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A stationary model of non-intersecting directed polymers

Guillaume Barraquand and Pierre Le Doussal!

Laboratoire de Physique de I’Ecole Normale Supérieure, ENS, Université PSL, CNRS,

Sorbonne Université, Université Paris-Cité, 75005 Paris, France

Abstract

We consider the partition function Z,(Z,0|¢,t) of £ non-intersecting continuous directed
polymers of length ¢ in dimension 141, in a white noise environment, starting from positions
Z and terminating at positions . When ¢ = 1, it is well known that for fixed x, the field
log Z1(z, 0]y, t) solves the Kardar-Parisi-Zhang equation and admits the Brownian motion as
a stationary measure. In particular, as ¢ goes to infinity, Z1(z, 0|y, t)/Z1(x,0|0,t) converges
to the exponential of a Brownian motion B(y). In this article, we show an analogue of this
result for any ¢. We show that Z(Z,0|7,t)/Z(Z,0|0,t) converges as t goes to infinity to
an explicit functional Z5***(y) of ¢ independent Brownian motions. This functional Z5%*(g)
admits a simple description as the partition sum for £ non-intersecting semi-discrete polymers
on £ lines. We discuss applications to the endpoints and midpoints distribution for long non-
crossing polymers and derive explicit formula in the case of two polymers. To obtain these
results, we show that the stationary measure of the O’Connell-Warren multilayer stochastic
heat equation is given by a collection of independent Brownian motions. This in turn is
shown via analogous results in a discrete setup for the so-called log-gamma polymer and
exploit the connection between non-intersecting log-gamma polymers and the geometric
RSK correspondence found in [I].
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Motivation. Interacting directed elastic lines in presence of quenched point disorder appear in
many physical systems in dimension d = 241 and d = 14 1. Examples are pinned vortex phases
in superconductors [2], such as the Bragg glass and the vortex glass [3], arrays of dislocation lines
in solids [4], surfaces of crystals with quenched disorder [5]. In dimension d = 141 the statistical
mechanics is more tractable, and experiments are possible [0 7, [8]. One can define a phase (or
counting) field and, for generic interactions between the lines, the system can be described by
a Sine-Gordon model with a quenched random phase [9]. Being known as the Cardy-Ostlund
model [I0], it describes the classical 2D XY model with quenched random fields (and vortices
excluded), and is also related to random bond 2D dimer models [IT), 12, [13]. Renormalization
group and numerical studies of the Cardy-Ostlund model [10} 5], 14} 1T}, [15] 16 17] showed that



there are two phases, a high temperature rough phase and a low temperature super-rough glass
phase. A particular case arises when the repulsive line interactions are replaced by non-crossing
constraints. The pure system can then be modeled by free fermions [I8, [19]. In presence of
space-time disorder, non-interacting fermions are also believed to belong to the universality
class of the Cardy-Ostlund model [20] [15].

In another direction, the system of non-crossing lines in a random potential was studied
more directly using the replica method and the Bethe ansatz. Using a mapping of the problem
onto U(n) fermions with attractive interactions [2I], the quenched-averaged free energy was
calculated in [2I] from the continuation to n = 0. In [22, 23] the mesoscopic fluctuations of the
free energy were predicted using an additional effective mapping to a weakly repulsive Bose gas.
Attempts to calculate the density correlations of the line lattice from the excitation spectrum of
the U(n) fermions led to conflicting results |24, 25]. More recently, the nested Bethe ansatz was
used to obtain non-crossing probabilities [26], [27] as well as the tail of the probability density
function (PDF) of the free energy of N non-crossing lines [28]. These later works are based in a
large part on recent progress in the mathematical literature to describe non-crossing continuous
directed polymers [29] (see also [30), 31]).

1 Model and main results

1.1 The directed polymer model. Before describing the aim and main results of the
present paper, let us recall the model of a single directed elastic line, also called a directed
polymer, in a random potential in dimension d = 1 4+ 1. For a polymer of length ¢, with
endpoints in x,y, it is defined by the partition sum

IE(t): dx

v Da(r)e- Sy (A0 2 @@ m) _ g [efot dm(W(T),T)] nlzy) (1)

Z(x,0]y,t) = /

z(0)=z
_@=y)?
where in the last (equivalent) expression, pi(z,y) = % is the heat kernel, and the ex-

pectation E is over standard Brownian bridges W, with endpoints W (0) = = and W (t) = y.
Here n(z,7) is a Gaussian noise, that we assume to be white in the (fictitious) time variable
7. So far, we do not make assumptions on its correlations in space, but we focus below on the
case of delta correlations in space, that is E[n(z,t),n(z’,t')] = 6(x — 2’)0(t — t'), which requires
extra mathematical care (see Section . From the Feynman-Kac formula, the directed polymer
partition sum Z = Z(z,0|y,t) is the solution of the stochastic heat equation (SHE) in the It
sense

1
OZ = 502 +nZ 2)

with initial condition Z(x,0|y,t = 0) = é(y — x). The height field defined by (minus) the free
energy of the polymer as a function of the endpoint position, that is h(y,t) = log Z(y, t), solves
[32] the one-dimensional Kardar-Parisi-Zhang (KPZ) equation (in that case with the so-called
droplet initial condition). The KPZ equation describes the stochastic growth of an interface of
height h(y,t) in presence of a noise 7.

A well known property of the KPZ equation on the full line with space-time white noise 7 is
that it is associated to a Brownian stationary measure. More precisely, while the global height
grows linearly with time with non trivial ¢'/3 fluctuations, the height differences between any
two points, will reach at large time a stationary distribution given by a Brownian motion. This
was pointed out long ago [33| 34, 35] and proved rigorously in [36] (see also [37]). In terms
of directed polymers, ratios of partition sums with different endpoints converge in the limit of



very long polymers. They have the same distribution as ratios of the exponential of a Brownian
motion, which we denote by Zjt(y) = ¢B®). More precisely,

_ stat
i 2@ =ty,0) @ Zi(y) _ B)-Be) (3)
t=too Z(x, —t]2,0)  Z5¥(z)

for any fixed z, where B(y) is a standard Brownian motion (i.e. with B(0) = 0 and dB(y)? =
dy). In , the limit on the left-hand-side exists for almost every realization of the environment
7, and the equality in distribution holds as a process, that is jointly in y and z (see [38, Theorem
1.11] for a rigorous proof of the convergence in distribution). The particular realization of B
depends of course in a very non-trivial way on the random potential 7.

The process Z5%(y) = eBW describes the (unnormalized) endpoint measure for very long
polymers. Although it is not normalizable in the full space, we may apply an external force on
the directed polymer endpoint, as can be done in experiments. Assuming the force derives from
a sufficiently confining potential U(y), the density of the polymer endpoint becomes proportional
to Z5%(3)e~AU)  which is now normalizable. Similarly, the probability measure of the midpoint
of a very long polymer can be read from by considering Z(z, —t|y,0)Z(y,0|z,t) for large
t and it is distributed as eZ@+EW) where B and B are two independent standard Brownian
motions.

1.2 Non-intersecting directed polymers. A very natural question is to consider now £
continuum directed polymers constrained not to cross, in the same random potential 7, and
ask what is the stationary measure. In this paper we obtain this stationary measure for the
case of space-time white noise, in a form which generalizes the result for a single polymer
¢ =1, depending now on ¢ Brownian motions. This provides information on the behavior of the
endpoint probabilities of very long non-crossing polymers, as well as their midpoint probabilities,
as we discuss below. The result is obtained by considering a discrete version, the log gamma
polymer model, recalled below, for which we also obtain novel results. We first summarize our
main results in the continuum and explain later the general idea of the method, as well as the
new results in the discrete setting.

To express our result in the next subsection, leaving aside mathematical subtleties for now,
let us define Zy(Z, 0]y, t), the partition function of £ non intersecting continuous polymers, with
starting points at & = (r1 < 22 < --- < xy) and ending at ¥ = (y1 < y2 < --- < y¢). It can be
defined as the expectation over ¢ non-intersecting Brownian paths Wj(r), j = 1,...,¢ starting
from W;(0) = z; and ending at W;(t) = y;,

Zu(, 017, t) = det (pi(xi, )", B |e o 77251V (4)

where the expectation E is taken over W7, ... Wy, £ non-intersecting Brownian bridges. The first
factor corresponds to the standard formula for the propagator of ¢ non-intersecting Brownian
motions. The partition function Z;(Z, 0|y, t) was considered in physics |22} 26], 28] and is given
by the Karlin Mc Gregor formula [39]

Zf(xly <y Lpy O‘yh < Yes t) = det (Zl (xia O‘ij t))f,j:l : (5)

From a mathematical point of view, can be taken as a definition of Z,, which poses no issue
even in the case of a white noise in space. The partition function Z, satisfies the stochastic
partial differential equation

1
O Zy = Z 58%'%2@ + Zy Z n(yi, t) (6)

3



on the Weyl chamber
Wez{y*GRé;y1<yz<---<ye}, (7)

with the boundary condition that Z, = 0 whenever any y; = y;+1. The formula is well
defined for a smooth spatial noise correlator, but there are some mathematical issues in defining
the white noise limit. We refer to [30, 40} [41] for a more precise mathematical discussion on the
well-posedness of such stochastic PDEs.

