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FROM RANDOM PARTITIONS
TO FRACTIONAL BROWNIAN SHEETS

OLIVIER DURIEU AND YIZAO WANG

ABSTRACT. We propose +1-valued random-field models that are based on ran-
dom partitions of N2. The covariance structure of each random field is deter-
mined by the underlying random partition. Functional central limit theorems
are established for the proposed models, and fractional Brownian sheets, with
full range of Hurst indices, arise in the limit. Our models could be viewed as
discrete analogues of fractional Brownian sheets, in the same spirit that the
simple random walk is the discrete analogue of the Brownian motion.

1. INTRODUCTION

In this paper, we propose random-field models that are based on random parti-
tions, and show that their partial-sum random fields scale to fractional Brownian
sheets. Our motivation came from three recent papers, one by Hammond and
Sheffield [10] and two by the authors and collaborator [3, 7], where it was shown
that fractional Brownian motions and some operator-scaling Gaussian random fields
(that can be viewed as random-field generalizations of fractional Brownian motions,
see [4]) may arise as the scaling limits of certain stochastic models, the depen-
dence structure of which are essentially determined by certain random partition of
N ={1,2,...}. The results in [3] are random-field generalizations of [10], and hence
we start by briefly recalling [7, 10].

The two papers [7, 10] established functional central limit theorems for fractional
Brownian motions based on two different random partitions. In each model, there
is an underlying random partition of the integers {1,...,n}, and conditioning on
the random partition, £1-valued random spins X3, ..., X,, are assigned, in certain
ways to be specified later. The advantage of taking random spins is that in this
way, the covariances of the partial sums are determined by the underlying random
partitions. By appropriately choosing the random partition and the assignment
rule of random spins, the partial sum S, = X; + --- + X, scales to a fractional
Brownian motion as n — oo, in the form of, for appropriately chosen slowly varying
function L at infinity,

S\ni) H
1.1 —_— =1B
(1) {nHL(”) te(0,1] B }te[o’l]

in D([0,1]), as n — oo, where Bf on the right-hand side above denotes the frac-
tional Brownian motion with Hurst index H € (0,1), a centered Gaussian process
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2 OLIVIER DURIEU AND YIZAO WANG

with covariance function
1
Cov(BH B = 3 (t2H + 2 — |t — s st > 0.

Throughout, = stands for convergence in distribution and D([0, 1]) for the space
of cadlag functions equipped with the Skorohod topology [5].

The models in [7, 10] are different in both the underlying random partitions and
the ways of assigning +1 spins, and they lead to different ranges of Hurst index:
H €(0,1/2) in [7] and H € (1/2,1) in [10]. The partial sum S,, can be interpreted
as a correlated random walk and provides a simple discrete counterpart to the
fractional Brownian motion, in the same spirit that the simple random walk can be
viewed as the discrete counterpart of the Brownian motion. Recently, the model in
[10] has been generalized to high dimensions in [3]. At the core of the random-field
generalization is again a random partition, this time of Z¢. Our motivation here is
to explore other possibilities of random-field extensions.

In view of the non-standard normalization n L(n) in (1.1) instead of n'/2 for S,,
of the i.i.d. random variables, such models are sometimes referred to as having long-
range dependence [25, 29]. Moreover, the fractional Brownian motion in the limit
characterizes the non-negligible dependence at macroscopic scale of the discrete
model when H # 1/2 (recall that B'/? is a standard Brownian motion). Such limit
theorems are of their special interest for the study of long-range dependence, as
they often reveal different types of dynamics underlying certain common long-range
dependence phenomena. Namely, drastically different models may lead to the same
stochastic process with long-range dependence, and fractional Brownian motions
often show up in such limit theorems. Fractional Brownian motions, first considered
by Kolmogorov [16] and studied rigorously by Mandelbrot and Van Ness [20], are
arguably the most important stochastic processes in the investigation of long-range
dependence: it is well known now that fractional Brownian motions arise in limit
theorems on models from various areas, including finance [15], telecommunications
[22], interacting particle systems [24], aggregation of correlated random walks [8],
just to mention a few.

Results in [7, 10] provide a new class of examples for long-range dependence:
they may arise in the presence of certain random partitions. Such a point of view,
to the best of our knowledge, has been rarely explored before. Our motivation is
to demonstrate the random-partition mechanism behind the long-range dependence
phenomena in the aforementioned papers remains to work in a natural random-field
setup. In particular, we shall propose random-field extensions of the aforementioned
models, based on random partitions of N2, and show that the partial sums of
proposed models scale to fractional Brownian sheets. Our limit theorems shall
cover the full range of Hurst indices for the fractional Brownian sheets.

Recall that a fractional Brownian sheet with Hurst index H = (Hy, Hs) € (0,1)?
is a multi-parameter zero-mean Gaussian process {B }teRﬁr with covariance

(™)
—_

Cov(BH Bf) = H 5 (13 + 53 — [ty — s,*f11) s €RY.

Fractional Brownian sheets are random-field generalizations of fractional Brownian
motions proposed by Kamont [13]. These are centered Gaussian processes that are
operator-scaling (generalization of self-similarity to random fields, see e.g. [4]) and
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with stationary rectangular increments. In the special case Hy = Hy = 1/2, the
fractional Brownian sheet becomes the standard Brownian sheet, the random-field
generalization of Brownian motion. For other Hurst indices, fractional Brownian
sheets exhibit anisotropic long-range dependence. Representation and path prop-
erties of these random fields have been extensively investigated. See for example
the recent survey by Xiao [31]. Stochastic partial differential equations driven by
fractional Brownian sheets have also been studied (see e.g. [11, 23]). At the same
time, fractional Brownian sheets are not the only operator-scaling random fields
with stationary rectangular increments. There are other random fields with long-
range dependence which could also be viewed as generalization of fractional Brow-
nian motions. Limit theorems for fractional Brownian sheets and other Gaussian
random fields with long-range dependence, however, have not been as much devel-
oped as for fractional Brownian motions. Recent developments include for example
[2, 3, 17, 18, 27, 28, 30].

Now we describe our models in more detail, which are extensions of the one-
dimensional models in [7, 10] to two dimensions. For these one-dimensional models,
we first introduce a random partition of N into different components, where each
component may have possibly an infinite number of elements. Next, given a random
decomposition {Cx}ren of N, for each component C we sample X¢ = {X;}icc
according to a specific assignment rule, applied in an independent manner to all
components {X¢, }ren. For these models, marginally X; takes the values &1 only.
We consider two possible assignment rules:

Identical assignment rule. Assign the same values for all X; in the same component.
The identical value is either 1 or —1, with equal probabilities.

Alternating assignment rule. Assign +1 values in an alternating manner with re-
spect to the natural order on N, for X; in the same component. Given a compo-
nent, there are two such ways of assigning +1 values, and one of them is chosen
with probability 1/2. For example, given a component C = {1,2,5}, the alter-
nating assignment rule assigns (1,—1,1) or (—1,1,—1) with equal probabilities to
(X1, X2, X5).

In particular, the Hammond-Sheffield model in [10] is based on a random par-
tition of N induced by a random forest with infinite components, each being an
infinite tree, and the identical assignment rule (the random forest induces actually
a random partition of Z). The model in [7] is based on an exchangeable random
partition on N [26] induced by certain infinite urn scheme, and the alternating
assignment rule. It is a modification of a model originally investigated in Karlin
[14], and hence we refer to the model as the randomized Karlin model. The two
models will be recalled in full details at later sections. Note that this framework of
building stationary sequences based on random partitions and assignment rules also
includes the example of independent 41 spins, of which the partial-sum process is
well known to scale to a Brownian motion. To achieve this it suffices to take the
finest partition of N, that is, each component corresponds exactly to one element
from N, and then apply either assignment rule (the two are the same in this case).

Our random-field models are based on random partitions of N2 obtained as
the Cartesian product of two independent random partitions of N. Namely, let
C@ = {Ci"}ien,q = 1,2, be two partitions of N. Let C = C® x C® denote the
Cartesian product (e.g. {1,2} x {1,3} = {(1,1),(1,3),(2,1),(2,3)} is a subset of
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N2). In this way, C is a partition of N2. Once the random partition is given, one
of the two assignment rules is applied in each direction. Figure 1 illustrates the
Cartesian product of partitions (left), the alternating assignment rule (middle), and
an assignment rule of mixed type (right).

F1GURE 1. A component from a Cartesian product of partitions.
Left: component {1,2,4,5,6} x {1,2,4,6,7}. Middle: alternating
assignment rule of 1 (black) and —1 (white) values. Right: mixture
of identical assignment rule in horizontal direction and alternating
assignment rule in vertical direction.

We shall investigate different random-field models {X;};enz, corresponding to
different regimes of fractional Brownian sheets in terms of the Hurst indices. Our
limit theorems are in the form of

1
Zg(n) Z Xi =0 {B{{}te[o,w
i€(1,[n-t]] te[0,1]?

in D([0,1]?) as min(ny,n2) — oo, where Zg(n) is an appropriate normalization
depending on H. Throughout, for any element a € R?, we write a = (ay,az).
We also write |n - t| = (|nit1], [nat2]), and [a, b] = ([a1,b1] X [az, b2]) N Z2. Our
models can thus be viewed as discrete counterparts of fractional Brownian sheets.
Our contributions consist of the following three parts.

(i) In Section 2 we propose a generalization of the randomized Karlin model and
show that the partial-sum random field scales to a fractional Brownian sheet with
H € (0,1/2)2.

