IOPSClence iopscience.iop.org

Home Search Collections Journals About Contactus My IOPscience

Maximal output purity and capacity for asymmetric unital qudit channels

This article has been downloaded from IOPscience. Please scroll down to see the full text article.
2005 J. Phys. A: Math. Gen. 38 9785
(http://iopscience.iop.org/0305-4470/38/45/005)

View the table of contents for this issue, or go to the journal homepage for more

Download details:
IP Address: 171.66.16.94
The article was downloaded on 03/06/2010 at 04:02

Please note that terms and conditions apply.



http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0305-4470/38/45
http://iopscience.iop.org/0305-4470
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience

INSTITUTE OF PHYSICS PUBLISHING JOURNAL OF PHYSICS A: MATHEMATICAL AND GENERAL

J. Phys. A: Math. Gen. 38 (2005) 9785-9802 doi:10.1088/0305-4470/38/45/005

Maximal output purity and capacity for asymmetric
unital qudit channels

Nilanjana Datta' and Mary Beth Ruskai>?

! Statistical Laboratory, Centre for Mathematical Sciences, University of Cambridge,
Wilberforce Road, Cambridge CB3 OWB, UK
2 Department of Mathematics, Tufts University, Medford, MA 02155, USA

E-mail: N.Datta@statslab.cam.ac.uk and Marybeth.Ruskai@tufts.edu

Received 14 August 2005, in final form 16 September 2005
Published 26 October 2005
Online at stacks.iop.org/JPhysA/38/9785

Abstract

We consider generalizations of depolarizing channels to maps of the form
D(p) =D, aka,oVkT +(1— a)(Tr,o)%I with Vj being unitary and ), ay =
a < 1. We show that one can construct unital channels of this type for which
the input which achieves maximal output purity is unique. We give conditions
on V; under which multiplicativity of the maximal p-norm and additivity of the
minimal output entropy can be proved for ® ® Q2 with Q arbitrary. We also
show that the Holevo capacity need not equal logd — Spin(P) as one might
expect for a convex combination of unitary conjugations.

PACS number: 03.67

1. Introduction
The depolarizing channel F:;"’P has the form

1
FaT(p) =ap+ (1 —a)(Trp) -1 (1)

1

with -7 Sa< 1. In this paper, we consider channels of the more general form

D(p) = ;aka,oVkT +(1 - a)(Trp)éI (2)

with0 < a;,0 <a = Zk a; < 1 and Vj being unitary.

We describe and study several subclasses of these channels (2), showing that they can
exhibit different types of behaviour. Those with simultaneously diagonal V; have a high level
3 Partially supported by the National Security Agency (NSA) and Advanced Research and Development Activity
(ARDA) under Army Research Office (ARO) contract number DAAD19-02-1-0065, and by the National Science
Foundation under Grant DMS-0314228.

0305-4470/05/459785+18$30.00  © 2005 IOP Publishing Ltd  Printed in the UK 9785


http://dx.doi.org/10.1088/0305-4470/38/45/005
mailto:N.Datta@statslab.cam.ac.uk
mailto:Marybeth.Ruskai@tufts.edu
http://stacks.iop.org/JPhysA/38/9785

9786 N Datta and M B Ruskai

of symmetry and much in common with depolarizing channels. However, we also construct
asymmetric channels with a unique state of minimal output entropy and other behaviour
more typical of non-unital channels; although additivity can be proved for the minimal output
entropy, this does not imply additivity of the capacity because the optimal average output is
not %I .

This paper is organized as follows. Section 2 contains some terminology and notation as
well as considerable background material on various types of channels and their behaviour. In
section 3, we state and prove some theorems about minimal output purity for the channels we
consider. In section 4 we consider a special subclass of channels which satisfy (2) and exhibit
behaviour similar to unital qubit channels. In section 5, which is the heart of the paper, we
describe several types of asymmetric channels to which our results can be applied. In section 6
we report the results of numerical tests on channel capacity.

2. Background

2.1. General notation and terminology

We restrict attention to finite dimensional spaces C¢ and denote the space of d x d complex
matrices as My = B(C?). By a channel ® we mean a completely positive, trace preserving
(CPT)map ® : My +— M. Let D = {p : p = 0, Tr p = 1} denote the set of density matrices
in My. Let S(y) = —Try log y denote the quantum entropy of a state y € D. For a CPT map
®, one can define the maximal output p-norm

vp(®) = Sug 12Ol p, 3)
ye

the minimal output entropy
Smin(®) = inf S[P(p)], “4)
peD

and the Holevo capacity

Crton(®) = sup | S[®(pu)] - > w1 | 5)
TjPj j
where pp = Y. JTiPjs and the supremum is taken over all ensembles {r;, po;} with

pj € D,m; > 0and > = 1. Both S;in(®) and Cye (P) are conjectured to be additive
over tensor products, i.e., to satisfy

Smin(q) ® Q) = min(q)) + Smin(Q)’ (6)
and
CHolv(q> ®Q) = CHolv(dD) + CHolv(Q)- (7)

Shor showed [31] that these conjectures (and several related ones) are equivalent in the global
sense that both are either true for all general channels ® : M; — M, or both are false.
However, they are not necessarily equivalent for individual channels, and we will study them
separately for the examples in this paper.

