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Abstract

We study a new process, which we call ASEP(q, j), where particles move asymmet-
rically on a one-dimensional integer lattice with a bias determined by ¢ € (0,1) and
where at most 2j € N particles per site are allowed. The process is constructed from a
(2j +1)-dimensional representation of a quantum Hamiltonian with U, (sly) invariance by
applying a suitable ground-state transformation. After showing basic properties of the
process ASEP(q, ), we prove self-duality with several self-duality functions constructed
from the symmetries of the quantum Hamiltonian. By making use of the self-duality
property we compute the first g-exponential moment of the current for step initial con-
ditions (both a shock or a rarefaction fan) as well as when the process is started from an
homogeneous product measure.

1 Introduction

1.1 Motivation

The Asymmetric Simple Exclusion Process (ASEP) on Z is one of the most popular interacting
particle system. For each ¢ € (0,1], the process is defined, up to an irrelevant time-scale
factor, by the following two rules: i) each site is vacant or occupied; ii) particles sitting
at occupied sites try to jump at rate g to the left and at rate ¢~ ! to the right and they
succeed if the arrival site is empty. The ASEP plays a crucial role in the development of
the mathematical theory of non-equilibrium statistical mechanics, similar to the role of Ising
model for equilibrium statistical mechanics. However, whereas the Ising model — defined for
dichotomic spin variables — is easily generalizable to variables taking more than two values
(Potts model), there are a-priori different possibilities to define the ASEP process with more
than one particle per site and it is not clear what the best option is.



In the analysis of the standard (i.e., maximum one particle per site) Exclusion Process
a very important property of the model is played by self-duality. First established in the
context of the Symmetric Simple Exclusion Process (SSEP) [13], self-duality is a key tool
that allows to study the process using only a finite number of dual particles. For instance,
using self-duality and coupling techniques Spitzer and Liggett were able to show that the
only extreme translation invariant measures for the SSEP on Z¢ are the Bernoulli product
measures and to identify the domain of attraction of them. The extension of duality to ASEP
is due to Schiitz [20] and has played an important role in showing that ASEP is included
in the KPZ universality class, see e.g. [2, [7]. As a general rule, the extension of a duality
relation from a symmetric to an asymmetric process is far from trivial.

It is the aim of this paper to provide a generalization of the ASEP with multiple occupation
per site for which (self-)duality can be established. A guiding principle in the search of such
process will be the connection between Exclusion Processes and Quantum Spin Chains. The
duality property will then be used to study the statistics of the current of particles for the
process on the infinite lattice.

1.2 Previous extensions of the ASEP

Several extensions of the ASEP model allowing multiple occupancy at each site have been
provided and studied in the literature. Among them we mention the following.

a) It is well known that the XXX Heisenberg quantum spin chain with spin j = 1/2 is
related (by a change of basis) to the SSEP. In this mapping the spins are represented
by 2 x 2 matrices satisfying the sly algebra. By considering higher values of the spins,
represented by (27 + 1)-dimensional matrices with j € N/2, one obtains the generalized
Symmetric Simple Exclusion Process with up to 2j particles per site (SSEP(2j) for
short), sometimes also called “partial exclusion” [4, 21, ©]. Namely, denoting by n; €
{0,1,...25} the number of particles at site i € Z, the process that is obtained has
rates 1;(2j — n;1+1) for a particle jump from site ¢ to site i + 1 and rate 1;41(25 — 1)
for the reversed jump. For such extension of the SSEP, duality can be formulated
and (extreme) translation invariant measures are provided by the Binomial product
measures with parameters 2j (the number of trials) and p (the success probability in
each trial).

The naive asymmetric version of this process, i.e., considering a rate qn;+1(25 — n;)
for the jump of a particle from site i + 1 to site i and a rate ¢~ 'n;(2j — nsy1) for the
jump of a particle from site i to site ¢ + 1, with ¢ € (0,1), loses the sls symmetry and
has no other symmetries from which duality functions can be obtained. In fact in this
model, there is no self-duality property expect in the case j = 1/2 where it coincides
with ASEP [20].

b) Another possibility is to consider the so-called K -exclusion process [17] that simply
gives rates 1 to particle jumps from occupied sites together with the exclusion rule
that prevents more than K particles to accumulate on each site (K € N). Namely,
denoting by 14 the indicator function of the set A, the K-exclusion process on Z has
rates 1y, 51 .., <k} for the jump from site ¢ to site ¢ +1 and 1y, ~1 <Ky for the
jump from site ¢ + 1 to site ¢. For the symmetric version of this process it has been



shown in [I7] that extremal translation invariant measures are product measures (with
truncated-geometric marginals). The asymmetric version of this process obtained by
giving rate q to (say) the left jumps and rate ¢~! for the right jumps, has been studied
by Seppaéldinen (see [23] and references therein). For the asymmetric process, invariant
measures are unknown, and non-product, nevertheless many properties of this process
(e.g. hydrodynamic limit) could be established. For this process, both in the symmetric
and asymmetric case, there is no duality.

1.3 Informal description of the results

The fact that self-duality is known for the Symmetric Exclusion Process for any j € N/2 [9]
and it is unknown in all the other cases (except ASEP with j = 1/2) can be traced back to
the link that it exists between self-duality and the algebraic structure of interacting particle
systems. Such underlying structure is usually provided by a Lie algebra naturally associated
to the generator of the process. The first result in this direction was given in [2I] for the
symmetric process, while a systematic and general approach has been described in [9], [5].
When passing from symmetric to asymmetric processes, one has to change from the original
Lie algebra to the corresponding deformed quantum Lie algebra, where the deformation pa-
rameter is related to the asymmetry. This was noticed in [20] for the standard ASEP, which
corresponds to a representation of the Uy(sly) algebra with spin j = 1/2.

In this paper we fully unveil the relation between the deformed Uy,(slz) algebra and a
suitable generalization of the Asymmetric Simple Exclusion Process. For a given q € (0,1)
and j € N/2, we construct a new process, that we name ASEP(q,j), which provides an
extension of the standard ASEP process to a situation where sites can accommodate more
than one (namely 2j) particles. The construction is based on a quantum Hamiltonian [3],
which up to a constant can be obtained from the Casimir operator and a suitable co-product
structure of the quantum Lie algebra U,(slz). For this Hamiltonian we construct a ground-
state which is a tensor product over lattice sites. This ground-state is used to transform
the Hamiltonian into the generator of the Markov process ASEP(q,j) via a ground-state
transformation. As a result of the symmetries of the Hamiltonian, we obtain several self-
duality functions of the associated ASEP(q, j). Those functions are then used in the study
of the statistics of the current that flows through the system for different initial conditions.

For j = 1/2 the ASEP(q, j) reduces to the standard ASEP. For j — oo, after a proper
time-rescaling, ASEP(q,j) converges to the so-called ¢-TAZRP (Totally Asymmetric Zero
Range process), see Remark [3.3| below and [2] for more datails.

We mention also [16] and [I5] for other processes with Uy (sly) symmetry. In particular the
process in [15] is a (2j + 1) state partial exclusion process constructed using the Temperley-
Lieb algebra, in which multiple jumps of particles between neighboring sites are allowed. We
remark that for j = 1 the process depends on a parameter 8 and for the special value 5 =0
it reduces to ASEP(q, 1).

1.4 From quantum Lie algebras to self-dual Markov processes

By analyzing in full details the case of the U,(slz) we will elucidate a general scheme that
can be applied to other algebras, thus providing asymmetric version of other interacting
particle systems (e.g. independent random walkers, zero-range process, inclusion process).



We highlight below the main steps of the scheme (at the end of each step we point to the
section where such step is made for Uy(sla)).

i) (Quantum Lie Algebra): Start from the quantization U,(g) of the enveloping algebra
U(g) of a Lie algebra g (Sect. .

ii) (Co-product): Consider a co-product A : Uy(g) — Uy(g) ® U,y(g) making the quantized
enveloping algebra a bialgebra (Sect. [4.2).

iii) (Quantum Hamiltonian): For a given representation of the quantum Lie algebra U,(g)
compute the co-product A(C) of a Casimir element C' (or an element in the centre of
the algebra). For a one-dimensional chain of size L construct the quantum Hamiltonian
H(ry by summing up copies of A(C) over nearest neighbor edges. (Sect. 4.3)).

iv) (Symmetries): Basic symmetries (i.e. commuting operators) of the quantum Hamilto-
nian are constructed by applying the co-product to the generators of the quantum Lie

algebra. (Sect. [4.4).

v) (Ground state transformation): Apply a ground state transformation to the quantum
Hamiltonian H ) to turn it into the generator £’ (L) of a Markov stochastic process

(Sect. ).

vi) (Self-duality): Self-duality functions of the Markov process are obtained by acting with
(a function) of the basic symmetries on the reversible measure of the process. (Sect.

[6).

Whereas steps i)-iv) depend on the specific choice of the quantum Lie algebra, the last
two steps are independent of the particular choice but require additional hypotheses. In
particular whether step v) is possible depends on the specific properties of the Hamiltonian
and its ground state. They are further discussed in Section

1.5 Organization of the paper

The rest of the paper is organized as follows. In Section 2| we give the general strategy to
construct a self-dual Markov process from a quantum Hamiltonian, a positive ground state
and a symmetry. In the case where the quantum Hamiltonian is given by a finite dimensional
matrix the strategy actually amounts to a similarity transformation with the diagonal matrix
constructed from the ground state components.

