Journal of Statistical Physics, Vol. 119, Nos. 3/4, May 2005 (© 2005)
DOI: 10.1007/s10955-005-3771-0

Kac Polymers*
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We show how a polymer in two dimensions with a self-repelling interaction of
Kac type exhibits a diffusive-ballistic transition if considered on the appropri-
ate scale.
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1. INTRODUCTION

In the last two decades a considerable effort has been spent to find
a mathematical description of the physical objects known as polymers.
According to ref. 1: “a polymer is a long chain of molecules with two
characteristic properties: an irregular shape and a certain stiffness”. The
natural mathematical object to describe irregular long chains is the ran-
dom walk; since the precursory work by Brydges and Spencer,® the
(weak) interaction added to the standard probability distribution of the
random walk to take into account the stiffness of the polymer has been
a self-repelling interaction. The simplest way to describe this model is to
consider walks w, in Z? starting at the origin and consisting of |w|=N
nearest neighbor steps, and to assign to each walk a weight proportional
to
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py@)=exp| - Y Sws—w) | (1.1)

0<s<t<N

A natural quantity to study is the mean square end-to-end distance of w
defined as:

2 jol=N w3 PN ()

Ry(B) = 1.2
NP Z|w|:N PN (@) (12
A polymer is classified by the value of the coefficient « such that
R
lim XVB)_ (1.3)
N—oo N¢

with D a positive coefficient; a polymer is said to be diffusive if « =1,
super-diffusive if 1 <a <2 and ballistic if « =2. The available rigorous
results and the numerical simulations show that, although D depends on
the coefficient B8 appearing in Eq. (1.1), the parameter «, and therefore the
long distance behavior of the polymers, are B-independent.

Due to the high non locality of the interaction appearing in Eq. (1.1),
the rigorous results about the behavior of Eq. (1.2) are quite scarce. In
ref. 2 it is proved that for d >5 the self-repelling polymers are diffusive, in
ref. 3 it is shown the ballistic behavior for the one-dimensional case. Such
results, together with a more detailed description of the behavior of the
polymer, are contained in many other works, see e.g. ref. 4 and reference
therein.

The ingenious technique that allows to prove the diffusive results is
the lace expansion, which is a way to show by induction that the proper-
ties of the correlation functions of self-repelling polymers are the same as
those of the free ones. There are many ways to implement such inductive
hypothesis, and the recent versions of the lace expansion are very elegant,
see e.g. refs. 3, 5. The same technique allows to show the ballistic behavior
in d=1. The lace expansion, however, seems to be useless in the inter-
mediate cases, i.e. for d =2, 3,4, where a super-diffusive but sub-ballistic
behavior is expected. The only result in this direction is ref. 6, where the
logarithmic corrections to the diffusion coefficient in d =4 have been stud-
ied using a field theoretic approach in a continuous space.

Another interesting class of results concerns the so called forgetful
or elastic polymers, i.e. when the self repulsion is weaker if the poly-
mers intersect after a long time.®) The weight associated to the walk w is
modified in the following way:
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phi@)=exp|—p Y [Ur—sDhs(w—w) |, (1.4)

0<s<t<N

where f(x)>0 has a suitable decay for large x. Also in this case, however,
the basic technique is the lace expansion, and the available rigorous results
cover only the diffusive regime.

One may wonder why a genuine elastic interaction, i.e. a bending con-
tribution in the energy associated to the polymers, is not considered in lit-
erature. This would be a way to take into account very naturally the stiff-
ness of the polymer. A local interaction of this form, indeed, does not
affect the diffusive behavior of the free random walk.

This can be easily seen in the following way: let us describe the walk
o in terms of its unit increments. To each w it can be associated a set
of unit vectors o;,i =1,..., N, taking values in {+ey,..., ey}, where
e1,...,eq are the generators of the lattice Z¢ and represent the ith step of
the walk. Clearly w, =) !_,0;. A simple way to assign a weight to each
o preventing the bending of the polymer would be:

N
PR (@)=pR (o) =exp [ﬂ > o -o,-H], (1.5)

i=1

and the mean square end-to-end distance of w is defined in this context
as:

PSRN
Rypr= Y ZelUPNO ) )

b
I<igen 2o PN(@) 1<i,j<N

The measure obtained in this way can be interpreted as the Gibbs measure
for a bounded spin model in one dimension with finite range interactions,
and it is well known(7-® that these models do not exhibit phase transitions
for any temperature and their spin—spin correlations (o; - 0;) decay expo-
nentially. This implies from Eq. (1.6) simple diffusion. A bending energy
different from the simplest choice in Eq. (1.5), but with finite range, would
give always diffusive polymers.

