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We examine, in correlated mixed states of qudit-qubit systems, the set of all conditional qubit states that can
be reached after local measurements at the qudit based on rank-1 projectors. While for a similar measurement
at the qubit the conditional postmeasurement qudit states lie on the surface of an ellipsoid, for a measurement
at the qudit we show that the set of postmeasurement qubit states can form more complex solid regions. In
particular, we show the emergence, for some classes of mixed states, of sets which are the convex hull of solid
ellipsoids and which may lead to conelike and trianglelike shapes in limit cases. We also analyze the associated
measurement-dependent conditional entropy, providing a full analytic determination of its minimum and of the
minimizing local measurement at the qudit for the previous states. Separable rank-2 mixtures are also discussed.
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I. INTRODUCTION

The study of quantum correlations and nonclassical proper-
ties in composite quantum systems is of great current interest,
having deep implications in the field of quantum information
[1-5]. A closely related nontrivial problem is that of the de-
termination of the set of postmeasurement conditional states
of one component after a remote local measurement on the
other constituents. In this context, the concept of quantum
steering ellipsoid [6—14], also known as correlation ellipsoid
[9,14], which denotes the set of all Bloch vectors to which one
party could collapse if the remote party were able to perform
all possible measurements on its side, has provided a useful
geometric picture in two-qubit [7-15] and also in multiqubit
[12,16,17] systems. Recently, the experimental validation of
the quantum steering ellipsoid for different two-qubit states
was reported [17].

This geometric approach has been important for under-
standing the measurement-dependent conditional entropy and
its minimizing measurement [7-9,14,18]. This entropy mea-
sures the average conditional uncertainty in the postmeasure-
ment state of the unmeasured constituent and its minimum
plays a key role in the definition of the quantum discord
[2,3,19-22]. It is also directly related to the entanglement of
formation with a purifying third system [23]. The steering
ellipsoid has also provided necessary and sufficient condi-
tions for the presence of entanglement in two-qubit systems
[10-12], as well as strong monogamy relations determined
by its volume in multiqubit states [12,16,17]. The set of
postmeasurement reduced states in composite systems plays a
central role also in the problem of quantum steering [24-30].

Most studies, however, have been concerned with measure-
ments on a qubit component, where the set of all possible
measurements can be easily parametrized. In this work we
consider instead measurements on a general qudit with di-
mension d > 3 and analyze, for mixed states of correlated
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qudit-qubit systems, the set of the ensuing conditional states
of the unmeasured qubit after such measurements. We first
recall that while in bipartite pure states the conditional state
of B after a local measurement at the other system A (based
on rank-1 local projectors) is a pure state (which can be
any pure state if the original global state is entangled and
the reduced state pp has full rank), in the case of mixed
states the conditional state of the unmeasured system will be
in general mixed and lie within a certain subset of the full
accessible space, which is essentially determined by the so-
called correlation tensor of the global system [6,9,10,14,18]
(see the next section). Such a set may include states ranging
from pure states to maximally mixed states. In addition, in
the case of a qudit-qubit system, if such a measurement is
performed on the qubit, the set of conditional states of the
unmeasured qudit forms the surface of a three-dimensional
ellipsoid [14,18].

Here we will show, however, that for measurements on
the qudit, the set of conditional qubit states can form more
complex geometries, such as the convex hull of distinct solid
ellipsoids and also conelike and trianglelike shapes in limit
cases, providing analytic expressions. We will also analyze
the associated measurement-dependent conditional entropy,
providing general analytic results for its minimizing local
measurement at the qudit for certain classes of states, valid for
general entropic forms, together with their geometric picture.

We point out that qudit-qubit systems admit several differ-
ent physical realizations. In particular, it suffices to consider
the polarization degrees of freedom of a single photon as the
qubit, while the qudit may correspond to its path degrees of
freedom. Both can be entangled through the use of beam dis-
placers (as in [17]) or spatial light modulators (SLMs) (see, for
instance, [31-33]). Correlated qudit-qudit states can also be
realized with two spontaneous parametric down-conversion
photons using both polarization and the transverse spatial
correlations [34-36]. In addition, for qudits encoded in slit
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states generated through a SLM, general measurements on
the qudit can be realized, for instance, with the techniques
described in [37]. The present results are then relevant for
determining the set of conditional polarization states that can
be reached by measurements at the spatial qudits when the
whole state is mixed. Of course, realizations of correlated
qudit-qubit states through spin chains and arrays are also
feasible (see, for example, [38—40]).

The formalism is discussed in Sec. II, where we derive
analytic results for the set of conditional qubit states after a
local measurement at the qudit for several classes of correlated
qudit-qubit states. In Sec. III we examine the associated
measurement-determined conditional entropy, providing an-
alytic results for its minimizing measurement in the previous
states. We also include results for general rank-2 separable
states, with an application to mixtures of aligned two-spin
states of arbitrary spin. Conclusions are provided in Sec. I'V.

II. CONDITIONAL STATES IN BIPARTITE SYSTEMS
A. Formalism

We first consider a general bipartite system A + B, with
subsystem dimensions ds and dg. We will use orthogonal
local operator bases formed by the identity 1s plus dz — 1
Hermitian traceless operators oy satisfying

TI'[O'SMO'SV] = dséw, S = A, B. (1)

A general mixed state psp can then be written as [41]
PAB = PA ® LB + - 5 ZCMVUAM & oy, (2)

where pa) = Trp)pap are the reduced states

1
ps = d—(]ls +rs-0s), 3)
s

with rg = (as) = Trg[psos], while

Cuv = (0ap ® 0y) — (04,){(0B)) “4)

are the elements of the correlation tensor [14].