1.3 Main results. We can now state our main result for the continuum model described in
the previous section. We find that the generalization of to £ non-crossing directed polymers
is the following. For &, ¥, Z € Wy,

lim 200 D 2 (8)
1
where the partition function Z5%* is now defined by

-1 k

Zstat / H H eBz kt1(27)—Be—pq1(z;- 1) H H dzz ’ (9)
GT(9) =1 i=1 k=1i=1
where the Bi(z), k = 1,..., /¢ are ¢ independent standard Brownian motions (we will assume for

convenience that B (0) = 0, although it does not matter since @ only involves increments of
the Brownian motions). We use the convention that z(')" =0 for 0 < k < £, and the integration
is performed on the interlaced set of ¢(¢ — 1)/2 independent auxiliary variables (which form a
Gelfand-Tsetlin pattern)

T(§) = {(zf)1cihee 1 28T < 2f < 2P for 1 <i <k <0—1, and 2f = y; for 1 <i < (}.
(10)
Note that for any =z < 1,

l -
Z3(§) = edaims Bi@) 312t (7 4 T). (11)
Remark 1.1. We expect that as ¢ goes to infinity,

Zy(%; —t]2;0) ZS““(Z)

holds not only for fixed i and Z, but as long as |y; — z;| < t2/3 for all 1 < 4,7 < /.

1.4 Outline. In the remainder of this Section, we discuss a graphical interpretation of the
quantity Z5**(y) that we can view as the partition function of en ensemble of semi-discrete
directed polymers. We also discuss generalizations of our main result | . ) and applications to
the midpoint and the endpoint distribution of n non-intersecting polymers.

In Section [2] we consider a special exactly solvable model of discrete directed polymers on
the Z? lattice (originally introduced in [42]) with inverse gamma distributed weights. We state
and prove a discrete analogue of our main result using a connection, developed in [1], between
polymer partition functions and the geometric RSK correspondence. Then, in Section [3] we
take the continuous limit of the results from Section [2 to derive our main result and the
other results given below in Section [[ We provide actually two routes leading to the same
result: in the first derivation, we start finding the (simpler) stationary measure of an object
called the multilayer stochastic heat equation introduced in [30] (Section . We then deduce

4
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Figure 1: The partition function Z§**(¢) defined in @ can be interpreted as the partition sum
of non-crossing semi-discrete polymers. We have depicted the case £ = 2 (left) and ¢ = 3 (right).

the stationary measure of the stochastic PDE () using a remarkable relation from [30] between
the partition functions of non-intersecting polymers with distinct endpoints and the multilayer
stochastic heat equation. In the second derivation, we do not appeal to [30] but use a discrete
analogue of , and we take a scaling limit.

1.5 Graphical interpretation, generalizations and applications.
1.5.1 Graphical interpretation. For £ = 2 one has, with z = 2} and y; < 32

Y2
Zstat(yl,QQ) _ eBl(yl)"l‘Bl(yQ) dZe_Bl(Z)+B2(Z)7 (13)
Y1

which can be seen as the partition function of two non-intersecting semi-discrete polymers as
shown in Fig. The polymer paths live on two horizontal lines. The two polymers start at
the horizontal coordinate 0, and end on the second line at horizontal coordinates y; and ys
respectively. The energy collected by a given polymer path is the sum of increments of two
independent standard Brownian motions B; and B> along each horizontal line.

For ¢ = 3 and for y; < y2 < y3 one has

Z5% (g1 o, y3) = eB1(y1)+B1(y2)+B1(ys)

d22dz3eP2 ()~ Bi()+Ba(3) =B (23) / d2leBsGH-B2Eh) | (14)

>< /
y1<z2<y2<z2<ys 22<z] <22

This can also be interpreted as the partition function of three non-intersecting semi-discrete
polymers as shown in Fig. [1| (right).

More generally, for any ¢, Z5**(g) is the partition function of £ non-intersecting semi-discrete
polymers on £ horizontal lines, indexed from top to bottom, weighted by independent standard
Brownian motions Bj, ..., By. The polymer paths all start from the horizontal coordinate 0, and
end on the first line at locations y1, ..., y¢. Such a semi-discrete polymer model has been well-
studied, starting from [43], and is generally referred to as the O’Connell-Yor polymer model. In
earlier references, consideration was restricted to the case where semi-discrete non-intersecting
polymers arrive all at the same point. It seems remarkable that partition functions of the semi-
discrete O’Connell-Yor polymer describe the stationary measure of non-intersecting Brownian
polymers.

Note that we have represented in Fig. [I] the case where all y; > 0 but this is sufficient, since
the origin can be chosen arbitrarily far to the left, as it cancels in the partition function ratio.



Since, as we just discussed, Z5**(§) can be seen as the partition function of £ non-intersecting
polymers, the Karlin-McGregor formula yields the alternative formula

stat (0)' .

2 (§) = det (2°((0.9)](43. 1)), _, ._, - (15)
where Z°Y[(0,4)|(y, 1)] is the partition function for a single semi-discrete polymer starting from
horizontal coordinate 0 on the i-the line (lines are indexed from top to bottom) and ending on
the first line at horizontal coordinate y (see Section below for more details about the semi-
discrete O’Connell-Yor polymer mode, see in particular for an explicit expression defining

ZO¥1(0,9)(y;, 1))

Remark 1.2. The quantity Z;** defined in (9) satisfies a surprising identity. For any realiza-
tion of the Brownian motions By, ..., By, ZStat remains unchanged if we replace the Brownian
motions By, ..., By by a family of processes WBy, ..., WDBy built from the Brownian motions
By, ..., By (this process is called the melon of the Brownian motions Bj, ..., By in [44], where
a similar invariance plays a crucial role in the construction of the Airy sheet). We explain the
details of this construction in Section based on results from [45]. Remarkably, the distri-
bution of the process (WBy,...,WDBy) converges at large scale to non-intersecting Brownian
motions, that is to a GUE Dyson Brownian motion (Ai(y),...,A¢(y)). It remains to be seen
whether these observations can help analyzing the distribution of Z§**.

1.5.2 Generalizations. We may consider the case when both endpoints and starting points
vary. In that case, we obtain

(% —tli 0 Zstat = Zstat =
lim f({v ‘3_/: ) @ - t(%) J4 (l’)’ (16)
t=too Zy(Ty —t|2;0)  Z594(Z) Zstat(i)
where Z7'** is defined with respect to Brownian motions B, ..., By and 7§ is defined with

respect to another independent set of Brownian motions By, ..., By.

It is also natural to consider now very long non intersecting polymers which come from
different directions, i.e. with starting points at time —t equal to z; = a;t, where a; < ... < ay.
In that case we conjecture that [[]

25(57 _t|:17, O) Zstat (ga C_i) (17)
a

10 Zy(&: —t|7;0) Z“at(z*, )

where Z5(§; @) is defined as in () except that now the Brownian motion B; have drifts a;.
We also conjecture that the processes Z5**'(y;@) constitute the set of all extremal stationary
measures of the stochastic PDE @

1.5.3  Limits. There are two natural limits of the stationary partition function Z5*%* () to
consider, corresponding respectively to its short distance behavior (dense limit) and its large
distance behavior (dilute limit).

Consider the short distance limit where all the y; are almost equal, y; ~ y. In that case one
can approximate all the Brownian motions B;( i in @ by B;(y), and one gets

o ) L Bily) )
Zsay':l—[ A(7) (18)

Lwhen all drifts are identical, a; = a, this can be deduced by taking a continuous limit of the results in Section

B3



where A(7) := [Lic;(y; — %i), as easily obtained from using and the fact that
ZOY[(0,4)|(yj — v1,1)] =~ % The Vandermonde determinant A(%) is indeed the equi-
librium measure for ¢ non-crossing Brownian motions (i.e. directed polymers in the absence of
random potential). Equivalently, the Vandermonde is a harmonic function for the Laplacian
with vanishing boundary condition on the border of the Weyl chamber W,.

Consider now the large distance limit, that is the case where all y; — y; > 1. The integrals
of exponentials in @D are dominated by the maximum over the Gelfand-Tsetlin pattern. More
precisely one has

lim —logZStat(:z:y sup {ZZBe k+1(2) — Br—py1 (% " 1)} (19)

T—00 ZGGT() k=1i=1

1.5.4 The case of two non-intersecting polymers. When £ = 2, @D can be rewritten as, see

(13)
23 (y1, yo) = WD ZOV (1 2)| (g2, 1)] (20)

where ZO9Y((y1,2)|(y2,1)) is, again, a semi-discrete polymer partition function (see Fig.
(left)). The random variable Bj(y1) + Ba(y1) is independent from Z9Y[(y1,2)|(y2,1)], whose
distribution depends only on the difference yo — 31, that is

2% ((41,2)| (32, 1)) 2 29Y[(0,2)] (g2 — 91, 1)]. (21)

The law of Z9Y[(0,2)|(y2 — y1,1)] is known very explicitly, its Laplace transform and its density
are given respectively in Corollary 4.2 and in Theorem 5.1 of [46]. This allows to obtain the law
of Z5%(y1,y2). Moreover the multipoint correlations of Z°9Y[(0,2)|(y,1)] are also known [29)
Section 5.2.2]. At large distance (dilute limit), one has

lim —— log Z§™ (zy1, 210) % Bi(y) + Bi(yn) + max {Ba(z) — Bi(2)},  (22)
T—00 f z€[y1,y2]

where By and B are independent Brownian motions. As a process in s, for fixed yq, it is also
equal in law to

Bi(y1) + Ba(y1) + Ai(y2 — 1) (23)

where A1 (y) is independent of By 2(y1) and has the distribution of the largest eigenvalue of the
GUE(2) Dyson Brownian motion (see for a precise definition). This can be seen as the
zero-temperature limit of . In Section below, we give an application of where some
explicit calculations are possible.

