Chapter 2
Homogeneous Pinning Systems:
A Class of Exactly Solved Models

Abstract We introduce a class of statistical mechanics non-disordered models —
the homogeneous pinning models — starting with the particular case of random walk
pinning. We solve the model in the sense that we compute the precise asymptotic
behavior of the partition function of the model. In particular, we obtain a formula
for the free energy and show that the model exhibits a phase transition, in fact a
localization/delocalization transition. We focus in particular on the critical behavior,
that is on the behavior of the system close to the phase transition. The approach is
then generalized to a general class of Markov chain pinning, which is more naturally
introduced in terms of (discrete) renewal processes. We complete the chapter by
introducing the crucial notion of correlation length and by giving an overview of
the applications of pinning models. Ising models are presented at this stage because
pinning systems appear naturally as limits of two dimensional Ising models with
suitably chosen interaction potentials. In spite of the fact that these lecture notes
may be read focusing exclusively on pinning, the physical literature on disordered
systems and Ising models cannot be easily disentangled. So a full appreciation of
some physical arguments/discussions in these notes does require being acquainted
with Ising models.

2.1 What Happens if We Reward a Random Walk
When it Touches the Origin?

2.1.1 The Random Walk Pinning Model

We start rather abruptly by making more precise the question in the title and by
answering it. So let us give ourselves a random walk S = {S,S},...} with So =0
and such that the increment variables {S, — S, }nen, that form an IID sequence,
take values —1, 0 and +1. More precisely we consider a symmetric walk and set
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6 2 Homogeneous Pinning Systems: A Class of Exactly Solved Models

P(S; =+1)=P(S; = —1) =: p/2 and P(S; =0) = g. Of course p+¢g = 1: we
exclude the trivial case ¢ = 1 and the simple random walk g = 0 for its somewhat
unpleasant periodic character. For every N € N we introduce the local time Ly (S) =
ZQ’ZI 15,-0 and the probability measure Py (h € R) such that

dpP 1
5 = Z e (iLn($)) 1sy-0. 2.1)

where Zy ;, is typically called partition function and it is just the normalization that
makes Py, a probability. Of course

Zyp = Elexp(hLy(S)); Sy =0]. 2.2)

A word about an abuse of notation that, in different forms, will be ubiquitous in
these notes: in (2.1) S is a trajectory of the random walk, rather than the sequence
of random variables. Note moreover that we have introduced Py, as a measure
on the full trajectory and not just for the part of the trajectory that we have really
modified. This has plenty of almost irrelevant advantages that, added up, largely
overcome (in the eyes of the author, of course) the disadvantage of a rather abstract
formulation in terms of the relative density of measures. Note in fact that for every
81,82,.--3,8N

PN,h(Sl :Sl,Sz :SQ,...,SN:SN)

L N
= 2=V exp hY 10 | P(Si=51,8=9,....Sx=sy), (23)
Zy p n=1

B

and we could have used the right-hand side of this expression to define the process,
at the expense of having a family of processes living on different spaces and of a
less compact notation. A last observation on notation is that 1g,—¢ is used in place
of the more precise, but less expressive, 1o, (Sn)-

Remark 2.1. Why constraining to Sy = 0? Sy = 0 is a boundary condition and a
priori it is more natural to introduce the free, or unconstrained, model

) ¥ 1
=(8) = ——
dP z,

exp (hLn(S)), (2.4)

but the constrained model often turns out to be more manageable. We anticipate
that, even if for most of the main results there will be little or no difference between
the two models, the interplay between them plays a role in several proofs.
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2.1.2 Visits to the Origin and the Computation
of the Partition Function

The epochs 7 = {1, T1,...} of successive visits to the origin

T:=0and 7,"S {j>1,_:S; =0}, (2.5)

is a natural random walk (another one! With positive increments this time)
associated to the problem, in the sense that {7, — T, } ,en is an IID sequence: this is
a direct consequence of the strong Markov property and of the recurrent character of
S that guarantees that P(7; < o for every j) = 1. In a more customary terminology,
7 is a renewal process with inter-arrival law K (n) := P(t; = n). Two basic facts on
this inter-arrival law are

> K(n) =1 and lim n*/?K(n) =: cx >0, (2.6)
n:l n—oo
where the first fact is just a restatement of P(7; < o) = 1, but the second requires
a bit more work (see e.g. [22, Appendix A.6] where the value of ck is computed:

\V/p/27m).

Remark 2.2. 'We will soon encounter other renewal processes (i.e. random walks
with positive increments: Appendix A offers an introduction to these processes).
So we introduce some (more or less) standard terminology: a renewal T with
inter-arrival law K(-) will be called K(-)-renewal. If 3, K(n) = 1 then a.s. |{j:
Tj < oo}| = oo and the renewal is said persistent. It is positive persistent if also
E[11] =Y,nK(n) <e.If instead Y, K(n) < 1, K(-) can be extended to a probability
distribution by setting K (e<) := 1 —3,cn K (1) and each realization of 7, still defined
as the sequence of partial sums of the IID sequence of variables with distribution
K(-) on NU{eo}, contains only a finite number of finite numbers (points, epochs,....).
In this case we say that the renewal is terminating: after a finite number of bounded
jumps, the process jumps to infinity and stays there (in a sense, it leaves the space
once for all). In general, it is very practical to look at 7 as a subset of N, rather
than a sequence (in the terminating case we neglect the repeated o and a typical
realization of 7 is therefore just a finite subset of N, while in the persistent case it
is an infinite subset). This convention leads to particularly compact notations: for
example n € T means that there exists j € NU{0} such that 7; = n. It is customary
to call n — P(n € 1) renewal function.

