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Abstract. Itis shown that the polynuclear growth model is a completely integrable Markov process
in the sense that its transition probabilities are given by Fredholm determinants of kernels produced
by a scattering transform based on the invariant measures modulo the absolute height, continuous
time simple random walks. From the linear evolution of the kernels, it is shown that the n-point
distributions are determinants of n x n matrices evolving according to the two-dimensional non-
Abelian Toda lattice.

Keywords: polynuclear growth model, KPZ fixed point, KPZ universality class, Toda lattice.

Contents

Lo Introduction . . ... ..ot 4952
OULLINE . . o e et e 4953

2. Mainresults . ... e 4953
2.1. Model and Setting . . . .« o vt e e e e 4953
22, Todalattice . .. ... oot e 4956
2.3. Fredholm determinant formula . . ... ... ... ... .. L 4961
2.4. Why hit kernels solve the Kolmogorov equation . . ...................... 4963
2.5. KPZ universality . .. .. ...t e 4965
2.6. Narrow wedge and flat examples, discrete Painlevé Il equation .. ............ 4969

3. Derivation of the non-Abelian Toda lattice . . .. ....... . ... ... ... .. ... .... 4973
3.1. Generalkernel .. ... ... . . . 4974
32, PNGKernel . .. ..o 4979
33. Theforcingterm ... ... ... ...ttt e 4980

4. PNG as a Markov ProCess . . . .o v v vttt e e e et e e e e e e e e e 4985
4.1, SemIGroUP . .o vttt 4986
4.2, GONETALOT . . v v vt e et e e e e e e e e e e e 4987

Konstantin Matetski: Department of Mathematics, Michigan State University, 619 Red Cedar
Road, East Lansing, MI 48824, USA; matetski @msu.edu

Jeremy Quastel: Department of Mathematics, University of Toronto, 40 St. George Street, Toronto,
ON MS5S 2E4, Canada; quastel @math.toronto.edu

Daniel Remenik: Departamento de Ingenierfa Matemética and Centro de Modelamiento
Matematico (IRL-CNRS 2807), Universidad de Chile, Av. Beauchef 851, Torre Norte, Piso 5,
Santiago, Chile; dremenik @dim.uchile.cl

Mathematics Subject Classification 2020: 60K35 (primary); 82C22, 37K 10 (secondary).


https://creativecommons.org/licenses/by/4.0/
mailto:matetski@msu.edu
mailto:quastel@math.toronto.edu
mailto:dremenik@dim.uchile.cl

K. Matetski, J. Quastel, D. Remenik 4952

4.3, Invariant MEASUIES . . . v v v vt e et e et e e e e et e et e e e 4990
4.4, Adjoint EENerator . . . . . vttt e e 4994
4.5. Backwardequation . .. ........ ... ... 4995
4.6. Hitkernel . ... ... .. e 4999
A. Initial data for the non-Abelian Toda lattice . ............. ... ... ..., .. 5007
B. Trace class eStimates . . . . . o vttt it e e e e e 5012
B.1. Continuity . . ..o oot 5012
B.2. Thekernel. ... ... . . ... e 5012
B.3. Differentiability . ... ... .. . 5016
B4, Proof of (4.40) . . . . o e 5017
References . ... . e 5019

1. Introduction

One-dimensional polynuclear growth (PNG) is a model for randomly growing interfaces
which has been extensively studied as a solvable model in the Kardar—Parisi—Zhang uni-
versality class. The KPZ class is characterized by non-standard fluctuations, which are
universal for models in the class, but do remember the initial data. Most previous work on
PNG has considered the droplet or narrow wedge initial condition. For this special initial
condition, the one-point distributions of the model can be identified with a Poissonized
version of the longest increasing subsequence of a random permutation. Ulam’s problem
of determining the law of large numbers can be understood through the connection with
the Hammersley process [3, 4, 28, 56], and a representation as a Toeplitz, then later as
a Fredholm, determinant led to the identification of the fluctuations around this limit as
coinciding with those of the top eigenvalue of a matrix from the Gaussian unitary ensem-
ble [7,26,31-33, 62]. Multipoint distributions in this geometry can be computed based
on a multilayer extension, through which the Airy process was discovered [34,51]. Flat
and stationary initial distributions were also considered in [9,23,24,29,52,55]. Recently,
[35,36] were able to produce certain multitime formulas for some of these special initial
conditions. One thing all such results had in common, for PNG as well as other related
models, was the reliance on tricks particular to a few special initial conditions in order to
obtain Fredholm determinant formulas suitable for asymptotics.

In [38, 53], we introduced the KPZ fixed point, a scaling invariant Markov process
expected to be the universal limit of 1 : 2 : 3 scaled height functions, or their analogs,
within the entire KPZ class. The transition probabilities are given by Fredholm deter-
minants of certain kernels based on a Brownian scattering transform of the initial data.
Furthermore, the n-point distributions, starting from an essentially arbitrary deterministic
height function, come from matrix Kadomtsev—Petviashvili (KP) equations: In the one-
point case, they simply satisfy the KP-II equation; for higher n, they are given as traces
of matrix solutions of such equations.

Scaling invariant fixed points are natural places to look for integrability. But it is
also interesting to ask whether such an integrable structure already exists in one of the
discrete or semi-discrete models in the KPZ class. The question is particularly relevant as
it may shed light on the physical origin of the integrable equations. The KPZ fixed point
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formulas were derived through asymptotic analysis of similar determinantal formulas for
the totally asymmetric simple exclusion process (TASEP). However, the TASEP transition
probabilities appear not to satisfy any of the standard integrable discretizations of KP.

In this article, we consider PNG as a Markov process. Its transition probabilities, again
from essentially arbitrary deterministic initial data, are given by Fredholm determinants of
kernels produced by a scattering transform based on continuous time symmetric random
walks — the invariant measures of the process modulo the absolute height. For PNG, the
n-point distributions turn out to be associated to the most appealing discretization of the
matrix KP: In the one-point case, they are solutions of the two-dimensional Toda lattice;
for higher n, they are given as determinants of n x n matrices solving the non-Abelian
Toda lattice. All of these are well known [63] completely integrable extensions of the
Toda lattice. In this sense, PNG is shown to be a completely integrable Markov process.

Outline

Section 2 contains the statement of our main results, including the Fredholm determinant
formula for PNG and its connection to the Toda lattice. In that section, we also provide
a heuristic argument showing that solutions of the Toda lattice equations in our context
converge to solutions of the KP equation under the appropriate KPZ scaling, as well as
a discussion of some connections to earlier work. In Section 3, we provide an abstract
result which derives the non-Abelian Toda lattice equations for a general class of kernels
satisfying certain structural conditions, and then show that the kernel appearing in the
PNG formulas satisfies those conditions. Section 4 is devoted to the proof of the Fredholm
determinant formula for PNG, which proceeds by checking directly that the determinant
solves the Kolmogorov backward equation for the process. Appendix A derives the initial
conditions for the non-Abelian Toda lattice for PNG, while Appendix B provides some
trace norm estimates which are required in the proofs.

2. Main results

2.1. Model and setting

The polynuclear growth model (PNG) is a Markov process whose state space UC consists
of upper semi-continuous height functions 4 mapping R into the integers Z compactified
at {—oo}. The topology on UC is that of local Hausdorff convergence of hypographs,
which is natural for models of random growth (see Section 4.1 for a precise defini-
tion). The dynamics consists of two parts: a continuous, deterministic dynamics & +—
sup|,_x|< 7(y) and a discontinuous, stochastic dynamics. In the stochastic part of the
dynamics, there is a Poisson point process in space-time with rate 2 (this choice of rate
is arbitrary, but convenient in formulas). If (#*, x*) is such a point, then h(t*, x) =
h((t*)~, x) + 1(x = x*). In other words, in each interval [x, x 4+ dx], with probabil-
ity 2dxdt, a nucleation appears in [t,t + dt] and the height function is increased by 1
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Fig. 1. In the PNG dynamics, flat islands with integer heights expand deterministically in both
directions with speed 1, merging when they collide (red), and with new islands (green) appearing
above existing ones at the times of a space-time Poisson process with rate 2.

at x. Both dynamics are running simultaneously,' so the continuous part of the dynamics
implies that the nucleations spread in both directions deterministically at speed 1. See
Figure 1.

Almost equivalently, the model can be thought of as a collection of one-dimensional
‘kinks’ (down steps) and ‘antikinks’ (up steps) moving on R. They move ballistically at
speed one: kinks to the right, antikinks to the left. They annihilate upon collision [14], and
are also produced, in pairs, a kink at x T, an antikink at x~, according to a rate 2 space-
time Poisson process. The height (2, 0) is just its value /(0, 0) at time 0, plus the number
of kinks and antikinks which have crossed the spatial point O up to time 7. One does not
have to quibble about whether to count as crossings events like creations or annihilations
exactly at 0, as these happen with probability 0.

If one thinks of the (¢ + x)/2 direction as time and the (¢ — x)/2 direction as space,
or vice-versa, the dynamics becomes that of the Hammersley process [3]. Note, however,
that this transformation does not take our initial data into the standard initial data for the
Hammersley process.

We will denote the PNG height function at time ¢ by A (¢, x), or sometimes h(t, x; hg)
if we want to indicate the initial data. The narrow wedge at y € R is defined by

by(y) =0 and b,(x) =—oo forx # y. (2.1)

Define A;(x, y) = h(t, x; by), i.e., the PNG height function at x and at time ¢ when
we start the dynamics with a narrow wedge at y. The PNG dynamics (under the natural
coupling where one starts with two or more different initial conditions and runs them
using the same Poisson noise) preserve the max operation,

h(t, x;max{hq, ho}) = max{h(t, x; hy), h(t, x; ha)},
and hence one has the variational formula

h(t. x;ho) = sup{A;(x.y) + ho(y)}. 22)
y

The equality holds simultaneously in x € R, ¢ > 0.

Note that the dynamics makes sense starting from any function in UG, as SUp|y—x|<¢ M(¥) is
finite for any function in UC, at any x, since the supremum is achieved, and / is not allowed to take
the value 400 at any point.
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The sheet A;(x, y) can be recast in terms of a Poissonian last passage percolation
model. Here one looks for Lipschitz-1 paths from (0, x) to (¢, y) which pick up, along
the way, a maximal number of points from the background space-time Poisson process.
It is not hard to see that this maximal number, the point-to-point last passage time, coin-
cides with A, (x, y).” > From the symmetry of the background space-time Poisson process,

we also get
dist

Ar(x,y) = A(y, x). (2.3)
A special property, connected to solvability, is skew time reversal invariance,
P(r(r:8) = =f) =P((: f) = -¢) 2.4)

for all f, g € UC. Here h(¢; g) is the height function starting from g, and h(t; g) < —f
means h(t, x; g) < — f(x) for all x € R. The skew time reversal invariance is a simple
consequence of the variational formula (2.2) since, as events,

{h(t,x; f) < —g} = {sup{A;(x.y) + f(¥) + g(x)} < 0}.
X,y

Switching f and g is the same as switching x and y, and using (2.3), we get (2.4).
In particular, skew time reversal invariance appears to come from the fact that the model
has a polymer interpretation. The skew time reversal invariance can also be stated as

P(h(t:g) < f)=PHh™(t: f) = g). (2.5)

where h*"(¢; f) is the PNG dynamics running backwards in time from f: Up steps move
to the right, down steps move to the left, upward peaks merge on contact, and downward
troughs are created at rate 2. Another way to say it is that —/h evolves according to the
usual PNG dynamics. This last process naturally takes values in the space of lower semi-
continuous functions £C := {h : —h € UC}, and in (2.5) we take f € LC and g € UC.
We will show that the generator of this backward evolution is given by the adjoint L* of
the PNG generator L.
Let ®(g) be the indicator of the event that a path g ever becomes less than or equal
to 0,
®(g) = 1 — Lg=o. (2.6)

2See also the discussion leading to (4.2) below, which essentially proves this for PNG with
general initial data in connection to curve-to-point Poissonian last passage times.

3This also establishes the connection between PNG with narrow wedge initial data dg and
a Poissonized version of the longest increasing subsequence problem. Indeed, we have that A(z, 0)
equals the maximal number of Poisson points visited by a Lipschitz-1 path going from (0, 0) to
(¢,0), and all such paths lie inside the rhombus R with vertices at those points and at (z/2, +1/2).
Now rotate the picture by —45°, let N denote the number of Poisson points inside the square corre-
sponding to R (so that N is a Poisson[t2] random variable), and order these N points according to
their x coordinate. The y coordinates of these points define a random permutation o of {1,..., N},
which is clearly chosen uniformly from Sy, and % (%, 0) is then nothing but the length of the longest
increasing subsequence in 0.
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Identity (2.5) also yields P(h(z, x; g) > f(x) for some x) = P(h< (¢, x; ) < g(x) for
some x), which we can then write as Eg [®(f — A(f))] = Ef[®(h(¢) — g)], and now
taking the derivative at ¢ = 0, we get infinitesimal skew time reversibility,

Led(f —g) = L30(f —g). 2.7)

Here the subscript indicates which variable the operator is acting on.
We record a few other key properties. Typically for KPZ class models, PNG is statis-
tically invariant under spatial shifts and under reflections:

T_,h(t, x; Tyho) S (e, x; ho). Ty f(x) = f(x=y),
RA(t,x; Rho) = h(t, x:ho),  Rf(x) = f(=x).

Unusually among continuous time random growth models, PNG has a finite propagation
speed: Given everything up to time ¢, for s > 0, h(¢ + s, x) only depends on A(¢, y),
|y — x| < s, and on the points in the background Poisson process inside the space-time
region {(u,y) eRZ2:t <u <t+s|y—x|<t+s—u

Modulo a non-trivial upward height shift, the invariant measures for the process con-
sist of the following one-parameter family of two-sided continuous time random walks.
Let h*(x), h~(x) be independent Poisson process on R with rates p and p~!. Then
h(x) = h™(x) — h™(x) is invariant modulo height shifts, in the sense that, starting PNG
from such an initial state, with 4(0) = 0, at time ¢ > 0, h(¢, x) — h(¢, 0) will have the
same distribution as the process in x. This is proved in Section 4.3. A concrete choice is
the symmetric invariant state with p = 1, which we denote by N(x). In the hitting proba-
bilities below, the determinant turns out to be unaffected by the choice of p.

The transition probabilities of a Markovian growth model such as PNG are completely
determined by the finite-dimensional distributions

F(t,x1,....xp0, 01,00 10) = P (W, %) <ri, i =1,...,n), (2.8)

for an initial condition hg € UC, ¢ > 0, x1 <-+- < Xxp,and ry,...,r, € Z.

The PNG dynamics is surprisingly similar to ballistic aggregation (sometimes called
ballistic deposition) where the height functions live over Z instead of R and A (¢, x) jumps
to max{h(t,x —1),h(z,x) + 1,h(t, x + 1)} at rate one. One of the challenges in the field
of random growth is that we know almost nothing about many natural and basic models
such as ballistic aggregation (in this case, only that it grows at some rate C¢ [57] and
plenty of computer simulations). In contrast, for PNG we are now going to explain how
the entire family (2.8) comes from known integrable non-linear wave equations.

2.2. Toda lattice
We need to introduce some notation. For a < b, consider the hif operator, with kernel
it(h
PO (4, v) = Pyay=u (7 € [a.D].N(b) = ),
T = inf{x > a : N(x) € hypo(hy)},
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where hypo(hg) = {(x,g) € R X Z : g < ho(x)} is the hypograph of hg, closed since
ho € UC, and N is the continuous time random walk invariant measure introduced in the
paragraph before (2.8). If a > b, we set P;jz(h(’) = 0. We need the symmetric first- and
second-order discrete difference operators

VS = S (1) - S 1),
Af) = feut D+ flu=1) =2/,

The latter is the infinitesimal generator of the random walk N, that is, for x > 0 and
u,v € 7, we have
Proy=u (N(x) = v) = ™ (u, v).

The right-hand side has an explicit contour integral formula, see (2.23), which is in fact
valid for all x € R and exhibits (e¥*),cr as a group of operators acting on suitably
decaying functions in £2(Z). The following should be thought of as a scattering transform
of hy by random walks,

A (2.9)
Out of it, and for a fixed choice of t > 0 and x; < --- < x,, we build an extended kernel
acting on £2({x1, ..., X} X Z):

N Vv A
K™(xi, 5 xj,") = _1xi<xje(x_, X)A 4 ,—2tV=x; Agho

2tV+x;A.
Xi—t,X; +€ 7 (2.10)

as before, e’V is well defined for all # € R through a contour integral formula for its

kernel, see (2.23).

Now given r = (rq,...,r,) € Z", we use the extended kernel K to build an n x n
matrix kernel K = K(t;X1,...,Xz:r1,...,n; ho) acting on D, {*(Z>o) = {*(Z>o) &
oo @ £2(Z>g), the n-fold direct sum of £2(Zx¢):

(Kr)ij(u,v) = K™ (xi,u + ris xj,0 + rj). (2.11)
We stress that, although we only include the vector r in the notation, K, depends on ¢,

X1,...,Xy,and hg as well. Let

ro(t,x) = sup ho(y), (2.12)

ly—x|=<t

which is simply the level reached at x by the deterministic part of the dynamics, starting
with Ay, so

F(t,x1,....,xn,71,...,1m) =0 ifr; <ro(t,x;) forsomei €{l,...,n}.
We will show that if r; > ro(¢, x;) for each i, then I — K, is invertible; we will write
Ry =(-K)™!
for this inverse. Introduce also the variables

1 _ 1 . _
§=§(t—x) and n:z(t+x), X=x1+ -+ Xn,
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writer =1 =(ry,...,r,) £(1,...,1)and dx = dx, + -+ + 0x,,, and consider the follow-
ing element of GL(n), depending on ¢, 1, and r, and obtained by setting (u,v) = (1, 1)
in the extended kernel R, (u, v):

Qr = Rr(l’ 1)~

2.2.1. Non-Abelian two-dimensional Toda lattice. We can now state the main result.

Theorem 2.1. Let hg € UC be deterministic. Forr = (rq,...,ry) such that r; > ro(t, x;)
for each i, the matrix function Q, satisfies the non-Abelian 2D Toda lattice

3(3,0,0, ") + 0,0;1, — 0,110, =0, (2.13)

while
F(t,x1,....xp, 1+ 1,...,rp+ 1)

F(t,x1,...,Xn, "1y, Tn)

= det Q. (2.14)

The equation has to be supplemented by initial conditions and boundary conditions.
See Section 2.2.3 and Appendix A for a discussion.

The non-Abelian 2D Toda lattice (2.13) arises from the special dependence of the
kernel K, on r, n and ¢ (or, more precisely, the r;’s, ¢ and the x;’s). The theorem is
proved in Section 3. It was inspired by [12], where a special case is considered in an
abstract setting (see Remark 3.2).

The non-Abelian 2D Toda lattice forms a well-known integrable system [40]. Lax
and Zakharov—Shabat (zero-curvature) forms of the equation can be found in [63, Sec-
tion 3.1] (see also [60]). They arise from the compatibility of the equations for vec-
tors @, [43]

a77(I)r =V, & + A4, Ppq, 0:P, = Uy @r 41,

with
Ur = 0,074, Ve =-0,0,07" (2.15)

The non-Abelian 2D Toda lattice is sometimes written in terms of U, and V. as
U, + VU, = UV =0, 0V + U1 — U =0 (2.16)

(the first equation is an elementary consequence of definition (2.15) of U, and V., while
the second one is equivalent to (2.13)).

When n = 1, there is no need to take the determinant in (2.14) and the previous
theorem reduces to the following more accessible statement.

Corollary 2.2. Let hg € UC be deterministic. Then

Fy(t.%) = Pyy (h(t.x) < 1) (2.17)
satisfies the scalar 2D Toda lattice
1 Fo o 1F_
Z(af—a,%)logF, = %—1 (2.18)
r

fort > 0andr > ro(t, x) given by (2.12).
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To see how the corollary follows from Theorem 2.1, note that from (2.14) and (2.15)

we have
Fry1Fr—y

U, = FZ
On the other hand, since in this case U, and V, are scalars, the first equation in (2.16) reads
0y logU, 4+ V; — V;,_; = 0. Taking the { derivative of this identity and using the second
equation in (2.16) gives 8%77 logU, = Uy41 —2U; + U,—1. But logU, = log Fy41 —
2log Fy + log Fy—y and 9, = (37 — 93)/4, so this is just a second difference version
of (2.18).

2.2.2. One-dimensional Toda lattice. In the case of flat initial data, hy = 0, F, is inde-
pendent of x, the x derivative drops out of (2.18), and taking g, = log F,, —log F,_; and
t — 2t, we obtain the classic Toda lattice,

gr — egr+l_gr _ egr_gr—l_ (219)

2.2.3. Boundary conditions. In the one-point case, one needs to supplement (2.18) with
boundary conditions at t = 0 and r = ro(¢, x). At ¢t = 0, we clearly have from defini-
tion (2.17) of F, (¢, x) that

Fr(0,x) = Lisho(x)-

Since we are dealing with a wave equation, we require an extra piece of data at t = 0,
which in simple cases is given by

0 Fr(0.x) = =Y ((ho(y) = ho(y N hg(y—)=r<ho(»)
y

+ (ho(y) = ho (Y "N py(y+)<r<hg(r)) 8y (X)-

This comes from the deterministic part of the dynamics: The random part does not con-
tribute to the derivative because a jump at x coming from a nucleation in a time interval of
length ¢ has probability of order 2. From the dynamics of the process, &(z, x) can never
be smaller than ry(¢, x). Hence F, (¢, x) = 0 for r < ro(t, x). This leaves open the fate
of Fry(,x) (¢, x). We clearly have

Fro+1Frg—1 0
F2
since Fy,—1 = 0, and F,, > 0, since if there are no nucleations in the backward light
cone of (¢, x), then h(t, x) = ro(t, x), and this has positive probability (note however,
that other scenarios can also lead to A(f, x) = ro(t, x) so Fy, is not trivial to com-
pute). This would appear to give ((37 — 82)/4) log Fy(t, X)|y=ry(t.x) = —1, but it is not
quite true because Fy, has jumps when r¢ has jumps. These can be worked out in the
following way. First of all, ro(¢, x) is computed in an elementary way from the ini-
tial data ho(x). It has discontinuities of the first kind (jumps) on (annihilating) lines of
slope either 1 or —1 emerging from the initial jumps of &g, and at each discontinuity
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point (7, x) we have ro(1~,x) < ro(t™, x). It is not hard to see that F, x)(#, x) must
jump from Fr— x) (17, X) t0 Fy 4+ 4)(t7, x) as we cross the discontinuity line. In the
interior of the regions bounded by the discontinuity lines, we do have

1
707 = ) 10g Fy (1. ) = py(e = 1.

