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Abstract

We introduce the quantum-house effect, a non-local quantum phenomenon which goes against clas-
sical intuition. We show how the effect can be achieved with any bipartite quantum state where
neither subsystem is in a pure state. Besides its theoretical description, the quantum-house effect
is also demonstrated on SpinQ Gemini, a 2-qubit liquid-state NMR desktop quantum computer.
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1 Introduction

Quantum entanglement was discovered nearly a
century ago [1], and has become a signature
effect of quantum mechanics. Schrödinger called
entanglement the characteristic trait of quantum
mechanics, which alone embodies the difference
between quantumness and classicality [2].

In the past decades, entanglement has also
turned out to be a key resource in quantum
information processing [3, 4]. In particular, sev-
eral authors pointed out that entangled quantum
states play an essential role in achieving exponen-
tial speed-up in certain quantum-computing algo-
rithms [5], and others hinted that in the absence
of entanglement one should not talk about ”true”
quantum computation, but rather a simulation
thereof [6].

In this paper,1 after explaining basic concepts
of quantum information, we go beyond entan-
glement and introduce the quantum-house effect,

1An extended version of this paper, covering a wider scope,
can be found in [7].

a non-local quantum phenomenon which can be
exhibited even with bipartite product states. This
indicates that with respect to non-locality, quan-
tum systems can behave in a counter-intuitive way
already without entanglement.

The quantum-house effect can be considered as
an extension of locally non-effective unitary opera-
tions, first proposed in [8] and further investigated
in [9].2

The paper is organized as follows. In Section 2,
we briefly review quantum states and entangle-
ment. Then, Sections 3 and 5 present theoret-
ical results, while in Section 4 we demonstrate
the quantum-house effect using SpinQ Gemini,
a 2-qubit liquid-state nuclear magnetic resonance
(NMR) desktop quantum computer [10], shown
in Fig. 1. Finally, Section 6 discusses our find-
ings and suggests a principle to characterize where
quantumness departs from classicality.

2The present work came about independently of [8]. The
core idea we arrived at is basically the same, but our original
motivation was educational, to explore quantum effects that
can be demonstrated on SpinQ Gemini.

1



2 The Quantum-House Effect

Fig. 1 SpinQ Gemini, a 2-qubit NMR desktop quantum
computer. Source: https://www.spinq.cn/

2 Preliminaries

In this section, we briefly review those concepts
of quantum information that are essential for the
understanding of the rest of the paper. For a com-
prehensive introduction to the same, the reader is
referred to [3] or [4]. The necessary mathematics
is concisely summarized in [11].

2.1 Superposition and the qubit

According to quantum theory, isolated physical
systems may be in superposition of reliably distin-
guishable states.

As an example, let’s take a physical system
that represents a bit in a computer. If the same
system was isolated from its environment, then in
principle it could represent a qubit, which can be
in superposition where it is partly |0〉 and partly
|1〉, thus in a sense both |0〉 and |1〉 at the same
time.3

Physically, a (qu)bit can be realized by two
internal energy levels of an atom, E0 and E1, play-
ing the role of |0〉 and |1〉 (here, superposition
could be interpreted as having both energies E0

and E1 at the same time), or by other physical
systems like the spin of an individual electron or
photon.

Analogously to the role the bit plays in classi-
cal information processing, the qubit can be con-
sidered as the basic unit of quantum information
processing.

3In quantum mechanics, it is customary to write the state
of an isolated physical system between the symbols | and 〉,
following the convention called ”bra-ket notation”.

2.2 State vectors in Hilbert space

The quantum state of an isolated physical system
can be completely described by the state-vector
formalism.

The idea is that mathematically, every possi-
ble state |ψ〉 of the system is a unit vector in an
associated N -dimensional complex Hilbert space,
the so-called ”state space”, where N depends on
the system in question.4 Two physical states are
reliably distinguishable if and only if they are rep-
resented by orthogonal vectors (i.e. whose inner
product is zero) in the state space.

Example 1 If we use the atomic energy levels E0 and
E1 to realize a qubit, the associated mathematical
state vectors |E0〉 and |E1〉 must be orthogonal, since
E0 and E1 can be reliably distinguished by measuring
the internal energy of the atom.

As our topic is quantum information, in the
following we’ll focus on abstract systems (and
associated Hilbert spaces), especially those made
up of qubits, rather than concrete physical sys-
tems. It is analogous to focusing on (abstract) bits
when dealing with classical information.

Example 2 The (abstract) qubit has two classical
states, |0〉 and |1〉. Ideally, classical states can be dis-
tinguished reliably, so |0〉 and |1〉 must be orthogonal
unit vectors in the qubit’s state space.5

2.3 Basis states, amplitudes, inner
product

Let B = {|b0〉, |b1〉, . . . , |bN−1〉} be an orthonor-
mal basis (i.e. pairwise orthogonal unit vectors) of
the state space associated with a system. Then,
any quantum state |ψ〉 can be written as a unique
linear combination of the basis states in B:

|ψ〉 = a0|b0〉+ a1|b1〉+ . . .+ aN−1|bN−1〉 (1)

The complex coefficients a0, a1, . . . , aN−1 are
called amplitudes. Intuitively, each amplitude ai

4In this paper, only finite-dimensional Hilbert spaces are
considered. Although it can be challenging to find the appro-
priate Hilbert space for a particular physical system, quantum
theory postulates such a state space always exists.

5If it is more comfortable having a concrete physical system
in mind, identify |0〉 with |E0〉 and |1〉 with |E1〉.

https://www.spinq.cn/


The Quantum-House Effect 3

indicates ”how much” the basis state |bi〉 par-
ticipates in |ψ〉. Having at least two non-zero
amplitudes means that |ψ〉 is a superposition state
of more than one basis state.6

Given the orthonormal basis B (with indexed
elements), we can also identify |ψ〉 with the fol-
lowing column vector, i.e. N × 1 matrix:

|ψ〉 =


a0

a1

...
aN−1

 (2)

It is perhaps easier to think of a quantum state
like this, even if we know that the column vector
depends on the chosen basis B. This form, as we’ll
see next, is also convenient when calculating the
inner product of two state vectors. In the bra-ket
notation, |ψ〉 is called a ket, while 〈ψ| a bra. Given
B, the latter can be identified with a row vector,
i.e. 1×N matrix, as follows:

〈ψ| =
[
a∗0 a

∗
1 . . . a

∗
N−1

]
(3)

Here, a∗i is the complex conjugate of ai. In
matrix language, 〈ψ| is the conjugate transpose
of |ψ〉. With that, the inner product of |ψ〉 and
|φ〉, denoted by 〈ψ|φ〉, can be calculated by matrix
multiplication, multiplying the row vector 〈ψ|
with the column vector |φ〉. The requirement that
any quantum state |ψ〉 must be a unit vector

means 〈ψ|ψ〉 =
∑N−1

i=0 |ai|2 = 1 must hold.7

Example 3 The set B = {|0〉, |1〉} is called the com-
putational basis of the qubit. Any qubit state |ψ〉 can
be written as |ψ〉 = a0|0〉 + a1|1〉, with some unique
amplitudes a0 and a1. Therefore, in terms of the com-
putational basis, |0〉, |1〉 and |ψ〉 can be identified with

the column vectors

[
1
0

]
,

[
0
1

]
and

[
a0

a1

]
, respectively.

