MATH 232: Topics in Probability

Lecturer: Professor Amol Aggarwal
Notes by: Andrew Lin

Spring 2026

1 March 31, 2026

The topic of this quarter will be probabilistic analysis through determinantal point processes and symmetric
functions. The reason for giving this course is that in probability, one often tries to reduce problems to questions
about random walks (which are easy to solve via Fourier or exact methods). So it would be great if there were a family
of models that we could also directly solve with bare hands because we know everything about them, and we'll try to
explain a repertoire of techniques here of that type. Things will be rather algebraic (hence the determinantal point

processes and symmetric functions).

Example 1

As an illustrative example, consider last passage percolation (LPP). In this model, we have an N x N square
(think of it as the first quadrant) where each cell is filled with some random variable w;; > 0. We're interested in
the passage time from a given cell to some other cell. The idea is that these random variables tell us the reward

(or penalty in some other cases) for passing through each cell, so for each path P = (v, -, vk) of adjacent cells
we assign to it a weight
w(P) = Z wy.
veEP

For any point (m, n) we can thus consider the last passage time

L(M,N)= max w(P),
0.0)5(Mm,N)
directed up-right paths

and we then have to consider how L(M, N) behaves as M, N — co.

This sits in the same general world of models as first passage percolation (FPP), in which we have the exact

same model but do not impose the directedness assumption and instead consider the first passage time

T(M,N)= " min  w(P).
0,005 (Mm,n)
arbitrary paths

(So an optimal path which minimizes the total weight might wind around a little bit.) These questions indeed look
very similar in nature, and they both tell us something about reward or cost of traversing a landscape. But we know
very little about first passage percolation and quite a lot about last passage percolation, and that's because the latter
turns out to be much more exactly solvable. So then we can try to conjecture things about FPP using LPP, such as

the following:



Theorem 2 (Johansson, 1998)

Suppose the weights w;; in the cells are iid geometric random variables, meaning that P(w;; = k) = g*(1 - q) for
some g € (0,1). (This, along with some siblings like exponential random variables, is basically the only instance
of weights where we can solve the problem.) Then there exist constants ¢;, ¢ > 0 (depending on ¢) such that

L(N,N) =N
P
C2N1/3

) N=% Tracy-Widom distribution.

(The same also holds if M, N are different but we'll keep the notation simple.) So in other words, L(N, N) has a

law of large numbers behavior of ¢; N, along with fluctuations of order N/3.

Before we say more about what this Tracy-Widom distribution, we'll first give a general idea of the algebraic
structure underlying the model. The “solvability” of this particular relies on the theory of Schur functions (also called
Schur polynomials), which are indexed by partitions A = (A1, - -+, A\g) with Ay > --- > X, > 0 (ordered sequences of

positive integers; we call £ the length of the partition). They are given by ratios of two determinants:
det [XA’HZ_j

i

Lg/,jge

SA(le"',Xe): i
det [x-‘l

! Lg/,jge

We won't go further into this, but these turn out to be characters of irreducible representations of the unitary group
U(®). Such functions satisfy the Cauchy identity

POEYCHNIPAENRNA R | |
A

1<ij<e ~ 1

if |xiyj| < 1 forallij.

(note that the left-hand side is an infinite sum over all partitions). We will call this quantity Z(X, ¥), and the basic idea
is that we can embed the last passage time in terms of the largest part of a random partition. There's something
called a Schur measure, introduced by Okounkov in 2000, which is a probability measure on partitions which exactly
assigns the corresponding summand to each partition:

sy (X)sx(¥)

PA] = Psmz.q) [\l = Z(Ry)

(if the xs and ys are positive, this does turn out to always be positive and thus actually give us a measure). So to

relate this to LPP, it really comes in two parts:

Theorem 3

Set all coordinates of the length-N vectors X, y to be /g (all that matters is that x;y; = g for all 1, ).

(a) Sample X under the Schur measure SM(X, ). Then
d
L(N, N) = X,

where )\ is the largest part of the partition. (This is really the Robinson-Schensted-Knuth correspondence.)

(b) We have

A —a N oo ) L
M all Novoo, Tracy-Widom distribution.
C2N1/3




Example 4

We're now at a good point to discuss what the Tracy-Widom distribution really is. Consider an N x N matrix
with random complex entries specified to be Hermitian; specifically, we have H = (H,;)1<ij<n, where H;j = H;,
off-diagonal upper-triangular entries are iid N+ iN” for N, N7 standard normal random variables, and the diagonal
entries are just standard normal (scaled by a factor of v/2, but it doesn't actually have an impact on the answer). A
simpler description here is to let X = (Xj;) have iid complex normal entries (that is, N+ iN”) and let H ~ X + XT

be its Hermitianization.

This is the simplest model we can have of a random Hermitian matrix, and we're generally interested in the spectrum
(eigenvalues). Heuristically, if we want to think about how big the eigenvalues can get, they should roughly scale as
the row sums of H (if v is the all-ones vector or something else kind of “delocalized or flat”). But a row sum of H is a

sum of N iid normal random variables, hence scaling like N'/2. The full spectrum turns out to look as the following:

Theorem 5 (Wigner, 1958)

Recall that the eigenvalues of H will all be real. We have the semicircle law

N—oo

1 (. o g
i {elgenvalues of H in the interval N*/?[a, b]} — [ psc(x)dx,
a

where psc = %\/4 — x2 is the density of a semicircle.

e

So we might guess (though it's not a consequence of this result) that the top eigenvalue X; is about 2V/N.
(Wigner's result only really tells us about positive proportions of eigenvalues.) But it is true, and we can describe the

fluctuations:

Theorem 6 (Tracy-Widom, 1993; Gaudin, 1960s)

We have N~1/°-order fluctuations of the top eigenvalue:

(A1 — 2V N)NY/6 222 Tracy-Widom distribution.

Remember that in the LPP case, our law-of-large-numbers gave us order N. So if we wanted to scale the random
matrix case up, we'd have to multiply by NY/2, and so the N~/6-order fluctuations scale up to N/3 (which is what

we expect).

Remark 7. This matrix model H above is called the Gaussian unitary ensemble (GUE), and it has the property
that H ~ UHU™! for any fixed unitary matrix U (just by properties of Gaussians). And the solvability of the GUE is
closely related to the solvability of LPP (and of Schur processes), though we might notice that these results predate
the introduction of Schur processes. Indeed, Schur processes were introduced as an abstraction which ended up being
able to solve a wide class of other models, so this is the more modern approach to the technique of determinantal

point processes.

Example 8
For a further appearance of Schur polynomials, we can think about random tilings. Consider the Aztec diamond
Apn shown below for N = 4 (consisting of four quadrants each of which is an N x N triangle). We are interested

in the random tiling of Ay by dominos (either a pair of squares vertically or horizontally).




There are 2N(V+1)/2 possible tilings of Ay (due to Elkies, Kuperberg, Larsen, and Propp in 1991), and so that's
a good sign that we can actually study it more explicitly. When we pick one uniformly at random and ask "how the
tiling behaves,” there's some interesting behavior as N tends to infinity. The idea is that outside of the inscribed circle
for the limiting square, the dominos end up being fixed with high probability (on the left and right they are vertical
in a shingle pattern, and on the top and bottom they are horizontal instead). But inside the circle things are much
more rough and random, so there is a phase transition between “solid” and “liquid” regions. To relate things to the
N3 number (which isn't the focus of the course, but it's worth pointing out), there is really a random interface after
which we see the brick pattern, and that also fluctuates at order N/3 with Tracy-Widom.

We won't talk about asymptotics here, but to see how the Schur functions pop up, we can shade the Aztec
diamond in a checkerboard fashion. So there are really four kinds of dominos, vertical with shaded above or below,
and horizontal with shaded left or right. Place a dotted circle on the shaded cell every time we see a vertical shaded

above or a horizontal shaded right, and also shade in the cells in the bottom-left side.

The point is that once we know the circles, we can fill in the tilings, and now we can think about these circles as
particles living on sites from 0 to N at (N + 1) different diagonals. On the £th diagonal from the top, we can denote
the locations of the particles (py,- -, pg) in decreasing order (it does turn out we will always have i particles); these
are strictly ordered instead of weakly ordered, we can turn these into partitions by defining A\; = p; — £+ j. We claim
that for each 0 < ¢ < N, the resulting partition A® for that diagonal is distributed according to (a close relative of)

the Schur measure. Without worrying about the power-of-2 factor in front, we really have
PIA®] =206 (1,1, -+, 1)sn (1,1, -+, 1),

where X is the transpose of the partition A (meaning that we draw partitions as Young diagrams with left-justified
rows of A1, Ao, - -+ boxes, and then we “transpose” that diagram to just consider the columns instead — for example, we



can check that (5,4,4,2,1) becomes (5,4, 3,3,1)). So if we just look at the tiling problem, picking a tiling uniformly
at random and defining the associated particles, then the slices are distributed exactly up to some normalization factor

as a product of Schur polynomials.

Remark 9. To see why there are exactly i particles on the ith diagonal, notice that along the very top-right one, we
have to go from having rightward pointing dominos to upward pointing ones at some point, and then the “missing hole”
will be exactly where the first particle is. Then we can split up the next diagonal into the parts before and after that
particle and apply the same logic, there will need to be a particle in each of those parts. So this actually also means

that the locations of the particles must “interlace.”

To connect things to the six-vertex model, for each tiling of Ay we can produce an alternating sign matrix of size
(N+1) x (N+1) as follows. First, write down a matrix where the ith row corresponds to the ith diagonal from

bottom to top, read from right to left, with a +1 if we have a particle and 0 otherwise. In this case our matrix

11 1 11 00 1 0O
11011 01 -1 01
would be [1 0 1 1 0f. Now subtracting the (i + 1)th row from the ith row yields |0 0 0 0f.
10010 10 00
0 00 10 00 0 10

(It's worth keeping in mind though that this last move is not a bijection — any ASM has a specific number of
tilings, which is 2#(~1s appearing ) This is an alternating sign matrix, meaning that the sum of the entries in each

row and column is 1, and the nonzero entries also alternate between 1 and —1 in each row and column.

So if we take a random alternating sign matrix, weighted in terms of the number of —1s it has, then that would
correspond to a random uniform tiling of the Aztec diamond. Thus we might ask about a similar question if we don't do
that weighting and just look at the alternating sign matrices. We know that 3" agys 4 27 (1) appearing in A — pN(N+1)/2,

and there is a nice numeration for ASMs themselves too:

Theorem 11 (ASM conjecture)
The number of (N + 1) x (N + 1) alternating sign matrices is given by

o @+

(N+i+1)!

This conjecture was proposed by Mills-Robbins-Ramsey in 1982, proved by Zeilberger in 1992 and Kuperberg 1995,
and actually the two proofs created two different fields of math (automated proofs for certain combinatorial identities,

and quantum integrability for algebraic combinatorics).
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Last time, we gave a list of models with some kind of algebraic structure. We'll pick up there and connect to some
other related models before getting into techniques.
We introduced LPP and domino tilings last time, seeing that both were related to Schur measures. It was also

mentioned that domino tilings are in correspondence with alternating sign matrices, and so let's mention a few more



aspects of alternating sign matrices and their deeper connections to statistical mechanics. Recall that alternating
sign matrices have entries in {—1,0, 1}, so that each row and column has sum 1 and the nonzero entries alternate
1,-1,1,-1,--- , 1.

Consider replacing each entry of an alternating sign matrix M by a vertex, and then we put up-right directed paths

so that a 1 corresponds to going right then up, —1 corresponds to going up then right, and 0 turns out to correspond

00 1 00
01 -1 0 1
to going straight. The result is as shown for the example [0 0 1 0 0] from last time (by first setting the
10 0 0 O
00 0 1 0]

turning points and then forcing everything else to go straight up or right:

We can immediately see a few properties:

« Paths enter through the left side and exit through the top side (since the row and column sums tell us we always

have one more up-turning-point than right-turning-point).

« If we think of the paths as "bouncing off of each other” instead of passing through each other, then paths can

touch but not share edges.

This is sometimes known as the six-vertex model (under domain-wall boundary conditions), since there are six
possibilities for what each vertex can look like (one corner vertex, the other one, and then four ways of having straight
paths through a vertex depending on whether the right and up ones exist — however remember that if both straight
paths exist we actually think of them as bouncing off each other). We can check that there is actually a bijection
between ASMs and six-vertex configurations (we can just read off the —1, 0, 1s from the local vertex configurations).

This is a very rich model but actually not a lot is known about it, and let's go through a bit of the history by
thinking of this model as ice. If we think of the vertices in our six-vertex model as oxygen atoms, we can imagine
having a hydrogen atom at the middle of each edge of our configuration. Water consists of oxygen atoms together
with two hydrogen atoms, so there are (‘21) = 6 total ways each oxygen atom can connect with two adjacent edges.

We can now consider all ways that the oxygens can each bond with exactly two hydrogen atoms to form water

molecules. The correspondence is as follows:



Hydrogens Paths

left, down empty vertex

up, right full vertex

left, up up-down straight path
down, right | left-right straight path
left, right up-right corner

up, down right-up corner

Basically, we copy the bond from the top and complement the bond on the bottom, and similarly we copy the bond
on the right and complement it on the left. So notice that for the boundary conditions to match the domain-wall
boundary conditions, the oxygens should be allowed to bond with the boundary hydrogens on the top and bottom, but
not the left and right. So then we’ll have exactly twice as many hydrogens as oxygens and everything will get perfectly

matched. The blue lines indicate the bonds that we end up drawing (with hydrogens at the midpoints of the edges):

I I R B

rrr\ﬂ

Notice that on the bottom row, we have to go from down-right bonds to vertical at some point, and then swap
to down-left bonds, to match all of the hydrogens on the bottom, and then we can keep building things upward from
there. So we get the same “interlacing” phenomenon as last time here.

This model was introduced by Pauling to study the residual entropy of square ice. The idea is that if we have
a bunch of oxygens and hydrogens in a tank, then even if we cool to absolute zero we can still have entropy (lots
of configurations in which the molecules combine). So the idea is that if we put things in this square grid (we can
also map to a three-dimensional domain), then at absolute zero we must bond with the closest hydrogens to minimize
energy. So the total configuration count is exactly the number of models from above, and it would be useful to be able
N2

to do enumeration. It turns out that things scale exponentially as ¢*", and experimentally it was found that ¢ ~ 1.52

for actual ice. Pauling did a heuristic back-of-the-envelope calculation to see how ¢ would look for our vertex model:
« There are 6 possibilities a priori, since each of our N? vertices can be bonded in six ways.

« But only two of the four ways of connecting each hydrogen can actually work, so we're “halving the number of

possibilities” per edge.
- Well, there are 2/N? total edges, so we should divide by 22V?  That gets us a total of 1.5V configurations.

30 years later, Lieb saw this and noticed that it was shockingly good for a mathematical heuristic, so the Lieb
square ice constant was computed (note that this is for the non-domain-wall case, so don't get it confused with the

example we've been drawing so far). It was found that if fy is the number of configurations for the system at size N,



then 3/2
4
lim £V = (3) ~ 1.54.

N—oo

Remark 12. Recall that the number of alternating sign matrices would give us the count of configurations for domain-
wall, which turns out to also be c* but with a smaller constant (forcing the paths to take a certain arrangement sig-
nificantly reduces the number of possible configurations). Domain-wall configuration does arise in models of graphene,
since that's an arrangement of atoms which is “layered,” and we end up seeing some similar physical phenomena with

“arctic regions.”

Getting back to business with the six-vertex model now, recall that the six-vertex model corresponds right-up
corners to +1 and up-right corners to —1, and all other arrangements are given 0. More generally, we can actually

assign a weight to each possible vertex and weight configurations based on the product of these vertex weights:

o — @ f

a ar b1 bo C1 (&}

We talked about this a bit last time as a “caution:” ASMs are like assigning a; = b; = ¢; = 1, and domino tilings
are like assigning specifically ¢c; = 2 and all other constants 1. These two cases are actually of different complexities,

and we can explain that through the parameter

aiar + bib — 16

2\/ ai 22b1 b2

(this contains a lot of the algebraic structure behind the model). It turns out that A = 0 is the “free fermion point”

A:

of the model, meaning that we get many determinants and we can solve everything by determinantal formulas (like
Schur polynomials). So domino tilings are “very nice” because A = 0, but alternating sign matrices are less nice and
we have A = 1 (there are few, if any, detemrinants in this case). So one of the focuses of this course is “how can we

deal with these determinants to get asymptotics results.”

Example 13
We can now use this all to introduce the stochastic six-vertex model, which is the case where

aa=a=1 bi+c=1 b +c=1.

In such a case, we can sample the paths in a Markovian fashion as follows: with some boundary condition (like
starting all paths from the left), we can decide what to do with each path one step at a time. Indeed, if the path
is moving right, we flip a coin to keep going straight with probability b, and turn up with probability ¢, and if the
path is moving up, we flip a coin to keep going straight with probability b; and turn right with probability ¢;. We
can keep doing this until all paths exit (though we can't specify if they exit from the top or right).

In this case, we have
A 14 bibo — (1= b1)(1 = by) _ bitb -1
B VI ©2vbib, T

So this will be a somewhat harder model to study, but we can still say some things about it:




Theorem 14 (Borodin—Corwin—Gorin, 2014)
Fix some vertex (x, y) (with x, y of the same order). The number of arrows passing to the right of (x, y) (meaning

they cross the y-horizontal line after the x-vertical line) is some number between 0 and y, inclusive. Then

# paths — ¢y

3 — Tracy-Widom distribution.
Qy

So we see the same fluctuations as in the other models we've introduced so far! This result is very specific to a
few things though: we can only look at one point at a time, and it's only for specific initial data for the domain-wall
case. There are results for arbitrary boundary conditions as well (For entering from the two axes); the fluctuations
will still be of order y'/3 but we get something more general than Tracy-Widom (this is where we get the KPZ fixed
point).

The algebraic underpinning in this case is sometimes called the Hall-Littlewood measure, which is a generalization
of the Schur measure. But this goes beyond the realm of determinants, so we won't talk about it much. (We defined
the Schur measure explicitly in terms of Schur polynomials sy defined using determinants, but for Hall-Littlewood we

replace s, with the Hall-Littlewood polynomials P;.)

Turning to techniques now, we'll begin with the “oldest modern” algebraic technique for studying determinants,
which may be useful beyond the specific models we've described (e.g. appearing in random surfaces, growth models,
random matrices). The plan for the next few weeks will be to start with a probabilistic model (a variant of LPP), play
with it a bit, and get a determinant. We'll then “go algebraic” and set up some theory of symmetric functions and
determinantal point processes, at which point we can go back and see how the model fits in so we can analyze it.

Example 15 (Polynuclear growth model (PNG))

The polynuclear growth model is a random height function (or random interface) h(x, t) with x denoting space
and t denoting time. We take the first quadrant and rotate it 45 degrees to get an upward-pointing wedge. At
each vertex, we place an independent random variable; we'll be evolving the system upward, so we will index these
vertices / variables as w(J, j) if we're indexing by the 45-degree lattice and w(/, j) if we index the usual way. (So
the closest point to the origin is w(1,1) = w(0, 2), and we have w(1,2) = w(-1,3).)

So in our rotated grid (with @ coordinates), horizontal is space and vertical is time. Notice that w(x, y) is not
set if x + y is odd; thus we define w(/,j) = 0 for all of those vertices. The law of the remaining variables w(/, )

can be any of the following:
- w are iid geometric variables, so P(w(i, ) = k) = q*(1 — q) for some g € (0, 1).
« More generally, we have
P(w(i,j) = k) = cfi(1 - ¢y)

where ¢;; = a;b; for some parameters so that a;jb; € (0,1). So in this case, the variables are not-independent
geometrics with parameter coupled together in a certain way. (This will eventually be easier to use to see
structure, but for simplicity we can start by thinking about the iid case where all as and bs are ,/q.)

So to define the growth model itself, we have the initial condition h(x,0) = 0, and to evolve in time we have
hix,t+1) =max{h(x —1,t), h(x, t), h(x+ 1,t)} + w(x, t + 1).

So the picture we can imagine is that we have a horizontal line moving upward, and the height starts off at 0 everywhere.



But then the first time something happens is that we have a nonzero weight at w(1,1) = w(0,2), so suddenly at
t = 2 the height goes up at that one point. At subsequent times, this height will then “expand out horizontally.” So
at fixed time t = 2 the height h(x,2) will look something like the following (everything is only evaluated at integer

values of x, but we'll draw the height with horizontal line segments by extending the value by 1/2 in each direction):

- w(0,2)

But then at time t = 3, the values at w(—1,3) and w(1, 3) kick in, so we get something like this:

o w(1,3)

So plateaus “expand out by 1 to the left and right at each step, and whenever they expand out, they also increase
by the associated w at each point which is expanded to” (and the highest growth is taken). We'll see this in more

detail next time, but this is exactly in correspondence to last passage percolation:

h(X’ t) - P:(O,Ip)ajf(x,t) ZW(V)

directed up-left/up-right paths vep
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We described the polynuclear growth model last time, which we can think of as growing a one-dimensional height
function over time. Given some random variables at integers points in the first quadrant, we rotate those values
45 degrees counterclockwise and then use them to increment the height function via h(x,t + 1) = max{h(x —
1,t), h(x, t), h(x+1,t)} + w(x, t + 1). Pictorally, at each time step, island expand outward by 1 unit and also gain
height boosts at the expanded locations (that is, at x with the same parity as t). For example, here is what the
interface might look like at time t = 4 (after one time step from t = 3 in the previous lecture):

If we stare at these equations a bit, we'll see that this is exactly the same equation as the recursion for LPP (we
might be concerned about having three different previous heights in the recursion, but because ).

10



There was a question last time about whether this has anything to do with tropical geometry, and the answer is
yes — there turns out to be a probabilistic interpretation of “tropicalization.” So we'll spend a few minutes on an

aside about this.

The idea is that in R, we have the operations +, x taking (a, b) to a+ b and ab, respectively. We can then
tropicalize this (it also goes under the name of ultradiscretization) by turning + into max and X into +. Morally
this turns a, b into €*/¢ and eB/¢ for € small, so that a4+ b = e”/¢ + eB/¢ is dominated by whichever of A and B are
larger and hence is basically e™(A.B)/e and ab is exactly elAtB)/e So really we can think about (a, b) — a+ b as
(A, B) & max(A, B) and (a, b) — ab as (A, B) — A+ B.

