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Abstract

We consider consistent dynamics for non-intersecting birth and death chains, origi-
nating from dualities of stochastic coalescing flows and one dimensional orthogonal
polynomials. As corollaries, we obtain unified and simple probabilistic proofs of certain
key intertwining relations between multivariate Markov chains on the levels of some
branching graphs. Special cases include the dynamics on the Gelfand-Tsetlin graph
considered in the seminal work of Borodin and Olshanski in [10] and the ones on the
BC-type graph recently studied by Cuenca in [17]. Moreover, we introduce a general
inhomogeneous random growth process with a wall that includes as special cases the
ones considered by Borodin and Kuan [8] and Cerenzia [15], that are related to the
representation theory of classical groups and also the Jacobi growth process more
recently studied by Cerenzia and Kuan [16]. Its most important feature is that, this
process retains the determinantal structure of the ones studied previously and for the
fully packed initial condition we are able to calculate its correlation kernel explicitly
in terms of a contour integral involving orthogonal polynomials. At a certain scaling
limit, at a finite distance from the wall, one obtains for a single level discrete determi-
nantal ensembles associated to continuous orthogonal polynomials, that were recently
introduced by Borodin and Olshanski in [11], and that depend on the inhomogeneities.
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1 Introduction

1.1 Determinantal structures in inhomogeneous random growth models

This work revolves around two sets of closely related problems and ideas. One of
them is, the construction of consistent dynamics on the levels of certain branching
graphs and the other is, the exact computation of correlations in random stepped surface
growth processes.

These probabilistic models can be viewed as dynamics on (discrete) interlacing arrays,
namely multilevel configurations of particles that satisfy some constraints (that we make
precise below), see Figure 2 below for an illustration. Such (2+1)-dimensional dynamics
(2 space and 1 time dimensions) have been extensively studied in the past decade,
see [7], [16], [4],[12],[13]. In addition to being interesting in its own right a further
motivation for this study is the following phenomenon: the exact solvability of a wide
class of (1+1)-dimensional models such as the Totally Asymmetric Simple Exclusion
Process (TASEP) is a by-product of the fact that they appear as projections of these
higher dimensional models, see [7].
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In many of these papers (see [7], [8], [16]) the models considered give rise to
determinantal point processes: for a point process on a discrete space X we say that it is
determinantal if for all n > 1 its correlation functions p,, are given as determinants of a
two variable function K: X x X — C:

pn (21, 1) = det [K (x4, 17)]7 4 -

Thus, all probabilistic information about the model is encoded in the function K and
questions about its limit behaviour reduce to asymptotic analysis of K.

In all aforementioned papers, the jump rates of particles on each level had a rather
special algebraic dependence on their positions. The main novelty of our contribution
is that we allow (essentially) arbitrary jump rates for individual particles depending on
the position in the horizontal direction, while retaining the determinantal point process
structure.

For many of the works in Integrable Probability the exact solvability of the models can
be traced down to a rich duality structure, see [5], [31], [32]. In this paper a key role is
played by the famous Siegmund duality for birth and death chains, going back to Karlin
and McGregor, see [26], [27]: Consider a birth and death chain in I = IN (reflecting
at 0) or a bilateral chain in I = Z with generator D given by the birth rates A(z) and
death rates u(z) (the positive functions A(-), u(-) can be essentially arbitrary modulo
technicalities). Then we define its Siegmund dual (which is absorbed at —1 in the birth
and death chain case) with generator D and birth rates given by A(z) = u(z + 1) and
death rates by ji(x) = A(z). The key property these dual chains satisfy is the following: if
we consider two independent copies X (¢) and X () with generators D and D respectively
then for x,y € I and t > 0 we have:

P, (X(t) < y) =Py (X(0) 2 2).

Then, from considering a coalescing flow of birth and death chains we obtain an
explicit formula in terms of block determinants, describing a joint evolution (X,Y") of
interacting D and D-chains. To explain this further we need some notation. Let us denote
the n-dimensional (discrete) Weyl chamber, where all the z; are either in IN or Z, by

W = ({51, ) 31 < - < Tn}.

Then, for z € W™t and y € W™ we will say that = and y interlace and write y < z if
(note the position of < and <):

1<y <2 < S yp < Tpga

and denote by W™"*! the space of such pairs (,).

The joint evolution (X,Y') takes values in W™"*! and can be described as follows:
Y is autonomous and evolves as n D-chains conditioned not to intersect by a Doob’s
h-transform and X as n + 1 D-chains pushed and blocked by the Y-particles, when
the process is on the boundary of W™"*! (the interactions are local), in order for the
interlacing to remain true. In particular, the X-particles never intersect. As a by-product
of the special structure of these formulae, we obtain as part of our first set of results,
that under special initial conditions of (X, Y") the non-autonomous X-component is in fact
distributed as a Markov chain. Its evolution being that of n + 1 D-chains conditioned not
to intersect by an explicit Doob’s transformation, given in terms of the original transform
of the Y-component.

Analogous formulae, having essentially the same structure, are also obtained for
(X,Y) taking values in W™" given by interlacing sequences of the form y; < z; <
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Yo < --- < x, (again we write y < z). It is then possible to concatenate such two-
level couplings in a consistent fashion, to build a multilevel process with interlacing
components such that, if started according to certain initial conditions each level evolves
as a Markov chain in its own right with an explicit distribution.

Then, we go on to consider a particular choice of such consistent multilevel dynamics,
that we call the alternating construction. Its distribution at time ¢ > 0 gives rise to a
determinantal point process. To compute its correlation kernel explicitly we make heavy
use of the spectral theory for birth and death chains and their associated orthogonal
polynomials, developed by Karlin and McGregor in [26], [27].

We now proceed to explain our main results in detail and how they relate to other
works in the field of Integrable Probability.

1.2 Intertwinings and consistent multilevel dynamics

We make precise our first set of results. To begin, we need some definitions. We write
pi(z,y) for the transition density of the D-chain and «(-) for the measure with respect
to which it is reversible. Similarly we write p;(z,y) and #(-) for the ones associated
to its Siegmund dual, the D-chain. We shall denote the Karlin-McGregor semigroup
associated to n D-chains killed when they intersect by (P*;¢ > 0). This is given by the
determinantal transition kernel:

p?(i’ y) = det(pt(l'iv yj))Zj:l'

Similarly, we will write (If’t”;t > 0) for the one associated to n D-chains. We also define
the positive kernels:

(Anngrf) () =D JT7@w)f @), Annf) (@)= [ 7w f ).
y<zi=1

y<zi=1

Then, we have the following Theorem, proven as part of more general results in Sec-
tion 2.3 (for the shortest path to a proof of this particular statement see Remark 2.17).

Theorem 1.1. Fort > 0:

Ptn+1An,n+1 = An,n+1ptna (1.1)
PrAyy = Ay PP (1.2)

After a Doob’s h-transformation (see Section 2.3), by a strictly positive eigenfunction
h(-) of either P or P/, the relations above take the form:

Pni1(OANTE = AV Py (t) , Yt > 0. (1.3)

Here, the semigroups Py (t), Py 1(t) are Markov on W) and W"(V+1) respectively,
where n(N + 1) € {n(N),n(N) + 1}. For example, in [7] the case n(N) = N is considered
while in [8] one has n(N) = L%j see figure below for an illustration. Moreover, A%H
is a Markov kernel from W"(N+1) to JWn(V),

As mentioned in the subsection above, these results are a by-product of a two-level
coupling of interacting D-chains and D-chains, coming from considering a coalescing
stochastic flow, which remarkably admits an explicit transition kernel in terms of a block
determinant. Although, aspects of this probabilistic argument appeared in the seminal
work of Warren [50] in the context of the Brownian web or Arratia flow, our exposition in
Section 2.2 is new, being both elementary and completely self-contained.
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Figure 1: Here n(1) = 1,n(2) = 1,n(3) = 2,n(4) = 2. The figure is a snapshot, at fixed
time T of the particle configuration.

Branching graphs Sequences of stochastic evolutions satisfying (1.3) can be recast in
the framework of coherent dynamics on branching graphs. Let us briefly and informally
describe this, all notions are made precise in Section 4. We consider a graded graph T,
with vertex set LIy Vy such that Viy = W), where n(1) < n(2) < --- ,n(i + 1) — n(3) €
{0,1}. Two vertices y € Vy and = € V41 are connected by an edge if and only if 2 and y
interlace (more precisely if y < x). We assign certain multiplicities (positive weights)
to each edge and from this, see Section 4, we can associate for all N a natural Markov
kernel AN from Vi to Vy.

The semigroups Py (t) can be viewed as dynamics on the individual levels Vi of T'.
We will moreover say that they are coherent with respect to the A%“ if (1.3) holds.

A motivation for studying such relations comes from the method of intertwiners
of Borodin and Olshanski: it takes as input a tower of relations (1.3) for all N and
produces a Markov process with semigroup P, (¢) on the boundary Qr of the graph I'.
Informally the boundary Qr of I is the space parametrizing extremal coherent sequences
of probability measures: {uy}n>1 on {Vy}ny>1 that satisfy,

NN+1A%+1 = UN

and that cannot be decomposed into convex combinations of other such sequences.

The method was applied in the context of two well known branching graphs related
to representation theory, the Gelfand-Tsetlin graph in [10] by Borodin and Olshanski
and the type-BC graph in [17] by Cuenca. In Section 5 we give alternative proofs of
their main results, showing how they follow from Theorem 1.1. For a brief comparison
between the proofs see Remark 2.17.

Push-Block dynamics Now, suppose we are given a sequence of processes with
semigroups {P,(t)}\_, and Markov kernels {A?*1}"~! satisfying (1.3) derived from
Theorem 1.1. We then construct a multilevel process ((X*(t), -+, X" (t)) ;¢ > 0), taking
values in W"™M x ... x W"N) so that consecutive levels interlace and which satisfies a
Gibbs property with respect to the Markov kernels A"*!. The interactions between parti-
cles (coordinates X;*) are through the so called push-block dynamics. These dynamics
were first introduced in the seminal paper [7] and the continuous Brownian analogue,
where pushing and blocking are no longer distinguishable, in [50].

They are described informally as follows (see Section 3.2 for the rigorous description):
Each particle has two independent exponential clocks with (not necessarily equal) rates
depending only on its position (and not of other particles) for jumping to the right and to
the left respectively by one. Suppose the clock for jumping to the right of particle X
at level n rings first. Then the particle will attempt to jump to the right by one; if the
interlacing with level n — 1 is no longer satisfied this jump is not allowed and we say the
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particle is blocked. Otherwise, it moves by one to the right, possibly triggering some
pushing moves. Namely, if the interlacing is no longer preserved with the next level then
the particle at level n + 1 with respect to which the interlacing is broken also moves
(instantaneously) to the right by one. This pushing is propagated to higher levels.
Then, in Section 3.3 we prove a result of the following sort, that we state informally

here (see Propositions 3.6 and 3.8 for the precise statements):

Proposition 1.2 (Informal statement). Suppose the Markov kernels {A7**}N"! and

semigroups (P, (t);t > 0)nN:1 obtained from Theorem 1.1 satisfy the intertwining relations
(1.3) for1 <n < N —1. Then, there exists a Markovian coupling (X' (t),--- , XN (t);¢t > 0)
(taking values in an interlacing array) evolving according to push-block dynamics with
explicit rates (see Subsections 3.2 and 3.3 ) such that the following hold: Assume the
process ((X*(t),---,X™N(t));t > 0) is initialized according to the Gibbs measure, where
My (-) is an arbitrary probability measure on W)

Prob?ﬁ)N (z!, - ,xN) =My (z™)AY_, (xN,:EN_l) A7 (2%,2).

Then, the distribution at time T of (X*(T),--- ,X™(T)) is given by the evolved Gibbs
measure:

Prob?}_fv_ﬁ{}’(m (z', - 2™N) = My P (T)] (@™)AN_y (2,271 - AT (2%, 21).

Moreover, for eachn = 1,--- N the projection to (X"(t);t > 0) is a Markov process
evolving according to (P, (t);t > 0).

By the special structure of the Markov kernels and semigroups involved (for certain
initial measures M) we get that the evolved measure Prob?ﬁf fj{,v (T) (3317 ce N ) is
given as a certain product of determinants. Such measures, by the celebrated Eynard-
Mehta Theorem (see [14]), give rise to determinantal point processes with an extended

correlation kernel K, which can in principle be computed (see Remark 3.7).

1.3 Alternating construction

We will now consider in some detail a particular choice of consistent dynamics. These
dynamics give rise via Proposition 1.2 to an interacting interlacing particle system with
a wall. Such a system can be mapped to a random growth and decay model of a stepped
surface under a certain correspondence between particles and lozenges/cubes, see
Figure 2 for an illustration. We first need a definition. Denote by GTs(co) the set of
infinite symplectic Gelfand-Tsetlin patterns, interlacing arrays of the form, where all
particles live in IN, with the origin playing the role of a wall,

GTs(c0) = {X _ (X(0,1)7X(1,1)’X(1,2)’ . ) X0 g Wi XD ¢ it
(-1 2 xGd) X(z’,wl)}

Here, the similar notations X(**1) and W#**! should not be confused, X(***1) denotes
a configuration on a single level (in fact it is the top level of (X% X (“+1)) which takes
values in W#t1). The dynamics go as follows: Particles at level X(*t1) evolve as i + 1
independent D-chains which are pushed and blocked by particles at level X(4%), which
themselves evolve as ¢ independent D-chains that are in turn pushed and blocked by
particles at level X"~ and so forth, see Figure 2 for an example. We call this the
alternating construction, since we alternate between using the jump rates for D and
D-chains on odd and even levels. We think of the position-dependent jump, equivalently
growth and decay, rates as inhomogeneities of the surface.
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To make the connection with Proposition 1.2, the projection on level X(™"*1) evolves
according to the semigroup with transition kernel:

hn,n+1(y17 e ayn-i-l)
hn,n+1(x17 tee ;mn—o—l)

det(p¢ (i, yj))?jzll

and on level X(™™ according to:

hn,n(yh e 7yn) det

T (r, oy Q0P 00))E

Moreover, the harmonic functions h,, ,,+1(-) and h,, ,(-) are given by:
hn,n+1(') - (An,n+1An,n i Al,ll)(') ’ hnn() = (An,nAnfl,n ce Al,l 1)()

The distribution of this particle system at time ¢ determines a point process denoted
by =¢. Assume that all particles are initially fully packed i.e. at levels (i — 1,4) and (1)
we have our : particles at positions 0 < 1 < 2 < --- < i — 1 (see Figure 2). We shall also
use the following notation throughout: the variable z = ((n1,n2), z) will denote the level
(n1,n9) and (horizontal) position x of the particle.

We now explain how the model in the seminal work of Borodin and Kuan [8] related
to the representation theory of the infinite dimensional orthogonal group O(oo) and its
recent generalization by Cerenzia and Kuan [16] are special cases of this construction:
they simply correspond to a particular choice of the rate functions A(-), u(-). The rates
considered by Cerenzia and Kuan in [16], depending on two real parameters «, 8 > —1,
are the following:

n+a+p+1 2(n+a+1)

A p—
(n) n+a+p+12n+a+B+2°
n+pf 2n
pu(n) = :
2n+a+B2n+a+5+1
Fora == —% these specialize to the model studied by Borodin and Kuan in [8] while

for —a =g = % they specialize to the model studied by Cerenzia [15] related to the
infinite dimensional symplectic group Sp(oco).

We now briefly mention two simple examples of rates that as far as we know cannot
be obtained at present from some other integrable model with determinantal structure.
These correspond to regions with different speeds (with » and n* positive constants):

pn)=1, A(n) =rl(n <n*)+1(n>n")

1, n even,

pm) =1, )\(n):{r n odd

Of course, much more complicated variations for the rates can be considered and our
main result below still applies.

Finally, as explained in the previous subsection, the evolved Gibbs measures for
these dynamics are given as products of determinants and by making use of (one of the
many variants of) the famous Eynard-Mehta Theorem, in particular a generalization to
interlacing particles first studied by Borodin and Rains (see [14]) it is standard that there
is an underlying determinantal structure for this point process. However, to compute
the correlation kernel K! explicitly one needs to either invert a Gram matrix or solve a
biorthogonalization problem, which is usually a formidable task.
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Figure 2: The visualisation of a particle configuration of GTs(c0) as a stepped surface.
In the first figure the fully packed initial condition is depicted. Particle :cgo’l) wants to

jump to the right and in doing so, pushes all the particles indexed 21 and :1:7(”) to the

right by one as well, resulting in the surface shown in the second ﬁgure. Next, particle
x§2’3) jumps to the right by one and this produces the stepped surface of the last figure.
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1.4 Explicit computation of correlation kernel and scaling limit

It is at this point that a further insight is required in order to proceed. We make
use of the spectral theory for one-dimensional birth and death chains first developed by
Karlin and McGregor in [26] and [27]. More precisely we define the polynomials Q;(x)
through the three term recurrence:

Qo(z) = 1, —2Qo(x) = —(A(0) + 1(0))Qo(z) + A(0)Qu(2),
_xQn(m) = N(n>Qn71(x) - (/\(?’L) + M(n))Qn(x) + )‘(n)Qn+1(x)

These are orthogonal with respect to the spectral measure dr(z) on R, with support J,

oo 1
/0 Qux)Q;(x)dwo(x) = .

Here and onwards we use the notational convention that = is a continuous (spectral as
we see below) variable and not the discrete horizontal position of particles as before
(also n in the three term recurrence above should not be confused with the index of
vertical levels which in the setting of the alternating construction will always be denoted
by a pair of indices).

If we view Dy, the generator of the birth and death chain with rates (A(-), u(+)), as a
difference operator in the discrete variable &, then the three term recurrence takes the
form of an eigenfunction relation, with eigenvalue —x < 0:

Dka(LL') = —,’EQ]C({E).

These ingredients provide the following spectral expansion for the transition density of
the chain:

pilind) = () / e Qu ()@, (x)dwo ().

We now give one of the simplest explicit examples. It corresponds to the model of [8],
with A(0) = 1,A\(n) = p(n) = 1,n > 1 and 7(0) = 1,7(n) = 2,n > 1. Then, the Q; are the
Chebyshev polynomials of the first kind, orthogonal with respect to the spectral measure

dwo(z) = 1273 (2 — 2)"2dz on [0,2]:

2 g i=
| zte-o oo @i - {5 v

™

Moreover, the polynomials @, (x) are given explicitly:
n k
_ = (=n)k(n) (3)

k=0

where (a), = Hle(a + 4 — 1) with (a)o = 1, is the Pochhammer symbol.

Coming back to the general discussion, one can also define the polynomials Qk and
measure tv associated to the Siegmund dual chain and many relations exist between
these dual polynomials, which can be found in Section 6.

We then go on to introduce and study in detail, from a probabilistic perspective in
Sections 7 to 9 (see also Subsection 1.5 below), their multivariate versions: For v € W",

we consider the n-variate polynomials given by, with x = (z1,--- ,x,) in R",
n
det (Qui(z,)f51 det (Qule),
Dv(x) - 9 Qy(l') - mn : .
det ( T )m,zl det ( T )i,jzl
EJP 23 (2018), paper 106. http://www.imstat.org/ejp/
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We call these the Karlin-McGregor polynomials, since they were first introduced by
Karlin and McGregor, in their original study of intersection probabilities of birth and
death chains in [28]. We remark that the Karlin-McGregor polynomials have the same
structure as the well-known Schur polynomials, indeed we arrive at them by replacing
the monomials x** in the numerator determinant by general orthogonal polynomials
Q.,(z) on [0,00). Note however that the Schur polynomials are not special cases of our
construction; the monomials are not orthogonal on [0, o) (they are orthogonal on the
circle).

We can obtain the Markov kernels associated to the alternating construction from
branching rules of these multivariate polynomials (see Section 7, also Remark 11.1). In
particular the harmonic functions h,, ,,11(v) and h, ,(v) are given by, here Ao = A(0) is
the rate of jumping from 0 to 1:

n n no1 n—1) .

hmss () = ()N 2, @) | ) = (10,0,

Moving on, it is only after expressing the entries of the determinants appearing in
the distribution of the growth process starting from the fully packed initial condition in
terms of these one dimensional orthogonal polynomials and the spectral measures, that
it is possible to see/guess what the solution to the biorthogonalization problem is. Then
we proceed to carefully check that it is indeed the solution. All of this is done in detail in
Section 10.

The biorthogonalization problem could possibly admit a concise enough solution
for other initial conditions as well, other than the fully packed, although we do not
attempt to do this here; see for example [24] where this is done for the stationary case
of the Brownian motion analogue. Pursuing this further would be an interesting line of
investigation.

Finally, after some more algebraic manipulations we arrive at the following result,
proven as a special case of the more general Theorem 10.4 in the text:

Theorem 1.3. Let J be compact then the correlation functions {p! };>¢ of the point

process =, associated to the alternating construction starting from the fully packed
initial condition, are determinantal:

Pz, ) CE{E € GTy(00) st {21, 21} C BY) =det (K'(21,%)); ,_, (1.4
where K! is given by,
) ) 1 g _ B x’ﬂg eftz
K (), ) om0 = gz [ PP (e
1 ((n1,m2) > (m1,ma)) / Py()a™ P () dm ()
3
(1.5)
and,
(ﬂ-iQia Qj? m) lf (7117712), (m17m2) = (’I’L,TL + 1)7 (m7m + 1)
(,ﬁ7757m) _ (Tl?la@ja?) lf (nlan2)7(ml7m2) = (n7n+1)7(mam) (16)
(Terh Qja m) if (nla TZQ), (mh m?) = (nv 77,), (m7 m—+ 1)
(ﬁ-lQi) Q]a m) if (nh TLQ), (m17 m2) = (TL, n)) (m7 m)

The contour C(J) is positively oriented and encircles the support J and 0.

That the interval of orthogonality J needs to be compact appears to be a technical
analytic requirement and presumably can be removed. Compactness ensures uniform
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convergence for orthogonal decompositions in terms of the polynomials (); and allows
for the interchange of summation and integration (see e.g. Remark 9.4); it is essentially
only used in the computations in Sections 9 and 10. Because of the length of the paper
we have not tried to remove this assumption.

In the model of Cerenzia and Kuan [16] mentioned above the Q;(x) are the Jacobi
polynomials, which specialize to the Chebyshev polynomials of the earlier works [8],
[15].

We then go on to consider a particular scaling limit, at a finite distance from the
wall and make the connection with Borodin and Olshanski’s work in [11] on discrete
determinantal ensembles associated to continuous orthogonal polynomials.

More precisely, we scale time as ¢(/N) = N7 and the arguments of the kernel as
(M1 (N),ma(N)) = ([Nn] +ma, [Nn| +m2) and (n1(N), n2(N)) = ([Nn] + n1, [Nn] + n2)
and let a = Z Note that, we do not scale the horizontal positions which avoids hard
asymptotics involving the orthogonal polynomials @;, Q7 or the spectral measures tv, tv.
Then, we have the following theorem whose proof, based on a simple steepest descent
analysis, can be found in subsection 10.2:

Theorem 1.4. With the notations above and with IT and I~ denoting the upper and
lower endpoints of J respectively, we have:

lim K" (1 (N), fia(N)) ,8), (7 (N), 2(N)) . 1)) = Ra (((n1,m2) 1), (m1,m2) 1))

N—o0
It

_ / [—1(z > a) + 1((n1,n2) > (m1, ms))] Pi(2)2"> P, (z)dm(z).

Now, to a weight W(dz) on (some subset of) R for which the moment problem is deter-
minate and a point » € R one can associate a discrete determinantal point process with
kernel denoted by KY (i, j) (see Remark 10.6 and [11] for the exact details). Then, as ex-
plained in subsection 10.2, if restricted to single levels &, (((n,n + 1),1), (n,n+1),5)))
gives rise to the determinantal ensemble with kernel K¥(4,5) and also the kernel
Ra (((n,n),7), (n,n),4))) gives rise to the ensemble governed by the kernel K® (i, ;).
Thus, &, (((n1,n2),1), (m1,m2),j)) provides a novel multilevel determinantal extension
of these discrete ensembles, so that particles on consecutive levels interlace (by con-
struction). Moreover, in this generality, it is the first time that these ensembles appear
in a concrete interacting particle system.

