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“[n]o question about quantum 
gravity is more difficult 

    than the question,

   ‘What is the question?’” 
John Archibald Wheeler
(1984)



What is the problem of QG?
● Normally, physicists look for a new theory due to some observed anomaly…

○ Blackbody radiation spectrum, photoelectric effect → QM
○ Asymmetries in Maxwell’s laws not observed in nature → SR

● Not the case in QG!

○ Motivated by conceptual dissatisfaction, philosophical concerns, and 
theoretical problems

4



What is the problem of QG?
● We don’t have observed anomalies!

● We don’t have a theory!

● We don’t know what the theory should be like, what it is supposed to do
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What is the problem of QG?

Instead, we have: 

● A plurality of approaches to QG, each looking for different things, different 
methodologies, and which adopt different criteria of success 

● What is QG? It’s whatever theory satisfies the set of principles and constraints 
that are taken to define the theory

● My idea: Look at the various motivations for QG and the constraints we expect 
the theory to satisfy -- frame as principles and philosophically assess these
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Lecture 1
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1. Principles in physical theorising

2. Motivations for QG

3. Constraints on QG



Lecture 1
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1. Principles in physical theorising

a. Previous episodes

b. Roles of principles in theory development

c. Where do the principles come from?

d. How to evaluate?

2. Motivations for QG

3. Constraints on QG



Principles in physical theorising
● In times of crisis, physics turns to re-evaluate its principles, and to seek new 

ones… 
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1904 World’s fair - St Louis
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1904 World’s fair - St Louis
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1904 World’s fair - St Louis
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1904 World’s fair - St Louis
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1904 World’s fair 
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1904 World’s fair
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https://www.smithsonianmag.com/h
istory/the-1904-olympic-marathon-
may-have-been-the-strangest-ever-
14910747/

https://www.smithsonianmag.com/history/the-1904-olympic-marathon-may-have-been-the-strangest-ever-14910747/
https://www.smithsonianmag.com/history/the-1904-olympic-marathon-may-have-been-the-strangest-ever-14910747/
https://www.smithsonianmag.com/history/the-1904-olympic-marathon-may-have-been-the-strangest-ever-14910747/
https://www.smithsonianmag.com/history/the-1904-olympic-marathon-may-have-been-the-strangest-ever-14910747/


1904 World’s fair - St Louis
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3000 horsepower steam turbine



1904 World’s fair
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1904 World’s fair
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1904 World’s fair 

19French salon and automobiles



1904 World’s fair - St Louis
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Under the Normative Science Division of the 
International Congress of Arts and Sciences, 
the section on Applied Mathematics contained 
two speakers who were invited to discuss the 
connection between natural philosophy and 
applied mathematics: 
Ludwig Boltzmann and Henri Poincaré.

https://maricourt.press/keohane_foy/contents/henri-poincares-1904-lecture/

https://maricourt.press/keohane_foy/contents/henri-poincares-1904-lecture/


Poincaré
The Present and Future of Mathematical Physics
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Describes 2 crises in physics

● The first crisis (already past): Newtonian-style laws (i.e., 
differential equations describing central forces) were found 
not to capture the full range of observed phenomena

● Yielded the “physics of the principles”

What was done? Abandoned was the thought of exploring the 
details of the universe, of isolating the parts of this vast mechanism, 
of analyzing one by one the forces that set them going. Rather we 
took certain general principles that have precisely the object of 
relieving us of this minute study. 

● Give up studying objects, forces, mechanisms -- general 
principles give us truths about the phenomena without 
knowledge of such details



Poincaré
The Present and Future of Mathematical Physics
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● The principle of the conservation of energy, or Mayer’s principle

● Carnot’s principle, or the principle of the dissipation of energy, or 
the second law of thermodynamics.

● Newton’s principle, equality of action and reaction.

● The principle of relativity, the laws of physical phenomena must be 
the same for a stationary observer as for one in uniform motion 

● Lavoisier’s principle, conservation of mass.

● The principle of least action.

● Maxwell’s theory of electromagnetism held as the supreme example of such physics



Poincaré
The Present and Future of Mathematical Physics
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● The principle of the conservation of energy, or Mayer’s principle

● Carnot’s principle, or the principle of the dissipation of energy, or the 
second law of thermodynamics.

● Newton’s principle, equality of action and reaction.

● The principle of relativity, the laws of physical phenomena must be the 
same for a stationary observer as for one in uniform motion 

● Lavoisier’s principle, conservation of mass.

● The principle of least action.

● Physics is now in a second crisis: Each of the principles are under threat!
Observations: Brownian motion, radioactivity, Michelson-Morley exp., electrons accelerated 
(Note: doesn’t mention blackbody radiation or photoelectric effect)



Einstein 
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● 1905 Annus Mirabilis - Photoelectric effect, 
Brownian motion, special relativity, mass-energy 
equivalence

Later (1919) discusses a distinction between:

● Constructive theories - build up a description of 
complex phenomena from basic results, 
constituents

● Principle theories - built by appeal to general 
properties of phenomena, principles elevated 
from empirical observation

● Turn to principle theories when the details are 
obscure



A third crisis 
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● Does QG represent a third crisis? 

● Our principles are under threat, but not from observed phenomena 
-- tension comes from the combination of QM and GR, the two theories that 
resolved the second crisis

● Do we need a new “principle theory”?

● Most approaches to QG could be seen to represent constituent theories (Smolin, 
2017 -- which presents a principle-based approach)



Boltzmann 
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● 1904 “The Relations of Applied Mathematics”

● Not a mathematician, but a physicist -- theoretical 
physics can help experimental physics and will 
one day be recognised as a legitimate field

● Most other physicists were enamoured by 
Maxwell’s theory as “modern physics” replacing 
Newton’s mechanical world view, or else favoured 
a phenomenological approach using a few, 
general empirical principles -- in either case, they 
were hostile towards Boltzmann’s atomism

J.T. Blackmore (1995) Ludwig Boltzmann 
His Later Life and Philosophy, 1900–1906: 
The Philosopher (pp. 114-116)



Boltzmann
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1. Science needs bold hypotheses.

2. The atomic theory is a bold hypothesis.

3. Even continuum theories use hypotheses.

4. The atomic theory helps us understand more than 
energetic, phenomenological, and other 
continuum theories.

5. Even electromagnetic theories require 
assumptions about discontinuous matter, in 
particular, electrons.

6. The reality of atoms and electrons has been 
strongly supported by recent evidence from 
chemistry and radiation.J.T. Blackmore (1995) Ludwig Boltzmann 

His Later Life and Philosophy, 1900–1906: 
The Philosopher (pp. 114-116)



Boltzmann
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[Continuation, points 7-10]

● Kant’s antimonies make the notion of atoms 
seem self-contradictory.

● Kant’s antimonies and other “laws of thought” are 
subject to Darwinian evolution, hence they can 
change and be inherited.

● Most philosophical questions are speculative and 
“overshoot the mark”.

● Future philosophy should avoid speculative 
questions and should change all “laws of 
thought” so that they do not interfere with 
scientific theories such as the atomic theory.

J.T. Blackmore (1995) Ludwig Boltzmann 
His Later Life and Philosophy, 1900–1906: 
The Philosopher



A third crisis 
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● Does QG represent a third crisis? 

● Our principles are under threat, but not from observed phenomena 
-- tension comes from the combination of QM and GR, the two theories that 
resolved the second crisis

● We need to evaluate our principles, and seek new ones

● Recognise also the involvement of the “third pillar” of modern physics -- 
thermodynamics, entropy, microstates

● Can it help us solve the crisis?



