J Nonlinear Sci (2010) 20: 241-275 J o u r n a
DOI 10.1007/s00332-009-9057-y ] .

linear
Science

Finite-Temperature Coarse-Graining
of One-Dimensional Models: Mathematical Analysis
and Computational Approaches

X. Blanc - C. Le Bris - F. Legoll - C. Patz

Received: 25 June 2008 / Accepted: 23 October 2009 / Published online: 20 February 2010
© Springer Science+Business Media, LLC 2010

Abstract We present a possible approach for the computation of free energies and
ensemble averages of one-dimensional coarse-grained models in materials science.
The approach is based upon a thermodynamic limit process, and makes use of ergodic
theorems and large deviations theory. In addition to providing a possible efficient
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computational strategy for ensemble averages, the approach allows for assessing the
accuracy of approximations commonly used in practice.

Keywords Coarse-grained models - Materials science - Thermodynamic limit -
Canonical averages - Free energies - Law of large numbers - Large deviations theory

1 Introduction

Computing canonical averages is a standard task of computational materials sci-
ence. Consider an atomistic system consisting of N particles, at positions u =
(u',...,u™) e R3N . Provide this system with an energy

Ew) =E(@u',...,u"). (1.1)

The finite temperature thermodynamical properties of the material are obtained from
canonical ensemble averages,

_ Jon Aw)exp(—BE W) du
(A) =
Jon exp(—BE ) du

(1.2)

where 2 C R? is the macroscopic domain where the positions u’ vary, A is the ob-
servable of interest, and 8 = 1/(kpT) is the inverse temperature (Dedk et al. 2000).
The denominator of (1.2) is denoted by Z and called the partition function. The ma-
jor computational difficulty in (1.2) is of course the N-fold integrals, where N, the
number of particles, is extremely large. Indeed, for integrals of the type (1.2) to be
quantitatively meaningful in practice, N does not need to approach the Avogadro
number, but still needs to be extremely large (10°, say).

The three dominant computational approaches for the evaluation of (1.2) are
Monte Carlo methods, Markov chains methods, and molecular dynamics methods
respectively (see, e.g. Cances et al. 2007 for a review of sampling methods of the
canonical ensemble, along with a theoretical and numerical comparison of their per-
formances for molecular dynamics). In the present article, we use the latter type of
methods, and more precisely the overdamped Langevin dynamics (also called biased
random walk). The ensemble average (1.2) is calculated as the long-time average

T
(AY= lim l/ A(uy) dt (1.3)
T Jo

T—+o0

along the trajectory generated by the stochastic differential equation

du; = —VuE(u,)dt ++/2/BdB,. (1.4)

It is often the case that the observable A actually does not depend on the positions
u! of all the atoms, but only on some of them. Think, for instance, of nanoindentation:
we are especially interested in the positions of the atoms below the indenter, in the
forces applied on these atoms, . .. Our aim is to design a numerical method to compute
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the canonical averages of such observables in a more efficient way than the general
strategy (1.3)—(1.4). This will also enable us to assess the validity of other approaches,
as compared to ours.

The Quasicontinuum Method (QCM) is a commonly used example of approaches
that allow for the calculation of the specific ensemble averages discussed above.
In its original version, the method was focused on the zero temperature setting.
It was originally introduced in (Tadmor and Phillips 1996; Tadmor et al. 1996),
and then further developed in (Knap and Ortiz 2001; Miller et al. 1998; Miller
and Tadmor 2002; Shenoy et al. 1998, 1999; Tadmor et al. 1999). It has been
studied mathematically in, e.g., (Anitescu et al. 2009; Arndt and Griebel 2005;
Arndt and Luskin 2008; Blanc et al. 2002, 2005, 2007a; Dobson and Luskin 2008,
2009a, 2009b; Dobson et al. 2009a, 2009b; E and Ming 2004, 2007; Lin 2003, 2007;
Ortner and Siili 2008). See (Blanc et al. 2007b; Legoll 2009) for recent reviews. An
extension of the original idea has recently been developed in (Dupuy et al. 2005) and
carries through to the finite-temperature case, considered in the present article. See
also (Curtarolo and Ceder 2002; LeSar et al. 1989) for prior studies developing ideas
in the same vein.

Let us briefly detail the bottom line of coarse-graining strategies for the compu-
tation of canonical averages. For simplicity of exposition, we let the atoms vary in
2 =RR3. The idea is to subdivide the particles of the system into two subsets. The first
subset consists of the so-called representative atoms (abbreviated in the QCM termi-
nology as repatoms, with positions henceforth denoted by u, ). The second subset is
that of atoms that are eliminated in the coarse-grained procedure. Their positions are
denoted by u.. We assume that the observable considered only depends on the po-
sitions u, of the repatoms, not on those of the other atoms, u.. More precisely, one
writes

u= (ul, . ..,uN) = u,y,u.), Uy ER3N’, Uc € ]R3N", N =N, + N,
and our aim is to compute (1.2) for an observable A that only depends on u,:
(A) = Z_lf A(ur)exp(—BEu))du. (1.5)
R3N

We observe that, owing to our assumption on A,

/ A(ur)exp(—,BE(u)) du =f durA(u,)/ exp(—,BE(ur,uc)) duc,
R3N R3Nr R3Nc
and likewise

Z :/ exp(—ﬂE(u)) du = du,/ exp(—ﬂE(ur,uc)) du,.
R3N R3N¢

R3Nr

Introducing the coarse-grained potential (also called free energy)

1
Ecg(u,) = _B ln[/Rw. exp(—,BE(u,, uc)) duci|, (1.6)
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the expression (1.5) reads
=21 [ At exp(=pEcatu) duy, 17)

with Z, = fR3Nf exp(—BEcg(u,))du,. Under appropriate conditions ensuring er-
godicity of the system, the integral (1.7) is in turn computed from

1 T
(A)=_lim —/ A(ur (1)) dt
0

T—+00
with
du, = —V,, Ec(u,)dt +/2/BdB,. (1.8)

Simulating the dynamics (1.8) is a less computationally demanding task than simu-
lating (1.4), owing to the reduced dimension N,. This simplification comes at a price:
calculating the coarse-grained free energy (1.6).

Remark I The present work concentrates on the computation of ensemble averages
and free energies, using coarse-grained models. Practice shows that the same coarse-
graining paradigm is used to simulate actual coarse-grained dynamics at finite tem-
perature. We will not go in this direction, as the physical relevance of the latter ap-
proach is unclear to us.

In order to approximate the free energy (1.6), state-of-the-art finite temperature
methods perform a Taylor expansion of the position of the eliminated atoms u.. In
this Taylor expansion, a linear interpolation and a harmonic approximation of the
positions of the atoms are successively performed. More precisely, given the positions
u, of the repatoms, some “reference” positions u.(u,) of the eliminated atoms are
first determined by linear interpolation between two (or more) adjacent repatoms.
Then it is postulated that

uec=uc(uy) + &

where the perturbation &, is small. The energy is then calculated from a Taylor ex-
pansion truncated at second order:

E(y, uc)= E(ura uc(up) + Sc) ~ E(”r, Uc)
with

3 B IE ,  __ 1 0’E 19
(ur,uc) = (“r’ Mc(”r)) + a_uc(”rv “c(ur)) &+ 5& : 8—143 - &c. (1.9)

It follows (we skip the details of the argument and refer to the bibliography pointed
out above for further details) that Ecg(u,) is approximated by

Epa(uy) = —%mﬁ ‘exp(—,BE(ur,uc))duc, (1.10)

R>Ne
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which is analytically computable. Without such simplifying assumptions, the actual
computation of Ecg for practical values of N, and N, seems undoable. The approach
has proven efficient. Reportedly, it satisfactorily treats three-dimensional problems
of large size. However, from the mathematical standpoint, it is an open question to
evaluate the impact of the above couple of approximations (reference positions . (u,)
defined by a linear interpolation, followed by an harmonic expansion around these
positions). The purpose of the present article is to present an approach that, in simple
cases and under specific assumptions, allows for a quantitative assessment of the
validity and limits of the above couple of approximations.

