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Entanglement Universality of TGX States in Qubit-Qutrit Systems
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We prove that all states (mixed or pure) of qubit-qutrit (2 x 3) systems have entanglement-
preserving unitary (EPU) equivalence to a compact subset of true-generalized X (TGX) states
called EPU-minimal TGX states which we give explicitly. Thus, for any spectrum-entanglement
combination achievable by general states, there exists an EPU-minimal TGX state of the same
spectrum and entanglement. We use I-concurrence to measure entanglement and give an explicit
formula for it for all 2 x 3 minimal TGX states (a more general set than EPU-minimal TGX states)
whether mixed or pure, yielding its minimum average value over all decompositions. We also give
a computable I-concurrence formula for a more general family called minimal super-generalized X
(SGX) states, and give optimal decompositions for minimal SGX states and all of their subsets.

I. INTRODUCTION AND REVIEW OF 2 x 2

Quantum entanglement [1, 2] is a powerful resource
in emerging technologies such as quantum computing [3—
10], quantum communications [11-18], and quantum ma-
chine learning [19-22]. In recent years, many explicit re-
sults have been found for simple systems like two qubits
(2 x 2) which can help us study more complicated sys-
tems. While it is well-known that entanglement can be
detected in qubit-qutrit (2 x 3) systems, measures such
as negativity [23, 24] do not give minimum average en-
tanglement over all decompositions. Here, we extend the
work of [25-27] to show that entanglement universality
exists in 2x 3 in analogy to 2x 2, with computable optimal
values for special families of states.

To review, a measure of entanglement of any two-qubit
state p (mixed or pure), is the concurrence [28, 29],

C(p) = max{0,& — & — &5 — &4, (1)

where & > - -+ > £, are the eigenvalues of the Hermitian
operator /./pp,/p (or square roots of the eigenvalues of
nonHermitian operator pp), where p = (02 ® 02)p*(02 ®
o9) and o9 = (0 _Oz). If p is an X state, defined as
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for pqp=(alpx|b) with a,be{1,...,4}, (1) simplifies to
C(px) = 2max{0, |p1 4| —/P2.2P33, |p2,3| —+/P1,1P44 },
3)

[30, 31]. For any general p of spectrum Ay > -+ =Xy, C€
[0, max{0, cmeMms }H, and epeMs = A1—A3—2v/ A2y, there
is an entanglement-preserving unitary (EPU)-equivalent
X state of the same C' and spectrum given by [27] as
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Q=max{0,Q} and Q= (A1 — \3)? — (C +2vA2\4)?,
where cyeums 1S the 2 X 2 spectral-MEMS preconcurrence,
and MEMS are mazimally entangled mized states [32-36].

II. SUMMARY OF NEW RESULTS FOR 2 x 3

In a bipartite quantum system with density operators
p in a Hilbert space H = HV) @ H?) where dim[H(™)] =
N 80 dim(H) = n = ning, a 2 X 3 system has n =
(n1,n2) = (2,3), and the entanglement of any p in 2 x 3
is given by the I-concurrence [37-41], as (from App. A)

B(p)= min 3" p;Cpy)]l 5)

V{p;,p;i}

where C(p) = [C(p{1’2’4’5}), C(p{1’3’4’6}), C(p{2’3’5’6})] is
the subspace concurrence vector, where subspaces of p
are p(V} = py v = 3011 1 po, v [al®) (B[] for levels v =
(v1,...,v4) where |ald]) are d-level computational basis
states, subspaces {qy } in C are quartets (see App. B), and
p= ijjpj (see App. C). If p is a minimal true-generalized
X (TGX) state [25-27, 42—47], which in 2 x 3 is
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for pop=(a|pPE|b), a,b € {1,...,6}, which is a TGX
state with nonzero off-diagonals in only one of the quar-
tets in (5) [e.g., {1,3,4,6}; see (16)], then (5) becomes

E(ppy) =2max{0, |p1 5| —/P2.2P2.4, |p2,4| —/P1,1P5 5,
|p176| —+/P3,3P4,4, |p374| —4/P1,1P6,6,
|p2.6] —+/P33055, P35 —\/P2.2P6.6}-

(7)

For any p of spectrum A\; > --- > Ag, entanglement
Fe [0, I?(laX{O7 EMEMS }], EMEMS = M —A5—24/ )\4)\6, there
exists an EPU-equivalent minimal TGX state given by
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(8)
0 =max{0,Q} and Q = (\; — X5)? — (E + 2V A\1h6)%



Details and proofs of these results are in Sec. ITI, but
first we summarize a few other important results.

1. The minimal TGX I-concurrence formula of (7) gives
the minimum average entanglement over all decompo-
sitions as proved in Sec. IIT A and visualized in Fig. 1.
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FIG. 1: (color online) Entanglement as minimum average

I-concurrence (E)min over many decompositions built from
UPl=uPl(9, ¢, ...) [see App. C] for numbers of pure decom-
position states D {r,...,r*}={2,3,4} for a rank-2 minimal
TGX state prax from (6) [or (16)] with Ay = A2 = 0.5, and
where E(pay) is from (7). Each grid point or dot is (E) for a
different decomposition of pfix [900 decompositions for (a),
1000 for (b) and (c)]. Trials of 10° other pf¢x all succeeded

with E(prex) = (E)min, using 10* decompositions each.

J

Figure 1 visually demonstrates that (7) is the cor-
rect minimal TGX I-concurrence formula, because the
full I-concurrence (5) was used for each pure decompo-
sition state to get (E), and (E)uin matches E(piy)
from (7). These tests are not proofs; they are merely
necessary tests of the proofs in Sec. ITI, which prove
these results for all ranks, not just rank 2.

Note that I-concurrence E(p) from (5) is a necessary
and sufficient (N&S) entanglement measure (EM) for
2x 3, whereas generalized concurrence [48] is a verified
N&S EM only in 2 x 2, and that although the nega-
tivity [23, 24] is an N&S EM in 2 x 2 and 2 x 3, it is
not a minimum average value over all decompositions
unless it is also convex-roof extended.

. An explicit Lewenstein-Sanpera (LS) [49, 50] decom-

position (derived in Sec. IIID) of (8) is
pepumn, = PEPE T (1 —PE)PS, (9)

TGX

with entangled-part probability pr and state pg,
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such that the entanglement is
E(pgpumn ) = peE(pp) = E (11)
=max{0,& — & — &3 — &b,

and its separable part pg is

_ 1
ps = 1-pe+opg,1
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See Sec. ITID for a full derivation of these results.



3. TGX form and entanglement of states such as (6) or
(8) are both preserved by local-permutation unitary
(LPU) operations Uppy = I @ II?) where 1™ is
a mode-m unitary permutation operator. The full set
of minimal TGX states in 2 x 3 is [from (6)],
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which are LPU variations of each other. All LPU vari-
ations of (8) and (16) are confined to TGX space:

P11 : P15 P16
P22 P24 P26
: © P33 P34 P35
= ’ ’ ’ . 17
prax P42 P43 Pa4s . ( )
P51 P53 P55
P61 P6,2 : P66

4. By Item 3, (7) is invariant under LPU operations.
{The I-concurrence of (5) is local-unitary (LU) in-
variant, and while LU operations on any p do pre-
serve entanglement, (7) is only valid for minimal TGX
states [just as (3) is only valid for X states], which
means only states LPU-equivalent to (16).} Thus, the
I-concurrence of each state in (16) is given by (7) for all
spectra, as is that of the simpler EPU-minimal TGX
states such as (8) and its LPU variations.

5. Despite having X form, (8) is a TGX state, since
there are X states pi2°} which are not EPU equiv-
alent to (8) in general since pt25} is always separable
since {]2),15)} = {|1,2),]2,2)}. [Throughout, we use
{0,160 = {111, 11,2),11,3), 2. 1), 2,2, [2,3)}
(see App. U of [46]) where |a,b) = |a)|b) = |a) ® |b).]

6. In analogy to [27], the EPU that transforms general p
to pEPU%’g’X Of (8) is

el (18)

UEPU%EX = epEPU%‘iC?X P
where ¢, is the unitary eigenvector matrix of p and
is that of (8), shown explicitly in (105).

6PEpUmin
TGX

7. One major difference from 2 x 2 is that a computable
formula for the I-concurrence E(p) of general mixed
states p in 2 x 3 is not yet known. If we had such a
formula, we could use the F and spectrum of any p to
immediately construct PEPURIn, of (8), and achieve
transformations like that of the first figure of [27].
Nevertheless, (8) is extremely powerful since it allows
us to parameterize states of all physical spectrum-
entanglement combinations in 2 x 3.

8. The entanglement E of PEPUmIn also agrees with the
minimal TGX I-concurrence formula of (7), giving the
minimum average entanglement over all decomposi-
tions as proved in Sec. IIT A and visualized in Fig. 2.
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(color online) Entanglement as minimum average
I-concurrence (E)min over many decompositions built from
yrl=ylbl (0,¢,...) [see App.C] for numbers of pure de-
composition states D € {r,...,r*} = {2,3,4} for a rank-2
EPU-minimal TGX state Pepumin,  from (8) with {A\1, X2} =
{0.7,0.3} and E = 0.693, with E(Pepumin, ) computed from
(7). Each grid point or dot is (F) for a different decomposi-
tion of PEPUmIn, [900 decompositions for (a), 1000 for (b) and
(c)]. This test was repeated for 10° other pgpymin , and all

succeeded with E(pEPU%mg;X) = (E)min = E. rex

FIG. 2:

Figure 2 visually demonstrates that (7) is the correct
minimal TGX I-concurrence formula, but also verifies
that E in (8) is correct, because the full I-concurrence
of (5) was used for each pure decomposition state to
get (E), and (E)min matches both E(pgpymin ) from
(7) and E from (8). These tests are not proofs; they
are merely necessary tests of the proofs in Sec.III,
which prove these results for all ranks.

9. Nomenclature: The term EPU-equivalent minimal
TGX states (or simply EPU-minimal TGX states)
PEPUmIn refers to the simplest possible set of TGX
states that has EPU equivalence to general states
(where “simplest” means it has the most zeros).

The term minimal TGX states pdy refers to a
somewhat broader class of states definable as the most
general TGX states whose simplified I-concurrence
still has the same special formula as PEPURID, - In 2x3,

. X
min 3
a prex can be formed from a PEPURD, by promoting



10.

to dense X form any quartets needed to diagnose en-
tanglement in that particular PEPURIR where quartets
are the 2 x 2 product subspaces defined in App. B.

For example, the EPU-minimal TGX state PEPUZIR,
in (8) only has nonzero off-diagonals in subspace
{1, 6}, while its minimal TGX state counterpart p?&‘x
in (6) [the second state in (16)] has nonzero off-
diagonals in both {1,6} and {3,4} since those are all
the X-state elements in the {1,3,4,6} quartet which
contained the nonzero off-diagonals of pgpymn .

We can form an even more general set of states
called minimal super-generalized X (SGX) states pSui
by generalizing p%lglx just enough for the simple I-
concurrence formula to have the same form but with
full concurrences rather than X concurrences. In 2 x 3,
this means promoting the entanglement-containing
quartet of p?&‘x to dense form, as well as any remain-
ing subspace still permitting that I-concurrence form.

As introduced in Result 9, the full set of minimal SGX
states in 2 X 3 is

P1,1 P1,2 P14 P15
P2,1 P2,2 P24 P25
min __ : P33 © P36
Psax P41 P42 © Pa4 P45 - ’
P51 P5,2 P54 P55
: P63 © P66
P1,1 P1,3 P14 P1,6

P22 P25
pmin _| P31 P33 P34 P36 (19)
SGX Pa,1 P43 P44 pae |’

P52 © Pss5

P61 - P63 P64 - P66
P11 P14 :

c P22 P23 0 P25 P26
min __ P3,2 P3,3 P3,5 P3,6
Psgx = pa1 C paa . )

© P52 P53 0 P55 P56

P6,2 P6,3 P6,5 P6,6

which are all LPU variations of each other. Note that
minimal SGX states have nonTGX form in general,
but minimal TGX states are always subsets of minimal
SGX states (although the full TGX space is not a
subspace of any of the minimal SGX states). The full
SGX space is the union of all minimal SGX states and
in 2 x 3 simply yields the set of all states,
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Minimal SGX states in 2 x 3 are not TGX states in
general for many reasons. TGX states were proposed
in [25] as a family of states that achieves EPU equiv-
alance and contains particular sets of states that have
the same entanglement properties as the Bell states.
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pSex = (20)

For instance, the Bell states are maximally entan-
gled, form a complete orthonormal basis [called a max-
imally entangled basis (MEB)], have balanced super-
position while having multiple state coefficients be 0,
and have diagonal reductions. In [43], it was proved
that TGX states always admit such families of states
in all systems, and it showed how to construct the
proper generalization of Bell states in all systems wrt
full N-partite entanglement.

Here, we can use (19) to show that minimal SGX
states cannot contain any MEBs of pure ME TGX
states, and therefore minimal SGX states do not
achieve the same properites as TGX states in gen-
eral, even though they are general enough to achieve
EPU-equivalence. But even then, the simplest states
that do so are the much-simpler EPU-minimal TGX
states which are always confined within TGX space.

