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Abstract

®

CrossMark

We study integrability properties of a reversible deterministic cellular
automaton (Rule 54 of (Bobenko et al 1993 Commun. Math. Phys. 158
127)) and present a bulk algebraic relation and its inhomogeneous extension
which allow for an explicit construction of Liouvillian decay modes for two
distinct families of stochastic boundary driving. The spectrum of the many-
body stochastic matrix defining the time propagation is found to separate into
sets, which we call orbitals, and the eigenvalues in each orbital are found to
obey a distinct set of Bethe-like equations. We construct the decay modes
in the first orbital (containing the leading decay mode) in terms of an exact
inhomogeneous matrix product ansatz, study the thermodynamic properties of
the spectrum and the scaling of its gap, and provide a conjecture for the Bethe-

like equations for all the orbitals and their degeneracy.

Keywords: Markov chains, integrability, nonequilibrium steady state,

decay modes, matrix product ansatz, reversible cellular automaton

(Some figures may appear in colour only in the online journal)

1. Introduction

Understanding the emergence of laws governing macroscopic physical phenomena, such as
transport and relaxation, from deterministic and reversible microscopic dynamics is one of the
most prominent fundamental problems of statistical mechanics. In this context, an important
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Figure 1. The local Rule 54. Each site can be either in state O or 1. State 1 (occupied)
is shown as dark gray (at the current time step) and as red (at the next time step), state O
(empty) is white. The state of site 2 at the next time step (denoted with 2”) is determined
by the state of sites 1, 2, and 3 at the current time step. By combining these plaquettes
along the rows of a diamond lattice one builds the time evolution of the model. It can
easily be seen that this leads to solitons (all traveling at the same velocity) which can
scatter and incur a shift. These are the elementary modes of the model.

setup consists of driving a finite many-body system, say a one dimensional lattice with local
interactions, with a pair of macroscopic (infinite) reservoirs attached, or coupled to the sys-
tem’s ends (boundaries). Infinite reservoirs can typically be replaced by stochastic forces act-
ing on boundary degrees of freedom of the system, so we are speaking of boundary driven
deterministic dynamics. Several non-trivial exactly solvable examples of current carrying non-
equilibrium steady states (NESS) of this type of dynamics have been recently found in the
realm of integrable quantum lattice models [1], however all attempts of exact constructions of
dynamical modes of relaxation have failed so far.

Recently, NESS of a boundary driven reversible cellular automaton, which can be under-
stood as a simple caricature of deterministic interacting dynamics, has been found [2] and its
construction exhibits certain interesting algebraic properties. The cellular automaton is Rule
54 of Bobenko er al [3], which is a two-state fully deterministic, reversible many-body inter-
acting system and admits non-trivially scattering solitons.

The rule is given by a deterministic local mapping on a diamond-shaped plaquette
X 1 Zy X Zy X Zy — Zy. A south site sg is determined by a north, west and east sites

ss = X(Sw, 8N, SE) = SN + sw + 5g + swsg  (mod 2), s, 5N, Sw, SE € Zo. (1)

Time runs in the north to south direction (see figure 1) and defines a simple interacting dynam-
ics over a 1 4 1 dimensional lattice sy,11 = X(Sx—1s Sxs—1,Sx+1.+), Where only lattice sites
(x, 1) of fixed parity of x + r are considered.

We shall now define dynamics over a finite chain of even number of sites n with the initial data
given by a configuration along a saw (81, 82, .« -, 84) = (S1.1415 52,65 30415 54,65 « - « s Sn—1.+15 Sz
(see figure 2), which can be given as a composition of even site updates sy,,41 =
X(Szyfl!t,Sgy,tfl,S2y+1,t) and odd site updates 8oyt 1042 = X(Szy’,+1,S2y+1’t,S2y+2’,+1). The
dynamics is fully deterministic, except for the sites near the boundaries, where we shall pre-
scribe appropriate local Markov stochastic processes by which we drive the model out of
equilibrium.

We thus proceed to formulate the time evolution of the full probability distribution pyy, s, . .}
which we call a state’. The state space is a convex subset of a vector space S = R¢ = (R?)®”"
of probability distributions over configurations p = (po,pi1,...,p»—1) € S satisfying the
non-negativity and normalization conditions, p; > 0, Zf:?)l ps = 1. Here, s is a binary coded
configuration s = Y _/_, 2" ¥s;. The local Rule 54 can then be given in terms of a three-site
23 x 23 permutation matrix P

3 This notion of the state (as a macro-state) should be distinguished from a binary state of an automaton. Since the
meaning of the term should be clear from the context we use the same word for the two concepts.
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Figure 2. Schematic construction of the propagator (4), composed of U, and U,, where
each time layer is in turn composed of mutually commuting three site local permutation
maps P and two site boundary stochastic maps PLR (see equations (5) and (6)). In blue/
red we denote the sites before/after the update.

P(s,s/,s”),(z,t’,z”) = 55‘,1‘ S/,X(l,t/,l”)(ss”,t”v (2)

or

1
such that P?>=1. The local update rule is in turn embedded into End(S) as
Pijtik+2 = Lyp—1 @ P ® L2 acting on any triple of neighboring sites k,k + 1,k 4+ 2. The
time evolution of the state vector p(¢) € S starting from some initial state p(0) is written as
p(1) = U'p(0), 3
where
U=U,U., “)

is the one-step propagator that is factored in terms of two temporal layers which generate stag-
gered dynamics for, respectively, even and odd sites
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Ue = P13Pass - Pu3p—2n—1Pa_y s (5)

Uo = PyP234Pase -+ Pu—an—1- ©)
The boundary propagators

Ph=P ®@1p-2 PR ,=1p2®Pk (7

are given in terms of 4 x 4 stochastic matrices* P~ and PR (to be specified later), which in
turn imply that the full 2" x 2" propagator U itself is a stochastic matrix and thus conserves
total probability during the time evolution. This dynamics which is bulk-deterministic and
boundary-stochastic should be contrasted with related, though distinct, discrete time asym-
metric exclusion process models [4—6], which feature both stochastic bulk dynamics as well
as stochastic driving.

We note that P_ xx+1 changes only the site k, conditioned on the states of the sites k — 1
and k + 1, so the local propagators commute if at least two sites apart

Pe—tjhsts Po—ipt1] =0, if |[k—K]=2. (8)

Furthermore we shall require that also boundary stochastic matrices commute with the neigh-
bouring bulk propagators

[Ply, P24] = 0, [P123, PY] = 0, )

so the order of factors in either U, or U,, equations (5) and (6), is irrelevant.
The main objective of this paper is an exact solution of an eigenvalue equation for the
Markov propagator

Up = Ap, (10)

which can be conveniently split into a pair of equations for an eigenstate at even and odd time
layers with the eigenvalue A factored into left and right parts,

Up = ALp/, Usp' = Arp, A = AgAL. (11)

As shown in [2] (theorem 1) for boundary stochastic matrices, having nonvanishing both rates
for stochastically setting the state of the site near the boundary, the propagator U is irreducible
and aperiodic. Hence, according to Perron-Frobenius theorem, the non-equilibrium steady
state (NESS) eigenvector, corresponding to Ag = 1, is unique and all other eigenvalues A;j>
are bounded by |A;| < 1 and thus the corresponding components of the state vector decay dur-
ing the time evolution. These eigenvectors are also called decay modes, as they encode time
evolution of any state as

p(1) =po + ZCjA;pj’ (12)
izl
where ¢; are appropriate constants depending on the initial state.

