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Abstract

An angular momentum (2 + 1)-dimensional Hilbert space H is considered.
Symplectic transformations S on the tensor product of N of these spaces
H ® --- ® H are studied for the case when the 2j + 1 is a power of a prime
(Galois case). The corresponding operators are calculated numerically. The
formalism is applied to quantum coding. A simple repetition code based on the
space H, spanned by the direct products of N angular momentum states with
the same m, has distance 1. It is shown that a code based on the symplectically
transformed space S H4 has (in general) larger distance. An example with three
qutrits is discussed in detail.

PACS numbers: 03.67.—a, 03.65.Ca

1. Introduction

Quantum systems with finite Hilbert space were studied originally by Weyl and also by
Schwinger [1]. More recently they have been studied by many authors [2, 3] both as a subject
in its own right and also in the context of various applications. In a recent paper [4] we
have considered a composite quantum system comprising two subsystems each of which is
described by a d-dimensional Hilbert space. In this system we have studied unitary SU (d?%)
transformations, which we classified into local and entangling ones. We have also studied
in more detail the symplectic Sp(4, Z(d)) transformations (where Z(d) are the integers
modulo d).

In this paper we consider a N-partite system comprising N angular momentum sub-systems
each of which is described by a (2 + 1)-dimensional Hilbert space. In this system we study
symplectic Sp(2N, Z(2j + 1)) transformations and construct numerically the corresponding
operators. The formalism is then applied to quantum coding.

Quantum coding introduces redundancy in order to protect qubits from errors. The
simplest coding schemes are the three qubit repetition codes (reviewed in [5]). However it
is easily seen that they protect qubits from a very limited class of errors. For example, the
three qubit bit flip code cannot protect against phase errors; and the three qubit phase flip
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code cannot protect against bit flip errors. For protection against larger classes of errors more
qubits are required. Arbitrary errors at known positions (erasures) require at least four qubits
[6]. More general errors require at least five qubits [7]. Other coding schemes which provide
protection against any one-qubit error are Shor’s nine qubit code [8] and the seven qubit
code [9].

Much of the work on quantum computation and quantum coding has been based on qubits
in two-dimensional Hilbert spaces. More recently the use of multi-dimensional Hilbert spaces
(qudits) as a potentially more powerful tool has been studied [10]. A generalization of Shor’s
nine qubit code for qudits was studied in [11]. In this paper we show that the use of entangling
symplectic transformations on a simple repetition code with N qudits, increases the distance
of the code. As the distance of the code increases, errors on more qudits can be corrected.

In section 2 we briefly introduce the formalism for quantum systems with finite Hilbert
spaces (qudits) with emphasis on the symplectic transformations. We have explained
previously [3, 11] that when 2j + 1 = p” where p is a prime number, the Z(2j + 1) is a
Galois field (which we denote as G F(p™)). In this case the phase space is a finite geometry
[12] and symplectic transformations form the Sp(2N, GF(p")) group [13-15]. Here we
explicitly discuss an example for the case j = 4 (i.e., G F(9)), in order to see in detail how the
Galois theory is embodied into our formalism for qudits (‘Galois qudits’). Codes over G F (4)
have been discussed in [16].

In section 3 we consider products of N finite Hilbert spaces (multiqudits) and study
symplectic Sp(2N, GF(p")) transformations in them. We explain that some of these
transformations are local and some are entangling ones.

In section 4 we consider repetition codes with qudits and apply symplectically entangling
transformations on them. We show that in the resulting code space of symplectically entangled
qudits, all generators of transformations involve simultaneous transformations on more than
one qudits and therefore the distance of the code increases. The general formalism is applied
to an example which consists of three qutrits and which is shown to have distance 2.

We conclude in section 5 with a discussion of our results.

2. Qudits

Quantum systems with finite Hilbert space have been studied for a long time [1-3]. In [3] we
have applied these ideas in the context of the angle-angular momentum quantum phase space.
In this section we first briefly review some of these ideas in the context of qudits and introduce
the notation. We then study symplectic transformations, which are central for this work. As
explained in [3] in the two cases of integer j (Bose case) and half-integer j (Fermi case) some
of the formulae are slightly different. Below we give the formulae for the Bose case, and in
appendix A we summarize briefly the required amendments for the Fermi case.