As an exercise, we can now calculate that the inner
product of |0〉 and |1〉 is zero, thus they are indeed

orthogonal: 〈0|1〉 =
[
1 0
] [0

1

]
= 1 · 0 + 0 · 1 = 0.

6Using complex amplitudes to express superposition is a
clever mathematical trick that makes quantum states amenable
to linear algebra treatment. That said, it is not obvious at all
why all sorts of quantum physical systems we know of admit
a description in terms of complex Hilbert spaces.

7Conversely, in the context of quantum information, we
can assume that every unit vector |ψ〉 represents a legitimate
quantum state (of an abstract system, e.g. a qubit).

Finally, a peculiarity of the state-vector for-
malism is that |ψ〉 and c|ψ〉 represent the very
same physical state, where c is any complex num-
ber with |c| = 1. So for example |bi〉 and −|bi〉 are
equivalent, they mean the same thing.

2.4 Manipulating state vectors

The basic operations to manipulate the state vec-
tor are unitary transformations and measurements
in a basis. Any other operations allowed on a quan-
tum system can be thought of as arising from these
basic ones [12].

Unitary transformation. A unitary trans-
formation is a linear operation U that brings unit
vectors to unit vectors. Given the orthonormal
basis B, U can be identified with an N × N uni-
tary matrix with which the state column vector is
to be multiplied to get the new state vector. When
acting on qubits, a unitary transformation is also
called a quantum gate.8

Let’s see two examples, using the computa-
tional basis:

Example 4 The 1-qubit Pauli-X gate is identified with

the X =

[
0 1
1 0

]
unitary matrix. The gate’s effect can

be calculated by matrix multiplication, e.g. it negates

the classical states: X|0〉 =

[
0 1
1 0

] [
1
0

]
=

[
0
1

]
= |1〉 and

X|1〉 =

[
0 1
1 0

] [
0
1

]
=

[
1
0

]
= |0〉. In general, it swaps the

amplitudes of |0〉 and |1〉, that is: X (a0|0〉+ a1|1〉) =[
0 1
1 0

] [
a0

a1

]
=

[
a1

a0

]
= a1|0〉+ a0|1〉.

Example 5 The 1-qubit Hadamard gate is identified

with the H = 1√
2

[
1 1
1 −1

]
unitary matrix. This gate

can be used to prepare superposition of classical

states: H|0〉 = 1√
2

[
1 1
1 −1

] [
1
0

]
= 1√

2

[
1
1

]
= 1√

2
|0〉 +

1√
2
|1〉 and H|1〉 = 1√

2

[
1 1
1 −1

] [
0
1

]
= 1√

2

[
1
−1

]
=

1√
2
|0〉 − 1√

2
|1〉. So unlike the Pauli-X gate, the

Hadamard gate brings classical states to non-classical
states, and as such it is ”quantum-native”, with no
classical counterpart.

8Again, in the context of quantum information, we can
assume that every unitary transformation U represents a
legitimate state manipulation (of an abstract system, e.g. a
qubit).



4 The Quantum-House Effect

Measurement in a basis. Measuring the sys-
tem in an orthonormal basis B may randomly
yield N different numerical results, each associ-
ated with finding the system in a corresponding
basis state of B. The probability of each outcome
is given by the Born rule: if the system’s state is
|ψ〉 = a0|b0〉+a1|b1〉+. . .+aN−1|bN−1〉 right before
the measurement, it will collapse with probability
|ai|2 into the basis state |bi〉, for every 0 ≤ i < N ,
due to the act of measuring.9

Example 6 Let’s use the atomic energy levels E0 and
E1 to realize a qubit. Then, measuring the internal
energy of the atom is a measurement in the B =
{|E0〉, |E1〉} basis. If the state is e.g. |ψ〉 = 0.6|E0〉 +
0.8|E1〉 right before the measurement, then with prob-
ability 0.36 we’ll get the numerical result E0 and the
new (collapsed) state will be |E0〉 right after the mea-
surement. Or, with probability 0.64 we’ll get E1 with
the corresponding new state being |E1〉. Since getting
E0 or E1 are the only possibilities, |0.6|2 + |0.8|2 = 1
holds, explaining why |ψ〉 must be a unit vector.

Example 7 Let a qubit’s state be |ψ〉 = a0|0〉 +
a1|1〉. Measuring it in the computational basis, we’ll
get 0 with probability |a0|2 and 1 with probabil-
ity |a1|2. The corresponding post-measurement (col-
lapsed) state will be |0〉 and |1〉, respectively. Since
these are the only possibilities, |a0|2 + |a1|2 = 1 must
hold. (The numerical results 0 and 1 may be chosen
freely here, as the qubit is an abstract system.)

Unlike classical physics, in quantum mechanics
we cannot ”see” the state of a system. The only
way to observe is to make measurements, i.e. oper-
ations that yield a numerical result.10 The catch is
that the result is inherently random, and the state
is disturbed via collapse. All that can be known in
advance is the probability distribution of the pos-
sible outcomes. Accordingly, the ”quantum state”
can be thought of as a mathematical entity (such
as a vector |ψ〉 in a Hilbert space) that lets us
calculate this probability distribution for any con-
ceivable measurement on the system [13, 14]. Or,
equivalently, as a mathematical entity that cap-
tures all that an experimenter can (statistically)
find out about the system if she is given a large
sample of identically prepared instances.

9Note that ai = 〈bi|ψ〉, and |ai|2 = aia
∗
i = 〈bi|ψ〉〈ψ|bi〉.

10In this paper, only measurements in a basis are considered.

