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Abstract. The exact solution of a model of nonequilibrium physics derived
from the boundary symmetry in the form of deformed Onzager algebrais pre-
sented. The symmetry is generated by nonlocal charges that render the model
to be exactly solvable in the steady state and provide a unified description of the
dynamics of the boundary driven process.

PACS codes: 02.50.Ey, 05.70.Ln, 75.10.Pq, 02.30.1k

The simple exclusion process (SEP) has become a paradigm in nonequilibrium
physics[1-3] dueto its simplicity, rich behaviour and wide range of applicabil-
ity. It isan exactly solvable model of an open many-particle stochastic system
interacting with hard core exclusion and is considered as fundamental as the
Ising model is for the equilibrium statistical mechanics. Introduced originally
as asimplified model of one dimensional transport for phenomena like hopping
conductivity [4] and kinetics of biopolymerization [5], it has found applications
from traffic flow [6] to interface growth [7], shock formation [8], hydrodynamic
systems obeying the noisy Burger equation, problems of sequence alignment in
biology [9]. The asymmetric process (ASEP) has rich physics. At large time
the ASEP exhibits relaxation to a steady state, and even after the relaxation it
has a nonvanishing current. An intriguing feature is the occurrence of boundary
induced phase transitions [10] and the fact that the stationary bulk properties
strongly depend on the boundary rates.

The SEP dynamics is governed by a master eguation for the probability distri-
bution P(s;,t) of a stochastic variables; = 0,1, at asitei = 1,2,...,L of
alinear chain. In the set of occupation numbers (s1, s2, ..., s1,) specifying a
configuration of the system s; = 0 if asited isempty, or s; = 1 if the site
is occupied. On successive sites particles hop with probability g dt to the l€ft,
and g1odt to the right. The event of hopping occursif out of two adjacent sites
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one is avacancy and the other is occupied by a particle. The symmetric simple
exclusion process is the lattice gas model of particles hopping between nearest-
neighbour sites with a constant rate go; = ¢190 = g. The asymmetric simple
exclusion process with hopping in a preferred direction is the driven diffusive
lattice gas of particles moving under the action of an external field. The process
istotally asymmetricif all jumps occur in one direction only, and partially asym-
metric if there is adifferent non-zero probability of both left and right hopping.
The number of particlesin the bulk is conserved and thisis the case of periodic
boundary conditions. In the case of open systems, the lattice gas is coupled to
external reservoirs of particles of fixed density and additional processes can take
place at the boundaries. Namely, at the left boundary ¢ = 1 a particle can be
added with probability adt and removed with probability vdt, and at the right
boundary i = L it can be removed with probability 3dt and added with prob-
ability ddt. Without loss of generality we can choose the right probability rate
g10 = 1 and the left probability rate go1 = ¢. The totally asymmetric process
correspondsto ¢ = 0 and the symmetric - to ¢ = 1. In the quantum picture the

master equation % = > . I(s,s")P(s',t) is related to a Schroedinger
equation in imaginary time for a quantum Hamiltonian with nearest-neighbour
interaction in the bulk and single-site boundary terms. The equivalence to the
integrable spin 1 /2 XXZ quantum spin chain and added most general non diago-
nal boundary terms[11] allowed for derivation of exact resultsfor the ASEPR, like
the inferred Bethe ansatz (BA) by de Gier and Essler [13] for even number of
lattice sites. Despite this equivalence the two systems describe different physics
due to the stochastic nature of the diffusion process. Important distinguishing
features[3] are: i) the elementsof P(¢) are probabilitiesand must al be positive
in contrast to the quantum case where the wave function elements squared are
probabilities, ii) the special form of the transition rate matrix where each column
sums up to zero due to probability conservation. Therefore one has been look-
ing for an independent treatment of the stochastic dynamics. The matrix product
approach (MPA) was developed for description of the stationary stochastic be-
haviour. We generalize the MPA to atridiagonal algebraapproach which reveals
hidden symmetries of the stochastic process and allows for the exact solvability
in the stationary state and description of the dynamics. In our study we are led
by the major importance of the boundary conditions for a noneguilibrium sys-
tem in contrast to an equilibrium one. We use the boundary algebrawhichisthe
deformed analogue of the Onsager algebra of the Ising model. In this paper we
present the diagonalization of the transition rate matrix in a complete set of 2 ©
states for arbitrary range of the boundary parameters.