Principles: Why important?
● Principle: any conceptual or formal feature of physical theorising that is taken to 

play a key role in the definition, construction and/or justication of new theories

● Have always played a role in physical theorising, particularly in times of crisis

● - Moving from constitutive considerations to examination of principles,

-  Assessing the damage on current principles, 

-  Settling constraints on a new theory,

- Choosing appropriate guiding principles and postulates to lead to you a theory 
that satisfies these constraints
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Principles: Why important?
● Principles take on new significance in the case of QG

● Principles play a role in motivating the need for a new theory at all;

● Being used not just heuristically, but also as means of confirmation

→ There is no neat distinction between context of discovery and context of 
justification in QG

● Need to better understand what is being sought: what would count as QG

● Need to compare and evaluate the different approaches

● Want to help find some useful heuristics, guiding principles!
31



1. Guiding principle primarily heuristic

Roles of principles
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1. Guiding principle primarily heuristic

2. Postulate taken as a pillar of the theory

Roles of principles
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1. Guiding principle primarily heuristic

2. Postulate taken as a pillar of the theory

3. Criterion of theory acceptance strong constraint

a. part of the definition of the theory

b. external constraint

Roles of principles
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1. Guiding principle primarily heuristic

2. Postulate taken as a pillar of the theory

3. Criterion of theory acceptance strong constraint

a. part of the definition of the theory

b. external constraint

4. Means of confirmation increases credence in the theory

a. expected e.g., if it features in any of the roles 1 -- 3

b. unexpected “prediction”

Roles of principles
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Different role of principles in particular approaches

LQG 
● Quantisation as postulate
● Background independence as guiding principle, criterion and means of confirmation
● Discreteness as criterion
● UV completeness as means of confirmation

 
Causal set theory
● Discreteness as postulate
● Lorentz invariance consistency/recovery as guiding principle and criterion

String theory
● Unification as criterion and means of confirmation

Roles of Principles 
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How to evaluate principles?
Example: UV-completeness as (i) criterion, and (ii) guiding principle in QG

Crowther and Linnemann (2017) examined:

● General physical motivation
→ Why is it being assumed? What is it supposed to do?

● General philosophical motivations
→ Why is it desirable?

● Links to other principles (its place in different “webs of principles”)
→ Consequences of adopting/dropping it

● How it is used in particular approaches
→ Is it necessary? Does it do what its supposed to?
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(Slide: Niels Linnemann)
38

How to evaluate principles?
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Where do we find our principles?

● A priori considerations or “laws of thought” -- to be avoided

● Empirical phenomena -- e.g., cosmological data

● Current theories -- e.g., unitarity, Lorentz invariance

● Theoretical results (or combinations of theories) -- e.g., BHT, AdS/CFT
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Where do we find our principles?

● A priori considerations or “laws of thought” -- to be avoided

● Empirical phenomena -- e.g., cosmological data

● Current theories -- e.g., unitarity, Lorentz invariance

● Theoretical results (or combinations of theories) -- e.g., BHT, AdS/CFT

● Let’s look at the principles that are taken to motivate QG, or which come from 
the motivations for QG

● Let’s look at the principles that are taken to constrain QG



Lecture 1
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2. Motivations for QG

a. Complete, coherent explanation
i. External consistency between GR and QM
ii. Internal problems of GR and QM/QFT

b. Theoretical problems
i. UV completeness

c. Striking theoretical results
i. Holographic principle

1. Principles in physical theorising

3. Constraints on QG



The Primary Motivation
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● Primary motivation: (apparent) External Inconsistency between GR and QM

● GR and QM are both supposed to be fundamental, universal theories -- applicable to 
all physical entities at all scales

● Theories say some conflicting things about the world, can ignore for all practical 
purposes

● But expect to need both for describing some parts of the world 

● Motivates the need for a new theory that:
○ “takes into account” insights of both GR and QM
○ applies in the domains where we expect both GR and QM to be necessary

→ Leads to some constraints on QG



The Primary Motivation
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More basic “goal of physics” (See Crowther - “When do we stop digging?” for more)

● We want a coherent fundamental picture of the world

● Complete coverage, complete explanation, even of “domains” we cannot access

● These more basic goals are also behind the other motivations for QG, coming 
from 
○ Internal problems in GR and QM\QFT
○ Problems coming from theoretical attempts to combine these theories



Internal problems of GR and QM/QFT
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● Spacetime singularities in GR
● Measurement problem in QM
● Divergences in QFT

Why?

● We want a coherent fundamental picture of the world

● Complete coverage, complete explanation

Next lecture -- roles of singularities as motivations and constraints for QG



Problems in attempts to combine GR and QFT
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● UV incompleteness (non-renormalizability of perturbative GR)
● Semiclassical gravity -- lots of issues (see Curiel’s recent talks)
● Black hole information paradox

● In what sense are these actually motivations for QG?

● Not problems that are empirically motivated, nor from established 
well-confirmed theories

● They are problems that come already from attempts to combine GR and QFT -- 
Problems we’ve discovered along the way



Problems in attempts to combine GR and QFT
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● UV incompleteness (non-renormalizability of perturbative GR)
● Semiclassical gravity -- lots of issues (see Curiel’s recent talks)
● Black hole information paradox

● Argument: These are only problems to the extent that they prevent these 
approaches from fulfilling the Primary Motivation

○ Motivates the need for a new theory that:
○ “takes into account” insights of both GR and QM
○ applies in the domains where we expect both GR and QM to be necessary

-- Will come back to discuss UV completeness next lecture!



Striking theoretical results in attempts to 
combine GR and QFT
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● Black hole radiation
● AdS-CFT duality
● Holographic principle

● Motivations for QG in order to explain these results

● Heuristic guides -- indicators of pursuit-worthiness

● How can and should they constrain the new theory?



The holographic principle
in quantum gravity

Karen Crowther
(University of Oslo)

in collaboration with…

Niels Linnemann (Bremen) 
& Rasmus Jaksland (NTNU)
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● QG as any theory that satisfies the set of criteria taken to define “QG”
→ criteria of theory acceptance, or criteria of success

● Can view the problem of QG as the quest to find the set of criteria that 
define the theory being sought

● No consensus! Different approaches defined by differing sets of principles

● Entropy bounds and holographic principles promoted as strong 
contenders

● Are utilised by different approaches in different ways

What is the problem of quantum gravity?
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“New scientific ideas are usually characterized by simple organizing principles that 
can be expressed in a phrase or two. The invariance of the speed of light, the 
equivalence principle the uncertainty principle and survival of the fittest are famous 
examples. 

Is there a comparable simple summary of the new principles which our science is 
now uncovering? Some people think it is supersymmetry, others think it is duality. 
But the real world is not supersymmetric, nor is it known to have dual descriptions 
in any deep sense.

My own view is that the lasting idea will be the holographic principle….”

- Bigatti & Susskind (1999)

Motivation
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“Progress in fundamental physics has often been driven by the recognition of 
a new principle, a key insight to guide the search for a successful theory. 
Examples include the principles of relativity, the equivalence principle, and the 
gauge principle. Such principles lay down general properties that must be 
incorporated into the laws of physics …”

“… any theory that incorporates the holographic principle must unify matter, 
gravity, and quantum mechanics. It will be a quantum theory of gravity, a 
framework that transcends general relativity and quantum field theory.”

- Bousso (2002)

Motivation
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“It is, of course, always possible that the holographic principle is only a 
characterization of the semiclassical theory, …

On the other hand, … it is very possible that they are deep clues to the 
structure of the fundamental theory, and that some version of the 
holographic principle may even turn out to be a fundamental principle of the 
quantum theory of gravity. 

If so it will be the first principle that is genuinely quantum gravitational, rather 
than just being imported from general relativity or quantum theory.”

- Smolin (2001)

Motivation
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Hologram Dio

Contents

1. Background: black hole thermodynamics

2. Entropy bounds

3. Holographic principles

4. Questions for future work
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∙

Motivated by:

1. No-hair theorem 
(Israel, Carter, Hawking, others, 1967 – 1972)

A stationary BH is characterised completely 
by mass, charge, and angular momentum

→ For an outside observer, 2nd law
 appears to be violated 

Background: black hole entropy

54



∙

Motivated by:

2. Area theorem (Hawking, 1971)

(Given null energy condition plus cosmic censorship)
Area of a black hole horizon never decreases      

dA ≥ 0

→ Resembles the Second Law of Thermodynamics
→ Suggests an analogy between BH area and thermodynamic entropy

Background: black hole entropy
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∙

● Suggests that the area increase could compensate for loss of entropy
 

● Black hole has entropy, and this is proportional to A?
 

● Bekenstein proposes:  SBH= ηA

● And:
dStotal  = d(Smatter + SBH) ≥ 0

→ Generalised second law

Background: black hole entropy
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∙

● Taking SBH seriously, then 1st law of thermo requires: 

dM = TdSBH (T is BH temp.)