This kind of dictionary plays a role in probability because in last pasage percolation we have

L(M,N) = max w(P).
0.0)5(Mm,N)
directed up-right paths

IF we try to “de-tropicalize” this, then the max becomes a sum and the sum becomes a product, and thus we have

T(M, N) ~ > I w(w

0.0 5mny  UEP
directed up-right paths

and this is exactly the polymer model in probability. Specifically, we can define a polymer measure on paths (where
the weight of a path is the product of the weights along that path) and then we sample a path proportional to the path
weight. We're then often curious about the behavior of the normalizing constant, and in this case it is Z =T (M, N).

So we can get an analog of the Tracy-Widom results we talked about last week too:

Theorem 17
Assume the vertex weights w;; are Gamma random variables, meaning that w;; are iid and have density x?~1e *dx

for some 8 > 0. Take Z=T(N, N). Then % converges to the Tracy-Widom (GUE) distribution.

And if we take 8 — oo in some suitable sense, this recovers LPP because the tropicalization becomes accurate —
this is sometimes called the zero-temperature limit (so that the variables are so large and so different from each other
that it's just the biggest one that matters). So in general taking a limit allows a (+, X) model to specialize to the
(max, +) model.

Remark 18. /f we try doing this with first-passage percolation, it's a bit tricky because we have to write min(a, b) =

—max(—a, —b) and so we end up getting the harmonic mean ﬁ But if we try to repeat this operation for a big
A" B

sum it becomes quite involved, so this hasn't really been studied much. Usually polymer models are “inherently max

objects” though.

Note that the governing objects behind last-passage percolation are determinants and Schur polynomials, while
the governing objects behind polymers are g-Whittaker functions. But there are few (if any) determinants in the

latter case, so our goal will be to focus more on things like the former and use them when they're available.

Turning back to the polynuclear growth model, we'll need to add a bit more structure so that the determinants
become apparent. First of all, notice that when we merge two islands together, we forget some of the heights because
they get overwritten. So after some time, just looking at the height function will not tell us all of the variables it took

11



to get there, and therefore we'll make our model richer by considering the multi-layer PNG. The idea is that instead
of a single interface, we'll have many of them:

Example 19
The multi-layer polynuclear growth model is a family of height functions (we'll also call them interfaces) hy(x, t)
for £ € N, x € Z (extended to R by extending each value by 1/2 in each direction) and t € Z..

« First of all, h1(x, t) = h(x, t) for all x, t.

« Now for hg(x, t), we set hg(x,0) = 1 — £, and then
he(x, t + 1) = max{hg(x — 1, 1), hy(x, t), he(x + 1, )} + wp(x, t + 1),

where @y(x, t+ 1) is the “overlap at x at level £—1." This is easiest to understand with an explicit example:
suppose we have height 3,2,5 at three adjacent integer points, and the islands of height 3 and 5 expand
outward. Then the overlap created in the middle would be 1, because that's the height above 2 which came

from both sides.

The idea is that these height functions all lie below the original one, and whenever two islands merge, we want a
disturbance in the function below so that we can still keep track of it. (The second height function at time t = 4
is shown in red below.) This is the minimal way to keep track of all of the weights, and secretly this is some “local
toggle RSK” and also the Yang-Baxter equations (though we won't go there — we can see the paper "Spin g-Whittaker
polynomials and deformed quantum Toda"” by Mucciconi and Petrov for more).

By induction we see that the heights satisfy hy > h, > hs > --- (because if hyy1 increased by some amount, then
hg needs to increase by at least that amount). So this creates a series of non-intersecting paths, also sometimes called
a line ensemble. Our goal now is to understand the joint law of these paths, and the advantage of LPP is that we
can actually compute them exactly.

Recall that our w(/, j) random variables are geometric with parameter ¢;; = a;b; (so we have parameters for each
row and column of the original quadrant), meaning that P(w;; = k) = c,-‘j-(l — ¢jj). Each of our paths goes up and
down, and for every time the path goes up or down, we will label it with an a or b parameter, with increasing index

from the left and from the right, respectively.

as by
ai b3 dan b2 as b1
a bs az by
a; b1
ai bl

| | | | | | |

So we assign a;s to increments and b;s to decrements, and we also assign weight 1 to the horizontal edges of the
interfaces (where they stay flat). So every edge in a path gets some weight, and for each fixed x, t we know exactly
what the variables will be (it's some straightforward linear combination).
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Lemma 20 (Johansson '02)

Fix some time t (so we know what variables to consider). For any ensemble (h,), assign to it a weight where we
take the product of all edges in the paths. (So in our example above, we would have ala2a b5b2b2 ) Then the
law of (hy) is given by random walks which go either up, to the right, or down, weighted by w(h,), conditioned to

stay ordered (non-intersecting) and with the boundary conditions hy(f+o0, t) =1 — £.

We won't prove this (it's left as an exercise to us), but it's not particularly deep and can be done by induction.
But it shouldn’t be too surprising because the probability of w;; = k is proportional to (ajb;)k, so adding a box at a
given coordinate gives us a factor of a;b;, which is exactly the new edges that we would accumulate.

So the point is that we have a family of non-intersecting walks weighted by some particular weight, and thus the
determinant will pop out. Indeed, we know that the probability of any configuration is proportional to its weight, so
all we need is the normalizing factor (partition function). Abstractly, we have a fairly broad situation:

Proposition 21 (Lindstrom—Gessel-Viennot lemma)
Let (V, E) be a directed planar graph without cycles, and let P(u, v) be the set of directed paths from u to v.
To each e € E, associate a weight w(e), and then for any path P let w(P) = [].cpw(e). Let W(u,v) =
2 pep(uv) W(P)-
Now suppose we have n starting points vy, - - - , U, and n ending points vy, - - - , v,,. Define P(&, V) = P(uy, vi) X
- X P(upn, v,) to be the collection of paths that start at the u;s and end at the v;s, and let Py (@, V) be the
subset of those paths which are non-intersecting, meaning that they share no common vertices. Define

Wa@ o= Y [Iwr)

WAz
and assume there exists exactly one permutation o € S, where non-intersecting paths from u; to vy(;) can exist —
without loss of generality relabel so ¢ is the identity. Then we can compute the total non-intersecting weight via
a determinant

Whi(@, V) = det W (u;, v))]}

iJj=1"

In our setting, the set of directed edges are alternating up and down vertically depending on the parity of x, as well
as all right edges. The weights we assign are the as and bs along the vertical edges and 1 along the horizontal edges.
We then want to set u; = (—oo,1 —1/) and v; = (40,1 — ).

In particular, the assumption of a unique o automatically holds if our graph is planar and “directed properly” (for
example, the directed Z? lattice), and all of the examples we'll consider in this course will fall into that category.

Proof. Opening up the determinant, we have

det (W (u;, vj)]

=1 = Z sgn(o) HW Uj, Vo(iy)

g€ES,

= ngn(a H Z

gES, = P,U(,)

connectlng
IJ,*)VU(,')

Swapping the sum and the product, we thus sum over all families of walks with the given connections, and thus we
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have
n
det W (i, )],y = D san(o) | > [[w(Pow) |

0ES, {Poiy} i=1
meaning we have a weighted sum of collections of path weights. We can split this parenthetical term into two parts:
the weight of the collection of non-intersecting paths, plus the weight of the collection of paths intersecting in at least
one vertex. It remains to show that the latter part is zero, since the non-intersecting parts will only come from ¢ = id
by assumption.

For this, suppose we fix the traces of the paths, meaning that we fix the set of edges used but we aren’t told which
edge belongs to which path. For any intersecting family — this property is visible from the trace because some vertex
will have two incoming edges — consider the first such problematic vertex. Then we have two choices for how we can
assign the edges to paths, since for any path collection we can flip what happens before that first intersection point.
More specifically, if a point has e;, &> incoming and €y, € outgoing, then we can have e; — €; and e; — €5, or e; — €5
and e, — €;. But this rewiring keeps the weight of the intersecting paths the same, and it switches the permutation
dictating the endpoints by a transposition. Thus the sgn(c) term makes terms cancel out, and because we always do

this at the first intersection point this pairs up all nonintersecting paths and has everything cancel out. O

4 April 9, 2026

Our current goal is connecting our model of interest (multi-layer polynuclear growth) to determinants and then to
use symmetric functions to study those determinants. Last time, we described the Lindstrom—Gessel-Viennot lemma,
which says that if we want to count the total weight of nonintersecting paths from u; to v;, then we take the determinant
of the matrix encoding the individual weights W (u;, vj).

We can apply that to our multi-layer polynuclear growth model by assigning upward and downward oriented edges
weights of a;s and b;s, respectively; we described last time that the weight of any configuration is proportional to the
product of weights w(h,). But the point is that if we want to understand something like h1(0) (which corresponds to
the value of LPP at a particular point), it suffices to know the joint law of (h1(0), h>(0), - --), which turns out to be
easier to study directly because they come from non-intersecting paths connecting (—oo,1 — /) to (00,1 — /). So we

can write (NI means non-intersecting)
P(h1(0) = k1, ho(0) = ko, -+ ) ~ (weight of NI paths (—oo,1 — i) — (0, k;))x (weight of NI paths (0, k;) — (o0, ki),
and we can write this out using the LGV lemma to write it as a determinant:

P(h1(0) = ki, h2(0) = ke, -+ ) ~ det W((—00,1 = i) = (0, k))I7;—; det [W((0, ki) = (00, 1 = )]}y -

So we have a product of two determinants, which gives us an indication that this might have to do with sy functions
where X is somehow determined by the values of k. That's what we'll get into more now — we'll take a detour into

symmetric function theory for a few lectures.

Example 22
Suppose we have N variables xi, xo, - -+, xy. Let Symj, be the linear vector space of symmetric polynomials in the
variables xq, - - -, xy, homogeneous of degree n.

For example, Sym}\, is just spanned by x; +-- -+ xy, and Sym%\, contains things like xl2 + - +X,%, (the power sum),
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(x1 + -+ + xn)? (the square of the previous power sum), and Z,<j xiX; (this is the elementary symmetric function).
There are plenty of other examples, but of course they are not all linearly independent.
The way we will usually index these functions is via partitions, and here's the first way we might do that:

Definition 23
For any multi-index a = (e, -+, an) € ZY; (not necessarily a partition), set x* = x* --- x5, and then define

the monomial symmetric polynomial to be the symmetrization

mx(x) = Z x<

distinct permutations o
of A

(we use x as shorthand for (xi,---,xn)). Note that if A = (X1, -, Xg) has length £ > N, then we automatically
set my = 0 (because it doesn't make sense to have more variables than we have), and if it has length £ < N, we

pad it with N — £ zeros and then things will make sense.

For degree 1, we have m(1)(x) = x1 + --- + xy (because the partition gets augmented by a bunch of 0s), and
likewise the powersum x7 + - - + x5 is just m(z)(x) and 2, xix; is m(1,1)(x).

If we keep ourselves to having just N variables, we end up having some irritating dependencies with linear or
algebraic dependence, so what we really want to do is take N — oco. To set that up, define the space of all symmetric
polynomials in N variables .

Sympy = @ Symp,.

n=0

Now for any N > N’, we have a projection map pry s : Clxq, -+, xy] = C[xq, -+, xn] where we just set the last
N — N’ variables equal to zero (in words, if we have a polynomial with 10 variables, then just setting the last 3 equal
to zero leaves us with the terms only involving the first 7 variables). Furthermore, pry p(x%) = x, where the x* on
the left-hand side has N variables and one on the right-hand side has N’ variables. Thus we can define the projective
limit

Sym" = Q@ Symp,
which formally consists of sequences (fi, f5,---) where f, € Sym}, and pry n/(fy) for all N > N’. The idea is that
we start with a symmetric function on a huge number of variables and then “extend it infinitely;" it's pretty easy to
imagine how we would do it for the examples we described. Finally, we can just take a direct sum to get the full space

of symmetric polynomials

Sym = é Sym”
n=0

(this is the set of all finite linear combinations of homogeneous polynomials in infinitely many xs). That means that
we can define the monomial symmetric polynomials my(x) in Sym in a similar way to what we did in the finite case:

for example it is true that we just have

m1)(x) = Z XX

1<i<j
On the other hand, something like (1 4+ x1)(1 + x2) -+ will not be in Sym, because expanding out the sum would
require an infinite linear combination 1+ =, x; + >, XiXj + >, jo XiXjXk + . (We could try to make sense of
this by doing something like (1 4 tx1)(1 + txz)--- for "t small” and defining some valuation, but we just won't worry
about that here.)
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Definition 24

The elementary symmetric polynomials are defined as follows. For any n, we have

en(X): Z Xiy Xig * =+ Xiys

i1 <<l

and then for any partition X set ex(x) = e, (X)ex,(x) - e (X).

These e,s have an explicit generating function: from the discussion above, we have

o

Ee(x) = t"ep(x) = [J(1 + tx)
n=0

i=1

even though both sides aren’t actually in Sym.

Lemma 25

The polynomials e, are algebraically independent.

We can see the value in taking N — oo here; indeed if we only had v variables, as soon as n > v we would require
e, = 0 because the sum would be empty and the lemma would be false.

Proof. To show algebraic independence, we must show that any nonzero polynomial in the e,;s is nonzero. But the
monomials in the e,s are exactly the eys, so it suffices to show that the eys are linearly independent.

For this, we know that the mys are linearly independent (by definition they were obtained by symmetrizing linearly
independent things). We want an invertible change-of-basis from the mys to the exs, which we can describe as follows.
For any partition A, recall that its transpose (also conjugate) is obtained by reflecting its Young diagram about its

45-degree diagonal so that rows become columns. The basic claim now is that

e = my + Z My,
U<
where . < X is under the lexicographic ordering (meaning there exists some i such that 1 = Ay, -+, hji—1 = Aj—1 and

then p; < A;) and ¢y, are some real numbers. For example, we have A’ = (1,1) and A =2, and indeed

2
ey = €161 = <ZX,‘> ZZX,-2+QZX/)(J'.
i i

i<j

More generally, we can show this claim by writing out

We can then expand this out as a product of monomial symmetric polynomials. We get the one with the biggest possible
A by ensuring the most repetitions (since that makes A; as big as possible, then A, as big as possible afterward, and so
on). Thus the corresponding term will come from taking the symmetrization of taking (x1xa -+ Xy )(x1xa -+ X, ) - -
from the product. But then we can check that this is exactly ><1>‘1x2AZ -+, which is exactly my, and all other terms are
for smaller partitions.

So we get the basis by first shuffling the mys via transpose A — X', and then we get this triangular change-of-basis

to get to the eys, as desired. ]
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The other family of symmetric polynomials that is often quite useful is the following:

Definition 26
The complete symmetric polynomials are like the elementary symmetric polynomials, but with weak ordering

instead of strict ordering: for any n we have

hn(x) = Z Xiy Xy

1 <-+<ip

and then for any partition XA we have hx(x) = hy,x) = M-

For example, we have

ha(x) = Zx,z + ZX/XJ'.

i<j

We can again write down a generating series for this: we have

Ht(X) = i tnhn(x)
n=0

=D D (tx)(tx,)
n=0 i <--<ip

oo o0

H ()"

1 k=0

1
1—1tx’

—

Il
i

(The tricky step here is the third line: there's no overcounting factor because if we want any given monomial, there's
only one way to order them in how they show up in xq, X2, ---.) Notice in particular that our two generating series

satisfy

E GOm0 = [[0 - o0 [+ = 1,

1—tx;
and therefore if we look at the coefficient of t” on the left-hand side we have
n . 1 ifn=0,
> (D = .
—0 0 otherwise.
But because the e,s are algebraically independent (and in fact form an algebraic basis of Sym, since the exs span Sym),
we can define a homomorphism w : Sym — Sym which maps e, to h,. And the relation above tells us that w? = 1,

since applying w to it tells us that

n , 1 ifn=0,
Z(_l) hrw(hn—r) = _
=0 0 otherwise.
The key point is that by induction, knowing all of the es and also knowing hg, - - - , hy—1 automatically specifies hy.

Therefore there's only one possible solution here and we must actually have w(h,—,) = e,—,, which gives us the

following:

Corollary 27
The complete symmetric polynomials (h,) are algebraically independent.

17



(Our map w will also be useful for other purposes later on.) We'll do one more family before we get to the Schur
polynomials:

Definition 28

The power sum polynomials are defined by setting

pl’(X) = Z Xir
i=1

for any n and then letting pa(x) = pa, (x) - - pa, (X).

The (p,)s are algebraically independent, for example by finding an upper-triangular change-of-basis from mys to
pas like we did for the e,s. Another way to do this is via the Jacobian criterion: if we want to check that a family

(fi,---,f,) are algebraically independent, we can examine the determinant det [if- and see if it is nonzero,

dx; '} 1<ij<n
and this is exactly a multiple of the Vandermonde determinant. And a third way we can check this more directly is to

take a slight twist of the generating series

oo

tﬂ
pe(x) =D pn—
n=1

= log H¢(x).

So now differentiating in x yields P/(x) = gigig and now multiplying both sides by H¢(x) and opening everything up

lets us express the p,s in terms of the h,s. We thus find that {p,}!_, algebraically generate the same space as {h,}!_,,

so the transcendence degrees must be the same; since h,s are algebraically independent so are the p,s.

5 April 14, 2026

We introduced the ring Sym of symmetric functions last time, and we described some particular sets of elements
of them which have nice independence properties (the monomial, elementary, complete, and power sum symmetric
polynomials) — all of these are indexed by partitions A. We'll now talk about another set of them, the Schur polynomials.

These polynomials are naturally defined directly in terms of the partitions:
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Definition 29

For a partition A of length at most n (padding with zeros to length n), define ax(x) = det [X;\J} e This is
1<i j<
an antisymmetric polynomial in the xs. Let d =0y = (N — 1, No,---,0) be the “staircase partition,” and define
the Schur polynomial
det {X?\ﬁ_N_j ]
. arts(x) _ ! 1<ij<N
s(x) = = N
as(x) det [x, ﬁ}
1<ij<N

Notice that the denominator here is just the Vandermonde determinant H,<j(x,- — x;) (because it is antisymmetric
in the xs, meaning it divides each x; — x;, and has degree ('2’)) And the reason for this ¢ is basically that parts of A
might be equal, but adding & means they will be spread out so that we don't have two columns of the determinant
equal.

We've previously shown that e,, h,, p,s form algebraic bases of Sym so that ey, hy, px form linear bases. This turns

out to also be true for the Schur polynomials sy:

Proposition 30

The polynomials s, form a linear basis of Sym.

Proof. The polynomials agsy are antisymmetric in x by definition, and expanding out the determinant yields

assy = Z sgn(o)x°A+9),
o€S,

But observe that [x*], spanning all polynomials in x implies that the antisymmetrization 3" sgn(c)x°®™) span all
antisymmetric polynomials in x. And now the only difference in what we have in assy is that we only take u of the
form X+ §; that is, we only consider strict partitions. But again if i had any two parts equal, then > sgn(a)x"(“) is
already zero. Thus we do indeed form a basis over anti-symmetric polynomials using asss.

But now any antisymmetric polynomial necessarily has to divide all x; —x; factors; thus dividing by the Vandermonde
determinant is exactly an isomorphism from antisymmetric to symmetric polynomials. Thus if agsy span antisymmetric

polynomials, then s, must span Sym. ]

An alternative proof of this result is to write out

Sy = my + Z KapSu
<A
where this time u < X is under the dominance ordering, meaning that >/, u; < >.7_; A; for all r. (These Ky,s
are called the Kostka numbers, but there are lots of things called that so we should be careful.) Since we just did the
other proof, we won't derive the details of this strategy.
Having defined these sys, we can now prove the Cauchy identity that we stated in the first lecture:

Proposition 31 (Cauchy identity)
We have

XA:SA(X)SA(Y): H 1—1X,yj
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In the finite case we can interpret this as taking a sum over all partitions A of length at most N and then having
x=(xg, -, xy)and y = (y1, -+, yn). But the way we write this is really “setting N = 0o0.”

Remark 32. Notice that neither side of this equation actually resides in Sym(x) & Sym(y), since the degrees are un-
bounded on both sides if we write the fractions as geometric series. These expressions instead reside in the completion,
which includes elements of the form Zx,u oM (x)my(y) with no decay constraints on the constant cy,,. In our case

it turns out that as long as all x;, yjs are less than 1, both sides will converge, though.

Proof. Since the left-hand side involves determinants, we also want to express the right-hand side in a similar form.
For simplicity of notation, we'll express the proof in the finite N case. We'll begin by proving the Cauchy determinant

identity

1 ]  Thi<icjen 0 = x)vi — )
1—xy; 1<ij<N a ng/,jg/v(l = Xiyj)
_as(x)as(y)

B ng/,jg/v(l - Xiyj')-

det {

Indeed, this is true by a similar argument to Vandermonde: after clearing denominators [[;; ;< (1 — xy;), we're left
with a polynomial on both sides and the degrees of the two sides are both equal to 2(’;’) = N(N —1). But then
if X; = xp or y; = yy for some i # /', then they must be equal; thus we do get the Vandermonde factors and the

constants match up.

1
1-xy;*

Remark 33. The usual way the Cauchy identity is written in terms of Xflyj instead of But we can get from

one form to another by replacing y; with ?11 and doing a bit of rearrangement.

So now to prove the proposition, it suffices to prove the same thing if we multiply both sides by as(x)as(y)
(remember we're fixing N so § is exactly the staircase (N — 1, N —2,---)): by the Cauchy determinant identity, that

means we're left to prove

5 assn (I () L et |7

? 1
= > anps(X)args(y) = det [1 — x-y} _
A 7

Opening up the determinant on the right-hand side yields

det L _:yj} = det [i(Xj”)k]

k=0

= Z Z sgn(o) (lecr(l))kl"'(XNyJ(N))kN'

oeSy ki, kn

Now if k; = k; for any i # j, the contribution is zero by antisymmetry; otherwise we can order the k;s by a permutation
p so that they are in decreasing order, meaning that k,-1(1) > Ky-1(2) > -+ > Ky-1(n). Call these new indices £y, - -+, £y.

