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•Introduction: some questions?
•Time symmetry and quantum probabilities
•Time symmetry in the quantum logic formalism
•Time symmetry in the algebraic formalism
•What about space-time and causal separability
•Quantum informational formulations of quantum 
mechanics

•And what about Quantum Gravity?
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Is Quantum 
Mechanics

an unfinished 
construction 

which has left its 
builders in a state 

of mental 
confusion, mutual 
misunderstanding 

and discord ?
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... or is Quantum 
Mechanics a closed and 

consistent physical 
theory (or at least a 

mathematical framework 
for physical theories) 
which rules over and 
beyond our familiar 

classical world, and is 
there «as it it» (whether 

we like it or not) ?
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In this trimester...
Many beautiful talks about how Quantum Mechanics works 
and how to probe and use its non-classical features in 
physics and as a resource in quantum information science.
But this trimester is (according to Juerg) also about 
discussing «foundational questions»...

What about Time in quantum physics?
•What is Time? Too difficult a question, at least for me...
•Does Time plays a similar role in quantum physics than in 
classical physics (special and general relativity) ?

• ... or does it plays a very different role?
•Why irreversibility ?
•Why reversibility ?
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I think that (most) physicists agree on the statement that quantum 
Mechanics is about 

• Observables (what we can measure/action on the system)

• States (preparation of the system/ information we have on the 
system)

• Probabilities** (of outcome of an observation on a state) 

• Causality (relations between actions and outcomes)
... but they may and (often do) disagree on

• Importance of «locality»

• Concept and meaning of «physical reality»

• Origin and significance of chance and indeterminism

This is not so different from Classical Physics ...
Here probabilities follow the same rules as classical probabilities, but applies to 
different objects, since quantum processes ≠  classical ones
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Back to ideal measurements

Ideal projective measurements have been crucial in the construction 
and in the presentation of QM.

Although physicists are now able to perform indirect measurements 
and weak measurements in the lab ...

... there is a projective or destructive measurement on the probe at 
the end of the process. 

2000’s: Quantum Jumps and Repeated
Measurements

• Birth and death of a photon in a cavity
• S. Gleyzes et al (including S. Haroche), 446 (2007) 297-300,

Quantum jumps of light recording ...

• A model of thermalization observed by a non-demolition
measurement

Quantum trajectories and quantum jumps 5/41 Sec. 1: Introduction

cavity QED, LKB, ENS circuit QED, Quantronic Group, Saclay

RAPID COMMUNICATIONS

ANDREAS DEWES et al. PHYSICAL REVIEW B 85, 140503(R) (2012)
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FIG. 1. (Color online) Schematic blueprint of a quantum pro-
cessor based on quantum gates, represented here in the two-qubit
case relevant for our experiment. A quantum processor consists of
a qubit register that can perform any unitary evolution needed by
an algorithm under the effect of a universal set of quantum gates
(single-qubit gate U1, two-qubit gate U2). Ideally, all the qubits may
be read projectively, and may be reset.

yields a binary outcome for each qubit. This readout method
is potentially nondestructive, but its nondestructive character
is presently limited by relaxation during the readout pulse. In
order to further improve the readout fidelity, we resort to a
shelving method that exploits the second excited state of the
transmon. For this purpose, a microwave pulse that induces
a transition from state |1⟩ toward the second excited state
|2⟩ of the transmon is applied just before the readout pulse,
as demonstrated in Ref. 18 (this variant does not alter the
nondestructive aspect of the readout method since an extra
pulse bringing state |2⟩ back to state |1⟩ could be applied after
readout). Although the readout contrast achieved with this
shelving method and with optimized microwave pulses reaches
0.88 and 0.89 for the two qubits, respectively, the values
achieved at working points suitable for processor operation
are lower and equal to 0.84 and 0.83. The sources of readout
errors are discussed in Sec. IV of the Supplemental Material16

and include a small readout crosstalk contribution. The overall
readout fidelity is thus characterized by a 4 × 4 matrix R,
giving the readout outcome probabilities for each of the input
states of the two-qubit register.

