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Abstract

The totality of normalized density matrices of dimension N forms a convex set
Qy inRY -1 Working with the flat geometry induced by the Hilbert—Schmidt
distance, we consider images of orthogonal projections of Q onto a two-plane
and show that they are similar to the numerical ranges of matrices of dimension
N. For a matrix A of dimension N, one defines its numerical shadow as a
probability distribution supported on its numerical range W (A), induced by the
unitarily invariant Fubini—Study measure on the complex projective manifold
CPN-!. We define generalized, mixed-state shadows of A and demonstrate
their usefulness to analyse the structure of the set of quantum states and unitary
dynamics therein.

PACS numbers: 02.10.Yn, 02.30.Tb, 03.67.—a

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Investigation of the geometry of the set of quantum states remains a subject of current scientific
interest in view of possible applications in the theory of quantum information processing. The
set Qy of pure quantum states belonging to an N-dimensional complex Hilbert space Hy
is known to be equivalent to the complex projective space, Qy = CPV~!, of 2N — 2 real
dimensions. However, as this set is embedded into the (N 2_ 1)-dimensional set Q of density
matrices of dimension N by a nonlinear constraint, p = p?, the geometric structure of the set
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of mixed quantum states is rather involved [1, 2]. The only simple case corresponds to the
one-qubit system, N = 2.

The set 2, of N = 2 pure states forms the Bloch sphere, CP' = §2, with respect to the
standard Hilbert—Schmidt metric. The 3-disc inside the sphere, often called the Bloch ball,
represents the set Q, of one-qubit mixed states. In this simple case, any projection of this set
onto a plane forms an ellipse, which can be degenerated to an interval. In the case of N = 3,
the eight-dimensional set Q3 of one-qutrit mixed states is neither a polytope nor an ellipsoid
[3-5], and the set 3 = CP? of its extremal states is connected and has four real dimensions.

Due to the high dimensionality of the problem, our understanding of the geometry of the
set Qy of mixed states is still rather limited. This set forms a convex body which contains
an in-ball of radius 7y = /T/N(N — 1) and can be inscribed into an out-sphere of radius
Ry = (N — Dry = /(N —1)/N [2]. Some information on the subject can be gained
by studying the two-dimensional cross-sections of Qy as demonstrated in [6-8] for N = 3
and N = 4. Another option is to investigate projections of this set into a plane—such an
approach was advocated for N = 3 in [9]. As the set Oy of quantum states is convex, also its
cross-sections and projections inherit convexity.

In this work, we study the general structure of a two-dimensional projection of the set
Oy of mixed states. A bridge between the geometry of the set of quantum states and the
notion of numerical range used in operator theory is established. For any operator A, acting
on the complex Hilbert space Hy, one defines its numerical range [10, 11] (also called field
of values) as a subset of the complex plane which contains expectation values of A among
arbitrary normalized pure states

W(A) ={z:z2=(YIAlY), [¥) € Hy, (YI¥) =1}. (1)
We analyse the set of orthogonal projections of the set Qy onto a 2-plane and prove that
it is equivalent to the set of all possible numerical ranges of complex matrices of dimension
N. Numerical ranges of normal matrices of dimension N correspond to orthogonal projections
of the set Cy of classical states—the (N — 1)-dimensional simplex Ay_; C RN
Further information on the structure of the set of quantum states of a dimension N can
be obtained by studying the numerical shadow [12—14] of various matrices of dimension N.
For any operator A acting on Hy, one defines a probability distribution P4 (z) on the complex
plane, supported in the numerical range W (A):

Py(2) := fQ du(¥)d(z — (Y AlY)). 2

Here, () denotes the unique unitarily invariant (Fubini—Study) measure on the set Qy of
N-dimensional pure quantum states. In other words, the shadow P of matrix A at a given point
z characterizes the likelihood that the expectation value of A among a random pure state is
equal to z.

The distribution P4(z) is naturally associated with a given matrix A, and some of its
properties were described in [13]. In this work, we advocate a complementary approach
and show that investigating the shadows of several different complex matrices A of a fixed
dimension N contributes to our understanding of the structure of the entire set Q of quantum
states. In a sense, the choice of a matrix A corresponds to the selection of the plane, onto
which the set of quantum states is projected.

This paper is organized as follows. In section 2, we fix the notation and introduce
necessary concepts. A link between two-dimensional projections of the set of quantum states
of a given dimension N and the set of possible numerical ranges of matrices of dimension
N is presented in section 3. In section 4, we analyse different classes of numerical shadows
of matrices of small dimension N = 2, 3, 4. Unitary dynamics of a pure quantum state in
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the background of numerical shadow is presented in section 5. Section 6 is devoted to the
mixed-state numerical shadow, which corresponds to a projection of the full set Qx of density
matrices onto a plane. The case of a large dimension, N >> 1, is treated in section 7 jointly
with the shadow of random matrices. Finally, in section 8, we provide some concluding
remarks and summarize the contribution of this paper.

2. Classical and quantum states

Let p = {x1, x2, ..., xy} be a normalized probability vector, so x; > 0 and Z,N=1 x; = 1.
Such a vector represents a classical state, and the set Cy of all classical states forms an
(N — 1)-dimensional regular simplex Ay_; C RY~!. There exist exactly N classical pure
states, which correspond to the corners of the simplex. All other classical states can be
expressed by a convex combination of pure states and are called mixed. Typical mixed states
are characterized by the full rank and they form the entire interior of the probability simplex.

In quantum theory, one describes a physical system with N distinguishable states by
elements of a complex Hilbert space Hy of dimension N. Its elements represent pure quantum
states, [¥) € Hy. Quantum states are assumed to be normalized, ||v/|]?> = (¥|¥) = 1, so
they belong to the sphere of dimension 2N — 1. Since one identifies two states, which differ
by a global phase only, [) ~ |¢) = e~ *|), the set of all pure quantum states 2, which act
on Hy, is equivalent to the complex projective space Qy = CPV~! [2].

