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Abstract: The Hilbert space effect algebra is a fundamental mathematical structure
which is used to describe unsharp quantum measurements in Ludwig’s formulation of
quantum mechanics. Each effect represents a quantum (fuzzy) event. The relation of
coexistence plays an important role in this theory, as it expresses when two quantum
events can be measured together by applying a suitable apparatus. This paper’s first goal
is to answer a very natural question about this relation, namely, when two effects are
coexistent with exactly the same effects? The other main aim is to describe all automor-
phisms of the effect algebra with respect to the relation of coexistence. In particular, we
will see that they can differ quite a lot from usual standard automorphisms, which appear
for instance in Ludwig’s theorem. As a byproduct of our methods we also strengthen a
theorem of Molndr.

1. Introduction

1.1. On the classical mathematical formulation of quantum mechanics. Throughout this
paper H will denote a complex, not necessarily separable, Hilbert space with dimension
at least 2. In the classical mathematical formulation of quantum mechanics such a space
is used to describe experiments at the atomic scale. For instance, the famous Stern—
Gerlach experiment (which was one of the firsts showing the reality of the quantum
spin) can be described using the two-dimensional Hilbert space C2. In the classical
formulation of quantum mechanics, the space of all rank-one projections P (H) plays
an important role, as its elements represent so-called quantum pure-states (in particular in
the Stern—Gerlach experiment they represent the quantum spin). The so-called transition
probability between two pure states P, Q € Py (H) isthe number tr P Q, where tr denotes
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the trace. For the physical meaning of this quantity we refer the interested reader to
e.g. [33]. A very important cornerstone of the mathematical foundations of quantum
mechanics is Wigner’s theorem, which states the following.

Wigner’s Theorem. Given a bijective map ¢: P1(H) — P1(H) that preserves the
transition probability, i.e. tr¢ (P)¢p(Q) = tr PQ forall P, Q € P1(H), one can always
find either a unitary, or an antiunitary operator U : H — H that implements ¢, i.e. we
have ¢ (P) = UPU™ forall P € Pi(H).

For an elementary proof see [11]. As explained thoroughly by Simon in [29], this
theorem plays a crucial role (together with Stone’s theorem and some representation
theory) in obtaining the general time-dependent Schrodinger equation that describes
quantum systems evolving in time (and which is usually written in the form i h% (1)) =

H |W (1)), where A is the reduced Planck constant, H is the Hamiltonian operator, and
|W (1)) is the unit vector that describes the system at time ¢).

One of the main objectives of quantum mechanics is the study of measurement. In the
classical formulation an observable (such as the position/momentum of a particle, or a
component of a particle’s spin) is represented by a self-adjoint operator. Equivalently, we
could say that an observable is represented by a projection-valued measure E: Br —
P(H) (i.e. the spectral measure of the representing self-adjoint operator), where Br
denotes the set of all Borel sets in R and P(H) the space of all projections (also called
sharp effects) acting on H. If A is a Borel set, then the quantum event that we get a value
in A corresponds to the projection E(A). However, this mathematical formulation of
observables implicitly assumes that measurements are perfectly accurate, which is far
from being the case in real life. This was the crucial thought which led Ludwig to give
an alternative axiomatic formulation of quantum mechanics which was introduced in his
famous books [18] and [19].

1.2. On Ludwig’s mathematical formulation of quantum mechanics. This paper is
related to Ludwig’s formulation of quantum mechanics, more precisely, we shall exam-
ine one of the theory’s most important relations, called coexistence (see the definition
later). The main difference compared to the classical formulation is that (due to the fact
that no perfectly accurate measurement is possible in practice) quantum events are not
sharp, but fuzzy. Therefore, according to Ludwig, a quantum event is not necessarily a
projection, but rather a self-adjoint operator whose spectrum lies in [0, 1]. Such an oper-
ator is called an effect, and the set of all such operators is called the Hilbert space effect
algebra, or simply the effect algebra, which will be denoted by £(H). Clearly, we have
P(H) C E(H). A fuzzy or unsharp quantum observable corresponds to an effect-valued
measure on B, which is often called a normalised positive operator-valued measure,
see e.g. [13] for more details on this. We point out that the role of effects and positive
operator-valued measures was already emphasised in the earlier book [8] of Davies. For
some of the subsequent contributions to the theory we refer the reader to the work of
Kraus [17] and the recent book of Busch—Lahti—Pellonpdé—Ylinen [3].

Let us point out that, contradicting to its name, £(H) is obviously not an actual
algebra. There are a number of operations and relations on the effect algebra that are
relevant in mathematical physics. First of all, the usual partial order <, defined by
A < B ifand only if (Ax, x) < (Bx, x) for all x € H, expresses that the occurrence of
the quantum event A implies the occurrence of B. We emphasise that (£(H), <) isnot a
lattice, because usually there is no largest effect C whose occurrence implies both A and
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B (see [1,25,31] for more details on this). Note that, as can be easily shown, we have
EH)={AeB(H): A= A*0< A < I}, where B(H) denotes the set of all bounded
operators on H, A* the adjoint of A, and [ the identity operator. Hence sometimes the
literature refers to £(H) as the operator interval [0, 7].

Second, the so called ortho-complementation L is defined by ALt =1 — A, and it
can be thought of as the complement event (or negation) of A, i.e. A occurs if and only
if AL does not.

We are mostly interested in the relation of coexistence. Ludwig called two effects
coexistent if they can be measured together by applying a suitable apparatus. In the
language of mathematics (see [18, Theorem IV.1.2.4]), this translates into the following
definition:

Definition 1.1. A, B € £(H) are said to be coexistent, in notation A ~ B, if there are
effects E, F, G € £(H) such that

A=E+G, B=F+G and E+F+G € &(H).

We point out that in the earlier work [8] Davies examined the simultaneous measure-
ment of unsharp position and momentum, which is closely related to coexistence. It is
apparent from the definition that coexistence is a symmetric relation. Although it is not
trivial from the above definition, two sharp effects P, O € P(H) are coexistent if and
only if they commute (see Sect. 2), which corresponds to the classical formulation. We
will denote the set of all effects that are coexistent with A € £(H) by

A~ = {C e EH): C ~ A,

and more generally, if M C E(H), then M™ :=N{A~: A € M}.

The relation of order in £ (H) is fairly well-understood. However, the relation of coex-
istence is very poorly understood. In the case of qubit effects (i.e. when dim H = 2) the
recent papers of Busch—Schmidt [4], Stano—Reitzner—Heinosaari [30] and Yu-Liu-Li-
Oh [36] provide some (rather complicated) characterisations of coexistence. Although
there are no similar results in higher dimensions, it was pointed out by Wolf—Perez—
Garcia—Fernandez in [35] that the question of coexistence of pairs of effects can be
phrased as a so-called semidefinite program, which is a manageable numerical mathe-
matical problem. We also mention that Heinosaari—Kiukas—Reitzner in [14] generalised
the qubit coexistence characterisation to pairs of effects in arbitrary dimensions that
belong to the von Neumann algebra generated by two projections.

To illustrate how poorly the relation of coexistence is understood, we note that the
following very natural question has not been answered before—not even for qubit effects:

What does it mean for two effects A and B to be coexistent with exactly the same
effects?
As our first main result we answer this very natural question. Namely, we will show the
following theorem, where F(H) and SC(H) denote the set off all finite-rank and scalar
effects on H, respectively.

Theorem 1.1. For any effects A, B € E(H) the following are equivalent:

(i) Be{A, At}or A, B € SC(H),

(i) A~ = B™.

Moreover, if H is separable, then the above statements are also equivalent to

(iii) A~ N F(H) = B~ N F(H).
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Physically speaking, the above theorem says that the (unsharp) quantum events A
and B can be measured together with exactly the same quantum events if and only if
they are the same, or they are each other’s negation, or both of them are scalar effects.

1.3. Automorphisms of E(H) with respect to two relations. Automorphisms of math-
ematical structures related to quantum mechanics are important to study because they
provide the right tool to understand the time-evolution of certain quantum systems (see
e.g. [18, Chapters V-VII] or [29]). In case when this mathematical structure is £(H ), we
call amap ¢: E(H) — E(H) a standard automorphism of the effect algebra if there
exists a unitary or antiunitary operator U : H — H that (similarly to Wigner’s theorem)
implements ¢, i.e. we have

¢(A) =UAU* (A e&(H)). (1)

Obviously, standard automorphisms are automorphisms with respect to the relations of
order:

A<B < ¢(A) <¢(B) (A Be&(H)); (<)
of ortho-complementation:
P(AT) = (A" (A eE(H)); (L)
and also of coexistence:
A~B < ¢(A) ~¢(B) (A BeEH)). (~)

One of the fundamental theorems in the mathematical foundations of quantum mechan-
ics states that every ortho-order automorphism is a standard automorphism, which was
first stated by Ludwig.

Ludwig’s Theorem (1954, Theorem V.5.23 in [18]). Let H be a Hilbert space with
dim H > 2. Assume that ¢: E(H) — E(H) is a bijective map satisfying (<) and (L).
Then ¢ is a standard automorphism of £(H ). Conversely, every standard automorphism
satisfies (<) and (L).

We note that Ludwig’s proof was incomplete and that he formulated his theorem
under the additional assumption that dim H > 3. The reader can find a rigorous proof
of this version for instance in [5]. Let us also point out that the two-dimensional case of
Ludwig’s theorem was only proved in 2001 in [22].

It is very natural to ask whether the conclusion of Ludwig’s theorem remains true, if
one replaces either (<) by (~), or (L) by (~). Note that in light of Theorem 1.1, in the
former case the condition (L) becomes almost redundant, except on SC(H ). However,
as scalar effects are exactly those that are coexistent with every effect (see Sect. 2),
this problem basically reduces to the characterisation of automorphisms with respect to
coexistence only—which we shall consider later on.

In 2001, Molndr answered the other question affirmatively under the assumption that
dim H > 3.

Molnar’s Theorem (2001, Theorem 1 in [20]). Let H be a Hilbert space with dim H >
3. Assume that ¢: E(H) — E(H) is a bijective map satisfying (<) and (~). Then ¢ is
a standard automorphism of E(H). Conversely, every standard automorphism satisfies
(<) and (~).