11. A computable formula for I-concurrence of minimal
SGX states (mixed or pure) in 2 x 3 is

B(p335) = [ Clp0 | =max{C ), 1), ey,
(21)
where C{14} = O([pEin [{}) is the concurrence of the
generally mixed q subspace of pgx, where qi, for k =
1,2,3 are the quartets from (5).

12. The minimal SGX I-concurrence formula of (21) gives
the minimum average I-concurrence over all decom-
positions as proved in Sec. IIT A and shown in Fig. 3.
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FIG. 3: (color online) Minimum average I-concurrence (E)min
over many decompositions built from U EU[D](O, ,...)
[see App. C] for numbers of pure decomposition states D €
{r,...,r*} ={2,3,4} for a rank-2 minimal SGX state pSiix
from (19) with {\1, A2} = {0.73,0.27}, with E(pSax) from
(21). Each grid point or dot is (E) for a different decomposi-
tion of pSay [900 decompositions for (a), 1000 for (b) and (c)].
Trials of 10° other pgax all succeeded with E(pSei) = (E)min-

Figure 3 demonstrates that (21) gives the correct
minimum average I-concurrence over all decomposi-
tions of minimal SGX states. Again, while this ex-
ample is merely a necessary test, the proof that (21)

min

works for all pgiy of all ranks is in Sec. IITA.

We now prove all these new results in Sec. I1I.



III. PROOFS AND DERIVATIONS
Here we prove the results summarized in Sec. II.

A. Proof of the I-Concurrence Formulas for
Minimal SGX States and Minimal TGX States

We give our proof of E(pSi) from (21) and E(pTe)
from (7) as a series of facts that build upon each other:

1. The I-concurrence of any pure state p in 2 x 3 is

E(p):\/02(p{1,2,4,5})+C2(p{1,3,4,6})+02(p{2,3,5,6})’
(22)
derived in App. A, using definitions in the text after
(5). The sets {1,2,4,5}, {1,3,4,6}, and {2,3,5,6}
in (22) and (5) are called quartets (see App. B).

2. All pure TGX states in 2 x 3 have at most L, = 2
nonzero probability amplitudes. The sets of L, in-
dices of nonzero levels of each of these possible pure
TGX subspaces are called ME TGX tuples [47].
From [43], all ME TGX tuples in 2 x 3 are

{1,5},{1,6},{2,4},{2,6}, {3,4},{3,5}. (23)

3. In 2x 3, each ME TGX tuple in (23) is a subspace of a
single quartet in (22). In particular, these subspaces
form inseparable qubits (the inner or outer pair in
each quartet) as defined in App.B. Thus, for any
pure TGX state p|’¢'TGX) = |wTGX><'¢)TGX| in 2 x 3,
its subspace for any quartet has only two nonzero
levels at most, given by one of the ME TGX tuples of
(23), and only in an inseparable qubit. For example,
if the nondiagonal quartet of a given pjy,.x) 18 q =
{1,3,4,6}, then its subspace for this g might be

P11 - P16
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where pap = (a|pjprex)[b), which has only two
nonzero levels, while all other subspace quartets of
that pure state are diagonal or 0. (Note: all pure
TGX states in 2 x 3 have two nonzero levels except
for computational basis states which have one.)

4. By Fact 3, any pure TGX state in 2 x 3 has
E(Mtﬁcx)) = C(pﬁ?ﬁixi) for only. one quartet qy,
since the others must all be zero since only one sub-
space quartet can be nondiagonal, and diagonal sub-
spaces have zero subspace concurrence. Therefore,
for all pure TGX states in 2 x 3,

E(ppmaxy) =max{C(p{I) ), C(pf) ), Cp8) )}

:”C(pWTGx))HOOa

(24)

25
where C(p) is defined after (5). [Note: since only(on()a
subspace concurrence can be nonzero for pure TGX
states in 2 X 3, E(pjyrqy)) simplifies to any p-norm
of C(p|yray)) for p > 1, but the infinity norm offers
the simplest final form as we will see.]

5. Fact 4 suggests that any state with all of its coher-

ence (nonzero off-diagonals) in just one fully dense
quartet might also satisfy (25). However, since the
quartets overlap we need to check whether that
causes multiple quartets to be nonzero.

For example, if only p{1:346} is dense with zeros
everywhere else, then pt1»2%5} has nonzero nondiag-
onals in {1,4} and p{?356} has nonzero nondiago-
nals in {3,6}. But since {|1),|4)} = {|1)|1),]2)|1)}
and {[3),16)} = {[1)[3),[2)[3)}, then p{**5} and
p12:3:56} are separable since their only nondiagonal-
ity is in a separable subspace, so we can always
find an explicit separable decomposition for them,
such as pll2455 = (py 1 [121) (1)) 4 py 1 221 (112]] +
pral1P) (21 4 py 42PT) (2P1]) @ [1P21) (1], where
{]12), |22} are 2-dimensional basis states of each
mode of the 2 x 2 subspace state pt1:2:45}

Therefore, pure states in 2 x 3 with just one quartet
that is fully dense, such as {1, 3,4, 6}, can only have
one nonzero subspace concurrence. Such pure states
qualify as minimal SGX states, as seen in (19). The
example above also applies to mized minimal SGX
states, but for now, we focus on pure minimal SGX
states, meaning that, for example, while ptl:3:46}
can be dense, the rest of the elements are all zero
to obey the geometric-mean rule for pure states that
|Pabl = \/PaaPbp- (Alternatively, a pure minimal
SGX state could be dense in {2,5} with zeros ev-
erywhere else, but since {|2),[5)} = {|1)]2),]2)|2)}
is separable, such states are automatically separa-
ble, so all subspace concurrences are 0 so they are
a special case where there is one potentially nonzero
subspace concurrence whose value is 0.) Further-
more, note that this example generalizes to all pure
minimal SGX states by LPU variation.

Thus, for pure minimal SGX states pjygqy) in
2 x 3, since only one subspace concurrence can be
nonzero, their I-concurrence simplies to

E(ppsny) =max{C (o™} 1) C(pl®} 1y c(ple) )}

Plysax) Plypsax) Plysax)
=[1C(Pppscx))loo-

(26)
At this point, since all pure TGX states are sub-
sets of pure minimal SGX states [which can be seen
by noting that each ME TGX tuple from (23) is a
subset of one 2-level nondiagonal subspace of one of
the minimal SGX states of (19)], we will focus our
proof on minimal SGX states, and then derive special

results for minimal TGX states at the end.

. In any system, not just in 2 x 3, we say that two or

more matrices are spacewise orthogonal if the poten-
tially nonzero elements in each of them are always in
regions where all of the others always have zeros.

We call a matrix internally spacewise orthogonal if
it can be rearranged through general permutation to
be block-diagonal with at least one generally nonzero



block strictly smaller than the full matrix (to ex-
clude the case of a fully dense matrix being its own
block-diagonal form, since then none of its subspaces
would be spacewise orthogonal). Here, by “generally
nonzero block” we mean a square of contiguous ma-
trix elements which can all be nonzero but can also
have zeros (including all of them being zero).

A minimal SGX state in 2 x 3, such as the middle
of (19), is internally spacewise orthogonal since the
{1,3,4,6} subspace and the {2,5} subspace are each
generally nonzero blocks that could be permuted to
block-diagonal form (note that we do not actually
permute the matrix to block-diagonal form). These
internal nonzero blocks are spacewise orthogonal to
each other because their orthogonality comes from
living in different subspaces with no overlaping levels.

For example, the minimal SGX state in the middle
of (19) is internally spacewise orthogonal because it
has two spacewise-orthogonal subspaces as

- B 5

P31 P33 P3,4 P36
pa,1 L P4,3 P4,4 1 P4,6 1
]Ps,z \2 ]P5,5 \2

1

P6,1 . P6,3 P6,4 1 6,6
(27)

where the boxes’ subscripts label the subspaces and
show which elements belong to which subspace.

) 73]

min

PsSGx =

. By Fact 6, internally spacewise orthogonal matrices
are always a direct sum of their spacewise orthogonal
subspaces. For example, (27) can be rewritten [using

p = pas and the subspace notation after (5)] as

min __

pmin _ 51346} g (25}

(28)

. From Facts 6 and 7, eigenvectors for each spacewise-
orthogonal subspace of an internally spacewise or-
thogonal matrix always exist such that those eigen-
vectors only have nonzero entries within their re-
spective subspaces. (It is well-known that the set of
eigenvectors of the full matrix of a direct sum is the
union of the eigenvectors of its direct summands.)

. From Fact 8, we see that none of the eigenvectors
from different spacewise orthogonal subspaces are
needed to decompose a given spacewise orthogonal
subspace. For example, all decompositions of the
{1,3,4,6} subspace of p = pSi% from (27) only re-
quire eigenvectors of pt13%6} embedded in the full
space, and those have zeros in all elements except
those in {1,3,4,6}. Therefore, by Fact 7, decompo-
sitions of p = pg]é%( into convex sums of pure states
can be constructed as direct sums of decompositions
of each spacewise orthogonal part. For example,

= (3, pl O piAAhy g (30 pl2o iRty
(29)

min

PsGgx =

10.

11.

1,3,4,6 .
where for instance, p{ b are pure decomposition

states of p{1:3%6} constructed from its own eigen-
states and eigenvalues.

The Lewenstein-Sanpera (LS) decomposition [49] of
any state p is one for which all of the entanglement
is concentrated in a single part pg (generally mixed,
but pure in 2 x 2, and as we will show, pure for
minimal SGX states in 2 x 3), and the other part
is separable pg, where prpE(pg) (which is the
entanglement of the unnormalized entangled part
pepre) is equal to F(p), the minimum average
entanglement over all decompositions. Thus, the LS
decomposition is

p=pepe+(1-pE)ps st. E(p) =prE(pr), (30)

which happens when pg = 1 — pg is maximized over
all such decompositions (in general, not all decom-
positions of p into entangled and separable parts are
optimal, but there always exist ones that are opti-
mal, and we call those the LS decompositions).
Since by Fact 5, all of the entanglement of p‘sn(‘;r;(
comes from a single spacewise-orthogonal subspace
quartet, and by Fact 9, only the eigenstates of that
subspace matter in the general pure-state decom-
positions of that subspace, and since the subspace
spacewise orthogonal to that which is {2, 5} is always
separable, then the LS entanglement-minimizing de-
composition of prsncl;g( gets all of its entanglement from
the entangled part of the LS decomposition of a single
spacewise-orthogonal quartet subspace.

For example, in (27), the LS-entangled part of
p= prsr‘(‘;%( gets all of its entanglement from the LS-
entangled part of p{!:346} @ 0125} because by Fact
5, C11:3:46} ig the only nonzero concurrence, and the
part of pBil outside of {1,3,4,6} (which is p{%°})
is separable, so it can be added to the LS-separable
part of p{1:346} @ 0125} and that sum will still be
separable by the definition of separability. Thus, the

min

2 x 3 LS decomposition of this p = pgi is

min 1,3,4,6
it = P (1540 & 025)
Htr (24 0h) = pig T (p13A ) @ pl27).
(31)
12. By Fact 11, the LS decomposition of p‘sné‘;( always

has a pure entangled part (because the LS decompo-
sition of its single entangled quartet is a 2 X 2 system
whose entangled part is always pure), and that en-
tangled part always exists in a single quartet’s sub-
space, and therefore since the LS decomposition is an
optimal decomposition, the convex-roof extension of
the I-concurrence for a minimal SGX state in 2 x 3
is always equal to a single subspace concurrence. (In
other words, the existence of the LS decomposition
for all SGX states in 2 x 3 [proved in Fact 11] means
we do not have to consider optimal decompositions
in which multiple pure states simplify to single sub-
space concurrences in different subspaces.) Thus, for



minimal SGX states in 2 x 3, if we use an optimal
decomposition of the LS form, we get

Blpgex) = min 32, p;[1C(p))ll2
= 3, 2,C(Ips 1) ke{1,2,3)
= O(lpgi](): ke1,2,3) 32)

= max{C(p{ql})’ C(p{qz})’ C(plash)}
= [1C(P5E5) 1o

where p; are pure decomposition states of p = pg@x,
and in line 2 of (32), we used Facts 5 and 11 that the
pure entangled state of the LS decomposition of pSiiy
only exists in the spacewise orthogonal subspace of a
single quartet in 2 x 3 to simplify the 2-norm to the
concurrence of a single subspace as in (26). Then,
in line 3 of (32), we used the fact that since this LS
decomposition is optimal, the average concurrence is
equal to the actual concurrence of that same sub-
space of the full state. Finally, since minimal SGX
states in 2 x 3 only have one nonzero subspace con-
currence, lines 4 and 5 of (32) express that as the
infinity norm (for reasons we explain next).

Thus, (32) completes the proof of (21).

