ARMENIAN JOURNAL OF MATHEMATICS
Volume 17, Number 13, 2025,
https://doi.org/10.52737/18291163-2025.17.13-1-20

Gibbsian Description
of Gaussian Random Fields

L.A. Khachatryan

Abstract. This paper provides the solution to the problem
of Gibbsian description of Gaussian random fields based on the
Gibbs scheme currently being developed in the theory of lattice
random fields.

Key Words: Gibbs Random Field, Gaussian Random Field, Conditional
Densities, Gibbs Form of Conditional Densities, Transition Energy, Hamil-
tonian, Markov Random Field

Mathematics Subject Classification 2020: 60G60, 60G15, 60J99, 82B03

Introduction

At the beginning of the creation of mathematical statistical physics, the
problem of Gibbsian description of various classes of random fields was quite
relevant and was considered by many authors (see, for example, [1,2,[13//18]).
The main attention was paid to random fields with a state space of finite
measure, and the case of a non-compact state space has not been studied
enough. As Dobrushin [7] noted, due to the difficulties that arise when
transferring known results to the non-compact case, it is natural first con-
sider the problem of Gibbsian description for a class of well-studied random
fields, namely, Gaussian random fields.

This problem for homogeneous Gaussian random fields was considered
by Sinai [17] and Dobrushin [7]; Georgi [10] provides a solution to the same
problem for inhomogeneous Gaussian random fields as well. Let us also note
the work of Kiinsch [16], in which Dobrushin’s results [7] were applied to
some problems of thermodynamics and statistics.

All mentioned works were based on the DLR—definition of a Gibbs ran-
dom field (the only definition present at that time) according to which a ran-
dom filed P is Gibbsian if its conditional distributions coincide (for P-a.e.
boundary conditions) with a Gibbsian specification constructed by some uni-
formly convergent potential (see [6]). The DLR—definition is strongly based
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on the theorem of existence of a random field corresponding to a given spec-
ification. This was the reason why the solution to the problem of Gibbsian
description was carried out not individually for each given Gaussian random
field, but for a set of random fields corresponding to a suitable (quadratic)
potential (see, for example, Theorem 4.1 in [7]). Note also that in the case
of a non-compact state space, corresponding Hamiltonian (potential) can be
defined only for some subset of the set of infinite boundary conditions (see,
for example, the remarks after formula (13.11) in [10]), and after that one
has to prove that this set has P-measure one. That is, DLR—definition of
a Gibbs random field with a finite state space (or a state space of a finite
measure) has to be modified if one wants to apply it to Gaussian random
fields.

In [4], a purely probabilistic definition of a Gibbs random field with finite
state space was introduced. This definition does not use physical concept of
potential, and within its framework, the problem of Gibbsianess of a random
field is solved directly for each random field through the behavior of its finite-
conditional distributions. However, this definition has some limitations in
application to random fields with non-compact state space.

In [12], a purely probabilistic definition (or Pr—definition) of a Gibbs
random field (with a finite state space) was improved, on the base of which
the theory of Gibbs random fields can be constructed according to a scheme
typical for the theory of random processes. These results can be extended
to the case of positive random fields with Polish state space whose finite-
dimensional distributions have densities. This allows us to give a solution to
the problem of Gibbsian description of Gaussian random fields within the
framework of Gibbs scheme developed in [12]. Namely, we obtain conditions
on the elements of matrices, inverse to finite-volume covariance matrices,
under which the corresponding Gaussian random field is Gibbsian, and give
a Gibbs form of its conditional densities in terms of transition energies. It
should be emphasized that in our solution, we do not use any objects external
to the random field, but obtain the result through direct computations and
the proposed definition of a Gibbs random field.

Finally, let us note that Dobrushin [7] and Georgii [10] observed that
to solve the problem of whether a Gaussian random field is Gibbsian, it is
sufficient to consider one-point conditional densities. Since the definition
of a Gibbs random field they used is essentially based on solving the (in-
verse) problem of the existence of a random field with a given (Gibbsian)
specification, they still had to deal with the entire specification, albeit re-
constructed from its one-point subsystem. This was due to the absence at
that time of explicit consistency conditions that would allow one to define a
one-point specification as an independent object, from which a specification
can be constructed. This problem (Dobrushin’s problem) was solved in [3]
(see also the paper by Fernandez and Maillard [8] where sufficient conditions
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were provided). In the present paper, we also consider one-point conditional
densities only. However, we do not need to solve the inverse problem since
we use Pr—definition of a Gibbs random field that is formulated in terms of
finite-conditional densities but not in terms of specification.