1.5 Further results

En route, to our computation of the correlation kernel K! we introduce in Section 8
a large class of coherent probability measures, with respect to the Markov kernels
corresponding to the alternating construction. These depend on a set of parameters
(t;aq,- -+ ,am) with 91 € IN such that ¢ > 0 and Const > a3 > ag > -+ > 0, where Const
has a natural interpretation in terms of the interval of orthogonality J (see Remark 9.9).
Their description is through the spectral theory explained above and the single variable
function:

N

P(z) = Pra(x) = H(l — ar)e . (1.7)

i=1

By Kolmogorov’s Theorem these measures give rise to a stochastic point process in
GTs(co) denoted by =¥, which specializes to = when all the @ coordinates are identically
zero. In Theorem 10.4 we show that Z¥ is a determinantal point process with an explicit
kernel Y.
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Moreover, combining the results of Proposition 8.3 and Section 11.3 in the Appendix,
we obtain that under a positive definiteness assumption (see Remark 11.4) for the
corresponding Karlin-McGregor polynomials these sequences of measures are actually
extremal.

Finally, we observe that an inhomogeneous, with position dependent jumps, two
species analogue of PushASEP (see [6]), with at most two particles per site, arises if one
looks at the rightmost particles in the interlacing array above. In particular the evolution
of the particles (Xfo’l)(t),Xfl’l)(t),XQUQ)(t), et > 0) is autonomous. Of course, the
distribution of this (1+ 1)-dimensional model is completely characterized by Theorem 1.3.

1.6 Outlook and questions

Many directions and questions arise from this work. We indicate and briefly discuss
the ones we find the most interesting:

* (Scaling limits) Study different scaling regimes for the inhomogeneous process
introduced above. It is clear from simulations, performed by the author, that
interesting behaviour arises when one introduces for example slow or fast regions,
periodic or trigonometric rates. The analysis of course boils down to the associated
one-dimensional orthogonal polynomials. Another question is whether in any of the
possible scaling regimes perturbations of the rates still give the same asymptotic
behaviour. This again will come down to universality statements for orthogonal
polynomials.

* (Inhomogeneous TASEP) Borodin-Ferrari studied in [7] a (2 + 1)-dimensional
growth model taking values in a Gelfand-Tsetlin pattern. Each particle has an
independent exponential clock of rate one for jumping to the right by one (u(n) = 0)
and particles as before interact through the push-block dynamics. The projection
to the left most particles gives the Totally Asymmetric Simple Exclusion Process
(TASEP). In fact the construction in [7] is much more general and allows for level
dependent (constant in space) jump rates, which in terms of TASEP corresponds
to particle dependent speeds. A natural question is to find the right, namely
integrable, inhomogeneous (in space) generalization of the model in [7]. This could
provide a route to some exact solvability in inhomogeneous TASEP which has thus
far resisted many efforts. For a particular case, the slow bond problem (the bond
from -1 to O is slow, in this paper’s notation p(n) = 0,A(n) = 1 — el(n = —1)),
a breakthrough was achieved for the leading order behaviour using non-exactly
solvable techniques, see [3].

* (Boundary of generalized type BC-graph) As mentioned above one can asso-
ciate a branching graph to the alternating construction, that we call generalized
type-BC branching graph, its multiplicities are given by general product form
weights. Is it possible, at least for certain multiplicities, to describe its boundary?
Moreover, what is the relation of such extreme coherent measures with dynam-
ics on the graph. In the case of both the Gelfand-Tsetlin graph and the type-BC
graph there is an exact correspondence with continuous time birth and death chain
dynamics, discrete time Bernoulli and also geometric jumps. A more ambitious
direction would be to develop some kind of perturbation theory for these graphs.

1.7 Contents of the paper

We quickly describe the contents of each section. In Section 2, we introduce all
the relevant material on birth and death (or bilateral) chains that we need. We then
introduce the coalescing flows and give our two-level couplings formulae. We moreover
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obtain our intertwining and Markov functions results. In Section 3, we prove that the
formulae describe the push-block dynamics by showing that they solve the corresponding
backwards equations and that these are unique. Furthermore, we spell out a procedure
for concatenating such two-level processes in order to build an interlacing array in a
consistent manner. In Section 4, we define and collect some facts about branching
graphs along with two classical examples, the Gelfand-Tsetlin graph and the BC-type
branching graph, and the graph corresponding to the alternating construction. We
also state the theorem of Borodin and Olshanski known as the method of intertwiners.
In Section 5, we show how known and new examples of consistent dynamics can be
obtained as corollaries of our first main result, including the ones in [10] and [17] and
moreover, we characterize the ones arising from the coupling studied here that are
coherent for the Gelfand-Tsetlin graph. In Sections 6 and 7, we introduce the Karlin-
McGregor polynomials associated to D and D-chains and their multivariate analogues
and prove some of their properties. In Section 8, we introduce coherent measures (with
respect to the Markov kernels associated to the alternating construction) ./\/l;f_lm, Mﬁn
indexed by a function ¢ and investigate some of their properties. For ¢;(z) = e~ ®
these correspond to the distribution at time ¢ of the push-block dynamics started from
the fully packed initial condition as described in the paragraphs above. In Section 9,
we introduce “evolution operators” for coherent measures denoted by ‘]3791_1,”,‘13%)”,
which when applied to MZ_LTL, M}/;n “evolve” these measures to Mf;flm, MY¥,. We also
obtain some sufficient conditions for functions v to give rise to bona fide probability
measures (with positivity being the non-trivial issue here). In Section 10, we finally
prove our second main result, the explicit computation of the correlation kernel of the
process described previously, this being an application of the Eynard-Mehta theorem
(see e.g. [14]) along with some preliminaries. Finally, in the Appendix we collect a couple
of technical proofs along with; essentially reproducing for our own and the reader’s
convenience, an argument of Okounkov and Olshanski that we found in [37], that uses de
Finetti’s theorem to give a sufficient condition for coherent measures with multiplicative
“generating functions” to be extremal, based on a kind of positive definiteness property
(an assumption) for the associated orthogonal polynomials.

2 Coalescing birth and death chains and intertwinings

2.1 General facts on birth and death chains and their duals

We consider a birth and death chain on I = NN, or bilateral birth and death chain
on I = Z, denoted by X, given by the infinitesimal birth (A(x)).c; and death (u(z))zer
rates and with matrix of transition rates denoted by D,

A(x) y=xz+1
D(z,y) =4 —Az) —p(x) y==z
() y=z—1

We assume that A(z), u(x) > 0, for all z € Z in the bilateral case and ;(0) = 0 in case
of I = NN, i.e. that 0 is reflecting (A(z) for > 0 and p(xz) > 0 for > 1). We moreover
assume that, co is a natural boundary point, namely a process can neither reach in finite
time or be started from such a point (similarly —oo is assumed natural in case I = 7Z), so
that the rates uniquely determine our chain. Sufficient conditions for this, will be given
later on below in this subsection. In order to be more concise, we will frequently refer
to such a Markov chain with generator D, as a D-chain. Now, define the forward and
backward discrete derivatives by,

(VH(@) = flz+1) = f(2),(VI)(z) = flz = 1) - f(z), z €I,
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and observe that D can be regarded as a difference operator acting on functions,
f: I — C as follows,

(Df)(x) = M=) (VF)(@) + n(@)(Vf)(x), = € 1.

Denote by p;(z,y) the transition density of the D-chain i.e. with (X (¢);¢ > 0) denoting a
realization of this chain governed by the family of measures indexed by starting positions,
{P,}ses then, pi(z,y) = P, (X (t) = y). Furthermore, we denote by (P;;t > 0) the Feller
semigroup (that maps the space of functions vanishing at infinity to itself), it gives rise
to (the fact that all these are well defined is discussed next). In particular, we will often
use the notation:

Py (x) = Z pe(z, 2).

1<z<y

We note that, under the conditions (2.1) and (2.2) below, p:(z,y) will be the unique
solution to the Kolmogorov backward differential equation given by, Vt > 0,x,y € I,

d
dtpt(:v y) = Dype(z,y),

subject further to the initial condition, positivity and sub-stochasticity assumptions:

po(l‘,y) = 6$,y ’ pt(x7y) 2 0 and Zpt(xay) S 1.
yel

Here, D, acts as D on a (possibly multivariate) function in the variable labelled z. Now,
define the symmetrizing measure of the D-chain (the measure with respect to which it is
reversible) which we denote by 7 as follows,

SMi—1) x—i—z
i=1

In the case of I = IN, we will enforce throughout this paper, the following two
conditions (see [30], [45])),

=0 i:j+1

(1) = oo, (2.1)

(1) = o0. (2.2)

Then, under conditions (2.1) and (2.2) the chain with generator D is uniquely determined
by its rates, it is non-explosive and p;(z,y) is the unique (stochastic) solution to both
the backwards and forwards equations (for proofs of these statements see for example
[30] or [45] and the references therein). Moreover, we have p;(z,y) — 0 as y — oo and
pe(z,y) — 0as z — oo.

In the case of a bilateral chain, in order for both —oo and +o00 to be natural boundaries,
which in particular, ensures the uniqueness of solutions to both the backwards and
forwards equation and non-explosiveness, we need the following four conditions. The
first two, (2.3) and (2.4), govern the behaviour at +oco and the last two, (2.5) and (2.6),
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at —oo, for a proof see Theorem 2.5 and the discussion at the end of page 511 of [40],

o0 1 ] o
;W;m) - 2.3)
™9 2 ety ~ > (2.4)
2702 e
2 a
j;oomi;lw(z) - (2.5)
i m(j) i W = 0. (2.6)

We now come to the definition (going back to the papers of Karlin and McGregor
[26], [27]) of the dual chain X, on N~ = NU {—1} and Z respectively, that is given by
the infinitesimal rates A\(x) = p(z + 1) and fi(xz) = A(x) and with generator:

) Az) = p(z +1) y=x+1
D(z,y) =4 —ulz+1) = Az) y==
) = Az) y=z-1

Note that, in the case of N~ then, —1 is an absorbing state. As before, in order to be
concise and to emphas}se the role of duality in this work, we will sometimes refer to this
Markov chain as the D-chain and denote its transition density by p;(z,y) (in case of a
birth and death chain we only consider the transition density in IN, i.e it is the same as
that of the process killed at -1), its semigroup by (ﬁ’t; t> 0) and symmetrizing measure
by 7.

Now, it is not hard to check that, conditions (2.1), (2.2) and (2.3), (2.4), (2.5), (2.6)
respectively hold for the rates (A, 1), if and only if they hold for the dual rates (5\7 /l) and
thus the dual chain is well posed with natural boundaries at +oo as well.

With the above definitions in place, we arrive at the following key duality relation for
birth and death chains, going back to Karlin’s and McGregor’s classic works [26] and
[27] (see also [44], [19]). The relation is also true for bilateral chains and we present,
the admittedly almost identical, proof in the Appendix because we could not locate it in
the literature. We also give a “graphical” proof in the next subsection.

Lemma 2.1 (Siegmund duality). For x,y € I andt > 0 we have,
Py (2) = Pl o) (v), 2.7)

wherel =0 if I =N orl = —oco if I = Z respectively.

Remark 2.2. Note that, the ~ operation is not an involution even in the case of I = 7,
unlike the diffusion process setting, see [2]. This is an artefact of the discrete world and
will complicate things a little bit, since these asymmetries make keeping track of the
positions of < and < below important.

2.2 Discrete coalescing flow and two-level process

First, we define the interlacing spaces our processes will take values in, with [
being either IN or Z, in particular all coordinates are integers, and with [ = 0 or —o¢
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respectively, as follows,

W) ={x= (21, ,an) €I": 1 <21 < -+ < < 00},
Wn’nJrl(I) ={(z,y) = (T1,"* ,Tnt1,Y1, " ,Yn) € et
I<z1 <y <22 < < Tpp1 < 00},
W (I) = {(2,y) = (€1, Zns Y1, un) €1 <yp <@y <yp <o <y < 00},

Also, define for x € W"(I),

W) ={y e W*(I) : (z,y) € WO (1)}
Similarly, define W™*(y),

W (y) ={z e W*(I) : (z,y) € W"*(I)}.

Graphical construction of coalescing flow We now describe the “graphical” con-
struction of the coalescing flow of birth and death (or bilateral) chains. For each site of
the lattice x € I, we have independent Poisson processes, indexed by time ¢t € R, of up 1
arrows denoted by {N/(t) : t € R} of (constant) rate A(z) and down | arrows denoted by
{N}(t) : t € R} of (constant) rate u(z).

We now define the family of random maps {®,,:I — I;s <t} as follows. For z € |
and s < t, the value ®, ,(z) is arrived at by starting at time s at site « and following
the direction of the arrows until time ¢. The site you are on at time ¢ is defined to be
®, ;(z). There is a slight ambiguity in this definition at arrival times of the arrows and
by convention we take the right continuous (in time) version of this map. See Figure 3
for an illustration.

S t

Figure 3: The graphical construction of the coalescing flow (@, ,(-);s < t).

It is clear from the construction, namely from the properties of the independent
Poisson processes { N}, N} : x € I}, that almost surely ®. .(-) satisfies: Vu < s <t € R
and h € R, ®;; = Id, 5,0 Py = Py, Py law P, hntyn and ®,, and P, , are
independent. Moreover, ®,(z) is distributed as a D-chain ran from time s to time ¢
starting from z and the joint distribution of ((®;(x1), ®s(z2));t > s) is that of two
independent D-chains starting from sites x; and x5 at time s, that coalesce when they
meet, since once they are at the same site they will follow the same arrows.

Now, define the dual flow for s < ¢ by:

& (2) = ‘Ii%ﬁJx) =sup{wel: ®_;_s(w) <z}
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Note that,
®;, (@) () =sup{lwel: @  (w) <P, ()}
=sup{w el : ®_,_,o0P_;_  (w) <z}
= (I’Z,t(x)-

More generally, the fact that this again satisfies the stochastic flow properties will be
implied immediately from the pathwise construction below, which also identifies the
dynamics of the random maps {®; ;;s < t}.

The following statements are purely deterministic. Suppose that on each site of the
lattice x € I we have a countable number, with no accumulation points, of up 1 and
down | arrows arriving at (distinct) time points {--- < tf’f < t%’T < t'f’T < tﬁ’T <---}and
{<thy < t3’¢ < t:{w < t;”’i < ---} respectively (by convention, ¢, denotes the first
arrival after time-0). Define the maps F. .(-) as before: Start at time s at site = and follow
the direction of the arrows until time ¢. The site you are at is defined to be F; ;(z). As
before, there is some ambiguity in this definition at the arrival times t.””’T, ™+ of arrows
and again by convention we take the right continuous (in time) version of this map. In
particular, if £ is the first arrow after time s at site = then F, ;(x) = « for s <t < ;"

while F_ ,..+(z) = x4+ 1 and so on.
B!

Consider F,'(z) = sup{w € I : F,;(w) < z} and our aim is to obtain a pathwise
description for this map. We introduce the following two operations on the original/black
arrows to get new/red arrows. It is important to note the minor asymmetry (coming from
our choice of < in the definition of sttl) in the operations below.

1. An up arrow 1 at time ¢ from site x to site = + 1, becomes a red down arrow | from
site x to site x — 1 at time ¢. See Figure 4 for an illustration.

t t
x+1 S x+1
x-1 x-1 =

Figure 4: The transformation of up arrows.

2. A down arrow | at time ¢ from site x + 1 to site x, becomes a red up arrow 1 from
site x to site x + 1 at time ¢. See Figure 5 for an illustration.

t t
x+1 x+1 A~

. l /\ )

Figure 5: The transformation of down arrows.

Moreover, define the maps G. .(-), when evaluated at G, ;(x) as follows: Start at time
t at site x and follow the direction of the red up and down arrows backwards until time s.
The site you are at, is defined to be G, ,(z).

We then have the following proposition, whose proof is deferred to the Appendix.

Proposition 2.3. For z € I and s < t, we have F, ' (z) = G, ().

Observe that, if the processes N; of up arrows are independent Poisson processes of
rate \(z) and down arrows N} are of rate u(z) then the processes of red arrows N, N,
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that are followed by ®*, are independent Poisson processes with rates p(z + 1) and
A(z) respectively. Thus, this construction identifies the dual flow as that of coalescing

D-chains ran backwards in time. In particular, this also gives a graphical proof of the
Siegmund duality Lemma 2.1.

Remark 2.4. It is possible, and equivalent, to consider the dual flow ®* on the (dual)
lattice I + % Then, the operations performed to obtain arrows followed by this flow
backwards in time become symmetric.

We arrive at the following proposition for the finite dimensional distributions of the

coalescing flow. The result is stated for times 0 and ¢, but by stationarity it extends to
arbitrary pairs of times.

Proposition 2.5. For z,z' € W"(I),

P(®o,:(2i) < 7, for 1 <i <n) =det (Pplyz(z:) — 1(i < j))szl.
Proof. By translating the non-intersection probability found in display (3) in [28] and the
paragraph following it, to our setting we get for (y1,--- ,y,) € W"(I):

P(®o,:(2) =i, for 1 <i <n) = det (pt(zi,yj))zjzl )
This is because of the following observation: the fact that the ®,(z;) are equal to
distinct points y; is equivalent to non-coalescence/non-intersection in the time interval
[0,t] of the underlying independent D-chains. Then, summing over (yi,- - ,¥y,) in {I <
y1 < 21,21+ 1<y <zb,---,2,_1+1<y, <z } and successively adding column j to
column j + 1 we obtain,

P(®0,4(21) < 21 < Boy(2z2) < 25 < < Poy(2n) < 2),) = det (Ptl[l’zé](zi))zj.

The result will then follow, by writing the indicator function of the event,
{Po.1(21) < 21, ®oi(22) < 25, , Por(zn) < 2},
in terms of an expansion of indicator functions of events of the form,

{®o.4(2i,) < 2, < ®oy(2i,) < 25, < oo < Poulzi,) < 2, b

for increasing subsequences iy, - - - , %, and ji, - - - , jx. This combinatorial fact is presented
in detail in Proposition 9 of [50], to which the reader is referred to. O

We now come to the key definition of the time-dependent block determinant kernel,
a;" (2, y), (@,y)) on WmrH(),

Definition 2.6. For (z,y), («/,y') € W"t1(I) and t > 0, define q"""'((z,y), («',v')) by,

a " (2, y), (@, y)) =

7'1 ﬁ- ; n n — — L
= R0 ey g, (1) T P (B e) < ol Boulyy) < 9LV, J).

Hi=1 7}(%) Fnta
Note that,
nn i1 T (Y] . .
0 (), (0 y) = W= T p @y () — ot @, (y)) — gy forall i) 2.8)
[Ty 7(vi)
and that, using Proposition 2.5, q/""*" can be written out explicitly,
n,n+1 /A At({L‘7$/) Bt(:C?y/))
’ xz,y), (x, = det , (2.9)
@ () = den (G000 Do)
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where, using reversibility with respect to 7,

At(l‘,x/)ij :pf(xu J) = _v 'Pt [l :E;](xl)v

Bi(w,y')ij = ﬂ(yj)(Pt]-[l,y}](xi) —-1(j > 1)),
Ce(y, 2")ij = ﬁ_l(yi)vyivm_’jptl[l,m;](yi)7

7(y;) )
De(y,y')ij = *Tyz)vyjptl[z,y;](yi) = pe(Yi, Y;)-

We define the family of operators (Q?’"H;t > 0), acting on bounded Borel functions
on W tL(T) by,

Q" )(,y) = > a " (), @y ) Y).

(' ,y")EWmmHI(I)
We will say that the family of operators (3(¢);¢ > 0) defined on bounded Borel func-
tions on a space X forms a sub-Markov semigroup on X if the following hold:
B(0) = Id,
B()1 <1, fort >0,
B(t)f >0, forf >0,
Bt + s) =P(t)B(s), for s, t > 0. (2.10)

Proposition 2.7. (Q it > 0) forms a sub-Markov semigroup on W”v”“(]). We can

thus associate to it a Markov process (X,Y) = ((X(¢),Y (¢)) ;¢ > 0), with possibly finite
lifetime, with state space W™"1(]).

n,n+1,

Proof. We proceed to check the items found in display (2.10). The initial, or time-0,
condition follows immediately from the representation (2.8). The second property, follows
from performing the sum 3__/cy .. (,,) and then we are left with the sum,

> det(pe(yi, )iy < 1L,Vy € Wt > 0.
y' eWn(I)
The quite non-trivial at first sight positivity preserving property again follows from
representation (2.8). The semigroup property for the transition kernels q;” "+ can be
got in the following fashion. First, by making use of the composition identity <I>0,S+t =
P, .11 0 Py, then using the independence of ®, ., and ®¢ ,, noting that ®, ., faw D¢
and conditioning on the values of ®¢ s(z;) and ®~ ) _,(y;) we obtain,
nn i1 (i) . .
qs+t+1(($»y)v (x//,y//)) = ll:lllnlA(')IP(q)o’SH(xi) = 1'2/7 ‘I’—(s+t),0(y;/) =y, forall Zvj)

i=1 T\Yi

T A ) > P(®o,s(2:) = @, s s14(7]) = 27, B, (y) = vy,

|
—
>
—~
&
— |
=
—~
K
(=}
E)
—
8
N
|
8
S
*
@
o
—~
&
~
|
<
~—

(z'y")eWn n+1(1) H’L 1 ﬂ-(yi

H*l T‘—(y ) 1 " /
74—71]13 (}S s — @ _ D) =y
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The reason we are restricting our sum, in the second line onwards, over (z',y') €
Wmn+L([) is because by the coalescing property for (z,y) € W™"*(I) we have that
almost surely {®,(z;) = «}, ®*, __(y;) = i} is empty unless («/,y’) € W™"+1(I). This
then, concludes the proof of the proposition. O

We now aim to define a family of time-dependent kernels, q;""((z,v), (z’,4)) on
Wmn(I). We again, consider in a similar fashion a (discrete) stochastic coalescing
flow 'i’&t, now consisting of coalescing D-chains. Now, define its dual as follows (note
well the minor but important asymmetry to the above considerations) @:}t(y) = inf{w:

@_t,_s(w) > y}. As before, we have an explicit formula for its finite dimensional
distributions (also by stationarity the proposition extends to arbitrary pairs of times
s <t).

Proposition 2.8. For z, 2/ € W"(I),

P(®0,4(2) > 2}, for 1 <i <n) =det (Pl o) (2) — 1(j < D)

Proof. The proof is entirely analogous to the proof of the Proposition 2.5 for ®. O

As before, we define the following kernels:
Definition 2.9. For (z,y), (',y’) € W™"™(I) and t > 0, define q;"" ((z,v), (z',y')) by,

e T ; ne Vv, n F F _—
= M(l) Vyl s Vyn(—l) lel s vz’nIP(QO,t(l‘z) Z IL‘Q, q)(),t(yj) Z y; for all Z,]).
=1 1
Observe that,
n /
n,n = ™ yl = ok L.
0wy, (@ y) = Lt T p @ () = 0t &7, (1) = gy forall 7). (2.11)
Hi:l 7(yi)

and that g;"" can be written out explicitly,

A" ((z,y), («,y')) = det (At(z’x) Bt(x’y)), (2.12)
where,

Au(w, )i = pi(wi, o) = =Var Pl o) (),

Bu(2,4)ij = m(y)) (Pl o0 (2:) — 1(j < 1)),

Ci(y,2)ij = 7T_1(yi)?yivw_’jptl[z;,oo)(yi%
)

Di(y,y)ij = W(y.)vyiptl[y;,oo)(yi) = pe(yi, ).

Define the family of operators (Q;"";t > 0), acting on bounded Borel functions on
wm™n(I) by,

( ?7nf)(m>y) = Z q?m((mvy)’ (w’,y’))f(x’, y/)'
Wn,n([)
Then, with completely analogous considerations as for (Q;"";¢ > 0), we get that:

Proposition 2.10. (Q,"";¢ > 0) forms a sub-Markov semigroup on W"™"(I). We can
thus associate to it a Markov process (X,Y) = ((X(t),Y(t));t > 0), with possibly finite
lifetime, with state space W™ (I).
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2.3 Intertwinings

We first denote the Karlin-McGregor semigroup associated to n D-chains by (P;*;t > 0),
that is given by the following transition density, with z,y € W™(I) and ¢ > 0,

pi(z,y) = det(pe(Ti, y5))7j=1-

Similarly, define the Karlin-McGregor semigroup (ﬁt”; t> 0) associated to n D-chains

(killed at —1 if —1 is an absorbing boundary point) given by its transition density, with
x,y € W*(I)and ¢t > 0,

P (v, y) = det(Pe(wi, y5))7 j=1-

Now, define the positive kernels A,, , (not necessarily of finite mass in the case of A,, ;,)
acting on Borel functions on W™ *(I), whenever f is summable, by where x € {n,n + 1},

(An,n-&-lf)(x) = Z Hfr(yZ)f(xvy)’ (S WnJrl(I)a

yEW”‘7l+1(£E) 1=

Ann§)@) = > TIrw)f@y), = e WD)

yeEWmnn (m) =1

Note that A, 4 involves @ while A, ,, involves m. Moreover, observe that we can
alternatively view A,, . as kernels from W* to W™*, assigning to each r € W* a positive
measure A, ,(r,-) on W™* supported on {(z,y) € W™* : x = r}. Finally, abusing notation
it is obvious that we can also view A,, , as kernels from W* to W" or as operators acting
on Borel functions on W".

