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Abstract

Quantum gravity is likely the deepest problem facing current physics. While traditionally
associated with short distance nonrenormalizability, it is evident that the long distance problem
of unitarity, arising at high energies with black hole formation, is more profound. This reveals a
conflict between foundational principles of quantum field theory: those of quantum mechanics,
relativity, and locality. Difficulties modifying quantum mechanics suggest a “quantum-first”
approach, with other principles as mathematical properties of a quantum space of states. A
challenge is how to describe locality, in terms of Hilbert space structure. Perturbative gravity
gives clues, with structure apparently different than in field theory. The mathematical struc-
ture of subsystems plausibly supplants conventional locality and plays a foundational role in
the theory. This view apparently differs from one of spacetime “emerging” from entanglement
and/or other properties of another quantum system; instead such structure would be more ba-
sic. If a black hole behaves as a subsystem, a “black hole theorem” says that unitarity requires
interactions with its environment depending on its quantum state, or more drastic phenom-
ena. Minimal interactions can be parameterized, in an effective approach; they could arise
from fundamental dynamics or perhaps wormholes. These or other near-horizon modifications
potentially alter electromagnetic or gravitational signatures of this strong gravity region, now
being probed in a new era of observation; it is important to seek observational clues for or
constraints on such scenarios. A complementary way to investigate quantum gravity is via the
gravitational S-matrix. New perturbative structure has been discovered there, but the harder
question again goes beyond to the nonperturbative regime of black hole formation. Associated
long-distance behavior of amplitudes indicate novel kinds of analytic behavior, whose further
exploration may also provide important clues. Other key questions regard quantum description
of cosmologies, and of associated observables and their relation to observation. The challenge of
quantum gravity suggests that maintaining a continued focus on such conceptual and physical,
as well as mathematical, questions, and exploring possible observational tests, should remain a
high priority.
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1 Introduction: the problem

The problem of quantum gravity is probably the deepest problem facing current physics. In short,
we observe that to an excellent approximation, the world is governed by quantum mechanics,
and that long-distance properties of gravity are governed by general relativity, yet there is no
known reconciliation of these two frameworks. Moreover, most observed physics is described to
high precision by the Standard Model, and notable exceptions (dark matter, neutrino masses)
are readily incorporated in simple quantum field theory extensions of it. Our goal is to find a
reconciliation of the properties of gravity with quantum principles, capable of accommodating –
or better, even explaining – basic features of the quantum field theory of the Standard Model and
possible extensions. These should arise as a good approximation to a more basic theory, and this
would provide a foundation for the rest of physics.

While it is naturally tempting to postulate that gravity is just another type of quantum field
theory, that view has encountered serious obstacles. And since quantum field theory can be viewed
as a solution to the problem of reconciling a basic set of principles, these problems strongly indicate
that we need to revisit and revise basic principles in order to give a fundamental description of
quantum gravity. We find multiple clues for this revision in known and expected features of gravity.

The principles underlying local quantum field theory (LQFT) are those of quantum mechanics
(QM), special relativity, and locality. A “folk theorem” that is sometimes underappreciated is that
LQFT is the result of reconciling these principles. This “theorem” depends somewhat on their
precise formulation, particularly that of locality. For example, Weinberg’s text [1] argues that
LQFT follows from QM, relativity, and cluster decomposition. Likewise in his QFT lectures [2],
Coleman argued that quantum fields result from implementing locality as Einstein causality, in
the form of observables commuting outside the light cone. This “theorem” appears to express
the inevitability of LQFT at low energies, at least in the guise of effective field theory, given the
apparent validity of the underlying principles in that regime – and this explains the remarkable
observed success of field theory.

A possible view is that these principles – and the primacy of field theory – extend to arbitrarily
short distances, which can be explored via the high energy limit. That motivates this limit as
a key way to explore the fundamental properties of the theory of nature. A first obstacle to
this proposal was the discovery of the nonrenormalizability of Einstein gravity, but an obvious
counterproposal was that perhaps the structure or principles behind the theory just needed to be
modified somewhat at very short distances, say of order the Planck length `Pl ∼ 10−33cm. This
view informed development of many of the currently dominant approaches to quantum gravity –
loop quantum gravity, string theory, etc.

But it has become increasingly clear that in gravity there is another, more profound, problem
and that local/short distance modifications don’t seem to address this problem. Connected to this is
the realization that high-energy scattering – while still likely probing fundamental properties of the
theory – appears to cease probing short distances, and ultimately involves increasingly long distance
physics. Moreover, attempts to formulate precise locality in gravity encounter significant subtleties,
through closely related behavior. The ramifications of these appear central to the problem of
quantum gravity, and formulation of a new set of principles that govern it.

The apparently more profound problem is that of high-energy unitarity. This can be motivated
by observing that relativistic invariance, together with a very weak version of locality, tell us that
we can give relative boosts to two particles which are asymptotically far apart, such that they
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have an arbitrarily large center-of-mass energy E, and we can consider situations where these
particles later collide and ask what the theory predicts. In the classical approximation, for impact
parameters b <∼ R(E), with R(E) being the Schwarzschild radius associated with E, the collision
forms a black hole [3].2 The large Schwarzschild radius indicates small curvature at its horizon,
and this is traditionally argued to imply that quantum corrections are small. However, quantum
effects are ultimately expected to lead to the black hole’s decay, with a leading description of the
decay given by the Hawking process [6]. But, this process continually builds entanglement between
the outgoing radiation and the black hole state, and so if the black hole disappears at the end
of evaporation,3 there is a gross violation of unitarity. For a black hole of initial area A(E), this
violation is characterized by the missing information ∆I ∼ SBH(E), with

SBH(E) =
A(E)

4G
(1.1)

the Bekenstein-Hawking entropy. There are no obvious quantum corrections that remedy this
situation, and moreover such corrections appear forbidden by locality. This gives what is commonly
called the black hole information problem, but perhaps a more apt name, recognizing its genericity
and the predicament it creates for physics, is the unitarity crisis. It appears to play a central role
in the problem of quantum gravity.

