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SUMMARY

The thesis provides the discussion of three last passage percolation models. In particular,
we focus on three aspects of probability theory: the law of large numbers, the order of the
variance and large deviation estimates.

In Chapter 1, we give a brief introduction to the percolation models in general and
we present some important results for this topic which are heavily used in the following
proofs.

In Chapter 2, we prove a strong law of large numbers for directed last passage times in
an independent but inhomogeneous exponential environment. Rates for the exponential
random variables are obtained from a discretisation of a speed function that may be
discontinuous on a locally finite set of discontinuity curves. The limiting shape is cast as
a variational formula that maximises a certain functional over a set of weakly increasing
curves.

Using this result, we present two examples that allow for partial analytical tractability
and show that the shape function may not be strictly concave, and it may exhibit points of
non-differentiability, flat segments, and non-uniqueness of the optimisers of the variational
formula. Finally, in a specific example, we analyse further the macroscopic optimisers and
uncover a phase transition for their behaviour.

In Chapter 3, we discuss the order of the variance on a lattice analogue of the Ham-
mersley process with boundaries, for which the environment on each site has independent,
Bernoulli distributed values. The last passage time is the maximum number of Bernoulli
points that can be collected on a piecewise linear path, where each segment has strictly
positive but finite slope.

We show that along characteristic directions the order of the variance of the last
passage time is of order N2/ in the model with boundary. These characteristic directions
are restricted in a cone starting at the origin, and along any direction outside the cone,
the order of the variance changes to O(NV) in the boundary model and to O(1) for the
non-boundary model. This behavior is the result of the two flat edges of the shape function.

In Chapter 4, we prove a large deviation principle and give an expression for the rate
function, for the last passage time in a Bernoulli environment. The model is exactly
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solvable and its invariant version satisfies a Burke-type property. Finally, we compute
explicit limiting logarithmic moment generating functions for both the classical and the
invariant models. The shape function of this model exhibits a flat edge in certain directions,
and we also discuss the rate function and limiting log-moment generating functions in those
directions.
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Chapter 1

Introduction

This thesis is concerned with the study of three different last passage percolation models of
which we describe their main probabilistic features. Last passage percolation is a particular

area of percolation theory which in turn is a branch of probability theory.

The mathematical study of percolation theory has now been going on for some sixty
years. Its main sources of inspiration and motivation have been real world phenomena.
Most of this work is concentrated on the development of models whose aim is to represent
physical phenomena via simple random rules. Percolation theory tries to model micro-
scopic physical aspects by defining a few local rules and one of the objectives is to show
how a change in the microscopic environment may have a macroscopic impact. From this
point of view there is a natural connection between percolation and statistical mechanics.
In fact, there are several statistical mechanical models in which the phase transition can be
understood as the percolation transition of a suitable (dependent) percolation model. The
best known cases are that of the Ising and Potts models, in which the transition occurs at
the percolation transition of the associated FK percolation (random cluster) model (for a

survey see [36]).

Percolation models generally allow many natural and intuitive problems to be posed in
a natural way, whereas satisfactory solutions to them often turn out far from trivial. This
is of great appeal since it requires a creative development of new mathematical techniques

in order to gain deeper understanding of the problem.

Next we give a general presentation of the percolation model and some of the models
which are derived from it. In particular we will highlight how they are connected and

which are the main problems that arose from them.



1.1 Percolation model

In the original formulation two different random mechanisms of percolation were con-

sidered: site percolation and bond percolation.

Bond and site percolation were motivated as models to describe the seemingly random
structure of a porous material [18]. They are discrete models, where the discrete structure
is provided by a suitably chosen graph. A graph consists of a set of vertices and a set
of bonds between pairs of vertices. Each bond, also referred to as an edge, symbolizes a
connection between the two vertices. The Z¢ lattice, or the Z¢ nearest neighbour graph,
for d > 2, is the graph whose vertices are given by the points in Z?, and where two vertices
are connected by an edge if they are at Euclidean distance one from each other.

The Z? lattice is an infinite graph, and is used as an approximation of a large region.
For the bond percolation to obtain a random structure from the Z% lattice, we proceed
as follows. Go through each edge one by one, flip a coin, and decide to keep the edge
if the coin turns up heads and remove the edge if the coin turns up tails. Thus, each
edge is removed independently of all other edges. For the site percolation the random
environment is obtained removing vertices and incident edges instead of only edges.

The resulting structure can be viewed as a representation of a porous material where
each vertex represents a cell in the material, and the edges symbolize neighboring cells
having a sufficiently large passage between them (as to allow a fluid to pass, say). With
this interpretation of the model, a fluid is able to flow from one cell to another if there is
a sequence of edges between neighboring cells, also called a path, that connect the cells.
Another way to describe a path between two points u and v of a graph is an alternating
sequence of vertices and edges u = vg, {1, v1,...,4,, v, = v, starting and ending with a
vertex, and such that the vertex vy, is the endpoint of the edges ¢ and ¢y, 1 preceding and
succeeding vy.

Studying the random structure obtained through coin tossing leads to questions con-
cerning the existence of paths in the random structure. In particular, one may ask if the
center of a large piece of porous material will be wet when immersed in the fluid? (This
was the original question in Broadbent and Hammersley’s work [18]) This corresponds to
the question of how far a fluid injected at the center of the material will reach. Since
the model is based on an infinite graph, is it possible for a fluid injected at the center
(the origin of the graph) to wet infinitely many cells? That the fluid will wet another
cell corresponds to the existence of a path from the origin to that cell. Cells that are

connected by paths form components of interconnected cells. What can be said about the



size of these components?

In fact, the answers to these questions differ depending on the coin being fair or being
biased. Consider some fixed dimension d > 2, and let p € [0,1] denote the probability
that the coin tossed turns up heads. We avoid the trivial case when d = 1 since if p < 1,
then only finite components remain after edges have been removed in accordance with the
result of the coin tosses. If p = 1, the graph remains intact.

A coin is considered fair if p = 1/2 , while if p # 1/2 the coin is biased. For values
of p close to 1, an infinite connected component of cells will exist, whereas for values of p
close to 0, all components will be finite. As p ranges from 0 to 1, the system undergoes
what is called a phase transition, that is, a sudden change in the qualitative behaviour of
the model. In the case of bond percolation, the phase transition occurs when the random
structure goes from having no infinite connected component of cells when p is close to 0
and to having one for p close to 1. In fact, there is a critical value p.(d) strictly between 0
and 1 such that for p < p.(d), there is no infinite connected component, but for p > p.(d)
an infinite connected component does exist. The existence and non-existence of infinite
components should be understood to hold with probability 1, or almost surely. When an
infinite component exists, there is also positive probability for a fluid injected at the origin
to reach infinitely far.

Harry Kesten was the first to give a rigorous proof of the critical value in two dimen-
sions in [68]. This work is considered a masterpiece for its probabilistic and geometrical
arguments and he proved that p.(2) = 1/2. To have results for higher dimension we have
to wait until the 90s when Hara and Slade [58, 59] found an approximate solution for p.(d)

as a function of the dimension d when d > 19.

1.2 Growth and related models

The growth models similar to the percolation models are defined on an underlying
discrete structure. The typical image associated to growth models is the spread of an
infection along the edges of the graphs according to some random rules and each vertex of
the graph is eventually infected. In this framework the values assigned to edges could be
thought of as times associated with the crossing of edges. Therefore if we define 75 w < 00
as the time that the infection takes to go from vertex v to vertex w, then if we fix a time

t > 0 the set of infected vertices at ¢t will be
Bi={x€V:Tyx <t} (1.2.1)

where V is the set of all vertices in Z2.



We focus on two growth models: first and last passage percolation and we define
the general setting for them. Omne of the most general definition for the model set up
in literature [48] is the following. Fix the dimension d € N and let p : Z¢ — [0,1]
be a random walk probability kernel: » . _,ap(z) = 1. Assume p has a finite support
R ={z€Z%:p(z) > 0}. R must contain at least one nonzero point, and R may contain
0. R generates the additive subgroup G = {}_. . .z : a, € Z}. G is isomorphic to some

ZF. Now we are ready to give some definition:

e A path m, = (vr)}_, in 7% is admissible if its steps satisfy z; = vy —vi_1 € R. The
probability of an admissible path from a fixed initial point 7 is p(7n) = p(21,n) =

[Ii2 (=)

e An environment w is a sample point from a Polish probability space (€2, X, P) where
Y. is the Borel o-algebra of Q. € comes equipped with a group {7, : © € G} of
measurable commuting bijections that satisfy T, = T,T, and Tj is the identity.
P is {7, }seg-invariant probability measure on (€2,3). This is summerized by the
statement that (Q,%,P,{T;}.cg) is a measurable dynamical system. We assume P
ergodic. As usual this means that P{A} = 0 or 1 for all events A € 3 that satisfy

T;1A = Afor all z € R. E denotes expectation under P if not differently specified.

e A potential is a measurable function V : Q x R¢ — R for some ¢ € Z,, denoted by
V(w, 21¢) for an environment w and vector of admissible steps 21 o = (21,...,2¢) €
RY. The constant £ represents the number of steps before to reach a certain site
v that the potential has to take into account. The case ¢ = 0 corresponds to a

potential V :  — R that is a function of w alone. Typically £ = 1.

1.2.1 First-passage percolation

The first-passage percolation (FPP) was originally introduced by Hammersley and Welsh
in [57]. Typically in FPP w is a non-negative random variable and R = {+e;,+es}. The
infection spreads across edges according to explicit speeds. This means that for a fixed
k € N the random variable 7, = V (T}, w, vy — vp_1) is assigned to the edge [}, which links
the vertex vi_1 with vg. Therefore a path 7 is a sequence of edges [y, . . ., l,, such that each
pair /; and ;11 shares an endpoint and the passage time along a path mis F(7) = > ;.. 7.
In particular, the first-passage time 7 y is the minimal amount of time that the infection,

following the so called minimal path, takes to go from x to y, where x,y € Z%. Formally

Txy = inf{F(m) : 7 is a lattice path from x to y}.
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Figure 1.1: Left: A possible evolution of the corner growth model on the first quadrant of

the plane. The origin is represented by the red dot. To give the random infected set B; in
(1.2.1) positive volume in R? , replace it with the fattened set B = B; 4 [—1/2,1/2]2. The
blue region is B. The bold dark gray edges are the paths of maximal passage time from
the origin which are forced to be directed. Right: Large scale (n large) corner growth
with exponentially distributed vertex weights with mean 1. The blue region represents
the simulation of the scaled growing set t~!(B; + [~1/2,1/2]?). Its boundary (the thick
blue line) approximates the red limit curve y(z,y) with (z,y) € R?, /z + /y = 1, as first
proved by Rost in 1981 [94].

If P{7;, = 0} = 0 then 7 is almost surely a metric on Z¢ since it is non-negative and
Tx,y = 0 only when x = y. If the edge-weight is allowed to be zero, T is a pseudometric.

Moreover T satisfies the triangle inequality Txy < Tx .z + T4,y for every x,y,z € VAS

In FPP, there is a shape theorem, but the limiting shape depends on the distribution
of the {n;}s. For a general distribution with a positive support very little is known apart
from them being convex, compact, and having the symmetries of Z¢. It is expected that
for most distributions, the limit shape is strictly convex, and certainly not a polygon, but
strict convexity is not proved for any distribution, and there are only some two-dimensional

examples of limit shapes that are not polygons. For a recent survey on FPP see [5].

1.2.2 Last passage percolation

The last-passage percolation is a modification of FPP, introduced because of its relation-
ship with the totally asymmetric simple exclusion process (TASEP) particle system. In

general the n-step point to point last passage time is defined as

n—1
v
GO (n),x — max § : V(Tvkw, zk+17k+f)7
D T0,n+e—1:00=0,up=2 —0



where the function V(T w, 2k41,k+¢) defines if an admissible path can collect the weight
at site vy according to the ¢ previous steps that it made to reach that site.

Once V is specified or it is not necessary to highlight it, we omit it from the notation.
Typically a path 7, is a sequence of vertices vy, ..., v, such that ||v;y1 —v;][1 = 1 for all
i, we define the random variable at vertex vy as 7, = V (T}, w, vp+1 — v) and one assigns
the passage time L(7) = Y }_g Tu,, as in FPP.

So far the difference between the LPP and the FPP is that the random weights are
assigned to the vertices instead of the edges. But there are two main difference between
them, in the LPP the passage time between two vertices is the maximal passage time of
any path between them. This will generally be infinity unless a restriction to a finite set
of paths is added, so that it is possible to consider only oriented paths; that is, paths such
that all the coordinates of the v;s are nondecreasing (v; < v;4+1). Therefore for any u < w,
the last passage time Gy w is the longest amount of time that the infection takes from u

to w following the mazimal oriented path, where u,w € Z%. Formally
Guw = sup{L(rm) : 7 is a directed path from u to w with u < w}. (1.2.2)

Due to directedness of the model and the fact that we are taking a maximum, G has
somewhat different properties than 7" in FPP. One still has for u < w, Gyw > 0 and if
Ty > 0 for all v, then Gyw > 0 when u # w. Excluding the initial point from all our
paths, we have a super-additivity property of G that corresponds to the triangle inequality
in FPP:

Guz > Guw +Gwy foru<w <z, with u,w,z € 7.

By this super-additivity, the limiting shape in LPP is not convex, since the corresponding
shape function gp, will be super-additive. For its definition, it is necessary to use the
sub-additive ergodic theorem, noting that G is super-additive. The only difficulty is to
come up with conditions under which the limit is finite.

In two dimensions, it is believed that the boundary of the limit shape is the graph of
a strictly concave function. In LPP, however, it is known that the limit shape is not a

polygon. For a survey of LPP, see [79, 86, 103].
1.2.3 Totally asymmetric simple exclusion process (TASEP)

The most famous case of LPP is when the distribution F' of the site-weights is exponential
in two dimensions. In this case, there is a direct mapping from the growth of By in (1.2.1)
to a particle system called the Totally Asymmetric Simple Exclusion Process (TASEP).

TASEP is defined as follows. We imagine that at each site z of Z with z < 0, there sits a



particle at time 0. Associated to each particle is a Poisson process, and when this process
jumps, the particle attempts to move to the site directly to the right. If there is already a
particle there, the move is suppressed, and the particle stays in its current location. The
particle that is initially at site 0 is not restricted by particles to the right, but the other
particles may sometimes be blocked by particles to their right.

TASEP is one of the most studied non-equilibrium particle systems. Its main applic-
ations include protein synthesis [75, 108] and traffic modeling [60]

The relation between TASEP and LPP with exponential weights is as follow. The
procession of the first particle in TASEP is the same as the infection in LPP along the
positive z-axis from 0 [65]. Indeed, the infection appears at 0 after an exponential time,
just as the first particle in TASEP moves to the right. It then infects the site (1,0)
after an independent exponential time, just as the same particle in TASEP moves again
to the right. Generally, the infection time from (0,0) to (n,0) is achieved through the
path that proceeds directly down the positive z-axis, and occurs when the first particle
in TASEP reaches site n + 1. At the second level, the infection of site (0,1) occurs an
independent exponential time after the infection appears at (0,0). This corresponds to
the second particle in TASEP moving into the space left open after the first particle
moves. Generally, the n-th step of the k-th particle in TASEP corresponds to the site
(n — 1, k) being infected from (0,0). To see this, we can derive the following relation in
LPP: according to the previous notation we identify u = (0,0) and w = (21, 22) with

x1,x2 > 0, one has

G(O,O),(xl,xg) = Tz1,12 + maX{G(O,O),(zlfl,ZQ)u G(O,O),((El,(ﬂg*l)}'

This is because the infection from (0,0) reaches (z1,x2) through either (z; — 1,x2) or
(x1,22 — 1) (whichever is infected last), and after the one of these sites with maximal
passage time from (0, 0) is infected, (z1,x2) must wait 7, ,, additional time. Similarly, in
TASEP, for the k-th particle to make its n-th step, it must wait an independent exponential

time after both of the following events occur:
(a) the k — 1-st particle makes its n-th step and
(b) the k-th particle makes its n — 1-st step.

Another way to visualize this coupling is rotating the corner growth model by 7/4 anti-
clockwise and the resulting shape is the so called wedge. Particles occupy sites of Z, subject

to the exclusion rule that does not allow for two particles to occupy the same site.



Corner growth

—7-6-5-4-3-2-10 1 2 3 4 5 6 7 TASEP

Figure 1.2: Graphical representation of the coupling between the corner growth model

and TASEP. The height function h; is represented by the red line in the plot.

In this case the connection between the corner growth and TASEP comes via the
height function h; that evolves with the particle system as time ¢ progresses. It is a
piecewise linear curve, differentiable in intervals (z — 1/2,z + 1/2),z € Z. For each such
interval the derivative of h; exists and it is constant 1 or —1. If the height function has a
positive slope on (x —1/2,z+1/2), it means that the corresponding site x on the line is not
occupied by a particle at time ¢. Otherwise if the edge of the height function has a negative
slope in (x — 1/2,z 4+ 1/2) it means that the corresponding site on the line is occupied.
Particles jump to the right at random exponential times subject to the exclusion rule.
With each step, the height function updates. In particular, note that the height function

hi corresponds to the level curves of the last passage time. (see Figure 1.2).

1.3 General contribution

So far we have introduced a general overview of the percolation process and its macro-
scopic area of study. During the thesis, as already mentioned, we will treat three different
models for the last passage percolation in Zi. They differ in the distribution of the weights
in each site, the admissible steps and the rule of how the maximal path collects the weights.
In one of the three models the weight distribution is exponential so its connection with
TASEP is straightforward as previously explained. For each model we will always derive
the law of large numbers for the last passage time Gxy in (1.2.2) in the homogeneous
settings which means that {Ti»j}(i,j)ezgr are i.i.d. under P. Moreover, we will address three

different fundamental questions (one for each model) about the last passage time:



e In Chapter 2, Last passage percolation in an exponential environment with discon-
tinuous rates, the weights are exponentially distributed, R = {ej, e2} and we wonder
what is the law of large numbers when the rates are not homogeneous but depend

on the site position (i, j) € Z2.

e In Chapter 3, Order of the variance in the discrete Hammersley process with bound-
aries, the weights are Bernoulli p distributed, R = {e1, e2, €1 + €2} and we add some
proper boundary distributions in order to create an invariant model. As the title
suggests we want to find the order of the last passage time fluctuations for this new

model.

e In Chapter 4, A Large deviation principle for last passage times in an asymmetric
Bernoulli potential, as in the previous chapter the weights are Bernoulli p distributed
but R = {e1, e2} and they are collected asymmetrically in the sense that the maximal
path cannot collect whenever it makes an es-step. Also for this model we add suitable
boundary distribution for the corresponding invariant model which are different from
the one in the previous model. Moreover we find an explicit formula for the right tail
large deviations rate function for the model without boundaries and for the right
tail large deviations logarithmic moment generating function for the model with

boundaries.

We will now give an introduction to the three models under consideration in the corres-
ponding chapters and their connections with other models. All three chapters are extracted
from three different papers which are joint works with my supervisor Nicos Georgiou. The
models will be formally introduced and analyzed in the following chapters.

For the three models we will treat three different topics of probability theory: the law
of large numbers, fluctuations and large deviations for the last passage time. We now give

a general introduction to them and how our results fit into the related literature.
1.3.1 Law of large numbers

In general finding a law of large numbers means finding a connection between a macroscopic
and microscopic environment. In particular, the law of large number of the last passage

time G(g,0),(x,y) 2long any direction (z,y) € Ri in a homogeneous environment is given by

G nT n
i Z©0).(lna . lny))

n—00 n

= gpp(xv y) a.s with z,y € Ri_ are fixed.

gpp(2,y) is called the point-to-point shape function and its existence will be proven by
Theorem 1.5.2. If the starting point is (0,0) and no confusion arises, we simply denote

G(O,O),(u,v) with Gu,v.



Generic properties of gp,(x,y) have been obtained in [78], that are universal under
some mild conditions on the distribution of 7; ;. In [15], a distributional limit to a Tracy-
Widom law was proven for passage times ‘near the edge’, i.e. for passage times in thin
rectangles of order n x n® with a € (0,1). It is expected that several properties of the last
passage models hold irrespective of the distribution of 7; ;; these include the fluctuation
exponent of G|,z |ny|, limiting laws and fluctuations of the maximal path around its
macroscopic direction. As far as the law of large numbers goes, a universal approach,
under only some moment assumptions on the distribution of 7;;, has been developed
in [48, 87, 89, 90], where the limiting shape is given in terms of variational formulas.
A variational formula for the time constant in first passage percolation was proven in
[73]. For two-dimensional last passage models with e, es admissible steps the analysis
and results can be sharpened; early universal results on the shape near the edge were
obtained in [15, 78]. A general approach and a range of results including solutions to the
variational formulas and existence of directional geodesics using invariant boundary models
were developed via the use of cocycles in [49] and [50]. Similar techniques are utilized in
Chapter 3 and Chapter 4, since we prove the existence of an invariant boundary model
for the two models.

When the environment 7;; ~ Exp(1), the last passage model is one of the exactly
solvable models of the Kardar-Parisi-Zhang (KPZ) class (see [30] for a survey). The

strong law of large numbers in the exponential model is explicitly computed in [94]

G nr n
lim —Lrellnvl y(z,y) = (Ve +y)?, P-as. (1.3.1)

n—o00 n

The core of Chapter 2 is article [28], which is now submitted. It is concerned with
directed last passage percolation on the lattice in a discontinuous environment; weights
7;; at each site (i,j) are exponentially distributed but with different rates that depend
on their position. Similar arguments can be repeated when the environment comes from
geometrically distributed weights, and in this case the inhomogeneity will be captured by
changing the values of p, the probability of success of the geometric weight. Such models
do not have the super-additivity properties that guarantee the existence of a macroscopic
shape, so other techniques must be utilised to first show existence of macroscopic limits
and then compute a formula for them.

Several inhomogeneous models of last passage percolation exist, each one with different
ways of assigning rates (or weights in general). One way is to fix two positive sequences
{ai}ien and {b;}jen to assign to site (4, j) an exponential weight 7; ; with rate a;+b;. Laws

of large numbers for the last passage time for these models were obtained in [104] when
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a; where ii.d. and b; constant, and then generalised in [41]. The model enjoys several
aspects of integrability, and large deviations from the shape were obtained in [42]. When
admissible steps are not restricted to just ej,es, [52] studies an inhomogeneous model
which generalises the one introduced in [99] and obtain explicit distributional limits for

fluctuations of the passage time.

Macroscopic inhomogeneities defined via the speed function ( which is the inverse of
the rate ) have been already considered in the literature. When the speed function is
continuous, [93] showed the law of large numbers for the passage times and convergence
of the microscopic maximal paths to a continuous curve conditioned on uniqueness of the

macroscopic maximiser.

On each site the rate of the exponentially distributed weight is completely determined
by the speed function ¢(-,-). When c¢(z,y) = rl{z = y} + 1{z # y} the law of large
numbers was studied in [14, 101] and it was shown that for small values of r the LLN
disagrees with that of the 1-homogeneous model. When the discontinuity curves of ¢(x,y)
was a locally finite set of lines of the form {y = = + b; };en, the law of large numbers limit
was obtained in [46] and an explicit limit for the shape function was obtained in the case
of the two-phase model with c(z,y) = r11{z < y} + rol{z > y}. In this case a flat edge
was observed for the limiting shape function. A first passage (unoriented) percolation
two-phase model was studied in [1], where the edge-weight distribution was different to
the left and right half-planes and in certain cases proved the creation of a ‘pyramid’ in the

limiting shape, i.e. a polygonal segment with a point of non-differentiability at the peak.

In [20] the law of large numbers for directed last passage percolation was extended
when the set of discontinuity curves for ¢(z, y) was a locally finite set of piecewise Lipschitz
strictly increasing curves. A PDE approach was used, bypassing the usual techniques of

TASEP particle systems, used in the earlier articles.

As previously shown there is a connection between the corner growth and TASEP
which comes via the height function h; that evolves with the particle system as time ¢
progresses. Therefore understanding the height function in the wedge which is the level
curve of the last passage time, is equivalent to studying the exclusion process for the
particle system. This coupling was utilised for example in [46, 93, 101] to obtain results
about hydrodynamic limits of the particle current and density, together with results for

the last passage times.

Hydrodynamic limits for spatially inhomogeneous conservative systems for different

versions of inhomogeneities have been extensively studied [6, 7, 23, 34, 46, 91]. An ex-
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ample where the discontinuity is microscopic in nature is the slow bond problem. This
TASEP model was introduced in [62] and [63], in which particles jump at the same rate
1 everywhere on Z except at site zero where the jump happens at a slower rate than the
other sites. Results regarding the hydrodynamic limits (and by extension the last passage
times) were obtained in [101] and finally in [14] the full conjecture was proven that a slow
bond will always affect the hydrodynamics. Recently, in [17] a totally asymmetric particle
with blockage with spatial inhomogeneities was studied and limiting Tracy-Widom laws
were obtained. A further improvement of the previous result has been done in [72] where
they apply a different approach which allows them to extend their results to a discrete in-
homogeneous space. Moreover, thanks to that approach they are able to study multitime
asymptotics in the inhomogeneous exponential jump and look at a fine scaling fluctuations

around a large number of particles in a small interval.
1.3.2 Fluctuations

Identifying the explicit shape function is the first step in computing fluctuations and scaling
limits for last passage time quantities. When precise calculations can be performed and
explicit scaling laws can be computed the model is classified as an explicitly solvable model
of last passage percolation. There are only a handful of these models, and each one requires
an individual treatment.

The order of the fluctuations nX is computed as that exponent y (also called the
fluctuation exponent) such that (see Figure 1.1 in the special case with exponential 1

weights) for all n large enough
ClTLQX < Var(GLnxJ,LnyJ) < C2n2X_ (132)

In [8] it is proven that the fluctuations around the mean of the longest increasing sub-
sequence (LIS) of n numbers are of order n'/6 and the scaling limit is a Tracy-Widom
distribution using a determinantal approach. The fluctuation exponent 1/3 is often used
to associate a model to the KPZ class [30, 31, 44, 55, 85], and determinental /combinatorial
approaches were developed for a variety of solvable growth models in order to compute
among other things explicit weak limits and formulas for Laplace transforms of last pas-
sage times and polymer partition functions. Lattice examples include the corner growth
model with i.i.d. geometric weights, (admissible steps ej,es) [65], the log-gamma poly-
mer [16, 32], introduced in [102], the Brownian polymer [80, 105], the strict-weak lattice
polymer [33, 81], the random walk in a beta-distributed random potential, where the zero-

temperature limit is the Bernoulli-Exponential first passage percolation [11]. Particularly
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for percolation in Bernoulli environment see [52], where Tracy-Widom distributions where
obtained for a class of models that also include the homogeneous model of [99]. The
result of [65] was also used to derive explicit formulas for the distribution of the discrete
Hammersley [84] with no boundaries via a particle system coupling using a mathematical
physics approach.

A more probabilistic approach to estimate the order of the variance in (1.3.2), was
developed in [21] and [54] where by adding Poisson distributed ‘sinks’ and ‘sources’ on
the axes, they could create invariant versions of the model. For the discrete Hammersley,
an invariant model with sinks and sources has been described in [12] and it was used to
re-derive the law of large numbers for G, .

Chapter 3 is based on article [26], which is now submitted. It studies fluctuations of
a corner growth model that can be viewed as a discrete analogue of the Hammersley pro-
cess [56] or an independent analogue of the longest common subsequence (LCS) problem,
introduced in [25]. In particular we want to prove that the corresponding model where
we add some boundary conditions belongs to the KPZ class of models for the last pas-
sage time in a particular direction. The technique that we use in this chapter to find the
fluctuation order relies on finding the boundary weight distributions necessary to create
an invariant boundary model. Our approach is similar to those in [9, 102, 105] where a
Burke type property is first proven for the model with boundary and then exploited to
obtain the order of fluctuations. The success of all those proofs is reliant on the shape
function having quadratic Taylor expansion. This is the reason why we first prove the
shape function for this model and then the fluctuation order.

The model under consideration in this chapter was introduced in [98] where it is studied
the shape function. It is a directed corner growth model on the positive quadrant Zi.
Each site v of Zi is assigned a random weight w,, which is Bernoulli p distributed. We have
changed the notation of the random variable at each site v from 7 to w to highlight the fact
that in the LCS interpretation a 1 or a 0 in a site corresponds respectively to a match or
no-match between the elements of two subsequences and not to a time for an infection to
reach a site. Therefore, in this case, the last passage time G corresponds to the length of
longest common subsequence. The admissible steps of a potential optimal path from (0, 0)
to (m,n) can be e, ez and e; + e2. In order to obtain the longest common subsequence as
defined in the original problem [56] the optimal path can collect only through a diagonal
step e + eo as specified by the potential

V(w,2) = Wey+e, 1{z = €1 + e2}. (1.3.3)

13



Figure 1.3: A possible representation of the maximal path (green thick line) given a fixed
random environment. The red dots represent the sites where w = 1 while the white dots
are when w = 0. We have circled a dot to highlight that the maximal path cannot collect
that dot despite there is 1 at that site. This is due to the potential defined in (1.3.3).

At the first sight, except for the diagonal step, this model seems reminiscent of the
percolation model described above. But looking at the Hammersley process more carefully
it is possible to note that it has nothing to do with the percolation process since an optimal
path can go through a site which has drawn a 0 without collecting anything. While in
the percolation process a 0 correspond to a site or edge removal which means that a path
cannot go through it.

Vv

(m,ny Was first obtained in [98] by first obtaining invariant

The law of large numbers for G
distributions for an embedded totally asymmetric particle system. It is precisely this
methodology that invites the characterization ‘discrete Hammersley process’ as the particle
system can be viewed as a discretized version of the Aldous-Diaconis process [2] which finds

the law of large numbers limit for the number of Poisson(1) points that can be collected

. . . . 2
from a strictly increasing path in RZ.

The original problem is mentioned as Ulam’s problem in the literature and it was
about the limiting law of large numbers for the length of longest increasing subsequence of
a random permutation of the first n numbers, denoted by I,,. Already in [43] it was shown
that I,, > y/n and an elementary proof via a pigeonhole argument can be found in [56].
This gave the correct scaling and it was proven in [74, 107] that the limiting constant is 2.
Then the combinatorial arguments of these papers where changed to softer probabilistic
arguments in [2, 53, 97] where the full law of large numbers was obtained for a sequence

of increasing Poisson points.

For the discrete Hammersley the law of large numbers for the point-to-point shape
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function g%)(s, t) was computed in [98] to be

S, t>2,
Clns), ] ’
(p) T nsl,|nt]
Ipy (8,1) = nlggo " = ﬁ@\/@ —p(t+5)), ps <t <2, (1.3.4)
t, t < ps.

This is a concave, symmetric, 1-homogeneous differentiable function which is continuous
up to the boundaries of Ri and it was the first completely explicit shape function for which
strict concavity is not valid. In fact, the formula indicates two flat edges, for ¢t > s/p or
t < ps.

The argument used in [98] to obtain the formula in directions of the flat edge can also
be used in an identical way to obtain the law of large numbers in the same direction for
the much more correlated LCS model [25]. Comparisons between the discrete Hammersley
and the LCS are tantilizing. The Bernoulli environment n = {#; ;} for the LCS model is
uniquely determined by two infinite random strings x = (x1,z9,...) and y = (y1,¥2,...)
where each digit is uniformly chosen from a k-ary alphabet (i.e. z;,y; € {1,2,...,k}).
Then the environment 7; ; = 1{x; = y;} and it takes the value 1 with probability p = 1/k.
The random variable £,(~bk% represents the longest increasing sequence of Bernoulli points
in this environment, which corresponds to the longest common subsequence between the
two words, of size n. The limit ¢, = lim, o n_lﬁgf% is called in the literature as the
the Chvatal-Sankoff constant, and it was already observed in [98] that g;,();,/ k)(l, 1) of the
discrete Hammersley lies between the known computational upper and lower bounds for
Ck-

A formal connection between the discrete Hammersley, LCS and Hammersley models

arises in the small p (large alphabet size k) limit. Sankoff and Mainville conjectured in

[95] that

For the discrete Hammersley model this is an immediate computation in (1.3.4) for p = 1/k
when we change ¢; with gz(,zl/k)(l, 1). For the LCS, this was proven in [71]. The value 2
is the limiting law of large numbers value for the longest increasing sequence of Poisson
points in Ri.

The flat edge in lattice percolation models

The discrete Hammersley is a model for which the shape function g,,(s,t) exhibits two
flat edges, for any value of p. Flat edge in percolation is not uncommon. A flat edge for

the contact process was observed in [38] and [39]. A simple explicitly solvable first passage
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(oriented) bond percolation model introduced in [99] allows for an exact derivation of the
limiting shape function and it also exhibits a flat edge. In this model the random weight
was collected only via a horizontal step, while vertical steps had a deterministic cost. For
the i.i.d. oriented bond percolation where each lattice edge admits a random Bernoulli
weight, a flat edge result for the shape was proved in [37] when the probability of success
p is larger than some critical value and percolation occurs. This was later extended in
[77] where further properties were derived. In [4] differentiability has been proven for the
shape at the edge of flat edge.

These properties for oriented bond percolation can be transported to oriented site per-
colation and further extended to corner growth models when the environment distribution
has a percolating maximum. For a general treatment to this effect, for non-exactly solv-
able models, see Section 3.2 in [50]. For directed percolation in a correlated environment,
a shape result with flat edges can be found in [41].

Local laws of large numbers of the passage time near the flat edge of the discrete
Hammersley model can be found in [45]. This work was later extended in [47], where
limiting Tracy-Widom laws were obtained in special cases, using also the edge results
of [15]. These ‘edge results’ are for the last passage time in directions that are below
the critical line (n,n/p) and into the concave region of g,, by a mesoscopic term of n?,
0 < a < 1. When a > 1/2 the order of the fluctuations is between O(n!/3) and O(1). In
the present article we further prove that in directions above the critical line (in the flat
edge of gp,) the variance of the passage time is bounded above by a constant that tends

to 0 (see Section 3.6).
1.3.3 Large deviations

Large deviations rate functions for LPP and partition functions (for directed polymers)
have been computed in several cases when the model is exactly solvable. Below G stands
for a generic last passage time random variable. Define the upper (or right) and lower (or

left) tail for the rate function as
lim —N~! logP{Gns.nt >N} = Jy(r), lim N2 logP{Gns Nt < TN} = Jo(r),
n—00 N—o0

A priori the existence of the limits is not even guaranteed, and it depends for example
on the potential V' and the environment w among other things. The existence of Jy,(r)
and Jy(r) was proved for the exponential and geometric corner growth model in Z? [65].
An earlier work where the right-tail rate function is explicitly computed appeared in [96].

Existence of the rate functions is also known in the case of the Hammersley process. Its
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fluctuations in the large deviations regime were studied in [35], obtaining also precise res-
ults for the upper and lower exponential tails. An explicit right-tail rate function was
computed in [100], using the invariant distributions for the particle system and study-
ing deviations for the tagged particle. In the framework of particles systems, functional
large deviation principle for TASEP, which is closely connected to Exponential LPP, was
obtained, for the n-speed tail in [64, 106] and for the n?-speed tail recently in [83].

Using the invariance structure offered by Burke’s property, a right-tail large deviation
rate function with speed n for the partition function in the log-gamma polymer was proven
[51]. Large deviations and KPZ fluctuations were computed for a random walk in a
dynamic i.i.d. beta random environment in [10]. The idea of [51] was later extended for
the free energy in the O’Connell-Yor polymer in [61], which is also a model with asymmetry
like the one in Chapter 4 where we utilise similar techniques. Moreover for our specific

model we are also able to find explicit limiting log-moment generating functions.

The approach for the existence of the right tail rate function is probabilistic in nature
and utilizes super-additivity and the explicit expression is computed using probabilistic
arguments. In general, the speed n? and the existence of lower-tail rate functions remains
elusive, including for non-solvable models of last passage percolation, if one was to use
only probabilistic techniques. In [69] it was shown under a boundedness condition on the
environment that the n? speed was correct, but with no existence of the rate function
results. This was for FPP. FPP and LPP have the same qualitative behavior with the
role of upper and lower tails reversed, an artefact of sub-additivity vs super-additivity.
Existence of the n? speed rate function is proven in [13] and the result is expected to
extend to LPP with the same probabilistic approach. A variant of this result was earlier

proved in [24] for line-to-line first passage time.

In Chapter 4 we study large deviations for the last passage time in a Bernoulli en-
vironment. All the results come from the paper [27]. The technique that we use to find
the explicit formula for the log moment generating function relies on finding the invariant
model. Therefore we will first add the proper boundary weights to the axes which will
help proving the last passage time shape function for this model and its large deviations.
Casting the model in the framework of a Burke type boundary model is part of our main
contribution that is essential in computing explicit forms for the rate function and the
dual for both the boundary and non-boundary model. Explicit forms of rate functions
were only obtained for some of the exactly solvable models [51, 61, 65, 96, 100] and the

results in this chapter add to these.
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The original model was introduced in [99] as a simplified model of directed first pas-
sage percolation. In this model, the environment 7 = {7, ’)‘}vezz+ is a collection of i.i.d.

Bernoulli(p) under a background measure P with marginals
P{r,=A=p=1-P{n,=x}, k>IeR;,veZl.

The set of admissible paths from (0,0) to (m,n) € Z2 is denoted by I, ,, and it contains
all paths of the form

T(0,0),(m,n) = {O =V0,V1y--, Umtn = (’I?’L, n)}a

so that viy1 —v; € R = {e1,e2}. We say that R is the set of admissible steps. The random

variable under consideration is the “first passage time”

L’<’7>\7p

(0,0),(m,n) — inf V(Tfum Vit1 — V;),

mell
m,n viET

where T, denotes the shift by v € Zi and V : Q x R — R is the potential function given
by
V(r,2) =7, 1{z =e1} + T1{z = e2}.

Value 7 was constant and fixed from the beginning. The interest was to find the explicit
shape function

KA

(s, t) = lim M

n—oo n
The model can be mapped into a last passage directed percolation by two observations.
First, because the admissible paths are directed the number of vertical increments z =
ez € R are fixed for any fixed endpoint (m,n) (in fact they are n) and the cost for crossing
them is deterministic 7. Thus, for simplification 7 can be set to be zero. Second, since
\ < K, to minimize L"*P one should try and take horizontal steps es € R when the value

of the environment at the target site is A. Define new environment

1
Wy = )\(/{ —7,) ~ Ber(p) € {0,1}. (1.3.5)
Then define the last passage time
GY, = max { Z V(Ty,w,viy1 — v)} (1.3.6)
(an))(m’n) Vi 1,-‘1-1 7
7(0,0).(m.n) €(0,0),(mm) L 727
The value of GV gives the number of horizontal steps through environment w, = 1,

equivalently 7, = . Each of the remaining horizontal steps contributes & to L**P and
therefore we have

LX],O),(m,n) =(A- H)G%,O),(m,n) + Krkm + Tn. (1.3.7)
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Figure 1.4: A possible representation of the maximal path (green thick line) given a fixed
random environment. The red dots represent the sites where w = 1 while the white dots
are when w = 0. The circled dots are the ones that the maximal path collects following
the potential (1.3.8). Finally note that despite there is a column of red dots the maximal
path doesn’t spend a lot of time there. This is due to the fact that by (1.3.8) it cannot
collect through an e; step. This means that the maximal path does not really see columns

with high density of Bernoulli successes.

Therefore, for simplicity we study the last passage time GV given by (1.3.6), in environment

w given by (1.3.5), under potential V' given by
V(w, 2) = we, 1{z = e1}. (1.3.8)

By (1.3.7) one can translate all results to L".

The law of large numbers for Gy, , was first found in [99] by first obtaining invariant
distributions for an embedded totally asymmetric particle system. Most recently the LLN
was reproved in [12] using an invariant boundary model with sources and sinks. This
idea was utilised in the same article for the discrete version of Hammersley’s process [56],

introduced in [98]. The theorem states

THEOREM 1.3.1 (The shape function for G|y, n¢) [99, 12]). Fiz p in (0,1) and (s,t) €

]R%r. Then we have the explicit law of large numbers limit

2 1—
doo(5.8) = Jim CLVSLLVY (vps + VA —p)t)" —t, t< sz
pp\=> - —_— =

1.3.9
N—o0 N ( )

s, t>s Tp.

This is a concave, symmetric, 1-homogeneous differentiable function which is continu-
ous up to the boundaries of R%r. Together with the shape function for the discrete Ham-
mersley [98], are the first completely explicit shape functions for which strict concavity is

not valid. In fact, the formula above indicates one flat edge, for ¢ > slpp
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This simplified Bernoulli model was studied further in [52] where Tracy-Widom dis-
tributional limits were obtained for this and a generalised inhomogeneous version where
the probability of success of the Bernoulli environment changes with the first coordinate
of the site. Then the LLN was used for certain estimates in proving generalised properties
of the shape functions of last passage percolation in [78].

Other models for which a flat edge of the shape function exists are common, and well
studied. The discrete Hammersley model discussed in [26, 45, 47, 98] and the inhomogen-
eous model in [41] allow for an exact derivation of the limiting shape function and they
also exhibit two flat edges. Large deviations for the latter were obtained in [42]. In the
present chapter, we also study the behaviour of large deviations in directions for which

the shape is flat for this classical Bernoulli model.

1.4 Thesis organization

In this section we give the thesis layout and the contents of each section in each chapter.
Chapter 2

In Section 2.1 we describe the main theorems. First we state the law of large numbers limit
for the passage time (2.0.5). This is Theorem 2.1.5. The limiting shape function, denoted
by I'(z,y) comes in the form of a variational formula, where a functional is maximised
over a set of suitable functions. Coninuity properties of I' are proved in Section 2.4. The
proof of the law of large numbers is in Section 2.5.

We then state results for two explicitly analysable examples. The first one is the
shifted-two phase model with speed function (2.0.6); here we study properties of the
shape and show analytically that there are flat edges, convexity-breaking and points of
non differentiability for the shape function I'(x,y). The related proofs are in Section 2.2.

The other example is the corner-inhomogeneous model with a speed function (2.0.7).
Under some regularity conditions on f, we are able to study properties of the maximisers of
the variational formula for the shape and how their behaviour depends on f. For example,
depending on f we may have points (z,y) for which the macroscopic maximiser follows
the axes. For both studied examples we have cases where macroscopic maximisers are not

unique. The proofs for this model can be found in Section 2.3.
Chapter 3

The chapter is structured as follows: In Section 3.1 we state our main results after de-
scribing the boundary model. In Section 3.2 we prove Burke’s property for the invariant

boundary model and compute the solution to the variational formula that gives the law of
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large numbers for the shape function of the model without boundaries. The main theorem
of this paper is the order of the variance of the model with boundaries in characteristic
directions. The upper bound for the order can be found in Section 3.3. The lower bound
is proven in Section 3.4. For the order of the variance in off-characteristic directions see
Section 3.5 and for the results for the model with no boundaries, including the order of
the variance in directions in the flat edge see Section 3.6. Finally, in Section 3.7 we prove

the path fluctuations in the characteristic direction, again in the model with boundaries.
Chapter 4

The chapter is organised as follows: in Section 4.1 we state our main results after describing
the boundary model. In Section 4.2 we prove Burke’s property for the invariant boundary
model and compute the solution to the variational formula that gives the law of large
numbers for the shape function of the model without boundaries. In Section 4.3 we prove
a full large deviation principle (LDP) for G| ) | n¢| at speed N. General properties of the
rate function are also proven, including that its Legendre dual is the limiting logarithmic
moment generating function (Lm.g.f.) of G|y, v via Varadhan’s lemma. Existence
of the full LDP is a direct consequence of the existence of a right-tail rate function. In
Section 4.4 we prove some important properties of the large deviations rate function which
are useful to prove the main theorems of this chapter. We prove an explicit variational
formula for the right-tail rate function and its Legendre dual, that we then proceed to
explicitly solve and obtain a closed formula in Section 4.5. Finally, in Section 4.6 we prove

an explicit expression of the limiting l.m.g.f. for the invariant boundary model.

