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Abstract

We study a class of interacting particle systems with asymmetric interaction showing a
self-duality property. The class includes the ASEP(q, §), asymmetric exclusion process,
with a repulsive interaction, allowing up to § € IN particles in each site, and the
ASIP(q,0), 6 € R, asymmetric inclusion process, that is its attractive counterpart.
We extend to the asymmetric setting the investigation of orthogonal duality properties
done in [8] for symmetric processes. The analysis leads to multivariate g—analogues of
Krawtchouk polynomials and Meixner polynomials as orthogonal duality functions for
the generalized asymmetric exclusion process and its asymmetric inclusion version,
respectively. We also show how the g-Krawtchouk orthogonality relations can be used
to compute exponential moments and correlations of ASEP(q, 6).

Keywords: asymmetric interacting particle systems; g-orthogonal polynomials; self-duality;
quantum algebras;.
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1 Introduction

In this paper we study two models of interacting particle systems with asymmetric
jump rates exhibiting a self-duality property. The first one is known in the literature as
the generalized asymmetric simple exclusion process, ASEP(q,0), 6 € IN [10]. This is a
higher spin version of the asymmetric simple exclusion process ASEP(q) (corresponding
to the choice # = 1) in which particles are repelled from each other and every site can
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host at most # € IN particles. The second process is the ASIP(q, 6), 6 € (0, c0), asymmetric
simple inclusion process, [11], where the parameter ¢ tunes the intensity of the attraction
between particles (the smaller the 6, the higher the attraction). Particles move in a finite
one-dimensional lattice and the parameter ¢ € (0,1) tunes the asymmetry in a certain
direction. In [10, 11] a self-duality property has been shown for these models. Stochastic
duality is an advantageous tool used in the study of interacting particle systems that
was used for the first time in [42] for the standard symmetric exclusion process (see
e.g. [24, 30, 41] for surveys on the topic). Duality relations allow to connect two Markov
processes via a duality function; such function is an observable of both processes, whose
expectation satisfies a specific relation. We speak of self-duality if the two Markov
processes are two copies of the same process. The usefulness of (self-)duality is in the
fact that it allows to study the system with a large number of particles in terms of the
system initialized with a finite number of particles. For example, the study of n dual
particles can give information on the n-points correlation function of the original process.
Unfortunately self-duality is a property not always easy to reveal. The duality function for
the standard asymmetric exclusion process, ASEP(q) (case # = 1), and its link to quantum
algebras and spin chains was first revealed in [38, 40]. This discovery immediately found
a vast number of applications, allowing to find for instance, combined with Bethe ansatz
techniques, current fluctuations [28] and properties of the transition probabilities [27].
Among other important applications of self-duality and algebraic approach for ASEP, we
mention the key role played in the study of shocks. We mention e.g. [3] for an analysis
of microscopic shock dynamics, [4] for shocks in multispecies ASEP and [39] for the
study of the process conditioned to low current. The self-duality function of ASEP is not
given by a trivial product of 1-site duality functions (as in the symmetric case) but has
a nested-product structure similar to the one exhibited by the Gartner transform [21].
Thanks to this structure, it has played an important role in the proof of convergence to
the KPZ equation, in the case of weak asymmetry (see e.g. [5, 6, 14, 15, 29]).

The partial exclusion process in its symmetric version SEP(«) appeared for the
first time in [7] where the authors introduced it as a particle system version of the
XXX-quantum-spin-chain, with spin higher than 1/2. Then the process, together with
its attractive counterpart, SIP(«), was systematically studied in [23, 24, 25] were self-
duality functions are found and used to prove correlation inequalities. These processes
are not integrable (i.e. not treatable via Bethe ansatz techniques) but self-duality makes
them amenable to some analytic treatment (see e.g. [9]).

The asymmetric processes ASEP(a, §) and ASIP(«, #) were finally introduced in [10,
11] where self-duality properties are proved. These are due to the algebraic structure of
the generator that is constructed passing through the (o + 1)-dimensional representation
of a quantum Hamiltonian with U/, (sl;) invariance. The self-duality function has again
a nested-product structure, defining, in a sense, a generalized version of the Gartner
transform [21], that allows to compute the g-exponential moments of the current for
suitable initial conditions. In the last few years, several steps forward have been done
in the effort of finding suitable multispecies versions of ASEP(«, ) showing duality
properties, see e.g. [4, 12, 33, 34, 35, 36].

Most of the duality results concerning this class of processes are triangular, i.e. are
non-zero only if the dual configuration is a subset of the original process configuration.
We refer to duality functions of this type also as classical duality functions. Orthogonal
polynomial duality functions are, on the other hand, a very recent discovery and were
found, up to date, only for symmetric processes (SEP(«), SIP(«) and IRW) in a series of
papers [8, 17, 18, 37]. The duality functions for these processes are products of univari-
ate orthogonal polynomials, where the orthogonality is with respect to the reversible
measures of the process itself. Knowing the expectations of orthogonal polynomial
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duality functions is equivalent to having all moments. The possibility to decompose
polynomial functions in L?(y), where 1 is the reversible measure of the process, in terms
of orthogonal duality polynomials, is then a crucial property that has many repercussions
in the study of macroscopic fields emerging as scaling limits of the particle system. See
e.g. the work [1] for an application of orthogonal duality polynomials for symmetric
models in the study of a generalized version of the Boltzmann-Gibbs principle. Moreover,
in two recent papers [2, 13] orthogonal polynomials are at the base of the definition
of the so-called higher-order fields for which the hydrodynamic limit and fluctuations
are derived via duality techniques for SEP(«), SIP(«) and IRW. Finally, in a recent work
[16] orthogonal duality results for this class of symmetric models have been extended to
the non-equilibrium context, allowing to derive several properties of n-point correlation
functions in the non-equilibrium steady state.

The families of orthogonal polynomials dualities for these processes were found for
the first time in [17] by explicit computations relying on the hypergeometric structure of
the polynomials. The same dualities were found in [37] via generating functions, while
an algebraic approach is followed in [26] and [8], relying, respectively, on the use of
unitary intertwiners and unitary symmetries. In [8] yet another approach to (orthogonal)
duality is described, based on scalar products of classical duality functions.

In this paper we use this latter approach to extend the results obtained in [8] to the
case of asymmetric processes. Differently from [8], the g-orthogonal duality functions
for asymmetric processes are not yet known in the literature. We show that well-known
families of ¢—hypergeometric orthogonal polynomials, the g—Krawtchouk polynomials
(for exclusion processes) and ¢g—Meixner polynomials (for inclusion processes), occur as
1-site duality functions for corresponding stochastic models. The g-orthogonal duality
functions show again a nested-product structure, as the classical ones found in [10, 11],
but, differently from the latter, they do not have a triangular form. We prove that the
g—polynomials are orthogonal with respect to the reversible measures of our models,
which, in turn, have a non-homogeneous product structure. The nested product structure
and the orthogonality relations of our duality functions are very similar to the multivariate
q—Krawtchouk and ¢—Meixner polynomials introduced in [22], but it seems that (except
for the 1-variable case) they are not the same functions.

We conjecture that the orthogonal self-duality polynomials complete the picture
of nested-product duality functions for ASEP(q, ) and ASIP(q, ), summing up to the
classical or triangular ones, already known for these processes from [10, 11]. The
strategy followed in [10, 11] to construct the so-called classical dualities relies on an
algebraic approach based on the study of the symmetries of the generator. This can be
written, indeed, in terms of the Casimir operator of the quantized enveloping algebras
Uy(5u(2)) and U, (su(1,1)). The same approach was used in [34] for the study of duality
for a multi-species version of the asymmetric exclusion process, exploiting the link with
a higher rank quantum algebra. In the last part of the paper we will follow this algebraic
approach to write (in terms of elements of I/, (su(2))) the symmetries of the generator
yielding the g—polynomial dualities obtained via the scalar-product method.

1.1 Organization of the paper

The rest of the paper is organized as follows. In Section 2 we introduce the two asym-
metric models of interest and their corresponding reversible measures. The dynamics
takes place on a finite lattice and it is fully described by their infinitesimal generators.
In particular, see Section 2.5 for a unified and comprehensive notation. In Section 3 we
recall the concept of duality for Markov processes and then exhibit the main results of
this work via two theorems, Theorem 3.2 for the asymmetric exclusion and Theorem
3.4 for the asymmetric inclusion. Here the families of g—orthogonal polynomials, that
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are self-duality functions for our processes, are displayed. Besides this, we also single
out those symmetries which are uniquely associated to our g—orthogonal polynomials.
In Section 4 we show that having a duality relation satisfying also an orthogonal rela-
tion considerably simplifies the computation of quantities of interest, such as the ¢—2
exponential moments of the current and their space time correlations. The rest of the
paper is devoted to the proof of our main results. In Section 5 we show how to obtain
functions which are biorthogonal and self-dual from construction. This is done using our
general Theorem 5.1, which invokes the scalar product of classical self-duality functions.
Once a biorthogonal relation is proved we show, in Section 6 for exclusion and in Section
7 for inclusion, that we can easily establish an orthogonality relation by an explicit
computation of the (bi)orthogonal self-duality function. In Section 8 we explain how we
find the unique symmetries which can be used to construct our g—orthogonal self-duality
function starting from the trivial ones. This is based on the algebraic approach used in
[10]-[11] and so Sections 8.1 and 8.2 are inspired by those papers in which the Markov
generator is linked to the Casimir element of the algebra. In Section 8.3 we identify the
symmetries which generate our ¢q—orthogonal self-duality functions. Finally, in order to
make some computations more readable, we created an Appendix, Section 9, where we
give definitions and well-known identities regarding g—numbers and g—hypergeometric
functions.

2 The models

In this paper we will study models of interacting particles moving on a finite lattice
Ap ={1,...,L}, L € N, L > 2, with closed boundary conditions and an asymmetric
interaction. We denote by x = {z;};ca, (or n = {n;};ca,) a particle configuration where
x; (resp n;) is the number of particles at site i € A;,. We call Q;, = SL the state space,
where S C NN is the set where the occupancy numbers z; take values. For z €
and i,/ € Ay, such that z; > 0, we denote by 2°* the configuration obtained from z by
removing one particle from site ¢ and putting it at site /.

In this paper we will consider, in particular, two different processes: the ASEP(q, 0)
Asymmetric Exclusion Process and the ASIP(q, #) Asymmetric Inclusion Process. These
processes share some algebraic properties even though they have a very different
behavior. In order to define the processes and their main properties we need to introduce
some notations.

2.1 Notation

The g—numbers

Throughout the paper we fix ¢ € (0,1) and, for a € R, define the g—numbers as follows:

—a

1- ¢ 1-
{a}g:=—2L  and {a},r = — 2 2.1)

1—¢q 1—q 1

Moreover we define
a

9" —q"
q—q "
Notice that, for ¢ — 1, both [a], and {a},+: converge to a. Finally we define the
q—factorial, for n € N, given by

gl i=[nlg-[n—1]g----- 1], forn>1, and [0],!:=1. (2.3)

la]g := =q¢"" {a},. (2.2)

For 6, m € IN we define the ¢g—binomial coefficient by
0 0],!
( ) = % i PR (2.4)
m) " Tml o — ml,!
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and, for m € IN and 0 € (0, 0),

(m+9_1) = [9+m—1]q-[9+m—2}q'~-~‘[e]q' (2.5)

m [m]g!