While assumptions about locality help foster this predicament, further thought reveals that
locality itself is remarkably subtle in gravity. For example, the statement of cluster decomposition
must be modified in gravity [10]. If we consider two arbitrary clusters of excitations scattering in
different regions of space, the quantum amplitudes do not factorize into amplitudes associated to
the two separate clusters – for excitations with sufficiently high total center of mass energy, the
clusters are inside a mutual black hole, which ultimately has a dramatic effect on their scattering.
Or, one sees modifications to locality when considering quantum operators generalizing LQFT
observables. These must be gauge invariant, and one way to perturbatively achieve this is to
“gravitationally dress” operators of an underlying field theory – but then the operators generically
do not commute at spacelike separation [11–13].4 In this sense even the long-distance, perturbative
quantum behavior of the gravitational field seems to signal a precursor to fundamental modification
of locality.

In short, gravity appears to require modifications to traditional locality – and local or short-
distance modifications to physics don’t seem to address the most profound difficulties of gravity.
Incorporating these observations into physics appears to call for a new formulation of basic prin-
ciples, and it is likely important to maintain a broad and physical perspective in seeking these
principles.

In this context, how do the currently dominant paradigms – which were strongly motivated by
short-distance issues – fare?

Loop quantum gravity involves significant modification of spacetime structure at near-Planck
distances, in particular breaking Poincaré symmetry. This leaves the question of how to recover our
approximately Poincaré invariant Minkowski vacuum, and low-energy excitations about it, in this
approach. If one can, it is not clear how long-distance modifications that are sufficient to resolve

2For previous arguments in this direction, see e.g. [4, 5].
3The alternative of leaving a microscopic remnant apparently leads to more serious trouble; see [7–9].
4Earlier work on these effects includes [14] and [15]. The first derived nontrivial commutators as arising from the

constraints, but didn’t give the dressed operators, and the second focussed on deriving commuting bulk operators.
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the unitarity crisis arise; some LQG practitioners have suggested that the resolution is microscopic
remnants [16–18], but it is not clear how to avoid the disasterous instabilities of [7–9].

String theory also significantly alters the short-distance structure of physics, due to the small
but nonzero string size. This has lead to great success in addressing nonrenormalizability, by
removing infinities. In addition, it has lead to a beautiful, intricate, and mathematically rich
structure, that also describes suggestive extensions of the Standard Model. But, important issues
remain. It is not clear how the extended property of strings addresses the long-distance unitarity
problem we have described; strings have behavior that is in a sense too local [19, 20]. Moreover,
string theory has faced significant challenges in finding phenomenologically viable extensions of the
Standard Model, and in making precise predictions about their phenomenology, resorting instead
to a huge and difficult-to-understand landscape of vacua. The closest string-related ideas have
come to addressing the unitarity question is through the proposed AdS/CFT correspondence [21].
But this also has left significant questions unanswered – some of which will be touched on below
– and specifically the question of how to provide a precise map between boundary theory and the
bulk Hilbert space and observables. Whether or not string theory ultimately resolves these difficult
problems, it is important to investigate other general features of a theory of quantum gravity.

Quantum gravity is one problem, appearing to call for new principles – and may well have one
solution.5 We should certainly bear this in mind, as we investigate different approaches to this
problem. But, given the difficulty and subtleties of the problem, it does appear very important
at the present to maintain a broad perspective on its possible solution, and to pursue a diversity
of approaches, rather than placing all of our focus on one or the other particular mathematically-
attractive formalism. It particularly seems important to maintain a continued focus on conceptual
and physical questions and tests, as well as possible observational tests, of quantum gravity, and
on their relationship to an underlying mathematical description.

2 A quantum-first approach, and localization of information

Since LQFT apparently requires modification, and follows from a set of principles, let’s begin by
returning to those principles and considering their status.

Quantum mechanics is increasingly well tested. Moreover, its mathematical structure is remark-
ably rigid. One way to see this is to consider possible modifications. These appear to typically lead
to disaster. For example, generalization to allow nonunitary evolution, such as more general linear
evolution of the density matrix [22], generically leads to catastrophic violation of energy conserva-
tion [23]. Another alternative is nonlinear generalization of quantum mechanics (see, e.g. [24]), but
this is found to lead to apparently disastrous communication between branches of the wavefunction
and nonlocalities [25]. Quantum mechanics appears difficult to sensibly modify; if it were to be
modified, an important question is what could replace it.

Relativistic invariance has been tested and found to be accurate to very high precision. Specif-
ically, while gravitational fields produce long range curvature, space is approximately locally Min-
kowskian, and the Poincaré invariance of physics has been tested to great accuracy. This includes for
propagation over very long distances, in weak gravitational fields, where modifications to Poincaré
invariance have been increasingly precisely probed, e.g. by testing possible modifications to dis-

5For example, there is apparently only one correct theory of the strong interactions – QCD, and likewise for the
electroweak interactions.
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persion relations.6 Moreover, as general relativity is increasingly tested in strong gravitational
contexts, we gain additional constraints on possible violations of relativistic invariance.

In the absence of gravitational fields, locality is also strongly constrained. This is partly due to
the great success of LQFT, and also due to the fact that simple violations of locality generically lead
to acausality, and resulting inconsistency. However, as was pointed out above, we face a challenge
of even sharply formulating locality in a theory of gravity, and moreover basic properties of gravity
appear to violate formulations of it that have been fundamental to LQFT. Thus locality appears
remarkably subtle in a theory of quantum gravity.