1.5 Preliminaries

Throughout the thesis we will mention many times the theorems and lemmas that we
are going to present in this section. Therefore we state and prove them for completeness

and because the goal is to make the thesis self-sufficient.
1.5.1 Burke’s theorem

Consider a M/M/1 queue and assume p = A/u < 1, where p and A are respectively the r
customer arrival and service rates, so there is an equilibrium. Let D; denote the number
of customers who have departed the queue up to time t. Let X; denote the queue length
at time t and it is a positive recurrent Markov chain for any g, A > 0 with an invariant

distribution.

THEOREM 1.5.1 ([19]). At equilibrium, Dy is a Poisson process with rate A, independently

of i (so long as p > X). Furthermore, Xy is independent from (Ds,s < t).
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Proof. The proof consists of a time-reversal argument. Recall that X is a birth and death
chain and has an invariant distribution. So at equilibrium, X is reversible: thus for a
given T > 0, if X; = Xy, we know that (Xt,O < t < T) has the same distribution as
(X:,0 <t <T). Hence X experiences a jump of size +1 at constant rate A. But note
that X has a jump of size +1 at time ¢ if and only if a customer departs the queue at time
T —t. Since the time reversal of a Poisson process is a Poisson process, we deduce that
(D, t < T) is itself a Poisson process with rate A.

Likewise, Xy is independent from arrivals between 0 and T'. Reversing the direction of

time this shows that X7 is independent from departures between 0 and T ]

The connection between Burke’s Theorem and property comes from the queues in
tandem interpretation of last passage time. The result in full generality can be found in
[50]. The authors define TASEP using sequences of arrival, service and waiting times to
describe the evolution of the particle system. The particle system equilibrates to what is
called a fixed point [76] and the equilibrium distribution of arrival and waiting times are
those of the boundary model. In the case of the exponential LPP the arrival equilibrium is
Exponential(p) while the particle distribution is i.i.d. Bernoulli(1 — p). The independence
and the distributions come from Burke’s Theorem.

The Burke’s property that will be mentioned in Chapter 3 and Chapter 4 is a gen-
eralization for the last passage percolation of Theorem 1.5.1. The Burke property guar-
antees enough analytical tractability to classify these as an exactly solvable model of
the KPZ class [30]. Several well-studied models of last passage percolation and directed
polymers exhibit this characteristic. There is the continuum directed polymer studied in
(3], the log-gamma polymer introduced in [102], the polymer in a Brownian environment
with continuous-time random walk paths, discovered in [82], subsequently worked on in
[80, 81, 105], the strict-weak gamma polymer studied in [33] and [81] and the random walk
in Beta-distributed random potential [11]. The exactly solvable planar polymer models
with two admissible steps were recently classified in [22]. Exactly solvable models which
present environment inhomogeneity are for the corner growth model [41] and for totally

asymmetric particle systems associated to growth models [17, 72].

1.5.2 Subadditive ergodic theory

The subaddidive ergodic theorem was originally proved by Kingman in [70]. The improved
version that we are going to present is due to Liggett. Proofs of this theorem can be found

in many books of probability such as [40] and [66].
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Let {Xpn:m,n € Zy,0 < m < n} be areal-valued process that satisfies the following

assumptions:
(i) Xon < Xom + X for 0 <m < n.

(ii) For each k € N, the process { X, (n41)%} 1S stationary.

(iii) The probability distribution of the process { Xy, m+; : 7 € N} is the same for all

m e Z+.
(iv) IE[X&H] < oo and for some vy > —o0, E[Xy ] > von for all n € N.

THEOREM 1.5.2. Under the above assumptions, there is a limit

X
X = lim 222 almost surely and L.
n—oo n

The expectation of X exists and satisfies

E[Xo. E[Xo,n
E[X] = lim ElXom] _ i i EX0n]

n—00 n n—o00 n
If all the stationary processes in assumption (ii) above are ergodic, then X is constant:

P{X = E[X]} = 1.

Suppose that Z is a non-negative super-additive process, then the moment assumptions
are not needed for almost sure convergence. Formally, let {Z,,,, : m,n € Z,,0 <m < n}
be a process that satisfies 0 < Z,,, < oo, assumptions (ii) and (iii) from above, and
super-additivity: Zo, > Zom + Zmn for 0 < m < n. Assume also that the processes

{Znk,(n41)k = 1 € Zy } are ergodic in addition to stationary.
Corollary 1.5.3. There exists a constant vy € [0, 00) such that n_lZo,n — v almost surely.

Proof. For K € N, the process anK)l = Zmn N K(m — n) is super-additive, and X, ,, =
—Z,(n{(,% satisfies all the assumptions of Theorem 1.5.2, including the ergodicity of the
processes in assumption (ii). Thus there are constants 7(*) such that n_lZ(()f(n) — AK)
almost surely. Since we are considering countably many K € N, there is a probability one
event 0y on which this convergence holds for all K € N. Let v = supg v(K). We claim
that n_lng — 7y on .

Since Zo, > Zéﬁ) for all K, by letting n — co along a suitable subsequence and then
K 7 oo gives limy, oo n’lngn > .

If ¥ = oo this already gives the limit. Suppose v < oo. If lim, oo n 1 Zy,, > 7 then
pick € > 0 and a subsequence n; such that njleo’nj > v+ ¢ for all j. Pick K > v +e.

Then on the one hand

1 (K - .
n; 1Z(()7n3_ = (n; 1Zo,nj) NK>~y+e forallj
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but on the other hand nj_lZé’[fg_ — 'y(K ) < ~. This contradiction implies that limy,— oo Zon <

Y. 0

1.5.3 Borel-Cantelli lemma

Suppose that {A, : n > 1} is a sequence of events in a probability space. Then the event

A(i.o) = {4,, occurs for infinitely many n} is given by
A(l.o) =Ng2, U L Ay,

Lemma 1.5.4. Suppose that {A, : n > 1} is a sequence of events in a probability space.
If

o

> P{An} < oo,

n=1

then P{A(i.0)} = 0; only a finite number of the events occur, with probability 1.

Proof. Let 1,, = 1{A,} denote the indicator random variable for the event A,, and let

o
N = Z 1,,
n=1

denote the total number of the events to occur. Then P{A(i.0)} = 0 if and only if
P{N < oo} = 1. But if E[N] < oo, then P{N < oo} =1 (as in the case with any random
variable N), and by Tonelli’s (Fubini’s) theorem,

o
E[N] =) P{4n},
n=1
which is assumed finite, thus completing the proof. O

Lemma 1.5.5. Suppose that {A, : n > 1} is a sequence of independent events in a

probability space. If
Y P{4,} = oo, (1.5.1)

n=1

then P{A(i.0)} = 1.

Proof. Suppose that (1.5.1) holds, and note that if it holds then
> P{An} =00, k> 1. (1.5.2)
n=~k
Let A,, denote the complement of the set A,,.
P{A(i.0)} = lim P{UX ,A,} =1 — lim P{N>,A,}.
k—o0 k—o0
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To complete the proof we will show that
P{N>° A} =0, k> 1.
By independence, and the fact that 1 —x < e ™", x > 0,
(o) 3 o0 _
P{Zrant = H P{An} = H P{A,}
n=~k n=k

< H PlAn} — o= oL B{An} —

n=~k

where the last inequality is from (1.5.2).
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Chapter 2

Last passage percolation in an
exponential environment with

discontinuous rates

We consider a model of directed last passage growth model in two dimensions, where each
lattice site (i, 7) of Zi is given a random weight 7; ; according to some background measure
P.

Given lattice points (a, b), (u,v) € Z2%, I(q,5),(u,) is the set of lattice paths 7 = {(a,b) =

(i0,J0), (41,41), - -, (ip, Jp) = (u,v)} whose admissible steps satisfy

(ie, je) — (ie—1, je—1) € {(1,0),(0,1)}. (2.0.1)
If (a,b) = (0,0) we simply denote this set by II, .
For (u,v) € Z2 and n € N we remind the last passage time

G(a,b),(u,v) = max { Z Ti,]}. (2.0.2)

mell@o. o U520

If (a,b) = (0,0) and no confusion arises, we simply denote G g o) (u,v) With Gy

In this chapter we derive the limiting constant for a sequence of scaled last passage
times on the lattice. The passage times themselves are coupled through a common realiz-
ation of exponential random variables. However, the rates of these random variables will

be chosen according to a discrete approximation of a macroscopic function
:R2 — R
C: i +-

Consider the lattice corner Z%_. The environment 7 = {Ti:j}(iJ)GZi is a collection of i.i.d.

exponential random variables of rate 1. For any n € N we alter the rate of each of these
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random variables by a scalar multiplication using the macroscopic speed function ¢(z,y).
Namely, define
(n) <Z j>_1 .. 2
Cl=cl—=,= , ,J) € ZZ, 2.0.3
rz,] c n’'n (Z .7) + ( )
and define n-scaled, inhomogeneous environment by
i = ;. (2.0.4)

The rate of the exponential random variable Tl-(g) is now determined by the scalar c(i J )

n’n
On each site the rate is completely determined by the speed function ¢(-,-). We indicate
the corresponding exponential 1 random variable as 7; ;.
For (u,v) € Z% and n € N denote the last passage time
Gung = max { Z TZ(Z)T{:‘J} = max { Z Tz(?)} (2.0.5)
PN jen TN (Gg)en
We impose several conditions on the function c¢(z, y) and they are described in Section

2.1. For the moment we emphasise that for any compact set K C Ri there exist finite

constant my and Mg such that
mg < c(x,y) < Mg for all (z,y) € K

and there are a finite number (that depends on K') of discontinuity curves of the function
c(z,y). These are to avoid degeneracies: If ¢(x,y) can take the value 0 then the envir-
onment could take the value oo which leads to trivial passage times. If ¢(x,y) can be
infinity, that region of space will never be explored by a path. If the discontinuities have

an accumulation point, then no discretization of ¢(z,y) can capture that.

(n)
[nz],[ny]

constant I'c(z,y) has a variational characterization that naturally leads to a continuous

We prove a strong law of large numbers for n=1G The limiting last passage

version of a last passage time model (see Theorem 2.1.5). We study the variational formula
and discuss properties of the shape I'.(x,y) and obtain explicit minimizers in two cases of
interest.

The first example is the shifted two-phase model with speed function

1, ify>ax— A
e, y) = (2.0.6)
r, ify<z-—A\
and the second model is the corner-inhomogeneous model with speed function
1, f(x) >y,
cr(z,y) = qr, flz) <, (2.0.7)

LAT, f(z)=y.
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Precise assumptions on f,r, A can be found in Section 2.1.
2.0.1 Commonly used notation

N denotes the set of natural numbers. Z is the set of integers and Z4 = NU{0}. R denotes
the real numbers and R the non-negative reals. If a variable 7 follows the exponential

"t in other words r is the

distribution with parameter » > 0 this means P{7 > ¢} = e~
rate.

Bold-face letters (e.g. v) indicate two dimensional vectors (e.g. v = (v1,v2)). In par-
ticular letter x is reserved for denoting two-dimensional curves; often we write x(s) =
(z1(s),x2(s)) to emphasise that the curve is parametrised and seen as a function. Inequal-
ities of vectors v < w or (v1,v2) < (wy,w2) means the inequality holds coordinate-wise.
For a vector v = (v1,v3), we denote by |v] = (|v1], [v2]).

Without any special mention, when we write || - | we mean || - ||oo unless explicitly

referring to a different norm. For any continuous function g we denote its modulus of

continuity by w, and we assume

19(21) = 9(22)[lc0 < wy(l21 = 22]o0)-

In the sequence we use the fact that w, is continuous at 0 and that wy(0) = 0 without
particular mention.

For any set A C Ry, we denote the multiplication nA = {(nz,ny) : (z,y) € RZ} and
the floor |nA| = {(|nz], |ny]) : (nz,ny) € nA}. The topological interior of the set is
denoted by int(A). For vectors v,w, v < w, we denote by R(v,w) the rectangle with
south-west corner v and north-east corner w.

Letter GG is reserved for last passage times. Often we use the notation G4 to denote
the last passage time in the set A, which is the maximum weight that can be collected on

up-right paths that lie in the set A. If no such paths exist, G4 = 0.

2.1 Model and results

At this point, we state the technical conditions on ¢(z,y) that we are imposing. There
will be no special mention to these in the sequence, unless absolutely necessary. We explain
why these assumptions are used after the statement of Theorem 2.1.5.

We assume the speed function ¢(z,y) satisfies the following two assumptions:

Assumption 2.1.1 (Discontinuity curves of ¢(x,y)). Function c(x,y) is discontinuous on
a (potentially) countable set of curves H. = {h;}icz that is locally finite in all the following

properties
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1. h; is either a linear segment or strictly monotone.

2. If h; is not a vertical line segment, it can be viewed as a graph

hi : [zi,wi] = Dom(hi) — R,

8. If h; is strictly increasing, then

(a) hi is C((z;,w;),R). At the boundary points z;,w; the derivative may take the

value 00, 0.

(b) The equation Rh(s) =0 has finitely many solutions in [z;, w;].
4. If h; is strictly decreasing, then h; is continuous.

The discontinuity curves {h;};cz separate R% into open regions in which c(z,y) is
assumed continuous. The number of regions is finite in any compact set of Ri. Denote
the set of regions by Q.

There are two types of points on these discontinuity curves,

1. (Interior points) These are points w that belong on a single discontinuity curve h,;.
For any point w of this form, we can find an € > 0 so that h; partitions B(w,¢) in

to three disjoint sets, U, w (above h;), Le w (below h;) and (h; N B(w,¢)).

2. (Intersection/terminal points) These are points w that either belong on more than
one discontinuity curve or they are terminal for h;. There are finitely many of these

points in any compact set.
Assumption 2.1.2 (Further properties of ¢(z,y)).
1. ¢(x,y) is continuous on any Q € Q, lower-semicontinuous on Ri, that further sat-
isfies the following stability assumption:

For every i € T and interior point w € h;, there exists ¢ = (i, w) > 0 so that for all
y € B(w,e) N h; there exists open set Qi w € {Lew,Usw}, so that for any sequence

Zy € Qi,w N B(W,E) with Zn — Y,

lim ¢(z) = c(y). (2.1.1)
Zn—Yy
2. For any compact set K C R%, there exist two constants rl(fv) >0 and rg; < 00, S0
that
K K
row < cl@,y) Sri, V@) € K.

29



Remark 2.1.3. Assumption 2.1.2, (1) gives by a standard compactness argument that
if c(z,y) is never continuous on h; then it must be that in a strip around h; the values
of ¢(xz,y) on one of the incident regions is always smaller than the values in all other
incident regions. This is consistent with assumption F3, equation (1.12) in [20]. Lower
semi-continuity of c(x,y) implies that the limiting value in (2.1.1) is the smallest of all
possible limits on sequences that approach y. However, the assumption of [20] that c(x,y)

is (at least locally) Lipschitz is now removed.

Fix an (z,y) in R% and a speed function c(-,-). Define the function I'c(x,y) via the

variational formula

~ w )
felo) = <()eH( ) {/o C(xl(s),xg(s))d } (21.2)

where y(z,y) = (Vx + \/ﬂ)Q is the last-passage constant in a homogeneous rate 1 envir-

onment, x(s) = (x1(s), x2(s)) denotes a path in R? and set

H(z,y) = {x € C([0,1],R2) : x is piecewise C*,x(0) = (0,0),x(1) = (z,y),

x/(s) € R3 wherever the derivative is defined}.

When the speed function ¢(x,y) = r constant, we can immediately compute

1 x'(s 1
Iy(z,y) = sup /0 st _! sup /0 v(x'(s)) ds

x(-)EH (2,y) 1(s), z2(s)) T x()eH (z,y)

1 1 1

—  sup 7( / 7 (s) ds, / zh(s) ds), by Jensen’s inequality since v is concave
T x()eH(x,y) 0 0

1
,

’7(1?,?/) S FT(LL’,y).

The last inequality follows from the fact that the straight line from 0 to (z,y) is an
admissible candidate maximiser for (2.1.2). The calculation shows two things that we use

freely in the sequence, namely

1. Straight lines are optimisers of (2.1.2) in homogeneous (constant) regions of ¢(z,y).
In fact, because ~y is strictly concave, it is easy to show that the straight line will be

the unique maximiser. We refer to this fact as ‘Jensen’s inequality’ in the sequence.

2. I'y(z,y) corresponds to the limiting shape function for last passage times in a homo-

geneous Exp(r) environment.

Two more properties of I'. can be immediately obtained:
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(1) (Independence from parametrization) For any ¢ > 0, v(cz, cy) = cy(z,y) so the value

of the integral

o M)
I( )_/0 c(xl(s),xg(s))d (2.1.3)

is independent of the parametrisation we choose for the curve x.

(2) (Superadditivity) Define I'c(z,y) := I'<((0,0), (x,y)) and similarly define I, from any

starting point (a,b) to any terminal point (x,y), (x,y) > (a,b) by

a T = su 1M3
Pe((a,b), (2.9)) = pmw{AC@ Qﬂ}, (2.1.4)

x(-)EH((ab), 1(8), za(

where

H((a,b), (z,y)) = {x € C([0,1],R%) : x is piecewise C',x(0) = (a,b),x(1) = (,y),

x/(s) € R wherever the derivative is defined}.
Then, for any (a,b) < (z,w) < (x,y) we have

Le((a,0), (2,y)) 2 Te((a,b), (z,w)) + Te((z,w), (2,y))- (2.1.5)

In this respect, function I'. behaves like a ‘macroscopic last passage time’ and the first

theorem shows that it is a continuous function.

THEOREM 2.1.4 (Continuity of I'.). Let c¢(z,y) satisfy Assumptions 2.1.1 and 2.1.2. Fix
(a,b) and (z,y) € RL. For any ¢ > 0 there exists a 8y = do(e) > 0 so that for all
51,52,53,54 € (—50,50), we have

ITe((a+ 01,0+ 62), (z + 63,y + 64)) — Te((a,b), (z,1))| < e. (2.1.6)

In the next theorem we obtain I'c in (2.1.2) as the law of large number of the microscopic

last passage time (2.0.5).

THEOREM 2.1.5. Recall (2.0.5). Let c(x,y) be a macroscopic speed function which satisfies

Assumption 2.1.1, and let (z,y) € R%r. Then we have the scaling limit

1G(n)

Am nG ) gy =

Fe(z,y) P—a.s. (2.1.7)

Remark 2.1.6 (The conditions on the discontinuity curves). In [20] the discontinuity
curves are assumed strictly monotone, outside of compact set. As such, when viewed as
graphs of continuous functions, they are differentiable almost everywhere. This is more
general than the piecewise C' condition in Assumption 2.1.1 3-(a). In our case we cannot

relax the piecewise C' assumption further; in Example 2.5.4 we prove that for a certain
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speed function c(x,y) the mazimizing macroscopic path actually follows the discontinuity
curve of c(z,y) on a set of positive measure and the set of H contains only piecewise C*
paths.

We expect that under Assumptions 2.1.1 and 2.1.2 T'.(z,y) is in fact a mazimum and

not a supremum.

We use Theorem 2.1.5 to analyse two examples.

2.1.1 The shifted two-phase model.

The first one is the shifted two-phase model. We want to study an explicit description of
the limit shape function for a two-phase corner growth model with a discontinuity of the
speed function along the line y = z — X. It is a generalisation of the example provided in
[46] (with A = 0). We assume A € R;. For a fixed r € (0,1) we use the macroscopic speed

function c(s,t) on R% defined as

1, fy>ax—A
i, y) = (2.1.8)
r, ify<z—A

Subscript £ is to remind the reader that the small rate is lower than the discontinuity
line, i.e. r < 1 in this example. Since the speed function only takes two values, the set of

optimal macroscopic paths from the origin to (z,y) are piecewise linear paths.

THEOREM 2.1.7. Let ¢o(x,y) as in (2.1.8). There exist explicitly computable functions
A(r), D(r) (see equation (2.2.5)) and some optimal point a* > X so that for any (z,y) € R%.

the limiting shape function is given by

v, y), if y 2 L(z,y),
Ley(@,y) = 4§ I(z,y), ifx — A<y < L(x,y),

v(a*,a*—)\)+7“_1'y(x—a*,y—a*+)\), ny<$_)‘>

where I(x,y) is a linear section of I'c,(x,y), given by

I(z,y) = (14+ A(r))x + (1 + A?r))y —D(r)=0,

and L(z,y) is described by the equation

Liz.y) = (A(r)z - Azr)y>2 —2D(r) (A(r)z + Azr)y) + D(r)? = 0.
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2.1.2 The corner-discontinuous model.

The other example is what we call the corner-discontinuous model. We start with a C?
convex decreasing function f : [0, ag] — [0, bg] where f(0) = by > 0 and f(ag) = 0. Then

we define the speed function

1, f(z) >y,

cr(z,y) = qr, flz) <, (2.1.9)
1Ar f(z)=uyv.

In words, after a bounded region of rate 1 delineated by f and the coordinate axes, the
rate becomes r. Computing analytically the shape function I, (x,y) is challenging; it

depends on properties of the function f. When f takes the specific form
flx)=(1—-v2)% zel0,1],

we will explicitly identify the shape function in Example 2.3.11 and the macroscopic max-
imisers of (2.1.2) are straight paths from (0,0) to (x,y), despite the discontinuity.
Changing the function f, different properties of macroscopic maximisers can be ob-
tained. From the fact that ¢(x,y) is piecewise constant, macroscopic maximisers of (2.1.2)
exist and are piecewise linear segments, one in each of the two constant regions.
For each point (x,y) in the r-region, the variational formula will be maximised by
either a piecewise linear path that crosses f or by a piecewise linear path, with initial

segment on one of the coordinate axes.

Definition 2.1.8 (Types of maximisers). There are two types of potential mazimisers of

(2.1.2) under speed function (2.1.9):

Type C: We say that the mazximiser is of crossing type when it crosses the function f at some

optimal crossing point (a, f(a)), (0 < a < ag) which depends on (x,y).

Type B: We say that the maximiser is of boundary type, when the first linear segment of it

follows one of the coordinate axes.

Note that for (z,y) € (0,a0) x (0, f(0)) we cannot have type B maximisers, and for
(z,y) in the 1-region the maximiser must be the straight line from (0,0). Based on this

definition we define

Ry ¢0) = {(7,y) € R? : maximiser of (2.1.2) is of type B and goes through (0, £(0)}.
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Similarly define R, for which maximisers go through the horizontal axis. We would
like to know when Ry f(g) have non-empty interior. As it turns out, this only depends on
properties of the function f and the value of r.

A few definitions before stating the result. First we define a function mgy of a € (0, ap)

by
4

ma(a) = : (2.1.10)
(—%—1+D+\/(—JC,}G)—1+D>2—4JC,}@)2
where
D:Da:r<1+ f(aa)>( f(aa)+f’2a)>' (2.1.11)

In Section 2.3 we prove that for any points (z,y) € int(R2) which have a candidate
maximiser of type C, i.e. for any point (z,y) for which there exists at least one admissible
crossing point (agy, f(az,y)) with 0 < az 4 < ag, the slope mo = ma(a,,) of the second

linear segment must satisfy the equation

Yy — f(ax,y)

= msala .
pra—— 2(azy)

It is not necessary that for each (z,y) a unique a,, will satisfy the equation above, but it
will be true that a,, < x and f(as,y) <y (see Lemma 2.3.5).
Furthermore, we define

aozinf{s:%aﬂf'(aﬂzo} and aoo:sup{s:%aﬂf'(aﬂ:oo}.

Check that ag > . The two values coincide when either of them is non-zero and finite.
To check that the two give the same «, reason by way of contradiction; Assume that there
exists a -y so that
sup {s: lim a®|f'(a)] = 00} < v < inf {s: lim a®|f'(a)] = 0}.
p{s: T a’|(a)] = oo} < 7 < inf {s: Tim a’|(a)| = 0}

Then 0 < lim,_,0a”|f’(a)| < co. Then for any € > 0 small enough, we will have that the
same condition is true for v + £ and that is a contradiction.

These let us define the order of growth of f’ as

inf {5 : limg\ o a®|f'(a)| = 0} = sup {s : limg 9 a®|f/(a)| = 0} if ag € (0,00)

a =1 o, if oo = 00
O, if g = 0.
(2.1.12)

When the order of growth of f’ is specified to be «, we further define

) < . (2.1.13)

« =

0< ) = im a®|/(0)| < T o' (a)| = e
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Similarly we define

; /
ﬁO:sup{S: lim |f(a)|)520}
o ap (@0 —a
) 1 € (0.00),
:inf{s: lim 7:00}:/800
5 — a ag (ao - CL)S (2114)
0, if B0 =0,
00, if g =00
Again, at 3, we similarly define 77[(3 ), ngr) by
/ /
0<n5” = lim )l oy @ =" < oo (2.1.15)

a—ag (QO - a)’B a—ao (CL[) - a)ﬁ

Now we are ready to state a theorem for this model.

THEOREM 2.1.9. Let cg(x,y) be given by (2.1.9), for some C%((0,ap), (0, f(0))) convex
o) )
function f. Assume either that o # 1/2 or that a = 1/2 and r [ VL 1/2 }
/ 2 ond v Vi SV

Then the following are equivalent:
1. lim,_s9ma(a) = +oo,

2. Ro,p0) = {0} x [£(0), 00).

Similarly, assume either that  # 1/2 or that B = 1/2 and r ¢

1- m/zf 1- ni Vao
Then the following are equivalent:

2. Rqy0 = lag,o0) x {0}.

(+) &)
The situation when o = 1/2 and r € [ s 1/2

€172~ VI 1/2 VI

is a bit more delicate. While Theorem 2.1.9 is valid when

) or respectively, 5 =1/2

)
we know the behav10ur of mg( ) as a generic function of a, when o = 1/2 we want the

andre[

behaviour of mg(a) on crossing points:

Definition 2.1.10 (Crossing points). A point (a, f(a)) is a crossing point if and only if

there exists (x,y) € R% so that a mazimiser in (2.1.2) for Le,(z,y) is the piecewise linear

segment (0,0) — (a, f(a)) = (z,y).

(+) (=)
THEOREM 2.1.11. Assume a = 1/2,r € [ el 61/2 ) Then the following are

1/2 \/f(o 1/2 -V f '

equivalent:

1. There exists a sequence of crossing points (ag, f(ax)) so that ap — 0, ma(ag) — oo

and Tm oI (a)] < YL,

ak—>0 - 1
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2. Ro p(0) = {0} x [f(0),00).

Similarly, assume that 8 = 1/2 and r € (}r)

). Then the following are
7771/2\ﬁ 1=m ,5+/a0

equivalent:

1. There exists a sequence of crossing points (ag, f(ag)) so that ap — ag, ma(ax) — 0

-1
and lim a,lc/2\f’(ak) !

ap—ao rv/ao
2. Rao,O = [ao, OO) X {O}

We closely look at the case for which @ = 1/2 and c§72) = 5/ f(0) or 77&72) = T”\;aio
and show that it is a phase transition; depending on how the limits are approached it may
or may not lead to non-degenerate regions for type B maximisers. We include the details
that justify this statement in Section 2.3, Proposition 2.3.9.

Finally, we obtain a partition of the parameter space («,r) where we can a priori

identify whether lim,_,0m2(a) = oo or lim ma(a) = 0 as the content of the next

——a—rag
proposition.

Proposition 2.1.12. Let o, 8 and c& ),né+) as defined in equations (2.1.12), (2.1.14),
(2.1.13), (2.1.15) and let mo(a) be given by equation (2.1.10). Then, for (a,r) € R%,

1. Forlim, 0 f'(a) = —o0, we have
b
(r—1)2

o)

_ 1 . €172
lim mg(a) = 3 if 1 2 >\ f =
) (r-1- /D) / ¢\) = V/I(0)

1
ifa>§cmdr>1,

+ o0 otherwise.

(2.1.16)

2. For lim,_q f'(a) = —c
lim ma(a) = +oo. (2.1.17)

a—0
By interchanging the role of the coordinates, we can obtain the corresponding results for
when a — ag, namely

1. For limg_q, f'(a) =0, we have

;

1
(r—1)? if,6>§and7’>1,

(+) 1) 12 1
lim mo(a) = (T_l ”71 vV a ) if B = 77712< R v v
2 ma{a) 2 / L= n)sVao

0 otherwise.

(2.1.18)
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Tm _) . (D) 2
r, 1m meo /7f(0/cl/z 7"“hiran—>(7" 1 7“771/2,/@0)

- limmy — ﬁ immg — (r —1)2
L ,,,,,,,,,,,,,,
e\ 7a—/1(0) \/@792)
1 1
Mmz — 00 lim mo — 0
T > T >
2 o 2 B
(a) Behaviour for lim msy(a) when o and (b) Behaviour for lim ms(a) when 8 and

r vaulry7 when a@ — 0 and f’(0) — —oo, when  r vary, when a — ag and f’(ap) — 0, when

/7 (+) —1/2
1/2 > 771/2 < ag .

2. For lim fl(a) =—

ANy _sa
lim ma(a) = 0. (2.1.19)
a—0

Remark 2.1.13. We cannot say anything meaningful about the values of lim, ., ma(a)

and limy_,q, ma(a). These values depend on the curvature of the function f but it is not

clear if they offer information about the mazimisers. For erxample it is possible that the

lim, ,,m2(a) = constant when lim,_,0m2(a) = oo then we have countable a sequence of

point for which two miximisers exist.

Proposition 2.1.12 in conjunction with Theorem 2.1.9 classifies the cases for which
non-trivial maximisers of type B exist when a # 1/2. Theorem 2.1.11 is weaker, so

without further analysis, the proposition can only guarantee trivial type B maximisers

from the vertical axis when aw = 1/2 and r ¢ [ L . When o = 1/2 and
*771/2\ﬁ 1=my,5+/a0

re ) one needs to verify that the optimal slopes tend to +oc0.

1- 771/2\/7 1- 775 \/7
We showcase the above results by performing some Monte Carlo simulations to show

the maximal paths in different cases. For all simulations we considered the curve y = f(x)

to be
fla) = (c—a¥/MF,

and we varied the parameters b, c, k with b < k. See Figure 2.2.
Combining the explicit results obtained in the two examples, we can state the following
theorem of counterexamples, describing situations that do not occur in the homogeneous

setting.
THEOREM 2.1.14. Depending on the speed function c(z,vy),
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1. Tc(z,y) is not necessarily concave, and its level curves are not necessarily conve.

(T'c, in Theorem 2.1.7).
2. Te(x,y) may exhibit flat edges. (T'c, in Theorem 2.1.7).

3. Te(z,y) is not necessarily differentiable on the interior of R2. (T, in Theorem

2.1.7).

4. The mazimisers of (2.1.2) for some (z,y) are not necessarily unique. (See points

on L(z,y) in Theorem 2.1.7, Remark 2.3.2, and Fig. 2.2)

5. It is possible to have terminal points (x,y) for which the mazimiser of (2.1.2) has an

initial segment on one of the coordinate azes. (Theorem 2.1.9, Proposition 2.1.12).

We leave the calculus details necessary for the proof of Theorem 2.1.14 to the reader.

Figure 2.2: (Colour online) Blue paths are maximisers of type C, i.e. they cross to the r-
region from the interior of f. The set of all (x,y) reached by such paths may be bounded
(e.g. see subfigures (D), (E)). Green and red paths are type B maximisers that follow
either the y- or the z- axis respectively. Simulations suggest that when the regions Ry r(o)
and R, 0 are not degenerate they can intersect, and bound the Type C region. Finally,

the target points of yellow paths are those for which the maximiser is not unique.
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2.2 The shifted two-phase model

From Jensen’s inequality and Theorem 2.1.5 the variational formula for the limiting
last passage time can be simplified to

/

1
sup {7((11,@1 - A+ ;’Y(bl —ay,b; —ay)
bi>a1>A ify>x— A,
e =by—b+ N} (@),
ch('x:y) = 1 .

Su>pA {’y(ag, ag — ) + ;'y(ﬂ: —as,y — ag)} \/’y(x,y), ify=x— M\,
as>

1
sup {'y(ag,ag—)\)+f’y($—a3,y—a3+)\)}, ify<ax— A
az>\ r

(2.2.1)

The top and middle expressions correspond to passage times up to (z,y) above or on the
discontinuity line. If z > A then the optimal paths can either be a straight line up to (z,y)
corresponding to microscopic maximal path in environment Exp(1), or a piecewise linear
path which takes advantage of the smaller rate on the discontinuity line. Microscopically,
the maximal path enters the region with environment Exp(r) but does not fluctuate from
the discontinuity line macroscopically. It could also be that by default the maximal path
is the straight line segment when x < A at which point the supremum takes the value —oo
and only v(z,y) remains.

If (z,y) is below the discontinuity then it has to be that the macroscopic maximal
path is piecewise linear and it crosses the line t = s — A at some optimal point.

In the computations that follow set
K(r)y=4/1+ ——
We treat the three cases separately:

(1) Case 1: y > x — A: Assume = > \ otherwise, as we discussed the maximal path is
the straight line and the shape function is y(z,y). We begin by explicitly computing
the supremum, which after substitution of the formula for v and some manipulation,
it becomes

on(e9) = sw {(2- )@ —b) 424y

b1>ay

+2(Var(ar = ) + Ve = by — b+ A)
where the parameters aq, b1, A and the point (x,y) have to satisfy the constraints
r>by>a; >N andy>b — A\
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The unknowns are a1,b; and they are the x - coordinates of the points on the line
t = s — A that determine the second segment of the potential piecewise linear path.

Compute the first partial derivatives for a; and b; and set them equal to 0 to obtain

oI, (x,y) :2_§+ 2a1 — A _0
Oay r al(al—)\)
810@((377?/):§_2+ 20 —x—y— A\ —0
0by r V(@ =01)(y — b1+ )

From the first equation, imposing the condition x > a; > 0 to obtain the optimal

entry point

A A

(at,ai =2 = (5K @) +1), (K@) - 1)). (2.2.2)

From the second equation and the condition and a; < b; < x, we get

(b bt — ) = ((m+y+A)+(;—y—A)K(T)’ (:v+y—/\)+(2w—y—/\)K(T))
(2.2.3)
under the constraint
K(r)+1 2K (r)
y_K(r)—lx_K(r)—lA' (2.2.4)

The constraint is equivalent to a] < b]. When it is not satisfied, the optimal path
is the straight line. It is always true that b] < x. Check that (a},b}) gives a local

maximum by computing the Hessian matrix H(aj, b;) for which

N(z—y—N)?
det{H (a],b])} =
B CE [ R TR ey
and e, (af, b9) = X :
0t Flailai -~ N

It is immediate to check that it is also a global maximum for I, (z,y). We substitute
the values of a} and b} of respectively (2.2.2) and (2.2.3) into (2.2.1) to obtain the
value on the trapezoidal path I.,(z,y)

L,(z,y) = x(l + (% - 1)(1 YK (r) — VE)? - 1)+

+y(1+ (% - 1>(1 ~ K(r) + VE@r)? 1)
+2)\<<1 - %)K(r) + m)

@A)+ (14 Azr))y — D),

where we set
14+ V1—7)? V1-—
A(r) = —( + ) , D(r) =4\ r

r r

(2.2.5)
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In order to find the region for which I.,(x,y) is actually I';,(x, y), we directly compare

with y(z,y). The two functions give the same value on the curve

1
A(r)z + My — D(r) = 2\/xy. (2.2.6)
For (z,y) in the region z — A < y < gggﬂx — ;5)@1 A, the left-hand side in the

display above is always positive, so we can square both sides and identify the curve as

0= (A(?“)J} — Ab)y)2 —2D(r) (A(T)x + Azr)y> +D(r)? = L(z,y),

where L(x,y) is defined by the expression in the display above. Equation L(z,y) =0
defines a parabola. It has an axis of symmetry that is parallel to - and above - the line
(2.2.4) and it is tangent to the discontinuity line y = x— X precisely at point (a7, aj —\)
given by (2.2.2). Line (2.2.4) also crosses both the parabola and the discontinuity line
precisely at the same point (2.2.2). Therefore,

I, (x,y) =T (z,y) if and only if
(z,y) € Ray ={(z,y) :a] <z, =A<y, L(z,y) > 0}.
(2.2.7)
For (z,y) € Ry, the maximiser is the trapezoidal path with second segment on the
discontinuity line of ¢y. For all other (z,y) with y > = — A the maximizing path is
the straight line and I'c,(z,y) = 7(z,y). Points on the curve L(x,y) = 0 have two

maximizing paths.

One last remark is that if (z,y) and (z,w) both belong in R, then the slope of the

third segments of the corresponding maximising paths are actually the same and equal

K(r)+1

o Z—1-

Therefore they are parallel to the axis of symmetry of the parabola (so

they also intersect the critical parabola) and have finite macroscopic length.

Case 2: y =z — \. The same steps as before (or continuity of I'¢, (z,y) as y \ & — A

) give

Fce,(wvy) = (\/E‘i’ m)Q + %(\/1' - a{ + \/ZL‘ _ aT)2

= Lot MK+ VER 1= 2014+ K(r).

When z > aj, the maximiser has two linear segments; the first one goes from 0 to

(a,a} — A) and the second one follows the discontinuity line up to (z,z — \).

Case 3: y < x — A. An explicit analytical solution to the variational problem is

not easily tractable. The maximisers are piecewise linear, with slopes mi, mo with
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mg > my. The optimal crossing point (a3, a5 — \) on the discontinuity line always has

* *

Ly

y = A(r)(A(r)z — 221

500 1000 1500 2000 2500 3000

Figure 2.3: (Left) Maximal macroscopic paths for the shifted two-phase corner growth
model. In the blue region we have a straight line path, in the red region we have a three
piecewise linear path and in the green region we have a two piecewise linear path.

(Right) Numerical simulation of the shape function I';,(z,y). Notice the non-convexity of
the level curves, and the points of non-differentiability of the level curves, and by extension

of I'e,.

Remark 2.2.1. When the environment is homogeneous and c(x,y) = ¢, the shape function
is strictly concave and in C2(Ri). As one can see in Figure 2.3, the simulations suggest
that the shape function for the shifted inhomogeneous model is no longer strictly concave
or C in the interior of Ra_. Indeed this is a straight-forward calculation because we have
precise formulas for the shape function for (x,y) € Ry, and for (x,y) for which y is above
the critical parabola. We leave this calculation to the reader. The concavity-breaking does
not occur in the two-phase model without shifting in [46]. The flat edge is common in both

inhomogeneous models.

2.3 The corner-discontinuous last passage percolation

It will be convenient to adopt a more general setting for the discontinuity curve f then
the one described in Section 2.1. To this end, we begin from considering a C? function
g:R2 — R, with the property that its level curve g(z,y) = k when viewed as a function
of y = f(x) is strictly decreasing and twice differentiable function so that the first and

second derivative never become zero, i.e.

df d*f
%<0, W#O
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For what follows we restrict to the case where f is convex and its second derivative strictly
positive.
Since the gradient of g is always perpendicular to its level curve, for any (a,b) € R2>0

with g(a,b) = h we have that
0:9(a,b) - Oyg(a,b) > 0. (2.3.1)

Let ag and by be defined by g(ag,0) = g(0,by) = k. They can also take the value infinity
if g does not intersect the coordinate axes.
We define the macroscopic speed function ¢y (x,y) on Ri to be
1, if g(z,y) <k,

Cg,k(‘rvy) =
r, if g(x,y) > k.

From Theorem 2.1.5 and the fact that macroscopic optimisers are piecewise linear in
constant regions, the limiting last passage time is given by
V(z,y), if g(z,y) <k
ch,k (l’ 5 y) = 1 .
sup {y(a, b) + —v(x —a,y — b)}, if g(z,y) > k.
a<zAag,b<yAbo, g(a,b)=Fk r
(2.3.2)
Except for some specific cases, the solution to the variational problem in (2.3.2) cannot
be explicit but can be approximated numerically. However, this model allows for partial
analysis, and despite its simplicity it demonstrates behaviour that can be rigorously shown
to differ from the passage time in a homogeneous environment.

We rewrite Definition 2.1.10 using the notation introduced so far in this section.

Definition 2.3.1 (Crossing points). We say that a point (a,b) is a (g -) crossing point for
point (x,y) if it belongs in the set

Sey = {(a,b) : g(a,b) = k which solve (2.3.2) for the given (x,y)}.

In words, (a,b) solves the optimization problem (2.3.2). The set of all crossing points is
defined by
S ={(a,b) : g(a,b) = k which solve (2.3.2) for some (x,y)}.

If |Szy| = 1 then there is a unique piecewise linear macroscopic maximal path from
the origin to (z,y) which is a maximiser of the variational formula (2.1.2), and this passes
through (a,b) € Sy 4.

In the homogeneous environment (r = 1), maximisers of (2.1.2) are unique and are
straight lines, i.e. |S;y| = 1. Here, depending on the function g, this is no longer true, as

discussed in the following remark.
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Remark 2.3.2. Depending on the function g, it is possible to have a point (z,y) that does
not lead to a unique maximiser of the problem (2.3.2). Suppose you fix a point (t,t) in the
r-region, and further assume that f is symmetric about the main diagonal. By carefully
modulating the values of f around the main diagonal, and by appropriately lowering the
value of r, one can show that the main diagonal cannot be an optimiser for I'. Then the
optimiser X is a concatenation of two linear segments that crosses f at some point. Because
f is symmetric, the piecewise linear curve that is symmetric to x about the diagonal is

also an optimiser. We leave the details to the reader. O
Lemma 2.3.3. The set of crossing points S is dense on the curve g(a,b) = k.

Proof. To see this, fix an arbitrary segment on the level curve
Z={(a,b): a1 <a<ay by <b<by, gla,b) =k}

and consider (x,y) so that a1/2 < = < a2/2, b1/2 < y < b2/2, g(z,y) > k which is
possible since the level curve is convex. The maximal path to (z,y) has to cross the
curve at some point (agy,bzy) With a1/2 < azy < a2/2, b1/2 < byy < ba/2 since it
will be piecewise linear with strictly positive slope for each segment. This suffices for the

proof. O

Fix a crossing point (a,b). Then, for some (x,y), this point solves the Lagrange

multiplier problem

h(a,b,\) = v(a,b) + %’y(w —a,y—b)+ Ag(a,b) — k), (2.3.3)

0<a<zAag 0<b<yAb.

