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Abstract It is shown, concerning equivalent classes, that on a one-dimensional lattice with nearest neigh-
bour interaction, there are only four independent models possessing double-shocks. Evolution of the width
of the double-shocks in different models is investigated. Double-shocks may vanish, and the final state is
a state with no shock. There is a model for which at large times the average width of double-shocks will
become smaller. Although there may exist stationary single-shocks in nearest neighbour reaction diffusion
models, it is seen that in none of these models, there exist any stationary double-shocks. Models admitting
multi-shocks are classified, and the long period behaviour of multi-shock solutions is also investigated.

PACS. 02.50.Ga Markov processes

1 Introduction

Recently, shocks in one-dimensional reaction-diffusion
models have attracted much interest [1-18]. There are
some exact results on shocks in one-dimensional reaction-
diffusion models as well as simulations, numerical re-
sults [6], and mean field results [2]. Formation of local-
ized shocks in one-dimensional driven diffusive systems
with spatially homogeneous creation and annihilation of
particles is described in [12]. Recently, the families of
models with travelling wave solutions on a finite lattice
have been presented [4]. These models are the Asym-
metric Simple Exclusion Process (ASEP), the Branching
Coalescing Random Walk (BCRW), and the Asymmetric
Kawasaki-Glauber process (AKGP). In all of these cases
the time evolution of the shock observables is equivalent
to that of a random walker on a lattice possessing L sites,
with homogeneous hopping rates in the bulk, and spe-
cial reflection rates at the boundary [4]. Shocks have been
studied at both the macroscopic and the microscopic levels
and there are some efforts on addressing the question as
to how macroscopic shocks originate from the microscopic
dynamics [7]. Hydrodynamic limits are also investigated.

Among the important aspects of reaction-diffusion sys-
tems, is the phase structure of the system. The static
phase structure depends on the time-independent pro-
files of the system, while the dynamical phase structure
affects the evolution of the system, especially its relax-
ation behaviour. In [19-22], the phase structure of some
classes of single or multiple species reaction-diffusion sys-
tems are considered. These investigations are based on
the one-point functions of the systems. In recent work,
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both stationary and dynamical single-shocks on a one-
dimensional lattice are investigated [18]. Both an infinite
lattice and a finite lattice with boundaries are considered.
Static and dynamical phase transitions of these models
have been studied. It is found that the ASEP has no dy-
namical phase transition, but both the BCRW and the
AKGP have three phases, and the system may show dy-
namical phase transitions [18].

The question addressed in in the present work is, on
a one-dimensional lattice with nearest neighbour interac-
tion, which models possess double-shock and multi-shock
solutions? Here, double-shock means an uncorrelated state
where the occupation probability has two jumps. All the
models have nearest neighbour interactions, and are on a
one-dimensional lattice. For equivalent classes, it is con-
cluded there are only four independent models possess-
ing double-shocks. For two of the models, double-shock
vanishes, and the final state is a linear combination of
Bernoulli measures. There is a model for which at large
times the average width of double-shock becomes small.
It can be easily seen that there may exist stationary
single-shocks in nearest-neighbour reaction diffusion mod-
els (BCRW, and AKGP), in other words there are single-
shock states without any evolution. But in none of these
models, there is no stationary double-shock. Combining
single-shocks one may construct multi-shocks. There are
multi-shocks of the type (0,p,0,p,...) and (0,1,0,1,...).
At large times the final state is a linear combination of
single-shocks, or a state with no shock.

2 Notation

Consider a one-dimensional lattice, each point of which
is either empty or contains one particle. Let the lattice
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have L sites. An empty state is denoted by |0) and an
occupied state is denoted by |1).

o=(y)  w=(}): )

If the probability that the site i is occupied is p; then the
state of that is represented by (1;”*). The state of the
system is characterized by a vector

P)eV®---QV, 2)
L

where V is a 2-dimensional vector space. All the elements
of the vector |P) are nonnegative, and

(S|P) = 1. (3)

Here, (S| is the tensor-product of L covectors (s|, where
(s| is a covector the components of which (s,’s) are all
equal to one. The evolution of the state of the system is
given by )

) = 1 [P), (4)

where the Hamiltonian H is stochastic, by which it is
meant that its nondiagonal elements are nonnegative and

(S|H = 0. (5)

The interaction is nearest-neighbour, if the Hamiltonian
is of the form

L-1
H=> Hi, (6)
=1
where
Hiiy1:=10---Q1leHR1® --1. (7)
i—1 L—-1—3

Nondiagonal elements of H, shown by w;;, are reaction
rates, hence nonnegative, and its diagonal elements are
nonpositive. w;; is the rate for changes of the configura-
tion of a pair of neighbouring sites from the initial state j
to the final state . The state |00) is labelled as the state 1,
|01) as 2, |10) as 3, and finally |11) is the fourth state.
Thus, e.g. wog is the rate for change of configuration |10)
to |01), which is the hoping rate to the right.

