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Abstract
Singularities in general relativity and quantum field theory are often taken not
only to motivate the search for a more-fundamental theory (quantum gravity, QG),
but also to characterise this new theory and shape expectations of what it is to
achieve. Here, we first evaluate how particular types of singularities may suggest
an incompleteness of current theories. We then classify four different ‘attitudes’
towards singularities in the search for QG, and show, through examples in the
physics literature, that these lead to different scenarios for the new theory. Two
of the attitudes prompt singularity resolution, but only one suggests the need for
a theory of QG. Rather than evaluate the different attitudes, we close with some
suggestions of factors that influence the choice between them.
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Introduction

Singularities feature prominently in the best theories of fundamental physics: quantum
field theory (QFT), being the framework within which the Standard Model of particle
physics is formulated, describing all fundamental particles and forces, and general relativity (GR), describing gravity as the curvature of spacetime. These singularities are of
various types, prompting differing diagnoses in regards to what they suggest about the
status of these theories and the development of future theories. At least some of them,
however, are standardly interpreted as motivating the search for a more fundamental theory: quantum gravity (QG). Furthermore, the appearance of these singularities in GR and
QFT is often taken to suggest some features of QG that would render the singularities
in the less-fundamental theories unproblematic; i.e., there is an expectation that the new
theory will resolve, or remove, particular singularities, and explain their appearance in
current theories. Singularities are thus usually treated not only as motivation to look for
the new theory, but also as providing valuable insights as to the form of this theory. This
is of great importance in the search for QG, given the paucity of empirical motivations,
guiding principles, and constraints available to aid its development.
Given their prominence and potential value, it is worthwhile to more thoroughly investigate the significance of singularities in GR and QFT in regards to what they may
suggest for the search for QG. In particular, it is interesting to contrast the different attitudes towards the different singularities in these theories, and to ask if the conjectured
implications for QG are well-motivated. This is the aim of the present essay.
We begin by considering two types of spacetime singularities in GR: geodesic incompleteness (§2.1) and curvature singularities (§2.2). Already there is disagreement between
the prevailing attitude in physics compared to that in philosophy regarding the meaning
of these singularities in GR. In physics, spacetime singularities are usually said to represent the “breakdown” of GR, and thus to point to the need for QG. One detects the
opposite attitude in philosophy, as some prominent literature tries to make precise the
sense in which GR “breaks down”, and finds no answer that warrants an accusation of
incompleteness of the theory. We outline some arguments for why each of these types of
singularities may be considered problematic, prompting the need for resolution. In particular, §2.3 presents an argument for how curvature singularities may be said to signal the
“breakdown” of GR, which we believe has been under-appreciated in the philosophical
literature.
We then consider two types of singularities in QFT: UV-divergences which are typically
thought to stem from the use of perturbation theory (§3.1), and Landau poles, which are
UV-divergences not typically thought to stem from the use of perturbation theory (§3.2).
Following this (§3.3), we consider the divergences in GR when treated perturbatively
in the framework of QFT (i.e., those associated with the non-renormalizability of the
Einstein-Hilbert action), and a potential resolution proposed by the asymptotic safety
scenario. We find, in §3.4, four possible stances towards the singularities of QFT.
These four stances are cases of four more-general classes of attitudes towards singularities in current theories. In §4, we outline this classification of four attitudes towards
singularities, which we base primarily on a survey of the physics literature. While there
seems to be a universal consensus that at least some singularities must or will be re3

solved, not all authors think that all singularities must or will be resolved. Also, there is
no consensus about which singularities are to be resolved, nor about the stage of theory
development at which this will happen (e.g., singularity resolution in the classical or in
the quantum theory).
Briefly, the four attitudes are:
1 Singularities are resolved classically, or ‘at the level of current theories’: the (particular) singularities do not point to QG.
2 Singularities are resolved in QG.
3 Peace with singularities: they are not resolved at any level, because there is reason
to keep them in our theories.
4 Indifference to singularities: the singularities are of no significance.
On our classification scheme, it is possible to adopt different attitudes towards different types of singularities (and, indeed, this seems desirable). We
present examples of each of the four attitudes, but we do not evaluate the arguments for
adopting one attitude rather than another in regards to specific singularities. Two of the
attitudes prompt singularity resolution, but only one suggests the need for a theory of
QG. In §5 we briefly discuss some factors which tend to influence the choice between the
two attitudes supporting singularity resolution.

2

Singularities in GR

Spacetime singularities are pathologies of a spacetime, and there are various ways in which
spacetimes can be singular.1 Here, we are concerned with the two most common types of
spacetime singularity: geodesic incompleteness (§2.1), and curvature singularities (§2.2).
Here we assume that the two notions are independent of each other.2

2.1

Geodesic incompleteness

The most common definition of spacetime singularity uses geodesic incompleteness: a
spacetime is singular if and only if it contains an incomplete, inextendible timelike geodesic.
Such a geodesic is the worldline of a freely falling test object, and the property that
makes it singular is that the worldline ends within finite proper time and cannot be further extended.3 This definition forms the basis of the Penrose and Hawking singularity
theorems,4 , though it is not without problems (see Curiel (2021, §1.1)).
Geodesic incompleteness appears to be a genuine physical worry, because it means that
‘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
1

See, e.g., Curiel (1999); Earman (1996) for a discussion of different types.
Cf. Curiel (1999, §1.1).
3
See e.g. Bojowald (2007).
4
See Hawking and Ellis (1973, §8.2) and Earman (1995, §2.8)
2
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or process is known that could produce such effects’ (Curiel, 1999, p. S140). Geodesic
incompleteness leads to a lack of predictability and determinism, and so could indicate
that the theory is incomplete (Earman, 1995, §2.6).5 If the breakdown of determinism
were visible to external observers, ‘then those observers would be sprayed by unpredictable
influences emerging from the singularities’ (Earman, 1992, p. 171). This would represent
a nasty form of inconsistency—as Earman puts it, the laws would ‘perversely undermine
themselves’.
Various forms of “cosmic censorship” have been proposed in order to render these
singularities harmless. One of these is weak cosmic censorship, which states that the
offending singularities are hidden behind event horizons, and thus outside observers are
shielded from being sprayed by any inexplicable influences. Yet, in this case, though the
theory would be saved from perversely undermining itself, it would still be incomplete: if
spacetime exists beyond the horizon, and if GR does not determine what occurs there, then
the theory is incomplete.6 Such singularities would then suggest the need for modification
of GR, or for a new theory, or some other solution (§4). Being hidden behind an event
horizon is not enough for to render a singularity unproblematic.
The breakdown of determinism inside black holes occurs beyond the Cauchy horizon
(inside the event horizon): beyond this surface, the Einstein equations no longer give a
unique solution. In response, Penrose (1979) proposed strong cosmic censorship (SCC),
which postulates that 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.
SCC ensures that no violations of predictability are detectable even by local observers
(i.e., an astronaut on a geodesically incomplete worldline would detect nothing up until,
and presumably after, her disappearance), and so, the truth of this conjecture would
render any singularities (incomplete geodesics) harmless in regards to determinism. As
Dafermos and Luk (2017, p. 5) states, ‘The singular behaviour of Schwarzschild, though
fatal for reckless observers entering the black hole, can be thought of as epistemologically
preferable for general relativity as a theory, since this ensures that the future, however
bleak, is indeed determined’. Thus, SCC may be able to save GR from the charge of
incompleteness.
Dafermos and Luk (2017) argues, however, that SCC is violated in the case of dynamical rotating vacuum black holes without symmetry (Kerr spacetimes). Dafermos and Luk
(2017) shows that spacetime does not in fact terminate at a “spacelike singularity” in the
interior of rotating Kerr black holes, and thus SCC is false in this case. Instead, spacetime
does extend beyond the Cauchy horizon, but the spacetime is not sufficiently smooth for
GR to hold (there is a weak “lightlike singularity”). Although SCC fails, there is, arguably, no indeterminism introduced into GR, since the theory itself is not applicable in
5