Shor also proved [30] that both (6) and (7) hold for entanglement breaking (EB) channels.
King [18] gave an alternative proof based on multiplicativity of v,(®). A CP map ® is EB
if (I ® ®)(p) is separable for all input states p. A CPT map which is also EB is denoted as
EBT. It was shown in [15] that a CP map is EB if all its Kraus operators can be chosen to have
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rank one, or if (/ ® ®)(|W)(V|) is separable for some maximally entangled |V). Any EBT
channel be written as

®(p) =) nTipEr. ®)
k
with {E;} being a POVM, and each y; € D. When {|e;)} is an orthonormal basis for C¢ and
Er = |ex){ex| the channel is called CQ (classical-quantum); and when each y; = |ex) (ex| it is
called QC (quantum-classical).
The following max—min characterizations of Cyopy(®) in terms of the relative entropy
H(p,y) = Trp(log p — log y) are extremely useful. They were obtained independently in
[24] and [28].

Chowv(®) = inf sup H[P(w), P(y)] 9a)
v€D ueD

= sup H[®(w), P(pav)] (9b)

= H[®(p)), P(pa)], %0)

where p,, is the optimal average input and p; is any input in the optimal signal ensemble. It
can be shown [11] that (9) and (9¢) are equivalent to the statement that the points (p;, S(p;))
define a supporting hyperplane for the convex optimization problem (5).

2.2. Depolarizing channels
The properties of the depolarizing channel are well-known and can be summarized as follows.

Theorem 1. The depolarizing channel (1) satisfies
(a) TSP (1) is unital, i.e., TSP (1) = 1.
(b) The output Fgep(h//)(wl)foranypure state | ) (V| has eigenvalues [a+%, 177“, . %]
(¢) For any CPT map 2, v,(T4* ® Q) = v, (TeP)v,(Q) ¥ p > 1.
(d) For any CPT map 2, Smin(Te™ @ ) = Smin(Te™) + Smin (92).
(e) Crolv (Fgep) = logd — Smin(rsep)~
(f) The capacity CHO,V(FS“P) can be achieved using d orthogonal input states.
(g) The optimal average input is %I.
(h) For any CPT map 2, Crrony (T4 ® 2) = Crion (T4™) + Crron ().
(i) When a < L the channel 1“3""’ is EBT.

d+1’

The mutiplicativity (c) was proved by King [17] for any depolarizing map, including
those with negative a; he also showed that properties (d) and (h) follow. Properties (d) and
(h) were proved independently by Fujiwara and Hashizumé [8] for maps with a > 0
and Q = Ffliep; they used a majorization argument which also implies (c). Properties (a), (b)
and (e) are well-known and easily verified. Property (j) can be verified by computing the Choi
matrix (I ® r;‘ep)(| B){B]) for a maximally entangled state |8) and using theorem 4 of [15].

It is useful to introduce the generalized Pauli operators X; and Z; defined on the
standard basis so that X |e;) = |egs;) with the addition in the subscript taken mod d and
Zgleg) = e*™%/¢_ Then for any d x d matrix A,

| 4zl R 1
;ZZXZ’ZZA(Z({) (x))" = (TrA)gI, (10)

m=0 n=0



9788 N Datta and M B Ruskai

and
l—a | 4l
e (p) = [a + } Ipl +(1 — a)d—zz > oxnzap(zh)"(xh)". an
m=0 n=0
m,n#0,0
Cortese [4] considered channels of the form
d—1d—1
©(p) =YY cunXy Zio(Z})" (X})" (12)
m=0 n=0
with ¢y, > 0and ), ¢y = 1, and showed that
Chow (®) = logd — Siin (P). (13)

A simplified proof of this result was given by Holevo [13], who showed that (13) holds for
channels satisfying the covariance condition

(U;pU]) = U@ (IU,I"  Vgeg (14)

when {U,} and {U é} are irreducible representations of a group G. Case (12) is called ‘Weyl
covariance’.

By using (10) to rewrite the second term in (2) and the fact that Zk ay = a, one sees
that such channels can be expressed as a convex combination of unitary conjugations. We
write them in the form (2) because we exploit their relationship to the depolarizing channel.
However, (13) need not hold for all channels of the form (2); in section 5 we give examples
which show that they can exhibit very different behaviour.

2.3. Qubit channels

As discussed in appendix B, a unital qubit channel can be written (after rotation of bases) [22]
as

3
CI)(,O) = Zakok,ook. (15)
k=0

It is also useful to recall that any qubit density matrix can be written as p = %[[ +w-o],
where o denotes the vector of Pauli matrices and w € C?; then the channel (15) can be written
as

’;
| 2
®(p) = 5 1+Z,\jw,-aj ) (16)
j=1

The relations between the parameters {oy } and {4 ;} are discussed in appendix B.
The following theorem was proved by King in [16].

Theorem 2. Let ® be a unital qubit channel and a = knlla§(3 [Ae| = moai(z 3(oz,- + o).
=12, Jj€0,1.2,

i#
Then parts (c) to (h) of theorem 1 hold, with FSCP replaced by ®. In addition, for those k with
|Ax| = a, the inputs %[I =+ oy ] yield outputs with eigenvalues %(1 + a) and, hence, have the
same entropy as the corresponding qubit depolarizing channel.