(ii) In Section 3 we propose a generalization of the Hammond—Sheffield model, and
show that the partial-sum random field scales to a fractional Brownian sheet with
H e (1/2,1)2

(iii) In Section 4 we propose a model that can be viewed as a combination of
the Hammond-—Sheffield model and randomized Karlin model, and show that the
partial-sum random field scales to a fractional Brownian sheet with H € (1/2,1) x

(0,1/2).

The proofs for the two-dimensional randomized Karlin model and the other two
models are completely different. For the randomized Karlin model, conditioning on
the partition structure, the partial sums become sums of i.i.d. random variables. For
the other two models, the proof is based on a martingale central limit theorem due
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to McLeish [21], already used for the one-dimensional Hammond-Sheffield model.
However, the proofs for two-dimensional models are much more demanding than
their one-dimensional counterpart. Indeed, for the one-dimensional Hammond-
Sheffield model, the normalized partial sum S,, = X; + --- + X,, can be expressed

as S 1
o by > bnsX;
JEL

for a stationary sequence of martingale differences {X 5 }jez and some coefficients
by j, with b = 37, b2 ;. This is a remarkable representation at the heart of the
proof; see [3] (the proof in [10] did not use directly this convenient presentation, but
applied nevertheless an argument by martingale approximation). Then, to prove

the weak convergence, by McLeish’s central limit theorem, the key step is to show

(1.2) lim — Z bi’j (X7)? = Var(X() in probability.
This requires already an involved argument in one dimension; see [10, Lemma 3.2]
and [3, Lemma 7).

In two dimensions, the situation becomes even more complicated as now the
partial sum S, = > | X; is expressed (Proposition 3.5 below) as

Sn 1 o

b po ny,j - Jmnes
n ni jez

i€[1lmn

where {Uj n, }jez is a stationary martingale-difference sequence with respect to the
filtration corresponding to the first direction. The new difficulty of the random-field
models comes from the fact that the martingale differences now also depend on ng
and the dependence structure of the random partition in the second direction. To
overcome the new difficulty, at the core of our proofs for the counterpart of (1.2)
is a decoupling argument. See Section 3.4.

We conclude the introduction with a few remarks.

Remark 1.1. If one searches for a similar random field that scales to a fractional
Brownian sheet with Hurst index 1/2 in one direction, one can modify the proposed
model by taking instead the finest partition (each integer consists of a component)
in that direction. Such a model and its analysis are much easier. The details are
omitted.

Remark 1.2. It will become clear that, our constructions are not limited to two
dimensions only. Our limit theorems could also be extended accordingly to high
dimensions, where the limit random fields cover fractional Brownian sheets with
all legitimate indices. However, for high-dimensional models and the corresponding
limit theorems, the analysis will become notationally heavy, while the key ideas of
the proofs remain the same as in two dimensions. Therefore, in this paper we focus
on two dimensions, and only discuss the high dimension in Remark 4.4 at the end.

Remark 1.3. Our two-dimensional Hammond—Sheffield model is different from the
two-dimensional generalization investigated in [3]. The generalization therein is also
based on a random partition of N and the identical assignment rule. However, the
random partition considered there is of a different nature from the one considered
here: this could be justified by the fact that the limiting random fields are no longer
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fractional Brownian sheets in most cases. The limiting random fields therein are
operator-scaling with stationary rectangular increments but have a more compli-
cated structure than fractional Brownian sheets. Besides, an intriguing so-called
scaling-transition phenomena arises.

Acknowledgements. YW’s research was partially supported by the NSA grants
H98230-14-1-0318 and H98230-16-1-0322, the ARO grant W911NF-17-1-0006, and
Charles Phelps Taft Research Center at University of Cincinnati.

2. RANDOMIZED KARLIN MODEL

In this section we introduce the two-dimensional randomized Karlin model, and
show that the partial-sum random field scales to a fractional Brownian sheet with
Hurst index H € (0,1/2)2.

2.1. One-dimensional model. We first recall the one-dimensional randomized
Karlin model [7, 14]. Let {Y,}nen be ii.d. random variables with common distri-
bution g on N. They induce a partition II,, of N by setting in the same equivalent
class (component), denoted by ¢ ~ j, if and only if ¥; = Y;. Intuitively, imagine
that we throw balls consecutively and independently into boxes labeled by N, and
set Y,, = £ if the n-th ball falls into the box with label /. This event occurs with
probability p, = p({¢}), and ¢ ~ j if and only if the balls at round 7 and j fall
in the same box. The partition obtained this way is an infinite exchangeable ran-
dom partition of N, sometimes referred to as the partition generated by random
samplings, or the paintbox partition [26]. Many estimates of this random partition
that we apply here can be found in [9, 14].

Throughout, we assume that {pe}scn is a decreasing sequence and that for some
a € (0,1),

(2.1) v(iz) =max{{ >1:p; >1/x} ~ 2*L(x), as x — o0,

where L is a slowly varying function at co. Without loss of generality L is assumed
to be bounded away from 0 and oo on every compact set in (0,00). For example,
the condition (2.1) is satisfied (with L = 1) when

e~ k7YY as k — oo,

The law of (X1,...,X,) given the partition IL, of the set {1,...,n} induced by
Yi1,...,Y, is then determined by the alternating assignment rule. To express the
alternating assignment rule explicitly, we introduce

(2.2) Yn_’z = Z l{yq;g}, {eN,

i=1
representing the number of balls in the box ¢ after the first n sampling. Then, the
law of (Xy,...,X,) given the partition can be equivalently determined by letting
{€n}nen be i.i.d. random variables, independent of II,,, with common distribution
P(e; = —1) = P(e; = 1) = 1/2 and setting for each n € N,

(2.3) X, = e(=1)Ymetif Y, =0

Originally, Karlin [14] obtained a central limit theorem for the non-randomized
model, with ¢, = 1. The functional central limit theorem of the partial-sum process
Sp = X1+ -+ X,, was established in [7].
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Later in Section 4, we shall need a functional central limit theorem for a slightly
more general version of the one-dimensional Karlin model. We say that {X, }nen
is a generalized one-dimensional Karlin model, if instead of (2.3) we have

X = Zyeg(—1)etLif Yy, =0,

for i.i.d. random variables {Z;}secny with some common distribution v, independent
from Y and e. In this way, given the partition induced by {Y,}nen, X; = X if
i ~ j, and otherwise X; and X are independent and identically distributed as Z€;.

Proposition 2.1. For the generalized one-dimensional randomized Karlin model
with w satisfying (2.1) with o € (0,1) and a slowly varying function L, for a
distribution v with bounded support, we have

S|nt] a/2
L0 - =0, {B }
{”a/QL(n)l/Q t€(0,1] o { EEPAEIRY

in D([0,1]) as n — oo, with
02 =T(1 — )2 'Var(X,).

The proof of this result is omitted here, as it can be obtained by following the
same strategy as in the proof of Theorem 2.2, the functional central limit theorem
for two-dimensional randomized Karlin model to be introduced below. This result
could also follow from a multivariate functional central limit theorem for the one-
dimensional randomized Karlin model established in [7, Theorem 2.2, Corollary 2.8],
where the limit corresponds to a decomposition of fractional Brownian motion into
a bi-fractional Brownian motion and another smooth self-similar Gaussian process
due to Lei and Nualart [19]. In [7], only randomized one-dimensional Karlin model
was addressed, although the same proof applies to the generalized model with v
having bounded support, too.

2.2. Two-dimensional model and main result. We next describe the two-
dimensional randomized Karlin model. For each ¢ = 1,2, consider Y@ = {Y,("},,cn
as 1.i.d. sampling from certain probability measure p, satisfying (2.1) with «, €
(0,1) and a slowly varying function L,. Assume that Y™ Y ® are independent.
Then, each Y@ induces an infinite exchangeable random partition on N and for each
n, let Yrifl? be the corresponding statistics as in (2.2) before. Write Yy, = (Y,{’, Y,{2)
and for every pair n,m € N?, set

n~m, ifY, =Y.

In this way, equivalent subclasses (components) of N2 are indexed by labels £ € N2
This gives the random partition of N? as the Cartesian product of the two partitions
determined by Y™ and Y®. Given the partition induced by {Y;};c(1,n), the law
of {Xi}ici1,n is determined by the alternating assignment rule in both directions.
This is equivalent to set, letting {€g}eenz be i.i.d. random variables taking values
in {—1,1} with equal probabilities,

2
(a)
Xn = [J(-1) ™, it Y, =2
qg=1

The so-obtained random field {X,, }, cn2 is referred to as the two-dimensional ran-
domized Karlin model.
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With a little abuse of language, for n € N2, we refer to {Yiticpi,n as the first

. . . . 2 o
n samplings. We write n — oo for min(nq, ne) — co and we write n® = Hq:1 ng’

and L(n) = [I2_; Lg(ny).
The main result of this section is the following.

Theorem 2.2. For the two-dimensional randomized Karlin model with 1, satisfy-
ing (2.1) with ag € (0,1) and slowly varying functions L, for ¢ = 1,2, we have

S|n-t] } { /2
e = 0o {B }
{ |n|°‘/2L(n)1/2 te[0,1]2 * ¢ te[0,1]2

in D([0,1]?) as n — oo, with 02 = szl (1 — aq)2% 1,

2.3. Auxiliary estimates. Here we provide some useful estimates on the one-

dimensional randomized Karlin model that we shall use in the proof of Theorem
2.2. Recall Y,, » in (2.2) and let

oo oo
K, = Z 1{Yn,£>0} and Kn,.,- = Z 1{Yn,£:T}7 for all r € N,

=1 =1
denote the number of occupied boxes and number of boxes occupied with r balls,
respectively, after n samplings. The statistics of K, and K, , (independent from
€¢) have been studied in [14] already, where a similar model with e, replaced by
constant 1 was investigated. We summarize some results on K,, and K, , below
that will be needed later. In the sequel, I' denotes the gamma function.