Recent work has emphasised the difficulty of defining determinism in precise terms; Doboszewski
(2019) gives a pluralistic definition.
6
This fact is already recognised in the literature, e.g., (Wald, 1992, p. 182).
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this case. For our interests, though, this scenario does represent an incompleteness of the
theory—there is spacetime beyond the Cauchy horizon, but GR does not describe what
occurs here—signalling the need for modification of the theory, a new theory, or another
solution (§4). We conclude, then, that geodesic incompleteness is physically problematic.

2.2

Curvature singularities

A second important kind of singularity is curvature singularities. The curvature, especially
the scalar quantities constructed by contracting powers of the Riemann tensor, grows
without bound in some region of the spacetime.7 This gives rise to various problems, such
as unbounded tidal forces and the lack of consistency of the semi-classical approximation
(discussed in §2.3).
Curiel (2021, §1.3) suggests that curvature singularities are tolerable because their
manifestation depends on the path taken by an observer in their neighbourhood: curvature singularities are not a specific property of the spacetime itself, but of the spacetime
together with the trajectory of an observer. But there are prima facie two problems with
this argument. First, it is based on a narrow conception of a curvature singularity: the
argument regards them as undesirable only by virtue of the tidal forces exerted on test
objects. It argues that, in some cases, the unbounded tidal forces depend on the trajectory. Thus Curiel (1999, §1.3) argues that a curvature singularity, characterised by
the tidal force on a test object, is ‘not in any physical sense a well-defined property of a
region of spacetime simpliciter’, because in some cases the manifestation of the pathology
depends on the object’s state of motion, i.e., the trajectory followed, and not just on the
observer’s location in the spacetime.
But surely there are cases where the tidal forces are unbounded regardless of the
direction that the observer is coming from. Furthermore, it is not points per se, in and
of themselves, i.e., regardless of geodesics, that are important in GR. It is the point
coincidences of trajectories (or the coincidences of straight lines of an affine connection)
that matter, so that in considering the properties of objects travelling along different
geodesics coinciding at a point, one is simply deploying the standard interpretation of GR.8
In other words, standard treatments of GR do not consider spacetimes as monadic objects,
but consider in addition other structures (often referred to as “observables”) defined on
them—more on this below. Thus the fact that the manifestation of the singularity may
sometimes depend on the state of motion of the object does not seem to be a good reason
to accept such singularities into GR.
This idea can be generalised, and leads to an issue that we have not seen discussed
in philosophical discussions of singularities in GR. Namely, it is not simply points (or
point-coincidences of trajectories, or coincidences of straight lines of an affine connection)
that make up the ontology of GR. For even if points are regarded, by substantivalists at
7

Besides the divergence of scalar (i.e. coordinate-independent) quantities, there are also curvature
singularities whereby some of the physical components of the Riemann tensor do not have a limit: see
the next Section, and also Earman (1995, p. 37).
8
See Einstein (1916, p. 776) and Kretschmann (1917, pp. 576-577, 579) (cf. Sauer (2005)). Elsewhere,
Einstein (1915, p. 228) considers physically real events as consisting of more general spatio-temporal
coincidences.
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least, as fundamental, this does not prevent the inclusion of quasi-local and, indeed, global
quantities into one’s ontology. This is because an ontology that accepts points as objects
should surely accept sets, classes, or mereological fusions of points.9 For example, the
very definition of a manifold requires the definition of (open) coverings of this manifold,
i.e., of neighbourhoods of points. Thus, a realist semantics should in principle include not
just points, but also neighbourhoods.10
Here, we note that one’s position in the realism vs. anti-realism debate will in general
bear on one’s attitude towards singularities. The semantic realist (including e.g. the
constructive empiricist) demands that there be a well-defined ontology, and will naturally
demand that the models of GR are free of singularities in order to ensure this.11 The
problem with singular spacetimes is precisely that they do not seem to have a well-defined
ontology.
Curiel has stressed the global, rather than local, nature of at least some singularities.
Singularities are not always localised at a point of spacetime, as is often assumed; when
they are, then this is indicative of having a non-essential singularity, i.e. one that can
be removed (in the case of incomplete geodesics) by extending the geodesics beyond that
point. This is an important fact that is not always clear in discussions of singularities.
But this is, by itself, not an argument against the semantic realist’s demand for a clear
ontology. That some singularities cannot be localised, and do not correspond to ‘missing
points’, so that there appear to be ‘no points missing’, does not mean that the ontology of
the model in question is automatically well-defined. The indication that a clear ontology
is lacking comes from the various pathologies that we have discussed (i.e., unbounded
curvature, lack of determinism, things popping in and out in the middle of the spacetime
even if covered by a horizon, etc.), even if these pathologies were to get the label ‘global’.
For there is no expectation that ontology must be local, certainly if what is at issue is the
ontology of spacetime.

