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COARSE-GRAINING SCHEMES FOR STOCHASTIC LATTICE
SYSTEMS WITH SHORT AND LONG-RANGE INTERACTIONS

MARKOS A. KATSOULAKIS*, PETR PLECHAC!, LUC REY-BELLET¥, AND DIMITRIOS
K. TSAGKAROGIANNISS

Abstract. We develop coarse-graining schemes for stochastic many-particle microscopic models
with competing short- and long-range interactions on a d-dimensional lattice. We focus on the coarse-
graining of equilibrium Gibbs states and using cluster expansions we analyze the corresponding
renormalization group map. We quantify the approximation properties of the coarse-grained terms
arising from different types of interactions and present a hierarchy of correction terms. We derive
semi-analytical numerical schemes that are accompanied with a posteriori error estimates for coarse-
grained lattice systems with short and long-range interactions.

Key words. coarse-graining, lattice spin systems, Monte Carlo method, Gibbs measure, cluster
expansion, renormalization group map, sub-grid scale modeling, multi-body interactions.

AMS subject classifications. 65C05, 65C20, 82B20, 82B80, 82-08.

1. Introduction. Many-particle microscopic systems with combined short and
long-range interactions are ubiquitous in a variety of physical and biochemical systems,
[35]. They exhibit rich mesoscopic and macroscopic morphologies due to competition
of attractive and repulsive interaction potentials. For example, mesoscale pattern
formation via self-assembly arises in heteroepitaxy, [33], other notable examples in-
clude polymeric systems, [14], and micromagnetic materials, [16]. Simulations of such
systems rely on molecular methods such as kinetic Monte Carlo (kMC) or Molecular
Dynamics (MD). However, the presence of long-range interactions severely limits the
spatio-temporal scales that can be simulated by such direct computational methods.

On the other hand, an important class of computational tools used for accelerat-
ing microscopic molecular simulations is the method of coarse-graining. By lumping
together degrees of freedom into coarse-grained variables interacting with new, ef-
fective potentials the complexity of the molecular system is reduced, thus yielding
accelerated simulation methods capable of reaching mesoscopic length scales. Such
methods have been developed for the study and simulation of crystal growth, surface
processes and polymers, e.g., [19, 17, 25| [, 8, 2], while there is an extensive litera-
ture in soft matter and complex fluids, e.g., [39, 28| 1T, 12]. Existing approaches can
give unprecedented speed-up to molecular simulations and can work well in certain
parameter regimes, for instance, at high temperatures or low densities of the systems.
On the other hand important macroscopic properties may not be captured properly
in many parameter regimes, e.g., the melt structures of polymers, [25]; or the crystal-
lization of complex fluids, [32]. Motivated in part by such observations we formulated
and analyzed, from a numerical analysis and statistical mechanics perspective, coarse-
grained variable selection and error quantification of coarse-grained approximations
focusing on stochastic lattice systems with long-range interactions, [23] 22] 2 2T]. We
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have shown that the ensuing schemes, known as coarse-grained Monte Carlo (CGMC)
methods, perform remarkably well even though traditional Monte Carlo methods ex-
perience a serious slow-down. In this paper we focus on lattice systems with both
short and long-range interactions. Short-range interactions introduce strong corre-
lations between coarse-grained variables and a radically different approach needs to
be employed in order to carry out a systematic and accurate coarse-graining of such
systems.

The coarse-graining of microscopic systems is essentially a problem in approxima-
tion theory and numerical analysis. However, the presence of stochastic fluctuations
on one hand, and the extensive nature of the models (the presence of extensive quan-
tities that scale as O(N) with the size of system N) on the other create a new set of
challenges. Before we proceed with the main results of this paper we discuss all these
issues in a general setting that applies to both on-lattice and off-lattice systems and
present the mathematical and numerical framework of coarse-graining for equilibrium
many-body systems.

We denote by o microscopic states of a many-particle system and by Sy the set of
all microscopic states (i.e., the configuration space). The energy of a configuration is
given by the Hamiltonian Hy (o) where N denotes the size of the microscopic system.
An example studied in this paper is the d-dimensional Ising-type model defined on a
lattice with N = n lattice points, and suitable boundary conditions, e.g., periodic.
For both on-lattice or off-lattice particle systems the finite-volume equilibrium states
of the system are given by the canonical Gibbs measure at the inverse temperature
B, describing the most probable configurations

1
(o) = e PN Py (do), (L1)

where the normalizing factor Zn = f e PHN Py the partition function, ensures that
(1) is a probability measure, and Py(do) denotes the prior distribution on Sy.
The prior distribution is typically a product measure (see for instance (2.2))) which
describes non-interacting particle, or equivalently describes the system at infinite
temperature 5 = 0. At the § = 0 limit the particle interactions included in Hpy
are unimportant and thermal fluctuations, i.e., disorder, associated with the product
structure of the prior, dominates the system. By contrast at the zero temperature
limit, 8 — oo, interactions dominate and thermal fluctuations are unimportant; in
this case (LI concentrates on the minimizers, also known as the “ground states”,
of the Hamiltonian Hy over all configurations ¢. Finite temperatures, 0 < 8 < oo,
describe intermediate states to these two extreme regimes, including possibly phase
transitions, i.e., regimes when as parameters, such as the temperature, change, the
system exhibits an abrupt transition from a disordered to an ordered state and vice
versa, or between different ordered phases.

The objective of (equilibrium) computational statistical mechanics is the simula-
tion of averages over Gibbs states, (ILT]) of observable quantities f (o)

Ewmz/mwwwy (1.2)

Due to the exceedingly high dimension of the integration, even for moderate values
of the system size N, e.g., |Sy| = 2"V for the standard Ising model, such averaged
observables are typically calculated by Markov Chain Monte Carlo (MCMC) methods,
[27]. Nonetheless, mesoscale morphologies, e.g., traveling waves and patterns, are
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beyond the reach of conventional Monte Carlo methods. For this reason coarse-
graining methods have been developed in order to speed up molecular simulations.

We briefly discuss the mathematical formulation and numerical analysis challenges
arising in coarse-graining of an equilibrium system described by (II)). We rewrite the
microscopic configuration ¢ in terms of coarse variables 1 and corresponding fine
variables £ so that o = (1,£). We denote the configuration space at the coarse level
by Syr and we denote by F the coarse-graining map F : Sy — Syr, Fo =1 € Sy
The coarse-grained system size is denoted by M, while the microscopic system size is
N = QM , where we refer to ) as the level of coarse-graining, and ¢ = 1 corresponds
to no coarse-graining.

At the coarse-grained level one is interested in observables f(n) which depend only
on the coarse variable 77 and a coarse-grained statistical description of the equilibrium
properties of the system should be given by a probability measure jins5(dn) on Sy
such that the average (the expected value) of such observable is same in the coarse-
grained as well as fully resolved systems. This motivates the following definition.

DEFINITION 1.1. The exact coarse-grained Gibbs measure [ipr,g is defined by
fir(A) = pnp(F1(A)), (1.3)

for any (measurable) set A C Sy or, equivalently,

/ £(n) ar p(dn) = / F(F(0)) jin s (dor). (1.4)

for all (bounded) f: Sy — R.

Slightly abusing notation we will write fiar 3 = pun,goF ! in the sequel. In order
to write the measure fips g in a more convenient form we first compute the exact
coarse-graining of the prior distribution Py (do) on Sy

Py(dn) = Py o F7L,

The conditional prior probability Py(do |n) of having a microscopic configuration o
given a coarse configuration 7 will play a crucial role in the sequel. Recall that for a
function g(o) the conditional expectation is given by

Elg|7] = / 9(0) Px(do |1). (1.5)

We now write the coarse-grained Gibbs measure jiy s using a coarse-grained Hamil-
tonian Hps(n). B
DEFINITION 1.2. The ezxact coarse-grained Hamiltonian Hpr(n) is given by

e PHM) — Rle=FHN |q]. (1.6)

This procedure is known as a renormalization group map, [18, 15]. Note that the
partition functions for Hy and Hj; coincide since

Zyn = /e’BHNPN(da) = //e’ﬁHNPN(dUM)PM(dn) = /e*ﬁHMPM(dn) =7u

Hence for any function f(n) we have

[ tonstan) = [ sy pytdn) = [ s [ Pyldo o) Patan)

= [ f) e PO Pyl
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and thus the coarse-grained measure fips 5(dn) in (I3) is given by
1 55 _
fine p(dn) = ——e™ P Py (d) (1.7)
M

Although typically Pys(dn) is easy to calculate, see e.g., [2.3)), the exact computation
of the coarse-grained Hamiltonian Hjs(n) given by (IL7) is, in general, an impossible
task even for moderately small values of V.