Because the jump is actually computed using the value of F at ™, F, ( x) (¢, x) can
now be computed everywhere. Again, one requires an extra boundary condition which is
provided by lim, .o F;(¢, x) = 1. We believe that under these conditions, the 2D Toda
lattice is well posed, but this is very far from anything available in the literature, and
we leave it for future work. In the special narrow wedge and flat cases, these boundary
conditions are very easy to state.

Narrow wedge. Fp.(0, x) = 1,40 4+ 1x=0,r>0, 0:F+(0, x) = —28¢(x). For |x| <1,
ro(t, x) = 0, while rg = —oo otherwise, and Fy(z, x) = e’(’z’xz), Fr(t,x) =0,k <0,
|x|] <t.

Flat. Fy(0,x) =1,50,0; F+(0,x) =0and ro =0 with Fy(t,x) = e~2% and Fi.(t,x)=0,
k <0.

The boundary conditions for the non-Abelian Toda lattice are complicated to state and
will be partially addressed in Appendix A.

2.2.4. Conserved quantities. It is natural to inquire as to the physical meaning of the
integrals of motion (see, for example, [40]) of the 2D Toda lattice in the present context.
However, the initial data is so singular that all the standard ones are infinite. The same
situation holds for the KP equations for the KPZ fixed point. Hope is not lost; presum-
ably, others can be found. We are simply in a situation where the dynamics moves through
states which have not been previously studied. For example, it seems in our context, soli-
tons are nowhere to be seen. In an analogous situation for the Korteweg—de Vries (KdV)
equation starting with white noise, a host of supplementary integrals requiring far less
regularity than the usual ones turn out to be available [37, 54]. We leave this problem
in the Toda context for future work. However, integrability is far more than the collec-
tion of integrals. In the present situation, we have in a sense constructed the transition
probabilities via determinants out of a vast class of martingales f (¢, h(¢)) with f coming
from the integral kernel (¢, K(T — t, h)y) and test functions ¢, ¥ on Z (see (2.26)).
Constructibility of these transition probabilities is our goal, and it is what we mean in
this context by complete integrability, and therefore these martingales play the role of the
relevant conserved quantities.

2.2.5. Related works. It was known that the narrow wedge PNG one-point distribution is
connected to Toda r-functions via Schur measures [47]. This can be partially extended to
the flat case (see Section 2.6.2). It is far from clear however, if, or how, such methods could
apply to general initial data. Because of this prevailing paradigm, the fact that general
initial data lead to Toda actually comes as something of a surprise. There is a point of
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view that all these integrable models lead to t-functions. But this is refuted by the key
integrable model which led to the discovery of the KPZ fixed point, TASEP, which does
not appear to fit this mold so nicely.

Very recently Cafasso and Ruzza [19] studied a finite temperature version of the nar-
row wedge solution, with a Fermi factor analogous to the deformation of the Airy kernel
which gives the narrow wedge solution of KPZ [5]. Note that it is far from clear what
a positive temperature deformation of PNG should look like; an interesting suggestion
is studied in [2]. Using Riemann—Hilbert methods, [19] shows that the Fredholm deter-
minant satisfies the same equation as ours in the one-point narrow wedge case, and also
obtains refined ¢ N\ 0 asymptotics there.

The scalar 2D Toda lattice also comes up in generating functions for Hurwitz num-
bers [46] (see also [27]), “moments” of conformal maps of simply connected domains
[65], as well as in the intriguingly related situation of the multilayer heat equation [45]
(see also [44], where the partition function of a Brownian directed polymer model is
characterized in terms of a diffusion process associated with the quantum Toda lattice).
The 1D non-Abelian case appeared earlier, governing spin correlations in the inhomoge-
neous XY model [50]. A mean field analysis of PNG in [13] somewhat surprisingly leads
to a directed version of the Toda lattice.

2.3. Fredholm determinant formula

The proofs of Theorem 2.1 and Corollary 2.2 are based on the following explicit Fredholm
determinant formula for the multipoint distribution of the PNG height function, given in
terms of the kernel K, from (2.11).

Theorem 2.3. Let hy € UC be deterministic, and fix any x1,...,x, € Randry,...,rp €Z
such that r; > ro(t, x;) (see (2.12)) for each i = 1,...,n. The finite-dimensional distri-

butions (2.8) are given by the Fredholm determinant
F(t,x1,...,xXn,71,...,1y) = det({ — K’)éBn 2(Z-0) (2.20)

Note that the determinant in (2.20) is the Fredholm determinant of an operator acting
on the n-fold direct sum of £2(Z~g), while (2.14) is that of an n x n matrix.

The way we originally derived this formula was as a limit of an analogous formula for
parallel TASEP with general initial data obtained in [39]. In the regime when each particle
in parallel TASEP attempts to move with probability p close to 1, the height function of
that model can be thought of as a discrete time version of PNG [25]. For parallel TASEP,
there is a biorthogonal ensemble representation, derived in [16], from which a Fredholm
determinant formula for its multipoint distributions can be derived based on a general-
ization of the method introduced in [38] in the context of continuous time TASEP [39].
We will pursue this route to (2.20) in an upcoming paper, where we will also show that in
fact parallel TASEP converges to PNG, after appropriate rescaling, as p — 1. A potential
alternate approach could be to start from the formula of [36, Theorem 2], which is an
analog of Schutz’s formula for TASEP in the PNG context. In principle, one could hope
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to pass from this to a Fredholm determinant formula. But it has only been accomplished
for a few special initial conditions (see [36]). In this paper, we will prove Theorem 2.3
by directly checking that the right-hand side of (2.20) solves the Kolmogorov backward
equation for PNG (see Section 2.4).

Remark 2.4. The finite propagation speed of the PNG dynamics implies that if |x; —
Xz| > 2t, then h(t, x1) and h(t, x») are independent. This fact can actually be seen from
the Fredholm determinant formula (2.20): restricting to the two-point case for simplicity,
in such a situation we have P;’;t(_ht"; 41 = 0,50 (Kr)2,1 = 0, and thus the kernel is upper-
triangular, which means that its Fredholm determinant equals the product of the Fredholm

determinants of its diagonal entries, i.e.,

det(1 — (Kr)1,1) 2z ) detd — (Kr)2,2)02(z-¢)-

Note that this means, in particular, that there is no dependence on the (K )12 entry of the
kernel, which is the only one depending on /¢ outside of [x; —#,x; + ] U [xo — 1, X2 + ]
(which cannot affect the distribution of A (z, x1) and /A (t, x3)). The same argument works
when there are several clusters of x;’s which are separated by distance at least 2¢.

The non-Abelian Toda lattice for PNG follows from (2.20) and the structure of the
kernel K. A key relation to this effect which is satisfied by the kernel is

0, Kr(u,v) = Krq(u+1,v) — Kr(u+1,0),

(2.21)
0K, (u,v) =Krq(u,v+1)— K, (u,v+ 1),

provided r; > ro(t, x;) for each i. The two identities together yield
an8§Kr = Kry1 — 2Ky + Kr—1,

which effectively provides a linear evolution for K, from which the PNG multipoint dis-
tributions can be recovered through the Fredholm determinant, thus presenting the model
as a stochastic integrable system. The identities in (2.21) follow directly (and for all r)
from definitions (2.10)—(2.11) if one ignores the dependence of the scattering transform

i?—z,xj 4 on the x;’s and 7. Showing that this factor does not contribute to 0, K, and
d¢ K, requires a separate argument, see Section 3.3.

Formula (2.20) for the PNG finite-dimensional distributions can be expressed equiv-
alently in terms of the kernel K*' from (2.11), which is how formulas of this type have
often been written in the literature. This way of writing the formula is convenient for some
computations. To state it, for a fixed vector r € Z" and indices x; < --- < Xy, let

Xr(ju) = Lusp; and - Jr (x5, u) = lusy),

which are regarded as multiplication operators acting on the space £2({x1, ..., Xm} X Z).
We will also use this notation whenn = 1 and r € Z, writing y,(u) =1 — y,(u) = 1,>,.
Then we have, for r; > ro(t,x;),i =1,...,n,

F(t.x1,....Xn. 11 mn) = det(l — 1, K™ ) 2y xnix2)- (2.22)
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On the other hand, the basic operators which make up the kernels appearing in (2.9)
and (2.10) can be expressed as integral operators with kernels having an explicit contour
integral formula

82tV+xA (ul» 2x 1 dz et(z—z_1)+x(z+z_1), (2.23)

uz) =e % Yo Zuz—u1+1
where yy is any simple positively oriented contour around the origin. When ¢ > |x| this

kernel can be expressed in terms of the Bessel function of the first kind,

t — x\ (wa—u1)/2
621V+xA(ul’u2) =e—2x<l+_3)€c) 2—U] Ty, (2 /_t2—x2), (2.24)

where

1 dz X(Z—Z_l)/Z
J,,(x) = 2—7[1 - We .

When ¢t = 0, there is another Bessel function expression for the kernel of A forx >0
(i.e., for the semigroup of the walk N):

e AUy, up) = e Iy, | (25), (2.25)
where

1 dz -1
L2x) = — @ ——er@T=)
n(2%) 2mi Jp, 2"t
is the modified Bessel function of the first kind. Formula (2.23) can be proved by dif-
ferentiation in ¢ and x, while (2.24) and (2.25) follow from the standard contour integral
formulas for the Bessel functions [49].%

2.4. Why hit kernels solve the Kolmogorov equation

Our proof of Theorem 2.3 will proceed by showing directly that the function F defined
as the Fredholm determinant on the right-hand side of (2.20) satisfies the Kolmogorov
backward equation. The proof is transparent but there are some technicalities which tend
to obscure the main idea. Here we explain the main idea, the technicalities are taken care
of in Section 4.6.

Let £ denote the infinitesimal generator of the PNG height function Markov process.
It consists of a continuous part and a jump part. The jump part acting on the determinant
turns out to produce a rank one perturbation. This is because the only way the hit kernel
changes is by the jump producing a hit where previously there was none. But in this case,
we know the spatial position x of the hit and the hit kernel factors into the probability
for N to go from u to hy(x) + 1 and the probability to go from there to v, hence a function
of u times a function of v, i.e., rank one. The other part of the generator, as well as d;,

4Online companion to [48].
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acts as a first-order differential operator, and therefore from properties of the Fredholm
determinant, we get

0, —L)F = Fu((I — K,)"' (3, — L)K,).

So the reason that the Fredholm determinant F satisfies the Kolmogorov equation
(0; — L) F is that the kernel itself does! To show this, i.e., that

(3, — L)K, =0, (2.26)

note first that from the structure of K, (see (2.9) and (2.10)), differentiating in ¢ pro-
duces twice the commutator of K, with V. The generator £, on the other hand, only
acts on the P;“Z(h) part of the kernel K,. So the special property of the hit kernel which

makes (2.26) hold is that
Lp ;,iZ(h) (u,v) = 2[P;f§,(h), V](u,v). (2.27)

There is a caveat that this can only hold above the curve, that is, for u > h(a) + 1,
v > h(b) + 1, and also that in the computation of the ¢ derivative we may in princi-
ple get additional terms coming from differentiating the scattering transform ‘Iﬁi_t, X+t
We ignore this for now, guiding the reader to Section 4.6 for the rigorous proof. The point
we want to make is that (2.27) is an elementary consequence of skew time reversibility,
as we explain next.

Consider a random path g in [a, b] which has the same law as N conditioned on
N(a) = u and N(b) = v. We choose g to be lower semi-continuous, and extend it as oo
outside the interval [, b]. Then, recalling that ®(g) (defined in (2.6)) is the indicator of
the event that a path g ever becomes less than or equal to 0, we have

it(h _
P;,;)( )(”’ v) = Equ:p,0[P(g — h)]e(b DA (u, v),

where E, .5, denotes the expectation with respect to the law of the random path g,
and then

Lp Pl (u,v) = Ba i o[£ P (g — M]e®™ %, v)
= Equpol L5 (g — )]e®™ %, v),

by skew time reversibility (2.7). The subscripts / and g indicate which height function the
generators are acting on. If the expectation were over the invariant measure, the right-hand
side would now vanish. So it is not hard to guess that with the pinned measure, one gets
boundary terms. They can be computed, with Proposition 4.5 giving the right-hand side
of (2.27). We feel that the proof of (2.20) using the backward equation has considerable
explanatory power. Although it turns out to be somewhat technical, the key fact that makes
it work is transparent, explaining why hit kernels based on the invariant measure produce
transition probabilities for such models, and, we hope, opening the way to stochastic
analysis of the KPZ fixed point itself. In [42], the backward equation was also proved for
the TASEP Fredholm determinant formulas. However, the key mechanism is not apparent
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there. The identification of this mechanism is one of the most important contributions of
this article. It is also important to note that a proof like this, via the backward equation,
can only be achieved once one has a formula for general initial data.

2.5. KPZ universality

The strong KPZ universality conjecture states that for any model in the class, there is
an analog of the height function and if £'/2h¢(s~'x) — ho(x) as & — 0, then there are
(non-universal) ¢ and C, such that

sl/zh(cs_3/2t, e71x) — Cot — b, x:;5o), (2.28)

where §(z, x; §o) is the KPZ fixed point starting from §o [38]. This can alternatively be
interpreted as the definition of the KPZ class. KPZ universality has been achieved in only
a few cases, usually by showing that Fredholm determinant formulas for the transition
probabilities converge to those of the KPZ fixed point. There are two steps: (1) Pointwise
convergence of the operator kernels. (2) Upgrade to trace class convergence or analogous
bounds. The latter tends to be tedious and difficult, and is sometimes skipped in the lit-
erature. In the case of PNG, the pointwise convergence of the kernels can be checked by
observation. It will be upgraded to trace class in a future article. But for PNG, there is
anyway a more direct route using the variational formula (2.2). Implicit in the article [21]
is the statement that under the 1 : 2 : 3 scaling, (2.28), A, (x, y) converges to the rescaled
Airy sheet t'/3A(t72/3x,172/3y), and therefore that if one has uniform convergence on
compact sets of the rescaled initial data to a compactly supported §g, then at time ¢ > 0
one has

sl/zh(s_z’/zt,s_lx) —2¢7 1 = sup{t1/3.A(t_2/3x, t_2/3y) + bo(¥)}
>0 yeR

in the same sense. The right-hand side is the variational description of the KPZ fixed point
b(7, x:ho) (see [20,38,41]).
For the KPZ fixed point §(¢, x), we showed in [53] that

g = 821og P(H(t.x) < r)

satisfies the scalar Kadomtsev—Petviashvili (KP-II) equation

1 1 1
drq + Earqz + Eafq +-9,192g = 0. (2.29)
An equation, with the flavor of (2.13)—(2.14), was derived in that case also for the multi-
point case. In order to write it down, we let K = K(¢; x1, ..., Xx,;71, ..., 75 bo) denote

the Brownian scattering operator introduced in [38], which plays the role of the PNG
kernel K, for the KPZ fixed point, so that

X1, Xni 1, ho) =P, X)) <r,i=1,...,n)= det(I—K)ea,,LZ([o,oo))~
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Consider also the variables ¥ =ry +--- + r,, X = X1 + --- + X5, and write as before
0 = 0p + -+ 0y, and 0x = 0y, + --- + 0y, . Finally, let

2 = (I-K)"'K(0,0),
which is in GL(n). Then the result of [53] is that
dylog® =tr Q

while Q and its derivative ¢ = 9,8 solve the matrix KP equation
1 1 1 1
d 0,02+ —=a+ -9 + -[q.0,9] =0,
ZQ+2rq +12 rq+4x +2[q- P ]

where [A, B] = AB — BA.

The following gives a twist on the convergence of PNG to the KPZ fixed point. Instead
of convergence of kernels, one can check convergence of equations. The argument which
we will present is far from giving a complete proof, which would require, in addition
to controlling the expansions, a proof of uniqueness at the level of the KP equations for
the KPZ fixed point. This will be the subject of future research. At any rate, the route
of [21] is preferable for a rigorous proof here. However, we believe that convergence of
equations has considerable explanatory value as a direct and intuitive route to the universal
fluctuations. Well-known behaviors, such as the Tracy—Widom GUE and GOE one-point
asymptotic fluctuations in KPZ models, are explained by their appearance as special self-
similar solutions of (2.29), so such a derivation helps us understand the emergence of
non-standard fluctuations in the KPZ class. The idea is that their appearance is through
such normal form equations.

In the flat case )y = 0, when n = 1 the function g in (2.29) does not depend on x and
the equation simplifies to the KdV equation. The derivation of the KdV equation from the
Toda lattice (2.19) is a folklore result with a long history. However, examination of the
literature actually reveals a consensus that it does not actually hold unless one reduces
the problem, often by considering waves traveling in only one direction. For example,
[12] states that, “it cannot be literally true” that KdV is the limit of the Toda lattice “since
KdV is first-order in time and antisymmetric” (in r), but instead has to be derived from
first-order versions, the Langmuir, or Kac—van Moerbeke lattice. This approach goes back
to considerable work on the problem of convergence to KdV by Toda himself. In [61],
it is the Boussinesq equation that is derived from Toda, which is then reduced to KdV by
considering only one-way waves.

The following informal derivation (in the more general setting of non-Abelian 2D
Toda and matrix KP) shows that the misconception was because the unexpected, highly
refined 1 : 2 : 3 scaling was missed. It is our hope that it inspires further work.

2.5.1. Scalar KP equation. We start with the scalar equation (2.18), where the deriva-
tion is easier to follow. The 1 : 2 : 3 rescaling (2.28) means that we are interested in &,
defined by

F(t,x,r)= %8(83/2t,sx, 81/2(7’ —ct)).
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For now, we let the linear shift in the third argument depend on a constant ¢ > 0 to be
determined. For the derivation, we have to expand . in Taylor series. We do not attempt
a justification here. Furthermore, in the r variable, &, really lives on &'/2Z, yet we will
pretend it is defined on R and still expand it in Taylor series. This type of argument
is standard in such derivations, though, again, considerable work would be required to
justify it.

Under this scaling, (2.18) becomes
B+ (-2

X2

where for notational simplicity we removed the & from the subscript in §&.. Expand-
ing (2.30) out and multiplying by &2, we get

1
Z(e3a$ —26%c0?, + ec?02 — &29%) log F = 1, (230

862 2 ECZ 2 EZC 2 82C 82 2 82 2
Tg‘ar% - T(ar%) - 7%3”% + 7&8‘&3‘ - T%ax% + Z(ax%)
1 1 1
=eF02F — (3, %)% + 82(5%33% - gar%af?f + 1(338‘)2) + o(&?).

Clearly, we should choose average growth rate ¢ = 2 in order for the O(g) terms to cancel.
We are left with an equation at order £2 which says that the associated bilinear form should
vanish,

1 1 1 1 1
BOLE = 080, F + [ BRF — ;0x8) + SBUF - 30 FF + L07F)° =0.
This is the Hirota form of the scalar KP equation, and a simple computation shows that it

means that ¢ = 92 log & satisfies (2.29).

2.5.2. Matrix KP equation. Next we do the same thing with the non-Abelian Toda lattice.
Start with (2.13) in the form

9,0,0; —9,0,0719: 0,0, + 0,07, = 0,107 = 0. (2.31)
Since we already learned the average growth rate ¢ = 2, we write
o=1+ 81/2;&5(83/21‘, £X, 81/2(7‘ —2t)).

Note the difference between Q = R(1, 1) in our problem and 2 = RK (0, 0) at the KPZ
fixed point level which is reflected in this scaling. Then equation (2.31) becomes 21 +
Q> + Q3 = 0, where

1
Q = 181/2(53& — 48202, + 4802 — 202)Q(r)(I —Y22(r) + e2(r)? + 0(e)),

1
Q, = _Zg(SWat — 2629, + £0)Q()(I —e'2Q(r) + eQ(r)? + 0(¢))

x (628, — 26120, — £0,)Q(r)(I — &/22(r) + eQ(r) + 0(¢)), (2.32)
Q3= +220)U + 220 —e'/?)™!
— (I + 290 + ) +290) 7,
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and where, as before, we have removed the subscript ¢ in 2, for convenience; in this
decomposition, €2; and €2, come from the first and second terms in (2.31), respectively,
while €23 combines the last two. Now writing Q for Q(r) and Q' for 9, 2.(r), we have

I +81/2Q(V +81/2) =7 —|—81/2;Q+8Q/+ 183/2@.// + 182&”/4- lSS/ZQ////
2 6 24

+ 0(55/2),
(I +e2Q0) ' =1 -6"2Q + 92— 3293 + 2% — 2% + 0(s5/?),

and similarly

I+ -2

5
=1+ (D' —£"?) +o(?)

i=1

1
=T —¢29 469 + Q%) — 83/2(53” 129 +9'9+ g3)
1 1 1
+82(8Q/// + (;Q,/)Z + EQQN + 5&//& + &/QZ + @,Q/& + QZQ/ + Q4)
1 1 1
_ 5/2 —;Q,//N _ ;Q,///;Q, &&/// _ &/&// QN;Q,/
S50+ Q7R+ 89" + (/2" + 272
1
+ E(Q//QZ + QQNQ + QZQ//) _ ((Q/)Zg + g/gg/ + Q(Q/)Z)
F R+ 29'9% + 294 + 23Q)) + 95) +o(s52).