In Section 3| we start by defining the ASEP(q,j) process. After proving some of its
basic properties in theorem [3.1| (e.g. existence of non-homogenous product measure and
absence of translation invariant product measure), we enunciate our main results. They
include: the self-duality property of the (finite or infinite) ASEP(q, j) (theorem and its
use in the computation of some exponential moments of the total integrated current via a
single dual asymmetric walker (lemma . The explicit computation are shown for the step
initial conditions (theorem and when the process is started from an homogenous product
measure (theorem (3.4)).

The remaining Sections contain the algebraic construction of the ASEP(q, j) process by
the implementation of the steps described in the above scheme for the case of the quantum



Lie algebra U,(g). In particular, in Section {4 we introduce the quantum Hamiltonian and
its basic symmetries on which we base our construction of the ASEP(q, 7). In Section 5| we
exhibit a non trivial g-exponential symmetry and a positive ground state of the quantum
Hamiltonian that allows to define a Markov process. In Section [6] we prove the main self-
duality result for the ASEP(q, 7). In Section We explore other choices for the symmetries of
the Hamiltonian and, as a consequence, prove the existence of an alternative duality function
that reduces to the Schiitz duality function for the case j = 1/2.

2 Ground state transformation and self-duality

In this section we describe a general strategy to construct a Markov process from a quantum
Hamiltonian. Furthermore we illustrate how to derive self-duality functions for that Markov
process from symmetries of the Hamiltonian. The construction of a Markov process from a
Hamiltonian and a positive ground state has been used at several places, e.g. the Ornstein-
Uhlenbeck process is constructed in this way from the harmonic oscillator Hamiltonian, see
e.g. [22]. In lemma below we recall the procedure, and how to recover symmetries of the
Markov process from symmetries of the Hamiltonian. In general this procedure to be applied
requires some condition on the Hamiltonian. In the discrete setting this condition boils down
to non-negative out-of-diagonal elements and the existence of a positive ground state. In the
more general setting the Hamiltonian has to be a Markov generator up to mass conservation

(ctr. ().
2.1 Ground state transformation and symmetries

LEMMA 2.1. Let h be a bounded continuous function and let L be the generator of a Markov
process on a metric space ). Let A be an operator of the form

Af=Lf—hf (1)
Suppose that there exists 1 such that e¥ is in the domain of A, and
Ae?¥ = 0. (2)
Then the following holds:
a) The operator defined by
Lyf=e VA f) (3)

is a Markov generator.

b) There is a one-to-one correspondence between symmetries (commuting operators) of
A and symmetries of Ly: [S,A] = SA — AS = 0 if and only if [Ly,Sy] = 0 with
Sw = e VSe?.

c) If A is self-adjoint on the space L*($), da) for some o-finite measure o on ), then Ly s
self-adjoint on L*(Q,du) with p(dz) = e?¥@a(dx). In particular, if [ @ a(dr) =1
then p is a reversible probability measure for the Markov process with generator L..



PROOF. For item a): for every ¢ such that e¥ is in the domain of L, the operator
Lof =e PL(e?f) — (7P L(e?)) f (4)

defines a Markov generator, see e.g. [8] section 1.2.2, and [I§]. Now choosing ¢ = v, we
obtain from the assumption that

e VLe? =h
Hence,

Lyf = e L(e"f) = (e VL(e"))f
= ¢ L(e"f) —hf=e V(L —h)(e"])
= e YA

For item b) suppose that S commutes with A, then

LySy = eV Aele Y Se?
e VASe? = e VS Ae?
= SyLy

For item c), we compute
[otetnan = [gtevaietp)etia
= / e¥gA(e? f)do
= [ A ia = [ (Log) i

where in the third equality we used A = A* in L?(Q,da). O

The following is a restatement of lemma [2.1] in the context of a finite state space 2 with
cardinality |Q2] < oco. In this case the condition A = L — h just means that A has non-
negative off diagonal elements.

COROLLARY 2.1. Let A be a |Q] x || matriz with non-negative off diagonal elements.
Suppose there exists a column vector e¥ := g € RIl with strictly positive entries and such
that Ag = 0. Let us denote by G the diagonal matriz with entries G(x,x) = g(x) for z € Q.
Then we have the following

a) The matriz
Z=G"1AG
with entries

g(x,y):w, x,y € QA xN (5)

is the generator of a Markov process {X; : t > 0} taking values on Q.



b) S commutes with A if and only if GT1SG commutes with & .
c) If A= A*, where* denotes transposition, then the probability measure p on
(9())
wr) = =73 (6)
> wealg(x))?
is reversible for the process with generator £ .

PROOF. The proof of the corollary is obtained by specializing the statements of the lemma
to the finite dimensional setting. In particular for item a), the operator L, in (4) reads

(Lof) (@) = L(x,y)e?W#0)(f(y) — f(x)) .

yeN

Putting ¢(z) = () and using the condition > . L(z, y)e?®) = h(x)e?® one finds

(Lyf) (@) =D Alz,y)e?® ¥ f(y)

yeN
from which follows. O

REMARK 2.1. Notice that for every column vector f we have that if Af = 0 then for any
S commuting with A (symmetry of A) we have ASf = SAf = 0. This will be useful later
on (see section when starting from a vector f with some entries equal to zero, we can
produce, by acting with a symmetry S, a vector g = Sh which has all entries strictly positive.

2.2 Self-duality and symmetries

For the discussion of self-duality, we restrict to the case of a finite state space 2.

DEFINITION 2.1 (Self-duality). We say that a Markov process X = {X; : t > 0} on Q is
self-dual with self-duality function D : € x Q — R if for all x,y € Q and for allt >0

Here E,(-) denotes expectation with respect to the process X initialed at x at time t =0 and
Y denotes a copy of the process started at y.

This is equivalent to its infinitesimal reformulation, i.e., if the Markov process X has generator
Z then holds if and only if

4D =D2* (8)
where D is the |Q] x |Q] matrix with entries D(z,y) for z,y € Q. We recall two general
results on self-duality from [9].

a) Trivial duality function from a reversible measure.

If the process {X; : ¢ > 0} has a reversible measure p(z) > 0, then by the detailed
balance condition, it is easy to check that the diagonal matrix

1

D(ZL‘, y) = m(slﬂy

(9)

is a self-duality function.



b) New duality functions via symmetries.

If D is a self-duality function and S is a symmetry of .Z, then SD is a self-duality
function.

We can then combine corollary with these results to obtain the following.

PROPOSITION 2.1. Let A = A* be a matrix with non-negative off-diagonal elements, and
g an eigenvector of A with eigenvalue zero, with strictly positive entries. Let & = G~'AG
be the corresponding Markov generator. Let S be a symmetry of A, then G'SG™! is a
self-duality function for the process with generator £ .

PROOF. By item c) of the corollary combined with item a) of the general facts on self-
duality we conclude that G=2 is a self-duality function. By item b) of corollary we
conclude that if S is a symmetry of A then G~1SG is a symmetry of .. Then, using item b)
of the general facts on self-duality we conclude that G'SGG~2 = G~1SG ! is a self-duality
function for the process with generator .Z. O

3 The asymmetric exclusion process with parameters (q,j)
(ASEP(q, j))

NOTATION. For ¢ € (0,1) and n € Ny we introduce the g-number
" —q"
[n]q = F

satisfying the property limg_,i[n]; = n. The first g-number’s are thus given by

[O]q =0, [1]q =1, [2]11 =q+ qilv [3]11 = q2 +1+ q727

3.1 Process definition

We start with the definition of a novel interacting particle systems.

DEFINITION 3.1 (ASEP(q, j) process). Let ¢ € (0,1) and j € N/2. For a given vertex set
V, denote by n = (n;)icv a particle configuration belonging to the state space {0,1,...,25}"
so0 that n; is interpreted as the number of particles at site i € V. Let n°F denotes the particle
configuration that is obtained from n by moving a particle from site © to site k.



a) The Markov process ASEP(q, j) on [1, L|NZ with closed boundary conditions is defined
by the generator

-1
LD ) =D (L1 f) () with
i—1
(L)) = ¢ G [25 — nalo(F™ ) = f(n))
+ @ IR — g ielg (F () — £ () (11)

b) We call the infinite-volume ASEP(q,j) on Z the process whose generator is given by

(LD f)n) =Y (Lrr f) () (12)

i€EZ

¢) The ASEP(q,j) on the torus T, := Z/LZ with periodic boundary conditions is defined
as the Markov process with generator

(LT ) =D (L)) (13)

1€Tr,

Figure 1: Schematic description of the ASEP((g, j)). The arrows represent the possible tran-
sitions and the corresponding rates ¢,(n, £) are given in below. Each site can accomodate
at most 25 particles.

g G g 125 — nina)g i € =nbH
cq(m,€) = 4 q" TR —g]o[nilg if €= (14)
0 otherwise

REMARK 3.1 (The standard ASEP). In the case j = 1/2 each site can accommodate at most
one particle and the ASEP(q, j) reduces to the standard ASEP with jump rate to the left equal

to g and jump rate to the right equal to ¢~ ".

