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ABSTRACT

We develop spectral theory for the generator of the g-Boson (stochastic) particle system.
Our central result is a Plancherel type isomorphism theorem for this system. This
theorem has various implications. It proves the completeness of the Bethe ansatz for
the ¢g-Boson generator and consequently enables us to solve the Kolmogorov forward
and backward equations for general initial data. Owing to a Markov duality with g-
TASEP (g-deformed totally asymmetric simple exclusion process), this leads to moment
formulas which characterize the fixed time distribution of ¢-TASEP started from general
initial conditions. The theorem also implies the biorthogonality of the left and right
eigenfunctions. We consider limits of our ¢-Boson results to a discrete delta Bose gas
considered previously by van Diejen, as well as to another discrete delta Bose gas
that describes the evolution of moments of the semi-discrete stochastic heat equation
(or equivalently, the O’Connell-Yor semi-discrete directed polymer partition function).
A further limit takes us to the delta Bose gas which arises in studying moments of the
stochastic heat equation/Kardar—Parisi-Zhang equation.
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1. Introduction

In this work we develop spectral theory for the g-Boson (stochastic) particle system.! This is an
interacting particle system whose generator is a stochastic representation of the generalization
of the g-Boson Hamiltonian introduced by Sasamoto and Wadati in 1998 [SW98] (see §1.2.4 for
more details). The system (in fact, a totally asymmetric zero range process) consists of k > 1
particles on Z with locations labeled by i = (ny > --- > ny) € ZF. In continuous time, each cluster
of particles with the same location transfers one particle to the left by one at rate (1 —¢¢), where
c is the size of the cluster and ¢ is a parameter fixed between 0 and 1. In order to preserve the
ordering of 77, the highest index particle in a cluster is always the one which moves left.

This particle system can be understood as being a discrete space, g-deformation of the
continuum delta Bose gas on R with attractive coupling constant (see § A.1). This delta Bose
gas has a rich history, going back to the foundational work of Lieb-Liniger in 1963 [LL63],
and it has recently played an important role in the physics literature [McG64, Kar87, Dot10,
CLR10, CL11, PS1la, PS11b, CQ11, PSllc, IS11, IS12, CL12, IS13, Dot12, Dot13a, Dot13b,
Dot13c, ISS13] surrounding the Kardar—Parisi-Zhang (KPZ) equation and universality class
(which includes random growth models, interacting particle systems and directed polymers; see
the review [Corl12]). More exactly the moments (for a fixed time ¢ but possibly different spatial
locations x1, ...,z € R) of the solution to the stochastic heat equation (whose logarithm is the
KPZ equation that models a randomly growing interface) satisfy the delta Bose gas with initial
data corresponding to the initial data of the stochastic heat equation. For more details see § A.1.

The moment problem for the solution to the stochastic heat equation is not well posed since
its moments, though all finite, grow too fast to characterize the distribution of the solution.
Despite this mathematical limitation, there has been a significant amount of non-rigorous work
using these moment formulas to extract distributional information about the solutions to the
KPZ equation; this sometimes goes by the name of the polymer replica method. In the instances
for which rigorous results were available via other means [ACQ11, CQ13, BCF14, BCFV14]
it has been checked that these computations have yielded the correct answer. There are now
many non-rigorous KPZ distribution computations, such as those involving different types of

' In [SWO9S8] this particle system was referred to as the ¢-Boson totally asymmetric diffusion model while in
[BC14, BCS12, KL13] it was also referred to as ¢-TAZRP. The term ‘stochastic’ is included here to differentiate
this with the non-stochastic quantum particle system considered in earlier work [BBT94, BIK98] under the name
g-Bosons. That earlier studied system is a special limit of the more general system presently considered (see §6.2).
Despite this, in what follows we will generally suppress the term ‘stochastic’, though still always referring to the
stochastic particle system.
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initial data (flat/half-flat [CL11, CL12], stationary [IS11, IS12, IS13], or more general [CQ11])
or different times [Dot13b], which are based on this technique and which do not yet have
rigorous counterparts. Such computations involve some level of guessing (as to how to sum
certain divergent series) which varies problem to problem, hence it is hard to be confident (let
alone prove) whether the outcome of each additional computation will yield the correct answer.

One way to put this line of work on a firm, even rigorous, footing is to find discrete
regularizations of the KPZ equation which are integrable and well posed in the sense that formulas
for moments characterize the distribution. One such system is the ¢-deformed totally asymmetric
simple exclusion process (¢-TASEP) which was introduced by Borodin and Corwin [BC14] in
2011 via the framework of Macdonald processes. It was later observed by Borodin et al. [BCS12]
that moments of ¢-TASEP solve the ¢-Boson particle system with initial data corresponding
to the initial condition of ¢-TASEP. Drawing on [BC14], in [BCS12] this system was explicitly
solved for one family of initial data (corresponding to ¢-TASEP started from half-stationary
initial condition). Until now, it was not clear how to analyze this system for general initial data,
as would be necessary to rigorously approach the many problems studied via the polymer replica
method in the past few years.

The reason why the delta Bose gas can be solved for general initial data is that it is known
how to diagonalize the Hamiltonian. Though the eigenfunctions for this Hamiltonian have been
known via coordinate Bethe ansatz [Bet31] since the work of Lieb and Liniger [LL63], alone they
do not suffice to solve the time evolution equation. Ultimately this requires a Plancherel formula
which shows how to decompose general initial data onto a subset of the algebraic eigenfunctions
(and hence shows completeness of the Bethe ansatz as well). Various forms of such a result have
been proved in [Oxf79, HO97, PS11c] for the delta Bose gas.

In this present work we prove a Plancherel formula for the ¢g-Boson particle system. This
allows us to explicitly compute the moments of ¢-TASEP for general initial data, which will
hopefully serve as the basis for further rigorous asymptotic work confirming the results of the
previously made non-rigorous calculations about the KPZ equation. Our proof of the Plancherel
formula is fairly simple, relying in part on the contour shift argument used in Heckman—Opdam’s
proof of the delta Bose gas Plancherel formula [HO97] (see § 3 for more history on this argument).
In that previous work, the Hermiticity of the Hamiltonian played an important rule. In our work
we consider a non-Hermitian Hamiltonian, however we find that a symmetry (known sometimes
as PT-invariance or joint space-reflection and time-reversal symmetry) between our Hamiltonian
and its adjoint is a suitable replacement for Hermiticity, see Remark 2.3.

A large part of the paper is devoted to modifications, implications and degenerations of this
core result. For example, the Plancherel formula immediately implies a (spatial) orthogonality
of the left and right eigenfunctions and suggests a second (spectral) orthogonality which we
prove separately by ultimately appealing to the Cauchy—Littlewood formula for Hall-Littlewood
(multivariate symmetric) polynomials (though we should emphasize that our eigenfunctions are
not Hall-Littlewood polynomials and only degenerate to them in a certain limit). With minor
modifications all results (though not necessarily the probabilistic interpretations) apply for more
general parameter ¢ € C. Such ¢ (especially on the complex unit circle) arise naturally from a
quantum physics perspective (see §5).

It is possible to take a limit of the ¢g-Boson particle system so as to recover the continuum delta
Bose gas and its Plancherel formula. There are also two discrete space limits we study; one leads
to a delta Bose gas and Plancherel formula previously studied by van Diejen [vDi04] and another
leads to the delta Bose gas and Plancherel formula related to the semi-discrete stochastic heat
equation (or equivalently the O’Connell-Yor semi-discrete directed polymer partition function).
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There exist other integrable discrete regularizations of the KPZ equation (and delta Bose
gas) such as the asymmetric simple exclusion process (ASEP) or ¢-PushASEP [BP14, CP13]. In
a companion paper [BCPS14] we prove (in a similar manner as here) a Plancherel formula for
ASEP and the Heisenberg XXZ quantum spin chain on Z (thus recovering the XXZ results of
[BT77, BG90, Gut00] in a different manner).

1.1 Main results
Let WF = {7t = (n1,...,nx) € Z¥ | ny > -+ > ni}. The backward generator for the g-Boson
particle system is written HP"4 and defined via its action on functions f : W*¥ — C as

M
bwd £\ (= ; - -
(HP ) () =D (1= ¢%) (f (i gier) — F (7).
i=1
Here M denotes the number of clusters of 7 € W* and (cy,...,cy) denote the sizes of these
clusters (so that ny = -+ =n¢, > Neyg1 = =Nejqey > -0 > Negdoteny 141 = ° = Neydeteny)
and 7, = (n1,...,n;—1,...,ng). The forward generator of the g-Boson particle system is written

H™ and given by the matrix transpose of HP"4 (see Definition 2.1 for its explicit action).
We will be concerned with eigenfunctions of HPV and H™W4. Define the function Cy: Wk > R
by

M
Cy(i) = (=1)Fq "2 [ (e)lys

where (c1,...,cpr) are as above, and (c)!y = [[5—; (1 — ¢?)/(1 — q) is the g-factorial. This is an

7j=1
invariant measure for the g-Boson particle system and the backward and forward generators are
related by
HPV = (RC)H™Y(RC,) ™! (1.1.1)
where (Rf)(ni,...,n,) = f(—ng,...,—n1) and C; is the multiplication operator (Cy,f)(7l) =

Cy(7) f(i7). This relationship is sometimes called PT-invariance, see Remark 2.3.
For all zq,...,2, € C\{1}, set

w7 Z H Fo(A) ~— P%o(B) ﬁl—z -,

z
oSy, 1<B<A<k ~o(A)

Wi i) T 1Zo(B ﬁl—z

Z — 2
c€eS), 1<B<A<k a(A)

Our first result is that these are the right eigenfunctions of "% and H™! (respectively).

PROPOSITION 1.1 (Proposition 2.10 below). For all z1,. .., z; € C\{1}, we have
(P () = (g 1) o1+ 20 W), () = (g 1) (2142 2R,

The proof of this result is based on the fact that the backward and (Cjy-conjugated) forward
generators can be rewritten as free generators subject to (k — 1) two-body boundary conditions.
The coordinate Bethe ansatz then readily implies the result. Since we are working on Z (as
opposed to a finite or periodic interval) there are no Bethe equations to be solved.
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Since ‘llde( ) is a right eigenfunction for the forward generator H"4, and H™d is the matrix
transpose of HPV4, it follows that \Ilde( 7) is also a left eigenfunction for 74, Thus, we use the
alternative notation

Wi(it) = WEV(iD),  WL(iT) = UE(7).
We now proceed to our main result, a Plancherel type isomorphism theorem.

DEFINITION 1.2. Let W* be the space of functions f : W* — C of compact support, and let C*
be the space of symmetric Laurent polynomials G : C¥ — C in the variables 1 — zq,...,1 — z.
Let v1,...,v be positively oriented, closed contours chosen so that they all contain 1, so that
the 74 contour contains the image of ¢ times the yp contour for all B > A, and so that ~;, is a
small enough circle around 1 that does not contain ¢ (see Figure 2 in § 3 below).

Define the (symmetric) bilinear pairing (-, -)yy on functions f, g € WF¥ via

Frow= 3 F)g(),

newk
and the (symmetric) bilinear pairing (-, -)¢ on functions F, G € C* via
I
(F,G)e=)_ f{ 7{ dpn (@) [ [ ————F (@ o \)G( o N).
Ak Yk jZl (w]ﬂ Q)AJ

Here A= (A1 > X2 > --- > 0) F k is a partition of size k (i.e. > A\; = k) and

1 — VE(—1)kg—F?/2 1 o) ) d
dpux () = Gl )l Gt : [T w)a%"? wj (1.1.2)
mylma!--- wigM — w; i=1721

where m; = |{j : \; = i}|, the g-Pochhammer symbol is (a;q), = (1 —a)(1 —qa)--- (1 — ¢"ta)
and we use the notation

Ao—1

- A—1 Ae—
wo)\:(wlaqwh"'aql w1, w2, qw2, . ..,q W2,y .oy W), qWN,y---,( w)\[)'

Remark 1.3. The pairing (-,-)¢ on C* has a simpler alternative definition

<FGC_7{ fdu w]i[ )G (W),

where v can be chosen to be a circle containing both 1 and 0 and (1)* is the partition with &
ones. However, it turns out that the more involved definition above is more useful for our present
purposes (in particular when taking various limits).

The q-Boson transform FaBo" takes functions f € W¥ into functions F2Boson f ¢ Ck via

(FrPoeenf)(2) = (f, ¥o)w

The (candidate) q-Boson inverse transform J q-Boson {akes functions G € CF into functions
jq—BosonG c Wk via

k
(jq—BosonG)(ﬁ) :7{ dzlf % H FATZB H(l — zj)—nj—l G(2).

27 27 ZA — Q2
m T 1<A<B<k “A T 9B 5
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By shrinking the nested contours so that they all lie upon ~y; (cf. Lemma 3.4) this can also be
written as

(JTPrG) (1) = (VE(7), G)e, (1.1.3)
where U¥(77) is the function which maps '+ Wi(7).

THEOREM 1.4 (Theorem 3.11 below). The g-Boson transform F4 3" induces an isomorphism
between W¥ and C*¥ with inverse given by J4 8" Moreover, for any f,g € W*

(F.ghw = (FTE=en(pf), Froong),,

and for any F,G € CF
<'P_1(jq_BosonF)7 L7q—BosonG>Vv _ <F, G>C

Here P : Wk — WE s defined via its action (Pg)(it) = (—1)kC,()(Rg)(7i) and is the operator
which maps right eigenfunctions to left eigenfunctions.

One immediate corollary of this Plancherel isomorphism theorem is the completeness of the
coordinate Bethe ansatz.

COROLLARY 1.5 (Corollary 3.12 below). For all f € W¥,

L(N)
— q-Boson 1-¢g-Boson = 1
f(n) (*7 F f o f %Yk d/")\(w) 1_‘[1 (w],Q) ( )<f’ wo)\>

=

This shows that the space W¥ is decomposed onto left (and right) eigenfunctions with spectral
variables wo over all A F &k and @ of length ¢(\), with respect to the (complex-valued) Plancherel
measure given above in (1.1.2). The lack of positivity of this measure should be compared to the
case of Hermitian Hamiltonians such as the Heisenberg XXZ quantum spin chain on Z or delta
Bose gas on R. Thus our Plancherel isomorphism theorem is not an isomorphism between L2
spaces. There are some degenerations of this system which admit L? space isomorphisms, namely
the system considered in §§6.2 and A.1. The system considered in § 6.3 involves a complex-valued
Plancherel measure, and likewise does not admit an L? isomorphism.

In applying a contour shift argument (used, for instance, in Heckman—Opdam’s proof of
the delta Bose gas Plancherel formula [HO97]) in this proof of the Plancherel formula, the
non-Hermitian nature of our Hamiltonian introduces some additional non-triviality. However,
the symmetry given earlier in (1.1.1) between HP¥? and H"! (see also Remark 2.3) is a suitable
replacement for Hermiticity.

The Plancherel isomorphism theorem also contains within it the biorthogonality (with respect
to the spatial variable @ and spectral variable @) of the left and right eigenfunctions (see
Corollary 3.13 and Proposition 3.14 below).

The completeness result above, along with the fact that \Ilg(ﬁ) is a right eigenfunction for
#P%d enables us to explicitly solve the Kolmogorov backward equation for the g-Boson particle
system with general initial data in WF.

The g-Boson particle system plays an analogous role to ¢-TASEP, as the continuum delta
Bose gas plays to the Kardar—Parisi-Zhang equation (cf. § A.1). More precisely, due to a Markov
duality (see §4.3 or [BCS12]), if we write the trajectory of ¢-TASEP as Z(t), then

k
h(t;n) :=E [H g i (t)+”i:|
=1
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solves the ¢g-Boson particle system Kolmogorov backward equation

L pt78) = (HP™h) (1 7)
dt
with initial data depending on the initial condition #(0) for ¢-TASEP.

Since we know how to solve the backward equation (via the spectral decomposition above),
this gives us access to exact formulas for moments of ¢-TASEP started from any initial data.
However, such an exact formula does involve evaluating (F4B5°nhg)(2), where ho(7) = h(0; ).
For certain types of initial data this summation can be explicitly calculated (see for instance
Corollary 4.6 and Lemma 4.7). This is due to the fact that if ho(77) = (J9B°"G)(i7) for some
function G(Z), then the Plancherel isomorphism theorem implies that (F4Boonpg)(2) = G(2).
This provides a systematic way to discover and prove many new combinatorial formulas.

In particular, for ¢-TASEP with step initial condition (i.e. z;(0) = —i for i > 1), this approach
leads to (see Proposition 4.9 below)

i dz dz ih— 25 o ela=1tz
E[H qwni(t)w} — (_1)qu(k—1)/2f L 7{ ok H FAT B H(l — ) ——,
Py " 2mi i 2mi I A< Bk ZA — Q2B o Zj

(1.1.4)
where 71, ..., are as above, with the additional condition that they do not include 0. Proving

this formula requires us to go beyond the functional spaces C* and W¥, which in this case is
readily doable.

This moment formula for step initial data has appeared previously (though not via this
spectral approach). With all n; = n it was first proved in [BC14, §3.3] using the theory of
Macdonald processes. The general 7 result was then proved in [BCS12, Theorem 2.11] by simply
guessing the above formula and checking that it satisfied the backward equation and initial
data. The Macdonald process approach was then extended in [BCGS13] to also cover general 7.
Extending from step to general initial data was unclear until the present work.

Since ¢ € (0,1), the above moment formula completely characterizes the distribution of
¢-TASEP at time t. So far, this has been used to write a Fredholm determinant formula for
the location of a particle z,(t) (cf. [BC14, Theorem 3.2.11] or [BCS12, Theorem 3.12]). In turn,
this formula has served as effective starting point for asymptotic analysis of a variety of models
related to ¢-TASEP (cf. [BC14, BCS12, BCF14, BCFV14], and related work [BCR13]). The
direct asymptotics (for instance to the Tracy—Widom GUE distribution and KPZ universality
class) of ¢-TASEP has not yet been performed, though it would seem that the above mentioned
Fredholm determinant formula is well suited for that.

Thus, as pointed out earlier, ¢-TASEP and the ¢-Boson particle process serve as discrete
regularizations of the Kardar—Parisi-Zhang equation and the continuum delta Bose gas, for
which the physics replica method can be put on firm mathematical ground.

1.2 Motivations

There are three related motivations which led to the present work: the polymer replica method
from physics, Tracy—Widom’s ASEP transition probability formulas, and measures on partitions
and Gelfand—Tsetlin patterns (sequences of interlacing partitions) such as Schur, Whittaker and
Macdonald processes.

1.2.1 Polymer replica method. We have already discussed much of our motivation coming
from the polymer replica method. Let us just add that the connection between the moments of
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the stochastic heat equation and the delta Bose gas does not seem to be firmly established in the
mathematical literature and some of the types of initial data one wishes to study for the KPZ
equation (such as narrow wedge) fall outside of the realm of the presently proved Plancherel
formulas. Thus, by working with a discrete regularization, one may hope to avoid such issues as
well.

1.2.2 Tracy—-Widom’s ASEP transition probability formulas. In 2008, Tracy and Widom
[TWO08] computed an exact formula for the transition probability of the k-particle ASEP. Though
the coordinate Bethe ansatz was central to their work, they did not diagonalize the k-particle
ASEP Hamiltonian. We address this diagonalization in the companion paper [BCPS14] as well as
the relationship between Tracy—Widom’s work and the ASEP Plancherel formula. Tracy—Widom
have recorded further progress in computing transition probabilities for variants of ASEP on Z
(such as on Z=o [TW13]). Lee [Leell] has further developed Tracy—Widom’s methods. Indeed,
soon after the first posting of the present work, Korhonen and Lee [KL13] demonstrated how the
Tracy—Widom approach can be employed to find transition probabilities for the g-Boson particle
system (see also §4.2 below). It would be reasonable to try to develop analogous results to ours
in all of these other settings.

1.2.3 Measures on partitions and Gelfand—Tsetlin patterns. Measures on partitions and
Gelfand—Tsetlin patterns have played an important role in a wide variety of probabilistic
systems including random matrix theory, random growth processes, interacting particle systems,
directed polymer models, and random tilings (see, for example, the recent review [BG12] and
references therein). During the last 15 years there has been significant activity in the analysis
of determinantal measures, in particular the so-called Schur processes [Oko01, OR03], which are
written in terms of Schur symmetric functions. It is possible to define generalizations of the
Schur processes by replacing Schur symmetric functions with Macdonald symmetric functions
(their two-parameter (g, t)-generalizations). Until recently, little was done with respect to these
generalizations, owing largely to the fact that they are no longer determinantal.

