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Abstract

We prove a duality between the asymmetric simple exclusion process (ASEP)
with non-conservative open boundary conditions and an asymmetric exclu-
sion process with particle-dependent hopping rates and conservative reflecting
boundaries. This is a reverse duality in the sense that the duality function
relates the measures of the dual processes rather than expectations. Specif-
ically, for a certain parameter manifold of the boundary parameters of the
open ASEP this duality expresses the time evolution of a family of shock
product measures with /N microscopic shocks in terms of the time evolution
of N particles in the dual process. The reverse duality also elucidates some so
far poorly understood properties of the stationary matrix product measures
of the open ASEP given by finite-dimensional matrices.
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1 Introduction

Duality expresses time-dependent expectations for one Markov process in terms of
time-dependent expectations of another Markov process and thus is an important
tool for the study of stochastic interacting particle systems [50, [51} [40], particularly if
the dual process has some simple properties that are “hidden” in the original process.
The key object is the duality function D: Processes m(t) with state space {2 and
&(t) with state space = respectively are said to be dual w.r.t. a bounded measurable
function D : Q x = — R if and only if for all p € Q,& € Z and t > 0 one has
E,D(n(t),§) = E¢D(n,&(t)). The subscript denotes expectation with the initial
states § = m(0) and & = &(0) resp. Considering the duality function D(n, &) to
represent a family of functions f¢(n) = D(n, &) indexed by & then duality expresses
for all members of this family the expectation of this function at time ¢ in terms of
the expectation at time t of the family of functions ¢”(§) = D(n, &) indexed by n
of the dual process.

In the last decade a very considerable body of work on applications of duality
to interacting particle systems defined on the one-dimensional integer lattice has
emerged see e.g. [10] [45] [52] 1), 18] [16] 46| [47] and references therein specifically for
very recent work on duality for processes closely related to the ASEP which is studied
in the present paper. To push this field further we introduce the concept of reverse
duality which expresses the time evolution of probability measures of one process in
terms of the dual process rather than relating time-dependent expectations. Reverse
duality can, however, be rephrased as a conventional duality for the time-reversed
processes and thus extends the framework of conventional duality. We use it to
derive a duality that has so far remained elusive, viz., for the asymmetric simple
exclusion process (ASEP) on a one-dimensional integer lattice of L sites with two
non-conservative open boundaries [49, 44, 25, [63]. On a certain manifold of boundary
rates for injection and absorption the open ASEP is shown to be reverse-dual to
an ASEP with particle-dependent jump rates on the same lattice but with two
conservative reflecting boundaries. Thus we go beyond a recent proof of self-duality
for one open and one reflective boundary condition [46] 47] and an earlier failure to
construct a non-trivial duality for two open boundaries [57].

The reverse duality for the open ASEP constructed here allows for expressing
the time evolution of a certain family of Bernoulli shock measures with N shocks
in terms of the evolution of the probability measure of the dual ASEP with N
particles and thus reduces the complexity of the time evolution of the system with
2L states to ( ]{“,) states. Specifically, the time evolution of a single shock in the many-
particle ASEP turns into the simple problem of a single biased random walker. The
evolution of initial measures with more than one shock can be studied through the
complete integrability [37, 27] which provides an explicit system of Bethe equations
for the spectrum of the generator [55, 56, 22, 23|, [70] and for which results on the
eigenfunctions are available [21]. Along the way one also obtains insight into some
of the properties of the stationary matrix product measures of the open ASEP
introduced in [25] which on the parameter manifold studied here is given by finite-



dimensional matrices [54].

The paper is organized as follows. In Sec. 2 we introduce reverse duality in
general terms, and define the ASEP with open boundaries, shock measures for the
ASEP (which give rise to the duality function), and the dual shock ASEP with
particle-dependent hopping rates (which turns out to the reverse dual). The results,
in particular the reverse duality, are stated in precise form as theorems in Sec.
3, with comments on the significance of these results. The theorems are formally
proved in Sec. 4. In Appendix A we show how the generator of the open ASEP
in the parametrization of the present work is related to the integrable Heisenberg
quantum spin chain with non-hermitian boundary fields of [55, 56] and in Appendix
B we discuss some properties of the boundary parameters.

2 Definitions

2.1 General definitions and conventions

We consider the finite integer lattice Ay, = [L_, Ly |NZ with L=L, — L_+12>2
sites. The Kronecker-9 is defined by

1 ifrx=y
Oy 1= { 0 else (2.1)

for x,y from any set.

For a finite or countably infinite vector space column vectors with components ¢;
are denoted by the quantum mechanical ket symbol | ¢ ) while row vectors denoted
by the bra symbol { ¢ | have complex conjugate components ¢;. The standard scalar
product is written in the Dirac convention

<¢|¢>:Z<5i¢i (2.2)

Notice the complex conjugation of the left argument.

Definition 2.1 (Kronecker product) Let A and B be two finite-dimensional ma-
trices with ma > 1 (mp > 1) rows and ngy > 1 (np > 1) columns with matriz ele-
ments A;; and By respectively. The Kronecker product A® B is a mamp X nanpg-
matriz C with matrixz elements

Cliymp+k,(i—1np+l = Aij B (2.3)

withi € {1,...,ma},j €{1,...;nak,k € {1,....mp},l € {1,...,n5}. The n-fold
Kronecker product of a matriz A with itself is denoted by A®™ and by convention
A®Y =1 and A®! = A,

Definition 2.2 (Local and bond operators) (i) With the two-dimensional unit
matrix denoted by 1 and an arbitrary two-dimensional matrixz a the Kronecker prod-
uct

a = 1°¢" L) @ag1®L+=h L e AL (2.4)
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is called a local operator acting on site k € Ayp,.
(ii) For any four-dimensional matriz b, bond operators by 41 with L <k < L, —1
are defined by the Kronecker product

brppr = 18F L) @ b @ 18E+—17F), (2.5)

2.2 Duality and reverse duality

For many applications it is convenient to express the generator of a Markov process
n(t) with countable state space in terms of the intensity matrix W whose off-diagonal
matrix elements W, ,  are the transition rates from configuration n to n’ and with
diagonal elements given by the negative sum Wy, = — Zn’ Wy of outgoing tran-
sition rates from state 1. In terms of intensity matrices W for the process n(t) and
Q@ for the process £(t), and with the duality matrix D with the matrix elements
Dye = D(n, §) duality is expressed in matrix form as the relation [72]

WD = DQ". (2.6)
This notion of duality has the following natural generalization.

Definition 2.3 Let n(t) be a Markov process with intensity matrizx W. A Markov
process &(t) with intensity matriz Q) satisfying

RW = Q"R (2.7)

with a duality matriz R with matriz elements Rgy, is called reverse dual to n(t) w.r.t.
the duality function R(§,m) = Re,.

Obviously, reverse duality is a mutual relation between two processes as can be
seen by transposing both sides of the defining equation (2.7) which then says that
n(t) is a reverse dual to £(t) with duality matrix RT. To give some motivation for
the notion of revsere duality assume that the processes n(t) and &€(t) have invertible
invariant measures my and 7 resp., i.e., my # 0 for all n and mg # 0 for all &.
This implies that that the diagonal matrices 7%;[/1 with diagonal entries ﬂv_Vl(n) and
ﬁc_gl with diagonal entries wél(f) exist. By definition, the intensity matrices for the
reversed processes are then given by W,., = ﬁ;leVTfTW and Qep, = ﬁélQTﬁQ, resp.,
so that W1 = ﬁWW,,evfrﬁ/l and Q) = 7?6_21 T,Tever. After transposition and with the
duality matrix D = ﬁ';VlRTﬁ'él the defining relation ([2.7)) for reverse duality turns
into the conventional duality relation W,.,D = DQZ_ for the reversed processes. In
other words, for reversible processes reverse duality implies a conventional duality
for the reversed processes and vice versa.

While conventional duality relates expectation values of the dual processes, re-
verse duality can be used to relate the measures for all times ¢ > 0. To see this,
we denote by pu(t) the probability of the configuration m(t) for some unspecified
initial measure ©(0) and for the process £(t) we denote by P(&,t¢’,0) the transition
probability at time ¢ from a configuration &' to a configuration &.
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Theorem 2.4 For a countable set = let Fz be a family of probability measures for
the process n(t) with countable state space ) and let the process &(t) with state space
2 be reverse dual to n(t) with duality function R(€,m) = p§ € Fz. Then at time
t > 0 the measure ué(t) is given by the conver combination

pE() =) P(&,t|E,0)u (0) (2.8)
-

of initial measures ,ug € F=.