Function h has two derivatives in the interior of its domain, so we can optimize over
(a,b,\) as usual. If the local maximum is in the interior we will find it using the Lagrange
multiplier method. Otherwise, we will check even the boundary value of the region. The

derivatives give

O — b LIt Umb 4 3g,g(a,b) =0, (2.3.4a)
o _ ﬁ%ﬁ _ %m;_\éﬂ + Adpg(a,b) = 0, (2.3.4Db)

Solve the first two for A and set the two expressions equal to obtain

T R =) [ = N
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For the (z,y) for which the crossing point is the (a, b) that satisfies equation (2.3.5), the

maximal path is piecewise linear with slopes

y—2>b
mi1=— and myg = .
a r—a

Then equation (2.3.5) can be written as

Vg(a,b) - (T(l :;%mﬁ) 1 J:/T\T/T:TQ —r(1+ /my) + (1 + \/ﬂTQ)> = 0. (2.3.6)

Equation (2.3.6) has a very convenient form. It shows that if for a fixed (z,y) the crossing
point (a, b) solves the Lagrange multiplier problem (2.3.3), then the same point (a, b) solves
(2.3.3) for any (2',y") = (a,b) + A(x — a,y —b) on the line from (a, b) with slope ms. Using
the form g(z,y) = y — f(z), we have that Vg(a,b) = (—f'(a),1). Relation (2.3.6) after
some algebraic manipulations then becomes
T;1+M—¢7:T2:—f/£“)<r—1+¢%—¢%>. (2.3.7)

We will use this equation later, as any crossing point away from the boundary satisfies

relation (2.3.7).
The next lemma shows that if (a, b) solves (2.3.6) (or a solves (2.3.7)) does not imply

that we found a global maximiser.

Lemma 2.3.4 (Maximal paths cannot cross each other). Suppose that for a point (x,y)
there exist two crossing points (ai,by) and (a%,b3) (ai > ab) that satisfy (2.3.5), (2.3.6)
subject to the constraint (2.3.4c) and in particular mazimise 2.3.5. Then for (a',y") =

(aj,b]) + k(x — aj,y — b}) we have that

1. If k > 1, crossing point (ai, b}) is a critical point for the Lagrange multiplier problem

when the terminal point is (', y').

2. If k > 1, crossing point (a3,b}) is not a mazimiser for the Lagrange multiplier

problem when the terminal point is (z',y').

3. If k < 1, crossing point (aj,b}) is the unique mazimiser for the Lagrange multiplier

problem when the terminal point is (z',y').

Proof. See Figure 2.4 for the geometric construction.
For (1) the statement follows from the fact that slope of the segment (a},b7) — (2, /)
is the same as that for (a},b}) — (z,y). Equation (2.3.6) is automatically satisfied so

(a3,b7) is a critical point.
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For (2) we reason as follows. The path (0,0) — (a},b5) — (z,y) — (2/,y’) cannot
be optimal for (z’,y"), because it is polygonal in the homogeneous region of rate r and
the straight line (a3, b3) is strictly better. However it has the same weight as the path

(0,0) — (a7, b}) — (2/,y) and therefore this path cannot be optimal for (z/,y’).

Part (3) follows with similar arguments. O
) )
A
(z,y)
(a3, b3)
r
[ Nt b)
>

Figure 2.4: The construction described in the proof of Lemma 2.3.4.

Next, we want to verify that the maximal path will never follow a vertical or horizontal
line in the r region, i.e. the slope of the second segment of a potential maximiser cannot

have slope equal to zero or infinity.

Lemma 2.3.5. Suppose that (a,b) € Syy. Then a < x and b < y. In particular, any
(w,y) for which the mazimiser of I'c, x(x,y) does not cross (ag,0) or (0,bg) has to cross
at a point (a,b) that satisfies (2.3.5), (2.3.6) and the second segment has a non-zero, finite

slope.

Proof. We only show that a second segment of infinite slope is not optimal. The strictly
positive slope claim follows similarly. We compare the last passage time of a path which
crosses the discontinuity in the point whose x coordinate is the same of the point that it
has to reach, in other words @ = x,b = f(x), and another path with @ = x —e. Under

these assumptions, we have that

f(z —e) = b+ 6(c) with g%% = c € (0,00).

This is because b+ 6(¢) = f(x —e) = f(z) — f'(x)e + o(e) = b—ef'(x) + o(e) by a Taylor
expansion around z and the fact that —f’(z) € (0,00). Then, a direct comparison between
the weight of the two paths, 7r; which crosses at (z,b) and my crossing at (x — e, f(z — €))

gives
Loy (12) — Loy (m) = (V=& 4 VBF D@ + 1 (VE + /5~ 5 0(0))°
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~(VE VB~ (D)
= (1-2)6E) o) + 2/ e — )b+ 5(e)) + - \/e —b—4(e)) — 2Vab

:(1—1)(5(5)—6) [\/?Z +\/—+o

Divide through by e and let it tend to 0 to see that the last expression is eventually

positive. As such, I, (m2) is a lower bound for the shape function at (r,y) and therefore

the maximiser cannot be 7. O
Lemma 2.3.6. Let (z,y) and (z,w) € R? so that (z,y) # A(z,w) for any X\ € R. Then
S:my N Sz,w S {@, (a[), 0), (0, bo)}

In other words, the only possible crossing points from which more than one mazimiser

passes, are the axes points (ap,0), (0, bp).

Proof. Assume by way of contradiction that two terminal points in general position, (z,y)
and (z,w) have the same crossing point (a,b) for which 0 < a < ag and 0 < b < by. Then
the gradient of g at (a,b) is well defined. By the previous lemma, equation (2.3.6) holds

for m; = b/a and for both values of ma,

y—>b w—>b
mgzmx,y:f 2 and mgzmz,wzz .

For (i,7) € {(z,y), (2, w)} define

. <r<1+m> Lty
" N N

Vector v; j would be tangent to the level curve g(z,y) = k at (a,b) and at such, v; ; # 0.

r(1 4 i) + <+\ﬁ,J>) D, 02)

The monotonicity of the level curve and the fact that (a,b) does not lie on one of the axes

(1) (?j) # 0. By planarity and (2.3.6), this and the last equation imply that

give that v;
there exists a k € R\ {0} so that v,, = kv,,. The assumption that (x,y) and (z,w)
are not collinear gives that x # 1. Assume without loss of generality that m. ,, > my .
Then coordinate-wise,

o)) < ofl) o@ < @

Z,W) T,y zZw*

On the other hand, it has to be by equations (2.3.1) and (2.3.6) that the vg(clz), and U;(UQZ)/
have opposite signs, otherwise (2.3.6) would never be satisfied. Assuming 0 < vgz,, it has
to be that x > 1, but that would imply that vg(c?; > vg)u which leads to a contradiction.

Similarly, we reach a contradiction when U:E:lz)/ <0. O
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From Lemma 2.3.6 we know that from each crossing point except (0, f(0)) and (agp,0)
there is only one optimal slope that can be obtained. Remark 2.3.2 suggests that it is
possible that a point could be reached by two maximal paths that both cross at the
interior of f. Finally we discuss what happens when two maximal paths exists for a point

(z,y), one from the axis and the other from a crossing point or both from the axes.
Proposition 2.3.7. The following properties hold:

1. If a mazimal path which crosses (0, f(0)) or (ag,0) and a maximal path through any
crossing point (a, f(a)) intersect, they intersect at their terminal point and that point

has to belong on ORy f(q)-

2. If (z,y) € int(Ry f0)) and it also belongs on the extension of a mazimiser x that

crosses at (', f(a')), ' # 0, it has to be

I(mo,(0,£(0))) + L(m(0,£(0)),(z)) > (o, (ar,£(a))) T L(T(ar, f(0)),(20))

where Ty is a linear segment between w and v. In particular, any (x,y) € int(Ro f())

has a unique maximiser that has to go through (0, f(0)).

3. If Ry 50y N Rag0 # @ and v > 1, then the intersection is a segment of a (possibly
degenerate) hyperbola.

Proof of Proposition 2.3.7. We prove all the three properties one by one starting from
the first.

(1) First, we show that also in this situation maximisers cannot cross. The contrary would
be impossible. In fact, if it was possible to extend either maximiser, we would be able
to construct a polygonal path which is not linear in a homogeneous environment, and

this is not optimal with the same arguments as in Lemma 2.3.4.

Ry ¢(0) by definition is a closed, star-shaped domain. Moreover, since maximal paths
cannot cross, Ry ¢(g) is simply connected. Suppose by way of contradiction that such a

terminal point (27, yr) € int(R f(py). Then the type C maximiser xg intersects

TT,YT)

ORy (o) at some point (zg,yr). Since Ry (o) is closed, (zgr,yr) has a maximiser

X0, (zpyr) that goes through (0, f(0)). By Lemma 2.3.4, (zg,yr) is also maximised

by the portion of xq that terminates at (zg,yr), and by the discussion above,

TT,YT)

(xR, yr) has to be a terminal point. This means that (z7,yr) cannot be optimised by

that type C' maximiser, which gives the desired contradiction.
(2) Same arguments as above imply the statement.
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(3) This is a computation of the set of all points (z,y) € R2 which take the same amount

of time going through the z and y axis.

a0 + W—Hf) £(0) +1<ﬁ+\/y—f<o>>2
(ao—f —\/xy f \/yx—ao

Since r > 1, we have that (r —1)/2 > 0. Then, for the equality to hold, we must have
ap > f(0) and y > xf(0)/ap or ap < f(0) and y < xf(0)/ap. When either of these

hold, we can square both sides and after some rearrangements we have

(r—1)>2
YR

2V/zy(y — f(0)(z — ao) = 2zy — xf(0) — yao — (a0 — £(0))”

2£(0)+(ao—£(0))? =02

2x—ag

This holds only if y > and it implies that both sides above are

non-negative. Square both sides another time

0= f(0)%s* + agy® - 2$y(aof(0) + (ag — f(0))? (r — 1)2>

2
2(7"_1)2
2

4(7"_1)4
16

+ (a0 — £(0)) (f(0)z + aoy) + (a0 — £(0))

2
which represent the equation of a hyperbola since (agf(0) + (ag — f (0))2#) -

a2f(0)? > 0. Note that if ag = f(0), the relation that gives the boundary is z = y. [

We have now verified that the set of crossing points is dense on the level curve (Lemma
2.3.3) and each one corresponds to a non-degenerate (Lemma 2.3.5) unique value mg
(Lemma 2.3.6) which in turn corresponds to the slope of the second linear segment of the
maximiser. Starting from equation (2.3.5), we can identify msy.

Set

Vb\ rVa By 1 Oy
D= (a b) T(1+7)(7—@> (1+\/ )( my aag).
The left-hand side in (2.3.5) becomes 0yg(a,b)D. Keep in mind that my > 0 and solve
(2.3.5) for ma:
4

(8—9 1+D+\/<89 1+D> +46b9)2.

Particularly, equation (2.3.8) uniquely identifies the slope of the second segment of the

mo =

(2.3.8)

optimal path for a given crossing point (a,b). Rewrite equation (2.3.8) using the fact that
when b = f(a), gbg(a f(a)) = —1/f'(a) to obtain equations (2.1.10) and (2.1.11).
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2.3.1 Maximisers that follow the axes

We investigate whether the optimization problem (2.3.2) in the region g(x,y) > k admits
maximisers (ao,0), (0,bp), i.e. maximisers for which the first segment of the macroscopic
maximal path follows the axes.

For (z,y) € [0,a0) x [0, f(0)) = B the maximal macroscopic path is obtained by the
solution of (2.3.2), and it is impossible for a maximiser to follow one of the axes. For this
behaviour to materialise, we consider an (z,y) outside of [0,ag) x [0, f(0)).

We are finally able to study what happens to ms defined in (2.3.8) if a tends to the
boundary values. The idea is that if mg for crossing points near the y-axis (resp. z-axis)
does not approach +oo (resp. 0) then it has to be that type B maximisers exist.

The behaviour of mgy for a near 0 (resp. ag) is the content of Proposition 2.1.12, which

we prove next.

Proof of Proposition 2.1.12. We use equation (2.1.10) for the slope ma(a) and (2.1.11) for
the expression D = D,. We only show the case for which ¢ — 0 and leave a — ag to the
reader. Keep in mind that as a — 0, f(a)/a — oo.

First we estimate the limiting behaviour of D using (2.1.11)

Dy Z%D:%TOJF f’éa) * f’%a)\/@—Fm)

T, a > %,
0
A LA R O D)
lirr(l) f’(a)a/ €12
a—
—00, a<i

(1) Case 1: a — 0, f'(a) — —oo: Focus on the denominator in (2.1.10)

L —2
:4(1%(—]“2@—1—|—D+’—f/}a)—1+D‘+O(flza))>
o —2
_4013%((—]”2@) ~ 14 D) (1 +sign( - —1+D)>+O(f,}a))> .
(2.3.10)

1
f'(a)

Focus for the moment on the sign function in the last display. We have

TR S s N 1 10)
Floy TP E T ) T @V e

50



As a — 0, the second and third term tend to 0 while the last term is negative and as

a — 0 the liminf of the last term is actually Do —r. Therefore, for a sufficiently small

1 sign(r —1), o> 3,
sign(— /——1+D> - 2 (2.3.11)
f'(a) 1 a<l
9 2

We are now in a position to finish the calculation from equation (2.3.10):

(a) » > 1, > 1/2: From equation (2.3.11) substitute it in equation (2.3.10) to

obtain

limyma(a) = 3y

(b) r<1l,a>1/2,0orr#1,a < 1/2: From equations (2.3.11), (2.3.10) we now have

lim mg(a) = +oo.
a—0

(¢) When o = 1/2, there are several cases to consider:

(i) 7 <1, then sign( 1+D) — —1 which implies Tim,_yo ma(a) = +oo.

f’( )
(ii)) » > 1 and 0572) <X ﬁo), then sign( — ﬁ -1+ D) = —1. In this case,

T

lim,_0ma(a) = +oo.

(iii) » > 1 and 05/2) > Trﬁo), then sign( - ﬁ -1+ D) = +1. This is the
most interesting case, as it leads to yet a different possible limit. For the
condition to hold it has to be that

)
1/2>V andthatr>()#>1.

1/2 f(O)
When both these conditions are met, we have that
Timy ma(a) = :
all}(l)mza - r4/f(0) 2"
(1)
C
1/2
(iv) r > 1and c§/2) <= p— f( ) < C§4/r2)’ then we can find a subsequence ay, such that
. 0
the 81gn< f’(a ) 1+D> —1 and so that — f( 0 14D s r—1-" f() ).

€1/2
Again, lim,_,0ma(a) = +oo.

(v) »>1 and cg /2) = ”rﬁo), we cannot determine the sign function, however,

we can find a subsequence ay so that lim, (- m — 14 D) =0so also

here lim,_,o ma(a) = +oc.
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(2) Case 2: a — 0, f’(a) — —c: In this case, D — —o0 as a — 0 so the result follows

by a direct limiting argument on (2.1.10). O

A close inspection of the previous proof suggests the following crucial lemma.

Lemma 2.3.8. Suppose that lim, .o mz(a) = +oo, and that if a = 1/2 then
(+) (=)
r¢ |- 1/2 ‘2 ] Then there exists a sequence {ay }ren with distinct elements

2 =V10) ¢ 5 —/F(0)

so that

1. limkﬁoo ap = 0,
2. Points (ag, f(ax)) are all crossing points,
3. limg_y 0o ma(ag) = +00.

Proof of Lemma 2.53.8. The lemma is immediately true if » = 1 and the environment is
homogeneous.

Now assume 7 # 1. From Proposition 2.1.12, we know that lim, .o m2(a) = 400 when
1. a<1/2,

2. a>1/2and r <1,

(=)
3.a=1/2and r € (1, (_)017/2“0) where the interval may be potentially empty, in
€172~
which case we are not concerned with this case.

These correspond to cases 1b, 1 ¢(i), 1c(ii), 1c(iv), 1e(v) and 2, in the proof of Proposition

2.1.12.

The assumption of the Lemma guarantees we are not in cases lc(iv), 1c(v); For these

cases 0572) <’ ”rﬁo) < cgg

which is equivalent to

(+) (=)
€172 €172 ]

iy = VFO) ) = VFO)

In cases 1b, 1c(i), lc(ii) and 2, the fact that lim, .o m2(a) = +oo is independent of

re|

which sequence of aj we select, as long as it tends to 0. Therefore we can select ag to be
sequence that corresponds to the first coordinate of crossing points and which tends to 0,

since by Lemma 2.3.3 we know they are dense on f. O

Proof of Theorem 2.1.9. We only prove the theorem for a — 0, as the case a — ag is

analogous.
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The direction (2) = (1) is immediate; the condition implies that all points (x,y) €
int(IR? ) are optimised by a type C maximiser, and by letting z — 0 while keeping y > f(0)
fixed, the crossing points (ag,y, f(az,y)) tend to (0, f(0)). This forces ma(az,y) to +oo.

Now for (1) = (2). Assume that lim,_,o ma(a) = 400 and assume by way of contra-
diction that int(Ry ¢(0)) # 2-

Then we can find a sequence of points (zx, yx) € R \ Ry f(0) with (zx, yx) = (0, £(0))
so that

1. For each k, the crossing points {(ak, f(ax))}r of a maximiser that does not follow
the axis are different; this is possible because the crossing points are dense on the

curve.
2. The limit limg_,o, mo(ay) = +o0.

This can be done by Lemma 2.3.8.
Now, by Proposition 2.3.7-(2), we have that for any point (z,y) € int(Rg f()) on the

line segment ¢y, : (ag, f(ax)) — (xk, yx) — (x,y) the limiting passage time satisfies

I(mo0,0,£(0))) + L(T0,£(0)), () > L (70, (0. f(ar))) F L (W (ay, flar)),(x0))-

For notational convenience set € = a; and notice that the relation above stays true when
we let (x,y) tend to infinity, along the line which contains the segment £. We substitute

the explicit values for I(7) in the display above to obtain

£(0) \F+ Vy—F0)?> (Ve +VFE©) + m+ ~ &) (23.12)

Call my(e) = f( L may(e) = 29 and m = Y29 and note that ma(e) > m. Both slopes

r—e€ x

are always finite for every (x,y) € (0,a0) x Ry. Inequality (2.3.12) is then re-written as

[ (1+\F) —x(l—{—\/ s) } > e+ f(e)—f(0)+2y/ef(e —f(1+\/ ©)% (2.3.13)

Since the point (z,y) belongs to the line y = ma(e)(z — ) + f(e), taking z — oo gives
m — ma(e). We first manipulate the left-hand side of (2.3.13).

x[<1+\/ﬁ)2 - (1 + \/m2(8)>2} = z[2(v/m — /ma(e)) + m — ma(e)]
z(f(e) — f(0) —ema(e)) + e(ema(e) — f(e) + £(0)) [1+ 2 ]
E— N ESNre)

Now take the limit x — oo in (2.3.13). After that, and some algebraic operations, we get

that the limiting version of (2.3.13) is

93



1( 1 +1_r)f(5);f<0)21_i+2m_@

mg(e’—:)

— )+ (7’;1 +m_@). (2.3.14)

This is the point where we are using the fact that (e, f(€)) is a crossing point: Utilize
the relation of equation (2.3.7) to change the last parenthesis in (2.3.14) and obtain the

equivalent inequality

1/ 1 _ ) - 10 — e r_ 1
r( —=+! ) 2 Vmi(e) - ( 1+ N \/mZ(g)),
or equivalently
1o 1 fle)=f0) f'(€)
r(ﬂw(g)—l-l—?“) (f—f@w > \/mi(e) — T(E) (2.3.15)

Now, if equation (2.3.15) is violated, we automatically reach a contradiction to the
assumption that int(Ry o)) # @. We will show precisely this by splitting the analysis

into cases:

(1) lime—o f/(¢) = co: Then as € — 0, the left-hand side of (2.3.15) converges to 0 while

the right-hand side tends to oo. This gives the desired contradiction.

(2) r < 1: In this case, select an ¢ small enough so that +1—7r > 0. The convexity

1
\/ m2 (E)
and monotonicity of f imply that -/ f — f'(g) < 0 so the left-hand side of (2.3.15)

is negative while the right-hand is strlctly positive. This gives again a contradiction.

(3) r > 1,a < 1/2: Since o < 1/2, we have that for § small, &« + J < 1/2. Then, using

definition (2.1.12), for any n small, we can find £ so that for all € < g

n
_fl(g) < gatd’
Integrating the inequality from 0 to € we get

F(0) = fle) < T " < ez

The last inequality is true for any constant c, as long as € is small enough. We pick

c <4/ %0) and reduce ¢ further so that f(e) > %0). We then have for all ¢ small that

><\/=’”fj>=m.

Reduce € even more, so that 1/4/m . Then we bound
1 1 f(g) — f(O) /
T(W“‘T)(E‘f@
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r ma(e
1 f(0) = f(e) f'(e)
<;<T_1_ mz(g))( . € - mf@))
<r—1< m1(€)—]:n(1€()z_:)>
< /mi(e) — J:ffgg),

which is a direct violation of (2.3.15).

The remaining proof is for when oo = 1/2. In this case we have that lim mz(a;) — oo

(+) ( )
for any sequence a; — 0 and r [ 1z “y2 ]
y seq ¢ (&) —\/F(0) c§/2 /F(0)

€172

(4) We further impose on the subsequence of aj, that

/ |f'(ar)] = c1y2 < g/z) < ;574 f(0) by the assumption. Here ¢/, can be any limit

point.

For any 0 > 0 we can find a K = K(9) so that for all kK > K we have

r—1
(c1/2 +38) < VF0) =6 < /Flan), lay*f'(ar) + 1ol < 6.

The first inequality above is true for ¢ sufficiently small. Then we estimate, as in case
(3), that
—f'(ax) < (c12 + 5)@,;1/2, for all £ > K by construction
which implies that
£(0) ~ far) _

ay

2(61/2 + 5)a,;1/2.

Then use the inequalities above to bound

}(_ ml _1+r><f(0)—f(ak)+f/<ak)

r 2(ax)

a1/2
k
1 1 r f(ak)
<;(T_1_ mg(ak) r—1 a]1€/2
</ (ap) — f'(a) ’
ml(ak)

which also contradicts (2.3.15). The last inequality follows immediately from the fact
that f/ < 0. O
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Proof of Theorem 2.1.11. The proof is identical to that of case (4) in the proof of Theorem
2.1.9. The reason we cannot apply the argument directly is the fact that we do not know
a priori that the makﬁo ma(ax) = 0 on a sequence of crossing points, since Lemma 2.3.8
does not apply here. This condition is now taken care by the assumption of Theorem
2.1.11.

To finish the proof, impose on this sequence {ay}ren of crossing points the extra
condition that ai/2]f’(ak)| — c1yp < fﬂm by the assumption. Again, ¢;/, can be
any limit point. Now the calculation for (4) in the proof of Theorem 2.1.9 can be repeated

and it finishes the proof. O

2.3.2 Phase transition at ¢

U = ZV/F0)
Proposition 2.3.9 (Phase transition at 0572) = 15/ f(0)). Suppose that 0572) = 15/ f(0)

and assume that for some v > 0 and some c € R,

—f'(a) = c§72)a_1/2 + caV 2, (2.3.16)

Then, when v < 1/4 the equivalence of Theorem 2.1.11 is false when ¢ < 0 and true when

¢>0. When v > 1/4, type B mazimisers exist.
We first need a geometric lemma:

Lemma 2.3.10. Assume that Ry oy = {0} x [f(0),00) and Ray0 = [ao,00) x {0} (i.e.
they are both degenerate). Then, there exists a sequence of points (xy,yx) with xp — 0o

as k — o0, so that their corresponding crossing points (B, f(Br)) — (0, £(0)).

Proof of Lemma 2.5.10. Suppose by way of contradiction that there exists a constant A >
0 so that for all (z,y) € R% with x > A, the crossing points (agy, f(az,)) satisfy az, >
ays > 0.

Fix an a > 0 small and define

2y = x4 (a) = sup{x : Jy so that the crossing point (asy, f(azy)) satisfies a,, < a}.
(2.3.17)
The assumption guarantees that z(«) is bounded for a small enough, and the set for
which we take the supremum is not empty, since crossing points are dense on the graph
of f by Lemma 2.3.3.
For any 6 > 0 define the terminal point (zs5,ys) = (x4+ — 0,ys) to be such that its
crossing point satisfies as;,s; < . Then it has to be that for all points (x4 — 6,y) with

y > ys their corresponding crossing points has to satisfy a,; , < a. If this is not true, then
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the maximal path for (x4 — 6, y) would cross the one for (zs,ys) and this is impossible by

Lemma 2.3.4.

(1)

Now there are three cases to consider:

x4 > ap: In this case, consider now a point (z4 +¢,yo), for some small £ > 0. Because

of its x-coordinate, this point must have a crossing point with first coordinate larger

Yo

PYS—" Now

than «. The maximal possible slope for its second segment is mpyax =
notice that for yo large enough, the line y = muyax(z — ap) must intersect the optimal
path from 0 to (zs,ys) by planarity. In particular, the maximal paths to (xs,ys) and

(x4 + €, y0) must intersect in the r-region, and this violates Lemma 2.3.4.

x4 = ap: The same arguments as in case (1) give that the only possible crossing point
for (z+ + &,y0) when yo is large enough is (ag,0) otherwise maximal paths would

intersect. This contradicts the assumption that Rq, 0 = [ag, 00) x {0}.

x4 < ag: This is the most challenging case, and we need to split it into yet two more

cases.

(a) z4 (o) is a maximum. Assume that (z4 (), y+(«)) is point with the crossing point
of its maximiser less than a.. Now, for any d,e > 0, we can find y; > y4(«) so that
the point (x4 +¢,y1) has crossing point a,, 1. > x4 — 0. This is because maximal
macroscopic paths cannot cross, and any point (x4 +¢,y1) has to have a maximiser
with crossing point with a,, 1. > a. Suppose by way of contradiction that the
crossing point a,, 4.y, < z4. Keeping ¢ > 0 but raising the value of y;, we can
find a crossing point larger than a,, 1c,. But that would mean that maximisers
cross, which cannot happen. Therefore, the crossing point a,, 4¢y, > x4. This
has to be true for all values of y1, and it is true for all € > 0.

Now we want to understand the behaviour of the maximal paths when ¢ — 0
as y1 remains fixed. For each point (x4 + £,yp) let (ae, f(ac)) the corresponding
crossing point. For all €, a. > x4 and since maximal paths cannot cross each
other, lim._,pa. = x4: Then, as ¢ — 0 and by continuity of I" (Theorem 2.1.4),
I'(z4,y0) must also be optimised by the path 0 — (z4, f(z+)) — (z4+,%0). By

Lemma 2.3.5 this is impossible.

(b) z4+(«) is a supremum but not a maximum. Then consider terminal points of the
form (x4,y), and their crossing points (@, y, f(as, y)). Notice that for all y large

enough we must have

Ay y € (1I+ — 0, x-f—)'
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(z4,y3)

= N .

Qg2 Ty —O6  Gwpu L) T4 ao z

Figure 2.5: Construction in the proof of Lemma 2.3.10, part 3(b).

Set that y as y;. Now, for all y > y1, we have that a,, , € (x4 — 6,0z, y,)-
This is because the maximal paths cannot cross, by Lemma 2.3.4. Now consider a
terminal point (x2,y2) so that a;, 4 < 2 < x4, y2 > y1 and agz, y, < . Finally,
find a y3 > y2 so that (x,y3) has a crossing point with a,, ,, > 2. But this
implies that

Qg gy < Gz, ys, While y3 > y1,

and in particular it means maximal paths cross. This cannot happen, so we
reached a contradiction. ]

Proof of Proposition 2.3.9. When f' satisfies (2.3.16), we have that 0572) = cgJ/rZ) This

implies that for any sequence ax — 0 we will simultaneously have

ap — 0, a,i/2|f'(ak)| — cg72) and ma(ag) — oo.

In particular this will be true on a sequence a; coming from crossing points.

Fix any such sequence. Integrate both sides of (2.3.16) and divide by aj to obtain
f(0) — f(ax)

aj

1/2 C -1

_) —
=2¢{ ya; 7 + TR (2.3.18)

Moreover, we have that

(VIO) = V@) (/T0) + Vo)) = 26 g/ 4 5 al™

Equation (2.3.16) also implies that —allc/2f’(ak) =7+ caj. Now we are in position to

estimate
%( - mi(ak) —1+ r) (7f(0) ;kf(ak) + f’(ak))
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:1(7”_1_?; ) (el + el (o)

1 ( . 1 ) (201/2 + 'y+1/2a’k + ak f/(ak))
= —| 7T — _

T m2(ak) 119/2

(=)

- 1(7" 1 1 ) (2 €12 7+1/z aj, — G Caz>

r ma(a) a)/?

(=) 1/2— (=) 1/2—
_r—1 <Cl/2 te 1;2+«7az) 11 <61/2 e 1;2+A7QZ)
r a]1€/2 T mz(ak) allg/2

In the last line there are two competing terms; one is asymptotically positive and the other

asymptotically negative so we must treat them separately: First the higher order positive

term
r—1 (c&_)vtcl?;;ak) VO =1 12—y af
- o172 E LI Vo 172
@), IO @ | r-tmn
]16/2 ]16/2 r 1/24_7@]1/2
Flar) | 26t SEE0 | r-1Ya-y a]

+ +c .
ai/z VIO + /Flan) r 1/2+7a11€/2
Note that the term in the middle above vanishes as ap — 0. Then we work with the

negative term. First we perform an asymptotic expansion on 1/4/ms(a) as a tends to 0:

a2+ 0(a'?), v e(0,1/2),

1 |C|(T 1)
N (2.3.19)
ma(a) | e (a2, 7 € [1/2,00).
1/2

The details for (2.3.19) can be found in the Appendix A. Using this expansion we obtain

(=)
1 1 ( Cp TC 1?2+;Yaz>

T mQ(Gk) 11.:/2
- — 1 1/2—y 1/2
(e elEa)  Jrmel™ 0@, ve @12,
Ty 1/2 1/4
' “ = +O(a,1€/2)7 v € [1/2,00).

)
V12

-
ﬁakw +0(1), v€(0,1/2),

Ic]

)
i+ 0(1), 7 € [1/2,00).
rak,

Combining the two expansions we have

1(_ 1 _1+r)<f(0);kf(ak)_|_f/(ak))

r mg(ak)
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(=)

1/2 -y

Flar)  r—112— o1y | 1CD% +0(1), v€(0,1/2),
1/2 ¢ 1 Ay - 5

@ Tty €1/2

1/1 +O(1)7 v E [1/2,00).

T‘CLk

[

(2.3.20)

Now the phase transition reveals itself. First when v > 1/4, the leading order terms in
(2.3.20) are those in the brace; they are negative and tend to —oo, so as before, (2.3.15)
is violated.

Now assume 1/4 > «. This means 1/2 — v > . Then, If ¢ > 0, the middle term in
(2.3.20) tends to +oo, and immediately gives a contradiction to (2.3.15).

If ¢ < 0 with a sufficiently large modulus (if v < 1/4 any ¢ < 0 will do), we have for
all aj, sufficiently small that (2.3.20) can be bounded by

(A ST et

r 2(ar) aj o> 2 7 1ty t
(2.3.21)
o V) o flaw) | er—112—n oy
allc/Q milag) 4 v Y2+ F
(2.3.22)

Compare (2.3.22) with equation (2.3.15). The only difference is the last term on the
right-hand side, which for ¢ < 0 and v < 1/4 it is a positive term that goes to +oo as
ap — 0.

Assume by way of contradiction that in this case Ry ¢(o) is degenerate. Then we can
find a sequence of terminal points (zy,yr) with z — 0o (as k — oo) with corresponding
crossing points (B, f(Br)) — (0, f(0)) by Lemma 2.3.10. Then it must be that ma(8;) —
oo and we may assume without loss of generality that mq(S5x) is strictly increasing.

Assume x}, is large enough so that

JJI:ZC/Bk — 1 < ApBy, for some constant A. Moreover

we have the relations

f(Br) _ Y — f(Br)
mi(Be) = W? ma(Br) = Tr— B
m(5) = =D and = ma(B) o — 1) + £(5)

Since we are assuming that the region Ry f(g) is degenerate, the weight collected on a
piecewise linear path that goes through (0, f(0)) and then to (xg,yx) must be less than
the weight collected on the path from the crossing point. As such, the same calculation

that led to (2.3.13), now gives the inequality
L (f(Bk) = £(0) = Bema(Bx)) + Be(Bema(Bk) — f(Br) + £(0)) {1 N 2 }

r T — P Vm(Br) + /ma(Br)
(2.3.23)
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< B+ F(Br) — £(0) +2/Brf (Br) — (1 +v/ma(Br))”.

(Bx) > m(B) to bound

from below

1 2
P60 = £0) = Bamal B0+ A8 1+ s ]

L1 5k(ﬁkm2(5k) f(Br) + f(0 )) 1
zr — P [1 * m2(6k)}

< B+ f(Br) — f(0) +2+/Brf(Br) — (1+ Vma(Br) )

Using equation (2.3.19), we have that Spmao(Br) — 0, so we simplify the inequality above

one more time as

2
vVm(Br) +\/m2 Br)

< B+ f(Br) — f(0) +2+/Brf(Br) — (1+ Vma(Br) )

ST = 1(0) = Bama(50)) 1+

] +O(B) (2.3.24)

We finally use the estimate

IVm(Br) — V/ma(Br)| < Con/ma(Bi)(£(0) — f(Br)) < CLpy>.

The last inequality comes from (2.3.18). We use this for one last simplification in (2.3.24)

to

1
m2(,3k)}

< B+ f(Br) — f(0) +2+/Brf(Br) — (1+ Vma(Bi))*.

L(F(B0) — £(0) — Buma) 1+ +O(B)

With the same algebraic manipulations that led to (2.3.15), we obtain

1 f(Br) = £(O) F(Be)
?< m2(Br) +1-7) (kT—f (Br)) < ml(ﬁk)—T’“ﬁk)JrO(l). (2.3.25)

This gives the desired contradiction, since equality (2.3.25) is precisely opposite of inequal-

ity (2.3.22). O
Example 2.3.11 (An exactly solvable corner-step model: (g(a,b) = /a + Vb, k = 1).

We have that 0,g/0,9 = 1/\/m1 and therefore D = 0. Then

S 4 ([ Oag 2—m
2= 2 - 8bg a I

2
o) 0
<ﬁ_l+ <ﬁ+1>)
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Therefore, the optimal paths are straight lines and the last passage time can be explicitly
computed for any (z,y). If (x,y) are such so that \/z 4 ,/y > 1 the common optimal slope

will be m = y/x € Ry. The crossing point is given by

(a,b") =

x Y

and the last passage time shape function can be computed to be
(1-1) + e+ v ifVE+ >
(Vz +/1)?, if o+ .y <1

ch,l(xu y) =

One can verify directly that going through the axes is not optimal and all maximisers have
to cross the curve.

In fact, this is the unique case of a speed function with this form, for which the optimal
paths are straight lines. Assume that always mgo = m; = m = b/a. From equation (2.3.6)

we have

0= Vg(a,b) - (\/1% +1,—(vVm + 1)) = Vy(a,b) - <‘\//°Z +1, —‘\/fg — 1>. (2.3.27)

Solve the differential equation (2.3.27) for @ and b to conclude that there exists c¢1, ca €
R such that
g(a,b) = ca(va+ Vb)? + ;.

Then the level curve is enforced by (2.3.4c) and is given by v/a + vb = « for some

a=a(k,ci,c) in Ry. O

2.4 Continuity properties of I'(z,y)

Now, we want to study what happen to the difference of the macroscopic last passage

time of two points that are very close to each other.

Lemma 2.4.1. Fiz a,b,z,w > 0 and a speed function c. Then there exists a constant
C =C(a,b,z,w,c(--)) < oo such that for any 6 > 0 we can find sufficiently small 61,52 >

0 so that the following two reqularity conditions hold: For 0 < a < z,
I'((a,0), (z 4 61,82)) — ['((a,0), (z,0)) < CV. (2.4.1)

For 0 <b<w,

L((0,b), (61, w + 82)) — T((0,b), (0,w)) < CV3. (2.4.2)

Proof. The arguments will be symmetric, so we will prove only (2.4.2). Pick a  positive.

First select 0; € [0,1), d2 € [0,1) small enough such that
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1. Any discontinuity curve h; in [0, ;] X [0, w + d2] is monotone and their domain is the

interval [0, 91].

2. The intersection points of the discontinuity curves in [0, 1] X [0, w + d2] (if any) all

lie on the y-axis.

The first one is possible since the h; are finitely many in any compact set, and piecewise
monotone functions. The second one because there only finitely many intersections points.
Let H be the number of discontinuity curves in this rectangle, and enumerate them from
the lowest to the highest, including the north and south straight boundaries. Decrease 1

further so that

max {wn, (01)} <0

and select an n = n(d;) > 0 which satisfies the condition

< mi . .
n < 12151]{{%1 (01)}

Keep in mind that n — 0 as §; — 0. Decrease d; further so that Hn << w. Since
c(z,y) is piecewise constant, we have that in-between these discontinuity curves the rates
are fixed, and on the discontinuity curve the value is the smallest of the rates in the two
adjacent regions by condition (1) in Assumption 2.1.2.

From the hypotheses so far, we have that the rectangles Q; = [0,01] x [hi(0) A
hi(61),hi(0) V h;(01)], have completely disjoint interiors for all 1 < i < H and c¢(x,y)
takes two values. In the rectangles R; = [0,01] X [Ri(0) V hi(01), hi+1(0) A hit1(61)], the
speed function is constant. We allow the rectangles R;, Q); to be degenerate horizontal
lines.

For any x = (z!(s),2%(s)) € H(51,w + 2) set
1 x'(s
I(x) = /0 st. (2.4.3)

Let € > 0 and assume that ¢ = (¢!, $?) € H (01, w + J2) is a path such that T'(d1,w + 2) —
I(¢) < e. It is possible to decompose ¢ into disjoint segments ¢; so that ¢ = 2351 ¢; and
that

L. For j even, ¢j C R;/5, and therefore it is a linear segment with derivative (ﬁg- in Ri
2. For j Odd7 ¢j - Q(]’+1)/2.
The sum Z?El ¢; means path concatenation.
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For j odd, the total contribution of ¢; to I(¢) can be bounded by %7(51, n(61)) where
= min c(x,y). Over all, the total contribution of the odd-indexed segments
(Iyy)€[0761} X [0,11)—‘,—62}
is bounded above by 4Hr£_1(7](61) V d1).
For j even, the path segment is linear and the maximum contribution of any such
segment is given by
1 1
I(¢;) = T—’y(él, height(R;)) = T—((ﬁ + height(R;) + 24/01height(R;))
R; R
1
< —height(R;) + 2Cj+/6:1.
rR.
J
Overall, on the even-indexed segments, the total contribution to I(¢) is bounded above

by Zk 1( 1 helght(ng) + 209,)V61 < Zk 17 helght(ng) + CV/0;.
Then,

;((61) V 61)

D(81,w+ 82) — e < I(¢ Z

< T(0,w + &) + C\/81 + 4Hr; (n(51) V 61)
<T(0,w) + 7«1/52 + CV/81 + 4Hr (n(61) V 61)
< T(0,w) + Cdy V /01 V 1(61).
Let ¢ — 0. ]

Corollary 2.4.2. Fiz (z,y) € Ri and a speed function c. Then there ewists C =
C(z,y,c(-,-)) < oo such that for any & positive, there exist d1, do sufficiently small

I(x+ 01,y + d2) — I(x,y) < C0. (2.4.4)

Proof. Let B, , be a rectangle, where the north-east corner point is (r,y) and south-west
corner is (0,0).

Let € > 0 and ¢° a path such that I'(z + 01,y + d2) — I(¢°) < e. Moreover, let u be the
point where ¢¢ first intersects the north or the east boundary of B, ,). Without loss of

generality assume is the east boundary and so u = (z,b) for some b € [0,y]. Then,
Lz + 61,y + 62) —e < I(¢°)
< T2, 0) +T((2,0), (x + 01,y + 02))

= F(:L’,b) + ((.I,b), (:E,y)) + F((.’L‘,b)7 (IL' + 61,y + 52)) - F((.I,b), (x,y))
(

r
<T(z,y) +((2,b), (x + 01,y + 62)) — I'((z,0), (z,)).

A rearrangement of terms gives
F(l' + 517y + 52) - F(IL‘, y) é F((:E? b)v (CB + 51a Yy + 52)) - F((:Ev b)7 (l',y)) +e€
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<Cd+e¢

where we used (2.4.2), albeit with a starting point of (x,b). Let ¢ — 0 to prove the

corollary. O
We are now ready to prove Theorem 2.1.4.

Proof of Theorem 2.1.4. Fix an € > 0 and let (;, (> small enough so that by Corollary
2.4.2 we have

F((a7 b)’ ({L‘ + 3,y + C4)) - F((aa b)7 (% y)) < 6/4'

Then, keep (3, (4 fixed and find a (71, (o small enough so that again by Corollary 2.4.2,

P((a — (1,0 — <2)7 (J} + 3,y + <4)) - F((CL, b)? (JI + Gy + C4)) < 6/4‘

Together the inequalities above give

I'((a—¢1,0—C), (z+ 3,y +C)) —D((a,b), (z,y)) < e/2. (2.4.5)

Similarly, one can approximate from the inside, and find (5, (g, (7, (s so that

I'((a,b), (2, ) = T((a+ G50+ Go), (z = 7y — G)) < &/2. (2.4.6)

Let dp = min;<;j<g{¢;}. Since I'(u, v) decreases in the first argument and increases in the

second argument the inequalities (2.4.5) and (2.4.6), together with our choice of §y give
F((CL — d0,b — 50)7 (1’ + 607y + 50)) - F((CL + do, b+ 60)7 (1’ - 607y - 50)) <Eé.

and that for any a € [a—dg, a+0o], b € [b—80,b+0], & € [x—00, x+00], § € [y— 0, y+ 0],
we have

F((a + 507 b+ 50)7 (:U - 507 Yy — 50)) < F((da b)7 ('ia :'-7)) < F((a - 607 b— 60)7 (:B + 607 Y+ 50))
The last two inequalities combined give the result. O

The reason for this technical approximation is the statements in the next lemma,
motivated by the following argument. In the simplest case we would like to approximate
the limits of last passage times using the limiting I'. in rectangles where c¢(z,y) has one
discontinuity line. Unfortunately, unless the discontinuity of the speed is a line of slope
1, we cannot say at this point that the limit is I'.(z,y). However, if the speed function
is continuous, the fact that the limit of passage times is I'. in that environment is given
by Theorem 3.1. in [46]. So we may approximate I'. with the value I'; where ¢ will be a

continuous speed function that approximates c(s,t).
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(=nv) (z,v)

0 (a,0) (a+n,0)

Figure 2.6: Graphical representation for the proof of Lemma 2.4.3.

Lemma 2.4.3 (Continuity of I" in the speed function). Let c(s,t) take only two values
1,72 in two regions of [a, x| X [b,y] separated by a weakly monotone curve h, which satisfies
Assumption 2.1.1. Then, for every ¢ > 0 there exists a np . > 0 so that for all n < np

there exists a continuous speed function ci’™(s,t) < c(s,t) so that

Docone((a,0)(2,y)) — Tel(a, ), (2,9)) < .

Proof of Lemma 2.4.5. Fix (z,y) and without loss assume that the starting point is (a, b) =
(cr,0) for some o > 0. We present the case when the curve h starts somewhere on [«, z]
and exits somewhere on the east boundary {z} x [0,y] and the rates above the curve is
r1 < r9. Symmetric arguments as the one below will work in all other cases, and are left
to the reader.

