with 7 € N\ {0} and Ny, ..., N, € N\ {0,1}). For a € [0,1], let M(®) be the second order Markov
kernel associated to the homogeneous speed transition kernel K. According to the comments
following Proposition 11, the spectral decomposition of M (@) into Jordan blocks corresponds to
the union of the spectral decompositions of the matrices Aga) = A(p) K@ (recall that A(p) is the
diagonal matrix whose diagonal entries are given by p), for p € G*. Since S is generating G, any
p € G* is uniquely determined by (p(y))ycs, we can identify p with (p(y))yes. More generally, let
R be the set of functions p : S — T which satisfies p(—y) = p(y) for any y € S and p(0) = 1 if

0 € S. For any p € R, we define Aga) = A(p)K (@) in the same way as above. The main step to
understand their spectral structure is contained in the next result:

Proposition 27 Let a € [0,1] and p € R be fized and assume that p is not proportional to 1, the
element of R always taking the value 1 on S. Denote b\® = a/(s—1), ¢ ( ) = (14-b@))s~1 > yes PY)

and consider the matrix
C’(a) = 0 _l()i;l)
P 1 ¢

The matriz Aga) 1s in the same conjugacy class as a block diagonal matriz whose diagonal blocks

are the 2 x 2 block C’,()a), with multiplicity one, complemented with some 1x 1 block(s) (b'®) and/or
(=b).

Proof

Let J be the reverse diagonal S x S matrix: V v,y € S, J(y,y') = 0_,(y") (it was already
encountered in Lemma 20). It appears that for any a € [0, 1], we have

K@ = 1+4b@)KO _ply (31)
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Using this formula, we compute that

AP = (10K O] - B A(p)I[1]
= (1+bA(p)1 —bYA(p)1
=

On the other hand we have
AWl = (14 A(p) KD [p] — b A(p) T[]
= cg’)p —bl@1
)

Thus the vector space W generated by 1 and p is left stable by the operator Aga . By assumption,

W is of dimension 2 and in the basis (1, p), the matrix associated to the restriction of Aga) to W
is just Céa).
Next consider

W' = {f e F(S,C) : p[f] = 0and u[pf] = 0}
and let us check that W' is also left stable by Aga). Indeed, using (31), we get that for any f € W/,
APl = =9Il (32)
So we compute first that

p AW = =@ plp[f]
= b " p(y) f(—y)

yes

and next that

plpAW ] = —b9ulppJ(f]]

=0

The stability of W’ by Afja) follows from these two equalities.

In order to go further in the spectral decomposition of Aga), we must verify that 7(S,C) = Wa W/,
which amounts here to check that W N W’ = {0} (because the liberty of 1 and p in the dual space
of L2[u1, C] implies that the dimension of W' is |S| — 2). So let f € W N W' and write it under the
form vl + wp, with v,w € C. Let r := ulp], which is also equal to u[p] by symmetry, thus r is a
real number. We compute that

ulfl = vtrw
plpfl = ro+w
Thus the system of equations p[f] = 0, u[pf] = 0 admits a non trivial solution in v,w, if and

only if r? = 1. But if this is true, then we have |u[p]| = p[|p]] = 1 and necessarily p has to be
proportional to 1. This is excluded by our assumption and it follows that v = w =0, i.e. f =0.
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To conclude the proof of the above proposition, it remains to show that the restriction Af,a) lw

of Afja) to W' is diagonalizable and that its only possible eigenvalues are b® and —b(®. Coming
back to (32), we compute that for any f € W/ and y € S,

(AN2[fy) = —09p(y) AW [f](—y)
= —b0p(y)(=b)p(—y) f ()
()2 f (y)

The announced results are then a consequence of the identity (Aga)|wf)2 = (b@)21d.
|
(a)

To finish the spectral analysis of A,", say for fixed a € [0,1] and p € R such that 1 are p are not
)

proportional, we must study more precisely C’,()a . To come back to the situation of the previous
section, we just apply the arguments of the above proof to the case where s = 2:

Lemma 28 Let o/ = b € [0,1] and p' € T be such that its real part is given by s=' > yes PY)-

Then Céa) s in the same conjugacy class as

N 14a’ 1 1=d
B(a’) — 3 P 2
o " 1—d’ 1+ad’ 77

Proof

Let us starts from the matrix Eé?l), where o' € [0,1] and p' € T. According to formula (17), this
matrix is in the same conjugacy class as

A\([,l/) - ( l-galﬂl 1—2a,p_/ >
p 1—2a p/ l—ga ,0/
The latter matrix has the same structure as the matrices Aga) considered above, but with a set S
of cardinal 2. So by the computations of the proof of Proposition 27, we have

(0 —a +_/) _ @) 360 ey
1 (1+d)5E oo

@) ._ Ly
= (1 7)

Thus if we take ' = b(® € [0,1] and p’ € T such that its real part is given by s~ ZyES p(y), we

recover the matrix C,S“’ and the wanted result follows.