2.3

The argument from effective field theory

Effective field theory gives an interesting argument against curvature singularities. Although the argument is semi-classical, and stated in the context of small quantum corrections to the classical equations of motion, the argument also puts into question the
validity of the classical approximation itself near a singularity, and it can be stated in
purely classical terms.
Although Earman (1996, p. 636) characterizes the semi-classical approximation as
one ‘in which the quantum expectation value of the (renormalized) stress-energy tensor is
inserted in the Einstein equations in order to calculate the backreaction for quantum fields
on the spacetime metric’, this is not what we mean by the semi-classical approximation:
rather, it is one specific instantiation of it.12
9

Cf. Lewis (1986, pp. 211-212), Armstrong (1997, pp. 12-13), Sider (2001, pp. xvi, 7, 59); also
Butterfield (2011) campaign against pointillisme.
10
Cf. De Haro (2021, forthcoming, §6.3).
11
Though the realist and the constructive empiricist have different degrees of belief in this ontology.
12
For a discussion of this kind of semi-classical approach, especially in the context of singularities, and
some of its problems, see: Birrell and Davies (1982, §6), Parker and Fulling (1973, pp. 2357–2359), Davies
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The kind of semi-classical approximation that we have in mind is best stated in the
language of the Lagrangian action (although it can also be stated directly in terms of the
equations of motion), which has the advantage of simplicity. The argument is as follows.
Consider the Einstein-Hilbert action for GR:
Z
√
1
d4 x −g R(g) ,
(1)
SEH =
16πGN
in units where c = 1. Suppose that the underlying QG theory, of which this action is
the classical limit, has a length scale `, which could be the Planck length (since Newton’s
constant GN is proportional to the square of the Planck constant), or some other length
scale of the theory. Then, in general, the quantum corrections will contribute terms to
the action that (on dimensional grounds) are of the order of the curvature squared, and
higher:
Z

√
1
d4 x −g R(g) + α `2 R2 (g) + · · · ,
(2)
Seffective =
16πGN
where α is a dimensionless parameter. Here, our notation is schematic, because R2 indicates not just the square of the Ricci scalar, but any linear combination of squares of
the Riemann tensor and its contractions (i.e. the Ricci tensor, Ricci scalar, and Weyl
tensor).13 The dots indicate possible cubic and higher-order corrections.
These corrections to the classical theory are general, in that we have only assumed
that they can be written as (a possibly infinite series of) polynomials in the curvature.14
The origin and interpretation of these terms can be various. In an asymptotically
safe theory, the above action could be taken to represent the quantum effective action,
containing all of the information about the quantum theory, and no need for a cutoff.
In string theory, this is a perturbative effective action, where the length scale ` is the
fundamental length of a string, and such corrections are proportional to the length of the
string as compared to the typical length-scale of the spacetime.15 In the point-particle
limit, i.e. when the size of a string is small compared to the typical length scales in the
spacetime, such corrections are negligible. However, the corrections become important
when the spacetime is highly curved, so that its typical length-scale is sizeable compared
to the string length. Another example is the asymptotic safety scenario approach to QG,
where these terms are present in the action near a fixed point at which the theory is being
renormalized, and their coefficients depend on the renormalization scale—physicists say
that their couplings “run” (see §3.3, below).
(1977, pp. 402-403).
13
One often-considered term is the Gauss-Bonnet term Rµναβ Rµναβ − 4Rµν Rµν + R2 , which when
integrated over the spacetime gives the topological Euler number. The correction terms can also contain
covariant derivatives of the Riemann tensor, where two derivatives have the same dimension as the
Riemann tensor.
14
Since these are short-distance corrections that should be subleading with respect to the EinsteinHilbert term at long distances, negative powers are excluded.
15
The coefficients of the higher curvature terms, like α, are in this case functions of a scalar field called
the ‘dilaton’, and contain much information about the microscopics of the theory: in particular, about
its 11-dimensional origin. See e.g. Green (1999, pp. 29-30).
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One should distinguish this approach to the effective action from the semi-classical
approximation to which Earman (1996, p. 636) refers: namely, inserting the quantum
expectation value of the stress-energy tensor into the Einstein equations, in order to
calculate the back-reaction of the fields on the metric. In the above approach there need to
be no matter fields at all. For example, in the asymptotic safety scenario the action Eq. (2)
is purely gravitational (Niedermaier & Reuter, 2006, p. 16), and no matter fields are
required. In string theory, these terms do not originate in the way that Earman suggests
either; rather, they come from taking into account quantum effects in the scattering
between superstrings, and calculating from there the effective action (Green, Schwarz, &
Witten, 1987, pp. 169-178).
The importance of these terms is that they correct Einstein’s equations with highercurvature terms. While the corrections are negligible when the curvature is small, these
corrections dominate when the curvature is large—which is what happens near a curvature
singularity. Thus, near a singularity, the higher-order terms dominate, and the classical
approximation (i.e. the approximation by which we drop the higher-curvature terms from
the action Eq. (2) and hence from Einstein’s equations) becomes invalid. That is, near
a singularity these terms cannot be dropped, because they are larger than the Einstein
tensor.16
One can compare the above to the Taylor series of a function near some point.17 If one
is very close to that point, one can use the leading term of the series (i.e. the EinsteinHilbert term). But if one significantly goes away from this point, the higher-order terms
become increasingly important, so that they eventually dominate and the Taylor series is
no longer a good approximation. Near a singularity, the curvature grows without bound,
the corrections in Eq. (2) dominate, and the classical action cannot be expected to be a
good approximation.
While this argument underpins the intuition that “quantum effects become important
near a singularity”, it seems incorrect to treat the classical theory without taking into
account the possibility that such terms exist. Namely, the appearance of higher-curvature
terms in the action and in the equations of motion is not forbidden by any symmetry or
other principle. One main reason why they are not considered in the classical theory seems
to be simplicity: these terms are not needed, and they are small under usual situations.
The corrections they give to the known tests of GR are indeed too small to take into
account. But who says that the true theory of the world, even at the classical level, does
not contain such terms? Thus, even at the classical level, it seems that one needs to take
into account the possibility that such terms, even if small, are in principle present in the
equations of motion. In other words, while the simplest assumption is that GR is given
purely by the Einstein-Hilbert action Eq. (1), and the Einstein equations that are derived
from it, corrections are not a priori excluded.
The use of Einstein’s equations in a way that is consistent with the possible existence of
16

The same argument can be made directly at the level of the equations of motion, without using the
action.
17
The analogy here is with a function with a finite radius of convergence. In principle, it is also possible
that the series converges everywhere, in which case the function is entire: but this needs to be proven,
and it will only happen in special cases. For example, supersymmetry sometimes leads to this situation,
where non-renormalization theorems ensure that the series only has a finite number of terms.
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higher-curvature terms means that, in general, the validity of Einstein’s equations has to
be restricted to regions of small curvature. For near singularities, one should not expect
the usual Einstein’s equations to be valid, because higher-order terms will dominate,
regardless of whether their origin is quantum or classical.
To spell out the argument a bit more: note that, in the actions Eqs. (1)-(2), we
integrate over the entire spacetime. And so, the contributions of any regions of high
curvature to Eq. (2) cannot be approximated by their corresponding contributions in
Eq. (1), so that the Einstein-Hilbert action is not a good approximation to such regions.
This also means that the derivation of the Einstein equations from the Einstein term
alone, i.e. Eq. (1), cannot be trusted in such regions. And since the Einstein-Hilbet
action cannot be expected to be a good approximation in those regions, neither are the
Einstein equations that are derived from it. Thus we cannot expect that a putative model
of Einstein’s theory, Eq. (1), with curvature singularities in it, is also a model of the full
action, Eq. (2).
This is one main reason behind physicists’ talk about the “breakdown” of GR near
a singularity. The use of GR, Eq. (1), as an approximation to the full action, Eq. (2),
requires that curvatures are small: and curvatures are not small near a curvature singularity. It seems to us that, in the philosophical literature, this problem has not received
the attention that it deserves.
The argument does not cover all curvature singularities, since it does not cover those
singularities that, although giving unbounded components of the physical components of
the Riemann tensor in a parallel-propagated frame,18 do not have unbounded values for
the scalar quantities appearing in the action, Eq. (2) (or for the corrections to Einstein’s
equations).19 We do not claim that all curvature singularities are undesirable, only that
some curvature singularities are undesirable, and that physicists are justified in claiming
that there is a “breakdown” of GR for those types of singularities, in the sense explained
above.