We denote as |J; j m) the usual angular momentum states. Here the symbol J is not
a variable but it simply indicates that they are angular momentum states. m belongs to
Z(2j+1). The states |J, j m) span the Hilbert space H(2j + 1). The finite Fourier transform
is defined as

F=Qj+17"2Y wmn)lJ; jm)(J; jnl (1)

m,n

2
(@) = exp [i i } FFl=FlF=1 F‘=1 2
2j+1
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Using these Fourier transforms we have introduced [3] the 6-basis of angle states |6; j m)
as follows:

6 jm) = FIJ; jm) = 2j+ D72 Y wmm)|J; jn). 3)

Here the symbol 6 is not a variable but it simply indicates that they are angle states. We have
also introduced the angle operators 6., 6_, 6,

0, =FJ.F' 0, = FJ,F! 0. =FJ_F! 4)

which obey the SU (2) algebra. The 6-operators act on the 6-states in an analogous way to the
J-operators acting on the J-states. The displacement operators are defined as

X 2" g z 2Ty 5)
= eX —1 7 = €eX 1 7

AT A ETIEN
) G AL | XPz¢ = 7°XPw(—ap) (6)

where «, B are integers in Z(2j + 1). They perform displacements along the J, and 6, axes in
the J, — 0, phase space (which is the toroidal lattice Z(2j + 1) x Z(2j + 1)), as follows:

XP1J; jm)y =1J; jm+B) X?10; jm) = o(—=pm)|6; jm) )

Z%J; jm) = w(ma)lJ; jm) Z%10; jm) =10; jm+a). ®)
The general displacement operators are defined as

D(e, p) = 2" X w(=27"ap)  [D(e.p)I' = D(~a,—p) ©)

D(a, B)D(y.8) = w[27 (@8 = py)ID(e +y. p +5) (10)

where 27! is the inverse of 2 within Z(2; + 1) (which in fact is j + 1, but for similarity with
the harmonic oscillator case we prefer to keep the notation 271).
We can prove that an arbitrary operator U can be expanded as

U=Qj+1)"" Y WU: —a,—p)D(e. B) W(U;«, ) = Tr[U D(a, B)] Y
o.p

where W (U a, B) is the Weyl function (which is the two-dimensional Fourier transform of
the Wigner function). This can be proved if we take the matrix elements of both sides with
regard to the states (J; jn| and |J; jm).

2.1. Symplectic transformations
Inthe Z(2j + 1) x Z(2j + 1) phase space we consider the unitary transformations,
X =585xS§"=x78 7' =8z8t=x77° a8 — By = 1(mod(2j + 1)) (12)

where «, B, y, 6 are integers in Z(2j + 1).

These transformations preserve equations (6), i.e., (X')%/*! = (Z')¥*! = 1 and also
(X2 = (Z)*(X")Pw(—ap). The ‘new’ operators X', Z’ displace differently the various
states in comparison with the ‘old” operators X, Z; but since the «, §, y, § are integers, the
lattice phase space Z(2j+1) x Z(2j+1), is preserved. The symplectic transformations rotate
and rescale the J; and 6, axes into J! = SJ, St and 0, = S0, S' in a way that the lattice phase
space Z(2j + 1) x Z(2j + 1), is preserved.

The symplectic transformations of equation (12) contain four variables but because of
the constraint, there are three independent variables. The question of the existence of the
‘inverses’ of the elements of Z(2j + 1) arises here, because if they exist then for a given triplet
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o, B,y (with @ # 0) there exist § = a~!(B8y + 1) which satisfies the constraint. When the
(2j + 1) is a power of a prime p(2j + 1 = p"), the Z(p") is a Galois field and all non-zero
elements have an inverse. In Galois fields with n > 2, the addition and multiplication rules are
different from the ‘standard’ ones, and in order to emphasize this we use the notation G F (p").
When the (2 + 1) is not a power of a prime, the Z(2; + 1) is a commutative ring with a unity,
and inverses do not necessarily exist.

For n = 1 it is easily seen that the Z(p) is a field. For higher values of n the concept
of field extension of Z(p), of degree n is required (e.g., [17]). The elements are written as
polynomials of an indeterminate ¢ with coefficients in Z(p). These polynomials are defined
modulo with an irreducible polynomial 7 (¢) of degree n. Different irreducible polynomials
of the same degree n lead to isomorphic finite fields, and in this sense there is only one finite
field which we denote as G F'(p"). For practical purposes, irreducible polynomials and the
corresponding addition and multiplication tables can be found in computer libraries (e.g.,
MATLAB).

We call Galois qudits, the qudits associated with Hilbert spaces with dimension p”. The
phase space GF(p") x GF(p") of Galois qudits, is a finite geometry [12] and dilations,
contractions and discrete rotations are well defined. In contrast, the phase space of non-Galois
qudits, is a set of points with no geometrical structure.

Therefore, symplectic transformations on non-Galois qudits can be performed only if
o, B, v, 8 can be found such that 5 — By = 1(mod(2j + 1)). For Galois qudits we make
a much stronger statement that for any o, B, y there exists the corresponding symplectic
transformation. This is because the phase space is a finite geometry and discrete rotations are
well defined. Below we discuss explicitly Galois qudits corresponding to G F (9).

The transformations of equation (12) form the symplectic Sp(2, GF(p")) group of
transformations (the analogue of Sp(2, R) in the harmonic oscillator). For practical purposes
it is useful to calculate the operator S. A numerical calculation of the matrix elements
(J; jn|S|J; j m) has been presented in [4].