Remark 1.3. The stochastic heat equation on Ry also admits stationary distributions,
studied in [47] (see also [48]), depending on two parameters, the boundary parameter v and the
drift at infinity —v. Denoting by Z* the solution in the case of Dirichlet boundary conditions
(which corresponds to u — 400 in [47]) and droplet initial condition (v = +00) Z"*(x, 0|y, t =
0) = 0(y — x), the associated stationary measure for the polymer partition function in half
space is given by an O’Connell-Yor polymer partition function (this can be seen from Eq. (34)
in [47]). In particular, using the relation we obtain that

i Zhs (2, —tly,0) @ Z5%%(0,y)

= 24
t—too Zhs(x, —t]2,0)  Z5%4(0, 2) (24)

Hence there is a relation between the steady-state of the partition function of a single polymer
in a half-space and the steady-state of the partition function of two non-intersecting polymers



Figure 2: Left: Midpoint distribution of ¢ non-intersecting polymers of length 2¢. Right: FEnd-
point distribution of ¢ non-intersecting polymers in a confining potential. It can also be seen as
the midpoint distribution for polymers which in the lower (dotted) region are non-intersecting
and in a white noise environment, while in the upper (shaded) region there is no noise and they
are simply Brownian paths (with or without the non-crossing constraint)

in full space. Moreover, for v < 0, Z§%®(0, y; v, —v) (recall that Z5***(y; @) was defined in Section
is also a stationary measure (with drift —v) for the polymer partition function in half
space and Dirichlet boundary condition (see Eq. (35) in [47]). We conjecture that for x = —ut,

i 20—ty 0) @ 2570, y;0, —v)

Y : 2
t+o00 Zh5($ —t|z 0) ZStat(O,Z;v,—v) ( 5)

1.6 Midpoint. Consider ¢ very long non-crossing polymers and the positions of their mid-
points y1, ...y, (see Figure . The stationary partition sum for the midpoints is simply the

product "
ZE ) = 23 () Z34(5) (26)

where Z5t(i) is given by formula (9) and Z§***(7) is given by the same formula with the set of
B;(x) are replaced by an independent set of Brownian motions B;(z). A graphical description
is given for ¢ = 3 in Fig. |3| (left).

More precisely one has
t) @ Z3*(§) 23 ()

-t
L= 27
f/; t) Zstat (g) that (5) ’ ( )

i 20Tt 0) Ze (37 0]
im —
t——+o00 Ze(.%', —t’Z, O) ( ;0‘

at stat
Note that the ratio ZS““E ; has the same law as thatg Zﬁ z 51; where x > y,. Thus, the limit
Z EARRS ]

can also be described by the ratios of the partition function

Zénldpomt( ) ZStat(yl, o ;yﬁ)ZZtat(x — Yy, T — yl) (28)

This partition function has another graphical interpretation, see Fig. |3| (right), where § repre-
sents the positions of the midpoints of £ non intersecting semi-discrete polymers. We can view
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Figure 3: Left: Graphical interpretation of the partition function Z™idPoint defined in , which
is proportional to the probability density of the midpoints of £ non-intersecting polymers. Right:
Graphical interpretation of the partition function Z™dPoint defined in , which is proportional
to the probability density of the midpoints of ¢ non-intersecting polymers.

z" idpoint (7 as proportional to the probability density of the midpoints for ¢ very long non-

intersecting polymers. The normalization of this probability measure (restricting % € [0, 2]%) is

given by
¢

[ 0 = det (270,95 1) (29)
¢ s

ig=1"
where we recall that W, was defined in and ZOY is the partition function of a single semi-
discrete polymer defined in (the lines of the O’Connell-Yor polymer are here indexed by
integers {1 —¢,2 —¢,... .0 —1,0}).

1.7 Applications to normalized endpoint distributions. As is the case for £ = 1, the
partition sum Z§**(y) grows unboundedly at large ¥ and cannot be normalized on the whole
line R¢. To define normalized stationary endpoint probabilities, i.e. for very long non-crossing
polymers one could consider the system in a restricted geometry (such as a circle, or in presence
of walls) but then the stationary measure is different and dependent on the boundaries. There
are still however some interesting observables related to the endpoint probabilities of ¢ non
crossing polymers which one can define from our present result, leaving their detailed study for
the future.

Conditional probability in a fixed interval. One can study the endpoint probability con-
ditioned to the event that all £ polymers belong to some fixed interval [0, L]. It reads

 Jw,npe AGZ7(Y)
Jwno,cie W23 (@)

P(y € Ely € [0,L]) (30)

Polymers with endpoints submitted to a potential. It is possible to consider a model
where the polymer endpoints are submitted to an additional potential, that we denote V(¥). It
can result from interactions between the endpoints, or from an external potential acting on each
endpoint V(%) = >, v(yi). An experimental example of the latter is a tunnelling microscope
tip acting on the endpoint of vortex lines [49]. If V(%) is globally confining, with associated



equilibrium Gibbs measure e~V ®) | it leads to a normalizable endpoint probability for ¢ non-

crossing very long polymers
P(g) = Zp (e " (31)
Jo, 22394 (2)eVE

We assume here that V() grows faster than /[y].

One realization which does not involve explicitly an additional potential, is to consider the
midpoint of ¢ non-crossing directed polymers in the case where there is no disorder on the top
part (assumed here to be of length 7'), and all points equal (within €) at the final time (see
Figure . In that case

V@) Aﬁ(g)e—zf/(ﬂ’) (32)

where 5 = 1,0 depending whether one enforces or not the non-crossing constraint in the top
part. The Vandermonde determinant A(%) results from the non-crossing constraint. Note that
now the normalization integral is convergent and finite.

Two non-crossing polymers in an atypical direction. Consider again the partition sum
of two non-crossing polymers sz’tat (y1, y2; a, a) with drifts a; = —b with b > 0. We are interested
in the PDF, P(y), of the distance y = ya — y1 between the two endpoints, in the stationary
state. It can be written as

_ 2
P) Jo = dyZ(y)

Note that the dependence in y; alone cancels (i.e. y; can be set to zero). In the second formula
we have used , where now in the OY partition sum the two Brownians have drifts —b. As
in P(y) is also the PDF of the distance at time zero of the endpoints of two very long
polymers starting both at —bt at time —t. It is equivalent to conditioning the two polymers
such that the first one (hence both) ends in an atypical direction with space time slope b = z/t.
The nice observation is that upon this conditioning the partition sum Z(y) can be normalized,
i.e. the second polymer is then bound to the first one.
We can compute the thermal cumulants of y as follows. Let us define

, Z(y) = 2370,y —b, —b) = Z°7((0,2)[(y, 1)) (33)

2(0) = | " gz (34)

Then the thermal cumulants are given as (y?)¢ = (—1)P0® log Z()|a=0. It turns out that the
full PDF of Z(«) can be obtained from known formula for the OY point to line problem. Using
Theorem 3 in [50] (setting n = 2 there) one finds that

Z(a) = 2W11(W12 + WQ]_) (35)

where the W1, Wia, Woy are three i.i.d inverse gamma random variables Gamma ™! (20:4-2b) with

rate unity.  Using that Gamma(c;,1) + Gamma(cg, 1) @ Gamma(c; + ¢2,1), and
E[log Gamma(c,1)] = ¥(c) (where ¥(z) = 0,logI'(2) is the digamma function) one finds

EllogZ(«)] = log2 + V(4o + 4b) — 3V (2 + 2b) (36)
Hence one obtains the disorder averaged cumulants

E[(y7)] = (=2)P(2"¥, (4D) — 3W,(2b)), (37)
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where U, (z) = 0P¥(z) is the p-th derivative of the digamma function. In the limit of small

b < 1 one finds
5 5

Elly) =55 » B[00 =53 (38)
and we see that the effect of thermal fluctuations, measured for instance by the ratio
E [(y?) — (y)?] / (E [()])?, become subdominant as b — 0. This is expected since it corresponds
to the large scale limit. Note that these calculations are very similar to the ones performed in
[51] for the problem of a single polymer bound to a wall with wall parameter v = A+% =-b<0.
Once again we find that the two problems are close cousins.

