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Notation

Some general conventions. Constant C' can sometimes change from line to line. Analogously,
the meaning of € as a quantity that can be chosen arbitrarily small may also change within the same
proof.

(a)[n] descending factorial: (a)g) =1, and (a)p,) =a(a—1)---(a—n+1) for n € N.

N the set {1,2,3,...} of natural numbers

[n] the set {1,2,3,...,n} forn € N

Tin shorthand for the n-vector (x1,...,zy)

Z+ the set {0,1,2,3,...} of nonnegative integers

1 the vector (1,1,...,1) of all ones
\ set difference: A\ B= AN B°

vii






CHAPTER 1

The corner growth model and some of its relatives

In this introductory chapter we define the corner growth model and then discuss somewhat
informally models related to it. The precise mathematical study of the corner growth model begins
in Chapter 2 with laws of large numbers.

1.1. The corner growth model

The corner growth model is a simple mathematical model of a randomly growing cluster that
over time invades the entire first quadrant of the plane. The first quadrant of the plane is represented
here by N2, that is, by the set of points (i, j) with positive integer coordinates. At the outset each
point (7,7) € N? is given a weight, or waiting time Y; ;. See Figure 1. The values {Y; ; : (i,j) € N?}
are nonnegative random variables.

3 |Y13|Yes| Y33

2 Y| Yao| Y3

11 Y1 Ya1] Y51
1 2 3 4 5

FIGURE 1. A portion of N?. The squares represent points (i,5) € N2, Each point
(4,7) has a weight Y; ; attached to it.

i

The values {Y; ;} determine the evolution of a growing subset of N? called the cluster whose
value at time ¢ is denoted by B(t). The general rule is that Y; ; is the time it takes to occupy point
(i,4) but only after its two neighbors to the left and below are either occupied or lie outside N2. So
at the boundaries the rule is that point (1, 1) needs no occupied neighbors to start, points (1,7) on
the left boundary wait only for the neighbor below to be occupied, and points (4, 1) on the bottom
boundary wait only for the left neighbor to be occupied. Alternatively, we can imagine that the
outside boundary points {(4,7) : © = 0 or j = 0} are occupied at the outset.

To illustrate, if all Y;; > 0, then initially the cluster is empty: B(0) = (. At time Y7 the
cluster occupies point (1,1):

B(t) = @ for 0 <t< Y171, B(Yl’l) = {(1, 1)}

1



2 1. THE CORNER GROWTH MODEL AND SOME OF ITS RELATIVES

Next in line are points (1,2) and (2,1). Point (1,2) is occupied at time Y3 1 + Y7 2 and point (2, 1)
is occupied at time Y71 + Y2 1. And so on.

By contrast, if values Y; ; = 0 are possible then the cluster may invade some points immediately:
B(0) ={(k,£) eN*: Y; ; =0V (i,5) € {1,...,k} x {1,..., ¢} }.

Once occupied, a point remains occupied. Thus the growing cluster never loses points, only
adds them. Such a model is called totally asymmetric.

It is convenient to describe the evolution in terms of the times when points join the cluster. Let
G(m,n) denote the time when point (m, n) becomes occupied. The above explanation is summarized
by the equation

(1.1) G(m,n) =G(m —1,n)VG(m,n—1)+ Yy, for (m,n)ecN?
together with the boundary conditions
(1.2) G(m,n)=0 ifm=0o0rn=0.

Equation (1.1) can be iterated backwards until the corner (1,1) is reached, resulting in this
last-passage formula for G:

1.3 G = Y; ., ,n) € N2,
09 )= g, 3 Yoo (mr)

II(m,n) is the collection of nearest-neighbor up—rlght paths 7 from (1,1) to (m,n). Figure 2 repre-

sents one such path for (m,n) = (5,4). Precisely speaking, an element 7 of II(m, n) is a sequence
™= {(17 1) = (ilajl)’ (i2vj2)’ R (im+n717jm+nfl) = (m,n)}

such that (is, js)—(is—1,Js—1) = (1,0) or (0,1) for s = 1,2,...,m+n—1. In terms of the last-passage

times, the growing cluster at time ¢ is given by

(1.4) B(t) = {(m,n) € N*: G(m,n) < t}.
74
5
4 °
t
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> 1
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FIGURE 2. An admissible path from (1,1) to (5,4)

More generally, we will consider last-passage times between two points (k,¢) and (m,n) in N2
such that k <m and ¢ < n:

1.5 G((k,0),(m,n)) = ax Y.
(15) ((k, ), (m, n)) Wenw)(m))(%w J

II((k,£), (m,n)) is the collection of paths
m={(k,0) = (i1, 51), (i2, J2); - - -, (bmtn—k—t+1, Intn—k—e+1) = (m,n)}
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such that (is,7s) — (is—1,Js—1) = (1,0) or (0,1) for s = 1,2,...,m +n —k — £+ 1. The earlier
G(m,n) is now G((1,1), (m,n)) but we continue to use the notation G(m,n) for this special case.

This model and others of its kind are called directed last-passage percolation models. “Directed”
refers to the restrictions on admissible paths, and “last-passage” to the feature that the occupation
time G(m,n) is determined by the slowest path to (m,n). (By contrast, in first-passage percolation
occupation times are determined by quickest paths.)

When the weights Y; ; have exponential or geometric distribution, the growing cluster B(t)
becomes a Markov chain in the state space of possible finite clusters in N2. For later use in Chapter
2 we prove this claim here for the case of geometric weights, together with a description of the
transition probability.

Fix a parameter 0 < p < 1 with ¢ = 1—p and let the independent random variables {Y; ;} have
common probability distribution given by

(1.6) P{Y,; =k} =pd" !, keN

As above, define the last-passage times G(m,n) by (1.3) and the cluster process B(t) by (1.4).
Since the last-passage times are integers, we can think of B(t) as a discrete-time process indexed by
t € Z. Since each Y; ; > 1, B(0) = 0 and for ¢t > 1, B(t) is a subset of the square [0,¢] x [0,¢] and
in particular a finite set. Thus B(t) is a discrete-time process in the countable state space

I'={U CN?: U is finite, and (4,5) € U implies that U contains

1.7
(L7) the entire discrete rectangle {1,...,i} x {1,...,7}}

We take the description above to include the empty set, so # € T".

Let U € T. A point (m,n) ¢ U is a growth corner or growth site for U if {1,...,m}x{1,...,n} C
U U{(m,n)}. In other words, both the left and lower neighbors of (m,n) lie either outside N? or in
U, and (m,n) can be added to U to create a new element U U {(m,n)} € T

PROPOSITION 1.1. The process B(t) is a Markov chain on the state space T' with initial state
B(0) = () and with transition probability given by the following description: given B(t), B(t + 1) is
obtained by adding to B(t) each of its growth sites independently with probability p.

PROOF. Let us use boldface symbols x, y to denote points of N2. Fix U € I" and let U’ be the
set of growth sites of U. Let U’ = L U M be an arbitrary partition of U’ into two disjoint sets, one
of which can be empty. We need to show that, for arbitrary sets Uy,...,U;—1 € I" such that

P{B(1)=U1,...,.Bt—-1)=U;_1,Bt)=U} >0
we have the Markov property:
(1.8) P[B(t+1)=UUL|B(1)=Uy,....B(t—1)=U_1,B(t) =U] = p/Flg™.
There exist integers s(y) < ¢ for y € U such that
{B(1)=U4,...,B(t—1)=U;_1,B(t) = U}
={G(y) =s(y) fory € U and G(x) >t for x € U'}.

Let e; = (1,0) and e3 = (0,1) denote the standard basis vectors. For x € U’ let S(x) = G(x —
e1) VG(x — e3) so that G(x) = S(x) + Yx. For the definition of S(x) remember again the boundary
conditions (1.2) if x — e; or x — eg lies outside N2. For the calculation below note that the variables
{S(x) : x € U'} are functions of {G(y) :y € U}.
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Write the conditional probability in (1.8) as a ratio of two probabilities. The numerator is

P{B(1)=Ui,...,B(t—1)=U;_1,B(t) =U,B(t+1)=UUL}
=P{G(y)=s(y) fory e U, G(x) =t +1for x € L and G(x) >t + 1 for x € M}
=P{G(y)=s(y)fory e U, Yy =t+1—S(x) forx € L

and Yy > t+1— S(x) for x € M}

by the independence of {Yyx : x € U'} and {G(y) : y € U}

= B[] 16) = st} - [Lpa=5® - I[ a5

yeU xeL xeM

="M B[ T 1{6) = stv)} - [T =]

yeU xeU’
= plH g™ P{G(y) =s(y) fory € U and Yy >t — S(x) for x € U’}

= plH M P{B(1) = U,...,B(t—1) = Up_y,B(t) = U}.

Equation (1.8) has been verified. O

The reader should notice how crucially the last calculation depended on the special structure
of the geometric distribution.

To complement the proof by calculation, here is the seasoned probabilist’s hand-waiving proof of
Proposition 1.1, by a clever construction. Give each point x € N2 a {0, 1}-valued sequence () ken
whose entries come from independent coin flips with success probability P{(}* = 1} = p. Let the
initial cluster be empty. At each time ¢t = 1,2, 3, ... inspect the first coin of each growth site. If this
coin is 1, include the site in B(¢). If this coin is 0, leave the site out of B(t) but discard the used coin
and move the next coin to the front. This procedure realizes the transition probability described in
Proposition 1.1. The waiting time for site x is Yx = inf{k : (} = 1} which has distribution (1.6).

Totally asymmetric simple exclusion process. Next we relate the last-passage model to a
discrete-time particle process which is one variant of the totally asymmetric simple exclusion process
(TASEP). TASEP is a Markov process that describes the motion of particles on the integer lattice
Z. Particles are constrained by the exclusion rule which entails that two particles cannot occupy
the same integer site at the same time. Label the particles with integers ¢ € I where the index set
I is a subinterval of Z, possibly all of Z. Let X;(t) € Z be the position of particle ¢ at time ¢ € Z .
Each particle retains its label throughout the evolution.

One can imagine several ways of updating the particle locations. Let us consider the following
discrete-time evolution where particles make random jumps to the right but subject to the exclusion
rule. During time period (¢ — 1,¢), each particle flips a p-coin to decide whether it attempts to jump
one step to the right. The coin flips are all independent. Suppose the coin flip for particle ¢ indicates
a jump attempt. Then inspect the next site X;(t — 1) + 1. If this site was vacant at time ¢t — 1,
particle ¢ moves one step to the right. But if at time ¢ — 1 the next site to the right was occupied,
particle 4 remains in its current location. Also if the coin indicated no jump attempt particle 4
remains in its current location.
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Here are the rules summarized. Assume given an initial particle configuration {X;(0)}. Then
for each t € N:

(1.9) If site X;(t — 1) + 1 is occupied at time ¢ — 1 then X;(t) = X, (¢t — 1).
(1.10) If site X;(t — 1) + 1 is vacant at time ¢ — 1 then
Xi(t) = Xi(t—1)+1 with probability p
X, (t—1) with probability q.

This defines a Markov process {X;(t) }ser in discrete time ¢ € Z because the rules for the step from
time ¢t — 1 to ¢t do not look into the past before time ¢ — 1 and because the coin flips used in that
step are independent of the past evolution.

To connect TASEP with the corner growth model, let the particles evolve from the following
special initial configuration: all sites to the left of the origin are occupied, and all sites to the right
of the origin, including the origin itself, are vacant. Thinking of a long line of vehicles stopped
behind a red light we call this the “jam initial condition.” At time ¢t = 0 the light turns green, and
the vehicles start moving randomly to the right. Let us label the particle-vehicles from right to left
with positive integers, so that initially X;(0) = —i.

As a corollary of Proposition (1.1) we show that TASEP with jam initial condition is actually
the last-passage model in disguise. Let the particles determine a growing cluster A(¢) on N? by the
formula

(1.11) Alt) ={(i,7) e N? : 1 < j < X;(t) +1}.

In other words, the height of the column above ¢ in the cluster A(t) is X;(t) — X;(0), the number of
steps taken by particle ¢ up to time t¢.

PROPOSITION 1.2. Let B(t) be the cluster process of the last-passage model with geometric
weights (1.6). Then the processes {A(t) : t € Z} and {B(t) : t € Z+} are equal in distribution.

PrOOF. Initially A(0) = ) = B(0). In light of Proposition 1.1, we only need to observe that
A(t) is a Markov chain with the transition probability described in Proposition 1.1. Point (4, j) is
a growth site of A(t) iff X;(t) +¢ =7 —1 and either s =1 or X,;_1(¢) +¢—1 > j. This is equivalent
to saying that the site X;(¢) + 1 = j — ¢ is vacant at time t. Thus by rule (1.10) an independent
p-coin flip determines whether X; jumps to j — ¢ and thereby (7, ) joins A(t + 1).

Since the distribution of a discrete-time Markov chain on a countable state space is uniquely
determined by the initial state and the transition probability, the claim of the Proposition follows.

O

Most often TASEP evolution is studied in continuous time. To run the process in continuous
time give each particle a rate 1 Poisson process on the time line (0,00) (a “Poisson clock”) and
stipulate that whenever the Poisson clock of a particle jumps, this particle attempts to jump one
step to the right. The jump is executed if the position on the right is vacant, otherwise not, so that
the exclusion rule is not violated.

The waiting times between successive jump attempts of a particle have rate 1 exponential dis-
tribution. This is a continuous distribution with density e~* on (0, 00). Consequently simultaneous
jump attempts by different particles do not happen, or more precisely, happen with probability 0,
and we do not need a rule for resolving conflicts that might arise from simultaneous jump attempts.

Proposition 1.2 can be proved again, this time for the last-passage model whose weights {Y; ;}
are i.i.d. rate 1 exponential random variables.
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A queueing model. The last-passage model arises also in situations that do not immediately
seem to describe a growing cluster. Here is a queueing situation. Imagine that there are n customers
that go through a system with m service stations. The customers are labeled 1, ..., n and the servers
are labeled 1,..., m. Each customer visits the servers 1,...,m in order and then leaves the system.
Each server serves one customer at a time, takes the customers in the order in which they arrive
(first-in-first-out or FIFO discipline), and rests if there are no customers waiting to be served. Let
Y; ; be the amount of service time that customer j requires with server 7. Initially all n customers
are queued up at server 1. At time ¢ = 0 customer 1 begins service at server 1. At time Y; ; server
1 is finished with customer 1. At this point server 1 begins serving customer 2, while customer 1
moves to server 2. And so on. Let 74 ¢ be the time when customer ¢ leaves server k. How is 73 ¢
expressed in terms of {Y; ;}7?

A moment’s thought reveals that 7, o = G(k, ¢). To see this, note that the rules of the queueing
process imply that the service of customer ¢ with server k starts at time 7401 V 71 ¢, for this is
the earliest time at which server & is done with customer £ — 1 and customer £ is through with server
k —1. (To make this correct for k =1 or £ = 1 we add the boundary conditions ;o = 79,; = 0 for
all 4,5 > 1.) After the service customer ¢ departs server k and so T, ¢ = Tk ¢—1 V Th—1,¢ + Yie. We
have exactly the same equations that determine G(m,n).

Comments

Among the seminal works to connect the last-passage model with queueing systems is Glynn and
Whitt [GW9I1]. Rost [Ros81] connected the growth model with TASEP in one of the early papers
on hydrodynamic limits of asymmetric particle systems, but he did not utilize the last-passage
formulation.



CHAPTER 2

Deterministic large scale limits

In this chapter we begin the study of the corner growth model with results that describe de-
terministic limits on large scales. We work with the last-passage times defined in the previous
chapter:

2.1 G((k,?),(m,n)) = max Y; 5,
(2.1) (k0 (mm)) = | max > Vi,

(i,5)em
,(m,n) € N2 T((k,£),(m,n)) is the collection of nearest-neighbor up-right paths
from (k,¢) to (m,n). For the special case where the paths start at (1,1) we write G(m,n) =
1), (m,n)). The first result in Section 2.1 is the existence of the deterministic limit

A}im N7'G(|Nz],|Ny]) = ¥(x,y) almost surely.
— 00

In Section 2.2 we add boundary conditions to the last passage model to help us find an explicit
formula for W(x,y) in the case of geometric weights. Then we turn to study a queueing model related
to the last passage model with geometric weights, namely discrete-time M/M/1 queues in series.
Section 2.3 establishes the invariant distributions for the queues. Section 2.4 proves a hydrodynamic
limit for a bi-infinite system of such queues, a model that can also be called a discrete-time zero
range particle system. The hydrodynamic limit gives another proof of the explicit limit earlier done
in Section 2.2. (The second proof is not fundamentally different.) In the final Section 2.5 we develop
a connection between the last-passage model with boundaries from Section 2.2 and the system of
queues.

2.1. Law of large numbers

The general objective is to understand the behavior of the random variables G(m,n) for large
values of m and n. The most basic result is a law of large numbers that says that, along any direction
(x,y) € R2, the value G([Nz], [Ny]) grows asymptotically at a precise, deterministic rate.

THEOREM 2.1. Assume that the random variables {Y;; : (i,j) € N?} are independent and
identically distributed and satisfy 0 < Y;; < oo. Then there exists a deterministic function W :
(0,00)2 — [0, 00] such that for all (x,y) € (0,00)?

(2.2) U(z,y) = A}im N'G(|Nz],|Ny]) almost surely.
Either ¥ = oo or ¥ < oo on all of (0,00)%. In the latter case V is superadditive, concave, contin-

uous, homogeneous, and symmetric on (0,00)%. U is nondecreasing in both arguments, and more
quantitatively ¥(x + h,y) > U(x,y) + hE(Y1,1,) for h > 0.

Here are precise expressions for several properties listed above, for (z1,y1), (2,y2) € (0,00)2,
0 < s <1 and ¢ > 0: superadditivity is

(2.3) Uz, y1) + Uz, y2) < ¥(z1 + 22,91 + ¥2),

7



8 2. DETERMINISTIC LARGE SCALE LIMITS

concavity is

(2.4) sW(21,y1) + (1 = s)¥(22,y2) < V(s(z1,y1) + (1 = 5)(22,92)),
homogeneity is
(2.5) W(cxy, cyr) = c¥(x1,91)

and symmetry ¥(z1,y1) = ¥(y1, 71).
PrROOF OF THEOREM 2.1. The idea is to exploit the superadditivity
(2.6) Gk O+GU(k+1,L+1),(k+m,l+n)) <Gk+m,l+n)

that is a direct consequence of (2.1).

We start the proof of (2.2) with an integer point (z,y) € N2, For 0 < m < n let Z,, =
G((mz + 1,my + 1), (nx,ny)). Zpnn is a superadditive process that satisfies the assumptions of
Corollary A.3 in Appendix A. Thus by that theorem there exists a function ¥ : N? — [0, o] such
that

(2.7) U(z,y) = A}im N~'G(Nz,Ny) almost surely, for all (z,y) € N2

From the limit itself we get homogeneity (2.5) for (z,y) € N? and ¢ € N. For superadditivity
rewrite (2.6) as

N'G(Nz1,Ny1) + N"'G((Nx1 + 1, Ny; + 1), (No1 + Nao, Ny; + Nyo))

(2.8) .
SN G(NI1+NI2,Ny1+Ny2)

The first and last terms converge by (2.7). For the middle term we can assert convergence to
U(x2,y2) along a subsequence because G((Nzq1 + 1, Ny + 1), (Nz1 + Nzo, Ny1 + Ny2)) has the
same distribution as G(Nxa, Nys2). (This point is in Lemma A.1 in Appendix A.) Taking the limit
in (2.8) along this subsequence leads to superadditivity (2.3) for (z1,y1), (z2,y2) € N2. Lastly, it is
immediate that ¥(z,y) is nondecreasing in both arguments separately.

Suppose ¥(a,b) = oo for some (a,b) € N2. Pick an arbitrary point (z,y) € N2. Take k € N
large enough so that kx > a and ky > b. Then

U(x,y) =k " (kx, ky) = Jim (kN)"'G(Nkx, Nky) > Jim (kN)"'G(Na, Nb)
=k '0(a,b) = .

Thus one infinite value forces ¥ = oo on all of N2,

Let us finish off the case ¥ = oo by showing that the limit (2.2) holds with ¥(z,y) = oo for
any fixed (z,y) € (0,00)2. Pick k € N so that z,y > 1/k. Write each integer N as N = Mk + r for
M € Z, and a remainder r € {0,...,k — 1}. Then |Nz| > |N/k] = M and similarly for y, from
which

lim N7'G(|Nz],|[Ny]) > lim N 'G(M,M) =k ¥(1,1) = oco.
N—o0 N—o00

This completes the proof for the case ¥ = oco.

For the remainder of the proof we can assume ¥ < oo on N2. The next step is to extend the
limit (2.7) and the properties of ¥ to rational points. For any rational (z,y) € (0,00)? define
(2.9) V(z,y) = k™1 (kz, ky)

for any positive integer k such that (kz, ky) € N?. The definition is independent of the choice of k
by the homogeneity (2.5) already established for integers. Homogeneity (2.5), superadditivity (2.3)
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and the monotonicity extend to all rational arguments, including rational ¢ > 0 in (2.5). Keep the
choice of k and write again N = Mk +r with r € {0,...,k — 1}. Then

Mkx < |[Mkx+rz| = |Nz| < Mkx +rz < (M + 1)k,
the same inequalities hold for y, and the monotonicity of last-passage times gives
G(Mkx, Mky) < G(|Nz|, |Ny]) < G((M + 1)kz, (M + 1)ky).
Divide by N and let N — oo:

1 — 1
k™1 (kz, ky) < lim —G([Nz),[Ny]) < lim <G([Nz], [Ny]) < k™0 (kz, ky).
We now have the limit (2.2) for rational (z,y) € (0, 00)2.

The final extension of the limiting function is done as follows. For (z,y) € (0, 00)? set

(2.10) U(x,y) =sup{¥(u,v):0<u<z,0<v<y, and u,v € Q}.

For rational (x,y) this is an identity that follows from the monotonicity of ¥(z,y). Once more
extend the properties.
For homogeneity, take (x,y) € (0,00)? but first consider rational ¢ > 0. Below u, v range over
rationals and then u; = cu, v1 = cv.
c¥(z,y) = csup ¥(u,v) = sup ¢¥(u,v) = sup ¥(cu,cv) = sup ¥(uy,v1) = ¥(cx,cy).

u<lzx u<z u<zx uy <czx

v<y v<y v<y vi<cy
For general ¢ > 0 find rational c1, co so that ¢; < ¢ < ¢. By monotonicity
a¥(z,y) = ¥Y(az,ay) < ¥Y(ew,cy) < U(eaw, c2y) = c2¥(z, y).

Letting ¢; /" ¢ and ¢ \, ¢ completes the proof of homogeneity.
Superadditivity (2.3) and monotonicity are fairly immediate from the definition (2.10).
Superadditivity and homogeneity together imply concavity: for 0 < s < 1 and (x1,y1), (z2,y2) €
(0,00)?,

sU(r1,y1) + (1 = 5)W(z2,y2) = ¥(sw1,591) + U((1 — s)z2, (1 — 5)y2)

(2.11) < U(szy + (1 —s)xe, sy1 + (1 — 5)y2).

A finite concave function on an open set is continuous [Roc70, Theorem 10.1]. Hence we get the
continuity of .

For the last and most general form of the limit (2.2) for (z,y) € (0,00)? pick rational points
(z1,y1), (2,y2) such that 0 < 21 < < z9 and 0 < y; < y < y2. Then by monotonicity

G([Nw1], [Ny1]) < G([Nz], [Ny]) < G([Naz], [Nyz2])
and by passing to the limit

o1 — 1
U(z1,y1) < lim =G([Nz], [Ny]) < lim =G([Nz], [Ny]) < ¥(z2,y2).
Let (x1,y1) and (x2,y2) tend to (z,y) and use the continuity of the function . The limit (2.2) has
now been justified for all points.

The remaining pointa are the symmetry and the inequality ¥(z + h,y) > ¥(z,y) + hE(Y11))

for h > 0. Symmetry follows from the distributional symmetry G(m,n) 4 G(n,m) and an ar-
gument like the one used for the middle term of (2.8). The bound on the slope comes from

G(INz + Nh, [Ny]) > G([Nz, [Ny]) + SN Y vy O
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2.2. Explicit limit for geometric weights
We turn to the problem of computing the limit
_ o G(Nz], [Ny))
(2.12) Wia,y) = Jim TS

explicitly, and for this we need very specialized assumptions. Essentially only one distribution can
be currently handled: the exponential, and its discrete counterpart, the geometric. Fix a parameter
0 < p < 1 with ¢ = 1—p and take the random variables {Y; ;} to be i.i.d. geometric random variables
with common probability distribution ~ as given here:

(2.13) P{Y;; =k} =~(k) =pd*, keZ.
This is the geometric distribution with parameter p. Here is the result.

THEOREM 2.2. Under assumption (2.13) the limit in (2.12) is given for (z,y) € (0,00)?

(2.14) U(z,y) =p '(qz + qy + 2\/qzy ).

The boundary curve of the limit shape is an arc of the ellipse...

by

The rest of this section proves the theorem. The difficulty with finding the explicit limit has
to do with the superadditivity. The subadditive ergodic theorem (Theorem A.2 in Appendix A
gives only an asymptotic expression for the limit. Assuming the moment bounds needed for the
subadditive ergodic theorem (Theorem A.2), in our case this limit expression would be

We need a new ingredient to find an explicit formula for ¥(z,y). We shall augment the model with
suitable boundary conditions so that it becomes meaningful to talk about a notion of steady state
or invariant distribution. Through these invariant distributions we can do explicit calculations.

The last-passage model with boundaries lives on the quadrant Zi and there are two parameters
0 <r <p <1 The weights {Y;; : (i,j) € Z2} are independent and distributed as follows: for
keZy,

for (z,y) € N?.

(2.15) P{Yp0 =0} =1,

k
(2.16) P{Yi,ozk}zfl’::(lfr) for i € N,
(2.17) P{Yy; =k} =r(1—-r)k for j € N,
(2.18) P{Y;; = k} = pg" for i,j € N.

To clarify, in the interior of the model (that is, on N?) we have the same old i.i.d. geometric weights
given in (2.13). The boundary values {Y; ; : (i,7) € Z3 \ N*} are an auxiliary construction that will
assist us in the task of computing the limit ¥(x,y) explicitly as a function of p.

Let Go(m,n) = G((0,0), (m,n)) denote last-passage times over paths that emanate from the
origin and are allowed to collect weights on the boundaries:

2
(2.19) Go(m,n) = WEH((IOI}(%),((m,n)) Z Yij, (m,n)eZi.
(i,5)em

I1((0,0), (m,n)) is the collection of nearest-neighbor up-right paths m from (0,0) to (m,n) in Z3.
To be precise, paths in TI((0,0), (m,n)) include the origin (0,0) even though the weight Yo = 0.
We also continue to use the abbreviation G(m,n) = G((1, 1), (m,n)).
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In the last-passage model with boundaries we define some new random variables. Horizontal

and vertical increments are given by
' and J;; = Go(i,5) — Go(i,j —1) fori>0,7>1.

An alternative formula for I; ; develops as follows, if 4, j > 1:
Ii; = Go(i,j) — Go(i — 1,7)
=Go(i—1,j)VGo(i,j—1) + Y;; —Go(i — 1,5 — 1)
— [Go(i —1,j) = Go(i — 1,5 —1)]
=Jic1j Vi + Y, — Jica
= (Lij-1 = Jic1)" + Yiy
Similar formula works for J; ; by symmetry, so we have

Lij=Tij1—Jicig)" + Yij
(2.21) ’ ’ " " for (4,§) € N2
Jij= i1y —Lij1)" + Yij
Define
(2.22) Xij=Tipj Nijm for (i,4) € Z3.
We develop the invariant distributions. First a technical lemma.

LEMMA 2.3. Let 0 < r <p < 1. Let I, J and Y be independent geometric random variables
with distributions

. k
PIE=H =222 (L) P =R == 0%, PIY =i = et

forkeZy. Let h=I—-J)T+Y, 1= —DT+Y and X =1 A J. Then the triple (I, J1, X)
has the same distribution as (I, J,Y).

Proor. Compute the joint Laplace transform with u,v,w > 0:

E[e—uIl—le—wX] _ E[e—u(I—J)+—U(J—I)+—w(I/\J)}E[e—(u—&-v)Y]

p—r q ' i —u(i—j)—wj
_ 1 — p) e uli=i)—wj
{Z 1T(1T>T( r)e

0<j<i
p—r q ' o\ ,—v(i—i)—wi — k,—(utv)k
+Z,1—r<1—r>r(1 rye™ }que
0<i<y k=0
__p—r r P
l—r—qge * 1—(1—r)e v 1—ge v
= Ele "] Ele7"7]- E[e™"Y]. O

Let X be the set of doubly-infinite down-right paths o = {o(¢) : £ € Z} in Z3. A down-right
path means that the increments between the points o(¢) = (01(¢), 02(¢)) € Z2 satisfy

(01(€), 02(£)) = (01(€ = 1), 02(¢ = 1)) = (1,0) or (0,—1),
that is, direction — or |. The interior of the set enclosed by o is defined by

U(o) ={(i,j) € Z% : 3¢ € Z such that 0 < i < o1(¢) and 0 < j < 72(¢) }.
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We admit the possibility that o is the union of the i- and j-coordinate axes, in which case U(c) is
empty. For [ € Z the last-passage time increments along o are the variables

Zu(o) = Go(o(0+1)) = Go(o(0)) = Ioerry i o(l+1) —a(f) =(1,0),
Go(o()) = Go(a(t+1)) = Jpiy  ifo(0+1) —a(f) = (0, -1).