2.5 Bipartite systems and
entanglement

Let A and B be two distinct physical systems.
The composite system AB (i.e. A and B together)
is called a bipartite system. According to quan-
tum theory, the state space associated with AB is
the tensor product of the two underlying Hilbert
spaces associated with subsystems A and B, and
the possible states of AB can be described as
follows.

Product state. If A and B are prepared inde-
pendently, in state |α〉 and |β〉, respectively, the
state vector for AB is |ψ〉 = |α〉 ⊗ |β〉, i.e. the
tensor product of |α〉 and |β〉.

Example 8 Let qubit A be prepared in state |0〉, and
qubit B in state |1〉. The state vector of the 2-qubit
system AB is |01〉 = |0〉 ⊗ |1〉, the tensor product of
|0〉 and |1〉.

Let QA = {|q0〉, |q1〉, . . . , |qNA−1〉} and RB =
{|r0〉, |r1〉, . . . , |rNB−1〉} be orthonormal bases of A
and B, respectively. Then, due to the mathemati-
cal construction of tensor-product Hilbert spaces,
S = {|qi〉 ⊗ |rj〉 | 0 ≤ i < NA, 0 ≤ j < NB} is an
orthonormal basis of AB.11 We can also write
|α〉 =

∑NA−1
i=0 xi|qi〉 and |β〉 =

∑NB−1
j=0 yj |rj〉. As

the tensor product ⊗ is linear in its arguments,
|α〉 ⊗ |β〉 =

∑NA−1
i=0

∑NB−1
j=0 xiyj (|qi〉 ⊗ |rj〉). This

shows that, in terms of basis S, the product state
|α〉 ⊗ |β〉 can be identified with the Kronecker
product of the column vectors for |α〉 and |β〉.

Example 9 The 2-qubit computational basis is S =
{|00〉, |01〉, |10〉, |11〉}, built from QA = {|0〉, |1〉} and
RB = {|0〉, |1〉}. Thus, any 2-qubit state |ψ〉 can be
written as a unique linear combination |ψ〉 = a00|00〉+
a01|01〉 + a10|10〉 + a11|11〉, with appropriate ampli-
tudes. A 2-qubit system can be either in a classical
state such as |01〉, or in superposition of multiple clas-
sical states. In terms of S, the state |01〉 is identified

with the column vector
[
1 0
]T⊗[0 1

]T
=
[
0 1 0 0

]T
,

where ⊗ is the Kronecker product.

Entangled state. States that cannot be writ-
ten in the product form |α〉 ⊗ |β〉 are called

11Orthonormality is consistent with the physical fact that
the product states in S can be reliably distinguished from each
other.
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entangled states. Entanglement is a rich source of
quantum weirdness.

Example 10 Perhaps the most famous 2-qubit entan-
gled state is the EPR pair |ψ〉 = 1√

2
|00〉+ 1√

2
|11〉. To

show that the EPR pair is not a product state, let’s
assume for a moment that |ψ〉 = |α〉 ⊗ |β〉 holds, with
some |α〉 = x0|0〉+x1|1〉 and |β〉 = y0|0〉+y1|1〉. Then,
we can write |ψ〉 = x0y0|00〉 + x0y1|01〉 + x1y0|10〉 +
x1y1|11〉. But since the amplitudes are unique, x0y0 =
x1y1 = 1√

2
and x0y1 = x1y0 = 0 must hold, which is

impossible for any choice of x0, x1, y0, y1.

When a bipartite system AB is in an entangled
state, no state vector can be assigned to its subsys-
tems A and B (otherwise, it would be a product
state). That is, in the state-vector formalism it’s
possible that AB as a whole has a quantum state,
while its parts A and B do not!

2.6 Two-qubit unitary
transformations

Given the 2-qubit computational basis, any 2-
qubit state |ψ〉 can be identified with a 4×1 matrix
(column vector) of amplitudes:

|ψ〉 =


a00

a01

a10

a11

 (4)

Moreover, any 2-qubit quantum gate U can
be identified with a 4 × 4 unitary matrix. A very
important 2-qubit quantum gate is the CNOT
gate, which is identified with:

CX =


1 0 0 0
0 1 0 0
0 0 0 1
0 0 1 0

 (5)

We may also apply a 1-qubit gate on a 2-qubit
system. E.g. the effect of applying the Pauli-X
gate on the first qubit (while leaving the second
alone) can be calculated using:

X ⊗ I =

[
0 1
1 0

]
⊗
[
1 0
0 1

]
=


0 0 1 0
0 0 0 1
1 0 0 0
0 1 0 0

 (6)

Here, ⊗ denotes the Kronecker product, and
the 1-qubit gate I represents ”doing nothing” to
the second qubit.12

Example 11 The state |00〉 is identified with the col-

umn vector
[
1 0 0 0

]T
. Applying the Pauli-X gate

on the first qubit gives (X ⊗ I) |00〉 =
[
0 0 1 0

]T
=

|10〉. As for the EPR pair which is identified with[
1√
2

0 0 1√
2

]T
, we get (X ⊗ I)

(
1√
2
|00〉+ 1√

2
|11〉

)
=[

0 1√
2

1√
2

0
]T

= 1√
2
|10〉 + 1√

2
|01〉. In the bra-ket

notation, the results are intuitive, all we have to do is
to negate the first bit in every bit string.

Example 12 Let’s prepare the EPR pair. Start-
ing with |00〉 = |0〉 ⊗ |0〉, formally the procedure
is CX (H ⊗ I) |00〉. That is, first the Hadamard
gate is applied on the first qubit: (H ⊗ I) |00〉 =(

1√
2
|0〉+ 1√

2
|1〉
)
⊗|0〉 = 1√

2
|00〉+ 1√

2
|10〉. From this,

we get the EPR pair by applying the CNOT gate. To
see why, either just do the matrix multiplication, or
notice that CX|00〉 = |00〉 and CX|10〉 = |11〉. CNOT
stands for ”Controlled-NOT”. When acting on a 2-
qubit classical state, it negates the second (target) bit
if and only if the first (control) bit is 1.

2.7 Partial measurement and the
EPR problem

Let AB be a bipartite system and QA =
{|q0〉, |q1〉, . . . , |qNA−1〉} an orthonormal basis of
subsystem A. It can be proved13 that any state
|ψ〉 of AB can be written in the form [13]:

|ψ〉 = a0|q0〉 ⊗ |φ0〉+ a1|q1〉 ⊗ |φ1〉
+ . . .+ aNA−1|qNA−1〉 ⊗ |φNA−1〉 (7)

Here, each |φi〉 is a unit vector, and for the ai
values

∑NA−1
i=0 |ai|2 = 1 holds.

