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Abstract

We study a multi-species exclusion process with inhomogeneous hopping rates. This model is equivalent
to a Markov chain on the symmetric group that corresponds to a random walk in the affine braid arrangement
[I1]. We find a matrix product representation for the stationary state of this model. We also show that it
is equivalent to a graphical construction proposed by Ayyer and Linusson [4], which generalizes Ferrari and
Martin’s construction [§].

1 Introduction

The coupling of randomness with algebraic or arithmetic structures can lead to beautiful combinatorial results.
The study of random partitions of integers and its extension to three-dimensional plane partitions [17 [I], [15]
provides a prominent example. Recently, Lam studied Markov chains that can be represented geometrically as
random walks on a regular tessellation of a vector space on which an affine Weyl group acts [I1]. When this Weyl
group is a symmetric group, the stationary distribution of the chain displays remarkable combinatorial properties
that were further explored by Lam and Williams, leading to various conjectures [12]. The Markov chain studied
in [12] is equivalent to a multi-species exclusion process with inhomogeneous transition rates as shown by Ayyer
and Linusson in a very recent publication [4]. This suggests that the powerful techniques that were developed in
non-equilibrium statistical mechanics to analyze the asymmetric exclusion process [14} [6, [5] should be relevant
to this more mathematical problem. Indeed, Ayyer and Linusson conjectured that the stationary state can
be obtained by generalizing the elegant graphical algorithm, invented by Ferrari and Martin [8] to solve the
homogeneous N-species totally asymmetric simple exclusion process (N-TASEP); in [], they generalized Ferrari
and Martin’s algorithm and explored the consequences for Lam and Williams’ conjectures.

In the present work, we solve the N-TASEP with inhomogeneous transition rates by using a generalized
matrix product Ansatz. More precisely, we show that a suitable deformation of the homogeneous algebra studied
in [16, 2] allows us to calculate the stationary state of the inhomogeneous N-TASEP. We also show that our
matrix product solution is equivalent to the algorithm conjectured in [4].

The outline of this work is as follows. In section [2] the model is defined. In section [3} we give a matrix
product solution to the stationary state. In section |4l we explain the graphical construction of the stationary
state conjectured by Ayyer and Linusson, and we show that this construction is equivalent to the matrix product
solution. We give concluding remarks in section

2 Definition of the model

We consider an L-site periodic chain in which each site takes a non-negative integer value 1,2,..., or N +1
(this is called the N-species problem). Each pair of nearest neighbor sites exchanges their values according to
the following continuous time stochastic dynamics:

zq (a<b)

ab —ba with rate { 0 (otherwise) (2.1)



The special case x, = 1 for all a corresponds to the homogeneous N-TASEP [2| [3, 8, [7]. When the transition

rates z,’s are not equal to each other, we say that this dynamics is inhomogeneous (although one could consider

even more complicated or general transition rules). When L = N + 1, and there is exactly one particle of each

species in the system, the process is equivalent to Lam and Williams’ process on the symmetric group Sy, [12].
The inhomogeneous N-TASEP is governed by the master equation

d
—|P) = MM|P) (2.2)
dt

for the vector |P) = > P(j1---4r)|j1---Jjr), where P(ji---jr) is the probability of finding the system in

a configuration j;---jr. The generator matrix (Markov matrix) M (V) is the summation of local operators
(MEQ?) ~ that acts on the spaces corresponding to ith and (i + 1)st sites of the chain:

7,541
- Py zq (a<Db)
N N . a )
MM =3 (Mﬁog)m, M) =3 6 b)<|ba><ab| . \ab)(ab|) with O(a — b) = { 0 sy 23
i=1 ’ ab=1 =
We write m = (my,...,mny41) (with m; € Z>q) for the sector that contains my, particles of type k. Because

of the conservation of the number of particles of each type, we have the decomposition M) = D, M. In
particular, we consider basic sectors, i.e. m; > 0. Since the identification of local states N + 1 — N maps the
N-species dynamics to the (N — 1)-species dynamics, we have the spectral inclusion: the spectrum of the sector
m = (my,...,my,my+1) contains that of the sector m’ = (mq,...,my + mN+1)E| This inclusion relation
indicates that there exists a “conjugation matrix” ,, such that

This matrix allows one to lift states that belong to the (N — 1)-species sector m’ and to construct eigenstates
for the N-species sector m. In particular, the stationary state of the N-TASEP (the kernel of M(M)) can be
constructed recursively if one knows the sequence of the conjugation matrices.

