Fortuin-Kasteleyn representations for threshold
Gaussian and stable vectors

Malin Palo Forsstrom * Jeffrey E. Steif T

January 8, 2019

Abstract

We study the question of when a {0, 1}-valued threshold process asso-
ciated to a mean zero Gaussian or a symmetric stable vector corresponds
to a divide and color (DC) process. This means that the process corre-
sponding to fixing a threshold level h and letting a 1 correspond to the
variable being larger than h arises from a random partition of the index
set followed by coloring all elements in each partition element 1 or 0 with
probabilities p and 1 — p, independently for different partition elements.
For example, the Ising model with zero external field (as well as a number
of other well known processes) is a DC process where the random partition
corresponds to the famous FK-random cluster model.

We first determine in general the exact lack of uniqueness of the rep-
resenting random partition. This amounts to determining the dimensions
of the kernels of a certain family of linear operators.

We obtain various results in both the Gaussian and symmetric stable
cases. For example, it turns out that all discrete Gaussian free fields yield
a DC process when the threshold is zero; this follows quite easily from
known facts. For general n-dimensional mean zero, variance one Gaussian
vectors with nonnegative covariances, the zero-threshold process is always
a DC process for n = 3 but this is false for n = 4.

The answers in general are quite different depending on whether the
threshold level h is zero or not. We show that there is no general mono-
tonicity in A in either direction. We also show that all discrete Gaussian
free fields yield DC processes for large thresholds. Moving to n = 3, we
characterize exactly which mean zero, variance one Gaussian vectors yield
DC processes for large h.

In the stable case, among other results, if we stick to the simplest case
of a permutation invariant, symmetric stable vector with three variables,
we obtain a phase transition in the stability exponent « at the surprising
point 1/2; if the index of stability is larger than 1/2; then the process
yields a DC process for large h while if the index of stability is smaller
than 1/2, then this is not the case.
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1 Introduction, notation, summary of results and
background

1.1 Introduction

A very simple mechanism for constructing random variables with a (positive)
dependency structure is the so-called generalized divide and color model intro-
duced in its general form in [I2] but having already arisen in many different
contexts.

Definition 1.1. A {0,1}-valued process X := (X;)iecs is a generalized divide
and color model or color process if X can be generated as follows. First choose
a random partition 7 of S according to some arbitrary distribution, and then
independently of this and independently for different partition elements in the
random partition, assign, with probability p, all the variables in a partition
element the value 1 and with probability 1 — p assign all the variables the value
0. This final {0, 1}-valued process is then called the color process associated to
m and p. We also say that 7 and p is a color representation of X.

As detailed in [I2], many processes in probability theory are color processes;
examples are the Ising model with zero external field, the fuzzy Potts model
with zero external field, the stationary distributions for the Voter Model and
random walk in random scenery.

While certainly the distribution of the color process determines p, it in fact
does not determine the distribution of 7r. This was seen in small cases in [12], and
this lack of determination will essentially be completely determined in Section [2

Since the dependency mechanism in a color process is so simple, it seems nat-
ural to ask which {0, 1}-valued processes fall into this context. We mention that
it is trivial to see that any color process has nonnegative pairwise correlations
and so this is a trivial necessary condition.

In this paper, our main goal is to study the question of which threshold
Gaussian and threshold stable processes fall into this context. More precisely,
in the Gaussian situation, we ask the following question. Given a set of random
variables (X;);e; which is jointly Gaussian with mean zero, and given h € R, is
the {0, 1}-valued process (X/*);c; defined by
Xh=1(X; > h)
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a color process? In the stable situation, we simply replace the Gaussian as-
sumption by (X;);cr having a symmetric stable distribution. (We will review
the necessary background concerning stable distributions in Subsection) For
the very special case that [ is infinite, h = 0 and the process is exchangeable,
this question was answered positively, both in the Gaussian and stable cases, in
[12]. As we will see later (see Theorem , the set of threshold stable vectors
is a much richer class than the set of threshold Gaussian vectors. As such, it is
reasonable to study both classes.

Since all the marginals in a color process are necessarily equal, if h # 0, then
a necessary condition in the Gaussian case for (X/*);c; to be a color process is
that all the X;’s have the same variance. Therefore, when considering h # 0, we
will assume that all the (X;)’s have variance one. However, it will be convenient
not to make this latter assumption when considering h = 0. For the stable case,
we will simply assume that all the marginals are the same.

It has been seen in [I2] that p = 1/2 and p # 1/2 (corresponding to h = 0
and h # 0 in the Gaussian setting) behave very differently generally speaking.
We will continue to see this difference throughout this paper.

We finally note that the questions looked at here significantly differ from
those studied in [I2]. In the latter paper, one looked at what types of behav-
ior (ergodic, stochastic domination, etc.) color processes possess while in the
present paper, we analyze which random vectors (primarily among threshold
Gaussian and threshold stable vectors) are in fact color processes.

1.2 Notation and some standard assumptions

Given a set S, we let Bg denote the collection of partitions of the set S. We
denote {1,2,3,...,n} by [n] and if S = [n], we write B, for Bs. |B,]| is called
the nth Bell number. We denote by P,, the set of partitions of the integer n.

A random partition of [n] yields a probability vector ¢ = {g, }oes, € R5".
Similarly, a random {0, 1}-valued vector (X1, ..., X,,) yields a probability vector
v=A{Vp}peqo,1}n € R{0:1}" | The definition of a color process yields immediately,
for each n and p € [0, 1], an affine map ®,, , from random partitions of [n], i.e.,
from probability vectors ¢ = {¢,}sep, to probability vectors v = {v,},ec(0,1}-
This map naturally extends to a linear mapping A, ,, from R5» to R{%1}". See
Section 2] for more details.

While perhaps not standard terminology, we adopt the following definition.

Definition 1.2. We call a Gaussian vector standard if each marginal has mean
zero and variance one.

Standing assumption. Whenever we consider a Gaussian or symmetric sta-
ble vector, we will assume it is nondegenerate in the sense that for all i # j,
P(X;# X;)=1.

Some further notation which we will use is the following.

Vgy,.oyzn OT I/(xh s 71'71)

will denote the probability that {X; = z1,...,X,, = z,} for a {0,1}-
valued process (X1,...,X,).

vor (h) or v, (0%)
as an illustration, will denote, given a Gaussian or stable vector (X1,..., X,,)



the probability that the h-threshold process is identically zero; i.e., the
probability that P(X; < h, X2 < h,..., X, < h). More generally, for
h € R, we let v, = L(X").

q13,2
as an illustration, will denote, given a random partition with n = 3, the
probability that 1 and 3 are in the same partition and 2 is in its own
partition.

If we have a partition of a set of more than three elements, gi32 will
then mean the above but with regard to the induced (marginal) random
partition of {1,2,3}.

N(0,4)
will denote a Gaussian vector with mean zero and covariance matrix A.

1.3 Description of results

In Section [2| the linear operator A, , defined above is studied in detail. The
range is characterized and we obtain formulas for the rank and hence the nullity
in all cases. The formula differs depending on whether p = 1/2 or p # 1/2.
The notions of a formal solution and a nonnegative solution will be given in
that section. A nontrivial kernel of A, ,, corresponds exactly to nonuniqueness
of a formal solution. A nontrivial kernel is also very closely related to, but not
exactly the same as, nonuniqueness of a nonnegative solution. Nonuniqueness of
a nonnegative solution corresponds exactly to a color process arising from more
than one random partition. We then restrict to the situation where we have
invariance under all permutations of [n] and we again characterize the range
and give the rank and hence nullity of the appropriate operator.

In Section |3, we present positive results concerning the question of the exis-
tance of a color representation for the threshold zero case for discrete Gaussian
free fields and more generally for Gaussian vectors whose covariance matrices are
so-called inverse Stieltjes, meaning that the off-diagonal elements of the inverse
covariance matrix are nonpositive. (See subsubsection for the definition of
a discrete Gaussian free field.) This essentially follows from the known fact that
the signs of a discrete Gaussian free field conditioned on their absolute values
is an Ising Model with nonnegative interaction constants depending on the con-
ditioned absolute values. The latter fact has been observed in [6]. However, it
turns out that a threshold zero Gaussian process can be a color process even if
its covariance matrix is not inverse Stieltjes. We also relate the class of inverse
Stieltjes vectors with the set of tree-indexed Gaussian Markov chains.

In Section[4] we provide an alternative proof that threshold zero tree-indexed
Gaussian Markov chains are color processes using the Ornstein-Uhlenbeck pro-
cess. This proof has the advantage that the method leads to our first result
for stable vectors, namely that a threshold zero tree-indexed symmetric stable
Markov chain is also a color process; in this case, we however use subordinators.

In Section |5 we view our Gaussian vectors from a more geometric perspective
and obtain a number of negative (and some positive) results for thresholds h # 0.
In this section, we will obtain our first example where we have a nontrivial phase
transition in A. This will be elaborated on in more detail in Theorem [5.9] but
we state perhaps what is the main import of that result.



Theorem 1.3. There exists a four-dimensional standard Gaussian vector X so
that X" is a color process for small positive h but is not a color process for large

h.

Remark 1.4. Given the above it is natural to ponder over the possible mono-

tonicity properties in h. Proposition[5.5/implies that there is no three-dimensional
Gaussian vector with such a phase transition among those that are not fully sup-

ported, while simulations indicate that there is also no fully supported three-

dimensional Gaussian vector with such a phase transition. On the other hand,

Corollary iii) tells us that there are three-dimensional Gaussian vectors

which are not color processes for small A but are color processes for large h.

This together with the previous result rules out any type of monotonicity, in

either direction. Perhaps however monotonicity holds (in one direction) for fully

supported vectors. See the open questions section.

Returning to the threshold zero case, we recall that Proposition 2.12 in [12]
implies that for any three-dimensional Gaussian vector with nonnegative corre-
lations, the corresponding zero threshold process is a color process. Our next
result says that this is not necessarily the case for four-dimensional Gaussian
vectors.

Theorem 1.5. There exists a four-dimensional standard Gaussian vector X
with nonnegative correlations so that X9 is not a color process. X can be taken
to either be fully supported or not.

In Section [6] we extend the study of the example given in the proof of the
previous theorem to the stable case and derive as a consequence some surprising
properties of integrals, which we state here. Two ingredients which are used in

the proof is [§] and [12].

Theorem 1.6. The following two integrals, to be taken in the Cauchy principal
value sense as they are not Lebesque integrable, are independent of «, the first
having value 72 /6 and the second having value /4.

log (| cos 0]* + | sin|* + | cos € + sin 0]%)

fim : a9,
e—0 (e,m/2—e)U(m/24e,m—€) acosfsin 6
log (% + | cosf + (%)é Sin0|a)
lim - de.
e—0 (e,m/2—e)U(m/24€e,m—€) acos @ sin 6

In Section |7, we consider the large h Gaussian case. We show that any
Gaussian vector which is not fully supported does not have a color a representa-
tion for large h; see Corollary On the other hand, we show that all discrete
Gaussian free fields (with constant variance) have color representations for large
h.

Theorem 1.7. If X = (X1, Xo,...,X,) is a discrete Gaussian free field which
is standard Gaussian, then X" is a color process for all sufficiently large h.

In Section |8, we obtain detailed results concerning the existence of a color
representation when the threshold 7 — 0 and when A — oo in the general
Gaussian case when n = 3. In the fully supported case, we have the following
result which gives an exact characterization of which Gaussian vectors have a
color representation for large h. Note that if two of the covariances are zero,
then we trivially have a color representation for all h.



Theorem 1.8. Let X be a fully supported three-dimensional standard Gaussian
vector with Cov(X;, X;) = a;j € [0,1) for 1 <1i < j < 3 and positive definite
covariance matriz A = (a;;).

If a;j > 0 for all i < j, then X" has a color representation for sufficiently
large h if and only if one of the following (nonoverlapping) conditions holds.

(i) 1”TA71 >0
(ii) min; 1T A=1(i) = 0
(i4i) min; 1TA71(i) < 0 and 1TA71 < 2.

Furthermore, if exactly one of the covariances is equal to zero, then X does
not have a color representation for large h.

The assumption in (i) of Theorem i.e. that 1TA~! > 0, is sometimes
called the Savage condition (with respect to the vector 1 = (1,1,...,1)). When
A = (a;;) is the covariance matrix of a (nontrivial) two-dimensional standard
Gaussian vector, then 17 A71(1) = 1TA71(2) = (1 + a12)~! > 0, and hence the
Savage condition always holds in this case. If A = (a;;) is the covariance matrix
of a three-dimensional standard Gaussian vector, then one can show that

(14 a23 — a1z — a13)(1 — ags)

AT = det A (L)

and it follows that the Savage condition holds if and only if

1+2r51<i§_1aij>2aij. (2)
i<j

When 1741 > 0, we will refer to this as the weak Savage condition. This for
example holds for all discrete Gaussian free fields.

The rest of the results we describe in this section concern the stable (non-
Gaussian) case. To justify their study, we would want to know that the collection
of threshold processes which can be obtained from stable vectors is not the same
as those which can be obtained from Gaussian vectors. In fact, as described later
on in this subsection, the former is a much larger class, thereby justifying the
study of the stable case.

In Section [9, we first look at the n = 2 case. While it is trivial that having
a color representation is equivalent to having a nonnegative correlation when
n = 2, in the stable case it is not obvious, even when n = 2, which spectral
measures yield a threshold vector with a nonnegative correlation. This contrasts
with the Gaussian case where nonnegative correlation in the threshold process
is simply equivalent to the Gaussian vector having a nonnegative correlation.

The following result from [I0] is relevant in this context. Theorem 4.6.1
in [I0] and its proof yield Part (i) and Theorem 4.4.1 in [I0] (see also (4.4.2) on p.
188 there) easily yields (ii). We denote the standard one-dimensional symmetric
a-stable distribution with scale one by S,(1,0,0); see the next subsection for
precise definitions.

Theorem 1.9. Let « € (0,2) and let X be a symmetric 2-dimensional a-stable
random vector with spectral measure A, which is such that both marginals have
distribution S (1,0,0). Then the following hold.



(i) A has support only in the first and third quadrants if and only if X{"l and
X;” are nonnegatively correlated for all hi, ho € R.

(ii) If A has some support strictly inside the first quadrant, then X} and X%
have strictly positive correlation for all sufficiently large h.

Interestingly, (i) is not equivalent to having X! and X» being nonnegatively
correlated for all h € R. While we have not obtained a characterization of this
in terms of the spectral measure, the following natural example shows that one
does not need to have the spectral measure supported only in the first and third
quadrants.

Proposition 1.10. Let S1,S52 ~ S4(1,0,0) be independent and let a € (0,1).
Set

X1 = aSl + (1 — aa)l/o‘Sg

X2 = —a51 + (]. — aoc)l/asz

(This insures that X1, Xo ~ S4(1,0,0).) Then the following are equivalent.
(i) X9 and X§ have nonnegative correlation

(ii) a <271/«

(i) XP and X% have nonnegative correlations for all h.

We now study the question of the existence of a color representation in the
symmetric stable case when h — oco. Our first result shows that there is a fairly
large class for which the answer is affirmative and here the method of proof
comes from that used in Theorem [I.7

Theorem 1.11. Let X be a symmetric stable distribution whose spectral mea-
sure has some support properly inside each orthant. Furthermore, assume that

x « X
Q/SM( V0) dA(x) < 1 3)

where x) denotes the second largest coordinate of the vector . Then X" is a
color process for all sufficiently large h.

The integral condition in will hold for example if the spectral measure is
supported sufficiently close to the coordinate axes.

Next, we surprisingly obtain, in the simplest nontrivial stable vector with
n = 3, a certain phase transition in the stability exponent where the critical
point is & = 1/2. We state it here although relevant definitions will be given
later on.

Theorem 1.12. Let o € (0,2) and let S, S1, S, S3 be i.i.d. each with distri-
bution S,(1,0,0). Furthermore, let a € (0,1) and fori=1,2,3, define

X; =aSy + (1 — a“)l/“S’i

and X, = (X1,X2,X3). (Xu is then a symmetric a-stable vector which is
invariant under permutations; it is one of the simplest such vectors other than
an i.i.d. process.)



(i) If o > 1/2, then X" is a color process for all sufficiently large h.
(ii) If a < 1/2, then X" is not a color process for any sufficiently large h.

The critical value of 1/2 above was independent of the parameter a, as long
as a € (0,1). If we however move to a family which has two parameters, but is
still symmetric and transitive, we can obtain a phase transition at any point in

0,2).

Theorem 1.13. Let a,b € (0,1) satisfy 2a® +2b*> < 1. Let ¢; = c¢1(a,b) € (0,2)
be the unique solution to 2a* + 2b°* = 1 and cs = c3(a,b) := log2/|loga —
log b] € (0, ).

For a € (¢1,2), let S1, Sa, ..., St be i.i.d. with S; ~ S,(1,0,0) and define

X, == aS; +bSy + bSy + aSs + (1 — 2a™ — 2b*)'/ S,
X5 == aSy + bSs + bS5 + aSs + (1 — 2a® — 2b*)'/S;
X3 = bS; + aSs + aSy + bSs + (1 — 2a™ — 2b*)1/* S,

Then X, = (X1,X2,X3) is a symmetric a-stable vector which is invariant
under all permutations, and the following holds.

(i) If ez < c1, then, for alla € (c1,2), X!

~is a color process for all sufficiently
large h.

(ii) If co > 2, then, for all a € (c1,2), X" is not a color process for any
sufficiently large h.

(iii) If ca € (c1,2), then, for all a € (c1,ca), X! is not a color process for any
sufficiently large h while for all a € (c2,2), X" is a color process for all
sufficiently large h.

In particular, for any a. € (0,2) and € < a., we can choose a and b so that
c1 = € and ca = a, in which case X, is defined for all o € (€,2) and where the
question of whether the large h threshold is a color process has a phase transition
at a..

Remark 1.14. The case a > b = 0, which is not included above, corresponds to
the fully symmetric case studied in Theorem [I.12]

In Section we look at a somewhat different question. We ask which
{0, 1}-valued random vectors (Xi,...,X,), which are {0, 1}-symmetric, arise
as the zero threshold of a Gaussian or stable vector. The answer turns out to
be completely different in the two cases, which perhaps is not surprising since
the stable vectors have a much larger parameter space.

We first point out that given any symmetric n-dimensional Gaussian vector
X and any a € (0,1), there is an n-dimensional a-stable symmetric vector
Y so that X° and Y° have the same distribution. Given X, we simply let
Y = WY2X where W ~ S, /5(2(cosma/4)>/*,1,0). By [I0], p. 78, Y is an
a-stable symmetric vector, and clearly X° and Y° have the same distribution
since W > 0 as a/2 < 1. In fact, more generally, if we let TD, , be the set of
distributions on {0,1}"™ which can be obtained by taking the zero threshold of
some symmetric a-stable random vector, then for any o > a we have that

TDos © TDgm. (4)



Next, we give a simple example of a {0, 1}-symmetric process with n =
4 which cannot be represented by a zero-threshold Gaussian process. Let
(X1, X2, X3, X4) be uniformly distribution on the set of eight configurations
which have three 1’s and one —1 or three —1’s and one 1. One quickly checks
that (X7, X, X3, X4) is pairwise independent. Hence if it corresponded to a
zero-threshold Gaussian process, all of the six correlations would have to be
zero in which case (X1, Xo, X3, X4) would be i.i.d.

The above process is not a color process, but there are even color processes
which cannot be represented by a zero-threshold Gaussian process when n = 4
based on dimension counting. The dimension of the space of standard Gaussians
with n = 4 is 6-dimensional. On the other hand, Theorem ii) implies that
the dimension of the set of color processes is 7-dimensional when n = 4.

When n = 2, it is clear that all {0, 1}-symmetric processes arise from some
zero-threshold Gaussian vector. When n = 3, the relevant sets are each 3-
dimensional and one can in fact show that, unlike when n = 4, the set of
{0, 1}-symmetric processes corresponds bijectively to the set of zero threshold
Gaussian processes.

For stable vectors, the situation is completely different as stated in the fol-
lowing theorem.

Theorem 1.15. Given any probability measure u on {0,1}" and any € > 0,
there exists an n-dimensional stable vector X such that the distribution of X°
is within € of p. If desired, we could scale things so that each marginal has
scale one. Moreover, if p has a {0,1}-symmetry, then X can be taken to be a
symmetric stable.

