N

N

Stable Facts, Relative Facts
Andrea Di Biagio, Carlo Rovelli

» To cite this version:

Andrea Di Biagio, Carlo Rovelli. Stable Facts, Relative Facts. Foundations of Physics, 2021, 51 (1),
pp.30. 10.1007/s10701-021-00429-w . hal-03540839

HAL Id: hal-03540839
https://hal.science/hal-03540839
Submitted on 2 Feb 2024

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License


https://hal.science/hal-03540839
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

Foundations of Physics (2021) 51:30
https://doi.org/10.1007/s10701-021-00429-w

™

Check for
updates

Stable Facts, Relative Facts

Andrea Di Biagio' - Carlo Rovelli*?*

Received: 20 July 2020 / Accepted: 7 November 2020 / Published online: 27 February 2021
© The Author(s) 2021

Abstract

Facts happen at every interaction, but they are not absolute: they are relative to the
systems involved in the interaction. Stable facts are those whose relativity can effec-
tively be ignored. In this work, we describe how stable facts emerge in a world of
relative facts and discuss their respective roles in connecting quantum theory and
the world. The distinction between relative and stable facts resolves the difficulties
pointed out by the no-go theorem of Frauchiger and Renner, and is consistent with
the experimental violation of the Local Friendliness inequalities of Bong et al.. Bas-
ing the ontology of the theory on relative facts clarifies the role of decoherence in
bringing about the classical world and solves the apparent incompatibility between
the ‘linear evolution’ and ‘projection’ postulates.

Keywords Quantum physics - Relationalism - Measurement problem - Quantum-to-
classical transition - Decoherence - Interpretation of quantum mechanics - Relational
interpretation of quantum mechanics

1 Facts in Quantum Theory

The common textbook presentation of quantum theory assumes the existence of a
classical world. A measurement involves an interaction between the classical world
and a quantum system. The measurement produces a definite result, for instance
a dot on a screen. The result is a fact by itself, but also establishes a fact about a
quantum system. For instance, a certain measurement resulting in a definite record
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establishes that at some time the z-component of the spin of an electron is L, = g
This is a fact.

Quantum probabilities are probabilities for facts, given other facts. The facts are
therefore entries of which the probability amplitudes are function. In particular, facts
are used as conditionals for computing probabilities of other facts. For instance, if
the spin of the electron mentioned above is immediately measured in a direction at
an angle 6 from the z-axis, the probability to find the value L, = % (a fact), given the

n 2

fact that LZ = g,isP (Lg = gle = 5) = COoS

of facts are what quantum mechanics is about.

Facts ascertained in a conventional measurement are stable in the following
sense. If we know that one of N mutually exclusive facts a; (i =1... N) has hap-
pened, the probability P(b) for another fact b to happen is given by

<§ ) Hence, conditional probabilities

P(b) = Z P(bla;)P(a;), €5)

where P(q;) is the probability that a; has happened and P(b|q;) is the probability for
b given a;. We take Eq. (1) as a characterisation of stable facts.

This textbook presentation of quantum mechanics is incomplete because it
assumes the existence of a classical world. An exactly classical world can exist only
if current quantum theory has limited validity—for instance if physical collapse
mechanisms exist [14, 23], or if quantum theory cannot be extended to systems with
an infinite number of degrees of freedom [16], or other reasons. Quantum theory has
however been universally successful so far, and there is no empirical evidence of its
failure. This strongly suggest that real physical objects are classical (meaning they
do not display quantum properties) only approximatively. There are no exactly clas-
sical objects, strictly speaking, as everything we interact with is made of atoms and
photons, which obey quantum theory.

It is unconvincing to use concepts valid only within an approximation when for-
mulating the fundamental theory of nature. Therefore the attempts at interpreting
quantum theory as a universal theory do not rely on postulating classical objects.
This is the case for instance for the Many Worlds interpretations [30, 33] and the de
Broglie-Bohm pilot wave theory [11, 15]. Relational Quantum Mechanics (RQM)
[21, 28, 29] is an interpretation of quantum theory as a universal theory, but it pos-
tulates neither classical objects nor unobservable worlds, unobservable variables or
unobserved physics. Instead, RQM bases the interpretation of the theory on a larger
ensemble of facts, of which stable facts are only a subset. These are called relative
facts.