where

[
The matrix E;‘,l/) coincides with the matrix defined in (26), where a and p have to be replaced by o

and p’. As a consequence the spectral decomposition of C,S“’ is given by Lemma 23, where a and p

have to be replaced by a’ and p’. In particular, the bound (29) implies that the largest modulus of

)

the eigenvalues of C’,()a is larger than o’ = b(®. Then Proposition 27 leads to the following result:

Proposition 29 Let be given a € [0,1] and p € R such that 1 are p are not proportional and

define a’ € [0,1] and p' € T as in Lemma 28. Consider (92'2 the largest modulus of the eigenvalues
of Aga). Then we have

(@) _  pla)

®P[71* - epc’b,*

where the rhs was defined in (28) (where a and p have to be replaced by o' and p').
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We can now come to the

Proof of Theorem 2
To complete the previous investigation of the spectrum of the operator M @ for a € [0,1], we

must study the matrix Agl) when p € G* is proportional to 1. So let p € G* be such that there
exists z € C with

VyesS,  ply) = =

By symmetry of S and due to the fact that p(—y) = @ for any y € S, we get that z € R. Thus
there is only two possibilities: either z = 1 or z = —1. In the latter case, namely if there exists
p € G* such that p(y) = —1 for all y € S, we get that the underlying random walk kernel L is
periodic: it only allows transitions from G4 to G_ and from G_ to G, where for ¢ € {—,+},
Ge={x € G : p(x) = €el}. Then —1 is an eigenvalue of L (an associated eigenvector is 1¢, —1g_)
and by consequence the spectral gap A\ of L is zero. By periodicity, the spectral gap A\(M (“)) of
M@ for a € [0,1], also vanishes and we get that A := maXqe|o,1] AMM@) = 0. In this situation,
Theorem 2 asserts that ag = s — 1 > 1 and formula (12) is true, because its rhs also vanishes.

Let us now consider the case z = 1, namely p = 1 (identifying elements of G* with their
representative in R). The corresponding matrix Aga) is just K(®. The arguments used in the
proof of Proposition 27 become simpler to deduce the spectral decomposition of K(®: the function
1g is an eigenvector of K(® associated to the eigenvalue 1, the restriction of K(®) to W' := {f e
F(S,C) : p[f] = 0} is diagonalizable and its spectrum is included into {—b(®), ()},

It follows from these considerations, that the largest modulus of the eigenvalues of M(®) | outside
the eigenvalue 1 associated to the eigenvector 14 (which according to Proposition 10, corresponds
to the eigenvector 1g of Agla)), is the largest of the quantities (92'2, where p € G*\{1}. Furthermore,
when L is aperiodic, which is the situation we will consider for the rest of this proof, all p € G*\{1}
are not proportional to 1. Due to Proposition 29 and Lemma 25, the p € G* \ {1} maximizing
@Efﬁz do not depend on the value of a € [0,1]. In particular they are the pg € G* \ {1} such that

the spectral gap A of L satisfies 1 — A = @g%%*. Let us define

Co =[5> po(y)

yes

According to Proposition 29 and to the computations of the previous section, this quantity does
not depend on the particular choice of the pg € G* \ {1} such that 1 — X\ = @E}?)),* and indeed we
have

1—-X = Oy (33)

Furthermore, Proposition 29 leads to a result similar to (30): the spectral gap of A(M(@) for
a € [0,1] is then given by

AMM@Yy = {

|- L g VIREORCGEE e ya) ¢ o, gy

34
1 —Vb@ ,if 5@ € [by, 1] (34

where by € [0, 1] is defined by the equation

1 1 202 4
—gboco_\/( +b0)200 bo _ \/%

if such a value exists in [0,1] and by = 1 otherwise. Recalling that b* = a/(s — 1) and taking
into account the relation (33), as well as the results of the previous section, the announced results
follow at once.
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Due to the fact that in Proposition 29 the quantity a’ = a/(s — 1) is independent of p € G*, the
behavior of the spectrum of M@ described at the end of Section 4 is also valid here with three
differences:

- the increasing circle containing the nonreal eigenvalues has radius /a/(s — 1),

- if ag > 1, not the all eigenvalues issued from the spectrum of L will encounter an eigenvalue
issued from 0 before a reaches 1,

- there are some “unpaired” eigenvalues, but their value is either —a/(s — 1) or a/(s — 1), note in
particular that no eigenvalue stays in 0 (for a # 0).

Unfortunately, in general Theorem 2 does not provide great improvements of the spectral
gap, except if |S| = 2. This phenomenon was already observed by Neal [10], relatively to the
improvement of the asymptotic variance (recall the discussion at the end of Section 3). To get an
idea of the improvement brought by the resort to the second order Markov chains introduced in
Theorem 2, let us consider an abstract family of examples parametrized by N belonging to a set
N, endowed with a filter so that the notion N — oo has a meaning. Thus for any N € N, we are
given a finite Abelian group Gy and a symmetric set of generators Sy, with |Sy| > 2. Denote by
Ay the spectral gap of the underlying random walk and more generally, put the index N to all the
notations introduced in Theorem 2 to indicate their dependence on N € N.

