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COARSE-GRAINING SCHEMES AND A POSTERIORI ERROR
ESTIMATES FOR STOCHASTIC LATTICE SYSTEMS
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K. TSAGKAROGIANNISS

Abstract. The primary objective of this work is to develop coarse-graining schemes for stochas-
tic many-body microscopic models and quantify their effectiveness in terms of a priori and a pos-
teriori error analysis. In this paper we focus on stochastic lattice systems of interacting particles
at equilibrium. The proposed algorithms are derived from an initial coarse-grained approximation
that is directly computable by Monte Carlo simulations, and the corresponding numerical error
is calculated using the specific relative entropy between the exact and approximate coarse-grained
equilibrium measures. Subsequently we carry out a cluster expansion around this first—and often
inadequate—approximation and obtain more accurate coarse-graining schemes. The cluster expan-
sions yield also sharp a posteriori error estimates for the coarse-grained approximations that can be
used for the construction of adaptive coarse-graining methods. We present a number of numerical
examples that demonstrate that the coarse-graining schemes developed here allow for accurate pre-
dictions of critical behavior and hysteresis in systems with intermediate and long-range interactions.
We also present examples where they substantially improve predictions of earlier coarse-graining
schemes for short-range interactions.

Key words. coarse-graining, a posteriori error estimate, relative entropy, lattice spin systems,
Monte Carlo method, Gibbs measure, cluster expansion, renormalization group map.
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1. Introduction. In the recent years there has been a growing interest in devel-
oping and analyzing hierarchical coarse-graining methods for the purpose of modeling
and simulation across scales for systems arising in a broad spectrum of scientific
disciplines ranging from materials science to biology and atmosphere/ocean science.
Typically in microscopic simulations of complex systems the model is formulated
in terms of simple rules describing interactions between small-scale degrees of free-
dom such as individual particles or spin variables. On the other hand computational
difficulties arise immediately from evaluating their interactions for any realistic size
spatio-temporal scales. When a coarse-grained model becomes available, it has fewer
observables than the original microscopic system making it computationally more effi-
cient than the direct numerical simulations. At the same time it is expected that it can
describe accurately the unresolved degrees of freedom. The coarse-graining strategy
we are pursuing here is attempting to address these goals in the context of equilib-
rium sampling of stochastic lattice systems by combining methods from statistical
mechanics and perturbation analysis.

In this paper we consider stochastic lattice systems such as Ising-type models
as a paradigm of hierarchical coarse-graining that can provide an explicit numeri-
cal method with prescribed error tolerance. Such lattice systems for N particles are
defined in terms of a microscopic lattice Hamiltonian Hy (o) with o being the mi-
croscopic configuration and an a-priori Bernoulli measure Py (do). We perform a
coarse-graining by subdividing the lattice into coarse cells and defining variables 1 on
each coarse cell to be the total magnetization in the cell. The corresponding renor-
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malization group map (known as the Kadanoff transform) [, [ is defined by the
formula

o~ BHM () _ /e*ﬁ’HN“)PN(dUIn),

where Hj(n) is the Hamiltonian at the coarse level and Py (do|n) is the conditional
probability of having a microscopic configuration o given a configuration n at the
coarse level.

Such a Hamiltonian defined on a coarser level than the microscopic, is an exact
equivalent of the microscopic Hamiltonian Hy, in the sense that the finer degrees of
freedom have been averaged. However, it cannot be easily calculated explicitly and
hence used in numerical simulations. Our perspective is to approximate it by viewing
it as a perturbation of a coarse-grained approximating Hamiltonian fll(\?[) suggested
in [I3, [[3] and defined by

O () = / Hy (o) Py (doln).

A closely related coarse-grained Hamiltonian was suggested independently in [T0], [TT],
where it was constructed in an equilibrium context using a wavelet expansion.
Using this first approximation we have

— 1 _ S —F©®
Harlo) = B o) — glog [ o500 P ol

The fact that the conditional probability Py (do|n) factorizes at the level of the coarse
cells allows us to use cluster expansion techniques to write a series expansion for

(0)

H)y(n) around H,,’. We obtain the following series

Hu(m)=HP )+ HP () + -+ HE () + O, p=2,... (1.1

uniformly in 7, where the correction terms ﬁ](\}) (n), ﬁl(\f[) (n) etc. can be calculated
explicitly with the relevant errors and € is a small parameter depending on the char-
acteristics of the coarse-graining, the potential and the inverse temperature. In this
paper we first show that this strategy works well provided that the interactions have a
range which is long compared to the size of the coarse cells and that they vary slowly
over the size of a coarse cell. The parameter € (given explicitly in [ZZ0)) encapsulates
these conditions.

Notice that we do not perform the usual high-temperature expansion using the
Bernoulli product measure Py (do) but rather expand the Hamiltonian around a well-
chosen first approximation using the product structure at the coarse level of the condi-
tional probability Py (do|n). This allows us to construct these approximating Hamil-
tonians well-beyond the temperature range allowed in a standard high-temperature
expansion. The basic tool for cluster expansions is the reformulation of the system
in terms of what is called the polymer model. This technique originates from Mayer
[19] and Peierls [20] for the case of high/low temperature respectively. For the high
temperature case, a first rigorous proof was given in [6], while our approach is based
on the polymer system introduced in [§]. For an overview of these methods and

references we refer to [23].

Clearly the choice of the first approximation ﬁj(\g) is crucial to our method and it

should be such that (i) it is explicitly computable as the constructions in [I0, [[3], and
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(ii) it provides a good estimate between the microscopic and the 2nd-order coarse-
graining. In a subsequent paper [T6] we will show how to apply these ideas and
techniques to systems with both short and long-range interactions. In this case the
choice of the first approximation H ](\2) will not be given in a closed form but it will be
computed numerically in an efficient way.

All error estimates are calculated in terms of the specific relative entropy of the
corresponding equilibrium Gibbs measures. Specific relative entropy represents the
loss of information in the transition from the microscopic to the coarse-grained models
and here is used to assess the information compression for the same level of coarse
graining in schemes that are of a higher or lower order, determined by the truncation
level p in (). The primary practical purpose of the higher-order corrections is
in allowing us to extend the regime of validity of the expansion and to obtain very
accurate coarse grainings of the Gibbs measure even if the parameter e in ([IZI)) is not
necessarily much smaller than one. We refer to examples in Section Bl where even
for e = O(1), we obtain an accurate prediction of the hysteresis when we include the
higher-order correction terms.

The error analysis developed in this paper also provides an error expansion that
can be computed and tracked in the process of a simulation from the numerical data.
Such an a posteriori error cannot be numerically computed directly from the relative
entropy formula, since it involves the calculation of the probability density functions
of the microscopic and the coarse-grained measure. However, the expansion in ([TI)
shows a constructive way of calculating the error made, for instance, by the 2nd-order

coarse-graining ﬁ](\?[) (n) in terms of other coarse observables given by the higher-

order correction terms H ](\g) plus a controlled error of order O(eP*1). Similarly to the
numerical analysis of approximations for PDEs, we derive a priori and a posteriori
error estimates between the exact microscopic solution and the approximating coarse-
grained one. In contrast to the PDE setting where such error analysis is calculated in
a suitable norm, here the error is measured in terms of the specific relative entropy. As
in the case of PDEs such a posteriori errors are also useful for constructing adaptive
methods. For some earlier work on adaptivity for stochastic systems see, e.g., [3, € 24].
The paper is organized as follows: In Section [ we present the main results and
an outline of our methods. In Section Bl we discuss cluster expansions in the context of
coarse-graining and derive the effective coarse-grained Hamiltonian as an abstract ex-
pansion. In Section ll we calculate the first terms in the expansion of the Hamiltonian
and formulate two concrete numerical schemes; Scheme Bl is second-order accurate,
while Scheme is third-order accurate. In Section B we present simulations with
these schemes in a demanding phase transition regime. Appendix A includes the
details of our analytical calculations in Section Bl Appendix B contains a brief de-
scription of computational background for the Monte Carlo algorithms used in the
sampling of microscopic and coarse-grained Gibbs states carried out in Section
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2. Main results and outline of the method.

2.1. Microscopic models. We consider as the physical domain for the system
the d-dimensional torus T4 := [0, 1)? with periodic boundary conditions. The micro-
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scopic system consists of a uniform lattice Ay := (£Z)? N T4. The number of lattice
sites N = n? is fixed, but arbitrary and finite. We consider here periodic boundary
conditions, but other boundary conditions can be accommodated easily.

The spin (or order parameter) o(x) takes values in {+1,—1} at each lattice site
x € An. A spin configuration o = {0 () }4ea, is an element of the configuration space
Sn := {41, —1}*~. The energy of the configuration ¢ is given by the Hamiltonian

Hy(o)=—3 3 S I —yo@ol) + 3 ol (1)

TEAN y#x T€EAN

where the two-body inter-particle potential J describes the interaction between indi-
vidual spins and h is an external field.

The strength of the potential is measured by || J || = 3_, [/ (2)], i.e. we assume
that the two-body potential is summable. As we will scale later the Hamiltonian with
the inverse temperature 3 we can assume, without loss of generality, that || J || = 1.

Example 1: Nearest-neighbor interaction. In this case the spin at site = interacts only
with its nearest neighbors on the lattice Ay, i.e.

J if |z —y| =1,
J(x —vy) = n
(z=v) { 0 otherwise.