→ Analogous 1st law of BH mechanics:

dM = (κ/8π) dA

(Entropy = horizon area, A; Temp = surface gravity, κ)

Background: black hole entropy
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∙

● Hawking does semiclassical calculation

● Distant observer sees a thermal spectrum of particles

T = κ/2π (natural units, “Planck units”) 

● Gives weight to the thermodynamic analogy

● Is necessarily a quantum process

● Fixes the Bekenstein entropy formula:
  

SBH = A/4       [SBH= kAc3/(4Gℏ)]
 

Background: Hawking radiation
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∙

● BH radiate: M decreases, A decreases
 

● Area theorem no longer valid: Negative energy flux across horizon 
violates null energy condition
 

● GSL still holds: d(Smatter + A/4)  ≥ 0 
 

● Expect that GSL leads to a restriction on Smatter

→ This is where the idea of an entropy bound comes from

 

Background: Hawking radiation
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∙

● BH thermo analogy: Suggests microstates underlying GR
○ Suggests that GR phenomenological rather than fundamental
○ Prompts the search for microstates of spacetime

● Bekenstein-Hawking entropy provides a measure of the number of 
microstates, which QG is expected to recover and explain

→ B-H result treated as a guiding principle, a criterion of acceptance, and a 
means of confirmation.

● String theory and LQG reproduce BH entropy under certain conditions and 
for particular types of black holes (no general result)
 

Black hole entropy and microstates

60



Hologram Dio

Contents

1. Background: black hole thermodynamics

2. Entropy bounds

3. Holographic principles

4. Questions for future work
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Upper bounds on the entropy of matter

1. Bekenstein bound

2. Spherical entropy bound (Susskind process)

3. Spacelike entropy bound (Geroch process)

4. Covariant entropy bound (Bousso)

5. Weak entropy bound (Smolin)
Hologram Tupac

Entropy bounds
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∙

● Matter system dropped into BH

● For weak gravity matter systems in asymptotically flat spacetime:

Smatter ≤ 2πER   [Smatter ≤ 2πkER/(ℏc)]

(R = circumferential radius, radius of smallest sphere that contains the 
system)
 

● May also hold for spherically symmetric strong gravity systems (otherwise 
hard to define R for strong curvature)

● Hasn’t been ruled out, under these special conditions
 

Bekenstein bound (Geroch process)
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∙

● Matter system converted into BH; 
the GSL implies that:

Smatter ≤ A/4  

● (A = some suitably defined area enclosing the system)

● Heuristic derivation rests on large number of strong assumptions…
 

● Bousso: Is this spherical entropy bound a special case of a more general 
bound?

Spherical entropy bound (Susskind process)
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∙

● “Most straightforward” generalisation of the spherical entropy bound

● The entropy contained in any spatial region will not exceed the area 
of the region’s boundary

SV ≤ (ABV)/4

(Bousso, 2002, p. 839)

Spacelike entropy bound
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∙

● Not covariant: Depends on specific slicing

● Not successful: Contradicted by many counter-examples!

● Collapsing star: Spherical star with entropy S0, burns out, undergoes 
catastrophic collapse... crunches to a singularity, A → 0, but entropy still 
S0 (at least)

SV ≤ (ABV)/4 X

● Need to find the correct generalisation 
of the spherical entropy bound!

Spacelike entropy bound
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∙

● Heuristic (Bousso 2002):

● Imagine taking a photo of the star just 
before it crunches to a point 
– what do we see?

 

● Light does not have enough time to cover 
the entire area of the star before it completely crunches
 

● The entropy of area traversed by the light will always be less than the 
area of the star’s surface

Covariant entropy bound
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∙

● For any 2D surface B of area A, can construct lightlike hypersurfaces 
“light-sheets” 

● The total matter entropy on any light-sheet is less than A/4 [Smatter ≤ AB/4Gℏ]
 

(Bousso, 2002, p. 842)

Covariant entropy bound
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∙

● Suppose that B is a sphere containing isolated, weakly- gravitating 
thermodynamic system

● Given certain macroscopic constraints (E, P, V, etc.) can compute S either 
thermodynamically or statistically

● S = ln(Number of micro states) = Number of d.o.f.
 

● Light-sheet is approximately light-cone; future-directed light-cone 
completely contains the matter system

● Light-sheet: “taking snapshot” of the matter system

● So, entropy on light-sheet is simply the entropy of the matter system
 

Entropy?
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∙

● The entropy of any light sheet L of a surface B will not exceed the area of B  

 S ≤ AB/4 
 

● Appears to hold universally in nature 

● Arbitrary physically realistic matter systems and arbitrary surfaces in any 
spacetime that solves Einstein’s equations 

● Can be saturated, but no known cases of it being exceeded

● Reduces to spherical entropy bound in special cases

● Implies the GSL 
(i.e., can directly show that the GSL holds, in certain situations)
 

Covariant entropy bound (Bousso)
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∙

● QG should be background independent and cosmological 

(i.e., applies to a cosmological theory in which no boundary conditions have 
been enforced)

● Argue that the weak entropy bound the only one that is able to work with 
these constraints

[Sorry I haven’t yet looked at this!]

Weak entropy bound (Smolin & Markopoulou)
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1. Bekenstein bound

2. Spherical entropy bound (Susskind process)

3. Spacelike entropy bound (Geroch process)

4. Covariant entropy bound (Bousso)

5. Weak entropy bound (Smolin)

● What do they tell us?
● How are they used in QG?
● How should they be used? Hologram Tupac

Entropy bounds
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∙

Motivations for treating an entropy bound as a principle of QG:

● “Quantum gravitational”: Involves inverse powers of ħG

● “Surprising”: Expect entropy to scale with V, rather than A

● “Mysterious”: Inexplicable according to current physics

→ CEB: No fundamental derivation; Cannot be inferred from the laws of 
BH thermodynamics, or any known laws (Bousso)

Entropy bound is taken to indicate a deficiency in known physics
 

Entropy bound as a principle of QG
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∙

● Can a principle outstrip its motivation?

- No longer connected (via derivation) to the discoveries that inspired it (e.g., 
BH thermo)
 

● BH thermo has strange motivations itself:

- Area theorem shown to be invalid by the discovery it inspired

- 2nd law not fundamental, and is open to statistical violations

Covariant entropy bound and QG
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∙

● We cannot look to its mode of discovery in order to justify the CEB 

● Justification: It has not been violated
- Holds true in all calculations

Calculations...
- That are remote from empirical tests
- That are based on current theories

Theories...
- Whose ideas it stands in tension with, contradicts
- Which we believe are not fundamental, in need of replacing

● → Not strictly true: Laws of BHT theorems of differential geometry
i.e., math facts about certain types of geometries, given physical significance 
by their use in GR (Dougherty & Callender)

Covariant entropy bound and QG
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∙

● Entropy bounds imply:

- Radical reduction in # dof required to describe nature

- QFT highly redundant, effective description, gives wrong answers

- Tension with principle of locality

● What side to take?

- Strange result implies that established physics is wrong → New physics 
will give correct answer

- Established physics is correct → New physics will give the same answer; 
Origin of mysterious result explained through correspondence? 

- Artifact of semiclassical GR → should not expect to recover it, no 
evidence for semiclassical GR being correct

→ Explained versus “explained away”

Entropy bound as a principle of QG
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Hologram Dio

Contents

1. Background: black hole thermodynamics

2. Entropy bounds

3. Holographic principles

4. Questions for future work
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Background: Information paradox

● Hawking radiation: Apparently terminal (destroys everything) so destroys 
unitarity

→ Black hole information paradox

[Proposed solution: Information stored on the horizon area

Preservation of unitarity motivates the holographic principle; black hole 
complementarity, etc.]