Note that the same problem where the two polymers come from different directions, i.e.
have different drifts (a1,a2) = (—by, —ba) with by > by can be treated similarly, with Wy =
F_1(2a + b1 + bg), Wor = F_l(QOé + bl), Wio = F_l(QOé + bg)

Limit b — 0 and Dyson’s Brownian motion (DBM). In the limit b — 0 one can rescale the
distances as y = j/b%. Then the variable § is determined by

§ = argmax_cg, (A1(2) — 2) (39)

where Aj(z) is the largest eigenvalue in a GUE(2) DBM. The explicit formula for the PDF p(t)
of t = ¢ is obtained in the Appendix, see Eq. (109). From this formula one obtains for instance
the behavior of the lowest moments in the limit b < 1 as

E [(y)] ~ 4%2 B[] ~ % (40)

where the result for the first moment coincides with the result in although it was obtained
by a completely different method. One sees that the second moment diverges much faster than
the thermal one at small b (O(1/b*) instead as O(1/b®)) consistent with the above discussion.

1.8 Method. The partition function Z,(Z,0|y,t) defined in vanishes as soon as some of
the z; are equal or some of the y; are equal. Let us define
l
det (Z1 (w3, Oyyjy t))m‘:1 (41)
A(D)A(Y) ’

Mﬁ(tafa 37) =

extended by continuity when some z; or y; are equal (see [30] about mathematical subtleties
related to this continuous extension). When all coordinates are equal, it can be proven [30], at
least for a regularized noise, that

- . . L
My(t,z1,yI) = ¢2 det (8;,_18{/_1Z(:U, O|y,t))

- (42)

where ¢, = 1/ ?;{j!, and in that case, My(t,z1,y1) can be identified with the partition
function for ¢ non-intersecting continuous directed polymer paths all starting from x and all
ending at y. The collection of random processes (M (t,z1,y1),..., My(t,21,yI)) is called the
O’Connell-Warren multilayer stochastic heat equation in the mathematical literature. It was
rigorously constructed in [30] through a chaos series expansion. Let us further define the ratios

Rifty ) = 20 (43)

M1 (t, 21, y1)

with the convention that My = 1.
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While it is obvious that for a fixed #, the set of all non-intersecting partition functions
{M,(t,Z,%) }jew, evolves in a Markovian way as t increases, [30] discovered that for any fixed
£, the time evolution of the much smaller set of partition functions

{Rl(ta €, y)a RQ(tv x, y)7 ey Rf(t7 x, y)}yER ; (44)

is also Markovian. In other terms, the partition functions for non-intersecting polymers ending
at the same point behave in a Markovian way, which is very nontrivial. This property comes
from an analogous result in the discrete setting, where the dynamics of the discrete analogue
of are known as the geometric RSK algorithm, and related to the log-gamma discrete
directed polymer model [I], see Section below. These discrete Markovian dynamics are
perfectly explicit and a family of invariant measures is described in [I]. In Section [2| we
interpret these results in terms of partition functions for non-intersecting log-gamma directed
polymers. In particular, we define a variant of the log-gamma directed polymer model such that
ratios of partition functions for non-intersecting polymers are stationary, i.e. their distribution
is invariant with respect to shifting the terminal points. Going to the continuous limit, as we
explain in Section |3 we deduce that the process admits a family of invariant measures
given by the exponentials of ¢ independent standard Brownian motions with equal drift (see
more details in Section . Then, we deduce our main result from two different methods:

1. Using an explicit relation obtained in [30] expressing partition functions for non-intersecting
continuous polymers with distinct endpoints Mp(t, z1, ) in terms of partition functions for
non-intersecting polymers with coinciding endpoints, that is in terms of the R;(z,0l]y,t)
fory € R and j < /.

2. Alternatively, we show that we may also obtain a discrete analogue of (see Proposition
2.6). Going to the continuous limit (see Section|3.5]), this allows to determine the invariant
measures of the Markov process t — {My(t, Z, %)} gew, from which we deduce (g).

Remark 1.4. For fixed t, the process has the same distribution as the so-called KPZ
line ensemble introduced in [52]. Indeed, [53] proved the convergence of partition functions
of non-intersecting semi-discrete O’Connell-Yor polymers to the multilayer O’Connell-Warren
process, which allowed to prove that the O’Connell-Warren multilayer SHE at a given time is
given by the KPZ line ensemble. The invariant measure of the O’Connell-Warren process that
we find in this paper is consistent with the Gibbs property of the KPZ line ensemble (a specific
Gibbs resampling property which implies local Brownianity of the stochastic processes ) In
particular, the prediction from Remark could also be deduced from the convergence of the
KPZ line ensemble to the Airy line ensemble [54] at large scale and the locally Brownian nature
of the Airy line ensemble (which is a consequence of the Brownian Gibbs property satisfied by
the Airy line ensemble).

Acknowledgments. G.B. was partially supported by ANR grant ANR-21-CE40-0019. P.L.D.
acknowledges support from the ANR grant ANR-17-CE30-0027-01 RaMaTraF. This article
is based upon work supported by the National Science Foundation under Grant No. DMS-
1928930 while the authors participated in a program hosted by the Mathematical Sciences
Research Institute in Berkeley, California, during the Fall 2021 semester. We also acknowledge
hospitality and support from Galileo Galilei Institute, during the participation of both authors
to the scientific program on “Randomness, Integrability, and Universality” in the Spring 2022.

2 A stationary model for non-intersecting log-gamma polymers

The aim of this Section is to obtain discrete analogues of and @D
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2.1 Preliminary notations. For a discrete polymer model on Z? with Boltzmann weights
w; ; we define the partition function as usual by

Zixlyl= >[I wis (45)

T:X—Y (2‘7]’)671-

where the sum runs over upright paths 7 in Z? from x to y. We also define the partition function

¢
Zolxi,....oxlys, -yl = >, I IT wiss (46)

Ty Tp k=1 (Z’,j)Eﬂ'k

where the sum runs over /-tuples of non-intersecting polymers paths m; (1 < i < /) in Z?
joining the points x; to y;. By the Lindstrém-Gessel-Viennot/Karlin-McGregor lemma, Z; can
be computed as a determinant of single polymer partition functions:

Zo[x1, .., Xgly1, ..., ye] = det (Zl[xi’}’j])i]’:1 : (47)

2.2 The geometric RSK correspondence and polymer partition functions. In this
Section we will discuss the evolution of the partition function for ¢ non-intersecting polymers,
starting close to (1,1) and arriving close to (n,m), as the point (n,m) varies. It will be
convenient to use the shorthand notation

Zi(n,m) = Z H

¢
H wm. (48)
r=1(i,j)enr

to be the partition function where the sum runs over ¢-tuples © = (71, ..., my) of non-intersecting
upright paths so that 7, joins (1,7) to (n,m + r — ¢). In particular,

Zi(n,m) = det (Za[(1,0)|(n,m + j — O)]); jy - (49)

Following [I], we also define variables z,, ¢(n) such that
Zy(n,m) = zm1(n) ... zme(n). (50)
In other terms, 2, 1(n) = Z1(n,m) and for £ > 2, z,, (n) = Z4(n,m)/Z¢—1(n, m).

Proposition 2.1 (]I, Proposition 2.5]). Fiz some integer M (it will correspond to the mazximal
vertical coordinate, i.e. 1 < m < M). The array of numbers (zm (n))1<e<m<m evolves as
follows as n is increased. At each step, the recurrence involves an auxiliary array of numbers
ame. Given (Zm(n — 1)) 1<o<cm<nr, one constructs zy, o(n) for increasing values of £ using the
recurrence

m,1 = Wn,m forit<m< M (51a)
Zm+17£(n - 1)Zm,£(n)
Zm41,(1n)zme(n — 1)
mt - (Zme(n —1) + 2m-14(n)) for

mm * Zmm(n —1) for

Am+1,641 = Gm+41.0 forl<e<m<M (51b)

t<m< M (51c)
m < M. (51d)

Zm,ﬁ(n)

=a
Zmm(n) = a

13



The recursion is one of the definitions of the so-called geometric Robinson-Schensted-
Knuth (RSK) correspondence. The usual RSK correspondence is a bijection between matrices
of non-negative integers and couples of semi-standard Young tableaux of the same shape, re-
lated to the representation theory of the symmetric group, whose definition is not important for
our purposes, although we point out that it is known to be related to zero temperature models
of directed polymers [55]. A variant of the RSK correspondence, which can be thought of as
a positive temperature analogue, was introduced by Kirillov [56] and is now referred to as the
geometric RSK correspondence (see also [57,[1]). This is a bijection between matrices of positive
reals (w; j)i<i<n,1<j<m and couples of arrays of positive real numbers z = (2, ¢(n))1<t<m<m
and Z = (2, ¢(M))1<¢<m<n- Under this bijection, the array z is precisely defined by the recur-
rence relation while the array Z can be defined by similar recurrence relations, essentially
exchanging the roles of rows and columns, and we will not need it.

The crucial fact that we will use below in order to find stationary non-intersecting polymer
partition function is that the partition function z,,¢(n) satisfies a recurrence relation ,
which takes a very similar form for any ¢ (recall that ¢ correspond to the number of non-
intersecting paths). For ¢ = 1, this relation is trivial, it is equivalent to

Zi(n,m) = wpm(Z1(n — 1,m) + Z1(n,m — 1)). (52)

However, for ¢ > 1, the relation (51c)) is not obvious at all.