3 Generalized matrix product Ansatz

The idea of the matrix product Ansatz is to express the probability of finding each configuration j; ---j5, as a
trace over a suitable algebra

Ji

. . 1 N N
p(]l...JL):ZTr(X(_ )"'X;('L)) (3.1)

with a normalization constant Z. The operators X j(.N)’s must satisfy suitable algebraic relations, which are

usually infinite dimensional [0, B5]. For the homogeneous N-TASEP, the operators X J(N) were constructed recur-
sively [7, [16] as tensor products of four fundamental operators d, e, A and 1 that act on an infinite dimensional

space A = @), C|u) as

0 (n=0), { 0) (n=0),
) = =|p+1), A = 1 = . 3.2
|11)) { w—1) (u>0), elpu) = |p ) ) 0 (u>0), ) = | (3.2)
One can easily verify that the following quadratic relations are satisfied:
de=1, A=0, Ae=0. (3.3)

In [16], the stationary state for the homogeneous N-TASEP has been expressed as a matrix product form, using
an algebraic interpretation of Ferrari and Martin’s algorithm [§]. More recently the matrix product Ansatz

I More general inclusion relations are satisfied for the homogeneous case, see [3].



technique was generalized to obtain a conjugation matrix that satisfies “conjugation relation” between
systems having different numbers of species [2]. We now explain how the same ideas can be adapted to the
inhomogeneous case.

The stationary state for N = 1 case is trivial, i.e. all the possible states in each sector are realized with a

same probability. This can be regarded as one dimensional representation of the matrices X F) = X2(1) =1.

3.1 The 2 species case

For N = 2, a matrix product stationary representation has been known, even in the inhomogeneous case [5].
One possible choice for the algebra is

1

1
XX = —xi? e, X = —x XX = xgY, (3.4)
1 2
x®
Defining an operator-valued vector X(?) = | X 52) , we observe that the following decomposition exists
X
1 ) 1
X®=1| o A ( ] ) , (3.5)

e y1B+yA

where we have set y; = 1/x1,y2 = 1/x2 and the matrices ¢, €, A satisfy (3.3)). This decomposition can be written
more formally as the product of two rectangular operator-valued matrices a(t) and a® of sizes 2 x 1 and 3 x 2
respectively

2 (2

2 a121 a122 a(l) 2 1
X2 — agl) ‘152) a%ll) — a® . a® , (3.6)
a(21) a(2) 21

where the symbol * means that we perform tensor products amongst the elements of the matrices a(® and
a®), More generally, for matrix-valued matrices Y = (Yuo)uvs Z = (Zuyw)uw, it represents the product Y x Z =

(> Yuw®Zuw),,,- Since a(lll) and agll) are scalars here, the tensor product reduces to the ordinary product.
Finally, we observe that the matrices a(!) and a(® satisfies

M{aizah — algal 1, - 200gat) - aea0) @
M) —aDoa? il ~ 5Pza — acal? 59
where
0 0 0
a<1>:( ) a®=10 0 |. (3.9)
T
e 1

Since MIE?))C = 0, equation 1) is the relation in the usual matrix product Ansatz [B]. The relation 1) implies
that the matrix 1, whose elements are given as

Gr - jnlmlkr - - kL) = Tr(af;ﬁ ...a§i)kL) (3.10)

intertwines the dynamics of the sectors m = (my, ms, m3) and m’ = (my, ma+mg), i.e. it satisfies equation (2.4)).
a1 ) _

Formally we write the stationary state for the sector m’ as ¢,y with (jy - jp|¢m/|1---1) = Tr(ccj11 ceag

1. Then the stationary state for the sector m can be rewritten as 1, Y., .



For a simple nontrivial example, the stationary state of the sector (1,1,2) is given as

1222 2122 2212 2221

1233 [ Y3 0 0 0 Y2

1323 [ y3 w2 00 2 (y1 + 42)
w2 | Yy3 oy i 0 Y+ y1y2 + Y3
2133 0 v oy vl Y+ y1y2 + Y3
2313 | 0 0 vy 1 Y2 (11 A Y2)

Ya1,2%a3) = 2?3; 8 yO% 8 yo2 1 = Z% : (3.11)

si2 | 0y oy O 1 y2 (y1 + y2)
13 47 0 3 vy Y+ y1v2 + 3
3231 | y1y2 O 0 v3 y2 (Y1 + y2)
3312 0 0 y3 0 v3