In this paper we formulate a compact matrix product ansatz (MPA) which encodes eigen-
vectors of U for the most important part of the spectrum, including NESS and the leading
decay mode determining the spectral gap of U. In particular, we find that the spectrum organ-
izes into orbitals, i.e. the sets of eigenvalues fulfilling the same Bethe equations (see figure 3
in section 3.1). The NESS belongs to an especially simple (zeroth) orbital that contains also
three additional eigenvectors whose eigenvalues do not depend on the system size. The first

4By definition, stochastic matrices have non-negative elements which in each column sum to 1.
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Re A

Figure 3. The Markov spectrum of the boundary driven Rule 54 cellular automaton for
n = 12 for conditional driving at « = 1/4,3 = 1/3,v = 1/5,6 = 2/7. The black dots
show the numerical results. The red (p = 1), green (p = 2), brown (p = 3), orange
(p = 4) points are solutions of the Bethe-like equations for the pth orbital. The blue
squares are the roots of characteristic polynomial for the NESS-orbital. The blue curve
is the algebraic curve to which the first orbital converges in the thermodynamic limit.

orbital contains the leading decay mode. The eigenvalues of the zeroth and the first orbital are
nondegenerate. The other orbitals seem to be exponentially degenerate in system size.

We consider two types of boundary driving for which exact solutions can be found, the
first we call conditional driving, and the second Bernoulli driving. Bernoulli driving has been
introduced and studied for the steady state in [2].

1.1. Conditional boundary driving

For the conditional driving the boundary stochastic matrices read

@ 0 « 0 0% 0% 0 0
Pl 0 15} 0 B8 PR _ 11— 1—7v 0 0
l -« 0 | e 0 ’ 0 0 é é ’
0 1-3 0 1-0 0 0 1-6 1-9§

(13)
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where «, 3,7, 6 € [0, 1] are some driving rates parametrizing the left and the right bath. We
call this conditional driving since in P}, (PE?L,,) the probability of changing the site 1 depends
only on the state of the neighboring site 2 (changing the site n depends only on the state of
the site n — 1). For instance, if the site 2 is in state O then the site 1 will be stochastically set
to state O with the rate « or to state 1 with the rate 1 — «. If on the other hand, the site 2 is
in the state 1, the site 1 will be set to state 0 or 1 with the rates 3 or 1 — 3, respectively. The

analogous also holds for PE_]JL.

1.2. Bernoulli boundary driving

For the Bernoulli driving, explained in more detail in [2], we have

5 0 3 0 55 0 0
P 0 I-a 0 B R o0 0

0 L o0 |7 0 0 1-~v & |’

0 o 0 1-0 0 0 07 1-9

(14)
where a, 8,7,9 € [0, 1] are again some driving rates specifying the left and the right bath.
However, for this case it turns out that all the results are more compactly and conveniently
expressed in terms of another set of, so called, difference parameters

1i=a—p, vi=0-1, o:=7—79, pi=0—1

We note that both sets of boundary driving stochastic matrices (13) and (14) satisfy the com-
mutativity condition (9) and represent so far the only known exactly solvable boundaries for
Rule 54. The converse seems not to be true. Not any pair of stochastic boundary matrices
which satisfy (9) allow for exact solutions. Note as well that both type of boundary matri-
ces (13) and (14) satisfy the conditions of ‘holographic ergodicity’ theorem of [2], imply-
ing exponential decay of any initial state to a unique NESS, for an open set of parameters
0<a,B,7,6<1.

The rest of the paper is organized as follows. In section 2 we introduce a cubic bulk alge-
bra, which seems to provide the fundamental integrability relation of the model, and use it
to solve the NESS-orbital in terms of MPA for both drivings (the NESS for the Bernoulli
driving case was solved in terms of an alternative, patch-state ansatz in [2]). In section 3
we introduce a generalization of the aforementioned algebra and use it to construct eigen-
vectors in the first orbital in terms of an inhomogeneous (spatially modulated) MPA. This
orbital also contains the leading decay mode. The consistency conditions lead to a simple
set of Bethe-like equations which yield the spectrum of the first orbital. We also discuss the
thermodynamic limit and show that the spectral gap closes as 1 /n. We close the section by
discussing how the cubic bulk algebra may be re-written as a quadratic algebra, somewhat
similar to Zamolodchikov-Faddeev (ZF) algebra. In section 4 we provide a conjecture for the
Bethe-like equations for the entire spectrum, as well as a conjecture for the degeneracy of the
higher orbital eigenstates. Finally we end with the conclusions. The paper also contains an
appendix stating explicitly all the components of the boundary vectors of the MPA generat-
ing the decay modes of the first orbital,.

Throughout the paper, whenever we provide explicit results, we will first state the results
for the conditional driving (13) and then for the Bernoulli driving (14).
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2. The cubic algebra and the non-equilibrium steady state

Let us first fix some notation. Quantities that are vectors in the physical space are written
in bold-face. The numeral subscript of a physical space vector (or operator) denotes the site
position in the tensor product (R?)®", When writing in component notation the components
in physical space are labeled with a binary ‘spin’ index, such as s € {0, 1}. Matrices are
written with capital roman letters. These are typically acting over 4-dimensional auxiliary
space, except for the propagator U and its local pieces Pi—1 kx+1, Pll‘z, Ps_]’n which are opera-
tors in the physical space and act trivially in the auxiliary space. Matrices in an extended
8-dimensional auxiliary space (employed in the next section) will be denoted with hats.
Row (column) vectors in the auxiliary space will be written as Dirac bras (kets).
We begin by defining a vector

Wo(&, w))
W - b 1
<W1 (6w) (2
with components W, being 4 x 4 matrices
1 100 00 0 O
0 00O 00 ¢ 1
Wo(f, W) = € ¢ 0 0] W (6’ W) = 00 0 0] (16)
0 00O 00 1 w

depending on a pair of formal parameters £ and w, which we call spectral parameters. We also
define a matrix W’, which is W with ¢ and w interchanged, i.e. (writing the dependence on the
spectral parameters explicitly)

W (& w) = W(w,§). (17)

The key property explored in this paper is a simple three-site cubic algebraic relation
which shall provide a cancellation mechanism to be used later for constructing the eigenstates
of the Markov matrix

PisWiSWoW5 = W WL W3S, (18)
where S is a constant ‘delimiter’ matrix,
01 0O
S_1 «_ |1 000
=L@ =10 0 0 1| (19
00 10

satisfying §? = 1. By interchanging ¢ and w in (18), i.e. interchanging W and W', and mul-
tiplying with P},3 (noting that P> = 1g) we obtain a dual bulk relation

P123W/1W2W/35 = W/ISW/ZW:), (20)

Note that equation (18) in fact represents 8 matrix product identities,
W SWy (s551y Wy = WW,, WS, and analogously for equation (20), by writing out physi-
cal space components s,s’,s” € {0,1} for a vector on a triple of consecutive physical sites
(denoted in (18) and (20) as 123). Equations (18) and (20) thus represent a set of algebraic

5 Note a similar two-site cancellation mechanism in discrete time ASEP models [4-6].
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relations among Wy, Wy, W(’), W{, S which can be straightforwardly verified for the representa-
tion (16).