Given the apparent rigidity of quantum mechanics, a reasonable view is that a theory of nature
must be governed by quantum principles, sufficiently generally formulated. This last point is
important, since some common assumptions, such as a hamiltonian generating time evolution,
require careful examination, and even the notion of spacetime histories [27] is in question. However,
basic principles appear to be those of describing physics by a complex linear space of states with
an inner product – essentially, a Hilbert space – and the existence of linear operators on this space
corresponding to observables, together with unitarity in appropriate contexts. The role of these as
basic principles was considered in [28], which argued they were central to a “universal” description
of quantum mechanics.

This viewpoint of quantum primacy has important implications. Of course, one could continue
to seek modifications of quantum mechanics, and it remains possible that these are needed for
gravity. But, by putting quantum mechanics first, one is accepting a large amount of rigidity of
structure. Specifically, if one adopts this viewpoint, the other principles need to be formulated as
properties of a theory of Hilbert space states. Applied to quantum gravity, this is the foundation
of what has been called the “quantum-first” approach [29, 30]. Here, the relative rigidity of quan-
tum mechanics is an important constraint, which can be combined with multiple clues about the
structure of gravity, and of course the necessity of embedding Standard Model physics.

The theory of quantum gravity appears to have states that are very close to Minkowski space, at
scales short as compared to ambient curvature radii. A reasonable (though not strictly necessary)
postulate is that it has a state |0〉M that is the corresponding quantum state, as well as perturbations
about it – although our cosmos is in a different state. If so, special relativistic invariance is
straightforward to describe. Specifically, there should be an action of the Poincaré group that leaves
|0〉M invariant, and acts in the familiar way such that excited states correspond to representations
of it, and quantum amplitudes such as those of the S-matrix transform appropriately. Similar
statements might be extended to the contexts of anti de Sitter space or de Sitter space.

The challenge is that of locality. In view of our quantum-first approach, this should be formu-
lated in terms of structure on the Hilbert space. Localization is easy to describe for example in
familiar finite-dimensional Hilbert spaces. If a Hilbert space has a factorization,

H = H1 ⊗H2 , (2.1)

then information, observables, etc. may be thought of as localized in one or the other factor,
in an obvious way. However, in LQFT, this already becomes more subtle. The basic quantum
operators are fields, which can be localized in different regions of space, for example by integrating
against compact-support test functions. However, this does not imply a factorization of the Hilbert
space (2.1) corresponding to neighboring regions of space, due to the type III property of operator

6For a recent test and further references, see [26].
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algebras of field theory. This can colloquially be thought of as due to infinite entanglement of short
distance modes, whose existence is for example implied by the Poincaré invariance of the theory.

The LQFT remedy for this is to instead consider properties of the algebra of observables;
this is basic to the algebraic approach to QFT.7 Subalgebras may be associated to composite
operators of fields corresponding to one or another spacetime region, and a fundamental postulate,
implementing locality, is the postulate that these subalgebras commute for spacelike separated
regions. The structure defined on the Hilbert space by such a “net” of subalgebras captures the
topological and causal structure of the underlying spacetime manifold – it encodes this manifold
structure in the quantum theory. In this sense, locality is a property that is hardwired into the
Hilbert space at the outset.

Gravity adds significant subtlety. One can start with a local operator of an underlying LQFT,
say that of a scalar field φ(x). However, this is not gauge invariant under the diffeomorphism
symmetry of general relativity, which can be thought of as generated by the constraints

Cµ(x) =
1

8πG
G0µ(x)− T0µ(x) = 0 , (2.2)

with Gµν the Einstein tensor and Tµν the energy-momentum tensor (including possible cosmological
term). A perturbative approach to making a gauge-invariant operator “as local as possible” in the
low-energy theory is to gravitationally dress an underlying operator, e.g. defining

ΦV (xµ) = φ(xµ + V µ(x)) , (2.3)

or, for a more general underlying operator O, to leading order in κ =
√

32πG,

Ô ' ei
∫
d3xV µ(x)T0µ(x)Oe−i

∫
d3xV µ(x)T0µ(x) . (2.4)

Here V µ(x) is a functional of the metric perturbation, defined by expanding about a background
gµν , via g̃µν = gµν + κhµν ; such leading-order dressings can be found [12, 30, 32–35] so that ΦV or
Ô commute with the constraints (2.2). An example is the line dressing [12,30]

V L
µ (x) =

κ

2

∫ ∞
x

dx′ν
{
hµν(x′) +

∫ ∞
x′

dx′′λ
[
∂µhνλ(x′′)− ∂νhµλ(x′′)

]}
. (2.5)

These dressings are non unique; another is a spherically-symmetric Coulomb dressing, yielding
linearized Schwarzschild [12]. In general the difference between such possible dressings corresponds
to addition of radiative (sourceless) gravitational fields.

Although so far these are only low-energy and perturbative constructions, they suggest impor-
tant implications for the more complete nonperturbative structure.

A first consequence is that the dressed observables based at different points x and y don’t
generically commute for spacelike x − y. The dressing, which has the interpretation of creating
the gravitational fields of the underlying field quanta, leads to nontrivial commutators. These are
typically proportional to the gravitational potentials of the quanta [12].

The algebras of quantum observables in gravity as a result have a much different and more
intricate structure than those of LQFT [11, 12]. It is then not clear how to use them to define
locality. There is also a question of how to connect these quantum observables to actual observation.

7See, e.g., [31].
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Locality played a key role as a foundational principle of LQFT. In fact, in that context, generic
nonlocality appears nonsensical, in that it leads to inconsistency when considering perturbations
about a Minkowski background. The argument is that noncommutativity of observables at spacelike
separations allows signaling or transfer of information at these separations. A Lorentz boost can
convert this into signaling backward in time, and two such signaling processes can be combined
to allow an observer to signal into their past lightcone. This leads to inconsistencies such as the
“grandmother paradox,” where an observer sends a signal designed to cause the death of their
grandmother before their mother is born.