We should emphasize that there is no ‘natural ordering’ of the states in finite systems.
Any ordering depends on how we define the operators and will be changed with symplectic
transformations. As an example, we consider the case j = 2 the operators X and Z and
the corresponding states |J; 2m) and |0; 2m). We perform the symplectic transformations
X' = X?, 7' = 73 and find the corresponding J-states (denoted with prime)

[J52=2)y=1|J;21) [J52—-1)=1J;2-2) [J';20) =1J;20) (13)
[J;21) =1J;22) [J;22) =1|J;2—1)

and also the corresponding 0-states
1652 —-2)=16;2—1) 0";2 — 1) =6;22) 160";20) = 16;20) (14)
10;21) =160; =2 —2) |67;22) =16;21).

We see that the symplectic transformations have reordered the J-states and also the 6-states.

2.2. Galois qudits in GF(9)

The field G F(9) consists of the integers n = n4 + enpg where ns,np € Z(3). We use the
terms ‘A-Galois’ (Ag) and ‘B-Galois’ (Bg) parts of n for the n4 and np correspondingly,
Ag(n) =ny Bg(n) = ng. (15)
We choose the irreducible polynomial 77 (¢€) = €2 + € + 2. We note that results of calculations
do depend on the choice of the irreducible polynomial, but different choices lead to isomorphic
results. For this irreducible polynomial we have
€€=—€—2=—€e+1=2e+1. (16)
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Addition and multiplication are given by
n+m=nps+my)+e(npg+mpg)
nm =namy+emnomp +}’leA)+62anB (17
= (ngma+npmp)+€e(namp+ngmy —ngmp).
Some useful relations for later purposes are
ne =ng+ (s —np)e Ag(ne) = Bg(n) Ag(nm) =namp +ngmpg. (18)

We consider the Hilbert space H(9) = Hs(3) ® Hgp(3) spanned by the angular
momentum states

|J;4n)=|Ja; 1ny) @ |Jp; 1ng) n=ny+eng. (19)
We use the indices A and B for states and operators acting on H,(3) and Hp(3),

correspondingly. The angle states are defined as

16;4m) = 104; 1m4) ® |05; 1mp) =37 Z o[ Ag(mn)]|Ja; 1na) @ |Jp; 1ng)

na,np
2
W = exp |:1?n:| . (20)

As we explained above, ordering of these states is arbitrary and changes with symplectic
transformations.
We consider the operators Z and X acting on H (3). We define the operator Z acting on
HO) = H;s3)® Hg(3), where ¢ = a4 + €ap isin GF(9), as
2 =(23) © (2). 21)

Here the indices A and B indicate the Hilbert space on which these operators act. They are
superfluous, in the sense that it is obvious that the first operator of the tensor product acts
on H,(3) and the second on Hg(3); but for more clarity we include them. Examples of
equation (21) are, Z = Z4, ® 1 and Z¢ =1 ® Zp. It is easily seen that

zXP = (zy X)) ® (2 X5) (22)
and also that

XP7% = 2°XPw[—Ag(ap)]. (23)
A consequence of that is

XZ¢=Z7X. (24)

More generally if ag = B4 = O orif @y = Bz = 0, then the X# commutes with the Z%.
Calculations of the power of a power need to take into account the multiplication rule of
equation (17). For example,

(Zm)n — gmn _ Z:ZAnA‘HanB ® ZEA”B‘*’mB”A_mB”B. (25)

Powers of X#Z* are more complicated and they are discussed in appendix B. It is seen that
the formalism of this section is not simply the direct product of two qutrits, because the Galois
structure has been embodied in it.

The displacement operators D(«, 8) defined earlier are in the present context given by

D(e. p) = Z*X w[-27" Ag(ap)]
= [z X (=27 aaB)] © [25 X5 o(—27 apBp)] (26)
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and obey the relation

D(a, B)D(y, 8) = w[27 Ag(ad — By)1D(a +y, B +95). 27)
The Z* act on the angular momentum states and angle states, as follows:
Z%\J;4m) = w[Ag(ma)]|J; 4m) Z%10;4m) = |0;4m + «). (28)
For example, if we act with these operators on the state |0; 4 — 1 — €), we get
Z7N0:4—1—€)=10:41—¢) Z71 €04 —1—€)=|0:41+¢€)
Z7H€04—1—€)=16;41) Z€0;4—1—¢€)=10;4—-1) 29)
Z7€0;4—1—€)=10;4—1+¢€) Z10;4—1—€)=10;4—¢)
Z17€10;4 — 1 —€) = |0; de) Z¥€0;4—1—€) =10;40).
Symplectic transformations are given by
X =585xS§"=x78 7 =8z8t=x77° (30)
where «, B, y, 8, are in G F(9). We require the following commutation relation:
wX'Z =7'X — Ag(as — By) = 1. (31)

However this is not enough. In addition, according to equation (24) we require that

X'(Z2) =(Z) X' — Agle(ad — By)] = 0 — Bg(as — py) = 0. (32)
The two constraints of equations (31) and (32) can be combined into one constraint

ad— By =1 (33)

which is the same as in equation (12).