THEOREM 2.4. For any o € X, the random variables

(2.23) {{Xi; : (4,5) €U(o)}, {Zulo) : L € Z}}
are independent and geometrically distributed. X; ; has the interior distribution (2.18) with pa-
rameter p. If Zy(0) = I,41) it has the horizontal increment distribution (2.16) with parameter

(p —7)/(1 =), while if Z¢(o) = Jy) then it has the vertical increment distribution (2.17) with
parameter r.

PrOOF. We first consider the countable set of paths that connect the j-axis to the i-axis, in
other words those for which there exist finite ng < ny such that o1(¢) =0 for £ < ng and o2(¢) =0
for £ > my. For these paths we argue by induction on U(c). When U(c) is the empty set, the
statement reduces to the independence of the Y; j-values on the i- and j-axes which is true by
construction.

Let o0 € ¥ be a path that connects the j-axis to the i-axis and assume the statement holds for
o. Let us say (4, ) is a growth corner for U(o) if, for some index ¢, € Z,

(0(60 - 1)1 0(60)3 O'(EO =+ 1)) = ((Z7J + l)a (Za.])a (Z + 17]))
A new valid ¢ € ¥ can be defined by replacing o () with 5(¢y) = (i+ 1,7+ 1) but keeping all other
points intact: o(¢) = o(¢) for £ # £y. The interior gained the point (4,7): U(c) = U (o) U{(4,7)}.
In going from o to & the change brought about in the set of random variables (2.23) is that

(2.24) {Liv1j Jija}
have been replaced by
(2.25) {Livr541, Jivr g1, Xijh

By (2.21) variables (2.25) are determined by variables (2.24) together with Y;q j1. By the last-
passage construction Y;4q ;41 is independent of (2.23) for the ¢ under consideration. By the in-
duction assumption the variables {I;+1,;, Ji j+1, Yit1,j+1} are independent and independent from
all the other variables in (2.23). An application of Lemma 2.3 to this last triple then implies that
the new variables {I;11 j+1, Jit1,j+1, Xi;} are also independent, have the correct marginal distri-
butions, and are independent of all the other random variables of o. Consequently o satisfies the
statement of the theorem.

We can build all the paths o that connect the axes by starting with the empty U and adding
growth corners one at a time. Hence this inductive argument proves the theorem for this class of
paths.

For an arbitrary o the statement follows because the independence of the random variables in
(2.23) follows from independence of finite subcollections. Consider any square R = {0 < i,j < M}
large enough so that the corner (M, M) lies outside o UU(o). Then the X and Z(o) variables
associated to o that lie in R are a subset of the variables of the path o that goes through the points
(0, M), (M, M) and (M,0). This path & connects the axes so the first part of the proof applies to
it. Thus the variables in (2.23) that lie inside an arbitrarily large square are independent. O

In particular this theorem tells us that along any horizontal line, for a fixed n € Z,, the
increment process {I; , = Go(i,n) — Go(i — 1,n) : i € N} is i.i.d. geometric with parameter (p —
r)/(1—r), exactly as the boundary values (2.16). Similarly, on each vertical line at fixed m € Z we
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see an i.i.d. process {J, ; = Go(m,j) — Go(m,j—1) : j € N} of geometric variables with parameter
r. From

(2.26) Go(m,n)=> Joj+ > lin.
j=1 i=1

we can compute the expectation

1—r
+n .

(2.27) EGo(m,n) =nEJy1 +mEl , = mp — "

The ease of this computation is in marked contrast with G(m,n) whose expectation seems very
difficult to find explicitly.

Note that it is not claimed (and not true) that all the variables on the right-hand side of (2.26)
are independent. The path taken there, from (0, 0) vertically up to (0,7n) and then horizontally right
to (m,n), is not a down-right path for which Theorem 2.4 applies. In fact, the two sums on the
right-hand side of (2.26) are so strongly correlated with each other that the variance of Go(N, N)
is of order N2/3, instead of order N which it would be if the variables were all independent.

For the purpose of deriving limits we extract these further consequences.

COROLLARY 2.5. For (z,y) € R% we have the limit

. Go(INz|, [Ny]) _ _ .4 1—r
(2.28) ngnoo — = Uo(z,y) = xp — + e almost surely.
The limits of (2.12) and (2.28) satisfy the inequality
(2.29) U(x,y) < Uo(z,y) for (z,y) € (0,00)2.

PRrROOF. We can construct the random variables G(m,n) and Go(m, n) together from the weights
{Y;; : (i,4) € Z2}. (A joint construction is called a coupling of G(m,n) and Go(m,n).) In this
construction it is clear that

(2.30) G(m,n) < Go(m,n)
since the steps from (0, 0) to (1,0) to (1,1) followed by a path from (1, 1) to (m,n) that is maximal

for G(m,n) is just one possible path for Go(m,n).
For the limit use increments:

[Ny] [Nz]
(2.31) N7'Go([Nz], [Ny) = N"" > Jo + N7 D Iy
j=1 i=1
The strong law of large numbers gives
LNy] 1—r
]\}Enoo Nil Zl JO,j = yEJOJ =Y , a.s
=

For the sum N~! 27\:]:\[11 / I; | Ny we cannot use the strong law of large numbers because the sum-
mands also depend on N. Nevertheless, for each N the summands are i.i.d. geometric variables with
a constant parameter. By standard large deviation estimates (Lemma A.4), for each & > 0 there is
a constant c(e) > 0 such that

Nz
P{‘N‘l S Livg) - xEIm’ > g} < e—CEN,
=1
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Thus by the Borel-Cantelli lemma also

[Nz
lim N~! I, Ny =2EIL o= .
N ; Ny) = TR0 xp—r a-s
Inequality (2.29) follows from the existence of the limits and (2.30). O

We develop a precise connection between the last-passage times G and Gy. Recall the definition
(2.1) of the last-passage time between any two points on the integer square lattice. A maximal
path for Go(m,n) first collects some weights on one of the two axes, and then follows a path in the
interior N2. We separate the two contributions. For (m,n) € N2,

Go(m,n) = ;Iel%{Go(k, 0) + G((k, 1), (m, n))}
(2.32)

]?é?;(]{GO(Ov k) + G((L k)’ (mv n))}

To clarify, in the first maximum on the right-hand side (k,0) is the last point of the path on the
boundary and (k,1) the point where the interior path begins. The notation [m] is for the integer
interval {1,...,m}.

The key is to take formula (2.32) to the limit and use the known values for ¥y (z,y) to solve for
U(xz,y). By the homogeneity of ¥(z,y) it is sufficient to identify the one-variable function

(2.33) Y(z) =¥(z,1), x>0.

LEMMA 2.6. v is a strictly increasing, concave, continuous function on (0,00). Setting 1(0) =
q/p extends 1 to a strictly increasing, concave, continuous function on R.

PROOF. The properties of ¢ on (0, 00) follow from the definition (2.33) and the corresponding
properties of ¥ given in Theorem 2.1. We need to extend ¢ (z) continuously to z = 0. From (2.28)
and (2.29) comes the inequality

1—
U(x,y) <z 7 4 i
p—r T

To minimize the right-hand side set r = p,/y/(1/q% + /y) and get
(2.34) U(z,y) <p gz +qy +2¢/qzy |-
By taking any particular path 7 from (1,1) to (| Nz], | Ny|) we get the lower bound

G(INz|, [Ny))> > Vi

(i,5)em

from which by the strong law of large numbers
(2.35) Y(z,y) > p a(z +y).
In particular we have the bounds
(2.36) pla(z+1) <o(x) <p 'gw+q+ 2y ]
Letting = ™\, 0 brings the bounds together and verifies the claim about extending ¢ to R. O

ProroOSITION 2.7. We have the identity

(2.37) Up(1,1) = Oiugl{\llo(z, 0)+v(1-— z)} \/Oiugl{\llo(o, z)+ (1 — z)}
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PROOF. By (2.32) for any 1 <k < N

We wish to use the fact that the random variable G((k,1), (N, N)) has the same probability
distribution as G((1,1), (N —k+1, N)). The elegant way to do this is to imagine the so-called canon-
ical construction for the random variables we are working with. The probability space (92, F,P)

(2.38)

has Q = (Z+)Zi with generic element w = (Wivj)(m)EZi and the product o-algebra F. P is the
product probability measure that makes the coordinate random variables Y; ;(w) = w;, ; independent
with marginal distributions (2.15)-(2.18). On Q we have the shift maps (Tj ¢(w));j = Witk j+e for
(k,0) € Z3 that leave the probability distribution of the interior variables invariant: if f is any
Borel function on R™ and (i1, j1), ..., (iar, jar) € N2, then for any k, £ > 0,

/f(wil,jn i 7wiM,jM)P(dw) = /f(wi1+k,j1+f7 s ’wiMJrk,jM+f)P(dw)

provided the integrals are well-defined. By considering the indices of the Y-variables that go into
formula (2.1) it should be evident that

(239) G((k7 1)a (N7 N)) = G((la 1)a (N —k + 17 N)) o Tk—1,0~
Then from the invariance comes the distributional equality:

for all Borel sets B C R.
Take z € [0,1). Then for N > 1/(1 — z) (to guarantee [Nz] < N) take k = 1+ [Nz] so that
N—-k+1=N-[Nz|=|N(1-2)]. From (2.38)

N7'Go(N,N) > {N"'Go(1 + [Nz],0) + N'G([N(L—2)],N)oTn.10}

(2.41) V{N"1Go(0,1+ [N=]) + N7'G(N, [N(1—2)]) 0 Ty (=1 }-

We let N — oo. We know from Theorem 2.1 that N=!G(|N(1 — 2)], N) — (1 — 2) a.s. This does
not imply the a.s. limit

(2.42) NT'G(IN(1=2)],N)oTin.10 — ¢(1 —2)
for the shifted variables. The reason is that the distributions of the processes
{NT'G(IN1—=2)|,N): N>1} and {N'G(|IN(1—2z)|,N)oTin.10: N >1}

are not identical. But the equal distributions (2.40) give convergence in probability in (2.42), and this
in turn implies a.s. convergence along a subsequence. The same argument works for the transposed
shifted term N='G(N, [N(1 — z)]) o T [n») on the second line of (2.41), and the limit is the same
(1 — z) by the symmetry U(z,y) = ¥(y,x).

The Go-terms in (2.41) converge a.s. by Corollary 2.5. Thus we take N — oo in (2.41) along a
suitable subsequence to conclude that for z € [0, 1),

\110(17 1) 2 {\IJO(Zvo) + 1]/}(1 - Z)} \/{\PO(OVZ) + 1/}(1 - Z)}

Continuity extends the conclusion to z = 1 and thereby we have verified that > holds in (2.37).
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We turn to prove < in (2.37). Introduce another integer parameter L. Consider N > L so that
[NL='m] < [NL~*(m + 1)] which justifies the first inequality below. From (2.32) develop:

Go(N,N) < Oﬁg;g_l{ao(mrl(m +1)1,0) + G(([NL™'m] +1,1), (N, N)) }

smax_ {Go(0, [NL™ (m+1)]) + G((L, [NL'm] +1), (V. N))}

= Oggg%_l{ao([NL—l(m +1)1,0) + G(IN(1 = L7'm) |, N) o Tynp-1m1,0}

\/Ogglgf_l{Go(Q [NL™ (m+1)]) + G(N, IN(L = L™'m)]) o Ty, tnp-1m1 }

Letting N — oo along a suitable subsequence gives

Uo(1,1) < ogggf_l{%@‘“m +1),0)+¢(1—L"'m)}

\/ogﬂéﬁl{%(o’ L (m+1))+¢(1—- L' 'm)}

by the bilinearity of ¥o(x,y) in 2 and y

< sup {\IJO(Z,O)—i—w(l—z)}\/ Supl{\llo(07z)—Hb(l—z)}—l—CL_l.

0<2<1 0<z<

Letting L — oo completes the proof. (I

The probabilistic part of the proof is over. The rest is analysis to extract the unknown v from
(2.37).

COMPLETION OF THE PROOF OF THEOREM 2.14. We arrange things so that concave duality
from Appendix C.1 applies. The first task is to simplify (2.37). Rewrite it with explicit formulas
from (2.28):

q L= q 1—r
2.43 + = su {z + 1—z} su {z + 1—z}.
243) T4 = s e A=)V sup (e el - 2)
Observe that (1—r)/r > q/(p—r) iff r < 1—,/q. We restrict the parameter r to the subset (0,1—,/q]
of its original range (0,p). Then we can drop the first expression in braces from the right-hand side
of (2.43) because at each z-value the second expression in braces dominates. Replace the variable z
with z = 1 — z, multiply through by —1, and we have turned (2.43) into

L 1;T7w(x)}, re(0,1—a).

=t o
p—r 0<z<l

Once more change variables to y = (1 — r)/r to turn the above equation into

(2.44) _ad+y) = inf {ay—v(z)}, y € p (Vg +q), ).

py—q  0<e<i
Define the function

—00, <0
Y@) =), 0<z<1
P(1), x>1

By the monotonicity, continuity and concavity of ¢ on [0, 1], zz : R — [—00,00) is upper semicon-
tinuous and concave. Equation (2.44) implies that
q(1+y)

— Sy~ ity —d@) yehT (Vata), ).
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In particular, the values z > 1 cannot yield the infimum above since y > 0 and {j)v is constant on
[1,00). In terms of concave duality, the above equation says that

(2.45) Ty = - ‘ﬁf? for y € [p~ (3 + 9), o0).

By Corollary C.2
(2.46) dle) =" (@) = inf {oy — 9" ()}

Restrict the above to z € [0,1] so that 1(z) = ¢(z). From (2.45) we can get a right derivative at
y=r"'(Va+aq):

=1.
y= \/Ep+q

({Pv*)/((ﬂ;qﬂ) = ﬁ

Hence by concavity, for y < p~'(,/g+¢) and z € [0,1],

V" (y) S 9 (VEH) 4y — YIH < 7 (YL gy — @ VO

The conclusion is that for = € [0, 1] the infimum in (2.46) is not affected by restricting y to [p~*(,/g+
q), 00). This is the range where we know ¢*(y) from (2.45). Consequently for z € [0, 1]
. q(1+y) -1

2.47 x) = inf {x +7}= T+ q+2y/qr).

( ) Vi@ y>p~ 1 (/a+aq) Y Py —q P (q 1 1 )
The second step above is calculus.

Going back to the definition (2.33) of ¥ and by the homogeneity of ¥, for 0 < z < y,
V(w,y) = y¥(a/y,1) = yo(a/y) =p~" (g2 + qy + 2/qzy ).

By symmetry of ¥ the same formula works for all (z,y) € (0,00)2. This completes the proof of
formula (2.14). O

2.3. M/M/1 queues in series

We turn to study discrete-time M/M/1 queues in series, a model which can also be called a
discrete-time zero range process. This particle system is closely related to the last-passage model
with geometric weights studied in Section 2.2. However, results from Section 2.2 will not be used.
Instead, with the help of the queues, we give an alternate proof of Theorem 2.2 at the end of Section
2.4. The underlying idea of the proof is the same as for the one we just covered: explicit limits come
from knowing explicit invariant distributions.

In this section we study the stationary behavior first of a single queue and then queues in series.
In Section 2.4 we prove a hydrodynamic limit for the infinite process. In that proof a particle version
of the last-passage model appears in a variational property of the process (see equation (2.72)) that
gives a counterpart to equation (2.32).

As in the previous section, we have a fixed parameter p = 1 — ¢ € (0,1), and an auxiliary
parameter r that varies in the interval » € (0,p). A single-server discrete-time M/M/1 queue
operates as follows. Customers arrive one at a time at a service station, are served in the order
in which they arrive, and leave after the service is complete. This scheme is called FIFO, short
for first-in-first-out queueing discipline. The rule for the stochastic evolution is that for every time
point ¢ € N, during time period (¢ — 1,¢) two things can happen. (i) If the queue is not empty at
time ¢ — 1, then with probability p one customer departs by time ¢. (ii) One new customer arrives
with probability . Our convention is that it is not possible for a customer to arrive and depart
during the same interval (¢t —1,¢). The name M/M/1 for this model comes from memoryless arrivals
and services (that’s two M’s) and from having 1 server.



18 2. DETERMINISTIC LARGE SCALE LIMITS

For t € N let
a(t) = 1{a customer arrives during (¢t — 1,¢)}
and
d(t) = 1{a customer departs during (¢t — 1,¢)},

and for t € Z, let Q(t) denote the number of customers in the system (queue length) at time ¢. The
arrival process is {a(t) : t € N}, departure process is {d(t) : t € N}, and the queue length process is
{Q(t) : t € Z4}. We call the arrival process a mean r Bernoulli process because the variables a(t)
are independent mean r Bernoulli variables.

For a rigorous construction of the processes (a, @, d) we need one more ingredient, namely the
probability distribution 3 for the initial queue length Q(0). Once § is picked, let (2, F,Pg) be a
probability space on which are defined these three independent random objects: (i) S-distributed
Q(0), (ii) mean r Bernoulli process {a(t) : ¢ € N}, and (iii) mean p Bernoulli process {x(t) : t € N}.
The variables (¢) signal possible service completions. On this probability space we define the queue
length and departure processes for t € N by

Q) = (Q(t —1) = k(1)) + + alt)

(2.48) and  d(t) = k(t) - 1{Q(t — 1) > 1}.

Since a(t) and k(t) are inputs that are independent of Q(0), ..., Q(¢t — 1), the formula above
defines Q(t) as a discrete-time Markov chain with state space Zy and transition matrix {P(z,y) :
x,y € Z4} whose nonzero values are given by

r, x=0

P(x,z+1){

qr, © =1
(2.49) 1— =0
P(z,z) = " v
q(17T)+pT7 z2>1
Plx,z—1)= p(l1-7r), z>1.

We observe the state Q(t) of the queue at integer times t = 0,1,2,.... Between successive integer
times at most one arrival and at most one departure can happen. Consequently the transition
probabilities satisfy P(x,y) =0 for y ¢ {z,z +1}.

Set
qr

2.50 u=———¢€ (0,1
(250) s e
and define this probability distribution on Z, :

p—r p—r
2.51 a(0) = and af(z) = u*  for x > 1.
(2.51) 0) == (@) ==,

LEMMA 2.8. Let 0 < r < p and let the arrival process be a mean r Bernoulli process. The
probability measure « is reversible for the transition P. If the distribution of the initial queue length
Q(0) is a, then under P, the process Q(-) is a stationary Markov chain, the departure process is a
mean r Bernoulli process, and the departure process up to time t is independent of the queue length
at time t, for all t € N. Precisely speaking, for allt e N, k € Z, and (w1, ..., w;) € {0,1}¢:

(2.52) P {Q(t) =k, (d(1),...,d(t) = (wr,...,w)} = a(k) - rZi=1 ¥i(1 — p)i=Zizawi,
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PROOF. Reversibility amounts to checking a(x)P(z,y) = a(y)P(y, z) for all pairs (z,y) € Z,.
Reversibility implies invariance (that is, P = «) and this in turn that under P, the Markov chain
Q(-) is stationary.

Equation (2.52) is checked by induction on t. We give parts of the calculation explicitly.

Caset =1. Assume k > 1, w; = 1.
Po{Q(1) = k,d(1) = 1} = Po{Q(0) = k, k(1) = 1,a(1) = 1}
+P.{QO0)=k+1,s(1)=1,a(1) =0}
=alk)pr + a(k+ Dp(1 —r) = alk)r.
Then k=0, w; = 1.
Po{Q(1) =0,d(1) = 1} = Po{Q(0) = 1,x(1) = 1,a(1) = 0}
=a(l)p(l —r) = a(0)r.
The cases with w; = 0 come by complementation.
Induction step. Assume (2.52) is valid up to time ¢t — 1. Abbreviate
Dy, , ={(d(1),...,d(t)) = (w1,...,ws)}.
Assume k> 1, wy = 1.
P {Q(t) = k, Dy, ,} = Po{Q(t — 1) = k, Doy, ,,5(t) = La(t) = 1}
+PAQ(t —1)=k+1,Dy,, ,,k(t) =1,a(t) = 0}

utilizing the independence of (k(t),a(t)) from everything that has happened up to time ¢ — 1
=P {Q(t—1)=k Dy, ,  jpr+Po{Q(t—-1)=k+1,Dy,,  }p(1—r)
by induction
- a(k)rzf;i wi(] — r)t—l—zf;i Wipr 4+ a(k + 1)er;i wi(] — T)t—l—ZE;i Wip(l —r)
= a(k)rz§=1 Wil = r)t_zz=1 Wi,
Similarly for the case k = 0, wy = 1 and then the w; = 0 cases by complementation. O

We build on this lemma to describe invariant distributions for a process that consists of a bi-
infinite sequence of queues. Customers departing queue ¢ immediately join the arrival process of
queue ¢ + 1. The state of the process is n(t) = (n;(t) : ¢ € Z), where 7;(+) is the queue length process
of queue i. The state space of the process 7(-) is X = (Z, )%. Generic elements of X are denoted by
n = (m)iez-

To define the evolution, assume given an initial state n(0) and let {k;(t) : i € Z,t € N} be
a collection of i.i.d. {0,1}-valued Bernoulli random variables with mean p. Variable «;(t) signals
a possible service completion at server ¢ during time period (¢t — 1,t). The initial state n(0) is
independent of the process {k;(t)}. For t € N, the move from 7(t — 1) to n(t) follows the equation

(2.53) mi(t) = mi(t = 1) — ki(t)4 + mica(t) - Mmima(t—1) 21}, i€ Z

The equation expresses the two events that can happen at queue ¢. The first term on the right
represents a possible departure at queue i, and the second term a new arrival to queue ¢ from queue
i — 1. The evolution 7(¢) is well-defined for any initial state n(0) € X and it is a Markov process.

Let a;(t) be the arrival process to queue i and d;(¢t) the departure process from queue 4. Since the
departures from queue i — 1 feed directly into queue i,

az(t) = di_l(t) = Hi_l(t) . 1{7}1_1(t — 1) 2 1}
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Let us use the notation a;[s,t] = {a;(m) : s < m < t} for segments of these processes.

In the particle system literature, process n(-) would be called a discrete-time zero range process.
The name comes from the property that a particle interacts only with particles on its site, and not
with particles at other sites (zero range of interaction). Our process is a simple case of the zero range
process. More generally, the dynamics is determined by a function g(n;) that gives, as a function of
the number of particles at site i, the probability or the rate of moving one particle out of site 3.

Let v = a®” be the probability measure on X under which the coordinates 7; are i.i.d. a-
distributed. Explicitly, for any n distinct indices i1,...,4, € Z and any x1,...,2, € Z4,

n
v{ineX n, =x1,...,1, =Tp} = Ha(zj).
j=1

Note that there is actually a family of measures indexed by r € (0,p) (considering p fixed).

LEMMA 2.9. Consider p € (0,1) fixed. Then for each r € (0,p) the probability measure v is
invariant for the process n(-). Let the initial state have distribution v. Then at each time t and
for each i the departure process d;[1,t] is a mean r Bernoulli process and independent of the queue

lengths {n;(t) : j <i}.

PrOOF. Fixt € N. Assuming that n(0) has distribution v we show that 7(t) also has distribution
v.

Let Y; = (ni(t), (d;[1,t]). Y; is a Markov chain indexed by ¢ and with countable state space
Zy4 x {0,1}*. The Markov property is true because the only information from {Y; : j < i} used
to compute Y; is the arrival process a;[1,t] = d;—1[1,t]. The rest come from independent inputs.
The transition probability from Y; 7 to Y; can be described informally by saying: take the arrival
process a;[1,t] = d;—1[1,t], pick independently an a-distributed initial queue length n;(0) and the
Bernoulli variables k;[1,¢], and compute the variables Y; = (n;(¢), (d;[1,t]) according to equations
(2.48).

Lemma 2.8 implies that the probability measure described by (2.52) is an invariant distribution
for the Markov chain Y;. Markov chain Y; is irreducible, for the state (¢, (0,0,...,0)) communicates
with every other state. To move from state (z,wi ;) to (¢,(0,...,0)), pick the next initial queue
length Q(0) = ¢t — Y°1_, w; and &[1,] = (0,...,0). To move from (t,(0,...,0)) to (z,w; ), pick
Q(0) = z+>!_, w; and k[1,t] = wy . Finally, Y; is aperiodic because state (t, (0, .. ., 0)) has period
1.

Thus the convergence theorem for Markov chains applies [Dur04, Ch. 5, Theorem (5.5)] and
implies that {Y;} is the stationary Markov chain with each Y; distributed as in (2.52). To make this
assertion rigorously for a fixed segment (Yi,, Y +1,--.,Y:, ), imagine the Markov chain Y; starting
at index value ¢ = N and take N to —oo.

Fix ig € Z. We appeal once more to Lemma 2.8 to prove the following claim: for ¢ > ig, the
variables {n;, (t), Mi,+1(t), ..., m:(t), d;[1,t]} are mutually independent, with each 7;(¢) a-distributed
and d;[1,¢] a mean r Bernoulli process. This claim finishes the lemma.

The case @ = ig is the above conclusion that Y;, has the distribution in (2.52).

Assume the claim is true for some i > i3. Then by the independence built into the inputs,
also the larger collection of random variables {n;,(t), mig+1(t), -, mi(t), di[1, 8], mi11(0), i1 [1, 8]} is
mutually independent. Let I and J be the functions defined by (2.48) that give the queue length
and the departure process as functions of the inputs:

Nig1(t) = I(aip1[1,8],m41(0), ki1 [1,8])  and  diga[1,8] = J(ai1[1, 8], 7i41(0), kiga[1,2]).
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It seems clearest to make the argument through an expectation. Let f1, f2, f3 be bounded functions
defined on the appropriate spaces so that the expectations below make sense.

E, [f1 (15 (), - - mi(8)) f2 (nig1 (t)) f3 (diga [1,1]) ]
=E, [f1(mio(t), -0 (t)) f2 (I (ds[1, 2], mi41(0), Kig1[1,2]))
X f3(‘](di[17t]7ni+l(0)7Hi+1[lvt]))]

by the induction hypothesis

=E, [f1 (i (8), -+ m:(1))]
x E, [fz (I(di[l,ﬂ777i+1(0)> m+1[17t]))f3 (J(di[17t]7m+1(0)’ RHl[l’t]))]
= B [ iy (0, 0] Bo [ (051 (0) fo (i [1,1)]

by another application of Lemma 2.8 and the part of the induction assumption that says the arrival
process a;11[1,t] is mean r Bernoulli

=E, [f1(mio @), -0 @) Eu [fo (i1 (8)) | By [ f3(disa[1,8])].

Since we already know that n;4+1(¢) and d;11[1, t] have the desired marginal distributions, this extends
the claim to ¢ + 1 and thereby completes the proof of the lemma. O

2.4. Hydrodynamic limit for M/M/1 queues in series

A hydrodynamic limit is a law of large numbers that describes deterministic behavior of an
interacting particle system on large space and time scales. We consider a sequence of processes
7™ (-) indexed by N € N. Each process is of the type studied in the previous section, with the state
N (t) = (m]N(t) : i € Z) € X that consists of a sequence of queue lengths and evolution described by
equation (2.53). Let d¥ (-) be the departure process from queue 7. We write P? for the probability
measure on the probability space on which processes (p™V(-),d" (-)) are defined.

The only hypothesis needed is that the initial states 77 (0) approximate a deterministic profile.

There exists a nondecreasing function Uy : R — R such that Uy(0) = 0 and,
for all a < bin R and € > 0,

(2.54) |Nb]
Jim_ PN{ ‘N—l S 0N 0) = (Uo(b) - Uo(a))‘ > e} = 0.
i=|Na|+1

EXAMPLE 2.10. Here is the simplest example of initial variables that satisfy assumption (2.54).
Suppose U} is continuous. For each N let the variables {n¥(0) : i € Z} be independent with means
EN[nN(0)] = Uj(i/N). Assume there is a finite constant C' such that EN [N (0)2] < C for all N
and 1.