In this paper we restrict our attention to lattice systems, and our main result is
the development of a general strategy to construct explicit numerical approximations
of the exact coarse-grained Hamiltonian Hj/(n) in the physically important case of
combined and competing short and long range interactions. Essentially we construct
an approximate coarse-grained energy landscape for the original complex microscopic
lattice system in Section We show that there is an expansion of Hj(n) into a
convergent series

Hyi(n) = HYY (n) + Ay () + HS7 (n) + exror (1.8)

by constructing a suitable first approximation H ](\2) (n) and identifying small parame-
ters to control the higher-order terms in the expansion. Truncations including a first
few terms in (LJ)) correspond to coarse-graining schemes of increasing accuracy. In
order to obtain this expansion we rewrite (L) as

_ _ 1 -~ _ 700
Hy(n) = HI(S[)(n) — B logE[e B(HN—H (1) [n]. (1.9)

We need to show that the logarithm can be expanded into a convergent series, uni-
formly in N, yielding eventually an expression of the type (L8). However, two in-
terrelated difficulties emerge immediately: (a) the stochasticity of the system in the
finite temperature case yields the nonlinear expression in (IZ9) which in turn will need
to be expanded into a series; (b) the extensive nature of the microscopic system, i.e.,
typically the Hamiltonian scales as Hy = O(N), does not allow the expansion of the
logarithm and exponential functions into the Taylor series.

For these reasons, one of the principal mathematical tools we employ is the cluster
expansion method, see [36] for an overview and references. As we shall see in the course
of this paper cluster expansions will allow us to identify uncorrelated components in
the expected value E[e’ﬁ(HN’Hz(\Z)(”)) | n], which in turn will permit us to factorize it,
and subsequently expand the logarithm in (L)) in order to obtain the series (L]).
The coarse-graining of systems with purely long-range interactions was extensively
studied using cluster expansions in [22, 2] [21]. Here we are broadly following and
extending this approach. However, the presence of both short and long-range interac-
tions presents new difficulties and requires new methods based on the ideas developed
in [31}, [3]. Short-range interactions induce sub-grid scale correlations between coarse

variables, and need to be explicitly included in the initial approximation H](\S) (n). To
account for these effects we introduce a multi-scale decomposition of the Gibbs state
(TI) into fine and coarse variables, which in turn allows us to describe, in a explicit
manner, the communication between scales for both short and long-range interactions.
Furthermore, the multi-scale decomposition of (LI can also allow us to reverse the
procedure of coarse-graining in a mathematically systematic manner, i.e., reconstruct
spatially localized “atomistic” properties, directly from coarse-grained simulations.
We note that this issue arises extensively in the polymer science literature, [38], 29].
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An important outcome of the cluster expansion analysis for the approximation of
(LR) is the semi-analytical splitting scheme for the coarse-graining of lattice systems
with short and long-range interactions. Presumably similar strategies could be applied
for off-lattice systems such as the coarse-graining of polymers. The schemes proposed
here can be split, within a controllable approximation error, into a long and a short-
range calculation, see (B27). The long-range part, which is computationally expensive
for conventional Monte Carlo methods, can be cheaply simulated using the analytical
formula given in (3:2)) in the spirit of our previous work [22]. In this case the saving
comes from reducing the degrees of freedom by @Q = N/M and compressing the
range of interactions. For the short-range interactions we use the semi-analytical
formulas (A2)) which involve precomputing coarse-grained interactions with Monte
Carlo simulation. However, the simulation is done for a single subdomain of three
adjacent coarse cells. The error estimates in Theorem [B.3] also suggest an improved
decomposition to short and long-range interactions. Indeed, they imply splitting
and rearrangement of the overall combined short and long-range potential into a new
short-range component that includes possible singularities originally in the long-range
interaction, e.g., the non-smooth part in a Lennard-Jones potential, and a locally
integrable (or smooth) long-range decaying component.

In contrast to the splitting approach developed here that allows us to analytically
calculate the long range effective Hamiltonian (83) in (821) and in parallel carry
out the semi-analytical step for ([£2), existing methods, e.g., ([I4, 25]), employ semi-
analytical computations involving both short, as well as costly long-range interactions.
Thus, multi-body terms, which are believed to be important at lower temperatures,
[14], have to be disregarded. A notable result of our error analysis is the quantification
of the role of multi-body terms in coarse-graining schemes, and the relative ease to
implement them using the aforementioned splitting schemes. In Section 4 we further
quantify the regimes where such multi-body terms are necessary in the context of
a specific example. In [2] the necessity to include multi-body terms in the effective
coarse-grained Hamiltonian was first discussed in a numerical analysis context for
systems with singular (at the origin) long-range interactions.

Cluster expansions such as (L8] can also be used for constructing a posteriori
error estimates for coarse-graining problems, based on the rather elementary observa-
tion that higher-order terms in (833 can be viewed as errors that depend only on the
coarse variables n. In [20] we already employed this type of estimates for stochastic
lattice systems with long-range interactions in order to construct adaptive coarse-
graining schemes. These tools operated as an “on-the-fly” coarsening/refinement
method that recovers accurately phase-diagrams. The estimates allowed us to change
adaptively the coarse-graining level within the coarse-graining hierarchy once suitably
large or small errors were detected, and thus to speed up the calculations of phase di-
agrams. Adaptive simulations for molecular systems have been also recently proposed
in [34], although they are not based on an a posteriori error analysis perspective. Fi-
nally, the cluster expansions necessary for the rigorous derivation and error estimates
of the schemes developed here rely on the smallness of a suitable parameter intro-
duced in Theorem B3] see [B:32)). In Section @ we construct an a posteriori bound
for this quantity that can allow us to track the validity of the cluster expansion for a
given resolution in the course of a simulation. This approach is, at an abstract level,
similar to conditional a posteriori estimates proposed earlier in the numerical analysis
of geometric partial differential equations, [13] [26].

Further challenges for systems with short and long-range interactions not dis-
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cussed here include: error estimates for observables/quantities of interest, the de-
velopment of coarse-grained dynamics from microscopics, phase transitions and esti-
mation of physical parameters, such as critical temperatures. Work related to these
directions for systems with long-range interactions have been carried out in [23], [5]
and [4].

The paper is organized as follows. In Section 2l we present the microscopic Ising-
type models with short and long-range interactions and introduce the coarse-graining
maps and the resulting coarse-grained configuration spaces. In Section Bl we discuss
our general strategy for the analysis of systems with short and long-range interactions
and present our main results. In Section ] we discuss semi-analytical coarse-graining
schemes and their applications to specific examples. Section [ is devoted to the
construction of the cluster expansion and to the proof of convergence of our schemes.

Acknowledgments: The research of M.A.K. was supported by the National Science
Foundation through the grants and NSF-DMS-0715125 and the CDI -Type II award
NSF-CMMI-0835673, the U.S. Department of Energy through the grantde-sc0002339,
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No. DE-AC05-000R22725. The research of L. R.-B. was partially supported by the
grant NSF-DMS-06058. The research of D. K. T. was partially supported by the
Marie-Curie grant PIEF-GA-2008-220385.

2. Microscopic lattice models and coarse-graining. We consider an Ising-
type model on the d-dimensional square lattice Ay := {zx = (z1,--- ,24) € Z¢; 0 <
x; <n — 1} with N = n? lattice points. For simplicity we assume periodic boundary
conditions throughout this paper although other boundary conditions can be accom-
modated. At each lattice site x there is a spin o(z) taking values in ¥ = {+1,—1}.
A spin configuration o = {o(z)}zea, on the lattice Ay is an element of the configu-
ration space Sy = YAN | For any subset X C Ay we denote ox = {o(2)}.ex € »X
the restriction of the spin configuration to X. Similarly, for a function f : Sy — R
we denote fx the restriction of f to ©X. The energy of a configuration ¢ is given by
the Hamiltonian

Hy(0) = H (o) + Hy(0) (2.1)

which consists of a short-range part Hj; and a long range part Hf\, For the short-
range part we have

Hi(o) = Y Ux(o),

XCAnN

where the short-range potential U = {Ux, X C Z%}, with Ux : ¥X — R, is
translation invariant (i.e., Uxi, = Ux for all X C Z% and all y € Z¢) and has
the finite range S (i.e., Ux = 0 whenever diam (X) > S). We define the norm
IUI = > x50 |diam(x)<s [[Ux |lsc Where the norm || - [[o is the standard sup-norm
on the space of continuous functions. A typical case is the nearest-neighbor Ising
model

Hi(0) = K 3 o(z)o(y),
(z,y)
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where by (z,y) we denote summation over the nearest neighbors. For the long-range
part we assume the form

where the two-body potential J has the form

1 1
J(iﬂ—y)zﬁv<z|w—y|> ,

for some V' € C([0,00)). The factor 1/L% in (@) is a normalization which ensures that
the strength of the potential J is essentially independent of L, ie., > o [J(z)| =
J |V (r)|dr. For example, if we choose V such that V(r) = 0 for r > 1 then a spin at
the site = interacts with its neighbors which are at most L lattice points away from z
and in this case L is the range of the interaction J. It is convenient to think of L as
a parameter in our model and more precise assumptions on the interactions will be
specified later on.

