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ABSTRACT. We consider the stationary measure of the asymmetric simple exclusion process (ASEP) on a finite
interval in Z with open boundaries. Fixing all the jump rates and letting the system size approach infinity, the
height profile of such a sequence of stationary measures satisfies a large deviation principle (LDP), whose rate
function was predicted in the physics work [DLS03]. In this paper, we provide the first rigorous proof of the
large deviation principle in the “fan region” part of the phase diagram. Our proof relies on two key ingredients:
a two-layer expression of the stationary measure of open ASEP, arising from the Enaud—Derrida representation
[EDO4] of the matrix product ansatz, and the large deviation principle of the open totally asymmetric simple
exclusion process (TASEP) recently established in [BZ24].
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1. INTRODUCTION AND MAIN RESULTS

1.1. Preface. The open asymmetric simple exclusion process (ASEP) is a paradigmatic model for non-
equilibrium systems with open boundaries and, asymptotically, for Kardar—Parisi-Zhang (KPZ) universality.
Over the past five decades, extensive studies have been dedicated to understanding its stationary measure
through the “matrix product ansatz” approach. This method has enabled the derivation of a wide range of
asymptotic behaviors of the stationary measure of open ASEP, including phase diagrams, density profiles, cor-
relation functions, limit fluctuations, and large deviations. We refer the reader to [Lig99, [Cor22 [BE07, [CW11]
for a selection of surveys in statistical physics, probability, and combinatorics.

The large deviation principle (LDP) for the height profile of the stationary measure of open ASEP has
been calculated in the physics literature [DI.S02al [DL.S03], using the matrix product ansatz and the additivity
principle. We refer the reader to [Der06, [Der(7] for expositions on this topic; Section [1.4) also contains further
discussion of related work. Rigorously establishing the large deviation principle for open ASEP has been a long-
standing open problem. Recently, the LDP for the open totally asymmetric simple exclusion process (TASEP)
was proved in [BZ24], utilizing a representation developed therein in terms of two-layer Gibbs measures. The
present work focuses on the LDP for open ASEP.

The phase diagram of the open ASEP consists of the fan region and the shock region. In this paper, we study
the fan region, where we rigorously confirm the large deviation principle proposed in [DLS02al [DLS03]. Our
approach relies on introducing a two-layer representation of the stationary measure of the open ASEP in the
fan region, covering the full range of parameter choices. This representation originates in the Enaud—Derrida
formulation of the matrix product ansatz [ED04] and has been previously discussed in [BZ24l Bry24] [DELO04,
BLD23| I BCE™06, [NS24] for particular choices of parameters. We then develop key estimates for the two-layer
measures, enabling a comparison of the two-layer weights for open ASEP with those for open TASEP. This
is achieved using monotonicity properties of the open TASEP two-layer Gibbs measure along with resampling
arguments, which represent a novel aspect of our approach compared to previous studies on LDPs for open
ASEP/TASEP. Based on this comparison, we establish that open ASEP satisfies an LDP with a rate function
that depends only on the effective densities at the two boundaries; in particular, it does not depend on the
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Figure 1. Jump rates in the open ASEP.

asymmetry parameter. Consequently, the rate function must coincide with the one in the case of open TASEP,
which was identified in [BZ24]. Some more details are discussed in Section |1.5,

Our approach is fairly robust. An upcoming work of the second-named author with Dominik Schmid will
provide a different version of a two-layer representation of the stationary measure of open ASEP in the shock
region under Liggett’s condition, which is based on [Bry24]. Utilizing this representation, the LDP in the
shock region can also be demonstrated using a similar argument, as will be shown in a future version.

1.2. Definition of the model. The open ASEP is a continuous-time irreducible Markov process on the state
space {0, 1}V with parameters

a,f>0, vd>0, and 0<¢g<1, (1.1)
which models the evolution of particles on the lattice {1, ..., N}; here ¢ is the asymmetry parameter mentioned
above. The state of the system is represented by a configuration (71,...,7x5) € {0,1}", where 7; indicates

whether the it site is occupied or empty. In the bulk of the system, each particle attempts moves at random:
to the left with rate ¢, and to the right with rate 1, independently of all other particles. Here, at rate g or
1 means at random times given by a Poisson clock with the corresponding rate. At the two boundaries are
reservoirs with infinitely many particles. At the left boundary, particles attempt to enter the system from the
reservoir at random with rate o and attempt to exit at random with rate . At the right boundary, particles
attempt to enter at random with rate § and attempt to exit at random with rate 5. All these attempts fail if
the target site is already occupied, and succeed if not (attempts to exit the system into the reservoirs always
succeed). See Figure (1| for an illustration. Since ¢ < 1, particles move in an asymmetric way, with a higher
rate to the right than to the left. In the special case ¢ = v = § = 0, particles move only to the right and the
model is known as the open totally asymmetric simple exclusion process (TASEP).
We will work with a re-parameterization of the open ASEP system by a, b, c,d and ¢, where

a=¢i(x7), b=9¢4(8,9), c=9¢ (o), d=¢_(8,9), (1.2)
and 1
di(x,y) = o (1—q—a:+y:|:\/(1—q—x+y)2+4xy), for > 0 and y > 0. (1.3)
One can check that (1.2)) gives a bijection between (1.1) and
ab>0, —1<cd<0, 0<gqg<l. (1.4)

We will assume (1.1)), and consequently (1.4), throughout the paper. The quantities 1/(1+a) and b/(1+b)
defined by the parameters above have nice physical interpretations as the “effective densities” near the left
and right boundaries of the system. In the special case of the open TASEP, i.e. ¢ =y = = 0, we have

a=(l—-a)/a>0, b=(1-p5)/>0, c=d=¢g=0.
It is known since [DEHP93] that as the system size N — oo, the asymptotic behavior of open ASEP is
governed by the parameters a and b, which exhibits a phase diagram (Figure |2)) involving three phases:
e (maximal current phase) a < 1, b < 1,
e (high density phase) b > 1, b > a, and
e (low density phase) a > 1, a > b.
The phase diagram can also be divided into two regions which evince quite different behavior. They are
defined by [DLS02al [DLS03]:
e (fan region) ab < 1 and
e (shock region) ab > 1.
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Figure 2. Phase diagram for the open ASEP stationary measures. LD, HD, MC respectively stand
for the low density, high density and maximal current phases.

We denote by uy = (q’a b<d) the unique stationary measure of open ASEP, which is a probability measure
on (11,...,7n) € {0, 1}N where, as mentioned earlier, 7; is the occupation variable of site i, for ¢ = 1,..., N.
The (re- scaled) height profile of open ASEP is a continuous function hy : [0,1] — [0, 1] defined by

hN< ) ZTZ, fork=0,...,N

and by using linear interpolation to extend its deﬁnltlon to [0,1]. One can observe that the height profile hy
is a (non-strictly) increasing, 1-Lipschitz continuous function.

1.3. The large deviation principle.

Definition 1.1. Let X be a Polish space. A good rate function is a lower semi-continuous function I : X —
[0, 00] with compact level sets, i.e., I71[0,a] is a compact subset of X for every a > 0. Consider a sequence
of probability spaces (Qn,Py) and a family of random variables Xy : Qny — X, N = 1,2,.... The sequence
{XnN}%_, satisfies the large deviation principle (LDP) with good rate function I : X — [0, o0] if

(1) For any closed set C' C X,

h]{lnjctlopﬁlogPN(XN e(C)< 7%16121( x). (1.5)
(2) For any open set U C X,
hmlnfﬁlogIPN(XN el) > _;IelfUI( x). (1.6)

We next introduce our main theorem, which is proved in Section |4l We will denote by Cjy ([0,1],R) the
space of continuous functions f : [0,1] — R with f(0) = 0, equipped with the supremum norm. We will also
denote by ACy C Cy ([0, 1],IR) the subset of absolutely continuous functions.