If we now measure A in basis QA,14 the out-
come with respect to the whole system AB is

12In general, (U ⊗ I) (|α〉 ⊗ |β〉) = (U |α〉) ⊗ (I|β〉) =
(U |α〉)⊗|β〉. Thus, mathematically U ⊗ I behaves as expected
for product states, bringing |α〉 to U |α〉 and leaving |β〉 alone.
Now, assuming that ”applying U on the first subsystem” is
physically indeed a unitary transformation of the whole, lin-
earity implies that U ⊗ I must be a matrix representation
of it, because any bipartite state can be written as a linear
combination of product states.

13Using the S = {|qi〉 ⊗ |rj〉}i,j basis from Subsection 2.5.
14Physically, imagine the ”measurement-in-QA” protocol is

executed on A, without touching B.
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governed by the generalized Born rule [13]: with
probability |ai|2 the state of AB will collapse into
|qi〉 ⊗ |φi〉, for every 0 ≤ i < NA. (Each outcome
has its distinct numerical result as well, but we
ignore that in this paper.)

Example 13 Let’s measure the first qubit of the EPR
pair 1√

2
|00〉+ 1√

2
|11〉, in the computational basis. The

EPR pair is already in the form of Eq. 7, so the gener-
alized Born rule can be directly applied. That is, with
probability 1

2 the 2-qubit state will collapse into |00〉,
and also with probability 1

2 it will collapse into |11〉.
In the first case, |00〉 = |0〉⊗|0〉 means both qubits are
in state |0〉 right after the measurement, while in the
second case, |11〉 = |1〉 ⊗ |1〉 means both qubits are in
state |1〉.

Curiously, the previous example poses a seri-
ous problem. Imagine Alice possesses the first
qubit and Bob the second (physically e.g. two
atoms), and let they reside in two different galax-
ies, many light years from each other. If now Alice
measures her qubit, then, depending on the out-
come, the state of Bob’s qubit collapses either into
|0〉 or |1〉, basically instantaneously. So the impact
of Alice’s measurement seems to arrive at Bob
faster than light.15

To show why Alice cannot use the above effect
to send a signal to Bob faster than light, next we’ll
present the density-matrix formalism.

2.8 State as a density matrix

In the following, a state vector |ψ〉 is always under-
stood to be a column vector in terms of some
pre-agreed orthonormal basis.

Let’s consider a physical system with an N -
dimensional associated state space.16 Any posi-
tive semi-definite N × N complex matrix ρ with
tr (ρ) = 1 (i.e. trace one) is called a density matrix
of the system. It turns out that besides state vec-
tors, density matrices can also be used to describe
the state of quantum systems, even in situations
where state vectors cannot.

In the density-matrix formalism, the idea is
that in certain situations, it is a density matrix

15Let’s assume Alice and Bob are in the same inertial
reference frame, to avoid clock-synchronization issues.

16As it was mentioned in Subsection 2.2, quantum the-
ory postulates a state space always exists, and it’s an N-
dimensional complex Hilbert space.

ρ that lets us calculate the outcome probabilities
for any conceivable measurement on the system,
and because of that, ρ can be thought of as the
quantum state [4, 14]. In particular, if we mea-
sure the system in an (orthonormal) basis B =
{|b0〉, |b1〉, . . . , |bN−1〉}, the probability of collaps-
ing into |bi〉 is given by 〈bi|ρ|bi〉, for each 0 ≤ i <
N .

Density matrices arise in the following situa-
tions:

Pure state. We prepare the system in state
|ψ〉. The density matrix for this situation is ρ =
|ψ〉〈ψ|,17 which is called a pure state, represent-
ing the very same physical state as |ψ〉 does. If
we measure in basis B, the probability of collaps-
ing into |bi〉 is Pi = 〈bi|ψ〉〈ψ|bi〉 = 〈bi|ρ|bi〉, see
Subsection 2.4.

Mixture of pure states. We are given a sys-
tem that was prepared with probability p1 in state
|ψ1〉, with p2 in |ψ2〉, . . . , with pm in |ψm〉, where
m ≥ 1 and p1 + p2 + . . .+ pm = 1.

The density matrix describing this situation
from our perspective is ρ =

∑m
k=1 pk|ψk〉〈ψk|. It

can be checked via the calculation below that
the probability of collapsing into |bi〉 is indeed
〈bi|ρ|bi〉, if we measure in basis B:

Pi =

m∑
k=1

pk〈bi|ψk〉〈ψk|bi〉

= 〈bi|

(
m∑
k=1

pk|ψk〉〈ψk|

)
︸ ︷︷ ︸

ρ

|bi〉

= 〈bi|ρ|bi〉 (8)

Example 14 We are given a qubit which is either in
state |0〉 or |1〉, with probability 1

2 each. This means

that m = 2, p1 = p2 = 1
2 , |ψ1〉 = |0〉, |ψ2〉 = |1〉. In

the computational basis, the resulting density matrix

is ρ = 1
2 |0〉〈0|+

1
2 |1〉〈1| =

1
2

[
1
0

] [
1 0
]

+ 1
2

[
0
1

] [
0 1
]

=

1
2

[
1 0
0 1

]
= I

2 , the so-called 1-qubit maximally mixed

state. Now, if we measure in basis B = {|b0〉, |b1〉}, the
collapse probabilities are P0 = 〈b0|ρ|b0〉 = 1

2 and P1 =

〈b1|ρ|b1〉 = 1
2 . That is, the probability distribution is

the same for any basis we may measure in.

17This is an outer product, multiplying the N × 1 matrix
|ψ〉 with the 1×N matrix 〈ψ|.
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Mathematically, a pure state ρ = |ψ〉〈ψ| can-
not be written as a mixture ρ =

∑m
k=1 pk|ψk〉〈ψk|,

unless |ψk〉 = ck|ψ〉 for all pk > 0, where ck is
a complex number with |ck| = 1. In the density-
matrix formalism, a non-pure state is called a
mixed state.

Using its spectral decomposition, any den-
sity matrix ρ can be prepared as a mixture of
orthogonal pure states.

Reduced state. We are given subsystem A of
a bipartite system AB whose state ρAB is either
a pure state or a mixture of pure states.

It can be proved18 that the density matrix for
this situation is ρA = trB (ρAB), i.e. the partial
trace of ρAB over B. In other words, if we know
ρAB , we can calculate ρA from it.