In order to characterize the evolution of this register
during the algorithm, we determine its density matrix by state
tomography. For this purpose, we measure the expectation
values of the extended Pauli set of operators {σxI, . . . ,σzσz}
by applying the suitable rotations just before readout and by
averaging typically 104 times. Note that the readout errors are
corrected by inverting the readout matrix R when determining
the expectation value of the Pauli set, and thus do not contribute
to tomography errors, as explained in Ref. 15. The density
matrix ρ is then taken as the acceptable positive-semidefinite
matrix that, according to the Hilbert-Schmidt distance, is
the closest to the possibly nonphysical one derived from the
measurement set. In order to characterize the fidelity of the
algorithm at all steps, we use the state fidelity F = ⟨ψ |ρ|ψ⟩,
with |ψ⟩ the ideal quantum state at the step considered; F
is in this case the probability for the qubit register to be in
state |ψ⟩.

The Grover search algorithm1 consists of retrieving a
particular basis state in a Hilbert space of size N using a
function able to discriminate it from the other ones. This
function is used to build an oracle operator that tags the
searched state. Starting from the superposition |φ⟩ of all
register states, a unitary sequence that incorporates the oracle
operator is repeated about

√
N times, and eventually yields the
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FIG. 2. (Color online) Electrical scheme of the two-qubit cir-
cuit operated and typical sequence during processor operation.
(a) Two capacitively coupled transmon qubits have tunable frequen-
cies controlled by the flux induced in their SQUID loop by a local
current line. The coupling capacitance (center) yields a swapping
evolution between the qubits when on resonance. Each transmon is
embedded in a nonlinear resonator used for single-shot readout. Each
reflected readout pulse is routed to a cryogenic amplifier through
circulators, homodyned at room temperature, and acquired digitally,
which yields a two-bit outcome. (b) Typical operation of the processor
showing the resonant microwave pulses a(t) applied to the qubits and
to the readouts, on top of the dc pulses (polylines) that vary the
transition frequencies of qubit I (solid) and II (dashed). With the
qubits tuned at a first working point for single-qubit gates, resonant
pulses are applied for performing X and Y rotations, as well as small
flux pulses for Z rotations; qubits are then moved to the interaction
point for two-qubit gate operations. Such sequences can be combined
as needed by the algorithm. Qubits are then moved to their initial
working points for applying tomography pulses as well as a |1⟩ → |2⟩
pulse X12(π ) to increase the fidelity of the forthcoming readout.
Finally, they are moved to better readout points and read.

searched state with a high probability. The implementation of
Grover’s algorithm in a two-qubit Hilbert space often proceeds
in a simpler way21–26 since the result is obtained with certainty
after a single algorithm step. The algorithm then consists
of an encoding sequence depending on the searched state,
followed by a universal decoding sequence that retrieves it.
Grover’s algorithm thus provides a simple benchmark for
two-qubit processors. Its implementation with our quantum
processor is shown in Fig. 3(a). First, the superposed state |φ⟩
is obtained by applying π/2 rotations around the Y axis for
the two qubits. The oracle operator Ouv tagging the two-qubit
state |uv⟩ ≡ |u⟩I ⊗ |v⟩II to be searched is then applied to
state |φ⟩. Each Ouv consists of an iSWAP gate followed by
a Z(±π/2) rotation on each qubit, with the four possible sign
combinations (−,−), (+,−), (−,+), and (+,+) corresponding
to uv = 00, 01, 10, and 11, respectively. In the algorithm we

140503-2

Andreas Dewes

a) a) 

1 mm 

Figure 3.10: Scanning electron micrographs of the fabricated two-qubit processor chip. a)
Stitched together micrograph of the whole chip, showing the two readout resonators coupled
to their transmission lines, the two capacitively coupled Transmons, and the fast magnetic
flux lines attached to each qubit. b-g) detailed views showing various parts of the chip: note
that the aluminum electrodes are barely visible compared to the niobium ones that benefit
from a much higher contrast. b) Flux line close to one of the qubits. The ground plane
between the line and the qubit has been removed to suppress spurious shielding currents
when sending fast flux pulses. c) Transmon qubit in its resonator housing. The left electrode
is the center line of the resonator whereas the right one belongs to the coupling capacitor d)
The two-qubit coupling capacitance. e) qubit SQUID loop with its two Josephson junctions.
f) The CJBA Josephson junction. g) The readout resonator input capacitance.
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Time symmetry of quantum probabilities*

* Aharonov, Bergmann & 
Lebowitz ’61 for dummies

44 2 The Standard Formulations of Classical and Quantum Mechanics

but not necessarily commuting. The eigenvalues of these operators are 1 and 0,
corresponding to the two possible outcomes 1 and 0 (or TRUE and FALSE) of the
measurements of the observables A and of the observable B .