We now assume that a local measurement based on rank-1
local projectors is performed on side A. It is worth mentioning
that this type of positive-operator-valued measure (POVM)
is sufficient to minimize the measurement-dependent con-
ditional entropy [2,18]. Moreover, they allow for analytical
expressions in the case of simple entropic forms [18] (see
Sec. I C for further details). The projectors can be expressed
as

1
T4 = |ky) (ka| = (-t oy), (5)
A

with k = (ks|0?|ky) a vector satisfying |k|> = dy — 1. The

conditional postmeasurement state of B is
_ -1 A _ -1
ok = Py TrapasTle ® 15| = p; ' (kalpaslka)

1
= —[1 4+ rpui - o3l (6)
dp

where py = Tralpall}] =
measuring state |k4) and

i L(14r,-k)is the probability of

Tolossosl =15+ ——— (@)
r = 1r op|l=r
B/k BlLOB/KO B B T +rs k
is the conditional average of o after result k at A.

The complete local measurement will be defined by
a set of m operators MA NG Hk, rj > 0, satisfying

MM =3 rjl'Iki = la, ie.,
erZdA, erka(). (8)
J J

The probability of result j is p; = r;px;, with (8) ensuring
Y;pj=1Lland > pirsx, =rg, ie., Y ; pjPsik, = Pp, pre-
venting faster than light signaling from A to B. Standard von
Neumann measurements correspond to m =dy, r;j =1V j,
and Hﬁ/_ orthogonal projectors.

If pap has local support on a certain subspace Sy of A of
dimension dj < d, we can always write

ka) = Jqlk!) + /1 = qlkt), 9)

where |k£) € S, q €0,1], and |kj‘) is orthogonal to Sy
such that (k4| paplka) = q(kl“,oAglkl“). Hence, for conditional
states the effects of a complete local measurement based on
operators Mj‘ =7 ch‘j are the same as those of a measure-
ment in the subspace S based on operators M j/ = J/4q;T; H:‘,‘-’
satisfying ), M;'M; = 14;.

In what follows we will consider a qudit-qubit system
(dp = 2). We will analyze the whole set of postmeasurement
conditional qubit states pp/;x of B, characterized by the now
Bloch vectors (7) (o are now the standard Pauli operators),
that can be reached for any possible rank-1 projector 1'12.
We first recall that for similar measurements at the qubit,
the set of all conditional postmeasurement vectors ry, of
qudit A forms the surface of a three-dimensional ellipsoid
(for a rank-3 correlation tensor) [6,14], whose semiaxes are
determined by the correlation tensor C and the vector rp. In
contrast, for a measurement on the qudit A, we will show that
the set of all postmeasurement qubit Bloch vectors rg /i will be
in general a region with finite volume, which may have shapes
more general than a single ellipsoid.

B. Mixture of a pure state with the maximally mixed state

As a first example, we consider the qudit-qubit state

1ap
pap = plW) (V] + (1 —p)g, (10)

A
where |W) = |W,p) stands for a general pure state and pE
[0, 1]. Positivity of psp is nonetheless ensured for —5-— d — <

p < 1, with negative values of p representing depletlon of
state | W) from the maximally mixed state.

By means of the Schmidt decomposition of |¥), we may
always choose orthogonal local states [O4¢s)) and |14¢5)) such
that |W) can be written as

|W)=cos§|00)+sin§|11), (11
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(b)

FIG. 1. (a) Set of conditional postmeasurement states of qubit B,
represented by the Bloch vectors (14) within the qubit Bloch sphere,
after random measurements on qudit A based on rank-1 projectors,
for the qudit-qubit mixed state (10) with p = 0.5, 8 = 7 /10, and
dy = 4 (for which p,p is entangled). The set forms a filled ellipsoid
if p < 1, with the origin at one of its foci and eccentricity determined
by p and the entanglement of |\W) [Eq. (16)], becoming a sphere when
maximally entangled. The color indicates the value of g in (12)-(14)
[red (blue) for high (low) g], which determines the weight of the
pure term in the postmeasurement qubit state (13). (b) Ellipsoid with
opposite orientation obtained for feasible (p > —ﬁ) negative
values of p in (10), here shown for p = —0.14.

where |ij) = |ia) ® |jp) and the angle B €[0,7/2] is
determined by its concurrence [42] (|W) can be seen as
an effective two-qubit state) C4p = sin 8. The mixed state
(10) has then a nonpositive partial transpose [43,44] (i.e.,
positive negativity [45]) for |p|sinB > (1 — p)/da, ie.,
p>(1+dssinp)' > 0.

We now show that for p < 1 and ds > 3, the set of all
possible conditional qubit states ppg/x after a projective mea-
surement at the qudit with result k£ will be a filled ellipsoid
symmetric around the local z axis, with the origin as one of
its foci and the major semiaxis along z [Fig. 1(a)]. The local
z axes are of course those defined by the Schmidt states such
that 0. = |05) (Os| — [1s)(Ls].

Proof. We first note that if the state |ks) of Hﬁ is restricted
to the subspace spanned by the states {|04), |14)}, the situation
is similar to that of a two-qubit system and the surface of
an ellipsoid will be obtained [14]. However, if |k4) has just
a component within this subspace, rg; will lie within the
previous ellipsoid due to the smaller overlap with the state
|W), filling the whole ellipsoid as this component diminishes.
We now prove this result explicitly, providing the ellipsoid
parameters. Discarding a global phase, a general pure qudit
state |k4) can be here written as [Eq. (9)]

lka) = alkl) + /1 = qlky),
k) = cos %|0A> + sin %e-f¢|1A>, (12)
with ¢ € [0, 1], @ € [0, 7], ¢ € [0, 27r), and |kj) orthogonal

to |04) and |14). The normalized conditional postmeasure-
ment qubit state (6) becomes

08k =p;‘[pq<kll|W><q/|kA> + P ﬂg}, (13)

2dy

with (k| |W) = cos 2 cos %IOB) + ¢ sin & sin §|13) and

Pr = %pq(l + cos Bcosa) + IJ—AP.
The ensuing Bloch vector rg/; = Tr[pp/ o] is

rpk = 2p—q(sinot sin 8 cos ¢, sin « sin B sin ¢, cos @ + cos )
Dk

= rpk(sinf cos ¢, sin 6 sin ¢, cos 9), (14)
where (14) is its polar representation, with cosf =
%, and rpx is given by

a(l —é?)
= 15
B/k 1 —ecosf (15)

with 6 € [0, 7] if o € [0, 7] (and B # 0). Here

_ (1—pposp
1= p+ipgdysin’ B’

(16)

pa(*72 + 3pqsin® B)
a =
2A

with A = (52 + pgsin® £)(12 + pg cos? £).

