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Figura 10.1: Due particelle vengono generate in uno stato di singoletto (vedi Eq.
(10.3)) mediante decadimento o mediante un mezzo ottico nonlineare, e raggiun-
gono due sperimentatori molto lontani—Alice e Bob. Essi eseguono una misura-
zione del verso dello spin in direzioni parallele. Il verso dello spin misurato risulta
sempre opposto per Alice e Bob, qualunque sia la direzione di misurazione. Il ver-
so misurato da uno dei due osservatori è ognuno dei due versi opposti con ugual
probabilità 1

2 . Gli eventi delle misurazioni di Alice e Bob sono space-like.

space-like, e non può esserci relazione di causalità: in e↵etti, come ben noto, cor-
relazione e causalità sono due concetti indipendenti. Il fatto che il verso dello spin
risulta sempre opposto, indipendentemente dalla scelta della direzione di misura,
ad un’analisi superficiale potrebbe sembrare utilizzabile per fare comunicazione
istantanea. Ma non c’è nessuna possibilità di comunicazione, perchè il risultato
della misura di Alice, essendo casuale, non è da lei controllabile (e lo stesso dicasi
per Bob). La dimostrazione matematica dell’impossibilità di comunicare è che lo
stato marginale di Bob è ⇢ = 1

2 I2, ed è indipendente da ciò che fa Alice.
Se si scelgono le direzioni di misura perpendicolari fra loro—anzichè parallele—

i risultati delle misurazioni di Alice e Bob sono completamente scorrelati, come è
possibile calcolare facilmente dalle ampiezze di probabilità riscrivendo lo stato
come segue

| i =
1
2

(| "i ⌦ |!i � | "i ⌦ | i � | #i ⌦ |!i � | #i ⌦ | i). (10.4)

Per direzioni di misurazione a 45o, invece, le correlazioni fra i risultati di Alice e
di Bob sono esotiche, e, come vedremo subito, mettono in crisi il realismo locale.
In una interpretazione realista-locale si possono solo spiegare le correlazioni per
direzioni di misura di Alice e Bob parallele e perpendicolari, ma non, ad esempio,
per direzioni che formano un angolo di 45o.

Per chiarire meglio le idee, cerchiamo prima di capire la di↵erenza fra i seguen-
ti tipi di correlazioni: locali, nonlocali-acausali, e causali.1 Per illustrare questi
concetti utilizzerò un’idea didattica di Sandu Popescu, professore a Bristol. L’idea
si basa su di un esperimento mentale eseguito mediante dei “comunicatori”, che
chiamerò Comunicatori di Popescu.

1Si ribadisce che di per se’ una correlazione non può essere causale. Causale è la dipendenza
della probabilità da un parametro. Tale dipendenza connette causalmente ad esempio una scelta di
setting sperimentale di Alice con la probabilità marginale di misurazione di Bob.
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Insegnamento Settore Semestre

Laboratorio di Fisica Quantistica FIS/01 II
Fondamenti della Meccanica Quantistica FIS/02 II
Fisica Quantistica della Computazione FIS/03 II
Fotonica FIS/03 I
Teoria Fisica dell’Informazione FIS/02 I
Nanostrutture Quantistiche FIS/03 II
Ottica Quantistica FIS/03 I
Termodinamica Quantistica FIS/02 I
Meccanica Statistica                                                            (triennale) FIS/02 II
Gruppi e Simmetrie Fisiche FIS/02 II
Magnetismo e Superconduttività FIS/03 I
Fisica dello Stato Solido I FIS/03 I

12 INSEGNAMENTI

2 insegnamenti a scelta libera.
1 un insegnamento nei settori FIS/05, INF/01, MAT/05,06,07,08, ING-INF/01,02,03,04,05,07.