2.3 Invariant measure for geometric RSK dynamics. In this section, we will assume
that the weights w; ; are distributed as w;; ~ Gamma_l('yiyj) and v;; = a; + 3; > 0. For
any v > 0, we denote by Gamma!(7) the inverse gamma distribution with shape parameter
v (and scale parameter 1). The corresponding directed polymer model was first introduced in
[42], in the case where v; ; are all identical, and in [I] in the general case. Let us define ratios
of partition functions u (horizontal ratios) and v (vertical ratios) by

Zm,e(n)

Zm,e(n)
Zm,g(n - 1) ‘

S—r (53)

Ume(n) = and uy, ¢(n) =
For ¢ = 1 these ratios were denoted U,V in [42]. The reason why this model was introduced
in [42] is that one can find a stationary version of in the sense that if one imposes some
special distribution on Z;(n,1) and Z1(1,m), i.e. on the boundaries of the quadrant Z2 , then
all the u and v increment ratios will have the same distribution for any n, m in the quadrant.

This is based on the following property of Gamma random variables.

Lemma 2.2 ([42, Lemma 3.2]). Let U,V,w be independent random variables. Let

BB ()
U—w<1+v , Vi=w 1+U , W= U+V . (54)

If for some a > 0 and 0 € (—a,a), U ~ Gamma !(a +6), V ~ Gamma !(a — 0), w ~
Gamma~!(2a), then the triples (U, V,w) and (U', V' w') have the same distribution.

For ¢ = 1, the recurrence relation along with the definition of increment ratios
imply that

Um,1(N) = Wpm (1 + Wn_l’l(n))) , Um,1(n) = wpm <1 + 1Wn—1)> ) (55)

Um,a(n —1 Um—1,1(n)
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These relation have exactly the same form as in Lemma [2.2] This imply that if for m = 1
and for n = 1, the ratios u,v are independent and distributed as u ~ Gamma~'(a + ),
v ~ Gamma~!(a — ), then this will be the case for all n,m.

More generally, using , for any ¢, the ratios u, v satisfy

Ut (1) = g (1+W> Vmt(m) = G (1+7W‘1)>, (56)

U e(n — 1 Um—1,0(n)

where the a,, ¢ are defined in . If one can impose that these coefficients a,, ¢ are independent
and inverse gamma distributed, then we will obtain stationary distributions of increment ratios
Upm,¢(N), Uy e(n) for any £. This is indeed possible, and it was noticed in [I]. The following
proposition summarizes the consequences.

Proposition 2.3 ([I, Theorem 3.10]). Assume that the array z(n) evolves according to the
recurrence . Let k > 1 and assume 1 < fo < -+ < B, < min{Br11, Bit2, - }-

Then the process v(n) = (Vm.¢)i1<t<k,m>¢ has an invariant distribution where the variables
Um,¢ are independent with marginal distributions vy, ¢ ~ Gamma_l(ﬁm — Be¢). Moreover, if the
process V(n) = (Um.¢)1<t<k, m>¢ s started with this distribution when n =1, then the variables

{ome(N) 1 <L<j, 6 <m < M}PU{upre(n) : 1<n <N, 1 <<}

are independent with marginals vy, ¢(n) ~ Gamma (B, — Be) and upre(n) ~ Gamma™*(a, +
Be). This also implies that along any down-right path in the ZQ>O lattice, the u,v increment
ratios are all independent, for 1 < £ < k and (n,m) along the downright path, with marginals
U e(n) ~ Gamma (8, — ;) and U e(N) ~ Gamma ™! (a, + ).

Since the evolution of the process z(n) was introduced in to describe the evolution of
partition functions of non-intersecting polymers (as the horizontal coordinate n of arrival points
increases), it is natural to ask whether the invariant measure in Proposition can be seen as
ratios of partition functions of some polymer model with a certain distribution of weights. It is
not clear to us if this can be done in general, but we will see in the next section that it will be
possible in a certain limiting sense.

2.4 Stationary non-intersecting log-gamma polymers. Using Proposition we will
define a stationary log-gamma polymer model for each integer £ > 1. When k = 1, the model
will be exactly Seppéldinen’s stationary model from [42]. For k& > 1, the model will be such
that the distribution of Z, for 1 < ¢ < k is stationary (in the sense that the u and v increment
ratios have the same distribution anywhere in the lattice). Recall the definition of the partition

function .

Definition 2.4. Fix £ > 1 and 0 < A < 6. Let us define independent weights w; ; such that

1 if1<4,5 <k,
Gamma (A if¢ > k: < k,
w@j ~ 71( ) ] (57)
Gamma™ (0 —\) ifi<k,j>k,
Gamma ™ (0) iti,j > k.
We define partition functions Z5**(n,m) for 1 < ¢ < k as follows.
2 (n,m) = Ze [(1,1),., (1,0)|(n,m), (n,m = 1), (n,m — £+ 1)] (58)
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Figure 4: The partition function Z5***(n,m) is the sum of paths as shown in the figure. Here
we have set k = 4, £ = 3, n = m = 12. Points in the gray area have weight 1. Points in the
blue (resp. red) area have weights distributed as Gamma~1(6 — )\) (resp. Gamma~1())). All
other weights have weights distributed as Gamma™'(6). In the triangular region with a darker
gray shade, all vertices must belong to a path.

where we impose the extra condition that the £ non-intersecting polymers go through coordinates
(k—0+1,k),(k—0+2,k—1),...,(k,k— £+ 1), and all vertices in the triangle formed by the
points ((k— ¢+ 1,k)), (k,k — ¢+ 1) and (k, k) must belong to a path (see Fig. [4). We will call
bottom-left packed such path configurations. This condition that paths are bottom-left packed
is equivalent to imposing that paths go through a maximal amount of points inside the k x k
bottom left corner. We will see why this condition is needed below.

As in (B0), we define 252 (n) = Z§%*(n, m) and for £ > 2, 23 (n) = Z;***(n,m)/ Z;** (n, m),
so that

259t (n, m) = 258 (n) ... 2% (n). (59)

We also define horizontal/vertical increments ratios as usual by

Zstat(n m) Zstat(n m)
uSt™ (n,m) = —=% - vt (n,m) = — ¢ ’ 60
¢ (nm) 2% (n —1,m)’ e (n,m) 259 (n,m — 1) (60)
Proposition 2.5. Fiz any down-right path in the quadrant Z2>0' The increments ratios u§'™ (n, m)

and v5%*(n,m) along that downright path are all independent for 1 < ¢ < k, and distributed as

us™ ~ Gamma~t(\), 0}%" ~ Gamma™1( — \).

Proof. Let us consider the log-gamma polymer model as in the previous section where w; ; ~
Gamma ! (o; + Bj). Let usset oy = B =iefor 1 <i <k, a; =Afori >k, and g; =6 — X
for j > k and call Zj_Stat the partition functions as defined in . On the one hand, we claim
that as € goes to zero, for n,m > k, we have the convergence in distribution

YA .
2k — !
20T (Z.Z,—F)Z?_Stat(”a m) == Z5@ (n,m), (61)
i=1 ’ )
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Figure 5: The partition function Z5*(p, m) is the sum of paths as shown in the figure. Here we
have set p = (4,8,11), k = 4, £ = 3, m = 7. Points in various colors have the same weights as
in Figure [d In the triangular region with a darker gray shade, all vertices must belong to one
path. Here, by convention, path start from (1,1),..., (¢, 1), although they could start anywhere
in the gray region provided the gray triangle is full, since the weights there are equal to 1.

where Z§'*(n,m) is defined in (58)). Indeed, it is clear that outside of the k x k bottom-left
corner, the distribution of weights in ijsm(n,m) converges to the distribution of weights
in Z5%%(n,m). In the the k x k bottom-left corner, the weights in Z7~****(n,m) are however
diverging, but one has that €(i + j)w; ; converges to 1. As e goes to zero, the sum over all
non-intersecting paths in Z;**'(n,m) can be approximated by the sum over non-intersecting
paths that collect a maximal number of diverging weights w; ; for 1 <4, j < k. This is why we
had imposed the condition that paths are bottom-left packed in the definition of Z§**(n,m)
above. Moreover, the prefactor in is the correct factor to normalize the diverging weights
(it does not depend on the choice of paths, as long as paths collect a maximal number diverging
weights in the k x k bottom-left corner).