Ezxample 2: Finite-range interactions. A spin at site x interacts with its neighbors
which are at most L lattice points away from z. It will be useful to consider the range
of the interaction L as a parameter of the model. To do this let

VRt =R, V(r)=0, if|r|>1. (2.2)

Then the potential J(z — y) can be taken to have the form
1 n
Je-y)= 13V (Fle—vl) . wyey. (2:3)

The factor 1/L% in ([Z33) is a normalization which ensures that the strength of the
potential J is essentially independent of L and we have || J || ~ [ [V (r)|dr. Note also
that Example 1 can be obtained from Example 2 by setting L = 1.

Ezxample 3: Long-range interactions. In this case we assume that a spin interacts
with all spins on the lattice Ay via a summable interaction J(x). Since our goal is
to construct coarse-grained approximations of the Hamiltonian suitable for numerical
simulations it will be convenient to truncate long-range interactions and control the
error term. In order to do this we choose a small parameter § and choose L such that

S @) <6

{w:]zl2 5}

The parameter L can be thought as the effective range of the potential and we can
truncate the long-range potential J(z) by setting J(z) = 0 if |z| > £. If we denote

by J the truncated potential and by Hy the corresponding Hamiltonian it is easy to
see that

Sy (@) ~ Hx(o)] = 06).
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i.e., the error per unit volume is of order 4. We can then assume that the truncated
potential has the form (23).

Ezxample j: Kac-type interactions. Mean-field interactions are obtained formally by
taking a finite range interaction and setting L = n in ([Z3))

Ta—y) =5V (e—s), zyein. (24)

Note that this is different from a summable long-range interaction since the potential
is scaled with the size of the system.

The potential in Example 2 will be central to our analysis. Both Example 1
and 4 are obtained in suitable limiting cases (L = 1 and L = n respectively) and
the potential in Example 3 can be approximated by such potentials (see the error
estimates below).

The finite-volume equilibrium states of the system are given by the canonical
Gibbs measure

1

pn pldo) = Z—e*ﬁHW)PN(dU), (2.5)
N

where 3 is the inverse temperature, Zy is the normalizing partition function, and

Py (do), the prior distribution on Sy, is the product measure

Pu(do) = [ pldo(a)).

rEAN

A typical choice p(c(z) = +1) = 3 and p(o(z) = —1) = 3 is the distribution of a

2
Bernoulli random variable for each x € An.

2.2. Relative specific entropy. One of the obvious issues arising in any at-
tempt to coarse-grain microscopic systems is the evaluation of the numerical error as
we move from finer to coarser scales. This error essentially involves the comparison
of the microscopic and the coarse-grained probability measures. A natural way to
compare two probability measures is to compute their relative entropy. Let 71 (o) and
m2(0) be two probability measures defined on a common probability space, with the
state space S. The relative entropy, or Kullback-Leibler distance, of m; with respect

to me, is defined as
dﬁl
R(?T1|7T2)E 10g - dﬂ'l, (26)
S d7T2

where dmy /dms is the Radon-Nikodym derivative of 71 with respect to w2, On a count-
able state space S we obtain

R (my|m2) = Zm(a)log ngai .
occS T2\o

In information theory the relative entropy R (7 | m2) provides a measure of “infor-
mation loss” or “information distance” of m; compared to m5. In our context we
use the relative entropy in order to assess the information compression of different
coarse-graining schemes. Basic properties and applications in information theory can
be found in [B].
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Using Jensen’s inequality it is not difficult to show that

R(Fl |7T2) 2 0 and,
R (w1 |m2) =0 if and only if m (o) = me(0) for all 0 € S.

R (w1 | m2) = oo if 7 is not absolutely continuous with respect to .

The relative entropy is not a metric (it is not symmetric), but one can use the rel-
ative entropy to bound the total variation distance of the measures m; and mo as
demonstrated by Csiszdr-Kullback-Pinsker inequality ([B])

R (m|m) > 3 (Z Im () —mon) = 2l — Tl (27)

g€eS

or equivalently using the dual form of the total variation norm
/fdﬂ'l—/fdﬂ'Q S\/R(ﬂ'1|ﬂ'2), (28)

where || - ||co denotes the usual sup-norm.

In statistical mechanics, the entropy, which is the relative entropy with respect
to the prior distribution, and the relative entropy play a prominent role, in particular
in the variational principles. The relative entropy is, in general, difficult to compute
since it requires the sampling of the probability distribution 71 (o) and 72 (o) which
can be prohibitively expensive if the dimension of the state space is large. For Gibbs
measures it is, however, a little simpler in the sense that it depends only on the
partition functions and the expected values of the Hamiltonian. Consider, for example,
two Gibbs measures ug\?)ﬁ and ug\z,?ﬁ with Hamiltonians H](Vl) and H](\?) and partition

functions Z](\;) and ZJ(\?). Then we have

sup
[l flloo=1

7(2)
R(o1) = v (Fg) ] (0 )il 2o
N

Note that the Hamiltonians and the logarithm of partition functions are extensive
quantities: they are proportional to the size of the system N. The formula [Z3) shows
that the entropy of a Gibbs measure and the relative entropy of a Gibbs measure with
respect to another Gibbs measure are also extensive quantities. It is therefore natural
to compare two Gibbs measures on Sy by computing their specific relative entropy

1 1 | (2
N R (vl el

The specific relative entropy is a measure of the information loss per unit volume and
will be our main estimation tool in this paper. A simple example were this interpreta-
tion is evident arises if one considers N independent particles and the ensuing scaling
of the collective discrepancy if an individual error is committed on the observation of
each particle.

2.3. Coarse-grained models. The coarse-graining procedure consists of three
steps that we describe separately.
(a) Coarse graining of the configuration space. We partition the torus Ty into M = m?
cells: For k = (ky, ..., kq) € Z% with 0 < k; < m—1 we define C}, = [h m)><---><

m’ m
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[k—d @) and we have Ty = UgCy. We identify each cell Cy with a lattice point of

m’ m _
the coarse lattice Ay = (%Z)d N T4. Bach coarse cell contains @Q = ¢% points of the

microscopic lattice points with N = n? = (mq)? = MQ. We will refer to Q as the
level of coarse graining (QQ = 1 corresponds to no coarse graining).
We assign a new spin value n(k) for the cell Cj according to the rule

zeCly,

The spin n(k) takes values in {-Q,—Q +2,...,Q} and the configuration space for
the coarse grained system is Syr = {—Q, —Q+2,...,Q}*¥. We denote by F the map

F:Sy — Su, UH{Z o)}k,

zeCl

which assigns a configuration 7 = {n(k)}cz,, on the coarse lattice given a configu-
ration 0 = {0(z)}zeay- An equivalent coarse grained variable, which we shall also
use later, is

a(k) :==card{z € Cy : o(z) = +1}
which takes values in {0,1,...,Q}. Both coarse variables are equivalent and they are
: _ _ n+Q
related by the transformation 7 = 2a — Q or a = 5=,
(b) Coarse-graining of the prior distribution. The prior distribution Py on Sy induces
a new prior distribution on Sy given by Pyy = Py oF~1 ie.,

Py (1) = Py(o : F(o) =1).

Since 1(k) depends only on the spin o(x), with z € Cj, the measure Py is a product
measure

Par(dn) = [ pldn(k)),

keAn

p(1(K)) = (@) (%)Q

The conditional probability Py(do|n) plays a crucial role in the sequel. Since
n(k) depends only on the spin o(x) with z € Cj, the probability Py (do|n) factorizes
over the coarse cells. We have

Pr(doly) = 23 “]5((”")) =) _ I Arnie(do) . (2.10)

keAn

with

and py, (k) (do) depends only on {o(z)}.cc,. In particular we have

and py ) (0(z) = —1) = Q;ig(k) (2.11)

n(k) +Q

Pk (0(x) =1) = 20
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To simplify the notation and because our estimates are uniform in 7(k) we denote this
measure simply by pi. For a function f = f(o) we define the conditional expectation

Bl = [ St = s [ fo)Px(ao)

~ [ 1@ [T ntdo). (2.12)

(c) Coarse-graining of the Hamiltonian. We want to construct a Hamiltonian H (1)
at the coarse-level. A natural definition of such Hamiltonian, as we explain below,
is given by the renormalization group block averaging transformation (also known as
Kadanoff transformation).

DEFINITION 2.1. The exact coarse grained Hamiltonian Hys(n) is defined by the
formula

e PN — E[e=PHN|p] . (2.13)

Given the Hamiltonian Hyy we define the corresponding Gibbs measure by

1 i o
fing,p(dn) = Z—Me*"HMW)PM(dn). (2.14)

The factor (3 in front of Hys(n) is merely a convention, in general the Hamiltonian
Hy(n) does itself depend on 3 in a nonlinear, complicated way.

Clearly for a fixed value of N, this transformation is well defined. However,
from the point of view of statistical mechanics this is not sufficient. We want to
construct the coarse-grained Hamiltonian Hy;(n), for any M, as a sum of (summable)
many-body interactions. Our original Hamiltonian Hy (o) involves only one-body and
two-body interactions but the nonlinear transformation ([ZI3) will not preserve this
property. The Hamiltonian we will consider in the sequel will have the form

Ku(n) = Z J (X {mfeex) (2.15)
XCAm

where the J(X, {ni}rex) are translation-invariant many-body interactions involving
card(X)-many different sites. Such an interaction is said to be summable if

S X Amdrex)]| < oo

{X:0eX}

It is well-known [25] that the Kadanoff transformation suffers from some patholo-
gies. At very low temperature the Kadanoff transformation for the nearest-neighbor
Ising model with the zero magnetic field is not well-defined in the sense that the coarse-
grained Hamiltonian H); does not correspond to a summable interaction. These
pathologies are relatively mild [T] and can be eliminated by extending slightly the
concept of Gibbs measures. For a comprehensive presentation of this issue see the
review paper [25] or also [I] among others. Furthermore, these pathologies will not
play any role in our analysis: the cluster expansion techniques we are using exclude
the occurrence of these pathologies for the models and the values of the parameter
we consider.
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The exactness of the coarse graining in the Kadanoff transform is expressed by the
fact that the specific relative entropy of fiar,g(dn) with respect to the coarse-grained
Gibbs measure uy g o F~! vanishes. Indeed we have

Zy :/e’ﬁHN(‘”PN(dU) :/E[e"’HNln] Py (dn)
_ / e~ P By (dn) = Za (2.16)

and consequently from (ZT3),

and thus
1 = —1
NR(MMﬁ'MNﬂOF ) =0.