Any configuration of the system may be represented
by the vector |E,). Hence, the system is spanned by 2
vectors, |E,)(a = 1,2,..2F), and any physical state is a
linear combination of these vectors:

2k 2k
[Py = ZPa|Ea>, where ZP“ =1. (8)
a=1 a=1

P.’s are nonnegative real numbers. P, is the probability
of finding the system in the configuration a.

It is said that the state of the system is a single-shock
at the site k if there is a jump in the density at the site k,
and the state of the system is represented by a tensor
product of the states at each site as

ler) = u®F @ v®L—R), 9)

The European Physical Journal B

where

1 — _
wi < Pl) vi= <1 P2).
P1 p2

It is seen that
(Sleg) = 1. (11)

lex) represents a state for which the occupation probabil-
ity for the first k sites is p1, and the occupation probability
for the next L — k sites is pa. The set |eg), k =0,1,...L is
not a complete set, but linearly independent.

There are three families of stochastic, one-dimensional,
non-equilibrium lattice models, (ASEP, BCRW, AKGP),
such that when the initial state of these models is a linear
superposition of shock states, the state of the system |P)
remains a linear combination of shock states at the later
times. For these models

Hlek) = dlex—1) + d'legs1) — (d + d')|ex), (12)

where d and d’ are some parameters which depend on the
reaction rates in the bulk, and the densities p; and ps.
Hence, the span of |ex)’s is an invariant subspace of the
Hamiltonian H of the above mentioned models. It should
be noted that the number of |eg)’s is L 4+ 1, and an arbi-
trary physical state is not necessarily expressible in terms
of |eg)’s.

Next, assume that the initial state of the system is a
linear combination of shock states:

L

IB)(0) = > pr(0)lex).

k=0

(13)

The pg’s are not necessarily nonnegative; hence, any of
them may be greater than one. For such an initial state,
the system remains in the sub-space spanned by shock
measures.

L
P)(t) = pr(t)lex)- (14)
k=0
Using (11), it is seen that
L
> om(t) =1 (15)
k=0

The three models are classified as follows [4]

1. ASEP: the only nonvanishing rates in the bulk are the
rates of diffusion to the right wo3 and left wss. In this
case the densities can take any value between 0 and 1
(p1,p2 #0,1). d and d’ are

d = P1(1*P1)(

W23 — W32)
P2 — P1
1—
d/ = M(Mgg — wgg). (16)
P2 — P1

It should be noted that the densities p;, and py are
also related through

w23
= = 17
o (17)

p2(1 = p1)
p1(1 = p2)
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Therefore,

d =Dy, d' =2y,

18
p p (18)

2. BCRW: the nonvanishing rates are, coalescence (wsq,
and way), branching (w42 and wys), and diffusion to
the left and right (w32 and weg). The density p; can
take any value between 0 and 1, but p, should be zero.
These parameters are related through

Woz _ Woa twae 1—p (19)
wyq3 W42 + wy3 p1
The parameters d and d’ are
d=(1—p1)wss + p1wsa,
W43
d="=. 20
P1 (20)

If wyy = w3y = wyz = woz = 0, and way/wys = (1 —
p)/p, then d = d’ = 0, and the model allows stationary
single-shocks.

3. AKGP: the nonvanishing rates are destruction (wis
and wy3), branching to the left and right (w42 and wy3),
and diffusion to the left wss. The probability densities
should always take the values p; =1 and p2 = 0. The
hoping parameters are d = w13, d' = wy3.