In recent times, however, some interesting results about one-dimen-
sional spin models have been proved. In particular, for the class of inter-
actions known as Kac potentials, the existence of non-zero magnetization
domains on a scale much larger than the range of the potential has been
proved in ref. 9. This behavior suggests the possibility that a polymer with
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finite range self interaction can exhibit phase transitions as a finite size
effect.

In this work we propose a model of polymers (Kac polymers) defined
in a two-dimensional space which can be rewritten in terms of a one-
dimensional bounded spin system very similar to the one described in
ref. 9. With the same techniques used there, we are able to prove a diffu-
sive-ballistic phase transition for this class of polymers, when the infinite
volume limit is realized in a suitable sense or, which is the same, if the
polymer is seen on an appropriate scale.

The result is stated for polymers on a two-dimensional lattice space
since in this case, by a suitable change of variables, the Hamiltonian can
be disentangled as the sum of two Ising Hamiltonians with Kac interac-
tion. The generalization to higher spatial dimension does not present, in
principle, any obstacle but is technically much more involved.

Hence the above diffusive-ballistic phase transition for Kac polymers
does not depend on the spatial dimension d. This is a relevant difference
w.r.t. the self-repelling models above mentioned. This is due to the local
character of the interaction and to the fact that the model we introduce
is intrinsically one-dimensional.

To fix the ideas a possible model (that we will slightly modify in
the next section) is the following one. Let us consider a walk w =
{witi=0.1.2....n, On a d = 2-dimensional lattice; we define the following
weight for the walk:

py@=exp| By’ D (wi—w)’ |, (1.7)
0<i<j<N
j=iy™!

where >0 and y >0 are suitable parameters. Take, for simplicity, ¥ such
that y~! is integer.

This weight tends to prevent the bending of the polymer. The interac-
tion is always finite range, but when y is small its range tends to increase,
as usual in Kac potential. We will give the exact statement of the main
theorem of this paper in the following section, however our result can be
summarized in the following way: there exists 8. >0 (which can be exactly
computed, see below) such that, given € >0, there exists a constant ¢ >0
(depending on ¢) for which the following holds. If we choose 8 such that
|B—B.| =€ and N=e"”71, then the polymer described by Eq. (1.7) is bal-
listic for 8 > B., while it is at most diffusive for g8 < B,.
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In the limit y — 0, rescaling the space with a factor y~!, one for-
mally obtains a continuous walk, with a bending interaction on scale 1.
The interaction is such that the repulsion between finite small contiguous
segments is independent on y (this is the reason of the factor 33 in front
of the sum appearing in the Hamiltonian).

One might also characterize the transition by considering polymers of
infinite length, by means of the (unique) DLR infinite volume measure rel-
ative to the interaction in Eq. (1.7). More precisely, from the results of ref.
9, we could prove that, for 8> . and y — 0, there exists a definite length
scale of order ¢’ with ¢ a suitable constant, such that on this length
scale the typical configurations of the polymer are polygons of random
Poisson length. In particular this implies that polymers of finite length N
much larger than ¢®””" behave diffusively. Conversely, if 8 < 8., we could
prove that on a scale slightly larger than y~!, the polymer behaves as a
Brownian path as y — 0.

There are several natural ways to modify this model. One possibil-
ity is to study with the same technique a random walk on the continu-
ous space with steps of length 1 and random (continuous) direction. This
corresponds to the study of one-dimensional planar rotator or classical
Heisenberg models with Kac interaction. Some partial results on these
models can be found in ref. 10, which suggest that the rigidity of the poly-
mer is in this case on scale ¢y 2 instead of the much larger ¢7"" . Another
possible model is to replace the Kac potential with a true long range inter-
action, e.g. decaying as 1/r2. This choice has the advantage to produce a
genuine ballistic—diffusive phase transition, as it could be proved using the
results of ref. 11, but this seems to us less reasonable from a physical point
of view for a polymer because its elastic stiffness is intrinsically local.