This implies that all unital qubit channels for which the image ellipsoid of the Bloch
sphere touches, but lies within, the sphere of radius a (which is the image of a depolarizing
channel) have the same capacity and minimal output entropy behaviour. A unital qubit channel
is EBT [26] if and only if )", [A«| < 1 or, equivalently, if o < % for all k.
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A non-unital qubit channel can be written (after rotation of bases) [22] in the form

D 1[1+ ] : I+i(t + drwg) 17
D= wW-ol— = .
5 o 3 - k&t Akwi)oy
The conditions imposed on #;, and A, by the CPT requirement are given in [27] and summarized
in [26]. (The special case ;| = t, = 0 was considered earlier in [7].) One expects the generic
behaviour of non-unital qubit channels to be quite different from that of unital ones.

(A) Non-unital qubit channels typically have a unique state of optimal output purity. This
always holds when #;, # 0 in the direction for which the ellipsoid axis |1;| is longest.
If #, # 0 only in direction(s) orthogonal to the longest axis, then one typically has two
non-orthogonal states of optimal output purity (although these can coalesce into one, as
for extreme amplitude damping channels, and can come from orthogonal inputs for a CQ
channel) [5, 20].

(B) Chow (@) < logd — Spin(P) for all non-unital qubit maps.

(C) In general, the capacity Cyoly(P) can not be achieved using d orthogonal input states
[5, 11, 20, 28].
There are, however, a number of exceptions. Two of these are CQ maps which take
%[l +wW-0] — %[1 + t1o1 + Azwzosz] and QC maps which take %[l +w-0]
%[1 + (3 + A3w3)o3]. The QC channels are included in the larger class of channels
for which 7, # 0 only for the largest |A;|; then Cyoy (P) can be achieved with a pair of
orthogonal inputs [9, 20].

(D) Properties (c), (d) and (h) of theorem 1 are conjectured to hold for non-unital qubit maps;
however, a proof is known only for (c) in the case p = 2.

2.4. Some channels for d > 2

When @ maps a larger space into qubit density matrices, it is possible to have Cyop (®) =
logd — Simin(®), even when the optimal input p,, # %I . This is the case for Shor’s extended
channel in section 9 of [31]. In that case, the original map ® is extended to @ for which
the optimal average input is Ryy = POmin ® dlzl , with pp;, achieving Sy, (P) for the original
channel. Then @ (Ray) = 51. Note that one also has ®ey(I; ® I2) = I; so that Oy, is
unital. Moreover, if Spin(P) is achieved for more than one state, then the optimal average
input is not unique, although the optimal average output is unique.

For qubits, a channel is unital if and only if it can be written as a convex combination of
unitary conjugations [22]. It is well-known that this result does not extend to d > 2. One
well-known example is the Werner—Holevo channel [32] for which the Kraus operators can be
written as partial isometries. This example does satisfy (13) as well as (6) and (7), although
it has only been shown to satisfy (20) when 1 < p < 2 [2] and is known to violate (20) for
large p.

For d = 3, Fuchs et al [6] found a unital channel which satisfies (13) but for which the
optimal inputs are not orthogonal. This channel is given by equation (19) of [15].

The asymmetric examples in section 5 appear to be the first for which a unital channel
does not satisfy (13).

It is natural to look for classifications of unital channels which include a type whose
behaviour is similar to that of unital qubit channels. The results presented here show that there
are channels which can be written as convex combinations of unitary conjugations which do
not exhibit this behaviour. Thus we are left with the conjecture that channels of the form (12)
behave like unital qubit channels and, hence, satisfy (c) to (h) of theorem 1 with I" replaced
by &, as in theorem 2.
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2.5. Majorization

We will use the notation [x{, x2, ..., x,] > [y1, Y2, ..., Y] to indicate that both sets are
non-negative and arranged in non-increasing order x; > x, > x3--- > 0 and satisfy the
majorization condition Y5 x; > Y yifork=1...n—land Y/, x; = >0, yi. Itis
well-known [14, 23] that this implies

DN a9
j=1 j=1

for all p > 1. Therefore, whenever p and y are density matrices for which the eigenvalues of
o majorize those of y, [[pll, > ll¥ll, and S(p) < S(y).

When only an inequality holds for k = n, we use the term submajorize, and observe that
the same conclusions follow by extending both sets with x,,; = 0 and y,.; chosen to give
equality.

3. Results on minimal output purity

In this section we state and prove some theorems on the minimal output purity of certain
subclasses of the channels defined by (2).

Theorem 3. Let ® be a channel of the form (2) for which all of the unitary operators Vi have
a common eigenvector | ). Then for any CPT map Q2

(@ NP(Y)WDI, =vp(@) =v,(TSP) Vp=>1 (19)
(b) vy (P®RQL) =v,(P,(R) Vp2=1 (20)
() SI@UY) (WD = Smin(®) = Sin (T2P) 1)
(d)  Sin(® ® ) = Sypin (P) + Sin (). (22)

Proof. First, observe that

1 .
d(p) = Z c;—ka [ap +(1— a)(Trp)EI] 1A
k

= Z—kaFgep(p)Vlj. (23)
k

is a convex combination of conjugation with V; composed with the depolarizing channel.
Therefore, for any density matrix p

I, < Y- =i evi],
k

D7 S, () = v (1) 24

a
k

N

Now consider p = [{) (Y| with |i) being the common eigenvector of V;. Then
1—a
d

I =T%(y) () = v, (T%P),

P

aly) (| +

@A) YD, =

where we used part (b) of theorem 1. Therefore, v,(®) is atleast as bigas v, (r;’e"). Combining
this with (24), proves part (a).
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To prove (b), we proceed similarly, using (23), to see that