1.1 Relative Facts
Relative facts are defined to happen whenever a physical system interacts with
another physical system. While relative facts play a central role in RQM, their defi-

nition and their usefulness are independent of the interpretation. We shall discuss
this role in detail in the next section.
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Let us consider two systems S and F. If an interaction affects a variable L of F
in a manner that depends on the value of a certain variable Lg of S, then the value of
Lg is a fact relative to F. That is, whenever a system F is affected by a variable of
another system, the value of that variable becomes a fact for F. This is true by defi-
nition irrespectively of whether F is a classical system. The interaction with F is
the context in which that variable takes a specific value; we call the system F, in this
role, a ‘context’. The interaction with the context determines the fact that a certain
variable has a value in that context.'

Stable facts are a strict subset of the relative facts: there are many relative facts
that are not stable facts. Quantum theory provides probabilities relating relative
facts, but these satisfy (1) only if b and the g, are facts relative to the same system.
That is, if we label facts with their context (writing a™P for a fact relative to system
JF), then it is always the case that

— () (F)
P(bP) = 3, P(671a7)P(a”). )
In contrast, whenever W # F, it is in general not the case that
— (F) (F)
P(H7) = Y, P(6™1a”)P(a”). 3)

If (3) holds, we say that the facts aﬁﬂ are stable for V.

The failure of (3) is easily understood in terms of the standard language of quan-
tum theory: it is the presence of interference effects. If F is sufficiently isolated it
may be possible to maintain quantum coherence for the compound system S — F.
The interaction entangles the two systems and interference effects between different
values of the variable Lg can later be detected in the measurements by an observer
W. The probabilities for facts of the S — F system relative to WV can indeed be com-
puted from an entangled state of the form

cilay) ® |Fay) + cylay) ® |Fay), @)

where a; are values of Lg and Fa; are values of F’s ‘pointer variable’ L. Probabili-
ties computed from this state violate (3) as they feature interference terms because
what sums is amplitudes, not probabilities. The value of Lg, therefore, is not a stable
fact.

Hence facts relative to a system JF cannot in general be taken as conditionals for
computing probabilities of facts relative to a different system V. Equation (1) holds
only if b and g; are facts relative to the same system, but fails in general if used for
facts relative to different systems.

! We use ‘variable’ to denote any quantity that in the classical theory is a function on phase pace. We
prefer to avoid the expression ‘observable’ because it is loaded with irrelevant extra baggage: the ideas
of observation and a complex observer. The term ‘context’ is used here in a sense similar to that in [17].
However we do not require the context to be classical. See [1].
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While the notation S for ‘system’, F for ‘Friend’ and W for ‘Wigner’ is meant to
evoke the famous Wigner’s friend thought experiment [34], in the discussion above
there are no assumptions about the system JF being quantum or classical, micro-
SCOpic Or macroscopic.

So, what exactly characterises a stable fact, among the relative facts? What gives
rise to stable facts?

1.2 Decoherence

Since stability is a characteristic feature of the classical world, whose facts invari-
ably satisfy (1), answering the questions above amounts to explaining in terms of
relative facts what it takes for a system to be classical.

Various characterisations of a classical or semiclassical situation can be found in
the literature: large quantum numbers, semiclassical wavepackets or coherent states,
macroscopic systems, large or infinite number of degrees of freedom...All these fea-
tures play a role in characterising classical systems in specific situations. But the key
phenomenon that makes facts stable is decoherence [36, 39, 40]: the suppression of
interference that happens when some information becomes inaccessible.