Even for moderately large values of N the exact computation of Hys(n) is, in
general, impractical. The coarse grained Hamiltonian involves not only two-body
interactions, but also many-body interactions of an arbitrary number of spins. Our
goal is to present a systematic way of calculating explicit approximations of the coarse-
grained Hamiltonian H;, to any given degree of accuracy. In the first step we define

an approximate Hamiltonian fll(\?[) (n) and we give an a priori bound on the blocking

)

error. The choice of H ](\2 we make, following [I5], is given in the following definition.

~ DEFINITION 2.2. The first approzimation flj(\g) of the coarse-grained Hamiltonian
Hyy is given by the formula

H{J(n) = E[Hy|n]. (2.17)

In order to compute HI(\SI) (n) we note that we have

Blooll = 150, wec,
Elo(z)o(y)|n] = 722(?227__1?, z € Cr,y€C.
Then
AW () = —5 505 Tk~ Dnkn(@) — 5 30 TO) 6P ()~ Q)+ 1Y n(k)
k 1£k k k
where
Jk—1) = é > -y, fork#l
z€C,yeC
j(O)zﬁ Z J(x—y), fork=I.

z,y€Cx,y#z
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By defining ﬁl(\g) (n) one replaces the potential J(x — y) by its average over a
coarse cell. Thus the error for the potential is proportional to

Ekl(iE—]J)ZJ(IE—y)—J(k,l), xeckayecla

which measures the variation of the potential J(x — y) over a cell. An estimate on
the error is provided by the following lemma
LEMMA 2.3. Assume that J satisfies Z2)-E3) and assume that V (r) is CL.
1. There ezists a constant C > 0 such that, if x € C), and y € Cy, we have

|J(x —y) = J(k, )| < sup [|[VV (2" =yl (2.18)
z'eCy,,
y'eC

q
2am
2. There exists a constant C > 0 such that, if F(0) =0, we have

L En(o) - BHQ )| < CLIVV . (2.19)
N L

The lemma will be proved in Subsection B2 Note that the estimates in LemmalZ3
are not necessarily optimal and can be improved under suitable assumptions on the
potential. The importance of Lemma B3 lies in the identification of the small param-
eter in Theorem Z4] below

€= CBLIVV]. (2.20)

where C' is some constant. Note that we included the inverse temperature 3 in the
parameter, taking into account that § multiplies the Hamiltonian in the Gibbs mea-
sure. The parameter e encapsulates the various factors involved in our coarse-graining
method.

(i) Coarse-graining cell size. The factor ¢/L in [Z20) indicates how the size of the
coarse cell governs the effectiveness of the coarse-graining procedure.

(i1) Slow wvariation of the potential. The factor |[VV] s in indicates that the
coarse-graining will be particularly effective even for large cell sizes if the potential
V' is slowly varying. This fact is exemplified by considering the extreme case of the
Curie-Weiss model where J(x —y) = J is independent of z — y. It is easy to see that
in this case the coarse-graining is actually ezact.

(iii) Temperature. At high temperature, i.e, for small 3 the coarse-graining procedure
will work well even for large values of ¢/L, i.e., for very large coarse cells or for
potentials with very short range. This reflects the fact that at high temperature
Gibbs measures are actually very close to product measures and that, trivially, product
measures can be coarse-grained exactly. On the other hand our methods clearly do
not, apply to very-low temperatures.

Let us denote by ﬁg\? 5(dn) the Gibbs measure

_ 1 5750 =
/Lg\(})ﬁ (dn) = —(0) e P (n)PM (dn).
ZM

From Lemma we obtain immediately the bound

1 _ _
SRS sluvs o B = O(e). (2.21)
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Furthermore, LemmaB 2 allows us to perform a cluster expansion and compute higher-
order corrections. The basic idea is to rewrite the exact coarse-graining as

e BHM(M) — o=BH (R [e=AHN (@) =H P ()|

)

or

- 1 _ o) = A (n
Hu(n) = Hy) () — 5 logEle PUHN (@) =Hyr )] (2.22)

Note that the exponential in the second term is not necessarily small, it is in fact
of order Ne. Cluster expansions are tools which allows to expand such quantities in
convergent power series using the independence properties of product measures. The
crucial fact here is that conditional measure Py (do|n) factorizes over the coarse cells.
The main result of our paper, proved in Section Hl is

THEOREM 2.4. Let us assume that J satisfies Z2)—@3) and that V(r) is C .
Then there exists a constant dg > 0 such that if

5= Qe < o,

the Hamiltonian Hyr(n) can be expanded into a convergent series
o0
) =S 1 (n)
p=0

where each term flj(\g) (n) is a sum of finite-range translation invariant many-body
potentials. The first few terms are explicitly calculated in Scheme[f1] and Scheme[f4
in Section[f] We have the following error bounds uniformly in n and N

2 ()~ A0+ + B 0) = O+,

If we define the Gibbs measures

_ 1 (0)
“S\Z/)I),ﬁ(dn) - Z(p)e PR 4ot ) Py ()
M

then the following bounds for the relative entropy per unit volume hold

NR(N slingoF7Y) = O(?),

SR i o B = O,

where p =2, ... and € is given by (Z2Z0).
We note that in information theory the relative entropy provides a measure of

“information distance” of two probability measures. In our context we use the relative
entropy estimate of Theorem EZ4lin order to assess the information compression of dif-
ferent coarse-graining schemes. According to how many correction terms are included
in the expansion corresponding to different truncation levels p, such as Scheme El
and Scheme in Section Bl we quantify the amount of the information loss when
the measures are compared at the same level of coarse graining.

REMARK 2.1.
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1. The cluster expansion provides an explicit algorithm to compute the higher-
order approximations fll(\g). For example, the next order correction is given
by H ](\/11) +H ](\42[) as in Scheme EE21in Section @l The analytical computations re-
quired for determining higher-order corrections become quickly very involved,
nonetheless they can be carried out with symbolic computational tools.

2. The primary practical purpose of the higher-order estimates in Theorem B4
is in allowing us to extend the regime of validity of the expansion and obtain
very accurate coarse-graining of the Gibbs measure even if the parameter e
given by (ZZ0) is not necessarily much smaller than one. We refer to the
examples in Section Bl where even for ¢ > L, and 8 > 1, i.e., e = O(1), we get
an accurate prediction of critical behavior when we include the higher-order
correction terms.

3. The reader might wonder about the appearance of a new small parameter
0 = Qe in the statement of Theorem EZ4l The reason lies in the details of the
cluster expansion. Since the conditional measure Py(do|n) factorizes over
the coarse cells, it is required for the cluster expansion to converge that the
error in every coarse cell is small. The error for each site of the microscopic
lattice is of order € and thus the error for a coarse cell is of order § = Qe.

4. Note further that the bound (Z23)) improves on the bound ZII) and that

shows the first approximation H ](\2) is actually already a second-order method.

This is due to cancellations which follow directly from the definition of ﬁj(\g),
see Definition and ([@2) below.

In the previous theorem the errors are calculated with respect to the relative
entropy of the corresponding equilibrium measures. Apart from this a priori estimate,
we would also like to have a formulation of the error that can be explicitly computed,
from the data of the simulation. In our case, such an a posteriori error cannot be
numerically computed directly from the relative entropy formula, since it involves the
calculation of the probability density functions of the microscopic and the coarse-
grained measure. However, the error estimate of Theorem EZ4 provides us with an
explicit way of calculating the error made, for instance, by the 2nd-order coarse-
graining. In Section Bl we prove the a posteriori error estimate for R(ﬁg\?{)ﬁmNﬁ oF 1)
given in the theorem

THEOREM 2.5 (A posteriori error). We have

—(0 _
R( slinp 0 F ™) = Eyo [R)] +log (B [70]) +O(c),
where the residuum operator R(.) is given by

R(p) = H () + HY ().

Note that the quantity Eﬁ(o) [R(n)] can be calculated on-the-fly using the coarse sim-
M,3

ulation. Calculations involving the a posteriori error estimation and related adaptive
methods will be discussed in a forthcoming publication. Earlier work that uses only
an upper bound and not the sharp estimate of Theorem ZH can be found in [3, H].

3. Cluster expansion and effective interactions. In this section we expand
the term E[e‘ﬁ(HN(”)_HJ(»(;)
expansion.

M)|n] in @ZZ) into a convergent series using a cluster
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3.1. Introduction to the polymer model. It is convenient to choose an or-
dering on the d-dimensional lattice Ap;. For example, the lexicographic ordering
defines for d = 2 the relation (ki,k2) < (I1,12) if and only if k; < I3 or k; = I; and
ko <l and then extended recursively for arbitrary dimension d. For later use, we also
denote by B, (k) the ball centered at k of radius r for a given metric on the lattice.
Furthermore, by I € B, (k) we mean that [ € B,.(k) N {l > k}. To set-up the cluster

expansion we write the difference Hy (o) — ﬁl(\g) (n) as

Hy(o)— Hy(n) =" AwJ(0), where (3.1)
<l
A J (o) = —% S (=) = T D)o @)o(y)(2 - ).