● ‘t Hooft: Holographic hypothesis
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Holographic principle
● The description of a volume “bulk” of space can be equivalently defined 

on a lower-dimensional surface bounding the volume 

● A physical theory defined only on the (N-1)-dimensional boundary of the 
region it encloses completely describes the N-dimensional physics of the 
bulk

● Holographic principle: The full theory of QG can be reformulated as a 
theory all of whose dof are defined on the boundary

Susskind: “the number of possible states of a region of space is the 
same as that of a system of binary degrees of freedom distributed on the 
boundary of the region”
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∙

AdS/CFT duality (Maldacena conjecture)
● Concrete (conjectured!) theoretical example of the holographic principle

● AdS: string theory in d +1 dimensional AdS spacetime “bulk”
→ theory with gravity

● CFT: QFT without gravity, defined on the d dimensional boundary

● Duality: Theories are physically/empirically equivalent

More strictly: theories are isomorphic representations of a single common 
core theory (de Haro)

● AdS/CFT taken to be an exact duality, not only valid in a perturbative 
approximation
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∙

Holographic principle
Different conceptions of HP:

● Bousso: HP is the claim that the origin of the entropy bound is to be 
found in the new theory

● Smolin: 
○ entropy bounds as providing a limit on # dof, while HP provide a 

dynamics, tell about the nature of those dof

○ “the holographic principle is not a relationship between two 
independent sets of concepts: bulk theories and measures of 
geometry vs. boundary theories and measures of information. 

Instead, it is the assertion that in a fundamental theory the first set 
of concepts must be completely reduced to the second” (2001) 81



∙

Holographic principle
Motivations: 

(Depend on what statement of HP you choose!)

● Preserving unitarity, solving information paradox (if it does)

● Explaining the entropy bound, nature of dof, providing a dynamics

→ Suggests that the real principle is the entropy bound itself, not the duality
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∙

Relationship between entropy bounds and HP?

● Jaksland & Linnemann:

○ Entropy bounds are intra-representational (apply within a single 
description)

○ HP is inter-representational (connecting two separate descriptions)

● Existence of entropy bound does not imply HP

● HP suggests an entropy bound in the bulk theory: can it motivate/explain 
the entropy bound?

● What can we say beyond this?
83
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Heuristic function of dualities (de Haro)

Theoretical function: 

● Use in developing an existing theory, extracting its content

● Develop the common core theory, T, that is represented on both sides of 
the duality

Heuristic function:

● Use in constructing a new theory, TS  that supersedes T

● Break the duality, show that it is recovered only approximately (e.g., in 
some appropriate limit) 
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∙

Heuristic function of dualities (de Haro)
Theoretical function: 

● Exactness of duality, non-perturbative

● Equivalence of theory, difference of description/representation

● Establishes a relationship (duality) between the two representations, 
identifies their physical common core

Heuristic function:

● Inexactness of duality / theories involved, perturbative

● Goes beyond the duality, shows it as an approximate intermediate step
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Holography without holography
(Jaksland & Linnemann)
● Holography is inter-representational: tells us about the relationship 

between features on two different sides of the duality
→ as such, cannot tell us anything outside of itself, beyond the duality

● Need to render it intra-representational: working within a single 
description, which need not be the “common core”

● Heuristic use of the duality to get the intra-representational relation

● Use the holography to get to a theory without holography
→ Makes no sense to recover the duality, approximately or not

86



∙

Holography without holography
(Jaksland & Linnemann)
Example of heuristic impotency of inter-representational relations:

Ryu-Takayanagi formula (“entanglement entropy”)

S = A / (4G)

● Inter-representational: Relates entropy on the CFT side to area on the 
AdS side

● It cannot testify to the origin of the area in terms of entropy or vice versa: 
in the representation where the area exists, the entropy is not there, and 
where the entropy exists, the area is not there
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Holography without holography
(Linnemann & Jaksland)

Examples of heuristic strategy:

Jacobson (2016) - entanglement equilibrium and Einstein field equations

Verlinde (2017) - tensor network analogue of AdS/CFT to bulk entropy
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Hologram Dio

Contents
1. The role of principles in QG

2. Background: black hole thermodynamics

3. Entropy bounds

4. Holographic principles

5. Questions for future work
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1. Guiding principle:

○ Bousso: CEB in string theory

○ QG a theory of microstates (already from BHT)

2. Postulate: Seems possible

3. Criterion of acceptance:

○ Must QG explain the origin of the entropy bound? (Which one?)

○ Must it predict the # microstates?

4. Means of confirmation:

○ Causal set theory: recovers spherical entropy bound

How are entropy bounds used in QG?
How should they be used?
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1. Guiding principle:

○ Heuristic role, involves either the inexactness of the duality (de Haro), 
or its transformation into a non-dual description (L&J)

2. Postulate:

○ Smolin: Weak holographic principle (conceived of as 
inter-representational) taken as cornerstone of QG

3. Criterion of acceptance: ?

4. Means of confirmation:

○ String theory: AdS/CFT duality embodying HP, non-perturbative form

○ de Haro: approximate recovery of duality

How is the holographic principle used in QG?
How should it be used?
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● Different roles of principles in QG: 1. guiding principle, 2. criterion, 3. 
postulate, 4. means of confirmation

● Entropy bounds:

○ Motivation: quantum gravitational, surprising, mysterious

○ Intra-representational, can serve in all roles

○ But which entropy bound?

● HP: 

○ Motivation: explains the entropy bound, nature of microstates, “solves” 
information paradox?

○ inter-representational, cannot serve in these roles unless it is inexact 
(de Haro), or transformed into a single representation (L&J)

Suggestion: entropy bound as the principle, rather than duality
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Complexity: How much information is required to specify any physical 
configuration (within a given region) completely?

● Number, N, of d.o.f. of a QM system is the log of the dimension, ⅅ, of its 
Hilbert space, ℌ,

 N = lnⅅ = ln dim(ℌ)
 

● N is equal (up to factor of ln2) to the number of bits of information needed 
to characterise a state
e.g., system with 100 spins has ⅅ = 2100 states, N = 100ln2 d.o.f. , can 
store 100 bits

Locality
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● Number, N, of d.o.f. of a QM system is the log of the dimension, ⅅ, of its 
Hilbert space, ℌ,

 N = lnⅅ = ln dim(ℌ)
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e.g., system with 100 spins has ⅅ = 2100 states, N = 100ln2 d.o.f. , can 
store 100 bits
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Complexity: How much information is required to specify any physical 
configuration (within a given region) completely?

● QFT is a local theory: Harmonic oscillator at every point in space → 
Apparently, N = ∞ 

● Impose a Planck scale cutoff: Discretise space, assume one oscillator per 
Planck volume

● Total number of oscillators is V, each with finite states n

● Total number of independent quantum states in the specified region is ⅅ ~ nV

● Number of d.o.f. N ~ V ln n ≥ V 

● → We believe that d.o.f. are local in space, and that – thus – complexity 
grows with volume

Locality
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∙
→ We believe that d.o.f. are local in space, and that – thus – complexity grows 
with volume

→ Conflicts with the CEB: Complexity grows with area

● The QFT prediction cannot be correct, neglects the effect of gravity

● A spherical surface cannot contain more mass than a BH of the same area

● For regions larger than 1 Planck unit, our cutoff QFT permits far too many 
states to be gravitationally stable
→ Not all d.o.f. of QFT can be used for storing information (counting 
towards entropy)
→ Give up locality??

Locality
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● Might argue that the demand for gravitational stability is merely a 
practical limitation

● Can excite more than A/4 d.o.f. – just have to jump into BH to verify that 
we have succeeded!

● But:

● Economy: Fundamental theory should not contain more d.o.f. than 
necessary for completely describing a region
 

● Unitarity: If there are N = ln V states in a region, which then collapses 
to BH, states become N = ln (A/4) and unitarity is violated

Locality
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● Susskind: Preservation of unitarity motivates the holographic principle

● Hawking radiation: Apparently terminal (destroys everything) so 
destroys unitarity
→ Black hole information paradox

Solution: Information stored on the horizon area
Not actually a solution....

● Likewise, HP relates to black hole complementarity and the equivalence 
principle, through the BHIP

Unitarity of S matrix
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1. Principles in physical theorising

2. Motivations for QG

3. Constraints on QG
● Internal consistency
● External consistency

○ Correspondence -- may involve connecting with current principles, e.g., 
Lorentz invariance, background independence, causality, unitarity 

● Empirical consistency
● Solving theoretical problems



Principles, 
Holography, and 
Infinity in QG

Lectures for Morzine Summer School 2022

Karen Crowther
University of Oslo

https://www.flickr.com/photos/seamaster75/8454980399
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Overview
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Lecture 1
Principles of QG - Holography

Lecture 2
The role of singularities in the search for QG



Karen Crowther (Oslo) and Sebastian De Haro (Amsterdam)

Four Atttitudes Towards Singularities in the 
Search for Quantum Gravity
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Revision: The problem of QG
● Several different approaches towards finding QG: taking different motivations, and 

different understandings of what the theory is to achieve

● Each relies heavily on non-empirical means of theory assessment (broadly construed) 
-- adopts different principles in various roles

● Might understand the problem of QG as finding the principles that define the theory

● Philosophical project: Get a better handle on these!
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Introduction: Singularity Resolution
● Singularities in GR and QFT are often taken to motivate QG: guiding principle

● Singularity resolution often taken as a constraint, or means of confirmation on QG

● Do singularities represent an incompleteness of our theories?
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Introduction: Singularity Resolution
Lots of quotes…!

