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We derive the Bethe ansatz equations describing the complete spectrum of the transition matrix of the
partially asymmetric exclusion process with the most general open boundary conditions. For totally
asymmetric diffusion we calculate the spectral gap, which characterizes the approach to stationarity at
large times. We observe boundary induced crossovers in and between massive, diffusive, and Kardar-

Parisi-Zhang scaling regimes.
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The partially asymmetric simple exclusion process
(PASEP) describes the asymmetric diffusion of particles
along a one-dimensional chain with L sites. It is one of the
most studied models of nonequilibrium statistical mechan-
ics; see [1,2] for recent reviews. This is in part due to the
fact that it is one of the simplest lattice gas models, but also
because of its applicability to molecular diffusion in zeo-
lites [3], bioploymers [4], traffic flow [5], and other one-
dimensional complex systems [6].

At large times the PASEP exhibits a relaxation towards a
nonequilibrium stationary state. An interesting feature of
the PASEP is the presence of boundary induced phase
transitions [7]. In particular, in an open system with two
boundaries at which particles are injected and extracted
with given rates, the bulk behavior in the stationary state is
strongly dependent on the injection and extraction rates.
Over the last decade many stationary state properties of the
PASEP with open boundaries have been determined ex-
actly [1,2,8—11]. On the other hand, much less is known
about its dynamics. This is in contrast to the PASEP on a
ring for which exact results using Bethe’s ansatz have been
available for a long time [12,13]. For open boundaries there
have been several studies of dynamical properties based
mainly on numerical and phenomenological methods
[14,15]. In this Letter we employ Bethe’s ansatz to obtain
exact results for the approach to stationarity at large times
in the PASEP with open boundaries. Upon varying the
boundary rates, we find crossovers in massive regions,
with dynamic exponents z = 0, and between massive and
scaling regions with diffusive (z = 2) and Kardar-Parisi-
Zhang (KPZ) (z = 3/2) behavior.

The dynamical rules of the PASEP are as follows. At any
given time ¢ each site is either occupied by a particle or
empty, and the system evolves subject to the following
rules. In the bulk of the system (i = 2,..., L — 1) a parti-
cle attempts to hop one site to the right with rate p and one
site to the left with rate g. The hop is executed unless the
neighboring site is occupied, in which case nothing hap-
pens. On the first and last sites these rules are modified. If
site i = 1 is empty, a particle may enter the system with
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rate «. If, on the other hand, site 1 is occupied by a particle,
the latter will leave the system with rate . Similarly,
at i = L particles are injected and extracted with rates &
and B, respectively. With every site i we associate a
Boolean variable 7;, indicating whether a particle is present
(1; = 1) or not (7; = 0). The state of the system at time ¢
is then characterized by the probability distribution
P,(7y, ..., 7). The time evolution of P, occurs according
to the aforementioned rules and, as a result, is subject to the
master equation

dP,
dr

Here M is the PASEP transition matrix whose eigenvalues
have nonpositive real parts. The large time behavior of the
PASEP is dominated by the eigenstates of M with the
largest real parts of the corresponding eigenvalues.

Bethe’s ansatz.—It is well known that the transition
matrix M is related to the Hamiltonian H of the open
spin-1/2 XXZ quantum spin chain through a similarity
transformation M = —,/pqU,HU,' where H is given
by [10]

= MP, (1)
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The parameters, A and £, and the boundary terms B, are
related to the PASEP transition rates by
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Here A is a free parameter on which the spectrum does not
depend and o = (o} * io-?)/Z.

Although it has been known for a long time that H is
integrable [16], the off-diagonal terms in B, and B; have
presented great difficulties in diagonalizing H using, e.g.,
Bethe’s ansatz. However, recently a breakthrough was
achieved [17] in the case where the parameters satisfy a
constraint, which in our notation reads

(@M = 1)(@B — y8Q" > ) =0. @

Here k is an integer such that |k| = L/2. For a given k this
constraint can be satisfied by choosing Q to be an appro-
priate root of unity, or by relating the boundary and bulk
parameters such that the second factor in (4) is zero.
However, for generic values of the PASEP parameters
Eq. (4) can also be satisfied by choosing k = —L/2. For
this choice of k£ we infer from [18] that for even L there is
an isolated level with energy E, = 0, the ground state
energy of the PASEP. Furthermore, all excited levels are
given by
L-1 2 _1)2
E=a+B+y+d+ > 0" -1 :
2.0 -0z - 1)

where the complex numbers z; satisfy the Bethe ansatz
equations
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In order to ease notations we have set, without loss of
generality, p = 1 and hence Q = /g. We note that in the
case of symmetric diffusion Q = 1 Eq. (6) reduces to the
Bethe ansatz equations derived in [19] by completely
different means. In order to determine the exact value of
the spectral gap, we have analyzed (5) and (6) in the limit
L — o0. To simplify the analysis, we focus on the case of
total asymmetry y = § = 0, Q — 0 in the remainder of
this Letter.