Consider two systems F and £ (€ for ‘Environment’), and a variable L, of the
system F. Let Fa, be the eigenvalues of L. A generic state of the compound system
F — & can be written in the form

lw) = Z cilFa;) ® |w;), 5)

l

where |y;) are normalised states of £. Let us define
_ 2
€—H}%X|<Wi|‘l’j>| . (6)

Now, suppose that: (a) € is vanishing or very small and (b) a system ¥V does not
interact with £. Then the probability P(b) of any possible fact relative to WV result-
ing from an interaction between F and VV can be computed from the density matrix
obtained tracing over &, that is,

p = trglw )yl = |cl*|Fa)(Fa| + OCe). o

1

(

i

) = |¢;]%, we can then write

P(bM) = Z P(b(W)IFaf.g)>P<Faf.g)) +0(e). ®

By posing P(Fa

Thus, probabilities for facts b relative to JV calculated in terms of the possible values
of L satisfy (3), up to a small deviation of order e. Hence the value of the variable
L is a fact relative to £ that is stable for WV fo the extent to which one ignores effects
of order e. In the limit e — 0, the variable L of the system F is exactly stable for W.
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Extensive theoretical work has shown that decoherence is practically unavoidable
and extremely effective as soon as large numbers of degrees of freedom are involved
[41]. The variables of F that decohere, namely the specific variables for which ¢
becomes small, are determined by the actual physical interactions between F and &£
(they are those variables that commute with the interaction Hamiltonian). The deco-
herence time, namely the time needed for e to become so small that interference
effects become undetectable by given observational methods, can be computed and
is typically extremely short for macroscopic variables of macroscopic objects. All
this is well understood.

It is important for what follows to emphasise two subtle aspects of decoherence.

First, decoherence is not an absolute phenomenon, but a relational one: it
depends on how the third system VWV interacts with the combined system F — &.
This is because assumption (b) above is just as crucial as assumption (a) in deriving
(8). Another system W that interacts differently with F — £ might be able to detect
interference effects.

Second, decoherence implies that an event regarding two systems F and £ is sta-
ble for at third system V. Hence, a fact stable for VV is not necessarily a fact relative
to W. That is, the variable Ly is stable for JV even if the latter has not interacted
with it, so there is no fact relative to JV yet. This is what allows one to say that, with
respect to WV, the “state of the system F has collapsed into the state |Fa;) with prob-
ability P(Fa;) = |¢;|*,” even though WV has not interacted with F.

These observations show that decoherence does not imply that there is a perfectly
classical world of absolute facts, although it does explain why (and when) we can
reason in terms of stable, hence approximatively classical, facts.?

1.3 Measurements

If two systems S and F interact so that their respective variables Lg and L, get
entangled, and if L is stable for W, it follows immediately from the definitions that
also Lg is stable for W.

This is precisely what happens in a typical quantum measurement of a variable
L in a laboratory. Thinking of S, F and W as, respectively, the system being meas-
ured, the apparatus and the experimenter, we can separate the measurement in three
stages:

1. Aninteraction between the system and the apparatus entangles L with a pointer
variable L of the apparatus.

2 There is a limit case in which a fact can be stable even in the absence of decoherence. This is when
one of the amplitudes in (5), say c,, has absolute value close to 1. If )V does not interact with &, then the
probabilities for facts relative to W can be computed using p’ = |Fa, ){Fa,| + O(n), where n = 1 — |c,|.
In this case, one can reason as if the value of L, were a fact relative to W, up to order 5 effects. Thus,
when a fact relative to a system has very high probability, then it is stable for other systems, because
the interference effects are small. Notice the differences with the Einstein-Podolsky-Rosen criterion for
an ‘element of reality:’ the above only holds to the extent to which W cannot interact with &, and there
needs to be a fact relative to £ in the first place.
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2. Ly gets correlated with a large number of microscopic variables (forming £) that
are inaccessible to the observer W.
3. The observer WV interacts with the pointer variable L to learn about L.

Let’s trace this same story in terms of relative facts:

A relative fact is established between S and F.

A relative fact is established between F and £. Since YV does not interact with &,
this stabilises the previous fact for W.

3. Arelative fact is established between F and W. This has consequences on WW’s
future interactions with S — F.

N =

Already at stage 2, the observer can apply (3) since the interaction with the inac-
cessible degrees of freedom greatly suppresses interference terms. The observer
might say “Lg has been measured,” and assume that the pointer of the apparatus
moved one way or the other. In the mathematical formalism, V¥ can assume that
“S’s wavefunction has collapsed.” Note however that neither the value of Lg
nor that of L, is a fact for WV at this stage. Stability simply allows W to “de-
label” facts relative to F.