Spacetime singularities represent the “breakdown of spacetime”

GR “contains the seeds of its own destruction”

“A model universe that is closed, that obeys Einstein's geometrodynamic
law, and that contains a nowhere negative density of mass-energy, inevitably
develops a singularity. No one sees any escape from the density of mass-
energy rising without limit. A computing machine calculating ahead step
by step the dynamical evolution of the geometry comes to the point where
it cannot go on. Smoke, figuratively speaking, begins to pour out of the
computer.” (Misner, Thorne, and Wheeler 1973, p. 1197)
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Introduction: Singularity Resolution
Lots of quotes…!

Spacetime singularities represent the “breakdown of spacetime”

GR “contains the seeds of its own destruction”

“That GR cannot be true at the most fundamental level is clear from the
singularity theorems: under very general conditions, singularities in space-
time are unavoidable, signalling the breakdown of GR." (Kiefer 2004, p. 2)

“The theorems in this and the earlier papers probably indicate, not that sin-
gularities actually occur in the universe, but that General Relativity breaks
down.” (Hawking 1967, p. 189)
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Introduction: Singularity Resolution
On the other hand… 

“Suppose for the sake of discussion that the reader is willing to seriously
entertain my position that the fact that GTR entail the existence of spacetime
singularities need not mean that it contains the seeds of its own destruction
and that a generalized horror singulariti is not justified.” 
(Earman 1995, p. 226)
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Introduction: Singularity Resolution
● Singularities in GR and QFT are often taken to motivate QG: guiding principle

● Singularity resolution often taken as a constraint, or means of confirmation on QG

● Do singularities represent an incompleteness of our theories?

Physicists tend to say yes, and philosophers tend to say no!
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Introduction: Singularity Resolution
● Singularities in GR and QFT are often taken to motivate QG: guiding principle

● Singularity resolution often taken as a constraint, or means of confirmation on QG

● Do singularities represent an incompleteness of our theories?

Physicists tend to say yes, and philosophers tend to say no!

In this paper:

● We find several senses in which it may be said that different singularities represent 
“breakdown”

● And 4 different attitudes towards singularities in current theories, in regards to QG
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1. Singularities in GR

2. Singularities in QFT

3. Four attitudes towards singularities
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1. Singularities in GR

2. Singularities in QFT

3. Four attitudes towards singularities
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• Singularities in GR are pathologies of the spacetime, and can be of various types

• Earman (1996): ‘A large family of conceptually distinct but interrelated pathologies 
that can infect relativistic spacetimes’.

• Penrose-Hawking singularity theorems: singularities are unavoidable in GR under 
very reasonable conditions

• Notably: Black hole singularities; Big Bang singularity

Two main classes (see Curiel 2019, Earman 1996 for some other types):

1. Geodesic incompleteness

2. Curvature singularities
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• Earman (1996): ‘A large family of conceptually distinct but interrelated pathologies 
that can infect relativistic spacetimes’.
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● Geodesic incompleteness: a spacetime is singular if and only if it contains an 
incomplete, inextendible timelike geodesic (“official definition” of singularities)

● Geodesic incompleteness corresponds to the intuition that “singular points, where 
the metric tensor is not well-defined, have been cut out”
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● Geodesic incompleteness: a spacetime is singular if and only if it contains an 
incomplete, inextendible timelike geodesic (“official definition” of singularities)

● Geodesic incompleteness corresponds to the intuition that “singular points, where 
the metric tensor is not well-defined, have been cut out”

● Does geodesic incompleteness represent a “breakdown” of GR? An incompleteness?
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● Geodesic incompleteness: a spacetime is singular if and only if it contains an 
incomplete, inextendible timelike geodesic (“official definition” of singularities)

● Geodesic incompleteness corresponds to the intuition that “singular points, where 
the metric tensor is not well-defined, have been cut out”

● Does geodesic incompleteness represent a “breakdown” of GR? An incompleteness?

● Curiel (2009) argues that it’s unclear in what sense spacetime singularities signal 
incompleteness -- no “missing points” of spacetime

● Earman (1996) “there are no singular points of spacetime where the laws of GTR fail to 
apply” -- we should take the singularities as a prediction of GR

● Misner (1969) “there is no reasonable point at which to anticipate a failure of the theory” 116

Geodesic incompleteness



There is still a physical worry … 

● ‘Geodesic incompleteness has an immediate physical significance in that it presents 
the possibility that there could be freely moving observers or particles whose 
histories did not exist after (or before) a finite interval of proper time. This would 
appear to be an even more objectionable feature than infinite curvature, and so it 
seems appropriate to regard such a space as singular’ (Hawking and Ellis, 1973).

● ‘particles could pop in and out of existence right in the middle of a singular 
spacetime, and spacetime itself could simply come to an end, though no 
fundamental physical mechanism or process is known that could produce such 
effects’.  (Curiel, 1999)
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● Geodesic incompleteness leads to a lack of predictability and determinism, and so 
could indicate that the theory is incomplete

● If the breakdown of determinism were visible to external observers, then those 
observers would be sprayed by unpredictable influences emerging from the 
singularities

● GR is a deterministic theory, so if the indeterminism were visible, the laws would 
`perversely undermine themselves' (Earman 1992)
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● Geodesic incompleteness leads to a lack of predictability and determinism, and so 
could indicate that the theory is incomplete

● If the breakdown of determinism were visible to external observers, then those 
observers would be sprayed by unpredictable influences emerging from the 
singularities

● GR is a deterministic theory, so if the indeterminism were visible, the laws would 
`perversely undermine themselves' (Earman 1992)

● Does this inconsistency motivate the need for a new theory, QG?
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● Does this inconsistency, or indeterminism itself, motivate the need for QG?

Maybe, maybe not ….

● GR not necessarily deterministic anyway, so no inconsistency introduced by this

● Maybe it’s OK to have an indeterministic fundamental theory, not bothered

● Maybe strong cosmic censorship holds, so no indeterminacy due to geodesic 
incompleteness is visible ever to anyone
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● Various proposals attempting to save us from any harmful naked singularities… 

● Weak cosmic censorship hides the offending singularities behind event horizons

● Outside observers are shielded -- theory is saved from perverse contradiction

● Yet, WCC is insufficient for saving GR from this charge 
of incompleteness 

● If spacetime exists beyond the event horizon,
and GR does not determine what occurs there,
the theory is incomplete
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● The breakdown of determinism occurs beyond the Cauchy horizon 
(inside the event horizon): beyond this surface, the Einstein equations 
no longer give a unique solution
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● The breakdown of determinism occurs beyond the Cauchy horizon 
(inside the event horizon): beyond this surface, the Einstein equations 
no longer give a unique solution

● Strong cosmic censorship: the appearance of the Cauchy horizon in 
Schwarzschild black holes is non-generic, and that the interior region 
of these black holes is in some way unstable (under small 
perturbation of initial data) in the vicinity of the Cauchy horizon. Any 
passing gravitational waves would prevent the formation of Cauchy 
horizons, meaning that instead, spacetime would terminate at a 
“spacelike singularity", across which the metric is inextendable

● Ensures that no violations of predictability are detectable even by 
local observers, renders the singularities harmless
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● Whether geodesic incompleteness is problematic for determinism or not rests on the 
fate of SCC

● Hawking “God abhors a naked singularity” has a bet that SCC is true, against Preskill 
and Thorne … still open!
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● Whether geodesic incompleteness is problematic for determinism or not rests on the 
fate of SCC

● Hawking “God abhors a naked singularity” has a bet that SCC is true, against Preskill 
and Thorne … still open!