Lemma 2.3. Under the assumption (2.1), we have

. K, _
(2.4) nll)n;o L) IN(l-a)
(2.5) lim Bnr (1 — a)pa(r)
’ n—rco n®L(n) Pa
2:021 Kn,2r71

(2.6) lim L) I'(l—a) ;pa@r —1),
where
all—a)---(r—1-—a)

Pa (’I‘) = l )

and the convergences hold almost surely and also in LP for all p > 0. Furthermore,

(2.7 ZP@(T’) =1 and Zpa(ZT —1) =271
r=1 r=1

Proof. (i) For the almost sure convergence in the three limits above, see [9, Corollary
21 and discussion after Proposition 2] and [14, Theorem 9].

(ii) To prove the LP convergence, we prove (2.4) holds in LP for p > 0. This
and the facts that 0 < K, , < K, and 0 < ZT>1 K, 2r—1 < K, then imply the L?
convergence in (2.5) and (2.6). To prove (2.4), writing ®,, = EK,,, we show that
for all m € N, there exists a constant C7, > 0 such that

(2.8) E|K, — ®,|™ < C:®™ 2 for all n € N,
and then use [9, Proposition 17]
(2.9) b, ~T'(1 - a)n“L(n) as n — 0.
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To prove (2.8), we first claim that there exist constants C,, depending only on m,
such that for all m,n € N,
(2.10) EK]' < Cp®m.
We need the following lemma.

Lemma 2.4. For all k € N and ¢1,...,0, € N distinct,
k
PV, > 0,..., Y0 >0) < II (Yoo, > 0).

Proof. To prove the desired result, it suffices to show
(2.11) P(Yoe, >0]Y,e >0,...,Y,0 , >0) <P(Y,, >0),
for all k > 2 and ¢4, ...,¢; € N distinct. Observe that

P(Ynik >O|Yn€1>0 . nfk1>0)

]P)(Yn,el > 07 e ;Yn,€k71 >0 | anek = O)
P(Ype, >0,...,Y , >0)

=1-P, =0)

The ratio after P(Y,, ,, = 0) is larger than one, and this yields (2.11) and hence
the desired result. To see this, let {Y,*},cn be another collection of i.i.d. random
variables, taking values i € N \ {l;} with probability p¥ = p;/(1 — ps,). Then, the
ratio above equals

P(Yy, >0,....,Y7 > 0)

nZl ’ ’ILZ;C 1

P(Yne >0,...,Y0 ., >0)

> 1.

Now to see (2.10), it suffices to observe that

EKP = S P(Yas >0,..., Y0, >0)

L1yeerlm
m k m
So ¥ IR0
k=1 Ol g=1 k=1
e

for some constants Cy, ,,, > 0, and recall that ®,, 1 0o as n — co. Now to show (2.8),
by Cauchy—Schwartz inequality, we have
E|K, — ®,|™ < Var(K,)"/2 (E|K, — &, *"2)"/

It is known that Var(K,) < ®, (see [9, Section 4]). Expand E|K,, — ®,|*™2
and note that it can be bounded by C,®2™~2 with C, = Z:ll (2m 2) Cor + 1,
by (2.10). This entails (2.8).

(iil) Now for (2.7), {pa(i)}icn are related to the binomial series as follows:

—-1) —k+1) 4, - —
(1+ )" _1+§: (a (a 2P =14 (1) palk)a”.

Evaluating (1 4+ 2)® at —1 and 1 then yields (2.7). O
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We also need to work with partitions generated between two times m and n,

that is, the partitions generated by Y;,11,...,Y,. For this purpose, we introduce
*

Ym,n,f = Z?:m+1 1{Yzi:€}7

0o o0
K:n’n = Z 1{er,,n,£>0} and K;;L,’n,’l‘ = Z 1{Y7:,nl=r}.
(=1 =1

We need the following lemma.

Lemma 2.5. Under the assumption (2.1), with probability one for all s,t € [0,1],
s < t, the following limits hold:

(2.12) TILUALYN (t — $)°T(1 - a)
’ n—co n*L(n)

> KT : S
(2.13) fi 2ir Kol el _ (t=9)T(1—a) ) pali)

n—oo n®L(n)

Tns] [ nt],r

. K [}
(2.14) nl;rr;oW = (t—39)T(1 — a)pa(r)

. Zfil Kfnsj |nt],2i—1 o a—1
(2.15) "h_>n;o oL (n) = (t—9)T({1—a)2 .

Proof. To prove the desired results, it suffices to establish them for fixed s and ¢;
the results then hold for a countable dense set of [0, 1] with probability one, and by
continuity for all s,t € [0, 1] with probability one.

Observe that
(2.16)

* d * d
LnSJ,LntJ = KUL”_L"SJ and KLRSLLntJ,T‘ = KtntJ—L"SJ,T’ fOI' all re N,

where ‘%’ stands for equal in distribution. By Lemma 2.3, it follows immediately
that all convergences hold in probability. To strengthen to the almost sure sense,
we apply a monotonicity argument as in [9, Proposition 2].

From now on, we fix s,t € [0,1],s < t. We first prove (2.12). Let V,, = VarK,
and, as before, ®,, = EK,,. By [9, Lemma 1 and Proposition 17],

Vi ~T(1—a)(2% —1)n“L(n), as n — oo.
Therefore, for n,, = Lmz/ O‘J, by (2.16) and Borel-Cantelli lemma, we have

K*
hm an SJ 3 antJ

=1, almost surely.
100 @t~ s

Thus, by (2.9),

K*
lim [mms],[mmt] _

mvso e L(ng) (t —5)°T(1 — ), almost surely.

Furthermore, for m large enough, we have | N, 8| < [Nm+18] < [Nmt] < [Rmi1t],
and since ®,, is increasing,

K)[nm_*_lsj,[nmtj < Kfnsj,l_ntj < Krnm,qulnm,-FltJ
Plnpiiti—lnms] — Plat)=(ns] — Plnnt|—[nmirs)

, for all ny, <n < nppaq.
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Since

@ n —|nms
hrn L M+1tJ L m J — 1
m—00

[nmt)=nmy1s]

it follows that (2.12) holds with probability one. The same argument holds for
(2.13), which implies (2.14). At last, (2.15) follows from (2.13) and (2.14). O

2.4. Proof of Theorem 2.2. The main idea behind the proof is that conditioning
on the underlying partitions, the partial sum S5,, can be represented as a sum of
independent +1-valued random variables, for which limit theorems follow immedi-
ately. We illustrate this idea by first proving a central limit theorem of the model.

We let A'(0,0?%) denote the Gaussian distribution with mean zero and variance o2.

Proposition 2.6. For the two-dimensional randomized Karlin model, if (1q satis-

fies (2.1) with aq € (0,1) and slowly varying functions L, for ¢ = 1,2, then
S
In|o/2L(n)1/2

as m — oo, with o2 = H<2;:1 (1 — ag)2% 1.

= N(0,02),

Proof. Let Sy, ¢ be the sum over all the spins X; associated to the box £:
Sn.e = Z Xiliy,—e)-
i€[1,n]

Because of the alternating assignment rule, S, ¢ € {—1,0,1}, and S, o = 0 if and
only if the number of variables X; associated to the box £ after m samplings is
even. We are therefore interested in the number of boxes having an odd number
of balls after n samplings. To give an expression of this number, to be denoted by
Kn below, we first remark that the number of boxes with odd number of balls from

samplings Y@ equals
oo oo
— (a)
Z 1{Y;qg odd} — ZKn,Qifl’
=1 i=1

where K\ = 3772, 1{

Y&):i}. It follows that
(2.17) K, = H Z K:qu>72iq_1
g=1 \iq=1
Therefore,
~ I?n
(2.18) Sp | Kn 4 ¢,
=1

where the left-hand side is understood as the conditional distribution of .S,, given
IN(n, and on the right-hand side {€], } ey are i.i.d. copies of €1. Introduce furthermore
the o-field ¥ = o(Y®,Y®), and observe that K, is Y measurable. Now, by
Lemma 2.3,

2 oo (@ 2
lim Var(5n | V) = lim H —Ziq:l Byt = Ha2 =02 as.
nose nleL(n) w1 TR ) T 100 =



12 OLIVIER DURIEU AND YIZAO WANG

Therefore, we obtain the conditional central limit theorem

Sn )
|n|e/2L(n)1/2 Y = N(0,03,), as n — oo,
and the desired annealed version follows. 0

To prove Theorem 2.2, we prove the convergence of finite-dimensional distribu-
tions and tightness separately.