In analogy to the classical case, one also defines mixed quantum states (density matrices)
by a convex combination of projectors onto pure states, p = > . p;|¥;){V;|, where p; > 0and
> i pi = 1. Let us denote the set of all density matrices of dimension N by Q. It contains
all density operators which are positive and normalized:

Ov={p:Hy = Hn.p"=p,p20,Trp=1}. (3)

Since density operators are Hermitian and normalized, this set is N> — 1 dimensional. It
includes the set of classical states, Oy D Cy = An_1, as well as the set of pure quantum
states, Qy O Qy = CPN~!. We will work with the geometry implied by the Hilbert—
Schmidt norm of a matrix, |A|gs := +/Tr(A*A), and the Hilbert—Schmidt distance in the
space of matrices,

dus(A, B) := |A — Blus = y/Tr(A — B)(A — B)*. “4)
It will also be convenient to define a real inner-product by setting the polar identity
(A, B) = 3|A + Bljis — 1A — Bliis = 3[Tr(A*B + B*A)]. ()

If A* = A and B* = B, then (A, B) =tr AB.

In the set Q2 of quantum pure states, one defines the Fubini—Study measure ptgs, which is
induced by the Haar measure on U (N) and is invariant with respect to unitary transformations.
In the case of one-qubit states, this measure corresponds to the uniform distribution of points
on the Bloch sphere S2.

In practice, to generate pure states at random according to the measure pps, it is
sufficient to uniformly generate points at the sphere S*~!.  One may also select an
arbitrary column (or row) of a random unitary matrix U distributed according to the Haar
measure. It directly gives the set of N coefficients of the random state in a given basis,
|[Y) = ZlNzl cili). For instance, choosing the first column of U, we set ¢; = U;; for
i =1,..., N. Alternatively, one may generate N independent complex random numbers z;
and renormalize them, ¢; = z;/y/) ; |z |2, to obtain the desired distribution [15, 3].

In this work, we will use the following.
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Proposition 1. Let |y) € Qy be a random pure state of dimension N distributed according to
the Fubini—Study measure. If one represents it in an arbitrary fixed basis, | ) = Z,N=1 cili),
then the squared absolute values of the coefficients, p; = |c;|*, form a probability vector
distributed uniformly in the probability simplex Ay _;.

This is equivalent to the known statement (see e.g. [2]) that the only constraint on the
components of a single column of a random unitary matrix U distributed according to the
Haar measure is the normalization condition P(Ujy, ... Uyy) ~ 8(1 — Z,N=1 |Ui1 |2). This fact
directly implies

Corollary 2. For any quantum state p define a classical state p = diag(p), so p; = pj;.
Then, the Fubini—Study measure on the set Qy of quantum pure states induces by this mapping
the uniform measure in the classical probability simplex Ay _;.

In the case of N = 2, the Fubini—Study measure covers uniformly the Bloch sphere S2.
Working with the standard polar coordinates, (7, 6, ¢), we write the element of the volume
of the unit sphere as dS = d¢sinfdf = ded(cos@). The polar angle 6 is defined with
respect to the axis z, so the projection of a point of the sphere at this axis reads z = cos 6.
Hence, the Fubini—Study measure implies the uniform distribution d(cos ) = dz along the
one-dimensional set A; of N = 2 classical states.

3. Numerical range as a projection of the set of quantum states

The set Qy = CPY~! of pure states of dimension N forms the set of extremal points in Qy.
Any mixed state p € Qy can thus be decomposed into a convex mixture of projectors |y) (V]
The expectation value of an operator A among a pure state reads (|A|y) = TrpA. Taking
into account the convexity of W(A), the standard definition (1) of the numerical range of A
can therefore be rewritten as [16]

W(A) ={z:z=TrpA, p € Q). (6)

This expression suggests a possible link between the numerical range and the structure
of the set, the Qy. Usually one studies the numerical range W(A) for a given A [11]. Here,
we propose to fix the dimension N and consider the set of all possible numerical ranges of
matrices A of this dimension to analyse the geometry of quantum states. More precisely, we
establish the following facts.

Proposition 3. Let Cy denote the set of classical states of dimension N, which forms the
regular simplex Ay_; in RY. Then, for each normal matrix A (such that AA* = A*A) of
dimension N, there exists an affine rank 2 projection P of the set Cy whose image is congruent
to the numerical range W (A) of the matrix A. Conversely for each rank 2 projection P, there
exists a normal matrix A whose numerical range W (A) is congruent to the image of Cy under
projection P.

Proposition 4. Let Qy denote the set of quantum states dimension N embedded in RY * with
respect to the Euclidean geometry induced by the Hilbert—Schmidt distance. Then, for each
(arbitrary) matrix A of dimension N, there exists an affine rank 2 projection P of the set Qy
whose image is congruent to the numerical range W (A) of the matrix A. Conversely for each
rank 2 projection P, there exists a matrix A whose numerical range W (A) is congruent to the
image of Qn under projection P.
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To prove the above propositions, we will need an abstract lemma concerning the real
inner-product Euclidean spaces.

Lemma 5. Suppose uy, us, vo € V, where V is an Euclidean vector space (with the inner
product (-, -) and norm |x| = (x, x)l/z), vo # 0 and dim (span {uy, us, vo}) > 2. Then, there
exist real numbers o > 0, y1, y» such that the vectors

1 1
vy = —(u1 + y1v0), vy i= — (U2 + y200) (N
o o
are normalized and orthogonal:

> =1= v, (v, v12) = 0. (8)

{ui,vo)
[vo|?

Proof. Letu) = u; — vo, i = 1, 2. By hypothesis |u}|*> + |u5|> > 0. Fori = 1,2 set
(ui,vo)
[vol

so that v; = é(u; + lg—(']lvo). The desired equations become

¢ = |voly; +

72 2 2 712 2 2 / /
[uil” +c] = o, [ur]" +¢; = a7, (uy, uy) +cicp =0. 9
Eliminating coefficient o, we arrive at a quadratic equation for ¢ or c3. Set

2 282 2
d = (Juy|* = [u5*)? + 4Gy, u))*;

then,
o} = L(luh)* — 1y P + 3V, (10)
5 = H(lu) > — [y + 3V4d, (11)
sign(cicz) = —sign{u}, us), (12)
/ / 1/2
a = (SQui P+ 1y + 1va)' 2. (13)

Recall |u) 1>+ |u/2|2 > 0 by hypothesis; thus, & > 0. There are generally two solutions
differing only in the signs of ¢; and ¢,. If (), u}) = 0, then ~/d = ||u||*> — |u}|?|, and one of
the three following cases apply:

(D) lu] > [wh] = 0,¢1 = 0, ¢ = £/} P — P & = [ut
@) luy] > ;] > 0,1 = £/T5P — )P, 2 = 0, & = uy:
3) lu] = [yl > 0,1 =0, ¢ =0, = [uf} . .