2. NOTATION AND RESULTS

We denote by Z? the two-dimensional cubic lattice. We will denote by
e1 and e, the generators of the lattice Z?, namely e¢; =(1,0) and e>= (0, 1).
If x=(x1,x2) and y=(y], y») are two elements of Z2, then x +y= (x] +
Y1, X2 + y2); moreover x -y denotes the usual scalar product x-y=ux1y; +
xpy> and |x — y| the Euclidean distance |x —y|=+/(x —y) - (x — y). Finally,
if x €Z? then x2=x -x.

Given a pair {i, j} CN with i < j, we denote by [i, j] the set [i, j]=
(i,i+1,...,j—1,;} and define N =[1, N]={1,2,..., N} and Ny=[0, N]
{0,1,2,..., N}

An N-step random walk from the origin is a function w:Ny— Z%:i+>
w; such that wp=0 and |w; —w;_1|=1 for all i=1,2,...,N. The value
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w; €72 is the position of the walk w after i steps. We denote by Qy the set
of all N-step random walks in Z> starting at 0. Given a random walk w e
Qy, the function oar: N — {e1; —eq; ex; —er}:i > 0; =w; —w;_1 is called the
spin configuration associated to w. Note that the value o; =w; —w;_ repre-
sents the ith step of the walk w. We denote by Xy the set of all possible
spin configurations associated to some w. Clearly the correspondence w <>
on 18 by construction 1-1 and onto. Given a set A C N, we will denote
by oa a generic spin configuration in A, namely o, is a function op: A —
{e1, —e1, €2, —e2}, and we denote by X4 the set of all spin configuration in
A.

We now assign a Kac type self-interaction to each walk w. A Kac
interaction is defined as follows. Let us take a real, non-negative, even
and differentiable function ¢+ ®(¢), r € R, compactly supported in [—1, 1]
and positive in (-1, 1). The Kac potential &, y € (0, 1] induced by @ is
defined as:

D, (1)=yd(y1). (2.1)

Given now an N-step random walk from the origin w € Qp, the
energy En(w) of w is defined as:

Ev(@=—y> Y ®,(—i)(0—-o). (22)
0<i<j<N
We will assume hereafter y € {27";neN} (so y~! is an integer) and
that also ¥ N is an integer. We remark that this assumption does not hide
a technical difficulty: we want just to avoid the use of heavier notation
involving integer parts.

Moreover, we are interested in the behavior of the random walks
when its length N is much larger than the interaction range y ! (in fact
exponentially large in y~1).

According to the Gibbs prescription, we can now define the probabil-
ity of a given walk w e Qy at a fixed inverse temperature >0 as:

e PEN(®)

_— 2.3
En(B.v) @3

pp.y (@)=

where Epy(B,y) is the partition function, i.e. the normalization factor
given by

Ev(B.y)= ) e PV, (2.4)

wGQN
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We are interested in the mean quadratic end-to-end distance:

RN, (B)= Y ppy(@oy (2.5)

a)EQN

of a random walk in the ensemble described by the probability measure
(2.3). Our main result is the content of the following theorem.

Theorem 2.1. There exist 8. > 0 such that the following holds. If
B> B, let N:e‘”’_l; then there are ag >0 and Dg> 0 such that:

lim RN,y(ﬁ)

=D v . 2.
lim =173 s Vae(0,ap) (2.6)

If B <p. there are yg€(0,1) and Cg >0 such that:

RN,)/(,B) < %

VN2>1, V 0, . 2.7

The proof of Theorem 2.1 will be given at the end of the paper. In the
following sections we will present a formulation of the model in terms of
a one-dimensional spin system and we list a series of results on this spin
model. Note that as far as the diffusive regime is concerned we just give
a bound, stating that the polymer can be at most diffusive on the scale of
the interaction. This guarantees the existence of the two regimes.