Finally, we mention the following interesting application of Theorem [1.15
which again distinguishes stable vectors from Gaussian vectors. We know this
result is false for n = 3 in the sense that if n = 3 then o, = 0.

Theorem 1.16. (i). For alln > 4, there exists a critical value ac(n) € (0,2] so
that for all o € (ae(n),2), the zero-threshold process for any fully transitive and
symmetric a-stable vector of length n whose marginals have scale one is a color
process provided the threshold process has pairwise nonnegative correlations while
for all a € (0,a.), there exists a fully transitive symmetric a-stable vector of
length n whose marginals have scale one and whose zero-threshold has pairwise
strictly positive correlations but does not have a color representation.

(ii). For allm > 4 and € > 0, there exists a.(n,e) < 2 such that for all a €
(ac(n,€),2), the zero-threshold process for any fully transitive and symmetric
a-stable vector of length n whose marginals have scale one whose distance (in
some fized metric) to an i.i.d. standard normal vector is at least € is a color
process provided the threshold process has pairwise nonnegative correlations.

Finally, in Section we state a number of open questions.

1.4 Background on symmetric stable vectors

We refer the reader to [I0] for the theory of stable distributions and will just
present here the background needed for our results.

Definition 1.17. A random vector X = (X;)1<i<q in R4 has a stable distri-
bution if for all n, there exist a,, > 0 and b,, so that if (X1,..., X") are n i.i.d.
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copies of X, then
S X2 a,X + by

1<i<n

It is known that for any stable vector, there exists « € (0,2] so that a, =
n'/®. The Gaussian case corresponds to o = 2. Ignoring constant random
variables, a stable random variable (i.e., with d = 1 above) has four parameters,
(1) « € (0, 2] which is called the stability exponent, (2) 8 € [—1, 1] which is called
the asymmetry parameter, (3) o which is a scale parameter and (4) p which is
a shift parameter. When a = 2, there is no 8 parameter, p corresponds to the
mean and o corresponds to the standard deviation divided by v/2, an irrelevant
scaling. The distribution of this random variable is denoted by S, (o, 3, u).
More precisely, S (o, 8, 1) is defined by its characteristic function f(6), which,
for a £ 1 is

exp (—o|0|*(1 — iB(sgn ) tan(mwar/2)) + iud) .

See [10] for the formula when o« = 1. One should be careful and keep in mind
that different authors use different parameterizations for the family of stable
distributions. Throughout this paper, we will only consider symmetric stable
random variables corresponding to § = g = 0 and sometimes often assume
o = 1. The above then simplifies to a random variable having distribution
S, (0,0,0) which means its characteristic function is f(8) = e~ 11", In the
symmetric case, this formula is also valid for a = 1.

The structure of stable vectors is much more complicated than for Gaussian
vectors which we illustrate in three ways.

First, the set of two-dimensional Gaussian vectors, where each marginal has
mean zero and variance one, is one-dimensional, parameterized by the correla-
tion. However, for fixed «, the set of symmetric two-dimensional stable vectors
(symmetric means that the distribution is invariant under x — —x) where each
marginal has distribution S,(1,0,0) is infinite dimensional, corresponding es-
sentially to the set of probability measures on the unit circle which are invariant
under x — —X.

Secondly, if (X7, X32) is jointly Gaussian with X L X5, then we know that

(X1, X52) L (X2, X1); this is false in general for symmetric stable random vec-
tors.

Thirdly, if (X1, X2) is jointly Gaussian, then either (i) (X7, X}) is nonnega-
tively correlated for all & (which corresponds to X; and X, being nonnegatively
correlated) or (ii) (X7, X%) is nonpositively correlated for all h (which corre-
sponds to X; and X2 being nonpositively correlated); this is false in general for
symmetric stables in that the thresholds can be positively correlated for some h
and negatively correlated for other h. This will be further discussed in Section 9}

Finally, a random vector in R¢ has a symmetric stable distribution with
stability exponent « if and only if its characteristic function f(6) has the form

£(6) = exp(— / 10 x| dA(x))

gd—1

for some finite measure A on S*~! which is invariant under x — —x. A is called
the spectral measure corresponding to the a-stable vector. For « € (0,2) fixed,
different A’s yield different distributions. This is not true for a = 2.
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In a number of cases, we will have a symmetric a-stable vector X = (X1, ..., Xy)
which is obtained by having

X = A(Y,...,Yy)

where A is a d x m matrix and Y = (Y1,...,Y,,) are i.i.d. random variables with
distribution S,(1,0,0). In such a case, there is a simple formula for the spectral
measure A for X. Consider the columns of A as elements of R?, denoted by
X1,...,Xm. Then A is obtained by placing, for each ¢ € [m], a mass of weight
Ix:]15/2 at £x;/]|%:||2- See p. 69 in [I0].

2 The induced linear operator

2.1 General set up

In order to understand when one has uniqueness of a color representation, it is
natural to consider signed measures on ,, so that one can place the question in
a vector space context where uniqueness (essentially) corresponds to the kernel
of the associated operator being trivial (see [I2]). This is done as follows.

We let @, , be the map taking random partitions of [n] to probability vec-
tors on {0,1}"; this just sends the random partition to its corresponding color
process. For each n and p, we have a natural linear mapping A, ,, from RB» to
R{01}" which extends ®,, ,. We can identify B,, with the natural basis for RB=
and hence A, ,, is uniquely determined by describing the image of each o € B,,.
Given o € B,, and a binary string p € {0,1}", we write o < p if p is constant on
the partition elements of o. We clearly have

pe@r) (1 — p)lleli=cler) it 5 qp

A n =A n\pP =
pn(0)p pn(p,0) {O otherwise

where ||| is equal to the number of partition elements in the partition o and
¢ = ¢(o, p) is the number of partition elements on which p is 1. For p € {0,1}",
we write —p to denote the binary string where the zeros and ones in p are
switched, i.e. —p=1—p.

In [12], the dimension of the kernel of A, ,, and hence of the range, was
determined for a few small values of n. The following result gives the formula
for these in general, and also gives an explicit description of the range of A4, ,
for all n and p. The analysis of the p = 1/2 case is much easier and we do that in
the next subsection while the p # 1/2 case is done in the subsequent subsection.
In the last subsection, we look at the situation where there is invariance with
respect to permutations of [n].

We end this subsection with a few more elementary remarks. A,, sends
nonnegative vectors to nonnegative vectors and if ¢ = (¢,)sep, 1s sent to v

under A, ,, then ZpE{O,l}" v, = ZUEB” Go-
Definition 2.1. Given n and p, if v € R{®1" corresponds to a probability

vector (i.e., the coordinates of v are nonnegative and add to one), an element
q € RB» 50 that

Apng=rv (5)
is called a formal solution while a nonnegative element ¢ € RB3» so that Apng =
v is called a nonnegative solution.

12



Of course, there is a nonnegative solution if and only if ¢ is a color process.
It will however be convenient in the analysis to allow formal solutions (which
are not necessarily nonnegative) which one might show afterwards are in fact
nonnegative solutions.

Lastly, we explain the relationship between nontriviality of the kernel of
A, » and uniqueness of a color representation (i.e., uniqueness of a nonnegative
solution). First observe that A, , has a nontrivial kernel if and only if for any v
in the range, there are an infinite number of formal solutions. Hence if the kernel
is trivial, there is always at most one nonnegative solution. The converse is not
true since an i.i.d. process clearly has at most one color representation even if the
kernel is nontrivial. However, as also explained in [I2], if the kernel is nontrivial,
v is in the range and there exists a nonnegative solution all of whose coordinates
are positive, then one has infinitely many nonnegative solutions since we can
add a small constant times an element in the kernel. More generally, if v is in
the range and there exists a nonnegative solution g for v, then there is another
nonnegative solution (and then infinitely many) if and only if there is an element
¢' in the kernel whose negative-valued coordinates are contained in the support
of g.

2.2 Formal solutions for the p = 1/2 case
Theorem 2.2. (i). Given a {0,1}-symmetric probability vector v = (v,) on
{0,1}", a formal solution (i.e. a solution to Ay ,q =v) is given by
2(V051$C + Vlsosc), if g = {S, SC}, S ?é @, [n]
Go =41 =20 =2 o if0=[n]

0 otherwise.

In addition, this yields a color representation (i.e., a nonnegative solution to

A%’nq =v) if and only if
v00..0 +v11..1 > 0.5. (6)

(Obviously, this condition is not necessary for there to be some color represen-
tation.)

(it). The range of Ay , is

{(p) :Vp, vy =v_p}. (7)
As a consequence, A%m has rank 2"~ and hence nullity |B,,| — 2"~ 1.

Proof of (i). Tt is elementary to check that {¢,} above yields a formal solution.
Note that one has

am) =1 - Z 4o =1— Z 2(vps1se + V1sgse)

o:lo]=2 {8,8¢}: 0<|S|<n
=1-2(1— (0..0+ V11..1))-

This clearly yields the second statement of (i). O

13



Proof of (ii). Clearly every element of the range must satisfy the symmetry con-
dition since p = 1/2. Using (i) and the fact that the symmetric probability
vectors in (i) generate the subspace given by , it follows that the range of
A%m is precisely this set. The statement concerning the rank and nullity follow
immediately. O

Remark 2.3. We check what amounts to when X := (X;)1<;<,, is a standard
Gaussian vector with covariance matrix (a;;) for which ¥ = X0 is of course
{0, 1}-symmetric. We will see later that P(Y; # Y;) = 255224 which is
known as Sheppard’s formula (see [I1]). Next

arccos a;;
1— (v00.m +111..1) < Zp(yi £ Y]) _ Z T”
i<y i<j
<1
— SUp arccos a;;.
=1\ i,]p 1]

Hence the inequality needed in Theorem will be satisfied whenever

2

. 7r
liI,ljfaij > cos (n(n—1)> (=1- 2—714)

2.3 Formal solutions for the p # 1/2 case

Theorem 2.4. For p ¢ {0,1/2,1}, A, , has rank 2" — n and hence nullity
|B,| — (2" —n). The range of Ay, is equal to

{wy:viop Y vy=(1-p) Y v} (8)
p:p(i)=0 pip(i)=1

(The vector space defined by is the analogue of the marginal distributions
each being pd1 + (1 —p)do.) In particular, if v is a probability vector on {0,1}",
all of whose marginals are pd1 + (1 — p)do, then v is in the range of Ap . (Of
course, there might be no probability vector ¢ = (¢ )oen, which maps to v; i.e.
v need not be a color process.)

Proof.
Step 1. The rank of A, , is at least 2" —n.

Proof of Step[1. We will modify our system of equations in such a way that
things become more transparent. First, for o € B,, and T C [n], we let or be
the restriction of o to T'. Also, let

v(1T) = Z Vp.
p: p(T)=1
We now consider the system of linear equations given by
vy = > plorlg,, T Cn]. (9)
o€EBL

By an inclusion-exclusion argument, one sees that @ is equivalent to . Let-
ting A;,n be the corresponding 2" x |B,,| matrix for this system, it suffices to
show that the rank of A, is at least 2" —n.
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Let o be the partition into singletons and for each T' C [n] with |T| > 1,
let 07 € B, be the unique partition with exactly one non-singleton partition
element given by T. If e.g. n = 5 we would have that {123} = (123,4,5). One
easily verifies that ||oL]| = |S\T| + (1A [SNT|) for T =0 or |T| > 1.

Consider the equation system

v(1%) = 3 plElgr, S cn)
T: |T|#1

and let A” = A} be the corresponding 2" x (2" — n) matrix. Define B =
(B(S.5"))s.5/clu) DY

B(S,8') = (—p)*I7151(s" € 9).

If we order the rows (from top to bottom) and columns (from left to right) of
B such that the sizes of the corresponding sets are increasing, then B is a lower
triangular matrix with B(S,S) =1 for all S C [n]. In particular, this implies
that B is invertible for all p € (0, 1), and hence A” and BA” (also a 2" x (2" —n)
matrix) have the same rank. Moreover, for any S, T C [n] with |T| # 1 we get

S (o)A, 7

(BA")(S,T)

5'Cs
= Z (_p)|S|—|S’|p\5'\T|+(1/\|5'ﬁT\)
s'Cs
— (_p)ISI Z (fp)fIS’Ipls/\TlplAIS/ﬁT\
s'CSs
|S| Z -8’ ﬂT\ )lS \T|p1/\|S nT|
5'CS
_ (—p)!*! ZngS(—p)_‘S/‘PM‘S/‘ ifScCrT
0 otherwise.

In the case S C T, we can simplify further to obtain

(BA")(S.T) = (—p)!S1 Y (=p)~ 15 1ptIS']
S'CS

= (= (A =p™) - (1-p))
= p(1 =)+ (=p)'S1(1 = p).

Note that since p # 1/2,if S C T, then (BA”)(S,T) = 0 if and only if |S| = 1.
If we order the rows (from top to bottom) and columns (from left to right) of
BA” so that the corresponding sets are increasing in size, it is obvious that
the (2™ — n) x (2™ — n) submatrix of BA"” obtained by removing the rows
corresponding to |S| = 1 has full rank. This implies that BA” has rank at least
2" — n which implies the same for A” since B is invertible. Finally, since A"
is a submatrix of Aj, ,, we obtain the desired lower bound on the rank of the

latter. O

Step 2. The rank of A, ,, is at most 2™ —
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Proof of Step [ We first claim that if v = {v,} ,c 0,1}~ is in the range, then it is
in the set defined in (8). To see this, let » = A, ,, ¢ and fix an i. The expression
in the left hand side of becomes

p ZAp,n(pvg)QU :pZQU Z Ap,n(pa 0)~
p:p(i)=0 o o p:p(i)=0

With o fixed, let 4

T, :{p: p(i) =0} = {p: p(i) = 1}
be the bijection which flips p on the partition element of o which contains i. It
is clear that for all p with p(i) = 0, we have

(1= p)Apn(Ti(p),0) = pApn(p, o)

and hence the previous expression is

(1 —p)qu Z A;D,n(Tg(p)vU) =(1 _p)ZQU Z Apnlp,o) =

o pip(i)=0 o pip(i)=1
1=p) > D Apnlp0)te=(1-D) > v,
pip(i)=1 o pip(i)=1

Ap.n is mapping into a 2"-dimensional vector space and each of the n equa-
tions in gives one linear constraint. It is easy to see that these n constraints
are linearly independent (for example, one can see this by just looking at the
number of times each of the vectors 0¥1"~* appears on the two sides). It follows
that the rank of A, , is at most 2" — n. O

With Steps 1 and 2 completed, together with the claim at the start of Step

2, we conclude that the rank is as claimed and the range is characterized as
claimed. Finally, the claim concerning probability vectors follows immediately.
O

Remark 2.5.

(i) The argument for the p # 1/2 can equally well be carried out with minor
modifications for the p = 1/2 case but we preferred the simpler argument
which even gives more.

(ii) This last proof shows that, when dealing with formal solutions, we only
need to use partitions which have at most one nonsingleton partition el-
ement. This is in large contrast to the earlier proof of the p = 1/2 case
where we only needed to use partitions which have at most two partition
elements.

(iii) The rank of an operator as a function of its matrix elements is not contin-
uous but it is easily seen to be lower semicontinuous. We see this lack of
continuity at p = 1/2 as well as of course at p =0 and p = 1.

Since we will often deal with the case n = 3, it will be convenient to have at
our disposal the formula for the unique formal solution when (1) p # 1/2 and
(2) the distribution v of (X7, X5, X3) satisfies with marginals p as well as
the general solution for the case when the distribution is {0, 1}-symmetric (i.e.,
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satisfies and hence p = 1/2). One can immediately check the validity of the
following. The form of the kernel (that there is one free variable and it appears
as it does) is discussed in [I2]. If p ¢ {0,1/2,1}, then A, 3¢ = v has a unique
solution (¢, )ren, given by

Y100 —V011

1,23 = W
— (I=p)vii0=proor
912,3 (o pp=20)
— —P)V1i01 —PVo10
@132 = T-ppi-2p) (10)
. 1. ves-vann
T123 (1-p)p(1—2p)

and if p = 1/2, then every solution ¢ = (g5 )secn, Of A%)?) q = v has the form

qi23 =1 —4(voo1 + Yo10 + V100) + 1

qi2,3 =4vgor —1

qi23 =4vi90 —t (11)
qi32  =4vpi0 —t

Q123 =2t

where t € R is a free variable.

2.4 The fully invariant case

It is sometimes natural to consider situations where one has some further in-
variance property. One natural case is the following. The symmetric group S,
acts naturally on By, {0,1}", P(B,), P({0,1}"), RB» and R1®!}" where P(X)
denotes the set of probability measures on X. (Of course P(B,,) C RB" and the
action on the former is just the restriction of the action on the latter; similarly
for P({0,1}") € R{®1}") To understand uniqueness of a color representation
when we restrict to S,-invariant probability measures, it is natural to again
extend to the vector space setting, which is done as follows.

Let Q™ = {q € RB : g(q) = ¢ Vg € S,} and V™ = {v € RIOI}" :
glv) = v Vg € S,}. We next let Agj,‘; be the restriction of A, , to Q. It
is elementary to check that A"V maps into VI*¥ and furthermore, it is easy to

P
check (see for example Proposition 3.11 in [I2] for something related) that

AR(QE) = Ay (RE) VI, (12)

n

Recalling that P, is the set of partitions of the integer n, we have an obvious
mapping from B, to P,, denoted by ¢ + 7(c). R can then be canonically
identified with Q™ via (g, )recp, is identified with (g,)sep, Where ¢, = g:—‘(z;
where a is the number of ¢’s for which 7w(¢) = 7. We divide by a, in order that
probability vectors will be identified with probability vectors. In an analogous
way, V1™ can be canonically identified with R"*! in such a way that probability
vectors are identified with probability vectors; namely, (v;)o<i<n is identified
with (vp) (0,1} where v, = (V‘”;"”) and ||p|| is the number of ones in the binary
P

string p.
The following is the analogue of Theorem Again, in [I2], this was done
for some small values of n.

17



Theorem 2.6. (i). For p ¢ {0,1/2,1}, AI“V has rank n and hence nullity
|P,| —n. The range of AI“" (after zdentzfymg VI“V with R"H1) s

n—1 n—2
n—=k k+1
{(1/07...,Vn)il/n:L kaz " Vk+1}~ (13)

1-— n
P k=0

(ii) AT has rank |n/2] + 1 and hence nullity |P,| — [n/2] — 1. The range
3
of A, (after identifying VIV with R+ s

{(o,...,vn) tvi=vyy Vi=1,...,n}. (14)
Proof. (i). Denoting by U, the subset of R"™! satisfying (13)), we claim that
Inv Inv

Since U, is clearly an n-dimensional subspace of R"*1, the proof of (i) will then
be done.

To see this, first take v € V"V and let v be the corresponding element in
U,,. We first need to show that is satisfied ™. Fixing any i, we have

n—1
v n—1\ v n—k
P 3 S () =
pip(i)=0 ¢ k=0
and
n—2 Py
nv k
(1-p) > v ( ) S+ (1 - pva
pip(i)=1 k:O (k+l)
n—2 1
=(1=p) Y ——vkp1+ (1= pvn.
k=0

Hence, since v € U, . ) holds. In view of ( . this shows C in . holds
Now fix v™ € AP (Q). Clearly v™ € V™ and by Theorem 2

n
holds The above computation shows that the correspondmg v e R satls—

fies and hence is in U,,. This shows D in ) holds as well.
(ii). Denoting now by U, the subset of R”‘H satisfying (14), we claim that

Up = AT Q™). (16)
Since U, is clearly an (|n/2] + 1)-dimensional subspace of R"*!, the proof of

(ii) will then be done. However, in view of in Theorem and (12), this is
immediate. O

3 Stieltjes matrices, discrete Gaussian free fields
and tree-indexed Gaussian Markov chains
3.1 Inverse Stieltjes covariance matrices give rise to color
processes for h =0

Definition 3.1. A Stieltjes matrix is a symmetric positive definite matrix with
non-positive off-diagonal elements.
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We will see later that the following result implies that for all discrete Gaus-
sian free fields X (to be defined later), X is a color process.

Theorem 3.2. If X ~ N(0,A) and A~! is a Stieltjes matriz, then X° is a
color process.

The proof is based upon noting that the observation from [6] that the signs
of a discrete Gaussian free field is an average of Ising Models is still true if one
just assumes that one has a Stieltjes matrix.