Our approach is based on a thermodynamic limit. It was first outlined in (Patz
2009) for the special case of harmonic interactions. The approach is exact in the limit
of an infinite number of eliminated atoms and, therefore, valid when this number N,
is large as compared to the number N, of representative atoms that are kept explicit
in the coarse-grained model. This regime, after all, is the regime that all effective
coarse-graining strategies should target. In short, the consideration of the asymptotic
limit N, — 400 makes tractable a computation which is not tractable for finite N,
(unless simplifications, as those mentioned above, are performed). We do not claim
for originality in our theoretical considerations on the thermodynamic limit of the
free energy of atomistic systems. We provide them here for consistency. However,
our specific use of such theoretical considerations as a computational strategy for
approximating coarse-grained ensemble averages in computational materials science
seems, to the best of our knowledge, new. We were not able to find any comparable
endeavor in the existing literature in which we have access.

Let us conclude this introduction by briefly describing our approach. Assume for
simplicity that there is only one repatom: N, = 1. Our idea to compute (A) in (1.5)
is to change variables, that is, introduce y = (y1, ..., yn) = @ (u), and recast (1.5) as

1 N
<A>=/RWA<N ;yi)wy)dy

for some probability density v(y) (see (2.5) below for an explicit example). We next
recognize (A) as the expectation value ]E[A(% ZINZI Y], where Y = (Y1,...,YNn)
are random variables distributed according to the probability v. A law of large num-
bers provides the limit of (A) when N — 400 (which corresponds to N, — 400,
since N, = 1). The rate of convergence may also be evaluated using the central limit
theorem.

Note that the above approach bypasses the calculation of the free energy Ecg to
compute the ensemble average (1.5). Our strategy is hence different from the one we
described above, which is based on using the formula (1.7).

It is also interesting to try and evaluate Ecg in the same regime. First, it is to
be remarked that Ecg scales linearly with the number N, of eliminated atoms. The
relevant quantity is hence the free energy per particle

, 1
Foolty) := lim _~—Ecg(uy). (1.11)
C

c—>=+00

We now observe that N, F, is not necessarily a good approximation of Ecg, for
large N,, even if F, is a good approximation of Ecg/N,. It is not clear to us how
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to use Fo, or the probability measure Z;,cl exp(—BN,Fx), to compute in an effi-
cient manner an approximation of the average (A) (see Remark 8 below). Never-
theless, computing F, turns out to be also interesting, but for a different reason.
This energy is indeed related to the coarse-grained constitutive law of the mater-
ial at finite temperature, as we explain at the end of Sect. 2.2 (see Derrida 2007;
Olla 2007 for related approaches).

We develop our approach in the one-dimensional setting, for simple cases of pair
interactions. We first consider nearest neighbor (NN) interactions. In this case, we
develop a computational strategy to approximate ensemble averages (see Sect. 2.1),
and we next address the computation of free energies (see Sect. 2.2). Numerical con-
siderations are collected in Sect. 2.3.

We next turn to next-to-nearest neighbor interactions, traditionally abbreviated
as NNN. For this model, we focus on the computation of ensemble averages (see
Sect. 3.1). As explained in Sect. 3.2, more complicated types of interaction poten-
tials and “essentially one-dimensional systems” (including polymer chains) may be
treated likewise, although we do not pursue in this direction.

A similar interpretation of ensemble averages as the one presented here, using a
Markov chain formalism, should lead to an analogous strategy for two-dimensional
systems. Some preliminary developments, not included in the present article, already
confirm this. However, definite conclusions are yet to be obtained, both on the for-
mal validity of the approach and on the best possible numerical efficiency accom-
plished. The fact that the two-dimensional case is much more difficult than the one-
dimensional case is corroborated by the literature on this subject: only very simple
cases, such as spin systems or harmonic interactions (with zero equilibrium length)
are known to have explicit solutions in this context (see the reviews Baxter 1982; Pre-
sutti 2008). We therefore prefer to postpone considerations on the two-dimensional
situation until a future publication.

2 The Nearest Neighbor (NN) Case

As mentioned in the Introduction, our approach is based on the asymptotic limit
N —> +400. We therefore first rescale the problem with the interatomic distance 4,
such that Nh = L = 1 (see Remark 2 below). The atomistic energy (1.1) in the
rescaled NN case writes

N ul— il
B ) = Y w5, @)

i=1

where W : R — R is an interatomic potential (see (2.37) for a precise example, and
theorems below for precise assumptions on W). We now impose u#’ = 0 to avoid
translation invariance, and consider that only atoms 0 and N are repatoms, while all
the other atoms i = 1, ..., N — 1 are eliminated in the coarse-graining procedure (see
Fig. 1). Our argument can be straightforwardly adapted to treat the case of N, > 2
repatoms (see Fig. 2 and the end of Sect. 2.1).
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Fig. 1 (Color online) We isolate a segment between two consecutive repatoms (in red). All atoms
in-between (in blue) are eliminated in the coarse-graining procedure

0 N

Fig. 2 (Color online) The repatoms (in red) are explicitly treated, all other atoms (in blue) being elimi-
nated in the coarse-graining procedure

In this simple situation, the average (1.5) reads
N ul — i1
(A)N=Z*1/ A(uN)exp _'BZW<T) du' - -du®, 2.2)
RN .
i=1
where we have explicitly mentioned the dependence of (A) upon N using a subscript.

Remark 2 Instead of the energy (2.1), we can work with the energy

N
E(ul,...,uN):ZW(ui—ui_l),

i=1

for an interatomic potential W that reaches its minimum at a value x independent of
h (say x = 1). In that case, as N — 00, the mean size of the system diverges, and we
thus expect averages of the type (1.5) to diverge as well: for instance,

lim 2—1fuN exp(—BEW)) du = oo.

N—o0

With that scaling, the relevant quantity to consider is

~ uN ~
z~! / A(W) exp(—,BE(u)) du
which is exactly (2.2).

We introduce
yji=—, i=1,...,N, 2.3)

and next remark that
N | N
uM=hy yi=5D v (24)
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Thus, the average (2.2) reads

1 N N
<A>N=z—1fRNA<N Eyi>exp(—ﬂ;vv<m) dy'-dyN, o (23)

where now

Z= /exp( ZW(y,)dy

Remark 3 In (2.2), we let the variables ut vary on the whole real line. We do not con-
strain them to obey u'~! < u’, which encodes the fact that nearest neighbors remain
nearest neighbors. The argument provided here and below carries through when this
constraint is accounted for: we just need to replace the interaction potential W by

W(y) wheny>0,

+00  otherwise. (2.6)

We(y) = {

Likewise, we could also impose that all the u' stay in a given macroscopic segment.
If they are ordered increasingly, it is enough to impose this constraint on #° and u”
This is again a simple modification of our argument.

2.1 Limit of the Average

It is evident from the expression (2.5) that

e {12)]

for independent identically distributed (i.i.d.) random variables Y;, sharing the law
2 Lexp(—BW (¥))dy, with z:fRexp(—,BW(y)) dy. A simple computation thus
gives the following result.

