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We analyze the problem of sending, in a single transmission, the information required to specify an
orthogonal trihedron or reference frame through a quantum channel made out of N elementary spins. We
analytically obtain the optimal strategy, i.e., the best encoding state and the best measurement. For large
N, we show that the average error goes to zero linearly in 1/N. Finally, we discuss the construction of

finite optimal measurements.
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Can a system of N elementary spins be used to com-
municate in a single transmission the orientation of three
mutually orthogonal unit vectors (orthogonal trihedron)?
A positive answer would, e.g., enable two distant parties
(Alice and Bob) to establish a common reference frame us-
ing just a quantum channel. This question was addressed
20 years ago by Holevo [1], who concluded that if such
a quantum system has a well-defined total spin J the best
the sender (Alice) can attempt to achieve is to transmit the
orientation of at most one of the three vectors. There has
recently been renewed interest in this simpler, more man-
ageable, problem of sending a single direction, and refor-
mulations and extensions of the original question abound
in the literature [2—10] (related issues can also be found
in [11]). In all the cases, optimal communication in-
volves collective (entangled) measurements and an accu-
rate choice of the messenger quantum states.

In this Letter, we will be concerned with the more com-
plex problem of sending the information that specifies an
orthogonal trihedron (OT). We will demonstrate that by en-
coding the relevant geometrical information in a particular
class of states one overcomes the limitations foreseen by
Holevo and a good transmission is possible. These states
can be written as a simple superposition of states belonging
to each of the SU(2) irreducible representations that build
up the Hilbert space of the N spins. They have maxi-
mal third component of the total spin within each repre-
sentation, i.e., in standard notation they are of the form
Zj C;lj,m = j) (therefore they are not eigenstates of ei-

ther J2 or J;). The quality of the optimal communica-
tion strategy is shown to increase with N and in the limit
N — o the average error (h) goes to zero. For large N
we obtain an analytical estimate of this error, (h) = 8/N.
We would like to emphasize that despite the apparent dif-
ficulty of the problem [12], an analytical treatment is pos-
sible, which provides us with a physical insight of the
underlying quantum aspects involved in the communica-
tion process.

Let us suppose Alice has a system of N spins which
she wishes to use to tell Bob an OT, n = {ny, 15, n3}. By
performing quantum measurements, Bob will be able to

257903-1 0031-9007/01/87(25)/257903(4)$15.00

PACS numbers: 03.67.Hk, 03.65.Ta

reconstruct this OT with some accuracy and will make the
guess N’ = {n},n5,n4}. The obvious parametrization of
the different OT’s is provided by the Euler angles «, 3,
vy, of the rotations that map nyg = {X,y,Z} into n and n’.
We will use g as a shorthand for the three Euler angles,
ie., g = (a, B, 7y). Following Holevo [1], we quantify the
quality of the communication strategy by evaluating the
mean value of the error (or average error) defined for each

individual measurement by

3 3
h(g.8) = D lia — i) = D liia(g) — iia(g")I.
a=1 a=1
ey
Assuming the OT’s are chosen from an isotropic distribu-

tion, and denoting by p,/(g) the conditional probability of
Bob guessing n(g’) if Alice’s OT is n(g), one has

= [ dag [ ag'niz. g )pe (o), @)

where dg is the Haar measure of the rotation group,
SU(2), which in terms of the FEuler angles reads
dg = sinBdBdady/8m>. Covariance implies that (2)
can be written as

hy = f dgh(z.0)po(s) 3)

where 0 stands for («, 8,7) = (0,0,0). One can easily
check that

h(g,0) =6 — 2 wUY(g), 4)

where U

of spin j, whose elements are written as @%;,/(g) =
(j,m|UD(g)| j,m'). One also has t = tUV(g) =
Do @%)n(g) =cosfB + (1 + cosB)cos(a + y).  We
see that the values of ¢ lay in the real interval [—1,3].
The value ¢+ = 3 corresponds to perfect determination
of Alice’s OT and implies that 7 = 0. Note also that
(hy = 6 — 2(r). Random guessing implies (r) =0
((h) = 6), while perfect determination of one axis and
random guessing of the remaining two yield (r) = 1

() = 4).

is the SU(2) irreducible representation

© 2001 The American Physical Society 257903-1



VOLUME 87, NUMBER 25

PHYSICAL REVIEW LETTERS

17 DECEMBER 2001

The most general quantum state Alice can use has the
form |A(g)) = U(g)|A). Here U(g) = @; U"Y) and

|A) = Z|A1>—ZA’|J,m> ZIA’P

where, for N even (odd) J runs from O (1/2) to N/2 (for
simplicity we will only consider N even unless otherwise
stated) [13], and m runs from —j to j. |A) is a fixed
reference state associated with the OT n,.

