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Abstract. We show in the example of a one-dimensional asymmetric exclusion process that
stationary states of models with parallel dynamics may be written in a matrix product form. The
corresponding algebra is quadratic and involves three different matrices. Using this formalism
we prove previous conjectures for the equal-time correlation functions of the model.

During the last few years the study of one-dimensional reaction—diffusion models has
become an object of increasing interest. These models describe stochastic processes far
away from thermal equilibrium, for which reason their stationary probability distribution
cannot generally be derived from an energy function. For this reason different techniques
are needed in order to determine the stationary properties. An exact method which proved
to be very successful is the so-called matrix product formalism [1-8]. This formalism
can be regarded as a generalization of stationary states with a product measure in which
products of numbers are replaced by products of non-commutative algebraic objects. By
representing these objects in terms of matrices, the stationary state and all equal-time
correlation functions can be derived exactly. So far this technique has been applied mainly
to systems with sequential dynamics (continuous time evolution) where the stationarity of
the state is related to an additive cancellation mechanism from site to site. However, many
systems, for example traffic models [9], are defined by parallel dynamics (discrete time
evolution) rather than sequential updates. Therefore it is of interest to find applications
of the matrix product technique to systems with parallel dynamics. The present work
discusses this problem in the example of a one-dimensional asymmetric exclusion process
with parallel updates [10]. A modified matrix product formalism is presented in which
a new multiplicative cancellation mechanism plays an essential role. The corresponding
matrix algebra is derived and finite-dimensional representations are given. This makes it
possible to prove exact results for the equal-time correlation functions which were given as
conjectures in [10].

Let us first recall the matrix product formalism for one-dimensional reaction—diffusion
models with sequential dynamics [3-8]. A two-state model uitsites and open boundary
conditions is said to have a matrix product ground state if the stationary probability

distribution Py(t1, 12, ..., T7) €an be written as
1 L
Po(t1, 72, ..., 1) = S (W| [[(;D + A=)E) V) €Y
AN S
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wheret; € {0, 1} is the occupation number at sife E and D are square matrices acting

in an auxiliary space which may be either finite or infinite dimensional. The probabilities
are the ‘expectation valuegW|...|V) of the matrix products normalized by the constant
Z = (W|(D+ E)X|V). In the following it will be convenient to use a more formal notation
in which equation (1) is written as a tensor product:

QL
Py = (W] <f)> ® (f;) ®-® (g) V) =z4w| (,“;‘) V). )

Here the tensor products act on pairs of matrices at neighbouring sites and the|Pgctor
represents the stationary probability distribution in configuration space, e.d. fo2 we
have

|Po) = {Po(0,0), Po(0,1), Po(1,0), Po(1,1)}
= ZY(WIE?|V), (W|EDI|V), (W|DE|V), (W|D?|V)}. (3)

When E and D are numbers (i.e. commutative object#)) is just an ordinary product

measure state and all correlations are trivial. The matrix product technique can be seen as a

generalization of product measure states by taking non-commutative objectd D which

leads to states with non-trivial correlations. If a matrix representation for these objects is

known, various physical quantities like the local particle density

(W|C/7tDCt=7|v)
(WIck|v)

can be computed directly. Correlation functions are given by similar expressions in which

C plays the role of a transfer matrix. However, a special mechanism is needed in order

to ensure that the matrix product state in (2) is indeed a stationary one. For models with

sequential dynamics this mechanism amounts to an additive cancellation from site to site.

The time evolution of such models is described by a master equgfuier) = —H|P) with

atime evolution operatall = Y"1 ;. ;41 + hi” + h{", whereh; ;.1 is a 4x 4 interaction

matrix ands® and2® are 2x 2 matrices for particle input and output at the ends of the

chain. The usual ansatz for a cancellation mechanism is to assume that the application of

the interaction matrix:; ;.1 to a pair of matrices located at neighbouring sites results in a

local divergence-like term on the right-hand side

[(5)2(5)]=(5)2(5) - (5)=(5) ®

where £ and D are again matrices in the auxiliary space. In the $Ufi; 4, ;41 all these
contributions cancel in the bulk of the chain. The remaining terms at the boundaries have
to be cancelled by the surface fields for particle input and output:

A

win® () =-wi(z) s (F)m=(5)m. ®

Therefore ifE, D, (W| and|V) satisfy (5) and (6), the cancellation mechanism ensures
that H|Pp) = 0. It should be emphasized that this ansatz does not solve the problem. It
only shifts the problem to the operator algebra defined by (5) and (6) and it depends on the
properties of the physical system whether non-trivial solutions exist or not. However, there
is a variety of systems with sequential dynamics where solutions are known. The simplest
caseE = D = 0 and its generalization to spin-one chains was considered in [3]. Another
system which has been investigated in detail is the (asymmetric) exclusion process where
E = —D = 1 [4]. Both cases lead to a quadratic algebra of two objéctand D [5].