Note that we have excluded the external field contribution to the Hamiltonian, the
role of which will be presented as a remark at the end of this section. In order to

expand the exponential e=BUHN () =HP (1) into a series we set
fulo) = e PAmIl) 1 (3.2)

and obtain, using the factorization properties of Py (do|n)

E[e—B(HN(U)—H 77)|77 /H (1 +fkl pr(do). (3.3)

k<l

We give a short description of the polymer model that we will use in order to
organize the cluster expansion. The product [[,/(1 + fu(o)) can be expressed

as ZGGQM H{k,l}ec fri, where Gpr is a collection of all simple graphs on M =

m¢ vertices, i.e., graphs where each edge appears only once, with additional loops

(k,k) on the same vertex. A one-dimensional example of an element G is G =
{{1,2},{2,2},{2,5}, {3,6}} which corresponds to the term fi2 fa2 fa5 f36 in the above
sum. We observe further that each G can be divided into connected non-intersecting
components called polymers, where by non-intersecting we mean that they do not
share the same coarse cells. We define the support supp () of a polymer v the set
of the coarse cells participating in it. In the previous example, G = (v1,72) where
7 = {{1,2},{2,2},{2,5}} and v2 = {{3,6}}. We also say v, is incompatible with 7,
and we write 1 7 2 if supp (1) Nsupp (2) = 0. Then B3 is equal to

[S5 XTI sl =

n>0 'm ,,,,, m)z 1{k,l}e;

Vi % i#E T
Yo X I I s T ). G
n>0 (Y15ees ’Yn) i=1 {k,l}Ev; {k}esupp (vi)
Vi ¥V AT
since the polymers 71, . ..,7, do not share the same coarse cells. Note that the factor
% takes into account the fact that by relabeling the connected polymers vi,...,v,

we get the same G.
An equivalent formulation is to consider as our building blocks the more funda-
mental (than the polymers) clusters R C A (i.e. the set of vertices appearing in each
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polymer). For example, the corresponding cluster to 71 is Ry = {1,2,5}. Note that
to each cluster there are several polymers that correspond to it. To prevent confusion
we warn the reader that what we call clusters R, it is called polymers in [2]. We use
the name cluster to distinguish it from the previous description of vertices with edges,
that we have called polymers. Using clusters the expansion becomes

S Y TR, where

n>0 " (Ry,....Rp)eR™ i=1
R;NR;=0,i#j

cmy =[S T fule) T] intao) (3.5)

9€GRr {k,l}eg {k}eR

is called the activity of the cluster R. By R we denote the space of clusters R C Ay
with |R| = card (R) > 1 and Gpg is the set of generalized connected graphs on the
set R. A generalized connected graph on R is a collection of distinct subsets of R, in
which case the vertices of the generalized graph are the indices of the enumeration of
the subsets, and any two subsets of the vertices of the graph are linked to each other.
The edges of this graph are defined whenever the distinct subsets share a common
element. For more details we refer to [22]. Thus we are in the context of [2, Theorem
2] and we can formulate our first lemma.

LEMMA 3.1 (Expansion of the Hamiltonian). If for every integerr > 2,  satisfies
the condition

sup Y |G <8 (3.6)
k€AM ReR.RO{k}
|R|=r

for some & such that supyeg,, ZRG’?R,‘R:DI{IC} I((R)| <6 and § < §, then

n>1 (Ry,..-, Rp)ER =1
R;CApg
where
1 n=1
Ry,...,R,) = ’
P(Fn ) { deGn H{i,j}eg(l(Ri’Rj)_l) ,n>1
and Gy, is the set of the generalized, connected graphs on {1,...,n} and

0, {RiNR;#0};

LB By) = {1, {RiNR; =0}.

PROOF: The proof is the same as in [2, Theorem 2] given ([Z22)) and the discussion
preceding Lemma Bl For later use we repeat the main steps of the proof. For the

series (B) we have

n>1 (Ry,---, Rp)eR™ =1
R;CApf
1 n
= > KB+~ D> B R [[CR)| =5 (39)
RER,RCA n>2 (Ry,-) Rp)eR™ i=1
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where for the first term (n = 1) we have

Yo KBRIsMY swp DT KR <M@+Y 5. (3.9)

RER,RCAnm r>1KEAM Rem RS (k) =2
|R|=r

For the second term (n > 2) using the estimate from [ p. 526, (3.6)] we obtain

n

1
Za Z ¢(R1,--.,RH)H<(RZ-)§
n>2 (R1,....Rp)ER™ i=1
R;CApp
1 n
<D > > R LR [Je@)| <
n>2 RER (Ry Rp)ER™ i—1
RCA 3R;=
n n
<SS Kl > [eR R [0 <
n>2 Rﬁéej\”}u (R2 ----- Rn)GRn71 71=2
n 1 5 4§ n—1
=20 5257 —2)[R|e!Rl. (3.
<YL S iy (25155) - 2R @10)
n>2 RER
- RCA )

Thus,

. 1 1 5 6 \"' .
S<M@+> 6 1)+M§Z — (2%1_5) (be+> r(6e)™h), (3.11)
r>2 n>2 r>2

which concludes the proof. [J

3.2. The small parameter of the cluster expansion. In order to identify a
small parameter we set

Epn(r—y):=Jx—y) - J(k,1).
The expansion [B2) suggests that the error depends on both 3 and

sup sup  |Er(z —vy)|.
k, EAN z€Cy,yeC

This quantity can be evaluated more explicitly for the special choice of interaction
potential defined in (Z3]).

LEMMA 3.2. Assume that J satisfies (Z3)-(2Z2) then the coarse-grained interac-
tion potential J at the coarse-graining level q approzimates the potential J with the
error

7 q
Iz —y) = J(k D) < 20557 sup [VV(2' =) (3.12)
m'ECk,
y'eC

for bothl # k andl = k. PROOF: Using the properties of the potential V', we expand
V into the Taylor series,

V(z)=V()+(z=2)VV(E)+0(z = 2| .
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Using the definition of J, ([Z3)) and setting z = x —y and 2z’ = 2’ —y’, where z, 2’ € Cj,
and y,y’ € C;, we have

J(z =) :2dz Z (@’ ~y)

z'€C y' €C

2d Z Z LdL —y) - (33/ - y’)).VV(%(x’ - y/))
z'eCry’ €C

=Y X o(Ife-n-a-IF).
z'eCry’ €C

and using the estimate ||(z—y)— (2’ —¢')|| < |lz—2' ||+ |ly—¥'|| < 2 max{diam (C})} ~
2 we obtain [BIZ) in both cases | # k and | = k. O

Our goal is to construct higher-order corrections to the Hamiltonian H 1(\2) based on
the expansion ([B1). First we check the condition ([BH) and identify the parameter 4.
From the point of view of the cluster expansion theory we are in the high temperature,
small activity regime because of the a priori estimate given by Lemma on the
coarse-grained approximation. Hence we expect the small parameter ¢ to depend on
the characteristics of the coarse-graining, in particular on the parameters g and L.

LEMMA 3.3 (Identification of the small parameter §). For ¢ defined in (33),
condition [Zd) holds with

d ~ (3 sup ZI Z Epn(x —y)|

KEAM 1.1k 2€Cy, yeC)

In the particular case of Lemma [Z2Q we obtain 6 ~ ﬁqd%HVVHOO, where q 1is the
level of coarse-graining and L is the range of the interaction of the particles on the
microscopic lattice.  PROOF: To check the condition &) we follow the analysis
proposed in [22]. We start with the » = 1 case

sip S KB = sup / 0BT 1|5, (do)

kG[\M RER,RD{k} kEA N
+1
~o((4)" sV

IR|=1
where we have used the fact that [e* — 1| < |alel®! and that e®12#+7(O)] ~ O(1). For
the general case r > 2 we have

sup /Z H fui (o H pr(do)| =

keAn REﬁﬂRfJ{k} g€EGR {l1,la}eg {k}eR

" en (T—ll)k =k,k /Z H BAkkJ Hpk dg ’ 313)

""" kr 9€Gr {ij}eg

where we have assumed R = {k1, ..., k. }. We divide by (r—1)! because we can relabel
k2, ..., k.. Note that by G, we denote the set of all connected graphs in {1,2...,r}
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which may have self-loops {j,j} for any combination of j = 1,2...,r (from now on
we simply call them loops instead of self-loops). In the sequel we need the following
estimate due to Lemma B2 we have that for a fixed k € Aps

L d o 1 q qd+l
> 1aus@~ (1) 530 (£) ~ 0 (LIvVi)

1 14k

which implies that

sup Y |AuJ (o) < C, (3.14)
kE€AM . 14k

for every o and with C' ~ supgex,, >y 14 | 20 Eyi(z — y)| or in the special

zeCly,yeC
case of J given in terms of V C ~ qd%HVVHOO.

