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Abstract The one dimensional Kardar—Parisi—-Zhang universality class is believed to
describe many types of evolving interfaces which have the same characteristic scaling expo-
nents. These exponents lead to a natural renormalization/rescaling on the space of such
evolving interfaces. We introduce and describe the renormalization fixed point of the Kardar—
Parisi—Zhang universality class in terms of a random nonlinear semigroup with stationary
independent increments, and via a variational formula. Furthermore, we compute a plau-
sible formula the exact transition probabilities using replica Bethe ansatz. The semigroup
is constructed from the Airy sheet, a four parameter space-time field which is the Airy;
process in each of its two spatial coordinates. Minimizing paths through this field describe
the renormalization group fixed point of directed polymers in a random potential. At present,
the results we provide do not have mathematically rigorous proofs, and they should at most
be considered proposals.
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1 Introduction

Interfaces evolving according to local stochastic growth rules have been extensively studied
in physics, biology, material science, and engineering. There has been significant theoretical
success over the last 25 years in describing such rough self-affine interfaces which evolve
due to local processes. In short times such interfaces display properties particular to their
local processes. However, in the long time limit, it is predicted that certain universal scaling
exponents and exact statistical distributions should accurately describe the fixed long time
properties of a wide variety of rough interfaces. These predictions have been repeatedly
confirmed through Monte-Carlo simulation as well as experiments. What is lacking, however,
is a theoretical understanding and prediction of the temporal evolution of these interfaces,
in the large-time scaling limit. In this article we provide two complementary descriptions of
this universal temporal evolution of interfaces—one from a PDE perspective and the other
from an exact solvability perspective. As of yet, neither of these descriptions are justified
with mathematical proof. However, a variety of predictions arising from these perspectives
can be rigorously confirmed (e.g. [13-16,32]).

The 141 dimensional KPZ universality class includes a wide variety of forms of stochastic
interface growth [5,20,26] on a one dimensional substrate, randomly stirred one dimensional
fluids (the stochastic Burgers equation) [21], polymer chains directed in one dimension
and fluctuating transversally in the other due to a random potential [22] and various lattice
models such as the driven lattice gas model of ASEP and ground state polymer model of
last passage percolation [24]. All models can be transformed to a kinetically roughening,
growing interface reflecting the competition between growth in a direction normal to the
surface, a surface tension smoothing force, and a stochastic term which tends to roughen the
interface. Numerical simulations along with some theoretical results have confirmed that in
the long time ¢ scaling limit, fluctuations in the height of such evolving interfaces scale like
t1/3 and display non-trivial spatial correlations in the scale £2/3 [5,12,21,25,30]. These scales
were confirmed experimentally in studies involving paper wetting, burning fronts, bacterial
colonies and liquid crystals [5,34].

Beyond the KPZ scalings, the universality class is characterized in terms of the long-time
limits of the probability distribution of fluctuations. These depend on the initial data or geom-
etry. Starting from (i) narrow wedge, or droplet, one sees the GUE Tracy—Widom distribution
of random matrix theory, FGug, which describes the asymptotic fluctuations of the largest
eigenvalue of a random matrix from the Gaussian Unitary Ensemble [37]; while starting
from (ii) flat substrate, the analogous GOE Tracy—Widom distribution, Fgog, associated to the
Gaussian Orthogonal Ensemble [38] arises. A recent series of spectacular experiments involv-
ing turbulent liquid crystals [35,36] have been able to not only confirm the predicted scaling
laws but also the statistics (skewness and kurtosis) for the distribution of these fluctuations.
The multi-point joint distributions of scaled fluctuations are likewise given by the (i) Airy;
[27] and (ii) Airy; [8,9] processes, and [35,36] could also demonstrate that certain statistic
involving the two-point correlation functions agrees with the predictions. A further natural
initial geometry is two sided Brownian motion for which one sees, at later time, a new (though
correlated) Brownian motion, with a global height shift given by the Fy distribution [4]. Note
that all these spatial processes have n-point distributions given by Fredholm determinants.

In this work we consider two questions: (1) What are the exact statistics and multi-point
joint distributions for growth off of more general initial geometries; and (2) Can one predict
multi-time statistics and distributions? Our partial answers follow from our investigation
into the KPZ renormalization fixed point which we denote as f. We describe its Markovian
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Renormalization Fixed Point of the KPZ Universality Class 817

evolution in two complementary ways: (1) Through a variational formulation similar to that
of a stochastically forced Burgers equation, but with a new, nontrivial (but unfortunately
not very explicit) driving noise, which we call the Airy sheet, and with the maximization
occurring along a network of paths called the polymer fixed point; and (2) Through a formula
for the transition probabilities, derived by employing non-rigorous methods of replica Bethe
ansatz for the KPZ equation [11,18,28]. These transition probabilities should enable one to
compute multi-point statistics for general initial geometries, and using the Markov property,
this should enable one to compute multi-time statistics, thus answering both questions. A
complete description or characterization of the noise arising in the forced Burgers equation
could provide a stochastic analysis approach to show universality of the KPZ fixed point.

Besides the usual issues with the replica method for the KPZ equation (e.g. the moment
problem is not well-posed and consequently one must deal with trying to sum divergent
series), in deriving our transition probability formulas we employ an asymptotic factoriza-
tion ansatz on the Bethe wavefunctions. For the narrow wedge initial data, this ansatz has been
shown to lead in the long time limit to the expected multi-point joint distributions [19,23,28].
However, since we are dealing with general initial data it is not clear whether this factoriza-
tion approximation (after asymptotics) leads to the true transition probability formulas. (Such
transition probability formulas are only known for a few types of initial data, such as flat and
two sided Brownian motion.) As such, our transition probability formulas should be treated
as plausible answer, as they pass several basic tests such as scaling invariance and the Markov
property. They also reproduce the known formulas for one dimensional distributions for gen-
eral initial data. In Appendix we consider the two-point distribution for flat initial data and pro-
duce a formula using our transition probability formulas. Unfortunately, we have not been able
to match this (or to show that this does not match) with the expected Airy; process formulas.