Using these expansions in the definition of €23 and collecting terms carefully, one sees
that only terms of order £3/2 and higher remain, and after simplification one gets

Q3 = —32Q" + 2((Q)2 + 29") — 85/2(@’)29 + 299+ 2(Q)?
7eS2 1 e/ " 1 I 5/2
+9/8%+ (279 + 2'9) + 59 )+0(£ ). (2.33)
Now we note that the only term of order €3/2 and lower in the first three lines of (2.32)
is 33&, which cancels the first term in (2.33). We also have cancellation at order 2. Thus
the equation appears as the vanishing of terms of order £°/2. From (2.32), we have
1
£°/2 coefficient of Q; = — 9%, Q — Zaig + 2292,
1 1
°/? coefficient of 2, = — Ea,gaxg + Eaxga,g +0,990,9 + (3,2)%Q.

Adding them together with the £°/2 coefficient of Q3, we get the matrix KP equation

1 1 1 1 1
—0%.Q — Zagg —510-2,0:8] - Eafga,g - Ea,gafg - Ea;‘g =0.
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2.6. Narrow wedge and flat examples, discrete Painlevé Il equation

2.6.1. Narrow wedge initial data. Consider PNG with narrow wedge initial condition Dy,
defined in (2.1). The scaling limit of the height function A(¢, x) for fixed t = 1 was
first derived in [51], where the limiting Airy, process was first described, using the
transfer matrix method for the Fermi field associated to a multilayer version of the pro-
cess constructed using dynamics based on the Robinson—Schensted—Knuth (RSK) cor-
respondence. RSK is also behind the methods employed in [34] to study a discrete ver-
sion of PNG, for which uniform convergence on compacts to the same Airy, process
was obtained.

We begin by showing how the formulas obtained earlier in the literature can be recov-
ered from Theorem 2.3. Note that for narrow wedge initial data one has (¢, x) = —oo for
all |x| > ¢. This can be thought of alternatively as restricting the model (and, in particular,
the nucleations) to the domain {(z, x) € [0,00) x R : |x| < ¢}, which is how it has been
often defined in the literature in this case (see, e.g., [51]). The random walk N can only

hit hypo(bg) at the origin, so PE[S?)Z]—H = lxi_tsosxj_He(t—xi)A)?oe(xj—t)A’ and thus

e w41 = Lyy—r=0=x; +: Yo and the kernel in (2.10) equals
KeXt(-xi s X, ) = _lx,* <Xx; e(Xj XA + 1x,~ —t<0=<x; +te_2tv_Xi A)?OeZtv-'_Xj A . (234)

The indicators 1, <; and 1 x;>—t are natural because the model is essentially restricted to
the domain |x| < ¢. In particular, if x; > ¢ for some £ and the x;’s are ordered, then x; > ¢
forall £ < j < m so K™ (x;,-; Xj,) = —1xi<x_/.e("f'_"f)A fori > j > ¢, and thus K
can be decomposed as

(K (xis 1 X7, )1<i,j<b-1 ‘ *
0 ‘ ul’

where the value of the « is irrelevant and U is strictly upper triangular. Thus in this case, we

have F(t, X1, ..., Xn, 11, ..., 1n) = det(] — xr K{8G Xa) 2 (i ... xo_11xz)» Which equals
F(t,x1,...,x¢,71,...,r¢). An analogous statement holds in the case x; < —¢ for some .

We focus now on (2.34) in the case |x;| < ¢ for all i (we throw away the case when
some x; = =+t in order to simplify the presentation; at any rate, this case is physically
uninteresting because by definition of the process we know that h(z, £¢) = 0 almost
surely). Assume first that x; > x;. Using (2.24), kernel (2.34) turns into

r— X;

t Xi (u,j—ﬁ)/2
Ko (xi,uis xj,uy) = e2&i=%) Z(L) Juj—e @V = x7)
£<0

- t—x:\Ww—0)/2
x( x’) C VP = xD). (239)

t+x;

If instead we have x; < x;, we write 7 XA — p=2tV=Xi Ap2tV+x; A and obtain (2.35)
with a minus sign in front. This shows that

ext . — 2(xj—x; * .
K™y, up; 0, u) = 257D B* (uy, —xi5uj, —x;),
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where B, is the extended discrete Bessel kernel derived in [51, (3.52)].° Having the adjoint
of B; does not change the value of the Fredholm determinant, nor does the conjugation
of the kernel by e2i=%/) while flipping the sign of the x;’s corresponds to reflecting the
model about the x-axis, which again does not change anything because the dynamics and
the initial condition are symmetric. Hence, after setting ¢ = 1, this recovers the formula
derived in [51].

Consider now the one-point case. Using the above formula, we have

r+x )(u—v)/2

K™*'(x,u;x,v) = (
t—Xx

Bs(u,v),  Bs(u,v) = Y Jue(28) Ty (25)

£<0

with s = +/t2 — x2. Here By is the usual discrete Bessel kernel [18,33], which is inte-
grable in the sense of [30]:

By(1t.v) = ——(Ju-1(25)J5(25) = Ju(25)o1(25)) foru # v

and
By(u,u) = s(% Tue1 (25) Ju(25) — Ju_l(ZS)%Ju(Zs)).

From [17], removing the conjugation ((t + x)/(t — x))®*~/2 from K, we can rewrite
—¢2
Fr(s) = F(t,x,r) =det(] — x;Bsxr)e2zy = € Dr—1(ps), (2.36)

where D, (¢s) is the n x n Toeplitz determinant associated with the weight ¢s({) =
esE+ETh (setting D_1(¢s) = 1); more explicitly, we have, forr > 1,

_ 2
F.(s) =e § det(]i_j(ZS))i,j=0,...,r—lv

where the I, are modified Bessel functions of the first kind (see (2.25)). This formula
goes back to [26] and was the starting point of the analysis in [7].

The Toeplitz determinants D, (¢;) are intimately related to the orthogonal polynomi-
als on the unit circle associated with the weight ;. In the Szegd three-term recurrence
for such orthogonal polynomials on the circle with respect to a general weight [59], only
one coefficient «t;, depends on the choice of weight. Thus the «,,’s, known as the Verblun-
sky coefficients, “encode” the weight and can be thought of as the analog of reflection
coefficients in this context. In the case of our weight ¢y, they are real and related to F;
through

They are known (see, e.g., [64, Section 3]) to satisfy the discrete Painlevé II equation

—s(1 —a})(@rs1 + ar1) = (r + Day (2.37)

3 After correcting a minor typo in that paper: £ + 1/2 inside the Heaviside function in (3.52)
there should be £ — 1/2.
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(see also [15]) as well as the Ablowitz—Ladik lattice
sy = (1 — o) (@41 — 1) (2.38)

(see also [1]). The Ablowitz—Ladik hierarchy is a reduction of the 2D Toda hierarchy [60].
However, it is not clear if (2.38) can be obtained directly from our equation with the given

symmetry, o
r+14r—1

F?
We mention also that in [8, Theorem 7.12] it is shown, using the Riemann—Hilbert
problem for the Toeplitz determinant D, (¢;), that the functions

1 1
Z<8§+;85)10gFr = —1.

- o (F—2m+l(
E&m = g F

—2m

1 —a—zm—l)),

defined for m < 0, satisfy the Toda lattice (2.19).

2.6.2. Flat initial data. Consider now PNG with flat initial condition 4y = 0. For fixed
t = 1, this case was analyzed in [16]. Clearly, it is enough to consider r; > 0 for each i.
In view of (2.22), this means that we are interested in the kernel evaluated at values of
u; > 0 for each i. In that region, the scattering kernel

—2tV—x; A0 2V+x; A _ ,—2tV+A hit(0) 2tV—tA
¢ ' (‘Tx,—t x,+te = Px,—t x,+te
equals
—2tV+tA = 2tV+(x;—x;+1)A —2tV+tA hit(0) 2tV—tA
Lossx;—x; (€ Yoe? VT —xit0A 4o XoPy, S0y e ). (2.39)

A simple computation using (2.23) shows that the first term inside the parenthesis can be
represented by the contour integral

szj)¢ dz¢ dwzfu—eZI(W—Z)+(xj—xi)(w+w_')
@)= Ty vo w(w—2z)

with the contours chosen so that |w| > |z|. But in the case of interest, u; > 0, the integrand
is analytic in z and hence this term vanishes. The second term in (2.39) is computed
using the reflection principle for N: assuming x; — x; + 2¢ > 0 and u > 0, and writing
X=Xx;—t,X=x;+1,

h't(o)(u v) = e DA, —0) s + eFIA (1, 1)1, <.
Then Pg%(o)ez'f V=tA (4, v) equals the sum of two integrals,

2(x X LU
¢ ¢ dw (x —x)(z+1/z)—2t/w
(2n1) o vh w? (1 — wz)

2(x X) Zu_l
+ ¢ dzgg dw— x—x)(z+1/2)— Zt/w’
(27[1)2 Y0 Y0 w (w — Z)
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the first one with contours chosen so that |wz| < 1, and the second one with contours cho-
sen so that {w| > |z|. These two integrals can be brought together if we choose contours
with |z| < 1 and |z] < |w| < 1/|z], and simplifying we get

Phitﬁ@)eZtV—tA(u, U) — 82()?7&) ¢ z - Zze(f—i)(Z-FZ_l)
XX Qri)? ), Z1-u
1 —1
x @ dw e 2w 2.40
ﬁ,{) wl(w —2z)(1 —zw) (240)

Expanding the w contour to a contour y{ with [w| > 1/|z| and picking up the residue at
w = z~!, the w integral can be written as

1 ¢ dw —2tw~! Zv —2tz
-— e - e ’
27 Jyp wi(w —z)(1 — zw) z2 -1

and changing variables w — 1/w, this expression becomes

L ¢ dw w—ve—th _ Le—ltz
271 Sy (w—z)(1 - zw) z2 -1 ’

where the contour includes only the singularity at 0. We are interested only in the case
v > 0, for which the w integral vanishes, and thus using this for such v in the above
expression we get that (2.40) is given by

ez(f—g)i ¢ dz eth+(x_,- —x))(z4+z"1
27i Yo zutv+1 ’

where in the last integral we changed z to z~!. Continuing the computation in the same

way, we get that, for u;,u; > 0, e 2V Ay, P;ii—fo)eztv_m(ui, u;) equals
ezm—mL% dw L% dz o2t E—w D+ —x)(E+z7h)
271 Jyy w¥i 271 [y 2% T (z — w)

with contours chosen so that |z| > |w|. Now we enlarge the w contour to a circle of
radius r, r > |z|. With this new contour, the integral is clearly bounded by a constant
times re~2!/7 /r4i+1 which goes to 0 as r — oo. Hence we are only left with the residue
at w = z, which finally yields, for u;,u; > 0,

Ko, uisxjoug) = —e> 75D [y (203 — X)L <x; + Laisx—x, €259

1 dw
X_

e(xj—x,~)(w+w_l)e2t(w—w_1)
27 Y wui+uj+l '

When x; — x; < 2t, the kernel coincides with the one obtained in [16, Proposition 4].
When x; — x; < —2¢, this does not coincide exactly with the expression in that result,
which has an absolute value in the indicator function, but in terms of the determinant it
does not make any difference.
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In the one-point case, the flat kernel is independent of the spatial variable x, and
simplifies to

" 1 dw =1
K%, v) = %ﬁ wu+v+162t(w V) = g (41).
The kernel is Hankel, and in fact the associated Fredholm determinant is known to be
equal to a Toeplitz-plus-Hankel determinant [10],
2
Fr(s) == F(5,0,r) = e~ det(li—; (25) — Li4+;+2(25))i,j=0,...r—1 (2.41)

.....

where I, are modified Bessel functions of the first kind (see (2.25)). By analogy with
the narrow wedge case, one expects a connection with the discrete Painlevé equation.
Such a connection has appeared implicitly in the literature and we include it here for
completeness; we thank Jinho Baik for explaining it to us.

From [11, (4.18)], the determinant on the right-hand side of (2.41) can be written as

l_[ Najt2(s) " (1 — 725 42(0;9)),

jzr

where 7% (Z; s) is the monic orthogonal polynomial of degree k on the unit circle with
respect to the weight ¢ () defined below (2.36) and N (s) is its norm, defined in [11,
(4.10)]. Writing

bi(s) = —m(0;5) and  ag(s) = —Ng_1(s)~",

we get from this that

Frs) _
Fr+1(s) a

The relation to the Painlevé equation is provided by [6, (1.6) and Theorem 5.1], which
show that the by ’s satisfy the discrete Painlevé II equation (2.37) with o, = b,_; while
the ax’s can be recovered from the by ’s through a; = (1 — b]f)akﬂ. Using arguments
similar to those in [8, Section 7.3], it should also be possible to derive the Toda lat-
tice (2.19) for flat PNG from these formulas.

—a2,43(8)(1 + bay12(5)).

3. Derivation of the non-Abelian Toda lattice

Our goal in this section is to prove Theorem 2.1, using the result of Theorem 2.3. The
proof is divided into three parts. In Section 3.1, we abstract away details particular to PNG
and derive the non-Abelian Toda lattice for a general class of matrix kernels K, satisfying
certain structural conditions. In Section 3.2, we explain how the general result is used to
derive the non-Abelian Toda lattice for a simplified version of the PNG kernel where the
dependence on the interval [x; — ¢, x; + t] in the scattering transform ‘Ii’?_t, xj+¢ 10 (2.10)
is dropped. Finally, in Section 3.3 we show that dropping this dependence does not matter
in the region above r¢(?, x).
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3.1. General kernel

Theorem 3.1. Fix two integers r < ¥ — 1 and some open domain O < R?. Let Kyer
be a family of kernels defined for r € {r,r + 1,...,7} and (n,{) € O, which acts on
@D, (*(Z =), the n-fold direct sum of {*(Z o). Write K, = Ky ¢, and suppose that its
matrix kernel K, (u, v) satisfies, for all u,v > 0,

(1) Krs1(u,v) =K,u+1L,v+1),re{r....Tt—1},

(2) 9, K,(u,v) =K,q(u+1,v)—K,(u+1,v), re{r+1,...,7},

3) 0:K,(u,v) =Krq(u,v+ 1) =K, (u,v+ 1), ref{r+1,...,7}

Assume that, for all r € {r,r + 1,...,7} and fixed (n, ) € O, K, is trace class as an
operator acting on @, €*(Z=), and that for such r the derivatives in (2) and (3) above

exist in trace norm. Assume furthermore that I — K, is invertible for all r € {r, ..., 7}
and define the invertible n x n matrix

Q0,=(—-K)~'(1.1).

Then forr € {r +1,...,7 — 1} and (n,¢) € O, Q, satisfies the non-Abelian 2D Toda
lattice

3(0,0-0; ) + 0,0,1, — 0,41 07 = 0. 3.1)

We stress that, although we used the same notation, K, and Q, in this result are
general and not necessarily related to PNG (in particular, the index r in these objects
denotes an integer rather than an element of Z™).

Before starting the proof, we introduce some notations. For r € {r,r + 1,...,7}, let

R, = —-K)™', 500, =R (1),
and define, for f € £?(Zx¢),

of )= fu+1), o f)= fu—- Dl
which have explicit kernels given by o (u, v) = ly=y+1 and o*(u, v) = ly=y—1>0.

Remark 3.2. In [12], it is shown, in this language, that if one has a scalar kernel K, (¢)
satisfying K,y = 0K, = K,0* and 0;K, = K, 1 — K,_1, then p, = det({ + K;)
satisfies the one-sided bilinear Toda lattice equation py41pr — Pr4+1Pr = Pr+2Pr—1 —
Pr+1Dr, Which can be transformed into the classic Toda lattice (2.19) (see the introduction
of [12]).

We will use the same notation o for the diagonal matrix kernel with ¢ in each diago-
nal entry, which acts on f € @, £>(Z>o) as above. Then (1) in the assumptions of the
theorem becomes

K;+1 = oK,o0*, (3.2)

while
o0*=1 and P:=1—-0"0 isrankn.
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Here P is the diagonal matrix kernel with diagonal entries IT having an explicit kernel
given by
H(u» U) = 1y=yp=1. (3.3)

On the other hand, (2) and (3) in the assumptions of the theorem can be expressed in terms
of o and o* as

0K =0(K,—1—K,) and 0:K, = (K,—1 — K;)o".
By taking the 7 derivative of the first or the ¢ derivative of the second, we also have
070: K, = Kry1 — 2K, + Kr—1. (3.4)

The proof of Theorem 3.1 is based on two identities which we collect in the next
result.
Lemma 3.3. We have
i) (I +PRK,P) ' =(I-P)+ U —-K,)I +0*Ry+10K,)P.
(i) (I + PR, K, P)(I+ PR,_1K,_1P)"' = I+ PR,(K,— K,—1)(Io*R,0K,_1)P.

Proof. The first step of the proof is to show the following two simple identities:
(I + PR Ky)™" = (I = Kp)(I + 0" Rr10K,). (3.5)
(I + PR, K,P)y ' = —-P)+ (I + PR.K,)"'P. (3.6)

For the first one, use the fact that R, K, = K, R, = R, — I to write I + PR, K, =
I — P+ PR, = (I —0*0K;)R,, and then multiply by (I — K;)(I + 6*R,+10K})
to get
(I + PR, K;)(I — K;)(I + 0" Rr1+10K;)

= -0%K,)(I +0*R;+10K;)

=1—-0%K, +06*R, 110K, —0*0K,0*R, 110K, =1,
where in the last equality we used 0K ,0* = K, 4 together with R, K, = K, R, = R, — I
again.

To get (3.6), decompose I + PR, K, P as (I + PR, K,) — PR, K, (I — P) and then

multiply by (I — P) + (I + PR, K,)™! P on the right. The result can be simplified using
the fact that P is a projection, and we get

I — PR,.K,(I — P)(I + PR, K,)"'P =1,
the last equality following from the easily checked fact that
(I + PR, K,)"'P =P + R.K,P)" .

The identity in (i) now follows directly from (3.5) and (3.6). For (ii), write the left-
hand side as
I+ P(RrKr — Ry Kr—l)P(] + PR,—1 K1 P)_l
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and then use (i) to rewrite this as
I+ PR K, —R,_1K,—1)P(I — K,—1)({ +0*R,0K,_{)P, (3.7)
where we used again the fact that P is a projection. Now use (3.2) to write
(I-P)YI—-K—))U +0*R,0K,_1)P =c*c(I —K,—1)(I +0*R,0K,_1)P
=(c*c(I — Ky_1) +0*0K,_1)P
=o0*oP =0,
and use this to rewrite (3.7) further as
I+ P(R K — R, 1K, 1) —K;—1)(I +0"R,0K,_1)P. (3.8)
Since R,_1K,—1 = K;,_1R,—; and R, K, = R, — I, we have
(Rr Ky = Ry—1 Kr—1)(I — Ky—1) = Ry Ky (I — Ky—1) — Kr—1 = Ry (K, — Ky—1)
and using this in (3.8) shows that it is equal to the desired right-hand side. ]

Proof of Theorem 3.1. Let
U= 0,074, Vi=-8,0,07".
Then (3.1) can be rewritten as
0V, +U41 — U, =0. (3.9)

Our goal then will be to prove this last equation.
In order to achieve this, it is convenient to lift (3.9) to an equivalent equation for
operators acting on €D, £2(Z o). To this end, we introduce the operators

Xy = PR K;P, Y.=1+X, =1+ PR.K,P.

From the previous lemma, ¥, is invertible. On the other hand, since K, is differentiable
in n and ¢ in trace norm, its inverse R, is also differentiable, and since P is finite rank,
then X, and thus also ¥, and ¥, !, are differentiable in 7 and ¢ in trace norm. In partic-
ular, we may introduce the following analogs of U, and V; in terms of the operator ¥,:

U, =YY, V,=-8,%Y"

r—1
We claim that (3.9) is equivalent to the same equation at the level of U, and V,:
Ve + Urg1 — U, =0. (3.10)

To see this, note first that, in view of (3.3), P is a projection onto an n-dimensional
subspace of €D, £2(Z o), call it Z. Then we may think of ¥, as acting on Z & Z+ as
a block matrix operator

. Iz + X, 0
yr—|: 0 ]ZL:|’
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and we have

y—l _ (IZ + xr)—l 0
r o O IzL ’

In this way, we thus have

Uz + XUz +X—)™" 0 IXr(Iz +Xp—)™ 0
U, = .V, = .
O Izl 0 IzL

In particular, (3.10) is completely trivial for the second row in this block representation.
For the first row, we simply note that Z is isomorphic to R” and the matrix of the linear
transformation 7z + X, on R” is Q,, so the equation is equivalent to (3.9).