Now we denote by G¥ the set of graphs ¢° without loops and we describe by
g ~ g° the corresponding graph g with loops such that g = ¢° if we remove all loops
{4,j} from g. We have

ST (e — 1) =

9€Gr{ijt€g

= > I e/ @-nlied [ @2 -], 315

g°€G? {i,j}eg” g~g° {4,5}€9/9°

We observe that for any ¢° € G2 with supp (¢°) = r the terms in the parenthesis
are bounded by 27, since for every g ~ ¢g° we have that i jyeqsq0 BlAKK (o) <1
(after the choice we will make at the end of the proof) and the summation > _ o has
> %1 (+) = 2"—1 many terms. Then, for the sum Egoecg I yeq Cat Jo) _ 1)
we can use the tree-graph equality (e.g., [22][p.5, Theorem 2]) to estimate the sum over

connected graphs with respect to the sum over the corresponding maximal spanning
trees. From [22] Theorem 2] we have that

ST (et —1y =

gY€G?Y {i,j}eg°

1 1
= Z H (—ﬂAkiij(U))/odtl.../odtrfl Z

TOGTTO {i,j}ETO ,,,,, Xpr—1
comp. with ~0

tlil_l . .tfff*le_w(xl"“’x’"*l’tl""’t’"fl) , (3.16)
where ¢° is a connected graph in {1,2...,7} without loops and 7° is the corresponding
tree graph. The summation is over all sequences X7, ..., X,_; of increasing subsets of
{1,2...,7} such that X; =1, X,, C X,,11 and |X,,| = n that are compatible with 7°.
A sequence X1, ..., X,_; is compatible with a given tree 70 if, for alln = 1,...,7 —1,
X,, contains exactly n — 1 links of 7°. We also say that a link {4,j} crosses X, if
i € X,, and j ¢ X,, or vice versa; then b,, is the number of links of 70 which cross X,
and

WXy, Xenty,ote) = > t({ig)) . e ({0, 51 BARR, T(0)

1<i<j<r
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where

.oy tn€0,1] ,if{i,j} crosses X,
tn({i,}) = { 1 ,otherwise

Then from [BI4) we obtain that

W(Xy,..., Xe—1,t1,. . tp1) < Z |BAR (o)
1<k<l<r

T

<rBsup > |AwJ(o)| ~rBC,
kE€AM =11k

where C' ~ O(#HVVHOO). Thus, uniformly in Xy,..., X,._1,¢1,...,t-—1 we have
that

7W(X1 ..... Xr—1,t1,..., trfl) < erﬁC'

Furthermore, from [22, Lemma 4] we have that

1 1
/dtl---/ dt,y Y T T =1
0 0 Xy

comp. with +0

This leads to the following tree-graph inequality for the case of graphs with loops

Z H (e_BAkikj J(o) 1) < or Z H (e_ﬁAkikj J(o) 1)

9€Gr {i,j}€g g°eG? {i,j}eg°

<23 N ] 1Ak, (o)

T0eT0 {i,j}er0

From (BI4) we have that for any tree 79

sup Z H Ay, J(0)] < C77E

keAn ki=k,kg,....kr {j i 0
=k kg, i,j}ET
P {i,5}

2

Using the Cayley formula ) _o.,0 1 = 7""%, we conclude that

erBC
sup [C(R)] < 2" ———7""2(BC)" 1.
keAnm RG’R;D{IC} (T B 1)|

|R|=r

Thus, we require

23Ce Pt < 5§,

so it suffices to consider ¢ ~ qd%HVVHOO. O
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3.3. Effective Hamiltonians and specific entropy estimates. In this sec-
tion we use the results of Lemma Bl and and expand the Hamiltonian Hps(n)

around ﬁj(\g) in powers of ¢ by truncating the series (B) at the levels of the number
of interacting clusters and of the length of the clusters. We obtain the series

Hy(n) = HY + HY + -+ O + MO(),

and define the corresponding Gibbs measures by

1 550 7 (p) _
i) = gz e” PRI Py (), (3.17)
Zy
where p=1,2,--- and Zj(\g) is the corresponding partition function. In the following

proposition we derive explicit formulas up to the order O(§2) and state the corre-
sponding error estimates for the relative entropy. Higher order corrections can be
computed in a straightforward although tedious way. For the sake of simplicity we
restrict ourselves to the case d = 1, however similar computations and results are
derived in any dimension.

PROPOSITION 3.4 (Corrections to HI(\SI)). For H](\S) we have the error estimate

Hy(n) = HO () + MO(S) . (3.18)

Furthermore, the first and second order corrections to the Hamiltonian H](\S) are given
by

Hy(n) =HY () + B (n) + MO(5?)

Har(n) = HY (n) + HY (n) + HY () + MO(5) (3.19)

where

AP == Y [ ful)pntdo) -

keAn

- Z Z /(fkl + frifrr + frafu + frofrrfu) pr(do) pi(do) (3.20)

kieB? (k)
q
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and
_ 1 2
1w =3 ¥ ([ funtn) +
1IN,
1 - - -
435 X [ ultds) [ u@pldn)itio) +
k 1eBt (k)
1
32 0> X
k leBy (k) 12€B7 (k)
q q
/(fkh + Sk frin + fry S + Fer S fra)pr(do) pr, (do) %
X /(fkl2 + Sk friz + Frio fiats + Sk Sz fro1,) pr(do) iy (do) +
> 2 >
k 1,eBY (k) 12€BL (11)UBT (k)
q q q
/(fkllfllb + frty frte + frto a1, + [+ 1) P (do) pu, (do) pu, (do)
=hLh+L+I3+1,, (3.21)
where [...] means the previous three terms with all possible combinations of loops. The

corresponding relative entropy error is

_ B 1
R(EE slun g o F) ~ O (55”1) -

PROOF: The error in [FIX) is given by @II). To get an error MO(§?) we need to
include the terms n =1, r = 1,2, i.e.,

Similarly, for the MO(5%) error we need to include ([E20) together with the terms
n=2,r=12andn=1,r=3

A2 ) = _% Z &(R1, R2)C(R1)((R2) — Z C(R),

Ri,Ra R:|R|=3
|R;|=1,2,i=1,2

where ¢(Ri, Rz) = 0 if Ry N Ry = () and —1 if Ry N Ry # (), which occurs when
Ry = Ry = {k} for k € Ay, in the case of |R;| =1,i=1,2. If |R;| =2,i=1,2 we
have that Ry = {k,l1} and Ry = {k,l2}. For the relative entropy error for flj(\g) with



Coarse-graining schemes and a posteriori estimates 21

p=20,1,..., we have

_(») 1y L z _(»)
R(/’LM,ﬁ“’LNvB oF ) - N /log 1 = ,QHN(U)PN(dO_)MMyﬁ(dn)
1 —pAY

1/ 7@ € )
= — [ log B i) (dn)
N ] e )

1 2w 1 g
= N ].Og ZTAZ) + NE‘EE\Z?B [ﬁ(HM — HM )] y (322)

where for the partition functions we have

1 (» g g®
T = e ﬁHMp(n) Zj(\g)z e BH ' o—B(H—Hy )P(W) _
n A
= Y = = 4 ¢2))
= 2} By [P0, (3.23)

Thus, for the different choices of p in flj(\g), given the fact that the estimates BI)
and (BI9) are uniform in 7 we get that

7z
log = ~1ogE () [eMO(JPH)} ~ MO+,
Zl(\/p}) “M,B

7o ey p+1
Eﬂﬁf/}?ﬂ[HM Hy/l ~MO(@P),

where p =0,1,2. OJ

4. Numerical schemes for coarse-graining and a posteriori estimates.
We conclude the proof of Theorem 4] by giving explicit formulas for the correction
terms [B20) and B2 and estimating them with respect to the small parameter e.
The corrections consist of combinations of fi; = e BArJI(9) _ 1 for all k and [. Since
the exponent —3A;J(o) in B2) is small we have that

Ld+1

e PRud(@) 1 = %" H(—QAMJ(J))” with A J (o) ~ O —L_|VV]|s). (4.1)

p=1

The key point of our calculations relies on the cancellation
[ Aud@ptdn)tdo) o, (42)

following from the definition of fll(\?[) in ZT0).

In order to keep expressions simple we express our results in terms of the variables
a(k), the number of spins o(z) = 1 in the coarse cell Ct), and w(k) = ¢ — a(k). Next



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

we define the following quantities

Bi(@) = Efo(a)]o] = =1 (4.3
— Elo(\o a_oz(a—l)—2ozw+w(w—1)
Es(a) :=E[o(z)o(y)|o] =D (4.4)
Es(@) := Elo(z)o(y)o(z)]e] =
_ala—1)(a—=2) =3a(a - Nw+3a(w - 1w — (v —2)(w - 1w
- a1l -2) )
Ey(e) := Elo(z)o(y)o(z)]e] =

_ ala—1)(a—2)(a-3)—da(a—1)(a—2)w n
9(¢ —1)(q—2)(¢—3)
n ba(a —1)(w—1w —4da(w —2)(w - 1w+ ww —1)(w — 2)(w — 3)

q(q¢—1)(g—2)(¢—3)

which are all of order O(1). Furthermore, we introduce the notation

J= Y (U@ —y) = J(k,D)? (4.7)

z€Cy,
yec;

Ja= Y U@—y) = J(kD)(I(x —y') = J(k,1)) (4.8)

z€Cy,
y,y'€Cy

Thkaks = >, (J@—y) = (k1 k2))(J(y — 2) — T (k2 ks)) (4.9)

zECkl
yEC;62 ,zeCk,g

If k1 = ko then we also impose that for x,y € Ck, we have y # x.
Note that these quantities have various symmetries, for example, jf = j@ or
j,il = j,i_l = jll_k for some function j' and similarly j,%l depends also only on |k — I,
) _ 2
IMOTEOVET Ji 1o = Tt ey ks ko
Based on (I8) we get first estimates in terms of ¢ and L

. q 2d+2 . d q 2 d q 2d+2 . d q 2d+2
J;iw(z) . dm~d (Ld+1) ~q (Z) s Jkaks ™~ 4 (Z) .