8 insegnamenti dal seguente elenco,  
di cui 1 in FIS/01, 3 di FIS/02 e 4 di FIS/03
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1 insegnamento scelto dal seguente elenco

Insegnamento Settore Semestre

Artificial Intelligence ING-INF/05 I

Machine Learning ING-INF/05  II 

Processi Stocastici MAT/06 II

Teoria dei Sistemi Dinamici MAT/07 I

Elementi di Statistica Matematica MAT/06 I

Robotics ING-INF/05 I

Digital Communications  ING-INF/03 II

Information Security ING-INF/05 I

Bioinformatica ING-INF/06 I
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Fig. 3.9 Model of quantum heat engine discussed in the text. The machine is composed by two
qubits with energy spacings E1 and E2 , which are in thermal contact with reservoirs at temperatures
T1 and T2 . Work extraction from an external driving field is substituted by a quantum weight
consisting of an infinite energy ladder with spacing Ew = E2 − E1. Picture taken from Ref. [181]

and corresponding energy eigenvalues {0, E1, E2 , E1 + E2 }. Each qubit is assumed
to be in thermal equilibrium with its respective reservoir, ρ1 = e−β1 Ĥ1/Z1 and ρ2 =
e−β2 Ĥ2 /Z2 , with β1 = 1/kBT1 and β2 = 1/kBT2 . This implies that the populations
of the four-level system are given by

p00 =
1

Z1Z2
, p10 =

e−β1E1

Z1Z2
, p01 =

e−β2 E2

Z1Z2
, p11 =

e−β1E1−β2 E2

Z1Z2
.

The inner transition of the four level system plays an important role in the model,
and will be called the virtual qubit of the machine. The ratio of its populations obeys
the following Gibbs ratio [181]

p01
p10

= e−βvEv , with βv ≡ E2

Ev
β2 − E1

Ev
β1, (3.100)

where Ev ≡ E2 − E1 and the so-called (inverse) virtual temperature, βv, has been
introduced. Remarkably βv can take negative values when E2 β2 ! E1β1, i.e. for the
ratio between the temperatures of the reservoirs sufficiently large T2 " (E2 /E1)T1.
When this condition is met, the virtual qubit levels of the machine show population
inversion, a feature which facilitates work extraction from the reservoirs.

As commented before, to achieve work extraction without external manipulation
of the machine, a quantum weight is provided, in such a way that lifting the weight
corresponds to work extraction. The weight is modeled by an unbounded ladder
system with energy levels equally spaced and resonant with the virtual qubit of the
machine

Ĥw =
∞∑

n=−∞
nEv|n⟩⟨n|w. (3.101)
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Appendix C: Comparing OPTs

QT: Quantum theory

CT: Classical theory

FQT: Fermionic quantum theory

RQT: Real quantum theory

NSQT: Number superselected quantum theory

PR: PR-boxes theory

DPR: Dual PR-boxes theory

HPR: Hybrid PR-boxes theory

FOCT: First order classical theory

FOQT: First order quantum theory

NLCT: Non-local classical theory

NLQT: Non-local quantum theory

Caus. Perf. disc. Loc. discr. n-loc. discr. At. par. comp. At. seq. comp. Compr. 9 Purification 9! Purification NIWD

QT 3 3 3 3 3 3 3 3 3 3

CT 3 3 3 3 3 3 3 7 7 7

FQT 3 3 7 3 3 3 7 3 3 3

RQT 3 3 7 3 3 3 3 3 3 3

NSQT ? ? 7 7 ? ? ? ? ? ?

PR 3 ? 3 3 3 ? 7 7 7 3

DPR 3 ? 3 3 3 ? 7 7 7 3

HPR 3 ? 3 3 3 3 3 3 3 3

FOCT 7 ? 3 3 3 ? ? 7 7 ?

FOQT 7 ? ? 3 ? ? ? ? ? ?

NLCT 3 3 7 3 7 ? 3 7 7 7

NLQT ? ? ? 3 ? ? ? ? ? ?

Table I. Comparison of known OPTs

Definition 19. A theory is no-cloning if for some state ⇢ there is no transformation C such that

C =  ⌦  , 8 2 D⇢. (C1)

Proposition 9. A theory is no-information-without-disturbance upon input of D⇢ i↵ it is no-cloning for ⇢.
• PR

• CL

• FQT
• RQT

• QT

• PR-FQT

Local discriminability

No-info w. disturbance

• CL-FQT

• Ref. [DEP]

• PR-RQT

Purification

• Algoritmi e strutture causali
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VI. REMODELING OF THE ORACLES IN ORDER
TO ALLOW FOR THE CLASSICAL SWITCH