3. SPIN SYSTEM REFORMULATION

We write here the model in terms of the “spin variables” o; = w; —
w;_1 defined in the previous section. We have:

. 2
J
yi Y (- —w) =y Y e (i—i| Y. o
0<i<j<N 0<i<j<N k=i+1
=y? > 0,0 |2 oo +(i—i—1
0<i<j<N i<k<I<j
=2y> Y ®,(j—i) Y oo +Cy. (3.1

0<i<j<N i<k<I<j
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where

N N
CN=Ny’) @, ()= D=y’ ) ®y(s)s(s—1),

s=1 s=1

so that Cy =y NO(1). We then write:

2 ) (=) Y ool

0<i<j<N i<k<I<j
=2y ) oo > Dy (j—1)
1<k<I<N (i./}€(0,1.2,...,N)
[ j12[k—1.1]
=2 ). oo ) 2. (i =i)
1<k<I<N s> {i,j)e(0,1,2,...N)

li,j12lk—1.1], j—i=s-+—k

= Y VykDor-o,

1<k<I<N
where
Vy(k,l)ﬁ2y22q>y(s+z—k)Fk,,(s) (3.2)
s>1
and
S if [+s<N and s <k,
N -1 if [+s>N and s <k
F = ’ 33
k() k if I+s<N and s >k, (3.3)
min{k, N -1} if [4+s>N and s >k.
We have thus written Ey(w) as:
En(0)=E\ (on) +Ch, (3.4)
where
EQon)=— Y. Vyk.Dor-or. (3.5)

1<k<I<N
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Formulas (3.4) and (3.5) above show that the energy Ey(w) describ-
ing the self interaction of a two-dimensional random walk w e Qy can be
reinterpreted as the energy Ef\of) (on) of a one-dimensional spin system con-
fined in the “volume” N with free boundary conditions. Namely, E)(,O)(o)
represents the energy of the spin configuration o € Xy uniquely associ-
ated to w. The spins in this one-dimensional system are two-dimensional
vectors assuming the four possible values +ej, £e, and they interact via
an Ising ferromagnetic interaction with pair potential V) (k,/) defined in
Eq. (3.2). Finally, the partition function (2.4) can now be written, as:

- ~(0
En(B.y) =N EQ (B, v).

where

©0)
BN (By)= Y e PENVEN) (3.6)
ONEXLN

is the partition function of the one-dimensional spin system above.
By the hypothesis on ®,, it is immediate to check that V, (k,) has
finite range equal to y !, namely:

Vy(k,[)=0 whenever [ —k>y . (3.7)

We would also like V, (k,l) to be translational invariant, namely we
would like V, (k,1) to depend only on the difference / —k. This in general
is not true because the function Fy ;(s) defined in Eq. (3.3) is not trans-
lational invariant. Actually it is easy to see that such loss of translational
invariance occurs only when k and [/ vary in a very small set near the bor-
ders of N. To make things more precise let us define, for t € R,

T(0)=2y*) s, (s+t]) (3.8)
s>1

and consider the subsets A; and Ay of N given by Aj={keN:k<y !}
and Ay ={leN:N —y~1 <I<N}. Then, due to the finite range property
(3.7), one can easily check that:

V, (k,[y=J,(—k)+e€, (k1)
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0 if {k,1}Z (A1UAN),

k,l)= . :
& kD 202 Y% [Fu(s) —)I®y (s +1—k) if {k, [} C(AjUAY).

In other words, the pair potential V, (k,/) is indeed a function J,, (I —k) of
the difference [ —k if k,! are not both contained in one of the two extre-
mal sets A; and Ay. When vice versa k and [/ both belong either to one
of the two extremal sets, then V), (k,I) is given by J, (I —k) plus the non-
translational invariant “boundary” correction €, (k, /).

The function J,(¢) defined in Eq. (3.8) behaves as a Kac potential.
Indeed:

Ty )=y IV (yt) 3.9)

where

I =y Z(ys) O(ys+t)

s=1

is such that

o0
limOJ(y)(t)iJ(O)(t)=/ dx x ®(x + 1)) (3.10)
Y= 0

It is now clear the reason of the presence of the scaling factor y? in the
Hamiltonian (2.2): with this choice the function J, () has the correct scal-
ing (3.9) (the function J)(¢) being almost “scale invariant™).