Proof of Theorem 24k Starting from the formulas for ﬁ](\}) and flj(\;) in Proposi-
tion Bl we expand the factors fi; and re-estimate the corrections using the cancella-
tions in @Z). Recalling that e ~ £3[|VV||w, we have

0 3 [ wlrpntdo) M (¢ Ll BITV )~ b (1)
keAn

iy > /(sz+szfkk+szfzz)ﬁk(d0)ﬁz(d0)~
k leByg (k)
L\ ¢ 2 d
(1) (@ gV e (1)

while the term involving fx; fxx fu is of a higher order.
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Therefore it suffices to include only the first two contributions which we also
compute explicitly. With a slight abuse of notation we still denote the new terms by

flj(vl[). Collecting all the terms gives us

A =5Y [ §00I@)25d0) + 5 [ 5(8uT0) ildo)n(do) +
k

k<l

—i—ﬁZ/%AkkJ(U)AMJ(U)ﬁk(do)ﬁl(da)+
k<l

+8% / AMJ(J)%Auj(a)ﬁk(da)ﬁl(da). (4.10)

k<l

Explicit calculations of these integrals are detailed in Appendix A, yielding
= B . .
) = 237 458 [~ Ea(a(h) + Ea(a(h)] + 24k [Ea(a(k)) + 1 - 2B2(a(k))] +
k

+ g > i [Ba(a(k) Ex(a(l)) = Ez(a(l)) — Ex(a(k)) + 1)] +
k<l

+ 33 [<2Es(a(k))Ea(a(l) + Ex(alk)) + Ea(a(l))] +

+ 057 2380 [ Bs(alk) Br (0(0)) + B (a(k) Bx (a(0))] +
k<l

+ 05 258 [ Es(al) B (0(k)) + By (o) Bx (a(h)]
k<l

Since j?,, = j?, this expression further simplifies to
—AD = D42 [ E(a(k) + Ba(a(k))] + 25k [Ba(a(k) + 1 — 2Bs(alk
= 25 42 - Ba(alh) + Ba(a(h))] + 2L [Ba(a(k) + 1 - 2B3(a(k)] +

k
+ 5 S L Ba(am)Ba(a(b) - Bafal) ~ Ex(ak) +1] +
k<l

+ 42 [2F2(a(k))Ex(a(l) + E2(a(k)) + Ea(a(l)] +

+ 05 Gl Bs(alh) B (0(1) + 254 (alk) B (o)) -
k,I#k

— Es(a(l))Ex(a(k))] -

By the estimates on the terms j7, and the fact that the terms F;(«) are of order one,
and by counting the summations we obtain

d
(1) q 2 L q 2
A i (heonovia) o () o (phanevia) ~

d
e g)” 2 aL (g)” 2 (g)d 2
Mgq (L €+ Mq . T € N ) €

hence we have gained an extra ¢% as compared with the previous estimate. In the
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same spirit we estimate the terms of the correction HI(\/2[)' From ([BZ2Il) we have

d
q L q
hi~M ( 2de+16”vV”°°> ’ Ly~ M (E) (qzde“ﬁHVVHOO) ’

e (B) (o) e (B) (@ Lesiovi)’
3 q q Ld+1 (o) I 4 q q Ld+1 oo

Obviously, for ﬁl(\f[) it suffices to consider only the term Iy. Abusing slightly the

notation we call this term ﬁ](\j) and we calculate it explicitly

E[](w ﬁz Z Z /Alﬁkz Akzks ( )ﬁkl (do)ﬁkz(da)ﬁks(do)+

k1 ka>k1 k3>ko

+ / Akskl J(U)Akl k2 J(U)ﬁks (da)ﬁkl (do)ﬁkz (dU)
Similarly, as for the previous term, we evaluate the integrals in terms of Ej, and obtain

Y =63 % 3

k1 ko>kyi ka>ko

i kaks (—E1(a(k1)) Ba(a(ke)) By (alks)) + Er(a(k)) Er(
ks (—E1 (k) Ba(au(ks)) By (k1)) + B (k) Ex
sk ks (—E1 (k) Ea(a(k1)) 1 (e(kz)) + Er(a(ks)) By (a(ks))) -

Using the estimates above we obtain the order of the correction

o Q
—_~
A
- w
~—_
=
=

=(2) L\* 3a( 4 2 d.2

Thus, from the above we deduce two results: the first one that due to the fact
that the leading order terms that participate in the O(§) error vanish, the choice of
the initial Hamiltonian flj(\g)

words

yields a second-order accurate approximation, in other

B (g~ H) ~ 0().

The second one is that to obtain a O(e?) error, the corresponding correction term
have to include both ﬁj(vl[) and ﬁ](\f[). In such a case we obtain

% (e — () + B + BD)) ~ O().
In the same spirit we can derive error estimates for the additional terms in the ex-
pansion. [
In Section B we discuss the computational complexity of higher-order terms. Here
we present only two schemes that are relevant for practical implementations.
SCHEME 4.1 (2nd-order coarse-graining). The 2nd-order coarse-graining algo-
rithm has the following characteristics
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1. Hamiltonian: H](\S), gwen by (ZI7).

2. Gibbs measure: ﬂs\?ﬁ, given by (517) forp=1.
3. Relative entropy error

R(S) sluun,g o F71) ~ O(e?).

Scheme BTl is the coarse-graining algorithm that has been extensively studied in
3, (5, 4, [[7]. The novelty presented in this paper is the sharper error estimate
that shows that the error is of the order O(€?); this estimate readily follows from the
cancellation due to [2) as is seen from the calculations above.

SCHEME 4.2 (3rd-order coarse-graining). We construct a higher-order Monte
Carlo algorithm with the following characteristics

1. Hamiltonian: H](\?,) + H](V%,) + H](\f,) ,where the corrections are

~ A 0) = 23 45 [ Ealalk) + Ba(a(k))+ (411)
k
2L [Ex(a(k) + 1~ 2B(a(h)] +

+ g > ik [Ea(a(k)Ex(all)) = Ba(all)) — Ba(a(k)) + 1] +
k<l

+j2 [-2Ea(a(k))Ea(a(l)) + Ex(ak)) 4+ Eo(a(l))] +

+ 03 - Balab) B () + 254 (a(k) B (o)) -
k,#£k

— Es(a(l))Er(a(k))] -

and

A=y Y Y

k1 ko>ki kz3>ko

Tivkaks (—E1(a(k1)) Ba(a(ka)) Er(a(ks)) + Ei(a(k)Er(a(ks)  (4.12)
kst (—E1(e(k2)) Ea (au(ks)) By (k1)) + Ex (k) Ex (
sk ks (—E1(a(ks)) Bz (k1)) By (eu(k2)) + B (k) Ex (

° 8
—
> T
N
-
=
=z

The terms E; are defined in [3F-0) and the quantities i, jiy, i kok, OT€
defined in [{-HEY)-

2. Gibbs measure ﬁg\?ﬁ(dn) = ﬁe’(Hg\g)ﬂng\}l)ﬂLgﬁ))pM(d?ﬂ.
M

3. Relative entropy error

R(i\) slun,s 0o FL) ~ O(e®) .

REMARK 4.1. The estimates in Scheme BTl and Scheme refer to the equilib-
rium Gibbs states of lattice systems. Non-equilibrium models such as the Arrhenius
dynamics can be coarse-grained as shown in [I3, [T5]. In this case it is also possible to
carry out a detailed error analysis between the exact microscopic and the approximat-
ing coarse-grained dynamics. In [T4] an order O(e) estimate was proved for the specific
relative entropy between microscopic and coarse-grained dynamics, while in [I7] an
improved O(€?) estimate was shown in the weak topology. Both results are analogous
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to Scheme Bl as the invariant Gibbs measure corresponding to the coarse-grained
Arrhenius dynamics studied there is @I1).

We now turn our attention to the a posteriori error estimate in Theorem XAl The
terms derived in Scheme L2 and the error estimate of Theorem B4 provide an explicit
way of calculating the error made by the 2nd-order coarse-graining.

Proof of Theorem As we have seen in Proposition B4 we can write the relative
entropy error as the expectation with respect to the coarse-grained measure of some
quantities, namely of the difference Hys — Hz(\ﬁ) for any choice of K. On the other
hand, in the Scheme we have calculated explicitly the terms that contribute to
the error of EI](\?[). We now conclude the proof by recalling the proof of Theorem 4]
and relations (B22) and B23)). O

Using a Metropolis Monte Carlo sampler (see Appendix B), we can numerically
compute the expectations in [B22) and B23) and thus we can calculate the a pos-

teriori error of R(/ZS&) ﬁ| pung o F71). Note also that as a consequence the quantity
Eﬂ(o) [R(n)] can be calculated on-the-fly using the coarse simulation only, at least up
M3

to the error O(€3) according to Scheme

4.1. Coarse-graining of external fields. To include the external field in our
analysis, we define an effective external field h by

7 1 _

—Bh(n(k)) — 7/ B rec, Mz)o(z) ~

e = e k pr(do) . (4.13)
(k) J{Fol)=ntk)}

for every k. Then the effective full Hamiltonian (for both the interaction and the
external field contribution) will be given by

1

o—BHM(m) _ / BN =B .cp h()o(@) Py (o)
{F(o)=n}

p(n)

and by perturbing around the coarse-grained Hamiltonian H ](\2) +3°, h(n(k)) we obtain

Ha(n) = Hu(0) + ) h(n(k))
k

Ll L / ¢~PAH =B(S L B1(k) =2 ex h(@)o @) Py (o)
B 7 p(n) Jip(o)=n

where AH = Hy — H ](\2). Since the part that involves the external field can be written
in a product form, we obtain

Hyi(n) = HY + 3" hn(k)) -
k

1 3 _
= -BAH Bh(n(k)) =2 sec,, P(@)o(x)) »
610g/e Ikl (e k pk(do)> .