An example of symplectic transformations on these qudits is
X' =SXSt= X"z = (X4Z;") ® (X3Z5p)
(34)
7 =SZS'=X""Z"= (X)) ® (X5'Z5").

For practical purposes it is useful to calculate the operator S. A numerical calculation of S for
the group Sp(4, G F(5)) has been presented in [4]. The calculation here is similar because as
we explained qudits in G F(9) are a direct product of two qudits in G F (3), combined with the
Galois structure. The two modes here are the ‘A-Galois’ and ‘B-Galois’. In conjuction with

the X’ and Z’ we also need to consider the (X')€ and (Z')¢
(X = *XZ" = 0¥ (XuZy) ® Zp
(35)
(Z/)e — wX—l—eZ—lJre — CL)(XZIZ;I) ® (XEIZB)

We now construct numerically the common eigenstates of Z’ and (Z’)¢ which are the
|J';4n) = S|J; 4n) up to a phase factor. We want to chose phases such that

XN\ 4m)y =10 4m + B) (36)

and we achieve this starting from the state |J’; 4 — 1 — €) (for which we chose an arbitrary
phase) and applying equation (36) numerically. In table 1 we present results for the

Stn,m) = (J;4n|S|J;4m) = (J;4n|J;4m) 37

withm =1 +e.
We stress again that the results of this section depend on the choice of the irreducible
polynomial. However, different choices lead to isomorphic results.
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Table 1. The coefficients S(n4 +€np, 1 +¢€) defined in equation (37). Here z; = 0.333,z0 = zj@
and 23 = 710~ L.

ng=—1 ng=0 ng=1
na=-1 2 23 21
ng =0 22 22 22
nA = 21 23 22

3. Local and entangling transformations on multiqudits

We consider N Hilbert spaces H; which are all isomorphic to the H studied above and which
describe N quantum systems. We also consider the product’ H = H|®- - -® Hy. On the Hilbert
space H we consider operators similar to the ones used above and we use an index i to indicate
the Hilbert space on which they act, with the operator 1 acting on the rest Hilbert spaces. For
example, Z; =1® --- ® Z ® - -- ® 1. For the states we use the index i to indicate states in
the H;. For example, |J;; j n) are the angular momentum states in the H;. The Z; has the
2j + 1 eigenvalues ™ and there is a degeneracy with (2 + 1)V ~! eigenvectors corresponding
to each eigenvalue. We consider the common eigenvectors of all Z; withi = 1, ..., N (which
commute with each other) and to each set of eigenvalues {m;} corresponds (up to a phase
factor) one normalized eigenvector

Zi|\T; jime}) = 0(mi)| T j{ime}) |5 jlme}) = [Jis jm)) @ -+~ @ |Jis jmy).  (38)
In the space H we consider the groups

GL=[SUQj+ DN =SUQRj+1) x - x SUQ2j+1) (39)

Gre = SU[QRj +D"] GL CGre. (40)

The group G describes local transformations (the index L indicates local). It performs
independent unitary transformations on each of the N components of the system; and therefore
if it acts on a factorizable pure state, it gives another factorizable pure state. It has the
N[(2j + 1)> — 1] generators D;(;, ;). The group G is more general and describes both
local and entangling transformations (the indices LE indicate local and entangling). It has
the (25 + DN —1 generators D (a1, B1) ... Dy(an, Bn). From them the N[(2] + D2 —1]
generators contain only one non-trivial factor (the other factors are 1) and are associated, as
we explained, with local transformations; the rest (2 +1)*" — 1 — N[(2j +1)? — 1] generators
contain two or more non-trivial factors and describe entangling transformations. Therefore
G is a subgroup of G (the C denotes subgroup).

In this paper we are interested in symplectic transformations in the [G F (p™) x GF (p™)]"
phase space (for 2j + 1 = p"). Here also we make the distinction between the groups

Gy =Sp@2, GF(p"N" G, CGy (41)

Gz =Sp2N,GF(p") G, C G, CGpg. (42)

G, describes local symplectic transformations and it is a straightforward generalization of our
discussion in section 2.1. It performs independent symplectic transformations on each of the
[GF(p") x GF(p")] phase spaces; and therefore if it acts on a factorizable pure state it gives
another factorizable pure state. The symplectic transformations are unitary transformations
and therefore the G, is a subgroup of G.. In fact, the G/ is a finite group that depends on
3N integers in G F(p"); while the G is a continuous group that depends on N[(2j +1)> — 1]
real variables.
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The more general G}, group describes both local and entangling symplectic
transformations in the total phase space [GF(p") x GF(p™)]" and we study it below. The
G/, is a subgroup of G/, . which as will see below is a finite group that depends on 2N? + N
integers in G F'(p™). The symplectic transformations are unitary transformations and therefore
the G/, ;- is a subgroup of G which is a continuous group that depends on (2 + DN —1
real variables.