● Dafermos and Luk (2017): SCC violated in the case of dynamical rotating black holes 
without symmetry (Kerr spacetimes)

● Spacetime does not terminate in a “spacelike singularity”, and does extend beyond the 
Cauchy horizon, but, spacetime is not sufficiently smooth for GR to hold = no 
indeterminism in this case for GR, since GR itself is not applicable

● Still, problematic for our purposes, represents an incompleteness of the theory: There 
is spacetime beyond Cauchy horizon, but GR does not determine what occurs here 126
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● Does this inconsistency, or indeterminism itself, motivate the need for QG?

Maybe, maybe not ….

● GR not necessarily deterministic anyway, so no inconsistency introduced by this

● Maybe it’s OK to have an indeterministic fundamental theory, not bothered

● Maybe strong cosmic censorship holds, so no indeterminacy due to geodesic 
incompleteness is visible ever to anyone
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● Curvature singularities: the Riemann tensor is unbounded along some curve (i.e. the 
curvature “blows up”)

● Have been discussed in less detail in the philosophical literature

○ Curiel (2019) discusses unbounded tidal forces.

● Physicists do tend to think of curvature singularities as being problematic in QG 

○ The main reason appears to be the effective field theory argument (next)

○ Geodesic incompleteness favours point particles, but e.g. strings can be 
insensitive to such singularities
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● Standard argument, and most powerful for demonstrating how spacetime 
singularities are problematic for GR -- motivates QG

● Take the EFT perspective of GR: Einstein’s equations are corrected through quantum 
effects by including higher-curvature corrections (Ricci scalar squared, cubed, etc.)

● General corrections: quantum effective action of an asy. safe theory, or perturbative 
effective action of string theory, etc.
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● Standard argument, and most powerful for demonstrating how spacetime 
singularities are problematic for GR -- motivates QG

● Take the EFT perspective of GR: Einstein’s equations are corrected through quantum 
effects by including higher-curvature corrections (Ricci scalar squared, cubed, etc.)

● Such terms are not forbidden in GR even in the classical theory, so we should take 
into account the possibility that such terms exist, even though in most situations we 
don’t need them 130
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● Take a model M of GR with a curvature singularity, and then check whether it is an 
approximate solution of the equations with the quantum corrections

● In general, may be a good solution far away from the singularity, but as we approach 
the singularity (higher curvature) the higher-order terms will start to dominate over 
the lowest order term (Einstein tensor)
○ So, M will not be a model of the quantum-corrected equations

● Shows that the curvature singularities can be used to predict that GR breaks down
● Inconsistency between GR and (expected) QG effects 131
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1. Singularities in GR

2. Singularities in QFT

3. Four attitudes towards singularities
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● Many different divergences, where the theory “blows up to infinity and is 
unpredictive”... 

1. IR-divergences (not going to discuss)
2. UV-divergences
3. Landau poles

Also: 

4. perturbative non-renormalisability of GR
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● Arise in what’s known as “conventional QFT”, “Lagrangian  QFT”, “QFT with cutoffs”

● Famously, calculations were historically “plagued by infinities” -- mainly due to 
reliance on perturbation theory

● Perturbative calculation of any physical process involves a summation over all 
possible intermediate states (infinitely many), at all orders of perturbation theory, 
leads to divergent integrals

● Divergences are at the heart of the formalism: integration over all 
momentum-energy states, together with the local nature of the dynamics
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● Historically, remove the infinities in particular theories like QED: Introduce a 
finite-valued cutoff, renormalise, get a theory that gives finite answers

● It works! But historically, this was suspicious -- infinities “swept under the carpet”

● Perturbative approach to QFT remained intrinsically approximate and conceptually 
problematic… 
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• One response to this suspicious state of affairs is to attempt to develop a new 
formulation of QFT in which the divergences do not arise

• Instead of introducing informal renormalisation techniques to treat interactions, 
mathematically rigorous axioms are postulated (axiomatic QFT), and then models of 
the axioms are constructed (constructive QFT)

• Algebraic QFT (AQFT) is the most promising proposal for the axioms

• This is not an attempt at QG, of more-fundamental physics beyond, but simply a new 
formulation of QFT at the level of QFT – i.e., as a combination of QM and special 
relativity put on a rigorous mathematical footing, without any singularities in the 
theory!
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Meanwhile…

• In mainstream high-energy physics, development of the renormalisation group (RG) led 
to a non-perturbative framework, and the discovery of the standard model

• Theory is only evaluated up to some finite cutoff, and the effects of the high-momenta 
dof at lower energies are encoded in the dynamics of the low-energy “effective theory”

• RG anaylsis demonstrates that the effective theory is insensitive to the the means by 
which the cutoff is introduced

• The only effects that are significant at low-energy scales are changes in the coefficients 
of finitely many interaction terms (the renormalizable interactions)

137

QFT as effective



• We have little indication of what lies “beyond” at high energy scales

• Wallace, 2011 “Renormalization theory itself tells us that if there is a short-distance 
cutoff, large-scale phenomenology will give us almost no information about its nature.”

• We don’t know

• But, in the case of UV-divergences, the suspicion is that they do not reflect anything 
physical, but rather the limitations of the theories

• The framework itself is taken to be inherently approximate, and its models effective -- 
not valid to arbitrarily high energy scales

• Whatever the unknown physics of QG turns out to be, the success of CQFT models at 
low-energies is explained thanks to the RG 138
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• The need to employ a short distance cutoff is not taken to indicate anything regarding 
the physics beyond

• In contrast to the case in condensed matter physics

• In the case of CQFT, we have no evidence for the existence of a real physical cutoff 
(e.g., discrete structure of spacetime)

• Possible that UV-divergences reflect limitations of the theory rather than new physics 139
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• Not taken to be merely due to the limitations of perturbative analysis* 

• QED renormalisable, should be able to extended to arbitrarily high energies

• But: coupling grows with energy scale, becomes infinite at a finite energy scale 
(but unimaginably high, 10286 eV -- compare the Planck energy scale of 1028 eV!)
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• This is avoided if the renormalized charge is set to zero, i.e., if the theory has no 
interactions

• Indicates that in QED, the renormalized charge goes to zero as the cutoff is taken to 
infinity (charge is completely screened by vacuum polarisation)

• Quantum triviality: quantum corrections completely suppress the interactions in the 
absence of a cutoff

• But, since the theory is supposed to represent physical interactions, the coupling 
constant should be non-zero
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• Can be interpreted as a symptom of the theory being effective, or incomplete 
-- Internal motivation for treating the theory as effective

• Challenged by those who argue for a `nonapproximate' formulation of QFT, on 
this view, the divergences of CQFT are not thought to be inherent to QFT, 
properly understood

• Usually ignored, concerns an energy scale where QED is not thought to be valid anyway 
(beyond electroweak scale)

• and even where QFT is not thought to be valid anyway, due to motivations for QG

-- External motivation for treating theory as effective
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“Avoidance of divergences: It has long been speculated that quantum gravity may
lead to a theory devoid of the ubiquitous divergences arising in quantum field
theory. This may happen, for example, through the emergence of a natural cutoff
at small distances (large momenta). In fact, modern approaches such as string
theory or loop quantum gravity (see below) provide indications for a discrete
structure at small scales.” 

(Kiefer, 2007, “Why Quantum Gravity?”, p.566)

● We may have other indications - external motivations - for discrete spacetime, but 
the UV divergences of QFT are not motivation for discreteness!

● But more debateable in regards to the Landau poles… 
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• Early attempt at quantizing GR puts it in the framework of perturbative QFT

• Einstein-Hilbert action is perturbatively non-renormalizable (divergences at first order in loop 
diagrams, expectation of infinitely many more infinities at higher orders), fails at the Planck 
scale -- can’t calculate anything here!