Now, consider the projection operators II, ,, acting on bounded Borel functions
on W*, induced by the projections on the Y-level, with x € {n — 1,n},

(H*,nf)(xa y) = f(y)7 (95711/) S W*m'
Proposition 2.11. Fort > 0, we have the following equalities,

H”—lanptn_l = ?_17an—1,n7 (213)
I, n P = Q)" Ty . (2.14)

Proof. These follow directly from the probabilistic representations (2.8) and (2.11);
essentially we are taking the marginal.
Alternatively, we can take the sum Zm,ew*,n(y,) in the explicit form of the transition

kernels and use multilinearity of the determinant. For example, in the case of Q?_l’” the
statement of the proposition is a consequence of the following:

Yj
Y Aclwal); = Py (ei) — Pgy (),

J;;.:y;.71+1
’
Yj

Y Gy )iy = =7 ) Vi Py (9) + 77 (0 Vi Py, (40)-

wi=yj 1+l
The case of Q;"" is analogous. O
Remark 2.12. This, being an instance of Dynkin’s criterion, has the following probabilis-

tic interpretation. The evolution of the Y-level is Markovian with respect to the filtration
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generated by the process (X,Y). In the case of W"~ 1", Y evolves as n — 1 D-chains
killed when they intersect or when they hit —1 if —1 is absorbing and in the case of W™"
it evolves as n D-chains killed when they intersect. In particular, the finite lifetime of the
joint process (X,Y’) corresponds to the killing time of Y.

Moreover, the following (intermediate) intertwining relations hold.

Proposition 2.13. Fort > 0, we have the equalities of positive kernels,

Ptn+1An,n+1 - An,n-‘rlQ;L’n—i_la (215)
PP A = Ay QP (2.16)

Proof. This, similarly to the Proposition above, directly follows from the probabilistic
representations (2.8) and (2.11).

Otherwise, we can take the sum Ey W (z) using the explicit form of the transition
densities and multilinearity. In particular, (2.15) is a consequence of:

:Ei+171

Z T(yi)Ce(y,2")ij = Var Py g (2iv1) = Vi Py g (i),
Yi=Tq
ZL’,;+171

Z T (yi)De(y,y )iz = —7 () Pedp,ar) (@ir1) + 7 (Y Pedp g (20).

Yi=T;
The proof of (2.16) is analogous. O

Combining the two preceding propositions, we straightforwardly obtain the following
intertwining relations for the Karlin-McGregor semigroups (where as remarked above
we simply write A,, , for A, Il ,), fort > 0,

Ptn+1An,n+1 - An,n-‘rlptna (217)
PP Ay = Ay PP (2.18)

This gives us a machine, for constructing positive eigenfunctions for these semi-
groups; in particular it is immediate that, with 1(-) denoting the function which is
constant and equal to 1 on 1,

hn,n-i—l(') - (An,n-i-lAn,n e Al,ll)(')a (219)
hnn() = (An,nAn—l,n te Al,l 1)()7 (220)

are positive harmonic functions for Pt”Jrl and }St” respectively. In the case of birth and
death chains, these functions will come up in terms of the multivariate Karlin-McGregor
polynomials, in relation to a general random growth process with a wall, in section 7.
Before proceeding, we need to make precise one more notion, referenced several
times already. For a sub-Markovian semigroup (B(¢);¢ > 0), with a strictly positive
eigenfunction b, with eigenvalue e, we define its Doob’s h-transform, (P%(¢);¢ > 0) by,

(PBO(1);t > 0) & (e~ o PB(t) 0 bt > 0)

which now, a fact which can be readily checked, forms an honest Markov semigroup,
BY(¢)1 = 1 (the definition extends to non time-dependent positive kernels).

Now, coming back to our two-level process, suppose ﬁn is a strictly positive eigen-
function for I:’t" namely, Pt”ﬁn = ¢ th, then,

(PP Anmahn) () = e (Ansabn ) (),
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so that, Amﬂ_lﬁn is a strictly positive eigenfunction of Pt”+1. Moreover, observe that
if h,, is a positive eigenfunction for P;* then it is an eigenfunction (with the same
elgenvalue) for Q” M+l We can thus define an honest Markov process, with semigroup

( montl, h"'t > 0) which is the h-transform of ( mntlp > 0) by h,. Also, define the
strictly positive function h,,41(-) by,

hn-l—l(x) - (An,n-&-liln)(l‘)a HARS Wn+1(1)a

and the Markov kernel AZ"n 41 by (from the definition A, 1(z) = (Apmy1hn)(z) it is

immediate that AZ a1l =1),
1
(Aﬁnﬂf)( ):m Z HW (i) hn () f(2,), € WHTH(T).

ern n+1(m =1

Finally, defining (Ptn“’h"“;t > 0) to be the Karlin-McGregor semigroup (P;""';¢ > 0)
that is h-transformed by h, .1, we arrive at our first main result.

Theorem 2.14. Let h,, be a strictly positive eigenfunction of Pt”, then with the notations
of the paragraph above, we have the intertwining relations, fort > 0,

n+1,hnt1 A by hn n 71+1,i1/n

P An n+1l — An n+1Xt ) (221)
n+1,hnt1 A hn A n P,

P An ,n+1l T An n+1 t . (222)

Proof. These are immediate consequences of relations (2.15) and (2.17) respectively and
the discussion above. O

Moreover, using the theorem just obtained and the Rogers and Pitman Markov
functions theory (see Theorem 2 in [41] for example) we immediately get the following
proposition as a corollary.

Proposition 2.15. Consider a Markov process (X,Y') with semigroup (Q;””H’h"; t> O).
Then, the projection on the X -components evolves as a Markov process with semigroup
(Pt”Jrl ity > 0) started from , if (X, Y) is initialized according to A" "i1(2,+). More-
over, in such case, for any fixed T' > 0, the conditional distribution of (X (T'),Y (T')) given

fon

X(T) is Ay 4 (X(T),0)

Proof. This is a straightforward application of Theorem 2 of [41], by virtue of the
intertwining relation (2.21) above, the Markov function ¢, being the projection on the

X-component, ¢(z,y) = x. For the conditional distribution statement see Remark (ii) on
page 575 immediately after Theorem 2 of [41]. O

Similarly, in the setting of having an equal number of particles for the two levels
(i.e. for a process in W™"(I)); if g, is a positive eigenfunction of P> and assuming
gn(x) = (Aypngn)(z) is finite, with the analogous definitions as above, we obtain the
following theorem.

Theorem 2.16. Let g,, be a strictly positive eigenfunction of P]*. Then, fort > 0,
Plon g = A9 QI (2.23)
Pon NI = A9n PO (2.24)

In particular, the projection on the X-components evolves as a Markov process with

semigroup (P" Inp > 0) started from z, if (X,Y') is initialized according to Aj", (z,").

Furthermore, for any fixed time T' > 0, the conditional distribution of (X(T'),Y (T)) given
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Remark 2.17. We now explain the shortest path to a complete proof of the single level
intertwining relations (2.22), (2.24), or more precisely to the proof of (2.17), (2.18).
There are two essential ingredients, the Siegmund duality Lemma 2.1 and the rather
ingenious introduction of the q;*((z,y), (',%’)) transition kernels. Once, we define
a;*((z,y), (z,9')) by (2.8) or (2.11), none of its probabilistic properties or the coalescing
flows picture are needed. We can then proceed as in the proofs of Propositions 2.11 and
2.13 by taking the sums over z’ and y, assuming these sums converge. Of course, if
a;*((z,y), (z',y')) is positive we can make use of Tonelli’s theorem to interchange the
sums, however with the possibility that both sides are infinite.

We also comment on the relation to Borodin and Olshanski’s approach in [10] (also
Cuenca’s in [17]). Their proof checks the intertwining relation at the multivariate
infinitesimal level and then concludes by a lift to semigroups. Both of our proofs
of the Siegmund duality Lemma 2.1 in the Appendix also contain such a lift, but in
the single variable setting. The introduction of the explicit coupling, equivalently of
a;”*((z,y), (z',9')), is what allows us to essentially check such a relation only in a single
variable.

Remark 2.18. By the methods presented above, we have identified the finite lifetime of
the process Z = (X,Y) as the lifetime of the autonomous component Y, which we have
described explicitly. Moreover, under special initial conditions we have proven that the
projection on the X-level turns out to be a Markov process as well, but the interaction
between X and Y still remains unclear. It is natural to guess, from the locality of the
coalescing flow (namely that particles only interact whence they meet) and the fact that
the Y-level is autonomous, that the X-particles should be blocked and pushed, in order
for the interlacing to remain. This turns out to be exactly the case and we pursue it next.

3 Push-block dynamics

3.1 Push-block dynamics for the two-level process

In this subsection, we prove that the qf’”“ transition matrix governs the dynamics of

a continuous time, possibly with finite lifetime, Markov chain (X,Y’) in W™ *! described
informally as follows: The Y-level consists of n independent D-chains and the X-level of
n + 1 independent D-chains that are “pushed” and “blocked” by the Y -particles, when
the process is at the boundary (precised below) OW™n+tl in order for it to remain in
W+l The chain is killed when two Y -particles collide or hit [* = | — 1 i.e. at the

stopping time,
Twnntr =inf{t > 0:31 <4< j<n,suchthat Y;(¢t) =Y;(t) or Y;(¢t) =I"}.

See Figures 6-9 for an illustration of the four possible types (pushing and blocking from
the left and from the right) of interaction between X -particles and Y -particles in W™n+1,

Similarly, the q;"" transition matrix governs the dynamics of a continuous time,
possibly with finite lifetime, Markov chain (X,Y’) in W™ with the following informal
description: The Y-level consists of n independent D-chains and the X-level of n inde-
pendent D-chains that are “pushed” and “blocked” by the Y -particles, when the process
is at 9W™", in order for it to remain in W™™. The chain is killed when two Y -particles
collide i.e. at the stopping time (note that compared to W™"*!, now Y7 (t) never reaches
[* =1 — 1 since the D-chain is reflecting at 1),

Tyynn =inf{t >0:31 <7< j<n, suchthat Y;(t) =Y;(t)}.

See Figures 10-13 for an illustration of the possible interactions in W™" and also note
the asymmetry (again related to the locations of < and strict < in the definitions of
wmn Wty compared to the dynamics in W1,
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i+1 Ti41
{

Yi
: [ )
z4+1 242 243 2 z4+1 z+2 z+43

Figure 6: In W™"*!, a jump of y; pushes (induces a simultaneous jump of) z;,; to the
right so that the interlacing remains. Here, the jump happens with rate A(z) = u(z + 1).

)Q.l"iﬂ Tit1
(]

Yi Yi
z+1 242 z+3 2 z4+1 242 243

Figure 7: In W™"*+1, a jump of z;,; to the left is blocked by y; so that the interlacing
remains. Here, the clock of z;; rings with rate u(z + 1).

. N
z—1 z+1 242 z—1 2 z+1 z+42

Figure 8: In W™"+!, a jump of y; pushes (induces a simultaneous jump of) z;,; to the
left so that the interlacing remains. Here, the jump happens with rate ji(z) = A(2).

o

Yi Yi
[ )
2 z4+1 242 z+3 < z+1 242 z+43

Figure 9: In W™"*!, a jump of z; to the right is blocked by y; so that the interlacing
remains. Here, the clock of z; rings with rate \(z).

X
[ J

Yi
: [ )
z+1 242 z+3 2 z+1 242 243

Figure 10: In W™"™, a jump of y; pushes (induces a simultaneous jump of) z; to the right
so that the interlacing remains. Here, the jump happens with rate A(z).

l%.xi Li
{ ]

Yi Yi
z—1 2 z+1 z4+2 z—1 2 z+1 z+42

Figure 11: In W™", a jump of z; to the left is blocked by y; so that the interlacing
remains. Here, the clock of x; rings with rate fi(z) = A(z).
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: j+1 : Yi+1
z—1 Z z+2 z—1 z4+1 z+2

Figure 12: In W™", a jump of y;4; pushes (induces a simultaneous jump of) z; to the left
so that the interlacing remains. Here, the jump happens with rate u(z + 1).

: .yz-+1 : » .yi+1
z—1 2 z41 z42 z—1 2 z+41 z+42

Figure 13: In W™", a jump of z; to the right is blocked by y;; so that the interlacing
remains. Here, the clock of x; rings with rate A\(z) = u(z + 1).

We will only consider the dynamics in W™ "*! in detail, as the case of W™" is entirely
analogous (but see Remark 3.4 below for a discussion). We define the boundary of
Wnntl denoted by W™ n*1, as follows,

oWt = L(z y) € W™ 31 < < n+ 1, so that with o} = z; £ 1, (2/,y) ¢ W™},

Also, define the interior of W™ +! by Wnntl = pnn+1\ giynntl  Finally, define the fol-
lowing indexing sets, I/ (z,y) and """ (2, y) for (z,y) € W™"*! (“adm” stands
for admissible jump),

It @) = {1<i<n+1:(,y) € W with o = z; + 1},

adm

I (zy) = {1 <i<n+1:(a,y) € W with 2} = 2; — 1},

adm

We begin, by observing that we have the following time-0 initial condition,

qO((xvy)a(x/ay/)) :5(w,y),(a:’,y’)- (3.1)

This follows directly from the form of q:((z,v), (2',y’)), by noting that as ¢ | 0, the
diagonal entries converge to (5%12 , 5%,%, while all other contributions to the determinant
vanish (or see proof of Proposition 2.7).

Moreover, note that the entries of each matrix in the block determinant q;"""" namely
Ai(z,2"), Be(z,2’), Ce(x,2’), Di(x, 2’) (We are abusing notation slightly by using the same
notation for both the matrices and their scalar entries) solve the following differential
equations in the backwards variable z, for any z, ' € I fixed and ¢ > 0,

%At(x,x’) =D, A(z,2'), (3.2)
%Bt(x,a:’) = D,B(z,2'), (3.3)
d ! > /

aCt(x,a: ) =D,Ci(x,2), (3.4)
%Dt(x,x’) = D,Dy(z,z). (3.5)

Observe that the differential equation (3.4) for C; follows from the Siegmund duality
Lemma 2.1 and reversibility with respect to 7 of the D-chain.
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Now, we consider the discrete generator ®™"*!, the matrix that gives the rates of
the push-block dynamics in W™"*! (see Figures 6-9 to help visualize the meaning of
these rates; also see Remark 3.4 below for the rates in W™™"),

A(w;) xi=x;+1andi€ I%Zjl (x,y)
w(x;) #)=z;—landic I’ (z,y)
Myi) = uyi+1) yj=yi+landi+1le Iffdﬁfl (z,9)
a(y:) = M) =y, —landie€ I:dfnﬂ )
DM ((2,y), (', y) = S Awi) = plyi + 1) (wig1,41) = (@ + L), ,

(

( 1+1’yz) (.13—|—2,$—|—1)

(xlvyl)*( )7(I27y2):(1‘713$71)
(@,

n,n+1
S(zny)r ! ) (.’E, y)
0 otherwise
where S?”f:“l is given by,
SR DR CH R [5\ yi) + (i) | -
i€];2:t1+1’+(9:,y) iEI;Lé:;+1’7(m,y) i=1

Observe that, there is a non-zero rate for the transition (z,y) € Wm"tt — (2/,y') ¢
Wmnt+l which corresponds to the chain being killed (in the sequel we will identify all
such configurations with a cemetery/absorbing state 1); this of course coincides with
the rate of y € W"™(I) — y' ¢ W™(I), which is non-zero only for y € OW"(I) and is
furthermore given by,

n—1

Koy = Z 1y +1 = yirn) [Mw) + iy + 1)) + 1 (s = 1) ).

Moreover, note that the first four conditions, given in terms of the indexing sets I ”dzfl’Jr

and 1”77, in ™"+ above could have been replaced by, (z’,y) € W™"*! and (z,y') €
Wwnntl respectlvely. Also, observe that in the definition of ®™"*! the first two rates
correspond to the free evolution of the X-particles as D-chains, the next two to the
evolution of the Y-particles as D-chains and the last two to the pushing mechanism
(obviously, blocking corresponds to the 0 rate).

Lemma 3.1. Then, q]"""!

wnntl and t > 0:

solves the (backwards) differential equation, for (x,y), («',y’) €

LA (@), () = (VG (), @)

Proof. For (z,y) € W”’”“, the claim follows immediately from (3.2), (3.3), (3.4), (3.5)
and the multilinearity of the determinant. We will hence, now concentrate on the case of
(z,y) € OW™n+1 We will only consider the case 1 = y; = z, as all others are completely
analogous. Moreover, in order to ease notation and make the gist of the simple argument
clear we will further restrict our attention to the rows containing x1,y; and in fact it is
easy to see that it suffices to consider the 2 x 2 matrix given by, with z’, 4y’ € I fixed,

() oo
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By taking the ;-differential of the determinant, we easily see from the differential
equations (3.2), (3 3) (3.4), (3.5) that we get,

d o (At(x,x’) Bt(x,y’)> _

dt Ci(z,2') Dy(z,y)

o (MEEL B e (S B
ot foor (MEC T B ) e (B B
cat i () 0T e (G0 o)
e oo (00 o0 ) o (S o)

On the other hand, what we would like to have, according to the rates of ®™"*!, is the

following,
A(z,2") Be(z,y')
Ci(z,2") Dy (w y)
[ ot (At(x 1,2') Bt(a:—l,y’)) _ det (At(m,x’) Bt(x,y’)>}
Ce( D¢(z,y") Ci(z,2") Dy(w,y")
/—\t (x,2") Bi(z,y") B Az, 2’)
wlz+1) {det ( (x+1,2") Dy(z+1,y) det )
Ai(r —1,2") By(z—1,9)\ Ai(z,2")  Bi(z,y')
M) [det (cxx— Lo) Die—1y)) " \Glee) D))
We are thus, required to show that,
Ai(z+1,2") Bz + l,y’)> (At(:v,:c’) Bt(x,y’)>
det = det , 3.6
¢ ( Ci(w,a’)  Di(a,y) “ @) Dulzy) 50

which corresponds to x; being blocked when z; = y; and x; tries to jump to the right
(see the configuration in Figure 9) and also,

As(z, 2') Bi(z,y") \ _ Ai(z —1,2") Bz —1,y)
det (ct@c ~12) De-1y)) " \Ca-1e) Da-1y)) ©7
which corresponds to z; being pushed to the left when x; = y; and y; jumps to the left
(see the configuration in Figure 8). Observe that, this latter equality in display (3.7) is
the same as the one above in display (3.6), after replacing x with « — 1. Both of these
equalities follow from simple row and column operations. First recall,
At(m7$/) = pt(xvxl) = _v Pt 1L, z’]( )7
Bi(x,y') = #(y") (PApy(x) — 1),
Ce(y, ") =7 (y)Vy Var Pl (y),
T R
Di(y,y') = MWy v Py (y) = Dy, ).
0
In order to obtain (3.6) and hence (3.7) as well, we work on the RHS and we multiply the
second row by —7(x) and add it to the first row to obtain,
At(xvx/) - ’f('((E)Ct(iC,CC/) = _vx/Pt [, t’]( ) - v:v’-Pt:I-[l,ac’](x + ]-) + vm/-Pt:I-[l,ac’](x)
:_v 'Pt la:’]( 1):At($+17$/),

and similarly for the second column, which then gives us the LHS of (3.6). O
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We now add a cemetery state t to the state space and to (the transition matrix)

q?’"“, to make it an honest (i.e. stochastic) transition matrix, denoted by d?’"“. This

corresponds to the process with infinite lifetime, that instead of being killed, gets
absorbed at f and stays there forever. Observe that, { = {(z,y) : y ¢ W"(I)} and so
a7t and D" *1 are given by,

G (zw0) = g (z,w), for z,w #£ 1,

a; " w) = 6w,

G ) = 1= a2 w)

w

and,

D™ (z,w) = D" (2, w), for z,w #£ 1,
DL w) =0, w # 1,
™" +(2, 1) = rate of transition: y € W"(I) — ¢ ¢ W"(I), for z = (x,y)

n—1
=k = ST g+ 1= ye) [M) + Al + D]+ 1 = DA
=1

Then, from our previous considerations we get:

Proposition 3.2. For fixed z,w € W™"t!1 U { we have fort > 0,

d . = -
%q?mﬁ-l(’z’w) — (Dn,n-i—lq;lﬂb-i-l)(z,w). (3.8)
Moreover, ;""" = Id and also fort > 0,§"""" is positive.

We proceed to prove uniqueness of solutions:
Proposition 3.3. The solution to the backwards equation (3.8) is unique.

Proof. Following [10] we write ™" = —diag(®""+!) + ®""+! where we denote
diag(D""1)(z,w) = =" (z,w)1,, and D"+ (z,w) = D" (2 w) if z # w and 0
otherwise. We define the following recursion { (P*)(t);t > 0) of operators (matri-
ces) by, fort > 0,

}kZI’

p(0) (t) _ e—diag(@"“"”rl )t7

t -
P(k) (t) _ / 6fdiag(’D"’"+1)s@n,nJrer(kfl)(t B s)ds
0

and also let (’ﬁ(t); t > O) be given by, fort > 0,
~ o0
P(t) =Y PP ).
k=0

Then (see Theorem 4.1, Corollary 4.2 of [10]), (75(t); > 0) is the minimal solution of the

backwards equation, 4 5(t) = D t18(t) for t > 0 and S(0) = Id and if it is stochastic

then, it is the unique one. So, in such a case it must necessarily coincide with d?’"“.
By Proposition 4.3 of [10], in order to show that the minimal solution is indeed stochas-

tic it suffices to prove that for w € W™"*!, we have P,, ((X(t),Y (¢))¢ w + [-N, N]>"*1) —

0as N — oo, for fixed t > 0.
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Note that,
P, (X(t),Y(t) ¢ w+ [-N,N>"™) < 2(n+ 1) max{Py,, (Xn+1(t) > 2pi1 + N),
]Pw (Xl(t) < xr1 — N)}

So it suffices to show that the probabilities on the right hand side goto 0 as N — oo
and since both cases are completely similar, we will show that,

P (Xn41(t) > Tnt1 + N)

vanishes as N — oo. This is intuitively obvious, since away from (Y,,(¢);¢ > 0), the top
particle (X,,11(¢);t > 0) follows the non-explosive D-chain dynamics and so the only way
for it to explode is if Y,, drives it to 400, which does not happen (since Y, is itself an
autonomous non-exploding D-chain ). More formally, we have (the notation is made
precise below),

P(Xp41(t)>2p +N)<E [IP (D(t) > Zpp1 4+ N|D(0) = supD(s) V anﬂ

s<t

where D is a realization of a D-chain and the outer expectation is taken over this. Also
note that,

M = supD(s) < oo, a.s.
s<t

and conditioned on the realization of D, the chain D is defined as follows: it moves as a
D-chain except that, jumps below M are suppressed, namely its rates (A, i) are given by,

X(M) = M(M), i(M) = 0 and Mk) = A(k), (k) = u(k), for k > M + 1.