3.1. Symplectic Sp(2N, GF(p™)) entangling transformations
We consider the following unitary transformations in the [Z(2j + 1) x Z(2j + 1)]V phase
space
X, =SX;8t = (X{zZP) L (X ZRY)
Z = SZ;St= (X" Z) (X Zu.
We require that they preserve equations (6) and also that for i # k the X;, Z; commute with
the Xy, Z;. In other words we require that
XD =@ =1 XDAZ) = ZD XD w(~ap)

(43)

i #k— [Xi, Xil =X, Zi] = [Zi, Xl = [Zi, Zk ] = 0. (44)
Physically these transformations rotate and rescale the J;1, ..., J.n, 6.1, ..., 0,5 axes into
J = AT Sy = SJ.n ST, 0, = 56,8, ..., Oy = S0y ST in a way that the phase

space which is the lattice [Z(2j + 1) x Z(2j + DIV, is preserved. These requirements lead to

the constraints
N

N N
> (oiBu — Buictex) =0 > eibex — Seivu) =0 > (aibuk — Buiver) = 8. k).
=1 =1 =1

45)
We note that there are 4N? integer parameters in these transformations and 2N? — N
constraints. Therefore there are 2N? + N independent integer parameters. We make here
a similar comment to that made earlier about Galois and non-Galois qudits. We can perform
the above symplectic transformations on non-Galois qudits only if we can find 4N? integers
in Z(2j + 1) which obey all these constraints. And this might be very difficult. But with
Galois qudits (2j + 1 = p”) we simply choose 2N? + N integer parameters and then solve the
constraints (45) (because the inverses exist) to find the rest of the parameters. Another way of
putting it, is that for Galois qudits the phase space is a finite geometry and discrete rotations
are well defined. The transformations of equation (43) are symplectic Sp(2N, GF(p"))
transformations (the analogue of Sp(2N, R) in the N-dimensional harmonic oscillator).
The various Z; commute with each other and we consider their common eigenvectors
which we denote as |7'; j{m;})
Z|J"s j{me)) = om)|T"; j {me}) T j{me}) = SIT; j {me}). (46)
For each Z/ there is degeneracy with (2j + 1)V~! eigenvectors corresponding to each
eigenvalue. But in equation (46) we consider the common eigenvectors of all Z; (which
commute with each other) and to each set of eigenvalues {m;} corresponds (up to a phase
factor) one normalized eigenvector. From a practical point of view, the problem of finding the
common eigenvectors of all Z! is complex for large values of N, j. The numerical technique
has been discussed in [4] for Sp(4, G F(5)) and is also discussed below, for the more complex
case of Sp(6, G F(3)) (an example with three qutrits).
We can now calculate the matrix elements of the operator S,

Smy,....mylny, ... ny) =(T: jime}|SIT; jined) = (T: jime T j {ned). (47)
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4. Repetition codes

In a previous paper we generalized Shor’s coding method for qudits. This is a concatenated
code in two steps. In the first step we introduce J-redundancy (amplitude redundancy). We
consider the following subspace of H:

Hy =span{|Ja; jm)=|J; jm)Q---Q|J; jm)y,m=—j,...,j} (48)

where the notation span{} is self-evident. H, is isomorphic to the Hilbert space H. In this
space we have shown that

Za=ZiTly Xa=X1...XnyIly [Zi, 4] = [X1--- Xn, T4l =0 (49)
where 1,4 is the projection operator in Hy4

Ma=) [ jm){Js jml@---@|J; jm)(J; jml. (50)

m

We can easily see that the Z; Z, I are stabilizers of all states in H4. We call G; the cyclic
group of order 2 + 1, generated by Z; Z;ll. The total Abelian finite group of the stabilizers is
the direct product

G=G x--xGy,  G={1,22z. . [2z:]) (51)
and is of order (2 +1)¥~'. We note that both X 4 and Z,4 commute with all the stabilizers and
that they are defined up to a stabilizer in the sense that the g X 4, gZ4 where g is any stabilizer
in G, act on the states in Hy in the same way as the X4, Z 4, correspondingly.

The generator Z4 contains only one Z; (acting on one qudit). Therefore the distance
of this code is one. In the second step we introduce 6#-redundancy (phase redundancy) as
discussed in [11]. This coding scheme requires N M qudits and for noise acting on one qudit
we can take N = M = 3 which gives the ‘nine qudit code’.

In this paper we show that the second step of this concatenated code (and the extra qudits
that it involves) are unnecessary, if instead of the space H4 we use the space Hg = S H,4 which
comprises the states S| f) where | f) is a state in H,4 and S are the symplectic transformations of
equations (43). The space Hy is different from the space H,. The symplectic transformations
map H onto itself. Hy is a subspace of H and through symplectic transformations is
mapped into Hg; which is also a subspace of H and which is isomorphic to H,4 because
the transformation is unitary. The distance of the code based on H4 is 1. We show that the
distance of the code based on Hy is greater than 1. As the distance of the code increases,
errors on more qudits can be corrected.