We shall begin by proposing a simple ansatz for the eigenvectors of U in terms of the fol-
lowing staggered matrix product states

p = (L|WoW W, We - W, W, e,y ,), (21)

p’ = (1[WsW,WsW - - W, ,W,_[r;). (22)

In order for fixed point condition (11) to hold for p, p’ we require the following boundary
conditions to be satisfied

Ph (| = AL(L WS, (23)
P <11|W2W’3 = ’12|W35, (24)
Phri) = WiS|r3), (25)
P123W/1W2|r§> = )\RW’IS|r23>. (26)

Specifically, writing out U.p in terms of (5) and the ansatz (21), one first uses equation (25)
in order to introduce the delimiter S in a string --- W, _ W, _,W’_,S and then implements
< Py_sp_an—3Py_3,_2,—1 via the dual bulk relation (20) in order to move the delimiter S
across to the left end where it is then absorbed, via S? = 1, by applying another boundary
equation (24), arriving to U.p = Arp’. Analogously we proceed with U,p’, in terms of (6) and
ansatz (22), now implementing the boundary equations (23) and (26) to carry S from left to
right via the bulk relation (18), ending with U.p’ = A_p. Thus, p is an eigenvector of U with
an eigenvalue6 A = ALAR.

As for an explicit example, consider n = 6 sites and even part of the propagator U,

Uep = P123P345 P (1, [Wo Wi W, |rs6)
= P]23P345 <l] \W2W3W4WQS\r'6>
= P13 (1; Wy W3SW, Wsrg) (27)
= (I}, | WS> W, Ws|r()
= p/'

Solving the full set of boundary equations (23)—(26) should fix all the unknown parameters
in the MPA (21) and (22) as the bulk relations are automatically satisfied. The solution is
unique up to an irrelevant transformation of boundary vectors. We first focus on the condi-
tional driving case (13) and then state the results for Bernoulli driving (14).

Solving separately the pair of boundary equations for the left side (23) and (24) we obtain
the following unique solutions for the spectral parameters,

_(a+B8-1)-B\
ey e
_ /\L((ﬂa__l))\L)’ (29)

©Please note the use of small letters A, Apg for designating the spectral variables for the NESS-orbital in distinc-
tion to capitalised variables A, AL g referring to the general case (11) which, in the case of the first orbital, can be
expressed as functions of the NESS-orbital data (see section 3).

8
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and for the left boundary vectors (in physical space components)’

(Io| = <0 1 aletfol-h) 1)

)\L’ Z(OJ—AL)
B 1-5 (l—oz)(oz—l—ﬁ—l—/\L) 1
o= (05 e )

( a+5—1—)\L) Oé+6—1—/\L00)
B-1p p—1 o
(OOALO{*AL)(O[%»ﬁ*l*)\L) Oé(Ot‘Fﬁ*l*)\L))

100

(o, (@+B—1-Bn) ' (B-DBn

a—/\L)a—l—ﬂ—l—)\L) 7Oé+ﬂ—1—)\]_‘ 00)
, S

B)BAL

w ‘:(00( a)d(a+8—1-A) (1—a)(a+6—1—)\L)>

M T Bla+B-1-8N) (B—=1)BA (30
The right boundary equations (25) and (26), on the other hand, give the following unique solu-
tions for the spectral parameters

_ AR(Y =)
f—ﬁ, 31
C(yHs 1) =0
) e (52)
and the the right boundary vectors
_ ’Y('Y+6—1—/\R) ’7+(5—1—)\R
‘r°'°>*<5(7+6—1—5AR)’0’ CEDERA
)\Rf +(57]7>\R) ’}/+5 1*)\]2
Iroa) = < 7+5—1—5)\R) O )
o) 7 )\R)7+5—1—)\R)O’V/\R(V—)\R)(’Y—F(S—I—AR)
L0 Dy+6—1-06x)"  (G-1D6(v+6—1-6x) )’
) No+o-1-) ; (=D =I)(y+5-1-Ar)
o 7+6—1—6)\R) T G—1)d(7+06—1-0x) :
Iy = 07>\R(7+5*1*)\R)1 (v = Ar)
0 oY+ —1—6 )T Ty +S—1 -
, (I=Y)AR(y+0-1-A) 1 (1= 0)Xg(v = Ar)
) <°’ (Y +6—1—0Xx) 0  0(y+06—1—0dxp) (33)

Now in order to get a consistent solution on both the left and right boundary we demand the
two pairs of the spectral parameters ¢ and w in equations (28), (29), (31) and (32) to be equal.
This gives us a closed pair of equations for A and Ag,

7 Left boundary vectors below are written for a slightly modified but equivalent form of the left boundary equations
(23, 24), where W, is replaced by WS and (11 is replaced by (1;| O, since the following intertwining property
can be observed, WS’S = QW;, where

100 0
00 0 1
=100 ¢ o
01 0 0
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(a+p—1)=BA  A(y—Ar)

= , 34
(G-1N G-1 oY
)\L(a—)\L) (’7+6—1)—5)\R
= . 35
(61 G- D% )
Rewriting these equations in terms of the eigenvalue A = A Ag leads to
(A-1)
x (N +MN1—ay)+AB—(a+B-1)(y+5—1)]—(a+B—1)(y+35—1)) =0.
(36)

Clearly, A = 11is always the solution, corresponding to NESS. The remainder is a cubic polynomial.
Thus there are also three other solutions corresponding to three decay modes whose eigenvalues do
not change with system size. This set of four eigenvalues shall be referred to as the NESS-orbital.

