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Abstract. We give a set of conditions under which a system is thermodynamically self-averaging
and show that several lattice models of interacting copolymers satisfy these conditions. We prove
this result for a general potential which is linear in the numbers of various types of contacts,
and show that this includes two potentials which have previously been used in models of random
interacting linear copolymers.

1. Introduction

Random copolymers are an interesting example in the statistical mechanics of random systems
and several papers have appeared on the adsorption @ar&989, Gutman and Chakraborty
1994, 1995, Bolthausen and den Hollander 1997, Biskup and den Hollander 1999, Orlandini
et al 1999) and collapse (Sfatos and Shakhnovich 1997, Garel 1998, Monariet al
1999) of random copolymers. There are interesting questions concerning the existence of the
thermodynamic limit of the quenched average free energy and thermodynamic self-averaging
in these systems. Random systems are characterized by a Hamiltonian which depends on a
set of random parameters, and in the case of random copolymers these parameters are the
identities of the individual monomers making up the polymer. For a given set of values of
these parameters (e.g. the sequence of comonomers along the polymer chain) one can ask
for the value of the free energy of the system. If this free energy is equal (almost surely)
to the quenched average free energy (in the thermodynamic limit of infinitely large systems)
the system is said to be thermodynamically self-averaging. Orlaedlial (1999) proved
that a self-avoiding walk model of random copolymer adsorption is thermodynamically self-
averaging but there are rather few similar results in this area. Thermodynamic self-averaging
has been proved for random spin models with both short-range (van Hemmen and Palmer
1982) and long-range interactions (van Enter and van Hemmen 1983). However, it is known
that correlation functions are not self-averaging in some random spin problems (Derrida and
Hilhorst 1981, Sourlas 1987).

Akeyingredientin the proof of the existence of the thermodynamic limitin lattice problems
is the derivation of a sub- or super-additive inequality for the logarithm of the partition
function. In random systems this means that we are dealing with a sub-additive or super-
additive stochastic process, and there is an extensive mathematical literature on these processes.
They were first introduced by Hammersley and Welsh (1965) in the context of first passage
percolation and Kingman (1968, 1973) proved an important ergodic theorem for stationary
subadditive processes, in the one-parameter case. Akcoglu and Krengel (1981) generalized
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this result to multi-parameter processes and replaced Kingman'’s stationarity condition by an
endomorphism on the measure space. The proof of self-averaging for long-range random spin
systems by van Enter and van Hemmen (1983) makes use of Akcoglu and Krengel's ergodic
theorem.

The theorem of Akcoglu and Krengel (1981) is a very powerful tool and, in section 2,
we use it to derive sufficient conditions under which certain lattice models of copolymers are
thermodynamically self-averaging.

There is overwhelming numerical evidence for a collapse transition both in models of linear
(Mazur and McCrackin 1968, Webmat al 1981, Tesiet al 1996a) and branched polymers
(Derrida and Herrmann 1983, Gaunt 1991, Gaunt and Flesia 1991) in the homopolymer case,
though the existence of a collapse transition has not been demonstrated rigorously. In section 3
we consider several specific models of random copolymers which are expected to show a
collapse transition. We show that these models each satisfy the conditions of section 2, and
hence show that they are thermodynamically self-averaging.

2. A sufficient condition for self-averaging

In this section we consider a class of lattice models of polymers, such as walks, trees, animals,
etc. In each case the vertices will be coloured and we shall be interested in interacting
versions of these objects, so that the vertices interact with a surface, or with each other,
etc. We shall consider thé-dimensional hypercubic latticE? though extensions to other
lattices are possible. To formalize the situation we consider a clastcombinatorial
objects which are connected subgraphsZdf viewed as embeddings of some abstract
object. These subgraphs are stratified by the numbeof(vertices in the embedding and

we label the vertices = 1, 2, ..., n in some canonical way. The vertices are each coloured
randomly and independently and we represent the colour of veligxhe random variable

x; belonging to the probability spadé We write x for the sequences, x2, ..., x, Where

x belongs to the probability spacé = Y x Y.... The embeddings have an associated
energy determined by an integer-valued vectowhich depends ory. We call s the
dimensionless energyf the embedding. Let, (s|x) be the number of embeddings of an
object in clasg” with n vertices with colouringy, and dimensionless energy Define the
partition function

Zy@lx) =) fulslx) € (2.2)

and the associated free energy
Fy(lx) = n"*log Z, (lx) (2.2)

where the vectow is conjugate ta.
Suppose thak, (w| x) satisfies the following conditions:

1. n7tlog Z,(w|x) < M(w) < oo for all finite n, when all components aé are finite and
x € X.