Define a function g on Ry by
2
—(+/p(1 =) — ./ 0<x<
07 x> p.
Then define a function U on Ry x R by setting U(0, z) = Up(z) and

(2.56) U(t,x) = sup {Uo(y) + tg(ﬂ) }, t>0, zeR

yy<z t
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The resulting function U (¢, z) continues to be nondecreasing in . This operation defines a semi-
group, in the sense that once U is defines as above, then for all 0 < s < ¢,

(2.57) U(t,z) = sup {U(s,y) + (t—s)g(x_y> }

yiy<wz t—s

Since g < 0 and U(s,y) is nondecreasing in y, U(¢,x) is nonincreasing in ¢.
Function U describes the process on space and time scales of order N as made precise in the
next theorem.

THEOREM 2.11. Assume (2.54). Then for alla <b in R, ¢t >0 and e > 0,

LB
(2.58) Jim_ PN{ ‘N‘l S aN(INt)) — (Utb) — U(t,a))( > 5} =0
i=|Na|+1
and
Nt
(2.59) Jim PN{ ‘N*I 3 dla(s) — (U(0a) - U(t,a))‘ > e} ~0.

Along the way to the proof we will also give another proof of Theorem 2.2. This appears as
Corollary 2.16 in the final stage of the proof.

The theorem says that the function g of (2.55) summarizes all the information needed about
the process for describing its large scale evolution. In the proof we define this function in terms of
the limit of a system that starts with infinitely many customers in a single queue and the rest of
the system empty. It turns out that g is the concave dual of the particle flux f defined as follows:

o0
f(p) = r with r uniquely determined by Z za(x) = p.
x=0
Here « is the stationary distribution of a single queue defined in (2.51). The flux f(p) gives the
average departure rate as a function of the mean queue length, or particle density, p. (This meaning
of the parameter r was clear from Lemma 2.8.) The explicit formula is

(2.60) fo)=50+p—V(1+p)?—4pp), pel0,00).

The connection between g and f is, for p,z € Ry,
(2.61) f(p) = inf {pz —g(z)} and g(z) = inf {pz — f(p)}.
zER L PERY

This will arise in the final stage of the proof.
What formula (2.56) tells us about the particle system becomes clearer through its connection
with partial differential equations. For this discussion let us assume that

Uy is Lipschitz continuous.

Then definition (2.56) can be used to show that U is a Lipschitz function on Ry x R.
The relevant p.d.e. for U is the following Hamilton-Jacobi equation

(2.62) Ui(t,z) + f(Uz(t,x)) =0, U(0,z) = Up(x).
As a Lipschitz function U is differentiable almost everywhere. If (¢, ) is a point of differentiability
for U, then the partial derivatives U;(t,x) and U, (¢, x) at this point satisfy equation (2.62).

For each t > 0 we can also define the partial derivative p(t,z) = U,(t,z) at Lebesgue almost
every x. This function represents the limiting density of customer particles, for we can paraphrase
limit (2.58) by saying that the random Radon measure N~ Y. nMN (| Nt])s; /N converges vaguely,
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in probability, to the measure p(t,z)dz. Formally differentiating through equation (2.62) suggests
that the correct p.d.e. for p(t,x) is the scalar conservation law

(2.63) pe(t,x) + f(p(t,2))e =0, p(0,2) = (Uo)e().

A measurable function p(t,z) is a weak solution of the initial value problem (2.63) if it satisfies
this integral criterion for all compactly supported, continuously differentiable test functions ¢ on
R+ x R:

(2.64) /OOO /R[p(t,:c)qﬁt(tw) + fp(t, ) de(t, x) | dudt + /Rp(O,m)qS(O,m) dx = 0.

That p(t,z) = U,(t,x) satisfies (2.64) can be checked by multiplying equation (2.62) with ¢, and
integrating by parts. Thus one message of the hydrodynamic limit is that the large scale motion of
customer particles is governed by the conservation law (2.63).

We leave the discussion of the p.d.e. side at this informal level because a complete treatment
would take up a significant amount of space. Here are some closing comments. The claims made
above can be proved with small adjustments to the arguments used in Sections 3.3 and 3.4 of
[Eva98]. Equation (2.56) is an example of a Hopf-Lax formula and in principle it identifies U as the
unique viscosity solution of the Hamilton-Jacobi equation (2.62). The viscosity solution is the weak
solution appropriate for these equations, originally developed in [CEL84] and [CL83]. [Eva98,
Chapter 10] contains a general treatment of viscosity solutions for Hamilton-Jacobi equations, but
the hypotheses used do not cover our case. To show that (2.56) defines the unique viscosity solution
to (2.62), one can adapt the proof from [Eva98, Chapter 10] to show that U is a viscosity solution
and then appeal to a uniqueness theorem for unbounded viscosity solutions from [Ish84].

Like the Hamilton-Jacobi equation, the conservation law (2.63) can possess multiple weak so-
lutions. There are auxiliary conditions that select the physically relevant entropy solution. The
solution p(t,x) = U,(t,z) defined above is the entropy solution, and the hydrodynamic limit shows
that the particle system converges to the entropy solution.

The rest of this section proves Theorem 2.11. The only item we utilize from the past development
is the existence of the general limit of Theorem 2.1. The proof separates naturally into four stages:

Stage 1. Derivation of a particle-level variational property that mimics formula (2.56).

Stage 2. Initial definition of the function g by the limit of the process that starts with the
special initial conditions we already met in the discussion about exclusion and queues in Section
1.1.

Stage 3. Limits (2.58) and (2.59) under assumption (2.54) but with only partial knowledge
about g.

Stage 4. Explicit evaluation of the function g. This is equivalent to proving Theorem 2.2.

Stage 1: The server process and the envelope property. For the proof we switch point of
view: instead of having the customer particles jump from queue to queue, we let the server particles
jump from customer to customer. Let random variable z;(t) represent the position of server i at
time ¢. The connection between the queue lengths n;(¢t) and the server positions z;(t) is

(2.65) ni(t) = z(t) — zi—1(t).

Completion of a service at queue i is now signified by a leftward jump of z;. The entire process of
server particles is denoted z(t) = (z;(t))iez-

As in the earlier description of the customer motion, we take i.i.d. {0, 1}-valued mean p random
variables {k;(t) : i € Z,t € N} that are independent of the initial state z(0). Variable ;(t) signals
a possible service completion at server i during time period (¢t — 1,¢). Reflecting the earlier rule
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(2.53), the evolution from state z(t — 1) to state z(t) obeys the equation
(2.66) Zl(t) = Zi(t — 1) — Kvi(t) . l{Zifl(t — 1) < Zi(t — 1)} 1€7Z,teN.

Each server completes a service each time ¢ € N with probability p, provided this server had at
least one customer in its queue at time t — 1. The departure process from queue i is given by
di(t) = z;(t — 1) — z(t). Also, comparison with rule (1.9)—(1.10) shows that z;(¢) + i is an exclusion
process where particles march to the left. We make no use of this connection.

The state space of the server process z(t) is

Z = {(Zi)ieZ 1z €2 U {—OO},Zi_l <z VZ}

The value —oo is included to admit the possibility that there is a first server j in which case z; = —o0
for i < j. Servers at —oo never move and do not communicate in any way with the rest of the process.
A similar convention for a last server is not really needed. Any server k can be regarded as the “last
server” because as far as the evolution of servers (z; : ¢ < k) goes, the subsequent servers (z; : i > k)
are irrelevant.

To construct a queue length process 7(-) from a given initial configuration 7(0), define an initial
server configuration by

an(oy i>0
(2.67) z(0) = 6_ i=0

0
- > n(0), i<o,

j=it1

run the server process z(-) according to (2.66) and define n(t) by (2.65).

The next envelope property for coupled server processes is our tool for proving the hydrodynamic
limit. Let M be a countable index set, and let z(-) and {x™(-) : m € M} be server processes defined
on the same probability space so that they obey the same coin flips. In other words each process
z(+) and 2™ (-) obeys equation (2.66) by itself, but the values {x;(t)} are shared by all. We say that
the server processes are coupled through the shared coin flips {x;(¢)}.

LEMMA 2.12. (Envelope property) In the situation described above, assume the initial configu-
rations satisfy

(2.68) zi(0) = sup z7*(0) foralli€Z, a.s.
meM
Then
(2.69) zi(t) = sup z{*(t) foralli€Z andt € Zy, a.s.
meM

PRrROOF. If %;(0) = —oco then the hypothesis implies that w]*(0) = —oo for all m € M. These
servers remain at —oo for the duration of the process, and so the conclusion holds for these indices
i. We can restrict consideration to those particles that satisfy z;(¢) € Z for all time.

Step 1. We claim that «7*(t) < z;(¢) for all i, ¢t € Z4, and m € M a.s. Proof is by induction
on time. Suppose the property holds up to time ¢ — 1.

If 27" (t — 1) < z;(t — 1) then one jump cannot reverse the ordering,.

If 27(t — 1) = z;(t — 1) then since " ,(t — 1) < z,_1(t — 1), variable z; cannot jump without
variable 27" also jumping. Thus the ordering zI"(t) < z;(¢) continues to hold at time ¢.
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Step 2. We need to show that, given ¢ and ¢, some m € M satisfies 2" (t) = z;(t). Assume
(2.69) holds up to time ¢ — 1. Pick m; and mg such that

it —1)=2z_1(t—1) and =]t —1)=z({t—-1).
If 27" does not jump during (¢t — 1,¢) then neither can z; by Step 1 and we conclude that
zi () = z(t).
Similarly, if both x"? and z; jump during (¢ — 1,¢) again we have z"2(t) = z(¢).
Suppose z;"? jumps during (¢t — 1,¢) but z; does not. Then z; must have been blocked by z;_1,
and we have

(=1 =z1(t—1) =z —1).
By Step 1 and the ordering in the process x™!
-1 =zt —-1)=a/"(t—-1) =z —-1).
This implies that 2! cannot jump during (¢ — 1,¢) and thereby z"*(t) = z;(t). This completes the
proof. O

A consequence of the lemma is a form of monotonicity (proved in Step 1 of the proof) that we
also state for future reference.

LEMMA 2.13. If z and x are two server processes coupled through shared coin flips and z;(0) >
x;(0) for all i, then z;(t) > x;(t) continues to hold for all i and t.

The auxiliary processes 2™ (-) we use in Lemma 2.12 will be of the following special type. For
m € Z let the process w™(+) evolve from the initial condition

0, i1>m

—00, < m.

(2.70) w(0) = {

Then given an arbitrary initial configuration z(0), for m € Z define the processes

(2.71) " (t) = 2m (0) + wi" (t).
Lemma 2.12 applies and yields
(2.72) zi(t) = sup {zn(0)+w(t)}, i€Z, teZ,.
meZ:m<i
The condition m < ¢ can be added to the supremum because w/*(t) = —oo for m > i. The equation
is true also for the case z;(t) = —oo because then z,,(0) = —co for all m < 4. The virtue of equation

(2.72) is that inside the braces on the right the initial condition has been separated from the coin
flips and for distinct m the processes (w™, . (-) : 4 € Z) are identical in distribution.

Stage 2: Limit for process w(-) = w%(-). At this stage we define the function g in terms of
a limit of a special case of the process itself. We could appeal to Theorem 2.2 to give an explicit
formula for g. However, we prefer to derive the formula for g from the particle system in Stage 4 of
the proof.

THEOREM 2.14. Let w(-) = wO(-) be the process with initial condition given in (2.70) with
m = 0. Then there exists a continuous, concave, nondecreasing function g : [0,00) — [—p,0] such
that g(0) = —p, g(z) < 0 for 0 < a < p, g(x) =0 forp < x < 00, and for all x € Ry and t € (0,00)

(2.73) J\}gnoo N7 w ng) ([Nt]) = tg(z/t)  almost surely.
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PROOF. To prove the existence of the limit in (2.73) we could resort to another application of
the subadditive ergodic theorem together with the approximations necessary, as was done in the
proof of Theorem 2.1. Let us bypass this work and take the limit from Theorem 2.1 by recasting
the problem as one involving a last passage model.

Define a growing cluster on N2 by

A ={(i,j) eN*: 1< j < —w;_1(t)}.

Rule (2.66) implies that A fills in growth sites with independent p-coin flips. Therefore by Propo-
sition 1.1 the process {7(i, ) : (i,7) € N?} of hitting times

7(i,7) = inf{t € Zy : (i,§) € A(t)} = inf{t € Zy : w;_1(t) < —j}

has the same distribution as the process {G(i, ) : (i,j) € N?} of last-passage times defined by (1.3)
with weights Y; ; geometrically distributed as in (1.6). By Theorem 2.1 the event

{ Jim NIG(|Nzl,[Ny]) = U(z,9)}

has probability 1 for any fixed (z,y) € (0,00)?, where ¥ is the limit function of that theorem. By
the distributional equality {7(4,j)} 4 {G(i,7)} of the processes, also

(2.74) P{ Jim N~l7(|Na, [Ny]) = B(z,y)} =1

We use a simple large deviation bound to show that ¥ < co. There are (215:12) < 4" paths from
(1,1) to (N, N). Fix any particular path 7 from (1,1) to (N, N). The geometric distribution has

an exponential moment. By Lemma A.4 we can pick t > 0 large enough so that, for some C > 0,

P{G(N,N) > Nt} < 4NP{ Y Vi Nt} <e N L0 as N — oo
XET

The first inequality above is true because the sum of weights along any path has the same distribution
as the sum along 7. Then ¥(1,1) <t and by Theorem 2.1 ¥ < oo on all of (0, 00)?.

We approach the function g through its negative. Define the function
(2.75) g(x) =inf{y > 0: ¥(z,y) > 1}, z>0.

This function is finite because ¥(x,y) > p~!(x +y) and nonincreasing by the coordinatewise mono-
tonicity of U. By concavity of W, U(zq,y1) > 1 and ¥(xs,y2) > 1 imply ¥U(szy + (1 — $)xo, sy1 +
(1 —s)y2) > 1, and thereby

g(sz1 + (1 = s)z2) < sy1 + (1 — s)ya.

Letting y; \, g(z;) shows g convex on (0,00). Thereby g is also continuous on (0,0c0). If g(z) > 0
then U(z,y) =1 iff y = g(z) by the continuity and strict coordinatewise monotonicity of ¥.
By the strong law of large numbers

[Nz]
-1 _ -1 , -1
N7'G(|Nz|,1) =N ; Yip — aEYi; =ap
and thereby ¥(z,y) > 1 for all x > p and y > 0. This implies g(z) = 0 for x > p. By symmetry
U(z,y) > 1 for all > 0 and y > p which implies g(z) < p.
To show g(0+) > p we use another large deviation estimate. Fix a small ¢ € (0,1) and let
z € (0,pe/4) and y = p(1 — ). Consider N large enough so that (|Nz|,|Ny|) € N2. For an
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individual path 7 from (1,1) to (| Nz], | Ny]), by Lemma A.4,

P{ 3 Y= N(L- 5/4)} < P{ 3 (Yx - EYy) > Ne/Z} < e~ (INa|+Ny|-1)AE/2)
xXET Xem

< efc(E)N

for a constant C'(¢) > 0 and large enough N. The rearranged right-hand side inside the probability
came from

> EYy = ([Nz|+ [Ny —1)p~ ' < N(z+y)p~" < N(1-3e/4).

XE™T

Next estimate the number of paths as a function of x and large N. Put temporarily k = [ Nz | —1
and £ = | Ny] — 1. By Stirling’s formula, for large N,

the number of paths from (1,1) to (|[Nz|, |[Ny]) = <

k¢ k+0\'"?(k+0kt  C
= < <
( P )_C( 7 ) gt S mexp[kzlog(l—l—ﬁ/k)—&—Elog(l—i—k/ﬁ)}

< C(Nx)—l/QeNzlog(1+C1y/x)+Nz < CeNé(w)—%long

[Nz + [Ny] —2>
[Nz| —1

where 6(z) — 0 as @ — 0. In the second last inequality we used ¢/k < Ciy/z for large N and
log(1+ k/¢) < k/L. The two estimates together give

P{G(|Nz|,|Ny|) > N(1 —£/4)} < exp[-N(C(e) — 6(x) + % log Nz)].

If = is fixed small enough relative to €, the last bound above tends to 0 as N — oo. This implies
U(z,y) < 1—e/4 which forces g(z) > y = p(1 — ¢). Since this is true for small enough = we have
g(0+) > p(1 —¢), and since € > 0 can be taken arbitrarily small we have g(0+) > p. Together with
the earlier bound g(x) < p this gives g(0+) = p.

Take the previous result and turn it around by symmetry to say ¥(x,y) < 1—¢/4 for z = p(1—¢)
and y € (0,pe/4). Then g(x) > pe/4 > 0. Since € > 0 can be taken arbitrarily small we conclude
that g(z) > 0 for all x € (0,p).

To summarize, we have shown that the function

(2.76) o(2) = {:if””)’ re
has the properties claimed in the statement of the theorem. It remains to prove the limit (2.73).
Fix z,t > 0. Let £, be the event on which
N=lr(INa'], [Ny)) — (2’ y)

for all (2',y) such that 2’ is either x or rational and y = tg(a’/t) £ ¢ for rational £ > 0. For y <0
the condition is irrelevant and can be ignored. Restrict consideration to the event €; which has
probability 1 by (2.74).

First the upper bound for the limit (2.73). Suppose g(z/t) < 0. Otherwise there is nothing to
prove. Take z’ > x close enough to x and € > 0 small enough so that tg(a'/t) > tg(x/t) — ¢ and
y =tg(z'/t) —e > 0. Then

(2!, y) =t0(a'/t, g(a'Jt) —e/t) <t -0
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for some § > 0. (More precisely, ¥(a',y+h)—¥(2',y) > h/p for b > 0 by the law of large numbers.)
Consequently for all large enough N, 7(|Nz'|, | Ny]) < Nt — N§/2, which in turn implies again for
large enough N

< wina |—1([Nt]) < =[Ny] < =Ntg(z'/t) + Ne + 1
< —Ntg(z/t) + 2Ne + 1.
Since € > 0 was arbitrary,

A}lm N~7'w ny  ([Nt]) < tg(z/t) on the event Q.

The lower bound comes by an analogous argument. Suppose y = tg(x/t) + . Then
U(x,y) =tV (x/t,g(z/t)+e/t) >t+ 0
for some 6 > 0. For large enough N, 7(|Nz], | Ny|) > Nt + N§/2, which implies
wNe|([Nt]) = wing)-1([Nt]) > =[Ny] = —Ntg(z/t) —

We have shown that the limit (2.73) holds on the event Q; for x > 0.

It remains to argue the limit N ~"twq (| Nt]) — tg(0) = —tp for z = 0. This is the classical strong
law of large numbers because wg(t) advances by p-coin flips, without obstruction. This completes
the proof of the theorem. O

Stage 3: Limits for the particle system. Assume given the nondecreasing function Uy. Let
the function g be the one given in Theorem 2.14, defined by the limit (2.73). Once we have a more
general limit we can prove that this function g actually agrees with (2.55). Let U(t,x) be defined
by (2.56) in terms of the given initial profile Uy and the function g defined by limit (2.73).

On the particle side assume given the initial queue length configurations 7 (0) that satisfy
assumption (2.54). Define initial server configurations 2z (0) by (2.67), run the server processes
according to equation (2.66), and define the queue length processes 'V (-) by (2.65).

Assumption (2.54) gives

(2.77) hm P{ IN~ ZLN:I:J( )—Uo(z)| >e} =0 forzeRande >0.
The statement that needs to be proved is that, for (¢,x) € (0,00) x R and € > 0,
(2.78) hm P{|N zLNzJ(LNtJ)—U(Lx)\ >e}=0.
Since

LNb)

Yo i (INt]) = 2 (INt) = 2{va ([NE])

i=|Na|+1

and

LVt)
Z Aoy (5) = 2[Na) (0) = 2N  ([NVE])

both limits (2.58) and (2.59) of Theorem 2.11 follow from (2.78).
Rewrite the variational identity (2.72) for each process zV(-) and replace the discrete variables
with integer parts of scaled, continuous variables.
_ _ 1, N,|N
(279) N7, (INt]) :yeﬂit}gq{N Ly (0) + N7l WY (INE))}, zeR, > 0.
Each process zV(-) has coin flips {xN(t) : i € Z,t € N} for generating its dynamics, and the
processes {w"™(-) : m € Z} are coupled with zV through these coin flips.
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Distributionally the process {wf\lj\,i]][yJ (LNt]) : t > 0} is equal to the process {w| Nz |—|ny| ([ VT])
t > 0} discussed in Theorem 2.14, and hence by that theorem,

N,[Ny]

(2.80) Nlim N_leNﬂ (|Nt]) = tg(%) in probability, for all £ > 0 and y < x in R.

To appeal to the limit (2.73) precisely in its stated form, the position argument |Nz| — | Ny]| in
W Nz || Ny|([Nt]) must be replaced by something of the form [Nr|. To this end take ' > x, use
[IN(2' —y)] > |Nx] — | Ny| > | N(z — y)] and the monotonicity of w;(¢) in i, and after passing to
the limit use the continuity of g to take 2’ \, . Presently we cannot assert almost sure convergence
in (2.80) because the process itself changes with N.

Fix £ € R and ¢ > 0. The path towards the limit (2.78) is pretty clear since naively taking
N — o0 in (2.79) leads to a variational formula of the type (2.56). Due to the presence of the
supremum we argue separately upper and lower bounds, beginning with the easier lower bound.
Given € > 0, pick y € (—o0, x] such that

Uo(y) +tg(¥> >U(t,x) —e.

By the convergence in probability in (2.77) and (2.80), we can find Ny such that for N > Ny
PY{N"'2},(0) > Up(y) —e} > 1—¢/2
and
1 N,|N r—y
PN{N leNLH yJ(LNtJ) > tg(T) - 5} >1—¢/2.
These bounds combined with (2.79) give
PY{N"'2\, (INt]) > U(t,z) =3¢} > 1—¢ for N > Nj.
This is one half of the desired limit (2.78).

To get the other half we must bound the supremum in (2.79) from above and for that we need
some truncation, discretization and estimation. The first step is to restrict the supremum in (2.79)
to a bounded interval of y-values. With (¢, z) fixed, define for v < z

¢Nw) = sup {2Pl,(0) + winh/ " ((Ne])}.

y€Elv,z]
LEMMA 2.15. Ifv <z — tp then
Jim PY{zf, (INE) # V() =0.

PRrROOF. Forget the scaling for a moment and work with the basic variational equality (2.72)
with fixed i. Suppose that in that formula w?(t) = 0 for some index ¢ < i. Then, by w™(¢) < 0 and
by the monotonicity of the initial server locations {z,,(0)}, for m < £

2m (0) + W™ (1) < 2 (0) < 2(0) = 2¢(0) + wi(t).
This implies that indices m < ¢ cannot contribute to the supremum, and so
. — m
zi(t) élﬁnyg;(i{zm(O) +w(t)}.
Pick y € (v,z — tp). For the situation at hand the above argument implies

PN {0, (INVE]) # ¢V (0)} < PV {w3H " (IN]) < 0}
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Initially wZN’ [Ny] (0)=0fori=|Ny|,|Ny|]+1,|Ny| +2,... Since the particles move with p-coin
flips and a jump is possible only after the previous particle has jumped out of the way, the first
jump time
™ =inf{s € N: wﬁ\’,gyj (s) <0}

is a sum of [Nz| — [ Ny| + 1 i.i.d. variables Y; with common distribution P[Y; = k] = pg*~? for
k € N. These variables have mean p~!. By the law of large numbers N =7V — (z —y)p™! > ¢ in
probability, and consequently

N,|N
PV {w WM (INE]) < 0} — 0. O
Fix v <  — tp. To complete the proof of (2.78) it is enough to show
(2.81) lim P{N"'¢N(v) >U(t,z) +¢} =0.
N —o0
Utilizing the continuity of the function g of Theorem 2.14, pick a partition v =yg < y; < --+ <
Ym = @ such that

93—%)_ (x_yj-&-l) <€ fori— 1
‘tg( 7 tg . <7 orj=0,....m .

By the monotonicity Lemma 2.13, if m; < mg then w]"?(t) < w;"* (¢) because this inequality holds
at time 0. We bound ¢V (v) in terms of partition points as follows:

{2N(0) + wim (V)

N’LNij

N
= Og}i)in{zLNyHlJ(O) + W Nz (I-NtJ)}

¢N(v) = max max
0<j<m [ Ny; |<m<|Ny;i1]

The last line multiplied by N ! converges in probability to

max {U()(yj+1) + tg(w) }

0<j<m t
L= Yj+1 €
< Uo (v ¢ ( )} <
< s, (oo () o
gU@@+Z

This implies limit (2.81) and finishes the proof of (2.78). We have now proved Theorem 2.11 except
for the explicit characterization (2.55) of g.

Stage 4: Computation of the profile g. To complete the proof of the hydrodynamic limit
we apply the limit (2.78) proved thus far to a stationary system to compute the function g explicitly.
From Theorem 2.14 we already know the values ¢g(0) = p and g(z) = 0 for > p.

Fix the parameter r € (0,p). Let the initial queue lengths 7(0) = (1;(0));cz have the product
distribution v = a®% with marginal « defined in (2.51). According to Lemma 2.9 v is invariant
for the queue length process 7(-) and in this situation the departure process —zo(t) is a Bernoulli r
process. Thus

Un(s) = Jim_ N 210 (0) = yEmn(0) = 55—
and
U(1,0) = lim N 'z(N) = —r.

N—o0

Substituting these into (2.56) with (¢,z) = (1,0) gives

(2.82) —r = zgg{yw + g(—y)}.
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The above equation is valid for the range 0 < r < p. By inspection, it also works for r = 0.
Define the new variable

(2.83) p=———=En(0)

which is a strictly increasing convex function of r € [0,p) onto [0,00). Then r = f(p) is a strictly
increasing concave function of p € [0,00). Solving explicitly from (2.83) gives formula (2.60) for f.

Extend ¢ to a concave upper semicontinuous function on all of R by setting ¢ = —oco on (—0o0,0).
Replace y by —y, and then (2.82) can be written as

2.84 = inf — .

(2.84) fp) ;gR{yp 9(y)}

For p < 0 the infimum on the right gives —oco because g(y) stays bounded as y , oo. Thus we can
extend f(p) to a concave upper semicontinuous function by setting f(p) = —oco on (—o00,0). By
concave duality (Corollary C.2 in Appendix C.1)

2.85 = inf — .

(2.85) 9(y) ;go{py o)}

With some calculus one can solve explicitly for

(2.86) 9w) =—-(Vp(—y) - Vay)* for0<y<p.

This verifies (2.55) and completes the proof of Theorem 2.11. Along the way we verified the concave
duality (2.61) of the flux f and the special shape g.

Let us also point out that the last computation reproves the limit for the last-passage model
with geometric weights.

COROLLARY 2.16. Let the i.i.d. weights {Y; j} . j)en2 have common geometric distribution P[Y; ; =
k] = pg*~! for k € N. Define the limit W(x,y) of the last-passage times as in (2.2). Then

(2.87) U(z,y)=p '(z+y+2/qzy) for (2,y)€ (0,00)°

ProOF. Combining the definition (2.75) of § with § = —g (2.76) and the explicit expression
(2.86) for g above gives this statement: for 0 < z < p, ¥(z,g(z)) = 1for g(z) = (/p(1 — z)—/qz )*.
Formula (2.87) can be derived from this with the help of the homogeneity of ¥. Given (z,y) €
(0,00)2, let ¢! = ¥(z,y). Then ¥(cx,cy) = 1 from which cy = g(cx), and ¢ can be found from the
last equation. O

2.5. Queues and the last-passage model revisited

In this section we establish a connection between the last-passage model with boundaries studied
in Section 2.2 and the M/M/1 queues. As before 0 < p < 1 is fixed. To each r € (0, p) associate a
“dual” parameter

_p-r
T 1—7

(2.88) Ty

€ (0,p).
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Let {Go(m,n) : (m,n) € Z2 } be the last-passage times in the last-passage model on Z% as defined
in (2.19), with these weight distributions for independent {Y; ;}: for k € N,

(2.89) P{Ypo=0}=1,

2.90 P{Y,o=k}=r.(1 —r,)F? for i € N,

( ,

2.91 P{Yy, =k} =r(1—r)k! for j € N,
»J

(2.92) P{Y,; =k} = pg"! for i,j € N.

These distributions are exactly those used in (2.15)—(2.18) in Section 2.2 except that the geometric
variables have been shifted by 1.

To create a queueing situation that matches this last-passage picture, we construct a system in
which the departure process from a fixed queue is a Bernoulli r process, and an individual customer
jumps from server to server as a Bernoulli ., process.

Consider an infinite sequence of M/M/1 servers labeled by ¢ € N as in Section 1.1. Customers
enter the system at server 1 and move from server i to ¢ + 1 in order, under FIFO discipline. But
instead of having all customers queue up at server 1 at time ¢ = 0, imagine that the system has been
in operation for a long time, fed by a mean r Bernoulli arrival process at server ¢ = 1. Consequently
we can assume that the queue length process {n;(¢) : i € N} for times ¢ < —1 is stationary with
product distribution a®Y, as described in Lemma 2.9.