Following the same procedure for the case of Bernoulli driving (14) we find for the left
boundary equations

A+ (1= ML)
- , 37
AR Gn
AL (AL — 1)
= —", 38
w p (38)
and on the right,
AR (2Xg — 1)
=== /7 39
¢ o+1 (39)
. AR+ O (1 — )\R)
 (o+ DA (40)
yielding the characteristic polynomial for the eigenvalue
A=1) (4N +5X = (u+0+3)A—po +2) =0. (41)
The corresponding left boundary vectors are
] = (0 2= —p)(ptv) p=A(p—1) 2A(v+pp+v)+1) — (n— 1)#)
’ AL(2AL 4 1) TN -1 2L+ ’
(o201 —p)(ptrv+1) p=A(p—1) (p+ D[@A = Dp+ 220
(Ll = (0, vy , ;
)\L(Z)\L + u) )\L(Z)\L - 1) 2AL + 1
(ol = (1= 45 = 142 = 20000 = 1)+ D) = 10.0).
(o = (0.00020 = o= D= £~ 1),
(Il = <2)\L(p -1+ )\% —Bu+ 1,22 (= D(p+v+1) — @2 +2v+ 1,0,0) ,
il = (003G = £ 1)),
s )\L
(42)

and the right boundary vectors are

10
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[r00) = (0, =Ar (0 4+ 1), =2p(6Ar — Ar + 1) — 0(20A\g — 2 r — 0 +2) — 1,0),
[roq) = (2)\2 (0 +1), (0 + 1), =0 +2p+2)& (6 + po — p— 1) + 1,0),
Iri0) = (0, Ar( 2)\R —1) (a —1),0, =Xz 2A — 1)),
Irii) = (0, = ).0, =Xz (2Ar — 1)),
0y = </\122’0’>\R (2)\R (po+p+o>+1)—0c’+0) , 22320 — D(p+ U)> ’
2MAR + 0 2R + 0
) = (0 . (o + 1)2(iRARJ£pU+ o) —o) , *ZAé(ZARZ;\:)ip; o+ 1)) . 43)

In summary, the NESS and three other decay modes whose eigenvalue does not depend on
the system size can be obtained from the compatibility condition of the ‘scattering’ of MPA
eigenvector (21) and (22) from the left and from the right stochastic boundary.

3. Generalization of the bulk algebra and the decay modes

The bulk algebra (18) and (20) admits several generalizations, one of which allows us to
construct a set of decay modes for the two types of stochastic boundary drivings. For this
purpose we introduce an additional parameter z € C, which will be referred to as momentum
parameter, and define the following 4 x 4 matrices

00 0 0 00 0 0
00 0 z 00 0 eo
Fy = 0 0 55;1 o |’ F_ = 0 0 52’; 0 ’
2
00 0 ¢ 00 0 wtg(z-1)
00 0 0 00 0 0
oo o Z , oo o 2
Fr=10 o 2 0 - =100 12@2,_1) ol
00 0 &4 00 0
0O 0 0 0 0 0 0 0
O 0 0 0 0 0 0 0
G+— 52 0 0o o0l G- = gw 0 0 0]
~X 00 —femdl w0 0
0 0 0 0 0 0 00
) 0 0 00 , 0 0 0 0
G, = fw 0 00| =2 o o ol"
-3 (Zg_._i) _% 00 —2wz -1 0 0
o0 0 0 0 0 o0
B 0 sz 0 0 p 0 w—O—% zlz—l) 0 0
+ = 0 0 Z(gz 1) ol -~ 1o 0 z(&g—l) ol
0 z 0 0 0 o 0 0
00 0 0 0 0 0 0
0 0o - = -&
L, = fw £ © L_ = 0 &2 0 & . (44)
=% 0 o o |- - 0 0 2 0
0 0 7&:;;2 ,g —2w 0 0 —w

1
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We will also need objects which are vectors in physical space and matrices in a 8-dimensional
auxiliary space. We define block diagonal operators (with physical space component s = 0, 1),

W, = e @ Wy(€z,w/2) + enn @ W,(£/z,wz),
W =e1 @ W (Ez,w/z2) + e @ W (€7, w2),

where e; = |i)(j|, i,j € {1,2}, denotes a basis of 2 x 2 matrices. Further we define the fol-
lowing block triangular 8 x 8 matrices in extended auxiliary space

(45)

k —k k! —k

F _7 "F_ . F _7 *F

crefites ;W =Ty fep e + 702 -,
Ew—1 Ew—1

c Gy +c_77%G_ ey G +c_z7*G

FO =154+ en®

GH =Tg+en® GO =Tg+e,®

fw—1 ’ Ew—1 ’
X kK _7RK
K(k):]18+€]2®c+z ++c_z2 ’

fw—1

~ C+ZkL+ + C_Z_kL_

LW = (Z€11 + Z_lezz) RIy+epn® (46)
Ew—1

which depend on a pair of complex amplitude parameters ¢+, c—. We now state the general-
ized inhomogeneous bulk relations

PiosK - DW,SGOWEEDW, = O DW, GOWLR W
Pins G/ DWLFOWLEHDWLS = L6 DWISFOWIGEH W, a7

where § = 1, ® S, which can be straightforwardly checked to hold for any &, w,z,c4,c— € C
and k € Z. Note that by setting z = 1,c4 = c_ = 0, we recover the original bulk algebra (18)
and (20).

Defining a parity/swap transformation R : (¢,w,z,cq,c_) = (w,&,1/z,¢_,cy ), R* = id,
we find

RE® — (10 RGO GFE RW = W (48)
Applying R to the bulk relations (47) leads to another set of nonequivalent bulk relations
(with K’®) .= RK® and L'® := RL®). There are numerous other similar extensions of the
bulk algebra (18) and (20), but they do not seem to be useful for constructing eigenvectors for
the boundary drivings studied, so we omit writing them here.

Lemma. Let us assume that 8-dimensional boundary vectors (I}, (|, |Fs), |7 exist,
together with parameters &,w,z,cy,c—, AL, AR, such that the following boundary
equations are satisfied

Pi(lfy| = AL(L|G OW, (49)
Pios(L|ILOWLSFOW, = (I, | KDWS,S, (50)
PR |fn) = FUIW{S|#), (51)
P123G("_4)Wik(”_3)W23|f§> = ARi,("_4)W’IS|f23>. (52)

Then, the following inhomogeneous (site-dependent) MPA

12
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p = (L LOWSEOW,GOW, ... FO-IW_G0-9W, Lfe 1), (53)
D = (| OWsG OWLE OWs .. G O-IW_RO-IW, §li),  (54)

generates an eigenvector of U = U U, (5) and (6) with the eigenvalue A = Ap Ag.