In 2009, O’Connell [O’Col2] introduced the Whittaker process and related it to the
O’Connell-Yor semi-discrete directed polymer partition function. Furthermore, he utilized a
Whittaker function integral identity to compute an exact formula for the Laplace transform of
the partition function. As Whittaker functions are limits (for t = 0 and ¢ — 1) of Macdonald
symmetric functions [GLO12], this development was a source of motivation for Borodin—Corwin’s
[BC14] subsequent 2011 work on Macdonald processes.

The work of Borodin and Corwin [BC14] gives answers to two basic questions about
Macdonald processes (and their various degenerations): what is their probabilistic content and
how can one compute meaningful information and asymptotics. In order to endow the Macdonald
processes with probabilistic content, [BC14] showed how to construct Markov dynamics which
map Macdonald processes to other Macdonald processes (with evolved sets of parameters).
The construction in [BC14] is an adaption of one from the Schur process context due to
Borodin—Ferrari [BF14, Borll] (and based on an idea of Diaconis and Fill [DF90]). There are
other Markov dynamics (at various levels of degeneration of Macdonald processes) besides those
considered in [BC14], see [BP14, OP13, O’Col2, COSZ14]|. The ¢-TASEP was discovered as
a one-dimensional marginal of the Markov dynamics corresponding to setting the Macdonald
parameters t = 0, and ¢ € (0,1). When ¢ — 0, ¢-TASEP becomes the usual TASEP, and the
above Macdonald process turns into a Schur process.

The second challenge in studying Macdonald processes was to compute meaningful
information and asymptotics. In [BC14] this was accomplished by directly appealing to the
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integrable structure of the Macdonald symmetric polynomials, in particular their explicit
eigenfunction relationships with the Macdonald difference operators. This structure naturally
led to nested contour integral formulas for expectations of various observables of the Macdonald
processes. With regards to ¢-TASEP, this provided formulas for the expectation h(t;7) =
ETT_; ¢" "] like (1.1.4) above.

As a stochastic process, ¢-TASEP has a scaling limit to the logarithm of the semi-discrete
stochastic heat equation (or free energy of the O’Connell-Yor semi-discrete directed polymer)
and further to the KPZ equation (logarithm of continuum stochastic heat equation). The limits
of the observables studied for ¢-TASEP correspond to products of values of the solution to these
stochastic heat equations at fixed time and varying spatial location, and thus [BC14] found similar
nested contour integral formulas for these limits. As explained earlier, for the stochastic heat
equation, these observables satisfy the delta Bose gas and a significant literature surrounds them.
The nested contour integral formulas for the delta Bose gas seem to have first appeared in 1985
physics work of Yudson [Yud85] and reemerged independently in 1997 work of Heckman—Opdam
[HO97], proving the Plancherel formula for the delta Bose gas.

A limitation of the Macdonald process approach to studying ¢-TASEP is that it only works
for initial conditions of ¢-TASEP which arise as marginals of Macdonald processes. There
are certainly many examples of such initial conditions (an infinite-dimensional family that, in
particular, includes the step initial condition). Generic initial conditions, and certain important
‘examples’ of initial conditions (such as flat or half-flat), do not arise in this manner and hence
cannot be treated via this method.

Inspired by the connection between the nested contour integral formulas and the delta Bose
gas, Borodin et al. [BCS12] discovered that it was possible to implement the ideas of the polymer
replica method at the level of ¢-TASEP (and ASEP). In particular, they showed that for any
initial conditions, the expectations h(t;7) solve a discrete g-deformed (or regularized) version
of the delta Bose gas in which the g-Boson particle system generator replaces the delta Bose
gas Hamiltonian. The initial data for the g-Boson particle system backward equation directly
corresponds with the initial condition for ¢-TASEP, and [BCS12] showed that for step and half-
stationary ¢-TASEP initial conditions the solution h(¢; ) was given by nested contour integral
formulas. The step solution came directly from [BC14] while the half-stationary did not (though
should correspond to a two-sided generalization of Macdonald processes such as developed in the
Schur context in [Borll]).

The question of how to solve the ¢g-Boson particle system for general initial data (and hence
solve for h(t;7) for ¢-TASEP with general initial conditions) is the central motivation of the
present work. The Plancherel formula and its various consequences provide a solution to this
question.

1.2.4 Algebraic motivations. A fortiori, this work provides some motivation to better
understand the relationship between various algebraic structures. One question which was
answered in [BC13] was that of how the theory of Macdonald processes implies the fact that
h(t; 1) solves the g-Boson particle system. This relationship turned out to be a consequence of a
commutation relation satisfied by the Macdonald first order difference operators. However, there
remain a few algebraic mysteries which we now touch upon.

The g-Boson particle system on a periodic lattice arises as a stochastic representation of the
¢-Boson Hamiltonian considered in [SW98]. This Hamiltonian is a generalization of an earlier
version considered by Bogoliubov et al. [BBT94] and Bogoliubov et al. [BIK98]. The algebraic
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g-Boson Hamiltonian from [SW98] is written as

M
”LLQ‘BOSOII - _ Z(B;_l 4 ’)’B;—)BJ
7j=1

Here {B; }] 1> {BT} ? , and another set {N]} | belong to the ¢g-Boson algebra generated by the
relations

INj, Bl = Bl1j—4, [N;,Bil = —Bjlj—, [Bj,BJ] =q"1,-.

One imposes periodic (of length M) boundary conditions by defining B} = Byy.

A periodic version of the ¢-Boson particle system backward generator corresponds to a
particular representation of —(1 — ¢)H?B°°" in which the operators act on functions f :
(Z>0)M — C as

_, I e Ly . _,
(BIN@) = 1)), (B (@)= ~ f@5),  (NA@) = v f(D).
One checks that these operators satisfy the g-Boson algebra. The operator —(1 — q)H B acts
on functions f : (Zso)™ — C as

M
(—(1 = QHTBomf)(7) = (1 = ¢ (f(FI7) = (D))
7=1

where 77971 = (vq,...,vj_1 + 1,v; — 1,...,vp), and where 710 = (vy — 1,...,vp + 1). This is
the backward generator of the g-Boson particle system (see §2.1) on a periodic portion of Z.

This algebraic ¢-Boson Hamiltonian arises from the L-matrix given in (5.1) of [SW98] and
its integrability (in the sense of satisfying the Yang-Baxter equations) was shown there as well.
The version studied earlier in [BBT94, BIK98] corresponds to v = 0 and is only stochastic?
in the limit when ¢ — 1. Due to our probabilistic motivations, we primarily consider v = —1
here, though in § 6.1 we consider the general v Hamiltonian (under the identification of v = —¢)
and show how our results extend. The spectral theory for the periodic v = 0 case has received
attention recently in [T'si06, vDi06, Korl3], and likewise for the infinite lattice (as considered
herein) v = 0 case in [vDi04, vDE14a, vDE14b]. In these cases, Hall-Littlewood polynomials
play the role of left and right eigenfunctions.

Another algebraic mystery has to do with two sets of symmetric functions. The Macdonald
process related to ¢-TASEP is defined in terms of Macdonald polynomials at ¢ = 0 and ¢ € (0,1)
(these are sometimes called ¢-Whittaker functions [GLO10]). Via the connection to the g-Boson
particle system we naturally arrive at another set of symmetric polynomials, the eigenfunctions
for the ¢g-Boson particle system, which appear to be quite remarkable and (though not the same)
are close relatives of Hall-Littlewood symmetric polynomials (and degenerate to them in the
limit corresponding to 7 = 0 above). We do not presently have an algebraic explanation for this
transition from one type of symmetric polynomial to another. Perhaps a further investigation into

2By a stochastic Hamiltonian, we mean a linear operator in the space of functions on the (discrete) state space
that, when viewed as a matrix with rows and columns indexed by the states of the system, has non-negative
off-diagonal matrix elements, and that maps the constant functions to zero. Under certain regularity assumptions
(which we do not check here), such a Hamiltonian generates a continuous time Markov jump process on the state
space, see e.g. [Lig05].
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the relation of g-Bosons to degenerations of the double affine Hecke algebra might shed light on
this (see developments in this direction in [HO97, vDi04, Kor13, Tak12] and references therein).

The work of [BC14, BCS12] showed that for the particular step and half-stationary initial
conditions, the relationship between ¢-TASEP and the ¢-Boson particle system persists when
inhomogeneous particle jumping rate parameters a; are introduced. These a-parameters have
an important meaning from the Macdonald perspective as the variables of the Macdonald
polynomials. From the perspective of the g-Boson particle system, [BCS12] showed that the
backward generator (similar holds true for the conjugated forward generator) was equivalent to
a free generator with inhomogeneous rates depending on the parameters a and the same two-body
boundary condition as occurs when all a; = 1. Despite this evidence, we do not presently know
how to develop a general a-parameter version of the eigenfunctions and Plancherel formula. One
reason why a general a-version of our present result could be quite enlightening is that we do not
have an analog of Macdonald processes or a-parameters in relation to ASEP and the Heisenberg
XXZ quantum spin chain, and this may help guide that investigation.

In [BC13] two discrete-time versions of ¢-TASEP were introduced and studied. Their
moments solve discrete variants of the g-Boson particle system evolution equations. It would be
interesting to develop the parallel of the results of this paper in the discrete-time context. There
is another generalization of ¢-TASEP which is called ¢-PushASEP (cf. [BP14, CP13]). It seems
likely that the analog of the ¢-Boson particle system for these variants of ¢-TASEP should have
the eigenfunctions as above (with different eigenvalues). As explained in [SW98], this should also
hold true for any operator which arises out of specializing the spectral parameter of the ¢-Boson
transfer matrix 7(u) (since transfer matrices commute for different spectral parameters). It is
reasonable, then, to hope to show that these discrete systems arise from the transfer matrix.

At the same time as the present work was posted, Povolotsky [Pov13] has posted a work
in which he introduces a class of models solvable via coordinate Bethe ansatz which includes
the g-Boson particle system (and also those of [BC13]) as special cases (see also earlier related
work [PPHO3, Pov04]). Similarly to here, he computes the eigenfunctions via coordinate Bethe
ansatz. He also conjectures their completeness and orthogonality. Section 4 below shows exactly
how our Plancherel theorem proves completeness and biorthogonality for the ¢-Boson particle
system. We hope our methods will extend to the full class of models discussed above.

1.3 Notation
We collect many of the definitions and much of the notation used throughout the paper (including
some already discussed earlier in the introduction).
Define
Wk:{ﬁ: (nl,...,nk) EZk ]nl = 2”]9}

For 71 € ZF set
—+
n; = (ny,...,n; £1,...,np).

vbwd

The backward difference operator and forward difference operator V"4 act on functions

f:Z — C as
(VP9 () = fn=1) = f(n), (V™f)(n) = f(n+1)— f(n).

For a function f : Z¥ — C, and 1 < i < k, we write V?Wd and Vde as the application of the
respective operator in the variable n;.
The space-reflection operator R acts on functions f : Z — C as

(Rf)(nl, Ce ,nk) = f(—nk, ey —nl).

11
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Define a symmetric bilinear pairing (-, -)yy on functions f,g: W* — C via
(f.ow=Y_ fi)g(ii)
neWk

(assuming the series converges) and note that (f,g)yw = (fh,gh~1)yy for any function h # 0,

and that
(Rf, Rg)w = (f. g)w- (1.3.1)
To 77 € WF of the form
Np ="+ =MNgyg > Neg 41 = = Nejdeg > 700 > Negdedepro1+1 = 770 = Neg ey
we associate the list of ordered cluster sizes ¢ = (c1, ..., cp) (where M is the number of clusters).
We also associate to 7 the ordered list § = (g1, ..., gnm) of gaps between the clusters of 7. Thus

for 2 <i < M, g; =ne,_, —n., and by convention g; = +00. We write these functions of 77 as
éit), M () and g(7). To illustrate, for i = (2,1,—-2,—2,-2), ¢(@) = (1,1,3), M(ii) = 3 and
g(1) = (+00,1,3). The pair (¢, §) identifies @ modulo a global shift.

A partition A = (A1 > A2 > --- > 0) is a weakly decreasing set of non-negative integers with
finitely many non-zero entries. The size of A is |A| = Y. A; and the length of A is £(X) = |{i : \;
# 0}]. If |A\| = k we write A - k. To a partition we associate its multiplicities m; = [{j : A\; = i}|

and sometimes write A = 1712™2 ... For a partition A F k of length ¢ and a set of variables
w = wi,...,wp we define
Wo = (wy,qui, ... " Twy,w,qua, ... ¢ Tw,. .. JWA,, QWY - - q/\“_lfu»\l). (1.3.2)

We will also use an additive version of w o A defined as

1175)\:(w1,w1+1,.. Swr+ A — 1w, we+1,. .., we+ A —1,.. Wy, wy, + 1, .,w>\£+>\g—1).

(1.3.3)

In general, an arrow over a variable (such as Z) denotes a vector 2= (z1,. .., z;) whose length is
generally k (or else explicitly stated).

We define the space W* of compactly supported functions f : W¥ — C. We also define the

space CF of symmetric Laurent polynomials in 1 — 21,...,1 — 2. In particular, any G € C¥ can

be written as i
SN a0 - zew)™

neWk o€Sy, =1

1
NG Z Z sgn(o H 1—20(Z

neWk o€Sk =1

or as

e

with all but finitely many coefficients a3, bz € C fixed to be zero, and A(Z) = [[ 4. 5(24 — 2B) is
the Vandermonde determinant.

Throughout we assume that the parameter ¢ € (0,1), though in §5 we explain how our
results (or modifications of them) hold for more general ¢ € C. The ¢g-Pochhammer symbol and
g-factorial are defined as

T (¢:9)
(a;q)n= |1 —-q'a), nly=-—""".
" g -
The ¢ — 1 limit of (a;q), is written (a), =a(a+1)---(a+n—1).
The symmetric group on k elements is denoted by Sk, the indicator function for an event F
by 1g, and the identity operator by Id.
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1.4 Outline

In §2 we use the coordinate Bethe ansatz to determine algebraic eigenfunctions for the forward
and backward generators of the g-Boson particle system. The main result of this paper, the
Plancherel isomorphism theorem involving these eigenfunctions, is proved in § 3. That section also
contains results about the completeness and biorthogonality of these eigenfunctions. Section 4
applies the Plancherel formula in order to solve the Kolmogorov forward and backward equations,
and as an application compute moments of the ¢-TASEP. Section 5 records how the earlier
results persist when ¢ is complex. Section 6 describes two limits of the g-Boson particle system,
one of which relates to earlier work of van Diejen [vDi04] and the other of which relates to the
semi-discrete stochastic heat equation. Finally, in Appendix A we briefly touch on the continuum
limit of the work of this paper (as relates to the continuum delta Bose gas and stochastic heat
equation), prove a proposition related to the expansion of nested contour integrals, and provide
a direct combinatorial proof of Lemma 4.7.

2. Coordinate Bethe ansatz

In this section we introduce the ¢-Boson particle system and use the Bethe ansatz to write
down algebraic eigenfunctions for its forward and backward generators. The main idea here
is that it is possible (and straightforward) to rewrite the generator of the system in terms of a
constant-coefficient, separable free generator with (k—1) two-body boundary conditions imposed.
The coordinate Bethe ansatz is then readily applied to provide the desired eigenfunctions. It is
worth recalling that since we work on Z (as opposed to a finite or periodic interval) there are no
Bethe equations which must be solved in computing the algebraic eigenfunctions. The usefulness
of this approach for interacting particle systems goes back to the work of [Sch97, AKK98].

2.1 The g-Boson particle system

The ¢-Boson particle system is a stochastic interacting particle system #/(¢) (in fact, a certain
totally asymmetric zero range process) with state space i(t) € (Z=0)? (see [Lig05] for general
background). Here v;(t) represents the non-negative number of particles at a given site i € Z. In
continuous time, independently for each ¢ € Z, one particle may move from site i to site ¢ — 1 at
rate 1 — ¢ (i.e. according to an exponential waiting time of that rate). This corresponds to
changing (vi—1(t),vi(t)) to (vi-1(t) + 1L, v5(t) — 1).

We will focus on the restriction of this process to a finite number k£ > 1 of particles. Since
the dynamics conserve the number of particles, this restriction is itself a stochastic interacting
particle system (see Figure 1 for an illustration of k = 9).

To any 7 € (Zx0)” such that Y_,., v; = k we may associate a (weakly) ordered list of particle
locations 7 = (ny > --- > ny) € WF. We write 7(7) to denote this function. For example, if k = 5
and v; = 0 except for v_9 =3, v =1 and vy = 1, then 7i(V) = (2,1, -2, -2, —2). Thus, we may
write 71(t) = 7i(v(t)) as the ¢-Boson particle system at time ¢ in these coordinates.

We may write, in these 7i-coordinates, the backward and forward generators for the k particle
restriction of the ¢g-Boson particle system (see also §4). In what follows we write ¢ = (i),
M = M(7), and § = g(7) (recall from §1.3) thus suppressing the 7i dependence.

DEFINITION 2.1. The ¢g-Boson backward generator acts on functions f : W*¥ — C as
M

(HPf) () = (1= q%) (f(Tigy 4 tey) — F()

=1

where ﬁj_ is defined in §1.3.
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FIGURE 1. Three states of the g-Boson particle system with nine particles. In the left-most state,
v3=4,1b=0,1v1 =2, 199 =0,v_1 =1 and v_y = 2. The value of 77 associated to this state is given
by reading off the location of the labels n1, ..., ng. In the middle state, the particle corresponding
with ng has decreased location by 1 (as occurs at rate 1 — ¢2), and in the right-most state the
particle corresponding with n7 has decreased location by 1 (as occurs at rate 1 — q).

The ¢-Boson forward generator (the matrix transpose of H""4) acts on function f: W* — C

M
M) () = D (1 =)yt + (1= @)Ly ) f (] gy 1) — (L= ) f(7) (2.1.0)
i=1

where by convention, fori=1weset ¢;_1+1=c1+---+c¢c_1+1=1.

The function C, : W¥ — R depends only on the list &(7i) = (c1, ..., cpr) of cluster sizes for 7
via
M
Cy(i) = (=1)Fq "2 (). (2.1.2)
i=1

Let C,'(7) denote (Cy(ii))~'. We will also write Cy and C;*

,  as (diagonal) multiplication
operators defined so that (Cof)(7) = Cy(7)f(7) and (C,'f)(7) = C; () (7). One readily
sees that C; and the space-reflection operator R commute.

The ¢g-Boson conjugated forward generator is defined as
fwd fwd ~—1
HOE = CH™ O

LEMMA 2.2. We have that
M

(HU)) =D (=g 4y 42) = F(7): (2.1.3)

=1

Proof. Since H™"4 is defined via conjugation of H!"d by the diagonal matrix Cy, it suffices to
check the coincidence of the off-diagonal matrix elements of H™4 with those of the right-hand
side of (2.1.3).

Observe that if g; = 1 then 5(ﬁ$+...+ci,l+1) = (c1,...,¢i—2,¢i—1+ 1,¢; — 1,¢41,...). From
the definition of Cj; it then follows that

CQ(ﬁ) _ 1 — qci
Co(Af 4o 1) L1—got!
Similarl}’a if gi > 2 then 5(ﬁz+~--+ci—1+1) = (Cl, ey Ci2,Ci—1, 1, i — 17 Ciit,.. ) Then
CQ(ﬁ) _ 1 — qci
Cq(ﬁler"‘JrCiflJrl) 1—gq
These are exactly the ratios of the off-diagonal matrix elements of (2.1.1) and (2.1.3). O
14
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Let us note that in the above proof the constant (—1)Fg=**=1/2 in the definition of C,
played no role. This choice of constant is fixed in the proof of Theorem 3.7 below, by (3.2.5) and
the computation following it. Another choice of constant would result in proving that K4-Boson
acts as a constant (not equal to one) times the identity operator.

Remark 2.3. Lemma 2.2 implies that R~1HPVIR = Hofwd = C'q’HdeC'q_ L or equivalently
wad _ (RCq)erwd<RCq)fl

showing that HP"4 and #™9 are related via a similarity transform. Up to a constant, the function
Cy() is the invariant measure for the g-Boson particle process (see [BC14, Corollary 3.3.12]). In
the study of interacting particle systems, the conjugated forward generator H<Wd
known as the adjoint or time-reversed generator. The above relationship shows that our present
model is PT-invariant, i.e. invariant under joint space-reflection and time-reversal. This type of
invariance is of fundamental significance in many areas of physics and features prominently in
some papers on interacting particle systems such as [GJL99, T'S06]. It may be possible to extend
the present approach to similarly study and develop spectral theory for other PT-invariant Bethe
ansatz solvable models. We are grateful to Gunter Schiitz for noting that the above relation is
equivalent to the PT-invariance of the model.