Thus, at fixed B >0 and 5 > 0, Eq. (15) represents an
ellipsoid symmetric around the z axis with eccentricity |e|
and major semiaxis of length |a| along z, with the origin at
its focus. All ellipsoids are enclosed within that for ¢ = 1, for
which |a| is maximum. Thus, for d4 > 3, variation of g in the
interval [0,1] leads to a filled ellipsoid, as shown in Fig. 1. In
the qubit case dy = 2, ¢ = 1, and just its surface remains. W

In Cartesian coordinates, the ellipsoid equation reads

%2+ y2 — )2
y+(z z):
b? a?

where b = av/1 — €2 = pgsin B/2+/A is the minor semiaxis
length and z. = ae = pqﬁ cos  the z coordinate of its
center. Let us now verify some limit cases. For g = /2,
|¥) is maximally entangled and e = O: The filled ellipsoid
becomes a filled sphere of radius a =b=1[1+ L{;P)]fl,
centered at the origin (z. = 0). On the other hand, for 8 = 0,
|W) becomes a product state and e = 1, implying that the
ellipsoid reduces to a segment along the z axis (b =0 and
Z. = a), starting at the origin and ending at 2a = [1 + plq;d’;]’l.

Finally, in the pure state limit p = 1, the set of postmea-
surement states becomes the whole Bloch sphere surface (it is
always pure) for any entangled |WV), as ¢ — 0 and a — 1 for
any S € (0, ), while for a separable |W) (8 = 0) it obviously
reduces to the point (1, 0, 0) = rg. If the qudit dimension dy
increases [at fixed 8 and p € (0, 1)], a and hence the volume
of the ellipsoid increases, whereas the eccentricity decreases.
For pgds > l,a~1— p:d(j—s_igz)ﬁ and e ~ %.

We also note that Egs. (15)—(17) remain valid for negative
values 251;—11 < p <0, in which case a and z. change sign.
Hence, an ellipsoid also follows from a state p4p maximally
mixed in the (2d4 — 1)-dimensional subspace orthogonal to
W) [Fig. 1(b)].

, a7

1, (18)

C. Mixture of two pure states with the maximally mixed state

For other states psp, the set of postmeasurement qubit
states may adopt more complex forms. Let us consider, for
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FIG. 2. Triangle in (p,, p2) space corresponding to a physical
state in the qudit-qubit mixed state (19). Here O indicates the vertex
at MZ—LZ(I, 1). In the case §; = 7 /2 and B, = 0, points (p;, p2) on
the right of the dashed line correspond to an entangled state with
nonzero negativity, while those above (below) the dash-dotted line,
i.e., dark (light) colored sectors, lead to a filled ice-cream (ellipsoid)
shape of the set of postmeasurement qubit states [see Eq. (37)].

instance, the state

Lz

pag = p1l¥1)(Wi| + pa| W) (V2| + po=—,
2d,

19)

where py =1 — p; — p». The condition psp > 0 implies
p1+p2 <1, pi—Qdys—1)p,<1, and pr—Q2dsy—1)pi<l1,
which delimit a triangle in the (p;, p,) plane with vertices at
(p1, p2) = (1,0), (0,1), and 2d;—l_2(l, 1) (Fig. 2). We will fo-
cus on the case where the states |W;) and |W;) are orthogonal
and have orthogonal supports at the qudit side.

1. Two entangled states

We first consider the case where these states are entangled
such that their Schmidt decompositions are

|0, =Cos%|001) +sin%|111), (20)
|W,) = cos%|202) +sin%|312), 1)

where qudit states |is), i = 0, 1, 2, 3, are all orthogonal while
qubit states |j;,) are not necessarily orthogonal to | jéﬂ). We
are assuming here ds > 4. The partial transpose will have a
negative eigenvalue associated with state |\W;) if {Ji sin fB; >
po/da, i€., p1 > Hcll:*ﬁl for |W¥;) and p, > ﬁ for
|W,), having at most two negative eigenvalues.

The set of reachable postmeasurement qubit states for
measurements based on rank-1 local projectors at the qudit
will be essentially the convex hull of the ellipsoids associated
with each state, as shown in Fig. 3. A general pure state |k,)
of the qudit can now be written as

lka) = Vg (Jalkia) + eV /1 — glkan)) + 1 — ¢ |kz),

(22)

(b)

N

FIG. 3. Set of postmeasurement qubit states after random mea-
surements on the qudit for the state (19). It is the convex hull of
the ellipsoids (30) associated with each state |\W;) of the mixture,
as indicated in the lower panels, which depict the set boundaries
in the xz plane (solid lines), together with the ellipsoids projection
(solid and dashed lines). The parameters are p; = 0.2, ; = n /5,
p2 = 0.3, B, = /10, and dy = 6, for which p,p is entangled, with
the major semiaxes of the ellipsoids in (a) opposite and (b) orthog-
onal directions. The color indicates the relative weight of each state
|W;) in the final state (24) [the value of ¢ in Eq. (22)], with red (blue)
denoting prominence of [\W) (|W,)).

where ¢, ¢’ € [0, 1], |kj) is orthogonal to all |iy) with i < 3
(ifdy <4wesetqg =1),and
K1s) = c0s —H0,4) + e sin =L |14).
2 2
lkay) = cos %m) + e sin % 34). (23)