”((D & Q)(plZ)”p < Z [;_k || (l—wgep ® Q) (,012) “p (25)
k
<Y &y (PP, () (26)
a
k
=1, (T5P) v, (R) = v, (PIv, (), @7)

where the last step used part (a). Since we can achieve v, (®)v,(£2) using a product state, this
proves (b). Parts (c) and (d) then follow by the established technique [3] of taking the right
derivative at p = 1. O

By choosing all V;, = W* with W being a unitary matrix which generates a cyclic group
of order d, one can construct channels with precisely d input states whose outputs have optimal
purity. Additional channels with d states of optimal output purity are discussed in section 4.
Channels for which each Vj has the form Z'};l [fi){(fi| @ Wi with | f;) being a set of m
mutually orthonormal vectors and W; being unitary operators on [span{| f;)}]* are more
interesting. Several classes of examples are discussed in detail in section 5. When the W;
have no common eigenvectors, it follows from theorem 4 below that these channels have
precisely m mutually orthogonal states of optimal purity. One can construct channels with
m = 1,2,...d — 2; however, if the V; have d — 1 common eigenvectors, then they have d
common eigenvectors, precluding the possibility thatm = d — 1.

Theorem 4. Let ® be a channel of the form (2) and let p be any density matrix other than
the projection onto a common pure state eigenvector of all V. Then || ®(p)|l, < v, (1“3“'")

and S[®(p)] > Sin(Ta™).

Proof. Under the hypothesis of the theorem,
ak

Z —VipV!
— a

and one can write the eigenvalues of >, %Vk pV,j as [xq, x2, ...x4] with x; < 1. Then the
eigenvectors of ®(p) are

1—a 1—a l1—a l—a 1—a l1—a
axy + ,ax) + oo, aXg + < la+ , e . 29)
d d d

<1 (28)

oo

d d d

Thus, the eigenvalues of ®(p) are majorized by those of F;’ep(| ¥ ) (| for any pure input |i)).
]

Theorem 5. Let ® be a channel of the form (2) for which the unitary operators Vi have
precisely m mutually orthogonal common eigenvectors with m < d. Then p,, # 51 and at
least (d — m) states in the optimal input ensemble have S[P (0;)] > Smin (D).

Proof. When the number of common eigenvectors m < d, it follows that one can not find
a set of d mutually orthogonal pure inputs p; for which S[® (p;)] = Smin(P). Therefore, one
can not find an input ensemble such that both Zi 0 = 51 and S[®(p;)] = Spin(P)V i hold.
Therefore, we must have

Chon (P) < logd — Spin(P). (30)
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Since

1
sup H |:<I>(w), 0] (—I)i| =logd — inf S[®(w)] =logd — Smin(P), (31)
weD d weD
it follows from (30) and (9) that %I is not the optimal average input.

If we know that the optimal signal ensemble has at least d inputs, then at least d — m of
them must satisfy S[® (0;)] > Sin (D). O

Although we are primarily interested in channels which are trace preserving,
multiplicativity results, e.g., (20) can often be proved using only the CP condition. Moreover,
Audenaert and Braunstein [ 1] showed that multiplicativity of a special class of CP maps would
imply superadditivity of entanglement of formation. Therefore, we notice that a weaker version
of theorem 3 can be extended to maps of the form (23) in which the Vj are contractions rather
than unitary, i.e. V;V, < 1.

Theorem 6. Let ® be a CP map of the form

(275 1 .
d(p) Z;ZV" |:a,0+(1 —a)(Tr,o)EI] 1A (32)
for which all of the operators Vi are contractions with a common eigenvector |yr) satisfying
Vilw) = €% |yr). Then for any CP map 2, (19)~(22) hold.

Proof. The assumption that the eigenvalues of the common eigenvector have |e%| = 1
implies that v,(®) is at least as large as v, (Fﬂe"). For any contraction V, the eigenvalues
of VAV are submajorized by those of A, which we write as [a), @y ...o4]. To see this,
write A = UApUT with U unitary and Ap the diagonal matrix with elements 6;tc;. Then
X = VU is also a contraction and the diagonal elements of VAV are } jlxij |*a; which are
submajorized by [«, oz . . . a4]. By applying thisto A = ap + (1 — a)%l, the result follows
by the same argument as before. (]

4. Diagonal V;,

Before discussing several types of asymmetric channels, we consider channels for which all
Vi are simultaneously diagonal, as well as unitary. This includes the case V, = W¥*, with
W9 = I, mentioned earlier. In all these situations, one has precisely d states of minimal
output entropy and the capacity is

Crion (®) = logd — Spin(®) = logd — Spin (T2P). (33)

It then follows from the additivity of Spi(P) in part (d) of theorem 3 that Cyeyy (D) is also
additive in the sense Cyoly (P ® @) = 2Choly (D).
The channels considered in this section are, therefore, convex combinations

. 1
®(p) = a®™(p) + (1 — a)(Tr 2t (34)

of the completely noisy map and a ‘diagonal channel’ of the form ®%%¢(y) = Y, a; Viy V,j
with a; > 0. The term diagonal channel was introduced by King [19] for CP maps whose
Kraus operators are simultaneously diagonal. King also showed that ®%2(y) = B % y where
* denotes the Hadamard product, B is a positive semi-definite matrix, and y is written in
the basis in which the V; are diagonal. When V; is unitary, its diagonal elements can be
written as € m = 1,2...d and b, = Y, az /P ~%)_If one also requires ®% to be



Maximal output purity and capacity for asymmetric unital qudit channels 9793

trace-preserving, then ), ax = 1 and b,,, = 1V m. This implies that the states |m)(m| are
fixed points of 4% so that it has d pure state outputs. Hence additivity of both minimal
output entropy and Holevo capacity hold trivially for diagonal CPT maps.