3

Singularities in QFT

The infinities we consider here are the UV-divergences due to the perturbative formulation
of QFT, and Landau poles.20

3.1

UV divergences

The infinities of concern arise in the theoretical framework in which the standard model of
particle physics is formulated. This has been referred to in the literature as “conventional
QFT” (CQFT), “Lagrangian QFT”, or “QFT with cutoffs” (Wallace, 2006, 2011).21 Fa18

See Earman (1995, p. 37).
One such example is plane-fronted shockwaves which are exact solutions. Physicists normally do not
consider these singularities as undesirable. See, e.g., Israel (1966, pp. 1-3), Aichelburg and Sexl (1971,
pp. 304–305), Penrose (1972, pp. 102–103).
20
There are also IR-divergences in QFT, which we do not consider here.
21
But as J. D. Fraser (2016, p. 12), says, these labels are somewhat misleading, given that it is not
the Lagrangian formulation that defines this framework, and that most of the successes of the standard
19
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mously, calculations in this framework were historically “plagued by infinities”. Mainly,
and particularly for the UV-divergences, these owe to its reliance upon perturbation theory. A perturbative calculation of any particular physical process involves a summation
over all possible intermediate states, and this is done at all orders of perturbation theory
(though, in practice, often only the first few terms are taken and the higher-orders, it
is hoped, decay rapidly). CQFT, with its local dynamics (i.e., point sources and interactions), as well as the integration over all the momentum-energy states, implies that
there are an infinite number of intermediate states. Thus, if the terms are not sufficiently
suppressed, perturbative calculations within the theory lead to divergent integrals.
Historically, these infinities were removed in particular theories, such as quantum
electrodynamics (QED), via renormalization, which rendered the theory finite and (impressively) predictive. This procedure, however, was physically suspicious, and the perturbative approach to QFT itself remained intrinsically approximate and conceptually
problematic. One response was the development of axiomatic QFT: instead of introducing informal renormalization techniques to treat interactions, this approach attempts to
put QFT on a firm, non-perturbative footing, by specifying a mathematically precise
set of axioms at the outset. Then, models of the axioms are constructed (constructive
QFT). Importantly, this approach is not an attempt at QG, of physics beyond, but simply a new formulation of QFT at the level of QFT—i.e., as a combination of QM and
special relativity without any singularities in the theory.22 Unlike CQFT, it is not an
intrinsically approximate theory, since it is supposed to be directly defined on Minkowski
spacetime, and so remain well-defined at arbitrarily small and arbitrarily large length
scales. Although there are various simplified toy models satisfying the axioms of AQFT,
however, there have been no realistic models constructed. In particular, it has not been
demonstrated that QED or any other successful theories in high-energy physics admit
formulations that satisfy the axioms of AQFT.
On the other hand, in mainstream high-energy physics, the development of the renormalization group (RG) techniques led to a non-perturbative framework for studying CQFT
systems at different energy scales, and ultimately to the discovery of the standard model.
Instead of evaluating the integrals up to infinite momenta, the theory is only evaluated
up to some finite high energy scale (short length scale) cutoff, and the effects of the high
momenta degrees of freedom at lower energies are encoded in the dynamics of the lower
energy ‘effective’ theory. The RG analysis demonstrates that the means by which the
cutoff is implemented has no bearing on the low-energy physics; the only effects that are
significant at these scales are changes in the coefficients of finitely many interaction terms
(the renormalizable interactions). As Wallace (2011, p. 119) puts it, ‘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.’
The dominant philosophical interpretation of this CQFT picture is that the UV divergences are not a real physical problem, but rather indications of the limitations of the
perturbative framework of CQFT. The framework itself is taken to be inherently approximodel do not come directly from cutoff QFT structures.
22
See, e.g., D. Fraser (2011).
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mate,23 and its models are supposed to be effective theories: not to be valid to arbitrarily
high energy scales. ‘This, in essence, is how modern particle physics deals with the renormalization problem24 : it is taken to presage an ultimate failure of quantum field theory
at some short length scale, and once the bare existence of that failure is appreciated, the
whole of renormalization becomes unproblematic, and indeed predictively powerful in its
own right’ (Wallace, 2011, p. 120). The idea is that, whatever the unknown physics of
QG turns out to be, the success of the CQFT models at known energies is explained,
thanks to the RG.
This interpretation of CQFT as effective means that the theory is not supposed to be
reliable at short length scales. In particular, the need to employ a short-distance cutoff is
not taken to indicate anything regarding the physics beyond. This is in contrast with the
case in condensed matter physics, where the RG is also employed because the system is
described by a theory which diverges in the UV, but in which case the divergences, and
the need to employ a short length scale cutoff is consistent with the existence of something
physical—we know that we cannot treat matter as continuous at arbitrarily short length
scales, because matter has a discrete structure at the atomic scale. In CQFT, however,
there is no empirical evidence for the existence of a real physical cutoff (e.g., a discrete
structure for spacetime at extremely high energies). It is possible that the UV divergences
in CQFT simply reflect limitations of the theory, rather than any new physics.

