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Abstract: We discuss variational formulas for the law of large numbers limits of certain
models of motion in a random medium: namely, the limiting time constant for last-
passage percolation and the limiting free energy for directed polymers. The results are
valid for models in arbitrary dimension, steps of the admissible paths can be general, the
environment process is ergodic under spatial translations, and the potential accumulated
along a path can depend on the environment and the next step of the path. The variational
formulas come in two types: one minimizes over gradient-like cocycles, and another one
maximizes over invariant measures on the space of environments and paths. Minimizing
cocycles can be obtained from Busemann functions when these can be proved to exist.
The results are illustrated through 1+1 dimensional exactly solvable examples, periodic
examples, and polymers in weak disorder.
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1. Introduction

Existence of limit shapes has been foundational for the study of growth models and
percolation type processes. These limits are complicated, often coming from subaddi-
tive sequences. Beyond a handful of exactly solvable models, very little information is
available about the limit shapes. This article develops and studies variational formu-
las for the limiting free energies of directed random paths in a random medium, both
for positive temperature directed polymer models and for zero-temperature last-passage
percolation models. Earlier papers [55] and [57] proved variational formulas for positive
temperature directed polymers, without addressing solutions of these formulas. Article
[58] gives simpler proofs of some of the results of [57].
The present paper continues the project in two directions:

(i) We extend the variational formulas from positive to zero temperature; that is, we
derive variational formulas for the limiting time constants of directed last-passage
percolation models.

(i) Wedevelop an approach for finding minimizers for one type of variational formula
in terms of cocycles, for both positive temperature and zero temperature models.

Our paper, and the concurrent and independent work of Krishnan [41,42], are the first
to provide general formulas for the limits of first- and last-passage percolation models.
The variational formulas we present come in two types.

(a) One formula minimizes over gradient-like cocycle functions. In the positive tem-
perature case this formula mimics the commonly known min-max formula of
the Perron—Frobenius eigenvalue of a nonnegative matrix. In the case of a periodic
environment this cocycle variational formula reduces to the min—max formula from
linear algebra. The origins of this formula go back to the PhD thesis of Rosenbluth
[60]. He adapted homogenization work [39] to deduce a formula of this type for the
quenched large deviation rate function for random walk in a random environment.

(b) The second formula maximizes over invariant measures on the space of environ-
ments and paths. The positive temperature version of this formula is of the familiar
type that gives the dual of entropy as a function of the potential. In zero tempera-
ture the entropy disappears and only the expected potential is left, maximized over
invariant measures that are absolutely continuous with respect to the background
measure. In a periodic environment this zero-temperature formula reduces to the
maximal average circuit weight formula of a max-plus eigenvalue.

The next example illustrates the two types of variational formulas for the two-
dimensional corner growth model. The notation and the details are made precise in
the sequel.

Example 1.1. Let 2 = RZ’ be the space of weight configurations w = (wx),cz2 on
the planar integer lattice Z2, and let P be an i.i.d. product probability measure on £2.
Assume E(|w,|P) < oo for some p > 2. Let h € R? be an external field parameter. The
point-to-line last-passage time is defined by

X0,n: X0=0

n—1
G () = max {Za)xk+h-xn} (1.1)
k=0
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where the maximum is over paths xp, = (xo, ..., Xx,) that begin at the origin xo = 0
and take directed nearest-neighbor steps xx — xx—1 € {e1, e2}. There is a law of large
numbers

gslo (h) = lim n_ngo(n)(h) P-almost surely, simultaneously Vi € R%. (1.2)
n—oo ’

This defines a deterministic convex Lipschitz function gglo : R? — R. (The subscript
pl is for point-to-line and the superscript oo is for zero temperature.) The results to be
described give the following two characterizations of the limit.

Theorem 3.2 gives the cocycle variational formula

ggf(h) = ir}f IP- ess sup max {a)o +h-ei+ F(w,0, ei)}. (1.3)
[0) =1,

The infimum is over centered stationary cocycles F. These are mean-zero functions
F : 2 x (Z*)? — R that satisfy additivity F(w, x, y) + F(w, y,z) = F(w, x, z) and
stationarity F(T,w, x,y) = F(w, z+ x, z + y) (Definition 3.1).

The second formula is over measures and comes as a special case of Theorem 7.2:

gor () = sup{EF[wg + 1 - 2] : 1 € Ms(2 x {e1, e2}), ple < P, E*[wy ] < oo}.
(1.4)

The supremum is over probability measures p on pairs (w,z) € £2 X {ej, e2} that
are invariant in a natural way (described in Proposition 7.1) and whose £2-marginal
is absolutely continuous with respect to the environment distribution P. E# denotes
expectation under .

As we will see, these formulas are valid quite generally in all dimensions, for general
walks, ergodic environments, and more complicated potentials, provided certain moment
assumptions are satisfied.

In addition to deriving the formulas, we develop a solution approach for the cocycle
formula in terms of stationary cocycles suitably adapted to the potential. Such cocycles
can be obtained from limits of gradients of free energies and last-passage times. These
limits are called Busemann functions. Their existence is in general a nontrivial problem.
Along the way we show that, once Busemann functions exist as almost sure limits, their
integrability follows from the L' shape theorem, which a priori is a much cruder result.

Over the last two decades Busemann functions have become an important tool in
the study of the geometry of percolation and invariant distributions of related particle
systems. Study of Busemann functions is also motivated by fluctuation questions. One
approach to quantifying fluctuations of free energy and the paths goes through control
of fluctuations of Busemann functions. In 1+1 dimension these models are expected to
lie in the Kardar—Parisi-Zhang (KPZ) universality class and there are well-supported
conjectures for universal fluctuation exponents and limit distributions. Some of these
conjectures have been verified for a handful of exactly solvable models. (See surveys
[16,52,68,70].) In dimensions 3+1 and higher, high temperature behavior of directed
polymers has been proved to be diffusive [15], but otherwise conjectures beyond 1+1
dimension are murky.

To summarize, the purpose of this paper is to develop the variational formulas, illus-
trate them with examples, and set an agenda for future study with the Busemann solution.
We show how the formulas work in weak disorder, in exactly solvable 1+1 dimensional
models, and in periodic environments. Applications that go beyond these cases cannot
be covered within the scope of this paper and will follow in future work.
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Minimizing cocycles for (1.3) have been constructed for the two-dimensional corner
growth model with general i.i.d. weights in [27]. In the sequel [26] these cocycles are used
to construct geodesics and to prove existence, uniqueness and coalescence properties of
directional geodesics and to study the competition interface. In another direction of work
on these formulas, article [58] proves the cocycle variational formula for the annealed
free energy of a directed polymer and uses it to characterize the so-called weak disorder
phase of the model.

Overview of related literature. Independently of the present work and with a different
methodology, Krishnan [41,42] proves a variational formula for undirected first passage
bond percolation with bounded ergodic weights. Taking an optimal control approach,
he embeds the lattice problem into R? and applies the recent stochastic homogenization
results of Lions and Souganidis [45] to derive a variational formula. The resulting formula
is a first passage percolation version of our formula (3.8). The homogenization parallel
of our work is [39,40] rather than [2,45]. The quantity homogenized corresponds in our
world to the finite-volume free energy.

We run through a selection of highlights from past study of limiting shapes and free
energies. For directed polymers Vargas [72] proved the a.s. existence of the limiting
free energy under moment assumptions similar to the ones we use. Earlier proofs with
stronger assumptions appeared in [8,13]. In weak disorder the limiting polymer free
energy is the same as the annealed one. In strong disorder no general formulas appeared
in the literature before [55,57]. Carmona and Hu [8] gave some bounds in the Gaussian
case. Lacoin [43] gave small- 8 asymptotics in dimensions d = 1, 2. The earliest explicit
free energy for an exactly solvable directed polymer model is the calculation in [49] for
the semi-discrete polymer in a Brownian environment. Explicit limits for the exactly
solvable log-gamma polymer appear in [28,66].

The study of Lyapunov exponents and large deviations for random walks in random
environments is a related direction of literature. [71,73] are two early papers in the
multidimensional setting.

A seminal paper in the study of directed last-passage percolation is Rost 1981 [61].
He deduced the limit shape of the corner growth model with exponential weights in
conjunction with a hydrodynamic limit for TASEP (totally asymmetric simple exclusion
process) with the step initial condition. However, the last passage representation of this
model was discovered only later. The study of directed last-passage percolation bloomed
in the 1990s, with the first shape results for exactly solvable cases in [1,12,35,64,65].
Early motivation for [1] came from Hammersley [30]. The breakthroughs of [5,36]
transformed the study of exactly solvable last-passage models and led to the first rigorous
KPZ fluctuation results. The only universal shape result is the asymptotic result on the
boundary of Ri for the corner growth model by Martin [47].

In undirected first passage percolation the fundamental shape theorem is due to Cox
and Durrett [17]. A classic in the field is the flat edge result of Durrett and Liggett [22].
Marchand [46] sharpened this result and Auffinger and Damron [3] built on it to prove
differentiability of the shape at the edge of the percolation cone.

Busemann functions came on the percolation scene in the work of Newman et al.
[34,44,50]. Busemann functions were shown to exist as almost sure limits of passage
time gradients as a consequence of uniqueness and coalescence of infinite directional
geodesics, under uniform curvature assumptions on the limit shape. These assumptions
were relaxed through a weak convergence approach of Damron and Hanson [18]. Buse-
mann functions have been used to study competition in percolation models and properties
of particle systems and randomly driven equations. For a selection of the literature, see
[6,9-11,23,24,32,33,51].
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Organization of the paper. Section 2 defines the models and states the existence
theorems for the limiting free energies whose description is the purpose of the paper.

Section 3 derives the cocycle variational formula for the point-to-level case and
develops an approach for solving these formulas.

Section 4 extends this to point-to-point free energy via a duality between tilt and
velocity.

Section 5 demonstrates how minimizing cocycles arise from Busemann functions.

Section 6 explains how the theory of the paper works in explicitly solvable 1+1
dimensional models, namely the log-gamma polymer and the corner growth model with
exponential weights.

Section 7 develops variational formulas in terms of measures. In the positive temper-
ature case these formulas involve relative entropy.

Section 8 illustrates the results of the paper for periodic environments where our
variational formulas become elements of Perron—Frobenius theory.

Notation and conventions. We collect here some items for later reference. N =
{1,2,3,... 1, Zy = {0, 1,2, ...}, Ry = [0, 00). |x| = (3, |x:|*)!/? denotes Euclidean
norm. The standard basis vectors of R are ¢ = (1,0,...,0),ep =(0,1,0,...,0),...,
eq = (0,...,0,1). M{(X) denotes the space of Borel probability measures on a space
X and bX the space of bounded Borel functions f : X — R. P is a probability mea-
sure on environments w, with expectation operation [E. Expectation with respect to
of a multivariate function F(w, x, y) can be expressed as EF (w, x,y) = EF(x,y) =
[ F(w,x,y)P(dw).

2. Free Energy in Positive and Zero Temperature

In this section we describe the setting and state the limit theorems for free energy and
last-passage percolation. The positive temperature limits are quoted from past work and
then extended to last-passage percolation via a zero-temperature limit.

Fix the dimension d € N. Let p : 74 — [0, 1] be a random walk probability
kernel: ZZEZ(I p(z) = 1. Assume p has finite support R = {z € 7% : p(z) > 0). R
must contain at least one nonzero point, and R may contain 0. A path xo, = (xx);_
in Z¢ is admissible if its steps satisfy zx = xx — x;i_1 € R. The probability of an
admissible path from a fixed initial point xg is p(x0,,) = p(z1.n) = H?:l p(z;). Let
§ = min,er p(z) > 0.

