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“An extraordinary book on the deep principles behind quantum theory.” 

NICOLAS GISIN, UNIVERSITY OF GENEVA

“Part quantum mechanics textbook, part original re
search contrib

ution, th
is book is 

a fascinating, audacious effort to
 ‘re

build quantum mechanics fro
m the ground up,’ 

presenting it a
s the logical consequence of simple inform

ation-theoretic postulates.  

Students wishing to learn quantum inform
ation should read it a

nd do all th
e exercises!” 

SCOTT AARONSON, M
IT 

Quantum theory is the soul of th
eoretical physics. It 

is not ju
st a theory of specific physical systems, 

but rather a new framework with universal applicability
. This book shows how we can reconstruct th

e 

theory fro
m six inform

ation-th
eoretical principles, by rebuilding the quantum rules fro

m the bottom 

up. Step by step, th
e reader w

ill l
earn how to master th

e counterintuitiv
e aspects of th

e quantum 

world, and how to efficiently reconstruct quantum inform
ation protocols fro

m first principles. Using 

intuitiv
e graphical notation to represent equations, and with shorter and more efficient derivations, th

e 

theory can be understood and assimilated with exceptional ease. Offering a radically new perspective 

on the field, th
e book contains an efficient course of quantum theory and quantum inform

ation for 

undergraduates. The book is aimed at re
searchers, professionals, students in physics, computer 

science and philosophy, a
s well a

s the curious outsider seeking a deeper understanding of th
e theory.
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Quantum information

• The mathematical language of quantum
mechanics expresses the features of a
theory of information processing
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Quantum information

• The mathematical language of quantum 
mechanics expresses the features of a 
theory of information processing

• Systems are information carriers in the 
first place rather than being elementary 
constituents of matter



• We obtain quantum theory as an information theory 

• No mechanical semantics 

• Missing: notions of space and time, mass, energy, momentum…   

• Can we recover mechanical concepts? 

• Can we recover physical laws?

Mechanical semantics



• “An intellect which at a certain moment would know all forces that set nature in motion, and all
positions of all items of which nature is composed, if this intellect were also vast enough to
submit these data to analysis, it would embrace in a single formula the movements of the
greatest bodies of the universe and those of the tiniest atom; for such an intellect nothing
would be uncertain and the future just like the past could be present before its eyes.”

Pierre Simon de Laplace, “Essai philosophique sur les probabilités”, 1814.

Laplace’s universe
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• “An intellect which at a certain moment would know all forces that set nature in motion, and all 
positions of all items of which nature is composed, if this intellect were also vast enough to 
submit these data to analysis, it would embrace in a single formula the movements of the 
greatest bodies of the universe and those of the tiniest atom; for such an intellect nothing 
would be uncertain and the future just like the past could be present before its eyes.” 
 
Pierre Simon de Laplace, “Essai philosophique sur les probabilités”, 1814.

• Indeterminism intrinsic in quantum mechanics undermines this perspective

• Laplace’s idea has some modern elements in its bones: physical law as an algorithm

Laplace’s universe



Algorithmic universe

R. Feynman, Int. J. Theo. Ph. 21, 467 (1982)

Quantum Mechanical Computers 
By Richard P. Feynman 

Introduction 

T his work is a part of an effort to 
analyze the physical l imitations 
of computers due to the laws of 

physics. For example, Bennett 1 has 
made a careful study of the free energy 
dissipation that must accompany com-
putation. He found it to be virtually 
zero. He suggested to me the question 
of the l imitations due to quantum me-
chanics and the uncertainty pr incip le. I 
have found that, aside from the obvious 
l imitation to size if the work ing parts 
are to be made of atoms, there is no 
fundamental l imit f rom these sources 
either. 

We are here consider ing ideal ma-
chines; the effects of smal l imperfec-
tions wi l l be considered later. This study 
is one of pr incip le; our a im is to exhibit 
some Hami l tonian for a system which 
could serve as a computer. We are not 
concerned with whether we have the 
most efficient system, nor how we 
could best implement it. 