The finite-volume equilibrium states of the system are given by the canonical
Gibbs measure (II)) and Py(do), the prior distribution on Sy, is a product measure

Py(do) = ] P:(do(z)). (2.2)
rEAN
A typical choice is P,(o(z) = +1) = 1 and P,(o(z) = —1) = 1, i.e., independent
Bernoulli random variables at each site x € Ay . For the sake of simplicity we consider
Ising-type spin systems, but the techniques and ideas in this paper apply also to Potts
and Heisenberg models or, more generally, to models where the “spin” variable takes
values in a compact space.

2.1. Coarse-graining. In order to coarse-grain our system we divide the lattice
AN into coarse cells and define coarse variables by averaging spin values over the
coarse cells. We partition the lattice A into M = m? disjoint cubic coarse cells, each
cell containing @ = ¢ microscopic lattice points so that N = n? = (mq)? = MQ. The
coarse-grained (real-space) hierarchy can be build in a anisotropic way, by replacing n,
m, g with multi-indexes. For example, different levels of coarse-graining in individual
coordinate directions will be given by ¢ = (q1,...,q4) and the power ¢¢ would be
interpreted as ¢iqz...qq. We refrain from an unnecessary generality and assume
that the coarse-graining is isotropic, g1 = --- = q4 = q. We define a coarse lattice
Ay ={k = (k1, - ,kq) € Z%;0 < k; < m — 1} and we set Ay = Ukei,, Cr where
Cry = {2z € Ayr; kig < x; < (k; + 1)q}. Whenever convenient we will identify the
coarse cell Ck in the microscopic lattice Ay with the point k& of the coarse lattice

Ays. For any configuration 0% = ¢, on the coarse cell C, we assign a new spin value

zeCl

which takes values in ij ={-Q,-Q+2,...,Q}. We denote the configuration space
at the coarse level by Sy = £4¥ and we denote by F the coarse-graining map

F: SN — SM s g = {O'(x)}mEAN == {n(k)}kGZ\M
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which assigns a configuration 1 on the coarse lattice Ajy; given a configuration o on
the microscopic lattice Ay.

The exact coarse-grained Gibbs measure is defined in ([3) for arbitrary Gibbs
states having the form (7). Since (k) depends only on the spins o(z), with = € C,
the coarse-grained measure Py, is a product measure

Pag(dn) = Py oF ' = ] Peldn(k (2.3)
keAn

For example if P, is a Bernoulli distribution then Py(n(k)) = (n(k?JrQ) (%)Q Simi-

larly, we define the conditional probability measure Py (do |_77) of having a microscopic
configuration o on Ay given a coarse configuration 17 on Ap;. This measure plays a
crucial role in the sequel since it factorizes over the coarse cells

v(do|n) = [ Pe(de® [n(k)), (2:4)
keAn

where Py(do® |n(k)) is the conditional probability of a microscopic configuration o*

on Ck given a coarse configuration 7(k).

3. Approximation strategies for Hj;(n). In this section we present a gen-
eral strategy for constructing approximations of the exact coarse-grained Hamiltonian
Hy(n) in (). We show how to expand Hjs(n) into a convergent series (L) by
choosing a suitable first approximation HI(\SI) (n) and identifying small parameters to
control the higher-order terms in the expansions. The basic idea is to use the first
approximation H ](\2) (n) in order to rewrite (L) as (L3). We show that the logarithm
can be expanded into a convergent series, uniformly in N, using suitable cluster ex-
pansion techniques. We discuss in detail the case d = 1 in order to illustrate general
ideas in the case where calculations and formulas are relatively simple. The general
d-dimensional case is discussed in detail in Section

We recall that the Hamiltonian Hy (o) = HL (o) + H¥ (o) consists of a short-
range part H3 (o) with the range S and a long-range part HX (o) whose range is L.
We choose the coarse-graining level ¢ such that

S<qg< L.

There are two small parameters associated with the range of the interactions

S
€5 C —, and €] X % .
The first approximation is of the form
ay =ay” + 1, (3.1)

and two distinct separate procedures are used to define the short-range coarse-grained
approximation ﬁ;’[(o), as well as its long-range counterpart ﬁﬁ\’/l(o). Due to the non-
linear nature of the map induced by (L9) it is not obvious that [B.I]) will be a valid
approximation, except possibly at high temperatures, when g << 1. This fact will
be established for a wide range of parameters in the error analysis of Theorem [3.3]

5,(0)

and in the discussion in Section @l provided a suitable choice is made for H and

b2yl
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3.1. Coarse-graining of the long-range interactions. We briefly recall the
coarse-graining strategy of [22] for the long-range interactions. Since the range of the
interaction, L, is larger than the range of coarse-graining ) a natural first approxi-
mation for the long-range part is to average the interaction J(x —y) over coarse cells.
Thus we define

a2y (n) = E[H) 1], (3.2)

and an easy computation gives

AO0) = —5 3 STk D) — 5 3 Ik R0R? - Q). (33)

keAy l#k k€A

where

k=g 3 X Ja—w). Tk = g X Y I

zcCy yeC z,yeCl, y#x

A simple error estimate (see [22] [2] for details in various cases) gives

Hi (o) = HY(F(0)) + e, with eL:N(’)(%HVVHOO).

Using this definition of Hﬁ\’/l(o) we obtain

e~ B Py (dor | ) = e~ PAN" AN W] poo gy (3.4
— BN () I =+ 7)) Pado|n), (3.5)
Jk€An
where
fl = oF Taco; Syecy v (@) =Tk D)o@)oW)(@2=8x) _ | (3.6)

Due to the fact that Py(do|n) has a product structure one can rewrite (3.0) as a
cluster expansion, [22] (see also Section[]), as in (L8]). The key element in that cluster
expansion is the “smallness” of the quantity

[J(@—y) = J(k D] < 2Ld+1 Sup VvV =), (3.7)
a:y eecl
which yields asymptotics
q
Fh ~ Ol A VY o). (38)

The estimate ([B.1) follows from regularity assumptions on V' and the Taylor expansion.

3.2. Coarse-graining of short-range interactions. For the short-range part,
using that S < ¢, we write the Hamiltonian as

= > Hi0)+ Y Wikn(o), (3.9)

k€Ans k€A
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where

Hi(o)= > Ux(0), Win(o)= > Ux(o),

XCCy Xka;é(D,XﬂCHl;é(D

i.e., H} is the energy for the cell C; which does not interact with other cells, i.e.,
under the free boundary conditions, and W}, ;41 is the interaction energy between the
cells Cy and Cg41. Note the elementary bound

sup Wy k41 (o) ~ S’qd71||U|| ) (3.10)

The most naive coarse-graining, besides of course developing a mean-field-type ap-
proximation, consists in regarding the boundary terms W}, 141 as a perturbation. We
have then, formally,

o= BHM() / B () +ertes o~ Sueny BHE @) p(dor | )

:efﬁH;)f(O)(n)JreLJres H efﬁflzv(o)(nk)7
keAn

where the one-body potential
S 1 —BH (o
0p ) = 5 1og [ € PP (do ()

is the exact coarse-grained Hamiltonian for the cell C}, with free boundary conditions.
As a result an initial guess for the zero order approximation could be

2y )+ "0 (). (3.11)
k

However, this approach appears to be rather simplistic in general since the correlations
between the cells induced by the short-range potential have been completely ignored.
While this approximation may be reasonable at high temperatures it is not a good
starting point for a series expansion of the Hamiltonian using a cluster expansion.
Instead we need to adopt a more systematic approach outlined in the next section.