Proof: The time evolution property (2.8)) of the measure follows directly from the
semigroup property of the Markov processes m(t) and &(¢) and Definition 2.3] of
reverse duality. 0

Thus if the duality function R(&,n) represents a family of probability measures
,u% indexed by & then reverse duality expresses the Markovian time evolution of all
members of this family of measures in terms of the probability measure of the reverse
dual process starting from configuation £ In contrast, considering the duality
function of conventional duality to be member of a measurable family of functions
f8(n) == D(n, &) of the states n and denoting the expecation of this function at
time ¢ > 0 w.r.t. some unspecified initial measure by Ef$(t), conventional duality
reads

Ef(t) =) P(& €, 0)Ef(0). (2.9)
2

This highlights the difference between reverse duality and conventional duality in
terms of the role of the transition probability of the (reverse) dual process.

For reversible processes &(t) with reversible measure m Theorem [2.4] can be stated
in a slightly modified form.

Theorem 2.5 For a countable set = let Fz be a family of probability measures for
the process n(t) with countable state space Q) and let the process &(t) with state space
= be (a) reversible with reversible measure ™ and (b) reverse dual to n(t) with duality
function R(€,m) = w(&)us, € F=. Then at time t > 0 the measure p&(t) is given by
the conver combination

() = P(€,]€,0)u% (0) (2.10)
e

of initial measures € (0) € Fe.

Proof: With S := #7'R reverse duality as defined in (Z.7)) implies for Q = Q" the

intertwining relation

SW = Q5. (2.11)
The time evolution property (2.10) then follows from the semigroup property of the
Markov processes n(t) and &(t) and reversibility of &(¢). O

Duality between measures is discussed in a different setting also in [19].
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Remark 2.6 The difference to Theorem appears in the time-reversal of the
transition probability of the reverse dual process and in the relationship between the
duality function R(&,m) and the measures js.

Remark 2.7 For self-dual processes with W = @ the intertwining relation (2.11])
expresses a symmetry of the generator [64), (35, [15] and for invertible S it constitutes
a similarity transformation between processes with intensity matrices W, Q [36].

2.3 Intensity matrices and quantum Hamiltonians

We recall that by construction the sum of all matrix elements in each row of the
intensity matrices add up to zero. It is well-known that the transposed intensity
matrix often takes the form of a Hamiltonian operator H = —W7 for quantum
mechanical spin chains [I, 53], [68] and concepts from quantum mechanics can be
imported to solve probabilistic problems even though in general H is not a Hermi-
tian matrix. To illustrate the point in the context of duality we mention that an
invariant measure is a ground state vector of the quantum system and non-trivial
self-dualities arise from non-Abelian symmetries of the generator [65, [66, 35, [15].
An general relation between duality and spectral properties of the generator - which
play a crucial role in quantum mechanics and can be computed exactly for integrable
systems - was recently worked out in [58]. Complete integrability can also be used
to directly construct novel dualities [69].

With this in mind we express below duality and reverse duality in terms of the
negative transpose H of the intensity matrix and in slight abuse of language we
also call H the generator of the process. Time-invariance of a measure 7 means
that the vector |7) is a right eigenvector of H with eigenvalue 0. Defining the
diagonal matrix 7 with the components 7(-) on the diagonal, the generator of the
time-reversed process is given by

Hypp = 7H 77! (2.12)
and has the same invariant measure 7. With H = —W7 and G = —Q” duality as
defined in (2.6)) then reads

DTH = GTD” (2.13)

with transposed duality matrix D7 with matrix elements Dgn = D(n,&). Reversed
duality as defined in ([2.7) becomes

HR" = RTG* (2.14)
and for reversible GG this yields the intertwining relation

HST =5Tq (2.15)
with ST = RT#~1,

To rephrase Theorem we use quantum mechanical bra-ket notation for vec-
tors and the scalar product (2.2). Then a probability measure for the process n(t)
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is a ket vector | u(t)) whose components ji,(t) are the probabilities of configura-
tion n(t). The Markov semigroup property yields | u(t)) = [(u(0) |exp (Wt)]T =
exp (—Ht)| 1(0)) so that the transition probability u(7', t|n,0) from a configuration
1 to a configuration i’ is given by

u(n' tn,0) = (n e |n') = (n'le""|n). (2.16)

and similarly for the process £€(t) generated by G. The evolution formula (ZI0) of
Theorem 2.5 reads in vector form

[ WE(t)) =) P(E.4]€,0) ¥ (0)). (2.17)

3

with the transition probability P(£',t€,0) of the dual process.

Remark 2.8 Under the conditions of Theorem the family F= of probability
vectors belongs to a right-invariant subspace of the generator H with dimension
d= < |Fz|.

2.4 ASEP with open boundaries
2.4.1 Generator

In the ASEP each lattice site k € A, can be occupied or empty as expressed by the
occupation numbers 7, € {0,1}. The particle configuration on the whole lattice Af,

is denoted by 1 := {nr_,nz_41,...,n, }. For a given configuration n we also define
the flipped configuration n* with occupation numbers
1-— ifl==k
E _ Nk
= { m else. (2.18)
and the swapped configuration n***! with occupation numbers
M1 i l=F
= gy ifl=k+1 (2.19)
il else.

Expectations are denoted by (-). In particular, (7 ) is called the local density.

Informally, the Markovian dynamics of the open ASEP can be described as
follows. A particle on a bulk site & € [L_ + 1, L, — 1] jumps with rate r ({)
independently of the other particles to right (left) neighbouring site k + 1 (k — 1),
provided the target site is empty. Otherwise the jump attempt is rejected. On the
left boundary site L_ a particle jumps with rate r to the right (if site L_ + 1 is
empty) or is annihilated with rate ~. If site L_ is empty then a particle is created
with rate . On the right boundary site L, a particle jumps with rate ¢ to the left
(if site Ly — 1 is empty) or is annihilated with rate 3. If site L, is empty then a
particle is created with rate 9.



With the local jump rate

wr(n) = rMe(1 — Meg1) + (1 — M) Mt (2.20)

and the boundary rates

b (n)=al—nr_)+yn_, b (n)=01—nw,)+Bne, (2.21)

the generator £ of this process is thus given by

L=LM% 4L+ Lt (2.22)
with the bulk generator
Lo fm) =Y wem)[f ™) — f(m)] (2.23)
k=L_

and the boundary generators

L7fm)=b"(mfm* )= fm)], LTfm)=b"(m)f(n")—f)]. (2.24)

Throughout this work it is assumed that all rates r, ¢, «, 5,7, d are strictly positive
and that r #£ (.

To write the corresponding intensity matrix we denote the two-dimensional unit
matrix by 1 and define the matrices

00 0 0

» |0 = ¢ 0

U (2.25)
00 0 0

wo o= (‘70‘ _‘2) (2.26)

ot — (‘55 _55) (2.27)

and the Kronecker products wy = w™ @ 1%8+75- i = 19975 @ w*, and

WYy = 187 @uwb @195+~ 17F In terms of these matrices the intensity matrix

for the open ASEP is given by

W = Wbulk + Wedge (228)
with
Li—1
Wbulk - Z wll;lﬁ-la Wedge = w;7 + wz:r- (229)
k=L_
In H := —W7 one recognizes a non-hermitian version of the XXZ quantum spin

chain with non-diagonal boundary fields [55] 56], see the appendix.
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To make contact with the well-known properties of the XXZ chain, the com-
putations below are done using H rather than W. Defining the particle number

operator
. (00
n = ( 0 1 ) (2.30)

and the Kronecker product fy := 1271~ @ 7 @ 195+7% one gets

H = Hyu, + Hedge (231)
with
-1 ) i
Hyuk = hickst,  Heage = hy, + 1, (2.32)
k=1
where
0O 0 0 0
= . R 0O r —r O
i = (e ) 4= OG- = | 0 7, 0 2y
00 0 0/,
~_ _ R a —
hy = —(wa)TjL(r—f)an = <—a 74—7‘7—6) , (2.34)
L
~ ) 5 —B
hi, = —(wi)" +(r—0Ong, = < ) . (2.35)
Ly Ly T\ -0 ),

Notice the addition of the discrete gradient (r —¢) (fig1 — fx) to the local bulk gen-
erators which cancel in (2.31)) with the corresponding contributions to the boundary

generators in (Z34) and (2:35]).
2.4.2 Particle current

Particle conservation in the bulk is reflected in the discrete continuity equation
Ly = jk-1 — Jk (2.36)

where
gk =11 = Meyr) — (L —m)n, Lo <k <Ly (2.37)

is the instantaneous current across bond (k, k + 1). At the boundaries one has
Lo =7 —jo, Lo, =jr.-1—J" (2.38)

where

im=al=mn )=y, jT=Pn, —0(1—ny) (2.39)
are the boundary currents with a source term a sink term each. Stationarity implies
constant expectation

Ji=(7) =)= (") (2.40)
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in the invariant measure which was first computed for the TASEP (v =6 = ¢ = 0)
in two different ways, viz., with a matrix product ansatz in [25] and simultaneously
by generating function techniques in [63]. The general case was solved subsequently
in [61].