More generally, a notion of localization of information plays a key role in interpreting physics, say
by separating observer and observed [36,37]. And, this localization underlies various useful quantum
information-theoretic characterizations of physics, such as definitions of entropies, discussion of
transfer of information, etc..

So, a key question is what replaces localization of information, and other aspects of locality, in
quantum gravity? The comparison with LQFT suggests that this may be crucial for interpretation
and consistency of the theory.

Specifically, a starting point appears to be the question of how to define subsystems in quantum
gravity. From the quantum-first perspective, these must be defined in terms of a mathematical
structure on the Hilbert space. However, unlike with LQFT, this structure is not obviously furnished
by the algebra of quantum observables. A definition of subsystems appears to be a prerequisite for
precise information-theoretic discussions, and plausibly – as with LQFT – plays a key role in the
foundational mathematical structure of the theory.

The question of defining subsystems – or a suitable approximation – is a general one for the
nonperturbative theory. But there are hints and possible precursors in the perturbative structure
of the Hilbert space.

We begin with the question of localization of information. First, in an underlying LQFT that we
are to couple to gravity, consider an operator Ox localized with compact support in a neighborhood
of point x, e.g. Ox =

∫
d4x′Jx(x′)φ(x′), with compact support function Jx, and consider the state

|ψ〉x = eiOx |0〉 . (2.6)

In LQFT, there is no way that measurements at point y spacelike separated from the neighborhood
can differentiate this state from the vacuum:

x〈ψ|Oy|ψ〉x = 〈0|e−iOxOyeiOx |0〉 = 〈0|Oy|0〉 (2.7)

for general such spacelike separated observables Oy.
Coupling to gravity will modify this. Specifically, with some dressing V µ(x), consider the

dressed state (to leading order), corresponding to (2.4),

|ψ̂〉x ' ei
∫
d3x′V µ(x′)T0µ(x′)|ψ〉x, (2.8)

and annihilated by the constraints.8 General expectation values of spacelike separated operators
that include the metric perturbation hµν can distinguish this state from the vacuum, since the
dressing creates a non-zero gravitational field that must extend to infinity [13].

8More carefully, by half of the constraints [12], as in Gupta-Bleuler quantization [38].
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However, here the non-uniqueness of the dressing, corresponding to shifts by radiative fields,
plays an important role. A dressing may be chosen [33] so that for different such states (2.8), the
dependence of the asymptotic gravitational field is only through the Poincaré charges, or more
general moments of these charges, for the the state [39]; for further discussion see [40]. Essentially,
this is a quantum generalization of classical results that the gravitational field far outside a matter
distribution may be, for example, taken to be simply the boosted Kerr solution [41,42].

This means that if there are different states in a neighborhood with identical Poincaré moments,
those are not distinguished by distant measurements of their perturbative gravitational dressing. In
this sense there can be localization of information; this construction was referred to as a perturbative
gravitational splitting in [39].9

However, at the nonperturbative level, there are arguments that distant observables can detect
the differences between dressed states [47, 48] [43]. These arise because in gravity the momentum
operators can be written as

Pµ = PADMµ [h(∞)] +

∫
d3x Cµ(x) (2.9)

with PADMµ the asymptotic ADM expressions, and thus become purely asymptotic operators acting
on operators or states annihilated by the constraints. As in [43] one can consider expressions where
the momentum operators translate the state into the asymptotic region, where another asymptotic
observable can detect it: the expectation value of asymptotic observables

x〈ψ̂|OyeiP
ADM
i ci |ψ̂〉x (2.10)

depends on details of the underlying state, for certain observables Oy and translations ci. This
requires a large translation, and consequently construction of the dressing beyond leading order.

This complicates the general question of how to describe localization of information and define
subsystems. One possible view is that there is no basic localization of information in quantum
gravity. In fact a related but more complicated argument was suggested to explain AdS holography
in [47, 48], by mapping a “localized” state |ψ̂〉x at time t to the AdS boundary via evolution, then
back to t by translation via PADM0 . However, there are also apparently significant subtleties in
such arguments for holography [49, 50]. These involve both the closure of the boundary algebra,
and particularly the need to solve the nonperturbative analog of the constraints as a starting point
– which is tantamount to solving the problem of quantum gravity.

Indeed, it has even been argued [51, 52] that a perturbative version of this discussion gives
asymptotic access to information. These arguments were examined in [40] and found, however, to
lead to effects exponentially small in the distance from the neighborhood, which make measurements
correspondingly difficult.

Of course if a complete holographic map can be found to explain AdS/CFT, as is widely
believed, that would support a view in which information is fundamentally delocalized in the bulk.
If the correspondence to N = 4 super Yang Mills is precise, there is an underlying localization
in the boundary spacetime. However, part of the difficulty is understanding how this localization
can be related to the bulk localization in AdS, which holds approximately for weak gravitational

9This result also argues against [33,39,43] a role for “soft charges” [44–46] in resolving the information problem.
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perturbations, and exactly in the LQFT limit of vanishing Newton’s constant.10 If the appropriate
bulk mathematical structure on the Hilbert space can be realized in AdS/CFT, that would then
furnish an example of a quantum-first description of gravity.

In short, a key question remains of how to define the mathematical structure of quantum gravity
that is relevant to localization of information. We would like to infer the necessary structure,
on a Hilbert space that can be interpreted in terms of bulk quantum gravity states. We have
seen precursor obstacles and hints already at the perturbative level. Possibly a more intricate
construction will lead to a mathematical definition of subsystems that reduces to familiar definitions
in the weak gravity limit.

Another possibility to consider is that such localization is only approximate, say in the limit
of weak perturbations of the gravitational field. In this sense, one might have decompositions of
the Hilbert space (2.1), or generalizations [39] to account for asymptotic measurability of Poincaré
charges, that are only approximate. This would require a careful interpretation of such factoriza-
tion that is only approximate, in describing physics. And if it is true that such locality is only
approximate, then that returns us to the question of what deeper principle replaces it and plays
an analogous role in the fundamental structure and consistency of the theory.