The g—Pochhammer symbol

For a € R and m € IN the ¢—Pochhammer symbol, or ¢—shifted factorial, (a;q),, is
defined by

(@;Q)m = (1 —a)(1 —ag")---(1 —ag™ "), for m>1 and (a;q)o =1 (2.6)

and furthermore,
oo

(a; Q)00 := H (1 — aqk) . 2.7)

k=0
Most of the g—Pochhammer symbols we need in this paper depend on ¢? instead of ¢q. To
simplify notation we omit the dependence on ¢, i.e. we write

(@) := (a;¢*)  form € N U {oo}.

In light of the above, we can rewrite the ¢—factorial and the ¢—binomial coefficient in
terms of the g—Pochhammer symbol:

gl = (¢7" — @) g 2" (P, (2.8)
so that 2) ( 29)
_—m(6-m) qa)e _ m m@O+1) 4 " )m
=q o lo>m = (—1)"q — (2.9)
m), @@ zm =Y @
Similarly,
0—1 209,
(m + > _ q—m(e—l) (q 5 ) ] (2.10)
m q (q )m

2.2 Particle-mass functions.

For x € Qr, 1 € A, we introduce the functions Nii(a:) denoting the number of
particles in the configuration x at the right, respectively left, of the site :

. .
N (z) := Z T, and N (x):= ZZ: T
m=i m=1

with the convention that N}, | (x) = Ny (x) = 0. Moreover we denote by N(z) the total
number of particles in the configuration x:

L
N(x) := Z T, -
m=1

Notice that N, (z) = N; (z) = N(z) and that these mass functions satisfy the following
change of summation formula:

L L
inNiil(n) = ZniN;I(x), (2.11)
i=1 i=1
moreover the following identity holds true and will be used throughout the paper:
L L
> wm2N7 (n) + nil + > nil2N; (2) + 23] = 2N(2) - N(n). (2.12)
i=1 i=1
EJP 26 (2021), paper 108. https://www.imstat.org/ejp
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2.3 The ASEP(q,0)

In the generalized Asymmetric Exclusion Process particles jump with a repulsive
interaction and each site can host at most 6 particles, where 6 is now a parameter
taking values in IN. Hence, in this case S = {0,1,...,0} and Q; = S’. In the usual
asymmetric simple exclusion process each site can either be empty or host one particle,
while here each site can accommodate up to 6 particles. Hence, by setting 6 equal to
1 we recover the hard-core exclusion. The infinitesimal generator is presented in the
following definition.

Definition 2.1 (ASEP(q, 8)). The ASEP(q, 0) with closed boundary conditions is defined as
the Markov process on €)j, with generator L5 = L‘(‘SLE)” defined on functions f : QO — R

by
L—1

£ f](@) s= (LI )@) with
(L0 (@) = g7 @i} g2 {0 — wiga e [ (277F) — f(2)]
+ q29_1{$i+1}q*2{9 - xi}q*[f(wiﬂ’i) — f(x)].

Reversible signed measures

From Theorem 3.1 of [10] we know that the ASEP(q, #) on A;, with closed boundary con-
ditions admits a family, labeled by o € R \ {0}, of reversible product, non-homogeneous

signed measures p>*" given by

L

. 0 —201x;
M/(;SEP(J;) — Haﬂh <x> -q 201iz; (213)
i=1 v q

for i € Ar. For positive values of «, (2.13) can be interpreted, after renormalization, as a
probability measure. Here the normalizing constant is HiL:1 ZEP with

Q00

0

0 - :

z5r =Y (1) e (ad T for a€ (0.00)
q

m=0
where the identity follows from the g—binomial Theorem (9.2). In order to make sense of
the constant « labelling the measure, one may e.g. compute the g-exponential moment
w.r. to the normalized measure i, := po/Za:

(—ag2q"—P@iHD))y 1 4 qql—20it0
(—agl—02itD), = 1+ agi—20i-0

where we used the identity (1.8.11) in [32].

E;. [¢*7] = (2.14)

2.4 The ASIP(q,9)

The Asymmetric Inclusion Process is a model in which particles jump with an attrac-
tive interaction. The parameter 6 > 0 tunes the intensity of the interaction, the higher
the attractiveness the smaller the 6. Each site of the lattice A; can host an arbitrary
number of particles, thus, in this case we have S = IN and then Q; = INL. We introduce
the process by giving its generator.

Definition 2.2 (ASIP(q, 0)). The ASIP(q,0) with closed boundary conditions is defined as
the Markov process on §1;, with generator L*" = L?i“)’ defined on functions f : QO — R

by
L—1

L7 f)(x) == (L fl(x)  with

i=1
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(L f)@) = @ Haide {0+ zigafg2 [ (@) — f(2)]
+ P i} {0+ aid e[ f@) - f(2). (2.15)

Since in finite volume we always start with finitely many particles, and the total
particle number is conserved, the process is automatically well defined as a finite state
space continuous time Markov chain.

Reversible signed measures

It is proved in Theorem 2.1 of [11] that the ASIP(¢,6) on A; with closed boundary
conditions admits a family labeled by « € R\ {0} of reversible product non-homogeneous
signed measures p" given by

L
(w461 -
) = TLa (77071 e (2.16)
q

"y
i=1 v

for z € INL. Restricting to positive values of the parameter «, this can be turned to
a probability measure after renormalization that is possible only under the further
restriction o < ¢~(®*Y. In order to normalize it we should divide by the constant
15, 2%, with

Q007

20i+60+1 ) o

TSP — m+0—1 m 20im __ (aq fi 0 —(6+1) 2.17
iva_ynz::o m q-aq —W, or Oée(,q ) ( )
where the latter identity follows from the ¢—binomial Theorem, [20, (I1.3)]. However, to
keep notation light we work with the non-normalized measure. Also in this case one can

easily compute the g-exponential moment w.r. t0 i ‘= fi0/Za:

(aq2q20i+9+1)oo (aq26i70+1)oo 1— aq1+20i70

2a;7 _ B
B [q ’ ]  (ag?itetn) ' (a@2?0i=0+1) . — 1— aqlt20i+0 (2.18)

where, for the second identity we used eq.(1.8.8) in [32].

2.5 General case

In order to simplify the notation it is convenient to introduce a parameter o taking
values in {—1,+1}, distinguishing between the two cases: ¢ = +1 corresponding to
the inclusion process and ¢ = —1 corresponding to the exclusion process. In what
follows, if needed, we will omit the superscripts ASIP or ASEP and simply denote by £
the generator of one of the processes, meaning

LASER@, 0 for g = —1
ﬁo’ = { EASIP(q,S) for o= +1 (2-19)
where the parameter 6 takes values in IN for ¢ = —1 and in (0, 00) for o = 1. Particles
occupation numbers take values in
[ {0,1,...,0} foro=—1,
So0 = { N for o = +1, (2.20)

and the state space of the process is 0, := S; ¢ We can then write the generator (for
the bond 7,7 + 1 € Ay) in the general form:

[Liiv1f](z) = qg(ze_l){xi}q2{9 + 0T g2 [f(2T) — f(2)]
+ P g {0 + omid e [f(2TT) — f(2).
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Then, defining the function

( 209) (’:‘l)q foro = -1

m —otm q m

\I’qﬂ,(@,m) =(cq)™ q o T: (2.21)
T)m (mtz_l)q for o = +1

(see (2.9)-(2.10)) the reversible signed measure (2.13)-(2.16) can be rewritten in a unique
expression as follows

L
Hoo(T) = H U, (0, ;) - o g>0 for a«eR\ {0} (2.22)

i=1

forz € Qp = Sk,

We define a modified version w, , of (2.22) that will appear in the statement of the
main results in Section 3. This new signed measure differs from (2.22) only through
multiplication by a function of the total number of particles N(x):

Wao (1) = Nzo(x) .qN(z)(N(:n)fl) ) (7O,aq1+2N(x)+09(2L+1))oo (2.23)

a,0

where Z, , is a constant. We remark that, as the processes conserve the total number of
particles, detailed balance condition is preserved under this operation, then w, , is again
a reversible signed measure for the processes. In order to interpret it as a probability
measure we have to restrict to the case « > 0. This condition is sufficient for the case
o = +1, while, for ¢ = —1 we have to impose the further condition a < ¢~ *+2L+1? jp
order to assure the positivity of the infinite g—shifted factorials. Under these conditions
and choosing

Za,o' — Z,‘»‘a,a’('r) . qN(:E)(N(:D)fl) . (—UOCQ1+2N(I)+09(2L+1))OO. (224)

Wa,o is a reversible probability measure for the corresponding process:

(ASER(@, ) . — War—15 for o € (07q71+(2L+1)0)
(2.25)
WSO = g, fora € (0,¢7177).

Finally we define the function:
2N (z)(N(z)—1)

q 1+2N(z)+00(2L+1)) |
220 =

Jo,0(T) = (—oaq —oagtTHN@F0 o (2.26)

that will also appear in the statement of the main results.

3 Main results

The main result of this paper is the proof of self-duality properties for the processes
introduced in the previous section via ¢—hypergeometric orthogonal polynomials. For
each process we show the existence of a self-duality function, D and another one, D, that
is the same modulo multiplication by a function of the total number of particles and the
size of the lattice. Such duality functions can be written in terms of the ¢g—Krawtchouk
polynomials (respectively g—Meixner polynomials) for the ASEP(q, 6) (respectively for the
ASIP(q,0)). D and D satisfy a biorthogonality relation if one considers the scalar product
with respect to the (one site) reversible measures. However, the biorthogonal relation
can easily be stated as an orthogonal relation by performing the change of measure of
equation (2.23) and the consequently change of norm in equation (2.23). We start by
recalling below the definition of duality.

EJP 26 (2021), paper 108. https://www.imstat.org/ejp
Page 8/38


https://doi.org/10.1214/21-EJP663
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

q—Orthogonal dualities for asymmetric particle systems

Definition 3.1. Let {X;}:>0, {Xt}t>0 be two Markov processes with state spaces §) and
Qand D :Q x Q — R a measurable function. The processes {X; }1>o, {Xt}t>0 are said to
be dual with respect to D if

E,[D(X;,7)] = Ez [D(z, X})] (3.1)

forallx € Q, T € Q andt > 0. Here E, denotes the expectation with respect to the law
of the process {Xt}t>0 started at x, while ]EA denotes expectation with respect to the law
of the process {Xt}t>0 initialized at . If {Xt}t>o is a copy of {X,}+>0, we say that the
process { X, }+>o is self-dual.

Orthogonal polynomial dualities for ASEP(g, 0)

In this section we display the orthogonal duality function for ASEP(q, §), namely the
q—Krawtchouk polynomials, for which we will use the following notation

—x q*x’q*n n
K, (¢ %p.c;q) == 2@1< . 1¢,pq “>, (3.2)

—C

where 5¢; is the g—hypergeometric function, ¢ € IN and n,z € {0,...,c}, see Section
9.4 of the Appendix for the orthogonality relations. The following theorem states that
nested products of g—Krawtchouk polynomials form a family of self-duality functions for
ASEP(q, 0).