4.1. Repetition codes with symplectically entangled states

The (2 +1)-dimensional space Hy = S H, is a subspace of H and is isomorphic to H4. Using
this isomorphism, we introduce the J-states in Hg,

|[Jss jm) = S|Jas jm) = S|J; jm) @@ |J; jm)
Y St .onylm, . om)J; jm) @@ 1T jny)  (52)

ny,..ny

and also the Z and X operators in Hy,

Zs=SZ,S"=SZ;S'Ms = Z/Tlg (53)

Xs=8X,8"=8X,--- XyS'Ty =X ... X\ (54)
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M5 = STAST =) |Js: jm)(Js: jm| (55)

[Z;, Ts] =[X]... Xy, Os] = 0. (56)
Here Iy is the projection operator in Hs. Using equations (43) we find that
Zo= (X7 Z0) .. (X 2y )]s
o = [(X5 20 (X5 2] [ 2 (g 2
- a)¢[(X‘1)‘1N+“‘+a1N Z/131N+---+ﬂw) o (th]m+-~+amv Z§N1+~~+ﬁw)]ns (57)

where the phase ¢ is due to the non-commutativity of X and Z. It is seen that both Xy and Zg
are products of many operators acting on all qudits. Consequently the code based on Hg has
(in general) distance greater than 1. Below we use the stabilizers to find the distance.

4.2. Stabilizers

We easily see that

Z(Z)™ s jm) = Jsi jm). (58)
Therefore the Z/(Z;)~" are stabilizers of all states in Hs. They form an Abelian finite group
with N — 1 generators
ZUZ,) " = 0’ D181 — 8141 Vii — Viis1) -« - DyOni — Sn ity YNi — YN ,i+1) (59)

wherei = 1,..., N — 1 and D;(«, B) = Zf‘Xiﬂa)(—Z"aﬂ). We call G; the cyclic group of
order 2 + 1, generated by Z/(Z/,,)~". The total Abelian finite group of the stabilizers is the
direct product

G =G, x---xGy_, G ={1,ZZ, )", ....1ZZ,)""1) (60)

and is of order (2j + 1)V~!. The stabilizers g, (¢ = 1, ..., (2j + 1)V ") define the codespace
Hjy in the sense that if g¢|c) = |c) for all stabilizers, then the state |c) belongs in Hy.
The stabilizers are of the form

8¢ = D1(se1,te1) ... Dn(sen, ten)- (61)

Operators which commute with all stabilizers (and are not themselves stabilizers) take the
states in Hy into other states within Hg; and conversely, operators which do that, commute
with all stabilizers. Such operators can be used to find the distance of the code.

In order to see if the distance is 1 or greater than 1, we consider all operators Dy (u, v)
(forallk = 1,...,N and all u,v € Z(2j + 1)) which act on one qudit and calculate their
commutators with all stabilizers,

[Di(u, v), ge] = [Di(u, v), Di(sers ter) ... Dy (Sens ten)]
T
= 2. 1 t -
isin |:2j 1 (utgy vsz;()i|

X Di(se1,t01) o DU+ Sgp, v +141) ... Dy (sen, ten). (62)

If at least one of the Dy (u, v) commutes with all the stabilizers gy, i.e., if there exists u, v such
that
ute, — vsy = 0(mod 2] +1) (63)

for all ¢, then the distance of the code is 1. In this case the Dy (u, v) acting on one codeword
gives another codeword. If there exists no such u, v then the distance of the code is greater
than 1. Indeed an arbitrary operator U, acting on the k-qudit can be written according
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to equation (11), as as a linear combination Y u(u, v)Dy(u, v) and at least some of its
commutators with the stabilizers will be non-zero. Such an operator cannot act on codewords
and produce other codewords.

This argument can be extended to larger distances, but at least for the example below this
is sufficient.

5. Example with three qutrits
We consider the case with j = 1 and N = 3 where the Hilbert space H is three-dimensional
and H = H ® H ® H. In this case equation (6) becomes

xX*=2z=1 XPz% = 7°XPw(—ap) w = exp(i2/3) (64)

where «, B are integers in Z(3). As previously, we use the notation X; = X @ 1® 1, X, =
1® X ® 1, etc. The group of symplectic transformations is in this case G , = Sp(6, Z(3))
and we consider as an example the transformations,

Xj = 85X8" = (Z)(X2)(X5 ")

Z) = SZ,S" = (X,Z1)(X2)(X3Z3)

Xy =SX28" = (X7')(2y")

Z,=S2,8" = (X7'27")(2,") (x57)

Xy =8X38" = (X7'2))(X2Z2) (X5 Z3")
7, = SZ3S" = (X7')(Z2)(X3 23 ")