In this paper we shall prove the two-dimensional version of Molnér’s theorem.
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Theorem 1.2. Assume that ¢ : £(C?) — E(C?) isabijective map satisfying (<) and (~).
Then ¢ is a standard automorphism of € (C?). Conversely, every standard automorphism
satisfies (<) and (~).

Note that Molnar used the fundamental theorem of projective geometry to prove the
aforementioned result, therefore his proof indeed works only if dim H > 3. Here, as an
application of Theorem 1.1, we shall give an alternative proof of Molnér’s theorem that
does not use this dimensionality constraint, hence fill this dimensionality gap in. More
precisely, we will reduce Molnér’s theorem and Theorem 1.2 to Ludwig’s theorem (see
the end of Sect. 2).

1.4. Automorphisms of E(H) with respect to only one relation. It is certainly a much
more difficult problem to describe the general form of automorphisms with respect to
only one relation. Of course, here we mean either order preserving (<), or coexistence
preserving (~) maps, as it is easy (and not at all interesting) to describe bijective trans-
formations that satisfy (_L). It has been known for quite some time that automorphisms
with respect to the order relation on £ (H ') may differ a lot from standard automorphisms,
although they are at least always continuous with respect to the operator norm. We do
not state the related result here, but only mention that the answer finally has been given
by the second author in [26, Corollary 1.2] (see also [28]).

The other main purpose of this paper is to give the characterisation of all automor-
phisms of £(H) with respect to the relation of coexistence. As can be seen from our
result below, these maps can also differ a lot from standard automorphisms, moreover,
unlike in the case of (<) they are in general not even continuous.

Theorem 1.3. Let H be a Hilbert space with dim H > 2, and ¢: E(H) — E(H) be
a bijective map that satisfies (~). Then there exists a unitary or antiunitary operator
U: H — H and a bijective map g: [0, 1] — [0, 1] such that we have

{9p(A), (AL} = (UAU*, UAU*) (A e E(H)\ SC(H)) )

and

opl) =g (1 €][0,1]). 3)
Conversely, every map of the above form preserves coexistence in both directions.

Observe that in the above theorem if we assume that our automorphism is continuous
with respect to the operator norm, then up to unitary-antiunitary equivalence we obtain
that ¢ is either the identity map, or the ortho-complementation: A — AL Also note that
the converse statement of the theorem follows easily by Theorem 1.1. As we mentioned
earlier, the description of all automorphisms with respect to (~) and (L) now follows
easily, namely, we get the same conclusion as in the above theorem, except that now g
further satisfies g(1 —¢#) =1 — g(¢) forall0 <t < 1.

1.5. Quantum mechanical interpretation of automorphisms of £(H). Inorder to explain
the above automorphism theorems’ physical interpretation, let us go back first to
Wigner’s theorem. Assume there are two physicists who analyse the same quantum
mechanical system using the same Hilbert space H, but possibly they might associate
different rank-one projections to the same quantum (pure) state. However, we know that
they always agree on the transition probabilities. Then according to Wigner’s theorem,
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there must be either a unitary, or an antiunitary operator with which we can transform
from one analysis into the other (like a ”coordinate transformation”).

For the interpretation of Ludwig’s theorem, let us say there are two physicists who
analyse the same quantum fuzzy measurement, but they might associate different effects
to the same quantum fuzzy event. If we at least know that both of them agree on
which pairs of effects are ortho-complemented, and which effect is larger than the other
(i.e. implies the occurrence of the other), then by Ludwig’s theorem there must exist
either a unitary, or an antiunitary operator that gives us the way to transform from one
analysis into the other.

As for the interpretation of our Theorem 1.3, if we only know that our physicists
agree on which pairs of effects are coexistent (i.e. which pairs of quantum events can be
measured together), then there is a map ¢ satisfying (2) and (3) that transforms the first
physicist’s analysis into the other’s.

1.6. The outline of the paper. In the next section we will prove our first main result,
Theorem 1.1, and as an application, we prove Molnar’s theorem in an alternative way
that works for qubit effects as well. This will be followed by Sect. 3 where we prove our
other main result, Theorem 1.3, in the case when dim H = 2. Then in Sect. 4, using the
two-dimensional case, we shall prove the general version of our result. Let us point out
once more that, unless otherwise stated, H is not assumed to be separable. We will close
our paper with some discussion on the qubit case and some open problems in Sects. 5—6.

2. Proofs of Theorems 1.1, 1.2, and Molnar’s Theorem

We start with some definitions. The symbol P(H ) will stand for the set of all projections
(idempotent and self-adjoint operators) on H, and P; (H) will denote the set of all rank-
one projections. The commutant of an effect A intersected with £(H) will be denoted
by

A°:={Ce&(H): CA=AC},

and more generally, for a subset M C £(H) we will use the notation M€ := N{A“: A €
M}. Also, we set A€ := (A°)¢ and M€ := (M°)°.

We continue with three known lemmas on the structure of coexistent pairs of effects
that can all be found in [27]. The first two have been proved earlier, see [4,21].

Lemma 2.1. Forany A € E(H) and P € P(H) the following statements hold:

(a) A~ =E&(H) ifand only if A € SC(H),

(b) P™ = PC,

(c) A C A™.

Lemma 2.2. Let A, B € E(H) so that their matrices are diagonal with respect to

some orthogonal decomposition H = ®;c7H;, i.e. A = @;c7A;i and B = ®;c7B; €
E@jcTH;). Then A ~ B ifand only if A; ~ B; foralli € 1.

Lemma 2.3. Let A, B € E(H). Then the following are equivalent:

(i) A~ B,
(ii) there exist effects M, N € E(H) suchthat M < A, N <1 — A, and M + N = B.

We continue with a corollary of Lemma 2.1.
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Corollary 2.4. For any effect A and projection P € A~ we have P € A€. In particular,
we have A~ N'P(H) = A°N'P(H).

Proof. Since coexistence is a symmetric relation, we obtain A € P~, which implies
AP = PA. O

The next four statements are easy consequences of Lemma 2.3, we only prove two
of them.

Corollary 2.5. For any effect A we have A~ = (AJ-)N.

Corollary 2.6. Let A € E(H) such that either 0 ¢ o (A), or 1 ¢ o (A). Then there exists
ane > 0suchthat {C €e E(H): C <el} C A™.

We recall the definition of the strength function of A € E(H):
A(A, P)=max{L >0: AP <A} (P €Pi(H)),
see [2] for more details and properties.

Corollary 2.7. Assume that A € E(H),0 <t < 1, and P € P1(H). Then the following
conditions are equivalent:

(i) A~tP;
(i)

t < A(A, P) + A(A*, P). 4)
Proof. By (ii) of Lemma 2.3 we have A ~ ¢ P if and only if there exist 1, t > 0 such
thatt =, + 1, 71 P < Aand » P < AL, which is of course equivalent to (4). O

Corollary 2.8. Let A, B € E(H) such that A~ C B™. Assume that with respect to
the orthogonal decomposition H = Hy| @& H» the two effects have the following block-
diagonal matrix forms:

_|A1 O 1B 0
A_|:0 A21| and —|:0 B2:|€8(H1€BH2).
Then we also have
Ay €SB and A, CB;. %)

In particular, if A~ = B™, then A| = B]" and A; = B;".
Proof. Let P; be the orthogonal projection onto Hj. By Lemma 2.2 we observe that

CcO ~
{|:0 Di|GE(H]@HQ):CNAl,DNAz}ZPfﬂA

gPlcﬂBN:{[gg}65(H1€3H2):E’\'31,F’\‘Bg},

which immediately implies (5). O

Next, we recall the Busch—-Gudder theorem about the explicit form of the strength
function, which we shall use frequently here. We also adopt their notation, so whenever
it is important to emphasise that the range of a rank-one projection P is C - x with some
x € H such that || x| = 1, we write P, instead. Furthermore, the symbol A~!/? denotes
the algebraic inverse of the bijective restriction AY 2|(Im A-: (ImA)” — Im (A2,
where -~ stands for the closure of a set. In particular, for all x € Im (AY/2) the vector
A~1/2x is the unique element in (Im A)~ which A!/? maps to x.
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Busch—-Gudder Theorem. (1999, Theorem 4 in [2]) For every effect A € E(H) and
unit vector x € H we have

IA=12x||72, if x € Im (A1/?),
0, otherwise.

A(A, Py) = { (6)

We proceed with proving some new results which will be crucial in the proofs of our
main theorems. The first lemma is probably well-known, but as we did not find it in the
literature, we state and prove it here. Recall that WOT and SOT stand for the weak- and
strong operator topologies, respectively.

Lemma 2.9. For any effect A € E(H), the set A™ is convex and WOT-compact, hence it
is also SOT- and norm-closed. Moreover, if H is separable, then the subset A~ N F(H)
is SOT-dense, hence also WOT-dense, in A™.

Proof. Lett € [0,1] and By, B, € A™. By Lemma 2.3 there are M|, My, N, Ny €
E(H)suchthat M{+N| = B|,M)+N>, = By, M| < A, Ny <I—Aand M, < A, N, <
I — A.Hence setting M = tM+(1—t)M> € E(H)and N = tN1+(1 —t)N, € E(H)
givesM+N =tB1+(1 —t)Bpand M < A,N <[ — A,thustB1+(1 —t)By, ~ A,
so A™ is indeed convex.

Next, we prove that A~ is WOT-compact. Clearly, £(H) is WOT-compact, as it is a
bounded WOT-closed subset of B(H ) (see [7, Proposition IX.5.5]), therefore it is enough
to show that A™ is WOT-closed. Let { B, },, £ A" be an arbitrary net that WOT-converges
to B, we shall show that B ~ A holds. For every v we can find two effects M,, and N,
such that M,, + N, = B,, M, < Aand N, < I — A. By WOT-compactness of £(H),
there exists a subnet {Bg }¢ such that M — M in WOT with some effect M. Again, by
WOT-compactness of £(H), there exists a subnet {B,}, of the subnet { B¢} such that
Ny — N in WOT with some effect N. Obviously we also have B, — B and M;, — M
in WOT. Therefore we have M + N = B and by definition of WOT convergence we also
obtain M < A, N <1 — A, hence indeed B ~ A. Closedness with respect to the other
topologies is straightforward.