Thus our sum becomes

Z Z Z sgn(o) (xlyg(l))ep—un "'(XN)/U(N))ZP*(N)

0ESN PESN £1>>L,

=35 N s9n(0) () You)” (ot Youim) ™

o€Sy peESN b1>>L),

where in the last line we've “changed variable order” from x; to x,(;). But now we can call 7 = op and relabel the sum;
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this leaves us with

Z Z Z sgn(p)sgn(7) (Xp(1)J/T(1))Z1 (Xp(N).y‘T(N))eN-

pESN TESN b1>-->4),

The permutation parts are now decoupled, so if we swap the summation order we can also write this as
J ¢
> | 2 sy Xty (Z 59”(T)yfh>”'yf7w)> =2 a()a).
£1>-->0y \ PESN TESYN Z

In particular, since £ will always be a strictly decreasing sequence, we can always write it as £ = X + ¢ for a partition
A, so this is exactly the desired left-hand side from above. O

There's also a GSV proof of this result, but that will become more natural once we write the Schur polynomials as

determinants rather than just ratios of determinants:

Proposition 34 (Jacobi—Trudi formula)

Recall that the h,s are the complete symmetric functions. We have

sx = det [y —irili<ijcn

where we set h, =0 if n < 0.

We first state a claim:

Lemma 35

Let (fo, f1,---) be coefficients (just think of them as being in some formal ring) and set f(y)
their generating series. Then

S, fiy' to be

Flyr) -+ Flyw) = Y det [, —is; ()] sx(¥).
x

(The idea is that the left-hand side is a symmetric polynomial, so we can write it as some linear combination of

the sys, and we claim the coefficients are determinants.) First, let's see how we can use this to prove Jacobi—Trudi:

Proof of Proposition 34. Set f; = h;j(x) in Lemma 35, so that for a single variable we have

[eS) N
Fly)=>_ hi(x)y' =]J(1—xy)™
i=0 i=1
by the generating series for the complete symmetric polynomials. Thus Lemma 35 vyields

H . Z sa(y) det [hy i (X)].
x

y 1— Xy,

But the left-hand side, by the Cauchy identity, is )", sx(x)sx(y). Since the sys form a basis, that means the coefficients
of sx(y) on both sides must be the same, which is exactly what we wanted to show. O

Proof outline of Lemma 35. This is really just linear algebra; we use the only trick we have, which is to open up the
determinant. Multiplying both sides by as(y) and expanding the left-hand side yields (via expanding the determinant
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for as and writing out the generating series)

as(y)f(») - flyw)
:Zsgn(o)y{V*”(l)yQN”(z)---y,Q'*”(N) S ™) (Fryi™) -

o€SN my,ma,=-,my

We can now collect the factors of y to get

Yo D san(0) e gy T ),

oESN M1, My, ,my

So now for any ylk1 . ~y,f,”, for ki=N+m;—o(i) <= m; = ki+0o(i)— N, its corresponding coefficient in this whole

expression is
> Sa(0) -+ oy = D 59N iy o(1)=n  ** Fryro () -

geSy geSy
and this is exactly the determinant det [fi+;—n];<; <. So If we want the contribution to be nonzero, all ;s should
be distinct. Ordering the ks then gives us a strict permutation which we can write as X\ + §; we get a coefficient of
sgn(p y-p(ME), which is exactly det |f»i5).—n+;|. Then by checking indices we can confirm that this is exactly
oeS, J (A+0); +J

the det [f,—i+,] that we wanted. O

Remark 36. The “messiness” of this whole strategy comes from doing everything from scratch. There are ways of
proving this which are more visual with Yang-Baxter equations, but with formulas this is probably the most direct
proof.

In a similar vein to our proof that sy = det [hx,—j4;], we can also show that
sy = det [exjﬂ'ﬂ} ,

where X is the transpose of \.

This is actually most easily checked by verifying equality of the two determinants directly, and we'll sketch that
here. Recall from the generating functions that

n 1 ifn=0,

Z(—l)’erhn,r =

=0 0 otherwise.

and so we can define the (upper-triangular) matrices H = [h;_j] and E = [(—1)"7e;_;]. By our identity above we
have H™! = E, meaning that the minors of E are exactly the cofactors of H. (Even though we have infinite matrices,
the cofactors are only going to have “finite disruptions” because things are upper triangular.) Then these minors and
cofactors turn out to exactly index those two different determinants above (by choosing the rows and columns to
correspond to exactly the ones giving us the X; — i 4 js and the X’ — i +js). Normally this would give us a factor of
det H, but because the diagonal entries of H are hg = 1, we have det H = 1 and everything lines up. For a further
reference, we can see section 2.9 of Macdonald's book “Symmetric Functions and Hall Polynomials.”

The reason for pointing this all out is that we have the involution w mapping h, — e,, and this identity tells us
that w(sx) = sy. Thus the Cauchy identity

; S>\(X)5>\(y) = H 1 —1X,')/J‘




with w applied to the x-variables will turn into
E SX(X)SX(J/) = | I w I | 71 ,
1-— X,'yj
A Y€y Xi€X

and now because w turns the generating series for the h,s (ﬁ) into the generating series for the e,s (1 + xy), the

right-hand side now simplifies:

Proposition 38 (Dual Cauchy identity)
We have

ZSX(X)SA(V) = H (1 +xiy;).
Py

XiEX, Y€y

6 April 16, 2026

Now that we've developed some symmetric function theory, we can get closer to returning to PNG. We've previously
seen that the LGV lemma gets us formulas for nonintersecting walks through determinants, and in particular multilayer
PNG is defined by non-intersecting walks, so the locations of those paths at some fixed vertical slice x = 0 can be
determined by a product of two determinants. And last time, we also introduced the Jacobi—Trudi formula, which
wrote our Schur polynomials as a determinant of complete symmetric functions h,,.

So one way to match directly is that our multilayer PNG formula had determinants involving partition functions for
a single walk (from (—oo, 1 — i) to (0, k;)) — those turn out to be exactly the hs in the Schur polynomials. But that's
not the route we'll take because it misses a bit of structure that will be useful for us, and we'll develop a few more
aspects of symmetric functions that will make the appearance of Schur in PNG very clear.

Recall that the Schur functions sy have some set of variables which we can denote by X = (x1, xo, - -+ ). We'll now
augment this polynomial to a symmetric function sy (X, Y) jointly symmetric in the variables (X,Y’), and then we can
expand that as a symmetric function in Y whose coefficients are symmetric in X. But then we know that a basis of

symmetric functions is Schur polynomials, so that means we can write
S(XY) =D suu(X)su(Y).
"

These s/, coefficients are known as skew Schur polynomials.

Remark 39. These turn out to be related to vertex models in the following way: if we have a bunch of paths coming
in through the bottom and depositing at the top of a lattice grid, in the case where all paths enter at the same spot
then the exits are dictated by Schur functions, but if they are not entering at the same spot then we get skew Schur
functions instead. In this context the formula above is sometimes called the branching rule.

We'll now state a bunch of properties which we won't prove (though Section 1.5 of the Macdonald book is a good
reference):

Proposition 40 (Jacobi—Trudi formula for skew Schur functions)

We have (similarly to Proposition 34)

Sa/u = det [y —ip,)] 1<i j<N
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This gives rise to the interpretation of these functions as minors of Toeplitz matrices. A Toeplitz matrix is a
matrix where along each main diagonal, the entries are constant (so we can write the entries on the diagonal as ag,
directly above the diagonal as a;, directly below as a_1, and so on). So what we can do is consider the Toeplitz matrix

where a; = h;, where h; = 0 for / negative, and so the matrix looks like

1 h
0 1 h
M = !
h

Then the minors of this matrix are exactly skew Schur functions with rows and columns indexed by the shifted A and
w (because Aj — i and p; — j will be strictly ordered).
For a bit of intuition on how we might prove this version of Jacobi—Trudi, consider the symbol of a Toeplitz matrix

Ta(z) = Z aiz'.
IEL
The symbol multiplies well, since for any two Toeplitz matrices A, B we have Ta(z)Tg(z) = Tag(z) by matrix

multiplication. So now if our Toeplitz matrix of entry is the M(x) matrix above (where x is implicitly the variables in

the symmetric functions), we have
Tmeo (2) Ty (2) = Treome)(2),

but we also know that Ta(z) = Y70, hiz' =[], ﬁ by the generating function for the hs. Thus the symbol of

I M(x)M(y) (Z) IS
H lz H lz
; 1 Xi 1—2zy'

but this can also be thought of as Ty ,)(z) where we treat xs and ys collectively as a single set of symmetric

variables. So because the symbols are equal, actually we have M(x,y) = M(x)M(y). (This is kind of like a discrete
Fourier transform. In this case, it's not actually that necessary to use generating functions, since we could also just
do the matrix multiplication out, but we'll see that other properties that are a little harder to read off will become
clearer.)

So if we want to check consistency of Jacobi—Trudi by plugging into sx(X,Y) = >_, sx/u(X)su(Y), we can use the
Cauchy-Binet formula to compute the determinant of a product of two matrices and we end up with what we would
expect — the real general formula is actually that

S(XY) =3 su(X)su(Y).
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Proposition 41

We have the following properties of skew Schur functions:

1. For u = @ the partition of length 0, we have sy ;5 = sy

2. We have s,/, = 0 unless . C X\, meaning that u; < X; for all /. In other words, the Young diagram for u
must be entirely contained in the Young diagram for A if we justify at the top left corner.

3. Now suppose that u C X and A\/u = | |, ©). (Here, we define the Young diagram \/u, sometimes called
the skew shape, to be the Young diagram of A without the boxes of the the Young diagram of w. Then each
©0) is a connected component of the skew shape, where touching at corners does not count as connected,
and we can set the “top left corner” of each of those parts wherever we'd like.) Then, thinking of ©0s as

skew shapes, we have

m
Sx/u. = H So) -
i=1

4. Suppose X = (x1,X2,---) =(a,0,0,---). Then sy,,(x) is only nonzero if A\/u is a horizontal strip, meaning
that no two boxes of A\/u are directly on top of each other. (For example, A could be (5, 3, 3) and u could
be (3,3,1).) In such a case, s5/,((a,0,0,---)) = al*~-Ik.

These all come out of Jacobi—Trudi; in particular (3) has to do with the matrix of hs decomposing into diagonal
blocks. Unfortunately, notice that this identity doesn’'t actually let us inductively compute the skew Schur functions
(for example if A/ is just a single component) — we should really just do it via Jacobi—Trudi directly. And identity (4)

is the main one we'll use.

Remark 42. To generalize (4), we can actually use the branching rule sx;,(x,y) = 3, Sx/u(x)su.(y). So for the left-
hand side to be nonzero, both A/ and /v must be horizontal strips, and then we can iterate to get the corresponding
results (or to compute Schur functions in more variables by peeling one off at a time).

Example 43
Turning back to PNG now — the example below is a copy of the example above Lemma 20 — recall that what
we're interested in is the heights of the paths at a particular vertical slice.

as bl
a by a2 by a3 b1
ai bz a2 b1
ai bl
di bl

| | | | | | |

~

I I I [ I I
as b2

Along any vertical slice, we have locations (£1, >, - - - ) of the top-most path, second-top path, and so on; we know
that £ > £, > --- and that £; = 1 — / for sufficiently large i (because if we go down far enough we won't have any
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bumps). So to create a partition out of these, we can define
Ni=4Li+1—1,

which will indeed give us Ay > X > --- with parts eventually zero. Basically X; is how much the ith path went
up by at that slice; in our example above we have the Young diagrams (4), (2), (4,1), (3), and (5) at x-locations
—2,—1,0,1,2. We will call these partitions, from left-to-right, A(), p(1) X@) (2 A\,

So the point is that under this bijection, multi-layer PNG is exactly equal to a sequence of partitions
g CAD DM cA® o> @AM o g,

where m is determined by the time that we run the PNG for. We can easily compute the weight of such a configuration
in terms of the partitions, since we gain an a every time we go up and a b every time we go down, and the number of
steps is exactly given by the differences |A()| — ()| and [AGHD| — |u()|. Thus the contribution always looks like a
power of an a; or a b;.

The key point now is that each A()/u() or X0+1) /() js always a horizontal strip, since otherwise our paths
would share an edge. Thus the weight is something we can compute with Proposition 41, part (4): we have a product

of one-variable Schur functions

W(X, ) = s (a1) Sy /50 (Bm)Sx@) /) (32)S3@) /i (Bim—1) - - = Sy (B1).

This is an example of something called a Schur process — we go up and down, indexed by time in some way, and we
get a product of Schur functions. But now we have a bunch of terms together, and so what helps is if we can get
the total partition function by summing over all possible As and us. We can deal with local pieces (adjacent terms) as

follows:

Proposition 44 (Skew Cauchy identity)
Fix partitions X\, v. We have

> 5n05 =TI 775 Sowsm(X).

xeX,yeY

In particular, the left-hand sum is infinite but the right-hand sum is finite.

To prove this, we can expand the skew Schur function and product of Schur functions in the Schur basis and get

two sets of coefficients via

Suu() =Y usu(x),

su(X)s,(x) =D disn(x).
A

(Notice that the indexing is a little bit different — we're expanding over v in one case and X in the other.) The ds are
sometimes called Littlewood-Richardson coefficients, and in fact so are the others:

Lemma 45

We have ¢, = d2, for all u, v, X.
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Proof. Define, from the right-hand side of the Cauchy identity,

Hx:v)= ] !

1—xy’
xeX,yeY Y

We want to get a bunch of products of the form s;s,, so we'll multiply various Hs together. Let Z be a new variable

set, and observe that

H(X; Z)H(Y: Z) = H(X UY:; Z)
=3 s(XUY)(2)

A
by the Cauchy identity. Now we can expand out the right-hand side to get skew Schur functions, which yields
D X5 M (2) = s (X)su(Y)i(2)
AL A,V

after using the definition of the cs. But on the other hand, we can do another computation by applying the Cauchy
identity to H(X; Z) and H(Y'; Z) separately, which gets us

H(X; Z)H(Y; Z) = Zs,, Vs, (2) Zsu

= Z su(X) Z su(Y) Z d;wS)\(Z)
v 13 A
=3 @, 5.(X)5.(V)5(2)

A v
by using the definition of the ds, and then everything matches up. Since each set of Schur polynomials forms a basis
in its own variable, the products form bases of functions that are jointly symmetric in each variable set separately; thus

the coefficients must be equal. ]

Notice that a priori it's not even clear that the c¢s are symmetric in  and v, but we get that as a corollary of this

result.

Proof of Proposition 44. We'll add a bunch of variables and consider H(X;Y)H(X; U)H(Z;Y)H(Z;U) in two ways.
First of all, we can combine and then use the Cauchy identity to get

HXUZ Y UU) =) s(XUZ)s,(YUU)

=1 D" 5 ()5 ( D)5 (V)5 |
P

But alternatively, we could take the product and apply Cauchy identity to the last three terms, which yields

HX Y)Y 50(X)so(U)su(Y)5,(2)5r(2) s, (U)

oV, T

=HX,Y) Y s(X)s,(Y)dtsu(U)d s (2).

OV, T

But now the ds are equal to the corresponding cs, and we can pair d%_ with s,(X) and d2. with s,(Y) to simplify to

HX Y)Y sue(X)sy-(Y)su(U)si(2) |
T\
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Now taking the two expressions in boxes as variables in U and Z (fixing A, 1) and looking at the coefficients in X and
Y exactly yields the desired result. O

7 April 21, 2026

We introduced Schur functions and their skew analogs last time, and in particular we established the Cauchy and skew
Cauchy identities and introduced the Schur process. We'll connect this to the PNG model today — we've already
outlined this via the LGV lemma, but now we can use our extra machinery to make the connection more direct.

To do that, we associated to the Schur process a measure on sequences of partitions. The idea is to start from the
empty partition @, and then we go up to \(Y) with some parameter a;, then down to u(*) with some parameter b,,
then up to A? with parameter a,, down to u(® with parameter b,_1, and so on, until we end up with some partition
A and then go down to @ again. The weight of such an arrangement was then proprtional to a product of skew
Schur functions

$30 (a1) 550 /0w (bn)Sx@ 7w (32) - = Sy (b1),

since each of these terms is just a power of the variable a; or b;. And we can now compute the normalizing constant

as well using the skew Cauchy identity from Proposition 44 — the picture to have in mind is the following “corner-flip:”
N
>N
A v
\y/‘ y
K

We can thus iterate this skew Cauchy identity one step at a time to take our up-down zigzag sequence of partitions
and flip all the boxes down until we just get a path going all the way down, then all the way up. Here's the diagram

for n = 3:

A A A3
27N N TN
@ AN PN 2
x‘ a .- S bo a . .. b1 %
/// \\)‘ /// \\)‘
X - ”/7 \\\‘\ o %
el SNy
le /

Then the ] 1_1Xy factor gives us an overall factor of

1 1 S S SN | 1
l—aibyl—ab,—1  1—aphy  aibp—q1 acbpo \<igi<n 1—aibyji1

(basically any case where the indices add to (n+ 1) or less), and then we still have to sum over all possible partitions
along the remaining path. But if we start with the empty partition and go down, we have to always be empty at every

step, and similarly if we end up with the empty partition then everything along the path has to be @. That means the
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sum of Schur functions we get is just supported on a single term, and that just ends up being 1. In short, that means

1 - from before, and so the probability in our Schur process is

our normalization factor is exactly the [, ;<;c, 755
= = iPn—j

exactly
S\ (a1) s @ /0 (bn)Sx@ /uw (32) = - Sy (b1) H (I —aibypji1).

1<i<j<n
(Notice that all of this would work for something like Hall-Littlewood as well, since it just relies on the skew Cauchy
identity.)

Fact 46

The question now is how we can use this to study the marginal on a single slice (say at the very middle, since

that's what we care about for solving LPP). That means we're curious about the law of a single partition, and we

claim that will take the form

sx(ar, -+ ap)sa(by, -+ bray)
H(a. b)

P()\) = . H@b)=]J(a—ab)™

iJ

Indeed, this is a very similar idea to the previous proof. (We don't need to track the constants as long as we end up
with something proportional to sy(ay, -+, an)sx(b1, -+, by), since we've already established the normalizing factor by
the Cauchy identity.) We want to sum over everything except A", so we flip the diagram down as much as possible
while keeping that in place. The result is then the furthest possible dip down then up from @ to A(™, and then again
the further possible dip down then up from A(™ to @; we then have to sum over all sequences of partitions that go up
from @ to A(™ using the branching rule, yielding the sy(ay, - , a,) term, as well as the same going down from A(™
to @, yielding the sx(by, -, b,) term. (And also remember that the Schur polynomials are symmetric, so it doesn't
matter how we order them.)

Thus the full PNG is described by a Schur process, and the marginal on a single partition is a Schur measure. That
means we'll want to study this Schur measure more carefully, and for that we'll need to study determinantal point

processes.

Fact 47

Before we do this, it's worthwhile to think about some structural properties of measures that arise in this Schur
process manner, where we have products of skew Schur polynomials. In our case, it's fairly transparent that things
are nonnegative, since the Schur function evaluated at a single variable is just some power. But those Schur
functions could take in more general variables, and we might want to know what is allowed to still guarantee that

we get a probability measure (nonnegativity). This is called Schur positivity.

Definition 48
Let p : Sym — C be a homomorphism. We say that p is Schur positive if p(sy) (also written sy(p)) is nonnegative
for all A.

(p corresponds to the character of some infinite-dimensional symmetric group.) Note that this is different from

the “positivity of coefficients” notion that is seen in other (non-probabilistic) settings.

« For example, p might be the evaluation map where we set each x; equal to some a;, and if a;s are all non-

negative then actually we get a Schur positive homomorphism by the branching rule (since sy(ai,---,a,) =
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>uSvular)su(ar, -+, ar—1), so we can induct on the number of boxes on the partition and use that sy, (a,) is
a power of a,, hence nonnegative).

» However, there are other homomorphisms as well; we'll give one example now and another one later. In the dual
evaluation, we fix parameters a;, -+, a, > 0 and set p(sx) = sy (a1, -+, ar). Such a p is Schur positive by the
same branching rule, but what's not obvious is that this is an algebra homomorphism. But remember that we

have the map w : h, <> e, which exactly swaps sy to sy, so in fact p is exactly w followed by an evaluation.

If p is Schur positive, then it is also nonnegative on skew Schur polynomials, meaning that p(s)/,) > 0. One
“hammer” way of proving this is that s/, = > c,z‘usu for Littlewood-Richardson coefficients c,z‘u which are actually
nonnegative; we won't prove this here though. But the point is that not only is the Schur measure nonnegative,
so is the full Schur process.

With these two examples in mind, the next natural question to ask is whether there's a full classification:

Theorem 50 (Edrei 1953, Thoma 1964)
The Schur positive homomorphisms p are parametrized as follows. Fix & = (a3, g, --), ,5 = (61.62,--)
nonnegative sequences of real numbers such that > a;, > 6; < oo, as well as v > 0. Then any Schur positive

X

0 k
=17 -

homomorphism is described by its action on an algebraic basis, and we'll do so on the powersums py = >
Then p always takes the form

p(p1) =7+ Z(a/ +Gi).

and for k > 2
p(pk) =Y af + (~1)k1Bf.

i=1

Intuitively, the as should be thought of as coming from evaluation, the Bs from dual evaluation, and «y as the limit
ofa=(F, ---%.0)as N = oco.
Recall that we've previously written out the generating function h(z) = Y 72, hzX = m and now we can
i=1 U
ask how h (which governs the Cauchy identity) looks under an arbitrary p, which would be important for computing

the normalization factor. It turns out to have a fairly clean form:

o

p(h(2)) = e ]

i=1

1+ 8z
170{,‘2.

(Indeed, just having the as gives us the Cauchy identity, and just having the Bs gives us the dual Cauchy identity. And
the €% matches up with the limit of a = (3, --- %, 0) at the power series level too.)

