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Abstract

We show how a polymer in two dimensions with a self repelling
interaction of Kac type exhibits a diffusive-ballistic transition if con-

sidered on the appropriate scale.
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1 Introduction

In the last two decades a considerable effort has been spent to find a math-
ematical description of the physical objects known as polymers. According
to Ref. [12]: “a polymer is a long chain of molecules with two character-
istic properties: an irregular shape and a certain stiffness”. The natural
mathematical object to describe irregular long chains is the random walk;
since the precursory work by Brydges and Spencer [1], the (weak) inter-
action 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
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wy in Z4 starting at the origin and consisting of |w| = N nearest neighbor

steps, and to assign to each walk a weight proportional to

pNn(w) =exp | -0 Z (ws —wy) | - (1.1)
0<s<t<N
A natural quantity to study is the mean square end-to-end distance of w

defined as: )
o Z|w|:NW (N)pn(w)

Ry(B) = (1.2)
2 w=n PN (W)
A polymer is classified by the value of the coefficient « such that
. Rn(B)
Jm 5 = =

with D a positive coefficient independent of N; a polymer is said to be
diffusive if a = 1, super-diffusive if 1 < o < 2 and ballistic if a = 2.
The available rigorous results and the numerical simulations show that,
although D depends on the coefficient 3 appearing in Eq. (1.1), the pa-
rameter «, 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. [1] is proved that for d > 5 the self-repelling polymers are diffusive,
in Ref. [7] proved 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. [9] 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 properties
of the correlation functions of self-repelling polymers are the same as 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. [7, 11]. The same technique allows to show the ballistic behavior
in d = 1 [11]. The lace expansion, however, seems to be useless in the
intermediate 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. [10],
where the logarithmic corrections to the diffusion coefficient in d = 4 have

been studied 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 polymers
intersect after a long time [7]. The weight associated to the walk w is

modified in the following way:

ph@) =exp|=8 > flt—s)dws —wi)| (1.4)

0<s<t<N

where f(x) > 0 has a suitable decay for large . 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
literature. This would be a way to take into account very naturally the
stiffness 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
w in terms of its unit increments. To each w it can be associated a set
of unit vectors o;,4 = 1,..., N, taking values in {£ey,... £ es}, where
e1,...eq are the generators of the lattice Z¢ and represent the i-th step of
the walk. Clearly w; = 22:1 o;. A simple way to assign a weight to each
w preventing the bending of the polymer would be:

N
P (w) = pi (o) = exp [52@ -Ji+1] , (1.5)

=1

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

Z Z Uij(): Z <Ui’0j>~ (1.6)

1<ij<N Z pn(0) 1<ij<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 [5, 6] that these models do not exhibit phase transi-
tions for any temperature and their spin-spin correlations (o, - ;) decay
exponentially. This implies from Eq. (1.6) simple diffusion. A bending en-
ergy 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 dimensional
spin models have been proved. In particular, for the class of interactions
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. [3]. This behavior suggests the possibility that a polymer with 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. [3]. With
the same techniques used there, we are able to prove a diffusive-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 the Hamiltonian can be disentangled as the sum of two Ising
Hamiltonians with Kac interaction by a suitable change of variables. 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 generalize in the
following section) is the following: let us consider a walk w;, ¢ = 0,1,2,..N,

on a d = 2 dimensional lattice; we define the following weight for the walk:

phw)=exp |8y > (wi—w)?|, (1.7)
0<i<j<N
iyt

where # > 0 and v > 0 are suitable parameters. Take, for simplicity, ~y
such that v~ 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 e > 0, there exists a constant ¢ > 0
(depending on €) for which the following holds. If we choose 8 such that
|6 — B > eand N = e’ then the polymer described by Eq. (1.7) is
ballistic for 8 > (., while it is at most diffusive for 8 < (..

In the limit v — 0, rescaling the space with a factor y~!

one formally
obtains a continuous walk, with a bending interaction on scale 1. The inter-
action is such that the repulsion between finite small contiguous segments
is independent on ~ (this is the reason of the factor 4® 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
relative to the interaction in Eq. (1.7). More precisely, from the results
of Ref. [3], we could prove that, for 8 > (3. and v — 0, there exists a
definite length scale of order e?" with ¢ a suitable constant, such that
on this length scale the typical configurations of the polymer are polygons
of random Poisson length. This obviously implies that finite polymers of
length N much larger than e%7”" behave diffusively. Conversely, if 5 < G,
we could prove that on a scale slightly larger than v, the polymer behaves
as a Brownian path as v — 0.