Proposition 30 Assume that there exists s € N\ {0,1,2} such that for any N € N, |Sny| = s.
Under the assumption that limy_oo Ay = 0, we have as N — oo,

Proof
Clearly we have for the quantity ay defined in (11), with A replaced by Ay,

lim a = s—1>1
N—oo N

(1/\N+\/<882>2>\N(2/\N)
- 1-@ <1AN+882\/1<882>2)\N(2)\N)
(1—AN+S;2 (1— <8f2>2AN>> +o(Ay)

So for N “large” enough, we get

S

AR

Let s € N\ {0,1,2} be fixed. One can take for A the set of all couples (G, S) where G is a finite
Abelian group and S a symmetric set of generators of S, with |S| = s. The assumptions of the
previous result are then all satisfied if we endow N with the filter base corresponding to the subsets
{(G,S) e N : \g,s) < ¢}, for € € (0,1). Nevertheless, let us end this section with three more
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concrete families of examples. The first family is similar to the one considered in the previous
section, except that we add 0 to the generating set S.

Example 31 Solet N =N\ {0,1,2} and for N € N/, we take Gy = Zy and Sy = {—1,0,1}, so
that s := |Sy| = 3. According to equation (33), we have

1
1-Ay = max{g |1 4 exp(2mik/N) + exp(—2mik/N)| : k€ [1,N — 1]]}
= max{%\l+2cos(27rk/N)] : ke[[l,N—l]]}

— %(1 + 2cos(27/N))

because we easily check that here the maximum is attained for £ = 1 (this is an important difference
with the previous section, in particular no periodicity phenomenon occurs now). Note that for
N = 3, Ay = 1: this is a situation where the spectral gap cannot be improved and Theorem 2
gives us ag = 0 and Ag = A3. Indeed for N = 3, the spectral gap is worsening with a € [0, 1], since
(34) is always valid (in this particular case with Cy = by = 0) and we get \(M(¥)) =1 — \/a/2.
But for N € N\ {3}, we get a strict improvement of the spectral gap. Nevertheless, it remains
quite modest, because we compute that for N € N large,

472
AN~ 3

and Proposition 30 gives us

1072

N

Note that we can also consider the case N = 2, then Gy = Sy = Zy. As for N = 3, this is a
situation where the spectral gap cannot be improved: Ay = 1. Proposition 27 enables to see that
for any a € [0, 1], the spectrum of M(® (acting here on 73) is equal to {1,a, —/a,+/a} so that the
spectral gap is worsening with a: A(M (@) =1 — \/a.

~

O
The second family of examples corresponds to the nearest neighbor multidimensional torus models.
Example 32 Let r € N\{0, 1} be fixed. We denote N' = (N\{0,1,2})" and for N = (Ny, ..., N,) €
N, consider the group Gy = Hle[[l,r]] Zp, and the generating set
Sy = {xe :le[l,r]}

where e; = (6;(k))peqi,r)- Note that [Sy[ = 2r. Let us say that N — oo if all its coordinates Ny,
...y N, go to infinity.
Taking into account the parametrization of G* given in (16), equation (33) gives

1— Ay = max

> cos2rky/N)| + (kry k) € T 10,8 = 1]\ {(0,...,0)}

le[1,r] le[1,r]

= Z cos(2m| N /2| /N;)

lef1,r]

Then as N — oo, we have



where Iy = {l € [1,7] : N;is odd}. In particular limy_o Ay = 0 and Proposition 30 implies

that as N — oo,
r r\?
Ay ~ 1 —_—
N 2r—1<+<7‘—1>>)\N

The case where some of the N;, i € [1,r], are equal to 2 can be treated in a similar way except
that now

ISvl = ) Lqwmoy +204n,50
i_1

In particular we can deal with the situation G = Z3, S = {(0,1), (1,0)}, which, up to an isomor-
phism of G, is the only case with |S| = 2 which was not treated in Section 4.
O

The third family of examples comes back to the cyclic group, but with a different set of generators,
with cardinal 4.

Example 33 We take
N = {n®:neN\{0,1} and n odd}

so that v/N is an odd integer for N € N. The notion N — oo is the usual one.

For N € N, we consider Gy = Zy and Sy = {il,:l:\/ﬁ }. If one had allowed squares of even
numbers in the definition of N, the corresponding underlying random walks would be periodic, so
that the study of the spectral gap is trivial. Indeed, for VN € N\ {0, 1}, we always have, according
to equation (33),

1-Ay = max{% ‘cos(Zwk:/N) + cos(2nk/VN)| : ke [1,N — 1]]}

and if VN is even, we get Ay = 0.
For N € N large enough, the maximum is attained for k = (N —1)/2 (and for kK = (N +1)/2) and
it appears that

Ay = 1-— (COS(W/N)—FCOS(W/\/N))

N =

2

AN
for N large. Again Proposition 30 shows only a modest improvement for the spectral gap of M1):
for N large,

10

572
6N
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