These homomorphisms are also sometimes called specializations. The pure o specializations are what we needed
for multi-layer PNG, and all of our a;s and b;s were as (evaluations); the relevant graph for non-intersecting paths was
the Z2 grid with as and bs the vertical edge weights. In general, a Schur measure would take the form Z=1sy(p1)sx(02),
and a Schur process would just replace all of the a;s and b; evaluations with different specializations too.

So for context, it's worth also mentioning what we get if we do a pure B specialization instead for all p;. We'll
end up with nonintersecting paths on a different graph, which is the Z? lattice with up edges replaced with up-right
edges. Horizontal edges again have weight 1, and the diagonal edges have weights given by the Bs. Since time is still
indexed by vertical slices, the qualitative difference here is that we can only have one of each B, whereas we could
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collect arbitrarily many as in the PNG model. (This is connected to us taking elementary symmetric functions, which
only allow degree 1 per variable.). The growth process we get is a version of TASEP, and if we mix as and Bs we
actually get domino tilings of the Aztec diamond.

Example 51

We'll conclude with a connection to the longest increasing subsequence problem. Recall that the top curve of
multi-layer PNG corresponds to the point-to-point last passage times along some set of points, so for example
LPP((1,1) — (N, N)) is the height of the top path in multi-layer PNG at the middle at some time. If we look
now just at LPP, we can set all a;s and bjs equal to some k, meaning that each random variable in the integer

grid is geometric with parameter k2.

Taking k& — 0 simultaneously as the dimension of the grid N grows, specifically k = % means that the probability
of a box being nonzero is roughly %—22 and the probability of it being at least 2 is roughly Z,—z Since we have N? total
boxes, the latter happens with shrinking probability, and the 1s form a (continuous) Poisson point process of rate 2
as N — oco. Call the resulting points (x1, y1), (X2, ¥2), -+, (xn, ¥n) (for N an exponential random variable).

The last passage time is then determined by the up-right path connecting bottom-left to top-right which passes
through the maximum number of points in this process. But the LPP value only depends on the ordering of the
coordinates, not their exact values! So if we order the points so that x; < --- < xy, what matters is the permutation
of the values yy, - -+, yn, and in fact the path is exactly the longest increasing subsequence of that permutation. Thus
a certain degeneration of our process gives us the distribution of the LIS for a uniformly random permutation, except
of slightly random size roughly 2.

8 April 23, 2026

We'll be getting into some general probabilistic aspects today. So far, we've discussed Schur measures and processes
(the former of which is the marginal of the later) and seen that the multi-layer PNG is a Schur process with top curve
given by the Schur measure. The Jacobi—Trudi formula then tells us that the law of the top curve takes the form
Z7tdet[hy,—itj(x)]i ) det[hy,—i+j(¥)]i; (where x encodes the a;s and y encodes the b;s).

This measure is an example of something known as a biorthogonal ensemble (a product of determinants of a
certain form), and in this class and the next we'll give some examples of point processes in general and define what
it means to be a "determinantal” point process (and a “biorthogonal” ensemble), as well as prove some things about

them. We'll then be able to specialize to our particular instance and study PNG from there.

Definition 52
Let X be a topological space which is locally compact and separable (for our purposes, we can really just think of

X = Z9 or RY or open or closed or finite subsets of them). From X, we can form the configuration space
Conf(X) = discrete (locally finite) subsets of X,

meaning that around any point, there is a small compact neighborhood around it whose intersection with the

subset is finite. Such subsets are also sometimes called point configurations.

We'll be interested in probability measures on Conf(X); keep in mind that we can think of Schur measures as being
of this type by letting X be Z and bijecting partitions X to subsets (A; — 1, Ao —2,--+) C Z with the property that all
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but finitely many entries are of the form —n, —n—1, - - -, going down to —oo. So the Schur measure gives a probability
measure on A, which can then be bijected to a measure on Conf(Z). The idea is somehow that in the limit, we'll take
a limit of the As and study the edge; we'll scale things down so that the scaling becomes of finite size and so this will

approach some point process on R.

Fact 53

Since X is a topological space, we can assume it has a Borel structure; call a relatively compact Borel subset
A C X a window. For any window A and point configuration S € Conf(X), define Na(S) = |[ANS|; Na is then
a function Conf(X) — Z; these then generate a Borel structure on Conf(X) (the minimal collection of open sets

making all of these functions continuous) and so we can talk about probability on it.

The point of this definition is really just so that we can take expectations of random variables like Na(S); all we
need to check is that the inverse of any singleton in Z under N, is always open. We will also call elements of X
particles; it's often common to represent these configurations via Maya diagrams by drawing balls in boxes at the

appropriate locations.

Example 54
Recall that the Poisson point process with intensity u (for 4 some measure on X) has the following two properties:

« Forany A, P(Nay =n) = e‘“(A)% (that is, Ny is a Poisson random variable of parameter (A)).

< If A1, Ay, -+, Ak are disjoint, then Ny, are mutually independent.

This is a special case of our general description — for example if X = R and u is Lebesgue measure, then we
can place M particles independently and uniformly at random on [f%, %] and let M — oo and it will verify our two

properties. Indeed, for example (calling the point process P)

o= (3 (-4)" 22

because the count of how many lie in a given interval is binomial, and this is exactly the Poisson of parameter 1. So in
this way we really do have a “point process” in that we are randomly placing points, but the way we're defining these

processes is really by specifying the random variables Na.

Example 55
For X = Z, we can consider the Bernoulli point process P each / € Z is independently in P with some probability
p € [0,1] (or p; depending on /). Then if we let p ~ € and consider an interval of size e, then send € — 0, we

will again get a Poisson point process after rescaling space down.

The reason for mentioning this is that we have a natural limit transition turning a discrete process into a continuous

one, and we'll see somewhat more advanced versions of that later on.

Definition 56
Let X be discrete. For any finite subset A of X, we can define the correlation function p(A) = P(A € S), where

S is sampled under the random process.
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For example for A — (A1 — 1, Ao — 2,--+), the correlation functions essentially tell us the probability that some
given locations are in the subset. We'll really be interested in whether some particular point is the top one in our

partition, but that'll come later.

Fact 57
For X discrete, the correlation functions determine the random point process by inclusion-exclusion, since we'll

know the joint law of AN S over all A.

Definition 58

For general X, the nth correlation measure p, is a measure on X" which satisfies

[ @0 =E| ¥ e x| x
X” 1,7 Xn
distin)ét poiﬁts in P

for any compactly supported f (if the right-hand side exists, then this determines p,).

These two definitions actually don't match up exactly, but they are just rescaled versions of each other, and we'll
use the latter renormalization going forward. It can be seen (though this is harder to see) that under certain growth
conditions (specifically p,(X) < n?'C") that these correlation measures determine P, which can be thought of as

some version of the moment problem.

Fact 59
If p, has a density, its density will be denoted p,(x1, - -+ , x»), and we call the density the correlation function. The
dream for any point process is to compute these correlation functions, since then we can compute any probabilities

we want to know. We can think of p,(x1, -+, x,) as the probability that there is a particle in [x;, x; + dx;] for all i.

Note that p, is not a probability measure in general (and for example, the total integral of p; would tell us something

about the sparsity of the point process overall).

Proposition 60
Suppose we have a point process P which always has N particles on X, and suppose P has a density p(x1, -+, Xn).
We'll assume without loss of generality that p is symmetric (that is, “the particles are indistinguishable™). Then

the correlation functions are given by essentially marginalizing out the density:

N!

,On(Xl."' ,Xn) = m/xwﬂ P(le"’ vXN)an+1"‘dXN-

Proof. We have, by writing out the definition,
/N Z f(Xip"'-Xin)P(dX)z/V(/V—1)"'(N—”+1)/Nf(><1,"',Xn)P(le"wXN)dY
XN X

i1, ,Ip distinct in P

by symmetry because there are N ways to choose which particle is /;, N — 1 ways to choose i», and so on. Then we

can separate the integral over X" and the integral over the remaining X"V=" to get

N!
/n ((N—n)! /XM p(xqy, -+ ,XN)an+1~~~de> f(x1, -+, Xp)dxq -+ dxp,
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so by pattern matching with the definition of the nth correlation measure we see that the blue part must be p,. [

An example of this setup is the case where we have a random N x N Hermitian matrix whose entries are complex
Gaussians (in the sense of Example 4). Then the eigenvalues of the matrix always forms a point process with N
particles, and in fact the density is given by

N
plxi, -+ xy) = H(Xf —x)? H =X /(2N)
i<j i=1

So if we wanted to know the probability of a specific eigenvalue existing, we'd have to compute N — 1 integrals, which
is probably not very feasible.

For other examples to keep in mind, for the Bernoulli point process of probability p we can convince ourselves
that p(A) = plAl for any set A (which means the correlation measure p,(X) is p" as long as X has no repeats and
0 otherwise), and for the Poisson point process we have p, = 4 @ 4 ® - -+ ® wu for w the intensity of the underlying

measure.

Proposition 61
We have for any set B that

(="
!

o0
P(no particles in P in some set B) = Z -
n=0 ’

/ Pn(X1, -+ Xp)dX.

For example if B = [x, o0), this tells us the probability that the largest particle is at most x, and so this is what
we want to use to go from correlation functions to facts about partitions. And this formula is useful because we have

a rapidly decaying sum depending only on finite pieces.
Proof. For simplicity of notation, take X to be discrete (but the same argument applies more generally but sums are
replaced with integrals). We have

P(BNPl=0)=E ][] (1-1{xe B}

XEP

=1-> E[{x€B}]+E > 1{x, % € B}| —--

xeP x1#xp ordered €P

by expanding out and using linearity of expectation. And each of these terms can be written in terms of correlation

functions; we can rewrite this as

Syt Y E[klﬁllx,keslzz(_nll)" S E

n>0 i< <ln n>0 " iy, iy distinct

n
H lx,keB] f
k=1
and now the inner sum is exactly the integral of p, over B”, as desired. O

We'll now foreshadow what determinantal point processes are; a priori there's no reason to be able to compute p,,
but sometimes we do get something useful:
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Definition 62
A point process is called a determinantal point process if there exists a correlation kernel K : X? — R (or C)
such that

on(x1, -+, xy) = det [K(X"XJ)]lgf,jgn

for all correlation functions p,. (Note that K is not symmetric in general.)

The idea is that we've encoded everything into a single matrix K, and then we can compute everything we care
about using minors of it. And what's nice is that if we want to take a limit now, all we need to do is take an appropriate
limit of K instead of all of the p,s. We'll see some examples next time!

9 April 28, 2026

We'll basically spend today on a computation. We defined the notion of a determinantal point process last time, which
is a point process whose correlation functions p are given by determinants of some correlation kernel K : X? — R;
specifically

p(x1, -+ Xp) = det [K(x;, XJ')]lstén ’

This is fundamental because everything we want to know is contained in these ps, so if we can compress everything
into a single matrix, that's good. Today, we'll show that the (general) Schur measure is a determinantal point process
and compute its kernel.

Recall that PNG is described by a Schur measure; specifically, the top coordinate A; of A\ gives the distribution of
the height of PNG. So we might ask for a clean description of the top point of a determinantal point process, and we

can just plug into Proposition 61:

Lemma 63

Consider a determinantal point process P on X. For any B C X, we have

(=1)"
|

n'

]P’(PmB:@):i
n=0

— (=1)"
:ZZ:O n!

We sometimes write this as the Fredholm determinant det[1 — K],2(g).

/ pn(x1, -+ Xp)dxy - - dX,

/ det[K (xi, xj)]dxq - - - dxp.
Bn

If B is finite, then expanding the determinant out exactly gives us the previous expression, and in general we can
think of this as the definition of the Fredholm determinant (what we really mean by the determinant of an infinite-
dimensional object is the limit of finite-dimensional pieces). This will satisfy the “usual properties” of determinants as
long as everything converges; for example it will be true that

det[1 — AB] = det[1 — BA].
Remark 64. In the case where X =R and B = [x, oo), this tells us that

P(max P < x) = det[1 — K]Lz[x,oo)r
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and so we can pin down the top point of our process by computing the right-hand side. And in fact the Tracy—Widom

distribution is even defined by such a formula for a certain choice of K.

So what we'll do with the Schur measure is show that it's determinantal with a certain K, and that’ll give us
Tracy—Widom because of this last lemma. We can think about this for just Schur measures specifically, but to keep
the computation relatively feasible it will be better to generalize to a more general class to understand what's going

on.

Definition 65
A probability measure P on X" is called a biorthogonal ensemble if there exist functions (¢;, ;) for 1 <i < N

such that the density of P is, with respect to some reference measure u,

P(dx - -~ dxy) ~ det [¢i()g)]1§j,j§N det ["/"i(xj)],',je[LN] H.u'(dxi)-
i=1

For example, going back to the Schur measure, we have X = Z, N the length of the partition (we can think of this
as the number of variables a;, b;, or equivalently parametrized by the time we've run the PNG for), and y the counting
measure. The slightly confusing thing is that usually we write the Schur measure as proportional to sy(x)sx(y), but
if we write it out this would be det[x?‘f_HN] det[yf‘f_HN] (divided by some normalization Vandermonde factor). So
actually in this case we will have ¢;(a) = x7 and ;(a) = y7 exponential functions.

There are two other measures that also can be described by biorthogonal ensembles, which turn out to be special

cases in some sense:
+ The circular unitary ensemble (CUE) describes the eigenvalues of a random unitary matrix on U(N) under
Haar measure.
+ The Gaussian unitary ensemble (GUE) describes the eigenvalues of a random Hermitian matrix with complex
Gaussian entries.

We won't go through the derivations, but if we work out the calculations the CUE eigenvalues (which will all lie

on the unit circle, hence are parametrized by angles) have density given by
P(dgy - doy) ~ [ [ |z — z[*d6
i<j
for z; = e'%, and similarly the GUE eigenvalues (which will all be real) have density

N
P(dAr - diw) ~ [ Ix = NP [ e ™ dx
i<j i=1
In the latter case, notice that we have a Vandermonde appearing in the first factor twice, and so the GUE density can
also be written as a product of two determinants det[A{:]lg,-J-gN det[e‘erA{:]lg,-JSN. (And the former case is similarly

just putting in exponentials in place of the A;s.)
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Proposition 66

Any biorthogonal ensemble is a determinantal point process with kernel given by

(x,y)= Z (G~ T)U(j),(X)'l/}J(y)

1<ij<N

where G € RV*N is the Gram matrix where Gj; = [ ¢i(x)¥;(x)du(x), and G=T = (G71)T.

This explains the name “biorthogonal:” if the ¢s are orthogonal with respect to the s, then G becomes the
identity and the kernel becomes very explicit and we just take the sum ¢;v;. But it was realized quickly that the whole
argument goes through in general too.

We'll prove this in generality and then specialize to the Schur measure:

Proof. We'll omit the reference measure u everywhere for simplicity of notation. Whenever we have a concrete

measure, the first thing we want to do is find the normalization constant; thus we need to compute
/XN det [¢i()] 1< j<n det [Wi(X)]; jep.m 9X
B /XN Z sgn(a)sgn(7) H Go iy (Xi)Wriy (Xi) dx

_Z<

o,T

H/ (bJ(I)(XI)’lpT(I)(XI)dXI) Sgn(O'T)

=1

by opening up the determinants and then splitting up the independent integrals. But now by definition of the Gram
matrix this is exactly N

> (H Gg(f)T(/)> sgn(oT),

oT i=1
and now this is exactly the determinant of G except with an extra factor of N! because o, T are redundant (for any o
there's one choice of T that gives us the desired permutation). Thus Z = N!det G.

Now the nth correlation function is given (using Proposition 60) by

N!
pa(x1, - Xp) = m/xm” P(dxy -+ dxn)dXnp1- - dxy

N 1
T (N=n)! NidetG

/xm det[ei (x)] det[w; (x)] dXps1 - - - dxXn

by plugging in the value of P including the normalization constant. Now we want to swap out ¢ and 1) with things
that are “actually orthogonal:” let A and B be n x n matrices such that AGB” = id, and then use appropriate linear
combinations

N N
O = (AD)k = D> Auedr, Vi = (BY)k = > Buete.

=1 =1
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We can then observe that (®x), (W) are biorthogonal, in the sense that

/X O ()W (x)dx = 3 AuBje /X Bu(x) e (x)dx

L

= Z AieGor By
o

= (AGB");

= 6,‘1.
So now we'll express ¢, 1 in terms of ®, W as well; we have (notice that because G is a fixed matrix not depending
on xs, A and B don’t depend on the xs either)

detldi ()] = det[®, ()] det[A™],  det[$i(x)] = det[W;(x)] det[B~"].

Plugging back in, we thus have

A - n)! (det G)(dei A)(det B) /X det[;(x)] det[W; ()] dxar1 - - X,

and furthermore det G det Adet B = det(AGB') = 1 so we can remove that factor.

Now to get a sense of what's happening, we'll first illustrate the proof in the case n = 1. We then want to compute

Ar03) = Gt IO Y -0

by again opening the determinants to get

N
ﬁz/qu <H q’o(/)(Xi)Wr,(Xi)dXi) D1y (x1)Wr(1y(x1)sgn(oT).

But now (because the different x;s are decoupled) biorthogonality forces (i) = T(i) for all i > 1, and therefore (this
is the only special thing about n = 1) this also forces o(1) = 7(1); call this number k. Removing the unnecessary

terms, we thus have

N
p1(x1) = ﬁ ; ; Pr(x)Vi(x1)

o(2, N)=T(2,+ N,
o(1)=k

N
— ﬁ Z(N = DI () Wi(x)
" k=1

N
= dr(xa)Vi(x),

k=1
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and now we can re-express everything in terms of ¢ and ¥: writing the linear combinations back in, this yields

N
Z Z AkeBro de(x1) Ve (x1)

k=1 L&
N

— Z@(Xl)wz/(xl) ZAlekZ’
L k=1

=D b)Y () (AT B)aw
el

= Z@(Xlﬁ/)@(xl)(G*T)a,
el

since AGBT =id = G=AYB")! = G !'=B"A = G T = ATB. That gives us the correct “on-
diagonal” kernel term K(x, x), which is all we need when computing the first correlation function for a determinantal

point process.

Now for the general n case, we use basically the same proof but with a bit heavier notation. We have, by opening

up determinants again,

N
1
pn(X, e Xp) = o Zsgn(oT)%(,-)(X/)\UT(,-)(X/)/ I @) i)W (i) dx,
(N o n)l o,T XN=n i=n+1

but this time we only fix 0 = T on the last N — n coordinates, but now ¢ and T can be different on the first n. Instead

of a single k, we now have Jji,---,j,, and we can express this correlation function as
1 n
ol o) = G 2 > sonen [T et0vsox)
" ju,++ Jn distinct 0.7 i=1
o(n+1,- ,N)=7(n+1,--,N),
0'(1,"',”):01,"',]”)
= > det® U det W,
A< <Jn

In this last step, the redundancy of o and 7 coming from the last N —n coordinates cancels out the (N —n)! factors, the
sum over orderings of the j;s gives us the determinant for ®, and then the remaining sum over 7s on those coordinates
gives us the determinant for W. (We should think of these determinants as submatrices of [®;(x;)] and [W;(x;)] formed
by columns of index j1, -+ ,Jn.)

So now we use the Cauchy-Binet formula, which states that for n x N matrix A and an N x n matrix B, we have
det(AB) = Y sc ), s/=n det[A°] det[B°], where A> and B® are the square matrices obtained by taking columns and
rows indexed by S, respectively. That tells us that our expression is exactly det[®W'], where ® is the n x N matrix

with entries ®;(x;) and similar for W. So this is what we wanted: we have a determinant of the form

N
det Z‘Dk(X/)‘UK(Xj)

k=1

1J

and if we rewrite ® and W in terms of ¢ and 1) again we see that this (/, j) entry will be exactly ZM(G*T)w(pl(x)'zpe/()g),

which is the K(x;, x;) we were looking for. O

We'll specialize this next time to the case of Schur measures.
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10 April 30, 2026

We'll compute the correlation kernel for the Schur measure today, using the computation from last time. We know
that the kernel of a biorthogonal ensemble (where the density is proportional to the product of two determinants) is
given by the explicit formula in Proposition 66, and in particular this formula simplifies in the case where the ¢s are
orthogonal with respect to the s.

In the case of the Schur measure, we know that up to some overall normalizing constant, we have

s\(x)sa(y) ~ det[ J J+”} det[ > J+n} ’

where our maps ¢; and 1; will be the exponential maps ¢;(a) = x? and 1;(a) = y?. So we can plug into our formula
for K(a, b) (we'll use a, b for the kernel variables now to avoid confusion with x, y from the Schur functions). First

we compute the Gram matrix: since we're working on Zxq with the counting measure p, we have
GIJ = Zd’i(a)wj(a)
a
= (y)°
a

_ 1
Cl-xy,

(This is called the "Cauchy matrix.”) We now want to invert (and transpose) this matrix, and we'll use the Cramer

rule to do the inversion: we have
C(k,2)

detG '

(G e =

where C is the cofactor matrix given by
C(k,£) = (1) det GO Gk = G with row k and column £ removed.