3.3. Multiscale decomposition of Gibbs states. This approach provides the
common underlying structure of all coarse-graining schemes at equilibrium including
lattice and off-lattice models. It is essentially a decomposition of the Gibbs state (L1I)
into product measures among different scales selected with suitable properties. We
outline it for the case of short-range interactions where we rewrite the Gibbs measure

I as
pn p(do) ~ e PHN ) Py (do) = e HN) Py (do [ ) Pas (dn) -

We use the notation ~ meaning up to a normalization constant, i.e., in the equation
above we do not spell out the presence of the constant Zy. We now seek the following
decomposition of the short-range interactions

e PHN) Py (do | ) = R(n)A(o)v(doln) (3.12)

where
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(a) R(n) depends only on the coarse variable n and is related to the first coarse-grained
. . i7(s,0) .
approximation Hy,; "’ (n) via the formula

TS, _ s (o _ 77s,(0)
R(n) = e #H70 | A(oyw(doly) = e PR O D) iy, (3.13)

(b) A(o) has a form amenable to a cluster expansion, i.e., for d =1

A(o) = ] 1+ ®k(e)) (3.14)

keK

for some K C Ajp;. The function ®;, is small and moreover ®;(c) depends on the
configuration ¢ only locally, up to a fixed finite distance from Cj. In the example at
hand (for d = 1) we have ®y(0) = ®p(a*~1, oF 1),

(¢) The measure v(do|n) has the general form

v(doln) = T va(doln), (3.15)
keA
where vi(do | n) depends on o and 7 only locally up to a fixed finite distance from
C. In the example at hand vi(do |n) depends only on the configuration on Cy_1 U
C% UCkt1. Even though the measure v(do|n) is not a product measure, the fact that
this measure has finite spatial correlation makes it adequate for a cluster expansion,
see ([320) and Section
Although here we described the multiscale decomposition of the Gibbs measure
for the case of short-range interactions, the results on the long-range interactions,
discussed earlier, can be reformulated in a similar way. In particular, (34) and (3.4)
can be rewritten as

e~PHN() Py (do | 1) = R(n)A(o)wv(doln) (3.16)
where R(n) = e’ﬁHﬁ‘)f(O)("), v(do|n) = Py(do[n), and

A(U) _ e—ﬂ(Hﬁv(a)ﬂ—Hf&(O)(n)) _ H (1 +f]lk) ) (3'17)
J.k€ANM
We recall that in analogy to (815, the product structure of v(do|n) = Py(do|n)
allows us to carry out a cluster expansion for the long-range case, and obtain a con-
vergent series such as (L), thus yielding an expansion of the exact coarse-grained
Hamiltonian H!,, [22].

We note that [BI2]), used here as a numerical and multiscale analysis tool in order
to derive suitable approximation schemes for the coarse-grained Hamiltonian, was first
introduced in [30] 3T 3] for the purpose of deriving cluster expansions for lattice sys-
tems with short-range interactions away from the well-understood high temperature
regime.

3.4. Coarse-graining schemes in one spatial dimension. We sketch how
to obtain a decomposition such as (312 for d = 1 and construct suitable R(n). We
split the one-dimensional lattice into non-communicating components, for instance,
even- and odd-indexed cells and write

P Py (do ) = T [em (¥t WaDe=01 By (do* (k) |
k:odd

I ¢ 7" P(da® n(k)). (3.18)

k:even
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In (BI8) we will normalize the factors for k& odd by dividing each factor with the
suitably defined corresponding partition functions for the regions Cy and Cy_1 UCy U
Cry1-

DEFINITION 3.1. We define the partition function with boundary conditions o*~1
and o*t1 j.e.,
Zy(n(k); o™t o) = /e_B(W"*l”‘J“W’“”‘“)e‘BH’iPk(dff'“ |n(k)) - (3.19)

In order to decouple even and odd cells we define the partition function with free
boundary conditions on Cy_1 and boundary condition o**t' on Ciyq, i.e.,

Z(n(k);0,0"1) = /efﬁw’“*k“efﬁH’iPk(dUk [n(k)), (3.20)

and similarly Zi,(n(k); o1, 0), as the partition function with free boundary conditions
on Cry1 and boundary condition o' on Cj_1. We also denote by Zj(n(k);0,0)
the partition function for Cy with free boundary conditions. We define the three-cell
partition function with free boundary conditions

Zk—l,k,k-i-l(n(k - 1)7 n(k)ﬂ?(k + 1)7 07 0) =

/e*ﬁ(H;‘z,lJer,kﬂ+H,§+Wk,k+1+H§+1) «
Pe1(do™ ! [n(k — 1)) P(do” [ (k) Pegr (do™* (K + 1)) (3.21)

The key to the decomposition and eventually to the cluster expansion is the intro-
duction of a “small term” analogous to (B.8).

DEFINITION 3.2.

Zr(n(k); o* 1, ") Z(n(k); 0,0)
Zi(n(k); 0,0%1) Zi (n(k); o%=1,0)

fici ke (n(k); o1 o) = ~1 (322

An important element in the cluster expansion in Section [0l is the estimation of the
terms f,j_l) pi1- However, a straightforward estimate based on BI0) would yield

fi_i (k) o™ dF ) ~ BS|U|. (3.23)
We rewrite
Z(n(k); o* 1 aF Y = (frm1 pa (n(k); "L, 0"+ 1) x
k+1 . k—1
Zy(n(k); OZU;C: (Kkéjnégf),a ,0) ' (3.24)

In (3I8) we now divide and multiply each factor with & odd by Z(c*~1 ok*1)
and use the formula (324). Furthermore, we multiply each factor with even k by
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Zkfl,k,kJrl(O; 0) and obtain

e PN Py (do | 77) =

H Z(0,0)~ H Zi—1,k,k+1(0,0) H (fimigpr F1)x (3.25)
k:odd k: even k:odd
= R(n) = A(o)
—B(H+Wie—1 1+ Wi k1) o2y . .
‘ € k+1(07,0)Zk—1(0,0%) X
Py (do® | n(k P .
k:odd Zy(oh=1, ok ) kldo ))k:lt:/[cn Zr—1,k,k+1(0,0) e [ (k)
= v(doln))

(3.26)

where we have used that

IT 20,6* ")z (0" 100 = [ Zkia(c*,0)Zk-1(0,0").
k:odd k: even

It is easy to verify that v(do | ) defined in ([B:26]) is a normalized measure and has the
form required in condition (c¢) of the multiscale decomposition of the Gibbs measure.
The factor R(n) defined in ([B2H) gives the first order corrections induced by the
correlations between adjacent cells. Putting together the analysis for short and long-
range interactions we obtain the main result formulated as a theorem.

THEOREM 3.3. Let

2P () = =" ) + B3 () (3.27)
where flf\’/l(o) (n) is giwen in B2) and B3) and
S0 Omi) + Y U D (n(k = 1), m(k),n(k + 1)), (3.28)
k:odd k: even

with the one-body interactions
= 5,(0) 1

and the three-body interactions

O, h (n(k = 1)m(k), n(k + 1)) =

_% log Zk—l,k,k-l—l (n(k - 1)7 n(k)u n(k + 1)7 0, 0) ’ (330)

where Zy, and Zy—_1 kx+1 are given by (F20) and (321) respectively. Then
1. we have the error bound

\Hy — HO| ~ NO

LR
q L

for a short-range potential with the range S << q << L. The loss of information when
coarse-graining at the level q is quantified by the specific relative entropy error

o (241, 1TV
q L

1. _
SRS | pvs o) = (3.31)



14 M.A. Katsoulakis, P. Plechi¢, L. Rey-Bellet, D. K. Tsagkarogiannis

2. There exist 5o > 0 and d1 > 0 such that if

supsup [fi g e (n(k); 0" T oM <, sup sup [ f(0?, oM <o,
k ok=1 okt1 n(k) k,j od,ok
(3. 32)

where f;_ .y and f . are given by (322) and (3.0) respectively, then Hpr — H( )
BIUIS | aBlIVV e
( q + L )

expanded in a convergent series in the parameter § ~

Hyi(n) = B () + H () + -+ HE () + MO(57H). (3.33)

REMARK 3.1. The error estimate (3.31)) suggests qualitatively an estimate on
the regimes of validity of the method, and on the “optimal” level, ¢ = gopt, when we
restrict to the regime S < ¢ < L, where S and L are the respective interaction ranges
for short and long-range potentials. The corresponding error is then

U 1 _ S
Gont ~ SL”$VH RO s v o F 1>=0<5\/E||U||||vvnoo>

(3.34)

The application of Theorem B3 requires to check the validity of (8:32)). Certainly
the conditions (B:8]) and (323)) are satisfied in suitable regimes, see also Section [l for
more details. More interestingly, for specific examples these conditions can be verified
directly, we refer to Section [l In particular, in ([@3]) and (4I3) we even obtain an
upper bound that depends only on the coarse observables. This allows us to check the
conditions (B:32)) (dictated by the cluster expansions) computationally in the process
of a Monte Carlo simulation involving only the coarse variables 7.

On the other hand, in [30, B1], the short-range condition in ([B32) is taken as
an assumption. In one dimension, this condition holds up to very low temperatures
while in dimension d > 2 this condition can be satisfied in the high-temperature
regime, see for example the analysis in [3] where similar conditions are used for the
nearest-neighbor Ising model in the dimension d = 2 all the way up to the critical
temperature.

Finally, we note that a similar strategy to coarse-grained short and long-range
interactions can be used in any dimension, as we discuss in Section Bl In the multi-
dimensional case we split the domain into boxes of size larger than the range of the
interaction so that the next-to-nearest coarse cells are independent. In one dimension,
this procedure gives rise to the separation into odd- and even-indexed coarse cells,
while in higher dimensions it is done in a recursive manner, proceeding one dimension
at a time. Then by freezing the configurations on the collection of independent coarse
cells (resulting to the one-body coarse-grained terms) we create further correlations
which couple the remaining cells. This fact in one-space dimension yields the three-
body terms, noting that possible two-body coarse-grained correlations are contained
therein, see also ([@8). We also remark that coarse-graining schemes for the nearest-
neighbor Ising model, involving only two-body interactions were recently proposed in
[9].