By repeated use of the total probability formula we obtain
N
Zny = Y, Elexp(hLy(S)): Sy =0, Ly(S) =n]

n=1

M=

exp(hn)P(Sy =0, Ly(S) =n)

n=1
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N
= exp(hn) Z P(‘Cl:El,Tszl262,...,”5”7’[”,1:6”)
n=1 LeN": |l|=N
N n 2.7)
= Yexp(hn) Y []K()),
n=1 (eN]E|=N j=1
where [¢| =Y | {;. The net outcome is:
N n
Zva =2, 2 [lexph)K(¢)). (2.8)

n=1(eN":|(|=N j=1

Of course Zy o = P(N € 1), that is the partition function is just the renewal function
of 7 (see Appendix A), and the right-hand side of (2.8), still for 2 = 0, is a more
explicit version of such a function: the point is to apply this observation also
when & # 0. The obstacle is of course that exp(h)K(-) is no longer a probability
distribution if / # O: this is not really a serious problem if 4 < 0 since we have seen
that it suffices to work on NU {eo}, but for # > 0 we have to do something different.
The idea is to introduce the function F : R — [0,c) defined by

> exp(—nF(h)+h)K(n) =1, (2.9)

neN

when such a solution exists, that is for # > 0 (the solution is of course unique by the
monotonicity of x — Y, exp(—xn)K(n)). When we cannot solve such a problem,
that is for i < 0, we set F(h) = 0. Now, for every i we set forn € N

K, (n) := exp(—F(h)n+h)K(n), (2.10)

and, adding {eo} if needed, K (-) is a probability distribution.

Remark 2.3. The function F(-) is called free energy and it plays a central role
in these notes. A number of properties of F(-) can be obtained with moderate
effort. First of all F(+) is real analytic except at the origin. The analyticity on the
positive semi-axis follows by the Implicit Function Theorem (e.g. [13, Chap. 3,
Proposition 2.20]), since z +— Y., K(n)exp(—zn) is analytic on {z € C: R(z) > 0}
and its derivative does not vanish on (0,e0). One verifies directly also that F(-) is
convex and that it is increasing on the positive semi-axis: by taking a derivative of
the expression in (2.9) and by using the notation 7 for the fh(-)-renewal, we see

that for h > 0 | |
= >0, (2.11)

F(h) = —
( ) ZnnKh(n) E%fh)

and that F’(h) = F/(h)3Var(%{1h)) >0.
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‘We can therefore write
n

N ~
Zyp =exp(F(RN) Y, >[I Ku(¢)), (2.12)
n=1 (eN": |(|=N j=1

a formula that can be made much more compact by using the I?h(-)—renewal 7).
Zy s = exp(E(h)N)P (N e %W) , (2.13)

and from such a formula one extracts.

Proposition 2.4. For the partition functions Zy j, and Zlfv, , definedin (2.2) and (2.4)
we have

lim %mgzw = lim ]lvlogZ,f,,h =F(h). (2.14)
Moreover
NO ifh >0,
Zyw "X cpg exp(E(RN) x S N2 ifh=0, (2.15)
N2 ifh <0,
with
sakm >0,
Chk() = ﬁ ifh=0, (2.16)

cgexp(h) ,
Uepmy  TM<0.

Proof. The proof of (2.14) in the constrained case is just a matter of showing that
logP(N € 7)) = o(N). But this is obvious since for & < 0 we have exp(h)K (n) <
P(N € ©") < 1 and if h > 0 (see Fig. 2.1) by the Renewal Theorem (Theorem A.1)

log Zy 0.06

T T T T T
0 200 400 600 800 1000
N

Fig. 2.1 The plot of the logarithm of the partition function for a homogeneous random walk based
model with p = 1/2 and g = 1/2. We have F(0.06) ~ 3.4 x 1073
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P(N € ?(h)) tends, as N — oo, to the positive constant 1 /E%fh): note that this
establishes (2.15) for 4 > 0. The sharp estimate (2.15) for & = 0 is just the Local
Central Limit Theorem for S (which can be established via Stirling’s approximation
of the factorial), while the case i < O requires a more delicate analysis, that is
however a rather standard result in renewal theory that can be summed up by
saying that the leading asymptotic behavior of the renewal function of a terminating
renewal differs from the leading asymptotic behavior of the inter-arrival distribution
only by a multiplicative constant (see Theorem A.2).

We are left with proving (2.14) in the free case, but this is a direct consequence
of the constrained result and of the formula

N N
Zin = X Zya(tnn,Nl={n}) = Y Z,4sK(N—n), (2.17)
n=0 n=0

where we have introduced the notation Zy , (A) (A an event) for E[exp(hLy(S));A]
and K (n) = Y >nK(j) (n=0,1,...). From (2.17), and (2.15), one can also establish
without much effort the analog of (2.15) for szv.w but this is left to the motivated
readers. a

2.1.3 From Partition Function Estimates to Properties
of the System

Proposition 2.4 contains very detailed information on the system: let us spell it out.
First of all we have seen in Remark 2.3 that F(-) is real analytic except at the origin:
convexity assures that at least for 4 # 0