PT-invariance is a property which holds true for all spatially homogeneous nearest neighbor
asymmetric zero range processes, so long as Cy is replaced by the product invariant measure for
the process. The proof of this general fact follows the same lines as that of Lemma 2.2.

1S sometimes

2.2 Free generators with two-body boundary conditions
The key to finding the eigenfunctions for the backward and conjugated forward generators is
to re-express them in terms of constant-coefficient, separable free generators subject to (k — 1)
two-body boundary conditions. It is certainly not typical that the generators of an interacting
particle system can be re-expressed in this manner (see however [TW08, BCS12] for ASEP).
This is the hallmark of integrable systems of Bethe ansatz type.

Recall the definitions of V?‘”d and Vf‘”d from §1.3.

DEFINITION 2.4. The ¢-Boson backward free generator £°%4 acts on functions u : Z¥ — C as

(VPvdu) (7). (2.2.1)

WE

(L™ )(7) = (1 - q)
=1

-
Il

We say that the function u : Z¥ — C satisfies the (k — 1) ¢-Boson backward two-body boundary
conditions if
forall 1 <i<k—1 (VP — gV ulin—n.,, =0. (2.2.2)

Efwd

The ¢-Boson forward free generator acts on functions u : ZF — C as

(Vivdy) (7). (2.2.3)

] =

(LMu)(7) = (1~ q)
i=1

We say that the function u : Z* — C satisfies the (k — 1) ¢-Boson forward two-body boundary
conditions
forall 1 <i<k—1 (¢V™ — VD ulmni—n.,

0. (2.2.4)
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PROPOSITION 2.5. Ifu : ZF — C satisfies the (k — 1) g-Boson backward (respectively, forward)
two-body boundary conditions, then for ii € WF,

(L2 ) () = (HPVu) () - (respectively, (L™)(7) = (K u) (7).
Proof. Assume that u satisfies (2.2.2). If 77 has ny = -+ - = ng,, then

¢
(1—a) > (VPu)(ii) = (1-g¢ Zqz NV ) () = (1= ¢ ) (VT u) (7).
i=1
The same reasoning applies to the other clusters of 7, readily implying that (£P%du)(77) =
(W) (7).
Likewise assume that u satisfies (2.2.4). If @ has ny = - -+ = n,,, then it follows that
C1
(1-q) Y (V¥u)(i) = (1—q chl_z (V) () = (1 = ¢) (V") (7).
=1 i=1
The same reasoning applies to the other clusters of 7, readily implying (we have also appealed
here to Lemma 2.2) that (L) (77) = (KW ) (7). O

DEFINITION 2.6. A function ¥P¥d : Z¥ — C is called an eigenfunction of the ¢g-Boson backward
free generator with (k — 1) two-body boundary conditions if ¥P"9 is an eigenfunction for the
g-Boson backward free generator and it satisfies the (k—1) g-Boson backward two-body boundary
conditions (2.2.2). We likewise define what it means for a function W4 : Z¥ — C to be an
eigenfunction of the ¢g-Boson forward free generator with (k — 1) two-body boundary conditions
(2.2.4).

The following is a corollary of Proposition 2.5.

COROLLARY 2.7. Any eigenfunction WP¥4 : 7k — C for the ¢-Boson backward free generator
with (k — 1) two-body boundary conditions is, when restricted to ii € W¥, an eigenfunction for
the q-Boson backward generator H"d with the same eigenvalue.

Similarly any eigenfunction W4 : ZF — C for the ¢-Boson forward free evolution equation
with (k — 1) two-body boundary conditions is, when restricted to ii € W¥, an eigenfunction for
the g-Boson conjugated forward generator H™d with the same eigenvalue. In turn, Cy Lefwd g
an eigenfunction for the g-Boson forward generator H™4 with the same eigenvalue.

2.3 Coordinate Bethe ansatz

2.3.1 General review. We briefly review the coordinate Bethe ansatz [Bet31]. Given an
operator L acting on functions from X — C (where X is an arbitrary space) we form the
k-particle operator £ which acts on functions f : X¥ — C as

k

(LHE) =) (Lif)(&) (2.3.1)

i=1
where L; acts as L on the coordinate x;. Write v, to denote any eigenfunction with eigenvalue
z € C such that Ly, = 21, (we are not assuming all z correspond to an eigenfunction or that
all eigenvalues are simple). Then it follows that

=) A7) szam ;) (2.3.2)

€Sk

is an eigenfunction of £ with eigenvalue (z1 + --- + zk) Presently A,(Z) € C can be arbitrary.
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Consider an operator B which acts on functions g : X? — C. We say that ¢ satisfies the
two-body boundary condition corresponding to B if for all z € X, (Bg)(z,z) = 0. Let B; ;41 act
as B in the variables x; and x;41 and as the identity for all other variables. We wish to find ¥
such that

for all 1 <1< k—1 Bi i+1\Il|5ﬁ’::L‘¢=xi+1 =0. (233)

This can be accomplished by choosing A, (Z) suitably. Define the function

(B2 ® ¢z)) (2, 7)
(wZI ® wm)('% x) ’

where B(f1 ® f2) is defined as B applied to the function which takes (z1,x2) — fi(z1)fa(z2).
LEMMA 2.8. If

S(Zl, 22) =

—» S(za A)s Ro(B )
A, (%) = sgn(o) H ﬁ
1<B< A<k A>“B

then Uz ( ¥) from (2.3.2) is an eigenfunction of the operator L from (2.3.1) with eigenvalue
(21 + -+ + zi), for which the (k — 1) two-body boundary conditions in (2.3.3) hold.

Proof. For any o € Sy, consider the pair of terms in (2.3.2) corresponding to ¢ and 7,0 where 7;
represents the transposition of ¢ and ¢ + 1. We will show that B; ;11 applied to this pair

k k
Aq(2) H Y2y (25) + Ario () H LI C))
j=1

j=1

is identically zero if x; = x;41. If this holds for all pairs, this implies the same holds true for
U 2(Z). Call the first term above T" and the second 7. Then it follows from the definition of the
function S that

(Biit1T) (%) = S(25(i)s 20(i+1))T(T);  (Biit1Tr)(Z) = S(26(i41)» 20()) T (T)-

For Z such that z; = x;11

S a(i)r “o(t
T,(3) = — S Cet o) g

S(25(i41)> Zo(i))

and thus

(Biiv1 (T + Tr))N(Z) = S(20()s Zo(i+1)) T (Z) + S(26(i41)» 20()) T (T)

S(Zcr(i)a Zo(z‘+1))

= S(2o(i)» Zo(i41)) T (%) = S(2o(i41)> 2o (i) SCotrn, Za(i))T =0. O

2.3.2 Application to q-Boson particle system generators. We may apply the coordinate
Bethe ansatz of § 2.3.1 to the ¢-Boson backward and forward free generators with (k—1) two-body
boundary conditions of § 2.2. One should take care to notice that the eigenfunction associated to
Z has eigenvalue (¢—1)(z1+---+2x) and not (21 +-- -+ zx) as in the above general construction.

DEFINITION 2.9. For all zy, ...,z € C\{1}, set

\I,bwd Z H “o(A) T 4%s(B) ﬁ

0eS, 1<BeA<k “0(A) T Zo(B)
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gl k
\I]Cde Z H ZU(A) ]T[l 1 — 2z,
j=

0€Sy, 1<B< A<k Zo(A) T A (B
(i) W (i),

vy =y

q

Observe that for any fixed 77 € W* these are symmetric Laurent polynomials in (1 — z1),...,
(1 — 2;), and thus elements of C*.

PROPOSITION 2.10. For all z1,...,2; € C\{1}, W2"(f) is an eigenfunction for the g-Boson
backward free generator with (k — 1) two-body boundary conditions (Definition 2.6) with
eigenvalue (q — 1)(21 + -+ + zi). The restriction of ¥24(i) to i € W* is consequently an
eigenfunction for the q-Boson backward generator HP"Y with the same eigenvalue.

Similarly, for all z1,...,z, € C\{1}, U"4(7) is an eigenfunction for the g-Boson forward
free generator with (k—1) two-body boundary conditions (Definition 2.6) with eigenvalue (¢ —1)
(21 + -+ + 21). The restriction of ¥S™4(i7) to i € W¥ is consequently an eigenfunction for the
q-Boson conjugated forward generator H™ with the same eigenvalue. The restriction of \I'EWd( )
to it € WF is likewise an eigenfunction for the q-Boson forward generator H"9 with the same
eigenvalue.

Proof. Let us focus on the backward case first. We can observe that (1 — 2z)™" is an
eigenfunction for (1—q)VP"4 with eigenvalue (¢—1)z. We may apply Lemma 2.8 to construct an
eigenfunction for the backward free generator which satisfies the two-body boundary conditions
of Definition 2.4. In this application of Lemma 2.8 we find that S(z1, 2z2) = 21 — ¢z2. Comparing
the outcome of the lemma to the expression above for ¥""4 we see that they differ by an overall
multiplicative factor
H A —4zB ‘
1<B<A<k “A T 7B

However, since the z-variables are fixed, this factor is just a constant, and hence the desired
result follows. The implication for the backward generator HP"¢ follows from Corollary 2.7.

Similar reasoning applies in the forward case. Observe that (1 — z)™ is an eigenfunction for
(1—¢q) V™4 with eigenvalue (¢g—1)z. The forward two-body boundary condition can be multiplied
by ¢! yielding

(Vi = g7 Vi)u =0.

We may apply Lemma 2.8 to construct an eigenfunction for the forward free generator which
satisfies the above two-body boundary conditions. In this application of Lemma 2.8 we find
that S(z1,292) = 21 — g '29. Just as in the backward case, this differs from pefwd by an overall
multiplicative constant (that depends only on the z-variables) hence the desired result follows.
The implication for the conjugated forward generator H™4 and the forward generator ™4
follows from Corollary 2.7. O

Remark 2.11. We may extend the eigenfunctions of Definition 2.9 so as to be defined for all
of ZF (rather than W*) by fixing that the value for a general i € ZF is the same as the value
of oii € WF (where o € S}, is a permutation of the elements of 77 taking it into W¥). It is possible
to write down an operator on all of Z* for which these extensions (which we write with the
same notation) are still eigenfunctions. For instance (cf. [BCS12, Proposition 2.7, C]) one readily
observes that

k
(1-q) [Z VM (L=g7) Y Ly @ VPN ORY(R) = (1 @) (1 4 ) WEV(D),

1<i<j<k
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The extension of ‘llde( 1) to ZF is through symmetric extension and it is not clear how to modify
the formula for the eigenfunction so that the 77 coordinates do not require permuting. For the
case of the delta Bose gas (a particular limit of the present system considered later in § A.1) such
a formula can be seen in [Dot10, (A.12)].

2.4 Left and right eigenfunctions
Proposition 2.10 along with the fact that #™9 is the transpose of HP"? implies that

k k
ety = (-0 Y 5w, (e = v (-9 3 ) 4)
i=1 i=1

showing the Wi¥4(77) and WE¥4(77) are (respectively) right and left eigenfunctions for H™9 with
eigenvalue (¢ — 1)(z1 + - - - + 2zi). This motivates the following definition.

DEFINITION 2.12. For any 7 = (21,...,2;) € (C\{1})* define

71

k
vy = o) = ot S [ A H

z — 2
oS, 1<B<A<k ~o(4) j=1

where Cy(7) is given in (2.1.2). Likewise define

\I’g( ) \IJde Z H “o(A) — 9%0(B) ﬁ(l _ Za(j))_nj'

oesy, 1<B<A<k “0(A) T Fo(B)

We could have just as well defined the right and left eigenfunctions with respect to the
operator HP"! (see Remark 3.8 for the implications of this). Finally, observe the symmetry of
U¢ and U" with respect to the space-reflection operator

(RU)(7i) = " DRC,(R)WL(),  (RVE)() = ¢ D20 (/) W), (2.4.2)

3. Plancherel formulas

In this section we prove a Plancherel formula (Theorem 3.7) related to the g-Boson particle
system. We define the transform F9 B in which functions are paired with right eigenfunctions.
The (candidate) inverse J9B%°" is defined in terms of nested contour integrals, though
can also be expressed via a (different) pairing with left eigenfunctions with respect to a
(complex) Plancherel measure. The composition of these transforms is written as K4 Boson .=
Ja-Boson Fg-Boson - Thegrem 3.7 shows that on WF, K4 Bo%on acts as the identity operator. The
proof of this theorem is quite simple and relies on two steps. In the first step we demonstrate a
certain symmetry of K9 B%°" and in the second step we use elementary residue considerations
and this symmetry to prove that K9Bon acts as the identity.

A key step in our proof has a history and is sometimes called the contour shift argument. In
the related continuum delta Bose gas (cf. § A.1), Heckman and Opdam [HO97] used a similar
approach to prove a Plancherel formula for that system. They, in turn, attribute it to van den
Ban and Schlichtkrull [vDS97] and ultimately to Helgason, Gangolli and Rozenberg’s argument
in the proof of the Plancherel theorem for a Riemannian symmetric space G/K [Hel84, GV88].
It seems, in fact, that the original instance of this argument goes back to Helgason’s 1966 work
[Hel66].
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A

\j

FIGURE 2. For k = 3 and ¢ € (0,1), a possible set of contours vi,72,73, as well as possible
contours for v and 7/ (see Definition 3.1).

The other result we prove in this section is a dual Plancherel formula (Theorem 3.9) which
shows that on CF, M- Boson .— Fa-Boson 7g-Boson actg a5 the identity operator. The proof of this
dual Plancherel formula goes through a spectral orthogonality of the eigenfunctions ¥” and ¥,
which is given in Proposition 3.14.

Combining the Plancherel formula and the dual Plancherel formula leads to the Plancherel
isomorphism given in Theorem 3.11.

3.1 The g-Boson transform and inverse transform
We introduce the ¢-Boson transform and the ¢-Boson inverse transform, as well as the contours
Y1, -7k, and 7v,7". Recall the definitions of the function spaces W* and C* from §1.3.

DEFINITION 3.1. The ¢-Boson transform JF9Bo" takes functions f € W* into functions
FaBoson g ¢k via

(FrPoeenf)(2) = (f, P

Fix any set of positively oriented, closed contours 71, ...,y chosen so that they all contain 1,
so that the v4 contour contains the image of ¢ times the g contour for all B > A, and also
so that - is a small enough circle around 1 so as not to contain ¢. Let us also fix contours ~
and 7/ where v is a positively oriented closed contour which contains 1 and its own image under
multiplication by ¢, and 4’ contains « and is such that for all z € y and w € v/, |1 —w| > |1 — z|.
See Figure 2 for an illustration of a possible set of such contours.

The (candidate) g-Boson inverse transform J B takes functions G € C* into functions
jq—BosonG c Wk via,

k
(jq—BosonG)(ﬁ) :7{ % . f % H FATEB H(l — Zj)_nj_l G(2). (3.1.1)

27 271 ZA— QZ
1 2 1<A<B<k “A T 9B 5
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The composition of the transform and (candidate) inverse transform takes functions f € WF
into functions K9 Bo" f € WF via

(fcBosen ) () = (7 Bson rBoson ) 7
k
=S | | (R R N CEE

" 27 27 ZA — Q2B o

Tk 1<A<BLEk
The composition of the (candidate) inverse transform and the transform takes functions
G € C* into functions M4 BosnG ¢ CF via

(Mq—BosonG) (ﬁ) — (]_—q—Bosonjq—BosonF)(Z)
k
SN i g B B AT - ) 6. (3.13)

271 27 ZA— Q2
P m Yk 1<A<B<k AT 9B 5

Remark 3.2. Tt is an easy residue calculation to check that F2Bosom maps WF into C*¥ and
JBoson maps CF into WE. It is convenient to work with these function spaces since it avoids
certain issues such as showing convergence of the summation defining F2Bo" We expect
(though do not attempt to prove) that the results which we now develop can be shown to
hold true with respect to larger function spaces.

The operator J9 B can be written in terms of W4(7) in two ways.

LEMMA 3.3. Consider a symmetric function G : C¥ — C and positively oriented, closed contours
Y1, --.,7 and vy such that:
the contour ~y is a circle around 1 and 0 which contains the image of v multiplied by q;
for all 1 < A < B < k, the interior of v4 contains 1 and the image of yp multiplied by q;
for all 1 < j < k, there exist deformations D; of v; to 7 so that for all z,...,zj_1,
Zjgl,- .., 26 With z; € y for 1 <14 < j, and z; € v; for j < i < k, the function z; — A(2)G(z1,
.oy Zj,..., %) Is analytic in a neighborhood of the area swept out by the deformation D;.

(jq BosonG f f d:U’(l

where (1)* is the partition with k ones and dp is deﬁned in (1.1.2).

Then,
k

Proof. Due to the hypothesis on G and the contours, the nested contours in (3.1.1) can be
sequentially (starting with 77 to ~) deformed to the single contour v without changing the
value of the integral. Since all contours are now the same, we may symmetrize the integrand.
Towards this end we rewrite the product

ZA— 2B ZA — 2B ZA — 428
I I e

ZA — gz — gz ZA — R
1<acB<k AT B 1 adpar “A T YPB \<piacr “A T 7B

where the first product on the right-hand side is symmetric. The eigenfunction \I/Z( 1) comes
from this symmetrization, and the Cauchy determinant identity yields the term dpy k( 7), thus
completing the proof. O

It is useful (especially for later asymptotic purposes) to also record how the operator J4-Boson
can be expressed in terms of contour integrals along the single contour ~y;. The proof of this result
is more involved than that above, and given in the appendix.

LEMMA 3.4. Consider a symmetric function G : C¥ — C and positively oriented, closed contours
Y1, .-,k Such that:
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the contour -y is a circle around 1 and small enough so as not to contain gq;
foralll1< A < B < k, the interior of v4 contains 1 and the image of vp multiplied by q;

for all 1 < j < k, there exist deformations D; of v; to v, so that for all z1,...,2j_1,

Zjgls .oy 2k W1th zi € vy for1 <1< j,and z; € y, for j < i < k, the function zj — A(Z)G (21,

... %j,...,2k) is analytic in a neighborhood of the area swept out by the deformation D;.
Then,

z(/\ 1
(FroonG)() = 3 74 i@ [] o V@ G0N,
Nk Vi (wjv ))\j

where the definition of the notation Wo A, and (wj; Q)Aj is given in § 1.3 and where dyu) is defined
in (1.1.2).
Proof. This lemma follows immediately from Proposition A.4. O

It follows from Lemma 3.3 that for f € W¥

(JCBeson £ (i7) = 74 7{ Ay

and likewise it follows from Lemma 3.4 that

£(N)
(frBoson £ (7) = 3 74 $ dun@ H NI TN (3.1.5)

Ak

E

E)(f, Uy, (3.1.4)

J=1

DEFINITION 3.5. Define the (symmetric) bilinear pairing (-, -)¢ on functions F, G € C* via

; L
(F,G)c = %y -~y du(l)k(w)jl:[l [y F6)
o\
- ]{ j{ dp () L P@oNG@oN
AR TR i (wisa)y

The equivalence of the two expressions on the right-hand sides above is due to Lemmas 3.3
and 3.4. Furthermore they imply that we can write

(JTE=RG) () = (P(7D), G)e,
where W¢(i7) is the function which maps 7 — Wi(7).

Remark 3.6. The operator J7Bo°" applied to G amounts to integrating \I'g(ﬁ)G(z_’) against
a measure which is supported on a disjoint sum of subspaces (or contours and strings of
specializations) indexed by A I k. This measure may be called the Plancherel measure, though it
is most certainly complex valued. This should be compared to the case of the Heisenberg XXZ
quantum spin chain on Z [BT77, BG90, Gut00], or the continuum delta Bose gas [Oxf79, HO97]
in which the underlying Hamiltonian is Hermitian and the Plancherel measure is positive, and
where one can hope to prove L? isometries with respect to this measure.

3.2 Main results
We may now state and prove the main results of this work.

THEOREM 3.7. The g-Boson transform F9B%°" induces an isomorphism between the space W¥
and its image with inverse given by J9 8" Equivalently, K9 Bo%°" acts as the identity operator
on WF,
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Proof. In order to prove this theorem we must show that on functions in W* the operator
JCa-Boson — Td. Before proving that we show the following property (which follows from the
PT-invariance of the eigenfunctions, cf. Remark 2.3) of K9"B°": For any functions f,g € WF,

<ICq—Bosonf’ 9>W — (f, (CqR)_IICq_BOSOH(Cng)>W~ (3.2.1)

In order to prove this claim we utilize the formula (3.1.4) for (K7Boson £)(2) (we could just as
well use (3.1.5 instead with immediate modifications to the next set of equations). From this,
as well as (1.3.1) and (2.4.2), it follows that

<K:q—Bosonf7 9>W

k
5 J

:7{/ %d,ul)k
:ﬁ"'}édﬂmk( @) I

— <Cq_1Rf, ]Cq-Boson(Cng)>W

<qk(k_1)/2Cq‘1’Z7, RQ>W <Rf,q_k(k_1)/20;1\1’fy>w

1
1—u)j

(U5, C ' Rf)w (CyRg, Wihw

Moving the C/ ' R operator to the right-hand side and using the fact that R = R™!, yields (3.2.1).
We now show that for any & € W*, if f(ii) = 17—z then for 7 € Wk

(KB ) () = Lyz.