Outline of the proof: Using the coarse-grained approximation fll(\?[) (n) the decompo-
sition (B12) can be rewritten as R(n) = e_HI(\Ef) ) and thus we obtain

Hys(n) = B ) = 1o [ Alo)(doln),
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where A, and v, are given abstractly in (8I3) and are defined both for short and
long-range interactions in analogy to (8:26). The construction of the series in (3.33)
relies on the cluster expansion of the type

Alo) = H(l + zlj) H (L+ filqip) = Z H Jzz'j (3.35)
i<j i: odd GeGum {i,j}€E(G)
where
ij i

l
j

~ Lor f5, ifievenand j =i+ 2
fij = .

otherwise,
and Gy, is the set of all graphs on M vertices, where M is the total number of coarse
cells. Such an equality and the complete proof is carried out in Section Bl In turn,
the terms on the right hand side of (B35 give rise to the expansion [33) and the

corresponding higher-order corrections.

3.5. A posteriori error estimates. In [22] we introduced the use of cluster
expansions as a tool for constructing a posteriori error estimates for coarse-graining
problems, based on the rather simple observation that higher-order terms in (8:33)
can be viewed as errors that depend only on the coarse variables 7. Following the
same approach an a posteriori estimate immediately follows from (B:33]).

COROLLARY 3.4. We have

R(75 | 15 0 F ) = BE 0 [S()] +log (o [7757]) + 0(52),

where the residuum operator is S(n) = Hl(\/l[) (n).

In [20] we already employed this type of estimates for stochastic lattice systems
with long-range interactions, in order to construct adaptive coarse-graining schemes.
These tools operated as an “on-the-fly” coarsening/refinement method that recov-
ers accurately phase-diagrams. The estimates allowed us to change adaptively the
coarse-graining level within the coarse-graining hierarchy once sufficiently large or
small errors were detected, thus speeding up the calculations of phase diagrams. Ear-
lier work that uses only an upper bound and not the asymptotically sharp cluster
expansion-based estimate can be found in [6] [7].

3.6. Microscopic reconstruction. The reverse procedure of coarse-graining,
i.e. reproducing “atomistic” properties, directly from coarse-grained simulation meth-
ods is an issue that arises extensively in the polymer science literature, [38 29]. The
principal idea is that computationally inexpensive coarse-graining algorithms will re-
produce large scale structures and subsequently microscopic information will be added
through microscopic reconstruction, for example the calculation of diffusion of pene-
trants through polymer melts, reconstructed from CG simulation, [29].

In this direction, the CGMC methodology discussed in this section can provide a
framework to mathematically formulate microscopic reconstruction and study related
numerical and computational issues. Indeed, the conditional measure A(c)v(do|n) in
the multi-scale decompositions [I2]) and (BI8) can be also viewed as a microscopic
reconstruction of the Gibbs state (ILT]) once the coarse variables n are specified. The
product structure in (BI4) and (BIH) allows for easy generation of the fine scale
details by first reconstructing over a family of domains given only the coarse-grained
data and gradually moving to the next family of domains given now both the coarse-
grained data and the previously reconstructed microscopic values.
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In view of of this abstract procedure based on multiscale decompositions such as
BI2), we readily see that the particular product structure of the explicit formulas
B28) and (B26) for the case of the dimension d = 1 yields a hierarchy of recon-
struction schemes. A first order approximation can be based on the approximation

A(o) ~ 1 (cf. B.23), B.25)):

(a) first, R(n) defined in (B2H) provides the coarse-graining scheme, which will
produce coarse variable data (k) for all k;
(b) next, we reconstruct the microscopic configuration o consisting of the
o®’s in all boxes (coarse-cells) with k even using the measure vy (do|n) =
ﬁHka+1(U O)Zk 1
Zk—1,k,k+1(0,0)
tion n(k) from (a) above;

(c) finally, we reconstruct the microscopic configuration in the remaining boxes

e*B(Hi+Wk71,k+Wk,k+1)

with k odd using vy (do|n) := I T o) Py(do® | n(k)), given the

even

(0.0" )P, (0% |n(k)), conditioned on the coarse configura-

coarse variable n(k) from step (a), and the microscopic configurations o°ve"

from step (b).

We note that this procedure is local in the sense that the reconstruction can be carried
out in only the “subdomain of interest” of the entire microscopic lattice Ap; this is
clearly computationally advantageous because microscopic kMC solvers are used only
in the specific part of the computational domain, while inexpensive CGMC solvers
are used in the entire coarse lattice Ajy.

Further discussion on the numerical analysis issues related to microscopic recon-
struction for lattice systems with long-range interactions can be found in [21], [37] 23]
24].

4. Semi-analytical coarse-graining schemes and examples. Next we dis-
cuss the numerical implementation of the effective coarse-grained Hamiltonians de-
rived in Theorem B3 We begin with a general implementation scheme and we sub-
sequently investigate further simplifications for particular examples in one space di-
mension.

4.1. Semi-analytical splitting schemes and inverse Monte Carlo meth-
ods. One of the main points of our method is encapsulated in ([B27): the compu-
tationally expensive long-range part for conventional Monte Carlo methods can be
computed by calculating the analytical formula given in ([3:2]) in the spirit of our pre-
vious work [22]. Then we can turn our attention to the short-range interactions where
Monte Carlo methods, at least for reasonably sized domains, are inexpensive. More
specifically for the evaluation of the short-range contribution in [B27) we introduce
the normalized measure

1

Ze00)¢ | Fkde” In(k)), (4.1)

Py(do® (k) =

where the sum is computed with free boundary conditions on Cy and Zj(n(k);0,0) is
accordingly defined as in (B:20). Thus ([B:28]) can be rewritten as

DS TOmk) + Y ROk - DRy k1), (42)

kEA k: even
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where, based on (B:28) and ([@.1), we defined the three-body coarse interaction poten-
tial

. 1 _
Vs 0 = D)+ 1) = =5 o [ P0Weorle) Wi ()
< P (do™ 1 [k = 1) Pe(do™ [ (k) P (404 [k +1)). - (43)

The main difficulty in the calculation of (3] is that for the three-body integral one
needs to perform the integration for all possible combinations of the multi-canonical
constraint. On the other hand all simulations involve only short-range interactions
and need to be carried out only on three coarse cells, rather than the entire lattice.
Practically, the calculation of (£3) can be implemented using the so-called inverse
Monte Carlo method, [25]. We sample the measure Py, using Metropolis spin flips
and subsequently we create a histogram for all possible values of n(k) =3>__ ., o(2).
Then we compute the above integral by using the samples which correspond to the
prescribed values n(k — 1),n(k) and n(k + 1).

A complementary approach in order to further increase the computational effi-
ciency of the schemes presented in Theorem [3.3] is to rearrange the splitting based
on the size of the error in (B31)). Indeed, these estimates suggest a natural way to
decompose the overall interaction potential into: (a) a short-range piece J; including
possible singularities originally in J, e.g., the non-smooth part in the Lennard-Jones
potential, and (b) a locally integrable (or smooth) long-range decaying component,
Ji. Thus, if K(x,y) is the short-range potential in (2] we can rewrite the overall
potential as

K(z,y)+ J(z,y) = Js(x,y) + Ji(z,y) . (4.4)

In this way the accuracy can be enhanced by implementing the analytical coarse-
graining (B3] for the smooth long-range piece J;(x,y), and the semi-analytical scheme
B2]) for the “effective” short-range piece Jg(x,y).

REMARK 4.1. Existing methods, e.g., [I14], employ an inverse Monte Carlo com-
putation involving both short and long-range interactions, and due to computational
limitations have to disregard multi-body terms such as the ones considered in the
method proposed here. The splitting approach developed here allows us to calculate
analytically the approximate effective Hamiltonian for the costly long-range interac-
tions, (B3) in B27) or (@), and in parallel carry out the inverse Monte Carlo step
for [@2]). The necessity to include multi-body terms in the effective Hamiltonian was
first discussed in [2] together with their role in the proper coarse-graining of singu-
lar short-range interactions. We further quantify the regimes where such multi-body
terms are necessary in the context of a specific example.

4.2. A typical example: improved schemes and a posteriori estimation.
We examine the derived coarse-graining schemes in the context of a specific, but rather
typical example. We consider the Hamiltonian

Hy(0) = H (o) + Hy(0) == K Y o(x)o(y) - % Y J@-yo(@)aly) (45)
(

z,y) (z,y)

where by (z,y) we denote summation over the nearest neighbors, i.e., |t —y| = 1, and
by (x,y) the long range summation as in ([2). Although we follow the splitting strat-
egy discussed in the previous paragraph we present a simplified numerical algorithm
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by carrying out further analytical calculations. Not surprisingly, such calculations
allow not only for easier sampling in the semi-analytical calculations of the inverse
Monte Carlo, but give additional insight on the nature of multi-body, coarse-grained
interactions.