F'(h) = &ﬂ%%logzmh = lim %ENJ: [Ln(S)] - (2.18)
Monotonicity and convexity properties can also be inferred directly form the fact
that i +— logZy is increasing and convex (just take derivatives). Here we are
interested in the fact that formula (2.18) is already showing that passing from 4 < 0
to h > 0 something very drastic is happening in the system: F'(h) is actually the
density of visits to the origin by the random walk path (the contact density) and
it passes from zero to a positive value (see Fig.2.3, upper-right inset). This is
clearly a transition from what we may call a delocalized to a localized behavior.
The transition actually happens in a continuous way — there is no jump in the contact
density when i changes sign — and F(-) is C! in zero, even if it is not C2: this requires
an argument that we develop now. By Riemann sum approximation we see that
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1= K(n)exp(— zK (1 —exp(—xn))
n

o) 1 _ _
P chl/z/O %dt — 2V/mexx 2, (2.19)

and since we already know that limj~ o F(k) = 0 we can apply this formula to (2.9)
obtaining 2+/TcxF(h)'/2 ~ h, that is

no 1
e

h*. 2.20
477:c%< ( )

F(h

Such an estimate is directly telling us that F(-) is not C? at the origin and, together
with convexity, is telling us also that F(-) is C'. In a standard statistical mechanics
terminology this means that the system undergoes a second order phase transition,
in the sense that the non-analiticity of the free energy comes from a singularity (in
this case a jump discontinuity) in the second derivative of the free energy.

This description of the system in terms of contact density is only partially
satisfactory, for example because we already know that the unperturbed random
walk S (h = 0) has zero contact density, but we know much more, namely that the
number of contacts in a stretch N is of order v/N (a much sharper information). Can
we get such a precise estimate also for the 4 # 0 case? The answer is yes and it is
summed up in the next statement.

Proposition 2.5. [fh < 0 then for every n € N

lim Py (Ly(S) =n) = (1 —exp(h))?nexp(h(n—1)), (2.21)

(note that the right-hand side is the discrete density of X +Y + 1, with X and Y
independent geometric variables of parameter exp(h)) while if h > 0 we have that

forevery e >0

Ly(S
I\%im Py ( M

F/(h)‘ > e) =0. (2.22)

Moreover for every h, every n, every t, €N and every t €N" such that 0<t) <tp
<...<t, <t, we have

Jim Py (£0(0,1] = {1, 01a}) = ( N(0,1,] = {tl,...,tn}), (2.23)

that is the sequence {PN,h‘C’l}N of measures on Py (cf. Sect. A.1.4 of Appendix A)
converges weakly to P(?(h))’l.

Note that this statement includes global estimates, that is (2.21) and (2.22), and a
local one, that is (2.23). Note that (2.22) holds also for 42 < 0, but of course for 2 <0
one has much sharper estimates (like (2.21) for & < 0!). These estimates are just
instances of what one can obtain once the sharp asymptotic behavior of the partition
function is known (see Fig.2.2).
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0 500 1000 1500 2000
N

Fig. 2.2 Three trajectories for h = —0.5 and N = 2,000 (the underlying walk has p = ¢ = 1/2) and
one for & = 0.25. While the image clearly suggests that the first three trajectories are delocalized,
i.e. they keep away from 0, and have a Brownian scaling, the maximum of the other trajectory is
+6 and the minimum is —7, so the path is essentially localized at 0

Proof. The result follows from Proposition 2.4 by routine arguments. We go quickly
through them, leaving some of the details to the reader. Let us point out that, in a
sense, Proposition 2.4 is a detour and everything in the end boils down to renewal
function estimates, but developing in arguments using the partition function has
several advantages, like making connection with more general cases.

For what concerns (2.21) the result for n = 1 is immediate, since the probability
we want to compute is exp(h)K(N)/Zy ~ (1 — p)?. For n = 2 instead one
observes that for any choice of a sequence of natural numbers {a(N)}y such that
1< a(N)< N we have

_ N_1 K(n)K(N — n)exp(2h)

Py u(Ly(S) =2)

ZN .
a(N)—1 N—a(N)-1 N
D SRS Y SR YA
ZN
= 2exp(h)(1 —exp(h))?*(1+0(1)) (2.24)
N—a(N)—1
+e k@ (LN X a3 (N —n) 2

n=a(N)

= 2exp(h)(1—exp(h))*(1+o0(1)) + O(a(N)"'/?),
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which is the result we were looking for. The general case is just a straightforward
generalization which is best done by first observing that the configurations that
contain points far from both 0 and N are negligible:

N-L
Yot ZnhZN -
ZN

- EVFKKN =)
<a K(N)

PNJ, (Tﬂ [L,N—L] 75@) <

< oK(L), (2.25)

where ¢ and ¢; are suitable (k and K () dependent) positive constants. In words, the
result is simply saying that in the limit the process comes back a finite number of
times close to 0 (each time it attempts to come back it has a probability 1 — exp(h)
of not making it) and the behavior near N is just mirror symmetric (in law).

A proof of (2.22) is an immediate consequence of the fact that for 4 > 0 we
have F’(h) = limy N ’lvarpN,h (Lyn(S)), but this requires some work. So we take the

cheaper path of observing that Py, actually coincides with the law of the I?h(~)-
renewal conditioned to visit N: for every n and every s € N" such that 0 < s; <... <
s, = N we have

e"K(s1)K(sy—s1)...K(N—s,_1)
eNFP (N € 7))

Eh(sl)lzh(SZ —Sl) .. .Eh(N—Sn,l)
P(N e 1)

Py (tN(0,N] = {s1,...,5.}) =

P (%W A(0,N] = {s1,...,5n}

Ne€ %(”)) .
(2.26)

But since, by the law of large numbers, %ﬁh) /j tends as j — oo to E[%fh)] almost

surely, one directly obtains that N~ |7") N (0, N]| — 1/ E[%fh)] almost surely. Since
the event N € T") has a probability bounded away from zero, for any sequence of
events Ay such that P(Ay) — 0, we have also P(Ay|N € 7")) — 0. Therefore,
by using Ay = {|N"1 7" 1 (0,N]| — 1/E[TV]| > €}, we get (2.22).