The remainder of the paper is organized as follows. In the next section,
we give some preliminary notations and definitions. Section 2 shows how the
main results of [12] are transferred to the case of random fields with Polish
state spaces whose finite-dimensional distributions have densities. Section
3 presents the main part of the work. We obtain Gibbs form for condi-
tional densities of Gaussian random fields in terms of transition energies and
present conditions under which the corresponding Gaussian random field is
Gibbsian. Particularly, we consider the case of Gaussian Markov random
fields which are widely used in various applications. The paper ends with
Appendix which contains proof of auxiliary results about inverse matrices.

1 Preliminaries

In this section, we present some general notations and definitions used in
the following.

Let Z¢ be a d-dimensional integer lattice, i.e., a set of d-dimensional
vectors with integer components, d > 1. For S C Z%, denote by W(S) =
{V.C 5,0 < |V| < oo} the set of all non-empty finite subsets of S. In the
case S = Z?, we will use a simpler notation W. To denote the complement
of the set S, we will write S°. When denoting one-point sets (singletons)
{t}, t € Z?, the brackets will be usually omitted.

Let (X, A, u) be a complete separable space (Polish space), where X is a
non-empty set (state space), & is a o-algebra generated by open subsets of
X, and pu is a not identically equal to zero o-additive measure. In particular,
we will consider state space X = R with Borel o-algebra 2 of subsets of R
and Lebesgue measure p on R. Further, let each point ¢ € Z¢ be associated
with the space (X*, %', y;) which is a copy of (X, %, ).

Denote by X* the set of all configurations on S, S C Z<, that is, the
set X% = {(z;,t € S) : 2, € X!t € S}, of all functions defined on S and
tacking values in X. For S = (J, we assume that X? = {@} where @ is an
empty configuration. For any disjoint S, 7 C Z¢ and any z € X°, y € X7,
denote by xy the concatenation of z and y, that is, the configuration on
SUT equal to x on S and to y on T. When T' C S, we denote by xr the
restriction of configuration r € X° on T, i.e., xp = (24, € T).

For each S C Z%, the set X° is endowed with the o-algebra %°, which
is the product of the o-algebras £, t € S.

A random field on Z¢ with state space X is a probability measure P on
(XZd, ,%’Zd). By Ps we denote the restriction of P on S, S C Z¢, that is, a
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probability distribution on (X*, %) such that
Ps(A) = (P)g(A) = P(AX™NS),  Ae #°.

For S = 0, we assume Py(@) = 1. By &p = {Py,V € W} we denote the
system of finite-dimensional distributions of the random field P.

In this paper, we consider random fields whose finite-dimensional dis-
tributions {Py,V € W} have densities {py,V € W} with respect to the
measure [i:

Py(A) = /pv(l’)ﬂv(d:r), Ae BV, Vew.
A

By the Radon-Nikodym theorem, for each V' € W function py is defined
on XV, and there exist other densities coinciding with py on a set of juy-
measure 1. In what follows, for each random field P, we choose a version of
its densities {py,V € W} and associate the random field with this set by
writing P = {py,V € W}.

A random field P = {py,V € W} is called positive if for any V € W,
one has py(z) > 0 for all z € XV.

For a given random field P = {py,V € W} and any t, s € Z%, denote

mi= [ ap(e)m(do)

Xt

Cts = / ($t - mt)(xs - mS)p{t:S}(x)'u{t’S} (dw)’
x{t.s}

Then m = {my,t € Z%} is the vector of mean values of the random field P
and C' = {c, t,s € Z4} is its covariance matrix.
For any S C Z< and any function h : W(S) — R, the notation k% h(A) =

a means that for any ¢ > 0 there exists A, € W(S) such that for any
A e W(S), A D A, it holds |h(A) —a|] < e. We will also consider limits
lim h(A,) with respect to some increasing sequence {A,},>; of finite sets
n—oo =

converging to S, that is, A, C A,y; € W(S), n > 1,and J A, =S. Tt
n=1
is clear that if kl%l h(A) = a, then for any increasing sequence {A,},>1 of

finite sets converging to S, we have lim h(A,) = a. At the same time, if
n—oo

lim h(A,) = a for any increasing sequence {A, },>1, then }\1{2 h(A) = a.
n—00 -

Any increasing sequence .# = {.%,},>1 of o-subalgebras of B that is,
Fy C Fnpr C B, n > 1, is called a filtration on (X%, %%"). In particu-
lar, F = {#""},>1 forms a filtration corresponding to increasing sequence
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{An}n>1 of finite sets converging to Z?. In what follows, we will consider
only such filtrations, usually without explicitly specifying the corresponding
sequence {A,}n>1.