2.4.3 Invariant matrix product measures

To discuss some properties of the invariant measure it is convenient to introduce the
jump asymmetry ¢ and the time scale w by

q:= \/; w = Vrl (2.41)
and to parametrize the boundary rates as

a=(r+w_)p_, y=UC+w_)(1-p_) (2.42)
B=r+w)l—p), d=L+wi)ps (2.43)

where the parameters wi. may be interpreted as boundary jump barriers and, as
seen below, the parameters p. play the role of boundary densities. It is convenient

to also consider the fugacity
p
= = — 2.44
2= 2(0) = 12 (2.44)
as a function of the density p. For an indexed density p; with ¢ from any index set
we shall use the notation

zi = 2(p;) (2.45)

as shorthand.
The invariant measure of the open ASEP is conveniently characterized in terms
of the functions [61]

ke(x,y) = %(y—xjw"—ﬁ:l: V(y—x+r—10))2 4+ 4zy) (2.46)

which are the roots of the quadratic equation

ok —(y—ax+r—0k—y=0 (2.47)
and which are related by
)
H+(LU, y)fi_(.l’, y) = _; (248>

As shown in [54] on the parameter manifold By defined by the relation

Fo (o, )R (B,0) = ¢ (2.49)

the invariant measure for the open ASEP can be expressed in terms of a matrix
product measure (MPM) with (N + 1)-dimensional representation matrices of a
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quadratic algebra satisfied by the matrices of the matrix product ansatz developed
in [25]. On the submanifold BY C By defined by the further constraint

ko(, )k (B,0)=q¢ M, 1<M<N (2.50)

the MPM has the special property that it exists only for system sizes L > N — M +1
[54] whereas away from this submanifold it exists for all system sizes [29]. Boundary
parameters satisfying (2.49) and (Z.50) for 1 < N < L define the setting that the
main results proved below apply to.

To get further insight into the significance of the parameter manifold By we note
that for N = 0 the condition (249) reduces to z; = z_. As shown in [61], with this
constraint on the boundary parameters the invariant measure is a Bernoulli product
measure with density p. = p_ and the manifolds (B.3]) and (B.4)) in Appendix[Blturn
into the stationarity condition (2.40) for the expectation of the current. Following
[49] this observation may be understood as follows. In a semi-infinite system with
L, = +oo the left boundary rates (242]) allow for an invariant Bernoulli product
measure with stationary density p_ < 1/2 and stationary current given by (B.3)
(corresponding to j = (j~)) while in a semi-infinite system with L_ = —oo the
right boundary rates (2.43]) allow for an invariant Bernoulli product measure with a
stationary density p, > 1/2 and stationary current given by (B.4)) (corresponding
toj = (j7)). When p, = p_ or p, = 1 — p_ the two currents (5~ ) and (j1)
match. Then stationarity of the Bernoulli product measure holds even in the finite
lattice Ay, for any Ly and any density p := p, = p_.

On the other hand, when p, = 1 — p_ stationary can only be attained with a
non-homogeneous density profile which has been argued to be a shock profile [63] [67]
analogous to a domain wall in driven non-equilibrium systems [30}, 48], 20} 4T} T7] but
with diffusive fluctuations of the domain wall position [28] 62], 23] proved rigorously
for the ASEP on the infinite integer lattice in [32]. Any mismatch of the boundary
currents in the range p_ < 1/2 and p, > 1/2 is then expected to be still realized by a
shock profile, but with a shock localized close to the left boundary for {j1) < (77)
or close to the right boundary for (j%) > (j~ ), thus explaining the origin of the
phase diagram of the open ASEP in terms of domain wall dynamics [42]. From a
mathematical perspective, this reasoning is a conjecture based on microscopic shock
stability proved only in the hydrodynamic limit [2]. As will be seen below, the
reverse duality constructed below provides a rigorous proof of this conjecture on
microscopic scale for the parameter manifold B} defined by ([2.49) and (2.50).

Finally we note that for system size L = N the invariant measure on the param-
eter manifold B}, is a zero-current blocking measure restricted to the finite lattice
[12]. This blocking measure, originally defined for the infinite system [50], is a
product measure with strictly increasing marginal fugacities z, o< ¢>*~5-), k € Ay,
is also an invariant measure of the ASEP with reflecting boundaries [60] where
a=0=~v=4§=0.
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2.5 Shocks in the ASEP

2.5.1 Bernoulli shock measures

In the spirit of [6], [L0] we extend the notion of Bernoulli shock measures to the finite
lattice. To this end and to allow for more compact notation auxiliary boundary sites
are introduced.

Definition 2.9 (Bernoulli shock measures) For auziliary boundary sites xo := L —
—1 and 11 := Ly +1 and a nonempty ordered set x := {xy,...,xn)} of N lattice
sites the product measure

Ly
m= 117 (2:51)
k=L_

with marginals

0= I—p)X =) +pime k=2, 1<i<N (2.52)
K (I—=p)X—me)+pmr i <k<ziq, 0<i<N '

is called a Bernoulli shock measure with N microscopic shocks at positions x; € Ay,
and left boundary density pg, right boundary density pyx, bulk densities p; for 1 <
1t < N —1, and shock densities p; for 1 <i¢ < N.

This definition is motivated by the fact that seen from a shock position the local
particle configuration of an infinite system becomes uncorrelated at large distances
[31, 24]. The Bernoulli shock measures extend this property to all lattice sites which
was found in [26] for specific shock densities whose fugacities satisfy the relation

Zi 2

=q (2.53)

Zi—1

and second-class particles at the shock positions.
The vector representation of a shock measure with N shocks is given by

<) = pXlm) (2.54)

and with the column vector |p.) := (1 — p., p.)T one gets the Kronecker product

|12) = o) @ | p1) @ | p) TPV @@ i ) @ o )BTV (2.55)

which reflects the factorized form of the shock measure.

2.5.2 Microscopic and macoscopic shocks

For a Bernoulli shock measure the expectation of the particle current (2.37)) inside
a domain with density p; is given by

ji = jlpi) = (r = O)pi(1 = pi). (2.56)
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As shown in [6] for shock densities pf = 1 the quantities

& = ﬁ (2.57)
o= 2.58
- L (2.58)

are the shock hopping rates of a microscopically stable shock with bulk densities
pi—1, pi satisfying (2.53]) which we therefore call the microscopic shock stability con-
dition. In [43] 4, 9] [10] the same microscopic shock jump rates were found with a
second-class particle [31] at the shock position which is equivalent to pf = 0. The
average shock velocity of shock ¢ between bulk densities p; and p;;4 is the difference

v; = df — d (2.59)

of shock jump rates and the variance of the shock position is described by the
diffusion coefficient

1
D; = 5(d;‘ +db) (2.60)

which appear also on macroscopic scale in the random motion of a macroscopically
stable shock in the ASEP [31],[32]. Notice, however, that because of the convexity of
the current-density relation j o p(1—p) only the milder condition Rankine Hugoniot
condition [59] is required for the macroscopic stability of a shock which for the ASEP
only implies p; 11 > p; rather than the strict condition (Z53). For consecutive shocks
this convexity also yields v; > v;11 for all ¢ so that after finite microscopic time
consecutive shocks become very close and form a bound state for all subsequent
times [6]. On macroscopic scale this phenomenon corresponds to a coalescence of
shocks [33]. Also other particle-conserving models with random-walking shocks are
known [43], 3, 39, [7, 5]

2.5.3 Shock random walks and MPMs for the open ASEP

A shock measure with IV stable shocks which all satisfy the microscopic stability
criterion (2.53) then has the property

EN N, (2.61)
20

If the boundary parameters of the open ASEP satisfy (2.49) with z_ = z; then
zy = zy then also (2.61)) is satisfied and the (/N + 1)-dimensional representations
of [54] of the stationary matrix product algebra of [25] are convex combinations of
homogenous Bernoulli product measures with fugacities zy and zy and Bernoulli
shock measures with N shocks satisfying (Z53) and (Z49) [38]. Therefore we refer
to (2.49) as boundary shock stability condition.