3 Double-shocks
The state of a double-shock may be defined through

lem.k) = u®™ @ v®F @ W ETk=m) gy Lk < L, (21)
where

=) =G = 00)
(22)

|em, k) represents a state for which the occupation proba-
bility for the first m sites is p1, the occupation probability
for the next k sites is p2, and the occupation probability
for remaining sites is p3. A state of this type is a double-
shock. It has the first shock at the site m, and the other
at the site m + k. The width of double-shock is k, and the
densities are p; € [0, 1]. For it to be classed as a double-
shock, p; should be different from po, and ps also should
be different from ps. Suitable Hamiltonians for the sys-
tem possess the property that the span of |ep, x)’s is an
invariant subspace of H:

Hlem k) = dilem—1.k+1) + di|€m+1.6—1) + do|€m k—1)

+ d/2|€m,k+1> — (d1 + dll + dg + d/2)|em,k>; k Z 2(,
23)

where the d;’s and d}’s are parameters which depend on
the reaction rates, and may be considered as the rates
of jump for the shock to the left or right, respectively.
H|em,1) will be considered later.
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Similar to single-shocks, one should examine cases with
different values of p separately. The region of values may
be divided for p into p = 0,0 < p < 1, and p = 1.
From now on the cases p = 0 and p = 1 will be ex-
plicitly stated, and wherever p appears, it means that
p # 0,1. Double-shocks may possess various combina-
tions of densities. There are different models, which may
transform to each other through particle-hole, or right-
left interchange. These models are called equivalent mod-
els. As an example, the model allowing the double-shock
(p1,p2,p3) = (0,p,1) is related to the model allowing
the double-shock (1, p,0) through right-left interchange.
It is also related to the model allowing the double-shock
(1,1 — p,0) through particle-hole interchange.

Consider the double-shock (0, 1, p). A necessary condi-
tion for the Hamiltonian where the span of double-shock
measures is an invariant subspace of H, is that the span
of each of single-shock measures (0, 1) and (1, p) are sep-
arately invariant subspaces of H. The single-shocks (0, 1)
form an invariant subspace for the Hamiltonian in the
AKGP. The only interactions which may have nonzero
rates are

DA — (00, AA), AD — (00, AA,DA). (24)
So long as the single-shock (0,1) is considered, there
is no extra constraint on the nonzero reaction rates.
The single-shocks (1, p) form an invariant subspace for
the Hamiltonian in the BCRW, with the following

interactions:

00 — (0A, AD),  0A— (00,A0),  AD— (00,04),
(25)
whose reaction rates should satisfy
Wa1 W1 Was _r (26)
wig twiz  wig  1—p

The space of parameters of this model [a double-shock
(0,1, p)] is the overlap of the space of parameters of the
AKGP and the BCRW. Gathering all these together, it is
apparent that all the reaction rates should be zero. Hence,
there is no reaction diffusion model with nearest neighbour
interaction for which the double-shocks (0,1, p) form an
invariant subspace.

It can easily be shown that, concerning equivalent
classes, there are only four independent cases.

1. (p1,p2,p3): Among the valid models, (and for p; =
0,1), the ASEP is the only model for which double-
shocks forms an invariant subspace. The only nonvan-
ishing rates are wss and wss, and they should satisfy

wzz  pr(l—p2)  p2(l = p3)
The d;’s and d}’s are
A2 = 3,2 = g
P1 P2
42 =22 =y 28
102 2P3 2 (28)
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This model is investigated by [18]. The rates was and
w32 are positive and nonzero; hence, the d;’s and d}’s
are also nonzero. For stationary double-shock to occur,
H|em, k) = 0, which makes d; = d; = 0. This is unac-
ceptable. Therefore, it is impossible to have stationary
double-shock in the ASEP.

2. (0,p,0), (or (p,0,p)): The necessary condition for a
model possessing double-shocks (0, p,0) (or (p,0,p))
is that this model possesses both single-shocks (0, p),
and (p, 0). Nonvanishing rates for such a model are wog,
woyq, W33, Wid4, waz and wys. These rates should satisfy

wa twiy Wy way 1-p (29)
W42 + W43 W42 W43 p
The d;’s and d}’s are
w
di = %, di = (1 — p)wzs + pwoa,
w
dy = f, dy = (1 = p)wsz + pwss.  (30)

The Hamiltonian with the above mentioned reaction
rates also possesses the double-shock (p, 0, p). The only
difference is that the rate of jump to the left (and
right) of the first double-shock is the rate of jump to
the right (and left) for the second one. For stationary
double-shocks to occur, the d;’s should be zero, which
requires that all the rates are zero. Therefore, there is
no stationary double-shock in this model.