Theorem 1.2. Consider the open ASEP in the fan region ab < 1. Under the stationary measures u(q’a bied)

of open ASEP, the sequence of height profiles {hn}¥_; C Co ([0,1],R) satisfies the large deviation principle
with the good rate function 1) : Cy (0,1],R) — [0, 00] defined as follows.
When f € ACy ([0, 1], R) satisfies 0 < f' < 1 almost everywhere,

1@D)(f /'H' dx+/a(f@ﬁbgGJm%+(L—f)b@l—(h@»)dn—nggm», (1.7)

where H(z) :=zlogx + (1 — x)log(1l — x) if x € [0,1] and H(z) = oo otherwise;

a/(1+a)? ifa>1,
J(a,b) = b/(14b)2 ifb>1, (1.8)
1/4 ifab<1;

G«(x) := min (max( "(z),a/(1+ a)) ,1/(1+ b)); and f is the convex envelope of f, i.c., the largest convex
function below f. For any other f € Cy ([0,1],R) we define I@P)(f) = cc.
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Remark 1.3. The above large deviation principle for the stationary measure of open ASEP was first postulated
in the physics works [DLS02al [DLS03] by B. Derrida, J. L. Lebowitz and E. R. Speer. Recently it was rigorously
shown in [BZ24] by W. Bryc and P. Zatitskii in the case of open TASEP. The contribution of this paper is to
rigorously demonstrate this result in the fan region ab < 1 for general open ASEP.

Remark 1.4. An alternative formula for the rate function 1) : Cj ([0, 1], R) — [0, 00] was provided in the
recent work [BZ24, Theorem 3.4]. We will utilize this formula so we record it as follows. We have
1@9(f) = inf  1@Y(fg)

g€ACo,
0<g’'<1 a.s.

if f € ACo and 0 < f’ <1 almost surely, and I(f) = co otherwise, where

1
1@P(f,9) = / (H(f'()) + H(g'(x)))dx + log(ab) min (f(z) — g(x)) —log(b)(f(1) — g(1)) — log(J(a,b)).
0 <z<
Remark 1.5. Along the boundary curve ab = 1 of the fan region, the stationary measure py of open ASEP
becomes a product of i.i.d. Bernoulli random variables 7,..., 7y with mean 1/(1 +a) = b/(1 + b); see, for
example, [ED04, Appendix A]. The large deviation principle therein can be obtained using standard results.

1.4. Related works. One of the most important methods for studying the stationary measures of simple
exclusion processes on a finite lattice is the matrix product ansatz (MPA). This method was introduced by
Liggett [Lig75] in an implicit form and by Derrida, Evans, Hakim, and Pasquier [DEHP93] for the open
TASEP; see [BECEQQ] for its extension to open ASEP. The matrix product ansatz has inspired numerous
studies on various types of asymptotics of open ASEP. For a non-exhaustive list of works in physics, see
[IDEHP93], [SD93, [ERI6, MS97, IDL.S02al, [DLS03, [Sas00, USW04, [UW05] and the references in [BEQT, [Cor22].
It is known from [USWO04] (see also [CWII]) that the matrix product ansatz has a representation closely
related to the Askey—Wilson orthogonal polynomials [AWS85]. This connection has led to a powerful method
for studying the stationary measure of open ASEP [USW04, BW10, BWI17, BS19, WWY24].

The stationary measure of open ASEP is closely connected to many combinatorial structures, including
staircase tableaux, Motzkin paths, and two-layer measures. These structures arise from various representations
of the matrix product ansatz. See the survey papers [CJVWI11l WBE20] and references therein. The two-
layer Gibbs measure was recently introduced by [BCY24] to characterize the stationary measures of certain
integrable models with two open boundaries. This representation was later developed for the open TASEP in
[BZ24] and the open ASEP under Liggett’s condition in [Bry24]. See also [BNW24| [Bar24] for related works.
This two-layer reweighted random walk representation had appeared earlier for the open ASEP in the fan
region [BLD23| under Liggett’s condition; see [DEL04] for the open TASEP case. Another bi-colored Motzkin
path (or equivalently, two-layer measures) representation for the v = § = 0 case is provided in [BCET06]; see
INS24] for discussions and applications. A different representation of the stationary measure of TASEP was
studied in [DS05], Section 3.2], which has a Markov evolution structure of two layers.

The large deviation principle (LDP) is an important aspect of the stationary measure of the open ASEP
and has been the focus of extensive study. In the physics literature, the LDP for the open symmetric simple
exclusion process (SSEP) was calculated in [DLS01) [DLS02b] using the matrix product ansatz by directly
computing the probability of a macroscopic profile through the summation of configuration probabilities. For
the open ASEP, the LDP was calculated in [DLS02al [DLS03] for the case y =0 =0 and 0 < o, 8 < 1 —g.
This calculation is more complex and was carried out using the “additivity property” which was obtained
through the matrix product ansatz. For the weakly asymmetric limit (i.e. ¢ = 1 as ¢ =1 — A\/N), the LDP
was calculated in [ED04]. We refer the reader to [Der06, DerQ7] for introductory surveys on these topics.
For investigations on the LDP for the current of the stationary measure of open ASEP, see physics works
[BDO5, [dGE11] [LM11) [Laz13l [GLMV12], survey papers [Laz15, [Mall5] and more references therein.

In the mathematical literature, the LDP of the total number of particles for open ASEP was obtained in
[BW17] using Askey—Wilson methods. This observable is a marginal of the full height profile. It is not clear
whether the Askey—Wilson method is suitable for deriving the LDP of the height profile, due to a technical
constraint in the Laplace transform coefficients. On the other hand, the two-layer representation of open ASEP
is suitable for studying the LDP of the height profile. The LDP for the open TASEP stationary measure was
obtained in [BZ24] via the two-layer representation, using directly Mogulskii’s theorem in LDP theory. An
alternative formula for the rate function was also obtained in [BZ24]; see Remark [1.4.
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In the present work, we derive the LDP of the open ASEP in the fan region using a different version of the
two-layer representation compared to [BZ24], where the two layers are both fixed to start at zero and are not
ordered. In particular, in our representation the starting point of the second layer is not fixed and the two
layers maintain an ordering, which in some ways leads to a simpler description (for instance, the measure has
a Gibbs or spatial Markov property, though we make use of this only for c =d = ¢ = 0). It is not clear to us
whether using the two-layer representation for open ASEP under the Liggett’s condition in [Bry24] Theorem
1.1] (in which the starting points are fixed at zero), one can obtain the LDP in the fan region in a similar
way as [BZ24]; one issue is that it is not clear if the Radon-Nikodym derivative of the measure with respect
to independent random walks can be expressed as a continuous functional on the path space.

1.5. Method of proof. As mentioned, our approach relies on a comparison to open TASEP. Fix a,b > 0 and
consider the open ASEP system with parameters a, b, ¢, d and ¢, and the open TASEP system with parameters
aand b (i.e., c =d = ¢ =0). With the two-layer representation introduced in Section |2, one has an explicit
formula for the Radon-Nikodym derivative of the open ASEP two-layer measure with respect to the open
TASEP two-layer measure. Suppressing a, b, ¢, d in the notation, let P(9) and E(?) be the probability measure
and expectation associated to the open ASEP system mentioned above and P(®) and E(®) be the same for the
open TASEP system (so ¢ = d = 0 for the latter, but not necessarily for the former). Then we may write
the just mentioned Radon-Nikodym derivative as B(® /E()[B(@)] for a random variable B(9) = B(@<4) ¢ [0, 1]
(often called a Boltzmann factor). Our argument relies on the observation that, if for a given event A we can
find an event E such that P()(E | A) > 1—¢ and B >1—¢ on E, then

0

w > ]p(O)(A) .E(O)[B(q) | A] > p(O)(A) .E(O)[B(q)lE | Al > (1—¢)? .]}D(O)(A).
E©)[B(@)]

A similar upper bound of P(9)(A) < (1 —¢)~2-P®)(A) is more simply obtained since one also has E©[B(@] >

(1 — ¢)? given the existence of an event E as above for the whole space.