What rule in the theory of computational circuits can be
modified in order to recover the physical implementation of
the function S(x, f , g ) of Eq. (13), whose computation is
achieved through the program SWITCH? One possibility is to
modify rule (3) and to allow for circuits containing certain
time loops. However, introducing time travels in the model
seems a rather drastic solution. A more moderate approach
is to modify rule (4): In particular, we may assume that the
resource provided by a single call to each of the two physical
oracles—that would be separately described as f and g —
in a causal succession that can be decided by the user, is
described in circuital terms as a single oracle with classical
control:

f/g g/f
,

where the wire on the bottom left denotes the control qubit,
whose general state is |ϕ⟩ = α|0⟩ + β|1⟩ with |α|2 + |β|2 = 1.
The input x is encoded on the state |ϕ⟩ as follows: For x = 0 we
prepare |ϕ⟩ = |0⟩; for x = 1 we prepare |ϕ⟩ = |1⟩. If the two
qubits on the top lines are in the states ρ1 and ρ2, respectively,
the action of the oracle is given by

Of,g(|ϕ⟩⟨ϕ| ⊗ ρ1 ⊗ ρ2) = |⟨1|ϕ⟩|2Uf ρ1U
†
f ⊗ Ugρ2U

†
g

+ |⟨0|ϕ⟩|2Ugρ1U
†
g ⊗ Uf ρ2U

†
f .

(19)

This way of representing the oracle is consistent with the
basic properties that one expects for the resource, namely
that it performs two successive transformations, one being
a call of the box f and the other a call of the box g ,
with the order of such calls being controlled by the variable x
encoded in the state |ϕ⟩. During the time interval between the
calls to the oracle, any transformation can happen, including
evolutions transforming the first output into the second input.
Exploiting the latter representation of the oracle one can clearly
implement the program SWITCH just by connecting the output
of the first box with the input of the second one and encoding
the bit x in the state |ϕ⟩ as follows:

f/g g/f
.|ϕ

If we assume that the oracle of Eq. (19) translates the resource
provided by a single use of the physical boxes corresponding
to f , g with classical control of the causal ordering, we can

then consider the function S(x, f , g ) as computable by a
quantum circuit exploiting this resource.

Such an oracle can be achieved in practice, for example, by
a physical circuit in which the connections between wires are
movable, as in Fig. 2.

Higher-order functions that transform black boxes with the
assistance of classical control on the connections are described
formally by the quantum λ calculus of Ref. [33].

|0>

f

g

|1>

f

g

FIG. 2. Quantum machine with classical control over movable
wires.

VII. A NEW RESOURCE: THE QUANTUM SWITCH
OF BOXES

While representing automated classical control of causal
sequences of operations allows one to implement the program
SWITCH within the computational circuit model, it leaves unan-
swered the question how quantum control of causal sequences
of operations can be described. We can, of course, imagine
a further generalization of the oracle, allowing for quantum
control, with the control qubit that preserves coherence and
becomes entangled with the causal ordering of boxes f and
g as follows:

f/g g/f
,

When f and g are unitary channels, the unitary channel
describing the oracle with quantum control is Wf,g(ρ) =
Wf,gρW

†
f,g , Wf,g being the control unitary

Wf,g := |0⟩⟨0| ⊗ Uf ⊗ Ug + |1⟩⟨1| ⊗ Ug ⊗ Uf . (20)

The above construction can be suitably generalized when f
and g are not unitary boxes, but noisy quantum channels:
In this case, it is enough to use the above formula to define
the Kraus operators of the channel with quantum control in
terms of the Kraus operators of the input channels. Precisely,
if the channels f and g have Kraus forms f (ρ) =

∑
i fiρf

†
i

and g(ρ) =
∑

j gjρg
†
j , respectively, then the channel with

quantum control has Kraus form

Wf,g(σ ) =
∑

i,j

Wfi,gj
σW

†
fi ,gj

,

with the Kraus operators Wfi,gj
given by

Wfi,gj
:= |0⟩⟨0| ⊗ fi ⊗ gj + |1⟩⟨1| ⊗ gj ⊗ fi.

Note that the definition of the oracle Wf,g is independent of
the Kraus forms chosen for f and g. The oracle with quantum
control is more general and more powerful than the classically
controlled one introduced in Eq. (19). Indeed, having Wf,g

available one can implement the classically controlled oracle
Of,g by using Wf,g and then discarding the control qubit.

How can we build the controlled oracle Wf,g if we have
available one use of the black boxes f and g ? Again, this is a
question that the circuit model is unable to answer. In principle,
there is no physical reason to forbid the computability of the
higher-order function defined by W : f ⊗ g $→ Wf,g . This
function is defined not only on product boxes, but also on

022318-11

…
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