(tj)L = (C=D+E) 4)
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Using similar methods matrix product ground states were found for particular three-state
models [6]. Also, excited states can be described with a matrix ansatz [7] \ithere-D

has to be chosen as a time-dependent matrix leading to a quadratic algebra of three different
objects. By takingt and D as independent matrices (i.e. four independent objects), it was
also possible to find the stationary state of particular models with particle reactions [8].

So far, interest has been focused mainly on stochastic models with continuous time
evolution. However, similar techniques can be used for systems with parallel dynamics. A
first example of this type was given in [1] where the transfer matrix for a deterministic model
of directed animals on a strip was investigated. It is the aim of the present work to point
out that there could be a broad spectrum of applications to reaction—diffusion models with
parallel dynamics. For this purpose we consider a one-dimensional asymmetric exclusion
process with parallel updates which was originally introduced byi&chn [10]. In this
model particles move on a one-dimensional lattice vlite- 2N sites and open boundaries.

The bulk dynamics is deterministic and consists of two half time steps. In the first half time
step, particles at odd positions move one step to the right provided that the neighbouring site
to the right is empty. In the second half time step, the particles at even positions then move
to the right in the same way. In addition particles are injected (removed) stochastically with
ratea (B) at the left (right) boundary:

NN N N A

1 2N

ATATATA'

2N

first half rime step:

second half time step:

Figure 1.

The corresponding transfer matrix therefore consists of two fa@tots7,T;

T1=LRT®  -®TAR=LRIT* " VR

7
L=T®T® QT =T ()
where7, £ andR are the matrices for hopping, particle input and output:
1 000
1o 110 [ 1-a O (1 B
7=10 00 0 ﬁ‘( o 1> R‘(o 1-,3)' (8)
0 001

The phase diagram of this model shows two phases. oFar 8 the system is in a low-
density phase with an average particle dengity o/2 < % whereas in the high-density
phasex > g one hasp =1— 8/2 > 311 The total current in the thermodynamic limit is
given by j = min(a, 8). The physical behaviour is closely related to that of asymmetric
exclusion models with continuous time evolution [4] (there is an additional phase with
maximal density in the latter case). It plays a role in traffic models [9] as well as in
polymer physics [11]. Related models with deterministic dynamics can be found in [12]
and the influence of defects has been studied in [13].

As we will show below, the stationary state of the exclusion model (equations (7) and
(8)) can be written as a matrix product state with alternating pairs of mattice®) and
(E, D) such that the probability of finding the system in the configuratian, . . ., Tox)
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is given by

N
Po(t1, 7o, ... Ton) = Z7H(W| H [ (t2i-1D + (1— wi-1)E) (taD + (1 - )E)]IV).
i=1
9)

As in (2), we may rewrite this expression as a tensor product

vz (§)o (5)o(5)o(E)eo()o (5w

-z [(B)e(5)] m 10)

whereZ = (W|((E + D) ® (E + D))®"|V). Obviously the mechanism which ensures the
stationarity of|Py) has to be different from the usual one for continuous time evolution.
Instead of the additive cancellation from site to site we now need a multiplicative mechanism
suitable for stationary states of parallel transfer matrices (which have the eigenvalue one
rather than zero). In the case of the above exclusion model we found a very simple
mechanism. The assumption is that in each time step the two pairs of maificy and

(E, D) are exchanged:

~ ®N ~ ®N
Ti|Po) = 27 (WITy [(g) ® (g)} V) =27 (w| [(5) ® (g)} v)

A QN A N
11| Po) = ZH(W| T [(g) ® (g)} V) =Z"1(W] [(5) ® (gﬂ V)

so thatT' | Pp) = | Pp). This exchange mechanism can be realized by the ansatz

T[(g) ® (,’ﬁ)} = (f)) ®(p) <WI£(I’;;) =wi(p)  R(p)vr = (g)m

(11)

(12)
which is equivalent to the algebra
[E,E]=[D,D]=0
ED = [E, D] (13)
DE =0
with the boundary conditions
(WIEQ—a)=(W|E (1-pB)DIV) = DIV) (14)

(W|(«E + D) = (W|D (E+BD)|V)=E|V).