For the short-range contributions, given a coarse cell Cj, with ¢ lattice points, we
denote by z1,...,z, the lattice sites in Cy. With this notation, following (43]) the
short-range three-body interaction is given by

/S 1 — Y zg)o" (= P (zg)o* T (x
Ve 00 = D) e+ 1) = = o [ &P et net )
X Pp_1(do® 1 [k — 1) Boldo® | (k) P (A" [k + 1)) (46)

The main difficulty in computing the second term is the conditioning on the
coarse-grained values n(k — 1),n(k),n(k + 1) over three coarse cells. At first glance
this requires to run multi-constrained Monte Carlo dynamics for every given value of
the n’s, i.e., for ¢> variables. However, as we show in the sequel, when dealing with
a particular example, e.g., the nearest neighbor interactions, the computationally
expensive three-body term reduces to product of one-body terms. We first rewrite

e~ BE N ag)o (@) — o _ bo"H (wg) 0" (1),
where we set
a = cosh(BK), b=sinh(BK), X=tanh(fK).

Moreover, we introduce the one- and two-point correlation functions
Bi(n) 1= [ o) Puldo* [n(k) and @7¥(n) = [ aelotu)Pulda [n(h).

By symmetry we have that ®7* = @zq and similarly, consider @zl’zq for x = 7 and
Yy = x4. Furthermore, these functions depend on & only via the coarse variable 7y,
hence we now define

() = / o(1) By(do® | (k) and  @2(ny) = / o(1)0 () Be(do® | n(k))

(4.7)
It is a straightforward computation to show that
Vs (10 = Dk, + 1) = = log.a =
—log (1= A0 (n(k = 1)@ (1)) = AP ()" (1 + 1)
A2 ((k — 1)) (n(k))®" (n(k + 1)) (4.8)

Although these are three-body interactions, the additional analytical calculations re-
duce their computation to the nearest-neighbor Monte Carlo sub-grid sampling of

&1). Moreover, from ([3.22]) we have

s et ke N0R (o ()[B2 (k) — (B (n(R))?]
Fic e (R o o) = e G TR (T = o™ ) (1 (R)))
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thus the following estimate holds for some C' > 0

sup | fi_1 paa] < ON[@2(n(k)) — [@ (n(k)]*| = O (ms; A) . (4.9)
ok—1 gh+1

where the right-hand side © is an a posteriori functional in the sense that it can be

computed from the coarse-grained data. In fact, we can estimate the a posteriori error

indicator by an analytical formula. A high temperature expansion yields

3 () = Elo(z) | n] + O(\) = g + 00 (4.10)
2 = g\xr)o - 772 —4 . .
% (nk) = E[o(z)o(y) [ n] + OA) =D +0() (4.11)
Then,
) o N2B2 (P2 — 2@ 3

Thus the validity of Theorem and the derived coarse-grained approximations can
be conditionally checked during simulation by

)\2 ,,72 3
5 <C—(1-= . .
e il <07 (1= 57) +009) (4.13)

We note that (£13) suggests a quantitative understanding of the dependence of
the coarse-graining error for the nearest-neighbor Ising model. The error increases,
(a) when the parameter \? increases, i.e., at lower temperatures/stronger short-range
interactions, (b) when the level of coarse-graining ¢ decreases, and (c) at regimes where
the local coverage 7 is not uniformly homogeneous, i.e., away from the regime n ~ +q.
Such situation occurs, for example, around an interface in the phase transition regime.
This is the case even in one dimension if long-range interactions are present in the
system.

5. Proofs. In this section we first construct and prove the convergence of the
cluster expansion. We formulate the proofs in the full generality assuming a d-
dimensional lattice. Thus coordinates of lattice points are understood as multi-indices
in Z?. We start by constructing the a priori coarse-grained measure induced by
the short-range interaction. We perform a block decimation procedure following the
strategy in [3I] and partition Aj; into 2%-many sublattices of spacing 2¢. Let eq,
a = 2,3,...,29 be vectors (of length ¢) along the edges of Aj; as demonstrated in
Figure Bl for d = 3. We write the coarse lattice as union of sub-lattices

A = U2 AY, (5.1)

where A}, = 2A5, A3, = A}, +es and A = AS, +eaqr, for a = 1,...,2¢ — 1.
Given a coarse cell Cj, we define the set of neighboring cells by

Cy == U i—k =13 C1 ,

where ||l — k|| := max;—1,.. 4 |l; — ki|. We also let Dy, := C}, U 9C}.

Given a sublattice A, we denote by o® the microscopic configuration in all the
cells Cy, € A§, and by 0> the configuration in /_X’(]L for all B > a. We also define a
function p : Aps — {1,...,2¢} such that for k € Ay, we have p(k) = « if C), € Ag;.
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i
e
i
e
i
e

o1
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w
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w
B=
w

F1c. 5.1. The sublattices Z\?\Z covering the coarse lattice Ajr. The vectors eq defining transla-
tions of the first sublattice A}w are depicted for d = 2,3. The cells on the two-dimensional lattice
are numbered with values of a« = 1,...,4 according to what sublattice AG; they belong.

We split the short-range part of (2.1
H}(o) =) > Hi(a®)+) D> Wilo® o7%),
a keAgy a kel
where, for k € AY;, the terms Hy(0®) are the self energy on the boxes Cj, given by
Hp(c%) = Z Ux (o).
XCCy
Moreover, the energy due to the interaction of C with the neighboring cells is given
by
Wi(o®; 07%) = Z Ux(c®Vo~?),
XCDy

where 0%V o~ is the concatenation on f\% and f\ff‘. Now we construct the reference
conditional measure v, under the constraint of a fixed averaged value n = {n(k)}cx,,
on the coarse cells.

Step 1. The starting point is a product measure on Cy, for k € A},. Welet A;(k) = Cy,
and after appropriate normalization we obtain

e~ Hi (o) H Pk(dO'):H H (e—HZ(aa)e—Wk(aa;o>a)Pk(do.a)> %

keAn QZQkEA%
I zAi(k); 07 (k) 21 (dot) (5.2)
keAl,
where

1 1 >1 1

L (dol) = = e Wk(e507 ) o Hi() P (dgt 5.3

b= 1 zmmere A B

M

>1

is the new prior measure on ]\}w with boundary conditions ¢~ and the canonical

constraint 7(k), k € A},. The partition function

Z(Ay(k); 07 (k) = / e @) e=Wi(e 07 P (dg)



Coarse-graining schemes for short and long-range interactions 21

depending on the boundary conditions >! on the set 9A; (k) couples the configura-
tions in C; with [ € A, (k). In particular, it couples the configurations o2 and gives
rise to a new interaction between them for which it will be shown that it is small due
to the condition .11

. 12 C
Step 2. Moving along the vector e; we seek the measure v2, on {+1, 1} ker3, Ok

Given the partition function Z(A;(k);o”%;n(k)) we denote by S’,j@Z the partition
function on the same domain A;(k) as Z, but with new boundary conditions which
are the same as Z in the +e3 direction, free in the —e; and unchanged in all the other
directions. Similarly, we denote by S,; ¢, Z the partition function with free boundary
conditions in the direction +es and by SgezZ with free boundary conditions in both
+es directions. With these definitions we have the identity

(Spes2)(SpesZ)

k,ez

(SR.ex?)

k,ez

Z(Ai(k); 07 (k) = (1+ @), (5.4)

where we have introduced the function <I>]1c which contains the interaction between the
variables 0>!, and it is given by

ol Z(Ay(k); 0™ n(k) (SR e, Z)
b (SiesZ)(Ste, 2)

In this way we split the partition function Z into a part where the interaction between
the cells Cx_., and Cly., is decoupled and an error part which is to be small. The
terms in the second product contain all possible interactions in the set

Ag(k) = Ck}—ez UCy U Ck}-‘reg (5.5)
for k € A%, with the corresponding partition function being given by

2; U>2)

Z(As(k); 072 (k)) = /eszwZ)efwk(g (5

k—eg,ez

Z)(S,

k+ez,ea Z)Pk (daz)

all due to the condition [
The next step is to index the new partition functions (S,:re2 Z)and (S, Z) (which
are functions of o2 indexed by k € A},) with respect to k € A%,. We have

H (S, 2)(Spe, Z) = H (S e.eaZ) Sy en s Z) -

keAl, keA3,

Then if we neglect for a moment the error term (1 + ®}), in order to define v2, we
have to deal with the following terms

_ CH (02) —W (o2 o>2 _
[T 0.2t I] [e e o™ (st 2) Sk, 0 2)Puldo®)]
keAl, keA2,

The terms in the second product contain all possible interactions in the set As (k),
given in (B.H) for k € A%, with the corresponding partition function being given by

AR Z)Py(do?).

k—e2,e2 k+ez, ez

Z(As(k); 072 (k) = / B0 Wiloi07) (¢
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By normalizing with this function we obtain the measure

2 2y — !
vig(do”) = H {Z(AQ(I@);Uﬂ;U(k))

keA?,

_H3(02) — o2 g>2 _
MW (S DSt Z)Puldo®)] . (5.6)

X

Note that the factor (52782 Z)~1 depends on 7 as well as on 0”2 and hence we will
need to further split it when we define a measure on the variables on which it depends.
Summarizing the first two steps we have obtained that the left hand side of ([B.2]) is
equal to

[T z(ask)y;0™%m(k) T (52,2070 T (1 + 20| v25(do®)vls (do).

keA3, keA}, keA},

If we are interested in the case d = 1, this would be the final expression. However,
for higher dimensions we need to repeat the above steps. We give one more step
in order to obtain more intuition on the relevant terms and then we give the final
expression in agreement with the result in [31I]. The proof of the general formula is
done with a recurrence argument on the number of steps and for the details we refer
to [31].