For our setting, the event F is the event that the two curves remain sufficiently separated for most of
their lifetimes. That the Boltzmann factor is essentially 1 when the curves are sufficiently separated has been
observed before in the context of ASEP systems, for instance, in the work [ACH24]. Since we are concerned
only with probabilities on the large deviation scale, we also do not need a probability lower bound of 1 — ¢
on IE”(O)(E | A), but merely something which decays much slower than exponentially in N. Thus the main
task in the proof is to establish that P(%)(E | A) is not too small for events A that arise in the LDP principle
(Proposition [2.9). Notice that this is a statement purely about the base measure P(9) which is the law of two
random walks conditioned to not intersect.

To prove such an estimate, we make use of Gibbs resampling arguments and monotone coupling properties
of the non-intersecting random walk measure. Roughly speaking, we use that the walks “repel” each other
(Lemma 3.4), along with standard fluctuation bounds for unconditioned random walks, to obtain that, with
not-too-small probability, the two random walks maintain a separation of at least N3/ for all but  proportion
of their lifetime. Here, the 3/5 exponent has no significance, and one could also obtain smaller separation
guarantees with higher, e.g., constant order, probability. This argument yields an LDP for the height function
evaluated at finitely many points (such choices of events for A are easier to apply the monotonicity arguments
for), which can then be upgraded to an LDP on the path space by standard LDP techniques.

P@(A4) =

Outline of the rest of the paper. In Section 2| we will introduce the two-layer representation of the
stationary measure of open ASEP and state a key estimate (Proposition [2.9) on random walk measures. In
Section [3| we will provide the proof of Proposition 2.9, and Section [4| contains the proof of the main result,
Theorem [1.2.

Acknowledgements. M.H. was partially supported by NSF grants DMS-1937254 and DMS-2348156. Z.Y.
was partially supported by Ivan Corwin’s NSF grant DMS-1811143 as well as the Fernholz Foundation’s
“Summer Minerva Fellows” program.

2. THE TWO-LAYER REPRESENTATION IN THE FAN REGION

In this section we introduce the two-layer representation for the open ASEP stationary measure in the fan
region. In Section 2.1 we collect some facts about the matrix product ansatz, and in Section 2.2| we use it
to give the two-layer representation in Theorem [2.5| In Section 2.3, we state our key estimate of the random
walk measures, Proposition [2.9. The proof of the latter will be the focus of Section |3l
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2.1. The matrix product ansatz and Enaud—Derrida representation. In this subsection, we will first
introduce the matrix product ansatz for the open ASEP from [DEHP93]. We will then introduce the Enaud—
Derrida representation of the matrix ansatz, constructed in [ED04].

Lemma 2.1 (c.f. [DEHP93]). Assume (1.1) holds. Also, assume that there exist matrices D, E, a row vector
(W|, and a column vector |V), all of the same (possibly infinite) dimension, and that all admissible finite
products of these matrices and vectors are well-defined (i.e., convergent if they are infinite-dimensional) and
satisfy the property of associativity. Further assume that

DE-¢eéD=D+E, (W|(aE—-~D)=(W|, (D -0E)|V)=]|V) (2.1)
(which is commonly referred to as the DEHP algebra). Then we have
V>
i=1

<w

(W|(E+D)"|V)
for any (11,...,7n) € {0, 1}, assuming that the denominator (W|(E + D)N|V) is nonzero.
Remark 2.2. As noted by [MS97, [ER96], assuming (W|V') # 0 and finite, the denominator (W |(E+ D)¥|V)
of the matrix product ansatz (2.2) being nonzero can be guaranteed by abed ¢ {q=* : £ € Z>¢}, where we
recall that a, b, c and d are given by (1.2). Observe that this is always the case in the fan region ab < 1 since
c,d e (—1,0].

As shown in [MS97, Appendix A], in the case above, for any ny,my,...,ng, m; € Z,, the ratio
(WIDME™ ... D" E™|V)/(W|V)

lies in Ry and only depends on the parameters g, «, 3,7,d and the choice of n;, m;. In particular, this ratio
does not depend on the specific examples of matrices D, E and vectors (W|, |V) that satisfy the DEHP algebra
(2.1)).

We will use the following example of D, E, (W[ and |V') constructed by C. Enaud and B. Derrida in [ED04],
which is known in the literature as the Enaud—Derrida representation.

Lemma 2.3 (c.f. [ED04]). Assume (1.4)) and ab < 1. Then the infinite matrices

N
H (sz‘:OE + 1T7‘,:1D)

UN (le---yTN): 5 (22)

1+d 1—g¢ 0 0o .. 1+c 0 0
1 0 1+4+qgd 1-—4¢° 0 1 |[1—cd 14gqc 0
1 4] 0 0 1+4¢*d 1-¢° C E=gT 00 1ogad 1% ;

and infinite vectors:

(cd;q)1 b2 (cd; q)2 b (cd; q)3 ’

(o) (@a)2 (e’
satisfy the DEHP algebra (2.1). Here and below, for z € C and n € Z>o U {oo}, we use the g-Pochhammer
symbol: (2;q)n = H;L;Ol (1 — 2¢’). Moreover, we have (W|V) = (abcd; q) oo /(ab; q) oo

W= [Laaa" . ] |v>—[1,b

Proof. The first statement appears in [ED04, Section 3.2], where our notations (a, b, c,d) correspond to

1- a
< P ) po ) —6€ _d)
Pa 1—p

therein. The second statement follows from the g-binomial theorem, see [GR11l Equation (1.3.2)]. O

2.2. The two-layer representation. In the fan region ab < 1, the stationary measures of open ASEP can
be expressed in terms of certain two-layer measures, which originate from the Enaud—Derrida representation
of the matrix product ansatz. In this subsection we will introduce this two-layer representation.

Definition 2.4. We define the two-layer measures.
(1) We will use TLy to denote the space of

A=A, A) €Z2VF20 X = (X(0),..., M(N)), i =1,2

satisfying the following conditions:
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Figure 3. The figure depicts the two layers A1 and Az, satisfying A = (A1, A2) € TLn.

o \i(0) =0,
o M(j) = ha(j) for j € [0, N],
o Mi(j) = \i(j—1) € {0,1} for i € {1,2} and j € [1, N].
See Figure 3| for an illustration.
(2) Let a,b,c,d, g satisfy (1.4) and ab < 1. For A € T Ly, we define the two-layer weight

Wt @25 (1) . g2 (0)=22(0) A (N)=Aa(N) (eds @ () -re(v)
(GO, (N)=X2(N)

I D tum—aG-n=uWe D (MG) = Xe() u,v) |, (2.3)

N
j=1 \uyve{0,1} Az2(f)—A2(j—1)=v

J

where for u,v € {0,1} and z € Z>q, we write (with the convention that 0° = 1)

17(]1 lf (U,V):(I,O),
1+dg” if =(1,1
Waed (@ uv) =4 ¢ ! (u,v) = (1,1), (2.4)
L+cg® i (uv) = (0,0),
1 —cdg® if (u,v) = (0,1),
We then consider the normalization constant
ZJ(\(]],a,b,c,d) — Z th\?,a,b,c,d)()\% (25)

AETLN
which, as shown in Theorem |2.5| below, is a finite constant. The two-layer measure is a probability
measure on the space T Ly defined, for any A € T Ly, by
Pg\g’a’b’c’d) (A) _ Wtsg7a7bic7d) (A)/Z](\(]]7a7bic7d) . (26)

The next theorem shows that the open ASEP stationary measure is a marginal of the two-layer measure.