If this algebra has non-trivial representations, the above ansatz implies that the resulting
matrix product statgPp) is stationary. Again it must be emphasized that we have not
solved the problem so far. By introducing the mechanism (11), (12) we only reformulated
the original problem as a set of algebraic relations.

Before discussing representations let us first study the algebra (13), (14) on an abstract
level. The commutation relations (13) involve four different objetsD, £, D. However,
only three of them are independent since the matrix product in (10) is invariant under the
transformation

E—>U'E D— U'D E—> EU D— DU. (15)
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Because of { + D, E + D] = 0 it is possible to choose a basis in which both operators
E + D and E + D are diagonal. Taking now = (E + D)Y?(E + D)~%/2 poth operators
become identical so that we may add the relation

C=E+D=E+D. (16)

By eliminating E and E we therefore obtain a quadratic algebra of three independent
objectsC, D and D. It is defined by three bulk equations

DC=DD=DD [D-D,C]=0 (17)
and two boundary relations
(W (D—aC—-(1-a)D)=0 (1—-pD—-D)|V)=0. (18)

Matrix product states based on quadratic algebras with three objects were first studied in [7].
A detailed analysis of algebras with more than two objects and their representations will be
given in [14].

It is important to prove that the simplified algebra (16), (17) already works on an
abstract level. This means that as for the harmonic oscillator algebra, all physical quantities
have to be given uniquely by the commutation relations without knowing anything about
representations. In the case of a two-site chain this can be done easily by hand. It
turns out that fore £ B any expectation value of two operators is a given number times
Z = (W|CC|V):

R )
(WIDCIV) = (WIDDIV) = o (19)
201 _
wicpyy = *E=Phraeb (20)

(@ +ap) -+

Therefore the stationary state of a two-site chain reads

(WIEE|V), (W|ED|V), (W|DE|V), (W|DD|V)}

1
@2t af —a?f+ p2 - ap?
In order to show that the same can be done for chains with more than two sites, we now
prove that the expectation value of any sequence of operators is given uniquely by means

of the commutation relations. For this purpose it is more convenient to use a different basis
of operators which is defined by the invertible transformation

| P _1!
o)—E{

{(1—a)p% aB, 0, 1—pPa?}.  (21)

X = i(D—ozCJr(oe—l)f))
ap

1 A
Y=—(@Q-8D-D) (22)
of
5= 1 (D—D
= @ — D).
In this basis, the bulk algebra (17) reads
[X,8]=[Y,5]=0 YX=Q-a)SY+1—-BXS—1—-a)1—pB)S? (23)

and the boundary relations (18) become particularly simple:

(WIX=0 Y|V)=0. (24)
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As can easily be seen, the application of the bulk relations (23) allows every produgt of 2
matricesX, Y and S to be ordered as a linear combination of terms [kes2¥—"—" y™,
Since the only non-zero expectation values of these term#is2"|V), the expectation
value of any product of X matrices is a well defined number tim¢®|S%V|V). The
actual value off W|S?V|V) is irrelevant since it is cancelled by the normalization constant
Z = (W|C?N|V). Thus it is obvious that the algebra (23), (24) determines the ground state
| Po) uniquelyon an abstract level. It should be emphasized that the mathematical structure
of this algebra is different from those for exclusion models with continuous time evolution
where one has linear terms in the bulk algebra (&.§.= D + E). Whereas in the latter
case any expectation value can be reduced to the empty bragkgt), the algebra (17)
does not allow a reduction in the number of factors in a matrix product. Rather, we have
shown that by means of algebraic rules the expectation values of all words with the same
number of factors are linearly dependent.

The algebra (17), (18) can be represented by two-dimensional matricest g8 a
representation in whicld" is diagonal is given by

w=(55) el w) 2=("07 )

(25)
1-8
The normalization constant in this representation can be computed easily:
Zi=(1-p o — 1 -a)p. (26)

By inserting these matrices into (10), the ground state can be computed immediately. Using
this representation it is now easy to verify the result for a two-site chain which was given
in equations (19)—(21).