Let us consider now the two following “experimental” protocols, where Alice
and Bob make successive ideal measurements on a system S, and where Alice
tries to guess the result of the measurement by Bob. The two protocols correspond
respectively to prediction and to retrodiction.

Protocol 1—From Alice to Bob Alice gets the system S (in a state she knows
nothing about). She measures A and if she finds TRUE, then she send the system to
Bob, who measures B . What is the plausibility4 for Alice that Bob will find that B
is TRUE? Let us call this the conditional probability forB to be found true,A being
known to be true, and denote it P.B !j A/. The arrow ! denotes the causal/time
ordering between the measurement of A (by Alice) and of B (by Bob) (Fig. 2.7).

Protocol 2—From Bob to Alice Alice gets the system S from Bob, and knows
nothing else about S. Bob tells her that he has measured B , but does not tell her the
result of his measurement, nor how the system was prepared before he performed
the measurement (he may know nothing about it, he just measured B). Then Alice
measuresA and (if) she finds TRUE she asks herself the following question: what is
the plausibility (for her, Alice) that Bob had found that B was TRUE?5 Let us call

Fig. 2.7 Protocol 1: Alice wants to guess what will be the result of Bob’s future measurement.
This defines the conditional probability P.B !j A/

4In a Bayesian sense.
5This question makes sense if for instance, Alice has made a bet with Bob. Again, and especially
for this protocol, the probability has to be taken in a Bayesian sense.

2.5 Quantum Probabilities and Reversibility 45

this the conditional probability for B to have been found true, A being known to
be true, and denote it by P.B 7!j A/. The arrow 7! denotes the causal/time ordering
between the measurement of A (by Alice) and of B (by Bob) (Fig. 2.8).

Comparing the Two Protocols If S was a classical system, and the measurements
were classical measurements which do not change the state of S, then the two
protocols are equivalent and the two quantities equal the standard conditional
probability, given by Bayes formula.

S classical system W P.B !j A/ D P.B 7!j A/ D P.BjA/ D P.B \A/=P.A/ :

In a non classical case, assuming that the first measurement process on the
system S may influence the second one, the two conditional probabilitiesP.B !j A/
and P.B 7!j A/ might very well be different. A crucial and remarkable property of
quantum mechanics is that these two conditional probabilities are still equal.

It is a simple but useful calculation to check this. In the first protocol P.B !j A/
is given by the Born rule; if Alice finds that A is TRUE and knows nothing more,
her best bet is that the state of S is given by the density matrix

!A D PA=Tr.PA/

(equiprobabilities on the eigenspace of PA with eigenvalue 1, this is already a
Bayesian argument, already used by von Neumann [105]). Therefore for her the
probability for Bob to find that B is TRUE is

P.B !j A/ D tr.!APB/:

Fig. 2.8 Protocol 2: Alice wants to guess what was the result of Bob’s past measurement. This
defines the conditional probability P.B 7!j A/Alice measures A and gets A=1. 

She asks Bob to measure B. 
What is the probability (for Alice) that 

Bob will get B=1?

Alice measures A and gets A=1. 
She knows that Bob has measured B. 
What is the probability (for Alice) that 

Bob had gotten B=1?

46 2 The Standard Formulations of Classical and Quantum Mechanics

In the second protocol the best guess for Alice is to assume that before Bob measures
B the state of the system is given by the fully equidistributed density matrix !1 D
1=tr.1/ (again a Bayesian argument). In this case the probability that Bob finds that
B is TRUE, then that Alice finds that A is TRUE, is

p1 D tr.PB/=tr.1/ ! tr.!BPA/ with !B D PB=Tr.PB/:

Similarly the probability that Bob finds that B is FALSE, then that Alice finds that
A is TRUE is

p2 D tr.1 " PB/=tr.1/ ! tr.!BPA/ D .tr.PA/" tr.PAPB//=tr.1/

where !B D .1 " PB/=tr.1 " PB/. The total probability is then

P.B 7!j A/ D p1 C p2 D tr.!APB/:

Therefore, even if A and B are not compatible observables, so that the projectors
PA and PB do not commute, one obtains in both case the same, and standard result
for quantum conditional probabilities

S quantum system W P.B !j A/ D P.B 7!j A/ D TrŒPAPB "=TrŒPA" (2.123)

2.5.3 Causal Reversibility

This is the basic argument. The situation studied in [3] is more complicated.
It involves the selection of some initial state, a series of measurements and the
postselection of some final state, but the conclusion is the same.