Matrix Product Sate Ansatz (MPA): In this elegant algebraic approach [8, 14]
particle and hole configurations are represented by strings of two elements in
terms of which the steady state properties of the SEP can be obtained exactly.
For agiven configuration (s1, s2, ..., s1,) the stationary probability is defined by
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(w|Ds, D, - - Ds |v)
Zr,
i=1,2,...,Lisoccupiedand Dy, = D, if asiteiisempty and Z;, = (w|(Do+
D1)L|v) is the normalization factor to the stationary probability distribution.
In the asymmetric case the operators D;,i = 0, 1 satisfy the quadratic (bulk)

algebra

the expectation value P(s) = ,where D, = D; if asite

DDy — qDoDy = 1Dy — D19, x0+x1 =0 D

with boundary conditions of the form

(BD1 — 8Dg)|v) = xo|v) @
(wl(aDo —vD1) = —(wl|z1.

and (wlv) # 0. We stress the one parameter dependence of the MPA due to
x9 = —x1 = (with0 < ¢ < oco. In most known applicationsit is restricted
to the choice ¢ = 1. The relation 2o + 271 = 0 is due to the boundary rate
matrices whose columns sum up to zero. It reflects the stochastic nature and
implies an abelian symmetry with a conserved quantity Do + D, following
fromDO — Do +x9,D1 — D1 + 7.

The MPA is an efficient method to evaluate exactly all the relevant physical
guantities, such as the mean density at a site 4, the correlation functions, the
current J through a bond between sites i and 7 + 1. Exact results for the ASEP
with open boundaries were obtained within the MPA through the relation of the
stationary state to g-Hermite [15] and Al-Salam-Chiharapolynomials[16] inthe
casey = § = 0 and to the Askey-Wilson polynomials[17] in the general case.
dynamical MPA [18].

The generalization of the MPA to atridiagonal algebra approach is based on the
appearance of the quantum affine U, (su(2)) agebraas the hidden bulk symme-
try of the ASEP and the interpretation of the boundary operators as covariant
elements (coideals) of the bulk symmetry. The boundary symmetry is a tridi-
agonal algebra[19] in the form of a deformed Dolan-Grady algebra [20]. (Our
algebra and method differ from the ones in [21] and [22] for the exact spec-
trum of the X X' Z chain). The irreducible modules of this algebrain the form
of infinite-dimensional matrices are important for the exact solution in the sta-
tionary state while the nontrivial truncation produces a complete set of eigenval-
ues diagonalizing the transition rate matrix. The crucial point for the quantum
affine symmetry to arise as a hidden symmetry is the continuous parameter in
the quadratic algebraand in the boundary conditions. As already pointed out the
open ASEP is equivalent through a similarity transformation to the U ; (su(2))
invariant X X Z spin chain with added general nondiagonal boundary terms (in
the proper parametrization). The affine symmetry is an extension of the quantum
U, (su(2)) agebrawhich introducesanew quantum number called the level with
the "value added” [23] that the larger symmetry gives more information about
the solution.

286



Exact Solution of the Simple Exclusion Process from Boundary Symmetry

We now describe our procedure of obtaining the exact solution of the open driven
diffusive system. In the general case of open ASEP with incoming and outgoing
particles at both boundarieswith all boundary parameters nonzero the four oper-
ators 3D, —0 Dy, —y D1, aDy formtwo linear independent boundary operators
D¥ and D acting on the dual boundary vectors. Our starting point is the bulk
quadratic algebraof the MPA. It can beimbeddedin alarger algebrawhich upon
the implementation of the affine transformations takes the form

[Do[Do[Do, D1]glg—1 =0,

[D1[D1[D1, Dolgl,-1 = 0. (©)

These arethe defining ¢-Serrerelations of alevel zero quantum affine U ; (su(2))
algebra. It arises asthe (hidden) bulk symmetry and one can construct the bound-
ary operators with the properties of covariant objects. In the case of quantum
affine symmetries these are the coideal elements. On them the algebra acts by
comultiplication whose physical understanding is through the anal ogy with vec-
tor addition of angular momenta with the difference that the addition depends
on the order. Hence we can present the boundary operatorsin the form

DRzﬂDl—aDozA+xof_5

L * a—7 (4)
D*=aDy—~vD1=A —|—x01 ,

wherethe operators A, A* areinfinite-dimensional matrices. The importance of
this presentationisthat A, A* obey the deformed Onsager algebra