As already mentioned, the matriX acts like a transfer matrix between the points of
density correlation functions. Therefore, the length scales to be expected are essentially
given by the quotients of the eigenvalues®f Thus in the present case the correlation
functions involve only a single length scale, namely @ /8). This length scale diverges
at the phase transition line = g where the constanZ; vanishes so that the above
representation becomes singular. It turns out that in this case the op€ratannot be
diagonalized so that one has to use a different representation Wwhieas a Jordan normal
form:

11 1 s (0 1
sz<0 1> DF(% 1> D2:<o 1—oz)

1 (27)
(Wol = (1L.O) V) = (1_a).
Because of
e (1 k
C2 - ( 0 1 (28)
the normalization constart is now linear in the system size:
Z;=142N(1—-0a). (29)

Using the matrix product formalism it is now easy to derive explicit expressions for
equal-time correlation functions. Following the ideas of [10], we first compute: {heint
functions of the operators
T2 — _ T2j-1

1—a 772,,'—1—1_IB~

N2 = (30)
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Denoting the corresponding matrices by
(D —aC)/(1—a) if j even
D/1-p) if j odd

and assuming that the positioris ..., j, are chosen in increasing order these correlation
functions are given by

(31)

j =

(77j177j2 o 77jn> — Z (W|C-’1_1 Fj1 Cl—i-1 sz Cls—iz=1 . i1l Fj,l C2N=n V). (32)

Using the representations (25)—(29) it is easy to check that

FCI T R = FCYT <k (33)
so that then-point correlation functions reduce to the one-point functigy):
My, - i) = (njy) = Z7H(WICHE Fy C2V2R ) (34)

For o # B the one-point function reads

(n2)) = L vz (1-B) (@¥ — %)

“ o | (35)
(n2j71> — Z a2N+2—2_I (az_/_l(l _ ,3) _ ﬂZJ_l(l_ a))
whereas at the transition line= g we have
1
(m2j) = z 2j(1—-a)
? (36)

1
(n2j-1) = 7 (+@2j-DA-w).
2

Although we used the two-dimensional matrices at this point, equations (34)—(36) do not

depend on the choice of the representation since we have shown that the expectation value

of any sequence of operators is uniquely given by the commutation relations of the algebra.
Resubstitutingr; into (34) we obtain an exact expression for thepoint density

correlation functions(r;, 7, ---7;,). Assuming thatj; < j, < --- < j, and denoting

o;j =1—(j mod 2 they are given by

n n k—1
(tiTj, - Tj,) =" H% + Z <l_[<fji) LA+ (B =)oy, — B)
i=1 k=1 Ni=1
x( [Ta-s +ﬁo,-,>) (1j,) - (37)
i=k+1
As a special case this formula includes the one-point functions £1< N)
1- (O .
a+(1_a)1_l;ﬂl—(é)21\/+l |f(¥§éﬁ
(T2 ) = 1‘52;
2 i —
_ %(E)Zx—l (38)
1- ﬂ)m if o #p
(t2v-1) = 1;: 0‘1 L
(1— a)? - 4o oo if o =

1+2N1—-wa) 142N(1—«w)



3666 H Hinrichsen

and the two-point correlation functions € x < y < N)

(TfoZy> = (1)~ +a<72y)

(txT2y1) = Q=BT ) — @) + {12y 1) (39)
(T2c+1T2y ) = (T2041)

(t2r-1T2y-1) = (L= B)(T2r-1)

which were given as conjectures in [10]. It is obvious that the whole problem has an
alternating structure since the results for even and odd sites are different. This structure
is due to the definition of the model and appears also in the ansatz (10) where different
matrices are placed at even and odd sites.

The example of the asymmetric exclusion model shows that the powerful matrix product
formalism can be applied successfully to models with parallel dynamics. Since models of
this type are studied widely, it would be interesting to find further examples in order to
understand under which conditions the matrix product technique can be applied. A first step
is to consider a generalized version of the present model where particles diffuse stochastically
with a given probability [15]. Since in the limit of a very low hopping probability sequential
dynamics is recovered, this helps to understand the connection between the mechanisms for
parallel and sequential models. Another interesting problem would be to solve the same
model on a ring in the presence of a defect. From this one could learn how to solve the full
exclusion process (with stochastic hopping in both directions) on a ring with a defect [16].
Despite intensive efforts, the exact solution to this problem is not yet known.
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