3.2

Landau poles

A widely-held view is that if we had realistic models of AQFT which properly accounted
for the dynamics without relying on approximations, and hence, did not feature the UVdivergences associated with perturbative analysis, we would not need renormalization in
QFT, and would lose motivation for treating QFT as an effective theory. Those who
express this view nevertheless recognise that a stronger motivation for treating QFT as
effective is the existence of Landau poles—for instance, in QED. This type of infinity is
thought more concerning than the UV-divergences because it is not taken to be merely
due to the limitations of perturbative analysis (although, since the Landau pole in QED
is normally identified through perturbative one-loop or two-loop calculations, it is possible that the pole is a sign that the perturbative approximation breaks down at strong
coupling).
QED is renormalizable, so in principle it should be able to be extended to arbitrarily
high energies. Yet, the renormalized coupling grows with energy scale, and becomes infinite at a finite (though extremely large) energy scale, estimated as 10286 eV (the original
result comes from Landau, Abrikosov, and Khalatnikov (1954)). The existence of this
‘pole’ could mean the theory is mathematically inconsistent. This is avoided if the renormalized charge is set to zero, i.e., if the theory has no interactions. There is indication that
in QED, the renormalized charge goes to zero as the cutoff is taken to infinity (a physical
interpretation of this is that the charge is completely screened by vacuum polarisation).
This is a case of quantum triviality, where quantum corrections completely suppress the
23
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Cf. J. D. Fraser (2020).
Footnote in the original suppressed.
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interactions in the absence of a cutoff. Since the theory is supposed to represent physical
interactions, the coupling constant should be non-zero, and so the Landau pole and the
associated triviality might be interpreted as a symptom of the theory being effective, or
incomplete (i.e., that it fails to take into account other fundamental interactions relevant
at high energy scales).
QED and φ4 theory are thought to be trivial in the continuum limit in this way.25
Although the Landau pole in QED is problematic for the theory, it is usually ignored
because it concerns an energy scale where QED is not thought to be valid anyway, given
that electroweak unification occurs at an energy scale lower than this. It also concerns an
energy scale where QFT itself is not thought to be valid, based on other motivations for
QG (which we consider in §5).
So, the Landau pole divergences in CQFT are typically interpreted as part of the
formal (mathematical) grounds—internal to the theory—for treating QFT as effective.
These motivations are called into question by those who argue for the necessity of a ‘nonapproximate’ formulation of QFT, such as AQFT; on this view, the divergences of CQFT
(including Landau poles) are not thought to be inherent to QFT, properly understood.26
But there are also external grounds for treating QFT as effective, which come from the
motivations for QG. These external motivations hold regardless of whether or not there
are divergences inherent to QFT, but they are reasons why one might not be concerned
with finding a singularity-free theory of QFT in order to describe the world at arbitrarily
small length scales.

3.3

Perturbative non-renormalizability of GR

The Einstein-Hilbert action is perturbatively non-renormalizable: divergences appear in
loop diagrams at first order (in the matter case, or second order in the matter-free case),
and there is an expectation that infinitely more infinities appear at higher orders.27 Treating GR as an effective theory, in the same way as the Standard Model of QFT (§3.1),
the dimensionless parameters of Eq. (2) satisfy an RG equation which describes how they
“run” or “flow” as the renormalization scale is changed.28 In perturbation theory, all but a
finite number of these parameters diverge at high energy scales (around the Planck scale),
and we are prevented from calculating anything in this regime. According to the philosophy of effective field theory, this would be indication that the theory is not applicable at
these scales, and a new theory is required in order to describe the physics here.
However, it is possible that the proliferation of infinities in the UV instead signals the
limitations of the perturbative approach in this regime. The asymptotic safety scenario
claims that these couplings, in the non-perturbative RG flow, do not actually diverge,
25

In other words, RG analysis of QED and φ4 does not indicate that these theories possess a stable
UV fixed point (as in case (a) of the possibilities above). See Lüsher and Weisz (1987); Gies and Jaeckel
(2004). This means that the Standard Model of QFT suffers Landau poles both for the electron charge,
and the Higgs boson.
26
See, e.g., D. Fraser (2011). Note, too, that proponents of this view hold that CQFT does not count
as ‘QFT’ properly understood.
27
The one-loop divergences were shown by ’t Hooft and Veltman (1974); cf. Bern (2002).
28
See, e.g., Donoghue (1997).
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but instead flow to a finite value: a ‘fixed point’ in the UV.29 This is similar to QCD,
where the couplings flow to a fixed value of 0 in the UV, and the theory is said to be
asymptotically free (the theory is non-interacting in this regime). In the case of gravity,
however, the fixed point is supposed to be non-zero (the theory is interacting in at least
one of the couplings), and the theory is said to be asymptotically safe, since the physical
quantities are “safe” from divergences as the cutoff is removed (taken to infinity). If there
is a fixed point, then following the RG trajectory (almost) to it, one can in principle
extract unambiguous answers for physical quantities on all energy scales (Niedermaier &
Reuter, 2006). At the fixed point, the dependence on the UV cutoff is lost, and the theory
is scale invariant: it does not change as smaller length scales are probed.
As Eichhorn (2019) explains, the scale invariance protects the running couplings from
running into Landau poles, and thus asymptotic safety could potentially serve as a UVcompletion for the Standard Model of QFT; the search for asymptotically safe extensions
of the standard model with new degrees of freedom close to the electroweak scale is
ongoing. If gravity and the standard model are asymptotically free, then this removes the
remaining internal motivation for treating these theories as effective: the infinities in the
theories are shown to simply be due to the inapplicability of perturbative methods in the
extreme UV. The full theories, treated non-pertubatively in this regime, are finite. While
there are new degrees of freedom expected at high energy scales, there is no need for new
physics (i.e., a new theoretical framework).30

3.4

Responses to singularities in QFT

So far, we can identify four different possibilities in response to the singularities in QFT:
i. AQFT view : Singularities in CQFT motivate a different QFT framework, one whose
theories are singularity-free, but which does not include gravity (as in AQFT);
ii. New physics: Singularities in CQFT motivate a new, more fundamental theory at
high-energy, and motivate treating our current theories as effective (applicable only
at low energy scales), consistent with external motivations for QG;
iii. Effective theory view : Ignore the Landau poles in the Standard Model and perturbative non-renormalizability of gravity (we shouldn’t worry about interpreting them),
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);
iv. Asymptotic Safety view : UV divergences due to perturbative non-renormalizability
and Landau poles do not motivate new physics or a new theory according to the
29

This was proposed by Weinberg (1979); see also Eichhorn (2019); Niedermaier and Reuter (2006).
Interestingly, this UV completion may not be fundamental; it is possible that asymptotic safety
provides a step forward in our understanding of microscopic physics, with more fundamental physics to
be discovered beyond. As Eichhorn (2019) explains: While providing a UV completion for some RG
trajectories, a fixed point can simultaneously act as an IR attractor for a more fundamental description.
30
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asymptotic safety scenario for gravity and the Standard Model; these singularities
do not appear in the full (non-perturbative) theory.
There is one more response to singularities in CQFT, which has been expressed prominently by Jackiw (1999, 2000) and Batterman (2011).
v. Emergent physics view : Singularities in CQFT 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.
In §4, we identify four different attitudes towards singularities; on the categorisation
there, (i) and (iv) fall under Attitude 1; (ii) is Attitude 2a; (iii is Attitude 4; and (v.)
Attitude 3.