There are several natural ways to modify this model. One possibility
is to study with the same technique a random walk on the continuous
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. [2], which suggest that the rigidity of the

2 instead of the much larger e’

polymer is in this case on scale ¢y~
Another possible model is to replace the Kac potential with a true long
range interaction, e.g. decaying as 1/r%. This choice has the advantage
to produce a genuine ballistic-diffusive phase transition, as it could be
proved using the results of Ref. [8], 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 e;
and ey the generators of the lattice Z2, namely e; = (1,0) and ey = (0,1).
If 2 = (z1,22) and y = (y1,y2) are two elements of Z?, then z +y = (z1 +
Y1, o+Yy2); moreover z-y denotes the usual scalar product z-y = z1y1+z2y2
and |z — y| the Euclidean distance |z —y| = \/(z — y) - (z — y). Finally, if
x € Z? then 22 = - z.

Given a pair {i,j} C N with ¢ < j, we denote by [i, 7] the set [i,j] =
{i,i+1,...5 — 1,7} and define N' = [1,N] = {1,2,...,N} and Ny =
[0,N]=1{0,1,,2...,N}.

An N-step random walk from the origin is a function w : Ny — Z2 :
i — w; such that wg = 0 and |w; —w;—1| = 1 for all ¢ = 1,2,...,N.
The value w; € Z2? is the position of the walk w after i steps. We denote
by Qn the set of all N-step random walks in Z? starting at 0. Given a
random walk w € Qp, the function on : N — {e1; —eq;e2;—ea} 1 i+ 0y =
w; — w;—1 is called the spin configuration associated to w. Note that the
value 0; = w; — w;_1 represents the i*" step of the walk w. We denote by
Y n the set of all possible spin configurations associated to some w. Clearly
the correspondence w < o is by construction 1-1 and onto. Given a set
A C N, we will denote by o a generic spin configuration in A, namely o
is a function o : A — {e1, —e1, €2, —ea}, and we denote by X, 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 t — ®(t), ¢ € R, compactly supported in [—1,1]
and positive in (—1,1). The Kac potential ®., v € (0, 1] induced by ® is
defined as:

D, (t) = y2(71). (2.1)

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

Exw)=-7 Y (- (v —w)’ (2.2)
0<i<j<N

1

We will assume hereafter v € {27";n € N} (so v~! is an integer) and

that also vV 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 expo-
nentially large in y~1).

According to the Gibbs prescription, we can now define the probability
of a given walk w € Qy at a fixed inverse temperature 5 > 0 as:

. efﬁEN(w)

pﬂy’)’(w) - EN(ﬁ;V) ) (23)

where Zx(/3,) is the partition function, i.e. the normalization factor given
by
En(B,y) = Y e PN, (2.4)

WEQN

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

Bua(@) = 3 pon(w)? (2.5)

WEQN

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 5. > 0 such that the following holds. If
6> B, let N = e‘”_l; then there are ag > 0 and Dg > 0 such that:
RN,W (5)

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

RN,v(ﬂ) %

N Y

IN

VN >1 Vve(0,793). (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:

Y B wiw) =47 Y (i) ( > 0k>
k 1

0<i<j<N 0<i<j<N =it

2

=7 > (-1 (2) oo t+(G-i-1)

0<i<j<N i<k<I<j
=2y > ®,(j—i) Y ok 01+Cy, (3.1)
0<i<j<N i<k<l<j
where
N N
Oy = N30 (s)(s — 1) — 2 S @, (s)s(s — 1),
s=1 s=1

so that Cny = yNO(1). We then write:

297 > B(j—i) > ok

0<i<j<N i<k<l<j
=2y Z Ok - 01 Z () — i)
1<k<I<N {i,5}€{0,1,2,...,N}
[:,5]2(k—1,1]
D0 YD SR NTE
1<k<I<N s>1 {i,5}€{0,1,2,...,N}

(0,51 2[k=1,1], j—i=s+i—k

= Y VkDok-a,

1<k<I<N
where
Vo (kD) =292 @y (s +1— k) Fru(s) (3.2)
s>1
and
s, ifl+s< N and s < k,
N —1, ifl+s> N and s < k,
Fkyl(s) = (33)
k, ifl+s< N and s >k,

min{k, N — 1}, ifl+s> N and s > k.