Concerning our last statement for separable spaces, first we point out that for every
effect C there exists a net of finite rank effects {C,}, such that C,, < C holds for all
v and C, — C in SOT. Denote by E¢ the projection-valued spectral measure of C,

and set C, = " jEc ([i ﬂ)) for every n € N. Clearly, each C, has finite

Jj=0n n’> n
spectrum, satisfies C,, < C,and ||C,, — C|| — 0asn — oo. For each spectral projection

Ec ([ﬁ %)) we can take a sequence of finite-rank projections {ij "}, such that

ij’" < E¢ ([i ﬂ)) for all k and ij’" — E¢ ([i &)) in SOT as k — o00. Define

n’ n n’ n

Cok =Y} Lp]"" 1t is apparent that C,, x < C, for all n and k, and that for each n
we have C,  — C, in SOT as k — oo. Therefore the SOT-closure of {C,, ;. : n, k € N}
contains each C,, hence also C, thus we can construct a net {C,}, with the required
properties.

Now, let B € A™ be arbitrary, and consider two other effects M, N € £(H) that
satisfy the conditions of Lemma 2.3 (ii). Set C := M & N € £(H & H), and denote
by Ej and Epy the projection-valued spectral measures of M and N, respectively.

Clearly, Ec ([ﬁ, J%I)) =Ey ([%, ]TH)) ® En <[;j'w J%I)) for each j and n. In the
above construction we can choose finite-rank projections of the form P/”" = 0" &
RI™ € P(H @ H) where Q™ RI" e P(H), 0I" < Ey ([ﬁ fni)) and R/" <
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En ([ﬁ, j%)) holds for all k, n. Then each element C,, of the convergent net is an

orthogonal sum of the form M, & N, € £(H & H)). Itis apparent that M,,, N, € F(H),
M, < M and N, < N for all v, and that M, — M, N, — N holds in SOT. Therefore
M, + N, € F(H)N A~ and M, + N, converges to M + N = B in SOT, the proof is
complete. O

We proceed to investigate when do we have the equation A~ = B™ for two effects
A and B, which will take several steps. We will denote the set of all rank-one effects by
Fi(H)={P: PePi(H),0<t <1}

Lemma 2.10. Ler H = H; @ H> be an orthogonal decomposition and assume that
A, B € E(H) have the following matrix decompositions:

(ML 0 b O
A—|: 0 )\2121| and B_|: 2j| e £E(Hy @ Hy) @)

where A1, A2, i1, w2 € [0, 1], and Iy and I denote the identity operators on Hy and
H,, respectively. Then the following are equivalent:

(i) A(A, P)+ A(AL, P) = A(B, P) + A(BL, P) holds for all P € Pi(H),
(1) AW NFi(H) =B~ NFi(H),
(iii) either Ay = Ay and o1 = o, or Ay = pyand Ay = (o, orAr+ 1 = Ao+ = 1.

Proof. The directions (iii)=(ii) <= (i) are trivial by Lemma 2.1 (a) and Corol-
laries 2.5, 2.7, so we shall only consider the direction (i)==-(iii). First, a straight-
forward calculation using the Busch—-Gudder theorem gives the following for every
x1 € Hi,x2 € Hy, |lx1]| = [x2f =1and 0 < < 5:

1

1 2 1 )
(ﬂ) - COS“ o + (}Tz) SN~ o
where we use the interpretations é = 00, % =0,00-0 =0,00+00 = 00, and
00+a = 00,00 -a = o0 (a > 0), in order to make the formula valid also for the case
when A1 = 0 or A, = 0. Clearly, (8) depends only on «, but not on the specific choices
of x1 and x,. We define the following two functions

A (As Pcosax1+sinax2) = s (8)

Ty: [07 %] — [0, 1], Ta(e) =A (As Pcosax1+sinax2) + A (Als Pcosax1+sinax2>
and
Tg: [O, %] — [0, 1], Tp(a) = A (B7 Pcosax1+sir1ax2) + A (BJ_v PCOSO(X1+Sil’10tx2) s

which are the same by our assumptions. By (8), for all 0 < & < 7 we have

1 1
Ta(er) = +
(}Tl.) -cosZ o + (Al—z) -sin? o (ﬁ) -cosZ o + (ﬁ) -sin «
1 1
+ = Tp(a).

L) cos2a+ (L) sin?a —L ). cos?a+ () sin?a
1 3 T—p 1—p2

Next, we observe the following implications:

€))
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e if A1 = XAy, then T4 () is the constant 1 function,

e if Ay = 0and A, = 1, then T4 («) is the characteristic function xo, 2} (ct),

e if Ay =0and 0 < Ay < 1, then T4 («) is continuous on [O, %) but has a jump at
7, namely lim T Ta(@) =1—2zand Ta(3) = 1,

—

e ifA; = 1and 0 < A2 < 1, then T4(e) is continuous on [0, 5), but has a jump at
Z.namely lim _ x  Ta(a) =2z and To(3) = 1,
2

—

e if A1, 2 € (0, 1), then T4 () is continuous on [0, 5],

e if 11 # Ao, then we have T4 (0) = Ta(3) = l and Ta(a) < 1 forall0 < a < 5.

All of the above statements are rather straightforward computations using the formula
(9), let us only show the last one here. Clearly, T4 (0) = T4 ( %) = 1 is obvious. As for
the other assertion, if A1, A2 € (0, 1), then we can use the strict version of the weighted
harmonic-arithmetic mean inequality:

1 1

T2, T [ w2
A2

1

i sina¢ —— cos? o + —— sin’«

2
cos? o + -y e

< (mcosta+rxsinfa) + ((1 — A cos>a+ (1 —Ap)sinfa) =1 (0 <a <Z).

If A1 =0 < Ay < 1, then we calculate in the following way:

1 1
RPN T2 T3 .2
((—))cos o+ 5osin“a cosT o+ =5 sin“«
! 1 (0 z
= 5 < 0O <a<3).
1 — sin o+ =7 sin”«

The remaining cases are very similar.
The above observations together with Corollary 2.5 and (9) readily imply the follow-
ing:
e A e SC(H)ifandonly if B € SC(H),
e AcP(H)\SC(H)ifandonlyif B € P(H)\SC(H),inwhichcase B € {A, A1},
e there existsa P € P(H)\ SC(H) andat € (0,1) with A € {tP, I —tP} if and
onlyif Be {tP,I —tP},
e A1, A2 € (0,1)and A1 # Ay if and only if 1, uo € (0, 1) and 1 # wo.

So what remained is to show that in the last case we further have B € {A, AJ-}, which
is what we shall do below.
Let us introduce the following functions:

AA
T4:[0.1]1 > [0.1].  Za(s) := Ta(arcsin /s) = m
(I =20 = 22)
(I =2xDs+ (1 —2r)(1 —s)
and
12

7g: [0, 1] — [0, 1], Tg(s) := Tg(arcsin/s) = ————————
m1s + pa(l —s)

I =pupd—pu2)
(1 —p)s+ (1 —p)(l—s)




Coexistency on Hilbert Space Effect Algebras and a Characterisation

Our aim is to prove that 74 (s) = 7g(s) (s € [0, 1]) implies either Ay = u and Ay = uy,
or Ap + (] = Ap + up = 1. The derivative of 74 is

N e (1= A1 - 22)
& ()= =) ((xls =2 T =ans+ (=)l —s>)2> :
from which we calculate
ATy o 1= 22)? ATy gy 1= 22)?
& O="0m ™ =000

Therefore, if we managed to show that the function

2 2
O~ B e = (635 655)

is injective on the set A := {(x, y) € R%: 0 < y < x < 1}, then we are done (note that
F(x,y) = F(1 —x, 1 — y)). For this assume that with some ¢, d > 0 we have

(G O SN D |
I—xx ¢ " U=yy d

or equivalently,

(1-x)x =c(x—y)* and (1—y)y=d(x—y)>

If we substitute u = *5% and v = “3, then we get

(u+ v)2 —(u+v) = —4cu’® and (v — u)? — (v—u) = —4du®.

Now, considering the sum and difference of these two equations and manipulate them a
bit gives

v —v=—Qc+2d+Du* and v=(d—cu+ 3.

From these latter equations we conclude

x—y=2u=,/m and x+y=2v=2(d—c)u+1,

which clearly implies that F is globally injective on A, and the proof is complete. O
We have an interesting consequence in finite dimensions.

Corollary 2.11. Assume that 2 < dim H < oo and A, B € E(H). Then the following
are equivalent:

(i) A(A, P)+ A(AL, P) = A(B, P) + A(B*, P) forall P € P(H),

(i) A~ NFi(H) =B~ NFi(H),
(iii) either A, B € SC(H), or A = B, or A = B+ .
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Proof. The directions (i) <= (ii)<==(iii) are trivial, so we shall only prove the
(i1)==(iii) direction. First, let us consider the two-dimensional case. As we saw in
the proof of Lemma 2.10, we have A™ N F(H) = Fi(H) if and only if A is a scalar
effect (see the first set of bullet points there). Therefore, without loss of generality we
may assume that none of A and B are scalar effects. Notice that by Lemma 2.1, A and
B commute with exactly the same rank-one projections, hence A and B possess the
forms in (7) with some one-dimensional subspaces Hj and H;, and an easy application
of Lemma 2.10 gives (iii).

As for the general case, since again A and B commute with exactly the same rank-
one projections, we can jointly diagonalise them with respect to some orthonormal basis
{ej};'.zl, where n = dim H:

A 0... 0 0 ur 0... 0 O
0Arz... 0 O O pa... 0 O
A=|: . : and B=| : . :
00...4-10 0 0 ...up1 O
00... 0 A 0 0... 0 puy
Of course, for any two distinct i, j € {1, ..., n} we have the following equation for the

strength functions:
A(A, P)+ A(AT, P)=AB,P)+A(B*,P) (PeP(C-¢+C- ej)),

which instantly implies

wi 077 a0
|:O /iji| ﬂf]((c'ei+(c'€j)=|:o )‘ji| ﬂ]—"l((C‘e,-+(C~ej).

By the two-dimensional case this means that we have one of the following cases:

o A =Ajand u; = uj,
o A #Ajandeither u; =A;and wj = Aj,oru; =1—A;and u; =1—2;.

From here it is easy to conclude (iii). |

The commutant of an operator T € B(H) will be denoted by 7’ := {S €
B(H): ST = TS}, and more generally, if M C B(H), then we set M’ :=N{T": T €
M}. We shall use the notations T := (T')’ and M" := (M’)’ for the double commu-
tants.