This claim (which by linearity of 9 B°°" completes the proof of the theorem) is shown in two
parts. First we show that (K97 Bo%°n £)() is zero unless i/ = ¥, and then we compute the value of

(KB ) (2)
Let g(1) = 15—y. Then showing the first part is equivalent to showing that (KCa-Boson gy,

may only be non-zero if § = Z. With these choices for f and g we have that
dz dz ZA— 2 b
<]Cq_Bosonf7 g>W — Tl - 27% H FAT<B H(l _ zj)*yjfl\pz_’(fy (3.2.2)
4, 2mi w 2M | B PA T WFB i

Since we may (without crossing poles) expand the 77 contour to infinity, the integral in z; can
be evaluated by taking the residue at z; = co. From this and the definition of ¥ we find that
this integral may be non-zero only if y; < x1. On the other hand, by (3.2.1),

<ICq—Bosonf’ g>w — <f7 (CqR)—lKQ‘Boson(Cng»W

_Go§) [ dm [ da
Co(7) J,, 2mi 27
k
< ] A5, [T =z =y, . —1n). (3.2.3)
1<a<p<k “A T IFB G5

Since we may (without crossing poles) shrink the 75 contour to 1, the integral in z; can be
evaluated by taking the residue at z; = 1. From this and the definition of ¥" we find that this
integral may be non-zero only if 1 < y;.
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Combining the above two observations, we find that for (K49"B%°" f g}y, to be non-zero, we
must have x1 = y;. Now assuming that 21 = y;, we may evaluate the residue at z; = oo in (3.2.2)
and proceed to expand (without crossing poles) the v contour to infinity. From this we find that
this integral may be non-zero only if yo < xo. Likewise, we may evaluate the residue at z, = 1
in (3.2.3) and proceed to shrink the 4,_1 contour to 1. From this we find that this integral may
be non-zero only if xo < yo. Thus x9 = yo. Proceeding in this manner we arrive at the first part
of the claim, that (K97B°5°0 £) (%) is zero unless § = 7.

Now we evaluate (K480 f)(Z). Observe that by sequentially deforming the contours 7;
through 4 to infinity, we find that
(RPoson f)(#) = O (@) (-1)

q

_ —1 k
. "ifc{:eOSO o z]i{:eoso H S Z H ) 1:[ 1 — z T -1~

—qz -z
1<A<B<k %A~ 4%B c€S, 1<B<A<k Zo(A) o(B)

The residue will be non-zero only for those terms in the summation over Sy in which ¢ only
permutes within the clusters of # (i.e. if k =5 and 21 = 29 = x3 > x4 = x5, then o should
stabilize the set (1,2,3) and the set (4,5)). Let & = (c1,...,cp) record the cluster sizes of &
(see §1.3), and define the set C(c,i) = {c1 + -+ ci—1 +1,...,c1 + -+ + ¢;}. We may write
such a o0 € Sy as a product o7 - -- oy where each o; permutes the elements of C'(¢,7) and fixes
{1,...,k}\C(G 7). We denote the set of all such permutations o; € S(c,1).

Owing to this decomposition (and the fact that for such o, x; = ¥,-1(;)) we may rewrite

_ k
Z H Ro(A) — 4 a(BU —zjtw, -1~

oc€S, 1<B<A<k Z"(A)
Zoi(A) — 4 —qlz
H > I =2 I I ="
- Zcri(A) ~ Zoi(B) AT EB
j=1 i=10,€5(c)i) 1I<SB<KALE 1<j<i<M AeC (&)
A,BeC(Gyi) BeC(cj)

Note the identity [Mac99, I11.1(1.4)] that for any m > 1,

SO W — 4 'z p—y (3.2.4)

0€8m 1<B<A<m ~0(A) = Zo(B)

It follows from the above identity that

M
-Boson N _ =1/ k FAT B
gerbeen ) (@) = @) (1! [[(e)lg Res - Res  J] =2
i=1 1<A<B<k

I I =" 2l ) (3.2.5)

25 —z
T 1<j<i<M A€C(Ey) AT 2B
BeC(E i)

k
1
le
j=1

The residue is now easily computed since the expression has simple poles at co coming from the
(1 — z;)~! terms; it equals

(-1 lim - lim [ ZZA;ZB I 11 2a=q 'z (3.2.6)

2} =00 21=00 — gz — Z
k T Ak AT VB 1 ilicm acczy AT B

BeC(c,j)
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The limit of the first product is 1 due to the order in which the limits are taken. For the second
multiplicative term, since j < i it implies that B < A, each factor of (z4 — ¢ '2p)/(24 — 2B)
limits to ¢~ 1. For each j < i there are a total of c;c; such factors. Thus (3.2.6) is equal to

M
S (U= | Rt
=1

1<j<i<M

Note that (c)!,-1 = ¢ —ele=D/2(¢)1, and, since k = S ¢;, that

M
quci(cifl)/Q H g o = qfk(kfl)/?
i=1 1<j<i<M

Combining these observations with (3.2.5) shows that (K98 f)(Z) = 1, and thus completes
the proof of the theorem. O

Remark 3.8. The fact that K4 Boson = Id obviously implies that
(C,R)"LKTBosonC R = 1d (3.2.7)

as well. This alternative form of the Plancherel formula effectively switches the roles of U¢ and .
We turn now to a dual Plancherel formula.

THEOREM 3.9. The inverse g-Boson transform J9B°°" induces an isomorphism between the
space C* and its image with inverse given by F1 8" Equivalently, M9B" acts as the identity
operator on C*.

Proof. Observe that for any G € CF, (M9 B%°nG)(Z) can be written (due to Lemma 3.3) as

L(R)G@).  (3.2.8)

gq-Boson r dwl dwy, N i 1
j=1

2771 27
nEWk v

Thus it suffices to prove that the right-hand side above is equal to G(Z).

Towards this aim, consider any complex-valued Laurent polynomial F'(Z) in the variables
1—2,...,1 — z. In order to finish the proof of the lemma it suffices to show the following
integrated version holds for all such F":

%dzl %dzk
~ 27 27

dzi dzy, dwn dwy, k 1
= ¢ L. Epi ry  GWL L Gk - -
N ?i 27 7{ 27riF(Z) el \Pz(n)?{ 27i 7{ 2ri dﬂ(l)k(w) H 1_ w"I’w(n)G(w).

v ¥ j=1 J
(3.2.9)
From the Cauchy determinant identity
5 = (k-2 L A(w)? £ dw;
dpy () = (—1) H Ty (10a — qu) 1;[1 ot (3.2.10)
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Interchanging the Z integration and 77 summation, the right-hand side of (3.2.9) can be brought

to
(—1)k(=) /2 1 Z y{dzl y{ dzy, }{ dwy j{dwk A(W)A(w)
27i 5 2mi [, 2mi 2mi J[azp(wa — qup)

1
:ﬁ%...ﬁwpwé &) :f@---y{/dwfﬂw)a(zﬁ)-

The equality between the first and second lines is an application of Proposition 3.14 (given below
and proved independently in §6). This matches the left-hand side of (3.2.9) and completes the
proof of this theorem. O

Remark 3.10. It should be possible to extend the dual Plancherel formula to more degenerate
classes of functions such as those of the form G(Z’ o \) where A - k and Z’ has £()) variables. In
this direction we conjecture that

dwéo\)

dw, ¢ 1
wr, —L... d v’ — 0L, (DG o N).
Z zZ o)\ 27Ti %y o7 IU)\('UJ )]rzll (w; w o)\(n) (’LU 0 )

EW’“ 19 q))\J

holds when the contour v and class of functions is chosen suitably. This result is related to the
conjectured spectral orthogonality given in Remark 3.15.

We may combine Theorems 3.7 and 3.9 to arrive at the following result.

THEOREM 3.11. The ¢-Boson transform F2B%°" induces an isomorphism between W* and C*
with inverse given by J9B%°" Moreover, for any f,g € WF

<f, g>W — <]_-q—Boson(73f>7 ]_-q—Bosong>C’ (3211)
and for any F,G € C*
<7;—1(j(I'BosonF)7 jQ‘BosonG>W — (F7 G>C (3.2'12)

Here P : WF — WE s defined via its action (Pg)(it) = (—1)kC, () (Rg)(7) and is the operator
which maps right eigenfunctions to left eigenfunctions.

Proof. The isomorphism follows immediately by combining Theorems 3.7 and 3.9. To show
(3.2.11) and (3.2.12) consider an arbitrary g € WF, and let 1,; € WF (for m € W*) be the
function 1,7 () = 1z—7. Also, let U¥(77) € C* be the function W¥(77)(Z) = V(7). Then,

<\I/E(Tﬁ>, (J—_-q—Bosong»c _ (jq—BosonFq—Bosong)(m> — g(m) _ (1m,g>w-

The first equality follows from Definition 3.5 as well as Lemma 3.4. The second equality follows
from Theorem 3.7 and the final equality follows immediately from the definition of the bilinear
pairing. Any function f € WF is a (finite) linear combination of the functions 1, (over m € W),
hence the desired result (3.2.11) follows by linearity of the bilinear pairings and the fact that
PO (m) = Ul(m).

The result (3.2.12) follows due to an application of Theorem 3.9. O
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Theorem 3.7 has two immediate corollaries. The first (Corollary 3.12) is the completeness of
the coordinate Bethe ansatz for the g-Boson particle system (with respect to a certain complex
Plancherel measure), and the second (Corollary 3.13) is the orthogonality of W%(77) and Wi(rm)
when integrated against the Plancherel measure. We call this a spatial orthogonality since it
corresponds to an orthogonality in the variables 7.

There is a second orthogonality which we call spectral as it is in the variables Z. The spectral
orthogonality (given as Proposition 3.14 below) is not a consequence of Theorem 3.7 and, as we
have just seen, is the main input in the proof of the dual Plancherel formula of Theorem 3.9. It
follows by taking € = 1 in Proposition 6.2, which, in turn, is proved by ultimately appealing to
the Cauchy-Littlewood identity for Hall-Littlewood symmetric polynomials.

For what follows, recall the contours 71, ...,vk,7,7 from Definition 3.1.

3.3 Completeness
COROLLARY 3.12. Any function f € W* can be expanded as

2()\ .
f % dﬂ)\ ( )<f7 wo)\> (331)
Ak Vi j (wja ),\

178y

) i b g ) (Wl
ﬁﬂm>gmewa%wm% (33.2)

and also as

f=3 ¢ -

ARk Yk

Proof. The expansion in (3.3.1) follows from applying 9B to the function f. On the one
hand, Theorem 3.7 shows that this returns f, while (3.1.5) provides the above expansion.

The expression in (3.3.2) comes from the previous expansion as well as the relations (2.4.2).
Equivalently, it is related to the expansion of the nested contour integral corresponding to the
left-hand side of (3.2.7). O

Due to Lemma 3.3 we also have the expansion

k
N - H 1

and similarly when r and ¢ are switched.

W), Uw

3.4 Biorthogonality

The following spatial orthogonality is also an immediate consequence of the Plancherel formula.
COROLLARY 3.13. For 71,1 € W¥, regarding V(i) and W!(1i) as functions (V¢(i1))(2) = Wi(7)
and (9" (m))(2) = VL(m), we have that

(W), U7 (1))e = Limm.
Proof. This follows by applying (3.3.1) to the function f(7) = 17—s. O

The following spectral orthogonality does not seem to follow from the Plancherel formula
(Theorem 3.7). It is, in fact, the key input in proving the dual Plancherel formula (Theorem 3.9),
so we provide an independent proof of it. The spaces of functions with which we deal are more
general than necessary for the dual Plancherel formula.

PROPOSITION 3.14. Consider a function F(Z) such that for M large enough, Hle(l — )™
A(Z)F(Z) is analytic in the closed exterior of v, and consider another function G(w) such
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that A(w)G (W) is analytic in the closed region between « and +'. Then we have that

dz1 dzy, o L dwl dwg 4 . .
EL o R AR E b ZEgl (A
%( o f memaere ) (f G- f G vemame)
—fom Bk 072 [ (1~ ay) [ s — o) 3 (o) Flow)G(3)
 2mi ~ 2mi ! / .
j=1 A#B €5y,
Proof. This is the e = 1 case of Proposition 6.2. O

Remark 3.15. The above identity may be formally rewritten as

(W5, UL WA(2) A(w) = hk—1)/2 H 1—2) [] (24 — qzB) det[d., w1} j1 (3.4.1)
A£B
where 0, ,, is the Dirac delta function for z = w. Owing to (3.2.10), this can be further (even
more formally) rewritten as

[, (1/(1 - 2i))dzi.
dpryk (%)

It is natural to try to extend the above spectral orthogonality to all eigenfunctions which
arise in the completeness results of Corollary 3.12. This prompts the conjecture that for any two
partitions A\, u -k, if 2= 2" 0o X and @ = W' o p (for Z’ of length £(\) and @’ of length £(u))
then

(Ui Wow = det[ds,,0,)1 =1

k ~
(WL U WA(D)A(WD) = 1) ,(— H (1= 2) ] (24 — qzB) det[bz, w15 j=1,  (34.2)
j=1 A#B

where the product [],5(24 — ¢2p) means that we omit factors that are zero (by virtue of the
definitions of Z and ). Presumably, the above formal identity should be understood in a similar
manner as Proposition 3.14. Note that the above may be expressed via du (W) owing to the fact
that

~

1 A(i5' o \)? ) duw

milma!. .. [T5 (0 0 X)a —q(wW' o N)p )]:1 27i

dpp (') = (=1)FF=D/2 (3.4.3)

In particular, for k£ = 2, we expect that
WL (1, n2) Wl (01, m2) (2 — g2 ) (W' — qu’) = —(1 = 2)(1 = ¢2')(2 = ¢°2)6.r wr-
niz=ng

Note that in the determinant det [6zi,wj]?’ j=1, only one summand survives, namely, 02t ' Ogz! qu’ =
0.1 We have checked the above k£ = 2 version of the conjecture for test functions of the form
F(z1,22) = H§:1(1 —z;)"™ and G(wy,ws) = H?Zl(l — w;)". For such functions, any integration
contours which enclose 1 suffice (since there is only a pole at 1 to consider).

4. Applications of Plancherel formulas

In this section we show how the Plancherel formula (in particular the completeness result of
Corollary 3.12) provides means to solve the Kolmogorov backward and forward equations for the
g-Boson particle system. In the case of the backward equation in § 4.3 we explain how, through a
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duality with another particle system called ¢-TASEP, this enables us to calculate exact formulas
for expectations of certain observables of ¢-TASEP with general initial data (thus extending
special cases of initial data studied earlier in [BC14, BCS12]). This should be thought as parallel
to the work of Dotsenko [Dot10] and Calabrese, Le Doussal and Rosso [CLR10] in which they
use the eigenfunction decomposition of the delta Bose gas to calculate exact formulas for joint
moments of the solution of the stochastic heat equation (cf. § A.1).

4.1 Solving the backward and forward equations

The Kolmogorov backward and forward equations can be readily solved when the initial data is
expressed as a sum over eigenfunctions. The Plancherel formula (specifically the completeness
result of Corollary 3.12) provides such a decomposition. For the forward generator WZ(7) is the
right eigenfunction, whereas for the backward generator \Ifg(ﬁ) is the right eigenfunction. The
following solutions of the backward and forward equations for general (compactly supported)
initial data are consequences of Corollary 3.12.

COROLLARY 4.1. For any fo € WF¥ the backward equation

d . W .
() = (™ f)(8;7)
with f(0;7) = fo(i?) is uniquely solved by

5 bwd 1 wo
Ft7) = (etH % % dpy (W BN g ( 1) ( fo, wo)\>
v o _ (wj7q)/\
B O 11 ZA—ZBﬁ(l—z') 1P (fo, Wy (4.1.1)
w2 Sy 2 e PA TP j

where E(Z) = (¢ — 1)(z1 + - - - + 2) and where the contours 71, ..., are as in Definition 3.1.

Proof. The uniqueness of solutions to the backward equation with initial data in WF is
evident because of the triangular nature of the generator #"V9. From Definition 2.12 and
Proposition 2.10, U, , is a right eigenfunction for H""4 with eigenvalue E(w o A). This implies
that the right-hand side of the first line of (4.1.1) solves the desired backward equation. The fact
that it satisfies the initial data follows from Corollary 3.12, (3.3.1). The equivalence of the first
and second lines of (4.1.1) is a consequence of Proposition A.4 (see also Lemma 3.4). O

COROLLARY 4.2. For any fy € WF the forward equation

d W
S 1) = (K1) (8 7)

with f(0;7) = fo(ii) is uniquely solved by

= U g Z » ZH(/\) 1 LE(@oN) qyr (o /0yl
f(tv ) ( 7’L dm\(w) ( . e \Ilw'o)\(nx\ljﬂio)\a f0>W
Tk -

Ak j=1 w5 ),
:qfk(kfl)/2071<ﬁ> dzl j{ dzi
q 2771 v 27
k
o H ZZA_;ZB H(l o Zj)nk—j+1—1etE(5) <\I’i~, fo)w (4.1.2)
1<a<p<r AT B G5

where E(Z) = (¢ — 1)(z1 + - - - + 2x) and the contours 71, ..., are as in Definition 3.1.
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Proof. This is proved in the same manner as Corollary 4.1 with the replacements of #""4 with
HWd and WL, with U7 . The initial data is satisfied by virtue of Corollary 3.12, (3.3.2). O

4.2 Transition probabilities
The Kolmogorov forward equation governs the evolution of the transition probabilities of a
Markov process. In particular, for the g-Boson particle system 7i(t) (recall from §2.1) define

Py(t; 7) = P(7i(t) = 7 | 7(0) = ),
for Z,77 € W¥ and t > 0. Then Py(t; ¥) solves the Kolmogorov forward equation

d - S ﬁ
Pyt 3) = (H™Py)(5:7), Py(0;7) = 1oy,
where H™4 (Definition 2.1) acts in the & variables.

We may directly utilize Corollary 4.2 to show the following corollary.

COROLLARY 4.3. The g-Boson particle system transition probability Py(t;¥) from initial state
7 € WF to terminal state ¥ € W* in time t > 0 is given by both the right-hand sides of the first
and second line of (4.1.2) with fo(7i) = 15—g.

This result may be compared to Tracy—Widom’s ASEP transition probability formulas
[TWO08]. Those formulas involve k!, k-fold contour integrals. With some additional work, the
above result (which is a single k-fold nested contour integral) can be brought closer to this form.
In fact, in work of Korhonen and Lee [KL13] posted soon after the present work was first posted,
the authors utilize the Tracy—Widom approach to arrive directly at such a formula, as indicated
above. In a companion paper [BCPS14] we develop parallel results for ASEP and the Heisenberg
XXZ quantum spin chain and remark on the relationship to Tracy—Widom’s work on ASEP.

4.3 Nested contour integral formulas for g-TASEP
The Kolmogorov backward equation governs the evolution of the expectation of functions of a
Markov process. In particular, for the g-Boson particle system 7i(t) and a function fy : W* — R,
we define

h(t;7) = ELfo(ii(t)) | 7(0) = ),

which always stays well defined (at least for bounded functions fy). Then h(t;7) solves the
Kolmogorov backward equation

d
ah(t;ﬁ) = HPYh(t; 7)), h0;7) = fo(i),

where H""¢ (Definition 2.1) acts in the 7 variables.

We may directly utilize Corollary 4.1 to show the following corollary.

COROLLARY 4.4. For fo € W¥, the expectation h(t; 1) is given by the right-hand side of the first
and the second line of (4.1.1).

In [BCS12, §2] it is shown that there exists a Markov duality between the ¢-Boson particle
system and ¢-TASEP. As a result, expectations of certain observables of ¢-TASEP can be
computed by solving the above backward equation.

The g-deformed totally asymmetric simple exclusion process (¢-TASEP) is a continuous time,
discrete space interacting particle system Z(t). It was first introduced and studied by Borodin
and Corwin [BC14] (see also [BCS12, BC13, OP13, BP14, CP13] for subsequent developments).
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Particles occupy sites of Z with at most one particle at any site at a given time. The location
of particle 7 at time ¢ is written as z;(t). Particles are ordered so that x;(t) > z;(t) for i < j.
The rate at which the value of z;(t) increases by one (i.e. the particle jumps right by one) is
1 — g% O=2M=1 (here x;_1(t) — x;(t) — 1 is the size of the gap between particle z; and x;_; at
time ¢). All jumps occur independently of each other according to exponential clocks.