Proof of convergence of finite-dimensional distributions. For m € N fixed, consider
A,y A € Ry and £ = (#7,¢57) € [0,1]? for r = 1,...,m. Writing

(2.19) ng = (|1t ], [natz]), for all t € [0,1]%, n € N?

we set

m
Sn=> ASn,,, neN.
r=1
Similarly as before and using Cramér-Wold device, to show the convergence of
finite-dimensional distributions, it suffices to show the following conditional central
limit theorem:

§n “ a/2
Y = ST B2
O-a|n|a/2! (n)l/Z 7;1 t(r)

as m — oo. For this purpose, we first remark that given ), §n is the sum of IN(n
number of independent random variables corresponding to the I?n boxes that have
at least one ball from the first  samplings, and that each such random variable is
bounded by |A1|+- - -+]|A;,| uniformly. At the same time, we know that K,, — co as
n — oo almost surely. Therefore, to establish the conditional central limit theorem
it remains to show that the variance

Var(S,, | V) = ZZ)\A/Ey (S, () Sn

r=1r'=1

)

)

converges to the corresponding one of the fractional Brownian sheet as n — oo,
after normalization. Here and in the sequel, we write Ey(-) = E(- | ). This part
is established in Lemma 2.7 below. O

Lemma 2.7. With the same notation as in (2.19), for alln € N?, t, s € [0,1]?,
2

. Ey SntSns 1 @ @ (e
77'1*>OOU2|7’L|°‘L H§|t|q+|sq|q_|tq_sq‘ )

Proof. We first consider the case of the one-dimensional model described in Sec-
tion 2.1. We write, for n € N, ¢, s € [0, 1],

1
(2~20) E)}(Sntsns) = ;Ey [Sr%t + 57215 - (Sm - Sns)Q] ’
where S, = > | X;, ny = [nt], and ny = |ns|. We saw in the proof of Proposi-
tion 2.6 that EyS2 = Y72, K, 2—1, and thus Lemma 2.3 yields that almost surely
52
(2.21) lim M — o2

n—o00 nO‘L( ) al
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For n > n/, by a similar argument as in the proof of Proposition 2.6, we see that

n,n

* o
d / . % *
Sn - Sn/ ‘ y = E €y with Kn,n’ = E K'I’L,TL/,Q’L'—17
=1

i=1

where {€,} are i.i.d. copies of €. In this way,

Ey(snt - S’ﬂs)2 = ZK;:t,ns,Qifh
i=1
and by (2.15),
E ng ~ Pn 2
lim Ey (Sn, = Sn.)" = |t — 5|02, almost surely.
n—o0 n®L(n)

Combining this, (2.20) and (2.21), we have thus proved

Ey(snt Sns) _

L sl = = 5]
e G2[neL(n) 2 ’ o

For the two-dimensional model, we start by introducing a different model. Let
{€9} 41 2, ken be i.i.d. random variables taking values £1 with equal probabilities
and set &, = [[°_, €. Now, assign

q=1"nq
- 2 @
(2.22) X, = H g;?(_l)m‘eq if Y, = ¢,
qg=1
and set S, = Yiciin] X;. Although { X, }nene is different from {X,, }penz, observe

that for all 4,5 € N2,
i~
(X, X5) |V = (X, X5) [ V.

Indeed, this follows from the fact that (eg, €p/) 4 (€e,€e), for all £,£" € N2, (Note
that {eg}pene and {€g}pene do not have the same joint distributions, although the
fact that they have the same bivariate distributions serves our purpose.)

It follows that

E)}(Sntsns) = Ey(gnt gns)-

However, Ey(Sp, Sy, ) is much easier to compute. From (2.22), X; can be written
as

q

2
~ ~ ~ (a)
Xi=][X©, iftvi=e with X =g’ (-1)"wu™ g=12.
g=1

In this way, one can write
n

2 2 ng 2
Sn= > J[X2=]]D_ X2 =]]5w with S@=> X

i€[l,n] ¢=1 g=1i,=1 q=1 i=1
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Observe that {X"}ien and {X® };cn are independent and each S is the partial
sum of a one-dimensional Karlin model with parameter ay. Therefore,

~ o~ (a) (a)
Ey(sntsns) _ = Ey (Sl.”q qJSL”quJ>
|n|*L(n) nquq(”q)

q=1

d
1
— 02 Hf [tq]“e + |8q]% — |tq — $¢|%), as n — oo.
q=1

[\

O

Proof of tightness. Applying a criterion of Bickel and Wichura [1], it suffices to
establish for some p > 0,7 > 1,

P 2 ¥
(2.23) E [Sm | <C H Mq for all m,n € N>, m < n.
mpez) = UG

To do so, pick p > max(2/a1,2/as). Recall that, given Y, Sy, is the sum of Km
independent copies of €;. We infer

E|Sml” = EEy(1Sml”) < E [CEyKH2| = C,ERS,

where we used Burkholder’s inequality, and C), is a positive constant depending
only on p. The expectation on the right-hand side above is then bounded from
above by, recalling (2.17),

p/2

2
BRY = H]E S KD SIETENE

ig=1

Now, for each g, the expectation can be uniformly bounded by C,mg*" 2 q(m )p/ 2
for some constant Cy > 0 by Lemma 2.3. Therefore,

/2
|:Sim| Mg i Lq(mg) P
E <C llC (| —
<|n|a/2 H "\ ng Lq(ng)
with v = min(ay, @2)p/2 > 1. To conclude, we choose § > 0 such that v =
v — ép/2 > 1 and we apply Potter’s Theorem (see [6, Theorem 1.5.6]) to bound

from above L,(m,)/Ly(ng) by C(m,/ng)~°. The inequality (2.23) follows and we
have thus proved the tightness. [

3. HAMMOND—SHEFFIELD MODEL

In this section, we introduce the two-dimensional Hammond—Sheffield model,
and show that the partial-sum random field scales to a fractional Brownian sheet
with Hurst index in (1/2,1)2.
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3.1. One-dimensional model. We first recall the model in one dimension. Let p
be a probability measure on N satisfying

w{n,n+1,...}) ~n"*L(n)

with o € (0,1/2) and L a slowly varying function at infinity. Let {J;};cz be
ii.d. random variables with distribution p, and consider the random graph G =
G(V, E) with vertex set V = Z and edge set £ = {(i,49 — J;) }iez. In words, for
each vertex ¢ € Z, a random jump J; is sampled independently from p and the
vertex ¢ is connected to the vertex ¢ — J;. For each vertex i, the largest connected
subgraph of G containing i is a tree with an infinite number of vertices. Each such
a tree is referred to as a component of Z. It was shown in [10] that for « € (0,1/2),
the random graph G almost surely has infinitely many components, each being an
infinite tree. The random forest G obtained this way induces a random partition
of Z, so that ¢ and j are in the same component, denoted by i ~ j, if and only
if they are in the same tree. In the sequel, it is convenient to work with ancestral
lines defined as the random sets

Ai={jeZ:3j=jo<ji<---<je=i, st. (o—1.jo) € E,L=1,... k}U{i},

for all i € Z. So, i ~ j if and only if A; N A; # 0.

We now apply the identical assignment rule. This entails that marginally
P(X; = —1) = P(X; = 1) = 1/2, and conditioning on G = o{J;, i € Z}, X, = X;
if A;NA; # 0, and X;,,...,X;, are independent for any iy,...,7; such that
Ail, ..., A;, are mutually disjoint. The one-dimensional Hammond-Sheflield model
is the stationary process {X;};cz constructed this way.

The following notations and results from [10] will be used in our two-dimentional
model. Let, for k € Z,

qrx = P(O S Ak),

so gr = 0 for k < 0. It is proved in [10, Lemma 3.1] that with the choice of p above
and a € (0,1/2), Y72 q¢ < oo, and for S, = > | X;,

(3.1) Var(S,,) ~ ZC’O‘(]QHQO‘HL(n)_Q, as n — oo
k>0 9is

with

(3.2) o - sin(ma)

- ma(2a+ DI —2a)

We shall however need a slightly more general version when working with the
two-dimensional model later. We say that {X;};cz is a generalized one-dimensional
Hammond-Sheffield model if the underlying random partition is the same as before,
and conditioning on the random partition, each X; has the same marginal distribu-
tion on R, say v, instead of symmetric law on {—1, 1}, and the identical assignment
rule becomes in this case

Xi =X, ifi~ jand X; and X; are independent and v-distributed otherwise.

Proposition 3.1. For generalized one-dimensional Hammond-Sheffield model with
a distribution v with bounded support and centered,

1/2
S|nt] } Ca H
——lntl > la2_] ®
{”HL(”)l te[0,1] Zkzo qr (B Jeeon
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in D([0,1]) with H =« + 1/2.

Remark 3.2. The results in [10] concerns only v supported on {—1,1}. The
relaxation of v to bounded law does not affect most of the proof, which is based
on a martingale central limit theorem. The boundedness is sufficient for certain
ergodicity of the sequence of martingale differences ([10, Lemma 3.2] and [3, Lemma
7]), and the rest of the proof would remain unchanged. As the proof for the two-
dimensional model will follow the same strategy but is much more involved, we
therefore skip the proof of Proposition 3.1 here.

3.2. Two-dimensional model and main result. We now generalize Hammond—
Sheffield model to two dimensions. Again the first step is to construct a random
partition of Z2. This random partition is taken as the Cartesian product of inde-
pendent random partitions from one-dimensional Hammond—Sheffield models, each
with jump distribution u,, 7 = 1, 2 respectively, satisfying

(3.3) pr({n,n+1,...}) ~n=*L.(n), as n = o0

with «, € (0,1/2) and slowly varying function L, at infinity. For r» = 1,2, let
{Ag”}iez be the ancestral lines corresponding to each random partition. In par-
ticular, {A"}iez and {A{*},cz are independent. We then introduce the ancestral
lattices A;, 1 € 72 as
Ai={jel?|jie A j2 e A7} = AD x A7)

For the partition of Z? obtained by the Cartesian product, we have i ~ j if and
only if A; N A; # (. Once the random partition is given, the identical assignment
rule is applied. That is, given {A;}iez2, X5 = X if A;NA; # 0, and if A;,, ..., A;,
are mutually disjoint, X;,,---, X;, are i.i.d. with common distribution the uniform
law on {—1,1}. The so-constructed {X;};cz2 is referred to as the two-dimensional
Hammond-Sheffield model in the sequel.