33210 \y1y2 ¥ 0 y3 Y3+ y1y2 + 3

3.2 The N-species case

We now explain the generalized matrix product Ansatz for general values of N (see [2] for more details).
Reversing the construction in the last subsection, we start with the following relation that we call “hat relation”:

My aM@a™ —aMaaM it = adMga®™) — aMea (3.12)
where al™) and aV) are operator-valued matrices of size (N + 1) x N. We write their elements as (j|at™¥)|k) =

a(g), (Ga™M k) = Zi%cv). We know that, if we can construct a couple {a(™ a(M} (for the general integer of N)
that satisfies (3.12]), the matrix 1, defined as

) ) N N
(- dolbmlkr - kr) = Tf(a§-1k)1 ~-~a§-L2L) (3.13)
satisfies the conjugation relation (2.4). Here the configurations ji ---j5, and ki - .-k, belong to the sectors
m = (my,...,mn4+1) and m’ = (my,...,my + my41), respectively. Furthermore, the stationary state of the
sector m can be written by the product of conjugation matrices
if all of them are nonzero (we note that the conjugation matrix 1, lifts up other eigenstates from lower sectors
as well).

We set y; = 1/x; and define the operator B = 1 — A. An explicit solution to the hat relation (3.12)) is given
by

A2 05018¢k—D geg 1@ —k-1) (j <k < N),
ABUDig1®N =1 (j <k=N),
) _ A®(j—1)®]1®(N*j) (1 =k), (3.15)
@ik (Z =y A D@BRI? Y 4y ABED) gept®V TR (k< jo1=N),
Yy AR DBt 4y 4BV (j—1=k=N),
0 (otherwise)
. 1°¢ Voep1®N=F-D (L < j—1=N)
aEk) —{ 1oW-1) (k=j—1=N) (3.16)
0 (otherwise).
(N)

The difference from the homogeneous case appears in a ik for j = N+ 1. Indeed we retrieve the solution to the

homogeneous case [2] [7] by setting y; = 1. We change the definitions of a® and aV as aV) = < yl > , alt =
1

( (1) ) for compatibility with the general forms (3.15), (3.16) .




By a direct calculation, one can show that equations (3.15)), (3.16]) give a representation to the algebra
defined by the hat relation (3.12) i.e.

J<j Nk<E),

i=J Nk <kE),

J>jiNkE<E),

)

)

—~

— xjazrazy — (a0 a5k = QGragr) = kg = Akl

—~

—ﬂck(ajk/aj/k — Ak Akl — Ak

—~

Tjrajkair — T aje — Qi) = ki — Qs

—~

J<ji Nk>E),
=3 Nk>k),
>3 Nk>E).

_'rja/jka/j'k' = ajkaj’k’ — a/jka/j’k'

—~

0= ajkaj/k/ - ajkaj/k/

—

xj/aj’kajk/ = ajkaj’k’ —_ ajkaj’k/

It is straightforward to prove that the above relations are satisfied simply by substituting equations (3.15)) and
(3.16)). In appendix, we prove the first identity (3.17) as an example. For N = 3 and 4, the result can be written

explicitly as

Ix1 d®e o1
0 Ax1 AR6 0 0 0
3) _ 0 0 ARA ~(3) _ 0 0 0
ar= y1e@1 1y BRe y1 B®1 &= 0 0 0 ) (3.23)
+1y2 A®Re 4y ARQB e®1 1®e 11
+ysARA
Iolel Rex1 R1IRe R1Irl
0 AR1x1 ARIRe A®ix1
0 0 ARAR1 ARARO
a® — 0 0 0 ARARA (3.24)

Y111 y; BRex1 y1 BR1®e 11 BR1x1 ’
+12 ARe®@1  +1 AQB®e  +12 AQB®1
+y3 ARA®e  +y3 ARARB

Fy AQAR A
0 0 0 0
0 0 0 0
a® = 0 0 0 0 (3.25)
0 0 0 0

1l Iel 1I9lxe 111

We now generalize the form (3.5) or (3.6)). The form (3.14]) can be written as the matrix product form (3.1
with the matrices