During period (—1,0) a special customer labeled 0 shows up, outside the arrival process, and
enters the system at server 1. After customer 0 the Bernoulli r arrival process resumes as before,
from period (0,1) onwards. (Perhaps customer 0 is you, cutting in line?) We need to be precise
about what customer 0 sees upon arrival, so let us stipulate that customer 0 arrives during (—1,0)
after the service events of period (—1,0) have taken place.

Let 7(0, ) denote the arrival time of customer j € Z, at server 1. Thus 7(0,0) = 0, and then,
since the subsequent arrival process is a mean r Bernoulli process, processes {7(0,j) : j € Z4} and
{Go(0,j) : j € Z4} are equal in distribution. For ¢ > 1, j > 0 let 7(4, j) be the time when customer
j departs server ¢ and joins the queue at server i + 1. More precisely, if 7(i,j) = t € N then the
event in question happens during period (¢ — 1,t). The result is that the last-passage process with
boundaries captures this queueing process.

THEOREM 2.17. The processes {Go(m,n) : (m,n) € Z3} and {T(m,n) : (m,n) € Z2.} are equal
in distribution.

Let us first be clear about what needs to be proved. We already know the equality {7(0,7) :

JEZL} < {Go(0,7) : j € Z+} on the j-axis. Suppose we know the similar equality in distribution
on the i-axis. Then induction takes over and proves Theorem 2.17. Namely, after time 7(i — 1,7) V
7(%,j—1) the first successful p-coin flip at server i sends customer j away from server ¢ and marks the
occurrence of time 7(7, 7). In other words, the system {7(i, )} follows the last-passage recipe with
weight distributions (2.89)—(2.92). One can write a rigorous argument along the lines of Proposition
1.1 by showing that {7(i,7)} and {Go(4,7)} determine the same cluster processes in the sense of
distributions.
Thus it suffices to prove the equality in distribution on the i-axis:

PROPOSITION 2.18. {7(i,0) :i € Z,} £ {Go(i,0) i € Zy}

The remainder of the section proves the proposition. As already mentioned above, we assume
1»

that during period (—1,0) all service completions are done “by time —35” before customer 0 arrives

at server 1. Consequently the queues {n;(—3) : i € N} that customer 0 sees upon arrival are the
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equilibrium queues {n;(—1) : ¢ € N} from time ¢ = —1 modified by the service completions of period
(71, 0)

LEMMA 2.19. The distribution seen by the arriving customer 0 is

n

(2.93) P{n(—3) =21, n2(—3) =22, .. ,n(—3) = an} = (1 —u)u™ - Ha(:vi)

forxy,...,xn € Zy.

PROOF. As indicated n(—1) has a®N distribution. From time —1 to —1/2 there is no arrival
from the outside, but a round of potential services happens, triggered by variables {x;(0)}. The
evolution is given by the equations

m(=3) = (m(=1) - £1(0))+
ni(—3) = (mi(—1) — £:(0))+ + di—1(0), i>2.
Let us compute the distribution of (11 (—3),d1(0)):

(2.94)

P{n(—3) =2,d1(0) =1} =P{m(-1) =z + 1,/ (0) =1} = pp_qru“'lp

= (1 —u)u"r

Thus the queue 7;(—3) has distribution (1 — u)u” and is independent of the Bernoulli r arrival
a»(0) = di(0) sent to server 2. The queues {n;(—1) : i > 2} are initially in the a®{234-}
equilibrium and independent of (1;(—3%),d1(0)). It follows from Lemma 2.9 that after the service
step the resulting queues {m(—%) : 4 > 2} are again in the a®12:3:4.-} equilibrium and independent
of m (—%) 0

Starting from 7, defined in (2.88) we define dual counterparts of the constant u and the measure
a from (2.50) and (2.51):

TR R (0)
and
ax(0) = P _y and ay(z) = pi?ﬂ*uf for z > 1.
p pq

Next, we record the situation seen by customer 0 upon arrival in a different way. The customers
he sees ahead of himself in the queues are the customers —1, —2, —3, ... that arrived before him.
They have stayed in order, with customer —1 ahead of customer 0, customer —2 ahead of customer
—1, and so on. Let Sy be the label of the server at which customer £ € —N resides at time ¢t = —%

when customer 0 arrives. Let

§_k:S_k—S_k+1, k € N.
Variable £_j counts the number of servers between customer —k + 1 and the next customer —k.
& = 0 if customers —k + 1 and —k are at the same server. £_; = y > 0 if customer —k + 1 is at
the front of his queue at server S_j1, the next y — 1 queues ahead are empty of customers, and
the next customer —k is at server S_j11 +y. From (2.93) we derive the distribution of {£_}.

LEMMA 2.20. Variables {¢_j : k € N} have the product distribution a®N.

PROOF. Let N € N, ky,...,kx € Zy, y1,...,yn € N and set K, = 37", (1 + k;). Define the
event

A= {5—1 == g—kl = Oa §—k1—1 =Y, 5—1@1—2 == 5—k1—k2—1 = 07 f—kl—kz—Q =Y2,

) ngN—lfl = :é'*KN‘i‘l - 07 ngN = yN}
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To clarify, this event prescribes ki + - - - + kny &-values zero, and N &-values equal to yy,...,yny > 0.
It suffices to show that

N
(2.95) P(A) = a,(0)t Tk, H o (y;).

i=1

This is sufficiently general for the conclusion because an event with adjacent positive £-values can
be prescribed by setting some k; = 0, and the last value can be zero by summing over yx > 0 and
taking the complement.

Let us abbreviate 771’(—%) = n; for this proof. Set Y,, = y1 +--+y,. Restate A in terms of {n; }:

A:{n1:k17n2:"':ny1:Oﬂny1+l:k2+17ny1+2:"':ny1+y2:Oa
')T]YN—l"rl:kN+1’77YN—1+2:”.:nyN :0777YN+1 >O}'

In words, this event specifies that 7; = k; (the special first queue in (2.93)), and after that there
are Yy — N empty queues, N — 1 queues with lengths k; + 1 (2 <i < N), and finally a nonempty
queue. By (2.93)

N
P(A) = (1 —u)u™ - q(0)nr T tuv =N, { Ha(k‘i + 1)} (1 —«(0))
=2
which simplifies to the right-hand side of (2.95). O

Now we wish to switch around the meaning of customers and servers. To make the text intelli-
gible we continue to use the terms customer and server as used up to now, for the customers j € Z
and servers ¢ € N introduced in the beginning of this section. We call the new entities *customers
and *servers. Think of the variables {_j} as initial *queue lengths. *Queue —k receives a *cus-
tomer when S_j increases by 1 (customer —k jumps from one queue to the next) and sends off a
*customer when S_j 1 increases by 1 (customer —k + 1 jumps from one queue to the next). Think
of the variables S_j as the positions of *servers that jump when a *customer completes service.

The variables {...,€_3,_2,€_1} are initially in i.i.d. o, equilibrium. Lemma 2.9 implies that
the *departure process from *queue £_1 is a Bernoulli r, process. However, the *departure process
from *queue £_; corresponds to the motion of Sy, the position of customer 0 among the servers.
Precisely speaking, if ¢ *customers have departed from *queue £_; during time 1,...,¢, then the
position of customer 0 among the servers satisfies Sy(t) =i+ 1. So(t) = i + 1 rather than i because
So(0) =1 and not 0.

Consequently, the marginal distribution of the position process Sy(-) of customer 0 is the same
as obtained by flipping an 7. coin to determine when to jump to the next server. The time 7(¢,0)
when customer 0 departs server ¢ (i > 1) is then a sum of ¢ i.i.d. geometric variables with common
distribution P[Y = s] = r,(1 — r,)*"!, s € N. The distributional equality claimed in Proposition
2.18 holds. This completes the proof of Theorem 2.17.

Comments

Section 2.1. Moment assumptions on Y; ; under which the limit function ¥ of Theorem 2.1 is
finite were investigated by [Mar04].

Section 2.2. The proof of the explicit limit in Section 2.2 adapts some calculations from [BCS06].
The limit for the geometric case satisfies

U(z,y) =m(z+y)+2v/o2zy
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where m = E(Y; 1) and 02 = Var(Y; ;) are the mean and the variance of the weight distribution.
Additional evidence on behalf of this formula comes from asymptotics of ¥(z,y) at the boundary
as y \, 0 (see [Mar04]), but presently it is not known if this is the correct general limit formula.

Section 2.3. A standard references for the theory of M/M/1 queues is the monograph [Kel79].

Section 2.4. In general, hydrodynamic limits are laws of large numbers that describe the behav-
ior of a particle system over large space and time scales. Introductions to the subject can be found
in [DMP91], [KL99] and [Spo91]. The zero range process was introduced by Spitzer [Spi70]. A
hydrodynamic limit for multidimensional zero range processes was proved by Rezakhanlou [Rez91].
The envelope approach to hydrodynamic limits used in Section 2.4 works for a special class of totally
asymmetric systems in one dimension. It was introduced through several examples in the papers
[Sep98], [Sep97] and [Sep00]. Assumption (2.54) was formulated in terms of convergence in prob-
ability, and consequently the results (2.58) and (2.59) are of the same type. If we assume almost
sure convergence in (2.54) and work harder to derive summable deviation estimates, we can get the
conclusions also with probability 1. See [Sep99].

Exercises

EXERCISE 2.1. Explain how the proof of Theorem 2.1 actually proves the stronger statement that

there exists an event of probability 1 on which limit (2.2) holds simultaneously for all (x, ) € (0, 00)2.






CHAPTER 3

The last-passage Markov chain

Let us recall the setting of the last-passage model with geometric weights. The parameter
0 < p<1lisfixed and ¢ =1 — p. The geometric distribution supported by nonnegative integers is

pqt, T €L
Y(w) = N
0, 2x€Z\Z,.

For k € Z, let v, = v** denote the kth convolution power of . Then ~o(z) = 1{z = 0}, 71 = v,
and in general for k > 1 =, is the negative binomial distribution:

w@) =t = X e = (T

x
(T1,eenrl ) EZF:
o1t ATp=

>q””, T €Ly

The values at negative integers are all zero: v, (z) = 0 for all k € Z; and = < 0. Probabilistically
speaking, for k > 1 ~; is the probability distribution of a sum Sy = Y7 + -+ + Y of k i.i.d.
~v-distributed terms Y;. If an experiment with success probability p is repeated, then -~ is the
distribution of the number of failures that occur before the kth success. The identity v * v¢ = Vet
holds for all k,¢ € Z.

Let {Y;; : (i,j) € N?} be i.i.d. y-distributed weights or waiting times associated to the points
of the positive quadrant N? of the planar integer lattice. For each point (m,n) € N? let II(m,n) be
the set of up-right paths

(31) ™= {(L 1) = (ilajl)v (i27j2)a R (inz+n—17jm+n—1) = (m7n)}
that connect (1,1) to (m,n) and whose steps are restricted to satisfy (is41,7s+1) — (¢s,4s) = (1,0)
r (0,1). Define the last-passage time G(m,n) of point (m,n) € N? by

3.9 G Y,
(3.2) (mn) = max Z); i
7] ™

An alternative way to express this is
(3.3) G(m,n) = max{G(m — 1,n),G(m,n — 1)} + Y, ., (m,n) € N?,

with boundary conditions G(m,0) = G(0,n) = 0 for m,n € N.

In this section we look at the process {G(m,n)} as a Markov chain indexed by m. Fix the
vertical dimension n. Define the n-vector G(m) = (G(m,1),G(m,2),...,G(m,n)) for m € Z,.
The initial value is G(0) = (0,0, ...,0). For the state space of the Markov chain G(m) we take

U,={2€Z":21 <z <<z}

With the initial value G(0) = (0,0,...,0) the chain G(m) actually lives in the smaller space
Ujl‘ ={z¢€ 7% :0< 2 <z <o < zn}. For compact expression of some formulas it is at times
convenient to add the coordinate yy = —o0 to a vector y € U,,.

Define the discrete difference operator for functions on Z by

(3.4) Df(x) = flx+1) — f(z).

37
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On the subspace of functions for which there exists a > —oo such that f(y) = 0 for y < a, define
also the operator

(3.5) Z fly

yy<z

On this subspace of functions D(D1f) = D_l(D f) = f. Powers of the operators are defined

in the usual way in terms of composition. By definition D°f = f, D'f = Df, and for j > 0

Ditlf = D(DJ f) while D=7=1f = D=Y(D~7f). Then for all integers i, j € Z, D' f = D' (D’ f).
Note that in general the inverse of D is not unique, by analogy with indefinite integration. The

operator
=Y fw)

yiy>c

would also serve for functions that vanish at large integers. Definition (3.5) is the one that is useful
for this section because the applications are to probability distributions supported on Z .

The goal of this section is to derive representations for probabilities of the geometric last-passage
model. The first theorem gives a determinantal formula for the transition probability.

THEOREM 3.1. Fiz n € N. The transition probabilities of the Markov chain G(m) are given by

(3.6) P{G(m) =y|G(() = 2} = Z,,;ig[tn] (DI Ype(ys — 24)]

forx,y e U, and 0 < £ < m.
As a corollary we derive a determinantal expression for the distribution function of G(m,n).
THEOREM 3.2. Form,n € N andt e Z

P{G(m,n) <t} = det [DI™" 1, (t+1)].

i,j€[n]

If t < 0 then the first column (j = 1) of the determinant above vanishes and the formula returns
0 as it should.

For the purpose of extracting asymptotics we turn this formula into one of the orthogonal polyno-
mial ensemble type. Our notation for the Vandermonde determinant is Ay, (z) = [[; <, <, (2 —74).
Note that below the summations are not restricted to vectors x € U,, although they could be
because the functions inside the sums are symmetric in the coordinates (z1,...,z,) and the Van-
dermonde vanishes unless the coordinates are distinct.

THEOREM 3.3. Form>n N andt € Z4

B7) PG <= )» An@)Qﬁ{(mZ "o

Zmn
p . i
” r€LY: i=1
Vi€[n]:x; <t+n—1

where the normalization constant is given by

(3.8) = 3 Asla H{(ﬂcz—l-m—n)qzl}.

er”
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3.1. Derivation of the determinantal transition probabilities

In this section we prove Theorems 3.1 and 3.2. First the transition probability of a single time
step. Recall the convention of the extra coordinate yo = —oo for vectors y = (y1,...,Yn) € Uy.

LEMMA 3.4. The Markov chain G(m) has this time-homogeneous one-step transition probability
forx,y e Uy,:

n

39 PG+ 1) =y|Gom) =} = [[ 2 — maxtowye1)) = det [DV2(y; — )L
k=1 JEn

The first equality in (3.9) follows from (3.3) but the second needs a proof and we state it as a
separate lemma.

LEMMA 3.5. For x,y € U,, with the additional convention yo = —o0,
(3.10) ,dg[t ][Djfi’Y(yj —zi)] = [ [ v(wx — max(ae, yr-1)).
B k=1

PRrROOF. Proof is by induction on n. The case n = 1 is clear. Assume (3.10) is true for n — 1.
Expand the determinant on the left-hand side of line (3.10) along the last row i = n:

n—2
3.11 det [D77iy(y; —2)] = Y (~1)F"D "y (yp -z det DI~y (y; — a
(811)  det [D7'y(y; — ) Z:l( ) Wy —wn) - det DTy — )]
3.12 — D YN (yp_1 — 0 det DIy (y; — a
(3.12) V(Yn—1 )ie[nfl]’je[n]\{nfl}[ V(s — i)
(3'13) +7(yn - xn) _det [Dj_i'y(yj - xz)]
i,jE[n—1]

We show that each term in the sum on the right-hand side of line (3.11) vanishes. Fix an index
1 </ <n—2 for the moment.

Case 1: yp < x,. Check by induction for j < 0 and j > 0 that
(3.14) Vj € Z: DI f(z) is a linear combination of {f(y) :y < x + j}.

Hence since y(y) = 0 for y < 0, D7~(z) = 0 for z < —j. It follows that D*~"~(y, — x,,) = 0.

Case 2: y; > x,,. Let us write D, when the difference operator acts on the variable y, so that
for ke Z
(3.15) D" f(x+y)=DFf(z+y+1)— DFf(z +y) = D,D*f(z +y).

This is a convenient notational trick. Set temporarily

- )Y 1<j<i-1
i Yjr1, £<j<n—1
In the first step below apply (3.15) in the columns j = ¢+ 1,...,n. Use the linearity of the
determinant in the columns to bring the operators D, outside. The effect is to reduce the powers
of D by 1 and thereby bring the index j to the interval [n — 1]:

[Dj_i'y(yj - xl)] = Dy£+1 T Dyn det [Dj_i'y(gj - xl)]

det
i€[n—1],5€[n]\{€} i,5€[n—1]
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by the induction assumption that (3.10) holds for n — 1

1
= Dy Dy { T] 70 — max(an, i)}

3
|

k=1
{—1
= Dypy -+ Dy { T] 700 = max(er, 1)) - 2yt — max(ze, yo-1))
k=1
n—1
< TT lwsr — max(ay, m) §
k=0+1

utilizing the assumption y,, > -+ >y > x,,

~
=

= Dypy -+ Dy { TT 2wk = max(op, yi-n)) - pgreet ~metoesess)

k=1
n—1
~ H pgYE Y }

k=(+1

T

1

= | | v(yr — max(zx, yr—1))pq
k=1

—max(ze,ye—1)

n—1
X Dy, ,, "'Dyn{ quet - H pqyk+ryk}_
k=041

The last factor equals

pnffle e Dynqy" =0

Ye+1

because the function ¢¥» is constant in each y; such that £+1 < j <n —1, and this range of indices
is nonempty because we are presently in the case 1 < /£ <n — 2.

We have now verified that each term 1 < ¢ < n — 2 in the sum on the right-hand side of line
(3.11) vanishes.

Next we show that lines (3.12) and (3.13) together make up the right-hand side of (3.10). This
will complete the proof of the lemma.

Case 1: y, 1 < z,. By (3.14) D~'y(y,_1 — 2,) = 0. Only line (3.13) remains, which by
Yn—1 < x, and induction equals the left-hand side of (3.10).

Case 2: y,_1 > x,. Note first that for z > 0,

T+

Dy(z) = pg”*! — pg" = —py(z),

and by induction for all j > 1 and =z > 0
Diy(z) = —p'(z) = —pD’~'y(x).

Consider the determinant det;c(,—1] jem)\fn—13[D’*y(y; — ;)] on line (3.12). Since yn > yp—1 >
T, > x; is assumed, we can write the last column with index j = n in this determinant as

{Dn—i,y(yn _ xl)}ze 1] = —p{Dn_l_i’Y(yn - (Ei)}ie n—1]"
(n—1] [n—1]
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Take the factor —p outside the determinant by linearity, and apply the induction assumption to
write the determinant as

n—2
—p [] v — max(@, yr-1)) - ¥(yn — max(2n_1, Yn_2))
k=1
(3.16) H Y(yr — max(xk, yr—1)) - (=p)g”" Y"1

Noting that D71v(z) = 1 — ¢° for x > 0, we write line (3.12) together with its minus sign as

n—1

H ’Y(yk - max('r/myk—l)) . (1 — qyn—l*xn)pqyn*yn—1'
k=1

Apply induction on line (3.13) and add it together with the line above to get this expression for the
sum of lines (3.12) and (3.13):

n—1

H ry(yk — max(xk7yk71)) . ((1 _ qyn—l_wn)pqyn_yn—l _A'_pqyn_ln)
k=1

— n
H Yy — max(zg, yr—1)) - pg? =t = [ vy — max(ar, yr))-
he1 k=1

The last equality used y,—1 > z,. To summarize, in both cases lines (3.12) and (3.13) together
make up the right-hand side of (3.10). This completes the proof of the lemma. g

This finishes the proof of formula (3.9) for the single step transition. Next a convolution identity.

PROPOSITION 3.6. Let f,g: Z — C and a € Z be such that f(x) = g(x) =0 for x < a. Then the
following identity holds for n x n determinants with i,j € [n] and for all integer vectors (x1,...,%yn),
(215 ., 2n) EZ":

(3.17) D det[ DI f(y; — ;)] det[ DV g(z; — yi)] = det[DV T (f * g)(z; — @)
yeUn,

The sum on the left in (3.17) is actually finite because large negative y;-values eliminate the
f-values while large positive y;-values eliminate the g-values. The proof of Proposition 3.6 depends
on the next lemma which sets the stage for an application of the Cauchy-Binet identity (B.7).

LEMMA 3.7. With assumptions as in Proposition 3.6,

> det[D7 f(y; — )] det[DV " g(z; — yi)]

(3.18) yeUn

= Y det[D'" f(y; — a)] det[D" " g(z; — y;)]-
yeU,

PROOF. Note that the second g-determinant in (3.18) was transposed. Identity (3.18) is proved
by repeatedly moving operators D from columns of the f-determinant to corresponding columns of
the g-determinant via (3.19).
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First check this summation by parts formula by induction on ¢ — k: for any C-valued functions
¢ and v on Z, any integers z, z and k < £,
¢ ¢
> Doy —w)e(z—y) = Y dly — )D(z —y) + d(¢ + 1 = 2)(z — 0)
(3.19) - %
y= y=
— ok —x)p(z+1—k).
You do not see a minus sign in front of the sum on the right because the summation variable y
comes with a minus sign.
Beginning with the left-hand side of (3.18), transpose the g-determinant, express the determi-

nants in terms of columns, and write the summation index as y = (y/,y,) with ¥’ = (y1,-..,Yn—1)
S Un,11
M
(3.20) Z Z det [D' f(yr — @), o, D" fyn1 — 2), D" f(yn — 24)]
Y EUn_1 Yn=Yn—1
(3.21) x det [Diflg(zi —11),..., D" g (2 —yp_1), D" (2 — yn)]

Upper summation limit M above was chosen large enough so that z; — M < a for each ¢ to guarantee
that each g(z; — y,) =0 for y,, > M.

Apply summation by parts (3.19) to the inner sum over y,. This takes one operator D from
the last column of the determinant on line (3.20), leaving D"~ 1~% f(y,, — 2;), and puts this D in the
last column of the determinant on line (3.21), turning this column into D*""*1g(z; — y,). (More
precisely, first the D comes out of the f-determinant by linearity of determinant in columns, then
moves in front of the g-determinant by summation by parts, and then slips into the last column of
the g-determinant.) The boundary terms are (for fixed y')

det [Dlﬂ'f(yl —),..., D" T (g —a), DTV (M 1 — xz)]
x det [D’;lg(zi —11),..., D" gz — yn_1), D" "g(z — M)}
— det[D" f(yr — @), ., D" fyney — 3), DTV f (Y1 — )]
x det[D"'g(z; —y1), ..., D" " g(zi — yn-1), D" "g(zi + 1 — yn_1)]

The boundary terms vanish, (3.22) because M was chosen large enough and (3.23) because the two
last columns of the f-determinant are identical. The result is that the sum on lines (3.20)—(3.21)
has become

(3.24) > det[D'f(yr = i)y, DT (Yo — ), DT f (g — )]
yeUn
(3.25) x det [Diilg(zi — Y1)y, DF”Hg(zi — Yn—1), Di*”Hg(zi — yn)}
Next we repeat the procedure for y,_;. With ¢ = (y1,...,Yn—2,¥n) fixed the summation is

z:—liyn—2. One D operator moves from the next-to-last column of the f-determinant on line

(3.24) to the next-to-last column of the g-determinant on line (3.25). The boundary terms coming
from the summation by parts are

det [Dl_if(yl - xi)» s 7Dn_2_if(yn72 - xi)v Dn_Q_if(yn +1- xi)7Dn_1_if(yn - xl)]
x det[D"'g(z; —y1),..., D" gz — yn), D" g(z — yy)]
— det[D' f(yr — m),. ., D" f(yne2 — 23), D" 2T fyn—a — @), D"V f (g — )]
x det[D" " 'g(zi —y1),.... D" " gz + 1 — yn—2), D" " g(z; — yn)]

These vanish because determinants with repeated columns appear.

(3.22)

(3.23)
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When this step has been done once for each of Yy, yn—1, ..., y2 sum on lines (3.24)—(3.25) has
become
(326) > det[D' ' f(yr — 21), D' flya — 1), D> f(ys — @), ., DT f(yn — 24)]

yeU,

(3.27) x det[D"g(zi — 1), D" 'g(zi —y2), D' ?g(zi — y3),..., D" g(zi —yn)].
In both determinants the first two columns are in agreement with the goal which is the right-hand
side of (3.18). This procedure is next repeated for y,, yn—1, ..., y3 after which the first three
columns are done. And so on, until the sum has turned into the right-hand side of (3.18). O

PROOF OF PROPOSITION 3.6. Start with the left-hand side of (3.17). Apply identity (3.18):

> det[D7 7 f(y; — )] det[DI (25 — i)

yeU,

= Z det[D' " f(y; — x;)] det[D" " g(z; — v;)]

yeU,

by symmetry and vanishing of determinants with identical columns

= 3 et s — )] det[D gz )]

yeZ”

by the generalized Cauchy-Binet identity (B.7)
(3.28) = det [Z DY f(y —x) DI (2 — ) |
YEL
Thus it remains to check that for ¢,5 > 1
(3.29) ST Dy — ) DIz — y) = DITH(f % g) (= — a).
YEL
The sum actually ranges over a finite interval of integers. Let D, act on the z-variable. Note that
(3.30) (f * In)(= fo— Jn(y Zf ().
yEZL z:iz<x
Use linearity of operators and associativity of convolution:

S DYy — o) DI gz —y) =Y (1Y x )y — 2) DI g(z — y)

YyEZL Yy€EL
= DI T« ) g) (e —2) = DI x (f e g)) (2 — )
=DITID (fxg)(z —x) = DTN (f * g) (2 — @)
This completes the proof of Proposition 3.6 ([
PROOF OF THEOREM 3.1. The case m = ¢+ 1 is in (3.9).

The general case follows from an inductive argument. Suppose formula (3.6) has been proved
for time steps of size m; and ms. Use the Markov property, the convolution formula (3.17), and the
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identity v; * v& = vj+k. The determinants are still n x n. Let z,y € U,.
P{G(m +my +my) = y|G(m) =z}

= Y P{G(m+mi+ms) =y|G(m+m1) = 2}P{G(m +m1) = 2| G(m) = z}
z€Up

= Y det[D o, (y; — 25)] det[ DIy, (25 — @3)] = det[ DIy, sy (55 — ). 0
zeUp,

PrROOF OF THEOREM 3.2. We need to verify

(3.31) P{G(m,n) <t} = det [DI™ "1y, (t +1)].

i,j€[n]

Use formula (3.6) for the transition probabilities and then take sums inside to the relevant columns.

PG <ti= 3 P{Gm)=zt= Y detDIiyu(ay)]

iy <<z <t iy <o <xp <t

— Z Z det[Djii’}/m (l‘])]

1< <z 1<t TRp=Tn—1

t

(3.32) = ¥ det[lewm(xl),...,anlfwm(xn_l), 3 Dn*wm(xn)]

21 < <apo1 <t P

In the last column use one D to create a telescoping sum:

(3.33) Z D"y () = Z (Dn_l_i'ym(xn +1) - Dn_l_i%n(xn))

T ==Tn—1 Tn=Tn—1

— anlfi,ym(th 1) *Dnilii’}/m(xn—l)-

Substitute this back into (3.32) and notice that the last term above is identical with the second last
column in (3.32). Since a determinant with two identical columns vanishes, line (3.32) becomes

>, det [D“%(zcl), e DT (@ 1), DT i (t 1)} :
$1§---§rn—1§t

Repeat this step for x,,_1,...,z2, each time letting identical columns eliminate one of the resulting
terms, to turn the above into

> det [Dl_ivm(%), D' iy (t 4+ 1), D (4 1), DMy (4 1)} :

—oco<x1 <t

Lastly, take the remaining sum into the first column as in (3.33) and use the definition of D1

> D ip(an) = DHD ) (4 1) = Dt 4+ 1),

T1=—00

Substituting the above for the first column completes the transformation of line (3.32) into the
right-hand side of (3.31). O
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3.2. From determinantal formula to orthogonal polynomial ensemble
To prove Theorem 3.3 we prove this proposition.

PROPOSITION 3.8. There exists a finite constant Cp, np such that for integers m > n > 1 and
tez,

(3.34) det (D7 Iy (t+1)] = Conp  ». Aa@?]] <x o n>q
i=1 v

,J€[n ;
ieln] wenn:
Vi€[n]:x; <t+n—1

We can observe already that both sides of (3.34) vanish if ¢ < 0. On the left, the values
D=y, (t + 1) in column j = 1 vanish by (3.14). On the right A, (z) vanishes if x has two identical
coordinates, hence if there are fewer than n distinct values available for the z;’s.

This section is devoted to the proof of the proposition and at the end we derive Theorem
3.3 from it. For a € R denote the descending factorials by (a)j) = 1 and for n € N, (a)p,) =
al@a—1)(a—2)---(a—n+1). Forn € Zy, (n)p =nl.