Theorem 1 Assume that A : R —> R is continuous, that for some p > 1, there exists
a constant C > 0 such that

VyeR, [A(|=cC(1+1yIP), 2.7
and that
/R(l + |y|p)exp(—/3W(y)) dy < +o0. (2.8)

Introduce y* and o defined by

y*zz_l/ yexp(—BW(y))dy and
N 2.9)

@ Springer



J Nonlinear Sci (2010) 20: 241-275 249

o2 = ! A; (v — ) exp(—BW (1) dy,

with 7 = fR exp(—BW(y))dy. Then

Jim (A)y = A¥). (2.10)

In addition, if A is C? and if (2.7)—(2.8) hold with p =2, then 0 < 0o and

approx 1
(A = (A)FP +o<ﬁ), @11
with
approx | * 02 "
(A)TP = Ay )+ﬁA (v). (2.12)

The proof of (2.10) is a direct application of the law of large numbers, and that
of (2.11) is an application of the central limit theorem. We skip them. The following
considerations, for more regular observables A, indeed contain the ingredients for
proving (2.10)—(2.11), simply by truncating the expansion at first order.

Remark 4 Note that other growth assumptions on A are possible, along with corre-
sponding assumptions on W. For instance, if A satisfies |A(y)| < C exp(]y|) for some
C and if W is such that exp(|y| — BW (y)) is integrable, then (2.10) holds.

If A is more regular than stated in Theorem 1, then it is of course possible to pro-
ceed further in the expansion of (A)y in powers of 1/N. Indeed, assume for instance
that A is C°, that A is globally bounded and that (2.7)~(2.8) hold with p = 6. Then

() -+ ewe)

where D; =Y; — y* and & lies between y* and (1/N) )_ Y;. We now take the expec-
tation value of this equality. Let us introduce

1 1

Ay = A(") + 747" )NE(DZ) .

6

1

A(3)( )N2

E(D3)
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+ 554907 (B0 + S @(0))
1
5!

N

#4907 (gm0 + S moDRE) ). e

Then

6
1 1Y
[(A)y — An| < EHA@ ||Lw]E[<NZD,~> ] (2.14)
i=1

We now use the fact that any i.i.d. variables D; with mean value zero satisfy the
following bounds:

Cp i .
1 N P _Izl I p 1S even;
VpeN, 3C, > 0, E[(—ZD,-) } <1 . (2.15)
NI 0 if p s odd.
N 2

This is proved by developing the power p of the sum, and then using the fact that the
variables are i.i.d and have mean value zero. We hence infer from (2.13), (2.14), and
(2.15) that

(A =A(y*) +z=A"(y )+—(?3A(3)(y )+ 7400 )) +0(W)’

where o is defined by (2.9) and

my=z"" /R (v = ") exp(—BW () dy. (2.16)

More generally, it is possible to expand (A)y at any order in 1/N, provided that
A is sufficiently smooth and exp(—pB W) sufficiently small at infinity. In view of the
bounds (2.15), we can see that using a Taylor expansion of order 2p around y* for A
gives an expansion of (A)y of order p.

The practical consequence of Theorem 1 is that, for computational purposes, we
may take the approximation

(A)N%A(Zlfkyexp(—ﬂW(y))dy) (2.17)

As pointed out above, it is possible to improve this approximation if necessary by
expanding further in powers of 1/N.

We conclude this section by showing that our consideration of a single “segment”
carries through to the case when there are 3 repatoms, of respective index 0, M and
My + My, with M1h = Ly, Moh = Ly, Nh = L =1 (see Fig. 3). The average to
compute is

N i il
(A)y=2"" fRNA(uMl,u“l*MZ)exp(—ﬁZW(%)) du' - duV.
i=1
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Fig. 3 When considering two L1 L2
consecutive segments—or

more—, the argument may be @ © ¢ ¢ ¢ ¢ ¢ ¢ o o o
readily adapted. See the text 0 Ml MI1+M?2 N

In the regime h — 0, N, My, My — +oo with M1/N and M>/N fixed, we have,
using similar arguments,

lim (A)y = A(L1y*, (L1 + L2)y").
N—4o00
The generalization to N, > 3 repatoms, in the appropriate asymptotic regime, easily
follows.

Remark 5 (The Small Temperature Limit) It is interesting here to consider the small
temperature limit of the above expansion, that is, the limit 8 — +o00. In such a case,
using the Laplace method (see Bender and Orszag 1978), it is possible to compute the
limit of the terms that appear in the expansion (2.12) of (A)y. We give as an example
the first and the second terms:

1 o2 1 A”(a) 1
A(y")=A@) + 0| = |, —A'(y)=— + 0| =),
(y ) (a) <IB) ) (y ) 28 W(a) B2
where a is the point where W attains its minimum (in this remark, we assume for
simplicity that W attains its minimum at a unique point). Hence,

e sof ! L1 A@ (1], of !
=100 (5)] 5 im0 (7)o ()

Now, it is possible to recover these terms by expanding the energy E around the
equilibrium configuration corresponding to y; = a. Indeed, if we assume that W (y) =
W”(a)(y — a)?/2 in (2.2), then a simple explicit computation gives

1 1
Ay =A@+ ———A"()+ 0| - ).
(AW =A@ + 3 A" @) (ﬂ2N2>
Hence, expanding the first terms of (2.12) in powers of 1/8 for large B gives an
expansion that agrees with that obtained using a harmonic approximation of the en-
ergy. This provides a quantitative evaluation of the latter approach in this asymptotic
regime.

2.2 Limit of the Free Energy

We now look for a more demanding result. For clarity, let us return to the general
coarse-grained average (1.7), which of course equals (2.2) and (2.5) in our simple
NN case. Instead of searching for the limit of the average (A) for large N., we now
look for the limit of the free energy per particle (see (1.6) and (1.11)). We discuss
below (see Remark 8 and the end of this section) the interpretation of that quantity.
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In the present section, u, is in fact equal to u® (the right-end atom) since atom 0,
although a repatom, is fixed to avoid translation invariance: «° = 0. Thus, we wish to
identify the behavior for N large of

Ecg(u) =—%ln|:/RNlexp(—ﬂE(ul,...,uN))dul -~-uN_1]. (2.18)

Note that Ecg is the free energy corresponding to integrating out N — 1 variables.
From Thermodynamics, it is expected that Ecg scales linearly with N. This is con-
firmed by the consideration of the harmonic potential W (x) = %(x — a)?, for which

Ecg@™) = N —a)? + C(N, B, k), where

C(N =y Ny N (2™
(’ﬁ’)_ﬁ( _2>“ " 28 n(ﬂk>

does not depend on uy (see the details in Patz 2009). Therefore, we introduce the
free energy per particle

1
Fy(x):= NECG(X),
so that
(Ayy=2"1 / A(u™)exp(—BNFy (u™))du®. (2.19)
R

The limit behavior of Fy is provided by the large deviations principle. This claim
is made precise in the following theorem.

Theorem 2 Assume that the potential W satisfies
VE eR, / exp(§y — BW(y)) dy < 400, (2.20)
R

and exp(—BW) € H'(R \ {0}). Then the limit behavior of Fy is given by the follow-
ing Legendre transform:

lim (FN(x) + %m %) — Fao(x) 2.21)

N—+400
with

1
Foo(x) := 3 sup(gx — 1n[z—1 fRexp(gy - ﬂW(y))dyD (2.22)

EeR

and z = [pexp(—BW(y))dy.
Remark 6 The assumption exp(—8W) € H L(R \ {0}) allows for W to be piecewise
continuous, with discontinuity at the origin. This in particular allows us to deal with

the type of potentials mentioned in Remark 3.
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Proof Let us first rewrite the free energy Fy (x) as follows:

1 N—-1 ui— i1
Fy(x) = _ﬁ—Nln|:/RN—l exp(—,B > W<T>
i=1

N—1
-8By W(y») dy ~~-dyN_1}

i=1

1 1 1
=——Inh——=Inz— —Inuy ),

B B BN

where uy is the law of the random variable (1/N) ZlN: 1 Y; and Y; is a sequence of
i.i.d. random variables with law p(y) = 71 exp(—BW(y)). Observe that

N N—-1 N—-1
N = /R eXp<—ﬂW(Nx -y y,-> -8 W(y,-)) dyi---dyn-1.
i=1 i=1

We also have
fy (x) = Nu*N (Nx),

where 1*" denotes the (N — 1)-fold convolution product of & (1*? = p * ).