Although the connection is not yet understood, our transition probability formula should
be accessible via asymptotics of a less explicit determinantal formula derived earlier for the
microscopic model TASEP [9,33]. Another possible route to make rigorous our transition
probability formula (or disprove it) is through the rigorous replica Bethe ansatz developed
in [7,10] for g-TASEP.

The results of this article should not be treated as mathematically rigorous and rather are
intended to provide conjectural descriptions of the KPZ renormalization fixed point. Signifi-
cant and serious mathematical challenges exist to make rigorous any part of these conjectures.

2 Variational Formulation
2.1 The KPZ Equation

In 1986, Kardar—Parisi—Zhang (KPZ) [25] proposed the model equation (which now bears
their names)
Oh = 3(9:h)* + J07h + &, (1)

from which the universality class takes its name. The noise & is Gaussian space-time white
noise with formal covariance (£(¢, x)£(s, y)) = §(t —s)§(y —x). Itis, in fact, a mathematical
challenge to even define this equation, let along study its long-time scaling behaviors. The
physically relevant notion of solution is provided through the Hopf—Cole transform Z = e”
which (formally) transforms the KPZ equation into the well-posed stochastic heat equation
(SHE) with multiplicative noise
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818 1. Corwin et al.

WZ=102Z+¢2Z. )

We will always work with the so-called Hopf~Cole solution to the KPZ equation which is
defined as

h(t,x) =log Z(t, x).

The narrow wedge initial conditions correspond to starting Z with a delta function, and the
flat initial conditions correspond to starting with Z = 1. Correspondingly, in the liquid crystal
experiments the laser excites a single point, or a line.

Many discrete growth models have a tunable asymmetry and (1) appears as a continuum
limit in the diffusive time scale as this parameter is critically tuned close to zero [1,3,6]. Let
us demonstrate this idea via explaining how the KPZ equation scales. For real b, z define the
scaled KPZ solution

hep(t,x) = Ehh(éizl, 671)6)
Under this scaling,
Ohep,; = %GQ’Zafhe;b,z + %62**"*”(@}16;,7’1)2 4 b2,

Note that the noise on the right-hand side is not the same for different €, but in terms of its
distribution it is. It is natural to consider whether there are there any scalings of the KPZ
equation under which it is invariant. If so, then one could hope to scale a given growth process
in the same way to arrive at the KPZ equation. However, one checks that there is no way
to do this. On the other hand, there are certain weak scalings which fix the KPZ equation.
By weak we mean that, simultaneously as we scale time, space and fluctuations, we also put
tuning parameters in front of certain terms in the KPZ equation and scale them with €. In
other words, we simultaneously scale time, space and fluctuations, as well as the model. Let
us consider two weak scalings.

Weak Non-linearity Scaling Take b = 1/2, z = 2. The first and third terms stay fixed, but
the middle term blows up. Thus, insert a constant A, in front of the non-linear term (8ch)?
and set A = /2. Under this scaling, the KPZ equation is mapped to itself.

Weak Noise Scaling Take b = 0, z = 2. Under this scaling, the linear afh and non-linear
(3,h)? terms stay fixed, but now the noise blows up. So insert a constant S, in front of the
noise term and set Bc = €'/2, and again the KPZ equation stays invariant.

One can hope that these rescalings are attractive, in the sense that if one takes models with
a parameter (non-linearity or noise) that can be tuned, then these models will all converge to
the same limiting object. There are a handful of rigorous mathematical results showing that
weak non-linearity scaling can be applied to particle growth processes [3,6,17] and weak
noise scaling can be applied to directed polymers.

A third scaling of interest is the following.

KPZ Scaling It was predicted by [21,25] that under the scaling b = 1/2 and z = 3/2 the
KPZ equation should have non-trivial limiting behavior. It is this scaling and its limit which
is of primary interest in this paper. Figure 1 summarizes these scalings and the role of the
KPZ equation, KPZ fixed point and EW fixed point.
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EW fixed point

weak nonlinearity scaling weak noise scaling
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Fig.1 Three types of scalings for the KPZ equation. Weak noise and weak non-linearity scaling fix the KPZ
equation whereas under KPZ scaling, the KPZ equation should go to the KPZ fixed point. It is believed (and
in some cases shown) that this extends to a variety of growth processes and directed polymer models. The
KPZ equation represents a heteroclinic orbit connecting the Edwards—Wilkinson (EW) and KPZ fixed point

2.2 The Renormalization Operator

We now fix the KPZ scaling b = 1/2 and z = 3/2 and thus set
he(t, x) = (Reh)(t, x) = € 2h(e %1, e 1x). (3)
Under these changes of variables, &, satisfies (1) with renormalized coefficients,
dhe = S(0:he)* + €2 102he + €%, )

Note that the initial data for this equation also gets rescaled, that is, if (1) has initial data
(0, x) = h°(x), then the initial data for A in (4)is ¢ (0, x) = (Rch)(0, x) = /210 (e~ 1x).
It would seem, at first glance, that as € — 0 all of the coefficients on the right-hand side
go to zero, except that of the non-linearity. Thus, formally one might expect that i satisfies
the deterministic inviscid Burgers equation. However, this cannot be true since it would
imply two false results: that the narrow wedge solution has deterministic solutions and that
Brownian motion is not invariant.

The KPZ renormalization fixed point i should be the e — 0 limit of the (properly centered)
process /.. We now provide a description of what this limit should be.