LEMMA 3.9. For xz € Z and n € N the convolution powers of 1y satisfy
(x — 1)[n_1]
(n—1)!
PROOF. First we fix n € N and prove by induction on x > n + 1 that

o Sy 1y = 2200

n
y=1

(3.35) 13 (z) = 1{x > n}.

The case = n + 1 simplifies to the identity (n — 1)p,—1) = n~'(n)[,). Assume (3.36) is true for .
Then, by a change of summation index y = z + 1,

zt+l-n T—n
(.13 - 1) n Z‘) n
Z (x —y)[nﬂ] = Z(m —z— 1)[n71] = (v — 1)[n71] + - [n] _ ( n[ 1
y=1 z2=0

Turn to (3.35) with induction on n. The case n =1 is clear. Assuming (3.35) is true for n,

*(n+1) — $— _lnl (Jf—l)n
1" (@) = 3 15 @ - ) nly :Z I 1{e >0+ 1)

(n—1)! n!
YEZL

with the last equality from (3.36). Note that the last sum above is zero if < n by the convention
on empty sums. [

Recall from (3.30) that D=%f = (13) « f for k > 0. (The convention for convolution is that
g0 = 1;0j for any function g so that g% f=F)

DIt 1) = DD )t 1) = Y1 1= ) (D))

YEL

—Z ’”1{y<t+1—z}<D“ ) (¥)

YyEZL

= > Cmen,)

i (i —1)!
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The summation limits on the last line come as follows. The condition y < ¢+ 1 — 4 can be replaced
by y <t due to the vanishing of the numerator (t — y)j;_y) for the added y-values. For 1 < j < n,
Di7ty,,(y) = 0 for y < —n.

Now consider the determinant

t

det [DI=i~Ly (1 +1)] = det][ 3 (t=yu-1

- DIy, .
i,j€[n] i,j€n i (i —1)! ( Ym) ()

The expression (t — y);—17/(¢ — 1)! in row 4 is a polynomial in y of precise degree i — 1 with leading
term (—1)~1y*~1/(i — 1)!. By adding suitable multiples of rows 1, ..., i —1 to row i we can convert
this polynomial in row i into (—1)*"!(y +mn —1)""1/(i — 1)! (same leading term). Row 1 is not
affected. These row operations preserve the determinant, and so

det [D/7 1y (b 1)) = det [0

i,7€[n] pilnlt T

WH)“(D“W@)}

t+n—1 i—1

= det [ 30 L) D ) =0+ 1)
y=0 '

i,j€[n]

by the simple observation det[(—1)a; ;] = det[(—1)7a; ;]
t+n—1 i—1

= det [ > L '(—l)j‘l(Dj_lvm)(y—nJrl)}

i,5€[n]

by the generalized Cauchy-Binet identity

! i1
== det | —2——1 det [(—=1)" (D" ') (y; —n+1
n! Z_ i,jee[n][(i—l)!]i,jg[n][( ) V) (g5 =+ )}

Y1,.-,Yyn=0

and by identifying the n x n Vandermonde
n 1 t+n—1 ) )

(3.37) =(II5) X 2w det (D7D ) —n+ 1),
k=1""" Y1, yn=0 b

A couple more transformations are needed on this last determinant.

LEMMA 3.10. Fix nowm > n > 1. There exist polynomials gy, of degree k such that for integers
z>-m+1and0<k<n

m—1

(3.38) (=1 Dy (@) = ¢"gi(x) ] @+ 0.
l=k+1

The fixed parameters p and m appear in gi. If k = m — 1 the empty product equals 1.

ProOF. Induction on k. First k =0. For z € Z

z+m—1 mt

m r _ oz pm
Tm () = p ( m—1 )q =q mg(ﬂf‘*‘@

For integers x € {—m +1,..., —1} both sides vanish.
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Assume (3.38) is valid for k — 1 € {0,...,n — 2}.
(_1>ka,7m(x) _ —(—1)k_1Dk_1’ym((1? + 1) + (—1)k_1Dk_1’ym(CC)

m—1 m—1
=—¢"ga@+1) [[@+1+0 + ¢"gua(@) [[(@+0)
=k Y4

1
|

{491 @ +1) - @+m) + @)@+ 0] [] @+0

t=k+1
m—1
= ¢“gr(7) H (x+10)
t=k+1
where the last line defines the polynomial g of degree k. O
Continuing from (3.37) we can write
det [DI="" 1y, (t 4 1)]
i,7€[n]
n 1 t+n—1 m—1
_ j—n+1 L L
= ( 11 E) > i An(y) det [qyJ gicily; —n+1) H (yj—n+1+ 13)}
k=1 Y1y Yyn =0 L=
t+n—1 n m
=Cup > M [{e TT s —n+0}
Y1se5Yn=0 Jj=1 l=n+1
n
(3.39) x det lgia(y;—n+1) [ (g —n+0)]:
i,j€[n] =it

In the last equality we removed the g¢-factors and part of the product from each column in the
determinant. All factors independent of y are collected into the constant C,, ,, which, as the notation
suggests, is some function of n and ¢q. We left some factors y; —n + ¢ inside the determinant to take
advantage of the next lemma.

LEMMA 3.11. Let pi be a polynomial of degree k for k = 0,...,n — 1 and let ca,...,c, be
complex constants. Then there exists a constant A such that this identity holds for all complex
vectors x = (x1,...,%n):

n
(3.40) det [pi_l(xj) I1 (:chng)} = AA,(2).
Hi€l] t=it+1
For i = n the value of the empty product H?:Hl is 1. Constant A depends on n, the coefficients in
the p’s and the constants cy.

PROOF. The 4,j entry in the determinant on the left-hand side of (3.40) is a polynomial of

degree n — 1 in the variable z;. If we write this entry in terms of coefficients as
n n—1
pi—1(z;) H (xj +cp) = Z a; k)
f=i+1 k=0
then we have the matrix product

n

(Pz‘—l(%‘) 11 (ffj+cz))

l=i+1

= (ai’jfl)i,je[n] (x;"fl)i,je[n]'

ijeml

Since determinants multiply, we have (3.40) with A = det(a; j—1). O
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Apply (3.40) with z; = y;, px(z) = gx(xr —n+1) and ¢, = —n+ . Then continuing from (3.39)
we have, with a new constant C,, ,,

det [DI= 1y, (t 4 1)]

i,j€[n]
] t+n—1 n m
=Cup > A [I{ew TT -n+0}
Y1seeeyYn=0 j=1 =n+1
t+n—1
:Cn’p Z A QquJ n+m)
oy Yn=0
t+n—1 . _
(3.41) =Crnp > An(y)? H (yﬂ m ”)Qw,
Y1,e3Yn=0 j=1 Yi

In the last equality the expression was multiplied by (m — n)!/(m — n)! and thereby the constant
acquired a dependence on m also. This completes the proof of Proposition 3.8.

To prove Theorem 3.3 it remains to show that

(3.42) 1= Crnp i A ﬁ (yﬂ tm e >qyj.

Y1, Yn=0 Jj=1
By the display that ended in (3.41) this follows from showing that det; jepn) [D7 "1y (t+1)] — 1
as t — oo. Two observations imply this. (i) The diagonal elements in the determinant tend to 1:
for i = j,
Djiiilq/m(t +1) = Dil'}/m(t +1) = Z Ym(y) =1 ast— oo
yry<t+l
since probabilities sum to 1. (ii) Elements above the diagonal (j > 7) tend to 0 because D*~,,(x) — 0
as ¢ — oo for k > 0. For k = 0 it is simply D%y, (2) = v (x) — 0. Assuming it is true for k, then
for k+1
DFFly (2) = DFy,(z +1) — D*y,(z) = 0 as 2 — oo,
Alternately, we can use the probabilistic connection from Theorem 3.2:

lim det [DJ~" 1y, (t+1)] = tlim P{G(m,n) <t} =1.

t—004,5€[n]

In either case, we have verified formula (3.8) and completed the proof of Theorem 3.3.

Comments

This section follows Johansson’s paper [Joh07].



CHAPTER 4

Tracy-Widom distribution

4.1. Airy function and kernel

The Airy function of a complex argument z is defined by

. . 1 lc3,ZC
(4.1) Ai(z) = 571 /. es d¢
where the contour C begins at a point “at infinity” in the sector —w/2 + 0 < arg( < —7/6 — § and
ends at a point at infinity in the conjugate sector 7/6+¢ < arg( < 7/2—¢. For example, one could
take the ray from coe™™/3 to the origin together with the ray from the origin to coe™3.

We shall not verify that integral (4.1) is well-defined. This will be a consequence of the next
argument that converts (4.1) to an integral over a path P, parallel to and to the right of the
imaginary axis. Absolute convergence of this second integral will be easy to see. Path P, is given
as ((t) = s +it, t € (—o0,00), where s > 0 is fixed. To show the equality

(4.2) /e%CS-ZC ¢ = [ e3¢ qc
C 738

of the integrals, we show that integrals over horizontal “bridges” that connect the paths at imaginary
levels it vanish as |t| — co. For ¢ > s|t|~! let £; be the horizontal line segment from s+t to c|t|+it.
We claim that

(4.3) sup
st=1 << y/3[t-172

The upper bound of v/3 minus a little for ¢ comes from the angle 7/6. Parametrize £; by ((u) =
u + it, write z = x + 4y, and consider |t| large enough so that [t|3/2/3 + 2 > 0. Then, since
u? < 2 < (3 |t713),

L clt|
/ egc _z< dg‘ S /
Ly s
cut—s(It*/2/3+2)

clt|
t —u(|t|*/?/3+a) I
Sey/g e “du < TR — 0 as|t|— oo

This justifies (4.2), and we have the following representation for the Airy function: for an arbitrary
fixed s >0

/ e3¢ =¢ dC‘ — 0 as|t] — 0.
Ly

clt|
e%(u-‘rit)g'—z(u-l-it)‘ du = eyt/ euS/S—utZ—a:u du
s

Ai() = [ edHn’=stetiv) gy
2 J_ o
(4.4) e
_ 653/3—st2—xs+yt+i(32t—t3/3—xt—ys) dt.
2 J_ o

The modulus of the integrand in (4.4) is e /3=5°~=s+vt  This is clearly integrable over ¢ €

(—00,00) for any z and decays faster than any polynomial. Hence dominated convergence justifies

49
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differentiation inside the integral:
—1)" o0 . .
(4.5) A (z) = (27) / (s+ it)"e%(sﬂt)g_z(s“t) dt forneZ,
™ —00
where s > 0 is still arbitrary but fixed.
Since e3 (40’ ~2(s+i) g the antiderivative of i((s + it)2 — z)e3 o+ ~=(+it) and vanishes as
t — oo, we have

. )
0= ((s +it)* — z)eé(s“t)g_z(s”t) dt = i(Ai"(2) — zAi(z))

21 J_ o
from which follows the simple second-order differential equation for Ai:
(4.6) Ai"(2) = zAi(z).

Rewrite (4.4) once more with z = x + iy as
Ailz) = es’/3=ws poe —st2 4yt 2 3
(4.7 i(z) = 5 /_Oo e (cos(s’t —t7/3 — xt — ys)
+isin(s* — 7 /3 — xt — ys)) dt.

If z = x is real so that y = 0, the integrand of the imaginary part becomes an odd function of ¢
and vanishes. We conclude that Ai(x) is real for real z, and thereby also the derivatives Ai(™ (z)

are real for real x.
We insert an easy tail bound.

LEMMA 4.1. For each n € Z there is a constant Cp, < oo such that for all x > 0,
(18) A ()] <GB o e
PrROOF. Take s = #'/2 in (4.5). Then the exponent is
(s +it)® —a(s+it) = —%m?’/Q e - $it?.

Straightforward computation, after taking the modulus inside the integral:

AI™) (2)] < Cpem2"/3 / (22 + [t]")e " dt

— 00

S Cne—2x3/2/3(xn/2 /DO e—x1/2t2 dt + /
(o]

< Cn€—2w3/2/3(w(n/2)—1/4 + x—(n/4)—1/4). 0

[ee}

[t[ree"*e dt)
(o]

The Airy kernel is defined on R x R by
Ai(z)Ai' (y) — Ai'(z)Ai
()AL (y) () Aily) vy
(4.9) Ale,y) = Ty
Ai'(2)Ai' (z) — Ai(2)Ai" (z), x=y.

The definition shows A(x,y) real-valued, continuous and symmetric.

LEMMA 4.2. The Airy kernel has the representation
(4.10) Alx,y) = / Ai(x +t)Ai(y +t)dt, forx,y e R.
0

For any s € R there is a finite constant C(s) such that
(4.11) |A(z,y)| < C(s)e ™Y forx,y > s.
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PROOF. Bound (4.8) guarantees that the integral in (4.10) is well-defined. Let D; and Dy
denote partial differential operators with respect to the first and second argument. Utilizing (4.6)
one sees that

(D1 + D2)A)(z,y) = —Ai(x)Ai(y).

Also by basic differentiation rules

%A(z +ty+t)=((D1+ D2)A)(x+t,y+1t)=—Ai(z+t)Ai(y +1).

By estimate (4.8) A(z +t,y +t) — 0 as t — oo, hence

o0
/ Ai(z + t)Ai(y +t) d / Alx +t,y+t)dt = Az, y).
0
Equation (4.10) is proved.
Next this upper bound: for each ¢t € R there is a finite constant Cy(t) such that
(4.12) |Ai(z)| < Co(t)e™ for z € [t,00).

For 2 > 1 this bound follows from (4.8). If ¢ < 1 then for x € [t, 1] note that Ai(z) is bounded while
e~ > e L
From (4.10) and (4.12) for x,y > s,

Al < Cols)? [ e a = Oy, _
0

A consequence of (4.10) is that for any choice of real x1,...,z, the matrix {A(z;,z;)}; jen) is
nonnegative definite:

Z Az, xj)u, = / Z Ai(z; + t)Ai(z; + t)u,a; dt
0

(4.13) i,j€[n] i,j€[n] ,
/ ‘ZAII, Hu;| dt>0
i€[n]
for any complex vector (ug,...,u,) € C™.

4.2. Tracy-Widom distribution

We need to introduce the notion of a Fredholm determinant of an operator on a (possibly)
infinite-dimensional space. More specifically, we will consider Fredholm determinants of integral
operators.

To pave the way we restate equation (B.5) from a different point of view. Think of an N x N
matrix A = {a(2,y)}sye[n) @s an integral operator on the L? space of the counting measure \ on

the space [N] = {1,2,..., N}. Thinking of a function f on [IN] as a column vector, we can write
Af(@) = 3 ale.)f(0) = [ ale,)f0) ).
y€([N]
Equation (B.5) can be written as
4.14 det(I+A)=1+ / det {a(z;,z;)} A" (dx n
(414) ( Z o det (o)} A )

If n > N then z;, = x;, for some distinct 41,42 € [IN] and so the rows {a(z;,,z;)} and {a(zi,,z;)}
agree. Thus all terms for n > N vanish in the sum.
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Now generally, suppose we have a measure space (X, B, \) and a measurable function k(z,y) on
X x X such that for f € L%(\)

Kf(z) = /X Kz, y) f (1) A(dy)

defines a new function K f € L?()\). Then K is a linear operator on L?()\) and k(z,y) is the kernel
of the operator. The Fredholm determinant is defined by

(4.15) det(I+ K) =1+ Z / det {k i, 1)} N (),
Xn?,_]E

provided the series is well-defined. The theory of Fredholm determinants can be developed very gen-
erally starting from determinants of finite-rank operators (defined as in (4.14)) and approximating
more general operators in suitable norms. We refer to [GGKOO].

The Tracy-Widom Fy distribution, or Tracy-Widom GUE distribution, is defined in terms of
the Fredholm determinant of the Airy kernel:

Fg(t) = det([ — A‘LZ[t,oo))

=1+ i (=) det {A(ml,xj)}dxl n-

n! [t,00)™ i,j€[n]

(4.16)

The first task is to show that the series is well-defined.
From (4.11) and Hadamard’s inequality (B.9) we obtain an estimate for the terms of the Fred-
holm determinant:

/[ | det {A(z;,z;) }’dwln /[ : HA xi,x;) dTy p
t too"

oo)n i,j€[n]
<o)n / e X T dyy = O (t)"
[t,00)"

for a new constant C(t) that is a function of ¢t. Consequently the series in (4.16) converges absolutely
for each fixed t € R.

We shall take for granted the basic fact that F3 is indeed the cumulative distribution function
of a probability distribution on R.

F5 has also the following characterization:

(o)
(4.17) Fy(t) = exp{— / (z — tyu(z)? d:c}
t
where u is the unique solution of the Painlevé II equation
(4.18) u”’(x) = zu(z) + 2u(x)®,  u(z) ~ Ai(z) as z — oo.

Formula (4.17) together with the boundary condition u(x) ~ Ai(x) as * — oo and the tail bound
(4.8) are enough to conclude that Fj is a distribution function.

The distribution F5 first arose as the limit distribution of the largest eigenvalue of the Gaussian
Unitary Ensemble (GUE) [TW94]. We summarise this briefly.

A standard real-valued normal or Gaussian random variable ¢ has probability distribution
(27r)*1/26’“”2/2dm on R. A standard complex-valued normal random variable is of the form ( =
(€ +1in)/\/2 for two independent standard real normal random variables & and 7. Hence as its real
counterpart, the complex normal has E¢ = 0 and E|[(|?> = 1.
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Let {(;; : ¢ € N} be standard real-valued normal random variables and {¢;; : ¢ < j in N}
standard complex-valued normal random variables. Construct N x N random Hermitian matrices
XN = (Xi{vj)i’je[N] by putting

Ci,i { :j
(4.19) XN = Gig 1<
Cj,i 7> j

The distribution of X¥ is the Gaussian unitary ensemble (GUE).
As a Hermitian matrix, X has N real eigenvalues )\{V < )\év <. < )\%. The Tracy-Widom
F5 distribution arises in this scaling limit: for t € R

(4.20) lim P{N?3(N712\N —2) <t} = Fy(1).

N—oo
Comments

The classic text by Olver [O1v97] is a source of information about the Airy function. The proof
of (4.10) is from [TW94].






CHAPTER 5

Distributional limit for the last-passage time

This chapter proves a distributional limit for fluctuations from the law of large numbers of the
last passage time with geometric weights. As before the weights {Y; ;}(; jyen are i.i.d. geometric
with common distribution P{Y; ; = k} = p¢* for k € Z,. Parameter 0 < p < 1 is fixed and
q =1 —p. As discovered in Theorem 2.2 the limit

U(w,1) = lim N'G(|Nw],N) as.

N—oo

is explicitly given by

(5.1) U(w,1) :p_l(qw+q+ZM).

Set

(5.2) o = p~lg"/Sw 8 (w + /)3 (awg + 1)%/3.

The Tracy-Widom GUE distribution was defined by a Fredholm determinant of the Airy kernel:

(5.3) =1+ Z

THEOREM 5.1. Forw > 1 andt € R

(5.4) lim P{ G(LNwJ’iVJ\)ﬂ_/SNW(w’ D < t} = Fy(t).

/t det {A(wi,7;)} d .

oo)n HI€[n]

Proof of Theorem 5.1 takes off from the orthogonal polynomial ensemble representation for the
distribution function of G(M, N) obtained in Theorem 3.3 in Chapter 3: for M > N > 1

(5.5) P{G(M,N) < s} = — )3 2 H{ (xl +M— N) qxi}

ZMN
’ JJEZi:

Vi€e[N]:z; <s+N-1
with normalization
zi+M-—-N\
lEZN

In the next section another formula for this probability is developed, in terms of the Fredholm
determinant of the Meixner kernel. In the limiting regime described in Theorem 5.1 this kernel
converges to the Airy kernel. With some additional bounds the Fredholm determinants converge
also.

55
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5.1. From orthogonal polynomial ensemble to Meixner kernel

In this section we turn (5.5) into a Fredholm determinant of the Meixner kernel. We have
restricted the parameters so that M > N > 1. Throughout this chapter we abbreviate

K=M-N+1.

Define the measure u on Z, by

5.7) i) = (T e ez
Rewrite (5.5) as
N
(5.8) P{G(M,N) < s} = Z; - 3 An()? T (o)
: vezd: i=1

Vi€e[N]:z; <s+N-1
where the normalization is given by

N

(5.9) Zu,N = Z AN(ﬂf)zHMK(xi)'

ez i=1

After bringing in some orthogonal polynomials we can give Zy;,n an explicit formula (5.32) below.
Define the probability measure Qus,n on Zf by

N
(5.10) Qun(A) = -1 S MA@ [ 4" (=)

2N zeZl :zeA Jj=1
Then
N
P{G(M,N) < s} = / H 10,54 n—1)(75) Qu N (dz1,N)
(5.11) =t

N
= / H(1 = Lot n,00) (25)) Quav (dy N).
j=1

The probability measure Qp n is exactly of the type (D.14) defined in Appendix D, with the
measure g given by the weights {u%(z) : © € Z;}. To take advantage of equation (D.20), let
{M[(x):j € Zy } denote the polynomials that are orthonormal under the weights u* (z):

(5.12) Z M ()M (2)p™ () = 655, 4,5 € Zy
TEZLy

and have positive leading coefficient x; > 0: MJK(LE) = Kz’ + -+ These are the so-called Meixner
polynomials. As in (D.19) define on Z4 x Z, the kernel

N-1
(5.13) Kn(z,y) =Y MS(a)MS (y)p (@)2p" y)' /2.

3=0

Proposition D.5, applied to the expectation (5.11) in the form (D.20) gives
o (-1

(5.14) P{G(M,N)<s} =1+ o > 'gigck] [Kn (2, 25)].

2,
k=1 x€Zk Vie[k]: x; > N+s
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The result we want is for M = | Nw] for a fixed w > 1. Introduce also the constant
(5.15) B=1+T(w,1)=1 +p_1<qw +q+ 2\/qw) =p Y (ywg+1)%
With s = [NB — N + gtN/3| in (5.14) above,

G(|Nw|,N) = N¥(w,1
p(CUNULY) - MUY _

(5.16)

N

—1)k

=1+ (D k|) > ‘dg[tk] [KN(INB+otN'Y3| + 2, [INB + otNY3| + 2)].
k=1 gezr ™

The above formula is the starting point for deriving asymptotics.

5.2. Meixner polynomials

We take up some preliminary work on the kernel Ky (x,y) to prepare for convergence. In
the literature the Meixner polynomials are normalized somewhat differently from the orthonormal
{M](x)}. We denote these “standard” Meixner polynomials by {mf(z) : j € Z;}. One way to
determine the polynomials mJK (z) is by the normalization

(5.17) > mf @ym ()" (x) = 6,545, i,j €Ly
JEEZ+

with

G+ K -1

5.18 =" =

(519 T R (K 1)l

and by fixing the sign of the leading coefficient of mf to be (—1)7. Polynomials {mf( (x)} are

uniquely determined, for it follows from Theorem D.1 that a sequence of polynomials {fx(x) : k €

Z.} is uniquely determined by specifying that fi have precisely degree k with a given nonzero

leading coefficient, and by requiring orthogonality f fefedu = 0 for k # ¢. The two types of

Meixner polynomials are connected by

(5.19) ME(z) = ﬂmﬁ((x)

We derive some explicit formulas. In (5.22) below we use noninteger powers of complex numbers.
By definition, 2* = e*!°8# and throughout this text we take the principal branch for the logarithm:
log z is the holomorphic function on the complement of the nonpositive real axis for which log z =
log|z| + i arg z with arg z € (—m, 7). Thus also z* is holomorphic for z € C\R_ for any fixed a € C.

PROPOSITION 5.2. For x € R and n € Z we have the formula

(5.20) mE (@) = (~1)" ! ,é (i) (‘5:5) -

and the leading term is given by

(5.21) mE(z) = (— B) " + [terms of degree less than n in x].
q
The generating function is
2 2" Z\x me
522) > )= (1 2)" -2y

for x € R and complex z such that |z| < q.
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PROOF. Let us begin by taking (5.20) as the definition of m% (z). Then mX (z) is a polynomial
of degree n with leading coefficient given by (5.21). We derive a bound on |m(z)| to justify
convergence of the series in (5.22). In formula (5.20) apply bound (C.10) to estimate the binomial
coefficients:

n—1
(5.23) e (@)] < nl(ne)} 1+t ; g F(ke) " ((n — k)e) "t 4 nlg~" (ne)l”!
< (n +1)lq~"(ne)2+K

Thus for each fixed x € R, |z| < ¢ is within the radius of convergence of the series in (5.22).
Having justified the convergence we compute the generating function.

3 = LB (o (oo

n=0 . n=0 k=0
S A TR oY k0 YT
TR
(5.24) = (1 (s (1 - 2) =K.

Since both z/q and z lie in the open unit disk, the two series on the second-last line are holomorphic
functions and equal the functions on the last line. (See the discussion following equation (C.9) in
Appendix C.2.)

Thus the proposition is true, provided the polynomials m(x) defined by (5.20) are the right
ones. Since we already verified the sign of the leading coefficient in (5.21), it only remains to verify
the orthogonality relation (5.17).

We shall check the orthogonality with the help of the series identity

k

uFy™ r+K -1\ , u ™
(5.25) > Jemt@mto = ¥ .

In! T
k>0,n>0 €L, k>0,n>0

We first check absolute convergence of the series. There is no convergence issue on the right-
hand side of (5.25). To check absolute convergence on the left-hand side, use formula (5.20) for the
polynomials and note that for integers z, K > 0 and n > j:

‘(—m—K)‘ B ‘(—x—K)(—x—K—1)---(—x—K—n+j+1)
(n—Jj)!
(r+K+n—-j-1
= e )

n—7j

Then the series of absolute values of the terms on the left-hand side of (5.25) is bounded by this

series:
k .
g omfTHFEK =1\ 2\ (z+K+k—-i-1\ _;
S (T T e s () ()

k,n,x>0 =0

SR
BT ORI

1,,420
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[e%S) .
K —j5—1
(526) XZ(Z‘+ +’I”L. J >|U|n
n=j n=l

To sum up the last two series over k and n use this formula: for ¢ € R and complex ¢ in the open
unit disk

Z(a+n)<n_z (a+n)(a—1;n)~-(a+1)<n

n>0 n>0
(5.27) —Z —a = 1) a_n?)m(_a_n)(—é)"
n>0
—a—1
= (-Or=@0-¢ "
()

Continuing then from line (5.26):

= (5T () () turiolsara - - oy

4,5,220

which after summing over ¢ and j

W s S (K T (2l ) ol
= () (R

We can guarantee absolute convergence of the last series by picking s > 0 so that ¢ € (0, 1) satisfies

1

< e —
e (14s)2+2s

and by then requiring that the complex u, v lie in the open disk of radius sq around the origin. We

can now work with the series in (5.25).
The right-hand side of (5.25) develops into

;0?32“2?“ g(””“)&)
)

(5.28)

The last equality is another instance of (5.27).
To transform the left-hand side of (5.25), change order of summation, use the generating function
(5.22), then set

_ad—u/q)(l-v/q) . plg—w)
R ey e s ey
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and get
eHE-1 o u—kaac ﬁmK:U
() Eme E ft)
—Z(“K 1)q%l—(u/q»m WK1 = (0/g))" (1 — v) ™=K
€24
—(—w) KK Y (”j 1)&
T€ly
—(1—uw) K1 —v) K-
(5. = PK(g—w)k

Lines (5.28) and (5.29) agree and thereby (5.25) has been verified.
The power series in (5.25) can be differentiated term by term with respect to u and v. Operating
with (0% /0uk) and (0™ /0v™) and setting u = v = 0 gives

c+K -1\ ,

(530) S (TR et i ) = o
TEZLy

This is the desired orthogonality relation (5.17). To summarize, by verifying that the polynomials

defined by (5.20) satisfy the this orthogonality we have concluded the proof of the proposition. [

Since x; was by definition the leading coefficient of the polynomial M ]K (), comparison of (5.19)
and (5.21) gives

1 /p\J
(5.31) Kj = 7(7) .
J dj q
Now we are in a position to compute explicitly the normalization constant Zys y in (5.9). Although,
it will turn out that this is not needed for the limit.

LEMMA 5.3. For M > N > 1 the constant Zy,n defined in (5.9) is given by

N1 N! = )
(5.32) Zun=q 7 p MNW I i1 = N+ ).

3=0
PRrROOF. By equation (D.18) in the Appendix

N-1
_ —2
ZALN’—'A” II ﬁj .

j=0
Now substitute in (5.31) and simplify. O

Our ultimate goal is to find asymptotics for the kernel K. By the Christoffel-Darboux formula
(Theorem D.4 in Appendix D), for  # y in Z,

) Kol - St MR SRR,y
(5.34) —q m]%(x)mﬁfl(y) - mﬁ(y)milgfl(x) NK(f)l/QMK(y)1/2~

B pd?v—1 r—y
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On the diagonal

(5.35) Ky (o, 2) = — [ (m&) (0)m&_ () — mf (2)(mE _,)' (2) | ().

