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Abstract

This paper is dedicated to the investigation of a 1 + 1 dimensional self-interacting
and partially directed self-avoiding walk. The intensity of the interaction between
monomers is denoted by 8 € (0,00) and there exists a critical threshold . which
determines the three regimes displayed by the model, i.e., extended for 5 < f.,
critical for 8 = . and collapsed for g > ..

In [4], physicists displayed some numerical results concerning the typical growth
rate of some geometric features of the path as its length L diverges. From this
perspective the quantities of interest are the horizontal extension of the path and its
lower and upper envelopes.

With the help of a new random walk representation, we proved in [10] that the
path grows horizontally like /L in its collapsed regime and that, once rescaled by
V/L vertically and horizontally, its upper and lower envelopes converge towards some
deterministic Wulff shapes.

In the present paper, we bring the geometric investigation of the path several
steps further. In the collapsed regime, we identify the joint limiting distribution of
the fluctuations of the upper and lower envelopes around their associated limiting
Wulff shapes, rescaled in time by /L and in space by L'/%. In the critical regime we
identify the limiting distribution of the horizontal extension rescaled by L?/® and we
show that the excess partition function decays as L?/® with an explicit prefactor. In
the extended regime, we prove a law of large number for the horizontal extension of
the polymer rescaled by its total length L, we provide a precise asymptotics of the
partition function and we show that its lower and upper envelopes, once rescaled in
time by L and in space by v/L, converge towards the same Brownian motion.
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Figure 1: Simulations of IPDSAW for critical temperature 8 = . and length L = 1600

1 Introduction

We consider a model of statistical mechanics introduced in [34] and referred to
as interacting partially directed self avoiding walk (IPDSAW). The model is a (1 +
1)-dimensional partially directed version of the interacting self-avoiding walk (ISAW)
introduced in [18] as a model for an homopolymer in a poor solvent.

The aim of our paper is to pursue the investigation of the IPDSAW initiated in [29]
and [10] and in particular to display the infinite volume limit of some features of the
model when the size of the system diverges for each of the three regimes: collapsed,
critical and extended. The first object to be considered is the horizontal extension of the
path. Then, we will consider the whole path, properly rescaled and look at its infinite
volume limit in the extended phase and in the collapsed phase.

Let us point that numerical simulations are difficult (see e.g. [4]) and have not led to
theoretical results about the path properties of the polymer in the three regimes that we
establish in this paper.

1.1 Model

The model can be defined in a simple manner. An allowed configuration for the
polymer is given by a family of oriented vertical stretches. To be more specific, for
a polymer made of L € IN monomers, the possible configurations are gathered in
Qp = U@Zl Ly, where Ly 1, is the set consisting of all families made of N vertical
stretches that have a total length L — N, that is

ﬁN,L={l€ZN:Zle\lnlJrN:L}. (1.1)

Note that with such configurations, the modulus of a given stretch corresponds to the
number of monomers constituting this stretch (and the sign gives the direction upwards
or downwards). Moreover, any two consecutive vertical stretches are separated by a
monomer placed horizontally and this explains why Z;V:l |l,| must equal L — N in order
for I = (I;)X, to be associated with a polymer made of L monomers (see Fig. 2).

The repulsion between the monomers and the solvent around them is taken into
account in the Hamiltonian associated with each path [ € 2} by rewarding energetically
those pairs of consecutive stretches with opposite directions, i.e.,

Hr (- ly) = BNl A i), (1.2)
where

~ x| A if xy <0,
{|| ol oy .

TAY = .
0 otherwise.

One can already note that large Hamiltonians will be assigned to trajectories made
of few but long vertical stretches with alternating signs. Such paths will be referred to
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L,=0

li=-2

Figure 2: Example of a trajectory | € Ly, with N = 5 vertical stretches, a total length
L = 16 and an Hamiltonian Hy, g(7) = 55.

as collapsed configurations. With the Hamiltonian in hand we can define the polymer

measure as
eHL,ﬂ(l)
Prg(l) = , 1eQy, (1.4)
ZLvﬁ’

where Z;, 4 is the partition function of the model, i.e.,

L
Zrg=Y_ > el (1.5)

N=1IleLn, L

1.2 Random walk representation and collapse transition

An alternative probabilistic representation of the partition function has been intro-
duced in [29]. For 3 > 0 we introduce an auxiliary random walk V' = (V;)2, of law Pyg,
starting from 0, and whose increments (U;)$2, are i.i.d. and follow a discrete Laplace
distribution, i.e.,

5kl

Ps(Uy = k) = e 2™

cp

Vk€Z with cgi= 1t (1.6)

Such walk allows us to provide an alternative expression of the partition function, i.e.,

L

ZL”g = eiﬁLZLﬁ =cg Z(FB)NPﬁ(V S VN,L—N), (1.7)
N=1

where Vy 1 n = {V: Gn(V) = L — N,Vy11 = 0}, where Gn(V) := 32N |V;] is the
geometric area in between V and the horizontal axis up to time N and where
_cg 1+e B2

].—‘5 = eiﬁ and Cﬁ = m

(1.8)
For later use, we also introduce Ay (V) := Zij\il V; the algebraic counterpart of Gy (V).
We will recall briefly in Section 3.1 how (1.7) can be obtained, but let us observe already
that the excess free energy defined as

()= Jim % log Z1, 5 (1.9)
loses its analyticity at 3., the unique solution of 'y = 1. For § > . the inequality
I's < 1 indeed yields that f(ﬁ) = 0 since those terms indexed by N ~ /L in (1.7)
decay subexponentially. As a consequence the trajectories dominating Z .5 have a small
horizontal extension, i.e., N = o(L). When 8 < . in turn, I's > 1 and since for ¢ € (0, 1]
the quantity Ps(V.r,(1—c)1) decays exponentially fast with a rate that vanishes as ¢ — 0
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we can claim that the dominating trajectories in Z 1,5 have an horizontal extension of

order L, and moreover that f(8) > 0. The phase diagram [0, co) is therefore partitioned
into a collapsed phase denoted by C and an extended phase denoted by &, i.e,

C:={B:f(B)=0={B:6= b}, (1.10)

E:={p:f(B) >0} ={B: 8 <P}

We shall see that, in fact, there are three regimes; collapsed (8 > f3.), critical (8 = )
and extended (8 < f.), in which the asymptotics of the partition function and the path
properties are radically different.

2 Main results

We observe that the definition of the polymer measure in (1.4) is left unchanged if we
replace the denominator by Z;, g (cf (1.7)) and substract L to the Hamiltonian.

2.1 Scaling limit of the horizontal extension

Displaying sharp asymptotic estimates of the partition function as the system size
diverges is a major issue in statistical mechanics. Computing the probability mass of
a certain subset of trajectories under the polymer measure indeed requires to have a
good control on the denominator in (1.4). For the extended and the critical regimes, we
display in Theorem 2.1 below an equivalent of the partition function allowing us e.g to
exhibit the polynomial decay rate of the partition function at the critical point. For the
collapsed regime, in turn, we recall the bounds on Z 1, that had been obtained in [10]
allowing us to identify its sub-exponential decay rate.

Note that in Remark 2.3 below, we provide some complements concerning Theo-
rems 2.1 and 2.2 among which the exact value of some pre-factors when an expression
is available. We also denote by f., the density of the area below a normalized Brow-
nian excursion (see e.g. [25]) and we set Cj3 := (Eg(Vi?))~'/2. Thus, we can define

w(x) = Cp feu(Cp ). We recall the definition of f(8) in (1.9).

Theorem 2.1 (Asymptotics of the partition function). (1) For g < f3., there existsac > 0
such that

ZLﬁ = Cef(B)L(l + 0(1))7

(2) for B = 3., there exists a ¢ > 0 such that

c 1+e’g

1+ o(1 with c¢= n 3
L2/3( @) (24T Eg(V2))= f0+oox*3w(x_§)dm

)

ZLﬁ =

(3) for § > ., there exists a unique real number m(/3) > 0 and ¢y, ca, k > 0 such that

SOV < Fp < SOV for LE.

For each [ € 1, the variable N; denotes the horizontal extension of [, i.e., the integer
N € {1,...,L} such that | € Ly,.. Theorem 2.2 below gives the scaling limit of the
horizontal extension of a typical path [ sampled from P, 3 and as L — oo (for the sake of
completeness, we again integrate the collapsed regime into the theorem although this
regime was dealt with in [10, Theorem D]).

Theorem 2.2 (Horizontal extension). (1) if § < ., there exists a real constant e(3) €
(0,1) such that

lim Pm(‘% - e(b’)‘ >e) =0, (2.1)

L—
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(2) if B = p., then

. L 2/3
Lh—>H;o 7273 ~law Cﬁ g1,
where g, = inf {t > Ofot |Bs| ds = a} is the continuous inverse of the geometric

Brownian area, and we consider g; under the conditional law of the Brownian motion
conditioned by B, = 0.

(3) If 8 > (., there exists a unique real number a(3) > 0 such that

Jim. PLM@Q% - a(ﬁ)’ >c) =o. (2.2)

Remark 2.3.

(1) For the extended regime, in Section 6, we will decompose each path into a succes-
sion of patterns (sub pieces) and we will associate with our model an underlying
regenerative process (o;, V4, yi)ien Of law B3 in such a way that o; (resp. v;, resp.
;) plays the role of the number of monomers constituting the ith pattern (resp. the
horizontal extension of the ith pattern, resp. the vertical displacement of the ith
pattern). Then, the constant ¢ in Theorem 2.1 (1) and the limiting rescaled horizontal
extension in Theorem 2.2 (1) satisfy

Cz(vy
and e(8) = e;’égl;.

_ 1
T €g(oy)
(2) For the critical regime § = 3., the appearance of the distribution of ¢g; is explained
at the end of Section 4.

2.2 Scaling limit of the vertical extension

The fact that each trajectory | € )y, is made of a succession of vertical stretches
makes it convenient to give a representation of the trajectory in terms of its upper and
lower envelopes. Thus, we pick | € Ly, and we let & = (£ and & = (&))"
be the upper and the lower envelopes of [, i.e., the (1 + N)-step paths that link the top

and the bottom of each stretch consecutively. Thus, ng,ro =&,=0,

5[;zmax{ll+---+l¢_1,l1+---+li}, ie{l,...,N}, (2.3)
& =min{ly +---+ L1, b+ +1L}, i€{l,...,N}, (2.4)

and 51J,FN+1 =& N1 =l + -+ Iy (see Fig. 3). Note that the area in between these two
envelopes is completely filled by the path and therefore, we will focus on the scaling
limits of & and &;".

At this stage, we define Y : [0,1] — R to be the time-space rescaled cadlag process of
a given (Y;) Y51 € ZN+! satisfying Y, = 0. Thus,

- 1

and for each [ € Ly, we let &, 57‘ be the time-space rescaled processes associated
with the upper envelope Sf and with the lower envelope &, , respectively.

In this paper we will focus on the infinite volume limit of the whole path inside the
collapsed phase (8 > (.) and in the extended phase (8 < (.). Concerning the critical
regime (8 = () this limit will be discussed as an open problem in Section 2.3 below.
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Figure 3: Example of the upper envelope (top-left picture), of the lower envelope (top-
right picture), of the middle line (bottom left picture) and of the profile (bottom right
picture) of a given trajectory (in dashed line).

The collapsed phase (5 > (5.)

The collapsed regime was studied in [10], where a particular decomposition of the path
into beads has been introduced. A bead is a succession of non-zero vertical stretches
with alternating signs which ends when two consecutive stretches have the same sign
(or when a stretch is null). Such a decomposition is meaningful geometrically and we
proved in [10, Theorem C] that there is a unique macroscopic bead in the collapsed
regime and that the number of monomers outside this bead are at most of order (log L)*.

The next step, in the geometric description of the path, consisted in determining the
limiting shapes of the envelopes of this unique bead. This has been achieved in [10]
where the rescaled upper envelope (respectively lower envelope) is shown to converge
in probability towards a deterministic Wulff shape vj (resp. —vj;) defined as follows

ng(s):/ 2’[(%—3:)%0(7;3)2,0)]&5, s €[0,1], (2.6)
0

where £ is defined in (5.3) and Eo in (5.10). Thus, we obtained
Theorem 2.4. ([10] Theorem E) For 3 > . and e > 0,

. TN
Jim Pra(l€ = Fll > <) =0
: = 5
Jim Pus([lE7+ 2l >¢) =0. 2.7)

This Theorem has also been stated as a Shape Theorem in [10]. The natural question
that comes to mind is: are we able to identify the fluctuations around this shape?
For technical reasons that will be discussed in Remark 2.6 below, we are not able
to identify such a limiting distribution. However, we can prove a close convergence
result by working on a particular mixture of those measures P, ; for L' € K =
L+[—¢e(L),e(L)]NIN with (L) := (log L)S. Thus, we define the extended set of trajectories
S~2L = Urrek, 21, and we let ﬁL7B be a mixture of those {PL/”(-}, L' e KL} defined by

_ 7. _
Prp(l) =Y 7’%&,76(1) liea, ), forle Q. (2.8)
Liek, 2akeky, Zk.8
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In other words, ]3L7 g satisfies

- - Zr
Prg(-|Qw) = Prs() and Ppg(Qn) = ﬁ for L' € K. (2.9)
keKry, ’

We denote by Q 1.s the law of the fluctuations of the envelopes around their limiting
shapes, that is the law of the random processes

VN (ER) - B E )+ 5T (2.10)

with [ sampled from IBL, g. Finally, let us note that stating Theorem 2.5 requires using
function H that will be defined in Section 5.1. We obtain the following limit.

Theorem 2.5 (FIuctuatlons of the convex envelopes around the Wulff shape). For 8 > 3.,
and H = H(Q5, 0),q8 = a(ﬁ)g we have the convergence in distribution

5’“’75 §H) (2.11)

QL.p L> (5 +
where for H = (hg, h1) such that [ho,ho +h1] C D = (—8/2,8/2), the process £y =
(€m(t),0 <t < 1) is centered and Gaussian with covariance

E 6 (s) éx ()] = / e 2o + ha)de,

and where &5 := (&5 (1), O <t < 1) is a process independent of £ which has the law of
&y conditionally on €5 (1 fo ¢n(s)ds = 0.

From Theorem 2.5 we deduce that the fluctuations of both envelopes around their
limiting shapes are of order L'/4.

Remark 2.6. The reason why we prove Theorem 2.5 under the mixture ﬁL’ﬁ rather
than Pp g is the following. We need to establish a local limit theorem for the associated
random walk of law P conditioned on having a large geometric area Gy (V') and we are
unable to do it. Fortunately, we know how to condition the random walk on having a large
algebraic area Ay (V) and under the mixture 15L7 s we are able to compare quantitatively
these two conditionings (see Step 2 of the proof of Proposition 5.2 in Section 5.5).

In the construction of the mixture law ﬁL, g (cf. (2.8)), the choice of the prefactors of
those P}/ ; with L e Ky may appear artificial. However it is conjectured (see e.g. [20,
Section 8]) that our inequalities in Theorem 2.1 (3) can be improved to

~ B . .
Zrp~ zage "V with B >0,

so that the ratio of any two prefactors would converges to 1 as L — co uniformly on the
choice of the indices of the two prefactors in K. In other word, Pr, g should, in first
approximation, be the uniform mixture of those {P/ g, L' € K}.

Remark 2.7. We observe that one can recover the envelopes from two auxiliary pro-
cesses, i.e, the middle line M; and the profile |l|. Thus, we associate with each ! € Ly 1,

the path |I| = (|;|)f" (with Iy41 = 0 by convention) and the path M, = (M, 1)N+1 that
links the middles of each stretch consecutively, i.e., M;y = 0 and
Li .
Mlﬁi:l1+"'+li,1+5, ZG{L...,N}, (2.12)

and My i1 =l + -+ + ly (see Fig. 3). With the help of (2.5), we let M, and [ be the
time-space rescaled processes associated with M; and [ and one can easily check that

& =M+ and & =21 - lU. (2.13)
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As a consequence, proving Theorem 2.5 is equivalent to proving that
~ d .
Qrp —— (¢ ¢h), (2.14)

where Q5 is the law of /N; (M(s), [I(s)| — 'yE(s))sE[O ;) With I sampled from Pp . The

convergence of Z\A]l in (2.14) answers an open question raised in [4, Fig. 14 and Table II]
where the process is referred to as the center-of-mass walk.

The extended phase (5 < 5.)

When 8 < . and under P;, g, we have seen that a typical path [ adopts an extended
configuration, characterized by a number of horizontal steps of order L. We let Q. 3
be the law of /N, (&, (s),&"(s)) under Pp g. We let also (Bs)sejo,1) be a standard

. | s€[0,1]
Brownian motion.