13. For all TGX states in all systems (including multi-
partite systems), the subspace states of all quartets
appearing in the I-concurrence are always X states.
Therefore, this is also true for minimal TGX states,
as seen in (24), and also for their subsets such as
EPU-minimal TGX states. [Then, since minimal
TGX states are subsets of minimal SGX states, we
can use (32) to compute I-concurrence of minimal
TGX states, and since in 2 x 3 that yields a p-norm
of subspace concurrences on the whole state, those
subspace concurrences simplify to the form of the X-
concurrence formula of (3), since those subspaces all
have X form for minimal TGX states.]

Specifically, for any TGX state p = prgx, if we
abbreviate Cl®b:cdt = C(plabedly then

— v/ PbbPe,cy |pb,c RV pa,apd,d}7
(33)

clabedt =9 max{0, |pa.dl

for valid quartets {a,b,c,d} (see App.B), where
these matrix elements’ indices reference the TGX
parent state itself, not its subspace state pl®t:c.d}
even though this is the concurrence of p{®?¢@}  Note
that (33) holds for minimal TGX states phay since
they are subsets of TGX states prgx.

14. By Facts 12 and 13, applying (32) to p%é?x yields

E(P%};ﬂx) maX{C{1’2’4’5}, 0{1’3’4’6}, 0{2,3,5,6}}

=max{

2max{0, |p1,5| —\/P2.204.4, |P2,4] —/P11P55}

2max{0, |p1,6| —/P3,3P4.4, |P3,4| —/P1,1P6,6}»

2max{0, |p2,6| —\/P3,3055, | P3,5| —\/P2,2P6,6 } }

=2max{0,|p1,5| —/P2,201.4, |p2,4| —/P1,1P5,5}:

|p1,6|—/P3.3P1,2,|p3.4|—/P1.106,6}

\P2,6| —4/P3,30P5,5; |PB,5| *\/P2,2Pfs,6(}};)
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where again C{9} = C(plal), which proves (7),
and in the last step we wused the fact that
max{max{a, b}, max{c,d}} = max{a,b,c,d}, which
generalizes to any number of arguments. Also, (34)
shows why we used the infinity norm; when simpli-
fying the minimal SGX I-concurrence formula from
(32) for input of minimal TGX states, the fact that
the 2 x 2 X-concurrence formula of (33) already con-
tains a max function allows the max function in the
infinity norm to merge with it, reducing the overall
expression to a single max function.

Now that we have proven (7) and (21), we are justi-
fied in using them in the proofs that follow. Note that
(7) and (21) are LPU invariant (since LPUs preserve en-
tanglement as well as TGX form and also minimal SGX
form, and thus they preserve minimal TGX form as well).
Furthermore since EPU-minimal TGX states pgpymin
such as (8) and their LPU variations are subsets of the
minimal TGX states pay of (16), (7) and (21) apply to
all EPU-minimal TGX states as well.

B. Proof that EPU-Minimal TGX States PrpUmin,
are EPU-Equivalent to All States

To prove that pgpymm of (8) is EPU-equivalent to
all states in 2 x 3, we adopt the following strategy.
First, Sec.IIIB1 hbtb some known facts and condi-
tions to motivate what follows. Then, similarly to [27],
Sec. IIIB2 proves that PEPURD, has the proper spec-
trum, Sec. III B3 proves that pEPU'%““g“x has the proper
I-concurrence, and Sec.IIIB4 proves that all physical
spectrum—entanglement combinations are achievable by
PrpUgin . In analogy to [27], we start by breaking (8)
into () cases as

PEPURE, =
A+ +/Q E+2vAade
2 2
Ay -
S VR .
! ; Q=0
DV .
) A3 :
E+2vXa)e A1+As—V/Q
>\1+>\§ . A1—As 2
2 2
Ay -
D VI .
SV E Q <0,
) DV
A1—As YR
2 2
(35)

where we used the fact from (8) that

Q=max{0,Q}; Q= —(E4+2v/ a6)?

Note also that we could have defined the Q < 0 case
to be a diagonal state, but the form here permits the
unification of cases to the compact from in (8).

(A1 —X5)?



The eigenvalues in (8) and (35) are those of some gen-
erally nonTGX state p, and the entanglement E is the
I-concurrence of that same p. Although a computable
formula for I-concurrence of any general mixed p is not
yet known, that will not hinder us here; we will prove
that if we knew the value of F, we could make PEPURIn
in (8) and it would be EPU-equivalent to p. Then we will
show that (8) lets us explicitly create a state of any phys-
ical spectrum-entanglement combination in 2 x 3, which
makes it extremely useful. Furthermore, we can create
a large collection of nonTGX states with parametric en-
tanglement and spectrum by using LU variations of (8).

In what follows, we use A to mean spectrum in the
form of the diagonal eigenvalue matrix, and to refer to
all combinations of quantities, we will use the notations
AE and AEQ), analogously to [27].

1. Facts and Conditions for 2 x 3 Entanglement

To begin our proofs for 2 x 3 entanglement, we list some
known facts and conditions that motivate what follows.

1. From [23, 24], positive partial transpose (PPT) is N&S
for separability in 2 x 3. Also, adapted from [51],

Al — A5 — 2V MM <0 = p€S7 (37)

where A\; > -+ > )\g are eigenvalues of p, and S is
the set of separable states. This is analogous to the
2 x 2 case where (A1 — A3 — 2/ XA2\y <0) = p €S
for Ay > --- > M\4. Note that the opposite condition
of (37), A1 — A5 — 2v/ A4 X6 > 0, does not imply entan-
glement, but is merely necessary for entanglement, so
it means p might be entangled or it might be sepa-
rable. (For example, computational basis states are
separable but have Ay — A5 — 2/ 4 ¢ = 1 > 0. This
proves by counterexample that the “iff” part of the
claim in [51] is too strong; it should have said that
A1 — A5 — 2/ M0 < 0 is sufficient for separability in
2 x 3, and similarly for its 2 x 2 result, with corre-
sponding ammendments to its PPT claims as well.)

2. Any EM should give 1 for ME states. In 2 x 3, the
simplest ME states are the ME TGX states,

[BF) = (1) £15), |@Fe) = (1) [6)).
(B3 6) = L(12) £16)), [95,) = S(2) £ [4). (38)
B3 ,) = L(3) £14), |235) = 5 (13) % |5)).

[25, 43], which each have the property that both reduc-
tions are as simultaneously mixed as they can be given
that the parent state is pure, as explained in [25, 43]
(see App. D for more details about TGX states).

Note that local-permutation unitaries (LPUs) pre-
serve both TGX form and entanglement, so all states
in (38) are related to each other by an LPU. Also,
(17) shows that in 2 x 3, not all X states can host ME;

X states must be in TGX space to have ME (since
X state p{®9} is always separable since {|2),]5)} =
{|1,2),]2,2)}, no entangled state can be EPU con-
verted to it).

Note also that the nonzero levels of the ME TGX
states of (38) are the ME TGX tuples of (23).

. Any EM in 2 x 3 should give (or appropriately relate

to) the MEMS minimum average pre-entanglement
(which we just call the pre-entanglement) value,

emeMS = A1 — As — 2¢/ A e, (39)

for maximally entangled mixed states (MEMS) wrt
spectrum (which we just call MEMS here). As we
will see, emrms can be negative for certain separable
states and its relation to the MEMS I-concurrence is

E(pvems) = max{0, emewms |, (40)

proven by applying the minimal TGX I-concurrence
of (7) (proved in Sec.IITA) to MEMS, which are, as
proven in [44], any 2 x 3 states EPU-equivalent to

2 2
Ao -
PMEMS = . . . /\6 . . ) (41)
. . . )\3 .
2 2

where \; > -+ > Ag, and where we adapted the state

pveMs, from [44] as puems = ULpupMmeMS, UEPU
where Uppy = I'™M®(|3) (1]+]2) (2|+]1)(3|) to conform
to the convention of [27].

. The generalized concurrence Cg [48] in 2 x 3 has a

maximal value wrt spectrum over all states of
max(Cg) = max{0, \; — Ay — 2/ A2 Xg — 2/ A3)5}, (42)

as proved in App. E, and so generally does not give
the proper eypms of (39), so it is not equal to I-
concurrence. Therefore, it is not yet clear whether
Cg is an EM in 2 x 3, despite being a minimum aver-
age value over all decompositions; it simply does not
seem relate to entanglement in a direct way. (Shifting
Cg by either eigenvalue functions or singular values in
the concurrence calculation does not help except for
MEMS, and may cause misdiagnosis of separability
and entanglement.)

. Any EM should be a convex-roof extension of its ac-

tion on pure states, so it yields a minimum average
value of its pure-state form over all decompositions as

B(p) = min [ piE(py)] . (43)

V{pjp;}

where p; is a pure decomposition state of p with prob-
ability p; as explained in App. C.



6. Any valid EM should be LU invariant, as
EULupUly) = E(p); YUy =UW @---@ UM, (44)

Note that the I-concurrence of (5) satisfes (43) by defini-
tion, and since it is LU invariant on pure states, it retains
this LU invariance on mixed states by (43) as well, thus
satisfying (44). Next, we will use the above facts in the
remaining proofs.

2. Proof that PrpURR, Has Proper Spectrum

In both cases of (35),

6
det(AI — pppugin ) = szl (A=Xe) =0,  (45)

which proves that PEPURIn, has the spectrum of the p

whose eigenvalues {\;} are used to create it, and that
PEPUmn, and p are unitarily equivalent.

3. Proof that Prpumin Has Proper Entanglement

In the @ > 0 case of (35), putting (35) into (7) gives
(abbreviating as o), , = (alpgpumn [b)),
~ VPhallhas =V P15 50
P16l = VP sPhas =V PLaPhe:
- \/05,39/5,57 —\/Plg,zpé,e}
= 2 max{0, ZH2vAide s Aade /X6 )
= 2max{0,%
= E,

E(PEPU%’X) = 2max{0,

(46)
which, with (45), proves that pgpymmn_is EPU-equivalent
to p when @ > 0, since E' is the I-concurrence of the p
used to compute Pppugin, in (35), and we are justified in
using (7) to show this since we proved it in Sec. IITA.

In analogy to [27], when Q < 0, p is always separable
(which we will prove next as part of Sec.IIIB4), so in
this case, E' = 0 and putting (35) into (7) gives

- \/Plz,zpﬁl,m —\/0/1,10/5,5»
146l = VP 3Pha =V PPk s
— /P 3055 =/ PaoPi e}
= 2max{0, )\15)\5 -V )\4)\6}
= max{(),/\1 - )\5 — 24/ >\4)‘6}
=0
- E,

E(PEPU*T"gX) = 2max{0,

(47)
where we used the fact that @ < 0 implies that A\; — A5 —
2v/ A6 < 0, which we will also prove in Sec. III B 4.

Therefore, we have proven that both () cases of
PEPUmn_ Dreserve both the spectrum and entanglement
of any general p used to construct it, but as in [27],
this proof also requires that we prove that £ = 0 when
@ < 0 and that both @ cases cover all physically possible
spectrum-entanglement combinations, which we do next
in Sec. IITB 4.

4. Proof that All AE Combinations are Achievable by
PEPURIR.

Here we follow the proof from [27] fairly closely with
a only few simple changes, but it is important enough to
merit writing it in detail. First we show that (i) all states
p can only qualify as one of the two @ cases from (35).
Then we show that (ii) both of those forms of PEPURIR,
admit all possible AE combinations for each ). Here,
we use the notation that A = diag{A\;} where {\;} =
{)\k}|£i? E{)\l, ceey /\6}

i. Proof that All p Qualify as One of the ) Cases:
Noting the dependence of Q) as

Q= (M —25)* = (B +2vAide)? (48)
= Q()‘h )\47 )‘57 )\6’ E)’

(which does not depend on all the eigenvalues; just
a subset of them), and its case splitting from (35) as

Q Casel: @=>0
{ Q@ Case 2: Q <0, (49)

we can make the following conclusions;

a. The fact that @ is real for every combination of
A and E, proves that the two mutually exclusive
@ cases of (49) cover all possible values of Q [i.e.,
given the possible values of the arguments in (48),
we are not missing any ) values by partitioning
its values as in (49)].

b. Since every p has a spectrum {)\;} and entan-
glement E (even if zero), then for every p, there
exists a value of @ [i.e., there are no states that
somehow do not have a @ value].

c. By Conclusion a and Conclusion b, every p falls
into exactly one of the @ cases in (49).

Now that we have established that every p has a @
value qualifying as one of the two cases in (49), we
must show that the @ cases do not limit the AF
combinations [i.e., does the form of pPepUmn for each
Q case in (35) permit all possible E values for a given
spectrum?).

ii. Proof that Each () Case of PEPUmIn Admits All
AE Combinations:

a. For Q >0, the result in (46) that E(pppupin ) =F
V{Ax} proves that this Q-case pppymn admits all
AFE combinations.

b. For @ < 0, we use the following facts:

1. At the edge of the @ > 0 case where @ = 0,
then by (48), F 4 2/ A4 ¢ = A1 — A5, so then
pepumn becomes (still in the @ > 0 case),

A+As A1—As

2 2

Ao -

. S VI .