Proof. Explaining how cancellation mechanism works is fully analogous to the simpler
case of spatially homogeneous NESS-orbital (21)—(26). However, due to commutativity (9)
we can explain it here for the reverse order: when U, acts on p, Pi,3 first acts on the left
boundary vector and via (50) creates K (I)W3$’ . The subsequent P’s in U, transfer K (1)W3.§
to the right via the bulk algebra (47). Before the final P,_3,_»,_; acts, Plrf_ 1 acts (as it
commutes with P,_3,_5,_1) and creates F (”_3)W,,S necessary for the final P,_3,_2,_1 to
transfer K"~9W,_38 to the right end as K"=3)W, |8, thus finally creating p’ (54). The odd
part of the propagator U, acts analogously in reverse. |

We illustrate this mechanism by writing out an explicit example for n = 8 and for the even
part of the propagator U.,

Uep = P123P345P5(,7P7Rg <i1 |i(°)W/2.§'F(1)W§G(2)W4F(3)WQG(4)W6|f'7g)
= PagsPssi PR (i, RO WASGO W, O W, GO W frg)
= Psg1 PR (1, |[F'OW, GO W, KO W38G Welig)
= Pagr (I, | OW, GO WLR O WA SG@ W OW! §)8)
= (L[ OW, G OWLEOW, GOWKO W, i)
= p/'

The MPA (53) and (54) will give us the leading decay mode and a set of other eigenvec-
tors which we collectively call the first orbital. Due to the block upper triangular structure
of FO F'®) GH® G'®), equations (46), the matrix product state (53) (and analogously (54))
can be written as a superposition of terms containing a string of W,(£z,w/z)W/,(£z,w/z) and
then ¢4z G4 (or cLz™¥Fy) at just before W (or W’) corresponding to site k and then a
string of W,(§/z, wz) W, (£/z, wz). There is also a boundary term from L+ in the superposi-
tion. Therefore, the first orbital can be understood as single quasiparticle excitations over the
NESS, which are composed as superpositions of left- and right-propagating waves z* with
non-trivial scattering at the boundaries. This is somewhat similar in form to the matrix coor-
dinate ansatz used in solving the decay modes of the ASEP model [7].

To solve the boundary equations we follow a similar procedure as outlined in section 2
for the NESS-orbital. Let us decompose the extended auxiliary space as a direct sum of two
4-dimensional spaces H; & H,, where an element of #; is written as |i) ® |¢). Due to the
upper triangular structure (46) the left boundary equations projected to the subspace H;
reduce to those for the NESS-orbital with a scaling factor z coming from e;; component of
L® but with rescaled spectral parameters (£ — £z, w — w/z, because of (45)). Since the
NESS solution we found in section 2 is unique, the left boundary vector in this subspace must
be the NESS-orbital boundary vector with scaled A\, = Ay /z. Comparing (49), (50) with (23),

(24), (28) and (29) immediately fixes the values of the spectral parameters £ and w (writing
first for the conditional driving (13)):

_ et B—1)— AL
(B—1)A7 ’

(55)

£

(56)

13
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_ AL(OKZ — AL)

(B—1)z
The remaining components of the left boundary equations in the subspace H, come from
either the diagonal components ey, or the off-diagonal components ej, of the auxiliary space

operators. Requiring that the equations are solved for arbitrary z, o, 3, this fixes the ratio of
the amplitudes

4
c_ A7

(57)

==L 58
i a+p-1) 8
and that the general form of the left boundary vectors must be
. AL -
(il = (1@ (L(w = )|+ er 2l @ (il
5 U Ay 7
(ol =z(11@ (Ly (= )|+ l@ @, (59)

where the explicit form of the ‘offdiagonal” vectors (/;| and (I , | are given in appendix A.1.
Following a fully analogous procedure for the right boundary equations (51) and (52), we
arrive to the following results for the spectral parameters and the amplitude ratio

_ Ar(yz—Ag)
&= (6-1z ~° (60)

:z(7+6—1)—6AR o1

G-
Ci B A4RZ4m+2
e (62)
where m = 5 — 2, and for the right boundary vectors
. e - A
[Fsr) = c-2 3|1> ® |Fss) +[2) ® |rss </\R = 7R)>,
Z
A

M\ n—3 =/ / — SR 63)
) =22 @ ) +12) @ |1 (e = 1)), (

whose components in H, are expressed in terms of right boundary vectors for the NESS-
orbital and the complementary (offdiagonal) components |7, ) and |7) are given in appendix
A.1. Pairwise identifying equations (56), (60), (57), (61), (58) and (62) we obtain a closed set
of Bethe-like equations for Ay, Ag, z:

Za+B—1)=BAL  Ar(yz— Ag)

G-DA (-0 (4
Ap(az—AL)  z(y+6—1) —6Ag 65
G-z (-DAZ 65)
(a+B—1)(y+5—1) = AfAgz* 2 (66)

Writing A, = A/Ag and eliminating the variable Ag these equations can be rewritten as a
pair of algebraic equations for A, z, the first of which can be understood as a nonequilibrium
quasiparticle dispersion relation

14
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A —ayNZ + (a+B+y+06 —ad — By —2)A*

67
— BN+ (a+B—-1)(y+6— 1" =0, 7

(a+B—1)(y+06—1)— A2 =0. (68)

This equation has 4(2m + 1) distinct roots which comprise the first orbital.
For the case of Bernoulli driving (14) we find the following solutions for the left boundary
equations (49) and (50)

_Atp(z—A)
RSN )
. AL (ZAL — Z)
Y Z(u+1) (70)
c. 2A¢
— == 71
Cy Z4,U ( )
and for the right ones (51) and (52)
_ AR (2AR — Z)
&= Z(o+1) (72)
_ AR + 0 (z— AR)
YT oA (73)
Ci _ 2Z4m+2A4R (74)

Cc_ (o

Note that in this case these equations only depend on the difference of the driving parameters
1= a — [ (on the left) and ¢ = v — § (on the right) and thus so will the eigenvalues. These
lead to the following set of of Bethe-like equations,

AL+p(z—AL) AR (2Ar —2)

G+ DA ot D) 75

AR + 0o (Z - AR) AL (2AL - Z)
— = (76)

(o +1)Ag Z(p+1)
1 4 A4 dm—2
ko= AT ARz , (77)

or equivalently

AN+ N2+ (u4 0 —2)A’? — (u—1)(0 — 1)AZ + po* =0, (78)
1 4_4m—2
110~ A%z =0. (79)

The boundary vectors in the Bernoulli driving case are of the same form as in the conditional
driving case, namely (59) and (63). The explicit expressions for their components are given
in appendix A.2.
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3.1. Thermodynamics

In this section we will study the thermodynamic properties of the eigenvalues of the first
orbital. Expanding equation (68) (or (79)) in 1/m (recalling that m = 5 — 2) gives us that in
the leading order of 1 /n ((1/n)? = 1), z must be unimodular

z=c¢e", (80)

where k is the quasi-momentum which may be restricted to interval [0, 7) as (67) and (68) (or
(78) and (79)) are symmetric under the transformation z — —z. Thus, in the leading order of
1 /n expansion the spectrum in the first orbital converges to an algebraic curve A(x) given by
(80) and (67) (or (78)) (see figure 3).

The case A(x = 0) = 1 corresponds to the eigenvalues which in the thermodynamic limit
converge to 1 and their scaling with 1/n will determine the asymptotic relaxation rate of the
system. Writing the expansion of A(0) as

A(0) =1—A(0)/n+ O(n?) (81)

and inserting into (67) (and (78)) we find that the gap closes as 1/n for both drivings. In the
case of conditional driving (13) we find

[ —(a+B-1)(+6—Dllog[(a+5—-1)(y+0—1)]
2a@+B-1)(y+d—-1)+ay—L00-2 ’

and in the case of Bernoulli driving (14) we find

A (0) = (82)

4 — po)log [Luo
Ay(o) = L= pl1os [ano] (83)
(Do +1)—9
where ¢ = a —  and 0 = v — 4. This 1 /n scaling of the gap is consistent with the results of
[2] and ballistic transport.