So to compute the entries of G~7, we essentially need to compute determinants of two Cauchy matrices. But we

already did this (see the calculation above Remark 33); we know that

[Tie;(xi = x) (i = )

detG =
HIJ(l X/yJ

by matching up total degrees and including necessary factors by symmetry, and so because G4 is the same as G but

with x, and y; “cut out,” we have

( 1)k+é det G(k.0
det G
= (1)< H[<J ,J;ﬁk(X/ X;) H,<J ,ﬁee(y/ ) H[J(l XiY;)
H,;ekﬁez(l XiY;) H,‘<J'(XI X)) (i — )
B TT/5: (1 =) (1 = xkyy)
C (1= x0) [T O = %) Tj2e (s — ve)

(G ke

(here the (1 — xxyy) is to avoid double counting in the numerator, and the factor of (—1)**¢ cancels out with the
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ordering of xx and y; with the other). So now we have our Gram matrix and can plug into Proposition 66 to get

K(a, b) = Z(G_T)ke¢k(a)¢e(b)
Py

11 (1 — xy) (1 — X))
— a b J
a Z(Xk) ) (1 — xkye) Hj;ﬁk(xk = X)) Hj;é@(yf - Y

We'll now massage this a bit by writing it as a contour integral:

1—xjv)(1 yjz) z7vP

dzd
(z—x))(v—y) 1—2zv zav,

K(a,b) =

where the z-contour contains the x;s, the v-contour contains the y;s, and no other poles arise. Here the xs and ys
are positive real numbers and we know that the products x;y; are all less than 1 (by assumption when we set up the
Schur measure), so we can always pick some contours so the products always stay inside the unit circle (just imagine
a big oval around all of the points on the real axis). To see why this is the right formula, observe that the right-hand
side above has poles exactly at points of the form (z,v) = (xk, yz) (think of integrating over z first, then v, rather

than simultaneously) and the residue we would get is

N
2 (T =) (1 —xy)  xPyp
[Tz e = %) Tlje(ve = 1) 1= xeye

(with the 27/ factors canceling out), and then we sum over all k, £ and so it matches up directly. (This is kind of like
taking a Fourier coefficient if we let z = e’ and v = %))
This integral still looks a bit messy for lending itself to computations like using the dual specialization, but now

we'll rewrite it in a way that allows us to work with “more Schur-friendly” objects. Recall that the generating function

for the complete symmetric functions is H(x, z) = [], ==~ and this is the right side of the Cauchy identity, so now

I 1—x;z

we can write a lot of these things in terms of the Hs. First changing variables z = % yields
%%H(l—)gv)(l—u y) vP=N dudv
(2mi)? (1=xu)(1—yyv) wv=Ntly—v’

where our contours for the variables u, v are such that |v| < |u|, u contains the xj_ls, and v contains the y;s. And

K(a, b) =

now this simplifies to the following:

Theorem 67 (Okounkov '00)

The Schur measure is a determinantal point process with kernel
K(a.b) = H(x, u) H(y v 1) vbN dudv
27r/ H(y,u™) H(x,v) waN+ly—v’

For now this is the best we'll do — we'll take some specializations of this later and see how it evolves.

Remark 68. The Schur process is also a determinantal point process, but the formula is quite a bit more involved —
most things remain the same, but we now have a big “product of stuff” for a bunch of skew Schur functions which are
all Hs. So if we care about more slices of the PNG, we just have to add in more of these H factors.

There are other ways of proving this result as well, but this is the most elementary (just opening up determinants
and using the Cauchy determinant identity); if we wanted to repeat this argument for the Schur process it would be

more natural to use other proof methods.
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Example 69

We'll now proceed to talking about how this relates to the longest increasing subsequence (LIS) and PNG problems.
We've already described previously how to go from LPP to PNG to LIS: we put a geometric random variable of
parameter a;b; at integer grid points, then tilt and create upward paths, and then obtain LIS by a specific choice
a;j, bj = € and setting the size of the grid to N = te~! as € — 0 (so that most of the entries will be equal to 0 or

1, and a constant-order number of them will be 1 so that we get a permutation of roughly constant size).

But recall that the above limit is obtained via the “Plancherel specialization,” which is the case where H(x; z) = et?
(by taking the appropriate limit of H, 17550 =1 — €z)/¢). So in that special case, our formula from Theorem 67

simplifies:

Corollary 70
Under the above limit, the PNG at location 0 (where the top curve will be the length of the longest increasing

subsequence of a permutation of length ) is a determinantal point process on the values (\; — ) with kernel

_ _ vb dudv

where notice that we swap out b — N and a — N + 1 for b and a because of our shift on the partitions (A\; — J

instead of A\; —j 4+ N), and where our contours are such that |u| > |v|, v contains 0, and u contains co.

So in other words, we can think of the v-contour as being a counterclockwise circle around 0 and the w-contour
as a clockwise circle around 0 of larger radius. And this is not so bad — we're integrating an exponential against a
polynomial, and we'll talk about how to massage this later on.

We'll now write this as a sum in terms of Bessel functions, and then we'll think about a slightly different probabilistic

interpretation of all of this.

Lemma 71
The kernel above can be expressed also as

K(a, b) = Z Jatk+1(2t) Iptr+1(21),
k=0

where J is the Bessel function defined in one of the following three equivalent ways:

€9 o f2itn
1. Jy(2t) = ;ewm,

1 ez(v=v") .
2. Jy(2t) = (27”.)7{ oS! dv for a v-contour containing 0,

3. Jis the bounded solution to the differential equation t2J"” + tJ' + (t> — n?)J = 0.

The three equivalent forms can be easily converted between each other by evaluating the residue in (2) and also
comparing coefficients in the power series expansion for (3) to the expression for (1). And so if we believe that we
can get a handle on the Bessel functions, this won't be too scary — we usually can’t hope for better than a single sum

when describing these models.
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Proof sketch. We'll show that K(a, b) is equal to the second expression above. First change variables v — z7! to get

(a b ff (u—u D) +t(z—z71) Z_b dudz
(27r/)2 utl Z22(y = 1y 1)

_ %%et(u—u’l)-&-t(z—z’l) dudz
(27ri)2 uat2zb+2(1 — Ly

o0

dudz
(u—uH)+t(z—2z71) YUY« —k
(27”)2 fj{ yat2b+2 - O(ZU)

(we had to do the power series expansion this way because if |u| > |v| = |z|71, then |uz| > 1). And the advantage
now is that the integral decouples as

ii gty _ AU 1 [ ey dZ
— 27 yatk+2 g Zbtk+2"

and now (after negating both integrals to swap the contour direction) we get exactly a sum of J,ik11(2t) Jprks1(21),
as desired. O

Example 72

Taking a slightly different perspective now, this limit can be thought of as taking a continuous limit of PNG where
we just have points in the wedge (not necessarily at integer points), and as we evolve time we form outwardly-
growing plateaus which grow at rate 1, now at continuous locations and times. A slightly different way of writing
this (if we work through the combinatorial description) is the following. Take each point and consider 45-degree
rays to the northwest and northeast out of it; the fact that plateaus coalesce on the PNG side is like saying that

“rays annihilate when they hit each other.”

Observe then that this creates broken lines, and the number of broken lines is exactly the length of the LIS
(since we want the maximal up-directed path from the bottom to the top collecting as many points as possible, and
by definition we can collect at most one point per line). Furthermore, we get the number of such lines from the top
point of a Schur measure. So we might then ask whether we can recover the other parts of the partition from this
broken line construction — the answer is yes, but we won't go into that for now.

A different question we might ask is whether Schur can be replaced with something else and still have an interpre-
tation of this kind. What we can do is say that the rays annihilate each other with probability 1 — g but instead go
through each other with probability g. (Such a thing can significantly change the dynamics beyond just a single ray.)
We can now again think of having broken lines, where we interpret “passing through” as two broken lines touching but
not crossing; and this time the number of broken lines will be the top point of something called the Hall-Littlewood
measure. We won't give a complete definition, but the idea is that Hall-Littlewoods come from symmetric functions

Z7 1P\ (x)Qx(x) as well. This is no longer a determinantal point process, and it's a fact that the number of broken lines
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has fluctuations t'/3 and scale to Tracy-Widom as long as g < % But the moment we have g > % a different story
occurs; in particular we get Gaussian behavior at ¢ = % and can take g = %— % to interpolate between Tracy-Widom
and Gaussian via the KPZ equation.

11 May 5, 2026

We computed the correlation function of the Schur measure last time, and we took the continuous limit to obtain
the continuous PNG and longest increasing subsequence. We'll explore some of the probabilistic consequences and

interpretations now, moving towards asymptotics.

Example 73

To begin, we'll think about some combinatorial interpretations of the continuous PNG. Recall that in the appro-
priate limit, we end up with some points in the plane, and what we really care about are their relative ordering
among each other. In generic position, N such points will give rise to a permutation o, where the ith point from
the left is the o(i)th lowest point.

We saw previously how to map models like this to line ensembles, and now we claim that those features still appear
in this limit. One thing we can do is take the previous constructions we've done and take the limit of them, but here
we'll do a raw description via the RSK correspondence (RSK stands here for “Robinson—-Schensted—Knuth”). This

correspondence maps any permutation to a pair of standard Young tableaux:

Definition 74
A standard Young tableau (SYT) is a filling of a Young diagram with n boxes of the numbers {1,2,---, n}, so

that the numbers are increasing in rows (to the right) and columns (downward).

An example is shown below:

3] 6]

The way this pair of standard Young tableaux is obtained from a permutation is the following:

1. Start with two empty standard Young tableaux.

2. At each step, add the next (i) to the first SYT. We do so by trying to add to the first row, and if that doesn't
work because it breaks the row-increasing rule, then we push whatever was in its way down a row instead, and

repeat this until we can place the box.

3. Now add i to the second SYT so that it has the same shape as the first one.

For example, suppose our permutation in one-line notation is (6,2,4,3,1,5) (that is, 1 is mapped to 6, 2 mapped

to 2, and so on). Then after the first iteration we have

o] 2]
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and then after adding 2 (which bumps 6 down) we have

2] [1]
6 2
Next adding 4 yields
24| [1]3]
6 2
adding 3 (so bumping 4 down, which then bumps 6 down) yields
2[3] [1]3]
4 2
6 4
adding 1 bumps the 2 (and 4 adn 6) down to get
1]3] [1]3]
2 2
4 4
6 5
and finally adding 5 gives us the pair of Young tableaux
1|3]5] [1]3]6]
2 2
4 4
6 5

Fact 75
The map described above is a bijection between the set of permutations S, of size n and pairs (P, Q) of standard
Young tableaux of n boxes of the same shape. In particular, letting dim A be the number of standard Young

tableaux of shape XA, this fact implies the identity
nl= Y (dimX)?2
X of size n

Here dim X is also the dimension of the irreducible representation VA of S,, so this is a combinatorial realization

of a special case of Burnside’s theorem Y, e, o ¢ (dim V)2 = |G|.

We now claim that the length of the first row is also deterministically the longest increasing subsequence in o (we
can check this by checking that an LIS of length k implies at least k boxes in the first row, and also that k boxes in

the first row implies a corresponding LIS). Thus we have the following corollary:

Corollary 76

Sample a partition A under the measure (CeyE

. Then the law of A; is the law of the LIS of a uniformly random

permutation.
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It turns out that in the continuum PNG limit (with the exponential specialization), the Schur measure is exactly
W but with N ~ Poisson(t), and in fact there is a “de-Poissonization” we can do to get this to a fixed N. But we
won't go into that here.

We described dim A in a rather non-explicit way, but there is actually a formula for it:

Proposition 77 (Hook-length formula)

For any partition A of size n, we have |
n!

H(/,j)ex h(i,j) -

Here the product in the denominator is over all boxes in the corresponding Young diagram, and hy; j is the hook

dmX =

length of the cell, which is the number of boxes weakly (directly) below or (directly) to the right of (/).

For example, the hook lengths for the partition (3, 3,2, 1) are shown below:

2

’HU.)U‘I@

Example 78

A more geometric witness of RSK in terms of the diagrams we drew last time is the following. Given a set of
points in the plane, we draw horizontal and vertical rays up and to the right of each point, with intersections
causing annihilations. This gives us a union of broken lines, and the number of such broken lines is A;. This also

creates new points given by the intersection points of annihilation.

An example is shown below (with three total broken lines)

T

Once we do this, we can again repeat the construction but with the new points, which creates new broken lines in

blue. It turns out the number of new broken lines will be A5:
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Doing this one more time will give us one more broken line for the yellow point, hence A3 = 1. Thus in this case

we get a partition of shape

and the number of boxes is indeed exactly the number of points we started

from. (This is sometimes called the shadow lines picture by Viennot, and it gives rise to the same A from RSK.)
This actually gives rise to a line ensemble in the following way. We have three layers (the black, blue, and yellow),

and so we can track, from left to right, the number of broken lines that we have as we scan through. We'll have a

“tracker” for each of the colors, and we'll offset them by 1 so the black tracker starts at O, the blue tracker starts at

—1, and the yellow tracker starts at —2, and each time we see a line we increment by 1:

4

black
blue

yellow

Notice that we only change how many levels / broken lines we've created each time we cross one of the n original

points. And this line ensemble will be the limit of the PNG line ensemble if we set things up properly with the correct

offset, though we won't get into the details.

Example 79

Next, there's an interpretation of longest increasing subsequence in terms of airplane boarding. Suppose we
have a certain number of people who are trying to board a plane, and we have a certain number of seats from
front to back. However, the order of boarding may differ from the order of seats. If the first person to board
was at the back, the next person was the second from the back, and so on, then everyone can board and put
their luggage up at the same time. But in general there will be some delays because earlier boarders are blocking
later boarders from later seats, and in fact the amount of time it takes (in units of luggage time) is the longest

increasing subsequence of the corresponding permutation.
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Example 80
The LIS is also related to the idea of patience sorting, which is a method for sorting a deck of cards quickly
by hand. This was introduced by Ross in the 1960s and named by Mallows; theoretical results were proved by

Hammersley in 1971 and a paper by Aldous and Diaconis describes things in more detail.

Our algorithm is the following: we start with our unsorted cards, and we sort into piles as follows.
+ Start with no piles.

+ Sequentially, put each card into the leftmost pile whose top card is larger than it. (So this is kind of like RSK
but with no bumping.)

+ Once we finish this, the number of piles is the longest increasing subsequence. We can then get the cards in

increasing order by repeatedly picking off cards from the top.

For example, if our cards are 4, 3,5, 10, J, 2, then after making the piles the first one will have 4, 3, 2, the next will
have 5, then the next 10, and the last one J. This kind of algorithm is also how we might compute the LIS in practice;

it's essentially some variation of the greedy algorithm.

Turning to limits now, let's recall the kernel

1 wa 1 et(va’l)
K(a. b) = (2mi)2 %7{ VP Y — w etw—w 1)

(this is slightly offset from our definition last time, but it's really just a matter of convention of how our partitions

are offset). We'll now think about what happens when we take t large, since that corresponds to the LIS of a very
long permutation. This might seem a bit intimidating, but a “steepest descent” type calculation will suffice, and to
understand that we'll begin with a simpler example:

Example 81

Let’s think about the case where we have a one-dimensional real integral. Vladimir Arnold had a list of questions
that he felt mathematicians should be able to answer, and one of them was to approximate [, (sin x)*®dx up to
10% without a computer.

We know that the integrand is very peaked at 7, so we should approximate around that point: changing variables

and then doing a Taylor expansion yields (set n = 100)

/2 /2 x2 n
/ (cosx)"dx = / (1 - =+ O(x4)>
—7/2 —/2 2

where it's accurate to restrict to a smaller interval because cos x is very small when we're far away from 0, hence the
contributions there are negligible. And now we'll approximate by an exponential: we want to use that (1 - %)" ~ e 9,

so rescaling by setting x = % yields

1 /ﬁ (1 B y2>” dy ~ L /ﬁ gy~ L /* eV l2gy — 2"
\/ﬁ —n 2n \/E —vn \/ﬁ —00 n

And indeed plugging in n = 100 lets us approximate this by roughly %, and the real answer is indeed something like
0.25004.
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So the point was to find the maximum and rescale around the maximum so as to make the quantity being integrated
of order 1. We know that typically a function is roughly quadratic around its maximum (because the first derivative
vanishes), so that allows us to approximate around any “strict Hessian” point by a Gaussian integral and thus things
become exactly doable. But sometimes we don’t have a Gaussian and that’s actually what gets us the n'/3 instead in
Tracy—Widom.

Instead of going straight there, we'll now try to repeat this reasoning on K(a, b) directly. For simplicity, consider

the case where a = b = ut (where we think of u as the parameter); we thus have to evaluate

2ri)? %?{ exp (v—v_l—W+W_1+u|ogw—u|ogv))dwdv,

where we're integrating over contours where |v| > |w|. We have an exponential and t is going to be huge, so it makes
sense to try to maximize the quantity inside: defining S(z) = z — z7! — ulog z, we want to compute

27r/)27{j{ —exp (t5(v) — S(w)) dwdv.

Now if Re(S(v)) < Re(S(w)), then the integral is super small and there's no issue. Thus we want to localize around
a critical point of S, and S'(z) =1+ & — ¥, so S'(z) = 0 when

utvur—4
Z2—uz+1=0 = Z:f'

So immediately we see that there is a curiosity when u =2 = z =1, since that means we'll also have the quadratic

term vanish. But let's not think about that case yet and just do the case where u < 2; then the two critical points zy

will lie on the unit circle. Here our contours for v and w are both counterclockwise around the origin and containing

0, but we haven't specified them further beyond that. Thus we can choose the contours so that we localize around

zy and z_.

Remark 82. Notice that Re(S(z)) = 0 when |z| = 1, since z—z~* is purely imaginary and log z is purely imaginary as
well. Thus what we want to do is push both contours away from the unit circle in such a way that Re(S(v)) < Re(S(w))

everywhere on the contours except at z. So ideally we'll make v and w lie mostly on “different level lines.”

12 May 7, 2026

We began computing asymptotics last time, and the basic formula we want to study is the correlation kernel for the

partition parts (A\; — i) (maybe shifted by 1), where X is sampled under a certain Schur measure:

w? dwdy ettv=v"")
(a b) 1
27r/ vl y — py et(w—wh)

for contours containing 0 with |v| > |w|.

Remark 83. One way to think about \;j — i is to take our partition Young diagram and rotate it by 135 degrees
counterclockwise so that it "fits into the wedge” where we defined the PNG. Then the highest part of that figure will
trace out a function, and if we draw a circle on every down-step its x-coordinates will be exactly A\j — i up to a linear
shift. This is particularly useful if we want to think about the exclusion process by adding boxes to the Young diagram.

It was known long before the KPZ analysis that the longest increasing subsequence of a random permutation is
2y/n + o(y/n); we'll see it's n'/® times Tracy-Widom. So the right-most down step will occur around 2+/n and so
that's really where we want to probe to understand the asymptotics.
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We showed with a toy example last time that in problems like this, we want to Taylor expand around the critical
points. And as we started doing previously, we'll start with examining c\/n for some ¢ < 2 (taking a = b = ct;
remember that our box will have t2 particles so n = t> = t = /n). We should expect that if ¢ > 2 we would have
no particles (so K(ct, ct) — 0), if ¢ < 2 we have a positive density (so K(ct, ct) tends to a constant), and if c =2
something KPZ-like should occur (we'll see).

As we did last time, for fixed ¢ we have

K(ct, ct) = ﬁf]{%iv_dx exp ((Se(v) — Sc(w))t) . Su(z)=z— 71— clogz.

We have Re(S(z)) = 0 if |z] = 1, and we want to move our contours so that Re(S(v)) < Re(S(w)), with equality

only at a few places so that the exponential decay can be neglected.

Example 84

First, we'll do the case ¢ > 2. In this case we can actually push the contours so that we have strict inequality

everywhere by pushing v away from the unit circle and pulling w inside it.

Indeed, if z=a+ bi, we have

. a c
Re(S(a + b/)) = a— m — E |Og(32 + bz)
and now the gradient of this object (in (a, b)) is
VRe(S(a t biY) = (1 -2 _ac cab o _be
B (24022 2+ b2 (a2+b2)2 a2+ b2

Taking z itself to be on the unit circle now, the denominators are all just 1 so we will have VRe(S(a + bi)) =
(1+a?— b? —ac,2ab — bc) = (2a® — ac,2ab — bc) = (2a— c) - (a, b). Thus if we perturb (a, b) radially outward in
the normal direction by §, the change in S will be (2a — ¢)§; in particular (2a — ¢) is strictly negative for any point
a+ bi on the unit circle, so S decreases as we move out and increases as we move in.

Thus we will take the v-contour to be the circle around the origin of radius (1 + §) and the w-contour to be the
circle of radius (1 —9), chosen so that Re(S(v)) < —e and Re(S(w)) > ¢ for some € > 0. That means the exponential
in the integrand decays as e~2¢; the size of the contour is order-1 so the whole thing will decay as t — oco. In words,

the probability that the longest increasing subsequence is longer than (2 4 §)t decays exponentially in t.

Remark 85. In particular, this would let us answer the large-deviations question of how quickly these exponentials
decay,; we'd have to pick the contour more carefully to make the quantity Re(S(a+ bi)) “as negative as possible” and
it's just a question about two real variables. But we won't do that too carefully here.

Example 86

Now we'll do the ¢ < 2 case. What will happen instead is that (2a— ¢)d is no longer negative everywhere; instead,
if a> 5 there will be a sign change.

Let the points on the unit circle where Re(z) = § be e'® and e™®. (These points are actually the critical points
of Sc(z), which will become relevant for the Tracy—Widom case later.) To the left of 5 we want to push v out and
pull w in, but to the right of 5 we instead want to pull v in and push w out. And our contours don't allow that if
[v| > |w]|. The key trick of this steepest descent technique now, though, is to do it anyway — “the exponential decay
is much more important than respecting the contour,” and we can see the price that we pay for doing it.
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In the diagram above, the v contour is in blue and the w contour is in red (counterclockwise). We might be
concerned about the intersection points, but we just have a pole of order 1 and that's okay to integrate in two
dimensions. So the integral makes sense and we have Re(S(v)) < Re(S(w)) everywhere on the contours, and the
only way in which we've cheated is that “we pay for the poles where v = w” when we move the w-contour (while
keeping the v-contour fixed), and the residue is actually not so bad to compute.

For concreteness, suppose the v-contour is actually exactly S'. Then if we move w from inside S! to outside S?,

we'll only see a residue for v = e’® with 8 € [—¢, ¢], and the residue will be 1. Therefore the price we pay is

1 dv. 1 (¢ "
27 Slarc from e—i® to ei¢ V 2m —¢
_ ¢
™
1 c
= ; arccos 5,

and this is exactly the density of particles at ct. Indeed, if ¢ = 2 we get arccos1 = 0, so the density is indeed

continuous. And so at ¢ = 0 the density of particles is % and near ¢ = —2 we get a density of 1.

Fact 87

Once we've moved the contours past each other and paid the residue penalty, the remaining integral is actually
very small and doesn’t contribute. Indeed, we can say that only a small §-ball around the two points /¢ and e=/¢
will matter since everything else is exponentially decaying for the same reason as the ¢ > 2 case, and within those
d-balls we're integrating an order-1 pole within volume §2; hence the contribution is of order §. Thus if we take

t — oo then § — 0, this part is indeed negligible.