For what concerns (2.23) consider first the case f, =, and write much like for
(2.26) (with #p := 0 and assuming N larger than z,)

Py, (TN (0,5,] = {t1,12,...,1a}) =

- IN-t,h T ® Zy—1, hnexp(F(h)tn)
exp(hn) <HK(fjfjl)> 7 22 = T Ku(ty—tjm) = 7 -
j=1 ‘N, h j=1 ‘N, h

P (N—tn € ?(’”)

=P (%“” N(0,t:] = {t17t27---atn}) TPNem) |

(2.27)
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where we have applied the renewal property and (2.13). But the term between the
square brackets tends to 1 as NV tends to infinity (because of the Renewal Theorem if
h > 0, and because, if & < 0, partition functions coincide with renewal functions to
which (2.15) applies). The case t, > 1, of (2.23) can be dealt with by decomposing
the probability according to the values of the first contact site ¢ larger than 7, and by
applying (2.27), that is by writing

N
Py (TN (0,0]={ti,....ta}) = Y, Pyp(zn(0,6] ={tr,...,tn,1}) . (2.28)
t=t,+1

Actually at this stage one can for example use the argument used in (2.25) to restrict
the summation only to values of ¢ that are either close to ¢, or close to N and then
apply (2.15) and (2.27). By performing the summation we recover (2.23). O

2.2 The General Homogeneous Pinning Model

The asymptotic arguments that we have developed up to here essentially rely only on
the fact that the tail distribution of the first return to the origin of the random walk
S has a power law decay with exponent 3/2. The first generalization that comes
to mind is, possibly, considering higher dimensional random walks. These cases
can be treated precisely along the same line, in fact one can show (see e.g. [22,
Appendix A.6]) that if the increment of the random walk is a (Z¢-valued) centered
random variable with finite variance 6% (and P(S; = 0) € (0, 1) to avoid periodicity
and triviality) then

R 1/ (n(logn)?) ifd=2
2
Kin) "~ ea(07) {1/n1+(d/2>1 ifd=1734... (2:29)

with ¢4(06?) > 0. Another important fact is that ¥, K(n) = 1 if d = 1 and 2, but
>.K(n) <1 ford=3,4,... But since our model in the end depends only on the
inter-arrival law it is very natural to look at the renewal process T as the basic
underlying process (the free process) and put conditions on it: much of the literature
has been in fact developed for K (+) regularly varying and it is possibly also natural to
look at the case is which K(-) (K(n) = ¥;-,K(j), n=0,1,...) is regularly varying.
In order to make our arguments lighter we will consider a subclass of regularly
varying inter-arrival laws supported on N, that is we will assume that there exists
o > 0 such that

Kn) "~ =K and K(n) >0 forneN. (2.30)

nlto

The positivity condition can be relaxed at the expense of a series of tedious remarks
that we spare to the reader (of course K(n) ~ cx/n'*% implies K(n) > 0 for n
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sufficiently large). The choice of restricting to trivial regularly varying behavior
(pure power law) is instead more substantial, above all because it excludes from
our analysis the d = 2 case (2.29) and, more generally, the & = 0 case, in which
an interesting phenomenon does happen. But the gain in simplicity of exposition is
considerable.

Note that we have not assumed Y, K(n) = 1: in general we set (again) K (o) :=
1—-3%7 K(n) and we stress that ¥, ... means Y,cy.... Let us write down
explicitly the model:

dpP 1
b (7) = z,; FPHITNON) Iner. (231)

As we have already stressed, T can be terminating or persistent and the following
remark, that is going to be repeated in the most general context later, turns out to be
quite helpful.

Remark 2.6. 1f 7 is terminating, then the model is equivalent on events that depend
on 7N (0,N] to the model based on the persistent T renewal with inter-arrival law
n— K(n) := K(n)/(1 —K()) and h replaced by &+ log(1 — K(eo)). This can
be easily verified by writing explicitly the probability of the event 7N (0,N] =
{t1,tr,...;tn},ne{l,....N} and 0 <1, <t <...<t, =N. In particular, the two
partition functions coincide (we are talking of Zy j, not of Zlf\,l » 1. This allows us to
restrict in most of the cases our attention to the case in which the underlying renewal
is persistent.

The generalization of Proposition 2.4 is in a sense straightforward, but it does
present some novelties both from the viewpoint of mathematical tools (in fact:
renewal theory estimates) and for the novel behaviors arising (see Fig 2.3).

Theorem 2.7. For the partition function Zy ; = Elexp (h|tN(0,N]|); N € 1] and
the companion free partition function Zy, , = Elexp (k|1 (0,N]|)], both based on
the K (-)-renewal, with K(-) as in (2.30), we have that

.1 !
131330 NlogZNJ, = 1%15}0 Nlong,’h = F(h), (2.32)

where F(h) — the free energy — is the unique solution of (2.9) if such a solution exists
(that is if h > he := —log(1 — K(e0))) and F(h) := 0 otherwise. Moreover

NO ifh > he,
Nmin(@=10)  ifh = h. and o0 # 1,
1/logN ifh=he and o =1,
N-(+o) ifh<he,

ZN,h N:m ChK() exp(F(h)N) X (2.33)

with the explicit value of the constant cj, g(.) > 0 given below.
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F(h), F' (h)