By definition (3.8) and the properties of @, it follows that J(¢) is an
even, non-negative, differentiable function, compactly supported in [—1, 1]
and positive in (—1, 1).

Let now NP =A\(A;UAy), then any configuration o on A can be
seen as the union of a configuration oA, on Ay, oa, on Ay, and o, on
NP Therefore, using Eq. (3.7), one can easily check that

0 0 0 o
EN (on)=E (0a) + Ex) (0a) + H, ™Y (op),

where oa,uay Is the spin configuration on AjUAy which agrees with ox,
. g, . . . .
on A; and with oA, on Ay, and HNAb‘UAN (op) is a spin Hamiltonian
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defined in the volume A with boundary condition oa,ua, through the
translational invariant Kac potential J,:

0. . .
HA" (o) = — > I,(j—i)oi-o;. (3.11)
(i<}
i€AJUND, jeNPUAY

The partition function (3.6) can be rewritten as

o
20 yy= Y e PENOITER O 2T gy (B

O'AIEZAI
(TANGXAN

where

g PAUAY
UAIUAN(‘B )= Z B BH, 1 (JNb).

INDEZ D

Consider now the finite volume Gibbs measure on X s,

AluAN
— H

UAluAN ﬂ (UNb)

(ope) =

# (3.13)
By

We now show that under a suitable change of variables, the measure (3.13)
is mapped into the product of two independent Ising models. We introduce
the two orthogonal vectors in R2,

e1t+e ej—ep
- 2 ’ f - 2 ’

so that e; = f1 + f» and ey = f1 — f». Then, to each spin configuration o €

Yy it corresponds a unique pair (t(V, ), where

=@, e eMy=(-1, 1}V, r=1,2,

such that o; = tl-(l) il +ri(2) f> for all i e N. Under the map o — t the mea-
sure (3.13) is mapped into a product measure. Indeed:

OAUAYN

D )
1 2
H_N’b (O'Nb) — AIUAN( ( ))+ AIUAN( ( ))
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where, for r=1,2,

(
1
AIUAN( (”))__E Z J)/( Z)T(r) (") (314)
{i<j}
i€eAJUND, je NPUAy

Then, for any real function o — F (o),

(1) @
O’Al

VﬁyUAN(F)—Mﬁ )I/UAN® A]UAN(F) (3.15)

where F(r)=F(Y fi+1t@ f) and

MO
0 —ﬁH A1UAN( (r)

u,g 1“AN(W,)_(,)—, r=1,2. (3.16)
TA UAN
B.v)

We have thus decomposed the system as the superposition of two
independent one-dimensional Ising model with Kac interaction, whose
typical behavior is studied in ref. 9. Theorem 2.1 is now an easy conse-
quence of those results.

4. PROOF OF THEOREM 2.1
We shall prove Theorem 2.1 with

-1
Be=2 [/dtJ(O)(t):| , 4.1)

i.e. the inverse mean field critical temperature for the one-dimensional
Ising spin system with interaction J,/2 (recall definitions (3.10) and
(3.14)).

Let us denote by pug, the (infinite volume) Gibbs measure on
{—1, 1}¥ with potential J, /2 at inverse temperature 8. Clearly, if the event
A is generated by the spin variables {z;; i € AP} then:

( )
gy (AT ) =gt Y (A), (4.2)

where /,L,g’y(-|tgl)u Ay) denotes the conditional infinite volume measure.



Kac Polymers 655

By Theorem 5.1 in ref. 9 there exist two positive constants a and k
such that, if A is any event generated by {r;; i >y %} and symmetric under
spin flip, then:

—ay-!
gy (Ale) = up.y (Alte) <e™™ (4.3)

for any ¢, 7/ €{—1,1}¢ and any interval C =[—L,—1] in Zy with L >

Y .
We shall prove Eq. (2.6) with ag <a/2. Therefore we fix > B, ae

1

(0,a/2), and N=¢% . For k as above and y small enough, let /\/kb be
the (non-empty) set [y~ **D N —y~*+D] and define

1 1 2)_(2
wi/kb =(Oy_y-k+) — —<k+1)) Z (r( ) ( ) 4§ )r; ). 4.4
z,]e/\/b

Since the function T; is invariant under spin flip and it is generated

by {r”); i e N}, by Egs. (3.15), (4.2), (4.3), and the total probability the-
orem,

() )
T

2

_ =1
wf\fkb> —2upy Z u | |<2N%e @ L2, 4.5)
ieN,?