This reversibility property of quantum conditional probabilities is very important
and is, in my opinion, a crucial feature of quantum mechanics. In this review, I shall
denote it causal reversibility, in order not to confuse it with time reversal invariance
or with the simpler property of reversibility of unitary dynamics.

Conditional probabilities have to be taken in a 
Bayesian sense (but still objective probabilities).

 &         non commuting projectors (non compatible observables)PA PB

Alice and Bob performs successive projective measurements on a system 
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Can we view this feature as one of the basis of quantum physics?
... at least from a pedagogical point of view...
I find this useful...
This can be done in the framework of Algebraic Quantum Theory
• Observables generate a C*-algebra (complex)
• States are linear >0 functionals on this algebra
• Time acts as automorphism (Poincaré for AQFT)

But also in the Quantum Logic framework
• Geometry of propositions associated to projective Y/N ideal 

measurements
• Initiated by G. Birkhoff  & J. von Neumann (1936)
• Motivation for Gleason’s theorem (1957, its consequences for 

contextuality predate Bell-Kochen-Specker)
• One of the very few derivations (if not a full proof) of the Hilbert space  

structure of quantum states and of the C*-algebra structure of 
observables. Addition law + of observables, superposition of states 
and Born rule are not postulates.

• But very un-operational for doing physics...
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Time symmetry in the Quantum Logic Formulation(s)

Projectors corresponds to «quantum propositions» on quantum systems 
(YES-NO measurements similar to TRUE-FALSE propositions).
But they do not generate a Boolean algebra (distributivity fails).
Which axioms should they satisfy? Can they be only represented as the 
projectors on closed subspaces of a complex Hilbert space?

Starting point: the propositions must form an orthocomplemented lattice. 
Plus some additional axioms (orthomodularity, etc..) that I won’t discuss 
here.

POSET structure: 
Order relation (a IMPLIES b)                defined as
«for any state, if a is found TRUE, then b will be found TRUE»

with standard logical relations:             and            then
                                                             and            then

a � b

a � b b � a b = a
b � c a � ca � b

a � a

Birkhoff & v. Neumann ’36, G. Mackey ’63, J.M. Jauch ’68, C. Piron ’64, ...
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important!



Complete lattice
Cunjunction (AND)                                       (= intersection of subspaces)
Meet (OR)                                                    (= direct sum of subspaces)
with a largest and a smallest element              

Orthocomplementation
Negation or complement (NOT)                   ( =      complement of subpace)
Its crucial property is:  if              then 

In a causal framework, this is equivalent to reversibility:
If              is taken to mean: «if a is found true, then b will be found true»
then it means also: «if b is found false, then a was found false»
while                   means: «if b is found false, then a will be found false»

The two propositions are equivalent only if the causal structure represented by 
the order relation is symmetric (time symmetry)!

Other axioms
weak-modularity (replaces distributivity), atomicity, covering (there are some 
physical and logical justifications...)  

 {Propositions} = Orthomodular AC Lattice

a � b

a _ b
a ^ b

I Ø

¬a
a � b ¬b � ¬a

¬b � ¬a

?
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Geometrization theorem:
Any OM AC lattice of length ≥ 3 (analog to dim H ≥ 3 condition for 
Gleason) can be represented as the lattice of orthogonal projections 
on closed subspaces of a (left) module V (analog of a vector space) 
on a division ring  K (analog of     ) with an Hermitian form f (analog 
of        ), with some additional nice properties (closure, unity, ...).

NB: This is an analog for orthomodular geometry of the 
geometrization theorem of abstract projective geometry.