REMARK 3.2 (The symmetric process). In the limit ¢ — 1 the ASEP(q,j) reduces to the
SSEP(2j), i.e. the generalized simple symmetric exclusion process with up to 2j particles per
site (also called partial exclusion) (see [{), (21, [9, [10)]). All the results of the present paper
apply also to this symmetric case. In particular, for ¢ — 1, the duality functions that will be
giwen in theorem[3.3 below reduce to the duality functions of the SSEP.



REMARK 3.3 (Connection with the ¢-TAZRP). Consider the process ygj) = {ygj)(t)}iez
obtained from the ASEP(q,j) after the time scale transfomation t — (1 — ¢*)g¥ =1t (i.e.

yi(j)(t) = ni((1 — ¢*)g¥~'%)) then, in the limit j — oo, yt(]) converges to the q-TAZRP
(Totally Asymmetric Zero Range process) in 7 whose generator is given by:

— q2vi .
(LTI ) = 3 L G ~ ) SR (19
1EL

see e.g. [2] for more details on this process.

3.2 Basic properties of the ASEP(q, j)
J

We summarize basic properties of the ASEP(q, j) in the following theorem. We recall that a
function f is said to be monotonous if f(n) < f(n’) whenever n < 1’ (in the sense of partial
order) and a Markov process with semigroup S(t) is said to be monotonous if, for every
time ¢ > 0, S(t)f is monotonous function if f is a monotonous function. In this paper we
do not investigate the consequence of monotonicity which is for instance very useful for the
hydrodynamic limit (see [I]).

THEOREM 3.1 (Properties of ASEP(q, j) process).

a) For all L € N, the ASEP(q,j) on [1, L] N Z with closed boundary conditions admits a
family (labeled by o > 0) of reversible product measures with marginals given by

nor9; o
PO (s = n) =~ < ]) LA n=01,...25  (16)
z@\n/,
forie{l,...,L} and
2 ..

(@) _ 2) n_2n(1+5—2ji)

VA~ . 17
P32 (Y) e 17)

b) The infinite volume ASEP(q,j) is well-defined and admits the reversible product mea-
sures with marginals given by —.

¢) Both the ASEP(q,j) on [1, L|NZ with closed boundary conditions and its infinite volume
version are monotone processes.

d) For L > 3, the ASEP(q, j) on the Torus T, with periodic boundary conditions does not
have translation invariant stationary product measures for j # 1/2.

e) The infinite volume ASEP(q,j) does not have translation invariant stationary product
measures for j # 1/2.

REMARK 3.4. Notice that of course we could have absorbed the factor ¢*19) into o in .
However in remark[5.3 below we will see that the case o = 1 exactly corresponds to a natural
ground state.

PROOF.
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a)

Let p be a reversible measure, then, from detailed balance we have

(m)cq(n, ™) = p(n" Heg (™1, m) (18)

where ¢,4(n,&) are the hopping rates from 7 to £ given in . Suppose now that p is
a product measure of the form y = ®% | ; then holds if and only if

(i (0 — D) i1 (i1 + 1)q¥ (25 — i + g i1 + g = w00 i1 (is1)a 2 03425 — mit1lq
(19)
which implies that there exists 8 € R so that foralli=1,...,L

pi(n) o _4pl25 —n+1]g
-1 R, 2

then (16 follows from after using an induction argument on n and choosing g =
2(j+1
aq .

The fact that the process is well-defined follows from standard existence criteria of [13],
chapter 1, while the proof of the statement on the reversible product measure is the
same as in item a).

This follows from the fact that the rate to go from 7 to n***! is of the form b(n;, 1;41)
where k,l — b(k,l) is increasing in k and decreasing in [, and the same holds for the
rate to go from 1 to n**~!, and the general results in [6].

We will prove the absence of homogeneous product measures for 5 = 1, the proof
for larger j is similar. Suppose that there exists an homogeneous stationary product
measure ji(n) = H{;l w(m;), then, for any function f:{0,...,2j}* - R

0="> [T flmam) = > Fo)LT*a)(n) (21)
n n
where
LT p)(n) = > F(ni,mia)i(n) (22)
€T,
with
_ f1-€3-2j+1 . p(& +Dp(§ —1)
Flgn&) = @ ™M + 102 - &+ 1, = s
£1—E24+2j—1 . p(€e + Dp(6 —1)
+ q J [52 + 1](1[2] 51 + 1]11 M(fl)u(&Q)
— 0T (¢ 4 ) [ [2) - &g (23)

Then, from and we have that fi is an homogeneous product measure if and
only if, for all f,

S fam) | D Fini) | =0 (24)
n

€Ty,

11



which is true if and only if
Gn) = > F(nimit1) =0 (25)
€Ty,
Let A; be the discrete derivative with respect to the i-th coordinate, i.e. let f :
{0,...,25}Y = R, for some N € N, then A;f(n) := f(n+8)— f(n), n = (n1,...,nn).
From it follows that, for any ¢ € {1,..., L},
0=A;G(n) = AoF(ni—1,m:) + A1 F(mi,miy1)  forany  mi—1,7i,mip1 (26)

this implies in particular that Ay F' (&1, &2) does not depend on &; and that Aj F'(&1,&2)
does not depend on &;. Therefore, necessarily F'(£1,&2) is of the form

F(&1,&2) = g(&1) + h(&2) (27)

for some functions g, h : {0,...,25} — R. By using again it follows in particular
that F'(£1,&1) = 0, then, from this fact and we deduce that h(&1) = —g(&1). As a
consequence holds if and only if there exists a function g as above such that, for
each i € Tp,

F(niniv1) = 9(mi) — 9(niva) (28)
(the opposite implication following from the fact that the sum (ZZETL F(n, 17¢+1)) is

now telescopic and hence zero because of periodicity).

We are going to prove now that cannot hold for the function F' given in (123).
Denote by
p(1)?

3 —
vi= = and a:=q¢"+q—q
14(2)1(0)

fix ¢ and define 7 := (n;,7;+1); then, for j = 1 the expression in becomes

T q_3 j (29)

a(lp=1,0) — Ly=0,1) + @(1y=21) — Ly=12)
+ [ —a-20"—q | Lo — [ +20+q
+ NP H3¢+3¢7 +07) ¢ — P Ly
= g(mi) — 9(Mit+1) (30)

The condition for 7 = (1, 1) yields that the coefficient in front of 1;_(; 1) has to be
zero, which gives

L=y 10

B q3 —i—3q—|—3(f1 +q*3

31
@ +q3 (51
with this choice of ~y gives
a(Li=1,0) = La=(0,1)) + @(Lj=2,1) — Ly=(1,2)) + 6(15=(2,0) — Ly=(0,2))
= 9(i) — 9(nit1) (32)
with
0:=7¢"—q-2¢"" —q°. (33)

This yields g(1) — g(0) = ¢(2) — g(1) = a,¢g(2) — g(0) = § from which we conclude
6 = 2a which is in contradiction with , and .

12



e) The proof is analogous to the proof of item d), but it requires an extra limiting argu-
ment. Namely, we want to show that the assumption of the existence of a translation
invariant product measure zi implies that [.Z () fdp = 0 for every local function f.
This leads to

Z/f(n)F(m,mH)dﬂ(n) =0
1€EZ
for every local function f and where F'(7;,7;+1) is defined in . In the same spirit of

point d), the proof in [19] implies that F(n;,7,11) has to be of the form g(n;) — g(ni+1)
which leads to the same contradiction as in item d).

3.3 Self-duality properties of the ASEP(q, j)

The following self-duality theorem, together with the subsequent corollary, is the main result
of the paper.

THEOREM 3.2 (Self-duality of the finite ASEP(q,j)). The ASEP(q,j) on [1,L] N Z with
closed boundary conditions is self-dual with the following self-duality functions

L (Th) _
& eTasil e e ] diie
D(L)(%f) - H 5 q q(m &) [22002) ete | +4disi Te, <, (34)
i=1 (gi)q
and (n)
L i
& NSNSV NP
D&)(,?’g) — H (Qj)q CE &) [2 002 me—mi | +45is | 1<, (35)
i=1 Ez q

COROLLARY 3.1 (Self-duality of the infinite ASEP(q,7)). The ASEP(q,j) on Z is self-dual
with the following self-duality functions

(&)
D(n,&) =11

iz (&)

q q(m*&)[? Sohsh Gt jigs le, <, (36)

q

i
D'(n,e) =] ),

iz (£,

where the configurations n and & are such that the exponents in and are finite.

and

(mi—€:)[2 4} me—mi] +4ji€;

" q ’ 1&97;‘ (37)

The following rewriting of the duality function in will be useful in the analysis of the
current statistics.

REMARK 3.5. Forl e N, let £ be the configurations such that

g(ih---ﬂ'e) _ { L dif m € {ir,..., i} (38)

m 0 otherwise.
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Define

then B
D, eWy = L7 (2Nitn) _ @2Nia(n)y (40)

and more generally

_ 02 Y4
D(n,g(“""’”)) — — - H(qQNik (n) _ q2Nik+l(77))

3.4 Computation of the first g-exponential moment of the current for the
infinite volume ASEP(q, j)

We start by defining the current for the ASEP(q, j) process on Z.