In fact, it was suggested even earlier in [43] that the shocks whose invariant
distribution in the finite system is described by the MPM remain stable during the
stochastic time evolution and perform a random walk dynamics. Here we focus on
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boundary rates satisfying also the condition (2.61]) and use reverse duality to prove
this conjecture and make it precise. In particular, we identify the shock densities p}
which allows us to elucidate special properties of MPMs satisfying (2.50).

2.6 Shock ASEP with particle-dependent hopping rates

Using duality it is proved below that on microscopic scale shocks in the open ASEP
on A, or more precisely the microscopic shock positions perform a random motion
that we introduced in more general form in [I0] under the name shock exclusion
process in the context of self-duality for a multi-species ASEP. Here we go beyond [10]
by considering non-conservative open boundaries instead of the more straightforward
case of conservative dynamics on Z. However, we focus on only one species of
particles.

For a single species of exclusion particles the shock exclusion process, has par-
ticles, labelled by ¢ with 1 < ¢ < N that are located on lattice sites x; with the
single-file condition g < 1 < T3+ < xy < xy41 with the fixed auxiliary bound-

ary coordinates xg := L_ — 1 and znx41 = Ly + 1. Thus the configuration of
all particles is represented by the coordinate vector x := (z1,2,...,zy) and each
particle has its individual jump rate
w;(x) = wi(x) + w! (x) (2.62)
with left- and right jump rates
'LUf(X) = df(l - 51‘&1‘1'714-1)(1 - 555i755i+1) (263)
wf(x) = d:(l - 51‘i71‘i+1_1)(1 - 5502‘7502‘71) (264)

given by the shock jump rates (Z57) and (Z58). The terms with the Kroneckersym-
bols entail the single-file exclusion principle and the boundary terms xq and x4
appearing in the rates w;(x) and wy(x) express the particle number conservation
at the reflecting boundaries.

The generator of the shock ASEP can be defined more formally by introducing
for a given coordinate vector x = (21, ..., xy) the locally shifted coordinate vectors
x* with the coordinates

ot = £ (2.65)

Definition 2.10 (Shock exclusion process) The N-particle shock exclusion process
of particles i, 1 <1 < N that are located on lattice sites x; € A, with the single-file
condition T < 11 < To-++ < xn < Ty and with jump rates (2.63), (2.64) is
defined by the generator

Mf(x) = Z M, f(x) (2.66)

with the single-particle hopping generators

M f(x) = wj(x)(f(x'7) = f(x)) + wi (x)(f(x'") = f(x)) (2.67)
for fixed parameters p; € [0,1], 0 <i < N.
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Remark 2.11 For N = 1 the shock exclusion process reduces to a biased random
walk on Ay with generator

Mf(z) = w'(@)(f(x = 1) = f(2)) +w"(2)(f(z +1) = f(2)) (2.68)
and with left- and right jump rates

wf(x) = dj[i(l - 6m,L,>(1 - 6m,L++1> (269)
w'(z) = dj(1—06pr,)(1 —0pr 1) (2.70)

for any fized pair of densities po, p1 € [0,1]. The intensity matriz Q is the tridiagonal
Toeplitz matriz with matrix elements

Quy = di(l - 5w,L7)(5y,w—1 - 5y,w> +di(1 - 5r7L+)(5y,w+1 - 5y,r) (2.71)

forxz,y € Ap.

3 Reverse duality for the open ASEP

The main result is the reverse duality of the non-conservative open ASEP and the
conservative shock ASEP with reflecting boundaries. The duality function is given
by the Bernoulli shock measures of Definition with N shocks and a specific
choice of shock densities determined by condition .50l Since the main ideas in the
proof for general N appear already in the simpler case of a single shock, we separate
the single-shock case (which also allows for more explicit information on the time
evolution of the shock measure) from the general case. Before stating these results
we assert reversibility of the shock exclusion process.

Proposition 3.1 The N-particle shock exclusion process[2.10 on Ay with reflecting
boundaries is reversible w.r.t. the unnormalized measure

N

7(x) = dexz (3.1)

1=1

| di

is the hopping asymmetry of particle 1.

where

Now we are in a position to present the main results.

Theorem 3.2 Let W be the intensity matriz (Z228) of the open ASEP with boundary
rates (2.49) and (2.43) and for parameters py and py let Q) be the intensity matriz
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of a simple biased random walk with generator (2.68). Further, let u® be the shock
measure (2.21) with left bulk density po = p— and shock density

Q@
= . 3.3
P1 oty (3:3)
The intensity matrices W and Q) satisfy the reverse-duality relation
W=Q"R (3.4)

w.r.t. the duality matriz R with matriz elements R, , = d3*u*(n) if and only if the
following three conditions are satisfied:

(i) The bulk shock stability condition (2.53) is satisfied for i = N =1,

(ii) The boundary rates are on the manifold By .

Theorem 3.3 Denote by pf the distribution at time t of the open ASEP, starting
att =0 from a shock measure u§ = p* and let Conditions (i) - (iii) of Theorem[3.2
be satisfied. Then, for any x € A,

pe(t) = ij P(y. t[z,0) 4/(0) (3.5)
where , o .
P(y.t|,0) = ju_ o ;di"%m)wp(y)%e—w (36)
with
Uoly) = disin (Ely+1- L)) —sin (Zy - L1.)) (3.7)
& = w [d1+d1_1—2cos (W—fﬂ (3.8)

1s the transition probability of the biased random walk generated by the intensity
matriz Q and starting at time t = 0 from x. The limit p} = limy_,o, u*(t) is the
unique tnvariant measure of the open ASEP with boundary parameters as specified
by Conditions (ii) and (iii) and is given by the convex combination

Ly

o Bzl L)
1= d2L—IZd . (3.9)

of shock measures p¥.

Remark 3.4 For asymmetric exclusion processes with open boundaries similar ran-
dom walk dynamics were found earlier for a single anti-shock with bulk densities
related by the inverse stability condition z; = q %2y under conditioning the process
on a special atypical value of the time-integrated particle current [8]. Boundary pa-
rameters in that work corresponded to wy = w_ = 0. In [39] random walk dynamics
of a single shock were proved for a discrete-time totally asymmetric simple exclusion
process with deterministic sublattice update and stochastic open boundaries. In this
model there is no constraint on the boundary parameters.
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Remark 3.5 According to condition (iii) in Theorem [3.2 the invariant measure
(3.9) can be expressed by the two-dimensional representation of the stationary matriz
product algebra characterized in the Appendices of [54)] which exists for any L > 2
and which is analyzed further in [12]. The homogeneous Bernoulli measure with
densities py and py generically contribute to the two-dimensional MPM [38] but are
absent in the conver combination (3.9). It would be interesting to explore whether
two-dimensional time-dependent matrices can capture the dynamics of some subspace
as has been proved for the SSEP with open boundaries [68] and also for a non-
conservative annihilating random walks with pair deposition [65, [69).

Remark 3.6 The spectrum of the generator given by the eigenvalues (3.8) yields
a subset of eigenvalues of the genmerator of the open ASEP and is in agreement
with the picture of spectral properties arising from a shock random walk explored in
128, (62, 25].

As pointed out above, Theorem is a special case of the following result for
duality functions given by Bernoulli shock measures with N > 1 shocks.

Theorem 3.7 Let W be the intensity matriz (2.28) of the open ASEP with boundary
rates (2.43) and (243) and for parameters po, ..., pn let Q be the intensity matriz
of the N-particle shock exclusion process of Definition and reversible measure
(31). Further, let i* be the shock measure (2.51]) with left boundary density py = p—
and shock fugacities

2z = ng_l) (3.10)

Y
for 1 < i < N. The intensity matrices W and @) satisfy the reverse-duality relation

RW =Q"R (3.11)

w.r.t. the duality matriz R with matriz elements R, = 7(x)uy if and only if the
following three conditions are satisfied:

(i) The bulk shock stability condition (2.53) is satisfied for alli € {1,...,N},

(ii) The boundary rates are on the manifold By for 1 < N < L.