As the last item of this section we derive integral representations for the polynomials m (x) to
be used in the analysis of asymptotics in formulas (5.34) and (5.35). Recall that w > 1 was fixed
by the statement (5.4) that we are out to prove. In the generating function (5.22) replace z by
—24/q/w so that this formula is valid for |z| < \/wg:

n \L) = :
2\ 77 (ot oy K

Multiply through above by (27i)~'2~~~! and integrate z over a circle I, of radius r < ,/wgq. Note
that the denominator on the right does not vanish for z on this circle.

COR ()™ ey 2 (VOT+2)"  de
N!

(5.36) i (_2# ( q )n/2mK( ) _ wk/? (\/UTQ + Z)m

Nm - q:c/g % T, (\/E+Z\/a)x+KZN+1

from which we get the formula

X w (VN (Vog+2)°  dz
(5.37) (z) e /F (Vo + 27) 7 T

q 2 2m

The integral representation (5.37) is valid for circles I', with radius » < \/wgq. Eventually for
the asymptotics we wish to let r approach 1 which is problematic if ,/wg < 1. However, we actually
only need the kernel Ky (z,y) for integer values x,y € Z,. For x € Z, the integrand on the right
in (5.37) is holomorphic on the open annulus {z : 0 < |z| < y/w/q}. Thus by Cauchy’s theorem
[Rud87, Theorem 10.35] identity (5.37) is in fact valid for all radii 0 < r < y/w/q and so letting
r /' 1 is not problematic. Consequently we will use (5.37) for € Z; and radii r up to 1.

But we need to work more on the integral representation because Ky (x,z) of (5.35) requires
us to differentiate (5.37) and for this we need real z and not only integral . When z is real we rely
on

(Vwq + )" = e* log(\/wq+z)

which defines a holomorphic function only for z € C\ (—o0, —,/wq]. Thus in the case \/wq < 1, for
x € Ry we cannot extend the validity of (5.37) to all radii » < 1 for free. An application of Lemma
C.3 from Appendix C.2 to formula (5.37) yields the following more complicated formula, now valid
for all real x > —1 and all radii 0 < r < 1:

N+ K

= L L[ _mer s
38 mii) = P { o [

(5.3 R N e |

We also assume that r # ,/wq so that log(,/wq+ z) is defined and bounded for all z € T', \ {—r}.
If \/wq > 1 this is not problematic since in any case we only consider r < 1. If ,/wq < 1 we assume
Jywqg < r < 1. Since ¢ < 1 < w the denominators of the integrands cannot vanish. With the
abbreviations

_VEgt: ity
N RN

_ VwHva
VW + 2,/q

(5.40) a(z) and b(2)
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the formula becomes
N+K

C (wat1)T wE L[ bk %
(5.41) m&(x) = N = ( 1)NN!{2m /F (2)" b(z)¥ —

(542) F > V) (gl aeaf

™

Vg
Recalling
(5.43) B=p ' (ywg+1)*
and defining
(5.44) a=B+w—-1=p Y (Vw+q)
we rewrite the formula once more as
NiK o

(5.46) 1> yag) - ()N T /}a(—sw b e |

Note that when x is an integer the part on line (5.46) vanishes due to sin 7z = 0. With the temporary
abbreviation

w-z B2(—=1)VN!
(547) BN(SU) = N+‘Eﬂ £+K) K
qg 2 a2 p2
the formula becomes
1 dz
K o x K
(5.48) my(z) = BN(CC){ 5 /1“T a(z)® b(z) NTI

(5.49) e > yag) - (-)VH T / " (=) b(—s)" valil}-

We differentiate the above equation with respect to z. We need the answer only for integral x
which simplifies the resulting formula. We also need it only for large x, so we restrict to x € N to
avoid considering negative x.

PROPOSITION 5.4. For all x € N,

(my)'(z) = By() %log(q%) QLM /F a(2)" b(2)" foil
o e B g [ Qomate) )00

T

+ 1{r > g} - (—1)" TV /Fla(—sﬂ”” b(=s)" vaiil }

Proor. Formally (5.50) follows from the product rule in a straightforward manner. But we
need to justify and explain some steps.
Let us first address the well-definedness and boundedness of log a(z). We can write

a(z) (wyq + 2vw + Zgv/w + |2[2/q)

C
T Vw + 2/q?
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for a positive constant ¢. First note that an inadmissible value a(z) € R_ can happen on T, only if

z = —r (and ¢ must be small enough relative to w). A single exceptional point {—r} has no bearing
on the well-definedness of integrals over I',.. The numerator above vanishes only at z = —,/qw and
z = —y/w/q and the denominator only at z = —y/w/q. Since we assume 0 < r < 1 and r # ,/wgq,

la(z)| stays bounded and bounded away from zero on T'.. Consequently the function loga(z) is
defined and bounded on ', \ {—r}.

It follows from these considerations that, with the definition a(z)* = e*1°8(2) | the integral on
line (5.48) can be differentiated in « to yield the integral on the second line of (5.50). More precisely,
the operation d/dx can be taken inside the integral on line (5.48) because
a(z)w+h _ CL(Z)£ . ehloga(z) -1

h h
hE=1(loga
=a(z) {loga +Z g ()" }

converges boundedly as h — 0, for a fixed z € R and while z varies over I';. \ {—r}.
We turn to justify

o) T e e p = [ e S

(5.51)

The identity is claimed only for points x € N.

The function |a(—s)|” is jointly continuous as a function of (z,s) € [1/2,00) x [,/wg, r], hence
the integral is a continuous function of x > 1/2. (Here x < 0 would make |a(—s)|® unbounded and
(z,s) = (0, ,/wq) is a discontinuity, so restricting to x > 0 is convenient.) Still we cannot blithely
repeat argument (5.51) because logla(—s)| blows up at s = ,/wq. However, we can avoid looking at
the details with this simple lemma:

LEMMA 5.5. Let G(x) = f(x)g(x) on some interval of the real line. Suppose u is a point such
that f(u) =0, f is differentiable at w and g is continuous at u. Then G'(u) = f'(u)g(u).

Proor. By the hypotheses,

Identity (5.52) is verified by applying the lemma to

: " . ds
f@ﬂm@ﬁdeF&fHHWMwﬁ
(d/dx)(sinmz)/m = cosmx which equals (—1)* for € Z;. This completes the proof of the differ-
entiation formula (5.50). O

We are ready to start deriving the asymptotics to which the next section is devoted. The entire
development is based on the Christoffel-Darboux formulas (5.34) and (5.35) for Kn(z,y), and on
the integral formulas (5.37) for m& (z) and (5.50) for (m&)'(x) for z € Z.

5.3. Airy asymptotics for the Meixner kernel

The estimates that imply the Airy limit are summarized in the next theorem. From definition
(5.13) it is immediate that the kernel K is symmetric: Kn(x,y) = Kn(y, ). Since it is real-valued,



64 5. DISTRIBUTIONAL LIMIT FOR THE LAST-PASSAGE TIME

it follows that Ky is Hermitian: Ky(z,y) = Kn(y,x). Furthermore, Ky is nonnegative definite:
for any finitely supported function f : Z; — C, abbreviating temporarily v(z) = mf (z)p (x)!/2,

S F@En(e)f Z(;f @) (S sm)

z,y€Z4
- J:z_; (; f(:r)l/k(x)> (Zy: f(y)uk(y)> = ]:z_; ;f(ﬂ?)l/k(z)

In particular, since K (z,z) > 0 absolute values are not needed in the assumptions below.

(5.53)

2
> 0.

THEOREM 5.6. Let 3 > 0 be a constant. Assume given a scaling Ay — o0 as N — oo along
positive integers and assume Ay = o(N). Let Ky : Z2 — R be a sequence of Hermitian nonnegative
definite kernels defined for all large enough N € Z,. Assume that the following properties (1)—(iv)
hold.

(i) For each 7 € R there exist constants C(1), No(7) < 0o such that

(5.54) sup ZKN INB+ ANT] +m, NGB+ AnT] +m) < C(7).

N>No(7) =0

(ii) For every € > 0 there exist finite L = L(e), No(¢) < 0o such that

(5.55) sup Z KN(INB+ANL] +m, [NG+AvL| +m) <

N>No(e) ;,=p

(iii) For each M < oo there exists No(M) < oo such that

(5.56) sup sup  ANKN([NB+ANE], [NB+ ANE]) < oo
—M<E<M N>No(M)

(iv) Scaled kernels converge pointwise to the Airy kernel defined in (4.9). Let &, n € R. Suppose
le =Le(N) and £, = £, (N) are quantities such that v = N3 + {¢ and y = N+ {,, are nonnegative
integers for each N, and for some constant C,

(5.57) [le — ANE| + [y — Ann| < C
for all large enough N. Then if £ £ n
(5.58) A}im ANKN(NB+Le, NB+4,) = A(E,n)

and also on the diagonal
(5.59) A}im INKEN(NG+Lle, NGB+ Le) = A(E,€).

From these assumptions it follows that the Fredholm determinants converge: for each t € R,

N
(5.60) 1+ lim Z( 1) Z Zgigt {Kn(INB+ Ant] + hi, [NB+ Ant] +hj)}

5.61 =1+ - det {A(x;,z)}dx
(5.61) > [ (A
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PROOF. Fix t € R. The strategy of the proof is to show the convergence (5.60)—(5.61) for k
and h restricted to bounded sets, and then to show that the terms left out on both sides add up to
very little. Consider 0 < ¢, L < oo fixed for the moment. Let 1 = (1,1,...,1).

> det {Kn(INB+ Ant] + hi, [INB+ Ant] + b))}

¢
(5.62) 1+> (=
k=1 he {0, L] —13k W

¢
(=D*
+ Z k! [ Z 1[,\;1h,x;vl(h+i))(zl,k)
k=1

k
0. L)% hefo,..., ANL|—1}F

X Z?.gEﬁk]{)\NKN(LNﬁ—F )\th + L)\inL LNﬂ + /\NtJ + \_)\N,’L‘JJ>} dLUl’k.

By assumption (iv) for each fixed k > 1 and 21 5, € [0, L)* the integrand converges to det; jep [A(t+
z;,t + x;)]. Hadamard’s inequality (B.9) (Appendix B) and assumption (iii) give

sup | det {ANKN([NB+Ant] + [Avzi], [NB + Ant] + [Anz;])|
z€[0,L)F  HIE[K]

k
< sup H{)‘NKN(LNB+ )\th —+ L)\NIL'Z'J, LN6+ )\NtJ —+ LANfzJ)} < Ck

z€[0,L)F ;4

for a constant C' = C(L,t) that is independent of k. This bound is good enough for dominated
convergence, and we can conclude that for all fixed 0 < ¢, L < oo the sum on line (5.62) converges
as N — oo to

¢
(—

5.63 1+ det [A(z;, ;)] dzy k.

| | ; ! [t,t+L)ki7j€[k][( i)l dzy

The remainder of the proof consists in showing that the parts missing from (5.62) and (5.63)
in comparison with their counterparts on lines (5.60) and (5.61) can be made arbitrarily small by
choosing ¢ and L large enough.

Consider first the difference between (5.60) and (5.62) with N > £. Let us abbreviate

TN = LNﬂ‘i’/\NtJ

This difference comes as a sum of two parts:

det {KN $N+h“ 1'N+h )}

i,j€[k]

(-1
(5.64) > o >

k=1 " hezk:3i€[k]: hi>|AnL]

(5.65) +

LL'N—f—hl, £L'N+h )}
& i,j€[k

k=0+1 'h+
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Applying Hadamard’s inequality again, we bound the absolute value of the sum on line (5.64) by

L k
z%z X TIEwax oy +h)

I
=
Mg
=
4
s
4
_|_
3
8
=4
_|_
&
~—
|
=
4
I
4
_|_
3
1S3
4
_|_
&
N——

i
3
Il
o

m= L)\NLJ

(5.66) <

Above we used assumptions (i) and (ii), choosing L large enough to get bound ¢ in (ii).
Next we bound the absolute value of the sum on line (5.65), again starting off with an application
of Hadamard’s inequality:

N [e%s)
Z Z HKN .TN-I—hz,CCN—f—h)S Z %(ZKN(mN+m,xN+m))k
k=0+1 k! hezk i=1 k=¢+1 = m=0
A |
(5.67) < ) HO(t)’“ge
k=(+1

if ¢ is chosen large enough. Since t is fixed, we have shown that the absolute value of the sum of
lines (5.64) and (5.65) can be made arbitrarily small uniformly over N by choosing ¢ and L large
enough.

Last we derive the analogous bounds for the Airy kernel, namely that by choosing ¢ and L large
enough,

¢
(—1)'“/
5.68 det [A(x;, x;)] dxk
0% 1;1 KU iy Ly BI€IK] 7
S (1)’“/
5.69 + det [A(z;, x;)|dx < e
( ) k§r1 A .00 i,je[k][ (@i, z;)] dxy g

Both sums are controlled by Hadamard’s inequality and estimate (4.11). By (4.10) A(z,z) > 0
and hence absolute values are not needed below. The sum on line (5.68) is bounded by

¢ k
— Az, x;) dxq,
;k!A 00)k\[t,t+L]* }_[1 ( ) b
¢
< A(s,s)ds A(s,s)ds
<Gl Awede) (Al o)
S
(5.70) < C(t)Fte < e“®g,
— (k—1)!
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Above C(t) = [ A(s,s)ds < oo and L is chosen so that fHL A(s,s)ds < ¢, both by (4.11).
Finally, utlhzmg the same C(t),

line (5.69) < / HA T, ;) dry g < Z *C
[t,o0)k 5 !

k= €+1 k= €+1
(5.71)

by choosing ¢ large enough.

To summarize, the convergence of line (5.60) to line (5.61) has been proved for a fixed t € R, by
showing the convergence of (5.62) to (5.63) and by showing that for large L and ¢ the sum (5.62) is
close to the sum (5.60) uniformly in N, and sum (5.63) is close to (5.61). O

Theorem 5.1 is now proved by applying Theorem 5.6 to the determinantal representation (5.16)
of the scaled distribution function. The remainder of this section checks hypotheses (i)—(iv) of
Theorem 5.6, with scaling Ay = oN'/3. We begin with hypothesis (iv), the Airy limits (5.58)
(5.59) for the point values of the scaled kernel. This needs the most work. At the end of the chapter
(Proposition 5.17) the estimates derived for the proof of (iv) will be used to verify (i)—(iii).

The following definitions serve to organize some calculations. For x € Z, define the positive
constants
BT (z+ K—1)IN! wNtE /g

(5:72) AN =R AN TR Ve

For x € Z, and a function g that is bounded and measurable on the sets where the integrations
take place define

(573) Dy(ag) = 3 | 9(al) b N
and
(5.74) Fy(z,9) = 1{r > g} - (-1)"+V* /;w—qg(—ﬁ la(—s)|" b(—s)" sfvlil-

In our derivation of the asymptotics, the following four functions will appear as g:
g1(z)=1 g3(2) = a(z) log a(z)
g2(2) =2 —1 g4(2) = g2(2)g3(2) = (2 — 1)a(z) log a(z).

As always, we take the principal branch of log z.
The asymptotics of the kernel K is based on the following representations.

(5.75)

LEMMA 5.7. For integers v # vy in N

(576) KN(»T,y) _ AN(x)1/2AN(y)1/2 DN(xagl)DN(yvg2) — DN(xng)DN(yagl)
r—y

and on the diagonal

Ky(z,z) = An(z) [Dn(x — 1,93) DN (2, 92) — Dn(2,91) Dy (x — 1, g4)

(5.77)
+ Fn(z,g1)Dn (2, 92) — Fn (2, 92) Dn (2, g1)].
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PROOF. Let us temporarily use the shorthand [ - - - dz for (2mi)~" [ - - - dz, and simplify notation
in other obvious ways. Begin with

Dyn(x,91)Dn(y,92) — Dn(x,92)Dn(y, 91)

a®bf =N~ 1dz/( —Da?b* N dz — /(z — Da®bF N1 dz/abez_N_l dz

:/ a®b = N- 1dz/zabez_N_1 dz—/za‘”sz_N_l d,z/abez_N_1 dz
/ a®bK = N- 1dz/abez_N dz—/abez_N dz/abe,z_N_1 dz

mJZrypK
618 = s v PN W) - @ ).

The last equality above came from (5.45). (For « € Z the second line (5.46) vanishes.) Next, the
constant in front of line (5.78) multiplied by Ay (z)'/2Axn(y)"/? from (5.72) equals
- gN+TE pk -1 {(g;+K71)!}1/2{(y+K71)!}1/2
(N-1)(N+ K -2)! x! y!

1/2 1/2
_q pEgN (K —1)! (r+K-1 /q“’/Q r+K—-1 /qy/2
p (N—-1IN+ K —2)! x Yy
q

(5.79) ==t @ )
In summary, we have shown that
An(2) 2 AN (y)'/? [Dn(z,91)Dn(y, 92) — Dn(2,92) DN (y, g1)]

= (@) 2 () 2 [ ()l () — S ()mE (9)].
p N-1

Comparison with (5.34) shows that this is exactly (5.76) without the denominator x — y.
To prove (5.77) use definitions (5.7) of u€ and (5.18) of dy, and formulas (5.48) and (5.50) for
mpy and m’y. Abbreviate temporarily x = 1{r > ,/wq}.

K xT
) iy ) — (e (0)]

) N-DI(N+K-2) x

X 5 log(8/qa) +loga)a™b N 01 a” Kd—N
({ [ Grostaae) +togajav S + Fvtoan} [ oo 2

z

¢ pENTHE —1)! 4+ K -1\ , wNtEK-257(N —1)IN!
qa - qN7%+a:az+KpK

—/ a®bx Ic\i/_H {/(élog(ﬁ/qa)—i-loga)awaj;+FN1(x7g1)}>

c+ K -1IN! oNtE g
N+ K—-2  p Vo

dz dz dz dz
rp K zp K rp K cp K
X </(loga)a b SN+1 /za b SN T /a b SN+ /z(loga)a b SN+1

_ B
(

= a$+K .
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. " . ds - dz
+ X-(—l)"+N+1/ |a(_8)|.,b(_S>KSN+1 -/za' bKZNJrl

Vo
i dz . r " dS
a /a bKZN+1 X ()T /\/quS|a(_S)| b(_S)KsN-H)

. dz x dz
:AN(x)</(aloga)a 1bKZN+1 /(z— Da bKZN-H

- dz o dz
—/a bKZN+1 /(z—l)(aloga)a leZN-H
- " - ds - dz
+oxe (=) +N+1/ a(=)"b(—)" <y -/(z—l)a b

Vwq

X dx . T = ds
- /a b SN+ X (=)= /m(_s ~ Vel b(_S)KSNH)

= An(x)[Dn(x — 1,93) DN (2, 92) — Dn (2, 91)Dn(z — 1, 94)
+ Fn(z,91)Dn (2, 92) — Fn (2, 92) Dy (2, 91)].
This proves (5.77). O

Continuing to set up preliminaries, a frequently appearing constant is

_ w7 _wyg
(5:80) = Vet Dot v pvap

In terms of p,

VW
(5.81) o=Y1

pp
At various times it will be convenient to treat some discrete variables as continuous. Introduce the
correction wh; € (0,1] such that

(5.82) K=M-N+1=|Nw|]-N+1=Nw-N +wy = N(a—f)+ .
Also write
(5.83) xr=NB+{,

where x is a positive integer. We need to allow negative £, so we always consider large enough N
so that > 0.

The task is to deduce asymptotics for the kernel Ky (z,y) from formulas (5.76) and (5.77). We
begin with analysis of Ay (z) and then turn to the more involved analysis of Dy(z, g).

LEMMA 5.8. For each —oo < hg < oo there exist finite constants C = C(hg) and Ny = No(ho)
such that

(5.84) 0 < AN(NB+£,) < CNeN 'l for N > Ny and €, > NY/3hy.
Furthermore, for any hy < oo, we have the uniform limit
(5.85) lim  sup |N_1AN(LN5+N1/305J) —p|=0.

N—oo _py<e<hy

In both statements we consider N large enough so that the argument of Ay is positive.
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PROOF. Write x = N + £, as in (5.83) above. Start by rearranging and then apply Stirling’s
formula:

_ N @4+ K)IND (N+K-D)(N+K) 4

A = .

N (@) a*tK  gl(N 4+ K)! (x + K) p/w

_ B;ch-&-K (LIZ‘—{-K)QH_KNN (N+K— 1)<N—|—K)1/2N1/2 \/aee(ac,N)
= attK xm(N+K)N+K ($+K)1/2$1/2 p\/a

=AWV (@) AR (2).

Above we named the first expression in large brackets Aﬁ) (x), the second Ag\z{) (x), and e(z, N) is
the error from Stirling’s formula that tends to 0 as both 2, N — oo. The parameter ranges in (5.84)
and (5.85) are such that x — oo follows from N — oo.

From (5.82) and (5.83)

A(2)(x): (Nw—l—FwK,)(Nw_Fwa)l/le/g '\/aes(m7N)
N (NBrw—1)+ Ll + ) 2(NB+£,)12 pyw
1—w?, W' 1/2
(e~ 1585) (w+ %) et

| (ﬂ+w—1+%)l/2(ﬁ+%)m Py

This shows two things: for large enough N,

(5.86) AS\Z,) (z) < CN for £, > N'/3hg as required for (5.84),
and

3/2
(5.87) N-1AP (2) — d Ve VT

(B+w— 1)1/231/2 .p\/ﬁ = aB =P
uniformly over bounded N~1/3¢, (as required in (5.85)).
Turning to Ag\l,)(x), rewrite it as

AQ (@) = (NTﬁ)x(x;aK)HK ' (N]\in>N+K
T = z+K z+K N+K
- () %) are) ()
x " Na+4, " w;\', z+ K N+K
s =(7) () TR ) R

For the last two factors factor on line (5.88), utilizing the expansion log(1 +y) = y + O(y?) for
small real y:

( r+ K )HK( Nw )N+K_(Na+€$+w§(,)Na+fz+er( Nw )NUJ+w§G

Na+ 0, N+ K Na+ 2, Nw + W},
_ (1 + wx{ )Na+€w+w;\l, (1 _ wx{ )N’LU«H.U;\/,
Na+ 4, Nw + Wi,

= WNFOWNTY) | —w{+O(NTY) _ LO(NTY),

Thus this quantity is irrelevant for the statements (5.84) and (5.85) we are in the process of proving.
For the third last factor on line (5.88):

NO&“FKCE UJE\,I A 14(Na)~ ¢ Na)-1le
(5.89) (7) = R 0B (Na) ) < o(Na) [t
Na
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The last expression shows that this factor is bounded by e~ ' l%=| in the parameter range of (5.84).
The middle expression above shows that this factor converges to 1 uniformly in the parameter range
of (5.85).

It remains to treat the first two factors on line (5.88). Introduce the variable { = ¢,/N and
write

NB\* (Na+\Natte 1§ \NBHO) o+ (\N@+O) oo
(5.90) (%) ) =) () =
with
f(<)=(ﬁ+C)10g6§<+(a+<)logazc-

The admissible values are ¢ > —( which corresponds to > 0.

First check that, due to « > 3, f/({) < 0iff ¢ > 0. Thus f(0) = 0 is a global maximum and
consequently the factors in (5.90) are irrelevant for the bound claimed in (5.84). Statement (5.84)
is thereby proved, its right-hand side coming from (5.86) and (5.89).

As ¢ — 0, £(0) = f/(0) = 0 implies that f(¢{) > —C¢? for a constant C. Thus in the parameter
range of (5.85),

1> NFO > e—CN42 > e—CNflei > e—CNfl/S.

This together with the previous estimates shows that Ag\})(a:) — 1 uniformly in the range required
by (5.85). In combination with (5.87) this proves (5.85). O

We turn to work on Dy (z, g). Define

(5.91) u(z) = Blog(y/wq + 2) — alog(vw+ 2,/q) — log z

where the logarithms take their principal value. This function is holomorphic for z € C\ R_ (the
complex plane minus the nonpositive real axis). For a fixed r € (0,1) such that r # ,/wq, the
arguments of the logarithms are bounded and bounded away from zero for z on I',. Thus u(z) is
well-defined and bounded on the set T',. \ {—r}. Write

]' a— w// dZ
Dy(z,9) = 5 A g(2)a(z)NBHlp(z)Nle=B)+ b
1

211 T

(5.92)
g<z)eN(u(z)7u(1))+€w log a(z)+wf log b(2) =1 g,

r

For the part of integral (5.92) close to z = r we develop an expansion for the function u of
(5.91). The precise value of the radius 1/4 around z = 1 taken in the next lemma is immaterial,
any fixed small radius would do.

LEMMA 5.9. For z such that |z — 1| < 1/4,
(5.93) u(z) — u(1) = 1p(1 = 2)° + p(1 — 2)0(2)

for a function v that satisfies |v(z)| < B, with a fived constant B,. The constant B,, can even be
taken independent of w and q.
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PrOOF. Differentiation and algebraic manipulation lead to

3 a./q I —w,/q(1 — 2)?

T VOGt: Vutang : o A+ 2) (ot /)
= —p(1 =2+ (1= 2)*(p - v )
g PTG ) (Vo + D)
5 2Vi+(Vw+avw+ vz + (Vg +1)(Vw+q)
(Vg + 2)(Vu + 2,/4)

u'(2)

= —p(1—2)* = p(1 - 2)

= —p(1=2)" = p(1 = 2)°f(2).

The last equality defines the function f(z). It is evident that the denominator of f is bounded away
from 0 for example under any restriction of the type PRe z > h for any h > 0, while its numerator is
bounded on any bounded set. There is a bound on f that is independent of w > 1 and ¢ € (0,1)
since for large w the dominant term in both numerator and denominator is w.

Given z such that 0 < |[1—z| < 1/4, integrate along the line segment £ from 1 to z, parametrized
by ¢(s) =1+ se™, 0 < s < |1 — 2|, for the appropriate argument A:

11—z

uz) —u) = [W(Ode = o1 =240 [ pc)as

0
Let B, = 1sup|f(z)| over the radius 1/4 disk centered at 1. Then the function

) [1—z|
G(z) = e / S1(C(s)) ds

satisfies

G(2) 4B, [,
-2t = |1—z|4/0 s°ds = B,,.
We can satisfy (5.93) by taking v(z) = (1 — 2)4G(2).

Regularity of v is not of consequence to us. But (5.93) does show that v is holomorphic in
a punctured neighborhood around 1, and by boundedness of v the point z = 1 is a removable
singularity [Rud87, Theorem 10.21]. Thus v can be assumed holomorphic in the open disk of
radius 1/4 around 1. O

As we take the limit N " oo, we also take the radius r /' 1. So we set r = 1 —§ where § \ 0 as
N / co. The main contribution to the integral (5.92) will come from a small neighborhod around
the point z = 1. To this end we split it in two parts

(5.94) Dy(z,9) =1 + I
where
(5.95) I = L ) g(rew)eN(“(Tew)—U(l))Mm log a(re’’) w5 log b(re'®) 1o
2 J_.
and
1 . . . .
(5.96) I g(re®)a(re?)=o(re?)Kr=Ne=tN0 gg.

27 J(—rm\(—e0)

We introduce scaled variables (1, v) such that

__n __ "
(5.97) §= (NI and 0 = NI
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Here 1 > 0 is a constant. The integration limit above is
(5.98) e = (pN)~7/%

and so the new integration variable v has range —(pN)'/?* < v < (pN)
We expand the parts that appear in the exponent of the integrand of I;. We use repeatedly
these expansions, valid for small real or complex z:

(5.99) log(1 +z2) = z+ O(|2[*)

1/24

(5.100) cosz=1-122+0(|z|*) and sinz=2z+O(|z|)

In the estimates that follow the O-terms are uniform over the range 0 < 1, || < (pN)'/?4. First
we utilize the scaling to find the main part and order of magnitude of the complex value 1 — z that
appears in expansion (5.93). The first O(N~7/12) term below comes from 62 < &2.

1—re’ =1—(1—06)(cosh + isinh)

—1- (1 - W) (1 +O(NTT/12) 4 ZW)

= (i T OW ) = (N,
p
Then we approximate (5.93):

N(u(re) —u(1)) = Np(1 —re')? + Np(1 — re?)v(re™)

=1 —iv)*+ON"0).

(5.101)

(5.102)

Next the log a(re?) function in the exponent in the integral (5.95). The principal branch of the
logarithm does satisfy log z120 = log z1 + log 2o when z; and 29 lie in the right half plane because
then arg z; + arg zo stays in (—m, 7). This situation we have on the first line below as soon as N is
large enough to make |6| small enough.