It is interesting and apparently important that any such notions of locality apparently suffer
significant modification in strong gravitational fields resulting from the high-energy limit, as out-
lined above. It likewise seems important that these modifications, which are also associated with
the ideas of “holography,” apparently arise from large concentration of energy, rather than large
concentrations of information.

Beyond these questions of fundamental structure there are of course further questions in giving
such a quantum-first description of physics. What principles besides unitarity govern evolution on
the Hilbert space? How is such evolution fundamentally defined in states which don’t correspond
to asymptotically flat or AdS geometries?11 How are observables defined, and related to a theory
of observation? And, of course, how is structure incorporated that reduces to that of Standard
Model fields and interactions, in the weak-gravity limit?

3 Quantum black holes

As described above, black holes, or their quantum versions, are expected to govern the generic high-
energy behavior of a Poincaré-invariant theory of physics, where gravity becomes strong. They are
also apparently ubiquitous in our quantum universe, due to the universality of gravity and the
resulting genericity of gravitational collapse. A theory of quantum gravity needs to explain their
evolution, and here, as outlined above, it confronts an apparent crisis of unitarity.

This crisis appears directly related to the questions of locality. Consider a collision of two very
high-energy particles in a pure state, at impact parameters where BH formation dominates. The
resulting large BH is expected to have an approximate description via classical geometry. The
LQFT approximation to evolution on BH geometries was developed by Hawking [6] and in many
subsequent works. Quanta are emitted that are entangled with corresponding internal excitations
that are part of the internal state of the BH. By locality, the entanglement of the internal excitations

10There is a proposal relating bulk subregions extending to infinity to boundary subregions, via a “subregion-
subregion” duality; for a recent overview, see [53]. This has been formulated at the semiclassical level, and it is also
not clear how it would extend to subregions isolated from the boundary.

11This may be described using a different kind of relational observable, as in [54].
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cannot be transferred to external excitations, as this would require information transfer outside the
light cone. If the BH disappears at the end of evaporation, that results in a missing information
characterized by a von Neuman entropy of size SBH(E), representing an enormous violation of the
quantum-mechanical unitarity principle.

In fact, this problem can be stated in an even more general way, in the form of a “black hole
theorem” [55]; this goes beyond the LQFT description, which furnishes an example. This states
that if I) a black hole is a subsystem; II) black hole states have identical exterior evolution and
III) a black hole disappears at the end of its evolution, then evolution of the BH plus surroundings
violates the unitarity principle.12

This statement connects to locality in two ways; first, one needs to describe localization of
information in the BH subsystem, and second in the identical exterior evolution postulate, which
for example is implied by locality in the LQFT approximation. Resolving this crisis while preserving
quantum mechanics as well as correspondence with the low-energy validity of LQFT seems to require
modification of locality, and so the crisis appears to also give an important guide to the fundamental
principles of quantum gravity.

Preserving quantum mechanics apparently calls for violation of postulate I or II.13 These vio-
lations appear to need to operate on scales of order the BH horizon size R, or larger; microscopic
violations of locality don’t appear to lead to the necessary modifications to these postulates. In
fact, a near consensus on this point in much of the quantum gravity community is evident in the
many proposals that have been made modifying the description of a BH via classical geometry plus
LQFT at such scales. These include massive remnants [56], including in the form of gravastars [57],
fuzzballs [58], firewalls [59], and Planck stars [60], as well as the proposals of ER=EPR [61], ’t
Hooft [62], and replica wormholes [63–67].

Such proposals typically involve considerable extra structure that is difficult to consistently
describe, or may lack a systematic description. Physics often obeys a principle of parsimony, finding
the most simple solution to a given problem, and that suggests looking for minimal departures from
the postulates consistent with physics in domains we know, but sufficient to resolve the crisis.

As described in the preceding section, in gravity it is difficult to precisely characterize subsys-
tems, and so this could be at the root of a possible resolution. However, the ability to localize
information to an excellent approximation, for example in the gravitational splitting construction,
along with the important roles of subsystems, argue that a subsystem decomposition might be de-
fined to an approximation that is good enough that this is not the resolution. While these questions
warrant further exploration, let us assume that postulate I holds, to a good approximation. In that
case, for a resolution we should seek a description of violation of postulate II.

Violation of postulate II means that evolution of the exterior subsystem to a black hole depends
on the BH state. In the LQFT approximation, this is forbidden by locality, since excitations inside
a BH can’t influence those outside. But, if we are going to preserve the equivalence principle
as best we can, we can describe evolution of the BH plus surroundings as that due to LQFT,
plus corrections that are small but large enough to resolve the problem. This specifically implies
interactions between the BH state and the external state, with the latter taken to be otherwise
well-described by LQFT.

We will parameterize the subsystem structure by saying that the states take the form |ψBH,i, ψenv〉,
12Further clarification of the assumptions appears in [55].
13Violation of postulate III leads to scenarios with microscopic remnants with unbounded degeneracies, and con-

sequent infinite production [7, 8] and other [9] unacceptable features.
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where i describe the BH internal states and ψenv describes the independent state of the environ-
ment.14 In a hamiltonian description of evolution of the combined system,15 the interactions imply
a correction to the LQFT hamiltonian,

H = HLQFT + ∆H . (3.1)

We expect this correction has an important piece altering the evolution of the BH state, as well
as an interaction term ∆HI between BH and environment. Further considerations motivate the
structure of ∆HI . First, the simplest interaction that transfers information from BH state to
environment is bilinear in operators acting on each of the subsystems. This takes the general form

∆HI =
∑
A

λAijOenvA , (3.2)

where λA gives a basis for operators on the BH subsystem, and OenvA are some operators on the
environment; in our approximation the latter are taken to be operators constructed in LQFT.