This is again, non-explosive and hence,

P (D(t) > Zpi1 4+ N|D(0) = supD(s) V xn+1> — 0, as N — oo.

s<t

The result now, follows from the dominated convergence theorem. O

Finally, after a Doob’s h-transform, by a strictly positive eigenfunction § of (Pt”; t>0),
the rates for the two-level Markov process, evolving according to (Qf’”“’h;t > O) are

given by,
Mz ¥i=z;+1andi€ Igc’l'gl’Jr(x,y)
w(x;) x; fxlflandzelnwrl (z,v)
X(y1osyn) Yi=wi+landi+1e I (z,y)
Ai(yi,-- syn) Y=y — landi€ Il (a,y)
n, 1 \i
Dh/n—i_ ((.’L‘,y),(.’]ﬁl,y/)) = )‘h(yh"' 7yn) (xH—layl) (J)—Fl,l‘), ;

(#i11:9:) = (€ + 2,2 +1)
["’%(ylv : ayn) (xlvyl) ( )a (SC;,Z/;) = (.’E - 171' - ]-)
(',

+1,
S&Z) " ! ) (.T,y)
0 otherwise
where for1 <i <n,
N h(yla"'7yi—1ayi+]~ayi+17"’7yn)A
b Y, "y Yn) = )\yv
b( 7’) h(yh ayn) ( 1’)
i by, - ¥i-1,% — L Yiv1, 1 YUn) .
g (Y1, s yn) = fi(yi
b( ’ Tl) b(ylvayﬂ) ( Z)
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and S?m”;;rl’h is given by,

Syt == Y Mz = Y ()

€l (@) €l (@)

—Z[ (Y1, s Yn) + Ay (y1, - y)}

Remark 3.4. We list here the rates for the push-block dynamics in W™", described
informally in the second paragraph of this subsection. With the analogous (with mi-
nor modifications due to the positions of the < and < signs, see also Figures 10-13)
definitions for W™, Wnn, I (2 4) and I""~ (z,y) we have,

adm adm

) ai=x;+1andie ') (2,y)
plx;)) 2=z —1landie I} (z,y)
AMyi) yi=y;+1landie I’ (z,y)
0 () () = { M) Y=L end i L ) ,
)‘(yi) (xi7yi):($7x)7( i,yi)—(l‘-l-l,ib—‘rl)
w(yi)  (Tim,u:) = (@ — Lz), (251, 9) = (x — 2,2 — 1)
S (@ y) = (5,)
0 otherwise

where SE;”;) is given by,

n

Sam == 2 A= ) )= D M) + pw)]

iGI;Lé::Jr(:v,y) iGI;Lé::L’f(x,y) 1=1

Again observe that, there is a non-zero rate (x,y) € W™" — (a/,y') ¢ W™", which
corresponds to killing the chain; this of course coincides with the rate of y € W"(I) —
y’ ¢ W™(I), which is only non-zero for y € 9W™(I) and is given by,

n—1

ko) = Z L(yi +1=wiv1) [Awi) + plyi +1)].
i=1

The scheme of proof for the fact that q;"" describes the dynamics above is exactly the
same as the one followed for W™n+1,

Remark 3.5. Note that q;"""* is the transition kernel of the push-block dynamics in
W12 starting from any initial distribution v(z,y), that is supported in W™"2. One
should compare with the “multilevel transition operator” for central or Gibbs mea-
sures denoted here by 2;, considered in Theorem 3.12 of [8] and later used in [15]
Proposition 5.3 and [16] section 5.3, that forms a semigroup when restricted to such
measures. For the two-level dynamics these correspond to a measure on W":"2 of the
form my,, (z )AZ’fln2 (x,y), where m,,, is a measure on W"2 and AZTnQ (z,y) is a normalized
(Markov) intertwining kernel from section 2.3. It is of course clear that, q?l m2,hn 1 and
2A; coincide on such measures. Currently, we have no explicit analogue of the transition
kernel for at least 3 levels starting from any initial condition.

3.2 Multilevel process construction

Let the state space I, be fixed. Suppose that, we are given a sequence of positive
integers, n(1) < n(2) <--- < n(N) <---, so that n(k) —n(k — 1) < 1. Moreover, we have
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the following (off-diagonal) jump rates (their purpose is explained below),

rf Wt S Ry W 5 Ry, for 1< j <n(1),
Nl =Ry, p': T — Ry, fori>2.

For, k > 1, the k' level will consist of n(k) (ordered) particles, i.e. will be taking values
in W"¥). We assume that, the rates for the first level, (r;",r;), with 1 < j < n(1), which
correspond to increasing or decreasing the j**-coordinate by 1 respectively (equiva-
lently the j*-particle jumping to the right or to the left), give rise to non-explosive
dynamics in W"(). In the setting studied in this work, these are given by a condition-
ing, using a Doob’s h-transformation, of n(1) independent birth and death chains (see
discussion after proof of Proposition 3.3 above for example). Furthermore, assume that
the rates ()\i, /Li)izg give rise to non-explosive (one-dimensional) birth and death chains
in I.

Our goal is to construct, for each N > 1, a multilevel interlaced Markov process
(X(t), -+, XN (t);t > 0) with generator D .. y, such that foreach k > 1, (X**1(t);¢ > 0)
consists of n(k + 1) independent birth and death chains, each moving with rates
(AFF1 k1), pushed and blocked, when at the boundary of W"(*):n(*+1) by the (par-
ticles of the) process (X k(t);t > 0), as in our two-level couplings from the previous
subsection. We do this by induction. For the first level define,

=z;+1,1<i<n(1)
zl=axl—1,1<i<n(1)
S I @) (@)] 2t =2 '

1
Z
1
i

0 otherwise
Suppose that we have constructed a process (X*(¢),--- , XV ~(t);¢t > 0), with rates of a
transition (2!, ,2N71) = (2!,---,2N~1) given by,
Ql, ,N—1 (($17 7'rN_1) 7(217 7ZN_1))

where, for i > 1, 2 and z't!, z* and 2!, interlace. We proceed to define the rates
D;,... N giving rise to (X'(¢),---, XN (t);¢t > 0). First, suppose that n(N) = n(N — 1) + 1.

Then we let the jump rates (z*, -+, 2) — (2',---,2V),

be given by,

AN (2] N=aN+1,ie Igéﬁ)_l’n(N)’+(xN,xN_l)
N (@) V=l =1 i e 1) T T (N 2N

D1 N ((3017 o 7xN—1) 7 (217 o 721\7—1)) 2N = 2N and (2, 2N 1) € WoN)=La(N)
xi\j_l)mi\f*1> = <$+ 1733)7
zﬁl,zN_l) =(x+2,2z+1)

(z, 2™ 1 N 1 N
Sl,u-,N x,...vx ):(Z,"',Z )
0 otherwise
EJP 23 (2018), paper 106. http://www.imstat.org/ejp/
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(b, 2™ . .
where S}" is given by,

1 N
SN = > A (al) - > N (@)
iEIZE;XL)fl’n(N)’Jr(IN,UCN’l) ielg(dljn)*lxn(f\’%*(IN’INfl)
D SRy (NP WENEE
21, ZN-1

)

Similarly, if n(N) = n(N — 1) we then define @i ... y ((z,--,2"), (2%, -+ ,2")) as
follows,

AN (2] N=aN+1ie I;Elz)’n(N)’Jr(xN,xN_l)
i () N=al 1 ie 1" @ eV
D1, N1 ((xl, e ,fol) , (zl, e ,zN’l)) N = 2N and (zV, 2V-1) € wn)n(N)
D1,... N-1 ((acl, ,xN_l) , (zl, 2N 1)) (mlN,:L‘Nfl) = (z,),

(3
zﬁl,z-jv_l):(x—i—l,x—kl) ,

( i
D1,.. N1 ((xl, e ,fol) , (zl, e ,zN’l)) (xifl,mf.v_l) =(z—-1,2),
(zY0,2 ) = (@ -2,2-1)
it (@ a¥) = (e 3)
0 otherwise

~ 1 N
where S|” " ’ is given by,

~ (1 N
Sy =— > AR > N (@)
e o g e o o
- Z @1’4..1]\7,1 ((xlv"' 71'N71)7(217"' 7ZN71))'
21,0 ZN-1

Observe that, by construction for any 1 < k < N, the process consisting of the
first k levels, (X'(t), -+, X¥(t);¢t > 0) is autonomous, governed by the transition rates
D;,... x. Moreover, given the trajectories of (X*(¢);¢ > 0), the very next (k + 1)* level
(X*1(t);¢t > 0), simply moves according to the corresponding push-block dynamics in
either Wn(k):n(k)+1 op pyn(k)n(k)

The fact that, the process with transition matrix ©; ... x just defined, is well-posed
can be seen inductively as follows. Assume that (X*(¢),---, XV ~1(¢);¢ > 0) is almost
surely non-explosive. Then by definition, adding level-N, (X™(t);¢ > 0) means introduc-
ing n(N) further independent birth and death chains (particles) each moving according
to the non-explosive jump rates (A", ;) that only interact with (XV='(¢);¢ > 0) via
the pushing and blocking mechanism. Hence, this new enlarged process is seen to be
non-explosive by the exact same argument used at the end of the preceding subsec-
tion.

3.3 Consistent dynamics for multilevel processes

We will discuss consistency relations under which if the multilevel process, whose
construction we have just described, is started according to certain Gibbs or central
initial conditions, then each level evolves as a Markov process and the fixed time 7" > 0
distribution of the whole process retains the explicit Gibbs structure. We restrict our
attention to multilevel processes taking values in triangular arrays known as Gelfand-
Tsetlin patterns. The consistency relations and Propositions 3.6 and 3.8 below have
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Figure 14: An example of a Gelfand-Tsetlin pattern of depth 4 for I = Z, with ! = 0,22 =
(0,2),2% = (~1,1,3),2* = (~1,1,2,5).

analogues, with rather obvious modifications, to arbitrary multilevel interlaced processes,
so that the number of particles from one level to the next increases by at most 1. We do
not spell this out, since the already heavy notation becomes quite cumbersome.

Before we continue, we note that none of the results of this subsection are essentially
new. In recent years Borodin and collaborators have many variations of constructions
of multilevel processes (see Remark 3.9). In particular Propositions 3.6 and 3.8 follow
as corollaries, after setting things up carefully, of the results found in Section 8 of [10]
(see also Section 9 therein). The reader familiar with those constructions can safely skip
to the statements of the propositions (or skip the current subsection altogether). The
reason we decided to include this rather detailed section, other than for completeness of
the paper and sake of exposition, is because our method of proof is different; in particular
the explicit form of the transition kernel of the two-level dynamics (cf. Remark 3.5) does
not appear in any of those works (and is special to our setting).

We first consider the Gelfand-Tsetlin patterns of type-A, with N levels. These are
defined as follows,

GT(N)={ (2", ,2") 12’ e W (a"), for 1 <i < N —1}. (3.9)

See Figure 14 for an example.

Suppose we have, for 1 < k < N, rates (\*(-), u*(-)) governing modulo interactions
the k independent birth and death chains of the k*" level. Denote by, p (-, -) the transition
density of this chain, also let pF(-,-) be the transition density and 7*(-) the symmetrizing
measure of its Siegmund dual chain (with rates (A\¥(-), i*(-)). Finally, with these rates
as input, construct the process (Xl(t), e XN (@)t > 0) via the procedure detailed in
subsection 3.2 above.

We want to be able to apply Proposition 2.15 (and Theorem 2.14) repeatedly recur-
sively, for k > 2, to each pair (X*~!, X*). Towards this end, suppose X*~! is distributed
as a Markov process in W*~!, evolving according to the Doob’s h-transformed Karlin-
McGregor semigroup, by the strictly positive eigenfunction h;_, with eigenvalue e*-1¢,
having transition density,

k—1

hi_ . _ )
e Ch—1t k 1(y17 » Yk 1) det (ﬁf (-’L‘hyj))i’j:l )

hi—1(z1,- -, xp—1

Moreover, define for k£ > 2 the following strictly positive function on Wk,

k1
Hyo(oyom) =y [ @)y, ). (3.10)
yEW =1k (z) i=1
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Then, the basic consistency relation at the level of transition densities, which guarantees
that the two descriptions of X* as the non-autonomous component of the coupling
(X*~!, X*) and the autonomous component of the coupling (X*, X**1) match, becomes
fork > 2,

et Hi—1 (Y1, 5 yx) K k et P (Y1, k) N k

e Ck-1t L det xi,yi)), . =e ektEI VIR et (pF (w, i)
Hy1 (21, ap) (pt ( yj))mzl (a1, ) (pt ( yJ))wzl
(3.11)

For k = 1 we put by definition Hy = 1 and so,

—etha(y)
Uiz,y) = et 2252 (2, ). (3.12)
Pt (7,9) hl(m)pt (z,9)

Let (P*(¢);t > 0), denote the Markov semigroup that these densities give rise to and
also define the Markov kernel,

k=1 .
1) 7% (v e (1, - k1)
kal(wla e axk>

Loy () = 1(ye WH k().

Then, we have the following proposition.

Proposition 3.6. Let (X'(t), -, X" (t);t > 0) be the Markov process with transition
matrix ®1 ... y, built from the non-explosive rates (\'(-), 1'(-))1<i<n. Suppose the con-
sistency relations (3.10) and (3.11) hold for 1 <k < N — 1. Let (B*(¢);t > 0) and £}_,
denote the semigroups and Markov kernels defined above and let 9" (-) be a probability
measure on WY . Finally, suppose that, (X'(t), -+, X" (t);t > 0) is initialized according
to the Gibbs measure with density in GT(N),

MY (V) eN_y (N, 2N 2F (27,2t (3.13)

Then, (X*(t);t > 0) for1 < k < N is distributed as a Markov process evolving according
to (B*(t);¢ > 0) and moreover; for fixed T > 0, the law of (X*(T),--- ,X™(T)) is given
by the evolved Gibbs measure, with density in GT(N),

(D] )R (Vo) g (). @19

Proof. The proof is by induction. For N = 2, this is Proposition 2.15 (see Theorem
2.14 as well). Assume the result is true for N — 1. Then, (XN_l(t);t > 0) is a Markov
process with semigroup (‘BN L)t > 0). Moreover, from the consistency relation (3.11)
for k = N — 1, the joint dynamics of (X" ~!(¢), X"V (¢);¢ > 0) are those considered in
Proposition 2.15 and thus, we obtain that (X% (¢);¢ > 0) is distributed as a Markov
process with semigroup (B (¢);¢ > 0). Furthermore, for fixed 7' > 0, the conditional law
of XN=H(T) given X (T) is £8_, (X™(T),-). Hence, since the distribution of X*V(T') has
density [MYVPN(T)] (-), we get by the induction hypothesis, that the fixed time T > 0,
distribution of (X!(T),--- , X" (T)) is given by (3.14). O

Remark 3.7. If there exist (positive) functions {fx(-)}2_, such that, for 2 < k < N,

k
hi (@1, xx) = ka(im)Hkq(xl, L, Tk)
i=1

and moreover functions {G (T, )}, so that,

(NN (T)] (21, an) = Hy—1(21,- -, xn) det (G4(T, 25))

ij=1
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(2,2) CE)
® o
m(l 2) xél 2)
° °
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.:c§ )
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1

Figure 15: An example of a symplectic Gelfand-Tsetlin pattern of depth 2 (note that it
has 4 levels), for I = IN, with (%Y = 0,21 = 1,212 = (0,2), 222 = (0,2).

then (3.14) simplifies to:

N k

(1 (et ) T (o)

k=21=1

det (Gi (T,x 1 (;z:k c Wk,k+1(xk+1)) '

n,":12
T

’le

Hence, since the interlacing constraints can be written as a determinant, for some
function g(-,-) of two variables, see section 7 for the details, the display above becomes,

_ N k
1_] Yy (xl)kUng Hdet (F, §+1))jji1.

These types of measures, by the celebrated Eynard-Mehta Theorem (see [14]), give rise
to determinantal point processes with an extended correlation kernel K, which can in
principle be computed.

In order to obtain this explicitly however, one has to invert a certain matrix or do
some kind of bi-orthogonalization which is usually a very daunting task. For a particular,
but still quite general, solution of the consistency relations, in the setting of a symplectic
Gelfand-Tsetlin pattern, see the discussion after Proposition 3.8 below, we are able to
perform such a computation in Section 10 later on. In fact these computations carry over
to a large class of consistent probability measures, that include the ones corresponding
to the dynamics considered in this section as special cases, the reader is referred to
sections 8 to 10 for these developments.

det (Gi (T, T;

1,7

||:j2

We shall now consider coherent dynamics in symplectic Gelfand-Tsetlin patterns of
depth N defined by,

GT4(N) = { ((m(o,1),m(1,1) o 7gc(z\/—l,N)) p(=10) ¢ Wi,z'(x(i,i))7$(i,1i) c Wi,i—&-l(l,(i,i—i-l))}’
(3.15)

with the notation convention of using two superscript indices to indicate the number
of particles at both the preceding and current levels. See Figure 15 for a simple
example.

Suppose that, for each level of GTs(N) we are given (non-explosive) birth and
death rates (A(®%) (), u®%)(.)) and (AFF+D (), uFk+1)(.)) and from these we construct a
Markov process (X OV (¢), XD (¢) ... | X(N=LN)(¢):¢ > 0), using the recipe detailed in
subsection 3.2. In order to proceed and be able to state the basic consistency relations,
we need one more piece of notation. Define the operation - on transition matrices of
birth and death (or bilateral) chains, as the inverse of the * operation, i.e. as the inverse
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of taking the Siegmund dual. More explicitly, for a chain with birth rates b(-) and death
rates d(-) this is given by:

(b(2),d(2)) & (d(2),b(z = 1)), z € I.

Observe that, in case I = IN this is only defined on chains absorbed at —1. Finally,
we shall use the same notations as before, with obvious modifications, for the transi-
tion densities and symmetrizing measures of the chains with rates (A*:*)(.), u(5F)(.)),
(AFEFD () (Bk+1) (1)) and their various transforms.

We would like Proposition 2.15 (see also Theorem 2.14) to be applicable, for 1 < k <
N —1, to each pair (X **), X (*k+1)) and Theorem 2.16 to be applicable, for 1 < k < N—1,
to each pair of the form (X*~1.5) X (k})) respectively.

Towards this end, suppose that X *~1*~1) eyolves according to the h-transformed, by
the strictly positive eigenfunction h;_; ;1 with eigenvalue e**~1.*-1*, Karlin-McGregor
semigroup with transition kernel in W+-1,

k—1

_ he—1ke—1(y1, -, Yk—1) (k—1,k)
e Cr—1,k—1t ) ) ) de t( Ti, Yj )
hi—1p—1(z1, -, Tp—1 (@i, 5) i,j=1

and moreover, define for k > 2 the following strictly positive function on W¥,

Hyoy g1 (21, ap) = Z HW B8 (i) k1 k1 (v, -+ yk—1)- (3.16)
yeEWk=1k () i=1
We also define, Hyo = 1. Similarly, suppose that X (k=1k) evolves according to the
following h-transformed, by the strictly positive eigenfunction h;_; , with eigenvalue
ec*—1kt Karlin-McGregor semigroup with transition kernel in W¥,

~ P16 (Y1, Yi) (k) F
e Ch1kt d L de t( Tiys Y )
hi—1x(z1,- -+, zk) (3, 5) i,j=1

and also, define for k& > 1 the following strictly positive function on W¥,
Hyovpe (o, o) = ) HW Y-k (v, 5 y)- (3.17)
yeWk.k(z)i=1

Then, the basic consistency relations at the level of transition densities, which ensure
that the descriptions of the levels X(*~1%) and X(*:%) in two consecutive two-level
couplings match, become,

G*Ck—l,k—ltHkil’kil(y17... S Yk) do t( (k—1,k) (2 y))k _
) ) =1

Hy oy p—1(x1,- -, xp
— e~ Ch—1kt hk—lyk(yla s 7yk) det ( - (k,k) (QZ y))k
- 19
hi—1 (1, o) P ig=1"
(3.18)
e_Ckithkal,k(yh'" , Yk) do t( (k) (20,15 )>k
Hy—y o (z1,-- ,2p) V) =1
_ P (Y1, yk) ~(k,k+1) F
= e R W RN VIR et (p ’ Ti, Y ) .
hi (1, -+ xk) K (:93) i,j=1
(3.19)
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Let, (PE—LH(¢);¢ > 0) and (P**#)(¢);t > 0) denote the corresponding semigroups
these transition densities give rise to and finally define the Markov kernels,

Rl a(E=10) (), (y1,- - )
o(k—1,k) z,y) = Hz_l k—1,k—1\Y1, y Yk—1 1(y e Wr1k(y 7
( y) kal,kfl(xla"' 79Ck) (y ( ))
10, 7™ 9 (y) gy g (s -

2R (g 4) = :Ye) 1(y e Whr(a)).

Hk—l,k}(x17 e 7xk)
Then, with similar considerations as in Proposition 3.6 above, by inductively applying
Proposition 2.15 and Theorem 2.16 interchangeably we obtain:
Proposition 3.8. Let (XOU(t), XAV (¢)... XWN-LN)(¢):¢ >0) be the multilevel
Markov process in GTs(N) built from the set of (non-explosive) rates (\*:%)(.), u(k:F)(.))
and (\FF+1 (), u(RE+1) (1)), Suppose that, for all k the consistency relations (3.18) and
(3.19) hold. Let M(N—=1N) (.) be a probability measure on W . Suppose that, the process
(XOD ), XD ()., XN=LN)(#):¢ > 0) is initialized according to the Gibbs measure
with density in GTg(N),

m(zvq,zv)(x(zvq,zv)m%_l (x(Nfl,N)7x(N7LN71)) g2 (z(m), a1, 1)) ¢! ( )’x(o,n) _

(3.20)
Then, for each k the projections (X (*:*)(¢); 2 0) and (X &*+1(¢);t > 0) are distributed
as Markov processes, with semigroups ( kR)(t);t > 0) and (‘B (kk+1)(2);¢ > 0) respec-

tively. Moreover, for fixed times T > 0, the law of (X X (1), XED(T) ... XIN=LN)(T))
has density in GTs(N) given by,

[m(N—l,N)&B(N—l,N) (T)} (x(N—l,N))Qxil (m(N—l,N)7x(N—1,N—1)) %
xsf( (12) 401, 1>) ¢! ( SRIICE 1>) (3.21)

The most natural solution (this fact is readily checked) to the consistency relations
(3.18) and (3.19) in a symplectic Gelfand-Tsetlin pattern, for I = NN, is given by, with
(A(+), u(+)) being the rates of a reflecting at the origin (non-exploding) birth and death
chain,

(AR, uBED () = (A, ()., for k> 0, (3.22)

(A(’“’k)(-),u(’“’k)()) - (5\(~),/1(-)>  fork > 1. (3.23)

As already stated several times, this particular construction and its intimate relation to
orthogonal polynomials will be studied in detail in later sections.

Remark 3.9. As already mentioned, a related approach for constructing continuous-time
consistent multivariate/multilevel dynamics on countable spaces, which partly inspired
our exposition, can be found in Section 8 of [10]. This takes as input the following: a

sequence E1,--- , Ey of countable sets, @1, - -+, Qn (regular) matrices of transition rates
on these sets (equivalently (P (t);t > 0),---,(Pn(t);t > 0) the Markovian semigroups
corresponding to them) and Markov kernels A%, - - - ,A%fl:

Af B x Broy = [0,1], > A y(zy)=1Yv € B, k=2,--- ,N.

yeEL 1

Finally, it is assumed that the intertwining/coherency relations between the (single level)
semigroups/transition matrices hold, for k =2,--- | NV:

QrAf_1 = Af_1Qk-1,
P.(t)AY =AY P, 1(t), t>0.
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Then, from this data a consistent coupling is provided, with the analogous consequences
of Proposition 3.6 and 3.8 above, see Proposition 8.6 in [10]. In particular, using only
the single level intertwining relations (2.22) and (2.24), which are elementary to obtain
c.f. Remark 2.17, we could have made use of the theory developed in Section 8 of
[10] to construct consistent multilevel dynamics. However, since we already have a
two-level coupling, from which as we tried to stress throughout this work (2.22) and
(2.24) originate after all, and for completeness of this paper, we decided to present and
discuss in detail the multilevel construction in subsections 3.2 and 3.3.

4 Branching graphs and Markov processes on their boundaries

4.1 General setup of branching graphs

We assume that we are given a set of vertices V, decomposed into levels V' = U _; Vi,
where each Vy is countable. We moreover, assume that for each z € Vy; there is at
least one edge but not infinitely many connecting it to a vertex in Vy and for each y € Vi
there is at least one edge connecting it to a vertex in V4. There are no edges between
vertices of non-consecutive levels.

For N > 1 and each z € Viy4; and y € Vi, let mult(z,y) € R, denote the multiplicity
or weight of the edge connecting x and y. If there is no such edge then this is 0. Define
inductively the dimension of x € Vx4 by,

dimy41(z) = Z mult(z, y)dimy (y).

yeVN

Note that, we need to stipulate dim;(-) for vertices at the first level. In all the examples
that we consider, this will always be 1. We can then define the Markov kernel or link
A%H : V11 — Vi (note that this is a generalized map, that maps a point in V1 to a
probability measure on Vy) as follows,

N+1 _ mult(z, y)dimy (y)
AN (x,y) - dimN+1(a:) .