On the other hand, we may use Proposition in the quadrant Z; - Along the kth row, if
we restrict the partition function Zj_s';at to a sum over paths that collect a maximal number of
diverging weights, the distribution of u ratios is such that uy ¢(n) ~ Gamma ™' (A4 (k — £+ 1)e)
(for n > k). Similarly, we find that the distribution of v ratios along the k-th column is such
that vy, (k) ~ Gamma ™' (0 — A+ (k — £+ 1)€) (for m > k). This distribution of v ratios is not
exactly the one that is stationary according to Proposition however, they become identical
as € go to zero. This implies that along any down right path in the quadrant Zik, and up to a
O(e) error, the distribution of u, v ratios for the partition function Z; " is the same as in the
statement of Proposition Finally, implies that the u,v ratios of Zlf:_Stat and Z5'** have
the same distribution as € goes to zero, which implies the statement of the Proposition. O

Now, fix some k > 1. For a family of integers k < p; < --- < py, we will define the partition
function (slightly overloading notation)

Z5(p,m) = Ze((1,1), ..., (0, 1)|(pr,m), ..., (pe;m)) (62)

where the weights have been chosen as in the stationary partition function, i.e. as in , and
the paths must satisfy the same conditions as in Definition (see Fig. . Note that the
starting points of polymers are now (1,1),...,(¢,1) instead of (1,1),...,(1,¢) as in . This
has no influence on the partition function, since all weights of the form (7, j) with i +j < £+1
must belong to a path in both cases, due to the non-intersection condition.
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Figure 6: The ratio of partition functions have the same distribution as the partition
function shown in the picture, which corresponds to the case m = k. Here we have set
p = (7,12,16), k = 4, ¢ = 3. Since the weights in the gray region have weight 1, the
paths may start from the vertices (k,k),...,(k,1) as in the definition of the partition func-
tion Z[(k, k), ..., (k, D|(p1, k), ..., (pk, k)] in (64).

Proposition 2.6. Fix k > 1. The family of partition function ratios

Zstat
ét t(pam) (63)
ZFE,m) | 1<e<k
p1 <o < pr
where § = (1,2,...,k), has a joint distribution which does not depend on m for m > k. In
particular,
Zstat p,m) (d)
ZET) D g k. (k= £+ D1 R (s B, (61)

Z5tt (5, m)

where the partition function Z is defined with respect to weights which are i.i.d. and Gamma 1 ())
distributed (see Fig. [6).

Proof. Fixed m > k and consider the model Z¢~5/%  as in the proof of Proposition For any
p, the partition function ZEiSt“t(p, m) can be written as a deterministic function of the family
of partition functions {Z§**(n,m)},>¢. The specific relation is a bit involved, and it is given
explicitly as Theorem 1.1 in [45]. What matters to us here is that this property implies in turn
that the ratios can be written as functions of ratios of the form Z**(ny, m)/Z5*" (ng, m).
By Proposition [2.5] the joint distribution of the latter partition function ratios does not depend
on m. Thus, the joint distribution of the ratios does not depend on m neither. O

Remark 2.1. In [47], stationary measures for the (single polymer) partition function of the
log-gamma polymer in a half-quadrant was obtained using the symmetry of its distribution
with respect to permuting inhomogeneity parameters. A similar argument can be carried out in
the present context. Indeed, in the partition function Zl‘f—Stat(n, m) introduced in the proof of
Proposition one may exchange the order of parameters o, 3; without changing the distri-
bution of Z;**(n,m) (this is a consequence of more general results from [58]). In particular,
exchanging the parameters {; }1<i<x with parameters {3,,—k+i }1<i<k would yield another proof
of Proposition without appealing to Proposition (which comes from properties of the
RSK algorithm studied in [1]).

2.5 Interpretation in terms of very long polymers. The distribution of ratios of par-
tition functions observed in stationary models are the same as the ratios that arise in models
with homogeneous parameters for very long polymers (for the case of single polymers, this was
rigorously proved in [59]).
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Let us start with the case £ = 1. We know that if for all 4,5 > 1, w; j ~ Gamma™'(f) and
wij ~ Gamma ! (§ — \), w;; ~ Gamma ' ()\), the ratios of partition functions are given by
u ~ Gamma~'(\),v ~ Gamma ' (6 — \) [42]. The same distribution of ratios is obtained in a
model with homogeneous weigths w; ; ~ Gamma ™' () (where 7,j € Z) if the starting point is
sent to oo in the direction [59, Theorem 4.1]

—(01(0 = A), U1 (). (65)

More concretely, let us consider a polymer model as in Sectionwith weights w; ; ~ Gamma ™1 ()
for any i, € Z and recall that we denote its partition function by Zi[x|y]. Let us also consider
the stationary model from Definition [2.4] with £ = 1, whose partition function is denoted by
Z5%t(n m). The claim above states that as x = —N(¥1(g — \), ¥1(\)) and N goes to infinity,
the distribution of increment ratios

Z:[x|(n,m)] Z;[x|(n, m)]
= Zabdtn = ) ) 2 1 o
become the same as increment ratios of the partition functions Z5'(n, m), that is
U 1(n) ~ Gamma ' (\), vy,1(n) ~ Gamma ™' (0 — \), (67)

(and this remains true jointly for n,m in some bounded domain).

Remark 2.2. This can be also interpreted using the fact that in the partition function Z5%*(n, m),
if one sends parameter (n,m) to oo in the direction (¥1(0 — A), ¥1(A)), a simple computation,
using the known explicit value of the free energy, shows that the optimal path will detach from
the first row at a location such that the detaching point and the arrival point form an angle as
defined by the vector . See similar arguments in [60}, 58 [61].

More generally, for several non-intersecting polymers, starting at positions
xp=(=NU1(0 —N)+1,-NU1(N\) +¥), 1<l<LE, (68)
we may define ratios ume(n), vm¢(n) (similarly as before) by

Z[xy,...,x¢l(n,m—0+1),...,(n,m)]

m c- U = 69
tm,a(n) e (n) = e e Tom =T+ 1), (= L,m)] (69)
Z[xy,...,x¢/(n,m—L+1),...,(n,m)]
m e Um = . 70
Oma(n)- - vme(n) = e = 1), (= Lm = 1] (70)
Then as N goes to infinity, we expect that the increment ratios will be distributed as
U ¢(n) ~ Gamma ' (\),  vpe(n) ~ Gamma™ (6 — \), (71)

and all independent for 1 < ¢ < k and (n,m) varying along a downright path in the lattice.

3 KPZ limit

In this Section, we will take a discrete to continuous limit to deduce our main results, stated in
Section from the results about the log-gamma polymer obtained in Section
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3.1 Convergence of discrete (non-intersecting) directed polymers to continuous
limits. Discrete directed polymers such as discussed in Section 2] converge to the KPZ equation
as the temperature parameter 6 goes to oo simultaneously with the length of the polymer paths.
This was first proved in [62] for directed polymer models with general weight distribution, under
mild assumptions. The specific case of the log-gamma directed polymer was discussed in [40],
where it is also proved that partition function for non-intersecting discrete polymers converge
to the O’Connell-Warren multilayer stochastic heat equation (see more details below). This
convergence has been reused in many works to deduce results about the KPZ equation from
results about the log-gamma polymer. Hence, we will simply state the needed convergence
results, adopting notations close to [63, [64] 48].

Let us start with the case £ = 1. Consider a discrete polymer model as in Section with
i.i.d. weights distributed as w;; ~ Gamma™'(6). As E[w; ;] = 517, we will let 6 = 1 +2\/n
and multiply all weights by /n to normalize their expectation to 1/2. Then, we need to scale
appropriately the starting and ending points so that discrete up-right paths become Brownian
paths. Hence, for s < t and z,y € R, we scale the starting and ending points as

x( = (14 sn/2+ oy/m L+ sn/2),  y™ = (tn/2+yy/n, in/2), (72)

and denote by L(x(™,y(™) =1+ (t — s)n + (y — x)\/n the number of vertices along a lattice
path from x(™ to y(™. Then we have the convergence in distribution

<) ()
VY7, (x0)y ] = Z(x, 5]y, 1) (73)
where Z(z, s|y,t) is defined in (). Such convergence result was initially obtained in [62].

Assume now that /¢ is arbitrary and consider ¥ = 21 < 29 < -+ < xpand § = y1 < yo <
-+ < yp. We scale starting and ending points as

xM = (1+sn/2+zivn,1+sn/2), v =(@n/2+yvntn/2), 1<i<l (74

Then, we have the convergence in distribution

x<.n) (">)

\/ﬁEle L(x{" v (n) (n)

(n)),(n) = o]
Zolx™, . xO Y — 2(3, 515, ) (75)
where Z(Z,s|y,t) was defined in . This is simply a consequence of the convergence
along with the Karlin-McGregor formulas and (46 (for continuous and discrete polymers

respectively).

Consider now the partition function Zy(n,m) defined in , where the £ non-intersecting
polymers start and end from neighbouring locations. It is proved in [40, Theorem 1.8] that these
partition functions converge to the O’Connell-Warren multilayer stochastic heat equation. More
precisely, for x(") = (tn/2 + £ + x/n,tn/2 + £), we have the convergence in distribution

L((1,6)x™)
n Zi(tn/2 4+ L+ x/n,tn/2 + ¢ .
D) 0T, ()
() T 5t

where M(t,0,z1) was defined in Section and also denoted Z;(0,0|x,t). Note that we have
slightly extended the result of [40, Theorem 1.8] which correspond to the case x = 0,t = 2.
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3.2 Invariant measures of the O’Connell-Warren multilayer SHE. Recall the defi-
nition of ratios Ry(t,z,y) from (3). We will also more generally denote by (Re(y, 1)) 1<ocr @
process having the same Markovian evolution, with some unspecified initial condition. Propo-
sition and the convergence from yield invariant measures for this Markovian evolution.