A function f: X% — R, S C Z4, is called local if there exists A € W(S)
such that for z € X, the value f(x) depends only on the restriction x, of
configuration x on A, that is, f(uy) = f(uz) forany u € X* and y, z € X5\A,

A function f: X® = R, S C Z% is called quasilocal if it is the uniformly
convergent limit of some sequence of local functions. Equivalently, f is
quasilocal if

i ;SuEA:yAIf (x) = f(y)| =0.
We will say that f is quasilocal on #° C X¥ if the relation above holds when
supremum is taken over configurations x,y € % coinciding on A.

2 Gibbs random fields and Gibbs form of
conditional densities

In this section, we show how the main results of [12] can be transferred
to the case of positive random fields with Polish state space whose finite-
dimensional distributions have densities. In what follows, by a random field
we mean such a random field only.

We start with the definition of a Gibbs random field in terms of its one-
point conditional densities. Further, we show that conditional densities of
any random field admit a Gibbs form in terms of corresponding transition
energies and present conditions on the system of transition energies under
which the corresponding random field is Gibbsian. All results presented in
this section can be obtained under appropriate (technical) restrictions in
a manner similar to that used in 12|, and therefore, their proofs will be
omitted.

Let P = {py,V € W} be a random field and let

z pVUA(:Ez) \%
g) = VA s e XV,
gV( ) pA(Z)

be its conditional density on X" under condition z € X* A € W (V®),
V € W. Such densities will be called finite-conditional densities.

Consider filtration # = {%""},5; where {A,},>; is some increasing
sequence of finite sets converging to Z%. For any fixed V € W and z €
XV, let us consider a sequence of random variables &, : XV — R defined
by &.(7) = ¢i*"\V(z), 2 € XV°, n > 1. Then the sequence (&,, B)

forms a martingale, and since sup E|,| = py(z) < oo, by the martingale
n>1
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convergence theorem, the limit

g (x) = lim g (@), (1)

n—oo

exists for P-almost all 7 € XV".

Limits will be called conditional densities of P with respect to .Z.
Following the terminology accepted in mathematical statistical physics, any
configuration z will be called a boundary condition.

For the filtration .# and any V € W, z € XV, denote by Zy.(.F) the
set of all boundary conditions z € XV for which the limit in (1]} exists, and
let

20(Z) = | 2va(F).
zeXV
We will call the elements of 2y (), V € W, admissible boundary conditions
for the random field P with respect to filtration .%#. It should be noted that,
unlike the case of finite state space, the set 2y may not have P-measure 1.

The set G(P,.%#) ={g{,z € Zv(Z),V € W} will be called a system of
conditional densities of the random field P with respect to filtration .%. The
system G(P,.%) will be called (strictly) positive if its elements are positive,
and will be called quasilocal if its elements are quasilocal as functions on
the set of admissible boundary conditions, that is, if for any V' € W and
x € XV, it holds

: z ] _
s |97 (2) = gy ()] = 0. (2)

The system Gy(P,.7) = {¢7,7 € Z:(F),t € Z%} of one-point condi-
tional densities of the random field P (with respect to filtration .#) is of
special interest. It can be shown (see [11] and [3]) that the positive sys-
tem Gi(P,.#) restores G(P,.7), and G(P,.#) inherits such properties of
G1(P, F) as positivity, homogeneity, quasilocality and Markov property.
Therefore, in what follows, we will consider one-point conditional densities
only.

The following statement holds true.

Proposition 1 Let G1(P, . F) be a system of one-point conditional densities
of the random field P with respect to filtration .%. Then for any t,s € Z¢,
r,u€e X' y,ve X and T € Xy (F), it holds

9% (@) g (0) g7 (u) g2 (y) = g7 (w)gs* (v) g (2)g2* (y).

2.1 Gibbs random fields

Following the approach developed in [12], we present the purely probabilistic
definition (or Pr—definition) of a Gibbs random field under the assumptions
of the present paper.
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A random filed P = {py,V € W} will be called a Gibbs random field
if there exists a filtration # = {#""},>; and sets of admissible boundary
conditions (%) C 2:(F), P(%(F)) =1, t € Z%, such that for all t € Z¢
and any T € %;(.#), the limits of finite-conditional densities

lim g,V (z) = lim

xxT -
—pA"< _A"\t) f(a:), x € Xt,
n—0o0 n=00 PAn\t(SUAn\t

):9

are positive and convergence with respect to 7 is uniform. Any such filtration
Z is called a determining filtration. Note that any Gibbs random field may
have several determining filtrations.
Thus, for a random field P to be Gibbsian, it must have a version of its
finite-dimensional densities {py,V € W} that satisfies the above conditions.
The following statements are analogous of the corresponding statements
in [12] (Theorem 3 and Theorem 4, respectively).

