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The big picture

Picture of the black hole M87* ,11 April 2017, Event 
Horizon Telescope (EHT), European Southern 
Observatory (ESO) [wikimedia commons]

To combine gravity and quantum has been a/the major 
unsolved problem in fundamental physics. Theories of 
quantum gravity have been developed (string theory, loop 
quantum gravity, and more), but there is (1) no agreement 
between the different schools, and (2) no agreement what 
each them implies [perhaps exaggerating a bit, but not 
much]. There are also collapse theories by Penrose and 
others where gravitation is not quantized.      

It can however not be doubted anymore that 
there are objects in the Universe where it would 
eventually matter if gravity is quantized.
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Outline

1933 Bohr and Rosenfeld (BR) showed that the electromagnetic 
field has to be quantized to be consistent with quantum 
mechanics applied to ordinary bodies.  

1936 Bronstein showed that the BR Gedankenexperiment does not
apply to (linearized) quantum gravity.   

1940ies Quantum electrodynamics was discovered and developed.    

1950-2000 Quantum field theory was further developed. Many theories of
quantum gravity were invented. 

2009 Baym and Ozawa published another Gedankenexperiment due 
to Bohr and argued that it does not apply to gravity.    

2014 BR and Bronstein’s arguments were revived by Dyson.    

2018 Belenchia et al (Brukner & Aspelmeyer) analyzed yet another 
Gendankenexperiment, similar to Baym & Ozawa, arriving at the 
conclusion that the (linear) gravitational field has to be quantized. 
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Bohr & Rosenfeld (1933)

Niels Bohr & Léon Rosenfeld 
“Zur Frage der Messbarkeit der 
elektromagnetischen Feldgrössen”
Kgl. Danske Vidensk. Selskab. Math.-
Fys. Medd. 12:3 (1933)

Reprinted [in English, translation by A 
Pedersen] in 

Wheeler & Zurek (Eds.)
Quantum Theory and Measurement 
Princeton University Press (1983) 

BR aimed to show that if the 
electromagnetic field is not quantized it 
would be possible to measure a test 
body better than allowed by Heisenberg 
uncertainty relations.

One difficulty of BR is that it was 
written in the language of quantum 
field theory in the 1930ies. As one 
learns in courses in more modern 
versions of the theory, there were 
infinities in those theories, and 
renormalization had not yet been 
invented.

But that’s a relatively minor difficulty.
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G Gamow (1933)
courtesy Niels Bohr Archive 

Bitte, bitte, Landau, muss 
ich nur ein Wort sagen! 

The greatest difficulty
BR introduce extraordinarily 
complicated Gedankenexperiments with 
many mechanic springs and other 
contraptions to correct for various 
induced fields in imagined
idealized experiments. 

In the most complete versions in BR 
there are two charged test bodies
each with its compensatory body, a 
further neutral test body, five springs 
connecting these test bodies to each 
other and to a rigid support, light 
signaling between two of the test 
bodies and at least two corrections that 
are assumed analytically computable.
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Bronstein and Dyson

A theory of the linearized quantum gravitational field was developed by M 
Bronstein in his 1936 PhD thesis, and later by others, e.g. by Feynman.

Bronstein observed that BR arguments do not apply to this linearized 
quantum gravitational field. Compensatory bodies of opposite 
(gravitational) charge (that is, negative mass) do not exist in Nature.

Bronstein also observed that a BR-style experiment for gravity would need 
to be very massive, so massive that it would be inside its gravitational 
radius.

Both observations were made by Dyson (2014). He found that conceivable 
experiments to observe a quantum of the gravitational field (a graviton) 
would collapse into a black hole before the experiment had finished.
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Planck units
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Planck units are particularly useful in the theory of black holes. The black 
hole radius is , the Hawking temperature is , etc.

“It is natural to suppose also that [] determines the limit of applicability of 
present-day notions of space and causality.”

―A.D. Sakharov, Dokl. Akad. Nauk 177:70-71 (1967)
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Baym & Ozawa (2009)

Gordon Baym & Tomoki Ozawa, “Two-slit 
diffraction with highly charged particles: 
Niels Bohr’s consistency argument that the 
electromagnetic field must be quantized”, 
PNAS 106:3035–3040 (2009).

“Niels Bohr once suggested a very simple 
gedanken experiment to prove that, in 
order to preserve the consistency of 
elementary quantum mechanics, the 
radiation field must be quantized as 
photons”

―Aage Petersen, private communication 
to G. Baym, Copenhagen ca. 1961. 
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Electromagnetic version

Bach, R. et al. NJP (2013) Baym & Ozawa (2009), Fig 1 time 

In a two-slit experiment a detector of the electric field is set up far away from 
the barrier. If that detector can acquire which-path information by measuring 
the far-field, and at the same time a diffraction pattern is observed, 
complementarity is broken. Assumed , so no backreaction.

𝑇 =
𝐿
𝑣
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The argument (1/3)

Baym & Ozawa (2009), Fig 2

The detector, a charged body A and a 
compensatory body B, can determine 
electric field down to a minimum given 
by Heisenberg uncertainty applied to A 
(BR, in a form given by Bronstein). 

The detector can get which-path 
information if it can distinguish the 
electric field from a particle going 
through the upper or the lower slit.

𝑍 >
1

√𝛼
𝑐𝑇
𝑑

𝑍𝑒

An electron (charge ) is safe. A very 
charged particle seems not to be.  