The new prior measure is normalized due to the definition [EI3) of the effective
external field and therefore we can proceed with the cluster expansions as described
before. Eventually, the only issue will be the analytic evaluation of the expected
values Ep[o(z)|n] with respect to the new prior measure due to the dependence on
the external field. Furthermore, it is easy to see that in the case of a constant or
slowly varying (at the same scale as the coarse cells) external field there is no extra
contribution to the correction terms of the Hamiltonian.
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5. Computational algorithms and numerical experiments. The 2nd-order
approximation for the coarse-grained algorithm as described in Scheme Bl has been
extensively studied in previous works, see, e.g., [I3, I8, [[7], where it has been demon-
strated that it performs well in certain regimes (e.g., long-range interactions). In this
section we present numerical experiments based on Scheme and its comparison
with the 2nd-order coarse-graining Scheme BTl for cases where the latter does not give
satisfactory results.

Before we present numerical examples we briefly discuss the computational com-
plexity of the approximations. As a simple measure of complexity we use the number
of operations required for evaluating the Hamiltonian. Although the actual Monte
Carlo step does not require evaluation of the full Hamiltonian the relative complex-
ity with respect to the operation count of the full microscopic simulation ¢ = 1 is
properly reflected by this measure. Given a potential with the interaction radius L
on a d-dimensional lattice with IV sites, the number of operations for evaluation of
the microscopic Hamiltonian Hy is O(NL?). The count for the 2nd-order approxi-

mation H](S) on the coarse lattice with M sites and coarse-graining ratio ¢ becomes

O(ML%/q%). The 3rd-order approximation H](\}) involves an additional summation
over the interaction range and hence the operation count is O(M L??/¢??). In these
estimates the ratio L/q is understood to be equal to one whenever ¢ > L. In such
a case the coarse interactions are reduced to the nearest-neighbor case. Thus the
compression of the interaction kernel J in the corresponding approximations yields
the speed-up of order O(q2?) for H\Y and O(¢3?/L9) for H)). We see that the
3rd-order approximation gives an improved error estimate at the same computational
cost whenever ¢ = L, in other words, whenever we can compress interactions to the
nearest-neighbor potential.

We demonstrate the approximation properties in simulations of one-dimensional
Ising-type spin systems. The one-dimensional system provides a suitable test bed
since the exact (analytical) solutions are known for both the classical Ising system
(i.e., nearest-neighbor) and the mean-field model (Curie-Weiss model). We use the
exact solutions to ensure that the simulations are not influenced by finite-size effects.
In all figures the exact solutions visually coincide with the fully resolved simulations,
i.e., ¢ = 1. We computed error bars for statistical post-processing, however, they are
not displayed in the figures due to their small relative size as compared to the scales
of figures.

In the case of nearest-neighbor interactions the one-dimensional system does not
exhibit phase transition. In fact, the exact solution is given by a well-known formula
(see, e.g., [I8]), which we adopt to our choice of Hamiltonian with the constant nearest-
neighbor (L = 1) interaction potential of strength Jy. The equilibrium magnetization
curve is then given by

mg(h) = sinh(6h) . (5.1)
\/sinh2(ﬁh) + e—28Jo

On the other hand, for infinitely long attractive interactions there exists a 2nd-
order phase transition and hysteresis behavior is observed according to the global
mean-field theory for 8 > (., [9]. More explicitly, the mean-field (Curie-Weiss) model
gives the magnetization curve as a solution of the non-linear equation

1
20

mg

h = BJomg — log

— (5.2)
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The Curie-Weiss model exhibits phase transition at the critical temperature given by
BcJo =1 in the case of spins {—1,1} (8.Jo = 4 for spins {0,1}).

The approximation of the hysteresis behavior in coarse-grained simulations pro-
vides a good test for derived coarse-graining schemes. It has been observed previously
that hysteresis and critical behavior are not captured properly for short and inter-
mediate range potentials, [I5]. Similar issues in predicting critical behavior were also
observed in [21] for coarse-graining of complex fluids. There an artificial solidification
effect was observed for higher levels of coarse-graining.

In the numerical tests presented here we demonstrate that the derived corrections
improve this behavior even in the case of nearest-neighbor interactions or high coarse-
graining ratio ¢. The sampling of the equilibrium measure is done by using microscopic
and coarse-grained Metropolis dynamics discussed briefly in Appendix B. We compute
isotherms similarly to natural parameter continuation, i.e., we trace the magnetization
mg vs. external field h, first upon increasing the field h from low values and then
decreasing it from high values. All simulations have been done with the fine lattice
of the size N = 512. As derived in Section the errors depend on the interplay of
three parameters ¢, L and 8. In examples presented here we investigate approximation
properties for some regimes in this parameter space. In the computational examples
we choose J to be constant on its support of the size 2L, in particular J(z) = ;—2, for
|z| < L and 0 otherwise.

Test Case I: short-range interactions. We use the classical Ising model with nearest-
neighbor interactions to show efficiency of the 3rd-order correction term. Figure B}
B2 depicts simulations at two different temperatures 8 = 2,3. The 2nd-order approxi-
mation exhibits hysteresis behavior for 3 above the critical value (. for the Curie-Weiss
model. It partly follows the magnetization curve predicted by the mean-field theory.
Including the corrections into the effective Hamiltonian removes the hysteresis and
in the case of smaller 3 gives even a reasonable approximation to the exact solution,
which coincides with the case ¢ = 1 at the scale of the figure.

Test Case II: intermediate-range interactions. In this case the system exhibits hys-
teresis behavior (and a 2nd-order phase transition) but the correct approximation of
the transition between two states is not achieved by the 2nd-order effective Hamil-
tonian. In Figure we present an example with extreme coarse-graining up to
the interaction range, i.e., ¢ = L = 8, and beyond the interaction range ¢ = 32. Note
that this example is far from the e ~ £ <1 limit suggested by Lemma Bl However,
as is the case in most asymptotics, computations perform well even for larger values

of € and especially in this case where the higher-order corrections are added.

Test Case III: long-range interactions. If the interaction range L is sufficiently large
the behavior of the system is well-approximated by the mean-field solution and coarse-
grained simulations will give good predictions already in the 2nd-order approximation.
This is observed in Figure with coarse-graining to the range of interactions
g = L = 32. However, coarse-graining beyond the interaction range (¢ = 64 in
Figure B8) shows that the 2nd and 3rd-order schemes give almost identical results.
On the other hand the simulations in Figure EEBHE0 show two regimes where the 2nd-
order approximation gives reasonable agreement with the microscopic magnetization
curve.
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Appendix A. In this section we present the detailed calculations involved in
obtaining exact formulas for the corrections flj(\g), p=1,2,... to the coarse-grained
Hamiltonian ET](\SI). Computation of the term [(AyyJ(0))?pr(do). Using the definition

of AgrJ we write

/ (AixJ (0))2(dor) =
= S Gy - TR — o) — Tk B)Eo(@)o )o@ )o(y)la].

2,y€CEL a2/ y'eCy,
yF#w y A’

In the above formula the expectation takes different values according to the following
cases

1. Four particles: = # z’,9’ and y # 2’,3’, in which case the expectation gives
E4 (Oé)

2. Three particles: z = 2’ and y # ¢/, or y = ¢’ and © # 2/, or x = ¢y’ and
' #y,or 2’ =y and x # 3, in which case for some distinct z, y, z we obtain
Elo?(z)o(y)o(2)|a] = E[o(y)o(2)|a] = Ea(a), since o?(x) = 1.

3. Two particles: x = 2’ and y = 4/, or x = 3/ and x’ = y, which for the distinct
particle positions z,y gives E[o?(z)o?(y)|a] = 1.

We also keep in mind that we already have that y # x and y’ # x’. With the above
cases we can substitute for E[o(x)o(y)o(z')o(y')|a] the expression

(1= 0a,2)(1 = 0oy ) (1 = 0y,ar ) (1 = 0y ) X Esa(cr) +
+ [595)95/(1 — 5y7y/) + 5y7y/(1 — 595)95/) + 51_"7!/(1 — 51/17!) + 51/174(1 — 5177!/)] X EQ(Q) +
F(0p,270y,y7 + Oy Our yy) X 1.