Lemma 2.12. For any A, B € E(H) the following three assertions hold:

(@ IfA~ C B, then B e A",

(b) If dim H < Rgand A~ C B™, then there exists a Borel function f: [0, 1] — [0, 1]
such that B = f(A).

(c) If B is a convex combination of A, AL, 0and I, then A~ C B™.

Proof. (a): Assume that C € A’. Our goal is to show B € C’. We express C in the

following way:
cC+C* Cn — Cc-cC*
2 0T 2
where Cyp and Cy are self-adjoint (they are usually called the real and imaginary parts
of C). Since A is self-adjoint, C* € A’, hence Cy, Cy € A’. Let Ey; and Ey denote the

C=Cy+iCy, Cyq =
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projection-valued spectral measures of Cyg; and Cx, respectively. By the spectral theorem
([7, Theorem IX.2.2]), Lemma 2.1 and Corollary 2.4, we have Eg(A), Ex(A) € A€ C
A~ C B, therefore also Eg(A), Ex(A) € B’ for all A € By, which gives C € B’.
(b): This is an easy consequence of [7, Proposition IX.8.1 and Lemma IX.8.7].
(c): If A ~ C, then also A+, 0 and I ~ C. Hence by the convexity of C™ we obtain
B ~C. |

Now, we are in the position to prove our first main result.

Proof of Theorem 1.1. If H is separable, then the equivalence (ii) <= (iii) is straight-
forward by Lemma 2.9. For general H the direction (i)==>(ii) is obvious, therefore
we shall only prove (ii))==>(i), first in the separable, and then in the general case. By
Lemma 2.1, we may assume throughout the rest of the proof that A and B are non-scalar
effects. We will denote the spectral subspace of a self-adjoint operator T associated to
a Borel set A C Rby Hr(A).

(ii)==(i) in the separable case: We split this part into two steps.

STEP 1: Here, we establish two estimations, (11) and (12), for the strength func-
tions of A and B on certain subspaces of H. Let A;,A> € o(A),A; # Xir and
0 <e¢e < %M] — X2]. Then the spectral subspaces Hy = Hy (A1 — &, A1 +¢)) and
Hy = Hy (A2 — €, A + €)) are non-trivial and orthogonal. Set H3 to be the orthogonal
complement of H; @ H», then the matrix of A written in the orthogonal decomposition
H = H| ® Hy & Hj is diagonal:

A1 0 O
A=| 0 Ay 0 | € B(H & H, ® Hz).
0 0 Az

Note that H3 might be a trivial subspace. Since by Corollary 2.4 A and B commute with
exactly the same projections, the matrix of B in H = H| & H> & Hj is also diagonal:

B 0 0
B=|0 B, 0 | e B(H & H, ® H3).
0 0 B3

At this point, let us emphasise that of course H;, A; and B; (j = 1, 2, 3) all depend
on A1, Ay and ¢, but in order to keep our notation as simple as possible, we will stick
with these symbols. However, if at any point it becomes important to point out this
dependence, we shall use for instance B;M’M’S)
apply later on. '
Observe that by Corollary 2.8 we have

A0 _[B o]
0 A 10 By| °
Now, we pick two arbitrary points ;1 € o(B1) and uy € o(B3). Then obviously, the

following two subspaces are non-zero subspaces of Hj and Hj, respectively:

Hy == (H)p, (1 — &, 1 +©), H = (H)p, (2 — &, 2 +6)).

instead of B;. Similar conventions

Similarly as above, we have the following matrix forms where H i =H; eﬁ (=12

_ El 0 ~ - _ Ez 0 ~ -
Bl—[o é1:| € B(H, & H;) and Bz—[o é2j|€B(H2€BH2)
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and
B A; 0 ~ . B A, 0 ~ .
A = |:0 A]il e B(H & Hy) and A, = |:0 A2i| B(H, & H>).

Note that H; or H» might be trivial subspaces. Again by Corollary 2.8, we have

A0l _[Bio]”
0 Ay ~ |0 By
Let us point out that by construction G(Xj) C[Aj —& Aj+e]and o(gj) C [ —

€, wj +¢]. Corollary 2.7 gives the following identity for the strength functions, where
I; denotes the identity on H; (j =1, 2):

;4\1() T]—X] 0
A([O Az]P)H\([ 0 12—A2}’P)

= §1,Q ﬂ-EAOA PN
_A([OBZ],P>+A<|: 0 12—32]P> (VP eP (HoH)).

(10)
Define
0 ifr<O
O:R—[0,1], ©@)=43tif0<r<1,
1 ifl<t

and notice that we have the following two estimations for all rank-one projections P:

OO — &)y 0
A ([ 0 00 —e)fz] | P)

O — A — &)l 0
+A<[ 0 @(1—x2—s)fj’P)

< the expression in (10)

O + o) 0
= A([ 0 @()L2+8)12:| ’P)

O — A+ 0
+A([ 0 @(1—Ag+s)fz]’P> an

O -l 0 _
A([ 0 ®(Mz—8)12]P>

Ol —u — o)l 0
*A([ 0 @(1—;&—8)12]’3)

< the expression in(10)

O+l 0
SA<[ 0 ®(Mz+8)lz]P>

+A([®(1 —m+al 0 ]P). (12)

and

0 O — o +e)h
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Note that the above estimations hold for any arbitrarily small ¢ and for all suitable choices
of ;1 and o (which of course depend on ¢).

STEP 2: Here we show that B € {A, A1}. Letus define the following set that depends
only on A ;:

) A2,
Cj:Cj’ ::ﬂ{a<B§A1k28)>:O<s<%|M—A2|}
= (o (Blusj—eajwen) 1 0 <&} (i =1,2).

Notice that as this set is an intersection of monotonically decreasing (as & N\, 0), compact,
non-empty sets, it must contain at least one element. Also, observe that if ;1 € C; and
u2 € Co, then (11) and (12) hold for all ¢ > 0.

We proceed with proving that either C; = {A1} and C; = {A2}, or C; = {1 — Ay}
and C» = {1 — A3} hold. Fix two arbitrary elements | € C; and uy € C», and assume
that neither Ay = u; and Ay = o, nor Ay + w1 = Ay + w2 = 1 hold. From here our
aim is to get a contradiction. As we showed in the proof of Lemma 2.10, there exists an
ap € (0, %) such that we have

1 1
+

L) . cos2 1) . gin2 L ). cos? L) . gin2
()»1) COs O(0+()Lz) SN~ o (1_11) COs Ot()+<1_k2> SN~ o

1 1
7 +
L) cos?ag + 1 - sin? o —L ) . cos2agp+ () - sin? ap
1 I—p I—p2

where we interpret both sides as in (8). Notice that both summands on both sides depend
continuously on A1, A2, i1 and uy. Therefore there exists an ¢ > 0 small enough and a
rank-one projection P = Peogs (T +sin ap®s > with X € H1 , X € Hz, Xl = % =1,
such that the closed intervals bounded by the right- and left-hand sides of (11), and those
of (12) are disjoint—which is a contradiction.

Observe that as we can do the above for any two disjoint elements of the spectrum
o (A), we can conclude that one of the following possibilities occur:

W= {o (Blusw—casen) 16 >0} (1 ea(A) (13)

or
(=1 =({o (Blay—easey) 1 6 >0} (L €a(A)). (14)

From here, we show that (13) implies A = B, and (14) implies B = AL, As the
latter can be reduced to the case (13), by considering B+ instead of B, we may assume
without loss of generality that (13) holds. By Lemma 2.12 and [7, Theorem IX.8.10],
there exists a function f € L°(u), where u is a scalar-valued spectral measure of A,
such that B = f(A). Moreover, we have B = A if and only if f(1) = X u-a.e, so we
only have to prove the latter equation. Let us fix an arbitrarily small number § > 0. By
the spectral mapping theorem ( [7, Theorem IX.8.11]) and (13) we notice that for every
A € 0(A) there exists an 0 < g, < § such that

p —esstan ( fl—e, 146)) = 0 (BlHy(G—erite1))) S (b — 8, 1 +8), (15)

where p — essran denotes the essential range of a function with respect to u (see [7,
Example 1X.2.6]). Now, for every A € o(A) we fix such an ¢;. Clearly, the intervals
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{(A — &5, L +¢€)): A € 0(A)} cover the whole spectrum o (A), which is a compact set.
Therefore we can find finitely many of them, let’s say A1, ..., A, so that

n

o(A) C U ()»j _EAj»)\j+5Aj)-
j=1

Finally, we define the function
h(X) = Xj, where |A — ;| > &, forall 1 <i < jand|A —X;| < Enj-

By definition we have ||h — ids(a)lloc < 8 Where the co-norm is taken with respect to
wnand idy(4)(A) = A (A € 0 (A)). But notice that by (15) we also have |7 — flloo <4,
and hence || f —idg(a)lloc < 26. As this inequality holds for all positive §, we actually
get that f(A) = A for u-a.e. A.

(ii)==(i) in the non-separable case: It is well-known that there exists an orthogonal
decomposition H = @;c7H; such that each H; is a non-trivial, separable, invariant
subspace of A, see for instance [7, Proposition IX.4.4]. Since A and B commute with
exactly the same projections, both are diagonal with respect to the decomposition H =
Diez H;:

A =@®;c7A; and B = ®;c1B;i € E(®je1Hi).

By Corollary 2.8 we have A;” = B;” for all i € 7, therefore the separable case implies
cither A; = B;, or B; = A7, or A;, B; € SC(H;) (i €T).

Without loss of generality we may assume from now on that there exists an iy € Z so
that A;, is not a scalar effect. (In case all of them are scalar, we simply combine two
subspaces H;, and H;, so that o(A;;) # o(A;,)). This implies either A;, = B;,, or
Bi, = AI.J-. By considering B+ instead of B if necessary, we may assume from now on
that A;, = B, holds.

Finally, leti; € 7\ {ip} be arbitrary, and let us consider the orthogonal decomposition
H = ®;c1\jiy,ij Hi ® K where K = H;, & H;,. Similarly as above, we obtain either
Aj, ® A, = B, ® B;;,or Bij; ® B;, = Af(; &) Al.J-, but since A;, = Bj,, we must have
A;, = B;,. As this holds for arbitrary iy, the proof1 is complete. O

Now, we are in the position to give an alternative proof of Molnar’s theorem which
also extends to the two-dimensional case.