Step 3. To proceed in the next step along direction ez we split Z(Az(k);0>2;n(k))
(which couples the configurations in Cj, with p(k) = 3) in the same fashion as before.
We have

S )8, Z
Z(Az(k:);a>2;77(k)):( k’e(gsg?igzk}es >(q>2+1)
where
o o LA Ry (k) (), Z)
b (S eaZ)(Spe, 2)

We further change the indices in such a way that they are expressed with respect to
ke A?M and then we glue the partition functions on Cj, Aa(k — e3) and Az(k + e3).
We define

Ag(k) = Ok U AQ(k - 63) U Ag(k + 63) 5

and
s _ 0,3.0,>3‘ _
Z(As(k); 0% (k) ::/6 Hie=WHT5e (S 0 Z) (kg ea Z)Pi(d®).

The corresponding measure is

1
ado®) = ] [Z(As(k);0>3;77(/€))x

keA3,

eI (S 2) (St DPEAY)]  (BT)
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and the left hand side of (IEZI) is now equal to
I1 [esz<g4>efwk< ") Py (do™ } [1 2(Ask);0™n(k) T (S0.,2) " %

keA%, keA%, keA2,
I P2 T a+od) J] 1+ @p)pds(do®)v2y(do?)vl, (dot).
keA}, keA2, keAl,

As in the previous steps we need to perform the usual actions on the partition function
Z(As(k); 0>3;n(k)) which will give rise to a new element A4 (k) with k& € A}, and new
error terms @i with k ¢ /_&‘}w. Furthermore, a similar splitting has also to occur for the
factor (5’2162 7)1 which also depends on o4, since the zero boundary condition involves
only the direction ey. Related calculations will involve all the terms of similar origin
as long as we move to new sublattices 17\‘]3(4, with o > 4, depending on the dimension.
EXAMPLE: 2D LATTICE The leading term in the approximation of the coarse-grained

Hamiltonian H3, consists of terms that refer to four different types of multi-cell in-
teractions

HJSV’[(O) Z log Z (A4 (k Z log Z(A4(k
keAl, keA2,

+ Z log Z (A4 (k Z log Z(A4(k
keA3, keA%,

where A4(k) is a collection of coarse cells centered in k € A, and it is different
depending on the sublattice to which the reference cell k£ belongs. For o = 1,2,3,4
we have

Ui jef—1,0,41} Chtiestjes » k€ Ay

_ ) Yiet-1,041} Chtjes » ke A
Aslk) = Cr, ke A
Uie{~1,0,41} Chties » ke A1

Figure depicts the index sets Ay (k) for the reference cell k belonging to A§;, for
a=1,...,4.

General formulation. At this point we proceed with the general formulation for given

« of the relevant quantities which are the reference measure v<  (do®), the error term

¢, with k € Ay and the sets A, (k) and B, (k), with the latter being the relevant

boundary of A,. The index « indicates the sublattice we are considering.
DEFINITION 5.1. The sets Aq(k) and B (k) for k € AS, are

Aa(k) = Upji—k)=1,p)<aCls  Ba(k) = Upjji—k||=1, p()>aCl -

3

DEFINITION 5.2. Givena=1,..., 24 we define the normalized Bernoulli measure
on A%,
Ve, (do®) H V. (k) (do®) (5.8)
kGACx
where

e Hi(0%) = Wi(0%;0™%)

VBo0(17°) = g sy 2 AW Rhe k) 1] et
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; \
!
2| n| o2 2] 1| 21
i )
i

4 3 T3 /T I I U B B

Ay(k), k€AY Ay(k), k€Al

F1G. 5.2. The index sets A4(k) for k € A‘fw, a=1,2,3,4, d =2, depicted as shaded cells. The
cells in each lattice are numbered by o denoting the sublattice A§, to which the cell belongs.

As we have seen in Step 3 we have two kinds of error terms ®§, in particular,
those with k € A, and others with k ¢ A$,. In order to describe the latter we need
to introduce additional notation.

For a = 1,...,2% we denote by I'y, the family of parallel hyperplanes of dimension
d — 1 orthogonal to e, passing through all the points k € /_Xﬁ‘/[. Note that for any
a, we have that Ayy = Ty U (I'y + eqr1). In the next definition we introduce a
new parameter €,(k) € {£1} depending on whether we should perform gluing or
unfolding as discussed before. This is determined as follows: for fixed a € Aps let
d(a, B) be the distance between the sublattices A%, and A?/[ in the metric || — /e =
Zle |o; — B;]. Moreover, we can find orthogonal vectors {v;};—1,... d(a,) and a family
of signs {€;};—1.....d(a,s) Such that

d(a,B)
AS = A% +7v(a, B) with ~(a,8) = Z €5 Vj .
j=1

Note also that |y(«, 8)| = d(a, 8). Then the exponents €, (k) with p(k) = § are given
by

€alk) = (_1)h(a,6)| .

Furthermore, we denote by Y (k, vy(«, §)) the affine hyperplane of codimension |y(«, 5)|
orthogonal to the connecting vectors {v;};—1, . |y(a,8)] and passing through the point
k

v (

Y (k,v(a, 8) = N1 EPly (k,05),

where Y (k,v) is the hyperplane of dimension d — 1 passing through k& and being
perpendicular to the vector v. From the set of coarse-lattice points belonging to
Y (k,v) we define the corresponding set by

V(k,v(e, B)) = Uiey (kv (a8)) Cl -
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Then, letting k € Ag,, for [ such that C; C 9C) and with [ € Aﬁ}, for some £, we
define

0 if p(l) > 274
Aall) = {Aa(k) NY(,v(ca, B)) otherwise, (5.10)
Ball) = Ba(k) N ({0 8)). (5.11)

With the above definitions we can determine the error terms in the general expansion.
DEFINITION 5.3. For any k € AY, and for k € 'y, the error terms are given by

Z@&Ak%0>“kaDZ(Aa+Mk%U>a+1HKkD'
(Slj,eoHrl Z)(Sk_,ea+1 Z)

Moreover, if k € 'y + €qt1 and k ¢ /_X‘j(jl we have:

Y = —1 +

Z(A‘l (k), o'>0‘; n(k))Z(Aoc+1 (k), o’>0‘+1; ﬁ(k)) —€a(k)

(S Z) (S, Z)

k—ea+1,€a+1 ktea+1,€at1

Y = —1 +

Furthermore, if k € A we replace Z(An11(k); 0> by Z(Aat1(k)/{k}; 0>F1).
From Proposition 2.5.1 in [31] we have that the general d-dimensional formulation
of the a priori measure induced by the short-range interactions is

e~ Hx (o) H Py(do) = R*(n)A(o)v(doln),
keAn

where we have the following factors

(i) a product of partition functions (depending only on the coarse-grained variable
n) over finite sets of coarse cells with supports Aye(k), with £ € A}, and
a=1,...,2¢

R) =TT T [2(A00()s )@ (5.12)

a=1lkeA,

(ii) error terms in the form of a gas of polymers (with the only interaction to be a
hard-core exclusion)

Ae) =11 II T a+en.

a=1j<2d(@) gepd,
(iii) a reference measure induced by only the short-range interactions once we neglect
the reference system and the error terms

29 1

v(doln) :==v* .20,

With this expansion for the short range interactions, going back to the general
strategy presented in Section [B] if we also consider the long-range contribution from

B2), we obtain

e~ PHM() — /eiﬁHﬁVefﬁHJSV Hpk(dd)
k

= e—ﬂHl’(o)(")R(n)/e—ﬂ(H?r—Hl’(m>A(a)y(da|n),
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which implies that

_ 1 _ L fl(0)
HM(n)=Hl’(0)(n)—10gR(77)—EloglEu[e AUN=H"TD) Ao) ] - (5.13)

5.1. Cluster expansion and effective interactions. The goal of this section
is to expand the term E, [e‘ﬂ(Hév(")_Hl’m)("))A(U)M] in (5I3) into a convergent series
using a cluster expansion. By the construction given previously the terms in A(o)
are already in the form of a polymer gas with hard-core interactions only. For the
long-range part we first write the difference HY (o) — H>()(n) as