Hence our goal is to show (3.10). Using

R/K, = KR, =R, — 1,
we have

9y Y, = PO,R, P = PR,3,K,R, P,
9:Y, = PO;R, P = PR, 9;K,R, P,
3:0,Y, = P09y R, P = PR (3:0,K, + 0 K, Ry K, + 0, K, R 0: K, )R, P,

SO

0 Vr = —0:0,%, Y, + 0,9%.Y,10: Y, Y,
= —PR,[0:0, K, + 3¢ K, R0y Ky + 0, K, Ry 0 K,
— 9y K, R, PY;' PR, 0:K,|R, PY, . (3.11)

Now from (i) of Lemma 3.3, we have
R, PY ' =R, P(I —K,)(I +0*R,4+10K;)P,
while

ReP(I — K;)(I + 0* Rys10Ky)
=14+ 0*R,410K, —R.0*c(I — K,)(I +0*R,110K})
=14 0"R,410K;, — R, (6*0c(I — K;)+0*(I — K;4+1)Rr+10K})
— I 4+ 0*Ry110K, — Ryo*0 = I + 6*Ryy 10Ky — Ry (I — P),

where in the second equality we simplified using (3.2), and therefore
R,PY ' = (I +0*R,410K,)P.
Using this in (3.11) gives

¢V, = —PR,Q(I +0*R,+10K,)P, (3.12)
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where Q equals (using again the formula for R, PY; 1)

¢y Ky + 0¢ Ky Ry 0Ky + 0y K, Ry 0: K, — 09K R, PY, ' PR, 3¢ K,
= (K11 2K, + K1) + (K — Kr—l)U*RrU(Kr —K,_1)
+o0(K, — K, 1)R (K, — Kr—l)a*
—o(Ky — K- + U*Rr+10Kr)PRr(Kr - Kr—l)(7>|<
= (Kr41 — 2K, + Kr—1) + (K — Kr—l)O*RrU(Kr - K, 1)
—0(K, — K;—1)0* Ry 110K, PR, (K, — K,_1{)o*
+o0(K, — K,—1)o*oR, (K, — K,_1)o*
= (Kr4+1—2K; + Kr—1) + (K — K4—1)0* R0 (K — Kr—1)
+ (Kr+l - Kr)Rr+l(Kr+1 - Kr)y (3~13)
and where we used (3.2) again together with the identity
R+ 10K, P —0 =R, 10K,(I —0%0) —0 = —R,110(I — K,).
On the other hand, (ii) of Lemma 3.3 gives
Ur41 — Uy = PRy 1 (Krp1 — K)(I + 0" Rr410K,) P
— PR, (K, — K,—1)({ +0*R,0K,_{)P,
and using R, (K;+1 — K;)Ry+1 = Rr4+1 — Ry, we have
Rr+1(Kr+1 - Kr) = Rr(Kr+1 - Kr)(l + Rr+1(Kr+1 - Kr))
Then
Urp1 — Uy = PR (K11 — Kp) + U*Rr+10Kr)

x PPR, (K, — K,—1)(I +0*R,0K,_1)P
+ PRy (Kyy1 — Kp)Rr 41 (Kr 1 — K ) + U*Rr+10Kr)P~

Comparing with (3.12), the last term on the right-hand cancels with the piece coming
from the third term in (3.13), so we get

Ve + Urp1 — Uy = PR(K, — Kr1)(I + 0" R, 110K,) P
— PRy (Ky — Kr—1)0* Ry (Ky — Kr_1)(I + 0* Rys10K,) P
— PR,(Ky — Kv_1)(I + 0* R,0Ky_1) P
= PRy(K; — Kr—1)0™(Ry410K, — Ry0Kr_1)P
— PRy (K, — Kr_1)0* Ry (Ky — Kr—1)(I + 0*Rys10K,) P
= PR, (K, — K,—1)0*
% [Rrs1 — Ry — Ry Ky 1 Rys1 + Ro Ky Ryi1]0K, P.

The term in brackets vanishes as R, K, = K, R, = R, — I, yielding (3.10) and complet-
ing the proof. =
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3.2. PNG kernel

Recall our definition (K,);; (4, v) = K*'(u + r;, v + r;). In Section 2, we used r to
denote the vector (rq, ..., r,) € Z". Here it will be more convenient to regard r, ..., ry
as fixed parameters and r as an auxiliary variable taking values in Z, and redefine

(Kp)ij(u,v) = K™(u+ri +r,v+rj +7). (3.14)

This notation is consistent with our usage of K, 41 in Section 2, and then (2.13) coincides
with (3.9) with r = 0. Therefore, to show that (2.13) holds at the given choice of parame-
ters (rq, ..., n) satisfying r; > ro(¢, x;) for each i, it is enough to show that K, satisfies
the assumptions of Theorem 3.1 withr = —1 and 7 = 1.

The fact that K, satisfies assumption (1) of Theorem 3.1 is straightforward by def-
inition, so we turn to assumptions (2) and (3) of that result. We fix i and j and focus
on the (i, j) entry of K,, which we denote by K i/ We need to check that (2) and (3)
hold for r € {r + 1,...,7}, which in our setting means r € {0, 1}. From (2.10), we have
that 3, K (u, v)equalsK”(u—l V)= K7+ 1,v)+ K u,v—1) — K”(u v+ 1)
plus a term coming from differentiating the scattering operator, and Jx K (u,v) equals
—KYu—=1,v) =K+ 1,v) + KY (u,v — 1) + K¥ (u, v + 1) plus a similar term.
Using this, we get, making now the scattering terms explicit,

O KY (u,v) = K (u,v—1) — KY (u + 1,v)
W,(Qx,(u +ri+rv+r+r),

ij . (3.15)
0K (uwv) =K (u—1,v)— K (uw.v+ 1)
Wz(i), (u+ri+rv+ri+r)
with , /
Wt(’i),x/ — e—ZtV—xA (aaT Ob| a_=x/ft )eltV-‘rx A’
B (3.16)

’
W(,n)’x/ = ¢"2V=xA (5, Thbla - t)e2tV+x A

Hence (2) and (3) will follow (since K,(u,v —1) = K,—1(u + 1,v), K,(u — 1,v) =
K,_1(u,v + 1)) if we show that the W,(Q x; and W,(i)l x; terms on the right-hand side
of (3.15) vanish for u, v > 0 or, what is the same (since we are assuming r; > ro(Z, X;),
ri > ro(t,x;),and r € {0, 1}) that

t(zz x; (u,v) = Wt(i)I x; u,v) =0 Yu>rot,x;))+1, v>rot,x;)+1. (3.17)

We do this in the next subsection.

The kernel K, itself is not trace class in general, but there is a multiplication opera-
tor ¥ (independent of ¢, the x;’s and the r;’s) such that the conjugated kernel 3K, 9! is
trace class. This is proved in Proposition B.2, and since the above argument remains valid
if we replace K, by this conjugation, and since both (2.13) and (2.14) also do not change
under this conjugation, we may perform this replacement to prove Theorem 2.1. The nec-
essary differentiability in trace norm of the conjugated kernel appears in Appendix B.3.
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It only remains to show that / — K, is invertible for r € {—1,0, 1}. In fact, this is
true for all » > —1, which is equivalent (by (3.14)) to showing that K is invertible
whenever r; > ro(t, x;) for each i. We prove this by appealing to Theorem 2.3 and a sim-
ple probabilistic argument. Consider the event that there are no nucleations inside the
region Cy x, x, = {(s,¥) 15 €[0,¢],x1 —s <y < xp + s}, which obviously has posi-
tive probability. By definition of the PNG dynamics, we necessarily have in that case that
h(t,x;) = ro(t, x;) for each i, and then since we are taking r; > ro(z, x;), we have

Py, (h(t, x;) < ri) = Py, (no nucleations in Cy x, x,,) > 0.

But by (2.22), the left-hand side equals the Fredholm determinant of the identity minus
the (trace class, after conjugation) kernel K, so I — K**' is invertible.

To finish the proof of the theorem, we need to prove (2.14). By (2.20), we have that
F(t,xy,....,xp,r1+1,....ry +1)=det({ — K’+1)EB,. (2(Z)» Where we keep thinking
of r as a scalar variable. The kernel K, satisfies the hypotheses of Theorem 2.1, so in
particular the formalism employed there also applies here. In particular, by (3.2) and the
cyclic property of the Fredholm determinant, we have

F@t,x1,....xp,r1+1,...,rp+ 1)
= det(/ — UKrU*)@n 02(Zso) = det(/ — (I — P)Kr)@n 02(Z0)
= det(I + PRrKr)ean 02(Z0) det(/ — K")@n 02(Z~0)
= det(/ + PR,K,)GB" @) FE X1, X0, 11, ). (3.18)
Now P is a projection onto an n-dimensional subspace of @, £?(Z>0), and the matrix of

the linear transformation P + PR, K, onR" is given by (Li=; + (R, K;)i; (1, 1))} ;_; =
((Rr)s5 (1, 1))1'{].=1 (since R, K, = R, — I). Hence

det(I + PRrKr)@n 02(Zs0) = det((I - P) + (P + PRrKr))@n 02(Z=0) = det(Rr(l, 1)),

the last being a determinant of an n x n matrix. Using this and the definition Q, =
R, (1,1) in (3.18) yields (2.14).

3.3. The forcing term

Our goal now is to prove (3.17). In fact, we will prove a more general result, which will
also play an important role when we prove in Section 4 that our Fredholm determinant
satisfies the Kolmogorov backward equation for PNG. To state it we introduce the fol-
lowing notational convention: when an object A, depends on a parameter a € R, then the
notations A,— and A, will always mean

A,+ =lim Ay and A,- = lim Ay,
s\ s/'a

assuming these limits are well defined. We also define Pno hitth) — p(b—a)A _ Ph“(h)

In the following lemma and its proof, the above notat10na1 convention will be used to
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denote by P;i/ b hit?) and P;iz/_no hit") the transition probabilities for N hitting/not hitting

hypo(#) on the half-open intervals (a,b] and [a, b), respectively.
Lemma 3.4. Lett > 0and x,x" € R, and let Wt(’i)’x, and Wt(’l), . be defined as in (3.16).

Then
Wit v) =0 Vu > holx—1) + 1. (3.19)
Wt(,?c),x/(u, v) =0 Yv>ho(x"+1)+1.
Moreover,
1 it(h -
Wi (ol = 1) 4+ 1,0) = =3 PRI, | 22T 8 o x = ), v), (3.20)

1 — — no hit(h
WD ho(x' 1) 1) = =52V A PR NER - o (x4 1),

Since ro(t,x) > ho(x £ t) forall x, (3.19) clearly implies (3.17), finishing the proof of
Theorem 2.1. Note that in this use of the lemma in the proof Theorem 2.1, we have only
employed the condition ry > hg(t, xi); the stronger condition ry > ro(¢, x) assumed
in the theorem is required to ensure that K, is invertible where needed. The identities
in (3.20), on the other hand, will be used in Section 4.6.

Remark 3.5. In the one-point case, there is a transparent (though partial) argument that
the extra derivatives coming from the dependence of 7T fc”)_t x+¢ On? and x do not contribute
to the computation (i.e., (3.17)). Fix t > 0, x € R. Fora < b, let

Kf’b(u, U) — e_ZIV_XATZl()b€ZZV+XA(M +rv+ r)’

the kernel from (2.11) in the one-point case except that in the scattering transform appear-
ing in (2.10) we remove the dependence on x — ¢t and x + ¢ and replace it by arbitrary
parameters a, b. If we let

Fr(t,%) = Fra—ixtt(t.X), Frap(t,x) = det — K& oz

for r > ro(¢, x), then a simple adaptation of the arguments from the last subsection tells
us that (1/4)(8? — 32) log F, — Fr41Fr—1/F} is given by

—(0x410q4 1Og(Fr,a,b) — 0x—10p 1Og(Fr,a,b) — 0g0p log(Fr,a,b))|a=x—t,b=x+t- (3.21)

To prove that the 2D Toda lattice (2.18) holds, we need to show that this forcing term
vanishes for r > rg(¢, x). The argument we present next will show that the left derivative
0p— 10g(Fr4.5)|p=x+¢ vanishes; the same argument shows 0,+ log(Fy4.p)|a=x— = 0.
Introduce truncated initial data hg”b] (x) = ho(x)1xe[a,p) — 00 - Lygap). f x —1 <a <
b < x +1t, then

:i(thé”:’t]) — pla—x+0A P;,i;;(h()) P t=b)A

because N cannot hit hypo(h([)”’b]) outside [a, b]. Then we may write
..y la.b] [a.b]
ho _ (x—=t)A phitthy"™) _(x+0)A _ o
(‘Ta,b =e Px—t,x+t e — Yx—t,x+t
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In other words, when [a, b] C [x —t,x + ¢], the scatterlng transform for & in the interval
[a, b] is the same as for the truncated initial data A [.5] in the interval [x —t,x + 1],
and thus

Frap(t.x) = F (6236 = Pyan (h(t,x) < 1) = Pogr (h(1.) < =),

The third equality comes from the skew time reversal invariance of PNG (2.4), with b”
a shifted narrow wedge given by ;" (y) = —r if x = y and —oo otherwise. In view of
this, we may write

0= Frablymsse = lim 87 (Pocr (h(2.) < R Py (B2, ) < —RE )
= —Sllrr})S "Por(Yy € la.x + 1 —=8], h(t,y) < —ho(y).
Ize(x+1—38x+1], h(t,z) > —ho(2)).

The key is that the derivative is being computed at the edge of the forward light cone,
and that, in view of the initial condition, (¢, x + t) = —r. Suppose first that x + ¢ is
not a jump point for —hg so that, in particular, /¢ is constant, and equal to ho(x + ),
on [x +t — &, x + t] if § is small enough. Then on the event inside the probability, we
have h(t,x +t —8) < —ho(x +t) while h(z,x +t) = —r < —ho(x + t). Hence, for the
event to occur, 4(z, y) has to jump up and then down in the interval [x + ¢t — 8, x + 1],
which has probability @ (§2). The same holds if /o has a down jump at x + ¢, because /g
is upper semi-continuous, so it is still constant on [x 4+ ¢ — §, x + ¢]. The only relevant
possibility then is that /1o has an up jump at x + ¢. In this case, and up to terms of order §2,
the event inside the probability will occur if 4(¢, y) stays below —hg on [a, x + ¢ — §] and
—r = h(t,x) > —ho(x + t), but we are assuming r > ho(x + ¢). This explains why the
forcing terms (3.21) vanish.

We turn now to the full proof of Lemma 3.4. The first step is to prove the following
preliminary result.

Lemma 3.6. Fora < b and h € UG,

0a P (u,v) = AP (u,v) + 1,, way+1 PI P (h(@), v) Yu > h(a), (3.22a)

3y PP (u,v) = PP A, v) + 5 P“Oh"(h)(u,h(b))lv=h(b)+1 Vv > h(b). (3.22b)

Note that the second term on the right-hand side of each identity only appears when A
has a jump at the edges of [a, b] (more precisely, a down jump at @ for (3.22a) and an up
jump at b for (3.22b)), because if h(b™) = h(b), then

;‘;‘E“”’( Jh(b)) =0,

and similarly for the other edge. Note also that the derivatives may become singular with-
out the restrictions on u and v. For example, take /(x) to be —oo for x < 1 and 0 for
x > 1. Then Ph“h(O 0) is not even continuous at b = 1.
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Proof of Lemma 3.6. We will only prove (3.22b), (3.22a) is completely analogous (and can

also be derived by considering the adjoint of the kernel in the second line and reversing the
hit(h) S Phll(h) 2eA + Pno hit(h) Phlt(h)

direction of the random walk). Decomposing P abte 38 Pype wb—e Lh—ebre

one checks directly that

a Phn(h) hm (28) (Phlt(h) hlt(h))

,b+e a b—¢
hlt(h) no hit(h) q- hit(k)
=P " A+ P, 61{1’(1)(28) P ebte (3.23)
where Ph“(h) is the transition probability for N without hitting hypo(#) on the half-open

interval [a b).

Consider the limit on the right-hand side of (3.23). Since P,"" Bt (4, ) = 0 if § <
h(b™), we only need to consider (2¢)~ IP;“%H(?% v) for n > h(b ). By upper semi-
continuity, we may assume that ¢ is small enough so that i(s) < h(b) for all s € [b — ¢,
b+ ¢]. If n > h(b), then Ph"(shzﬂ(n, v) = O(g?), because to go from 7 to v hitting
hypo(h) involves N jumping at least twice in the interval [b — &, b + ¢] (first down to
go below level h(b), and then up to get to v > h(b)). Now suppose h(b™) < n < h(b).
If v —n > 1, then Ph]ta ,))+s(n, v) = O(&?). The only other alternative is n = h(b), v =
h(b) + 1, in which case N can go from 7 to v hitting hypo(%) in [b — &, b + €] by staying
put up to time b and then jumping up by one inside the interval (b, b 4 ¢]. The conclusion
is that for n > h(b™) and v > h(b),

hit(h _
Pbl_[(a,;),ﬂ(fl, v) = e 920, D) 1y—hpy=hp-)w=hp)+1 + O ().

Using this in (3.23) and computing the limit, we deduce that, for v > h(b),
it(h h h
0y P () = PID A, v) + P“° B, (D)) L=y +11n—) <he) -

The last indicator function can be removed (because P“° hll(h)( Jh(b)) = 0 if h(b) =
h(b™)) and we get the claimed identity. |

We also state the following simple result, which we will use often.

Lemma 3.7. The kernel ¢?'V—'4

v—u>1.

is lower triangular, i.e., e*'Y "2, v) = 0 for all

Proof. From (2.23), we have

1 dz P
ZtV tA(u U) e 2tz
2]11 yy 20Ul

r

’

which vanishes if v — u > 1 since then there is no residue at infinity. [

Proof of Lemma 3.4. We will only consider the 7 the derivatives, corresponding to the
right edge of the interval [x — ¢, x’ + t]; the ¢ derivatives follow in the same way. Given
a,b € R, write

W = e—2tV—xArIilf)beZtV+x A

so that what we are trying to compute is dp W (U, v)|g=x—¢ p=x'+¢ for v > ho(x’ +t).
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Start by assuming that x — ¢t < x’ + ¢, which means that in W we are taking a < b.
By definition of ‘TZO , we have 8b72(}3 = e“A(—P;";’(hO)A + 9p P;lz(h(’))e_bA, )

abW — 9_21V+(a_x)A(—P;j;)(h0)A + 8b Pah,ilb(hO))EZtV-‘r(X/_b)A. (324)
Evaluating at b = x’ + ¢, the last factor on the right-hand side becomes e2!'V-1A and

then by Lemma 3.7, if we want to compute dp W |p=x'+; (1, v) for v > ho(x" + 1), then
we only need to consider the factor dj P;lz(h°)|b=x/+,(u, n) for n > ho(x" + t). In this
case, Lemma 3.6 shows that

it(h
0y P g (. 1)

hit(h 1 nonit(h
= Pyl A ) + EP;?(xl/tJ(rt(;)*A(”’hO(x/ + D y=noe+0+15
so going back to (3.24) and using P;’i(th;’,) e~ P;i(thg, - = —P;i?,iéchfzt)_, we deduce

that

_p—2tV—tA pnohit(ho)

= V—tA
x—t,(x’+1)~ Xho(x’+t)A‘32t ! (u,v)

abW| a=x—t (u, U) =
b=x"+t

1 .
+ Ee_ZtV_ZAP;O—?,IE;h'?t)*(u* ho(x/ + t))QZtV—tA

x (ho(x" +1) + 1, v). (3.25)

From Lemma 3.7, the last factor on the second line vanishes if v > ho(x’ + ) + 1, so by
our assumption on v this term only contributes to the last expression in the case v =
ho(x" + t) + 1. Now we focus on the first term on the right-hand side and consider the
factor Ypg (x4 Ae?! V=tA (& v) (£ is an intermediate variable in the kernel compositions),
which involves Y, +r)e? ¥ "2 (§ +i,v) fori € {—1,0, 1}. Using Lemma 3.7 again
together with the assumption v > hg(x’ + t), all these terms vanish except in the case
i=1&6+1=v=ho(x'+1)+ 1, and we conclude that Y, (x'+r)Ae? VA (£, v) =
Lt 1mvmhg(r+n)+1€2 Y A (ho(x’ + 1) + 1,v), and hence that

—2tV—tA pnohit(hg) = 2tV—tA
€ PX—t,(x’+t)* Xho(x'+1)Ae (u,v)

= e 2V AP0 (o (x + )X VT A (ho(x' +1) + 1,v)
X Ly=ho(x'+0)+1- (3.26)
Using this, together with the identity e2*V~*2(n, ) = €' coming from (2.23), in (3.25)
yields
L — no hit(h
0pW lazss (u.v) = =5 VA PRI (e ho(x + D) Lympow 4, (B.27)

which proves the second identity in each of formulas (3.19) and (3.20) under the assump-
tionx +7 < x’ +1.
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Now if x —¢ > x’ + ¢, then ‘T)};gt , = 0 for b in a neighborhood of x’ + 7, and the
identities are trivial. What is left is to consider the case x —t = x’ + ¢, for which we need

to compute

e—sz—zA(ab P;j;)(h(’) 2tV—tA

|a=b=x/+t)e

_ 1 —1 _—2tV—tA / phit(ho) hit(ho) 2tV—tA
= g{%(ZS) e (Prriirere = Pxrienv1-e)e :

We have P;f:(_};og, 4+s—s = 0 (because & > 0) while proceeding as above we have, for § >

ho(x" + 1),

hit(h
P o1 8) = Elymho(ertey, mhor +011 + O(E),

and hence furthermore that the above limit equals

1
Ee—”—m(u, ho(x' 4+ 1))V A (ho(x" + 1) + 1,v)
when evaluated at u > ho(x —1), v > ho(x’ + ). Using this in (3.24) and proceeding as

above show that dp W| a=x—¢ (u, v) equals
b=x"+t

iVt A — _ 1 5 v
—e 2V Ay AP Y T A (u, v) + Eezt VA ho (x" + 1) Lymhg v/ +1)+1-

Exactly the same argument we used to get to formulas (3.26) and (3.27) shows that
the first term equals €2 =2V A (u, ho(x' + 1))1y=pg(x'+1)+1- Consequently, the above
expression equals —(1/2)e?' "2V A (u, ho(x" + 1)) Lympy(x'+1)+1, Which yields the n
derivatives in (3.19) and (3.20) in the remaining case x — ¢t = x’ + ¢. [

4. PNG as a Markov process

We will need to develop some basic Markov machinery for PNG in order to show that
the Fredholm determinant expressions (2.20) uniquely solve the backward (Kolmogorov)
equations. To our surprise, there does not seem to be any previous reference, except [14]
where the equation is written down and invariant measures are computed from a physics
viewpoint.