R generates the additive subgroup G = (> . a.z : a; € Z} of 7. G is isomorphic
to some Z* (Prop. P1 on p. 65 in [67]). U is the convex hull of R in R¢, and rii{ the
relative interior of /. The common affine hull of R and I/ is denoted by aff R = aff /.

An environment w is a sample point from a Polish probability space (£2, G, IP) where
G is the Borel o-algebra of £2. £2 comes equipped with a group {7 : x € G} of mea-
surable commuting bijections that satisfy Ty,, = 7T\ and Tj is the identity. P’ is a
{7 }xeg-invariant probability measure on (§2, &). This is summarized by the statement
that (£2, &, P, {Ty},eg) is a measurable dynamical system. We assume P ergodic. As
usual this means that P(A) = 0 or 1 for all events A € G that satisfy Tz_lA = A for all
z € R. Occasionally we make stronger assumptions on [P. E denotes expectation under
P.

A potential is a measurable function V : £ x RY — R for some £ € Z4, denoted by
V(w, z1,¢) for an environment w and a vector of admissible steps z; ¢, = (z1, ..., 2¢) €
RE. The case £ = 0 corresponds to a potential V : £ — R that is a function of w alone.
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The variational formulas from [55] and [57] that this article relies upon were proved
under the following assumption on V.

Definition 2.1 (Class £). A function V : 2 x RY — R is in class £ if for every
Z1.0 = (Z1,...,Z¢) € RY and for every nonzero z € R, V(-,Z1,¢) € L' (P) and

o 1
lim lim max — V(T, , 2 =0 for P-ae.w. 2.1
fim fm o max - D V(T 210l =0 for Pace.  (21)
0<k<en

Membership V € £ depends on a combination of mixing of P and moments of V.
See Lemma A.4 of [57] for a precise statement. Boundedness of V is of course sufficient.

Remark 2.2 (Canonical settings). Often the natural choice for §2 is a product space

2 = SZ' with a Polish space S, product topology, and Borel o -algebra G. A generic
point of £2 is then denoted by @ = (wx) ;7. The mappings are shifts (Ty @)y = @yyy.
For example, random weights assigned to the vertices of Z¢ would be modeled by

2 = R% and V(w) = wp. In fact, it would be sufficient to take 2 = RY since the
coordinates outside G are not needed as long as paths begin at points in G.

To represent directed edge weights we can take 2 = SY with S = R* where
an element s € S represents the weights of the admissible edges out of the origin:
s = (wo,7) : 2 € R). Then wy = (W(x,x+7) : 2 € R) is the vector of edge weights
out of vertex x. Shifts act by (7;,w)(x,y) = @(v+u,y+u) for u € G. The potential is
V(w, z) = w(,;) = the weight of the edge (0, z).

To have weights on undirected nearest-neighbor edges take 2 = RE where £ =
{{x,y} € Z% : |y — x| = 1} is the set of undirected nearest-neighbor edges on Z¢. Now
R={te:i=1,...,d}, V(o,2) = 0o,z and (T,®){x,y} = Ofx+u,y+u) foru € Z4.

Pis an i.i.d. or product measure if the coordinates {wy}, 74 (Or {@yx}yeg O {We}ocg)
are independent and identically distributed (i.i.d.) random variables under PP. With an
ii.d. P and local V (that is, V depends on only finitely many coordinates of w), for
V e L it suffices to assume V (-, z1,¢) € L?(IP) forsome p > d and all z1 ¢ € RE.

For inverse temperature parameter 0 < 8 < oo define the n-step quenched partition
function

7P

n—1
b= D plomse—) e TV Tue e, (22)

X0,n+6—1+ x0=0

The sum is over admissible (n + £ — 1)-step paths xg_,+¢—1 that start at xo = 0. The
second argument of V is the £-vector zx41 k+¢ = (Zks1. Zks2s - - - » Zkse) Of steps, and it
is not present if £ = 0. The corresponding free energy is defined by

Gg‘(n) =B 'log Z{i(ﬂ). 2.3)

In the B — oo limit this turns into the n-step last-passage time

n—1

Gomy =  max Z V(T @, Zk+1 k+e)- (2.4)
k=0

X0,n+¢—1:X0=0

As in the definitions above we shall consistently use the subscript (n) with parentheses
to indicate number of steps.



Variational Formulas for Polymers and Percolation 747

In the most basic situation where d = 2 and R = {eq, e2} the quantity Gg?(n) is
a point-to-line last-passage value because admissible paths xgp , go from O to the line
{(i, j) : i + j = n}. We shall call the general case (2.3)—~(2.4) point-to-level.

The n-step quenched point-to-point partition function is for x € Z¢

n—1
Zg, (n),x — Z P (x0,n+e—1) e’ 2tz VT - Zhrt knt) (2.5)

X0,n+0—1: X0=0, X =x

with free energy

GP

0.(mx = /3_1 log Zﬂ

0,(n),x"
Its zero-temperature limit is the n-step point-to-point last-passage time

n—1

G = max > V(Tqo, Zeet ked)- (2.6)

X0, n+e—1: X0=0, xp=x =0

Remark 2.3. The formulas for limits presented in this paper are for the case where the
length of the path is restricted, as in (2.5) and (2.6), so that only those paths that reach x
from O in exactly n steps are considered. This is indicated by the subscript (n). Extension
to paths of unrestricted length from O to x or from O to a hyperplane is left for future
work. In the most-studied directed models this restriction can be dropped because each
path between two given points has the same number of steps. Examples where this is the
caseare R = {ey, ..., eqyand R = {(z/, 1) : z/ € R’} for a finite subset R’ C Z¢~.

To take limits of point-to-point quantities we specify lattice points X, (£) that approx-
imate n§ for & € U. For each point & € U fix weights o (§) € [0, 1] such that
D er®(§) =1land & = > 5 o (§)z. Then define a path

20(8) =D (lna(®)] +b )z, n €Ly, 2.7)

Ze€R

where b§”)(§ ) € {0, 1} are arbitrary but subject to these constraints: if «;(£) = 0 then
b (&) =0, and >R b (E) =n— > .cr lna-(§)]. Inother words, X, (§) is a lattice
point that approximates n& to within a constant independent of n, can be reached in n
‘R-steps from the origin, and uses only those steps that appear in the pre-specified convex
representation £ = > _«;z. When & e U N Q? we require that o, (&) be rational. This
is possible by Lemma A.1 of [57].

The next theorem defines the limits whose study is the purpose of the paper. We state
it so that it covers simultaneously both the positive temperature (0 < 8 < oo) and the
zero-temperature case (last-passage percolation, or 8 = 00). The subscripts are pl for
point-to-level and pp for point-to-point.

Theorem 2.4. Let V € L and assume P ergodic. Let B € (0, co].
(a) The nonrandom limit

B : —1 8
8pl = nlggon GO,(n) (2.8)

exists P-a.s. in (—o0, c0].
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(b) There exists an event §2og with P(§20) = 1 such that the following holds for all
w € 2. For all ¢ € U and any choices made in the definition of X, (&) in (2.7), the limit

B ren _ 1 —-158
pp) = lm n"Gy ) ¢ o) @9

exists in (—oo, oo]. For a particular & the limit is independent of the choice of convex

representation & = ZZ o, (&)z and the numbers bg")(é ) that define X, (&) in (2.7). We
have the almost sure identity

gh= sup gh) = sup b (&) (2.10)

EcQinud &

Proof. The case 0 < B < oo is covered by Theorem 2.2 of [55]. (The kernel there is the
uniform one p(z) = |R| —1 but this makes no difference to the arguments. Alternatively,
the kernel can be moved into the potential.)

Forany 0 < 8 < oo,

Gg?(n)+ﬂ_1(n+ﬁ—1)log5 < p! long)(,,) < Gow

and G+ B (n+0—1)logs < ﬁ_llogzg’(n)vx < G¥x-

Divide by n, let first » — oo and then 8 — oo. This gives the existence of the limits
for the case f = 0o. We also get these bounds, uniformly in w and & € U:

gy +B ' logs < g < &
and goo(€)+ B logs < gh (€) < g (&). (2.11)
These bounds extend (2.10) from 0 < f§ <ocoto B =o00. O

Since our hypotheses are fairly general, we need to address the randomness, finiteness,
and regularity of the limits. For 0 < 8 < oo the remarks below repeat claims proved in
[55]. The properties extend to 8 = 0o by way of bounds (2.11) as § — oo.

Remark 2.5 (P ergodic). If we only assume P ergodic and place no further restrictions
on admissible paths then we need to begin by assuming that glf] € R. An obvious way
to guarantee this would be to assume that V is bounded above (in addition to what is
assumed to have V € £). Under the assumption ggl € R the point-to-point limit ggp &)
is a nonrandom, real-valued, concave and continuous function on the relative interior

ril{. Boundary values ggp(é‘ ) for & € U~rild can be random, but on the whole of U,
for P-a.e. w, the (possibly random) function & +— ggp(’g‘ ; w) is lower semicontinuous

and bounded. The upper semicontinuous regularization of ggp and its unique continuous
extension from ri/ to U are equal and nonrandom.

Remark 2.6 (Directed i.i.d. L9*¢ case). Assume the canonical setting from Remark 2.2:
§2 isaproduct space, Pisi.i.d., Vislocal,and E[|V (w, z1,¢)|”] < oo forsome p > d and
Vz1.¢ € RY. Assume additionally that 0 ¢ /. We call this the directed i.i.d. L?** case.
Then V € L, ggl € R, and the point-to-point limit ggp(é) is a nonrandom, real-valued,
concave and continuous function on all of U/ (Theorem 3.2(a) of [55]).
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3. Cocycle Variational Formula for the Point-to-Level Case
In Sects. 3-5 we study potentials of the form
V(w,z2) = W(w,2)+h-z, (w,2) €N XR (3.1)

for a measurable function Vy : 2 x R — R and a vector h € R4, We think of Vj as
fixed and 4 as a variable and hence amend our notation as follows. As before the steps
of admissible paths are z; = xx — xx—1 € R.

Gg,(n) (h) = 1371 log Z p(-x(),n) eﬂ Zz;(]) Vo(Ty @, Zi1)+Bh-xn (3.2)

x0.n: x0=0

for0 < B8 < oo,

n—1
G = max 1> VoTyw. zee) +h -2 . (3.3)
T k=0
and
gﬁ(h):lgg;n_ngondn as. forall 0 < B < . (3.4)

Limit (3.4) is a special case of (2.8).

By (2.11), if 851(0) is finite for one B € (0, oo], itis finite for all B € (0, oo]. This can
be guaranteed by assuming Vj bounded above, or by the directed i.i.d. L¢** assumption
of Remark 2.6, or by some other case-specific assumption. If gﬁl(O) is finite, it is clear

from the expressions above that gﬁl (h) is a real-valued convex Lipschitz function of
heRY.

We develop a variational formula for 351 (h) for B € (0, oo] in terms of gradient-like
cocycles, and identify a condition that singles out extremal cocycles. For 0 < 8 < oo

this variational formula appeared in [57] and here we extend it to § = oo. The solution
proposal is new for all §.

Definition 3.1 (Cocycles). A measurable function F : £ x G> — R is a stationary
cocycle if it satisfies these two conditions for P-a.e. w and all x, y, z € G:

Fw,z+x,z+y) = F(T,w, x,y) (stationarity)
Flw,x,y)+F(w,y,2) = F(w, x,2) (additivity).

If E|F(x,y)| < oo Vx,y € G then F is an L' (P) cocycle, and if also E[F(x, y)] = 0
Vx,y € G then F is centered. K denotes the space of stationary L' () cocycles, and K
denotes the subspace of centered stationary L' (IP) cocycles.