Remark 3.8 The conservative reflective boundaries of the reverse dual are in con-
trast to the conventional duality for the open symmetric simple exclusion process
(SSEP) which is dual to the SSEP with nonconservative absorbing boundaries no-
ticed in [71] and later fully developed in [13, (34, including the generalization to
symmetric partial exclusion [6])]. An open question is whether a similar conservative
reverse duality can be constructed for the conservative asymmetric partial exclusion
process studied in [14] when non-conservative open boundaries are added.

Since the shock exclusion process with reflecting boundaries is reversible for any
N also Theorem has a natural generalization for NV > 1.
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Theorem 3.9 Let p*(t) denote the distribution at time t of the ASEP of Theorem
[3.7, starting from an N-shock measure p* = p*(0). Then

pe(t) = Py, tx,0) ¥ (3.12)

where P(y,t|x,0) is the transition probability of the shock exclusion process [2.10.
The limit pyy = limyo p*(t) is the unique invariant measure of the open ASEP
with boundary parameters as specified by Conditions (ii) and (iii) and is given by
the unnormalized convexr combination

2y N N-1

~ % J 2(Yi —yi

i = D T (3.13)
1 y =1

of shock measures with N shocks.

Remark 3.10 The spectrum of the generator of the N-particle shock exclusion pro-
cess can be calculated from Bethe ansatz [55, (56, 22, 23, [70]. However, there is no
simple expression in closed form. For results on the eigenfunctions see [21)]. Further
progress along these lines has been made recently for the SSEP with open boundaries
by using duality [34)]. It would be most interesting to generalize this approach to the
open ASEP to cover the full manifold of boundary parameters.

4 Proofs

We prove reverse duality and its consequences for the time evolution of shock mea-
sures by studying the action of the quantum Hamiltonian on the vector represen-
tation of the shock measures which are shown to form an invariant subspace. The
coefficients appearing in these computations yield the reverse duality with the shock
exclusion process. Sufficient conditions for a similar property were conjectured ear-
lier in [43] for second-class particles at the shock positions and in [38] for a single
shock. Here we obtain rigorously the necessary and sufficient conditions on the pa-
rameters of the ASEP for the reverse duality for a specific choice of shock densities
for N > 1 shocks..

4.1 Preliminaries

Everywhere below a vector denoted by |abc...) is defined to be the Kronecker

product |a)®|b)®|c)®... of two-dimensional vectors |a),|b),|c)--- € R? with

components (ag, a1), (bo, b1), (co, 1), . ... For vectors with components of the form

ag=1—p,a; =pand 0 < p <1 we use greek letters and write | p) and call p a

density. In slight abuse of wording we call for any vector |a) with ag # 0 the ratio
ai

z(a) == o (4.1)
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the fugacity. The functions
e-(-) =a—7z(), e ():=6-p2() (4.2)

play a role as eigenvalues of the boundary operators h™*.
For two vectors |a ), |b) we introduce the determinant

A(a, b) = aobl — a1b0 (43)

and recall that linear dependence of |a) and |b) is equivalent to A(a,b) = 0. For
2(b) = ¢*z(a) one has

agh a1 bo

Ala,b) =(r—b)—==(r = O)— (4.4)
For linearly independent vectors we also define the functions
a1Go 1 abo
d(a,b) = d(a,b) == (r =/ . 4.5
(@)= (= 5% da.b) = (= 5 (15)
( ) o(ao + al) ~ Ei(a)ao(bo + bl)

d b) = d b) .= 4.

:l:(av ) ( ) ) :l:(av ) A(CL, b) ( 6)

which play a role for the transition rates of the dual process. We recall that in all
assertions and in all the proofs below it is tacitly assumed that all boundary rates
and bulk jump rates of the open ASEP are strictly positive and that ¢ #£ 1.

Lemma 4.1 (Eigenvectors) (i) For any two vectors |a), |b) the bulk eigenvalue
property
hlab) =0 (4.7)

is satisfied if and only if A(a,b) = 0.
(ii) For vectors | a®) with components such that ayay # 0 and ai +ai # 0 the two
boundary eigenvalue equations

W a*) = ex(a®)] a*) (4.8)
have a unique solution with strictly positive fugacities given by
2a7) =k a,y),  z(ah) = k4(B,9) (4.9)
with k4(-,-) defined in ([2.40). The eigenvalues are

() = a=720) = (- (110)
Z .

() = 0—-0z2() = —(r— 6)1 +(z)() (4.11)

For aiaf = 0 or a + ai = 0 the eigenvalue equation ({.8) has no solution for

strictly positive boundary rates and r # £.
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Proof: Consider two vectors | a) with components ag,a; and |b) with components
bo, by and determinant Ay, defined in ([4.3]).
(i) For the product vector one gets from the definition (2:33))

0 0 0 0 aobo 0
_ O r —r O apbr | r

hlab) = 0 —¢ ¢ 0 aby | = Agp v (4.12)
0 0 0 0 albl 0

which proves part (i) of the Lemma.
(ii) To make notation less heavy we drop the superscripts & in the vectors | a® ) in
the following computations. From the definition (2.34) of the boundary matrix one

obtains
_ o Qap — Yay
hla) = ( —aag +ya, + (r — O)ay ) (4.13)

from which one reads off immediately that for strictly positive rates «,y there exists
no eigenvector with ag = 0 or a; = 0, i.e., for aga; = 0. To proceed with the proof
of the eigenvalue properties for a vector | a) such that aga; # 0 we define

N (4.14)

oy = (5,
- @J@M—J@m)m>—u4m@—a&mﬂm (4.15)

holds without further constraints on the vectors |a) and |b).

If an eigenvector exists (which requires d_(a,b) = d(a, b) or equivalently g_(a) =
1) then the eigenvalue is of the form e_(a) as defined in (£2]) and one deduces that
there exists no eigenvector with a; = —ag since then z = —1 and therefore g(a) # 1
for r # £. From g_(a) = 1 one also obtains the second equality in (£.10) and together
with the first equality one arrives at the quadratic equation
y—a+r—{ a
—z

~ 20 (4.16)
Y Y

22+
for the fugacity z = z(a). The positive root is given by z = k™ (a,y) which yields
(up to an arbitrary multiplicative factor) the components of the eigenvector |a ) in

terms of the boundary rates as in (4.9).
For the right boundary matrix one gets

B dag — Ba
h+‘a> o (—5&04-521—(;—@&1)
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- @4%m+d@m)m>—u4%m+ammnm. (4.17)

with a linearly independent vector |b). Eigenvectors with aga; = 0 or ag + a; = 0
cannot exist as can be seen by arguments analogous to the case treated above. For
an eigenvector one immediately reads off the first equality in (£11]). Moreover, an
eigenvector satisfies dy(a,b) = —d(a,b) which gives the second equality in (4.IT])
and together with the first equality in (A1) the quadratic equation

2 0—Brr—t

z——==0 4.18

5 3 (4.18)

for the fugacity. The positive root is given by z = k(f,d) which yields (@3] for
the right boundary. 0

Corollary 4.2 A probability vector |m) with factorized boundary marginals such
that |7) = |p_) @ |7) @ |py) and with 2, = ¢*Nz_ is an eigenvector of the
boundary operator h; + hL if and only if (2.49) holds.

Lemma 4.3 (Projection) (i) For vectors|a® ), |a®), i € {1,2}, such that a’a”
0 and d(()i)&gi) + 0 and a pair of linearly independent vectors (|6 ), 6@ ) ) such that
|6 is linearly independent of |a™V) and |b@ ) is linearly independent of | a® )
the two-site jump generator h has the three-dimensional projection properties

(A) hlaWpM Yy = W] aMpM Yy — M pMGM Y — M| aWp® ) (4.19)
with coefficients
uV = — d(b(l), b(l)), o) = d(a(l), d(l)), w = —d(b(l), (}(1)) (4.20)
and
(B) h|bPa? ) = u(2)| b2a ) — U(2)| a®p@ ) — w(2)‘ b2 g2 ) (4.21)

with coefficients

u® =7 +db?@5?), v® = —d@a?,a?), w? =dOp?,H?) (4.22)
if and only if the condition
z(a) 2
- 4.23

on the vectors |a™ ), |a®) are satisfied.
(i) For a pair of linearly independent vectors (|a), |a)) such that apa; # 0 and
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apay; # 0 and vectors |¢) linearly independent of |a), |c¢) linearly independent of
|a) the two-site jump generator h has the three-dimensional projection property

() hlaa) = wu|laa)—w|éa) —v|ac) (4.24)

with coefficients

u=d(a,é) —d(a,c), v=—dac), w=da,?c) (4.25)
if and only if the condition ({.23) is satisfied.