The resulting conditional state of the qubit is

OBk = Py {q/[QPMklAl‘lJl)(‘Vl lk1a)

+ (1 = @)pa ko | Wa) (Walkon)] + 2”70113} (24)
A

qDPx (I —qpx,
= Pk, + ——— Bk (25)
Pk Pk

where (kia|W;) = cos % cos %|Oi) + €% sin § sin %H,-),
Pk = qpk, + (1 = @)px,, and

L, p
PBJk;, = —(f] pilkia| W) (Wilkia) + —0]13), (26)
pk,. 2dA

Pk, = q'pi(1 4 cos B cos;)/2 + po/da (27)

are the conditional postmeasurement qubit states and proba-
bilities obtained forg = 1 (i = 1) and 0 (i = 2).

Hence, the postmeasurement state (25) is just the convex
combination of the states (26), with gpg,/pr covering all
values between 0 and 1 as g varies from O to 1 (even for
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negative values of p; provided pap is positive and ¢’ p; p, # 0).
The Bloch vector obtained from (24) can then be written as

k (1 —q)pr
Ik = &rB/kl + &rB/kp (28)
Pk Pk

where rg, are the vectors determined by pp/x,:

/ .
rp, = %Ri(sin a; sin B; cos ¢;, sin «; sin B; sin ¢;,
Pk
cosa; + cos ;)

rg/k,Ri(sin 6; cos ¢;, sin ; sin ¢;, cos 6;). 29)

i

Here R; are the operators rotating the original z axis to
the z; axis determined by the states |0;) and |1;), while

__ _cosa;+cos f;
cosb; = T+cosa; cos B; and
ai(l - 612)
L _a(i=d) 30
B/k; 1 —e;cos6; .
with
e = Po €os B; 1)

" po+ ipig'dasin® B’
pid' (po/ds + 1piq’ sin® B;)
a = - . (32)
2(po/da + pig' cos® &) (po /da + piq sin® &)

Therefore, the ensuing set of postmeasurement vectors ob-
tained for all values of a1, ¢, a2, ¢2, ¢, and ¢’ in (22) and (23)
will be the convex hull of the filled ellipsoids (29) determined
by rg,. All sets will be contained within that obtained for
¢’ = 1, entailing that the set can be obtained by setting ¢’ = 1
(and varying all other measurement parameters). The same set
is then also obtained for d = 4 (where ¢’ = 1). The present
results can be straightforwardly extended to a mixture of
several pure states |\W;) with orthogonal supports at A.

As illustration, Fig. 4 depicts the resulting figure when both
ellipsoids have collinear [Fig. 4(a)] or orthogonal [Fig. 4(b)]
major semiaxes, for d4 = 6. We note that the ensuing p4p is
entangled, with two negative eigenvalues of the partial trans-
pose. The condition which ensures that the major semiaxes
of the second ellipsoid will protrude above the first ellipsoid
surface is just

p1sin® By
(14 cos B2)(1 —cos Bycosy)’

p2 2 (33)

where y is the angle between both major semiaxes and
we have assumed p; > 0 (for negative values the inequality
should be inverted).

2. Limit cases

a. Ice-cream shapes. We now examine the case where one
of the states |\;) is separable. In this case we can consider
dy 2> 3. When B, =0, |¥,) in (19) becomes separable,

|w=mmm|wzm§m+ﬂm§mww

FIG. 4. Set of postmeasurement qubit states after random mea-
surements on the qudit, for the mixture (19) with an entangled state
W) (B1 = m/5) and a separable state |V,) (B, = 0). The resulting
set is a cone topped with an ellipsoid (ice-cream shape), with the cone
vertex r, determined by the separable state |W,) [Eq. (36)]. The plots
correspond to r, in the (a) —z axis and (b) +x axis, with p; = 0.2,
p2 = 0.3, and dy = 6. The lower panels depict the formation of the
cone as a result of the convex hull of the ellipsoid and the point r,.

where |0,) is an arbitrary qubit state. The second ellipsoid then
reduces to a segment: We obtain

’ 2 ay
q'p2cos” 5

q'p2cos® % + po/dy

/K, = (02]0102), (35)

with (0,]0|0,) = (siny cos n, siny sinn, cos y). Therefore,
varying ¢’ and/or &, leads to a segment linking the origin with
the vector

p2(siny cosn, siny sinn, cos y)
r, = . (36)
P2+ po/da

By conveniently choosing the x axis we may obviously always
set n = 0. In the qutrit case dy =3, ¢’ =1, and o = 0, so
here rp;, =r,.

The final set obtained after covering all values of g € [0, 1]
and o) and ¢; will lead to the convex hull of the first ellipsoid
and the segment ending in r, (or equivalently the point r,).
The parameter ¢’ will have no effect in the full final set, since
the variation of g will already produce a filled volume, so this
result is also valid for dy = 3.

If r, lies within the ellipsoid, the final set will still be a
filled ellipsoid. However, when it lies outside, the final figure
will be a cone with vertex at r, topped with the ellipsoid,
with the cone straight borders ending tangent to the ellipsoid
surface. This leads to an ice-cream-like shape, as seen in Fig. 4
for the cases where the segment is collinear [Fig. 4(a)] or
orthogonal [Fig. 4(b)] to the major semiaxis of the ellipsoid.
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(a) z (b) \/Z/,I:'
05 |~05

(c)

FIG. 5. Set of postmeasurement qubit states after random mea-
surements on the qudit, for the mixture (19) with both |¥;) and
|W,) separable (B = B, =0). (a) For py +p> <1 and dy > 3, it
is a two-dimensional triangle [if y € (0, ) in (34)], as shown for
p1=03,p,=02,y=7/2,n=0, and dy = 4. (b) When p, +
p> = 1, the triangle reduces to the segment joining the pure states
Bloch vectors. Such needlelike shape holds for any mixture of two
arbitrary pure separable states like Eqgs. (38)—(39), and any ds > 2.
(c) On the other hand, for p; + p, < 1,ds > 3, and |V, ») separable
but with nonorthogonal supports at the qudit side, the set becomes
again trianglelike (and flat) but with a rounded outer border, as shown
for p; = p, (see the text).