Since the laws of quantum physics 
are reversible in t ime, we shall have to 
cons ider compu t i ng engines w h i c h 
obey such reversible laws. This prob-
lem already occurred to Bennett 1 , and 
to Fredkin and Toffoli 2 , and a great deal 
of thought has been given to it. Since it 
may not be famil iar to you here, I shall 
review this, and in doing so, take the 
opportunity to review, very briefly, the 
conclusions of Bennett 2 , for we shall 
conf i rm them all when we analyze our 
quantum system. 

It is a result of computer science that 
a universal computer can be made by a 
suitably complex network of intercon-
nected primit ive elements. Fo l lowing 
the usual classical analysis we can imag-
ine the interconnections to be ideal 
wires carrying one of two standard volt-
ages representing the local 1 and 0. We 
can take the primit ive elements to be 
just two, NOT and A N D (actually just 
the one element N A N D = N O T A N D 
suffices, for if one input is set at 1 the 
output is the NOT of the other input). 
They are symbolized in Fig. 1, with the 
logical values resulting on the outgoing 
wires, result ing f rom different com-
binations of input wires. 

F rom a logical point of view, we must 
consider the wires in detail, for in other 
systems, and our quantum system in 
particular, we may not have wires as 

such. We see we really have two more 
logical primit ives, F A N OUT when two 
wires are connected to one, and E X -
C H A N G E , when wires are crossed. In 
the usual computer the N O T and N A N D 
primit ives are implemented by transis-
tors, possibly as in Fig. 2. 

What is the m in imum free energy that 
must be expended to operate an ideal 
computer made of such pr imit ives? 
Since, for example, when the A N D op-
erates the output l ine, c´ is being deter-
mined to be one of two values no matter 
what it was before the entropy change is 
ln(2) units. This represents a heat gen-
eration of kT ln(2) at temperature T. For 
many years it was thought that this rep-
resented an absolute m i n i m u m to the 
quantity of heat per pr imit ive step that 
had to be dissipated in making a cal-
culat ion. 

The question is academic at this t ime. 
In actual machines we are quite con-
cerned with the heat dissipation ques-
t ion, but the transistor system used ac-
tua l l y d iss ipa tes about 1010kT! As 
Bennett 3 has pointed out, this arises 
because to change a wire's voltage we 
dump it to ground through a resistance; 
and to bu i ld it up again we feed charge, 
again through a resistance, to the wire. 
It cou ld be greatly reduced if energy 

Richard P. Feynman is a profes-
sor of theoretical physics at Cali-
fornia Institute of Technology. 
This article is based on his ple-
nary talk presented at the C L E O / 
IQEC Meeting in 1984. 

cou ld be stored in an inductance, or 
other reactive element. 

However, it is apparently very diffi-
cult to make inductive elements on si l i-
con wafers with present techniques. 
Even Nature, in her D N A copying ma-
chine, dissipates about 100 kT per bit 
copied. Be ing, at present, so very far 
f rom this kT ln(2) figure, it seems ridic-
ulous to argue that even this is too high 
and the m in imum is really essentially 
zero. But , we are going to be even more 
r idiculous later and consider bits writ-
ten on one atom instead of the present 
1 0 " atoms. Such nonsense is very en-
tertaining to professors l ike me. I hope 
you wi l l f ind it interesting and enter-
taining also. 

What Bennett pointed out was that 
this former l imit was wrong because it 
is not necessary to use irreversible 
primit ives. Calculat ions can be done 
with reversible machines contain ing 
only reversible primit ives. If this is done 
the m in imum free energy required is 
independent of the complexity or num-
ber of logical steps in the calculat ion. If 
anything, it is kT per bit of the output 
answer. 

But even this, wh ich might be consid-
ered the free energy needed to clear the 
computer for further use, might also be 
considered as part of what you are go-
ing to do with the answer—the informa-
tion in the result if you transmit it to 
another point . This is a l im i t on ly 
achieved ideally if you compute with a 
reversible computer at inf in i tesimal 
speed. 