(A4, [A[A, AT]glg—] = plA, A7) ©)
(A%, [AT[A", Alglg—] = p"[A", Al

where [A, A*], = ¢'/2AA* — ¢~Y/2A* A is the ¢-commutator and with the
structure constants depending on ¢, «, 3,7, ¢

p= .’E(Q)ﬁ(sq_l(ql/Q +(]_1/2)2, (6)
pr = x%awqil(ql/z%-q*lﬂ)?
The AW agebra is represented by infinite-dimensional matrices in the space
of symmetric Laurent polynomials with basis the Askey-Wilson (AW) poly-
nomials, denoted p,, = p,(z;a,b, c,d|q) [26], depending on four parameters
a,b,c,d, withpy = 1,z = y +y~ !, 0 < ¢ < 1 and athree term recurrence
relation
TPn = bnpn+1 + anpn + CnPn—1, p—1=0. (7)
We need only the explicit form of the matrix elements b,

(1 —abg™)(1 — acg™)(1 — adq™)(1 — abedq™ 1) .

b, =
a(l — abedg® 1) (1 — abedg®™)

®
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Let A denote the matrix satisfying (10) in the basis (po, p1,p2,...). Thenin
the space of Laurent polynomials with basis (po, p1, p2, ...)t the right boundary
charge DF = (D; — %Do) is diagonal with diagonal eigenvalues

1 1
w=—— (bg " +dq") + ——(1 :
A 1_q(bq +dq)+1_q( + bd) 9)

and theleft one (Dg — ng) istridiagonal

1
1—

i t 1
Dy——D,) = 1 .
(Do o 1) qb.A +1 (1+ac)

The dual representation has a basis pg, p1, p2, . . . with respect to which the left
charge D' = (Do — %Dl) is diagonal with eigenvalues

1 1
* —-n n — (1 1
An 1_q(aq +cq)+1_q( +ac), (10)
andtheright one (D; — %DO) istridiagonal
é 1 1
D1 —=Dy) = 1 .
(D1 3 0) 1—qu+1—q( + bd)
The choice of the boundary vectors (w| = h,gl/z(po,o,o,...), [v) =

ho (0, 0,0,...)t (ho isanormalization) as eigenvectors of the diagonal ma-
trices (Dy — %DO) and (Dg — lDl) uniquely relates a, b, ¢, d to the boundary
«

parameters o, 3, 7, d intheforma = k4 (a,7), b = k4+(6,9), ¢ = k_(a,7),
d=k_(8,9), with

(1—q)+7’—l/:|:\/(V—T—(l—q))2+41/7'.

55 (11

K::I:(V7 T) =

It isimportant to emphasize that these are the functions of the parametersthat de-
fine the phase diagram of the model. In all applicationsthey have been taken for
granted. Here only they are uniquely determined by the properties of the bound-
ary algebra. The transfer matrix Do + D, is aso determined by the boundary
symmetry. Its form of an infinite-dimensional matrix was exploited in [17] for
the exact calculation of the current, normalization factor to the stationary proba-
bility distribution, the correlation functions. Thus the boundary symmetry isthe
deep agebraic property behind the exact stationary solution of the ASEP.

To diagonalize the transition rate matrix we need construct an irreducible repre-
sentation of dimension 2%. This s achieved by truncation of the three-terms re-
currencerelation so that b,, = 0, i.e., if any of the factorsin the numerator in (8)
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is zero, in particular, with our normalization abed = g—g if the condition holds

af = ¢~ '~6 which imposes a constraint on the mode! parameters and restricts
the nonequilibrium behaviour. Indeed, this condition is known as the detailed
balance condition and it is a characteristic of equilibrium. We need a nontrivial
way to obtain finite-dimensional boundary matrices. Here is the important point
where the added val ue of the quantum affine symmetry comesinto play. We im-
plement the affine parameter ¢ to rescale the parameters a, b, ¢, d in the matrix
elements of the shifted boundary operators and use the zeros « 1, = yi, + y;, ! of
the AW polynomial of order L p;(y) = Hﬁlzl(y — ym)(y — y,,b), which for
any finite L obey the Bethe ansatz equation [27, 28]

L

} 4 (qvi — yx)(qyiye — 1)
(b(yh a? ’V)q)(y’u /67 i lllsél yz _ qyk)(yzyk _ q) ) (12)
where A
By a,7) = AL R0~ h(007)) (13)