Likewise, we may write a reference state |B) from which
we can construct the projectors of Bob’s positive operator
valued measurement (POVM). The general form of the
state is

1By = 2j + 1|B);  |B)y=> Bilj,m), (6

] m

where the square root is introduced for later convenience,
and the projectors are O(g) = U(g) |BY(B|U*t(g). (This
approach is fully covariant [1]. See [14] for a very recent
discussion on noncovariant approaches.) We will first
consider continuous POVM'’s for simplicity, but finite ones
can also be constructed, as will be explained below. The
condition 1 = [ dg O(g) requires that

MIBLP=1, Vj, (7

as can be easily shown with the help of the orthogonality
relations

(j) ()= 878 n Smin
f dg @m]m’(g)@nn’( ) = ﬁ

Quantum mechanics tells us that po(g) = (B|U(g) |A)?,
hence we have

®)

0 = f delBlUE) L wU ). ©)

In terms of the components of |A) and |B) the last expres-
sion reads

()= S @1+ 1)@j + 1) ALALBL B M
= (10)

where the sum is over all indices,

M = [ dg 50DV (e)
=S il o 1y, 1
M

and the last terms in brackets are the usual Clebsch-Gordan
coefficients.

The optimal strategy is the one that maximizes (¢). It
is tempting to introduce Lagrange multipliers A and u/
for the normalization constrains (5) and (7), respectively,
and follow the standard maximization procedure. Ana-
Iytical results along this line seem hard to obtain [12].
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We will, thus, try to develop a more physical picture of
Eqgs. (9)—(11) which will lead us to a stunning simplifica-
tion of the problem.

Notice that Egs. (9)—(11) can also be written in a com-
pact form as

lj

where |[A/A") = |A7) ® |A!), the state |A7) is the time re-
versed of |A7), ie., Al = (_1)mA]—*m (and similarly for
|B/B') and |B')) and P, is the projector over the Hilbert
space of the representation of total spin J = 1. Our aim is
to compute

<BfBI|P1|A-"Al>, (12)

<t>max = I%%X<t>, (13)

where the maximization is over all Al and B} subject to
the normalization conditions in (5) and (7). The Schwarz
inequality implies

(B/B!|Pi|AAT) = P |ATADIIP I B/BOIL (14)
where the equality holds iff

P|A/A"Y = w'P\|B/B", Y j1. (15

Hence, to compute (#)m.x, We can restrict ourselves to a
smaller parameter space, where |A7Y and |B’/) are con-
strained through (15). This is equivalent to consider only
states |A) such that
Al =C/Bl,  with D |C/P=1, (16)
J
i.e., we need to consider only the set of parameters
{C/,Bh}. This we can prove, e.g., by induction on j
using (15) with [ = j + 1 and starting with the trivial
case j = 0. Equation (16) is easy to understand from
the physical point of view. It just tells us that, for an
optimal communication, the messenger states |A(g)) must
be as similar as possible to the states |B(g)) on which the
measuring device projects [7]. We next substitute (16)
back into (12) to obtain

(Fmax = r%%xZC-"Mg'C-"’, (17)
Jj’
where
TE I
wy = Y E DRI ipip pigy, s

3

and the maximization is over all Bi and C/ subject to the
normalizations (7) and (16).

Let us now discuss some properties of the matrix Mg
deﬁned by (18). We first note that Mp is tridiagonal, i.e.,

My =0if|j — j/| > 1, and symmetnc It is manifestly

non-negative, i.e., M” = ( for all j, j/ and, most impor-
tant, it is rotatlonally invariant: any reference state of the
form |B’) = U(g) |B) is equally as good as |B).
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We next compute bounds for the diagonal (M'g) and off

diagonal (Mgﬂ) entries of M. We have

2
i 2+ 1 2j + 1 :
My = ’ KBIB/[10)2 = 2L~ 3 (Z |B’m/|2>

J
j+1

X |max<jmj - m|10)* =

= MW/

I, (19)

where we have used rotational invariance to orient the

(real) vector P{|B’/B’) along the z (m = 0) axis. As for

the off diagonal entries, the Schwarz inequality leads to
it @+ 1D@2j +3) ]

m/
x> 1B

max(Z(jM —mj + 1m]| 1M>2>
m" M

Y Y B Y/
2j +3 o

where, actually, the sum over M in the second line is
independent of m. It is straightforward to verify that the
particular choice

|Bop> = Z \/2] + 1) e Bopm = 8rln
J
saturates the two upper bounds (19) and (20) simultane-

ously. Hence

(20)

2D

My =My =M, 22)
for all j, j’ and |B), where the nonvanishing entries of the
matrix M, are defined in (19) and (20).

We now go back to (17) and compute (f)ma.x. We first

note that, (f)max = mng/\(B), where A(B) is the maximal

eigenvalue of the matrix Mg. Since Mp is non-negative,
Eq. (22) implies [15]

(Dmax = mg-X/\(B) = /\(Bop) = /\op . (23)

We thus have simplified the problem to that of computing
Aop, the maximal eigenvalue of M,,. This can be done
proceeding along the same lines as in [7,9]. We would
like to emphasize that the calculation relies on the fact
that the maximal value of each entry of Mg is reached
simultaneously, e.g., for the single state |Bop>. This is,
a priori, a rather unexpected property which, however,
provides a remarkable simplification of the calculation.
The result obtained and the form of the optimal state
|Bop) agree with our physical intuition as we now briefly
discuss. If Alice’s state has a well-defined total spin (i.e., it
is an eigenstate of J2), M, becomes diagonal and (f)max =
J/(J + 1) = N/(N + 2). In terms of the average error,
(h) = 4(N + 3)/(N + 2), thus, at most (N — ) (h) =
4. In average, Bob cannot determine more than just one
axis of Alice’s trihedron. The structure of the state |Bop>
is such that, within each irreducible representation, the
determination of a single axis is optimal [2] (this is the
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best Alice could do if she only were allowed to use a single
irreducible representation). At the same time, |Bop> is as
different of an eigenstate of J, as it can possibly be (if
|Bop) were an eigenstate of J,, Alice would be able to
communicate only a single axis).