As illustrated above, w can be dropped from the notation F(w, x, y). The term cocyle
is borrowed from differential forms terminology, see e.g. [37]. One could also use the
term conservative flow or curl-free flow following vector fields terminology.

The space K is the LY (P) closure of gradients F(w, x,y) = ¢(Tyw) — o(T w) [57,
Lemma C.3]. For B € K there exists a vector h(B) € R? such that

E[B(0,z2)] = —h(B)-z forall z e R. (3.5)
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Existence of h(B) follows because c(x) = E[B(0, x)] is an additive function on the
group G = ZF. h(B) is not unique unless R spans R?, but the inner products A (B) - x
for x € G are uniquely defined. Then

F(w,x,y)=h(B) - (x —y)— B(w,x,y), x,yeg (3.6)
is a centered stationary L' (P) cocycle.

Theorem 3.2. Let Vo € L and assume P ergodic. Then the limits in (3.4) have these
variational representations: for 0 < f < 0o

851(’1) = Figlg P-esssup B! log E p(z)eP Vo @ D+Bh-z+pF(@,0.2) 3.7
0 [0
zZeR

and

gglo(h) = Figlgo P- esswsup gé%%({vo(a), D+h-z+ F(w,0,2)}). (3.8)

A minimizing F € Ko exists for each 0 < B < oo and h € R?.

Proof. Theorem 2.1 of [58] gives formula (3.7) for 0 < f < oo. The kernel in that
reference is the uniform one p(z) = |R|~! but changing the kernel makes no difference
to the proof. To get the formula for 8 = oo, note that for § > 0 and F € K,

B og D" pla)efV @ r @0

<max{V(w, z) + F(w,0, 2)}

S ﬁ_l logZp(z)eﬂv(w,z)+ﬂF(a),0,Z) + 13—1 lOgS_l,

Z

Thus

gﬂ1 < inf P-esssup max{V(w, z) + F(w,0,z)} < gﬂ1 + ﬁ_l 10g8_1.
P FEK() w 4 P

Formula (3.8) follows from this and (2.11), upon letting 8 — oo. Theorem 2.3 of [58]

gives the existence of a minimizer for 0 < 8 < 00, and the same proof works also for

p=o0. O

Assuming ggl (0) finite is not necessary for Theorem 3.2. By the assumption Vj € L,

any F' € Ko that makes the right-hand side of (3.8) finite satisfies the ergodic theorem

(Theorem A.1) in the appendix. Then potential V (w, z) can be replaced by V(w, z) +

F(w, 0, z) without altering ggl (h), and consequently ggl (h) is finite.

Formulas (3.7) and (3.8) can be viewed as infinite-dimensional versions of the min—
max variational formula for the Perron—-Frobenius eigenvalue of a nonnegative matrix.
This connection is discussed in Sect. 8.

The next definition and theorem offer a way to identify a minimizing F for (3.7) and
(3.8). Later we explain how Busemann functions provide minimizers that match this
recipe. That this approach is feasible will be demonstrated by examples: weak disorder
(Example 3.7), the exactly solvable log-gamma polymer (Sect. 6.1 below) and the corner
growth model with exponential weights (Sect. 6.2). This strategy is carried out for the
two-dimensional corner growth model with general weights (a non-solvable case) in
article [27].
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Definition 3.3. Fix 8 € (0, oo]. A stationary L' cocycle B is adapted to potential Vy if
the following condition holds. If 0 < B < oo the requirement is

Z p(z) PV @D=B@.0.D — 1 for Pae. w, (3.9
z€R

while if 8 = oo then the condition is

mz%{Vo(a), z) — B(w,0,2)} =0 for P-ae. w. (3.10)
€

Theorem 3.4. Fix 8 € (0, o0], assume P ergodic and Vy € L. Suppose we have a
stationary L' cocycle B that is adapted to Vy in the sense of Definition 3.3. Define h(B)
and F as in (3.5)—(3.6). Then we have conclusions (1)—(ii) below.

(i) g4y (h(B)) = 0. gh () is finite for all h € RY.

(ii) F solves the variational formula. Precisely, assume h € R? satisfies
(h—h(B))-(z—z7)=0 forall z,7 € R. (3.11)

Under this assumption we have the two cases below.
(ii-a) Case 0 < B < oo. F is a minimizer in (3.7) for potential V (w, z7) = Vo(w, 2) +
h - z. The essential supremum in (3.7) disappears and we have, for P-a.e. w and any
!/
7 eR,

gh(h) = B~ log D p(z) PV0@DFRBE@OD — (j —p(B)). 2. (3.12)
ZeR
(ii-b) Case B = oo. Then F is a minimizer in (3.8) for potential V (w, z) = Vo(w, 2)+

h - z. The essential supremum in (3.8) disappears and we have, for P-a.e. w and any
!/
7 eR,

gpr (h) = max Vow,2)+h -2+ F(®,0,2)} = (h — h(B)) - 7. (3.13)

Condition (3.11) says that 7 — h(B) is orthogonal to the affine hull of R in RY. If
0 € U this affine hull is the linear span of R in R9.

Remark 3.5 (Correctors). A mean-zero cocycle that minimizes in (3.7) or (3.8) without
the essential supremum (that is, satisfies the first equality of (3.12) or (3.13)) could
be called a corrector by analogy with the homogenization literature (see for example
Section 7 in [38] and top of page 468 in [2]). These correctors have been useful in the
study of infinite geodesics in the corner growth model [26] and infinite directed polymers
[28].

Proof of Theorem 3.4. Case 0 < B < oo. From assumption (3.9) and definition (3.6)
of F

log D" p(z) ef 0@ DHHEBIHBE@0.0 = 0 for P-ae. . (3.14)
zeR

Iterating this gives (with xx = z1 +-- -+ 2x)

n—1
log Z p(xo.n) e’ k20 Vo(T@. 2ke)+BR(B)-xn+BF (0,0.30) _ () (3.15)

Zl,n eR”
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Assumption (3.9) gives the bound F(w, 0, z7) < V(;" (w) + C for z € R, with

Vi (@) = max | Vo(w, z)| (3.16)
zZeR

that satisfies V' € £ and a constant C. By Theorem A.1 in the appendix, F(w, 0, x,,) =
o(n) uniformly in z; ,, P-almost surely. It follows from (3.15) that ggl(h(B)) = 0.

Since the steps of the walks are bounded, finiteness of gﬁl (h) for all h follows from the
definition (3.2).
Assume (3.11) for h. Then (3.14) gives

ﬂ_l log z p(Z) eﬁVo(w,Z)+/3h-Z+ﬁF(w,0,Z) — (h _ h(B)) . Z/
zeR

while from (3.2) and (3.4)
gh(h) = gh(h(B) + (h — h(B)) -/ = (h — h(B)) - 7.

We have verified (3.12).
Case = oo. From assumption (3.10) and definition (3.6) of F/

ma%{Vo(a), 2)+h(B) -2+ F(0,0,2)} =0 forP-ae. w. (3.17)
€

Iterating this gives (with xx = z1 4+ -+ + 2x)
n—1

ZITS%{ k; Vo(Te, @, zks1) + h(B) - X + F(, 0, xn)} —0. (3.18)

By Theorem A.1, F(w, 0, x,) = o(n) uniformly in z; , IP-a.s. It follows that g (2 (B)) =
0.
Assume (3.11) for k. Then (3.17) gives

max{Vo(@, 2) +h 2+ F(0,0,2)} = (h = h(B)) - ¢

while from (3.3)-(3.4)

gpr (M) = gy (h(B) + (h — h(B)) - 2’ = (h — h(B)) - Z'. O

Remark 3.6. The results of this section extend to the more general potentials of the form
V (Ty, w, Zk+1,k+¢) discussed in Sect. 2. For the definition of the cocycle see Definition 2.2
of [57]. We do not pursue these generalizations to avoid becoming overly technical and
because presently we do not have an interesting example of this more general potential.

The remainder of this section discusses an example that illustrates Theorem 3.4.
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Example 3.7 (Directed polymer in weak disorder). We consider the standard k+ 1 dimen-
sional directed polymer in an i.i.d. random environment, or “bulk disorder”. (For ref-
erences see [14,15,20].) We show that the condition of weak disorder itself gives the
corrector that solves the variational formula for the point-to-level free energy. The back-
ground walk is a simple random walk in Z*, and we use an additional (k + 1)st coordinate
to represent time. Sod = k+ 1, 2 = RZd, Pisiid, R = {(Fe;, 1) : 1 <i < k}
and p(z) = |R|™! for z € R. The potential is simply the environment at the site:
Vo(w) = wg.
Define the logarithmic moment generating functions

A(B) = logE(eP™) for peR (3.19)
and
k(h) =log > p(z)e"* for h e R (3.20)
z€R

Consider only S-values such that A() < oco. The normalized partition function

W = e MCBHED S )y ) o 3420 o +Bh-x

X0,n

is a positive mean 1 martingale. The weak disorder assumption is this:
the martingale W, is uniformly integrable. (3.21)

Given 1 € RY, this can be guaranteed by taking k > 3 and small enough 8 > 0 (see
Lemma 5.3 in [54]). Then W,, — W a.s. and in L'(P), Wse > 0 and EW,, = 1.
The event {W,, > 0} is a tail event in the product space of environments, and hence
by Kolmogorov’s 0—1 law we must have P(Ws, > 0) = 1. This gives us the limiting
point-to-level free energy:

ghn = lim n™' g log D pxo,,) e Zizo i rfhos
n—>o0
X0,n

= lim n~'B ' log W, + B~ (A(B) + k(Bh))

B M(B) + K (BR)). (3.22)

Decomposition according to the first step (Markov property) gives

Wy(w) = e OB p )PPy, (T.o)

zeR
and a passage to the limit
Woo (@) = e HPI PR " ()P0 Phaw  (T.w) P-as. (3.23)
zeR
Combining (3.22) and (3.23) gives
glf] (h) = " log Z p(z)ePotPhztpF@0.2) Py (3.24)

z€R
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with the gradient
Fw,x,y) = B 1og Weo(Tyw) — B~ log Weo (T w). (3.25)

In order to check that F is a centered cocycle it remains to verify that F(w, 0, z)
is integrable and mean-zero. Equation (3.24) gives an upper bound that shows
E[F (w, 0, 2)*] < oo. We argue indirectly that also E[F (w,0,z)”] < oo. The first
limit in probability below comes from stationarity.

02 Jim [n7' 8" log Wao (Tyzew) — n ' 8~ log Wao ()]
n—0oo
n—1
— lim !
= nli)rgon ;F(Tkza),(), 7).

Since E[F(w, 0, 2)*] < oo, the assumption E[F(w, 0,z)”] = oo and the ergodic
theorem would force the limit above to —oo. Hence it must be that F(w, 0, z) € L1(P).
The limit above then gives E[F(w, 0, z)] = 0.

To summarize, (3.24) shows that the centered cocycle F satisfies (3.12) for V(w, z) =
wo + h - z for this particular value (8, k). F is the corrector given in Theorem 3.4, from
the cocycle B that is adapted to V{y given by

B@,x,y) = gh(heq- (y —x) = h-(y = x) = F(@, x,)

withh(B) = h— ggl(h)ed. A vector h satisfies (3.11) if and only if h = h+aey for some
o € R. The conclusion of the theorem, that F is a corrector for potential Vo(w) = wq
and all such tilts A, is obvious because eg - x,, = n for admissible paths.

4. Tilt-Velocity Duality

Section 3 gave a variational description of the point-to-level limit in terms of stationary
cocycles. Theorem 4.4 below extends this description to point-to-point limits via tilt-
velocity duality. Tilt-velocity duality is the familiar idea from large deviation theory
that pinning the path is dual to tilting the energy by an external field. In the positive
temperature setting this is exactly the convex duality of the quenched large deviation
principle for the endpoint of the path (see Remark 4.2 in [55]).