Proof. Note first that as (b;;) == A™! is a Stieltjes matrix, we have that b;; < 0
whenever ¢ # j. This implies in particular that if fx is the probability density
function of X, then

_ TA—l 1
fx(x) ocexp (sz) = exp Z —bijxix; — 5 Zbiixzz
{i.3} i

Now for each 4, define o; := sgn X; so that X; = |X;|o;. Then the conditional
probability density function of (0;) given |X1| = y1, | X2| = y2, -+, | Xnl = ¥n
satisfies

f(o) x exp Z —biY:y;0:0;
{i.5}

This is a ferromagnetic Ising model with parameters 8;; = —b;;y;y; > 0 and
no external field. It is well known that the (Fortuin Kastelyn) random cluster
model yields a color representation for the Ising model after we identify —1 with
0. Since an average of color processes is a color process, we are done. O

Remark 3.3. The proof of Theorem does not apply to other threshold levels.
With nonzero thresholds, this argument would lead to Ising model with a varying
external field. The marginals of this (conditioned) process are not in general
equal, which precludes it from being a color process, and even if the marginals
were equal, there is no known color representation in this case in general.

We end this subsection by pointing out that there are fully supported Gaus-
sian vectors whose threshold zero processes are color processes but whose inverse
covariance matrix is not a Stieltjes matrix.

To see this, let a € (0,1) and & € (0,1). Then the matrix

1 a a
A=la 1 a?—¢
a a®—¢ 1

. 24+a%—ed+/8a2+(a2—¢)?
has eigenvalues 1 —a? +¢ and 5 ( )

if ¢ < 1 — a®. Moreover, we have

. Hence A is positive definite

) 1+a%—¢ —a —a

— 1—a? €

A= —— | —a i
1—a2—¢ 1—a?+e 1;(_1@%—5

&
1—a24¢ 1—a24¢
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Hence, A is not an inverse Stieltjes matrix for any ¢ > 0, since for any ¢ > 0 we
have that A=1(2,3) > 0. Consequently, if 0 < & < 1 — a?, then A is symmetric,
positive and positive definite but not an inverse Stieltjes matrix. Finally, the
fact that the threshold zero process is a color process follows from Proposition
2.12 in [I2] which states that for n = 3, any {0, 1}-symmetric process with
nonnegative pairwise correlations is a color process.

3.2 Examples of Stieltjes matrices: discrete Gaussian free
fields and embeddings into tree-indexed Gaussian Markov
chains

In this subsection, we provide two (partially overlapping) examples of fully
supported Gaussian vectors whose inverse covariance matrices are Stieltjes.

3.2.1 Discrete Gaussian free fields

An extremely important class of Gaussian processes are the so-called discrete
Gaussian free fields which we now define. Let n € N. Givenn, let (c({z,y})) {z,y1Cin], 2y
and (k(7))ze[m) be two sets of nonnegative real numbers, called conductances

and killing rates respectively. Let Z = (Zi)ic[0,¢) be a continuous time sub-
Markovian jump process on [n], with transition rate between x € [n] and y € [n]

given by ¢(z,y), and x(x) being the transition rate from z € [n] to a cemetery

point outside of [n]. When this latter transition occurs, we think of the process

as being killed, and denote this random time by (. Let (G(x,¥))s,yen) be the
Green’s function for Z, i.e.

G(z,y) =E,

/CI(Zt - y)dt] . (17)

We will restrict consideration to the case when G is finite for all z and y.
Defining the graph G = (V, E) where V is indexed by [n] and {z,y} € E if and
only if ¢({z,y}) > 0, we have G(z,y) < oo for all z and y if and only if each
component of G contains an x with x(z) > 0.

It is well known that G is a symmetric and positive definite matrix. The
mean zero multivariate Gaussian vector X whose covariance matrix is G is called
the discrete Gaussian free field (DGFF) associated to {c(z,y)} and {k(z)}.

Letting C' denote the matrix

Cla.y) = 4 V) if £y
(z,9) {ﬁ(z) S ol a) iz =y

It is well known and easy to check that C' = G~!. Consequently, the inverse
covariance matrix of a DGFF X ~ N(0,G) is a Stieltjes matrix, yielding the
following corollary of Theorem [3.2

Corollary 3.4. The threshold zero process corresponding to a DGFF is a color
process.

We point out that if X ~ N(0,G) with G invertible and if B := G~ ! is a
Stieltjes matrix with positive row sums, then X is a DGFF. To see this, one
simply lets c(z,y) == —b(z,y) for z # y and k(x) :== >, b(z,y) and then checks
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that B is the matrix C' given above using these rates. Hence G = C~! as
desired.

Does the set of inverse Stieltjes matrices give us a larger class than the set
of DGFFs? The answer is yes and no. If we look at the process, the answer is

yes. For example
1 -2\ (3 1\
-2 6 ) \1 172

is a Stieltjes matrix but cannot correspond to a DGFF since the sum of the
elements in the first row is negative.

However, if we look at the corresponding threshold zero processes, one ob-
tains the same collection. Therefore Theorem is equivalent to the result for
DGFFs. To see the previous statement, let X& be a Gaussian vector whose in-
verse covariance matrix B = G~ is a Stieltjes matrix. It is known (see e.g. K35
in [9]) that there exists a positive diagonal matrix D so that BD has strictly
positive row sums. It follows that DBD has strictly positive row sums and it is
easy to check that DBD is still a Stieltjes matrix. By the earlier discussion, the
Gaussian vector Y with covariance matrix (DBD)~! is a DGFF. On the other
hand, Y = D~'X and hence the sign processes are the same.

3.2.2 Embeddings into tree-indexed Gaussian Markov chains

We now consider a certain class of tree-indexed Markov chains as follows. Let
(T, p) be a finite or infinite tree with a designated root p. Fix a state space S
and assume that for each edge e, we have a Markov chain M, on S. Assume
that there is a probability measure p on S which is a stationary distribution
for each M,. This yields a measure on ST by choosing the state at p according
to p and then independently running the Markov chains going outward from p.
Note that the final process is independent of p if and only if y is reversible with
respect to each M,.

Now let S = R and let M, be given by s + bes + (1 — b2)Y/2W where
be € (0,1) and W is a standard normal random variable. Clearly the standard
Gaussian distribution is reversible with respect to each of these chains. The
final tree-indexed process is clearly a mean zero, variance one Gaussian process
whose covariance between two vertices is the product of the b, values along the
path between the two vertices. If the tree is finite with covariance matrix A, it
is straightforward to show that the inverse covariance matrix is given by

_be/(]- - bg) if {Zvj} =e€
A0 ) = Q1+ 20, e b2/ (1 =02) ifi=
0 otherwise.

Therefore, since A is an inverse Stieltjes matrix and since every principal
submatrix of an inverse Stieltjes matrix is known to be an inverse Stieltjes
matrix (see e.g. [7]), we obtain the following corollary.

Corollary 3.5. If X is embeddable into a tree-indexed Gaussian Markov chain
(meaning that there is a tree-indexed Gaussian Markov chain and a subset U of
the vertices of the tree such that the process restricted to U corresponds to X ),
then the covariance matriz for X is an inverse Stieljtes matriz and hence the
corresponding threshold zero process is a color process.
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Of course, if we just wanted to know it is a color process, one does not need
the result from [7] since the covariance matrix for the full tree is, as we saw,
an inverse Stieljtes matrix and a subset of a color process is of course a color
process.

3.2.3 Relationship between the two classes

Although certainly not disjoint, we now show that for the two set of processes
in the previous subsubsections, neither class contains the other when n > 4 but
they are the same when n < 3.

Theorem 3.6.

1. There is a tree-indered Gaussion Markov chain with four vertices which
is not a DGFF.

2. There is a four-dimensional DGFF whose marginals have variance one
which cannot be embedded into any tree-indexed Gaussian Markov chain.

3. Let A be a covariance matriz for a zero mean, variance one Gaussion
vector with n < 3. Then the following are equivalent. A is an inverse
Stieltjes matriz, X corresponds to a DGFF, and X is embeddable in a
tree-indezed Gaussian Markov chain.

Proof.

1. It is immediate from the discussion of the DGFF and the form of the in-
verse covariance matrix in the previous subsubsection, that a tree-indexed
Gaussian Markov chain is a DGFF if and only if for all i,

be
1= Z 1+beZO

e: i€e

with strict inequality for some ¢ and in this case, the DGFF would have
conductances given by the b.’s and the killing rates x(i)’s given by the
expression above. It easily follows that for any tree-indexed Gaussian
Markov chain which has a vertex v with three edges emanating from it all
of which have b.-value larger than 1/2, the chain cannot be a DGFF. This
clearly can be achieved with a tree on 4 vertices.

2. Consider a four-dimensional mean zero Gaussian vector X with covariance
matrix given by
1 0.2 02 0.1
02 1 0.1 01
02 01 1 0.1
0.1 0.1 01 1

A:

whose inverse covariance matrix is therefore given by

972 —171 —171 —63
10 | —171 944 —53 —72
8973 | =171 —53 944 —72

—63  —72 =72 918
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Since the latter is a Stieltjes matrix whose row sums are positive, we
know that X4 corresponds to a DGGF. We will now show that X4 is not
embeddable into a tree-indexed Gaussian Markov chain. Assume on the
contrary that there exists a tree-indexed Gaussian Markov chain and ver-
tices v1, vg, v3, v4 such that the distribution at these 4 points corresponds
to X.

Given any three points x,y, z in a tree, there exists a unique meeting point
w with the property that there are edge-disjoint paths from each of x,y
and z to w. It is clear that if the covariance between z and x is the same as
the covariance between z and y, then w must be on the midpoint between
x and y in the sense that the covariance between w and x is the same as
the covariance between w and y.

It follows that the meeting point m for vi,vy and vz is the same as
the meeting point for vs,v3 and vs. Moreover, the correlations between
v1, V2, V3, U4 and m must be given by J%’ \/%T), \/%*0 and \/%*0' It follows
that the covariance between v; and vy is at least 0.2; it would be exactly
0.2 if the paths from v; to m and from v4 to m are disjoint and otherwise
it would be larger. However, this contradicts the fact that this correlation

is only 0.1.

. We only do the case n = 3. We first show if a variance one Gaussian
vector has a covariance matrix which is inverse Stieljtes, then it can be
embedded into a tree-indexed Gaussian Markov chain on 4 vertices.

Consider a three-dimensional mean zero, variance one Gaussian vector
with covariances aj2, aiz and ass, each in (0,1]. (The case that some
covariance is zero is easily handled separately.) Consider a tree on four
vertices consisting of a root, labelled 4, with three edges coming out to
the vertices labelled 1,2, and 3. For i € {1,2,3}, let b; € (0, 1] be assigned
to the edge between i and 4 and consider the associated Gaussian Markov
chain. If we can solve the equations

a12 = biba, a13 = bibs, agz = babs,

then the distribution at the three leaves will correspond to our original
Gaussian vector, demonstrating the embeddability. One checks that the
unique solution is given by

12013 12023 130423
by =/ /=2 by = /=22 and by = [/ ——=.
a23 a3 @12

To insure these lie in (0, 1], we need that for distinct 4, j, k in {1, 2,3}
Qi5 2 Aij k.

However, this is the so-called path product property, known to hold for
all inverse Stieltjes matrices (see e.g. []).

For the other two implications, we have seen in Subsubsection that
a DGFF necessarily has an inverse covariance matrix which is a Stielt-
jes matrix. Consequently, the desired conclusion follows if we can show
that when n = 3, any Gaussian vector which is embeddable into a tree-
indexed Gaussian Markov chain is a DGFF. To this end, suppose that
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x = (X1, X9, X3) is embeddable into a tree-indexed Markov chain at ver-
tices labelled by vy, vo and v respctively. Let m be the meeting point of
vy, v3 an vs, and further, for ¢ € {1,2, 3}, let b; be the product of the b.’s
associated to the edges on the shortest path between m and v; in the tree.
Note that since our variables are always distinct, at most one of the b;’s
is equal to 1. Then the covariance matrix of X is given by

1 bl b2 bl b3
biby 1 bobs
bibs bobsy 1

and it is easy to verify that the inverse covariance matrix is given by
1 — b33 —biba(1 —b3) —bibs(1 — b3)

—b1b2(1 — bg) 1-— b%b?,, —b2b3(1 — b%)
—bibg(1 —b3) —babs(1—b3) 1 —0b3b3

1
det A

This is clearly a Stieltjes matrix. To see that X is in fact a DGFF, note
that the row sums of this matrix are given by

(1 — babs)(1 — biba — bybs + babs)
(1 = b1b3)(1 — byba — babs + b1bs3)
(1 = b1bo)(1 — b1bz — babs + b1ba)

1
det A

and it is easy to check that since at most one b; is 1, all these row sums
are strictly positive, as desired.

O

We end this subsection by discussing a simple Gaussian vector and show that
different points of view can lead to very different color representations. To this
end, consider the fully symmetric multivariate normal X = (X1, Xo,...,X,)
with covariance matrix A = (a;;) where a;; = a € (0,1) for i # j and a;; = 1
for all i. (While not needed, it is immediate to check that this is a DGFF on

a

the complete graph with conductances ¢(i, j) = = rIeEn] for all ¢ # j and

constant killing rates k(i) = It is easy to check that

1
1+(n—1)a )

1+(n—2)a p - .

Tro—Daa=a otherwise.

Since this is a Stieltjes matrix, X° is a color process by Theorem and more-

over, by the proof, the resulting color representation has full support on all

partitions. (The fact that this particular example is a color process is also
covered by Section 3.5 in [I2] using a different method.)

Now suppose we would add a variable Xg with ago = 1 and a;p = Va
for all i € {1,2,...,n}. One can check that this defines a Gaussian vector
(Xo, X1, Xo,...,X,,) and it is easy to check that this is a tree-indexed Gaussian
Markov chain where the tree is a vertex with n edges coming out with each
b, = v/a. If we let Ag be the covariance matrix of Y = (X, X1, Xo,..., X,),
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then its inverse is given by

1+(1n7—al)a if i = j —0
ﬁ ifi=35>0
AN, 5) = { L ifi>j=0
_f . . .
e ifj>i=0
0 otherwise.

This is also a Stieltjes matrix (which also follows from Corollary [3.5)), and hence
Y? has a color representation by Theorem (This is a DGFF for some values
of a and n and not for others but this will not concern us.) If we take the
resulting color representation of Y and restrict to {1,2,...,n}, it is clear that
we have support only on partitions with at most one non-singleton cluster. In
particular, this implies that when n = 4, these color representations will assign
different probabilities to the partition (12,34), and hence the representations
are distinct.

4 An alternative embedding proof for tree-indexed
Gaussian Markov chains which extends to the
stable case

The purpose of this section is twofold: first to give an alternative proof of the
fact, contained in Corollary that tree-indexed Gaussian Markov chains are
color processes and then to use a variant of this alternative method to obtain a
result in the context of stable random variables.

4.1 The Gaussian case

Alternative proof of Corollary[3.5. We give this proof only for a path where the
correlations between successive variables are the same value a. The extension
to the tree case and varying correlations is analogous.

To show that X = (X1, Xo,...,X,) has a color representation for any n > 1,
we want to construct, on some probability space, a random partition 7 of [n]
and random variables Y = (Y1, Y2,...,Y,) so that

(i) X and Y have the same distribution (which implies that their correspond-
ing sign processes have the same distribution) and

(ii) (YO ) is a color process (for p = 1/2) with its color representation.

To do this, let (Z;) be the so-called Ornstein-Uhlenbeck (OU) process defined
by
Zt = e_tWEZt,

where (Wy)>0 is a standard Brownian motion. It is well known and immediate
to check that Z; ~ N(0,1) for any ¢t € R and that Cov(Zs, Z;) = e~ *~*l for any
s,t € R.

Now, given n, consider the random vector Y given by

Zlog(l/a)7 Zo log(1/a)s - +> Zy, log(1/a)
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and consider the random partition 7 of {1,2,...,n} given by i ~ j if Z; does
not hit zero between times ilog(1/a) and jlog(1/a).

It is immediate from the Markovian structure of both vectors and the co-
variances in the OU process that (i) holds. Next, (ii) is clear using the reflection
principle (which uses the strong Markov property) and the fact that the hitting
time of 0 is a stopping time. O

Remark 4.1. This argument (also) does not work for any threshold other than
zero. For it to work, one would need that for A > 0 and any time ¢t > 0, the
probability that an OU process started at h is larger than h at time ¢ is equal
to the unconditioned probability. This however does not hold.

Remark 4.2. In [5], the author studies a similar construction as the construction
above for discrete Gaussian free fields. More precisely, the author shows that one
can obtain a color representation for a DGFF X as follows. Given X, for each
pair of adjacent vertices he adds a Brownian bridge with length determined by
their coupling constant. Two vertices are then put in the same partition element
if the corresponding Brownian bridge does not hit zero. Since DGFF’s have no
stable analogue, this does not generalize to any class of stable distributions.

4.2 The stable case

We now obtain our first result for stable vectors. Given « € (0,2) and a € (0,1),
let U have distribution S, (1,0,0) and consider the Markov chain on R given by
s+ as + (1 —a®)/*U. Tt is straightforward to check that U is a stationary
distribution for this Markov chain. Hence, given a tree T and a designated root,
we obtain a tree-indexed a-stable Markov chain on T'. Interestingly, unlike the
Gaussian case, this process depends on the chosen root as this Markov Chain
is not reversible. In particular, if (X, X1) are two consecutive times for this
Markov chain started in stationarity, then (X, X7) and (X7, Xo) have different
distributions; one can see this by looking at the two spectral measures.

Proposition 4.3. Fiz a € (0,2), a € (0,1), a tree T with designated root p and
consider the corresponding tree-indexed a-stable Markov chain X on T. Then
X0 is a color process.

Proof. We give the proof only for a path and with p being the start of the path.
The extension to the tree case is analogous. As in the previous proof, we want
to construct, on some probability space, a random partition 7 of [n] and random
variables Y = (Y71,Y5,...,Y,) so that

(i) (X1,...,X,) and Y have the same distribution, and
(i) (Y°, 7) is a color process (for p = 1/2) with its color representation.

We first recall (see Proposition 1.3.1 in [I0], p.20) that if (By);>0 is a stan-
dard Brownian motion and S ~ S, /2(2 cos(ma/4)?/%,1,0) is independent, then
SY2B;) ~ S,(1,0,0). S is an example of a so-called subordinator.

Now let Y1, Sa,. .., Sn, (Bt)2g, - - - » (Bt)s be independent with Y; ~ S, (1,0,0),

cach S; 2 S, where S is as above and each (Bt)isq being a standard Brownian
motion. -
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Define Y; for i € {2,...,n} inductively by
Voot = v+ (1=t o B

It is clear from the above discussion that (i) holds.

Now we extend this process to all times t € [1,n] as follows. Let, for ¢ €
(4,1 +1),

Yi = aYi+ (1— a5 3B,

Note that (Y;) is left-continuous and has jumps exactly at the integers. Note
also that this process never jumps over the z-axis.

Next, considering the random partition 7 of {1,2,...,n} given by i ~ j if
Y; does not hit zero between times i and j. Again using the reflection principle,
properties of Brownian motion and the fact that (Y;) never jumps over the z-axis
it is clear that (ii) holds. O

We apply this to a particular symmetric, fully symmetric stable n-dimensional
vector. To this end, let Sy, Si, ..., S, be ii.d. each having distribution
Sa(1,0,0) and for i = 1,2,...,n let

X1 =aSy+ (1 —a®)V/eSs;.

We claim that (X, X9, ..., X9) is a color process. To see this, consider Propo-
sition [4.3| with a homogeneous n-ary tree and o« and a being as above. By
that proposition, the threshold zero process for the corresponding tree-indexed

Markov chain is a color process.

5 A geometric approach to Gaussian vectors

5.1 The geometric picture of a Gaussian vector

In this section we will switch to a more geometric perspective and view a mean
zero Gaussian vector of length n as the values of a certain random function at
a set of n points in R* for some k. More precisely, let k > 1, x;,...,%, € R¥,
and W ~ N(0, I;) be a standard normal distribution in R*. If we now let

X = (Xi)i<i<n = (X - W)i<i<n,

then X is a Gaussian vector with mean zero and covariances Cov(X;, X;) =
x; - Xj. Note that X; having variance one corresponds to x; being on the unit
sphere S¥=1 in R¥.