Totally asymmetric exclusion (TASEP). —After rescaling
z— Qz and setting y =0 =0, the 0 — 0 limit of
Egs. (5) and (6) reads

®)
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where a = (1 — a)/a and b= (1 — B)/B. We define
g(z) =1Inz/(z — 1)? and g,(z) =Inz/(1 — %) +In(z + a) +

In(z + b), and consider the “counting function” [20],
1 1 L—1
Y, = + — + — K(z;, 2), 10
iYL(2) = g(2) + Tan(a) + 7 I:ZI (z,2),  (10)

where K(w, z) = — Inw + In(1 — wz). Equation (9) can
now be written as

2T
Y (z j) = A I;
where /; are integers. Each set of integers {1 j} specifies a
particular excited state, and we find numerically that the
first excited state is obtained for the choice

I;=-L/2+j forj=1,...L—1  (12)

G=1,...,L—-1, (1

The eigenvalue (8) can be written as
.. 1
E=a+ B+ Lllrt}(lYi(Z) - g2 — Zg{,(z)). (13)
—

In order to derive an integral equation for Y;(z) in the
limit L — oo we write

1< _ dz , 1
PXICES W= CHCE CRAC) D

where C = C; + C, is a contour enclosing all the roots z;,
C, being the “interior” and C, the ‘“‘exterior’” part; see
Fig. 1. The contours C; and C, intersect in appropriately
chosen points ¢ and £*. Using the fact that integration from
&* to & over the contour formed by the roots is equal to half
that over C, — C,, we find using (14)

Y1) = £ + o + 5 [ Km0

N 1 f K(W,Z)Y’L(w)dw
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where we have chosen the branch cut of K(w, z) to lie along
the negative real axis. The eigenvalue (13) is obtained by
systematically expanding (15) in the system size using
standard methods. We note that care has to be taken
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FIG. 1. Sketch of the contour of integration C in (14). The
open dots correspond to the roots z;, and & is chosen close to
z;—; and avoiding poles of cot(LY;(z)/2).
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when there is a stationary point of Y;(z) close to the
contour of integration, in which case an analysis similar
to that in [13] has to be carried out.

Let us briefly recall the stationary state phase diagram
derived in [8,9]. There are altogether four phases in the
stationary state at t = oo: (1) the low-density phase for a <
B <1/2; (2) the high-density phase for 8 <a <1/2;
(3) the coexistence line at 8 = a < 1/2; (4) the maximal
current phase at «, 8 > 1/2. We now determine the scaling
of the spectral gap in these regimes from the Bethe ansatz
equations.

Low- and high-density phases.—Let us fix the end points

&* and ¢ by

. T T
Y, (&)= —7+—, Y =7——. 16

L(§7) Tt (&) = 7 (16)
The integral over C; in (15) can be calculated by splitting
the contour into its upper and lower parts and expanding
the integrand around ¢ and &7, respectively. Expanding in

inverse powers of L, i.e.,

V()= DL, €=z + D 8,L7" ()
n=0

n=1

and assuming that —a <z, and —b < z., we find from
Eq. (15) to O(L™!) that

n@=—ﬂ{—£Glﬁf} (18)
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where vy = —Y/(z.)6, /. The values of v and z, follow
from (16) to be v; = 2, z, = —1/+/ab. Substituting these
values into (13), we obtain the gap (20), which is of order
O(1) in the limit L — oo.

If —b > —1/+/ab, the point —b lies inside the contour
formed by the roots (see Fig. 1), giving rise to a different
solution for Y;(z). Comparing again with condition (16),
we find in this case that »; =3 and z, = —a '3 =
—1/+/ab,, resulting in the spectral gap given in (21),
which is independent of 8 and again of order O(1) in the
limit L — oo. A similar analysis is made when —a >
—1/Jab. As the spectral gap is O(1) in the low- and
high-density phases, the correlation length is finite and
these phases are therefore massive.

Coexistence line.—Subleading corrections can be ob-
tained by taking higher order terms into account in (17).
After a lengthy calculation, we find that the gap vanishes
like L2 on the coexistence line 8 = «, with a constant of
proportionality given by (22).