, G & el i0
log a(re?) = log waTre —1ogﬁ+re V4

Vg + 1 Vw+./4q
_reit — ret
log(1W>1°g(1W>
e e R TRE

/A —7/12
(oN)3 /g +0( )
(5103) = N_l/ga'_l(—n + ZI/) 4 O(N_7/12),

The last equality used (5.81). For the b-function we only record an error:
i0 il
log b(re') = —log Vwtre g _ 710g<1 _ M)
(5.104) VW + /4 Vw+./q
=0(|1—re?) = O(N™T/24,

For a function ¢ in (5.95) that is holomorphic in a neighborhood of z = 1, let k = k(g) be the
order of the zero at z = 1, so that for z in some open disk around 1

9(z) = () "y W)z = 1D* + O((= = ™) with g™(1) # 0.
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Order k = 0 means that g(1) # 0. Consequently the g-factor inside the integral (5.95) satisfies

n-w

()
_ 1 ] B

= (pN) Ic/?,yg(k)(l)(i77 + i)k + O(N 7(k+1)/24).

g(re??) = g(l — + O(N*7/12))

(5.105)

To see the order of the error term above, consider separately the cases k =0, k =1 and k£ > 2.
The functions g; in (5.75) are holomorphic in a neighborhood around z = 1, and we have the
following values for the orders k(i) = k(g;) and the derivatives:

(5.106) K1) =0, gi(1)=1  k3) =1, g5(1) = pp/v/0q
| HR) =L o) =1 () =2 gi(1) = 20p/VTL

Now we transform the integral I;. We begin with the definition (5.95), perform the change of
variables § = v(pN)~'/3, and then substitute in (5.102), (5.103), (5.104) and (5.105):

1 ¢ . i i " i
I (g) _ - / g(reze)eN(u('re ) —u(1)) 4L, log a(re’®)+wh log b(re?) do

—&

1 (pN)/24 X g(k)(l) 7(k+1)
= N 3. — N -3 _ - \k NiT
M) [ NS S i) O )}
. _ —n 4w _T _T
(5.107) xexp{%(nfw)?’JrO(N 1/6)+£z(N17/30+O(N 12)) +O(N 24)}dz/
1 (k) 1 7 15
6108) = (o)~ L ) o) )

where the integral I11(k), k € Z., is defined by
LNyt
mw=g [ it
(5.109) T (pny/e
) —n+iv
X exp{%(n — ZV)B + é;c ( ]\7;17/30_

We are ready to see the Airy functions arise as limits. We remind ourselves of the key definitions.
One way to write the Airy function Ai(£) is

+O(N" %)) + O(N~Y/%) } dv

5.110 Aie) = & A et g,
2T

where i > 0 is fixed but arbitrary. (Except for the change of variable v +— —v, this is (4.4).) For a
real £, the modulus of the integrand is

(5.111) Rel g (=)’ +&(=nt+iv)} _ on®/3-nr®—¢n

which shows that the integral converges, and also shows that, by dominated convergence, differen-
tiation can be taken inside the integral to compute all the derivatives:

1 [ . ,
(5.112) A (¢) = 2—/ (—n + iv)Fes (1) i) gy,
™

— 00

The Airy kernel limit (5.54) for the kernel K requires us to scale the variables as = | N3 + N'/30¢],
where £ € R is the new variable. Since (5.83) we have represented the positive integer variable = as
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x = NB+/{,. To have some room to maneuver with integer parts we make the following assumption
that connects the variables x and &:

£, depends on N and ¢ so that for a fixed constant C' and all large enough N,

5.113
( ) |6, — N'3q¢| < C.

LEMMA 5.10. Fiz £ € R and n > 0. Assume (5.113). Then for k € Z
(5.114) Jim L (k) = Ait(¢).

PrOOF. With £, = N'/35¢ 4 O(1) the integral I;;(k) becomes

1 > . Lip—iv)? —n+iv -1/6
I (k) = %/ L (/s (pny/an) (¥) - (=0 + iv)Fes () H8Entw) O gy,
Equation (5.111) shows that dominated convergence gives the limit. ([

Returning to line (5.108) we can state the following limit.

COROLLARY 5.11. Let g be holomorphic in a neighborhood around 1 with a zero of order k at
z=1, with0 <k <7. Fix £ € R and n > 0 and assume £, satisfies (5.113). Then

. ®)(1
lim N%Il(g) = lim {p_%g (1)

Kl
_kt1 1 .
=7 91 AP(E).

The values of k we need are 0 < k < 2 from (5.106). The reader may wonder why the order k
works against us in the limit (5.115). The reason is that in the expansion (5.105) we bounded the
error uniformly by the maximal modulus of —n + iv. For a better bound we could have included
the powers of |—n + iv| in the second integral on line (5.108).

I (k) +O(N%) '111(0)}

The next step is to extend the limit to the full integral Dy (z, g) by showing that the part I5 in
(5.96) vanishes in the limit. To control the integral I we show that the magnitude of the integrand
is dominated by the value taken closest to z = r. This next lemma contains a technical step in that
direction.

LEMMA 5.12. Let0<r <1, w >1, 0 <k < X such that

(5.116) m < VE/X <1,

and define the function
(5.117) f(8) = rlog|\/wq + 7’6i0| — Alog|vw + Teie\/a} for 0 € [—m,m].
Then for any 6y € [0, 7], f(60) = f(—00) > f(8) for 6y < |0] <.

PROOF. Rewrite the function as

(o) = g log((y/wq + rcos0)* + rsin® ) — % log ((v/w + ry/qcos0)* + r’qsin® 0)

A
= g log (wq + 2rt\/wq + r?) — 5 log(w 4 2rt\/wq + r*q) = h(t)
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where we set ¢ = cosf and renamed the function as h(t). The symmetry f(0) = f(—0) comes
from the symmetry of the cosine. The inequality claimed in the lemma follows from showing that
K(t)>0for -1 <t<1.

B (t) = KT\/Wq Ary/wq
wq + 2rt\/wq + 12w+ 2rt\/wq +rq
and so
R(t) >0 <= k(t) = s(w + 2rt\/wg + r?q) — Mwgq + 2rt\/wq +r?) > 0.

Now k'(t) = 2r/wq(k — A) < 0 by the assumption x < A. Hence it is enough to check k(1) > 0
which is equivalent to the left-hand inequality of the assumption (5.116). g

Now the estimate on I5.

LEMMA 5.13. Assume that £, > —CoN'/3 for some constant 0 < Cy < oo. Then for large
enough N

(5.118) I(g)| < Co=e1NY 12 —co gl N~

for constants 0 < C,c; < oo and where co 3 takes two distinct positive values: one if £, > 0, the
other if £, < 0.

1/3

PRrROOF. From the definition (5.96), bounding g by a constant,

(5.119) [I2(9)| < C la(re®)[|b(re™)|*r=N do.
(771'777)\(7515)
With ¢ = NG+ ¢, and K = N(a — 3) + w}; the integrand is

|\/w—q+rew|Nﬁ+€gc |\/E+\/§\Na+£“”
|W+T€i9\/§|NQ+Zw |\/1Tq+1|Nﬂ+€z
We wish to apply Lemma 5.12 to the first quotient above to claim that, over the range 6 € (—m, —&)U
(e,), it is maximized at § = e. Now kK = NG+ £, < Na + £, = X so condition (5.116) is
B+ N-1e, S (Vwg +r)?
a+N-Y, = (Vw+ryq?
Rearranging this and using r = 1 — § leads to

by 4 w(l+7)(1+q) +2/wg(w +7)
N~ (w—12)

Since § = n(pN)~'/3, this implies the existence of a constant 0 < ¢ < oo such that (5.116) is satisfied
if £, > —e¢N?/3. Thus for large enough N Lemma 5.12 applies to give

Jare™) 7 b(re ) < N < Ja(rei©)[ YO+ pret) V) [p(ret) oK .

|a(T€i0)|z|b(T6i0)‘KT’7N _ . |b(rei0)|w;\', ’r‘iN.

Bound the function |b(re?®)|“~ by a constant, drop the integration in (5.119) altogether, and recall
definition (5.91) of u(z) to get

1(9)] < O la(re’) P+ =b(rei€) Ve =
—C |G(T€iE)N’8b(T€i6)N(a_5) (reie)—N . a(reis)€m|
—-C |6N(u(rei5)7u(1))+51 log a(res) ‘

(5120) —-C €N Re(u(re’s)—u(1))+L, Relog a(reie)'
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For small € the logarithms of a(re®*) and b(re’) are well-defined, and hence so are their powers
above.
From (5.102)

N Re(u(re?) —u(1)) = 1 Re{(n— i)’} + O(N~1/%)
= %773 — v+ O(N*I/G).
Take § = ¢ = (pN)~7/?* 50 that v = 0(pN)~/3 = (pN)*/?%. Recall that 7 is a fixed positive

constant. Consequently for large enough N and a constant 0 < ¢; < oo
(5.121) N Re(u(re®) —u(1)) < —¢, NV/12,
Similarly from (5.103)

i€ -n -
Reloga(re’®) = Nis + O(N~7/12)
and thereby
(5.122) —ca N7V < Reloga(re®) < —esN~Y/3

for constants 0 < ¢o, c3 < 0.
Substituting these back into (5.120) gives

|L(g)| < Ce= 1N/ —cantaN"

where ¢y 3 takes two distinct positive values: one if £; > 0, the other if £, < 0. [l

1/3

We can obtain the Airy convergence of the full integrals Dy (z, g) defined in (5.92) and earlier
in (5.73).

LEMMA 5.14. Let g be holomorphic in a neighborhood around 1 with a zero of order k at z =1,
with 0 <k <7. Fix £ €R andn > 0. Let x = NS + £, with £, satisfying (5.113). Then
k+1

. k1 _kt1 1 .
(5.123) Nlﬂnoong Dy(z,9)=p~ % Eg(k)(l)‘Al(k)(f).

PROOF. We only need to combine the decomposition Dy (x, g) = I1 + Iz from (5.94) with limit
(5.115) and bound (5.118). O

The next item is to show that the second part of formula (5.77) for Ky (x,z) that includes the
Fn(z, g)-terms is irrelevant for the asymptotics. The argument is basically the same as for (5.118).

LEMMA 5.15. Suppose £y, > —C1 N3 for some constant 0 < Cy < co. Then for z = NG +1, €

N, if N is large enough,
(5.124) |Fy(z,9)| < Ceo—c1NV"—caataN™

1/3

for constants 0 < C,c; < oo and where co 3 takes two distinct positive values: one if £, > 0, the
other if £, < 0.

PROOF. Assume \/wq < 1 and 6 = 1 —r = 1(pN)~'/3 small enough so that ,/wqg < r < 1, for
otherwise Fiy(x,g) vanishes. From the definition (5.74), with a bounded function g in the integral,
begin with

(5.125) P (z,9)| < c/}m(—s)w b(—s)K 5 ds.

Set temporarily ¢ = ¢, /N and

ui(s) = (B + ¢)log(s — ywq) — (a + ) log(vw — s/q) —logs, s € (Vuwg,1]
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and rewrite the integrand as
[a(=8)I b(=s) "5~ = [a(=s)| VI (=) MO b(—5) N

N RV R O L ) AL YR
B (\/w — Sﬂ)N(a+<)sN ' (, /wq + 1)N(5+C) ’ (_S)
N(«
_ Nt WIEVDTETO
(\/uTq + 1)N(ﬁ+<)
Looking at the factors on the last line, b(—s) is bounded by a constant. One computes

uy(s) = wy/Als £ D + Gpsyw .

s(s — ywg)(Vw — s1/q)

Thus there is some constant 0 < ¢ < oo such that if { > —c then v/ (s) > 0 for all s € (/wq,1]. The
condition ¢ > —c is the same as £, > —cN which is satisfied under the hypothesis £, > —Cy N/3 if

N is large enough. Hence uq(s) < uq(r) for the range of s in the integral (5.125).
Combine (5.125), (5.126) and the uniform bound u;(s) < uq(r):

(Vw + g)Neto)

(Vg + 1N+

_ o Wma— Y (s ety
|\/E_T\/6|Na+€x (\/fuTqu 1)Nﬁ+£x )

Think of —r as re™". Apply Lemma 5.12 with kK = NS + £, < Na + £, = X to the first quotient
on the line above, to show that this quotient can only increase if —r is replaced by re?*. Hypothesis
(5.116) of Lemma 5.12 follows from

Vwq t T <¢“71+1_\/§< [N+
Vo+ry/qg~ yu+qg Vo~ VNat+l, =7

After this step we have

(5.126)

|[Fx(x,g)| < CeN)

W+ e Y (et
[V + reie JgNotE (g + )N

—-C \a(rei5)|NﬁHl‘|b(rei€)\N(o‘*5)|rei€\*N

[Fn(z,9)| <C

by the definition (5.91) of the function u
—-C ‘eN(u(reiE)fu(l))%»Zz log a(re“)|
—C €N Re(u(re’®)—u(1))+£, Relog a(re’®)

<C 67C1N1/127521351N71/3

In the last step we used(5.121) and (5.122). O

We can prove the main point, namely the convergence of the properly scaled kernel Ky (z,y)
to the Airy kernel. Recall that the Airy kernel is defined for (z,y) € R? by

Ai(z) Al (y) — Ai'(z)Ai(y)
(5.127) Alz,y) = T —y 7Y
A (2)Ai' (z) — Ai(2)A" (z), = =1y.
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PROPOSITION 5.16. Let &,n € R. Let {¢ = le(N) and £, = £,(N) be quantities such that
x=NpB+ Ll and y = NG + £, are positive integers for each N, and for some constant C,

(5.128) [le — NY3q¢| 4 |0, — NY30p| < C
for all large enough N. Then if £ £ n
(5.129) Jim oNY3Ky(z,y) = A n),

while on the diagonal

(5.130) lim oNY3Ky(z,z)

N—o00

A(&,6).

PROOF. Suppose first € # 7. Then
&=y ="le )= NYo(c — ) + O(1)

and in particular x # y for large enough N. Start with formula (5.76), use limits (5.85) and (5.123)
as N — oo, and note that the denominator 2 — y takes up one factor of N/3:

NV g (2,1) = oNY3 Ay (2)/2 A () /2 DN(a:,g1)DN(y,92; - ;)N(%gz)DN(%m)
_ (AN($)>1/2(AN(3/))1/2 N'3Dy (a,91)N*/*Dn (y, g2) — N*/*Dn(x, g2) N'* D (y, 91)
N N §—n+O(N-1/3)

2. g1/2 p~ BAI(E)p~BAY () — p~2/BAV(€)p /3 Al(n) _ 4
]
The orders k(i) and values g;1(1) = g5(1) = 1 came from (5.106).
Same argument for the diagonal. Note that x can be replaced by x — 1 without any change in

the limit (5.123). Apply bound (5.124) to show that the terms in Ky (x,x) that involve Fy vanish
in the limit.

—

(& mn).

oNY3Ky(z,2) = oN'3Ay(z)[Dn(z — 1,93)Dn (2, g2) — Dn (2, 91)Dn (2 — 1, g4)
+ FN(J?,gl)DN(l',gg) - FN(Z‘,QQ)DN(.’E,gl)]

A
— o AN NDy (a ~1,g3) - N Dy (,00) ~ N/ Dy (2. 1) - NDx(x — 1.g2)

+ N?3Fy(z,91)  N*Dy(z,92) — NFn(z,92) - N/3Dy(z, 91)]

1/3

PP —2/3 A3t —1/3 7 1 20
A . A - Ai(€) -5 - —A
— op| AT p A — pT AN 3 ZEAT©)]
= A(£,6).
Recall (5.81) to cancel away the unnecessary constants for the last equality. O

As the last item in the proof of the distributional limit Theorem 5.1 we turn to the auxiliary
bounds needed for the convergence of the Fredholm determinant as summarized in Theorem 5.6. In
(5.118) and (5.124) we have good bounds for the integrals I>(g) and Fn(x,g). To derive a bound
for I (g) we revisit the steps that led to (5.108). Let k be again the order of the zero of g at z = 1,
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so that g(z) = (¢ — 1)¥h(2) for a function h holomorphic in a neighborhood of 1. Then utilize
expansion (5.101) and recall that 7 is fixed:

‘ i 1 — v 3 k
(5.131) l9(re®)| < Clre” — 11" < €| 57 + O(N ™71

< CN7FB(1 + [v]*).

In the next calculation take the development for the exponent from line (5.107) but retain only its
real part, and subsume everything bounded into a constant C' that depends on all the parameters,
including k:

1 € . 2 2 1 i
\11(g)| < %/ |g(T620)| . eiﬁe{N(u(re 9Y—u(1)) 4L, log a(re'?) 4wk log b(re 9)} do

k+1 Nyt k 2 N-1/3p
<CN™ 3 / (1 + |l/| )6—771’ —C2,3 = dy
—(pN)1/24

(5.132) < ON— 5 ge2sN ol

Above ¢y 3 is a positive constant that takes one of two values depending on whether ¢, is positive or
negative. This little complication arises from the (totally irrelevant) term O(N ~7/12) that multiplies
£, on line (5.107).

For our purposes the order k of the zero is bounded, and so we can combine (5.118) and (5.132)
to get the bound

(5.133) ID(z,g)| < ON~" 5 emc2aN "7

forx = NG+, € Z,, as long as £, > —CyN'/? for some constant Cy. We can collect the estimates
we need for the kernel.

PROPOSITION 5.17. The following bounds hold.
(i) For each T € R there exist constants C(1), No(T) < 0o such that

sup Z KN(INB+ NY3cr| 4+ m, NG+ NY307| +m) < C(7).

N>No(7) o0

(ii) For every e > 0 there exist finite L = L(g), No(€) < 0o such that

sup Z KN(|INB+ NY36L| +m,|NB+ NY3cL| +m) <e.
N>No(e) 1m0

(iii) For each M < oo there exists No(M) < oo,

sup  sup NY3KN(|NB+ NY30¢], NS+ NY30¢]) < .
—M<E<M N
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PrOOF. Combine bounds (5.84), (5.124) and (5.133) with formula (5.77) for Kx on the diagonal
and the values k(i) from (5.106). Then for x = N3 + £, with £, > —CoN'/3

En(z,2) < Ay (2)[|Dn(z = 1,95)| - |Dn (2, 92)| + |Dn(@,91)| - [Dn (2 — 1, 94)|

+ |En(@.91)| - [Dn (2, 92)| + |Fn (2, 92)| - |Dn (2, g1)l]

< CNeCN ™ sl [(N_2/3 CNT2/3 4 N3 ]\7—1)6_02,3]\171/36z

_|_ (6761N1/12N72/3 + efclN1/12N71/3)6762)3N71/351]

(5.134) < ON"VBemcaaN 0%

Above we took N large enough so that e—arN'/ < N~'and CN~2/3 < ¢y3/2 (conditions indepen-
dent of ¢,) and then redefined the constant cs 3.

The bound claimed in (iii) is now immediate.

For the bound claimed in (i), let 2 = | N3 + N'/3¢7| +m. Then for some constant 0 < ¢; < 00,

—ly = —|NB+ NY307| + NG —m < eaNV/3 —m.
Substitute this back into line (5.134), and then

ZKN(LNﬂ—I—Nl/BUTJ +m, [N+ NY3a7r| +m)

m=0
—-1/3 — —co s N~3m CN71/3
SONTVE D e S T <0
m=0
Bound (ii) follows by a similar summation. t

Propositions 5.16 and 5.17 verify the hypotheses of Theorem 5.6 and thereby establish the Airy
kernel limit for the Meixner kernel. Theorem 5.6 applied to the representation (5.16) proves the
Tracy-Widom limit of Theorem 5.1.

Comments

This chapter follows closely Johansson’s paper [Joh0O].






APPENDIX A

Probability theory

This appendix collects some ideas and results from probability theory for easy reference.

Convergence in probability. The following situation occurs in the text. There is a sequence
of probability spaces (Qn, Fn,Px) and on each Qn a random variable Xy. Let ¢ be a constant.
Then we say that Xy — ¢ in probability if Pn{|X,, —¢| > ¢} — 0 as N — oo, for each € > 0.

In textbook formulations of convergence in probability X £ X the random variables X ~ and
the limit variable X are on the same probability space. Since the limit we have is a constant, we
can achieve this by defining the product space

(Q,F, P) (HQN,®]-‘N,®PN)

with generic sample point & = (wy), and the random variables Xy (&) = Xy (wy) and ¢(@) = c.

Equality in distribution. Let S be a measurable space, X an S-valued random variable
defined on a probability space (Q,F, P), and Y another S-valued random Variable defined on a

possibly different probability space (ﬁ,]—z , ﬁ) Equality in distribution X = Y means that the
probability distributions agree: P{X € B} = P{Y € B} for all measurable subsets B of S.

LEMMA A.l. Suppose X, — v € [—00,0] a.s. and the limit v is a deterministic constant.
Let {Y,,} be random variables all defined on the same probability space, and such that for each n

Y, 4 Xn. Then there exists a subsequence n; such thatY,, — v € [—00, 0] a.s.

Proor. If v > —oo pick real ¢; < 7 so that ¢; /" . By the convergence of X,, we can pick an
increasing subsequence n; < ng < nz < --- so that for each j € N,

P{Y,, <c¢;} =P{X,, <¢} <277,

Then by the Borel-Cantelli lemma limY,,, > v. If v = oo this is enough for the conclusion. If
v < 00, repeat the argument from above . O

Subadditive ergodic theory. Here is a version of the subadditive ergodic theorem, originally
due to Kingman. This improved version was proved by Liggett. Proofs can be found in textbooks,
for example [Dur04] and [Kal02].

Let {Xn :m,n € Zy, 0 <m < n} be a real-valued process that satisfies these assumptions.
(1) Xon < Xom + X for 0 <m < n.
(ii) For each k € N, the process { Xpi (n41)x : 7 € Z4 } is stationary.
(iii) The probability distribution of the process {X,, m+; : j € N} is the same for all m € Z,..
)

(iv) E(Xq, F1) < oo and for some 7y > —00, E(Xq,,) > ~on for all n € N.
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THEOREM A.2. There is a limit
X = nh~>nc}o % almost surely and in L.
The expectation of X exists and satisfies
E(X) = lim M = inf M.
n—oo  m n—oo N

If all the stationary processes in assumption (ii) above are ergodic, then X is constant: P{X =
EX}=1.

At times it is convenient to know that for nonnegative superadditive processes moment as-
sumptions are not needed for almost sure convergence. Let {Z,,, : m,n € Z4, 0 < m < n} be a
process that satisfies 0 < Z,,,, < oo, assumptions (ii) and (iii) from above, and superadditivity:
Zom 2 Zogm + Zmy for 0 < m < n. Assume also that the processes {Z,, (nt1)k : 0 € Zy } are
ergodic in addition to stationary.

COROLLARY A.3. There exists a constant v € [0,00] such that n='Zy,, — v almost surely.

PROOF. For K € N, the process Zy(nKy)l = Zmnmn N K(m — n) is superadditive, and X,,, =
—Zm (K n satisfies all the assumptions of Theorem A.2, including the ergodicity of the processes in
assumption (ii). Thus there are constants ) such that nilZ(g’]T(L) — ~(K) almost surely. Since we
are considering countably many K € N, there is a probability one event 2y on which this convergence
holds for all K € N. Let v = supyx 7). We claim that n1Zyn — v on Q.

Since Zp ,, > Zéfl) for all K, by letting n — oo along a suitable subsequence and then K /" oo
lim,  n"'Zy, >~y o

If v = co this already gives the limit. Suppose v < oo. If lim,, . ™1 Zg , > 7 then pick € > 0
and a subsequence n; such that n»_lZo,nj > v+ ¢ for all j. Pick K >« +¢. Then on the one hand

gives lim

_1Z(K) _ (nj—lzomj) ANK > v+e for allj

0,n;
but on the other hand n;lZéfli — ’y(K) < ~. This contradiction implies that limy,— o0 n_lZom <
v. (]

Large deviations. Let S, = X; + ...+ X,, be a sum of i.i.d. mean zero (EX; = 0) random
variables. Assume the existence of some exponential moment, that is, the existence of 6y > 0 such
that
(A1) o(t) = B(e) < 00 for t € [~0p, 0]

Here X has the same distribution as the X;. Estimate ¢(t) for |t| < 6y by expanding the exponential:
0 k-2 k
tF2E(X
3 B

|(t) — 1 — $t°E(X?)| = o

k=3

0 B(|X _
StQ Z | | <t2902E<690|X\)

< t%0,%(E (e )+ E(e‘eux)) < Ct%
Here is a useful estimate.

LEMMA A.4. For 0 < x < oo there exists a function A(z) > 0 such that A(x) — o0 as x — o0
and for alln > 1 and o € (0,1/2],

(A.2) P{|S,| > an!/2to} < 2e=A@N?
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PrOOF. We derive first an upper tail bound for S,,. Let 0 < ¢ < 6y, apply an exponential
Chebyshev inequality and then ¢(t) < 1+ Ct%:

P{S, > zn'/?T} <exp[—tzn'/?*t® 4 nlog ¢(t)] < exp[—tzn'/?T + Cnt?).
Let t* = xn®~1/2/(2C). If t* < 6y, then take t = t* above to get
P{S, > azn'/?t*} < exp[—x2n?*/(4C))].
If t* > 6y, then take t = 6 to get
P{S, > zn'/?T%} < exp[—bpan/?T 4 Cnb2] < exp[—bGoan/>T 4+ Cnby - zn®~1/2/(20)]
= exp[—0Opzn '/ /2] < exp[—bzn>*/2].

The same argument can be applied to —X; to get the complementary lower tail bound. O






APPENDIX B

Linear algebra and determinants

Bijections of the set [N] = {1,2,..., N} are called permutations and they form the symmetric
group S(N). A permutation 7 is a transposition if it interchanges 2 elements of [N] and fixes the
rest: for some k # ¢ in [N], 7(k) = ¢, 7(¢) = k and 7(i) = i for i € [N]\ {k, ¢}.

Every permutation can be expressed as a composition of transpositions. The signum (sign,
parity) of a permutation is sgn(o) = (—1)™ where m is any integer such that o can be expressed
as a composition of m transpositions. The number m is not unique but its parity (even or odd) is.
Here is an alternative way to express this same definition: the value sgn(c) € {1} is determined

uniquely by the following identity, valid for arbitrary variables z1,...,zN:
(B.1) H (To(j) — Toiy) = sgn(o) H (x; — x;).
1<i<j<N 1<i<j<N

The determinant above is the Vandermonde determinant

(B.2) det (@i )= [ (25—

1,j€[n] 1<i<j<n

This identity is proved by induction on n. Subtract z; times row n — 1 from row n, then x; times
row n — 2 from row n — 1, and so on, until the determinant has turned into

1 1 1 1
0 Ty — I Tj — 1 Tp — X1
2 2 2
0 T5 — T1T2 T — T Ty — T1Ty
—1 -2 —1 -2 - -
0 xy " —may © - a) T —mat e apTh - aa?

Expand along the first column and note that the remaining determinant equals H?:z(xj — 1) times

a Vandermonde of smaller order. For a vector = (x1,...,%,) we use the shorthand
(B.3) Ap(x) = H (xj — ;).
1<i<j<n

In the sequel all matrices have complex entries unless otherwise indicated.
Let A = [a; j]; jev) be an N x N matrix. For subsets «, 8 C [N] the submatrix A(a, 3) of A is
obtained by deleting from A row k and column ¢ for all k ¢ « and £ ¢ $. The notation is

A, B) = lai jlica, jep-

If « = § then A(f, B) is called a principal submatrix of A. The principal minors are the determinants
det[A(B, )] of principal submatrices.
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LEMMA B.1. For an N x N matriz A and an identity matriz I of the same dimensions,

(B.4) det(I+4) =1+ 3, detA(5,)
0£5CIN]
Y

(B.5) ERAP DD DI - M
m=1 (21,...,lr,,L)€[N]7n

PROOF. Let A = [aj,as,...,an]| express A decomposed into columns. By the multilinearity of
the determinant as a function of the columns,

(B.6) det(I + A) = detle; + a1,e2 + ag,...,en + an] Z det Bg

where Bg = [b1, b2, ..., by] has columns

bs — aj, J € ﬂ
T \e iés
Since the e; columns are zero except at the diagonal,

det Bg = Z sgn(o Hbo(jm Z sgn(o Ha"(J)J

o€S(N) olge=id JEB

Permutations of the set § are in one-to-one correspondence with permutations o € S(N) that fix
the set 8¢, and parity is preserved by this identification since the same transpositions appear in the
compositions. Consequently det Bg = det A(3, 3) for 3 # (), while det By = 1. The right-hand sides
of (B.4) and (B.6) coincide.

To go from (B.4) to (B.5), write each set § of cardinality m in each of its m! permutations, and
note that dety, se(m)[ai, i,] = 0 if the vector (iy,...,i,) has any repetitions. O

Here is a generalized form of the Cauchy-Binet identity.

THEOREM B.2. Let (X, F,u) be a o-finite measure space, N € N, and f1,...,fn,91,---,9N
measurable functions on X such that f;g; € L*(n) for all pairs i,5. Then

i, €[N] N §,j€[N] i,j€[N]

(B.7) det / il@)gs () ()| = 5 /X det [fi(e,)] det [gi(xy)] u®™ (dar ).

The integral on the right is over the N-fold product measure p®~, and the integrand is integrable.