For a fixed ¢ > 0 we can find an 7., > 0 so that for all n < 7., > 0 we have
ITe((ae — 1, 0), (x —n,y)) — Te((,0), (x,y))| < e. This is possible by Theorem 2.1.4. Fix
any such 1 and define the curve h,, by the relation hy(t) = h(t +n), i.e. this correspond
to shift of h by 7 to the right. Then, we define a speed function ¢,(-,-) on [a, z] x [0, y]

71, if (z,w) is above or on the graph of h,,
ez, w) =

r9, otherwise.
We make two observations:
L. c(z,w) > cy(z,w) for all (z,w) € [a, 2] x[0,y], giving T, ((,0), (z,y)) > Te((,0), (z,y)).
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2. By construction

Le((=n,0), (z —n,y)) = Te, ((, 0), (2, 9))- (2.4.7)
From these observations we define a new, continuous function ¢;°™(-,-) on [a, z] x [0, y] so

that

ep(z,w) < M (z,w) < e(z,w),  for all (z,w) € [a, 2] x [0,y].

This and (2.4.7) imply

Fcff’““((a7 0)7 (33, y)) < Fcn((a70)? (.’L‘, y)) = FC((a - 0)? (.T} - 777y)) < FC((av 0)7 (x7y)> t+é,
(2.4.8)

which in turn yields the Lemma. O

2.5 Proof of Theorem 2.1.5

To prove Theorem 2.1.5 we need some Lemmas which help us to define some properties
of the last passage time in a 2D inhomogeneous environment.

We begin by identifying the last passage time limits in simple cases of speed function,
that will be used as building blocks for approximations to the general case. We first find
the law of large numbers without fixing the maximal path but forcing it to stay in a

homogeneous corridor. Let the speed function be

ro Y >TF+ A
c@y)=9 rn z-A<y<z+\ (2.5.1)
rg y<axT—A

with \ € R..

Lemma 2.5.1 (Passage times in homogeneous corridors). Assume c(x,y) in (2.5.1) for
all (z,y) € (0,b)x(0,¢e). Let (z,w) € (0,b]x (0, e] withw € (z—\, z+X) and let G(anj,anj)
be the last passage time from (0,0) to (|nz], |[nw|) subject to the constraint that

admissible paths stay in the ri-rate region inside the strip [nb| — X < |ne] < [nb| + A,

except possibly for a bounded number of initial and final steps.

Then

lim nflé(szian) = Tl_l’}/(z,w), P — a.s. (2.5.2)

n—oo
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Proof. To obtain the upper bound lim, n_lé(anJ,anj) < rfly(z,w) ignore the path
restrictions and assume that the environment in the whole region is homogeneous of con-
stant rates rq.

For the lower bound we use a coarse graining argument, taking into account the path

restrictions. Fix an ¢ € (0,1) and consider the points
Prwe ={(k|enz] k|lenw]) : k=1,2,..., e |} U {|nz], [nw])}.

To bound G(an |,lnw]) from below, force the path to go through the partition points of
P, we. By possibly reducing e further, for each 1 < k < Lz—:_lj, each rectangle with
lower-left and upper-right corners two consecutive points of &, ,, . is completely inside
the region of rate r;. For these rectangles we allow the path segments to explore space.

For 2 <k < |e7!] let G Ry be the last passage time from ((k—1) [enz], (k—1) [enw])
to (k |nze|,k |nwe]). R} refers to the rectangle that contains all the admissible paths
between the two points.

Let 0 < § = 6(e) < er~'y(z,w) and assume without loss that §/¢ — 0 as e — 0. A
large deviation estimate (Theorem 4.1 in [96]) gives a constant C' = C(r, z,w,e,d) such
that for k fixed

2

P{GRry < n(erty(z,w) — )} < e ™. (2.5.3)

The sequence of passage times {G Rg}k are i.i.d. and as such, a Cramer large deviation
estimate and a Borel-Cantelli argument give for large n,

[e71] -1
Glns, o)) > Z Grp > n(le”!] = 1)(er 'v(z,w) = 6), P-as.
k=1

Divide the inequality through by n and take the liminf as n — oco. After that, send ¢ — 0
to finish the proof. O

From the coarse graining argument in the previous proof, we see that when we restrict
to maximal paths in a narrow (but macroscopic) homogeneous corridor we still obtain the
same limiting passage time as if the environment was homogeneous throughout. This is a
consequence of the mesoscopic fluctuations of the maximal paths and the strict concavity
of v. As the width e of the corridor tends to 0, the limiting shape of the corridor is
a straight line, which is the shape of the macroscopic maximal path in a homogeneous

region.

Lemma 2.5.2 (Passage times in C'! homogeneous corridors). Let x(s) be a C* increasing

path from (a,b) to (c,d), and let N'(x,e) be a neighborhood subject to the constraint that
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c(x(s)) = r (constant) on N(x,e). Let ng\)/(x o) be the passage time from |n(a,b)| to
|n(c,d)]|, subject to the constraint that mazimal paths never exit nN(x,e). Then

1
lim n 1G£Z\)[(x o = 71“/0 v(x'(s)) ds.

n—soo
Proof. Consider a partition of the interval [0,1] P = {0 =59 < s1 < ... < sy = 1} fine
enough so that the rectangles R(x(s;),x(s;+1)) are completely inside the neighborhood
N (x,¢). Then,

(n) = - (n)
. -1 n . —1 n _1 n
n%n GnN(x,&) = nh—>7n<lon g G|_nx(s¢)],|_nx(8¢+1)J = prd 1_>7m GLnx(sL)j [nx(sit+1)]
N-1 N-1
1 1 (Sit+1) fx(si)>
> ) - A,
> Z Y(x(si1) — . V( pp— (8i+1 — s1)
=0 =0
LNl
== fy(x’(fi))(siﬂ — si), for some &; € [s;, si+1], by the mean value theorem.
=0

As the mesh of the partition tends to 0, the last line converges to %fol v(x'(s)) ds, as it is

a Riemann sum. This gives the result. O

Lemma 2.5.3 (Passage times in two-phase rectangles). Consider a C' function h :

[0,a] — [0,b] and a macroscopic rectangle [0,a] x [0,b] and in which the speed function is
(@, y) = rlgysn@)y T r2liy<n@) + 11 A raliy=n()}-
We further assume that
1. h([0,a]) =[0,b], h is monotone and h(z) ¢ {0,b}, for any x € (0,a).
2. There exists 1 > 0 so that minge(gq) |A' (2)| > 1 > 0.

3. If h is increasing, then we further assume that for the same n > 0 as in (2), we have

W(x) — 2

o| < m. In particular, the first derivative is bounded and there

SUPze(0,a)

exists a constant L so that the curve is Lipschitz-L.

Assume for convenience that r1 < ro. Then, there exists a uniform constant Cp so that

last passage time limits satisfy

1. For h increasing ,
L (a,b) - ZCylength(h)y < lmn @™ < limn G L (a,b)
e -, Onleng 7 m |na),|nb] na),|nb) = AN
(2.5.4)
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Moreover,

1 2 1
77<a7 b) - 7Chlength(h)77 < F(aa b) < 77(0’7 b)7 (255)
71 1 1
which in turn implies
— | _1~(n 2
Tim | G Ly Tl b)) < —Chlength(h)y (2.5.6)
2. When h is decreasing
: -1(n) —
nlg]gon Glral [nb] = I'(a,b). (2.5.7)

Proof. We first treat the case of increasing h. Without loss, assume h(0) = 0 and h(a) = b.
Since 11 < ro we obtain the upper bound in (2.5.4) if we lower ry to r; and assume a
homogeneous environment with constant speed function cjo(x,y) = 1. This also gives
the upper bound in (2.5.5) since ciow(x,y) < c(z,y).

Now for the lower bound. Let ¢ > 0,0 > 0 sufficiently small. First consider a graph
he(z) = (h(x) 4+ €) A b which lies solely in the r; region of ¢(z,y).

By hypothesis (1), assume ¢ is small enough so that the first time h. touches the top
boundary [0, a] x {b}, is precisely at some point z. > a — §. Consider a parametrisation
for h, (hM(s), h?(s)) : [0,1] — R2. Then point z. corresponds to some 1 — s, € [0, 1].

Then define the curve x that goes from (0,0) to (0, h:(0)) by time s., then follows h,
until it takes the value b by time 1 and then stays on the north boundary at value b for
time s..

Since h is rectifiable, so is he, and we assume without loss that h. has the Lipschitz

parametrization

(h(l)((s — 55)11 ~ e ),h(Q)((s — S¢) 11 G ) —l—s), s € [se, 1 —sc].

— 25, — 25,

Then we estimate

1=se ! — 1-se ’ @’
rapz [ g A [TEARTEATE),
Se ™ 1— 255 0 (a1
R (s)
1 - 9¢ 1=se ! 7<17 7/5) 1-— £ 1=se ! 1 h, h(l)
= / R (5) — M gy 275 / B (5 XL OTS))
1—2s: Jo 71 1—-2s: Jg r1
_ 1— s /h(1>(135) ~(1, W (u)) . 1—s. /h(l)(lss) (1, g —n) "
]' - 286 0 1 - ]. - 288 0 T
1 S 7(17 b_ )
_ € (1)1 _ a
1-— 285h (1=s) 1
12— 1-s.a(E-m) s y(LE-n)
. —0 . - e 2.5.
= 1 1—2s, T 1—2s, 1 (2.5.8)



Letting € — 0 makes the last term vanish, and by then letting § — 0 we obtain

I(a,p) > X0 =an) _ (a+b—an+2f\f 1 7) (2.5.9)

™ b
By the mean value theorem 7 < min |1/(s)| < ba~! and by item (2) in the hypothesis, one

can check that
an S1- ﬂ

b b
We now estimate the y-term in the left hand side of (2.5.9).

11— —

a3/2

(ab—an)—a—l—b—an—i—Q\f\[(l—%)—a+b—an+2\f\[ 21)1/277 (2.5.10)
232
> y(a,b) — 2n<a+ 61/2) (2.5.11)

Now the lower bound in (2.5.5). Let

1+2VL 1+2VL
) +fv<1+ +\7>

Ch > L3 minge(g,q) 7' (2) '
Keep in mind that by the mean value theorem, b/a > min,¢(g ) h'(x) and by the choice

of C}, we have

> min h'(2) > ———.
= min W) 2 ey

Then we can bound

0<a*(C} —1)b—(1+2VL)a) < (C2 —1)a®b — (14 2V L)a® + C3b?
= (C? —1)a?b — a® — 2VLa® + C® < (CF — 1)a®b — a® — 2a°/%0"/2 4 C2v°.

In the last inequality above we used (3), since it implies h(a) — h(0) = b < La. An
equivalent way to write the last inequality is
a3/2

2
(a + m) < C2(a? + b2). (2.5.12)

From (2.5.12), we conclude that a + %75 < Cpva? + b? < Cylength(h). Substitute this in

(2.5.11) to finally prove the lower bound in (2.5.5).

b1/2

For the lower bound in (2.5.4) consider again the function h. and s. from before
and consider a partition of [0,1 — s.], P55 = {zr = k6(1 — sc)}o<r<|s-1), of mesh
0 > 0. We assume the partition is fine enough so that the rectangles Ry = [zk, Tr11] X
[he(xk), he(zk+1)] completely lie in the homogeneous region of rate 1 and so that Riemann
sum

)71 =1
ity (R (2g41), AP

/

L=se (B (g). B (s
(T41)) (1 — T) >/ V(R (), K (5) ds — 6,

0 1

b
Il
o

(2.5.13)
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for some fixed tolerance 6; > 0. Moreover, assume the partition is fine enough so that for
m sufficiently small, with 0 <1 < «

A (2p41) — B (z4)
Lk+1 — Tk

— D (@) <m, fori=1,2.
Finally, fix a small 3 > 0 and let n large enough so that Theorem 4.1 in [96] gives
P{Gur, < nri (O (anin) = O (ar), O (@r11) = hP () = nfa} < e
By the Borel-Cantelli lemma we can then let n be large enough so that P-a.s. for all k
G, > nr 'y (WD (ar1) = RO (2r), b (@r4) = WP (k) — b

Above we denoted by G, g, the maximum weight that can be collected from oriented paths
in the set nRy.
Remind that w.(-) is the modulus of continuity of 7. By superadditivity, the passage

times satisfy

. [6]71—1
Cloatmn) = D Gnr
k=0

18]~ -1
no Y (D (@) — hY (@), B (1) — b (2x)) — nad !

v

(1) N EY) (2) _ (2
0 Y r;l,y(h (@1) — Y (k) he™ (Tp41) — he (xk))(xk+1_xk)_n925_1
k=

0 Lr+1 — Tk 7 Lr+1 — Tk
6]~ -1
>n Y e (Y (@) = 0, P (@) — m) (kg — @) — 062!
k=0

/

_ / n _
>n > (Y (@), B (@) (@rg — ) — va(m) — 160",

1—s¢ /
> n/ M ds — Eww(m) —nb; — n925_17 by (2-5'13)'
0 71 1

Divide through by n and take the lim on both sides. First let 61,62 — 0. After that take
7m — 0. The final estimate comes from a repetition of computation (2.5.8) and bounds
(2.5.11), (2.5.12).

When h is decreasing, the approximation argument is simpler. We briefly highlight it
but leave the details to the reader. First of all, any monotone curve from [0, a] to [0, b] will
have to cross h at a unique point (¢, h(¢)). Then from Jensen’s inequality, the piecewise
linear curve from 0 to ({, h(¢)) and then to (a,b) achieves a higher value for the functional

(2.1.3). So, candidate macroscopic optimisers can be restricted to piecewise linear curves,
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and this gives the lower bound

T'(a,b) < lim n 'G\")

oo [nal,|nb]

by a coarse graining argument as for the case when h was increasing. For the upper bound,
partition the curve h finely enough with a mesh 6 > 0. Any microscopic optimal path will
have to cross the microscopic curve [nh] at some point (|n(],|[n(h(¢))]), lying between
two of the partition points. For n large enough, the passage time on this path will P-a.s
, be no more than nr (¢, h(¢)) + nry *y(a — ¢, b — h(¢)) + ne + Cny/3 for any fixed e.
Divide by n, take the quantifiers to 0 and then take supremum over all crossing points to

obtain the upper bound. ]

Example 2.5.4. Consider a square with south-west corner (0,0) and north-east corner
(1,1). This square is subdivided in two constant-rate regions by a parabola h(x) = z% where
above the rate is 1 and below is r € (0,1). Then the set of the all potential optimisers is a

concatenation of straight lines in the 1 region and conver segments along the discontinuity

h(z).

Figure 2.7: Graphical representation for the Example 2.5.4.

From Jensen’s inequality and the convexity of h(z) it is immediate to see that any
segment of an optimiser in the rate 1 region will have to be a straight line from the entry
point to the exit point of the optimiser in the region. Therefore it remains to prove the
shape of the maximal path in the r region.

We first claim that for any potential optimiser £ € H(1,1), there exists a neighborhood
Ng on [0,1] such that for every x € Ny a potential optimiser in #H(1,1) takes the value
h(x) for x € Nj.
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To see this we use a proof by contradiction: First, we show that for  small enough, any
potential optimiser has to enter the r-region. If that was not the case, Jensen’s inequality
would give that the straight line from (0,0) to (1, 1) is actually an optimiser and the last

passage time constant would be
1
I(1,1) = / (V14 V1)%dt = 4.
0

However, the C! curve h(z) is also an admissible curve, and it achieves potential

In)(1,1) = 1/1(1 +V2t)%dt = 2(1 + gxf?),
0 r

r

V2

3, we have

by the lower semicontinuity assumption on c¢(z,y). Therefore, for r < % +
Iy(1,1) < Ijg(1,1), so the optimiser £ has to enter the slow region.

Now suppose that r > % + g in order to complete the example. We can find points
(a,h(a)) and (b, h(b)) so that ¢ enters in the r region through the point (a,h(a)) with
a € [0,1) and stays in there without touching h(z) except until (b, h(b)). We allow that
potentially (1,1) = (b, h(b)). Since ¢ is continuous, it is possible to find a § > 0 so that

for t in some open interval Ny we have
|h(t) — £(t)] > 6. (2.5.14)

To see that (2.5.14) is not respected by a potential optimiser, consider a ¢ shift h =
(h —6/2)F. Since £ is continuous it will cross h at least in two points (ay,h(a;)) and
(b1, h(by)) and without loss assume [a1,b1] C N. Pick any t € (a;,b;) and consider the
tangent line at (¢, h(t)) on h. By construction, this should cross ¢ in (z1,y1) and (z2, o)
(see Figure 2.7). By Jensen’s inequality we know that the path ¢ which goes through ¢ up
to point (z1,y1), straight to (x2,y2) and then follows £. Then, I(£) > I(¢) and therefore,
£ cannot be an optimiser. This gives the desired contradiction.

The contradiction was reached by assuming that a potential optimiser enters the slow

region, but without following the discontinuity curve h. This completes the example. [

Remark 2.5.5. In the above example, we only used the explicit form of the discontinuity
h just to argue that a potential optimiser will eventually enter the slow region. If this
information is known, the latter part of the proof is completely general and it uses local
convezity properties of the discontinuity. In particular it just uses the fact that the discon-
tinuity curve and the potential optimiser are continuous, piecewise C' and there exists a

point (t,h(t)) for which the tangent line does not enter the fast region. O

Remark 2.5.6. The previous example suggests that potential optimisers cannot be more

regular than the discontinuity curves. O
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Lemma 2.5.7 (Exponential concentration of passage times with continuous speed). Let
c(s,t) be a continuous speed function in [0,z] x [0,y]. Then, for any 6 > 0, there exists

constants A and kg .

IP’{G > nle(z,y) +nl} < Ae™"0em, (2.5.15)

[nz], [ny]
Proof of Lemma 2.5.7. Fix a tolerance € small. Its size will be determined in the proof.

For a K € N, consider the two partitions
P = {ap = laK " }ocy<r, and 2 = {8, = tyK'}o<i<i

of [0, z] and [0,y] respectively. Let R;; denote the open rectangle with south-west corner

(ai7 BJ) Let

ri; = inf c¢(s,1).
iy =, ot (s, 1)

Define a speed function

Clow(5,8) = D Tig (s nyerisy + D Tim1 A Tig Lsman <t<By1)
(4,9) (4,9)

+ Z Tij—1 A Tijl{a;<s<aiii =8}
(4.5)

The value of ¢(o, 8;) is the minimum of the values in a neighborhood around it.

We are assuming the initial condition that r; 1 = r_1; = oo. In words, ciow(s,?)
is a step function with the minimum value of the neighbouring rates on the boundaries
of R;j. Note that ciow(s,t) < c¢(s,t). Let R;; denote the rectangle together with any
of its boundaries for which it contributed the rate, using some rules to break ties, if the
boundary value agrees for two rectangles.

At this point we assume that K = K (¢) is large enough so that ||¢ — cjow||co < €. This
implies that

Lo (7,4) = Te(2,y) < ey(@,y)rph,

where 7y, is the smallest value of qow(:n, y). This is because for any path x,
[ () Yo
o Lcow(@1(s), 22(s)) (

_ [P () (e () (S))—qow(wl(S) 2)) y oo [ K(s)) .
_/0 c(x1(s), w2(s)) cow (21(s), 22(s)) = /o Clow !

S e,rr;uznr)/(x’ y)?

and the bound extends to the supremum over paths x.

Pick a L > 0 so that L™' << K~! and further partition each axis segment
A = (i + Uairt — i) L Yo<i<r, and 7/ = {B; + £(Bj+1 — B;) L Yo<e<L-
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Define
Dy ={di; = (i + l(igs — ) L7 8))}, &y ={ef; = (i, Bi + L(Biy1 — Bi) L)}

These completely partition all boundaries of the rectangles.

We are now ready to prove the concentration estimate. Let th )l denote the last
passage time in environment determined by cjoy. Let mpax be the maximal path, and let
7 be the segment of the path in the k-th rectangle it visits nR;, ;, -

Now, for each k, m; will enter and exit nﬁimk between two consecutive points of

nY; né;

- We denote by nzy;, j, ,nz2;, ; the consecutive points for the entrance

ksJk
and by nzig,_, j, .., %24, j.,, for the exit.

Let x be a continuous, piecewise linear path from (0,0) to (z,y) so that it crosses
through the boundary segments [nzy;, j,,n22;, j,| at some point x;. Then for L small
enough, we have that for some predetermined § that
7(Z2ik+1,jk+2 — Z1i,5,) _ ¥ (Xk+1 — Xg)

Tig gk Tik,dk

<.

We estimate

P{G™ | = nle(w,y) +n0} <P{G) |y = nTe(z,y) +nb}

[na];[ny
< IP{ Z G’ > nla,, (2,y) +n(0 — ev(z,y)r mm)}

= @ >nle  (x,y) +n(d —ey(z }
{Z nzlzk Ik {”Z2ik+1,jk+1J CIOW( y> ( ’Y( y) mln)
Y(Xp41 — X)
=P Gl >ny ——————>+n(f0 —ey(z,y }
{ Z [n2145 | anzlkﬂ 7k+1J zkz Tit gk r mm)
<P Glow
> { Z nzhk Jk {nz2ik+17jk+1J

Zi .
i) | (0 ey(a gl K26>}

r)/(Z2 ’. —
2 n § Lk+15Jk+2

k TZk,]k

low
Z {G ”Zl%vikJ

A ) {nz21k+l »J'k+1J

Zoi g
> n’Y( 2ig41,Jk42 Lig i) +nK 720 — evy(x,y)r "min sz)}
ik gk

< Ae™ """ by Theorem 4.2 in [96].

The last inequality is only true if 0 —e~y(x, y)r 2 _ K25 > 0 which can be achieved when ¢ is

mll’l

small enough so that ey(z,y)r_> < /3 and then we reduce § so that K25 = K2(e)§ < 0/3.

mln
Theorem 4.2 in [96] is a large deviation principle which gives an exponential concentration

inequality for passage times in a homogeneous environment. O
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The final approximation before the proof of the main theorem is the limiting time

constant in any piecewise constant environment.

Proposition 2.5.8. Let c(s,t) be a piecewise constant speed function satisfying assump-
tion 2.1.2, with a set of discontinuity curves {h;}; satisfying Assumption 2.1.1. Let

u=(z,y) € R;. Then the following law of large numbers holds

lim 2™ —T,(w), P—as. (2.5.16)

n—oo n [nu]

Proof. Fix u = (z,y) € R% and consider any admissible path x € H(z,y), viewed as a
curve s € [0,1] — x(s) = (z1(s),z2(s)). Recall the definition of I(x) from (2.1.3) and
remember that I' = Supyeyy(a,y) £ (X).

Before proceeding with the technicalities, we highlight the intuition and main approx-
imation idea. The most used technique in literature to prove this kind of limit is to find an
upper and lower bound for the microscopic last passage time and then show that they tend
to the same macroscopic last passage time in the limit n — oco. For the lower bound we
use the superadditivity property of the microscopic last passage time, and any path acts
as a lower bound. For the upper bound we have to construct a particular path which will
represent an upper bound for the microscopic last passage time, while approximating the
macroscopic limit after scaling its weight by n. For this, we first partition the rectangle

Ry [0, 2] x [0,y] in a very specific way so the following conditions are all satisfied.

zy) —

1. Isolate the finitely many points of intersection of the discontinuity curves in squares

of size §, where § will be sufficiently small.

2. Isolate the finitely many points on strictly increasing h; for which hl(s) = 0 or hl(s)

is not defined, in squares of size 9.

Call the collection of these squares by Zs = {I;}1<i<g. This include points of intersec-
tions with the boundary of Ry (. . It is fine if these squares overlap, as long as all these
problematic points are in their interior.

Away from Zs, the discontinuity curves are isolated so that for all curves we can

partition each curve h; finely enough so that for a given tolerance 7,

1. Rectangles Ry, (4 hy(

i(z;41) only contain the discontinuity curve h;. Each rectangle

now satisfies Assumption (1) of Lemma 2.5.3.

2. Assumption (3) in Lemma 2.5.3 holds for any rectangle Rp, () n,(

i(z;41)- Assumption

(2) of Lemma 2.5.3 is automatically satisfied away from Zs.
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Call the collection of these rectangles that cover curve h; by Jh, n = {Rij = Ry, (2),h; ($j+1)}j.

Lower Bound: Any macroscopic path x can be viewed as the concatenation of a finite
number of segments x; so that each segment belongs either in a constant rate region, or
in one of the rectangles Zs or in one of the rectangles U; Jj, .. Write

Q
x(s) =) x(s)I{x(s) € I3} + Z s)1{x(s) € R} + Z s)1{x(s) € Di}.

k=1
Refine the partition further, so that if x : [s;, s;41] — R? € Dy, then the open rectangle
Rx(si)x(si) < D
Let (x1(s),z2(s)) a parametrization of the path x. Partition the interval [0, 1] into
P ={0=s50< s <82 <...<5kg =1} so that the path segment x : [s;,5,41] — R?
belongs to exactly one Iy, Ryg, or Dy. Note that I(x) = S 1 [+ 16¢3) s The

si  c(x(s))
constant K = Ky, is the total number of different regions the path touches.

We bound each contribution separately:

(1) x : [s;,8i41] — R? € I;. Then, at most,

i1 (! (5))
/ () <

Then for all n large enough

Glinx(si))lnx(sien)]] / () L o
n s c(x(s)) ’

since also passage times in these rectangles are bounded by CnJd.

(2) x: [8i,8i+1] — R? € Dy, where Dy, is the homogeneous region of rate 7. Fix a small

01 > 0. Then for all n large enough, by the concentration estimates in [96]

Cllmx(su) ) lnx(ora))] v(x(spe1) = x(s1) 6 > /Si“ VX)) 4o g
n Tk s cx(s))

(3) X : [si,sH_l] — R2 € ka. Define
s— =1inf{s € [si, siy1] : x(s) — hx =0}, si =sup{s € [si, Sit1] : X(s) — h = 0}.

In words, x(s_) and x(s4) are the points of first and last intersection of x with Ay in
the rectangle Ry . Before x(s_) and after x(s1), x stays in a constant-rate region,
in this rectangle. Between x(s_) and x(s4), x touches the discontinuity curve. This

rectangle has two constant-rate regions. Denote the smallest one of those by 7gy-.

We bound in the case where the discontinuity curve in the rectangle is increasing. If
it is decreasing, s_ = s, and the argument simplifies since the path x only intersects

the discontinuity at a single point.

78



Let G(LZZQJ(\S/)(T’QX@)J denote the passage time from |[nx(s)| to |nx(t)|, subject to the

constraint that paths stay in the strip nN\ (x,¢). We assume ¢ is small enough so that
the speed function stays constant on nN(x,e) N R(|nx(s)], [nx(t)]) except possibly

at an O(g) region near the beginning and end points of the rectangle.

(n) ()N (x.0) (n) ()N (x.)
G (i) | Inx(si41)) . G (i) | (s ) N G (s )] Lnx(s)] N G (s 1)), Inx(si41)]
n n n n
S_ / _
> / 1) 4o g ¢ V(x(s-) —x(s4)) Oy elength(hy, N Rie)n
s C(X(S)) Tow

Sit1 ’Y(X/(S)) . -
+/s+ c(x(s)) ds =01 —0(e)  (25.17)

A [T L ()
2/ o(x(s)) d”/s o(x(s)) d‘”/s+ o(x(s))

— 2601 — C’k,glength(hk N Rk,ﬁ)n —0(e)

_ / a 1((;;/((55)))) ds — 201 — Cy glength(hy N Rie)y = O(e).  (25.18)

Line (2.5.17) follows from Lemma 2.5.2 for some #; > 0 and n large enough. The line
before last follows because either c(x(s)) is the largest rate in R; ; or, if it is the smallest
of the two, we use Lemma 2.5.3. The fact that these estimates hold for all large n follows
from a Borel-Cantelli argument and the large deviation estimates, as seen in the proof of
Lemma 2.5.1. Constants C} ¢ are the constants given in Lemma 2.5.3, that show up in
bound (2.5.4). They are all bounded above by some constant Cy (which also depends on
x,y), since all points where the derivative of increasing h; is 0 or undefined are isolated in
cubes of side 4.

We are now in a position to bound, for all n large enough

Ksp—1
(n) (n)
G na).lny) = Z; G lmx(s0)) (1))
R e () . RS
>n Z / cx(5) ds — 3K5,n (01 + O(¢e)) — Con — nnCs Z length(h;).
i=0 % i=1
Divide by n, and take the lim as n — oo to obtain
(n)
lim — L > 1) — 3K, (01 + O(e)) — €6 — Csm — O(e). (2.5.19)

n—00 n
As the quantifiers go to 0, K, and Cs blow up, so we first send 61 to 0 and £ — 0. After
that send 77 — 0 and finally 6 — 0 to obtain that for an arbitrary x € H(x,y),

lim ) S 7).

n—00 n
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A supremum over the class H(zx,y) in the right hand-side of the display above gives

G(n)
lim "l > ). (2.5.20)

n—00 n

Upper bound: For the upper bound we first partition [0, z] x [0, y] into rectangles,
so that it is a refinement of the partition used for the lower bound: This way conditions
(1)-(2) are satisfied and all rectangles in U; Jp, ,, and Zs are part of this partition. Outside
of the union of U;Jy, ,, and Zs, only the regions of constant rate remain. Divide each one
of the constant region into rectangles, of side no longer than d; > 0 and assume ¢ < 6.

Enumerate the rectangles in the two-dimensional partition by Q;; = [z, Zi41) X
[yj,yj+1) and their total number is N, 55, < oo.

Now, for any n € N define the environment according to ¢(x,y) and consider the

maximizing path (0,0) to ([nxz], [ny]) which we denote by 7" X )- The path can be

Lm‘J [ny]
written as a finite concatenation of sub-paths

Tox(Lna ) Lny)) = Z TnQiy)

(xivyj)
where 7|, ;| is the segment of the path in the rectangle [|n;] , [n@it1]) x[[ny; ] , [ny;t1]).
Some of these segments will be empty.

We partition the sides of each rectangle (); ; further: Fix a é2 > 0 and define partitions

Pey (i, _{h ) — = (x;,y;) + kdaer }

Tip1—%4

O<k§%’
_ [ (8d)

Pesid) = Vi (xl’y1)+k5262}o<k<m-

These completely define a partition of the boundaries @; j. Now, the entry point of 7|,,q, .|

(4,9) < a(m)

pri and its exit

into nQ; ; will be between two consecutive partition points, say a;,
point will be between bé ) < bé jrjl). Note that exit point of one rectangle will be the entry

point in an adjacent one, and all these points belong to some partition & If it so

ekv(ivj)'
happens and the path enters (or exits) from one of the macroscopic partition points, we

set a(l’]) = a,(cd (equiv. b( bd) béfl))

When the environment in @); ; is constant r; j, we have the bound

(n) _ (n) TP — A
GLanJ (7T) - Z ng ) G (ZJ) b(z J) < TZ( Tij +91>
UEWL"Qi,jJ
pld) _ 4(6d)
<n (b, - k+1) +Ci,jwy(52)+91)' (2.5.21)
4.J

The second-to-last inequality follows by Theorem 4.2 in [96], for n large enough.
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When c(s,t) on Q;; takes two values, 1,72 separated by a curve h, we bound as
follows. First fix a tolerance € and find d3 > 0 so that we may define a continuous speed

function cs, (s, t) as in Lemma 2.4.3, with the property cs, 1(s,t) < ¢(s,t) and

suE (Les, n(ak, be) — Te(ay, by)) <e. (2.5.22)

ag,Dy

Then,

Gl M= Y <@l

[nQi,;] c voo= naS’J) ,nbéfl)
v WLanij

< n(F%’h(a,(i,i’j)7 bgiji)) + 91) by a Borel-Cantelli argument and Lemma 2.5.7,
< n(Fcég,h(al(;f%, bgi’j)) + wr,(262) + 61) by Theorem 2.1.4, (2.5.23)
< n(Te(al?), i) + & + wr, (285) + 61) by equation 2.5.22. (2.5.24)

Using the estimates (2.5.21) and (2.5.24), we have total upper bound for the passage

time

(n) _ (n)
G[ani”yJ B ; GL”Qi,jJ (71')
17-]

<ny_ Telafi), by ") +nN, s (Igla.f Ci jwn(02) + 61 + € + wr.(202)) + nC|Zs]6
z’]
< UTe(@,y) + N (ax G gy (92) + 61 + & + wr (202)) + C12s19)
17]

The last line follows from superadditivity of I'. To finish the bound, divide by n and

take the lim, .. Then, let 5o — 0. This will result to finer 22, ) partitions, but by

kv(izj
modulating d3 we can still keep estimate (2.5.22) with the same €. Then let ¢, and ¢ tend

to 0. These are independent of the other quantifiers 7, §; and . Finally send § — 0. O

Proof of Theorem 2.1.5. Fix (z,y) and fix an € > 0. It is always possible to find piecewise
strictly positive constant functions ¢; and co such that ||c; — c2||s < € that definitely have
the same discontinuity curves as the function ¢ (but perhaps more). On [0, z] x [0,y] we
can further impose c¢1(x,y) < ¢(x,y) < ca(z,y), by defining each ¢; on smaller rectangles.

When the weights in (2.0.3) are defined via the speed function ¢; we write G* for last
passage time and I';, for their limits. A coupling using common exponential variables
{7} gives

1,(77,) (n) 27(7,])
Gzl lny) = Clniz) lny) = Gl Lny)-

Letting rmin > 0 denote a lower bound for ¢(z,y) in the rectangle [0, z] x [0,y]. Then
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we bound for any x € H:

Ve ),
OS/O {<x ), 12(9)) c2<x1<s>,x2<s>>}d
MA@ (s). ma(s) el o) [ )
- [ e ws<e | a0 !

ca(w1(s), v2(s)) 1(x1(s), 7a(s))

—~

<eriA(z,y).

As the inequality is uniform across x, the bound extends to the suprema
0<T¢(z,y) —Te(z,y) < C(z,y)e.

From Proposition 2.5.8 we know that the T, are the limits for G*. To obtain Theorem

2.1.5, let e — 0. [
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Chapter 3

Order of the variance in the
discrete Hammersley process with

boundaries

The model under consideration in this chapter is a directed corner growth model on the
positive quadrant Z%r. Each site v of Zi is assigned a random weight w,. The collection
{Wv}vezi is the random environment and it is i.i.d. under the environment measure P,

with Bernoulli marginals
Plw, =1} =p, Plw,=0}=1-p.

Throughout the chapter we exclude the values p = 0 or p = 1. One way to view the
environment, is to treat site v as present when w, = 1 and as deleted when w, = 0. With
this interpretation, the longest strictly increasing Bernoulli path up to (m,n) is a sequence

of present sites
L = {v1 = (i1, J1),v2 = (i2,J2), - - -, v = (ing, )}

sothat 0 < i1 <ig < ... <iyy <mand 0 < j; < jo < ...< ju < n and so that if
{wi,wa,...,wk} is a different strictly increasing sequence of present sites, then it must
be the case that K < M.

In this chapter we cast the random variable L,,, as a last passage time as in the
framework of [48]. With the previous description, a step of a potential optimal path up to
(m,n) can take one of O(m,n) values - any site is accessible as long as it has strictly larger
coordinates from the previous site. However, any integer vector of positive coordinates

can be written as a linear combination of ey, es and e; 4+ es steps. Our set of admissible
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steps is then restricted to R = {e1, 2, €1 +e2} and an admissible path from (0, 0) to (m,n)

is an ordered sequence of sites
T0,(mm) = 10 = V0, V1, V2, ..., v = (M, n)},

so that vg41 — v € R. The collection of all these paths is denoted by Il (, ). In order to
obtain the same variable L, , over this set of paths as the one from only strictly increasing
steps, we need to specify the measurable potential function V' (w, 2) : RZ xR —» R already

defined in (1.3.3)

V(w,2) = we,+e, 1{z = €1 + e2}.

This way, the path 7w will collect the Bernoulli weight at site v if and only there exists
a k such that vy, = v and vy = v — e; — e3. No gain can be made through a horizontal
or vertical step. Using this potential function V' we define the last passage time as

GXL,H, = max { Z V(Tviw)vi-‘rl - UZ)} (301)
v ET

0, (m,n) €10, (m,n)

Above we used T, as the environment shift by v; in Z2. Now one can see that G§

J(mn) =
L.
Common notation

Throughout the paper, N denotes the natural numbers, and Z, the non-negative integers.
When we write inequality between two vectors v = (k,¢) < w = (m,n) we mean k < m
and £ < n. We reserve the symbol G for last passage times. We omit from the notation
the superscript V' that was used to denote the dependence of potential function in (3.0.1),
since for the sequence we fix V' as in (1.3.3), unless otherwise mentioned. The symbol 7

is reserved for a generic admissible path.

3.1 The model and its invariant version
3.1.1 The invariant boundary model

The boundary model has altered distributions of weights on the two axes. The new
environment there will depend on a parameter u € (0,1) that will be under our control.
Each u defines different boundary distributions. At the origin we set wy = 0. For weights
on the horizontal axis, for any ¥ € N we set wge, ~ Bernoulli(u), with independent

marginals

P{wie, = 1} =u =1 — P{wge, = 0}. (3.1.1)
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On the vertical axis, for any k € N, we set wge, ~ Bernoulli(%) with independent

marginals

P{wke, =1} = m =1 — P{wge, = 0}. (3.1.2)

The environment in the bulk {wy },en2 remains unchanged with ii.d. Ber(p) marginal
distributions. Denote this environment by w(* to emphasise the different distributions on
the axes that depend on u.

In summary, for any i > 1,7 > 1, the w® marginals are independent under a back-

ground environment measure P with marginals

Ber(p), if (i,7) € N,
Ber(u), ifieN,j=0,
W) ~ (3.1.3)
Ber(%), ifi=0,j€N,
0, ifi=0,j=0.

In this environment we slightly alter the way a path can collect weight on the boundar-
ies. Consider any path 7 from 0. If the path moves horizontally before entering the bulk,
then it collects the Bernoulli(u) weights until it takes the first vertical step, and after that,
it collects weight according to the potential function (1.3.3). If 7 moves vertically from
0 then it also collects the Bernoulli weights on the vertical axis, and after it enters the
bulk, it collects according to (1.3.3).

Fix a parameter u € (0,1). Denote the last passage time from 0 to w in environment
w® by G(()%. The variational equality, using the above description, is

k

G —  max max { Wie; + V(The,w, z) + Gy, }
0,w 1<k<w-er 2c{ea,e;+ea) . ie] ( e ) e1+z,w

k
1§r]?§5;{.62 Z€{£3ﬁ62} { JZ; Wjey T V(Tkegw, Z) + Gz+k62,w}.
(3.1.4)
Our two first statements give the explicit formula for the shape function.
THEOREM 3.1.1 (Law of large numbers for G(L?\;sj LNtJ)' For fized parameter 0 < u < 1
and (s,t) € R2 we have
G(U)
. |Ns|, [Nt p(1 —u)
lim ——— = t———, P—a.s. 1.
NS N M T a5 (3:1.5)
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THEOREM 3.1.2 (98], [12]). Fiz p in (0,1) and (s,t) € R2. Then we have the explicit

law of large numbers limit

o Glvs vy () )
]\}gnoo N oéﬂfgl{SE(wl»O) + tE(w i)}
S, t Z %
=\ 155 (2vPst — p(t +5)), ps<t<? (3.1.6)
t, t < ps.

The main theorems of this article verify with probabilistic techniques the variance of
G® along deterministic directions. For a given boundary parameter u, there will exist
a unique direction (m,,n,) along which the last passage time at point N (1, n,) time
will have variance of order O(N?/3) for large N. That is what we call the characteristic
direction. The form of the characteristic direction will become apparent from the variance
formula in Proposition 3.3.1; it is precisely the direction for which the higher order variance

terms cancel out. As it turns out, the characteristic direction ends up being

(my(N),ny(N)) = (N, V;[(p—l— (1 —p)u)2J> ) (3.1.7)

Throughout the paper we will often compare last passage times over two different bound-
aries that have different characteristic directions. For this reason we explicitly denote the
parameter in the subscript.

Note that as N — o0, the scaled direction converges to the macroscopic characteristic

direction

2
(p+(1-pu) )
p Y
which gives that for large enough N the endpoint (m,(N),n,(N)) is always between the

N my(N), nu(N)) — (1, (3.1.8)

T

two critical lines y = n and y = px that separate the flat edges from the strictly concave

part of g,,.This defines the macroscopic set of characteristic directions

3, = {(1 (p+(1p_p)“)2) ‘ue (0,1)}.

Note that any (s,t) € R for which (1,ts71) € J,, the shape function gy, has a strictly

positive curvature at (s,t).

THEOREM 3.1.3. Fiz a parameter u € (0,1) and let (my,ny) the characteristic direction
corresponding to w as in (3.1.8) and large scale approxzimation, (my(N),n.(N)) as in

(3.1.7). Then there exists constants C1 and Co that depend on p and u so that

C’1N2/3 < Var(G(u)

mu(N),nu(N)) < CQNZ/?)' (319)
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In the off-characteristic direction, the process Gf;fg N)n(N) satisfies a central limit the-

orem, and therefore the variance is of order N. This is due to the boundary effect, as we
show that maximal paths spend a macroscopic amount of steps along a boundary, and
enter the bulk at a point which creates a characteristic rectangle with the projected exit

point.

THEOREM 3.1.4. Fiz a ¢ € R. Fiz a parameter u € (0,1) and let (my,n,) the character-

istic direction corresponding to u as in (3.1.7). Then for o € (2/3,1],

(w)
lim Gmu(N)vnu(N)ﬂcN“J B

N—oo Neo/2

2, 7 ~ N(0, Var(wﬁ‘o))]l{c <0} + Var(w((ﬁ))]l{c > 0}).

(u)
E[Gmu(N),nu(N)—&—LcN“‘j]

Remark 3.1.5. The set J, contains only the directions (1,t) for which p < t < 1/p.

1

Any other directions with t < p ort > p~" -that also correspond to the flat edge of the

non-boundary model- and for an arbitrary u € (0,1), are necessarily off-characteristic

directions and along those, the last passage time satisfies a central limit theorem. O

We also have partial results for the model without boundaries. The approach does not

allow to access the variance of the non-boundary model directly, but we have

THEOREM 3.1.6. Fiz xz,y € (0,00) so that p < y/x < p~'. Then, there exist finite
constants Ny and C = C(z,y,p), such that, for b > C, N > Ny and any 0 < a < 1,

P{|G(171)7(|_N90J7\_Nyj) — ngp(x,y)| Z le/S} S Cb_ga/Q. (3.1.10)

In particular, for N > Ny, and 1 < r < 3a/2 we get the moment bound

- N "
EHG(LU,(LN;EJ,LNM) gpp(x,y)' ] < Clz,y,p,r) < 0. (3.1.11)

N1/3
The bounds in the previous theorem work in directions where the shape function is

strictly concave. In directions of flat edge we have

THEOREM 3.1.7. Fiz x,y € (0,00) so that p > y/z ory/x > p~t. Then, there exist finite

constants ¢ = c¢(x,y,p) and C = C(z,y,p), such that
Var(G(l,IL(LNﬂCJ,LNyJ)) < CN2%e=N 50 (N — o0). (3.1.12)

For finer asymptotics on the variance and also weak limits, particularly close to the
critical lines y = pr and y = p~ 'z we direct the reader to [45, 47].
For this particular model, the maximal path is not unique - this is because of the

discrete nature of the environment distribution, so we need to enforce an a priori condition
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that makes our choice unique when we refer to it. Unless otherwise specified, the maximal

path we select is the right-most one (it is also the down-most maximal path).