Proof of Theorem 1.2 and Molndr’s theorem. By (a) of Lemma 2.1 and (~) we obtain
¢(SC(H)) = SC(H), moreover, the property (<) implies the existence of a strictly
increasing bijection g: [0, 1] — [0, 1] such that ¢ (A1) = g(A)I for every A € [0, 1].
By Theorem 1.1 we conclude

p(AY) = (At (A e E(H)\ SC(H)).

We only have to show that the same holds for scalar operators, because then the theorem
is reduced to Ludwig’s theorem. For any effect A and any set of effects S let us define
the following sets A< := {B € £(H): A < B}, AZ := {B € £(H): A > B} and
St := {B*: B € S}. Observe that for any s, t € [0, 1] we have

((sI)= N (D \ SC(H))" = (sI)= N (11> \ SC(H) # # (16)
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ifandonlyift =1—sands < % Thus for all s < % we obtain

0 # ((€6)D=N (g1 = D>\ SCH) = (D= N (1 =)D\ SC()")
=9 (D= N (1 =)D\ SCUH)) = ¢(5)D= N (¢(1 = )D)* \ SC(H),

which by (16) implies g(1 —s) = 1 — g(s) and g(s) < % therefore we indeed have (L)
for every effect. O

3. Proof of Theorem 1.3 in Two Dimensions

In this section we prove our other main theorem for qubit effects. In order to do that we
need to prove a few preparatory lemmas. We start with a characterisation of rank-one
projections in terms of coexistence.

Lemma 3.1. For any A € E(C?) the following are equivalent:

(i) there are no effects B € £(C?) such that B~ C A™,
(i) A € P1(C?).

Proof. The case when A € SC(C?) is trivial, therefore we may assume otherwise
throughout the proof.

(i)==(ii): Suppose that A ¢ P (C?), then by Corollary 2.6 there exists an ¢ > 0
such that {C € £(C?): C < eI} € A~. Let B € P;(C?) N AC, then we have B~ =
B¢ = A° C A”.Butitis very easy to finda C € E(Cz) such that C < ¢l and C ¢ B¢,
therefore we conclude B~ C A™.

(it)==(i): If A € P1(C?), B € £(C?) and B~ C A™, then also B¢ C A€, which is
impossible. O

Note that the above statement does not hold in higher dimensions, see the final
section of this paper for more details. We continue with a characterisation of rank-one
and ortho-rank-one qubit effects in terms of coexistence.

Lemma 3.2. Let A € £(C?) \ SC(C?). Then the following are equivalent:

(i) A or At € F1(C%)\ P1(C),
(ii) There exists at least one B € £(C?) such that B~ C A™, and for every such pair of
effects By, By we have either B C By, or By C B[

Moreover; if (i) holds, i.e. A or AL = tP with P € P{(C*) and 0 < t < 1, then we
have B~ C A™ if and only if B or Bt = s P with somet <s < 1.

Proof. First, notice that by Theorem 1.1 and Lemma 2.12 (c) we have
(sP)"C(tP)” < t<s (PePi(C?, t,5€(0,1].

(i)==(ii): If we have B~ C (¢P)~ with some rank-one projection P, t € (0, 1]
and qubit effect B, then by Lemma 2.12 (b) we obtain P € B¢ and B ¢ SC(C?).
Furthermore, since B~ N F{(C?) C (tP)~ N F;(C?), by Corollary 2.7 we obtain

Tp(@) < Tip(@) (O<a=<7%),

where we use the notation from the proof of Lemma 2.10. Thus, the discontinuity of
Tip(x) at eithera = 0, or @ = %, implies the discontinuity of 7p(«) at the same .
Whence we conclude either B = sP,or B=1 —sP withsomet <s < 1.
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(1— o) P+

0

Fig. 1. The figure shows all effects commuting with A € £ (C?) \SC (C?), whose spectral decomposition is
A=xP+iPLtwithl>x > >0

(ii)==>(i): By Lemma 3.1, (ii) cannot hold for elements of PP (C2), so we only have
to check that if A, A+ ¢ F{(C?) U SC(C?), then (ii) fails. Suppose that the spectral
decomposition of A is A1 P + A PL where 1 > A1 > A, > 0. Then by Lemma 2.12
(c) we find that (A\{P)” € A~ and ((1 — Az)PJ-)N C A" (see Figure 1), but by the
previous part neither (A1 P)~ € ((1 — A2)PL) ", nor (1 — 42)PL)™ € (A1 P)™ holds.
O

For a visualisation of ( P)™~ N F; (C2) see Sect. 5. Before we proceed with the proof
of Theorem 1.3 for qubit effects, we need a few more lemmas about rank-one projections
acting on C2.

Lemma 3.3. For all P, Q € P1(C?) we have
IP—Ql*=—det(P—Q)=1-tuPQ=1—||Pt - Q> (17)

Proof. Since tr(P — Q) = 0, the eigenvalues of the self-adjoint operator P — Q are A and
— with some A > 0. Hence we have | P — Q||> = —det(P — Q). Applying a unitary
similarity if necessary, we may assume without loss of generality that (1,0) € Im P.
Obviously, there exist 0 < ¢ < % and 0 < p < 27 such that (cos 99, e'* sin %) € Im Q.
Thus the matrix forms of P and Q in the standard basis are

o= -4

0="r . _ | cos D cos s 1F B cos? B e~ cos ¥ sin ¥
T T (cosdetsind) T pittgin ) || P sin® | T | e cos @ sin & sin? 9 ’

and

(19)
where we used the notation of the Busch—Gudder theorem. Now, an easy calculation
gives us det(P — Q) = —sin? ¥ and trP Q = cos? ©¥. Hence the second equation in
(17) is proved, and the third one follows from trP+Q = 1 — tr P Q. O

For P € P;(C?) and s € [0, 1], let us use the following notation:

Mp,={0ePiC: P -0l =s].

Next, we examine this set.
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Lemma 3.4. For all P € P1(C?) the following statements are equivalent:
(i) s =sin T,

(ii) there exists an R € Mp s such that Rt e Mpg,

(iii) for all R € Mp s we have also R+ € Mp..

Proof. One could use the Bloch representation (see Sect. 5), however, let us give here a
purely linear algebraic proof. Note that for any Ry, Ry € P (C?) we have IRi—R2|| =1
if and only if Ry = RIJ-. Without loss of generality we may assume that P has the matrix
form of (18). Then for any 0 < ¢ < % and R, Ry € Mp gny we have

Ry — cos’® e M cos ) sin ¥ and
! e'*1 cos ¥ sin ¥ sin? ¢

Ry — cos’® e M2 cos ) sin
27 | eir2 cos 9 sin ¥ sin? ¢
with some u1, u> € R. Hence, we get

IRl — R2]| =+/1 —trR Ry = \/sinz D cos? 9 (2 — el (m1—12) — gi(ua—p))

= |1 — e'*2| cos ¥ sin ¥ = S e — €'*2[sin(20).

Notice that the right-hand side is always less than or equal to 1. Moreover, for any u; € R
there exist a up € R such that |R; — Ry|| = 1 ifand only if 9 = %. This completes the
proof. O

Lemma 3.5. Let P, Q € P1(C?) and s,t € (0, 1). Then the following are equivalent:

{)tP ~sQ
(i) either Q = P, or Q = Pt or

s < i ! .
LIPE =0 +]P - QI

Proof. The case when Q € {P, P} is trivial, so from now on we assume otherwise.
Recall that two rank-one effects with different images are coexistent if and only if their
sum is an effect, see [20, Lemma 2]. Therefore, (i) is equivalentto I —t P —s Q > 0. Since
tr(l —tP—s5Q) = 2—t—s > 0, the latter is further equivalent todet(l —t P —s Q) > 0.
Without loss of generality we may assume that P and Q have the matrix forms written
in (18) and (19) with 0 < ¥ < % Then a calculation gives

det(I —tP —sQ) =s(t — )sin®® —scos’ 0 +1—r=1—1r—s+ts|P — Q|
From the latter we get that det(/ — t P — s Q) > 0 holds if and only if
1—1¢
s S —2’
L —z]|P = QI
which, by (17) is equivalent to (ii). O
Note that we have
1

< <1 (@te©1),P, 0ePi(C? 0¢{P, PY.
LIPL QI+ P -0l ‘ ?

‘We need one more lemma.
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Lemma 3.6. Let P, Q € P1(C?). Then there exists a projection R € P1(C?) such that
IP— Rl =]Q— Rl =sinZ.

Proof. Again, one could use the Bloch representation, however, let us give here a purely
linear algebraic proof. We may assume without loss of generality that P and Q are of
the form (18) and (19). Then for any z € C, |z| = 1 the rank-one projection

=l G -3

satisfies || P — R|| = sin %. In order to complete the proof we only have to find a z with

|z] = 1l suchthattrRQ = % which is an easy calculation. Namely, we find that z = ie’*
is a suitable choice. ]

Now, we are in the position to prove our second main result in the low-dimensional
case.

Proof of Theorem 1.3 in two dimensions. The proof is divided into the following three
steps:

1 we show some basic properties of ¢, in particular, that it preserves commutativity in
both directions,

2 we show that ¢ maps pairs of rank-one projections with distance sin 7 into pairs of
rank-one projections with the same distance,

3 we finish the proof by examining how ¢ acts on rank-one projections and rank-one
effects.

STEP 1: First of all, the properties of ¢ imply
P(A)” =p(A7) (AeEC),

and
B"CA” < ¢(B) C¢(A)” (A, Be E(Cz)).

Hence, it is straightforward from Lemma 2.1 that there exists a bijection g: [0, 1] —
[0, 1] such that
¢@l) =g (<[00, 1]). (20)

Also, by Lemma 3.1 we easily infer
B (P1(CH) = P1(CY),
thus, in particular, we get
P(P) =¢(P) =p(P)" =¢(P)" (P €Pi(CH).
By Theorem 1.1 we also obtain
P(AT) = p(A)F (A € £(C?)\ SC(C)).

Now, we observe that ¢ preserves commutativity in both directions. Indeed we have the
following for every A, B € £(C?) \ SC(C?):

AB =BA <= A~ NP(C? =B~ NPI(C? ={P, P} for some P € P (C?)
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= (A NPIC? =¢(B)” NPI(CH
={Q, O} for some Q € P, (C?
= ¢(A)p(B) = ¢p(B)p(A).