We expand the above products and collect the terms with the factor d, . (note that
the others with the factors 0, ,/ etc. are same by changing variables), and with the
factor 6, 49y, and we obtain

E3 3 ) = TR ) = T D) (~Bae) + Ea(e) =

=452 (=E4(a) + Ex(a)),
2 Y Y (e =)= TR R)IE o)~ T K)o by (Es + 1 28s) =

=,y€CK o/ y'eCy,
yF#T y! £’

= 20 (Ba(a) + 1 = 2E5())
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Computation of the term [(AgJ(0))?pr(do)pi(do). Similarly as in the calculation
above we consider all possible cases for the position of the particles and we obtain

Z Z (J(z—y) = J(k,D)(J (" —y) = T (k, 1) Elo(z)o(y)o(a")o(y)|a] =

= Z > — J(k, D) (J (2" —y') = T (k1)) x

z€CEL o eck
vEC] yeq,

x {1 = 0a)(1 = 8y

JE[
+ 0007 (1 = 8y, ) Elo? (@) e ]Elo (y) o (y") ]+
+ 0y, (1 = b0 )Elo ()0 (2) ] Elo? (y)]

]
=2 Z (@ —y) = J(k, 1)) (T (2" —y') = T(k,1))x

z€CEL o eck
vECT ‘e

X {51,1'(—E2(04k)E2(041) + Ea(u)) + 6y (—Ea(an) Ba(cu) + E2(ak))+

+ 00,00y, (Ba(ck) B (1) = Eafen) — Balog) +1) } =

= jn(—2Es(ar)Ea(ar) + Ez(ax) + Ea(a))
+ ju(Ba(a) Ba(ar) — Ea(ar) — Ea(a) + 1)

Computation of the term [ AppJ (o)A J(0)pr(do)pi(do). In the same spirit we have

> Z J(@—y) = Ik, k) (T (@ —y) = J(k, 1) Elo(x)o(y)o(z)o(y)|a] =

z,y€CL ec,c
yET e

= > Z J(@—y) = J(k, k) (J (&' — o) = T (k,1))x

,Y€CEL o eck
YET yleoy

% {1 = b20)(1 = 80 )Elo ()0 (1) (o) x| Elo () o] +
+ bz [02 (@)l Elo))od] + 8.0 Elo(@)0* ()| Elo (o | =
-> YU Tk k)& = o) = Tk D)

,yECYL o ec,c
yET yleoy

X { — 0,2 (E3(ar)Er(cu) — Er(ax)Er(ar)) —
— 8y (Ba(aw) Ex (o) — Ey(on) Ey(en) | =
= —2ji (B3 (o) Br (an) — Bi(ar) Er(eu)) -

Similar computation yields expressions —2j7, (E3(oq)E1 (ay) — E1(aq) Er () for the
terms fu fri-
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Computation of the term [ Ag,p,J(0)Ak,kyJ(0)pr, (d0)pr, (do)pry (do). We repeat
the same procedure and obtain

> Z — J(k1,k2))(J (2" —y') = J(k2, k3))Elo(x)a(y)a(z")o(y)]a] =

2€CLy o’ €Cy,
1J€C,62 y’60k3

Yo D> Ul —y) = Tk ke))(J (@' =) = T(kz, ks))

2€Cky o’ €Cy,
yeckz y’60k3

x {1 = 0y )Elo (@) |, |l (y) (@) ey JElor (3w, |+
+ 8.0 Bl (@), Elo ()|, Bl (4o, } =
SN Ul —y) = Tk k) (@ — o) — (k2. ks))x

2€Cky o’ €Cy,
1J€C,62 y'€Ck3

X 6y7$/(_E1(o‘k1)E2(o‘k2)E1 (ak3) + En (akl)El (ak3)) =
= jl%lkfzk?g(_El (akl)E2(ak2)E1 (aks) + El(akl)El(aks)) .

Appendix B: Sampling of the equilibrium measure. In this section we
briefly describe the background of Monte Carlo methods used in Section B for the
sampling of the microscopic and coarse-grained equilibrium Gibbs measures. These
algorithms rely on the construction of a suitable Markov Chain such that its unique
invariant measure is the Gibbs measure we intend to sample.

Microscopic Monte Carlo algorithms. The sampling algorithm for the microscopic
lattice system is given in terms a continuous-time jump Markov process that defines a
change of the spin o(z) with the probability c(x, o)At over the time interval [¢t, ¢+ At].
The function ¢ : Ay xSy — R is called a rate of the process. The jump process {o¢}:>0
is constructed in the following way: suppose that at the time ¢ the configuration
is o¢, then the probability that over the time interval [¢,¢ + At] the spin at the
site # € Ay spontaneously changes from o;(z) to a new configuration oy, 5,(z) is
c(z,0)At + O(At?). We denote the resulting configuration o®. We require that the
dynamics is such that the invariant measure of this Markov process is the Gibbs
measure ([ZH). The sufficient condition is known as detailed balance and it imposes a
condition on the form of the rate

c(x, U)eiﬁHN(g) = ¢(x, crz)e*ﬁHN("z) )

This condition has a simple interpretation c(x, o) is the rate of converting o(x) to
the value o®(z) while ¢(x,0%) is the rate of changing the spin at the site 2 back to
o(x). The widely used class of Metropolis-type dynamics satisfies the detailed balance
conditions and has the rate given by

c(z,0) = G(BAHN(0)), where AyHn (o) = ) — Hy(o),

Hy(o
where G is a continuous function satisfying: G(r) = G(—r)e™" for all r € R. The
most common choices in physics simulations are G(r) = -2 (Glauber dynamics),

1+4+e”
G(r) = e I+ (Metropolis dynamics), with [r], = r if r > 0 and = 0 otherwise,
and G(r) = e "/2. Such dynamics are often used as samplers from the canonical
equilibrium Gibbs measure.
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Coarse-grained Monte Carlo algorithms. For the purpose of sampling the coarse-
grained Gibbs measure given by fias (1) we will consider a Markov jump process
with the rates ¢, (k, 1), ¢q4(k,n) correspond to the addition (”birth”) and removal of a
particle (”death”) respectively, from the coarse cell The resulting process is a birth-
death process {n;},>0 defined on the state space ¥° = {—¢,—¢+2,...,+¢q} or ¢ =

{0,1,...¢}.
As in the case of microscopic dynamics, we need to ensure the detailed balance
condition for the coarse-grained rates expressed as

cv(k, miiar,p(n) = Ca(k,n + k) finr,s(n + Ok)
ca(k,m)iirr,p(n) = cu(k,n — x)fing,p(n — Ok) -

For the Metropolis-type dynamics the rates are given by
eo(k,n) = GHY (n+6,) — HY —n(k
ey(k,m) = G(Hy, (n+0k) — Hyp (n))(q —n(k)),
kon) = GUHL (0 — 61) — Hyp )n(k)

Notice that with these rates the detailed balance conditions hold since

o
S
—

G (0 +6) — ()0 = GUAL (1~ 6) — H{ (n))e™ ™7 (000

= _ g = = _ O
G(HL (1 = d) = Hy (m)e™ ™0 = GUL (n) = HP (1 = ) )e e (1700

and G(r) = G(—r)e” " for all r € R.
Higher-order coarse-grained Monte Carlo algorithms. In Theorem B we have sug-
gested higher-order corrections (H 1(\5), forp=1,...) to the coarse-grained Hamiltonian

flj(\g). Based on this equilibrium theory, and on the detailed balance condition, we
define rates that are capable of sampling the corrected Gibbs measure corresponding

to HI(\Z'}). In this case the Metropolis-type rates are given as

&P (k,n) = GHE (n + 6x) — HE (1) (q — n(k))
P (k,m) = GHE (n — ) — HE ()0 (k).
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Magnetization: interaction L=1, J0=1, =2 (mean field: EC =1)
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Fic. 5.1.  Comparison of fully resolved ¢ = 1 and coarse-grained q = 8 simulations.

interaction range is L = 1 and the inverse temperature is fixed at 3 = 2.

Magnetization: interaction L=1, J0=1, f3=3 (mean field: EC =1)
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Fic. 5.2.  Comparison of fully resolved ¢ = 1 and coarse-grained q = 8 simulations.

interaction range is L = 1 and the inverse temperature is fixed at 3 = 3.

The

The
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Magnetization: interaction L=8, JO:L B =2 (mean field: Bc =1)

1 T I T T T T T
—
1
08 1 B
1
1
0.6 1 B
1
1
04f ! g
1
1
1
02 . B
1
g 1
g oo ' ]
v 1
1
-02f ) —
1
1
~04} 1 ]
1
1
-06F ! E
1
I -
-0.81 1 == g8 M
f == =8 corr
Curie-Weiss
-1 1 1 1 1 1 1 T L
-05 -04 -03 -02 -01 0 01 0.2 03 04 05
h - extemnal field
Fic. 5.3. Comparison of fully resolved ¢ = 1 and coarse-grained q = 8 simulations. The

interaction range is L = 8 and the inverse temperature is fized at 8 = 2.

Magnetization: interaction L=8, JO:L B =2 (mean field: Bc =1)
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Fic. 5.4. Comparison of fully resolved ¢ = 1 and coarse-grained q = 32 simulations. The
interaction range is L = 8 and the inverse temperature is fized at 8 = 2.
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Magnetization: interaction L=8, JO:L B =2 (mean field: Bc =1)
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Fic. 5.5.  Comparison of fully resolved ¢ = 1 and coarse-grained q = 8 simulations. The
interaction range is L = 8 and the inverse temperature is fixed at 3 = 2.

Magnetization: interaction L=8, JO:L B =1 (mean field: Bc =1)
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F1c. 5.6. Comparison of fully resolved ¢ = 1 and coarse-grained ¢ = 8 simulations in the “high
temperature” regime. The interaction range is L = 8 and the inverse temperature is fized at 3 = 1.
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Magnetization: interaction L=32, JO:L B =2 (mean field: BC =1)
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Comparison of fully resolved ¢ = 1 and coarse-grained q = 32 simulations.

interaction range is L = 32 and the inverse temperature is fixed at 3 = 2.

Magnetization: interaction L=32, JO:L B =2 (mean field: BC =1)
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Fic. 5.8. Comparison of fully resolved ¢ = 1 and coarse-grained q = 64 simulations. The

interaction range is L = 32 and the inverse temperature is fixed at 3 = 2.