4

Four Attitudes Towards Singularities in QG

Based on a review of the physics literature, we identify four different treatments of, or
expectations about, singularities in GR and QFT, in regards to the need for a theory
of QG to resolve (remove) the singularities. Here, we classify these as four different
‘attitudes’ towards QG, based on how they answer the question, ‘Do the singularities
point to the need for QG or not?’31 Thus we are taking for granted that GR and QFT
are not fundamental theories (or frameworks), and we are assuming that QG is supposed
to be a fundamental theory.32 Here, by ‘non-fundamental’, we mean a theory that is
restricted in its domain of applicability, i.e., an effective theory.
We will see that, of the four attitudes, only one suggests the need for a theory of QG.
We emphasise, however, that it is possible to have different attitudes towards
different types of singularities.

4.1

Attitude 1: ‘Singularities are resolved classically—they do
not point to QG’

Here, the idea is that the singularities in GR and/or QFT (understood as effective theories)
are to be resolved, roughly, ‘at the level of these current theories’, without recourse to QG.
For the GR singularities, they are to be resolved classically. For the QFT singularities,
this means trying to resolve them at the level of QFT, taking QFT as the combination of
SR and QM—e.g., in the way the proponents of AQFT suggest. On this view, singularities
do not indicate the existence of, or a need for, a theory of QG, since they are resolved
independently of it (of course, one could hold this view and still look for a theory of QG
for other reasons).
Examples include “the AQFT view” mentioned in §3; as expressed in e.g., D. Fraser
(2009, 2011). We can think of the “Asymptotic Safety view” in §3.4 as another example,
where the divergences are seen as indication of the failure of perturbation theory in the
31

Three of these views are also identified in Earman (1996), following Misner (1969).
In fact, however, it is possible that QG is not a fundamental theory, as argued in Crowther and
Linnemann (2019).
32
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high-energy regime, and are taken as motivation for looking for the non-perturbative
theory, but not requiring a new theoretical framework (thus, we treat this as a case of
Attitude 1 even though it does aim at a theory of QG). As a third type of example are
those who try to describe the singularities in GR in a mathematically rigorous way, by
various regularizations or smearings of the singularity. The motivation here is to find a
rigorous mathematical theory that reproduces the predictions of GR and at the same time
is well-defined, analogously to AQFT (though perhaps more at the level of solutions or
specific physical systems than at the level of axioms).
We mention two proposals for a classical resolution of singularities in GR: what we
could call a ‘dynamical singularity resolution’. The idea is to show that the “unphysical”
singular solutions are approximations to more realistic solutions: e.g., by including extra
dimensions, or by including matter fields (we will mention one type of solutions called a
‘gravastar’).
Gibbons, Horowitz, and Townsend (1995) show that there is a purely classical mechanism that can resolve black hole singularities: namely, the introduction of small extra dimensions. Certain four-dimensional black hole solutions33 that look singular from
their natural four-dimensional perspective, descend from classical solutions of higherdimensional supergravity that are completely non-singular. ‘Descending from higher dimensions’ means that the extra dimensions are compactificatified, i.e. they are a small,
compact space. Some of these higher-dimensional solutions are stable supersymmetric
solutions of string theory.34
This mechanism involves a purely classical resolution of a black hole singularity. The
higher-dimensional smooth solutions evade the singularity theorems of Penrose and Hawking, because the higher-dimensional solutions do not have compact trapped surfaces.35
Interesting as this mechanism may be from a physical perspective: it does not seem to
give a general mechanism for singularity resolution. For example, as the authors admit,
it does not seem possible to get the four-dimensional Schwarzschild solution in this way.
Another example is ‘gravastars’: astronomical objects similar to black holes conjectured by Mazur and Mottola (2001). They took into account the gravitational backreaction of the fields of an imploding star. This imploding star forms a compact object
that, from the outside, is very similar to a black hole. The matter fields are such that
the interior of the compact object is a de Sitter-like space, while the exterior is the
Schwarzschild geometry. The two regions are separated by a shell of fluid. The solution
does not have a singularity, and no horizon. Thus, the idea is that the Schwarzschild
solution is an idealisation, and that if one considers an imploding star, the final product
can look similar to a black hole from the outside, but be very different on the inside.
Gravastars have not been completely ruled out astronomically; the search is still ongoing.
Finally, Koslowski, Mercati, and Sloan (2018) show that, taking the scale factor in cer33

The solutions in question are ‘dilaton’ black holes, which appear in supergravity and string theory:
also called ‘black p-branes’.
34
For a philosophical introduction to these solutions and the corresponding black holes, see (De Haro,
van Dongen, Visser, & Butterfield, 2020, §2–3).
35
They only have marginally trapped surfaces (i.e., the null generators have zero convergence), and
these are non-compact. The existence of a compact trapped surface is a global assumption of the PenroseHawking theorems; the local assumption is about the focusing of geodesics.
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tain models to be unphysical, leads to a reduced dynamical system that can be integrated
through what is normally interpreted as the Big Bang singularity.

4.2

Attitude 2: ‘Singularities point to QG’

According to this attitude, the singularities in GR (QFT) are to stay because they signal
the limitations of these effective theories. They are to be resolved by QG, as a more
fundamental theory. The singularities make vivid the motivation for the search for a new
theory, that is, if there are no problems one does not know what one is looking for. But
the singularity gives one a concrete problem to focus on. Thus, singularity-resolution
(of at least some particular singularities) is taken as a guiding principle motivating the
search for QG. The principle of singularity resolution might also serve as as a criterion of
theory-selection, meaning that a prospective theory of QG should not be accepted if it is
incompatible with the principle.36
It may also be that the singularities in GR and QFT are not thought to directly
point to or motivate resolution in QG, but that particular approaches to QG—developed
for other reasons besides singularity resolution—naturally feature singularity resolution,
even though they were not motivated by this. In this case, 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., it might be promoted as a means
of non-empirical confirmation by its proponents. For this reason, we still class these as
cases of Attitude 2.
We can distinguish two sub-categories:
2a. Singularities as physically significant. Here, the singularities are informative—they
point to new physics.
2b. Mathematical or structural view of singularities. The attitude of someone who says
‘singularities need to be resolved for reasons of mathematical consistency and (perhaps) predictive power’, while they are non-committal about whether singularities
will signal “new physics” in the heuristic sense. In other words, singularities must
and will be resolved by QG at the “structural” level, once a tidy theory is developed,
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.
In regards to 2a: 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. By ‘new
physics’, of course we do not mean that the singularity itself is a physical event, which,
for example, Rovelli and Vidotto (2014, p. 209) explicitly deny: ‘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
36