1.2
L R R R

= 081 - =
L - =
- - 7
2 06|, =
= 044 |1 =

02 a=3/4

0.0

0.0 0.5 1.0 15

Fig. 2.3 Free energy (F(-), solid line) and contact fraction (F'(-), dashed line) for four values of
o The particular models we have chosen have K(n) = oI’ (n — o) /(I'(1 — ot)n!) "<~ (ot/T (1 —
a))n =% for o € (0,1) and K(n) = ' (n—1/2)/(v/T(n+1)!) "<~ (1//7)n~/? for the ot = 3/2
case. Such peculiar choices of K(-) are made because Y, K(n)exp(—Fn) can be made explicit
by using By using the identity 3> (B + n)x"/n! = I'(B)(1 —x)~B, that holds for B € R\
{0,—1,-2,...}: for example when o € (0,1) we have Y, K(n)exp(—Fn) = 1 — (1 — exp(—F))*.
In the first three cases Y, K(n) = 1 so that h, = 0, but for ¢ = 3/2 we have ¥, K(n) = 2/3 (nothing
sacred about 2/3, it is just an arbitrary choice!), so that . =1log(3/2) =0.405.... For the oo = 1/2
we have K (n) = P(1; = 2n), where 7 the renewal set associated to the one dimensional symmetric
simple random walk

Proof. All is of course in (2.13) [recall also (2.10)] and all we need are (sharp)
renewal function estimates. These estimates are discussed at length in Appendix A,
here we just recall the main results that can be summed up to: if K(-) is an inter-
arrival distribution (with K(e) :=1—73,K(n) € (0,1)) and 7T the corresponding
renewal

1. If K(e0) = 0 and ¥,,nK(n) < e we have limy .. P(N € T) = 1/¥,,nK(n) (this
is just the Renewal Theorem).
2. If K(0) =0 and K (n) ~ cn~ ' =% (with ¢ > 0 and o € (0, 1)) we have

o OLSIN(TTOL) oy
~ —1nN .

P 2.34
(ne7) o (234)
3. If K(e0) = 0 and K (n) ~ ¢/n* (¢ > 0) then
n—oo 1
P(net)"~ (2.35)

clogn’
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4. If K(e0) > 0 and K (n) ~ cn~' =% (with ¢ > 0 and & > 0) then

" ). 2.36
(ner)"~ R (2.36)

Very little of the sharpness of these estimates is needed to establish (2.32) (see the
proof of Proposition 2. 4) Extracting (2.33) is instead a rather tedious book-keeping
exercise with K(-) = Kj(-) [cf. (2.10)]: let us go through it so that we determine
Ch,K(-)‘

If h > h. we can apply point (1) and ¥, nKy,(n) = 1/F¥ (h) (use for example that
the derivative of ., Kj, () with respect to / is zero), so that c;, k(.) = F'(h).

If h < h. we have I?h(oo) > 0 and we can apply point (4). The net result is that
cni() = exp(h)/(1 —exp(h))*.

When s = h, instead notice first of all that Kj (o) = 0, so T, is persistent
(regardless of the persistence properties of the reference renewal 7!). We distinguish
the three cases o > 1, ¢ = 1 and a < 1. If o > 1 we apply (1) and ¢k,
=Y,K(n)/Y,nK(n) (notice that we have used our convention that Y, ... does
not include n = oo, so that ¥, nK(n) < o). If a = 1 we apply (3) and ¢, g() =

K(n)/ck. If o € (0, 1) then (2) yields ¢;, k(. = (asin(ra) ¥, K(n))/(ck 7). O

Remark 2.8. Extracting from (2.33) the sharp asymptotic behavior of va‘ 5 1S an
even more tedious exercise. The result is however definitely instructive and not void
of interest, both for the sequel and for the intuition. We do not want to make the
exposition too heavy and we refer to [22, Chap. 2], but we point out that the fact that
the constrained partition function Zy ; is invariant under the transformation (7, %) —
(T,h+1ogy, K(n)) of Remark 2.6, does not imply that also Zj, , is invariant (in fact
this is false and, in some cases, even the large N behavior is different).

Extracting path properties from Theorem 2.7 is an exercise: result and proof are
absolutely parallel to Proposition 2.5.

Proposition 2.9. Ifh < h. = —logy,, K(n) then for everyn € N
I\%im Py i(Ly(S) =n) = (1 —exp(h—he))* nexp((h—he)(n—1)), (2.37)

while if h > h, we have that for every € > 0

lim P

Moreover for every h, every n, every t, and everyt € N" such that 0 <t} <t < ...
<ty <ty we have

[N (0,N]]
N

F'(h)‘ > e> = 0. (2.38)

Jim Py (200,06 = {n1,..11a}) = ( n(0,1,] = {tl,...,t,,}), (2.39)
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that is the sequence {PN,h‘C’l}N of measures on Py (cf. Sect. A.1.4 of Appendix A)

converges weakly to P(T")~1,

2.3 Phase Transition and Critical Behavior

This section focuses of the behavior of F(4) close to h.. In view of (2.32) and of
Remark 2.6, we can develop the arguments in the persistent set-up, that is when
h. = 0. The crucial estimate, like in Sect.2.1.3, is understanding the asymptotic
behavior of ¥, K (n) exp(nx) for x \, 0. So let us set:

02— 2 K(n)exp(—nx), (2.40)
and let us compute:

1721( n)exp(—nx) = i( (n—1)—K(n)) exp(—nx)
" (2.41)
= (1 —exp(— 2 exp(—nx)K

Therefore, when o > 1, one directly sees that ¥(x) ~ xE[7] as x \, 0. If instead
o € (0, 1), by Riemann sum approximation, one obtains