• For many physicists this is “the problem of QG”

• Typically motivates the search for QG as a UV complete theory 
○ -- e.g., by analogy with Fermi 4 theory, which was revealed to be the effective limit of 

the renormalizable electroweak theory)

○ String theory textbooks: The nonrenormalizability of GR indicates that one must look 
for a renormalizable theory that has quantum GR as an EFT, and string theory is exactly 
this kind of theory (i.e., as a criterion of justication).
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• Principle of UV-completeness is employed by many approaches to QG
(See Crowther & Linnemann, 2018)
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•
• On its own, does not motivate the need for a non-singular theory of QG, does not motivate 

minimal length; nor does it even motivate a UV-complete theory of QG more generally

• May not have any physical significance – divergences may be due to “procrustean bed of 
perturbation theory” -- divergences not in the full theory

• Asymptotic safety scenario: suggests that the theory is non-perturbatively renormalizable -- 
we’d have new dof but no need for new physics

• We argue: The problem is not the UV-incompleteness, but the fact that it fails to give 
predictions in the domains where we want QG to apply -- fails to satisfy the Primary Motivation

146

Perturbative non-renormalizability of GR



● AQFT view (1): Singularities in QFT motivate a different QFT framework, one whose 
theories are singularity-free, but which does not include gravity (as in AQFT);
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● AQFT view (1): Singularities in QFT motivate a different QFT framework, one whose 
theories are singularity-free, but which does not include gravity (as in AQFT);

● New physics view (2): Singularities in QFT motivate a new, more fundamental theory 
at high-energy, and motivate treating our current theories as effective, consistent 
with external motivations for QG;
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● AQFT view (1): Singularities in QFT motivate a different QFT framework, one whose 
theories are singularity-free, but which does not include gravity (as in AQFT);

● New physics view (2): Singularities in QFT motivate a new, more fundamental theory 
at high-energy, and motivate treating our current theories as effective, consistent 
with external motivations for QG;

● Effective theory view (4): Ignore the divergences in QFT/GR, since we have external 
reasons for thinking of these as non-fundamental effective theories, to be replaced 
by QG at high-energy scales 
(i.e., we appeal only to the external motivations for new physics, and the singularities 
in current theories do not count as motivations for new physics);
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● AQFT view (1): Singularities in QFT motivate a different QFT framework, one whose 
theories are singularity-free, but which does not include gravity (as in AQFT);

● New physics view (2): Singularities in QFT motivate a new, more fundamental theory 
at high-energy, and motivate treating our current theories as effective, consistent 
with external motivations for QG;

● Effective theory view (4): Ignore the divergences in QFT/GR, since we have external 
reasons for thinking of these as non-fundamental effective theories, to be replaced 
by QG at high-energy scales 
(i.e., we appeal only to the external motivations for new physics, and the singularities 
in current theories do not count as motivations for new physics);

● Asymptotic Safety view (4): These singularities do not motivate new physics 
according to the asymptotic safety scenario for gravity and the Standard Model; 
these singularities do not appear in the full (non-perturbative) theory. 
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● Emergent physics view (3): Singularities in QFT are of physical significance, but not 
motivation for new, more fundamental physics. The singularities are important for 
facilitating and understanding the emergent, low-energy physics.

-- Expressed prominently by Batterman, Jackiw
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1. Singularities in GR

2. Singularities in QFT

3. Four attitudes towards singularities
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● Question: do singularities point to the need for quantum gravity?
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● Question: do singularities point to the need for quantum gravity?

● We identify four different attitudes to singularities in GR (QFT) found in the literature:

1. Singularities resolved classically
2. Singularities point to QG 
3. Peace with singularities
4. Indifference to singularities
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● Question: do singularities point to the need for quantum gravity?

● We identify four different attitudes to singularities in GR (QFT) found in the literature:

1. Singularities resolved classically
2. Singularities point to QG 
3. Peace with singularities
4. Indifference to singularities

● Different types of singularities sure to receive different treatments.
○ It is possible to take one attitude with respect to one kind of singularity, and 

another attitude with respect to a different kind.

● In what follows, our discussion of examples is for illustration of the four attitudes, 
rather than for evaluation of the claims made in the physics literature
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• This is the idea that the singularities should be resolved ‘at the level of the current 
theories’, i.e. in GR or QFT, without recourse to QG
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Attitude 1: 
Singularities resolved classically, they do not point to QG



• This is the idea that the singularities should be resolved ‘at the level of the current 
theories’, i.e. in GR or QFT, without recourse to QG

Examples:

• Proponents of axiomatic QFT

• Removal of idealizations in GR (e.g. “smearing out a point particle”; Parker 1979, Heinzle 
and Steinbauer 2001).

• Higher-dimensional resolution of certain black hole singularities: 4D black hole solutions 
are non-singular in higher dimensions, and evade the Penrose-Hawking singularity 
theorems (Gibbons Horowitz Townsend 1995).

• Gravastars: take into account the back-reaction of the fields of an imploding star that 
forms a compact object similar to a black hole (Mazur and Mottola 2005).
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“gravitational vacuum star”

● Inner region has dark energy-like behaviour, 
prevents collapse to singularity

● Thin shell prevents formation of event 
horizon

● Inner region has no entropy, can be thought 
of as a gravitational Bose-Einstein condensate

● Looks similar to BH -- consumes matter, emits 
Hawking radiation

● May have different gravitational lensing 
properties
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The violent creation of a gravastar might be an 
explanation for the origin of our universe and many 
other universes, because all the matter from a 
collapsing star would implode "through" the central 
hole and explode into a new dimension and expand 
forever, which would be consistent with the current 
theories regarding the Big Bang.

This "new dimension" exerts an outward pressure 
on the Bose–Einstein condensate layer and 
prevents it from collapsing further.

https://en.wikipedia.org/wiki/Gravastar
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Gravastars: An alternative to black holes

https://en.wikipedia.org/wiki/Universe
https://en.wikipedia.org/wiki/Big_Bang
https://en.wikipedia.org/wiki/Gravastar


• Singularities in GR (QFT) are to stay, they  signal the limitations of these effective 
theories, and they are to be resolved in QG.
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• Singularities in GR (QFT) are to stay, they  signal the limitations of these effective 
theories, and they are to be resolved in QG.

• Motivation for the search for a new theory: give a concrete problem to focus on -- 
Singularity-resolution as a guiding principle

161

Attitude 2: Singularities resolved in QG



• Singularities in GR (QFT) are to stay, they  signal the limitations of these effective 
theories, and they are to be resolved in QG.

• Motivation for the search for a new theory: give a concrete problem to focus on -- 
Singularity-resolution as a guiding principle

• Singularity resolution might also serve as as a criterion of theory selection: a 
prospective theory should not be accepted if it is incompatible with the principle
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• Singularities in GR (QFT) are to stay, they  signal the limitations of these effective 
theories, and they are to be resolved in QG.

• Motivation for the search for a new theory: give a concrete problem to focus on -- 
Singularity-resolution as a guiding principle

• Singularity resolution might also serve as as a criterion of theory selection: a 
prospective theory should not be accepted if it is incompatible with the principle

• May be that GR/QFT singularities are not thought to directly point to or motivate 
resolution in QG, but that particular approaches to QG naturally feature singularity 
resolution

But the fact that the theory resolves given singularities might nevertheless be 
promoted as evidence in support of the correctness, or pursuit-worthiness of the 
approach, i.e., non-empirical confirmation
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Two versions:

2a. Singularities as physically significant: Here, the singularities are informative---they 
point to new physics.

2b. Mathematical/Structural view: `Singularities need to be resolved for reasons of 
mathematical consistency and (perhaps) predictive power', but we do not need to focus 
on the problem of singularities particularly, since it is not a deep physical problem. 

This attitude can also signal neutrality in regards to the singularities in current 
non-fundamental theories, but could recognise the practical necessity of resolving the 
singularities in a more fundamental theory. 
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• Most authors that we are aware of assign some sort of physical salience to 
singularities---they are seen as a ``smoking gun'' for new physics. 

• A singularity, more than just indicating the breakdown of the classical theory, is a 
locus where new physics can be expected: 
“At this point [the big bang singularity] the classical theory completely breaks down, 
and has to be replaced by a quantum theory of gravity” (Bojowald2001).
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• Most authors that we are aware of assign some sort of physical salience to 
singularities---they are seen as a ``smoking gun'' for new physics. 

• A singularity, more than just indicating the breakdown of the classical theory, is a 
locus where new physics can be expected: 
“At this point [the big bang singularity] the classical theory completely breaks down, 
and has to be replaced by a quantum theory of gravity” (Bojowald2001).

• Does not mean that the singularity itself is a physical event

• E.g., Rovelli & Vidotto: “the Big Bang singularity does not appear to be a physical 
event, but only an artefact of the classical approximation. In this, it is analogous to 
the possibility for an electron to fall into the nucleus of the atom, which is predicted 
by the classical approximation but not by the quantum theory of the electron”. 