Note that formulae (10) and (11) for ¢; and ¢, allow us to obtain the constants y;
and y,, which enter equation (7). The scaling factor « = 1 if and only if (u], u’2)2 =
(1 — [ YL = [y, [P < 1 and us> < 1.

This lemma implies the following.

Corollary 6. Suppose E C {x € V : (x,vy) = 1} and u\,u, € V define a linear map
O:E —> Chbyx > (x,u;)+i{x,uy). Unless u,u, € Rvg in which case ® is constant,
the map ® is isometrically isomorphic to an orthogonal projection followed by a similarity
transformation (dilation and translation).

Proof. By lemma 5, there exist orthonormal vectors v; = é(ui +yv) fori = 1,2
and « > 0. Let Vy = span{vj, v}. The orthogonal projection onto V, is given by
X = (x, V1) v + {x, vp) vy and this is the general form of a rank 2 orthogonal projection.

5
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The linear map 0 : a,v; + azv; — a; +ia; is an isometry Vo — C. If x € E, then (v, x) = 1
and

2 2
O(amx — (y1v1 +72v2)) = 6 ) (i + v, x) — y)v; = 0 ) (s, x)v; = . (14)
i=1

i=1

O

Now we are ready to prove the main result of this paper, namely propositions 3 and 4.
3.1. Normal matrices

Proof of proposition 3. Let A be a normal matrix of dimension N with eigenvalues

{Ad1,...,An}. With respect to an orthonormal basis of eigenvectors of A, one has
Zf\' i1 Ui A; V= Z,N: | Ai|¥i|* and the numerical range W, is the image of the simplex
Ay—i:={t eRY : 1; > 0Vi, ZlN:l t; = 1} under the map
N N
Ot — Zt,- Reki+i2tilmki = (t,u)) +ilt, up), (15)

i=1 i=1
where t € Ay_; and (u;); = ReA;, (up); = ImA; for 1 < i < N. If A # cl (multiple
of the identity, the eigenvalues are all equal), then lemma 5 and corollary 6 apply with
vo = (1, ..., 1), which completes the proof of proposition 3. ]

3.2. Non-normal matrices

Proof of proposition 4. The set Qy of quantum states (3) contains Hermitian operators p
which can be diagonalized, p = UDU*. Here, U is unitary while D is a diagonal matrix with
dii >0and YN diy = 1.

Consider any matrix A of dimension N and write TrpA = TrpA; + iTr pA, with
A = % (A+A*)and A, = % (A — A*). Lemma 5 and corollary 6 apply now to the map

D:pr+— TrpA;+iTrpA; (16)

of the set Qy onto the numerical range W(A) with V representing the linear space of
complex matrices of dimension N (or the real subspace of Hermitian matrices), the real inner
product (5), and vg = I, u; = Ay, up = A, provided A # cll.

Thus, we have shown that for any matrix A, its numerical range W (A) is equal to an
orthogonal projection of the set of density matrices. To show the converse, we may read
formulae (7) backwards: the projection of Qp is determined by two orthonormal Hermitian
matrices V| and V,, which then satisfy |Vi|lgs = |Valgs = 1 and Tr(V;V,) = 0. Set
A = V| +1iV,, which now gives the required matrix such that W(A) is equal to the desired
projection. In this way, a link between numerical ranges of generic matrices of dimension N
and projections of the set Q onto a two-plane is established and proposition 4 is proved.

]

To obtain explicit formulae for the similarity transformation corresponding to an arbitrary
matrix A of dimension N, define three traceless matrices

1 1
B=A—-—1I, B, = =(B+B"), B, = —(B — BY). 17
N 1 2( ) 2 21( ) (17
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The latter two represent vectors in the Hilbert—Schmidt space and correspond to u/, 15 in
lemma 5 Making use of the Hilbert—Schmidt norm, we compute the required coefficients for
a given traceless matrix B:

d = Tr B2 Tr B*> = |Tr B*%, a = (3 Tr(BB*) + 4ITr B?))'"?, (18)
¢f = —1(Tr B* + Tr B*) + §|Tr B?|, ¢; = H(Tr B> +tr B*) + 1| Tr B?|, (19)
and sign(cicz) = —sign(u}, u,) = —sign(Im Tr B?).

4. Numerical shadow and quantum states

The projectors |¢) (| onto pure states form extremal points of the set Qy of quantum states;
hence, the shape of a projection of the set 2,y of pure states onto a given plane coincides with
the shape of the projection of the set of density matrices on the same plane. As shown in the
previous section, this set is equal to the numerical range W (A) of a matrix A of dimension N,
which determines the projection.

However, the differences appear if one studies not only the support of the projection but
also the corresponding probability measure. A measure P4 (z) determined by the numerical
shadow (2) is induced by the Fubini—Study measure on the set 2, of the pure state. Thus,
the standard numerical shadows of various matrices of dimension N can be interpreted as a
projection of the complex projective space, Qy = CPV~!, onto a plane. Before discussing in
detail the cases of low dimensions, let us present here some basic properties of the numerical
shadow [13] (also called the numerical measure [14]).

(1) By construction, the distribution P4 (z) is supported on the numerical range of W (A) and
it is normalized, fW(A) Pi(z)d*z = 1.

(2) The (numerical) shadow is unitarily invariant, P4(z) = Pyay~(z). This is a consequence
of the fact that the integration measure du () is unitarily invariant.

(3) For any normal operator A acting on Hy, such that AA* = A*A, its shadow covers the
numerical range W (A) with the probability corresponding to a projection of a regular
N-simplex of classical states Cy (embedded in R¥ ") onto a plane.

(4) For a non-normal operator A acting on Hy, its shadow covers the numerical range W (A)
with the probability corresponding to an orthogonal projection of the complex projective
manifold Qy = CPV~! onto a plane.