0 ckexp(—xn)  x%cg /°° _ I'l—a)
P(x) '~ ~ = %exp(—1)dt ~ cx——x*.
@ xzn: on® a Jo exp(~1) R x(z )
For oo =1 we set £(n) :=X;_; 1/jforn € Nand £(0) := 0 so that
P o B o
% RS exp(n—x”) — x(1—exp(—x)) 3 f(n)exp(—xn),  (2.43)
n=1 n=1

Now note that X7 | £(n)exp(—xn) ~ Y, log(n)exp(—xn) and since we have that
Y. log(xn)exp(—xn) is O(1/x), we see that X, £(n)exp(—xn) is asymptotically
equivalent to log(1/x) ¥, exp(—xn) ~ x~'log(1/x). Therefore if o = 1

¥ (x) "~ cxxlog(1/x). (2.44)

By recalling that ¥(F(h)) = 1 —exp(h), by inverting the asymptotic relations we
obtain the behavior of F(h) for 2\, 0: we sum up the result in the following
statement.
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Theorem 2.10. For K(-) as in (2.30), F(-) as in Theorem 2.7 and h. equal to
—logy,, K(n), we have that

h—h, l.fOC > 1,
F(h) "X CK() S (h—h) Jlog(1/(h—h)) ifa=1, (2.45)
(h—he)'/® if e (0,1),
where
>.K(n)/Y,nK(n) ifoa>1,
C(K(")) = { 1/ck ifa=1, (2.46)

(@3, K(m)/ (kT (1—e))* ifae(0,1).

If F(-) is C* (of course the issue is at &), then F(h) = o((h — h.)K) for h \_ he.
Therefore Theorem 2.10 directly implies that, for k = 2,3,..., F(-) is not C* for
o > 1/k. Moreover, it is not C! for o > 1 (but of course it is C’). By using the
convexity of F(-) one directly extracts also that, for o < 1, F(+) is C': since F/(-) is
non-decreasing (and well-defined except possible at i), a discontinuity at 4, of F'(-)
implies F(h) > ¢(h— hc) for h > h., with ¢ = limy~ , F'(h) > 0, which contradicts
the estimate in Theorem 2.10. In general one has instead to resort to a direct estimate
(that can be found Appendix A, Theorem A.8). The net result is summed up in the
next statement in which we use the standard terminology: a phase transition is a
point of non-analiticity of the free energy, this point is called critical, and the phase
transition is said of kth order (k € N) if the free energy is, at the critical point, ck1,
but not C*.

Proposition 2.11. The homogeneous pinning model (2.31) has a phase transition
of kth order, k=2.,3,...,ath=hc if o € [1/k,1/(k—1)). The transition is of second
order also if oo = 1, while it is of first order for o0 > 1.

2.4 A First Look at a Crucial Notion: The Correlation Length

The notion of correlation length plays a central role in the study of statistical
mechanics systems. In general, even for a given system there are plenty of
reasonable definitions of correlation length. Let us see for the homogeneous pinning
system: we have seen (Proposition 2.5) that the N — oo model is the renewal with
inter-arrival law I}h() In this case the first notion of correlation length that comes
to mind is given by looking at the correlation

E [Smgmﬂ} “E [6,4 E [6,%,,} —E [Em] (E [6,,} “E [6,%,,}) .47
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where 6, = lne?<h>' If h < h, (delocalized regime) then, thanks to Theorem A.2 and
to Theorem A.4, one directly sees that for every m the correlation decays, as n — oo,
with a power law: since the correlation length is naturally defined as the reciprocal of
the exponential decay rate of the correlations, we see that in this case the correlation
length is co. If instead & > K. one can, for the sake of simplicity, take the limit m — oo,
so that one is effectively talking about the covariance of the stationary renewal: by
the Renewal Theorem, applied to (2.47), the correlation length this time is read off

o~ 1 ~
E [54 T ith ()= £, (2.48)
The correlation length is therefore given by the reciprocal of the rate of convergence
of the renewal function to its asymptotic value. The renewal equation comes to our
help in order to compute it, but things are not as easy as one might think at first.
It is a standard result [28] that if the inter-arrival law decays exponentially (more
precisely: in the case of a recurrent K(-)-renewal such that sup, exp(cn)K(n) < oo
for some ¢ > 0), then the renewal function converges to its limit exponentially fast.
As it is well known since a long time (see for example [26]) however, the relation
between the rate of decay of K(-) and the one of the renewal function are in general
rather unrelated (see [23] for examples and several references). But what is going to
be important for our discussion is that, in the context we consider, one can establish
a general result. Namely that

Proposition 2.12. [23] Choose an inter-arrival law K (-) that satisfies (2.30). Then
there exists ho € (he,o| such that for h € (he,hy) we have

P (n € %Ul)) - ﬁ "2 e(h)K (n) exp(—F(h)n), (2.49)

with ¢(h) a positive (explicit) constant. So, in particular, we have
lim —llog P (n € %<h>) __ L) F(h) (2.50)
R ) | |

This result can be read as saying that the correlation length k¥ = (k) is equal to
1/F(h), at least when the system is close to criticality. The fact that (in general)
we can link the correlation length to the free energy only close to criticality is
not a problem because the correlation length becomes important precisely close to
criticality, that is when it diverges.