2. Z,, (0| x1) Zy, (0l x2) < Z,,4n,(w|x) Wherey is the concatenation of the colourings
andyo.

It follows that, for x € X and for any fixed read the function logZ,(w|x) is integrable
over the probability spacE. Under these conditions 166, (w|x) is a discrete super-additive
process and in the remainder of this section we shall assume that these conditions hold.
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Theorem 2.1. The limiting quenched average free energy
lim (F, (0]X)) = (o) (2.3)

exists, wherd- - -) is an average over colourings.

Proof. Taking logarithms in condition 2 and averaging over the random colourings we obtain
(log Z,, (] x1)) + {109 Z,1, (@] X2)) < (109 Zpy 10, (@] X)) (2.4)

This equation, together with condition 1 and the super-additive function theorem (Hille 1948)

immediately implies (2.3). O

Lemma 2.1. Conditions 1 and 2 imply that

liminf F,(w|x) > F(w) (2.5)

foralmost ally € X.

Proof. For fixedm write n = mp + ¢ with 0 < ¢ < m. Repeated application of condition 2
gives

14
Zy(wlx) = []‘[ zm<w|xi>} X Zy(@|x0) (2.6)
i=1

where the colouringg; and g are inherited fromy . Taking logarithms and dividing by we
obtain

1 )4
ntlog Z,(oly) = [W ;'09 Zm(a)|Xi):| +n tlog Z,(w]x0)- (2.7)

Letting p — oo with m fixed we obtain

liminf n7tlog Z,(w|x) > (m~tlog Z,, (w|x)) (2.8)

n—00

almost surely, where we have made use of the strong law of large numbers. kettingo
and using theorem 2.1 we obtain (2.5). O

We next state a version of the local super-additive ergodic theorem of Akcoglu and Krengel
(1981), appropriate to our problem.

Theorem 2.2 (Akcoglu and Krengel).Sincdog Z,, (w| x ) is a discrete super-additive process
thenlim,_, o F,(w|x) = n(w|x) exists for almost al .

The next theorem allows us to identify the value of this limit. Akcoglu and Krengel
remarked that under certain circumstangés|y) is almost surely equal to the quenched
average free energy and we give a proof appropriate to our conditions.

Theorem 2.3.Lemma 2.1 implies that
n(wlx) = F(w) (2.9)

foralmost ally € X.
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Proof. By theorem 2.2 lim_, , F,,(w|x) = n(w|x) exists for almost aly € X solemma 2.1
implies thaty(w|x) > F(w) for aimost ally € X. Suppose that the set for which this is true

is X*, thenX* has measurg (X*) = 1. Suppose, to obtain a contradiction, that there exists a
positive measure sét such that, for ally € S*, n(w|x) > F(w). Let S~ be the set such that

x € S™implies thaty(w|x) < F(w). Clearly (2.5) implies that(S~) = 0. From condition 1

and the fact thaX is a probability space, the dominated convergence theorem implies that
n(w|yx) is integrable and

Floy=lim | n~tlog Z,(wlx) dx = / (@l dx. (2.10)
Using the fact that

| nelodr = A= us) - usHFe (2.11)
this implies that

[ n@hodcs [ nhode = Felues + sl (2.12)
However,u(S~) = 0 so that this equation implies that

t@l)es = [ o dr/uis) = Fo). (2.13
However, this is impossible sinegw|x) > F(w) forall x € S*. O

3. Some examples

In this section we use the results of section 2 to prove thermodynamic self-averaging for several
interesting problems in polymer physics. Each of these problems could be used as a model
of polymer collapse in random copolymers. We treat them in a fairly general way so that our
treatment includes several of the Hamiltonians which have been suggested in the literature
(Garelet al 1998) for modelling collapse in random copolymers. For each of these problems
we need to check that the model satisfies conditions 1 and 2 above.