So integrating out, we see that the limit shape of the (135-degree-rotated) partition is
2 . C
Q(c) = - (carcsm 5~ Va-— c2) ,

which is sometimes called the Vershik—Kerov limit shape. And we can even extract out the correction here, though

people usually don’t do so very carefully (really that's what we're going to do in the ¢ = 2 case).
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Example 88
In this analysis, we've looked at a = b = ct, which is exactly the particle density at a certain point. What we

can do instead is consider the correlation K(ct + x, ct + y) for x, y fixed, and everything goes through as before

except with an extra % in the integrand.

The exact same deformation of the contours works, but now the “price we pay” is the sine kernel

L ev-1g, = SN =)
2mi Sl-arc from e~ ¢ to e/® ﬂ-(X - y)

(when x = y we recover the usual %) So in particular, the probability that ct, ct + 1 are both in the point process is
the determinant _
K(ct,ct)  K(ct,ct+1) et [ ¢ S';‘f’] _ ¢? —sin’ ¢
. —

s

K(ct+1,ct) K(ct, ct) sing @ 2

s

Notice that this is smaller than what we'd get if the particles are independent, so particles repel. This is a very
general phenomenon of point processes for any symmetric kernel (since we're subtracting off something squared when
we compute this 2 x 2 determinant). And this also tells us that the rate at which the repelling happens is aiz for

distance a.

Example 89
We'll now start to move towards the ¢ = 2 case; let’s just state the result now and prove it next time.

Instead of the sine kernel, we'll get the following object which is a process over the reals (since the fluctuations

will not be discrete at the edge):

Definition 90
The Airy kernel Kairy is given by, for x,y € R,

Kairy (X )—;//ex V—B—W—3—vx+w dvdw
Al - (2mi)2 P{3 w Y v—w

where v and w are any fixed contours of the shape shown below (with all angles 7).

~

The reason this converges is that on the lines we draw, v3 mostly has negative real part and w2 mostly has positive
real part and so we have something exponentially decaying. The name “Airy" comes from the fact that we also have

the representation
Ky (%, ) = / Ai(x + MAI(y + \)dA,
0
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where Ai is the Airy function
1 3
Ai(x) = p /cos (23 + zx) dx

i/ooex /'i—&-/'zx dz
21 J_ oo P\'3 ’

Indeed, we can imagine plugging in this expression into the integral f0°° Ai(x + X)Ai(y + A)dX, and then the integral

over X\ gives us ZJ%W and then we swap variables. And we can also further write things in a similar flavor as the sine

kernel as AT oA
Kainy (%, y) = I(x)Ai (Y)Z:yl (x) |(y)-

This is kind of reminiscent of a Gaussian but with cubes instead of squares, so that gives us a sign we might see a t/3

term somewhere.

Definition 91
The Tracy-Widom GUE distribution is given by the expression

FGUE(S) = det [/ = KAiryl{(S, OO)}]

es (_1)n 0 00
=S SR [ [ det K 9l 0
n=0 ' = =

So perhaps we can start to see all of the pieces of the result coming together, and we'll do that next time!

13 May 12, 2026

Last time, we introduced the Airy kernel (which will arise as a scaling limit of our kernels at the edge). We were
computing the density of particles at ¢ < 2 and ¢ > 2 last time, and now we're going to understand what happens
at ¢ = 2 (where the density is very low and something different happens to the top particle). We wrote down an
expression for the Tracy—Widom GUE distribution in terms of the Airy kernel; specifically, if X has that distribution,
then we have P(X <'s) = Fgue(s).

Looking more carefully at the expression

x —1)" 00 oo
Faue(s) = Z %/ / det [Kairy (i, X;)]1<; < dX,
n=0 ’ s s

it turns out Kairy(x,y) = 0 as x, y — oo (it's not so transparent from the contour integral expression, but it's clearer
from the representation in terms of the Airy function which decays exponentially in its argument). Thus as s — oo,
we have Fgue(s) — 1 (only the n = 0 term still stays), which should indeed make sense. On the other hand, the fact

that Fgue(s) — 1 as s — —oo takes quite a bit more work and we won't do it here.

Remark 92. We might wonder why our infinite alternating sum even converges, since we have an n-fold integral which
could be big. But what's useful in general is that we can estimate determinants via the Hadamard bound: if A = (A;))
is an N x n matrix with columns (A;), then

n
|det A < T 11A1I2
j=1
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(because the determinant is a volume and the largest volume of the parallelopiped is if the columns are all orthogonal).

So for any fixed J,
n
det [Kain (X, Xj)]lg,',jgn = H 1K ainy (X1, 1)) ill 2.

j=1
and we can use what we know about the Airy function to bound this in a way so that it grows only exponentially (and

thus the n! term dominates).

We can now state the result that we’ll prove today.

Theorem 93
Let KtPNG(a, b) denote the PNG kernel coming from our particular (Poisson point process-type) specialization.
Then

tl|_>rrgo tY3KPNG (2t 4 /8% 2t + t1/3y) = Kainy (X, ¥).

c
arccos 3

for c > 2 and ¢c < 2,

This is in contrast to K¢(ct, ct) converging either to 0 (exponentially in t) or to
respectively. So we have a positive density of particles up until ¢ = 2, and now we see what happens right at the
critical point even though we know that the density will tend to zero.

Interpreting the actual statement of the theorem, it will turn out that the proper scaling for variation in the limit

is t1/3 rather than constant order (as we had in the ¢ < 2 case), and the density of particles is roughly of order t=1/3,
Example 94
Before we prove this, we'll make the connection to Tracy—Widom. We have to take all of the scaling into account,
(>\I_i_2t)f

but what that means is if we center around 2t in a window of length t1/3, then we'll see a point process 7
on R instead of Z, and the correlations are given by the Airy kernel. (The density correction from the rescaling

accounts for the leading factor of t/3.)

Since det[1—Kairy 1{(s, 00)}] then tells us the position of the highest particle, we're indeed saying that the rightmost
point in PNG has Tracy—Widom fluctuations:

Aj— 2t
PO\ <2t + st =P ( :

M 5) o detl = Kanx Lxy < )] = Faue(s).

Fact 95

We do have to worry about uniform convergence of Kai, so that these infinite sums converge, but in practice
that's not an issue and just makes the papers longer with more computations. It's not so involved to go from
convergence of the kernel to convergence of the process; we need tightness and uniqueness of limits. Tightness
usually holds just by reading off the kernel, and uniqueness requires correlation functions to pin down the process,
which is actually what we're getting already. So tightness is really the only thing being swept under the rug here.

Proof of Theorem 93. We start with our explicit formula for the kernel

1 Wt dvdw
Kt(2t + t1/3X, 2t + tl/3y) = (27”)2 f\% et(s(v)_s(w)) VXt1/3+l m, S(Z) =Z— Z_l -2 |Og z,

with contours such that |v| > |w/|. Our goal is to take the limit t — oo, and now is when we're actually going to have

to pull the Gaussian integral-type trick from Arnold’s integration problem. With S'(z) = % (z—1)2, we see that z = 1
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is the critical point of order 2, and the first nontrivial contribution is the cubic term (since S(1) = S'(1) = S”(1) = 0).
Thus
53 3
S(1+4+0z) = = +0(6%),
and so we will change our variables to have the §2 cancel out the t (much like we chose the rescaling parameter in
the cos" 6 problem to be of the correct “critical width” to make everything the right order). There we needed to
do ﬁ for the quadratic behavior, and here we will need to do § = % for the cubic behavior. Replacing (v, w) +—

(14 t7Y3v, 1+ t71/3w) yields

,1/3 yt1/3 d d
+-1/3 v:oow? _4/3 (14t w) vdw
Ke = (27T )? j{%exp ( (31: 3t +o(t ))> (1+ t—1/3v)xt1/3 v —w

in the front comes from the Jacobian factor in 9£9%

1/3 and where the contours for v and w now have

where the t~
to loop around —t'/3 instead of —oo (which is really an irrelevant condition), and where v should be to the right of w
near the main contribution of this integral. But in particular, the contours that we drew last class for the Airy kernel
(at angle %) will work, and that's exactly what will make sense as t — oo.

Now for the powers of w and v we use that (1 + )" — e as n — oo. We have

—1/3,,,\yt'/? dvd
—— viow? 1/3 (14t w) vdw
tango EEKe = tILrgo (27r/)2 j{f ( + o )> (14 =13yt v —w
_ ffex vow Lwydvdw
(27ri)2 P\ 3 3 ) exv—w
= KAiry(Xxy)y

as desired. We've neglected the contribution of the contour outside of this main region (that is, we've proven pointwise
convergence instead of convergence of the integral), but we just use the fact that Re(v) < Re(w) and that our specific
choice of Airy contours allows for the dominated convergence theorem to apply. O

In our analysis above, we've picked c¢ in such a way to get an order-2 zero instead of the generic order-1 zero, and
we might ask what happens if we rig it in another problem to get something different. These limits also exist in
the world of random tilings, and we'll make some remarks about that now. Under the name of lozenge tilings,
we can tile a regular hexagon using three kinds of rhombi shown below, and we can consider a uniformly random

such tiling.

[/ N\

Outside of the inscribed circle of the hexagon, we'll typically only see one kind of tile in each connected region
(this is called the “Arctic circle phenomenon), and inside the inscribed circle we have some nontrivial density of each
type of rhombus. The outer part is usually called the “frozen region,” and the inner part is called the “liquid region.”

Thus we might ask what happens right at the “Arctic boundary” of the circle (of course, one might complain that
actually in the Arctic, the inside should be the frozen region). In order to explain that, we can also think about this
model by drawing a dotted line between the midpoints of the two horizontal edges of each rhombus which has them (so
two of the rhombi types will have a dotted line, and the last one does not); these dotted lines will form non-intersecting

paths.
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So if we zoom in around the rightmost point of the Arctic boundary, the vertical rhombi will turn into horizontal
rhombi at some point near the boundary of the Arctic circle. Any horizontal slice will then intersect these dotted lines
at some locations, and these locations form a point process, in fact even a determinantal one. This process is not
a Schur measure, but in a somewhat similar flavor with a double contour integral we get an explicit kernel. With an
appropriate scaling limit (again at the scale of n'/3 fluctuations, where n is the sidelength of the hexagon) and the
same “steepest descent” strategy, this kernel then converges to the Airy kernel near the circle. Thus in particular, the
location at which the extreme path meets the slice is distributed as Tracy—Widom.

This prompts some natural questions:

1. We only looked at where the path meets a given slice, but what about the distribution of the whole path? (This

is similar to asking for Brownian motion instead of just a Gaussian at each point.)
2. What about the full scaling limit of extreme paths together?

3. What if we use a different domain instead of the regular hexagon, but still use the same three rhombi to tile?

The names for the first two objects turn out to be the Airy, process and the Airy line ensemble, which we might
talk about a bit more next time. But at a high level, we can describe the answer to the third question now.

Theorem 97 (Aggarwal-Huang)

For any generic polygon tiled by rhombi, we get a frozen region governed by an inscribed curve, along with some
associated extreme paths. Then at any generic point on the Arctic boundary (we just want to avoid tangency
locations, as well as cusps), we get the Airy line ensemble.

On the other hand, something different happens at the non-generic points. Zooming in around a cusp, the process
describing the scaling limit of the extreme paths will be different. Indeed, at least on some domains, we get a
determinantal point process with an explicit kernel. Applying steepest descent at this cusp point, the analog of the
action S(z) will instead have a third-order critical point instead of a second-order one. The Taylor expansion then gives
us a quartic leading term, so that we have something like eVTA_WTAJ““', leading to the Pearcey kernel and accordingly

the Pearcey process:

Theorem 98 (Huang—Zhang)
Around a generic cusp in a generic domain, and under certain boundary conditions, we see the Pearcey process

for the extreme paths.

In terms of natural probabilistic surface models, the Pearcey process is where it stops (and that's a provable
statement). But we can get higher-order limits out of certain specific kernels, and that kind of phenomenon does

matter in fields like string theory where these singularities are studied.

Remark 99. The reason that we can have this kind of “cusp behavior” with Brownian motions is the following: if we
imagine starting a bunch of nonintersecting Brownian motions in two separated groups, then they will spread out over
time from each other until the two groups collide, and that collision is exactly what we should imagine happening at
the cusp.
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14 May 14, 2026

We obtained the Tracy—Widom fluctuations for the longest increasing subsequence last time, and we also talked a bit
about the relations to tilings, in particular leading to the Airy line ensemble for describing extreme paths. We'll discuss

that line ensemble a bit more today and then see the connection to random matrices.

Example 100
Continuing the setting from last time, we tile a regular hexagon with one of three types of rhombi and draw dotted
segments through the rhombi with horizontal edges. The resulting dotted lines near the inscribed circle are then
the objects of interest.

We can see the Airy line ensemble through this model or multi-layer PNG, or we can do it through formulas.
But a third interpretation is the Gibbs property, which is arguably the most powerful way of thinking about it.
We'll go through all of those interpretations.

Recall that the multi-layer PNG is a set of nonintersecting paths in the integer lattice (again, see the example above
Lemma 20 for a picture). We can imagine that if we run the PNG for a very long time, we'll have many nontrivial
paths lifted above their initial flat state, and so we might predict that the top paths will look something like the dotted
lines.

We'll be a bit heuristic about this, but the idea is to look at the top curve at location x = 0 and zoom in at
the correct order of fluctuations, which is N¥/3. We might then imagine that because the multilayer PNG consists of
(weighted) paths with certain allowed up, right, and down edges, conditioned to not intersect, in the absence of other
paths we have a weighted random walk and so we should converge to Brownian motion under the usual diffusive scaling
(dividing by T'/2 if we have a horizontal scale T). Therefore to match the predicted N/3 fluctuations, we should
be looking at a horizontal window of width N2/3 around the origin, and then we'll get some nontrivial stochastic

processes. That turns out to also be the correct width to consider in the Arctic circle example as well.

Theorem 101 (Prahofer-Spohn '01)
The heights of the top curves in the multilayer PNG model satisfy

hi(xN?/3) — cN )
( dN1/3 )iez R — (Af(X) =X )ieZ,xeR

for some constants ¢, d. (We sometimes call (A;(x))ien the stationary Airy line ensemble and (Pi(x))ien =

(Ai(x) — x?);en the parabolic Airy line ensemble.)

The reason for using the convention of —x? is that in the hexagon tiling model, the Arctic circle boundary curves
downward and thus it looks parabolic locally. Since we're considering a window of smaller order than the radius,
this approximation is what we want to do to correct for the curvature, and in fact this is what will make A;(x)

translation-invariant in x.

Remark 102. We can compute the values of ¢ and d in a few ways. For the mean ¢, we can sometimes do it with
steepest descent But sometimes with other strategies (like in Dyson Brownian motion or in the LIS model where things

are already known before the fluctuation result). And the variance will just come from understanding the random walk.

We can now try to express this as a determinantal point process. The Schur measure gave us a specific vertical

slice (at a particular value t), and the Schur process gives us a multi-point distribution. The Schur process turns out to
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also be a determinantal point process, meaning that we know all of the correlation functions between slices at different
ts in terms of the kernel. And so we can use the joint correlations to form a determinantal point process for the Airy
line ensemble as well, and that's what we'll try to do.

Proposition 103

The stationary Airy line ensemble is a sequence of random curves (A;(x), Ax(x), - - ), ordered so that A; > A, >
-+, defined by the probability density P (2, {(ti + dt,y; + dy) NU;>; Ai} # @) which we'll write in shorthand
as dP (ﬂf’;l(t,-,y,-) € Uj Aj). (In words, this is the probability density of m specific points lying on the curves.)

That quantity can be written as a determinant via
m
dP ﬂ(thy{) € UAj = det[K(yi, i1 Y, tj)]lg,',jgm dydet,
i=1 J

where the kernel is given by the formula
/ EOAi(x + NAI(y + N)dx  if s> t,
0
K(x,s;y, t) =

— [0 AKX+ NAI(y + A\)dX ifs < t.

Notice that if we look along a single slice (s = t), this should all look familiar and we recover everything we've
seen before: indeed, we have

K(x, ty, t)= /Ooo Ai(x + NAi(y + N dX = Kai(x, y)

independent of t. And because the kernel only depends on (t — s), this indeed shows translation-invariance of the

process.

Remark 104. As a sidenote, this line ensemble is no longer a determinantal point process in the locally finite sense, but
we can always take a mesh to, and perhaps we can also think of it as a point process on functions via some reasonable
topology. And in fact going from the kernel to the line ensemble is not actually trivial — it doesn't guarantee continuity
in some natural sense, and we actually don’t do it through determinantal point processes.

Moving to a more probabilistic description now, recall that the parabolic Airy line ensemble (A1(x) — x2, Ax(x) —
x? --+) is constructed as a limit of nonintersecting paths coming from the tilings. We'll rotate the hexagon tiling
90 degrees so that the dotted-line paths are actually evolving horizontally. Knowing the random walks allows us to
reconstruct the hexagon tilings (because the two types of increments give us the two types of horizontal — now vertical
—rhombi, and then we fill in the gaps). Thus the bijection lets us think about nonintersecting random walks equivalently

to lozenge tilings.
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X1 /\/\/
X2
X3 \/\/\

Well, let the top walk be X7, the next one X5, and so on. Suppose now that we condition on X5 and also on

~

the values of X; at two points s and t. We are taking the uniform measure on tilings, so the conditional law of X;
in between s and t will then be a uniform (simple) random walk connecting Xi(s) and Xi(t). Thus in the limit we'll
have a Brownian bridge conditioned to stay above the other curves, and this fact is sometimes called the Gibbs
property (specifically for the tiling).

Remark 105. Suppose we have a bunch of points xq,- -, x, and we want to form Brownian motions from (x;, 0) to
(xj, 1) for each i, so that the paths don't intersect. Because of the nonintersection condition, these paths will get
pushed outward much like they do in the other models we've discussed, and in general it'll require a PDE to compute
the limit shape of how these curves spread out. But in the case of the “watermelon” where all the starting points are
essentially at the same point, it turns out the horizontal slices are given by a GUE eigenvalue distribution. We'll see
the connection to that soon.

We could have just as well made the same statement for the top two curves: fixing endpoints and the value of X3,
the top two curves would then be simple random walks with the specified start and end, conditioned to stay above X3

and to not intersect. Putting these together lets us make the following definition in the limit:

Definition 106
A family of random functions (L; : R — R);ey satisfies the Brownian Gibbs property if the following hold:

1. The paths are ordered, meaning that we always have L;(x) > Lj+1(x).
2. Fix any i < j. Conditioned on L;_1(x) and Ljt1(x) for x € [s, t], and also conditioned on the values of

Li,Lit1,--+,Ljat x=sand x = t, the law of (Lx(x))ke[ijj.xe[s.t] IS Brownian bridges connecting L(s) to
L(t), conditioned to not intersect each other and to also not intersect L;_; and Lj4;.

Fact 107

The parabolic Airy line ensemble (A;(x) — x?)ien = (Pi(x))ien has the Brownian Gibbs property. This should
hopefully not be a surprise because it holds in the discrete setting for the lozenge tiling random walks, but it does
turn out to be a bit technical to actually prove it.

For more or less the same reason, most of the models we've studied also have the Brownian Gibbs property. And

we can go the other way around too:
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Theorem 108 (Characterization theorem)

Let (L1, Lo, ---) be a family of random functions satisfying the Brownian Gibbs property. Assume that L; “is
approximately parabolic” — informally, L1(x) = —(1 + o(1))x? with high probability, and more specifically we're
asking that for all €, 3, there is some constant C = C(g, d) such that

P(|L1(x) + x?| > ex? + C) < 4.

(The constant is just to have some buffer at x = 0.) Then up to an affine shift, (L;);en is the Airy line ensemble,

meaning that there are some real numbers £, r with (L;(x)) 4 (Pi(x) +£Lx +r).

(The affine shift is clearly necessary, since the parabolic condition respects it and Brownian bridges are still Brownian
bridges after affine shifts. And in most systems in practice, we can pin down the values of £ and r.) So the point
is that we always get the Tracy—Widom whenever we have this Brownian Gibbs property, even without needing to

compute the exact distributions.

In a general combinatorial model, what we have to do to get Tracy—Widom is show the Gibbs property in the
discrete and then find the right scaling so that the limit is still Brownian, but where we also “see the second curve.”

So for example in the Arctic circle, we need R? horizontally and R vertically; if we wanted to figure out why

R = N/3 without knowing it ahead of time, imagine shrinking the picture down so that the circle is of order 1, so we

have a cell of width RWQ and height % near the top of the circle. We then want the box to contain some significant

part of the second curve too. But since we have a parabola (of constant leading coefficient) in this rescaling, we must
R

2
want (RWQ) ~y = R= NY/3. And the way we would actually really justify this formally in many other models is

through some variational problems which end up being invariant when we pass to the limit.

Remark 110. We might ask whether the assumption that L1 is approximately parabolic is necessary. It turns out that
there do exist collections of curves (L;) satisfying the Brownian Gibbs property, such that L1(x) ~ —alx| (and so in
particular this is not the Airy line ensemble); in general, we can also construct things where the first K curves fall off
linearly but then things are parabolic afterward. These are sometimes called Airy line ensembles with wanderers
(explicit kernels are known for them), and it turns out the slopes on the two sides don't have to be the same as long

_ —ax asx — oo _ _ ,
as we have something of the form with a+ b > 0 (so some kind of upside-down V shape).

bx as X — —oo
Thus a natural conjecture is that if we have the “approximately parabolic” condition for L,y instead of Ly, then
(Li)ien is an Airy line ensemble with wanderers up to an affine shift. A second natural conjecture is that if we're

bounded between two parabolas, meaning there exist g, Q@ with
P(—Qx? —C < Li(x) < C—qx?) >1—9,

then (L;) are the parabolic Airy line ensemble up to some rescaling o~ P;(c%x) which allows us to modify the curvature
while preserving the Brownian structure, where o can be a random variable valued within [g, Q]. And a third natural
conjecture is that the same holds even if we only impose the upper bound.

In other words, we're conjecturing that nothing decays faster than quadratic, and we have to be a mixture of things
that decay quadratically with the same rate on both sides. Indeed, this is because if we imagine taking a huge domain
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of length N and length L, there will be some limit shape coming from the distribution of the number of curves above
any point (conditioned on the boundary data). And this top curve has some curvature that varies smoothly along the
box, so we should expect that with some regularity we get constant curvature in the quadratics too.