Definition 3.1.8. An admissible mazximal path from 0 to (m,n)

To,mn) = {{(0,0) = #o, 71,..., T = (m,n)}

is the right-most (or down-most) mazimal path if and only if it is maximal and if 71; =
(vi,wi) € T (mn) then the sites (k,0),v; < k < m,0 < £ < w; cannot belong on any

mazximal path from 0 to (m,n).

In words, no site underneath the right-most maximal path can belong on a different
maximal path. An algorithm to construct the right-most path iteratively is given in (3.4.1).

For this right-most path # we define £ its exit point from the axes in the environment
w® . We indicate with é?) the exit point from the z-axis and 5&2‘) the exit point from the
y-axis. If gé”f) > 0 the maximal path & chooses to go through the z—axis and 56(31;) =0
and vice versa. If 52?) = fég) = 0 it means the maximal path directly enters into the bulk
with a diagonal step. When we do not need to distinguish from which axes we exit, we
just denote the generic exit point by £,

The exit point gé? represents the exit of the maximal path from level 0. To study the

fluctuations of this path around its enforced direction, define
vo(7) = min{i € {0,...,m} : 3k such that 73 = (i,7)}, (3.1.13)

and

v1(j) = max{i € {0,...,m} : 3k such that 7, = (¢,7)}. (3.1.14)

These represent, respectively, the entry and exit point from a fixed horizontal level j of a
path 7. Since our paths can take diagonal steps, it may be that vo(j) = v1(j) for some j.

Now, we can state the theorem which shows that N2/3 is the correct order of the
magnitude of the path fluctuations. We show that the path stays in an ¢! ball of radius
C'N?/3 with high probability, and simultaneously, avoid balls of radius §N?/? again with
high probability for ¢ small enough.

THEOREM 3.1.9. Consider the last passage time in environment w™ and let T0,mu (N),nu(N)
be the right-most mazimal path from the origin up to (my(N),ny(N)) as in (3.1.7). Fix

a 0 <71 < 1. Then, there exist constants C1,Cy < oo such that for N > 1, b > C}

P{vo(|mnu(N)]) < 7mu(N) — bN?3 or vi(|mnu(N)]) > 7mu(N) + bN?/3} < Cob™3.
(3.1.15)
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The same bound holds for vertical displacements.

Moreover, for a fixred 7 € (0,1) and given € > 0, there exists 6 > 0 such that

Jim P{3k such that |7, — (rmu(N), 7nu(N))] < SN?3Yy <. (3.1.16)
—00

3.2 Burke’s property and law of large numbers

To simplify the notation in what follows, set w = (4, j) € Z2 and define the last passage

time gradients by

G() and J®  — oW

(W)  _ )
I; G i,7+1 7 “i,5+1

(u)
i1 = Gith — G, (3.2.1)

When there is no confusion we will drop the superscript (u) from the above. When

j = 0 we have that {I Z-%)}z‘,eN is a collection of i.i.d. Bernoulli(u) random variables since

IZ-(%) = w(;,0)- Similarly, for i = 0, {Jéqg) }jen is a collection of i.i.d. Bernoulli(uﬁ(;&ﬁlﬂ
random variables.
The gradients and the passage time satisfy recursive equations. This is the content of

the next lemma.

Lemma 3.2.1. Let u € (0,1) and (i,j) € N2. Then the last passage time can be recurs-

wely computed as

u u u)
G = max {GI") |, G!

D Gt wig) (3.2.2)

Furthermore, the last passage time gradients satisfy the recursive equations

(w) _ ()
Ly = max{w;j, Jic1 g L joa

b=,
() (u) (u) ( )173 29
J = maX{wi,j7 Jifl,]w Ii,jfl} B Ii,jfl'

Z7J
Proof. Equation (3.2.2) is immediate from the description of the dynamics in the boundary

model and the fact that (7, ) is in the bulk. We only prove the recursive equation (3.2.3)

for the J and the other one is done similarly and left to the reader. Compute

(W) _ ~(u ) (w)
Ji —G -G,

= max {ng i} Gz@uy Ggqi)l’j_l +wij} — Gﬁ)_l by (3.2.2),

=max {0,G") ; — G |, G~ G i)

= max {0 GEU)l g Gz@l g1 G?i)l g-1" Gz(,uj)—lv Gz@l,j—l - Gz(l;)_1 + wi,j}
- maX{O, i— )1] Il(a) 1 I( Y -1 +Wm}
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The recursive equations are sufficient to prove a partial independence property.

Lemma 3.2.2. Assume that (w; ;, i1 z’—l,j) are mutually independent with marginal

distributions given by

p(l—u)
Wi,j ~ B@’I"(p), Ifj;ll ~ B@’I"(U), J/L(qj)l,] ~ B@T(m) (324)
Then, Il-(f;-), Ji(,?)’ computed using the recursive equations (3.2.3) are independent with mar-
ginals Ber(u) and Ber(%) respectively.

Proof. The marginal distributions are immediate from the definitions and the independ-
ence follows when one shows

E(h(I))k(J)))

(] (2]

- E(h(wi,j v Ji@l,j v 11(1;)71 - Ji(qj)l,j)k(wi,j v Jz'(?f)l,j v Iz(qj)fl - 11(1;)71))

= E(h(I k(I ).

2,7—1

’

for any bounded continuous functions h, k. We omit the details, as they are similar to the
proof of Lemma 3.2.4 below. However, in order to prove Lemma 3.2.4, one first needs to

prove Lemma 3.2.2. 0

A down-right path 1 on the lattice Z%L is an ordered sequence of sites {v;};cz that

satisfy

V; —Vi—1 € {61, —62}. (3.2.5)

For a given down-right path v, define ¥; = v; — v;_1 to be the i-th edge of the path and
set

Y, itz
Ly, = (3.2.6)
quzi)l, if "Lﬂ, = —e€9.

The first observation is that the random variables in the collection {Ly, }icz satisfy the

following:

Lemma 3.2.3. Fiz a down-right path . Then the random variables {Ly, }icz are mu-

tually independent, with marginals

Ber(u), if i =e1

Ber(%), if Y, = —es.

7

Ly, ~
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Proof. The proof goes by an inductive “corner - flipping” argument: The base case is the
path that follows the axes, and there the result follows immediately by the definitions of

boundaries. Then we flip the corner at zero, i.e. we consider the down right path

P ={...,(0,2),(0,1),(1,1),(1,0),(2,0),...}.

Equivalently, we now consider the collection {{Jéz)}jzg, Iﬁ), Jl(j“bl), {Ii(fé)}iZQ}. The only
place where the independence or the distributions may have been violated, is for Iff‘l),
Jl(?l). Lemma 3.2.2 shows this does not happen. As a consequence, variables on the
new path satisfy the assumption of Lemma 3.2.2. We can now repetitively use Lemma
3.2.3 by flipping down-right west-south corners into north-east corners. This way, starting

from the axes we can obtain any down-right path, while the distributional properties are

maintained. The details are left to the reader. O

For any triplet (w; j, IZ»(Z)_l, Ji(q_L)1 j) with ¢ > 1,7 > 1, we define the event

Bij = {(wij 1% 1, 71" ) € (1,0,0),(0,1,0),(0,0,1), (1,0, 1), (1,1,0)}. (3.2.7)

Using the gradients (3.2.3), the environment {w; ; }(; j)en2 and the events B; ; we also define

new random variables «; ; on Z%r
aiotgo1 = LI = J") =11+ B 1{Bi;}  for (4,f) € N2 (3.2.8)

Bi—1,j—1 is a Ber(p) random variable and is independent of everything else. Note that

aj—1,j—1 is automatically 0 when w;; = I(j) 1= Z( ) = 0 and check, with the help of

Lemma 3.2.2, that o;—1 ;1 2 wi j. The following lemma gives the distribution of the triple

(If’q;), Ji(g), a;—1,-1). It is an analogue of Burke’s property for M/M/1 queues.

HOBO

Lemma 3.2.4 (Burke’s property). Let (w; j, I i1 i1

) mutually independent Bernoulli

random variables with distributions

wi,j ~ Ber(p), Ii(g)—l ~ Ber(u), Ji(qj)ljj ~ Ber(%)‘
Then the random variables (ai_Lj_lj_fl(])7 Jz(?)) are mutually independent with marginal
distributions
Qio1jo1 ~ Ber(p), 1LY ~ Ber(u), J ~ BQT(M).
u+p(l—u)

Proof. Let g, h, k be bounded continuous functions. To simplify the notation slightly, set
0= 0(u) = %. In the computation below we use equations (3.2.3) without special

mention.

E(Q(Oﬁ—l,j*l)h(I-@)k(J'(u‘)))

Z?] 27‘7
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= g(OE (AL 10, = g = 1})
+ g(O)E(h(Iﬁ,?)k(Jfg W{wiy = 150, = I, = 0})
E(9(8u)h (RIS 1{Bis} )
= g(A(O)K(O)ul + g(O)A(O)K(O)(1 ~ p)(1 — uw)(1 ~ £)
E(g(8:))E (AU k(1)) 1{B;})
= h(0)k(0) (1 = u)(1 = €)(pg(1) + (1 = p)g(0)
(9(8:5)) Y E(RIIMIE{w € Bij})

z€B;
= h(O)K(0)(1 — w)(1 = £)(pg(1) + (1 — p)g(0))

E(9(6:))

% (RO = u)(1 = 0) + hO)RW)[(1 = p)(1 = u) +p(1 = u)0)]
+ RO = p)u(l = £) + pu(1 - £)])

= R(O)E(O)(1 = w)(1 = £)(pg(1) + (1~ p)g(0))

E(g(8:.5)) (Rl + RO)KL)(1 = u)t + h(1)k(O)u(l - 1))
= (pg(1) + (1 = P)g(O)E(RI)E(K(JS)
= E(g(ai-1,-1) E((I)DER(I)). 0

7] 1’7]

The last necessary preliminary step is a corollary of Lemma 3.2.4 which generalises
Lemma 3.2.3 by incorporating the random variables {c;_1,j—1}i >1. To this effect, for any

down-right path v satisfying (3.2.5), define the interior sites Z, of 1) to be
Iy, ={w € Z% : Jv; € P s.t. w < v; coordinate-wise}. (3.2.9)
Then

Corollary 3.2.5. Fiz a down-right path v and recall definitions (3.2.6), (3.2.9). The

random variables
How bwez, s { Ly, iz}

are mutually independent, with marginals
Ber(“)? Zf ¢z =e€1

Ber(ui;}(zﬁi))v if Vi = —

The proof is similar to that of Lemma 3.2.3 and equal to that of Corollary 4.2.3 in

ay ~ Ber(p), Ly, ~

Chapter 4. Therefore we omit it here.
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3.2.1 Law of large numbers for the boundary model.

Proof of Theorem 3.1.1. From equations (3.2.1) we can write

| Nt |Ns|
(u)
|_st INt) = Z Jo; + Z 1 vy

since the I,J variables are increments of the passage time. By the definition of the
boundary model, the variables are i.i.d. Ber(p(1 —u)/(u+p(1 —u)). Scaled by N, the first
sum converges to tE(Jy 1) by the law of large numbers.

By Corollary 3.2.5 they are i.i.d. Ber(u), since they belong on the down-right path
that follows the vertical axes from co down to (0, | Nt|) and then moves horizontally. We
cannot immediately appeal to the law of large numbers as the whole sequence changes
with N so we first appeal to the Borel-Cantelli lemma via a large deviation estimate. Fix

an ¢ > 0.

[ NVs] | Ns]

{ Z LNtJ¢ 6u+6} { ZI(“ su—5,5u+5)}

—c(u,s,e) N
< e~ Cclu,s8) ’

for some appropriate positive constant c(u, s,e€). By the Borel-Cantelli lemma we have
almost sure that for each € > 0 there exists a random N so that for all N > N,

[Vs]
su—e< N~ 12[ Nt < su-+e.
=1

Then we have

(u) (u)

p(1—u) . GLNsJ | Nt — G\_st [Nt p(l —u)
t———— —e< 1 — 2 = <] — =< t—— - —
sut u+p(l—u) g_Nfcl)o N = NDeo N = sut u+p(1—u)+€
Let € tend to 0 to finish the proof. O

3.2.2 Law of large numbers for the i.i.d. model

Proof of Theorem 3.1.2. Let gpp(s,t) = imy_,o0 N_lGLNsJ,Lth and denote by g%)(s,t) =

LN LNt Recall that g,,(s,t) is 1-homogeneous and concave.

The starting point is equation (3.1.4). Scaling that equation by N gives us the mac-
roscopic variational formulation
(u )(1 1)

9pp
= sup {9( )(Z 0) + gpp(1 — 2, 1)} voiugl{gg(;;)(ov 2) + gpp(1,1 = 2)}

o<e<1
= sup {ZE(I™) + g,,(1 }\/ sup {zE(J™) + gpp(1,1 — 2)}. (3.2.10)
0<2<1 0<2<1

93



We postpone the proof of (3.2.10) until the end. Assume (3.2.10) holds. Observe that
since gpp(s,t) is symmetric then gp,(1 — 2,1) = gpp(1,1 — 2) which we abbreviate with
gpp(1 — 2,1) = (1 — z). Therefore

95 (1) = sup {ZE(I™) + (1 -z }\/Oiugl{zE( WY Lp(1— )} (3.2.11)

Moreover if u € [%, 1] then E(I() > E(J™). We restrict the parameter u to the subset

u €| VP 1] of its original range u € (0,1]. Then we can drop the second expression in

TP’
the braces from the right-hand side of (3.2.11) because at each z-value the first expression

in braces dominates. Then

Gl R .
i) 0921{ +y(1—2)} (3.2.12)

Set x = 1 — z. x still ranges in [0, 1] and after a rearrangement of the terms, we obtain

pl—u)

The expression on the right-hand side is the Legendre transform of ¢, and we have that its

concave dual ¢¥*(u) = —% with u € [ﬁ&, 1]. Since 9 (z) is concave, the Legendre

transform of ¥* will give back 1, i.e. ¥** = ). Therefore,

gpp(@, 1) =P(z) =¢™(z) = inf {zu—7¢"(v)}= inf {g;u + M}

1;(f<u<1 1Jff<u<1 u+p(l—u)
= inf  {2EI™)+EJW)}, forall x € [0,1]. (3.2.14)
VP <<

1+p =

Since gpp(s,t) = tgpp(st—1, 1), the first equality in (3.1.6) is now verified. For the second

equality, we solve the variational problem (3.2.14). The derivative of the expression in the

VP
+/p

=50
U= — = —
1—0p xp

braces has a critical point u* € [=-==, 1] only when p < x < 1. In that case, the infimum

is achieved at

and gpp(z,1) = 1/(1 — p)[2/Zp — p(z + 1)]. Otherwise, when = < p the first derivative
for u € [l}f/ﬁ, 1] is always negative and the minimum occurs at u* = 1. This gives

gpp(z,1) = 2. Again, extend to all (s,t) via the relation gy,(s,t) = tgpp(st~1,1). This
concludes the proof for the explicit shape under (3.2.10) which we now prove.

For a lower bound, fix any z € [0,1]. Then

|N2)
Gy > Z )+ G (va ) v)-
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Divide through by N. The left hand side converges a.s. to g;(,g)(l, 1). The first term on
the right converges a.s. to zE(I*). The second on the right, converges in probability to
the constant g,,(1 — 2,1). In particular, we can find a subsequence Nj such that the
convergence is almost sure for the second term. Taking limits on this subsequence, we

conclude

g,@}’;)(l, 1) > 2E(I™) 4 g,p(1 — 2,1).

Since z is arbitrary we can take supremum over z in both sides of the equation above.
The same arguments will work if we move on the vertical axis. Thus, we obtain the
lower bound for (3.2.10). For the upper bound, fix & > 0 and let {0 = qo,e = ¢1,2¢ =
q2,-- -, Le_lj e,1 = qu} a partition of (0,1). We partition both axes. The maximal path
that optimises G%)N has to exit between | Nke| and | N(k + 1)e]| for some k. Therefore,
we may write
[N (k+1)e]
Gy <, pax { Z; Iy + G(LNkeJ,n,(N,N)}

NG
osx?%?iﬂj{ ; Jo +G1,(LNkaJ>,(N,N>}-

Divide by N. The right-hand side converges in probability to the constant

oglggﬁ(ﬁlj{(k‘ + 1)eu + gpp(1 — €k, 1)}

max {(k + 1)529(1_“)) +gpp(1,1— ak)}

0<k<|e~1] u+p(l—u
= max{qu + gpp(1 = i, 1)} +eu

1—u L—u
Vipe{a S g om0 1 -} 2

< sup {zu+ gpp(l —2,1)} +cu
0<2<L1

p(l —u) p(1 —u)
\/0213%(1 {Zu—{—p(l —u) 9m(1:1 _Z)} +€u+p(1 —u)

The convergence becomes a.s. on a subsequence. The upper bound for (3.2.10) now follows

by letting € — 0 in the last inequality. O

In the following sections, either when the explicit dependence on u is not important
or when it is not necessary and there will be no confusion, we omit the superscripts (u)

from the gradients I, J without a particular mention.

95



3.3 Upper bound for the variance in characteristic direc-

tions

We follow the approach of [9, 102] in order to find the order of the variance. All
the difficulties and technicalities in our case arise from two facts: First that the random
variables are discrete and small perturbations in the distribution do not alter the value
of the random weight. Second, we have three potential steps to contest with rather than

then usual two.
3.3.1 The variance formula

Let (m,n) be a generic lattice site. Eventually we will define how m,n grow to infinity
using the parameter u. Define the passage time increments (labelled by compass directions)

by

w=a"-aly, N=aWw, -ay, &=aWw, -a"

m,0°

S=aw —al.

m,0

From Corollary 3.2.5 we get that each of W, N, € and S is a sum of i.i.d. random variables
and most importantly, A/ is independent of £ and W is independent of S by the definition
of the boundary random variables. From the definitions it is immediate to show the cocycle

property for the whole rectangle [m] x [n]

WH+N =G =S+¢. (3.3.1)

()

We can immediately attempt to evaluate the variance of Gy, using these relations,

by
Var(Ggqj?n) = VarOW + N)

= Var(W) + Var(N) +2Cov(S + € — N, N)
= Var(W) — Var(N) 4+ 2 Cov (S, N), (3.3.2)

Equivalently, one may use £ and S to obtain
Var(G(,) = Var(S) — Var(€) + 2 Cov(E, W). (3.3.3)

In the sequence, when several Bernoulli parameters will need to be considered sim-
ultaneously, will add a superscript (u) on the quantities N',E, W, S to explicitly denote
dependance on parameter u.

The covariance is not an object that can be computed directly, so the biggest proportion

of this subsection is dedicated in finding a different way to compute the covariance that
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also allows for estimates and connects fluctuations of the maximal path with fluctuations
of the last passage time.

In the exponential exactly solvable model there is a clear expression for the covariance
term [9]. Unfortunately this does not happen here, so we must estimate the order of

magnitude. This is the content of the next proposition.

Proposition 3.3.1. Fiz 0 < u < 1. There exist functions Ayrw), Agw) such that for any

m,n € N we have

Var(ng)n) = nm —mu(l —u) + 2u(l — u) A
. (3.3.4)
=mu(l —u) — M —2u(l —u)Agw

The result is proved by perturbing the parameter on one of the boundaries. Throughout
the proof, the endpoint (m,n) and the parameter u are fixed. Pick an € > 0 and define
a new parameter u. so that v, = v+ ¢ < 1. The only way this is not possible is when
u = 1. If that’s the case, Gq(}z)n = m is deterministic and the variance is zero. Equation
(3.3.4) remains true as the right-hand side is a multiple of (1 — u).

For any fixed realization of w(®) = {wZ 0 ,w(()uj), Z(Z)} with marginal distributions (3.1.3)
we use the parameter € to modify the weights on the south boundary only. Define new

bernoulli weights w"s via the conditional distributions

}P’{wi’ = 1\%0 =1} =1,
€

Plwfy = 1wy =0} = — (3.3.5)

3

Py = Owfp =0} =1 - +—,

i.e. we go through the values on the south boundary, and conditioning on the environment
returned a 0, we change the value to a 1 with probability :=-. Then {w;' 0}1<Z<m is a col-
lection of independent Ber(u,) r.v. . It is convenient to introduce an algebraic mechanism
to construct ws directly. To this effect introduce a sequence of independent Bernoulli
random variables e%”i( 2 Ber( ) 1 < i < m that are independent of the w(®*). Denote

their joint distribution by p.. Then construct w*s the following way:
wiy = AV wly). (3.3.6)
Check that (3.3.6) satisfies (3.3.5). It also follows that
wis —wl) < A, (3.3.7)
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Under this modified environment,
Wiy ~ Ber(us), wy ~Ber(p), w ~ Ber(M), (3.3.8)
’ ’ ’ u+p(l—u)
the passage time is denoted by G% and when we are referring to quantities in this model
we will distinguish them with a superscript u.. With these definitions we have S% ~
Bin(m,u + €), with mass function denoted by fsue (k) = P{S% =k}, 0 < k < m.
Similarly, there will be instances for which we want to perturb only the weights of the
vertical axis, again when the parameter will change from u to u 4+ €. In that case, we

denote the modified environment by W%s and it is given by

p(l—u—e¢) )

wif ~Ber(u), !t ~Ber(p), wi ~ Ber(u tetpl-u—e)

Z7J

(3.3.9)

Again, we use auxiliary i.i.d. Bernoulli variables {”i/j(s)}lgjgn with

1+ u(l—p) )

(&) o Ber(l —€ )
! (I—u)(p+ul—p)+(1-pke
where we assume that ¢ is sufficiently small so that the distributions are well defined.

Then, the perturbed weights on the vertical axis are defined by
W = wéf‘j) . 7/j(6>. (3.3.10)

Denote by v, the joint distribution of ”f/j(e). It will also be convenient to couple the
environments with different parameters. In that case we use common realizations of i.i.d.
Uniform|0, 1] random variables n = {m,j}(m)ezi . The Bernoulli environment in the bulk

is then defined as
wij = Hmi; <p}

and similarly defined for the boundary values. The joint distribution for the uniforms we

denote by P,,.

Proposition 3.3.2. The following bounds in terms of the right-most exit points of the

maximal paths hold

Cov(s@N®) _ 1. Ergu (N — N™)

, O<u<l1
Ay = u(l=u) e—0 € (3.3.11)
0 u=0,1.
Similarly,
COV(W(u),g(“)) — lim EP@VE ((‘:ue — (‘:(U)) 0<u<l
Agay = et e0 € (3.3.12)
0 u=0,1.
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Proof of Proposition 3.3.1. The conditional joint distribution of (wz(s))lﬁiém given the
value of their sum S“™ is independent of the parameter . This is because the sum
of i.i.d. Bernoulli is a sufficient statistic for the parameter of the distribution. In partic-
ular this implies that EJN"*¢|SU+e = k] = Epg, [N ™|S™ = k]. For clarity, we added
the superscript (u) on the background measure P to emphasise that it is the measure on
environment w(®).

Then we can compute the E(N“*¢)

EINU|S8% = kP ® p{S" = k} — Ep(N ™)

NE

EP@M& (Nue - N(U)) =

b
Il
o

EIN®|S® = kP ® p{S" =k} — Ee(N™)

[
NE

if
o

EIN®IS® = k(P ® p{S" = k} — P{S™ =k}) (3.3.13)

M-

b
Il
o

To show that the limits in the statement are well defined, it suffices to compute

Ue — — (U’) =
iy B O pe{S" =k} —P{S k}
e—0 £

Epgu, (N = N ™) 1 S (u)] c(u) (u)
1 z = ENY|S™Y = kkP{S'" =k
e—0 £ u(l —u) kzzo NS JRPAS '
mu e
_ EINW| S — ppls) —
Ty 2 PWIS® = KPS = 1)
__1 (E( NS g /\/(“))E(S(“))>
u(l —u)
1
— (W) sy 3.14
u(l—u)COV(N , S\ (3.3.14)
Identical symmetric arguments, prove the remaining part of the proposition. O

For the rest of this proof, we prove the estimates on A,/ by estimating the covariance
in a different way.

Fix any boundary site w = (wy,w2) € {(4,0),(0,7) : 1 <i <m,1 < j <n}. The total
weight in environment w collected on the boundaries by a path that exits from the axes

at w is

w1 w2
yw = Zwip + Z(JJOJ‘, (3315)
1=1 J=1
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where the empty sum takes the value 0. Let .7 be the above sum in environment w(®
and let .#"¢ denote the same, but in environment (3.3.8).

Recall that &, is the rightmost exit point of any potential maximal path from the
horizontal boundary, since it is the exit point of the right-most maximal path. Similarly,
if €&, > 0, &, is the down-most possible exit point. When the dependence on the parameter

u is important, we put superscripts (u) to denote that.

Lemma 3.3.3. Let &, be the exit point of the mazximal path in environment w® . Let
Nt denote the last passage increment in environment (3.3.8) of the north boundary and
,5”52 the weight collected on the horizontal axis in the same environment, but only up to
the exit point of the maximal path in environment w®@ | N () 5”5(:1) are the same quantities

in environment wW. Then

Epgy (70— L) < Bpgy (N —N™) < B, (72 =7 +C(m, u,p)e*/?. (3.3.16)

)=
Similarly, in environments (3.3.9) and w(™,

Ersy, (S — S1) > Brey, (€% — M) > By (72 = #1) = C(n,u,p)s*3. (3.3.17)

Proof. We only prove (3.3.17) as the same arguments work for (3.3.16). Modify the weights
on the vertical axis and create environment W4 given by (3.3.9). The first inequality in

equation (3.3.17) follows by first noting that
gre — g <wre W <. (3.3.18)

The left inequality in (3.3.17) is then immediate, because the modification decreases all
weights on the west boundary by (3.3.10). To see the inequality in (3.3.18), do a double
induction on m,n using equations (3.2.3) and the cocycle property (3.3.1), starting from
the first corner square.

The remaining proof is to establish the second inequality in (3.3.17). Consider the
event {&% # ¢}. Since we only modify weights on the vertical axis, the exit point £ of
the original maximal path will be different from £ only if £“s = £Z. Moreover, since the
modification actually decreases the weights, one of two things may happen:

Log" # and Sk + G gy mm) > 55 + G1e,) (mn)> OF

2. €% # and Sk + G gig) (mm) = L5, T G160 (mm)

We use these cases to define two auxiliary events:
A= {8 # Cand Sk + Ger) (man) > Ty + Glreey).mm b
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Az ={€% # Cand Sl + G gig) mm) = T, T Glrey) mm}
and note that {£% # £} = A; U As. On A we can bound

Ue w) __ Ue u — Ue (U)
gl — 5( ) = Gm,n - ng,)n - <yfez + G(l’ﬁez)’(mvn) - yfez B G(1’552)’(m’n)

— Ue (u)
= 5”&2 — Ygez .

Then we estimate

Sue _ g(u) — ((C/‘Us _ g(u)) . ]l{fus _ 5} + (gue . 5(u)) ) ]l{gus # 6}
(= S e = (€ — W) (I + 1) (3319)
> (S = ALY (€ - EM) 14, (3.3.20)

The last inequality is justified in the following way: Only the weights on the vertical
axis were changed-actually decreased. Therefore, if the maximal path chose to move
horizontally before the modification, it would do so after and the first term in (3.3.19)
must be 0. The first term may not equal zero only when the maximal path takes a vertical
first step before the modification. On the event 1{{" = ¢} the bound in (3.3.20) still
holds.

To bound the second term of (3.3.20), we use Holder’s inequality with exponents

p=3,q = 3/2 to obtain
Epgw, (€M) =€) - 14,) < Epey, (€™ = £4)*) P (P @ v{A1})??. (3.3.21)

The first expectation on the right is bounded above by C'(u, p)n since EM) ig a sum of i.i.d.
Bernoulli random variables that bounds above £®) — gue.

Now to bound the probability. Consider the equality of events

A1 ={7 + Gy, mn) > ,5/612; + G(1.,),(mn) for some 0 < k # ¢ < n}
={7" - 5’52 = G(1,g€2)7(m,n) — G(1,k),(mn) for some 0 < k # £ < n}
— Ug Ug (u) (u)
= {7 =7, > Cuea)mm — Capmm 274" — 7,

for some 0 < k # & < n}.

Coupling (3.3.10) implies that the events above are empty when k > &,. Therefore,
consider the case &, > k. In that case, since &, is the down-most possible exit point, the

second inequality in the event above can be strict as well. Thus
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The strict inequalities in the event and the fact that these random variables are integer,

we see that the difference 7'c — .7 — ﬂk(u) + Z(u) > 2. This way, for some k, i

PPN NP S
j=k+1 j=k+1
-y (w(gg; _ wg;;) by (3.3.10)
j=k+1
<3 (Wl —whs) =Wl (1= 7)) =7 (3.3.22)
j=0 J=0

#. is defined by the last equality above and we therefore just showed A; C {#; > 2}.
The event {#. > 2} holds if at least 2 indices j satisfy with w(()f})(l - ”//j(g)) = 1. By
definition (3.3.22) we have that %% is binomially distributed with probability of success

Ce under P ® v. and therefore, in order to have at least two successes,
P ® v AW > 2} < C(n,u)e?. (3.3.23)
Combine (3.3.20) and (3.3.23) to conclude

Epgy, (€% — EM) > Bpay, (£ — #1) = C(n,w)e'/?. (3.3.24)

Lemma 3.3.4. Let 0 < u < 1. Then,

(u) _
AN(u) < El(61)7 and Ag(u) > (1 + U(l )
—Uu

(u + p(l _ u))gE(fg)) (3.3.25)

Proof. Now we bound the first term. Compute

m
Eren, (73 = S3) = > Bl — 7

S = | B{Ea = v}

A ey = y} P{&, =y}, from (3.3.7),

m y
= ZENE [Z %(5)]P{§el =y}, since 4, w™ independent,

Now substitute in (3.3.16), divide through by ¢ and take the limit as € — 0 to obtain

Ae _ (u)
i EV =) _ B
e—0 € 1—u
For the second bound, write
Erey, (6" = £0) > Beou. () = 7)) + o(e)

é(”)
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(U) (U)
_Eﬂp@%(Zw wg“j) o(e) :—EP®VE(ZWOJ — ))+0(€)

3 a0~ H O = ) o)

k=1 j—l
3 B — BB - %) 4 o)
k=1 j=1
n k
> =Y Y PEY = BB, (1= %) 4 ()
k=1 j=1
1+ u(l—p)
— —eRn(eW)y.
B R (= R () N B R
Divide both sides of the inequality by € and let it tend to 0. 0

Lemma 3.3.5. Let 0 < 11 < ro < 1 and let €79 the corresponding right-most (resp.
down-most) exit points for the mazimal paths in environments coupled by common uni-
forms n. Then

g8V <€) and €0 > €0

Proof. Assume that in environment w(") the maximal path exits from the vertical axis.
Then, since ro > r1 and the weights coupled through common uniforms, realization by

realization wé r2) < w(() V. Assume by way of contradiction that fggl) < §£§2). Then

G e R e R

(L&g) (mm) = (18 n Tl Ty

(r2) (r2)
>G( £r2)) (m, )+5’5<é> y(é)v

giving

L) _ )

¢ (052, mm) T 7 glra) T o

(rs)
0.5, mm t T 2 G

which cannot be true because 5322 is the down-most exit point in w("2). The proof for a

maximal path exiting the horizontal axis is similar. O

3.3.2 Upper bound

In this section we prove the upper bound in Theorem (3.1.3). We begin with three com-
parison lemmas. One is for the two functions A,/w.) that appear in Proposition 3.3.1 when
we vary the parameter. The other comparison is between variances in environments with

different parameters.
Lemma 3.3.6. Pick two parameters 0 < ri <ro < 1. Then
Apry) < Apprg) +m(rz —11). (3.3.26)
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Proof of Lemma 3.53.6. Fix an € > 0 small enough so that 1 +¢ < ro and ro+¢ < 1. This
is not a restriction as we will let € tend to 0 at the end of the proof. We use a common
realization of the Bernoulli variables %(E) and we couple the weights in the w(™) and w1
environments using common uniforms n = {n; ;} (with law P,), independent of the %(6).

We need to bound in a different way starting from the line before (3.3.20).

Nu+€ o N(u) _ (yﬁu-ﬁ-é o yg(u)) . ]l{{u+€ — 5} + (Nu-i-e o ./\/) . (]lAl + ﬂAz)
= (A = ) LEE = VT ) (L, + 1)

= (ST = S F W N = (A= A (L, 4 Ly). (3:327)

We first show that the second term can never be negative. Write

Nute A7 (tspg:j—s _ yg(u)) _ G%}f _ W)

e m,n

+ (w)
(Fe ™ =)
— u+ U+
e yﬁgf:;‘ + G({gfre,l)(m,n) - G(£6171)(m7n) — y551 8.

On A this expression is 0. On 4; the sum of the first two terms is strictly larger than

the sum of the last two. Then, (3.3.27) becomes

Nute — AW > ygﬁe _ yg(“)‘
81 51

Use this to bound the first term in the computation that follows. The second term we

bound with (3.3.16).

B, ( ATate _/\/'(7”2)) — E.0p, NTIFE N(rl))

> Byaor, (S0 = 702) = Buop, (705 = S 0)) + 0le)
€1

€1 5‘2:2) el
5(7‘2)
€1
— Eﬂe@F’n ( Z 1{%(5) — 1}1{771',0 > Tg})
i=1
gy
- Eus®Pn< Z ﬂ{jiﬁi(s) = 1}1{nio > 7“1}) + o(¢e)
i=1
§£€1)
> Ey.qp, ( > {4 = 1}<11{m,o > 1o} — 1{mio > 7“1})) + o(e)
i=1

> —mE, gp, (]l{%”i(g) = 1}(]1{77@0 >} — 1{nio > 7“2})) + o(e)

= —me(ry — 1) + o(e).

Divide by € and let € — 0 to get the result. O
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Lemma 3.3.7 (Variance comparison). Fiz 0y > 0 and parameters u, r so that p <
p+0y < u <r < 1. Then, there exists a constant C = C(dg,p) > 0 so that for all
admissible values of u and r we have

Var(G%)) - Var(G%),)
u(l—u) — r(1—r)

+C(m~+n)(r —u). (3.3.28)

Proof. Begin from equation (3.3.4), and bound

Var(G,(ff,)n) _ »
Wl-w) rpiowp W
_ p 94 1 1
S np e P T =P
Var(G%?n) 1
= r(l—-r) np( wtpl—w? [r+pl— T)]Q) +2m(r — u)
ar %)n r—u
m + 2np(1 —p)[qu(Ml_)u)]3 + 2m(r — u)
ar(GI, _
Vr(l(Ci 7,,)) n 2np(l(sg p) (r— ) + 2m(r — ).

In the third line from the top we used Lemma 3.3.6. Set C = 2% V 2 to finish the

0

proof. O

From this point onwards we proceed by a perturbative argument. We introduce the
scaling parameter N that will eventually go to oo and the characteristic shape of the
rectangle, given the boundary parameter. We will need to use the previous lemma, so we
fix a 09 > 0, so that dg < A < 1 and we choose a parameter u = u(N,b,v) < X so that

v
A—u=bl
YN

At this point v is free but b is a constant so that §o < A < u. The north-east endpoint
of the rectangle with boundary of parameter X is defined by (my(N),n)(N)) which is the
microscopic characteristic direction corresponding to A defined in (3.1.7).

The quantities G(€e271),(m7n),§e2 and G, , connected to these indices are denoted by
Gleep 1) (mm) (), &es (N), G (N). In the proof we need to consider different boundary
conditions and this will be indicated by a superscript. When the superscript v will be
used, the reader should remember that this signifies changes on the boundary conditions
and not the endpoint (mx(NV),nx(N)), which will always be defined by (3.1.7) for a fixed
A

Since the weights {wj ;}; j>1 in the interior are not affected by changes in boundary

conditions, the passage time G/, 1) (mn)(IV) Will not either, for any 2z < my(N).
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Proposition 3.3.8. Fiz A\ € (0,1). Then, there exists a constant K = K(X\,p) > 0 so
that for any b < K, and N sufficiently large

P{E)(N) > 0} <Oy 3( E(E;) +1), (3.3.29)
for allv > 1.

Proof. We use an auxiliary parameter u < A so that
u=X\—buN"'>0.

Constant b is under our control. We abbreviate (my(N),nyx(N)) = ty(A). Whenever we
use auxiliary parameters we explicitly mention it to alert the reader that the environments
are coupled through common realizations of uniform random variables 1. The measure
that we are using for all computations is the background measure IP,, but to keep the
notation simple we omit the subscript 7.

Since G,E )( /\)(N ) is utilised on the maximal path,
7L )+G(1 Dan (V) (V) < Gi )()\)(N)

for all 1 < z < ny(V) and all parameters p + dp < u < A < 1. Consequently, for integers

v >0,

PLED(N) > v} = P32 > v I + Gr ey (V) = Gy (V)

<PEz>0: N - AW LG (N) = G ()}
=Pz >v: SN -0 4 G (N) = GLY (V) > 0}
<P{FY = 7+ GG (N) = G (V) = 0} (3.3.30)

The last line above follows from the fact that u < A, which implies that Yk(’\) — Yk(u) is
non-positive and decreasing in k¥ when the weights are coupled through common uniforms.
The remaining part of the proof goes into bounding the last probability above. For any

o € R we further bound

P{EQ(N) > v} <P{LAY — 7 > —a} (3.3.31)
(u) )
+P{G (V) = Gy () = al. (3.3.32)
We treat (3.3.31) and (3.3.32) separately for
U2
a=-E[N - 7] - Con (3.3.33)

where Cy > 0. Restrictions on Cy will be enforced in the course of the proof.

106



Probability (3.3.31): That is a sum of i.i.d. random variables so we simply bound using

Chebyshev’s inequality. The variance is estimated by

u bv?
Var(.7,M) — .7W) ZVar Wog Wog)) <Cpav(A—u) = AN
Then by Chebyshev’s inequality we obtain
2
N _ o) > gl _ g vy G N
P{yv FW > ElLyN — W] 4 CON} < b (3.3.34)

Probability (3.3.32):  Substitute in the value of o and subtract from both sides
U A
E[G{ ) (N) = GV (N)]. Then

B{Gy ) (V) = Gy (V) = a}
= P{GL 5 (V) = G (N) = E[GL  (N) = G (V)]
v2 u
2 v TG~ N~ EGn )~ G ()

< PGy (V) = Gy (V) = BIGy ) (N) = Gy (V)
> 0(A = u)Cp — Corz — E[GL) ) (V) = GV ()]} (3.3.35)

where

We then estimate

BIG ()~ G (9] = V)= ) 4 () (20— )
b
I R ey G i [ ey G VL
1-p )2
=Nor (1 —p)u()\ )
< %b%?
- N

The first inequality above comes from removing the integer parts for ny(/N). The constant

D, is defined as
1—p
D,p=—"—"—.
P p+ (1 -pu

It is now straightforward to check that line (3.3.35) is non-negative when

Ck,p
4D

CA,p

b < and Cp=0b—*

u’p
With values of b, Cyy as are in the display above, for any ¢ smaller than bC) ,/4, we have
that the difference

G (V) = Gl (V) = BIG ) (V) = Gy (N] 2 o N1 > 0,



Using this, we can apply Chebyshev’s inequality one more time. In order, from Cheby-

shev’s inequality, Lemma 3.3.7 and finally Proposition 3.3.1

Probability(3.3.35) < P{|G{" ) (N) = GIV (V)

u A _
~ EIG) ) (N) = Gy (W] > e® N7
N? () ()
< c2v4 Var(GtN(/\)(N) — GtN(/\)(N))
N2

= 2t
N? )
<45 (Var(Gt (V) +CN(A - u))
N2 N2
<4 2 4|A5(>\)‘+Cb7
This together with the bound in Lemma 3.3.4 suffice for the conclusion of this proposition.

O]

Proof of Theorem 3.1.3, upper bound. We first bound the expected exit point for bound-
ary with parameter A\. In what follows, r is a parameter under our control, that will
eventually go to oo.

nx(N)

EEQ(N) <rNB+ 3 PLED(N) > v}

v=rN2/3

fe
< rN2/3 4 Z CUS( E( 2) 1) by(3.3.29)
v=rN2/3

< TN2/3 CE(é-eQ ) + CN2/3

T'

Let r sufficiently large so that C'/r3 < 1. Then, after rearranging the terms in the inequal-

ity above, we conclude
E(¢)(N)) < CNY3,

The variance bound follows from this, Lemma 3.3.4 and equation (3.3.4) when m, n satisfy

(3.1.7). O

An immediate corollary of this is the following bound in probability that is obtained

directly from expression (3.3.29) is

Corollary 3.3.9. Fixz XA € (0,1). Then, there exists a constant K = K(\,p) > 0 so that

for any r >0, and N sufficiently large

K
P{ENV(N) > rN?/3} < g (3.3.36)
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3.4 Lower bound for the variance in characteristic direc-

tions
3.4.1 Down-most maximal path and Competition interface

In this section first we want to construct the down-most maximal path and a possible
competition interface. Then we identify their properties and relations which will be crucial

to find the lower bound for the order of fluctuations of the maximal path.

The down-most maximal path

Consider a triple (I; j, J; j,w; ;) defined in (3.2.4), and keep in mind the increment defin-
ition (3.2.1). Recall that the maximal path in the interior process collects weights only
with a diagonal step with probability given by w. We define the down-most maximal path

7 starting from the target point (m,n) and going backward following the rules

7+ (0,1) if G(7y 4+ (0,1)) = G(7),
Tht1 = § 7 + (1,0) if G(fy + (1, —1)) < G(# + (0,1)) and wg, 4109 =0,  (34.1)

fp+ (1) if G(7x) = G(7k + (1,0)) and w4 (1.1) = 1.

The moment that 7 hits one of the two axes (or the origin) it starts to collect from the
axis, which it has hit, down to the origin.

The maximal path 7 can be formalized in the following way.

The graphical representation is in Figure 3.1.

G-19) 1,;=01 @39 G-19) 1,;=01 @9 G-19) n ;=0 G
w; ; =0,1 w; g =1

|

>
<
s
&
Il
<}
>
<
s
&
|
=
&
&
|
-

(i-1,j-1 (5 —1) (i-1,i-1 (5 —1) (t-17-1 (6,5 —1)

(a) Combination of I, J and  (b) Combination of I,J and  (c) Combination of I, J and

w for a down (—e2) step. w for a diagonal step. w for a left (—eq) step.

Figure 3.1: One-step backward construction for the down-most maximal path .
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The competition interface

The competition interface is an infinite path ¢ which takes only the same admissible steps

as the paths we optimise over. ¢ = {9 = (0,0), ¢1,...} is completely determined by the

values of I, J and w. In particular, for any k € N,

Pk+1 =

(1,0) (1,1)
wi;1 =0,1

Jo,1 =0 ©1

(0,0) Iio=1 (1,0)

(a) Combination of I, J and

w for an up step.