Theorem 3.2. The ASEP(q,0) on A}, is self-dual with self-duality functions:
L

Dy (z,n) o= [ [ Kn (¢ > 1 pialz,n),0:¢%), € (0, TEFD),
i=1

1 _
Pialz,n) = - —2(N;_y (@) =Nt (n))+6(2i—1)—1 (3.3)

L

satisfying the following orthogonality relation

O s
<D1(§¥SEP(L1,0)(_’ m),DgSEP(q,B)(,’ Tl)> ASEP(q, 0) = ﬁ 'ga,—1(96) (34)
We Wer s (x)

with w2 and g,,—1 defined in (2.25)-(2.26).

Remark 3.3. For L = 1 this gives the orthogonality relations for g—Krawtchouk polyno-
mials as stated in Section 9.4, so we have obtained a family of multivariate orthogonal
polynomials generalizing the ¢—Krawtchouk polynomials. Note that the restriction
a € (0,¢~'T(2L+1D%) has been imposed in order to have a scalar product (3.4) w.r. to a
(positive) reversible measure, that can be eventually turned in a probability measure,
after renormalization. Note also that this is the condition required in order to have the
conditions (9.10) satisfied, indeed, for o € (0, ¢~ '+ L+19),

0N and ¢*-pio(x,n)>1 forall z,neQp,icAp. (3.5)

If we neglect this condition Theorem 3.2 holds still true with the only difference that we
can not guarantee the positivity of w,.

Orthogonal polynomial dualities for ASIP(q, 0)

In the same spirit of the previous section we now introduce the orthogonal duality
relation for ASIP(q, #). In this case we have that the self-duality functions are a nested
product of g—Meixner polynomials

—-n n+1

M,(q¢ ";b,¢;q) == Qcpl(q b’qq ;q,—q . ) , for x,n € NN, (3.6)
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see Section 9.4 in the Appendix for more details and orthogonality relations. The
following theorem is the analogue of the previous one; it says that a family of nested
g—Meixner polynomials are self-duality functions for ASIP(q, ).

Theorem 3.4. The ASIP(q,0) on Ay, is self-dual with self-duality functions

L
D (z,n) o= [ [ Ma (a7 ¢* Y ciala,n);¢®),  a>0
=1

ci,a($7n) — aq2(N;1(x)—Nitrl(n))+9(21i—1)+17 (3.7)

for all o € (0,q~17Y), satisfying the following orthogonality relations

1)
<D2tsn>(q,9)(',$)7 DZSIP(‘?'9>(~,n)>wAsu>(q,9) — ﬁ . ga,l(l‘) (3.8)
« wa ()

with w?™@ % and g, 1 defined in (2.25)-(2.26).

Remark 3.5. For L = 1 this gives the orthogonality relations for ¢—Meixner polynomials
as stated in Section 9.4. The orthogonal polynomials have a similar structure as the
multivariate g—Meixner polynomials introduced in [22], but they do not seem to be the
same functions. Notice that the conditions (9.13) are satisfied, indeed

¢*€[0,1) and c¢io(z,n) >0 forall x,n€Qp,ic AL (3.9)

if @« > 0. As in the case of ASEP, the condition o > 0 is only needed in order to assure the
positivity of the measure w,,.

Orthogonal self-dualities and symmetries

Whenever the process is reversible it has now been established that there is a
one-to-one correspondence between self-duality (in the context of Markov process with
countable state space) and symmetries of the Markov generator. The idea is the following:
the reversible measure of our processes provides a trivial self-duality function (which is
the inverse of the reversible measure itself). Then the action of a symmetry of the model
on this trivial self-duality gives rise to a non-trivial self-duality function, see [8] (Section
2.3) or [24]. For this reason it is natural to ask which are the symmetries associated to
our orthogonal self-dualities. In the context of orthogonal polynomials, we know that the
symmetries must preserve the norm of the trivial self-duality function, i.e. the symmetry
is unitary. Recall that a unitary operator on the space L?(y) is such that its adjoint
corresponds to its inverse. In order to recover the unitary symmetries associated to the
orthogonal dualities we first normalize the self-duality functions (3.3) and (3.7). At this
aim we define

. n —aglt2N (@) +o0(2L+1))
o (V)= (VY (—oaq .
Do,o(2,n) := Do ,o(z,n) - g\ 2 > (Coag 2Nmo0)_ (3.10)

with
ASEP(q, 6) —
Dy = { D% foro = -1 (3.11)

D@9 for g = 41

Notice that the functions D, ,, with ¢ = 1 are equal to the old dualities modulo
multiplication by a factor that only depends on the total number of particles in both
configurations. As a consequence the functions D, , are themselves a family of self-
duality functions as the dynamics conserves the mass (see e.g. Lemma 3 of [8]). After
this renormalization the orthogonality relations read

(Pao () Do (7)) re. (3.12)
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We can reinterpret now the orthogonal self-duality function D, , as the result of the
action of a unitary symmetry S, , of the generator on the trivial duality function con-

4,
structed as the inverse of the reversible measure i.e. ”’: ) More precisely, as a
Ha,o\T
consequence of the above, defining
Sa,0(x,n) =Dy o(x,n) - fla,o(n) (3.13)

we have the following result for o = —1.

Proposition 3.6. For o > 0, we have that S, _ is a symmetry of the generator £L_;
defined in (2.19), i.e. [S,,—1,L_1] = 0. Moreover it is a unitary operator in L*(p,) i.e.
8o —18a,-1=80,18, 1 =1.

Remark 3.7. For 0 = +1, both £, and S, ;1 are unbounded operators on L?(u,). If
we choose the set of finitely supported functions in L?(u,) as a dense domain for both
operators, they commute on this domain. We do not have unitarity of S, ;1. The relation
84 +18a,+1 = I holds because this is equivalent to the orthogonality relations for D,.
But the relation S, 1S, ;1 = I does not automatically follow from this as in the finite
dimensional setting. In fact, the latter relation is not valid, which is a consequence of
the fact that the ¢-Meixner polynomials do not form a complete orthogonal set in their
weighted L2-space. In the last part of Appendix 9.4 we address this issue.

In Section 8 we will give an expression of the symmetry S, _; in terms of the

generators of the quantized enveloping algebra U, (sl2), in the spirit of [10]-[11]. In order
to do this we will pass through the construction of the generator of the processes from a
quantum Hamiltonian, that is in turn built from the coproduct of the Casimir operator of
Uq (5[2).
Remark 3.8 (Symmetric case). Performing the limiting relation as ¢ — 1 then the
families of hypergeometric ¢—orthogonal polynomials converge to the classical hyperge-
ometric orthogonal polynomials found in [8], which are families of self-duality functions
for the corresponding symmetric interacting particle systems. In this limit the duality
functions lose their nested-product structure and become ordinary product functions.

Remark 3.9 (Space of self-duality functions). A question that naturally arises regards
the space of self-duality for our asymmetric models. In the symmetric setting, it has been
established in [37] that, up to constant factors, the only possible product self-duality
functions are the trivial, the classical and the orthogonal ones. We conjecture that in
the asymmetric case one can make a similar characterization under the assumption of
a nested product form. However a rigorous proof could be an interesting subject for a
future work.

4 Duality moments and correlations

In this section we show how the duality relation can be used to compute suitable
moments and correlations of the process. In this section we will use the generic notation
{z(t), t > 0} and {n(t), t > 0} to denote two copies of the process with generator £,
defined in (2.19) with state space 2, = Sig. This process corresponds to ASEP(g, §) for
o = —1 and to ASIP(q, 0) for o = 1. We denote by P, resp. ., the probability measure,
resp. expectation, of one copy of the process conditioned to the initial value x(0) = «.
The duality relation (3.1) reads as

E; [Da,o(x(t),n)] = Ey, [Da,o(z,n(t))], (4.1)
that holds true for the duality function D, , defined in (3.11)-(3.3)-(3.7). Thinking now

the original process {z(t), t > 0} as a process with a high number of particles and the
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dual one {n(t), t > 0} as a process with a few particles, and calling n-th duality moment
at time ¢ the expectation E, [D, »(x(t),n)], relation (4.1) tells us that it is possible to
compute the duality moments of the original process in terms of the dynamics of ||n||
dual particles. The added value of the orthogonality relation lies in the possibility of
computing the stationary two-times correlations.

Two-times correlations. For the case o = —1, the duality functions {D, _1(:,n), n €
Qr} form a basis of L?(w, 1), where w, _; is the reversible probability measure of
ASEP(q, 0) defined in (2.25). It follows that any function f € L?(w, 1) can be expanded
in terms of the duality polynomials D, _1(-,n), n € Qr. The same does not hold true for
o = 1since {D,1(-,n), n € Qr} does not form a basis of L?(w,,—1). As a consequence,
for the latter case only for functions in the span of {D, 1(-,n), n € Q.} one can get a
similar expansion.

In general we have that, for any fixed

—1+(2L+1)6 f —
max : max __ q or o
a € (0, ar®™), with o™ = { g1 for o — +1 4.2)
and for any f € Span{D, ,(-,n), n € Qr}, we have
f=7Y Cs(n) Daol(-n) (4.3)
neQy

where, from (3.4)-(3.8), Cy is given by:

W, o (M)
Ct(n) = —=—=(f, Da,o (", n))we..- (4.4)
P gao(n) |
with g, - the function defined in (2.26). This orthogonal expansion substantially simplifies
the computation of the two-times correlations as shown in the following theorem.
Theorem 4.1. Fix o € (0,a2%) and let f,h € Span{D, ,(-,n), n € Q}, then, for all
0<s<t,

Eu.., [h(a(s)) - fle®) = >

n,me

Wa,o(N)
Ja,o (n)

-Cp(m)Cs(n) - Pp(n(t —s) =m). (4.5)

Proof. In this proof we will omit the subscript o. We have

By, [h(x(s)) - f((t))]

Wiz 9a(m) ga(n)
where
Eo, [Da(@(s),m)Da(z(t),n)] = Y wa(w) - Ey [Da(x(s),m)Da((t),n)]
z€eQ
= Z we(z) - E, [Da(a:(s),m) Ew(s)[Da(x(t—s),n)]]
zeQL
= Z Wa (x) - Do(z,m) - Ey[Do(z(t — 5),n)]
zeQL
= Z Wa () - Do(x,m) - By [ Do (z,n(t — 9))]
TzeQL
=1, Z Woz(x)'Doz(xam)'Da(xvn(t_s))
zeQ
ga(m) s\ =m
- wa(m) Pn(n(t ) )
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where the second identity follows from the Markov property, the third one from the
stationarity of w,, the forth one from duality, and the last one from (3.4)-(3.8). Then,
using (4.6), we get (4.5). O