The sequence of measures wy satisfies a large deviations property (see, for in-
stance, Ellis 1985a, 1985b, 1995; Varadhan 1984). We are going to use it in order
to compute the limit of % In . We first prove a lower bound, which is a simple
consequence of the results of (Varadhan 1984). The upper bound is more involved:
we need to reproduce the corresponding proof of (Varadhan 1984), and use a refined
version of the central limit theorem (see Lions and Toscani 1995).

We introduce the function

1
Gn(x) = —ﬂ—Nlnu«N(x), (2.23)

which satisfies, in view of the above computation,

1
Fyw=-7 ln% 4 Gy ). (2.24)
First step: lower bound. We write
uN+1(x) = (N + 1)/1;{/1(1\/()6 — 1) +x)un(0)dt. (2.25)
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Let us define
. 1
Jy(@) = Y ln/L(N(x —1) +x).
This function clearly satisfies the following convergence:

+oo ift#ux,

u—1,N—+o00 0 ift =x.

liminf  Jy (u) = J3 (1) == {
Hence, we may apply Theorem 2.3 of (Varadhan 1984), which implies that

. 1 x . X
jlvlg}rlg(—ﬁln/Rexp(—NJN(t))uN(t) dt) > ;gﬂg(lm(t) +,3Foo(t))
= BF(x), (2.26)

where F is defined by (2.22). Since the left-hand side of (2.26) is equal to
WG N+1(x) + w we infer from the above bound that

liminf Gy (x) > Fao(x). (2.27)
N—+o00

Second step: upper bound. We now aim at bounding Gy from above. We recall that
the function we maximize in (2.22) is concave, so there exists a unique &, € R such
that

1
Foo(x) = E(sxx - ln[z‘l /RCXP(Exy - ﬂW(y))dyD-

The Euler—Lagrange equation of the maximization problem implies
L Jryexpry — BW () dy
Jrexpxy — BW(y) dy
We introduce the notations

__ exp(aut — BW ()
JrexpExt — BW (1)) dt

and compute

(2.28)

()

and M(S)zz_lfexp(Et—ﬂW(r))dr,
R

N-1

jy (x) = N/ M(Nx -y yi)u(yl) coplyn-D)dyr - dyn-
RN-1

i=1

N-1 N-1
= NMEHN! /R M(Nx -y yi> exp(—sx > y,->
i=1 i=1
X [L(y1) - m(yn—1) dy1 - --dyn—1
N—-1
> NM(@EHN! / M(Nx -y yi)
i=1

INx=3" yi|<é
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N-1
X €XP<—§'x > yi)ﬁ(yl) e mN-Ddyr - dyn-

i=1

> NM(E)" ! inf 1) exp(—£eNx — I£d)
X/ A(y1) - E(yn-1)dy1 - -dyn-1,
INx=3_yil<é
for any § > 0. Hence,

N-1 Ecx 8
In(M (& QX x5
n( (E))Jrﬂ +|E|ﬂN

1 , 1 1 8
——ln( inf u) ———P( |- Y ¥i—x|< ), 229
BN \[Z5.5) BN N - N

i=
where the random variables Y; are i.i.d. of law . Equation (2.28) implies that
E(Y;) = x. According to the hypotheses on W, we have [ € H'(R \ {0}), hence
we may apply Theorem 5.1 of (Lions and Toscani 1995). It implies that the law Oy
of the variable (vazl Y — Nx) /«/ﬁ converges in H L(R) to some normal law. In
particular, we have convergence in L, hence

I[D (
for N large enough, where y > 0 does not depend on N. Inserting this inequality into
(2.29), we find

1
Gyx) < _ﬁ—NlnN_ BN

8 X448 2 8
< N) = [ " ovamar > L,
T VN -1

1 N—-1
EOIEE
N i=1

1 N-1 Eox 5
GN(X)S—IB—NIHN— BN IH(M(Sx))+7+|Ex|ﬂ—N
1 , 1 278
_ ﬁ_N1n<[1gg] u) N ln( = 1). (2.30)

Hence,

limsup Gy (x) < L In(M (&) + Six
N—+00 /3 ﬂ

which implies, according to the definition of M and &,, that

limsup Gy (x) < Fao(x). (2.31)
N— 400

Estimates (2.27) and (2.31) imply limy — 400 Gn (X)) = Foo(x). In view of (2.24), this
implies (2.21). U
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Remark 7 (The Small Temperature Limit) As in Remark 5, it is possible to com-
pute the expansion of F(x) as B — +o00. Using the Laplace method, and assuming
that W is convex, one finds that

Foo(x)=W(x)+ iﬂ InW”(x)+ O (/312>

Let us now consider another strategy to find an approximation of Fy. In the spirit
of the quasicontinuum method, we expand E@', u™) around the equlhbrlum
configuration ' = iu™ /N, for a given u® More prec1sely, we set u' =u' + &,
assume that &; is small, and expand the energy at second order with respect to &;, as
explained in the Introduction. This yields the approximate energy E defined by (1.9),
that we next insert in (2.18) (as we did in (1.10)). Due to the harmonic approximation,
the resulting coarse-grained energy that we denote Eya, is analytically computable
and reads

— N_ 1 N -1 B
Ega(x)=NW(x) + 28 InW"(x) + —2'3 In —2 —'3 InN. (2.32)
Hence,
F = i —1 E |14 ! Inw” ! 1 p 2.33
HA () =N 11_1: N HA(X) = (X)—i_ﬁ n (x)+ﬁ HE (2.33)

Thus, up to an additive constant, Fyja (x) corresponds to the first-order approximation
(in powers of 1/8) of Fo(x).

Slightly improving the proof of Theorem 2 above, it is possible to prove the con-
vergence of the derivative of the free energy, a quantity which is indeed practically
relevant (e.g., for the simulation of (1.8)):

Corollary 1 Assume that the hypotheses of Theorem 2 are satisfied. Then we have
1 z .
Fy(x) + E In I —> Foo(x) inL loc’ Vp e[l,400).

In particular, this implies that F, converges to F/_ in WloC

Proof According to Theorem 2, we already know the pointwise convergence of
Gyx)=Fy(x)+ 8 “n(z /N). We therefore only need to prove that G y is bounded

ps .
in Ly, to prove our claim.

Lower bound: We go back to (2.25), and point out that ;« < 1/z. Hence,

N +1 N+1
UN+1(x) < UN = —,
z R z

which implies, using (2.23) that

1 N+1
In
B(N +1) z

which is bounded from below independently of N.

Gyy1(x) = —
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Upper bound: We return to (2.30), and notice that according to the definition of &, the
function x — &, is continuous. In addition, the constant y in (2.30) is a continuous
function of &,. Therefore, (2.30) provides an upper bound on Gy .

As a conclusion, G y is bounded in Lﬁfc, which allows to conclude. O

Remark 8 Considering the above theoretical results, it could be tempting to approach
the average (2.19), that is,

(A)N=Zr_1/A(uN)exp(—,BNFN(uN))duN,
R
by
z;}/ A(u™) exp(—BN Foo (u™)) du™, (2.34)
R

with Zy, = fR exp(—BN Foo (u™)) du® . Note that Fy has been replaced by Fy, in
the exponential factor. This strategy is not efficient since this approximation does not
provide the expansion (2.11)—(2.12) of (A)y in powers of 1/N. Indeed, it is possible
to use the Laplace method to compute the expansion of (2.34) as N — +oo. It reads

where o is defined by (2.9) and m3 is defined by (2.16). This expansion coincides
with (2.11)—(2.12) only for the first term, that is A(y*). The second one differs, unless
m3A’ (y*) =0.