Computation with a 
reversible machine 

We wi l l now describe three reversible 
primit ives that cou ld be used to make a 
universal machine (Toffoli4). The first is 
the N O T which evidently loses no in-
formation, and is reversible, being re-
versed by acting again with NOT. Be-
cause the convent ional symbol is not 
symmetr ical we shall use an X on the 
wire instead (see Fig. 3a). 

Next is what we shall cal l the C O N -
T R O L L E D N O T (see F ig. 3b). There are 
two entering l ines, a and b and two 
exiting l ines, a ´and b´. The a ´ is always 
the same as a, wh ich is the contro l l ine. 
If the control is activated a = 1 then the 
out b´ is the N O T of b. Otherwise b is 
unchanged, b´ = b. The table of values 

OPTICS NEWS February 11 

I want to talk about the possibility that there is to be an exact 
simulation, that the computer will do exactly the same as nature. If this 
is to be proved and the type of computer is as I've already explained, 
then it's going to be necessary that everything that happens in a finite 
volume of space and time would have to be exactly analyzable with a 
finite number of logical operations. The present theory of physics is 
not that way, apparently. It allows space to go down into infinitesimal 
distances, wavelengths to get infinitely great, terms to be summed in 
infinite order, and so forth; and therefore, if this proposition is right, 
physical law is wrong.



Cellular automaton

What is a cellular automaton?

J. Von Neumann and A. W. Burks, “Theory of self-reproducing automata” 1966

http://web.stanford.edu/~cdebs/GameOfLife/
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Emergent physical laws



Riemann, “On the Hypotheses which lie at the Bases of Geometry”, 1854.

“The question of the validity of the 
hypotheses of geometry in the 
infinitely small is bound up with the 
question of the ground of the metric 
relations of space. In this last 
question, which we may still regard as 
belonging to the doctrine of space, is 
found the application of the remark 
made above; that in a discrete 
manifoldness, the ground of its metric 
relations is given in the notion of it, 
while in a continuous manifoldness, 
this ground must come from outside. 
Either therefore the reality which 
underlies space must form a discrete 
manifoldness, or we must seek the 
ground of its metric relations outside it, 
in binding forces which act upon it.”



“But you have correctly grasped the 
drawback that the continuum brings. If 
the molecular view of matter is the 
correct (appropriate) one, i.e., if a part of 
the universe is to be represented by a 
finite number of moving points, then the 
continuum of the present theory contains 
too great a manifold of possibilities. I also 
believe that this too great is responsible 
for the fact that our present means of 
description miscarry with the quantum 
theory. The problem seems to me how 
one can formulate statements about a 
discontinuum without calling upon a 
continuum (space-time) as an aid; the 
latter should be banned from the theory 
as a supplementary construction not 
justified by the essence of the problem, 
which corresponds to nothing “real”. But 
we still lack the mathematical structure 
unfortunately. How much have I already 
plagued myself in this way!”

Einstein, letter to Walter Dällenbach, November 1916. 



Fermionic cellular automata

• Fermionic field
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G. M. D’Ariano and PP, Phys. Rev. A 90, 062106 (2014).
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Free evolution: linear case



Homogeneity
“One can distinguish the role of two different systems only with reference to any third one”

•The graph of causal connections is a group 

•The cellular automaton is translation invariant
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P.P., Quantum 4, 294 (2020)



Geometric group theory

Mikhail Gromov

Studies algebraic properties of groups 

in connection with geometric ones

bd(E(g), E(g�))R � a � d(g, g�)G � 1
b d(E(g), E(g�))R + a
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→g ↑ G ↓z ↑ R s.t. d(z,E(g))R < a
Quasi-isometry



Emergent space(-time)

Uniquely identified geometryHomogeneity

G. M. D’Ariano and PP, Phys. Rev. A 90, 062106 (2014).



• Right-regular representation of G

Walk operator
Tg|f〉 := |fg�1〉 |f� � �2(G)
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• Walk operator