DEFINITION 3.2 (Current). The total integrated current J;(t) in the time interval [0,t] is
defined as the net number of particles crossing the bond (i—1,1) in the right direction. Namely,
let (t;)ien be sequence of the process jump times. Then

Jit) = D Moy — Linto)mn@oyii-1y) (41)
k:t€[0,¢]

LEMMA 3.1 (Current g-exponential moment via a dual walker). The total integrated current
of a trajectory (n(s))o<s<t is given by

Ji(t) == Ni(n(t)) — Ni(n(0)) (42)

where N;(n) is defined in . The first q-exponential moment of the current when the
process is started from a configuration n at time t = 0 is given by

i—1
E, [qwi(t)} = NN N ok gy [q4jx<t> (1= g 2m0) 2Nety (=N | (43)

k=—o00

where N(n) := .., 1 denotes the total number of particle (that is conserved by the dynam-
ics), x(t) denotes a continuous time asymmetric random walker on Z jumping left at rate
q¥(2j], and jumping right at rate ¢~%[2j], and Ey denotes the expectation with respect to
the law of x(t) started at site k € Z at time t = 0. Furthermore N(n) — N;(n) = >, .; M and
the first term on the right hand side of is zero when there are infinitely many particles
to the left of i € Z in the configuration 7.

PROOF. (42) immediately follows from the definition of J;(t). To prove we start from
the duality relation

Ey [D(n(),€9)] = Eg) [D(n, €00)] (44)

where £() is the configuration with a single dual particle at site 7 (cfr. (38)). Since the
ASEP(q, j) is self-dual the dynamics of the single dual particle is given an asymmetric random

14



walk z(t) whose rates are computed from the process definition and coincides with those in
the statement of the lemma. By the left-hand side of is equal to

i gt 2N; (t 2N 41 (t
By [D(W(t)yf(z))} ] By [q {0 — PN )}
whereas the right-hand side gives
g 45 2N, 2N,
Eeo [D(n,g@(f)))} = e B {q Ja(t) (2N () _ ¢ m)H(n))}

As a consequence, for any i € Z
E, [qm(n(t))} ~E, [q2Ni+1(77(t))] 4 YR, [qm(t) (N0 qum)H(n))} (45)

In the case of the infinite-volume ASEP(q,j) the duality relation is significant only for
configurations such that N;(n(t)) is finite for all . For this reason it is convenient to divide
both sides of by ¢2Vi( in order to obtain a recursive relation for the current. Then we

get from
E, [qm(t)} — ¢ WE, [qmﬂ(t)]

+ q—4ji E, |:q4j$(t)(q2(Nx(t)(77)_Ni(77)) _ q2(Nx(t)+1(n)—Ni(77))) (46)

Notice that both J;(t) and Ny (n) — Ni(n) are finite quantities, for all 7 and ¢. By iterating
the relation in and using the fact that lim;—,_ N;(n(t)) = N(n(t)) = N(n) we obtain
@ O

Notice that all the quantities in are finite for finite ¢, since N(n) — N;(n) > 0 and ¢ < 1.

3.5 Step initial condition

THEOREM 3.3 (¢g-moment for step initial condition). Consider the step configurations n* €
{0,...,27}* defined as follows

0 fori<0 _ 25 for i <0
+ . —
"li '_{Qj for i >0 K _{0 for i >0 (47)
then, for the infinite volume ASEP(q,j) we have
E,+ [q2ji(t)] _ q4jmax{0,i} {1 LY, {(1 o q4jr(t)) 1x(t)21]} (48)
and
En_ |:q2J1-(t)i| _ q—4j max{0,i} {1 —E; [(1 - q4]:c(t)> 1w(t)21:|} (49)

In the formulas above x(t) denotes the random walk of Lemma and

Ei(f(x(t) =) f(z) Pi(a(t) = )

TE€EZ
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with
Pie()=7) = P =20 =)
= e Wlitqm 01, (2[24]t) (50)
and I,,(t) denotes the modified Bessel function.

PROOF. We prove only since the proof of is analogous. From the definition of 7™
and , we have

i—1
Eyr [¢0] = 200N (g t) 37 gtk 3 gt 20N By (1) = )
k=—00 >0

where N(nt) — Ni(nT) = 2jmax{0,i} and N.(n") — N;(n*) = 2j(max{0,i} — z) for any
x > 0. Then we have

Eye [¢290] = g7m= 0 {14 (¢4 - )R @)}

with
Ei(t) = Z g P (2 Z q P (x(t) > —k)

k=—o00 k=—o00
+oo  +oo

= > D dVPoe Z Z ¢V Po ((t) = =)
r=—i+1 {=r b=—i+1r=—i+1
—4j(i—1) +oo

) Y I(AR) _

= 1—76]4j Z (1 q” )PO(»’U(w—E)

l=—i+1

q74](171)

— wEi [(1 - q4j$(t)> 1:1:(t)21} :

Thus is proved. O

REMARK 3.6. Since for ¢ € (0,1)

A B Kl - q4jx(t)) 1x(t)21} =1 (51)
from and we have that
tli)r&E " [ 2J; (t)} q4j max{0,i} (1 +q 4]1) (52)
and
Jim By ¢*0] = 0 (53

The limits in and are consistent with a scenario of a shock, respectively, rarefaction
fan. Namely, in the case of shock for a fixed location i, the current J;(t) in remains
bounded as t — oo because particles for large times can jump and produce a current only at
the location of the moving shock. On the contrary, in the current J;(t) goes to oo as
t — 00, i.e. the average current J;(t)/t converges to its stationary value.
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It is possible to rewrite , as contour integral. We do this in the following corollary
in order to recover in the case j = 1/2 the results of [2].

COROLLARY 3.2. The explicit expression of the g-moment in terms of contour integral reads
45 max{0,k} 21 ) k
E . |:q2Jk(t):| _4q : 55 e (1+qgljz)(1+z) t Hiz % (54)
K 27 1+qYz z

where the integration contour includes 0 and —g~* but does not include —1, and
—45 max{0,k} I H O k
E _ |:q2Jk(t)] _a yg e (1+qjljz)(1+z) t i % (55)
K 2mi 1+q¢ %z z
where the integration contour includes 0 and —q* but does not include —1.

PROOF. In order to get and it is sufficient to exploit the contour integral formulation
of the modified Bessel function appearing in , ie.

1 “yz
@) = g e R (56)
where the integration contour includes the origin. From and we have

B |(1- 6770 Lygyor| = 3201 — ¢ Wltg 2070 1, (2]25),1)

r>1

:W“e—[4j1qt§g e D D (R R (57)
2mi = 5q2ﬂ)””

In order to have the convergence of the series in (57) it is necessary to assume |¢| > ¢=2/.

Under such assumption we have

_ Az 1 _ (1—q4])§
; (1—¢%7) (Eq) ~ (q¥E—1) (€ — ¢%) (58)

and therefore

B [(1- 0570 Ly51] = T g%fk@) de, (59)

. - Alila(ere gy (1= aY) ¢
with  fi(€) im el e e S o o

where, from the assumption above, the integration contour v includes 0, ¢/ and ¢~%. From

(@3), and we have

) T2k
Eyy [qw’“(t)} = gF4 max{0k} {1 + q2 — §I§fk(£) d{} (61)
Y

It is easy to verify that ¢*2/ are two simple poles for f;(€) such that
R,eSqi2j (fk) = :Finjk (62)
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then

. 1 .
B, [40] —qtimas08 gk () dg (63)
V£

where v+ are now two different contours which include 0 and ¢¥% and do not include ¢*%7.
In order to get the results in it is sufficient to perform the change of variable

l+2z o
§:= m q (64)
to get
45 max{0,k} I HORERE k
En+ [qﬂk(t)} - _qi. yg e (1+qglfz)(1+Z) t (1""4'2) % (65)
271 N 1+qg¥2 z

where now the integral is done clockwise over the contour 4, which includes 0 and ¢~% but
does not include —1. This yields after changing the integration sense. is obtained

similarly from after performing tha change of variables £ := +1qtijz q . O

REMARK 3.7. In the case j = 1/2 formula coincides with the expression in Theorem
1.2 of Borodin, Corwin, Sasamoto [2] for n = 1. Indeed defineing

To(t) = =NZP () + NEF0(0),  NFCC ) = (66)

i<k
then, if n(0) = n4 it holds Jy(t) = —N/iqs(ﬁ(t)) + 2jmax{0,k}. As a consequence, from
, for j =1/2 we have

1 _Mt 1+2 k dz
E [ —QNICB_ClS(t)} - (@ TFa2)(1+2) = 67
nt |9 ori | € 1+¢%2) = (67

where the integration contour includes 0 and —q~2 but does not include -1. Notice that
recovers the expression in Theorem 1.2 of [2] for 7 = q 2, p = q ' (up to a shift k — k — 1
which comes from the fact that in 1y the first occupied site is 0 in our case while is it choosen
to be 1 in [2]).

3.6 Product initial condition

We start with a lemma that is useful in the following.