Let h(u, y; t, x) be the solution of (1) for times r > u with Z = " started at time u with
a delta function at y, all using the same noise (for different u, y). To center, set

hu, y;t,x) = h(u, y; t,x) — 55 (t —u) —log /27 (t — u)
and define A by

_ 2
h(u, yit,x) = =S5 4+ Ay (u, yi 1, x).

After the rescaling (3),

_@-y)?

Reh(u, y;t,x) = s T Ac(u, y;t, x)
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820 1. Corwin et al.

where Ac = RcAj.Ase — 0, Ac(u, y; t, x) should converge to a four-parameter field which
we henceforth call the space-time Airy sheet A(u, y; t, x). In each spatial variable it should
be an Airy, process [27] and it should enjoy several nice properties:

(1) Independent increments A(u, y;t,x) is independent of A(u’, y;t’,x) if (u,r) N

', 1) =0
(2) Space and time stationarity A(u, y; t, x) dist A+ h,y;t + h, x) dist Au,y + z; t,
X +2);

(3) Scaling A, y; 1, x) = 113 4(0, 12 y; 1, 17235,

(4) Semi-group property Foru < s < t,

—v)2 2 N2
A, y;t,x) = suﬂg{(zx(,_y;) — e — S AW, i 5, D)+ AGs, 7 1 1)
ZE

Using A(u, y; t, x) we construct our conjectural description of the KPZ fixed point h(z, x).
By the Hopf-Cole transformation and the linearity of the SHE, the centered solution of (1),
h(t,x) = h(t,x) — ;—4 — log +/2m¢t, with initial data 19, can be written after rescaling as

Roi(t, x) = €2 ln/ exp (6_1/2{ — Gt A0, y5 1, %) + REhO(y)})dy.
If we choose initial data hg so that Rehg converges to some (possibly random) function f

as € — 0, we can use Laplace’s method to evaluate h(¢, x) = lim¢_,q Roh(t, x) = To.: f (x)
where

T () 1= sup { =S5 + A, yi 1,0 + f )] )
yeR

The operators 7, ;, 0 < u < t form a semi-group, i.e. T, ; = T, T ;, which is stationary
with independent increments, and such that

To.: dist (Rt72/3)71T0,1Rt72/3.
Additionally, if « € R then
dis _
To. (@f)(x) = aTyos, (@ %x). ©)
By the Markov property, the joint distribution of the marginal spatial process of h (for
initial data f) at a set of times #; < 1, < --- < t,, should be given by

(), - 50 = Do foeoos Ty Tou ).
The process of randomly evolving functions can be thought of as a high dimensional analogue
of Brownian motion (with function-valued state space), and the T, as analogous to the
independent increments.
The solution %(u, y; ¢, x) of (1) (with " started at time u with a delta function at y)
corresponds to the free energy of a directed random polymer x (s), u < s < ¢ starting at y and
ending at x, with quenched random energy (see [2] for a rigorous construction of this measure)

Slitl

t
/ {1£(s))* — &(s, x(s))} ds. (7

Under the rescaling (3) this probability measure on paths should converge to the polymer
fixed point; a continuous path 7, ., x(s), ¥ < s < t from y to x which at discrete times
u=s9<---Su—1 <t1is given by the argmax over xg, ..., Xp—1 of

(Tu,xl 8)‘)()51) + (T:vl,sz(sxl )(XZ) + -+ (nm,|,t8xm,] )()C) (8)
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Renormalization Fixed Point of the KPZ Universality Class 821

A
\J

Fig. 2 Polynuclear growth with two nucleations distance e ! apart observed at times e/ zti (i=1,2,3)
in an ¢~ ! spatial scale and ¢ ~!/2 fluctuation scale

This is the analogue in the present context of the minimization of the action, and the polymer
fixed point paths are analogous to characteristics in the randomly forced Burgers’ equation.
One might hope to take the analogy farther and find a limit of the renormalizations of (7), and
minimize it to find that path 7, ., .. However, the limit of the energy (7) does not appear to
exist, so one has to be satisfied with a limit of the path measures themselves. The path 7y «
should be Holder continuous with exponent 1/3—, as compared to Brownian motion where
the Holder exponent is 1/2—. As the mesh of times is made finer, a limit £(rrg, y.;,x) of (8)
should exist, and through it we can write the time evolution of the KPZ fixed point in terms
of the polymer fixed point through the analogue of the Lax-Oleinik variational formula,

Ty f(x) = Sup{g(nu,y;t,x) + .f(nu,y;x,l(u))}-
YER

The KPZ fixed point, space-time Airy sheet, and polymer fixed point should be universal
and arise in random polymers, last passage percolation and growth models—anything in the
KPZ universality class. Just as for (1), for some models at the microscopic scale, approximate
versions of the variational problem (5) hold, becoming exact as ¢ — 0. For example, con-
sider the PNG model [27] with a finite collection of nucleations spaced order e ! apart (see
Fig. 2). At time € ~3/2¢ we look at e ~!/2 scaled fluctuations in spatial locations € "x. As €
goes to zero, these fluctuations (after proper centering) should converge to h where the initial
data f is —oo except at the nucleation points, where it is zero. By introducing additional
nucleations at times on the order of e ~'/2 and spatial locations order € ~! apart, it is possible
to modulate the value of f at these non —oo points. Taking the number of nucleation points
large allows one to recover any f. The experiment of [35,36] is well described by the KPZ
fixed point with a single nucleation. Future experiments could probe the effect of additional
nucleations. Using statistics to differentiate between types of initial data given finite time
observations is a driving force for the development of the following exact formulas which
provide theoretical predictions.

3 Transition Probability Formulation

We start with a simple version of our proposed formulas which are the results of computations
described in Sect. 3.1.
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822 1. Corwin et al.