3.2. Quadratic form of the bulk algebra

Even though the most elementary, partonic blocks of our exact solutions satisfy cubic alge-
braic relations, either (18) and (20) or (47), it is possible to rewrite them in terms of a quadratic
algebra at the expense of defining auxiliary space operators which depend on two adjacent
physical sites rather than one.

Let us define the following inhomogeneous 4-component vectors of 8 x 8 matrices

ZE? _ I:—-(2k—1)WIIG(2k)W2,

Zl(Zk) _ F/(Zk—l)wlé’(Zk)le’
Y = RO-DW,3GC0W,,

Y1(2k) _ F’(Zk—l)WII:(Zk)W/ZS. (84)

The cubic bulk algebra (47) is then equivalent to the following quadratic algebra (formulated
as 16-component vectors over four consecutive physical sites 1234)
PS VL =2V

P234Z/1(2k)?’35‘k+1) _ ?’l(zk)zglz-i-l)' (85)
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This quadratic formulation has perhaps some appeal as it is reminiscent of ZF algebra®. The
eigenvector MPA (53) and (54) now transforms to:

p= {0225 . 2", 1), (86)

pl = <i/12|23511)25(62) e Zn(:n'g?,n—2|f‘;t—l,n>’ (87)
where, as always m = n/2 — 2 and,

(| = (L |LOWSS, (88)

1) = KUIW, (S8, (89)

Note that one can formulate and solve the boundary equations solely in terms of such two-site
boundary vectors arriving to equivalent Bethe-like equations as in the previous section.

4. Conjectures about the complete spectrum: modified Bethe-like
equations and the degeneracy

Despite numerous attempts we were not able to construct any other eigenvectors of U beyond
NESS-orbital and the first orbital. Still, numerical inspections of the spectrum (see figure 3)
suggest that the structure of higher orbitals should be very similar, but the eigenvalues become
degenerate with the degeneracy which quickly increases with the level of the orbital. These
comprise in total 2"~2 nonvanishing eigenvalues while the eigenvalue 0 is 3 x 22 fold
degenerate.

We were able to guess the Bethe-like equations which reproduce the entire spectrum.
Introducing an integer p which counts the orbital level and runs from 1 to m = n/2 — 2, we
postulate the modified Bethe-like equations, either for the conditional driving (13):

Z(Ol + 5 — 1) — 5AL AR(’YZ — AR)

G-DA  G-Dz o0

Ap(az—AL)  z(y+6—1) —6Ar o1

(G-De ~ G-DR ov
(@+B—=1)(y+35—1)" = (ALAg) ¥ " P *2, (92)

or for the Bernouli driving (14):

AL+p(z—AL)  Ar(2Ar —2) 03

@B+ DA zo+ 1) ©3)
AR+U(Z—AR) _AL(2AL_Z) 94

(c+DAZ  zp+1) 4

47PpPo? = (AL Ag) P, 95)

Each of these orbitals has exactly 4(2m + 1) distinct roots. We conjecture that the above equa-
tions, together with the NESS characteristic polynomial (36) and (41), describe the entire

8 Essential differences to any meaningful formulation of ZF algebra still remain, most notably, our scattering operator
P has no ‘momentum’ dependence. Perhaps this can be mended by some stochastic deformation of the model.
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spectrum of U. Indeed, agreement with the spectrum obtained from numerical diagonalization
of U, for up to n = 16, is perfect, within trustable precision of numerical routines (as demon-
strated in figure 3).

Furthermore, we provide a conjecture for the average degeneracy of the eigenvalues of the
pth orbital which seems to scale as

g(mp)—1<2m>

Note that the function g(m, p) can also be non-integer for some values of m, p. This means
that there are different degeneracies within the same orbital p for system size n = 2(m + 2)
and g(m,p) gives the average value of the degeneracy. This conjecture has also been
confirmed numerically for up to n = 16. We can make a simple consistency check by
counting the total number of roots in all the orbitals together with their multiplicity

27::1 4(2m + 1)g(m,p) = 4(4™ — 1) = 2"~2 — 4 which together with four eigenvalues of
the NESS-orbital yield the total number of 2"~2 nonvanishing eigenvalues.

5. Conclusions and open problems

We found that the spectrum of the Markov matrix of a deterministic boundary driven cellular
automaton (Rule 54) organizes into orbitals. Throughout the paper we gave results for two
types of non-equivalent stochastic boundary drivings, (13) and (14). The eigenvalues in each
orbital fulfil a set of three coupled Bethe-like equations. We found explicit matrix product
forms of the eigenvectors in two main orbitals — the NESS-orbital (containing the NESS
and three other eigenvectors) and the first orbital (which contains the leading decay mode
and eigenvalues of the largest modulus). To find the NESS-orbital we used a 4-dimensional
representation (with two spectral parameters) of a three-site bulk algebra cancellation mech-
anism (18). This three-site bulk algebra is similar in form to a two-site bulk cancellation
mechanism in discrete time ASEP models [4-6]. To find the first orbital we generalized
the aforementioned bulk algebra to an §-dimensional auxiliary space (47). The structure of
such positionally dependent bulk algebra allows for construction of the eigenvectors in a
compact form of an inhomogeneous MPA, which may be understood as a superposition of
local single-particle excitations over the NESS-orbital with different momenta, reminiscent
of the matrix coordinate ansatz for ASEP models [7]. We also investigated the thermody-
namic properties and proved that the spectral gap yielding the ultimate relaxation time scales
as 1 /n. In the thermodynamic limit, the first orbital defines an algebraic curve in the complex
plane which borders the spectrum of the model. We have also shown how the cubic bulk
algebra may be rewritten as a quadratic algebra with operators acting on two physical sites,
instead of one. We note that our inhomogeneous MPA can be rewritten as well in the form
of an inhomogeneous patch state ansatz as proposed and used to find NESS of the model in
[2], however the elements of the patch tensors have to be replaced by positionally dependent
2 x 2 matrices. This has been actually the route through which we arrived at the results
reported in the present paper.

Although we were unable to find all the eigenvectors, we provided a conjecture for the
Bethe equations for all the orbitals, which has been corroborated by extensive numerical
investigation (section 4). The higher orbitals are highly degenerate and we provide a conjec-
ture for the average degeneracy of each orbital in the same section.