We continue to consider potentials of the form V (w, z) = Vo(w, z) + & - z in general
dimension d € N, with 8 € (0, oo] and P ergodic. As above, the point-to-level limits

gﬁl(h) are defined by (3.4). For the point-to-point limits ggp(s ) we use only the Vy-part
of the potential. So for & € U define

n—1
gh &) = lim n'g " og > plxgn)ef Zizo 0Twe ) (4 ])
n—oo . ) _0
0,n-X0=Y,
Xn:/{"n(s)

for 0 < B < oo and

n—1
00 1 —1
gpp (€)= lim  max 07t > Vo(Ty e, 2en). 4.2)
=i *=0
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In this context we call the vector 4 € R? a filt and elements € € U directions or
velocities. Let us assume ggl (0) finite. Then for & € ril{, the a.s. point-to-point limits

(4.1)—(4.2) define nonrandom, bounded, concave, continuous functions gffp rild > R
for B € (0, o0] (see Theorem 2.4 and 2.6 and Remark 2.5 of [55]). The results of
this section do not touch the relative boundary of /. Consequently we do not need

additional assumptions that guarantee regularity of ggp up to the boundary. One sufficient
assumption would be the directed i.i.d. L4+ of Remark 2.6 (Theorem 3.2 of [55]).

Remark 4.1. To illustrate what can go wrong on the boundary of ¢/, suppose z € R
is an extreme point of {/. Then the only path from 0 to nz is x; = kz, and we get

ggp(z) = ,3*1 log p(z) + E[Vo(w, z) | Z;] where Z, is the o-algebra of events invariant
under the mapping 7. This can be random even if P is assumed ergodic under the full

group {7 }. In general ggp is lower semicontinuous on all of U/, for a.e. fixed w (Theorem
2.6 of [55]).

With definitions (3.2)—(3.4) and (4.1)—(4.2), Eq. (2.10) becomes

gffl(h) = sup{gh (&) +h &}, heR’ 4.3)
teld

In order to invert this relationship between glfl and ggp we turn it into a convex (or

rather, concave) duality. First extend ggp outside U/ via gl’fp(é) = —o0 for & € U°,

and then replace ggp with its upper semicontinuous regularization g{fp &) = ggp & v

mg_% gfp(g). Now (4.3) extends to
gh(h) = sup (@B &) +h &), heR,
EeRd
which standard convex duality [59] inverts to
2 (&) = inf {gf(h)—h-£}), £cRL
gpp(g) heR‘l{gpl( ) S} ‘S;:
By the continuity of ggp on ril{, the last display gives
gl (&) = inf {ghn)—h &} for & erild. (4.4)
€

Equations (4.3) and (4.4) suggest the next definition, and then Lemma 4.3 answers
part of the natural next question.

Definition 4.2. At a fixed 8 € (0, oo], we say that tilt 2 € R? and velocity & € ril{ are
dual to each other if

gh(h)y =gl @& +h & 4.5)

Lemma 4.3. Fix 8 € (0, 0o]. Assume P ergodic, Vo € L and gfl (0) < oo. Then every
£ e rild has a dual h € RY. Furthermore, if h is dual to € € U and h' is such that

(h—n)-(z=27)=0 forall 7,7 € R (4.6)

then h' is also dual to &.
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Proof. We start with the proof of the second claim. If (4.6) holds then directly from (3.2)—
(3.4), gﬁ(h/) - glfl(h)+(h/ —h)-zforall z € R. Hence, ggl(h/) —h £ = gﬁ(h) —h-&
and £ is dual to & if and only if /' is.

The equality above also implies that any 4 in (4.4) can be replaced by any 4’ satisfying
(4.6). Fix zg € R. One way to satisfy (4.6) is to let ' be the orthogonal projection of /
onto the linear span V of R — zg. Consequently we can restrict the infimum in (4.4) to
h € V. (This can be all of R?.)

Foranyz e R, h € R4, and B € (0, oo],

gh(h) = ElVo(w, )]+ h - 2+ B~ log p(2).
To see this, for z # 0 consider the path x; = kz and use the ergodic theorem. For z = 0
consider a path that finds V(T w, 0) within € of ess sup V(- , 0) and stays there.

Furthermore, (2.10) gives ggp &) < g]f] (0). Consequently we can restrict the infimum
in (4.4) to h € V that satisfy

he(z—§) < gh)+1—E[Vo(w,2)] - B logp(z) < c

for all z € 'R and a constant c. Convex combinations over z lead to - (n — &) < ¢ for all
n € U. By the definition of relative interior, £ € rilf implies that for some ¢ > 0, € U
for all ¢ € affif such that |§ — | < . Since h € V, n = & + &|h|~'h lies in aff ¢ and
then by choice of ¢ also in /. We conclude that ¢|h| < ¢ and thereby that the infimum

in (4.4) can be restricted to a compact set. Continuity of 851 implies that the infimum is
achieved and existence of an & dual to & has been established. 0O

With these preliminaries we extend Theorem 3.2 to the point-to-point case. Recall
Definition 3.1 of the space K of stationary L' cocycles.

Theorem 4.4. Assume Vo € L, P ergodic and ggl (0) finite. Then we have these varia-
tional formulas for & € rild.

ggp(g) = égc P- esswsuP ,3*1 10gzp(z)eﬂVo(w,z)*ﬁB(w,O,z)fﬂh(B)'E 4.7
z€R

for0 < B < oo and
gop &) = élel)fc P-eSSwSUP Izlg?zi{Vo(w, z) — B(w,0,2) — h(B) - §}. (4.8)
The infimum in (4.7)—(4.8) can be restricted to B € K such that h(B) is dual to &. For

each& erild and 0 < B < o0, there exists a minimizing B € K such that h(B) is dual
to &.

Proof. We write the proof for 0 < 8 < o0, the case 8 = 0o being similar enough. The
right-hand side of (4.7) equals

inf[ inf P-esssup B! log Z p(z)ef V0@ =pB@0.5) _p 5}
w

h UB:h(B)=h R
— lnf{ inf IP-ess sup :3_1 IOg Z p(Z)eﬁVO(w,Z)+/3/’l~Z+ﬂF(a),0,Z) —h- g}
h FEICO w 2R

= inf{gy(h) —h-§) = g (©).
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The middle equality is true because B is a cocycle with A(B) = h if and only if

F(w,0,z2) = —B(w,0,z) — h - z1is a centered cocycle.
For the existence, use Lemma 4.3 to pick / dual to &, and then Theorem 3.2 to find
a minimizing F € Ky for gﬁl(h). Then B(w,0,z) = —h -z — F(w, 0, ) is a minimizer

for gh(€) and h(B) = h. O
Combining Theorems 3.4 and 4.4 with (4.5) gives:

Corollary 4.5. Assume Vyy € L, P ergodic and 851(0) finite. Let B € (0, oo]land & € rild.

Suppose there exists B € K adapted to Vo (Definition 3.3) and such that h(B) is dual
to &. Then B minimizes in (4.7) or (4.8) without the essential supremum over w and

ghp(E) = —h(B) - &. (4.9)
ItV ggp exists at &, the duality of #(B) and & implies that

Vb (§) = —h(B). (4.10)

In some situations I/ has empty interior but gl’fp extends as a homogeneous function to
an open neighborhood of U/, and (4.10) makes sense for the extended function. Such is
the case for example when R = {ey, ..., ¢4}. In the 1+1 dimensional exactly solvable
models discussed in Sect. 6 below, for each £ € ril{ there exists a cocycle B = B? that
satisfies (4.9) and (4.10). Modulo some regularity issues, this is the case also for the 1+1
dimensional corner growth model with general weights [27].

5. Cocycles from Busemann Functions

The solution approach advanced in this paper for the cocycle variational formulas relies
on cocycles that are adapted to Vy (Definition 3.3). This section describes how to obtain
such cocycles from limits of gradients of free energy, called Busemann functions, pro-
vided such limits exist. Busemann functions come in two variants, point-to-point and
point-to-level. These are treated in the next two theorems. Proofs of the theorems are at
the end of the section.

We assume now that every admissible path between two given points x and y
has the same number of steps. This prevents loops. The natural examples are R =
{e1,er,...,eq)and R = {(z, 1) : 7 € R’} for some finite R’ c Z¢~!. Forx, y € Z¢
such that y can be reached from x define the free energy

Gf,yZﬂ_l log Z p(xo.n) € Yo V(T 2e) for ) < B <oo (5.1)
n>1
X0,n° X0=X, Xp=Yy

and the last-passage time

n—1

G¥y = max > Vo(Tuw. ). (5.2)
n
X001 X0=x, xp=y k=0

The sum and the maximum are taken over all admissible paths from x to y, and then
there is a unique n, namely the number of steps from x to y.
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Recall definition (2.7) of the path X,(£). A point-to-point Busemann function in
direction & € ril/ is defined by

3 — 1 B
B, (x,y) = nll)ngo[G

B
e T Gy,fn@m], x,yeg, zeRUI{0}, (5.3)

provided that the limit exists P-almost surely and does not depend on z. The extra
perturbation by z on the right-hand side will be used to establish stationarity of the limit.

B is now fixed and we omit the dependence of Bf,p on S from the notation. To ensure
that paths to x,,(§) from both x and y exist in (5.3), in the definition (2.7) of X, (§) pick
o, (&) > Oforall z € R. (For & € ril/ this is possible by Theorem 6.4 in [59].) Then,
any point x € G can reach X, (&) with steps in R for large enough n.

Theorem 5.1. Let 8 € (0, 00], Vo € L, P ergodic and ggl (0) finite. Assume that every

admissible path between two given points x and y has the same number of steps.
Fix & € rild and choose o (§) > O for each 7z € R in (2.7). Assume that for all
x,y € G and P-a.e. w, the limits (5.3) exist for z € R U {0} and are independent of z.

Then Bf,p (x, ) is a stationary cocycle that is adapted to Vyy in the sense of Definition 3.3.
Assume additionally

[ | B B
Then Biy(x, y) € L'(P) Vx, y € G, h(BSp) is dual to & (Definition 4.2), and ghy (&) =
—h(Bjp) - £.

The point of the theorem is that the Busemann function furnishes correctors for the
variational formulas. Once the assumptions of Theorem 5.1 are satisfied, (i) Theorem 3.4
implies that F(x, y) = h(ng) (x—=y)— ng(x, y) is a corrector for ggl(h) for any &
such that h — h(Bf,p) 1 aff R, and (ii) depending on S, ng minimizes either (4.7) or
(4.8) without the P-essential supremum.

In the point-to-level case the free energy and last-passage time for paths of length

n started at x are defined by a shift Gf (n)(h)(a)) = Gg ) (h)(Tyw). Point-to-level
Busemann functions are defined by

h : B B
By (0,2) = lim [Go.oy) =G (D], z€R, (5.5)
omitting again the f-dependence from the notation.

Theorem 5.2. Let B € (0, o0], Vo € L, P ergodic and gfjl (0) finite. Assume that every
admissible path between any two given points x and y has the same number of steps.
Fix h € RY. Assume the P-a.s. limits (5.5) exist for all z € R. Then we can extend
{Bg1 (0, 2)},;eR to astationary cocycle {BI’}1 (x, Y)}x,yeg, andcocycle B{)’l (x,y)—h-(y—x)
is adapted to V) in the sense of Definition 3.3.
Assume additionally

lim n~'E[G{ , ()] < gy (). (5.6)

n—oo

Then B)y(x, y) € L'(P) for x,y € G. F(w, x,y) = h(B) - (x = y) = Bjj(®, x, y) is
a minimizer in (3.7) for ggl(h) if0 < B <ooandin (3.8)if B = oo.
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Remark 5.7 below indicates how the theorem could be upgraded to state that the
minimizer F is also a corrector, in other words satisfies (3.12) or (3.13).