It is is only at stage 3 that the value of L, becomes a fact for W. Note that
the value of Lg is still not a fact relative to W, it is merely a stable fact for W.
However, based on the value of L, the experimenter JV can update the state for
S. The experimenter can reason as if Lg took the value that she read on the appa-
ratus’ pointer variable.

It is the way that W, F and £ couple to each other that makes F a meas-
uring apparatus for W. The stability of F for W extends to all other variables
that interact with F, hence W, applying quantum mechanics, might say that “F
causes S to collapse.” But, in fact, another system W that couples differently
to these systems might still be able to detect interference effects. Indeed this is
what happens in the Wigner’s friend scenarios.

In summary, we can distinguish two notions of facts that play a role in quan-
tum theory: relative facts and stable facts. Quantum theory allows us to talk
about relative facts and compute probabilities for them. Equation (2) holds but
(3) does not. The violation of (3) is quantum interference.

Stable facts are a subset of the relative facts. They satisfy (3). A relative fact
about a system F is stable for a system W if WV has no access to a system & that is
sufficiently entangled with . Stability is only approximate and relational. Approxi-
mate, because no fact is exactly stable for any finite . Relational, because it depends
on how the putative ‘observer’ system couples to the system and the environment.

@ Springer



Foundations of Physics (2021) 51:30 Page70f13 30

2 Facts and Reality

We have given definitions of relative and stable facts, and studied their proper-
ties. In this section we discuss the roles of relative and stable facts for the inter-
pretation of quantum theory, namely for the relation between the formalism and
the reality it describes.

2.1 The Link Between the Theory the World

Let us compare advantages and difficulties of interpreting either stable or relative
facts as the link between theory and reality.

Stable facts are taken as the link between the formalism and the world in text-
book interpretations of quantum theory. They are the conventional ‘measurement
outcomes’ in a macroscopic laboratory. They are similar to the facts of classical
mechanics because, in the world described by classical mechanics, all facts (vari-
ables having certain values at certain times) are exactly stable: the (epistemic)
probabilities for them to happen are always exactly consistent with (1). In quantum
mechanics, facts stable with respect to us are ubiquitous because of the ubiquity of
decoherence.

There are however two difficulties in taking stable facts as the basis of the quan-
tum ontology. First, stability is relational. Facts are stable only for a system that does
not have sufficiently precise interactions with an environment system. The system
and environment are still in a superposition with respect to a third system. Therefore
one does not avoid relationalism by restricting to stable facts. Second, more seri-
ously, stability is only approximate in general. At no point the interference terms
perfectly vanish.

These are serious difficulties if we want to take stable facts as the only primary
elements of reality. How stable does a fact need to be before it is real? And with
respect to what systems does it have to be stable, in order to be real? Any answer to
these questions is bound to be as unsatisfactory as the textbook interpretation that
requires a classical world. The alternative is to embrace the contextuality of the the-
ory in full, and base its ontology on all relative facts.

Relative facts form the basis of a realist interpretation in Relational Quantum
Mechanics (RQM) [21, 28, 29]. The fundamental contextuality that characterises
quantum theory is interpreted in RQM as the discovery that facts about a system are
always defined relative to another system, with which the first system interacts.

In the early history of quantum theory it was recognised that every measurement
involves an interaction, and it was said that variables take values only upon meas-
urement. RQM notices that every interaction is in a sense a measurement, in that it
results in the value of a variable to become a fact. These facts are not absolute, they
belong to a context. And there is no ‘special context’: any system can be a context
for any other system.

The quantum state (‘the wavefunction’) does not have an ontic interpretation in
RQM. The state is not a ‘thing’, nor a condition of a system. Rather, it is what a
physicist uses to calculate probabilities for relative facts between physical systems to
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happen, given the relevant information she has. It follows that RQM has no use for a
‘wavefunction of the universe’ that forever evolves unitarily, as this would be a tool
to calculate probabilities of facts relative to something that does not exist: a system
that is not part of the universe.