The above representation can always be achieved with k = n. To see this,
let X := (X;)i<i<n be a Gaussian vector with mean zero and covariance matrix
A. Then for W ~ N(0, I,,) we have that

x<Vaw,

where v/A is the nonnegative square root of A. Now for i = 1,...,n, let x; =
VA(i,-) in R be the ith row of v/A. Then for any i,j € [n] we have that
X;-X; = a;; as desired. Such a representation can be achieved in R* if and only
if X lives on a k-dimensional subspace of R™. We say that X has dimension k
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if k is the smallest integer where one has this representation. When we have
X1,...,%, € RF as above, without loss of generality, we will always assume that
X1,...,%X, spans R¥ so that the dimension of X is k.

Now given a standard Gaussian vector X = (X;)1<i<n (recall this means
the marginals have mean zero and variance one) and h € R, let (X!)1<;<, be,
as before, the threshold process defined by X/ := I(X; > h). It will be useful
to have a simple way to generate (X[)j<;<, which can be done as follows.
Assume that X is k-dimensional with variances all being one. We take n points
X1,X2,...,%X, on S¥71 corresponding to (X;)1<;<n as described above. Let
Z ~ N(0,1I;). It is well known that when Z is written in polar coordinates
(r,0) with r > 0 and 6 € S*~!, then r and 6 are independent with 6 uniform on
S¥=1 and r having the distribution of the square root of a y-squared distribution
with k degrees of freedom. We then have that X! = 1 if and only if x; - Z > h.
Note that {x : x- Z = h} is a random hyperplane Hj in R¥ perpendicular to
9(Z) and so X" is equal to one for points on S¥~! which lie on one side of
Hj, and zero for points lying on the other side. Note that when h = 0, the
hyperplane goes through the origin and it is the points on the same side as 0(Z2)
that get value one; in particular, when h = 0, the value of Xih only depends
on 6(Z) and not on r(Z). However, when h > 0, the hyperplane Hj, can go
through any point of the one-sided infinite line from the origin going through
9(Z). In particular, Hj, might not intersect S¥=1 at all; this would correspond
exactly to r(Z) < h.

5.2 (Gaussian vectors canonically indexed by the circle

Proposition 5.1. Consider n points x1,...,%, on S' satisfying x; -x; > 0 for
all i,j; this is equivalent to the correlations a;; of the corresponding Gaussian
process X being nonnegative. Then X© is a color process.

Proof. Using the nonnegative correlations, it is easy to check that the n points
{x1,%X2,...,%,} C S must lie on an arc of length at most 7/2. Since the
distribution of a Gaussian process is invariant under rotations, we may assume
that the n points lie on the arc 0 < 6 < 7/2. Hence we can assume that
x; = e with0< 6 <0y <...<0, <m/2.

We will couple X with a color process together with its color representation
in such a way that X° and the color process match exactly. We first show how
one uniform point U on S' generates a color process together with its color
representation. Let

Il = [0791]7-[2 = [91702]7"' 7Ik) = [9k7176k‘]7"'71’n+1 = [977,77[-/2]

noting that the first and last arcs might be trivial. Letting Ig be Ij rotated
counterclockwise by 6, we note that

{I? ke {l,...,n+1},0 € {0,7/2,7,3m/2}}

3m
2

partitions S'. Now fork =1,...,n+1,if U falls in I,SUIE UIFUI? , we partition
{X1,X2,...,X,} into the two sets Jy = {x1,...,xx—1} and Jo == {Xp,...,Xn}
with the obvious caveat when k € {1,n+1}. Next we color J; and J; as follows.
If U is in [0, 7/2], we color each cluster 1, if U is in [7/2, 7], we color J; 0 and
Jy 1, if U is in [m,37/2], we color each cluster 0 and if U is in [37/2,27], we
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color J; 1 and J 0. This clearly yields a color process (with p = 1/2) together
with its color representation. Finally observe that this color process is exactly
X if we use U for 0(Z). O

Remark 5.2. Tt is clear from the construction that the probability that the color
process is constant is at least 1/2 (corresponding to when U falls in the top-left
or bottom-right arcs) and so Theorem [2.2(i) could also be used here. In addition,
the color representation given here corresponds to that given in Theorem (1)
The above description will however be useful when dealing with the case h # 0
as in Proposition

Remark 5.3. For any color process (Y;) with p = 1/2, for any ¢ and j it is clear
that

Cov(¥,,Y;) = & (18)
and that )
oy o)=Y
PY;=Y;=1)= 3+

In the case of Proposition it is clear that

6, — 6;
1- g = P (19)

and hence that

116, — 6
P X 0 _ X 0 = = — — |t/
Since |0; — 6;| = arccos a;; it follows that
1 arccosa;;
P X 0 _ X O = = — — o

This is of course one of many ways to derive this last expression which is known
as Sheppard’s formula (see [I1]).
This discussion also leads as well to the formula

2 arccos a;;
Gy =1-—"". (22)
™
The proof of the following elementary lemma, based on inclusion-exclusion,

is left to the reader.
Lemma 5.4. If X := (X1, X2, X3) is {0, 1}-symmetric, then

voo. + 0.0+ Voo 1
=0T 00T V00 23
Yooo B 4 (23)
In particular, using , if X corresponds to threshold zero for a mean zero
Gaussian vector, the above is equal to
1 0124 013 + b3

2 47 (24)

Proposition 5.5. Consider n points x1,...,%, on S! satisfying x; - x; > 0 for
alli,j. Then X" does not have a color representation for any h # 0, n > 3.
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Proof. Tt suffices to prove this for h > 0 and n = 3. Since h > 0, it is clear from
the construction of X4 described above that (0, 1,0) has positive probability
but that (1,0,1) has probability zero. However, it is immediate that no color
process can have this property. O

Remark 5.6. By taking the three points very close together, we see that there
is no analogue of Theorem |2.2(i) when we don’t have {0, 1}-symmetry, even in
the threshold Gaussian case (i.e., when h # 0).

Figure 1: The image above illus- Figure 2: The image above illus-
trates the situation when h = 0. trates the situation when A > 0.

5.3 A general obstruction for having a color representa-
tion for h >0

The following is precisely a higher dimensional analogue of Proposition|5.5 The
latter is the special case n = 3 together with the fact that any three points on
the circle are in general position.

Theorem 5.7. The standard Gaussian process X associated ton points Xi,...,X, €
S"=2 in general position (equivalently not contained in an (n — 2)-dimensional
hyperplane) is such that X" is not a color process for any h > 0.

More generally, if X = (X1, Xa,...,Xy) is a random vector such that

o (X1, Xo,..., X, 1) is fully supported on R"~*

o there is (a1, asg,...,a,) € R"\{0} such that a.s.

i=1

and

i=1

then X" is not a color process for any h > 0.

Remark 5.8. Any n-dimensional standard Gaussian vector which is not fully
dimensional can be represented by points on S”~2. When the n points are not
in general position, which can only happen if n > 4, in which case the above
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result is not applicable, we will see in Corollary that nonetheless X" is not
a color process for large h. Perhaps the simplest example of a four-dimensional
Gaussian vector which is not fully dimensional but does not correspond to points
on S? in general position appears in Figure|3l In the next subsection, we will see
in Theorem that this case will lead us to an important example for which
we will have a phase transition.

Proof of Theorem[5.7. We will first observe that the second statement implies
the first. One can order the n points xi,...,X, € S 2 in general position
such that the first n — 1 points are linearly independent. This implies that the
corresponding Gaussian vector X = (X1,...,X,,) satisfies the first condition.
Next, since X,...,X, are linearly dependent (as they sit inside R"~!) there
exists (a1, az,...,a,) € R™\{0} such that

n
E a;X; = 0
i=1

which implies . Finally must hold since x1,...,x, are in general posi-
tion.

For the second statement, note first that we can assume that |a;| > 0 for
i =1,2,...,n since we can remove the X;’s for which a; = 0. If a; > 0 for all
J (with a similar argument if a; < 0 for all j), then for all A > 0, v1»(h) =0 in
which case there clearly cannot be any color representation. We hence assume
that there are both positive and negative values among the a;’s. Furthermore
since Y1 a;X; =0 and (X1, Xo,...,X,—1) is fully supported, for any i, if we
define I; = {1,2,...,n}\{i}, then the vector (X;) ey, is fully supported. This
implies in particular that we, possibly after reordering the random variables and
changing all the signs, can assume that

D lail < Y ayl
i a;>0 j:a;<0

and that a,, > 0.
Fix now h > 0. Now define the binary string p by p(i) = I(a; < 0) and let
& be the event that

Vj<n:X;>hifa; <0and X; <hifa; > 0.

Since (X1, Xs,...,X,_1) is fully supported, the probability of the event £ is
strictly positive. Since

this implies that on &,

X — _Zj<n a’ij o Ej<n: a; <0 ‘aj‘Xj _ Zj<n: a; >0 |aj|Xj
" an B an an

>h. <Zj<n: a; <0 |aj| . Zj<n: aj>0|a’j|) >h

Qn Qn
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which in particular implies that v, = 0.
On the other hand, since (X1, Xs,...,X,,_1) is fully supported, the event

Vj <n:X;€[ah,h]ifa; <0and X; € (h,Bh] if a; >0

has strictly positive probability for any a € (0,1) and 5 € (1, 00). On this event
we have that

Zj<n: a; <0 |aj|Xj - Zi<n: a; >0 |a’|X1

X, =
Qnp
S a2j<n: a;<0 |a’j| - ﬂ2i<n: a;>0 |a’i|
=z . .
Since
doodal= Y el >an
j<n:a;<0 i<n: a;>0

it follows that X,, > h if a and § are both sufficiently close to one. In particular,
this implies that v_, > 0. Since v, = 0 but v_, > 0, it follows that X b cannot
have a color representation. O

Figure 3: The picture above shows the three points x;, x5 and x3 corresponding
to a mean zero variance one Gaussian vector with ai1s = as3 = 0.2 and a3 =
0.22. The black lines are the positions where we could add a fourth point x4
without the existence of a color representation for some h > 0 being ruled out

by Theorem @
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5.4 A four-dimensional Gaussian exhibiting a non-trivial
phase transition
In this subsection we will study an example, corresponding to four points on S?,

for which the existence of a color representation for positive h is not ruled out
by Theorem To this end, let 6 € (0,7/2] and define x;, x2, x3,%x4 € S? by

x1 = (sind, 0, cos )
x2 = (0,sin 6, cos §)
x3 = (—sin#,0,cos )
x4 = (0, —sin 6, cos h)

and for i = 1,2,3,4, let X; =x; - W, where W ~ N(0,I3). Then X ~ N(0,A)
for

1 cos? 6 cos?2 6 — sin’ 6 cos? 6
cos? 6 1 cos? 6 cos?2 6 — sin? 6
A= cos?§ — sin? 6 cos? 6 1 cos? 6 - (27)
cos? 6 cos? f — sin? 6 cos? 6 1

Geometrically, this corresponds to having four points in a square on a 2-sphere
at the same latitude, and it follows easily that

X1+ X5 = X5 + Xy (28)

Note that A has nonnegative entries if and only if § < /4.
The following theorem implies Theorem

Theorem 5.9. Let X% be a Gaussian vector with covariance matriz given

by . Then

(i) X%° is a color process for all § € (0,7/4],

(ii) there is 0y > 0 such that for all 0 < 6y, there exists hg > 0 such that X"
is a color process for all h € (0, hy).

(iii) for all @ € (0,7/4), there is hg > 0 such that X%" has no color represen-
tation for any h > hg.

Lemma 5.10. Let X? be a Gaussian vector with covariance matriz given by .
Then for all h, X" has a color representation if and only if there is a color
representation of (X", X" X&M) which satisfies

> >0
{Q123 2 4132 = (29)

2q12,3 — 2q13,2 > q1,2,3 > 0.

Proof. Fix h > 0 and assume first that there is a color representation (¢,) (the
dependence on h will be suppressed) of (V;L). Since the distribution of X? is
invariant under the action of the dihedral group, we can assume that (¢,) also
is. Note that it follows from that 0101 = 0 y and hence V010- = Y0100- In
particular, this implies that

41,2,3,4 = 13,24 = q1,24,3 = 13,24 = 0, (30)
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and using this, we obtain (using the assumed symmetry)

q1234 = G123 — q123,4 = G123 — 13,4 = G123 — 13,2
q123,4 = q13,4 = 413,2

(31)
q12,3,.4 = G2,3,4 — (14,23 = (1,23 — 412,34 = f11,2,3/2

412,34 = 412,3 — q124,3 — ¢12,3,4 = 12,3 — 413,2 — Q1,2,3/2~

Since this is a color representation by assumption, ¢, > 0 for all o, which is
equivalent to . This proves the necessity in the first part of the lemma.

To see that we also have sufficiency, let ¢ = (q123,¢12.3, 13,2, 91,23, ¢1,2,3)
be a color representation of (Xf ’h,Xg ’h,Xg ’h) which satisfies the inequalities
in (29). Define ¢, for o € By by and and extend to all partitions by
making it invariant under the dihedral group. Since holds, ¢, > 0 for all
o € Py. Also, one checks that they add to one and the projection onto {1,2,3}
is ¢ above. Using the fact that vg19. = V100, one can check that the probability
of any configuration is determined by the three—-dimensional marginals. From
here, one verifies that this yields a color representation of X%", as desired. [

Proof of Theorem[5.9. To see that (i) holds, let h = 0. We will apply Lemmal/5.10;
By , the process (Xf’O,Xg’O,Xg’O) has a signed color representation given
by

qi23 =1 —4(voo1 + Yo10 + V100) + 1
qi2,3 =4voo1 — ¢t

qi,23 =4vig0 —1

qi32 =4vgi0—1

G123 =2

for some free variable ¢ € R. This will give a color representation for all ¢ which
is such that ¢, > 0 for all o € Bs. Using and , one easily verifies that
in a Gaussian setting, the set of equations above can equivalently be written as

—1— 012+013+023 4t

q123 =

Q123 = (912+913+ﬂ—923)*2912 ¢
G123 = (912+913~;923)*2923 ¢
G132 = (912+913-;-923)—2913 ¢
Q12,3 =2t

Rearranging, we see that these are all nonnegative if and only if

0V <Zi7£j 0ij 1) << D igjbij —2(012 V O13 V b23)
= <t<

™

. (32)

In our specific example, we have that

f19 = Ha3 = arccos cos? 0
013 =20 > 612

and hence simplifies to

2 arccos cos? 0 + 26 2 arccos cos? 6 — 20
oV —1)<t< .

™ ™
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Similarly, we can rewrite as

{t N 2 izj 0ij—013—7/2  2arccoscos? §—m/2
= ™

v
t< 2(013;912) _ 2(29—&rc7croscos2 9).

If we put these sets of inequalities together, and use that 6 € (0, 7 /4], we obtain
the following necessary and sufficient condition for the existence of such a ¢:

2arccoscos? ) — /2 _ 2arccoscos?f — 20  2(20 — arccos cos? )
oV < A .

m s m

Here it is easy to verify that

2arccoscos? ) — /2 _ 2arccos cos® 6 — 20
0V <

s m

and that
2(26 — arccos cos? )

™

0<

and hence to see that we can always pick ¢ so that the above inequalities hold
it suffices to show that

2 arccos cos? ) — /2 < 2(26 — arccos cos? 6)

™ ™

for all # € (0,7/4]. To this end, note first that we can rewrite the inequality
above as
arccoscos® 6 — 0 < /8.

This can be verified to hold for all § € (0,7/4] by verifying that the left hand
side is increasing in 0 for 6 € (0,7 /4] and noting that

arccos cos®(m/4) — w/4 = arccos(1/2) — /4 = w/3 — /4 = 7/12 < /8.

The desired conclusion now follows.
To see that (ii) holds, note first that by Theorem and a computation,
the value of the free parameter ¢ corresponding to the limit of h — 0 is given by

2sin’ 9
arccos (m — 1)

t=1-

™

Using the proof of (i), it follows that it suffices to show that

. (_2sin’06
2 arccos cos® ) — /2 <1 arccos ((1-&—?022 0?7 ~ 1) - 2(20 — arccos cos? 0)
m m m

for all sufficiently small 8. To this end, note first that at 8 = 0 the first expression
is equal to —1/2 while the second and third expression are both equal to zero,
and hence the first inequality is strict for all sufficiently small #. To compare the
last two expressions, one verifies that the derivatives of these two expressions at
6 = 0 are given by 0 and 4 — 2v/2 respectvely, and hence (ii) is established.
Finally, (iii) follows from Corollary O
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5.5 A four-dimensional Gaussian with nonnegative corre-
lations whose 0 threshold has no color representation

In this subsection, we study a particular example which will in particular yield
a proof of Theorem [1.5} see (i) and (iii) below.

Theorem 5.11. Let (X1, Xo, ..., X,—1) be a fully symmetric multivariate mean
zero variance one Gaussian random vector with pairwise correlation a € [0,1),
and let

X, = (X1 +Xo+...+ X0 1)/Van—1)2+ (1 —a)(n—1).

msuring that X, has mean zero and variance one. In addition, nonnegative
pairwise correlations is immediate to check. If X = (X1, Xa,...,Xn), then
the following hold.

(i) When n =3, X*° is a color process for any a € [0,1).

(ii) When n > 4 and a is sufficiently close to zero (or zero), X% is not a
color process.

(iii) For n > 4, there exists a fully supported multivariate mean zero variance
one Gaussian random variable X with nonnegative correlations for which
X0 is not a color process.

(iv) When n >4 and a is sufficiently close to one, X*° is a color process.
(v) For anyn >3, a€[0,1) and h > 0, X%" is not a color process.

Proof. (i). The claim for n = 3 follows immediately from Proposition or
Proposition 2.12 in [12].

(ii). We first consider n > 4 and a = 0 and obtain the result in this case. If
XY is a color process, then it must be the case that the color representation gives
weight 1/(n — 1) to each of the n — 1 partitions which consist of all singletons
except n is in a block of size 2. This is because (1) since X1, Xs,...,X,,—1 are
independent, none of 1,2,...,n — 1 can ever be in the same cluster, (2) if n is
in its own cluster with positive probability, then rgn-1; > 0 which contradicts
the fact that X7, Xs,..., X,,—1 all negative and X,, positive is impossible and
(3) symmetry. On the other hand, by , each of the above partition elements
2 arccos ———

Vn—1

must have value 1 — =L, The conclusion is that if it is a color process,

then

s

1 L 2 arccos \/ﬁ

n—1 s
This is true for n = 3 (as it must be) but we show this is false for all n > 4.
Rearranging, this is equivalent to

n
= i _ 33
arcsin 4 /- (33)

Now consider the two functions f(r) = m2?/2 and g(z) = arcsinz for x €
[0,1]. Then we clearly have f(0) = ¢(0) and f(1) = g(1). Moreover, one
can easily check that both functions are continuously differentiable, that their

36



first derivatives agree only at = = \/% + ”;:4 (ie. at x ~ 0.338247 and

x 72 0.941057) and that f'(0) =0<1=¢'(0) and f'(1) =7 < oo = ¢g’(1). This
easily implies that {z : f(z) > g(x)} is of the form (b,1). Hence we need only
check that fails for n = 4 with the left side being larger. However, this is
immediate to check. Finally, to obtain the result for small a depending on n,
one just uses the fact that the set of color processes is closed.

(iii). Fix n > 4, take a = 0 and replace X,, by X! = eZ + (1 — €2)'/2X,,
where Z is another standard Gaussian independent of everything else. Then
for every € > 0, the resulting vector X is fully supported with nonnegative
correlations. However, for small €, X° cannot be a color process since the color
processes are closed and the limit as € — 0 is not a color process by (ii).

For (iv), note that by Theorem [2.2(i), a sufficient condition for being a color
process is that vgn > 1/4. In our case, we clearly have that for any n, vor — 1/2
as a — 1, and hence the desired conclusion follows.

Finally for (v), with n > 3, a € [0,1) and h > 0, this follows immediately
from Theorem [5.7 O

6 An extension to the stable case and two inter-
esting integrals

In this section, we explain to which extent the results in the last subsection of
the previous section can be carried out for the stable case. We assume now that
X1, Xa, ..., X, are i.i.d. each with distribution S, (1,0, 0) for some a € (0, 2)
and we let

X, =(X1+Xo+...+X,1)/(n -1V

and X = (X1, Xo,..., X,).

Proposition 2.12 in [12] implies, as before, that when n = 3, X is a color
process (the {0, 1}-symmetry is obvious and the nonnegative correlations being
an easy consequence of Harris’ inequality).

Concerning whether X° can be a color process for some n > 3 and h > 0,
Theorem implies that it cannot be ezcept perhaps when o = 1.