•  The automaton is reversible iff the walk is unitary
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• Unitarity conditions 

• The conditions involve length-four relators

Unitarity

∑

h−1h′=g

A†
hAh′ =
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hh′−1=g

AhA†
h′ = 0

∑

h�S

A†
hAh =

∑

h�S

AhA†
h = I

h�1h� = f�1f � � h�1h�f ��1f = e



• From translation invariance

Diagonalising the walk

W =

Z

B
dd k |kihk|⌦Wk

[Th ⌦ I,W ] = 0

Wk :=
X

h2S

e�ik·hAh

Brillouin zone

G. M. D’Ariano and PP, Phys. Rev. A 90, 062106 (2014).



Non-interacting QCA

G = Z3
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FIG. 4. The distortion effects of the Lorentz group for the discrete Planck-scale theory represented by the quantum walk in Eq. (2). Left
figure: the orbit of the wave vectors k = (kx,0,0), with kx ∈ {0.05,0.2,0.5,1,1.7} under the rotation around the z axis. Right figure: the orbit of
wave vectors with |k| = 0.01 for various directions in the (kx,ky) plane under the boosts with β parallel to k and |β| ∈ [0, tanh 4].

L(f )
β provide a nonlinear representation of the Lorentz group

[9,10,19]. In Figs. 4 and 5, we show the numerical evaluation
of some wave-vector orbits under subgroups of the nonlinear
Lorentz. The distortion effects due to underlying discreteness
are evident at large wave vectors and boosts. The relabeling
k → k′(k) = L(f )

β (k) satisfies (7) with "k = #β and "̃k = #̃β

for the right-handed particles, and "k = #̃β and "̃k = #β for
the left-handed particles, with #β and #̃β being the (0, 1

2 ) and
( 1

2 ,0) representations of the Lorentz group, independently on
k in each pertaining region.

For varying f , we obtain a much larger group, including
infinitely many copies of the nonlinear Lorentz one. In the
small wave-vector regime, the whole group collapses to the
usual linear Lorentz group for each particle.

FIG. 5. The green surface represents the orbit of the wave vector
k = (0.3,0,0) under the full rotation group SO(3).

V. SPECIAL RELATIVITY AND THE DIRAC
QUANTUM WALK

Up to now we have analyzed what happens with massless
particles. A simple way to obtain the Dirac equation is to pair
an automaton in Eq. (2) with its adjoint into a direct sum. As
proved in Ref. [15], there are only two admissible quantum
walks

D± =
(

nA± imI
imI nA±

)
,

0 ! n,m ! 1, n2 + m2 = 1

(17)

giving the Dirac equation in the small wave-vector regime. A
relevant feature of the discreteness is that because of unitarity
the mass parameter is upper bounded [20].

The eigenvalue equation of the Dirac QW can be written as
[
p(f )

µ (ω,k,m)γ µ − mI
]
ψ(ω,k,m) = 0, (18)

where γ µ are the Dirac γ matrices in the Weyl representation,
and m is then interpreted as the particle mass. Due to the
explicit dependence of p

(f )
µ from m the covariance under

change of reference cannot leave the value of m invariant.
In such case the dispersion relation resorts to the conservation
of the de Sitter norm

sin2 ω − (1 − m2)|n(k)|2 − m2 = 0. (19)

The group leaving Eq. (19) invariant is the de Sitter group
SO(1,4). In the limit of m ≪ 1, the usual Lorentz symmetry
is recovered. The analysis of de Sitter covariance of Eq. (18)
will be given in a forthcoming publication.