Theorem 2.5. Let a,b,c,d,q satisfy (1.4) and ab < 1. Then the normalization constant (2.5) is finite, hence

the two-layer measure Pg\?’a’b’c’d) is a well-defined probability measure on TLy. The marginal distribution of

Pg\?’a’b’c’d) on the first layer X1 has the same law as the height function 1 +---+7;, j € [0, N]| of the stationary
(g:a,b,c,d)

measure [iy of open ASEP.

Remark 2.6. The two-layer representation above is equivalent to the Motzkin path representation given in
Section 3 of the first version of [Bry24] on arXiv. A similar representation in the v = 6 = 0 case is provided
in [BCET06] (see also [NS24]). Additionally, under Liggett’s condition (i.e., ¢ = d = —¢ in our notation), our
two-layer representation coincides with the one given in [BLD23] (see also [DEL04] for open TASEP case) and
with the “two-layer Gibbs measure” in [Bry24] (see also [BZ24] for open TASEP).

Proof of Theorem [2.5. We consider the matrices D, E and vectors (W|, |V) given by the Enaud-Derrida rep-
resentation [ED04] (see Lemma 2.3 above). For i € Zx>(, we use W; (resp. V;) to denote the i-th entry of the
row vector (W] (resp. the column vector |V)). For i,j € Zsq, we use D? (resp. E?) to denote the (i, 7)-th
entry of the matrix D (resp. the matrix E). In view of (2.3)), for any A € T Ly, we have

Wts\q/v787b)(:7d) (A)
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N
A (5)—Hr2(4)
= (1= Wh 020 T] Mam-26-0=0B + Lugrne-n=1D) 0 0 1) - V- (v)-
j=1
For any fixed A1, we sum over Ay and get
N

,a,b,c.d
Z wt >IN = (1 - Q)N<W H (1, ()= n G=1)=0E + 1y, (j)=x, (j—1)=1D) V>. (2.7)
A2:(A1,A2)ET LN i=1
We next sum over A; and get
,a,b,c,d ,a,b,c,d
Z$PeD = 37wt eI = (1 - V(W |(D + E)N|V). (2.8)

AET LN

In view of Remark 2.2 and the fact that (W]|V) is finite, the normalization constant Z](\‘,Z’a’b’c’d) is finite. The

result then follows from combining (2.7) and (2.8), in light of Lemma 2.1, This concludes the proof. O

We next provide an asymptotic result for the normalization constant, which will be useful later. It is
essentially a consequence of results of [USW04].

Lemma 2.7. Let a,b,c,d,q satisfying (1.4) and ab < 1. Then,
. 1 Ja,b,c,d
Jim - log Zi Y = —log(J(a,b)), (2.9)

where the function J(a,b) is defined by (1.8]).

Proof. In view of Remark 2.2, the ratio
(WD +E)N|[V)/(W|V) (2.10)

does not depend on the specific examples of matrices D, E and vectors (W|, |V) that satisfy the DEHP algebra
(2.1). Using a different example constructed by M. Uchiyama, T. Sasamoto and M. Wadati in [USW04], known
as the USW representation, [USW04], Section 6.1] computed the asymptotics of (2.10), which, combined with
(2.8), yields this result. O

For another computation of the asymptotics of (2.10) using again the USW representation, we refer the
reader to [BWI7] and [BW19, Lemmas 3.1 and 4.5].

2.3. An estimate for the open TASEP two-layer measure. In this subsection, we provide a key estimate
for a special type of two-layer measure, IP’S\(,)’a’b’O’O), which corresponds to the open TASEP. These measures can
be viewed as endpoint reweightings of two random walks conditioned not to intersect. Using this estimate, we

will compare the two-layer weights for the open ASEP with those for the open TASEP.

Definition 2.8 (Height profile). For a two-layer configuration A € T Ly, we denote by hnx[A] € Cy([0, 1], R)
the (re-scaled) height profile corresponding to it, defined as

) (£) =20 o

and by linear interpolation.

We will use the following key estimate of the two-layer measure Psg’a’b’o’o), Proposition 2.9} in the proof of

the large deviation principle. Roughly, it states that, with not too low probability, A; and A, are separated
on most of [0, N]. It will allow us to compare the weight function under the case of general parameters in
the fan region and the g = 0 case, as will be captured in Corollary [2.10. The proof of Proposition [2.9 will be
the focus of Section |3| and will appear in Section |3.2l Before stating it, observe from Definition |2.4| that for
A € TLy, we have

th\(;,a,b,o,o)()\) _ a>‘1(0)_’\2(0)b’\1(N)_’\2(N), Pg\(]),a,b,o,o)()\) _ th\?’a’b’o’o)()\)/ZI(\?’Q’b"O’O).

Proposition 2.9. Let a,b > 0 satisfy ab < 1. Fird €N and 0 <0 <--- <03 <0q11 =1 and 0 < u; < vy,
J € [1,d+ 1] satisfying vgs1 — uj < 8441 — 05 for j € [1,d]. Then for any fized r € N and € > 0 there exists
Ny € N such that for N > Ny,

PO (#0721 G) = ) <7} < [eNT | hw[N0)) € (ugo0y).5 € [Ld+1]) = e

(2.11)
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As a corollary, we next give a comparison result between the two-layer weights for open ASEP and the ones
for open TASEP.

Corollary 2.10. Let a,b,c,d,q satisfying (1.4) and ab < 1. Fixrde N and 0 <0y <--- <03 <0411 =1 and
0 <wu; <wj, j€[l,d+1] satisfying var1 —u; < Oay1 — 05 for j € [1,d]. Then we have
(g,a,b,c,d) (A)

1 ) Ve (ws ). wt

lm - log 2 oNET Lavih AN(O) € (us 0y deltd+1] WEN o (2.12)

N—o00 , Wt(0737b70,0)<)‘)
AETLn:hn[A](0;)€(uj,v;),5€[1,d+1] ¥ N

Proof of Corollary|2.10 assuming Proposition|2.9. For simplicity, we will write (where Val is short for “val-
ues”)

Val := {)\ eTLN: hN[)\](QJ) S (Uj,’l)j),j S [[1,d—|— 1]]}
By Definition [2.4], for any A € T Ly, we have

(cd; @) a, (V) =22 () "
(a3 C])Al(N)fAQ(N)

th\?’a’b’c’d) ()\) _ Wt53,37b7070) ()\)

N
Il D two-rnG-n=uW@ P uG) = Xe() [u,v) |- (2.13)
Jj=1 \u,ve{0,1} A2(7)=A2(G—1)=v

Recall that a,b >0, ¢,d € (—1,0] and ¢ € [0,1). Observe from (2.4) that,
WD (A1 (f) = Ao(j) | uv) < 1 (2.14)
and, as long as (A1(j) — A2(j),u,v) # (0,1,0),
WD (X (5) = A2(4) | u,v) > max (g, 1- qM(J’)**z(j)) , g:=min(l+c14+d,1—cd) e (0,1. (2.15)

In particular, using (2.14), the second line of (2.13) lies in (0,1]. One can also observe that

1—cd< (Cd§ q)n/(q; q)n < 1/(‘]; Q)oo for all n € ZZO~ (216)
Using (2.13) we then have, for all A € T Ly,
wtf D) < wt PO (N) /(g5 9)oo- (2.17)
Therefore (@)
. 1 Doaeva Win (N
lim sup — log 025.00) <0. (2.18)

N=roo 2 oxeval Wiy (A)

We next show the inequality in the other direction. Fix any r € N and € > 0. We will write (where Sep is

short for “separation”)
Sep:={AeTLy:#{j: M(5) — () <r} <[eN]}.