To improve the approximation (2.34), one may use the precised large deviations
principle (see Dembo and Zeitouni 1993, Theorem 3.7.4 or Bahadur and Ranga Rao
1960). In such a case, one replaces (2.34) by

72 [ 4GP eV E ), 039

with Zoo = [ V/FL@N)exp(—BN Foo (u™)) du™. This quantity is well defined
since F is a convex function. Then it is seen that the expansion of (2.35) in powers
of 1/N agrees with (2.11)—(2.12) up to the second order term. Note however that
using (2.35) leads to a much more expensive computation than using (2.12), since it
requires the evaluation of F, and its second derivative.

The above convergence of the free energy F is useful for the computation of the
free energy of a chain of atoms with a prescribed length. Indeed, consider a chain on
which we impose

@ Springer



258 J Nonlinear Sci (2010) 20: 241-275

for a fixed £. We aim at computing the free energy Fy as a function of £, in the limit
N — +o00. We have

1 N uh— i1
FN(Z)z—ﬂ—N1n|:/ exp< Z ( ))du1~--duN1:|,

where uN' = ¢£. The limit of Fy is provided by Theorem 2.

Another interest of the approach is to provide an approximation of Fy, (£), a quan-
tity related to the constitutive law of the material under consideration, at the finite
temperature 1/8. Indeed, note that

F(0) = (An)y, (2.36)

where (-)fv is the average with respect to the Gibbs measure due, ..., uN 1) as-

sociated to the energy ZlN:_ll W(” —u ) + W(‘Z u ) (recall that h = 1/N), and
the observable Ay is defined by

An(u', .o u" )y = w(N(e—uNTh)).

Note that W/ (N (¢ — u™¥~1)) can be interpreted as the force in the spring between
atom N — 1 and N, when the position of the latter is fixed at the value £. Hence,
F};(£) can be interpreted as the average force between atoms N — 1 and N, when
the position of atom N is prescribed at u™ = ¢, and the relation £ — F ]’V (£) can be
considered as the constitutive relation (at a given temperature) of the chain, providing
the stress Fy,(£) as a function of the strain £. Corollary 1 provides the convergence
of F),(€) to F (£).

Remark 9 Note that in (2.36) the observable Ay depends on N. Hence, the results
of Sect. 2.1 (obtained using the law of large numbers and not involving the large
deviations principle) do not apply to compute the large N limit of (Ay )fv. In addition,
the Gibbs measure d i, is not of the form considered previously, since the atom N
has a prescribed position.

2.3 Numerical Tests

For our numerical tests, we choose the pair interaction potential

W(x) = 1(x —D*+ 1o (2.37)
2 2
shown on Fig. 4. Note that W (x) grows fast enough to +00 when |x| — 400, such
that assumptions (2.8) and (2.20) are satisfied. Note also that we have made no as-
sumption on the convexity of W in Theorems 1 and 2. We consider here a convex
potential. At the end of this section, we will consider a nonconvex example (see
(2.38)), and show that we obtain similar conclusions.
We first consider the computation of ensemble averages, and we again restrict
ourselves to the case of two repatoms u° = 0 and »"V. This is just for simplicity and
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Fig. 4 The potential W
(defined by (2.37)) chosen for
the tests

O N WER Tt

-05 0 051 15 2 25

T

for the sake of demonstrating the feasibility and the interest of our approach. The
case of N, repatoms may be treated likewise.
We choose an observable A(x), and we compare the following four quantities:

(i) the exact average (A)y defined by (2.2). Following (1.3)—(1.4), this quantity is
computed as the long-time average of A(u” (¢)) along the full system dynamics

du; = —VyE(u;)dt ++/2/BdB;, inRN.

This equation is numerically integrated with the forward Euler scheme (also
called the Euler-Maruyama scheme), with a small time step A¢:

Upy1 =ty — AtV E(uy) ++/2At/BGy

where G, is a N-dimensional vector of random variables distributed according
to a Gaussian normal law. In practice, we have simulated many independent
realizations of this SDE, in order to compute error bars for (A)y.

(i) aharmonic type approximation of (A)y, based on the “interpolation + harmonic
expansion” procedure outlined above. That is, we introduce Eya defined by
(2.32), and we approximate (A)y by

Ha  Jr AG) exp[—BEna(x)]dx
(AHA =
fR exp[—BEna(x)]dx

(iii) a Law of Large Numbers (LLN) type approximation of (A)y, which consists in
approximating (A)y by A(y*), following Theorem 1.

(iv) a refined approximation, which consists in approximating (A)y by (A)?\I;prox
defined by (2.12), following Theorem 1.

Note that only one-dimensional integrals are needed for approximations (ii), (iii), and
(iv). They can be computed with a high accuracy.

We plot on Fig. 5 these four quantities, for increasing values of N (the temperature
is fixed at 1/8 = 1), for the observable A(x) = exp(x). On Fig. 6, we compare the
same quantities, now as functions of the temperature, for N = 100 and for N = 10.
We here work with A(x) = x2, for which (A)y = (A)¥"".

As expected, the thermodynamic limit strategies (iii) and (iv) better agree with the
full atom calculation, whatever the temperature, provided the number of eliminated
atoms is large (note that the strategy (iv) is very accurate even for the small value N =
10, at the temperature 1/8 = 1). Approximation (ii) is clearly ineffective for high
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23 ! L | I ] 1.95 I I I I :
’ ST exact I exact
LLN 1.94 = TN —— 1
22 refined LLN ------ - \ refined LLN ------
HA oo Lo3 |

L | 1.92 _|E ____________ 1—

1.91 | 14

Lo | l l I 19 ! ! ! ! !

20 40 60 80 100 20 40 60 80 100
N N

Fig. 5 Convergence, as N increases, of (A(uN))N (exact), of (A(u]\’));l\?pmX (refined LLN) and of

<A(uN ))%A (HA) and comparison to A(y*) (LLN) (temperature 1/8 = 1, observable A(x) = exp(x);
we have performed computations for N = 10, 25, 50, and 100; on the right graph, we only plot the most
accurate results with error bars)

0.7 T T T
exact
0.6 | LLN -
HA ------
0.5 .
04 f =
0.3 | . -
0.2 L ' ' ' 4
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1

1/p 1/p

Fig. 6 We plot (Au™))y = (A@™) TP (exact), (Aw™))FA (HA) and A(y*) (LLN) as functions of
the temperature 1/8: on the left graph, N = 100; on the right graph, N = 10 (observable A(x) = x2)

temperatures. On the other hand, for a sufficiently small temperature and a sufficiently
small number of eliminated atoms, this approximation is close to the full atom result.
However, even for the small values N = 10 and 1/8 = 0.2, our asymptotic result
(A(MN))?\]})]Orox = 1.6299 (for A(x) = exp(x)) is closer to the exact result (A(u™))y =
1.6303 + 0.0008 than the harmonic approximation result (A (u™ ))IIE,A = 1.6469.

Remark 10 As in Remark 3, we emphasize that the computations reported on here do
not account for constraints on the positions of atoms. Analogous computations, that
account for constraints, may be performed, using the potential W, defined by (2.6)—
(2.37). They provide similar conclusions, as can be seen on Fig. 7, which is very
similar to Fig. 6.

We now turn to the case of the free energy F. We are going to compare differ-

ent approximations of its derivative. The full atom value Fy (x) is computed as the
ensemble average (2.36). We compare this quantity with
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Fig. 7 We plot ) 0.7

(AWM = (AN )P exact - ' .
(exact), (A™))HA (HA) and 0.6 |- LLN -
A(y*) (LLN) as functions of the HA ------ ‘

temperature 1/8 (N = 100, 05 F —

observable A(x) = x2). The

potential energy is of type (2.6): 0.4} '," -
it is equal to W (x) defined by L
(237)if x > 0, and 400 03k .- .

otherwise [

0.2 ] ] ]
0.2 0.4 0.6 0.8 1

1/8

(i) its large N limit F/ (x), where Fo is defined by (2.22), on the one hand,
(i1) and, on the other hand, its harmonic type approximation Ff{ A(x), where Fya is
defined by (2.33). We have

Fa(x) =W +LWW(X)
A =W S W)

We briefly detail how we compute F.(x). Let &, be the unique real number at which
the supremum in (2.22) is attained. We have

Flo(x) = %‘.