• Often-used analogy: the resolution of the instability of the hydrogen atom in classical 
electrodynamics, by quantum mechanics. 
○ Idea: gravity should be quantised in terms of a minimal length. 166
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Example: Bohr theory of the atom
● Predictively successful – explained hydrogen spectral lines, but also predicted the spectral 

lines of ionised helium to impressive accuracy

● Widely claimed to be inconsistent, even by contemporaries

● Vickers (2013) – No internal inconsistency, but external inconsistency w\ Maxwell

● Electrodynamics predicts that the electron will eventually fall down into the nucleus, 
because it loses energy as it orbits around it: at which point the force becomes infinite

This is nonsense! Maxwell’s equations are valid under all circumstances, an electron in an orbit 
must radiate. (von Laue 1914, cited in Jammer 1966: 86)

[The theory is] in greater or less contradiction with ordinary mechanics and electrodynamics. 
(Schott 1918: 243)
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Example: Bohr theory of the atom
● QM solves this

● Rejects the classical picture of an electron “orbiting" around the nucleus

● Confines the electron to discrete energy levels, and allowing it to emit energy only in 
discrete packets of energy (photons)

● The lowest energy level allowed by the theory is where the electron is, on average, located 
at a finite distance from the nucleus (the `Bohr radius'), so that it can never fall in
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Example: Bohr theory of the atom
● Example shows that inconsistent theories can be successful, but also that removing 

singularities and resolving inconsistency can be heuristically useful

● Also used in motivating QG: 
● A widespread idea is that, analogously, gravity should be quantised and that QG solutions 

have a discrete spectrum, similarly to the discrete spectrum of QM, and, in this way, 
singularities can be avoided

● Note: The presence of the infinity itself is not the inconsistency 

● We will also see this in the case of GR and QFT – infinities do not necessarily mean that 
the theory is inconsistent or incomplete
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Some examples from LQG cosmology… 

• Bojowald & co.: discretised equations appear in some models of LQG cosmology 
(isotropic minisuperspace approximation to Big Bang singularity).

• The quantum evolution occurs in discrete time steps, and does not break down 
when the volume goes to zero---so, the model can proceed through the Big Bang 
singularity to a pre-Big Bang era. 

• A similar effect is found for the Schwarzschild singularity
• The non-perturbative approach is essential here.

• Ashtekar & co.: Dynamical resolution of the big bang singularity, where the big bang is 
replaced by a quantum bounce, so that the quantum evolution remains non-singular 
across the Planckian regime of the bounce.
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• Another way in which singularities can be ``physical'' is the more literal sense that the 
singularity is a physical place (or time), even if classical GR does not describe it: 

“the classical singularity does not represent a final frontier; the physical spacetime does 
not end there. In the Planck regime, quantum fluctuations do indeed become so strong 
that the classical description breaks down” (Ashtekar & Bojowald 2006)

● Idea that singularities are boundaries of spacetime which can be reached by 
observers in finite proper time

● Classical GR cannot be extended to these boundaries, but the fact that observers can 
reach them within finite proper time calls for a different description, or an 
incorporation of these boundaries into the theory

● Can either motivate QG (Attitude 2), or resolution at the level of GR (Attitude 1)
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• Don’t resolve singularities at any level (permits singularities even in fundamental theory)
There may be reasons for keeping singularities in our theories, other than that they signal the 
limitations of effective theories:

3a., They can be treated as predictions of the theory without needing to be removed

3b., they are explanatory (without pointing to any new physics); 

3c., they are required for stability. 
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• Don’t resolve singularities at any level (permits singularities even in fundamental theory)
There may be reasons for keeping singularities in our theories, other than that they signal the 
limitations of effective theories:

3a., They can be treated as predictions of the theory without needing to be removed

3b., they are explanatory (without pointing to any new physics); 

3c., they are required for stability. 

Examples:

• 3a. Misner/Earman tolerance for singularities in GR – treat as predictions, “a source from 
which we can derive much valuable understanding of cosmology”

• 3b. Batterman/Jackiw “emergent physics view” - singularities necessary for adequate 
description of low-energy physics
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• Don’t resolve singularities at any level (permits singularities even in fundamental theory)
There may be reasons for keeping singularities in our theories, other than that they signal the 
limitations of effective theories:

3a., They can be treated as predictions of the theory without needing to be removed

3b., they are explanatory (without pointing to any new physics); 

3c., they are required for stability. 

Examples:

• 3c. Horowitz and Myers (1995) -
A modification of GR that is completely non-singular could not have a stable ground 
state. The reason is that such regular modifications of GR would have completely regular 
solutions with negative Schwarzschild mass. ‘If we want the theory to have any stable 
lowest-energy solution, it must have singularities, in order that one may discard what 
would otherwise be pathological solutions’.) 174
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• Don’t resolve singularities at any level (permits singularities even in fundamental theory)
There may be reasons for keeping singularities in our theories, other than that they signal the 
limitations of effective theories:

3a., They can be treated as predictions of the theory without needing to be removed

3b., they are explanatory (without pointing to any new physics); 

3c., they are required for stability. 

Examples:

• 3a. Misner/Earman tolerance for singularities in GR – treat as predictions, “a source from 
which we can derive much valuable understanding of cosmology”

• 3b. Batterman/Jackiw “emergent physics view” - singularities necessary for adequate 
description of low-energy physics

• 3c. Horowitz and Myers (1995) - a modification of GR that is completely non-singular could 
not have a stable ground state (Schwarzschild sing. avoids negative masses) 175
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• Singularities in GR (QFT) do not not matter given that these theories are non-fundamental 

• Do not need resolution at the level of GR(QFT)

• But neither do these singularities tell us anything about QG
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• Singularities in GR (QFT) do not not matter given that these theories are non-fundamental 

• Do not need resolution at the level of GR(QFT)

• But neither do these singularities tell us anything about QG

Examples:

• Effective theory view -- Wallace (2011): we can ignore UV-divergences in QFT because we 
have external reasons for thinking this is not the right framework at energy scales where 
the singularities would be a problem, and we won’t learn anything from resolving them

• Asymptotic Safety view -- Hossenfelder (2013) “The Einstein-Hilbert action is [...] not the 
fundamental action that can be applied up to arbitrarily-high energy scales, but just a 
low-energy approximation, and its perturbative non-renormalizability need not worry us”

•  http://backreaction.blogspot.com/2016/12/reasoning-in-physics.html 177
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• Singularities in GR (QFT) do not not matter given that these theories are non-fundamental 

• Do not need resolution at the level of GR(QFT)

• But neither do these singularities tell us anything about QG

More examples:

• Curiel (1999) argument that singularities are not a problem for GR, because they are not 
part of the manifold: they are not part of the theory

• Brandenberger and Vafa (1989) uses some aspects of the physics of strings to argue that, 
even though a cosmological singularity is present in the metric, it is of no consequence for 
string theory, whose behaviour near the singularity is completely regular: the string does 
not ``see'' the cosmological singularity (consequence of T-duality)
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1. Singularities are resolved classically (or “at the level of current theories”)

2. Singularities are resolved in QG

3. Peace with singularities

4. Indifference to singularities

• Singularities by themselves do not automatically point to new physics

• Perhaps the resolution of curvature singularities can be expected to give new physics, 
as in some of the examples

• The nature of the new physics depends on the nature of the resolution…
• One’s attitude towards singularities depends on your response towards external 

motivations for QG
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“When do we stop digging? Conditions on a fundamental theory of physics”

https://philpapers.org/rec/CROWDW-2

UV completeness paper with Niels Linnemann

https://arxiv.org/abs/1705.06777

Singularities paper with Sebastian de Haro
https://arxiv.org/abs/2112.08531

Jaksland & Linnemann “Holography without holography”
https://arxiv.org/abs/2008.10421

de Haro “The heuristic function of duality”
https://arxiv.org/abs/1801.09095
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Figure 1: Options on the road towards higher-energy 
physics: QG (as not ToE) is part of
the non-unified set of theories “amalgam", which is 
either fundamental (i); emergent from a
ToE (ii); or emergent from another amalgam (iii). This 
is true of any \level" described by an
amalgam. It is only in option (i) that QG is necessarily 
UV-complete.