Givenci,y; eR,i=1,...,M,andsj,x; eR, j=1,...,K,let

b6, x) = () with fi) =—(4)" i = 0 —xD?] and f = —o0 otherwise.
Then the computations of Sect. 3.1 suggest that
P, x;) < (5)Is; — j —x)?, j=1,...,K) = det( — L) )
where L is the operator with kernel
L(z,7)
= /A o LV dvnr du - dug eOTIVHK i 1) (116270 [u) (0pg |10 oy 1)
s.¢

x 8y = vag+ 1) 112 ug) (g 1|k TIOM ) (u g [ O TVH K (10)
2
acting on L2(R), where H = — % + x is the Airy operator, K ; is the Airy, operator which

is the spectral projection of H onto its negative eigenvalues, and
A(s,0) = {u,v) r?axK{u,' —sit+ r{laxM{vj —cj} = vpy1} (11)
j=

..........

We assume here thatx; < x» < --- < xg andy; > --- > yps. The formulas give a consistent
family of finite dimensional distributions. Specializing to K = 1 or M = 1 one checks that
the resulting process (in x| and y) is the Airy process in each variable. Note that, in view of
(6), the left-hand side of (9) canbe rewrittenas P(h(2, x;) < [s;—(xj—x)?], j=1,..., K)
where h(2, x) = Tzf(x) with f(yj) =—[c; — (2/t)4/3y]2] and f = —oo otherwise.

From the above the transition probabilities of 7; = Ty ; can be obtained by approxima-
tion. Define the operator Y[‘Z!b] via its action Y[‘i’h]f(y) = u(b, y) where u(t, x) solves the
boundary value problem

[B,Lt:—Hu a<t<b (12)

u(t,x)=0 x> gt

with initial data u(a, x) = f(x).Let c¢(-) and s(-) be (nice) functions such that s(-) has finite
support in [Lg, Rs] and c(-) has finite support in [L., R.] (here by finite support we mean
that outside that interval the function is +00). Then

P(Ti f(x) < (5)'Pls(x) — (x — L)L, x € [Ly, Ry]) =det(I — Kai + L) (13)

where f(y) = —(5)'? (c(y) — (v — Ly)?) and
A d
L(z.7) = //dm du ©1 . (u, Z)%G)z,—m(z/, u), (14)
Oty (U2, 2) = (y[SL(;)";':]l+me(Rsts)HKAi) (2. 2).

O (s v 1) = (Kaie BT EH (O LR ) (2 ), (15)
where ¢(y) = ¢(Le + R. — y).
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Renormalization Fixed Point of the KPZ Universality Class 823

3.1 Replica Bethe Ansatz

In this section we follow the methods of [11,18] as further developed in [28,29]. Let
Z(y, x; t) be the solution of (2) at x at time ¢ with initial data §, at time 0. Given sy, X,

k=1,...,Kandcy, yum,m =1, ..., M consider Zle e Sk Z(t, x;) where Z(t, x) solves
the SHE with initial data Z,A,f:l e~ m§, . From the linearity of the SHE this can be written as
Zle Zf‘le e Sk=Cm Z (y, xi; t). Following [11,18] we compute the generating function

K M
G(s,x;c,y) = E[exp(— eﬁ{z Z e KTMZ (Y Xk t)})].

k=1 m=1
By studying asymptotics under KPZ scaling we obtain the formula for the transition proba-
bilities.
Expanding the generating function exponential we write this using replicas as

( I)N tN /24

G(sxcy)—l—i-z N

N=1

<1N|e*HNf|FN) (16)

where the N-particle wave functions of the delta-Bose gas

N
Hy = —1 - = Z S(x; — A7)

zl t;éjl

M - mj K — 2. Sk;
are<1N|:Zml,...mN=le Zj ()’m1 "'ymN|and|FN>ZZk| ..... kN=le Z/ gk] |xk1 "'-ka>'
The wave functions are symmetric, so the propagator is only needed on the symmetric
subspace. Thus we may employ the eigenfunction expansion of Hy (e.g. [11,18]),

(Ve N = 7 e E (PN (). (1)

The eigenfunctions are given by

‘“—ZAp(y)exp[Z1 ZyL—fZ > be—vel} a9

peP CEQO,(I,) a=lc,c EQH([,)

Here 1 < L < N is the number of clusters of particles, n, is the number of particles in
the «-th cluster, and N = Zé:] ngy is the total number of particles. Z/pep denotes the
sum over those permutations of N elements permuting particles between different clusters.
q = (q1, ..., qm) are the momenta, andy = (y1, ..., yn). See [18] for the definitions of
the coefficients A, (y) and the partition Qu(p), @ =1,..., Lof {I,..., N}.

Expanding the tensor products given above, and still writing r to index the eigenfunctions
for simplicity, we get

G(s,x;c,y)
00 K
(=N e!N/24 E ) spn sy Y (ks XEy)
=14 D> T E O e Gty S e SR
N=1 N! r ki, ky=1 1/"’(0)
M
w3 em o) [wr G ymy) }
mi,..., my=1 Kbr(o)
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824 1. Corwin et al.

Using the factorization approximation of [28] with the identity e®#+bvHcuv — ocady pautbv

K

> et bsiy) Yr Ok - Xk )
ki,....kn=1 VIV (0)
M 1 X K Na
H =7 Zab=t Xa=Xp|d5, s, Z oSk HidaX
a=1 k=1

This approximation is believed to hold asymptotically in ¢, the evidence being the recovery
of the Airy, process in the limit when M = 1 [28].