We will focus on ¢-TASEP with only N > 1 particles, though since particles only depend
on those to their right (i.e. smaller index) this restriction can be weakened to include systems
with a right-most particle (though possible infinite particles in total). Define W*¥ as the set of
all 7 € WF such that N > n; > --- > ng > 1. For some possibly random initial data Z(0) for N
particle ¢-TASEP define hg : W¥ — R as 0 outside of the compact set W*V and otherwise

ho(it) == E [ﬁ qwni(OH"i] : (4.3.1)

=1

where the expectation is over the possibly random initial data z(0). Then it follows from
Proposition 2.7 (and Definition 2.6) of [BCS12] that,

h(t; i) :=E [ﬁ gni <t>+”i] (4.3.2)

i=1

solves the g-Boson particle system backward equation with initial data hg. Here the expectation is
over both the possibly random initial data and the random evolution of ¢-TASEP. In particular,
this, along with Corollary 4.1 implies the following.

COROLLARY 4.5. For ¢-TASEP with N particles and initial data Z(0), h(t;7) is given by the
right-hand side of the first and the second lines of (4.1.1) with fo(77) = ho (7).

In order to apply Corollary 4.5 it is necessary to compute (F7B"hg)(Z) = (hg, ¥L)yy. For
purposes of asymptotics it is desirable to concisely sum the series given by this bilinear pairing.
The dual Plancherel formula given in Theorem 3.9 shows how this can be achieved for a certain
class of functions.

COROLLARY 4.6. Consider any function G € C¥; if f(ii) = (J9B%°"G) (i), then (F1Boson £)(2) =
G(?).

Proof. The follows immediately from the application of Theorem 3.9. O

To illustrate, let us apply this corollary to the two types of ¢-TASEP initial data studied
previously in [BC14] and [BCS12]. Step initial data for ¢-TASEP is when #;(0) = —i for 1 <i < N.
Half-stationary initial data with parameter o € [0,1) is when z1(0) = —1 — X3 and, for i > 1,
x; = x;—1 — 1 — X;. Here the X; are independent random variables with common distribution

ok

P(X =k) = (QQQ)oom~

See [BC14, §3.3] for a justification of why this is half-stationary initial data. When a = 0,
half-stationary reduces to step initial data.

For step initial data it is immediate to see that the corresponding initial data hg is given
by Hle 1o<n,<n. Due to the fact that the operator HP¥9 is triangular, the solution h(t;)
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for 7 € WY does not depend on the initial data ho(7) for @ such that nj > N. Therefore in
order to solve for h(t;7) we may just as well work with initial data

step
h H 1nz >0,

although observe that this function is no longer compactly supported.

For half-stationary initial data, finding hg requires a calculation involving the above common
distribution of the X;. This is done in equation (12) of [BCS12] and gives (after similar
considerations involving the indicator functions) the (non-compactly supported) initial data

f N —Ni41 k o —nj
hal | | I | — | |
h 1n1>0 <1 — a/q-j) = 1ni>0 <1 - q.7> y (433)
i=1

with the convention above that ngy; = 0.
A particular instance of Corollary 4.6 (in fact, an immediate extension in the function space
to allow for non-compact support) implies the following.

LEMMA 4.7. Consider any 0 < o < ¢¥. Assume that there exist positively oriented closed contours
Y1, .-+ and 71, . . .,y which both satisfy the conditions of Definition 3.1 but also do not include
a/q and are such that for all z € v; and w € 7;, |1 — z| < |1 — w|. Then, for Z with z; € ~; for
1<i <k,

Boson . 11—z
(]_—q Boso hgalf)(z) — ( k k(k 1)/2 H o aj/q (434)
J

Proof. Define G(2) = Hle(zi — a/q)L. We claim that h§*(77) = (F7B°nG)(77), where the
definition of J7B°n is extended to this function G' (which is not in C¥) by assuming that
the contours 7,...,7 have the additional condition that they do not include «/q. Checking
this is easily achieved through residue considerations. Indeed, when n; < 0, the 2 integral in
(J* BOSO“G)( 1) has no residue at 1 and hence evaluates to 0, enforcing the condition n; > 0, for
1 <7 < k. Otherwise, we find the desired equality by sequentially deforming the v through ~g
contours to infinity and evaluating the integral (J¢Bo°"Q)(77) via its residue at infinity.

If Corollary 4.6 were valid for G as above, then the proof of the lemma would be complete.
Though we have not proved that this is the case, we may still complete the proof via an
approximation argument. It is possible to find a sequence of functions G,, € C¥ so that as
m — 00, G, (Z) converges uniformly over Z with z; € ; for 1 <i < k, to G(2).

In order to extend the result of Corollary 4.6, we must show that (F¢Boson ya-Bosong)(z) =
G(2) for all Z with z; € 7; for 1 < i < k. Theorem 3.9 implies that this holds for all G,
Consider the 7 term arising in the summation when F4 B0 is applied to (J7B"G,,)(7).
Call w the integration variables involved in the formula for (J9B°°"G,,) (7). We can choose the
integration contours for J9B%°" to be 41, ..., 4. In that case, the @i term we are considering can
be uniformly (in m) bounded by a constant times ™17 for some ¢ < 1 (which is the maximal
ratio of |1 — z;|/|1 — w;| over z; € v, w; € 4; and 1 < ¢ < k). Since G does not have a pole at 1,
(JTBosonG (1) is supported on the non-negative 7. The above bound, along with uniformity
in the convergence of G,, to G, implies that we can take the m — oo limit inside the dual
Plancherel formula relation and conclude that (Fd-Boson ya-Bosony(2) — (%) as desired. O
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The method of the above proof shows one way to try to extend the Plancherel and dual
Plancherel formulas to apply to larger classes of functions.

Remark 4.8. Corollary 4.6 (in fact Theorem 3.9) immediately yields many combinatorial
formulas like the one in Lemma 4.7 above. We provide, in addition to the above proof, a direct
inductive proof of Lemma 4.7 in § A.3. The particular identity of Lemma 4.7 is akin to one which
arises as [IS11, Lemma 5] in considering the half-Brownian KPZ equation, as well as bearing
similarity to the identity in [TWO09b, §III].

In applying Corollary 4.6, it is not a priori so clear, if given f, how to find G such that
f(R@) = (JTBonG)(i7). One strategy is to try to explicitly compute (F9Boso £)(Z) for k = 1,2
and then guess G for general k. In order to check such a guess, one need only compute the
integrals in applying J7 B to G (as opposed to implementing an inductive proof).

There is a class of initial data for ¢-TASEP which arises as marginal distributions of
Macdonald processes for which G is clear (the notation and concepts below are explained in
detail in [BC14], see also [BCGS13, BC13]). Consider ¢-TASEP initialized according to z;(0) =

)\l(»z) — i where A is a Gelfand—Tsetlin pattern distributed according to an ascending (Macdonald

parameter t = 0 and ¢ the same in the ¢-TASEP) Macdonald process with parameters a; = 1,

and p a Macdonald non-negative specialization characterized by (non-negative) parameters {«;},

{Bi} and . Then

Dy, -+ Dp, (a1, ...,an;p)
I(ay,...,an;p)

where the D; are Macdonald first difference operators and II is the normalizing constant for
the Macdonald process. These difference operators are naturally encoded via nested contour
integrals, from which one readily identifies hq(77) = (J9B°°"G)(77) where

ho(11) =

aizl

k
oo vk k=12 7T Hlgziip) 1 — 2
61 = (CVf T
This implies that (FaBosonpy)(2) = G(Z).

Step initial data for ¢-TASEP is a special case of a marginal of a Macdonald process (in which
all a; = B; = v = 0). Half-stationary should arise from a ‘two-sided’ generalization of Macdonald
processes (cf. [Borl1] for the Schur version) which has yet to be fully developed. Flat or half-flat
initial data for ¢-TASEP do not seem likely to arise from Macdonald processes. However, as they
have been (non-rigorously) treated at the KPZ equation level, one might hope to explicitly sum
the associated series (F9B%°"hg)(2) and proceed to asymptotics for corresponding ¢-TASEP
initial data.

PROPOSITION 4.9. For step initial data,

k k )
dz dz ZA— 2
T, (E)Fni | _ k., k(k—1)/2 1 k A— 2B N
E“—[q 0 }_(_1)(]( )/ ﬁ%i...j{k%i e | (e
i=1

1<A<B<k AT 9*B ;5
(4.3.5)

where 1, ...~ are as in Definition 3.1, with the additional condition that they do not include 0.
For half-stationary initial data with parameter o > 0 such that o < ¢,

) e(q_l)tzj

k k
dz dz ZA— 2
L, O+ni | — (_1\k,k(k=1)/2 71 R 716 u _ ~.\Tn
E[”q ]—( 1)%q j£127ri 2 || ”(1 zj) "
i=1

AR
\Acher PAT OB zj—a/q
(4.3.6)
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where v1,...,7, are as in Definition 3.1 with the additional condition that they do not include
«/q (this is possible due to the restriction on the value of «).

Proof. Tt suffices to prove the half-stationary result. Assume that =1, ...,7, are such that there
exist 41, ..., so that the hypotheses of Lemma 4.7 are satisfied. Then, applying Lemma 4.7
and Corollary 4.5 we arrive at the desired result. Observe that the contours in (4.3.6) can be
freely deformed now to any choice of 71,...,7; as in the statement of the proposition. O

The step initial data version of this result with all n; = n was proved in [BC14, §3.3] using
the theory of Macdonald processes. The general 7 step and half-stationary result was proved in
[BCS12, Theorem 2.11]. The Macdonald process approach was then extended in [BCGS13] to
also cover general 7.

5. Complex g

Though we have assumed ¢ € (0, 1) in this paper, many of the results can either be immediately
extended (as well as their proofs) or easily modified to accommodate general ¢ € C) where we
define

L={2eC\{0}:V1<j<k s #£1}.

From the perspective of stochastic processes (like the g-Boson particle system or ¢-TASEP),
having ¢ outside (—1,1) does not seem to be meaningful. However, from the perspective of
quantum mechanics such an extension is natural. In fact, a version of the g-Boson Hamiltonian
(corresponding with the € = 0 limit discussed in §6.2) with ¢ on the complex unit circle has been
used as an integrable regularization of the real time delta Bose gas in the study of quantum
quenches (cf. [KSCCI13] and references therein). Taking ¢ on the complex unit circle is akin
to taking the ratio 7 = p/q in ASEP to be on the complex unit circle or taking the coupling
constant A in the Heisenberg XXZ quantum spin chain (on Z) to be real with |A| < 1. The
Plancherel formulas and completeness/biorthogonality for ASEP and XXZ will be the subject
of future work [BCPS14] (see also [BT77, BG90, Gut00]).

In §2, though the probabilistic interpretation for the backward and forward generators is
not valid when ¢ is general, the equivalence of the generators to free generators with (k — 1)
boundary conditions, and the Bethe ansatz eigenfunctions all stay valid. In short, all results,
definitions and formulas hold for general ¢ € Cj.

In § 3, the definitions of Fe-Boson  ga-Boson 4y jca-Boson yemain valid for general g. Recall the
conditions on the contours 71, ..., that they be positively oriented, closed contours chosen so
that they all contain 1, so that the 4 contour contains the image of ¢ times the vp contour for
all B > A, and so that v is a small enough circle around 1 that does not contain ¢. For general
q € C/, these conditions lead to a rather different picture for the contours than that of Figure 2.
For instance, for ¢ on the complex unit circle (but not a jth root of unity for 1 < j < k), Figure 3
shows contours which satisfy the conditions.

For what follows, fix v as a circle around 1, small enough so as not to contain ¢g. For general
q € C, it is possible that the image of v, when multiplied by a power of ¢ will intersect itself. This
will affect the way that a nested contour integral (such as in J%B°%°") expands when contours
are deformed to 7. Indeed, certain residues previously encountered may not contribute.

With this in mind, define the contour (see Figure 4)

F(n)(Q) ={zey:Vl<j<n, qu is outside 7 }.
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FiGUrRE 3. Possible ~1,...,7; contours when k = 4 and ¢ is on the unit complex circle
(approximately g ~ e/ 8)’Ti). The contour 74 is a small circle around 1. The contour ~3 is the
union of the small circle around 1 and the slightly larger circle around ¢ (so that it contains
the image of 74 when multiplied by ¢). The contour 7 is the union of the small circle around
1, the slightly larger circle around ¢ and the yet larger circle around ¢? (so that it contains
the image of v3 and 74 when multiplied by ¢). Because the image of 75 when multiplied by ¢
intersects the original small circle around 1, when defining +; we take it to be the union of the
larger ellipse around 1 and ¢3, as well as the circles around ¢ and ¢?.

\

FIGURE 4. For k = 4, ¢ ~ ¢(®/8)7 and a fixed circle 44 around 1, the contours ['1)(q);T(2)(¢q) and
I'(3)(q) are all equal to v4. However, I'4y(g) is only the portion of 74 which is the complement of

the dark black arc. This arc is the set of z such that ¢3z lies inside of 44 (grey arc in the figure).

These contours are similar in nature (and origin, see [BCPS14]) to the so-called Chebyshev circles
considered in [BG90, Gut00] in the context of the XXZ model’s Plancherel formula for |A| < 1.
We may now state the general ¢ version of Lemma 3.4.
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LEMMA 5.1. Fix g € C}, and consider a symmetric function G : CF — C and positively oriented,
closed contours 71, ..., such that:

° the contour 7y is a circle around 1, small enough so as not to contain q;

e foralll<A < B < k, the interior of y4 contains 1 and the image of yg multiplied by g¢;

o for all 1 < j < k, there exist deformations D; of v; to v, so that for all z1,...,2j_1,
Zjg1s .oy 2k W11;h zi €y for1 < i< j,and z € vy, for j < i<k, the function z; — A(2)G(z1,
...y Zj,...,2k) Is analytic in a neighborhood of the area swept out by the deformation D;.
Then,
ey 1
e =Y o f a6 e ),
W Ton@ T, @ o1 (Wi )

Proof. This follows immediately from a general g version of Proposition A.4, using the symmetry
of G to remove it from the expression for 9. The general g version of Proposition A.4 has
essentially the same proof. Let us illustrate the only modification which is required. As we
deformed ~y,_; through ~; to v, we picked strings of residues of the form z;, = ¢zi,, 2i, = qzis,

3 Ziy, 1 = QZiy, where i1 < iy < --- < iy,. However, if quih is contained inside of 7y, for some
1 < j < A1 —1, then the deformation will not cross one of the poles which corresponds with this
residue string. Thus, the string will be excluded from the residue expansion. This is the source
of the restriction to the I'(,,)(¢) contours in the above result. O

When ¢ is a root of unity more care must be taken due to the fact that ¢/z and z may lie
upon the same contour. In the course of proving the above result we encounter denominators
which contain terms like z — ¢/z. Thus, some additional regularization is needed to deal with
this case. We do not pursue this here.

Just as with (3.1.5), we may use the above lemma to record the analogous general ¢ formula
for ]Cq—Boson’

£(X)
qerteepyi =S e f H o ) W (5.0.7)
TCiap(@) F(/\Z()\>)(Q) =1 w]a

AFE

Theorem 3.7 holds exactly as stated with F4Boson and J9Boson 55 above, and ¢ € Cy.
This in turn shows that for general ¢ € C), Corollaries 3.12 and 3.13 hold under the one

replacement
Tk Tk F(Al)(Q) F(A[()\))(q)

While we expect that suitable modifications are needed for the spectral orthogonality
(Proposition 3.14), and consequently the dual Plancherel formula (Theorem 3.9) and the
Plancherel isomorphism (Theorem 3.11), we do not pursue this here.

6. Two semi-discrete degenerations

This section deals with two different limits of the results contained in §§2-4. For a parameter
¢ > 0 define the operator M, that acts on functions f : W¥ — C as

(Mcf)() = e (7). (6.0.8)
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The first limit (§§6.1 and 6.2) involves keeping ¢ fixed but conjugating HP" by the operator
M., and then taking ¢ — 0. The limiting system is equivalent to the delta Bose gas considered
by van Diejen [vDi04] (for root systems of type A). It is also related to the v = 0 version of
the g-Boson Hamiltonian discussed earlier in §1.2.4. For this limiting system we show how the
spectral orthogonality of the left and right eigenfunctions follows from the Cauchy-Littlewood
identity for Hall-Littlewood symmetric polynomials. This € = 0 orthogonality is, in fact, the basis
for a general € > 0 orthogonality which is proved in Proposition 6.2 and implies Proposition 3.14
when € = 1.

The second limit (§6.3) involves taking ¢ = e™¢ — 1 and also performing an e-dependent
conjugation of H""4 (involving M, as well). The limiting system here is equivalent to the discrete
delta Bose gas considered in [BC14, §6] and [BCS12, §6]. This system arises naturally from
studying moments of a probabilistic system called the semi-discrete stochastic heat equation or
equivalently the O’Connell-Yor semi-discrete directed polymer partition function (see §6.3.4).
There is yet a third limit to the continuum delta Bose gas. This is briefly discussed in § A.1.

All other results of this section, with the exception of Propositions 6.2, 6.10 and the lemmas
involved in their proofs, can either be proved via suitable limits of our earlier ¢-Boson particle
system results, or can be proved directly for the limiting system (via the same methods as our
earlier results). As such, we do no include these proofs.

In what follows we recall notation from § 1.3 and write ¢ = ¢(77), M = M(7), and § = g(7)
(thus suppressing the 7 dependence).

€

6.1 An e-deformed g-Boson particle system

We now develop an e-deformation of the work of §§2-4 (which at € = 1 corresponds to these
earlier results). The main purpose of doing this is to provide a proof of the spectral orthogonality
result of Proposition 3.14. In § 6.1.3 we prove that if the spectral orthogonality holds true for some
€, then it holds for all € (by essentially showing the derivative of the relation in € is zero). It turns
out (cf. §6.2.1) that the ¢ — 0 limit of this e-deformation is implied by the Cauchy—Littlewood
identity for Hall-Littlewood symmetric polynomials. This limit also makes contact with earlier
work of van Diejen [vDi04]. The general e deformation corresponds (via setting v = —e¢) to the
g-Boson Hamiltonian discussed in §1.2.4.

6.1.1 Coordinate Bethe ansatz. Fix ¢ € (0,1) and recall the operator M, from (6.0.8). For
€ > 0 define the operator HPVd< by

HOWdE = M IHPVA,.

Define H™"4€ (the matrix transpose of HPV4€) as HIVe = eM AWM and HeWde =
fwd,er—1

CyH W. °C, -
It is straightforward to see that

M

(HPVee £)(7) = Z(l — @) (f (i, gie,) — €f (7)) (6.1.1)
i=1
M

(™)) =D (1= q)(F (g, 41) — €f (7). (6.1.2)

Il
—

7

Define an e-deformed backward difference operator VP"4¢ and forward difference operator
Vivde which act on functions f : Z — C as

(vbwd,Ef)(n) = f(n—1) —ef(n), (Vfwd,ef)(n) =f(n+1)—e€f(n).
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Define the e-deformed ¢-Boson backward free generator £P¥4€ in the same way as in (2.2.1),
with VPV replaced by VPV4¢, Likewise define the (k—1) e-deformed g-Boson backward two-body
boundary conditions in the same way as in (2.2.2), with VP%9 replaced by VP¥%€, Similarly define
the e-deformed ¢-Boson forward free generator £°V9€ and the (k—1) e-deformed ¢-Boson forward
two-body boundary conditions.

The result of Proposition 2.5 then holds with all terms replaced by their e-deformations. Our
notation of an eigenfunction remains as in Definition 2.6 and the result of Corollary 2.7 applies
under this e-deformation.

Using the coordinate Bethe ansatz (cf. §2.3.1) we construct the eigenfunctions below. For all
.,z € C\{€}, set

e = 3 [ ZA—Te® He—zg(j

V4
oS, 1<B<A<k ~o(A)

R 3 | ()

z — 24
0€S), 1<B<A<Lk a(A) j=1
de,E( —») _ Cil ( —»)\IleWd,E ( —.\)
> (1) =C (n)V; ).
For fixed 77 € WF, these are symmetric Laurent polynomials in the variables € — 21, ..., € — 2.

The result of Proposition 2.10 then holds with all terms replaced by their e-deformations, and
the same eigenvalues (¢ — 1)(z1 + - - - + zx) as before. We define the right and left eigenfunctions
for the forward generator H™¢ as

- fwd,e le/= _ abwde/
W2(A) = U(A) and  W2(R) = U2VUN(R).