Example 15 One method to work out the partial trace
over B is to assume that B has already been mea-
sured in some basis RB , but we don’t know what the
outcome was. Then, we calculate the density matrix
for A, from our perspective. It doesn’t matter which
basis RB is used, the end result will always be the
same, and that’s the ρA we are looking for. Let’s try
it with the EPR pair 1√

2
|00〉 + 1√

2
|11〉. If someone

(hypothetically) measured the second qubit B in the
computational basis,19 then from our perspective, the
first qubit A would become |0〉 with probability 1

2

and |1〉 with probability 1
2 as well, which is a mixture

of the pure states |0〉 and |1〉. Therefore, the density
matrix of the first qubit of the EPR pair is ρA =
1
2 |0〉〈0| + 1

2 |1〉〈1|, which is I
2 in the computational

basis.

In principle, any density matrix ρA can be pre-
pared this way, i.e. it’s always possible to set up
an extended system AB such that ρA = trB (ρAB)
holds. Here, B is called the ancilla system, or
ancilla for short, as its only purpose is to help
prepare ρA.

2.9 Classical vs. quantum mixture

In Example 14, one might argue that the state of
the qubit isn’t ρ = 1

2 |0〉〈0|+
1
2 |1〉〈1|, but rather one

of |0〉 or |1〉, we just don’t know which. It seems

18Using the generalized Born rule from Subsection 2.7, which
determines the outcome probabilities for any measurement on
a subsystem.

19An equation analogous to Eq. 7 can be derived for
subsystem B with basis RB .

counter-intuitive that in the density-matrix for-
malism our ignorance about the exact state vector
is incorporated in the quantum state. To justify
why it is done like that, the following two exam-
ples highlight a crucial difference between classical
and quantum mixtures.

Example 16 Bob is given a (classical) coin in a closed
box, knowing nothing about how the coin was ”pre-
pared”, i.e. whether it is heads or tails. If Bob isn’t
allowed to open up the box, his logical situation
includes his ignorance. However, physically Bob can
always open up the box and observe the exact state
of the coin. That is to say, in the classical world Bob
cannot be in a physical situation in his local lab such
that he is fundamentally uncertain about the state of
a system he has access to.

Example 17 Bob is given a qubit, knowing nothing
about how it was prepared. Let’s assume the qubit was
prepared by a random process, either in state |0〉 or
|1〉, each with probability 1

2 . However, if Bob measures
the qubit in the computational basis and gets 0, he
cannot conclude that the qubit was originally in the |0〉
state. From Bob’s perspective, it’s also possible that
the qubit was e.g. in state 0.6|0〉 + 0.8|1〉, or it could
have been the first qubit of an EPR pair, which doesn’t
even have its own state vector! There is no way he can
resolve this uncertainty about the state vector (or lack
of it) on his own, by applying operations allowed in
quantum mechanics.

In the previous example, if Bob was given a
large sample of instances, it would enable him
to find out (estimate) the density matrix of
yet unseen instances, using a procedure called
quantum-state tomography [3].

In general, the density matrix represents a
quantum system in itself, encapsulating all that
an experimenter can (statistically) find out by
accessing a large sample of instances.

2.10 Distinguishability and the
no-signaling principle

Let’s apply a unitary transformation, identified
with the unitary matrix U , on a system which has
density matrix ρ.

It can be shown that the new density matrix
will be ρ′ = UρU†, where U† is the conjugate
transpose of U . That is, ρ′ can be used after the
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transformation to calculate outcome probabilities
for measurements.

Example 18 The qubit in Example 14 is either |0〉
or |1〉, with probability 1

2 each. The density matrix

is therefore ρ = 1
2 |0〉〈0| +

1
2 |1〉〈1|. If we now apply

a Pauli-X gate, then the qubit will be either X|0〉
or X|1〉, with probability 1

2 each, where X denotes
the unitary matrix of the Pauli-X gate, in the com-
putational basis. So the new density matrix is ρ′ =
1
2X|0〉〈0|X

†+ 1
2X|1〉〈1|X

† = 1
2 |1〉〈1|+

1
2 |0〉〈0|.

20 Since
ρ′ = ρ, the density matrix hasn’t changed, although
we did apply a non-trivial transformation.

Two quantum systems with the same density
matrix ρ1 = ρ2 behave exactly the same way
(w.r.t. quantum operations) for an experimenter
who knows only the density matrix. On the other
hand, if ρ1 6= ρ2, the systems can always be
told apart, in the sense that applying well-chosen
operations would always result in an increased
confidence in differentiating.

Example 19 Let ρ1 = |0〉〈0| and ρ2 = 0.99|0〉〈0| +
0.01|1〉〈1|, and let’s assume we are given equally likely
one instance of either ρ1 or ρ2, but we don’t know
which. Now, if we measure in the computational basis
and get 1, we can be sure we’ve got an instance of
ρ2. On the other hand, if the result is 0, our guess
would be ρ1 and we’d have more than 50% chance
to be correct (an increased confidence compared to
the initial 50-50%). If we are given a large number of
instances instead of just one, we’d succeed with high
confidence, as even a single 1 among the measurement
results would indicate with certainty that we were
given instances of ρ2; otherwise, if all results are 0, we
can be almost sure we were given instances of ρ1.

Now it’s easy to see why Alice cannot send a
signal to Bob by measuring her qubit of an EPR
pair (see Example 13). It is because, as Example
15 shows, the quantum state of Bob’s qubit of the
EPR pair is the 1-qubit maximally mixed state,
and from Bob’s perspective it will remain the same
even after Alice has measured her qubit.

20For a mixture of pure states, the new state vector is
U |ψk〉 with probability pk, so the new density matrix is ρ′ =∑m

k=1 pkU |ψk〉〈ψk|U† = U
(∑m

k=1 pk|ψk〉〈ψk|
)
U† = UρU†,

where 〈ψk|U† is the conjugate transpose of U |ψk〉. The for-

mula ρ′ = UρU† can be shown to hold for reduced states as
well.

If Alice and Bob decide to use a large num-
ber of EPR pairs instead of just one, Bob still
wouldn’t be able to tell whether Alice has mea-
sured all her qubits or none of them, because
examining Bob’s qubits would yield statistics that
come from the same underlying probability distri-
bution in both situations. So Alice cannot send in
this way a signal to Bob instantaneously, i.e. faster
than light.

The no-signaling principle is a no-go theorem
of quantum information, saying that no bipartite
quantum state can be used to send information
instantaneously (other than just random 0s and
1s).