Denoting by M,,(E) the space of probability measures on a measurable space E (M, (E)
is a Banach space with the total variation norm), the kernels {A%“} ~>1 induce the
following projective chain,

Mp(V1) = Mp(Va) =+ - Mp(Vn) -+ .
The projective limit limM,,(Vy), is by definition the convex set consisting of sequences
—

of probability measures {un}3_; that are coherent with respect to the links,

N AN = uy,
or more explicitly, for y € Vy,

pn@W) = > pnia(@) AN ().
rEVN 41

This space is equipped with the projective limit topology. Now, we will call the extreme
points of imM (V) denoted by V, = Ex (hmMP(VN)), the boundary of the branching
“— —

graph (or more generally of the projective chain) with the topology inherited from
limM,, (V). Then, from Theorem 9.2 of [39] we get that if V., # 0, then there exists a
—

natural map,

My (Vo) = limMy, (Viv), 4.1)
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that is an isomorphism of measurable spaces. More precisely, V,, comes along with a
family of (abstract) Markov kernels A%} : V, — Vi, which induce a map M,(Vy) —
limM,,(Vx), which is an isomorphism of measurable spaces. It is a remarkable fact that
+—

in certain concrete situations the (abstract) Markov kernels A% : Vo — Vi can be given
explicitly. Moreover, we will say that a Markov kernel from a locally compact space X to
a locally compact space Y is Feller if the induced contraction that maps C(Y') to C(X) in
fact maps Cy(Y) into Cy(X), the continuous functions vanishing at infinity. We finally
come to the following definition.

We shall say that, V. is the Feller boundary of the branching graph if V, is locally
compact, for all N > 1 the Markov kernels A%H,Aj’\," are Feller and furthermore the map
(4.1) is an isomorphism of measurable spaces.

4.2 Method of intertwiners and semigroups on the boundary

The following theorem is known as the method of intertwiners, first proven by Borodin
and Olshanski in [10]:

Theorem 4.1. Assume that V, is the Feller boundary of the branching graph described
above. Assume that, VN > N, we have Feller semigroups (Py(t);t > 0) on the levels Vy,
that satisfy the following intertwining relations, for allt > 0 and N > N,

Py (AT = AN Py (1),
Then, there exists a unique Feller semigroup (Pu(t);t > 0) on V,, such that,

Furthermore, if uy is the unique invariant probability measure for (Py(t);t > 0) then
there exists a unique probability measure i, on V., that is invariant with respect to
(Poo(t); 2 0).

4.3 Examples of branching graphs

In this subsection, we describe three examples of branching graphs. The first two are
classical and originated from the representation theory of Lie groups. The third one, the
generalized BC-type branching graph, is new and is related to the two-step branching
rules for the multivariate Karlin-McGregor polynomials. We will provide rather complete
information for the Gelfand-Tsetlin graph, since we will mainly focus on it in Section 5.
The same kind of information is available for the BC-type graph, although the notation
gets a bit more cumbersome, while for the generalized BC-type branching graph much
less is known.

The Gelfand-Tsetlin graph The vertices at level N of this branching graph are given
by signatures of length N, i.e. integer sequences k = (K1, - , k) SO that k1 > ko >
.-+ > KkN. Moreover, vertices x at level N and v at level N + 1 are connected if they
interlace in the following way, v1 > k1 > v2 > -+ - > kN > vy, the multiplicity mult(v, )
being equal to 1 in such a case. To transform this into our notation, note that there is a
bijection,

(k1> >kN) = (11 <y2 < - <yYn),
given by,

/%i:niJrN—iandyi:F;N_i.
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B R R R S S S SR R AR

Figure 16: An example of a path of length 4 in the Gelfand-Tsetlin graph, given by a
Gelfand-Tsetlin pattern of depth 4. Here the path in terms of signatures x! — k2 — k> —
k*is given by k! = 1,k% = (3,1), % = (4,2, 1), xk* = (5,3, 1, —2), which transformed into
our notation gives, 2! = 1,22 = (1,4),2% = (-1,3,6),2* = (-2,2,5,8).

Observe that, under this bijection if,

v=>-->uvnyp1)—r=(r1 <z < <TN41),

k=(k12-2kNn)my=W <y2<---<yn),

then, vy > k1 > 1 > -+ > Ky > vy if and only if y € WN-N+1(z). Hence, observe
that a path of length NV is given by a Gelfand-Tsetlin pattern (of type-A) of depth N. See
Figure 16 for an example.

The Gelfand-Tsetlin graph has a representation theoretic origin, vertices at level
N parametrize the irreducible characters of U(N), the N-dimensional unitary group.
The edges correspond to how an irreducible representation of U(N) when restricted to
U(N — 1) splits into irreducibles (since when restricted it becomes reducible).

It is a remarkable Theorem, originally due to Edrei [22] (in an equivalent form) and
Voiculescu [48] (see also [47], [37], [9]) that the boundary of the Gelfand-Tsetlin graph
can be described explicitly. In order to do this, we need some more definitions.

Let RS denote the product of countably many copies of R, and also write ]RflirOO+2 =
R x R x RS x R x Ry X Ry, equipped with the product topology. Then, consider
0 C RY™*? the set of sextuples,

w=(at,Bta7,8756%,67),
so that,
af =(ay >ay >+ >0) € RY and * = (B > 5 >--- > 0) € RT,

oo

D (ef +8F) <o and Bf + 7 <1

i=1
Note that, 2 is locally compact under the induced topology. Then set,

o0

vE=6F =D (of +5)

i=1

and observe that 4= > 0 and define for u € C* and w € Q the function ® (w;u) given by,

(e
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As its poles do not accumulate to 1, the function ® (w;w) is holomorphic in a neighbour-
hood of the unit circle T = {u € C: |u| = 1}. For n € Z, we denote its Laurent coefficient
by,

1 du
0u() = 5 § P (i)
and for a signature v = (vq,--- ,vy) of length NV define,

N
¢V(w) = det (¢Vi7i+j (w))i)jzl
and the Markov kernels A% : 2 — Vi by,
A?\?(w’ll) = dImN(l/)QbV((U) aVN Z 1,(,0 S Q,U = (Vla' o 7VN)7

where dimy(v) = J],<;c;<n %fl]_z is the dimension of a level-N signature v =
(V1,7 vN).

Then, € is the Feller boundary of the Gelfand-Tsetlin graph with link from 2 to level
N given by A (for the Feller property in particular, see Corollary 2.11 of [9]).

BC-type branching graph This graph has a representation theoretic origin as well.
For certain values of its multiplicities it describes the branching of the irreducible
characters of the Lie groups {SO(2N + 1)} n>1, {SP(2N)}n>1 and {O(2N)} n>1. Vertices
at level N are now given by positive signatures of length N, namely x = (k; > -+ >
kN > 0) with two vertices k = (k1 > - > ky > 0)and v = (v > --- > vy41 > 0) being
connected by an edge and we write k <pc v, if and only if there exists an “intermediate”
signature p = (p; > --- > py > 0) such that,

pL>kL 22> py > kyvand vy > pp > -0 > py > UNgd,

or equivalently in our notation, under the transformation described previously in the
context of the Gelfand-Tsetlin graph x — ¥y, p — z and v — z,

y € WNN(2) and z € WNNFL ().

The multiplicities are now given in terms of certain coefficients associated to the multi-
variate 6 = 1 Jacobi polynomials, so they depend on two real parameters a, b; see Section
3 of [17] for more details. It is a theorem, originally of Okounkov and Olshanski [38], but
also see Section 3 of [17] for a nice exposition and a proof of the Feller property, that
the boundary of the BC-type branching graph can be parametrized by the space (gc
(which does not depend on a, b) being the closed subspace of Ri‘”“ consisting of points
wpe = (aBC, BBC, 6BC) such that,

AP =(afC>a5> 20 eRY, =128 >p> - >0)eRY

and Z(a?c + BPC) < 6BC.

i=1

Alternating construction and generalized BC-type branching graph This corre-
sponds to the construction of a general random growth process with a wall in later
sections, which we call the alternating construction. The graph consists of the vertices
and edges of the BC-type branching graph described above, but with more general multi-
plicities (in particular the BC-type graph is a special case). Of course, these multiplicities
are not arbitrary but arise from the consistent dynamics between Karlin-McGregor
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semigroups namely (2.17) and (2.18), or from the branching rules for multivariate Karlin-
McGregor polynomials. These polynomials arise as follows: to any family {Q;};>1 of
orthogonal polynomials in [0, c0) we can associate a multivariate determinantal version,
indexed by v € W¥, by det (Q,, (xj))ﬁszl / det (ngl)j\g_zl. Then using the branching rules
for these polynomials, see Section 7 (also the Appéndix) one can obtain the following
general multiplicities. In the notation of this paper, if we define the following (positive)
weight functions by,

,zz
3
S5

&
Il
N

(z,9) € WN’N(]N) , Wy N (2,Y) =

Il
—=
>

5

©
Il
-

(‘TVZ) S WN’NJrl(IN) ) wN,N+1(I72)
then, the multiplicities are given by,

mult(z,y) = Z wn N (2, Y)wn N+1(, 2).
zyeWN:N(2),ze WN N+1(g)

Moreover, observe that for z € WN*1, its dimension in the branching graph is given by
the harmonic function from (2.19),

dimN+1 (.CL‘) = hN,N+1 (x) = (AN,N+1AN,N . 'Al,l 1)(11})

Under a certain positive definiteness assumption, which admittedly can be non-trivial to
check (see Appendix), our results from sections 8 and 9 partially describe the boundary
of these graphs. More precisely, we first introduce a large class of coherent measures
for this graph in Section 8. Combining Lemma 8.3 (see also subsection 9.2) and the
results of subsection 11.3 in the Appendix (under this positive definiteness assumption,
see Remark 11.4) we show that these coherent sequences are actually extremal.

Remark 4.2. The projective chains associated to all these graphs can also be recast
in terms of branching coefficients of certain families of (symmetric) functions (see
Appendix).

5 Examples of consistent dynamics

Before giving any examples we first record some useful facts and fix notation.
Throughout this section we will denote the Vandermonde determinant by,

Ap(z) = H (xj —x;), © € WH(I).

1<i<j<n

We will consider a difference operator L that is the generator of a birth and death chain
or a bilateral birth and death chain with quadratic rates, i.e. so that with z € I,

L = (ax® + bz + ¢)V + (az® + bz + ¢)V.
We assume throughout that, a, b, ¢, b, ¢ are such that the rates are positive namely,
Az) = (az® + br +¢) > 0and p(x) = (ax? +bxr+¢) >0, Vo eI

and that conditions (2.1), (2.2) or (2.3), (2.4), (2.5) and (2.6) respectively are always
satisfied for all chains considered in this subsection. Finally, observe that we need the
leading coefficient a to be the same for both rates.
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Now, with all these requirements in place a direct computation (see e.g. [21] Proposi-
tion 6.2.1) gives that,

Y Lo An(e) = @W +(b— b)"(”2_1)>An(x), zeWn(I),
i=1
where each L., is a copy of the difference operator L acting in the x; variable. So that,
we can h-transform n independent copies of L-chains by A,, to stay in W™ (I).
Define the following operator from functions on W (I) to functions on W"*1(I), these
when viewed as Markov kernels from W"*1(I) to W"(I) are the links that appear in the
Gelfand-Tsetlin graph by,

(D@ = 5 Y Aw)). 2 e W)

n+1 (13) yEWn.n+1(z)

Then, we have the following lemma.

Lemma 5.1. Forn > 1, the kernels £/, ., are Feller.

Proof. In order to prove this, it suffices to apply the kernel £/¢, ., to a delta function 4,
and show that (£¥"% ., §,)(z) vanishes as z — cc. This can be readily checked, see e.g.

Proposition 3.3 of [10] for the details. O

Now, suppose that we are given as above the following birth and death (reflecting at
the origin, ©(0) = 0) or bilateral (I = Z) chain with generator D = L so that,

axr® +br +c y=z+1
D(z,y) =< —(ax® +br+c) — (ax® +br+¢) y==x
ax® +bx +¢ y=x—1

Then, a simple computation gives us that the A-transform of the chain with generator
D by the strictly positive function #~! (which is an eigenfunction with eigenvalue b — b)
is the (reflecting) birth and death (or bilateral birth and death chain) with generator D
with rates,

a(z+1)2+bxz+1)+c y=x+1
D(z,y) = —(a(z+1)2+bz+1)+c)— (ax® +br+¢) y==x
az® +bx +¢ y=x—1

Moreover, we define (PnA L)t > 0) to be the Karlin-McGregor semigroup of n + 1

copies of D-chains h-transformed by A, 4, and similarly (P,LA" (t);t > 0) to be the Karlin-

McGregor semigroup of n copies of D-chains h-transformed by A,,. Then as expected
these possess the Feller property.

Lemma 5.2. The semigroups (PnAj’fl (t);t > 0) and (PnAn (t);t > O) are Feller for any n.

Proof. This, again easily follows by applying these semigroups to J, and making use of
the fact that the one dimensional transition densities in the Karlin-McGregor semigroups
satisfy p.(zi,y;), Pe(xs, y;) — 0 as x; — oo (or —oo) and that moreover A, (x) > 1. O

Then, Theorem 2.14 and in particular, the intertwining relation (2.22) immediately
gives the following proposition which is the main result of this subsection.

Proposition 5.3. Pfﬁfl(t)sxffnﬂf = gvd  PAn(t)f, forn > 1, f € Co(W"(I)) and
t>0.
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We now, list several interesting applications of this proposition. Fora = b =b =0
and c, ¢ > 0, we obtain the well known intertwining between non-colliding (asymmetric)
continuous time random walks.

For a linear birth and death chain, i.e. with a parameter # > 0 and rates given by,

x40 y=x+1
Do(z,y) =< 22 -0 y==2x ,
T y=z—1
we get that,
r+60+1 y=x+1
Dy(x,y) =4 -22—-0—-1 y=zu
T y=z—1

Observe that Dy = Dy41,the birth rate or equivalently the drift to the right of the
preceding level increased by 1, in particular such a construction cannot be iterated
indefinitely. Moreover, Proposition 5.3 gives the discrete analogue of the intertwining
between n + 1 non-intersecting squared Bessel processes of dimension d abbreviated by
BESQ(d) and n non-intersecting BESQ(d + 2) (see Proposition 3.14 of [2]).

We can also consider the Meixner process, which is the analogue of the Laguerre
diffusion (a BESQ process with a restoring drift towards the origin, for certain choices
of parameters the modulus of Ornstein Uhlenbeck processes, for more details see [2])
with parameters r, 6 > 0,

r(z+6) y=x+1
D%g(z,y) = —7r(z+0)—(r+1)z y==x ,
(r+ 1)z y=x—1
then,
rx+6+1) y=x+1
D@y = -r@+0+) ~(r+z y=u
(r+ Dz y=x—1
Similarly as above, we see that f)ﬁ’fg = 1;43 11, so that the drift to the right has decreased

from the preceding level, or when thinking in terms of the couplings, the birth rate for
the autonomous particles is greater by 1.

As a final example, we consider the bilateral birth and death chain studied by Borodin
and Olshanski in [10], with u,u’,v,v" € C satisfying the assumptions in section 5.1
therein (these ensure well-posedness and non-explosion, moreover note that although
the parameters can be complex, they really correspond to 4 free real parameters ),

(x —u)(z —u) y=x+1
DY) @y =R ~(@ —w)@ - )~ (@ +o)a+v) y=z
(@ +v)(z+0) y=x—-1
so that,
(z+1—u)(z+1-1) y=x+1
D @y) = {~@+1 -0 +1-w) = @+ o) +v) y=a
(x +v)(x+) y=z-—1
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As before note the following fact, 255{53‘?;”, = DEE?L,,LUW,. Then, Proposition 5.3

above immediately gives as a corollary Theorem 6.1 of [10]. This along with the method
of intertwiners (see Subsection 4.2), constructs a Feller process on the boundary 2
of the Gelfand-Tsetlin graph. We note that the motivation behind these specific rates
stems from the fact that the corresponding semigroups leave invariant the so called
zw-measures, which are consistent measures on the Gelfand-Tsetlin graph and whose
decomposition into extremal coherent measures is the problem of harmonic analysis on
the infinite dimensional unitary group U(co) (for more details see [39]).

Characterization of Vandermonde intertwiners for push-block dynamics The
choice of quadratic rates might have seemed a bit arbitrary. We now proceed to briefly
explain its significance. More specifically, we show that in order for the Vandermonde
links,

n!
Vnd _ n
(’Sn—>’n+1f)(x) - An+1($) yeW;;+l(z) A"L(y)f(y)7 YIS W (I)7

to intertwine the levels of the (type-A) Gelfand-Tsetlin pattern valued process moving
according to the push-block dynamics considered in the two-level couplings of this paper
(or c.f. equality (2.22), for the semigroups for each level to be consistent with these links)
then, the rates A\(x) and p(z) must be quadratic functions of « € I, with coefficients
related as shown below in displays (5.1) and (5.2).

Starting from the process of the two first levels, taking values in W12, it is easy to
see from relation (2.21) that we need #~! to be an eigenfunction of the generator D for
the resulting intertwining kernel to be given by,

1(331 <y< 1‘2).
To — X1

Since D is reversible with respect to 7, this requirement is equivalent to the fact that
the transpose (when viewed as an infinite matrix indexed by IN or Z) of D minus some
constant times the identity matrix ( DT — const x d) is the generator of a birth and death
(or bilateral) chain with rates,

AMz) = Mz +1) y=x+1
D(z,y) =4 Nz +1)—plr) y==
fil@) = n(z) y=az-1
Now this is true, if and only if, for some constant cg,
Az + 1)+ p(r) —pwle+1) — Az) =c ,Vx € Z.

Then, moving to the two-level process taking values in W23, an analogous consideration
(with A\, i still denoting the birth and death rates of the chains on the 2nd 1gvel) leads to
the extra requirement that,

Mr+2)+p(x) —plz+1) =Nz +1) =c1 ,Vx € Z.

These two conditions are now sufficient to characterize A(x) and u(x) as quadratic
functions of z. Let A(x) = (VA)(z) and M (z) = (Vpu)(x) so that,
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Observe that, with n > 0 we have A(x +n) — M(z) = A(z +n) — Az +n—1) + Az +
n—1)—M@x)=c—co+Az+n—-1)— M(x)=---=n(c1 — co) + ¢o and similarly for n
negative. Thus,

=y(c1 —co) + co + M(0),
M(y) = y(c1 — co) + M(0).

From these, we obtain,

() = YD ey ) (1) — p0))y + (o), 5.1)

M) = 2 ey — o) + (e (1) = 0))y +A0), 6.2)

where A(1) = ¢o + (1) — p(0) + A(0) so that ¢ = u(1) — u(0) + A(0) — A(1) and A(2) =
c1 + A(0) + p(1) + p(0) so that ¢; = A(2) — A(0) — (1) — (0).

In conclusion, at an algebraic level we need to specify five positive real parameters
A(0), A(1), A(2), #(0), p(1). Of course in addition to that, we need p(y), A(y) > 0 and that
the well-posedness conditions (2.1), (2.2) or (2.3), (2.4), (2.5) and (2.6) respectively
are satisfied. Finally, if we denote by r; (z),r; (z) the quadratic birth and death rates
respectively of the single chain at level 1 then, the rates for the chains at level n are
given by r}t (z) = v (z +n — 1) and r;, (z) = r] (z).

Intertwining relations for dynamics on BC-type graphs The aim of this subsection
is to prove Proposition 5.6 below, first proven as Theorem 5.1 in [17] by Cuenca. We will
use the following notation. In all that follows, I = IN and we define,

Wit = {(x,y) € (W™, W"): 32 € W", suchthat y € W™"(2),z € W™ ()}

Analogously to W™"t! we define W52 (z) for € W+,

Moreover, we consider the following rates for a D-chain depending on 4 parameters
(u,u’, a,b), which satisfy the relations (5.1) in [17] (these conditions ensure positivity of
the rates and non-explosivity of the chain and will not be recalled since they don’t affect
the essentially algebraic arguments below), with j,, .+ denoting the birth rate and ¢, .
the death rate, for x € NN,

(x+a+b+)(z+a+1)(z—u)(x—u)
2z +a+b+1)22+a+b+2)
zz+b)xz+uta+b+)(z+v +a+b+1)
2z +a+b+1)2x+a+0b)

Bu,u’ (-7;) =

)

5u,u’ (l‘) =

The parameters (a, b) will be fixed throughout so we suppress any dependence of 3, .
and d,,,/ on them. Now, define the following functions f, g, B again depending on (a, b)
but not on u and v’ by,

f(z) = 2r+a+b+2)zT(z+b+1)

Fz4+a+b+2)I(z+a+2)’
Qu+a+b+1)I'(y+a+bdb+1)I(y+a+1)
y'T'(y+b+1)

1
B(z,y) = 5f(2)g(y), z.y € N.
Define the function F,, on W™ by,

an:ﬁ((wwyl)l ())

i<j

z e NN,

gly) = , yeN,
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Furthermore, define the following kernel, for x € W"*1,

Q”n'I‘(n +a+1) -
(a + ) ’I’L+1( ) n,n+1 . n,n n,n+1 )=
WS () Sy EWnn () sEWn it (z) i1

Then, we have the following lemma originally proven in [17].

Lemma 5.4. Forn > 1, the kernels £8S | are Feller.

Proof. The fact that these are Markov, i.e. correctly normalized, comes from the branch-
ing of the normalized Jacobi polynomials, see Section 3 of [17]. Moreover, to show that
they are Feller, it again suffices to check it for a delta function; however the situation is

a bit more involved than for £/"¢ 11, see Proposition 3.1 of [17] for the details. O

Denote by (P}j’“/ (t);t > O) the Karlin-McGregor semigroup associated to n D-chains

with birth and death rates 3, .,  and 4, ., respectively. It can be checked, see Lemma
4.12 of [17], that F,, is a positive eigenfunction of P:j’“/ (t) with eigenvalue et where
Cn = ”("_1?2("_2) — "(”2_1)(u + u’ + b) (this fact can also be obtained via iteration of
the results below) so that in particular, we can define the honest Markov semigroup
(ij’“'an (t);t > 0) given by the h-transform of (P:ﬁ“l (t);t > O) by F,,. Then, under the
assumptions on (u,u’, a,b) referred to above we have:

Lemma 5.5. Forn > 1, the semigroups (P;;‘*“,’F" (t);t > 0) are Feller.

Proof. This as before, immediately follows from the fact that the one dimensional transi-
tion densities that go in the Karlin-McGregor semigroups are Feller along with the fact
that F,(z) > 1. O

Finally, the following proposition along with the method of intertwiners immediately
gives a Feller process on the boundary (25c of the type-BC branching graph.

Proposition 5.6. P/ " FLF g t)eBC L f = £BC L Puv () f, forn > 1, f € Co(W™),
t > 0.

Again, the interest in these specific rates stems from the fact that they preserve the
so called z-measures, which are the analogues of the zw-measures mentioned previously,
for the problem of harmonic analysis on infinite dimensional BC-type groups. For more
details and a complete study of the z-measures see the recent paper [17].

Proposition 5.6 will follow from the two relations given in Proposition 5.7 below,
which reveal a “hidden” dynamic on “intermediate signatures” (see Okounkov’s paper
[36] and the references therein for more about these). In fact, this is exactly the dynamic
followed by the projection on the even levels (z(%9 in our notation), if one constructs
a symplectic Gelfand-Tsetlin pattern valued process, that links (on odd levels) the
semigroups (P:Ill WAL gy g > O) and (P#’“/an (t);t > O) and initializes it according
to a Gibbs measure (see Proposition 3.8).

Some more definitions are necessary. Let the functions IA:n and l_:n+1 on W™ and Wnt!
respectively be given by,

'A:n(z): Z Hg yz n 7 Zewn,

yewn n =1

F_:n+1(m) = Z Hf zl n(2), 2 € wntl,

zeWmn, "+1(I) i=1
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Moreover, we define the following Markov kernels 22% from W™ to W", and 25% 41 from
Wntl to W™ respectively by,

n

(N =~ S f0)[[ewFal), e W

n(2) yerimnz) i=1
1 i ~ n
(L N ==—— Y f@]]f)Fu(z), z e Wt
Fn+1($) zeWmntl(g) i=1

Observe that, we have the composition property,
BC BC BC
£n—)n+1 = 2n,n+1 © Sn,n

and from comparing the two expressions in order to get the right normalization constant,
we have,

= I(a+1)

Fn = Fn ) Wn+1.
+1(2) Ty E— +1(z), T €

Finally, we denote by (P%“'ﬁ" (t);t > O) the Karlin-McGregor semigroup associated with
n birth and death chains with birth rate,

g(x)ﬁu,u’(x)’ = ]N,
gl +1)
and death rate,

gz + 1)0y . (z+ 1)
g(z)

, x € N,

that is moreover Doob’s h-transformed by F,.. The fact that, this is indeed an eigenfunc-
tion of n copies of such birth and death chains follows (recursively) from relation (5.3) of

Proposition 5.7 below. This semigroup, (Pg’“/ﬁ" (t);t > 0) that is driving the evolution
of n non-intersecting birth and death chains is the “hidden” dynamic alluded to above.
Now, Proposition 5.6 is an immediate consequence of the following result.