In the examples (34) considered here, the corresponding outputs are ®(|m)(m|) =
alm)(m| + (1 — a)%l, m = 1,2,...d which yield d states of minimal output entropy. As
noted above, this implies that they satisfy (13) and (7) when 2 = &. Since theorem 3 holds,
(19)—(22) are also satisfied.

The depolarizing channel (1) satisfies the general covariance condition ®(UpU') =
U®(p)U' for arbitrary unitary matrices U, but this does not extend to channels of the form (2).
However, when V, = W* with W = UX,U" and U unitary, the channel satisfies the weaker
condition (14) using the generalized Pauli operators of the form U X} Z;U .

Note that W = UX,U" is equivalent to the assumption that W has eigenvalues
eizmm/d yy — 0. 1...d — 1. However, one can have a unitary W with wd =1, wn #* 1,
m < dbut W #£ UX,U . For example, with d = 5, choose W to have eigenvalues
eiZn/S’ eiZn/S’ ei2713/5’ 1’ 1.

More generally, of course, one could choose V; with eigenvalues e'®» without any rational
relationship between eigenvalues for a single Vj or between those for V; and V;. Then (13)
still holds, despite the absence of any obvious group for which (14) holds. However, we can
not completely exclude the possibility of a hidden group.

5. Asymmetric examples

5.1. Qutrit channels

We will now study in detail the case d = 3, with
» ei@ 0
Vi = e"eo) (eo| @ ox = , k €{0,1,2,3}, (35)
0 O
with the convention that oy = I. As discussed in appendix B we can assume that ay > a;.
It follows from theorems 3 and 5 that ® has exactly one state of minimal output entropy

leo) (eo] and two orthogonal states |ei)(es| = %[1 =+ o1] whose outputs have eigenvalues
[a“zﬁ + 1% a% + 1’7" 1%“] Here A, is given by (B.4), with i = 1. If these states are the

optimal inputs p;, symmetry implies that the optimal average input has the form
pav = (I = 2x)|eo) (el + x|es)(es1| + xle—1) (e, (36)

for which the optimal average output is

1—a 1—a
D(pay) = (a(l —2x) + 3 ) leo) {eol + (ax + ) (lex){(e+] + le—){e-]). 37

We want to optimize the capacity

S[P (pav) ()] — [(1 = 2x) S[P (p0)] + x S[P (p+1)] + x S[P (p-1)]. (33)
Since S[P (p41)] = S[P(p-1)], differentiating (38) gives the condition

1+2a 1—a
2alog (T — 2ax) — 2alog < 3 + ax) = =285[D(pg)] + 25[DP(p+1)] 39

or

1 —a+3ax 1
= ——AS, 40)

log — — "~
0g1+2a—6ax a
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where AS = S[®(p41)] — S[P(po)] > 0. This has the solution

(1422785 — (1 —a)
B 3a(l +2-45/a2)

(41)

It is easy to verify that x < % confirming the intuition that the optimal input will be shifted
toward the state |eg).

Let p, denote the average for the ensemble corresponding to the optimal x (41) and
Ciioy (®) the corresponding capacity (38). To show that p, is the true optimal average which
yields Crory (®), we need to verify that H[®(w), ®(ox)] < Cjypy () for all choices of w.
This has been done numerically for a large range of @ and ;.

5.2. Doubly depolarizing channels

We introduce some notation. Let {|e;){e;|} be an orthonormal basis for C¢ E, the
projection on span{le;), |ez) ... |en)}, and E,Jn- the projection on the orthogonal complement
spanflen), |em+1) .. - leq)}-

Now suppose that @ is a channel of the form (2) in which each V; has the form

Vi = E, ® W, = (%m ng) where the W, are chosen to be unitary (d — m) x (d — m)

matrices such that on E;-H

ay 1
Y = WiepW, = bp + (1 = b)(Trg yp) —— E. 42)
— a d—m

It suffices to choose W to be the generalized Pauli matrices defined before (10) and let
ar = a(1 —b)/(d —m)? for all k except ag = a[b(d — m)>+ (1 — b)]/(d — m)?. For the case
d =4 and m = 2, this reduces to Wy = oy withay = a(3b+1)/4 and a; = a(l — b)/4 for
j=123.

The action of @ is similar to a depolarizing channel when restricted to E,,H or E-H.
More precisely,

D(le)(e]) = ale)le] + (1 — a)%l Vle) € EnH (43)
1 1
<I>(|f><f|)=ab|f><f|+a(1—b)mE#ﬁ(l—a)gl VIf) € E,H. (44)

The case m = 1, d = 3 is a special case of the channels in the preceding section.