Theorem 2.8. For 8 < §3., there exists a og > 0 such that
d
Qs —— 95(Bs, Bs) ey (2.15)

Remark 2.9. The constant o takes value /€3(y%)/€Es(v1) where y; (resp. 1) corre-
sponds to the vertical (resp. horizontal) displacement of the path on one of the pattern

mentioned in Remark 2.3 (1). These objects are defined rigorously in Section 6 below.

2.3 Discussion and open problems

Giving a path characterization of the phase transition is an important issue for
polymer models in Statistical Mechanics. From that point of view, identifying in each
regime the limiting distribution of the whole path rescaled in time by its total length N
and in space by some ad-hoc power of N is challenging and meaningful. This question
was investigated in depth for (1 4 1)-dimensional wetting models, for instance in [13]
and [8] when the pinning occurs at the z-axis (hard wall), in [32] when the pinning of
the path occurs at a layer of finite width on top of the hard wall, or in [7] with some
additional stiffness imposed on the trajectories of the path. Although the features of
IPDSAW strongly differ from that of wetting models, we intend here to answer similar
questions. Finally, the interest of our work is raised by the fact that the collapse transition
undergone by the IPDSAW is fundamentally different from the localization transition
displayed by wetting models and this can be explained in a few words. For the wetting
model, the saturated phase for which the free energy is trivial (=0) corresponds to the
polymer being fully delocalized off the interface which means that entropy completely
takes over in the energy-entropy competition that rules such systems. For the IPDSAW
in turn, the saturated phase is characterized by a domination of trajectories that are
maximizing the energy. In other words, we could say that both models display a saturated
phase which in the pinning case is associated with a maximization of the entropy, whereas
it is associated with a maximization of the energy for the polymer collapse.

In our paper, we give a rather complete description of the scaling limits of IPDSAW
in each regime. There are a few open questions left that are stated as open problems at
the end of this section.

Critical regime. The most important result of the paper is concerned with the
critical regime (8 = (.) for which we provide the limiting distribution of the horizontal
extension rescaled by L?/? and the sharp asymptotic of the partition function. In
Section 4, indeed, we use the random walk representation described in Section 3.1
and the fact that I'3, = 1 to claim that the horizontal extension of the path has the
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law of the stopping time 7, := min{N > 1: Gy(V) > L — N} when V is sampled from
Ps(-|V,, = 0,G,, (V) = L — 7). Studying the scaling of 7;, requires to build up a
renewal process based on the successive excursions made by V inside the lower half-
plane or inside the upper half-plane. A sharp local limit theorem is therefore required
for the area enclosed in between such an excursion and the z-axis and this is precisely
the object of a recent paper [12]. Note that the fact that the horizontal extension
fluctuates makes the scaling limits of the upper and lower envelopes of the path much
harder to investigate at 3 = (.. As soon as the limiting distribution of the rescaled
horizontal extension is not constant, which is the case for the critical IPDSAW, one
should indeed consider simultaneously the limiting distribution of V, of M, and of the
rescaled horizontal extension. For this reason, we will state the investigation of the
limiting distribution of the upper and lower envelopes of the critical IPDSAW as an
open problem. Let us conclude by pointing out that the critical regime of a Laplacian
(1+1)-dimensional pinning model that is investigated in [7] has somehow a similar flavor.
More precisely, when the pinning term ¢ is switched off, the path can be viewed as
the bridge of an integrated random walk and therefore scales like N3/2. This scaling
persists until € reaches a critical value e.. At criticality, and once rescaled in time by
N and in space N2 /log? (N) the path is seen as the density of a signed measure z on
[0,1]. Then, ux that is build with a path sampled from the polymer measure, converges
in distribution towards a random atomic measure on [0, 1]. The atoms of the limiting
distribution are generated by the longest excursions of the integrated walk, very much
in the spirit of the limiting distribution in Theorem 2.2 (2) which can be written as a
sum (see (4.46)) whose terms are associated with the longest excursions of the auxiliary
random walk.

Collapsed regime. Due to the convergence of both envelopes towards deterministic
Wulff shapes, the collapsed IPDSAW may be related to other models in Statistical
Mechanics that are known to undergo convergence of interfaces towards deterministic
Wulff shapes. This is the case for instance when considering a 2 dimensional bond
percolation model in its percolation regime and conditioned on the existence of an open
curve of the dual graph around the origin with a prescribed large area enclosed inside
the curve (see [1]). A similar interface appears when considering the 2-dimensional Ising
model in a big square box of size N at low temperature with no external field and —
boundary conditions and when conditioning the total magnetization to deviate from its
average (i.e., —m*N? with mx* > 0) by a factor ay ~ N*/3+% (§ > 0). It has been proven
in [16], [22], [23] and [24] that such a deviation is typically due to a unique large droplet
of +, whose boundary converges to a deterministic Wulff shape once rescaled by /an.

However, the closest relatives to the collapsed IPDSAW are probably the 1-dimensional
SOS model with a prescribed large area below the interface (see [14]) and the 2-
dimensional Ising interface separating the + and — phases in a vertically infinite layer
of finite width (again with a large area underneath the interface, see [15]). For both
models and in size N € IN, the law of the interface can be related to the law of an
underlying random walk V' conditioned on describing an abnormally large algebraic
area (¢N? with ¢ > 0). As a consequence, once rescaled in time and space by N the
interface converges in probability towards a Wulff shape, whose characteristics depends
on g and on the random walk distribution. The fluctuations of the interface around this
deterministic shape are of order v/N and their limiting distribution is identified in [14,
theorem 2.1] for SOS model and in [15, theorem 3.2] for Ising interface at sufficiently
low temperature. The proofs in [14] and [15] use an ad-hoc tilting of the random walk
law (described in Section 5.1), so that the large area becomes typical under the tilted
law. In this framework, a local limit theorem can be derived for any finite dimensional
distribution of V under the tilted law.
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In the present paper, our system also enjoys a random walk representation (see
Section 3.1) and we will use the “large area” tilting of the random walk law as well to
prove Theorem 3.1. However, our model displays three particular features that prevent
us from applying the results of [14] straightforwardly. First, the conditioning on the
auxiliary random walk V' is, in our case, related to the geometric area below the path
rather than to the algebraic area (see Remark 2.6). Second, the horizontal extension
of an IPDSAW path fluctuates, which is not the case for SOS model. Thus, the ratio ¢
of the area below the path divided by the square of its horizontal extension fluctuates
as well, which forces us to display some uniformity in ¢ for every local limit theorem
we state in Section 5. Third and last, the fact that an IPDSAW path is characterized
by two envelopes makes it compulsory to study simultaneously the fluctuations of V'
around the Wulff shape and the fluctuations of M around the z-axis (recall (2.12-2.14)).
We recall that the increments of M are obtained by switching the sign of every second
increment of V. As a consequence, we need to adapt, in Section 5.1, the proofs of the
finite dimensional convergence and of the tightness displayed in [14].

We need to mention that in the collapsed phase, our asymptotics, (3) of Theorem 2.1,
are less precise that the asymptotics of [21, Theorem 1.1] where they give exact asymp-
totics, with a square root prefactor for the partition function of their self-avoiding
polygons model. A reason we could not adapt easily their results/methods is that, among
other differences, in our model we penalize the horizontal steps by a factor I'g that
differs from the penalization we assign to the vertical steps (increments of a RW of law
P3) whereas in their model each step is penalized by the same factor e ",

Extended regime. The extended regime is somehow easier to deal with. One can
indeed decompose the trajectory into simple patterns, that do not interact with each
other and are typically of finite length, that is, the pieces of path in between two
consecutive vertical stretches of length 0. We will briefly show in Section 6 that these
patterns can be seen as independent building blocks of the path and can be associated
with a positive recurrent renewal.

Computer Simulations

As explained in the Appendix 7, the representation formula (1.7) provides an exact
simulation algorithm for the law of a path under the polymer measure Pg ;. However,
this algorithm is very efficient only for 8 = ., and loses all efficiency when S is not close
to f..

Open problems

* Find the scaling limit of the envelopes of the path in the critical regime.

¢ Establish the fluctuations of the envelopes around the Wulff shapes (Theorem 2.5)
for the true polymer measure Py, g rather that for the mixture ]SL, 8-

e Establish a Central Limit Theorem and a Large Deviation Principle for the horizontal
extensions in the collapsed and extended regimes.

¢ Devise a dynamic scheme of convergence of measures on paths such that the
equilibrium measure is the polymer measure, and with a sharp control on the
mixing time to equilibrium similar to the one devised for S.0.S in [5].

3 Preparation

In this section, we recall the proof of the probabilistic representation of the partition
function (recall 1.7). This proof was already displayed in [29] but since it constitutes the
starting point of our analysis it is worth reproducing it here briefly. Moreover, we obtain
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as a by product the auxiliary random walk V' of law Pg, which, under an appropriate
conditioning, can be used to derive some path properties under the polymer measure.

3.1 Probabilistic representation of the partition function

Let us recall that V := (V,)nen is a random walk of law Py satisfying Vy = 0,
V, = Zf:l U; for n € N and (U;);en is an i.i.d sequence of integer random variables
whose law was defined in (1.6). For L € Nand N € {1,..., L} we recall that

VN ={V:Gn(V)=L-N,Vy;1 =0} with Gn(V)=",|Vi,

and (see Fig. 4) we denote by Ty the one-to-one correspondence that maps Vy, ;—n onto
Ly 1 as

Tn(V); = (=1)"'V; forall ic{l,...N}. (3.1)
Coming back to the proof of (1.7) we recall (1.1-1.5) and we note that Vx,y € Z

one can write z A y = % (|z| + |y| — |z + y|). Hence, for 8 > 0 and L € N, the partition
function in (1.5) becomes

N

L N
ZLﬁ = Z Z exp (B21|ln| - gzo|ln+ln+l>

N=1 l€£N,L

loZlN+1:0
L N exp (_é|ln+ln+1|)
L N 2
=cge™ > ()0 > I - : (3.2)
N=1 €Ly n=0 B

Then, since for [ € Ly 1, the increments (U;)N+* of V = (Tiy)~*(I) in (3.1) necessarily
satisfy U; := (—=1)"*(l;_1 + l;), one can rewrite (3.2) as

L
Zrp=cse® 3 ()Y ST Pa(v), (3.3)

N=1 VEeVNL-N

which immediately implies (1.7). A useful consequence of formula (3.3) is that, once
conditioned on taking a given number of horizontal steps N, the polymer measure is
exactly the image measure by the Ty —transformation of the geometric random walk V'
conditioned to return to the origin after NV + 1 steps and to make a geometric area L — N,
ie.,

Prg(le | Ny=N)=Pg(ITny(V)€-|VNs1=0,Gy =L—N). (3.4)

4 Scaling Limits in the critical phase

In this section we will prove the items (2) of Theorems 2.1 and 2.2 which correspond
to the critical case (8 = f3.). To simplify notations, we shall write S instead of 8. until
the end of this proof. In Section 4.1 below, we first exhibit a renewal structure for the
underlying geometric random walk, based on “excursions”. Then we state a local limit
theorem for the area of such an excursion. This Theorem has been proven recently in
[12]. With these tools in hand we will be able to prove Theorem 2.1 (2) in Section 4.2
and Theorem 2.2 (2) in Section 4.3. Finally, in Section 4.4, we identify the limiting law
of the rescaled horizontal extension obtained in Section 4.3 with that of the Brownian
stopping time g; under a proper conditioning.
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Figure 4: An example of a trajectory [ = (I;)}1, with [y = 2,l5 = —3,14 = 4...is drawn on
the upper picture. The auxiliary random walk V associated with [, i.e., (V;)12, = (T11) 7' (])
is drawn on the lower picture with V; =2, V5, =3, V, =4...

4.1 Preparations
The renewal structure

We introduce a sequence of stopping times (7x)ren Which are similar to ladder times. To
be more specific we set 7p = 0 and

Tit1 =1inf{i > 7, : V;_1 #0and V;_;V; <0} . (4.1)
To these we associate, for j € N, the length of the jth inter-arrival of (7x)ken, i-€.,
Nj=1—1-1 (>1), (4.2)
and the associated geometric area
W= Vo |+ + V| (G21). 4.3)

We let 7 = 7y = ;. Let us observe that 2, = G,_1 (V). For simplicity, we will drop the V'
dependency of G in what follows.

Now, we state the main result of this section, and the remaining part of this section
is devoted to its proof.

Proposition 4.1. The random variables (2(;,;);>1 are independent and the sequence
(Qli, mi)izg is IID.

We shall first need to study the distribution of V.. Let T' be a random variable with
geometric distribution with parameter pg =1 — e~P/2 that is

P(T=k =e F(1-eP?) (ke NU{0}),

and let ug be the law of the associated symmetric random variable, that is uz is the
distribution of £T" with ¢ independent from 7 and P (s = £1) = 1:

1—e P2

_B _
5——¢ > ) + (1= 7)1 0. (4.4)

pp(k) = P (T = k) =

Finally we let P, be the law of the random walk starting from Vy = =z € Z and Pg ;,, be
the law of the random walk when V|, has distribution pg.

EJP 21 (2016), paper 49. http://www.imstat.org/ejp/
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Lemma 4.2. Under Py, with x € Z or under Pg, ,,, the random variable V; is indepen-
dent from the couple (G,_1, 7). Moreover

* V: =jaw —7T underPg, withx >0,
* V: =jaw T under Pg, withx <0,

* Vi =paw pp underPg,

* V: =jaw ppg underPg .

Proof. Let x > 0,y > 0 and a,n be integers. Under Pg, we compute the probability of
Tnay ={Gr-1 = a,7 =n,V, = —y} by disintegrating it with respect to the value z > 0
taken by V,,_1, i.e.,

P,@,x(GT—l =a,7=n,V; = _y)

e_g(z+y)
=S Poa(Vit 4 Vor=aVi>01<i<n -2V 1 =2 ——
z>0 s
= 5P (Groy = a, 7 =n)e Y, (4.5)

where 3 can be seen as a normalizing constant for a distribution on the non negative
integers, we obtain that 73 = ps and V; is independent of (G._1,7) and distributed
as —7T. For z < 0 the proof is exactly the same. For x = 0, we take into account the
possibility that the walk sticks to zero for a while. Thus, for y > 0, we partition the
event {G,_1 = a,7 = n,V, = —y} depending on the value z > 0 taken by V,,_; and on
the number of steps k& during which the random walks sticks to 0, i.e.,

Ps(Gro1=a,7=n,V; = —y)

e~ 5(z4y)

= > Pra(A1=a;Vi=0,0<i<kV;>0k<i<n—2V, =2 ——
2>0,0<k<n—2 cg

" (4.6)

where x is implicitly defined by (4.6) and its dependence in ¢ and n is omitted for
simplicity. We obtain by symmetry Pg (G,_1 =a,7=n,V, =y) = ke~ Y. Itis only for
x =y = 0 that we need to take into account positive and negative excursions, and we
obtain

Psg(Groi=a,7=n,V; =0) =2k.

Summing all these probabilities yields

1—e P2

5 Ps(G,_1=a,7=n),

K
and we can conclude that the random variable V. is independent from the couple

(Gr_1,7) with distribution pg.
The final computation showing that ps is an “invariant measure”, is straightforward:

Pﬂ,ua (VT = y) = Zuﬁ('r)Pﬁ,a; (V'r = y) (4.7)
=> @) (P (=T =) Ligs0) + P (T = y) Lico) + 15()1(o=0))  (4.8)
=...=pusy). (4.9

O
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Proof of Proposition 4.1. The proof is based on the preceding Lemma, and uses induc-
tion in conjunction with the Markov property. Our induction assumption is thus that
the sequence (A;,M;)1<i<k is independent, that the subsequence (2;,9;)2<;<k is IID,
and that the random variable V;, is independent of (2;, M;)1<i<x, with distribution pg.
Then,

Ps (%, 0) = (ai,ni), 1 <i<k+ 1V, =y) =
Eﬁ |:1{(Q['i7mi)=(ai7”i),1fi§k}PV-,-k ((9117(-“1) = (ak+1,nk+1); V. = y)}
= :uﬂ(y)Pﬂ,ug (AT—l = 0k41,T = nk+1) P,(i‘ ((91“‘51,) = (ai,ni), 1< < k) ,

and this concludes the induction step. O

Remark 4.3. The renewal structure used in the present paper is somehow reminiscent
of another renewal structure used in [33], where the author focuses on the probability
that different types of integrated random walks remain positive up to an arbitrary large
time n. The random walk of law P4 that we consider here falls into the scope of this work.
In [33], the random walk paths are decomposed into cycles containing each a positive
and a negative excursion. Although the path decomposition applied in the present work
is different since for instance our excursions are not necessarily of alternating signs, and
although we are more focused here on establishing local limit theorems, both works rely
on a particular feature associated with the type of random walks considered, namely,
the statement of our Lemma 4.2 or in words, as stated in [33] “the overshoot over any
fixed level is independent of the moment when it occurs and also of the walk up to this
moment”.