PEpUmn = . . .4 Ao - ) , (50)

A3

A1—As A1 +As
2 2
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which, by (41), is a mazimally entangled mized
state (MEMS) [32-36] with respect to (wrt)
a given spectrum as proven in [44] in which
pmeEMs, is LPU equivalent to PEPURIn  as
PEPUmn = ULpupMEMS, UEPU where Uppy =
T @ (|3)(1] 4 [2)(2] + [1)(3]). [Also note that
by (41), (50) is a MEMS for all @ values, re-
gardless of the sign of Q.]

. Since (50) qualifies as minimal TGX form and
holds for all @, we can use (7) to get the I-
concurrence of any MEMS wrt spectrum as

EMEMS = maX{O, /\1 — )\5 — 2\/ )\4)\6}7

(also valid for all @), which proves (40) with
(39) as input, and we can identify

€ = eMEMS = A1 — A5 — 2/ A4,

[which is (39)] as the analogue of minimum av-

erage preconcurrence for MEMS, which can be

negative, for example if all eigenvalues are %.
. No state can have a larger E' than FEygpus;

0< E(p) < Empms Vo, VQ.

(51)

(52)

(53)

. Focusing only on the ) < 0 case, we now solve
for the conditions that ¢ < 0 implies for E:

Q<0
(M —A5)2 = (E+2v/A326)2 <0
E+2vVXhg > — A5
E>X N —X5—2vV 16
E>ég,
(54)
which shows that

E > Eyrums; €20
FE >e¢; e <0,
(55)

(Q<O):>(E>e):>{

since € = Eyvpms when € > 0 by (51-52).

. In (55), the € > 0 case would mean that Q@ < 0
implies that E > Eygewms, which is never pos-
sible because max(F) = Eygus from (53).
Therefore, only the € < 0 case of (55) can ap-
ply to physical states, so (55) becomes

R<0)=(E>e)=(<0) Yp. (56)
. From (51-52), we know that
€< 0) = (Emeus = 0), (57)

which agrees with part of the fact from (37).
So putting Eygems = 0 from (57) into (53),

€E<0)=[0<E(p) <0V =[E(p=0 V(g)g;)
. Putting (58) into (56),

(Q <0) = [E(p) =0 Vp]. (59)

10

9. Since by (56), (Q < 0) = (€ < 0) Vp, then by
(52) we also have A\; — A5 — 2/ Mg < 0 Vp
when @ < 0, which proves the claim in (47)
that E(pgpyms ) = 0 for all spectra A for
which @ < 0. Thus, comparing the now-proven
result in (47) and the result of (59) regarding
general states p proves that:

The @Q < 0 case of PEPURn, N
(35) does exhaust all possible AE
combinations when @ < 0.

(60)

Therefore, since (a) and (b) prove that pPEpumin, con-
tains all possible AE combinations for all possible @
cases, the claim of (ii) is proven true.

Thus, since Claims (i) and (ii) have been proven true,
this completes the proof that pPppumin, of (35) and (8) is
fully EPU-equivalent to the set of all states p in 2 x 3,
since the set of all possible AEQ combinations achievable
by p is also achievable by prpumin .

Furthermore, note that the fact we proved from (56)
that (QQ < 0) = (6 < 0) Vpwheree = enpms = A1 —As—
2v/ A4 by (52) is fully consistent with (37), where the
@ = 0 case corresponds to the “edge case” from (ii.b.1),
for which £ = A\ — A5 — 2v/A4X¢ = e. In that case,
the facts that £ > 0 and E = € mean that (Q = 0) =
(€ > 0) so when @ = 0, the entanglement is only 0 when
A1 — A5 — 24/ A4 )6 itself is 0 [again consistent with (37)],
but if A\ — A5 — 2v/ A A > 0, the state is entangled.
[This does not contradict the discussion afer (37); in this
state family, @ = 0 means the state is a MEMS with
FE = emEMs, Whereas for general @ values, the state is
not necessarily a MEMS; so its F is not necessarily equal
to emeMms. For instance, a computational basis state has
E=0,Q =1, but e;qqjgms = 1 # F, so having eyjpms > 0
does not guarantee entanglement in general. Also note
that all states have an eygys value whether or not they
are MEMS.] Thus, @ = 0 does not necessarily mean the
state is separable, whereas (Q < 0 does mean the state is
separable, and is why we made @ < 0 its own case and
grouped @ = 0 with the positive @ case.

Also, due to (53), throughout this paper, by “all E
values,” we mean physical F, which are given by

E e [O,max{O, Al — Ay — 24/ )\4)\6}},

or simply E € [0, max{0, emrms }] = [0, EmMEMs]-

(61)

C. Derivation of the EPU-Equivalent Minimal
TGX Family PEPURID,

Our next task is to use the minimal TGX I-concurrence
formula of (7), which we proved in Sec.IITA, to derive
the family of EPU-minimal TGX states pgpuymm_of (8)
that has EPU equivalence to the set of general states.

To achieve EPU equivalence, this family must include
MEMS as a special case (since otherwise it would be miss-
ing some AE combinations), and so we choose the pMEMs



of (41) as the special case of our EPU family since it has
minimal TGX form, which will let us use (7).
Immediately, we get its eigenstates in order of its eigen-

values A\ > --- > Xg as
V2 V2
. 1 . . .
1 .
’ ’ . ’ . ’ ’ 1 (62)
. . 1 . . .
V2 V2

Our next goal is to find a mixed state related to pvrEMms
of (41) that includes as many lower entanglement values
as possible for any given spectrum, while still reaching
that MEMS form for certain values of its parameters.
The need to keep spectrum general means we must look
for ways to generalize only the eigenstates of (62).

There are many ways we could generalize (62), but
since the MEMS of (41) (which is a TGX state) only has
superposition in the {1,6} subspace, and since the only
quartet that contains {1,6} in an inseparable qubit is
{1,3,4,6}, and since all quartets of TGX states have X
form which would let us use (7) since its superposition is
in just one quartet, then the most general way we might
need to adapt (62) is by defining orthogonal states of
general superposition (f-states in the parlance of [43])
that involve the nonzero levels of the ME TGX states of
(38) that live exclusively in {1, 3,4, 6}.

Thus we generalize 7(|1> + |6>) as cq|l) 4+ 54/6), and

(|1> [6)) as sq|1) — ca|6> and generalize {|3),[4)} as

i 3) +ssl4) and —55|3> +cgl4), where ¢ = cos(8), sp =
sin(f), and «, 8 € [0, 5], and phases were chosen so that

(63) becomes exactly (62) when (o, 8) = (%,0), all of
which, ordering by eigenvalue index as |e1), .. ., |€s) gives
ca . . . Sa
1
S EN Y O 9 i 8 A Y i RO (5
. SB . C/B
1 . .
Sa . . . 700‘
These states are then combined as
6
phdx = Z Akl€r) (exl, (64)
which expands as
pmin —
TGX2 2 A1—As
)\10(1+A58a 3 S2q
. Ao . .
. A;;C%j’)\(isl% >\4g>\6 82[3
4; 5825 )\432,8+)\60% .
. . A3 .
7)\15)\5 S2a . /\15?)‘4*)\503

(65)
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Then, since (65) has minimal TGX form, (7) gives its
entanglement via I-concurrence as

E(a, 8) =2max {0,

eS| 2/\”’ Soa — \/()\46% —+ )\68%)()\48% + )\66%),

%825 — \/()\10(21 + /\582)(/\183 + )\50(2)() }
(66)
Now we wish to determine the parameters « and
that will allow us to achieve EPU equivalence to gen-
eral states by preserving the entanglement (spectrum is
already preserved since we are building the state via or-
thonormal eigenstates weighted by a general spectrum).
However, in contrast to 2 x 2, since we do not have a
computable I-concurrence formula for general 2 x 3 states,
here we must make physical parameter sets more me-
thodically. For this, we simply use this set of normalized
nonnegative eigenvalues A\ > --- > Ag to determine a
physical entanglement from (61) as

A5 — 24/ Mg} (67)

for n € [0,1]. Then this spectrum {\;} and its associ-
ated physical entanglement E corresponds to some gen-
eral physical state whose values of these parameters exist.

We now need to show that we can always find « and
B such that E(a,) = E. Explicitly, we can do this
by observing that in (66), since pfiy should coincide
with pyEms of (41), the entanglement of which involves
the term A — A5, then we want to keep only line 2 of
(66). Furthermore, since only one of the arguments will
win in the maximization, we can force it to be the line-2
argument by choosing

E = E, = nmax{0,\; —

B=0 (68)

to get rid of the other argument, which, when put into
(66), and setting F(«,3) = E (since that is what we
want to achieve) gives

E = 2max{0, 252555, — /A6 }- (69)
Now that we have motivated 8, (69) will determine the
value of o and our only job is to verify that « has enough
freedom to handle all physical values it needs to without
limiting the spectrum-entanglement combinations.

The remainder of the derivation of the desired family of
states follows the derivation in [27] almost exactly with
A3 — A5, Aa — Xg, A2 — Mg, and C — FE since the
math problem is otherwise identical at this stage. To
highlight an important part, when solving for o when
()\1 - /\5)82a — 2\/ )\4)\6 2 0 which giVQS

1 E+2v2ux
o= asin T ERRE) M # Xy (70)
Z? )\1 = )\57
here the A1 = A5 case arises because given A1 = -+ > Ag

and Zk 1 Ak = 1, then the facts that /\1 = )5 and (/\1
A5)82a — 24/ Agh = 0 imply that A\ = =)5 = = and
X¢ = 0, so then the MEMS limit A\; — )\5 - 2\/)\4)\6 =0,



which by (37) means E = 0, and since « is free when
A1 = A5, we can put £ = 0 into the A\; # A5 case and
use A1 — A5 = 24/ Mg\ to get the Ay = A5 case result for
continuity (which is justified since (c, 8) = (7, 0) gives a
MEMS with E = 0 in this case of (70).

Formally, the state we are deriving here can function as
an ansatz, and the proofs in Sec. III B verify that ansatz
to have EPU equivalence, so that proves it causes no lim-
itations. To get a visual sense that this ansatz does not
cause limitations, Fig. 4 shows an example of numerical
checks that the choice of 5 = 0 does indeed always permit
E(a, ) to equal E when « is given by (70).

FIG. 4: (color online) Example of E(q, ) from (66) for a
particular arbitrary rank-6 spectrum and target I-concurrence
E from (67). Epred, shown as the red dot, is the right side
of (69), which is E(a, ) with a from (70) and 8 from (68),
while the planar surface shows the target E. If the red dot
always lies on an intersection of the plane E and the surface
E(a, ), then E,eq is correct. Repeating this test 10° times
for arbitrary input spectra and random physical F showed
no failures, which provided strong motivation to use (68) and
(70) as part of the ansatz for PEPUmIR in (8) (which was then
proven to be a full solution, as shown in Sec. III B). The color
scheme here is not related to the other figures, but is chosen
to match that of [27] for sake of comparison.

Thus, closely following [27] with the above changes, we
get the EPU-minimal TGX family for 2 x 3 as

M+ VD VO X0
2 N 2
o . Ay - .
PEPURD, = . D VI . )
. A3 .
vV (A1—25)2—-0Q A +As—VQ
2 2
(71)

which agrees with (8), where 2 = max{0, @}, and
Q= (A1 —X5)® = (E+2v ), (72)

where this @ has the same general properties as Q) in [27];
by (56), any input state p with @ < 0 implies eypms < 0
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and therefore E(p)=0. Also, the physical limits of E are
those in (61) and (67). Thus, (71-72) and (67) can be
used to parameterize a state of any physical spectrum-
entanglement combination in 2 x 3, and any 2 x 3 state p
can be transformed to an EPU-minimal TGX state of this
form (or LPU variation) with the same E and spectrum
as p, in analogy to the 2 x 2 case in [27].

Again, the proof that pgpumap is EPU-equivalent
to all states is in Sec.IIIB, while the result in (71)
can be taken as an ansatz which is verified by that proof.

D. Derivation of the LS Decomposition of PEpUmIn,

In [50], an explicit LS decomposition for 2 x 2 was given
based on Wootters’s decomposition states from [29]. Here
we show how to apply this to the EPU-minimal TGX
states of (8) to derive (9-15).

First, in Sec. IIID 1 we derive the overall LS decom-
position in terms of Wootters x kets, then in Sec. IIID 2,
we derive the explicit forms of the x kets.

1. LS Decomposition in Terms of Wootters © Kets

Since the LS decomposition in [50] is for 2x 2, and since
minimal TGX states only have one quartet with potential
entanglement, such as e = {1,3,4,6} in (8), then that is
the 2 x 2 system which gets the LS decomposition, and
we call e the entanglement quartet of this EPU-minimal
TGX state. Since e is spacewise orthogonal to the rest
of the state, rather than decomposing pgap}U%ﬂn , which
makes for messy notation, we can use the fact that its
eigenstates are also eigenstates of the full state, with ze-
ros in the parts outside e (see Facts 6-11 in Sec.IITA,
which apply here because EPU-minimal TGX states are
subsets of minimal SGX states).