The role of k(h) emerges clearly also from (2.13): the exponential growth of
the partition function sets in when N is about k(h) (look at Fig.2.1). Figure 2.1
definitely suggests another correlation length: K'(h) := inf{N : Zy > 1}, where the
value 1 is a bit arbitrary (at this stage), but it is a natural reference point. Why this is
not such a bad definition will be clear later on: for the moment we register the fact
that log k(1) ~ log K(h) as h \ he.
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2.5 Why Do People Look at Pinning Models?
A Modeling Intermezzo

The main purpose of these notes is to investigate the effect of disorder on statistical
mechanics models, notably on phase transitions and critical phenomena. Pinning
models turn out to be a particularly favorable context to attack this daunting issue.

But pinning models have received widespread attention, notably in physics,
chemistry and biology. Let us have a quick look at this direction by considering
three different instances: this will serve also to motivate the introduction of
disorder.

2.5.1 Polymer Pinning by a Defect

Polymers are chains of repetitive units (monomers) that may or may not be identical.
Polymer modeling is tightly related to random walks in the sense that the most
basic model of a polymer is the random walk. Less simplistic models include a self-
avoiding constraint and/or increment correlation. In addition, polymers are often in
interaction with an environment: the presence in the environment of an attractive
(or repulsive) region may have a substantial effect on the polymer trajectory. When
such a region is a point or a line (but it could also be a plane or a hyperplane) then
a natural basic model, in which we either disregard self-avoidance or we implement
it by looking at the so-called directed polymers, is precisely the pinning model. For
more on this, see [22, Chap. 1] and references therein.

2.5.2 Interfaces in Two Dimensions

There is very deep link between interfaces in two dimensional (discrete spin) models
and random walks (e.g. [1]). It is sketched in Fig.2.4, both in the case in which
the arising walk is free and when there is a pinning effect. The figure is based
on the Ising model that we introduce also because it comes up later on in these
notes. An Ising model in the rectangular box A = H;j:l (—Li,L))NZ* (L; € N)is a
measure on 4 := {—1,41}4A where dA is the external boundary of A, that is
JA ={x€Z\A: |x—y|=1forayec A}. The measure is determined once we
fix a value B > 0 (the inverse temperature) and an element 1 € {71,+1}‘9A, the
boundary condition, and then we say that the probability us (o) of observing the
configuration o € 2, is

2.51)

an(0) = {exp(Bm(cr»/ZA,ﬁ,,7 if 0(x) = n(x) forx € 9A,

0 otherwise,
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-L, +L;

Fig. 2.4 We are drawing a configuration of the two-dimensional Ising model in the finite box with
L; =9, L, = 6 and boundary conditions that are +1 on {x: x, = —Lp,x; = —L; +1,...,L; — 1}
and —1 on the rest of dTA. The up spins (+) are identified by a gray or a dark gray square, while
the down spins (—) are light gray. The spins on which a boundary magnetic field acts are marked
by large black dots. In the text, to which we refer for details, it is sketched the explanation of
the reduction of the spin configuration to an interface: the interface is reproduced below the spin
configuration with an equivalent but more natural representation if we look at it as a random walk
path

where Z, g, is the normalization constant and Hy (o) is the energy of the model
that we choose to be

HA(0) = —3 T (x)o (o) -~ Thx)o(), 252)
X,y

X

where the sums are over A UJA and J(x,y) = 0 unless |x —y| = 1. Of course the
most basic Ising model is the one in which J(x,y) = 1 for every |x —y| = 1 and h(x)
does not depend on x, but the general case here serves two purposes:

1. Later on we will discuss the generalization of what we develop for pinning
models to more general cases and the disordered Ising model, that is the case
in which {J(x,y)}«, and/or {h(x)}, are realizations of families of IID random
variables, is at the heart of the progress in the statistical mechanics of disordered
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systems, much as the non-disordered Ising model is at the heart of the progress
in statistical mechanics.

2. The interface line, or phase separation line, reduces to a random walk in the
strongly anisotropic limit and a suitable choice of A(-) has the effect of a pinning
potential: this is what we are going to explain next.

In (the upper part of) Fig. 2.4 we draw a configuration of the two dimensional
Ising model in a finite box A: spins are drawn in small boxes that are either light
gray, gray or dark gray. We are thinking of the case in which J(x,y) = 0 unless
|x—y| =1 and J(x,y) = J; > 0 (respectively J(x,y) = J, > 0) if x —y = (£+1,0)
(respectively x —y = (0,41)). We also restrict our attention to A(-) = 0 for the
moment, that is, we think of an Ising model without external (magnetic) field and
with nearest neighbor interactions that can be different along the horizontal and
vertical directions (the infinite volume limit of this model has been solved by Lars
Onsager [4], a result that has deeply marked statistical mechanics).

As we are trying to convince the reader with the figure, such a spin configuration
can be mapped to a set of contours (this is a very classical construction, see e.g. [18,
Chap. 2]). All the contours are closed lines, except one that goes from the lower left
corner to the lower right corner: we call such an open contour interface and we stress
that the existence of an open contour is directly related to the boundary conditions
(for example: all spins 41 on the boundary entails all contours are closed). Note that
in the limit J; — oo the configuration we have drawn has probability zero: a positive
probability configuration is rather the one in which we switch to —1 all spins in
the gray squares and in this case only one contour survives: the interface. More is
true: in this limit the interface is a trajectory of a random walk with increments in
Z, starting in the lower left corner and ending on the lower right corner. As a matter
of fact, it is an easy exercise to show that the law of such an Ising interface is just
the law of the walk we have just mentioned (to be precise, the probability that the
increment is equal to n is const.exp(—fBJz|n|)) conditioned not to exit the box A.
If now we consider a very tall box (L, — o) we are just dealing with a random
walk bridge constrained not to go below the height of its starting (and arrival) point.
The lower part of the figure draws the interface with a slightly different convention
that has the advantage to be closer to the customary way of drawing random walk
trajectories.