OAUA
v 12N

By

N

Then, recalling Eqgs. (2.5), (2.3), (2.4), (3.6), and (3.12), by (4.5) we get

. RN y(IB)
=z = lm |J\/b|2 2 pﬁy(w)wN"
a)EQN
2
) 2
= lllf(% W MU,y Z T; . (46)
4 k ieNp

We now exploit the results of Theorems 2.3 and 2.8 in ref. 9. Given
8€{27"; neN}, we denote by I, £ €Z, the subset of Z defined as:

L=lieZsy -1 <i<sy le). 4.7)
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In particular A/ is partitioned into L=8"'y|NP| intervals Iy,..., I, each
one containing exactly 8y ! sites of /\/kb. To each spin configuration 7 €
{—1, 1}” we associate the mean magnetization in I;:

me=me(t)=y38"" Zfi- (4.8)

ielp

Now let mg be the positive solution of the mean field equation:

mg=tanh(BB; 'mpg).

By Theorems 2.3 and 2.8 in ref. 9, for any sufficiently small ¢,8 >0 and
¢ €(0,mp),
lim p ({t'|mg—m |<¢ V|z|<5*1yecfl})=l
yio P ' P h 2

and the same holds with mg replaced by —mg. Hence, if a is small
enough,

2
52 L
por | 2w | =gmen | 20 meme =INPI [m +e. v

ieNp LU=l
with

limsuplimsupe(z, y) =0.
210 y40

Then, choosing ag € (0, a/2) sufficiently small and recalling Eq. (4.6), we
get Eq. (2.6) with Dg :2m/23.

Concerning the second part of Theorem 2.1, we first note that the
estimate (2.7) is trivial if y N is uniformly bounded, whence we assume
N >10y~! in the sequel. By definition (4.1), if 8 < B, there exist vpe(0,1)
and r € (0, 1) such that:

ggjy(i —H<r Yye,yp). 4.9)
JFI

This is the well known Dobrushin’s uniqueness condition for the interac-
tion J, /2 which implies in particular the following facts, see ref. 12. If A
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is any interval in Z and i € A, for any boundary conditions txc, 7). there

exists a coupling QA 7A¢ (zx, 7)) of the two probabilities ,uﬂ; and ,LL
such that:
TAC, ‘L’ c,
DY = 3 QneThe (14, 7)) [T — 7|
TA, ‘L'A
<220 2 it
nzl jéAii,. .. i1

where r; ; =BJ, (t —s)/2. Since r; ;=0 for |t —s|> y~!, denoting by ng the
integer part of y dist(i, A), by Eq. (4.9) we have, for suitable C;, C; >0,

TpAC,Th

DAl

Y Z M < Cle” Cyy dist(i, A°) Yy e (0, yp). (4.10)

nz=ng

Now, since g,y (1;) =0,

0§ 1=y () = i (1< gy (th DY (a1

Moreover, if i < j and i, j € A, setting I =[i, j —1]C A we also have:

TAC

gy, (T — g, (@) g, (7))

/du; y(TA\]) /dﬂﬂ V(r/\\l) Z QT]E T1( (.[I’ TI)(TI — )T/

‘L"L'I

TC, ‘L’

fdﬂﬁ V(TA\I) /thAc (TA\[) D], . (4.12)

From Egs. (4.10), (4.11), and (4.12) we conclude that there are constants
C3, C4>0 such that, for any y €(0, yg) and any boundary condition txe,

s (I < C (eIl g o REAIRINGAN) (413

Let w? b be defined analogously to ? b in Eq. (4.4). By Egs. (3.15) and

(4.13) we have, for some constant Cs > 0

Cs
(o}
ﬁAleAN (a)jzvb) <2 Z sup uﬁ y UAN (‘L’,‘E])<N7 4.14)

.. TAUA
i,jeNb TIEEN

Then, recalling Egs. (2.5), (2.3), (2.4), (3.6), and (3.12), the bound (2.7)
easily follows from Eq. (4.14).
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