Theorem 1 Let P be a Gibbs random field, F = {B" " },>1 be its deter-
mining filtration and %(F), t € Z¢, be corresponding sets of admissible
boundary conditions. Then for any filtration F' = {PB Y} ,>1, the sequence

of finite-conditional densities {ng/"\t (x) converge (when n — 00) uni-
n>1

formly with respect to & € %(F) for all x € Xt and t € 7.

Theorem 2 A random field P = {py,V € W} is a Gibbs random field
if there emists a filtration # such that for each t € Z%, there is a set of
admissible boundary conditions % (F) € Zi(F), P(%(F)) = 1, on which
one-point conditional densities of P with respect to F are quasilocal, and
for each T € % (F), one has gf(x) >0, r € X".

Conversely, if P = {py,V € W} is a Gibbs random field, then there exist
sets of boundary conditions % C X*, P(%;) = 1, t € Z%, such that for any
filtration .F one-point conditional densities G1(P,.7) are quasilocal on %,
t € 74, and for each T € %, one has ¢g*(xr) > 0, v € X'.

2.2 Gibbs form of conditional densities

The concepts of a system of transition energies and a Hamiltonian of a
random field with finite state space were considered in [12], while their au-
tonomous (without appeal to the notion of a random field) analogues were
introduced in [5]. The definitions of these objects can be easily transferred
on the case considered in the present paper. Here we will consider one-point
systems only.

Let P = {py,V € W} be a random field having a positive system of
one-point conditional densities G1(P,.%) = {¢7,7 € 2i(F),t € Z} with
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respect to some filtration .# = {%*"},5;. Denote by A,(P,.#) = {A?, 7 €
Z:(F),t € Z} the set of functions defined by

AF () = In 908 — iy 1y PAe(TA0)

— , z,u € X'
gf(u)  nooo pa, (uTp,\r)

It is not difficult to see that for all t € Z? and 7 € 2;(.F), the following
equalities take place:

Af(z,u) = Af(z,y) + A (y,u),  =uye X" (3)

The set A (P,.#) will be called a system of (one-point) transition energies
of the random field P with respect to filtration ..

Let us also mention the following property of the system A;(P,.%): for
allt,s € Z? and 7 € 2;(.F), x,u € X', y,v € X*, it holds

A, u) + ATy, v) = AP (y,v) + AT (2, u). (4)

Both properties and can be interpreted as the energy conservation
law.
The following statement directly follows from the definition of A (P, 7).

Theorem 3 Let P = {py,V € W} be a random field with a positive sys-
tem G(P,.F) = {g7,7 € Z(F),t € Z} and let A(P,.F) = {AF, T €
Zi(F),t € Z be its system of transition energies. Then the elements of
G1(P,.7) necessarily have a Gibbs form

7 exp{Af(;E,u)} t = d
(x) = ~ , re X' xe Z(F) tel,
) = T o A () b ) e
aeXt
where u € X'.

Let A(P,.7) = {A?, 7 € Zi(F),t € Z} be a system of transition
energies of the random field P. Since the elements of A;(P,.7) satisfy ,
for all t € Z% and 7 € 2;(.%), they can be presented in the form

Aj(w,u) = Hi(u) = Hf (v),  zue X",

The set of functions H,(P,.%) = {HZ?, 7 € 2i(.F),t € Z¢} forms a one-point
Hamiltonian corresponding to the random field P (with respect to filtration
Z). Due to ({]), the elements of Hy(P, %) satisfy the following consistency
conditions: for allt,s € Z? and 7 € 25 (F), z,u € X', y,v € X*, it holds

HEP (@) + HE (0) + Hf*(u) + HE(y) =
— HPY(u) + HE(0) + H(2) + H(y).

A direct corollary of Theorem [3]is the following result.
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Corollary 1 Let conditional densities G1(P,.%#) of the random field P =
{pv,V € W} be positive. Then they have a Gibbs form

o exp{—Hi(a)}
T exp{—H; (@)} u(da)’

acXt

ve X ze2(F)tel,

where H,(P, ) = {HZ?, 7 € 2i(.F),t € Z%} is a Hamiltonian corresponding
to the random field P.

Let us emphasize that Theorem [3] and Corollary [I] hold true for any
random field with positive conditional densities. At the same time, according
to the following proposition, quasilocality of transition energies as functions

on boundary conditions is a sufficient condition for a random field to be
Gibbsian.