We now follow many of the manipulations made in [28] in the case when M = 1. Plugging
in the above factorization we have an approximate generating function,

G#(s x;c,y)
(IWwH -
— 1+Z N 7 Ze—tErlw (0)|2 H e % Zab 1|Xg xb\asaa% ze—vk+1qaxk
N=1 a=1 k=1
M N
lZM ly, PYP) iy
x H e~ 3 2ab=11Ya=Ybl0cs ¢, Ze—cz—tqa}/ )
a=1 =1

Now recall [18] that the eigenenergies E, = 5 Z - n]qJ 24 Z l(n —nj), that

1
|%®V=M®(l : ) :
1t +ia; =490 )y oy

.....

and that the normalized sum over eigenstates is given by

Thus we can write

G#

K M nj
dq] Ltnd—J —1tq? iXaqi—Sa —ivaqj—Ca
= — —

1
x det| 5 -
s(nj+np) +ilg; —qi)

where

K M
J = %Za,b:l |Xa — xp[0s, 05, + % 2 ab=1 1Ya = Ypl9c, 9 -

At this point one is forced to adopt a choice e m/3 Jdu Ai(u)e™ " of analytic continua-
tion to complex m. Then one observes, following [18], that G* can be written as a Fredholm
determinant G* = det(1 4+ R) where R has kernel R(q, m; g/, m’) given by

2 m
1 tm? _1q° . P
. e2d 7V o2 (Z(Il(:l e”‘“qﬁ”) (z;w:l ef”"q*‘“) .

2mam+wrmm—¢»
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Renormalization Fixed Point of the KPZ Universality Class 825

Define for vectors s = (s, ..., sx) and ¢ = (cy, ..., cy) the function

_ (esl+...+esk)(ecl+...+eCM)
T L4 (e 4+ eSK) (€S F - M)

O (s; )

Following [28] we obtain that G* = det(1 — N ) with

N(z,Z) =1, 07 / duAi(u + 2)Ai(u + 7)®(o0u —s; —¢)
where u = (u, ..., u) and where, for o = (t/2)1/3,
J =04 @710, = 02 (X001 wady, = S0 wde,)

We can follow the method of [28] equation (4.21) to replace 9, by either —d, +« zllf:l s,

or =3 +a > ), 3., because S K | 35, and 32| 8, have the same action on ®. Hence
we get

N(@z.2) = 10042 ol zs0e e /duAl(u + 2Ai(u 4+ )P (au —s; —¢)  (20)
where
Jx=— 25>b Xq0s, 95, — %Zf 1 X 3s2,, - ﬁ Zf:l xgasa + % Zf:l XaOs, s
Jy is the analogue of Jy with s, x replaced by ¢, —y, and
Tx2/21,y2 /2t = €XP {4@]? 25 1 X305, + 4a3 Za 1Ya 3%}

is the parabolic shift (recall that f(s + d) = exp(dds) f(s)). From now on we move into
the frame with parabolic shifts removed (which accounts for the parabolas in the transition
probability formula (9), the shift by x1 will be explained later), and call the associated operator
L (instead of N ). Thus, in view of (16), we are computing

B (exp[ —eZimi == 201]) o den(r — L) @1

with i (¢, x) = log(Z(¢, x)) the Hopf—Cole solution to the KPZ equation with initial condition
given by Z(0, -) = Z,A,:Izl e~Cm+ Vi 12y,

X1
Observe (as in [28]) that one may write (setting xg4+1 = yy+1 = 0) elx = 2227 AY---
il
A% and e’y = €207 AY ... A% | where

X _ Xg—Xp41 2 2 (e—xey)® ot X=Xl ) Xe—Xpql 14
Al = eXp {_ 2 + (Zazl 8Su) - A3 Za:I asa T T2 < = o BZ/ (Za:l asa)

and Aly is the analogous operator with s, x replaced by ¢, —y. By the Baker-Campbell-
Hausdorff formula,

X1 X1 M X1 s
—5z SRR 0, 4
Al A 0207 = o2d3 2= Yedegt 3,02 AY - Al (22)
This gives for our kernel

*)’1 ’
1ZZ>0ezoﬂ Tl vedey+Tper e / du AY .- A}, AT - A ®(0u — s, —Q)Ai(u+2)Ai(u+2)).
(23)
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826 1. Corwin et al.

Introducing an auxiliary variable u g 41, the integral in (23) becomes

/duKH dud(ugir —u)Al - A} AT - A ®(au —s, —0)Ai(ug 41 + 2)Ai(u + 2).

(24)
Now observe the identity

—X,

AP (qu — s, »)Ai(x)Ai(u + 2 N=e [2a§ “<I>(otu — s, »)AI(x)Ai(u + 7))

where * represents that all subsequent terms do not depend on u, and where H, is the Airy
operator acting in u, H, = —33 + u. Likewise,

O (x, au — OAIWAIU +2) = ¢ 2 D (x, qu — )AI®AIW + 2.

YK YK+
From the first identity we can replace the operator A% by e 22 Hu applied to @ times

the Airy function terms only. Introducing an additional variable ug and a delta function
S(ug — u) we get

XK_XK-FI H,
u

/duKH dud(ug —u)s(ug+1 —ug)Ay - A) A} - Age 22

X[ @ (au —s, —)Ai(u1 + DA + 2]

Then we can integrate by parts so as to move the action onto only the delta function, and
writing A§(v — u) = A(u, v) for an operator A acting on u, (24) becomes

K—*K+1

/duKduKH dud(ug —u)e< 22 H(MK,MKH)
XA¥ . -~ALA’1‘ s A’,‘(_1<I>(otu — S], ..., OU — SK—1, QUK —SK, —C)Ai(ul(+l + 2)Ai(u + 7).