Let us briefly describe the plan. First of all, PNG is constructed directly as a Markov
process, with a generator z coming from general Markov process theory. Continuous time
simple random walks are shown to be invariant modulo the height shift and the adjoint L
is computed. It is exactly the generator of the backward dynamics for PNG. Note that one
can also think of this as the forward process “upside down”, i.e., h + —h.

The transition probabilities should satisfy the backward equation, but there is a tech-
nical issue which permeates the entire proof: ¢(h) = 1(x,)<r; i=1,...,» IS HOt a continuous
function on UC (for example, if :(x) = log 1>, then hy — ho in UC, but 15, 9)<—1 =1
for ¢ > 0 and O for ¢ = 0). But the formulas are only for exactly Ej(¢(h(?))). In fact,
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the backward equations only hold in a weak sense, and one cannot just appeal to general
theory. For the Fredholm determinants, the key behind the backward equations is iden-
tity (4.26), which shows that the time evolution of the scattering kernels corresponds to
the action of the generator.

Once one knows that the determinantal formulas satisfy the backward equation in
an appropriate sense, uniqueness is provided by the existence of a large enough class of
solutions of the adjoint equation (see Proposition 4.8). This is now automatic, since the
Fredholm determinant formulas can be “flipped on their head” to produce solutions of the
adjoint equation, which is just the backward equation for the solution upside down.

4.1. Semigroup

The state space UC consists of upper semi-continuous height functions 2: R — Z U {—oc0}.
A function is upper semi-continuous if and only if its hypograph hypo(f) = {(x, y) :
y < f(x)}is closed. We compactify at —oo by introducing a metric on Z U {—o0} so that
[—00, 0] has finite measure. Then f, — f if there exists® My — oo such that hypo( f;,) N
[—My, My] — hypo(f) N [—My, M;] in the Hausdorff topology. Equivalently, f, — f if
for each x, limsup,,_, o, fu(xs) < f(x) whenever x, — x and there exists x, — x with
liminfy— o0 fn(xn) = f(x).

The first order of business is to construct the Markov semigroup acting on continuous
functions C(UC) on UC. Note that because of the finite propagation speed, unlike models
such as the exclusion process, there is an elementary construction.

Start with a space-time set & of nucleation points which is locally finite. Let Ny
denote the restriction to a subset A of space-time. Define a map 7 ; » taking a UC func-
tion 1 on [x — (¢t — ), x + ¢t —s] “at time s” and N4, A = {(u, ) : |y — x| <t —u,
s <u < t}into h(t, x) as follows. Let the points of the set N4 be denoted by (u1, y1),...,
(upr, yn) with ordered times u; < --- <ups. Here M < N, since several points may have
the same u; . On the time interval (s,u1), we evolve 1 to h((u1)—,2) = SUpjz_;| <y, —s 1(2)-
At time u;, there are nucleation points yip, ..., ., and we add 1 to & at each to get
h(uy,z) = h((u1)-.z) + Y ;2 1,=),. Now on the time interval (11, u»), we evolve
to h((u2)—,2) = SUPjz_;|<y,—yu, N(11,7) and then, at time u5 there are nucleation points
Ymi+1s---» Ym, and we add 1 to /1 at each to get h(uz,z) = h((uz)f,z)—kzlr-n:zmlﬂlz:yi ,
etc. Since there are finitely many points in Ny, the process is well defined. Since 75, » is
constructed only out of the points of N in A and the part of 2 in [x — ( —5),x + ¢ — 5],
we can just think of it as a map (h, N') > T x(h, N). It has the property that for d,,
defined in (2.1),

Tsax(h, N) = max {To,x(dy, N)+h(y)},

[y—x|<t—s

as well as the semigroup property that for s < u <1,

Tstx(h N) = Tt x (Tsu, . (hy N), N). 4.1

6In [38], this is mistakenly written as “for all M > 1.
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In other words, given the background nucleations, PNG is actually a well-defined, deter-
ministic Markov semigroup on UC. We then choose this background N as a rate 2 space-
time Poisson point process, and this constructs our PNG model as

h(t,x) = h(t,x:ho) = To,1,x(ho, N). (4.2)

The space UC is a complete, separable metric space, though as it is infinite-dimen-
sional, it is not locally compact. If we define, for f € C(UC),

Puf(h) = ELf(To..(h, N))],

then {P,, 7 > 0} is a semigroup. To see this, note first that Py is the identity. By (4.1),

CPs+tf(h) = E[f(g},ﬁ-t;(%,s;(hv </v0,s)» Ns,s+t))],

where the subscripts on the N indicate which time interval is being used. Since the Pois-
son processes on the two time intervals are independent, we can take the expectation over
N, s+¢ first to get

E[P: f(To.s.(h, Nos)] = PsPs £(h),

The semigroup P; is also strongly continuous. Recall that such a semigroup is Markowv if;,
in addition, P;1 = 1 and P; f > 0 for all non-negative f € C(UC). Both are immediate
from the definition. The generator £ is defined for f € D(L) by

~ |
Lf=lim-@f = 1.

where D(Z]) is just the set of those f € C(UC) for which the limit exists strongly (i.e.,
in C(UC), with the sup topology). The Hille—Yosida theorem [22, Theorems 1.5 and 2.6]
tells us that D(L) is dense in C(UC) and that for f € C(UC) and ¢t > 0, P; € D(L) with

There is also a version of PNG on [—L, L) with periodic boundary conditions. We call
the corresponding generator £y . Clearly, everything we have described has an analog in
that case.

Remark 4.1. Our situation is unusual. Usually, one starts with a generator and attempts
to build a semigroup/Markov process from it. In the case of PNG, the semigroup/Markov
process is explicit, so we can just read off the generator.

4.2. Generator

The above description of the generator is not explicit, and in order to do calculations,
one has to introduce coordinates. A UC function essentially consists of unit steps up and
down, together with an absolute height at some point, say /(0). We consider cases where
the locations of the steps are at most a countably infinite vector of points y; € R, i € Z,
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which for simplicity we will assume to be ordered by their label, y; < y;4+;. To each
step y; corresponds a £1 variable o;; we set o; = +1 if the step is up and 0; = —1 if
the step is down (i.e., limg\ o h(y; — 0;¢) = h(y;) — 1). We interpret a pair (y;,0;) as
a particle with spin o; located at y;. Note that this allows for steps of an arbitrary size
because we are allowing for jump locations to coincide.

It is certainly not the case that all UC functions fit this description. For example,
Do “wants” to correspond to £(0) = 0 and (y;,0;) = (0~, +1) fori < 0 and (07, —1) for
i > 0, but this is not allowed by the above description. Another example is the indicator
function of the Cantor set. It is in UC, but it certainly cannot be written in this manner.
Furthermore, the valid UC function & (x) = —oo, x < 0, h(x) = 0, x > 0 corresponds,
for example, to (y;,03) = (0,41),i < 0 and (0o, 1), i > 0. And a configuration like
(yi,oi) = (i,+1),i <0and (1,41),i > 0, corresponds to a non-UC function taking the
illegal value 400 on [1, 00).

On the other hand, these cases are extreme. If one looks within one of the invari-
ant measures for the process (see Proposition 4.2), the point process y; is locally finite
and simple (no coincidences) with probability one. If we restrict to locally finite config-
urations, the map &(x) < (h(0), (y;, 0i)iez) is one-to-one up to shifts in numbering if
we make the convention that unneeded particles are placed at either 0o with a plus sign,
or —oo with a minus sign. Furthermore, it is not hard to see that the dynamics stays within
this class.

So we will work with generators on this restricted subspace

=7Zx X,
={(7.6)e((R U {—o0, 00})x{—1, 1) : ¥ is locally finite, y; < yi4+1 Vi,
yi = Yyit+1 onlyif (0;,0i41) = (+1,-1)},

R X

and we say h € X whenever the pair (¥, 6) corresponding to / is in X. At the end, we
extend the results to UC by continuity from above. It is reminiscent of entrance laws in
diffusion theory. Here one is misled because the narrow wedges b, appear to lead to the
simplest evolution, but they do not fit nicely within the explicit computations with the
generator.

The dynamics of the vector (y;, 0j)iez € X is also Markovian, and we let £ denote
its generator. The second Markov process has a slightly reduced description, as we lose
the absolute height, but we will see that it is essentially enough for our purposes. The state
space for the (y;, 0j)iez process is X with the topology inherited from the UC topology
on the associated height functions (with, say, #(0) = 0).

To describe the generator £, we first need to describe a core for its domain. This
will consist of local functions F, which are regular in some sense. Local means there is
a finite interval (a, b) so that F depends only on (y;,0;) with y; € (a,b). We are assuming
that the configuration is locally finite, so there is a finite number 7 of y;’s in the interval.
We may as well relabel them y; <y, <--- < y,,andletoy,...,o0, be their corresponding
spins. Let E,’f’b be the set of such configurations. For n = 0, we set Eg’b = {@}. We
define E4% = [ J° ) EZ* to be the set of all configurations of finitely many particles in
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(a,b). We will use interchangeably the two notations F(...,(yi,0i), (Vi+1,0i+1),...) =
F(y,0), where ¥y = (..., Vi, Yi+1,...)and 6 = (..., 07,041, ...). Denote by F, the
restriction’ of F to Ep*°.

An important consequence of the UC topology is that configurations with y; = y;4+1
and 0; = —1, 0,41 = +1, are identified with the configuration where the two points are
removed from the list. Thus continuity of F' with respect to the UC topology corresponds
to matching conditions between its restrictions,

lim  Fy(.., (i, =1, (ig1, +1),...)
Yi+1—Yi N0
=Fua(..,(¥ic1,0i-1), (Vig2,0i42), .. .). 4.4)

The dynamics of the up/down steps consists of two pieces, a deterministic part, with
generator L4, and a stochastic part, with generator L, for creation,

L= Lget + Lore 4.5

This generator acts on local functions F', smooth in the interior of each Ef ’b. The deter-
ministic part L4 has each up step moving to the left with unit speed, and each down step
moving to the right with unit speed, so that at interior points,

n
LaeFn(3,5) = = Y 01y, Fu(3,6). (4.6)
i=1
The stochastic part of the dynamics has new (41, —1) pairs created randomly uniformly
with rate 2,

LaFy(.5) =2 / (Fui2(Co(7.8)) — Fa(G-3)) dz. @)

where the configuration C, (7, G) is obtained by inserting (z, +1) and (z, —1) into (¥, 5)
to get an element of £ Z fz- Since F is local, the integral is really only over (a, b). Since we
only consider F € Cy as candidates for the domain of the generator, F,, are necessarily all
bounded and (4.7) always makes sense. The domain of £ therefore consists of functions
for which the right-hand side of (4.6) is in €y and our core consists of all local functions
in the domain.

The analogous generator in the periodic case, on [—L, L), without the heights, will be
called £y,. The periodic case differs from the whole line case in that many configurations
(yi,0;) do not correspond to valid height functions.

In order to write the full generator £ of the PNG height function in this language, we
would need to take into account the absolute height. To this end, one would need to count
the number of up/down steps which have crossed a fixed point, for example, the origin,
to the right/left up to time ¢. Adding this part of the dynamics to get the full generator
amounts to adding an additional term on the right-hand side of (4.5). It would not be so
hard to write the resulting £, but we will never need its explicit form in the computations.

7We always mean that F only depends on variables in the interval (a, b), so this just means we
are considering the restriction of F to the situation where there are n particles in that interval.
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4.3. Invariant measures

The following measures {ii,} pe(0,00) are invariant for the (y;, 0;);ez process on the line.
Fix p € (0,00) and let E™ and E~ be independent Poisson point processes on R with
intensities p and p~!, respectively (so, e.g., P(|1E* N [a,b]| = n) = ((p(b — a))"/n!) x
e~P®=a) for any a < b). Superpose EF and E, order the resulting points (y;);cz, and
assign 0; = +1 to points coming from E* and 0; = —1 to points coming from E~.
This results in a configuration (¥, &) which, in simple words, has +1 points and —1
points as independent Poisson point processes with intensities p and p~!, respectively.
The measure 1, denotes the law of this configuration.

We also have the analogous measures (7, which are just the restrictions of w, to
[-L, L). Note that while it is not always possible to build a periodic height function out
of a configuration (y;, ;) on [—L, L), if one starts PNG with a periodic height function
one can run the process of up and down steps and build a periodic height function out of
the result at a later time.

Proposition 4.2. For any p > 0, the measure |1, is invariant for the (¥,G) system.

In order to prove the result, we need to show that [ LF du, = 0. We will actually
perform a more general computation, which will be useful later on, and from which the
proposition will follow. Let

m o= o=
Ha,b(y’ 0) = IZieZ:yl«e[a.b] o;j=m>

m € Z. In terms of the associated height function /2, H", is just the indicator function of
the event that h(b) — h(a) = m.

Proposition 4.3. Fixa < b in R and u € Z, and suppose F is a function which is con-
tinuous in UC, which depends only on the (y;, 0;), where y; € (a,b), and on the value
u = h(a), and which is such that each F, is continuously differentiable in y; in the inte-
rior of E,‘f’b. Then

/ LFG, 60 H (5.5) ditg(7.,5)
. / (FG.5:u) — F(5.6:u + D)H (7.5) di
+ [P G50 - PG00 - ) G5 an. )

Furthermore, in the periodic case with period L, for any F € D(Lyr), [ L F dug,, = 0.

Proof. Throughout the proof, it will be convenient to think of a configuration (¥, &) cho-
sen from p, as follows: sample a single Poisson point process & with intensity r, order
the points y;, i € Z, and then for each i flip a coin to give o; = 1 with probability p
and 0; = —1 with probability 1 — p. For this to match the above description we need to
choose r and p so thatrp = p and r(1 — p) = p~!. The parameters r and p are dependent,
but we will keep them in because it clarifies the computation.
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Since F is supported on (a, b), we only need to focus on the particles of E inside
that interval. The number n of those particles has distribution Poisson[r (b — @)], and their
positions y; < --- < y, are the ordering of independent uniformly distributed variables
on [a, b]. The event in the indicator function defining H ;’j’b means that there are k pluses
and £ minuses with n = k + £, m = k — £. From this, it follows after a computation,
writing Dy 4y for the domain {a < y; < -+ < yg4¢ < b}, that

/ FG.600) B, (5.5) dup(5. )

= > ue Y Fiye(3.6:u)dyy - dygye, (49)
Dy ye

k,£>0: Ge{—1,1} 4
k—t=m [{ito;=1}=k
where vg ¢ = e Tb=a)pk+l k(1 — p)¢ (and where we used that the volume of Dy ¢ is

(b —a)**+t/(k + £)!). To simplify notation below, we write Fi¢ for Fi1¢(¥,5;u), omit
the dy; - -+ dyk ¢, and write the k, £ and 6 sums as Zk,e,a- Using this, we have

f LaF (.50 H, (5.5) djt,p (5. 5)

b
23 v [ € [ (@G0 - FonG 5w @10
k. a Dr+e

for the stochastic part of dynamics (4.7), while for the deterministic part (4.6) we have

k+4
/LdetF()_;»&u)sz()_”’&) dﬂp(iva) = Z Uk ¢ Z(_Ui)/; ayi Frye. (4.11)
kL,G i=1 k+e

We will rewrite each of these two expressions, starting with the deterministic part.
Integrating each 9y, F in (4.11) from y;_; to y; 11, we get two terms, one from the
interior points (whenever k + £ > 2),

k+£—1 k+4

Z Ukt | — Z (o] Frqy 'SYi:yH-l + ZUi Fieve - 8y,=y;—, |, (4.12)
Dy i=2 Y Pk+e

k.0 i=1

and one from the outer limits of the two boundary integrals,

D ke (—Uk+l /D

Frse -5y1:,1). (4.13)
k,é,a' k+4¢

Frye '5}’k+£=b + 01 /
Djye

After changing variables i — 7 4+ 1 in the second sum inside the brackets in (4.12), the
whole expression in brackets becomes

k+L—1

Z (Oi+l _Gi) Fk+Z8y,-=y,-+1’
o1 Dite
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which equals

-2 Z 10i=—0i+1=1/ Fiete '8y1'=yf+1
1<i<k+{—1 Dite

+2 Z Lgi=0i1=1 / Fk/iz—z ’ 8Yi=Yi+1 (4.14)
1<i<k+{—1 Di+e

by the continuity condition (4.4), with Fk’i ¢ referring to Fi ¢ evaluated at (¥, o)
with the i-th and (i + 1)-th entries of J and ¢ removed. Now we focus on the second
sum in (4.14). In the i-th term, the y; and y; integrals only involve the delta function,
so they yield a factor y;+, — y;—1, where we set yo = a and yg4¢+1 = b for convenience.

In other words, the second sum in (4.14) equals

AQ
2 Z 1—0i=ai+1=1(yi+2_J’i—l)/Ai Fk+g_2,
1<i<k+{-1 Dile

where the domain Dl?—ﬁ-e isnow{a < y; <--- < yi1 < Viga < -+ < Yyt < b}. If we

now perform the summation over G on this term, the sums over o; and o;4; disappear
(the integrand does not depend on these variables) and then, after relabeling variables, the
remaining sum over i is telescopic and the result is (recalling that this term is present only
fork +4¢ >2)

(b —a)lgre>2 Z /D Fryo—.

k—1,4—1,6 " “kt+t=2

Using this above shows that (4.12) is given by

-2 Z Uk ¢ Z /Dk+z Fiete 'Syi=yi+1

k.G 1<i<k+{—1:
0;==0;+1=1
+22p=p)b-a) Y vee [ P, (4.15)
k. Di+te

where in the second term we have changed variables (k, £) — (k + 1,£ + 1) in the sum,
giving the 72 p(1 — p) prefactor. We conclude that

[ o G50 5.5) 4 (5.5) = @13) + (419), (4.16)

Now consider the right-hand side of (4.10), and split it as the difference of two
expressions. In the second one, the z integral simply yields an extra factor b — a, giving
1/(r? p(1 — p)) times the second term in (4.15). The first one can be rewritten according
to the position z of the newly created pair among the y;’s as

2 Z k.t Z /;)k , Frtev2 - 8yi=yiqr
+e42

k,l,0 1<i<k+L+1:
0;j=—0;41=1
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and after changing variables (k,{) — (k — 1,£ — 1), we get r2p(1 — p) times the first
term in (4.15). Using now 72 p(1 — p) = 1, we deduce from this that

/ LaF(5.5:0)H, (7.5) ditp(5.5) = —(4.15),

and hence from (4.16) that

/ LFG. 600 H (5.5) ditp(5.5) = (@4.13).

Although we did not introduce all the necessary notation for the periodic case,
it should be clear from the computations that in that case we would get

/ LLF(5.51u)dpp p(5.5) = 0.

It only remains to rewrite (4.13). Consider the sum corresponding to the first term
in the brackets in that expression. Here Fy.¢ -8y, ,=p is being integrated against the
measure Uk ¢ly<y, <<y, 4 <b OVer k, £ > 0 with k — £ = m and over choices of 6 €
{—1,1}**+¢ with k of the jumps being up. This measure simply encodes the jump times and
steps of the random walk N (with up jumps at rate p and down jumps at rate p~!) on the
event that it goes from 0 at time a to m at time b. In the case ox4¢ = 1, the delta function
in the integrand corresponds to the last jump being up, and taking place at time . We may
think of this as the walk going to m — 1 instead of m, with k — 1 up jumps (note here k > 1
because otherwise o4y cannot take the value —1). Hence (and since F is supported on
the open interval (a, b)) this term can be written as [ F(},0; u)H(;”‘l;l ¥,0)du, (¥, 0).
If 03, +¢ = —1, a similar thing happens, except that now we need to multiply by the indica-
tor function H ;”lj' ! This gives the first terms in each of the integrals on the right-hand side
of (4.8). For the other term on the right-hand side of (4.13), which involves a §,, —, factor,
we proceed similarly and get terms which involve the walk going from %1 to m. In order
to express them in terms of integrals containing indicator functions H (:"’I;“, we need to
shift the path associated to u and (¥, 6) to paths going from 0 to m F 1, and to this end
we need to adjust the absolute height parameter u to u % 1, yielding the other two terms
on the right-hand side of (4.8). ]

Proof of Proposition 4.2. First of all, because of the explicit construction described at the
beginning of this section, the martingale problem for £y, is well posed [22, Theorems 4.1
and 2.6] and therefore by Echeverria’s theorem [22, Proposition 9.2], a measure is invari-
ant for the process if for all f in a core for (£, D(LL)), [ L1 f du = 0. This is the
second statement of Proposition 4.3, so we know that each pi , is invariant for the pro-
cess on [—L, L) with periodic boundary conditions. Now start the full line (7, ) process
with measure p,, and let F' be any local function and ¢ > 0. We run the periodic process
on [—L, L) using the same noise as the full line process and using the same initial data,
all restricted to [—L, L). If L is chosen large enough depending on the range of F and ¢,
then the configuration of the two processes at time ¢ coincides within the range of F,
because of the finite speed of propagation. But we have shown that the distribution of the
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periodic process is iz, ,. Therefore, for the full line process, E[F (y(t),c(1))] = E,,[F].
Since local functions F' are enough to determine the measure (1, we have proven that yi,
is invariant. ]

4.4. Adjoint generator

Our next goal is to compute the adjoint of £ with respect to the L>(E*?, o) inner prod-
uct (for some fixed p > 0). Recall that we are interpreting elements of E%? as encoding
the jumps of an upper semi-continuous function, and endowing it with the topology that
it inherits from UC. Let us now interpret instead the elements of £%? as the jumps of
a lower semi-continuous function g € L& = {f : —f € UC}, with the topology of local
Hausdorff convergence of epigraphs. A function G: E*? — R is therefore continuous if
its restrictions to Ej, b satisfy the dual matching conditions
lim  Gu(...,(yi—1, +1), (yi,=1),...)
Yi—Yyi—1\0
= Gn-a(.... Vi—2,0i-2), (Vi41.0i41). .. ). (4.17)

Define
o0
L2Gy(F.5) =2 / (Gusa(CE(G.5)) — Gu(7.5)) 7. “.18)
—00

where the configuration C;*(¥, 0) is obtained by inserting (z,—1) and (z, +1) into (¥, 7).
We will also use v, to denote the product measure of counting measure on the height
h(0) € Z at the origin with the invariant measure ji,, o > 0.