From Eq. (33) for 8, =0, it can be seen that the cone
vertex will lie outside the ellipsoid whenever

PN pisin® By 37)
>7Z 2(1 = cos Bicosy)

@if p; < 0, the inequality should be inverted). The straight
lines delimiting the cone end at the ellipsoid points (x, y, z)
satisfying x("_x")};’;y(y_y”) + =2d=n) — 0. We also note that
the entanglement of (19) is in this case driven just by |\WV;),
with the partial transpose becoming nonpositive just for
pisin By > po/da, ie., p1 > (1 — p2)/(1+dasinBy).

b. Triangles and segments. If | W) also becomes separable
(B1 = 0), the first ellipsoid reduces to a segment, linking
the origin with r; = p;(0,0, 1)/(p1 + po/ds). The ensuing
convex hull of both segments leads to a two-dimensional
triangle if they are noncollinear, i.e., y # 0 in (36), with
vertices at the origin, r; and r, = r,, as shown in Fig. 5(a).
This result holds whenever the maximally mixed state has
nonzero weight, i.e., p; + p» < l and dy 2> 3.

On the other hand, if p; + p, = 1, the previous segments
reduce to the points r; and r, on the Bloch sphere and their
convex hull becomes just the segment between them, leading
to a needle-type state like that in Fig. 5(b). The final set does
not depend on the ratio p,/pi, as long as both probabilities
are nonzero, and holds in this case for any d4 > 2.

D. Mixture of two separable pure states
Needle shapes actually emerge from any mixture of two
pure product states, i.e.,

pag = prIV I (Wi| + p2[ W) (W2,

i) = [yf)v?). =12 (38)
where both local states |¢) and |¢P), i = 1,2, are now
completely arbitrary (and p; + p, = 1). The mixture (38) can
be conveniently rewritten as

Pap = P+10468) (0405 + p—|—0a — O)(—04 — O],  (39)
where pi() = pi) and |£6s) = e¥¥2|y7,) for S = A, B,
with ¢g and 65 € [0, 7 /2] determined by

(w3 |y7) = e® cosbs, S=AB (40)

such that (—6g|6s)=cos 8s. In this way, |£60s)= cos %5|05) +

sin % |1s) can be seen as qubit states rotated an angle £65 from

states |Og) around the y axis, with
_ 165)+1-8s)

0s) = ————— Ils)

2 cos 3 2sin

16s) — |—6y)
- Os
2

(41)

orthonormal states.

A general pure state |ks) of qudit A can now be written as
in Eq. (9), with |le) of the form (12). The ensuing conditional
state of B,

ok = Py (K)108)(0p] + p_ (k)| — Op)(—08l,  (42)

has the same form as the original state pp = Trppap =
P+168) (65| + p—| — 6p)(—05|, but with modified weights

pl(kh] £ 64)
PN 164) 1% + p_| (K| — 64) 7

which cover all values between O and 1 as |kli) is var-
ied [since p/ (k) =0 when |k/|L) is orthogonal to |464)].
Consequently, the set of postmeasurement Bloch vec-
tors rgg =y ,_. pL(k)rgs, with rgy = (£0g|o| +0p) =
(£ sin b, 0, cos ), is always the full segment joining the
points rgy located on the Bloch sphere surface, as shown in
Fig. 5(b).

This result holds for any qudit dimension d4 > 2 and is
then similar to that for a two-qubit system in a similar state
(the needle is in fact a limiting case of an ellipsoid), since
the local support at A of the state (38) is two dimensional.
Differences with the two-qubit case arise only when the
support of psp involves a qudit subspace of higher dimension,
as was shown in the examples of Figs. 1, 3, 4, and 5(a).

For example, if we now mix the states (38) and (39)
with the maximally mixed state, as in Eq. (19), pp;x will be a
mixture of the state (42) with the maximally mixed state 15/2.
Using (9)—(12), the ensuing conditional Bloch vector becomes
ro=q Y, s Pr@rge, with pr(k) = pl(k)/(q + po/
[ds Y ,_. 1N [v6)1?]) and po=1 — p,—p_. In the two-
qubit case d4 = 2, ¢ = 1 and the set of conditional vectors
will form a flat filled ellipse (pancake shape, the limiting
case of an ellipsoid surface) in the xz plane. However, for
ds > 3 qudit states orthogonal to both |£6,) exist and hence
q € [0, 1], implying that such a set will become the convex

pLk) =

(43)
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mixture of a similar flat filled ellipse with the origin. It
will lead to a flat shape like that shown in Fig. 5(c), i.e.,
trianglelike but with a rounded upper border, obtained for
p+ =p-=03,dy=4,04 =m/4,and 65 = 7 /6.

II1I. MINIMUM CONDITIONAL ENTROPY
A. Measurement-determined conditional entropy

The concept of a measurement-determined quantum con-
ditional entropy of a bipartite system was originally intro-
duced in connection with the quantum discord [2,3,19-22].
It is a measure of the average conditional mixedness of the
unmeasured subsystem B after a local measurement at A,
and its minimum over all local measurements determines the
quantum discord. Such minimization is in general a difficult
problem, shown to be NP-complete [46]. The concept was
later extended to generalized entropic forms [14,18], which
can enable a simpler evaluation and an analytic determina-
tion of the minimum in some cases. Here we will discuss
the generalized conditional entropy in the states considered
in the preceding section, providing analytic results for its
minimizing measurement and its geometric picture. Such a
measurement is also interesting in itself, since it maximizes
the average amount of information on B that can be gained
through measurements at A.