Thus, if the normalized eigenstates of pl{;gUmm are
|€;{le}> for h € 1,2.3,4 where the indices match eigen-
values such that )\?f > )\ge} > )\ge} > )\ie} [notice here
that, in contrast to [29], we use A for eigenvalues of states,
and reserve ¢ for eigenvalues of spin-flip products as in
(1)], then its subnormalized eigenstates are

wioh = \/aleheleh, he1,234. (73)
From (8), these eigenvalues in terms of those of the full
state are

At =

Mo =M (74)
At =

A = e,

and rewriting (73) embedded into the e subspace of zero
vectors in the full space, using (74) to relabel, we get the



full subnormalized eigenvectors of (8) as

lu1) = v1) = VAiler),

lu2) = lvg) = VAdles),  |v2) = Valea), (75)
lus) = |vs) = VAsles),  |vs) = VAsles),

lug) = ve) = V/Xeles),

where |ep,) are eigenvectors of the full state, and the left
column in (75) are those whose only nonzero entries are in
e = {1,3,4,6}, while the right column are states whose
only nonzero entries are outside of e. We relabel the
e-related states as |uy) for k € 1,2, 3,4 to simplify equa-
tions focusing on e. Furthermore, in this section, we

abbreviate as p = pgpymin -

We then make symmetric matrix 7 with elements
Tho = (uk|tr) = (ur|S|ug), (76)

for k,l € 1,2,3,4 [which is reducible to k,l€1,... 7’
where 7/ =r{e} =rank(pl®}) =rank(diag{\1, s, A5, X6 }),
which is generally not equal to 7’ = rank(7) as we will
see], where |¢p) = S|¢*) where [¢)*) is the complex conju-
gate of |¢), and we use the 0-embedded spin-flip operator,

S = (09 ® 0q) @ 01}, (77)

where € means ‘“not e,” meaning the subspace spacewise
orthogonal to e. Again, we can ignore the eigenstates in
€ for now because we are simply doing the LS decompo-
sition for p{} 0-embedded in the full space.

Then get the Autonne-Takagi factorization of 7 as

r=UDUT, (78)

where U is unitary, and D is real nonnegative diagonal
with diagonal values in descending order of value, as
D;;=¢&; jel,....r"; r" =rank(r), (79)
which are concurrence singular values, as in (1). More im-
portantly, we need U to make Wootters’s subnormalized

decomposition x kets (a term we use based on Wootters’s
labels, not because of their shape as states) as

2a) =D Ujalug), (80)
j=1

fora€1,2,3,4 (ora €1,...,r"), with the property that

(2a|Tp) = (UTTU) b = Eabarp- (81)
[Notice our 7 is Wootters’s n and our U is Wootters’s U
because we use the standard notation in (78) of putting
the “bare” operator on the left of the diagonal part.|

Then, following [50] with some modifications, we define
a variation (not a renormalization) of the {|z,)} as

1

NETm |Za);

|z7)

acl,....r, (82
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where the Kronecker deltas protect against division by
0, while keeping the number of states at r’ ensures that
we maintain a proper decomposition, so the 0-embedded
subspace decomposition is
T/
P{e}®0 = P{e} &0l = > |Za){(@al
a=1 (83)

= % (& + b, 0)lot) (]

where the notation on the far left means to extract the e
subspace of p and then re-install it in that same subspace
of a zero matrix in the full system, an operation we call
“0-embedding.”

Now that we have a decomposition where the weights
are the concurrence singular values, a simple process of
adding zeros creatively can let us find a new decomposi-
tion with the actual concurrence as the first weight as

/

§@+%m%mu

(66— & — &)
(551 0+&+E&+E&)

+ Z(€a+5sa, ) ) (g

= maX{O §1 — &o — &3 — &) (@]
Hoe, 0 + min{s, &+Es+8ab) o) (@)

+ 2 (Sa t 9e,,0)l7a) (zal,

where we inserted the max function to protect against
negative probability in the first term (and in the pro-
cess, making that weight exactly the concurrence of the
e subspace of p), while the min function compensates for
the max function’s presence when its output is 0 (in that
case the whole 0-embedded subspace state is separable).
Thus, the first term in the last equality of (84) is the
entangled part of the LS decomposition (the term with
the max function) and the remaining terms are the sepa-
rable part. The J¢, o is grouped with the separable part
because when &, = 0, then & = & = & = 0 and pte}®0 ig
both pure and separable, so it is appropriate that the en-
tangled part is 0, while the separable part then becomes
|z} )(x}|. Note also that when “adding zeros creatively”
in the second equality of (84), we did not include extra
deltas since those new terms sum to 0 anyway.

Next, we rewrite (84) in terms of the original Wootters
x kets using (82) as

pleyoo _

!
.
Azl

(84)

0,
P{e}@o = max{ 5611-5-551 o =3 |z1) (1]
in{&1,624+E€3+E€a}+0ey, r
R e [ ) (a4 + X [a) (@al,

(85)
and then, normalizing each of the Wootters x kets,

p{e}EBO _

maX{O,gEl 7652763754} (z1]z1) \<f'31>|<11>\

11+9¢;,0 x1|T1

min{&1,€2+83+8a}+0¢; 0 |z1) (%1]
Griae PGS (s6)

+

+zwmwm%ﬁ




where we note that it is only the partial “tilde overlap”
of the x kets that gives the £, values, and in general their
regular self overlaps do not give those same values.
From (86), the entangled part’s normalized state is
{eyoo _ |71)(z1]
p ; 87
E <£C1|:C1> ( )

with decomposition probability Lnoting that for minimal
TGX states, E(p{et®0) = C(plet) = Cleh),

0,6 — & — & — cle}
o) = max{0,&§ — &2 — &3 — &4} (21]1) = <x1|x1>7
€1+ 0¢,0 €1+ 0¢,0
(88)
and the normalized separable part is
{e}®0 _ 1 min{&1,€2+€3+84}+d¢; 0
Ps T o546 () ( €1+0¢;,0 Sl
P50
+ 3 Jaa)zal )
a=2
(89)

with probability

/
™

e} _ min{&,{2+E€3+8a}+0e,,
pé ) = 521+53£1,o4 S0 <$1|‘T1> + Z <xa‘$a>
= tr(pl}®0) — p}
S WIS GRS IS Vi max{0,£§11;§£2170§3—f4} <.T1|.’171>,

(90)

where we used the fact that the e subspace state is un-

normalized so that pga} +p§e} = tr(p{et®0) = X\ + N\ +

A5 + A6, so we can simply write (89) as

a=2

p{e}€90: 1
8 tr(P{E}@O)—pre}-i-tSpée},O
in{€1,62+€3+€4} 40 a
(TSI ) (1 4+ [ ().
a=
(91)
or even more simply, as
{e}®0 _  {e} {e}sdO
©0 P Pg P
Pt = O (92)

tr(ple)®0) —plet 4 0,00 .

Thus, the LS decomposition of pte}®0 is

P90 = i Pl - [in(p(190) — I L0, (93)

the average I-concurrence of which is

(E(ple1®0)) = plot p(p{e190)
+ [t}r(p{e{}f% — B
:pEe C(/’Ee )

+ [tr(pfer®0) — pito(pleh

. 94
_ et lnlal g (94)

(z1]z1)

_ max{0,61—>—E€3—Ea} S

- €1+5521,0 — <$1|J}1> <$1\1911>
=max{0,& — & — & — &}

- E(p{e}GBO)’
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which shows that this is truly an optimal decomposition
of pte}®0 gince its average concurrence is the actual con-
currence. Again see [50] for the full proof of this re-
sult. Note that we used the fact that the I-concurrence
of pte}®0 is just the regular concurrence of p{® due to
the fact that pt®}®0 is 0 outside of e, and any nonzero
parts of other quartet subspaces are always separable.

Now that we found the LS decomposition of the 0-
embedded entanglement subspace of (8), we can get a
decomposition of the full state of (8) as

p = plet@o 4 ,{e}eo

= pi ol PO + [tr(pler®0) — piThptE0 (95)
+A20)2) + A3p)5),

where p|yy = [¢)(¥|. But here, since these last two terms
are always separable since they are computational basis
states |2) = |1) ® |2) and |5) = |2) ® |2), then we can add
them to any other separable state and the sum is still sep-
arable by the definition of separable states (specifically
note that their I-concurrence is 0 in the full space, and
furthermore since the separable part in e in (95) [from
(91)] has zeros in all other elements, its I-concurrence in
the full space is 0 as well). Therefore, the total separable
part of the LS decomposition of (95) is

[tr(p{e}ﬂao)—p}e}]pée}@o-‘r)\?,mz) +A3p|5)
[tT(P{e}@O)*PfEe}]+>\2+>\3+5p{e} L
w

[tr(p'}®0)—p i) OO 4 Napio) +Aapys)
A1+Aa+ A5+ A6 7pée}+)\2+)\3+5p{e} )
et

pPs =

(96)

()\1+)\4+>\5+)\67p§;})p{se}®0+>\2p|z)+>\3p\5>
_{e}
1-pg +5p%e}yl

)

so the probability of the separable part is 1 — pg} which
means that the entangled-part probability of p is the
same as for its entanglement subspace, so

pe =pt, (97)

and we get the explicit LS decomposition for the full state
in (8) as (recalling our abbreviation that p = pppymm ),

PEPURIn = PEPE + (1 - pEe)ps, (98)

where from the above argument, the entangled part of
the full state is the same as for the e subspace, so

E =cle} (99)

where FE is the I-concurrence of the full state p [keeping
in mind that C{¢} is not the same thing as E(pg)], so
putting (88) into (97), and (99) into that gives

- max{0,§; — & — 3 — &4 _ E(zi|zy)
bE= &1 +5§1,0 <x1|x1>_§1 +5§1707
(100)
and from (87) and (95),

(z1lz)’



while putting (91) with tr(p{e}®0) = \; + Ay + X5 + Xg
into line 3 of (96) and using (97) gives

_ 1
PS = Topptopon <>\2P|2> + A3p|5)

O SR 00 ) (0 + 3 Jra) ().
a=2

€14+d¢q .0
(102)
Thus we have derived the LS decomposition of (8) in (9-
12), where it is helpful to note that here,

Es) = CGE = O = Ty

[noting that in general, E(pg) # E] which shows that
peE(pp) = E=max{0,§1 — & — & — &), (104)

which is what makes (98) an optimal LS decomposition
since its average I-concurrence is the actual I-concurrence
of the state.

Thus, this decomposition concentrates the minimum
average I-concurrence into a single weighted decomposi-
tion state (which happens to be pure for EPU-minimal
TGX states in 2x 3, as we have just proven). This is valid
because the entangled part is a pure minimal TGX state
so its I-concurrence always simplifies to a single subspace
concurrence, which is what allowed us to get this LS de-
composition. Thus, this agrees with several of the claims
used in the proofs in Sec. III as well.

Note that the entire derivation above applies equally
well to the middle minimal SGX state pSg in (19) (and
to all minimal SGX states by LPU variation), with the
only difference being that A2pj2)+A3p)5) must be replaced

by Aopi251 80 4 \3p(251 €0 where [ef%%) and |ef*°))

|ef2:5) e§25)
are eigenstates of p12:5} with eigenvalues )\?75} = )\ and
A§2’5} = A3. But since those states are always separable
as explained in Fact 5 of Sec. IIT A, that changes none of
these results about the entanglement. We simply focused
on EPU-minimal TGX states to make the discussion sim-
pler and to provide additional proof of the EPU equiva-
lence of (8). Thus, with the above modification, (98-104)
hold in general for all minimal SGX states in 2 x 3, and
can be used with the r’ limits as shown in numerical cal-
culations, while our results in the next section require us
to sacrifice that specificity and use upper limits of 4 as
seen in (9-15) to gain an overall explicit form.

Also note that these methods are adaptable to the 2 x 2
states of (4) by simply setting Ay — 0, A3 — 0, \y —
A2, A5 — A3, A¢ — A4, and transplanting only the e
subspace of our EPU-minimal TGX family to the 2 x 2
space in order, including for all eigenstates, etc. Thus,
even though the LS decomposition was not given in [27],
the one given here can be converted to that system with
ease (and this applies to the next section here as well).

Implicit in all of the above is that care must be taken to
ensure that each subnormalized eigenvector receives the
appropriate index to ensure valid decomposition of each
spacewise orthogonal subspace, which may require ex-
plicit definitions beyond standard routines, particularly
in cases with degenerate eigenvalues.

(103)
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2.  Ezplicit Forms of the Wootters x Kets

Here, we will use the fact that the EPU-minimal TGX
family of (8) has real TGX eigenvectors, which means
that its 7 also has real eigenvectors, to easily convert from
a spectral decomposition of 7 to a Takagi decomposition.

First, the eigenvector matrices of the EPU-minimal
TGX state of (8) are

A+VQ
2A .
. 1
|61> = ) ‘62> = ’ |63> = . )
1
A—VQ :
2A
A—VQ
2A
1 .
|€4> = B B |€5> = ’ |66> = 1|
_, )ALV
2A
(105)

where A and 2 are given in (15), so (105) gives columns of
€pgpymin. from (18). Then, from (75), define the relabeled
subnormalized eigenvectors of the 0-embedded entangle-
ment subspace as

7
VAL S5
: VA
lui) = . o Jug) = ) 4 )
/A A—V/Q
' ZA@ (106)
VA5 V=2
IU3> = 5 |’U,4> = m
/34
From (77) we have
L -1
1
= | (107)
—1 -
and the elements of 7 from (78) are given by
Tkl = (uk|ﬂl> = <UMS|U7>7 klel, ... 4, (108)

where here we set dim(7) = 4 instead of 7’ to get a general
symbolic solution for all cases.