Proposition 5.7. Forn > 1 and t > 0, we have the intertwining relations:

P P (275, = SRR (1) (5.3)
u+1,u"+1,F, w' F
purpt e ) eBC | = eBC  putha(y) (5.4)

Proof. In the setting of Theorem 2.16, with n and n particles on each of the X and Y
levels, we choose the D-chains (the Y-level) to have rates given by,

glx+ 1)y (z+1)

Me) = g(x) crel
_ g(r — 1)ﬂu,u’ (x—1) 2
p(x) = 2(2) , e N

n

Observe that, by performing an h-transform by the function []}"_, 7~ *(y;)g(y;)Fn(y) the
evolution of these chains is driven by (PT"L““/’F” (t);t > O) and thus we obtain (5.3).

Now, in the setting of Theorem 2.14 with n and n + 1 particles, let the D-chains
(the X-level in this new setting, note that these are different from the ones considered
above) have birth rate given by 8,41,./+1(x) and death rate given by d,11 ,/+1(z). Then,
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performing an h-transform of the corresponding n D-chains (the Y-level) by the func-
tion [}, #7*(2;)f(2;)Fn(2) we obtain (5.4) after we observe the following compatibility
relations between the jump rates,

oo+ DG o) = o) D vew, 69
6u+1,u/+1(x)f(jf(;)1) = M) = 0y (z + 1)g(g(;r)1), z €. (5.6)

To see that these relations hold, first note that by making use of I'(z + 1) = aI'(x) we
obtain the following, for ratios of f and g at consecutive points,

flx4+1) 2e4+a+b+4)(z+1)(x+b+1) e N
flx) ~— Qz+a+b+2)(z+a+b+2)(x+a+2) ’
glz+1) 2z +a+b+4)(z+1)(z+b+1) r e

g(z) 2z +a+b+2)(z+a+b+2)(xz+a+2)

Similarly, we have relations for ratios of the birth and death rates with different parame-
ters,

Buttw+i(z+1) (z+a+b+2)(z+a+2)2x+a+b+1)2x+a+b+2)

- ) S IN7
Buw () 2z+a+b+3)2z+a+b+4)(z+a+b+1)(z+a+1) v
Sutrw+1(z)  @(@+b)(2r+a+b+3)(2x+a+b+2) zeN
Suw(@+1)  (r+at+b+1)2x+a+b)(z+1)(z+1+0b)’ '
Using these, (5.5) and (5.6) can be readily checked and we are done. O

Strong Stationary Duals Here, we briefly point out the close connection to the theory
of Strong Stationary Duality. The setup is that of W! and with / = INi.e. X and Y
each consist of a single particle. We define the cumulative of 7, by Zogygz m(y). Thus,

Theorem 2.16 gives that if a D-chain (X-level) is being kept above a (reflecting) D-chain
(Y-level) via the push-block mechanism we have been studying; then if the D-chain is

distributed initially according to %1@ < z), the evolution of the projection
0<y<z

on the X-particle is that of a D-chain h-transformed by 3, <y<z T(y) (see for example
Theorem 5.5 of [20] in the discrete time case).

Remark 5.8. Using the results of this paper, we can also obtain Theorem 2.3 of [51]
which studies a process in a symplectic Gelfand-Tsetlin pattern. Similarly, we could
consider pure-birth chains, which strictly speaking are not covered by the results of this
work, since we assume that we are dealing with positive death rates (u(z))zer > 0, but
with entirely analogous considerations Theorem 2.1 of [51] can also be recovered by the
methods that are presented here.

6 Birth and death chain orthogonal polynomials

We will now recall the well known connection, between the probabilistic world of birth
and death chains and the analytic counterpart of their associated orthogonal polynomials
on the positive half line. The main references for this subsection will be the seminal
papers of Karlin and McGregor, [26] and [27], where most of the theory was laid out.
From here onwards, we fix a birth and death chain with generator D, reflecting at 0,
with rates (A(-), 4(-)) and symmetrizing measure 7(-). As usual we shall also denote by D

the generator of its Siegmund dual (which is absorbed at —1) with rates (A(+), ji(+)) and
symmetrizing measure 7(-). We will also, often write Ay for A(k), m; for 7(k) and so on.
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We begin by defining the following family of polynomials {Q; };>o by the three term
recursion (note that u(0) = 0),

Qo(z) =1,
—2Qo(r) = —(A(0) + 1(0))Qo(z) + A(0)Q1 (),
—2Qn(z) = p(n)Qn-1(x) — (A(n) + p1(n))Qn(z) + A(n)Qnt1(z).

Then, see Theorem 1 of [27], there exists at least one measure w(dz) on Ry = {0 <z <
oo}, such that these polynomials are orthogonal with respect to w(dz), so that,

& 1
| @@ = —=,.
For such a moment problem to be determinate, so that the measure tv is unique, when
1(0) = 0, as in the case of the D-chain, it suffices for the backwards equation to have a
unique solution (see [27], Theorem 14). In particular, any of the conditions in section 2
that ensure the well-posedness of the backwards equation are enough for determinacy.
In such a case, we have that,

w(dz) = do(x),

where to(x) is a real valued non-decreasing function, being continuous on the left, with
w(z) = 0 for 2 < 0 and w(co) = 1. We will denote by J = [I~, 1] C [0, 00] the support,
supp(to) of the measure . These orthogonal polynomials provide the following spectral
expansion of the transition density (see [27] for example) that will be useful for us,

plisd) =70) [ € Qi) @)dio(a) 6.1)
0
Remark 6.1 (Explicit examples). We give some simple examples for A(-), u(-) such that
the corresponding orthogonal polynomials Q;(x) and spectral measures to(dx) are ex-
plicit. The following rates were considered by Cerenzia and Kuan in [16], depending on
two real parameters «, 8 > —1:

An) = n+a+p+1 2n+a+1)
C 2n+a+f+l2n+a+p+2
n+ 0 2n
pu(n) = :
2n+a+p2n+a++1

They give rise to the Jacobi polynomials Q?’ﬁ (z) orthogonal in [0, 2] with respect to the
weight o (dz) = v, g(dz):

W, 5(de) = Z(a, B)z®(2 — z)Pd,

for some normalization constant Z(«, 8). For a = 8 = —% these specialize to the model
studied by Borodin and Kuan in [8] related to O(co) while for —a = 3 = % they specialize
to the model studied by Cerenzia [15] related to Sp(co). The associated orthogonal
polynomials in both cases are the Chebyshev (which are specializations of the Jacobi
polynomials).

The following examples are taken from Section 3.1 of [42]. Further explicit examples
can be found in the references therein. In all cases w(dz) is actually a discrete measure
with atoms of mass w(n) at the positive integers n € IN. The associated (2+1)-dimensional
growth and decay processes were not studied before.
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The so called M /M /oo queue is a birth and death process with rates and symmetrizing
measure given by:

An) = A, p(n) = pn, w(n) = <2>n/n!.

The orthogonal polynomials associated to it are Q,(z) = C,, (%, %) where C),(z;a) are

the Charlier polynomials defined by:
0=Cho1(z;a) + (x —a —n)Cp(z;a) + aCrii(z;a),

with Cy(x;a) = 1,C_1(x;a). These are orthogonal with respect to the Poisson distribu-
tion:
a"e”?

More precisely:
S (n2)6s (n2) S -
v t n) nl 0]

Moreover, the polynomials associated to the birth and death chain with linear rates:

() = (n+B)A, u(n) =,

are the so called Meixner polynomials (see Section 1.3.2 in [42]). Finally for finite birth
and death chains one can also obtain the dual Hahn, Krawtchouk and Racah polynomials,
see [42].

We also define the polynomials {Qi}izo, associated to the dual chain with generator D.
So that, in the recursion above the rates (A, u) are replaced by the dual rates (5\, ﬂ). In
particular, the new recursion is given by,

—2Qu(2) = A()Qu(@) — (u(n + 1) + A1) Qu(2) + u(n + 1)Qus1(2).

Since now /i(0) = A(0) > 0 (recall the D-chain gets absorbed at —1), in order for the
moment problem to be determinate, we need to further require (see [26] or [27]),

A sufficient, easier to check in practise, condition for this is (see unnumbered display
after equation (0.11) on page 367 of [26]),

ﬁMg

5= 50 -

= A(n

In such a case (of determinacy), the dual spectral measure, denoted by dtv(z), satisfies
the following key relation (see [26] section 6),

xdw(z)

dw(x) = 0)

So that in particular, the supports are equal supp(iv) = supp(w) = J. From now on, we
assume that both moment problems are determinate with unique solutions tv(-) and (-)
respectively.
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We will denote by (-, ), the L? inner product with measure m. By Corollary 2.3.3 of
[1] we obtain that, since the solution of the moment problem is unique, the polynomials
{Qi}i>0 are dense in L? (J, ). Hence, for f € L? (J,w),

f=>> (Qr: FwQrm(k), (6.2)
k=0

with the series converging in the L?(J,1) sense. We will furthermore, mainly be
interested in functions f € L? for which this expansion actually converges uniformly. By
Theorem 6 of [27], we have that for f(z) = Q;(z)e** the series,

Z Qk, Qi (@) (k), (6.3)

converges absolutely, for ¢ > 0 and all x € C, the convergence being uniform over every
bounded set, {(t,x) : 0 <t < T and |z| < R}. Moreover, we have the following bound,

D 1@k ol |Qr()|x (k) < e71Q; (—|a)) .
k=0

It can be easily seen that, in a little bit more generality, the series (6.3) above converges
uniformly on compact sets of (¢,z) with 0 < ¢t < T and |z| < R, for f(z) = pm(z)e
where p,,(z) is any polynomial of degree m. In particular, if p,,(z) = Y-, ¢ Q;(z) the
previous bound becomes,

S 1@k, ol Qi () (k <e”$'Z|cm|Qz (—Ja]).
k=0 =0

Remark 6.2. Under certain regularity and growth assumptions on w at /— and oo, one
can prove that the series in display (6.3) converges uniformly on compact intervals of J for
bounded variation functions f, such that their derivative satisfies a certain integrability
condition (see in particular Theorem 4.17.2 of [35] and the references therein).

We need one more property of functions of the form f(x) = p,,(z)e™*, namely that,
(Qn, [l — 0asn — oo.

This can be seen as follows, by writing p,,,(z) = Y., é&"Q;(x)m; we have by (6.1),
m
(Qns o = Z(Z”pt(n,i) — 0asn — oo,

since, for any i € N and ¢ > 0, p:(n,i) — 0 as n — oo. Finally, we have the following
relations between {Q; }i>o and their duals {Q); }i>0 (see [45] or section 6 of [26]),

7T7L+1Q7L+1('r) Q ( ) Q7l($)7 (64)
—2Qu(®) = Aan(Quir () — Qu(x)), (6.5)

We are now in a position to prove the following result, which is modelled on and is
essentially a generalization of Proposition 3.1 of [16]. It is what makes all subsequent
calculations work.

Proposition 6.3. 1. 37 mQi(x) = Qn(x).
2. Yo T Qu(w) = 3 (1 = Qu(2)).
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3. (Qn, f(0) — flw = > reni1(kQr, flw , for f in L?(J,w) so that series (6.3)
converges pointwise at 0.

4' Z];“;n@%kéka f>t§) = <Qn7f>m ’ fOTf jn L2 (j’m) so that <me>m — O

Proof. To prove (1), note that by telescoping Y, m,Q;(z) = Qn(z) — Qo(x) = Qn(z) — 1
and that mpQo(z) = 1. To prove (2), first note,

@ni1(x) — Qn(x))

—X

#(n)Qn(x) = A(0) <
and hence by summing,
i ﬁ(k)Qk(x) = \(0) <Qn(_l 1) '
k=0

To prove (3), observe that (Q,, 1), = (35 omiQi, 1) = 1. Also note that Q,41(0) =

@n(0) =-+- = Qp(0) = 1 and thus from (1) we also get Qn(()) = ZZ:O m,. Moreover, by
convergence of the orthogonal decomposition at 0 we have,
<Qn7f( Z Qk7 Z ﬂ-kaH
k=0 k=0

n

<Qn7 f>m = Z<7erk7 f>m~

k=0
Subtracting the two we get (3). In order to prove (4), we have,

> Qe o = 00) (L) e = (1 Qo ™ (1.

—ZT

where the limit holds by our assumption that (Q.,, f)w — 0. Hence,

o0

> (w51 Qk: i = (Qns - O

k=n

7 Branching rules for multivariate Karlin-McGregor polynomials

For v € W", we define the n-variate Karlin-McGregor polynomials by, with x =
(xla e axn) in Rn;

det (Q,,L(x]))” 1 det (Qu, (x5)); =1

Q,(z) = = ; 7.1

(z) = det (zi- )id:l A, (z) (7.1)

. (@uten),,,  det(Quia), o
ST et (xj'_l)Zj:1 a An(z) . .

The polynomial systems, det (Q,, (z;)); i j—1 and det (Qu (x])) _ Were first introduced
by Karlin and McGregor, in their seminal study of 1ntersectlon]probabllltles of birth and
death chains in [28]. Some further properties were also presented in their subsequent
brief note [29]. Observe that in particular, these multivariate polynomials are orthogonal
in the continuous chamber 0 < 27 < x5 -+ < z,, (denoted = € W™ ([0, 00)), with respect to
the weights [[;_, dw(z;)A%(z) and []}_, dw(z;)AZ(z) respectively.

Most importantly, we have the following two-step branching rules. The calculations
below are in fact more or less implicitly done on page 1116 of [29].
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Proposition 7.1.

det (Qw(xj))z;.:l (=1 no det (Qki(a:j"rl))i’j:l
i—1\n+1 - A7 Z Hﬂ-kq ) (73)
det (xa )ij:l 21=0 0 kewnnii(y)i=1 det( J+1) i,j=1

det (Qule), S | S 7.4)
det (2i71)" e det («71)7 ‘
i,j=1 Bj=1

keW"’ rL D)'L 1

Proof. We prove (7.3) first. In the first equality below we make use of the fact that
Qr(0) = 1 and in the last one we make use of the relation —zQ(x) = A\,7p (Qny1(z) —

@n ().

1 n
det (Q., (xj))?;;l - det (Qu,, (xj41) — Qu, (Ij+1))i7j:1
i—1\n+1 - n n .
det (x; )i,jzl - det( J+1) ij=1 Hj:1 Tj+1

det (Quiﬂmwn—@ui(rﬁn)”
Tjp1 i,j=1

det( J+1) iie1
det (Qki+l($1+1)_Qki($J’+l))n
Jj=1

. j+1 i,j=
- n

keWwn,nt1(y) det( ]+1)zj 1

det (—kai ($j+1)>T,L ,

_ 2 : i,5=1

wewhtn ()

In order to prove (7.4) we make use of part 1 of Proposition 6.3 so that (where we set
Vo + 1= 0),

n
vi
det ( komw; 41 Thi Qk; (IJ)) Y

1,7=1

det (QV7 (Ij)>j,j:1 det (Zk —0 Th: @k (1']))

det (’r;fl)i,jzl - det( T )ijl - det (x;:fl)j,j:l

i,5=1

Note that, we can finally pull out the sum keWmn (1) by multilinearity. O
Consider the functions,

hmss () = (—1)ENE) 9, (@), for v € WHH(IN) and 2 € W ((0,0)),  (7.5)

n—1

n—1Y) .
b 7) = (=172 Q) (@), for v € WH(IN) and @ € WH([0,00))  (7.6)
and define, for v in W"*! and W™ respectively,

hn,n+1(1/) = hn’n+1(V, 0), (77)
B (V) = hyn(v,0). (7.8)

Now, from the branching rules and our original intertwining relations from section
2.3 we prove the following:

Proposition 7.2. h,, ,,.1 and h, ,, are positive harmonic functions for n + 1 independent
copies of D-chains and n independent copies of D-chains in W™+! and W™ respectively.
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Proof. Observe that, from the branching relations we get,
B (V) = (Apnhn—1) (v), for v € W*(IN),
hons1(V) = (Apng1bhnn) (v), for v e WHH(IN)
and hence,
b (V) = (ApnAn—1n---A111) (v), forv e WP(IN),
P11 (V) = (Apns1Ann -+ Ara1) (v), for v e WTH(IN).
From relations (2.19) and (2.20) and the discussion around them, the conclusion is now

evident. O

Remark 7.3. In fact, some more general eigenfunction relations exist. For z; < x5 <
- < x, <0 we have,

(=1) 5 det (Qu (@)}, > 0
and it can be readily checked that this is an eigenfunction of n independent D-chains
in W™ (see for example displays (19) and (30) respectively in [28]). These eigenfunctions
can also be used to construct consistent dynamics and we will pursue this elsewhere.

Before continuing, we briefly recall some well known determinantal conditions for
interlacing, namely representations of 1 (k € W™""!(v)) and 1 (k € W™"(v)) in terms
of determinants. First of all, we have the following identity for 1 (y € W™"(x)),

1 (y1 S 1 < Y2 S . S .Ijn) = det (1(y1 S xj))zjzl .

From this, by swapping z’s and y’s and putting y,+1 = oo, or by declaring y,,+1 = virt, a
virtual variable and agreeing that 1(x < virt) = 1, we obtain the analogous identity for
1 (y € W”’"H(x)),

1(z1 <y1 <2<+ <yp < Tpy1) =det (L(z; < y]))?;r:ll .
This can also be written as, after subtracting the last column from each of the rest,

n+1

1(z1 <y1 <z2<--- <apyp) =det (fi,j)i,j:1 )

where,

—1(z; >y;) ifj<n
fij =

1 ifj=n+1
Thus, if we define,

o(i,g) = md(i < j),
(i, j) = —mil(i < j),
p(virt, j) = 1,
then from Proposition 7.1, it is easy to see that:
Corollary 7.4. The kernels Aﬁj;,jﬂl(z/, -) and Aﬁj;;" (v,-), forany v € Wt and v € W™
respectively, that are defined by,
n+1

0o det (H(k; u»)) B ()
n D (K) ( R3]
A (k) =1 (ke Wty [y 7ol (k) o , (7.9)
n,n-‘rl( ) ( ( )) hn,n+1(V) hn,n—‘rl(’/)
n P10 (k) det (d’(kivyj))@ i—1 hy—1.n(k)
Bn—1,n =1(kewmn [izy i Pin1n = &I
An,n (V7k) ( S (V)) hnn(y) hn,n(y) P
(7.10)
are Markov.
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Finally, denoting by (Pfj;’l"“(t);t > O) and (157}} (t);t > O) the Karlin-McGregor

semigroups associated with n 4+ 1 D-chains and n D-chains, h-transformed by hp nt+1 and
h. » respectively, we immediately get the following corollary of Theorems 2.14 and 2.16.

Corollary 7.5. Fort > 0, we have the intertwining relations,

Pn+1 i (t)An,n+1 = An,n—&-lpjll ' (t)a (711)
p:n,n (t)AZ:Lnan _ AZ':;;I,'ILPJZH*I,H (t) (7.12)

8 Coherent measures

We now move on towards defining, in displays (8.3) and (8.4), measures denoted
by Mﬁ’nﬂ and Mﬁ’n depending on a function v, that are coherent with respect to
the Markov links AZ:;*LL and AZTn‘ ', We first need some definitions and technical
preliminaries.

Consider the Taylor remainder for a function f, that is (n — 1)-times differentiable

at 0, given by,
() n<0
erz(x) = { n—1 ™) g .
flx) =g =" n>1
Now, define for f that is (j —n)-times or (j — (n+ 1))-times continuously differentiable

at 0 respectively, the following functions on NN, \I/fo_lj() and \I/Z_"]() (their dependence
on f will be suppressed),

‘I’for—ly(l) = (miQi, (—$)n+17jR£f(n+1)>m’ 1€, @.1)
(i) = (7:Qs, (—2)" R Vg, i €IV, (8.2)

We also define the discrete convolution for functions hy,hy : IN X IN — C and hsz : IN —
C as follows,

(hy % ho) (u,v) = ha(u, k)ha(k, v),

k>0

(hy % hs) (w) =Y ha(u, k)hs(k).

k>0

The lemma below states that, alternating convolutions of ¢ and qAS with \Ifoj and

\Ifoltlj respectively are nicely consistent. This will be useful in the computations

performed in Proposition 8.4 that proves that the measures introduced below are indeed
coherent.

Lemma 8.1. Assume that f(x) = p(z)e”'*, where p(z) is a fixed polynomial of arbitrary
degree. Then, we have,

1 (¢ Wp™) (i) = WhZ 2" (i).
3 (¢> « \Ifzfj_lj) (i) = —XoW" (i),
Proof. To prove (1) note,

(65 027) (1) = Yo w6 < UL (R)

k>0

= mFQk, (—2)" 7R, )g

k>i
= mi(Qi, (—2)" IR )y = WL (i),
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Now to prove (2) first observe that with T/ () = (—2) R/, (x), T/, (0) = lim, o T/, () =

%(—1)’” and so,

(@ wipith) () = = D Al < UL (k)

k>0

= Z ﬁi(ﬂ:Qka(—33)n+1_jR§—(n+1)>m
k>i+1

= Qs (=) IR ))(0) = (=) IR e

Moreover, since dwv = % and

1 -3 n -3 n—j
= (@)™ IR 1)(0) = (=) IR L) = ()" IRE

T
we obtain,

(& wli™) () = =Ao(7iQi, (—2)" TRL, ). O

Remark 8.2. Of course, the condition that f(z) = p(x)e™!* is unnecessarily restrictive.
All that is needed, other than the necessary differentiability assumptions on f, in order
to prove (1) is that (Qx, (—x)”*ij_T)m — 0 as k£ — oo and for (2) that the orthogonal
decomposition of T}; converges pointwise at 0.

We now, define the coherent measures M:ﬁ”nﬂ and MY, for¢ in L? (J,w) or L? (J, 1)
respectively as follows,

(—1)()

MY (V) = oy det (70, Qus, (—a:)"“—fwm)z;ll hnni1(v), forv e W (8.3)
A
P (_1)(";1) A~ A n—j " n
M () = Sy det (<7r,,1.QW, (—z) Jz/%) ), forv e W (8.4)
A b=

Note that, by simply unpacking the notation and observing that the powers of (—1)’s
actually cancel out, these can be written as,

1 ) n+1
M 10 ) =~ det ( 0 Qu, <x>x“+1—w<x>dm<x>) x
Ao I ij=1
X hn,n+1(7/17 tee 7Vn+1)a
1 A , ) "
M:/:,n(l/:l?... 7”“) = Wdet (/ ﬁl’iQW(‘r)xn_Jw(l’)dm(m)) hn,n(”lv"' >Vn)'
Ao 2 J ij=1

The measures MY are real (not necessarily positive) measures and as we see in
Lemma 8.3 below their mass is explicit. Moreover, Lemma 8.3, shows that the “generat-
ing functions” (with respect to the corresponding multivariate orthogonal polynomials)
of these measures are multiplicative. This property, under some extra assumptions (see
Appendix), implies that these coherent measures, when they are positive and normalized
to be probability measures (see subsection 9.2), are in fact extremal (and thus, they
correspond to points of the boundary of the branching graph coming from the alternating
construction, see subsection 4.3).

Lemma 8.3. Withx = n,n+1, lety € L? be such that the functions {(—z)" '~ (x)} 1}

have an orthogonal decomposition converging pointwise at the points {x; ;Lill Then,

) MZ,*(v)W =[Iv@, (8.5)
T,k -

veWw=
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where the functions h,, , where defined in (7.5), (7.6). In particular, the measures Mif,*
have mass 1(0)*. Moreover, if ) = 1 then M4 ,(v) = 1(v = (0,--- , % — 1)).

Proof. We apply the Cauchy-Binet formula (for infinite sums, see for example Lemma 2.1
of [16]), to obtain with x = n + 1 (the case x = n is exactly the same with only changes in
notation),

n+1
n+l—1 P
Z MY nn+1(x,l/) _ det (Zk?o<m@k’< 7) Ri—(nrny I Qk(%)) ij=1
nn+1 - n
veWn+1 h”v"“(’/) det( = 1) o
i,j=1
n —1 n+1 n
det ((—a7)" ' "(ay)), =,
= 1 n+1 = Hw(lﬁ)
det (a:g— ) i=1
i,j=1
We have also used the fact that,
n+1
n+1 7
det ((—;)"+1=J n+l1 B det( ) a ; ;
( n+)1” L_ (-1 [Li=l )Gl =1,
det(J 1) det(j 1)
i,j=1 1,5=1
Moreover, we have,
1 n+1
det (Zk20<7erk’ (_x)n+ _Z>ka(‘/Ej)>/, 1
Mn n+1( . ,’I’L) = n+1 =
det (mffl)
4,j=1 T, =0
n i n+1
det ((7 .7) e ) j=1
_ 25 — O
9 n+1
det (IZ )
ij=1 PR

Our interest in these measures, as already anticipated, stems from the fact that they
are coherent/consistent with respect to the intertwining kernels.