Local limit theorem for the “excursion” area

Let us state first the theorem. Here f., stands for the density of the area of the standard
Brownian excursion (see e.g. [25]).

Theorem 4.4 (Theorem 1 of [12]). With the constant Cg := (EB(V12))_1/2 and with
w(z) = Cg fex(Cs x), we have

lim sup ng/QPg (Gp=a|7T=n)-— w(a/n3/2) —0.

n—-+4oo a€Z

Remark 4.5. From the monograph [25] we extract the asymptotics (formulas (93) and
(96))

=N
22

feu(m) =€ 32 (Coz™® + 0(x™®) (x —0) (4.10)
fex(z) = C3x26_69”2(1 +0(1)) (x— 400). (4.11)

A straightforward application of the dominated convergence theorem entails that if
b, — oo then for all n > 0,

1 E\® g\ 32 t e 3
nn2/3§k§bnn2/3 n

It is easy to check from [12] that this theorem still holds when started from the
“invariant measure” pg. More precisely, R, — 0 with

R, = sup|n*?Pgs, (Gp=a|7=n)— w(a/ng/z)‘ . (4.13)
a€Z
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4.2 Proof of Theorem (2.1) (2)

Using the random walk representation (3.3), we obtain, since I'g = 1, that the excess
partition function is

L
LZ15=) Ps(Gn=L—N,Vyy1=0). (4.14)
N=1
Then, we partition the event {Gy = L — N,Vyy1 = 0} with respect to r := inf{i >
0: Vn_; # 0} the time length during which the random walk sticks to the origin before
its N-th step, i.e.,

L—1L—r
éZLﬁ:ZZPB(GN:L—N—T,VN#O,VNH:O)PB(Vl:~-~:VT:O) (4.15)
r=0 N=1
L—-1 L—r
L r
:(i) +ZO($) NZP[;(G]v:L—N—T,VN#O,VN+1:0).
r= =1

Then we use the fact that, for all + € IN, we have Py (U, = z) /Ps (U; > 2) = 1 — e #/2,
and obtain

L—-1 L—r
Lip= () 1= Y (L) Y PGy =L—N=rVy #£0,VyVys1 <0)
r=0 N=1
L—1
= (L) a3 (E) Ps(L-r+1€X), (4.16)
r=0
where
x:{kaerk;nzl} 4.17)
k<n

is the renewal set associated to the sequence of random variables X := 2 + 9 (recall
(4.1-4.3).

It is clear that we are going to obtain the same asymptotics for Z 1.8 if we substitute
Pg ., to Pgin the rh.s. of (4.16), that is if we consider a true renewal process with the
random variable X; having the same distribution as the X; for ¢« > 2. Thus, the proof of
Theorem (2.1) (2) will be a consequence of the tail estimate of X under P, in the next
lemma.

Lemma 4.6. For 3 > 0, there exists a c; g > 0 such that

C
Pp (X1 =n)= n%’/@(l +0(1)), (4.18)

and c; 5 = (1+¢%/2)/ % 0+°° z3w(z ) da.

By applying [17, Theorem B] (see also Theorem A.7 of [19]) we deduce from (4.18)

that
sin(m/3)

371'01,5[/2/3
Then, it suffices to recall (4.16-4.17) to complete the proof.

Py, (LX) = (1+ o(1)). (4.19)

Proof of Lemma 4.6. We recall that m, = 91; and we drop the index 1 for simplicity. First,
we use that for all j,k € IN

Pou (Vier ~Vi2k) 1

Pous (Vim =Vi=k)  1-¢e %
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to write

Psu, (X1=n)=Ppg,, (Ar1+7=n)=Pg,, (A1 +7=n,V; =0) - {g (4.20)

and then, for n € (0, 1), we split the probability of the r.h.s. in (4.20) into two terms:

Pﬁ_#ﬂ (AT,1 +7=n,V,= 0)
2/3

nn

:ZPBHB Ak 1—n—k7’—/€Vk—O Z PB,;L,;(AI@ 1—n—k7’—ka—O)
k=1 k=nn?2/3

= Up + Up. (4.21)

From this equality, the proof will be divided into two steps. The first step consists in
controlling u,, and the second step v,,.

Step 1
Our aim is to show that for all € > 0 there exists an n > 0 such that

lim sup n4/3un <e. (4.22)

n—oo

Proof. In this step, we will need an improved version of the local limit Theorem estab-
lished in [6, Proposition 2.3] for V,, and A,, simultaneously. The proof is given in the
Appendix 7.3.

Proposition 4.7.

3 _ _ 1 k
7811615 kilepzn Ps(Va =k An(V) = 0) - ofn? g(gﬁ n’ Uﬂss/z)’ < %0, (4.23)

with g(y, z) = Se=2"~6"46v= for (y, ») € R2.
We resume the proof of (4.22) by bounding from above the probability that there
exists a piece of the V = (V;)?_, trajectory of length smaller than %/3 with an algebraic

area (seen from its starting point) that is larger than 7 and/or that one of the increments
of V is larger than (logn)?. Thus, we set B,, :=C, U D with

Cn = U {Vi+1—-Vi > (logn)*} and D,, := U {4515V (G2—51) 2 3, V5, =2 0}
i€{0,...,n—1} (J1,92)€Jn

where J, = {(j1,j2) € {0,...,n}?: 0 < jo —jy < ” } and A,, = S.'_! Vi. Then, for
each (j1,72) € J, we apply Markov property at j; and we get

P,&Mﬂ (Dn) < Z PB(Ajz—Jd 2 %) (4.24)
(J1,J2)€Jn
Since under Pg ;,,, the random variable V1 has small exponential moments, there exists

a constant C' > 0 such that

Ps s < sup |Vi| > xn) < 9e—Cnaha’ (x>0,neN). (4.25)
1<k<n

We note that A;,_;, > & implies max{|V;|,i = 1,...,j2 —j1} > m so that finally we
can use (4.25) to prove that there exists C” > 0 such that

swp Pl 2 <Pa( s (U2 5 log(o)
(J1,42)€Jn 1<j<n?/3/log(n)
70// 3
< 20" les(m)?® (4.26)
EJP 21 (2016), paper 49. http://www.imstat.org/ejp/
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which (recall (4.24)) suffices to claim that Pg ,,, (D)) = o(1/n*/?). Moreover, Py ,, (Vi >
(logn)?) < ce~%'°8(M” suffices to conclude that P, 45 (Cr) = o(1/n*/3) which, in turn,
implies that Pg ., (B,) = o(1/n*/?).

At this stage, for k < nn?/3, we can partition the set {4, 1 =n — k,7 = k, Vi = 0}
depending on the indices at which a trajectory passes above vk for the first and the last
time. Thus, we set § 5 = inf{i > 0: V; >\f} andgf max{i < k: V; > vk}. We also
consider the p051t10ns of Vat ¢ 5 and 5 % and the algebraic areas below V' in-between
0 and £ 3, 5 and £f as well as ff and k. Thus, we set t = (t1,t2), T = (z1,22),
a = (a1, a2) and we write

{Ap_1=n—k,7=kV, =0} = u(t—,m)eGMYnyk(tj:f, a), (4.27)
with
Yoi(,7,a) = {T:k,gﬂ:tl,fﬂ:kﬁ% (4.28)
Vio = @1, Vi—t, = 22, Vi =0,
At1 = alaAtl,k—tg =n—k—a — &z,Ak—tQ,k = az},
and with

Gk,n:{(t, a)cINC: 0<t; <k—ty <k—1,
0<a <K% 0<ap <EY/?
o1 > VE, 22 > \/E} (4.29)

Then we set

ék,n = {(t_,j,d) S Gk:,n: —t1 — 1t < n?/? or xi— \/E > log(n)2}7 (4.30)

log n

_ n2/3 ~, , L
and we note that if (¢,7,a) € UZ:l 3Gk,n, then either z; — vk > (logn)?, which implies in
particular Y,, ;. (¢,%,a) C Cp, or x1 < VE + (log n)? and then

At1,k—t2 — ‘/tl(k 7t1 — t2) =n — ]{1 — a1 —ag — 1‘1(]{5 — tl — tg) (431)
>n—k—3k%? — (logn)%k

3/2,, _ 1og(n)2nn2/3 > n

2n—nn2/3—377 9

provided 7 is chosen small enough. Thus, Y, k( Z,a) C D, so that

n2/3 - _
Uity Ut.2,3)€Grn Yo (t,z,a) C B,.
Clearly, for k& < n?/3/log(n) we have G}, = CNY';M so that we should simply focus on

bounding from above

2/3 _
nn o
Pﬁ 1B ( U n2/3 U(f@’ﬁ)EGk,n,\ék,nYn’k(t’x’a))'

Togn

Pick n2/3/logn < k < nn?/3 and (f,%,a) € Gj.n \ Gi.n. By applying Markov property
at t; and k — t2 and by applying time reversibility between k — t; and k, we can write

Pg ., (Yar(t,z,a)) = 51553 (4.32)
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with
S1=Pgu (1>, Vi, = 21,8 5 = 1, Ay, = a1)
So = Pﬁ,m (T >k—1t — tQ,Vk,tI,b =9 — xlvAkftlfb —n—k—ay — a2)
53 =Ps(7 > 12, Vi, = 22,1 = l2, Ay, = 2). (4.33)

Since we are looking for an upper bound of the r.h.s. in (4.32), we can remove the
restriction {7 > k — t; — t3} in S5 and write

Sg S P,B(katlftz = X9 — xl,Ak,tl,tz =N — k‘ —ay; —ag — .Z'l(k‘ — tl — tg)). (4.34)
Therefore, it remains to bound

nn?/3

> > 19553

k=n?/3/logn (£,,a)€Gr,n\Gk,n
and we recall (4.34) and Proposition 4.7 that yield S5 < §2 + §2 with §2 = (1675717@)3 and

a9 _ Co To—T1 n—k—ai—as—xi(k—t1—t2)
S2 = (k—t1—t2)?2 g(aa k—t1—t2’ op(k—t1—t2)3/2 ) (4.35)

wjw

with g(y, z) = 26‘2’92‘622%“ < Sem = We recall (4.31) and we write

n2

_3__ mn®
S, < (k_t?’ig_h)ze 2 402 (k—t1 —t)? ’ (4.36)
and then for all (,z,a) € G, \ Gk we have S, < C, log(n)?/n? and at the same time

Z 5153 = Z Pp (T > 11,8 5 =11, 4, < k3/2) (4.37)
(ﬂjxa)egk,n 0<t1<k—1

Z PIB(T > t27£\/E = t27At2 S k3/2)7

1<to<k—t;
where we have summed over z1, a1, z2 and as in G ,,. Moreover, (4.37) yields
C3
> 8185 <Pp,(Es < T0)Pa€yr <o) < = (4.38)

(¢.2,a)EGg,n

where we have used that the probability for the V random walk to reach vk before
coming back to the lower half plane is O(1/v/k). Thus,

nn2/3 77"2/3 ol ( )3 o ( )4
§ § : Q Z 4 1og(n 5 log(n
515253 S n2k S TL2 = 0(1/’[14/3).
k:n2/3/logn (Evj7a)eGk,n\ak,n k:n2/3/logn

. 2/3 . _
It remains to bound from above ZZZnQ/g/logn Z(E@,a)eGk Gy, 518255, We rewrite (4.36)
as
25 o ,%(kni)e’
I (e n 80 —t1—t2
SQ =< na/3 [(k—tl—tg)] € s ’

and we note that 22e3%"/(893) < ¢=2°/(493) for 1 large enough. Since k < nn?/? it follows

that n?/3/(k — t; — t3) > n?/3/k > 1/n so that by choosing 7 small enough we get

_ 1 ( n2/3 )3 1 (71,2/3)3
3 102 \F—t;—¢ 102\ K
So < Gre YHTUTR < Gae W , (4.39)
EJP 21 (2016), paper 49. http://www.imstat.org/ejp/
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and then we use (4.37) and (4.39) to get

nn?/3 —% ) (n2/3 )3
3 Cy 402\ F
E E 518283 < E ~ime P E 5183
k=n2/3/logn (£,2,a)€CGr.n\Gi.n k=n2/3/logn (£,2,8)€Gr n\Gi.n
2/3 3
nn 2/3
__a (“T)

IN

C 402
Z kn42/3 e °

k=n2/3/logn

e 2/3 —#(WQ/S)B
-
< ok [nzl/s Y. e ] (4.40)

k=n2/3/logn

and the Riemann sum between brackets above converges to [’ (1/z)e™"/ (4752") 4z so that
the r.h.s. in (4.40) is smaller that 8/1’L4/3 as soon as 7 is chosen small enough and this
completes the proof.

Step 2
Our aim is to show that for all > 0,

Eg[V2] [T

lim n*3v, = (1+ €°/?) M/ x_3w(m_%) dx. (4.41)

n—00 27T n
Proof. By Theorem 8 of [26] (see also Theorem A.11 of [19]) and since Eg [V{?] < +oc,
we can state that P (7 = n) ~ Cn=%/? with C = (Eg [V{] /27)/? and with 7 = inf{i >
1: V; < 0} which may differ from 7 (recall 4.1) when V{, = 0 only. In Appendix 7.2, we
extend this local limit theorem to the random walk with initial distribution pz and we
obtain

E 2
Ps,, (T=n)~Cm™*? with C,=(1+¢"?) % (4.42)
T
Let L
_ n—
o= > Pau =k w (W) :
nn2/3<k<n
We recall the definition of R,, in (4.13) and we write
on =V < Y Pau, (r=k)k Ry <C'Rypas Y kTP

nn2/3<k<n nn2/3<k<n

1
< C'/Rmﬂ/ﬁm = o(n~ 3. (4.43)

We can establish by dominating convergence (see Remark 4.5) that

+oo
n/3y — O, t=3w(t=3/?) dt. (4.44)
n

By putting together (4.43), (4.44) we obtain (4.41) and this completes the proof. O

4.3 Proof of Theorem 2.2 (2)

Let (84;)22, be the sequence of inter-arrivals of a 1/3-stable regenerative set ! T on
[0, 1], conditioned on 1 € T and denote by (£(*)%° its order statistics. Let (¥;):2; be an

lWe refer to [9, Appendix A] for a self-contained introduction of the a-stable regenerative sets on [0, 1] (see
also [2]). In fact, it is useful to keep in mind that such a set is the limit in distribution of the set £ N [0,1]
when 7 is a regenerative process on IN with an inter-arrival law K that satisfies K (n) ~ L(n)/n'T® and with
L a slowly varying function. The alpha-stable regenerative set can also be viewed as the zero set of a Bessel
bridge on [0, 1] of dimension d = 2(1 — ).
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1ID sequence of continuous random variables, independent of (;)32,, with density
dPy, (z) x x% 'LU(#)].]R#» (). (4.45)
We are first going to prove that

; N — i\2/3 = 2/3
i =t Z;Y (L)% =10 ;Yiui : (4.46)

where the second identity in law in (4.46) is obvious and then we shall identify the
distribution of ;Of Y; LL?/ ® with the distribution of g; conditionally on By, =0.

We recall (4.1-4.3) and we consider the i.i.d. sequence of random vectors (91;, ;)52
and we recall that X; = 9; 4+ 2; for i € IN. We recall that, under Py, the first excursion
has law P o and the next excursions have law Pg ,,. Let us set S,, = X; +--- + X, and
vr, :=max{i > 0: S; < L}. We recall (4.17) and we consider the sequence

(M, Az, X)),

under the law Ps(-[L € X). We denote by X,, > --- > X, the order statistics of
(Xi);Z, such that if X,, = X, and i < j then r; < r;. To simplify notations we set
(M, A, X)) = (N,.,, Ay, X,,) fori e {1,... 0.}

To begin with, we will prove (4.46) subject to Propositions 4.8 and Claim 4.9 below.
Then, the remainder of this section will be dedicated to the proof of Propositions 4.8 and
Claim 4.9.

Proposition 4.8.