LEMMA 3.2. Let z(t) be the random walk defined in Lemma[3.1, a € R and A C R then

1
. - x(t) _ - s
tl_n)rglo , log Ey [a | z(t) € A Csclelg {zloga — 7 (z)} égg‘ﬂ(x) (68)
with
x \/ x 2
I (z) = [45], — = + xlog |¢¥ — + ( , > +1 69
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PROOF. From large deviations theory [12] we know that z(t)/t¢, conditional on z(t)/t € A,
satisfies a large deviation principle with rate function .#(x) — infzeq & (x) where & () is
given by
F(z) :=sup{zz — A(2)} (70)
z

with
1 ) .
A(z) := tlggo n log E [ezx(t)} = [27]4 ((ez -1) q_27 + (e_z - 1) q23) (71)

from which it easily follows . The application of Varadhan’s lemma yields . Ul

We denote by E®# the expectation of the ASEP(q, j) process on Z initialized with the omo-
geneous product measure on {0, 1,...2;j}# with marginals p at time 0, i.e. E®*[f(n(t))] =

3, (@iczp(ni)) Eqlf (n(1)))-

THEOREM 3.4 (¢-moment for product initial condition). Consider a probability measure u
on {0,1,...25}. Then, for the infinite volume ASEP(q,j), we have

45\ =(®)
q

+Eq [q‘*"w(” (X”}t) Mg+ A;l) 1z(t>21] (72)

1/q
where Ay = ij:O y"u(n) and x(t) is the random walk defined in Lemma . In particular
we have )
lim = log E®#[¢*/i®)] = sup {zlog M, — .7 (x)} — inf .7 () (73)
t—oo t >0 >0

with My := max{Aq, " A/, } and 7 (x) given by (69).
PRrROOF. From we have

E®H [qui(t)] _ /®M(d77) E, [q%(t)}

i—1
— /@M(dn)qQ(N(n)—Ni(n)) + Z q—4jk /®#(d77)Ek [q4jw(t) (q—%(t) — 1) q2(Nz<t>(n)—Ni(n))

k=—o00
Since

/ @p(dn)g? NN = X gy + A Ly (74)

then, in particular, [ ®u(dn)q2(N(’7)_Ni(’7)) = O since Ay < 1, where we recall the interpretation
of N(n) — Ni(n) from lemma Hence

REon [qwi(t)] _ Z g4k ZPk (z(t) = z) q4jx/®ﬂ(d77) |:q2(N:c+1(77)*Ni(77)) _ q2(Nz(n)fN¢(n))}
k=—o00 TEZ
= (A =1 AW®) + (Mg — 1) B(t) (75)
with , L
Aty =Y qYFY Pr(a(t) =) g VN (76)



and
Bt):= Y ¢ Y Pelalt) = a) X (77)

k<i—1 r>1+1

Now, let a := q4j>\q_1, then

A(t) = Z q_4jk)\f12Pk (x(t) =z)a”

k<i—1 z<i

= > D Po(z(t) =m)a™

n>1 m<n

= Z amPy (z(t) = m) Z Ay + Z aPy (x(t) = m) Z Ay

m<0 n>1 m>1 n>m

1

Y {)\q Eo [Oéx(t) 1x(t)§0] +Eo [q4j$(t) ]—x(t)zl]} (78)

Analogously one can prove that
B 1
Aijg—1

with 8 = ¢\ /q then follows by combining , and .

In order to prove we use the fact that z(t) has a Skellam distribution with parameters
(27140~ %%, [27]49%t), i.e. x(t) is the difference of two independent Poisson random variables
with those parameters. This implies that

Y z(t) )
Tq z(t)<0

B(t)

{Eo [ﬁx(t) 1x(t)22:| — A1/4Eo0 [Q4jx(t) 1m(t)22]} (79)

— Eo [Ag“) 1m(t)20} .

Then we can rewrite

o

S

e {qyi(t)} - E, [(/\g(t) I (q4j)\1/q)w(t)> 1x(t)21} + Py (z(t) = 0)

+ (7 = Mg Bo |69 01,001

= Eo [M;O1,050] 1+ 61 + &) + &(1) (80)
with
z(t i x(t)
P (t) - Eo [(Aq( ) —+ (q4JA1/q) > 11:(t)21} P (t) . PO (:E(t) — )
T E, M1 ’ Y ON
0 q x(t)>0 0 q z(t)>0
and

(A" = Ayg) Eo [¢97 01,41

83(t) == -
Eq [Mq (t)lx(t)20:|

(81)
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To identify the leaden term in it remains to prove that, for each i = 1,2, 3 there exists
¢; > 0 such that

sup ()] < ¢, (82)
t>0

This would imply, making use of Lemma the result in . The bound in is
immediate for ¢ = 1,2. To prove it for ¢ = 3 it is sufficient to show that there exists ¢ > 0

such that 4 ' ®
A, 'Eo {q@x(t)lz(t)zl] < cEg [(q4j>‘1/q) 1x(t)21} - (83)

This follows since there exists x, > 1 such that for any x > x, /\;1 <A /q and then
A Eo [q4j$(t)1:c(t)21] <A 'Eo [q4j$(t)11§:v(t)<m*} +Eo {q4jz(t))‘f§f1)1m(t)2:c*}
< /\q_lEO {q4jx(t)11§x(t)} +Ep [q4j:c(t)/\“1”§21x(t)21}
_ 1 x(t
<A Eo |(@900) L] - (89

This concludes the proof. ]

The rest of our paper is devoted to the construction of the process ASEP(q, j) from a quantum
spin chain Hamiltonian with Uj(sly) symmetry of which we show that it admits a positive
ground state. The self-duality functions will then be constructed from application of suitable
symmetries to this ground state and application of proposition [2.1}

4 Algebraic structure and symmetries

4.1 The quantum Lie algebra U,(sl,)

For ¢ € (0,1) we consider the algebra with generators J*, J~, J? satisfying the commutation
relations

I =12%,  [J°JF] =+TF, (85)
where [, -] denotes the commutator, i.e. [A, B] = AB — BA, and
2J° —2J0
g —4q

This is the quantum Lie algebra Uj(slz), that in the limit ¢ — 1 reduces to the Lie algebra
sly. Its irreducible representations are (2j 4+ 1)—dimensional, with j € N/2. They are labeled
by the eigenvalues of the Casimir element

C=JJM+[J [T +1],. (87)

A standard representation [14] of the quantum Lie algebra Uy (sly) is given by (2j+1) x (2j+1)
dimensional matrices defined by

Ity = V12 —nlgln+1gIn+1)
J7In) = Ilel2i —n+1gIn—1) (88)
o) = (n—j)In).
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Here the collection of column vectors |n), with n € {0,...,25}, denote the standard orthonor-
mal basis with respect to the Euclidean scalar product, i.e. |n) = (0,...,0,1,0,...,0)T with
the element 1 in the n'™ position and with the sympol 7 denoting transposition. 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 the representation the ladder operators J
and J~ are one the adjoint of the other, namely

(JHY*=J" (89)
and the Casimir element is given by the diagonal matrix

Cln) = [jlqli + 1qln) -
Later on, in the construction of the g-deformed asymmetric simple exclusion process, we will
consider other representations for which the ladder operators are not adjoint of each other.

For later use, we also observe that the Ug(slz) commutation relations in (85)) can be rewritten
as follows

g It =q Jq" (90)
qJ()J— _ q—l J—qJO
[JT, 7] =2,

4.2 Co-product structure

A co-product for the quantum Lie algebra U,(slz) is defined as the map A : Uy(slz) —
Uq(sly) @ Uy(sla)

AUJE) = Fog +¢"0u*,
AJY) = Peo1+10J°. (91)
The co-product is an isomorphism for the quantum Lie algebra Uy (sly), i.e.
AHLAG) = 2A)], AU, AR = £A(T) | (92)
Moreover it can be easily checked that the co-product satisfies the co-associativity property
(A 1DA=(1A)A. (93)

Since we are interested in extended systems we will work with the tensor product over copies
of the U,(sly) quantum algebra. We denote by J;", J., J?, with i € Z, the generators of the
it" copy. Obviously algebra elements of different copies commute. As a consequence of ,
one can define iteratively A" : U,(slpy) — Uq(5[2)®(n+1)

for n =1, from we have

, i.e. higher power of A, as follows:

AJF) = Jreghyd o Jf,
A = Peol+ledl,, (94)
for n > 2,
AMJE) = AT IR @ g AT e T,
AMJ)) = AU el+le...0lell,, . (95)
n times
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4.3 The quantum Hamiltonian

Starting from the quantum Lie algebra Ug(sly) (Section and the co-product structure
(Section we would like to construct a linear operator (called “the quantum Hamiltonian”
in the following and denoted by H (L) for a system of length L) with the following properties:

1. it is Uy(slp) symmetric, i.e. it admits non-trivial symmetries constructed from the
generators of the quantum algebra; the non-trivial symmetries can then be used to
construct self-duality functions;

2. it can be associated to a continuos time Markov jump process, i.e. there exists a
representation given by a matrix with non-negative out-of-diagonal elements (which
can therefore be interpreted as the rates of an interacting particle systems) and with
zero sum on each column.

We will approach the first issue in this subsection, whereas the definition of the related
stochastic process is presented in Section [5]

A natural candidate for the quantum Hamiltonian operator is obtained by applying the co-
product to the Casimir operator C in (87)). Using the co-product definition , simple
algebraic manipulations (cfr. also [3]) yield the following definition.