VI. CONCLUSION

We have seen what happens of the Lorentz group in a
quantum world that is discrete. The main point is to abandon
the idea of enforcing the exact Lorentz symmetry on the dis-
crete, but instead to consider the symmetry as an approximate
one that holds only in the small wave-vector and small mass
regime. Within the framework of quantum cellular automata
(QCA), the paradigmatic example of quantum dynamics on
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The renormalisation flow
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Local measurements



• Measurements in QFT produce paradoxical situations 
Y. Aharonov, D. Z. Albert, Phys. Rev. D 24, 359 (1981) 
S. Popescu, L. Vaidman, Phys. Rev. A 49, 4331 (1994) 
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N. Gisin, F. Del Santo, Quantum 8, 1267 (2024) 

The observer

plicitly model all known quantum phenomena),
an issue that has been called “a major scan-
dal in the foundations of quantum physics” [7].
One may then try to naively apply the standard
rules of quantum measurements in the context of
QFT. However, it was pointed out by Sorkin al-
ready in 1993 [8] that this leads to a violation of
no-signaling between space-like separated regions
(provided that measurements take place on finite
regions of space-time). These measurements that
violate no-signaling are commonly referred to as
impossible measurements (see section 2).

Figure 1: Spacetime diagram of Sorkin’s impossible mea-

surement scenario in QFT.

The problem of impossible measurements in
QFT has gained interest in recent years (for a
historical review, see [9, 10]) and two main ap-
proaches have been proposed to solve this conun-
drum: The first one, pursued in Refs. [11, 12, 13],
accepts that microcausality is not enough to sin-
gle out the physical measurements and puts for-
ward further constraints. The second approach,
advanced in Refs. [14, 15, 16, 17], finally provides
QFT with an explicit measurement scheme (by
coupling the quantum fields to a probe, which is
in turn another quantum field) such that Sorkin’s
impossible measurements do not seem possible to
arise in the first place.

While these proposed solutions represent a
valuable advancement in understanding relativis-
tic quantum measurements, they are completely
rooted in the formalism of QFT. Yet, it should
be noted that impossible measurements are not a
characteristic problem of QFT, but rather have
a more general scope. In fact, also in non-
relativistic quantum theory one may ask what
nonlocal joint measurements (i.e., performed on
multipartite systems located at a distance from
each other) lead to signaling. Studying this prob-
lem in a non-relativistic quantum framework is at
the same time simpler and more general. It is sim-

pler because standard quantum mechanics is pro-
vided with a well-established theory of measure-
ment, and one can thus look for the limitations
that no-signaling imposes on the theoretically al-
lowed measurements. It is more general because
no-signaling could be studied at a more abstract
level, in principle without resorting to any phys-
ical theory – in particular to relativity – to mo-
tivate it. In fact, it is true that the principles of
relativity theory represent the most striking jus-
tification to impose no-signaling between distant
regions, but this is in the end only one possible
physical justification of why one would impose
no-signaling. One can think of di!erent physical
motivations, e.g., a thick wall (or any other im-
penetrable potential barrier), or an interruption
in the communication channel. These scenarios
exemplify the general principle of no-nonphysical
communication, which states that communication
is possible only when information is encoded into
a physical carrier (a letter, a particle, a radio
wave, etc.) which physically transports the in-
formation from the sender to the receiver [18].

Interestingly, the problem of what nonlocal
quantum measurements lead to signaling (using a
non-relativistic quantum information formalism)
has already been studied in a series of papers
[19, 20, 21, 22, 23, 24, 25, 26, 27]. Therein it
is shown that the ideal measurements (for defini-
tions on di!erent types of measurements, see sec-
tion 2.1) of nonlocal variables (which do not lead
to signaling) are those that completely erase the
information from the local states (i.e., the post-
measurement updated state locally reduces to the
identity matrices). We borrow the useful termi-
nology from Ref. [28], although with a di!erent
specific meaning, and we call these measurements
localizable.1 As we shall see (in section 4), these
measurements are almost never ideal, i.e., the up-
dated post-measurement state is in general not an
eigenstate of the measurement operator and can-
not therefore be immediately reproduced.

Note that what Refs. [28] and [14] call a mea-
surement actually yields no outcomes. In the for-
mer, in particular, they merely diagonalize the
density matrix in the measurement eigenbasis,
which is equivalent to carry out an ideal mea-

1In Ref. [28], they originally called those measurements
causal and localizable, but we emphasize that if a mea-
surement is localizable in the sense used here, this implies
that it does not signal.
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• The measurement process is supposed to be 

• external to the picture, local, arbitrary

Measurement: a proposal
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• What POVMs can be achieved on a region R at step t?