6.1.2 Plancherel formulas. The Plancherel formulas proved in § 3 are readily adapted to this

e-deformation. In order to facilitate this, we must suitably modify Definition 3.1.

DEFINITION 6.1. Define the space C* of symmetric Laurent polynomials in € — 21, ..., € — 2.

Fix any set of positively oriented, closed contours v;(€), ...,k (€) chosen so that the contours
all contain €, so that the y4(e) contour contains the image of g times the yg(¢e) contour for all
B > A, and so that v (e) is a small enough circle around € so as not to contain ge. For use later,
let us also fix contours v(e) and +/(¢) where (€) is a positively oriented closed contour which
contains € and its own image under multiplication by ¢, and +/(¢) contains 7(¢) and is such that
for all z € y(e) and w € v/(€), |e —w| > |e — z|.

We define Fa-Bosome and F97Bosone (a5 well as their compositions) in the same manner as
FaBoson and Ja-Boson (gee Definition 3.1) by replacing ¥", ¥, 41, ..., by their e-deformations,
and replacing 1 — z; by € — z; for 1 < < k.

The Plancherel formula (Theorem 3.7), the dual Plancherel formula (Theorem 3.9) and the
Plancherel isomorphism (Theorem 3.11) all hold under the above e-deformation. Defining an
e-deformed g-Pochhammer symbol (a; q)5, := H?;ol (€ — ¢'a), we likewise find that Corollary 3.12
holds with (wj; ¢)x also replaced by (wj; q)S. Modifying Definition 3.5 in the same manner, it is
immediate that Corollary 3.13 continues to hold as well.

6.1.3 Spectral orthogonality. We turn here to the e-deformation of the spectral orthogonality.
We will provide a direct proof of this result here.
PROPOSITION 6.2. Consider a function F(Z) such that for M large enough, Hle(e — )™M
A(Z)F (%) is analytic in the closed exterior of v(¢), and consider another function G(w) such
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that A(W)G(w) is analymc in the closed region between +(e) and +/(€). Then we have that

< da dz’fw;%mA(aF(z))(f( duo 7{(6)‘“"?@%(77%(@0(@)

s M) o +(e) 2 o) 2mi 27i

dw1 dwk . s
%{ o ..ﬁ(e) o k(k—1) /ZH (e — wj) H (wa — qup) Z sgn(o) F(ow)G(w).

A#B gES}

Remark 6.3. The above identity may be formally rewritten as

> UL () A (D) A (W) = (—1)FF 1/21‘[ e—2) [] (24 — qzp) det[d, 0,)F ;=) (6.1.3)
REWk A#B

where 6, 4, is the Dirac delta function for z = w.

Proof. We start with the simple example of k = 1. The general k proof is more involved and is
given after this example. When k = 1, U2(n) = —(¢ — 2)" and W5(n) = (¢ — 2z)~™. Thus, the
above orthogonality identity states that

—Z<f e~ 2P (2 )dz> (ﬁ(g)(e—w)_”G(w) dw) _ %Y(E)(e—w)F(w)G(w) dw. (6.1.4)

nel

Consider the left-hand side of (6.1.4). Since for M large enough, (¢ — z)"™ F(z) is analytic
outside 7(€) if n < —M then there is no residue at infinity and the integral in z vanishes.
Therefore the summation can be restricted to n > —M. By Cauchy’s theorem we can deform
the contour of integration for w so as to lie on the larger contour ~/(€), so that |e — z| < |e — w|
for all z € vy(e) and w € 7/(¢). The summation and integration can now be interchanged since

> ns_p(€—2)"(e —w)™" is uniformly absolutely convergent. Evaluating this sum shows that
the left-hand side of (6.1.4) equals

z w (6 — w)M+1 . w

We can apply the residue theorem to evaluate the z integral. Due to the conditions on F'(z),
outside y(¢) there is only a residue at z = w (and no singularity at infinity), hence we immediately
arrive at the right-hand side of (6.1.4).

This method of proof does not appear so well adapted to k > 1. Let us introduce (again for
k = 1) the method which we will employ for the general k£ > 1 case. In what follows we will
work formally, though all manipulations are easily justified by integrating against test functions.
Rewrite the orthogonality identity (formally) as

neL

so that now the left-hand side depends on ¢, whereas the right-hand side does not. Here we have
called the above left-hand side H ,(€). It suffices then to show that H, ,(0) = J., and that
(d/de)H (e) = 0 for all € > 0. For k = 1 the proof that H. ,(0) = d,,, is just as above (see
§6.2.1 for the k > 1 version of this result). As far as the derivative, due to telescoping

%Hz,w(e) =— Z((n —D(e—2)"2e—w) "+ (—n)(e — 2)" He—w)™ ) =0.

nel
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The general k > 1 proof splits into two steps. The identity we wish to prove can be rewritten
formally as

REWk
X H (z4 — qzp) det [522.710].]?7]»:1, (6.1.5)
A£B

where we define W2(77) := C,0%° (i) and @ £ 1 = (n1 £ 1,...,ng £ 1). Here we have called the
left-hand side Hz g(€). The purpose of rewriting the desired identity as above is that € only arises
on the left-hand side, and not on the right.

The first step is to prove (6.1.5) for e = 0. This is proved as Proposition 6.10 and follows by
identifying \Ilg.’o(ﬁ) and ‘I/iJO(ﬁ) with Hall-Littlewood polynomials (6.2.1) and (6.2.2) and using
the Cauchy-Littlewood identity (6.2.4).

The second step is to prove that (d/de) Hz 5(¢) = 0. By the Leibnitz rule the derivative applies
to either U™ or Uh¢. Let us calculate how each of these terms transforms under differentiation.
We will show that the derivatives can be written as

d €[> r—- - TTEL o

L) = > O (it ) UL ()
mewk

d _ge . e o

%mg (@)= > C(,m) W (m) (6.1.6)
mewk

where C" and C* are matrices independent of ¢ (and z and ) such that for each fixed 7, there are
only finitely many 7 such that the (77, 771) entry is non-zero. Assuming the above decomposition,
we can rewrite

d _ AR R Cr(ﬁ_lam) CE(T?L—{—L?:L')
—Hzg(e)= > U (m)\lfw.(n)< o) + ARSI

,meWk

To show that the above is identically zero, it suffices to show that for all m, 7 € W*
Cr(n—1,m) C(m +1,7)
Co(t) — Cylm+1)

Therefore, to complete this proof we must first justify the decomposition (6.1.6) and then
check that the matrices which arise from that decomposition satisfy the relation (6.1.7). We will
explicitly compute the entries of the matrix C” (and likewise those of C'*). Observe that

\IITG ﬁ Z H ZU(A) B q_lza(B)

0eSy 1<BeA<k “0(A) T Za(B)

(6.1.7)

—

k
X H(E — %o <Z ’I’Ls a(l) (6 - Zcr(s)) T (E - Zcr(k)))a (618)
j=1

where the term (€ — z,()) is excluded from the product.
For 7 such that n; > n;yq forall 1 <i< k-1 (i e. 1 away from the boundary of W¥) the
above expansion can be easily re-expressed through \If (m) with coefficients

oL ng, m=rm, forsomel <i<k—-1
C'T(n,m):{ v i =UE ’

0, else.
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When there are clusters in 7 of equal values, 77, will lie outside of WP for some 4. In order

—

to express the derivative in terms of \iﬂ;(m) for 1 inside W* we will use the following property.

DEFINITION 6.4. For i € W* and two functions f,g: C* — C, we write f ~ g if

-1 k
Zo(A) — 4 Zo(B n;
> 1l - - TICe = 2)™ (fGorys- - 209) = 9(Z0(1)s -+ Zo(h))) = 0.
j=1

€Sy, 1<B< A<k Fo(A) T %o(B)
(6.1.9)

LEMMA 6.5. If n; = n;1 then for any constants ¢, and any function f : C¥ — C symmetric in
the i and i + 1 entries, we have that

(et ¢20(i141) (2) % (¢ + 4 20)) £ (2).
Proof. Consider the summand (for a given o € Si) corresponding to the difference in (6.1.9)
between the left and right sides of the above identity. All that differs between these two sides
of the identity is the terms (c 4 ¢'25(;+1)) and (¢ + q¢'z,(;)). Taking the difference thus yields
the factor ¢'q(z,(;) — q_lzo(iﬂ)). Combined with the term (2, 41) — q_lzg(i)) coming from the
product over A > B, this is symmetric in z,(;) and z,(;11). Since n; = n;41, and F(251), -+ -5 Zo(k))
is symmetric in 2z,(;y and 2,(;11), it follows that everything except for the denominator of the
product over A > B is symmetric in z,(; and z,(;41). The denominator is antisymmetric, thus,
we conclude that the difference between the left and right sides of the desired identity is equal
to the symmetrization (summation in o) of a summand which is antisymmetric in two of its

variables. This implies the symmetrization is zero, and thus so is the difference. O
LEMMA 6.6. Consider @i = (n,...,n), then
k-1
il .
(e —29) - (e—zk) = ce(k,i)(e—2z1) - (e — %)
i=0
where
ce(k,i) = ek_i_lqiw. (6.1.10)

(¢:9)i

Proof. We will proceed by induction on k. For k = 1, the decomposition is clearly true with
¢e(1,0) = 1. Fix that for all k, c.(k, —1) = cc(k, k) = 0. Assume the inductive hypothesis holds
for k — 1. Then

NET
@)
(o)
—~
>
|
—_
~.
S—
Ve
(@)
|
N
S
N—
—~
™M
|
N
K
S—
—
(@)
|
)
Bl
S~—

(e —2z9) (e — zk)

U
o
(o)
—~
oyl
—_
~.
S~—
—
o)
|
N
A
SN—
—
2
|
©
k)
S~—
—
o)
|
)
ES
J
|
N
K
+
AR
N—r

e

D ek —1i)(e—21) - (e — z)(e(1 — ¢ ) + ¢ e = zi40))
=0

k—1

D (eelk — 10— 1)¢" 7 + ek — 1,i)e(1 — ¢ 1)) (e — 21) -+ (e — ).
=0

e
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The equality in the first line is from the inductive hypothesis; the equality between the first
and second line is from a repeated application of Lemma 6.5; the equality between the second
and third line is from rewriting € — ¢* "1z = (1 — ¢* 1) 4+ ¢* (e — z1); and the
equality between the third and fourth line is from gathering terms with the same factor of
(e — z1) - (e — z), and using the notational assumption c.(k,—1) = c.(k, k) = 0.

The above reasoning shows that the c.(k,i) are the solutions to the following recurrence
relation:

ce(k,i) =ce(k—1,i — )"+ cc(k — 1,i)e(1 — ¢*71)

with ce(k, —1) = cc(k, k) = 0 and ¢,(1,0) = 1. It is immediate to check that the right-hand side
of (6.1.10) uniquely satisfies this relation. O

These c¢(k, 1) coefficients combine to form the entries of C”. Define

(B)ly(k—p—1)
(k —p)lq(p)lg

De(k,p) = ek —p+j.j) = P11 — g)F#!

p
(6.1.11)
7=0

Then it is immediate from Lemma 6.6 that for 7 = (n,...,n)

o
—_

—

S (e—z)(e—z) - (e=2) B3 Delkyp)(e—21) - (e — z).

k
(=1 p

I
<)

This shows that for 7 = (n,...,n), C"(7i,m) = nD¢(k,p) for all m = (n,...,n,n—1,...,n—1)
with exactly 1 < p < k entries equal to n (and the remaining equal to n — 1). For all other 7,
C"(i,m) = 0.

To state the general 77 result, define

S
n[mb] = (nl, ey Ng—1,MNg + 1,na+1 + 1, BRI 17} + 1,7’Lb+1, ce ,nk).

LEMMA 6.7. For i € W, set (cy,...,cpr) = &) (cf. §1.3). Then for all 1 <i < M and 0 < p <

ci—1,ifm = ﬁ[;1+“'+ci—1+p+1701+"'+Ci] then

C" (7, M) = Ney4ope; De(Ciy ), (6.1.12)
and for all other mi, C" (i, m) = 0.
Proof. The same reasoning as was applied in the 7 = (n,...,n) case may be applied to each
cluster of 77, thus resulting in the statement of the lemma. O

We likewise have the following lemma.

LEMMA 6.8. Forii € WK, set (ci,...,cu) = &) (cf. §1.3). Then forall1 <i < M and1 < p < ¢,

cr o ok

ifm = Moyt 1+1e14 i 1+7] then
CH(7t, 1) = =Ny 4re; Delciy ¢ — p), (6.1.13)

and for all other m, C*(7,m) = 0.

Proof. This is completely analogous to the C" case. Note that the negative sign comes from
differentiation of terms of the type (1 — z;)™". O
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LEMMA 6.9. The matrices defined in Lemmas 6.7 and 6.8 satisfy (6.1.7).

Proof. Let us consider the example of 7 = (n,...,n,n —1,...,n — 1) with a > 0 entries equal
to n and b > 0 entries equal to n — 1 (thus a total length of a + b). Then, the only m for which
C" (7 —1,m) and C*(mm + 1,7) are non-zerois m= (n—1,...,n—1,n—2,...,n—2) withp < a

entries of n — 1 and b + p entries of n — 2. For these 77 and m we compute

C"(7i = 1,1) = (n = 1)De(a,p),  Cy(ii) = (=1)F ¢ * =D (a)ly ()1,
Clim+1,7) = —(n—1)De(a+b—p,b), Cy(m) = (=1)k¢g*E=D2(p)1 (a + b —¢)!,.

From the explicit formula (6.1.11) for the D, we immediately confirm that (6.1.7) is satisfied.
The general 77 € W¥ case follows similarly from the above calculation. O

We return to complete the proof of Proposition 6.2. As we have now justified the
decomposition (6.1.6) and checked that the matrices C" and C* satisfy the relation (6.1.7), it
follows that (d/de)Hz z(e) = 0. Since Proposition 6.10 (yet to be proved below) shows that (6.1.5)
holds in the limit € — 0, these two facts together complete the proof of this proposition. O

6.2 van Diejen’s delta Bose gas

We consider the ¢ — 0 limit of the e-deformed g-Boson particle system considered in §6.1. Our
primary purpose is to prove Proposition 6.2 for ¢ = 0, as well as to make contact with earlier
work of van Diejen [vDi04]. We also briefly remark on the limiting versions of the Plancherel
formula.

The € — 0 limits of the generators HPVde, HeWde and HWe are straightforward (set e = 0),
and likewise for VPWde yiwde pbwde pfwde 39 the boundary conditions. In particular the limits
of the backward and forward generators (LP¥%€ and £%%€) applied to a function u(7) give
Zf Lu(r; ) and ZZ Lu(7iF) (respectively). The backward two-body boundary conditions limit
to

forall 1 <i<k—1 (u(;)—qu())lin=n., =0,

and the forward two-body boundary conditions limit to

forall1<i<k—1 (qu(ii))— u(ﬁ;:_l))’ﬁ:ni:ni+l 0.

This limiting system arose earlier in work of van Diejen [vDi04], where he additionally worked
in the context of general root systems (the above system corresponds with type A). In that
work, van Diejen uses Bethe ansatz to construct eigenfunctions for these systems and proves
a Plancherel formula (for general root systems) by appealing to earlier work of Macdonald
[Mac71, Mac00]. Taking the ¢ — 0 limit of our results also yields these eigenfunctions and such
a Plancherel formula (for the type A case).

Let us take the € — 0 limit of the left and right eigenfunctions of H™%¢ and call these W% 0( )
and W2°(7). For all z1,..., 2, € C\{0}, we then have

\I,eoﬁ Z H Zo(A) ~ 4R0(B) ﬁ

0eS, 1<BeA<k “0(A) T Fo(B) 4

MG IRERITD S § (it I A C H %0(3)

0€Sy 1<B<A<k o(A) T Zo(B)
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We identify these with Hall-Littlewood symmetric polynomials Py(z;t) and Qx(y;t) [Mac99,
ch. I1I]. For 7 such that ng > 1,

— ko0 _ _ _
V() = (—1) X (1 — @) R Qa(a Y L 2 b ), (6.2.1)
while for 77 such that n; > 0,
T — k n;
U0(R) = (—1)2= " (= 1) Py (21, .. ., 213 9). (6.2.2)

The € — 0 limits of F4Bosone and JaBosone (a5 well as their compositions) may thus be
expressed in terms of Hall-Littlewood symmetric polynomials. In taking this € — 0 limit of
JaBosone “there is no clear way to take the limit of the nested contours ~; (¢), . .. vx(¢). However,
we may just as well take all contours to be y(€¢) and then there is a clear limit of the integrand
and the contour. Indeed, at ¢ = 0, we may use any contour y(0) which encloses 0 and its own
image under multiplication by ¢. In this way we can show € — 0 limits of the Plancherel formula
(Theorem 3.7), the dual Plancherel formula (Theorem 3.9) and the Plancherel isomorphism
(Theorem 3.11).

6.2.1 Proof of € = 0 spectral orthogonality. We state and prove the ¢ = 0 case of
Proposition 6.2 by directly appealing to the Cauchy—Littlewood identity for Hall-Littlewood
symmetric polynomials. This result then serves as the first step in proving the general € result
of Proposition 6.2, and consequently Proposition 3.14 as well.

PROPOSITION 6.10. Fix a positively oriented circle «y(0) C C which contains 0 and the image of
~(0) under multiplication by q, and let v'(0) be a circle which contains v(0) and is such that
|z] < |w]| for all z € v(0) and w € 4'(0). Consider a function F(Z) such that for M large enough,
H?Zl(—zi)_MA(z_')F(z_’) is analytic in the closed exterior of 7(0), and consider another function
G(w) such that A(wW)G(W) is analytic in the closed region between ~(0) and ' (0). Then we have
that

Z(% =) dz’fpr“(ﬁ)A(;)F(;))(yé e Clwf@@%ﬁ)A(@)G(@))
k \Jr(0) 2T (o) 2 20 271 ) 27

neW

?{ dw, dwy, k(k41)/2 b o
N ~(0) o7 é prcien)) ij H (wa — qup) Z sgn(o)F(ow)G ().

2mi 0) 2mi 7j=1 A#B €Sk
(6.2.3)

Proof. Consider a single term in the left-hand side of (6.2.3) with fixed @ € W*. Due to the
analyticity condition on F'(2), if n; < —M then the corresponding term integrates to zero (this
follows from the lack of singularity at infinity). Thus we can restrict the summation to n; >
-+ =2 ng = —M. Now we can deform the integration contour for w from ~(0) to +/(0) and we
may appeal to the Hall-Littlewood polynomial representations for U0 and U0 given in (6.2.1)
and (6.2.2). Using homogeneity of the Hall-Littlewood polynomials, and taking the integration
in z and w outside of the summation, we are left with (for M sufficiently positive) the left-hand
side of (6.2.3) equal to

(1_q)—k(_1)kf dzlf d’z’“% (1@017{ ‘L"’fp(g)g(w)
ﬂ/(0) 27 7(0) 27 7/(0) 27 'y’(O) 27

M+1

wl “ e wk 1 K Z v

<> § Pﬁ(zl,,Zk,q)Qﬁ(wll,,wklgq)A(z)A(w)
21 Rk nyz-2ngp21
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The fact that the summation and the two integrations may be interchanged follows from the fact
that for z; € 4(0) and w; € 7/(0) the summation is uniformly absolutely convergent. By residue
considerations we may change the summation over n; > --- > ng > 1 abovetony > --->nip >0
without changing the value of the integrals. We now utilize the Cauchy-Littlewood identity for
Hall-Littlewood polynomials [Mac99, III (4.4)] to explicitly evaluate the summation

W; — 4z

k
Z Pﬁ(zl,...,zk;q)Qﬁ(wl_l,...,w,;l;q) = H (6.2.4)

Wi — 2
n1>>ng >0 ij=1 7 7

Therefore, the left-hand side of (6.2.3) is equal to

_ dz dz, dw dw
(1—gq) k(_l)k% 1% k?{ 1% =k
7(0) 27 ’Y(O) 27 ,},/(0) 27 ’Y/(O) 27

<w1wk> e ﬁ 55 95N (2) A () F (2)G().
2100 2 =1 '

We now apply the residue theorem to evaluate the z integrals. For each z; there are residues
outside of v(0) at w1, ..., wy (there are no singularities at z; = 00). However, due to the term
A(Z), no two of these z variables can pick the same w variable (otherwise the Vandermonde
gives zero). Thus, the z integrals expand as a sum over residues from z; = Wy for 1 <<k
and o € S

le de W1 - W M+1 K w; — qz; — - —
I Y A I | = NN
(o) 2m S0y 2\ 21 2k ij=1 WA

k
=(1- q)k(—l)_l‘z(k_l)/2 H wj H (wg — qup) Z sgn(a)F(wa(l), R wg(k.)).

j=1  A#B €S,

The integral of this expression times (1 — ¢)~%(—1)*G(w) is readily matched to the integral of
the right-hand side of (6.2.3). O

6.3 Another discrete delta Bose gas
Let ¢ = e~ and recall the operator M, from (6.0.8). Define the operator HP"4 by

HM = e 2MI HY M+ k(e = $)1d.