(111) If apa; = 0 or apay = 0 the projection equations ({{.19), (4.21)), and ({{-24) have
no solution for strictly positive boundary rates and r # £.

Proof: We focus on the projection property (A) and drop the superscript (1) to
make notation less heavy. The proof of the projection properties (B) and (C) is
analogous. In simplied notation ([AI9]) reads h|ab) = u|ab) — v|ba) — w|ab) from
which using (£I2) one obtains are the four linear equations

= uaobo — Ub()d() — waobo

)

ua061 — Ubogll — wa061

~—

r(a061 — a1b0

—K(aobl — a1b0 = ua160 — Ublao — U)ali?o

O —
|

= ualbl — Ubldl — walbl

for the three coefficients u, v, w. (a) Consider ay = 0 which implies by linear inde-
pendence by # 0. Then the first two equations yield v = r = 0 in contradiction to
r > 0. Hence there exists no solution for ag = 0.

(b) Consider ag # 0 and ap = 0. The first and third equation reduce to

0 = uby — wh (4.30)

—E(aobl — albo) = a (ubo — ’LUBQ) (431)

which due to linear independence yields ¢ = 0, in contradiction to the assumption
¢ > 0. Hence there exists no solution for ag = 0. The proof that there exists no

solution for a; = 0 or a; = 0 is analogous.
(c) To proceed with the generic case we introduce the fugacities

p=2 =0 (4.32)
Qo Qo

and consider next by = 0. Using linear independence the four equations yield imme-
diately the unique solution

u=r, vzfg, w=0 (4.33)
ap

if and only if Z = ¢%2 in agreement with the assertion of the theorem. For by # 0 it
is useful to define

Vi=v—, W:i=w—. (4.34)



The four equations turn into

u = [+ 4.35)
b= 4.36)
and
~ _bo > Qo, .
’f’(a,obl — albo) = Qg (f + ’LU)bl — w~—61 — €~—b0a1 (437)
bo ao
~ _bo > Qo, .
0 = aq (f + ’LU)bl — w~—61 — €~—b1a1. (438)
bo ao

Inserting the second into the first equation then yields

b = (’I“N— g)bléo _ (’l“ — f)blbo (439>
bibg — boby Ay

and this solution exists if and only if Z = ¢?2 as the second equation shows. Thus
with (3] one arrives at

u = l—(r—~0)-— (4.40)
AbB
_ % _ YN
vo= 6@0 (r—10) A (4.41)
boby
w = —(r—40)—-— (4.42)
AbB

and with the functions d(-,-) and d(-,-) defined in (@3] one obtains the coefficients

(E20). O

Corollary 4.4 For shocks satisfying the shock stability criterion (2.53) the shock
Jump rates d;. o satisfy the identities

d(pi-1,pi) = = P 01— pic1) +rpioy = di  (4.43)
; 1 —p; .

—d(pi, pio1) = epf’ - =7y _pf’ - = (L= p) + by = (4.44)

er(pi) = di —r (4.45)

e_(piy) = di — 1. (4.46)

which also imply did¢ = r{ independently of i.

7
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4.2 Proof of Proposition [3.1]

The proof of reversibility of the shock exclusion process) is essentially trivial. Ac-
cording to Definition 2.10 the intensity matrix of the N-particle shock exclusion
process is given by the matrix elements

N

Qxxr = Z [wf(x) (5x’,xi* - 5X’,X) + wir(x> (5x’,xi7L - 5X’,X)} : (447>

i=1
Using dyi+ x = 0y xi¥ one obtains
dfwf(x’)é&(x/)if = w:(x)5x17xi+ (448)

d[zwf(x’)éx,(x,)w = ’LUf(X)(Sx/’xif (449)

and 7(x'*)/7(x) = di? yields Qyx = Qxy7(x)/7(y) which is the definition of re-
versibility, viz., Q7 = #Q# !, in terms of the matrix elements. O

4.3 Reverse duality involving one shock

The modified duality matrix S with elements S, ,, = (n|ux*) = p*(n) is the matrix
with the column vectors |u®) as rows. For one shock the vector representation
(Z55) of the shock measure of Theorem 2.4 is given by

11y = 1po)* ) @ pr )@ p)* Y, Lo <a < Ly (4.50)
with p* given by (B.3)).

4.3.1 Proof of Theorem

One has to find the necessary and sufficient conditions under which the shock mea-
sures | u® ) form an invariant subspace under the action of H, i.e.,

Ly
Hlpry = 3 Gyl ) (151)
y=L_
with a matrix G and then show that G = —Q7 for the intensity matrix @ of

the biased random walk defined in Remark 211l To do so, we first employ the
projection lemma together with the eigenvector properties detailed in Lemma

4.1l and its Corollary .2 to prove (4.51)) if and only if (2.49]), (2.50) and (2.61)) hold
with N=m+1=1.

Shock in the range L_ < z < L,: From the product form of the shock mea-
sure, the eigenvalue properties (4.7) and (4.8 in Lemma [ and Corollary one
concludes

Hlp) = (712, + ﬁw—l,w + ilw,w+1 + B_|L_+>| 1)
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= 1) @ [y + hes) po) © 1 p1) © [ )] @ | o0 ) 24T
+(e=(po) + €+ (p1))| 1" ). (4.52)

Taking oV = a® = py, @V = a® = p;, bV = @ = pr in (@EI9) and @EZ) of
Lemma [1.3] yields after taking Kronecker products on the right in (£I9) and on the
left in (E.21))
hial popipn) = (€= d(p. b)) | popipn)
~d(po, p1)| piprpr ) +d(p7, 00)] podMpr )
has| popip1) = <T+d(/ﬁ,b(2’)) | popip1)
+d(p1, po)l popopt ) — d(p}, b)) pob pr ). (4.53)

Since bV and b® are arbitrary (except for the immaterial inequality with p}) we
can without loss of generality take b)) = b £ p*. Thus the projection lemma
asserts that for ¢ > 1, pf € [0,1] and any pair of densities pg, p1 € (0,1) such that
0 < po<p1 <1and z; = ¢z the three-site jump generator hia + has projects the
vector | popip1) = |po)®|p7) @] p1) on the three-dimensional subspace of spanned

by | popior ), [pipion) = | pt) @ | p1) ™%, and | popopt) == [ po)** @ | pi) as
(hao + has)| popipr) = (1 + €)] popipr ) — vou| Piprpr ) — Wl popopt ) (4.54)
with constants
upr =1+, wo = —d(p1,p0), Vo1 = d(po, p1) (4.55)

that do not depend on pj. The identities (4.43]) - (£40) then yield for arbitrary
shock density p7 the bulk closure relation

Hlp®) = [r+L+e(po)+er(p)]| p®) —di| 1) — dj| p**t)
= (df +d)|p®) —dy| p==) = df| =) (4.56)

if and only if the conditions (2.49) and (2.61]) are satisfied with N = 1.

Shock at the left boundary: From the eigenvalue properties in Lemma [4.1] one
gets

Hlpt=) = (hy_+hp_p g+ Wi ) pb)
= [(hy +h)pp) @ p)] @ p ) 2 +ec(p) pt).  (4.57)

To handle the left boundary term in (£57) use case B in the projection lemma
by choosing in [@21)) a® = py, b = p*, and a® = p; and by choosing in (ZI5)
a = py taking the Kronecker product with | p; ) on the right. This yields

Ploip) = (r+d(ei.5®) |pior)
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+d(p1, po)| popt ) — d(pr, ) 6P py ) (4.58)

and
Ml pior) = (d-(01,0) = d(pi.)) | pior) = (d-(pi,b) = d(p, ) | bpy ) (4.59)
Taking without loss of generality b = b® £ p; one finds

(h+h)lpips) = (r+d-(o1.5)) | pip)
+d(p1, po)| popi ) — d-(p1, )| bp1 ). (4.60)

Observe next that for p} as specified in the Theorem one has e_(p7) = 0 so that

d_(pt,b) = d_(p7,b) = 0 for any vector b # p}. Therefore

(h+h)|pipr) = rlpipr) +d(pr, po)l port). (4.61)

Using (4.44)) and (4.45) the conclusion from these computations is the left closure
relation

H|ph=) = [r+ep(p)l| =) + d(pr, po)| p==t1) = df (| b= ) — | p==T1))  (4.62)

if and only if p7 = a/(a + 7) as specified in the Theorem.