Unlike other epistemic interpretations of quantum theory [7, 13, 18, 32, 37],
the ontology of RQM is realist (as is the formal reconstruction theorem it inspired
[19]). Realist in the sense that it is not about agents, beliefs, observers, or experi-
ences: it is about real facts of the world and relative probabilities of their occur-
rence. The ontology is relational, in the sense that it is based on facts established at
interactions and are labelled by physical contexts. Relative facts, therefore, provide
a relational but realist interpretation to quantum theory which does not need to refer
to complex agents.

2.2 No-Go Theorems for Absolute Facts

A number of results have recently appeared in the literature as no-go theorems for
absolute (non-relative) facts [5, 6, 12]. These results analyse the extended Wigner’s
friend scenario (EWFS), where instead of a superobserver reasoning about his friend
in a hermetically sealed lab, there are two superobservers each reasoning about their
own friend, with the friends entangled.

2.2.1 Quantum Theory Cannot Consistently Describe the use of Itself

In [12], Frauchiger and Renner use a EWFS to show that quantum theory is incon-
sistent under a certain number of assumptions. A key assumption used to derive the
contradiction is the absolute nature of facts. This is assumption (C) in the paper,
which can be stated as follows: “If W, applying quantum theory, concludes that F
knows that Lg = a, then V¥ can conclude that Lg = a.” The ‘C’ stands for consist-
ency: the authors argue that this assumption is required to deem the theory consist-
ent: different agents using the same theory must arrive at the same conclusions. This
is an ironic choice of name from the point of view of the present discussion, as it is
precisely this assumption that leads to contradiction, according to RQM.

In terms of relative facts, assumption (C) implies: “If W, applying quantum the-
ory, can be certain that Lg = a relative to F, then V¥ can reason as if Lg = a also
relative to VV.” Now, as we have shown, this holds only if every fact relative to F is
stable for W, which is not a given and depends on the physics. Therefore Assump-
tion (C) only holds if S or F decohere with respect to V. In the Frauchiger and
Renner protocol, the superobservers are supposed to have full quantum control on
their friends and the contents of their labs. Thus, by definition, what is stable for
the friends is not stable for V. Hence the contradiction follows from inappropriately
mixing contexts: forgetting that facts are relative and therefore (3) does not hold in
general.

Indeed, as pointed out in [38] and worked out in detail in [26, 27], no contra-
diction can be derived if one additionally assumes that what is decoherent for the
friends (the lab they are in) is also decoherent for V. The analysis of how an agent
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should reason about an experiment that will be performed on him has not been done
within RQM yet. The reader is invited to consider the analysis within QBism [9, 10],
since also QBism holds that assumption (C) fails and quantum states are only used
to calculate probabilities from the point of view of a given system.

2.2.2 A Strong No-Go Theorem on the Wigner’s Friend Paradox

Another enlightening result is the recent Bong et al. [5], which is a strengthening
of a previous result by Brukner [6, 25]. In [5], the authors show that the conjunc-
tion of (a) absoluteness of observed events, (b) no superdeterminism and (c) locality
imply that correlations in the extended Wigner’s friend scenario must satisfy some
inequalities, called the Local Friendliness (LF) inequalities. Like Bell’s inequalities
[2, 3], these are derived in a theory-independent way. The authors then show that
quantum theory predicts the violation of these inequalities. Thus the universal valid-
ity of quantum theory implies that one of the three properties above does not hold.

The word ‘locality’ means different things in different physics communities. The
notion used to derive the LF inequalities is the one that Bell used to derive his ine-
qualities in [2]. In operational language, (c) says that a free choice does not alter the
probabilities of a spacelike separated event. Most epistemic interpretations accept
this notion of locality [8], while it is rejected by pilot-wave interpretations [15]. No
superdeterminism simply means that free choices are possible so that, in particular,
the measurement settings can be chosen so as to be uncorrelated with other relevant
variables. See [35] for an in depth analysis on the notions of locality and superdeter-
minism in the context of the implications of Bell’s theorems.

If one believes that quantum theory holds at arbitrary scales, wishes to maintain
locality and reject superdeterminism, one has no choice but to reject the absolute-
ness of observed events. Absoluteness of observed events means that if V¥ deems
that F is an observer, then WV can use (3)—even if WV has full quantum control on F.
This clearly does not hold in RQM: if W has full quantum control on F then facts
relative to F are not stable for W and thus (3) does not hold. Note that in RQM there
are no special ‘observer’ systems so an ‘observed event’ is simply a fact relative to a
given system.