XM = (Gx™Ly, XM =a®™ .. xal), (3.26)
thanks to the “sector specificity”P}

Let us consider the element (3.13|) for configurations j; ---j1, and kq - - -k, of the sectors (my,...,myn+1)
and (mq,...,my + mpyy1) with j; < jip1. Since a;rajj =0 for j < j/ < N and k # k', we need to set j; = k;
for i < L — mpy41 so that (3.13) is nonzero, and we have

Tr (011 ©00@11022 Q22" *ANN " OGNNAQ(N41)N “ " a(N+1)N) = yEN“- (3.27)
Therefore the stationary weight of the configuration j; - - - jr is HTJLI gt NS A far as we treat basic

sectors, the matrix product a;i\gl e aSJLV,gL contains ag\],vl\), = A®(N=1) or 0. This implies that the matrix product

is transformed into a tensor product of the form e©Ad¢ = |¢)) {(¢| multiplied by a monomial of y,,’s (by applying
the relation 1) and A? = A), otherwise it is 0. Since Tre¢A§¢ = 1, the trace of agﬁ)l o q)

jnky 15 @ monomial
of y,,’s or 0. Note that the trace is not always finite if we consider a non basic sector.

2 When k; - - - kz, does not belong to the sector m’, the trace (3.13)) is always 0. This specificity is because the numbers of §’s
and €’s are different in the matrix product, see [2] for details.



4 Graphical construction of the stationary state

We have found a solution to the generalized matrix product Ansatz that constructs conjugation matrices of
the inhomogeneous N-TASEP. In this section, we first review the algorithm that A. Ayyer and S. Linusson
devised [4] to calculate the stationary weights by defining an inhomogeneous extension of the seminal algorithm
by Ferrari and Martin[§]. Then we show that the solution to the matrix product Ansatz of the previous section
is equivalent to Ayyer and Linusson’s construction.

4.1 Ayyer and Linusson’s algorithm

The algorithm of Ayyer and Linusson [4] constructs the stationary state of the N-species sector (my,...,my+1)
from the (IV —1)-species sector (my,...,my+mpy1). It is provided by two maps F, W from an (N — 1)-species
configuration and a configuration consisting of black and white boxes, to an N-species configuration and a
polynomial in y;’s. Figure is helpful to understand the algorithm.

(i) Let us set two lines. On the upper line, there are my + - - - +my black boxes B and m 41 white boxes [J
as ¢1---cr (¢; = B 0). On the lower line, we give a configuration ky - - - kz, of the (N — 1)-species sector
(m1,...,my+mpy1). Thus, on the lower line, there are m, v’s (1 <v < N—1) and (my +mpy41) N's.

(ii-1) Let {i(ll), . ,25,2} be the positions of the m; 1’s on the lower line. For the first 1 located at igl), find
the nearest black box c¢; = B with ¢/ < i(ll) and put 1 on it. If there is no such black box, put 1 on
the rightmost black box. For the second 1 located at iél), find the nearest unoccupied black box ¢;; =l
with i/ < igl) and put 1 on it. If there is no such black box, put 1 on the rightmost unoccupied black

box. We draw an arrow from igl) to the targeted black box. (In the following procedure till (ii-v), we

always draw an arrow in the same way, see figure (4.1)) We iterate this procedure m; times, i.e. find the

nearest unoccupied black box ¢;; = B with ¢/ < iy) for the ¢th 1 located at igl), and put 1 on it or on the
rightmost unoccupied black box if 7/ does not exist.

(ii-2) Let {igZ), e ,17(72} be the positions of the mg 2’s on the lower line. There are (mg+ - - - 4+ my) unoccupied
black boxes on the upper line. We iterate the following procedure ms times: find the nearest unoccupied
black box c¢;; = B with i’ < if) for the ¢th 2 (1 < £ < my), and put 2 on it or on the rightmost unoccupied
black box if i’ does not exist.

(ii-v) In the same way, we go on for v = 3,4,... (N —1). Let {ilu), .. ,z,(f;l),} be the positions of the m, v’s
on the lower line. There are (m, + - -+ + my) unoccupied black boxes remaining on the upper line. We

iterate the following procedure m, times: find the nearest unoccupied black box ¢;; = B with i/ < ig/) for
the ¢th v (1 < £ < m,), and put v on it or on the rightmost unoccupied black box if i’ does not exist.

(iii) There are my unoccupied black boxes remaining. Put Ns on them.

(iv) Put (N + 1)s on the my1 white boxes. We have thus constructed a configuration F(cy---cr, ki -+ kL)
of the N-TASEP on the upper line, belonging to the sector m.