Then, the spin-flipped eigenstates of (106) are

Ao/ A=—VQ
VA1 2A

[ur) = s |u2)

sl
o

& (109)
VA5 _;A
~ ~ VA
[uz) = gy = V7O,
N, A=V
—VAs 2A
so putting (106) and (109) into (108) gives
_MVATQ Noxpriv )
A A
. . . Ve
T= NoxeYLY ) AsVAZT—Q (110)
A

VA1 e

Notice that 7 is real, symmetric, and has spacewise or-
thogonal subspaces {1,3} and {2,4}. The eigenvalues of
7113} are (showing several forms for reference)

{1,3}  —(A1=2s)VAZT=QE/(A1+X5)2A2— (A1 —A5)20Q
Ci = 2A

— (M1 =As)VAT=0+/[(A1+25) VAZ—QJ2 +40 A5 Q
2A

_ — (A1 —As)VAZT—QE/40 A5 A%+ [(A —A5)VAZ—Q)2

2A J
(111)
with corresponding subspace eigenstates
VAiAsQ
, +9
|e{_1 3}> _ Nl(c{l?ﬁ /\A52S2_0 ) for C{l 3}
A (112)

TR e e
N+ 7)‘259 +9x0,0

[which were carefully derived so that when off-diagonals
of 7 are zero, its remaining diagonal elements are the
eigenvalues in ascendmg order since diagonals of 7 are
ascending, and C 3} <0< C 3} by line 3 of (111)] with
normalization factors,

N_= \/(Cil’s} + /\1‘/22_9)2 + (LR 453 00)2,
N o = e

(113)
Eigenvalues of 7124} are
2 = £V, (114)
with corresponding subspace eigenstates
{2,4} 1 1
= (), (115)
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Then, a spectral decomposition of 7 (except for a per-
mutation for descending-order eigenvalues) is

r=Vvav’, (116)
with unitary eigenvector matrix
N/>\1A>\50+5>\5Qw0 C_{'_1,3}7,\5 22—9 .
N_ N+
. 1 . 1
V= . V2 V2 ,
CEI 3}+>\1\/2 —Q \/A1A>\5Q+6>\59~0
N_ ) Ny ’
1 . =1
V2 V2
(117)

and eigenvalue matrix (again not in descending order),

d = diag{¢!"? ({24 (A3 o2k (118)

Now that we have a spectral decomposition for 7, we
can convert it to a Takagi decomposition. First, peel off
the phase factors from d as

( {1 3})| {1, 3}|
Sgn( {2 4}) {2,4} (119)
en(( () |

sgn<<£2 4}>|<£2 4}|

sgn

d = diag

Then, we want to convert these factors to unit-complex
exponentials, but that means we have to sacrifice the 0
case. But that is okay since the magnitude is 0 anyway
in that case. So we rewrite d as
(1,3}
w[l—sgng (¢t )]
(e —

[1—sgnp (1240
L

d = dlag (1,3} w[l— ﬁgnQ(C{ 3})] ’ (120)
G e 5
2.4 [1—sgng (¢ 124}y
T
where we use the two-case sign function
+1; a>0
sema) = { 11 020 (121)

to keep the sign factors real in the 0 case (even though
the magnitudes are 0 anyway then, just to ensure that
near-0 eigenvalues stay as true to the actual values of d
as possible). Then, to prepare to peel these factors off on
either side, we rewrite (120) as

n[1—sgng (¢ {131

m[1—sgng (¢ {1
%

e 1
1'4"“_*“24(‘i 4}7 |<{2 A gi ml1- <gnz<c{ h)
d = diag ,w[lfsgnz(Cfﬁ} Al sgr‘2(4{1 3}y,
el | {1 3}‘6 _ =
{2, {2,4}
w[1- Dgﬂ2(§ m[1—sgna(¢277 7))
e e 2,4 e e
el | { }‘ =

(122)

The magnitudes of the eigenvalues of 7 are the Takagi
values (up to order), and we can peel off the phase fac-
tors and lump them with the eigenvector matrix V', after



first rewiting the adjoint as transpose (which is possible
because V is real), which gives the almost-Takagi factor-
ization,

r=Vdvi =vav?T =U'D'U'T, (123)
where the almost-Takagi unitary is
ml1—sgng (¢113h)
e
(rlsenac {21
’ . 4
U’ = Vdiag RIS (124)
e 7
wl1—sgny (¢4
e’ 1
and the almost-Takagi-value matrix is
. 1,3 2,4 1,3 2,4
D' = diag{|c" ], (¢ (¢ KBy (12s)

Now, to get a useful Takagi factorization, we need to
determine the descending order of the values in (125),
and apply the corresponding permutation to D’ and U’.

Starting with subspace {1, 3}, although Q{:’S} > Cil’?’},
since we want to compare magnitudes, line 3 of (111) is
most useful since it has common terms inside and outside
the larger radical. So the magnitudes are

) = & (200 — 242 - Q) + 401542
F2[(A1 — As)VAZ — Q]
X\/4)\1)\5A2 + [<)\1 - )‘5> A — Q]

]

)1 /2
(126)
comparison of which shows that

¢ > ¢,
in all cases. Then, since \Ci2’4}| = |C£2’4}|, we have the
proper ordering in each subspace separately, so we just
need to determine the values of these two sets rela-
tive to each other. For this, we will break the problem
Q cases, and also treat any subcases that arise as needed.

(127)

Case 1: @ > 0: Here, by (15), Q = @ where Q =
(A1 — X5)% — (E 4+ 2v/A4)6)?, so (126) becomes

€ = g (200 - A)2IA% - Q)+ ArAsA?
F2[(A1 — As) /A2 — Q]

x\/4/\1/\5A2 + [(A1 = A5)V/AZ — Q]2 )

1/2

(128)
Then, since A = A\ — A5 + dx,.n; [where the Kronecker
delta comes from the spectral decomposition of (8)], there
are two subcases; A1 = A5 and A\; > As.

In general, regardless of @) case, given eigenvalue con-
straints of normalization, nonnegativity, and descending
order, subcases with A\; = A5 only admit spectra de-
scribed by A\; = -+ = A5 = 152 with Ag € [0, 3]. Then,
because A\ = A5 causes Q = —(F + 2\/)\4)\6)2, this will
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split this set of spectra into two subsets based on which
Q) case pertains.

Since @ = 0 belongs to the @ > 0 case, then in the
A1 = A5 subcase, the fact that Q = —(E + 2y/As)g)?
such that @ = 0 requires that both terms in the square
be 0 since both are always nonnegative, so we must have
FE = 0 and M)Ag = 0. But due to descending order,
A1 = As implies that Ay # 0, so Ag = 0 is the only sub-
subcase that applies when @@ > 0 and A1 = A5, so we
must have A\ = -+ = A5 = é with A\g = 0 here.

Looking ahead, for the same reason, whenever @ < 0
and A\; = As, the fact that Q < 0 implies £ = 0 as proven
in (59) means that Q = —(E + 2v/A4X6)? = —4\4 ),
which can only be negative when Ag > 0 (since Ay # 0 by
A1 = X5 and descending order), so the only spectra that
apply when @ < Oand \; = dsare \; =--- = A5 = %
with Ag € (0, ¢, which we save for our treatment of the
Q@ < 0 case. (As we will see, we will not need this, but it
was important to rule it out for the present @ case).

So the only spectrum in the Ay = A5 subcase of @ > 0
is Ay = -+ = A; = § with Ag = 0, which yields, by (128),

N = vas =L, (KB = Ve =0,

where we used A\; = A5, @ = 0, A = 1, so this yields a
descending ordering as [also using (127)],

Q = 0, )\1 = )\5 :
(e 2 1 2 12 = 1¢8 9 = 2, 4,0,0).
(130)
Then, still in the () > 0 case, its other subcase is A; >
A5, for which A = A\; — A5 and Q = A? — (E+ 2/ \1)6)?,
so then (128) becomes

(129)

) = 5 (2> + 2vA%6)? + s
F2[(E + 2V A1 )e)]
</ INs + (B + 2v/Ah)2 )
Here, it is difficult to get a full ordering of all the Takagi
values. However, since the preconcurrence’s form only

requires that we know which is the largest Takagi value,
this simplifies our task. With this in mind, if we focus

(131)

1/2

on |§£1,3}| from (131), comparing it to |<i2,4}| as

3~ B, (132)

where we use “~” as an undetermined inequality place-
holder, then plugging in (131) and (114) into (132) (being
mindful of the absolute values), we get

(E2 FABVADG + (B +2v/A1h)?
A s + 2[(E + 2030 )]
/AN 1 (E+2\/>\4/\6)2) ~0,

(133)

which shows that ~—2> since every term on the left of
(133) is nonnegative, so then (132) becomes

3 > 2, (134)



which, together with (127) gives us a useful partial or-
dering for this subcase as

>0; A\ > A5
3 el ey ey, 099
where the order of the set on the rlght is not yet specified,
but we definitely know that |C | is the largest, which
is sufficient for our purposes. Therefore, since the set in
(130) can also be written like the set in (135), then both
subcases of @ > 0 can be united as

Qz0: [ = (et 1L ¢y (136)
Case 2: Q < 0: Here, Q2 = 0 by (15), and E = 0 by (59),
so also @ < 0 means (A — A5)% — (0+2v/Ag)g)? < 0 and

therefore A\; — A5 — 2¢/AgXg < 0. So (126) becomes

A HAZT (M -A2)

1,3
1 = .

(137)
Here, since there is no remaining A, we do not need to
break this into subcases as we did for the first @) case.
Furthermore, since we have already settled for simply
finding the largest Takagi value, then based on (127), we

note that |C | from (137) is
I3 = (138)
and comparing it to |§f’4}\ gives
)~ 1Y) (139)

AL~ VAude

and since A1 > Ay = vV Ag)g, (139) shows that ~—>, so

B > 1B, (140)
which gives the result for this @ case that
Q<0: [ (i IR B, ()

where again, the set on the right is not yet ordered.
Then, since (136) and (141) have the same form, we
get a unified partial ordering for all cases as

1,3 3 2,4 2,4
vQ ¢ = {1 BB,

where the order in the set on the right does not matter.
(Note that this order can always be obtained numerically
for a given set of parameters, but our goal here is to find
a symbolic solution with little or no case-splitting.)

Therefore, we can now assign the concurrence singular
values to the appropriate Takagi values (where the order
of the last three is not necessarily descending, but the
first is always the largest) as

=1 =1 G =1 =1

(143)
Given (143), using (114) and (126) then yeilds the specific
{&.} forms in (14), which, when compared with (114) and

(142)
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(111), shows that

=g
¢ =1

{2 Y _ g, (144)
C{2 M= ¢

Then, (143) gives us a useful ordering for the Tak-
agi decomposition of 7, which we achieve by swapping
columns 2 and 3 in U’ of (124) and swapping diagonals
2 and 3 in D’ of (125), which yields

r=UDUT, (145)
with Takagi unitary,
(7A1k59+5>\59 0)i  £—25 - ) .
M N 1
U= J— - V2 V2
—(6 - 2270)2' AlAA5Q+5>\5Q,0 ’
N N> L
’ ' V2 V2
(146)

where, from (113) and (144),

_ _ EIA—XNVAZ=Q o A1 AsQ2+0x:0,08 \o
Ny = N = /(2820 /E7 02 | (Midlihanod
_ _ E9A=XsVAZ=Q\o | (VA A0Q405;0,08 9
NQ:N+:\/( OA )+( AS )7
(147)
and we used (144) in (124) to get
1 —seny (113, - w[1+sgno (£1)]
e’ 1 = e’ 1 =1
iw[l—sgn2(€f’3})] ; mll=sens (€9)] 1
e 4 = e 4 =
ml— agn2(<{ 4})] [1—sgng(£3)] (148)
el 4 = eZ 42 3 = 1
rlsena (24  m[1+sgno (€4)] .
e’ 1 = et 1 =1,
and the Takagi-value matrix is then
D= diag{fla£2a£3,£4}, (149)

where these values can be expressed as seen in (14).
Here we pause to prove that these {£,} are valid in all
cases. First, putting the {{,} from (14) into (11) gives

E =max{0,§; — & — {3 — &4}
= Inax{O M 2\/ >\4>\6}

which gives us a general formula to check {&,}.

In the @ > 0 case when A\; = A5, then Q = Q, A =1,
and Q = —(E + 2y/A4)6)? = 0 since the only spectrum
that applies to this subcase is Ay = --- = A5 with A\g =0,
and E = 0 as explained in the second new paragraph
after (128), so then (150) becomes

(150)

E = max{0, 0v12 2/ 240}
—0 (151)
=F.



In the @ > 0 case when Ay > A5, then = @ and
A=X1—X5, 50 Q=A%2—(E+2y1)6)? and (150) gives

— 2/ Aihe}

_ AL—=As) (E+2vAaX
E = max{0, X 5)(A 46)

= max{0, E + 2v/ XX — 2V AsAe} (152)
= max{0, £’}
—E.