Next we observe that, since A € T, forno j =1,..., N in (2.13) will it be the case that (A1(j) — A2(j),u,v) =
(0,1,0), A\1(4) = A\1(j — 1) = u, and A2(j) — A2(j — 1) = v; otherwise, it would hold that A1 (j —1) < Aa(j — 1).
So we may apply the bound (2.15)) to each factor in (2.13). For each A € Sep, by combining (2.15) and (2.16)),
in view of (2.13), we have

wti PO D(N) > (1 - cd)(1 — g TN TN lENT g (02000 (),

Therefore,
Z Wt%’a’b7c7d)(A) > Z thg,a,b,c,d)(k) > (1 _ Cd)(]_ _ qr+1)N7[5N]g[5N] Z Wt§87a’b’0’0)(A).
AEVal AEValnSep AEValnSep
(2.19)
Using Proposition [2.9} there exists Ny € N such that for N > Np,
ST owtPPOO) > e M ST w0, (2.20)

A€ValnSep AEVal
Combining (2.19) with (2.20), we have that for N > N,

(g,a,b,c,d)
Z/\EVaIWt]\?a ‘ (A) >(1_ d)(l— r+1)N*(€N‘\ [eN],—N*/5
D Wt(0737b70,0)()\) - ¢ q g € '
A€Val N
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Therefore
,a,b,c,d
ZAEV&] th\?a ‘ )()\)
0,a,b,0,0
ZAGVal th\r )(A)

1 5
> lim inf ( log ((1 —cd)(1 - qTH)N*(sN]g(‘EN]e*N‘U )) =(1—¢)log(l —¢" ") +elog(g).
N—oc0 N

1
lim inf — 1
Noew N 0

Take r — 00, € — 04, the right hand side converges to 0. Combining with (2.18) we conclude the proof. O

3. PROOF OF TWO-LAYER SEPARATION

In this section, we provide the proof of the key estimate on separation of the two layers in the ¢ = 0 case
(Proposition [2.9). The proof, appearing in Section 3.2, will rely on the properties of random walks discussed
in Section 3.1}

3.1. Useful results of random walks. In this subsection, we provide some results on Bernoulli random
walk bridges, which will be useful later in our proof.

Definition 3.1 (Bernoulli paths and random walk bridges). Let N € N.

(1) A Bernoulli path L is a function L : [0, N] — Z such that L(j) — L(j — 1) € {0,1} for j € [1, N].

(2) Let f:[0,N] - ZU {0}, g: [0, N] - Z U {—oc0} be two functions and let z,y € Z. We denote by
Q(N,z,y, f,g) the set of Bernoulli paths L such that L(0) = z, L(N) =y and L < f, L > g over
[0, N]. If Q(N,z,vy, f,g) # 0, then we denote by PY:*¥:f9 the uniform measure on it. When f = oo
and g = —oo we also write Q(N,z,y) and PV®¥ to denote Q(N, z,y, 00, —00) and PN#:¥:50=%  We
call a path sampled from such a measure a Bernoulli random walk bridge.

(3) Let z1,x0,y1,y2 € Z. We denote by Q(N, (z1,22), (y1,y2)) the set of pairs of Bernoulli paths
(Ll,Lz) such that L1 2 L2 on [[O,N]], Ll(O) = I, LQ(O) = T2, Ll(N) = and LQ(N) = Y2. If
Q(N, (x1,22), (y1,72)) # 0, we denote by PY-(1,22):(¥1.92) the uniform measure on it. We call a pair
of paths sampled from such a measure non-intersecting Bernoulli random walk bridges.

We next record a useful property of non-intersecting random walk bridges, namely their spatial Markov
or Gibbs property. It follows immediately from the fact that the law of these processes is uniform on the
appropriate set of Bernoulli paths.

Lemma 3.2. Let N € N, f : [O,N] - ZU {0}, g : [0,N] — Z U {—o0} and z,y € Z be such that
Q(N,z,y, f,9) # 0. Let [a,b] C [0, N]. Then for any A C ZI**I,

PN,m,y,f,g (L cA | (L(ac) cx ¢ [[a +1, b— 1H)) — I[D[[a,b]],L(a),L(b),f\ﬂa,b]]»g\[a,b]] (L c A) ,

almost surely, where, in a slight abuse of notation, Ple-1L(@)L®).fltasy-9lta.t1 js the law of a random walk bridge
on [a,b] with boundary values L(a) and L(b) and conditioned to not intersect f and g.

We also have that, for x1,x2,y1,Y2 € Z such that Q(N, (x1,22), (y1,y2)) # 0 and any A C ZIONT | glmost
surely

]}DN7($1,$2)7(111192)(L1 €A|Ly)= PN,xl,yl,oo,Lz(Ll €A and
]PN,(xl,m)»(yl,yQ)(Lz €EA|L) = PN,xz,yz,Ll,foo(LZ € A).

The following lemma allows us to monotonically couple two pairs of non-intersecting Bernoulli random walk
bridges with ordered boundary data. It has been proven a number of times, perhaps first in [CEPQQ], but for
notation closer to our own we refer the reader to [DFET21] or [Ser23].

Lemma 3.3 (J[CEP00, DFE™21} [Ser23]). We have the monotone couplings of Bernoulli paths. Fiz N € N.
(1) Suppose g°,g* : [0, N] — Z U {—oco} with g* < g* on [0, N]. Suppose x®,2*,y°,y* € Z with 2® < zt
and y° < yb. Assume that Q(N,z", 4y, 00, g?) and Q(N, 2%, y*, 00, g*) are nonempty. Then there exists
a coupling between LP ~ PN”y%.00.9" gnd Lt ~ PN 009" guch that LP < L on [0, NJ.
(2) Suppose f°, ft:[0,N] — Z U {oo} with f®> < f* on [0,N]. Suppose x°,z*,y" y* € Z with 2* < zt
and y® < yb. Assume that Q(N,zP,y", fP, —c0) and Q(N,z*,yt, f*, —c0) are nonempty. Then there
exists a coupling between LP ~ PNy =00 gnd Lt ~ PN S = guch, that LP < Lt on [0, NJ.

Using Lemma [3.3| we obtain a useful correlation inequality.
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Lemma 3.4. Fiz N € N. Let x1,%2,y1,Yy2 € Z such that Q(N, (x1,22), (y1,y2)) # 0. Then for any functions
hi,hs : [0, N] = Z we have

PNx($17$2)7(y17y2)(L1 > hy, Ly < hy) > PN-z1.u (Ly > hy) 'IP’N’“"“Z(LQ < hy). (3.1)
Proof. We can assume that PY-#1:91(Ly > hy), PN:#2:92(Ly < hy) > 0. We first show that
]PNv(x17$2)7(ylay2)(L2 < hy) > IP’N’:‘”?’?’?(LQ < hy). (3.2)

Conditioned on a fixed L1 € Q(N,x1,%1), the path Ly has law PY:#2:¥2:.L1,=%0 By the monotone coupling
Lemma |3.3| (2), we have
]P)N7x27y2,L11700(L2 < h2) > PN’x2’y2(L2 < h2).
This concludes the proof of (3.2]). We next show that
PN7($179¢2)7(9172/2)<L1 > hy | Ly < hy) > PN,y (Ly > hy). (3.3)
Condition on a fixed Ly € Q(N,x2,ys2) satisfying Ly < ho, if the path L; exists, it has law PN@1.y1.00.L2 By
the monotone coupling Lemma |3.3| part (1), we have
prrnyeo b (L) > py) > NP0V (L) > hy).
This concludes the proof of (3.3). Combining with (3.2)) we conclude the proof. (]
We will also need a second correlation inequality, namely the Fortuin-Kasteleyn-Ginibre (FKG) inequality,

saying that non-intersecting random walk bridges are positively associated. For this we introduce the next
definition.

Definition 3.5. Define a partial ordering on the lattice Z™ by x < y if and only if x; < y; for j =1,...,n.
A subset B C Z™ is called increasing (resp. decreasing) if for any < y and « € B we have y € B (resp. for
any x <y and y € B we have x € B).

Lemma 3.6 (FKG inequality). Fiz N € N. Let z,y € Z, f : [0, N] = ZU {oc}, and g : [0, N] = ZU {—oc0}
be such that Q(N,x,y, f,g) # 0. Suppose B,C C ZN are either both increasing or both decreasing. Then,
PNev (L € BNCO) > PNovho(L e B) - PN2vl9(L € O).