(5) For any two operators A and B acting on H y, the shadow of their tensor product does not
depend on the order

Ppgp(2) = Ppoa(2). (20)

To show this property define a unitary swap operator S which acts on a composite Hilbert
space and interchanges the order in the tensor product, S(|z) ® |y)) = |y) ® |z). Thus,
(x]A® Blx) = (x|S*B ® AS|x), and since S is unitary it does not influence the numerical
shadow induced by the unitarily invariant Fubini—-Study measure on complex projective
space.

4.1. One-qubit states, N = 2

The analysis of the numerical shadow is particularly simple in the case of matrices of dimension
N = 2. The spectrum of the operator A consists of two complex numbers, o (A) = {11, A2}

In the case of a normal matrix A, the numerical range W (A) forms the closed interval
[A1, A2], and the numerical shadow P, (z) covers this interval uniformly [13].
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(a) Shadow of matrix A((]Z) (b) Cross-section for I =0

Figure 1. Projection of the set 2, of one-qubit states generated by the numerical shadows of
operators of dimension N = 2 : (a) numerical shadow of generic matrix A(()2> with an elliptical

support. Eigenvalues are denoted with crosses and the dashed circle of radius Ry = +/2/2 denotes
the diameter of the Bloch ball. Numerically obtained histogram is plotted in black, and the
analytical plot is blue. The plot is made for the matrix translated in such a way that its trace (x)
is equal to zero and suitably rescaled. (b) Histogram of the cross-section of the shadow supported
in the interval [—%, %]; the solid line represents a probability density function of the arcsine

distribution P (x) = (,/§ —x2)~.

If the matrix A is non-normal, the numerical range forms an elliptical disc with A, A,
as focal points and minor axis, d = /TrAA* — |A;|2 — |A2|2. For a simple proof of this
1932 result of Murnaghan [17], see the note by Li [18]. In this generic case, the numerical
shadow is given by the probability distribution obtained by the projection of the hollow Bloch
sphere of one-qubit pure states onto a plane [13]. In particular, the cross-section of the
numerical shadow supported in an interval x € [0, 1] is given by the arcsine distribution,
P(x) = 1/(m+/x(1 — x)). The non-normal case is shown in figure 1, obtained for a matrix

1 1
A(()z):ao [0 _li|.

For simplicity, we have selected the centred matrix such that TrA = 0 so that one has B = A
in equation (17). The normalization constant ay = \/% is chosen in such a way that the
scaling constant defining the projection in (18) is set to unity, @ = 1, so the shadow of the
set of quantum states is shown in its ‘natural size’: the distance between both eigenvalues,
[ =2a; = «/E, is equal to the diameter of the Bloch ball, 2R, = V2.

4.2. One-qutrit states, N = 3

The structure of the numerical range for N = 3 was analysed in detail by Keeler ez al [19].
The numerical range of a matrix A of dimension N = 3 with the spectrum A1, A, A3 forms

(a) a compact set of an ‘ovular’ shape with three eigenvalues in its interior;

(b) a compact set with one flat part—e.g. the convex hull of a cardioid,;

(c) a compact set with two flat parts—e.g. the convex hull of an ellipse and a point outside it;

(d) triangle: for any normal matrix A its numerical range is equal to the triangle spanned by
the spectrum, W(A) = A(Xq, A2, A3). In the latter case, the numerical shadow can be
verbally interpreted as the shadow of the set C3 of N = 3 classical states—a uniformly
covered equilateral triangle A,.
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Figure 2. Projections of the set €23 of one-qutrit states generated by the numerical shadows of

operators of dimension N = 3; (@) a generic matrix Ag) with an oval-like numerical shadow,

(b) A§3) with one flat part of the boundary 9W of the numerical range, (c) A?) a simple sum

with two flat parts of 9W, (d) a diagonal normal matrix A§3> with the numerical range equal to the
triangle of eigenvalues, represented by (+). The dashed circle of radius R3 represents the projection
of the sphere in which 23 is inscribed. All plots are made for matrices translated in such a way
that their trace (x) is equal to zero and suitably rescaled.

The four classes of N = 3 numerical ranges are illustrated in figure 2. It shows the
numerical shadow supported on the corresponding numerical range, obtained for

1 1

A(()3) =ay |0 w3
0 0

11

A?) =ap 0 w3
0 0

G _
Aj

®
A3

5 — 3i 0 6

0 543 6 |,
| -6 -6 —10
1 0 0
0 w3 0
|0 0 o}

The symbol w; denotes the kth root of unity, so w3 = exp(i27/3). As before, the matrices
are chosen to be traceless, so B = A in (17) and the shadows are centred. Furthermore, the
normalization constants are designed to ensure that the scaling constant in equation (18) in
every case is set to unity, « = 1, so the figure shows images of the set of quantum states
in its natural size. For instance, in the case of the diagonal matrix Ags), the prefactor reads
az = +/2/3, so that the eigenvalues are located at the distance /2/3 from the origin. This is
just the radius Rj of the sphere in which the set Qj is inscribed.
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The study of the geometry of the numerical range was initiated by Kippenhahn [20] and
later developed by Fiedler [21] and Gutkin [22]. In recent papers [23, 24], the differential
topology and projection aspects of the numerical range were investigated. In particular, it was
shown [23] that the numerical range of a generic matrix A of dimension 3 pertains to the class
(a) above, as the boundary of W (A) does not contain intervals. Critical lines inside the range,
analysed in [23, 24], were shown to influence the structure of the numerical shadow [13].
Thus, we may now relate the critical lines with the geometry of complex projective spaces
projected onto a plane.

In the one-qutrit case N = 3 obtained probability distributions can be interpreted as
images of the set of pure states Q3 = CP? on the plane. Although it is not so simple to
imagine the structure of the complex projective space [25], some experience is gained by
studying numerical shadows of various non-normal matrices of dimension 3.

4.3. Four-level systems, N = 4

Various shapes of the numerical range for matrices of dimension N = 4 correspond to various
projections of the set Q4 of quantum states of dimension 4. As in the case of the qutrit, we
analyse numerical shadows of traceless matrices normalized such that the scaling constant «
is set to unity.