) UL M, °© .
Jim S i Vi @47
=1

Claim 4.9. For 3 = 3., t € |0,00) and L large enough,

tL?/3 1

N, D DI SPRR 1 #
PL,@<L2/3§75)= ) ET.,LPB(LQ}3§ISL—T+1EX (4.48)
r=0

with
(1—eP2)Ps(L—r+1€X)

Cg_l ZL,B

&L = , re€{0,...,L}. (4.49)

Pick t € [0, o0) and € > 0. Combining (4.49) with (4.16) and Theorem 2.1 (2), we
obtain that

> G =1+0(1). (4.50)

Moreover, by combining (4.49) with (4.18) and Theorem 2.1 (2) we can claim that there
exists an r. € IN such that, provided L is chosen large enough, we have Zr>r5 & <e.
Thus, with (4.50) we have also that Y/ &, 1, € [l —¢,1]. Then, we use Claim 4.9 and we
apply Proposition 4.8 to each probability indexed by » € {1,...,r.} in the rh.s. of (4.48)
to conclude that, for L large enough

(1 —e)P(ZYi (UH?2/3 < t) —e< PL,B(LTj3 < t) < 2€+P<Zn (UH?2/3 < t), (4.51)
i=1 i=1
which completes the proof of (4.46).
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Proof of Proposition 4.8

To begin with, let us distinguish between the k excursions associated with the first k&
variables of the order statistics (X i);’il and the others, i.e.,

v,
L pnt B (4.52)
with
koo oL , -
n RIG X'\ 3
App = d Byr= — . 4.53

Then, the proof of Proposition 4.8 will be deduced from the following two steps.

Step 1 Show that for all £ € IN and under Pg(- | L € X),

W Ag f =taw Sory Yi (U935, (4.54)
L—oo
Step 2 Show that for all € > 0,
lim limsup Pg(By,r > ¢|L € X) = 0. (4.55)

k—oo 00

Before proving (4.54) and (4.55), we need to settle some preparatory lemmas. To begin
with we let F' be the distribution function of X under P, that is F(t) = Pg ,,(X <1)
fort € R and F~! its pseudo-inverse, that is F~!(u) = inf{t € R: F(t) > u} foru € (0,1).

Lemma 4.10. There exists C' > 0 such that

F~Y(u) ~ asu — 1. (4.56)

_C
(1—u)®
Proof. The proof is a straightforward consequence of (4.18). O

Recall (4.45). The next lemma deals with the convergence in law, as m — oo, of the
horizontal extension of an excursion renormalized by m?/? and conditioned on the area
of the excursion being equal to m.

Lemma 4.11. For all § > 0 and all m € IN we consider the random variable % under
the laws Pg ,(-|X = m) with a € {0, ug}. We have
. N
Jim o —raw Y1, (4.57)
and also that the sequence (Eg o (5375 |X = m)), _\ is bounded.
Proof. With the help of Theorem (4.4) we can use the following equality
P[g " (‘ﬁ = n)
Ps,(M=n|X=m)=Ps,,A=m-—n|N=mn) 2"~ (4.58)
e | s | P s (X =m)
combined with (4.42) and (4.18), to claim that there exists a D > 0 such that
mi’3  m—n mA/3
Py (=1 | X =m) = DZmw () 4+ B (o4 (m) 4+ 22(n), (4.59)
with e1(m) and e5(n) vanishing as m,n — oo.
EJP 21 (2016), paper 49. http://www.imstat.org/ejp/
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To display an upper bound for the sequence (Eg ., (=35 |X =m))

73 N it suffices of
course to consider

S

N - n
Eﬁﬂuﬁ (T/Bl{mzmz/z}|X :m) = Z TBP@M(W:MX :m) (460)
m n=m?2/3 m
m m2/3 m—mn m m2/3
= > D n2 w( 0372 )+ Y. S (Elm) +em),
n=m?2/3 n=m?2/3

where we have used (4.59). Since the second term in the r.h.s. in (4.60) clearly vanishes
as m — oo, we focus on the first term and since w is uniformly continuous because
s — w(s) is continuous on [0, o0) and vanishes as s — oo, we can write the first term as
a Riemann sum that converges to floo I% w(ﬁ)dax plus a rest that vanishes as m — oo
and this gives us the expected boundedness.

Similarly, the convergence in law is obtained by picking ¢ € [0, c0) and by writing

| S (% <t ’ X = m) =: Uy, + U, where

nm?2/3

. 1

Uy = =—————— Ps, (Ak1i =m—k,7=k) (4.61)
By (X =m) 2 Do
1 tm?2/3
Uy = =—————— Ps, (Ap1r =m—k,7=k), (4.62)
Ps (X =m) k_%n:m ws

where 7 € (0,t). We note easily that @, = [(1 — e #/2)Pg (X = m)]~' u,, with u,,
defined in (4.21). Therefore, (4.18) and (4.22) tell us that u,, can be made arbitrarily
small provided 7 is small enough and m large enough. Thus, it remains to deal with v,,,
which, with the help of (4.18) is treated as the second term in the r.h.s. in (4.21). Thus,
(4.41) tells us that there exists a D > 0 such that lim,,_,oc Uy, = fnt Dt=3w(t=3/?) dt and
this suffices to complete the proof of (4.57). O

Lemma 4.12. For $ > 0 and ¢ > 0, there exists a c. > 0 such that for L € N,
Ps(vg > c. LM?) <e. (4.63)

Proof. Since under Pg only the first excursion has law Pg and the others Pg ,, the
proof of (4.63) will be complete once we show for instance that for ¢ large enough and
LelN

P, (max{X;,i < cL'/?} <L) <e (4.64)

We recall that, if (I‘i)fﬂ/gﬂ are the partial sums of (72-);5/3*1 a sequence of IID expo-

nential random variables with parameter 1, we can state that
max{X;,i < cLY*} =jqw F7Y(Tepiss/Toprsogy)- (4.65)

with chl/g =2+ -+ +.r1/351. Thus we can rewrite the Lh.s. in (4.64) as

P(F—1 (FL“> < L) =P(F (D)1 -Dy)* <L(1-Dp)*), (4.66)
PCL1/3+1

with Dy, =T 115/ p1/5,,. After some easy simplifications we rewrite (4.66) as

P(’n > [F~Y(Dy)]5(1 - Dy) FLL/“) (4.67)

3
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and then we use the law of large number combined with Lemma 4.10 to claim that, as
L — oo, the r.h.s. in (4.67) converges to P(vy; > c01/3), which can be made arbitrarily
small for ¢ large (note that C' is the positive constant appearing in Lemma 4.10). This
completes the proof of the lemma. O

Lemma 4.13. For every 3 > 0, there exists a M > 0 such that, for every function
G:P{0,...,L/2}) = R*, we have

Es|G(XN[0,5])| L€ x| < MEs[G(xN [0, 5])]. (4.68)

Proof. We compute the Radon Nikodym density of the image measure of P3(:|L € X) by
X N[0, L/2] w.rt. its counterpart without conditioning. For 0 = yo < y1 < -+ < Yy < L/2
we obtain

Pﬁ(T N [Ov %] = (yo, cee aym)|L € :{)

Ps(r N[0, 5] = (%o.-- - ym))

= GL(ym) + KL(ym)7

with
GL(y):ZL/ Ps,(n€X) Pg,,(X=L—-n—y)
Pﬁ(Le'/{)Pﬁ#ﬁ(X>f_y) 7
L2 Py (neX) Py, (X=L-n—y
KL<y): En L/4 5/1«[3( ) 5#13( ) (469)

Py(LeX) Py, (X > 5 —y)

Note that, for y = 0, the terms Pg,,(X = L —n —y) and Pg,,(X > £ — ) in the
expression of G, (y) and K, (y) should be replaced by Pg (X = L —n —y) and Pg (X >

—y), respectively. However, this does not change anything in the sequel and this is
why we will focus on y > 0. It remains to prove that G (y) and K (y) are bounded above
uniformly in L € N and y € {0,...,L/2}. We will focus on G, since K, can be treated
similarly.

The constants ¢y, ..., cq below are positive and independent of L, n,y. By recalling
(4.18) and since L—n—y > L/4 whenn € {0, ..., L/4} we can claim that in the numerator
of G1(y), the term Pg ,,(X = L —n — y) is bounded above by ¢;/L*/?3 independently
of n while (4.19) implies that 3"2/% P, us(n € X) < coL'/3. Let us now deal with the
denominator: (4.19) tell us that Py ,,, (L € X) > ¢3/L?/3 while (4.18) gives

Ppus(X > 5 —y) 2Py, (X > 5) > 15
As a consequence, G (y) is bounded above uniformly in L € Nand y € {0,...,L/2}. O

We resume the proof of Proposition 4.8.

Proof of Step 1 (4.54)

The proof of Step 1 will be complete once we show that

) X1\ % DGR I 16 RIG 1 i
zlif?o«/:) (7) ’(Xl)é""’(Xkﬁ) e (U1, UE YY) (4.70)

To obtain this convergence in law, we consider g1, . . ., g; that are real Borel and bounded
functions. We consider also ¢t € IN and (z;)!_, a sequence of strictly positive integers
satisfying x; + - - - + y = L with an order statistics z,, > --- > z,,. The key observation
is that, by independence of the (M;, X;)ien, we have

k
_ RIS _
EB[H93<(XJ)3) ‘X =x;,1<1< t} = ]IEﬂ,Ol{szl}+pB 1ir;>1) [Qj (g) ‘X = J:rj}.
J:

(4.71)
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We consider fi,..., fx,91,..., g, that are real Borelian and bounded functions and we
use (4.71) to observe that
k ) .
X713 RIY
EBLUIJ”J‘([L}S) gj((Xj)%) ‘LEX] (4.72)

k
i13 j
- E/{H fJ([XT] 3) EB,Ol{v'j:1}+Hﬁ Lirj>13 {gj (%)‘X = X]] ’L € .'f}
j=1

Because of Lemma 4.6, we can assert that, under Pg(-|L € X) the random set (X/L)NJ0, 1]
converges in law towards 4, i.e., the 1/3 regenerative set on [0, 1] conditioned on 1 € &l
(the latter convergence is proven e.g. in [9], Proposition A.8). As a consequence
((XTl), e (XTk)) converges in law towards (4!, ..., u*) which implies that X*,..., X*
tend to oo in probability and therefore we can use Lemma 4.11 to show that the l.h.s. in
(4.72) tends to (as L — o0)

k k
HE[gj(Y)]E[Hfj(ﬂj)] (4.73)
J=1 Jj=1

Thus, the proof of Step 1 is complete.

Proof of Step 2 (4.55)

One easily check that, under Pg ,,(-|L € X), the following reversibility holds true, i.e.,
(M, i, Xi)i 2y =taw (Mo —ir Jito, —is X1, —i)iZ1- (4.74)

However, (4.74) is not true under Pg(-|L € X) since (911,21, X1) does not have the same
law has its counterparts indexed in IN \ {1}. For this reason, in the first part of the proof
we will show that proving (4.55) under Pg ,,(-|L € X) yields that (4.55) also holds true
under Pg(-|L € X) and then, in the second part of the proof, we will show that (4.55) is
true under Py, (-|L € X).

Part 1: (4.55) under Pg , (-|L € X) yields (4.55) under Ps(-|L € X). Let us first

note that if V := (V;)22, is a random walk of law P, then V := (V;41)52, is random walk
of law Pg,,,/, where v4 is the law of an increment of the random walk (recall (1.6)), i.e.,

e_glkl
vs(k) = o k€ Z. (4.75)

The Radon-Nikodym density of P ,,, with respect to P, is a function of 1, i.e.,

dPg’Vﬁ 2

1
V) = 1 — 1y V = (V;)2, € ZNo, 4.76
dPﬂ,us( )= T Lveroy T 1 Lve=oy, (Vi)iZo € (4.76)

and therefore, it is bounded above and below by two positive constants. Consequently,
proving (4.55) under Pg ,,(-|L € X) or under Pg ,,(-|L € X) is equivalent. As a con-
sequence, the first part of the proof will be complete once we show that (4.55) under
Ps,.,(-|L € X) yields (4.55) under Pg(-|L € X). To that purpose, we consider V' = (V;){<,
a random walk of law P and we recall that V= (Vig1)i2, is a random walk of law Py ,, .
It turns out in this case that

oo
=1’

(M, Wi, Xi)2y = (Lpzay + N, A, ly—y + Xz) (4.77)
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where the sequence (‘Jtl,QlZ,X )2, is defined with V as in 4.1-4. 3) and (4.17) while
(M, A, X;)2, is defined with V Obv1ously, (4.77) yields that vy, = vp_ 1 and that
{Lex}={L-1¢€X}. Welet X;, - > X~ be the order statistics of (X;)’“, and
we can write

By 1= vil N i LT (4.78)
—1,L—-1 s (L* 1)2/3 = — L,2/3 (L71)2/37 .

where, in the last inequality of (4.78), the term 1/(L — 1)?/3 is subtracted to take into
account the fact that 91; = 91; — 1 (recall (4.77)) which plays a role if 1 ¢ {7, ..., 7t_1}.
At this stage, it remains to note that if 1 ¢ {ry,...,7} orif 1 € {ry,...,r} and X; >
X, then {ry,...,m} = {F1,...,7}. Otherwise, if 1 € {ry,...,7} and X; = X,, then
{ri,...,m} \ {1} = {71,...,7k—1} so that in any case (4.78) yields

1 1
Bk 1,L— 1> Z 712/3_ (L71)2/3 ZBk',L_ (L71)2/3’
1= k+1

which is sufficient to conclude that (4.55) under Pg ,,(-|L € X) yields (4.55) under
P5(~|L S f)
Part 2: proof of (4.55) under Py, (-[L € X). Reversibility yields that, under
Pﬂ,MB("L S X),
(mumzaX) —1 —law (m1+vL zamlJrvL z»XlJrvL z) L1
We set vy o := max{i > 1: S; < L/2} and v} j, := v —min{i > 1: S; > L/2} such that

vy /o and v’L/2 have the same law and

(mzamZ;Xz);Uif =law (m1+vL zagllJrvL 27X1+vL z)UL{z~ (479)

We also denote by (DMmia, Amid, Xmia) the features of the excursion containing L/2 in case
Tu s < L/2. In case Ton)s = L/2, we set (Mmid, Amid, Xmia) = (0,0,0).

By applying Lemmas 4.12 and 4.13 and time reversibility we can state that by
choosing c large enough, the quantity Pg ,, (vL/Q, U;:/z < cL1/3|L € %) is arbitrary close
to 1 uniformly in L. Thus, we set

Hep ={L e X}n{vg,vy <cL'?},
and Step 2 will be complete once we show that, for each ¢ > 0 and ¢ > 0.

lim limsup Py, (Bk,r > ¢|H.,) = 0. (4.80)

k—oo [, 00

By Markov’s inequality Step 2 will be a consequence of

hm limsup Eg ., [Bi,r|He,L] = 0. (4.81)

k—=oo L 00

We recall (4.53) and we compute Eg(By, 1|H., 1) by conditioning on ¢(X;,i € IN) as we
did in (4.71). We recall that H, ;, is o(X;,i € IN)-measurable.

-~ (F)

but then, we can use Lemma 4.11 which allows us to bound by M > 0 each term
Es.[0/X3 |X = X;] with a € {0, ug}. By using again the fact there exists an 1 > 0 such

EB(Bk,L|Hc,L) = EB,Mﬂ Z Eﬁ 1] I:
i>k+1

eL| > (4.82)
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that Pg ,,, (Hc r|L € X) > n uniformly in L we can claim that the proof will be complete
once we show that

L/ XiN3
lim limsup E (—)1 ol o L —0. 4.
kinolo 1;11:01? Byt i;ﬂ I {vr/2<eL1/3}v), ,<cL1/3} ex 0 (4.83)

We note that, under Py ,, (-|L € X) we have necessarily X* < L/k for i > k + 1. For
simplicity we assume that £ € 2IN and we denote by ()A(: Lo ,)N( vL/2) the order statistics of
the variables (X,...,X,, ,.) and by (X!,... ,X’“/L/?) the order statistics of the variables

y Avp g
(Xu, Xog—1:- -, X140, —v; ). Then, we can easily note that S X >M2Xi 4 Xiso
that the expectation in (4.83) is bounded above by

LeXx +Eﬂ)/"'5

)

2
X . 3
(}nlld) 1{Xmid§L/k}‘L €ex

2
VL/2 i 3
Xt
2E57Mﬁ § : (L) 1{UL/2§cL1/3}

i=k/24+1

(4.84)
where the factor 2 in front of the first term is a direct consequence of (4.79). The second
term in (4.84) is clearly bounded by (1/k)?/? and therefore, it can be omitted. As a
consequence, it suffices to show that

VL /2 = o
. . Z X"\ 3
klggo hzn—?olipEﬁ?M i=k (T) 1{“L/2§0L1/3} Lex| =0 (4.85)

At this stage, we note that Zfi{f (%)%I{UL/QSCLW} only depends on the random set of
points X N [0, L/2] and this allows us to use Lemma 4.13 to claim that proving (4.85)
without the conditioning by {L € X} is sufficient. Therefore, we only need to estimate
the quantity

CL1/3

X\
Bows | 2 (T) ]
i=k
where (X1!,... ,XCLI/S) is the order statistics of (X1,..., X, ;1/s) under Pz without any
conditioning. We recall that, if (I';)2}" " are the partial sums of (v;)°%," "' a sequence

of IID exponential random variables with parameter 1, then it is a standard fact that
F CLI/S
(X" = (F [ : (4.86)
1_‘cLl/ 341 i=1

Moreover, by Lemma 4.10, we can claim that there exists a M > 0 such that F~!(u) <
M/(1 —u)3 for all u € (0,1) and consequently

cL/3 P2 2 cL/3 2
X\ 3 M?/3 Lori/s i1
s | X (7)< w2 (5] (4.87)
i=k i=k

but then we can bound from above the general term in the sum of the r.h.s. in (4.87) by
FcL1/3+1 2 2,2 FCL1/3+1 2 1 2
E( | —— =c’L3E| | —/——— —
< [ T, i Y AvER I
1 1
Corseqg]®)\2 17%\2
2712 cL1/341 L
covim([faea]Ve([H]). e
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FcL1/3+1 4
cL1/3

converges to 1 as L — oo and, on the other hand, that for all « € IN \ {0}, I'; follows a

4 ,
Gamma distribution of parameter (i, 1) which entails that for i > 5, E([ } ) = Ez:fg:

It remains to point out, on the one hand, that by the law of large number E( {

Consequently, we can use (4.87) and (4.88) to complete the proof of Step 2.