3. (0,1,0): The nonvanishing rates are wis, wi2, Wiz, W43.
This model is an asymmetric generalization of the zero
temperature Glauber model. The d;’s and d}’s are

A
di = waa, di = wia,

d/2 = W43. (31)

dy = w3,
To have stationary double-shock the d;’s and df’s
should be zero, which makes all the reaction rates van-
ish. Therefore, this model does not have any stationary
double-shock as well.
4. (0,p,1): The only nonvanishing rate is wa3. The d;’s
and d}’s are

dy =0,

dy = pwas,

dy = (1 — p)was,

32
dy = 0. (32)

This model does not have any stationary double-shock
as well.

If the initial state is a linear combination of double-shocks,

then
PY&) = D > pmr®)lemn),

m=—oo k=1

(33)

where py, 1 is the contribution of the double-shock (mk)
to the state of the system. Using (4), (33), and the linear
independence of |en, k)’s, the dynamical equation can be
obtained for the p,,;’s. It is difficult to solve difference
equations of this type. The variable p,, ; has two indices:
m representing the position of the first shock, and k the
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width of the double-shock. The position of the first shock
can be neglected, and only the width of double-shock ex-
amined. This yields a difference equation which can be
solved more easily.

Next, consider the general case where the span of |e,)
is an invariant subspace of H, then

Hlem,k) = Z H"m“;fllem',k')

m’, k!

(34)

If the Hamiltonian has the property that )", HF s in-
dependent of m, then a new Hamiltonian H can be defined

using
Hk = ZHmkk .

/

(35)

m

It can easily be shown that H is stochastic, meaning that
HE >0,
Zk’Hk = O

Then, the position of the first shock m can be ignored,
leaving only the contribution from double-shocks with
width k to comnsider. Clearly, it is inevitable that some
part of information about the position of the first shock
will be lost. Now |fx) can be defined as the state of a
double-shock with width k. Identifying all |e,, ) with the
same m to each other in the state (33), another state |P)
can be defined, where the information about the position
of the first shock is ignored:

for k # K,
(36)

BY(t) = au(t)| fi)- (37)
k=1
Here, qi(t) is defined using
G = Y Dmk- (38)

m=—0oQ

This is the contribution of all double-shocks possessing
width k. Then, instead of (23),

H|fx) = D|fr+1) + D'|fr—1) — (D + D")|fx), k> 2.
(39)

where
D :=d; +dj, D' :=d} + ds. (40)

3.1 Double-shocks (0, p,0) and (0,1,0) on a periodic
lattice

Next, consider a lattice with L sites, and with periodic
boundary conditions. Then, the only double-shocks which
can exist are (0,1,0) and (0, p,0). Now add up the con-
tributions of all double-shocks with the same width. The
position of double-shocks will again be dispersed. Then
one should work with |fx), which represents the state
of a double-shock with the width k. |fo), and |f) are
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Bernoulli measures corresponding to an empty lattice and
a full lattice, respectively. It can easily be shown that

iﬂﬁﬁ ::Q
H|fx) = Dfis1) + D'|fx1) = (D+ D), k#0,L
H|fL) = 0. (41)

Here, D represents the rate at which the width of the
double-shock is increasing, and D’ represents the rate its
width is decreasing. This model can be mapped to a model
with one particle on a lattice with boundaries at £ = 0,
and k = L. The particle hops to the right and left with the
rates D and D’, respectively, and there are traps at the
boundaries. The system has only two stationary states,
|fo), and |fr). Hence, at large times there is no shock,
and the final state is a linear combinations of the Bernoulli
measures:

IP) = golfo) + qr|f1)-

If the initial state is a linear combination of | fx)’s, then

(42)

L
B)() = au(t)|fe). (43)
k=1
Using (40) yields
do=D'q,
@1 =D'qa— (D+ D")q,
Gk = D'qi1 + Dgr—1 — (D + D' )qy,
k+£0,1,L—1,L,
dr—1 = Dqr—2 — (D + D")qp—1,
qr = Dqr—1. (44)

The ¢ (t)’s in the bulk (k # 0, L) are

0 =2 (2) w0
X jz_:j:;qm(()) <%>m/2 sin (?) sin (#)

X exp [Qt\/ﬁcos (%)} . (45)

One may integrate ¢1(t) and ¢r_1(¢) to obtain go(t)
and ¢r(t), which are the only terms surviving at large
times. There is also another way to obtain the qg, and qr,
at infinitely large times. In fact, there are two constants
of motion 7Z; and Z,. The first of these, 7; is related to
the conservation of probability:

SIP) =1 = 1y qlt)=1, (46)
k=0
and .
L D
Ty = kzzoqk(t) (5) : (47
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It should be noted that the system has two stationary
states. Therefore, there are two right eigenvectors corre-
sponding to zero eigenvalue for the Hamiltonian H, to-
gether with two left eigenvectors corresponding to zero
eigenvalue for H. These are