Proposition 2 A random field P = {py,V € W} is a Gibbs random field
if there emists a filtration F such that for allt € 7%, there is a set of admis-
sible boundary conditions %, (F), P(%(F)) = 1, on which the elements of
A (P, F) are quasilocal, that is,

lim sup |Af(a:,u) — AY(x, u)} = 0. r,u€ X'
AT 2 G (F)Ta=0n

3 Gibbsian description of Gaussian random
fields

In this section, we apply the approach presented above to Gaussian random
fields. First, we compute corresponding systems of one-point conditional
densities and one-point transition energies. Further, we present conditions
on the covariances under which the corresponding Gaussian random field is
Gibbsian. Finally, we consider the case of Gaussian Markov random fields.

3.1 Conditional densities and transition energies of a
Gaussian random field

Let P be a Gaussian random field with a vector of mean values m = {m,,t €
Z%} and covariance matrix C' = {c4,t, s € Z%}. We consider non-degenerate
Gaussian random fields only, that is, such random fields that ¢ > 0 for any
RSWAS

For each A € W, denote Cy = {cis,t,s € A}, and let Ay = {a},t,s €
A} = Oy'. The matrices Cy and A, are symmetric and positive definite.
In particular, it follows that det C) = (det Ay)~' > 0, and all diagonal
elements ¢y, and @, s € A, are positive.

CER
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According to the next proposition, the elements of inverse matrices do not
depend on the order of adding points to A (the proof is given in Appendix).

Proposition 3 For any t,s € Z¢ and A € W ({t, s}¢), matrices Ay qun and
Agurun differ only by the order of first two rows and columns, that is,

tUSUA __sULUA -
a; " =ag i,j€{t,s} UA.

The following proposition establishes the recurrent relations between the
elements of inverse matrices Ay ,n and Ay (see Appendix for the proof).

Proposition 4 Let Ay = {a’, s,k € A} be the inverse of the matriz Cy =
{csk, s,k € A}, A € W. Then for any t € A°, the elements of Ajn =
{alf2 s,k € t UA} = O}y have the following form:

det C' -1
tUA A < A )
alh = —— = = (cy — g agcuc) b
t det Cyua " iTen C )
det C'
tuh . GOV LA
a = E aleys, s €A, 6
ts det CtUA sj g ( )
det C'
tuA _ A, detln A A
Qg = Qg+ Con g gy 03, CtiCtj s,k € A. (7)

JEA

Finite-dimensional densities of Gaussian random field P have the follow-
ing form:

pa(z) = ((ft—;?li\l Xp{ - % Z a (zy — my) (s — ms)}, reRM AW
t,sEA

Let us note that using relations from Proposition [4] one can directly check

their consistency in Kolmogorov’s sense without appealing to characteristic

functions or other technics.

Suppose for a Gaussian random field P, there exists an increasing se-
quence {A,},>1 of finite sets converging to Z¢ such that for all ¢ € Z4, the
following limit exists:

ay = lim afy". (8)
n—oo

Let F# = {%""},>1 be the filtration generated by the sequence {A,, },>1, and
let G1(P, ) be the corresponding system of one-point conditional densities.

Proposition 5 The elements of the system G1(P, %) = {gf, Zi(F),t €
7%} have the following form.:

0= {5 (e-m L B )}
gi(x) =[5 exn { = G (@ —m) + — lim Z\ (2, —my)) L,
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x € R, and for each t € 7%, the set of admissible boundary conditions
Zi(F) is the set of those configurations T € RY for which there exist limits

. Ao
nh_{gO Z g (Ts — ms). (9)
sEAR\L

If ayy > 0 for all t € Z2, then system G1(P,.F) is positive.

Proof. For allt € Z¢, A € W(t°) and z € R!, 2z € R*, we have

gz(ﬂf) thA(xZ) _ thA(:CZ> _
' pa(2) [ proa(uz)du
R

ag agt 2 tUA

= o exp{— 5 (x —my) —(:C—mt)seZAat: (25 —mg) —
1 tUA 2
QCL#A (ZAats (Zs - ms)) } =
s€

tUA tUA 2
_ o { Oy ( _ 1 tUA., > }

5 CXP 5 (x —my) + ey ;ats (zs —ms)) ¢-

It remains to note that by the martingale convergence theorem, for all
t €74 x € R and P-a.e. 7 € R, there exist conditional densities

gi(z) = lim g,"""(z) =

n—oo

a a 1 . _ 2
- Q—zexp{—g((x—mt)%—a—wr}grolo Z agn(xs—ms)> }

s€AR\t

In particular, from here it follows the existence of limits @D On the other
hand, the existence of limits @D on a set of probability 1 guarantees the
convergence of corresponding finite-conditional densities. Thus, the sets
of admissible boundary conditions are 2;(.%), t € Z%. Further, from the
existence of limits @D, we conclude that there are positive numbers N,
t € Z%, such that for all n > 1,

‘ Z ag"(i's—ms)

s€AR\t

< Ny, T € ZiF).