2.11 Bipartite systems revisited

Using density matrices to represent quantum
states, the state ρAB of a bipartite system AB can
be categorized as follows.

Product state. If A and B are prepared inde-
pendently, in state ρA and ρB , respectively, it can
be proved that the overall density matrix is the
Kronecker product ρAB = ρA ⊗ ρB . As for the
partial trace, ρA = trB (ρA ⊗ ρB), as one would
intuitively expect.

Separable state. This is a generalization of
the product state. Formally, ρAB is a separable
state when:

ρAB =

m∑
k=1

pk (ρA,k ⊗ ρB,k) (9)

Here, m ≥ 1, each pk ≥ 0 is a real number,
and p1 + p2 + . . . + pm = 1. One way to prepare
ρAB is to prepare AB with probability p1 in the
product state ρA,1 ⊗ ρB,1, with p2 in ρA,2 ⊗ ρB,2,
. . . , with pm in ρA,m⊗ρB,m, that is, a mixture of
product states.

Again, the partial trace is intuitive: ρA =
trB (ρAB) =

∑m
k=1 pkρA,k.

Example 20 The 2-qubit state ρAB = 1
2 |00〉〈00| +

1
2 |11〉〈11| is a separable state, because using matrix

algebra it can be written as ρAB = 1
2 |0〉〈0| ⊗ |0〉〈0|+

1
2 |1〉〈1| ⊗ |1〉〈1|. From this, we can calculate that
ρA,1 = ρB,1 = |0〉〈0|, ρA,2 = ρB,2 = |1〉〈1|, ρA =

trB (ρAB) = 1
2 |0〉〈0| + 1

2 |1〉〈1|, ρB = trA (ρAB) =
1
2 |0〉〈0|+

1
2 |1〉〈1|. However, ρAB 6= ρA ⊗ ρB indicates

that ρAB isn’t a product state, so it cannot be pre-
pared by preparing A and B independently. E.g. if we
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prepare ρAB as a mixture of product states, coordina-
tion is necessary to make sure A and B are prepared in
the matching states ρA,k and ρB,k, respectively, with
a randomly picked k ∈ {1, 2}.

Example 21 The 2-qubit state ρAB = 1
2 |00〉〈00| +

1
2 |11〉〈11| can also be prepared as the 2-qubit subsys-
tem AB of a 3-qubit system ABC whose state vector
is |ψABC〉 = 1√

2
|000〉 + 1√

2
|111〉. Along the lines of

Example 15, notice that if someone (hypothetically)
measured the third qubit C, the generalized Born rule
implies that the state of the first two qubits would col-
lapse into either |00〉 or |11〉, with probability 1

2 each.
This means that the density matrix of the first two
qubits in ABC is the ρAB given above.

Entangled state. If ρAB cannot be written
in the separable-state form of Equation 9, it is
called an entangled state. In other words, a state
is entangled if it cannot be prepared as a mixture
of product states.

Example 22 Unsurprisingly, the density matrix of the
EPR pair is entangled. The EPR pair is a 2-qubit
system AB, in a pure state with state vector |ψ〉 =
1√
2
|00〉 + 1√

2
|11〉. Accordingly, its density matrix is

ρAB = |ψ〉〈ψ| = 1
2 (|00〉+ |11〉) (〈00|+ 〈11|). We saw

in Subsection 2.8 that basically this is the only way
to write ρAB as a mixture of pure states. Now, if ρAB
could be written as a mixture of product states, it
would imply a mixture of pure product states, which
isn’t possible, as in general |φA〉 ⊗ |φB〉 6= c|ψ〉.

3 Theory - Part 1

Throughout the rest of the paper, we work with a
bipartite quantum system AB, where subsystem
A belongs to Alice, and subsystem B to Bob. The
overall quantum state of AB is represented by the
density matrix ρAB , while those of A and B are
given by the partial trace formulas ρA = trB(ρAB)
and ρB = trA(ρAB), respectively. State vectors are
understood to be column vectors, quantum states
of 1- or 2-qubit systems are meant in terms of the
computational basis, and the ⊗ symbol denotes
the Kronecker product.

Let’s start with the technical definition:

Definition 1 (Quantum-house effect) The quantum-
house effect is the phenomenon when an operation on

ρA

👩💼
Alice Bob

👨💼

ρB

📡

🏠 🏡🪴

🌻🌻🌻

☎

📬

Fig. 2 Analogy for the quantum-house effect. Charlie
enters Alice’s house and either makes a change or does
nothing. However, Alice cannot figure out, by examining
solely her own house, whether or not Charlie has made any
change. But if she joins forces with Bob, the two of them
together may figure it out. This is because the change
is such that it affects only the joint state ρAB of the two
houses, but not the state ρA of Alice’s individual house.

subsystem A changes the overall state of system AB,
but not that of A.

That is, the state of AB changes to some
ρ′AB 6= ρAB , while the state of A remains ρA. The
”operation on A” can be anything, as long as it’s
performed inside Alice’s lab: measurements, uni-
taries, or combinations thereof, with or without
ancilla system.21 The only restriction is that dur-
ing the operation we don’t have access to Bob’s
lab where subsystem B resides.

The quantum-house effect is a non-classical
phenomenon, because in the classical world any
such operation in Alice’s lab which doesn’t change
the state of A cannot change the state of AB
either. (By ”state” in the classical world we mean
a complete and objective description of a physical
system in itself that can be in principle established
by an experimenter who is given access to the sys-
tem in her local lab.) Furthermore, it is also a
non-local effect in the sense that the impact of the
operation spans two locations, i.e. labs, although
according to our classical intuition it should be
confined just to Alice’s lab.

21When only unitaries are allowed without ancilla, such an
operation not affecting the state of A is called a locally non-
effective unitary operation, see [8] and [9] for details.
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Example 23 Imagine that Charlie measures, in the
computational basis, Alice’s qubit of an EPR pair
ρAB = 1

2 (|00〉 + |11〉)(〈00| + 〈11|). He tells Alice
and Bob that he performed the measurement, but
doesn’t tell anyone what the outcome was. Thus, for
Alice and Bob, AB is either in the state |00〉 or |11〉,
with probability 1

2 each, i.e. we can write ρ′AB =
1
2 |00〉〈00| + 1

2 |11〉〈11|, which is different from ρAB .
However, the state of Alice’s individual qubit stays
the same: ρ′A = ρA = 1

2 |0〉〈0| +
1
2 |1〉〈1|, which is I

2 ,
the 1-qubit maximally mixed state. So, in case of any
doubt, Alice has no chance to figure out by herself
whether Charlie has really made the measurement.
But together with Bob, they may figure it out!