Under some «regularity assumptions» the division ring K must 
contain the real numbers      . This implies that V is a Hilbert space 
over

Therefore, the Hilbert space geometry of projective measurements 
(and states, see later) is not so mysterious, but comes from the 
possible symmetries of the projective measurements (tests) on 
quantum systems. It is a geometrical representation.
 

C
h·|·i

R

K = R,C or H
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Theorem: If the geometry (points, lines) satisfies the axioms:
1. Any line contains at least three points,
2. Two points lie in a unique line,
3. A line meeting two sides of triangle, not at a vertex of the triangle, meets the
third side also (Veblen’s axiom),
4. There are at least four points non coplanar (a plane is defined in the usual way from 
lines),
then the corresponding geometry is the geometry of the affine subspaces of a left 
module M on a division ring K (a division ring is a general non-commutative field).

Abstract projective geometries

Two points lie in a unique line

Any line contains at least 3 points

Veblen’s axiom

mardi 29 mai 12

linepoint

Geometrization theorem of projective geometry (Veblen)
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Quantum probabilities and Born Rule:

Then Gleason’s theorem states that probabilities are given by Born 
rule, i.e.  any state     is described by a density matrix       so that the 
probability that a is found true is of the form 

This is Born rule!

Moreover, it the outcome of the measurement of  a  is 1 (true) then
the conditional state is

This is the projection postulate (here consequence of repeatability 
of propositions, i.e. of            )

! ⇢!

P (a|!) = tr[⇧a⇢!] ⇧a = projector for a

⇢!a =
⇧a⇢!⇧a

tr(⇧a⇢!)

a � a
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Algebraic Quantum Formalism 
Standard formulation:

Observables:   operators elements of a complex C*-algebra             , i.e.
1. addition law (non trivial) 
2. associative product
3. involution 
4. closed *-norm
5. physical observables

States: fully characterised by the expectation value of observables,
hence states are positive linear forms on 

Pure states are extremal elements of the convex set of states 

GNS construction:                     operator algebra over some Hilbert space, 
reconstructed from its representations as acting on states. 

a 2 AC
c = �a+ µb

(�a)⇤ = �̄a⇤(ab)⇤ = b⇤a⇤

kak2 = ka⇤ak = ka⇤k2

(ab)c = a(bc) = abc

a = a⇤

hai! = !(a) !(a⇤) = !(a) !(aa⇤) � 0 !(1) = 1

AC

AC ⇢ B(HC)

EC
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Reconsider this, starting from real algebras
Observables (operators): elements of a real *-algebra              ,

1. addition law (non trivial!) 

2. associative product

associativity may be related to causality (causal ordering when 
combining  «operations» represented by «observables»)

3.  real involution
this involution represents time symmetry (causal description by a 

and anti-causal description by a* of the system are equivalent)

4. physical observables (invariant under time symmetry)

c = �a+ µb

(ab)⇤ = b⇤a⇤

(ab)c = a(bc) = abc

a = a⇤

a 2 AR

(�a)⇤ = �a⇤
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Real algebras, continued
States: positive symmetric linear forms on
                              expectation value

symmetry: no observable distinguishes causal from 
anti-causal description
positivity (or rather                   when             )
normalisation of probabilities

Norm and real C*-algebra structure follow! Just define the norm as

This makes      a real C*-algebra (assuming closure) 

a = a⇤

AR
hai! = !(a)

!(aa⇤) � 0
!(1) = 1

!(a2) � 0

!(a⇤) = !(a)

kak2 = sup
!2ER

!(a⇤a)

AR

kabk  kak kbkka+ bk  kak+ kbk

kak2 = ka⇤ak = ka⇤k2

1+ aa⇤ invertible
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GNS theorems for real C*-algebras
Abstract real C*-algebras are similar to complex ones. 
See e.g. K. R. Goodearl, Notes on real and complex C*-algebras.
Shiva Mathematics Series. Shiva Publishing Ltd., 1982.

Finite dimensional case

Algebraic problem.  Artin-Wedderburn theorem implies that        is (a 
direct sum of...) matrix algebras over the reals, the complex or the 
quaternions

Infinite dimensional case
Analysis more involved, but similar conclusion: the algebra of 
observables is a closed subalgebra of the algebra of operators over 
some real Hilbert space

AR

Mn(R) Mn(C) Mn(H)

AR ⇢ B(HR)
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Why     , not     ? Has this to do with locality?
This is an old question! ... , Stueckelberg circa 1960 , ...
• Standard argument, because it works! (Hamiltonian dynamics, etc.)
• More refined argument, because of locality and separability.
One wants to be able to construct all the physical observables of a system 
out of the observables of its (causally) independent subparts (... ,  Araki 1980,  
Wooters 1990, ...)