Many open questions remain. Most pressingly, one would wish to construct the eigen-
vectors in all the orbitals exactly and prove the conjecture for the general Bethe-like

18



J. Phys. A: Math. Theor. 50 (2017) 395002 T Prosen and B Bu¢a

equations as given in section 4. A direct generalization of the bulk algebra (47) to two-
particle excitations does not seem to work, and numerous other generalizations are possible
making it difficult to ascertain how to continue. The fact that the higher orbital Bethe-
like equations are very similar to the first orbital’s might suggest that the nonequilibrium
quasiparticle excitations are non-interacting and that z represents simply the center-of-mass
momentum of all excitations. However, such an idea seems to be an oversimplification since
the independent particle model cannot explain exponentially large (in orbital level) degen-
eracy of the eigenvalues. We thus interpret this as an interacting model with an exponential
bunching of quasiparticles. It is also not clear at present if and how the exact solution of the
boundary driven Rule 54 model reported here connects to Yang-Baxter equation and com-
mon language of integrability.

Another interesting question which remains is whether the cases (13) and (14) complete the
set of integrable stochastic boundaries of the model or not. The problem of classification of
integrable stochastic boundaries of a bulk deterministic (e.g. Hamiltonian) integrable theory
is generally open.

Even though we were unable to construct the complete set of eigenvectors of our model
we feel that the results obtained here can be extended for use in other models, for instance,
to complement the study of asymptotic decay of densities in reaction models [8], help in the
study of the decay modes of discrete time models, notably discrete time ASEP models [4-6],
and in particular, to other driven integrable cellular automata with deterministic bulk dynam-
ics (e.g. [3, 9—-12]) and perhaps even driven quantum models in discrete time [13].
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Appendix. Boundary vectors

In this appendix we list the so-called off-diagonal components of the boundary vectors which
solve the boundary equations (49)—(52). We note that the values of all other parameters (which
enter into the equations in a nonlinear way) and other (‘diagonal’) components of the bound-
ary vectors can be fixed by comparing to a 4-dimensional auxiliary problem for the NESS-
orbital. The remaining components reported below are then fixed by solving the remaining
system of linear equations. They are quite lengthy and their algebraic form could probably
still be considerably optimized, but they are given here just for completeness.

A.1. Boundary vectors for conditional driving

The offdiagonal left boundary vector components for the first orbital (59) and for conditional
driving (13) are given as

T (B—1)*BALz (AL —Z(a+ B -1))

(lo] = (o, Y

(8= 128A32 (BA} + 0?2 — ahiz (B — 1) +2)) >
(22— 1) (az — Ap)(az — BAL) ’

C1, —

(A1)
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(B—=1PAz (P(a+B8-1)—AL)
(22— 1) (z(a+B—-1)—A)

(I,] = C (o,

(8- 13A22 (BAZ + 022 — alpz (B — )2 +2)) (A-2)
(@ — 1) (az — A)(az — BAL) )
o (aAL(AL+2(1 —a—B)) Af(AL+z(1 —a—p))
<ZO°|_<BZ(121)(Q+BI)’ ERmiee 00) e
5 alAL (AL +z(1 —a — B))
ol = (0000 G 75 ay
S (Ale—ADEa+B—1)—A) B-DAMa+B8—1)—A)
““"*( E@-D@ii-1 ' BE-D@iB-1) 0’0)’
(A.5)
5 (@ —=1DAL(z(a+ B —1)—Ay)
= (00 ST A
where
1
=G Dars-0p
B _a2(ﬁ—1)z4 az(a+azzz—az2—ﬁzzz)_
=B e T Bt B e
L« et B-1P(a+ B+ (@t 1) 1)
B(1—2) (a+B)la+B-1)—Ap)
az(—aB+a+B+pBta+28-3)+22 (—a—28*+B8+2)—1)
B(z2—1)(az—AL) ’
L@ (@257 (o) = (0t DF +5))
27 (az— Ay (o + B)(az— BAL)
+(6—1)z(a+5—1)2(a+6+zz(a+ﬁ+1)—1)
(a+B)(zla+ B —1)—Ar)
+Z[(a71)(a(ﬁ72)+1)fa(ﬁf1)z4(a+2573)]
(22 =1)(az—Ap)
z[Z(a(a+B(28-3)-1)-B+2)] a+(B-2)8+(8—1)*
(22— 1) (az — AL) 21 )
o A (az—AL) (BA + 24+ B —1)2 = Arz(a+ B—1) (B+22))
T 2@ -1 (a+B-1)(la+h—1)—BAL>
s = A (a—1)(B=1)(z(a+—1)—AL)

B(Z2—=1)(a+B—1)(az—AL)(z(a+ B = 1) = BAL)?
x [azt(a+ B—1) = BAL (2 —2) — Arz(eB+a+ B —1)].
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The offdiagonal right boundary vectors components (63) are

S v(1 = §)A
ol = (e T o )’ A7
o (6 — 1)Ar(y — Arz)
o = (i 7o N oo )’ *9
S Ar(Arz —7)
Fro) = € (O’ @D 4 DA +5-1) —shg)”
YAR(Arz — ) (z(y + 6 — 1) — Ag) ) (A.9)

0@ -1 (y+d-D((y+d—-1)=dAg) )’

. (v =D = DAg
[Fi1) = G <0’ Sz(2—1D(y+6—1)(z(y+6—-1) - 6AR)’O’ A1
(7= DAY = Ar2)(z(y + 3 — 1) — Ar) ) (A0
(=1 (y+6—=1)(z(y+d—1) = 5AR)
7o) = C5 (0,¢7, (6 — 1)6A30, (5 — 1)5AR (AR — 72)*(0Arz — 7)), (A.11)
|71) = C3 (O, ! ;767’ —(6 = 1)2A36, (6 — 12 A4 (AR — 72)*(y — 5ARZ)) , (A.12)

where,

= Ar(z(y +0 - 1) — Ag),

C3 =02 (= 1) (v+0—1)(7z — AR)(vz — 6AR) (z(v + 6 — 1) — GAR),

M+ AR Y+ S+ (Y - D)+ (- D)6 - D2 — 1) +z(—y — 5+ 1)
7 2@ -1 (1+0- D)z AR+ 1) - 6Ax) ’

=8 (AR [y + 5+ (1) + (v~ D6 — D2 — 1] = §A32 — yz(y+6—1))
= 52 (2 —1)(7+6—1)(7z—Ar)(2(y+ 0 — 1) — Ag) ’

=7(1 = 8)Aj2 (72 = AR) (z(y + 6 — 1) — Ar) (72 — 0Aw),

0 ==L+ 1)+ 00z ((6 - )2 + 1)

AR (O =1+ (=1 +v+5—1)) + 22 (=3v5 +v—2(6 — 1)?))

+yARZ (Y(26 = 1) + (6 — 1)* + 22 (v + 6 — 1)).