For a more intuitive understanding, an anal-
ogy is shown in Fig. 2. In this analogy, subsystems
A and B are houses of Alice and Bob, respec-
tively. Then, a change made secretly by Charlie on
Alice’s house may only be detected by Alice and
Bob together, but not by Alice alone examining
her own house.

The quantum-house effect can also be achieved
with non-entangled states, as it can be seen in
the next example. Thus, it extends the notion of
quantum nonlocality to a wider range of bipartite
quantum states than that offered by entangle-
ment, and shows that already separable quantum
states can behave in a counter-intuitive way in this
regard.

Example 24 Let ρAB = 1
2 |00〉〈00|+ 1

2 |11〉〈11|. This is
a separable, i.e. non-entangled state, since it can be
written as ρAB = 1

2 |0〉〈0| ⊗ |0〉〈0| +
1
2 |1〉〈1| ⊗ |1〉〈1|.

Now, if we apply a Pauli-X gate on the first qubit, the
overall 2-qubit state will change to ρ′AB = 1

2 |10〉〈10|+
1
2 |01〉〈01|, which is different from ρAB . On the other
hand, the state of the first qubit remains ρ′A = ρA =
1
2 |0〉〈0|+

1
2 |1〉〈1|.

4 Demonstration on SpinQ
Gemini

In this section, we’ll showcase the quantum-house
effect on the SpinQ Gemini 2-qubit NMR desktop
quantum computer [10].

The SpinQ Gemini device comes with the
user-interface software SpinQuasar (see Fig. 3),
together forming an integrated hardware-software
platform for quantum computing education and

Fig. 3 The homepage of SpinQuasar, the user-interface
software for SpinQ Gemini, installed on a personal com-
puter (PC).

research. For further technical details, including
how the qubits are physically realized, the reader
is referred to [10].

We are going to demonstrate the following
example on SpinQ Gemini, with the help of Spin-
Quasar:

Example 25 Charlie applies a Pauli-X gate on Alice’s
qubit of an EPR pair ρAB = 1

2 (|00〉 + |11〉)(〈00| +
〈11|), but doesn’t tell anyone that he did so. Then,
the overall 2-qubit state for Alice and Bob changes to
ρ′AB = 1

2 (|10〉+ |01〉)(〈10|+ 〈01|). However, the state
of Alice’s individual qubit stays the same: ρ′A = ρA =
1
2 |0〉〈0|+

1
2 |1〉〈1|. So Alice has no chance to figure out

by herself that Charlie did something. But together
with Bob, they may figure it out!

This example is similar to Example 23, but
here Charlie (secretly) applies a unitary on Alice’s
qubit, instead of measuring it.

The SpinQuasar screenshots in Fig. 4 show
how we implemented the EPR pair on SpinQ
Gemini, as well as the EPR pair followed by a
Pauli-X gate on the first qubit. In each case, Spin-
Quasar displays not only the ideal, i.e. noiseless,
2-qubit density matrix, but also the noisy density
matrix which was actually produced by the hard-
ware.22 We can clearly see that applying a Pauli-X
gate on the first qubit changes the overall 2-qubit
state.

22Due to the peculiarities of liquid-state NMR technology,
whenever we command SpinQ Gemini to produce a pure n-
qubit state ρ = |ψ〉〈ψ|, such as the EPR pair, the hardware will
instead produce a so-called pseudo-pure state σ = (1−η) I

2n +

η|ψ〉〈ψ|, where η ∼ 10−5 for n = 1, 2. This happens under the
hood, and as ρ and σ are equivalent in the sense that we can
unambiguously calculate one from the other, SpinQuasar only
shows us ρ (both ideal and noisy), but not σ.
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Fig. 4 Overall impact of applying a Pauli-X gate on the first qubit of the EPR pair ρAB = 1
2

(|00〉+ |11〉)(〈00|+ 〈11|). Top
screenshot: preparation of the EPR pair ρAB in SpinQ Gemini. In the ”Quantum Circuit” section, there is a Hadamard
gate (H) on the first qubit, followed by a CNOT gate; this circuit is executed to produce ρAB . The ”Density Matrix
| Simulation Result” section shows the ideal ρAB in chart format (see Fig. 6 for numerical format), where four matrix
elements (in the four corners) have the value 0.5, the rest are all zeros. Next to it, the ”Density Matrix | Experimental
Result” section shows the noisy EPR-pair density matrix that is actually produced by the SpinQ Gemini hardware. In spite
of the noise, the matrix elements in the four corners are still close to 0.5, and the rest are all close to zero as well. Bottom
screenshot: the 2-qubit state after applying an additional Pauli-X gate on the first qubit of the EPR pair. In the density-
matrix charts we can see a clear difference: the 0.5 values have moved from the corners to the middle. The new ideal state
is ρ′AB = 1

2
(|10〉 + |01〉)(〈10| + 〈01|), which is different from ρAB .
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Then, the screenshots in Fig. 5 show that as
opposed to the overall 2-qubit state, the state of
the first qubit alone isn’t changed (apart from
noise) by applying a Pauli-X gate! And this com-
pletes the demonstration of the quantum-house
effect.

But there is something we shouldn’t over-
look here. In fact, due to the noise it would be
more accurate to say that we only illustrated the
quantum-house effect, rather than implemented
it on the hardware level. This is because, from
a cryptographic point of view, the noise charac-
teristics of the quantum device might give Alice
enough hints to be able to figure out whether or
not Charlie has applied a Pauli-X gate on the first
qubit. So the noise always has to be taken into
consideration in a realistic situation.

Therefore, we propose an informal definition
for the non-ideal case where noise is present, but
won’t pursue it further in this paper.

Definition 2 (Noisy quantum-house effect) The
noisy quantum-house effect is the phenomenon when
an operation on subsystem A changes the overall
state of system AB significantly, while causing only
insignificant change to the state of A.

It’s like a non-local, immediate butterfly effect,
with the twist that in the extreme, noiseless
case, even no change to subsystem A causes a
significant change to system AB.

5 Theory - Part 2

Next, we give a characterization of the ρAB
states with which the quantum-house effect can be
achieved.

Surprisingly, we’ll find that besides non-
product states, the quantum-house effect is possi-
ble even for some product states ρAB = ρA ⊗ ρB ,
provided that neither ρA nor ρB are pure states.