The Euler—Lagrange equation solved by &, is (2.28), that we recast as

= /H; (x — y) exp(Ecy) exp(—BW (1)) dy =O.

Let us introduce G(y,&) = (x — y)exp(§y). We hence look for &, such that
E.[G(Y,&:)] = 0, where the scalar random variable Y is distributed according to
the probability measure j(y) =z~ ! exp(—B W (y)). The Robbins—Monroe algorithm
(Kushner and Clark 1978) can be used to compute &, hence F/ (x).

We first study the convergence of Fy (x) to Fj (x) as N increases, for a fixed
chain length x = 1.4 and a fixed temperature 1/8 = 1. Results are shown on Fig. 8.
We indeed observe that F} (x) — F/,(x) when N — +o00.

We now compare the two approximations (i) and (ii) of Fy, (x), for N = 100 and
1/B = 1. Results are shown on Fig. 9. We observe that F/ (x) is a very good ap-
proximation of Fj (x). As expected, the temperature is too high for the harmonic
approximation to provide an accurate approximation of Fy (x).

On Fig. 10, we plot F/(x) for several temperatures, as well as its zero temperature
limit, which is W’(x) (see Remark 7).

Up to here, we have used the convex potential (2.37). For the sake of completeness,
we now briefly consider the case of a nonconvex potential W. We choose the toy-
model

W) = (x> —1)°, (2.38)
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Fig. 8 Convergence of Fy, (x)
(shown with error bars) to
F,(x) as N increases
(temperature 1/8 = 1, fixed
chain length x = 1.4)

Fig. 9 We plot Fy, (x), Fi,(x),
and F]/1I A (x), for the temperature
1/ =1and N = 100. On the
scale of the figure, FI/V (x) and

Fo’o (x) are on top of each other

Fig. 10 F/_(x) for different
temperatures

2.15
2.14

2.13
2.12

211

2.1

Fl (z =1.4)
Fly(z =14)
]

-0.5 |

1k

05 [ P (@), 1/8 =05 .

W(a)

Féo(I)v 1/521 """ ]
] ] ]

0.6

0.8 1 1.2 1.4

which corresponds to a double-well potential. We first study the convergence of
F 1/v (x) to F/,(x) as N increases, for a fixed chain length x = 0.5 and a fixed tem-
perature 1/8 = 1. Results are shown on Fig. 11. As for the convex potential case, we
observe that Fy(x) — F/ (x) when N — 4o00. On Fig. 12, we plot F}_(x) for sev-
eral temperatures. Numerical results are consistent with the small temperature limit
limr_0 F, (x) = (W*)'(x), where W* is the convex envelop of W.

Note that, in view of its definition (2.22), F is always a convex function. Hence,
as in the zero temperature case, we observe, in this one-dimensional setting, that the
macroscopic constitutive law £ — F(£) is a convex function.
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Fig. 11 Convergence of F (x) 0.66 I I I I I
(shown with error bars) to
F,(x) as N increases 0.65
(temperature 1/ = 1, fixed 0.64 .
chain length x = 0.5), in the
case of the double-well potential 0.63 -
(2.38) 0.62 -
0.61 F! (x=0.5) —— _|
/ —
06" | fN(x i 0‘5)| |
0 20 40 60 80 100
N
Fig. 12 F/,(x) for different 6 I I I I I
temperatures, in the case of the 4 o
double-well potential (2.38) "."
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3 The NNN Case and Some Extensions

In this section, we first consider the case of a NNN interacting system. The analysis
is detailed in Sect. 3.1. In Sect. 3.2, we point out some possible extensions, first the
NNNN case (still for one-dimensional systems) and second the case of linear polymer
chains, where atoms sample the physical space R>.

3.1 The Next-to-Nearest Neighbor (NNN) Case

We now consider the next-to-nearest neighbor case. It turns out that, for the compu-
tation of ensemble averages as well as for other questions, this case is significantly
more intricate than the NN case. Our strategy, based on the law of large numbers, will
be similar to that used for the NN case, but the object manipulated are not indepen-
dent random variables any longer. Markov chains are the right notion formalizing the
situation mathematically.

We begin by introducing the rescaled atomistic energy, similarly to (2.1):

E(u', .. Zwl(i H) ZW2< o “H>.

i=1
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As above, we set u’ = 0, and we introduce the change of variables (2.3), re-
placing (u’ — u'~')/h by the interatomic distances y;. Recall from (2.4) that

uV = % 21N=1 vi. The ensemble average (A)y of an observable that depends only

on the right-end atom therefore writes

x e—ﬁ(ZIN:I 14} ()5)"’21{\/:711 Wa(yi+yit1) dy;---dyy. (3.1)

The key ingredient is now to see the above expression, as N goes to infinity, as an
asymptotics for a discrete-time Markov chain. The asymptotics of Markov chains
being a mathematical problem much more involved than that of i.i.d. sequences, we
restrict ourselves to the computation of the average of an observable. The asymptotic
behavior of the free energy may be studied, applying a large deviations principle for
Markov chains (see, for instance den Hollander 2000, Theorem IV.3). We will not
pursue in this direction.

Section 3.1.1 deals with the case of two repatoms (namely x° = 0 and "), while
Sect. 3.1.2 indicates the changes in order to deal with more than two repatoms. Nu-
merical results will be reported in Sect. 3.1.3.

3.1.1 Limit of the Average, the Case of Two Repatoms

In order to compute limy_, 40 (A)n, we introduce the notation

f(x,y) :=exp(—BWalx + ) exp(—BWi(»)).

Equation (3.1) rewrites

N
1
_ -l \-BWion
(A)y = Z /RNA(N?_Iyl>e 1

x f1,y2) - fFyN=1,yn)dy1---dyn. (3.2)

Our method consists in considering the sequence of variables (y1, ..., yn) in (3.2)
as a realization of a Markov chain with kernel f(.,-). However, the slight tech-
nical difficulty at this stage is that the kernel f is not normalized, since in gen-
eral

/R FO1. vy dys = fR exp(—BWa(y1 + y2)) exp(—BW1(y2)) dys # 1.

A standard trick of probability theory allows to circumvent this difficulty. Intro-
duce

foy) = exp[—ﬁWz(x +y) - ng (x) — ng(y)}-
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Note that f is a symmetric function (whereas f is not), hence the operator

Po(y) = /R fO.0¢@dz 3.3)
is self-adjoint on L2(R). Consider then the variational problem
max {/ YOV @ F(y,2)dydz; / Y2 () dy = 1}~ (3.4)
vel2R) | /R2 R

Using standard tools of spectral theory of self-adjoint compact operators (Dunford
and Schwartz 1963), it is possible to prove that this problem has a maximizer (we
denote it by ), and that up to changing | into —|, the maximizer is unique. In
addition, one can choose 1 such that i1 > 0. The Euler-Lagrange equation of (3.4)
reads

A1 (y) = [R?(y,Z)%(Z) dz

for some A, and we recognize an eigenvalue problem, P = Ay, for the op-
erator (3.3). Multiplying the above equation by 1(y) and integrating, we ob-
tain

A= /]RZ ViY1) f(y, 2)dydz > 0.
We now define

i@ =

,2) = ,2). 3.5
g(y,2) M/f](y)f(y 2) (3.5

By construction,

/Rg@,z)dzzl, /Rw%(wg(y,z)dy:w%(z).