Cf. Crowther and Linnemann (2019).
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electron’. The broad idea is an old one: namely, 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’ (Bojowald, 2001, p. 5227).
This analogy with the resolution of the instability of the hydrogen atom in classical
electrodynamics, by quantum mechanics, is widely used in motivating the necessity of QG
in resolving GR singularities.37 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. Quantum mechanics solves this by, first, rejecting the classical
picture of an electron “orbiting” around the nucleus. Second, by confining the electron to
discrete energy levels, and allowing it to emit energy only in discrete packets of energy,
viz. photons. And finally, 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. A widespread idea is that, analogously, gravity should be quantised and that QG solutions have a discrete spectrum, similarly to the discrete spectrum
of quantum mechanics—and, in this way, singularities can be avoided.
Some believe that the singularities in GR and QFT are to be cured by the existence
of a minimal length, even without quantisation of gravity (note, too, that the minimal
length need not represent an actual discretisation of spacetime, but may be an operational
minimal length, e.g., due to an extended probe).38 Henson (2009) expresses this view,
particularly in regards to the need for QG to resolve the divergences associated with
the non-renormalisability of GR, §3.3), and uses it as motivation for the discreteness
postulated by an approach to QG known as causal set theory.
String theory is often motivated by the analogy between the non-renormalizability
of GR and that of 4-Fermi theory (which was revealed to be the effective limit of the
renormalizable electroweak theory): the non-renormalizability of GR is taken to indicate
that there should be renormalizable theory with (quantum) GR as an effective field theory
(EFT), and string theory is promoted as exactly this kind of theory. Thus, the (alleged)
resolution of the UV-divergence of quantum GR by string theory is presented as one of
its selling points.39
In the context of loop QG, Bojowald and collaborators have, in a series of papers,
developed models in which discretised equations appear naturally.40 The original model
(Bojowald, 2001) is an isotropic minisuperspace approximation to the cosmological (Big
Bang) singularity, where the cosmological scale factor is represented by a bounded operator. 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 model
37

Malcolm Perry, interview with J. van Dongen and S. De Haro (Utrecht, 12 July 2019). But cf.
Earman (1996) who argues against the applicability of this analogy.
38
E.g., Ellis, Meissner, and Nicolai (2018) states there is a widespread sentiment among QG physicists,
that the singularities in GR and QFT are due to the assumption of a spacetime continuum. For more on
the minimal length, see (Hossenfelder, 2013).
39
Cf. Crowther and Linnemann (2019).
40
Bojowald (2001); Ashtekar and Bojowald (2006); Bojowald (2007). For a recent review of loop
quantum cosmology, see Ashtekar and Singh (2011); for a critical assessment Bojowald (2020, pp. 1–2).
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is tentative, and some of the details (e.g., the idealisations used) controversial.
Interestingly, Bojowald (2001, p. 5230) draws a similarity with renormalization in
QFT, based on his use of Thiemann’s (1998) technique to obtain a dense matter Hamiltonian: ‘it is the same mechanism which regularizes ultraviolet divergences in matter field
theories and which removes the classical cosmological singularity. We have also seen that
nonperturbative effects are solely responsible for this behaviour and a purely perturbative
analysis could not lead to these conclusions’. Thus, according to Bojowald, QG makes
the Hamiltonian well-defined through a QFT technique—namely, by renormalizing the
algebra of operators.
Another example is AdS/CFT, where the boundary Yang-Mills theory is used to study
the singularity of a five-dimensional AdS-Schwarzschild black hole. Festuccia and Liu
(2006, pp. 17-18) study the Wightman functions of the dual conformal field theory, and
find signals of the black hole singularity in them. However, this singularity must be
resolved in Yang-Mills theory, since the Wightman functions are only singular because
the spectrum of the Yang-Mills theory has been approximated to be continuous. Namely,
the singularity is an artefact of taking a large N limit;41 but the spectrum of the theory at
finite N is discrete, and the Wightman functions cannot be singular. Thus, if AdS/CFT
is correct, then this implies that the black hole singularity must be resolved as well.
As in the case of Bojowald, the details of this are both tentative and not settled.
However, the mechanism for singularity resolution is similar: the spectrum of the theory
(in this case, the analysis proceeds by arguing through the dual theory) is argued to be
discrete, and from here it follows that the correlation functions (which are dual to the
observables in the gravity theory) must be finite.
There is also the possibility of a dynamical resolution in the quantum case, similar to
the classical case. For the big bang singularity, Ashtekar, Pawlowski, and Singh (2006a,
2006b) have proposed a model in loop QG in which the big bang is replaced by a quantum
bounce, so that the quantum evolution remains non-singular across the Planckian regime
of the bounce.
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, p. 409). The reasoning
behind this idea is that singularities are boundaries of spacetime which can be reached
by observers in finite proper time. And so, although classical GR cannot be extended to
these boundaries, 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.42 So,
this line of reasoning can either motivate QG (Attitude 2a), or resolution at the level of
GR (Attitude 1).
In regards to Attitude 2b, we found one prominent physicist, Gerard ’t Hooft, who
thinks that GR singularities do not have much physical significance.43 It is only a technical
41

More specifically, Festuccia and Liu (2006, pp. 24) argue that the analytic continuuation of the
Wightman functions and the large-N limit taken do not commute.
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See Bojowald (2001, p. 5227).
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Interview with S. De Haro and J. van Dongen (Utrecht, 3 May 2019).
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problem of the theory that needs to be resolved—the resolution would be analogous to
e.g. doing a contour integral in the complex plane, in order to define an integral with
a pole. Singularities are important for doing calculations (for example, to define the
convergence of a series) but not for physics. ’t Hooft contrasts this mathematical interest
of singularities in GR with the more significant physical role that they play in QFT. In
QFT, virtual particles contribute poles (i.e. a specific type of singularity) to scattering
amplitudes. These poles are physically significant, because they indicate the presence of a
particle which cannot be measured directly. ‘t Hooft also views the Landau pole in QED
as significant: it signals an incompleteness of the theory, and, therefore, resolving it is an
important physical question (Attitude 2a).