Proof of Claim 4.9

We use again the random walk representation (3.3), and since I'g = 1, we obtain

2/3
N, oo 1L
PLﬁ(m < t) =2 N Ps(Gy=L—N,Vyy1=0). (4.89)
ZLp N=1

Similarly to what we did in (4.14-4.16), we partition the event {Gy =L — N, Vx4, =0}
depending on the length r on which the random walk sticks at the origin before its right
extremity, that is

tL?/3 -1 _ tL?/3 —p
(1—eB/?)

N;
Pro( s <t)= A—e7) Y P - —rV, VaViag <
L’6<L2/3 < t) 2 CgflzL s = s(GN=L—-N—-r,VN#0,VyVni1 <0)

tL2/3—1
m s)/-t’l) -
= > §TLP5<T+ 1+L2/j L’“gt|L—r+1ex>, (4.90)
r=0

where we recall the definition of &, ;, in (4.49). This ends the proof of Claim 4.9.

4.4 Identifying the distribution of lim_, %

Let B be a standard Brownian motion on the line; we consider its geometric area and
its continuous inverse

¢
G(B) = / |Bs| ds, g, =1inf{t >0:G¢(B)=a} . (4.91)
0

We aim to identify formally the distribution of limy_, % =law ;Of Y: il?/ 3 with the
distribution of ¢g; conditionally on B, = 0.

Step 1: Identifying the distribution of Y;

We shall show that Y; is distributed as the extension of a Brownian excursion normalized
by its area. The Brownian excursion distribution is m; = P0301 the law of the Bessel bridge
of dimension 3 and length 1. We may view this law as the distribution of the excursion
conditioned to have length (extension) 1. This is an easy consequence of It’s description
of the excursion measure (see [30, Theorem 4.2] or [28, section 2]). Indeed let ((w) be
the extension (length,duration) of an excursion

C(w):=inf{t >0:w(t) =0}, (4.92)

and 7, = PO%’ be the law of the Bessel bridge of dimension 3 over [0, r]. Then under n4,

the positive excursion measure, ¢ has density 5 \/217rT and we have
+oo +oo
ny(I) = )n € dr (4.93)
A= [Cnms s [ mmacean.

The usual scaling operator is s.(w)(t) = 7 w(ct) and we have 7, (F(w)) = 71 (F(s1/,(w))).
Thus, if v(w) = s¢(,)(w) is the operator that normalizes the length of the excursion,
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¢(v(w)) =1, then we have an independence between the length of an excursion and its
shape, easily deduced from (4.93): for any positive measurable F| vy

ny (F(r(w)p(C(w)) = mi(F(w))ny (¥ (C)) -

If we consider now instead of the extension the area

+o0 ¢(w)
Alw) = / w(s)ds = / w(s)ds, (4.94)
0 0

then the operator that normalizes the area of an excursion is 7(w) = s 4(,)2/s(w) and we
can establish using scaling again that there exists a probability v4 defined on excursions
such that v4(A(w) = 1) = 1 and that satisfies for every positive measurable F :

ny [F(n(w)$(Aw))] = va(F(w)ns (V(Aw))) - (4.95)

It is natural to say that 4 is the law of the Brownian excursion normalized by its
area and it is just a matter of playing with scaling again to show that Y; of density
proportional to Z;w(—37) is distributed as C;/ %¢(w) under ~.4.

Step 2: A Brownian construction of a %-

identity in law.

stable regenerative set and a formal

Observe that if (7¢,¢ > 0) is the inverse local time at level 0 of Brownian motion B,
then by strong Markov property (G,,t > 0) is a subordinator. Since it has the scaling
(Gr., it > 0) =0 (3G+,,t > 0), the closure of its range R = {G,,,t > 0} U{G,,_,t > 0}

is a stable % regenerative set on [0, +oo[.

Therefore if (41;);-% are the interarrivals of T = R N[0, 1], we have the representation
{4;,1<i} ={G,, —Gr,_:5>0,G,, <1} . (4.96)

Assume that instead {tf;,1 < i} = {G,, — G,_ : 0 < s < t}. Then the exponential formula
for the Poisson process of Brownian excursion yields

t
exp(—AY_%)| = exp (—2/ (1 - e—ww)z/"’) n+(dw)) . (4.97)
i 0

Since the Y; are IID, by considering the marked Poisson process of excursion, we get

= exp (2/; (1 ~-E [e*AYlAwf“D n+(dw)) . (4.98)

By the independence of the area of an excursion and its shape (we take Cg = 1 to simplify
notations) (4.95), we obtain

— exp (—2 / - e-ww%(dw))

t
= exp (—/ (1-— e_”\C(w))n(dw)> = {e—AZssﬁs—n—)} =E[e*]. (4.99
0

E

E [exp(-2 > Ve

E

exp(-A Y Yil’?)

We extend formally this identity in law to a sum until the sum of the il; exceeds 1, and
we obtain formally

+o0 t
SV =0 Y TS—TS_:glzinf{t>O/ |Bs|ds>1}. (4.100)
i=1 5:G, <1 0
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Step 3: A formal conditioning

We now have to take into account the conditioning. The (4;)/2 are the interarrivals of

T =7RnNJI0,1], conditionally on 1 € ¥ that is

{4;,1 <} =100 {Gr. = G5,_ :5>0,G,, <1} conditionally on {3s: G, =1}. (4.101)

Since by definition of g we have {3s: G, =1} = {B,, = 0} we can conclude that

+o0
Z Kﬂf/g =law Cg/ggl conditionally on {B,, = 0}. (4.102)
i=1

Let us explain why this conditioning is only formal. The sets on which we condition are
of zero probability measure and thus the law of ¥ = R N [0, 1] conditioned by 1 € T is
defined in [9] through regular conditional distributions (formulas (1.19) and (1.20)).2

5 Fluctuation of the convex envelopes around the Wulff shape:
proof of Theorem 2.5

Let us first recall some notations. For each | € Ly ; we defined in (2.12) the middle
line M;. We also defined in Section 3.1, the Ty transformation that associates with each
l € L1, the path V; = (Ty)~!(l) such that V; o =0, V,; = (-1)"!l; foralli € {1,...,N}
and V; y+1 = 0. Finally, note that the path M; can be rewritten with the increments
(U;)N+1 of the V; random walk as

Mz,i=Z(—1)j+1%, ie{l,...,N} (5.1)

j=1

In the same spirit, we will need to work with the V random walk sampled from Pg
directly. We associate with each V trajectory the process M that is obtained exactly as
M, is obtained from V; in (5.1), i.e.,

M; = Z(—w’ 7f ieN. (5.2)
Jj=1

We recall finally that, for any trajectory V = (V;)2, € Z¥ and any N € N, Ay (V) is

the algebraic area below the V-trajectory up to time N and Gy (V) is its geometric

counterpart, i.e., Ay (V) = Zf\;l Viand Gy (V) = vazl |Vil.

5.1 Large deviation estimates

In this section, we apply to the probability measure Pg the exponential tilting
introduced in [14], in order to study Pg conditioned on the large deviation event
{A,(V) = gn®V, = 0}. Under the tilted probability measure the large deviation
event {4, = n?q, V,, = 0} becomes typical. To that aim, we denote by £(h),h € R
the logarithmic moment generating function of the random walk V, i.e,

£(h) :=log Egle"V]. (5.3)

2There are well known examples of negligible sets A limits of two different sequences A, and B, of
non negligible sets, and which lead to two different limiting probabilities lim P (. | A,) # lim P (. | By,) by
considering different regular conditional probability measures
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From the definition of the law Py in (1.6), we obviously have £(h) < oo forall h €
(—=B/2,5/2). For the ease of notations, we set A, := (ATT‘L*I,V,L) and we denote its
logarithmic moment generating function by £4, (H) for H := (ho, h;) € R?, i.e.,

An—1

La, (H) = log By [eho 57 +mVa] = S0 8((1 = L)ho + n ). (5.4)

Clearly, £4, (H) is finite for all H € D,, with
Do i={(ho,m) €R?: hy € (=5,5), (1= Do+ € (-4, 5) }. (5.5)
We also introduce £, the continuous counterpart of £, as
SA(H) = [y L(who + h1)dz, (5.6)
which is defined on
D= {(ho,hl) ER2: by e (—5,8), ho+h e (_g,g)}. (5.7)
With the help of (5.4) and for H = (ho, h1) € D, we define the H-tilted distribution by

An—1

dPn7H (V) — eho - +h1Vn—£An(H). (58)

aP;

Foragivenn € N and ¢ € %, the exponential tilt is given by H? := (hfho, h?z.;) which, by
Lemma 5.5 in Section 5.1 of [10], is the unique solution of

En,H(A

n
n

) =V[Les,](H) = (g,0). (5.9)

n

Then, we define the continuous counterpart of H¢ by H(q,0) := (ho(q,0), h1(g,0)) which
is the unique solution of the equation

VEeA(H) = (q,0). (5.10)

In the proofs of Theorem 5.10 and Propoosition 5.3, we will use the following Propo-
sition which is a direct consequence of [10, Proposition 2.3].

Proposition 5.1. For [q1, ¢2] C (0, 00), there exists K a compact subset of D and ng € IN
such that for every q € [q1, q2]

Hle K, Vn>ny, (5.11)
H(q,0) € K.

5.2 Outline of the proof

We recall the definition of 151:,5 in (2.8). As stated in Remark 2.7, the proof of
Theorem 2.5 will be complete once we show the convergence in law (2.14). To that aim
we will prove Proposition 5.2 and 5.3 below, that is a finite dimensional convergence and
a tension argument which will be sufficient to prove (2.14).

Given ¢t = (t1,...,t,,) With 0 < ¢t < --- < t,, <1, for z € R™ we let gy ;(Z) be the
density of the Gaussian vector g (t) = (£x(t1), ..., Em(tr,)) and let fy #(20, 21, T) be the
density of the Gaussian vector (fol Er(s)ds, & (1), € (t1), ..., &u(ty,)). Finally let

c N fo(OaO?y)
D) = T a0.0.0)

be the density of the law of {4 (f) conditional on fol Eu(s)ds=0=¢E(1).
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Proposition 5.2. For 3 > f. and (r1,7r3) € IN?, consider 5 = (s;)}X, and t = (t;)[2, two
ordered sequences in [0, 1]. Set m;, = a(B)v/L. We have that

T1+re ~

lim sup (mp)" 2 Prp[Hsi(2,5)] — 9,6,5(\/%) fﬁ,f(\/%7mmf§)’ =0,

L—oo (Z,5)€Z71 xIN"2

(5.12)
with
Hyi(z,5) = { N (2M(3), Vi()]) = (2,9)}, (5.13)
1
98.5(%) = 9i1(g,,0),5(%) and  fs7(5,9) = 5 (5. 060 = PD) + [5,, 0:0 +#1))-
(5.14)

Proposition 5.3. For $ > ., the sequence of probability laws (@L 8)Len is tight.

Let us give here the key idea behind the proofs of Propositions 5.2 and 5.3. We will
first prove the counterpart of Propositions 5.2 and 5.3 with the processes M and V
sampled from P (cf. 5.2) conditional on Vy = 0, Ay (V) = ¢N? (¢ > 0). The reason for
these two intermediate results is that they can be obtained with the tilting of Pg exposed
in Section 5.1 and first 1ntroduced in [14] Then, we will translate these two results
in terms of the two processes Ml and Vl (see (5.1)) obtained with [ sampled from PL B-
However, this last step is difficult because the conditioning that emerges from the T
transformation (see section (3.1)) involves the geometric area below the V; random walk
rather than its algebraic counterpart. This is the reason why we state in Section 5.3
a couple of preparatory Lemmas indicating that, when the algebraic area below V is
abnormally large (¢/N? instead of the typical N3/2) then the geometric area below V is
not only also abnormally large but is fairly close to the algebraic area. These Lemmas
will be proven in Section 5.7, except for Lemma 5.6 that was already proven in [10].

In Section 5.4 we state and prove a local limit theorem for any finite dimensional joint
distribution of the middle line M and the profile |V| with V' sampled from Pg(-|Vy =
0,|An(V)| = gN?) as N — oc. As a by product of this local limit theorem we will observe
that asymptotically the rescaled profile |1~/\ and the rescaled middle line M decorrelate.
Section 5.4 can be considered as the first part of the proof of Proposition 5.2. We will
indeed prove in Section 5.5 that the latter asymptotic decorrelation still holds true
with \17l| and M; when [ is sampled from ﬁL,g and 8 > (.. This will complete the proof
of Proposition 5.2. Similarly, Section 5.6 can be seen as the first part of the proof of
Proposition 5.3 since we prove the tightness of M and V under Ps(-|[Vy =0,An(V) =
gN?) as N — oo. However, we will not display the part of the proof showing that this
tightness is still satisfied under ]5L7 s since this can be done by mimicking the proof in
Section 5.5.

5.3 Preparations

Lemma 5.4 shows that the probability, under the polymer measure, that the rescaled
horizontal excursion deviates from a(/3) by more than a given vanishing quantity decays
faster than any given polynomial provided the vanishing quantity decreases slowly
enough.

Lemma 5.4. We set n;, = L~'/8. For § > ., and a > 0 we have

Jim Py g[(By, )] =0, (5.15)

with
By = {% € a(f) + [—n,n]}- (5.16)
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Lemma 5.5 indicates that, provided we choose a constant ¢ > 0 large enough, the
probability that the algebraic area and the geometric area described by V; differ from
each other by more than c(log L)* tends to 0 faster than any polynomial.

Lemma 5.5. For § > . and « > 0 there exists a ¢ > 0 such that
Jim L Prs(|An, (V)| ¢ [L — N, — c(log L)*, L — N}]) = 0. (5.17)

Lemma 5.6 was proven in [10, proposition 2.4]. It identifies the sub-exponential
decay rate of the event {Vy =0, Ax (V) = ¢N?} when V is sampled from Pg.

Lemma 5.6. [Proposition 2.4 in [10]] For [¢1,¢2] C (0,00), there exist C; > Cy > 0 and
no € N such that for all g € [q1, q2] N &5 we have

C. C
7€ O SPa(AN(V) = gN? Vy = 0) < e @O, (5.18)

where pg(q) := £a(H(q,0)) — qho(g,0), so that pp is C>° and we have G(a) = a(log I'g —
ps(=5)) (recall (5.87)).

Lemma 5.7 ensures that, when V' is sampled from P4 conditional on Vy = 0, |[Anx (V)| =
qIN2, the probability that the geometric area described by V differs from the algebraic
area by more than (log N)* tends to 0 faster than any polynomial.

Lemma 5.7. For any [q1, 2] C (0,00) and «, ¢ > 0 we have

lim  sup N°Pgs(Gn(V) > gN?+c(logN)* | Vy = 0,|An(V)| = ¢N?) =0. (5.19)

N—=0 4¢(q1,g2]

We recall that all Lemmas of this Section are proven in Section 5.7.

5.4 Asymptotic decorrelation of the middle line and of the profile

In this section, we prove the following Lemma that gives us a local limit theorem
for the paths V = (V;), and M = (M;)YY, simultaneously when V is sampled from
Ps(-| V=0, An(V) = ¢N?). This local limit theorem is reinforced by the fact that it is
uniform in ¢ belonging to any compact set of (0, c0).