(k+ (O‘7 V)yi - 1)(]6* (O‘7 V)yi - 1) ’
and k4 (v, 7) given by (11). For each zero z i, k = 1, ..., L the truncation yields
finite-dimensional matrices A, A* which obey the deformed Dolan-Grady re-
lations (12). The next step is to take as a basis for the algebra (12) L two-
dimensional modules po(xx), p1(xk). On each of them the operator A acts as
multiplication by ;. On atensor product it acts by means of the comultiplica-
tion

A(A)=A4;, T+ TR Ag, + A;, @ Ay, (149
which is such that the order of how the operators act is important. We associate
further with each lattice site ¢ abasis vector po(z;) if asiteis empty (occupation
number s; = 0) or py(x;) if thereis a particle on the site (occupation number
s; = 1). Thetensor product of L such modules has dimension 2 “. Theiteration
of the comultiplication produces 2% — 1 distinct eigenvalues of the matrix A
in this representation and correspondingly of the right boundary operator. The
missing vector is the eigenvector (1,0, ....,0) of the matrix A*, corresponding
to the stationary state of the ASEP. The 2 dimensional matrices A, A* satisfy
the deformed Dolan-Grady relations. Thetransition rate matrix is represented as
I' = D* + DF andinthe 2” complete basis has the form

L
P=a—v+6-8+( l—qz +(1—q)?> @i, +

i<j
+ (1 —q)Fa129..21, (15)
wherei; ' =y, +y; ' and y; satisfy the Bethe-Ansatz equation (12).
We note that for the ASEP there is only one complete set of eigenvectors diag-
onalizing the transition rate matrix in contrast to the X X Z, where there are
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two systems. This solution of the ASEP is valid for any finite L. We can
compare this solution with the result in [13], for even number of sites and
in a different basis, for the energy eigenvalues in the one spin sector, with
(9 +9; 1) — 1_—Q2(—Q(zi + 271 + Q% + 1), Q% = q. Dueto the ultimate
relation of the ASEP exact solution in the stationary state to the AW polyno-
mials they are the most natural basis for the exact description of the dynamics.
The tridiagonal method provides an unified description of the three versions of
the simple exclusion process by taking the proper limits in Egs. (13) and (16).
Symmetric exclusion process: It is known that the ¢ = 1 limit of the AW poly-
nomials are the Wilson polynomials. Thereis an established procedure how to
obtain the Bethe equations and they read

Xk + iwy Xk +iwy ﬁ (e = x1 = 1) 0k + X1 = 4) (16)

Xk — 1w1 Xk — fws (xe —x1+9)(xe +x1+1)

I1=1,1%£k

wherew, o = =y—a,zs = 6— 3. Weobtain 2~ — 1 eigenvalues
of I" asthe one zero eigenvalue is the SSEP stationary state. We note that there
is one set of complete eigenvectors with the corresponding eigenvalues. Thisis
one of the Bethe systems derived in [13], namely the one which corresponds to
the Bethe ansatz equationsfor the Hei senberg chain in magnetic field obtainedin
earlier works[18] for the SSEP for any number of sites. The nonzero eigenvalues
of the transition rate matrix are

L
T=a—y+B8-6+> x;i+ ) XX +t+xix’ @D

i=1 i<j

Totally asymmetric exclusion process: We take the limit ¢ = 0 in the Bethe
ansatz equations and in (15). For the purpose we rescale z — ¢'/2z and for the
proper limit of the equations one has to multiply the LHS of (12) by y >/~ to

obtain
L

v b =(aye = Dby — 1) [] ' —w) (18)
1=1,l4k
wherea = (1 — a)/a,b= (1 - 3)/6 and
Fr'=a—-v+p0- (5+sz+2$sz T1...2p . (29

1<j

It should be noted that there is no factor of degree 2L on the LHS of the Bethe-
equations. Thisis different from case of the X X Z chain and the SEP solution
in [13]. Bethe-equations of the type (12) have been used in [29, 30] for the
solutions to the problem for Bloch electrons in a magnetic field and the Azbel-
Hofstadter problem.
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The advantages of our method are: i) exact solvability in the stationary state and
exact description of the dynamics ii) unified description of the symmetric, the
partially and the totally asymmetric processes.

Conclusion: The matrix product ansatz is generalized to a tridiagonal algebra
approach based on deformed Dolan-Grady relations which define the bound-
ary operators of the ASEP as nonlocal charges. The quantum affine symmetry
arises as a hidden bulk symmetry of the process whose consequences are that
the boundary symmetry allows for the exact solvability of the process.
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