A similar result holds true for symmetric system, see for instance Section 3.3 of
[1] where an expansion of the type of (4.3) has been used to derive an higher-order
version of the Boltzmann-Gibbs principle, for a system of independent random walkers.
An analogous identity holds true also for SEP(6) and SIP(6). In, general, for this whole
class of symmetric models admitting orthogonal polynomial dualities, the symmetric
version of Theorem 4.1 allows to compute the two-times correlations of the duality
observables (see e.g. equation (16) in [2]). This identity has been a crucial ingredient in
the definition and study of the so-called “higher-order” density fields [2, 13] for which
a full characterization of the hydrodynamic and fluctuations scaling limits has been
achieved thanks to orthogonal dualities.

g 2-exponential moments. In order to apply Theorem 4.1 we need to detect the
functions f € Span{D, (-,n), n € Q} for which the coefficients C(-), or, equivalently,
the projections (f, Do 5(-,7))w, ., can be easily computed. The most natural example of
such functions is f := ¢~2"i (). Indeed one can easily check by direct computation that,
choosing n = §; for some ¢ € Ay, one has:

—2001+1

o q —2N;_,(x) —2N; (x)
Da(w,6) =1 = —g——go— [q72Va () — 72N, (4.7)
. (@ —q%)a
and, as a consequence,
quNq‘,_("E) =1 +0_aq0'971 (1 _ q20'0i) +O{q71 (q9 _ qfe) q20'6'f . Da(w,(s[) (48)
(=1

from which it follows that

Ci(0)=1+0ag”" " (1—=¢*"),  Cr(6)=0q " (¢" —q¢%) % 1y,
Ci(n) =0 foralln: [jn] > 1,

Then, using Theorem 4.1, we obtain the following formula for the space-time correlations
of the ¢~2-exponential moments of N, (z):

E.. . [q—zzv;(z(s)) ) q—2N;(m(t))} _

_ Wa,o( 0) (1 +oag®! (1- q209i)) ( +oag?®! (1- qzaej))
9a,o( 0)
J i
S ) i

where we use the notation p;(k, ¢) for the one-dual particle transition probability from
site k to site ¢ at time ¢.

The interest of the correlations in (4.9) lies in the link between the function N, (x)
and the total current at site ¢ as shown in the following definition and proposition (see
also section 6.2 of [11] for a more detailed treatment of the subject).

Definition 4.2 (Current). Let {z(s), s > 0} be a cadlag trajectory on 2, then the total
integrated current J;(t) in the time interval [0, ] is defined as the net number of particles
crossing the bond (i — 1,4) in the left direction. Namely, let (tx)rcn be the sequence of
the process jump times. Then
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Jit) =) (1{z(tk>:m(t;wfl}—1{m(tk):m<t;>iflvi})v i€AL (4.9)
k:t €[0,t]

Lemma 4.3. The total integrated current of a cadlag trajectory {z(s), 0 < s < t} with
x(0) = z is given by
Ji(t) = N; (z(t)) — N; (x), ieAL. (4.10)

K2 2

Proof. (4.10) immediately follows from the definition of J;(). O

As a consequence of (4.10) we have that the duality relation gives information about
the ¢~ 2-exponential moments and correlations of the currents. The convenient use of
duality for the computation of g-exponential moments of the current has already emerged
in [11]. Here the authors pointed out the link between these moments and the triangular
self-duality function for the case of ASIP(g, §). Thanks to this link an explicit formula was
found for the expectation of the observable ¢?”/:(!) when the process is initialized from
a deterministic configuration x. The added value of the orthogonal polynomial duality
functions lies in the possibility to compute the two-times correlations of the type (4.9) by
a relatively simple computation.

The form of ¢- Krawtchouk and ¢-Meixner polynomials suggests that the duality
relation (4.1) is amenable to provide informations about all the ¢~2-exponential moments
of the variables N, (), i.e.

K
Hq‘kaNik(“’“”] . KeN, mpelN, 1<ij<---<ig<L (4.11)
k=1

E,

and we expect that formulas of the type of (4.9) for the stationary space-time correlations
can be obtained for any polynomials in the variable ¢—2"i (), i € A}, by direct computation
of the scalar product in (4.4). Computation of moments of this type will be object of
future investigation.

5 Construction of the orthogonal dualities

From the analysis developed in [11] and [10] the processes ASIP(q, 8) and ASEP(q, 0)
are known to be self-dual with respect to self-duality functions that have a nested-
product structure and a triangular form, with triangular meaning that they have support
contained in the set of couples (z,n) € QzL such that n; < z; for all ¢ € Ar. In this section
we start from these triangular duality-functions to construct new duality functions
satisfying suitable orthogonality relations.

5.1 Triangular dualities

The functions

tr _ (”1)11 . mi(QNi__ (n)+ni)7200ini n;
ot [l g e
=1 ’
and ( )
L T
DY (w,n) = qu ) g~ (BN @t m2abing yns (5.2)
i=1 DIV

with ¥ the ¢g-binomial coefficient given in (2.21), are self-duality functions for the
ASEP(q,0) (for 0 = —1), resp. for ASIP(q,0) (for ¢ = +1). For the proof of the dual-
ity relation we refer to [11, Theorem 5.1] for the case 0 = +1 and to [10, Theorem 3.2]
for 0 = —1. We notice moreover that these two functions are the same function modulo
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a multiplicative quantity that only depends on the total number of particles N(z) and
N(n). More precisely, using (2.12), we have that

~

DY (z,n) = ¢ 2NOWING@) . DY (1 n). (5.3)

5.2 From triangular to orthogonal dualities

The following theorem, which is a slight generalization of [8, Proposition 4.5], will be
the key ingredient needed to produce biorthogonal duality functions from the triangular
ones.

Theorem 5.1 (Biorthogonal self-duality functions via scalar product). Let X be a Markov
process on a countable state space 1, with generator L. Let p, and ps be two reversible
measures for X, and dy, ds, d; and ds be four self-duality functions for X. Suppose that

5w7n 7 7 _ 6m,n

and <d2(l‘, -),d1(-,n))u2 = ul(n) (54)

<d1(.’L', ')adQ('vn»Ml = ,LLQ(’II)

for x,n € Q. Here (-, -),, denotes the scalar product corresponding to the measure ;.
Then the functions D, D :  x Q0 — R given by

D(xan) = <d1(fcv')7d1(n7')>#1 D(xan) = <d2('7x)7d2('an)>#1 (5.5)

are self-duality functions for X. Moreover, they satisfy the biorthogonality relations

67” n
D(-,m),D(-,n = — m,n € L. (5.6)

(DCm), D)y, = 28
In particular, if D = c1(x)ca(n)D, where ¢ (resp. cz2) is a positive function of the total
number of particles (resp. dual particles), then equation (5.6) becomes an orthogonality

relation for D with respect to the weight ¢ (x)pu2(z) and with squared norm m

Proof. Since scalar products of self-duality functions are self-duality function by [8,
Proposition 4.1], we have that both D and D are self-duality functions. For the biorthog-
onality relation, assuming we can interchange the order of summation, we get

<D('7m)75('v n)>u2 = ZD(%m)f)(l’,n)l@(l’)

= Z (Z Czl(x,y)dl(mw)M (y)) (Z iz(z,x)dz(z7n)ul(2)) pi2 ()

= " di(m,y)da(z,n)pa(y) () D da(z, 2)da (, y)pa(x)

2 zyvz
= yZ; p1(y)pa (2)dr (m, y)da(z,n) )

5m,n
- zy:dl(m,y)dz(y’mm(y)  pia(m)’

This proves the result. O

In order to apply this theorem to produce biorthogonal self-duality functions from
the triangular ones we need to show that the triangular duality functions (5.1) and (5.2)
satisfy the relations (5.4). This property is the content of proposition below.

Let o, a € R\ {0} be the family of reversible signed measures defined in (2.22), then
from now onward we will use the notation (-, - ), for the scalar product with respect to
the reversible measure f.
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Proposition 5.2. Let DY and ﬁt; the functions defined in (5.1)-(5.2), then, for all o, 3 €
R\ {0} we have

6az,n

— . (5.7)
s (n)

<D§r/aq(xv ')7 Dt—rq/B(Vn»*O&

We will prove this result in Section 6.1 only for ASEP(q, 6) as the proof for ASIP(q, 0)
is similar.

Proposition 5.2 guarantees that the two conditions in (5.4) are satisfied for the self
duality functions

_ ptr T Ptr _ Ptr 7 _ ptr
di = Dijagy d1 =Dy,  d2=DZ, 5, d2 =D,
by taking the scalar product with respect to the measures

M= flmas M2 = pp-

then, as a consequence of Theorem 5.1, we can deduce that the functions

Dy(z,n) = (D% (x,), DY, (n,)) —a, (5.8)
Da,ﬁ(%n) = <Dtj1/5q(‘aw)th,rq/ﬂ('vn»fou (5.9)

are again self-duality functions satisfying the following biorthogonality relation:

571 m
(Da(sm), Dag(-sn)) s = —~- (5.10)

Conclusion of the proof for ASEP(q,0). The next step in the construction of the
orthogonal dualities is the computation of the explicit expressions for the self-duality
functions D, and D, g that have been implicitly defined in (5.8)-(5.9). This is the content
of the next proposition where the new duality functions are identified, for the case
o = —1, in terms of ¢g—Krawtchouk polynomials.

Proposition 5.3. Let 0 = —1, o, § € R\ {0}, then the functions D, (x,n) and D, g(x,n)
defined in (5.8)-(5.9) are given by

L
Da(x,n) := [ [ Kn. (a7 s pial@,n), 05 6%,
,2(Ni__1(z)fNj_'H(n))+9(2i71)fl (511)

and

~ (agtt2N@=20L—0)  (N@N@)-1) /g
Dap(x,n) := 1-2N(n)—0 N(n)(N(n)—1) (
(aq )oo 4 e

Proposition 5.3 will be proved in Section 6.2. The function D, emerging here is
nothing else than the self-duality function D ® defined in Theorem 3.2. Whereas
D, g is another self-duality function differing from D, only via multiplication by a factor
that depends only on the total number of particles in both configurations, N(x) and N(n).
To conclude the proof of Theorem 3.2 it remains to turn the biorthogonality relation
(8.22) in an orthogonality relation for D,. This is possible by including the extra factor
in (5.12) in the measure with respect to which we take the scalar product. So, at this
point Theorem 3.2 follows from Theorem 5.1, (8.22) and Proposition 5.3 after choosing

N (z+n)
) - Dy(x,n) . (5.12)
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a = ( and switching from the scalar product with respect to u, to the scalar product
with respect to w, (defined in (2.23)).

Conclusion of the proof for ASIP(q,6). The strategy followed for the case ¢ = —1
does not completely work for ¢ = 1. In this case Theorem 5.1 can only be partially
applied. More precisely we have that the scalar product (5.9) formally defining l~)a75
does not converge, as it gives rise, now, to an infinite sum. Nevertheless we have that
the hypothesis (5.4) are satisfied as Proposition 5.2 holds true also for ¢ = 1 and the
scalar product (5.8) defining D, converges. The explicit computation of this scalar
product gives rise to the multivariate ¢—Meixner polynomials D" ? defined in (3.7).
This is, due to Theorem 5.1 a self-duality function. It remains to prove, a posteriori, an
orthogonality relation that can be guessed exploiting the formal similarities between
ASIP and ASEP. The proof of this orthogonality relation will be the object of Section 7.