If ay > 0, t € Z%, then for all x € R* and 2;(.%), we have

2
gi(z) > %exp{—% |x—mt|—|—% }>O.
2m 2 o

11
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The following statement presents the corresponding transition energies.

Proposition 6 Let Gaussian random field P be such that ay > 0, t € Z°.
Then the elements of its system Ay (P, .F) have the following form:

Af(z,u) =
= S ((w=m)? = (o= m)?) + (w—a) lim D" al(z —m,), (10)

sEAR\L
r,u €RY, 7€ Z(F), t € 22

Proof. For each t € Z% A € W(t) and z,u € R!, z € R, we have

Pra(72) aizg A 2 2 tUA
In = u—m)—(x—m + (u—x az; (zs — ms).
e = i (= m) (=) S e,
Hence, for all z € 2Z3(.#), we obtain
Af(z,u) = lim In Prosn\TTA,) (xzfA") =
n—o0  prup, (UZa,)
= % ((uw—my)? = (x —my)®) + (u—z) lim Z al (T —my).
n—oo
sEAR\E

O

From (10), it follows that a Hamiltonian H;(P, %) of the Gaussain ran-
dom field can be defined in the following way:

- a : _
Hi(x) = g(x —my)? + (. — my) nh_)rglo Z al(z, —my) =
seEAR\E
L.
= 3 nlgg() Z a (z —my) (o — my),

s€A,

where oy = 7, ay = Ty, s € ¢, and T € Z;(F), v € R, t € 7.

3.2 Gibbsianess of Gaussian random fields

Now we can apply the suggested definition of a Gibbs random field to the
case of Gaussian random fields.

Theorem 4 Let P be a Gaussian random field with covariance matrixz C
and a vector of mean values m. Suppose there is an increasing sequence
{An}ns1 of finite sets converging to Z such that limits

. det C An
ay = lim ———

, t ezl
n—oo det Cyp,,



GIBBSIAN DESCRIPTION OF GAUSSIAN RANDOM FIELDS

exist and are positive. If there exist sets of admissible boundary conditions
W(F) C Z(F), P(%(F)) = 1, t € Z2, such that for all t € 74, the
convergence in limits

. An /=
lim E ap (Ts —myg),
n—oo
sEAR\E

where alr = (CxDis, is uniform with respect to & € #(F), then P is a
Gibbs random field.

Proof. Let # = {%*},>1 be the filtration generated by the sequence
{An}n>1. Since ay > 0, t € Z¢, by Proposition , the corresponding system
G1(P,.7) is positive, and by Proposition @ the elements of A;(P,.%#) have
the form . Denote

- atUAn
AP () = P (0= me)? = (= me)?) + (0= 2) 3 al (= m),
SEAn

r,u € R, & € #(F), t € Z%, n > 1. Due to the uniform (in Z) convergence
of limits (9), each function Ay*" converges to A uniformly in 7 € Z;(F).
Therefore, A;(P,.#) is quasilocal, and thus, according to Proposition ({2]),
P is Gibbsian. UJ

Let us briefly recall the previous results before comparing them with the
ones obtained.

Sinai [17] considered a stationary Gaussian random field P whose spectral
density satisfies certain conditions and showed that such random fields admit
a Gibbs representation with a Hamiltonian written in terms of the Fourier
coefficients of the function on the spectral density of P.

Dobrushin [7] studied the same problem in more detail. First, he obtained
the form of conditional densities of a stationary Gaussian random field P
by considering the corresponding characteristic functional. He then showed
that for a centered Gaussian random field, these densities are representable in
Gibbs form with a Hamiltonian corresponding to a pair quadratic potential
with parameters depending on the Fourier coefficients U = {U(t),t € Z%} of
the spectral density of P. In this case, certain conditions for the convergence
of such potential are naturally imposed. Dobrushin’s main result (Theorem
4.1 in [7]) consists of describing the set of Gibbsian random fields corre-
sponding to a certain Hamiltonian depending on U and some real number.
Particularly, it follows that a centered stationary Gaussian random field is
Gibbsian (see Remark 1 in [7]).