(v) Define a vector from the stationary state |P,,/) of the sector m’ as follows:
1Pr) = Y Wi+ jnska - ko)lju- - do)(ka - k| Pr). (4.1)

The summation Y runs over j; ---j;, and kj --- kr, belonging to the sectors m and m’. If there exits a
configuration ¢ - - - ¢z, such that

F(ei---cp,ki---kp)=j1--jr, (4.2)

the coefficient W (jy - - - 4, k1 - - - k) is defined as the product of the following weights {wy, - -- ,wp}. Draw
a vertical line between each bond between site ¢ — 1 and ¢, see figure When an arrow connecting two



(ii-1) (ii-2)
1 2 1
EEEN BN [ /e /. BN BN [ /..

4 4 3 1 2 3 4 4 4 4 4 3 1 2 3 4 4 4
(ii-3) (iif) (iv)
3 2 1 3 3 2 5 1 5 5 4 5 3
ENEN BN [ BN . ([ ||
1 1
——— L T i 8
4 4 31 2 3 4 4 4 414131 41414

weights 1 1y, 1 yy ys 1 s 1
Figure 1: An example of Ayyer and Linusson’s algorithm.

174

v’s on the upper and lower lines in our figures, we say “the value of the arrow is v”: 1 . Each weight w;
v

is defined as

1 (ji<N),
w; =< ye¢ (4o =N +1, and ¢ is the minimal value of arrows that cross the ith vertical line), (4.3)
yn (Ji =N+ 1, and no arrow crosses the ith vertical line).

Then we have W (j1 ---jr,k1---kr) = [[;<;<, wi. If there is no configuration ¢ - - - ¢, such that equation
([4.2)) is satisfied, we define W (jy -+ jr, k1 -+ kr) = 0.

Ayyer and Linusson conjectured that the form gives the stationary state |P,,) of the sector m [4].
There the definition of the weight looks different from our W, but is equivalent by multiplying it by a constant.

Figure gives an example of the algorithm for the sectors m = (1,1,2,1,4),m’ = (1,1,2,5), where the
upper and lower lines are

c1---cp =HRCOROCRCE, k- kp = 443123444. (4.4)
According to the algorithm, the configuration of the sector m and the weight are obtained as

F(EEOEOOEON, 443123444) = 325155453, W (325155453, 443123444) = y2ysy,. (4.5)

4.2 Equivalence of the matrix representation and Ayyer and Linusson’s algorithm

We explain the relation between the matrix product representation and Ayyer and Linusson’s algorithm (follow-

ing [2] for the homogeneous case). The elements 0,5»],;[) act on a basis vector |1, ..., pn—1)) = | )® - |un—1)) €



APWN=1) 5g

N
ag‘k )|M17 v 7NJN—1>>

e, ooy =1, e+ 1,0 uno1) (G<kE<Nyjpr=---=pj—1=0,pu; >0),
sy — 1,00 1) (J<k=Nyp=-=pi1=0u>0),

— |/11,...,,LLN_1>> (.]:kf7u1:"':“j—1zo)a (46)
yrnin{f,k}|.ul7"'7,u‘k’+17"'7.uN—1>> (k<] -1 :Naﬂl == M1 :O7HJ€ > 0)7
y€|/$1»~~;,UN71>> (j_]' :k:Nvul == e :07#[ > 0)7
0 (otherwise).

Let j1---jr and Ky ---kz belong to basic sectors m and m’. If the vector |pu1,...,un—1)) is not killed by a
matrix product a;,, - - @j .k, , the series of matrices {a;k,,--.,a;j. k. } give a series (“trajectory”) as
a;fzm L L a§fi1kL71 L—1 L—1
iy .o pnv—1)) = oLy, i) T vpmavn ey T )
)
c vgeop | i) P vreuplpd, ), (4.7)

where we have set

(N) it i+1
@i ke

pith ) =il (T = ). (4.8)

Since agg) increases uy — pr + 1 and decreases p; — p; — 1 (see the action ), and we have #{j;, = v} =