A general question is what such terms are capable of resolving the crisis. To do so, they must
transfer information (specifically, entanglement [71–73]) at a rate sufficient to compensate for the
entanglement growth of the Hawking process, which implies at O(1) qubit per time R. General
conditions for information transfer rates via such interactions, and their relation to coupling sizes,
can be studied, as for example in [74].

However, we can motivate further refinement of the general expression (3.2). First, for a minimal
solution of the problem which doesn’t create causality or other problems, we don’t expect such
operators to transfer information to distant reaches of the Universe. And, since there are arguments
that Hawking radiation is produced in a “quantum atmosphere” region of size ∼ R near the
BH [75] [68],16 it is very plausible for the interactions to likewise be localized in this region. On
the other hand, one could assume that they are highly tuned, to be localized to within a distance,
say ∼ `Pl, of the horizon. This tuning goes beyond the natural scale R, and has an unnatural
result: production of high-energy particles, for example as seen by an infalling observer, near the
horizon [79,80] [59], called a “firewall” in [59].

Second, both the universal nature of gravity, and the consequent beautiful aspects of BH ther-
modynamics, suggest a universal coupling to all fields. This is also important in addressing [81–83]
Gedanken experiments of black hole mining [84–87], where BH decay rates can be increased by
threading them with a cosmic string or introducing other mining apparatus, and there needs to be
commensurate increase of information transfer. Universality can be achieved by restricting (3.2)
to couple to the stress tensor (including that of the spin two graviton modes) [82,83,88],

∆HI =
∑
A

λA
∫
dV GµνA (x)Tµν(x) . (3.3)

If the “form factors” GµνA (x) are taken to have support and spatial variation at scales r ∼ R,
that respects the preceding naturalness conditions. They likewise naturally connect states with

14ψenv may depend on the Poincaré charges of the BH, but by hypothesis not on other aspects of its state.
15Such a hamiltonian description in LQFT has been given for two-dimensional black holes in [68, 69], and will be

discussed in higher dimensions in [70].
16See [76–78] for earlier related arguments.
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energy differences ∼ 1/R. We view (3.3) as describing an effective hamiltonian, parameterizing our
current ignorance of the detailed form of the interactions, which might be inferred from more basic
principles, once those are understood.

This effective hamiltonian can be reorganized by defining

Hµν(x) =
∑
A

λAGµνA (x) , (3.4)

and becomes

∆HI =

∫
dV Hµν(x)Tµν(x) . (3.5)

This coupling implies Hµν(x) behaves like a perturbation of the metric, but it is also a quantum
operator that depends on the BH state.

To further constrain these couplings, we return to the condition of sufficient information transfer,
at rate O(1/R). One way to achieve this [83] is if in a typical BH state,

〈ψBH , t|Hµν(x)|ψBH , t〉 = O(1) . (3.6)

This is clear since an O(1) metric perturbation with spatial and temporal variation scales ∼ R can
clearly transfer information at a rate O(1/R). This represents a relatively large variation of the
metric near the BH, and is referred to as a strong or coherent scenario.

However, in pursuing a minimal resolution of the crisis, one can ask what size couplings are
necessary for this information transfer rate. A simple estimate of the information transfer rate
due to a small perturbation to the hamiltonian is that it is comparable to the rate at which the
perturbation induces transitions [88], and this can be confirmed in simple examples [74]. This gives

dI

dt
∼ dP

dt
= 2πρ(Ef )|∆HI |2 (3.7)

by Fermi’s Golden Rule, with typical final density of states ρ(Ef ) for the combined subsystems,
and typical size |∆H| for the relevant matrix elements of ∆H. The density of states should include
that of the BH, which is exp{Sbh}, with Sbh expected to be comparable to the Bekenstein-Hawking
value SBH . Then, an O(1/R) rate can result from exponentially tiny couplings,

|∆HI | ∼ e−Sbh/2 , (3.8)

which also corresponds to metric perturbations in a typical state of size

〈Hµν(x)〉 = O(e−Sbh/2) . (3.9)

This is referred to as a weak or incoherent scenario [88].
Either the strong or weak scenarios do violate the equivalence principle in the strong gravita-

tional field of a BH, but do so in a way that is modest and in particular not violent to infalling
observers, unlike firewalls [79,80] [59], or for example the expectated behavior for fuzzballs. In this
sense they are close to preserving the equivalence principle, and this is particularly true for the
weak/incoherent scenario, which has only very subtle effects on infalling observers.

These interactions have been motivated from very general considerations, and are quite minimal.
If they are part of the consistent description of BHs, an important question is to derive them from
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more basic principles of quantum gravity. This is left for the future. In fact, the apparent necessity
of such interactions, and their form, may provide important clues about these principles. Also,
effective interactions of the general form (3.2) might result from some of the proposals in the
literature, although some of these, such as fuzzballs [58] and firewalls [59], introduce hard, rather
than soft, structure at the horizon, corresponding to much more significant departures from the
equivalence principle.

In particular, there has been considerable recent discussion of the replica wormhole approach
to “calculating” BH entropies [63–67]. In the end, this essentially just supplies a prescription to
connect the known rising curve of entanglement entropy from Hawking’s calculation [6] to the
expected falling curve of Bekenstein-Hawking entropy for an evaporating BH, and is based on a
formal extrapolation of euclidean quantum gravity methods [89]. These methods have not yet,
however, given a way to calculate the underlying quantum amplitudes for corresponding processes.
There has been a suggestion [90] that they are associated to processes with “real” wormholes, that
correspond to emission of baby universes, as has been considered previously [91–93]. Such processes
were argued [94,95] to lead to shifts in the effective lagrangian or hamiltonian of our universe, which
could in fact be an explanation of couplings such as (3.2). What is not yet explained is the form of
these couplings – which likewise could be nonlocal on the BH scale R, corresponding to emission of
a baby universe of this size – and whether they have the correct structure to account for amplitudes
with the necessary properties.