Then, as € — 0, ﬂEWd — H"" where we call this limit the semi-discrete backward generator
(because of the connection with the semi-discrete stochastic heat equation, see below). Below we
record (without proof) scaling limits (under the above scaling) of various results we have proved
earlier in §§2-4.

6.3.1 Coordinate Bethe ansatz. The semi-discrete backward generator? HP¥ acts on
functions f : W¥ — C as

M (i —
) = Y- (V8o hi) + ) ).

=1

3 This is not a Markov generator since it is not stochastic.
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The semi-discrete forward generator is the matrix transpose of HP"d and acts on functions
f:WF — Cas

M

~ o R . cle;—1) .,
A1) = 3 (i + Dl + Do) (o) = )+ S 1))
i=1
where by convention, fori=1weset¢;_1+1=c1+---+c¢c_1+1=1.
The function C : W*¥ — R depends only on the list &(i7) = (c1,...,car) of cluster sizes for 7

via
i) = k H (ci)! (6.3.1)

We will use the notation of C' and C~! for multiplication operators by C(#) and (C (7))~ L. It is
clear that these operators commute with R (see §1.3).
The semi-discrete conjugated forward generator is defined by

Fetwd _ ogyfwd -1
and it acts as

i) = 3 (T D))+ O

=1

s,

Using the backward and forward difference operators (§1.3) we define the semi-discrete
backward free generator £°¥4 which acts on functions v : Z¥ — C as

k

(L) (i) = Y (Vi) (i)

=1

where VPV acts as VP¥4 in the variable n;. We say that the function u : Z* — C satisfies the
(k — 1) semi-discrete backward two-body boundary conditions if

forall1<i<k—1 (VP — VI — Dulsnien,,, = 0.

Similarly, the semi-discrete forward free generator £/4 acts on functions u : Z¥ — C as

Efwd Z vfwd

where Vng acts as V"4 in the variable n;. We say that the function u : Z*¥ — C satisfies the
(k — 1) semi-discrete forward two-body boundary conditions if

forall 1<i<k—1 (1+ V¥ = VEDulin—n,., =0.

PROPOSITION 6.11. If u : Z¥ — C satisfies the (k — 1) semi-discrete backward (respectively,
forward) two-body boundary conditions, then for ii € W*,

(L2N)(7) = (HPu) (i) (respectively, (L) (i) = (Hu) (7).
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Remark 6.12. Proposition 6.11 implies that R~'HP¥IR = Hefwd = OHIC—1 or equivalently
bewd (RC)Hde(RC)

showing that 7" and H™! are related via a similarity transform.

DEFINITION 6.13. A function UP¥4 : Z¥ — C is an eigenfunction of the semi-discrete backward
free generator with (k — 1) two-body boundary conditions if Ub¥d is an eigenfunction for the
semi-discrete backward free generator that satisfies the (k — 1) semi-discrete backward two-body
boundary conditions. We likewise define what it means for a function U4 . ZF — C to be
an eigenfunction of the semi-discrete forward free generator with (k — 1) two-body boundary
conditions.

The following is a corollary of Proposition 6.11.

COROLLARY 6.14. Any eigenfunction gbwd . 7k s C for the semi-discrete backward free
generator with (k — 1) two-body boundary conditions is, when restricted to i € W*, an
eigenfunction for the semi-discrete backward generator HP"9 with the same eigenvalue.

Similarly, any eigenfunction U4 . ZF — C for the semi-discrete forward free evolution
equation with (k — 1) two-body boundary conditions is, when restricted to i € Wk, an
eigenfunction for the semi-discrete conjugated forward generator H™d with the same eigenvalue.
In turn, O~ 10 jg ap eigenfunction for the semi-discrete forward generator H™ with the same
eigenvalue.

We may apply the coordinate Bethe ansatz of §2.3.1 to the semi-discrete backward and
forward free generators with (k — 1) two-body boundary conditions. The backward generator
eigenfunction W24(77) given below arose in earlier work of [Tak12].

DEFINITION 6.15. For all zq,..., 2z, € C\{0}, set

P =Y [ A e ! ﬁ(zg(j))_nj

z, — Z
oSy 1<B<A<k (A T “o(B) j*l

Betd (i Z H Zg(A) ~ Zo(B) T 1 H .

oSy 1<B<A<k 0(A) T Zo(B)
T (i) = O () L ().
These are symmetric Laurent polynomials in the variables z1, ..., zk.
PROPOSITION 6.16. For all z1, ..., 2 € C\{0}, ¥2%(i7) is an eigenfunction for the semi-discrete

backward free generator with (k—1) two-body boundary conditions with eigenvalue Zf ((zi—1).
The restriction of \IJde( i) to i € W* is consequently an eigenfunction for the semi-discrete
backward generator HP" with the same eigenvalue.

Similarly, for all zi,...,z; € C\{0}, \ifngd(ﬁ) is an eigenfunction for the semi-discrete
forward free generator with (k—1) two-body boundary conditions with eigenvalue % (z; —1).
The restriction of \I/Cde( i) to i € W¥ is consequently an eigenfunction for the semi-discrete
conjugated forward generator H™d with the same eigenvalue. The restriction of \P?Vd(n) to
it € Wk is likewise an eigenfunction for the semi-discrete forward generator H™4 with the same
eigenvalue.
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Remark 6.17. We may extend the eigenfunctions of Definition 6.15 so as to be defined for all
of Z¥ (rather than W*) by fixing that the value for a general 77 € Z* is the same as the value of
ofi € WF where o € Sy, is a permutation of the elements of 7 taking it into W¥. It is possible to
write down an operator on all of Z* for which these extensions (which we write with the same
notation) are still eigenfunctions. One finds (cf. [BCS12, Proposition 6.3, (C)]) that

k

St T v = (Y- ) B

i=1 1<i<j<k i=1
This can be thought of as a discrete version of the delta Bose gas considered later in § A.1.

Proposition 6.16, along with the fact that Hd is the transpose of #P"4, implies that

k k
R = (3G - 1) )0, A = 8 (- D). (632

i=1 i=1

showing that \Ilde( 1) and \I'de( ) are (respectively) right and left eigenfunctions for H™4 with
eigenvalue 2121(2’% — 1). This motivates the following definition.

DEFINITION 6.18. For any Z = (z1,...,2;) € (C\{0})¥ define

~ =~ o o +1 b
Vi) = 0@ =o' S I B T [z

oes, 1<B<A<k ~0(A) T Fa(B)

These eigenfunctions are limits of \Ilg and W7 of Definition 2.12 when ¢ = ¢7¢ — 1 and the
zj variables in Definition 2.12 are replaced by ¢*

We could have just as well defined the right and left eigenfunctions with respect to the
operator H”V4. Finally, we can observe the symmetry of U’ and U with respect to the space-
reflection operator R

(RUY)(7) = C(A)VLR), (RVL)(7) = O (7)) P(7). (6.3.3)
6.3.2 Plancherel formulas.

DEFINITION 6.19. Define the space CF of symmetric Laurent polynomials in the variables
21y ny 2k
The semi-discrete transform F>P takes functions f € W¥ into functions F5P f € CF via

(FSPH(E) = (f, V.

Fix any set of positively oriented, closed contours 71, ...,7, chosen so that they all contain
0, so that the 44 contour contains the image of 1 plus the 45 contour for all B > A, and so that
% is a small enough circle around 0 so as not to contain 1.
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The (candidate) semi-discrete inverse transform 75 takes functions G' € C¥ into functions
TIPG € WF via

k
TPO@ = (1 p e f ] A e e@. (63)
s Y

271 - 27l zAa— 2 — 1
1 k 1<A<B<k AT B j=1

The composition of the transform and (candidate) inverse transform takes functions f € W
into functions K5 P f € WF via

(KSP ) (i) = (TP FP f) (i)
k
— (1)t dzl}[;l:ﬂ T =22 L) ™ ¥ (6.3.5)
Tk

- 27 i za— 2 — 1
T 1<A<B<k A B Jj=1

The composition of the (candidate) inverse transform and the transform takes functions
G € CF into functions M5 PG € CF via

(MPP@) () = (FFPT¥Pa)(2)
1)k U7 dz [ dz
(=1) Z () 5, 2mi 7,{% 27i

newWk
k
1<A<B<k 7=1

LEMMA 6.20. Consider a symmetric function F : C¥ — C and positively oriented, closed contours
Y1, - -,k Such that:

° the contour 4y, is a circle around 0, small enough so as not to contain 1;

e foralll < A< B <k, the interior of 44 contains 0 and the image of g plus 1;

° for all 1 < j < k, there exist deformations D; of 7; to 7y so that for all z,...,zj_1,
Zjgl,- -, 26 With z; € 4; for 1 <1 < j, and z; € 4y, for j < i <k, the function z; — A(2)F (21,
..y Zj,...,2k) Is analytic in a neighborhood of the area swept out by the deformation D;.
Then,
£(N) 1.
(LM =Y § i@ W (7) G5,
-k Tk Tk j=1 (wj))‘j

where the definition of the notation wWo\ and (w), is given in § 1.3 and where, for a partition
A=1mome. ..

wj

on) )
S 1 d
dpn (@) = ]

t .
mqlmao!- - © |:fwl + A\ — wj i.j=1j21 27i

We may now record the scaling limits of the Plancherel formula (Theorem 3.7), the dual
Plancherel formula (Theorem 3.9) and the Plancherel isomorphism (Theorem 3.11).

We start with the Plancherel formula.

THEOREM 6.21. The semi-discrete transform F> induces an isomorphism between the space

WF and its image with inverse given by J°P. Equivalently, K5 acts as the identity operator
on WF,
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A key fact in the proof of this (which follows in the exact same manner as Theorem 3.7) is
the following property of K5P. For any functions f, g € WF,

(KSPf, g)w = (f, (CR)'K5P(CRg))w. (6.3.7)

Lemma 6.20 yields the following expansion

(KD f) (i f A} i@
Ak i

We have shown in Theorem 6.21 that 7 Boson — Id when restricted to functions in WX.
Similarly,

L(N)

)<f7 wo)\> (638)

J:1

(CR)KSP(CR) =1d
Let us turn now to the dual Plancherel formula.

THEOREM 6.22. The inverse semi-discrete transform J5° induces an isomorphism between the
domain C* and its image with inverse given by F>P. Equivalently, M5 acts as the identity
operator on CF.

It should also be possible (as conjectured in Remark 3.10) to extend this dual Plancherel
formula to a more degenerate class of functions than presently considered.
We may combine Theorems 6.21 and 6.22 to arrive at the following result.

DEFINITION 6.23. Define a bilinear pairing acting on two functions F(2) and G(2) by

FGC_Zj[ du,\

A=k j=1

£(X)

F(w3N)G(W3N).

THEOREM 6.24. The semi-discrete transform F5™° induces an isomorphism between W¥ and C*
with inverse given by J5. Moreover, for any f,g € WF

(f,9w = (FPf,F Py, (6.3.9)
and for any F,G € C*
(T5PF,J"PG)w = (F,G)e. (6.3.10)

6.3.3 Completeness and biorthogonality. Corollaries 6.25 and 6.26 are immediate conse-
quences of Theorem 6.21. Proposition 6.27 can either be proved directly (as done for
Proposition 3.14) or derived from Theorem 6.22 (assuming that theorem is proved directly via
a limit transition from Theorem 3.9).

COROLLARY 6.25. Any function f € W¥ can be expanded as

ey
7{ 7{ dfix (W) 7o (), W) w, (6.3.11)
-k Tk j=1
and also as o
f(ﬁ) = Z % o % d/,L)\ wo)\ ﬁ) <\ilf?i6)\7 f>W (6312)
MLk Yk Tk ]:1
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COROLLARY 6.26. For i, m € W¥, regard W!(i) and W'(1%) as functions (U*(7))(Z) = UL(7) and
(U7 (171))(7) = WL(). Then

(U (72), U7 (171))¢ = Lii=m-
PROPOSITION 6.27. Consider functions F,G € C*. Then we have that

3 ( e LU >F<>)<dw B ) @Gl )

27r1 27 27 T 27

_ @ 7{ dwk 1)) /2Hw H (wa —wp — 1) Z sgn (o) F(ow)G(10).

27r1 27r1
T j=1 A#B o€S),

6.3.4 Applications to the semi-discrete stochastic heat equation. The following results follow
from Corollary 6.25. We then apply them to the analysis of the semi-discrete stochastic heat
equation.

COROLLARY 6.28. For fy € W* the backward equation

d - "bwd -
g/ = (Hf) (1)
with f(0;7) = fo(7) is uniquely solved by

-y (N etE(u?G)\)
£(t:7) = (¢ -y 74 f A() B () o Ul

Nk =1 (wﬂ)%‘

k
- dzlyfdzk [T =25 L) e (g, ¥y (6:3.13)

- 27l - 27l 24—2—1
gl g 1<A<B<k “A T <B j=1

where E(Z) = Y28 (2 — 1).

COROLLARY 6.29. For fy € WF the forward equation

R S
56 = (M) ()

with f(0;7) = fo(l) is uniquely solved by

o\
t;—» tHde —’ dii —
e e 7{ f 2O

A=k

S PN () (Pl Sl
J

(z)™ =01 LB (L, ol (6.3.14)

- =

dz1 dzy, H ZA — 2B
- 2mi - 27 za—2zp — 1
gé! Yk 1<A<B<k AT °B j=1

where E(2) = S8 (i — 1).

We may utilize the above solution to the backward equation to compute integral formulas
for the moments of the probabilistic model we now introduce. Though we phrase it in terms of a
coupled system of stochastic ODEs, it is equivalent to the partition function of the O’Connell-Yor
semi-discrete directed polymer [OYO01] (see also [O’Col2] for more recent developments in the
study of this model).
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DEFINITION 6.30. The semi-discrete stochastic heat equation with initial data Zjy is the system
of stochastic ODEs

dZ(t,n) = VPYZ(t,n)dt + Z(t,n)dB,, Z(0,n)= Zo(n),

where Z : Ryg X Z — Ry and the B; are independent standard Brownian motions. We will
assume that Zp(n) is compactly supported.

Remark 6.31. As shown in [BC14, Theorem 4.1.26] (see also [BCS12, Proposition 6.2]) the above
system is a ¢ — 1 scaling limit of ¢-TASEP with finitely many particles (cf. §4.3).

Let Z(t;71) = IEE[I_H-“:1 Z(t,n;)]. Using the Feynman-Kac representation (and the so-called
replica method) one shows (cf. [BCS12, §6.2]) that these moments satisfy

k
d - — bwd ~7 —

i=1 1<i<j<k

This can be thought of as a discrete version of the delta Bose gas considered in § A.1.
As in Remark 6.17 (see also [BCS12, Proposition 6.3, (C)]) one sees that for 7 € W, Z(t;71) =
h(t; ) where h(t; &) solves the backward equation

k
d. .. Tbwdy (. = .7
St 7) = A h(t: ), h(0;7) =E [Hl Zo(ni)} :

It follows from Corollary 6.28 that we may solve the above equation succinctly in terms of
contour integrals.

COROLLARY 6.32. For fo(7) = h(0;1) of compact support, h(t;7) is given by the right-hand
side of the first and the second lines of (6.3.13).

Let us apply this for the example of the semi-discrete stochastic heat equation with delta
initial data Zy(n) = 1,—;. This is the limit of step initial data for ¢-TASEP. One should be able
to likewise work out the half-stationary limit, though we do not pursue that here. The following
result previously appeared in [BC14, §5.2.2].

PROPOSITION 6.33. For delta initial data Zy(n) = 1,—1 we have

k k
E [H Z(t, m)} O O H _FATZB H(zj)—njet(z]'—l). (6.3.15)
i=1

- 27 - 2wl 24— 2 —1
" Tk 1<A<B<k A B j=1
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Appendix A

A.1 Continuum delta Bose gas

We briefly describe a further scaling limit of the results of §6.3 (as well as those earlier in
the paper). We are informal here and do not give precise statements (see references for such
statements). The analog (and limit) here of the ¢-Boson particle system and the discrete delta
Bose gas is the continuum delta Bose gas, and the analog (and limit) of ¢-TASEP and the
semi-discrete stochastic heat equation is the continuum stochastic heat equation (or equivalently
the Kardar—Parisi-Zhang equation), see [BC14, § 6], [BCF14], or a forthcoming paper by Moreno
Flores, Quastel and Remenik. A rigorous treatment of this sort of limiting procedure (starting
from the system considered in §6.2) is given in [vDi04].

DEFINITION A.1. The (1 + 1)-dimensional continuum stochastic heat equation with initial data
Zy is the solution to the stochastic partial differential equation

d 1 d?
%Z = 5@134—53, Z(0,z) = Zp(x), (A.1.1)
where ¢ is space-time Gaussian white noise (see [ACQ11, Corl2] for more details and

background).

In a similar manner as for the semi-discrete stochastic heat equation, the joint moments

(time ¢ fixed, spatial variables x; varying) satisty simple closed evolution equations. In particular
(cf. [BCY5] or [BC14, §6]) for # € R¥, defining Z(t, &) = E[[]F_, Z(t, z;)]

d . 1 _
L2t = [Z szt Z 6(z; — xj)}zu,:z),
=1 ? 1<i<j<k
where 0(x) is the Dirac delta function. This is often called the (imaginary time) delta Bose gas
with attractive coupling constant, or the (imaginary time) Lieb—Liniger model with attractive
delta interaction. Uniqueness of solutions to the above equation (within a class of solutions with
suitable control on their growth in Z) should be attainable, but we are unaware of an exact
reference in the literature.
It is standard in the physics literature (cf. [Dot10, CLR10]) to postulate the following
reduction. Let
WF = {Z=(21,...,21) ERF | 21 <--- < 21}

Then, for & € W, Z(t; %) = u(t; ¥) where u(t; Z) solves

k
d 1 d?
—ult: 1) = w7

and satisfies the two-body boundary conditions that

=0.

Tx;+0=x;41

foralll<i<k—-1 d— d —1|u
dr;  dwigy

Here x; + 0 = x;4+1 means the limit as z; — x;41 from below. To our knowledge, this reduction
has not been rigorously justified.

In the work of Heckman and Opdam [HO97], the above system (Laplacian plus two-body
boundary conditions) is called the Yang system [Yan67, Yan68] (see also [Gau71l, HO97] for other
root systems) corresponding to the type A root system and an attractive coupling constant (of
magnitude 1 in our setting).
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DEFINITION A.2. For any Z € C¥ define

@ =01@ Y I Zo(A) — (B)HHe*%

z — Z
oS, 1<B<A<k ~o(A) T ~a(B)

As in (6.3.1), the function C' : W* — R depends only on the list &(#) = (cy,...,car) of cluster
sizes for ¥ via

M
O@) = (-1 [ (e (A1.2)
i=1
Likewise define
_ - - _ 1
\I’i-»(:l_f) = Zo(A) “o(B) Hesz]
oes, 1<BeA<k o(A) T Fa(B) 5

These are right and left eigenfunctions for the Yang system.

Following Heckman and Opdam [HO97], we now define the analogs of F4Boson and ga-Boson,
though without carefully specifying the domains on which they act. The Fourier—Yang transform
FFY takes functions f : W¥ — C into symmetric functions F¥-Y f : C¥ — C via

F-Y -\ "
FINE = [ @@

Note that the C~!(Z) factor in defining ¥ plays no role in this integration as it is identically
equal to (—1)* except on a set of measure 0.

The (candidate) Fourier-Yang inverse transform J¥Y takes symmetric functions F : C¥ — C
into functions J¥YF : W¢ — C via

dz dz ZA— 2
F-Y -\ 1 k A B Tiz
R AR =Ty = R || ZA_ZB_IHe“F (A13)

wHR 2T
where a; >as+1>a3+2>--->ar+k—1.

LEMMA A.3. Consider a symmetric function F : C¥ — C and a set of real numbers a1, ..., oy

which satisfy:

(1) forall1<j<k—1,05>aj41+1;

(2) for all 1 < j < k and z1,...,z such that z; € a; + iR for 1 < i < j and z; € o) + iR for
j<i<k, the function z; — A(2)F(z1,...,%;,..., %) is analytic in the complex domain

{z: ai, < Re(z) < a;} and is bounded in modulus on that domain by cIm(z;)~° for some
constants ¢, > 0 (depending on z1,...,2j-1,%j+1,- .., 2 but not z;).