Lemma [3.6|is a well-known fact, but as we could not find an explicitly quotable statement in the literature,
we give a brief proof.

Proof of Lemma|3.6. Tt is standard (see, for instance [GHMOI1, Theorem 4.11]) that the FKG inequality is
implied by the statement that, for any z € [0, N], t € Z, and o', n* € ZIONI\=} such that ot < nT,

PR I(L() 2 ] (L() ¢ 2 £ 2) = ') S PYE (L) 2 4] (L) 2 4 2) =),

where we assume that both conditional probabilities are defined, i.e., the probability of both the conditioning
events are positive. That the above inequality holds is a special case of Lemma |3.3| but is also easy to check
directly since conditional on (L(2’) : z # 2’), L(z) can take only one or two values, namely L(z — 1) and/or
L(z+1). O

The following is a standard supremum bound on random walk bridges.

Lemma 3.7 (c.f. Lemma 6.13 in [ACH24]). There exists C,c > 0 such that for any N € N, m € [0, N], and

M >0,
2
gM) 21cexp(d;§ > (3.4)

PN’O’"‘< sup ‘L(j) =
J€[0.N] n

Finally, we state a simple comparison statement for the tails of one-point distributions of random walk
bridges.

Lemma 3.8. Suppose N € N and m,h € [0,N]. Let 0 < s <t satisfying h —s < N —m. Then we have

IPN’O’h L(m) < s et
P < 2 &
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o=~ () (1)/()

which is nonzero if and only if 0 < k < mand 0 < h—k < N —m. We next show the following statement: there
exists ks and k; satisfying |k; — ks| <t — s, such that PNV-0"(L(m) = k,) is the maximum of PN-0"(L(m) = k)
over all k € [0, s], and a likewise statement holds for k;. Recall that the mass of a hypergeometric distribution
first increases and later decreases, and takes its maximum either at one integer or at two consecutive integers.
If PN:O"(L(m) = k) takes the maximum over all k € [0,h] at k = kpax, then (1) if s <t < kpax then kg = s
and k; = t; (2) if s < kpax < t then ks = s and ky = kpax; and (3) if kpax < s < t then ks = kt = kmax. In
all these cases we have |k; — ks| <t —s. When PV:O"(L(m) = k) takes the maximum at k = kmax, kmax + 1,
then a similar argument justifies |k; — ks| < t — s. Therefore we have

() (1)
S) > 1 kS h’ B ks > lelksfk‘t‘ > N717t+s
t)y —t(m N-—-m\ ~ ¢ -
ki) \ h— kKt
where we have used the fact that, for any r1,ry € [0,n], we have

We conclude the proof. O

Proof. Observe that

PNO(L(m)
PNO(L(m)

3

<
<

3.2. Proof of Proposition [2.9. In this subsection we will provide the proof of Proposition 2.9. For the
convenience of the reader, we restate the result as follows. We recall that, for A € 7Ly, we have

th\?,a,b,o,o) ()\) _ a>\1(O)—Az(O)bz\l(N)—)\g(N), ]P’g\?’a’b’o’o) ()\) _ th\(f),a,b,o,o)(A)/Z](\(]),a,b,o,o).
Proposition 3.9. Let a,b > 0 satisfying ab < 1. Fird e N, 0<6; <--- <03 <0441 =1 and 0 < u; < vy,

j € [1,d+ 1] satisfying var1 —uj; < 1—06; for j € [1,d]. Then for any fited r € N and € > 0 there exists
Ny € N such that for N > Ny, we have

P00 (#5: Ma() = do) S 7} < [eN] | hw[N(0) € (ugov)j € [Ld+1]) = e (3.6)

Proof. We split the proof into two steps. In the first step we show we can obtain a separation of N3/4 between
A1 and Mg at [0;N| for j =1,...,d with good probability, and in the second step that separation of this order
can be maintained at the intermediate locations.

Step 1. In this step we will show that there exists Ny € N such that for N > Ny,
PR (A(L0N]) = Ao(10;N]) = IN¥/41,5 € [1,d] | hw[N(0)) € (uj,05),5 € [1,d +1])

(3.7)
> N—zd[N3/4]_

By our assumptions on u; and v;, we can choose IN; € N such that for N > Ny, we have
lu;N| > [N¥*] for je [1,d+1] and |vg1N| — |u;N| 4+ [N¥*] < N —[6;N] for j € [1,d]. (3.8)

Note that hn[A](6;) € (uj,v;) implies A\ (|6, N]) € [|lu;N|, |v;N|]. Conditioned on the path A; and
A2(0) = x, A\a(N) = y, the path A (if such a path exists with the mentioned boundary conditions, i.e.,
Q(N,z,y, A1, —00) # 0) has law PN:#¥:A1,=% = Therefore, to show (3.7), we only need to show the follow-
ing statement: for N > Ni, a fixed Bernoulli path A; starting from X (0) = 0 and satisfying A, (|6,N]) €
[lu;N|, [v;N]] for j € [1,d + 1], and fixed z,y € Z satisfying Q(N, z,y, A1, —00) # (), we have

P (L(|0;N]) < M(1;N]) - [N¥4], 5 € [1,d]) = N~2V", (3.9)
We will argue this using the FKG inequality (Lemma |3.6) and monotonicity (Lemma [3.3). For this we will
~|0;N ) .
need raised versions of A;, denoted )\5 e :[0,N] = Z for j € [1,...,d] and given by

~16; 0.N if t =10,N|,
- D)=
00 otherwise.
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For such A; and z,y as in (3.9), we have

PNy~ (L(LejNJ) < M(LO;N]) - [N*/*],j € [[Ldﬂ)

Y
E&.

PR Ao (L(|0;N]) < A(16N]) — [N*/4])

<.
Il
—

LA
PNOAL(N) A

v
E@.

= (LN D) < (1N ]) = TN¥/47)

<.
Il
—

Il
E&

PYOMO (L(16;N]) < Ma(16;N)) = TN | L(10;N]) < M(19;N])))

<.
I
—

Vv

(v Ns/ﬂfl)d = 2N

where in the first step we use the FKG inequality (Lemma [3.6)), in the second step we use the monotone cou-
pling (Lemma 3.3, raising both the boundary values and the upper boundary curve; recall that z < A1(0) =0
and y < A1(N)), and in the fourth step we use Lemma [3.8, whose conditions are satisfied by (3.8). We conclude
the proof of (3.7).

Step 2. In this step we will show that there exists Ny € N such that for N > Na,

M(ON]) = Xa([0;N]) > [N¥4],j e [1,d] ) < L
. hN[J)z](leél—(u]ﬂii)v](e [[1,111—?]][[ H) Z 9’ (3.10)

By conditioning on the values \i(|6;N]) and X\ (|6;N]) for j € [1,d], it suffices to show the following
statement: for N > Ny and for any y;,2; € Z, j € [0,d + 1] such that

* 3 =0,

o y; —2; > [N3/4] for j € [1,d],

® y; € [[I_UjNJ, LUjNJ]] for j € [[1,d+ 1]],
and there exists A € T Ly satisfying A1 ([0;N|) = y; and \o(|6,N]) = z; for j € [0,d + 1], we have

PR (#5: M() = Ae(i) <7} < [eNT | MLV ]) = 93, 2 ((6;N]) = 2.5 € [0, +1]) > %; (3.11)

then (3.10) follows by averaging over the values A([0;N]) and A\i(|¢;N]) for j € [1,d]. We denote by
hi : [0,N] — R the piece-wise linear function connecting hq(|6;N]) = y; for j € [0,d + 1], and likewise
by he : [0, N] — R the piece-wise linear function connecting ho(|0,N|) = z; for j € [0,d + 1]. In view of
yj — 25 > [N3/4] for j € [1,d], there exists N3 € N which only depends on r € N, € > 0 and 0;, 7 €[0,d+1]
(in particular, independent of y; and z;), such that for N > N3, we have

hy — N3/° > hy + N5 4+ 44 over [|eN/2],N —|eN/2]].