(S|

D\* (D\® [(D\*
— — | = . (49)
D D D

The second constant of motion can be obtained using

(S|P)(t). So long as D # D’, the constants of motion Zy
and 7, are two independent quantities. For D = D', T
and Z, are the same. However, as the stationary state has
twofold degeneracy, there should exist another constant
of motion. The second independent constant of motion is
I’y := Zi:o kqi(t) = (k). Hence, for D = D', the average
width of the shock, (k), is a constant of motion. This is ex-
pected because D and D’ are the rates for increasing and
decreasing the width of the double-shock, respectively.

For the double-shock (0,p,0), D'/D =1—p < 1.
Hence, the constants of motion are 77 and Z,. The first
of these 7; is the summation of probabilities for finding a
double-shock with any width; therefore, it should be equal
to one. The second constant of motion also has a physi-
cal meaning. The rate for changing any configuration of a
pair of neighbouring sites to the state |(§(}) is zero. There-
fore, the probability for finding a completely empty lattice
does not change with time. Z, is exactly the probability
of finding an empty lattice in the initial state:

(1 1 1..1), (48)

and

D’
n_
<S|l1 D

L L

L= a®1-p"=> a©)1-p".

k=0 k=0

(50)

Using the constants of motion, for D # D’, at infinitely
large times, gives

Qo +qr = 17
D' L L D’ k
qo + (3) qL = kZ:OQk (0) <3) : (51)
The solution to these equations is
L
>4, (0)(D'/D)* - (D'/D)*
_ k=0
S T .
L
1= > g (0)(D'/D)"
_ k=0
qr(oo) = 17(D//D)L (52)

Thus, the contribution of |fp) and |fr) in the final state

depends on both reaction rates and initial conditions.
The Hamiltonian for the model possessing the double-

shock (0,1,0), with D = D’ is the Hamiltonian for the
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Glauber model at zero temperature. This model is in-
vestigated by [19, 23, 24]. The average density at each
site (n;)(¢) at the time ¢, and all the correlation func-
tions at large times for an infinite lattice have been cal-
culated in [23]. Static and dynamical phase transitions of
this model have also been studied in [19]. Here, D is not
necessarily equal to D’. For D’ > D and large L,

*1*2%

)=1- qo(oo).

L

) (D'/D)* —(D'/D)**,

qr (o0 (53)
If only double-shocks with finite widths make contribu-
tions initially, then in the thermodynamic limit (L—o00)
the system will finally fall into the state fy. However, if
D’ < D it can be seen that both stationary states make
contributions to the final state.

For the case D = D',

L 1
qO = _f; E<k>a
L

1
:EZ (k).

This means that at large times the system is fully occu-
pied or empty. The probability of finding a fully occupied
lattice at large times is equal to the ratio of initial average
width of the double-shock to the size of the lattice.

(54)

3.2 Double-shock (0, p, 1)

Next, consider the double-shock (0, p, 1) on an infinite lat-
tice. The only nonvanishing rate is wo3, which by a suitable
redefinition of time, can be set equal to 1. Direct calcula-
tion gives

H|6m71> = 0,

Hlem k) = (1 = p)lem+1,k-1) + plemk—1) — [em.k),

k1.

It is apparent that there is no probability for width in-
crease. If there is initially a shock |ep, k), then at later
times its width becomes smaller, and after long periods
there are only double-shocks with unit width. Starting
with a linear combination of the shocks, the dynamical
equation for the p,, 1’s is

(55)

Pma = (1= p)pm—12+ pPm.2,
Pmk = (L = P)Dm—1,k+1 + PPmk+1 — Pk k#1.
(56)
Defining ¢; through (38) gives
Ch = q2,
Gk = Qk+1 — Qs k# 1. (57)
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Clearly, if the state of the system initially is a double-
shock, e.g. |ep k), then at later times there are only
double-shocks at the position of the first shock in the
range M < m < M + K — 1, and possessing width
1<k <M+ K —m. Now assume that the initial state is

L
B) =3 a0l i), (58)
k=0

where | fi) is the state of double-shocks with the width k.
Then,

go =0,

41 = q2,

4k = Qk+1 — Gks 2<k<L-1,

4L = —qL,

qr = 0, L+1<k. (59)

The above equations show that at large times there
are only contributions from the double-shocks with unit
width. This set of equations can be solved, yielding the
result

2<k<L. (60)

L—k i
)= Qk+n(0)ae47
n=0
This, together with ¢; = g2, can be used to obtain ¢ (t):

t n
t/

L—2
m@zwd®+§:%ﬁm)ogﬁ*

+

L L-2 n
= > 0= 3 D g0 e (o)
n=1 n=0 m=0

As expected, at large times all the double-shocks change
into the double-shock with unit width.