The average (3.2) now reads

N
1 B
_ 71 . —5Win)
(A = Z, ANA<Ni§_1yl>w1(y1>e ZWion

e_%WI(,VN)
X g1, y2) - 8(YN-1, yN)—————dy1---dyn,
Yi(yn)
with
_ﬁW( ) g—ng()w)
Zg:f Yi(ye 2" e(yr, y2) - g(yN—1, YN) —————dy1 - --dyn,
RN Yi(yn)

and where (y1, ..., yy) may now be seen as a realization of a normalized Markov

chain of kernel g, with invariant probability measure %2- We assume that f decays
fast enough at infinity (which ensures for instance that (3.4) is well posed) and that
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it is positive. This latter assumption ensures that the Markov chain satisfies the fol-
lowing accessibility condition: for any x € R, and for any measurable set B C R of
positive Lebesgue measure, we have |, 5&(x,y)dy > 0. Under this property, com-
bined with the existence of an invariant probability measure (wlz( y)dy in the present
case), it is known (see Meyn and Tweedie 1993, Theorem 17.1.7) that the invariant
measure is unique, and that the Markov chain satisfies a law of large numbers with
respect to it. We now state a direct corollary of this general result that applies to our
context.

Theorem 3 Assume that A is continuous, and satisfies the following conditions:
Ap>0,3C >0, VxeR, |AW@)|=C(1+x|?).

Under the assumptions that Wi, Wy € LIIOC(R) are bounded from below that
e Wi e=BW2 ¢ W]é’cl (R) and that

Vg >0, / Ix|9ePM1 O gx < 400 and / Ix|9eP"29 gx < 400, (3.6)
R R

the ergodic theorem for Markov chains (Meyn and Tweedie 1993) yields

lim (A)y =A(y*) where y* ::/ ywlz(y) dy.
N—+o00 R

Remark 11 Note that, for the result to hold true, (3.6) is not needed. The existence
of the moment of order p is sufficient. However, assumption (3.6) will be useful for
Theorem 4 below.

Remark 12 1t might sound a little strange that 1/ is the eigenvector of the transition
operator P defined by (3.3), whereas the invariant measure of the chain is 1/;12. This
is explained by the following fact: the expectation value of y; is equal to

E(y;) = /R x(PT o) () (PN 1) (x) dx,

for some initial laws ¢g and @1, where P? is recursively defined by Pigp = P[PI~!¢]
(recall that P is the operator defined by (3.3)). Hence, if 1 < i < N, then both
Pi=lgy and PN~ig; converge to the eigenvector of P associated with the largest
eigenvalue, that is, ¥| (hence the appearance of wlz rather than 1). This is explained
in more details in Sect. 3.2.1 below in the case of a non self-adjoint transition opera-
tor P.

Here again, it is possible to compute the next terms in the expansion of (A)y in
powers of 1/N. However, the computations are much more intricate than in the i.i.d.
case. The terms of the expansion here contain covariance terms, together with terms
containing the initial state of the Markov chain. As an example, we give the first term
of the expansion in the following theorem.
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Theorem 4 Assume that A is of class C3. Then under the assumptions of Theorem 3,
we have

* 1 / * * 02 Vi * 1
(Ayy = A(y )+NA (v );]E(Yi —y )+ﬁA (v HO(W)’ (3.7)

with

o%= fR(x - y*)zl//lz(x)dx + 221&:((2 ) (3.8)

i>2

ol _ B
where (Y;)i>1 and (Y;)i>1 are Markov chains of initial law Z, 11ﬁ1e_7W' and 1#12
respectively, and of transition kernel g. Moreover, the series appearing in (3.7)
and (3.8) converge exponentially fast.

Remark 13 Let us mention that o' defined by (3.8) is exactly the variance appear-
ing in the central limit theorem for Markov chains (Meyn and Tweedie 1993, Theo-
rem 17.0.1).

In addition, we see that in the special case of i.i.d. random variables, the second
term of (3.8) vanishes, together with the term proportional to A’(y*) in (3.7). We then
recover estimate (2.11)—(2.12).

Remark 14 The assumptions of Theorems 3 and 4 are not sharp. However, they allow
for simple proofs, and for a wide variety of interaction potentials W; and W5.

Remark 15 Again, as in Remark 3, constraints on the positions of the atoms may be
accounted for.

Note that Theorem 4 suggests a strategy for numerically computing the terms of
(3.7). Indeed, it is possible to compute numerically v; by discretizing (3.4). Numer-
ical integration then allows to compute y* and the variance fR (x — y*)zwf(x) dx.
The computation of the infinite sums in (3.7)—(3.8) is then performed using a simula-
tion of the corresponding Markov chains and taking the expectation value. Note that
the law of ¥; converges exponentially fast (when i — 00) to the invariant measure
wlz due to the existence of a spectral gap for the transition operator. Hence, the terms

E(Y; — y*) and E((Y; — y*)(Y} — y*)) that appear in both sums decay exponentially
fast, and only a few terms are needed in practice. We will observe in Sect. 3.1.3 that,
on our test example, A(y*) is already a good approximation of (A)y. Hence, we have
not implemented the strategy just described.

3.1.2 More than Two Repatoms

We explain in this section how the results of Sect. 3.1.1 can be adapted to the case
when more than two repatoms are considered.

We thus consider the following setting: we have N + M + 1 atoms of positions
w',0<i<M+N,and u°, u” and u™ M are the repatoms. We assume that N and
M are such that N/(N + M) = L is fixed. To remove translation invariance, we set
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u® = 0. Since the atoms on the right of "V will not play the same role as those on the
left, we denote their distance differently:

yii=——— VI<i<N,
Gii=m————— YO<i<M-1,

where 1 = 1/(N 4+ M). We assume that the observable A is a function of u" — u°
and uV*tM — 4N Hence, the expectation value of A reads

M-
A =71 A , e —Ewi)
(A)n.m /H;Nw <N+szz NiMm 2% )

N—1
]_[T(y,,ym)e EW1N) g=BWa 0w +20) o5 Wi (20)

i=1

Mf
x [ 7 ziene 2" ayaz, (3.9)
i=0
where, as before, we have set ?(x, y) =exp[—SfWa(x +y) — ng (x) — ng ]
Here again, we may use v that solves (3.4) in order to rewrite (3.9) as the expecta-
tion value of a function of two independent Markov chains. Indeed, ¥r; and g being
defined as before (see (3.4) and (3.5)), we have

M—1

1 1
Ay =2" A > i Z Ewion)
(AYN.m /RMM (N+M Vis NI - Z;)M(M)e

N—1 _Ew (yn)
e 2"M1ON w ﬂW
x [T 8Wis i) —————e PPN H0) Y (79)e =2 W10
E o Y1(yn)
’Vl’_[ Ewizp-1
g(zi, zi +1)7dydz
0 T Y em)

[ ( +M§:Y”NJIFMMZIZ">

=1 i=0

e AWM =EwiZy-n- ﬁWZ(YN+Z())j|

x VYWV (Zag 1)
e B WO = EWI(Zu ) =B W2 (Y +Z0) 7\
X<E[ D , (3.10)
YiYnV1(Zy—-1)
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where the sequences (Y;);>1 and (Z;);>0 are two independent realizations of a

. C B ..
Markov chain of initial law y;e~2"!, and of transition kernel g. These Markov

chains have exactly the same properties as the chain of Sect. 3.1.1. Hence, we may
use again the ergodic theorem as before to prove that

1 N 1 M—1
Y — Liy*, Zi — Lyy",
N+M§l 1y N+MIZ:(:) i 2y

almost surely, with Ly = N/(N + M) and L, = M /(N + M). Thus, the expectation
values in (3.10) simplify, allowing to prove the following theorem.