Before entering the details of our proofs, one may wonder if there is a link from the
orthogonal dualities to the triangular ones. In the symmetric case this has been revealed
in Remark 4.2 of [37] where the authors show that, after a proper normalization, as o — 0
the orthogonal dualities are precisely the triangular ones. A similar result holds true in
the asymmetric context, however, the outcome of the limit is the triangular duality up to
a factor that depends on the total number of (dual) particles, namely ¢’¥ (n)? ﬁ{r(x, n) or
g N (@) DY (n, x) (depending on which variable we assume bigger). The constant factor
converges to 1 as soon as ¢ — 1, see Remark 6.3 in the next Section.

6 Proofs for ASEP(q,0)

In this section we will prove Theorem 3.2. In the proofs it will be convenient to write
the triangular duality functions given in Section 5.1 as nested products of “1-site duality
functions”. Let A, p,r € R\ {0}. We define for n,k € S, 9,

(Z) k gk k
d k; =\ Li<n,
)\(nv 3P, 7’) \I/q,0'<97k) pr k<
d)\(n, k;p,r) = 7(16) )\k —nk p_k rk li<n.

Then the triangular duality functions are given by

L
DX (z,n) = H%(%mﬁpwﬁ% DY (z,n) =
i=1

x“ni;ﬁi7ri)7 (61)

u::]m

where
pi = pi(n) = N g = pi(a) = Ny = gm0
Note that the nested product structure comes only from the parameters p; and p;.
Furthermore, recall that for both processes we have families of reversible measures

labelled by a.

6.1 Proof of Proposition 5.2 for ASEP(q, 0)

In order to prove Proposition 5.2 we start by writing the scalar product with free
parameters \; for D% and )\, for DY and throughout the computation the right choice
will become clear. We have

(DY, (x,), DS, (-, WH Z A, (23, Y5 piy i) dog (i i Bi i) pima(yi), (6.2)

1=1yi=n;
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where both p; and p; depend on N, (y), making the display above a nested product of
sums. Since the sum over y; depends on y,...,y;—1 we first evaluate the sum over y;,
then the sum over y;_1, and so on. Let us denote the sum over y; by ¥;(z;, n;;y), where
y = (y1,...,¥i—1) (we suppress the dependence on r;, A1, A2 and «), then

x;
Si(@iniy) = Y da, (@i, Ui pi 1) day (Ui nis iy i) - (4)

Yi=n;
S (;Z)q wi[2N7 (y)+yri]+29iyi Yi (;/Lz)q —m[2Nf (y)+yi]+29im n;
i—1 )\1 i—1 )\2 .

RGN ),

0 )
A —\Yi —20iy;
(~e) <yz‘)qq

w(1), ()

_ q20ini )\;Li Z ( g ) q q(CEi*ni)[zN;l(y)Jl’yi] (704)\1)%
Yi=n

U

q

_ ET;:;Qq20m7¢)\;ziq(wi—m)[2Nil(y)] i (l‘z - nz) q(zi—ni)yi (_a)\l)yi ,
q

ni/q Yi=nq

where in the last equality we used the ¢g—binomial identity (9.1). Performing a change of
variables in the summation and setting

(),

Cilwi,nisy) i= —gnt O™ AG (—ady) Mg CN W
(n)
we get
Ti—Ng
Si(zi;niyy) = Cilwi, nisy) Z (xl . nz> S(—ady)FglrTmz
z=0 o q

Then the Newton formula in equation (9.2) yields
Yi(xi,nisy) = Ci(xi,ni3 y) (A1) 2y —n, -
First let us choose \; = %, then the product is non-zero only for x; = n;,
Si(zi,nisy) = Ci(ni; ni3y) 6z, ms

where it should be remarked that C;(n;,n;;y) is independent of y = (y1,...,¥;—1). Next
choosing A\, = —Z we find

B
20in; g
q i )\2 1
Cz(nl,nl) = o (—q > =

Using this in equation (6.2), we get

L
<‘D§r/aq(m7')7DEq/ﬁ(',n)>,a :H LA 1 = > ,
which concludes the proof of the proposition. O
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6.2 Proof of Proposition 5.3
The explicit expressions will follow from calculations involving ¢—binomials coeffi-
cients and ¢—hypergeometric functions. We start with the biorthogonality property.

Calculation of D. We fix z,n € Q, a > 0, and we evaluate

Da(x,n) = (DI, (z,), DY, (1, ) —a.

We make use of the product structure (6.1) again. We start with a result for the 1-site
duality functions.

Lemma 6.1. Forp,p € R\ {0}, m € Z and s,t € {0,...,6},

0

> P dy (5,95 D7) jag (B Y Dy i) p—a(y) =
y=0

S (q_QSazqe_Qt 2, lAq1+2t—0+2i9+2m> .
q ap

Proof. Using the explicit expressions of the 1-site duality functions we find

0
Zquy dq/oz(sv y;ﬁv Ti)dl/aq(tv Y;p, Ti):u'foz(y)

s t
_ Z M 7sy+4i9y+ty+2mypt i y(_a)y ¢ q72i0y
D). () aop q

q
y<sAt \y q\Y’q Yy
s t
— pt (y)q<y)q (_ 1 )yqy(t—s+2m+2i9)
y<sAt (Z) ap

—2s —2t Yy
q y\q 1 — i m
—p } : (( )y( )y <q1+2t 0+2i0+2 > 7

y<snt q*)y(q=2%)y \ap

where the last equality is due to the ¢—binomial coefficient identity (2.9). The result
then follows from the definition of the 5¢;-function. O

We introduce auxiliary functions: fori:=1,...,L,
Ay, i) = dygjal@i, yis Di(@), 7)) fg (s Yis Di (), i) o (42)-
From Lemma 6.1 with
s=m;, t=mn;, p=pi(y) =", p=pa) =" m=n,,

we find the following identities.

Lemma 6.2. Leti € {1,...,L} and y1,...,y;—1 € {0,...,0}, then

S A BN O = 37 g m)gne N BN )
Yi

Yi

where nr+; = 0, and

S;(ys; z,n) = (@) (g™, <1q1—2Nil(m)+2ni—9+2i0>yi
9 K N

(qg)yi (q_QG)ZM @
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Now we are ready to find an explicit expression for D(z,n). We have
D(x,n) <Dq/a( ) Dl/aq( )>—Ot

=3 Ay ZAQ (1, 92) ZAL (Y1, y1).
Y1

From induction, using Lemma 6.2, we obtain

L
_ Z q2 Sk N (y) H Si(yi; T, ’I’L)
" =1

We apply identity (2.11), then

L
— Z OB AR H Si(yi; x,n)
Yy =1

L
=11 sityss=, n)g2yiNin (),

i=1 y;

Finally, using the explicit expression for S and the definition (9.7) of the 2¢;-function we
find

L ziAn, (q_2-75i) _(q_zni) ) .
D(.I,n) — H Z Yi Yi a—yl yi (142n;+2N, 1(n) 2N,;_, (x)—0+2i0)

i=1 y;=0 (q2)y7~, (q720>y¢

L 7217 —2n; 1
.2 142n;+2N;5 | (n)—2N,_ | (z)—0+2i0
29 Y q ) aq *

Comparing this with the definition of the ¢—Krawtchouk polynomials (9.9), we see that
D(z,n) is indeed a nested product of g—Krawtchouk polynomials.

Remark 6.3 (From orthogonal dualities to triangular dualities). The triangular duality
functions can be recoved from the duality function D(x,n) by taking an appropriate limit.
Indeed, note that the 5p;-function is a polynomial in a~! of degree z; A n;. Assuming
n; < x; it follows that

2

—2z —2n, 1
; q “q ‘ 2 +2n;4+2N, —2N; x)—642:0
n; . n; 7

201 < 1 g7, —q 7,+1( n) i 1(@)

— (q_229 )sz q72n iN;_1(x)+n;(2i—1)0+2n; N7+1(n) n
(a2,
Comparing this with the 1-site duality function dy (x4, n4; pi, r;) defined in the beginning
of this section and the definition (6.1) of the triangular duality function, we obtain

L

lim (—a)¥ (™ D, x,n) dy (i, ms, 2N, 1(ac) 219 2n; N, | (n)+n?
lim (~a) ( H1 1 q )q 63

— qN(n)2 f)ir(x’ n),

assuming n; <z; fori = 1,...,n. Here we used identity (2.12) as well as Zle N, (z)=

L
dic xiN;h(x)-
Similarly, for z; < n; we obtain

g7 5 1 g iaNt (n)—2N-  (2)—0+2i0

. s i _92N: _

lim (—a)*™ 21 B A

a—0 q «
-2
— (q Y;)w; q2m NL+1(n)eri(2i71)6+21ini72z71N1:1(z)fmf.
(472,
EJP 26 (2021), paper 108. https://www.imstat.org/ejp

Page 20/38


https://doi.org/10.1214/21-EJP663
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

q—Orthogonal dualities for asymmetric particle systems

Comparing this with the 1-site duality function d; (n;, ;; p;, ;) and the corresponding
triangular duality function it follows that

L
lim (—a)V () Dy (w,n) = [ [ di (s, 253 ?Nima (M), 27 =27 Nima (o) =
a—0 it
- xT 2 T
=q N D (n, ),
provided z; < n; fori=1,...,n.

Calculation of D. The calculation of D is similar to the calculation for D(z,n), but a
bit more involved. We fix x,n € Ay, a > 0, and we evaluate

D(z,n) = <Dt—rl/Bq('ﬂ z), Dt—rq/,B(U n)>*a7
for some 8 € R. We start with a result for 1-site duality functions again.
Lemma 6.4. For 8,p,p € R\ {0}, m € N and s,t € {0,...,0},

0
Zqﬂmydq/ﬁq(y, 530, m)d—q/8(Y, D, i) o (y) =
y=0
1+2572m72i970)00

+t
(0‘> ’ ps+tﬁ7tq(s+t)(1+57t72m)q72s (apq
(apql—2t=2m=2i0+0) _

B

—2s ,,—2t
q7q 1 i0—
. 2901< q_29 ;qQ’ 7q1+2t+219 9+2m) )

ap

Proof. Let us denote the sum on the left hand side by . From the explicit expressions
of the 1-site duality functions we find

6
S =3 g P™d_ 180y, 5, 73)d—qy8(y, 6 By oY)

S ®),),

S (9,60,

e = (0,0),0) e

s—t—2i60—2m

<

— —t—2m ~— 10(s ¢ —21
(—Bq)*(—q/B)' g 72 pyp— i g0 F) (y) (—a)¥q 2
q

and

_ﬁq—2i0)—(s+t)qt—sﬁ—t

(2,0,

_ (ﬁq—2i9+2+9)—s (ﬁﬁq—2i9+9)—t

where Cy = —apq

Clz(

(4*)s(q?):
(¢72%)s(q=%)

We focus on the sum. Assume s < t and let C' be an arbitrary constant, then we obtain
from Lemma 9.2,

s= 3 (),0),0).