We now look at the case n > 4 and h = 0. The same argument as in the
previous case allows us to conclude that if X is a color process, then it must
be the case that the color representation gives weight 1/(n — 1) to each of the
n — 1 partitions which consist of all singletons except n is in a block of size 2.
Next eagsily yields that the probability that 1 and n are in the same block
is E[sgn(X1)sgn(X,,)] and hence it must be the case that

Efsgn(X1) sgn(X,)] = 1/(n - 1.

We conclude that for any a where the left hand side above is not 1/(n —1), X°
cannot be a color process. Next, Corollary 6.12 in [8] implies, after some work,
that the above expectation is given by 2/72 times the following integral to be
taken in the Cauchy principal value sense.

log <%| sinf|® + | cosf + (-17)= Sin9|°‘) 0

(34)

lim -
€20 J(c xr/2—e)U(n/24e,m—e) acos@siné
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Restricting now to n = 4, using Mathematica, we draw this integral as function
of a in Figure 4 and it appears to be strictly increasing. (We will see later it is
constant if n = 3!) If we knew that to be the case, we could conclude that there
is at most one value of a for which X© is a color process.

1.90
1.851
1.80
1.751

1.70

0.5 1.0 1.5 2.0

a

Figure 4: The figure above shows the integral in as a function of a.

Exactly as in the previous subsection, using the fact that the set of color
processes is closed, once we know that there is a least one « for which it is
not a color process, we can easily construct fully supported symmetric stable
distributions with n = 4, where the necessary pairwise nonnegative correlations
of the signs holds, whose zero thresholds are not color processes.

In [12], a very special case of Corollary was obtained, namely the case
where we have exchangability (i.e., full permutation invariance). As described
below, a consequence of that analysis, the argument in the proof of Theo-
rem ii) and a result of I. Molchanov yields a proof of Theorem from
Section [1l

Proof of Theorem[1.6. The independence in « of the first integral and its value is
established as follows. Let S1, S, S3 be i.i.d. each having distribution S, (1,0, 0)

and let S+
Pl 2

Xl '_ 21/a

and Si+ S
st 3
X2 -— W.

Considering E[sgn(X7) sgn(X3)], it follows easily from the discussion in Section
3.5 in [I2] that this expectation is 1/3 for each a. On the other hand, Corollary
6.12 in [§] implies, after some work, that the above expectation is, for a given
a, the first integral above times 2/72. Hence this integral is independent of «
with value 72/6.

The independence in « of the second integral and its value is established as
follows. Let S, be i.i.d. each having distribution S, (1,0,0) and let

. S1+ S5
X.fw
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Consider (59,59, XY). It is easy to see that these random variables have
pairwise nonnegative correlations (e.g., using Harris’ inequality) and is {0,1}-
symmetric. It follows from Proposition 2.12 in [I2] that this is a color process.
It is clear, using e.g. the argument in the proof of Theorem [5.11{ii) that the
random partition must satisfy gizo = go31 = 1/2. Next easily yields
q13,2 = E[sgn(S1) sgn(X)]. On the other hand, Corollary 6.12 in [§] implies, af-
ter some work, that the above expectation is, for a given «, the second integral
above times 2/72. Hence the second integral is independent of o with value
2 /4. O

Remark 6.1. (i) Without this theory, one can show directly, although it is
nontrivial, that the first integral is independent of a and equal to 72/6
(as shown by Jack D’Aurizio, see |https://math.stackexchange.com/|
[questions/2698982/why-does-this-integral-not-depend-on-the-parameter).

(ii) Given the analysis in [I2], we knew that any formula for E[sgn(X; ) sgn(Xs)]
would have to be independent of «, in particular the formula given in
Corollary 6.12 in [8] which is the above integral. However we would have
guessed that the independence in « of such a formula would have appeared
in a more transparent way; surprisingly this was not the case.

(iii) Extending the analysis of the first integral, letting

81+ Sk

X = oa k=1,2,...,n,

one can consider E[sgn(X; X5 - - - X,,)], the analogue of E[sgn(X1) sgn(X>2)].
Using Section 3.5 in [12], one can show that the former integral is 1/(n+1)
for n even and zero for n odd. One can then combine this and Corollary
6.12 in [8] to obtain an infinite number of higher-dimensional integrals
which also suprisingly do not depend upon «.

7 Results for large thresholds and the discrete
Gaussian free field

In the first subsection of this section, we show that non-fully supported Gaussian
vectors do not have color representations for large A. On the other hand, in the
second subsection, we give the proof of Theorem that discrete Gaussian free
fields (DGFF) have color representations for large h.

7.1 An obstruction for large h
We first deal with the case n = 2, where we have the following easy result.

Proposition 7.1. Let X := (X1, X2) be a standard Gaussian vector with
Cov(X1, X2) € [0,1). Then X" has a (unique) color representation (qu)qeB,
for all h € R and limy,_, q12(h) = 0.

This result essentially follows from Theorem 2.1 in [2] (see also Lemma
here) but we include a proof sketch here.
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Proof of Proposition[7.1l Note first that since n = 2, the nonnegative correla-
tion immediately implies that X" has a color representation for all A € R, and
hence we need only show that limp_, o q12(h) = 0. Since it can be easily checked

that
Vll(h) — l/1(h)2

) = ()
we need to show that
lim Vll(h)/l/l(h) = O, (35)
h—o0
this however is straighforward. O

The previous result immediately implies the following.

Corollary 7.2. If X = (X1,Xs,...,X,) is a standard Gaussian vector with
Cov(X;, X;) € [0,1) for all i < j and X" has a color representation (¢y)scB,
for arbitrarily large h, then

hm q1,2,3,...,n(h) =1.
h—o0

Interestingly, this gives the following negative result when X is not fully
dimensional.

Corollary 7.3. Let (X1, Xa,...,X,) be a standard Gaussian vector with
Cov(X;,X;) € [0,1) for all i < j. If X is not fully supported, then for all
sufficiently large h, X" is not a color process.

Proof. Since X is not fully dimensional, there must exist a linear relationship
between the variables. As a result, there must exist p € {0,1}" so that for all
h > 0, v,(h) = 0. Hence, if there is a color representation (¢,(h)) for some
h, it must satisfy qi1,2,.. n(h) = 0. The desired conclusion now follows from

Corollary O

7.2 Discrete Gaussian free fields and large thresholds

In this section, our main goal will be to prove Theorem Note that all our
random vectors in this section will be fully supported which we know is anyway
necessary in view of Corollary

We first note the following corollaries of Theorem

Corollary 7.4. Let a € (0,1) and let X = (X1,Xs,...,X,) be a standard
Gaussian vector with Cov(X;, X;) = a for alli < j. Then X" is a color process
for all sufficiently large h.

Proof. Let A be the covariance matrix of X. Then one verifies that for i, j € [n]
we have

__1+(m=2)a e

Ail(Z‘ ) = (1—a)(1+(n—1)a) if 1 = j
0 J i Y
ot Hi#

Consequently, A is an inverse Stieltjes matrix. Moreover, for all j € [n] we have
that

1
17A7 () = ——.
() 1+ (n—1a
and hence 17A~! > 0. Applying Theorem the desired conclusion follows.

O
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Corollary 7.5. Let a € (0,1) and let X = (X1,Xs,...,X,) be a standard
Gaussian vector with Cov(X;, X;) = al"=7| for all i,j € [n], yielding a Markov
chain. Then X" is a color process for all sufficiently large h.

Proof. Let A be the covariance matrix of X. Then one verifies that for i, j € [n]

we have
ﬁ iti=j5¢€{l,n}
2 . . .
A1 ) = 2 ifi=j¢ {1,n}
’ =% ifli—jl=1
0 otherwise.

Consequently, A is an inverse Stieltjes matrix. Moreover, for all j € [n] we have
that

1 oo
17y = { T e hn)
1+a if J € {17 n}
and hence 17A~! > 0. Applying Theorem the desired conclusion follows.
O

We now state and prove a few lemmas that will be needed in the proof of
Theorem The first of these will give sufficient conditions for X" to be a
color process for large h in terms of the decay of the tails of v(1%) for sets S.

Lemma 7.6. Let (vp)ye(0,1) be a family of probability measures on {0,1}".
Assume that v, has marginals pdy + (1 — p)dy and that for all S C [n] with
|S| > 2 and all k € S, as p — 0, we have that

prp(1M) <0 (1%) = 1, (150%7) (36)

and

1S Se
m 3 w(70%)
p—0 p
SCln]: |S|>2

Then X, ~ v, is a color process for all sufficiently small p > 0.

Proof. We will show that given the assumptions of the lemma, for p > 0 suf-
ficiently small there is a color representation (¢,) = (¢»(p)) of X, ~ v, which
is such that ¢, = 0 for all ¢ € B,, with more than one non-singleton partition
element.

To this end, fix p € (0,1/2). We now refer to the proof of Theorem By
Step 1 in that proof we have that a color representation (g, (p)) with the desired
properties exists if and only if the unique solution (g,s(p))|s|21 to

%)= Y plFlgr(p),  SCn): S| £1 (37)

TC[nl: |T|#1

is non-negative. As in the proof of Theorem let A” be the 2™ x (2™ — n)
matrix corresponding to and define B = (B(S,5"))s,s'cn] by

B(S,8") = (—p)I5I-15"I1(5" € 9).
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In the proof of Step 1 of Theorem we saw that for S,7T C [n] with |T'] # 1,

Sl —p) HSCT
otherwise.

" o p(l _p)IS\ +(
(BA")(S,T) = {O

Note that since p € (0,1/2),if S C T and |S| # 1, we have that (BA")(S,T) > 0
Next, let D = (D(S,5"))g,s/c[n) be the diagonal matrix with D(S,S) = (p(1 —

P!+ (—p)SI(1 — p))~LI(|S] # 1). Then for S,T C [n] with [T] # 1,
(DBA")(S.T) = I(S C T) - I(|S| # 1).

Furthermore, one verifies that if we define the matrix C' := (C(S,5"))s,s/cin) by

(—1)IS"I=1817(S € §7) if [S|>20rS=8"=10
(8,8 = (=)IS'I-ISI[(S C §) - (1—|5"]) ifS#S=0
0 otherwise

then (since p # {0,1/2,1})
(CDBA")(S,T)=1I1(S=T)-1(]S| # 1).

Since, by Step 1 in the proof of Theorem the rank of A” is exactly 2" — n,
it follows that if we think of v, as a column vector, then is equivalent to

eLCDBy, ifo=0% |S|#1
0 (p) = { sepb ! (39)

0 otherwise

(with T" here meaning transpose and eg denoting the vector (I(S" = S))g/cn)-
Now note that DBv,(1?) = 1,(1°) and that if S C [n] has size |S| > 2, we have

that , ,

Dgrcs(— p)!S115", (1)
" p(1 =)+ (—p)IA —p)
Since |S| > 2, the denominator is asymptotic to p, and by {i the numerator
is asymptotic to v,(1%). It follows that DB, (1%) ~ p~ 115122y, (1%) for any
S C [n] with |S| # 1. If we apply C to the vector (p~!(5122)y,,(1 )) SC[n], |S|#15
a computation shows that we get the vector (p_l(‘s‘ZQ)Vp(lsO[”]\S))Sg 1, 18|51
Since v,(150"\%) < 1,(1%) by assumption, it follows that for S C [n] with
|S| > 2 we have

DB, (1%) = e DBy,

Qos = pilvp(ls)
and hence g 0 ~ 1 — ngn]: |S|22p_11/p(1SOSC). Since by assumption, this ex-

pression is positive for p close to zero, it follows that g, (p) > 0 for all sufficiently
small p > 0 and all o € B,,. This concludes the proof. O

Lemma 7.7. Let X = (X1,Xo,...,X,,) be a standard Gaussian vector with
strictly positive, positive definite covariance matriz A. Assume further that A
is an inverse Stieltjes matriz and that 17 A=Y > 0. Then for each S C [n], the
covariance matriz Ag of Xg = (X;)ies is a strictly positive, positive definite
inverse Stieltjes matrixz with lTAg1 > 0.
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Remark 7.8. The main part of the proof of this lemma consists of showing
that if the weak Savage condition holds for a matrix A which is an inverse
Stieltjes matrix, then the weak Savage condition will also hold for any principal
submatrix. Without the additional assumption that A is an inverse Stieltjes
matrix, this will not be true. To see this, take e.g.

1 081 051 04
081 1 0.3 0.5
0.51 0.3 1 05
04 05 05 1

A:

One can verify that A is a positive definite matrix for which the Savage condition
holds, but that the Savage condition does not hold for the principal submatrix
corresponding to the first three rows and columns.

Remark 7.9. Lemma essentially proves that if X is a DGFF, then for any
S C[n], Xg = (X;)ies is also a DGFF.

Proof of Lemma[7.7]. By induction, it suffices to show that the conclusion of the
lemma holds for S of the form [n]\{k} for some k € [n]. To this end, fix k € [n].
Clearly, Aju)\x} is a positive and positive definite matrix. By a lemma on page
328 in [7], Ap,)\ (k) is also an inverse Stieltjes matrix. Next, let (b;;) = AL
Since A is positive definite, so is A7!, and hence by, = ef A~'ey > 0. Next,
since by > 0, for i,j € [n]\{k}, it is well known that

birbjk

A[n]\{k}(ld) = bz] bk

and hence for j # k

bixb; b,
Tp-1 1) — o YikY5k o YikYjk
! A[n]\{k}(j) o Z (b” brk ) B Z (b” brk )
ie[n]\{k} i€[n]
. (Zie[n] bij) bkk: - (Zie[n] bik) bjk
- b, (39)
17 A= ()b, — 1A (B) by,
bik
_1TAT (k)b
bik '

=17A7())

Since b;;, <0, by > 0 and 17 A=Y(k) > 0, we obtain the inequality

1TA L () = 17471 ().
Since this holds for all j # k, the desired conclusion follows. O

The following lemma, which collects special cases of Theorems 2.1 and 2.2
in [2] and Theorem 3.1 in [3], will be needed here and in addition in the proof
of some lemmas used in the proof of Theorem
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Lemma 7.10. Let X be a fully supported n-dimensional standard Gaussian
vector with positive definite covariance matrix A = (a;5). If the vector o =
1T A=Y has no zero component, then as h — oo one has that

1 h?
=00 )~ e Vet A (I )] - 7 p< 2

Furthermore if 1”TA=1(1) = 0 , then

lim 7y1n(h) = 1
h—o00 l/,ln—l(h) 2

We note that if n = 3, then assuming a(1) < «(2) < «(3), then it is
immediate to check that «(2) and «(3) are strictly positive, while a(1) can be
negative, zero or positive.

Lemma 7.11. Let X = (X1, Xo,...,X,,) be a standard Gaussian vector with
positive, positive definite covariance matriz A which is an inverse Stieltjes ma-
triz and satisfies 1T A=1 > 0. Then for any S C [n] with |S| > 2 and k € S, as
h — 00, we have

prn (1M « 1y, (15) < 1y (15 0IMINS), (40)

Proof. Let S C [n] and define Xg := (X;);ecs. Let Ag be the covariance matrix
of Xg. By Lemma the matrix Ag is a strictly positive, positive definite
inverse Stieltjes matrix which satisfies lTAg1 > 0. To simplify notation, let

a:;’) = Ag an ) = Ag . e rest of the proof of this lemma will be
) = Ag and (o)) = A5' . Th f the proof of this 1 ill b
divided into several steps

Step 1. Fix S C [n] with |S| > 2 and k € S. In this step, we will prove the
inequality

2
s 5
by > (Z béﬁ) (41)
€S
or equivalently
2
5 5 s

b > <Zb,§i)> + > o (42)

€S €S 1€S\{k}
To this end, note first that since (bgf)) is the inverse of (agf)), we have that

- S
€S

Since X is a standard Gaussian vector, we have that aé}z) = 1 and that a,(j) <1
if i € S\{k}. Moreover, since Ag is a positive definite inverse Stieltjes matrix
7.7, we have that b;) > 0 and that b)) < 0 for i # j. In addition,

> 0 for all 4,7 € S, we also obtain that

> oo <o (43)

€S\ {k}

by Lemma
(8)

simce aij
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Combining these observations, we have

T P CC I N T RTC N TP ol )

=5 i€S\{k} i€S\{k} =
Since Y, b5 = 1T Ag (k) > 0, it follows that
1>3"6 > 0.
i€S

This implies in particular that

2
> > ()

€S i€s
with equality if and only if 17 Ag" (k) = 0. In view of (43), follows.

Step 2. In this step, we will prove that for all S C [n] with |S| > 2 and k € S,
we have
T 4—1 T T
1 AS\{k}l <17 A M<141 AS\{k}
with the first inequality being strict if and only if 1TA§ (k) > 0. To this end,
note first that since A is positive definite, so is Ag and Ag\(x}. So, as before,

b,(c',i =elAg'er, > 0 and if 4,j € S\{k} then

(44)

5 Vi b
7 J
Ag\ gy (:5) = by 5

kk

Using this, we obtain

o BOHS)
T 1
A= D) (%’ 71)(3) )

i,7€S\{k} kk
and
_ ($)
1MAg" 1 =) by,
©,jeS
0 o
T 1 ? J
=D Asymt ( 2. —® ) (Z b > O (45)
i,7€S\{k} kk 1€S\{k}
2
S
(Zies b))
=17at 14— 7
S\{k} Y .
kk

Recalling that b;@i) > 0 and using the conclusion of Step 1, the desired conclusion
follows.
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Step 3. For S C [n] with |S| > 2, define Jg := {j € S: 17 A5"(j) = 0}. Note
that since Ag is positive definite, we have that 1TA§11 > 0 and hence Jg # S.
In this step, we claim that the following hold for any sets S” C S C [n].

(i) If i € Jg, then Jg\ iy = Js\{i}

)
(i) [S\Js| > 2
)

)

(iii Jg C Jg

- 1
(iv 1TA(S\J ne >0
(v) The set {T C [n]\S: T C Jsur} is a power set of some set

To see this, note first that by , for any set S C [n] and any distinct i,j € S

we have that
p(S)

(7) = 174G (j) — 1T A5 (i) - 5. (46)

T —
174! ")

s\{ir\J

From this (i) immediately follows.

For (ii), one first checks that if S has 2 elements, then Jg = @. For larger S,
we argue by induction. Take i € Js. By induction, (S\{i})\(Js\{;}) > 2 which
by (i) implies (S\{¢} (Js\{l}) > 2, which yields the result for S..

Next, by Lemma|7.7, Ag is an inverse Stieltjes matrix which satisfies 1TA§1 >
0. In particular, this 1mphes that b( ) <0 and lTAgl(i) > 0, and hence it fol-
lows from (46) that

1TAG 4 () 2 17451 (5) = 05 (47)

(iii) follows.

Next, (iv) follows easily from (iii).

We will now show that (v) holds. To simplify notation, let Zg = {T C
[n]\S: T C Jsur}. It suffices to show that if T7,T» € Zg and i € T}, then

(a) Ti\{i} € Zs
(b) U {’L} € Zg.

To this end, fix S C [n], 71,752 € Z5 and ¢ € Ty. Since T} € Zg, we have that
Ty C [n]\S and Ty C Jsur,, or equivalently, that lTAgéTl (j) =0forall j € Ty.
Since this in particular implies that 1TA§&,T1 (1) = 0, using it follows that
1 A;UT \(iy () = 0 for all j € Ty\{i}. Since T1\{i} C T3 C [n]\S, it follows
that Ty1\{i} € Zg, and hence (a) holds. Next, since {i} € T1 C [n]\S and
Ty C [n]\S, we clearly have that T» U {i} C [n]\\S, and hence to prove that (b)
holds we need to show exactly that 17 ASUT Ul }( j)=0forall j € T,U{i}. For
this, fix j € TobU{i} and note that by (a), {j} € Zs, and hence lTAngJ{j}(j) =0.

However, since {j} C T U {i}, by repeated application of (47), it follows that

0_1TA55{ G0 >1 AstU{}( ) >0
and hence 17 ASUTQU{ }( j) = 0, implying in particular that T, U {i} € Zg. Ths

concludes the proof of (b).
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Step 4. In this step, we will now show that for any S C [n] with |S] > 2 and
k€S, as h — oo, we have that

pun (1) < 1, (19).