Since many scenarios imply modifications at the BH scale R, and since we are now able to
observationally investigate these scales via observations of both electromagnetic and gravitational
radiation from black holes, that strongly suggests seeking evidence for or constraints on such sce-
narios [96,97]. This is an important general problem [98,99]. Further constraints are needed to do
so with general interactions (3.2), but the more specific interactions (3.3) and (3.5) suggest possible
observational signatures and constraints.

Specifically, if the strong scenario (3.6) is realized, that is expected to lead to O(1) deformation
of light trajectories sufficiently close to the horizon, in a time dependent fashion. Simple models
of such effects [100] have shown they can be quite pronounced in light images of BHs, so much
so that the current Event Horizon Telescope images of M87 are apparently providing significant
constraints on such scenarios.

The weak scenario (3.9) is, on the other hand, not expected to strongly influence light prop-
agation [88]. But, it can apparently influence gravitational wave absorption, and thus ultimately
could have an effect on gravitational wave signatures. To see this, consider transition amplitudes
where a gravitational wave is incident on a BH with corrected hamiltonian (3.1). Now, replacing
(3.7), we have transition amplitudes of the form

dP

dt
= 2πρ(Ef )

∣∣∣∣∣
∫
dV 〈i|Hµν |ψ〉〈β|Tµν |α〉

∣∣∣∣∣
2

, (3.10)

between graviton states |α〉 and |β〉. While the matrix elements of Hµν are exponentially small,
(3.8), again the density of states compensates, and can yield O(1) probabilities. The spatial and
temporal variation scales ∼ R of Hµν then imply transitions between states differing by momenta or
energies ∼ 1/R. Frequencies of this size play a role in the gravitational wave signal of a coalescing
binary BH. In particular, these contributions to amplitudes are expected to modify absorption and
reflection cross sections, possibly with effects on the gravitational wave signal of the merger.
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It is important to explore the possible observational signatures of these as well as of other viable
scenarios further, and test them in the newly-founded regime of strong gravity observations.

4 The gravitational S-matrix

The preceding sections review arguments suggesting fields and their lagrangians do not necessarily
give a fundamental description of the physics of quantum gravity. Other modern developments
also hint in this direction. One is that of dualities, where different field theories with different
lagrangians are believed to lead to equivalent physics. Another is study of perturbative scattering,
where deeper simplicities have been found that are not evident in a straightforward expansion in
Feynman diagrams.

A complementary way to investigate quantum gravity, in states with asymptotic behavior like
that of Minkowski or AdS space, is through properties of its scattering amplitudes. Infrared be-
havior complicates this in four dimensions. Two ways around this are to either carefully treat soft
modes, or to work in higher dimensions where infrared behavior is improved. This discussion will
mainly focus on the latter approach, with the implicit assumption that quantum gravity can be
defined in higher dimensions, although ultimately more careful treatment of soft modes is desired,17

but is not expected to change central aspects of the discussion. The structure of the S-matrix plau-
sibly supplies powerful clues about a theory; for example, string theory can be viewed as originally
discovered by Veneziano’s guess of an S-matrix with certain structure [102].

At the perturbative level, there have been powerful new results in the study of gravitational
amplitudes. These include those of the generalized unitarity methods and the beautiful double
copy structure (for a review see [103]) where perturbative-level integrands of amplitudes are double
copies of the kinematic structure already present in the amplitudes of Yang-Mills. Moreover, these
and related methods have provided a powerful way to study the possible structure of perturbative
infinities, and the renormalizability structure of the theory (for recent developments and further
references see [104]).

However, as was discussed above, while the short-distance problem of nonrenormalizability has
historically been perceived as the central problem of quantum gravity, there has been a growing
realization that the problem of unitarity is apparently more profound. The previous discussion has
argued this involves important long distance departures from current understanding, rather than
simply altering short (e.g. Planck) distance behavior.

The introduction and preceding section described the importance of understanding scattering in
the high-energy limit, where the unitarity crisis is confronted. To investigate this, and understand
its connection with perturbative scattering amplitudes, consider high energy scattering as a function
of impact parameter; this is also closely related to a description in terms of momentum transfer
q. We consider this in a general spacetime dimension D, with Newton constant GD. (For a more
extensive discussion, see [10]; earlier work in the context of string theory includes [105–107]). Even
at ultraplanckian center-of-mass energy E, gravitational scattering is very weak and dominated
by tree or Born level exchange for sufficiently large impact parameter b, specifically as long as
χ ∼ GDE2/bD−4 � 1. However, the Born approximation fails as χ approaches unit size. For fixed
ultraplanckian energy and smaller impact parameters, the sum of ladder diagrams, corresponding

17For work in this direction, see e.g. [101].
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to iterated single-graviton exchange, unitarizes the amplitudes [108]; these diagrams of course sum
to give the eikonal amplitudes [109], [105–107,110–112].

This regime corresponds to classical scattering, analogous to that of macroscopic objects like
planets. It moreover begins to illuminate some important new features. Specifically, the scattering
is dominated by a saddlepoint, with total transverse momentum transfer given by q⊥ ∼ ∂χ/∂b.
While this momentum transfer can also be superplanckian, an important feature of gravity is that
of momentum fractionation [113]: the total momentum transfer is carried by the large number of
graviton exchanges [114], such that each exchanged graviton carries a typical momentum k ∼ 1/b
that is subplanckian.

This suggests some important conclusions [113]. First, even for very high ultraplanckian momen-
tum transfers, it is not the properties of individual diagrams that governs the scattering behavior;
rather it is the sum of diagrams that yields the dominant saddlepoint. Secondly, the momentum
transfer k ∼ 1/b of the individual exchanged gravitons indicates that the process is only probing
large distances ∼ b – not subplanckian distances, despite the superplanckian E and total q. This
is not strongly dependent on the short-distance structure of individual diagrams. These two ob-
servations combined add further support to the view that renormalizability – involving the short
distance behavior of diagrams – does not play a central role in this ultraplanckian regime. The
high energy behavior emphasizes the need to understand properties of sums of diagrams or their
nonperturbative extension, not just individual diagrams.