We write for n € Z?, ¢, = P(0 € A,,), and ¢0 =P(0 € AL?), r = 1,2. Because
of independence,

— A1) (2)
In = Gy} Gy

and then Y° /. % < 0o when (o, az) € (0,1/2)%. The main result of this section
is the following functional central limit theorem, where as before n® = Hle nor
and L(n) = [[°_, L+(n,).

Theorem 3.3. For the two-dimensional Hammond—-Sheffield model, suppose (3.3)
holds with (a1, a0) € (0,1/2)? and slowly varying functions Ly, Lo respectively.
For S, = Zie[l n] X;, we have

Sn| H
{ [ FL() T f o0 = 0o {Bj }te[0,1]2

in D([0,1]?), as n — oo, where BH is a fractional Brownian sheet with Hurst index
H with H = a, +1/2, r =1,2, and
Ca,Ca
02 = T2 R
X:nEZ2 an

with Cy, defined in (3.2).
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The rest of this section is devoted to the proof of Theorem 3.3. The strategy
is to express the partial sum of the variable X; as a weighted sum of martingale
differences in the first direction and to apply a theorem of McLeish [21] for triangular
array of martingale differences. The hard part lies in the analysis of the second
direction, where we shall apply results for generalized one-dimensional Hammond-—
Sheffield model.

3.3. Representation via martingale differences. Introduce for each m € Z,
the o-algebra of the past in the first direction F{V = o{X; : i1 < m,iy € Z}, and
the operators

P’ () =E( | Foh) —E( | ), meL.

Observe that P (Y) € Fp) .y and E(PL(Y) | ) = 0 for any bounded random
variable Y. Introduce

(3.4) X;=P(X;) = X; —E(X; | FY), jeZ’
By definition, for all j, € Z, {XJ* }iiez is a martingale-difference sequence with

respect to the filtration {F;, };,ez. Denoting by {J;l)}jez the random jumps in the
first direction and observing that for all j € Z2,

%= S0y Ko
1 J1
we obtain another representation of X ; as
(3.5) X;=X; =Y 0 X(y ks JEL
E>1

where p{” = p1({k}), k € N. Recall that g, = 0 if min(n;,n2) < 0. We have the
following results.

Lemma 3.4. (i) For allm € Z, n € Z2, P (X,,) = qilll)_mX(*mﬁm).
(ii) For allm € Z2,

Xn = Z qul)—rrLXEkm,ng)’

m<ni
where the sum converges in L?. Furthermore Var(Xg) = (Zkzo(q,il))Q)*l.
Proof. (i) For m € Z, write

Xn=Xp1 } + Xnl

{meall) {meall)}
Observe that
Xnlfeany = X lfean)

and {m € A’} is independent of F, ;. It then follows that

PT(YIL) (an{meAgllf}) = P7(71L) (X(m,nz)) P (m S A;LIE) = XEkm7n2)q;;1)_m.

On the other hand,

E <X"1{meA5}1)} ‘ ‘7'—72:_1> =E <X"1{m€A§31)} ‘ f;,b) )
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and thus

737(711) (an{mgAiff ) =0.

(ii) By stationarity, it suffices to prove for Xo. For n € N, write
0

Z 73(1) Z q(” (m 0)-

Since {X *m 0)}mEZ is a stationary martingale-difference sequence, we have that
]gXﬁ(’;m 0 = =0 and E(X (m.0) (*n,O)) =0 if m # n. Then,

( S P(Xo) ) —Var(Xg) Y (0 - Var(6g) 3 (@), as s co.

m=—n m=0 m>0
Here the assumption a; € (0,1/2) entails that >, (¢))? < oco.
On the other hand, let J{” € N denote the random jump at 0 in the first

direction. One can write, in view of (3.5),

XS = Z (1{J(()1>:€} —p21)> X(,g’o).

LeN
Thus,
Var(Xg) = Y P(AY,NAY, £0)E {(1{Jé1>_z} —pé”)( [o=er} ~ p?))]
£,'eN
= > P(AY N A%, #0) (=00 + 1" L=r))
£,0'eN
= 1= 7 pUpP (A%, N AY, £0) = 1P (A7 AP £ {0}),
£,0'eN

where A{" is an independent copy of A", Therefore,
Var(Xg) = P (A 0 AP = {0}).

Combining with (3.6), we have

2
nllnéoE< 20: Pé?(Xo)) =P (AP N AL = {0}) D (a)*.

m=—n m>0

We thus have the convergence in L? by the fact that EX2 = 1 and
1

(3.7) (A<1>mA<1> {o}) s
m>0 \4m

Indeed, observe that

> = Y P (-mea),—me AY) =E|a)’ n 4P|,

m>0 m>0

and remark that |A{’ N gg) |, the cardinality of intersection of the two independent
ancestral lines, is a geometric random variable with rate § = P(AJ” N A" = {0}).
Thus E|A” N Ay”| = 1/6, which proved (3.7). O
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Introduce b),”; = Y7, ¢;”;, n € N, j € Z. From the preceding lemma, we have

for all n € N2,
Z Xi: Zb;lll)h ZXJ*

i€[1,n] J1EZ J2=1
Further, for each n € N, the sequence (ij 155 )j1ez is a martingale-difference
sequence with respect to the filtration {F;}};, ez. Denoting (b3))* = 3=, (b}, )%,
by (3.1), we obtain
(3.8) ()2 ~ Cp n®* T L1 (n) 72, as n — oo.
Now introduce similarly b;”, = Y77, ¢;2; and (b3)* = 35, ,(b,)?, for n € N,
j € Z. In summary, we have shown the following.

Proposition 3.5. In the notation above,

" — (1)
(39) b - (1) Z ni,Jj1 ]1,”2

1 j1ez
with
(3.10) Ujymy = b@) Z X;
e 22
and
(3.11) b2, = (b0))(b2))? ~ Cay Cayn®** T L(n) ™2, as m — oo.

Note that again, for each n € N, {U, .} ez is a stationary martingale-difference
sequence with respect to the filtration {]—"j(.l)}jez.

3.4. A central limit theorem. Instead of proving directly convergence of finite-
dimensional distributions, we prove the following central limit theorem first, in
order to better illustrate the key ideas of the proof.

Proposition 3.6. For the two-dimensional Hammond—-Sheffield model, suppose
(3.3) holds with aq,aq € (0,1/2). We have

S
= = N(0,0%), as n — oo,
bn
where 0% = (Zkzo i)t
The rest of this subsection is devote to the proof of this proposition. With
the representation in (3.9), by McLeish’s martingale central limit theorem [21], it

suffices to show

@\ 2
(3.12) sup E | sup ( 5(11)3> sz,w < 00,
neN2 JEL n1
@\ 2
(3.13) nlgréo jlelfz) ( ;);1)]> szm = in probability,
11
and
p» 2
(3.14) lim Z ( ;(11 )J) 20, = EXG?  in probability.
n—00
JEZ 1
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We start with the following observation.

Lemma 3.7. For a; € (0,1/2), we have
b(l)_

lim sup :Llf
n—oo JEZ bﬂ

=0.

Proof. By Lemma 8 in [3], it suffices to prove that > .., ((bill)j) — (b3 41)? ) =
o((bg)?), which follows from Y, (b},); — bs,)j+1)2 = o((b{1)?) by Cauchy—Schwarz
inequality. To see the latter, observe that
D00 =) =2 (@, - ) <23 (@)
jEL j€L Jez
(I

We also need uniform bounds on the moments of U; ,,. To facilitate we introduce
a representation of U;,, as a weighted sum of martingale differences in the second
direction. Let F? = 0{X; | i1 € Z,iy <m} and P (:) = E(- | F2\ 1) —E(- | FP),
m € Z. We set
(3.15) =P (X5) = X, —E(X;, | F2).

For all ny € Z, (X" )n2ez is a martingale-difference sequence with respect to the

filtration (]:(2))”262 Proceeding as in Lemma 3.4, we obtain that for all n € N2,

= D> PRXD) = D 4w Xy

m<na m<nga

where the sum converges in L?. We thus have, for all n € N, j; € Z,

(3.16) Ujsm b(z)ijfng**
Jo€Z
Further,
X3 1
Var(Xg*) = Var(Xo)

Zk>0 (qk )? ; Zkzo ql%:.

Lemma 3.8. (i) For alln € N, EUF,, = (Xkez %@71 < o0.
(i) For all p > 1, sup,,cy EUGY, < oo,

Proof. Now, part (i) is a direct consequence of (3.15): we have E(X* X**) = 0 for
n # m and thus

1
Var(Up,,) = Var(Xg*) = =——-
0 2 k>0 T
For (ii), using that (X ( ))nEZ is a martingale-difference sequence, by Burkholder’s
inequality, writing = , for some constant epending only on p,
i li , = (E[-[P)1/P f C, dependi 1
(b®.)2 1z
n,j k2
1Wo.nlly, = Cy Z (622 X(0.9)
jez " »
(b(Q)‘)Q 12
7,7 *%2
= Cp Z (b(2>)2 HXO ‘p - C HX ”2]0
jez "
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Then (ii) follows since X§* is bounded. O

Now, we establish the conditions of McLeish’s theorem.

For (3.12), by the inequality sup; |a;| < >, [a;], the left-hand side is bounded
by EUG,, = (Xk>0 q3)~! < oo by Lemma 3.8 (i).