Proposition 8.4. Let v)(z) = p(z)e™'*, where p(z) is a polynomial of arbitrary degree.
Then with k € W7,

MY (k) = (MY, A ) (k) for (0) =1, (8.6)
Mn 171(k) (M%nAZnnln)(k) (87)

Proof. We prove (8.7) first, using the Cauchy-Binet formula for the passage to the second
equality,

Z Mﬂ’n Ah'”' 1"(1/ k)

vewn
-1 ("51) . o n
= iy o) 3 det (@l 1)) det (R Qo (2 RE )
/\0 veWwn
NG . N
_ %hn_177,( )det (6= W2 ) (R))!
Ao ? ’
(_1)(731) n—1,n " [}
= Whn—m(k) det (‘I/nf/ (’fi))ij_l = M;_1 (k).
Ay 2 9=
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We now turn to the proof of (8.6) and calculate, again using the Cauchy-Binet formula
for the second equality,

Z Mn n+1 Y"(V7 k) =

vewntil
(L n+1 . el
= ( ()) h, ,L Z det( kz,l/J)> + 1det (<7TWQW7 (_x)n—gR;p_n>m) | 4.‘_1
veWwn ,]= ij=
( )( )h non+1 n+1
N n.n(k) det (¢*\Ijn i) k) )
)\(()2) < + )1,]:1
B (n21) .
= (l(ll)hn,n(k) det( n— J(k))l,jzl = M:Z:’n(k).
Ao ?

The penultimate equality, follows from (g?) o S 1]) (1) = =Xo¥,";(i) and the fact that

the last row of {(¢ * \Ilfo_lj)(k ) "“1 is given by, with &, = virt (recall for j <n +1
that R —(n41) = =),

((ZE * \IJZ—fl-i_lj)(VIrt) Z \IIZ—QT—T_:LJ (7’) Z(ﬂ-’iQi?( )n+1 JR;Z) (n+1) >mQ’L(O)

i>0 >0
= ((=2)""779)(0) = 41,
where we have assumed ¢(0) = 1 and also used the fact that Q;(0) = 1. O

Remark 8.5. Again, conditions on ) can be relaxed c.f. Remark 8.2.

9 Evolution of coherent measures

9.1 Evolution operators for coherent measures and their basic properties

We now define some kind of evolution operators acting on the coherent measures,
that generalize the h-transformed Karlin-McGregor semigroups. For ¢ in L? (J, 1) and
L?(3,10) respectively, define 9B, .., and B¥, by,

‘}3” n+1(k‘ V)= hn’nH(V) det ((Qk.ﬂry, Ql,l/)>m)n+j , for k,v e WntL, 9.1)
i1 () o Ty @y Pho)
hpn(V) A A n
v (k 2 det A Qu ) for k wn. 9.2
('Bn,n( ? ) h'rL7n(k) e <<Qk17ﬂ— JQ ]w>m>i’j:17 or 7” € ( )
Note that,
m?,*(k(h V) = M:/},*(V)v where ko = (0, PR 1) (9.3)

This is because, by row and column operations both sides are the same up to a multi-
plicative constant and since, from the following lemma they both sum to ¢(0)*, they must
in fact be equal.

Moreover, observe that by (6.1) for ¢(z) = ¢;(z) = e '* then (&Bﬁ‘nﬂ;t > O) and

(B&e,;t > 0) are the h-transformed Karlin-McGregor semigroups (Pnf;f“( )t > 0) and

(Pﬁ ()t > 0) respectively. We will now study their properties. The non-trivial issue

of positivity will be dealt with at the end of this subsection. First, we have the following
lemma regarding their normalization.
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Lemma 9.1. If, v is such that its orthogonal decomposition converges pointwise in a
neighbourhood of 0, we then have,

ST OB (ko) = (O)H, Ve W,

veWn+1

Z %i},n(k7y) - w(o)n’ Vk € wm.

vewn

Proof. We only prove the first equality, as the second is analogous,

Z ‘Bﬁ,nﬂ(k, v) =

DEW”+1
1 N n n det (Ql/i (x]))?+:11
= Z det(<Qki,7Tuinﬂ/1>m)ij:11 (71)(2)&()2) i1 Wi
n,n+1( ) veWn+1 det (x] )ijil 0
)= L1, Tppl1=

n+1
1) 46t (S0l Qe @ntln@i(2)

_ 0 = ’ 1,7=1
i—1\nt+1
hn,nJrl(k) det (xj )i7j:1
Z1,r g1 =0
n n n+l n
_ (_1)(2))\32) det (Qr, (z; )” 1 li[lw = (0)" L,
hn,71+1(k) det ( )n+1

1,5=1 Z1,,Tng1=0

The simple, but important proposition below, describes the evolution of coherent
measures. Its proof is an easy consequence of the Cauchy-Binet formula and of uniform
convergence of the orthogonal decomposition on compact sets for functions of the form
p(x)e~t*, with p(z) a polynomial.

Proposition 9.2. Assume J is compact or equivalently It < oo and moreover suppose

1 (x) = p1(x)e " and ¥y (x) = pa(x)e~ 2%, where py, po are arbitrary polynomials and
t1,to > 0. We then have the following equalities,

Z Mn n—‘,—l ;’pifn-‘rl(k’ V) = Mil'r:,bf-l(y)? VI/ € Wn+17 (94)
kewn+1
Z Mn n n 'Il( ) = Mgl'l';.pz (V)’ vy € Wn' (9'5)
kewn

Proof. We only prove (9.4), as (9.5) is completely analogous. The passage to the second
equality below first uses the Cauchy-Binet formula and secondly the uniform conver-
gence of the orthogonal decomposition on compacts, in order to justify the interchange
S = O+, I, of summation and integration,

Z Mn n+1( )%n n+1(k V)

keWwn+li
n n ) o n+1
= (—1)(2))\82)hn nt1 ( Z det ((mk, Qr,, (—2)" ! ]1/11>m)i;:1 X
keW"+1
n+1
x det (<Qk17 Ty, Quj¢2>m)i’j:1
n+1
= ()EAE 1 0 det | (S Tan @ T Qo 210 Qs (=)™ 1051
m>0 .
- 7,7=1
n o n+1—7j n+1
= ()N by i () det (0, Qo (—2) T[T = MU 0). O
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Remark 9.3. In fact, the argument above gives,

> P BB, (kv) = B (v), Vv € W
kewn+i

> B (k)R (ke v) = PUL2 (,v), Yp,v € W

kewn

Then (9.4) and (9.5) become a consequence of (9.3).

Remark 9.4. The assumptions that J is compact and that 11,1 are of the special form
p(z)e™ could of course be removed as long as the interchange of summation and
integration in the second equality above can be justified.

Finally, we give a linear algebraic proof of the following intertwining relations.
Although, we have already obtained these equalities in the special case ¥ (z) = ¢7* in
Corollary 7.5 by other means and for general functions ¢ will not be used in the sequel;
we decided to present it, since it sheds some light on the relations between the dual
Karlin-McGregor polynomials that are essential for these commutation relations to hold.

Proposition 9.5. Let v be as in the statement of Proposition 9.2 and moreover assume
¥(0) = 1. Then,

;Bn ,n+1 nnnj,-l nnnz-lmn n’
Y’Bd) Ahn 1,n — Ahn 1, ";’Bn 1n-

n,n"-"n,n

Proof. We only prove the first relation, as the second is analogous. Observe that (not-
ing also that the dummy variable on the left is (n + 1)-dimensional while on the left
n-dimensional),

Z mn n+1 k Z) nn—i—l Z An n+1 %g,n(’%l/)?

zeWn+t1 2eWn

is equivalent to,

X Qa0 o) () -
Z det ( (25, k )) ;r ) det <<in,ﬁu1-@uﬂ/}>rb)zj:1 )

zEW™
The left hand side, by the Cauchy-Binet formula is equal to,
n+1

det <QkiazﬂzQz¢§(VJ7z)w>m

220 ij=1

For j < n, the entries of the matrix are given by (recall that Qy, (0) = ¢(0) = 1),

D (mQa =7, Qr ) = (Quys s Qrith — 71y Qi (0)(0))

z=v;+1
= <QAV‘75ﬁu]Qkiw>m - <QAVj77?er>m =a;; +bj.

While, the entries of the last column j = n + 1 are,

<Q/€w Zﬂ-zsz>m = ka(O)i/)(()) =1.

z>0
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N n+1
To work on the right hand side, we first expand det <¢(zj, kz)) ~ in the last column

2,7=1

which consists of all 1’s. The [**-summand in this expansion is given by,

1)+t dt( ) dt(f&f )
Z € ZJ7 ) L<il<ni11<j<n € <Qz177TVJQVJ¢>m .

zeEW™ L=l

= (—1)n+1+l det Z(&(Z7k7,)<©z7ﬁ-lﬁ@lﬁ¢>ﬁ)

220 1<il<n+1,1<j<n

The entries of the matrix in the determinant are given by,

ki—1

_< Z ﬁzQZaﬁujQujw> <(Qk - 1))\0
z=0

ﬁijujw>tﬁ = <(Qk, - 1)77%VJ'QV]"¢)>1‘U = a;5 + ¢j.

Now, by summing over [, we obtain the determinant of an (n + 1) x (n + 1) matrix with
the last column being all 1’s and the other entries being a;; + ¢;.

By column operations, more precisely by subtracting a multiple of the last all 1’s
column from the each of the rest, the equality of the left and right hand sides is
immediate. O

Remark 9.6. Proposition 8.4 can also be seen as a corollary of Proposition 9.5 using
(9.3).

9.2 Positivity of evolution operators and coherent measures

We now arrive at the question of positivity of the coherent measures. It will in fact be
easier to consider a more general problem, namely to address this question first for the
evolution operators.

As already observed, for ¢;(z) = e~** the determinants det ((Qy,, T, Qu, Pt ) )"Jrl

; and

N A n
det ((le,feryi (bt>n3) are exactly the transition densities of the Karlin-McGregor
i,j=1
semigroups associated to n + 1 birth and death chains with generator D and n birth and

death chains with generator D respectively, killed when they collide and so they are
positive. Hence, since h,, ,, and h,, ,,+1 are positive as well we obtain:

Lemma 9.7. ‘13 'ni1 and ‘13” , are positive, Vt > 0.

Our goal now, is to find conditions on a so that with ¢,(z) = 1 —az the operator qsn 1
is positive. We make use of an argument found in Proposition 5.1 of [16], that is recalled
briefly here (see Proposition 5.1 part (4) of [16], in particular the paragraph between
equations (23) and (24) therein, for the details). Our computations below, are quite
simple (compared to [16], although we do follow the same argument) taking advantage
of the relation between the normalization constants and the rates of the chain. First, we
calculate for ¢,5 € N,

(Qi, mjQj(1 — az))w = i j + am(Qi, 1jQj—1 — (Nj + 17)Qj + A Qjt1)w
1 1
= 0ij + adij1 ——mj; — a(Xj + p1;)0i 5 + adij1a A ——;
Tj—1 Tj+1
= 0;,j +aXj—10; -1 — a(p; + Aj)di; + aptj16i541,

_ >\j—1

We now reduce the problem as in Proposition 5.1 of [16]. First, note that if y; > x; + 1
for some i then we get det ((Qll,wyj Qy, V) )Z = = = 0, since the resulting matrix has a
2 x 2 block form consisting of an off diagonal block of 0’s and a diagonal block of 0’s and
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the same happens for z; > y; + 1. Thus, we must have |z; — y;| < 1 and we can further
restrict to the case |z; — z;11| < 1, for otherwise det ((Qm,ﬂijijm)?j:l breaks into a
product of determinants with entries so that |z; — ;41| < 1. Hence, {/ve are led to the
case r; = X,T;+1 = X+ 1,--- , which is the same as considering whether the determinant
of the tridiagonal matrix {A; ;}}%™ with entries, for some m < n,

1,] =X
Aij=0ij+aXj—10i -1 — alpy + Aj)di; + apj10; j+1

is positive. In order to answer this, we recall the following nice property of tridiagonal
matrices (see page 5 of [23]): If each diagonal entry is greater than or equal to the sum
of the off-diagonal entries in that row then, all its principal minors are non-negative. So,
it suffices to find conditions on a such that,

Aii > Aiic1 + A i,
or more explicitly,
1-— a(ul + )\1) Z al; + G,Ai.

So we need,
1
a < (it p) Vi
Thus, by letting C' = sup (A; + p;) we have proven that:
i>0
Lemma 9.8. Ifa < - then, B.,°, ., is positive.

n

Remark 9.9. We note here, the close connection between the condition a < % and

the true interval of orthogonality. Namely, if the support of the measure t is given by
supp(w) = [I7,I7], with 0 < I~ < IT < oo, then Theorem 14 of [46] gives that ( ¢,
therein is equal to, in our notation, w, + Ay),
1
= (I7 +TI7") < limsup{\, + po}
2 n—oo
and thus,

It < 2limsup{\, + pu,} < 2C.

n— oo
In particular, since 2C < 1 the root of 1,(z) = 1 — az is notin [I—, I*].

Moreover, with analogous considerations if we let C = sup (5\1 + ul) we obtain the
i>0
following lemma:
Lemma 9.10. Ifb < - then P, is positive.
Finally, from Lemma 9.8 and Lemma 9.10 and Proposition 9.2 we obtain as a corollary
the positivity of the coherent measures:

Corollary 9.11. Assume 7 is compact and let a < L p<

[
= then, M., ., and My,
are positive.

LA
2C
10 Correlation kernels

10.1 Computation of the correlation kernel

In this subsection we assume that supp(tv) = J is compact and that % is of the form,

(1—az)e ™, (10.1)
1

Y(z) = Pra(r) =

2

RI
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forsome‘ﬁe]Nand%(%/\%) >a; > ay >--->0andt > 0. We denote by GTg(c0)

the set of all infinite symplectic Gelfand-Tsetlin patterns, namely infinite interlacing
sequences of the following form:

GTs(o0) = {X = <X(0=1),X(171)7X(lﬂ)7 ) ) .
X(E-14) ¢ pprise (X(z’,i)) X g it (X(z‘,z‘+1)) }

Define for n € N, the cylinder sets €,,,, (z(®V, -+ ,x™™) €, pq OV, g FD) in
GTs(0), given by,

€ (50D o ) = {X € GTy(00) : XOD — (O . x(mm) _ ;<n,n>}7
Cont1 (zc(o’l), o ,x(”m“)) = {X € GTs(o0) : XON = O . x(nnth) = zc(”’"“>}.

We consider the random variable X¥, taking values in GTs(co), with distribution =%
defined by its values on the cylinder sets as follows,

Ew |:Q:7L,TL (}t(071)7 e 7x(n7n)):| =

=M, (;(n,n)) Abnzin (x("’”%x("‘l’”)) X - ALY (P<171),;<0,1>)

fome (h=1,k) _(k &)\ )" S (k) (k1)) P
= T det (o0 ))  det (G &541))
el 4,j=1 4,j=1
n—1n n,n n 1( ) ~ A 1 n
et (0" )"V ot (7 Qe (<2 )e) L (102
,5=1 ( ') b b i,j=1
Ao

Ew |:€n7n+1 (;(071)7' o ax(nﬂl-‘rl))] =

_ Mz,n+1 (I(n,n—&-l)) Ahn,zrl (x(n,n-kl)’;(n,n)) NI Aflllel (x(lﬁl)’x(0,1)>

n k . k+1
[t (665 650)" aer (3, )
k=1 =1 ij=1
1 (3) n+1
X 7( 1 det (<7T (n, n+l)Q (n. 1), (— )n+1 j'l/J> ) . (10.3)
)\(()2) 7,j=1

Note that, X¥ is well defined by the coherency property of Proposition 8.4 and
positivity of Corollary 9.11. Moreover, observe that for ¢(z) = ¥, 5(z) = ¢(z) = et
then (see Proposition 3.8 and the discussion following it), = gives the distribution at
time ¢ of D-chains on odd levels and D-chains on even levels in GTs(oc0) interacting via
the push-block dynamics, started from the fully packed initial condition.

Equivalently, we can view X¥ as a random point configuration in IN x IN, so that
=% determines a probability measure on 2V*N, Abusing notation, we will also denote
this by =¥. Our goal, is to calculate explicitly the correlation functions (defined below)
{p,C }i>o of this point process in Theorem 10.4. As above, we will denote by (n1,n2) €
{(n,n), (n,n + 1)} the levels of GTs(c0). For example, (0,1) denotes the first level, (1,1)
the second level, (1,2) the third level and so on. For a point z of the form ((nq, 1), z) with
(n1,n2) as above and = € IN we will say that z € X, if z belongs to the point configuration
corresponding to X¥.
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In what follows, we will denote by C(J), a positively oriented (counter-clockwise)
loop around [0,7"] (and not just around J = [I—,I"], recall I~ > 0) that is chosen in
such a way that it contains no zeros of ). Observe that, this is always possible by
Remark 9.9. Our method of proof is essentially an application (of a variant) of the famous
Eynard-Mehta theorem (see [14]).

We begin with some technical preliminaries but first a comment on notations. In all
that follows, all the real weighted integrals over the interval J, for which we use the
notation (-, -)m, will be in the z-variable, while all the contour integrals over C(J) will be
in the variable u.

Lemma 10.1. We have the following contour integral expressions for alternating convo-
lutions of ¢ and ¢. In the 1t and 3"¢ equalities below we have a total of 2n terms in the
convolutions, in the 2% a total of 2n + 1 terms and in the 4t one 2n — 1 terms.

(cb*;;*“'*ﬂﬁ* ¢> (i) = 1 <7TiQi7Qj(U)>midu,

/\70 2mi (@) r—u u”
(Zvj) = 75 <7TiQi7 >m uinduv

¢ é
<¢*)\0* */\ *¢ 2mi Je T—u

(f}*ﬁf’*'“*(ﬁw)(i,j)l. (100 4
0

1 Qi(w), 1

Ao 2mi Je x—u'" un
9 9 __ 1 -0, @i, 1
<A0*¢* v (IR =Y IR e

Proof. We begin by writing,

J
$(i,§) = m1(i < §) = 7(Qi, Y T Qi) = (MiQi, Qj)ro

k=0
_ 1 A Qi(w)
- %ﬁ(j)@nQ“ xj_u>mdu

and in a similar fashion,

O(i, j) = —md(i < j) = —7(Qi, > #1Qn)sp = (7 Qi %(Qa‘(w) — e
k=0

1 oA (u 1
= “om <7TiQia)\OQJ( )>ﬁ:*du~
Tl C(j) r—Uu u
The last equality holds because,
) -1 1 )
M:_fj{ &4 for g e [0, 1],
x 2mi Jegzy ulz —u)
Moreover,
N 1 . . Qrlu
@2 0)id) = 50 St <) §(ma@n L)
Tl C(3) r—Uu
k>0
1 i1 2.0
R S D b = /S C I
2i C(3) r—u
1 A i 1
=—c= (miQi, =2 Qi) Jrodu
27 Je(a) U T—Uu
1 (u 1
=5 <7T¢Qi,)\0QJ< )>m*d )
Tl C(9) r—Uu u
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where the last equality follows from the fact that for all n > 1,

1
j{ ————du=0forz e [0,I"].
c(a) U (z —u)

Similarly;,

i (), 1
=—7= <7ATin',)\0Q](u) —du
27T| C(j) r—U

By induction, we easily obtain the statement of the lemma. O

We now define the following functions (DEZ; ’Z;)) (-,+), that will come up in the computa-
tion of the correlation kernel, on IN x IN for (ny,ns) > (k1, k2) given by the convolutions
in the Lemma above, but with A% replaced by f% (we just put the factors ( 71)(75) and

(—1)(n51) from the cylinder set distributions in the (;AS'S). More explicitly, we define,

oizhon = (o (-£) oo (-2))

27i

o j) = ((—f@) kr g <—f;)> i)

1 A j 1
= (=pm (> j{(:ﬁ)%Qi’ %>‘5WCZ“’

27i

O (0,4) = ((—i) * ¢ x

_ n—k 1 ). Q(u) 1
=1 (_27ri> j{mez, pl bl

and note that, when (n1,n9) = (k1, k2) then,

n,n+1),. .
() (i) = b

‘b(n’n)(@j) = 51‘,]"

(n,n)

Moving on, for ¢ as in (10.1) we define the following functions for n, 5,7 € N,

) ) 1 Qi(u)
EMML(i) = —— : —_d 10.4
) A e e 1oy
, 1 Qi(“)
EVM(1) = —— —————du. 10.5
n*](z) o <o) U (u)(—u)n—itl u ( )
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Then, we have the following biorthogonality relations between the ®’s and ¥’s as
functions of 7 € IN.

Lemma 10.2.

o wrtt (ERTT (i) = Sk, for kil <n+ 1,
>0

> oWt ()ENT (i) =y, for k1 <.
i>0

Proof. We only prove the first equality, as the second is entirely analogous,

n,n mn,n 1 n L
Z \Pn+1+1k 5n+1+ll< ) = 27“ <7T1Ql7( ) i k,t/}>m ‘%(;(3) w(u)( u()nzrl I+1 du

i>0
n Ql( )
2m]€ E (miQi, (=)™ ) (u)(fu)ZJrl—lJrldu

(3) >0

1
- qu=dy, O
2mi c(9) (—U)k_l+1 Y kb

The last technical ingredient that we need is:

Lemma 10.3. Foralln € IN, the functions """ (.), - ,5Zf1+1( -) form a basis for the lin-
ear span of the functions (d) * ¢§g;+1>) (Virt, -), - - - (¢ ¢EZ Zﬁ;) (virt, -) and similarly

’

EM(), -+, ER"(+) form a basis for the linear span of the functions (q& * CD(O {?) (virt, ), -
(qAS * ¢§Zfin)) (virt, ).

Proof. Write Q;(z) = ZZ:O ay(i)z*. By using residue calculus and moreover since we
only have a singularity at 0, we obtain that,

grmtl () = _L% - )(Qi(u) N A (Qi(u)>
<

ntl=j )i (41— ) dunt15 \ p(u)

( 1)n+1 j+1 n+l—j

— n+1—
 (n+1—y)! Zf J @ilw)

=0 u=0

u=0

n+1—j

E: TL+1j
7

where the coefficients {fl #1717 only depend on the derivatives of 1/1(u) at u = 0.
In particular f;'1; =] = ;755 = 1 # 0 and hence also the leading coefficient f; =7 # 0.

n+l—yj
Thus we have,

span{ € (), ERIT ()} = spanfao (), an ()}

Similarly, if we write Q;(z) = S5 _ o G (i)z* then,
n—j ]
Enn(i) =Y g i),
1=0

with g, 7 -£0. Hence,

span{€y"" (), -+, €™ ()} = span{ao(-), -+ s an-1(-)}-
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On the other hand, for 0 < k£ < n, we have that,

n n,n : . n—kK 1 Q L
eotit) o =50 () 0 222 o

i>0

_ n—k L Q(“)L
_(_1) (_27'“) C(9) iu Unikdu

:( 1)n kan k(])

Hence,
span{ (¢ ol ”)“)) (virt, ), - (¢> « o Zi};) (virt, )} = span{ao(-), - ,an(-)}.
Similarly, for 1 < k£ < n, we have,
((;5 CDEZ "1) k)) (virt, j) = const, xan—k(j)
and thus,
span{ ((ﬁ * d)gg f))) (virt, -), - (qb * ¢EZ "1 n)) (virt, )} = span{ao(-), - ,an—1()}-
The statement of the lemma is now evident. O

We finally arrive at our main result, that Z¥ is a determinantal point process with
an explicit kernel given in terms of the orthogonal polynomials {Q;};>0,{Q:}i>0 and the
spectral measures tv, tv.