If now we allow what is usually called a boundary magnetic field, that is if we set
for example h((i,—Ly+2))=—h<0fori=—L;+1,...,L; — 1, spins of value —1
are favored in the sites on which we have put the field (the sites on which we put the
boundary field are marked by large black dots). What is the effect of the boundary
field on the random walk trajectory? The answer is simply that there is a reward of
h > 0 for the walk to stick to the bottom line: we are therefore just dealing with a
homogeneous pinning model.

Two remarks to close this issue are in order.

1. Of course all that we have discussed becomes more delicate and definitely not as
straightforward if J; < oo, nonetheless the simplified J; = o case to a certain
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extent turns out not to be an oversimplification (see e.g. [37] and references
therein).

2. It is of course natural to choose h(i,—L, +2) with a non-trivial dependence on
i (for example, we could choose them by coin tossing (3h)): the arising random
walk model is a inhomogeneous pinning model that fits (and motivates!) the
definition of inhomogeneous models of the next chapters.

2.5.3 DNA Denaturation: The Poland-Scheraga Model

Understanding the very complex geometrical structure in which two complementary
DNA strands (two polymers) are found in cell nuclei is a long standing issue on
which a lot of effort is invested. There are of course plenty of issues: we focus just
on the fact that two complementary strands are not tightly bind all the times (as a
matter of fact, unbinding is necessary in particular for copying the genetic code to
another polymer, the RNA) and unbinding, above all local unbinding, happens all
the time as a standard consequence of thermal fluctuations. Biologists and physicists
have developed models for such a phenomenon and a basic, but apparently rather
effective model, even on a quantitative level, is just based on pinning models [20].
Starting off in the most naive way we can model two-stranded DNA by two directed
walks interacting via pinning potentials, see e.g. [30] and references therein. Since
the difference of two independent random walks is still a random walk, we are
dealing with a standard pinning model. However directed walk models lead to values
of o that are in contrast with observations. In fact the three dimensional model, that
corresponds to the walk in two dimensions plus the fixed direction, yields o = 0,
a case not treated in this notes that however leads to a C™ behavior of the free
energy [22, Chap. 2], while there is a tendency to believe that the transition is first
order, even if such a statement has to be taken with caution because real DNA
experiments are not about infinitely long strands, see for example [6,27]. To make
a long story short, the bio-physical community seems to have settled that renewal
pinning models with ¢ ~ 1.15 is a reasonably good model for DNA denaturation
[6, 15]: however what is most important is that inhomogeneous interactions need
to be taken into account, unless one is dealing with synthetic DNA made up by
one strand containing only Adenine (respectively Cytosine) bases and the the other
strand containing only Thymine (respectively Guanine) bases. A few more details
can be found in Fig. 2.5 and its caption.

2.6 A Look at the Literature

Much of this chapter is devoted to the homogeneous pinning model. This model,
at least in some random walk cases, has been the object of several works in the
physical literature at the beginning of the 1980s proposing different exact solutions
(e.g. [7,29]), but the generalized model and a comprehensive view identifying the
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Loops

T6—Ts To—Tg Tia— T3

Fig. 2.5 A schematic, standard, view of DNA denaturation. The two thick lines are the DNA
strands. They may be paired, gaining thus energetic contributions that depend on whether the
base pair is A-T or G—C (the model is therefore inhomogeneous: A-T bonds are weaker than
G-C bonds). The sections of unpaired bases are called loops. The DNA portion in the drawing
corresponds to the renewal model trajectory with 7; —7;_; = 1 except for three inter-arrivals (so
loops correspond to inter-arrivals of length 2 or more)

general mechanism behind the various exact solutions are due to Fisher [19]. The
approach given here, however, is not the one in [19], that goes by computing
the series Yz Zy ;. We aim directly at Zyj, and at its interpretation in term of
renewal function: this approach has been developed in [25, Appendix A] and [10].
It has been proven useful also beyond the renewal set-up, notably for Markov
renewal processes that cover a very wide class of models: pinning and copolymers in
periodic environments [11], pinning of directed semi-flexible polymers [9], pinning
on layered interfaces [12] and pinning of random walks with continuous increments
[33] (the Brownian motion case has been treated for example in [14,31] by different
techniques and we refer to [22] for further references on the vast literature on
homogeneous pinning).

While of course the modeling aspects must not be neglected, the approach given
here shows that the physical solution of the homogeneous pinning model (notably,
free energy estimates) are just a subset of classical renewal theory developed in the
1950s and 1960s (e.g. [16,17,21], see [3] for further references).

Further considerations and references on path properties of the limit (N — oo)
process can be found in [22, Chap. 2], notably the scaling limits at criticality that
makes a link with the theory of regenerative sets and subordinators [5].

Dynamical issues have been left completely out and that will not change in the
next chapters: these notes are about the equilibrium measure, but the dynamical
issues are of great interest (see for example [8]).

In [2] the author provides a class of random walks with increments taking values
=+1 that have regularly varying return time distribution: therefore this work exhibits
walks for which (2.30) holds, for arbitrary c.

Section 2.4 introduces the notion of correlation length: it is difficult to stress
enough the role of such a concept in statistical mechanics. But it is also difficult
to treat it in a satisfactory way without mentioning the disordered case: for here
we content ourselves with adding the references [24, 34—36], that deal in part with
the homogeneous case (and are very relevant for the disordered case), and [32]
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that develops a mathematical viewpoint on the finite size scaling properties of the
homogeneous models, that is on the behavior of the system of correlation length
size, close to criticality (when the correlation length diverges).
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