Remarkably, the LF inequalities have already been experimentally violated when
the friends are single photons [5]. One might be tempted to dismiss the results on the
ground that photons do not generate facts (“photons are not observers”), but this opens
the problem of deciding which systems give rise to facts. If quantum theory is univer-
sally valid, advances in quantum technologies will allow to perform the same experi-
ment with increasingly complex ‘friends’. The predictions of quantum theory remain
the same: the statistics are incompatible with the assumptions of absolute facts.

The violation of the LF inequalities is no way in tension with the relational inter-
pretation. The opposite is true: the result is taken as evidence that the facts quantum
theory deals with are facts relative to systems.>

3 For a discussion of the implications of the ontology of RQM to Bell’s inequalities, see [20, 31] and
[22, 24].
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2.3 Conclusions and Final Comments

The insight of Relational Quantum Mechanics (RQM) is that recognising the rel-
ative nature of facts offers a straightforward solution to the measurement prob-
lem. The measurement problem is the apparent incompatibility between two pos-
tulates: the ‘projection’ and the ‘linear evolution’ postulate. Both postulates can
be correct: they refer to facts relative to different systems. Say that S interacts
with F, so that a fact relative to F is established. Then the projection postulate is
used to update the state of S with respect to F, while the unitary evolution postu-
late is used to update the state of S — F with respect to a third system WW.

In a slogan: “Wigner’s facts are not necessarily his Friend’s facts’.

This by no means implies that when Wigner and his friend compare notes they
find contradictions [28]. Interactions between S and F do have influence on the
facts relative to W. Indeed, after an interaction, S and F are entangled relative
to W, meaning that in interacting with the two systems, WV will find the two cor-
related. Therefore Wigner will always agree with his Friend about the value of
Lg once he too interacts with them. In this sense, relative facts correspond to real
events, they have universal empirical consequences.

Still, accepting the relativity of all facts is a strong conceptual step. It amounts
giving up the absolute nature of facts, namely, the existence of an absolute ‘mac-
roreality’ in the language used in discussions of Bell’s inequalities [35]. Such a
macroreality only emerges approximately, relative to systems for which decoher-
ence is sufficiently strong.

Decoherence has always played a peculiar role in the discussions on the meas-
urement problem. On the one hand, it is simply a true physical phenomenon,
obviously relevant for shedding light on quantum measurement. On the other
hand, there is consensus that decoherence alone is not a solution of the meas-
urement problem, because it does not suffice to provide a link between theory
and reality. Decoherence needs an ontology. Relative facts provide such a general
ontology that is well defined with or without decoherence. Decoherence clarifies
why a large class of relative facts are stable for us and thus form the stable classi-
cal world we live in.

The violation of (1) when used for facts relative to different systems sheds also
some light on the underpinnings of quantum logic. The violation of (1), indeed, has
been interpreted as a violation of classical logic [4], as it can be written as

P(b and (a, or ay)) # P((b and a)) or (b and a,)), )
in contradiction with the classical logic theorem
b and (a, or a,) = (b and a,) or (b and a,). (10)

The apparent violation of logic is understood in RQM as a result of forgetting that
facts are relative: labelled by a context, as Bohr has repeatedly pointed out. Facts
relative to a context cannot be used, in general, to compute probabilities of facts
related to other contexts because what is a fact in a certain context is not necessarily
a fact in other contexts.
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As a final remark, observe that if the quantum state has no ontic interpretation,
the only meaning of ‘being in a quantum superposition’ is that interference effects
are to be expected. Saying “Friend is in a quantum superposition” does not mean
anything more than saying that Wigner would be mistaken in using (3). It has no
implications on how Friend would “feel” while being in a superposition. Friend sees
a definite result of her measurement, a fact, and this does not prevent Wigner from
having the chance to see an interference effect in his facts. Wigner’s friend does not
stop being an observer simply because Wigner has a chance to detect interference
effects in his facts. Schrodinger’s cat has no reason to feel ‘superposed’.
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