(1,0) (1,1)
wy,1 =0,1

Jo1 =1

Y1

(0,0) I10=0 (1,0)

(¢) Combination of I, J and

w for a right step.

Jo,1 =0 ©®1

G(pr +(0,1)) < G(pg + (1,0)) or
Glor + (0,1)) = G(pr + (1,0)) and G(gy, + (0,1)) = G(pr),
or+ (1,0) if G(pr + (1,0)) < G(px +(0,1)),

(o +(1,1) if Ger +(0,1)) = Glpx + (1,0)) and G(px + (0,1)) > G(ex)-

(3.4.2)

(1,0) (1,1)
wi;1 =0,1

(0,0) I10=0 (1,0)

(b) Combination of I, J and

w for an up step.

(1,0) (1,1)
w11 =0,1

©1

Jo1 =1

(0,0) Iio=1 (1,0)

(d) Combination of I, J and

w for a diagonal step.

Figure 3.2: Constructive admissible steps for ¢.

In words, the path ¢ always chooses its step according to the smallest of the possible

G-values. If they are equal, the competition interface decides to go up if the last passage

time of the up and right point are equal and they are also equal to the last passage time

of the starting point otherwise it takes a diagonal step.

Remark 3.4.1. In literature the name competition interface comes from the fact that it

represents the threshold interface between the points which will be reached by the mazximal



path whose first step is right or up. Since our model is discrete, and we have three (rather
than two) possible steps and our maximal path is not unique, our definition of ¢ depends
on our choice of maximal path; here we chose the down-most path as our maximal path
and then we accordingly defined the competition interface, so that we exploit certain good

duality properties in the sequence. O

This being said, the partition of the plain into the two competing clusters is useful in

some parts of the proofs that follow, so we would like to develop it in this setting. Define

Cro={v=(v1,12) € Za_ : there exists a maximal path from 0 to v

with first step eg or e; + ea}.

The remaining sites of Zﬁ_ are sites for which all possible maximal paths to them have to
take a horizontal first step. We denote that cluster by C_, = Zi \ Cy, .

Some immediate observations follow. First note that the vertical axis {(0,v2)}y,en €
Cy, » while {(v1,0)}y,en € C5. We include (0,0) € Cy, » in a vacuous way.

Then observe that if (vy,v2) € Cy, » then it has to be that (vi,y) € C; » for all y > vy.
This is a consequence of planarity. Assume that for some y > vo the maximal path mg (,, 4
has to take a horizontal first step. Then it will intersect with the maximal path 7o (4, )
to (v1,v2) with a non-horizontal first step. At the point of intersection z, the two passage
times are the same, so in fact there exists a maximal path to (v1,y) with a non-horizontal

first step: it is the concatenation of the mg (,, ,,) up to site z and from z onwards we follow

U1,V2

70,(v1,y)-

Finally, note that if v # 0 and v € C4_» and v + e € C_;, it must be the case that
Iv+e1 = GO,U+61 - GO,U =1.

Assume the contrary. Then, if the two passage times are the same, a potential maximal
path to v + ey is the one that goes to v without a horizontal initial step, and after v it
takes an e; step. This would also imply that v + e; € Cy, » which is a contradiction.
These observations allow us to define a boundary between the two clusters as a piece-
wise linear curve ¢ = {0 = @g, P1,...} which takes one of the three admissible steps,
e1,e9,e1 + ea. We first describe the first step of this curve when all of the {w, I, J} are

known. (see Figure 3.3).
(17 0)7 when (wl,la -[1707 JO,l) € {(17 O) 1)7 (07 07 1)}7
Y1 = (1,1), when (W1,1,1170,J0,1) S {(1,0,0),(0,0,0),(1,1,0),(1,1,1),(0,1,1)},

(0, 1), when (w171,1170,J0,1) S {(0,1,0)}.
(3.4.3)
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(1,0) (1,1) (1,0) (1,1) (1,0) (1,1)
wi,1 =0,1 wi1 =1 w1,1 =0

Jo,1 =0 Spl Jo,1 =0,1 801 Jo1 =1 Sol

(0,0) Iio=0 (1,0) (0,0) Lig=1 (1,0) (0,0) Iiop=1 (1,0)

(a) Combination of I,J and  (b) Combination of I, J and  (c¢) Combination of I, J and

w for a diagonal step. w for a diagonal step. w for a diagonal step.
(1,0) (1,1) (1,0) (1,1)
w11 =0 wi,1 =0,1
Jo,1 =0 ()51 Jo1 =1
o1
(0,0) Iio=1 (1,0) (0,0) Ino=0 (1,0)
(d) Combination of I, J and (e) Combination of I, J and
w for an up step. w for a right step.

Figure 3.3: Constructive admissible steps for 1. Compare with Figure 3.2 and see that

the ¢ steps are always lower or equal than the ones for ¢

From this definition we see that ¢ stays on the xz-axis only when I1 o = 0 and Jy 1 = 1.
If that is the case, repeat the steps in (3.4.3) until ¢ increases its y-coordinate and changes
level. Any time ¢ changes level from ¢ — 1 to ¢, it takes horizontal steps (the number of
steps could be 0) until a site (ve, £) where (v, £) € Cy » but (v +1,£) € C,. In that case,
Iy, +1¢ = 1, by the second and third observations above, and ¢ will change level, again
following the steps in (3.4.3).

From the description of the evolution of ¢, starting from (3.4.3) and evolving as we
describe in the previous paragraph, the definition of the competition interface ¢ in (3.4.2),
implies as piecewise linear curves, (as it is possible to see comparing the admissible steps
in Figures 3.2 and 3.3)

v >, (3.4.4)

ie. if (z,y1) € ¢ and (x,y2) € @ then, y; > yo. Similarly, if (z1,y) € ¢ and (z2,y) € @
then, 1 < x9. Moreover, if u € Z%_ ¢ ¢ then it has to belong to one of the clusters; C_, if

u is below ¢ and Cy, » otherwise. (see Figure 3.4).
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(m,m)

Figure 3.4: Graphical representation of ¢ and ¢. Both curves can be thought as com-
petition interfaces. ¢ separates competing clusters, depending on the first step of the
right-most maximal path, while ¢ follows the smallest increment of passage times with a

rule to break ties. As curves they are geometrically ordered, ¢ < .

The reversed process

Let (m,n) with m,n > 0 be the target point. Define
Gf,j =Gmn— Gm—in—js for0<i<mand 0<4i<n. (3.4.5)

It represents the time to reach point (i, j) starting from (m, n) for the reversed process.

We also define the new edge and the bulk weights by

Iij=Im—itin-j, Wwheni>1,j>0 (3.4.6)
Jij = Jm-in—j+1, Wheni>0,j>1 (3.4.7)
W = Qm—in—j, Wheni>17>1. (3.4.8)

Then we have the reverse identities.

Lemma 3.4.2. Let I* and J* be respectively the horizontal and vertical increment for

the reversed process. Then, for 0 < i < m and 0 < i < n, we have

I;:j = ij Vv Ii*,j—l k4 Ji*—l,j - z‘*—l,j = G;j - :_17]‘ (3.4.9)
Jij=wig Vg Vi =L =Gl =G (3.4.10)

Proof. First note that
Im—iv1in—j = Gm—it1n—j — Gm—in—j
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* *
= Gm—i—l—l,n—j - Gm,n + Gm,n - Gm—i,n—j = GrL"j —Yi-14-

by (3.4.5). We also prove the other identity only for the I7; and leave the proof for the

second set of equations to the reader. A direct substitution to the right-hand side gives

wig VIV I = Jit
=am—in—j VIm—itin—jr1 V Im—itin—jtr1 — Jm—it1,n—j+1
= (m—in—j — Jm-it1,n—j+1) V (Gm-it1,n—j — Gm—in—js1) VO
= (m—in—j — Jm-it1,n—j+1) V (Gm-iti;n—j — Gm—in—j + Gm-in—j — Gm-in—j+1) V0
= (am—in—j — (Wm—it1,n—j+1 V Im—iti;n—j V Im—in—j+1 — Im—it1,n—j))
V (Im—it1n—j — Jm—in—j+1) VO
=Im—itin—j+ ((am—i,n—j — Wim—i+1,n—j+1 V Im—it1n—j V Jm—in—j+1)

V (=Im—in—jt+1) V (_Imfz#l,nfj))-

Focus on the expression in the parenthesis. We will show that it is always 0, and there-
fore the lemma follows by (3.4.6). We use equations (3.2.3) and (3.2.8). If the pair
(Im—i+1,n—j» Jm—in—j+1) = (1,1) then a,—;n—;j = 1 and the first maximum is zero. Simil-
arly, when the triple (Wpm—it1n—j+1, Im—i+1,n—j> Jm—in—j+1) = (0,0,0), m—ipn—;j = 0 and
the value is zero again. When exactly one of 1,11 n—j, Jm—in—j+1 is zero the overall max-
imum in the parenthesis is 0, irrespective of the values of i 5—j, Wm—it1,n—j+1. Finally,
when wy,—i+1n—j+1 = 1 and both the increment variables (lm—it1.n—j, Jm—in—j+1) =

(0,0), the first term is either 0 or —1 and again the overall maximum is zero. O

Throughout the paper quantities defined in the reversed process will be denoted by
a superscript *, and they will always be equal in distribution to their original forward

versions.

Competition interface for the forward process vs maximal path for the reversed

process

We want to show that the competition interface defined in (3.4.2) is always below or
coincides (as piecewise linear curves) with the down - most maximal path 7* for the
reversed process. The steps of the competition interface for the forward process coincide
with those of 7* in all cases, except when (I; ,J; j,w; ;) = (0,1,1). In that case, 7* will
go diagonally up, while ¢ will move horizontally. Thus, ¢ is to the right and below 7* as

curves.
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Now, define
v(n) = inf{i: (i,n) = ¢y for some k > 0}
(3.4.11)
w(m) = inf{j : (m, j) = ¢y for some k > 0}
with the convention inf @ = co. In words, the point (v(n),n) is the left-most point of the

competition interface on the horizontal line j = n, while (m,w(m)) is the lowest point on

the vertical line ¢ = m. This observation implies
v(n) >m = w(m) <n or w(m)>n = v(n) < m. (3.4.12)

Then, on the event {w(m) > n}, we know that 7#* will hit the north boundary of the

rectangle at a site (¢,m) so that
m—L=¢ (), £<w(n).
Then, we have just showed that

Lemma 3.4.3. Let ¢ be the competition interface constructed for the process G and
#* the down-most mazimal path for the process G defined by (3.4.5) from (m,n) to
(0,0). Then on the event {v(n) > m},

m —ov(n) < &N (#*) (3.4.13)

1

Finally, note that by reversed process definition we have

g B e, (3.4.14)

3.4.2 Last passage time under different boundary conditions

In our setting the competition interface is important because it bounds the region where
the boundary conditions on the axes are felt. For this reason we want to give a Lemma
which describes how changes in the boundary conditions are felt by the increments in the

interior part.

Lemma 3.4.4. Given two different weights {w;;} and {&;;} which satisfy woo = o0,
wo,j > Wo,j, wio < Wi andw;j = w;j foralli,j > 1. Then all increments satisfy I; ; < I~,~7j

and Jm‘ 2 jm‘.

Proof. By following the same corner-flipping inductive proof as that of Lemma 3.2.3 one
can show that the statement holds for all increments between points in Ly U Z,;, where
L, and I are respectively defined in (3.2.6) and (3.2.9) for those paths for which Z, is
finite. The base case is when Z,, is empty and the statement follows from the assumption
made on the weights {w; ;j} and {@;;} and from the definition of the increments made in

(3.2.3). O
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Lemma 3.4.5. We are in the settings of Lemma 3.4.4. Let GY=0 (resp.GS=0) be the
last passage times of a system where we set o ; =0 for all j > 1 (resp. w;o = 0) and the
paths are allowed to collect weights while on the boundaries. Let v(n) be given by (3.4.11).

Then, for v(n) < mi < ma,

W=0 W=0
G1,1),mam) = G11),0m1.m) < G(0,0),(main) — G0,0),(m1,m) (3.4.15)
= G(0,0),(m2n) — G(0,0),(m1,n)-
Alternatively, for 0 < mj < ma < v(n),
5=0 S5=0
G1,1),(mam) — G1,1),0m1.n) = G0,0),(man) — G0,0),m1,n) (3.4.16)

= G(0,0),(ma,n) — G(0,0,(m1,n)-

Proof. We prove (3.4.16) and similar arguments prove (3.4.15). The first inequality in
(3.4.16) follows from Lemma 3.4.4 in the case Wy ; = w;p = 0. The subsequent equality
comes from the fact that if v(n) > mg > my. By (3.4.11) the target points (mi,n)
and (m2,n) are above the competition interface ¢ and therefore, by (3.4.4) are strictly
above ¢. This implies that (my,n) and (mg,n) belong to the cluster C;, » and therefore
we can choose the respective maximal paths to not take a horizontal first step. In turn,
the maximal path does not need to go through the z-axis and hence it does not see the

boundary values w; . Thus, G‘(Soj)o),(m,n) = G(o,o),(m,n)' O

3.4.3 Lower bound

In this section we prove the lower bound for the order of the variance. Before giving the
proof we need to prove two preliminary lemmas. For the rest of this section, whenever we

say maximal path, we mean the down-most maximal path.

Lemma 3.4.6. Let a,b > 0 two positive numbers. Then there exist a positive integer
No = N(a,b) and constant C' = C(a,b) such that for all N > Ny we have
P{ s (A 4 Gty tma(mmu) — Gl mu)ma(vy} = N
0<z<aN2/3
< Ca®(b3 +b79).
(3.4.17)

Proof. First note that if the supremum in the probability is attained at z = 0 then the
expression in the braces is tautologically 0 and the statement of the lemma is vacuously
true. Therefore without loss of generality, we can prove the bound for the supremum when

1< 2<aN?/3,
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Select and fix any parameter 0 < r < b/a and let N large enough. The exact de-

pendence of r on the parameters a and b will be obtained later in the proof. Define A\ by

A=u—rN"/3 (3.4.18)

and use it to define boundary weights on both axes using that parameter and independently
of the original boundary weights with parameter u. The environment in the bulk is the
same for both processes. Let go(A) be the competition interface under environment w®

and let v be as in equation (3.4.11). Restrict on the event v*(n) > m. Define the

S ey

0,0),(mn) ~ C(0.0),(m—2+1,n)" Then use Lemma 3.4.5 to obtain

increment V),

A
G1,1),mmn) — G1),(m—241,0) = Vi—)1

Recall that V( )1 is a sum of i.i.d. Bernoulli(A) variables and it is independent of fz(u).

When (m,n) equals the characteristic direction (my(N),n,(IN)) corresponding to u,
P{ sup {L" +Gr) ma)mu) = G, mu()muvy} = DNV}

1<2<aN2/3
<r (o0 )

+ ]P’{ sup {7 — Vz(i)l} > le/?’}

1<z<aN?2/3
< IP{U(A)<VZ(]) (1 p)u)QJ) < LNJ} (3.4.19)
—HP’{ sup {y(u Z(,/l)l}Zle/‘g—l}.
1<z<aN?2/3
(3.4.20)

Where the first inequality is obtained by applying the law of total probability and making
P{ suD; < a2+ {72+ Gla) (ma (V) (V) — G(11),(ma (V) ()} = BNY/3[00 (L%(p +
(1 - p)u)2D < LNJ} = P{U(A)(L%(p + (1 - p)u)2D > LNJ} = 1. We bound the
two probabilities separately. We begin with (3.4.20). Define the martingale as M,_; =
fz(ﬁ)l - Vi);)l - E[Y(u)l - V(i)l], and note that for 1 < z < aN?%/3,

zZ— z

EL7") ~ V] = (= = Du— (z = DA < raN'/%, (3-421)

Using this result and taking N large enough so that
b>ra+ N3 (3.4.22)
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we get by Doob’s inequality, for any d > 1.

IP’{ sup {yz@l — Vi)_‘)l} > pN/3 — 1}
1<z<aN?2/3

<P{ sup M, 2N1/3(b—m—N_1/3)}

1<z<aN2/3
C(d)N—4/3 p C(d, u)a?
E[|M < . 3.4.23
= (b_ra_Nfl/g)d [| LaN2/3J| ] = (b—ra—N*1/3)d ( )
Then for N > 43b=3 the above bound is further dominated by C(d, u)ad/Q(%b —ra) -
which becomes C(d, u)a?b~% once we choose
b
= — 4.24
r=p (3424)

d = 6, and properly re-define the constant C'(d, u). This concludes the bound for (3.4.20).
For (3.4.19), we rescale N as

VoG

Then we write

p{o (| L pr - p2]) < [ (L2 )

Since u > A, then

(B2 ) <)

Thus, by redefining (3.1.7) and (3.4.13) with N’ and A, we have that the event U(A)(LN?/QH—

(1-p)N)?]) < L(%)QN’J is equivalent to

O = V- (| Z i+ a-p?))

> |N'| - {(M)QMJ.

By (3.4.14), we conclude

P{U(A)(V;(p—l- (1-pp)*|) < NI}

=Pl > |N'] - {(M)QMJ}. (3.4.25)

Utilizing the definitions (3.4.18) and (3.4.24) of A and r, for N > Nj there exists a constant
C = C(u) such that

-G oo

118



Combining this with Corollary 3.3.9 and definition (3.4.24) of r we get the bound

P{v”({f(p +(1-p)*]) < INJ} < PED (V') > Crv2/9

< Cr7® < C(a/b). (3.4.26)
The result now follows. O

The other Lemma gives an asymptotic limit of the probability order of the exit point
from the z-axis. We will discuss the exit point from the y-axis as a Corollary of this

Lemma.

Lemma 3.4.7. Let u € (0,1) and (my(N),ny(N)) the characteristic direction. Then the
exit point of a maximal path from 0 to (my(N),n,(N)) satisfies

n Tm (w) () 2/3) _
(%%ngnwp{o < €M(N) v EW(N) < 6N } ~0.

Proof. We only show the result for §£?)(N ). The same result for §§Z)(N ) follows by in-
terchanging vertical and horizontal directions and the fact that both boundaries have
Bernoulli variables.

First pick a parameter § > 0. Recall that 55}1‘)(1\[ ) = 0 if the down-most maximal path
makes the first step diagonally or up. Also keep in mind that 5&‘) (N) = 0 is the right-most
possible exit point, therefore all paths that exit later, have to have a smaller passage time.
Then, we may bound

P{0 < £{(N) < SN/} <P{ sup {8 + Gla) (ma (V) (V) }
SN2/3<x<N2/3

< sup ALY + Glavin) (ma(N)ma(N) -
0§$§5N2/3

Then, we subtract the term G q 1, (m(n),n(v)) from both sides and we bound the resulting
probability from above by

P{  sup {4 Can) mud)m) = GO (mu()mu(N)}
SN2/3<x<N2/3

< sup {7+ Glav1,1),(ma (V) (V) — G(1,1),(ma (V) (V))
0<z<§N2/3

<P{  sup {4 Gy ima(V)ma(V) = GU1),(ma (W)} < DN}
SN2/3<p<N2/3

(3.4.27)
+P{  sup LI 4 G vt ima(N)me (V) — G (ma (V) ma ()} > BNTE
0<z<dN2/3

(3.4.28)
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(3.4.28) is bounded from above using Lemma 3.4.6 by C§3(b=3 + b76).
To bound (3.4.27) we use similar arguments that we employed in the proof of Lemma

3.4.6. Define an auxiliary parameter A
A=u+rNV3 (3.4.29)

where conditions on r will be specified in the course of the proof. From Lemma 3.4.5 the

following inequalities hold

N (N
G (2,1),(mu(V),nu (V) — G(1L1),(mu(N)inu(N)) 2 G(O,O),(mu(N)forl,nu(N)) - G(O,O),(mu(N),nu(N))
= YN >y,

rz—1 = T

whenever v < L% (p+(1- p)u)ZJ) < |N] — . Using these, we have

P{  swp S 4 Gl mama(v) — GO0 man)ma(v)} < ENY
SN2/3<x<N2/3

§}P{UQ)(Lij(p-F(l——pﬁ02J> > |N| - N%/3) (3.4.30)

+P{  sup  {SW-VYNV}<bNVEL (3.4.31)
SN2/3<z<N2/3

We claim that, for n > 0 and parameter r, it is possible to fix d,b > 0 small enough so

that, for some Ny < oo, the probability in (3.4.31) satisfies

P{ sup {7 -V} <N} <y forall N > Np. (3.4.32)
SN2/3<g<N2/3

In order to prove this, we use a scaling argument: Uniformly over y € [J, 1] as N — oo,

— u A — _
N 1/3E[°¢L(y]zf2/3J N VEyJ)W/SJ] =N 1/3({yN2/3Ju - L?/NQ/SJ (u+rN 1/3)) — Ty
and
N2Var(# =V ) = (L — ) +y(ut TN (1w N

— du(l —u)y = o?(u)y

Since we are scaling the supremum of a random walk with bounded increments, the prob-

ability (3.4.32) converges as N — 0o, to

P{ sup {o(u)B(y) —ry} < b}

§<y<1

where B(+) is a standard Brownian motion. The random variable

sup {o(u)B(y) —ry}
§<y<1
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Figure 3.5: Comparison of various curves in w;; and @;; = w;; environments. The
thickset blue curve (color online) in the left figure is the competition interface in w; ;
and the reflected curve can be seen in the same color to the right. The green curve is the
competition interface in w; ; weights which is higher than the reflected ¢ and the red curve
is the right-most maximal paths in the reversed w; ; weights with boundaries on north and

east, which is higher than both the other curves.

is positive almost surely when ¢ is sufficiently small. Therefore, the above probability is
less than 7/2 for a suitably small b. This implies (3.4.32).
Finally we bound (3.4.30). Using (3.4.12) and the transpose environment @;; = wj;

for ¢, 7 > 0 under the measure P

N
P{U(A)(Lf(p—i- (1 —p)u)2J> > [N - N¥3 - 1j}
p
~ a-» N
< P{U(Aip(l—A)) (IN = N?3-1]) < L— (p+(1 —p)u)QJ } (3.4.33)
p
Under measure P the environment is still i.i.d. and the only change is the alternation
of parameter values on the boundaries. Moreover, in the transposed environment, the

p(1-X)
new competition interface @(Aﬂ’(l**)) constructed using (3.4.2), would be above (as a
curve) from the transposed competition interface cp()‘), so it would still exit from the north

boundary. (see Figure 3.5). From (3.4.29) substitute u as a function of A,

Probability in (3.4.33) :ﬁ{v(%) (LN — N2/3 _ 1))
< | S0+ =90 = 2+ 0=V - PN+ o)}

Define N as
N/ — N_N2/3 1 = N = N/+N/2/3+O(N/2/3).

Replace N with N’ in the probability above to obtain

p(1=X) /

Probability in (3.4.33) < ﬁ{v(m) (IN']) < V;f(p +(1- pm?J - KN/2/3},
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where K = p~1(p+(1—p)A)(2(1—p)r — (p+ (1 —p)))) which is positive for r large enough.
Using (3.4.13) and (3.4.14)

Probability(3.4.33)

~ (2= - p(1=X)
< P{gel(/\ﬂ)(l—/\))(N/) > KN/Q/S] — P{ge(lk&-p(l—/\)) (N/) > KN/2/3] < CK_3,

where the last inequality follows from Corollary 3.3.9. We are now ready to prove the
lemma. Start with a fixed > 0. Then, fix an r large enough so that CK~3 < n and
probability (3.4.30) is controlled. This also imposes a restriction on the smallest value
of N that we can take, since we must have A < 1. Under a fixed r, we can modulate
0, b and select them small enough, so that (3.4.32) holds. Finally, make ¢ smaller so that
C5(b=3 4+ b7%) < n and probability (3.4.28) is also controlled. Thus, unifying all these
results we have

P{0 < £(I(N) < SN?/3} < 2n. (3.4.34)

Note that by shrinking § while b remains fixed, (3.4.32) is reinforced. This concludes the

proof of the lemma. O

Proof of Theorem 3.1.3, lower bound. We first claim that

3 £
AN('U,) > IE(£ - zwi’o) = E( (1 - wiyo)) . (3435)
i=1 i=1
Under this claim, we can write
ey
Apw = E(Z(l - wi,O))
i=1
|N2/3 ]
> (1D (N) 2 0N} 3 (1-wi))
i=1
L)
> aN*PP{eO(N) > N2, ST (1 - wig) > aN¥3 ).
i=1

Fix an n positive and smaller than 1/4. Now, by making J sufficiently small, we can make
the event {gé?) (N) > 6N?/3} have probability larger than 1 — 5 by Lemma 3.4.7, for N
sufficiently large. With ¢ fixed, we can make « smaller, so that the event { ZZLEIVQBJ (1—
wio) > aN 2/ 3} also has probability larger than 1 — 7. Therefore their intersection has
probability greater than 1 — 2.

By Proposition 3.3.1 and the fact that we are in a characteristic direction, the result

follows.
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It now remains to verify (3.4.35). Using the fact that

AV wig —wip = e%ﬁ(g) - %gfg)wi,o,

1y

we write using (3.3.16)
5(“)

Epgu. (N — N ™) > Epg,,, (yngw y((’f))) = Erep. (Z %fg) - %fg)wi,o)
=1
W

= eE(£8Y) — Epey. (Z *%02(0 i 0)

mu(N) y

= {:‘E(fél E[P@u€< Z Z % Wi Dﬂ{é(u) = y}>

mu(N)

= eB(EW) — Bro, (. A wiol {8 > i})
=1

mu (V)

= gE(ggl‘)) — dE( Z wi,oﬂ{§£7f) > Z}) = eE( 561 6E(sz 0)

i=1
Combine the expectations and divide by €. Then take a limit as € — 0 to finish the

proof. O

3.5 Variance in off-characteristic directions

In this section we want to deduce the central limit theorem for rectangles that do not

have characteristic shape.

Proof of Theorem 3.1.4. We prove the theorem in the case ¢ < 0, analogue arguments
follow for ¢ > 0. Set m}(N) = my(N) + |¢N¢|. Now, the point (m}(N),ny(N)+ [cN®])

is in the characteristic direction. Thus

my (N)
(u) _ ()
G (W) +LeNe] = Gt (a0 lene] T D Tima(Wyslene)-
i=m (N)+1

Note that the second the term on the right hand side is a sum of m,(N)—m(N) = [¢N¢|
i.i.d Bernoulli distributed with parameter u. We center by the mean of each random
variable and we indicate them with a bar over the random variable. Multiply both sides

by N~%/2 to obtain

my(N)
—a/2 ~(w) _ —a/2 A () T
/G w(N),ny (N)+[eNe] =N~/ (Gm;(zv),nu(zv)ﬂczvaj + Z Iivnu(N)HcNaJ)-
i=m} (N)+1

The first term on the right hand side is stochastically O(N/3-%/2). Since a > 2/3 this
term converges to zero in probability. On the other hand the second term satisfies a

CLT. O

123



Note that for any A € (0,1), for any € > 0 the endpoint (N,pN —eN) (resp. (N, N/p+
eN)) will always be the north-east corner of an off-characteristic rectangle no matter what

the value of \.

3.6 Variance without boundary

In this section we prove some results for the last passage time in the model without
boundaries but still with fixed endpoint. We begin reminding the last passage time of
the model without boundaries to reach a point in the characteristic direction (3.1.7) is
G(1,1),(mu(N)ma(N)) and the last passage time of the model with boundaries to reach the

(u)

same point is G(O,O),(mA(N),n)\(N))’ We want to prove another version of Lemma 3.4.6.

Lemma 3.6.1. Fiz 0 < a < 1. Then there exist a positive integer No = N (b,u) and
constant C = C(«,u) such that, for all N > No and b > Cy we have

(u) 1/3 —3a/2
P{G{0 ). (V) s (V) — G ma(V) () = DN} < Co73/2,

Proof. We prove only the case where the maximal path exits from the z-axis. Similar
arguments hold for the maximal path exits from the y-axis and find the same bound.

Note that

(w) 1/3
P{G0 ) (mr (8 (V) — G LD (W) () = DN}

u 1/3
= E”{ sup {1 + Glat) (W) (V) ~ GL1 (V) ()} = DN }

1<z<aN?2/3

(3.6.1)

+ P{ sup {8 + Gl ) ma ()} # G(l,l),(mu(N),nu(N))}-
1<z<aN?/3

(3.6.2)

For (3.6.2) using 3.3.9, there exists a C' = C'(u) such that

P{ sup {«5’5“)+G<z,1),<mu<N),nu<N>>}#Gu,l),(mu(m,nu(m)}
1<2<aN2/3 (3.6.3)

< PEM(N) > aN?3) < Ca™®,

For (3.6.1) we use the results from the proof of Lemma 3.4.6. Define
A=u—rN"3

From (3.4.20) and (3.4.23), where we choose a = b*/2, d = 2 and r = b*/? we have the

upper bound

C(a, u)b/?
b— b — N—1/3)2

IP’{ sup {5”2(3)1 — Vzo_‘)l} > pN/3 — 1} <
1<2<aN?2/3 (

(3.6.4)
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where C(a, u) > 0 is large enough so that for b > C' (3.4.22) is satisfied and the denomin-
ator in (3.6.4) is at least b/2. Then we can claim that for all b > C and N > Ny = 43b=3

u 1/3
P{ s {4 Gy mammav) = Gan munm vy} = bV

1<2<aN?2/3
< p{w(ﬁm (1-pu)’]) < INJ} + a2,

Since N > Ny we can use the result (3.4.26) and remembering that ~ = /2 in this case

we obtain

u 1/3
P{ sup  {ILY + G ma (0 (V) ~ G, (ma(W)u (V) } 2 PNY }
1<z<aN?/3 (3.6.5)

< O3/ 4 Cp/2 2,

Combining (3.6.5) and (3.6.3) we obtain the final result. O
All the constants which will be defined in this section depend on the values x,y and p.
Proof of Theorem 3.1.6. By Chebyshev, Theorem 3.1.3 for the upper bound, Lemma 3.6.1

P{|G(1,1).((Na).1vy)) — Nopp(2,y)| = BN/}

(u) L 173
< PUG 1), 0mu(V)nu () = G0,0),(m (V) (v)] = 50N /%

(v) _ Lons
+ UG 0,0) (ma ).y ~ Npp(@:9)[ 2 DN

< Ob 32 L Op 2 < Ob 32,

To get the moment bound,

N1/3

e [|Can.ane)ivy) — Nopp(@,)
N1/3

] = /OOIP’HG(M%(LNwLLNyJ) — Ngpp(2,9)
0

> b} db.

At this point using (3.1.10) where b in this case is b'/"

* p[| Gz vy — Nopp(2, y)
0 N1/3

> b}db <Cy+ | Cb=db < oo,
Co

which converges iff 1 <r < 3a/2. O

3.6.1 Variance in flat-edge directions without boundary

We only treat explicitly the case for which y < px. Since our model is symmetric, the
same arguments can be repeated to prove the case y > %x.
We force macroscopic distance from the critical line, i.e. we assume that we can find

e > 0 so that the sequence of endpoints (N, n(N)) satisfy
— n(N
fm ”(N) <p—e. (3.6.6)
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Proof of Theorem 3.1.7. Consider the following naive strategy: We construct an approx-
imate maximal path 7 for Gy ,(n), knowing that for large n(N) < [(p — ¢/2)N] without
using the boundaries. m enters immediately inside the bulk and moves right until it finds
a weight to collect diagonally. After that this procedure repeats. For each iteration of this
procedure, the horizontal length of this path increases by a random Geometric(p) length,
independently of the past.

The probability that = will take more than N steps before reaching level n(N) is
the same as the probability that the sum of n(N) independent X; ~ Geometric(p) r.v.’s

exceeds the value IV which is a large deviation event. In symbols

n(N) L(p—/2)N]
P{G Nn(w)(T) <n(N)}:IP’{ ZX,->N} g]P’{ > XZ->N} <e N,
i=1 i=1

1\TOW7 let A= {GN,n(N) (7T) = n(N)}

Var(Gy n(n)) = E(G?V,n(N)) — (E(GNnv))*
(n(N))? = (B(Gyninyla)® = (n(N))? — (n(N))*P{A}?
< ((N)2(1 = (1 — e=N)2) < ON2eN 5 0, 0

IN

3.7 Fluctuations of the maximal path in the boundary model

In this last section we prove the path fluctuations in the characteristic direction in the
model with boundaries. The idea behind it is to study how long the maximal path spends
on any horizontal (or vertical) level and find a bound for the distance between the maximal
path and the line which links the starting and the ending point which corresponds to the
macroscopic maximal path.

Fix a boundary parameter A and for this section the characteristic direction in (3.1.8)
(mx(N),nx(N)) is abbreviated by (m,n) and it is the endpoint for the maximal path.
Consider two rectangles Ry ¢),(m,n) C R(0,0),(m,n) With 0 <k < my(N)and 0 < £ < ny(N).
In the smaller rectangle Rk ¢), (m, (N),ny (V) iImpose boundary conditions on the south and

west edges given by the distributions defined in Lemma 3.2.4.
D D o .
Ii,ZZIi,O JkJ‘ :JO,j with ¢ € {k:—l—l,...,m},] S {A€—|—1,,TL} (371)

Recall that (3.1.13) and (3.1.14) define respectively the i coordinate where the maximal
path enters and exits from a fixed horizontal level j. Since we are interested in studying
either the horizontal and vertical fluctuations we also define the j coordinate where the

maximal path enters and exits from a fixed vertical level i as
wo(i) = min{j € {0,...,n} : Ik such that 7, = (4,7)}, (3.7.2)
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and

wi (1) = max{j € {0,...,n}: Ik such that =, = (4,7)}. (3.7.3)

To make our notation clearer we distinguish the exit point for the path which starts
from (0,0) to the one which starts from (k,¢) adding the superscript (0,0) or (k,¢). We

define the exit point from the south edge of the rectangle R ) (mn) as

(k)
e1

= __hax {r>0:(k+1i,¢) €mfor 0<i<r 7is the right-most maximal}.
m€llk,0),(m,n)
(3.7.4)
Observe from (3.7.1) that félf’e) and v1(¢) — k have the same distribution, i.e.

P{¢RD = 1} = P{ui(6) = k + 1} (3.7.5)

Proof of Theorem 3.1.9. Note that if 7 =0 (3.1.15) and (3.1.16) are already contained in
(3.3.29) and (3.4.34).

For 0 < 7 < 1set v = |bN?/3] and (k,£) = (|7m], [7n]). We add a superscript P(:){-}
when we want to emphasise the target point for which we are computing the probability.

Remember that the rectangle R(x ¢) (m,n) has boundary condition (3.7.1). By Lemma 3.2.4

P(m’n){vl(LTTLJ) > |rm| +v} = P(m’”){gélf’@ > v}, by (3.7.5) ( )
3.7.6
= Pn=kn=0£600 > 1 by (3.2.1), (3.7.1).

Note that (m — k,n — ¢) is still in the characteristic direction since (m — k,n — ¢) =

(1 = 7)(m,n). Therefore, from (3.7.6) and Corollary 3.3.9
P vy (|7n]) > 7m + bN?/3} < Cyb~3.
To prove the other part of (3.1.15) notice that
PO Log(|7n)) < [7m]) — v} < PO Ly (rm] — v) > |rn)}. (3.7.7)

Let k = |tm|—vand ¢ = |tn|—|nv/m]. Then, up to integer-part corrections, k/¢ = m/n.
For a constant Cy > 0 and N sufficiently large , [tn| > ¢4 C\bN?/3. Note that from

(3.7.1) we can write
P ek = py = P Loy (k) = £+ 7). (3.7.8)
The vertical analogue of (3.7.6) for w; is

P {wy ([rm ] = v) > [7n} = PO fwq (k) > €+ CbN?%}

— P(myn){ggﬁf) > C\bN?/3Y by (3.7.8)
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= Pm=kn=07c00 > 0\pN?3) by (3.2.1), (3.7.1).

Combine this last result with (3.7.7) and from Corollary 3.3.9 applied to &, (3.1.15)
follows.

Finally, we prove (3.1.16). We want to compute
P{3k such that |7, — (rm, mn)| < SN?/3}.

If the path 7 comes within /s distance dN2/3 of (tm,Tn), then it necessarily enters
through the south or west side of the rectangle R(k+1,é+1),(k+4L5N2/3j,€+4Lc6N2/3J) (or via a
diagonal step from the south-west corner), where the point (k, £) = (|7m|—2|6N?/3], |tn]—
2|cSN?/3| and the constant ¢ > m/n for large enough N. The constant ¢ is there to make
the rectangle of characteristic shape.

From the perspective of the rectangle R(x ¢) (m,n) this event is equivalent to either

0< &(ff’@ < 45N?%/3 or 0 < gé’j") < 4¢6N?/3. For these reasons we have

P(™™) {3k such that |7, — (rm, mn)| < SN?/3}
< P(m’”){o < §£’f’£) < 46N?/3 or 0 < 5&5’0 < 4C5N2/3}

=Pk < £00 < 45N?3 or 0 < €00 < 4eIN?/3Y.

We get the result using equation (3.4.34) for both exit points. O
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Chapter 4

A Large deviation principle for
last passage times in an

asymmetric Bernoulli potential

The model under consideration in this chapter is a directed corner growth model on the
positive quadrant Zﬁ_. Each site v of Zi is assigned a random weight w,. The environment
is the same as the one in the previous chapter. In fact, the collection {Wv}vezi is i.i.d.

under the environment measure P, with Bernoulli marginals
P{w, =1} =p, P{w,=0}=1—p.

Throughout the chapter we exclude the values p = 0 or p = 1. One way to view the
environment, is to treat site v as present when w, = 1 and as deleted when w, = 0. The

last passage Bernoulli path up to (m,n) is a sequence of present sites
L = {v1 = (i1, J1),v2 = (i2,J2), - -, om = (in, 5m) } (4.0.1)

sothat 0 < iy <o <...<ipyy<mand 0< j1 <jo<...<jyu <n.
What differentiate this model from the previous one are the admissible steps and the
potential. In particular, the set of admissible steps is then restricted to R = {e1,e2} and

an admissible path from (0,0) to (m,n) is an ordered sequence of sites

W(O,O),(m,n) = {(05 0) = V0,V1,02,..., UM = (mvn)}v

so that vg41—vg € R. The collection of all these paths is denoted by I 0y, (n,n). Moreover,
the admissible paths can collect the random weights only via a horizontal step and no gain
can be made through a vertical step. This is specified by the measurable potential function

V(w,z) : RZ: x R — R defined in (1.3.8).
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Using this potential function V' we define the last passage time as

GX),O),(WJ’L) = max { Z V(Tviwavi+l - U%)} (402)
ViET

7(0,0),(m,n) €11(0,0),(m,n)

Above we used T, as the environment shift by v; in Zi. Now that V is specified we
omit it from the notation. We also omit (0,0) as the starting point, when it is implied.
Therefore, the last passage time (4.0.2) is simply denoted by G, . If the starting point
is (k, £) we write G 1, o), (m,n)-

4.0.1 Commonly used notation

Throughout the paper, N denotes the natural numbers, and Z, the non-negative integers.
Symbol G is always denoting a last passage time. As we already mentioned, the superscript
V will be omitted as there is no confusion on the potential; in our case we always use
(1.3.8). Letter 7 signifies a generic admissible path.

Bold-face letters (e.g. v) indicate two-dimensional vectors (e.g. w = (w1, ws)). In the
rare cases where we write v < w we mean the inequality holds coordinate-wise.

The Legendre (convex) dual of a function f : R — (—o0,00] is defined f*(y) =
sup,er{zy — f(z)}. The statement f = f** is used throughout the article without any
special mention, and it is true if and only if f is convex and lower semicontinuous, which is
why we pay particular attention into having the rate function lower-semicontinuous at the
boundaries of their set that they are finite. Finally, in two occasions we need the infimal

convolution of two generalised convex functions f, g, and we write

f0(r) = it {7(@) + glr — 2)}.

The important fact is that (fOg)* = f* + g*. We refer to [92] for the necessary convex

analysis.

4.1 The model and its invariant model
4.1.1 The invariant boundary model

For the boundary model we alter the distribution of the weights on the two axes. The
new environment there will depend on a parameter u € (p,1] that will be under our
control. Each u defines different boundary distributions. At the origin we set wy = 0. For
weights on the horizontal axis, for any k € N we set wy, ~ Bernoulli(u), with independent

marginals

P{wie, =1} =u =1 — P{wge, = 0}. (4.1.1)

130



On the vertical axis, for any k € N, we set wge, ~ Geometric(ﬁ) with independent

marginals

P{wye, = £} = ué:’; <Z(é :Z;)Z teZ,. (4.1.2)

The environment in the bulk {wy },en2 remains unchanged with i.i.d. Ber(p) marginal
distributions. Denote this environment by w®) to emphasise the different distributions
on the axes that depend on w. In summary, for any i > 1,5 > 1, the w(® marginals are
independent with marginals

Ber(p), if (i,7) € N?,

Ber(u), ifieN,j=0,

D (4.1.3)
Geom(ﬁ), ifi=0,j €N,

00, ifi=0,7=0.

In this environment we slightly alter the way a path can collect weight on the boundar-
ies. Consider any path « from 0. If the path moves horizontally before entering the bulk,
then it collects the Bernoulli(u) weights until it takes the first vertical step, and after that,
it collects weight according to the potential function (1.3.8). If 7 moves vertically from
0 then it also collects the geometric weights on the vertical axis, and after it enters the
bulk, it collects according to V. This is the only difference from the potential V' of the
i.i.d. model, namely while on the y-axis, the path can still collect positive weight.

Fix a parameter u € (p, 1]. Denote the last passage time from 0 to w in environment

w(®) by G((;ﬁ). The variational equality, using the above description, is

k
(w) _ . v

Gow = Joax 1D wier + Gy s

- - =1
k
\%
1<I]?<a‘£62 { Z Wijes + We1+kea + Ge1+k62,w}' (414)
Sk =

Our first statement give the explicit formula for the shape function of the invariant model.

THEOREM 4.1.1 (Law of large numbers for Gt

|Ns| LNtJ)' For fized parameter p < u <1

and (s,t) € R2 we have

G(U) 1—
(W) (s, 1) = lim —INSLINE g tp( v)

——~, P—a.s. 4.1.
Ipp N-o00 N u—p @ (4.15)

It is convenient to introduce to passage times, depending on the first step of the set of

paths we are optimizing over. Define
k

(u),hor _
G Nsl,ve) = L <he|Ns] { 1 wi,o + G(k,l),(LNsJ,LNtJ)} (4.1.6)

1=
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and

14
(u),ver .
Clns) ey = 1<0< Nt { wo,j +wie+ G(Lé)a(LNSJVLNtJ)}' (4.1.7)
<< =
Then, by (4.1.4)
(’LL) _ (U),hOI‘ ('LL),VGI‘
GLNSJ,LNtJ - GLNsJ,LNtJ v GLNSJ,LNtJ‘ (4.1.8)

Remind from the introduction in Chapter 1 that gp,(s,t) represents the shape function
for the model without boundaries. Passage times (4.1.6) and (4.1.7) satisfy a law of large

numbers as well, given in the next
THEOREM 4.1.2. Let s,t >0, u € (p,1].