𝛼=
𝑒2

ℏ 𝑐
≈ 137
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The argument (2/3)

Baym & Ozawa (2009), Fig 3

A charged particle will radiate when 
it changes velocity at the slits. That 
particle then becomes entangled with 
photons escaping to infinity, and is no 
longer fully entangled with the 
particle going though the other slit.

A more charged particle (larger ) will 
radiate more photons. Visibility of 
interference fringes hence decreases 
with .

A quantized electromagnetic field 
means that it is also not possible to 
acquire which-path information from 
a very charged particle. 

Calculation of decoherence from 
brehmstrahlung was done by e.g. 
Breuer & Petruccione PRA (2001)
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The argument (3/3)
Redo the argument with a massive 
particle, and replace the electric field 
detector with a gravitational field 
detector. Which-path information can 
then be acquired if mass is

A quantized gravitational field is not 
necessary. It suffices (Sakharov’s 
principle) to assume that  is a lower 
limit on position measurements.

𝑀>𝑚𝑝
𝑅
𝑑

The fringes are however at separation

𝛿 𝑓 𝐿
𝑑
ℏ

𝑀𝑣
≤ 𝑙𝑝

𝑐𝑇
𝑅

<𝑙𝑝The idea of a gravitational field 
detector for which-path 
information. Two mirrors can 
move. How far they move apart 
is a measure on the difference of 
the fields that has acted on them.

Baym & Ozawa (2009), Fig 4
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Belenchia et al (2018)

A. Belenchia, R. M. Wald, F. 
Giacomini, E. Castro-Ruiz, C. Brukner, 
& M. Aspelmeyer

“Quantum superposition of massive
objects and the quantization of gravity”
Physical Review D 98:1–9 (2018)

Part of the modern trend of table-top 
experiments in quantum gravity cf. 
Bose et al PRL (2017), Marletto & 
Vedral PRL (2017), Christodoulou & 
Rovelli Phys Lett B (2019), Krisnanda 
et al, npj Quantum Information (2020)
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A paradox?
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Belenchia et al (2018, Fig 1

Alice has a particle in a superposition 
of two spatially separated states. At the 
end of the experiment she aims to bring 
the two states together to a pure state. 

Bob has one particle in a box, which he 
can release, or not release. 

When released Bob’s particle will 
entangle with Alice’s. If Alice could 
then bring back the pure state this 
would go against complementarity.

But if not, and if Alice and Bob are 
spatially separated, Bob can send one 
bit of information faster than light. 

A paradox: either causality or 
complementarity is broken. True?
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Electrodynamic case
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Belenchia et al first state that the uncertainty 
in the measuring the e-m field in a space-
time region of size  is .

It can be checked that this is the same BR-
derived uncertainty used by Baym & Ozawa. 

When Alice’s particle has a too small 
effective dipole, Bob will not get which-path 
information. When Alice’s particle has strong 
enough effective dipole, Bob could get which 
part information. But then Alice’s particle 
sends out photons when the two states are 
brought back together. By the same argument 
as in Baym & Ozawa there will then not be 
any interference pattern.

The “effective dipole” 
stems from difference in 
the field from a source that 
is in a superposition at two 
different positions. A “real 
dipole” is the difference 
between two real sources.
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Gravitational case
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Belenchia et al point out that there will not 
be any effective gravitational dipole from 
Alice. This is because the center of mass on 
Alice’s side is unchanged; if Alice’s test 
particle moves to the right, then her lab (and 
herself) moves to the left, and vice versa.

Bob can only acquire which-path information 
if the effective quadrupole is strong enough.  

This quadrupole changes as  is decreased to 
zero, which is a source of gravitational 
waves.  

The effective quadrupole 
acceleration is the 
difference of Alice’s 
particle to the left and her 
lab to the right, and her 
particle to the right and 
her lab to the left.  

∆ 𝑔 ≈( 𝑑
𝐷 )

𝑚𝐴 𝑑2

𝐷4

A quantized gravitational field means that it 
is also not possible to acquire which-path 
information from a very massive particle. 

𝑄𝐴≡( 𝑑
𝐷 )𝑚

𝐴
𝑑2>𝑚 𝑝 𝐷2
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But is it necessary? 
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The strength of the effective quadrupole 
influences the interference fringes for Alice. 

But then we should check the width of the 
interference fringes for Alice. They are, in 
analogy with Baym & Ozawa,

If Bob acquires which-path information the 
interference fringes are too close to be observed 
by Alice.

It is not necessary to have quantized 
gravitational field to resolve the paradox.

 

 is the correction to Belenchia 
et al derived in Rydving, 
Aurell & Pikovski [in 
preparation]. Retaining this 
term or not doing so makes 
no difference.  
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What does it mean? 
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(Negative) The absence of an argument for a thesis is not an argument 
for the antithesis. That Belenchia et al argument does not seem to 
work is not an argument against quantization of gravity.  

(Negative) According to Wikipedia the first Gedankenexperiment in 
physics was Gallileo dropping weights from the Tower of Pisa (it was 
likely never done in reality, but discussed in Discorsi e dimostrazioni 
matematiche, 1638). The term was coined by Ørsted in 1820. The 
most famous modern users were Einstein and Bohr. Maybe 
Gedankenexperiments are inherently difficult. Quantum gravity is 
also difficult. Their combination may be difficult squared.

(Speculative) Perhaps the difficulty of constructing a BR-like 
argument for the quantization of the gravitational field points to that 
if gravity is quantum, it does not have to be a quantum field theory.
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Thanks

Erik Rydving
Igor Pikovski

Pawel Horodecki
Michal Eckstein
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