Theorem 1 (Non-product implies quantum-house)
The quantum-house effect can be achieved with any
non-product state ρAB 6= ρA ⊗ ρB.

Proof If we swap A with an independently prepared
quantum system in state ρA, then the new overall state
for Alice and Bob will be ρ′AB = ρA ⊗ ρB , which is

a product state, so clearly ρ′AB 6= ρAB .23 From this,
we can also see that the state of Alice’s subsystem
remained ρA, and thus we have achieved the quantum-
house effect. �

Example 26 Let ρAB = 1
2 |00〉〈00|+ 1

2 |11〉〈11|. This is
a non-product state, and a straightforward calculation
reveals that ρA = 1

2 |0〉〈0| + 1
2 |1〉〈1| = I

2 , the 1-
qubit maximally mixed state. Now, if Charlie replaces
Alice’s qubit with an independently prepared qubit in
state I

2 , then the resulting new overall 2-qubit state for

Alice and Bob will be ρ′AB = 1
2
I
2⊗|0〉〈0|+

1
2
I
2⊗|1〉〈1| =

I
2⊗

I
2 , which is a product state and thus different from

ρAB . At the same time, the state of Alice’s qubit stays
ρ′A = ρA = I

2 .

Theorem 2 (Non-pure implies quantum-house) The
quantum-house effect can be achieved with any product
state ρAB = ρA⊗ρB where neither ρA nor ρB is pure.

Proof Let σA′B′ be a non-product state of some bipar-
tite system A′B′ with σA′ = ρA and σB′ = ρB . Such a
state can always be produced, because both ρA and ρB
have support containing more than one element, and
thus they can be made classically correlated with each
other. We give B′ to Bob (i.e. B = B′), and keep A′

for ourselves. Additionally, we independently prepare
another system A in state ρA, and give that to Alice.
Now, the overall state of the system possessed by Alice
and Bob is ρAB = ρA ⊗ ρB . Then, if we swap Alice’s
subsystem A with the A′ we kept before, the over-
all state for Alice and Bob changes to ρ′AB = σA′B′ ,
which is different from ρAB . But since the state of
Alice’s subsystem remains ρ′A = σA′ = ρA, we have
achieved the quantum-house effect. �

An important difference between Theorem 1
and Theorem 2 is that the proof of the latter
requires that there is side-information available
which is correlated with Bob’s subsystem,24 while
for the former theorem it’s enough if we just know
ρA.

Example 27 Let Charlie first prepare σA′B′ =
1
2 |00〉〈00| + 1

2 |11〉〈11|, which is a non-product state

with σA′ = σB′ = I
2 . Charlie gives the second qubit to

23Local operations on A never change the quantum state of
B, due to the no-signaling principle.

24Thus, the swapping operation in the proof of Theorem 2
is ”local” only in a geographical sense, in that it is performed
inside Alice’s lab.
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Fig. 5 Partial impact of applying a Pauli-X gate on the first qubit of the EPR pair ρAB = 1
2

(|00〉 + |11〉)(〈00| + 〈11|).
Top screenshot: the only difference to Fig. 4 is that here the ”Density Matrix | Experimental Result” section shows the
noisy density matrix chart of the first qubit only (see Fig. 7 for numerical format). It is because the measurement icon
at the end of ”Quantum Circuit” is greyed out for the second qubit. Similarly to Fig. 4, the noisy density matrix is close
to the ideal ρA = trB(ρAB) = I

2
, which is the 1-qubit maximally mixed state. On the other hand, the ”Density Matrix |

Simulation Result” section still shows the ideal 2-qubit state ρAB , just like in Fig. 4. Bottom screenshot: after applying
an additional Pauli-X gate on the first qubit of the EPR pair, the density matrix chart indicates that the state of the first
qubit remains the same (apart from noise), namely ρ′A = trB(ρ′AB) = I

2
, where ρ′AB = 1

2
(|10〉 + |01〉)(〈10| + 〈01|).
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Bob, and keeps the first for himself. Then, he prepares
a new qubit, independently in state I

2 , and gives that
to Alice. Thus, for Alice and Bob the overall 2-qubit
state is ρAB = I

2 ⊗
I
2 . Now, if Charlie swaps Alice’s

qubit with the one he kept before, the overall 2-qubit
state for Alice and Bob will change to ρ′AB = σA′B′ ,
which is different from ρAB . However, the state of
Alice’s qubit remains the same: ρ′A = σA′ = I

2 .

Finally, it’s easy to see that with the previous
theorem we’ve reached the limit:

Theorem 3 (Pure implies no quantum-house) The
quantum-house effect cannot be achieved with any
product state ρAB = ρA ⊗ ρB where either ρA or ρB
is pure.

6 Discussion

We introduced the quantum-house effect, a non-
local phenomenon which can be exhibited even
with bipartite product states, provided that nei-
ther subsystem is in a pure state. The effect was
demonstrated (with some inevitable noise) on the
SpinQ Gemini 2-qubit liquid-state NMR desktop
quantum computer.

Since the quantum-house effect can be
achieved also with non-entangled states, it extends
the notion of quantum nonlocality to a wider
range of bipartite quantum states than entan-
glement would allow, meaning that separable
quantum states can already behave in a counter-
intuitive way in this regard, and thus exhibit
non-classicality.

To go beyond the quantum-house effect, we
suggest that one way to characterize the point
where quantumness departs from classicality is via
quantum detachment, a principle which roughly
means that relevant information about the state of
a physical system25 is kept separate from the sys-
tem itself. In the examples throughout this paper,
Charlie successfully utilized that state-relevant
information was detached from Alice’s subsystem
A, thereby rendering Alice’s task of figuring out
things on her own impossible.26

25Information that would influence what outcomes an exper-
imenter may expect when physically interacting with the
system.

26The idea of quantum detachment can be conveyed as fol-
lows: when the locally unavailable information is somewhere

We can contrast quantum detachment with
the classical world where no relevant informa-
tion about the state of a physical system can be
detached, as all of it can be found out locally in the
lab, in principle. Put differently, in the classical
world a physical system contains all the relevant
information about itself.

As for future work, the quantum-house effect
might be used to create a protocol by which Char-
lie could securely cast a ”yes/no” vote, locally
in Alice’s lab, without using entangled quantum
states.
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Fig. 6 The ”Data” view of Fig. 4, showing the numerical density matrices.
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Fig. 7 The ”Data” view of Fig. 5, showing the numerical density matrices.
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