(a) The following limit exists and is given by

(u) . (u—p)?
u),hor . —1 ~(u),hor 9pp (s,t) ift <s 157"
o) = Jim NG T = 19
9pp(s, 1) ift > Sp(lfp)-
(b) The following limit exists and is given by
(u) ~ (u—p)?
u),ver . — u),ver 9pp (S’t) th > SoA—p)’
g " (s,1) = Jim NGy = f(_ ’)’i (4.1.10)
gpp(37t) ift < Sp(lfp)-

As is usual in the exactly solvable models of last passage percolation, there is the
notion of a characteristic direction. In this case, for the model with boundaries for a given
boundary parameter u € (p, 1], there exists a unique direction (m(N),n(N)) whose scaled
direction, as N — oo, converges to the macroscopic characteristic direction

(u—p)*

N mu(N), na(N)) — (1, o p)), (4.1.11)

which gives that for large enough N the endpoint (m(N),n(N)) is always below the critical
line y = 1]'%”1‘ that separates the flat edge from the strictly concave part of gpy(s,t) in
Theorem 1.3.1. Here the characteristic direction already manifested in Theorem 4.1.2 as
the cutting line between feeling the boundary effect versus entering the bulk.

The full rate function is described in Theorem 4.1.4. As it is usually the case with
models of last passage percolation, large deviations of the passage time above its mean are
of different exponential scale than the deviations below its mean. With this in mind, in

order to obtain a full LDP, one only needs the right-tail rate function. This is our starting

point.
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Suppose that the target point is (s,t), then, since the last passage time collects
Bernoulli weights only through the right step, the last passage time definition implies
that the probability

]P){G\_NSJ,LNU > N'f‘} 7& 0 if and only if r <s. (4.1.12)

In the particular case where s is rational, the probability above can be strictly positive for

certain values of IV, but otherwise it is 0.

THEOREM 4.1.3. For ((s,t),r) with 0 <r < s < oo and t € Ry, the following R -valued

limit exists:

— lim N'ogP{G|ns, | nt] = N1} = Jou(r). (4.1.13)
N—oco ’

Jst(1), as a function of ((s,t),r) is a continuous convex function on the interior of the
set A = {((s,t),r) : s >rVv0,t € Ry,r € Ry}, It can be uniquely extended to a finite
continuous convex function on A which we denote by Jsi(r). Moreover, Jsi(r) > 0 for

> gpp(s,t).

We show the existence of a good rate function I ;(r) and list its properties; this is the
content of the next theorem. We restrict r € [0, s|] because I ;(r) = oo for any r outside

this interval.

THEOREM 4.1.4. Let w;; ~Bernoulli(p) with i,j > 1 and (s,t) € (0,00)%. Then there
exists a generalised function Is¢(r) so that the distributions of N_lGLNsJ,LNtJ satisfy an
LDP with normalisation N and rate function I,¢(r). To be precise, the following bounds

hold for any open set H and any closed set F' in [0, s|:

lim N~ 'logP{N~! Fl < —infI 4.1.14
i og P{N""G|ns) Nty € F} < inf Ts(r) ( )
and
lim N~ log P{N"'G|ns) vty € H} > — inf I4(r). (4.1.15)
N—o0 ' reH

The rate function Is(r) is defined by

La(r) = Tatlr); € gp(5:1). 5], (4.1.16)

0, otherwise.

Rate function Jsi(r) is the right-tail rate function computed in Theorem 4.1.3. In par-
ticular, on [gpp(s,t), s] the rate function Is; is finite, strictly increasing, continuous and

convex. Moreover, the unique zero of Is¢(r) is at 7 = gpp(s,t).
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Corollary 4.1.5. Let £ € R. Then

lim N~ 'logEeto.(vslve) = 7 (€) = ¢ ¢ ifE=0 (4.1.17)
N—oo ’ ’

Egpp(s, 1) if § <O0.

The variational characterization of J,; requires the log-moment generating functions

for Bernoulli(p) random variables, given by
C(€) =log(1 —p+pef), E€R. (4.1.18)

and Geometric(p) random variables given by

log W7 § < —log(l—p)

00, otherwise.

Both log-moment generating functions can be seen as the Legandre duals of the rate
functions for sums of i.i.d. Bernoulli (4.1.18) and for sums of i.i.d. geometric random

variables, given by

Iép) (r) = sup ) {re - C’ép) (&)} =rlog —log(1+7r)p for r > 0.

r
E<—log(1—p (1 - p)(l + T)

(4.1.20)

The two theorems that give the precise forms for J and J* follow.

Proposition 4.1.6. Let (s,t) € R%. Then for all £ € R, the convezx dual J(*s,t) (&) is given

by

—p

infe o (sC50(€) — 1057 (—6)},  if€>0,
Ji (&) =10, ifE€=0,
00, if £ <O0.

The closed form for J* is given in the following

THEOREM 4.1.7. Fiz p € (0,1), £ > 0 and (s,t) € R2. Define

A=A0pie=p1—p)e*+et—2) [p(1 —p)(s+ )2 (e +e ¢ —2) + 4st].  (4.1.21)

Then,
log PP +1)(f + e —2) + 25+ VA
g Dt ret ift < Ps
sel€) =9 +tlog [P —p)(s +1)(e +e7* —2) + VAJ(L —p(1 — %)) p 5
; p(l—p)(t—s)(e§+e—§_2)_’_\/z )
© if t > %s.
(4.1.22)
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Define the last passage time’s l.m.g.f. for the boundary model
(w)
AL (€) = Jim N7 logEe*Clveriv, (4.1.23)
N—o00

It will be convenient to also define the l.m.g.f. for the two passage times conditional

on the first step being e; or es, G(Li;\;;}JlTNtJ and G(LSL\;’S\J’?N” given by (4.1.6) and (4.1.7)

respectively. The corresponding l.m.g.f. are

(u),hor
Ao (€)= Jim N~ log B e (4124
and
(u),ver
AEZ,)ty)ver(f) - 1\}520 N~1log Ee*C Vs (4.1.25)

The existence of the above limits is verified in Lemma 4.6.1 below, but we state it as part
of the main Theorem 4.1.8.

The existence of the two limits above then gives rise to the formula

AL (©) = AL (E) VALY (€)  for any £ > 0. (4.1.26)

Thus, finding Agg,)t) (£) is equivalent to finding Agg)t)h o), Aggﬁ)t’)v “(€), which is the content
of Theorem 4.1.8 below.

Heuristically, one expects the creation of some critical direction for (s,t¢) that will
depend on &, p, u; below the direction the boundary effect will be felt at the l.m.g.f. level,
and otherwise the model will behave like the boundary is not present. This was also

observed at the LLN level in Theorem 4.1.2. In fact this is the case.
For € >0

90 €)y /(80“‘)(—9)

kW () = 4.1.27
9 ( ou ou ( )
The relevant conditions that create a critical line are

t=kW(Es, and t=kW(=£)s, (4.1.28)

for A(w-hor angd A(wver regpectively. Recall that L.m.g. f of G |Ns|,| vt 18 given by Corollary

4.1.5, and is equal to I7,(§) = J;,(§). For uniformity of notation in the section, set

A(s,t) (f) = I:,t(§)°
THEOREM 4.1.8. Let s,t >0, u € (p,1) and £ > 0.

(a) The limit in (4.1.24) exists and is given by

oW gy _ gyl < kW (E)s,
porgy = | 708 () TGS B (4.1.29)
A (8) if t > kW ()s.
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(b) The limit in (4.1.25) ezists and is given by

O () — sCW(—), i€ e [0,log ) and ¢ > KO (~¢)s,
AR () = 3 A (©), i € € [0,log M1 and t < k)(~)s,
o0, if € € [log 472, 00).
(4.1.30)
The last theorem proves the full l.m.g.f. for the boundary model. Define
((¢) = uc,f(fm (€)+ 05" (-0 (4.1.31)

(i) (i '
Cg (&) +Cg (=€)

Then, the l.g.m.f. for the boundary last passage time is given by

THEOREM 4.1.9. Let s,t > 0 and u € (p,1]. Then the limit in (4.1.23) exists for £ > 0

and is given by

" (5t25) , (i y
SCS(€) —tCg" (=€), if€ € [0,log M=) and t < £0)(¢)s,
u _u—p ” ) w(l—
A © = 3107 (@) =50 (=), i€ e [0,log XDy and t > 09 (¢)s,
%0, if € € [log 512, 00).
(4.1.32)

4.2 Burke’s property and law of large numbers

To simplify the notation in what follows, set w = (i, 5) € Zi and define the last passage

time gradients by

(@ _ o

(u) (u) (u) )
i+1,5 0,(i+1,5) G and J; G G (4.2.1)

— _
7(i7j)’ 7’7j+1 - 07(27J+1) Ov(ivj)‘

When there is no confusion we will drop the superscript (u) from the above. When j = 0 we

have that {[i(jé)}ieN is a collection of i.i.d. Bernoulli(u) random variables since I Z.(fé) = W(i,0)-

Similarly, for ¢ = 0, {Jé?;) }jen is a collection of i.i.d. Geometric( ﬁ) random variables.
The gradients and the passage time satisfy recursive equations. This is the content of

the next lemma.

Lemma 4.2.1. Letu € (p,1] and (i, j) € N2. Then the last passage time can be recursively
computed as

_ (u) (u)
;) = max {GO’(Mil), GO,(ifl,j) + wm}. (4.2.2)
Furthermore, the last passage time gradients satisfy the recursive equations

) J®

IZ(;L = max{fi(g)_l Y15 wi’j}’ (4 2 3)
T = (I - I et
1,J i—1,j 1,j—1 RO
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Proof. Equation (4.2.2) is immediate from the description of the dynamics in the boundary
model and the fact that (7, ) is in the bulk. We only prove the recursive equation (4.2.3)

for the J and the other one is done similarly and left to the reader. Compute

T3 = Golisy ~ ol
= max {Gy, ), Gyl +wih —Gio Ly by (42.2),
- max {Go (ig—1) ~ G(u()u 1) G(()u()z‘ 1i) ~ G[(f()z-,j_l) +wiy }
= max {0, Go (i—1,9) GOQ,L()i,j—l) + G(l(? 1,j—1) Gg(?—l,j—l) +wiy )
= (Jz'(f)l,j - Ii(,j)q + wi,j)+- O

Using the gradients (4.2.3) and the environment {w; ;}(; j)en2 We also define new ran-

dom variables o; ; on Zi

Qi1 -1 = mln{[l(q; 17 JZ( )U +wi;} for (i,7) € N2, (4.2.4)

Since the I; -(u.) are Bernoulli, so are the «; ;. The following lemma gives the distribution of

the triple ( Z(Z;), JZ(IJL), a;—1,—1). It is an analogue of Burke’s property for M /M /1 queues.

Lemma 4.2.2 (Burke’s property). Let independent random variables be distributed by

(1™

i1 Ji(f)lyj,wm) ~ (Ber(u), Geom(u>, Ber(p)), (4.2.5)

u(l —p)
where we assume u > p. Then, for (i,7) € N2, the triple obtained via equations (4.2.3),

(4.2.4) is also an independent triple
SN 1S N(B (ﬂ)B ) 4.9
( i ,JZ] vaz—l,j—l) er(u)a Geom u(l _p) ) er(p) . ( . 6)
Proof. We omit the superscripts and indices from the I, J and we simply denote
I =max{I - J,w}, and J=(J—-T+w)t.

The marginal distributions of (f ., «) can be computed directly, using equations (4.2.3),

(4.2.4). For example, since « only takes the values 0 or 1 it suffices to compute

P{a =1} =P{min{l, J+w} =1} =P{I =1,J+w > 1}

=i )

The remaining calculations are left to the reader.
The proof of independence goes by calculating the Laplace transform of the triple
(I,J,a). Let z € R,z € R and y > log[p(1 — u)/(u(1 — p))]. Recall that u € (p,1]. Then

compute, using (4.2.3) and (4.2.4), the joint Laplace transform

E(e—xf—yj—za) _ E[e—x max{/—Jw}—y(J—I+w)t -z min{I,J—I—w}]
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— puE[efx(max{lfJ,l})nyfz min{l,J+1}] +p(1 N U)E[ei‘/p*y(‘]+1)+]
+(1 _p)uE[efx(lfJ)'*'fy(Jfl)'*'fz(l/\J)] F(1—p)(1- U)E[efy‘]]

_ U—DP  _(z+= - p(l_u) j_'
=pu——e( )Z o7 e~ YI

wi-p° = \u(i=p)
U u-p e~ (@+y) N Pl —u) je_yj
AT LD G
—pu—P o N (P ]e—y(J—l)—z
- ( +§<u<1—p>> )
S (PA=w
F(1-p(1 >§<u< ) e
_ iy @+ 1 (1 — w)e=E) 4 (1 — p)(1 —
= — pue +p(1 —ue +(1—p)(1 —u)
1— Z((ll—p; ey < )
— o u?l—l;) —x . p( —u) oY _Zp< —u>
i 1—1’((11‘;3@—11[ <1 u(l—p) )+ u —p)}
) < @+ 4 (1 =p)(1 —u) + (1 = plue™ +p(1 —u)e ™
= p— pue P u p)ue p(1 —u)e

A down-right path ¢ on the lattice Zi is an ordered sequence of sites {v;};cz that

satisfy
v; — vi—1 € {e1, —ea}.

For a given down-right path v, define ¥; = v; — v;_1 to be the i-th edge of the path and

set
Y, itgi=e

qu?_)l, lf % = —e€9.

Ly, =

k3

Also define the interior sites Z,, of ¢ to be
I, ={w € Z% : Jv; € P s.t. w < v; coordinate-wise}.
A convenient way to state Lemma 4.2.2 is the following.
Corollary 4.2.3. Fiz a down-right path 1. Then the random variables
{{owwez,, { Ly, biez} (4.2.7)
are mutually independent, with marginals

Ber(u), lf wz =e€1

ay ~ Ber(p), Ly, ~
Geom(ua—_’;)), if i = —es.
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Proof. The proof is inductive. Consider the countable set of paths W that connect the
y-axis to the z-axis. The trivial case is when Zy, = () (i.e. ¢ is the union of the two axes,
g € W) and then the statement reduces to the independence of the w; ;’s on the z and y
axes which is true by the definition of the environment.

Assume that for a ¢ € ¥ the statement holds. We say that a lattice vertex v;, on ¢

(i,j) € Z2 is a west-south corner of ¢ if

(Ui0*1’Ui07Uio+l) = ((27] + 1)7 (i7j)7 (Z + 17j))'

Now define a new path ) by replacing v, with 9, = (i +1,j + 1) and keep all the other
points intact which means that v; = v; for i # 4. In this way we have Z; =7, U {(4, )}
Going from 1) to 1 we have also a change in the set of random variables in (4.2.7). In

fact
{Liv1j, Jijr1} (4.2.8)
have been replaced by
{it1,5+15 Ji1,j41, Qi1 g1} (4.2.9)

By (4.2.3) and (4.2.4) the variables in (4.2.9) are determined by (4.2.8) and wjt1 j4+1. By
construction wjy1, 41 is independent of (4.2.7) for the ¢ under consideration. By construc-
tion the triple {I;y1j,Jij+1,wit+1,j+1} are independent random variables and by the in-
duction assumption we have they are in turn independent of the all other variables (4.2.7).
Finally Lemma 4.2.2 implies that also the triple {I;11 j+1, Jit1,j+1,wi;} are independent
random variables with the correct marginal distribution and they are independent of all
the random variables of 1/; All these observations prove that also 15 satisfies the statement
of the corollary.

Note that if we start with g, we can build a path ¢ € ¥ by flipping west-south
corners finitely many times. The induction argument guarantees that class U satisfies the
corollary.

The general statement follows also for an arbitrary down-right path ¢ using the inde-
pendence of finite subcollections. Consider any square R = {i < 0,5 < M} large enough
so that the corner (M, M) lies outside ¢ UZy. The o and L(1)) variables associated to
1 that lie in R are a subset of the variables of the path zﬁ that goes through the points
(0, M), (M, M) and (M,0). This path 1 connects the axes so the first part of the proof
applies to it. Thus the variables (4.2.7) that lie inside an arbitrarily large square are

independent. ]
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THEOREM 4.2.4 (Variational formula for the LLN of the non boundary model). Fiz p in

(0,1) and (s,t) € R2. Then we have the explicit law of large numbers limit

() (s,1). (4.2.10)

gop(s,t) = inf {sEI™) +E(J™)} = inf g

p<u<l p<u<l

Remark 4.2.5. From (4.2.10) it is possible to see the characteristic direction manifesting
in a different way. Without loss set s = 1. Then the u* that minimizes the expression
above is u* = p+ \/tp(1 —p) if t < q/p and 1 otherwise. Assume t < q/p. Solve the

expression for t we obtain

. ('LL* _ p)2
p(1=p)
In other words, gpp(1,t) = I()Z*)(l,t) and direction (1,t) is characteristic according to

(4.1.11) for the boundary model with parameter u*. Note that the range of characteristic

(u)

directions only covers the directions for which gmu, (s,t) is strictly concave. The flat edge

of gpp corresponds to u* = 1.

Remark 4.2.6. Along the characteristic direction the last passage time at point N(m,n)
it is expected ( but not proven yet ) to have variance of order O(N?/3) for large N, while
in the other directions the fluctuations of G|ns| | n¢| to have order of magnitude N2 and
they are asymptotically Gaussian. Finally it is possible to prove using similar arguments
as in [26] that the order of the variance in the flat edge is o(1).

From these considerations, we expect that the large deviations, for the boundary model,
to be ‘unusual’ in the characteristic direction, while in the off-characteristic directions
to be the typical decay of order eN for both tails. We can show that the right tail has
deviations of order eV, but conditional on one of the boundaries being absent. This is
essentially equation (4.6.2). In Lemma 4.3.2 we give a bound on the left tail that indicates

superezponential decay when we move along direction (4.1.11) for the boundary model.

Proof of Theorem /.1.1. From equations (4.2.1) we can write the last passage time of the

invariant model as
[ Ns] | Nt]

G(C]L\;sJ,LNtJ = Z Iffé) - Z J&f)sj,j
j=1 j=1
where the I,J variables are respectively the horizontal and vertical increments of the
passage time. By the definition of the boundary model, the I variables are i.i.d. Ber(u).
Scaled by N, the first sum converges to sE(/1) by the law of large numbers.
By Corollary 4.2.3 the J variables are i.i.d. Geom(u&;_pp)), since they belong on the
down-right path that goes from (0, | Nt|) horizontally to (| N's|, | Nt|) and then vertically

down to ([ Ns],0). At this point we cannot immediately evoke the law of large numbers
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as before since the whole sequence changes with N. Therefore, we first appeal to the

Borel-Cantelli lemma via a large deviation estimate. Fix an € > 0.

| Nt L L
ARAD IR ¢ (Mo et )
|Nt]
—r{ S (1 L e B )

—c(u,p,t,e) N
<e (u,p,t.€) 7

for some proper positive constant c(u, p,t,e). By the Borel-Cantelli lemma we have that

for each € > 0 there exists a random N; so that for all N > N,

[Nt]
(1 —u) 1 p(1 —u)
t w—p —e< N~ ZJLNSJJ ﬂ+€
Then we have
(u) (u)
1— G G _
sutt p(1 —u) o< lim WLV g TINSLVG p(1 —u) e

u—p N—oo N N—oo u—p

Let € tend to 0 to finish the proof. O

In order to prove Theorem 1.3.1 and Proposition 4.1.6 we need the following technical

result. This is in the spirit of Proposition 3.10 in [61] but tailored to our particular case.

Proposition 4.2.7. Let I = (a,b] C R with a,b € R. Let the convex functions h,g:
I — R be twice continuously differentiable with h'(u) > 0 and ¢'(u) < 0 for every u € I.
Define

Fuslu) = sh(w) + tg(u) with (s,1) € R2.

Suppose that f;(u) > 0 for all (s,t) € R, limysq foi(u) = 00 and fs(b) = ¢ < 0o with
c € R. If A(s,t) is a continuous function in (s,t) with the property that for all (s,t) € R?%.
and u € I the identity

0= sup {A(s —z,t) — fs—z(u)} vV sup {A(s,t — 2) — fs1—z(u)} (4.2.11)

0<z2<s 0<3<t

holds, then for every t < _ﬁ(bbg

A(Sa t) = I;lé?{fs,t(u)}

Proof. Fix (s,t) € R%— and call v = E Observe that under the hypotheses of this propos-

s . . . . - o .
ition there exists a unique uy, = argmin,¢; fs¢(u) = uj . This minimum point can be
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eventually reached at u}, = b if f{;(u) < 0 for all u € I. In particular, uj, solves the

equation
! / / h/<u)
fsi(u) = sh'(u) +tg'(u) =0 = t = I s. (4.2.12)
The largest value —Z;gzg can take is when uw = b. For any (s,t) above the line
W' (b)
t=— g 4.2.13
g'(b) ( )

equation (4.2.12) has no solution and in fact f;,(u) < 0 and argmin f;(u) = b. For any
(s,t) below this line (4.2.13) a solution to (4.2.12) exists and is giving the minimizing
argument. We call the line (4.2.13) the critical line.

The identity in (4.2.11) implies that for all z € [0,s] and Z € [0,¢] the following

inequalities hold
A(s —z,t) < fsz,t(uz—z,t)a A(s,t—2) < fS,th(u:,t—z)'

Fix a u € I and subtract, from each side of the inequalities above, fs_. ;(u) and f,;—z(u)

respectively, to obtain

A(s —2,t) = fs—zp(u) < fszp(Us_sy) = fs—zt(u), (4.2.14)

A(s,t = 2) = fop—z(u) < fopz(ugs) = fop—z(u). (4.2.15)

Since the minimizer is unique we have that fs—.(ui_, ;) — fs—z:(u) <0 unless u = u3_, ;

and fs7t,g(u:7t_2) — fst—z(u) < 0 unless u = ul, ;. Set u = uj, and substitute it in
(4.2.14) and (4.2.15)

A(S — % t) - fs—z,t(u:,t) < fs—z,t(u:—z,t) - fs—z,t(u:,t)7 (4'2'16)

A(s,t = 2) = fop-z(ugy) < fop-z(ugyz) — foa—z(uiy) (4.2.17)

Note that (4.2.11) implies that there exists a sequence z, — z € [0,s] or Z, — Z € [0, ]

such that at least one of the following limits holds

A(s — 2n,t) = fo—zpt(ugy) — 0, (4.2.18)
A(s,t — Zn) — fop—ar (ugy) — 0. (4.2.19)
Ift < —Z,/g:gs then the point (s,t — 2) is below the critical line for every Z € [0,¢].

The point (s — z,t) can be above or below the critical line according to the value of z.
We analyse these two cases for the first supremum in (4.2.11). The case for the second
supremum is identical to case (a) below, as for all Z, the index point stays below the

critical line.
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(a) f0<z<s+ tgi%, we have that both u};,ui_,; € (a,b). In particular

W (ui,)+ vy (ui,)=0. (4.2.20)
By the implicit function theorem we can take the derivative of the previous expression

respect to v and find

duf, g,
dv —W(ut,) g (el,)

> 0.

This implies that for all z € (0,s + tgi%) and Z € (0,t), ug, ; <wuj, <uj_.,.

We want to show that (4.2.18) is possible if only z,, — 0 from which the result follows
from continuity. The right hand side in (4.2.16) is negative and therefore, by continuity
we can argue that the supremum will be attained at one of the boundary points. Thus,
we have only to show that

lim fS*Z,t(u:—z,t) - fsfz,t(u:,t) <0. (4221)

!
2 s+t Z,EZ;

For any fixed z € (0,s + t}gL:EZ%) we have that

fS*Z,t(u:—z,t) - fsfz,t(“:,t) <0.

Therefore we obtain the proof if we show that the last expression is decreasing in z.
Take the derivative in z, use (4.2.20), recall that uj; < uj_,, and h(u) is an increasing

function by hypothesis

d

dz

* 1/ % 1/ % du:—z,t *
= —h(us ) + (s = D (i) + 19 (i) ) —= + hluly)

((s = 2)hlui_s ) + tgui_s ) = [(s = 2)h(usy) + tg (i)

= h(us ) — h(us_,,) <O0.

s—2z,t

(b) Tf 5+ 7

and therefore fs—.(b) — fs—z1(us;) <0 for every z € [s + tiigg; ,s]. This implies that

)) < z < s, we have that ug_,, = b. Note that ug, < ug_,, = b in this case

(4.2.18) can never be true for z € (s+ tg:% , s]. But the boundary point z = s + tgi%

is also not optimal by continuity considerations and (4.2.21).

Therefore, the potential maximum happens at z = 0. Similarly, this will be true for

Z =0 and therefore A(s,t) = fs(us,) as required. O

Proof of Theorems 4.2.4, 1.8.1. Let gj(oq;)’ver(s,t) = limy_00 N_lGT_qj\;;‘J/eINtJ' Recall that

gpp(s,t) is 1-homogeneous and concave.
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Ift <! —Pg the starting point is equation (4.1.4). Scaling that equation by N gives us

the macroscopic variational formulation

g5 (s,t) = gl hor(s,8) \/ g (s, 1)

= sup {g{)(2,0) + gpp(s — 2,1)} \/Oiqgt{g%) (0,2) + gpp(s,t — 2)}

0<z<s
= sup {ZE(I™W) + g, (s }\/ sup {ZE(JW) 4 gp(s,t — 2)}.  (4.2.22)
0<2<s 0<z<t

We postpone this bit of the proof until the end. Assume (4.2.22) holds. Subtract
gz(,g)(s, t) from either side of (4.2.22)

0= sup {gpp(s—zvt)— {(S—z)uﬂM”

z€[0,s] u—p
\/2561[10[;} {gpp(s,t —Z)— [(t - Z)p(ul__;) + su} }

We use Proposition 4.2.7 by identifying as I = (p,1], A(s,t) = gpp(s,t), h(u) = s,

g(u) = (uli;) and therefore fs¢+(u) = su—l—tp(qji__;). Note that h'(u) > 0, ¢'(u) < 0 for every

€ (p,1] and in particular f{';(u) > 0 for every (s,t) € R2. Moreover lim,~, fs(u) = 0o
and fs4(1) = s < oo. Therefore

gpp(s,t) = min {su—l—tp(ul__;)} = (Vps+ \/(1—p)t)2—t, if t < 31 P

u€(p,1]

. (4.2.23)

If t > —Ps, We want to find an upper and a lower bound for G |Ns|,|N¢|- The upper
bound is tr1v1al since by model definition G|y, n¢) < [IVs]. For the lower bound, force
a macroscopic distance from the critical line, i.e. assume that it is possible to find a ¢ > 0

so that the sequence of endpoints (| Ns|, | Nt]) satisfy

[Nt] _1-p
lim — +te. 4.2.24
N—oo I_NSJ D ( )

Then consider the following strategy: construct an approximate maximal path 7 for
G| Ns),|Nt)> knowing that for large [ Nt] > (1%’ +¢) [ Ns], 7 starts from (0,0) and moves
up until it finds a weight to collect horizontally on his right. After that this procedure
repeats. For each iteration of this procedure, the vertical length of this path increases by
a random Geometric(p) length, independently of the past. Define Y ~ Geometric(p) with

range on 0,1, .... By construction, we have

|Ns|
{3 ¥i> INt] } 2 {Gwap vy < N5}
=1

The relation on (s,t) implies that the larger event above is large deviation event, and
therefore by the Borel-Cantelli lemma, G|ns| | Nt = | Ns| almost surely. Scaling by N

and letting it tend to oo completes the proof.
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We finally prove (4.2.22). For a lower bound, fix any z € [0, s] and Z € [0,¢] . Then if

we move on the horizontal axis
[Nz]
(u)
G Ns) V) Z ) Gag (vl )

Divide by N. Observe that the left hand side converges a.s. to gz(g,;)(s,t). While the
first term on the right converges a.s. to zE(I*). The second on the right, converges in
probability to g,,(s — z,t). In particular, we can find a subsequence N}, such that the
convergence is almost sure for the second term. Taking limits on this subsequence, we

conclude

988 (s,) > ZE(I") + gpp(s — 2, t).
Since z is arbitrary we can take supremum over z in both sides of the inequality above.
The same arguments will work if we move on the vertical axis. Thus, we obtain the lower
bound for (4.2.22).

For the upper bound, we partition both axes. Fix ¢, > 0 and let {0 = ¢g,& = q1,2e =
q2,...,8 LE*W e,s = qu} a partition of (0, s) and {0 = qo, € = 1,26 = g2, ...,t L€*1J &t=
qy7} a partition of (0,¢). The maximal path that utilises GE\I;’)N has to exit between | Nke|
and [N (k + 1)e] for some k if it chooses to go through the z-axis and between {N l;:éJ and

LN (l% + 1)§J for some k if it goes through the y-axis. Therefore, we may write

w NG
Glvsp vy S (A, J{ > I +G(LNkeJ,1>,<LNsJ,LNtJ>}
- =1
| N (k+1)¢]
(w)
a T LG vk ,
\/0<’£2L§—1J{ ; 0,3 (I,QNI@EJ)),(LNsJ,LNtJ)}

Divide by N. The right-hand side converges in probability to the constant

max {(k+ 1)eu+ gpp(s — ek, t)}

0<k<|e—!]
- 1— -
\/ max {(k‘ + 1)5u + gpp(s,t — ék)}
0<k<|E~1| u—=p
- 0<I£2TX—1J{]€€U + gpp(s — ek, t)} +eu
1 ~ 1-—
\/ max { JM + gpp(s,t — ék‘)} + éu
0<k<|é u—p u—p
= rr}]%x{qku + Gpp(s — Qs t) } + cu
p(l—u) (1 —wu)
t — - 7
\/max p— + gpp (s, q) ¢ +éE —

< sup {zu+ gpp(s —2,t)} +Eu
0<2<s
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\/ max {ép(l_u) + gpp(s,t — 2)} Gl

0<z<t uU—p uU—p

The convergence becomes a.s. on a subsequence. The upper bound for (4.2.22) now

follows by letting € — 0 and £ — 0 in the final equation. O
Proof of Theorem 4.1.2. By definition (4.1.6) and (1.3.9) we have

(u),hor(&t): lim NflG(u),hor

9pp N |Ns],|Nt|
k
o ~1 (u) -1
= o max { ;Iz‘,o N Gl (s v | (4.2.25)

= sup {au+ gpp(s —a,t)}.
0<a<s

The last line follows by the same coarse graining arguments as in the proof of Theorem
4.2.4.

1-p
Ift < oS

géz)’hor(& t)y= sup {au-+ (\/p(s —a)+ \/(1 —pt)2—ttv  sup  {a(u—1)+s}.

_pt_ __pt
Ogags—l_p s 1_p<a§s

The second supremum is attained at the boundary point s — % since it optimizes a

decreasing function of a. In the first supremum, a unique minimizing point exists and

it is either a boundary point or the critical point a* of the derivative of f(a) = au +
(v/p(s —a) + /(1 — p)t)? — ¢, given by

o s PA=D)
(u—p)*

If s— % < 0 then we have that a* = 0. Otherwise, we can substitute a* into f(a) and

obtain

fa*) = su+ p(;__;‘)t = g (s,1).

Finally, if ¢t > 1%’3

gl();)’hor(s,t) = sup {au+s—a} =s=gp(s,t).
0<a<s
The proof for gj(,z)’ver(s, t) is similar and left to the reader. O

4.3 l.i.d. Model: Full LDP

We first focus on the model without boundaries. Recall that the maximal path can

collect Bernoulli weights only when it takes a step to the right.
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Proof of Theorem /.1.3. First we prove the existence of limit (4.1.13). Take m,n € N and
an error due to the floor function x,,, € (0,1)? such that ([(m +n)s|, |[(m+n)t]) =
(Ims], |mt]) + (|ns], |nt]) + Xm.n. We have

PLG | (mtn)s), ((manye) = (M + )7}
> PG s, (mt] + G((ms),[mt)),(|(m+n)s],[(m+n)t)) = (M A 7n)r}, by superadditivity
> P{GLWSJ7LmtJ > mT}P{GLnsJ,Lm&J > ”r}P{GLxm,nJ > 0}, by independence.

By (4.1.12) P{G|,,,,.| = 0} = 1. Take logarithms in the last inequality; then by Fekete’s
lemma the limit
A}LHIOONA log P{G|ns), Nt > N1}
exists for any (s,t) € R\ {0} and r € [0, s] and in fact equals supy N~ log P{G x| | nt) >
Nr}. The value of the limit is now denoted by —Js (7).
From the superadditivity of G we can also obtain the convexity of the limit. Pick
any A € (0,1) and define the triple ((s,t),r) = A((s1,t1),71) + (1 — X)((s2,t2),7r2) with

r1 € [0, s1] and ry € [0, s2]. Then

N~ log P{G |, Nty = N7}
> AMAN) " og P{G | nas, |, Mot | = NAre}

+ (1= X)((1 = NN) " ogP{G | N1-2)sa ), [N1-2)ta] = N (1= Mo}
Multiply both sides by —1 and invert the sign of the inequality to obtain for N — oo
Js (1) < Mgy, (r1) + (1 = X)Jsy 15 (r2). (4.3.1)

From (4.1.12) we know that J is finite and we have just proven that it is also convex. This
implies that J is continuous on A and upper semicontinuous on the whole set A, from
Theorems 10.1 and 10.2 in [92]. Moreover, Jg;(r) on A can be uniquely extended to a
continuous function on A by Theorem 10.3 in [92].

Finally, the law of large numbers for the last passage time implies J(&t)(r) = 0 for
r < gpp(s,t) and then by continuity for r < gp,(s,t). Use the same method of proof of

Proposition 3.1(b) of [29] to get the concentration inequality:
—ce?
P{IG s}, vt) — EIG | wsp ve)]] > Ne} <2¢7= N YN eN. (4.3.2)

This holds for a given (s,t) € Ri, and € > 0. Constant ¢ > 0 will depend on s,t,e. Since
NT'E[G | ns|,|vt)] = gpp(s,t), this implies that Ji,,(r) > 0 for r > gyp(s,t) (without

excluding the value o). O
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J2,1(n

Js,1(r)

Figure 4.1: Graphical representation of the function Js(r). In both figures we used
p = 1/2 and t = 1. To the left we have the lower-semicontinuous version of Js1(r) as
a function of (s,7). You can see that it is finite for s < r. To the right is the function

Ja1(r).

The continuous extension up to A makes the function Jg(r) lower-semicontinuous on
R? where it takes the value co outside of A.
It will be useful to also know some of the boundary values of the lower semi-continuous

extension. We summarise the results in the following corollary:

Corollary 4.3.1. The lower-semicontinuous extension of Js () takes the following values

on 0A

.
0, t=0,r<0,5s € Ry,
0, teRi,r<0,5=0,
Jsp(r) = (4.3.3)
sIl(gp)(r/s), t=0,0<r<s,seR;
lim,. qg Jo ¢ (r), t,s € Ry0,7r = s.
\

This follows from the fact that J,; needs to be lower-semicontinuous, as it has briefly
been pointed out before. Above we defined Iz to be the Cramér rate function for sums of

i.i.d. w; ~ Bernoulli(p),

(

N
1—7r
~ lim N7l IP’{ i>N}: log =+ (1— 7)1 1
Jim og ;w > Nr rogp+( T) ogl_p, r € [p,1],
I’(Sp)(m: 0 r<p
\007 T>1.
(4.3.4)

In order to obtain a full large deviation principle, we must estimate the lower tail for
the probabilities of the last passage time. As it is usual in the solvable models of last

passage percolation, the speed for the lower tail is different than N. Our first lemma
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establishes the same fact for this model. In turn, this gives left tail bounds strong enough

to imply I, (r) = oo for r < g,,(s,t) for both boundary and i.i.d. model.

Lemma 4.3.2. There exist constants ¢ > 0, C < co that depend on parameters s,t,p, u,50

that for all N > 1 the following estimates hold:
(a) For (s,1) € (0,0)? and 1 € [0, gpp(s,1))

]P){GLNSJ,LNtJ < Nr} < CBiCNz.

(b) For (s,t) = oz(l, ng;j) for some o« > 0, parallel to the characteristic direction, and
r e [0,g5p (s.1)),

IP’{G( ) < Nr} < Ce™ N,

| Ns],|Nt|

Proof. We prove (b) but similar arguments work for (a). We bound G (w)

| Ns|,[Nt] from below,

using the superadditivity property of the last passage times.

For this reason we consider a subset of lattice paths, arranged in a collection of i.i.d.
last passage time over subsets of rectangles. This block argument proof was first used in
[69] and later adapted in [96] for the last passage time and in [51, 61] for the log-gamma
polymer and the Brownian polymer model respectively.

Note that if (s,t) are chosen in the characteristic direction it is immediate to see that
gbi (5:1) = g (5. 1):

We first show the result for (s,¢) € Q%. In order to highlight this distinction we assume
that the target point is (¢1,q2) € Qi. Fix0<e< 1/4(g](f,ﬁ)(q1, g2) — ). Define a new scale

parameter m € N large enough so that m(q1 A g2) > 1, mgi, mge € N1 and
E[Gmagimes] > m(r + 2¢). (4.3.5)

We will use mq; and mgo to coarse-grain our environment. Let Rs’ﬁ ={a,...,a+k—
1} x{b,...,£+b—1} denote the k x £ rectangle with lower left corner at (a,b). For i,£ >0

define pairwise disjoint mgq; x mgqe rectangles

T mqi,mqz2
Ry = R(€+i)mq1+i+1,€(mq2+l)+l'

The rectangles R@ are separated by the inter-site distance to avoid a scenario where a path
goes along a common edge between two rectangles. This way, we will be able to clearly
say in which one of the two rectangles the path goes through. For each i we define the
diagonal union of rectangles as A; = >0 Ré, i > 0 and in the sequence we are considering

potential paths that stay in a fixed A;.
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Moreover, note that the last passage times va v¢, In each rectangle are all identically
distributed, where v = ({ +é)mq1 + 1 +4,4(mgz + 1) + 1) and v{, = ((¢ + )mq1 +
¢maq, (1 + £)(mgs + 1)) are respectively the south-west and north-east corners of R}.

Define B, M = M (B) € N the maximal integers which satisfy

(M +1)mg1 + Bmg1 < Nqy and (4.3.6)

(1+B)(mg2 +1) < Nga. (4.3.7)

The fact that B is maximal and (4.3.7) imply that

NQQ
B = — 1. 4.3.8
{mqg + 1J ( )

Substituting (4.3.8) in (4.3.6) we obtain

M- \\N B \‘ Ngs JJ and hence \‘NJ <M< \\NWJ (4.3.9)
m mqs + 1 m(mgs + 1) m(magz + 1)

Since m is a constant and assumed much smaller than N, we have that B = B(N) = O(N)

and M = M(N) = O(N). Fix a diagonal A; for 0 < ¢ < M and define the union of
rectangles in A; N ([0, Ng1] x [0, Ngo]) as AP = Uo<e<n RS,

Let G’iA be the last passage time of all lattice paths in Afg from the lower left corner
of Rg to the upper right corner of RiB. GZ-A are i.i.d, where in particular GOA is the sum of
the B last passage times of rectangle R? whose mean is controlled by (4.3.5). A standard
large deviation estimate for an i.i.d sum gives the following bound

P{G") < Nr} <P{G® < Nrfor 0<i< M}

B()

<P{GD < Nr}M < IP’{ Y6y < Nr}
k=0

< e—CB(N)M(N) S e—ClNQ'

[Ng1],[Ngz]

M(N)
(4.3.10)

This completes the proof for (s,t) € Q2.

Finally we show (4.3.10) holds also for s, ¢ € R;.. We bound G(Lf\g 1, |N¢) Using G(U\;qu | Ngs|

for some special (q1,q2) € Qi which are close enough to (s,t) € Ri. For any (q1,¢2) <

(s,t) we have that

P{G") < Nr} < ]P{G (W) (s,1)). (4.3.11)

< Nr}, for all 7 € [0, g, (s

[Ns], [Nt [Ng1];[Ngz]

For any ¢ > 0 find (q1,¢2) so that § > gz(f;)(s t) — g,(ff;) (q1,q2) > 0. This is possible by the

(u)

continuity and monotonicity of gp," . We choose § < M and therefore

r< g(“)(s t)—20 < gl(,g)(ql,qg) -0 < gl(,g)(s,t),

for some (q1,q2) € Q2 Then (4.3.11) is a left-tail large deviation anyway for G(L]\;qu | Ngs|

0 (4.3.10) holds. O
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[Nt]

° °
A
°
° ° ° Rtl)
R{ Rg
— [Ns)

Figure 4.2: Representation of the coarse grained |ms| x |mt] rectangles and the diagonals
A; in the proof of Lemma 4.3.2. The blue thick line is one of the possible maximal paths.
For the bound needed, we are allowed to ignore the path segments outside of the coarse-
grained diagonals, particularly we may ignore the correlated segments when candidate
paths traverse the south and north boundary of [0,|Ns]] x [0, | Nt|]. Passage times in

each A; are i.i.d. and smaller than the overall passage time.

Proof of Theorem 4.1.4. This proof is a consequence of the lemmas and theorems that we
have already proved. Define for r € R function I,¢(r) by (4.1.16).
Then, the regularity properties proved for J in Theorems 4.1.3 and 4.3.1 are also valid

for I, ;. For the upper large deviation bound (4.1.14) we consider two cases:
(1) if F C [0, gpp(s,t)), then 7* = max{z : x € F'} < gpp(s,t) and we have
_ « _N?
P{N7'G s, nt] € F} S P{G|noj, vty S Nr¥p < e

The last inequality comes from Lemma 4.3.2. Take logarithms on both sides, divide

by N, take the limit N — oo and finally by definition (4.1.16) conclude that

. -1 -1 — — i
Jim NTHog PN TG o vi) € F} = =00 = — inf To(r).

(2) If F N [gpp(s,t),s] # 0 then we split into two different cases:

Case 1: F' & gpp(s,t). Then there exists an € > 0 such that (gpp(s,t)—¢, gpp(s,t)+e) C
F¢. Then we bound

P{N"'G s}, (nt) € F} SPIN G wva) ve) < gpw(s,t) — €}
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+ ]P){NilGLNsJ,LNtJ e Fn [gpp(s,t) +é, S]}

By the previous calculations, we already control the first addend by e~V ? therefore
we focus only on the second one which will be of an exponential order of magnitude
larger and control the value of the lim. Since F and [gy,(s,t) + ¢, s] are two closed

sets there exists an r* such that »* = min{r : r € FN[gpp(s,t)+¢, s]}. It follows that
P{NT'G | ny) nve) € F} < €N + P{G iy} ) > N7}
Now take the logarithm of both sides, divide by N and take the lim,
Jim N~ ogP{N"'G|ny),ve) € F} < i N7 log(e™N + P{G s}, |n¢) > N7*})
= —Jo(r") = —Tilellgls,t(r).

The last line is obtained using (4.1.13), (4.1.16) and the fact that I, (r) is a strictly
increasing function.
Case 2: F' 3 gpp(s,t). In this case, inf,cp I¢(r) = 0, therefore, inequality (4.1.14) is

automatically satisfied.

For the lower large deviation bound (4.1.15), we need to consider three cases according

to H:
(1) If gpp(s,t) € H, then P{N_lGLNsJ,\_NtJ € H} — 1 and (4.1.15) holds as an equality.
(2) If H C [0, gpp(s,t)), (4.1.15) holds because its right-hand side is —oo.