Note that we easily get the same conclusion using (20) if any of the two effects is a scalar
effect.
Next, notice that Lemma 3.2 implies

Aor At € FI(CH\ Pi(CYH < ¢(A)orp(A)*T € Fi(CH\ Pi(C.

Therefore, by interchanging the ¢-images of tP and I — ¢ P for some 0 < ¢ < 1 and
P € P1(C?), we may assume without loss of generality that

6 (FUCH\PIC)) = A€\ PyC).
Hence we obtain the following for all rank-one projections P:
P ({tP, iPLi0<1< 1}) —¢ (P" nF (<C2)) — $(P) N F1(CH)
= {t¢p(P), t¢p(P): 0 <1 <1}.

Thus, again by interchanging the ¢-images of P and P for some P € P;(C?), and
using Lemma 3.2, we may assume without loss of generality that for every P € P;(C?)
there exists a strictly increasing bijective map fp: (0, 1] — (0, 1] such that

p(tP)= fp()p(P) (0 <t<1,PeP(C). (21)

STEP 2: We define the following set for any qubit effect of the form P, 0 < t <
1, P ePi(C?:

1
=Pt — Q|2 +|IP - Q>

bp = Q: Qe PI(CH\(P,PH}}. (22)

(For a visualisation of £;p see Sect. 5.) Using Lemma 3.5 we see that
tp=(tP) " \U{GP) it <s <1}))NFI(CH (0<t<1,PePi(C).
By the properties of ¢ we obtain
$lep) = Lour) = Lrppry (0 <t <1, PeP(C), (23)
Next, using the set introduced in (22), we prove the following property of ¢:
IP—Qll=sinf < [6(P)—¢(Qll=sinF (P,QePi(C)). (24

By a straightforward calculation we get that

1 —1
tp Oty pr = {mQ: 0 e Pi(C). P - Q| =s<t,r>}

(t,r €(0,1), P € P (C?)
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where

Note that s(¢, 7) = sin % holds if and only if # = r. By Lemma 3.4, this is further
equivalent to the following:

VAL €lp Nl pr, A € lp NEpL, Al # Ar: (AD)” NPI(C?) = (Ay)~ NP(CH).
Notice that by (23) this is equivalent to the following:

V Bi € Lrpipr) Vs, ngpyts B2 € Lppmpp) Ny, (np(p)ts BI # B2:
(B)™ NPT = (B)~ NPT,

which is further equivalent to fp(t) = fp1 (7).
Hence we can conclude a few important properties of ¢. First, we have

fr) = fpr(t) (0<t=1,PeP(CH).
Second, since for every 0 < t < 1 and P € P;(C?) we have
[fo (155) #(@): 0 e i@, 1P - 0l =sinF| = (6 N €,p2)
= Lo NV ppiyppyt = {11 TR R EPUC), l9(P) = R| = Sin%}’

therefore using (21) gives (24).
Furthermore, we also obtain

fo (1 ,/2) = e (o <t<1,P,QeP(CH, |P—0Q|=sinT ) (25)
By Lemma 3.6, for all Q1, Q2 € P (C?) there exists a rank-one projection P such that

Q1 — Pl =11Q2 — P|| =sin 7.

1

Therefore, applying (25) and noticing that ¢ > = /2

of (0, 1) gives that

is a strictly decreasing bijection

fo, () = fo,(t) (t€(0,1),Q1, Q2 € Pi(CH).

Thus we conclude that there exists a strictly increasing bijection f: (0, 1] — (0, 1]
such that

¢(tP)=f()p(P) (0 <t=<1,PeP(CH). (26)
We also observe that (25) implies
f (1:;2) = 117}{;)[}2 @7

therefore we notice that

f(z—ﬁ)zz—ﬁ, (28)
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which is a consequence of the fact that the unique solution of the equation t =

0<t<list=2-+v2
STEP 3: Next, applying [12, Theorem 2.3] gives that there exists a unitary or antiu-
nitary operator U : C> — C? such that we have

1—t
-2

U*¢(P)U € {P, P} (P € Pi(C?)).

Since either both U*¢ (-)U and ¢ (-) satisfy our assumptions simultaneously, or none of
them does, therefore without loss of generality we may assume that we have

¢(P) € (P, PT} (P e Py(CH).
‘We now claim that
either (P) = P (P € P1(C?)), or ¢(P) = P+ (P € Pi(C?)). (29)

Let us assume otherwise, then there exist two rank-one projections P and Q such
that |P — Q| < sin %, ¢(P) = P and ¢(Q) = QL. Note that |P — Q1| =

JVI—|P—-0Q|?*> sin 7 > ||P — QJ|. By (23) and (28) we have

{1 - \ffzw’ rp R R € PIECH\LP, PL}} =lo_ypp =9 (%-ﬁ)P)
— V2-1 . 2 1
= {f (1—(2—ﬁ)|\P—R\|2)¢(R)' RePi(CH\{P, P }}. (30)

Therefore putting first R = Q and then R = Q' gives

(s on0) = f (5= —4n) 9@

1-2—v2)| P—Q]>2 1-2—v2)| P— Q]2
— #) L__ V-1 gl
f(l 2-v2)|P-Q]? Q 1—(2—ﬁ>uP—QLn2Q

and

V2-1 1) _ V2-1 1
¢(1—<2—f2)|\P—QH|2Q )_f<1—<2—ﬁ>uP—an2>¢(Q )

_ V2-1 _ V2-1
_f(1—<2—ﬁ>uP—Ql||2>Q 1-(2—v2)|| P— anQ

But this implies that f interchanges two different numbers which contradicts to its strict
increasingness—proving our claim (29).
Note that for every 0 < ¢ < % and 0 < u < 2w we have

P, e ; .
( (cos .e' sin 17)) —e'* cos ¥ sin ¥ cos? ¥

01 0 17"
= |:_1 0:| (P(cosﬂ,eiﬂ sinz?))t |:_1 0j|

where -’ stands for the transposition, and we used the notation of the Busch—Gudder
theorem. It is well-known, and can be verified by an easy computation, that we have
A" = KAK* for every qubit effect A, where K is the coordinate-wise conjugation

1 |: sin? ¢ —e " cos 9 sin 191|

t
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antiunitary operator: K (z1, z2) = (z1, 22) (21, 22 € C). Therefore from now on we may
assume without loss of generality that we have

¢(P)=P (P eP(CY), (31)

i.e. ¢ fixes all rank-one projections.
Finally, observe that (30) and (31) implies

V2-1 /A
f (l—(2—ﬁ)r> T 12— O<t<l),

thus we obtain ¢ (1 P) = P forall P € P;(C?) and v/2 — 1 <t < 1. But this further
implies
{irar @ Qe U@\ (P PY) = tip = 6 (lp)
— 2 1
=7 (irtar) € 2 e @)\ (P, PY]

for all \/5 — 1 <t < 1, from which we conclude
¢@P)=tP (O<t<]l), (32)

i.e. ¢ fixes all rank-one effects. From here we only need to apply Corollary 2.11 and
transform back to our original ¢ to complete the proof. O

4. Proof of Theorem 1.3 in the General Case

Here we prove the general case of our main theorem, utilising the above proved low-
dimensional case. We start with two lemmas.

Lemmad4.1. Let P € P(H) \ SC(H) and A € E(H) \ {P, P). Then there exists a
rank-one effect R € F|(H) such that R ~ A but R % P.

Proof. Assume that A € £(H) such that A~ N F(H) € P~ = P¢ holds. We have
to show that then either A = P, or A = P'. Clearly, A is not a scalar effect. By
Corollary 2.7 we obtain that

A(A, Q) +AAS, Q) < AP, Q)+ AP Q) (Q € Pi(H).

Notice that the set
supp (A(P, ) + A(PE. ) = {0 e Pi(H): AP, 0) + APE. 0) > 0]

has two connected components (with respect to the operator norm topology), namely

{QePi(H):ImQ CcImP} and {Q € Pi(H): Im Q C KerP}. (33)
However, by the Busch—Gudder theorem we obtain that

{OePi(H)y: ImQ CImAUIm (I — A)}
cloePim:mocmauimd - )"
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< supp (A(4, )+ A(AL, ) S supp (AP, ) + AP, ).
Since supp (A(P, )+ A(PL, -)) is a closed set, we obtain

{0 ePi(H): ImQ C ImA)~ U(m (I — A))~}
- {Q € Py(H): Im Q C (KerA)* U (Ker(I — A))L}

C supp (A(P, )+ A(PL, -)). (34)

Notice that the left-hand side of (34) is connected if and only if A is not a projec-
tion, in which case it must be a subset of one of the components of the right-hand
side. However, this is impossible because the left-hand side contains a maximal set
of pairwise orthogonal rank-one projections. Therefore A € P(H), and in particular
supp (A(A, )+ A(AL, ~)) has two connected components. From here using (33) for
both A and P we easily complete the proof. O

We introduce a new relation on £(H) \ SC(H).For A, B € E(H) \ SC(H) we write
A < B if and only if for every C € A~ \ SC(H) there existsa D € B~ \ SC(H) such
that C™ C D™. Clearly, for every non-scalar effect B we have B < B and B+ < B.In
particular < is a reflexive relation, but it is not antisymmetric. It is also straightforward
from the definition that < is a transitive relation, i.e. A < Band B < C imply A < C.

We proceed with characterising non-trivial projections in terms of the relation of
coexistence.

Lemma 4.2. Assume that A € E(H) \ SC(H). Then the following two statements are
equivalent:

(i) A e P(H),
(ii) #{B € E(H) \ SC(H): B < A} = 2.

Proof. (i)==(ii): Suppose that B € E(H) \ SC(H), B # A, B # At and B < A. We
need to show that this assumption leads to a contradiction. By Lemma 4.1 there exists
a rank one effect rQ, with some Q € Pi(H) and ¢ € (0, 1], such that tQ ~ B but
tQ # A.From B < A we know that there exists a non-scalar effect D such that

(tQ)" C D™ and D~ A.

By Lemma 2.12 (a) we have
De(tQ) NEH) = Q" NEH) = {sQ+rQl c EH): s,r €0, 1]] ,

where the latter equation is easy to see (even in non-separable Hilbert spaces). Since we
also have D € A€, we obtain Q € A€, hence the contradiction tQ € A = A™.