(65)

which obey the constraints (45).
Using the formulae given earlier for the general case, we find the Abelian group (of
order 9) of the stabilizers,
G = {1 (X;'Z2")(X222) (X5 Z3). (X1 Z0)(X5 ' 2, ") (X325 ), (271)(22) (X3 Z3),
Z0(2) (X323 (X1 2) (X22, 1) (237).
(X1 Z7) (X3 22)(Z) (X7 () (X3), (X (X5 1) (X5 - (66)
We can easily see that none of the operators D;(«, f) commutes with all the stabilizers.
Therefore there is no operator acting on one qutrit which can transform one codeword into

another. Consequently the distance of the code is at least two.
Using equations (35), (54) and (65) we find the displacement operators in the space Hg,

Zs = (X1 Z)(X2)(X3Z3) s = (X' Z7')(Z5 ) (X3 ) s = (X, ')(Zo) (X323, ') (67)

Xo = (X12)(X;") (23 )Ms. (68)
We have already explained that instead of X g we can use g X where g is any stabilizer. Using
g= (Xl_l) (X2)(X3) we find g X = (Zl_l) (X3Z3_1). This implies the distance of the code 2.

We note that the distance is 2 for the transformations of equation (64). Different
transformations might lead to different distance.

5.1. Numerical calculation of the codespace

In order to find the common eigenvectors | 7'; 1 {m1, ma, m3}) of Z\, Z}, Z%, we first consider
the Z| which consists of the three operators X;Z;, X,, X3Z3, and in the basis |7; 1
{n1, ny, n3}) is the Kronecker product of the three matrices & (ny, m; + Dw(my), 6 (np, my+1)
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Table 2. The coefficients S(ny, np, n3|—1, —1, —1) used in the calculation of |Jg; 1 m) in
equation (69). Each cell contains three complex values for n3 = —1,0, 1 (in that order). Here
71 = —0.0380 +0.1887i, 20 = 710~ and z3 = 7107 2.

np = —1 np = 0 np = 1
np=-1z1,21,23  22,23,23 21,23, 21
ny =0 21,23,21  22,22,21 21,22, 22
ny =1 22,23,23 23,22,23  22,22,21

and §(n3, m3 + 1)w(m3) . We calculated numerically this Kronecker product (which is a 27 x
27 matrix) and its eigenvalues and eigenvectors. The eigenvalues are @, 1 and w~' and there
are nine eigenvectors corresponding to each of these eigenvalues. We have constructed the
three 27 x 9 matrices V (m;) (m; = —1, 0, 1) which have as columns the nine eigenvectors
corresponding to the same eigenvalue w(m;). Clearly the |7'; 1{m, my, m3}) is a linear
combination of the nine eigenvectors corresponding to the eigenvalue w(m;) and this in
the matrix notation is V (m)A(my, mp, m3) where A(m, my, m3) is a 9 x 1 vector of the
appropriate coefficients.

We next calculated numerically the Kronecker product corresponding to Zj. Since
the V(m;)A(m,, mp, m3) is an eigenvector of Z) with eigenvalue m, this implies that
(Z), —w(m2)1)V (m;)A(my, mp, m3) = 0 and therefore the A(m, m, m3) belongs in the null
space of (Z, — w(m>)1)V (m) which we denote as N (m, m,) (and which is readily available
in most computer libraries, e.g., MATLAB). In this case the null space is three-dimensional and
the N (my, my)isa9 x 3 matrix. The vector A(m, m,, m3) is a linear combination of the three
vectors in the null space and can be written as A(my, my, m3) = N(my, my)B(my, my, m3)
where B(m, my, m3) is a3 x 1 vector of the appropriate coefficients.

We next calculated numerically the Kronecker product corresponding to Zj. Since
the V(m)A(my, my, m3z) = V(m)N(mi, my)B(mi, my, m3) is an eigenvector of Z} with
eigenvalue m3 this implies that (Z; — w(m3)1)V (m )N (mi, m2)B(m,, my, m3) = 0 and
therefore the B(m, my, m3) belongs in the null space of (Z§ — w(m3)1)V (m )N (m, my)
which in this case is one-dimensional (for fixed m, m,, m3). We have calculated this
numerically and we have found the vector B(m, m,, m3). In this way we have calculated all
the eigenvectors | 7'; 1{my, m,, m3}) up to phase factors.

In order to calculate the phases, we started from the lowest state | 7'; 1 {—1, —1, —1})
and used numerically the equation

XM Xy XY™ T =1, =1, =1)) = |T'5 1 {my, ma, m3}). (69)

We checked that the | J'; 1{m, my, m3}) calculated through this equation differ from the
corresponding vectors calculated above as common eigenvectors of the matrices Z/l, Zé, Zg,
only by a phase factor. This is a test that the numerical work is correct and at the same time it
provides the phases.