Even though several results on the geometry of the numerical range for N = 4 are
available [26, 27], a complete classification of numerical ranges in this case is still missing.
To provide an overview of the possible structure of the numerical shadow, we analysed the
following matrices of dimension 4:

111 1T 0 -1 0 10 0 17
0 i 1 1 00 -1 0 0i 0 1

4 (€] @ _

A =lo o0 1 M Tl asio] 2 Too -1 0|
00 0 —i] o0 1 1 00 0 —il]
10 0 17 10 0 17 0 —1 07

@ |01 1 o0 w |01 0 o w |00 =1 0

A=1o0 —1 o M4 Tloo -1 o BT 1—i o)
00 0 -—i] 00 0 —i 00 o0 1
10 1 07 10 0 07 10 0 0
0i 0 1 0i 0 1 0i 0 0

4) ) 4)

A4 =100 -1 o° “Tloo -1 o % =loo -1 o
00 0 —i] 00 0 ~—i 00 0 —i

Numerical shadows of these representatives of each class of N = 4 matrices are shown
in figure 3. The pictures can be interpreted as projections of the six-dimensional complex
projective space C P? onto a plane. Making use of formula (18), we find that the normalization
constant for the last example Ag" reads ag = 1/ V2. Thus, the diameter of the shadow,
2a4 = ﬁ, coincides in this case with the Hilbert—Schmidt distance between any two
orthogonal pure states in Q4. The dashed circle of radius Ry = +/3/2 represents the projection
of the sphere into which the set Q4 can be inscribed.

5. Unitary dynamics projected inside the numerical shadow

As the numerical range and the numerical shadow give us an opportunity to observe the
structure of the space of quantum states, it is possible to apply these tools to investigate quantum
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Figure 3. Projections of the set Q4 of N = 4 quantum states emerging as numerical shadows of
appropriately normalized operators of dimension 4: (@) a generic matrix A(()4) with a an oval-like
numerical range W (A), (b) A(14) with one flat part of the boundary dW of the numerical range,
(c) A;4) being a simple sum 3 @ 1 with two flat parts of dW, (d) Ag‘) a simple sum 2 @ 2 with
two flat parts of dW, (e) Afﬁ) three flat parts of W connected with corners and one oval-like part,
f) A?) three flat parts of dW with only one corner and two oval-like parts, (g) Ag‘) a simple
sum 2 @ 2, with four flat parts of dW, (h) A§4) pair of flat parts of 9W connected with a corner

connected with two oval-like parts, (7) a diagonal normal matrix A?) with the numerical range W
equal to the convex hull of eigenvalues denoted by (+). All plots are made for matrices translated
in such a way that their trace (%) is equal to zero and suitably rescaled.

dynamics. A unitary time evolution of a quantum system is governed by the Hamiltonian
operator H (i.e. a self-adjoint operator representing the total energy of the system), which
leads to U (t) = exp(—iH?t).
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Figure 4. Shadow of the operators A, A, and A3 of dimension 3 serves as a background for the
trajectory representing the unitary dynamics defined by U = exp(—iHt) with H given by (21)
with the initial state |¢(0)) (marked by a circle in the picture). All plots are made for matrices
translated in such a way that their trace is equal to zero and suitably rescaled.

Note that eigenvalues of the Hamiltonian determine the cyclicity of the trajectory. The
trajectory is periodic iff eigenvalues of the Hamiltonian are commensurable. The period in
this case is given by the least common multiple of the eigenvalues.

Let us consider a three-level system (qutrit). For concreteness, we choose the Hamiltonian

-1 —-1-i 1
—1+i 0 1+i
1 1—i 1
and select an initial pure state of the system as |y (0)) = |0) € H3z. The state of the system at

some specific time ¢ is described by the transformed state | (¢)) = U (¢) |y (0)).

In order to use the numerical shadow to study the time evolution of the system, one needs
to choose an arbitrary 3 x 3 non-Hermitian matrix. To get some information on the dynamics
in the space of pure states of a qutrit and to observe it from different points of view, we selected
the following matrices:

H= 21

00 1 01 1 i 0 2
Ar=0 i 0 |, Ay=10 i 1 |, As;=10 0 0 22)
00 —1 00 —1 0 0 —i

For each of these auxiliary matrices, the quantum dynamics can now be visualized as a
trajectory in the complex plane defined by a parametric equation

2(1) == (Y OIAIY (1)) = (Y (0)|A"|¥(0)), (23)
where the unitarily transformed matrix reads A’ = U*AU = e'¥'" A e " The time evolution

of the initial state | (0)) = (1,0, 0)7 € H;3 generated by the Hamiltonian (21) is shown in
figure 4 from three different perspectives determined by matrices (22).

5.1. Identical trajectories

For given matrix A and Hermitian matrix H, a unitary time evolution induces a path in the
numerical range A 4 given by

Ele™MAE),  reR, 24)
for a given starting point |§). In the mixed state scenario, the trajectory is given by
trpe 1A t eR, (25)

for a given starting point p.

12
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The question one may pose is: under what conditions for two different starting points pg
and p; trajectories on the numerical range of A are identical:

=trp; e 1A t €R. (26)

To convince yourself that such a situation may occur, consider the daily rotation of the earth
around its axis. Choosing two initial points at the same meridian on opposite sides of the
equator (say close to Cairo and Durban in Africa), we see that the trajectories they generate
after projecting onto the equatorial plane do coincide. This is because the dynamics, both
initial points and the kind of the projection, are chosen in a special way and satisfy certain
constraints. To characterize these constraints in a general setting, we start with the following
definitions.

For a given matrix A, let X4 = {B € MI{}'((C) :trB=0,trBA = 0}. We also define the
set Hy:

tr 00 eletA e1Ht

Hy={H e M{{(C):Vt >0, B € X, we have Adan (B) € X,}, (27)

where Ad is the adjoint mapping given by Ad¢(B) = CBC~!.
Now we can state the fact concerning identical trajectories.

Lemma 7. Trajectories tr pge ' A el and tr p; e ' A eifl! for t € R are identical if and
onlyif po — p1 € Xaand H € Hy.

Proof. For H € Hy, we have tr Ad.in(B) € X4, = Oforall B € X4 and since pg — p1 € X4,
tr[eif’ (py — p1) e H'A] = 0. Conversely, it easy to see that py — p; € X4 and, as the
trajectories are supposed to be equivalent, we have tr[(pg — p1) e HI A il = 0 fort € R.
Any B € X, can be written as the difference of quantum states and thus H € Hy,. ]

The definition of H, is somehow complicated; here we put the reasoning which presents
it in a simpler form. We have the property Ad,c = e?c where adc(B) = [C, B] (see e.g.
[35]). Using this property, we can state the following lemma.