For small N, one can easily obtain analytic expres-
sions for (f)max (see Table I). For large N it suffices to
give simple lower and upper bounds for {f)m.x. A use-
ful upper bound is provided by the condition (Omax =

max Z Mop A lower bound is obtained by computing

A=Y, it € gV C /" for any normalized vector with com-
ponents C/. AJudlClOllS choice is C/ « /2] + T(N/2 —
J)(j + 1)P. The maximum of A occurs at p = /3N /4.
We obtain

4 4
3— =+ OWN"*)={thx =3 — — + O(N D).
N ( ) = (1) N (N7%)
(24)

It is now clear that perfect determination of the trihedron,
(t)max = 3, is reached in the asymptotic limit, and it ap-
proaches three linearly in 1/N. Finally, we have also per-
formed a linear fit for 2000 = N = 7000, and we have
obtained

4.0 94

which is completely consistent with (24).

We now turn our attention to the construction of
POVM’s with a finite number of outcomes, as they are
the only ones that can be physically realized. The main
idea is stated in [10] (see also [12]). We need to find a
finite set {g,}, r = 1,...,N(J), of elements of SU(2) and
positive weights {c,} such that the orthogonality relation

(Dmax ~ (25)

N(J) jl
(@) (D)= 0" Oun Omint
Z Cr@m]m’(gr)gnn’ (gr) =Cy 2j + 1 > (26)
r=1
holds for all j,j’ < J, where C; = vayl ¢,. This dis-

crete version of (8) is valid only up to a maximal value
J. The larger J is, the larger the N(J) that must be cho-
sen. Working along the same lines as in [10], one can
show that it is sufficient to consider the 2J + 1 values
2an/(2J + 1), n = 0,1,...,2J, for each one of the two
angles a and y. With this choice, Eq. (26) holds if the
sets of values {8,} and {c,} are required to satisfy

Z ¢, Pr(cosB,) =0

where P is the Legendre polynomial of degree L. A pro-
cedure to solve this system of equations is as follows. For
J integer, define 8, = 7r/(2J + 1), r =0,1,...,2J +
1 and set ¢y = cpy+1 = 1. Note that x, = cosf,, r =

l=L=2, @)

TABLE I. Maximal value of () vs the number of spins.
N 2 3 5 20 100 200
(Dmax 35T 13616708 2.6202 29362 2.9707
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1,2,...,2J, are the zeros of the Chebyshev polynomial
Uyj(x). For these values of B,, one can always find
positive weights ¢, that solve (27). Actually, using the
Gauss-Jacobi mechanical quadrature [16] for the abscissas
X,, one can prove that

_ 16sing, ’i JJ + 1) —nn + 1)

20 +1 5 n + 1
X sin[2n + DB,], 1=r=2J. (28

r

This solution has the nice feature of being simple and
explicit, but it is not very economical. One can reduce the
number of values 8, by taking x, to be the / + 1 zeros of
Pj+1(x). In this case, ¢, are the Christoffel numbers given
— (1 _ ! 2
by ¢ = 2y dx[Pri(0)/(x = x)Pjei ()] > 0 [17].
The recipes above yield finite optimal POVM’s for any
value of N. In general, one can further reduce the number
of outcomes. Ideally, one would be interested in finding the
minimal POVM’s; however, as far as we are aware, the so-
lution is not known for arbitrary J and general groups [4].
Nevertheless, the minimal measurement for the first non-
trivial case of two spins is not difficult to find. Consider the
simplest normalized reference state that leads to an optimal
POVM, ie., |B) = +/3/2|1,1) + 1/2]0,0). It is easy to
verify that the four projectors O, = U(g,) |B)(B|U(g,),
with

2a(r — 1)
a = ——0, Yr =7 — a,
3
1
cosB, = BER r=3; (29)
ay = 0, vq4 = 0, cosfy = 1,

satisfy the condition Zizl O, = 1. Since the Hilbert
space has dimension four, the minimal number of out-
comes for any measurement is also four. This POVM is
therefore finite, minimal, and optimal. In fact, it is a von
Neumann measurement, as O, 0, = 6,50,

We conclude that it is feasible to use quantum systems
to encode the orientation of a reference frame. The opti-
mal strategy involves the use of encoding states which are
remarkably simple and have a clear physical interpretation.
The average error of the transmission is seen to approach
zero linearly in 1/N. Finally, we give recipes for con-
structing finite optimal POVM’s and present an example
of a minimal one for the simple case N = 2.
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