Shock at the right boundary: From Lemma [4.1] one gets in a similar fashion
Hlpt) = (hp +he,vp, + 05 )| p)
= ()| =)+ p0) T @ [(h+ B po) @[ p)] (4.63)

To treat (A.63)) we use the projection formula (4.19) in Lemma .3 with the replace-
ments aY) — py, bV — pr, @V — p; and take a = p* in ([EIT). After left Kronecker
multiplication with | py) this yields

Rloopt) = (£=d(p, ) | post)
—d(po, pr)| pip1) + d(p}, bD)] pob™D ) (4.64)
and
B pops ) = (d(01,0) + i (1,8)) | pop” ) = ({7, b) + i (67, B)) [ pob)  (4.65)

With b = b # po one thus finds the projection property

() popi) = (€= d(p1,50) + dlpi, ) + o 55,8)) | pont)

—d(po, p1)| pip1 ) + d(p, b)] pob™ )
— (d(p7,b) + d(p7,b)) | pob) (4.66)
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which with (44)) and (#46) and by choosing without loss of generality b = b(!) £ oy
leads to

(h4+h3) popy) = (L+de(p],D))]popt)
—d(po, p1)| pip1) — di(p1, b)] pob) (4.67)

Since by assumption holds one has e, (p1) = 0 so that d,(pj,b) = 0 for all
b # pr. With (£43]) we arrive at the right closure relation

Hipkt) = df (|ube) —|ub1)). (4.68)

Conversely, if does not hold then closure is violated.

It is thus proved that the set of vectors | u* ), z € A forms an invariant subspace
under the action of H if and only of the conditions (i) - (iii) hold. This allows for
writing (A.51]) with coefficients

d711 ((5%[,7 - 5y,L,+1> x=1L_
Gue =1 (di+d))0py — di0yy1 —di0py1 L <z <Ly (4.69)
di (0. = Oy, 1) z=Ly

Comparing with the intensity matrix ) of the biased random walk of 2.11] one finds
Gy = Quy. Thus with H = —W7T and S,,, := 7' (2)R(z,n) = pu®(n) one gets
SW = @S which according to (ZI1]) in the proof of Theorem is equivalent to
([B4) due to reversibility of the shock exclusion process w.r.t. the measure 7(z) = df
of the biased random walk. O

4.3.2 Proof of Theorem 3.3

The assertion (B.5]) as such, i.e., without specifying the transition probability, is
an immediate corollary of the time-reversed duality established in Theorem (B.2]).
The specific formula (B.6]) follows from the fact that the intensity matrix for a
biased simple random walk with constant rates is a tridiagonal Toeplitz matrix. For
readers not familiar with such matrices we outline how to arrive at (3.0): (a) The
transition probability is by definition the matrix element P(y,t|z,0) = (exp Gt),,
of the exponential of the intensity matrix. (b) The non-symmetric intensity matrix
can be symmetrized by the ground state transformation G = #G#~! where 7 is
the diagonal matrix with elements dT_L’ on the diagonal. (c) Diagonalizing the
tridiagonal Toeplitz matrix G (which is textbook) then yields the eigenvalues ¢y = 0
and ¢, (38) for 1 < p < L—1 and the associated eigenvectors of G with components
that can be expressed as

&1

Wo(y) B Cdy (4.70)
2
L (4.71)
1 — L
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and satisfy the orthogonality relations

Ly

> U T(y) =06,y Yp,q€{0,1,... L1} (4.72)

y=—L_

Orthogonality can be proved by expanding for d; # 1 the denominator in the power
series

1 2L-1 )
X T S odileT N dy > 1
s
— = n=0, (4.73)

dl —e L i(n+1)wp

1 o ilntD)m
—71_d%LZd1e I di <1
n=0

and using the orthogonality relations

Ly
2 oo +1—-L) =« +1—-L_
17 sin Py 7 ) sin aly 7 ) = g (Op—g.26r, — Optqoer(d.74)
y:L7 kEZ
L1
2 Cmple+1—L_) .« +1—L_
7 sin il 7 ) sin Py 7 ) = g (0p—y.2kL, — Oppy,26f.75)
p:l kEZ

and similar addition formulae involving three trigonometric functions. (d) It then
follows that P(y,0|z,0) = J, , and eigenvector decomposition of the matrix element
(exp Gt),, leads to (B.6). Finally, we note that existence of the limit ¢ — oo can
be read off the fact that the eigenvalues (B.8) of the intensity matrix are strictly
positive for all p € {1,..., L —1}. Uniqueness of the invariant measure follows from
ergodicity of the process. O

4.4 Reverse duality involving N shocks

The strategy of the proof is analogous to the case of one shock which can be used
as it is for shock measures that do not have neighbouring shock positions.

4.4.1 Proof of Theorem [3.7]

Isolated shocks If all shocks are isolated, i.e., there is at least one site with
density p; between consecutive shocks with densities p} py, ,, then according to (A)
and (B) of the projection lemma [£.3] the generator H acts on the shock measure by
acting on all shocks separately as in the case of a single shock. In other words, for
N shocks at positions z; such that x;.; — x; > 1 for all 7 one gets

Hpw) = (hz+z(ﬁm+ﬁxi)+hz+>mx> (4.76)

i=1

S [ =) (1 - 1)

1=1
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1 (1= ar) (110) = 112))) (4.77)

which implies invariance of the subspace with /N shocks with bulk densities satisfying

the microscopic stability condition (2.53]) and arbitrary shock densities provided that

no shocks at nearest neighbour sites appear in the sum over the shock positions.
The new situation for which closure needs to be proved are bunches of neighbour-

ing shocks. We call n shocks on consecutive sites xp, Tri1, ..., Tpin_1 With shock
densities p7, 1, pio, - - ., piy, and bulk densities p; on site x;,_; and p;i, on site x4y

satisfying (2.61)) with N = n a shock bunch of size n at position x;. An isolated
shock is called a bunch of size 1. Evidently, for a total of N shocks, the bunch size
is in the range 1 < n < N, the shock index is in range 0 < ¢ < N — n, and the
bunch position is in the range L_ < k < L, — N 4+ 1. The new technical ingredient
to prove closure for bunches is assertion (C) in Lemma 3]

Bulk bunches of size n: For fixed n we define the product vectors

| Zi) = | piPiaPiss - - - Pi—14nPinPitn ) (4.78)

| £2;) = (ilm + Z Pisr + ;ln+1,n+2)‘ =) (4.79)
k=2

~z+1 ) | PEaPi1Piys - Pit4nPienPitn ) (4.80)

i) = | PiPiPivs - PiiqnPi-14nPitn ) (4.81)

| Tij) == | pibia - PiaCiPfa - PirynPien ), 1 <j<i+n (4.82)

| ng )= PPl PGP P Pin ), 1< J S0 — 14 . (4.83)

To compute |§2;) we use Lemma 3] specifically assertion (A) for the action of
hy2, assertion (B) for the action of hn+1 n+2, and assertion (A) for the action of
the remaining local bulk jump operators hkk+1 in the summation symbol. Setting

aV = pi, @V = iy, b = pry, BV = ¢y in (A), @ = pf, @ = pk+1> ¢ = &,
€= Cpy1 forz+1§k§i+n—1in(C),anda(2):p+n_1,a()—p,+n, b@ = pr..,

b®@ = ¢, this yields

i+n
%) = (r+4+ > (d<pz,ak>—d<pz,ck>)>|5,~>

k=i+1
_d(pi7 Pi+1)| Ef—l—l) + d(Pz‘+m pi—i—n—l)‘ Ezr+n>
i+n
+ 3 (Aoh el Ta) = (i &) Ti) ) (4:84)

k=i+1

Without loss of generality we choose ¢, = ¢, # p; so that the sums vanish and using

(@43) and (Z44) one finds
1£2) = (r+0]5)

4 =/ r —-r
dz—l—l _’z+1> dz—l—n “H—n)
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= [dips +di + (= O(pi — pic1)] | Z0)

—d(pi; piv1)| Zi1) + A(Pisns Pivn-1)| Siin) (4.85)
if and only if (2.53) which is equivalent to (4.23) holds for all consecutive shock
densities and all consecutive bulk densities.