Georgii [10] considered Gaussian random fields with arbitrary mean vec-
tors in both the Markov and general cases. For Markov Gaussian random
fields, he shows that their conditional densities are representable in Gibbs

13
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form with a Hamiltonian whose parameters can be expressed in terms of
the conditional covariances and means of the random fields. In the case
of an arbitrary Gaussian random field, conditional densities with admissi-
ble boundary conditions are representable in Gibbs form by some vector
h = (hy,t € Z%) and a symmetric positive definite matrix J = {J;,, 1,5 €
Z%}. According to Georgii, for each A € W, the restriction J, of matrix
J on A can be considered as the inverse of the covariance matrix Cy of
the Gaussian random field, and the vector h is defined as the solution to
some equation. Thus, Georgii [10] generalizes Dobrushin’s result to the case
of non-stationary random fields, namely, he shows that centered Gaussian
random fields admit a Gibbsian representation of their conditional densities.

In all mentioned works, a set of admissible boundary conditions must be
specified (in terms of Fourier coefficients U in 7] and [17], or through infinite
matrix .J in |10]). Within the framework of the DLR-definition, one has to
modify the definition of a Gibbs random field correspondingly, namely, to
define potential on the set of admissible boundary conditions only (see, for
example, the remarks after formula (13.11) in [10]). At the same time, the
Pr—definition turns out to be more appropriate: we obtained a similar result
(Theorem {f) as a direct corollary of the suggested Pr—definition of Gibbs
random fields.

As for Hamiltonian, in all works it has the same quadratic form, differing
in the meaning of the coefficients. In previous works, the Hamiltonian was
defined ambiguously and depended on the additional parameter h, which is
the solution of an infinite system of equations. At the same time, within
the framework of our approach, the Hamiltonian can be explicitly written
directly through the parameters m and C' of the Gaussian random field. In
addition, we obtained Hamiltonian as a result of direct calculations, and
we do not need to represent it as a sum of interactions since it is indeed a
Hamiltonian in the sense of axiomatic definition introduced in [5].

Thus, the approach proposed in the present paper allows one to obtain a
Gibbs representation of the conditional densities of a given Gaussian random
field quite simply by means of direct calculations. The conditions of Gibb-
sianess of a Gaussian random field are given in terms of its covariances and
follows directly from the suggested Pr—definition of a Gibbs random field.

3.2.1 Gaussian Markov random fields

There are several works in which the problem of Gibbsianness was considered
for Gaussian Markov random fields (see, for example, [10,|14/{16]). To solve
this problem, one has to prove the fact that Gaussian Markov random fields
are Gibbsian with a suitable finite-range potential. Within the framework of
Pr—definition, the answer to this question directly follows from the definition
of a Gibbs random field: all Gaussian Markov random fields are Gibbsian.



GIBBSIAN DESCRIPTION OF GAUSSIAN RANDOM FIELDS

Let us remind the definition of Markov random fields. It is based on the
notion of neighborhood system in Z?, which is a collection d = {0t,t € Z%}
of finite subsets of the lattice Z? such that t ¢ Ot and s € ot if and only if
t € 0s, s € 7%

A random field P is called a Markov random field (with respect to the
neighborhood system 0) if for any filtration <, its one-point conditional
densities G (P,.%) posses the following (Markov) property: for all t € Z¢
and 7 € Z;(%), it holds

g (x) = g/ (x), xeX".

The equivalent condition for a random field to be Markovian can be formu-
lated in terms of finite-conditional densities (see, for example, Proposition 12
in [11]) as follows: for any ¢ € Z% and A € W (t¢) such that 9t C A, it holds

g; () = g% (x), re X ze XM

Note that for any Markov random field P, all systems of conditional
distributions constructed with respect to different filtrations .# coincide,
and the sets of admissible boundary conditions are 2;(%) = X', t € Z%.
Thus, the system of one-point conditional densities of the Markov random
field P is the set G1(P) = {¢7,7 € X"t € Z}.

It is clear that conditional densities of any Markov random field sat-
isfy , i.e., are quasilocal. Thus, by Criterioan , any Markov random
field with positive conditional densities is Gibbsian. For Gaussian Markov
random fields, this result can also be obtained by application of Theorem [4]
which will be shown in the remainder of the subsection.

Let us present the conditions under which a Gaussian random field is
Markovian (see also Proposition 13.7 in [10]).

Theorem 5 Gaussian random field P is Markovian if and only if the ele-
ments of corresponding inverse matrices Ay, A € W, satisfy the following
conditions: for allt € Z* and A € W (t°) such that Ot C A, it holds

al¥? s e ot,
tUA tUdt tUA
Ay = Ay Qs = (11)
0, seA\ot.