By introducing this additional delta function we have been able to replace the variable u in
) . K XK41 g KK g
the term cu — sg by aug — sk and likewise e 202 (u,ug4+1)bye 222 (ug,ug41)-

Iterating this procedure K — 1 times we obtain

K YK+l

] X X
/dul cdug i duduy —we 22 Ty ug) e 2 (ug, ug )

xAY - A ®(auy —s1,...oaug — sk, —¢)Ai(ug 41 + 2)Ai(u + 7).

So far the manipulations have followed exactly those of [28]. Now in order to apply a similar
procedure for the A{ operators, apply the change of variables u; — u; +ufori =1,..., K
(but not K + 1), which yields

Lnpy K YK+ 1

/dul ~dug1dud(uy){uile 22 qu) <MK|€ 20 HIMK+1—M>

><A31] . ~-A1yud>(oeu1 — 81, ...0ug — Sk, 0w — ¢)Ai(ug 41 + 2DAi(u + 2).

The key point is that we now have au — ¢; in the second set of slots of ®. We proceed
now for the the Az just as we did for the A}. Introduce a new variable vy and a delta

function §(vpr41 — u), use the formula above to replace AL by exp{%Hu} applied
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to the product of the ® and Ai functions, integrate by parts and finally introduce yet another
new variable vjs. Doing this once yields

X]—)Cz H YK XK +1
/dede+1dM1 cdugpdud(uy)(uile 22 " lug) - (ugle 27 lug r1—vps1)

IMALTIM gy v
x8(vy —u)(e 222 S(up4+1 — vM))A AV

X<I>(au1—sl, QUK —SK, U —C], ..., QU—Cpf—1, XV — CM)Ai(MK+1 + DAi(u + 7).
We may iterate this M — 1 more times to get

1wy XK XK 41
/dedeHdul g du s (wrle 3 M- tugle 2 g o —varen)

»2=yi )'M+l_yMH
x8 (v — u)(vile " Hlog) - (uple” 22 [vpm+1)

><d>(au1 — 81, ...QUE — SK;0V] —Cl,...,QU)y — CM)Ai(uK_;,_] + 2Ai(u + 7).

Now we make the change of variables u; +— u; — vpy4q fori =1,..., K (butnot K + 1).
Because of the shift invariance of the problem we can assume without loss of generality that
x1 = 0 (this accounts for the shift by x in (9)). Since xx+; = 0 by assumption as well,
the term that comes from the shift of the operators telescopes to zero. Also we introduce the
function Ai,(s) = Ai(s +z2). We can gather the terms involving u x4 and, also including the

K
lz>0 term, we have (u g |e 222 Hg AilAiz). We can also gather the terms 1nvolv1ng u along with
-
e 20?2 37 and 1,/-¢. Observe that f duly.gAiy (u)e 2 2 8(v1 —u) = (Aiy |eZa KA,|v1)
The final result for our operator Lis
L(z,7)
X=X YK—1—YK

=/dM1-~~de+1du1 dug 8 — vy rle 5 ) g oale 2 M lug)

n g IMH1 M oLy
x(vile 22 " |ug) .- (uyle 27 |UM+1><MK|€2°‘ 7 K ail AL (A2 Kailvr)
X@(a(m —Upa1) —Si, .. (g —Vpe1) — SK, QU] —Cl, ..., QU — cM). (25)

Recall now that we are interested in the asymptotics of this formula under the KPZ
scaling (3). In particular, we need to scale (¢, x) as (€73/2¢, €~ 1x), which leads to setting
a = € 1/2(t/2)!/3. Observe that, with this choice, 2a? = 2!/3¢=1¢2/3_ and thus in order
to obtain the desired asymptotics we replace x, — 2183¢=142/3x, Ya > 21/36_112/3)1(,
Sq > e_]/z(t/2)1/3sa, and ca — 6—1/20/2)1/36“ Note that under KPZ scaling —c; +yi2/2t
rescales to (t/2)1/3( ¢i + 2y while, similarly, s; — /2./2t rescales to (t/2)1/3 (—c; + yl.z).
With this scaling, the left-hand side of (21) leads to

P(h(t, x) < ¢/ (s —xp), k=1...,K)

with h(t,x) = T, f(x) and f(ym) = —(t/2)3(cp — y2) for y = y and f = —o0
otherwise which, in view of (9) is exactly what we are looking for (recall that we have set
x1 = 0). The formula for the kernel L follows from taking ¢ — 0, or alternatively o — 00
in (25). Note that

D@ —vpg1 —$1), (g —vygr —sg). @ —c1), ..., (U —cm)) = Laee)

(26)
where A(s, ¢) is given in (11). For x; = 0, this gives (10) after a similarity transformation.
The formula for general x; follows by simply shifting the x and y coordinates by x;.
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Finally, in order to pass to the continuum limit we first write (10) as Ka; — f AS(s.0) where
the complementary set can be written

AS(s, c)_hm U {(u v) :max{u; —s1,...,Ug —Sg} <m+ vy,
meyZ

min{c; —v{,...,cpy — UM} € [m,m—i—y)}.

‘We obtain

I:(Z,Z/) = K — lim / —/ dvl---de+|du1---du[(e(ylfxl)HKAﬂvl)
]/—>0 B —m+ m,—m
meyZ : 4

x (v e  Jyy) - (| e T 1y 08 (g — )

(1|17 fug) - fug g |e ORI ) (u e | XK TIOH K @7
where
By
={@u,v) :max{u; —s1, ..., ug —sg}<m+vpyy1, max{v; —ci,..., vy —cy}<m'}.
Observe that

M K
WS H 1Mi§5i+l‘ﬂ+l)M+] H 1vi§Ci+m/~

i=1 i=1

This implies, using the fact that K ; is self adjoint and a projection to move it to the right
entirely, that the limit in (27) is

Jim, ;Z/dwﬂ O, o)W1 = )OF oy 01,2,
mey

where

®1 m,Vp+1 (Ml, Z)

— s1+m+vM+1€(x]_X2)H . PSK71+m+UM+1 (xg—1— xK)HPs;<+m+vM+] (XK—XI)HKAi,
and @2 "= (:)’31’7"1+y - (:)glim where
~§’m/(zlv UM+1)
_ e(y1*xl)HISCIer,e(yz*yl)H . ]36M—1+m,e(yM*)’M—1)HﬁCMHn/e(xl*yM)HKAi.