4.3

Attitude 3: ‘Peace with singularities—they do not point to
QG’

According to this view (particular) singularities are not to be resolved at any level. There
may be reasons for keeping singularities in our theories, other than that they signal the
limitations of effective theories. This is the only attitude that would permit singularities
in a fundamental theory. So, this attitude takes into account other reasons why particular
singularities might be considered good:
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.
As an example of 3a is the “tolerance for singularities” in GR expressed by Earman
(1996), following Misner (1969), where the singularities are treated as predictions of the
theory, from which we can learn about GR physics (and potentially QG physics), without
needing to remove the singularities.
An example of 3b is the “emergent physics view” mentioned above, §3.4, towards
singularities in QFT and critical phenomena, held by Batterman (2002, 2011) and Jackiw
(1999, 2000). Here, the singularities are seen as necessary for an adequate description and
explanation of the low-energy physics.
An example of 3c is the argument from Horowitz and Myers (1995) that a modification
of GR which is completely non-singular (free, in particular, from the Schwarzschild black
hole singularity) 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. Thus the Schwarzschild singularity is required to avoid negative masses: ‘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’ (p. 917).
The argument is not specific to GR, but holds for effective field theories of QG with
arbitrary quantum corrections, which manifest themselves in higher-curvature corrections
to the Einstein-Hilbert action. This is a positive argument for the use of singularities
in physics. Bojowald (2001) endorses it, and it is indeed not at odds with his own
argument for the disappearance of singularities, which is a non-perturbative argument:
20

while Horowitz and Myers’ argument is perturbative. Thus Horowitz and Myers leave open
the possibility that non-perturbative QG may still resolve the Schwarzschild singularity
(see §4.2 above).

4.4

Attitude 4: ‘Indifference to singularities—they do not point
to QG’

According to this view, (particular) singularities are of no significance. These views deny
the importance of the question of the resolution of singularities.
One example of this attitude is the view that the singularities in GR and QFT don’t
tell us anything, but it doesn’t matter given that these theories are non-fundamental. In
the context of the UV-divergences of QFT, this is what we called the “effective theory
view” above, §iii. This is expressed, e.g., in Wallace (2011), which takes the perspective
that the UV-divergences of the Standard Model of QFT can be ignored because we have
other reasons for thinking that this is not the right framework at the energy scales where
these divergences would be a problem, and nor that we will learn anything by resolving
them. In the context of the perturbative non-renormalizability of GR has, e.g., been
expressed by Hossenfelder (2013, p. 37), in saying, ‘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’.
Another example of this attitude is an argument in Curiel (1999), that singularities
are not a problem for GR, because they are not part of the manifold: they are not
part of the theory. Finally, one well-known cosmological scenario, by 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. Brandenberger and Vafa (1989) find that, for a gas
of strings in a compact space, the temperature increases as the volume of the space
decreases, until a maximum value is reached when the space is the size of the string
length. If we further shrink the volume beyond this, however, the temperature drops.
Thus, infinite temperature, or infinite energy, are never present in the observables of this
string theory cosmology—as opposed to the usual point-particle cosmologies. Effectively,
the universe contracts and then (as we keep shrinking) it effectively expands again—
where, by ‘effectively’, we mean from the string’s point of view. This is a consequence
of the T-duality of string theory:44 a duality that interchanges (i) the momentum and
winding quantum numbers; (ii) the radius and the inverse radius, in units of the string
length, i.e., R ↔ `2s /R. Small volumes in string theory are equivalent to large volumes,
and so there is no short-distance singularity.
44

For a philosophical account of T-duality, see Huggett (2017); cf. De Haro (2021, §3.2).
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5

Discussion and Conclusion

We may distinguish between those motivations for QG that come from within current
theories (GR or QFT), and those that are external to the theories. The ‘internal’ motivations for QG may include, e.g., problematic inconsistencies or incompleteness within GR
or the Standard Model of QFT (considered individually); these internal motivations can
be seen not just as motivations for QG, but as reasons for treating the current theories
as in need of replacement. The ‘external’ motivations for QG may include, e.g., goals
of unification, the need to describe particular physical phenomena, etc. Singularities in
GR and QFT may represent internal motivations for QG, while singularities that occur
in attempts to combine GR and QFT, for instance, could potentially represent external
motivations for QG (since these do not arise within the theories themselves, but through
tinkering with them).
If Earman’s (1995; 1996) attitude is correct, that the spacetime singularities (geodesic
incompleteness) are not necessarily problematic for GR (depending on whether or not
cosmic censorship holds), then these would not count as internal motivations for QG.
By contrast, in QFT the Landau poles are more readily interpreted as signalling incompleteness of the theories; these are, however, typically dismissed because they occur in
regimes where the theory is not thought to be applicable anyway for external reasons.
The tension between the internal and external reasons for treating a theory as effective
is reflected in differing possible attitudes towards singularities in current theories: are
they to be resolved by a more fundamental theory of QG, or should we instead look to
resolve them “at the level of current theories” (i.e., through developing a new framework
for QFT, or modifying GR, etc.). Those who put weight on the external motivations for
QG may tend to disregard alternative, internal, possibilities for singularity resolution.
Singularities do also feature in several external motivations for QG, particularly in
heuristic arguments. One is the argument for the ‘Planck scale’ as being significant for
QG. Briefly: both GR and QFT are necessary in order to describe a particle of mass m
whose Compton wavelength, lC = ~/mc, is equal to its Schwarszchild
radius, lS = Gm/c2 ,
p
which occurs when m is equal to the Planck mass, mP = ~c/G. Geometry at this scale
is thought to be ill-defined, ‘fuzzy’, or a ‘quantum foam’ of microscopic, rapidly-decaying
black holes (Wheeler & Ford, 1998).45 Two other arguments we have discussed include
the argument from effective field theory, §2.3, and the perturbative non-renormalizability
of GR §3.3. In regards to the former, we can say that even if incomplete geodesics turn
out not to represent internal motivations for QG, the argument from effective field theory
shows how curvature singularities can feature as external motivations for QG: it is precisely
in the regions of extreme spacetime curvature where we expect a new theory (which may
be QG, or a theory ‘at the level of GR’) to be necessary. Thus, again, it seems that the
external motivations for a new theory are perhaps more influential than the internal ones.
The external motivations are, however, more risky than internal ones, since they typically
stem from untested combinations of assumptions and heuristic arguments (even if these
are motivated by current well-tested theories). It is imperative to critically investigate
45
Gryb and Thébault (2018) presents a simple model of singularity resolution in quantum cosmology
that illustrates the intuitive idea of spacetime ‘fuzziness’ at the Planck scale.

22

the external motivations for QG more thoroughly in future work.
In general, singularities in current fundamental theories do not automatically point to
the need for a new theory. Yet, there are at least two examples of singularities (curvature
singularities, and Landau poles) that do arguably motivate a new theory—whether a
theory ‘at the level of current theories’ (Attitude 1), or a more-fundamental theory of QG
(Attitude 2). Deciding between these alternative attitudes will—amongst other things—
depend on one’s disposition towards the internal versus external motivations for QG, and
one’s position in regards to scientific realism. If we do adopt Attitude 2 towards these
singularities, and treat singularity resolution as a principle of QG, then we are accepting
its legitimacy or potential fruitfulness as a guiding principle. But, as explained in §4.2,
it could also serve in stronger roles: as contributing to pursuit-worthiness, as a criterion
of theory-selection, and/or as a means of non-empirical confirmation. Establishing the
legitimacy of the use of the principle of singularity resolution in these stronger roles
requires more work.
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