We have thus written Ey(w) as:

Ey(w) = B\ (ox) + Ch, (3.4)
where
EQon) =~ Y. Vylk Doy an. (3.5)
1<k<I<N

Formulas (3.4) and (3.5) above show that the energy Fn(w) describing
the self interaction of a two-dimensional random walk w € Qn can be
reinterpreted as the energy Ej(\?)(a/\/) of a one-dimensional spin system
confined in the “volume” N with free boundary conditions. Namely, E§°) (o)
represents the energy of the spin configuration o € ¥y uniquely associated
to w. The spins in this one-dimensional system are two-dimensional vectors
assuming the four possible values +e;, +es 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:

En(8,7) = #N =P (8,7),

where
=B = D e ) (3.6)
ONEXN
is the partition function of the one-dimensional spin system above.
By the hypothesis on ®.,, it is immediate to check that V. (k,) has

1

finite range equal to v~*, namely:

Vy(k,1)=0 whenever l—k>~"1 (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 I — k. This in general is
not true because the function Fj, ;(s) defined in Eq. (3.3) is not translational
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 borders of N.
To make things more precise let us define, for ¢ € R,

Ty (1) = 29" s Dy (s + |t]) (3.8)

and consider the subsets A; and Ay of A given by A; = {k e N : k <
vy 1Yand Ay ={l e N: N—~7! <[ < N}. Then, due to the finite range



property (3.7), one can easily check that:
Vy(k, 1) = J, (1 — k) + ey (k, 1)
with

0 if {k,1} ¢ (A1 UAY),

ey (k1) =
*.1) 29232 [Fu(s) = 8)] @y (s +1—k) if {k,I} C (A1 UAN).

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 extremal
sets A1 and Ay. When vice versa k and [ both belong either to one of
the two extremal sets, then V. (k,!) is given by J,(I — k) plus the non
translational invariant “boundary” correction e, (k,1).
The function J,(t) defined in Eq. (3.8) behaves as a Kac potential.
Indeed:
Ty(t) = 7T D (yt) (3.9)

where

(o]
TO(t) =7 (vs) D(ys + [t])
s=1
is such that

(oo}
tim J(1) = 7 (1) = /0 do o ®(x +|t)). (3.10)
It is now clear the reason of the presence of the scaling factor 72 in the
Hamiltonian (2.2): with this choice the function J,(t) has the correct scal-
ing (3.9) (the function J)(t) 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 N? = 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 opm on
NP, Therefore, using Eq. (3.7), one can easily check that

EP(on) = EY(0a,) + EY) (0ay) + Hip > (opm),

where oa,ua, is the spin configuration on Ay UA y which agrees with oa,

on Ay and with oa, on Ay, and H 4'"*¥ (o) is a spin Hamiltonian

10



defined in the volume N with boundary condition oa,ua, through the
translational invariant Kac potential J,:

H 2 5N (opm) = — > J,(j —i)oi-0j. (3.11)
{i<j}
1EALUNP, JENPUAN

The partition function (3.6) can be rewritten as

© © oAl
=050 = 3 e PR ER an) g (g ) (3.12)

oa;€XA,
oAy EXAy

where
TAJUA N

R N S ()

O b EEN’b
Consider now the finite volume Gibbs measure on ¥pm,

TALUAN

OAL LA eiﬁH/\/’b (UNb)
UIB»'Yl N(UNb) = ZX/AblUAN (ﬁ ,_Y) (313>

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 R?,

e1+ es
2 b

€1 — €2

fi= fo= 5

so that ey = f1 + fo and es = f; — fo. Then, to each spin configuration
o € Y it corresponds a unique pair (T(l), 7'(2))7 where

0= e My = {-1,10Y, =12,

such that o; = 7" fy + 7> fy for all i € M. Under the map o — 7 the

measure (3.13) is mapped into a product measure. Indeed:

e
HO'AluAN g AvAaN (1

2
NP (o) = A'b (TNt)x) + HAﬁ)lUAN (T‘/(\?l)))7
where, for r = 1,2,
TN 1 (r)_(r)
Hyp! "™ (1) = =5 > Jo (G — iy (3.14)

{i<j}
IEALUND, jENPUAY

11



Then, for any real function ¢ — F(o),

(1) (2)
o U T T U ~
Vo TN (F) = gy "N @ g U (F), (3.15)

where F(7) = F(r() f; + 73 f,) and

e
) —BH S1VAN (27
e Plin ~
u;’AA:UAN (Tar) = ) , r=1,2. (3.16)

Z\p N (8,7)

We have thus decomposed the system as the superposition of two inde-
pendent one dimensional Ising model with Kac interaction, whose typical
behavior is studied in Ref. [3]. Theorem 2.1 is now an easy consequence of
those results.

4 Proof of Theorem 2.1

We shall prove Theorem 2.1 with

B, =2 Udt JO (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 pg.- the (infinite volume) Gibbs measure on {—1,1}%
with potential J,/2 at inverse temperature 3. Clearly, if the event A is
generated by the spin variables {7;; i € N} then:

0
1 (AT ay) = s 22 (A), (4.2)

where l‘ﬁﬁ('h&?u A, ) denotes the conditional infinite volume measure.