(3) The remaining case is the one where H contains an interval (a,b) C (gpp(s,t),s). Then
for any € > 0 small enough, we can find a non-trivial interval [a + ¢,b — ] C H and

bound
N~ ogP{N 'G5, nt) € H} = N og P{N"'G ns, | n1) € [a+,b— €]}
= N"'log (P{N_lGLNsLLNtJ >a+e} = P{NT'Gny) iy 2 b 6)
— —Jos(a+e). (4.3.12)
Equation (4.3.12) follows after taking lim on both sides and keeping in mind that the
two terms in the logarithm have different exponential orders of magnitude.
Monotonicity and convexity Js; on [gpy(s,t),s] implies that for some constant C,

Jst(a+¢€) < Jsi(a) + Ce. Then, (4.3.12) becomes

lim N~ ogP{N"'G|ys | n¢t) € H} > —Jsi(a) — Ce

N—o0
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Let € — 0 in the last display. Then take a = inf H N (gpp(s,t), s) to finish using

Js = inf I = inf I . O
7t(a> rEHﬁ(lgI;p(s,t),s) ’t(r) 'rlgH ’t(’,ﬂ)

Proof of Corollary 4.1.5. Since G|y, n¢) < Ns, for any v > 1 and € € R,
1/N
sup (Ee”f GLNsMNtJ) e .
N
This bound together with Theorem 4.1.4 suffice to apply Varadhan’s theorem (e.g. page
38 in [88]) which gives

lim N~'log EetCo.(Nshine) = ¥ (&) = sup{ré — I, (r)}
N—o0 ’ reR

= sup {ré—I(r)}= sup {r&—Je(r)}.

r€lgpp(s:t),s] r€lgpp(s:t),s]
The first equality on the second line is because I¢(r) = oo if r € (—00, gpp(s,t)) or r > s
and there is no difference in excluding that interval from the supremum.
Then we can compute I7,. Is; is increasing for 7 € [gy,(s,t), 5], therefore if £ < 0,
the supremum is always attained at r = gy, (s,t). Instead, when & > 0, I5 ()" = J5 (&)

since r can range over all of R and the last supremum will still be attained for some

T € [gpp(s,t),s]. ]

4.4 Basic properties of the rate function

In this section we prove some important properties of the rate function which will be

necessary later on.

Lemma 4.4.1 (Continuity in the macroscopic directions). Let (s,t) € R2, and uy =

(sn,tn) € Z2 an increasing sequence such that N~ 'uy — (s,t). Then forr € [0, s)
lim N 'ogP{Gsy.1y > Nr} = —Jsu(r). (4.4.1)
N—o0

Proof. Since uy and (| Ns],|Nt]) are non-decreasing in N, for each N we can find two

sequences £y and my such that
Un(s,t)] <uny < |mn(s,t)] with N—mpn, N —~ln =o0(N).
Then it is immediate that
Gloys)lint] < Gsnitn < Glmys) lmat]»
which gives
P{G |mys),imnt) = N7} = P{Gsy i = Nr} > P{G 5] 1ent) = N7}
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Taking the lim of both sides and by the continuity of the rate function we have

— 1 . _1
]\}gnooN logP{Gsy tny > N1} < A}gnooN logP{Gl_mNsJ,LmNtJ > Nr}

— —1,MN
< 1 ==
< Jm ' )

IOgP{GLmNSJ,LmNtJ Z myNT — (mN — N)T}

Er. —_1,MN
< ]\}H)noomN (W)logP{GLmNsJ,LmNtJ > mN(T - E)}
for any € > 0 and N large enough
= —Jg(r —e).

Then let € — 0 and invoke the continuity of J for the upper bound. Same arguments are

valid for the lower bound, using lim_, . . ]

From Theorem 4.1.3 we have that J; () can be continuously extended to the boundary

of the domain A = {(s,t,7) : Je+(r) < oo},
0A={s=0,t>0,r <0}U{t=0,s>rVvO0}U{s=rt>0}.

It will be convenient to understand the values of the continuation of Js;(r) on 0A.

For any s,t > 0 and r <0, Js4(r) = 0. Therefore, we will have that
Jso(r) = Jou(r) =0, r<0.

Now for the r > 0 case. Since we want J, o(r) with (s > r) continuous we define J, o(r) =

limy, 0 Js (7). An approximation using thin rectangles as in [51] gives that

r 1—r/s
Js = g1 = rlog — —7r)l .
o(r) =slIp(r/s) =rlog - + (s r) og T

Recall that Ip is the Cramér rate function for sums of i.i.d. w; ~ Bernoulli(p). This

discussion is summarised in Corollary 4.3.1.

Lemma 4.4.2 (Infimal convolutions). For each N let Ly and Zy be two independent

random variables. Assume their rate functions

A(s) == lim N~'logP{Ly > Ns}, (4.4.2)
— 00

#(s) = — lim Nl logP{Zy > Ns} (4.4.3)
—00

exists and
1. X(s) is finite in (—oo,b) with b € R and \(s) = co when s > b.
2. X is continuous at all points for which is finite and lower semi-continuous on R.
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3. ¢(s) is finite for all s € R.
4. May) = ¢(agy) =0 for some ay,ay € R.
Then forr € R
Jim N~YlogP{Ly+Zx > Nr}

- infaxgsgb/\(rfad,){gb(r - 8) + A(S)}a T > ag+ay,

0, r < agy+ay.
(4.4.4)

Proof. First observe that the infimum in (4.4.4) is obtained when s satisfies a) < s <
bA (r—ag).

The lower bound follows from the independence of the two random variables
P{LN + Iy > NT} > P{ZN > N(T — S)}P{LN > NS}.

To upper bound for r» < ay + a4 is immediate.
We therefore only discuss the case 7 > ay + ag. Take a finite partition ay = g1 =
go < - < gm-1 :b/\(T—(I¢) < gm = Gm+1-

Use a union bound and the independence of Ly, Zy to derive

]P){LN—FZN > NT‘} < P{LN—l—ZN > NT,LN < NqO}

m—1
+ Y P{Ly+Zy > Nr,ng < Ly < Ngip1} + P{Lx > Ngn}
=0
m—1
<P{Zy>N(r—q)}+ Y P{Zy > N(r - ¢i41)}P{Ly > Ngi} + P{Lx > Ngp}.
=0

Now take the logarithm on both sides, divide by N and finally take N — oo to obtain

lim N 'logP{Ly + Zy > Nr}
N—o0

< —min {gb(r —qp), min 1{‘15(7" = qi+1) + Mai)}, )‘(Qm)}

0<i<m—

We may simplify the last inequality as

P{Ln +Zy > Nr} < — min {¢(r — giy1) + @)}

—1<i<m

This is because A(go) = 0. Also, if b < r —ay then A(gp,) = oo and it can be omitted from
the minimum. If b > r — ag then ¢(r — ¢,,) = 0. The result then follows by the continuity

of A on [ay, b] by arbitrarily refining the partition. O
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4.5 I.i.d. model: Right tail rate function and log moment

generating function

The main goal of this section is to prove an explicit variational formula for the rate
function J (7). That formula, while precise does not enjoy enough analytical tractability
to further obtain a closed formula. However, its dual Js*,t(ﬁ ) will be explicitly computed

by the end of the section.
4.5.1 Exact computations for J,(r)

We first present a series of key technical lemmas, and we encourage the reader familiar
with these techniques to proceed to the proof of Proposition 4.1.6.
We will use the invariance property of the model with boundaries first. Consider the

last passage time in the model with boundary G\ ()

|Ns),|Nt] and we iteratively apply equation

(4.2.1) to obtain

| Ns]
(u) (u) (u)
GLNSJ,Lth GO JNE] T Z Iz J Nt

Focus on the left hand side. From equation (4.1.4) and (4.2.1) we can write the previous

difference as

LNs)

Z Iz(qﬁm = G(L?\?SJ,LNtJ N Gt()qu)NtJ
=t N | Nt
=iy {0+ G =3 )
" LNt
8 L2584 G v = 32 463
[Nt
=K$%M{Xﬁ }:%J+@mnwgwm}
LNt
e { - j-zk:ﬂ I3t + Glapy (vsp v -

To compactify notation we use a convention where the y-axis is labeled by negative indices

and we define

—y g k<0
forkeZ = ZJ:_kJrl 0 B (4.5.1)
Zz 1 zO ELNH ‘] k> 1.

As such, we can say that the last passage time can be obtained on path that enters the
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bulk N? at a point v, defined by

(L [==2)) <1,
for z € R v(z) =14 (1,1) —1<z<1, (4.5.2)
(=], 1) z>1,
and the gradient can be written as
| Ns] @)
; Lineg = gy e o Uik wvi 1k < 0} + G (v vep -

Then the following inequalities are immediate:

Mk + G (), (LNs),[Nt)) (4.5.3)
[Ns] @
< 2 L vy
i—1
< max {me + Gv(k),(LNSLLNtJ)} + 1. (4.5.4)

~ [-Nt]<k<[Ns]k#0
This inequality will be crucial for our purposes. We briefly discuss the main idea.

The second line in the last display is a sum of i.i.d. Bernoulli, so it has a known
large deviation rate function. A deviation for the 3" I is controlled above and below
by deviations for the expressions ng + Gy ), (|Ns),|Nt])- Tk itself is either a sum of i.i.d.
geometric random variables or a difference of two independent sums; in either case the
large deviation rate function for 7 is computable, and the only unknown will be the
large deviation rate function for G (albeit in a complicated expression). The subsection is
devoted to following this program and to solve for the rate function of G.

It will be crucial to understand the function defined by

HYY(r) = — lim N™'logP{n ya| + Gy(nu),(nshve)) = N7}, (4.5.5)

N—oo

where a,b € [—t,s]. We first argue why the limit exists. This fact will be a direct
consequence of Lemma 4.4.2, when we show that the 7|y, and Gy (), N5, Ne)) Will have
a right tail rate function.
We begin by computing the rate function for the ng. For real a € [—t,s], and r € R
define
Ka(r) = — A}gnoo N~1log P{n na) = N7} (4.5.6)

From (4.5.1) we observe that if & < 0 7 is a sum of i.i.d. geometric distributed random
variables while if & > 1, n is the difference of two independent sums of i.i.d. random

variables.
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The convex dual is

Ko (&) = sup{&r — ra(r)}
reR
(t+a) {logu(li_pp) — log (1 - ’u)((l_pge 5)], for £ > log Z((l_pi, —t<a<0,
_ t[log ﬁ —log (1 - %e*5>] + alog(ues + 1 — u),
1—u
for £ > logz((l_pg, 0<a<s,
oo, otherwise.
(z=p) p(1—u)
(t+a)Cq (=), for & > log =y, —t < a <0,
= tcé““*m)(—g) +aC (&), for £ > log KM 0<a<s,
00, otherwise.
(4.5.7)
The first line in (4.5.7) follows from Cramer’s theorem when the random variables are
geometric. The second line follows from Lemma 4.4.2 when Ly = ZLN@J I and N =
ZLNH Jouj), and the fact that the dual of an infimal convolution is the sum of the

corresponding duals.

Remark 4.5.1. The condition on & can be stated equivalently in terms of u. In fact, if

p(1—u)
u(1-p)

< p and so it remains u € (p, 1].

pe”*
1—p+pe=¢"

£ € R is fizxed, the inequality & > log becomes u > Moreover if € > 0,

pe¢
1—p+pe—¢

The rightmost zero my , of K, is the law of large numbers limit

—(t+a)—7Ls, —t<a<0,
Mp,a = ]\}im N~ Na) = Pt (4.5.8)
—00 u—p
au — tm, 0<a § S.

Note that when viewed as functions of a, k4, ), and m, , are all continuous at a = 0.
For the rate function of Gy (nw),(|ns),|Nt)), We first introduce the equivalent macroscopic

version of (4.5.2) for a € R, by

(07 —CL), —t S a S 07

Nfl —

v(Na) — v(a) (4.5.9)

(a,0), 0<ac<s.

With this notation, the rate function of the last past passage time in the interior is

Jisy—v(@(r) = = Jim N1 og P{Gy(va),(|ns) [ve)) = N7} (4.5.10)

This is because Gy (na),(|Ns),| Nt]) €duals in distribution G g g) (| Ns],|Nt])—v(Na)- There will
|, | Nt])—v(Na) and [ N((s,t) —v(a))] but Lemma

4.4.1 proves that it is negligible in the limit.

be a small discrepancy between (| N's

158



Let my,q and mjp be the rightmost zeros respectively of x, (defined by (4.5.8)) and
J(s,t)—w(v) (Which equals gy, ((s,t) —v(b)). Using Lemma 4.4.2 for (a,b) € [—t, s]*, we have

0 r<Myqt+myp
,b ’ K,a by
Hg,t (r) =
infmn,aSZST—mJ,b{ﬁa(x) + J(s7t)—\7(b) (T - ac)}, Mpa +Myp < T < 8.
(4.5.11)

The following regularity lemma follows from the continuity properties we discussed up to

this point, and the details are left to the reader.

Lemma 4.5.2. Fiz s,t € (0,00) and fiz any compact set K C (—oo, s]. Then ngf(r) is a

uniformly continuous function of (b,r) € [—t, s] x K, uniformly in a € [—t, s]. In symbols

lim sup |HO b (r) — HYY ()] = 0. (4.5.12)
6—0 a,bb' €[—t,s|,r,r'€K: ' ’
b1/ <6 || <6

When a = b we simplify the notation as Hg,(r) = H'(r). Observe that at this point
an expression involving Jg; manifested on the right-hand side of (4.5.11). Our goal is to
invert the relation and isolate J ;.

The next lemma is the continuous version of the discrete inequalities (4.5.3), (4.5.4)

at the level of the rate functions.
Lemma 4.5.3. Let s,t € (0,00) and r € [0,s]. Then

sIV(r/s) = inf  H%,(r). (4.5.13)

—t<a<s ’

Proof. For any a € [—t,s], by (4.5.3)

[Ns]
oy — —1 (W <
sl (r/s) A}gnooN log]P’{ ; = Nr}
> lim N~ 'logP >N
> lim og P{n| na) + Gv(|Na)),(Ns,|Nt)) = N7}
= —H{,(r).
This is true for an arbitrary a, therefore

sIV(r/s) < inf  H%,(r). (4.5.14)

—t<a<s ’

To get the lower bound we use (4.5.4) together with a coarse graining argument.
We begin describing the partition which will be helpful when we will use (4.5.4). Fix a

small enough § > 0 to partition the interval [—t, s]. In particular, define —t = ap < a1 <
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v <ag=0<--- <ay = s where |a;41 — a;| < J. Moreover, we fix an ¢ > 0 and we
assume that N is large enough so that Ne > 1.
When a; > 0, for any k € [|Nai], [Nai+1]] N Z,

Pk + Gy (vssinve)) 2 N1} < P{ninang) + Co(vavss e 2 N
Similarly, when a; < 0 and |Na;| < k < | Najt1] the bound becomes

Pk + Gu, (vl ve) = N7} < P{nina) + Cu((Nawa (vl ivep 2 N7

From (4.5.4) we bound

[Ns]
P{ 21 L \nt) = N?‘} < P{ L_N&%};LN%{% + Gy(r),(INs), (Nt + 12 NT}
= k40

IN

P{ Lthjrg%)g(LNsJ,{nk + Gy(r),(|Ns|, Nt} = N(r— 5)}-
Pty

Take logarithm on both sides and divide by N and use a union bound to obtain

|Ns)
N’llog]P’{ R Nr}
=1

-1 -1
<N logm + {Oggj_l { N 108 B{nva,) + Cu(vassi st vy = N =)} |

-1
vy [ max { N 08 PU N} + C(ivanp(vssivep 2 N(r =)}

Take N — oo to get

_ (u) <{ _ g %i,Qit1 o } { g Qi41,Gi 0, }
s (r/s) < anax {=H" T (r = o)} v max (SH"(r = <))

< sup  {—Hy (r—e)}.
a,be[—t,s]:|a—b|<d ’

Use Lemma 4.5.2 by letting § — 0; this also implies b — a. Then let € — 0. O

The following lemma is the last technical tool we need in order to finally solve (4.5.13)
for the unknown rate function J. It proves convexity and lower semi-continuity of the

Legendre dual of J.

Lemma 4.5.4. For a fized { € Ry, the function J5,(§), as a function of (s,t), is

continuous and finite on Ri.

Proof. By definition J;;(§) = sup,cp{&r — Js(7)}, but, since Js;(r) = oo for 7 > s, and

Jst(r) =0 for r < gpp(s,t), we can write for £ > 0 that

@)= sup  {&r— Jou(r)}.

re[gpp(s,t),s]
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10,10

Figure 4.3: Graphical representation of the function J;;(r). In both figures we used
p=0.1and t = 1. To the left we have J7,(£) as a function of (s,£) and one see the
directions of convexity when s is fixed and £ varies, and the direction of concavity ranges
when ¢ is fixed and s varies as described in the proof of Lemma 4.5.4. The blue line is at
s = 1/9 which the is characteristic point for p = 0.1 and ¢ = 1. For smaller s, J7,(§) = s¢.

To the right is the convex continuous function Ji, 1 (§).

Then it is immediate to see that
21(&) < &s,  for all(s,t) € RZ.

Continuity will follow once we prove that J3,(£) is a concave finite function. Let
A € (0,1) and (s,t) = A(s1,t1) + (1 — A)(sa,t2) for some (s;,#;) € R2. Recall that J is
convex and lower-semicontinuous in (s,t,7) from Theorem 4.1.3. Write r as the convex
combination r = Ary + (1 — A)rg for some r1, 79 € R. By convexity
inf {.J, -
inf {Je(r) - &r}
< inf { inf A - 1-MN)(J — &)}
<inf{ i AU =)+ (1= N Uas(r2) =€)

= inf 2{)\(']81,751 (7’1) - 57'1) + (1 - )‘)(J82,t2(r2) - 67"2)}

(r1,72)€R

r1E

=X inf {Jg ¢ (r1) —&rm}+ (1= X) inf {Js, 4, (r2) — &Era}
R] ro€R

= A5 (€)= (L= NG, (6).

In the end we have
5t(&) = AJg, 4 (&) + (1 = N)Jg, 1, (6),

which is enough to prove the concavity of J;(§) in (s, ). O

Now we can find a variational expression for J*.
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Proof of Proposition 4.1.6. If £ < 0, by definition

Ji1(€) =sup{ré—Jss(r)} = sup {r{—Jsu(r)}v  sup {r{’—Js,t(r)}\/ilig){%—l]s,t(r)}.

reR r<gpp(s,t) T€[gpp(5:t),8]

Note that the first supremum is +oo since J () = 0 for r < g,,(s,t) and £ < 0. Therefore
Ji(§) = 00if £ <0.

If £ > 0, equation (4.5.11) gives that HE‘S 0 is the infimal convolution of k, and
J(s,)—v(a) Since the value of the infimum does not change when we allow r to range over
all of R. We compactify the notation by writing H¢';(r) = £0J(s4)—v(a)(r). By Theorem
16.4 in [92], the addition operation is dual to the infimal convolution operation. From

(4.5.13) of Lemma 4.5.3, take the Legendre dual on both sides to obtain

801(3“) (5) = sup {Sup{rf - (IiaDJ(s,t)—v(a))(r)}}

Tisass hreR (4.5.15)
= sup {(kaOJ(sp)—v@) ()} = sup {(K5(E) + Tfsp—vw)(©)}-
—t<a<s —t<a<s
From (4.5.7) we can substitute the explicit expression of x}(§). Define
(i) uU—p
—le(u) = Cg"" " (=€) = log :
¢ I u(l =p) —p(l —u)e* (4.5.16)

d¢(u) = C’l(gu) (&) = log(ue® 4+ 1 — u).

Use this to simplify (4.5.15) into

sdg(u) + tle(u) = sup {ale(u) +Jst ol }\/ sup {ade¢(u) + J;_ at(é)}
0<a<t 0<a<s

Subtract sde(u) + tle(u) to either side

0= sup {J7 (&) = [(s — a)de(u) + tle(u)]} Vv s<up{ Si-al(€) = [sde(u) + (t — a)le(u)]}.

0<2<s

Use Proposition 4.2.7 identifying as I = (p, 1], A(s,t) = J34(§), h(u) = de(u), g(u) = Lle(u)
and therefore fy;(u) = sd¢(u) + tle(u). The only hypothesis that is not immediately
verifiable is continuity of J* in s,t, but that is now covered by Lemma 4.5.4. Therefore,
if t < 1P

(=)

*4(€) = min {sde(u) + the(w)} = min {sC”(€) — tC

u€(p,1] u€(p,1]

(=&}

For t > %S we reason directly: Jg;(r) = +ool{r > s} and its convex dual will be s¢ for

& > 0. This is also the minue(pﬂl]{scl(gu)(f) - tcé““‘“)(—g)}, with the minimum obtained
at u = 1. O
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4.5.2 Closed formula for J;,(¢)

Proof of Theorem 4.1.7. The aim of this proof is to find an analytical result for the in-
fimum in Proposition 4.1.6 when t < %s. Therefore we start computing the derivatives

of the two cumulant-generating function and to find the optimizing point we solve the

equation
() =) ¢
0_,9C8"©) _,9C (=9 _ -
ou ou 14 u(ef —1)

plp—1(e* -1
w2(1+ple€—1)) —up[l +e$+ple s —1)] +p2e¢

or equivalently, after the algebraic simplification of denominators
0 =u?2s[(1 —p)(ef — 1) +p(1 — e %) —up[(1 — p)(s +t)(e5 +e & —2) +25(1 —e %))
+ (e = Dp((1 = p)(s +1) = 5).

The minimum is in fact attained to the solution to this equation (for further details see
Appendix B.1). The minimizing point is

. pd—p)(s+ t)(ef +e € —2) +2sp(1 —e ) + VA
u = 23[(1 —p)(ef —1) +p(1 - 6_5)] (4.5.17)

with A = p(1 —p)(ef +e7¢ = 2)[(1 —p)p(s +1)%(e* +e~¢ — 2) +4st]. Then (4.1.22) follows

directly by
10(8) = 505 (€) — 505 (€. =

4.6 Invariant model: Limiting log-moment generating func-

tions

Before proving the two main theorems, we begin by verifying the existence of limits
(4.1.24) and (4.1.25). We begin by noting that similar arguments as in Lemma 4.5.3 give
that

- hm N~ 1log}P’{G N J LNtJ > Nr} = inf mf{al ((r—x)/a)+J5_a7t(ﬂs)}. (4.6.1)

a€l0,s] z€
Equation (4.6.1) in particular verifies the existence of the limit in the left-hand side, and

we denote it by

. u),hor u),hor
—A}gnooN 1logIP’{G(LN JOLNtJ > Nr} = J ) “(r). (4.6.2)

Finally, observe that we take the Legendre transform, equation (4.6.1) becomes

(IR () = s%p]{acg“(o T (O). (4.6.3)
ac|0,s
(u),ver.

Symmetric definitions and arguments give similar equations for Jg;
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Lemma 4.6.1. Let G(U\; }JIO[N” be the last passage time given by (4.1.6), and let (J§ t) hor) &)

given by (4.6.3). Then for & > 0,

(u),hor
lim N~ log B[efCIval v ] = (J0Hhory«(¢), (4.6.4)

N—oo

Corresponding statements hold for GU\;s\Jle][th

Proof. Let £ > 0. Set

— 1 -1 G(?(\;shorNt ~— lim -1 G(qj\;shorNt
v= lim N logE[ LNs) LNt and 7= lim N logE[ LNs] LNt ],
N—o0

- N—oo
The lower bound is immediate using the exponential Chebyshev inequality

u) hor

N~ 1OgIP){GLNs}Jlotrz\rtJ > Nr} < —&r + N~ log E[e*Clnel v,

Letting N — oo along a suitable subsequence gives v > {r — Lgt) hor(r) for all r € [0, s].

Thus v > (J{")*(€) holds.
For the upper bound we first claim that for every r > s

(u) hor

N~ 'log IE[ G Ns),[Nt) ]l{G(u) shor

ey = NTY] = —o0. (4.6.5)

To see this, apply Holder’s inequality to the expectation in (4.6.5). For any o > 1,

(u),hor

_ u),hor
N~ log E[e 1< v 1{G{ J"LNH > Nr}]
< N1 log{E[ ocEGLNSJ [th] [H{GLN }JIOENtJ > Nrr-}a 1] ;1}

— atGW-her ),hor
= (aN) log(Ele 9Ny, N]) + (a0 —1)a 'N™ 1log]P’{GLN L) > Nr}.

The first term is finite since G\*)M"

INel N S | Ns| and for the same reason the second term

equals —oo.
To show the upper bound in (4.6.4) pick a § > 0 and partition R with r; = id, i € Z:

u) hor

N1 logE[ GLNs, [Nt

1 Nér; (u),hor )
<N~ log[ Z eNe +1P{GLNSJOLNtJ > Nr;}

i (4.6.6)

(u),hor

o u),hor
+ Ner-m L B[SV, LNtHl{G(LNj e = Nrmb] |-

By (4.6.5), for each M > 0 there exists m = m(M) so that for all N large enough

(u) hor hOI‘

N—11ogE[ Glna, LNtJIl{GLNJ Nt 2 Nrp}] < —M.

Take a limit as N — oo along any subsequence that achieves 7 to see that (4.6.6) implies

v < max {§n+1 Js(j?’hor(m)} VEr_mV(—M)

—m<i<
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< (sup fer = I} +66) v Eron v (-M).

r€(0,s]
The statement of the Lemma follows by letting § — 0, m — oo and M — co.

(u),ver

In order to repeat the estimates for G |Ns). Nt the equivalent statement for (4.6.5) is

u) ver

. T -1 . ,ver
i T N log BT G > V) =

We omit the remaining details, but the interested reader can find a similar calculation in

[51]. m

Proof of Theorem 4.1.8. The existence of limit (4.1.24) is verified by Lemma 4.6.1. Then,

use in sequence equations (4.6.3) and (4.6.4) and Proposition 4.1.6 to write

A = sup {aCS(€) + Ti i (6))

a€(0,s]
(u) (0) (9) (9(917—2))
= f Cy C + sC —tC — .
azl[]i)l?s] { 96127, {CL< (g) B (£)> B (5) g ( 6)}}

The sup and inf can be interchanged by a minimax theorem (e.g. [67]). The function
inside the supremum is linear in a. Thus the supremum will be reached at one of the two

boundary points according to the sign of the difference

> 0, if 0 € (u,1],
o) -c e 3 =o, if 6 = u,
<0, if 0 € (p,u).

Therefore we have

A€ = inf (7€) — 108 (€} A (a0 (€) — 105 (<))
(4.6.7)

N, nf {sC e) — 0T ey},

0€(p,u)

| ()
Note that, since —Cj

(=€) is increasing in 6, the first term on the right-hand side of
(4.6.7) is always greater than the second one. So, it remains to compare the second and
the third term.

Call 6* the minimizing point in (p, 1] for the expression sCée)(é) — tCé%)(—g)

(4.5.17) in this specific case. Then, there are two possible cases:

(1) If 0* < u, then

(w)hor g\ _ (525) _ A0 G N
AL©) = int (OO0 (-6} = 5O (O—CT T (=) = A€
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(2) If * > u then

u or u (uu%p)
AL (€) = sCE (&) —1Cg" P (=),

This concludes the proof of (4.1.29). For the analogous result in the vertical case, first
note that we may write

Ay (€) = J24(6) = inf (1O 7 (€) — sCL(—€)}. (4.6.8)

u€(p1]
That is possible to prove either by repeating the same computation in the subsection 4.5.1

—aW

IN's],0 ZLMJ JW o by computing (4.6.8) as in the proof

(u)
but starting G RARE

|Ns|,|Nt|

of Theorem 4.1.7 and observe that it gives the same result.

Then as in the case for the horizontal boundary only,

u—p
A€ = sup {aCg™ () + T2, (€)}
(s%) a€l0,] g s
(i) (a0i57) (5(12%y) 9
= su inf {a u(1=p) — P + 00 —SC()— .
welo {06@, }{ ( (&)= C (§)> ¢ (&) = sCs (=)} }

From this expression we see that we need to restrict £ € [0, log uél P ;) otherwise Agu)t)v e
is not finite. Then, as before, for £ € [0, log ((1 pg)
ALY (@)

: (i 5) () _ i (w)

infge(p11{tCq (§) = sCr’ (=€)} = Aoy (§) if t <KW (=E)s,

. (55225) u (7525) u . u
infge () (EC7 7 (€) = sCE(—6)} = tC5" 7 (€) — sC5) (=€) if t > kW (=¢)s.

This concludes the proof of the theorem. O

Since the following proof is based on (4.1.26), we want to show first that it is true. As
(u)

usual we proceed finding an upper and a lower bound for A/ (£). We start from the lower

bound. By (4.1.8) we have that

INs),(Nt) S G N e where i = {hor, ver}.

Then, if £ >0

(u),i (u)
E[e*C 1N v ] < E[eSCIvssvu ],

Take the logarithm of both sides, divide by N and let N — oo to obtain the lower bound

For the upper bound, let v; be the first step that the maximal path makes starting from
(0,0) and note that

(u) (u) (u)
E[e*C1vshivt)] = E[e*C 1Nl v 1 {vy = eq}] + E[e*FINsL vt T {v; = e9)]
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é.G('u,),hor (u),ver (u),hor (u),ver
€

< B[ Clvshive] + E[etCimeling] < Q(E[efGLNsJ,th] vV E[egGwsJ,LNﬂ]),

Take the logarithm of both sides, divide by N and let N — oo to get

(&) < AL (€) VAL (©).

Proof of Theorem 4.1.9. All the proof is based on (4.1.26). First note that by Proposition
4.1.6 and (4.6.8) we have that for any u

)

Apony(€) < sCL(E) — 10T (—6) and Ay (€) < 1O (—g) - sCW ().

(4.6.9)

Therefore, if £ € [log Z((ll:zg% o), AEZ)t) (§) = oco.

If £ € (0,log Z((ll:z %) we define three regions in the quadrant by

L={(s.) 1t < K (=€)s}, M = {(s.0) : k) (~)s < t < K (€)s), U =B\ (MUL).

k™ (€) is defined by (4.1.27) and one can directly verify that k() (—¢) < E®(¢). For

u—p
(s.8) € L, AY(©) = sC{(&) — 1050 (=) = ALY(€) by (4.1.26),(4.6.9), since

s,t
Agj)t’)ver(g) = A p(€). For (s,t) € U the arguments are symmetric, with Agz)t)(f) =

(atimy) u
tCq" 7 (€) — sCFY (—€).

From (4.1.26), (4.6.9) and Theorem 4.1.8, we have that

AL (©), t>EW(E)s,
(u) — u),ver u),hor u u
A€ = JALTTO VALTE©),  KW(©)s <t < k()s,
AL (©), E< KO (~©)s.

By (4.1.26) and Theorem 4.1.8, Agg)t) (€) is continuous in (s,?). From this and the fact

that the middle branch above is linear in (s, t), we conclude that the slope £()(€) of the
line

t=009(&)s <= {(s,1) € RE : ALY (€) = ALY ()}

satisfies k() (€) > £ (¢) > k) (—¢) and therefore

p

O8O 10T (), i k(e)s <1 < (s,

S, ( - _u—p _
S e T g~ s <t < k).

This gives the theorem. O
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Appendix A

A.1 Approximation in 2.3.19

In this appendix section we perform all the computations step by step to get (2.3.19).
From (2.3.16)

‘ _ (-) ¢
+/O f/(S)dS = f(O) — 261/2(11/2 — m@7+1/27 (A].l)

for a small enough. Since mg in (2.3.8) is defined as a very complicated function of a we

prefer to approximate every addend separately and then put all together.

Recall

1 _ ! 1 _ 1 (_2pa 2(6-0)
1% 4 coxf  cpx® 1+ %xﬁf"‘ Ccr® (1 clx +0( )> a<pB (Al2)
Use (A.1.2) to compute
1 _a1/2 a1/2 1
(a) ) O
flla) o) +ear iyt <1/2)“7
1/2 1/2
= —a—(l - S o+ O(aZ'y)) =2 a2 L 02, (A1.3)
) ) L) c( )
1/2 1/2 €12 1/2
: r al/? c  aYt1/2
Since my(a) = f(a)/a = @(1 - f_—lm s vy }J(ro) ) we then have
_ _1)2
m/l(a) _ _(7° 1) f(o)a_1/2 +C(T 21) a2 49 2¢y (_)a'y +O(a27+1/2).
f'(a) r r (v+1/2)eq 5
(A.14)

By the Taylor expansion

Vitr=1+ %m—i—O(azZ) (A.1.5)

we obtain

Q172 c Q12
vm \/ - 1,ﬁ 2y +1/2) f(0) +O(a)>

_ 2o T c a’ QL2
B A ST CES VR IV R
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and using \/11-5-7 =1- 32+ 0(z?) we get

al/2

ﬁ o 7’—1\/7 ,YH/Q 07"
al/2 , »
VOGO (’y+1/2)( (032 T 40(@?).  (A16)

a2 4 O(G))

From (2.1.11) we are able to expand —ﬁ — 1+ D which after some rearrangement we

can substitute (A.1.3), (A.1.4), (A.1.6) in and obtain

__ 1 _ 1 (m
f'(a) tHD=(r- )<f’( ) +1) * m( F(a) +1> (A.1.7)
= (r—1)— (r— 1)@1/2 C@a 112 2112 ral/? B r2 .
Y i ! one B )+ f0)  (r=1)J0)
e 0 (- D e e
v+ - .
_ Lav 4 O(a2~/+1/2)
(v +1/2)c} ) )
_ Ry " 3r2—|—2r—1a1/2 C(T_I)QCL
GO /7 (0) O 5 (A.1.3)

(r=1?2 y=1\r=1 1y, r(d4y —1) +1 29+1/2
_ 2 _ Y Y Y .
2=+ R T T e e T oE )

To know at which order of a we can approximate we split out analysis into two cases

according to the value of ~
Ly e(0,1/2),
2. y€[1/2,00).

If v € (0,1/2), from (A.1.8)

1 2 —1)? 2420 —1
(5 1+ D) =l mia 2SR o o), ()
“ €12 €12

Substitute (A.1.9) into the following expression

\/<_ f’}a) ! +D)2 _4f’2a) B (CQ(T (_—)12) 7+ ﬁal/z +C( iy =1)

€12 €12
Cdr(y+1/2) + 2(y + 1/2)) (r _( 15 "’/ J)F ?r)?)/;)awl/z n O(azwl/?)) 12
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and by (A.1.5) we can Taylor expand

\/<‘ a1 )

r—1 2
=c a”’

+
(-) —
oy c(r—1)

a2

+ (— r2(dy — 1) — dr(y + 1/2) + 2(y + 1/2)) Bri+2r—1)

2y +1)(r — 13 )

a1/2 + O(a7+1/2).

In the end, putting all estimates together, we approximate (2.3.8)
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(2vy+1)(r — 1)30572)2

/N N | =

+

a'’? 4 O(a7+1/2)‘

ol/2

2 gy O(cﬂ“/z)’.

c(r—1)
(A.1.10)
If v € [1/2,00), from (A.1.8)
1 2 (3ri42r —1)> (3r2+2r —1)
<_ Fla) 1+ D) O TGWH/Q +0(a™™). (A1.11)

1/2
Use (A.1.11) to obtain

Ll oVl (A ap, B
W P ) 4f'<a>‘(cg;;””+ IO

r—1)3r2+2r —1 1/2
e =2y = 1) dr(y +1/2) + 20+ 1/2) (r% 1 1/2)f(0)3/2)a7+1/2 o)

2 12
_9 C(f)a1/4<1+ (3re42r —1) L2

12 dr(r —1)4/f(0)
T2 T —
n c( 24y — 1) — dr(y +1/2) + 2(y + 1/2)> 4;@ i i/2)f1(0)m + O(av+1/2)) 12
By (A.1.5)
1 2 1 (=) (3r2 4 2r — 1)?
\/< PP - 2 N T

?”2 T — VT —
+ c( — 24y — 1) —4r(y +1/2) +2(y + 1/2)) 2(35/2;;1 1/;))f(0)5/1 aVtH 4 0(cﬂ+3/4)).
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Finally, combining the estimates we have

n;(g) :;‘%1+D+\/(%1+D)24%‘

€1/2 &)
2 r/f(0) €15

Equation (2.3.19), follows from (A.1.10) and (A.1.12).
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2
_ 1‘2 (a2 =1 ap r o1 O(a3/4)’.

(A.1.12)



Appendix B

B.1 Proof of the minimum point «* in (4.5.17)
In this appendix section we want to find the solutions to
0 =u?2s[(1 —p)(e* — 1) +p(1 —e )] —up[(1 —p)(s+t)(e* + e ¢ —2) +25(1 —e™%)]

+ (e f=Dp((L—p)(s+1t)—s).
(B.1.1)

And prove that the correspondent result is a minimum point for the function

(#25)

F(u) = sCg (&) = 10" (=),
(B.1.1) is a second degree equation in u which has two real solutions if its A > 0.
A =e*(1=p)*(s+1)°p* + e (1= p)°(s + )*p* + 6(1 — p)°(s + 1)*p?
— 8p(1 — p)st — 4e™*[p*(1 — p)*(s + )% = p(1 = p)st] — 4e*{p*(1 — p)*(s + 1)
—p(1—p)st}
= [(1=p)p(s +)(e" + e = 2)* + 4p(1 — p)st(e® + e~* —2)
=p(1—p)(e® +e ¢ —2)[(1 —p)p(s + t)*(e® + ¢ — 2) + 4st]
= 4p(1 — p)(cosh & — 1)[(1 — p)p(s + t)*(cosh& — 1) +2st] >0 V& >0,

since cosh& > 1 . So the two optimal solutions are given by

PP et 2) k21— ) £ VA
t 25(2p — 1+ (1 — p)et —pe~*) :

To be proper candidates, these u* have to satisfy two features

(1) w* € (p,1],
(2) u* have to be two minimum points.

We begin from checking if u* € (p,1]. We analyze the two solutions separately starting

from the plus one.

p(1=p)(s+t)(es +e€—2)+2sp(1 —e ) + VA
2s[(1 = p)(e® — 1) +p(1 — e7¢)]
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p(L=p)(s +1)(ef + et —2) +2sp(1 — e )(1 — p) + VA — p2s(1 —p)(e* — 1)
2s[(1 = p)(ef = 1) +p(1 —e%)]
p(1—p)(t—s)(ef +e ¢ —2)+VA
2s[(1 = p)(ef = 1) +p(1 — e ¢)]

>0

>0

The numerator is always positive while the denominator is positive if & > 0. The other

bound

p(1—p)(s+t)(ef +e € —2)+2sp(1 —e &) + VA 1
30— p)(e€ 1) + (1 5 <
p(1—=p)(s+1t)(ef +e ¢ —2)+ VA — 25(1 —p)(ef — 1)
35[0~ p)(e€ — 1) + p(1 — 9

<0.

The denominator is always positive for £ > 0, therefore the overall fraction is negative if

and only if
p(1=p)(s+1)(eS + e —2) + VA - 25(1 —p)(e* —1) <0 (B.1.2)

If p(1 —p)(s+1)(ef +e ¢ —2) > 25(1 — p)(e* — 1) the numerator is automatically positive
and so the all fraction is never less than zero. Thus, we treat the case p(1 —p)(s+t)(es +
e ¢ —2) < 25(1 —p)(es —1) for which it is useful to know the hyperbolic function equality
2¢f cosh & = e + 1.

p(1—p)(s+t)(ef +e € —2) <25(1—p)(ef —1)
p(s+t)(coshé —1) < s(es — 1)

where in the last inequality we have divide both sides by 1 — p. Substitute coshé =
(ef + e7¢)/2 and divide both sides by (e — 1)

p(s +t)e 5(ef —1)2 < 2s(e® — 1)

p(s+1)(1—e%) < 2s

2
()
pi—e® )°
If the above condition is satisfied, we can isolate on one side VA in (B.1.2) and square

both sides

p(1—p)(s+1)(ef + e —2) + VA —25(1 —p)(e* — 1) <0
4(1 = p)*p*(s + )*(cosh & — 1)? + 8stp(1 — p)(cosh & — 1)
< 4p2(1— p)2(s + t)2(cosh & — 1)2 + 4s%(1 — p)2(e% + 1 — 2¢€)
— 8sp(1 — p)?(s +t)(cosh & — 1)(e* — 1)

8stp(cosh & — 1) < 8s2(1 — p)e(cosh & — 1)
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— 8sp(1 — p)(s +t)(cosh& —1)(es — 1)
stp(e® —p(e® — 1)) < s*(1 = p)e® — s’p(1 —p)(e* — 1)

stp(e*(1 — p) +p) < s*(1 —p)(e*(1 — p) + p)
t < Ms.
p

It is immediate to verify that (ﬁ — l)s > %s for every £ > 0.

Now repeat the same computations for the minus solution

p(1—p)(s+t)(ef +e€—2)+2sp(l —e ) — VA
2s[(1 —p)(ef —1) + p(1 —e7%)]
p(L=p)(t—s)(f +et —2) VA
25[(1 = p)(e* = 1) +p(1 —e)]

>p

>0

The numerator in this case is always negative therefore the all fraction is positive if £ < 0.
Therefore we automatically know that this solution is not acceptable.

It remains to see if u* is a minimum point when u* € (p, 1] is satisfied. Since computing
the second derivative of the two logarithm generating functions is demanding it is quicker
to study the sign of their first derivative since most of the calculus has already been done.

IfeE>0
60(“) 8C(ﬁ)
0 00"
ou ou
¢t —1 . p(p—1)(e*—1)
Trulef—1)  wRIaplet—1) —upl+e S +plet— D] +p2et

>0

0.

Find the least common multiple and treat the numerator and the denominator of the
resulting fraction separately and restrict the analysis to the interval u € (p, 1].

The numerator is

N(u,&) =u’s[2p— 1+ €*(1 —p) — pe*] —up{—=2((1 = p)(s +t) — s) + (1 — p)(s + 1)

— e f[s(L+p) —t(L =)} + (7 = Dp((L = p)(s +1) — ) > 0.
This is a parabola with upward concavity if £ > 0 and downward concavity if £ < 0. Hence

>0 if € >0 and u € [u*, 1],

N(u, )
<0 if £ >0 and u € (p,u*),

p(1_p)(8+t)(e£+€7§—2)+23p(1—e*§)+\/5
2s[(1—p)(ef—1)+p(1—e~9)] .

The denominator is

where ©* =

D(u, &) = [1 —u+ ued|[u*(1 4+ p(e™® — 1)) —up[l + e + ple™* — 1)] + p*e~¢] > 0.
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The first factor is always positive for this reason we study the sign of the parabola in the
second factor. This parabola has upward concavity for every & > 0 and we compute its

Zeros

o PLF+e S +ple®—1)£/p?(L+et+pled—1)2—4p’e€(1+ple € —1))
Ut = 2(1 + p(e € — 1))
pll+eS+pled—1)+£/(1+e )2 —de€+p2(ed—1)2—2p(e=t —1)2]
2(1+ p(e =€ — 1))
_plltet4plet —1) £ (et —1)(1 - p)]
2(1 +p(e=¢ - 1))

pe”¢

fE—— We already know from the previous part

from which we obtain u** = p, u}* =

that u}* < p if £ > 0. Therefore we have
D(u,&) >0 if € >0and u € (p,1].

This means than «* is a minimum point if £ > 0.
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