DEFINITION 4.1 (Quantum Hamiltonian). For every L € N, L > 2, we consider the operator
H(L) defined by

L—1 L—-1
Hyy =Y Hi ™ =3 (i) +ew) - (96)
=1 =1

where the two-site Hamiltonian is the sum of

(¢ — ¢ H)(q¥F1 — g~ (&FD)

" (q B qjl)2 L times ( )
and N
A2 1@ 91QAC)® 10 @1 (98)
(L) S———— S———
(i—1) times (L—i—1) times
and, from and (91,
A(Ci) = AJD)AT) + AR ALT + 1) - (99)
Ezxplicitely
0 - (@ + a7 ) (@™ + ¢ 0t)
AC) = —¢" {J;“ ®Jq +J; @ Jh + 5 [T]q ® [Tl
+U]q[j2+”q (q‘]’O + q"'lo> ® (quQ+1 + q_J?“) }q_‘]?“ (100)
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REMARK 4.1. The diagonal operator c(ry in has been added so that the ground state
10)(r) = ®F 110); is a right eigenvector with eigenvalue zero, i.e. Hp[0)y = 0 as it is
immediately seen using .

PROPOSITION 4.1. In the representation the operator Hr) is self-adjoint.

PROOF. It is enough to consider the non-diagonal part of H(yy. Using we have

( HIF @I g+ ¢ T © T g Jz+1)*
= J¢"eq Jz+1J+1+J+q Vgt

= ¢S @I T T @ U e
where the last identity follows by using the commutation relations . This concludes the
proof. O

4.4 Basic symmetries

It is easy to construct symmetries for the operator H(L) by using the property that the
co-product is an isomorphism for the Uy(slz) algebra.

THEOREM 4.1 (Symmetries of H(L)). Recalling , we define the operators

J(i) = AL qul ®--®¢1® JE® e 2,
JO = ALY Z1® RIRNRI® @1 . (101)
(L) — =
= (z 1) times (L—1) times

They are symmetries of the Hamiltonian , i.e
[H (1) J(iL)] [H1)> J(r)) =0 (102)

PROOF. We proceed by induction and prove only the result for J= L) (the case J (OL) is similar).
By construction J(z) := A(J%) are symmetries of the two-site Hamiltonian H (2)- Indeed this
is an immediate consequence of the fact that the co-product defined in conserves the
commutation relations and the Casimir operator commutes with any other operator in

the algebra :
[Hppy, 5] = [A(CY), AUF)] = A(ICr, Jf) =

For the induction step assume now that it holds [H (L—1)’ J(ji 1)] = 0. We have
L—1,L
[y Tipy) = (Hipoys J) + ) I (103)

The first term on the right hand side of (103 can be seen to be zero using with ¢ =1
andn=L—-1: . p
[Hp -1y I = Hp1y, I a7t + a0 Jf]

24



Distributing the commutator with the rule [A, BC| = B[A, C] + [A, B]C, the induction hy-
pothesis and the fact that spins on different sites commute imply the claim. The second term
on the right hand side of ((103]) is also seen to be zero by writing

[thl,L gt

— _ 0 0
o T = I Ty V) + gl AUE ) = 0.

(L) (
O

REMARK 4.2. In the case ¢ = 1, the quantum Hamiltonian in Definition reduces to
the (negative of the) well-known Heisenberg ferromagnetic quantum spin chain with spins J;
satisfying the slo Lie-algebra. With abuse of notation for the tensor product, the Heisenberg
quantum spin chain reads

L-1
H(}ﬁw - Z (T T + 7 Ty + 200000 — 25%) (104)

i=1

whose symmetries are given by
L L
+,Heis __ + 0,Heis __ 0
Ty =3 and =N
i=1 =1

5 Construction of the ASEP(q, j)

In order to construct a Markov process from the quantum Hamiltonian H ), we apply item
a) of Corollary with A = H(py. At this aim we need a non-trivial symmetry which yields a
non-trivial ground state. Starting from the basic symmetries of H r described in Section
and inspired by the analysis of the symmetric case (¢ = 1), it will be convenient to consider
the exponential of those symmetries.

5.1 The ¢g-exponential and its pseudo-factorization

DEFINITION 5.1 (g-exponential). We define the g-analog of the exponential function as

exp,(z) = Z {z}q! (105)

where

1—4q"
n}ly = 106
REMARK 5.1. The g-numbers in (106|) are related to the g-numbers in by the relation
{n}p = [nlgq™ ' This implies {n},! = [n]g! ¢""=V/2 and therefore
z" —n(n—
exp,2(z) = Z lt g /2 (107)
n>0 T
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One could also have defined the q-exponential directly in terms of the g-numbers , namely

XDy (1) = Y

|
>0 [n]q-

(108)

The reason to prefer definition of the g-deformed exponential given in (105]), rather than
(1108)), is that with the first choice we have then a pseudo-factorization property as described
in the following.

PROPOSITION 5.1 (Pseudo-factorization). Let {gi,...,gr} and {ki,...,kr} be operators
such that for L € N and g € R

kigi = rg;k; for i=1,...,L. (109)
Define
L . .
g = Zk(’*l)gi, with kW :=ky - ki fori>1and k© =1, (110)
i=1
then
exp, (9'")) = exp,(g1) - exp, (kM g2) - - exp, (K" Vgy) (111)
Moreover let
L . .
g =3 "gih0t with b=kt k' fori<Land AUTD =1, (112)
i=1
then
expr(g(L)) = expr(gl h(2)) """ expr(gL—l h(L)) ’ expr(gL) (113)

In this section we prove only (111]) since the proof of (113)) is similar. We first give a series
of Lemma that are useful in the proof.

LEMMA 5.1. Let (n),!
Bin,{n,m} := Tl in i . (114)

then
r"Bin,{n, m} + Bin,{n,m — 1} = Bin,{n + 1,m} (115)

PROOF. It follows from an immediate computation [

LEMMA 5.2. Foranyn,L € N, L > 2

(g(L)>n = zn: Bin{n, m}, (g(L_l))nim (kg™ (116)
m=0
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PROOF. We prove it by induction on n. For n = 1 it is true because for each L > 2

g\P) =gt 4 kg, (117)
By (109)), for any £ € N
(kw)) gl = pmg® (M) (118)
Suppose that - holds for n for any L > 2, then, using ) and - we have
n+1 n+1
(g(m) - (9@71) + k(H)gL)

_ Yyp L=-0\""" (=1, \" . [, L p(L-1)
%er{”y m} <9 ) <k gL) {9 +k QL}

n

— Z [r"Bin,{n,m} + Bin,{n,m — 1}] <g(L_1)>"+1—m (k(L_l)gL>m

m=1
R (T
= % Bin,{n + 1, m} (g(L_l))nHim (k(L_l)gL>m (119)
m=0
that proves the lemma. O

LEMMA 5.3. For any n,L € N, L > 2 we have

o nomp  n=Yilgmi - Siami L (k=g
= {n},! 120
(g > -t mLZOmLzl 0 m;O {n—Siymi}! Z:HQ {mz}T 20

PROOF. We prove it by induction on L. From (116)), for any n € N we have

(62)" = (01 + bage)” = ! Z T G (121)

thus (120]) is true for L = 2, n € N. Suppose that it holds for L for any n € N then, using
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(116|) we have
(g<L+1)>” _ (g<L> i k‘”gm)n

= - Bin,{n,mr1} g(L) e k(L)gL+1 e
>

mL+1:0
n n—mr41
= Z BinT{n,mLH}({n—mLH}r! Z .........
mp4+1=0 myp=0
- Sk my _ L ,
N—MmL+41 Zz:3m g? mpr+1 Ez:QmZ ﬁ (k(’b—l)gz)mz ' <k(L) )mL+1
a0 {n—mpy1 = > lomite! 5 ijr
n—mr,41 n— ZHglmz n— L_"'lei L+1 (i—1)
91 T (k )
— Y Y ey e ——
1
mr4+1=0 mr=0 mo=0 {n_EiZQ mz}T' =2 {ml}r'
this proves the lemma. ]

LEMMA 5.4. Let L € N, L > 2 and for any i = 1,...,L let X; € RN a sequence of real
numbers, X; = {X;(m)}men, then

n—mr, n— ZZ 3 M4 L L L 0o
Z Z Yoo Y X =) omy) - [[Xalm) =] D Xa(mi)  (122)
n=0mpr=0mp_1=0 mo=0 =2 =2 i=1 m1=0

PROOF. It is sufficient to prove it for L = 2, the proof of (122)) follows by an analogous
argument. By performing the change of variable n := mj + mo we obtain

00 [e'¢) ]
> [ Ximy = 3. 3 Xulmi)Xs(mo)
m;=0 i=1 m1=0mo=0
[e'¢) [e'¢)
= Z Z Xl(n—mg X2 mg Z Z X1 n—mQ Xg(mz)
mao=0n=m2 n=0mgo=0
that yields (122) for L = 2. O
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PROOF OF PROPOSITION From ([120)) we have

(L)
L)y _ (¢"")
exp,(g™) = )~ (123)
n=0 {n}r'
n—m n— Z m; m; L i— .
Sy ey z"’ i K™
n=0mpr=0mp_1=0 mo=0 {n_zz QmZ}T‘ i=2 {ml}T'
k(z 1
= H Z (125)
i=1 m;=0 {mz}r
L .
=[] exp. (k" V) (126)
1

where the passage from ((124]) to (125) follows from Lemma O

5.2 The exponential symmetry S(JFL)

In this Section we identify the symmetry that will be used in the construction of the process
ASEP(q,j). To have a symmetry that has quasi-product form over the sites we preliminary
define more convenient generators of the Uy(slz) quantum Lie algebra. Let

E = qJOJ+, F .= J_q_‘]o and K = q2‘]0 (127)