To this end, fix S C [n] and let Jg be as in Step 3. By Step 2, for any k € S\ Jg,
we have that
T 4—1
1745, 1< 1+17Agl G o 1 (48)

Since this trivially holds for k& € Jg, it follows that these inequalities in fact
hold for all kK € S. Now fix k € S. By Step 3 (iv) we have that lTA_\J >0

and 1 As\l(J Uk} > 0, and hence by applying the first part of Lemma [7.10
and using .7 it follows that as h — oo, we have

puh(ls\(JSU{k})) < l/h(ls\‘ls).

Applying the second part of Lemma [7.10] several times together with Step 3
(iii), we see that
v (19Vs) ~ 21051y, (19) (49)

Using this, it follows that as h — oo,
p,jh(ls\{k}) < pyh(ls\(JsU{k})) < z/h(ls\“’s) - ,/h(ls)

and hence the desired conclusion holds.

Step 5. In this step, we show that for each S C [n] with |S| > 2, as h — o0,
we have that
vn(1%) < vy (15019, (50)

To this end, fix S C [n]. By an inclusion-exclusion argument, we see that

vp(1501NS) = 3", (159 (=),

TCn)\S

For each T C [n]\S, let Jsur be as in Step 3. By applied to SUT), it

follows that
uh(15UT) ~ 2—|Jsurlyh(1(SuT)\JSUT)_

Now note that by and Step 3 (iii), we have that

17471

T 4—1
(SUT)\Jsu T =1 Ag 1.

and induction now implies that

17472

T g—1 T g—1 T -
(suT\Jsor L =1 Aglpr>1TA" 1 =174

s\Js 1

with equality if and only if T C Jgur. Since by Step 3 (iv) we have that
lTA(_SuT)\ Jsor > 0 if we combine these observations and apply Lemma |7.10
it follows that

Vh(lsOS“) -~ Z Vh<1SUT)(_1)\T\ ~ Vh(ls) Z 2—|T|(_1)|T|_

TCSe: TCIsur TCSe: TCIsur
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By Step 3 (v), the set {T" C [n]\S: T C Jsur} is a power set of some set S.
Using this, it follows that

Z 2= ITl(—1)ITl = Z 2~ ITH—1)ITI = (1 — 271)ISol = o= 150l

TCSe: TCJsur TCSo

and hence holds.
Since Step 4 and Step 5 together give the conclusions of the lemma, this
concludes the proof. O

Remark 7.12. If we assumed Savage instead of weak Savage, the proof could be
somewhat shortened.

We are now ready to give the proof of Theorem

Proof of Theorem[I.7. The covariance matrix for a DGFF is a block matrix
with each block satisfying the assumptions of Lemma Hence, restricting
to a box, we have that for all S within this box with |S| > 2 and for k € S, we
have that

prn(15MEH) <« 1y, (15) < 1, (159057,

The second condition in Lemma trivially holds and hence applying this
lemma, we obtain conclude that for large h, the threshold Gaussian correspond-
ing to this fixed box is a color process. Since the full process is independent over
the different boxes, we easily obtain the desired result for the full process. [

8 General results for small and large thresholds
for n = 3 in the Gaussian case

8.1 /A small

Theorem 8.1. Let X be a three-dimensional random vector with a contiguous
and strictly positive probability density function. Assume further that X = —X
and that X has equal marginal distributions. Then

limp, 0 q1,2,3(h) =4 — 47,‘20(%()0)

limp, 0 12,3(h) = 41901(0) — 2+ 21;6/0(00()0)

(h) (0) s
im0 qr3.2(h) = 4vg10(0) — 2 4 200000
(h) (0)

vp(0)
limp, 0 q1,23(h) = 4v100(0) — 2+ %&J()O)

limp, 0 q123(h) = 411900(0) + 1 — %,

(Note that v((0) is the one-dimensional marginal density at zero). As a conse-
quence, if X is a three-dimensional standard Gaussian vector with covariance
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matriz A = (a;;) and 0,; == arccosa;j, then

of —_detA
2 arccos(ni<je(1+aij) 1)

s
) det A _
(h) _ 013+023—0412 -1 _|_ arCCOb<Hi<j(1+aij) 1)
- T T

; s det A _
drCCOb(Hi<_7‘(1+aij) 1)

limy, 0 q1,2,3(h) =2 —

limp 0 q12,3

. 01240530
limp, 0 qi3,2(h) = 222223 — 1

™

. ) det A _
012+6013—023 14+ drCCOB(Hi<J‘(1+“iJ’) 1)
s T

§ det A _
arccos ( i, (Fai;) 1)

s

limp, 0 q1,23(h) =

: _ 9 _ 01246134023
limp, 0 q123(h) = 2 -

Proof. Since X has equal marginals, it follows from Theorem that X" has
a unique signed color representation for each h > 0, and by we have

v100(h) — vo11(h)
vo(h)vi(h)(vo(h) — vi(h))

Since v, is differentiable at zero, it follows that

Q1,2,3(h) -

. — lim vioo(h) — v011(h)
i aas(h) =l I o h) — n(0)

e v100(h) = vioo(—h) 2h _ Avig(0)
=4 lim : = .
h—0 2h vo(h) — vo(—h) v4(0)

Similarly, again using (10)), one has that

. _ iy 2oMr110(R) — vi(h)voo ()
fm aizah) = i = o) = w1 (h)

A lim vo(h)vi10(h) — vo(—h)vii0(—h) _ 2h
h—0 2h vo(h) — vo(—h)
v5(0)v110(0) + v0(0)r114(0) 2v110(0)
=4.20 =4 Z71101 77
/4(0) V000 + =)
21441 (0)
= 4vgo (0) — =202
@0
If we can show that
V-/oo(o) = V(/m(o) = V(/)()-(O) = V(I) (0) (51)

the first part of the theorem will follow using symmetry and the fact that > ¢, =
1. To see that holds, let f be the probability density function of (X7, Xs)
and note that )(x) is the marginal density of both X; and X5. Then for any
hi,ho € R we have that

d d [h[he
—P(X1 <h1,Xo < hgy)=— dxo d
dhy ( 1SN, A2 = 2) dhy /_Oo _Oof(xhxz) T2 AT
h1
= f(l’l,hg)dl’l :P(Xl §h1 |X2:h2)l/6(h2)
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Differentiating with respect to hp in the same way and then setting h; = hy = 0,
it follows that

Vo.(0) = )(0) (P(X1 < 0| Xo = 0) + P(X2 < 0] X1 = 0)).

By symmetry, the two summands are each equal to 1/2, and hence v/, (0) =
4(0) as desired. The other equalities follow by an analogous argument.

For the second part of the theorem, note first that by an analogous argument
as above, one obtains in general that

Vhoo(0)
15(0)

Using basic facts about Gaussian vectors, one has that (X2, X3) | X3 =0 is a
Gaussian vector with correlation

= P(X2,X5<0| X1 =0)+P(X1, X35 <0| Xo=0)+P(X1,X5 <0| X3 =0).

23 — 12013

\/(1 —afy)(1 — a%3)-

Using (20)), it follows that

arccos | ——2ifdadis
(1—(112)(1—‘113)

P(X;<0,X3<0] X =0) = 5
™

N =

and hence, by symmetry, we obtain

a23—012013 a13—a12a23 a12—ajzas;
arccos | —(—2=—2=_— | { arccos | —(—=—2=2— | 4 arccos | —(—=—=20—
V(/)OO(O) _ 3 ( (1‘1%2)(1‘1%3)) ( (1a§2)(1a§3)) ( (1(1%3)(1(133))

vp(0) 2 2
Now recall that for any a, § € [—1,1] we have that

arccos(af — /(1 —a2)(1 — B2)) ifa+5>0
arccos a + arccos 3 = .

27 —arccos(af — /(1 —a?)(1-32)) ifa+p8<0.
and hence if a, § € [—1, 1] satisfies «+ 5 > 0 and af—v1 — a?y/1 — 2+~ <0,

then

arccos a + arccos 3 + arccos vy
= 27 — arccos (aﬁv —ay/ (1= B2)(1—92) = B/ (1 —a?)(1 —72) —yy/(1 — a?)(1 — ﬂQ)) _

Now let

_ a23—a12a13
(1_‘1%2)(1_0‘%3)
ﬂ — a13—0a120a23

Y/ (=a3y)(1-a2y)

— Q12 —@130a23 .
7T Vet (-aZ,)
Using that as A is positive definite, then ajs < aizass + /(1 — a?s)(1 — a3,),
it follows that we indeed have that oo + 8 > 0. Moreover, with some work, one
verifies that

of — M a2 %1—524‘7: —det A

(1+a12)y/1—afs/1—a3; ~
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and that

afy —a/(1=32)(1—7%) = By (1 —a?) (1 —72) =7/ (1 —a?)(1 - B?)
_ det A B
Lo (T +ay)

This implies in particular that

Vooo(0) 3 arccosa + arccos 8 + arccosy

v (0) B 21
o _detA
_ § B 27T — arccos (Hi<j(l+llij) 1)
B) 27
det A
_ 1 . arccos (m a 1)
9 2w .

Combining this with and the first part of the theorem, the desired
conclusion follows.
O

We now apply Theorem [8.1] to a few examples.

Corollary 8.2. Leta € (0,1) and let X := (X3, X2, X3) be a standard Gaussian
vector with Cov(X1, X5) = Cov(Xy, X3) = Cov(Xa, X3) = a. Then X" is a
color process for all sufficiently small h.

Proof. Note first that by using Theorem after a computation, we obtain

2arccos<%>
limp 0 qu,23(h) =2 — —

a(a,2_6a,—3>>

aI‘CCOS( (1+a)3
: arccos a
limp, 0 qi2,3(h) = 29524 — 14 -

) arceos (222t )
hmh‘)o qlgg(h) = 2 — arCT:-cosa — pen .
It suffices to show that the above limits are positive. Since arccosz € (0,7) for
all z € (—1,1) and arccos x is strictly decreasing in x, it follows that the first of
these is strictly positive whenever

a(a® — 6a — 3)

—1.
(14+a)3 >

By rearranging, one easily sees this to be true whenever a € (0,1). Next, since
m — arccosx = arccos(—z) for all z € (0,1) it follows that the second limit is
strictly positive whenever

2 —6a—3 —a(l—a)(24+5 2

a+a(a a ): a(l—a)(2+ a+a)<0.

(1+a)? (1+a)?
which clearly holds for all a € (0,1). To see that X" has a color repre-
sentation for all sufficiently small A > 0, it thus only remains to show that
limy, 0 q123(h) > 0. To this end, first note that this is equivalent to that

2 _ _
3 arccos a + arccos M < 2.
(1+a)3

o1



It is easy to verify that we get equality when a = 0, and hence it would be enough
to show that the left hand side is strictly decreasing in a. If we differentiate the
left hand side one we obtain, after a detailed computation, that
3 7 3
(1+a)V1+2a +1—a2

which is clearly negative for all @ € (0,1). From this the desired conclusion
follows. O

Corollary 8.3. Leta € (0,1) and let X = (X1, X, X3) be a standard Gaussian
vector with Cov(X1, X2) = Cov(Xa, X3) = a and Cov(Xy, X3) = a®. Then X"
is a color process for all sufficiently small h.

Remark 8.4. With X = (X1, X2, X3) defined as a above, X is a Markov chain.

Proof of Corollary|8.5. Note first that by using Theorem after a computa-
tion, we obtain

b gy a(h) = 2~ 22 (T)
14y s

—2

: _ arccosa® _ arCCOS(1+aa?)

limp 0 q12,3(h) = 22 1+ -

. 9 o 2 arccos( 72“2)

limy, .0 q1372(h) — arccosaﬂ—arccosa _ ita
—2a

limy, .0 Q1723(h) — arcc:;sa2 — 14 arccos§r1+a§)

limy 0 q123 (h) — 9 _ 2arccos a;arccos a? arccosgrljfa%) .

It suffices to show that the above limits are positive. By using the fact that
m — arccosz = arccos(—zx) for all x € (—1,1) and the fact that arccosine is a
strictly decreasing function, one easily verifies that the first, second and fourth
of these are strictly positive for all a € (0,1). To see that the third limit is
strictly positive for a € (0,1), we differentiate this limit with respect to a to
obtain

2
(1+a2)v1—a?

This expression can be equal to zero if and only if

(aV1+a?+vV1—a®— (1+d?))-

a\/1+a2+\/1—a2:1—|—a2.

Squaring both sides and simplifying, we see that this is equivalent to that

Vi—at=a

which in turn is equivalent to that
1—a?—-a*=0.

This equation clearly has exactly one solution in (0,1). Hence in particular,
there can be only one maxima or minima in (0,1). Since limp_ ¢13,2(h)(a) is
continuous in a for all @ € [0, 1], limp, 0 g13,2(R)(0) = limp—,0 ¢13,2(h)(1) = 0 and
one easily verifies that limp_,0 q13,2(h)(0.5) > 0 it follows that limy,_,0 g13,2(h)(a) >
0 for all a € (0,1).
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Finally, one easily verifies that the derivative of limy_,¢ q123(h)(a) with re-
spect to a is given by

2
(14 a?)V1—a?

which has no zeros in (0, 1). Since limp_,0 q123(R)(0) = 0, limp 0 q123(h)(1) =1
and limy, 0 ¢q123(h)(a) is continuous in a, it must be strictly increasing in a in
(0,1), and hence it follows that limp_,¢ ¢123(h)(a) > 0 for all a € (0,1). O

(aV/1+a?2+(1+a?) —v1—a?)-

8.2 h large

Before proving Theorem 1.8 we start off by giving some interesting applications
of it.

Corollary 8.5. For each case below, there is at least one Gaussian vector X
with non-negative correlations which satisfies it.

(i) X" has a color representation for all sufficiently large h and for all suffi-
ciently small h > 0.

(ii) X" has no color representation for any sufficiently large h nor for any
sufficiently small h > 0.

(iii) X" has a color representation for all sufficiently large h but not for any
sufficiently small h > 0.

(iv) X" has a color representation for all sufficiently small h but not for any
sufficiently large h.

In particular, the property of X" being a color process for a fired X is not
monotone in h (in either direction) for h > 0.

Proof.

(i) Of course one can take an i.i.d. process here. A more interesting exam-
ple is as follows. Let X be a three-dimensional standard Gaussian vector
with Cov(X7, X5) = Cov(Xy, X3) = Cov(Xa, X3) = a € (0,1). By com-
bining Corollary and Theorem |1.8(i), it follows that X" has a color
representation for both sufficiently small and sufficiently large h > 0.

(ii) Let X be a three-dimensional Gaussian vector with Cov(X71, X2) = 0.05,
Cov(X1,X3) = Cov(X3, X3) = 0.6825. One can verify that this corre-
sponds to a positive definite covariance matrix. Using Theorem 8.1, one
verifies that limp, 0 q12.3(h) &~ —0.05 and hence X" does not have a color
representation for any sufficiently small A. Using Theorem [1.8] it follows
that X" does not either have a color representation for large h.

(iii) Let X be a three-dimensional standard Gaussian vector with Cov(X1, X2) =
0.1, Cov(Xy,X3) = Cov(X2,X3) = 0.5. One can verify that this corre-
sponds to a positive definite covariance matrix. Now by Theorem (8.1
the limit limy_,¢ ¢12,3(h) =~ —0.016 and hence X" does not have a color
representation for any sufficiently small A > 0. Next, since the Savage
condition holds, we have that X" has a color representation for all
sufficiently large h.
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(iv) This follows immediately from Theorem 5.9

O

Example 8.6. It is illuminating to look at the subset of the set of three-
dimensional standard Gaussians for which at least two of the covariances are
equal. So, we let X, = (X1, X5, X3) be a standard Gaussian vector with

covariance matrix
a

1 a
A=1|a 1

a b 1
for some a,b € (0,1). One can verify that A is positive definite exactly when
2a%2 < 1+ b. Applying Theorem one can check that X f;’b is a color process
for all sufficiently large h if and only if either 2a — 1 < b or (2a — 1)? < b (note
both of these inequalities imply that 2a? < 1+b). Cases (i) and (ii) correspond
to the first inequality holding and Case (iii) corresponds to the first inequality
failing and the second inequality holding. For a fixed h, the set of parameters
which yield a color process for threshold h is a closed set. However the set of
parameters which yield a color process for sufficiently large h is not a closed set;
for example, a = .1 and b = ¢ belongs to this set for every ¢ > 0 but not for
e=0.

In Figure 5, we first draw the regions corresponding to the various cases in
Theorem and the region corresponding to having a positive definite covari-
ance matrix. In the second picture, we superimpose the region corresponding
to all choices of a and b for which X f , has a color representation for all 4 which
are sufficiently close to zero. Interestingly, this figure suggests that if X ;L,b is
a color process for h close to zero, then X g’b is also a color process for h suffi-
ciently large. Moreover, the region corresponding to the set of a and b for which
X g,b has a color representation for h close to zero intersects both the regions
corresponding to Cases (i) and (iii).

We now proceed with the proof of Theorem 1.8

Lemma 8.7. Let X := (X1, X3) be a fully supported standard Gaussian vector
with covariance matrizx A = (a;j). Then v11(h) < v1(h) and if a12 > 0, then
l/1(h)2 < Vll(h).

Proof. We have that 17 A~ = ((1+ a12) ™", (1 + a12)~"') > 0 and hence Lemmal|7.10]

implies that
h? 2
vi1(h) < h™2 - exp (— ) .

2 1+ a2
Since p1(h) < b~ - exp (=h?/2), p1(h)? < h=2 - exp (—=h?) and ai2 < 1 by the
fully supported assumption, the result easily follows. O

Lemma 8.8. Let X be a fully supported 3-dimensional standard Gaussian vector
with covariance matriz A = (a;5). If a;j € [0,1) for all i < j, then

I/l(h) max({yll.(h), Vl.l(h)7 I/.ll(h)})
< min({r11.(h),v1.1(h), v.11(h)}).
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0.0 0.2 04 0.6 0.8 1.0 0.0 02 04 0.6 0.8 1.0

[ Case (i) Case (jii) [ Case (i) 1 Case (jii)
[ Positive definite covariance matrix [ Discrete Gaussian free fields [ Positive definite covariance matrix 1 Discrete Gaussian free fields

Color process for small h

Figure 5: The figure to the left shows, for Example the different cases in
Theorem [1.8 A is positive definite in the blue region and to its left, Case (iii) is
the green region, Case (i) is the red region and to its left and the set of DGFFs
is the orange region. Case (ii) corresponds to the straight line b = 2a — 1. The
boundary of the orange region, which is the line b = a2, corresponds to the
family of standard Gaussian Markov chains. The boundary between the green
and blue regions is the right half of the parabola b = (2a — 1)2. Finally the two
black points correspond to the two examples given in the proof of (ii) and (iii) of
Corollary The picture to the right is the same except with the region where
there is a color representation for A sufficiently close to zero being superimposed.

Proof. For i < j, let A;; be the covariance matrix of (X;, X;). Then lTA;j1 =
(14 ai;)~" (1 +ay)"") > 0 and hence Lemma implies that

_ h? 2
vy (h) < h™2 - exp (2- 1+a~) (52)
ij

and so

vi(R)vyay (h) < h™2 - exp (—};2 . (1 + 2 )) : (53)

1 -+ CLij
In particular, this implies that the desired conclusion follows if we can show
that

max < 1+ min .
1<j 1+aij i<j 1+aij

However, since a;; € [0,1) for all i < j we have that

max <2< 1+ min .
1<j 1 —|—aij i<j 1—|—a,-j

O

Lemma 8.9. Let X be a fully supported 3-dimensional standard Gaussian vector

with covariance matriv A = (a;;). If 1TA™1 > 0 and at most one of the
covariances a;; is equal to zero, then

%1 (h) max({yn. (h), Vl.l(h), I/.11(h)}) < V111(h)

< min({v11.(h),v1.1(h),v.11(h)}). oy
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Proof. We first show that the second of the two inequalities holds. First, since
17A~! > 0 by assumption, we have that

h2
Vlll(h) = h73 + exp (—2 . 1TA11> . (55)

Since
viri(h) < min({vi1.(h), v1.1(h), v.11(R)}),

implies
14711 >

1+ ay

for all i < j. However since h~3 < h™2, it follows that we then must have that
V111 (h) < min({un.(h), Vl.l(h), I/‘ll(h)}).