We then calculated the matrix elements of the operator S(ny, n,, n3|mi, m,, msz) defined
in equation (47). The three-dimensional space Hg is spanned by the three vectors

(s Imy =Y Sy, na, n3lm, m,m)|J; 1ny) @ |75 1na) @ |J; 1na). (70)

ny,na,n3

The coefficients S (n1, ny, n3|m, m, m) are given in tables 2, 3 and 4.
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Table 3. The coefficients S(n1, n, n3|0, 0, 0) used in the calculation of |Jg; 1 m) in equation (69).
Each cell contains three complex values for n3 = —1,0,1 (in that order). Here z; =
—0.0380 +0.1887i, 22 = zjw ™! and z3 = z 1w~ 2.

np = —1 niy =0 np = 1
np=-1z1,21,23  21,22,22  22,21,22
ny =0 23,22,23  23.23,22 21,22, 22
ny =1 23,21,21 23,22,23  Z1,21,23

Table 4. The coefficients S(ny,na,n3|1,1,1) used in the calculation of |Jg; 1m) in
equation (69). Each cell contains three complex values for n3 = —1,0, 1 (in that order). Here
71 = —0.0380 +0.1887i, 20 = zjw ' and z3 = zjw 2.

np = —1 ni =0 np = 1
np=-1z1,21,23  23,21,21  23,22,23
ny =0 22,21,22  21,21,23 21,22, 22
ny =1 21,22,22  23,22,23 23,23, 22

6. Discussion

We have studied symplectic Sp(2N, G F (p")) transformations in N-partite systems. They are
given in equation (43) and contain 4N integer parameters and 2N?> — N constraints. We
have explained that in order to solve the constraints of equation (45) we need the existence
of inverses of the parameters. For this reason we have considered Galois quantum systems
where the dimension is a power of a prime. In this case all the parameters belong to the field
G F(p") and we can solve the constraints and we are left with 2N? + N independent integer
parameters. We have discussed explicitly the case G F(9) in order to show how the Galois
theory can be embodied into the theory of finite quantum systems.

The symplectic operator S has been constructed numerically for the general case. This
can be used in further studies of the entanglement properties of symplectically transformed
states.

In this paper we have used symplectic transformations in the context of repetition codes.
Repetition codes are the simplest possible codes and involve a small number of qudits.
However they can only protect qudits from a very limited type of errors. Mathematically,
they are based on the Hilbert space H, of equation (48), they have distance 1 and they cannot
protect against errors that involve the Z operator.

We have considered the space Hg = S H, of equation (52) and shown that a code based
on Hg has (in general) distance greater than 1. This is because the Xg and Zg involve
simultaneous transformations on more than one qudit. Larger distance means that errors on
more qudits can be corrected.

For numerical simplicity we have considered an example with N = 3 qutrits and the
transformations of equation (64). We have described explicitly the numerical procedure that
calculates the states |Jg; 1 m) and the result is given in equation (70). Explicit formulae for
Xs, Zg are given in equations (67) and (68). We have shown that the distance of the code
is 2. This is not enough for general error correction on one qudit, but the example demonstrates
that the distance increases in symplectically entangled repetition codes and also shows how
to numerically construct the appropriate states and transformations. Examples with larger N
(and therefore larger distance) can be constructed explicitly with the numerical method that
we have described, although the calculation is longer.
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The present work provides the theoretical background for the development of repetition
codes with symplectically entangled Galois qudits.

Appendix A

The formulae given in section 2 are valid for integer j (Bose case) and small amendments to
some of them are required for half-integer j (Fermi case) [9]. Equations (1), (5), (7) and (8)
should be replaced with the equations

F=(@2j+ 1)_1/22a)|:(m+%> (n+%)i| |J; jm)(J; jn (A.1)

m,n

X L P z L (A2)
= €X —1 - = €X 1 - .
Pl (g Pl 72

XP10; jm) =w[—ﬁ (n+%)} 16 j m) (A3)
Z“|J;jm)=a)|:ot <m+%>]|];jm) (A4)

correspondingly. It is seen that the above equations replace the m which takes half-integer
values with the m + 1/2 which take integer values. This is because the proof of a lot of these
equations is based on the formula

N
2
N)~'2 i—nm—m')|=8m,m' A5
(N) gexpan(m m')| = 8(m,m') (A5)
which is valid for integers.

For qubits the above equations give

X734 = |7 -4 XI55 =4)= 17 4 46
207 1) = —1J: 1Y) 20k - 3= 14— ) )
)=l i -k s d- =l He s (A8

So for half integer j, we can either use the formulae given in this appendix or equivalently
we can use the Bosonic formulae given section 2 with m taking the integer values from
0to2j.

Appendix B

In this appendix we calculate the power (X# Z%)*. We know immediately that the result is of
the form w? X#% Z* and here we calculate the phase ¢

(XPZ*) = (Q4a®@Rp)’ =(Qa@D)’AQRp)*  Q=xMz"  R=XxPz%,
(B.1)

Then we have

(00D =0} ® 0y 1®Rp)’ =[(Ra® D = (Ra @ 1)*. (B.2)

Taking into account that se = sg + €(s4 — sp) we find

(X029 = (O RY) © (Qy Ry ™) = o XP' 2

¢ = %aA,BA(si —Sa +s123 — sB) + %agﬂg(si —sa4+ 2s123 — ZSASB) +aAﬂB(2sAsB — s,zg)
(B.3)
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