We expect that capacity can be achieved by a (non-unique) ensemble with d inputs
consisting of m orthogonal vectors in E,,’H and d — m orthogonal vectors in E:-H. (There is
no loss of generality in assuming that the optimal inputs can be written as p; = |e;)({e;|.) By
symmetry the probabilities for such an optimal ensemble satisfy

t for j<m

T =
J
tJ_

for j>m
with mt + (d — m)t+ = 1. Thus pyy = tE,, +t+E;. and
Ll 1
(pu) = atEy +ar* By + (1= )1, 45)

so that Cyoly (P) is the result of optimizing
S(@(pay)) — mtS[P(le)(e1)] — (d — m)t-S[P(lea) (eal)]. (46)
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One finds that the optimal 7 satisfies
adt*+1—a
og———
adt+1—a
where AS = S[®(leg)(eqs|)]—S[DP(le1){e1])] > 0. This implies that, as expected, the solution
will have ¢t > % > t+. It also agrees with (41) whend = 3,m = 1 and x = t*. When
d = 2m, (47) has the solution
L 1 a(1+2728/%y (1 -2~ AS/“)

= e 48

= —AS, (47)

5.3. Successively depolarizing channels

The next example generalizes the qutrit case in a different way. We now choose V;, = E| & W,
with m = 1 so that

. 1
> avVipVy = a|:E1pE1 ® (Z ka,{EﬁpEliW,j) + (1 — b)(Tr Ellp)djEll] (49)
k k
with )", by = b. Equivalently,
, 1
®(p)=aE\pEi+ Y  abWiE{ pE{ W/} +a(1—b)(TrEf- ok 1EL+(1 a)(Tr p)= 1.
k
(50
Proceeding in this way, we can inductively construct a channel with the property that the
input states |ej){e;| have strictly increasing output entropies, with each minimal when
@ is restricted to states on E j; 1» except that the last pair have equal entropy, i.e.,
S[P(leq—1){ea—1D] = S[P(Jeq)(eqD].
We now make a change of notation so that x; = Zk g, X = Zk by, etc. Then

1-— X1
d
—x
—1

D : ler)er] = xiler){er]| + I

1—x
Ef+ y L

1
le2){ez| = x1x2|e2){ez| + x1 7

—x 1 —x
lem) (em| > Hx lem) em|+l_[x,d = lt+...+ I

leq—1)(eq— 1|'—>ij|€d 1) (eq— 1|+1_[X/ Ed,l

1 —
+l_[x, Ejz S+ iy

d-2
leay(eal = [ [ (1 = xa-1)lea) ed|+]"[x, “Ef,

j=1

I—x
+l_[x] E,,,2 -+ 7 L1
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5.4. Connection with CQ and classical channels

For a channel ® of the type considered in the preceding sections, define g;; =
(ej|P(lex)(ex|)le;) so that

D (lex (el = Y gjelej)le;l. (D
i

Explicit expressions for the channels in sections 5.2 and 5.3 are given in appendix C. The
matrix G is column stochastic, and the ‘successive’ minimal entropy outputs are the same as
for the CQ channel

Dcolp) = Y | D gile;)le;l. | Trolen) exl. (52)
k J

Under the assumption that the ‘successive’ minimal entropy inputs form a set of optimal
inputs for the Holevo capacity, the optimization problem for the weights in the input ensemble
{7, lem){em|} is the same as for the corresponding CQ channel. Moreover, the bistochastic
matrix G defines a classical channel acting on classical probability vectors in RY. The
optimization problem for the Shannon capacity of this channel is the same as that for the
Holevo capacity of the CQ channel (52).

We expect the behaviour of the examples in the previous sections to be similar to that of
a qubit channel of the form

%[1 +w.-o]l— %[[ + A w0 + Awron + (13 + )»311)3)0‘3] (53)

with A3 > A, = A sothatimage is a football and the only non-unital component is a translation
along the longest axis. For such channels, it is well-known [9, 22] that the optimal inputs for
the capacity Cyoy are the orthogonal states %[I = 03], and the optimal weights are determined
by the corresponding classical problem.

If the conjecture for the examples in the preceding sections (that the optimal inputs
are orthogonal states which correspond to ‘successive’ minimal entropy inputs) holds, then,
although unital, they behave like the non-unital qubit channel above, i.e., they are closely
related to a CQ and a classical problem with the same probability distribution for the optimal
ensemble. This has been verified numerically for the qutrit channels of section 5.1 and the
double depolarizing channels of section 5.2.

6. Numerical determination of capacity

6.1. Description of the algorithms

Our numerical work is based on the following variant of the max—min principle (9a)—(9¢)

Chov (£2) < sup H[Q(w), Q2(y)] (54
weD
with equality if and only if Q2(y) = Q(p,y). The equality condition follows from the argument
in [28] which implies that if €2(p.,) # €2(y), then at least one of the inputs p; in an optimal
signal ensemble must satisfy

H[2(pj), ()] Z Chon () + H[L2(pav), €(¥)] > Cholv (£2).

Note that this also implies that the optimal average output €2 (p,y) is unique, a fact which can
be proven directly from the strict concavity of the entropy. This uniqueness is implicit in [20]
and stated and proved explicitly in [29]. It can happen (as in the first example of section 2.4)
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that there is more than one optimal signal ensemble or optimal average input; however, the
optimal average output of a channel is always unique.
Now suppose that we have a candidate for the optimal average output Q2 (p},) and an

*

associated candidate for the capacity Cfy, (€2).

(a) If there is a state w such that C}; () < H[Q(w), 2(p},)] we can conclude that the
candidate is not the true optimal average.

(b) If Cy1y (2) = sup,p H [Q (w), Q(p;\,)] we can conclude that we have found the true
optimal average and capacity, at least up to the accuracy of the numerical work. Moreover,
the states @ which achieve this supremum are the optimal inputs for .