More precisely, ratios Ry(t,z,y)/R(t,z, z) are given by scaling limits of discrete partition

function ratios
ZE (na m)

Zy_1(n,m)’

under the scalings given in (76). Consider now the stationary model Z5'**(n, m) from Definition
Using the definition of increment ratios , we may write

Z59 (40 /2 + €+ /M, tn )2 + ) St (in,/2 + £, tn)2 + £) z/n uSt™ (tn/2 + L+ k,tn/2 + {)

Z8 (tn /2 + L+ x/n, tn/2 + () SRl (tn/2 + £, tn/2 + 0) % il (tn/2 4+ £+ k,tn/2 4 0)

Using Proposition we know that the u3*" variables appearing in the equation above are all
independent and distributed as inverse Gamma random variables with parameter A. It is easy to
see that, under the same scalings as in , a multiplicative random walks with inverse Gamma
distributed increments with parameter A converges to exponentials of Brownian motions with
the same drift (for that one needs to scale A as A = % + /n — v for some constant v € R which
will be the drift of the Brownian motions).

Hence, we obtain that if at time ¢t = 0, (R¢(y,0)); <y}, is given by a collection of independent
exponentials of Brownian motions with the same drift, then, for any time ¢ > 0, the processes
(Re(y,t)/Re(0,1)), o<y, are also distributed as independent exponentials of Brownian motions
with the same drift.

We expect that these invariant measures can be observed in the local fluctuations of the
fields at large time. More precisely, for all £ > 1, we expect that

Relt,0.9) @ ),

li o 77
1500 Ry(t,0,0) (77)

where the (two-sided) Brownian motions By(y) are independent and have drift 0. Moreover, we
expect that the result remains true for any fixed starting points Z (not necesarily equal). In
this case, the result needs to be reformulated in terms of M(t, Z, %) and reads

M, (t,7y1)

lim 7M€_1(t’:fﬁ) @ eBew), (78)
t—oo  M,(t,2,0)
Mg_l(t,zaﬁ)

3.3 Partition function at arbitrary arrival points (first derivation of the main
result). In this section we will establish the main result of this paper, that is equation .
We will show that can be deduced from using results from [30]. For simplicity, we start
with the case ¢ = 2. Using [30, Proposition 6.3], we have

MQ(ta ($7x)7(y1ay2)) _ 1 /yz MQ(ta (x7x)7(272))
Ml(tafxvyl)Ml(ta:E?y?) Y2 — Y1 Jya Ml(t,$,2)2

(79)

Under the stationary measure (or, equivalently, as ¢ goes to infinity, see ), we expect that
for any fixed z € R,

MQ(t7 ($,$),(Z,Z)) _ 632(Z) MQ(tv (x’x)7(070))
M (t,z, 2) M, (t,z,0)

and M, (t,z,2) = BT M (¢, 2,0),
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where Bj, Bo are independent Brownian motions. Thus, for fixed x, we have the following
equality in distribution between processes in variables 1, yo with y1 < yo,

lim MQ(ta (.%', .Z'), (yh y2)) _ eBl(y1)+B1(y2) /y2 632(3)—31(3)(12.
t—+o0 MZ(t’ (QZ‘, 17), (07 0)) Y2 — y

1

We now turn to the general case. Using [30, Theorem 3.4], we obtain that for y; < ... < yp,
fixed z € R, t > 0, we have

Myt ot ) = o= (¢ T[T Mecatto oL D/ME oL 7T) oy
Ao A(y) i) M (t,21, 2 K1) /M == 4%
k 1im1 Mi(t, )/ M1 (t,x1, 2, "1
(51)
where GT (%) is the set of vectors 2!, 2%, ..., 271 € RxR%x- .- xR such that 2! < -+ < 271 <

y (where < means interlacing) and by convention My = 1. In order to match our notations
with [30, Theorem 3.4] we have used the same notation for M, (at least when coordinates are
distinct), and the determinant appearing in the right-hand side of is denoted 7, (¢, x,y) in
[30]. It seems to us that there is a minor mistake about the constants appearing in [30]: there
seems to be a constant missing in [30, Eq. (39)] to ensure continuity of M, and this missing
constant would also be missing in the left-hand side of [30, Theorem 3.4]. It was taken into
account in the statement above.

Using that under the stationary measure (or, equivalently, as starting points are sent to
infinity, that is ¢ — +00),

Ry(t,x, z) = Ry(t, x,O)eBk(z),

where the By, are independent Brownian motions, or equivalently writing

Mk(t,xf,zf) Mk(t .xf 6) By (z)
—>. — = € ?
1

My_y(t, 21, 21)  My_y(t,21,0)

we arrive at

- {—1 40—k
lim M(t,xivg) J 19 H Bi(y:) / 11 HeBkH BET QR (82)
t—+o00 Mg(t,l’]}l,O) GT(y)k 1i=1

This leads to
0—16—k

Zstat y — H H eBk“ —*V—B, (ZIZ k)dzgfk. (83)
GT(y)k 1i=1 '
Reordering the products, we obtain
-1 k
Zstat (7) = H H eBe- ki1 (2F) =By (2P H H dzz ’ (84)
GT(Y) =1 i=1 k=1i=1

as in @

Remark 3.1. Averaging over the Brownian motions, we find, after simplifications valid

£
for 0 < y1 < ... <y, that the right hand side equals €2 2izt ¥, However, it would be more
interesting to perform this averaging after normalization.
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Figure 7: A graphical interpretation of the O’Connell-Yor semi-discrete polymer partition func-
tion. Left: One polymer from (x,%) to (y,j) with ¢ = 3 and j = 1. Right: Two non-intersecting
semi-discrete polymers from (0,2) to (x,1) and from (0,3) to (z,1), whose partition function
equals exp(WBj (z) + WBs(x)) defined in (92)).

3.4 The O’Connell-Yor semi-discrete polymer. It will be useful to recall the defini-
tion of the O’Connell-Yor [43] semi-discrete directed polymer. Consider independent standard
Brownian motions B, Bo,.... Starting and ending point in the semi-discrete polymer will be
points of the form (x,n) € R x Z. For real numbers z < y and integers i > j, we define the
partition function

2P, )l = |

z=20<21 < <2< TH =y

i , i
H eBr(z““Ll)—Br(z“r) H T (85)
: i

r=j

The partition function ZP[(x,1)|(y,j)] was denoted Z°Y[(x,)|(y, j)] in Section It can be
seen as an integral over semi-discrete up-right paths from (z,i) to (y,7) (see Fig. [7] (left))
of the exponential of the derivative of the Brownian motions, integrated along the path. We
recall that the horizontal lines are indexed from top to bottom. More explicitly, it can be
rewritten as an integral over non-increasing semi-discrete paths 7 : [x,y] — {j,...,7} such that
n(w) = i, 7(y) = j |
2Pl )= [ el o0py 0
w(z)=i
We further define partition functions for ¢ non-intersecting paths. For i1 < ... < iy, j1 <
o< g, 1 < ... <z, 1 < ... <y, we define the partition function

. . . . L [aB, () T
ZZB[(:ELZl)y'")('valé”(ylajl)?’"a(yfv.]Z)] :/ezk71 fmk &8 HDTFk, (87)
k=1

where the integration is performed over non-intersecting non-increasing semi-discrete paths
T1,...,m such that my : [xg, yk] — {Jk, ..., ik} with mp(zr) = ik and 7 (yx) = jk. Hence,
the partition function Z5(y) defined in can be rewritten as a partition function over ¢
non-intersecting semi-discrete polymers as

Zﬁtat(g) = ZE[(O, 1)7 SRR (Oa E)‘(yl, 1)7 s (yf7 1)] (88)
Further, by the Karlin-McGregor formula, this can be rewritten as

14

Z3=() = det (ZP(0,4)/(y;,1)]) (89)

ij=1"

3.5 Partition function at arbitrary arrival points (second derivation of the main
result). In this Section, we show that we can rederive the result directly from Proposition
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Consider the partition function Z;*(p,m) defined in (62). As in Section we scale
m = tn/2+ ¢ and p; = tn/2 + x;y/n. Let us first consider the initial condition. When ¢ = 0,
we are considering the partition function Z§*(p, ¢), which converges at large scale to Z;'* (%),
as defined in @ (compare Figure |§| with Figure [1). Hence, using the convergence , for
arbitrary ¢, the partition function Z;t“t(p,m), under appropriate renormalization, converges
(jointly in &) to the process

/W Z34 ) Zo(7, 0\, 1) di (90)
¥4

Then taking the large n limit in the statement of Proposition we obtain that spatial ratios
of (90]) are distributed, for any ¢, as spatial ratios of the process ZStat( y). Letting ¢ to infinity,
thls ylelds another derivation of . In other terms, the process Z;' () is a stationary measure
for the Markov process defined by the stochastic PDE @ Note that we expect that there exists
other stationary measures, in particular the processes Z5%*(y; @) considered in (17).