2

_ (—C)tgtH0=2) g5 (4—26), 2 1(q2t+27q2t29 2 qust+0>
(qQ)S(qQ)t—s q2+2t—23 ’ ’
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Next we transform this 5¢;-series into another ,p;-series using Heine’s transformation
(9.8), and then we reverse the order of summation, see identity (9.9), to obtain

q2t+2 q2t729 9 L o
2@1( g ,—Cq' )
_Cq1+s+t—9) q—QS’ q2—2s+29 B
= (—OO 201 ;qQ’ _Cq1+s+t 0
o0

- (7Oq1757t+6) q2+2t72s

5 (q2+2972s)5 (_Cq1+s+t79)oo
(q2+2t—2s)s (_qu—s—t+9)oc

—2s ,—2t
) Y A T e FR )
2()01( q_29 34 Cq .

Using identities (9.5) and (9.6) for the g—Pochhammer symbols this gives us

S — (—C 0 +Lystt (q729)5(q720)y (—Cgttsti=0) 2 g 1,
= (— q ) (qz)s(q2)t (_qu_s_t+9)oo 21 ——gq .

— (Cq1+s+t79)sqfsfs

q_29 7q ) C

Note that this expression is symmetric in s and ¢, so we can drop the condition s < ¢.
Using this with C' = C5 and collecting terms gives

1+2572m72i070)
oo

s+t
_ ([« st a—t (s+t)(1+s—t—2m) —2s (apq
X = (ﬂ) PP g T (apgi—2t—2m—2i0+0)__

—2s ,,—2t
q7.q 1 0
. 2501< ,q2 q1+2t+27,9 0+2m) )

2 1 ap

This proves the lemma. O

We introduce auxiliary functions again: fori=1,...,L,

Bi(y1, -+ yi) = d_1/8qWi, vi; pi (), 73)d—q/8(Yir 165 Di (Y), 76) e (i) -
Then Lemma 6.4 with
s=wi, t=n;, p=pi(x) =" p=pi(y) =W, m=Nl,(n),
gives the following identity involving the functions B;.
Lemma 6.5. Fori € {1,...,L} and y1,...,y;—1 € N,

—2N;f  (n)N] —2NF (n)N,-
ZBz‘(yhn-,yi)q 2N ()N () — ZTi(yi;l‘,n)q 2N (N, (y)
Yi Yi

where T;(y;; x,n) = Ti(l)(x7 n)Ti(z)(yi; x,n) with
Ti+n;
Ti(l)(x’ n) = (g) q(r,;—&-ni)(l—QN,itrl(n)—ni+2N,i71(z)+mi)q—2xi
CY

(aq1+2Niil(m)72N,i+(n)70(2i71))oo

Ti(Q)(yi;x,n) (Q( 2))y(i(q29) )ys <1q1+2ni+2N;1(n)—2N1.1(w)+2¢a—9) .
)y \q 7" )y; o

Now we can perform the calculation for D. We write ﬁ(m, n) in terms of the auxiliary
functions B;,

1+N, (x)72Ni11(n)70(2i+1))Oo

?

D(x,n) = (D, gy, 2), D 5 ) —a
= Bi(y1))Y_ Ba(yr,y2) .- Br(y, .., yw).
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Then from Lemma 6.5 and induction we find

L
TL) = Z HTZ(ylvx»n)

y 1=1

HT(l) (z,n) ZT( ) (yi;,n).
i=1 Yi

Note that
(2) q7211‘7q72’ni 9 1 14+2n; +2N+ ( )72N»_ (I)+2i979
ZTZ (y“'r’n) = 2¥1 —9260 q, aq ° it+1 i—1 ,
Yi q
and
L N(z+n x 2)— ) — B
HTv(l)(:U,n) _ (a) (z+n) N@WN@=1) (qql+2N(@)-20L 9)067
bl B NN (qql-2Nm)—0)__

where we used that the product of the ratio of the g—shifted factorials telescopes, and
identities (2.12) (for n = x) and (2.11). So we have

_ a\ NVEtn) gN @ (N(@)-1) (aq1+2N(m)720L76)
3 gN () (N (n)-1) (Oéql‘QN(")_e)oo

3 D(z,n).

7 Proof for ASIP(q,0)

In this section we will prove Theorem 3.4. The proof we used for Theorem 3.2 in
the previous section unfortunately does not work for ASIP. The problem lies in the
computation of the function D. To be more precise, the analogue of Lemma 6.1 in
the ASIP case leads to an infinite sum that, depending on values of s, ¢ and m, will
diverge. However, the computation of the function D for ASIP is completely analogous
to the computation for ASEP, and this leads to multivariate ¢—Meixner polynomials
as self-duality functions. Because of the similarities between ASIP and ASEP we can
make an educated guess for the explicit expression of D in terms of D, and then verify
biorthogonality relations directly.

First we need to verify that the function D in Theorem 3.4 is a self-duality function.
We can verify in exactly the same way as for ASEP that

Da(x,n) <Dq/a( ) Dl/aq( )>—047

so D is indeed a self-duality function by Theorem 5.1. Note that the function D in
Theorem 3.4 is of the form C(z)Cs(n)D(x,n), where Cy and C5 only depend on the total
number of particles N(z) and the total number of dual particles N(n). Since the total
number of particles is conserved under the dynamics of ASIP, and D is a self-duality
function for ASIP, it follows that D is also a self-duality function. It only remains to show
that D and D are biorthogonal with respect to the measure pg, or equivalently, that
functions D(-,n), n € A, are orthogonal with respect to C ps.

The proof of the orthogonality uses the orthogonality relations (9.14) for the
g—Meixner polynomials M, (¢~%) := M, (¢~ %;b,c;q) with 0 < b < ¢! and ¢ > 0. Us-
ing identities for ¢—shifted factorials, these relations can be rewritten as follows:

> W@ b, ¢;q) Mo (g ") My (¢7) = 6nw H(n; b, ¢ q), (7.1)
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with
—beg®t! b .
W(J?b c;q) — ( Ccq ) ( q; Q) zq2z(m 1)7
(q, 0z
(=" Qoo (G Dn .
H(n;b,c;q) = cgan(n=1),
( ) (0g; @)n
Proposition 7.1. Let L € IN, ¢ > 0 and b; € (0,¢" '), i = 1,..., L. Define multivariate
q—Meixner polynomials m,(z) = m,(x;b1,...,br,¢c;q) by
L B . _
mn(l’) = HM’M (q_xi;b’h CB’ifquifl(Z)_NiJrl(n)+2_1; q)7 T,nec INL7
i=1

where B; = Hle b; (the empty product being equal to 1). Moreover, define w(x) =
w(z;b1,...,br,¢q) and h(n) = h(n;b1,...,br,c;q) by

w(z) = gFN@W(@)-1) NE@ (ZeBrgV @+ g ooH (big; (i)xl (biq)Niil(’”),

=1 (@),

L
n n — n — n q;q n; — + n
() = gEN IO DN (N gy TT AT, gy
=1 (szaq)n7

then

Z w(@)mp (x)Mmp () = Oy h(n).

reINL
Proof. We use the shorthand notations
Wiz, n) = Wz by, eBi_gNmr - Niam+izly ),
Hi(x,n) = H(ng; by, eBi_1q™ @) =N +i=1, gy
M;(2,n) = My, (¢~ by, cBy_1g"Nimr @~ Nl +i=1, )

Note that M;(z,n) and W;(z,n) depend only on x1,...,z,; and not on z;41,...,zr, and
H;(z,n) depends only on z1,...z;_1 and not on x;, ...,z . Furthermore, in this notation
we have

We have a similar identity involving w, h, W; and H;: using identities for N;r, N, and N
from Section 2.2 and telescoping products, we obtain

X o ﬁ Wi
n i Hi
Then, for n,n’ € N,
w(x) Wi(z,n)
—M M !
hn Z Hy(z,n) (@, m) Mz, n)
reINL z1EN
Wa(z,
P> #memm
22€N 2(.73,71)
Z My (z,n)Mp(z,n').
ILG]N
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Using the orthogonality relations (7.1) for ¢—Meixner polynomials, which imply

Wi(z,n) ,
E —=M; M; =0, n
H;(z,n) (@ mpMi(, ) = b i

x; €N
we obtain (@)
w T
Z h(n) My ()M (T) = O
zeINL
which is the desired orthogonality relation. O

The orthogonality relations for the duality functions D and D follow from the above
orthogonality relations for multivariate g—Meixner polynomials by replacing g by ¢? and

setting

c=a¢’*t, b =¢**2 fori=1,..., L.

8 Orthogonal dualities from symmetries

In this section we show the link between the self-duality functions constructed in the
previous sections and the existence of symmetries of the generator. To do this we rely
on the algebraic approach developed in [11]-[10] for the construction of the generator
in terms of the Casimir operator of the quantized universal enveloping algebra i/, (sl»),
where a family of finite, respectively infinite, dimensional representations are used for
ASEP(q,0) and ASIP(q,#), respectively. The final aim will be to give an expression in
terms of the generators of the algebra for the symmetry S, , connected to the orthogonal
duality function D, ;.

8.1 The quantized enveloping algebra (/,(sl5)
For ¢ € (0,1) we consider the complex unital algebra U, (sl>) with generators A+, A~,
AV satisfying the commutation relations
0 0
qA AT = q AT qA ,
0 0
¢t AT =g AT, (8.1)
[AJraAi] = [ZAO]Q'
Here [A, B] = AB — BA is the usual commutator, and
A g — g A
[ ]q T —1 -
q—q
(compare to the g—number defined in (2.2)). In the limit ¢ — 1 the algebra U, (sls)
reduces to the enveloping algebra U/ (sly). The Casimir element C given by

C=ATA" + [A"] [A°—1] (8.2)

q

is in the center of U, (sl), i.e. [C, A] = 0 for all A € U,(sls).

Co-product structure

The co-product for U,(sly) is the map A : U,(sla) — Uq(sla) @ Uy(slz) given on the
generators by

AAY) = AP ¢+ ¢ 0 AT,

AA%) = A'@1+12 4%, (8.3)
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and it is extended to U, (sl;) as an algebra homomorphism. In particular A preserves the
commutation relations (8.1).

We also need iterated coproducts mapping from U, (sl2) to tensor products of copies
of U, (sl2). We define iteratively A™ : U, (sly) — U, (sl2)®(™+1), i.e. higher powers of A, as
follows:

A=A, A"=A®1®...)A" ! n>2
————
n—1 times

For the generators of U, (sl>) this implies, for n > 2,

An(A:I:) _ An—l(A:t) ® q—A0 + qAn*l(Ao) ® A 7
AMAY) = A" AY®14+1®...010A4°. (8.4)
———

n times

Representations of the algebra U/, (sl;)

From here onward we use the notation {|n) | n € K, } for the standard orthonormal
basis of /?(K,) with K, = {0,1,...,0}if c = —1 and K, = N if o = 1. Here and in the
following, with abuse of notation, we use the same symbol for a linear operator and the
matrix associated to it in a given basis.