Remark 5.3. Assumptions (5.4) and (5.6) need to be verified separately for the case
at hand. In the directed i.i.d. L9 case of Remark 2.6, we can use lattice animal

bounds: Lemma 3 from page 85 of [25] gives sup, E[(n_lGﬁ )2] < oo and

0, %, (&)
sup,, ]E[(n_ng (n)(h))z] < 00, which imply L' convergence in (4.1)—(4.2) and (3.4),

respectively. A completely general sufficient condition is to have V;y bounded above.

Remark 5.4. All of the assumptions and conclusions of Theorems 5.1-5.2 can be veri-
fied in the exactly solvable cases. In the explicitly solvable 1+1 dimensional cases the
Busemann limits ng and B[’)’l are connected by the duality of & and 4, and lead to the
same set of cocycles, as described in the next section. This also holds for the general
1+1 dimensional corner growth model under local regularity assumptions on the shape
that ensure the existence of Busemann functions [27]. We would expect this feature to
be true very generally.

Remark 5.5. According to (5.3), ng is amicroscopic gradient of free energy and passage
times in direction &, and by (4.10) its average gives the macroscopic gradient. This form
of (4.10) was anticipated in [34] in the context of Euclidean first passage percolation
(FPP), where gpp(x, y) = ¢y/x? + y? for some ¢ > 0. (See the paragraph after the proof
of Theorem 1.13 in [34].) A version of the formula also appears in Theorem 3.5 of [18]
in the context of nearest-neighbor FPP.

Example 5.6 (Directed polymer in weak disorder). The directed polymer in weak disor-
der illustrates Theorem 5.2. We continue with the notation from Example 3.7 and take
B > 0 small enough. Then P-almost surely for z € R,

Gl () = G2 ()
=B log W, — B~ log W1 o T, + B (W(B) + k (BR))

— Bl log Weo — B og W o T2 + B~ (M(B) + K (Bh))

n—oo

= —F(0,2)+gh(h),

with F' defined by (3.25). Thus the Busemann function is B;’l 0,z) =—F(@,2)+ ggl (h).

By Theorem 5.2, cocycle B;’l (0,z) — h - z is adapted to V), as already observed in
Example 3.7. The Busemann function recovers the corrector F identified in Example 3.7.

In the remainder of the section we prove Theorems 5.1 and 5.2 and then comment
on getting a corrector in Theorem 5.2.

Proof of Theorem 5.1. To check stationarity, for z € R

& 1 B B
BPP(Z tx,z+y) = nllF;o[Gm, 4k (E) Gz+y, z+)2,,($)]
_ 1 B B _ pé
= lim [Gx,)?n(é) - Gy,)?n(s)] oT: =By, (x,y)oT.

n— oo
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Additivity is satisfied by telescoping sums. The condition of Definition 3.3 is readily
checked. For example, in the 8 = oo case, if x is reachable from O and from every
z € R, max;cr{Vo(w, 2) + G, — GS?X} = (0 because some z € R is the first step of a
maximizing path from O to x.

Assume (5.4). Recall (3.16). Fix £ € N large enough so that, for each k > m > 1,

there exists an admissible path { yim ’k}fzo from X _;, (§) to Xpee () — X, (€). Then

-1
B B -1 m,k
GO, -2 @ = o5 0@ + B log pGig) = D2 VG (T ew). (57)
i=0
By (5.7),for0 <m < n,
1 n
- B _ B
(m +0)n ;E[GO, Fie (§) Gim(&)ﬁkw(f?)
1 n
_ B _ B
T (m+On kZ: E[GOV Fere (§) GO, Pre () —Zm (§) ]
=m
- log p(yp;)  CE(VY)
B B B 0,6 0
= (m +0n kZ: E[GO, Sere () G, Lr—m (&) ] B(m + ) m+ L
=m
1 n+{ 8 1 m+l—1 8 C
< — E[Gy . - — E[Gy . + —
~(m+On k—:§n+l [ 0~xk(5)] (m+On ; [ 0~xk(5)] m

where the last C depends on the fixed £. By (5.4) we get the upper bound

c? By &
oo (m _,.g)n Z [ 0, Bre () xm(é),fcw(é)] = gp) + m (5-8)

On the other hand, by superadditivity,

B _ B B
G0»£k+l(é) Gim(é),im(é) = GO, T (§)

1 n B P
and hence o[, (G 4~ O, 21n®)

oo. Since by assumption (5.3)

)]_ is uniformly integrable as n —

n

i 1
5 b )
—— Byp(0, £ () = lim % G+ O - Z[Go,m@) Gl iy ] -2

we can apply Lemma A.2 from the appendix to conclude that ng (0, X, (£)) is integrable
and satisfies

1 . C
—— BB, (0, 30 €)1 < gfp(€) + —. (5.9)

Now we can show Bf,p(O, z) € L'(P) Vz € R. We have assumed that each step z
appears along the path %, (£), so it suffices to observe that

B5,(0, £ (§) — m—1(8)) 0 Ty, 6) = Bpp(0, £ (§)) — Byy(0, £pp1(8)) € L'(P).
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We have established that ng is a stationary L!(P) cocycle that is adapted to Vj in the
sense of Definition 3.3. By definition (3.5), the left-hand side of (5.9) equals

—(m+ 07 h(BS) - £m(E) — —h(B5,) & asm — oo.

We have —h(B p) - & < gpp(é) Since g 1(h(Bpp)) =0 by Theorem 3.4, variational
formula (4.4) gives the opposite inequality h(Bpp) &> gpp (&¢). Duality of h(B p) and
& has been established.

Proof of Theorem 5.2. We check that limits (5.5) define a stationary cocycle B{,’l (w,x,y).

Fix x, y € G such that there is a path xo ¢ with increments z; = x; — x;_; € R that goes
from x = xg to y = x¢. By shifting the n-index,

-1
2. BT .0.2001) = lim, Z[Gx o 1) = Gy ()]
i=0
-1
=n1LII;OZ[Gx (n— 1)(h) x,+1 (n—i— 1)(h)]
_O
= lim (G}, P —GE ]
= 1im [G () =G}, y(W]oTe (510

By assumption each path from x to y has the same number ¢ of steps. Hence we can
define B[})’l (w,x,y) = Zf é Bgl(Txl.a), 0, zj+1) independently of the particular steps z;
taken, and with the property Bp (w,x,y) = B;’I(Txa), 0,y —x).

If y is not accessible from x, pick a point x from which both x and y are accessible
and set Bgl (w,x,y) = B{)'l (w,X,y)— Bé’l (w, X, x). This definition is independent of the

point x. Now we have a stationary cocyle BI’)’].

A first step decomposition of Gg ) (h) shows that cocycle

B(0,2) = B}j(0,2) = h -z (5.11)

satisfies Definition 3.3.
Under assumption (5.6) the integrability of Bgl (0, z) is proved exactly as in the proof
of Theorem 5.1. First an upper bound:

n
: -1 B B
llIIl n Z]E[GO,(k)(h)_GZ,(k—l)(h)]

= lim n IZE (G 4oy () = Gl iy, ()]
k=1

n— oo

= lim n~'E[GY (M1 < gp(h). (5.12)

n— oo

Then uniform integrability of [ -1 Zk 1(GO ) (h) — z (- 1)(h))] from the lower
bound

Gl oy = G2 () = Vo(@,2) +h -2+ B log p(2). (5.13)
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By Lemma A.2, Bé‘l 0,z) € LY(P) and
—h(BlY) -z = E[B4(0,2)] < gh(h) for zeR. (5.14)
Define the centered stationary L' cocycle
F(w,x,y) =h(B) - (x —y) — B(w, x,y) = h(Bl) - (x — y) = Bjj(@, x, y). (5.15)
By variational formula (3.7), (5.11), (5.14), and (3.9) applied to B,

ggl(h) < P-ess sup :3_1 IOg Z p(Z)eﬁV()(w,Z)+/3/1~Z+ﬂF(a),0,Z)
w

zZeR
h _
= P-ess sup ﬂ_l IOg Z p(z)eﬂVO(wsZ)—ﬂh(Bpl)'z—ﬂB(w,O,z)
¢ zeR
<gh(h) + - esssup B log B pa)ef (e FH002) = ghh). (5.16)

z€R

This shows that F' is a minimizer in (3.7). A similar proof works for the case B = oo.
O

Remark 5.7 (Corrector in Theorem 5.2). Continue with the assumptions of Theorem 5.2.
We point out two sufficient conditions for concluding that F' of (5.15) is not merely a

minimizing cocycle for ggl (h) as stated in Theorem 5.2, but also a corrector for glfl (h).
By Theorem 3.4, F is a corrector for gﬁl(h’) for any A’ such that i’ — h(B) L aff R.
Since ' — h(B) = h' — h(Bg]) — h, for ' = h the condition is h(B]i’l) 1 aff R, or
equivalently that h(B]fl) - z is constant over z € R. (5.14) and (5.16) (and its analogue
.for B = o0) imply that —h(Bgl) 7= ggl (h) for at least one z € R. Hence the condition
is

—h(Bly) -z = gh(h) forall zeR. (5.17)

Here are two ways to satisfy (5.17).
(a) By the first two equalities in (5.12), (5.17) would follow from convergence of
expectations in (3.4) and Cesaro convergence of expectations in (5.5):

n

1
ELB (0,91 = lim B[ = >7(G] ) () = 6Ly )]
k=1

: 156 B
= lim E[n" Gy, ()] = gy ().

(b) Suppose 4 is dual to some € € riid. Then (5.17) follows by this argument. First
ggl(h(BI’}l) +h) = gfl(h(E)) = 0 by Theorem 3.4. Then combining (4.3) and (5.14)
gives

gop(&) +h & < —h(BlY) & < gh(h) V& U (5.18)

From this —h(Bgl) . 5 = gﬁl (h). Since § € rild we can write é = ZzeR o,z where each
o, > 0, and now (5.14) forces (5.17). O
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6. Exactly Solvable Models in 1+1 Dimensions

We describe how the theory developed manifests itself in two well-known 1+1 dimen-

sional exactly solvable models. The setting is the canonical one with £2 = ]RZZ,
R ={er,ex}, U = {(s,1 —s) : 0 < s < 1}, and i.i.d. weights {wy},c7> under P.
The distributions of the weights are specified in the examples below.

6.1. Log-gamma polymer. The log-gamma polymer [66] is an explicitly solvable 1+1
dimensional directed polymer model for which the approach of this paper can be carried
out explicitly. Some details are in [28]. We describe the results briefly.

Fix 0 < p < oo and let w, be Gamma(p)-distributed, i.e. Plw, < r} =
I'(p)~! for t*~le=tdt for 0 < r < oo. Inverse temperature is fixed at § = 1.
(Parameter p can be viewed as temperature, see Remark 3.2 in [28].) The potential
is Vo(w) = —logwy +log2. Let ¥y = I'’/I" and ¥ = ¥ be the digamma and
trigamma function.

Utilizing the stationary version of the log-gamma polymer one can compute the
point-to-point limit for £ = (s, 1 — s) as

1 _ _ (1 — _
$pp(®) = It (—s¥(0) — (1 = 5)%(p — )}
= —s¥(0(§)) — (1 —5)¥(p —0(5)) (6.1)
where 0 = 0(§) € (0, p) is the unique solution of the equation
sP1(0) — (1 —s)¥(p —0) =0.