15 May 19, 2026

We discussed last time how to get the Airy line ensemble out of things like the PNG, and today (and next time) we'll
move to a new topic of random matrices. The goal will be to look at the Gaussian unitary ensemble (GUE), show
that it's a determinantal point process, derive its kernel, and then take limits (both in the bulk and at the edge, which
will give rise to the Sine process and the Airy kernel, respectively.)

Example 111 (Gaussian unitary ensemble)
Let H be a random N x N Hermitian matrix sampled as H ~ e~(H*) relative to Lebesgue measure. In particular,
if H= (hjj), then the density of H is

exp [~ S Inf? | an
iJ

and so essentially all entries of h are complex Gaussian. So we can fill up the upper triangular entries with complex

Gaussians and then fill out the rest so that it is Hermitian (recall Example 4).

Our goal will be to understand the spectrum of H; that is, we want to study the eigenvalues (Ay, -+, Ay) € RV,

We'll take the following without proof:

Fact 112
The probability density of the eigenvalues is given by

N
dP(X) = Zyt [ v=x)?JJ e dx.
1

1<i<j<N i=

We wish to understand this object in the large-N limit, and to do that the first step is to realize this as a biorthogonal
ensemble. Once we compute the kernel using a general formula for such ensembles, we'll be able to express the kernel
as a double contour integral (like for the Schur measure) and take a limit with steepest descent methods.

Recall that we're always free to choose a reference measure u with respect to which we have our determinants, and
to have a biorthogonal ensemble we must have P(X) ~ det[¢f(>g)],’fj-:1 det[w,'(@)]?’jzldu(xl) -+~ du(xy) (leading to the
%:1((G*1)T),j¢,(x)wj(y) — see Proposition 66 for the details). For the Schur measure

we didn't try to orthogonalize anything — we could compute the Gram matrix G explicitly using some identities — but

correlation kernel K(x,y) ="

here we'll make the analysis simpler.

A2

“ " . N _ . 2
In our case, we have a "decoupled” part with [[;_; e™*" as one of our terms, so we will take u(x) = e and we

now have

P)~ JI i =) [ du).

1<i<j<N

N
Now the Vandermonde term (without a square) is already itself a determinant because [[; ;. ;< y(Xi—};) = det [Aj’ :|f,j:1-
So we could take ¢;(x) = ;(x) = x'~1, but this isn't quite as nice as it could be because powers of x are not orthogonal
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under the Gaussian.

So to avoid carrying the factors coming from the Gram matrix G, we'll instead change basis and use the orthogonal
polynomials With respect to the Gaussian measure. If f; are polynomials of degree / and leading coefficient a;, then
det[fi(x)] ey = Iy, ai [[1<i<j<n(xi — x;) by rescaling the leading coefficients and then using row reduction to get
rid of the lower-order terms (by subtracting earlier rows from later ones to get rid of constants, then linear terms, and
so on). That means we are indeed free to pick any family of polynomials that we want instead of just monomials, and

the one we'll use is the Hermite polynomials:

Definition 113

The Hermite polynomials H,, are given by

Ho(x) = (=1)"e® - (e’XQ) .

axn

For example, Ho(x) = 1, H1(x) = 2x, Ho(x) = 4x? — 2, and in general H, will be a polynomial with leading term

2Mx"n,

Lemma 114
For any m, n,

00 a 0 if m # n,
/ Hon () Hp(x)e™ dx =
—oo 2"nly/m if m=n.

Proof. Plugging in the expression for H,,, we have that

[e°]

/OO Ho(x)Hn(x)e ™ dx = (—1)'"/

—00 —

(e’xz) Hn(x)dx,

o dXM
and now we can integrate by parts to push the m derivatives from one term to the other to get
o0 > d
e —— (Hn(x)) dx.
| e g ol

So in particular, if m > n this is zero because H, is of degree n and we take more than n derivatives; similarly we can
just swap the roles of m and n if m < n. So the only remaining case is m = n, which would leave us with

0 d ©
/ €7X2 (ann+...)d)(:/ e’x2(2”n!)dx,

n
oo dx oo

and the remaining Gaussian integral exactly gives us the factor of /7. O

Thus we have the biorthogonal ensemble representation (absorbing the leading-term factors into the proportionality)
P(X) ~ det[H-109)]%—; det[Hi—10g)]—, du(z).

The Gram matrix is then diagonal, and our kernel will then be given by

= Ha(X)Ha(y)
K(x,y) = nZ::O LN

relative to the Gaussian measure. We now want to write this in a way that lets us apply steepest descent. Right
now the formula for H, requires us to take a lot of derivatives, but now we can use some of the other properties of

the Hermite polynomials:
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We have the following useful facts:

o (D7 (@92
1. Ha(x) = n! Z ml (= 2m) (This can be shown by induction.) In particular, the degrees of the
m=0 '

nonzero monomials all have the same parity as n.

2. The following three-term recursion holds (and can be proven by integration by parts, but something general

holds for orthogonal polynomial families):
Hp1(x) — 2xHp(x) + 2nHp—1(x) = 0.
3. H, satisfies the differential equation H)(x) —2nH,,(x) +2nH,(x) = 0 (replacing varying indices with varying
derivatives).
4. Hp(—x) = (=1)"H,(x) for all n.
5. Hi.(x) =2nH,—1(x).
6. The generating function for the H,s is given by

o0 Zn ) )
o XZ—2Z
E Hn(x)—n! =e :

n=0

The last of these properties will be the most useful for us — indeed, we used something similar with the case of the

Schur measure. Indeed, the left-hand side of (6) is e >, (_,,Z!)n d‘in(e‘xz), but this is exactly the Taylor expansion

of f(x) = e for f(x — z). Therefore we can integrate both sides of the generating function expression and fish out

the degree-n term appropriately:

Corollary 116
We can write the Hermite polynomials as contour integrals

nl eQXZ—22
Hn(X) = Tm%ﬁdz,

where the contours are any counterclockwise curves around 0.

Another integral representation will also be of use so that the double contour we end up with is a little easier to

compute with:

Lemma 117

We also have the expression
2ne><2 ico

Iﬁ —ico

Hy(x) = Gl B

where the contour is over the imaginary axis.

Proof. The idea will be to swap out the complicated expression e’ (which is hard to take a derivative of) with

something else with a simpler dependence on x:

e—x2 _ i > eQitx—tzdt
VT ) '
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(This just comes out of Gaussian integration and completing the square, or equivalently this is the characteristic
function of the Gaussian.) Therefore by changing variables s = it,

d" (e—xz) _ i ( i L o e2s><+s2 dS)
axn n Iﬁ +ico

on —ioco )
= - / 5n625><+s dS,
I\/’/'T' ico

and then swapping s — —s yields the desired claim. O

Therefore we can plug in this integral representation into our formula for the kernel (now relative to the Lebesgue

measure instead of the Gaussian measure)

K(x,y)= ZO Hg(:?:%y) —(P+y?)/2.

(The factor of 2 makes sense since K(x, x) should be relative to u(x) = e, and in general we need to split the
Gaussian density across x and y.) We find, using the two different expressions for H,(x) and H,(y), that

—(+y?)/2 N-1 nay? ico | 2xz—2°

e 2Me 2 1 nl e

K(x,y) = _ nes =2y ¢ fy{id .
(x.y) VT nE::O ( i/ /,,-DOS ° S) <2”n! 27| ot 92

(The reason for using the two expressions is that notice we now have a +2xz and a —2sy in the exponentials, and

having the difference there is similar to how we did the e~ #(5()=5(V) formulation in LIS before.) Simplifying a bit and

swapping the order of integration yields

o222 N=1
K(x,y) = / f o Reyiza N oy dzds
n=0

Here the integral over the imaginary axis is uniformly converging, and the contour integral is over a compact interval
with no poles, so swapping the integrals and sum causes no problems. The resulting kernel after computing the

e(y —x?)/2 / % 222 dsyioxz S| s dzds 1 <§>N
2w ) zmtlz — s z '

This expression is okay; however, to avoid having to worry about this N dependence in this particular way (and so that

geometric sum is

we don't have issues with the tail, since actually s has to go off to infinity), we can instead massage things and “run
the sum back to —oo.” Extending our finite sum to start from n = —oo, we must take our contours so that |z| < |s],
so say that z is some small contourclockwise loop around 0 and sis from A — joo to A + ico. Under those contours,
adding in the negative n integer terms because the integrand es' 2 *25”2” s has no poles for negative values of n.
We thus get

e(y?=x%)/2 Atioo S N-1 gn
_ oS —Z —2sy+2xz §
K(X,y) = 2(7”)2 %A N mdsdz
n=—o0

- Aioo
_ ey’ =x%)/2 + es2 =22 —2sy+2xz (f)N 1 dsdz
“2(mi)? A- 2 e

after computing this new geometric sum. From here, we are free to remove the e?=x*)/2 term. since this amounts to

conjugating the kernel K by the diagonal matrix diag(e‘x2/2), which doesn’t change any determinants. So what we
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will really work with is

p A+ico s —2z2—2sy+2xz s\ N
(xy) = 2(7r/)2 j{/A  s—z (E) dsdz

This is what we'll deal with next time; we'll take limits similarly to the Schur measure to get different kernels in the
bulk and in the edge.

16 May 21, 2026

We discussed the kernel for the GUE last time, getting it into a double contour expression. We'll write it this time as

A+/oo w?—2wy dwdz
K(x.y) 7r/)2 ?{/A e22 >z W -z

where the z-contour is a counterclockwise circle around the origin and the w-contour is a vertical contour with A > |z|.
Today's goal will be to analyze this kernel in the large-scale limit N — oo, and we'll now get a continuous version of
the sine kernel instead of a discrete one in the bulk, as well as the Airy kernel at the edge (which automatically gets
us Tracy—Widom).

We'll be a lot more informal this time and be more heuristic about how the limits are actually taken, since we did
it more carefully last time. The first step is to put everything under an exponential and see the critical points; calling

In(w,z) dwdz dwdz

the integrand e , we have

In(w, z) = N(logw — log ) + w? — 22 + 2xz — 2wy.

We want all terms in this to be of the same order, so we'll change variables w = VNW, z=+/NZ to match the w2, z2
terms. We want to probe some point on our spectrum, and we gave a heuristic earlier that order v/N is the general width
over which eigenvalues appear. So we'll want to probe at a particular location cv/N, and because there are N eigenvalues
we expect the spacings to be roughly of order f That motivates us to also scale x = cvV/N + = Y= VN + ol
yielding

In(W, 2) = N(log W — log Z + W? — 22 +2¢Z — 2cW) + 2%Z — 2jw.

The idea will be that as we vary X and ¥ by a constant, the integrand will actually see that effect but not in a way

that dominates everything else. So to get it in the same form as with LIS, we define S(x) = log x + x> — cx so that
In(w, 2) = N(S(W) — S(2)) + 2%Z — 29 w.
Computing the locations of the critical points, we have
S'(x) = (1 +2x% — 2¢x)

and now observe that if ¢ = 1/2 this simplifies as %(x\@— 1)2. So this indicates that we get a double root at x =

s

which is kind of the analog of being at the edge before.

Example 118
We'll now take |c| < v/2 and see that we get the sine kernel (which will then essentially indicate that for |c| > v/2
the density is zero, though we won't go through the details of those calculations here).
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Being much less careful than before, the roots of S’ are at

cEVc2 -2

P+ = 5

and for ¢ < v/2 these are always on the radius—% circle in the complex plane (we can imagine a similar picture to the
one in Example 86 with those two roots). So we'll take w and Z “close to a level curve of S" and pinch the curves
closer or further away based on the sign of S’; it turns out that we pull w in to the left of ¢+ and Z in to the right.
(But we do still need to make sure Z goes to —ioco and +/oc.)

Once we do this, we have Re(S(Ww)) < Re(S(Z)) — € except in a §-ball around ¢+. And when we integrate an
order-1 pole ﬁ over two-dimensional space, the price we must pay is the pole at w = Z we get at ¢_ and ¢. We

are thus working with something of the form

2XZ—-2yw
;’?{/emsm)—s&))%dmfl
2(7i)2 w—Z
S

1 b+ o
m f e2(X7y)WdV’V.
[

We can now evaluate this exactly: letting w = 2Ww(X — ¥) yields

and the resulting residue at w = Z i

1 /2¢+-(;y) P 4 sin(20(x — y))
= =\ e W= ——""—-——,
2mi(X — V) Jog(5-9) X—y

where 8 = Im(¢). The factor of 2 here is really just up to how we choose our scaling; it's qualitatively irrelevant
because it basically comes down to the window at which we scale X and y. (This was not true in the discrete setting

where the point process was on the integers.)

To see more of a connection between the continuum and discrete, we can consider the measure on (X;) C R
proportional to [T(A\; — A\))® T]V(\;) (where V is the Gaussian density) and take 8 — oo. Such measures are
sometimes called B-ensembles and what we're doing is the B = 1 case.

This is no longer a determinantal point process, but it turns out the eigenvalues will locally crystallize. That
is, if we look at x = cv/N and then look at the points in the process around that point (doing an appropriate
scaling), everything will actually be equally spaced out (since we're essentially maximizing [[(A\; — A;) under some
kind of confinement from the Gaussian).

Remark 120. We might also ask what happens if we restrict \; to the lattice and consider the same measure. Then
this local crystallization can’t happen, and actually it's not known what the local point process looks like — we might

expect that it's a rounding of the even-spacing situation, but even that’s not known.

So far we've been looking at point processes on the line, but these models would also make sense in higher-

dimensional domains. The following is sometimes called the Abrikosov conjecture:
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Conjecture 121
Take z; € C distributed according to the density

N
zt ] lz-z1*][v()
1<i<j<N i=1

for any confining V' of our choice (for example e*‘z|2), and send N — oo, then 8 — oco. Then zooming in at a

point zy to some scale where we expect to see O(1) many particles, we will see a triangular lattice.

The triangular lattice is the optimal choice of centers for 2-dimensional sphere packing, and we also know a lot
about sphere packings in dimensions d = 8, 24. Interestingly, the analog of this conjecture is actually known in those
specific higher dimensions but not for d = 2 (we will converge to the Leech or Eg lattices in those cases), and that
uses “universal optimality.”

Remark 122. This conjecture is also meaningful on other manifolds; in fact it has some connections to complex
geometry. The phenomenon is purely local, so the same statement makes sense and is expected to still be true. And
we might also want to understand the behavior of the normalizing constant Z, which has some interesting connections

as well. We'll make some comments about that next time.

Remark 123. We said above that 6 = Im(¢) ~ V2 — c2, and indeed 0 is supposed to indicate the density of
eigenvalues around cv/N. And this is consistent with Wigner's semicircle law.

Example 124
We'll now turn to studying the GUE at the edge. Scaling around v2N, the correct thing to do will be to set

x = V2N + N0 Xy = 2N+ N~1/6 L (Here N1/ should be thought of as Y

Using the same scaling for w, z by v/N, we thus want to calculate the double integral

N L 2ARE2WNT
| ?{ / NSW=s@ e " gags
2(mi)? w—2

where the N are some powers of N which we won't track out carefully. This time we have a double root ¢, = ¢ %
and our contours will generally follow level lines but only be very close at this one point. If we then further rescale w
and Z around here, we take ) )
="+ NV =4 N3
¥ S A

Indeed, the first two derivatives of S vanish, so it's the third derivative that will appear, and we want that to cancel
out with the N in the exponential so that

N(S(W) — S(2)) = N - és (f@

Skipping the prefactors of N and so on, we end up wanting to use the 60-degree contours around our center point
with € on the right and ¢ on the left, and what we end up with looks like

- s"(L) exp (V2(% — J)N™ +2(C% — £7)N™)
W}{]{exp ( 6 2 & C3)> deds.

) (13> = (N3 ) -

§—¢

Now remember that the exp (vV2(% — 7)N) term is like a “diagonal conjugation” of our matrix, so it doesn't affect
the determinant and we can ignore it. And it turns out the power of N in 2({X —&£y)N"" was rigged to exactly be zero,
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so that cancels out, and the leading order term ends up being N~/3. So indeed we have

N-1/3 econst(£37(3)+2((>?7£)7)
ay e
2(mi)? £—¢

which is exactly the Airy kernel up to rescaling by a constant! So in particular, the largest eigenvalue X indeed satisfies

P(A; > V2N + N7Y%s) — TW.

Remark 125. The Ginibre ensemble is also determinantal; it's similar to the B-ensemble we mentioned and it will
again be biorthogonal. But we won't see Tracy—Widom, it's something with different scaling exponents that we get
by localizing at the boundary of the circle. In particular notice that the eigenvalues will be spaced out differently in

two-dimensional space than on a one-dimensional interval.

17 May 26, 2026

We'll start with a student presentation:

Stanislav Krymskii

The title of this talk is “On the stationary measure for the open KPZ equation.”
To start, we'll describe the KPZ equation: it's the stochastic PDE on [0, 1]

h= (" + () + ¢

where £ is white noise, and with boundary conditions (0, t) = v and H(1,t) = —v. This equation can be interpreted
either as a way to stochastically transport h’ from left to right, or as a way to grow an interface while smoothed by
diffusion.

It turns out that h(x) — h(0) has a limit (even though h itself doesn't have a limit as t — oo, since the interface will
move to infinity). This SDE is hard to solve, but if we represent h(t, x) = log z then we can write down a Hopf—Cole
solution to the semilinear SDE. This allows us to use classical methods and relate to a continuous random polymer
model to study instead.

Corwin and Knizel managed to obtain the precise solution and connect things to the open ASEP model, which
we'll describe later. Those authors found that for each boundary conditions (u, v), there is a stationary measure for
the open KPZ equation, and there is an exact formula in the case where u+ v > 0. We can find that exact limit using

a discrete process. (Furthermore we can bound h, , between h, _, and h_,., via a coupling.)

Remark 126. To describe the process h, ,(x), one way is to write it in terms of the Brownian motion as B(x) +
Y (0) — Y(x), where Y has some tilt exp (2uY(O) +ouY (1) — [y e2Y(5)d5) relative to Brownian motion. And there

are other formulas as well.

We'll now apply the open ASEP to the KPZ equation:
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Definition 127

In the open ASEP interacting particle system, we have a one-dimensional grid of sites where particles try to jump
into unoccupied neighboring sites. Specifically, if a site has a particle but its right neighbor does not, then jumps
happen at a rate 1; similarly if the left neighbor is empty then jumps happen at a rate q. Furthermore, some sites
(the leftmost and rightmost) ones produce or destroy particles; specifically, there are some probabilities o, 8 of
appearing and disappearing at site 0 and probability -y, § of appearing and disappearing at site .

This ASEP model generates a height function hy(t, x) = —2N(t) + >_(27,(t) — 1), where N(t) is the number
of particles and 7; is the indicator of whether the particle is present at site / or not. Such a height function can be
thought of as a broken line with steps (1,1) or (1, —1). So then jumps correspond to adding or removing a rotated
“box" from this function, and creating or disappearing particles correspond to flipping the leftmost or rightmost line

segment up or down.

The limit behavior of ASEP can be described in terms of a phase diagram of the stationary density of the particles
at the left and right boundaries, which we call p., pr. (Here we're taking N — oo but keeping a, 3,7, § fixed.)
There are exact formulas for these densities:

< If pp > %,pL < pr < % then we have the “maximal current” phase where the current J = % is maximized.

« In the “shock region” p; < pgr, particles concentrate before being absorbed.

 In the region p; > pr, the density gradually decreases over time.

We can perform the microscopic Hopf—Cole transformation to turn this into an approximate solution to the KPZ
equation
Zi(x) = ey = (1-/9)%, A=1Inyq.

The best known way to connect to the SHE currently requires the Liggett condition to hold, which is some condition
between o, 3,7,8. Then the “reservoirs” become standard ASEP sites, and we satisfy a certain discrete stochastic
heat equation. But we also need to scale space, time, and our parameters accordingly; specifically take g = e2/VN
(which is 1 4+ O(N~'/?)) and consider

AN (¢, x) = N2 hy(eN 7 N2t /2, Nx) + (N71/2 + 1/24)¢.

This then also requires boundary densities to be very close to % and specifically we have p; = %Ll/ﬁ—o(N_lp) and
R = 1_"#'\’71/2 + o(N‘l/Q). Then with Holder bounds on the initial data, we get convergence as N — oo. (Specifically,
h") as a process converges to the KPZ solution, and we also have convergence to the stationary measure.)

The authors expect that uniqueness can be provable by studying the mixing time of ASEP, because if it is
O(N372/(1 — q)) then after time N? the distribution tends to the stationary measure. So the expectation is that
with t = N7 and taking T — oo, we will converge to the stationary measure, which would allow us to show that the
continuous case also has convergence.

Returning now to the asymptotics of open ASEP now, in the case p; = pr we have the Bernoulli stationary measure
where all sites have independent occupation probabilities. We know that if we increase coefficients of entrances or
decrease the probabilities of exits, then the measure will become “more filled.” But if they differ from O(N~1/2)

from the equilibrium, then Holder sandwiching of the ASEP measure allows the KPZ measure to be constructed as a
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subsequential limit. So perturbing using monotonicity is the key step here, and uniqueness comes from the Laplace

transform.

Finally, concluding Professor Aggarwal’s part of the course, we'll instead conclude with a bit of a summary of
the course and describe some of the ways where we could have alternatively approached these topics. This will witness
a lot of the talks we'll give instead.

We started with LPP and TASEP and the desire to show convergence to Tracy—Widom; under a specific limit
we have the LIS model. The way we did this was to study the multi-layer PNG, for which we found a bijection
to non-intersecting paths and thus a determinantal formula via the LGV lemma. Specifically, we introduced Schur
polynomials and Schur processes (whose arguments were the number of “up and down steps” in the walk paths). Via
the framework of biorthogonal ensembles, we were able to understand what these Schur processes did (via symmetric
function theory), and the key fact is that biorthogonal ensembles are DPPs with explicit kernels.