For (3.13), for all € > 0, one has

p® N\ 2 b\ 2
ni,j 2 ni,J 2
P max\ o Ujime > € | = § :P b Ujmg > €
J ni ni

JEL

4
bnri\ ElUom,|*
1,] 0,m2
S Z ( b;Ll) €2 :
1

JEL

Lemma 3.7 and Lemma 3.8 (ii) then yield (3.13).

Condition (3.14) is much harder to establish. We shall prove the corresponding
L?-convergence, which follows from

1
: (1) 2(3,(1) 2 2 2 _
(3.17) i s S0P ) Cov (Ujm,Ujm) —0.
Yoogi.giez

For this purpose, we first provide an approximation of X ; as follows. Introduce,
for each integer K > 1, for all j € Z2,

K

* _ L (1) . .

ik =Xj E , Pi" Xy —k,j2)-
k=1

Recalling (3.5), observe that

o0
|Xo — Xo.x! < Z py) — 0, as K — oo.
k=K+1

Then, define

1 n
(3.18) Ujiink = 75 > Xjk, forn, K €N, j €Z.

Jj2=1

Note that {U; ,, i }jez for every K, n € N is again a stationary martingale-difference
sequence with respect to the filtration {f;l)}jez. We shall need the following
uniform bounds.

Lemma 3.9. (i) For allp > 1 and K > 1,
sup E|UO,,L7K\2” < 00.
neN

(i) For allp > 1,
lim sup E|Uy.,, — Up.n. x| = 0.

K—00 peN
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Proof. This lemma can be established in the same way as for Lemma 3.8 before by
proving that for all p > 1, there exists a finite constant C, depending on p only,
such that for all n, K € N,

E|Uon,k|? < CpE|IX§ |
E|Uon — Uon,x|? < CoEIXg — X§ 1|7
O

Now, to prove (3.17), we first show that for all € > 0, one can choose K € N
large enough such that

(3.19) |Cov (Ug , U7,) = Cov (U e U i) | <& forall m, j € N.
To see this, we first bound
| (UOnU2 ) (UOnKU )|
<E’U0n _U2nK ’+E’ UOn UOQ,n,K)UJQ,n,K‘

The first term on the right-hand 51de is bounded, applying Cauchy—Schwarz in-
equality twice, by

(E[Uonl") " (E[U;m + Ujn x| (BIU; 0 — Ui

By Lemma 3.9, this expression converges to 0 uniformly in n, as K — oco. The
second term can be treated similarly. Therefore (3.19) follows for K large enough,
and hence to show (3 17) it suffices to establish, for K large enough,

2
(3.20) lim (1) )4 Z 5111)41 billl)J ) Cov (UJI nz, K UJi’”""K) =0

n—o0o b
J1,J1 €L

For this purpose, we shall establish the following lemma.
Lemma 3.10. For all K € N,e > 0, there exists integers Li ., Nk e, such that
|COV UOnK,U2 K)| <e, forallj> Lge,n> Ng_..

Given this result, observe that the left-hand side of (3.20) without taking the

limit is bounded by, writing Zj ez = 2l —j|<Lx.c Z|j1*ji\>LK,s for each j; €
A

b(1) 2 b(l) 2
i ni,J4
(3'21) CLK,E Z n(11)]1 sup (11)1 (1) 4 Z bizll) g1 billl)] )2
bnl j1EZ b’ﬂl b e

J1EZ J1 J1,J1 €L

b(1> , 2
< CLk . sup < nl’h) + ¢,

(1)
JiEL bn1

for all ng > Nk . This and Lemma 3.7 give (3.20) and hence the third condition
of McLeish’s central limit theorem (3.14). Therefore, the proof of Proposition 3.6
is completed. It remains to prove Lemma 3.10.

Proof of Lemma 3.10. Introduce, for each K € N, j € Z, the event

(3.22) R} = U AV n U AP | =0
i€{—K+1,...,0} ie{j—K+1,....5}
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We have lim;_, ]P’(R;l}() =1 for all K. This comes from

(1) (1) (1) (1)
P(AY N AL #£0) <Y P(—k € AP, —k € A)

k>0
1/2 1/2
<D algh < (D@ (@)
k>0 k>0 k>0

and the fact that Zk>0(q]“_f_k) — 0 as j — co. We now write

(3.23) (UOnKU K)= (UOnKU nKlRﬁ_}) +]E(U0nKU nKl(Rg_ll)()c) .

The second term on the right-hand side, by applying Cauchy—Schwarz inequality
twice and Lemma 3.9, can be bounded uniformly in n by CIP’((R;?}()C)lﬁ, which
goes to zero as j — oo (C' is a positive constant). So it suffices to show that the
first term on the right-hand side above can be controlled to be arbitrarily close to
(EU§,, x)? for j, K large enough.

For this purpose, the key idea is to decouple the underlying partitions in the first
direction Uy n,x and Uj ., k. Otherwise, notice that the two are dependent for all
choices of j and K. For the decoupling, first notice that the law of the partition
in the first direction are determined by the law of those ancestral lines involved in
the definition of R;l}( To proceed we introduce a copy of {A;”}jez, denoted by

{Z;-l)} jez, independent of the original two-dimensional Hammond-Sheffield model.

Introduce the product partition G of Z? as in the original model, but instead
induced by {A"} ez and {A}cz. Then, define {X }jezz as before on G by

identical assignment rule. Define similarly X * X:‘ K,Uj n and an x as before,

based on G. These are identically distributed copies of corresponding quantities of
the original model. Define

(3.24) R = U 4”]n U AP | =0
i€{—K+1,...,0} ie{j—K+1,....5}
We first remark that P(R{}) = ]P’(E;l}() for j > K and
(Uomicr U i) ‘ R 2 (Uo,n,Kﬁj,n,K) ] R

where each side is understood as the conditional distribution of a bivariate random
vector. Therefore, we have

= (U nKlR;?;) - (UOnKU nKlé;zz)
2 — ~

N N N 7,7, (RJ,K)

where in the last expression above, again the second term above is bounded by
C’IE”((R;-T}()C)lm7 uniformly in n, for some positive constant C'. To sum up, by
(3.23) and (3.25) we arrive at the fact that there exists a constant Lk . such that

(3.26) ‘E (U2, U2, )f]E(UMKUOnK)‘ ,forall j > Lge,n € N,
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Finally, we will prove that

(3.27) lim Cov (UT%’O’K,IZQL,O’K) =0.

n—oo

This and (3.26) shall yield that there exists an integer Nk . such that
E (U2, x08x) — BUE, )| < 5, for all e Ny,

and complete the proof of the lemma.

It remains to show (3.27). We start by establishing a conditional central limit
theorem for Uy, i, given the ancestral lines A(j’K IRTRRR ASY. We shall actually
only need the random partition on {—K + 1,...,0}, denoted by G}?, induced by
these ancestral lines. Recall the definition of Uy ; x in (3.18). We have
(3.28)

| 1
Uon,ix = b(z) Z (Oj)K b(z) Z (0,52) — ZP() (=d1d2) | = @ZXJ'7

J2=1 Ji=1 j=1

where we introduce X; = X7 (0.j),k 1O simplify the notation. Note that X depends
on K.

Here we need the crucial remark that, given G(Il(), {X;}icz is a generalized one-
dimensional Hammondehefﬁeld model, with a marginal law as the conditional law
of Xg ;¢ given GY%, and hence with bounded support (Remark 3.2). To see this,
the second expression of Uy, x in (3.28) is more convenient: by definition of the
two-dimensional model, it suffices to examine the partition of {—K +1,...,0} x N.
Recall the definition of the Cartesian product. It then follows that X; = X if i ~ j
with respect to the random partition G® of the second direction of the model,
and otherwise X; and X; are i.i.d. Note that this observation remains true if we
condition G(;{) first; the marginal law will depend on G(I?, but remains bounded.
Then, Proposition 3.1 tells that

Lnt]
(3.29) pa) Z X; G = ox {Bf}tem ,

i=1 te0,1]

where H = ap + 1/2 and
, _EXi|GR)  E(XGK |GK)

T S ao@®)? Tpaold?)?

See Appendix A for our notations for conditional limit theorems. We only need
t = 1 to deal with Uy, g in the central limit theorem here, but for the proof of
finite-dimensional distributions later, we shall need the above conditional functional
central limit theorem. In particular, (3.29) yields that

Uon, i | G(Il() = ox - N(0,1).