To find the supremum in (54), we used an algorithm based on an optimization principle
of Shor* which is stated and proved as theorem 7 in appendix A. This algorithm finds relative,
rather than absolute, maxima and is applied in situations in which some relative maxima are
known (or expected) to satisfy (b) above. Therefore, for each channel tested, it is necessary to
use it repeatedly with multiple inputs chosen to ensure that it will find a state satisfying (a) if
one exists.

6.2. Numerical results

6.2.1. Single use of channel. We first tested our hypothesis that the ‘successive’ minimal
entropy states for the examples in section 5 are optimal inputs for the Holevo capacity. If
this hypothesis is correct, the weights for the optimal ensemble are given by the optimization
problem of section 5.4. Numerical tests were done only for the qutrit channels of section 5.1
and the double depolarizing channels of section 5.2 in the case d = 4, m = 2, with parameter
choices similar to those tested for additivity.

For the qutrit case, ®(p},) and Cjy,,(P) are given by (37) and (38) respectively with x
given by (41). The parameters a; were chosen so that ap > a/2, and ag > a; > a, > a3
with a = 0.5,0.52,0.54, ..., 0.9 and for each of these ¢y = a/2 +0.05,a/2 +0.1... until
ap exceeds a — 0.01. For each of these pairs, we considered a; = (a — ap)/3 as well as a
selection of parameters with a; > a, > as.

For the d = 4, m = 2 case, ®(p},) is given by (45) and Cjy, (P) by (46) with d = 4,
m = 2 and t* given by (48). All pairs of parameters a and b in the set {0.5,0.55, 0.6,
..., 0.9} were tested.

The starting inputs used in theorem 7 were chosen as follows. In both cases, for
each set of parameters, 50 pure input states |¢)(yr| were obtained by normalizing the
state |17/) = ZZ=1”k|k) where {|k)} denotes the standard basis for C¢ and the complex
coefficients r; were chosen randomly. In both cases, for all choices of parameters,
H[®(w), ®(p},)] < Cfioy (P) to an accuracy of 10 significant figures.

6.2.2. Additivity. We tested additivity of Cyoy (P ® ) for the channels of section 5.1 and
those of section 5.2 with d = 4, m = 2. In both cases, Q(p},) = P (o) @ P(pav) and
Cliow (82) = 2Chioty (P) with p,y and Crory (P) being the expressions for a single use under the
assumption that successively orthogonal minimal entropy inputs are optimal for the capacity.
The assumption was tested numerically in the previous section. The results of this section give
further support for this conjecture; if it were not true, one could find another pair of products
with capacity greater than twice the Cjj,;, (®) from the previous section.

The algorithm in theorem 7 always yields a sequence w; for which H[(® ®

D) (i), P(pav) ® D (pay)] is non-decreasing. Although the limiting state w is stationary

4 This observation is due to P W Shor. It was communicated to MBR by C King.
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in the sense of (A.6), the eigenvalue A need not equal the supremum in (54). Indeed, when
testing additivity, products of optimal inputs will always be stationary states. Therefore, it is
important to include starting points which do not automatically converge to these stationary
points if others exist.

In choosing the parameters for testing additivity, it is reasonable to exclude values for
which some restriction of the channel is entanglement breaking (EBT). Thus, we focus on
values well away from the EBT regions for the corresponding depolarizing channel, i.e.,
a <025ford =3anda <0.2,b < % for d = 4 in section 5.2. Similarly, for qutrits, we
choose ay > %a. We do not claim that channels with some EBT parameters are EBT or that
we can prove additivity. However, it would be quite extraordinary if a channel of the form
(43) with parameters in (or near) the EBT regions were super-addditive when those with larger
values were not.

Because the double depolarizing examples offer possibilities for entanglement across
regions in ways not previously tested numerically, we concentrated on this case. For
d =4, m = 2, we considered all pairs of parameters a, b in the set {0.5, 0.52, 0.54, ...0.98}.
For each pair, we used the following selection of input states (which are described with the
convention that |k) denotes the standard basis in C*).

(1) 10 random pure states |y ) (|, where |i) is obtained by normalizing the state

4 4
W) =" ruli) ®1j),
j=1 j=1
with complex coefficients 7 j; chosen randomly.
(i1) 10 maximally entangled input states |y ) (|, where

V) = ci1ll) ® [3) +212) ® [4) +¢313) ® [2) +cal4) ® |1,

with ¢, = (1/2) exp(if;) and 6; chosen randomly in [0, 27 ].
(iii) 10 pure input states |vr) (1|, where |) is obtained by normalizing the state

4
W) =) I¢n) ® I,
i=1

with each |¢;) chosen randomly as in section 6.2.1.

For d = 3, the same parameter values were used as in section 6.2.1 with 30 random input pure
states chosen as described in (i) above.
In all the situations tested, Cyon (© ® P) agrees with 2Cyopy (P) to 10 significant figures.

7. Discussion

We have considered the effect of modifying a depolarizing channel by replacing ap, the first
term in (1), by different convex combinations of unitary conjugations. We have shown that
this leads to a rich variety of examples, some of which exhibit behaviour previously associated
with non-unital channels. Nevertheless, we prove a number of results, including the additivity
of minimal output entropy.