In order to define Markov process generators from the quantized enveloping algebra
U, (sl2) we need the following two families of representations.

Infinite dimensional representations. The following ladder operators defined on
the standard orthonormal basis of /?(IN) define a family, labeled by § € R, of irreducible
representations of U, (slz):

A+|n> = vV [n+0]yn+ 1]y [n+1)
A7n) = —/[nlgln+60—-1];|n—1) (8.5)

A%n) (n+0/2) |n) .

Finite dimensional representations. There is a similar representation of ¢, (sl;) on
the finite dimensional Euclidian space C?*!, where # € IN. In this case the irreducible
representations of U, (sl2) are labeled by ¢ € IN (corresponding to the dimension of the
representation) and given by (0 + 1) x (# + 1) dimensional matrices defined by

Atln) = /[0 —nlgn+1], n+1)
A~ |ny = [n]gl0 —n+1]4 In—1) (8.6)
Aln) = (n—10/2)n).

General case. It is possible to collect in a general expression the above defined
representations (8.5) and (8.6). Recalling the parameter o € {—1,1} introduced in
Section 2.5, we can write the ladder operators as

Atn) = /I onln 1, n+1)
Aln) = —o/Tl 0+ otn— 1), In—1) (8.7)
Aln) = (n+06/2)n).

The Casimir element is represented by the diagonal matrix
Cln) = [06/2]4[00/2 — 14|n) .
The adjoints of the operators A* and A° are given by
(AN = —0A~ and (A%)* = A% (8.8)
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It is then easily seen that C* = C.

Remark 8.1. The representations we consider are irreducible *-representations of
two real forms of U,(slz): for o = +1 we have the discrete series representations
of the noncompact real form U, (su(1,1)), and for o = —1 we have the irreducible
representations of the compact real form ¢, (su(2)). Note that for 0 = +1 we have a
representation by unbounded operators. As a dense domain we can take the set of finite
linear combinations of basis vectors.

8.2 Construction of the process from the quantum Hamiltonian

The quantum Hamiltonian

We define the algebraic version of the quantum Hamiltonian H as a sum of coproducts of
the Casimir element C given by (8.2). The quantum Hamiltonian we are interested in is
then the corresponding operator in the representation (8.7) plus a constant depending
on the representation.

Definition 8.2 (Quantum Hamiltonian). For L € IN, L > 2, the element H = H(L) S
U, (sl2)®L is defined by

L—1

H = E 1®"'®1®A(C)®1®"'®1}, (8.9)
‘ —_— —_—
i=1 (i—1) times (L—i—1) times

Then the quantum Hamiltonian H = H 1 (c0) is the operator
H=H+c,

where H is the operator in the representation (8.7) and ¢ = c(L) (00) is a constant
uniquely determined by the condition H|0)®% = 0.

From here on we fix a representation, or equivalently we fix the values of ¢ and 6, such
that H = H + ¢. So by A € U,(sl;) we mean the corresponding operator. Observe that
the quantum Hamiltonian satisfies H! = 7, and that the condition #|0)®L = 0 uniquely
determines ¢ € R, because the state |0) ® |0) is a right eigenvector of A(C)). From (8.2)
and (8.3) we have that

A(C) = A(AT)A(AT) + A([A)A([A° ~ 1]y)

— (" ® 1){A+ AT +A™® A*}(l Rq¢ )+ ATA @ P @ AT AT

1
o {q2A°—1 ®q2A° —|—q1_2A0 ®q—2A° _ (q_i_q—l)}.
(¢—q7")
(8.10)
One can check that the constant ¢ needed to have #|0)®" = 0 is given by
c=—(L—1)[o0]4[c0 — 1],. (8.11)

In[10] and [11] the ASIP(q, ) and ASEP(q, #) have been constructed from the quantum
Hamiltonian via a ground-state transformation. It is possible to produce a symmetry of
the processes by applying the same ground state transformation to a symmetry of the
Hamiltonian. The strategy is contained in the following result that has been proven in
Section 2.1 of [10].
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Theorem 8.3 (Positive ground state transformation). Let H be a || x || matrix with
non-negative off diagonal elements. Suppose there exists a column vector g € RI’l with
strictly positive entries and such that Hg = 0. Let us denote by G the diagonal matrix
with entries G(z,z) = g(z) for x € ). Then we have the following

a) The matrix
L=G'"HG

with entries

H(z,y)g(y)
9(x)
is the generator of a Markov process {X; : t > 0} taking values on ).

b) S commutes with H if and only if G~'SG commutes with L.

c) If H = H!, where® denotes transposition, then the probability measure y on ()

(@)
we) = o @)

L(x,y) = , T,y € 2 xQ (8.12)

(8.13)

is reversible for the process with generator L.

The constructive procedure to obtain a suitable ground state matrix G as in Theorem
8.3 is explained in [10] and [11]. In this paper, as we already know the target processes
and corresponding generators £*" and L**f, we restrict ourselves to noticing that, using
item c) of Theorem 8.3, the entries of the ground-state vector g can be written in terms
of the reversible measures 2" and 2" given by (2.16) and (2.13).

@ «

Ground state transformation

Let pto = fta,o, @ € R\ {0} be the reversible signed measure defined in (2.22) (in this
section we will often omit the dependence on ¢). Then the vectors

9o () = \/ pa() (8.14)

are ground states for H. Notice that, for negative values of «, the vector g, has entries
taking values in C. The diagonal matrix GG, represented by a diagonal matrix whose
coefficients in the standard basis are given by (8.14), i.e.

Go(z,n) = /oo (x) - 0z p (8.15)

yields a ground state transformation as in Theorem 8.3. For simplicity we denote by G
the matrix obtained for the choice a = 1, G = (G, in which case Theorem 8.3 applies
since the measure i, is finite and strictly positive. We have, as a consequence of item a)
of Theorem 8.3, that the operator £ conjugated to H via G}, i.e.

L=G"HG (8.16)

is the generator of a Markov jump process z(t) = (z1(t),...,z5(t)) describing particles
jumping on the chain Ay. In [10] and [11] it has been proved that the operator L is the
generator of the ASIP(q, §) and ASEP(g, #), respectively, depending on the choice of o. As
a consequence of item b) of Theorem 8.3, if S is a symmetry of # (i.e. [H, S] = 0), then
G~'SG is a symmetry of L.

The following proposition, proven in [11], allows to construct a duality function for
ASIP and ASEP starting from a symmetry of the Hamiltonian.

Proposition 8.4. If S is a symmetry of H then
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e G~15G is a symmetry for L,

e Dy, :=G;'SG," is a self-duality function for L,

Dy o = GZ1(SY)7IG,! is a self-duality function for L,

* D, and D, , are orthogonal with respect to the measure G?(x), i.e. DLaGiDg,a =
G2

Symmetries

At this aim we need a non-trivial symmetry which yields a non-trivial ground state.
Starting from the basic symmetries of H and inspired by the analysis of the symmetric
case (¢ — 1), it will be convenient to consider the exponential of those symmetries.

8.3 Symmetries associated to the self-duality functions

We use the following g—exponential functions:

= Z" 1 - 2"
Ep(2) = (—2)x = Zq"("—l) T eq2(z) = = Z 5 for |z| < 1.
70 (q )n (z)oo 0 (q )n

These satisfy e,2(2)E,2(—z) = 1, and the following factorization rules: if z and y satisfy
zy = ¢*yx, then
Ep(r+y)=Ep(x) Ep(y) and ep(z+y) =ep(y) - eq(x). (8.17)

With the g—exponential functions we define the following operators: for a > 0
ST = e (Vall = ¢?) - AP (g A1),
~ ab
Se = B (\/&12(1“”(1 - qQ)AL‘l(q‘A0A+>> '

In case we work in an infinite dimensional representation, i.e. ¢ = +1, we should
be careful with convergence of the series obtained from applying these operators to
functions. If we apply these operators only to finitely supported functions there are no
convergence issues. We have the following lemma.

Lemma 8.5. For all o« > 0, S¥ and S'* are symmetries of , i.e.
[H.S81=0,  [H,S)]=0. (8.18)

Proof. This follows from the fact that AT and A° commute with the Casimir operator C,
and then AL=1(¢t4” AT) commutes with 1 ® ... ® 1® A(C)® 1 ® ... ® 1. See Section 4
of [10] for more details. O

Triangular dualities

In the spirit of Section 4 of [10], the following proposition shows that we can write
the triangular dualities in terms of the symmetries S and S¥ given in Lemma 8.5. We
first define two diagonal matrices by

A(z,n) = qNQ(J”) Oz.ns B(z,n) := qN(“”) Ozm (8.19)

Proposition 8.6. Let Df\r and ﬁf\r be the triangular self-duality functions defined in (5.1),
then we have:

Dy =BG SEGL A (8.20)
and

Dy, =BG, 'S5, A" 8.21)
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Here we consider a duality function D as the matrix with elements D(x,n), while we
denote D! the transpose matrix. The proof of Proposition 8.6 is given in Section 8.4.

Orthogonal dualities
Now we fix @ > 0 and use Proposition 8.6 and the expression (5.8) to write the
orthogonal dualities and the associated symmetries in terms of the symmetries S'* and
Str. We first define the following diagonal operators:
M(x,n):= (—I)N(z) O.ms
Ra($ n) . 1+2N(x)+09(2L+1))00 5

To(z,n) :

(—oaq

T,my

(_o_aql—2N(w)+0'0)oo 51’71.

Let D, , be the normalized orthogonal self-duality function defined in equation (3.10)
and S, . its associated symmetry (3.13) then we have

1 1
D, = G, (ABR,)2 - S"M(S™)! - (ABT,) 2G,* (8.22)

and . )
So = G2 (ABR,)2 - S8 M(S™)! - (ABT,) "2 Gl. (8.23)

Proof. From (5.8) we have that D, can be given in terms of scalar products of the
triangular dualities. In matrix form this reads

D, = Dy,G? . (DY,,)" (8.24)
then, using the expressions in Proposition 8.6, it follows that

Do = BG;'SUM (s¥) G B~ (8.25)

Then (8.22) follows from

=

1
D, = (AB™'R,)2D. (A 'BT, ")

(8.26)

and (8.23) follows from (8.22) and the fact that
So = Do G2. (8.27)
This concludes the proof. O

Remark 8.7. Notice that we can rewrite the orthogonality relation (3.12) of D, as

D! G*D, = G.? (8.28)
and the unitarity property of S, as follows:

SIG%S, = G2. (8.29)

These identities imply relations between g-exponentials of generators of U, (slz). Such
relations have been exploited in e.g. [31],[19] to obtain orthogonality relations for
specific g-hypergeometric functions.

Remark 8.8. In the infinite dimensional setting, ¢ = +1, this should be interpreted
as a formal identity; as this is an identity involving unbounded operators, the above
calculation is not all rigorous.
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8.4 Proof of Proposition 8.6.
We first compute the action of the symmetries associated to the triangular dualities.