Introduce similarly é([? based on {g(_l)K TR Aél)}. By the same approach de-

scribed above, we can show that

(3.30) (UOnK,UMK) ‘ GO, GY = (aKZ, &’KZ),
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where Z and Z are two independent standard normal random variables and 0% =
]E(Xa‘ | G“))(Zk>0( #)2)=1. To establish the joint convergence, by Cramér—
Wold device it suffices to consider, for all a,b € R,

alg,n, i + bUo n, i ’ G, GY = 4 e Z(aX(OZ K+bX(01 ) G, G

where X(*O 0K is defined similarly as XEko,i), x> and the two are assumed to be

conditionally independent given {A;Q)}jez. Again, given GY% and é}?, the process

{Xi}ien = {aXoi0 + bX(*o,z'),K}ieN

is a generalized one-dimensional Hammond—Sheffield model. The normalized partial
sum Y., X; /b then converges to a normal distribution, with variance equal to

Var (Xl ‘ G(}?7 é(é)) —F l:(aX(*O’i)’K + bjz(*o’i),K)2

Hence, (3.30) follows as before by Proposition 3.1.
As a consequence of (3.30), we arrive at

(Uo,n,m Uo,n,K) = (UKZ, EKZ) , as n — 00,

where now ox and o are random variables, and all four random variables on the
right-hand side are independent. By the boundedness of o, ox and the uniform
integrability of U2 0.5 and U 0,k 1t follows that

li_>m Cov (UmO)K, (7”707K) = Cov (UKZz,5%22> =0.
This completes the proof of (3.27). O
3.5. Proof of Theorem 3.3.

o, égy} — &% + 15

Proof of convergence of finite-dimensional distributions. We use Cramér—Wold de-

vice. Form € N, let A1,..., A\, € Rand t™,... t™ € [0,1]? be fixed. For n € N2,
denote 1n41),...,NMym) € N2 as before in (2.19) and to shorten the notation, the
two coordinates of my are denoted by nq(r) = LnltY)J and na(r) = Lngtg)J

respectively, t™ being fixed. We have for all n € N2,

1 m
a Z_;/\rsnt(r) = (1) Z Z)\ bnl(r) J1 71,712(7”)7

”1 J1€Zr=1

where Uj, () is defined as in (3.10). One can show as before that

(1)
{30t
JEZL

is a martingale-difference sequence with respect to {]:j('1>}j62- Therefore we ap-
ply the central limit theorem of McLeish as in Section 3.4. The two conditions
corresponding to (3.12) and (3.13) can be verified similarly as before. The third
condition (3.14) becomes

2
Var (3272, ABL) s
nl%oo (1) 3 Z <Z>\ bm(r) 1Y, ?’Lg('f‘)) = oo qi); in probability.

JEZ
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This shall follow from

(3.31)
1 Cov(BH  \BH, )
lim ——— Y b . pW Ui s (Ui s (r) = ¢ ") in probability,
ni—oo (b1))2 =~ n1(r),g na(r'),g = Jmz(r) Y jma(r’) (Zkzoqi)z
for all 7,7’ € {1,...,m}. We do so again by computing the L?-convergence. Remark
first that
po
(1) 2 Z n1(r),j nl(T)JUjsWZ(T)Uja"2(T,)
n1 JEZ
(1) (1) (2) (2) koK
b(l) 2 Z n1(r),j1 "1(7”/)31 b(2> 2 Z n2(r),j2 nz(T) Var(XO )
J1EZ J2€Z

~ Cov (E{{T),IB% ) Var(Xg*) as n — oo,

(")

where X§* is defined as in (3 15) and the asymptotic follows from the identity

(m) (m) — (m) (m) 2 (m) (m) |2
52 8385 = 3 (50" + (570" = 57, =80
JE

(m) (m) m) 2 _
[(bnm) (05007 = Oy nion)?] =12,
and (3.8). Therefore, to show (3.31), it suffices to prove, as a counterpart of (3.20),
(1) (1) (1) (1)
LS b<” T2 O U Oy e 5
JJ'eZ
- Cov (Ujmz(r%KUj»nz('f”LK’ Uj/7"2(r)7KUj’7n2(7’/)7K) =0,

which, as in (3.21), shall follow from the following lemma. The proof of convergence
of finite-dimensional distributions is thus completed. O

Lemma 3.11. For all K € N,e > 0, there exists Ly, Nk, such that
’COV (UO,ng(r),KU07n2(r’)7Ka Uj,ng(r),KUj na( ’),K)| <e¢g, fOT‘ a”j > LK“S,TLQ > NK@.

Proof. By the same idea as in the proof of Lemma 3.10, it suffices to show

lim Cov (Uo n2(r), K U0, na (71,55 ﬁO,nz(T),KﬁO,nz(T'),K) =0.

ng—00

As a consequence of (3.29), instead of (3.30) we now have
(UO,nQ(T),K7 UO,nQ(T’),Ka UO,ng(r),Ka UO,ng(W),K) ‘ G(Il()a G([l()
THys ~ TwH
= (O’KB =Y G‘KB (T ),O‘KIBt;E) s O'KBt(;,)) s
where B2 and B#2 are i.i.d. copies of fractional Brownian motion with Hurst index

Hs = ay + 1/2, ok and 0k are as before. This completes the proof. O

Proof of tightness. Again, applying Bickel-Wichura’s criterion and using (3.11), the
tightness will follow from the existence of a real v > 1 such that

S 2 2 Mg v
]E(b ) §0H<%> , for all m < n.

n
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Let § > 0 be such that v = 2min(ay,a2) + 1 — ¢ > 1. Using the representation of
Sm as in (3.9) and the representation of Uy, as in (3.16), applying Burkholder’s
inequality twice, we get

S 2 b(l) 2 b(g) 2 2 m 204+1 L (n )
E(Z™) <o ™ ma X**2 < ¢ 'y ANV
() <e (i) () wess H<n) L,(m,)

We obtain the desired result by Potter’s bound L (n,)/Ly(my) < C(mg/ng)~°. O

4. COMBINING HAMMOND—SHEFFIELD MODEL AND KARLIN MODEL

In this section, we combine a one-dimensional Hammond—Sheffield model and a
one-dimensional randomized Karlin model together, and show that the combined
model converges weakly to a fractional Brownian sheet with Hurst indices H; €
(1/2,1) and Hs € (0,1/2).

4.1. Model and main result. Consider two random partitions from the one-
dimensional Hammond—Sheffield model and randomized Karlin model, respectively.
Assume the two random partitions are independent. Namely, let G = G(E, V) be
the underlying random forest structure of Hammond—-Sheffield model generated by
a distribution p1, and let {A;.”}jez be the associated ancestral lines. Let {Yj(Q’}jeN
be i.i.d. random variables with common distribution pus. Suppose p;,i = 1,2 are
probability measures on N satisfying (3.3) and (2.1) respectively with a; € (0,1/2)
and az € (0,1). Assume G® and {Yj@)}jeN are independent. Now, consider the
Cartesian product of the two random partitions.
This is the random partition of Z x N determined by

i~ j if and only if A7) N AS) # 0 and Y,)? = V2.

Next, given the partition, we apply the identical assignment rule in the first
direction, and the alternating assignment rule in the second (see Figure 1, right).
Given a collection of components determined by G® and {Y,®},cn, we assign
values X¢ = {X }jec as follows. Let {ec}¢ be a collection of i.i.d. random variables
taking values in {—1,1} with equal probabilities, indexed by different components
C. For each C fixed, express it as

C=C" x{j"}een with 1<j <jP <.

and set

Xj= (1) for j=(jr1,52) €C,j2 =3
The random field {Xj}jerN constructed this way is referred to as the two-
dimensional combined model. The main result of this section is the following

invariance principle for S,, = Zie[l,n] X;.

Theorem 4.1. For the two-dimensional combined model with c; € (0,1/2) and
Qg € (0, 1),

Sint
{nflngle(;l)—JlLQ(nQ)ug }te[071]2 = O {BiH}tE[OJ]Q
in D([0,1]2), as n — 0o, with Hy = a1 +1/2 € (1/2,1), Hy = az/2 € (0,1/2), and
s CoT(1 —agp)202!
T Ejzo(qj(-l))Q ,
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for Co, defined in (3.2) and ¢ =P(0 € A"), j € Z.

4.2. Proof of Theorem 4.1. The proof follows the same strategy as for the two-
dimensional Hammond-Sheffield model in Sections 3.3 and 3.4. We first introduce
the sequence { X7 };ez defined as in (3.4) by

X;=X; -E(X; | F), jei,

where ]—';1) =o{X; | i1 < J, i2 € N}. Note that, to draw a parallel with Section 3.3
and 3.4, we keep the same notation but the variables X J* here are different from the
preceding section since the dependence in the second direction is given by a partition
from the Karlin model. Nevertheless, for any jo € N, the sequence {X;};,ez is a
martingale-difference sequence with respect to {F ﬁ)}jlez. So, Lemma 3.4 remains
valid here (the proof is exactly the same) and we thus have

na
Sn = Z b'('"fll)vjl Z X;’

I/ ja=1
with bill)] =3 a0 ; defined as before. Recall from (3.8) that
(0)2 = 3 (00)? ~ Ca,n2* 1Ly (n) =2, as n— oo,
JEZL
Because of the alternating assignment rule in the second direction, we need to

consider the number [N(,Ef) = > Kfz)zi_l of odd-occupancy boxes, that is the

number of values appearing an odd number of time among {Y,”,...,Y,®}. Recall
from Lemma 2.3 that

(aﬁf))z = Ef(r(f) ~T(1- 012)2%7171‘12[/2(71), as n — oo.

This time, for all n € N2, we can write

S 1 1 &

_ &) , : o *
D™~ D b, 1 Uivine  With  Uj, o, = e § :Xj'
n1Yno mni jEZ no i=1

This is the counterpart of Proposition 3.5, representing the normalized partial sum
of interest as a weighted linear process with stationary martingale-difference inno-
vations.

We then introduce, for all K > 1, the approximations

K 1 n
* _ L (1) . . . _ *
Xjk =X § :pk X(ji—kjo) and  Ujnx = e § :XJ%K’
k=1 T e=1

for all j; € Z, jo e NyneN.