Applying this relation to a measure | u*) with N shocks at bulk positions L_ <

ry < --- < oy < Ly arranged in k& bunches one thus finds an invariant subspace
under the action of the generator by noting

Hlp*) = [e-(po) + ex(pn)]] 1

i=1
N

)
(

30— baprmisn) (4 + (= Opi)l 1) = df | <))
(

i=1

N
= Z df(l - 5%'71,%'—1)
1=1

N
S b (1) 1)
=1
+(r =€) (61..-po — 0L,y o) | 11¥) (4.86)

where in the first equality the bunch property and in the second equality we have
used cancellation of the terms in the telescopic sum over the diagonal density terms
with the boundary eigenvalues. Observing finally that 0., = dr, ., = 0 for
L <x <---<zy <L, we arrive at

H|p*) = de(l S S (| ) — | >)
+Zd§(1 = Oripr i) (I ) = >) (4.87)

= i ol (1) =12 7)) +wf (1) = 1)) | (a.88)

@
Il
—_

for shocks not at the boundary sites. It remains to prove closure when one or two
shocks are at the boundary sites L.

Bunch of shocks at the boundaries: We first consider a bunch of n shocks at
the left boundary but no shock at the right boundary, i.e., x1 = L_ and xny < L.
For fixed n we define the product vectors

| Z7) = |PiPs- - Pr1PrPn) (4.89)
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n—1

127) = (hy + ) ks + b)) Z2) (4.90)
k=1

| Z0) = | pips- - Prapn-1py) (4.91)

|T57) = |pl- Pj1CiPfgr - PriPrpn), 1< j<n (4.92)

1T57) = 1ol P alipfa - PraPrpn), 1< <n (4.93)

(4.94)

To compute | 27 ) we use assertion (B) in Lemma F3 for the action of A, 4 and
assertion (C) for the action of the remaining local bulk jump operators izkkﬂ in
the summation symbol. With a = pj and b = ¢; for the boundary terms, a = pf,
@ = pfi1, ¢ = Cpy1, and ¢ = &, for assertion (C), and b = p, a® = p,, a® = p,_,,
b = &, for assertion (B) this yields

127) = (d(pe) = d(p ) 127)
- (-t er) = dpi ) | 1)

+Z ( Pk Ck) (Pk+1>0k+1)> | £27)

n—1
_dekack ‘I'dekﬂackﬂ | Tt )
k=1

+ <7’ n d(pn,én)> 1)
+d(pp, pu1)| Z5 ) — d(p, 60)| T )
= (r+d(pren) 197) = d (o}, )| 17 ) + d(pn pua) | Z,)

+Z( ph ol T ) — dlpi 6| 7)) (1.95)

Now we choose use without loss of generality ¢; = ¢; and observe that by assumption
pr = a/(a+ ) so that d_(py,c1) = d_(p}, c1) = 0 for any choice of ¢;. Therefore

[27) = [ 27) +dpn, pna)| =)
= [d,+ (r=0pa]| 27) = d}| E7) (4.96)
where in the second equality (£.43]) was used and one gets for consecutive bunches
with a total of N shocks

N

Hwe) = S2di1 = da ) (10%) = [07)

=1
N

-+ Zd:(l — 5w¢+1,mi+1> <| MX) o "UIXH >)
=1
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—(r=0po (1= 0z ) [ 1), (4.97)

Since for a shock at the left boundary site one has 1 —¢,, ;= 0 one recovers (4.88)
also for 1 = L_. For a bunch of shocks only at the right boundary or two bunches
on both boundaries similar computations using (250) with N = m + 1 also lead to
(A88) which is therefore valid for any set of sites x.

Hence invariance of the subspace spanned by the vectors | u*) is proved. The
closure relation (4.88) can be recast as

H ) = =3 Quyl %) (4.98)

with the matrix elements Qxy (4L.47) of the intensity matrix for N-particle shock
exclusion process. With the same arguments as at the end of the proof of Theorem

3.4 one arrives at (3.1T]). O

4.4.2 Proof of Theorem

The time evolution formula (B12]) follows from Theorem Existence of the limit
(B13)) follows trivially from the finite state space of the ASEP defined on Ay (which
guarantees existence of an invariant measure) and uniqueness follows from ergodicity
which is guaranteed by the strict positivity of the boundary rates. O
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A The XXZ quantum spin chain with non-diagonal
boundary fields

We denote by 1 the two-dimensional unit matrix and by 1 the unit matrix of di-
mension 2F. We also recall the standard definitions the Pauli matrices and some of
their linear combinations.

Definition A.1 The Pauli matrices are the 2 X 2 matrices
. (01 v (0 —i . (1 0
a-(lo), U_<z' 0), a-(o_l) (A.1)
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and

ot = % (0" & io") (A.2)

are the particle annihilation and creation operators. The diagonal matrices

1
ﬂ:§(]l—az), ’(AJ:

(1 +0%) (A.3)

N —

are the particle and vacancy projectors respectively.

With these notations the negative transpose H (2.31]) of the intensity matrix M

([2:28) is given by
Li—1

H = = [r(0f 05 — tben) + Loy 0y — Okfesr)]
k=L_

—lalop —or ) +7(op — e )+6(oy, —ou,) + Blog, — i, )|(A4)

A transformation with the diagonal matrix
Q=[] ™ (A5)

symmetrizes the bulk jump matrices. With the parameters

0:=Ing, w:=Vrl (A.6)
o
Eo:= (L — 1) cosh (6) + M% (A7)
and with the parametrization
w e?- v
“ g o esinh ¢_ coshy_ (A.8)
Y b A
T Y ¢_ cosh)_ (4.9)
w e¢+_'¢}+
= —sinh Al
p 2 S esinh ¢4 cosh)y (4.10)
w e~ P+T¥+
0 = —sinhf A1l
2 "MV ¢ cosh iy ( )
0 = Y_—o¢_+0L_ (A.12)
0y = o — 4 +0Ly (A.13)
one gets the quantum Hamiltonian
HXX? = OQ'HQ (A.14)
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Ly—1

w
= 3 Z lofof 1 4+ olol 4 cosh (0)ofor, ] — Eol
k=L_
sinh L ) B
o o cosh i (e 07 +e’of +sinhi_ cosh ¢_0L7>
sinh 0 L ) B
+sinh Gr cosh i, (e O+ o, + e+ UL — sinh ¢ cosh ¢+0L+> }A.15)

of the XXZ spin chain with non-diagonal and non-hermitian boundary fields in the
form presented in [55] for w =1 and E, = 0.

In terms of the parameters (A.6)) - (A.13]) the boundary functions (2.46]) are given
by

fi(a,y) = efm oot (A.16)
Ri(B,0) = efrrvrTierthy (A.17)

so that the condition (2.49) reads
G+ + s+ by =0, —0_+ (2N — L+ 1)0. (A.18)

This is the integrability condition found in [55]. O
The special condition (Z50) reads

04_? _ 20 b —p) _ —20(N-M) (A.19)
Y

which can be recast as

0, —60_+6(N—M—L+1)=0. (A.20)

B On the parametrization of the open ASEP

With the parametrization (Z42) and (Z43)) one gets

14 _
k) =27 ko(a) = - (B.1)
¢
ki (8,0) = 2o, K (B,8) = —Tii: (B.2)

The independence of the function k. («,7y) of w_ can be seen by noting that x/p —
y/(1—p) =r —{ and therefore y — x +r — £ = 22-' — yz_ so that the argument of
the square root becomes (xz~' + yz_)2. With the role of p and 1 — p interchanged
one then also realizes that x,(3,0) is independent of w,. Thus on the parameter
manifold given by

(r=0p-(1=p-) =a(l=p-) = 7p- (B.3)

34



one has r, (a,y) = 22! and on the manifold

(r=0p+(1—py) =Bpy —6(1 — ps) (B.4)

one has k4 (5,0) = 2.

For ¢ > 1, boundary densities p+ € (0, 1), and boundary parameters in R™ one
has wy > —/¢ and correspondingly —1 < k_(z,y) < 0. Moreover, k, (z,y) € RT.
Then (2:48) implies py < o7 < p1. On the other hand, for ¢ < 1 where a downward
shock with py > p; is macroscopically stable one gets —oo < k_(x,y) < —1 and
therefore p; < 07 < po. Hence either way the shock density is between the boundary
densities of the shock.

Alternatively, (2.50) can be written

of 2(N—M)
- B.
5 (B.5)

In terms of the parameters pL the manifold By defined by (2.49) is given by

o2V Nent (B.6)

zZ_
and (Z50) defining the submanifold B can be written as the constraint

(r+w )(r+wy) _ oM
C+w)(l+wy) T

1<M<N (B.7)

on the boundary parameters w. .
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