This shows that the second inequality in holds.
Next, to show that the first of the two inequalities in holds, we will

show that
2

1 + aij
for all i < j, since if this holds, then and immediately imply the desired

conclusion. To this end, using , one first verifies that17 A=! > 0 is equivalent
to

1TA7 1 <1+ (56)

1+ 2mina;; 57
+ Iin<1§,1aw>;aw (57)

Similarly, can be shown to be equivalent to

(1+ max{a;;}) [[a—ay) <1=>af +2]]ay- (58)

1<j i<j i<j

If a;; = 0 for exactly one of the covariances, then one easily verifies that
holds when holds. Now instead assume that a;; > 0 for all i > j. If we
think of a5 > 0 as being fixed, then holds for all a13 and as3 in the interior
of the ellipse E given by

(1—a2)(1—2)1—y)=1—a2y — 2% —y* + 2appzy, =,y <€R.

One verifies that the boundary of E passes through the origin and the points
(0,1 —a?y), (1 —a?,,0), (a12,1) and (1,a12). Since we are assuming the Savage
condition , any possible aj3) and ae3) under consideration necessarily lies in
the region R given by

14+ 2min({a12,2,y}) > a2+ +y, z,y>0.

Hence we need only show that R C E. (See Figure @) To see this containment,
note that R is a polygon with vertices given by (0,0), (0,1 — a12), (1 — a12,0),
(1,a12) and (a12,1). We already know that the first, fourth and fifth of these
vertices lie on the boundary of E¥ while one easily checks that the other two lie
inside F. Since F is convex, and R is a polygon, it follows that R C FE. O
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Figure 6: The image above shows the situation in the proof of Lemma where
we are interested in whether a region R is contained inside a given ellipse E.

We are now ready to give the proof of Theorem We remark that in the
proof, Case 1 and Case 2 can alternatively be proven, using the lemmas in this
section, by appealing to Lemma [7.6

Proof of Theorem|[1.8. Let (¢,)seB, be the unique solution to guaranteed to
exist by Theorem By , using inclusion-exclusion, we see that for any
h > 0 we have that

vi(h) = (vai(h) + via(h) + vi1.(h)) + 2v111(h)
o

B )
q1,2,3(h) = (h)l/l(h)( o(h) - h)) 7

qro.3(h) = (1 —2vy(h))v11.(R) + vi(R)(va1(h) + via(h) +vi1.(R)) — vi(R)? — vi11(R)
7 vo(h)v1(h)(vo(h) — v1(h))
and

2V1(h)3 + Vlll(h) - Vl(h)(l/.ll(h) + Vl.l(h) + I/11.(h))
vo(h)va(h)(vo(h) — v1(h)) '

This implies that there is a color representation for large h if and only if for all
large h we have that

qi23(h) =

vai(h) +via(h) +vin.(h) < vi(h) 4 2v111(h), (59)
vinr(h) +vi(h)* < vi(h)(vai(h) + via(h) + vin.(h)) (60)
+ (1 = 2v1(h)) min({r11.(h), v1.1(h), v11(h)})
and
Vl(h)(l/.ll(h) + Vl.l(h) + Vll.(h)) S I/111(h) + 21/1(h)3. (6].)

We will check when , and hold for large h by comparing the
decay rate of the various tails. Before we do this, note that by , one has
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that 17A71(1) < 0 exactly when 1+ as3 < ajz + a13. If this holds, then clearly
ass = min;<;(a;;) and hence v.11(h) = min({v11.(h), v1.1(h),v.11(h)}).

Without loss of generality, we assume that 0 < as3 < a13 < a1z and that
a1z > 0, since the case aj2 = a13 = asz = 0 is trivial. Note that this assumption
implies by that

1A7H(1) <1471(2) <1471(3)

with the largest two terms being positive.
We now claim that holds for all sufficiently large h, without making any
additional assumptions on A. To see this, note that Lemma implies that

V.ll(h) + Vl.l(h) =+ V11.(h) < 3U11.(h) < Vl(h) <wn (h) =+ 21/111(]’1,)
and hence holds for all large h.

We now divide into three cases.

Case 1. Assume that 17A71(1) > 0 and a3 > 0. We will show that
both and hold in this case without any further assumptions. To this
end, note first that since as3 > 0, Lemma implies that v4(h)? < v.11(h).
Moreover, since 17 A~ > 0, Lemma [8.9] implies that

vi(h) max({v11.(h), v1.1(h),v11(h)}) < vini(h)
< min({v11.(h), vi.1(h),va1(h)}).

Combining these observations, we obtain

Vlll(h) + V1(h)2 < V.u(h) ~ (1 — 21/1(h))V.11(h)
< wvi(h)(wai(h) +via(h) +vi.(h))
+ (1 = 2wy (h)) min({v11.(h), v1.1(R), v11(h)})

and hence holds. Similarly, we obtain

Vl(h)(l/.ll(h) —+ I/1.1(h) —+ Vll.(h)) < Vlll(h) S l/lll(h) —+ 21/1(h)3.
establishing (61)). This concludes the proof of (i).
Case 2. Assume that 17 A71(1) = 0 and ag3 > 0. We will show that and

both hold in this case. To this end, note first that since 17 A=1(1) = 0, Lemma

implies that v111(h) ~ v.11(h)/2 and, since as3 > 0, Lemma implies
that v.11(h) > vy (h)?. This implies in particular that

vin (h) + vi(h)? ~ var(h)/2 + vi(h)? ~ vai(h)/2

~ 5 (=2 (R ()
= 5 (L= 20 () min({was (), 921 (h), v (1))

and hence holds for all sufficiently large h. Next, using Lemma we
obtain

vi(h)(va1(h) + via(h) + vi1.(h) < wvai(h)/2 ~ v (h)

and hence holds for all sufficiently large h in this case. This finishes the
proof of (ii).
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Case 3. Assume that 17A71(1) < 0. By Lemma we have that v111(h) ~
v.11(h). Using this, one easily checks that holds by the same argument as
in Case 2, and hence it remains only to check when holds. To this end, note
first that if we use the assumption that as3 < a13 < ays, then is equivalent
to

Vl(h)Q + Vl(h)(u.u(h) - V1.1(h) — Vll.(h)) < V()u(h). (62)
Since a;; < 1 for all ¢ < j, Lemma implies that
vi(h)? + vi(h)(va1(h) — via(h) = vir.(h)) ~ vi ()%

Therefore, by Lemma we see that if 17 A=11 < 2 holds, then vg11(h) >
v1(h)? yielding (62). On the other hand, if 17A~'1 > 2 holds, then vo1(h) <
v1(h)? in which case fails.

Case 4 Assume now that asz = 0, i.e. that X5 and X3 are independent. Note
that if a13 = as3 = 0, then there is a color representation by Proposition
and hence we can assume that a;3 > 0. Now note that since X, and X3 are
independent by assumption, if X" has a color representation (g, (h)) for some
h, it must satisfy gi,23(h) = gi23(h) = 0. Using the general formula for these
expressions, we obtain that
1/111(/1) + l/1(h)2 = 1/1(h)(1/‘11(h) + 1/1‘1(}1,) + V11‘(h))
+ (1 =211 (h))va1(h)
and
U1<h)(l/.11(h) + Vl.l(h) + V11.(h)) = V111(h) + 2U1(h)3.
Using that v.11(h) = v1(h)? by assumption, we see that these equations are both
equivalent to that
vin(h) + vi(h)® = vi(h)(1a(h) + vi1.(h)). (63)
We will show that does not hold for any large h. To this end, note first
that if 17A~! > 0 and a1, a;3 > 0, then by Lemma we have that
Vlll(h) + V1(h)3 ~ I/111(h) > Vl(h)(Vl.l(h) + l/11.(h))

and hence cannot hold, implying that there can be no color representation
for any large h in this case.
Next, if 17 A71(1) = 0, then using Lemma we get that
Vlll(h) + l/1(h)3 ~ V.ll(h)/Q + Vl(h)g = Vl(h)2/2 + 11 (h)3 ~ I/l(h)2/2.
Using Lemma [8.7] and the assumption that ai2,a13 < 1, it follows that
v1(h)? > v1(h)(v1.1(h) + v11.(h))

and hence cannot hold, implying that there can be no color representation
for any large h in this case.

Finally, if 17 A=1(1) < 0 then we can use Case 3. Observing that if ass = 0,
then det A > 0 implies that a2, + a?; < 1, we have that
2(1 — alg)(l — 0,13)

1—ai, —afy
= (1 — a1 — a13)2 <0

1"TA MM<251+ <2

implying in particular that there can be no color representation. O
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9 Large threshold results for stable vectors with
emphasis on the n = 3 case

9.1 Two-dimensional stable vectors and nonnegative cor-
relations

In this subsection, we give a proof of Proposition [1.10

Proof of Proposition[1.10. We may stick to h > 0 throughout. It is elementary
to check that X} and X/ have nonnegative correlation if and only if

P((1—a®)"/*Sy > a|Si| + h) > P(Sy > h)*. (64)
When h = 0 and a = 2~/*, we have that
P((1—a®)"/*Sy > a|Si| + h) = P(S2 > [S1]) = 1/4
and
P(S; > h)* =1/4.

Hence we get equality in in this case. Now note that the left hand side
of is strictly decreasing in a. This implies that when A = 0, we get non-
negative correlations if and only if @ < 271/ establishing the equivalence of (i)
and (ii).

We now show that (ii) implies (iii). To see this, note first that since the left
hand side of is strictly decreasing in a, it suffices to show that holds
for all h > 0 when a = 2~/®. To this end, note first that in this case, we have
that

P((1 —a®)Y*Sy > a|Sy| + h) = P(Sy > |S1| + h2Y/%).
Now observe that
2P(Sy > Sy + h2'/*, Sy > h2'/)
= 2P(Sy > Sy + h2'/, Sy > h2'/* S < 0)
+2P(Sy > S1 + h2Y/*, Sy > h2t/* S > 0)
= 2P(Sy > h2Y/*, §; <0)
+2P(Sy > |S1| + h2t/%, 81 > 0)
= 2P(Sy > h2Y*)P(S; < 0)
+2P(Sa > |S1] + h2Y)P(S; > 0)
= P(Sy > h2Y/%) 4+ P(Sy > |Sy| 4+ h2'/®)
and that
P(Si > h) = P(S2 + S > h2'/®)
= P(Sy 4 Sy > h2'/*, §) > h2'/®)
+ P(Sy + S > h2Y/ Sy > h2V/®)
— P(S3+ Sy > h2V/* 8 > h2'/*, S, > h2l/®)
= 2P(Sy + 81 > h2'/®, Sy > h2l/®) — P(S; > h2V/*)2,
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Putting these observations together, we obtain
P(Sy > |S1| + h2'/®)
=2P(Sy > 8; 4 h2Y/*, Sy > h2l/) — P(Sy > h2/®)
= P(S; > h) + P(S; > h2Y/%)2 — P(Sy > h2'/®).
In particular, we get nonnegative correlations if and only if
P(S1 > h) + P(Sy > h2'/*)2 — P(Sy > h2'/*) > P(S; > h)>.
Rearranging, we see that this is equivalent to
P(Sy > h) — P(S) > h)? > P(Sy > h2Y/%) — P(S; > h2/«)?
which will hold for all A > 0 since P(S; > h) — P(S; > h)? is decreasing in h
for all h > 0. This establishes (iii). O

9.2 hlarge and a phase transition in the stability exponent

In this subsection we will look at what happens when X is a symmetric multi-
variate stable random variable with index o < 2 and marginals S,(1,0,0), and
the threshold A > 0 is large. The fact that stable distributions have fat tails
for @ < 2 will result in behavior that is radically different from the Gaussian
case. We will obtain various results, perhaps the most interesting being a phase
transition in o at o = 1/2; this is Theorem [1.12]

Our main tool when working in this setting will be the following theorem.

Theorem 9.1. Let o € (0,2) and let X be a symmetric n-dimensional a-stable
random vector with marginals S,(1,0,0) and with spectral measure A and let
p € {0,1}". Then for any k > 1 we have that the limit of v,(h)/v¥(h) as
h — o0 is equal to

Qk o0 o0
E/O /0 AF XL ES,_1:VjEn stl )>1ep@y)=1
k
. H as;(pra) ds;.
i=1

(65)

Remark 9.2. The case k =1 and p = 1™ of this theorem is essentially a special
case of Theorem 4.4.1 in [I0] (see their equation (4.4.2)).

Remark 9.3. If A is in addition finitely supported, a change of variables shows
that the expression in is equivalent to

k
% 3 / / <we ZS NYxi(4) > 16 plj) = 1>

X1,..., X Esupp(A)
k
: H ozsi_(Ha) ds
i=1
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Remark 9.4. Theorem can easily be extended quite a lot. First, the same
statement but with different thresholds h; = b;h, b; > 0, for each i follows
analogously if we replace 1 with (b;);=1,2,...n but keep v1(h). Furthermore, we
could drop the assumption that the b; is positive by applying the theorem to
the random vector (sgn(b;)X;). Finally, it in fact already follows from the proof
that we do not need the assumptions on the marginals if we replace the term
vi(h) in the limit with P(Y > h) for Y ~ S,(1,0,0).

Proof sketch of Theorem [1.11. We show that the assumptions of Lemma [7.6
hold. First Theorem implies that holds. Next, a computation using
Theorem shows that the last condition in Lemma holds if holds. [

We will now apply Theorem to a simple example.
Corollary 9.5. Let a € (0,2) and let S1, Sy and Ss be i.i.d. with S1 ~
Sa(1,0,0). Furthermore, let a € (0,1) and define X1 = S; and Xy and X3
by
X =aXi + (1 —a)¥8;, i=23.
Then X" is a color process for all sufficiently large h.

Remark 9.6. The random vector X defined by this corollary is a stable Markov
chain. We have already seen a Gaussian analogoue of this result.

Proof of Corollary[9.5. Clearly (X1, X2, X3) is a three-dimensional symmetric
a-stable random vector whose marginals are S,(1,0,0). If we let A be given by

1 0 0
a (1 fao‘)l/a 0
a2 a(l _ aa)l/a (1 _ aoc)l/a

then
X, S
Xol =418,
X3 S3

It follows that for each x € supp(A), exactly one of +(2A(x))/*x is a column in
A. Moreover, each column of A corresponds to a pair of points in the support of
A in this way. To simplify notation, for x € supp(A) we write % := (2A(x))"/*x.
Using Theorem and Remark with n = 3 and k = 1, one easily verifies
that this implies that

. v(h) > . —(1+4a)
lim = Z I(s1%1>1)-as; ds
)0

h—o0 I/l(h) x1€supp(A

> 1
= asl_( o) ds; = a®®
a—2
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and similarly that
vio(h)
h—oo 17 (h)

vioo(h)
h— o0 Vl(h)

vo11(h)
oo vi(h)

voro(h) _
h— o0 Vl(h)

voo1(h)
h—oo 17 (h)

V101(h)
h— 00 Vl(h)

Combining this with we obtain

=1-a"

=0.

limp o0 q123(h) = (1 —a%)?
limp o0 qi2,3(h) = a%(1—a?)
limp oo iz 2(h) =0
limp_yoo 1 23(h) =a*(1 —a®%)
limp oo qra3(h) = a®*.
From this it follows that X" has a color representation for all sufficiently large
h if ¢13.2(h) is non-negative for large h. By , q13,2(h) is given by
vo(h)vi01(h) — v1 (R)vo10(h)
vi(h)vo(h)(vo(h) — vi(h)) -
Here the denominator is strictly positive for all h > 0, and we know from
that vo10(h) = (1 — a®)?v1(h) + o(v1(h)). Hence it is sufficient to show that

Y101 (h)
h—oo V1 (h)2

To see this, we again apply Theorem and Remark to obtain

. vioi(h)
A
1

_ > / / I(s1%1(1) + s2%a(1) > 1,
X1,X U 0 0
1,Xx2Esupp(A) $1%1(2) + s2%2(2) < 1,

$1%1(3) + $2%2(3) > 1) agsf(Ha)s;(Ha) dss dsy

A (al Tl (1_;;1/a> o5y 15y 11 dsy dsy

qi3,2(h) =

> (1—a%)%

N |

a1
=(1- aa)/ (1—a%s) " asy M) ds,
1

—1

> (1-— aa)/ asl_(Ha) ds; = (1 —a®)?
1
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which is the desired conclusion. O

We can now prove Theorem which is a stable version of the example in
the proof of (i) of Corollary

Proof of Theorem|[1.12. We start a little more generally. Let a € (0,2) and let
So, S1, -+, Sp be iid. with Sy ~ S,(1,0,0). Furthermore, let a € (0,1) and
fori=1,2,...,n, define

X; =aSy+ (1 — a“)l/aSi.

Note first that for any n > 1, (X1, Xs,...,X,) is clearly an n-dimensional
symmetric a-stable random vector whose marginals have distribution S, (1,0, 0).
Moreover, for any n > 2, if we let A be the n x (n + 1) matrix defined by

a ifj=1
A(i,j) =< (1 —a)¥> ifj=i+1
0 otherwise

then ’ "
(X1 X)) = A (50,51 ....5)"

It follows that for each x € supp(A), exactly one of +(2A(x))/*x is a column in
A. Moreover, each column of A corresponds to a pair of points in the support of
A in this way. To simplify notation, for x € supp(A) we write % := (2A(x))"/*x.
Using Theorem and Remark one easily verifies that it follows that

o (h o0 e
m 2 () = Z / I(s1%1>1)-as; 1+ g,
0

h— o0 h
— Vl( ) x1 Esupp(A) (67)

:/ I(asy > 1)-asy 7 dsy = a®.
0

Returning to the case n = 3, let, for h > 0, (q123(h), Q1273(h), Q1372(h), q1,23 (h), Q17273(h))
be the unique formal solution to . Then by , symmetry and inclusion-
exclusion, we have that

Gros(h) = v100(h) — vo11(h) _ vi(h) — 3v11.(R) + 2v111 ()
2, vo(h)vy (h)(vo(h) — v1(h)) vo(R)v1 () (vo(R) — 11 (h))

and hence limy,_, o ¢1,2,3(h) = 1 —a®. Similarly, one sees that limy,_,o g12.3(h) =
limp_y 00 13,2(h) = limp_, o0 q1,23(h) = 0 and hence limp,_,o g123(h) = a®. Since
the solution is permutation invariant, it follows that we have a color repre-
sentation for all sufficiently large h if and only if ¢i23(h) > 0 for all suf-
ficiently large h. To see when this happens, note first that by symmetry,
101 + Y010 = VYo11 + Yo10 = Vo1. and hence, using , it follows that

qi3,2(h) = vo(h)101 () — v1(R)voio(h) _ v101(h) — v1(h)ver.(h)
) VO(h)Vl(h)(l/o(h) — Ul(h)) Vo(h)yl(h)(yo(h) — Vl(h)) .

The denominator is strictly positive for all large h and by we have that

vo1-(h) = v1(h) — v11.(h) = v1(h)(1 — a®) + o(¥1(h)).
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The question is now how limy, oo v101(h)/v1(h)? compares with 1—a®. Applying
Theorem and Remark with p = (1,0,1) and k = 2, we obtain

v101(h)

h— o0 l/l(h)2
1
= 5 Z / / 81X1(1 +82X2( )
x1,X2Esupp(A) ) n 82X2( ) < 1’
)

+ 52%2(3) > 1) s g Sq (F9) dsy dsy

81X1(2

s1%1(3

/ / 1 —a® 1/a51 >1,(1- ao‘)l/as > 1) 57 ~(ta), (HO‘) dso dsy

+/ / I(a31 >1,as1 —(1— a"‘)l/O‘SQ < 1) a2sl_(1+a)sz_(1+a) dso dsy
0
=(1-a")?+a*(1~— ao‘)/ aw™F) (w — 1)~ dw.
1

Hence X" has a color representation for all sufficiently large h if

e’}
«
———d 1
/1\ w1+a(w _ 1)(1 w >

and has no color representation for any large h if

i «
—_—dw < 1.
_/1 wite(w — 1)@ w

To check when we are in these two cases, note first that by making the change
of variables w = x ™!, we seethat the integral on the left hand side is equal to

1
/ az? N1 — x) " da.
0

This integral is easily verified to be infinite when « > 1, strictly positive for all
a € (0,1) and equal to 1 if & = 1/2. Furthermore, if o € (0, 1), recognizing this
as the Beta distribution we see that it is equal to
r'2a)l’(1 - I'2a)T(1 — 1 1
(% (0[) ( a) (a) ( a):22a11'\<a+2>1'\(1_a)

I(l+a) N I'(«)

Nz

where the last equality follows by using the Legendre Duplication Formula (see
[, 6.1.18, p. 256). We claim that this expression is strictly increasing in a.
If we can show this, the conclusion of the theorem will follow since we get the
value 1 at o = 1/2. To see this, recall first that I(a) = I'(a)y(«), where ¢ is
the so-called digamma function. It follows that the derivative of the expression
above is equal to

22a—1f(a+;)F(1—a)-\/17?- (210g2+w(a+;> —z/)(l—a)).