Fixtwointervals[Lg, Ry]and[L., R.],and functionss: [Lg, Ry;] — Randc: [L., R:] —
R.NowletK = M =nandletthe Ly < x) <--- <x, < RgandR, > y; > --- >y, > L,
be evenly spaced within these intervals. The limit as the mesh goes to zero (i.e., n goes to
infinity) in (27) is then given by

lim > / dvy11055,(Z, v )8 Ui —vp )05, . (1, 2),

—0
4 meyz
Noo = = _ ysOFvmprtm
where 077, = OF gy — O3, as before, and where ®1va+1 = Y r,

eRs— R‘)HK and ®°° = Y[CL( HZ’; (Ls=LIH with Yg deﬁned in (12) and with ¢(y) =
c(Le + Re — ). We may now take y to zero. We 1nclude a multiplicative factor of y so
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that the sum converges to an integral and use it to divide (:)Sf’m so that the resulting quantity
converges to a derivative. This yields (14)—(15).
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Appendix: Two-Point Distribution Function for the KPZ Fixed Point with
Flat Initial Condition

The goal of this appendix is to obtain a formula for the two-point distribution function of
the KPZ fixed point with flat initial condition based on the formulas proposed in Sect. 3, and
compare it with the two-point distribution function for the Airy; process. In (13) we need to
take

S1 if X = 0,
f=fi=0-1_p+o0o-1_pc and sx)=3s2 if x =u,
oo otherwise.

Here, L is a positive real number introduced because, we recall, in (13) f is supposed to be
infinite outside some compact set. Our interest is the case L — oo.
Using these choices, what we want to compute is

LleOO P(T> fL(0) < s0, T frL(r) < s1).

We have chosen here to take 7; with ¢ = 2 to simplify our computations. Observe that in order
to use the KPZ fixed point formula to compute this probability we need to use the discrete
version for the part involving s(x) and the continuum version for the flat initial condition,
but one can check that this does not introduce any difficulty.

Going back to the formula, note that in our case Ly = 0, Ry =r and —L. = R, = L.
Observe also that, since the function c in (13) is defined from f via f(y) = —(t/2)'3(c(y) —
(y — Ly)?) and we are taking r+ = 2, we have c(y) = y2. Therefore the KPZ fixed point
formula reads, in our case,

P(T2 fL(0) < 50, To frL(r) < s1) =det(I — Kaj + G Kaj), (28)

where
_ . il 2
GL(X, )’) = // dudm I:Ps1+m+ue rHPSz+In+uerH](uv X)% I:eLH®i_L}:nL]eLHi|(y, u)7

where fi_LmL] is exactly the same operator that gives GOE in [16] (the exact formula will

not be relevant). Note that

—rH p H D —rH p H
Pa|+b€ 4 Paz+ber (ZI7ZZ)=Pale ! PaQer (Zl_b,Zz_b),
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so integrating by parts we obtain
Gp(x,y) = // dmdu [6Sl+,ne_’H1_’sz+me’H + f_’sl+me_rH6S2+me’H](0, X —u)
. [eLHGfi_Lf"L]eLH](y, u)

The arguments in [16] show that K sje’ @fiz’f’L]eLH K ai converges to Kai (I —0_pm) Ka;

in trace class norm as L — oo, where
Qa(x,y) = Sxty=24-
Hence one expects
Jim P(T2fL.(0) < s0. T2 f1.(r) = 1) = det(I — Kai = GKi).
with
G(x,y)
= // dudm [SSIere_rH f_’52+merH+}_’S1+me_rH8s2+merH:|(0, x—u)[I —o—m](y, u).

Write G = G — I, where the two terms come from / and o_,, in the last expression. We
will first look at the term involving /. It is given by

G(x,y) = /du efrHPsz_sle"H(O, X — u)8y—y

+ // dudm 1351+,,16_’H(O, so+mye sy +m,x — u)8y=y
_ oo
=e P, 0, x —y) +/ dme ™0, 55 +m)e™ (s5 +m, x — y).
—s
The last integral equals e ™" # Py, ¢"H (0, x — y), and thus G = I. Then
det(! — Kai + GKaj) = det(I — TKpj). (29)

Next we look at I'. We have

T(x,y) = /du e 1P, 0, x —u)os, (v, u)
+ / / dm du Py, me™ "M (0, 50 +m)e™ (s3 +m, x —u)o_m(y, u).

Write T' as G| + Ga. Then Gy(x,y) = e "M Py, e"(0,x + y — 2s1). By the Baker-
Campbell-Hausdorff formula (BCH) we have

e TheTH er3/3er2Ve—rE
e Herd = o Berk eV
Here & denotes the independent variable, so that @& f)(x) = & f(x). Using this we have
Gi(x,y) = erAe_rAe_rHﬁsz_slerHe’Ae_’A(O, x+y—2s1)
_ erAer3/3er2Vefré‘;' };92_51efr3/3ergefr2vefm(o’ X4y —2s1)

= erAf_’sz_sl_ﬂeirA(O, x4y —2s1),
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. . . .. = g 2 — 2
where in the last equality we have used the identities e 7P’ = Pyand eV Pre Y =

P,_,2. Here, and below, we are writing expressions involving e with » > 0. This is

justified as in [31] because this operator is always applied after By (or Ka; = BoPoBy),
which is given by

Bo(x,y) = Ai(x 4+ y).
The kernel G is a bit more complicated. By BCH we have
oAV ot H — pat jtH ,aV
Using this we may write
e, 50 +m) = e THe™2V (0, m) = e e2V e H (0, m)
and, similarly,
sy 4+mx+y+2m) =V e™V (m, x + y) = ¥ T2MEDVH gy x4 y)
=M eV (x4 y) = I (L x4y — 5y),

so that

o0
Gay(x,y) = / dme ™ (=sy, m)e™e™ (—=m, x + y — s2)e"™.