PROOF. The absolute value of the integrand on the right-hand side of (B.7) is bounded by a
sum of terms of the type

H|fa x] g‘l’j)('r])|

where 0,7 € S(N) are permutations. These products are integrable under u®~ by the assumption
fig; € L' (w).

To prove (B.7), start by expanding the right-hand side via the definition of the determinant.
Note that sgn(r) = sgn(7~!) for a permutation 7. Use the product structure of the multidimensional
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integral, and rename suitably multiplication and summation indices.

) N N
il Z sgn(o) sgn(r) /XN H fowy(@i) - ng—l(i)(xi) pEN (dzy,N)
i=1 i=1

’ o, 7TES(N)

1 N
= = > sgn(a)sgn(f)H/Xfa(i)(ﬂﬁ)gr—l(i)(x)ﬂ(dﬂf)

" o,7ES(N)

w2 3 slron / Foorts) (&) g5 ) )

UGS(N) TES(N

N' Z Z sgn(p H/fpj) ) g;(x) p(dx)

oc€S(N) peS(N)

:mdees\f]/fl =95 (@ )}'

On the third-last line, for each fixed o the composite p = o o 7 ranges over the symmetric group
S(N). Dependence on o disappears from the terms and so the averaging over o can be dropped. O

Let us also state the Cauchy-Binet identity for matrices. Let A be an M x K matrix, Ba K x N
matrix, and C' = AB the M x N product.

COROLLARY B.3. Let r < M AN, and oo C [M] and 8 C [N] subsets of size r. Then
(B.8) det C(e, B) = Y det A(er,y)det B(7, 3).
ZCIK]: 7l =r

The equality is true also if |K| < r in which case the sum on the right is empty and returns the
value zero.

PrOOF. Enumerate the sets as oo = {k; <--- < k,} and §={¢1 <...<¥.}. Then
K

det C(a, B) = det [c(ki, (;)] = det][za(ki,x)b(x,@)}

i,j€[r] b€l li—

Apply (B.7) with X = [K] and p counting measure to get

det C(a, ) :% S™ et [a(kimy)] det [b(zi, ).

C o mrelK] i,5€[r] i,5€[r]
Any repetition among the x1, ..., z, leads to repeated rows and columns and thereby to zero deter-
minants on the right-hand side. Thus v = {z1,..., 2.} is a set of cardinality r, and each such set

appears in the sum in all its permutations, 7! times. Permuting the z;’s to order them leaves the
term on the right-hand side unchanged because the same permutation operates on both determinants
and thus multiplies by the square of the signum. We can rewrite the above as

det C(a, B) = > det [a(ki, x;)] det [b(xi, {;)]
w:{11<~~~<mr}§[K]Z’j€[T] Bi€lr]

which equals the right-hand side of (B.8). O

Next Hadamard’s inequality. An n x n Hermitian matrix (A = A*) is positive definite if

x*Ax > 0 for all nonzero vectors x € C", and positive semidefinite (or nonnegative definite) if
x*Ax > 0 for all x € C™. Equivalently, a Hermitian matrix is positive definite if all its eigenvalues
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are strictly positive, and positive semidefinite if all its eigenvalues are nonnegative. In particular, a
positive semidefinite matrix is positive definite iff it is nonsingular.

THEOREM B.4. (a) For a Hermitian, positive semidefinite n x n matriz A,

n
(Bg) det A < Ham-.
i=1

(b) For any n x n matriz B,

(B.10) |det B| < H( Z|b Jl )

PrOOF. (a) If A is singular then det A = 0 and (B.9) holds because a; ; = e} Ae; > 0.

Suppose A is nonsingular. Then A is positive definite, and each diagonal element is strictly
positive: a;; = e} Ae; > 0.

We reduce the proof to the case where all diagonal elements are equal to 1. Let D be the diagonal
matrix with entries d; ; = 1/ V/@ii- Then DAD has diagonal elements all 1, and det A < [Ta;,; iff
det DAD < 1.

Lastly the case a1,1 = a22 = -+ = ann = 1. Let Ay, ..., A, denote the eigenvalues which are
positive now. By Jensen’s inequality (in the guise of the arithmetic-geometric mean inequality)

detA:H/\Z— < (%Z)\z)n: (%trA)n: (%Zam—)nzl

(b) Part (a) applied to the positive semidefinite matrix A = BB* gives
|det B|? = det(BB*) < H BB*),; HZb”b” 11> lbisI* 0
ig

The Fredholm determinant of a finite-rank operator on ¢2(.S) for some countable set S. Let a,,
and b,,,, m € [M], be functions on S and the kernel given by

M

(B.11) K(w,y) =Y am(@)bn(y).

m=1
If Gy, b, € £2 then K is an operator on ¢2. Assume at least

(B.12) Z|ae z)| <oco V¢ me[M].
€S
PROPOSITION B.5. Let the operator K on £?(S) be given by (B.11) and assume (B.12). Then

the Fredholm determinant satisfies

B.1 det(I — K = det |dpm — bim .
( 3) ¢ ( )82(3) @,’rrLEe[M]|: ¢ acze,:s‘aZ(x) (1’)]

PRrROOF. By the expansion of the Fredholm determinant,

det |K isLg)l-
mlv';%esi’jee[n][ (i, ;)]

(B.14) det(l — K) =

In the determinant

M=

det [K(z; z;)] = det {

i,j€[n] i,j€[n]

am(x )}

m=1
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column j is a linear combination of M vectors:

M am(71)
> bi(ay) m(2)
" A (T)

Thus the rank is at most M, and in the sum on line (B.14) all terms for n > M vanish. Apply
Cauchy-Binet (B.7) with X = [M] to rewrite (B.14) as

M n
det(IfK):1+Z(71) > % > det [am, (z:)] det [by, (:)].

n! ! i,j€[n i,j€n
Z1,.0,Tn €S mi,...,mn€[M] (] Il

Take the sum over (z1,...,z,) inside and apply Cauchy-Binet (B.7) again, this time with X = S
and counting measure:

)" Z % Z det [amj (z;)] det [bmj (z4)]

: i,j€[n 1,j€[n
m,...,mn, €[M] Z1,..,Zn €S [} Jem]

M (71
det(I —K) =1+ -
n=1 :

=1+ % (—nl')” Z det [Z U (2) iy (x)}

,JEN
n=1 mrmeei M S

The last determinant vanishes unless the mq, ..., m, are distinct. The factor n! in the denominator
takes care of the repeated permutations of a given ordered set {m; < --- < m,}. Thus the last line
rewrites as

det(] — K) =1+ det [f 3 ag(x)bm(x)} —  det [%n -3 ag(:c)bm(x)]
p£acim] YT zes tme[M] zes

The last equality is by (B.4). O






APPENDIX C
Analysis

C.1. Convex functions

This section discusses the duality of convex functions in one dimension. A function f : R —
(—o00, 00] is convex if

(C.1) flsz+ (1 —s)w) <sf(x)+(1—9)f(w) forz,weRand 0< s < 1.

Here are some basic facts. For any convex f, the set {f < oo} is an interval. If f is convex and finite
on an open interval I then f is continuous on I, and at each z € I the left and right derivatives

exist:
fl@—h) - f(z) flz+h)— f=z)
A )

The derivatives are nondecreasing: f'(x—) < f'(z+) < f(w—) for < w in I. The graph of f lies
at or above the tangent lines: if ¢ € [f'(z—), f’(z+)] then
(C.2) fw) = f(@) + c(w -

A form of regularity that arises naturally in the theory of convex functions is lower semicontinu-
ity: a function f from a metric space S into [—o0, 00] is lower semicontinuous if the sets {f > t} are
open subsets of S for all ¢t € R, or, equivalently, if lim . f(w) > f(z) for each z € S. A supremum

of a collection of continuous functions is lower semicontinuous.
The convex dual of a function f: R — [—o00,00] is

12 7
and f'(z+) = %1{1})

x) for all w € R.

(C.3) [ y) = Suﬁ{w - f®)},  yeR
re
Repeating the step gives the convex double dual of f:
(C.4) [ (@) =supfzy — f*(y)},  zeR
yeR
THEOREM C.1. Let f: R — (—o00,00] be a lower semicontinuous convex function. Then f** =
f-
PROOF. Let us first dispose of the case f = co. In this case f* = —oco and then f** = co. For
the remainder assume that {f < oo} is nonempty, and hence a nonempty interval but possibly a
singleton.
For all z,

;@) = supley = f7(y)} < sup{ay = (zy = f(@))} = f(z).
y y
We argue the converse f**(z) > f(z) by cases.

Case 1: z is an isolated point of {f < oo}. Since {f < oo} is an interval, the singleton {z}
must be all of {f < oo}. Then f*(y) =2y — f(z), and for all w € R,

[ (w) =sup{(w —z)y + f(2)} = f(z)  Hw =2} + oo Hw # z} = f(w).
Yy
For the remainder of the proof we can assume {f < co} has nonempty interior.
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Case 2: z is an interior point of {f < oo}. Pick any ¢ € [f'(z—), f'(x+)]. Then (C.2) implies
that f*(¢) = cx — f(z) and from this

[ (@) Z we = fH(c) = f(a).

Case 3: z is a boundary point of {f < oo} and {f < oo} has nonempty interior. Pick a
sequence {z;} of interior points of {f < oo} such that z; — x monotonically. We claim that
(@) = Im f(a;) > lm f(ag) > f(2).
J—00 j—o0

The middle inequality follows from Case 2. By lower semicontinuity, f(z) < lim f(z;). Pick a
subsequence {z;, } so that f**(z;,) — lim f**(z;). Fix an index ¢. By the assumption of monotone
convergence z;, — &, for each k > ¢ there exists s, € [0,1) such that z;, = (1 — s;)z;, + sgz and
sk /1. Then by convexity

7@, < (U= se) [ (5,) + sef ™ (2)
and by letting k — oo, lim f**(x;) < f**(z).
Case 4: z is an interior point of {f = oo}. Suppose z is to the right of {f < oco}. (An
analogous argument works for x to the left of {f < co}.) Pick a point 21 between z and {f < oo},

so that 1 < x and f(z1) = co. Also, pick x¢ in the interior of {f < oo} and a slope ¢ so that
f(w) > f(xo) + c(w — x9) = b+ cw for all w € R. Now observe that for any A > 0,

fw) > AMw — 1) + b+ cw.
The reason is that f(w) < oo implies w — 21 < 0. From the above inequality
ffle+N) < —=b+ Ay
and then
@) >+ XNz — e+ N) > cx+ ANz —x1) + b
Letting A " oo shows f**(x) = oo.

We have covered all the cases and the proof is complete. [

This theorem is equivalent to the statement that a lower semicontinuous convex f : R —
(—00, 0] is equal to the supremum of its affine minorants:

(C.5) fl@)=sup{ax+b: a,beR;Vz e R,az+b< f(z)}.

In Section 2.2 we apply duality to concave functions, so we state a corollary for concave functions.
A function g : R — [—00,00) is concave if —g is convex. A function g from a metric space S into
[—00,00] is upper semicontinuous if —g is lower semicontinuous. The concave dual and concave
double dual of a function g : R — [—o00, 0] are

(C.6) g (y) = grelﬂf%{:vy —g(@)},  yeR,
and
(C.7) g7 (z) = ;relﬂg{xy -9"(y)}, zeR

COROLLARY C.2. Let g : R — [—00,00) be an upper semicontinuous concave function and g**
its concave double dual defined by (C.7). Then g** = g.

Analogues of these facts hold in higher dimensions, including infinite dimensions. The reader is
referred to the monographs of Rockafellar [Roc70] and Ekeland and Temam [ET99].
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C.2. Complex variables
The principal branch of the logarithm is the holomorphic function
log z = log|z| +iargz for z € C\ R_ and with —7 < argz < 7.

We can write

=1 qt ATEZ ) z]ets “d
log|z|+iargz:/ ——i—/ | | ds = @
1t 0 |2]e’s 1 €
where we integrate first along the line segment from 1 to |z| and then along the circular arc from
|2| to |z|e?*#=. That the function f(z) = [ ¢(~'d( is holomorphic can be seen from the definition

of the integral:
f(2) = flw) 1 / d¢ /1 dt Yat 1
= — = _ —_ =,
z—w z—w J, ¢ 0 wHtlz—w) z—w Jy w w

Any holomorphic branch of the logarithm, that is, a holomorphic f in a domain G such that
ef(?) = 2 satisfies f'(2) = 1/z. Note that 0 ¢ G because e® # 0 for all w € C.

Let v be the circle of radius » > 0 around the origin and f a continuous function on v*. We
follow the convention of [Rud87] that v* C C denotes the image set of a path v : [a,b] — C. Then
for any n € Z it is legitimate to use the principal branch to write

(C.8) L F(2)2" dz = L F(z)enVo5= g

simply because with the principal branch e™198% =yt for » = re'* with —m < t < 7. The fact
that the integrand is not well-defined at the single point z = —1 of v* is immaterial for the integral.

For any real a the function (1+ 2)® = e®1°2(1+2) is holomorphic in the open unit disk {|2| < 1}.
The logarithm is the principal branch. On the open unit disk this function has the series

(C.9) (1+2) = i <Z> .

n=0
The binomial coefficient above is defined by

(%) =1 wa (7)== tslomnr) oy

n!

We record some simple bounds on these coefficents. For o € R and n > 1,

n . n
‘<O‘>‘ 114 - Q’ <[I(1+ M) _ S to(Hal/i) < glal S5y 1/d
n)I 7 AL T AT

< elol(iHogn) _ (ool

(C.10)

Alternatively, one can reverse the product in the numerator and follow similar steps to get this
bound:

(C.11) ‘(Z))zjli[l‘a_n+1‘ sj]jl(lJra;m) < (ne)le=nl.

J

To verify (C.9) let f(z) denote the series on the right. Bound (C.10) shows that the radius of
convergence is at least 1. Inside the radius of convergence the series can be differentiated term by
term, resulting in the equation (1+2)f’(z) = a.f(z). Multiply through this equation by e~ '08(1+2)
where log is the principal branch, to derive

d
% (f(z)efalog(lJrz)) -0
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from which follows f(z) = ce®'°8(1+2) for some constant. The value f(0) = 1 chooses ¢ = 1.

In the next lemma we write explicitly the correction term to an integral that comes from
integrating across a branch cut of the logarithm. Let I', denote the counterclockwise circle of radius
r around the origin. For a real ¢ let 2¢ = e¢1°8% denote the principal value defined for z € C\ R_.

LEMMA C.3. Let 0 <ry < a < rq. Let f be holomorphic in an annulus {z : s1 < |z| < s2} that
contains the circles of radii r1 and ro. Let € > —1 be a real number. Then

(C.12) /F f()a+2)5dz = /F f(2)(a+ 2)5dz + 2isin(n€) /T2 f(=s)|a — s|*ds.

Note that (o + 2)¢ is holomorphic for z € C\ (—oo, —a], so in particular in an open region
that contains the path I',, of the integral on the left. In the I',,-integral on the right (a + 2)¢ =
efloglatzlt+iCarg(e+2) ig well-defined and bounded on T',., \ {—r2}, hence the existence and finiteness
of the integral is not in doubt. The last integral on the right is an ordinary Lebesgue or Riemann
integral over the interval [« ro].

PrOOF OF LEMMA C.3. Let € > 0 be small and let £ € (0,7/2) be the small number such that
rosiné = e. Let 79 = r9 cos€. By Cauchy’s theorem

/Frl F2)(a+2) dz = (/i2+/vl+/c+/yg)f(Z)(a—'_z)fdz
where

(i) I's, is the circular path roe for —m+& <0 <7 — ¢,

(ii) 7 is the line segment from —7y + ic to —a + g,

(i) C is the small circular arc —a + (™29 for 0 < 6 <,

(iv) 2 is the line segment from —a — ic to —7g — ic.

The boundedness of the integrands implies that as ¢ — 0, the integral over I';, converges to the
integral over I',,. The integral over C tends to zero because the length of the path is me and the
integrand is bounded by Ce=¢ < Ce= 9 for some § > 0.

The inverse of path 7; is s — —s + ie for a < s < 7, and so

/ f2)(a+2)5dz = /T2 f(=s4ie)|a — s + ic|* exp{if arg(a — s + ic)} ds.
71 «

Let ¢ — 0 and apply dominated convergence. If £ > 0 the integrand is bounded. If —1 < £ < 0
then for some § > 0, |a — s + ie|¢ < |a — s|71+9 which is integrable for s € (a, 7). In the limit

e—0

lim [ f(z)(a+ 2)¢dz = / " (=8l — sfei€ ds.
71 a

Similarly with vo(s) = —s — ie for a < s < 7,

lim [ f(2)(a+2)dz
e=0 72

T2
=— lirr(l) f(—=s —ie)|a— s —ic|* exp{it arg(a — s —ic)} ds
E— a

T2 .
f/ (=)o — 5|57 %™ ds.
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Add up the limits:

/7"2 f(=9)|a— s|f(ei5” - e_’f”) ds = 2isin(ém) /7"2 f(=8)|a — s|* ds.
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APPENDIX D

Orthogonal Polynomials

Let u be a finite positive Borel measure on R, not supported on finitely many points. Assume
that

(D.1) /|x\"ﬂ(dm) < oo forallm>0.
R
Let L?(u) be the space of real-valued square-integrable Borel functions:

feL*(p) <:>/f2d,u<oo.
R

/ fodu.

Next we orthogonalize the monomials 1, , 22, ... and then normalize to generate a countable
orthonormal basis of polynomials for LQ( ).

L?(u) is a Hilbert space with inner product

THEOREM D.1. (i) There exists a unique sequence {pn(x)}nez, of real polynomials on R with
these properties: each pp(x) is precisely of degree m, its leading coefficient is positive, and the
condition of orthonormality under u is satisfied:

(D.2) /Rpm(;v)pn(x) w(dx) = 0pmn  form,n €Z,.

(ii) Any polynomial of degree n is a linear combination of po,...,pn. For any polynomial f of
degree strictly less than n, [ f(z)p,(z) p(dz) =

ProoOF. (i) We start by showing that for each n there is a uniquely determined sequence
{b0,...,¢n} of polynomials such that each ¢ (z) is precisely of degree k, its leading coefficient
is 1, and orthogonality is satisfied:

(D.3) /¢k¢g dp=0 for k#/.

Denote the moments of the measure p by

(D.4) Cp = /x" p(dx), neZ,.

It is clear that if {¢o, ¢1} is to satisfy the requirements, then these must be ¢o(z) = 1 and ¢;(x) =
x — c1/co. Assume that polynomials {¢o(z),. .., dn—1(z)} uniquely meet the requirements. Let
(D.5) On(@) = 2" + bpn—10n-1(x) + bpn—20n—2(x) + -+ + bnogo(2)

with coefficients

1
(D.6) b = — /’wk u(dz) /@k dx} . 0<k<n-—1.
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The integral [ ¢7 du cannot vanish because if it did 4 would have to be supported on the set of at
most k zeroes of ¢, a situation we ruled out at the very outset. The definition shows that ¢, is
strictly of order n, has leading coefficient 1, and the assumed orthogonality of ¢g(z),...,dn—1(z)
givesfor 0 < k<n-1

[ outrdn= [ @ on(@ (o) + b [ on(0) uldz) =0,

Since each ¢y is precisely of degree k, any polynomial of degree n — 1 can be expressed as a
linear combination of ¢, ...,¢,—1. (This can be checked by induction too.) Hence ¢, must be
given by a formula of the type (D.5), and then the orthogonality requirement forces (D.6). Thus ¢,
is also uniquely determined.

For n > 0 let

o= { [outerutin)} " e 0.00)

so that we get orthonormal polynomials with positive leading coefficients by setting
(D.7) Pn(2) = Kpon(T) = Kpz™ +--- .
Via (D.7) polynomials {p,} and {¢,} determine each other with the required properties, hence the
uniqueness of {¢,} implies the uniqueness of {p,}.

(ii) The argument for spanning degree n polynomials is the same as already given above. If
g is a polynomial of degree n, find the coefficient A, so that g — \,p, is of degree n — 1, and use
induction. Since a polynomial f of degree at most n — 1 can be written as a linear combination of
Do, - - -y Pn—1, orthogonality of f and p,, follows from the orthogonality (D.2). O

When p_; is needed for some formulas, set p_1(x) = 0. The notation &, for the leading coefficient
of py, in (D.7) will be used in the sequel.

ExaMPLE D.2. The three classical orthogonal polynomials are the following. In each case the
measure has a density w with respect to Lebesgue measure; that is, [ f(z) u(dz) = [ f(z)w(z) dz.
The exact normalizations in the literature vary somewhat.

(i) Hermite polynomials go together with the Gaussian measure with density w(z) = e¢™* . In
the classic treatise [Sze75] these polynomials { H,, } are defined by requiring that leading coefficients
be positive and

x?

/ Hyo(2)Hp (2)e ™" da = 2"nIy/T0mn.
R

(ii) If w(z) = (1 — 2)®*(1 + x)” supported on the interval [—1, 1] with constants o, 3 > —1, the
orthogonal polynomials are known as Jacobi polynomials. The special case a = = of uniform
measure is the Legendre polynomials.

(iii) Laguerre polynomials come from weight w(z) = 2%~ on [0, c0), with a > —1.

If the measure p is supported on a bounded set then the orthogonal polynomials {p,} form a
countable orthonormal basis in L?(u). This is also true for the Hermite and Laguerre polynomials.
We continue with another basic fact about orthogonal polynomials.

PROPOSITION D.3. Let {p,} be the orthonormal polynomials constructed in Theorem D.1. Then
this three term recursion holds for n > 1:

(DS) pn(x) = (Anx + Bn)pnfl(x) - Cnpn72($)

with

(D.9) A, = Fon forn>1 and Cn:% forn > 2.
Kn—1 Rpn—1

For Cy we can take any value.
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PROOF. The above choice for A,, makes p,(z) — A,zp,—1(z) a polynomial of degree n — 1, and
hence there are coefficients c,, r such that
(DIO) pn(z) - Anl'pn—l(z) = Cnﬂz—lpn—l(m) + Cn,n—2pn—2(1‘) + -+ Cn,OpO(I)~

The case n = 1 follows already and the value of C; is immaterial since p_; = 0. Let n > 2 in the
sequel.
Multiply through (D.10) by pg(z) for 0 < k < n — 3 and integrate.

0= /pk(x)pn(z) wu(dz) — An/xpk(x)pn_l(x) p(dz) = cp /pk(:c)2 pldzr) = cp i =0,

utilizing all the orthogonality properties, in particular that, as a polynomial of degree at most n — 2,
xpy(z) is orthogonal with respect to p,_1(z). Now we know that the recursion (D.8) holds with
some B,, and C,,.

Multiply through (D.8) by p,,—2(z), integrate, and use orthogonality and orthonormality:

0= / P (@)pn_a p(dz) = A, / P ()22 p(dz) — .

Next, since a polynomial of degree n — 2 is a linear combination of po, ooy Pn_2,
_ Kn
TPn—2(2) = hip g2 4o = = pn_a(@) + Z)\kpk
n—1
for some coefficients Ag, ..., \,—2. Substitute this into the previous dlsplay and use orthonormality
again:
Knp—
0=A4,—"22 -0,
Rn—1
from which we can solve for C,,. ([l

Define kernels K,, on R x R associated to the orthogonal polynomials {p,} by

(D.11) Kalz9) = 3 pe(@)pily
k=0

If we define the Fourier coefficients of a function f € L?(u) with respect to the polynomials {p, } by

fo = / F(@)pn(z) p(de)

and the partial sums of the Fourier expansion by
Sn(x) = fOPO(m) + flpl(x) +...+ fn—lpn—l(m)a
then
sn(z) = /K x,y) f(y) p(dy).

In particular, if f is a polynomial of degree n — 1 then K, f f.
The next representation for the kernel is known as the Christoffel-Darboux formula.

THEOREM D.4. Forn>1 and x #y on R

fin—1 Pn(2)Pn-1(y) = pn-1(2)pn(y)
Rn r—=y

(D.12) Kp(z,y) =

and on the diagonal

(D.13) Ko@) = 2= (9, (@)pa-i () = Py (@)pa (@)

n
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Proor. (D.13) follows from (D.12) by letting  — y. To prove (D.12), use (D.8) for k& > 1:

pr(@)pr—1(y) — po—1(2)p(y) = [(Arz + Br)pre-1(z) — Crpr—2()]pr-1(y)
— pr—1(2)[(Ary + Bi)pi—1(y) — Crpr—2(y)]
= Az — Y)pr—1(2)pr—1(y) + Cr[pr—1(2)Pr—2(y) — Pr—2(x)pr—1(y)].

Now use the constants A, and Cj, from (D.9). For k = 1 the last expression in brackets vanishes
and the identity reads

Ko p1()po(y) — po(®)p1(y)

p g = po()po(y)-
For k > 2
Ko )Pl — pr—1(z
k—1 Pr(@)Pr—1(y) — Pr—1(2)Pk(y) = pe1(@)Pre_1(y)
Kk T—Y
4 B2 Pe1(@)Pr-2(y) — Pro2(@)pe-1(y)
Kk—1 r—y

Adding these identities for k = 1,...,n gives (D.12). O

We derive an integral formula. Introduce a probability measure v on R™ by weighting a product
of y-measures with the square of the Vandermonde and then normalizing so that v(R"™) = 1:

f(zl,n)An(xl,n)Q ®n(d1:1 n)
(D.14) flxrn) v(de ) = =5

R An(xl,n)Q ,u®"(dz17n)
R’VL

The test function f above is a bounded Borel function on R™.

ProOPOSITION D.5. For any measurable functions f and g on R for which the integrals below
are well-defined,

(D.15) [ H fa iz = det | [ pisl)py (o) @) )

i,j€[n

and

(D.16) =

ProOF. First transform the Vandermondes into determinants of orthogonal polynomials p,,.
Unless otherwise indicated, indices 7, j in all the determinants below range over [n].

n—1
Ay (x1,,) = detlx H Iiz - det[r;— 11‘ = H KZZl -det[p;—1(z;)]
£=0
where the last equality comes by adding suitable multiples of rows 1,...,7 — 1 to row ¢, for each

1=2,...,n
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First work on the unnormalized integral.

n

T

- (1) /Rn(f[ 7)) detlpi(;)] 1" (A1)
£=0 j=1

= (1:[ ﬁf) / det [pi—1(x5) f(z;)] det[pi—1(x;)] p®" (dz1,n)
=0 R

by the generalized Cauchy-Binet identity (B.7)

n—1
D.17 =n! ~2) det / i - dz)|.
(D.17) n (gw ) det [ | pia@pia ()1 ()t
Taking f = 1 gives, by the orthonormality of the polynomials {py}
n—1
(D.18) An(w10)? 1 (dr1,n) = n!(H ,{;2).
R =0

Dividing line (D.17) by (D.18) gives (D.15).
Take f =1+ g and continue from (D.15) and apply (B.5):

| TL0+ gt e = det 5+ [ pis(@lpsr(@dgta) )|
"1
- mz:; m! (i1,u.,§€[n]m i [/Rpi’“_l(x)p”_l(x)g(x) M(dm)}

by the generalized Cauchy-Binet identity (B.7)

:1+Zlnll. > i, det [pi—1(z0)] det [pi—1(ze)g(ae)] p®™ (da1m)

" (i1seeesim) E[0]™ R k 46[ ] k,b€[m]

by removing the g-factors from the determinant and rearranging

_1+Zm'/

m

m ) .
e 5 g

(21,eeeyim ) E[R]™ ’

by (B.7) again, this time with summation over 1 < ¢ < n playing the role of integration and x;
indexing the “functions” p;_1(z¢) of 4

=i Z m'/ Hg (¢) k?gf ][ sz rk)piwe } & (dxy m)-

This is the right-hand side of (D.16). O
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REMARK D.6. As in the examples above, often the measure p appears in the form p(dx) =
w(z)A(dx), that is, p is given by a nonnegative weight function, or Radon-Nikodym derivative,
0 < w(z) < oo relative to a nonnegative, o-finite background measure A:

/ (@) p(dx) / flx A(dx) for all bounded Borel functions f.

Natural choices for A are Lebesgue measure on the real line and counting measure on the integers.
In this same vein we can define an alternative form of the kernel by including extra factors
coming from the weight:

(D.19) K (2,y) = K (2, y)vw(z)w(y) Zpk w(z)Puw(y)'/?.

Kernel K,(Lw)(x,y) is not necessarily defined for all =,y but only for those points at which the
weights are defined. (For example, the integers if A is counting measure.) By including the factor
w(x)/?w(y)'/? on the right-hand sides of (D.12) and (D.13) we can write the Christoffel-Darboux
formula for K(*)(z,y). Also, since

B (dy ) = H i) /2) ( [T wleo)2) Ao ()

=1
equation (D.16) can be rewritten by multlplymg each row and column of the determinant by a
w'/?(xy,)-factor:

/n H(l + g(x;)) v(dz1,,)
=i Z /m ( H e ) k,?ee[tm] [Kflw) (J?k;,l‘gﬂ >\®m(d'r1,m)'

m:l =1

(D.20)
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