(See Theorem 2.4 in [66] or Theorem 2.1 in [29].) From this we solve the tilt-velocity
duality explicitly: tilt & = (h1, h2) € R? and velocity & € ril/ are dual (Definition 4.2)
if and only if

h1 —hy =¥(0(8)) — Yolp —0(§)). (6.2)
Then
gé](h) =h; —Y(O&)) =hy — Y(p —0(8)). (6.3)

Forall & € ril{ and h € R2, the point-to-point and point-to-line Busemann functions
ng (w, 0, z) and Bé’l (w, 0, z) exist as the a.s. limits defined by (5.3) and (5.5) (Theorems
4.1 and 6.1 in [28]). They satisfy

Bli(®,0,2) = B, (0,0,2) +h -z forz e R (6.4)

whenever & and & are dual ([28], Theorem 6.1). All the assumptions and conclusions of
Theorems 5.1-5.2 and Remark 5.7 are valid.
The marginal distributions of the Busemann functions are given by

¢ £
e Bt  Gamma(g(£)) and e B2 ~ Gamma(p — 6(£)).
Vector

h(By,) = —(E[Bg,(0, e)], E[B5,(0, e2)]) = (P (6(£)), ¥olp — 6(£)))

is dual to & and g;p(é ) = —h(ng) - & gives the point-to-point free energy (6.1). From
(6.4) we deduce E[B{;l(o, )] = gg,l(h) for z € {ey, e2).
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6.2. Corner growth model with exponential weights. This is last-passage percolation
on Z?* with admissible steps {eq, ez} and i.i.d. weights {w, }, 72 with rate 1 exponential
distribution. That is, P{w, > s} = ¢ for 0 < s < oo. The potential is Vy(w) = wy
and then Gj?f’y is as in (5.2). This model can be viewed as the zero-temperature limit of
the log-gamma polymer (Remark 4.3 in [28]).

Since the limit shape of the exponential corner growth model is known explicitly
and has curvature, Busemann functions can be derived with the approach of Newman et
al. by first proving coalescence of geodesics. This approach was carried out by Ferrari
and Pimentel [24] (see also Sect. 8 of [10]). An alternative approach that begins by
constructing stationary cocycles from queueing fixed points is in [27].

Velocity & = (s, 1 — s) now selects a parameter «(§) = @%ﬁ € (0, 1) that

characterizes the marginal distributions of the Busemann functions:
B (x,x +e1) ~ Exp(a(§)) and B (x,x +e2) ~ Exp(l — a(§)).
A tilt dual to & € U is given by

1 1
h(§) = —(E[B, (0, en)], E[B, (0, e2)]) = _(@’ 1——05(5))

Substituting in (4.9) we obtain the well-known limit formula from Rost [61]:

ggg(s, 1 —s5)=1+4+2{s(1 —5).

7. Variational Formulas in Terms of Measures

In this section we derive variational formulas for last-passage percolation in terms of
probability measures on the spaces 2, = £2 x R’ for £ € Z,. This section contains no
new results for positive temperature models, but positive temperature results are recalled
and rewritten for taking a zero-temperature limit. The formulas we obtain are zero-
temperature limits of polymer variational formulas that involve entropy. A maximizing
measure can be identified for polymers in weak (enough) disorder (Example 7.7 below).
In the final Sect. 8 we relate these measure variational formulas to Perron—Frobenius
theory, the classical one for 0 < 8 < oo and max-plus theory for 8 = oo.

Return now to the setting of Sect. 2, with general £ € Z, and measurable potential

V : 2y — R. For 8 € (0, oo] define the point-to-level and point-to-point limits 851
and ggp (&) by Theorem 2.4. A generic element of 2, is denoted by n = (w, z1,¢) with

weRandzi = (21,...,2¢) € RE¢ For 1 < Jj <{let Zj(w, z1,¢) = z; denote the
jth step variable on £2;. On £2; introduce the mappings
Sz(w, z1,0) = (T; 0, (22,0-1,2)), Z€R. (7.1)

When £ = 0, always take 290 = §2, 7 = w and S, = T. In general, let bX denote the
space of bounded measurable real-valued functions on the space X

The probability measures that appear in the variational formula possess a natural
invariance. This is described in the next proposition, proved at the end of the section.
One manifestation of the invariance will be the following property of a probability
measure u € M(£2¢) forany ¢ € Z,:

E“[mz%f 0S| = E*[f] ¥V f €bs2. (7.2)
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If¢ > 1and p € M7(82¢),let e (- | w, z1,¢—1) denote the conditional distribution of Z,
under u, given (w, z1,¢—1). We associate to u the following Markov transition kernel on
the space £2¢:

gz(@,21,0) = q((@, 21,0, (Ty0, (22,0, 2))) = pe(z | Ty, 22,0). (7.3)

The first notation is a convenient abbreviation. Under this kernel the state of the Markov
chain on £2, jumps from (, z1.¢) to (T3, w, (z2.¢, 2)) with probability ¢ (z | T;, @, 22.¢)
forz € R.

Let zk.00o = (Zi)k<i<oco denote an infinite sequence of steps indexed by {k, k + 1,
k+2,...}. It is an element of R&K*+1.k+2.} which we identify with RY in the obvi-
ous way. On the space 2y = 2 x RY define a shift mapping S by S(w, l00) =
(T;, 0, 22.00)- Let M (£2y) denote the set of S-invariant probability measures on $2y.

Proposition 7.1. Case (a). Let £ € N and u € M(82¢). Then properties (a.i)—(a.iv)
below are equivalent.
(a.i) u is invariant under kernel (7.3) defined in terms of | itself.
(a.ii) u is the §2¢-marginal of an S-invariant probability measure v € M (§2N).
(a.iii) u has property (7.2).
(a.iv) u satisfies this condition:

EMf(w, Z1e-1)] = E" [ f(Tz,0,Z20)] Y f € b2. (7.4)

Case (b). Let £ = 0 and u € M(82). Then properties (b.i)—(b.iii) below are equiv-
alent.

(b.i) There exists a Markov kernel of the form {q,(w) = q(w, T,w) : z € R} on 2
that fixes (.

(b.ii) w is the $2-marginal of an S-invariant probability measure v € M (§2y).

(b.iii) w has property (7.2) with S; = T-.

For ¢ € Z, let M;(82;) denote the space of probability measures described in
Proposition 7.1 above. To illustrate, if £ = 0 then M (£2) contains all {7} }-invariant
measures, and if also 0 € R then M (£§2) contains all probability measures on £2.

We can now state the measure variational formulas for point-to-level and point-to-
point last-passage percolation limits. For a probability measure 1 on §2¢, 1o denotes the
Q-marginal: 110(A) = n(A x RY. If £ = 0 then g = . V™ = —min{V, 0} is the
negative part of the function V.

Theorem 7.2. Let P be ergodic, £ € Zy, and assume V € L. Then
gpl = Sup {E”[V] tp€ My(820), po <P, EF[VT] < oo}. (7.5)

The setin braces in (7.5) is not empty because the measure p(dw, z1.¢) =P(dw)w(z1)
-+ (ze) is a member of M (£2,) for any probability « on R and V (-, z1¢) € L'(P)
by the assumption V € L.

We state the point-to-point version only for the directed i.i.d. L¢** case defined in
Remark 2.6.

Theorem 7.3. Let 2 = S%° be a product of Polish spaces with shifts {Ty} <z« and

an i.i.d. product measure P. Let £ € N and assume 0 ¢ U. Assume that Vz; ¢ € R,
V(w, z1,¢) is a local function of w and a member of L (P) for some p > d. Then for all
Eel,

ge(®) = sup [ EXIV]: € My(20), o < P, EM[V7] < 00, EX[Z1] = . (7.6)
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Note that even if V is a function on §2 only, variational formula (7.6) uses measures
on §2, with £ > 1 in order for the mean step condition E#[Z|] = & to make sense.
Remark 7.8 below explains why Theorem 7.3 is stated only for the directed i.i.d. L4+
case. In the general setting of Theorem 7.2 the point-to-point formula (7.6) is valid for
compact £2 and & € rild. It can be derived by applying the argument given below to the
results in [54].

To prepare for the proofs we discuss the positive temperature setting. In the end we
take B — oo to prove Theorems 7.2—7.3. Recall the random walk kernel p from the
beginning of Sect. 2 with ellipticity constant § = min_cg p(z) > 0. It acts as a Markov
transition kernel on £2, through

p(n, S;nm) =p(z) for ze R and n=(w,z1¢) € 2. (7.7)

This kernel defines a joint Markovian evolution (Tx,®, Z,4+1,,+¢) of the environment
seen by the p-walk X, and the vector Z,1 n+e = (Zn+1, ..., Zpsr) of the next € steps
Zr = X — Xk—1 of the walk. As before if £ = 0 then S, = T, and the Markov chain is
Txna).

We define an entropy H (i) for probability measures ;o € M (§2;), associated to this
Markov chain and the background measure P. If ¢ (n, - ) is a Markov kernel on £2, such
that ¢(n, -) < p(n,-) pn-as., then g(n, -) is supported on {S.n},cr and the familiar
relative entropy is

(0, S;n)
H(uxq|pwxp) =/ > g, Sy tog TR .
2 ig r(, S:n)
Set
- inf H(uxgqlpxp) if po <P
H(u) = 4 Ha=1 (7.8)
00 otherwise,

where the infimum is over Markov kernels ¢ on £, that fix u, ie.
uq(:) = [qn, )u(dn) = (). The function H : M;(£2;) — [0, c0] is convex
[53, Sect. 4].

Remark 7.4. When u € M(82¢) for some ¢ > 1 and g < PP, the minimizing kernel
in (7.8) is the one defined in (7.3), and

_ 0| W, 21.¢0—
A(w) = H(u| 1 ® p) = / H(dw, dzy ) log K@ 2L g g)
2 p(ze)

where py—1 is the distribution of (w, Z; ¢—1) under u and pe—1 ® p is the product
measure on £2.

Here is the argument. Let g (1, S;n) = ¢.(n7) be an arbitrary kernel that fixes © and
is supported on {S;n}.cr. The first equality below is the convex dual representation of
relative entropy (see for example Theorem 5.4 in [56]). In the second last equality use
both g-invariance and (7.4).

H(uxglp xp)
= sup [Z / h(n, S:m) g=(n) w(dn) —log D p(2) / R u(dn)]
S ‘ £2¢

2
hebQ2?



Variational Formulas for Polymers and Percolation 767

fEb.Qg

> sup {Z / £(Sn) q=(n) puidn) —log D p(2) / 2 (T”‘”’(Zz’“’“)M(dw,dm,e)}
Ses z §2¢

= sup {/fdu—logZP(z)/ef(‘”‘(mI’Z)) uz_1(da),dm,z_1)}
Z
21

ebs2
febs2 &

= H(u|we—1 ® p).

We state the measure variational formulas for point-to-level and point-to-point poly-
mers in positive temperature. These are slightly altered versions of Theorem 2.3 of [57]
and Theorem 5.3 of [55].

Theorem 7.5. Let P be ergodic, £ € Z+, 0 < B < oo, and assume V € L. Then
gh=sup [EMVI= B H(w) s i € My(20), 1o < P, EMV7] < 00} (7.10)

The quantity inside the braces cannot be oo — oo for the following reason. By Propo-
sition 7.1 every u € M, (£2,) is fixed by some kernel g supported on shifts. Thereby, if
also o < P, the definition of entropy gives

0<H(u <logs™'. (7.11)

As above, we state the point-to-point version only for the directed i.i.d. L4 case
defined in Remark 2.6. See Remark 7.8 below for an explanation.

Theorem 7.6. Repeat the assumptions of Theorem 7.3. Then for0 < B < coand& € U,

ghp@=sup [ EM V1= B~V A (o) : pe M, (20), o < P, E'[V™] < 00, EXZ1] = .
(7.12)
We illustrate formulas (7.10) and (7.12) in the case of weak disorder.