(ii)=(i): Here we use contraposition, so let us assume that A € (£(H) \ P(H)) \
SC(H). We shall construct a non-trivial projection P (which is obviously different from
both A and Al) such that P < A. First, notice that there exists an 0 < ¢ < % such
that Hq ((e, 1 —¢]) ¢ {{0}, H}. Indeed, otherwise an elementary examination of the
spectrum gives that o (A) < {eg, | — o} holds with some 0 < gy < % As A is non-
scalar, we actually get 0 (A) = {e9, | — €0}, which implies that Hy ((g9, 1 — &¢]) is a
non-trivial subspace.
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Let us now consider the orthogonal decomposition H = H; & H, & H3z where
Hy = Hp([0,¢]), Hyp=Ha((e,1—¢]) and H3 = Hy (1 —¢,1]).
With respect to this orthogonal decomposition we have

A1 0 O
A= 0 A 0 | €e&E(H & H D H3).
0 0 Az

Since coexistence is invariant under taking the ortho-complements, we may assume
without loss of generality that Hz # {0}. Let us set

100
P=(010]|¢SC(H & H, ® H3).
000

Our goal is to show that P < A. Let C be an arbitrary non-scalar effect coexistent with
P. Then, since C and P commute, the matrix form of C is

Ci1Cn2 O
C = sz Cy O € E(Hy @ Hy @ H3).
0 0 Cs3

Consider the effect D := ¢ - C and notice that

CiiC20 00 0
e-|Cj,Cn0|<I—Aand ¢- {00 0 | <A.
0 00 00 Cs3

Clearly, by Lemmas 2.3 and 2.12 we have D ~ A and C~ C D™, which completes the
proof. O

Next, we characterise commutativity preservers on P(H ). We note that the following
theorem has been proved before implicitly in [23] for separable spaces, and was stated
explicitly in [24, Theorem 2.8]. In order to prove the theorem for general spaces, one
only has to use the ideas of [23], however, we decided to include the proof for the sake
of completeness and clarity.

Theorem 4.3. Let H be a Hilbert space of dimension at least three and ¢: P(H) —
‘P(H) be a bijective mapping that preserves commutativity in both directions, i.e.

PO =0P <= ¢(P)Pp(Q) =¢(Q)p(P) (P, Qe P(H)). (35
Then there exists a unitary or antiunitary operator U : H — H such that
¢(P) e (UPU*, UP-U*} (P e P(H)).
Proof. For an arbitrary set M C P(H) let us use the following notations: M*® := MN

P(H)and M€ := (MF)¢. By the properties of ¢ we immediately get ¢ (M) = ¢ (M)€
and ¢ (M) = ¢ (M) for all subset M.
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Next, let P and Q be two arbitrary commuting projections. Then (for instance by the
Halmos’s two projections theorem) we have

1000 1000
0700 0000
P = 0000 and Q = 0070 € B(H| ® H ® H; ® Hy)

0000 0000

where H; = Im PNIm Q, H, = Im PNKerQ, H; = KerPNIm Q, Hy = KerPNKerQ
and H = H| & Hy ® H3 ® Hj. Note that some of these subspaces might be trivial. We
observe that

R 0 0 O
0 R, OO .
{P1 Q}CC = ({P, Q}C)C = 0 02 R3 0 . R/ (S P(H/)’ j= 1’2,3’4
L0 0 0 R4
I 0 0 0
0 I 0 O '
- 0 (2) al 0 txj€{0,1}, j=1,2,3,4
0 0 0 xf

Hence we conclude that #{P, Q}°¢ = 2#/: Hi#0} 1In particular, #{P, 0} = 2 if
and only if P, Q € {0, I}, and #{P, O} = 4 if and only if either P ¢ {0, I} and
Qe {l,0,P,Pt},orQ ¢ {0, I}and P € {I,0, Q, Q).

Now, we easily conclude the following characterisation of rank-one and co-rank-one
projections:

Por Pt e Pi(H) <= #{P, 0} e {4,8)} holdsforall Q € P.
This implies that
d({P: Por PL e Pi(H)) ={P: Por P+ e P (H)).

Note that we also have ¢(P1) = ¢(P)* for every P € P(H), as P = Q° holds
exactly when P = Q or P + Q = I. Since changing the images of some pairs of ortho-
complemented projections to their orto-complementations does not change the property
(35), we may assume without loss of generality that ¢ (P1(H)) = P1(H). It is easy to
see that two rank-one projections commute if and only if either they coincide, or they
are orthogonal to each other. Thus, as dim A > 3, Uhlhorn’s theorem [32] gives that
there exist a unitary or antiunitary operator U : H — H such that

¢(P)=UPU* (P € Pi(H)).
Finally, note that for every projection Q € P(H) we have
O°NPI(H)={P ePi(H):ImP CIm QUKerQ},
from which we easily complete the proof. O

Before we prove Theorem 1.3 in the general case, we need one more technical lemma
for non-separable Hilbert spaces. We will use the notation £ y; (H ) for the set of all effects
whose spectrum has finitely many elements.
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Lemma 4.4. For all A € E7;(H) we have
A =A"NEH) = {p(A) € E(H): p is a polynomial}.

Proof. We only have to observe the following for all A € £(H) with#0(A) =n € N,
where E, ... E, are the spectral projections and H; =Im E; (j = 1,2, ...n):

c c

n n
AC=|ES| = B;: Bj € £ (H;) forall j
j=1 j=1

n
=1{> wjEj: uj €0, 1] forall j
j=1
/ /

={EP71;: 1 € B(H)) forall j ¢ NEH) = [ () E; | NEH) = A"NEH).
j=1 j=1

0
Now, we are in the position to prove our second main theorem in the general case.

Proof of Theorem 1.3 for spaces of dimension at least three. The proof will be divided
into the following steps:

1 we show that ¢ maps & s (H) onto itself,
2 we prove that ¢ has the form (2) on E¢3(H) \ SC(H),
3 we show that ¢ has the form (2) on £(H) \ SC(H).

STEP 1: First, similarly as in the previous section, we easily get the existence of a
bijective function g: [0, 1] — [0, 1] such that

¢l =gl (t€[0,1]).
Of course, the properties of ¢ imply ¢ (A)™ = ¢(A™) forall A € E(H), and also
BT C AT < ¢(B) C¢(A)” (A, Bel(H)). (36)
From the latter it follows that
B<A < ¢(B)<¢(A) (A, Be&H)\SCH)). (37)
Hence by Lemma 4.2 we obtain
¢(P(H)\{0,1}) = P(H)\ {0, I},

and therefore Lemma 2.1 (b) implies that the restriction ¢| p g\ (0,7} preserves commuta-
tivity in both directions. Applying Theorem 4.3 then gives that up to unitary—antiunitary
equivalence and element-wise ortho-complementation, we have

¢(P)=P (P e PH)\{0.1}). (38)

From now on we may assume without loss of generality that this is the case.
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Next, by the spectral theorem [7, Theorem [X.2.2] we have
A= [ Ea)¥= () Ead)” (AcEWH).
AGB[()Y]] AEB[OJ]

Therefore we obtain

(A= [ d(Eaa)” = () Ea(d) =A° (Aec&H)),

AeBjo,1 AeBjo,1)
and thus also
P(AC) = ¢ ( N BC> = () ¢(B)= () B =A4C (Ac&H).
BeAc BeAc BeAc¢

In particular, we have
P(A) € A°C (A € E(H)).

Hence for all A € £7,(H) there exists a polynomial p4 such that ps(o(A)) C [0, 1]
and

#(A) = pa(A) (A € &y(H)).

As a similar statement holds for ¢ ~!, we immediately get ¢ (£ rs(H)) = Ers(H). Also,

notice that #o (¢ (A)) = #0(pa(A)) < #0(A) and #0 (¢~ (A)) < #05(A) hold for all
A e Epg(H). Whence we obtain

#o(p(A)) =#o(A) (A e&y(H)). (39)

In particular, the restriction p4ls(a) is injective.

STEP 2: Now, let M be an arbitrary two-dimensional subspace of H and let Py €
‘P(H) be the orthogonal projection onto M. Consider two arbitrary effects A, B €
(Pm)~ N Erg(H) which therefore have the following matrix representations:

_ Ay O _ By O 1
A_[O AML:| and B_[O BML]Gng(MGBM ).

Obviously,

_ _ | pa(An) 0 _ _ | PB(Bum) 0
</f>(A)—pA(A)—[ 0 pA(AML)] and ¢(B)—PB(B)—[ 0 pB(BML)]'

Note that by (39), the polynomial p4 acts injectively on o (A), therefore
Ay € SC(M) <= pa(Ay) € SC(M),

and of course, similarly for B. We observe that by Lemma 2.2 the following two equations
hold:

el n( 0 B2T) (8] o] o

PePy(M1L)
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and
s O] N, [25]) - 1[5 82~ et i)
PeP(ML)

It is important to observe that by (38) the set in (41) is the ¢-image of (40). Thus we
obtain the following equivalence if Ay ¢ SC(M):

By € {Am, Ay} < Ay =By
D0
= {[o kl:|.D~AM,ke[O,1]}

={|:gl?1:| : ENBM,ME[O,l]}

— ”:g )LOIj| : D~ pa(Ay), A €0, 1]}

= {[g li)l} tE~ pp(Bm), i € [0, 1]}

> (pa(Am))” = (p(Bu))~
< pe(By) € {(pa(Am), I — pa(Am)}. (42)

Now, we are in the position to use the previously proved two-dimensional version.
Let

(M) = HD, DL} D e EM)\ SC(M)} U {SC(M)},

and let us say that two elements of &(M) are coexistent, in notation =, if either one of
them is SC(M), or the two elements are {D, D'} and {E, E+} with D ~ E. Clearly,
the bijective restriction

lpyy-ne iy (Pu)” NEps(H) — (Py)” NEys(H)
induces a well-defined bijection on (M) by

SC(M) > SC(M), {Aum, Asg) > (pa(Am), pa(A)tY  (Ay & SC(M)).

o>

Notice that this map also preserves the relation & in both directions. Indeed, for all
A,B e (Py)  N&Eps(H), Ay, By ¢ SC(H) we have
Ly~ 1 i |Am O N _|Bm O
{Am, Ay} ~ {Byu, By} A._[O 0} _[0 0

pi(Ay) pp(Bu) 0
= [A pA(0>1} [ Pg(O)I]

= {pi(Am). pi (AT}~ {p3(Bu). ps(Bu)™"}
> {pa(Am), pa(Am) "} ~ (p(Bu), pp(Bm)* ).