A.2. Boundary vectors for Bernoulli driving

For Bernoulli driving (14) the offdiagonal left boundary vector components of the first orbital

(59) are

2 (z = 2AL)Af (2AL + zu))

Io| = C 0,cq, 0,
(lo 1( 1, €25 X0 “iAL+ AL+

21

(A.13)
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- 2(, 2
il=c (0, —ei (1 I 1) e, 2 ZAL)/[\\L(M; 1)(2AL +w)> |
ptv —pAL + AL+ zp A.14)
~ — A 4+ A 2
<16,o|=Cz(( a L+A L+ ,AL(N_l)Ii,O,()),
- (A.15)
7 —ul A 2
(loa] = C (0,0, (z—=2AL)AL(—1) (MZ3 + AL — AL,U) ’ (—pAyL +A L+ zp) ) ’
- (A.16)
~ 2zAL — D) (—pAL + A 2
</]y0|:C2<(Z L )( /';XL—F L+Z,u) ,CS,0,0),
- (A.17)
@ 1=c (0.0 A (p+ 1) [pz* =20 (p — )22 4+ (Ap — 3Ap)z 4+ 4A7 (1 — 1)]
1,1 2 5 U, ZfZAL ,
<_MAL+AL+Z”)2) (A18)
Ar ’
where
C (p+ 1)

T2 (@ 1) (2 2A)2(AL(p— 1) +2) AL + p2)?
_ A+ DAL — 1) — p AL+ pz— Aup)

C
’ pz (2 — 1) AL + p) (AL + pz)?

c1=2z— A (p+v)(z—2A0)% (u2® + 2A1) (zp — pAr + Ar)(z — Ap + App),

ey = — 117 + App? (72u2 +5u— 1)z8 +2A [6,u3 — 2P+ 542+ 1) + 1] Z
+ A [2 (= 1003 — 6% — 160 — 8(p+ 1)%0 — 5) A7 + (u — d)p(p +1)] 2°
—4nf [Ms ey (1= 2 v+ 1} Z
— N2 p(p+ D[4 + p(1p + 4v — 13) + 10]2°
+2An (1 = AL (1) [ {p (02 — 150 — 100 +5) — 100 — 19} +2]) 2*
+ 22 (it — 4+ 32) 2
+aA (A D) {20+ (4 —3v+ pfd— v+ p(p+v—6)] -7} 2
+200 [4 (1P = 1) (P +vp+v+ 1) AL +p(2—50° + 47 — 1Bp—2(pn+ 1)*v)] 2
+4A7 [Br— Dr(p+ 1) +4p (1 +2p—1)] 2
+8A] [V+M(2—/L3—VM2—V/,L—/J+V)],

xo=—Acp(p+1) (W —2p—20-1)2
+ (= 1) [dp(p + DA + 4(u+ DAL — p] 2
—2AL (= 1) [(u+ 1) (2P +3vp+p+v+ 1 A] =347 +p) 2
+Af{u{,u(u[u—2u—17]—61/+17)—21/—11] +2V+2}Z2
— 4N (n—1) (,u3—4u2—2vu+u—2y—2)z+4/\i(1—u)z (u2+1/u+u+1),
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ey =— 2+ Ap? (207 + 90— 1) 22 = 20 p [6p + 1607 — pu+2(pu + 1?0 + 1]
+ ApLp [ZA2 (3 — it 4 8 2007 — 20 4 8(p + 1)21/) — 33— Tp? — 4#] 2
+ A7 {4v [(AL — Acp)* + o) (p+1)°} 2
+ AL {p[4(p* =202 + 20— 1) AL + p(17p(p+2) + 11) — 6] } 2
+2AL {1+ AR+ 1) [ (1P — 1562 = 1p = 10(u + D) +9) — 2]} 2
+2A7 (—pt —6p® +3p%) 2
— 20} (4 1) {20 + p[-3v + p(—4v + plp+v —5) —2) +4] — 2} 23
+2A7 [5p° + 1402 — 1p — 4(u — 1) (pAL + AL)? + 4] 2
—4A] 208 (n = 1) — ) (p+1)%v2
—ant {ulv+ulsv+ pn+3v+7) =T +5] —v -1}z

and,

X1 =(—=2A0)%u [AL (17 = 1) 2 + p2® + 2AL(1 — p)z — AF (1 — p)’]
— 200w [Ay (22 = 3012 = 2+ 20F) 2+ (21— 2A1) (2 - 2Aiz +2A0) g

AL (AL + 2 — 4Arz 4 2A7) ] ,

c4=AL(/L—1)[—1—2I/

+u{dv? + (47 — D) p—pl(p—2)p+2v+1]2 =208 (n — 1)*(p+v)z —2v — 2}}

es=p (=20 —1)2 + 208 (= 1)*(u+v+1)z
—A(p—D{pdp+rv+D)Z—p—2v-2] -2v—1}.

The offdiagonal right boundary vectors components (63) are

- 2zA
[700) = C3 (1_2;/\1206,06’07,0> (A.19)
|70.1) = C3 (0, —cs, c3,0) (A.20)
S cg(o—1) c6ZAR
‘rl,0> - C3 <O, o + 1 9 Vs o + 1 (A.21)
. C6 _ cezhr
[71.1) = C3 (O, 1*21AR’O’ 0+1> (A.22)
) 20k (p + ) (z — 2AR) (Ar (0 — 1)z+1))

= C O, 9 b A.23
) = € (e e (a2

|71) = Cs (0, 9, C11, —C9

2AR(,0+ o+ 1)(2 - 2AR)(AR(O' — 1)Z + l))
(Ar(0 — 1) +2)(2AR + 02)

(A.24)
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where,

Aj(o+ 1) 20k (po + p+ 0>+ 1) — 0% + 0] (2Ag + 02)

02 (2 —1)(z=2AR) [(0 — 1)oz — 2AR (po + p + 02 + 1)]

022 (22— 1) (z = 2AR)(Ar(0 = 1) + 2) [(0 — 1)oz — 2Ag (po + p+ 02 + 1) ]
Ao+ 1)2(2Ar (po+p+02+1)—02+0)

C; =

Cy =

ce =Ar(0 + 1)z(z — 2AR)(2Arz — 1),
7 =2Ar(2p — (0 = 2)o + 1)2* +4A%(c — )(p+ 0)2°
—20r(p+ 1o+ 12 +[(0 —2)0 —2p — 1]z + 2Ax[2p — (0 — 2)o + 1],
cg =2AR (02 —2p— 1) A
40z (o — D) (p+ 0o+ 1) +2App(o + 1) + (1 — 07 +2p) 2+ 2Ag (07 —2p — 1),
co = Arz*(z — 2AR) (AR (0 — 1) + 2)(2AR + 02),
cio=—2A(0c — 1)(o + 1)? = (6 — 1)oz® + 4Ag (0 — 1)z + 2A% (0 — 1)2* [(p—1)o+p+ 02]
+ArZ {2p [0 —2A% (0" — 1) + 1] + 0 [1 —4Af (0* — 1) — (0 — 2)0] + 2}
—4NRZ (po+p— o + 0% +2) +4A} (0 — 1)z,
e =(0+ 1)(026 +40 (o — D)z [P(p+o+1)—1] —Ar2’ [2p+ 0 (1 — 0 +42%)]

+2A]€{(a+1)2+z4[1fpa+pf(072)a}+212(p70271)}),
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