Given a local measurement at A determined by measure-
ment operators M; = M}f‘ ® 1, satisfying Zj M;Mj = I3,
the generalized measurement-dependent conditional entropy
S¢(B|Ay) is defined as [14,18]

St(BlAM) =Y p;Sr(psy)): (44)
J

where p; = Tr[,oABMJTM j11s the probability of outcome j and

PB/j = p;lTrA[pABM;M ;1 the conditional state of B after this
outcome. Here

Sr(p) =Trf(p) (45)

is a trace form entropy [47,48], with f : [0, 1] — R a smooth
strictly concave function satisfying f(0) = f(1) = 0 [imply-
ing Sy(p) concave and S¢(p) = 0, with S¢(p) = 0 if and only
if p is a pure state]. For f(p) = —plog, p, Eq. (45) becomes
the von Neumann entropy S(p) = —Trplog, p, while for
f(p) =2p(1 — p), it becomes the linear entropy

S»(p) = 2(1 — Trp?), (46)

also known as quadratic entropy and coincident with the g = 2
Tsallis entropy [49], obtained for f(p) pq%lf.

Since pp =) j Pjpsyj> concavity of Sy directly implies
S¢(B) = Sr(pp) 2 3.; piSr(psj) = Sp(AlBy), with equal-
ity if and only if pg/; = pgV j with p; > 0. Thus, the gen-
eralized conditional entropy is never greater than the corre-
sponding marginal entropy.

Its minimum over all local measurements at A,

Sy(BIA) = min S;(BlAw), 47
depends just on psp, with AS(B|A) = Sp(B) — Sy(B|A) a

non-negative quantity that measures the maximum average
conditional information gain about B, as measured by Sy, that

can be obtained through a measurement at A. The AS;(B|A)
vanishes if and only if p4p is a product state. The minimum
(47) also represents the generalized entanglement of forma-
tion [50] Ef(B, C) of the system of B and C, where C is a
third system purifying the whole system [18,23]. In the case
of the von Neumann entropy, the minimum S(B|A) determines
the quantum discord through [19,20] D(B|A) = S(B|A) —
S(B|A), where S(BJA) = S(pap) — S(pa) is the standard quan-
tum conditional entropy [47]. While the latter is negative
in any pure entangled state, the minimum (47) is obviously
always non-negative, vanishing in any pure state [14].

B. Minimizing measurement

The minimum (47) can be always reached for measure-
ments based on rank-1 operators M; =/} H;{‘/_ [2,3], of the
type considered in Sec. II, a result which holds for any Sy
[14,18]. It is then sufficient to consider

S¢(BIAM) =Y ripi,Sr(os k), (48)

J

with ppk; given by Eq. (6) and projectors HQ within the local
support at A of pap, as discussed below Eq. (9).

For a mixture of a single pure state | W) with the maximally
mixed state (10), the minimum (47) is reached, for any S, for
a projective measurement on the local Schmidt basis {|k4)}
determined by the state W) [18]. In the Appendix it is shown
that this result can be extended to any mixture of the form
(19), where the local supports at A of the states |\;) are
orthogonal and hence compatible with a unique local Schmidt
basis:

n
1as
=) pilWiN(¥; , 49
pas ;m MWl + pog- (49)
W) =D /qilka) ki), (50)
k

where po=1— """, p; = 0(p; > 0)and gix = 8, ;,qx (qx > 0)
such that for each k there is at most a single state |W; ) with
finite overlap with |k4). Hence, for a measurement in the basis

{Ika)},

1 1p
PB/k = 1?—2<Pik61k’kik3)<kik3’ +p0dAd3>’ (51)

where p’,j = pi.qk + po/ds. The ensuing minimum condi-
tional entropy is then

dadypi
S;(BIA) = Zmﬁ[f(M)
k

dadppy;

Caon(El
k

In the von Neumann case, this expression enables a direct
evaluation of the quantum discord D(B|A).

Consequently, for the states of Secs. II B and I1 C, the post-
measurement states of the qubit determined by the minimizing
measurement at the qudit have a clear geometric picture: In the
states (10) and (11), the minimum is obtained for a projective
measurement in a basis containing the states |04) and |14), i.e.,
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o =0 and 7 in (12), with ¢ = 1. The associated conditional
qubit Bloch vectors lie at the ellipsoid extrema along the
major (z) axis. Similarly, for the states (19) the minimizing
measurement basis should contain in addition the states |24)
and |34), and the ensuing conditional qubit vectors lie at the
ellipsoids major axis extrema. For 8, = 0 (ice-cream shapes),
this leads to the ellipsoid extrema and the cone vertex, i.e.,
g =1,g=1,0y =0, 7;and g = 0; o, = 0in (22) and (23),
while for a triangle shape, it leads to the triangle vertices.

C. Quadratic conditional entropy

For more general states psp, the problem of determining
the minimizing measurement is in general hard [46]. It is
then convenient to consider the quadratic conditional entropy
derived from (46) [14], which is determined by the state purity
and hence does not require the knowledge of its eigenvalues
and which can in principle be accessed experimentally with-
out the need of a full state tomography [51]. First, by means
of Egs. (1) and (3), the quadratic marginal entropy can be
evaluated explicitly as

2
Sa(ps) = ——(ds —1—1Irs), S=AB,  (53)
s
which shows that |rs|? < dg — 1, with equality if and only if

ps is pure. The corresponding conditional entropy (48) can
also be explicitly determined using Eqgs. (6) and (7) [14],

S>(BIAw) = Sx(ps) — AS(BlAw), (54)
where
1 ICTk; |
AS,(BlAy) = — j— 55
2(BlAw) dg;rjljtr,pkj (55)

is a non-negative quantity representing an information gain.
Here C is the correlation tensor (4) and ry = (074).