p{0-2-:0:0) (#{j P AL(J) — A2(f) <7} < [eN]

Hence
{#7:M0) = A20) <7} < [eNT} D {A(d) — A2(d) > 1, J € [[eN/2], N — [eN/2]]}

3.12
3{Alzhl—N3/5,/\2§h2+N3/5}. (3.12)

For j € [1,d+1], we denote by hgj) [0, [6;N]—[6;—1N|] — R the linear function connecting hgj)(O) =Y
to hgj)(LGij - 16;-1N]) =y, - Likewise, we denote by h(QJ) 1[0, |6;N] — [6;—-1N]|] — R the linear function
connecting hgj)(O) =zj_1 to hgj)(LHjNJ —0;-1N]) = z;. We have

PR (42 Ma(G) = Ae(i) <7} < TeNT | M(16;N]) = w3, Aa((6;N]) = 2,5 € [0,d +1])

> PO (A 2 = N0 < by + N | A(10;N)) = 5 Xa(10;N)) = 25,5 € [0,d+1])

d+1
= H]}DL9J'NJ—L9J'—1NJ,(yj—lvzj—lh(waj) ()\1 > hgj) — N3/5 )\, < hgj) + N3/5)

j=1
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d+1 d+1

> H]P)I_QjNJ*I_ijlNJ,yj—lyyj ()\1 > hgj) _ N3/5) H]:ijNJ*\_ejleJ’ijl»zj ()\2 < hgj) + N3/5>
j=1 j=1
N6/5 2d+2
>(1—Cexp (c >) , (3.13)
( [6;N] —[0;-1N]

where in the first step we use (3.12), in the second step we use the Gibbs property of random walk bridges
(Lemma (3.2)), in the third step we use Lemma 3.4/ and in the fourth step we use Lemma 3.7, We next choose
N4 € N such that for N > Ny, the right hand side of (3.13) is greater than 1/2. Take Ny = max(N3, Ny),
then for N > Ns, (3.11) holds and hence (3.10) holds.

Conclusion of the proof. We next choose N5 € N such that for N > N5, we have
1
N2INAT 5> e N (3.14)

By Step 1, for N > N; we have (3.7). By Step 2, for N > Ny we have (3.10)). Take Ny = max(N7, Na, Ns).
Then for N > Ny, in view of (3.14]), we have (3.6). We conclude the proof. O

4. PROOF OF THE LARGE DEVIATION PRINCIPLE

In this section we give the proof of the main result, Theorem [1.2l We start by giving the rate function for
the finite dimensional LDP in Section [4.1. Section [4.2] collects some standard results from LDP theory. The
proof of Theorem |1.2|is given in Section |4.3| combining these ingredients with Proposition [2.9|

4.1. The finite dimensional rate function. We define and analyze the rate functions on R%*!, which will
later serve as the rate functions for the finite dimensional marginal distributions of the height function.

Definition 4.1. Let a,b > O satisfy ab< 1. Let d e Nand 0 < 6; < --- < 83 < 0441 = 1. We consider the

function Ie(j),?.).,edﬂ : R — [0, 00] defined as

T1yeees @ = inf 1G@0)(£),
(1 a+1) FECH([0.1),R), f(0;)=a;,5€[L,d+1] v

where 1) : Cy ([0,1],R) — [0,00] is defined in the statement of Theorem |1.2 Since I®P)(f) < oo if and
only if f € ACy and 0 < f’ <1, we have that ]é?’b)

yoefdt1

0 S Tj—Tj-1 S 9]‘ — Hj_l for ] S ﬂl,d+ 1]], (41)

(x1,...,24+1) < oo if and only if

where we denote 6y = x9 = 0. The conditions (4.1) specify a subset Coney, ... g, , C Ré+1,
Remark 4.2. By the alternative formula of 1(®?) given in [BZ24] (see Remark |1.4), we have

(a,b) _ : (a,b)
I ey Td) = f I . 9), 4.2
91"“’9““(“ ) f.9€AC, olélf’,g’ﬁ a.s. (4.9) (4.2)
f(ej):Zj7 je[[LdJrl]]

where we recall
1
19 (f,g) = / (H(f'(x))+H(¢'(x)))dz-+log(ab) min (f(x)—g(z))—log(b)(f(1)—g(1))—log(J(a,b)). (4.3)
0 <<
The following result will be useful later in the proof of the large deviation principle.

Lemma 4.3. Let a,b > 0 satisfy ab < 1. Letd e N and 0 < 0 < --- < 03 < 0441 = 1. Then for any open

subset U C R¥1 we have o) o)
. a, . a,
;IelfU Iel""’9d+1 (I) - zEU%Wné‘oneo [91"“’9‘1+1 (l’),

where Cone® denotes the interior of the cone Cone = Coneg, ... 94, i-€.,

Cone® = {({El, . ,LL’dJrl) S Rd+1 0 < Tj—Tj—1 < 9j — 9j,17j S [[1,d+ 1]]} . (44)
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Proof. We can assume U \ (U N Cone®) # () without loss of generality. By (4.2), we only need to show

inf 10 (f,g) = inf 12 (f, g). (4.5)
f,9g€ACo, 0<f',9'<1 ae. f,9€ACH, 0<f',9'<1 a.e.
(f(01),-...f(0at1))EU (£(01),.+.,f(0a41))€UNCone®

We only need to consider functions f such that f € ACq, 0 < f' < 1 almost everywhere, and it holds that
(f(01),...,f(Bas1)) € U\ (UNCone®). We define

Indo(f) :={j € [L,d+1]: f(0;) = f(6;-1)}, Indi(f):={j €1, d+1]: f(0;) = f(0j—1) =0; —O;—1}
Then 0 # Indo(f) UIndy(f) C [1,d + 1] and Indo(f) N Ind;(f) = 0. Note that if j € Indg(f), then f'(z) =0

for almost every z € [#;_1,6;], and if j € Ind;(f), then f’(z) = 1 for almost every x € [#;_1,6;]. With this
observation, for £ > 0 we consider the function f.(x) on z € [0, 1] defined by

fe(x) = f(x) + Z ((l‘ - 9.7'—1)1306[9j71,9j71+6] + €1$>9j—1+5)
J€Indo(f)

- Z ((.’13 - ej*1)1$€[9j—1,9j_1+8] + 51w>0]-71+e) .
j€Ind; (f)
For ¢ > 0 sufficiently small, we have f. € ACo, 0 < f. < 1 almost everywhere and (fc(61),..., f-(84+1)) €
U N Cone®. Since H(1) = H(0) = 0 and whenever f'(x) # f.(z) it holds that one equals 1 and the other 0,
we have H(f'(z)) = H(f.(x)) almost everywhere. Therefore, in view of the formula (4.3) for I(f, g), for any
functions g such that g € ACq and 0 < ¢’ < 1 almost everywhere,

lim I(fe,9) =1(f,9)-
e—0+
We conclude the proof of (4.5) and hence the proof of the result. O

4.2. Some standard results in large deviation theory. In this subsection, we record several standard
results from the theory of large deviations in [DZ09], which will be useful later in our proof.

Theorem 4.4 (Contraction principle, c.f. Theorem 4.2.1 in [DZ09]). Let X and Y be Hausdorff topological
spaces and f : X — Y be a continuous function. Consider a good rate function I : X — [0, 00].
(1) For each y € Y, define
I'(y) = inf{I(z):x € X,y = f(x)}.
Then I' is a good rate function on Y, where as usual the infimum over the empty set is taken as co.
(2) If I controls the LDP associated with a family of probability measures {Pn}3_; on X, then I' controls
the LDP associated with the family of probability measures {Py o f~11%_, on V.