3.1. Self-interacting random unfolded self-avoiding walks

The proof of the existence of a collapse transition in interacting self-avoiding walks, where
all vertices are treated in the same way and there is no random colouring, is still open. This
problem was studied (for homopolymers) by Tesal (1996b), where they proved that the
limiting free energy exists for repulsive interactions between vertices, and that it is equal to
the corresponding free energy of self-interacting polygons. For attractive interactions there is
not even a proof of the existence of the limiting free energy.

We are not able to say anything about self-averaging in the random interacting self-
avoiding walk problem but we can prove self-averaging in a simpler model. We consider
self-avoiding walks orZ¢. We shall be interested in walks withvertices and number these
verticesi = 1, ..., n in a sequential way. We writey;, y;, ..., z;) for the coordinates of the
ith vertex and say that a walkuimfoldedif x; < x; < x, foralli = 2,...,n. The vertices of
the walk are independently coloured +1 with probabilitsnd—1 with probability 1— p. Let
b, (k++, k__, k+_|x) be the number of unfolded walks withvertices k.. contacts between
pairs of vertices coloured +1 and #1,_ contacts between pairs of vertices colourebland
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—1andk,_ contacts between pairs of vertices coloured +1-afhdgiven a colouring sequence
x . Define the partition function

By(Blx) =Y bulklx)e*® (3.1)
k

wherek is the vectork.+, k__, k+_) andg(k) is a linear function ok. We takes < oc.
Since the number of unfolded walks is bounded abovehly' and the maximum number
of contacts is @), condition 1 is satisfied for ang < co.

Two unfolded walks can be concatenated as follows. We shall witey?, ..., z2),
i = 1,2,...,n,, for the coordinates of vertex in walk A and (x2, y2,...,z8),i =
1,2, ...,ng, forthe coordinates of vertexn walk B. Translate walkB so thatxf = x,?A +1,
yE = y,fA, 2= z;;‘A, and add an edge joining thgth vertex of walkA to the first vertex of

walk B. This produces an unfolded walk with +n z vertices k2, +k2, contacts between pairs

of vertices labelled +1 and +1, etc, so that kReectors add, and with a colouring of vertices
which is exactly the concatenation of the colourings in the two subwalks. This immediately
gives the inequality

BnA(ﬂl)(A)BnB(ﬁlXB) g Brmﬂlg(ﬁl)() (32)

wherey is the concatenation of the colourings and . This establishes condition 2. Since
both conditions hold the model is thermodynamically self-averaging.

3.2. Self-interacting random lattice trees

The general problem of collapse in trees as a model of branched homopolymers (i.e. without
random colouring of the vertices) has been studied by Maatrag(1990). They showed that
the thermodynamic limit exists and derived bounds on the behaviour of the free energy.

For the quenched copolymer case one should randomly label each vertex of a tree (with
two colours, say) and this labelling should then be fixed. The labelling should be a property
of the graph and not of theembedding Unlike the unfolded walk model, we are not able
to handle this case but we can prove results for a different labelling scheme which we call
lexicographically quenchedFor eachembeddingf the graph, i.e. for each lattice tree, we
label the vertices lexicographically so that the labelling is additive under the concatenation
operation which we use.

We consider the-dimensional hypercubic lattice with vertices having integer coordinates
(x,y,...,2). A contactis an edge of the lattice which is not an edge of the tree but which
is incident on two vertices of the tree. The tree is labelled lexicographically and each vertex
of the tree is coloured +1 with probabilify and —1 with probability 1— p, independently.
With the vertices ordered lexicographically we wrjtéor the correspondingolouring, i.e. the
sequence of +1 andl. Lett, (k+, k__, k+_|x) be the number of trees, modulo translation,
with n vertices, withk,., contacts between pairs of vertices coloured +1 and+1,contacts
between pairs of vertices colouredl and—1 andk._ contacts between pairs of vertices
coloured +1 and-1, given a colouring of the vertices. Note that.., etc are all functions of
x and hence are random variables. Define be the vectotk.+, k__, k+_), and writer,, (k| x)
for 6, (kes, k__, ke_|x).