By Theorem 5.1 in Ref. [3] there exist two positive constants @ and k
such that, if A is any event generated by {7;; i > v~ %} and symmetric
under spin flip, then:

-1

s~ (Alre) = A (Alro) < e, (4.3)

for any 7¢, 76 € {—1,1}¢ and any interval C = [~L,—1] in Z.o with
L>~1

12



We shall prove Eq. (2.6) with ag < @/2. Therefore we fix 8 > S,
a € (0,a/2), and N = e . For k as above and ~ small enough, let NP
be the (non empty) set [y~ *+1 N — 4=+ and define

w/2\/)§ = (WN—y=ter1) — w.y—(k+1))2 = Z (7, 1) (1) + 7(2) ( )) (4.4)
i,jENP
(r) (r) 4

i
by {r\");i € NP}, by Eqs. (3.15), (4.2), (4.3), and the total probability
theorem,

Since the function 7; is invariant under spin flip and it is generated

V;ﬁYlUAN (wa> _ 2,“[37 Z T < 2N26_@’Y*1 < 2. (45)
iENP

Then, recalling Egs. (2.5), (2.3), (2.4), (3.6)7 and (3.12), by (4.5) we get

; RN,W(/B) —
W T |/\/b|2 2 Paalleiy
weNN
2
. 2
= llmwul@’,Y Z T . (46)

7i0| k| ieND

k

We now exploit the results of Theorems 2.3 and 2.8 in Ref. [3]. Given
0 € {27";n € N}, we denote by I, £ € Z, the subset of Z defined as:

L={icZ: sy (t—1)<i<sy el (4.7)

In particular N} is partitioned into L = §~1y|NP| intervals I,..., Iy,
each one containing exactly dy~! sites of NP. To each spin configuration

7 € {—1,1}? we associate the mean magnetization in I,:

me = my(1) =701 Z Ti- (4.8)

i€ly

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

mg = tanh(B6, 'mg).

By Theorems 2.3 and 2.8 in Ref. [3], for any sufficiently small ¢,é > 0 and
(e (O,mg),

lim pg ({T D me—mg|l < ¢ V| < 571’}/667_1}> _ 1
710

13



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

2

52 L
KB,y Z Ti| = 5HBy Z meme | = NP2 [m3 +2(¢,7)]
ieNp 7 00=1

with

lim sup lim supe(¢,y) = 0.
¢lo 710

Then, choosing ag € (0,a/2) sufficiently small and recalling Eq. (4.6), we
get Eq. (2.6) with Dg = 2m3.

Concerning the second part of Theorem 2.1, we first note that the
estimate (2.7) is trivial if YN is uniformly bounded, whence we assume
N > 10y7! in the sequel. By definition (4.1), if 3 < 3. there exist
vs € (0,1) and r € (0,1) such that:

IS nG-i<r vre ) (49)

J#i
This is the well known Dobrushin’s uniqueness condition for the interaction
J+/2 which implies in particular the following facts, see Ref. [4]. If A is any
interval in Z and ¢ € A, for any boundary conditions 7ae, 7). there exists a
coupling Q7™ "7A¢ (7, 74 ) of the two probabilities M;A; and /z;’/\; such that:

! ’
TAC,TpcC - TAC,TpC / !
Dy = E QT (T, Tp) | — 7|
TAST A
< 2) D D T i

n>1 GEA diyin_1

where s = BJ,(t — s)/2. Since s = 0 for |t — s| > v7!, denoting
by no the integer part of 7 dist(i, A°), by Eq. (4.9) we have, for suitable
Cl, Cy > 0,

DXA.,?T;\C <2 Z P < Oye Gy dist(i.A%) Vv e (0,93). (4.10)

n>ngo

Now, since pg (1) =0,

iy ()| = |y (i) = py (1i)] < /dﬂﬂ,'y(ﬂ/xc) D™ (4.11)

14



Moreover, if ¢ < j and 4,j € A, setting I = [i,5 — 1] C A we also have:
gt (rims) — wgs, (1) gy, (7))

Jauzs o) faugs i 3 @it m) (= i)

’
TI,Ty

< [augs o) [dugs i D (112)

From Egs. (4.10), (4.11), and (4.12) we conclude that there are constants
C3,Cy > 0 such that, for any v € (0,7) and any boundary condition 7xe,

"UIE/,\; (TiTj)| <Oy (6—04’Y|i—j| + e—C4’Y [dist(i,AC)-i-dist(j,AC)]) ) (413)

Let w3y, be defined analogously to wi[g) in Eq. (4.4). By Egs. (3.15) and

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

oa1u TALU 05
Vgl N (WRn) €20 )0 sup ppt Y (i) < N (4.14)

. TAJUA
i,jEND TLIEON

Then, recalling Eqgs. (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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