Action of S.
We have
_ 0
St =ep(Va(l = ¢?) - A gt AY),
where
AL—1<q+AOA+> 1A+ +q2A +A2A+ + . +q22L ! AO+ALA+

From (8.1) we know that

PN AT = Pt AT (8.30)

then from (8.17) we have
S = SFSE .57
with
SF = ep(Va(l - g)g?=n= At ALAT),

Then, foro =1,

Sn) = Z H ( > ) ( . ) gl (/2D F2N T (n40/2) In +0),
q q

so that

f i+0—-1 _ i
Sg(x,n):H\/ AN 2:0_1) L e/ 2N (n/2)] B

Foro = —

1,
i 0—n; _ _ im
Sgr(,r’n):H\/(Z) (9’;) gm0 2 ) RN (/2] o BT g
i v/ q t/q

Action of S,
We have
8t = Ep(vag? 0+20(1 — )AL (g~4° 47)),
where
AL g A ATy = A Af 4 g2 AS 2R AT A g
From (8.1) we know that
g2 A AT = g2 A A2 (8.31)
then, from (8.17) we have
St =§F5 ... 5,
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with
79 (1421) —2300 1 A0 —A9 4+
= Ep(Vag 2 (1-a%q A7).

Then it follows that

atr Li Ti+60—1 La i —(zi—n n ni—
Sg (l‘,n) = H \/(n) . et — 1) a 2 -q (@i 7)[2N7,+1( +0/2)+(n;—0L+1)] | 111‘2711'
i g g q

for c = +1 and

5 (z,m) H\/ —ni> et @) RN (n—0/2+ (0 L+1)] Loon,
q

_(Ei

foro = —1.
To complete the proof we will make use of the following Lemma:

Lemma 8.9. Forn > m,

Wy, G
m+6—1 n+60—1 — /m+6-—1
( m )q.( n )q ( m )q

Now we can conclude the proof of Proposition 8.6.

= . (8.32)

Proof of (8.20)

Using (8.32) and (8.15) we find that the corresponding triangular duality is given by

nl)

G 1StrG H (xlfnl)[(n +0/2+1)+2N,_ | (n+0/2)]=0i(n;+x;) a ™
U, - (0,n:)

Now, using that

Z(xi —ni)[(n; +6/2) +2N;_,(n +6/2) — 0i] = —N?(n) + Zmi(ni +2N,_,(n)) (8.33)

i
we get

() 1\"™
G—lstrG—l , _ —~N2(n)+N(z) i’q zi(ni+2N,;_ 1(n)) —20in; [ _— )
a PaVa ((E ’fL) q H ‘I’q,a(G,ﬂi) q aq

Comparing this with (5.1) we obtain
— T y— —N2%(n T
G SEG (w,n) = ¢ N (INE L DY (2,m)

from which the statement follows.

Proof of (8.21).

Using (8.32) and (8.15) we obtain

G 1StrG H ) —(z;—n;)[2N, 1(n+0/2)+(n170L+1)] Oi(zi+nl)a7ni.
U, -(0,n;)
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We use that

3 (@i — ni) 2Ny (n+6/2) + (ng +6/2) + 6i] =

i

— N?(n) +6/2(1+ 2L)N (2 —n) + Y ni(2N; () + ;)

to get

G;lg{tergl z,n) = N2(n)—N(z) X
(@) =q 1:[%,0(977%) q

Then comparing with (5.2) we obtain
G 188G (w,n) = ¢V W N@ D (2n)

which is the desired result.

9 Appendix

z;
("i)q —ni[2N,;_ (z)+x:]—20in; (7

See Section 2.1 for the definition of the ¢g—binomial coefficients and g—Pochhammer
symbols. We refer to Appendix I of [20] for the formulas involving g—Pochhammer
symbols. Identity (9.1) follows directly from the definition of the ¢g—binomial coefficient,

and (9.2) is (a special case of) the g—binomial formula [20, (II.4)].

9.1 Identities for ¢—binomial coefficients

Forn,z,y € N,

(0),0),=(),G0), =
) q\Y/ 4 NJg\Yy=1/q
moreover, for N € Nandt € R,
N N N
) ( ) ¢V (tg™)" = [J A +t*"Y) = (=t (9.2)
k=0 k q k=1
9.2 Identities for ¢—Pochhammer symbols
For n,m € IN and a # 0 we have
(a)n—i-m = (a)'rn(aq2m)n (93)
(a)m q2 " n(n—1)—2mn
(@)m—n = m Y q (n—1) , (9.4)
moreover, for b # 0, ¢ # 0,
(bq72n)n _ é " (b71q2)71 (9.5)
(cg®)n  \c) (c7tgh)n’ '
finally, for n,mm € N, n > m,
<q2>’ﬂ m n—m(m—
P, = Curem T, (9.6)
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9.3 Identities for ¢—hypergeometric functions

We refer to the book [20] for theory on ¢—hypergeometric functions. Here we only
use the ¢g—hypergeometric function

a,b — (@:Q)k(b;q)r 2"
1 q, = E . 9.7
2%( ¢! z) = (e (G ®7

where, as before, (a;q); = Hi:ol(l — aq'). We always assume that ¢ ¢ ¢~ %, so that the
denominator never equals zero. The series converges absolutely for |z| < 1. Note that
for a = ¢, n € N, the series terminates after the (n + 1)-th term; in this case the series
is a polynomial of degree n in b.

The 5, -functions we encounter in this paper will depend on ¢ instead of ¢. We need
the following two transformation formulas for 5 -functions. The first is one of Heine’s
transformation formulas, see [20, (II1.3)], which is valid as long as the series on both
sides converge. The second one is only valid for a terminating »¢1-series, and is obtained
from reversing the order of summation.

Heine’s transformation:

b %2) o ,c/b b
2901<a ;QZ,Z) = ( ¢ ) 2()01(0/@ o/ ;q2aaz> : (9.8)
c (Z>oo c

c

Transformation for terminating series:

—2n —2n ,2—2n .,—1 2+4+2n
q " b ((QFpp— q " q* e cq
2@1( ;q272> =g " (=2) a2 2-2nh1 1, :

c bz

Lemma 9.1. Forn,z,y € N, x <n, m € R and |C] < ¢**™™"~! we have

> (0.0, e

y=n
B Cmqn(l—m—r) (q2m)nqz2 o <q2(n+1)’q2(m+n) .q2 qu_m_n_m)
(qQ)I(qQ)Tsz q2(1+n7z) ’ 1)

Proof. By some algebraic manipulation of the g—numbers and changing the variable in
the summation we get

()00 e

y=n
2 2 0o m
_ qx tn Z (q2)y<q2 )y qufy(:ernerfl)
(@®)e(a*)n =, (42)y-2(a?)y—n

2
Cn n(l—-m—z— n) 2?4n* & ( )r+n(q )r+n Cr r(l-m—z—n)

q
(q2)m(q2)n ( )r+n 1:( 2)7"
(

Cn n(l—m—zx) q2m

2

2(n+1) ( 2(m+n))

( o0

(4*)2(4*)n—a Z 204n=2)), (g2,
(
)

err(l—m—x—n)

r=

_Ongnmmea) (g2m) g q2(n+1)7q2(m+n) .
2901( g2(1+n—2) 4%, Cq! ) '

(@®)2(a*)n—ao
That concludes the proof. O
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Lemma 9.2. For z,n,m € IN withx <n < m and C € R we have

() (4) (1) e

y=n
— —2m 22 n —2(m—n
_ (O I (g g o Re
(@) 2(@)n—2s 21 g2(+n—2) a4, —q ‘

We omit the proof of this identity which is similar to that of Lemma 9.1.

9.4 ¢—Orthogonal polynomials
q—Krawtchouk polynomials
The g—Krawtchouk polynomials in the ¢g-hypergeometric representation are given by:

—x —n

K. (g7 %;p,cq) == 201 (q ;q,pq"“) , for celN, n,ze{0,...,c} (9.9

—cC

and ,¢; as in definition (9.7). We remark that in the literature [32] they are known as
quantum ¢—Krawtchouk polynomials.

Orthogonality relations. Under the condition
pgc > 1 and ceN (9.10)

these polynomials are orthogonal with respect to a positive measure on {0, 1,...,c}, see
[32, §14.14]. The orthogonality relations for ¢—Krawtchouk polynomials read as follows:

x

¢ - Ko(q%5p,ci0) - Kulg ;pciq)

(PG q)e—p (—1)°7°
; (¢ 0)a(¢ @)e—a
(=D p (6D e—nG D (PG O PO g

- ((¢59)c)?

(9.11)

q—Meixner polynomials
The g—Meixner polynomials in the ¢g-hypergeometric representation are given by

S — n+1

M, (q7%;b,¢;q) := 2<p1<q l;qq i q, —qc> , for x,n €N, (9.12)
where 2¢; is the ¢—hypergeometric function defined in (9.7). Note that M,,(¢"%;b,¢; q)
is a polynomial in g% of degree n, but it is also a polynomial in ¢~! of degree n.
We remark the similarity with the g—Krawtchouk polynomials: for ¢ € IN we have
Kn(q™%p,c3q) = Ma(q™ %47 7¢ —p " 15q).

Orthogonality relations. Under the conditions
bg € [0,1) and c>0 (9.13)

these polynomials are orthogonal with respect to a positive measure on IN, see [32,
§14.13]. The orthogonality relations for g—Meixner polynomials read as follows:

—  (bg;q)s ® ) _ _
———— ¢\ - M, (¢ ";b,¢;q) - My (g ";b,¢q9
; (¢; D)2 (—Cbg; 4)a ( ) Ml )

. . -1,
_ (6 Dx(@ Dn(=¢"" G @)n b (9.14)

(—cbq; )00 (bg; @)
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The function M, (¢~ *;b,¢;q), x € N, is also a polynomial in ¢" of degree z. It can be
considered as an instance of a rescaled big ¢g—Laguerre polynomial, see [32, §14.11],

M, (g7 %;b,¢;5q) = (=g~ " /be; Q)2 Pr(bg" 75 b, —bc; q).

The big ¢—Laguerre polynomials P,,(y;a, 8;q) with 0 < ag < 1 and 8 < 0 satisfy
orthogonality relations of the form

> Pu(Ba i a, 80) Pa(Ba s, B )w(B¢ )
k=0

+ ) Pr(ag" ™0, B q) Polag" ™ 0, B q)w(ag" ) = 6,0 Nn,
k=0

where the weight function w and the squared norm N,, are known explicitly. We see
that the big ¢-Laguerre polynomials are orthogonal with respect to a measure supported
on the finite interval [8q, ag|, hence they form a complete orthogonal basis for the
corresponding weighted L2-space. It follows that they also satisfy the dual orthogonality
relation

o0

_ Oy.y
> Py, Biq) Pu(ys o, B ) N, = 22 .y € Bg" N Uag T,
n=0

and the set {n — P,(y;a,8;q) | y € B¢*"N U ag'*t™} is a complete orthogonal basis
for the weighted L?-space ¢?(IN; N, !). The orthogonality relations for the ¢-Meixner
polynomials are equivalent to the dual orthogonality relations of the big g—Laguerre
polynomials for y € ag' ™V, so the ¢-Meixner polynomials do not form a complete basis
for their weighted L2-space.
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