Example 7.7. (Directed polymer in weak disorder) We identify first the measure © that
maximizes variational formula (7.10) for the directed polymer in weak disorder, with
potential V(w, z) = Vo(w) + h - z = wp + h - z and small enough 0 < 8 < oo. This
measure will be invariant for the Markov transition implicitly contained in Eq. (3.23).
We continue with the notation and assumptions from Example 3.7.

To define the measure we need a backward path and a martingale in the reverse time
direction. The backward path (x)x <o satisfies xo = 0 and zx = xx —xx—1 € R, and the
corresponding martingale is

Wy = e M) Sy b Sl wn—Bhx

X—n,0

W, is the same as W,, composed with the reflection w, — @_,, and so (3.21) guarantees
also W, — W, with the same properties. (Recall that in this example we took the
uniform kernel p(z) = |R|™1)

By (3.23)

Beo—(B)+Bh-z—ic(ph) Woo (Tz@)
Weo (w)

defines a stochastic kernel from £2 to R. Define a Markov transition kernel on 2 x R
by

g, 2) =pQ)e
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7" (@, 21), (T, 0, 2)) = ¢4 (T;, , 2). (7.13)

Define the probability measure u on £2 x R as follows. For a bounded Borel function
2

Z/ 9(@.2) ' (dw. 7) = Z/ Wi (@) Woo (@) g (@, 2) 9 (@, 2) P(dw).

z€R z€R

Using the 1-step decomposition of W (analogue of (3.23)) one shows that qh fixes ,u,h.
Let us strengthen assumption (3.21) to also include E[Wq, logt Woo] < o0. This is
true for small enough S. Then the entropy can be calculated:

Hu" x g"lu" x p)
= BEM'[V]—A(B) — k(Bh)
oo(T w)

+Z/u0(dw)q0(a) 7)log ————— W (@)
= ﬁE“ [V]—=A(B) —«(Bh)

because the last term of the middle member vanishes by the invariance. E ut [V]is finite
because, by independence and Fatou’s lemma,

h _ .
E" (Jool) = E(lwo| Wog Weo) = Lim E(Jwo| W)

n— oo

while the last sequence is bounded, as can be seen by utilizing the 1-step decomposition
(3.23) and by taking S in the interior of the region A(8) < co. Consequently

EMIVI= B H " x g" it x p) = BT GUB) +k(Bh) = (). (1.14)

The pair (", g") is the unique one that satisfies (7.14), by virtue of the strict convexity
of entropy.

The maximizer for the point-to-point formula (7.12) can also be found. Let ggp (&) be

asin (4.1) with Vop(w) = wp. Given & e rild, h € R? can be chosen so that Vk(Bh) =E&.
If B is small enough, uniform integrability of the martingales W,, can be ensured, and

thereby u" and g" are again well-defined. The choice of & implies that E ut [Z1] =&,
and we can turn (7.14) into

E*" [Vol — B H (" x " |1 x p) = —h - E*"[Z1]+ B~ (M(B) + k (Bh))
=M — Bk (E) = g ().

The last equality can be seen for example from duality (4.4).

Markov chain (7.13) appeared in [15]. Under some restrictions on the environment
and with # = 0, [48] showed that ,ug is the limit of the environment seen by the
particle.

We prove the theorems of this section, beginning with the positive temperature state-
ments.
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Proof of Theorems 7.5 and 7.6. Let V : 2y — R be a member of £ (Definition 2.1), P
ergodic and 0 < 8 < oo. Theorem 2.3 of [57] gives the variational formula

gh = sup {E“[min(V, =B VAW : pe Mi(20), ¢ > o}. (7.15)

Note that [57] used the uniform kernel p(z) = |R|~! but this makes no difference to the
proofs, and in any case the kernel can be included in the potential to extend the result to
an arbitrary kernel supported on R. We convert (7.15) into (7.10) in a few steps.

The measure u = P®a with a(z1,¢) = p(z1,¢) satisfies u € M (82¢), up = 1, and
H(w) = 0. Since V (-, 210) € L' (P), this gives the finite lower bound ggl > EP®a[y)
for (7.15). (If £ = 0O the a-factor is not there.) Hence we can restrict the supremum in
(7.15) to w such that E#[V~]+ H(u) < oo. Since E#[V] is well-defined in (—o00, 00]
for all such ., we can drop the truncation at c.

Entropy has the following representation: for u € M (£2),

inf H(u x x p)=— inf E*[lo foS:=11, 7.16
ot H(uxgqlpxp)=— inf [gzz‘,p(z)e ] (7.16)

The infimum on the left is over Markov kernels g on §2, that fix . S; is the shift mapping
defined in (7.1). For a proof of (7.16) see Theorem 2.1 of [21], Lemma 2.19 of [63], or
Theorem 14.2 of [56].

Recall the definition of A in (7.8). From the inequality

foSe—f _ foSi—f —1
logZp(z)e < mZaX{f 0S8, — f} < logZp(z)e +log$

Z 2

follows, for gy < P,
H(p) —logs™' < — inf E*[max{foS.— f}] < H(w. (7.17)
febs2, z

If there exists f € b§2y such that E#[max {f oS, — f}] < 0thenreplacing f by cf and
taking ¢ — oo shows that the infimum over f is actually —oo. This makes H (1) = 00.
Thus, relevant measures w in (7.15) are ones that satisfy (7.2) and so we can insert the
restriction u € M (82¢) into (7.15). (7.15) has been converted into (7.10).

Assuming the directed i.i.d. La+e setting described in Theorem 7.3, Theorem 5.3 of
[55] gives the point-to-point version: for & € U,

gh (&) = sup{E*[min(V, )] = B~ H () : p € M1(0), E*[Z1] =&, ¢ > 0}.
(7.18)

This is converted into (7.12) by the same reasoning used above. 0O

Remark 7.8. We can state (7.18) only for the directed i.i.d. L¢** setting for the following
reason. The point-to-level formula (7.15) is proved directly in [57]. By contrast, the
point-to-point formula (7.18) is derived in [55] via a contraction applied to a quenched
large deviation principle (LDP) for polymer measures. This LDP is proved in [57]. In the
general setting the upper bound of this LDP has been proved only for compact sets (weak
LDP). However, in the directed i.i.d. case the LDP is a full LDP, and the contraction
works without additional assumptions. Consequently in the directed i.i.d. L%* setting
(7.18) is valid for Polish spaces £2, but in the general setting £2 would need to be
compact.
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Proof of Theorems 7.2 and 71.3. Take B — oo in (7.10) and (7.12), utilizing bounds
(7.11) and (2.11). O

Proof of Proposition 7.1. Each f below is a b§2, test function on the appropriate space
£2,. First we work with the case £ > 1. We argue the implications (a.i)=(a.ii)=(a.iii)=
(aiv)=(a.i).

(a.i)=(a.ii): An S-invariant probability measure v on 2y = £2 X RN that extends
1 can be defined by writing, for any m > ¢,

[reamar=3 [ @z [] a0 ommrinudo.

Z1m i={+1

(7.19)
(a.ii)=(a.iii): From the S-invariance of v,
E'[max f(Tz,, (Zaoe, )] = E'[max f(Tz,, (Za, 2))]
= E'[max f (@, (Z1,1-1,2))]
E'[f(, Z1.0] = E*[f].

(a.iii)=(a.iv): If f is only afunction of (w, z1,¢—1), then f(S;(w, z1,¢)) = f(T;,w, 22,¢)
does not depend on z. (7.2) then implies E“[f(Tzla), Z>0)] = E*[f]. Replacing f by
— f makes this an equality and (7.4) follows.

(a.iv)=(a.i): Use property (a.iv) in the second equality below to show that ug = u.

v

/_Q 2,210 (T, (2., 2) i, dz1.0)
x 2
22/_@ sz(me’(ZMvZ))W(ZITz.w,zu)M(dw,le,l)
z X
= E /S2 sz(co,(z1,z—1,z))w(zIw,zl,g_l)u(dw,dzu)
z X

=/Q Ref(w,m,z)u(dw,dm,z)-
X

We turn to the case £ = 0 and show (b.i)=(b.ii)=>(b.iii)=(b.i).
(b.i)=(b.ii): Now define v on £2 x RN by

E'lf(@. Zim)] = / f@, 210 [ [ 42 (T @) n(de).

21,m i=1
(b.ii)=>(b.iii): Analogously to (a.ii)=>(a.iii) above,
E'[max f(T:0)] = E*[ max f(T.0)] = E'[f(Tz,0)] = E'[f ()] = E*[f].
(b.iii)=>(b.1): Observe that for f € bS2 we have

E“[mzax{f oT.— f}] < E“[logZp(z)ef"Tz_f] +logs!.

Z
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By assumption (7.2) the left-hand side is nonnegative. Then by (7.16)

inf{H cpg =wp)=— inf EM[1 fol:=11 < log 7.
inf(H (i x q | pex p) i pg = p} = — inf [log > p(2)e | <1log

Z

Since the infimum is not +oco there must exist a Markov kernel ¢ that fixes  and for
which H(u % g | 4 x p) < oc. This implies that for -a.e. w the kernel is supported on
{T.w:zeR}. O

8. Periodic Environments

The case of finite §2 provides explicit illustration of the theory developed in the paper.
The point-to-level limits and solutions to the variational formulas come from Perron—
Frobenius theory, the classical theory for 0 < 8 < oo and the max-plus theory for g =
00. (See [4,7,31,62] for expositions.) We consider a potential V (w, z) = Vo(w) +h - z
for (w,z) € 2 xR, h e RY,

Let £2 be a finite set of m elements. As all along, {7 },cg is a group of commuting
bijections on §2 that act irreducibly. That is, for each pair (w, ®’) € 2 x £2 there
exist z1,...,zx € R such that T} 4...;,0 = o'. The ergodic probability measure is
P(w) =m~!.

A basic example is a periodic environment indexed by Z¢. Take a vector a > 0 in
Z4 (coordinatewise inequalities), define the rectangle A = {x € Z¢ : 0 < x < a}, fixa
finite configuration (@, ).c 4, and then extend o to all of 74 periodically: @y1koq = @y
for k € Z4, where k o a = (kiaj)1<i<q 1s the coordinatewise product of two vectors.
Irreducibility holds for example if R contains {eq, ..., eq}.

8.1. Case 0 < B < oo. We take B = 1 and drop it from the notation. Define a
nonnegative irreducible matrix indexed by £2 by

Aver = D P UT0 = 0}V for w0 € Q. (8.1)
zeR

Let p be the Perron-Frobenius eigenvalue (spectral radius) of A. Then by standard
asymptotics the limiting point-to-level free energy is

n—1
gn(h) = lim n”'log D7 plrg)eico 0T

n—o0

1 X0,n: X0=0 (82)
= nll>rgon log Z Aj, o =logp.
W' e

On a finite §2 every cocycle is a gradient (proof left to the reader). Hence we can
replace the general cocycle F' with a gradient F(w, 0, z) = f(T,w) — f(w) and write
the cocycle variational formula (3.7) as

gpi(h) = inf max log D p(g)e0@ e/ Tzo)=f (@) (8.3)
feRE @ 2€R

This is now exactly the same as the following textbook characterization of the Perron—
Frobenius eigenvalue:
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p = inf max
9eR2:0>0 @ @(w)

> Avw @(@). (8.4)

2%

Let o and t be the left and right (strictly positive) Perron—Frobenius eigenvectors
of A normalized so that > o(w)t(w) = 1. For each w € £2 the left eigenvector
equation is

wes2

> p@ TG (T ) = por(w) (8.5)
zeR

and the right eigenvector equation is
MO p)eh () = pr(@). (8.6)
z€R

The right eigenvector equation (8.6) says that the gradient
F(w,x,y) =logt(Tyw) —log t(T\w) (8.7)

minimizes in (8.3) without the maximum over w (the right-hand side of (8.3) is constant
in w). In other words, F is a corrector for gp1(h). Compare this to (3.12).