Lemma 5.8. For [q1, ¢2] C (0,00) and (r1,72) € IN?, we have

ritrg

N2 Py(Hs (7, 9) | WL qn2)—

lim sup sup
N=+00 ge(q,q2] (2,9)€Zm1+72

with
W,rp = { |[AN(V)| = b, Viys1 = 0, Gn(V) € {b,..., b+ c(log L)'} },
and ) .
Tui@,9) = 5 (Fi@ = D) + [:5 + ¢(D))) -

Remark 5.9. For a given § and ¢, and [q1, ¢2] C (0, 00), there exists a M > 0 such that

sup sup f& {9) 97 (Z) <M. (5.21)
q€lq1,q2] (z,5)ER"1 72 H(q,0),t H(,0),

Proof of Lemma 5.8

First of all we note that, thanks to Lemma 5.7, it is sufficient to prove Lemma 5.8 with the
conditioning {Vy = 0, |Ax (V)| = ¢N?} instead of Wy 1, ,n2. We will first prove Lemma
5.8 subject to Theorem 5.10 that is stated below and then, we will prove Theorem 5.10.
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Theorem 5.10. For any [q1, ¢2] C R we have

lim  sup sup
N2+ 4€(q1,q2] (20,21,2,5) ER*T1+72
14
’NH ER Py gy (An = N?q + 20, Vv = 21, Vivg) = §,2M | 5| = Z) — (5.22)

20 21 §— Ny (1) z —0
Frq0i N3/2° N1/2° N1/2 gﬁ(q,o),f(Nl/z) -

Let km(z0,21) be the density of the law of (fol €r(s)ds,&n(1)). Then we have
kw(z0,21) = | fu.i(z0,21,y) dy and we have the limit theorem (Proposition 6.1 of [10])

Jim N2Py g (Viv = 0, Ax = aN?) = k1, .0,(0,0). (5.23)

q,0)
Therefore, since we can write
71+
N2 Py(Heg(2,9) | Vv = 0,|An (V)] = gN?) =
r1t+7ra

N*" 757 Py pe (Ay = N2q,Vy =0,V ni) = 7,2M | n5) = T)
N2 (P gy, (Viv = 0, Ay = gN?) + Py g, (Viv = 0, Ay = ~qN?))

r1tra

> Pypg (Av = —=N?q+, Vi = 0,V|ni) = §,2M | n5) = T)
N2 (PN,H;’v (Vv =0,Axy =qN?) + Py o (VN =0, Ay = —qN2))

N2+
+

(5.24)

We now can use some symmetry argument (the symmetry of the distribution of the
increments of the geometric random walk) to say that

Py g, (Vv = 0,Ay = gN?) = Py gy (Vv =0, Ay = —qN?)
V)= —7i(t), H(-q,0)=—H(q,0), f&:5) =/, i@ =fi:~7). (525

Therefore we obtain the desired result by applying Theorem 5.10 and combining it with
the definition of ff ;.

Proof of Theorem 5.10

Let us first quickly rephrase the statement of Theorem 5.10 in a simplified context to ease
its comprehension. To that aim, we consider a random walk Sp = 0,5, = X1 + -+ X,
with IID increment and we build an alternating sign random walk S,, := Y1 | (—=1)"1X,.

If X, is square integrable and, say, E[X;] =0, E [Xlz] = 1, then by the Central Limit

Theorem, % L ZuN (0,1). Furthermore, we have asymptotic decorrelation, i.e.,

%(sn, 5% (2,2),

where (Z, Z ) is a pair of independent A (0, 1) distributed random variables, and this
convergence can be lifted to the level of processes, i.e.,

1
NG

with (B, B) a pair of independent standard Brownian motions. Theorem 5.10 asserts
that such decorrelation can be extended to properly conditioned processes, in the sense
of finite distributions.

— d —
(SLntjvsLntJavt > 1) - (Bt7Bt7t > 1),
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The proof of Theorem 5.10 is quite involved but very similar to the proof given in [15].
The main difference comes from fact that we consider simultaneously the V process, on
which the conditioning acts, and the middle line M, while in [15] only V is considered.
For this reason, in our proof below, we insist mostly on those arguments that differ
from [15].

Recall that Viyg = (V|nty)s---5 Ve, )) and for 5 € (0,1)2, M|ns| = (M|ns, |-+
MLN%J ). The proof is a copy of the classic proof of the local central limit theorem. We

set
P y— Enug, (Ving) 2By g, (M| ns))
N-= A\ N2 N2 N1/2 ’ N1/2 '

(5.26)

Recall that by construction of Hj,, we have Ey, HY, (Ay) = N?q. Hence, by Fourier
inversion formula

)

N**737 Py o (Ay = N2q+ 20, Vv = 21, Ving = 0, Mg = &) =

(27T)—(2+r1+7"2)/ e—i<T,XN>@N7H?V(T)dT’ (5.27)
AN

with T = (79,71, R, 1), An the domain
An = {T: 70| < N327,|11| < VN, |ki| < VN, In;| < \/NT(}, (5.28)
and ¢y g (T') the characteristic function

o (1)

i(—T0 _ N2 1 R - - 7 = _
— By F(NM(AN N2)+ 1375 (Vv + <R Vine =By g (Viviy)>+<7,2M | xs) EN,H?V(2MLN5J)>):|.
TN

Therefore

ritre

Ry = N?""2" Py g (An = N?q + 20, Vv = 21, Vini) = §, M| ns) = T)

20 z1 U= Enmy (Ving) T—Ey g (2M | ns)) B
- fﬁ(q,O),f N3/27 Nl/gv N1/2 gﬁ(q,o),g N1/2 -

C/ e AN (@N,H}’V(T) - @ﬁ(qyo)(TD dT’, (5.29)
An

with @5, ) (T) the characteristic function of the Gaussian vector with density fy ;(zo, 21,

y)g9m.s(Z) that is the Gaussian vector (fol € (s)ds, &g (1), €5(1),€(5)) where £y is an
independent copy of .

Hence, .
BN <C [ [exn (1) = 2y (D] 0T = S (5.30)
with .
J1(q) = /F ’@N,va (T) - @ﬁ(q,O)(T)’ dT, Iy = [_AvA]Hmm ) (5.31)
1

; FQ = R2+T1+T2 \Fl )

757 :/r ’@N,H;JV(T)‘ dT, Iy = {Ti [t:] < A\/N} Iy,
3
I = /F ’¢N7va (T)‘ dr’, Ly = Av\(1 UTs),
4
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where A, A > 0 are positive constants. We can bound Ji(Q) for i = 2, 3,4 exactly with the
same procedure used in [10], Proposition 6.1. For this reason, we shall focus on proving
that

VA >0, lim  sup Jl(q) =0.

N=40 4¢(q1,g2]

It is enough to prove that

lim sup sup
N=+00 gelqy,q2) TED

o3, (T) = Gpq.0)(T)| =0 (5.32)

To this end we shall note Ay = (ATJ\H VN, V|ni),2M | ns)) and consider the moment
generating function

_ A
S[\N(H, k,7) =logEg [exp (h()]\]fv + hVy+ < R,VLN{J >+ <7, MLNEJ >>:| . (5.33)
Observe that

. _ i i
log o 1, (T) = L5, (H?V + N1/2 (7—077—1) N1/2 " N1/2 77)

- E[\N (qu\/a()?()) T AT1/2

Therefore, an order 2 Taylor expansion gives

1 1 -
log o, g (T) = -5 < NHess,Q;\n (H%,0,00T,T > +an, (5.34)

With sup y Sup e g, 0] N/ 2y < +o0.
We can write the moment generating function explicitly as

21’\” (Hv ‘Eé?ﬁ) = Z L (1 - %)hO +h + Z tr + Z (—1)i+17]7n . (5.35)

1<i<N k| Nty]>1 m:|Nspy | >

Therefore, thanks to Proposition 2.3 and Lemma 5.1 of [10], we have for i, j € {0,1}

1 - 1

Nafihjﬂfm (H1qv>070) = NaiihjSAN( ) - ah hy Sa(H (‘LO)) (5.36)

Furthermore,
[Nt.] . t ~ _
62 225, (HY.0,0) Z (1= 5 )me +n ) —>/ (1~ 2)ho, +h1) dz .
0

(5.37)
If I < m then

a,ﬁm L5, (H%,0,0) = 8§$E/-\N(Hj’v,0,0), (5.38)

and converges to the preceding limit. We have similarly,

Nsm | s
1 N, m ~ o~
—62 2 HY, g £’ hy 4y piVa —>/ £7((1 = x)ho, +h1) dz .
NOn; Ay (Hy,0,0) (( ) ) ; (1 = 2)ho, +h1) dx

(5.39)
There remains to understand the cross term; we have:

[Nt A Nsp |

1 .
aﬁmmsh (H,0.00 =+ Y (—1)“12”((1 - N)hN N, q) 50, (5.40)
=1
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since by regrouping the alternating signs two by two, we have

e'((1- %)hé\”q +a) - ((1- i]_vl)héVvq )

(thanks to the boundedness of the third derivative £”'(z) on a compact of (—53/2, 3/2)).
Therefore, as a whole, the Hessian matrix % Hess EZ\N (H%,0,0) converges uniformly

C
< — .
N (5.41)

on [¢1, g2] to the covariance matrix of the vector (fo1 ¢r(s)ds, m(1), € (f), £ (5)) and this
establishes the convergence limy_, - Ry = 0.

To conclude, we need to prove now that in the expression of Ry, we can replace the
quantities Ey g (Vin7)) and Ey e (M| ns)) by respectively N+ (f) and 0.

We first observe that when H = (hg, h1) lives in a compact set of D (recall (5.7)),
which is the case if ¢ € [g1,¢2] and H = H}, or H = H(q,()) (recall Proposition 5.1),
then the variances of £ (t) have a positive lower bound, and therefore there exists a
uniform Lipschitz constant C such that for any z,z’ € R"™, 4,5 € R'?, 20, 21, 2(, #; and

any q € [q1, ¢2|

<Cyg-7l+Il===21, (5.42)

’quO)t(Z()’Zl’ ) fH(qO (ZOazlv )

1971(001.5® — 9110005 @)| < Clla = 71| (5.43)

The second observation is that with hix; = (1 — & )hy? + hy? we have

LN

1 N e} t g ~ %
NEN HY (Ving) = Z £'(hn,i) St / £((1 = x)ho(q,0) + h1(q,0)) dz = ~; (1),
=1 0
(5.44)
and that, thanks to the boundedness on compact sets of £”, this convergence holds
uniformly.
Similarly
[Nt]
’L+1 .
2— EN e (Mns)) = v Z ' (hni) =0, (5.45)

and this convergence holds uniformly, since by grouping the alternating signs two by
two, we have

(5.46)

20

1€ (hn i) = £ (hnig)| <

The proof of Theorem 5.10 is therefore complete.

5.5 Proof of Proposition 5.2

Our aim is to prove the local limit Theorem stated in Proposition 5.2. To that aim, we
need to consider two sequences of functions, i.e., ¥ := (¢¥1.)rew and ¢ := (Y1) Lew, such
that for every L € N, ¥, &L : ZT1+T2N—> [0,00). Those function sequences are said to be
equivalent and it is denoted by ¥ ~ v if

T1+ 2

Jim . g)seuzl?l+72 (7, 7) — ¥o(z,5)| = 0. (5.47)
We set
U1,2(Z,7) = Prs[Hs (%, 7)],
bsn@g)=my * gns( i) for( e Vi3 ), (5.48)
EJP 21 (2016), paper 49. http://www.imstat.org/ejp/
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and the proof of Theorem 5.2 will be complete once we show that i1 ~ 5. To achieve
this equivalence we introduce 3 intermediate function sequences ¢, 13 and ¥, and we
divide the proof into 4 steps. For i € {1,2,3,4}, the i-th step consists in proving that
1; ~ ;41 so that at the end of the fourth step we can state that ¢ ~ 5.

In steps 1 and 2, we will use the fact that for i € {1,2,3} and L € IN, the ¢, 1, functions
are of the form v; 1, = gi such that an equivalence of type (5.47) between ¢; and v,
will be proven once we show that

@) Gm s porAir—Aedl
L—oo (z,y)ezritrz Bj,L ’
ritr A B.r — B
mpen At Brr = Bl _ (5.49)

S (gz,g)séuzgwr-g L B;.1 By
For the ease of notation, we will write H instead of H; ;(7,7) until the end of the proof.
In the first step, we work under the polymer measure I?’L,B and we restrict the
trajectories of 0 1. to those having an horizontal extension ~ a(ﬂ)ﬁ and an algebraic
area Ay (V;) ~ L—a(B)v/L. With the second step, we use the random walk representation
in Section 3.1 to switch from ﬁL”@ to Pg. Finally, in steps 3 and 4, we apply the local
limit theorem stated in Lemma 5.8 to complete the proof.

Step 1

For L € IN, we rewrite ¢ 1 under the form

_ AL — ZL’GKL Zp(H)
BI,L ZL/EKL ZL’,ﬁ

where we recall that Ky, := L + [—&(L),e(L)] N IN with (L) := (log L)® and where, for
B C Qy, the quantity Z; g(B) is the restriction of the partition function Z; g to those
trajectories [ € BN Yy, i.e.,

wl,L(ja g)

, (5.50)

L/
ZL’ B(B) = e—ﬁL/ Z Z 66 1N=711(l7 % l7‘,+1).
N=11leLy ;/NB

At this stage we set = n;, = L~!/® as in Lemma 5.4. We will note I,,;, = {(a(8) —
nL)VL,...,(a(B) +nr)VL} and we introduce the first intermediate function sequence
19, defined as

A _ Yorer, L p(HNAL L y)

- : > ’ (551)
Bar drex, Zus(ALL )

¢2,L(‘i.7 37)
where

Ap g = U {le Ly |[AN(V))| € L' + [-N —c(log L)*, —N] N IN}.
Nel, .

For simplicity, we will omit the L,n dependency of A, ;/ , in what follows. The equiva-
lence v, ~ 1o will be proven once we show that (¢) and (i¢) in (5.49) are satisfied with
j =1,k = 2. We note that

|A1,L - A2,L| _ ZL’eKL ZL’,B(H n ACL') < EL’eKL ZL’,BPL',B(-A?J)
B ZL’eKL Zip B ZL’EKL Zi

, (5.52)
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with A, = Qs \ Ar.. We recall that K = L + [—<(L),e(L)] N IN and we use, on the one

hand, Lemma 5.4 and the convergence limy,_, E(LL) = 0 to claim that for alln > 0

lim L™ sup Pus(Ny ¢ 1,.) =0, (5.53)

L—oo L'eK;,
and, on the other hand, Lemma 5.5 and lim;,_, % = 0 to assert that there exists ¢ > 0
such that

lim L™ sup Ppos(|An, (V)| & L'+ [-N) — c(log L)*, ) = 0, (5.54)
L—o0 LIGKL

We combine (5.53) and (5.54) to claim that

lim L™ sup Ppg(AS,) = 0. (5.55)
L—o0 LIEKL

We note that (5.52) and (5.55) are sufficient to prove (i). Therefore, it remains to show
that (ii) is satisfied. To that aim, we remark that

Asr |Bi,r, — Ba,1| _ Yover, Zrs(HNAL) Y ek, Z1,.8(AL)

— , (5.56)
Bir Bo.r ZL/eKL Zr p(Ar) ZL'eKL Zip
’ Z ’ P / AC/
< ZL ek “L.B ~L ,ﬁ( L)7 (5.57)
ZL’GKL ZL’,B

and then, we can use directly (5.55) to obtain (ii) and this completes the proof of step 1.

Step 2

To begin with, we set Jx 1., = {L' — N —c(log L)*,..., L’ — N} and we note that, with

the help of the random walk representation, we can rewrite

Yo.1.(Z,79) (5.58)
_ ZL’eKL ZNGIW,L(F,B)N ZbeJN)LzﬂL Pg (H, [AN(V)| =b,VN41=0,GN(V) =L - N)
- ZL’GKL ZNGIW’L(Fﬂ)N ZbeJNWLzﬂL P,@(|AN(V)| =b,VNt1=0,Gn(V) =L — N)

We switch the order of summation in (5.58) and we obtain

_ ZNeI,,,L(FB)N Y veny . P8 (H,|JAN(V)| =b,VN41 =0, Gn(V) € Upn,1)

w2,L(£a g) -
Sover, . TN Xpepy, Po(lAN(V)| = b, Vi1 =0,Gn (V) € Upn,1)
(5.59)
with
Dy ={L—e(L) - N —c(logL)*,...,L+¢e(L)— N}, (5.60)
Upnip ={bV[L—e(L)—NJ,...,[b+c(log L)*] AL + (L) — N]}. (5.61)
We define the third intermediate function sequence
A.
Yan(®.9) = 5 (5.62)
3,L
L ZNEI"YL(FB)N ZbEDN,L Pﬁ (Ha |AN(V)| = ba VN+1 = Oa GN(V) € Ub7L)
Sover, TN Xpepy, Pa|An(V)] =, Vi1 =0,Gn(V) € Us,r)
EJP 21 (2016), paper 49. http://www.imstat.org/ejp/
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with
UL = {b,....b+c(log L)*}. (5.63)

The equivalence )y ~ 13 will be proven once we show that (i) and (i¢) in (5.49) are
satisfied with j = 3,k = 2.