#{k; = v} for v < N — 1, we find |p},...,ul_1) = |1, un—1). In other words, |ui,...,un—_1)) is an
eigenvector of the matrix product with a nonzero eigenvalue. If a trajectory (4.7)) is given, one notices that it is

unique and ag\;)l ~-~a§-]LV,2L|u’1, ces Wy ) =0for (ph, .. v_q) # (B, .., iv—1). We regard p, in the vector
|f1,y .-y iv—1)) as the number of arrows with value v. The trajectory gives one graph of arrows which is the

same as obtained by Ayyer and Linusson’s algorithm since the local action is compatible with it. (For
example, when j < k < N, the action of agg) decreases # of arrows with value j and increases # of arrows
with value k. This is allowed only if there is no arrow with value v < j, otherwise it kills the vector.) We can
also see a compatibility of the local action for the coeflficient v; = w; as well as arrows, and thus the nonzero
eigenvalue is identical to W (jy - -+ jr, k1 -+ - kr):

Tr (am) ca™ ) =W jo.kr- kL) (4.9)

Jik1 jrkr

When there is no nonzero eigenvalue, this equation is also true since W (jy -~ jr, k1 ---kr) = 0.
For example, for configurations ji ---j; = 325155453, ky -- -k, = 443123444 as in figure [{.1] the matrix
product a;,x, - - - a;, k, gives a trajectory

o o o o e
10,0,1) =25 10,0,0)) 2% 1,]0,0,0) 5 10,0,0) 2 y334]0,0,1) =3 yoyzyal0,1, 1)
u@® al® u® u®
=5 yoysya0, L 1) 5 y3u3ua]0,1,2) =5 y3y3y4(0,0,2) =5 y3ysy4]0,0, 1), (4.10)

and we have aj,r, ---a;,%,]0,0,1)) = Y3y394]0,0, 1)), and we have Tr(aj e, - -G ky) = Y3Y3ya-

5 Concluding remarks

In this work, we applyed the generalized matrix product Ansatz to represent the stationary weights of the
inhomogeneous N-species TASEP. We also explained that our solution to the Ansatz is equivalent to Ayyer and
Linusson’s combinatorial algorithm. Our analysis was motivated by some conjectures proposed by Lam and
Williams [12]. For example, for L = N + 1, they claim that the stationary probability is a polynomial with
respect to the hoping rates with non-negative integer coefficients and is a non-negative integral sum of Schubert



polynomials. The first observation is an obvious consequence of Kirchhoff’s matrix tree formula [I8]. (Note that
this is also an outcome of our matrix product solution because all operators have positive entries.) However, the
relation with Schubert polynomials is still unclear. Another interesting problem would be to extend the present
study to the partially asymmetric case and to classify the multi-species systems with arbitrary inhomogeneous
hopping rates that can be solved by the matrix product Ansatz. Finally, we note here that the inhomogeneities
are linked to the particles rather than to the underlying lattice. Extending our approach to models with lattice
defects (such as the Janowsky and Lebowitz model in which the insertion of a slow bond can generate a shock
[9]) remains a very challenging open question.
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A Proof of equation (|3.17))

Here we show the first case (3.17)) of the algebra.

The case when | j # k,7’ < N | We have

aj, =0 or jth component of a;, is § (for k =k, k'), (A1)
aj, =0 or jth component of a;,, is A (for k =k, k). (A.2)

In any cases, we find ajra;1r = ajpa;r = 0, and thus the left-hand side is 0. The right-hand side is also
0 thanks to a;; = @ = 0.

The case when | j = k,j’ < N | The left hand side is —zja;raj/; = 0 thanks to a;/; = 0. The right-hand
side is again 0 thanks to @i = @1 = 0.

The case when ‘j <k,j=N+1 ‘ Since

ajkaj/k/ = ajk/aj/k = yjA®(j71)®5®]1®(k_j_1)®€®]1®(k/_k_1)®€®]1®(N_kl_l), (A3)
the left hand side is calculated as
— A% D518k I Dgeg1®* ~h D@+ -1 (A.4)

which agrees with the right-hand side. (We read - -- 12V Dgea1®1) — ... 1®W=k=1 5 17 — N))

The case when |j =k,7' =N +1 ‘ The left-hand side is calculated as

— XAk Q45 = —A®(j_l)®]1®(k,_j)6®]1®(N_kl_1), (A5)

which agrees with the right-hand side.

The case when |j > k,j' =N +1 ‘ We have ajia;,r = 0 thanks to a;, = 0. Since the kth component of

each term of aj, is €, and a;,y=0 or the kth component a;i is A, we also have ajrra;p, = 0. Thus the
left hand side is 0. The right hand side is also 0 thanks to a;x = @ = 0.
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