Define the partition function

T(Blx) = Y ta(k|x) €® (3.3)
k

whereg (k) is a linear function of the vectdr. We takeg < oco.
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Since the number of trees is exponentially bounded (Klein 1981, Klarner 1967), the
maximum number of contacts is(@ andB < oo, condition 1 is automatically satisfied, so
we only have to check condition 2.

Each tree has &eftmost plangrightmost plang such that vertices in this plane have
a minimum (maximum-coordinate. Consider a particular tree Suppose the leftmost
(rightmost) plane of isx = x;(t) (x = xg(t)). Call the lexicographically first vertex in the
leftmost plane théeft vertexof 7, and the lexicographically last vertex in the rightmost plane
theright vertexof . Consider two treeg, andt,, such that; hasn; vertices and-vectork;,
andr, hasn; vertices and-vectork,. With z; fixed, having its right vertex @ &, v+, ..., z%),
translater, such its left vertex has coordinate$ = xx + 1,2 = y},...,z2 = zk. Add an
edge incident on these two vertices to form a single tree with n, vertices andc-vector
equal tok; + k» since the concatenation does not create or destroy any contacts. This implies
that

Dty (ke | X1) tuy (k = Kl x2) <ty (K1 ) (3.4)
k1

where we have writtery for the concatenation of the two colouringsand x,. Multiplying
both sides of (3.4) by®&®, and summing ovek, we obtain

Ty (Blx) T, (BIx2) < Tpin, (BlX) (3.5)

where we have made use of the linearityggf). This establishes condition 2 for this model
and we have therefore established that the model is thermodynamically self-averaging.

3.3. Self-interacting random lattice animals

Madraset al (1990) considered six different models of interacting lattice animals which are all
expected to show a collapse transition. The animal can be a sub-graph (i.e. a weak embedding)
or asection graph (i.e. a strong embedding). In each case the animal can be counted by vertices
or by edges. For section graphs the collapse can be induced by cycles, while for subgraphs
it can also be induced by contacts. Provided that the animal is labelled lexicographically,
the methods used in section 3.1 above can be used without essential modification to prove
self-averaging for the three cases in which the animal is counted by verfesup-graphs

with collapse induced by cycled?, section graphs with collapse induced by cycles, and
sub-graphs with collapse induced by contacts, in the notation of Matia§s The exponential

bound in condition 1 is almost immediate, using the exponential upper bound on the number of
animals due to Klarner (1967), since the maximum number of cycles or contacts is in each case
bounded above by — 1)n. For 8 < oo we immediately have condition 1. The functional
inequality in condition 2 is proved by a concatenation argument analogous to that used to prove
(3.4) and hence (3.5).

4. Conclusions

We have derived a set of sufficient conditions for a random statistical mechanical model to
be thermodynamically self-averaging. We have shown that several lattice models of self-
interacting copolymers obey these conditions and hence are self-averaging. For the cases of
linearly labelled unfolded walks and lexicograpically labelled lattice trees, where the potential
depends on a linear function of the numbers of the various types of contacts, we have given an
explicit proof of self-averaging and noted that these methods can be easily extended to handle
several models of lexicographically labelled self-interacting lattice animals. In addition we
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note that the argument given for linearly labelled unfolded walks appliggtis mutandis
to the model of linearly labelled directed walks, which is the random version of a model for
which a transition is known to occur in the homopolymer case (Btak 1992).

Our potential is quite general and includes several models which have previously been
introduced in studies of collapse in models of linear heteropolymers (@a&211998). In
particular, the binary quenched random hydrophilic—hydrophobic model, introduced by Garel
et al (1994),

3 A+ 3)) = glhkas ke ki) = 2(ker — k__) (4.1)

i<j

whereA;; is 1 when vertices and j are near neighbours on the lattice and form a contact,
and zero otherwise; is the colouring of vertex and can bet1. For the random short-range
interaction model introduced by Kantor and Kardar (1994)

D Aihidj = glkews ko kil) = ket ko — k. (4.2)

i<j

Our results show that lexicographically labelled random trees and animals and linearly labelled
unfolded walks, with either of the above potentials, are self-averaging, but the corresponding
question for interacting self-avoiding walks is still open.
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