In particular, if the local support at A of state p4p involves
just two pure states [04) and |14), we may directly consider
projectors within this subspace S and use effective Pauli
operators at system A. For a standard projective measurement
based on the orthogonal states |tk,), with (tka|o|Lks)=
+ k, Eq. (55) reduces to [14]

T2 T T
ASz(BIkA)=£L|2=£w, (56)
dg 1 —(ra-k)* dp k' Nsk
where Ny =1 — rArg. Maximization of (56) [equivalent to
minimization of (54)] over these measurements is then
achieved by solving the weighted eigenvalue problem

CCTk = AN,k (57)

and selecting the largest eigenvalue Ay, with the optimizing
measurement determined by the corresponding eigenvector
k (i.e., it is an effective spin-1/2 measurement in S along
direction k). This leads to

) 2
min S>(Blks) = S2(0B) — —Amax- (58)
k dB

More general POVM measurements based on an arbitrary set
{r; 1'[;2_} do not improve previous minimum [14].
J

Hence, for these states the linear entropy allows a direct
analytic evaluation of the associated minimum conditional
entropy and its minimizing measurement. As a check, for
a two-qubit state pap = p|V)(V|+ (1 — p)1/4, with |W)
of the form (11), ra) = (0,0, pcos B) and C,, = §,,C,y,
with Cy, = —Cy, = psinp and C,, = p(1 — pcos? B). It is
then verified that the largest eigenvalue of Eq. (57) is
A, =CE/(1 = p*cos® B) (A, > A, = Ay = p*sin® B), associ-
ated with the eigenvector k, = (0, 0, 1), implying measure-
ment in the Schmidt basis {|04), |14)}. Equation (58) then
coincides with (52) for f(p) = 2p(1 — p).

D. Case of rank-2 separable states

Previous expressions enable us to determine the minimum
conditional entropy in the state (39) and the associated min-
imizing measurement. Of course, if 64 = 7 /2, states | = 64)
are orthogonal and a projective measurement on this basis,
i.e., a spin measurement along the x axis in the qubit picture,
provides the minimum [S¢(A|B) = 0].

For general 6, we obtain C,, = 8,,0,,C:, Wwith
Cyx =4p,p_sinf,sinfp, while for S =A,B,
((py — p—)sinbs, 0, cosfs). The matrix Ny in (57) is
then nondiagonal if p; # p_ and 64 € (0, w/2), and Eq. (57)
leads to k = (sin ¢, 0, cos ¢), with

tan 6,
Py —p-’
if p = p_ (i.e., p+ = 1/2). This entails a spinlike measure-

ment at the effective qubit along a direction k forming an angle
¢ with the z axis such that

lka) = 1pa),  |—ka) = (¢ + 7)a). (60)

The meaning of the minimizing angle (59) is that the
ensuing entropies S>(pp/+x) are equal, i.e., the vectors rg/.i
both have the same length:

rg =

tan ¢ = (59

rp/ o = [£sin 03\/(p+ — p_)2cos? 6, + sin® 6y, 0, cos Og].
(61)

These vectors are not at the edges (&£ sin g, 0, cos 8g) of the
segment (except when the states | £ 6,) are orthogonal, i.e.,
04 = m/2), but rather at inner symmetric points with respect
to the z axis. The ensuing minimum conditional entropy (58)
is just

S2(BIA) = 1 — |rpjsx|* = 4pp_cos® O, sin” 6. (62)

It vanishes in the trivial cases 64 = /2 or 6 = 0.
In the equally weighted case p. = p_ = 1/2, Eq. (59)
leads to ¢ = /2 for any 64, i.e., to a spin measurement

along the x axis (states | = ks) = W), in agreement with

the fact that Ny becomes diagonal and the only nonzero
correlation is Cy,. The solution (59) also can actually be ob-
tained in this way, by considering (39) as an equally weighted
mixture of unnormalized states ./px| & 04, =-0p). The nor-
malized (but nonorthogonal) states |0;) and |1),) associated
104) __ /P+104)E/P=|-b4)

0y = /122 /prp_cosby’

normalized orthogonal states along x', |+k,) =

with the latter are and the ensuing

[0j)£(1})

V20£(1410,)°
are precisely the states (60) determined by Eq. (59).
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min S>(B|A)

FIG. 6. Minimum conditional entropy (65) as a function of 6 for
the indicated values of the spin s in the state (63).

A remarkable feature is that Eq. (59) determines
the minimizing measurement for any conditional entropy
S¢(B|Ay) for which the entropy Sr(p) = f(p)+ f(1 —p)
of a single-qubit state p is a convex increasing function
of V/S2(p) = 2/p(1 = p) [Sy(p) = F(V/$2(p)), with F (x) =
h— (%@)]. The reason is that for these states the
system C purifying the whole system is also a qubit, and hence
for these entropies the entanglement of formation E,(B, C) =
S¢(BJA) is determined by the concurrence [42], which is
just /E2(B,C) = /S2(BJA). Thus, Sy(B|A) =E;(B,C) =
F(VE>(B,C)) = F(4/S;(BJA)). In addition, since the S,
minimizing measurement leads to coincident postmeasure-
ment entropies Sy (pp/+x) = F(1/S2(B|A)), it also minimizes
S¢(A|By) for such entropies. Convexity of F holds, in partic-
ular, for the Tsallis entropies with %ﬁ <g< %ﬁ [52],
including the von Neumann entropy (recovered for g — 1).
Hence, the present results also enable a direct evaluation of
the quantum discord for these states and are in agreement with
those of [7].