Lemma 8. The Hermitian matrix H is an element of Hy, if and only if for all B € X 4, we
have adiH(B) € XA.

Proof. If adjy(B) € X4 for all B € X4, then by iterating we have that ad{‘H(B) € X4 for

k=0,1,.... Since X4 is a linear space, we obtain
Aduin (B) = ; a ad’, (B) € X,4. (28)

On the other hand if Ad.:#(B) € X4, then using the fact that

elHtB elet — B

ilH,B] =lim —, (29)
t—0 t
and the continuity of the function X + tr XA, we obtain the result. O

Note that the condition i[ H, B] € X 4 can be stated as tr H[A, B] = 0; this follows from
the cyclicity of trace. The linear space Xy is a real (N> — 1 — d(A))-dimensional space, where
d(A) = dim({R(A), I(A)}), where R(A) = %(A + A*) and J(A) = %(A — A*). Thus, in
the generic case, X4 has dimension N> — 3. The set H, forms a real subspace of Hermitian
matrices orthogonal to the sum of two real subspaces (ad;y4)(X4) and ad; x(4)(X4))):

Hj = (adina)(Xa) U adiza (X)), (30)

where + denotes the orthogonal component in the real space of Hermitian matrices.

13
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6. Mixed-state numerical shadow

The standard numerical shadow (2) of matrix A is defined by choosing randomly a pure state
p = |¥){¥| with respect to the unitarily invariant, natural measure on the set of pure states, and
taking the expectation value TrAp. However, one may also consider an expression analogous
to (6) and use it with a different measure in the set Qy of mixed states. More precisely, we
introduce the mixed-state numerical shadow of A with respect to a measure j:

Py (2) I=/ di(p)8(z — TrpA). (31)
(9%

The measure p defined on the set Qyn of mixed states of dimension N is supposed to be
unitarily invariant. For instance, we will use the family of induced measures (g obtained
by taking a random pure state |§) € Hy ® Hg and generating a mixed state by partial trace
over the K-dimensional subsystem, p = Trg|£)(&|. Since the pure states |£) are generated
randomly, the unitary matrices determining the eigenvectors of p are distributed according to
the Haar measure on U (N). The probability distribution of the eigenvalues A; of the random
mixed state p of dimension N obtained in this way reads

N N
Pyx(A) =Cyg 8 (1 —Zm) [THN T Joi = 2™ (32)
i=1 i=1 i<j

It is assumed here that K > N and the normalization constants Cy g are given in [28]. In the
symmetric case, K = N, the above formula simplifies and the measure py coincides with the
flat Hilbert—Schmidt measure, induced by the metric (4). In the opposite case K < N, the
joint probability density function is given by (32) with exchanged parameters N <> K.

Consider now a pure state |£) on the bi-partite N x K system. It can be represented in its
Schmidt decomposition [2]:

min{N,K

}
&) = Vi le) ® 1fi), (33)

i=1

where {|ei>}f\’= | 1s an orthonormal basis in ‘H while {|f,<)}iK= | is an orthonormal basis of Hg.
Taking a partial trace of the projector |£)(&| over the K-dimensional system, we see that the
spectrum of the resulting mixed state p coincides with the set of the Schmidt coefficients {};}
of the pure state |£). Thus, formula (32) describes the distribution of the Schmidt coefficients
of a pure state |£) drawn randomly according to the uniform distribution on the sphere S¥—1.
By construction of the Schmidt decomposition of a random state |§), the vectors |e;) and
| fi) can be considered as columns of the unitary matrix in U (N) and U (K), respectively,
distributed according to the Haar measure on the unitary group. A simple calculation shows
that

min{N,K}
ElARTOIE) = D VarjlelAle)(filf)
i,j=1
min{N,K} min{N,K}
= Y MlelAle)= Y MUTAU), (34)

i=1 i=1
where U is a unitary matrix distributed according to the Haar measure on U (N).

These considerations imply that the shadow of A ® 1 ¢ is a mixture of diagonal elements
of A in a random basis, given by the sum Z;n:";{N’K} )»i(UTAU)i,i. As before, U stands for a

random unitary matrix of dimension N while the joint probability distribution function of the

14
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(a)

Light direction b
_— (b)

. C’

Figure 5. Sketch of a projections onto a two-plane of (a) the set C4 = A3z of N = 4 classical
states onto the quadrangle formed by the numerical range W of a normal matrix A of dimension
4; (b) the set Q, = S? of one-qubit pure quantum states onto a disc formed by the numerical
range of a non-normal Jordan matrix J, of dimension 2; (c¢) a mixed-state numerical shadow of
Ja, corresponding to the projection of the full three-dimensional Bloch ball onto a plane, is equal
to the standard, pure-state shadow of an extended matrix J, ® 1. The picture is plotted using
perspective.

coefficients A; is given by (32). This proves that the mixed states shadow of A with respect
to the induced measure g coincides with the standard numerical shadow of the extended
operator A ® 1:

P (2) = Pagig (2) = Piyoa(2) (35
The last equality follows from property (20). In the most important case, K = N, the induced
measure (y is equivalent to the Euclidean (flat) measure in RY 2*1, corresponding to the
Hilbert—-Schmidt distance (4). Thus, the projection of the ‘full’ set Qy of mixed quantum
states on the plane determined by a given matrix A of dimension N is equivalent to the
standard shadow of an extended operator A ® 1. In the case of N = 2, this is visualized in
figure 5(c), in which the shadow of the full Bloch ball @, can be compared with the shadow
of the hollow Bloch sphere 2, = S2, displayed in figure 5(b).
Note that for K = 1, the induced measure 1) is supported on the set Q2 of pure states
only and coincides with the Fubini—Study measure, so formula (31) with u© = w reduces to
the standard definition (2) of the pure-state numerical shadow.

7. Large N limit and random matrices

It is instructive to analyse the numerical shadow of a random matrix in the limit of large matrix
dimension N. Let us consider two cases of the problem: the shadow of a random density
matrix o generated according to the induced measures [28] and the shadow of random unitary
matrix U distributed with respect to the Haar measure on U (N).