Define a probability measure on §2 by po(w) = o(w)t(w). The left eigenvector
equation (8.5) says that pq is invariant under the stochastic kernel

G, ) =D p(@) UYTw = of je 0@ HF@OD=0M ) o/ € 2. (8.8)
zeR
Using this one can check that the measure

(@, 21) = p(R)pg(w)e’0 @D e

is a member of M (§£2 x R) and invariant under the kernel
q((@. 21), (T, 2)) = p(z)e 0T @tz 00,0781,
Another computation checks that
EM[Vo(w)+h-Z1] — H(u x g | i x p) = gpi(h).

Hence p is a maximizer in the entropy variational formula (7.15).

Assume additionally that matrix A is aperiodic on §2. Then A is primitive, that is,
A" is strictly positive for large enough n. Perron—Frobenius asymptotics (for example,
Theorem 1.2 in [62]) give the Busemann function Bgl of (5.5).

: i 1o Vo(Tyy)+h-x,
Bpl(a),O, Z)angréo[log Z p(xO,n)eZkZO 0(Tx w)+h-x

X0,n: X0=0

n—2
—log D pliou-1)eZid V"(Txk“’”h'(’“”"”]

X0,n—1: X0=2

. —1
- i [ X 2 - 3 a5 |

w'eN o' eR
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_ ’zllrrgollog o+ log( > @) + 0(1))

w'es

_ log( Z (T,w)o (@) + 0(1)) ]
w'ef2
=logp +log t(w) — log (T, w).
If we assume that all admissible paths between two given points have the same number

of steps, then Bgl(cu, 0, z) extends to a stationary L! cocycle, as showed in Theorem 5.2.
Then this situation fits the development of Sects. 3—5. Equation (8.6) shows that cocycle

B(®.,0,2) = B)j(®,0,2) —h -2 (8.9)

is adapted to Vj, illustrating Theorem 5.2. Definition (3.5) applied to the explicit formulas
above gives

h(B) -z =—E[B(w,0,2)] = —logp+h-z foreachz e R.
Consequently h(Bgl) L aff R. By Theorem 3.4 the cocycle

F(@,0.2) = —h(B) -z — B(®,0,2) =log p — Bli(,0,7)
= log 7(T,w) — log t(w), (8.10)

that appeared in (8.7), is the minimizer in (8.3) for any tilt 2’ such that (k" — h(E)) 7=
(W' — h) - z +1og p is constant over 7 € R.

Connection (8.2) between the limiting free energy and the Perron—Frobenius eigen-
value is standard fare in textbook treatments of the large deviation theory of finite Markov
chains [19,56,69].

8.2. Point-to-level last-passage case. The max-plus algebra is the semiring Rpax =
R U {—o0} under the operations x &y = x vV y and x ® y = x + y. Define an irreducible
Rpmax-valued matrix by

Vo(w)+ max h-z, o €{T,w:z€ R}
Alw, ') = S 8.11)
—00, o ¢ {T,w:z € R}

As an irreducible matrix A has a unique finite max-plus eigenvalue A together with a
(not necessarily unique even up to an additive constant) finite eigenvector o that satisfy

max [A(w, ) +o(@)]=r+0(w), weSL. (8.12)
w'eNR
Inductively
n—1
max { ZA(wk,a)k+1)+a(wn)} —nhto(@), we2. (8.13)
W=w, W1 ,..., Wy pard

The last-passage value from (3.3) can be expressed as

n—1 n—1

Gl ) =max 3 (Vo(Tq @) +h - (xks1 = 31)) max > A(wr, o). (8.14)
n k:0

W=w(, O1,..., Oy
k=0
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Dividing through (8.13) by n gives the limit
00 1 -1~ _
8pl (h) = nli)n;on Go.ny(h) = A.
The eigenvalue equation (8.12) now rewrites as

gglo(h) =max{Vo(w) +h - z+ o (T,w) — o (w)}. (8.15)
zeR

This is the cocycle variational formula (3.8) (without the supremum over w) and shows
that a corrector is given by the gradient

F(0,0,z2) =0(T;w) — 0 (w). (8.16)

Compare (8.15) to (3.13).

The measure variational formula (7.10) links with an alternative characterization
of the max-plus eigenvalue as the maximal average weight of an elementary circuit.
To describe this, consider the directed graph (§2, £) with vertex set £2 and edges £ =
{(w, T,w) : ® € 2, z € R}. This allows multiple edges from w to o and loops from w to
itself. Loops happen in particularif 0 € R.Identify edge (@, T;w) with the pair (w, 7). An
elementary circuit of length N is a sequence of edges (wo, z1), (@1, 22), . .., (WN—1, ZN)
such that w; = T;;w; 1 with wy = wp, but w; # w; for0 <i < j < N.

Given any fixed w, all elementary circuits can be represented as admissible paths
X0, X1, ..., Xy in G by choosing xq so that wg = Ty,wand x; = x;_1+z; forl <i < N.
Conversely, an admissible path xg, x1, ..., xy in G represents an elementary circuit
if Tyyw, Ty, ..., Ty,_,o are distinct, but Ty, = Ty, w. Let C denote the set of
elementary circuits. The average weight formula for the eigenvalue is (Thm. 2.9 in [31])

N-—1
A= max N! Vo(Te, @) +h - k1) 8.17
Wl ]Z;( 0(T) +h - 2s1) (8.17)

The right-hand side is independent of w because switching @ amounts to translating the
circuit, by the assumption of irreducible action by {7, },cR.

It is elementary to verify from definitions that gglo (h) equals the right-hand side of
(8.17). (The sum on the right-hand side of (8.14) decomposes into circuits and a bounded
part, while an asymptotically optimal path finds a maximizing circuit and repeats it
forever.) If we take (8.17) as the definition of A, then the identity

A= max{ > w@. Vo) +h-2):ue M(2 x R)} (8.18)
(0,2)ENRXR

follows from the fact that the extreme points of the convex set M (§2 x R) are exactly
those uniform probability measures whose support is a single elementary circuit. We
omit the proof. Equation (8.18) is the measure variational formula (7.10) which has now
been (re)derived in the finite setting from max-plus theory.

As in the finite temperature case, existence of point-to-level Busemann functions
follows from asymptotics of matrices. The critical graph of the max-plus matrix A is
the subgraph of (£2, £) consisting of those nodes and edges that belong to elementary
circuits that maximize in (8.17). Matrix A is primitive if it is irreducible and if its critical
graph has a unique strongly connected component with cyclicity 1 (that is, a unique
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irreducible and aperiodic component in Markov chain terminology). This implies that the
eigenvector is unique up to an additive constant and these asymptotics hold as n — oo:

G3Sy () = G251y (h) = (A®" @ 0) () — (A®" ™D @ 0)(T.0)
— ) +0(w) —o(T0) = Blij(®,0,2).  (8.19)

(From [31] apply Thm. 3.9 with cyclicity 1 and section 4.3.) Above 0 = (0, .. ., 0)” and
operations ® are in the max-plus sense. Equation (8.15) shows that cocycle B(w, 0, z) =
Bg] (w,0,z) — h - zis adapted to Vp, as an example of Theorem 5.2 for 8 = oo.

The next simple example illustrates the max-plus case. All the previous results of
this paper identify correctors that solve the variational formulas of Theorem 3.2 so that
the essential supremum over w can be dropped. This example shows that there can be
additional minimizing cocycles F for which the function of w on the right in (3.8) is not
constant in .

Example 8.1. Take d = 2 and a two-point environment space 2 = {0, 0?® =
Tela)(l)} where a)l.(’lj? = %(1 + (=D)") for (i, j) e Z*isa vertically striped configuration
of zeroes and ones, with a one at the origin (Fig. 1). Admissible steps are R = {eq, e2}
and 7, acts as an identity. The ergodic measure is P = %(8m< 1y +4,@) and the potential
Vo(w) = wo with tilts h = (h1, hy) € R

Matrix A(w®, @Y)) of (8.11) is

| 1+hy 1+hy
=[]

and the directed graph (£2, £) is in Fig. 2.
Since A is irreducible its unique max-plus eigenvalue is the maximum average value
of elementary circuits and this gives the point-to-line last-passage limit:

gy (h) = A = max{3 +hy, 1 +hy}. (8.20)
There are two cases to consider, and in both cases there is a unique eigenvector (up to
an additive constant) o = (o (@V), o (0?®)):
@) % +hy <1+hy=Ax,0 = (1, h; — hy), the critical graph has cyclicity 1.
(ii) 1 +hy < §+hy = A, 0 = (1, 1), the critical graph has cyclicity 2.

tlol1]o]1]ol1]o0
tlofl1]ofi]of1]0
1jof1]o0 0/1]0
tlof1loftfol1]o0

Fig. 1. Environment configuration o indexed by 72 in Example 8.1. The origin is shaded in a thick frame

1+ h

T

O @O

ha
Fig. 2. Graph (£2, £) for Example 8.1
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Case (i). One can verify by hand that variational formula (3.8) is minimized by the
cocycles

F1,0,e))=a=—-F?,0,e1), F",0,e)=Fw?,0,e)=0
(8.21)

fora € [hy — hp — 1, ho — hy]. Let F denote the cocycle fora = hy — hy — 1 which
is the one consistent with (8.16) for the eigenvector o. Among the minimizing cocycles
only F satisfies (3.8) without max,,, thatis, in the form (3.13). And indeed this corrector
comes from Theorem 3.4(ii-b). F is given by Eq. (3.6) with a cocycle B that is adapted
to Vp (as defined in (3.10)) if and only if 1+ /5 > % +h1.In case (i) matrix A is primitive
and limit (8.19) gives an explicit Busemann function BI’)’l (w, 0, z). From this Busemann

function (8.9) gives cocycle B.

Case (ii). In this case there is a unique minimizing corrector F which is (8.21) with
a = —1/2, the one that satisfies (8.16) for the eigenvector o. F comes via Eq. (3.6)
from a cocycle that is adapted to V) if and only if % + h1 > 1+ hj. So the variational
formula (3.8) is again satisfied without max,,. However, this time F cannot come from
Busemann functions because some Busemann functions do not exist. Maximizing n-step
paths use only e;-steps and consequently

Gg?(n)(h) - GS;(n_U(h) = hy +1{nis odd}

does not converge as n — 00.
Note that F is a minimizing cocycle in both cases (i) and (ii), but only in case (ii) it
satisfies (3.8) without max,,. O

A. Auxiliary Lemmas

Centered cocycles satisfy a uniform ergodic theorem. The following is a special case
of Theorem 9.3 of [28]. Note that a one-sided bound suffices for a hypothesis. Recall
Definition 2.1 for class £ and Definition 3.1 for the space /Cy of centered cocycles.

Theorem A.l. Assume P is ergodic under the transformations {T; : z € R}. Let F € K.
Assume there exists V € L such that max,cr F(w, 0, 7) < V(w) for P-a.e. w. Then for
P-a.e. w

. |F(w, 0, x)|
lim max — =0.
n—>o0 x=z|+--+zp n
Zl‘nERn

Lemma A.2. Let X,, € LY X, — Xas., lim EX, < c < oo, and X, uniformly

n—o0

integrable. Then X € L' and EX < c.

Proof. Since X, — X~ a.s. and X, is uniformly integrable, X, — X~ in L' and in
particular X~ € L'. By Fatou’s lemma and by the assumption,

E(XY)=E(lim X!) < lim E(X}) = lim E(X,+X,) <c+E(X") <00
n—oo

n— o0 n— 00

from which we conclude that X € L' and then EX <c¢. O
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