—s1

Observe that the first factor equals e "Her8(—gy, m) while the second one equals

e"$e"H(—m,x + y — 57). By BCH again one has e "¢ —r8o=r?Ve=r*/3 and

— 2 3
e rHer?;' :erAer Ver /3

= e

, o using this and the symmetry of the heat kernel above gives

o0
Ga(x,y) = / dm erA(—sz +r2, m)e_rA(—m, x+y—s+ r2)
—s

51
:/ dme™™(sy —r2,mye"“(m, x +y — sy +r%)

—0o0

=h 15sl,sz+,zefm(0, x+y— 25 +2r7).

Putting the formulas for G| and G, together with (28) and (29), after taking L — o0, the
conclusion is that

P(T2f(0) < 0. Tof (r) < s1) = det(I — TKaj).
where

C(x,y)=¢2P, _» efrA(O,x—l—y—2s1)+erA13s1,S2+,zefrA(0,x+y—2sz+2r2).

§2—r*—s]|
Observe that the r2 corresponds just to a parabolic shift, so writing §; = s; = 51 + 0% and
$y =50 +r? we get
T(x,y) =Ti(x,y) +Tax,y) =2 P;, 5,¢72(0,x +y — 25)
+ erAﬁgl_gze_’A(O, x+y—2%).
This could already be considered a working formula.
What comes next is trying to put the formula we got in a form which makes the comparison

with the Airy; formula easier. Writing Ka; = B Po Bo and using the cyclic property of the
determinant we have

det(I — T'K) = det(I — PyBoT"By).
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Now
BoT'|Bo(x, y) = // dzydzy Ai(x + Zl)erAﬁgz_gl eirA(O, 71 + 22 — 251)Ai(z2 + ).

Shifting z; to 71 — x and z2 to 2o — 21 + x gives
Bol'1 By(x, y) = // dz1dza Ai(z1)e ™ Ps,_5,¢ "2 (0, 22 — 251)Ai(z2 — 21 + x + ).

But [dzAi(z)Ai(a — z) = 2713Ai(273a), so letting

Bo(x,y) =277 Ai@7 P (x 4 )
we have deduced that

BoT'1 By(x, y) = I'1 Bo(0. x + ),
and of course the same holds with I'; instead. Letting

A(x,y) = TBy(0,x + y)
we have
P(T2f (0) < 50, T2 f (r) < §1) =det(I — PoA).

Finally we change variables x — 2!/3x, y > 21/3y in the determinant. This changes the
kernel PoA(x, y) to 213 PgA(213x, 21/3y). Writing this explicitly for the term involving
I'y (and dropping the Pp for a moment) gives

2‘/3/dw 10, w)By(w, 2'3x 4 2173y)

= 21/3/032 e"2(0, Z)P;Q,gle_mgo(z, 2183y 4213y

251

- 22/3/dz 20,23 P;, e "2 By(2'32, 213 x 4+ 2173y).

Now ¢"2(0,21/3z) = (471r)_1/ze_(21/31)2/4r = 2_1/3e2_2/3rA(0, 7). Likewise one can check

that e"A§0(21/3z, 2135 4 21/3y) = 2_1/3e_272/3’ABo(z, x + y). Hence the last integral

2- _o-2/3

. 2/3
can be rewritten as ¢> 4 Py-153,—5)€ "2 By. The same of course holds for the term

with I'>. Hence the final formula becomes
B(Tof(0) < 51, Tof (r) < 52+ %) = det(I — PyA), (30)
where K(x, y) = FBO(O, x + y) and
Fony) = 2Py, pupy e A0 x +y =2 )
e APy s e TR0, x +y — 22sy).
In light of the version of the Airy; formula proved in [31]
P(A1(0) <2751, 41(27%r) < 2713))

= det(l — By + 132_1/35| 6272/3rAI'_)2—1/3S2(3_272/3rAB()) 31
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this suggests the conjecture

B(Tof(0) < 51, Tof (r) < 52+ 17%) = P(A1(0) < 27351, 41 2723r) < 2713y).
(32)

Unfortunately, we have not been able to check the equality of the determinants in (30)
and (31), and in fact it is not at all clear whether the equality is true. The kernels in the two
formulas have many similarities, but observe in particular how the variables x, y appear in
an odd position in K(x, y).

The formula (30) does satisfy some basic reality checks. The kernel A is symmetric in
s1, s2, which implies the same symmetry for the two-point function. Taking s; — oo yields
FoE(4'/3s7), which is the one-point marginal of 2'/3 4} (-). Similarly, setting » = 0 yields
Foor (43 (s1 A s2)). These three facts can be checked more or less directly from (30). An
additional, more complicated, reality check which can be performed is the following (we will
omit the argument, which is not hard but involves a relatively long computation). Fix some
s e Randletg(r) = P(A;(0) < 27135, 4;2723r) <27135) and g(r) = P(To £ (0) <35,
T>f(r) < s +r?). Then g'(0) = §'(0).

We have also performed some limited numerics—yet they do not give a definitive answer
as to the validity (or lack thereof) of this equality.
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