The numerical shadow of the random matrix which is distributed with unitarily invariant
measure is related to the distribution of its arbitrary diagonal element in a fixed basis. In this
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section, we consider the measures induced by partial trace and the Haar measure on the unitary
group, which are unitarily invariant. Let us begin with the following.

Lemma 9. Let A be a random square matrix of dimension N distributed according to
a unitarily invariant measure. Let |x) be a random pure state of dimension N generated
according to the Fubini—Study measure on Qy = CPN~!. Then, the expectation value has
the same distribution as the matrix element A, ;:

P((x|Alx)) = P(Ay1). (36)

Proof. Since |x) is a random pure state, |[x) ~ U|0), where |0) is an arbitrary fixed state
while U is a random unitary matrix of dimension N. Now we write

P((x|Alx)) = P({O|UTAU0)) = P (A1) (37

The last equality follows from invariance of the distribution P(A) with respect to unitary
transformations. ]

7.1. Shadow of random quantum state

Consider a random density matrix ¢ of dimension N generated with respect to the Hilbert—
Schmidt measure pys, so that its eigenvalues A; are distributed according to equation (32)
with K = N [28]. The diagonal elements of o are of the form

S (85 +n7)
Z;\,,k=1 (gjgk + 7731«)

where &;; and n;; are independent, identically distributed random variables with normal
distribution N'(0, 1). The basic properties of the Gamma distribution I'(a, b) [29] imply
that

; (38)

Oii =

Gy

_ o 39
G, +G,y ( )

Oii
where G| and G, are stochastically independent variables distributed according to the Gamma
distribution I'(N,2) and '(N(N — 1), 2), respectively. Therefore, the diagonal elements
of a random matrix ¢ generated according to the measure pygs are described by the Beta
distribution with parameters {N, N(N — 1)}.

The same reasoning can also be used for a general class of induced measures (32)
parametrized by the dimension K of the auxiliary subsystem. In this case, the diagonal
elements of a density matrix 0 € Qp generated with respect to the measure wy g are
distributed according to the Beta distribution with parameters {K, K (N — 1)}.

Using the above reasoning and lemma 9, we get the following.

Proposition 10. The numerical shadow of a random matrix o generated with respect to
the induced measure [Ly g is given by the Beta distribution with parameters {K, K(N — 1)},
which can be expressed in terms of the Beta function

1
P, 1 K1, K(N=D-1 <r<l. 4
") B(K, K(N — 1))( 2 Osr “0)
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7.2. Random unitary matrices

Let us now consider a random unitary matrix U distributed according to the Haar measure.

Proposition 11. The numerical shadow of a Haar random unitary matrix is supported in the
unit disc. This distribution is invariant with respect to rotations, and |{x|U|x)|? is distributed
according to the Beta distribution with parameters {1, N — 1}.

Proof. Random unitary matrix distributed with the Haar measure can be generated using the
QR decomposition of matrices pertaining to the Ginibre ensemble [30]. The QR factorization
can be realized by a Gram—Schmidt orthogonalization procedure. Then, the element U, ; of
the generated unitary matrix reads

A

Uy = —_— 41
AY; Zi:l |Ai,1|2
where A is a non-Hermitian random matrix from the Ginibre ensemble. Therefore,
2 L2
U = — it 42)

N (g2 o2
Yoini (2 + )
where &;; and n;; are independent, identically distributed random variables with normal

distribution N'(0, 1). Thus, |U; |2 has the Beta distribution with parameters {1, N — 1}
and using lemma 9, we arrive at the desired result. |

8. Concluding remarks

Our study may be briefly summarized by the following observation. The numerical shadow
of a normal operator acting on Hy reflects the structure of the set of (mixed) classical
states, which belong to the probability simplex Ay_;, while investigation of numerical
shadows of non-normal operators provides information about the set Qy of quantum states of
dimension N.

In particular, we have shown that the set of orthogonal projections of the set Q of density
matrices onto a two-plane is equivalent, up to shift and rescaling, to the set of all possible
numerical ranges W(A) of matrices of dimension N. The numerical shadow of A forms a
probability distribution on the plane, supported in W (A), which corresponds to the ‘shadow’
of the complex projective space CPY~! covered uniformly according to the Fubini—Study
measure, and projected onto the plane. Another probability distribution in W (A) is obtained if
one projects onto this plane the entire convex set Qy of density matrices. If this set is covered
uniformly with respect to the Hilbert—Schmidt (Euclidean) measure, an explicit expression
for this distribution is derived. In this way, the analysis of numerical ranges and numerical
shadows of matrices of a fixed dimension N contributes to our understanding of the intricate
geometry of the set Qy of quantum states [2].

The numerical range [31] and its generalizations [32, 16] found several applications in
various problems of quantum information theory. In analogy to the product numerical range,
defined for spaces with a tensor product structure [33], one can introduce the numerical shadow
restricted to the subset of separable (product) states or the set of maximally entangled states
[12]. Analysing such restricted numerical shadows for operators of a composite dimension
NM, one may thus investigate the geometry of the selected set of separable (maximally
entangled) quantum pure states. Such an approach is advocated in a forthcoming publication
[34].

17



J. Phys. A: Math. Theor. 44 (2011) 335301 C F Dunkl et al

Acknowledgments

The authors thank G Auburn and S Weis for fruitful discussions. Work by J Holbrook
was supported in part by an NSERC of Canada research grant. Work by P Gawron was
supported by the Polish Ministry of Science and Higher Education (MNiSW) under the grant
no N519 442339, JAM was supported by MNiSW under the project no IP2010 052270, ZP was
supported by MNiSW under the project no IP2010 033470, while KZ acknowledges support
by MNiSW grant number N202 090239. They would also like to thank S Opozda for his help
with the preparation of 3D models.