We thus had tools to study most of these objects, and once we got those exact formulas we could use steepest
descent to get asymptotics. And then we saw that this whole story also holds for random matrices in the GUE model;
in both cases we found Tracy—Widom behavior. And we also found an equivalence of nonintersecting paths with tilings,
showing that the Airy line ensembles come up in the limit essentially because of the Gibbs property. So this Gibbs

property is another tool for accessing limits (though we didn't actually do any mathematics with it).

Remark 129. We only did PNG / LPP / TASEP for a very specific case, but for any choice of geometric aj, b;
parameters we get a Schur measure and a biorthogonal ensemble. But if we don’t have geometrics the step that's

broken is that we don't get Schur measures in the first place.

This is not the only way in which we could have approached a lot of these models, though. One interesting thing
about this perspective is that there are many different-looking models which are all somehow equivalent, and if we use
a different set of tools and expand our strategies.

For example, we can think about “fixing TASEP and asking what tools can be used to attack it,” and then move
on to other models from there. TASEP is the special case where particles can only move to the right, and we just saw
ASEP in Stanislav's talk (which is no longer a DPP). What we instead use to study ASEP is the framework of vertex
models, which in particular lets us pivot to the KPZ equation (a continuum PDE) by taking g a very specific nonzero
quantity instead of zero. Vertex models are often studied via the quantum inverse scattering method.

Another pivot we can make is to the box-ball system, which is an interacting particle system with totally deter-
ministic behavior but still with nontrivial limits. This is a special case of a family of deterministic integrable systems
(perhaps with random initial conditions); another of these is the KdV equation which models water waves. The tool
used for such systems is the inverse scattering method (the limit of the quantum one), which was somehow the
“origin of integrability.”

Additionally, we can more generally consider non-intersecting paths (families of lattice paths with some weights).
We've seen so far that non-intersecting paths arise from lozenge tilings, but we can also consider random tilings on
various lattices and get similar bijections. In particular, we get the Kasteleyn theory, which will be useful for dimer
models in general. On the other hand, taking the limit of these paths in the continuum gets us to Dyson Brownian
motion, which can be studied via a limit of DPPs or via "homogenization.” That's what gets us to the GUE by
thinking of how the eigenvalues evolve in time, and indeed we took for granted the distribution of the eigenvalues
when describing the GUE (this is a certain change-of-variables calculation). A similar change-of-variables formula is
the Hammersley (Kac—Rice) formula for computing the number of zeros of an analytic function; thus we can study
other functions besides the characteristic function of a random matrix, in particular random analytic functions (power

series with random coefficients).
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Finally, yet another way to access results for TASEP if we care about limit shape (law-of-large-numbers) results is
the family of tools for hydrodynamic methods such as the entropy method; this is purely analytic.
Many of these topics will be (or have been) talked about in student presentations.

18 May 28, 2026

Andrew Lin

| gave this talk, so | don’t have notes, sorry! | discussed some parts of Sections 3, 5, and 6 of Kenyon's notes “Lectures
on dimers,” describing the Kasteleyn weighting and how it yields a determinantal point process, and then describing

how we get formulas for the partition function and the inverse Kasteleyn matrix in terms of contour integrals.

James Stephens

This talk will be about hydrodynamics and relative entropy. We'll begin with a model of interacting particles,
introduce the basic notions of getting laws of large numbers for it, and then describe a heuristic argument for getting
a limiting PDE (along with some words about the proof).

Example 130

We'll consider identical particles on the periodic lattice T¢, = {0, --- , N—1}9, where we can have multiple particles
on a site so that our configuration space is NTV. Let g : N — R, be a function and p(-, ) some translation-
invariant transition probabilities on Z9 (so p(a, b) = p(b — a) for some function p). The dynamics are as follows:
if we have k particles at a site x, then one of them jumps to y at rate g(k)p(x,y).

The case g(k) = k would correspond to many superimposed random walks with transition probability p, but if
g(k) > k then things will spread out. To get a limiting PDE which is second-order instead of the transport equation,

we will assume that p has zero mean, meaning that

> xp(x) =0,

x€Z4

and also that there is a finite range.

We can write down the generator for this process, which is (here 1 denotes a configuration)

Luf(n) =Y > p(2)g(n(x)) [F(mr%) — f(n)]

XETgZGTy

where X2 is i but with a particle at x replaced with one at x + z.
The first task for understanding the limiting behavior of this is to understand the invariant measure; this can be

written down explicitly. We have

¢k
20 =2, 5y omy

which has some finite radius of convergence under some assumptions on g, and then we define Dg’g to be the product

measure on the configuration space NTV with marginals such that n(x) = k with probability ﬁﬁ;(k). (So if
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g(k) = k the marginals are Poisson distributed at independent, which is what should happen.) This can explicitly be
computed to be the invariant measure for those dynamics mentioned before.
We then define the occupation variable

R(6) = Egy [n(0)]

Letting ® = R~! yields a one-parameter family v2 = Dg(a) of "global equilibrium” (invariant and translationally-
invariant product measures), where a is somehow the density of particles. This is nice because Markovian dynamics
preserve this number, and this is kind of the “usual situation” that we get in systems like this.

The philosophy now is that systems of interacting particles need not live on this global equilibrium, but locally they
should look like this. Thinking of ']I‘% as the "microscopic space,” with % the distance between particles, we will take
N — oo and understand profiles pg : T9 — R, If uF’J\;(,) is a measure on M9, whose marginals are such that n(x) = k
has the same marginals as vg5(,/n), this gives us an initial condition with “slowly varying density” from which we will
run our particle system.

The strongest sense of local equilibrium is that for some family of measures {uV}, we have
lim T N=y, (u
N [uN] K 00 (1)

where T,y is translation for some u € TN. That is, if we zoom in at the point uN, we get the continuous measure at
point u. (This is kind of like how we zoomed in around a point ct for the Schur measure; instead of the sine kernel we
get some product measure which is somehow universal because it is the stationary measure for the dynamics.) Proving

such a statement is very hard, so one usually proves a weaker notion instead, which takes the form

1

Jim i || 3 GG/Nymn) — [ G, (v)| > 8| =0
x€TY,

for all §, all continuous functions G, and bounded cylinder functions W depending only on a finite number of coordinates.

That is, as N — oo, if we zoom in at the point v and average nearby (think of G as a bump function near x), we get

the corresponding thing in the continuum. For example, if we take W(n) = n(0) (it's not bounded, but oh well), then

this condition really reads

NE$;/L >0 0.

1 _
3 2600~ [ 6w

which occurs if empirical distributions ﬁ > N(x)0x/n(du) converge weakly in probability to v, (-) (the histograms
should look like our limiting measure).
We can now write down the limiting equation. Defining the matrix of correlations

Oij= Z XiX;P(x)

x€Z4

allows us to define a second-order differential operator »,_; .., 00,0, and then we can define the expected rate
at which things leave the origin when we're at density o

®(a) = Ey, [9(n(0))].

We then get the Cauchy problem
8ip = 50,9(p),

p(0,-) = po(-).
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Then if po(-) € C?*%(T9) and bounded above and below (meaning 0 < K; < py < K»), then we get a solution
which is C? in space, C! in time, and bounded above and below by the same constants. This will end up being the
hydrodynamic limit of the interacting particle system.

So far, we've only described p and not the patricle system. Note that we need to speed up the dynamics to get a
nontrivial limit; if we do things as we state we just get a constant. Instead, we have to speed up by N?, and we get

something weaker than local equilibrium:

Theorem 131
Let SN be the evolution of the system for time N?t. Then (with G, W the same as before)

[im Ecn,n =0.
N—o0 e

IN"9S G(x/N)T () — / G(U)Eyy.p[W]du

That is, at macroscopic time t, we are at the local equilibrium of the profile p(t,-). This is only proved for some

initial conditions u™, where the relative entropy satisfies H(u"|v,,.)) = o(N9).

This weak statement of local equilibrium follows from the claim that the evolved state satisfies
H(SY M |Vp(e ) = o(N9),

which comes from the variational description of relative entropy. And this is proved via regularity of the PDE solution
(since we want to do a Taylor expansion), as well as some estimates which are probability facts about probability
measures (large deviations results). The heuristic explanation for the N? time evolution is again a Taylor expansion
where the linear term cancels out because p is of zero drift. (And actually once we have this, we can go back to

proving local equilibrium.)

19 June 2, 2026

Rupert Li

We'll discuss the box-ball system, following the paper “Integrable structure of box-ball systems: crystal, Bethe ansatz,
ultradiscretization and tropical geometry” by Inoue, Kuniba, and Takagi. We'll introduce the model, then introduce

crystals and the KKR bijection (tools for study in this setting), and discuss a little bit of tropical geometry.

Example 132
In a box-ball system, we have a bunch of boxes arranged in a line (say on Z) and balls in some of those boxes. A
person with a backpack runs from left to right, picking up balls when they see one and depositing them in empty

sites whenever they have one available.

For example, if we start off with balls in boxes 1, 2, 3, 8, then after one run through the balls will be in positions
4,5, 6, 9. The next time, they'll be in spots 7, 8, 10, 11, and then after that they'll be in spots 9, 12, 13, 14. In
particular, notice that the chunk of 3 started off moving at “speed 3" and the chunk of 1 moved at “speed 1,” and

other than the interaction when they collide (up to some phase shift) these groups essentially pass through each other.
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Fact 133
This backpack operation is invertible. And as discussed above, a size-N cluster, called a soliton, moves at speed
N, and when solitons collide they swap positions with some phase shift.

We can also define this system on Z/n’Z instead of Z; the only ambiguity would be where the runner starts
and it turns out that doesn't matter (the operation is still invertible and doesn't depend on the initial position).

Remark 134. This box-ball system is obtained by crystallization (a ¢ — 0 limit of a different model) of quantum
integrable systems like the six-vertex model. Those models were defined via spin Hall-Littlewood polynomials; sending
g — 0 recovers Schur functions so we might hope there is some Schur or DPP structure here. Unfortunately, the way
we take the limit here is different from how Schur processes are specialized. On the other hand, we do still indeed
have the Yang—Baxter equations so we get some nice properties anyway.

The box-ball system can also be obtained by ultradiscretization of classical integrable systems, and this perspective

gives some other tools (outside the scope of this course). We'll describe this more at the end.

Definition 135
Let / be an index set. A crystal is a set B equipped with Kashiwara operators &, f, : B LI {0} — B {0}, such
that for all b € B and i € /, there is some n with &b = ﬁ”b =0, and also satisfying

§0=Ff0=0, fby=by < &by=b
(this is basically saying &, F; are inverses up to some many-to-one issues with zero, since 0 ¢ B). We define

£i(b) = max{m : &"(b) # 0},  ¢i(b) = max{m : £ (b) # 0}.

Example 136

Take | = {0,---,n} and let By = {x € Z;gl : ».;xi = £}. Think of elements of this crystal as contents
of semistandard Young tableaux of shape A = (£); for example the element (1,3,4) corresponds to the Young
tableau (1,2,2,2,3,3,3,3) (and here £ =8 and n = 2). We then define

él(X):( in+1xXi+l_]-v"')x

i) = %=1 X +1,--0),

or zero otherwise if these operators do not keep us within B,.

We won't get into the technical details of this, but this allows us to generalize the box-ball system into a multi-
species system where 1 would be like “no ball”, 2 is the “lowest ball,” and so on. Then £ will be the size of a single box

(so the capacity is more than just a single ball).
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Definition 137
Let B, B’ be two crystals. Then the tensor product B ® B’ is another crystal with set B x B’, where we define
x®0=0®y =0, and where the Kashiwara operators are

é,'X KXY if ¢/(X) > 6/(y)

E(x®@y)=
X ® &y otherwise,

fix@y if ¢i(x) > eiy)

filx®y) = )
x ® fiy otherwise.

It can be checked that this is indeed a crystal and that the operation is associative. (There's a g-deformation of all
of this, which is where crystals come from in the first place via quantum groups; these are actually the g-deformations

of e, f € sl, with g — 0.)

Fact 138
In general, B ® B’ is in bijection with B’ ® B in the category theory sense, meaning there is some map Rgp
between the two which commutes with &, f; which is uniquely defined by this via a universal property. We call this

the combinatorial R.

Fact 139 (Nakayoshiki—Yamada '97)

The operator R can be defined via the following algorithm which we demonstrate by example. Take Rp,g, for
t[3[s]4]7]g]

n =6 and suppose we want to compute R applied to‘ 1 | : | 5 ‘ We have seven cells, so

we can place particles in the corresponding Iocations‘ X | |XX| X | | | X ‘and‘ X | | X | | X | | ‘

In this case, we have more particles on the left than the right. So on the right argument, we look cyclically forward
and pair particles with unpaired particles on the left. (So the particle in box 1 on the right pairs with the particle in
box 7 on the left because of wraparound; box 3 on the right then pairs with box 1 on the left, and box 5 on the right
pairs with box 4 on the left.) Then swap the locations of all of the unpaired particles across from left to right; we end

up With‘ 1 | 4 | ! ‘®‘ ! | 3 | 3 | 3 | > ‘ And for £ < ¢ we can do the analogous thing in the other direction.

Definition 140
The energy function H(x ® y) is the number of winding pairs in this algorithm (in the case above it was 1).

Proposition 141 (Yang—Baxter equations)
As operators B B’ @ B” — B” ® B’ ® B, we have

(RIVI®R)(RL)=(1®R)(R®1)(1®R),

where R acts on two of the coordinates at a time.

Apparently these can be viewed as "fused vertex model states,” again by taking the g — 0 limit.
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To see connections to the box-ball model When we take the collisions of two solitons, the passing operation can
be given by R; for example for £ = n = 1 it just says solitons pass through each other, but more generally it describes
what happens to the makeup of the blocks.

Definition 142

The elements of B?L are called paths. The highest paths satisfy the majorization inequality
#{1s in first k boxes} > #{2s in first k boxes} > ---

and the weight of x is some partition of L of length n+ 1. The set of highest paths of weight A will be denoted
Po(L,X).

Definition 143
The rigged configurations are the following tuples (u(®, .- u(") of partitions. We have u(® = 1L Define
mj(-a) to be the number of length-j rows of u(®, and let qj(a) = Z{Zl(u(a)x (where ’ denotes the transpose) and
qf”H) = 0. Define the vacancy pj(a) = Aaqj(a) for A, the “second derivative;" we say that we have a configuration
if pj(a) >0 forall a € [n] and j > 1 with m}a) > 0. In other words, we consider a partition to be a contiguous
block of rows of the same length.

To such a configuration, we can define a rigging, which is a set of numbers Jj(fx) € N for all a € [mj(-a)]. We
index a block from bottom to top, and a rigged configuration is (u, J)., where for all (a,j) we have 0 < JJ(‘;) <
e < _1152(3) < pj(a). The weight is then the partition of x of L, where X\; = |ul~D| — |u()|. The set of rigged

configurations for a given L and a given X is then written RC(L, A).

Theorem 144 (KKR bijection)
We have a bijection RC(L,X\) — P, (L, X), which in our specific box-ball setting reduces to just the RSK corre-

spondence.

The reason we care about this is that it's kind of hard to think about how the box-ball system works directly, but
we can linearize the dynamics using KKR:

Theorem 145

Take L sufficiently large so that the boundaries are irrelevant. Then for some state p € Py(L,A) C B?’ (recall
these paths are “box-ball like”), let p’ = T,(p) be the configuration after one step of our model. Then in the
bijection into the rigged configurations, p — p’ becomes

(,U,,J) 1o (,U., Jl), J = (Jl(l)v_j(2), - VJ(H))Y _/J/_'a(l) = _/J(L) + min(eyj)

(only the first coordinate of J ever changes).

So after n steps we just add some amount to _/J’-’a(l)

and then reverse the bijection. The other constant things are
called the “action variables” and the first coordinate of J is the “angle variable;” we can then read off information from
the partition p as well.

If we stare at the box-ball system, we can also define things via min and +, and in fact this relates to the

exponentiation tropical geometry remark from earlier in the course. In the detropicalized setting, all of these things
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work with geometric crystals instead, where R becomes a birational object instead of a combinatorial one (but still
satisfies Yang—Baxter). The only thing that doesn't really carry over directly is the notion of rigged configurations;
instead we get eigenvalues of a certain matrix which dictates the scattering theory.

Michael Ren

The topic for this talk will be zeros of the iid Gaussian power series, following a paper of Peres and Virag from 2005.

Example 146
Let ag, a1, a2, - -+ be iid standard complex Gaussians (so X + iY with X,Y ~ N(O, %)) and consider the power
series
f(z) = Z axz”.
k>0

We are interested in the zeros of this random power series f.

Proposition 147

f is almost surely holomorphic on the unit disk D = {z : |z| < 1}, since by Borel-Cantelli all of the coefficients
are stochastically all of order 1. The zero set Zr is then a simple point process in D (since if we have a double
root, the derivative must also vanish, but f’ doesn't depend on ap).

Theorem 148
The set Z¢ is a determinantal point process with kernel the Bergman kernel

1

Kp(z, w) = p R

Note that f is a complex Gaussian process on the unit disk with covariance

C(z,w) = E[f(2)f(w)]

=> (zw)
k>0
1
1—-zw
= 2nwSp(z, w)

(the process is determined by the covariance just like with usual Gaussian processes, but with a different inner product).
Sp is called the Szego kernel; we'll skip what this means in general but we can replace D with a general complex manifold
and parts of this whole story port over.

The nice thing about this series is that not only do we have this DPP structure, but the whole function is conformally

covariant in a certain sense and so is the zero set.
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Proposition 149
If g: D — D is a conformal automorphism of the disk (bijective holomorphism with a holomorphic inverse), then

we have
()3 (Fog) 2 f

up to some factor which we'll write down soon. As a consequence, the zero set Zr is conformally invariant since

g4 Zy) 2z (the additional factors don't contribute any zeros).

Proof sketch. This can be directly checked because conformal maps are all of the form e’Q% for some a € D and
6 € R/27Z. For notational convenience we'll ignore the 6 factor and define g(z) = To(z) = {=. Then

1—|of?
/ _
9= i =ap
1-az

so it makes sense to define the square root 7,(z) =

Thus all we need to do to check that our complex

Vi-|aP’
Gaussian processes are equal in distribution is to compute the covariance
Colz.w) = C(9(2), g(w)) .
gz, w)=C(9(2), 9(w)) = ———==
1—g(z)g(w)
_(I-az)(1-aw) 1
N 1—|af? 1—zw

= To(2)Ta(W)C(z, w).

by direct computation, so it's a multiple of the original kernel via some deterministic function of z and w, which we

can absorb into the prefactor. O

So our zero set is conformally invariant, meaning that the DPP should also be conformally invariant. In particular,
the density should generally follow the hyperbolic metric where we see more zeros near the boundary of the unit disk
than in the center. Before starting the proof, we'll mention a few things we can deduce about Z¢ if we assume the

form of the kernel Kp:

+ Kp is Hermitian, so zeros repel each other (similar to what we've seen with the Schur processes with 2 x 2
determinants).
+ The intensity of the measure with respect to Lebesgue measure on the disk is

1
K dz= ————=d
p(z,z)dz 1= 22 z,

which is ﬁ times the hyperbolic measure on D as expected.

As we did before, we can analyze via a Fredholm determinant calculation the hole probability for Zr. For any
ball B C D, we then get
T
P(Zr N B = &) = exp (1B + (| B))

for |B| the hyperbolic area, via large deviations estimates.

The sets of magnitudes of the zeros is equal in law to {Ui/(%) : k > 1} where U; are iid uniform on [0, 1].

Proof sketch of main theorem. The idea will be to apply Hammersley's formula, or more generally the Kac—Rice
formula, which is a way of writing down the zero intensity for random smooth functions and get a k-point correlation.
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This will tell us (all matrices are k x k)

E[|f'(z)’ - f(z)’|f(z) = = f(z) = 0]_

pi(z1, -+, 2k) = det[rC(Z;, Z))]

Usually this conditioning is difficult to compute, but for Gaussians we just have orthogonal projection in L2, so via the
conditioning lemma we actually have something nice. Specifically, the conditional law f|f(z1) = --- = f(z) = 0 is
equal in distribution to T,,(z)--- T, (2)f(z) for T, the maps from before which “put a zero at a.” (So that's nice
because it lets us just compute the numerator nicely.) After that, we use lots of determinant identities, which we'll
skip the details of here, such as the Borhchardt formula

1 1 1
o] o[ 2]
Xi + Y Xi + Y (X,‘erj)

which we get by expanding out the determinants.

perm {

Talking about those earlier steps in the proof now, suppose we have a random smooth function F : R” — R” so
that generically the zero set is a point process. The intensity of the roots is then specified by asking, for each A C R”,
the expected number of roots in A. The n = 1 case is easiest to explain: if we want to understand how many roots
lie in an interval, we need to understand “>° ., 1{F(x) = 0}." Under some regularity conditions on F, we can do a
smoothed out version of this and instead consider

F'(x)
/A1{|F(x)|<5}- 26 dx

(since at slope |F'(x)|, % is the length of the interval around a zero at which f is within §). If we take expectations
of both sides, we then get

{|F(x) < ¢}
20

830 / Pr 0o (OE[IF'(x)| |F(x) = 0]dx.
A

E [# roots of Al z/E[ P60 | dx
A

So we can see the form of the “derivatives conditioned on the zero set” appearing in Kac—Rice, and because we have a
Gaussian process all densities are Gaussian and the “probability density for £ term” pg(,)(0) comes in the denominator.
So for n > 1, the expected number of roots in A will instead be

/AE [| det DF(X)||F(X) = 0] prz)(0)dx.

And now the square comes from having complex Gaussians: if we apply this to the map F : R — R2* (also Ck — CK)
with F(zy, -+, z¢) = (f(z1), -+, f(2k)) we get exactly what is claimed up to some factorial factors. And the derivative
of this map is essentially coordinate-by-coordinate; we have DF(zy, - -+, z¢) block diagonal with k 2 x 2 blocks f'(z)
which are scale/rotation matrices, with determinant exactly being the product of those 2 x 2 determinants which are
F'(z)P.

The only thing left to explain in the formula is the probability density term, but F(Z) is a complex Gaussian process
with covariance C(z;, z;). So the density at zero will have a 7 coming from the density of the standard complex

Gaussian, together with this covariance term. ]
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