Question 1
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• What instruments can be achieved on a region R at step t?

Question 2

T. Brambilla, A. Tosini, PP, in preparation
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• Case study: 1+1-d nearest neighbour qubit QCA 

• Architecture: 

Results

T. Brambilla, A. Tosini, PP, in preparation
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Entanglement/magicness
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t→ 2

Figure !.!
Entanglement entropy as a function of the phase ω → (↑ε,ε].

The second backward pullback in the OMP produces, on {x, x+1}, a unitary of the
form

U (ω,j)(ω){x,x+1} = RZ(ϑω){x}RZ(ϖj){x+1}CPZ(ω){x,x+1}, (!.!."#)

where RZ are single–qubit Z–rotations (whose angles depend on the neighbour out-
comes ϱ, j → {0, 1}), and

CPZ(ω) := diag (1, 1, 1, eiε) (!.!."!)

in the computational basis. Since local unitaries do not change the spectrumof the one–
site reduced state, the single–qubitZ–rotations do not a$ect the entanglement entropy.
Hence, for thepurpose of entanglementoptimization,wemaypull the twoRZ gates out,
and restrict attention to the action of CPZ(ω) on a product input on {x, x+1}.

Crucially, any pure, unit–norm qubit state, with ϖ → [0,ε], ς → [0, 2ε),

|φ(ϖ, ς)↓ = cos(
ϖ

2
) |0↓+ eiϑ sin(

ϖ

2
) |1↓ ,

is obtained from |0↓ by a local unitary rotation on the Bloch sphere. One convenient
synthesis is

|φ(ϖ, ς)↓ = RZ(ς)RY(ϖ) |0↓ ,

withRZ(ς) = e→i ω2Z andRY(ϖ) = e→iε2 Y. Therefore, the %rst–layer instruments can
be chosen as local unitary channels (or, more generally, measure–prepare instruments)

&#’

Hence,
M (j,ω)

2 (ω) = 2→ log2 S(j,ω)(ω), (j, ε) ↑ {0, 1}2.

Wenowreport the four branch–resolved curvesM (j,ω)
2 (ω) as functions ofω ↑ (→ϑ,ϑ],

one for each class (j, ε) ↑ {0, 1}2. In all cases one !nds M2(ω) = 0 at ω = 0 and
ω = ±ϑ (global minima). The global maximum is

max
ε

M2(ω) = log2 (16/7) ↓ 1.192 bits (".".#$)

attained at ω = ±
ϑ
2 . In addition, the (j, ε) = (0, 1) (equivalently (1, 0)) branch

exhibits secondary local maxima at ω ↓ ±0.614 and ω ↓ ±2.528, with local value
M2 ↓ 0.627 bits, and local minima at ω ↓ ±0.905 and ω ↓ ±2.236, with value
M2 ↓ 0.546 bits. The (j, ε) = (1, 1) branch shows secondary local maxima at
ω ↓ ± 0.542 and ω ↓ ± 2.60, with local valueM2 ↓ 0.915 bits, and local minima
at ω ↓ ±1.017 and ω ↓ ±2.125, with valueM2 ↓ 0.294 bits.

$"%



• How to reconstruct the dynamical laws in the emergent manifold? 

• Few simple cases worked out 

• We need a general technique 

• Main ingredients 

• Classification of QCAs on a given graph 

• Representations of the (quasi-)local algebra  
(statistical mechanics/choice of vacuum) 

• Renormalisation 
(reconstruction of large-scale dynamics)

The missing pieces



• Proof of concept  

• Mechanical notions can be recovered in an information processing context 

• Problem: appropriate notion of a “continuum limit” 

• Role of the observer:  

• local measurements 

• phrase the emergent laws in geometric and mechanical terms

Conclusions and outlook