Proposition 4.4. (1) In the above setting, the adjoint L* of £ on L*(11,) is given by
LY = —Lget + L3

(2) Let L* be the adjoint on: on L%(v,). Then L* is the generator of the backward PNG
process h*"(t, x) introduced after (4.2).

Proof. The second statement is direct, so we focus on the first one. Assume F' and G have
common support (a, b). Proceeding analogously to (4.9), integration by parts shows that

/ (Lo F)G dpip + / F(LauG)di,

equals

00 k+¢ k+4-1

Y X w Yo G- Xoof R
kl=0Gge{—1,1}k+¢ i=2 Yi—1=Yi i=1 Yi=Yi+1

k+L—1

o0
- Z Z Vk.t Z (0i+1 _Ui)/ FryeGrye.
i=1 Yi

k4=0Ge{—1,1}k+¢ =it
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The terms on the right-hand side with o; = 0,4 vanish, while those with 0; # 0;41
correspond to a (0;, —a;) pair at y;, and thus using (4.4) and (4.17) we get that the above
equals

k+£-1

oo
Z Z Uk,¢ Z / (Flc/\—il;[—ZGk+410i+1=*Ui=1

kAl=1ge{—1,1}k+¢ i=1 Yi=Yi+1
Al
- Fk+5Gk+£—210i=—0i+1=1)’

where we are using the notation from the proof of Proposition 4.3. We have restricted the
sum in k and £ to start from 1, because the indicator functions inside the integral imply
that there has to be at least one up jump and at least one down jump. Now we may reinter-

pret Y 111! Jyi=yiir Fite—2Ok+elo; =—o;=1 a8 J2S FregemsGrae(CH(5.5))) dz,
where the inner integral is over k + £ — 2 variables. The analogous thing can be done for
the other term in the integral and then, after changing (k, £) +— (k — 1,£ — 1) and using
that the change of measure 2 p(1 — p) = 1, we get that the above expression equals

o
23" Y e [ ([ (BreOrssaC€ 6.0 - Fsea(C2 G506 .
k£=0Ge{—1,1}k+¢
From (4.7) and (4.18), this is exactly — [((£%F)G — F(£%G))dp,. n

The computation made in Proposition 4.3 for integration of £ against the pinned
invariant measure can be repeated for the adjoint generator £*. This is the version of
the result we will actually need to use below.

Proposition 4.5. In the context of Proposition 4.3, suppose now that F is continuous
in LC. Then

f L*F(.6:u)H, (7.5) Aty (5. 5)
- / (FG.51u) — F(G.51u + D) H 1 (5.5) dity (7.5)
~ [(FG.850 ~ FG.5iu— D HG.5) e 5.5).

The proof is the same as that of Proposition 4.3, using the formula £* = —Lg + £,
and the fact that F' now satisfies the dual conditions (4.17), which together lead to the
same expression as in the right-hand side of (4.8) with a minus sign in front.

4.5. Backward equation

It would be convenient if we could conclude from (4.3) that our transition probabili-
ties F (¢, h), defined by

F(tvhﬂ)_év;)ZPh(h(tv-xl)Srtvl = 1,,’1):?1@(1”)7 ¢=1h(xi)§ri,i=1 n» (419)

.....
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satisfy the backward equation d; F = LF. Unfortunately, this function ¢ is not continuous
on UC, and it does not follow. In fact, even for t > 0, F(t,h) & D(E) and the backward
equation cannot hold in the classical sense. However, we are forced to deal with them as it
is only this particular class of functions for which we have exact formulas. We now show
that the backward equation is satisfied in a weak sense.

It is not too hard to see that if & corresponds to (y;, 0;), then the transition probabili-
ties (4.19), for given x4, ..., X,, can have step discontinuities on the shock set,

$(X) ={(y,0,1) : yi —o;t = xj forsome i, j}.

Note that this set depends on X. It is essentially just a finite collection of lines of slope +1
and its complement is open. We will refer to any such object below, for some finite X, as
“a shock set”. One can also think of it in terms of the height function 4. It is the collec-
tion of & with an up jump at some point x; + ¢ or a down jump at some point x; — ¢, for
some k. At such points, d; F and ), F are ill-defined for particular values of the r;’s and it
is impossible for 9, F = L F to hold in the classical sense. On the other hand, it is always
true at such points that the Dirac delta functions in (d; — d,,) F cancel, leaving at most
a bounded singularity. In other words, F satisfies (d, — E)F = 0 off a co-dimension 1
set $(X) where it is still well behaved, and this can be used to give meaning to the back-
ward equation for F. For our purposes, the following weak version of the backward
equation is the most convenient.

Proposition 4.6. The function F given by (4.19) is a weak solution of the backward

equation in the following sense: for any ¢ = @(s, h) satisfying

(1) @ is continuously differentiable off a shock set,

(2) ¢(s,h) = 0foralls €0,t] if max; ro(t, x;) < —K for some K > 0,

3) |e(s, h)| and (95 + ﬁ*)go(s, h)| are bounded uniformly in s € [0,t] and h in the
support of v,

we have

t ~
/0 /(—BS —LM)eFdv,ds = — [ @(t)F(t)dv, + /(p(O)F(O) dv,. (4.20)

Proof. Fix X, F and recall v, is the product of counting measure on /(0) € Z with the
invariant measure /i, The function f(h) = (2¢)™" lei xil<esi=t,..n WG i=1,0m dz
is in Gy and so, by the general theory described at the beginning of Section 4, P; f; =
Ex[fe(h(2))] does satisfy (d; — 2)9’,]’ = 0. Integrating by parts, (4.20) holds with F
replaced by P; f. Furthermore, from the explicit description of the process at the begin-
ning of Section 4, it is clear that

P, fo(h) — F(t,h) = F(t,h; X, 7)

as ¢ \{ 0 uniformly in & and bounded sets of ¢. Therefore, taking & N\, O in the (weak)
backward equation (4.20) for P; f;, we deduce that the same equation holds for F' pro-
vided that we can pass the limit through the integration.
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In order to justify this, the only real issue is the sum over 4 (0) € Z implicit in v,.
Let I C R be the smallest (finite) interval containing the origin, each x;, and every point
at distance at most ¢ 4+ 1 from any of these points. Let h and h be the supremum and
infimum of / over this interval. The event Ay = {h — h = k} satisfies vp(Ax) < Ck/k!
with a C depending on p, ¢t and the x;’s. On the other hand, on Ag, ¢(s, h) = 0 for all
s € [0,¢] and h with h(0) + k < —K, since h > max; ro(t, x;). Similarly, on A we have
ro(s, x;) is bounded below by /(0) — k for each i and each s € [0, ¢], and hence the height
function at time s € [0, ¢] is also bounded below by 4 (0) — k, so that (by definition) F(s, /)
vanishes for 2(0) — k > 7 := max{rq, ..., r,}. This last fact is also valid for P; f.(h) if
e < 1 in view of our choice of dependent region /. Now we consider the left-hand side
of (4.20) with P, f.(h). Splitting the v, integral according to the value of k, using these
facts to truncate the /#(0) sum, bounding F by 1 in the remaining region, and using the
assumption to bound |(ds + 2*)g0| uniformly, the absolute value of the integrand can be
bounded uniformly in ¢ € (0, 1) in a way which makes the whole integral be bounded by

r+k

Gy Y gl <e

k>0 h(0)=—K—k
The same holds for the right-hand side of (4.20), and this shows that we may pass the
& \{ 0 limit through the integration in (4.20) as needed. ]

The next theorem says that (a truncated version of) the Fredholm determinant satisfies
the backward equation in the same sense.

Theorem 4.7. Fixry,...,rn € Z, x1,...,Xn € R, and h € UC, and let K, be the kernel
defined in (2.11) using these fixed parameters and hy = h. Fort > 0, let

F(t,h) = det(I = Kp)gy, 0220 Lrizro(tx),i=1,.m 421
with ro defined using the given h. Then
(1) limt\o ﬁ(tv h) = 1"1 >h(x1),eestn=h(xp)-
(i) F satisfies
() @ =L)F = 00ff S();

suffciently large;
3) |ﬁ(s, h)| and |(ds — z)ﬁ(t, h)| are bounded uniformly in s € [0,t] and h in the
support of v,,.
(ili) For any admissible ¢ (meaning ¢ satisfies (1), (2) and (3) of Proposition 4.6),

t ~ A~ ~ ~
/0 /(—Bs —L*)@F dv,ds = —/(p(t)F(t) dv, + / @(0)F(0)dv,. (4.22)

Note that we have set ﬁ(t, h) = 0 in (4.21) when r; < ro(t, x;) for some i. The
fact that F should be zero in this region is clear physically: our ultimate goal is to
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show that F (t, h) corresponds to the transition probabilities for the PNG height function
(with initial data &), and these probabilities are 0 whenever r; < ro(t, x;) for some i. We
need to introduce this explicit truncation because some of the computations on K, (1, v)
which we will perform to prove the backward equation become singular for ¥ or v near
or below one of the ry(¢, x;)’s. We conjecture, however, that the Fredholm determinant
det(/ — K’)GBn 2(Z-) 18 already 0 if r; <o (t, x;) for some i. Proving such a statement
in general for a Fredholm determinant is hard, and we do not attempt it here. Alternatively,
one could attempt to prove this by taking a scaling limit of formulas for parallel TASEP,
which we will do in an upcoming paper.

On the other hand, the fact that the Fredholm determinant det(! — K;)gy, ¢2(z-)
satisfies the initial condition as ¢ \ 0 is easy to see. From (2.9), we have

e_x"A‘Igi x; e%ih = P)?,“(xhj)
(recall here that, by convention, the right-hand side is zero if x; > x;), and using this
in (2.10) yields
K™ i—o(xi, i xj.) = —PRMWL o+ Ynge L =x, - (4.23)

XiXj

By Proposition B.2, K, (g, h) — K, (0, h) as ¢ — 0 in trace norm in €, £*(Z~), after
conjugation, while from (2.11) and (4.23) we have that K(0, &) is upper triangular with
the i-th entry in the diagonal equal to xp(x,)-r, .- Hence, since the Fredholm determinant
is continuous in trace norm, after conjugating as in Appendix B.2 we deduce that

det(I — K(e. h)) — det(I — K(0.h)) = [[det = Xneen-r)e2@=o)

i=1

n
= [ 1rc=r- (4.24)
i=1

This yields the initial condition (i) for F: if some ri < h(x;j), then r; < ro(t, x;) for all
t > 0 and the condition holds trivially, while if r; > h(x;) for all i, then by upper semi-
continuity of 4 we have r; > rg(e, x;) for small enough ¢, and hence for such ¢ we have
F (e, h) = det(I — K, (e, h)) and the initial condition is provided by (4.24).

Before we turn to the proof of (4.22) in the next subsection, let us see how it proves
Theorem 2.3.

Proposition 4.8. For all finite X, ¥ and all t > 0, F(t,h) = F(t,h) v,-a.e.
Proof. From (4.20) and (4.22), for any ¢ which is admissible (i.e., satisfying (1), (2)
and (3) of Proposition 4.6),

/ / (=05 — L*)p(F — F)dv,ds = — / @(t)(F(t) — F (1)) dv,. (4.25)
0

Letm > n.Forany yy,..., y, containing x1, ..., X, and g1, . . ., ¢m, We can construct an

.....
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is done by solving the model backwards in time using Theorem 4.7 and skew time reversal
invariance (2.5) to produce a Fredholm determinant solution of (ds + 2*){0' = 0 off the
shock set with final condition 14, <p(y)),....am<h(ym) fOr any ap, ..., ay. Theorem 4.7
ensures that these ¢’s are admissible, and since the class of admissible ¢ is closed under
finite sums and differences, we can use them to produce such a ¢ with final data of the
..... m- The reason to include xy, ..., x, among the y;’s is to ensure that
condition (2) of Proposition 4.6 holds. For this choice of ¢, (4.25) becomes

form 15(y,)=¢; i=1

/ (F(t,h) — F(t,h))dv, = 0,
h(y:) q;,i=1,...m

and now the fact that this holds for any m > n and any y, ..., y, (including the x;’s)
and ¢q1, ..., qm, implies the theorem. ]

Proof of Theorem 2.3. The previous proposition shows that (2.20) holds whenever 4 is in
the support of v,. To go to general & € UC, we will approximate by functions in this class.
Probabilities (4.19) are not continuous with respect to the UC topology, but UC has a partial
order, h; < hy if h1(x) < hy(x), and both sides of (2.20) are continuous with respect to
local hypograph convergence with decreasing limits (for the Fredholm determinant on the
right-hand side of (2.20) this is proved in Proposition B.2). Since every UC function is the
decreasing limit of functions in the support of v, the result follows. ]

4.6. Hit kernel

The goal here is to provide the details for the argument sketched in Section 2.4. The
precise statement is Theorem 4.7. The key to its proof is the following result, which
is mainly a consequence of skew time reversibility together with our invariant measure
computations from Sections 4.3 and 4.4.

Proposition 4.9. Fix h € X C Ue. For any a < b and foru > h(a), v > h(b),
1
Lpgy" ) = 2P Vi v) = 2 P (@), v) sy

1 IlO 1
= 5 Parpm P 0 ) Loy, (4.26)

where the bracket denotes the commutator, i.e., [A, Bl = AB — BA.

Note that the two boundary terms on the right-hand side of (4.26) only arise when A
has jump at the boundary of [a, b] (more precisely, a down jump at a in the first case or an
up jump at b in the second case), since otherwise the no hit probabilities vanish by upper
semi-continuity of /. A key point will be that these terms match those which we obtained
in Lemma 3.6.

Proof of Proposition 4.9. Assume first that u > h(a) + 1 and v > h(b) + 1. Let g denote
a random path in [a, b] which has the same law as N conditioned on N(a) = u and
N(b) = v. We choose N to be lower semi-continuous and extend it as oo outside the
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interval [a, b]. Let also E, ;.5 , denote the expectation with respect to the law of g, and
recall the notation ®(g) = 1 — 1,50 from (2.6). Then we may write

> i . 1 i . i .
Ly PP v) = lim SE@" ) wv) = PO . 0)) 4.27)
1 _
= lim <Eauip (E(@(g —h(3.) = O(g — h(Q, M)e PR @, v),

where [E denotes the expectation with respect to the PNG dynamics and the PNG height
function %(§, -) is taken to start, slightly abusing notation, at 2(0,-) = h, and where we
have written £ » to stress that the generator acts on 4. Here we have used the Fubini
theorem to change the order of expectations, justified by the definite sign of the integrands.
By definition of ®, the inner expectation equals the probability that the fixed path g goes
below /A (8, -) but not below A(0,-) = h. But since u > h(a) + 1 and v > h(b) + 1 and
since both g and /4 have finitely many jumps inside, say, the interval [a — 1,b + 1], if § is
small enough, then for this to happen there necessarily has to be a nucleation inside that
interval before time §. And since this is an event with probability @ (§), by the dominated
convergence theorem we can take the limit inside the first expectation to get

L5 PB4, v) = By o (L (g — 1))e® D2 (u, v)
= Equsp0 (L1 0(g — h)e®™ 2 (u,v), (4.28)

the second equality following from infinitesimal skew time reversal invariance (2.7).

Here the generator L* is the (reversed) generator of the full height process. We claim
that it makes no difference if in the last expression we replace Ea,u;b,,,z};@(g — h) by
Equ;b,0L5 ®(g — h), where £ is the (reversed) generator of the height differences, i.e.,
it does not take account of the absolute height. This is because to go from £ to the gener-
ator of the full height process, one only has to track the height at a single point z, which
can be chosen arbitrarily. If we choose z far from the support of any of our functions,
by finite speed of propagation we have (L* — L*)® = 0.

Thus the last term of (4.28) can be rewritten, using the notation from Propositions 4.3
and 4.5, as

[ €iF G HG 5.5 4 .6,
where F"(3,5;u) equals ® applied to g — i with g given as the path in [a, b] obtained
from the configuration of jump locations and signs (¥, &) there and which takes the
value u at a, continued as oo outside the interval (@ is the invariant measure for the

(¥,0) process with a density of pluses and minuses equal to 1). We are thus precisely in
the setting of Proposition 4.5, and hence the last integral equals

/ (FMF.5:u) — F'(G.61u + D) H3*(5.5) dua (5.5)

— [ G50 — PG5 = DV 4 (5.6),
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In view of our choice of F”, the above expression equals
PEO v —1) = PEP 4 1,0) = PP v+ 1) + PP (= 1,0)
= 2[PI® V(. v).

proving (4.26) in the case u > h(a) + 1, v > h(b) + 1.

Ifu =h(a)+ 1orv=h(b)+ 1, then we need to be a bit more careful. The issue arises
when / has a jump at the edge of the interval (just as in Lemma 3.6). Assume, for instance,
that v = h(b) + 1 and that /1 has an up jump at b (it is not hard to see that the above argu-
ment applies if there is no such jump). Then if the fixed path g inside the first expectation
is such that g(s) — h(s) > 0 for s € [a, b) and g(s) = h(b) for some s € [b —§,b), we
clearly have ®(g — h(8,)) — ®(g — h(0,-)) = 1 due to the leftward movement of the
up jump in the PNG dynamics, so interchanging the limit and the expectation as we did
after (4.27) becomes more delicate. The solution in this case is simply to compute the
action in £ of the derivative term coming from L4 corresponding to the movement of
that jump of & separately. This can be done as in the proof of Lemma 3.6, noting that, in
this computation, moving the up jump at b slightly to the left has the same effect as shift-
ing b slightly to the right; as in the lemma, this derivative then yields a term of the form

;';,@A( (b)) + = P"Oh“(h)( L h(b))

= P57 AGu h(b) - 3 J(Zlft(h)( ,h(b)), (4.29)

where in the equality we used that
Py . k(D)) = PP . k() = P (e, h()).
PIP ., h(b) £ 1) = PISP (. h(b) + 1),

The first term on the right-hand side of (4.29) corresponds to the contribution of the corre-
sponding term in Lg4¢; ignoring the boundary effect, and comes together with the rest of £
to produce 2[Ph“(h) V](u, v) as above. The second term on the right-hand side of (4.29),
on the other hand yields the last term on the right-hand side of (4.26). A similar compu-
tation handles the case u = h(a) when & has a down jump at a, and yields the additional
boundary term in (4.26). [

Before turning to the proof of the backward equation, we need two additional results.
The first one will be useful in handling the creation part of the generator.

Lemma 4.10. Let h € UC, t > 0, and x1 < --- < Xy, and let K(h) denote the PNG
kernel (2.10) defined using the given x;’s, t, and hy = h. Then for any fixed z € R,
K(h +1;) — K(h) is rank one.

Proof. In order to compare the two kernels, we need to look at the hit probabilities involv-
ing h and h + 1,. We have

hit(h+1z) __ phit(h) no hit(k) no hit(k)
Pxifl,ijth - Px —t,x;+t + Px,ft z Sh(z)-l'le,ijrt ’
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where for convenience we set P;‘})hit(h) =0if a > b (so that this covers both the case when z

isin [x; — ¢, x; + t] and when it is not). Then K(h 4+ 1;)(x;, s xj,-) — K(h)(x;, - xj,°)
equals

—2tV—xA jqh+1; h 2tV+x'A
€ (Txi—t,xj +t r'T)Ci—l,xj-‘rl‘)e
_ _—2tV—tA phit(h+1;) hit(h) 2tV—tA
=e (Px,'—t,xj 4+t x,'—t,xj-i-t)e
__ ,—2tV—tA pno hit(h) no hit(h) 2¢V—tA _
=e Px,-—t,z 5h(z)+1PZ,xj+t e = fz ® gj

with

ﬁ(u) — e_ZtV_tAthi[(h)(u,h(z) + 1)’ g (U) — Pnohit(h)eZtV—tA(h(Z) + 1’ U). -

Xj—t,z z,xj+t

The second thing we need before proving Theorem 4.7 is an abstract result about Fred-
holm determinants. To motivate it, consider the case r; > r¢(¢, x) for each i and suppose
for a moment that we knew that the kernel K = y, Ky, is such that I — K is invertible;
this fact will actually follow from Theorem 2.3, because its Fredholm determinant equals
F(t,x1,...,Xn,71,...,Iy), which is positive under our assumption on the r;’s (see the
argument in Section 3.2). However, the proof of Theorem 2.3 depends on Theorem 4.7.
Assuming that I — K is invertible, we have the standard identity

9; det(] — K) = —det(I — K)tr((I — K)"19,K)

provided 9d; K exists in trace class (in our setting this fails at the shock set, but we ignore
this issue in this explanation). Similarly,

Lgerdet(l — K) = —det(] — K) tr((I — K) 1Ly K),

because Lqe; is a first-order differential operator. The key is that the same holds for the
creation part thanks to the last lemma and another standard identity: if A4 is rank one and
I — K is invertible, then

det(] — K + A) —det(I — K) = —det(I — K) tr((I — K)"' A). (4.30)

What is crucial here is that d;, L4 and L, all give rise to expressions of the same form,
leading to

(9; — L) det(/ — K) = (3; — L)det(I] — K) = —det(I — K)tr((I — K)"'(3; — £)K)
= —det(I — K)tr((I — K)~1(3, — £)K),
where we have dropped and then added back the dependence on the absolute height fol-
lowing the argument in the paragraph after (4.28).
In order to achieve this when we do not know a priori that I — K is invertible, we pro-

ceed as follows. Let # be a separable Hilbert space and let 81 be the space of trace class
operators on J. Define D: 8; — C through

D(K) = det(I — K),

where the Fredholm determinant is computed on .
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Lemma 4.11. The functional D is Fréchet differentiable with Fréchet derivative D'(K).
In particular, if K, € By depends on a parameter a € R and the derivative 0, K, exists
in trace norm, then

9y det(l — K;) = D'(Ky)(0.Ky). 4.31)
On the other hand, if K € 81 and A is a rank one operator acting on J, then
det(/ — K — A) —det(I — K) = D'(K)(A). (4.32)

The main point of the result (which is simple, but which we did not find stated in the
literature) is that (4.32) holds without any assumption on K.