References

[1] Mabhler G and Weberruss V A 1995 Quantum Networks (Berlin: Springer)
[2] Bengtsson I and Zyczkowski K 2006 Geometry of Quantum States (Cambridge: Cambridge University Press)
[3] Zyczkowski K and Stomczyriski W 2001 Monge metric on the sphere and geometry of quantum states J. Phys.
A: Math. Gen. 34 6689-722
[4] Kimura G 2003 The Bloch vector for N-level systems Phys. Lett. A 314 339
[5] Schirmer S G, Zhang T and Leahy J V 2004 Orbits of quantum states and geometry of Bloch vectors for N-level
systems J. Phys. A: Math. Gen. 37 1389
[6] Jakdbezyk L and Siennicki M 2001 Geometry of Bloch vectors in two-qubit system Phys. Lett. A 286 383
[7] Verstraete F, Dehaene J and De Moor B 2002 On the geometry of entangled states J. Mod. Opt. 49 1277
[8] Kimura G and Kossakowski A 2005 The Bloch-vector space for N-level systems Open Syst. Inf. Dyn. 12 207
[9] Weis S 2012 A note on touching cones and faces J. Convex Anal. at press (available at www.heldermann.de/
JCA/JCA19/JCA192/jcal9018.htm)
[10] Horn A and Johnson C R 1994 Topics in Matrix Analysis (Cambridge: Cambridge University Press)
[11] Gustafson K E and Rao D K M 1997 Numerical Range: The Field of Values of Linear Operators and Matrices
(New York: Springer)
[12] Zyczkowski K, Choi M-D, Dunkl C, Holbrook J A, Gawron P, Miszczak J A, Puchata Z and Skowronek £ 2009
Generalized numerical range as a versatile tool to study quantum entanglement Oberwolfach Rep. 59 34-7
[13] Dunkl C F, Gawron P, Holbrook J A, Puchata Z and Zyczkowski K 2011 Numerical shadows: measures and
densities on the numerical range Linear Algebra Appl. 439 2042-80
[14] Gallay T and Serre D 2011 Numerical measure of a complex matrix Commun. Pure Appl. Math. at press
(DOI: 10.1002/cpa.20374)
[15] Devroye L 1986 Non-Uniform Random Variate Generation (New York: Springer)
[16] Gawron P, Puchata Z, Miszczak J A, Skowronek t. and Zyczkowski K 2010 Restricted numerical range: a
versatile tool in the theory of quantum information J. Math. Phys. 51 102204
[17] Murnaghan F D 1932 On the field of values of a square matrix Proc. Natl Acad. Sci. 18 246-8
[18] LiC K 1996 A simple proof of the elliptical range theorem Proc. Am. Math. Soc. 124 1985-6
[19] Keeler D S, Rodman L and Spitkovsky I M 1997 The numerical range of 3 x 3 matrices Linear Algebra
Appl. 252 115-139
[20] Kippenhahn R 1951 Ueber den Wertevorrat einer Matrix Math. Nachr. 6 193-228
[21] Fiedler M 1981 Geometry of the numerical range of matrices Linear Algebra Appl. 37 81-96
[22] Gutkin E 2004 The Toeplitz—Hausdorff theorem revisited: relating linear algebra and geometry Math.
Intelligencer 26 8—14
[23] Jonckheere E, Ahmad F and Gutkin E 1998 Differential topology of numerical range Linear Algebra
Appl. 279 227-54
[24] Henrion D 2010 Semidefinite geometry of the numerical range Electron. J. Linear Algebra 20 322-32
[25] Bengtsson I, Brinnlund K and Zyczkowski K 2002 CP", or, entanglement illustrated Int. J. Mod. Phys.
A 17 4675-96
[26] Gau H-L 2006 Elliptic numerical ranges of 4 x 4 matrices Taiwan J. Math. 10 117-28
[27] LiH and Liu X 2009 Elliptic numerical ranges of 4 x 4 matrices 2009 ETP Int. Conf. on Future Computer and
Communication pp 190-3
[28] Zyczkowski K and Sommers H-J 2001 Induced measures in the space of mixed quantum states J. Phys. A: Math.
Gen. 34 7111-25
[29] Feller W 1968 An Introduction to Probability Theory and Applications vol 2 (New York: Wiley)

18


http://dx.doi.org/10.1088/0305-4470/34/34/311
http://dx.doi.org/10.1016/S0375-9601(03)00941-1
http://dx.doi.org/10.1088/0305-4470/37/4/022
http://dx.doi.org/10.1016/S0375-9601(01)00455-8
http://dx.doi.org/10.1080/09500340110115488
http://dx.doi.org/10.1007/s11080-005-0919-y
http://www.heldermann.de/JCA/JCA19/JCA192/jca19018.htm
http://www.heldermann.de/JCA/JCA19/JCA192/jca19018.htm
http://dx.doi.org/10.1016/j.laa.2010.12.003
http://dx.doi.org/10.1002/cpa.20374
http://dx.doi.org/10.1063/1.3496901
http://dx.doi.org/10.1073/pnas.18.3.246
http://dx.doi.org/10.1090/S0002-9939-96-03307-2
http://dx.doi.org/10.1016/0024-3795(95)00674-5
http://dx.doi.org/10.1002/mana.19510060306
http://dx.doi.org/10.1016/0024-3795(81)90169-5
http://dx.doi.org/10.1007/BF02985393
http://dx.doi.org/10.1016/S0024-3795(98)00021-4
http://dx.doi.org/10.1142/S0217751X02010820
http://dx.doi.org/10.1088/0305-4470/34/35/335

J. Phys. A: Math. Theor. 44 (2011) 335301 C F Dunkl et al

[30] Mezzadri F 2007 How to generate random matrices from the classical compact groups Not. Am. Math. Soc.
54 592-604

[31] Kribs D W, Pasieka A, Laforest M, Ryan C and Silva M P 2009 Research problems on numerical ranges in
quantum computing Linear Multilinear Algebra 57 491-502

[32] Schulte-Herbriiggen T, Dirr G, Helmke U and Glaser S J 2008 The significance of the C-numerical range and the
local c-numerical range in quantum control and quantum information Linear Multilinear Algebra 56 3-26

[33] Puchata Z, Gawron P, Miszczak J A, Skowronek t., Choi M-D and Zyczkowski K 2010 Product numerical
range in a space with tensor product structure Linear Algebra Appl. 434 327-42

[34] Puchata Z, Miszczak J A, Gawron P, Dunkl C F, Holbrook J A and Zyczkowski K 2011 Restricted numerical
shadow and geometry of quantum entanglement (in preparation)

[35] Hall B C 2003 Lie Groups, Lie Algebras, and Representations: An Elementary Introduction (New York:
Springer)

19


http://dx.doi.org/10.1080/03081080802677441
http://dx.doi.org/10.1080/03081080701544114