Since the first term is equal to our original integral, it is clearly strictly larger
than zero. Moreover, an integral representation of ¢ given in [I] (see 6.3.21, p.
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259) implies that ¢ (x) is strictly increasing in « for z > 0. It follows that the
second term is strictly larger than

2log2+ 9 (1/2) — 4 (1).

Using the values of the digamma function at 1/2 and 1 (see [I], 6.3.2 and 6.3.3,
p. 258), this last expression is 0. This finishes the proof. O

We next give the proof of Theorem [1.13

Proof of Theorem[1.15. Clearly (X1, X2, X3) is a three-dimensional symmetric
a-stable random vector whose marginals are S,(1,0,0).

If we define ¢ = ¢(a, a,b) == (1 — 2a® — 2b*)"/* and let A be given by
a b 0 b a 0 c
0 a b 0 b a c
b 0 a a 0 b ¢
then

X1

Xy | =A- (S, S2, Ss, S4, S5, S, S7)T

X3

It follows that for each x € supp(A), exactly one of +(2A(x))/*x is a column in
A. Moreover, each column of A corresponds to a pair of points in the support of
A in this way. To simplify notation, for x € supp(A) we write x = (2A(x))Y/*x.
Using Theorem and Remark we get that

tim 2121 _
h—o0 lll(h)

/ I(s1%1>1)- ozsl_(1+a) dsy
x; €supp(A) 7 0 (68)

= / I(cs1 >1)- as;(Ha) ds; =c¢®* =1—2a” — 2b™.
0

Similarly, we obtain

v110(h) /Oo . —(14a)
m =2 I(s1 -min({a,b}) > 1) - as ds

By o0 l/l(h,) 0 ( 1 ({ }) ) 1 1 (69)

= 2min({a,b})*.
Using , it follows that

limh_mo Q123(h,) =1-—2a% — 2b"
limp, 00 q12,3(R) = 2min({a, b})* (70)
limp, 00 q13,2(R) = 2min({a, b})*
limy, 00 q1,23(R) = 2min({a, b})*

and as ¢ 23(h) =1 —qi23(h) — qu2,3(h) — q13,2(h) — q1,23(h) for h € R, we also
obtain

hli_}n;@ q1,2,3(h) = 1—(1-2a%—2b%)—6 min({a, b})* = 2 (max({a, b})* — 2min({a, b})“) .

Since a,b € (0,1) and 2a® 4 2b* < 1 (as a > ¢1), it follows that all of the limits
in lie in (0, 1) for any « € (0,1).
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Let g(a) = max({a,b})* — 2min({a, b})* for @ € (0,00). If a = b, then
¢y = o0 and g(«) = max({a,b})* — 2min({a,b})* is negative for all « and the
claim holds. If a # b, then it is easy to check that co is the unique zero of
g(a) on (0,00) and that g is negative (positive) to the left (right) of co. This
immediately leads to all of the claims. O

To be able to give the proof of Theorem [9.1] we will need the following lemma.
The case k = 2 was stated in [I0] (see equation (1.4.8) on p. 27), but no proof
is given in the book. A sketch of the proof in this case was provided in private
correspondence with one of the authors.

Lemma 9.7. Let a € (0,2), k > 2 and let ¢ € (0,min({e, (kK — 1)(2 — a)})).
Furthermore, let (W;);>1 be a sequence of i.i.d. random variables with 0 < W; <
1, (¢i)i>k be a sequence of i.i.d. random variables with €; ~ unif({—1,1}) and
for i > k let T; be the i:th arrival time of a Poisson process with rate one.
Assume that these three sequences are independent of each other. Then

(k—1)a+e
E

i 5iF;1/aWi
i=k

Remark 9.8. An almost analogous proof works if we replace the assumption
that 0 < W; < 1 by E [|W;|(F=Dete] < .

Proof of Lemmal9.7. To simplify notation, write 8 = (k — 1)av +¢. We then

need to show that 5

E < 00.

i siFi_l/aWi
i=k

To this end, note first that for any fixed m > k we have that

B m B m B
<E <Zri1/awi> <E (Zrﬂ“)
1=k i=k

<E [((m —k+ 1)rk1/a)q = (m—k+1)°E [1;7°].

E

m
Z siF;l/aWi
i=k

Since k > /a, we have that E {F;ﬂ/a] < o0, and hence

B

E < 0o (71)

i Eir;l/aWi
i=k

for any fixed m > k.

Now recall that for any real-valued random variables X and Y with E [|X | } <
oo and E [|Y|?] < oo we have that E[|X 4+ Y|?] < cc. Using (71)), the conclusion
of the lemma will thus follow if we can prove that

B

E < 00

oo
Z siFfl/aWi
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for some m > k. To this end, fix m > §/a - k/(k —1). Then

B 0 2(k—1)
=K (Z EiFil/aWi>
i=m

B/(2(k=1))

2(k—1)
=K E(El) (Z el l/a z) | g ((Wz)a (Fz))

B/(2(k—1))

Zgl 1/a W,

Since B/(2(k —1)) = ((k — 1)a+¢)/(2(k — 1)) < 1 by the assumption on &, we
can apply Jensen’s inequality to bound this expression from above by

. st 5/(2(k-1)
E E(Ez) (Z €ZF:1/0W1> | U((Wl)a (FZ))

. 8/(2(k—1)
<E|(eE-vyr > [[rew?

m<iy<ip<...<ip—1 j=1

Now we can again use the fact that 5/(2(k — 1)) < 1 and the so-called c,-
inequality to move this exponent into the summands to bound the previous
expression from above by

k—1
B/(2(k—1 =B/(a(k—=1)) 15,8/ (k—1)
((2(k — 1)/ CE R > 11T, Wi,
m<i1<i2<...<ip—1 j=1
(2 — 1)@= 3 E Hr—ﬂ/ =Dy y5/4-1)
m<i1<io<...<ip—1
k—l
< (2(k — 1))/ CH-D) 3 E |T] oy /et
m<i1<io<...<ip—1 Jj=1 ’

In particular, this implies that it now only remains to show that

k—1
3 E [0/ < . (72)
j=1

m<iy<ip<...<ip_1

To do this, first fix v € Ry. If i € Zy, then E[I'; 7] < oo if and only if i > .

Moreover, for such i and v we easily have that E [I'; 7] = F(Fi(;;) . By Stirling’s

formula, it follows that for a fixed v we have that E [F; V] ~ -7 and hence
E [I';7] < C,i™ for some constant C,, and all i > .

Now assume that 1 < i; < ... < i, is a sequence of integers. Then for
J=2,3,...,k—1we have that I';, > T'; , and I';; > I';;, —I';,_,. The random
variables I';, — I';,_, are mdependent and equal 1n dlstrlbutlon to I'y; 4, if
ij # ij—1 and equal to zero else. Using this, it follows that for any ﬁxed M >0

68



we have that

kl:[l —y=y X525 16 —ij-1<M) kl:[l
E 7| <E [Fi gz T } E [F;L. }
= §>2: i —ij_ 1 >M e
k-1
_ (k-1 _
<E [Fiﬁ (T, > 1) 4T, < 1)} I E [rij_ij_l}
§>2:ij—ij 1 >M
o) k—1
_ —(k—1)~ _
<E [Fil7 + Fil ] H E {Fijzi.f—l} ’

>2:i5—ij_ 1 >M

If i1 > (k — 1)y and M > ~, then, using the above, this is bounded from above
by

k

Cy (Cy + Clumryy) in I G-
22t ij—ij1>M

In particular, if we let v = 8/(a(k—1)) = (a(k—1)+¢)/(a(k—1)) > 1 and
M = m, then for i1 > m we have that

ir=m>Blo-k/(k—1)=ky>(k—1)y

and therefore, since k > 2,
M=m > .

Hence it follows that is bounded from above by

k—1
Catate-1)) (Co/(atr—1) + Cs/a)
S ek T (i) — i) PG

m<iy<in<..<ip_1 j€{2,3,....k—1}:
ij—ij,lzm

This implies in particular that it only remains to show that

S et T G5 —ijon) 0D <o

m<i1<i2<... <ip_1 j€{2,3 ..... k*l}:
ij—ij,lzm

To see this, we first change the order of summation as follows. First, we will
sum over all possible choices of i;. Then we sum over the number G of terms
in the product, which will range between 0 and k£ — 2. Finally, we sum also
over the possible choices of ¢; := i; —i;_; in the product, which will range from
m to infinity. To sum over all possible sequences m < i1 < ... < 41, we
find an upper bound on the number of ways to choose the differences ¢; —i;_1
which are smaller than m and also, on the number of ways to choose which of
the differences are larger than or equal to m. The former of these quantities is
clearly bounded from above by m*~2, and the latter is equal to (kg.Z) < 2k=2,
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Putting these observations together, we get

3 ) 11 (i — i;_q) P/ (ak=1)

m<ip<ip<...<ig_1 Jj€{2,3,....k—=1}: i—ij_1>m

<(2m)k—2ii1—ﬁ/(a(k—1))ki2 i ﬁgfﬁ/(a<k—1>>
— J

i1=m G=041,....Lg=m j=1

G
(2m)F-2 Z 7P/ (ale=1) kz <Z‘5 B/(alk-1)) >

i1=m

_ 0o G
— (2m)+2 Z (Z g—ﬁ/(a(k—l))> .
G=1 \U=m

Since f/(a(k —1)) = (a(k —1) +¢)/(a(k — 1)) > 1, the desired conclusion now
follows.
O

We now state the following lemma which will be used in the proof of Theo-
rem For a proof of this lemma we refer the reader to [10].

Lemma 9.9 (Theorem 3.10.1 in [I0]). Let A be a symmetric spectral measure
on S"~L. Furthermore, let C, be defined by P(Y > h) ~ C,h=%/2 for Y ~
Sa(1,0,0), let (T';)i>1 be the arrival times of a rate one Poisson process and
let (W;)i>1 be i.i.d., each with distribution A == AJA(S"') (the normalized
spectral measure), independent of the Poisson process. Then

Cl/aA 1/Q¢ZF—1/0¢

converges almost surely to a random vector with distribution Sy (A).

We now give a proof of Theorem [9.1] using Lemmas [9.7] and [9.9
Proof of Theorem[9.1. Let Cy, (I';) and (W;) be as in Lemma (9.9 and define

X = (X1, Xs,..., Xp) = CMoA(S Uf’Zr ey

Then Lemmaimplies that X has distribution S, (A). By Markov’s inequality,
forany j =1,2,...,n and all h > 0 and € > 0 we have that

oo F—l/aw_ . |Fate
Zizk.H i i(7)

> W)

B |(Cah(Buo1) /"
((c A(Sp_q))Me > h)

hkaJre
i=k+1
By picking € > 0 sufficiently small and applying Lemma (noting that by
symmetry, W;(j) has the same distribution as e;|W;(j)| with the two factors
independent), it follows that

P((@A(Snl»“a > rYWG)| >h> < o(h*?)

i=k+1
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and hence

Z Fi_l/awi

P ((C’QA(Sn_l))l/“
i=k+1

> h) < o(h™F),
This implies in particular that for any & > 0

3 r;ew,

P <(CQA(Sn1))1/°‘ > 5’h> < o(h™F)

and hence, if we let h := h - 1, we have that
l/ln(h) = P((Xl,XQ, “ee ;Xn) Z h)

f: ;e w;
i=k+1

= P<(X1,X2, o3 Xn) > h, (CoA(S, 1)) < 5’h> + o(h™F)

> P<(CQA(S,L1))1/°‘ (r;l/awl ot r;l/awk) > h(1+¢') and

(Cah(Sn-)V| 3 TV W,

i=k+1

< 5’h> + o(h k)

= P<(CQA(Sn—1))1/a (F;l/awl + ...+ F;l/awk) > h(1 + 5’)) + O(h_ko‘)_
(73)
Similarly, we have that

I/ln(h) = P((Xl,XQ,. .. ,Xn) Z h)

o
S ortew,
i=k+1

- p((xl,xg, s X0) > by (CaA(Sp_1)) e < e’h) + o(h~ke)

< P<(OQA(S,L_1))1/“ (r;l/‘*vv1 ot r,;l/awk) > h(1-¢),

(CaA(Sna )| D rVew || < 6’h> + o(h ko)
i=kt1 e
<P ((CQA(Sn_l))l/a (r;l/“vv1 T r,;l/“vvk) > h(1— 5’)) +o(h~ke).

(74)

To be able to simplify these expressions, first recall that if (I'y1,T's, ..., Tgs1)
are the first k 4+ 1 arrivals of a mean one Poisson process and Uy, Us, ..., U ~
unif(0, 1) are independent, then conditioned on T’ 1,

{Ty/Thst, e T /Ty 2 {Un, ... Ui},

Using this and now letting Uy, Us, . .., Uy be i.i.d. uniforms defined on the same
probability space as everything else but independent of them, and also letting
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K =h(l+e)and h' =h'-1, we see that

k
P ((@A(Sn_m”a Sor VW, > h’)

i=1

=P ((C’QA(Sn_l))l/aF;i{a S UTYew, > h,>

=1
oo k 1/
_ CoA(Sp—1)
_ k 1/c o4 n—1 /
7/0 k:+1/ /A ({ Z( o ) wl>h}>Hdu7dx.
i=1
If, for each fixed x, we make the change of variables
1/
5 = x—l/a CaA(Sn—l) /
h'oy,; ’

then this simplifies to

e ’ y S PN
¢ - Ak . oy —(14+« )
A m (CQA(Snfl)h ) / / A <{(wz) ;slwz > 1}) Hasi ds; dz

=
CaA(S 1/ ¢
( = 1,5‘17;- 171)) <s5;<00

_ € I—a k w;): S W as; T ds, da.
_/0 m(cah ) / / A ({( i) ;:1 i 1>1}> ‘|| i dsi d

=1
CaA(Sy, — /e v
(% <§; <00

Note here that T'(k + 1) = k! and that as h’ — oo we have that C,h'~ /2 ~
v1(h'). Furthermore, note that lim. _,olimp_oo 11 (R)/v1(R(1 £€)) = 1. To-
gether with and this implies that

e (h)
h— 00 l/l(h)k
oo 0o oo k k
_ 2k -z AF . —(1+a)
= e (w;): Zsiwi >1 Hozsi ds; dx
k! Jo 0 0 P i
k

The conclusion for general binary strings p follows completely analogously.
O

10 Ubiquitousness of zero-threshold stables and
another phase transition in the stability ex-
ponent

In this section we prove Theorems [1.15] and [1.16]

Proof of Theorem[1.15. We create a probability measure A on S"~! with at
most 2" point masses as follows. By identifying 0 and —1, we have a natural
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bijection between {0,1}" and the subset J = {—1/y/n,1/y/n}" of S"~1. Using
this identification, place a point mass at « € J of weight u(x). Let X, denote
the n-dimensional stable vector with index o and spectral measure A. It suffices
to show that X0 converges in distribution to u as a — 0.

Letting « < 1, it follows from p. 69 in [I0] that

Xo 23 A(y)Voysi

yeJ

where the Sg(,a)’s are i.i.d. each with distribution S,(1,1,0). Since a < 1, each

S’g(,a) has support only on Ry .
For y € J, let £, o be the event

(A5 > 3T A)YesY

y' €y #y

Since the S’Z(,a)’s are nonnegative, the events {€, o }yc . are disjoint for any o > 0.

If we define
2A(y)
Yya~Sall, -1,0
v < Aly) + Zy/ély’#y Aly') )

then it follows from Property 1.2.1 on p. 10 of [I0] that

P(&ya) =P(Yya >0).
Next, Equation 2.2.30 on p. 79 in [13] (see also p. 40 in [I0]) implies that if
S8 ~ S, (1,5,0), then

ti 7 (57 > 0) = 5E.

(Here one needs to note that the representation for 5 in Equation 2.2.30 is not
the same as ours but that the ratio of the two approaches 1 as a — 0.) It follows
that

lim P(Y, =A

Jm (Yya >0) (y)

and hence in particular that

lim Y P(€y,0) = lim Y " P(¥, 0 >0) =1
yeJ yeJ

It is clear that for each y € J
Eya CH{XO =y}
and the result follows. The last two statements are clear. O

Remark 10.1. The result here can be extended quite alot. For example, if A is a
spectral probability measure on S,,_1, X, ~ So(A) and E C S"~! is such that
A(OF) =0, then

lim P(X,/|[X,l| € E) = A(E).

We finally give the proof of Theorem [1.16
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Proof of Theorem[1.16. (i). By (4), it follows immediately that there is a crit-
ical value a, € [0,2] with the desired property and so we need to show that
ae > 0. We first recall the example from [I2] (Proposition 2.13) which is uni-
form distribution on the 2n configurations where the number of 1’s is either one
or n — 1; the point of this example is that it is not a color process but it has
nonnegative pairwise correlations which in fact are strictly positive if and only
if n > 5. Since we want strictly positive pairwise correlations, when n = 4,
we modify this slightly by giving weight 0.01 to each of the two constant con-
figurations and taking away the same total amount of mass from the original
eight configurations; this will then have strictly positive pairwise correlations.
Next, using Theorem we can find a fully transitive symmetric stable vec-
tor whose zero-threshold is sufficiently close to the latter vector so that it has
positive pairwise correlations and the probability of having all 1’s is at most
0.02. Such a vector cannot be a color process since the probability of having all
1’s is always at least 1/8 for a color process.

(ii). We begin by attempting to show that «, < 2. If this were not the case,
there would exist a sequence «,, approaching two and a sequence of vectors
{X,}, where X,, is a fully transitive symmetric «,-stable vector with scale
1 of length n whose zero-threshold has pairwise nonnegative correlations but
does not have a color representation. By compactness, choose a a subsequence
{X,,} of {X,,} converging to a random vector Xo,. X is necessarily a fully
transitive Gaussian vector with mean zero and standard deviation 1/ V2 and
some nonnegative pairwise correlation a € [0, 1].

If a € (0,1), in view of the proof of Theorem X9 has a color repre-
sentation ¢ = {¢,} which gives strictly positive probability to each partition.
It follows that any random vector which is sufficiently close to X2 and which
has a formal solution necessarily has a color representation. To see this latter
implication, one can fix a set of free variables to be as they are in ¢ in which case
the linear operator becomes a bijection onto its image and then use continuity.
It follows that {X} }, which converges to X , has a color representation for
large 7, a contradiction.

If a = 1, then, for large 7, {Xgi} gives the constant configurations probability
close to 1 which implies, by Theorem that {Xgi} is a color process, again a
contradiction.

If @ = 0 (i.e. the limiting Gaussian is an i.i.d. process), we do not know
how to obtain a contradition since then the color representation for the limit
is concentrated on the all singletons configuration. However, now it is clear
that (ii) holds since when we restrict to stables a fixed distance from the i.i.d.
Gaussians, any subsequential limit cannot have a = 0. O

11 Open questions

1. Is every discrete Gaussian free field a color process for all values of h? In
particular, is this true in the fully symmetric case or in the Markov chain
case?

2. Let X be the three-dimensional discrete Gaussian free field indexed by Z3.
(This is obtained by taking the limit, as n — oo of the discrete Gaussian
free field on [—n,n]® with zero boundary conditions.)
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10.

(a) By an easy limiting argument, the results here imply that X° is a
color process. Does some or do all color representations contain an
infinite class? (If they exist, each such class should have zero density.)

(b) Is X" a color process for sufficiently large h?

Consider a fully supported Gaussian vector X := (X1, ..., X,,) with mean
zero and variance one or a symmetric stable vector X = (X1,...,X,,) all
of whose marginals are equal. If 0 < h; < ho, is it the case that X' being
a color process implies that X" is a color process?

Are there natural conditions which guarantee the existence of a color rep-
resentation for small h for Gaussian vectors?

Is there a Gaussian vector X such that X has a color representation for
large h but not for h = 07

In Lemma can the assumption of being inverse Stieltjes be removed?
Can Theorem be extended to general n?

In Theorem show that for all n, a.(n) < 2. Determine lim,,_,~ ac(n).
Is the limit 27

How do the sets of zero threshold stables vary as we vary a? In particular,
is the containment as a decreases strict? What happens when h > 07

Find sufficient and necessary conditions on A so that X! and X} are
nonnegatively correlated for all h.
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