For (i), we note that for all b € Dy 1, satisfyingb > L —e(L) — N and b < L +¢(L) —
N — c(log L)* we have U, ;, = ﬁb’L and therefore

[ = Agr| _ Tver,, 09" Tiepy, Po(H | An (V)| = b Viss = 0.Gn(V) € Unr)
Bsr 7 Yner,, TN Ciepy, PallAN(V)| = b, Vg1 = 0,Gn(V) € Uy 1)
(5.64)
- Zwer, T)Y ey, Po(Whins) Po(H | Wr)
B ZNeImL (FB)N ZbeDN,L Pﬁ (WN,L,b) 7

with
Dyp={beDyp:b<L—e(L)—Norb>L+e(L)—N —c(logL)*},
Wi,rp = {|AN(V)| = b, Viy1 = 0, Gn(V) € Uy 1} (5.65)

For (i), in turn, with the help of (5.62) we note that,

A A ZNEIT,,L(FB)N 2 bepy., P8 (Wa.p) Pa(H | Wh,1)

- _ , (5.66)
B37L B37L ZNEI,,,L(FB)N ZbEDN,L PB (WNvab)
and
Bas — Boal _ SnernsT)™ iy, PallAn (V)] = b, Viva = 0.Gx(V) € U.1)
Bt = Sver, . TN Yeny, Po(AN(V)[=b, Vi1 = 0,Gn(V) € Upr)’
N ~
ZNGI,,YL(Fﬁ) ZbEDN,L Py (W,zp) (5.67)

B ZNGL;,L (Fﬁ)N ZbGDN,L\BN,L Pﬁ (WN,L,b) 7

where we have used again that 17@ L =Uppforbe Dy \ D ~,1- At this stage, we state
two claims that will be sufficient to complete this step.
Claim 5.11. Forn > 0, there exists a C' > 0 such that

1+

limsup sup  sup sup L= Py (H | WN,LJ,) <C.
L—oc0 Neln,L beDnN. L (i,ﬂ)EZTH—rQ

Claim 5.12. Forn > 0, we have

e Ps(Wnop
lim sup b€ L ( ) =0. (5.68)
L= Nel, 1 Dpepy.y, Ps(Wn,Lb)

Claims 5.11 and 5.12, together with (5.64), easily imply that (7) is satisfied. Moreover,
(5.66) and Claim 5.11 allow us to state that
r1+7o

lim sup sup L= %SC’, (5.69)
L—oo (z,5)eZm1t72 5L

while Claim 5.12 and (5.67) yield that limy_. % = 0 which proves (ii) and
completes the proof of 15 ~ 3. ’
It remains to display a proof for Claims 5.11 and 5.12.
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Proof of Claim 5.11

Since 1y, — 0, we easily infer that for L large enough and for N € I,, 1, and b € Dy, we
have

b 1 2

— —— | :=[Ry1, Rs|.

N2 € [Qa(ﬂ)Q’a(ﬂ)Q} B, o]

Thus, we can use Lemma 5.8 and (5.21) to assert that, for L large enough,
71+'2

L™= Pg(H|Wn,Lp) is bounded above uniformly in N € I, and b € Dy... The 8
dependency of R; and R, is omitted for simplicity.

Proof of Claim 5.12

By using again the fact that for N € I,, 1 and b € Dy 1 we have, for L large enough, that
% € [R1, Rz], we can apply Lemma 5.7, to assert that for L large enough

ng: . bellgllfv  Ps(Gn(V) <D+ c(log L)* [ |[An (V) = b, V41 = 0) =

(5.70)

[N

We recall the definition of Wy 1, ; in (5.65) and we set Ty := {|An (V)| = b, V41 = 0}.
We can bound from above the ratio in the 1.h.s. of (5.68) as
Sveins PeWrLs)  Yiepy, Ps(Tve) Yvein, Po(Tny)
ZbEDN,L Ps (WN,L,b) B ZbeDN,L Pﬂ(WN,Lb) B EbeDN,L Pp (TN,b) 7

where we have used (5.70) to obtain that for L large enough, N € I,,;, and b € Dy ; we
have

(5.71)

Ps(Wh,zp) > Ps(Tnp)(Ps[GN(V) < b+ c(log L) Tnp]) = 2Ps(Twp).
At this stage, we need to use the fact that (L) = log(L)® and we set
dy,=L—e(l)—N and df,=L+e(L)-N,
and also
Dy ={dyp,--dy+(logL)’} and D3, ={df, —(logL)’,....d§ }, (5.72)
Dy ={dy,—clogL)* ....dy, } and D}, ={dy, —c(ogL)* . ...d§ }. (5.73)
such that Dy ; and D% ; are disjoint subsets of Dy 1, and E}VL U 512\”; is a partition
of Dy.,. We note that all b € Dy U D), satisfies |b — dy. 1| < (log L)° and similarly

that all b € D%, U D%, satisfies |b— d}, ;| < (log L)°. In fact, for L large enough, all

dy . df
the numbers =, =+, = belong to the compact [R;, R»] on which the function pg is

differentiable. Therefore, there exists a C' > 0 such that

d7 ~

lps(5z) — ps(RE)| < C s(logL)®, b€ Dy, UDy 1, (5.74)
d7 ~

lps(s2) — pa( )| < C s(logL)®, be D}, UDY .. (5.75)

Thus, we can apply Lemma 5.6 to assert that there exists M; > Ms > 0 such that for L
large enough and for N € I, ; we have

M N.L M N.L ~

Nje—NPﬂ( ) < Py(Tns) < e (%), beDy, UDY,

M2 —N d?\»f Ml -N d?\} L ~

ﬁ PB( N2 ) <Pﬁ(TNb) N2€ PB( ), beDJQV7LUD12v7L. (576)
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It suffices to combine (5.71) and (5.76) and to note that
IDx.pl/IDN | = D% p1/ID% | = e(log L)*/(log L),

to complete the proof of Claim 5.12. Finally, we have proven that 13 ~ 4.

Step 3

In this step, we note first that for L € IN, 13 1, can be written as

o ZNEI%L (Pﬁ)N ZbEDN,L Pﬁ (WNvab) Pﬁ (H | WN,L,b)

V3,0(Z,9) ; (5.77)
ZNeln,L (FB)N Pﬂ (WN,L,b>
and we set
w4,L(‘(Ea g) =
ritry »

YNl (T)™ Ybenn ., Py(Wy,Ls) N~ fﬁ(%,e),i (w7 NY295) 9H(:5.0).5 (%17)
Eonver, TN Liepy,, Ps(Wnr) '

We have, thanks to Lemma 5.8, the existence of a sequence Ry — 0 such that

ritre ritre _ritro
sup L4 [z —arl <L 4 sup (RNN "2 7)—0.
(z,9)€Zm1 172 Nel, 1

Step 4

Obviously we have for L € NN,

B ENeI,,,L(FB)N EbEDN,L Ps(Wn,Lb) ¥s,0(Z,7)

¢5,L(5U7§)
ZNEI%L(Fﬁ)N ZbEDN‘L Pﬁ (WN,L,b)
Therefore,
r1+72 _ _
— T2 _ Y _ *
WM,L ¢5,L‘ < Nelnyil,lb%DN‘L my gﬁ,s(m) fﬁ,t(mv V mL’Yﬁ)
_ritra 5o Y 12, %) z
N o (i NY0) 9t 00 ()|

Obviously, since n =n; — 0,

_ritra r1+7ro
2 =5

lim L7 sup |mj - N =0.

L—o0 Nel, .

By the implicit function theorem applied to the definition (5.10) of H, the function
q — H(q,0) is globally Lipschitz on compact sets, and thus there exists a constant C' > 0
such that

sup ngl sup
L>Lo Nel, .,beDnN,L

By the global Lipschitz properties in (H, Z, §) of the Gaussian densities f§, ;(¥) and gy s(Z)
we conclude that 14 ~ 5.
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5.6 Proof of Proposition 5.3

Recall (2.14). The proof of the tightness of the sequence of distributions (@ L.B)L>1
is obtained by combining arguments of [14, Section 6] with the steps 1, 2 and 3 of
the proof of Proposition 5.2. Let us consider the first coordinate of the process, i.e.,
(V'NiM;(s))sepo,1] (the second coordinate is easier to handle since it is even closer to the
process studied in [14,/\Section 6]).

Let us denote by (M;(s)),c[o,1) the polygonal interpolation of the middle line. Then,
see for example [11] proof of Lemma 5.1.4, the distribution under ﬁL,g of (M\l(s))se[o,u
and (]\71(5))86[071] are exponentially close, and so we shall restrict ourselves to proving the

tightness of the sequence of continuous processes (\/Nz]\/jz(s))se[o,u using the criterion
of Theorem 7.3, (ii) of [3]:

Ve > 0,7 >0,3Lyo € N,35 € (0,1),
Prg (w(\/Nl]\//fl(s),O <s<1:6) > 5) <n (VL >Lo). (5.79)

where w(f,d) = sup|,_,<s |f(z) — f(y)| denotes the modulus of continuity.
We then inspect closely the steps 1, 2 and 3 taken in Proposition 5.2. It is tedious,
but straightforward, to see that we only need to prove that

Ve > 0,Vn > 0,dNg € N,35 € (0,1),

Py (w( ke Mine, 0 <5 < 130) Z el Ay =gN* Vi =0) <51 (VN = No,Yg € [a1,q2])
(5.80)

To this end, we shall use Kolmogorov’s tightness criterion (see Theorem 1.8 Chap. XIII
of [30]) and show that

Mns) — M| N
VN

At this stage, the proof is completed by mimicking the rather long proof of the weak
compactness exposed in [14, Section 6]. For this reason, we briefly sketch the proof
below by insisting on those points that need to be slightly improved in [14, Section 6] to
achieve (5.81).

The first step, which corresponds to Lemma 6.2 in [14] consists in controlling the
supremum in the Lh.s. in (5.81) for s < t satisfying t — s < 1/N8/9. The key point here
consists in controlling, under the conditioning Ay = ¢N?2,Vy = 0, the small exponential
moments of the increments of V. More precisely we aim at proving that there exists
n >0, M > 0and Ny € IN such that

4
sup Eg ‘AN:qNQ,VNzo <C’|t—s|%. (5.81)

N>No,q€[q1,92],0<5,t<1

sup sup sup Eg [e"‘U"l Ay =qN% Vy = 0] < M. (5.82)

q€[q1,92] N>No 1<i<N

In [14] such result is displayed in Lemma 5.3 but without the supremum in ¢ € [q1, ¢2]. As
in the proof of Theorem 5.10, we overstep this difficultly with the help of Proposition 5.1
which ensures us that the tilting parameters Hj, remain in a compact subset of D when
q € [q1,¢2]) and N is large enough.

In the second step, we must deal with s < ¢ satisfying t — s > 1/N®9 which corre-
sponds to Lemma 6.3 in [14]. We set ff\}t = M|n¢) — M| ns) and

[Nt]
L1 a1 .
ey = ~ Enmg, (&3 = N > (1) (hwa), (5.83)
i=|Ns|
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with hy,; = (1-— %)hév 14 hjlv "1, The strategy consists in proving the uniform boundedness
of both

s,t st4 s,t
LA VO Ner

E; fv — Ney ‘AN:qNQ,VN:O and @, (5.84)
N(t—s) Vit—s

which is enough to complete the proof of (5.81).

The second term in (5.84) is dealt with by using again inequality (5.46). We conclude
that there exists a C' > 0 such that |e}’| < O(t — s)/N for N large enough, for s < t and
for ¢ € [¢1, g2] which is more than what we need.

At this stage, it remains to control the first term in (5.84), which can be rewritten as

EYT—Neyt

/0 w /3( /N (t—s)

The latter is achieved by refining the tilting procedure introduced in (5.3-5.10) in such a
E‘;’Vt 7Ne§'\;t
with Propostion 5.1, allows us to bound from above the probability under the integral in
(5.85) by Ce=* uniformly in N, s < t, q € [q1, ¢2] and u € [0, N*/1°] and by CN2e~<*" for
u € [N'/19 00) which suffices to complete the proof.

>u ‘ Ay = N2, Vy = 0> du. (5.85)

way that the event {

> u} is integrated in the tilting. This tilting, combined

5.7 Proof of Lemmas 5.4-5.7

Proof of Lemma 5.4

Let us recall the notation I  of [10, Section 1] which is the set of indexes of stretches

that occur in the largest bead. In other word it is the largest set of consecutive indices for
which V; ; keeps the same sign. To begin with, we can show, following mutatis mutandis
the proof of Theorem C, that for a > 0, there exists a ¢ > 0 such that

lim L* Ppg[I;,.. < L —c(logL)*] =0. (5.86)
L—oo

Jmax —

Then, recall form section 4.4 of [10], that a(5) is the unique maximum of the strictly
concave function

G(a) := alogTs — L ho(%.,0) +ala (H(%.0)), (5.87)
Therefore, inequality (4.50) of [10] taken with ¢’ = 5 = L% yields that for any a > 0

Lhm L* Py s ((BnLyL)Cm {I- <L 7c(logL)4}) =0.
—00

max —

Hence we get the desired result by combining the last result and (5.86).

Remark 5.13. We can go a step further in our inspection of the latter proof and establish
that the distribution of % under P7 5, the polymer measure restricted to have only one

bead, follows a large deviation principle with good rate function a — G(a(8)) — G(a).
However we are unable to prove the same LDP under Py, g.

Proof of Lemma 5.5

Note that for ! € Q, we have Efvzll Vil = Z;N:ll |l;| = L — N; and thus, by the definition
of I, we have also

Jmax

N;

NL Nl
Wil =2 > Vil < D Vi >0 il (5.88)
i=1 i=1

1€ Imax i=1
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Moreover, we note that [ € {1, > L — c(log L)*} yields

> Wil = Y |l < cllog L), (5.89)

i€ T jax 1€ T jnay

At this stage, we recall that Ay (V) = Zf;l V; and we use (5.88) and (5.89) to assert that
l € {I,.. > L —c(log L)*} implies |An, (V)| € [L — N; — 2c(log L)*, L — N;]. It remains to

max —

use (5.86) to complete the proof of Lemma 5.5.