E. Mixture of aligned spin-s states

As an application of the previous result, we finally consider
the case of two actual spins s in a mixture of two maximally
aligned states | /' ) = |6,6,) and [N\ \) = |—0; — 0;), in di-
rections forming angles +6 with the z axis. These states arise,
for instance, as exact reduced pair states in the ground state of
XY and XY Z spin chains in an applied transverse field along
z, in the immediate vicinity of the factorizing field [53,54].
Their joint state takes the form (39), i.e.,

PAB = p+|9595><959S| + P7|_9s — 0;){(—0; — 0], (63)
with p+ = 1/2 and | £ 6;) = 7% |m = s) given by
s
2s . 0 Ve +6
+6;) = \/ st~ sl — . (64
| ) m;s (m+s) cos (2) sin < 2 >|m) ( )

Since (—6]6,) = cos* 0y, these states correspond to an effec-
tive qubit angle 6, = 6 in (39), with cos 64 = cos* 6. Hence,
according to Eq. (62), the minimum S, conditional entropy is

S>(BIA) = 4p., p_ cos¥ O(1 — cos* 0). (65)

In Fig. 6 we depict S>(B|A) vs 6 for different values of the spin
s in the equally probable case py = 1/2. Its maximum is s

2z <)
e

w'

e

W'

FIG. 7. Scaled averages (66) of the spin operator S in the or-
thogonal states |+£k,) which minimize the S, conditional entropy,
for the joint state (63). As the spin s increases they approach the 60
directions.

independent but is reached at 6 = 6,, = arccos(2~'/4), which

vanishes for large s (6,, &~ /%22 for s >> 1). The minimum

conditional entropy S,(B|A) becomes then very small for 6 >
0,, and large s, as states | £ 6;) become almost orthogonal.
On the other hand, the local measurement minimizing
the conditional entropy is that in an orthogonal basis of
states containing the states (60), where |¢4) = cos %|0A) +

sin $114) with [Eq. (4D)] [{1) = 2220

! Fors > 1, such
2(14cos> @)

a measurement is not a spin measurement, in the sense that
it does not correspond to the measurement of the spin at a
certain direction n: In the latter, the spin has collinear integer
values (m,|S|m,) = mn, with m = —s, ..., s, whereas in the
minimizing states (60), it takes nonparallel and noninteger
average values, as occurs for general projective measurements
(see [55]). For p+ = 1/2 and ¢ = 7 /2 we obtain

(£kalS| £ ka)/s
. (:I: sin 8
B V1 —cos%9’

As seen in Fig. 7, while for s = 1/2 the vectors (s); =
(+ka|S| £ ka)/s point along the x axis, indicating a spin
measurement along the x axis, for s > 1 they are noncollinear
and approach, for large s, the 6 directions, i.e., (§)y ~
(£0,]S|%6;) /s = (£ sin 0, 0, cos 0), coinciding with the latter
for s — oo. This result is to be expected as in this limit the
states |£6;) become orthogonal. In the case of spin s = 1,
the averages (66) imply that the minimizing measurement is a
Y-type projective measurement, following the terminology of
[55], based on the states |+k4) and a third state orthogonal to
the latter.

cosO(1 — 005%5’29) (66)
1 —cos* 0

IV. CONCLUSION

We have shown that in correlated mixed states of qudit-
qubit systems, the set of all conditional qubit states after
a general local measurement at the qudit based on rank-1
projectors may exhibit geometries which are more complex
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than a single ellipsoid. While a single solid ellipsoid, with the
origin as one of its foci, is obtained for a state which is the
mixture of a pure entangled state with the maximally mixed
state, for more general mixtures of the form (19) such set
becomes the convex hull of different solid ellipsoids, leading
to shapes like that of Fig. 3. These shapes may become
conelike or flat trianglelike when one or more of the pure
states of the mixture are separable, as shown in Figs. 4 and 5.

We have also analyzed the corresponding measurement-
dependent conditional entropy and its minimizing measure-
ment for the previous states. For a mixture of a single pure
state with the maximally mixed state, such a measurement is
that on the pure state Schmidt basis and is universal, in the
sense of minimizing any entropy of the form (45). We have
shown that this result can be extended to any mixture (19)
where the local supports of the states |\V;) at the qudit side
are orthogonal, leading to a clear geometric interpretation of
the minimizing measurement in the set of postmeasurement
qubit states. These minimizing measurements maximize the
average conditional information gain about B and enable the
determination of the quantum discord. We also examined
the case of rank-2 separable states (38) and (39), determining
the minimizing measurement analytically for a wide class of
entropies through the linear entropy. As an application, the
minimizing measurement for a mixture of maximally aligned
two-spin states was determined for general spin s and shown
not to correspond to a standard spin measurement for any
spin s > 1. Present results are suitable for experimental veri-
fication through optical means.
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APPENDIX

We prove here that the measurement at the qudit A min-
imizing the general conditional entropy (44) for states of the

form (49) and (50), where the states | W;) have orthogonal local
supports at A, is on the local Schmidt basis.

Proof. For a local measurement based on rank-1 opera-
tors /7j1ja) (jal, with 3° 7l ja) (jal = 1a,, we have pap/; =
14 papT14/ p}, where T} = | ja) (ja| ® 14, and

7Y =" pidij + po/da, (Al)

with r; p‘;‘ the probability of result j, while
= qil (alka) I,
k

with 7;g;; the probability of result j in the state |W;). The
ensuing conditional state at B is

(A2)

14,
ands :| (A3)

= T > @ik (jalka) k). In terms of the con-

ditional states (51) obtained for a measurement in the local
Schmidt basis, we may rewrite (A3) as

| (jalka) | prf
pB/,-=§ A LUjpspU},
k J

where U jk is a unitary operator satisfying Uj|kip) =
and Z IAlkA WP
ness of the measurement operators imply
SyBlAw) =Y rirSr(psy))
J
> > ril(ialka) I Pi Sy (o5 0)
ik

= Z[’?Sf(pB/k) = Sy(B|A).
k

Peli = A [Z pidijljis) (Ji
J

where |j;g)

(A4)

| jicB)
= 1. Therefore, concavity and complete-
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