From the commutation relations we deduce that (E, F, K) verify the relations

K—-K!
KE=¢EK and KF=q*FK [EF]l=——. (128)
q—4q
Moreover, from Theorem the following co-products

A(E) == Ag") - A(J) =By 91+ K, ® B (129)
AR =AJ7)- Al =F oK' +10 F (130)

are still symmetries of Hy). In general we can extend (129) and (130) to L sites, then we
have that

D = A(L*U(El)
_ A(L 1)( ) A(L 1)(J+)
= VI PRI L RS L
= i+ KB+ K KoEs+ ...+ Kq-...- K _1Ep, (131)

FO = AL-D(R)
= A A
= Jl_q*J{J*Q SiaJY e Jljilqi‘]g—li2]([), 4 JL_q*Jg
= F-Ky, ' Kp'4 4+ Fr KP4 F (132)
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are symmetries of H. If we consider now the symmetry obtained by g-exponentiating F(%)
then this operator will pseudo-factorize by Proposition

LEMMA 5.5. The operator

S

is a symmetry of Hpy. Its matriz elements are given by

= exp2 (EX)) (133)

.— i e s X i—1 s
1, mn|STIEL, ooy €L) = H < ) <2jfl> 1ni2&q(m &) 1—j+&+2 34 (&r—d)] (134)
v/ q

PROOF. From (128) we know that the operators E;, K;, copies of the operators defined in

(127)), verify the conditions (109 with r = ¢%. As a consequence, from (131]), (133) and

Proposition we have

S(’LL) = expgp (EW)
= €qu2(E1) -equz(KlEg)-"equ (Kl -"KLflEL)
= eXpg2 (q‘]?,]fr) * €XPg2 ( 2J7 q‘]2 J+> " €XPg2 ( 25005 Y J+)

= SSf---S) (135)

where Sj i= exp,2 <q2 Skt Jg*‘]?g]f) has been defined. Using (107]), we find

1 7—1
Sflén,. . 8) = ). o ( 237000 J0+J0J+> g2t g (136)
¢;>0 UHT
£;>0 q i q

where in the last equality we used (88)). Thus we find
S(—Z)‘gl?'-'agL> = S+S+"'S+’€17'--7£L> (137)

27 =& &+ 4
Y (s
0 bo, 0 >0 i=1 q q

g (1= +&)+26 S0t (k— )!51 + 0y, .. &0 +0r)

form which the matrix elements in (134)) are immediately found. O

5.3 Construction of a positive ground state and the associated Markov
process ASEP(q, j)

By applying Corollary we are now ready to identify the stochastic process related to the
Hamiltonian H(r) in .
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We start from the state |0) = [0,...,0) which is obviously a trivial ground state of Hp,.
We then produce a non-trivial ground state by acting with the symmetry S( ) in (133), as
described in Remark . 2.1] Using (|1 we obtain

9 = suo.0= S ] () e CATAS

l1,02,...0>01=1

Therefore we arrived to a positive ground state (cfr. Remark . Following the scheme in
Corollary [2.1] we construct the operator G defined by

G L)‘T/la"' 777L> = |7717"'777L><7717'-' 7"7L|S+’07"'70> (138)

In other words (/1) is represented by a diagonal matrix whose coefficients in the standard
basis read

L ,
2] ) o
(?71,---,nL\G(L)\gl,...,§L> = H (m> .qm(l-i-j 2j) O (139)
i=1 q
Note that Gz is factorized over the sites, i.e.

(s Ll Gplén, - - ) = © (| Gil&) (140)

As a consequence of item a) of Corollary the operator .25 conjugated to Hf, () via G( Ly
i.e.

2" = G HyG (141)

is the generator of a Markov jump process n(t) = (m1(¢),...,n5(t)) describing particles jump-
ing on the line {1,...,L}. The state space of such a process is given by {0,...,27}* and its
elements are denoted by n = (n1,...,n5), where 7; is interpreted as the number of particles
at site 4. The exclusion rule is due to the fact that on each site can sit no more than 2j
particles. The asymmetry is controlled by the parameter 0 < g < 1.

PROPOSITION 5.2. The action of the Markov generator L&) .= G(_LI)H(L)G(L) s given by
().
PROOF. From Prop051t10n 1| we know that H (L) = = H(r), hence we have that the operator

H( L) = G (L)G L) is the transposed of the generator £ defined by (141] - Then we
have to verify that the transition rates to move from 7 to £ for the Markov process generated
by are equal to the elements <§\ﬁ(L)|n).

Since we already know that .25 is a Markov generator, in order to prove the result it is
sufficient to apply the simﬂarity transformation given by the matrix G, defined in to

the non-diagonal terms of , ie. ¢ J £ T i1 ~/%1. We show here the computation only
for the first term, being the computatlon for the other term similar.
We have

0 0 _ _
(&, &i1|GiGisr - @V T T a7 GG i mis)
0 _
= <§i’quJi J;LGz‘ 1’7h> ® (€ir1lGird; g Jl+1Gz+1‘7h+1> (142)
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Using ([139)) and one has
(&lGig™ TG i) = " (25 — il (Gl + 1) (143)

and

(€s1|Gin1 Ty a TP G i) = ¢ TS ] i — 1) (144)

Multiplying the last two expressions one has

(' )\77> = @Mt 25 il (145)

that corresponds indeed to the rate to move from 7 to nt!? in . This concludes the
proof. O

REMARK 5.2. From item c) of C’orollary we have that the product measure ji(r) defined
by
pey(n) = |Gy ) (146)

is a reversible measure of L. Notice that it corresponds to the reversible measure P(&)
defined in with the choice a = 1.

6 Self-Duality results for the ASEP(q, j)

We now use Proposition [2.1] and the exponential simmetry obtained in Section [5.2] to deduce
a non-trivial duality function for the ASEP(q, j) process. We first have the following remark
on trivial duality functions.

REMARK 6.1. From @D and item a) of Theorem it follows that all the functions

L . -1
2 (145—2ji
do(n,€) = H (( ]> - g2 (+i=2 )) Ot (147)
q

=1 \\'h

are diagonal duality functions for the Markov process with generator £ 1.
We then deduce the main result, i.e. a non-trivial duality function.

PROOF OF IN THEOREM From Proposition [4.] . we know that H(p is self-adjoint,
. o, . _ + .
then, using Proposition with A = H(py, G = Gz given by (139) and S = S (1) given by

(134)) it follows that

G \SH G

wSnGw (148)
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is a self-duality function for the process generated by 25, Its elements are computed as
follows:

G STHGmle = (149)

-1 -1
(\W qm(1+j2ji)> (nlS;1€) ( (2]> .q£¢(1+j2ji)> = (150)
Py Ni/ 4 §i/ g
<77i) <2j - fz) /(2]) (2j> .q(’?i—fi)[Q S Cr—d)+& ]+ (25— — 1) (m+&) | lg<n =
1 Ez i q i SZ q

SE L (G-Dm—@i0g) TT (20 = Gl |
lHl [27]q![m: — &ilg!

I
Y~

I
=

7

(mi—&:)[2 2505 &t +4jiki | q ‘.

=4q q i <ni

Since both the original process and the dual process conserve the total number of particles
it follows that D) in is also a duality function. O

7 A second symmetry and associated self-duality

Up to now we worked with the symmetry S(J;:) defined in ([133]). In this Section we explore
other choices for the symmetry and their consequences.

7.1 Construction of alternative symmetries

We already observed that the operator F(X) defined in (I32) is a symmetry of Hy. The
following Lemma gives the exponential symmetry that is further obtained.

LEMMA 7.1. The operator
Si1) = expg-2 (F1) (151)

is a symmetry of Hyy. Its matriz elements are given by

<771, .. ’I]L|S {1, . 7‘£L H < ) (2 Th) 1mgéiq*(§i*m)[2Zézi-&-l(ﬂk*j)JFm*jJrl]
i q ] - gz
(152)

PROOF. From ((128]) we know that the operators F;, K;, copies of the operator defined in

(127)), verify the conditions (109) with » = ¢2. Then, from (160]) and Proposition

-

@) = oxPg2(F ")

= expy2(FK; .. K)o expy2(FL_1Kp ") - expy-2(Fp)
= eXpy-2 (Jl_q—J?—Z Tite J?) ..... eXp,-2 (Jg_lq_J2*1_2J2> - eXpy-2 (JEQ_J2>
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where S;” := exp,-2 (Ji_q*‘]zodzﬁzﬂr1 Jl(c)). Using (107) and the fact that [z],-1 = [z],, we

have

_ 1 _ _j0_o5L b1y,
Siler b)) = > 7 '<Ji 7 2Zk:i+1J,8) GUGD e e (154)
;>0 VHT
i 2] =&+ ¢ _op. 5L TN Pl
= Z 6' (7 (S, g2 Liemina (€r=) glilli=Eity 1)\51,---,51‘*&7--6L>
4; 4;
£;>0 q q
then

S(_L)fﬁl,---yfﬁ = Sl_SQ_SZ|§1a>€L>

- LS I, e,

01 o, 01 >0i=1

.q_%i Zé:iﬂ(fk—fk—j) qfi(zi—ﬁri-j—l)) |£1 Y £L>

From this the matrix elements in (152)) immediately follows. O

Other symmetries can be obtained as follows. Similarly to Section [5.2] we consider