Proof of Lemma 4.11. That D is Fréchet differentiable is standard, see, e.g., [58, Corol-
lary 5.2], while (4.31) follows from that and the chain rule. The same result in [58] shows
that, in the special case when I — K is invertible, the Fréchet derivative of D has the
following form: for each L € B,

D'(K)(L) = —D(K) tr((I — K)"'L). (4.33)
Now fix K, A € B, with A rank one and, for u € C, define
R(u) = D(uK + A) — D(uK) — D'(uK)(A).

The three objects on the right-hand side are analytic in p (for D(uK) this is standard,
see, e.g., [58, Lemma 3.3], while for the other two it is implicit in Corollary 5.2 of the
same book), so & — R(p) is an analytic function. On the other hand, if ;! is not in the
spectrum of K, then, by (4.30) and (4.33),

D(uK 4 A) —D(uK) = —D(uK) tr((I — uK)™' A) = D'(uK)(A).

Hence R(i1) = 0 whenever p~! is not in the spectrum of K. The kernel K is compact,

so its spectrum is discrete. Hence we deduce that R() = O for all 4 € C and thus,
in particular, for u = 1. ]

Proof of Theorem 4.77. The initial condition (i) was already verified. The second point
of (ii) is straightforward from definition (4.21) of F , while (iii) follows directly from (1)
in (ii) and integration by parts. To get the estimate on |ﬁ (s, )], in the third point of (ii) we
use Proposition B.2 together with the bound |det(/ — A)| < el4l1 for any trace class oper-
ator A on a given (separable) Hilbert space, with ||A]; its trace norm [58, Lemma 3.3].
They give

|ﬁ(s, h)| = C(l + e¢ maxi(m(s’xi)_ri))lrl—zro(s,x,-),i=l,...,n

with constants ¢, C > 0 valid for all s € [0, ¢], which is clearly bounded uniformly as
needed (note the key role played here by the truncation). The estimate on |(ds— £) F|(s, )
follows from (1) of (ii) off the shock set, and will be proved in Case 3b of this proof
on S(X).
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The rest of the proof will be devoted to showing the two remaining conditions: that
0 — Z;)I? = 0 off $(X) and that |(3; — z)ﬁ(t, h)| is bounded uniformly on § (X) for ¢
in a compact interval and & € UC. Throughout the proof, we use £ instead of L, ie.,
we drop the dependence on the absolute height, following the argument in the paragraph
after (4.28) which tells us that (£ — £)F = 0, (£ — £)K = 0and (£ — £) P!\ = 0.

We divide the proof into several cases, according to the position of the parameters r;
and whether we are not at a shock. Throughout the proof, all determinants and traces are
computed on £2({x1,...,x,} X Z).

Case 1: Suppose that ry > ro(t, x;) for each k and write (recalling from (2.11) that
K™ (xi,u; x5 +v) = (Kp)ij(u — i, v —rj))

K =y, K™y,, sothat F = det(] — K).

Here K only depends on the jumps of 4 inside [min{x1,...,x,} —, max{xy,..., x5} + ],
s0 Lge acts as a sum of finitely many derivatives. Thus 9, — L4 acts as a first-order
differential operator, and from the arguments in Appendix B.3 it follows that (the limit
which defines) (9, — L4e) K exists in trace norm. Then by (4.31), we have

(3 — L) F = D'(K)((3; — Lae) K). (4.34)

Now we consider £;. Using (4.7) and the notation from Lemma 4.10, we have
o0
Lo det(I — K(h)) = 2/ (det({ — K(h +1,)) —det(I — K(h)))dz,
—o0

and as K(h + 1;) is a rank one perturbation of K (k) by the same lemma, we have from
Lemma 4.11 that the difference in the integrand on the right-hand side equals D'(K) x
(K(h 4+ 1;) — K(h)). This gives

Lo det(I — K) = D'(K) (2 / ” (K(h + 1,) — K(h)) dz) = D'(K) (Lo K).

From this and (4.34), we get (3; — Lger — Lcr)ﬁ = D'(K)((0; — Lget — L) K), or, in
other words, (3; — £L)F = D'(K)((9; — £L)K).
Thus we have shown

(3, — L)F = D'(K)((3; — £)K).

Therefore (recalling K includes the projections y,), (3, — £)F = 0 will follow in this
case if we prove that, for K;; = K(x;,-;x;,+), (0; — £)K;j(u,v) =0forallu > r;, v >r;
or slightly more generally, due to the assumption r; > ro(t, x;), r; = ro(t, x;), that

0 —LO)Kij(u,v) =0 Yu>h(x;—1t), v>h(x; +1). (4.35)

Note that in this case, we are getting (d; — £) F=0 irrespective of whether we are or not
at a shock.
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By definition of Kj; and (2.10), we have
0 Kij = e 2V TNAQIL L oy VIH 8 TR, et EA (4.36)

(here we have used the fact that V and A, and hence also their exponentials, commute).
Now take u > h(x —t;), v > h(x; + ¢t) as in (4.35). Lemma 3.4 shows that in this case

e 2tV XIA(at(‘Tgi—t,xj+t)ezt +xjA(M,U)
1 2
= _1u=h(x—ti)+1)’z,xi X (v) — 1v=h(x]~ +0)+1Vt,x; x; (u),

where the boundary terms are given by

1 .
1 hit(h) 2t4+2tV—tA
Vi V) = 3Pl @ TR (i = 1), v),
1 .
2 2t—2tV—tA hit(h)
Vi, ) = 5¢ v P;?—;+,(xj+t)—(”’h(xj + 1),

Using this and the definition of ‘J'Z p» 10 (4.36) we get

atKij (U, U) — e—ZIV—tA(z[Phit(h) V])eZtv_tA(u, U)

xi—t,x;+t’
— Lumh(e—1) 41Vt x,; (V) = Lympy, O+ i s (), (4.37)

and we need to prove that the right-hand side matches £ K;; (u, v). To see this, we use the
definition of ‘J'g 5 again to write
—2tV—x; A h 2tV+x; A —2tV—tA hit(h) 2tV—tA
LKij=e i (L‘Ixi—t,xj+t)e X =e (pri—t,xj+t)e . (4.38)

In accordance with Lemma 3.7, the kernel ¢2*V~*2 is upper triangular, and similarly

eTHVTtA — (£21V-tAY* s ower triangular, so the restriction on » and v in (4.35) means
that in the last expression we only need to consider £ P;‘:tf};)xj (v, z) withy > h(x; —1),
z > h(x; + t). But for such (y, z), Proposition 4.9 yields

LP D 02 = 2APTY VIO 2)

Xi—t,Xx; Xxi—t,x;+t°
1 no hit(h)

- 51y=h(xi_t)+1 P(xl- —t)+,x_,- +t (h(x] - t)’ Z)

1 5 nonit(h)
- EPxi —t,(xj+1)~ (y’ h(xj + [))12=h(xj +t)+1>
and hence from (4.38) and the definitions of ytl’ xi.x; and ytz’ xi.x;» We get that
LKij(u,v) = e 2VAQIPID L VeV A u,v)
— eV R h(xi — 1) + eyt ()

Vt,xi X
— ey, VTR (h(x; 4 1) + 1L v).

We are computing this only for u > h(x; —t) and v > h(x; + t), so by the upper/lower tri-
angularity of e¥2/V—"4 the second and third terms on the right-hand side only survive for
u=h(x; —t)+ land v = h(x; +t) — 1, respectively, and then since e¥2'V="4(n, ) =
e?! by (2.23), the whole expression equals the right-hand side of (4.37), as desired.
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Case 2: Suppose now that rp < ro(t, xi) for some k and that we are not at a shock in the
Xy variable (i.e., that & does not have a jump at x; + ¢ or x; —t). Then ry < ro(s, x) for
all s in a neighborhood of ¢, and for all such s we then have ﬁ(s, h) =0,s00; ﬁ(r, h) =0.
Now consider £ F. The deterministic part of the generator only moves the positions of the
jumps of A, which lie away from x; =+ ¢, while the creation part only moves A up, which
means that the inequality ry < ro(f, x;) (and hence the fact that F = 0) is preserved
through the action of the generator. Hence £ F =0, which gives us what we want.

Case 3: Next suppose that ry < ro(z, xx) for some k, and we are at a shock in the xi
variable. We split into three subcases.

Case 3a: Suppose rj < ro(t,x;) for some j # k for which we are not at a shock in the x;
variable. Then the argument of Case 2 applies, and we get again (d; — L) F = 0.

Case 3b: Suppose now that r; > ro(¢, x;) for all j # k. We will only consider the case
when the xi shock comes from a jump of & at x; + f; a jump at the other edge or at
both edges is handled similarly. Additionally, we assume first for simplicity that there is
only one jump at xx + 7, and explain at the end the extension to the case when there is
a (+1,—1) pair at that location. Let (¥, &) be the configuration of jump locations and signs
associated to /. By relabeling, we may assume that the (unique) jump at xz + ¢ has label 0,
ie., yo = xr +t. If 09 = —1, i.e., there is a down jump at x; + 7, then by upper semi-
continuity of /1, we have that ro(s, z) is constant for s € [t —&,f + €], z € [xx — &, Xx + €]
and small ¢, so d; F = 0 as above, and for the same reason LF =0 (note here we need
to consider the movement of the yo jump, but it also does not affect ro (¢, xg)).

We turn now to the case 0p = 1. In particular, in this case we have ry < ro(t + ¢, xg),
and hence F (t + &, h) = 0, for small ¢ > 0. Note that, since we are assuming that the
jump of & at xz + ¢ is up by one, limg », ro(s, xg) = ro(t, xx) — 1. If rp < ro(t, xx) — 1,
then we also have ry < ro(t — &, xi) for small ¢ > 0, and as in the previous cases we have
3 F =LF=0.

The interesting situation is thus when oy = 1 and ry = ro(¢, xg) — 1. This is the case
for which (9, — L)ﬁ is not 0; we will show that it is bounded as needed. In this case, we
have as above ﬁ(t +¢&,h) =0,s0

F(t+eh —F(t—eh) =—F@—gh).

Now we study L F. Once again, since the creation part of the generator only moves 4 up
(and we are assuming ry < ro(t, xx)), we have Lcrﬁ = 0. On the other hand, it is clear
that the deterministic part of the generator restricted to the jumps of / other than the one
at yo = X + t cannot change the inequality r; < ro(¢, x), so that part of the action of the
generator on I vanishes. This tells us that the only non-zero contribution to LF comes
from the limit as ¢ — 0 of (2¢)~! times

ﬁ(t, ) |yo=xj+1—e — ﬁ(t» M) yo=xi+1-+e:

i.e., the difference between computing F with the Yo jump moved to x;x + ¢ — ¢ and to
Xk + t + & (recall that up steps move to the left). We may assume that ¢ is small enough
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so that the only jump of 4 in [xg + ¢ — &, xx + t + €] is the one at x; + ¢. When the y,
jump is moved to x; + ¢ — ¢ the inequality ry < ro(f, xi) remains (since ro(z, xi) does
not change) but, under our assumptions, when it is moved to x; + ¢ + ¢, ro(t, xx ) changes
to ro(t, xg) — 1 = ry, which means that the above difference equals —ﬁ(r, M) yo=xi +1+s-
The conclusion from all this is that, in the current situation,

@ = £)F = lim2e) " (= F(t —e.h) + F(t.h)|y=x +1-+2).

Under our assumptions, when evaluating F att — & with Yo = Xr + t or at ¢t with
Vo = Xx +t + &, we are in the regime where r; > ry(t, x;) for each i, so that the F’s on
the right-hand side are given by the corresponding Fredholm determinants, i.e.,

@, — L)F = lim (26) ™" (det(7 — K(t. 1)l o= +o-+¢) — det(l — K(t = &.1)). (439)

where we are including the dependence of K on 7, & and yg in the same way as for F.
Now we claim that there is a constant C < oo which is independent of ¢ and % in the
support of v, and bounded uniformly for ¢ in a compact interval such that

\det( — K(t.h)|ygmrx, +11e) — det(I — K(t — e, h))| < Ce. (4.40)

We prove this in Appendix B.4. It shows that |[(d; — L)F | < C uniformly in ¢ in a finite
set and i € UC, which is what we wanted.

The only situation left to consider in this case is when there is a (41, —1) pair
at xx + ¢, but it is easy to see that the above argument still works in this case: when
the generator is applied to F, the up jump moves left while the down jump moves right,
but all the necessary inequalities as well as the estimates in Appendix B.4 remain valid.

Case 3c: The last possibility is that there are several indices ji, ..., j; (including k)
for which r;, < ro(t, x;,), and we are at a shock in each of those variables. The proof
in this case is basically the same. When computing the limit defining (d; — L)ﬁ , there
will be terms as above coming from the ¢ derivative for each of the j;’s, and matching
terms coming from LF coming from the deterministic movement of the jumps of / at
the corresponding points. Most of these terms will vanish as above, and those which
do not will lead a sum of at most ¢ differences as in (4.39), which can be estimated
separately. [ ]

Appendix A. Initial data for the non-Abelian Toda lattice

In this appendix, we compute the initial condition for the non-Abelian 2D Toda lattice for
PNG. We focus on equation (2.16) in terms of U, and V;, and give expressions for these
two matrices at f = 0. We stress that this is far from providing the whole boundary data
for the equation, which we do not attempt here. In everything that follows, we work under
the assumption r; > ro (%, x; ), which for t = 0 means we take, for each i,

ri = ho(xi). (A.T)
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Formula (4.23) for K**!|;—¢ has the same structure as the (slightly formal, in that case)
formula derived in [53], in the setting of the KPZ fixed point, for the Brownian scattering
operator at t = 0. Thus the same basic argument applies in our case, and it will lead to
a formula for Q,|;=¢ in (A.4) below, providing a discrete analog of the formula derived
in [53]. However, in our setting we need to calculate Qr_1 |t=0 and 0, O |;=o as well. This
will require an additional computation, leading to more complicated formulas. To express
them, we will need some notation.

Notation. Fori < jandi <k <m < j,let

PZhO,SSk.m

i (. v) = Prngyp=u(N(¥) = ho(y) V y € [xi, x;], N(x¢) < r¢ for each

x¢ € [xk, Xm] N (xi. x7), N(x;) = v).

Note that in the probability, we ask N to stay above /¢ inside the whole interval [x;, x;],
and to stay below the heights ry only at those points x; among the x; < --- < x, with
indices between k and m but excluding, if necessary, the two endpoints x; and x;. The
notation Bk’m represents an upside-down multiple narrow wedge, defined as Sk,m xX)=ry
if x = xg for some xy € {xg,...,xn} and oo otherwise (so the event with upper bound
inside the probability is the same as asking for N(y) < Sk,m (y) for y € [x;, xj]).
We extend this notation in several ways:
(i) If k = m, then we write Sk instead of \Sk,k.
(i) If we change, remove or add inequalities in the superscript on the left-hand side,
then all we do is change, remove or add the corresponding inequalities in the prob-
ability on the right-hand side.

(iii) When u = r; and v = r;, we simply write

=>ho,<D; ; >ho,<b; ;
ij =L (ri,75),

and similarly if any of the inequalities are modified.

5>ho,<b

(iv) We turn the last definition into an n X n matrix P; defined through (here for

convenience, we make the dependence on ¥ = (rq, ..., ry) explicit)

5>ho,<b 5>ho,<D; j
(PZ07%)ij = Licj P, "

7 i,j

for each i, j (note that this is using implicitly the convention that each P; i = 0 for

i=J).
(v) We let >hy denote the event that N stays > /¢ but hits exactly /¢ along the way,
that is,
PEo = pZlo — p7lo. (A2)

We extend this notation as before if we need to add further restrictions in the paths
of N, and also to the case <bD.
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(vi) Finally, we use the notation zhomfgi, j if we require the 5,-, j touching to occur
after the first &g touching, and we also write

h B,
(P>h0 <b)lJ _ PZ 0,<

Iy o+ 1),

=hon <b;

>h <b ij
(Pf’;omS )ij =P 'j (ri + 1,rj).

L,Jj

Additionally, we introduce the shift operators

O f) = flu+r), 67 ()= flu—r).

The action of 6, is meant as taking place in all of £2(Z) (which is why we are distin-
guishing 6, and o). In terms of our formulas, where all (scalar) kernel products take place
in £2(Z o), it is better to think of 6,16} simply as a convenient notation, which modi-
fies the kernel to its right/left, rather than as the action of an operator. The point is that
for a given kernel A we have 6, A0 (u,v) = A(u + r,v + r), so we can, for instance,
rewrite (4.23) (using also (A.1)) as

(Kr)ij = —Vi<jOr 2r, P70 4,07, = —Lic 0y, P00 (A3)

since O xr = xo0r, xr0F = 6 xo and our kernels act on {%(Z=¢) so the yq factors may
be omitted.
We turn now to the computation. We begin with a formula for Q|;=o.

Proposition A.1. Under condition (A.1), we have
Orlimo = 1 — P2 and Q7'img = 1 + PEMOE, (A4)

Proof. Inview of (A.3), K, is strictly upper triangular, so (R, );; = f;:io (K™);j and we
have (R;);; = I and (R,);; = 0fori > j.Fori < j, on the other hand, we decompose
(KM)ijasy . ]_[2"21 (K;)z(e)x(e+1)> where the sum is over strictly increasing paths w =
(m(1),...,m(m + 1)) going from i to j along indices {1,...,n}. Applying the inclusion-
exclusion principle and using the fact that we are acting on £2(Zxo) and 6* yo6, = x»
in £2(Z), we deduce that

>h05<bl Jj 9*

(Rr)ij = 1i=j 1<]9rlP (A.S5)

(see [53, (A.6)] for a similar argument), and then evaluating at (1, 1) gives
Qij = li:jl — 1i<j P>h0’§bi*j (l"i + 1, rj + ]) = lizjl — 1i<j P2h0’<bi‘j (}"i, rj),

where in the second equality we used the translation invariance of N. This is the first
identity in (A 4).

For Q;!|;—o, it is now enough to check that (/ — >h° <b)(1 + P>h° <b) =1,
which is equivalent to

5>ho,<b _ H=ho,<b _ p=ho,<b p=ho,<b
E P; = P; P; )
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The left-hand side equals Is;zho’fb, using notation (v) introduced above. The right-hand
side is trivially equal to this at or below the diagonal, while a simple computation using
the upper triangularity of each factor shows that, above the diagonal, the product provides

p=ho.=<b according to the last time the walk hits D. ]

a decomposition of P>

Next we need to compute dy, O |;=o.

Proposition A.2. With the notation introduced above and under condition (A.1), we have
5>h ,_5 _'_h _'5
9 Qrlimo = PL0=" — PO (A.6)
Proof. In all that follows, we set ¢ = 0. We have

0y 0r = dpRy(1.1) = Rpdy Ky Rr(1,1).

The inverse kernel R, is upper triangular while d, K, is strictly upper triangular, so the
same holds for 0, K, R, and R, d, K, R,. In view of this, in the computation that follows
it is enough to consider i < j.