Maximal current phase.—When > B, and o — 1/2,
the value of z. where the contour closes approaches z, =
—1 and a straightforward expansion of the last two terms in
(15) breaks down as Y;(&*) = Y{(—1) =0. A further

complication is the singularity in K(w, z) atw = z = z, =
—1. To proceed one expands around z. defined by
Y} (z.) = 0 [13,21]. This gives rise to an expansion of
Y, (z) in powers of L~1/2, and one finds in lowest order
that the energy gap vanishes as L~3/2. The prefactor can
only be determined numerically.

We now summarize our results. We have used Bethe’s
ansatz to diagonalize the PASEP transition matrix M for
arbitrary values of the rates p, ¢, a, B, y, and 0 that
characterize the most general PASEP with open bounda-
ries. The resulting Bethe ansatz Egs. (5) and (6) describe
the complete excitation spectrum of M and are one of our
main results. We have carried out a detailed analysis of the
Bethe ansatz equations for the simplified case of the
TASEP and determined the exact asymptotic behavior of
the spectral gap for large lattice lengths L. This gap deter-
mines the long time (¢ >> L) dynamical behavior of the
TASEP. We emphasize that care has to be taken regarding
time scales, and that our results below are not valid at
intermediate times t = L where the system behaves as
for periodic boundary conditions [2].

We found that there are three regions in parameter space
where the spectral gap is finite and the stationary state is
approached exponentially fast, and one region and a line
where the gap vanishes as L — oo. The resulting dynamical
phase diagram is shown in Fig. 2. In order to parametrize
the phases we define 8. = (1 +a~ ')~ and @, = (1 +
b~'/3)~1. The values of the spectral gap in the various
regions of the phase diagram of the TASEP are as follows.

Massive phase M. —a < a., B < B., a * 3,

—E,=a+B— + O(L7?). (20)

2
1+ vab
The spectral gap does not vanish as L — oo and hence
implies a finite correlation length and exponential ap-
proach to stationarity.

Low density phase My,.—a < 1/2, B> B,,

—E,=a+fB.— +0OL™2). @)

2
1+ \/ab,

Note that in this phase the spectral gap is independent of 3.

1
0.8
Miq, MC
0.6
04 MI
02 My M,
0.2 04 0.6 0.8 1
o

FIG. 2. Dynamic phase diagram of the TASEP. M;, My, and
My, are massive phases, CL denotes the critical coexistence line,
and MC is the critical maximal current phase.
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The behavior in the high-density phase M: 8 <1/2,
a,. < a is obtained by the exchange o < B.
Coexistence line (CL).—B = a < 1/2,
ma(l — a)
1 -2«
We thus find a dynamic exponent z = 2 corresponding to

diffusive behavior.
Maximal current phase (MC).—a, 8> 1/2

—E; = 3.56L73/2 + O(L™2).

—E, = L2+ O(L73). (22)

(23)

In this phase, which coincides with the stationary maxi-
mum current phase, we find a KPZ [22] dynamic exponent
z = 3/2. The gap is smaller than that of the periodic case
where it is found that —E, = 6.509...L~3/2 [13,23]. We
note that the subdivision of the massive high- and low-
density phases is different from the one suggested on the
basis of stationary state properties in [9].

Discussion.—It is known [24] that by varying the bulk
hopping rates one can induce a crossover between a dif-
fusive Edwards-Wilkinson (EW) scaling regime [25] with
dynamic exponent z = 2 and a KPZ regime [22] with z =
3/2. In this Letter we have shown using exact methods that
a crossover between phases with z = 2 and z = 3/2 occurs
in the case where the bulk transition rates are kept constant,
but the boundary injection or extraction rates are varied. As
shown in [15], the diffusive relaxation (z = 2) is of a
different nature than in the EW regime and is, in fact,
due to the unbiased random walk behavior of a shock
(domain wall between low- and high-density regions).
Our results (20) and (21) for the massive phase M; and
the coexistence line agree with the relaxation time calcu-
lated in the framework of a domain wall theory (DWT)
model in [15]. This is in contrast to the massive phases My,
where the exact result (21) differs from the DWT predic-
tion. An interesting open question is whether it is possible
to understand (21) in a generalized DWT framework.

The Bethe ansatz Eqgs. (5) and (6) allow for the exact
determination of further spectral gaps. We find that the
eigenvalue of the transition matrix with the next largest real
part is complex, which leads to interesting oscillatory
behavior at large times. The dynamical phase diagram
for the general PASEP is expected to be significantly
richer, and its analysis is under way.