In the @ < 0 case, Q = 0 while @ < 0 implies £ =0
as proven in (59), and @ < 0 also implies that A\ — A5 —
2v/ A4 < 0 as proved in (56), so then (150) becomes

E = maX{O, /\1 - )\5 - 2\/ )\4)\6}
=0 (153)
=FE.

Thus, we have proven that the Takagi values {¢,} from
(14) yield the correct entanglement F for all cases.

Now we have all we need to build the Wootters x kets
{|zo)} for this system. Here, since we do not have a
definite symbolic order for the lower three Takagi values,
we must use all four |z,) states to ensure that no states
are missed, and their own parameters will then take care
of causing the necessary zero vectors when appropriate.

Therefore, putting (146) into (80) gives

o) = 5 (L2 s008 ) QANYATID), )
1

|a:2>:Ni2(52A LAZAVATR ),y —WWS))
[ws) = 5(lua) + Tu))

ja) = = (Juz) — fua)),

(154)
and then putting (106) into (154) gives (13), which is the
explicit form we sought.

We have now proven our explicit symbolic form of the
LS decomposition of the EPU-minimal TGX states of (8).
This decomposition, summarized in (9-15), was also nu-
merically tested on a large number of states and spectra
covering all special cases, and found to always give the
exact correct entanglement E by both methods shown in
(11), as well as always being yielding a valid decompo-
sition of the state. Furthermore, the separable state pg
of (12) constructed from these {|z,)} was also found to
always be separable, where we used the minimal TGX
formula of (7) (proved in Sec.IITA) to verify this, and
the proof of Sec. IIID 1 also guarantees it.

Note that the results in Sec. IIID 1 can be done numer-
ically without using Sec.IIID 2 at all, but the results of
Sec. III D 2 give us a simple set of parameterized decom-
position states allowing symbolic manipulation, which is
a valuable tool for proving new results.

IV. CONCLUSIONS

This paper has successfully proven that TGX states are
EPU-equivalent to the set of all states in 2 x 3 systems,
where the entanglement is measured by I-concurrence.
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Thus, for every general state, there is a TGX state with
the same spectrum and I-concurrence.

Specifically, only a very compact subspace of TGX
states called EPU-minimal TGX states PEPURn  are
needed for this EPU equivalence, as seen (8). This family
is a subset of the somewhat larger family called minimal
TGX states pipiy, all varieties of which are shown in (16).
The general set of TGX states is shown in (17). Each of
these sets have their form and entanglement preserved
under local-permutation unitary (LPU) operations.

Although a computable formula for I-concurrence of
general 2 x 3 mixed states is not yet known, we have
proven that all possible spectrum-entanglement combi-
nations are represented in PEPUmID. - Therefore if a com-
putable I-concurrence formula for E is ever discovered,
then any general state p can be converted to an EPU-
minimal TGX state PEPUmIn. simply by harvesting the F
and spectrum of p to construct pEpuUmin_; and the unitary

TGX
relating them will be given by (18).

Nevertheless, pppumin, of (8) can still be used to param-
eterize physical states of all spectrum-entanglement com-
binations simply by picking any unit-normalized spec-
trum A1 > -+ = Ag = 0 and using (67) to get any physi-
cal I-concurrence E, = nmax{0, A\; —A5 —2v/AsXg}; 1 €
[0,1]. By using LU operators, this also allows us to create
a very wide range of generally nonTGX states parame-
terized by both spectrum and entanglement.

As part of proving the EPU equivalence of pgpuzmin, ,
we developed an explicit I-concurrence formula in (7) for
all minimal TGX states p%lg‘x [examples of which are in
(16)]. The simple form of (7) comes from utilizing space-
wise orthogonality, LS decomposition, and the fact that
quartet subspaces of TGX states always have X form, all
of which conspires to let the 2-norm of the I-concurrence
simplify to a single subspace concurrence, as explained
in Sec. IITA. Note that these LS decompositions are op-
timal because all quartets outside of the entanglement-
containing quartet always have concurrence 0 since those
subspaces are always separable for minimal SGX states
and their subsets, such as minimal TGX states and EPU-
minimal TGX states.

We also derived the computable I-concurrence formula
in (21) for the more general family of minimal SGX states
pin from (19). The formula in (21) has a relationship
to the formula in (7) that is analogous to that between
the 2 x 2 concurrence C(p) of (1) and the X-concurrence
C(px) of (3); the subspace concurrences in (21) generally
need to be computed numerically, but they all simplify
to an explicit symbolic form for minimal TGX states,
as seen in (7). Therefore, since EPU-minimal TGX
states pppumin, are a subset of both minimal TGX states
and minimal SGX states, this proves that minimal TGX
states and minimal SGX states both have EPU equiva-
lence to general states as well. However, since our goal
is to find the most compact set that achieves EPU equiv-
alence, the main result here is the EPU equivalence of
EPU-minimal TGX states (which are the most compact
set since superposition is necessary for entanglement and



they only have one unique nonzero off-diagonal).

Furthermore, we used the simplicity of our EPU-
minimal TGX family of (8) to derive its explicit LS de-
composition in Sec. IIID, summarized in (9-15). How-
ever, (98-104) can also be used to get LS decompositions
numerically for these states, as well as the more general
families of minimal TGX states and minimal SGX states
with the adjustment mentioned at the end of Sec. ITID 1.

All of this generalizes the 2 x 2 results of [27] to 2 x 3
(while adding the LS decomposition and explaining how
to apply that to 2 x 2). Furthermore, we showed that
the prediction of [25] regarding entanglement universal-
ity of TGX states is correct in 2 x 3; in general, lit-
eral X states are not always sufficient to achieve EPU
equivalence, since there are X states which are perma-
nently separable in this system, as explained in Item 5
of Sec.II. (Indeed, entanglement universality of TGX
states was already proven to exclude X states in general,
both in [43] and [47] which discuss example systems such
as 3 x 3 where X states cannot achieve maximal entangle-
ment in the pure case, but TGX states can.) However, in
2 x 3, some X states can achieve EPU equivalence, such
as the particular family shown in (8). But the preser-
vation of its superposition and entanglement properties
under LPU operations that cause it wander through TGX
space show that TGX form is the more relevant feature
for EPU equivalence (particularly since TGX states are
known to be necessary for EPU equivalence in larger sys-
tems such as 3 x 3 as mentioned above).

In closing, we have discovered a powerful new family
of states that greatly extends our ability to model and
explore entanglement in 2 x 3 systems. We have also
found a satisfying generalization of the X-concurrence
formula of 2 x 2 to the minimal-TGX I-concurrence for-
mula in 2 x 3, and a further generalization of that to
a computable I-concurrence formula for the more gen-
eral minimal SGX states. Perhaps most importantly, the
methods here have already helped guide similar discover-
ies in a very wide range of multipartite quantum systems,
even though those involve many other issues that do not
arise in 2 X 3, such as bound entanglement. At the time of
writing, we have prepared another paper extending these
ideas to such systems, and will release those results soon.

Appendix A: Review of I-Concurrence

The I-concurrence [37—41] of bipartite pure states is

21— P(5\7))],

Py (A1)

E(py)) =

where pjyy = [¢) (1], 5™ is the mode-m reduction of p,

m € {1,2} is a mode label, and P(p) = tr(p?) is purity.
Expressing |1) in the coincidence basis as

ni,n2
) = Zbl by=1,1 @b,02 b1, b2), (42)
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where ap, p, = (b1, b2|tp) causes (A1) to expand as

ni no

Elppy) =24 22 X 0w,20y,z = 0w, 20y,0|?

w<y r<z

ni ni

no na
=202 X X 2 [Gwaly—aw sy

w=1y=w+1x=12z=x+1
(A3)

In 2x3, n; = 2 and ny = 3 so the only pair of {w, y} in
the sums is {1,2}, while {z, 2z} € {{1,2},{1,3},{2,3}}.
Thus, the index combinations in terms of the sums are

wy |z wl|lz|y|z

1 2|12 111212
12013 7 1]1]2]3" (Ad)

1 2123 1121213

which shows that (A3) becomes
E(ppyy) = 2( |a1,102,2 — a1 pa2,1|?

+la11a2,3 — a1,3a2,1 | (A5)
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+|a1 2a2,3 — a1,3a2,2|2)

By Item 5 from Sec. II, mapping the coincidence basis to
scalar indices converts (A5) to

E(piyy) = ( [2|aras — agaq|]®

+[2[ara6 — azay|]? (A6)
+[2‘CLQCL6 — a3a5|}2)1/2.

Recalling that in 2 x 2, pure-state concurrence is

C( [sz]) = 2|ajay — agas|,

Ply) (AT)

this connects the coefficients in C' to levels {1,2,3,4} of

the total state. Thus, quantities in (A6) are concurrences

of subspaces of pjy as defined after (5), so that

2|ag, aq, — gy Qg5 = C(ﬂi{iiﬁqz’qs’q‘l}) = C(Pﬁ?)}) = C{q},
(A8)

where p{q} is the q subspace of pjy) (with no renormal-

ization). Thus, (A8) lets us rewrite (A6) as

Elpjyy) = \/[0{1,2,4,5}}2 + [C11346}]2 4 [C{23:5.61]2,
(A9)
which can also be written as the 2-norm,

E(Pw)) = HC(PM)HZ,

of the subspace concurrence vector,

(A10)

Clpp) = [Clol 2 ), ol ), o575,
(A11)

The form in (A10-A1ll) is much easier to work with
than (A3). To get I-concurrence for mixed states, use
the convex-roof extension as in (5).

Note that not all sets of four indices are used in (A9)
and (A11). See App. B for physical meanings of the spe-
cial quartets that appear in these quantities.



Appendix B: Quartets

In (5) and (A9), we see sets of levels we call quartets:

qi1 = {17 27 45 5}a q2 = {15 37 47 6}7 a3 = {27 3a 57 6}
(B1)

Furthermore, in (5) and (A9) we_take concurrences of
subspaces of pure states as C (p{q’“}). Yet since there are
(2) = 15 possible sets of 4 levels in n = 6 dimensions, the
three sets in (B1) must have some special significance.

It turns out that the quartets in (B1) all have product
form in the sense that expanding them in the coincidence
basis forms an ordered basis factorizable as a tensor prod-
uct of basis sets in each mode, as we will show.

For example, in 2 x 2, the only quartet possible is

q& = {1’ 2737 4}7

corresponding to coincidence-form computational basis,

{1,112, 12)[1), [2)[2)} = {[1), [2)}{[1),[2)}. (B3)

Thus, its quartet is formed from a tensor product of two
pairs of single-mode basis states, which we call a product
quartet (or just quartet) which forms a product subspace.
Note also that the outer pair of quartet indices forms
the basis of an inseparable qubit as does the inner pair;

(B2)

{1,4} = {11,22}, {2,3} = {12,21}, (B4)
where for brevity we omit ket symbols and commas in
coincidence strings (such as writing 21 instead of {2,1}),
and we use “inseparable” instead of “entangled” since
these are subsets of basis states rather than actual states.

To see that the 2 x 3 quartets in (B1) have product
form, note that mode 1 only has two levels, but mode 2,
being a 3-level system, has three pairs of two levels. Thus
the full set of 2 x 2 product subspaces in 2 x 3 (including
the map from coincidences to single indices) is

{11 12 13 21 22 23}

—_

2 3 4 5 6

(1,2}{1,2} = {11,12,21,22} = {1,2,4,5}  (B5)
{1,2M{1,3} = {11,13,21,23} = {1,3,4,6}
{1,2}{2,3} = {12,13,22,23} = {2,3,5,6}
which confirms that the quartets of (B1) are exactly the
set of 2 x 2 product subspaces in 2 x 3. (Note that these
are not just any quartets. For example, {1,2,3,6} =
{11,12,13,23} does not factor as a tensor product, and
also does not have an inseparable qubit in the inner pair.)

)

Appendix C: Brief Review of Physical
Decompositions of Mixed States into Pure States

Decomposition of any generally mixed state p into a
convex sum of pure states is well-known, and already
covered in [29, 43]. Here we briefly review it to explain
our parameterization for the sake of reproducibility.
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Any n-level density matrix p of rank r expands as
D> Deri— \
p =320 pilwi)(wsl = 322" [w;) (sl (C1)
where D € [r, 00), with normalized decomposition states
wj) = 5 Sk Uik Aklex), (C2)

where \y > --- > )\, are eigenvalues of p with corre-
sponding eigenstates |e;), and U = UP! is any D-level
unitary matrix. The decomposition probabilities are

Pi = Y [Ujkl* Ak = (w;[w;), (C3)
and subnormalized pure decomposition states are
[@;) = /Pilw;), (C4)

to get the form on the right in (C1) which is useful
for degree-1 homogeneous entanglement measures like I-
concurrence for which E(pp) = pE(p).