To relate our results to other recent work, let M(p) = >, x, Vip V,j with x; = % as in
(2). Then the channel in (2) can be written as & = Ff,’ep o M, and Fukuda’s lemma [10] can
be applied to give an alternate proof of parts (b) and (d) of theorem 3. When the V) have
a common eigenvector, M (o) has an output state of rank one so that Fukuda’s lemma can
be applied to the composition of M(p) with other unitarily invariant channels as discussed
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in [10]. In addition, the channel T (p) = ﬁ[(Tr p)I — M(p)] has an output which is a
multiple of a projection. Therefore, the results of Wolf and Eisert [33] imply that additivity
(6) and multiplicativity (20) with 1 < p < 2 hold for tensor products of channels 7'(p) in
the ‘strong’ sense defined in [33]. Channels M (p) generated from diagonal V; as in section 4
were considered in [33]; however, using the V; from the asymmetric examples of section 5 to
generate T (p) via M (p) gives new examples.

Instead of modifying the first term in (1), one could change the second to obtain the
channel

@(p) =ap+ 1A —a)Trp)y (55
with y being a fixed density matrix. The simplest such example is the shifted depolarizing
channel y = 5(1 — b)I + b|yr) (Y|, for which additivity (6) and multiplicativity (20) for all
p = 1 have now been proved by Fukuda [10]. However, the only results which have been
proved for the general channel (55) are multiplicativity in the case p = 2 [12], and higher
integers [21]. Despite recent progress for special cases, resolving the additivity conjectures
remains a challenge.
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Appendix A. Shor’s optimization algorithm

Our numerical results use the following theorem due to Shor (see footnote 4 on page 9797).

Theorem 7. Let Q be a CPT map and Q its adjoint with respect to the Hilbert—
Schmidt inner product. Let W be the eigenvector corresponding to the largest eigenvalue
of Q[log Q2(p) —log Al. Then H[Q (1Y) {¥]), Al = H[Q(p), Al.

Proof. The largest eigenvalue of ﬁ[log Q(p) —log Al is

) = sup(¥, Q[log Q(p) — log Al) (A.D)
v
= supTr /) Q2log 2(p) ~ log A (A2)
where the supremum is over vectors ¢ with ||| = 1. Let y = |¢)(y| for the state which

attains this supremum. Then
TrQ(y)[log 2(p) —log A] =Tr yﬁ[log Q(p) —log A]
> Tr pQ[log 2(p) — log A]

= H[Q(p), A] (A.3)
so that
H[Q(y), Al — H[Q2(p), A]
= H[Q(y), Q(p)]+TrQ(y)[log Q(p) —log A] — H[S2(p), Al (A.4)
> 0. (A.5)

]
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Given a starting p = |¥o)(Vol, let y; = y = |¢1) (1] be the eigenvector before (A.3),
and inductively define y;.+1 = |¥+1) (V41| using the eigenvalue equation for y;. This gives a
sequence for which H[S2(yx), 2 (p)] increases to a stationary point w satisfying

Qllog Q(p) — log Alw = rw. (A.6)

Appendix B. Qubit channel details

It was shown in [22] that any unital qubit channel can be written as

3
®(p) =V [Zakakwpw)ok} Vi (B.1)
k=0

with U, V being unitary, the oxy > 0 with Zk ar =1,00 =1 and 0;, j = 1,2, 3 being the
three Pauli matrices. There is no loss of generality in assuming that og > «; (j =1, 2, 3); if,
instead, «; is largest, one can factor out o; and rewrite ® in the form (B.1) with V — Vo;.
Similarly, one can choose U, V to correspond to rotations in R3 so that o > « i =2,3).
Finally, since the only effect of U, V is to make change of bases which have no effect on the
minimal output entropy or the Holevo capacity, we can assume that U = V = I. Thus, there
is no loss of generality in assuming that @ has the form (15) with ag > oy > «;, j =2, 3. If,
in addition, oy > %, the channel is not EBT [26]. Thus, we often assume that

a0>%>a1>o¢j, Jj=2,3. (B.2)

The parameters o, k = 0,1,2,3 and ;,i = 1,2, 3, in (15) and (16) are related by the
conditions

1=OlQ+Ot] +ay + o3 (B3)
Ai=o0g+a; — o — o = 2(ap+ ;) — 1 (B.4)

with the understanding that 7, j, [ are distinct. Then the input states %(I =+ 0;) have output
states %(I =+ A;0;) whose eigenvalues are

oo + o (B.5)

Li+a) = {
The image of the Bloch sphere is an ellipsoid whose axes have lengths [A;|, j =1, 2, 3, with
the output states above at the ends of the axes. Under the order assumption (B.2), all A; > 0
and the states with optimal output purity satisfy (B.5) withi = 1.
In the discussion of section 5.1, o = % and one uses suitably modified forms of
equations (B.2)—(B.5).

aj+o=1—ay—o.

Appendix C. CQ matrices

For a channel @ of the type considered in section 5.2, the matrix defined in (51) is given by

1—a .
a+ j=k<m
d
1—a . .
jFk,j<mork<m
d
8k = al—b) 1—a (€.
ab+ —— + j=k>m
d—m d
a(l—b)+1—a £k k<
— , J, KX m.
d—m = d R
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For a channel of the type considered in section 5.3, it is

IQA k>1,j=1
8k, j—1 +]_Lj=_llx,~ dl:i’i"l k>j>1
gik =Yg+ ]_[f=1 X k=j<d (C.2)
8jk k<
8d—1.d-1 k=j=d.
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