Hy (o) — HYO () = ZAMJ(U)7 where

k<l
M@= =5 3 (U —y) = Tk D)o@~ o). (5.14)

We also define f,,(0) := e #4x7(9) — 1 and we obtain

2d
Bufe N80 )y = [TTa+ s T T] T (+ofwtdon.
k<l a=1 j<od(a) ke]\gw
(5.15)
We define the polymer model which contains combined interactions originating
from both the short and long-range potential. By expanding the products in (E.15])
we obtain terms of the type

p q
[T @0 T frim:  where kj,Li,mi € Aps and a; € {1,...,2%}
j=1 i=1

for some p and ¢q. The factors @zj are functions of the variables which are on the
boundary of the corresponding sets Aq; (k;). This boundary is described by the set

o k) = Bo(k)  ifk €T, (5.16)
O T Y Baqa(k) ifk €Tq + eatr. '

Furthermore, since the measure v(do|n) is not a product measure but instead a com-
position of measures each one parametrized by variables which are integrated by the
next measure, we need to create a “safety” corridor around the sets C§ depending
on the level of . This is given in the next definition. For a given integer (8, with
1 < B <2¢— a we define

C8 (k) = Uq,,..esef{21}8 VLGICOCrteyensy s tepeas ) p>ats Cls (5.17)
Then for given o € {1,...,2%} we call a “bond” of type C* the set
C% (k) = V22 C3 (k) (5.18)

With this definition, any factor @Z‘]J has a region of dependence which is given by
the bond C*(k). Similarly, for the factors fi, m, originating from the long-range
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interactions the initial domain of dependence is Cj; U Cy,,. However, due to the non-
product structure of the measure we need to introduce a safety corridor in the same
way. Given k € Ay for B an integer with 1 < 3 < 2% — p(k) we define

Cp(k) = Uey .oep {138 ULCICOCrreren e tepens ) PO>pR)+8 Cl - (5.19)

Then for a given fy; we define
C(k, 1) = AP0 k) U2 Cs(1) (5.20)

With a slight abuse of notation we define for Ry = {k1,..., kR, }

C(Ro) = UES U2 7™ Oy (k) (5.21)

A bond [ will be either a C¥ bond for some a, k, called of type 1, or any subset
of Ay, we call it a bond of type 2. We say that two bonds [; and Iy are connected
if I; Ny # 0. We call a polymer R a set of bonds 1, ...,1l,,l,41 where l4,...,1, are
bonds of type 1 and [,4; is a bond of type 2, i.e., a possibly empty subset Ry C A
A polymer is called connected if for all 4,5, with 1 < i < j < p+ 1, there exists a
chain of connected bonds in R joining I; to [;. For such a polymer R we define its
cardinality to be two integers, the first counting the number of bonds of the type
1 and the second being the number of coarse cells included in the bond of type 2,
i.e., card (R) := (p,|Ro|). The support supp (R) of R is supp (R) = U’ l; where
lp+1 = C(Roy) (see (&2I)). Let R be the set of all such polymers. Two polymers
R1, Ry are said to be compatible if Ry N Ry = () and we write Ry ~ Ra.

Given a polymer R =11, ...,1;,,l,+1 we define the activity of R to be the function
w: R — C given by

w(R) = / (doln) Hfl)] Z H fk,z , (5.22)

9€GR, {k,JI}EE(g

where G, is the collection of connected graphs on the vertices of I (recall | C Ajys) and
E(g) is the set of edges of the graph g.

We define a new graph G on R which has the edge R;-R; if the polymers R;
and R; are not compatible. We call G C R completely disconnected if the subgraph
induced by G on G has no edges. Let

Dr _U| O{(Rlu"'uRn)CRl Vi# j, Ri ~R;,}

then the partition function Z can be written as
7= Y T win
GeDxr ReG

which is the abstract form of a polymer model. Thus we can apply the general theorem
of the cluster expansion once we check the convergence condition. The condition is
stated as a theorem in [4].

THEOREM 5.4 ([4]). Let a: R — Ry. Consider the subset of C*

PL = {w(R), ReR:VReR: |w(R)e*™ < 1and
3 (—log(1 — [w(R)[e*®))) < a(R)}.

R'~R
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Then on P%, log Z is well defined and analytic and
log Z = Z cr H w(R)'®
I€Z(R) Resupp(I)

where I = (Ir)rer, Z(R) is the collection of all multi-indezes I, i.e., integer valued
functions on R, and

1 olmt w160 7
Ig! o TR 9Tmw(Ry) .. 0" % w( Rz )

cr = [{w(R)=0}: -

For the proof we refer to [4]. Thus we need to check the condition of convergence.
The following estimate for the long-range potential was proved in [22].
LEMMA 5.5. Assume that J satisfies [3). Then there exists a constant Cp ~

d+1
q+

—IVV || such that

sup Y |AwJ (o) < Ch, (5.23)
keAn 112k

for every o.

For the short-range interaction we follow the analysis of [31] and we consider the
following condition

CONDITION 5.1. Let e be a vector in one of the directions of the lattice Ay
and Zy(A;o_, 04, T;nv) be the partition function for the interaction U in the space
domain A. We consider boundary conditions o4 in the directions +e and 7 in all other
directions. Moreover, we impose multi-canonical constraints n(k) for k € V.C Ay
with A = UgevCy. For a given q > 1o, with |Cx| = q¢, the following inequality holds

ZU(A;0—70+7T;77V)ZU(A;0707T;nV)
sup sup sup -1/ <Cq,
orr A v | Zu(A;0,00,inv) Zu(Aso—,0,73mv)
where given the numbers r = 224[3(24t1 + 1)]4, E = 29! + 1, and ¢ > 0 the upper
bound Cy satisfies

rCoef < 1.

Notice that we work with the same condition as Condition Cy, defined in [31],
where in our notation L is ¢, yet similar analysis applies in order to prove convergence
of the cluster expansion under the milder condition Condition C} again as in [31].
We skip the analysis of such issues since it goes beyond the goal of the present work.
Furthermore, these conditions are related to the ones presented in [I0] in order to
ensure that a given system belongs to the class of completely analytical interactions.
For further details we refer the reader to [30] and [3] and to the references therein.

Now we are ready to prove the convergence condition.

LEMMA 5.6. The set P% is nonempty.

PROOF: We take a(R) = c|supp (R)|, where c is a constant to be chosen later. Note
that —log(1 — ) < 2z, so it suffices to show that

> 2w(R)|e* ™) < a(R).

R'~R
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Suppose that the generic polymer R’ is given by R’ =11,...,lp, 41, for some p > 0,
where [; = C’O‘;'(k:}) for j =1,...,p and l,11 = Ry, with |Rj| = n for some n > 0.
For |w(R’)| we have

w(R)| < / (doln) H|<I>“J| 'Y Il

quR/ {k,l}€E(g)

By the graph-tree inequality we have that for all o, n and with |R| = n

Y I ml<srer > I 1Akd(o)

g€gR6 {k,l}€E(g) T0eT9 {k,l}erO

where from Lemma [5.5] we have that C; ~ ﬂ IVV]lso. We also let sup,, |AgJ(0)] <

Ay with Ay = q2d% + ||VVH001(,” )i li—k|< £ - Moreover, from Condition [5.1] we have

q

/ (do|n) H|q> | < (Cy)P
Then for the activity w(R’) we obtain
jw(R)| < p2re” Y [ Ak (Co)P
T0eT) {k,l}er0

Thus to satisfy the sufficient condition for the convergence of the cluster expansion
we first bound the sum 3, 5 by

sup jsupp (R')| > >

p>0n>0 R':SUPDP (R')D{k},
Cal“d (R")=(p,n)

The fixed coarse cell Cy may belong to one of the [;’s for j = 1,...,p or to Rj. In
the first case we estimate the sum over R’ by

1 1
D sV DR ey A

l11:11D{k} " k1€ (U1)NR)
1o, Hlp Koo Jen

Next, for every tree 7° we have that

sup Z H Ap, ok, <CT7 L

kER' ke
We use the Cayley formula 0eTo 1 =n""2 and the fact that the cardinality of the
sum Ell 509 can be bounded by 77, where r = 224[3(2¢+! + 1)]¢ is an upper bound

,,,,,
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for the maximum number of C* bonds that can pass through a point, as showed in

31,

Ai(n) = ——n""2(BC) 12" and  As(p) = T

Taking into account all the above we obtain

S 2w(R)]e*) < [supp (R)] D Ai(n) > As(p)

R'~R n>1 p>1

1
(n—1)!

and F is the upper bound for the cardinality of any bond C%(k), i.e.,

sup sup |[CY(k)| < E=2%"1 41,
a=1,...,24 keA,

For C7 and C sufficiently small the two series converge to a finite number and we
choose ¢ to be this number. [J

[12]
13
[14]
[15]
[16]
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