Proof of Lemma 5.7
For the sake of conciseness, we will use, in this proof only, the notations

Weng ={GN(V) = qN?+ c(log N)*, Vy =0, An(V) = gN?},
Tng={Vn =0, An(V) = ¢N?}, (5.90)

with ¢ > 0 and g € [g1,¢2] N %. Thus, we can restate (5.19) under the form

lim sup NOPg(Wenyg|Tn,g) =0, (5.91)
N=2 ge(q1,q2] ( N q)

where the intersection of [g1, ¢2] with % is omitted for simplicity. Since the equality
PN’H?\I (WC,N,q | TN,q) = Pﬁ (Wc,N,q ‘TNﬂ) holds for all N € IN and qc [ql, QQ], Wwe can use
[10, Proposition 2.2] to ensure that (5.91) will be proven once we show that for ¢, > 0
we have

ngnoo qeb[;lll,)qz} NPy g (Wc,N,q) 0. (5.92)
For N € IN and ¢ > 0, we let Uy be the set containing those trajectories that do not
remain strictly positive on the interval [clog N, N — ¢log N] N IN and satisfy Viy =0, i.e.,

Unz = {max{i < g: V; <0} >¢log N, Viy = 0}
U{max{i < &: Vy_; <0} >ClogN, Vy =0}, (5.93)
so that we can write the upper bound

Py me. (Wen,g) < Pn 1 (Unz) + Py s (Wen,g N (Unz)©). (5.94)

At this stage, we need to distinguish between the positive part A}(V) and the
negative part Ay (V') of the algebraic area below the V trajectory, i.e.,

Ay(V) == Vilycoy and AR(V) =N, Vi, 150}

As a consequence, the geometric and the algebraic areas below the V trajectory can
be written as Ay (V) = AL(V) — Ay(V) and Gy (V) = AL (V) + Ay (V) and therefore,
under the event Ay (V) = gN? we have Gy (V) = gN? + 2A5 (V). Thus, under the event
We,n,q N (Unz)¢ we have necessarily that Ay (V) > £(log N)* and since V is strictly
positive between ¢log N and N — ¢log N we can write

Weng N (Ung)* € {AZ g n(V) = §(log N)*, Vi = 0}
U {A;VfﬁlogN,N(V) > i(log N)47 VN = 0} ) (5.95)
N

where Ay 210 vy = — 2iin—zlog v Vil{vi>0}. Moreover, under Py g, the sequences

of random variables (U;)Y., and (—~Uy_;)~X,' have the same law (by symmetry) and

therefore the equality

Pyge (Vi Vi) € A,V =0) = Py s (V—1,-.,VN—x) € A, Vy = 0) (5.96)
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holds true for all k € {1,...,N — 1} and A € Bor(R¥). A straightforward application of
(5.96) tells us that under Py, HY both sets in the r.h.s. of (5.93) have the same probability
and similarly both sets in the r.h.s. of (5.95) have the same probability. Therefore we
can combine (5.93), (5.94) and (5.95) to obtain

Py e (W) < 2Py o (3i € {Clog N,..., ¥}: V; < 0)
+ 2Py s, (A7 e (V) = $(og N, (5.97)

As a consequence, the proof of Lemma 5.7 will be complete once we show, on the one
hand, that for all « > 0 there exists a ¢ > 0 such that

lim  sup NPy g (3i€ {clogN,...,5}: Vi<0) =0, (5.98)
N—=00 4¢(q1,g2]

and, on the other hand, that for all a, z,y > 0 we have

lim  sup N®Py pga (A7 (V) > y(log N)4) =0. (5.99)

z log N
N—oo q€[q1,92]

In order to prove (5.98) and (5.99) we recall Lemma 6.2 in [10],

Lemma 5.14. For [q1,¢2] C (0,00) there exists Ny € IN and there exist three positive
constants C’', Cy, A such that for N > Ny and for every integer j < N/2, the following
bound holds

Ey s [e ] <C'e™@/, Nel. (5.100)

To prove (5.98), we apply Lemma 5.14 directly and we obtain

N/2 N/2
Py (3i€ {ClogN,.... 5} V;<0)< > Pyye(e™r>1)<C Y e,
j=clog N j=clog N

(5.101)
which suffices to complete the proof of (5.98). For the proof of (5.99), we note that

{4 1en(V) > y(log N)*} C {3i <zlog N: Vi < —2(log N)*}, (5.102)

and we apply Lemma 5.14 again to obtain

xlog N A
Py,gs (3i < xlog N: V; < —2(log N)*) < > Pygg (e > ey?ﬂogN)S) (5.103)

j=1
zlog N v yA low N3

< Y Engg(eMi)ema o) (5.104)
j=1

YA 3
< C’mlogNefY(logN) , (5.105)

and this completes the proof of (5.99).

6 Scaling Limits in the extended phase

As mentioned in the introduction, we will not display the details of the proofs of
Theorems 2.1 (1) and 2.2 (1) and of Theorem 2.8. The technique that we use consists in
identifying an underlying renewal process based on an ad-hoc decomposition of the path
into patterns that are not interacting with each other energetically. Once this associated
renewal process is obtained and once we prove that the length of a pattern is integrable,
the rest of the proof becomes standard.
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We shall restrict ourselves to paths of length L whose last stretch has a zero vertical
length, i.e., Q5 = {l € Qp : Iy, = 0}. Note that the natural one-to-one correspondence
between (17, and 27 ., conserves the Hamiltonian and therefore, proving Theorem 2.1
(1) or 2.2 (1) or Theorem 2.8 with or without the constraint is equivalent.

Let us define a pattern as a path whose first zero length vertical stretch occurs only
at the end of the path. We shall decompose a path into a finite number of patterns, that
is for [ € €2} we consider the successive indices corresponding to vertical stretches of
zero length, i.e.,

TQ = O,Tk+1(l) = lnf{_] Z 1 +Tk : lj = O} .

Then My, = Ty, — Tj,— is the horizontal extension of the k-th pattern, Sk = M + |I7,_, 41|+
-+ + [lp,] is the length of the k-th pattern and J; = Ip,_,+1 + -+ + I, is the vertical
displacement on the k-th pattern. If 7 (l) = r is the number of patterns, then the
horizontal extension is N; = 91, + - - - + M., the total length is of course L =57 +---+ S,
and the total vertical displacement is J; + - - - + J,. The key observation that will lead to
the construction of the renewal structure, is that the Hamiltonian of the path is the sum
of the Hamiltonian of the patterns, since the separating two horizontal steps prevent any
interaction between the patterns.

Let us define the pattern excess partition function A 1,5 and apply the probabilistic
representation displayed in (3.2-3.3) to obtain

L
=Y (Tp)V Py (Gn(V)=L-N,T(V)=N), (6.1)

where, for V € ZN such that Vo = 0, we set T(V) = inf{i > 1: V; = 0}. For the
associated random walk trajectory V, the vertical displacement is given by Y, (V) :=
S (=1)1V; forn € N.

We will use the decomposition into patterns to generate an auxiliary renewal process,
whose inter-arrivals are associated with the successive lengths of the patterns. Thus, it
is natural to consider the series

p(a) =Y Zige ™" €]0, 400, (6.2)

t>1

and the convergence abscissa f(3) :=inf {a : p(a) < +oco}. An important observation at
this stage is the link between ¢ and f(/3) that is stated in the following lemma.

Lemma 6.1. In the extended phase we have 0 < f(3) < f(8) and moreover (f(8)) = 1.

Lemma 6.1 allows us to define rigorously the renewal process. We even enlarge
the probability space on which this renewal process is defined to take into account the
horizontal extension and the vertical displacement on each pattern. We finally obtain an
auxiliary regenerative process that will be the cornerstone of our study of the extended
phase. To that aim, we let (oy, v, ¥;):>1 be an IID sequence of random variables of law
Bg. The law of (o1,n1,y1) is given by

* Pslor=3s) = Zs,ﬂ e_sf(ﬁ), fors>1.

* The conditional distribution of v; given o; = s is (recall (6.1))

Lo =n| o =s) = zlﬂ (05)" Py (Gu(V) = s—n,T(V)=n) (1<n<s).
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e The conditional distribution of y; given 01 = s, =n is
Ps(yi =t|or=s,11=n)=Pg (Y, (V)=t|G(V)=s—n,T(V)=n) (teZ).

The link between the latter regenerative process and the polymer law is stated in
Lemma 6.2 below. We let 7 be the set of renewal times associated to o, i.e., T =
{o1+ -+ o0,.,7reN}L
Lemma 6.2. Given integers r,s1,...,87,M1,...,Np, t1,...,t- such thats; > 1,1 <n; <s;,
s1+ -+ s, =L, we have

PE 5 (8, M, Ji) = (s6,m, 1), 1 <i <) =By (03, vi,95) = (si,m4,8),1 <i <r|LeT).

As a consequence of Lemma 6.1, the length of a pattern o, is integrable under 3.
Thus, Lemma 6.2 allows us to state that the proofs of Theorems 2.1 (1) or 2.2 (1) and
of Theorem 2.8 become standard applications of regenerative process theory, see e.g.
Section 5.10 of [31].

7 Appendix

7.1 Perfect simulation procedure

We shall use the acceptance-reject algorithm that we recall briefly. Let X, X1, X5, ...
be i.i.d. random variables with values in a measurable set (F,£). Let A be a measurable
subset of E such that P (X € A) > 0 and set

T:=inf{n>1:X, € A}.

Then, the acceptance-reject algorithm ensures that 7' has a geometric distribution of
parameter P (X € A) and that X7 is independent of T, with distribution the conditional
law

P(XreB)=P(XeB|XecA).

For 5 = (., we have I'g = 1 so the representation formula (1.7) yields
L
ZL,ﬁ = CﬁeﬁL Z Pg (V S VN,LfN) = Cge*BLPg (V S A),
N=1

with A={V:3IN:Gn(V)=L — N,Vn41 =0}.

For N € IN, we recall the definition of T% in (3.1). We also associate with every
trajectory V the index N, (V) defined as inf{/V > 0: Gny(V) > L — N}. Then, we follow
the same steps as in Section 3.1 to show that if B is a set of trajectories in 2;, we have

C,(geﬁL

L
- > Ps(VeEVNLNTIN(V)EB)=Ps (T, )(V)€EB|V € A) .
’ N=1

PL’@ (l S B) =

(7.1)

Therefore we can use an acceptance-reject to simulate a trajectory V oflaw Pg (- | V € A)
and then apply the transformation 7'y, (v) to V' to obtain an IPDSAW under P, 5 (for
B = B.). The mean number of rejects for an acceptance is the mean of the geometric r.v.
that is, thanks to Theorem 2.1,

1 _ 1 ~1L2/3.

PL”(; (V EA) ZL,ﬁ c

In a nutshell, we have a perfect simulation algorithm with complexity L?/3.
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Of course, one can try to use the same trick for 5 # ., say 8 > (. so that I's < 1
We let S be an independent geometric r.v. of parameter 1 — I'g, and add a cemetery
point § for trajectories: S is now a lifetime so that V' = § if N, (V) > S. Under this new
probability P, 5 we have

PLa(l e B)=Prg(Tn, (V) EB|V €A,

and we have a perfect simulation algorithm. The problem is that now the mean number
of reject for an acceptance is growing very fast with L:

Nl > C’iecﬁ.
ZL,[‘} LK
7.2 Proof of (4.42)
Since by definition
T=inf{i >1: V;_; #0and V;_,V; <0}, (7.2)

T=inf{i >1: V; <0},
we can claim that Vy > 0 implies 7 = 7. Thus, we recall (4.4) and can write

Py, (1=n) = ps(0) Py (r =n) +2> pg(z) Py (7 =n). (7.3)

By disintegrating the event {7 = n + 1} with respect to the value taken by V; and by
recalling that for # > 1 we have P3(V; = x) = 2ug(z)/cs(1 — e#/2) we obtain that

B 2 = _
Pg(T=n+1)= 11 B2 Zﬂﬁ(x)PB,z(T:”)~ (7.4)
=1

Moreover, under Pg we can disintegrate the event {r = n} with respect to the time &
during which V sticks to 0 before leaving it, i.e.,

w
=
-

I
2

Il

n—2
2Y Py(Vi=-=Ve=0 Vi1 >0,....Va1>0,V, <0), (7.5)
k=0

n—2 1 _
= ZkZ:OWP@(T—n—k‘).

At this stage, we recall that by Theorem 8 of [26] we have that Pg(7=n) ~
Cn=3/2 with C = (Eg [V{?] /2m)'/2. Then, it remains to recall that pz(0) = 1 —e=#/2
and to put (7.3-7.5) together to obtain

C c
=n)~ —— — e h/2 B —B/2
Ps ., (T=n) Y {2(1 e )c5—1+1+e ) (7.6)
which after a straightforward computation gives us
g2y C
Pgu, (T=n)~(1+e )7n3/2' (7.7)

7.3 Proof of Proposition 4.7

Let (X,,)n>1 be an IID sequence of discrete random variables, centered with variance
o2 letS, =X+ -+ X,and 4, =S, +---+ 5,. Then, as a consequence of Donsker
Theorem, we have the convergence in distribution

S, A,
( > ¢ (B, L), (7.8)

ovn’ on3/2 ) notoo
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where (B;,t > 0) is a standard Brownian motion and I; = fo By ds.
The vector (B, I1) is centered Gaussian with characteristic function

192
_ 67%(19';419119#72) _ eférqm
b

E |:ei(19131+19211)
and density g(u, v).
[6] established the following local limit theorem: if

1 k a

g(

n2027 oy/n’ on3d/?

pn(k,a) =P (S, =k, A, =a), pnlk,a):= ) (k,a€eZ). (7.9)
then
sup n? |pn(k,a) — pn(k,a)] — 0. (7.10)
k,a€EZ
Our goal is to improve this convergence, when X has a fourth moment. More precisely
we assume that E [X{] < oo and E [X{] = 0. Then,

sup 12 |pp(k,a) — pp(k,a)| < 4+o0. (7.11)
k,a€Z
The techniques used are found in the book [27], and we have decided to keep as
much as possible their notations (in particular we shall assume without loss in generality
that o = 1). By Fourier inversion formula if: = := (k,a), z := z(n,k,a) = (ﬁ, %)
then

1

_ —iz.9 _ 1 / —iz.9 191 192
polld) = g [ 0= i [0 (i ) o
(7.12)

with A, = \/n[—m, 7] x n3/?[—r, 7] and

n

H et utmv) Xns1- m‘| H p(u + mv)

m=1

Un(u,v) :=E {6i(uSn+uAn)} -

E [e™X1]. We can choose § > 0 such that for every |u| < § we have

with gp( )
1 Then, for |u| < § we get

lp(u) S_

1

2°
1 2

log p(u) = —5u® + h(u),

with h(u) = O(u*) since E [X}] = 0 and E [X{] <= co. Therefore, if ¥ € §4,,

91 0\ 1O _ 1
U <\/ﬁ n3/2> exp( %mzz:l (91 + 192 —|—f(19,n))—eXp(—2F19.19+g(?9,n)),(7.13)

m=1

with f(9,n) = S0 _ h(ﬁ((ﬁl + ™19) and thus [f(J,n)] < C%. We need now to
evaluate the error we make by approximating the integral by a Riemann sum: if ly(z) =
(91 + 2192)?, then 'Y = fo ly(z)dz and

% zi: /1 ly(z)dx

Since the quadratic form I'Y.¢ is positive definite, there exists ng such that for n > ng
and ¥ € 0A,,:

2
]

< Cﬁ— (7.14)
n

[\3\'—‘

|g(19an) - f(

|19|

lg(¥,n)| < max( g, Cc—). (7.15)
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We know, see [27, Lemma 2.3.3] that there exists b > 0 such that

lp(w)| <1—bu2 <e ™ (ue|-mn]). (7.16)
Since T’ is positive definite there exists ¢ > 0 such that
1
cl9P <T9.9 < - |9, (7.17)
C
and thus for every ¥ € A,,, using (7.14), and n > ny,
(8 (:}1,1{2?2)‘ < e—bZZiL:l(%Jrngﬁﬂz)Q < e—bw.ﬁ+0(#) < e 30D <~
n n

(7.18)
We shall split the integral defining p,(k, a) in two, with a parameter > 0 that we
shall choose later:

1 —iz.0 191 7.92
pu(k,a) = ——5— / e, (,> dd
(k.a) (27T)2n2< Ann{l9<nvr} Vn' nd/2

_ P I
+ = <> do | . (7.19)
/Anm{|z9|>q7\/ﬁ} ‘ v V/n' n3/2 >

The second integral is easily bounded:

; ST 9 U
ey, (17 2) 9| < / ’wn (1, 2)‘ dv
/Anﬁ{lﬁbﬁﬁ} v nd/? {19/>nvm} V' n3/?

e~ EP g9 < ce=Pr. (7.20)

<

/{ (9] >0/}

Again by Fourier inversion formula,

- 1 —iz. 0 —1T9.9
pn(k’,a) = m/ﬁ e 2 dd. (721)
We also split into two this integral and bound the second term:

—i _1
e 12.196 5099 4o

g/ e~ 2l < g=B'n (7.22)
{19/>nvn}

Now choose 1 > 0 small enough so that {|9¥| < ny/n} C §A,. We get, maybe for a
different 5 > 0,

/{|ﬂ|>wﬁ}

_ _ 1 i U1 U —1r9.9
Pn k7a —DPn k7a =0(e pn +7/ € iz wn(7>—€ 227 dy
(k) =palhs) =0t s [ (o )
1 . 1
=O0(e ") + 7/ e~ #0720V (9D _1yqy . (7.23)
(2m)2n? J{jo1<nym}
Then for 0 < r < ny/n:
/ efiz.ﬁeféFﬁ.ﬂ(eg(n,ﬁ) _ 1)d19
{r<9|<nvn}
S/ AT (1 4 |esn ) gy
r<[J|
S/ AP0 (1 4 o209 g
r<[d]
< 2/ emil09 < 2/ e < 0O (7.24)
r<[d] r<[d]
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We just established that there exist > 0, C' > 0 and ¢ > 0 such that for any r € [0, 7/n]

we have
1 .
pn(kya) — pp(k,a) = v, (kya,r) + ﬁ/ e_”'ﬁe—%w-ﬁ(eg(nﬁ) —1)d¥, (7.25)
(2m)%n |9|<r
with ,
|vn (kya,r)] < Cn~2e=¢"" . (7.26)
We can now conclude, by taking r = n?, with 0 < v < % since
/ efiz.ﬂefél“ﬂ.ﬂ(eg(n,ﬂ) _ 1)d’t9 <
[9]<r
S R Yo Ll
c e 2 V(e T —1)dY <
[9]<r
2 " "
C”/ PP —3ro.0 4 < C—/w\?e—%”-@dﬁ < 727
[9]<ny T n n

If we plug this bound into (7.23), we obtain (7.11).
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