Proof of convergence of finite-dimensional distributions. This can be done as in
Section 3.4 by the use of Cramér-Wold device and McLeish’s theorem [21]. For
this purpose, we only need to show that the conclusions of Lemmas 3.8, 3.9, 3.10,
and 3.11 are still valid with respect to the newly defined X3, Xj g Ujin, and
Uj, n., k- For the sake of convenience, we restate Lemmas 3.8 and 3.9 in Lemma
4.2 below, and restate Lemma 3.10 in Lemma 4.3 below. The core arguments of
Lemma 3.11 are all in Lemma 3.10 and we therefore omit the proof. (I



FROM RANDOM PARTITIONS TO FRACTIONAL BROWNIAN SHEETS 29

Lemma 4.2. (i) For alln € N, EU§,, = (Zk>0 ;) < .
(ii) For allp € N and K € N, EU& and IEU g are uniformly bounded.
(tii) For all p > 1, limg o0 sup,en E|Uo,n — Uo,n,KPp =0.

Proof. Denoting by G and Y@ the o-fields generated by G and {Y;*}jen re-
spectively, as for (2.18), we see that for all n € N, j; € N,

. 7e
d

E :XJ* Ggw y» 4 E :6; Gm,

Jj2=1 i=1

where the random variables {€;},cn are conditionally independent given G, inde-
pendent of Y, and for all ¢ € N, the conditional distribution €, | G is the same
as the conditional distribution X | G*. Note in the identity above, without the
conditioning on G, the {€,};en on the right-hand side are no longer independent.
We can thus write

2

1 n .
E (Ug,n | g(l)’y(z)) = WE Z Xj g(l)’y@)
" Jjo=1
[ /R@ 2 _
1 n o
=— T / (1)7 @[ = n E 12 (1) 7
@t | &9) |90 | = et 197

Thus
E (Ug,,) = Var(Xg) < oo, uniformly in n.
This proves the first part.
For the second part, for all p > 1, by Burkholder’s inequality we have

~ p
2 1 2 Kﬁ) *2 1
E(U3n | 9v.v®) <c, (@3)2 E(Xo™ 1G"™).

Note that E(K® /(a(?)?)P is uniformly bounded by Lemma 2.3. Similarly,

@ \”
B (U |97.97) <, <(Ii>)> E(X5% 16

For the third part, we have

p
Ko ) ) 1
E ({Uo.n.x = Unal* | 6, 9%) <G, <(<>)> B(1XG 1 — X3/ [ G©) 0

as K — oo. O

Lemma 4.3. For all K € N,e > 0, there exists integers Ly ., Nk, such that
|COV Uon K,U2 K)| <eg, forallj> Lge,n> Nie.

Proof. To proceed we introduce a copy of {A‘;I)}jez, denoted by {/le)}jez, inde-
pendent of the original model and we defined a new field {X;};cz based on the
combined model involving {A( )}]EZ and the same {Y,*'} jen as the original model.
Then XJ, X* XJ* 17 UJ n, and UJ n,k are defined as the corresponding statistics of
the comblned model based on {A; '} ez and {YJ( '},en. In particular, these random
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variables are identically distributed as the variables X, X7, X7 1, Uo,, and Uo,n,x,

respectively, and they are conditionally independent from them given Y. As in
the proof of Lemma 3.10, observe that

m 4 r7 p)
(Uo,n, i Ujn,c) | R e = (Uo,n,K’Ujm,K) ’ Rk

for Rf'} and R( » defined as in (3.22) and (3.24). Therefore we see that to prove
the des1red result it suffices to show that for all K > 1,

lim Cov (U3, 1. U3 i) =0,

n— oo

corresponding to (3.27). Let G% be the random partition of {—K + 1,...,0}
induced by G and note that

w4 }:
Uon,ic | G = @ ), K

ny 524

€]
Gy,

GY = e ZX

ny 5

where again we write X; = X E“O K for the sake of simplicity. Here, conditionally
given G(” {X;}ien is a generalized one-dimensional randomized Karlin model.
Indeed, for i v j with respect to {}/j(2>}j€N, we have X; and X; are conditionally
independent given G(Il() and Y@ and for i ~ j we have, letting ¢ denote the number
of integers in the component between ¢ and j (say ¢ < j without loss of generality,
sol={k:i<k<jV?=Y"=Y"}), wehave X; = (=1)"*'X;, given G}/
and Y®. B N

Similarly, let G% be the random partition of {—K +1,...,0} induced by G®.
Then for all a,b € R,

aUOnK +bUOnK ‘ G(l) G(l) i (2) Z (aX(O i), K +bX(01 ) ‘ G(I?7G(Il{) ’

ny 329
where
{Xi}ien = {CLX(*O,Z'),K + bX(*O,i),K}ieNa

given G’ and CNJ(I?, this time is a generalized one-dimensional randomized Karlin
model. Since {X;};cn has bounded and centered marginal distribution, we can thus
apply Proposition 2.1 for generalized one-dimensional randomized Karlin model.
The variance of the limit normal distribution is then

E(X; ] G G ) = aVar (X§ i | GR) + b Var (X5 ‘ ) = aox + b5
It follows that, by Cramér-Wold device,

(UO,n,K7(70,n,K) = (UKZ, 5;(2),

where Z and Z are standard normal random variables and the four random vari-
ables are independent. To conclude, we deduce that lim,,_, Cov(Ug,m K U&n, K) =

Cov(02 22,52 Z2) = 0, which imply the desired result. O

Proof of tightness. Again, we proceed using Bickel-Wichura’s criterion. Observe
that for all n € N, {U; »}jez is a martingale-difference sequence with respect to
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{F;l)}jez. By Burkholder’s inequality, for all p > 1, for all n, m € N2,

S P ay) o (1) \2772 ’
m ma 1)
E (bma(a)) < Op <b'(nl)a(z2)> E Z(bml) Uj,mz
19n2

ni1Yno jEZ

bO NP fa@ NP
mi m2 P
< CP (1) (2) IEUO,n‘
b a
mni no

Using that EU&’ZL is bounded uniformly in n and that
<bm> <m) i L (ma) my? Lo(mo)
b e n LT ) ni2 Lo(ny)

Gy
we can conclude as for the other models, dealing with the slowly varying functions
by using Potter’s bound. [

, as n — 00,

Remark 4.4. As we have seen, the proof follows the same structure as for the
two-dimensional Hammond-Sheffield model. In fact, our models have their natu-
ral generalizations to high dimensions (d > 2), and the proof will follow the same
strategy. The generalization of the model to high dimensions, based on indepen-
dent random partitions and assignment rules in different directions, is intuitively
obvious. However, it is notationally heavy to introduce. We only briefly explain
how the proof would go. If in all directions the random partition is the same
as the one in the one-dimensional Karlin model, then the same proof as Theo-
rem 2.2, by first conditioning on the partition, shall work. If at least in one di-
rection, say the first, the random partition and assignment rule are the ones of
the one-dimensional Hammond—Sheffield model, then the same strategy as in two-
dimensional Hammond—Sheffield model and the combined model shall work, by first
writing
i S — L b .
bn N1yeeesNd bglll) Z j1,m1 P J1,m2,e 5 nd
J1EZ

with {Uj, n,,... nq }jrez a stationary sequence of martingale differences. The analy-
sis of this martingale-difference sequence shall need results for generalized (d — 1)-
dimensional models (to be defined properly first). To fulfill all details of this strat-
egy will require an induction argument.

APPENDIX A. CONDITIONAL CONVERGENCE

We follow the notations of Kallenberg [12, Chapter 5]. Let (€2, .4,P) be a prob-
ability space, (S,S) be a Borel space and (T, T) be a measurable space. Let &7
be two random elements in S, T respectively. A regular conditional distribution of
& given 7 is defined as a random measure v of the form

v(n,B) =P € B|o(n)), almost surely, B € S,

where v is a probability kernel from (T, 7) to (S,S): v(-, B) is T-measurable for all
B € S, and v(t, ) is a probability measure on (S, S) for all t € T'. Under the previous
regularity assumption on the space (S,S) and (T, T), such a probability kernel v
exists, and is unique almost everywhere P o n~! [12, Theorem 5.3]. Furthermore,
for all measurable function f on (S x T,S x T), with E|f(£,n)| < oo,

E(f(€.1) | o(n)) = / v, ds)f(s, ), almost surely.
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See for example [12, Theorem 5.4].

Some of our results are in the form of conditional (functional) limit theorems
for the random field given underlying the random partition. The random partition,
denoted by 7 here, and the random field {X;};cz4,d € N are defined on a common
probability space (2, 4,P). Let {Z,}nen be a sequence of real-valued random
variables (the normalized partial sum with appropriate normalization) in the same
probability space. Then, let v,(7,-) denote the regular conditional distribution of
Z, given 1. With G = o(n), we write for some G-measurable random variable V/
(possibly a constant),

Zn|G=V-N(0,1),

if v,(n(w),-) as n — oo converges to the standard normal distribution multiplied
by V(w) almost surely. That is, for all bounded continuous functions h : R — R,

. _ 1 —22/2
n11_>1r010 h(z)v,(n(w), dz) = /h(z)—me dz - V(w), almost surely.

In this case we say that the conditional central limit theorem holds.

The conditional functional central limit theorem is interpreted in a similar way.
Let Z = {Z(t)}ter and 2, = {Z,(t) }ter, n € N with T = [0,1]%,d € N be real-
valued stochastic processes in D(T') equipped with the Skorohod topology, defined
in the same probability space. We write

{Zn(t)}teT | g="V- {Z(t)}teT ’

if, letting v, (7, -) denote this time the regular conditional distribution of Z,, given
n and pz denote the distribution of Z, both as probability measures on D(T'), for
all bounded and continuous function A from D(T) to R,

lim h({)vn(n(w),d¢) = / h(Q)pz(dC) - V(w), almost surely.
n—=o0 JD(T) D(T)
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