Theorem 10 4. Let J be compact and v be of the form (10.1). Then, the correlation
functions {p,, }k>0 of =¥ are determinantal,

Pz, 2) CEY(E € GTo(00) st {z1,--+ , 2} C E}) = det (K (zl,zj))’“ (10.6)

where K is given by,

K (m1,m2). ), (o ma). ) = 5 Py Palo), 2o Y@
()

2mi

+1((n1,n2) > (M1, ma)) (Pi(x), z"2 ™2 Pj(z))m  (10.7)

and,
(TrlQZ»QW ) if (nlanQ)a (mlamQ) = (nan + 1)a (mam + 1)
(P,P,m) = (1 Qi Qj, 1) if (n1,n2), (M1, ma) = (n,n + 1), (m,m) (10.8)
o ( QZ?Q]& )1f(nlan2)a(m17m2):(nan)v(m7m+1)
(ﬁ- Qz»Qja ) lf (n17n2)7 (m17m2) = (n7n)7 (mvm)

Proof. This is an application of a variant of the Eynard-Mehta Theorem, more specifically
Proposition A.2 of [15]. Identifying the functions therein from Lemma 10.2 and Lemma
10.3 we get that,

K¥ (((n1,m2), ), (ma,m2), ) = = ¢Enm;;$§><i 91 ((m,n2) < (m1,mo))
+Z‘I’Zi’”z§ D&, "% (4)- (10.9)
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So, we need to calculate y_,*2, W!"2 ()€ (j). The calculation of this sum is elemen-
tary but rather tedious. Moreover, all the sums that are encountered in the sequel are
finite, so there are no further issues with convergence other than the ones encountered
already. We can assume (nj,n2) = (n,n + 1), (my,mg) = (m,m + 1), as all other cases
are analogous; we just need to change Q);’s to Qi's and tv to v, note that in particular we
are not using any specific properties of the @;’s or v below.

We first assume that m < n. Then (note that, for £ < m + 1 we have R',‘f_(nH) =),

= +1 +1 1™ k Q;(u)
Ut T DENTTR ) = — 5= D (mQu, (=) T Ry) f —— L —du
; R 2mi =~ ® Jeqay lu)(—u)m 2
m-+1 _
1 (=z)" 1k Q (w)
=—— Qi du.
i C(3)<7r Q ; (_u)'rrH—Q—k >m w(u) u
By using,
Ut () o
P (—u)m+2=k gy x (—u)m+2’
we get,
m+1
. _ 1 u u\ M+ (—x)ntt Q;(u)
‘Iln,n-i-l gm,m-i-l - = Qi 1— (7) J d
2 SDETO) = g ) M z EEEAARTOR
1 1 ()™ Q)
= 5 1Yy d
P AR e ROV
+ (M Qi () I TN Q )
where we have taken the residue at u = = in the second term.
We now assume that m > n + 1. We split the sum into two,
m—+1 n+1 m—+1
n,n+1l .\ emm+1l, . nn+1l .\ emm+1l, . nn+l r\emm—+1l, .
Z \IjnJrl-tk(z)ngrltk(j) = Z \IJnJrl-‘;k(Z)ngrli_k(j) + Z ‘I’n+1tk(l)5m+1tk(1)-
k=1 k=1 k=n-+2
(10.10)
We calculate the first summand as before,
n+1
. ) 1 u u\" Y\ (—x)ntt Q;(u)
\I,n,n-&-l 5m,7n+1 - = ). 1— (7) J du.
kZ::l nJrlfkr(Z) m+17k(-]) 2 C(3)<W1Qz7m_u x (_u>m+2¢>m w(u) U
(10.11)
n,n+1 /. n+l—
For the second summand first recall that \I/n+1+_k,(z) = (mQ;, (—x)" 1 le}é},(n+1)>m where
E—(n+1)—1 »®
RY_ iy () = () = S @ (—2)!(~1)! and thus,
m—+1
> wr L ENTLG) = (10.12)
k=n+2
m—+1 _ k—(n+1)—1
1 (=) tik ) vy @i(w)
- 5= (miQi, e |Y(@) — (—2)'(=1)' | )~ du.
27i C(9) k§2 (—u)m+2 k ; I v T/J(U)
(10.13)
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So, we need to calculate,

m+1 )tk k—(n+1)—1 0
Y o [ro = Y et -

1 m+1 m+1 k—(n+2)

Z/J(l (—u)k(~1)!
Cuynre Z(W@*w(o))ﬁ > oy 5l x)k)_((nﬂ))_z

k=n-+2 k=n-+3 =0

Repeatedly using the geometric summation identity we get that this is equal to,

1) (=) 2 (m+1)—(n+1)
o [wu)w(o»( i <1(Z) ' *)
(m+1)—(n+1)—1
$0(0) (—1)(—u)" 2 (1) w (m+) =)=
B ; r! r—u (1 B (m) )
o\ (nd1)—(m41) (m+1)—(n+1)-1 (0
- v - Y 0y
r=1 :
) (D) —(m+1) (A1) D)=L ) (o
I LRl CC D DI S Gk
—q)(nt1)—(m+1) _p)(n+1)—(m+1)
T Ry (@) = 900+ 9] + R @)
Hence,
m—+1
> @O G) =
k=n+2
1 (—u)(D—Cnt) Q;(w)
=571 . (i@ (Rl (0) = 900 +9(0) 5 S
1 (—m)mHD—mD) Q;(w)
2w Jeg) s T —u Rim1)=nn) (0o 1Pj(u) -

Now, by taking the residue at v = z, in both contour integrals in the terms involving

Rz”m 1) (nt1) WE get (note that there is no pole at © = 0 in the first contour integral),

1 (—u)mH=lmr) Qj(u)
27i Jega) (miQs T —u R~y () (u) du
1 (=) tD=(mtD) Qj(u)
o () miQs T —u Rim1)-(n1) (@) Y(u) du

(_x)(n+1)—(m+1)

= —(mQi, o(@) R(,,L+1)_(n+1)($)Qj(x)>m

(_x)(n+1)—(m+1)

s Rl (D)0 =
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So,

m—+1 _

nn+1 m,m-+1 1 . (_u)(n+1) (m+1) Q(u)

2 VOO - o $ i T v v
B 1 " (_u)(n+1)—(m+1) _

= Ton C(3)<7T1Q“ —u >ng(u)du

1 (_u)(n+1)—(m+1) Q(u)
T e e L

Thus, combining with the first summand we get that for m > n,

m+1 _
. . 1 (—u)(n+1) (m+1)
n,n+1 gm ,m—+1
Z Vo k(08,0 5 (0) = “om <) (miQs, P Y@ (w)du
1 (—a)" ()

N 27 Je(ay il (_u)m+1(x_u)¢(u)>mQj(U)du. (10.14)

To obtain the correlation kernel for m > n, recall that there is also a contribution from

¢E;n7:'r;)1 ) which is given by,

(m,m+1) _(_1\n—m 7L . Q](u) 1
oy .d) = 0 (—5n ) e S
1 —u (n+1)—(m+1)
=—5— Qi (u)(mi Qi (zu) ) du.

2mi C(3) r—u

Putting it all together, we get that,

—x n+1 x
C (om0 o+ .90 = g f @@ (e

+1 (n > m) (m;Q;, (—a) " FD=(MTDQ
(10.15)

Ywdu

Multiplying by the conjugating factor (—1)(”“)_(’”*1) (these do not alter the correlation
kernel since they vanish when we take the determinant), we obtain the statement of the
Theorem. O

10.2 Large time and finite distance from wall limit

We now take t(u) = 9+(u) = e ™ so that we are considering the push-block dynamics
and we want to take a large time limit while zooming in and looking at particles being at
a finite distance from the wall.

More precisely, let t ~ N7 and m,n ~ N7 so that moreover, the differences between
the different levels m — n is constant. Furthermore note, that ¢, which govern the
position of the particles will be fixed and not scaled with N. This of course, avoids
any delicate asymptotics involving the orthogonal polynomials Q;, QZ or the spectral
measures tvo, 1v. The exact statement of the result is as follows:

Theorem 10.5. Let t{(N) = N7 and

(m1(N), m2(N)) = ([Nn| +ma, [Nn] +ms),
(M1 (N), 12(N)) = (INn) +n1, [Nn| +n2),
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with a = . Then we have:

lim Y0 (1 (N), 72(N)) ,3), (71 (N), m2(N)) . 5))) = Ka (((n1,n2) 1), (m1,m2) , 7))

N—oc0

It
:/ [~ 1(z > @) + 1 ((n1,n2) > (m1,m2))] Py(x)2" =" P; () dm(z).

Proof. First, note that the term:

1 (1 (N), 7iz(N) 2 (i (N), 102(N))) (P (), a2 =200 P () =

= 1((n1,n2) 2 (ma,ma)) (Pi(x), 2™ Py (@)

remains constant in N. We hence, focus on the double integral term of the kernel K¥t)
and write it as (recall J = [I~, IT)),

f _t(N)z+n2(N)l09(m) 7) ( )Pl(m) dm(,]j)du
c) € |

Py —t(Nutma(N)log(u) (g — v)

Write the term involving exponentials as,

e—t(N)ac+fL2(N)log(3c) e—N(T;c—nlog(x))

o—t(N)utmz(N)log(u)  g—N(ru—nlog(u)) +on(1).

Let f(z) = 7z — nlog(z). Then f'(z) =7 — 2 and so z = a & 1 is a critical point. Write,

e~ N(rz—nlog(z))  ,~N(f(z)~f(e))
o~ N(ru—nlog(w)) _ ¢~ N(f(w—f(a)

We would like to deform the C(J) contour to a contour Cs so that,

R(f(z) = f(a)) =0, for x€[0,I7],
R(f(u) — f(a)) < 0, for u on the C; contour

and thus, the double integral will converge uniformly to zero as N — o0. In the process
however, we might pick some residues from the pole of ——- depending on how «
compares with 7. First note that for z € R, R(f(z) — f(«a)) g 0is equivalent to,

aea ™t > |z,

Hence, there exists § < 0 so that ®(f(z) — f(e)) < 0 for z < 8 and R(f(z) — f(a)) >0
for © > [ except at a.. Similarly, with u = x + iy the inequality R (f(u) — f(«)) < 0 is then
equivalent to,

aea "l < (22 4+ y2)?

and note that supg, <, aea~! = a. We can thus deform the C(J) contour to a contour
C that is equal to a rectangle with sides parallel to the real and imaginary axes so that
the two sides that are parallel to the imaginary axis have real parts r; = a and r, <
and the two sides that are parallel to the real axis have imaginary parts im; > a and
img < —a. Then, on this contour we have R (f(u) — f(«)) < 0 except at «, where it
vanishes. If o < It in the course of this deformation we also pick the residue at v = =
which gives the single integral,

It

- /_ 1(z > a)P;(z)z"2 ™2 P;(z)dm(z).
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Thus, for o > IT the kernel K%+ converges to a triangular matrix whose diagonal
entries are 1. This corresponds to the frozen or fully packed region; the particles at high
levels haven’t had time to move yet since > 7I17. On the other hand, for o < I, in the
scaling regime considered here, K%+ converges to a kernel £, with entries,

Ra (((nlv n2)v i)v ((m1, m2)7])) =
It
_ / [~1(z > o) + 1 ((n1,n2) > (m1,m2))] Pi(a)a™ ™, (z)dm(z).  (10.16)
N O
Remark 10.6 (Multilevel extension of discrete ensembles). As already mentioned in the
introduction Borodin and Olshanski in Section 3 of [11] introduced the so called discrete
determinantal ensembles associated to continuous orthogonal polynomials.

Their definition goes as follows: suppose W(dx) is a weight on R for which the
moment problem is determinate (see [11] for the precise statements). Let P,j(x) be the
kt" orthonormal polynomial with respect to this weight with positive leading coefficient.
The discrete ensemble associated to the weight W(dx) (or equivalently to the polynomials
P} (z)) is the determinantal point process with the following kernel K}V (i, 5):

¥ id) = [ P P @wian)

It is easy to see that if restricted to single levels &, (((n,n + 1) ,%), (n,n +1),7))) gives
rise to the determinantal ensemble with kernel K (7, j) and also &, (((n,n),4), (n,n),5)))
gives rise to the ensemble governed by the kernel Kg’(i7 j); since conjugation by a
function does not alter the correlation functions and thus the determinantal measure.

Thus, &, (((n1,n2),17), (m1, ms), j)) provide a novel multilevel determinantal extension
of these discrete ensembles, so that particles on consecutive levels interlace (by con-
struction). Moreover, in this generality, it is the first time that these ensembles appear
in a concrete interacting particle system.

11 Appendix

11.1 Technical results
Proof of Lemma 2.1. We will show that for x,y € Z and ¢t > 0,

pt(x7 y) = _?y Z ﬁt(ya w)7

from which the statement of Lemma 2.1 follows. It will be more convenient to write this
equality in matrix form. Define the doubly infinite matrices U, V as follows,

. 1 =]
A L= B 1 =173+ 1
L= R o= — =1
Z] 0 otherwise Z] J

0 otherwise
Observe that, AB = BA = Id and moreover and this is the key relation, BD = DB
where DT denotes the transpose of D. Then, with this notation in place we want to show,

P(t) = AP"(t)B ¥ P,(t), for t > 0.

First note that P,(0) = Id and moreover,where in the first equality we interchange %
and an infinite sum which will be justified below, and in the second we use the backwards
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equation, fort > 0,

Finally, note that -V, - #:(y,w) > 0 and 3 ., —V, > 0" pi(y,w) = 1. Hence, by
uniqueness of solutions to the forwards equation we obtain that for ¢t > 0, P.(t) = P(¢).
Now, in order to justify the interchange of summation and differentiation it suffices to
show that the series,

converges uniformly on compact intervals of ¢, where x,y € Z are fixed. First, note that
for n > 1 we have,

z+n z+n r+n r+n

> %ﬁt(% w) =Ay) > puly —1,w) — (X(y) + ﬂ(y)) > pilyw) + ily) > pely + 1,w).
=x w=x w=zx w=x (111)

Hence, .7 24, (y, w) converges on 0 < t < co and moreover, has uniformly bounded

w=z dt
partial sums. More specifically,

z+n

>

w=x

d

dtpt(va)’ <2 (A(y) + u(y)) .Vt >0,VYn > 1.

Thus, the partial sums of,

Z ﬁt(y, w)

are uniformly bounded and equicontinuous, which can be seen as follows. If we define,
for fixed x,y € Z, fu(t) = 0" pi(y, w) we obviously have |f,(t)] < 1,Vt > 0and n > 1.
Moreover, for s < t in [0,7] we have by the Mean Value Theorem, for some u € (s, ),

Falt) = Fals) = (= 8) )

and hence,

r+n

> %ﬁu(x,y)

T+n
<|t—s| sup >
u€0,T] \y—p

<2(Ay) + i) 1t -5l , vn = 1.

TAORTABIE: Jou(0)

So, by the Arzela Ascoli Theorem we obtain that the series ) .. p:(y, w) converges uni-
formly on every finite interval in ¢ and hence by equality (11.1) the series ) .~ %ﬁt(y, w)
does so as well. By iterating the same argument, we also see that this holds for

k ~
S S5y, w) for any k > 1. !
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Proof of Proposition 2.3. The result is implied from the following two claims, for s <'t,
z, 2,z wel:

1. If F; 1 (w) = 2’ < x then G, () > w.

2. If Fy ;(w) = 2" > x then G, +(x) < w.

To show the first one, observe that without loss of generality we can assume that
F, (w) = z. Then, attempt to follow the original/forwards path starting from w at time s
and that ends at z at time ¢ backwards in time, using only the red arrows, until the first
time this is no longer possible. This happens iff the original/forwards path/chain came
up using an up T arrow or the chain running backwards encounters a red up 1 arrow. The
claim then follows, since the backwards path always stays above the original/forwards
path.

To show the second one, note that without loss of generality we can assume that
Fsﬁt(w) = x + 1. Consider the last instance (if they never meet the claim is trivial)
T < t the forwards path starting from w at time s and moving according to the original
arrows and the backwards path starting from z at time ¢ and using the red arrows are
together. This is equivalently, the first instance (cf. right continuity) they meet, with time
running backwards from ¢. This can only happen if the forwards path encounters an up 1
arrow which means the backwards path encountered a down red | arrow, which gives a
contradiction. This is since the paths would split at 7, with time running backwards in
such cases. O

11.2 Projective chains from branching of functions

Suppose we are given Vn € N, indexing sets I,, C Z", Polish spaces X" = X x --- x X,
a distinguished point u € X', Borel measures w,, on X" and finally families of functions
{F, (z;u1," - ,un)}ser, orthogonal in L? (X", w,) normalized so that F), (z;u,--- ,u) = 1,
Vn € N,z € I,,. Consider the convex set, denoted by ), consisting of functions 7,
such that the following series converges uniformly in A" (this can be relaxed) and in
L? (X", wy),

FMon(uy, - up) = Z My (2)Fy, (@501, -+, up) , (11.2)
zel,
where,
M,(x) >0, Vo €I, and » My(z)=1. (11.3)
xz€l,

Note that, by the orthogonality of the {F,, (z;-)}.cs, We obtain that the {M, (x)}.c;s, are
determined uniquely by the F,(-) as follows,

<‘Fn()aFn(‘L, )>w
M, () = r (11.4)
<Fn ('757 ) ’Fn (m7 )>wn
Now, further assume that,
Fn(.lf, Up, -, Up—1, 12) = Z AZ—l(xa y)Fn—l (Z% Uy, aun—l) ) (115)
yel, 1
for some Markov kernels, A'_; from I,, to I,,_; i.e.
Ar_(z,y) >0, Vo € I,,y € I,,_; and (necessarily) Z AY_(z,y) = 1.
yEl, 1
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Moreover, we assume that for any fixed = € I,, the measure A}!_,(z,-) is supported on
finitely many y € I,,_1. Observe that, this is always the case for branching graphs by
definition. In particular, the functions {F, (z;)}ser, n>1 generate a projective chain with
levels {I,},>1 and Markov links from I,, to I,_; given by A?_,(z,y) with z € I,, and
yel,_1.

Remark 11.1. In the case of the alternating construction, I,, = W™(IN), X = [0,1"] and

u=0. Forv € I, and u,- - ,u, € [0,I7], the functions F,,(v;us,--- ,u,) are given by
(ct. (7.5)),
hn,—ln(y;ula"' ,Un) hn—ln(y;ulv"' 7“71,)
F7 ; sy = ’ = :
L(V (51 Un) hnfl,n(V§ 0’ . 70) hnfl,n(y)

and the Markov kernels A”_, (v, k), for v € W™ and x € W"~1, as follows,

no1(V k) = (Ahﬂ LA 1) (v, K).

n—1,n n—1n—1

Moving on to coherent measures, the fact that M, A'_, = M,,_; is equivalent to,

]_-T]LMn(uh._. ,’U/n717 Z Mn 1 n 1(%U1,"' aunfl)- (116)

YEln_1

This can be seen as follows. If M,,A” _, = M,,_;, we multiply both sides of (11.5) by M, (x)
and sum over x € I, first (there is only one infinite sum here so we can interchange
them without any issues) to arrive at (11.6). On the other hand, if (11.6) holds we can
again multiply (11.5) by M,,(x) and sum over z € I,, to obtain using (11.6),

Z MVL 1 ’Vl 1(y7u17"' Unp— 1 Z ZM n 1 l'y)F (y;ulv"'7un—1)7

yeln_1 y€l,_1 z€I,

with both series converging uniformly and in L? (X n=l wn_l) and by taking the inner
product with F,,_1(z;-) we get,

n
g M, (2)A)_(z,2).
xz€l,

Thus (truncated) coherent measures up to level NV, namely sequences of probability
measures {M,, },<n such that M, A?_, = M,,_; for n < N are in bijection with sequences
{]:n}nSN such that F,, € ),, with ]-'n(uh cee ,’U,n) = .7:]\[(11,17 e Upy, Uyttt 7’1]). Thus, if we
define (SF,) (u1, -+ ,upn—1) = Fpn (u1, -+ ,un—1,u) which is an affine map from ), to V,,—1
and consider the projective limit,

Y= liinyn (11.7)

consisting of functions F, on the space X§° = (uj,uz, --) € X x X x --- (having only
finitely many coordinates not equal to u) such that,

fg-—w(ulv"' 7un) d:effoo(uh"' 7U’naﬂvav"') S yn 7vn € ]N» (118)
then studying the extremal coherent measures is equivalent to the study of Ex ()).

11.3 Factorization implies extremality

We now aim to prove under several assumptions that if F., factorizes then, the corre-
sponding coherent measure is extremal. We will reduce the problem to an application of
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de Finetti’s theorem, following an argument which in this particular setting, as far as we
know, originates with Okounkov’s and Olshanski’s paper [37].

We assume that, Vn € N and z € I,,, the functions F, (z;us,--- ,u,) are symmetric
polynomials on [0, I*]", orthogonal with respect to a weight w,, and @ = 0. It will be
more convenient to work on the n-dimensional torus T” = {(z1, -+ ,2n) C C: |z]| = 1}
rather than the cube. We let 2 denote the BC,, Weyl group namely,

W = S(n) x Z7,
where the symmetric group S(n) acts by permuting the variables and Z% acts as follows,
f(zl7"' ,Zn) = f(zlilv 727:::1)'

We will be interested in 2J-invariant Laurent polynomials in n variables on T™. It is a
well known fact, that the algebra of n-variable 20-invariant Laurent polynomials can be
identified with the standard algebra of symmetric polynomials in n variables (see first
paragraph of Section 2 of [43] for a discussion). More concretely, under the change of

variables,
It Zi+Z-71
=5 (1-"5") = (=),
u 2( 5 ) 9(zi)

we can map symmetric polynomials on the cube [0, IT]" to 2J-invariant Laurent polynomi-
als on T" and vice versa and note that the distinguished point © = 0 gets mapped
to z = 1. We can thus, consider the corresponding 2J-invariant Laurent polyno-
mial to F,,(z;uq, - ,uy), denoted by G, (z;21,- -+, 2n) = Fn(z;9(21), -+, 9(zn)), orthog-
onal in L? (T", @, ) where ,, is obtained by the change of variables formula. Finally,
we denote the corresponding convex set :)7n consisting of functions G, (z1, -+ ,2,) =
Fn(g(z1),- -+ ,9(zn)) so that,

gn(zla"' 7Zn): ZMn(l’)Gn(.’II,Zl, 7Zn)7 (11.9)
xel,
Gn(z; 21y 5 Rn—1, 1) = Z A;L,_l(xay)Gn—l (y; 21yt azn—l) .
yeln_1

We make the following essential (and rather non-trivial to check) positive definiteness
assumption, namely that Vx € [,,,

Gy 21, ,2n) = Z Az Ar, - An) 2t 2 Al A, M) >0, € Z

n

A1, An€Z
Note that, since G(x; z1,- -+ ,2,) = 1 this implies that,
ST a(@A M) =1
A1, An€Z

and so by the positivity of the a(z; A1, - \p,) for (21, ,2n) € T, |Gr(z; 21, -+ ,20)] < 1
and in particular the series (11.9) converges uniformly. Thus, G,, is a continuous,normal-
ized, positive definite, symmetric function on T".

Hence, and this is the key observation, the convex set 5)” is a subset of the convex set
of characteristic functions of measures on Z" invariant under the action of S(n). Thus,
Y= lgnj)n the set of functions G on (z1, 22, -+ ) € T such that,

gn(21,"' 7Zn) d:efgoo(zlv"' 7zn71717"') € j}n 7vn S ]Nv (]-]-]-O)

is a (convex) subset of the convex set Z of characteristic functions of probability measures
on Z>® =7 x Z x - - -, invariant under the action of S(c0). We have thus arrived at the
following result.

EJP 23 (2018), paper 106. http://www.imstat.org/ejp/
Page 78/81


http://dx.doi.org/10.1214/18-EJP236
http://www.imstat.org/ejp/

Random surface growth and Karlin-McGregor polynomials

Proposition 11.2. Under the assumptions above, for G, € )7 further assume that there
exists G, € Y such thatVn > 1,

Goo(z1, 120, 1,1, ) = [[ Gu(z). (11.11)
i=1

Then, G, € Ex(Y).

Proof. By de Finetti’s theorem and the factorization property (11.11) we have G, €
Ex(Z). Since ) is a convex subset of Z we get G € Ex()). O

Remark 11.3. We have a Markov kernel A% : Ex()) — I,,, defined for G, € Ex()) such
that (11.11) holds, that is given as follows,

M9 (z) & (TG (), G (@5))5, (11.12)

<Gn (17; ) G (555 ')>1Dn
Remark 11.4. Note that, the assumptions considered in this section are satisfied in the
case of general 5 normalized Jack (see [37]) and Jacobi (see [38]) polynomials. Checking

the positive definiteness of G,,(v;-) corresponding to F,,(v;-) = hh"%:((”u)) cf. (7.5) which
p n

would imply the extremality of M,, = M, for ¢(z) = p(x)e”* where p(z) is an
arbitrary polynomial is in general non-trivial.

def

AZO (glvx) =
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