Next, examine the distribution of these double-shocks
at large times. Using (55), and defining A, :=
exp(tH)|emk), it is seen that

aAm k

a + Am k= (1 - p)Am+1,k—1 + pAm,k—la

Ami = ler).

At large times this equation becomes

A k(00) = (1 = p)Amt1,5-1(00) + pAp k—1(0),

k#1.  (63)

The solution is

A r(00) = Jim (™ [eni))

E-l o ' _
=3 (") a- e e 6
=1

Hence, at large times the state of the system is a linear
combination of double-shocks with unit width. The distri-
bution of the position of these double-shocks is a binomial
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distribution. Now consider the initial state to be a double-
shock with width k: |eg ). Then, the average position of
the first shock at large times is

() = (k=11 -p),
of the

(65)

and the width binomial distribution is

(1= )k — D).

4 Multi-shocks

Multi-shocks can be constructed by combining single-
shocks. The only models with multi-shocks are as follows.

1. (p1, p2, 3, -..): The span of multi-shocks (p1, pa, p3, ...)
is an invariant subspace of the ASEP Hamiltonian pro-
vided the densities satisfy

pi+1(l = pi)

w23
= = 66
pi(1 = pit1) (66)

w32

It can be easily seen that the rate of hoping of the ith
shock to the left, d;, and the rate of hoping of the ith
shock to the right, df, is given by

d; = w3 pi )
Pi+1
d, = wyp 2L (67)
Pi

This result is obtained in [3].

2. (0,p,0,p,...) and (0,1,0,1,...): The model allowing
multi-shocks of the type (0, p, 0, p, ...) are ones that al-
low the double-shocks (0, p,0), or (p,0, p). The model
possessing multi-shocks of the type (0,1,0,1,...) is
an asymmetric generalization of the zero temperature
Glauber model. In both of these multi-shocks there are
edges at shock points. The edges are destroyed pair-
wise. Consider a multi-shock of order N with the first
shock at the site m. It is seen that the action of Hamil-
tonian on such state is

Hlem kb 1) = d1l€m—1k141,..kn 1)

+ diemt1,k—1,. k1)

+ dalem k1, k)

+ d/2|em7k1+1,m,kN71> + .

+daolem ke, ky_1—1)

+d/2|em7k11“‘5k1\771+1>' (68)
If any of the k;’s on the left hand side is equal to one,
then on the right a multi-shock of order N — 2 will oc-
cur. Hence, there is a finite probability that the system
transforms into a state with fewer shocks, and there
no probability for increasing the number of shocks. In
fact, if there exists a state for which any state can
transform directly or even indirectly to it, and that
state has no evolution, then that state is the final sta-
tionary state. Finally, consider a periodic lattice. The
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number of shocks, N, should be even. Hence at large
times the state of system is a state with no shock. For
the models on an infinite lattice number of shocks, N
may be even or odd. Then for odd N, the final state
is a linear combination of single-shocks.

5 Summary

There are three types of models with travelling wave so-
lutions on a one-dimensional lattice. These are classified
in [4]. It is seen that there are four types of models allow-
ing double-shocks. Double-shocks, and the models allow-
ing these double-shocks are as follows.

e (p1,p2,p3): the nonvanishing rates are wag, and wss.

e (0,p,0), [and also (p,0, p)]: the nonvanishing rates are
wa3, Wa4, W32, W34, wao and wys.

° (0, 1,0): the nonvanishing rates are wi3, w2, Wiz, Wa3.

e (0,p,1): the only nonvanishing rate is is was.

There are three type of models allowing multi-shocks. The
multi-shocks are of the following types.

e (p1,p2, ps3, ...): the nonvanishing rates are w3, and wss.

e (0,p,0,p,...): the nonvanishing rates are was3, was, w3,
W34, W42 and wa3.

e (0,1,0,1,...): the nonvanishing rates are w13, w12, Wa2,
w43.

This work was partly supported by the research council of the
Alzahra University. We would like to thank M. Khorrami for
useful discussions.
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