Proof. Let P be a Gaussian random field such that the elements of corre-
sponding inverse matrices Ay, A € W, satisfy conditions (11)). Then for all
t € Z% and A € W(t°) such that 9t C A and any = € R, z € R*, we can
write

p aﬁm GZ:UA 1 tUA 2
9z ("E) = o exp{ Ty ((‘T - mt) + qtUA ZAats (zs - m5)> } =
tt se

a a 1 2 -
= e { = (e m) oy T al (e —m)) | = 67 ()
T Qe scot

15
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Hence, P is Markovian.
Conversely, let the Gaussian random field P be Markovian. Then for any
t € Z% and A € W (t¢) such that 9t C A, we have

gi(z) =g/ (z), weR,zeRM
Taking into account the positivity of finite-conditional distributions of Gaus-
sian random field, from here for any z,u € R, we obtain
z 2ot
n gi(x) — I that(x)’
i (u) 9: (u)

or, equivalently,
tUA t U@t

a
t; (u?* — 2%) + (u — 1) E alVh 2, (u — )+ (u—2) E alvoz,

sEN seot

Since the last equality must be satisfied for all z € A, and, particularly, for
=0, s € A, we conclude that a/t¥* = a9, Therefore, for any 2z € R*, it

holds Z Z
atUA atuat

sEA seot

Choosing different values for z, one can obtain the required relations .
O

Thus, for the Gaussian Markov random field P, conditions of Theorem
are satisfied for any filtration .# = {%""},>; and sets of admissible bound-
ary conditions Z;(.%) = R, t € Z?. Therefore, P is Gibbsian. The elements
of its Hamiltonian can be written in the following form:

tUot
Hl(z) = Dot (x—my)*+ (z—my Zatuat —my), v € R,z € Rt € Z%.
seot
Appendix

Proof of Proposition [3] For any t,s € Z¢ and A € W({t,s}), denote
by E; s the matrix which is obtained from the identity matrix I; sua by
permuting first two rows indexed by ¢ and s:

0 1 04
Eisa=1 1 0 05 ],
of of 1,

where 0, is the zero vector of length |A|. Then

-1

—1
AsUtUA = LUsutun — (Et,s,ACtUsUAEt sA) -

- Et ,8 ACtUsUA A - Et s AAtUsuAEt s,

since E;;A =Fi g n. O
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Proof of Proposition [d Let Ay = C;', A € W, and let us compute
Ain = CtI}A? t € A

Enumerate the points in A: 1,2,...,n, n = |A|, and assign number 0 to
point t. Then Cy = C), = {¢;5,1 <i,j <n}, Ay = A, = {agy),l <1i,j <n},
and Cyup = Cpy1 = {cij,0 < 4,5 <n}, Aun = Apg = {a§?+1),0 <i,J <
n}. Matrix C,, 41 can be represented as follows:

con=( g @),

where (co;) = (coj,1 < j < n)isalxnrow vector and (coj)” = (coj,1 <
j < n)T is an n x 1 column vector.

First note that according to the formula for calculating the determinant
of a block matrix (see, for example, [9]), we have

det C,,11 = det C,, det K,

where n
K = coo — (co) - C;F - (coj)" = coo — Z GZL)COz‘COj,
ij=1
and hence,
det Cly iy ~ )
det C), o Z iy PO

1,j=1

According to the Frobenius formula for the inversion of a block matrix
(see, for example, [9])

A B\ K1 —~K-'BD"!
¢ D) ~\ -D'CK'! D'+D!'CK'BD? )’

where K = A — BD~'C, we have

An-i-l = CT:+11 =

_ K —K™ (o) - O _

O\ G ()T KT OGO (o)t KT () - O )

. det Cn ) 1 —(C()j> . An

N det Cn+1 An (CO]) K An + An : (COj)T ’ (COJ) ’ An
Further,

T
(o) A= (0 1< i <n), v o) = (B 1< <)
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where
n

b(()?) = ZGZ(?)COz‘, I<j<n
i—1

Thus, matrix A, takes the form

det C,, det C,, det C,,
det Cn+1 det Cn+1 01 o det Cn+1 On
det C, det C,, ) 2 n det Cp, (), (n)
b Al (o))l
det Cn+1 det Cn+1 det Cn+1
det C (n) (n) det'C’ (n).(n) | (n) det Cn (n) 2
S b el (of)
det Cn+1 on @i T aetCony det Cn+1 On =01 “ + det Cn+1 on
Therefore,
det C
12
@00 det Cn+1 ( )
n det C, —
(n+1) T Zak] cj, 1<k<n (13)

det O, <«
n+1 n n n) (n
&l(cm ) = Cl](mi + m ij§:1 afm)agm)-cmcoj, 1 S k, m S n. (14)

It remains to note that according to Proposition |3, the elements of ma-
trix A, 11 do not depend on the enumeration of points in A. Hence, formu-

las f can be written in the form 7. ]
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