E=J", F=¢"7 and K:=¢" (155)
and notice that (E, F, K) (as (F, F, K) in Section verify the commutation relations
. - . . ~ . K1
KE=¢EK and KF=q?*FK [EF=—F—+. (156)
q—4q
Therefore the following co-products
AE) =AJH) Al =B 0K, +10 B, (157)
AR =A(g) A =F @1+ K, F (158)

are symmetries of H(y). In general we can extend (157) and (158)) to L sites, then we have
that
E@) .= AC-DE
— _ _ 70
= ACT() AU
= Jl‘*'q_J?_sz'L:Q Tyt JZ‘_lq_Jgﬂ_QJg + JZ‘q_Jg

= El-}?2_1~...-K21+---+E~'L_1-R£1+EL (159)

PO~ AR
= A AGD ()
= I+ PRy 4 PRSI
= F1+K1F2+K1K2F3+...+K1‘...'KL_lﬁL (160)

are symmetries of Hp).
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REMARK 7.1. Notice that E‘(L) (respectively F(L)) is related to F(r) (respectively Er)) by a
transposition. More precisely, using (90), one has

(B = g 2Tl 4oy g7 N R R
= gq (Jl—q*«’?qﬂZf:z Ty JL—_lq—JE_lq*2J2 + JL—q*JE>
e (161)
(FDOy = T + @M T ¢ + .+ & i T JHg’t
g <qJ9J1+ T q2J9+J§J2+ Lot qzzf;ll JO+J9 JZF)
= ¢ '@ (162)

By exponentiating E( ) and F’( 1) the following two symmetries 5'(+L) and S(_L) are obtained.

LEMMA 7.2. The operator B ~
St = expga(EW) (163)

is a symmetry of Hpy. Its matriz elements are given by

L R
~ 27 — i % (s —E L _ R
(s oLl Sy 161, €p) =11 ’ ? ' TIA g R T =i g
(164)

PROOF. From (156) we know that the operators E;, K;, copies of the operators defined in

(155)), verify the conditions (109) with r» = ¢2. Then, from (159 and Proposition

LAp—es
= expp(E1Ky ' K)o exppe (B 1 KLY - expga(Er)
= exp (J;rqu?fQ SE, J?) ..... expyz ( I q—Jg_l—ng> expg ( . J2>
_ 555 65,

where S’j' = exp,e (J*q*J?*QZéziH Jg). Using ([107)), we have

7

= 1 _J0_oyL b 1y
SHer kL) = Y oK (Ji+q J0 2Zk:i+1J£> g 3G e (166)
;>0 U

29— & i+ _o9p. L T (il — i
= Z \/( jg 5 > ’ <£ E ) q 261 Zk:i+1(§k ]) q 61(524_& J 1)|§17 L) él + Ei? £L>
;>0 vl v
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then
Stln ) = SFSE..SHln )

- x (), (),

L . .
. q*%i > ki1 (Eetl—7) qfi(EiJr@ijl)) |61+ 01, ..., &L + £1)

. NJr .
Hence the matrix elements of 5’( 1) are given by (164). O

LEMMA 7.3. The operator 3 ~
1) = expg2 (F1) (167)

is a symmetry of Hpy. Its matriz elements are given by

i\ (27— i ) [2 L (=) — €144
(i, ..., 77L|S(L €1, .., EL) = H < ) <2j Z) qEmRES G -s1d] o (168)
q v q

i

PROOF. From (|156) we know that the operators Fi, f(i, copies of the operators defined in

(155)), verify the conditions (109) with » = ¢=2. Then, from (I59)) and Proposition

S = expga(FY)
= exp,-2(F1) - expy2(K1Fh) - expya(Ky - K, 1Fp)
= €XpPg-2 ( 1J ) " €XPy-2 (QQJ{)qJSJQ—) ..... exp, 2 < ZZL 1JO+JOJ )
= Sl 52 ...SL (169)

where S; := exp,-2 <q2 oy Y J[). Using (107)) and the fact that [z],-1 = [z],, we have

~ 1 i—1 NG 10
Si |§17"'7£L> = Z [f] ] (q2zk:1J2+J?']i ) qQ&(zl 1)|£1a"'a€L> (170)
2;>0 11q-
3 2] —&+6G\ (& O R U D 1)l S S
gl EZ PR )
£;>0 q q

then
S_L)‘gla"'aglz> = S_S_"'§_|€17“'7£L>

©LZIGEE, 6,

g T (6 )!51 =l —Lp)
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Hence the matrix elements of S(L) are given by (168). [

As it was done with the ground state S &) |0, ...,0), one could wonder what Markov process is
obtained if one uses the ground state S(JFL) |0,...,0). One can check by an explicit computation

(not reported here) that if H, (r) is transformed by a similarity transformation é( 1) given by

$ nlm, ... n) = \771,...,nL><n1,...,nL|§&)|O,...,0> (171)

one recovers the ASEP(q, j) Markov jump process.

7.2 Construction of alternative self-duality functions

One can wonder what other dualities are found using the other symmetries of the previous
Section. Using S(_L) one finds a duality function which is the transpose of . In the same

way S(JFL) and 5’(_L) give duality functions that are related by a transposition. Such duality
function is different from and is given by that we are going to prove below.

PROOF OF IN THEOREM From Proposition we know that Hy) is self-adjoint,
then, using Proposition with A = H ), G = G(1 given by (139) and S = 5'(_]:) given by

(134)) it follows that

GSw G

is a self-duality function for the process generated by Z®). Its elements are computed as
follows:

(172)

G50, G(; €) = (173)
-1 - -1
_ (/ - >> <n|s;|5>< (¥) -q&“ﬂ—%)) - (174)
=1 gz q
L . .
_ 2] —m) /<2]> <2]> &I @G Qi) i) g <, =
paie} & M) \&/, =

177¢§§¢

:qu (j—1)&—(3j+1)n;) H QJ—Th [€ilg & V23002 Gr—&i| +4gims

z:l 772]
Since both the original process and the dual process conserve the total number of particles

it follows that DE L) in is also a duality function. O

7.3 Comparison with the Schiitz duality in the case j = 1/2.
Consider the duality matrix D’ computed in , then the associated duality function is
L (&),
/L) (7775) = H (2;) (m gl)[Q Zk e 771]"’4]151 1§iS77i
i &i’q
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For j = 1/2 both &; and n; take values in {0,1} then
;=i and for § <m;i,  &mi =&

hence, assuming that &; < n; for all ¢, we have

(175)

L L L L
> (0 = &)ni = Zm D Gmi=) mi—y &=N-
i=1 i=1 =1 =1
where NV and M are the total numbers of particles respectively in the configurations 7 and
&, Thus
Th‘
—-sL
H : gl) l 1£z§7h =dq 22:1(771 Z i H 1£z<7h =cC 1{£z<7]17V'L}
=1 ; =1

On the other hand, assuming that &; < 7;, we have

L _ .
mi—&=1p—16-0,  then  [] PO T = II 7 S
i=1 imi=1,6:=0

then, for j = 1/2

L e i—1
D/(m {=c- Ligi<mi,viy q2 L it H QQZkzl K

:m;=1,§,=0

Now, using the Schiitz notation, one may represent a given M-particles configuaration by the
set C' of occupied sites. More precisely, let M be the total number of the configuartion &, we
denote by C' := {ki1,...,kn} the set of occupies sites k; € {1,...,L} k; < k;y1. With this

notation we have

L M
D=k
i=1 m=1

On the other hand, for the configuration n we denote by N;, ¢ = 1,..., L the number of

particles at the left of ¢ (with site ¢ included):

i
Nj = Z Mk
k=1

With this notation we have

Di1y(1,6) = ¢ gy iy - > Zm=r b g Zmmrgimo oo

Now, assuming that & < n; for all i, we have

Z N1 = Z Ni—q — Z Niq

1:m;=1,§,=0 um=1 un;=1,§=1
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Let now N be the total number of particles in the configuration 7, then we prove that

Z Ni1 = N(]\;_l) (178)

im;=1
We have

i—1
S O Nia= > mNia= > > mimk

i:nizl i:nizl i:nizl k=1
On the other hand

N? = (énf =Zinmk

i=1 k=1
L 1—1 L L L
DS ED DI
=1 k=1 =1 =1 k=i+1
L i—1
= 2 Z ik + N
=1 k=1

where the last identity follows because

L i—1 L L
S =Y ) mmk
=1 k=1 =1 k=i+1

and since , from the left identity in ((175]),

L L
Y om=) m=N
i=1 1=1

then (178)) is proved. On the other hand, from the right identity in (175)) we have

L i—1
YN = ) ombi Y m
k=1

wn;=1,;=1 =1
L i1
= Zﬁz‘ Mk
i=1 k=1
M kpn—1
= DD ™
m=1 k=1
M
= ZNkal (179)
m=1
Finally from (177)), (178]) and (179)) we have
M
N(N -1)
ISRV EL S (150
umi=1,§;=0 m=1
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Finally we have that & < n; for all ¢ if and only if all the sites {k1,...,ky} are occupied sites
for the configuration 7, then from (176 and (180 we have

M _ M
D/((L)Thf) = C/ . l{EISm,Vz} . q2 m=1 km q 2Zm:1 Nkm—l
M
— cl . H q2k’m q_ZNkm—l . nkm (181)
m=1

that is the Schiitz self-duality function (up to a sign, i.e. ¢** instead of g=2km).
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