From (C1), the dependence on U enters as

[@;)(@;] = 3111 Uik UV Aehilex) (e (C5)

so U is special unitary, since global matrix phase would
cancel in (C5). In the simplest case where D = 2,

U= ( _C;)* ;* ) i (a,b) = (cpe™®, sgetX),

where 0 € [0, 3], and ¢, x € [0, 2), but (v;)x, = U;kUs,
act as elements of pure states with density matrices vj,
so to gauge the effective degrees of freedom (DOF) of U
in the decomposition, we must view {v;} collectively as

(C6)

o ( cg( | 39696—;()(—@))

sgcpe”\ X% s
vy — Sg —Spcpe i(x—¢) (07)
27\ —spegeix—9) i '

which only has two DOF which are {0, (x — ¢)}, so we
can set ¢ = x — ¢ € [0,27) where the range of ¢ is lim-
ited by the functions in which it appears in (C7). Thus,
noting that the off-diagonals of v1, vy still reach all the
same values if we set ¢ = 0, then ¢ = x, so our final
parameterization of U for D = 2 is

where 6 € [0, 5] and ¢ € [0,27). Since two DOF can be
searched efficiently, this allows useful numerical searches
for minimum average entanglement. However, as shown
in [52-54], separable states can require up to D = 72 to
find an optimal decomposition.

For D > 3, the number of DOF quickly becomes in-
tractable to search deterministically. However, the states
we are studying are simple enough (due to spacewise or-
thogonality) that a random search can give a reasonable
approximation, as seen in our plots for D = 3,4 which
show average I-concurrence approaching the theoretical
minimum average value.

Again, we did not rely on numerical searches to reach
any of our conclusions; they are merely checks to show
that we cannot find any contradictions to our proofs.

(C8)



Appendix D: Additional Facts about TGX States

From [25, 43], TGX states also have diagonal reductions
(see App. H of [46] for a brief history of TGX states). ME
TGX states always have balanced superposition (nonzero
coefficients all with the same magnitude) as seen in (38)
(as proved in [43] for all systems), and are also the core
states in the multipartite Schmidt decomposition pre-
sented in [43] and detailed in [47].

Furthermore, each column of ME TGX states in (38)
forms a maximally entangled basis (MEB) as proposed
n [25], the general existence of which was proved for
all systems in [43]. As shown in [25], the union of
all nonzero elements of ME TGX states gives the full
set of 2 x 3 TGX states as seen in (17) (which is just
one of many different characterizations of TGX states).

Appendix E: Generalized Concurrence in 2 x 3

Despite the close ties of I-concurrence to 2 x 2 subspace
concurrences, it is not equivalent to generalized concur-
rence C¢ [48]. Here we briefly derive the maximal value
of Cg wrt spectrum, which is used in the text to show
that C¢ is not I-concurrence.

From [48], generalized concurrence of mixed p is

Ca(p) = max{0, ca(p)}, (E1)

where ¢ is the minimum average generalized preconcur-
rence over all decompositions of p, given by

rank(R)
cc=&— Y, &, (E2)
=2
where £ > & > -+, and R is defined as

R=R(p) = /oo (E3)
where p is an antilinearly unitary (antiunitary) conjuga-
tion of p (which is defined in [48]), and

{6} = cig(R) = sing(pp). (E4)

Since we want to maximize Cg wrt spectrum, we
need to find a singular-value inequality involving cg of
(E2). Following [35], from [55] (which covers a wider
array of situations than we use here), for any complex
square matrices C = AB, where A, B,C each have n
dimensions with {N;} = {N(C)} = eig(C) and singu-

lar values {0;} = {0;(C)} = {\/ N (CCT)} = sing(C) for

lel,...,nsuchthat oy > --- > o,, then
k k
> 01(AB) < Y 01(A)oy(B), (E5)
=1 =1
for ke 1,...,n, and also
k k
> 01, (AB) = > 01,(A)on—i11(B), (E6)
t=1 t=1
forkel,...,nand integers [; s.t. 1 <13 < - <l < n.
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For the desired inequality, first set k = 1 in (E5) to get
c1(AB) < 01(A)o1(B). (E7)
Then, since we want five terms subtracted from o7 [by

(E2) with max{rank(R)} =n=6], set k=5 in (E6) and
since we want those indices to be {2,3,4,5,6}, let

{lla ceey lk} = {lla 127 lSa l47 15} = {27 3743 5; 6}3 (E8)

which put in (E6) and multiplied by —1 yields

7(0’2 + g3 + g4 + (o259 + 0'6)(AB) < 7[ O'Q(A)O'G(B)
+ 03(A)os(B)
+ 04(A)ou(B)
+ 05(A)o3(B)
+06(A)O'2(B)].

(E9)
where (AB) on the left represents the argument for that
entire quantity. Then, adding (E7) and (E9) gives

(61 —09g—03—04—05 —06)(AB) < o1(A)o1(B)
—o2(A)os(B)
—o3(A)os(B)
—04(A)oa(B)
—o5(A)os(B)
—o6(A)oa(B)

In [35], it was shown that (E4) can be rewritten as

{&} = sing(VAVVA), (E11)

where V is unitary and A = diag{\1,..., A\, } = eig(p).

So then, letting

A=VA, B=VVA, (E12)

that causes the singular values in (E10) to become

01(AB) =&, and 01(A) = 0;(B) = /A,  (E13)

so then, putting (E12) and (E13) into (E10) yields

(01— ZEEUZ)(\EV\/T\) SA = A1 = 2V A246 — 2V A3A5.
=2

(E14)
Then maximizing (E14) over all V' gives

max(cg) = max [(0'1 - 216:2 UQ(\/KV\/K)}

(E15)
= A1 — As — 20200 — 2V A0,

so putting (E15) into (E1) maximized over all V' gives

max(Cg) = max{0, max(cg)}

= max{O, )\1 — /\4 — 2\/ /\2/\ — 2\/ /\3)\5},
(E16)
which is the maximal value of Cg wrt spectrum in (42).



23

[1] E. Schrodinger, Naturwiss. 23, 807 (1935).

[2] A. Einstein, B. Podolsky, and N. Rosen, Phys. Rev. 47,

777 (1935).

[3] R. P. Feynman, Found. Phys. 16, 507 (1986).

[4] D. P. DiVincenzo, Fortschritte der Physik 48, 771 (2000),
arXiv:quant-ph/0002077.

[5] P. W. Shor, Proc. 35th Annual Symposium on Funda-
mentals of Comp. Science, 124 (1994).

[6] P. W. Shor, SIAM J. Sci. Statist. Comput. 26, 1484
(1997).

[7] L. K. Grover, Annual ACM Symposium on the Theory
of Computing, 212 (1996).

[8] D. Deutsch, Proc. R. Soc. Lond. A 400, 97 (1985).

[9] D. Deutsch and R. Jozsa, Proc. R. Soc. Lond. A 439,
553 (1992).

[10] R. Cleve, A. Ekert, C. Macchiavello,
Proc. R. Soc. Lond. A 454, 339 (1998).

[11] C. H. Bennett, G. Brassard, C. Crépeau, R. Jozsa,
A. Peres, and W. K. Wootters, Phys. Rev. Lett. 70,
1895 (1993).

[12] D. Bouwmeester, J. W. Pan, K. Mattle, M. Eibl, H. We-
infurter, and A. Zeilinger, Nature 390, 575 (1997).

[13] D. Bouwmeester, J. W. Pan, K. Mattle, M. Eibl, H. We-
infurter, and A. Zeilinger, Phil. Trans. R. Soc. Lond. A
356, 1733 (1998).

[14] S. R. Hedemann, (2016), arXiv:1605.09233.

[15] H.-K. Lo, Phys. Rev. A 62, 012313 (2000).

[16] A. K. Pati, Phys. Rev. A 63, 014302 (2000).

[17] C. H. Bennett, D. P. DiVincenzo, P. W. Shor, J. A.
Smolin, B. M. Terhal, and W. K. Wootters, Phys. Rev.
Lett. 87, 077902 (2001).

[18] P. Agrawal, P. Parashar, and A. K. Pati, Intl. J. Quant.
Inf. 01, 301 (2003).

[19] S. Gupta and R. K. P. Zia, J. Comp. and Sys. Sci. 63,
355 (2001).

[20] C. A. Trugenberger, Invited Talk at the 1st Feynman
Festival, Univ. of Maryland, College Park (2002).

[21] M. Schuld, I. Sinayskiy, and F. Petruccione, Contemp.
Phys. 56, 172 (2014).

[22] J. Biamonte, P. Wittek, N. Pancotti, P. Rebentrost,

N. Wiebe, and S. Lloyd, Nature 549, 195 (2017).

] A. Peres, Phys. Rev. Lett. 77, 1413 (1996).

] G. Vidal, Phys. Rev. A 65, 032314 (2002).

] S. R. Hedemann, (2013), arXiv:1310.7038.

}

and M. Mosca,

P. E. M. F. Mendonga, M. A. Marchiolli, and D. Galetti,

Ann. Phys. 351, 79 (2014).

[27] S. R. Hedemann, Quantum Inf. Process. 17, 293 (2018),
arXiv:1802.03038.

[28] S. Hill and W. K. Wootters, Phys. Rev. Lett. 78, 5022

(1997).

[29] W. K. Wootters, Phys. Rev. Lett. 80, 2245 (1998).

[30] T. Yu and J. H. Eberly, Quant. Inf. Comp. 7, 459 (2007).

[31] J. Wang, H. Batelaan, J. Podany, and A. F. Starace, J.
Phys. B 39, 4343 (2006).

[32] S. Ishizaka and T. Hiroshima, Phys. Rev. A 62, 022310
(2000).

[33] M. Ziman and V. Buzek, Phys. Rev. A 72, 052325 (2005).

[34] B. Horst, K. Bartkiewicz, and A. Miranowicz, Phys. Rev.
A 87, 042108 (2013).

[35] F. Verstraete, K. Audenaert,
Rev. A 64, 012316 (2001).

[36] T.-C. Wei, K. Nemoto, P. M. Goldbart, P. G. Kwiat,
W. J. Munro, and F. Verstraete, Phys. Rev. A 67,
022110 (2003).

[37] K. Audenaert, F. Verstraete,
Rev. A 64, 052304 (2001).

[38] P. Rungta, V. Buzek, C. M. Caves, M. Hillery, and G. J.
Milburn, Phys. Rev. A 64, 042315 (2001).

[39] W. K. Wootters, Quant. Inf. Comp. 1, 27 (2001).

[40] S. Albeverio and S.-M. Fei, J. Opt. B: Quantum Semi-
class. Opt. 3, 223 (2001).

[41] M.-J. Zhao, X.-N. Zhu, S.-M. Fei, and X. Li-Jost, Phys.
Rev. A 84, 062322 (2011).

[42] S. R. Hedemann, Hyperspherical Bloch Vectors with Ap-
plications to Entanglement and Quantum State Tomogra-
phy, Ph.D. thesis, Stevens Institute of Technology (2014).

[43] S. R. Hedemann, Quant. Inf. Comp. 18, 389 (2018),
arXiv:1611.03882.

[44] P. E. M. F. Mendonga, M. A. Marchiolli and
S. R. Hedemann, Phys. Rev. A 95, 022324 (2016),
arXiv:1612.01214.

[45] S. R. Hedemann, Quant. Inf. Comp. 18, 443 (2018),
arXiv:1701.03782.

[46] S. R. Hedemann, Quantum Inf. Process. 19, 189 (2020),
arXiv:2001.03453.

[47] S. R. Hedemann, Quantum Inf. Process. 21, 133 (2022),
arXiv:2109.11548.

[48] A. Uhlmann, Phys. Rev. A 62, 032307 (2000).

[49] M. Lewenstein and A. Sanpera, Phys. Rev. Lett. 80, 2261
(1998).

[50] S. J. Akhtarshenas and M. A. Jafarizadeh, Quant. Inf.
Comp. 3, 229 (2003).

[61] R. Hildebrand, Phys. Rev. A 76, 052325 (2007).

[62] P. Horodecki, Phys. Lett. A 232, 333 (1997).

[63] C. Carathéodory, Mathematische Annalen 64, 95 (1907).

[64] P. Horodecki, J. A. Smolin, B. M. Terhal, and A. V.
Thapliyal, Theor. Comp. Sci. 292, 589 (2003).

[65] B.-Y. Wang and B.-Y. Xi, Lin. Alg. and its Appl. 264,
109 (1997).

and B. D. Moor, Phys.

and B. D. Moor, Phys.


http://arxiv.org/abs/quant-ph/0002077
https://arxiv.org/abs/1605.09233
https://arxiv.org/abs/1310.7038
https://doi.org/10.1007/s11128-018-2061-0
http://arxiv.org/abs/1802.03038
https://www.rintonpress.com/journals/doi/QIC18.5-6-2.html
https://arxiv.org/abs/1611.03882
https://doi.org/10.1103/PhysRevA.95.022324
https://arxiv.org/abs/1612.01214
https://www.rintonpress.com/journals/doi/QIC18.5-6-3.html
http://arxiv.org/abs/1701.03782
https://doi.org/10.1007/s11128-020-02676-8
http://arxiv.org/abs/2001.03453
https://doi.org/10.1007/s11128-022-03458-0
https://arxiv.org/abs/2109.11548