Recall 0, K, (u,v) = —K,(u + 1,v) + K, (u, v — 1), so using (A.3) we have

>h >h >h >h
(0, Kr)ij = Or; 41 P Ogr*j — O, Py 09:_‘/_71 =0, P Oer*j,l =0, P 0g*

rj—1
_ >ho g*
=0, Pi,j erj—l’

where we used translation invariance and the notation introduced in (A.2). Using now
(A.S5), we get that
» « h ,_S,‘ _ ,>5(,'_h *
(RanKr)ij = 9"[ Pi,z_1"l09(,—1 _ Z 9r,~ P:j 0:=Dj41,k—1,>Dp,> ()'9(,-—1»
i<k<j
where in the second P; ; operator, the sequence of inequalities means in particular that
N > hg in [x;, x¢] and N> Ay in [xx + 1, x;] (there is no ambiguity at xj since, under
(A.1), the condition > by implies N(xg) > ho(xx) anyway), and we used again that
07 xobr = xr in e(Z).
Next we compute (R, 05, K, R;);;. Using the last formula and (A.5), it is given by

>ho n* >h0,ssf+1.k—1,>5k,2ho *
0 P07 = 2 0P 01
i<k<j
>ho n* >ho, <Dk j %

Y o

i<k<j

>ho,<bi41.k—1.>Dk,>ho >ho,<be.j %

+ Y. 6,P 05 _16r Py 0. (A7)

i<k<l<j

. ho.<bk.; - .
Consider the factor 6, _; 6y, PZ J.O =Pk 6y . If we make explicit the fact that everything

acts on £2(Zxg) except for the 6,’s to their right and the 6’s to their left, we can write
this as

* >ho,55k.j * >h0,ssk.j * Zh0s<5k.j *
6’rk—1)(09rk Py j erj = Xri—16h Pk,j 9rj = er—lpk,j er—ls (A.8)
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where once again we used translation invariance. Let us for a moment replace the pro-
jection y,, 1 on the left by x,,, and use this in the last two terms of the above formula.
We get

>h >h0,sb T 1k—1,>Dk2ho
6, PEG; L — 3 6, P70 o
i<k<j
>ho,>dj,<b ,>h
Z er,P 0,>Dp,<Dp41./—1 09* »
i<k<j

>h ,sb ,>b ,>h ,>b ,<b ,>h
+ Z Qr,P 0,=<Dj41,k—1 k>Zh0o,>Dg,<Dy—1,; 09*1

i<k<{<j

The second and third terms correspond to N paths which stay > hq and which at some
point touch % and at some other point go strictly above one of the r’s; the second sum
corresponds to a decomposition of the event that the path goes above some r; before it
first touches /g, while the third sum corresponds to the event that the path goes above
some ry after it last touches /#o. Now we note that the sum in the last term is precisely
a decomposition of the probability of the intersection of these two events. Thus the last
three terms above correspond to minus the probability that N > A and it goes strictly
above one of the ri’s. Using this in the last expression and evaluating at (1, 1) yields
P‘h0’<b’ T +1 JTj)-

What remains is to account for the difference between x,, —1 and y,, in (A.8). This
difference is just 1y, y, which corresponds to evaluation at r. So, upon evaluating at (1,1),
the remaining terms we get from (A.7)—(A.8) amount to

>h >h,<b.~
D PO+ L) P T (e
i<k<j
ho,<b ,>by.>h ho,<be
+ Z Pz> 0>=Dj41,k—1,>Dk,= O(V, +1, V@)P> 0,<Dy¢ (rg,rj).

i<k<t<j

The first sum is a decomposition of the probability that N > /¢ and it touches some of the
r¢’s at some point after it first touches hg, remaining below D after that. The second sum
corresponds to something similar, except that we also ask for N to go strictly above some
of the ry’s, excluding k = i, before touching h¢. The difference of the two sums then
corresponds to the event that N > A, N < S (with the obvious meaning), and that there is
ab touching after the first sy touching. In the notation introduced above, we have proved
that

>h ,_bl- ; >h SE,- ;
By Orle=0)ij = P70 (ri + L) = PO (4 1),
This yields (A.6). [

Finally, we can write the initial data for the non-Abelian Toda lattice (2.16). Like the
Rosetta stone, all notations can be deciphered from the preceding explanations.
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Proposition A.3. Assuming r; > ho(x;) for each i,
Urlimo = (I — PZ"=%)(1 4 P7H0=0),
5>hon<d  p=ho.<b 5>ho,<b
Vr|t=0 — (Pi;omf _ Pi?()s )([ + P;Z 0,< )

Proof. This follows directly from (A.4) and (A.6), together with the identity Q! |;=0 =
I+ F;h"’sb, which in turn follows from (A.4) and translation invariance. ]

Appendix B. Trace class estimates

B.1. Continuity

The PNG kernel and transition probabilities are not continuous in the initial data hg
in UC. Consider, for simplicity, the one-point case. The issue arises at the shock set S (x).
As an example, take /1.(z) = log(1z5¢4¢), converging in UC to hg(z) = log(1;5;). But

hit(ho) 2tA =~
P =e"% 0

while Pﬁitt’(,hg) = 0. Writing K, for K$*(0, 10, -), we get K, = e 2!V 1A ¥,e2V=14 and
Ky, = 0. Moreover, Py (h(t,0) < —1) = 0 while Pp,_(h(£,0) < —1) = 1.

In the above example, h, < hg. We will see that if we restrict instead to approxima-
tions of A from above, continuity does hold. To express this more precisely, we say that
hy, — h from above in UC if h,, — h in UC and h,(x) > h(x) forall x e R and alln € N.
A function F:UC — R is continuous from above if F(h,) — F(h) whenever h, — h
from above.

Proposition B.1. (1) Foreacha <binR andu, v inZ, P;i;)(h) (u, v) is continuous from
above as a function of h € UC.

(2) Foreachh e UC, x e R, u,v € Z, P;i_t(,]f))CJr, (u, v) is right continuous in t > 0.

Proof. (i) It is not hard to see that if 4, are converging to /& from above in UC, then the
Lebesgue measure of the subset A, of [a, b] on which A is strictly less than £, is going to
zero. Since P;jz(h”)(u, v) — P;}Z(h) (u,v) > 0 and it is bounded above by the probability
that the walk N has a downward jump in 4, which goes to 0, we conclude that the desired
property holds.

(ii) Let z; \( t. Since h € UC, for ¢ sufficiently small, h(x + t;) < h(x + t) and

h(x —t;) < h(x —1t). So it is not hard to see that the difference between ph (u,v)

X—tg,x+1tg

and P;E(th))c 4¢(u, v) is controlled by the probability of a jump in [x — e, x — ] U [x +1,
X + t¢], which is of order z, — ¢. [ ]

B.2. The kernel

For fixed x; < -+ < X5, we introduce the multiplication operators

Of (xisu) = 0 f(xi, ) () = 03 () f(xi u) - with 8 (u) = (1 +u?)".
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Proposition B.2. For fixedt > 0, x; <--- < X, r1,...,F, € Z and hy € UC, the conju-
gated kernel 19)(,1(2’(‘)‘)(,19_1 on L2({x1,....xp} X Z) is

(i) Trace class, with a bound on the trace norm of the form C(1 + e€™i(ro(txi)=ri)y
with ro as in (2.12), for some ¢, C < oo which can be chosen uniformly in bounded
sets of t.

(ii) Continuous from above on UC in trace norm.

(iii) Right continuous in t in trace norm.

It is important in (i) to get a bound on the trace norm depending on /i only through
the ro (¢, x;)’s. The reason is that in our proof of the backward equation in Section 4.5 we
need a bound on

in terms of the supremum of /¢ on the region of dependence. The abstract bound available
for the absolute value of the Fredholm determinant is e/ &1 So thanks to the truncation
coming from the indicator function in the definition of F , the bound on the trace norm
provided by the proposition in fact yields a uniform bound on |ﬁ |.

Proof of Proposition B.2. (i) For the proof of this item, it is enough to show that each
entry xr, 9 K& (x;, -1 x5, 19;1 Xr; of the kernel is trace class on £2(Z). The main estimate
we will use is the following very simple bound, valid for any ¢, x € R,

|2V HxA (u, v)| < CelrIHIxDy lumvl (B.1)

for any fixed A € (0, 1) and constants ¢, C < oo which depend only on A. This estimate
follows directly from (2.23) after choosing yy as a circle of radius A when u > v and 1/A
otherwise.
Consider the first term on the right-hand side of (2.10), which (after conjugating and

projecting) equals

A 91T TIORY Ty = (g, 90T TN 29 L2 912 DA 2921y (BL2)
for fixed i < j, where the operators 19,2'[ 12 correspond to multiplication by 9 (u)*1/2.
Using the bound ||AB]|; < ||A|l2||B]|2 is enough to show that each of the two factors is
Hilbert—Schmidt. By (B.1), we have

”Xr,' ﬁie(xj—x,-)A/2l9i—+1]/_2”% < CZec()qi—x;) Z(l + u2)2i ZAZIu—v\(l + vZ)—i—j'

u>r;j veZ

The sum in v restricted to |v| < |u|/2 is bounded by 2« |u|A#! while the sum over |v| >
lu|/2 is bounded by C22¢+7) (1 4+ u2)~*~7 for some C > 0 (depending on 1), so

|, D16 Cr XA 211212

< CetCIT) N (1 +uP)? [u A2 4 (140770 ) <00

u>r;
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since j —i > 1. The second factor on the right-hand side of (B.2) can be estimated in the
same way.

Now we turn to the second term in (2.10). Fix 7, j and write x = x; — ¢, X = xj + 1.
The kernel we are interested in equals y,, ;e =2V~ ’APh”(hO)ezlv ’Aﬁ Y, x> X,
then Phlt(hO) vanishes, and there is nothing to prove, SO ¢ assume that x 5 X. Since hy is
upper semi- -continuous, we may define

mo = max _ ho(z), xo= argmax  ho(z),
z€[x,min{x; +¢,x}] z€[x,min{x; +2,x}]

where in the argmax we take, say, the rightmost point in the interval where the maximum

—2tV— zAPhlt(ho) 2tV—tA

is attained. Write e g

, using the inclusion-exclusion principle, as

—21V—tA( phit(ho) ,(F—x0) A (xo—x)A phit(ho) hit(ho) phit(ho)y ,2¢1V—1A

e (Px Yo +e Px0 s Px Xo PxO,f )e .
The reason we choose this decomposition, splitting the hit probabilities at x, is that it
will allow us to get a bound on the trace norm that only depends on %g through ro (¢, x;),
its maximum on the interval [x; — ¢, x; + ¢] (which is contained in [x, x¢]). This depen-

dence will come from estimates on the factors involving P}J‘;(OO) in this decomposition.

As we will see, the factors Phlt(h‘))

are a bit simpler to handle, basically because in
the conjugation they end up next to decaying factor 19;1 (as opposed to the factor 9;
on the left, which is blowing up). In fact, we will only estimate the trace norm of the
third term coming from the above expression after conjugating and projecting; the bound
for the other two is slightly simpler, and can be adapted easily from the one we present
here.

Note that if my = —oo (as it may be), then P,}C“;(é’ ©) = 0 and there is nothing to prove.

So we assume mgo > —oo. Our goal is to estimate the trace norm of

o 2tV—tA phit(ho) hit(ho) p2V—tA
X’iﬁ Pxxoo Pxox 19 Xr/

We can write the kernel of this operator as an average of rank one kernels Ay, (1, n1) X
By, (12, ),

/ / D a(m.dsi. 2. ds2) Ag, (u, 1) B, (2. v), (B.3)
Y0 n1.meZ

where A = x,, ie
is given by D ccz Pxe (M1, ds1) P g (12, ds2), with

_2tV+(x0—s—t)A’ Bs — eZtV+()?—s2—t)Al9j—1er and a(nh dS1 12, dS2)

Pxe(n,ds) = Pyy=¢(r € ds,N(z) = n),
Pxe(1,ds) = Pyy=¢(T € ds,N(T) = 7).

Here 7 and 7 are the hitting times by N (restricted to [xgo, X] and to [x, xo]) of hypo(hg)
and hypo(ﬁo), with ﬁo the reversed barrier given by &g (s) = ho(x + xo — 5); the first
one is a straightforward decomposition using the hitting time 7 while the second one is
similar after using the reversibility of the walk N. We note that in the case xo = X, the
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above is interpreted as forcing t = xo and n = y provided y < hgy(xg), and O otherwise,
and similarly in the case xo = x.

The trace norm of the average can be bounded by the average of the trace norms of
the rank one operators. But the square of the trace norm of a rank one operator is just
the product of £2 norms. Each ¢? norm can be estimated by (B.1). Thus the trace norm
of || yr; D;e 2V 1A Pg;(g") P;(i)t’(;"’)eztv_mﬁj_l xr; 1 is bounded by a constant depending
on A, ¢, x and X times

Y Puw=¢( € [x, %0], N(B) = n1)Pax)=¢ (T € [x0, %], N(x) = 12)
n1,m2,§

x (3 ()% + 01 (r;)?) 1 /2A07mIV0) (rj=n2) V0, (B.4)

If £ < my, then T = x and N(t) = &, which forces n; = &. Thus the part of the sum over
& < my is bounded by

Z Prxg)=¢ (T € [Xo0, X1, N(T) = 02) (91 (§)* + 0 (r;)?) /2201790,

§<mo,m€Z

We can sum over 7 in the probabilities, then drop the resulting Py(x)=¢(7 € [xo,X]). The
resulting expression is summable, with a result which can be bounded by C(14¢¢m0=7i)),
On the other hand, if & > my, we use the fact that N(7) < mg if T € [x, xo], SO we may
restrict the 17 sum to 7 < my. So this part of the sum is less than or equal to

Y Puw=¢(F € [x. x0l NR) = n) (i (m)? + 9 (1)) /2201 710V0,

n1<mo,§>mo

Summing in 7; gives an expression which is bounded by C(1 4 ¢¢("0=")) again, and it
only remains to estimate } ¢, Pneo=¢(T € [x, xo]). Now

Pa)=¢ (7 € [x0, X]) < Puxg)=¢( N(x) < mo)

inf
y€lx,xo]
since m( maximizes Eo inside [x, xo]. We can compute the latter by the reflection prin-
ciple, and bound it by CA¥70_ and summing over £ > my yields a new constant. The
conclusion is that (B.4) is bounded by C(1 + e¢0="1)) for some ¢, C < o0, as desired.
This proves (i).

To prove (ii) and (iii), first of all if 7, — & in UC, then there is a global constant h < oo
such that /. (x) < h for x in the finite region of support [x; — 7, X, + ¢] up to time 7,
for small &€ > 0. The kernel 9y, KZ’(‘)‘ 97! is a composition of kernels each of which is
continuous from above in UC or right continuous in ¢, pointwise, by Proposition B.1 in the
case of the hit kernel, or from (2.23) in the case of the conjugating operators e T2/ VE*A
If we look at one of the differences for which we have to control the trace norm, say
Xr 29KZ’2‘)(,19_1 —0xr K;’gﬁ_l)(r (the other one is similar), and consider its (i, j) entry,
we may factor it as

—2tV—tA ( phit(he) hit(h) 2tV—tA g—1
Xr,'ﬁle (Pxi—t,xj'+t_ xi—t,xj-i-t)e 19]' Xrj
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We follow the estimation procedure from the proof of (i), keeping the absolute value
of this difference. Replacing the absolute value of the difference by the sum, and the /.
by the constant function h (which can only increase the hit probability), we obtain a term
that by the estimation procedure of (i) is bounded, and serves as a dominating func-
tion for the difference. Hence we can use the dominated convergence theorem to con-
clude the trace norm convergence from the pointwise convergence of the individual ker-
nels. ]

B.3. Differentiability

Now we turn to checking that the (conjugated and projected) PNG kernel satisfies (2)
and (3) from Theorem 3.1 with the derivatives holding in trace class. The arguments are
very similar to the ones in Section B.2, and we only write them in the case of the
derivative, the ¢ derivative being completely analogous. As above, it is enough to check
this separately for each entry K'(x;,; x;,-), after conjugating and adding the projections.
We fix i, j and let K, ; denote this entry, where we have made the dependence on 7 and {
explicit. Then we need to prove that

17 9: (6™ (K4,6 — Kng) — 3y Kn,e)057 Pry s §—0 0

with 9, Ky ¢ (u,v) = Ky ¢ (u,v — 1) — K, ¢ (v + 1,v) under the assumption r; > ro(t, X;),
ri > ro(t, xj).
Using (2.10), we can write

i —xDA | =20 =) V=i +5) Aqho

2@ =5V +(n;+5)A
2n;,28; ’

Ky = =1y <x;
with g = (xg +1)/2, {x = (xx —t)/2. Then

Kyisc—Kye = (6—28V—8A — DKy + e—zsv—mK“(ezsva )

+ e—z(m+8—§i)v—(m+5+fi)A(iTi’3i+25 26, 732,» 2t;)

@20 F8=E)V+(n; +5+E)A (B.5)

Focus on the first term on the right-hand side. After dividing by 2§, we obtain that the
factor e28V=04 _ I converges to —(V 4+ A/2), so we expect that the whole kernel,
divided by § and evaluated at (u, v), should converge to

Ky e(u,v)— Ky e(u+1,0).

This convergence has to be proved in trace norm, after properly conjugating and adding
the projections. Following the arguments of Section B.2, we see that this essentially
depends on estimating the £2 norm of

Ar; 19i (M) ((28)_1 (6—2(z+8)V—(x,; +8)A(M, n) . eZZV+xiA (u’ n))

. eZlV-i—x,'A(u’ n) + eZtV+XjA(u +1, T]))
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for fixed n € Z, as a function of u. Now (2.23) shows that

%(e—Z(t-FS)V—(x-HS)A(u, 77) _ eZtV+XA(u, 7]))
1 et(z—l—z)—x(z+z—‘)+2x e~ 28z+28 _
= — dz
27 J, zn—utl 2
§ et(z_l—z)+x(z+z_l)+2x
e p—— dz 1—z O(95)),
2mi J, zn—utl ( +0®)

where the 9 (§) term can be bounded uniformly in z and 7. Using this in the above expres-
sion, we see that the desired £? norm is bounded by C§| x», ¥ e 2VA (L n)|2, and using
this in the estimates of Section B.2 (see, e.g., (B.3) and (B.4)) shows the desired conver-
gence of (2671) (e 28V—8A _ 1)Kt

Going back to (B.5), the second term converges in essentially the same way as above,
after dividing by 26, to Ky, ¢ (u,v — 1) — Ky ¢ (u,v). The last term in (B.5) involves what in
Section 3.2 was defined as Wt(’Q x; (here there is an extra conjugation by e 2!V=IA which
is of no consequence). In Lemma 3.4, we showed that Wl(’lz x; (u, v) vanishes for u >
ro(t,x;) + 1, v > ro(¢, xj) + 1. This is precisely our setting, because we are surrounding
by projections y,; and y,, and assuming r; > ro(t, x;), r; > ro(f, x;). What is left is
to upgrade this pointwise computation to a convergence in trace norm, but this can be
done without too much difficulty by using the arguments of this section in the proof of
Lemma 3.4; we leave the details to the reader. This finishes the proof of the desired trace
norm convergence of the { derivative.

B.4. Proof of (4.40)

Recall the setting of Case 3 in the proof of Theorem 4.7. We are given a UC function &
with locally finite +1 jumps and parameters ¢, x1,..., X, and rq, ..., r, such that & has
an up jump of size one at x; -+ ¢, no jumps at x; — ¢ nor at x; & ¢ for each j # k, and
rj >ro(t,x;) foreach j # k while ro(t~, xx) = ri = ro(t, x¢) — 1. The pair (¥, 6) is the
configuration of jump locations and signs associated to /, and as a convention we assume
that the jump at x; + ¢ has label 0, i.e., yo = xx + ¢ (and o9 = 1). Letting K(¢, h)
denote the PNG extended kernel with these choices, which we will abbreviate as K ? s
and K(t, h)|yo=x; +++¢ denote the same kernel with the jump at yo = xx + ¢ moved to
Xr + t + &, which we will abbreviate as K¢, we want to show that

|det(/ — Xthng) —det(/ — XrK?_ngN <C

for some C > which does not depend on ¢ and / and which is bounded uniformly in
choices of ¢ on a compact set. We will put tildes on top of kernels when they are conju-
gated by ¥ and multiplied by projections y, on both sides as in the previous subsections.
Proposition B.2 shows that both K 0 and K ¢ are trace class, with trace norms which are
bounded uniformly in 7 in a compact set and & € UC, and in fact, from the argument, it is
not hard to see that these are also bounded uniformly in ¢ € (0, 1). Then, using the bound
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|det(/ — A) —det(I — B)| < ||A — B|e' 14l +IBly for trace class operators A4 and B
we deduce that, for some suitably uniformly chosen constant C,

|det(7 — Kf) — (I - K{_)| < CIK}, — K. (B.6)

In order to estimate the norm on the right-hand side of (B.6), it is enough to do the
same for each of the (i, j) entries Afj = K?_E(xi, 5 xj,+) — Kf(xi, - x5, ), which we
decompose as

e _ _—2(t—e)V—(t—¢€)A phit(h) 2(t—e)V—(t—e)A —2tV—tA phit(h) 2tV—tA
Aij =e Px,——t,x‘,-+te - Px,——t,x‘,- +1€
—2tV—t A ; phit(h) hit(h®) 2tV—tA
te (Px,- —t,x;j+t T x; —1,X; +t)e ’ (B7)

where h® denotes & with the jump at yo = xx + ¢ moved to xx + ¢ + ¢. The difference
on the right-hand side of the first line can be estimated in trace norm, after conjugating
and projecting, using the arguments of Section B.2, and it is not hard to obtain a bound of
the form C¢; we omit the details. Hence, in order to finish the proof we need to show that
the same holds for the second line of (B.7), i.e., that

”ﬁl Xrie—ZtV—tA(Phil(h) Phil(hg) )QZtV—tAﬁj—Ier ”1 < Ce. (B.8)

Xxj—t,x;+t - Xj—t,x;+t —

To prove (B.8), we need to separate cases according to where x; + ¢ lies with respect
to x; — ¢ and x; + ¢. The simplest situation is xx + ¢ ¢ [x; — ¢, x; + t]; in this case,
h = h® inside [x; — ¢, x; + t] (for small enough ¢), so the left-hand side of (B.8) vanishes.
If k = j, then

hit( hit(h® hit(7
(Px;[f,,)xj 4= Px;tft,)zj ). §) = Px;tft?xj e h(xk + 1) = Dlg=p(ay+0)-1.
which gives
hit() hit(7°) —1
(le'—t,xj' +0— Primtx; )05 Xy (u,v)
it(h _
= PO @G+ ) = DX YT A (g + 1) = 1,0)05(0) Ly,

but in this case r; = ry = ro(f, xg) — 1 > h(xx +t) — 1, so by Lemma 3.7 the kernel
vanishes again.

Finally, we consider (B.8) when xi 4+t € [x; — ¢, x; + t). In particular, this implies
that the interval is non-empty, and we may assume that it also includes xj + ¢ + ¢. Note
that the event inside the probabilities P;‘j‘ﬁ},’)xj 4, and P;:tf};‘?l ¢ 1s the same if we restrict
to paths where the random walk N stays put between time x; + ¢ and xx + ¢ + ¢, and
event whose complement has probability 1 — e=2¢ < 2¢. The same argument as in the
proof of Proposition B.2 can now be employed to turn this into the desired bound (B.8)

(note that, & and h¢ are, in fact, at Hausdorff distance ¢).
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