Therefore, using the two-dimensional version of Theorem 1.3, we obtain a unitary or
antiunitary operator Uy : M — M such that

Pa(Am) € (Unm(Am)Usy, Un(Am) U ) (A € (Pu)  NEps(H), Ay ¢ SC(M))
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and
pa(Ay) € SC(M) (A e (Py) NEps(H), Ay € SC(M)).

Observe that this implies the following: for any pair of orthogonal unit vectors x, y €
M we must have either Uy, (C-x) = C-x and Up (C-y) = C-y,orUp (C-x) = C-yand
Uy (C-y) = C-x. As Uy is continuous, we have either the first case for all orthogonal
pairs C - x, C - y, or the second for every such pair. But a similar statement holds for
all two-dimensional subspaces, therefore it is easy to show that the second possibility
cannot occur. Consequently, we have Uy (C-x) = C-x for all unit vectors x € M, from
which it follows that Uy, is a scalar multiple of the identity operator. Thus we obtain the
following for every two-dimensional subspace M:

pa(Am) € {Au. Ay} (A€ (Py)” NEs(H), Ay ¢ SC(M)).
From here it is rather straightforward to obtain
B(A) = pa(A) € {A, AT} (A € Ep(H)\ SC(M)). (43)

STEP 3: Observe that (43) holds for every A € F(H), therefore an application of
Theorem 1.1 and Corollary 2.5 completes the proof in the separable case. As for the
general case, let us consider an arbitrary effect A € £(H) \ £4(H) and an orthogonal
decomposition H = @, 7 H; such that each H; is a separable invariant subspace of A.
By (38) and Lemma 2.1 (b), each H; is an invariant subspace also for ¢ (A), in particular,
we have

A =®iczAi, and @(A) = Biez Ai € E(®iezHi).

Without loss of generality we may assume from now on that there exists an iy € Z so
that A;, is not a scalar effect.
Now, leti € Z, F € F(H) and Im F C H; be arbitrary. Then by (43) we have

Ai~PFly, <— A~F < ¢pA)~F <— A ~PFl|py.

In particular, A7 N F(H;) = A7 N F (H;), therefore by Theorem 1.1 we get that for all
i we have either A;, A; € SC(H),or A; = A;j,or A; = Al.L. By considering A~ instead
of A if necessary, we may assume that we have A;, = A;,. Finally, forany i; € Z\ {ip} let
us consider the orthogonal decomposition H = ®;e7\(iy,i;) Hi © (Hj, © H;,). Similarly
as above, we then get A;; ® A;; = A;, @ A;,, and the proof is complete. |

5. A Remark on the Qubit Case

Here we visualise the set A~ N F|(C?) for a general rank-one qubit effect A. First, let
us introduce Bloch’s representation. Consider the following vector space isomorphism
between the space of all 2 x 2 Hermitian matrices B, (C?) and R, see also [4]:

p: Be(C?) — RY, p(A) = p(x000 + X101 + X202 + X303) = (X0, X1, X2, X3),

10 01 0 —i 10
o L e T R (R

are the Pauli matrices. Clearly, we have p(0) = (0,0,0,0), p(I) = (1,0,0,0). The
Bloch representation is usually defined as the restriction p|p, 2y which maps P, (C%
onto a sphere of the three-dimensional affine subspace {(1/2, x1, x2,x3): x; € R, j =

where
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1,2, 3} with centre at (1/2,0, 0, 0) and radius 1/2. Indeed, as the general form of a
rank-one projection in C? is

p _ [ cosv cos 1" cos’® e~ cos ¥ sin
(cosBe'tsin?) = | pikkgin gy [ | M sin® | ~— | e cos ¥ sin sin? 9

where 0 < 9 < % and 0 < p < 27, anot too hard calculation gives that

P(Picos p,eir sing)) = % - (1, cos p sin 299, sin w sin 24, cos 2¢). 44)

Recall the remarkable angle doubling property of the Bloch representation, namely, we
have |P — Q] = sin# if and only if the angle between the vectors p(P) — %eo and
p(0Q) — %eo is exactly 26.

Next, we call a positive (semi-definite) element of B, (C? a density matrix if its
trace is 1, or in other words, if it is a convex combination of some rank-one projec-
tions. Therefore p maps the set of all 2 x 2 density matrices onto the closed ball of the
three-dimensional affine subspace {(1/2, x1, x2, x3): x; € R, j = 1, 2, 3} with centre
at(1/2,0, 0, 0) and radius 1/2. Hence, we see that the cone of all positive (semi-definite)
2 x 2 matrices is mapped onto the infinite cone spanned by (0, 0, 0, 0) and the afore-
mentioned ball. Thus p maps £(C?) onto the intersection of this cone and its reflection
through the point ,o(%l) = (%, 0,0,0).

We can re-write (44) as follows:

P (Pleos p.cin sing)) = 5 (€0 +8in 20 - e, +cos 20 - e3), (45)
where
eo :=(1,0,0,0), ¢, := (0, cos u, sin i, 0), e3 :=(0,0,0, 1)

is an orthonormal system in R*. Let S . be the three-dimensional subspace spanned by
eo, e, e3. Then the set p(€ (C*») N S, can be visualised as a double cone of R3, by
regarding e, e, e3 as the standard basis of RR3, see Figure 2. Note that p (P C*»MHns "
is the circle where the boundaries of the two cones meet.

We continue with visualising the set (¢ P(j ¢y)~ for an arbitrary 0 < ¢ < 1. Note that
then visualising (¢ P)"~ for a general rank-one projection P is very similar, we simply have
to apply a unitary similarity (which by well-known properties of the Bloch representation,
acts as a rotation on the sphere p(P;(C?))). Equation (9) gives the following:

A (tP(LO)’ P(cos ¥,eth sin 19)) +A (I - tP(LO)’ P(cos ¥,eti sin 19))
1 .
—— if¥ >0
= - 1 1 +— 1 — l—itcos2 D+sin? ¥ .
7005219+(6)sin219 L cos2® +sin? @ 1 if9 =0
(46)

1—t

Now, let us consider the vector
u=Q2—1t)-ey+t-e3,

which is orthogonal to

P ((1 — )P0 — P(fo)) =Lt e+t —2) e,



Coexistency on Hilbert Space Effect Algebras and a Characterisation

« 0
Fig. 2. Tlustration of p(£(C?)) N S,,. The circle is p(P1(C2) N Sy,

pt

0

Fig. 3. Illustration of p ((t P(Lo))w) np (]—' 1 ((Cz)) N Sy, (thick ellipse, thick line segment and the shaded
area). The dotted circle is p (P CXHHn Su

From here a bit tedious computation gives

u, : 'IO(P(cosz?eil‘sinﬂ))_p<P(Jl_0)> =0 0O=0v= %)
L cos?2 9 +sin? 9 ’ '

1—t
Therefore by Corollary 2.7 and (46) we conclude that p ((1P(1,0)~ N F1(C?)) is the
union of the line segment {p (s P1,0)) : 0 <s < 1} = {Sep + 5e3: 0 < s < 1} and of
the area on the boundary of p(€(C?)) which is either on, or below the affine hyperplane
whose normal vector is # and which contains p (P(Jl-’o)), see Figure 3. We note that using
the notation of (22), the ellipse on the boundary is exactly the set

(0Cpao) UL =0 p(Pa0), p(P0)Y) O S

Therefore p (¢, Piioy) is a punctured ellipsoid.
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If one illustrates the set p ((A)™)Np (F1(C?)) NS, with A, A+ ¢ SC(C*)UF;(C?)
in the way as above, then one gets a set on the boundary of the cone which is bounded
by a continuous closed curve containing the p-images of the spectral projections.

6. Final Remarks and Open Problems

First, we prove the analogue of Lemma 3.1 for finite dimensional spaces of dimension
at least three.

Lemma 6.1. Let H be a Hilbert space with2 < dim H < co and A € E(H). Then the
following are equivalent:

(i) 0,1 €0(A),
(ii) there exists no effect B € E(H) such that B~ C A™.

Proof. 1f dim H = 2, then (i) <= (ii) was proved in Lemma 3.1, so from now on we
will assume 2 < dim H < oo. Also, as the case when A € SC(H) is trivial, we assume
otherwise throughout the proof.

(i)=(ii): Suppose that 0, 1 € o (A) and consider an arbitrary effect B with B~ C
A”. By Lemma 2.12, A and B commute. [f 0 = A1 <Ay < - < Ay—1 <X, =l are
the eigenvalues of A, then the matrices of A and B written in an orthonormal basis of
joint eigenvectors are the following:

00... 0 O nwy 0 ... 0 O
OAx... 0 O O up... 0 O
A= and B = : .
00...4,.10 0 0 ...up—1 O
00... 0 1 0 0 0 un

with some 11, ..., € [0, 1]. Notice that by Corollary 2.8, forall 1 <i < j <n we

have
i 0 Ai O
[0 ﬂf} = [0 M} ' “n
In particular, choosing i = 1, j = n implies either 41 = 0and p, = 1, or u; = 1 and
tn = 0. Assume the first case. If we seti = 1, then Lemma 3.2 and (47) imply p; > A
forall j = 2,...,n — 1. But on the other hand, setting j = n implies u; < A; for all
i =2,...,n— 1. Therefore we conclude B = A. Similarly, assuming the second case
implies B = AL
(ii)=(i): Assume (i) does not hold, then there exists a positive number ¢ such that
o(A) € [0,1 —g]oro(AL) € [0,1 —¢]. Suppose the first possibility holds, then

ﬁA ¢ {A, AJ-} and (ﬁA) C A™. The second case is very similar. m]

We only proved the above lemma and Corollary 2.11 in the finite dimensional case.
The following two questions would be interesting to examine:

Question 6.2. Does the statement of Corollary 2.11 remain true for general infinite
dimensional Hilbert spaces?

Question 6.3. Does the statement of Lemma 6.1 hold if dim H > R ?
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Finally, our first main theorem characterises completely when A~ = B™ happens for
two effects A and B. However, we gave only some partial results about when A~ € B™
occurs, e.g. Lemma 2.12.

Question 6.4. How can we characterise the relation A~ C B™ for effects A, B?

We believe that a complete answer to this latter question would represent a substantial
step towards the better understanding of coexistence.
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