3.6 A remarkable property of the gRSK correspondence. Given ¢ Brownian motions
Bi, ..., By, let us define processes WBi(x),...,WDBy(z) (we follow notations close to [44], [45])
such that

WBi(x) = log Z{[(0, £)|(w, 1)] (91)

and for all 1 < k </,

WBL(2) + -+ + WBy(@) = log ZE[(0,6 — k+1),...,(0,0)|(z,1),.... (x, k). (92)

For example, V51 (#)+WB2(z) corresponds to the partition function of two non-intersecting paths

in Fig. 7| (right). We may now define partition functions Z}V? analogous to Z2 after replacing
the Brownian motions B; by the processes WB; (see Fig. , that is we define

) ) ) Yk QW B,
ZZVB[(xla’Ll)a"'7(x£72€)’(y1>]1)7 y@]@ / Zk 1f‘k k<t) H,Dﬂ_lm (93)

where we integrate over non-intersecting paths exactly as in . We also define the short-hand
notation
2P = 27710, 1), ..., (0.0l(y1, 1), - - (e, 1)) (94)

Then, we have the surprising identity
ZWB( ) Zstat( ) (95)

This is a consequence of |45, Theorem 1.1] (after taking a straightforward limit to transform dis-
crete polymers in semi-discrete ones). This is also a positive temperature analogue of |44, Prop
4.1]. While Z5%% is a simpler model, the partition function Z"B may be easier to understand
in some cases as the geometry of optimizing paths is simpler. In particular, this observation
was crucial in the rigorous construction of the Airy sheet [44]. This type of identity goes back
to the work of [65] (see the discussion in [45]).

3.7 Large-scale limit. In the limit where all points y; go to infinity and are well separated,
we obtain an alternative expression for the partition function Zj st in terms of Dyson Brownian

motion. First, consider the large scale limit of the process WBl, ..., WBy. As y — +00, one
knows that 1
(d)
Wh(ay)) s () (96)
<\/9? 1<k<ty>0 7% tsksby=0
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Figure 8: The definition of the partition function Z"VB(j) in terms of non-intersecting paths
with fixed endpoints. The definition is analogous to the definition of Z5%t(3) in Figure [1] after
replacing the Brownian motions Bj,..., By by the processes WBy, ..., WBy defined in .
Surprisingly, Z*% () and Z"VB () are equal (see (95))

where Aj(y) > Aa(y) > -+ > Ay(y) are the ordered eigenvalues of a GUE(¢) random matrix H
with measure ~ exp(— —TrH 2), and as a process in the variable y perform the Dyson Brownian
motion. This convergence . ) holds jointly for 1 < k < £ and as a process in the variable y [66]
(see also [67]). It was first discovered in [68, [69] in the special case y = 1,k = 1. The process
A1, ..., A can also be seen as ¢ Brownian motions started at A;(0) = 0 and conditioned not to
intersect for all y > 0.

Now, we consider the limit % log ZZVB (x¥) as x goes to infinity. We have that

stat _ - WB(,.~
lim flogZ (zg )—xggo log Z;"7 (xg) (97)

¢k
= sup {ZZ k1 (2F) = Ao (257 1)}- (98)

z€GT(Y

where the supremum is over Gelfand-Tsetlin patterns as defined in .
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Appendix: Maximum and Argmax for the GUE(2) Dyson Brownian motion
with drift

Let us recall that for a Brownian motion with —1 drift, i.e. for the process B(t) — ¢, where
B(t) is a standard Brownian with B(0) = 0, the joint PDF p(¢,,, m) of the maximum m =
max;>o {B(t) — t} and of the time ¢, = argmax;-, {B(t) — ¢t} when the maximum is achieved,
is a classical result : see e.g. [70, Chapter IV, item 32| or taking the limit 7" — +oo in [71] in
[72, Eq. (30)]. Its Laplace transform reads

+oo 2
dte St=p(t,m) = , 99
/0 ¢ p(t,m) VvV2s+1+a+1 (99)

which leads to the PDF of the time when the maximum is achieved as

p(t) = /0+oo dmp(t,m) = \/Ze_t/2 — Erfc (\/i) . (100)

We used these results recently in [51] to obtain the scaled endpoint distribution for a very long
polymer in the bound phase near a wall, and near the unbinding transition (i.e. using the
Brownian half-space stationary measure).

Here we will obtain the joint PDF p(t,,, m) for the two analog quantities for the GUE(V)
Dyson Brownian motion, which we denote DBM(XV), in the simplest case of N = 2, i.e. with
two particles. With a slight change of notations from the text, we define

m = maxyer, (A1(t) — 1), ty = argmax,cg, (A1(t) — 1) (101)

where Aq(t) > As(t) is the DBM(2) defined in the text for ¢ = 2 (normalized to be locally
a standard Brownian motion). As discussed in Section the marginal distribution for ¢,
gives the scaled PDF of the distance between the endpoints of two very long non-intersecting
polymers in full space, when the starting points of polymers paths are sent to infinity with a
common angle b, in the limit of a small angle b — 0. We use here an extension of the method
used in [72] for the single Brownian problem. Note that some properties of the extrema of the
DBM, or of non-crossing Brownians, have been studied before, see e.g. [73], [74, [75] [76], but to
our knowledge the observable needed here was not studied.

Let us start by denoting Gy, (z, z,t) the probability density that a single Brownian with drift
—1, i.e. the process B(t) — ¢, with B(0) = z, ends up at x at time ¢ and remains below level
m > z during that time, i.e.

G (z,z,t)de =P (B(t) —t € [z, + dz] and rg[ao)i] {B(r) -7} < m‘B(O) = z) . (102)

From the images method (see [72] for a simple derivation) the explicit formula is given by

e (;(,' - t) _ 1 eféf(xfz) (6(12:)2 e (2m2€z)2) (103)
m Y ) /27Tt *

Let us now consider the process Aq(t) —t > Ag(t) —¢ > ... i.e. the DBM(N) to which one
adds a uniform drift —1. Let us denote PPBM(Z, Z,t) the propagator of this process, i.e. the
probability density that if it starts at 2= (21 > --- > zn), it willendup at £ = (z1 > --- > zn)
and will remain below level m for all times up to t. This propagator is given by the formula

_A@)

RNE) det (G, (i, 25, 1)) (104)

1,j=1
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For m = 400 this is a well known formula, and one can see that it extends in presence of a
boundary and a uniform drift. Integrating over & with 1 > --- > xxn gives the total probability
that the drifted DBM(/N) remains below level m. From now on we restrict to N = 2, but similar
formulae can be derived for any N.

Following similar arguments as in [72] one obtains that the joint probability density p(¢,,, m)
for the maximum and the time to the maximum is equal to the small € limit

C
p(tm, m) = lim = TETOOP (t =tm,m,z1 =m—¢,T), (105)
pwmﬁmTwa/ @Mw/ day POPM(E, Z,t) POPM(, 2, T — t), (106)
m>y1>YyY2 ro<Tq

where ¢ is a normalizing constant. The large T limit exists and is finite because of the negative
drift.

Let us look first at the second factor in . We need to perform the integral in variables
Y12 = y1 — y2 and ym,1 := m — y1, each integrated over Ry. It is convenient to observe that
at large T', the double integral is dominated by the typical region (in presence of the drift), i.e
y12 = TY2G19, ym1 = T + TY2§,1, where §io = O(1) is integrated over R, and g1 = O(1)
integrated over R. Performing these integrals we obtain

. DBM /- — 4€€7I12
lim dyrdya Py (4, T, T — )|y =m—e =

(212 cosh 12 — sinh z19) + o(e),
T—+o0 m>y1>y2 T12

(107)
where 19 = x1 — z9 > 0. Note that it is independent of both m and t.
Now, the first factor in (106]) needs to be computed setting z; = 7, 2o = 0 in the limit n — 0.
One obtains

lim PDBM( , (n,0),1)

€T12 _ 2z19(m—t)+2(m+t)2 a2, ( 2me;g
= —0 e
n—0+

2 t (mx2 —t) + mxig + t> .

(108)
Putting all together and performing the remaining integral over x12 > 0, considerable simpli-
fications occur and we finally obtain (i) the joint PDF p(t,m) for the maximum and time of
maximum and (ii) the PDF p(¢) for the time of maximum (the normalizing constant is found
to be equal to ¢ = 1/2)

r1=m—e€ 7Tt3

|z S (220 = 1) = 2 + ¢) sinh(m) + m (m? + (¢ 1)t) cosh(m))
$5/2 7

p(t) = /0+OO dmp(t,m) =2 (erf (\g) — e*(24t — 1)erfe (%) + 8[ /2 ff _ )
(109)

with f0+°° dtp(t) = 1. One also finds that the Laplace transform, for s > 0, has the expression

/+OodteSt (t) = 4 (s (5—10m+22)—8m+8)
0 P = (s —4)%sv/2s +1

This leads to the first few moments f0+°° dttPp(t) = %, %, %, 3;#} for p =1,2,3,4. One also

notes that the double Laplace transform of p(¢,m) has a relatively simple form

(110)

3s 2
/+oo dte—st—amp(t m) — 16 (a + V2s+1 + v2s+1 - 2) . (111)
0 (20v/25 + 1+ (4 +2)% + 25 + 4y/2s + 1)’
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