Theorem 5 Assume that A, Wy and Wy satisfy the assumptions of Theorem 3. As-
sume in addition that L = is fixed, and set L, = =1— Ly. Then we
have

_N_ _M_
N+M N+M

li A = A(L1y*, Loy* ith y* = 2(y)dy.
N,Mlinm( Yv.m = A(L1y*, Lay*)  withy /Rylﬁl(y) y

Here again, it is possible to use an expansion in powers of 1/N and 1/M of the ex-
pectation value (A) .y . For simplicity, we restrict ourselves to the expansion at first
order, and consider the case N = M. We assume that the hypotheses of Theorem 4
and Theorem 5 are satisfied. We then have

2
(A)n. v = A(L1y*, Lay™) + ;—NAA(LU’*, Lay*)

1
+N[81A(L1y*,L2y )+ 2A(L1y*. Lay*)] > E(Y;

i>1
1
+ 0 Nz

with Lj = Ly = 1/2 and where o is defined by (3.8). We have not implemented this

formula, since on our test example, A(L;y*, Lyy™*) is already a good approximation
of (A)n,n

3.1.3 Numerical Results

For the NNN model, we choose the potentials

1 4 15 1 4

Wix)==(x—1)"+=-x* and Wr(x)=-(x—2.1)".
2 2 4

Note that other choices are possible, such as Wi = W5, or Wa(x) = Wi(x/2) (such

that the equilibrium distances of W; and W, are compatible). We have chosen W

such that we observe a significant dependence of ensemble averages (for instance of

the mean length (V) y of the chain) with respect to temperature.
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Fig. 13 Left graph: convergence, as N increases, of (A(uN )) i (exact) to A(y*) (LLN), at the temperature
1/B8 =1, for A(x) =exp(x). Right graph: convergence, as N increases, of (AN, u?N — uN))ZN (exact)
to A(y*/2, y*/2) (LLN), at the temperature 1/8 = 1, for A(x, y) = exp(2x(x + y))

It is important that W and W, grow fast enough at infinity, such that assumptions
of Theorem 3 are satisfied (in particular assumption (3.6)). As in the NN case, we do
not need any convexity assumption on W1 and W>.

We consider two cases:

e the chain consists of N 4 1 atoms, there are two repatoms u® =0 and u® , and
the observable only depends on the right-end atom u". We aim at computing
(A™))y. This is the situation of Sect. 3.1.1.

e the chain consists of 2N 4 1 atoms, there are three repatoms u® =0, uV and
u*N, and the observable depends on u" and u*M — u™. We aim at computing
(A, u®™ — yN)),n. This is a situation covered by Sect. 3.1.2.

Theorems 3 and 5, respectively, provide the asymptotics limy_, 100 (A™))y =
A(y*) and limy— oo (A", u?™ —u™))ony = A(3y*, 1y9).

We first study the convergence of ensemble averages at the temperature 1/8 = 1,
as N increases. Results are shown on Fig. 13, for a particular choice of observable (we
have performed the same tests with other observables, with similar conclusions). We
indeed observe that the ensemble averages of the full atom system converge to their
Law of Large Numbers (LLN) limit, in both cases of two and three repatoms. Note
that the exact result for N = 10 is already very well approximated by the asymptotic
limit, namely A(y*) in the two repatoms case, A(y*/2, y*/2) in the three repatoms
case.

We next study the averages as functions of the temperature, for N = 100. Results
are shown on Fig. 14. We observe an excellent agreement between the full atom
value and the asymptotic limit, in both cases of two and three repatoms, whatever the
temperature.

3.2 Extensions

In this section, we briefly explain that our strategy carries out to more general cases.
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Fig. 14 Left graph: we plot (A(uN))N (exact), (A(MN))%A (HA) and A(y*) (LLN) as functions of

the temperature 1/8 (N = 100, A(x) = exp(x)). Right graph: we plot (AN, u?N — uN))zN (exact),
(A(uN, uN — uN))IzJI,(? (HA) and A(y*/2, y*/2) (LLN) as functions of the temperature 1/8 (N = 100,
A(x, y) = exp(2x))

3.2.1 The NNNN Case

The case of any finite range interaction may be treated in the same way as we treated
the NNN case in Sect. 3.1.1. Indeed, consider for instance the case of next to next to
nearest neighbor interaction (NNNN). In such a case, we are lead to consider (we go
back here to the case of 2 repatoms for the sake of clarity):

| N
(Ay=2"" /RN A(ﬁ ;yi) eXP|:—,3§1:Wl i)

N-1 N-2
— ,3 Z WZ(yi +)’i+1) - ,3 Z W3(yi + Yi+1 —|—yi+2)j| dyl .. dyN
i=1 i=1
N-2

N
- 1
=7 IANA(N Z}’i)b()’Nl,)’N) l_[ f(yi’Yi+1’Yi+2)dy1-~-dyN,
i=1

i=1

where we have set f(x, y, z) =exp[—BWi(x) —BWa(x +y) — BW3(x+y+2)], and
used the notation b(yy -1, yn) = exp[—BWi1(yn-1) — BW1(yn) — BW2(yn—1+yN)]
for the boundary term. We assume, for the sake of simplicity, that N is even, i.e.,

N =2M,
and define the new variables
& =ni-1,y2), 1=<i<M.

Hence, we have

M—1

T -
<A>N=Z*1f A<ﬁ§&~<1,1>)b<sm 11 fl&i, &ir11dE - dEy, (3.11)

@ Springer



272 J Nonlinear Sci (2010) 20: 241-275

where

fley, @] = fx,,2f(,z0).

Hence, this change of variables allows to manipulate again a Markov chain, but in
dimension 2. However, the renormalization trick we have used in the NNN case (see
Sect. 3.1.1) cannot be used here, because it relies on the fact that the transition opera-
tor is self-adjoint. It is nevertheless possible to use the above structure in the following
way: define the operator (on L>(R?))

[Pol(z.t) = /]RZ Fley. @ D]ex, y)dxdy,

together with its adjoint

[P*w](z,t)=/Rz FlG 0, e 9)]ex, yydxdy.

Before studying the average (3.11), let us consider the average

M—-1

(B)y=2" fR ., BEwEn [ Fi&. &i11d61 - déu

i=1
for a continuous and bounded function B. Then

M—i—1

(B)=2"" fR CBO[PTP] (P @), (3.12)

where
o(z.1) = /R ey, @ n]dxdy,

V(t,2) = /R2b<y,x>f[(t,z), (y,x)]dxdy.

We assume that the operators P and P* have a simple and isolated largest eigen-
value (which can be proved for many interactions, using for instance Krein—Rutman
theorem, Schaefer and Wolff 1999). Let us denote by ¢ and ¢* the corresponding
eigenvectors in L?(R?), namely

P =2xrp, P*¢* =1¢",

where A = sup Spectrum(P) = sup Spectrum(P*). If 1 < i <« M, we infer from
(3.12) that

(B)— Z! /R BED@)" () de,
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Fig. 15 An example of polymer chain. The corresponding model is the same as the one studied in this
article, except that the positions u' are in R3

where Zo, = fRZ ¢ ¢*. This argument may be adapted to prove that the expectation
value (A)y defined by (3.11) converges:

(A — A7),

where

. Jr2E1 +E)9 (61, E)9% (61, 62) d&1 d&
Jre (&1, 60" (51, &2) dé1dEer

3.2.2 Polymer Chains

The considerations of Sect. 2 and Sect. 3.1 may be easily generalized to the case when
the positions u! of the atoms are not restricted to be in the real line, but are vectors of
RR? or R3. The only important thing here is that they are indexed by a one-dimensional
parameter (here, 1 <i < N). This is the case for instance if one considers a polymer
chain (see Fig. 15). In such a case, NN or NNN approximations are commonly used,
in order to compute the average length of the chain (see Bird et al. 1987 for instance).
Our approximation strategy carries out to this case.
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