Theorem 4.5 (Dawson-Gértner Theorem, c.f. Theorem 4.6.1 in [DZ09]). Let X = lim, M; be the projective
limit of a projective system (Mj7pij)z‘<jeJ of Hausdorff topological spaces (Mj)je.f with continuous maps
pij : Mj = M;. Letpj : X — M, j € J be the canonical projections. Let {Xn}3_, be a sequence of random
variables taking values in X, such that for any j € J, the sequence of random variables {p; o Xn}3%_, taking
values in M; satisfies the LDP with the good rate function I;(-). Then {Xn}3_, satisfies the LDP with the
good rate function:

160 = sup L (p, (), x € X.

Lemma 4.6 (c.f. Lemma 4.1.4 in [DZ09]). A sequence of random variables taking values on a regular topo-
logical space (in particular, a metric space) can have at most one rate function associated with its LDP.

Lemma 4.7 (c.f. Lemma 4.1.5 (b) in [DZ09]). Let {Xn}%%_; be a sequence of random variables taking values
in a topological space X. Let £ C X be a Borel measurable subset such that X almost surely take values in
E, for each N =1,2,.... If {XN}¥_, satisfies the LDP in X with the good rate function I and I = oo on
X\ &, then the same LDP holds on E.

Lemma 4.8 (c.f. Corollary 4.2.6 in [DZ09]). Let {Xn}%_; be an exponentially tight sequence of random
variables taking values in X equipped with the topology t1 (see [DZ09) page 8] for the definition of exponential
tightness). If {XN}S_, satisfies the LDP with respect to a Hausdorff topology to on X that is coarser than
t1, then the same LDP holds with respect to the topology t;.
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4.3. Proof of Theorem [1.2l

Proof of Theorem|[1.2. Let a,b,c,d, ¢ satisty (1.4) and ab < 1. We know from [BZ24] that the main Theorem
1.2/ holds in the special case c =d = ¢ = 0. We now show that it holds true in the general case. By the result

in [BZ24] for ¢ = d = ¢ = 0 and the contraction principle (Theorem [4.4)), for any fixed 0 < 61 < -+ < 0441 = 1,
the re-scaled height function (hy(61),...,hn(0411)) € R4 under the stationary measure Hgg,a,b,o,o) satisfies
the large deviation principle with good rate function Ié?’?). 0uin

representation (Theorem [2.5)), for any closed subset C' C R4*1,

. In view of Definition [1.1| and the two-layer

. 1 0,a,b,0,0 . ab
lim sup log Py (hxIN(0), .. iy [N (Bas1)) € C) < — Inf I, (@), (4.6)
and for any open subset U C R4+,
.1 (0,3,b,0,0) : (ab)
I%&fﬁlogPNa ((hn[A](01)s .., An[A](Ba11)) €U) > fmnel{fjleim,adﬂ(x). (4.7

We split the rest of the proof into two steps.

Step 1. In this step we show that, for any fixed 0 < 61 < -+ < 0441 = 1, under the stationary measure

,ug\q,’a’b’c’d), the re-scaled height function (An(01),...,hn(0411)) € RIT! of open ASEP satisfies the large
deviation principle with the same good rate function Ié?f)‘,adﬂ.

Recall from (2.17)) that thg’a’b’c’d)()\) < th\e’a’b’o’o)()\)/(q; q)oo for any A € T Ly and from Lemma 2.7/ that
the limit of % log Z](\?’a’b’c’d) does not depend on ¢. So by (4.6)), for any closed subset C' € R4+,

. ]- a,b,c
lim sup - log P (A [A)(61). ... ov[X](0a41)) € C) <

N—o0

1 a e
lim sup 1og P02 200 (b [AJ(61), ..., An[A](Bagn)) € C) < — inf I (). (4.8)

01,...,0
N—oo 1 d+1

For any open subset U C R%*! we want to show

.....

.. 1 ,a,b,c,d . a,b
lim inf — log P (hn[N](61), ... hw[N(6ur1)) € U) > — inf 1577, (). (4.9)

In view of Lemma 4.3, we only need to show (4.9) for open subsets U C Cone®, where Cone® is given by (4.4)).
One can observe that if U = U2, U; and (4.9)) holds for each U;, then it also holds true for U. Note that any
open subset of Cone® is a countable union of open rectangles of the form (uy,v1) X -+ X (Ug41,v4+1), each of
which has positive distance to the boundary of Cone C R%. Such rectangles satisfy

0<Uj—1}j,1 <V; —Uj—1 <9j—0j,1,j€ Hl,d—f—l]]. (410)
In particular, the assumptions of Corollary |2.10| are satisfied. Combining Corollary [2.10 and Lemma |2.7}

i L og EN T (NN @O, - [N Gasn)) €U)
Nooo N RO (v N (0), - v [\ (Ba1)) € U)
for any open rectangle U = (u1,v1) X - -+ X (ug41,v4+1) in Cone® which has positive distance to its boundary.
Combining with (4.7)), we know that (4.9) holds for such open rectangles U. By the arguments above, we
conclude that (4.9) holds for any open subset U C R4,
Combining (4.8) and (4.9), we conclude that under the stationary measure ugg’a’b’c’d), the height function

(hn(01), ..., hn(0as1)) € RIF! satisfies the large deviation principle with good rate function Iogjf.).,edﬂ'

Step 2. In this step we use the Dawson—Gartner Theorem to enhance the large deviation principle from the
finite dimensional marginals (hx(61),...,hn(04+1)) of hx under ug\?’a’b’c’d) to the level of the path space, thus
concluding the proof. This argument is similar to [DZ09, Proof of Theorem 5.1.2].

Define X to be the space of (arbitrary) functions f : [0,1] — R such that f(0) = 0, equipped with
the topology of point-wise convergence, i.c., the topology generated by V; s := {g : [0,1] — R : g(0) =
0,|lg(t) — x| < 6} for all t € (0,1, z € Rand § > 0. For any d € Nand 0 < 0; < -+ < 0441 = 1, there
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is a natural projection X — R4*+! defined by f +— (f(61),...,f(04+1)). Observe that they form a projective
system with the partial ordering given by inclusion over the index set

Uff:l{(ﬁl,...,ﬂdﬂ) 0<th << 9d+1 = 1},

and that X is the projective limit. By the Dawson-Géartner Theorem (Theorem [4.5)), the large deviation

principle holds for the height profiles hy under the stationary measure ugg’a’b’c’d), considered as random

variables taking values in X, with good rate function 1 : X — [0, 00| given by

1eO(f) = s I (PO, f(0ar)) (4-11)
0<01 < <ba41=1

We denote the subset of (non-strictly) increasing, 1-Lipschitz continuous functions by Y C X. Then Y
can be seen as a closed subset in the (Hausdorff) topology of X'. The height profiles {hAn}3¥_, are random
variables taking values in V. Using (1.6) for U = X \ J we conclude that 1) = oo on X \ V. In view of
Y c Cy([0,1],R) C X and using Lemma 4.7, the large deviation principle holds on Cj ([0, 1], R) with good rate
function ' (@:b) but with the topology on Cq ([0,1],R) induced from X, which is coarser than the supremum
norm topology. By the Arzela—Ascoli theorem, ) is a compact subset in the supremum norm topology. Since
the height profiles take values in ), they induce an exponentially tight sequence of measures (see [DZ09, page
8] for the definition of exponential tightness). Then by Lemma 4.8| the large deviation principle with good
rate function 7 can be strengthened to C ([0, 1], R) with the supremum norm topology. Since 1) only
depends on a and b, in view of [BZ24] that Theorem 1.2 holds for ¢ = d = ¢ = 0 and the uniqueness of rate
function (Lemma 4.6), we have 1G@b) — 1@b) where (=) is the rate function defined in the statement of
Theorem [1.2. The proof is concluded. O
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