The condition (4) is a reflection of the non-
semisimplicity of an underlying Temperley-Lieb algebra
with two additional boundary generators [26]. Remarkably,
the PASEP satisfies this constraint for arbitrary values of its
parameters. Generically, non-semisimplicity implies cer-
tain symmetries in the spectrum, and the physical conse-
quences of these are currently under investigation.

We are grateful to G. M. Schiitz for very helpful discus-
sions. This work was supported by the ARC (J.d.G.) and
the EPSRC under Grant No. GR/R83712/01 (F.E.).

(1]
(2]

[31
(4]

(5]
(6]
(71
(8]

(91
[10]

[11]

[12]
[13]

[15]

[16]

[17]

(18]
[19]
(20]
(21]
[22]

[23]
[24]

[25]

[26]

240601-4

B. Derrida, Phys. Rep. 301, 65 (1998).

G. M. Schiitz, Phase Transitions and Critical Phenomena
(Academic Press, London, 2000), Vol. 19.

K. Hahn, J. Kidrger, and V. Kukla, Phys. Rev. Lett.
76, 2762 (1996).

J.T. MacDonald, J.H. Gibbs, and A.C. Pipkin,
Biopolymers 6, 1 (1968); B. Widom, J.L. Viovy, and
A.D. Défontaines, J. Phys. I (France) 1, 1759 (1991);
G. M. Schiitz, Europhys. Lett. 48, 623 (1999).

D. Chowdhury, L. Santen, and A. Schadschneider,
Phys. Rep. 329, 199 (2000).

Nonequilibrium Statistical Mechanics in One Dimension,
edited by V. Privman (Cambridge University Press,
Cambridge, London, 1997).

J. Krug, Phys. Rev. Lett. 67, 1882 (1991).

B. Derrida, M. Evans, V. Hakim, and V. Pasquier, J. Phys.
A 26, 1493 (1993).

G. Schiitz and E. Domany, J. Stat. Phys. 72, 277 (1993).
F.H.L. Essler and V. Rittenberg, J. Phys. A 29, 3375
(1996).

T. Sasamoto, J. Phys. A 32, 7109 (1999); J. Phys. Soc.
Jpn. 69, 1055 (2000); R.A. Blythe, M.R. Evans,
F. Colaiori, and F.H.L. Essler, J. Phys. A 33, 2313
(2000); B. Derrida and C. Enaud, J. Stat. Phys. 114,
537 (2004).

D. Dhar, Phase Transit. 9, 51 (1987).

L.-H. Gwa and H. Spohn, Phys. Rev. Lett. 68, 725 (1992);
Phys. Rev. A 46, 844 (1992); D. Kim, Phys. Rev. E
52, 3512 (1995).

Z. Nagy, C. Appert, and L. Santen, J. Stat. Phys. 109,
623 (2002); S. Takesue, T. Mitsudo, and H. Hayakawa,
Phys. Rev. E 68, 015103 (2003); P. Pierobon, A.
Parmeggiani, F. von Oppen, and E. Frey, Phys. Rev. E
72, 036123 (2005).

M. Dudzinski and G.M. Schiitz, J. Phys. A 33, 8351
(2000).

H.J. de Vega and A. Gonzales-Ruiz, J. Phys. A 27,
6129 (1994); T. Inami and H. Konno, ibid. 27, 1.913
(1994).

R.I. Nepomechie, J. Stat. Phys. 111, 1363 (2003); J. Phys.
A 37, 433 (2004); J. Cao, H.-Q. Lin, K.-J. Shi, and
Y. Wang, Nucl. Phys. B663, 487 (2003).

R.I. Nepomechie and F. Ravanini, J. Phys. A 36, 11391
(2003).

R.B. Stinchcombe and G.M. Schiitz, Phys. Rev. Lett.
75, 140 (1995).

H.J. de Vega and F. Woynarovich, Nucl. Phys. B251, 439
(1985).

A.M. Povolotsky, V.B. Priezzhev, and C.-K. Hu, J. Stat.
Phys. 111, 1149 (2003).

M. Kardar, G. Parisi, and Y.C. Zhang, Phys. Rev. Lett.
56, 889 (1986).

0. Golinelli, and K. Mallick, J. Phys. A 37, 3321 (2004).
J. Neergaard and M. den Nijs, Phys. Rev. Lett. 74, 730
(1995).

S.F. Edwards and D.R. Wilkinson, Proc. R. Soc. A
381, 17 (1982).

J. de Gier, A. Nichols, P. Pyatov, and V. Rittenberg,
Nucl. Phys. B729, 387 (2005).