Then,
R =S [ [ @) ) P,
Ak ak—HR ap+iR

where WO\ is as in (1.3.3) and djiy is as in Lemma 6.20.

Heckman and Opdam [HO97] showed that when restricted to a suitable class of functions,
the Fourier-Yang transform F'Y is an isomorphism onto its image with inverse J¥ Y. Or,
equivalently, on this set of functions C'~Y = Id. This is the analog of Theorem 3.7 and the
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method of proof we employed herein is adapted from their work. Just as before, from this
Plancherel formula and Lemma A.3, one proves completeness of the Bethe ansatz (see [BC14,
Remark 6.2.5] for a detailed history of this question).

There should be an analog of the dual Plancherel formula (Theorem 3.9) and the Plancherel
isomorphism (Theorem 3.11) in this setting, though we have not seen this in the mathematics
literature. The physics literature contains some work in the direction of spectral orthogonality
in this context [CCO7, Dot10].

In the past few years there have been many works in the physics literature using the above
delta Bose gas to study the moments of the stochastic heat equation with various types of initial
data (flat/half-flat [CL11, CL12], stationary [IS11, IS12, IS13], or more general [CQ11]) or at
different times [Dot13b]. These calculations are counterparts to the g-Boson Plancherel theorem
discussed in §4.3.

A.2 Shrinking nested contours
The following proposition is a variant of Proposition 3.2.1 of [BC14]. The proof therein is a
verification type inductive proof. The proof we present below is direct and inspired by [HO97].

PropPOSITION A.4. Given a set of positively oriented, closed contours 71, ..., and a function
F(z1,...,z) which satisfy:

° the contour ~y; is a circle around 1, small enough so as not to contain q;

o foralll <A< B <k, the interior of y4 contains the image of yvp multiplied by q;

o foralll < j < k, there exist deformations D; of v; to 7 so that for all zi,...,zj_1,
Zj4l,- .., 26 With z; € v, for 1 <i < j, and z; € 7y, for j < i < k, the function z; — A(Z)F (21,
..y Zj,...,2k) Is analytic in a neighborhood of the area swept out by the deformation D;.

Then we have the following residue expansion identity:

dz1 dzp, ZA — 2B
oy 2mi o 2mi (21, 2) 3

?{ dpn () B9(F 0 ), (A.2.1)
1<A<B<k “A T 9%B ok vk Tk

where W o A was defined in (1.3.2). Here we define

2o(A) — 4%Z5(B
Efzy,...,2,) = Z H %F(zo(l)w-wza(k))
08y, 1<B< A<k ~o(A) T “a(B)

and
k k —k(k—1)/2 o) L) '
d,U,A(U_)') _ (1 - Q) (_1) q ( )/ det 1 wa\jq)\j()\j—l)/2dﬂ
mylma!--- wigh — w; =11 J 2mi

where \ = 1™12™M2 ...

Proof. First notice that for £ = 1 the result follows immediately. Hence, in what follows we
assume k > 2.

We proceed sequentially and deform (using the deformation Dj_; afforded from the
hypotheses of the proposition) the 7x_1 contour to 7, and then deform (using the deformation
Dy, afforded from the hypotheses of the proposition) the v;_o contour to 7k, and so on until
all contours have been deformed to 7. However, due to the z4 — ¢zp terms in the denominator
of the integrand, during the deformation of v4 we may encounter simple poles at the points
z4 = qzpg, for B > A. The residue theorem implies that the integral on the left-hand side of
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A __-*

-7 lsick the integral

~ -~ _ Pick the residue

~

®) -a

FIGURE 5. The expansion of the k = 3 nested contour integral as explained in Example A.5.
On the left-hand side, the «2 contour is deformed to the 3 contour and a pole is crossed along
q7ys at the point gz3 (here the point z3 is drawn as a small black bullet and its location is on
the solid line circle; and the point ¢z3 is drawn as a small white bullet and its location is on the
dotted line circle). On the upper right-hand side the effect of picking the integral is shown. The
3 contour is represented as a (doubled) solid line circle since both z3 and 2, are integrated along
it (these correspond to the two black bullets). The white bullets are along g3 (the dotted line
circle) and represent gz3 and gze. As the - contour is deformed to 3 these residues must be
taken. On the lower right-hand side the effect of picking the initial residue at zo = gz3 is shown.
As the 71 contour is deformed to 73 a pole is encountered along ¢*>y3 at the location ¢?z3 (as
before z3 is the black bullet and ¢z3 is the white bullet.

(A.2.1) can be expanded into a summation over integrals of possibly few variables (all along )
whose integrands correspond to the various possible residue subspaces coming from these poles.

Our proof splits into three basic steps. First, we identify the residual subspaces upon which
our integral is expanded via residues. This brings us to equation (A.2.4). Second, we show that
these subspaces can be brought to a canonical form via the action of some o € Si. This enables
us to simplify the summation over the residual subspaces to a summation over partitions A - k
and certain subsets of permutations ¢ in Si. Inspection of those terms corresponding to o € S
not in these subsets shows that they have zero residue contribution and hence the summation
can be completed to include all of Sy. This brings us to equation (A.2.7). And third, we rewrite
the function whose residue we are computing as the product of an Sy invariant function (which
contains all of the poles related to the residual subspace) and a remainder function. We use
Lemma A.6 to evaluate the residue of the Sy invariant function and we identify the summation
over o € S} of the substitution into the remainder function as exactly giving the £ function in
the statement of the proposition we are presently proving.

Step 1: Tt is worthwhile to start with an example (k = 3). Figure 5 accompanies the example
and illustrates the deformations and locations of poles.
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Ezample A.5. When k = 3 the integrand on the left-hand side of (A.2.1) contains the fractions
21— 22 21— 23 Zo— 23

)
21 —(qz2 21 —(qz3 22 — (=3

(A.2.2)

times the function F'(z1, 22, 2z3) which (by the hypotheses of the proposition) does not have poles
between 7; and ~y;, (for j = 1,2,3). Thinking of 23 as fixed along the contour 73, we begin by
deforming the ~» contour to 3. As we proceed, we necessarily encounter a single simple pole at
z9 = qzs. The residue theorem implies that our initial integral equals the sum of (A) the integral
where 29 is along 73, and (B) the integral with only z; and z3 remaining and integrand given by
taking the residue of the initial integrand at zo = qz3.

Let us consider these two pieces separately. For (A) we now think of z; and z3 as fixed along
~v3 and deform the 7; contour to -3, encountering two simple poles at z; = ¢zo and 21 = ¢z3.
Thus (A) is expanded into a sum of three terms: the integral with 21, 2o and z3 along 73; and
the integral with only z9 and z3 remaining (along -3) and the residue taken at either z; = gz
or z1 = (qz3.

For (B) we now think of z3 as fixed along 73 and deform the 7; contour to 73, encountering
a simple pole at z; = ¢?z3. This is because the residue of (A.2.2) at z3 = qz3 equals

Z1 — 23
PEr AL
Thus (B) is expanded into a sum of two terms: the integral with z; and z3 (along 3 and with
the above expression in the integrand); and the integral with only z3 remaining (along 73) and
the residue of the above term taken at z; = ¢°z3.

Gathering the various terms in this expansion, we see that the residue subspaces we sum
over are indexed by partitions of k (here k = 3) and take the form of geometric strings with
the parameter ¢. For example, A = (1,1,1) corresponds to the term in the residue expansion
in which all three variables 21, zo and z3 are still integrated, but along 3. On the other hand,
A = (3) corresponds to the term in which the residue is taken at z; = gqz2 = ¢®z3 and the only
variable which remains to be integrated along 73 is z3. The partition A = (2,1) corresponds to
the three remaining terms in the above expansion in which two integration variables remain. In
general, £(\) corresponds to the number of variables which remain to be integrated in each term
of the expansion.

Let us now turn to the general k case. By the hypotheses of the theorem, the function
zj = [licacper(za—2B)F (21, ., 2j, ..., z) has no poles which are encountered during contour
deformations, hence it plays no role in the residue analysis. As we deform sequentially the
contours in the left-hand side of (A.2.1) to ~ we find that the resulting terms in the residue
expansion can be indexed by partitions A F &k along with a list (ordered set) of disjoint ordered
subsets of {1,...,k} (whose union is all of {1,...,k})

1 <dg < --- <y,
1 <Jo2 < <lx
' (A.2.3)

Let us call such a list I. For a given partition A call S(\) the collection of all such lists [
corresponding to A. For £ = 3 and A = (2,1), in Example A.5 we saw there are three such lists
which correspond with

S(A) ={{1<2,3},{1<3,2},{2<3,1}}.
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For such a list I, we write Res;f(z1,...,2x) as the residue of the function f at
Zip = (Rigy Rig = qZ4g, -« -, Zi)q,l = quAI
Zj1 = (Zjy5 Zjg = (Zj3, - - - ,Zj)\271 = qszz

and regard the output as a function of the terminal variables (z;, ,zj,,,...). There are £(\) such
strings and consequently that many remaining variables (though we have only written the first

two strings above).
With the above notation in place, we may write the expansion of the integral on the left-hand
side of (A.2.1) as

1 dZi)\l de/\2
LHS(A.21)= 3 e 3 7{ o ék s

-k IeS(\) ¥k
A=1m19Mm2...
ZA — ZB
X Res( I —F...., zk)>. (A.2.4)
T Nicicper #A ~ %8B

The factor of 1/(my!mg!---) arose from multiple counting of terms in the residue expansion
due to symmetries of A. For example, for the partition A = (2,2,1), each I € S()\) corresponds
uniquely with a different I’ € S(\) in which the ¢ and j variables in (A.2.3) are switched. Since
these correspond with the same term in the residue expansion, this constitutes double counting
and hence the sum should be divided by 2!. The reason why our residual subspace expansion only
corresponds with strings is because if we took a residue which was not of the form of a string,
then for some A # A’ we would be evaluating the residue at z4 = qzg and 24 = qzp. However,
the Vandermonde determinant in the numerator of our integrand would then necessarily evaluate
to zero. Therefore, such possible non-string residues (coming from the denominator) in fact have
zero contribution.

Step 2: For each I € S(\) relabel the z variables as

(Zipziza ey zi)\l) = (y)\lvy)q—l? ce 73/1)
(Zjuzjzv SRR Zj>\2) = (Yai+rzs - Ya+1)
and observe that there exists a unique permutation o € Sy for which (21,...,2x) = (Yo(1)s-- -
Yo(k))- Let us also say wj = yx, y..x,_;+1, for 1 <5 <L(N).
We introduce a canonical form for taking strings of residues. For a function f(yi,...,yx)

define ResS f(y1,...,yx) to be the residue of f(y1,...,yx) at

Yxni = qYx,—1, Yn—1=4qYx;—2,---,Y2 = qy1
Yni+do = QYri+20—15 Yxi4+22—1 = QY1422 —25 - - - s YN +2 = QYN +1

(A.2.5)

with the output regarded as a function of the terminal variables (y1,yx,+1, - - 7y>\1+“'+>\e(x)—1—1)'
We call each sequence of identifications of variables a string. As all poles which we encounter in
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what follows are simple, the above residue evaluation amounts to

A1
q — 3 R .
Res'f(yr.-ou) = Jim, 11(?/1 qyi-1)
U = aYA 1
A1+A2
% yA1+2ll>r¥11yA1+1 ' 1)\_[+2<yi - qyi—1> e f(yb cee 7yk)' (A'2'6)
=X\

YX1+29 7 qYN  +2g—1

It is also convenient to define Sub{ f(y1, ..., yx) as the function of (y1,yr, +1, - - - 7?JA1+~~-+/\£(A>,1—1),
which is the result of substituting the relations of (A.2.5) into f(y1,- .., yk)-

With the above notation we rewrite the term corresponding to a partition A in the right-hand
side of (A.2.4) as

1 d o — Yo
LI f ? 7{ %Resq< I WF(U@)) (A.2.7)
mylmol - = J, 27i v 2T X 1<a<p<k Yo(A) — Wo(B)

where Res? is defined (A.2.5). Note that the output of the residue operation is a function of the
variables (y1,yx,+1,...) = (w1, wa,...).

One should observe that the above expression includes the summation over all o € Sy, and
not just those which arise from an I € S(A) as above. This, however, is explained by the fact
that if o does not arise from some I € S(\), then the residue necessarily evaluates to zero (hence
adding these terms is allowed). To see this, observe that in the renumbering of variables discussed
above, only permutations with

oMM >0 ) > >0 ), Tt D >t F+2) > > A+ ),

participated. Any other o must violate one of these strings of conditions. Consider, for example,
some o with o(A; — 1) < o(A1). This implies that the term yy,—1 — gy, shows up in the
denominator of (A.2.7), as opposed to the term yx, — qyx,—1. Residues can be taken in any
order, and if we first take the residue at yy, = qyx,—1, we find that the above denominator
does not have a pole (nor do any other parts of (A.2.7)) and hence the residue is zero. Similar
reasoning works in general.
Step 3: All that remains is to compute the residues in (A.2.7) and identify the result (after
summing over all A\ - k) with the right-hand side of (A.2.1) as necessary to prove the proposition.
It is convenient to rewrite the product over A < B as an Sj invariant function, times a
function that is analytic at the points in which the residue is being taken

[[ L Ve o 7 AU ] Yet) ~Wats)
1<acp<k Yo ) T Wo(B) | iipep YA T WB | plagy, Yod) T Yo(B)

Since it is only the S invariant function that contains the poles with which we are concerned,
it allows us to rewrite (A 2.7)

7{ 7{ H YA —YB
ml'mg omi 27r1 YA — QUB

1<A#B<k

csupt ([ L0 i ).

oS 1<B<A<k Jo(A) T Yo(B)
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We use Lemma A.6 to evaluate the above residue, and we easily identify the substitution on
the second line with E9(w o \) as in the statement of the proposition. Combining these two
expressions and summing the resulting expression over A - k we arrive at the desired residue
expansion claimed in the statement of the proposition. O

LEMMA A.6. For allk > 1, A\F k and q € (0,1), we have that

£(N) 170))
Yi— Y \ k k —k2/2 Aj A2/2 1
R()\esq< H ) = (=11 — g)kq7*/ rlle’q 3% det [] . (A.2.8)
i

— |
1<itj<k I8 T i Wiq™ = Wil j=1

where we have renamed the variables remaining after the residue operator as w; = Y, +...x,_;+1,
for 1 < 7 < L(N).

Proof. The product on the left-hand side of (A.2.8) involves terms in which ¢ and j are in the
same string of variables in (A.2.5) as well as terms in which they are in different strings. We need
to compute the residue of the same string terms and multiply it by the substitution of variables
into the different string terms.

Let us first evaluate same string residues. Consider variables y,...,ys, £ > 2, and observe

that

¢

Yi — Yj 1 1 (1—q)

yieqi < H Z_]> = (=) 1(1_g'
Ya3=qyz “<iAj<l Yi — ay; q
Ye=qyo—1

Now turn to the cross term between two strings of variables. Consider one set of variables
Y1, .-,y with £ > 2 and a second set of variables v ..., vy, with ¢ > 2. Then

e o 4 i—1
Sub  Sub <H M): U

Y2=qy1 ) R . i—1 _ o
va=qyp Y21 NIy Yi T dY; =1 Y4 ha
e y3:q 2
Ye=que—1 , °,
Yy =ayy_,

Since the strings of variables also come interchanged, we should multiply the above expression
by the same term with (yi,¢) and (v}, ¢') interchanged.

Returning to the statement of the lemma, we see that we can evaluate the desired residue
by multiplying the same string terms over all strings in (A.2.5) as well as multiplying all terms
corresponding to pairs of different strings. Using the above calculations we obtain

vi—y 1M A1
Resq< H == > = H T (_1))\j_1wjj
Y Mg Vi Wi/ 5 (1= aY)

S | (wi — w;) (wigh — quAj).
q = 'y
(wight — wj)(wi — wjq™)

1<i<j<E(N)

It is easy now to rewrite (using the Cauchy determinant) the above expression so as to produce
the equality of the lemma, as desired. O
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A.3 Inductive proof of Lemma 4.7
The proof we give in the main body of the text for Lemma 4.7 relied upon Theorem 3.9 (the
dual Plancherel theorem). We record here an inductive proof of this same result.

The desired identity (4.3.4) can be rewritten as

k
3 \VﬁH1—a/q “ny — (—1) kkkl)/?l‘[l_"‘/qJ (A.3.1)

Zi— X
ni>->np=0 J /@

From the definition of ¥" we can rewrite this identity as

Z H Z H Zo(A) — q_IZU(B) ﬁ < 1 - ZU(J')'>n] _ ﬁ 1—a/¢ (A.3.2)
s Snes0 i1 (Gt 4 g5 1<Boack o) T Fe(B) o\ a/g’ =17 alq
where we recall M = M(7i) and (cy, ..., cp) = &(7i) from §1.3. Define I, to be the left-hand side
of the above desired equality.
We will proceed by induction in k. It is straightforward to check that the identity holds for
k =1, and for later use define Iy = 1. We may write

1 M
LP PP BDID D N L (e
ng=20 I,J o1 05 niZz-2ng_,>ng i=1

_ *1 ) N | . ) -1,
% H Zor(ia) Zor(ip) H Zos(ja) — 4 Zo;(iB) H Zi—q "z
z — Z Zi — Zj

Bea Coi1lia) T Forlis)  gla Ros(ia) T FosliB)  igg

A,Bel A,BeJ jEJ

k n k—m n

1 * L= %560\
< I (7o) To-=r I (2
t=k—m+1 1-al/q i€l i\ o a/q

The above formula involves some notation which should be explamed The term ) 1. is the
summation over all subsets I = {i; < -+ <ip}and J = {j1 < -+ < jg_m} such that m = |I| > 1,
TuJ={1,....k} and I NJ =@ The term ) is the summation over all permutations o
which permute the elements of I and fix the elements of J, and, conversely, the term ) -, is the
summation over all permutations o; which permute the elements of J and fix the elements of I.
The final summation is over ny > -+ > ng_,, > ng with ng fixed. We say i/ = (n1,...,nk_m)
and set M’ = M(71') and (¢}, ..., ) =&(@’).

Notice that the summation over o can be readily computed to be (m)!,-1 using (3.2.4). Note
that when (m)!,-1 is divided by (m)!, this yields ¢~™m=1/2_ Further rearrangement of terms

leads to
i 1 Tk Zi — q_lz-

L= > ¢ "I [a—=m ] (1 —a/ e) 11 lz. . . (A.3.3)

np=0 1,J iel l=k—m+1 q iel " J

JjeJ
i _lz ( )kim 1_2 () Ty
O'J ]A oj\UB e
X . (A3.4)
€

From the definition of I;_,, we can rewrite the second line as

k—m 1— 2. nE+1
I (240 -5 2 ) H <1—a/J;J) .

(=1
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By the inductive hypothesis I_,, is given by the right-hand side of (A.3.2). Let us make this
substitution into (A.3.3)

1- 20 ) Z —m(m—1)/2 2 —(q IZ] 1 - Zj
= g -1
np>0 f= 1<1 a/qt icl FTE ey B a/q

Jje

The summation in nj can now be easily computed.

In order to prove the inductive step for k it suffices to check that the above expression equals
the right-hand side of (A.3.2). This reduces the proof of the lemma to showing the following
equality:

H§:1 ((ze = /) /(1 = a/q")) I,J i€l

jeJ

1—TT5, (1= 2)/(1— a/q") S im0 [ zi — z] H

—a/q

The summation on the left-hand side does not include the term corresponding to I = ¢J. Including
this term cancels a portion of the left-hand side and further cross multiplying brings the desired
equality to

ﬁ<1_> > R 1ij[(%—q) [T -2 (A.3.5)

/=1 , el i€l jeJ
jeJ

where the term ) ; ; (without the %) represents the summation over all I and J such that
TUuJ={1,....ktand INJ =0.

This desired equality is a g-deformation of the binomial expansion of (1 — a)k. To prove it,
let V(%) = [[;,;(2j — zi) be the Vandermonde determinant and let 7y be the g-shift operator
defined as (Tyf)(z1,...,2k) = (21,...,4 ‘2, ..., zx). Making the change of variables z; > 1/z;
we can rewrite the desired equality (A.3.5) as

ﬁ(TZ 1 <1 - jTg))V(z) - ﬁ<1 - ;) V().

=1 j=1

k

This eigenfunction relationship for V(z) is easily proved by writing V(z) = det[zg _l}mzl and

observing that

<Tf —1 <1 - ZT())V(Z) = det[(¢ 7 = 1)/ 7+ (1 —a/¢)) T

2y
By elementary column transformations the above matrix can be brought to the form

k
det[(1 - a/q’)z] Fm = [I(1 - a/d)V(2),

j=1

thus proving the desired equality (A.3.5) and ultimately the inductive step and the lemma.
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