This is possible only for complex algebras, since:
Complex case:

Real case 

C R

A B

A+B

(nm)2 = n2m2

(nm)(nm+ 1)

2
6= n(n+ 1)

2

m(m+ 1)
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Note that in these two frameworks (Algebraic and Quantum Logic) all 
observables are born equal (at least in a local sense)!
This is already a feature of Classical Hamiltonian Mechanics, where 
canonical transformations and Poisson brackets are the fundamental 
objects.
This is an important difference with de Broglie - Bohm formulations. 
Although dBB looks equivalent to standard QM formulations, it make 
reference to a particular set of commuting observables that have a 
special ontological status (be-ables).
For instance the positions of the particle(s) in the dBB theory of a 
non-relativistic particle  (with or without spin!).
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Quantum informational formulations of quantum mechanics
An old idea going back to J. Wheeler «It from Bit»

Recent developements with quantum information tools: preparations, 
effects, quantum channels, etc.
See in particular L. Hardy ’01 & ’11, G. Chiribella, G.M. D’Ariano, P. Perinotti ’11, 
L. Masanes, M. Muller ’11.

A B

I

O

B

I

A

0

preparation of a out 
state B according to 

some input I

measurement (effect) 
on a in state B with 

some output O 

general device acting 
on a state A with some 

input I and output O 

Build out «circuits» of operations on multipartite systems, and look 
for «informational axioms» for these operations.

0

probabilities are associated to (state / effect) 

21 IHES May 25, 2015F. David



Principle 1 (Causality) The probability of an outcome at a certain step does not depend on the choice of experiments 
performed at later steps.

Principle 2 (Fine-Grained Composition) The sequence of two fine-grained processes is a fine-grained process.
                                                or  “maximal knowledge of the episodes implies maximal knowledge of the history”

Principle 3 (Perfect Distinguishability) If a state is not compatible with some preparation, then it is perfectly distinguishable 
from some other state.

Principle 4 (Ideal Compression) Information can be compressed in a lossless and maximally efficient fashion.

Principle 5 (Local tomography) The state of a composite system is determined by the statistics of local measurements on 
the components

Principle 6 (Purity and Reversibility of Physical Processes) Every random process can be simulated in an essentially unique 
way as a reversible interaction of the system with a pure environment.

Here are the axioms of Chiribella et al.

Note that the ingredients of more physical approaches are here:
•States and Probabilities
•Causality (principle 1)
•Reversibility (principle 6)
•Locality (principle 5)
but some concepts are different and more information theoretical
(projective measurements or unitary transformations are replaced by 
general POVM-like operations acting on states)

So is there a way to unify these different formulations?
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And what about Quantum Gravity?

It is well known that General Relativity is at clash with Quantum 
Mechanics. Quantization is problematic, despite the efforts of some of the 
best brains of Theoretical Physics of the last 50 years...

I have no claim to bring something fresh in this debate...

However... Causality seems to precede Time (continuous time evolution) 
in the formulations of Quantum Mechanics

This is fortunate since in SR and GR there is no absolute time, and since 
there is probably no time in quantum gravity (Wheeler-deWitt equation)

But in Quantum Gravity, Locality* is expected to disappear too 
(Holography, String dualities, etc.).

Is it possible that Causality and Reversibility still make sense, in a weaker 
sense? If not, what replaces quantum mechanics?

* in the Einstein 1905/15 sense, not in the EPR-Bell 1935/64 sense
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• What do we understand and what do we really not understand in 
quantum mechanics?

• What are the basic physical principles we should insist on?
axioms/principles versus features/properties

• Can we agree on a preferred formulation?
• Or are different complementary formulations better?
• Are we still missing some important features of QM?
• Where should we expect quantum mechanics to fail?
• Why one theory and so many «interpretations»?
• Why are we so interested in the historical aspects of quantum 

mechanics?
• Where is the boundary between physics and philosophy in these 

discussions?

A list of questions
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Thank you
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