While radiation and other effects can also begin to make important contributions at decreasing
impact parameter, particularly important effects occur in the vicinity of the impact parameter
b ∼ R(E) ∼ (GDE)1/(D−3). Here, as outlined, classical scattering leads to black hole formation [3],
and one can argue that this classical process provides a starting point for a semiclassical treatment
of the scattering. At the diagrammatic level, this regime is associated with a sum of a new class
of diagrams becoming important, those consisting of graviton tree diagrams inserted between the
high-energy legs. In fact, Duff [115] has shown in the simple example of Schwarzschild that summing
such diagrams builds up the black hole geometry.

This introduces a new set of problems. First, the perturbative description of the geometry fails
at the horizon; the perturbation series appears to diverge. One can nonetheless attempt to treat
the scattering in a semiclassical expansion about the classical geometry – similar to one about
the eikonal saddle. But, quantization of fluctuations about this geometry leads to the failure of
unitarity [6] that we have described. We expect that restoration of unitarity and resolution of the
crisis involves new intrinsically quantum-gravitational effects, and an important question is whether
clues inferred from studying the S-matrix for gravity can help shed light on these effects.

Some may expect string theory to make important modifications. However, in a sense, pertur-
bative string theory appears “too local” to do so; the extended nature of the string means that
strings are tidally excited [19, 20] in such collisions, but the resulting excitations appear confined
within the classical horizon and don’t appear to furnish the necessary long-distance modifications
to evolution.

A key question, then, is what can be inferred about the structure of amplitudes in this regime.
We would like to understand how the basic mathematical and physical structure of quantum gravity
manifests itself in the full amplitudes. Analyticity, together with other constraints, can be very
powerful, as the discovery of string theory exhibited [102]. Further exploration of this question
seems important, and potentially fruitful.

Since we expect gravity modifies the locality of LQFT, it is important to probe this question
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and its role in amplitudes. Of course the low energy behavior of amplitudes exhibits subtleties
and structure familiar from other massless theories. Questions such as locality and factorization
of the Hilbert space are more obscured in the S-matrix approach, but connect with important
properties. While polynomial boundedness of amplitudes in certain regions of complex Mandelstam
s is important for causality, there is in particular evidence that the long-range nonlocal properties of
quantum gravity leads to certain nonpolynomiality of amplitudes [114], [10]. This is already seen
at the level of the nonperturbative eikonal amplitudes. Incorporating anticipated contributions
from black holes [108] [114] [10] suggests different nonpolynomial behavior, that may also not be
polynomially bounded in analytically continued regions. Such novel analytic structure, and its
connection to locality and its possible modifications, is important to understand. Possibly deeper
understanding, together with study of other aspects of analytic behavior, can furnish important
clues, or even suggest inspired guesses for the S-matrix in the spirit of [102]. It is important
to further study and characterize these analytic properties of gravitational scattering and their
constraints.

Another important question is that of whether new aspects of gravitational amplitudes that
are found perturbatively, such as the double copy structure and color-kinematics duality, are a
part of a deeper structure that also governs the behavior of perturbative sums of amplitudes and
extends to the nonperturbative regime. A possible counterpoint is that some of the mathematical
structure may be associated with the redundancies and symmetries of calculational approaches;
for example in string theory, there are various nice properties of triangulations of moduli spaces
[116,117], and corresponding amplitudes, but these don’t necessarily connect to intrinsic properties
of moduli space, or go beyond to the nonperturbative regime. Though, hints that this could be the
case are found in discoveries of double copy structure for classical solutions, such as that for the
Schwarzschild black hole [118]; for further examples and discussion see [103].

The preceding observations also appear important to the asymptotic safety program [10, 113],
if that property is regarded as one of physical amplitudes. Specifically, at ultraplanckian energies,
momentum transfers through typical graviton lines do not become large, so one does not appear to
probe the gravitational coupling at large momentum transfer. One possibility is that the apparent
gravitational weakening found in formal calculations reflects the suppression of single graviton
exchange at these energies, relative to the other higher-order contributions to amplitudes described
above.

Of course, given the significant interest in gravity in AdS space, we might expect to extend
these considerations to the analogous S-matrix there, which which maps to correlation functions of
boundary operators [119]. An important question is to better understand these non-perturbative
properties of this S-matrix also in that context.

In short, while new perturbative methods have provided a powerful way to see a beautiful new
structure in perturbative amplitudes, the deeply profound problem of quantum gravity requires
going beyond to sums of diagrams and nonperturbative amplitudes. If clues inferred from per-
turbative amplitudes, or from related studies of the high-energy regime, can be found, that could
be very important in solving the problem of quantum gravity. General properties of amplitudes,
particularly in BH regime, suggests analytic structure that differs from standard field theories, and
may ultimately suggest important new insights about the fundamental structure of gravitational
scattering.
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5 Summary and directions

To summarize, understanding quantum gravity stands as what is likely the deepest problem in fun-
damental physics. Properties of gravity that we believe we understand appear to call for a revision
of principles at the basic level. In particular, the principles of quantum mechanics, relativity, and
locality lie behind the phenomenal success of quantum field theory and the Standard Model, but
when extended to incorporate gravity appear to reveal a fundamental conflict, calling for a revision
of these most basic principles.

There are good reasons to believe that a sufficiently general formulation of the principles of
quantum mechanics is part of a basic description of nature. And, relativistic invariance has been
extremely well tested, and plausibly is part of a fundamental theory. But, locality is difficult to
even precisely formulate in a theory of quantum gravity, and that appears to indicate that an
understanding of what replaces it is likely to play a key role in foundational principles.

If one begins with a quantum-mechanical framework, in a quantum-first approach, one needs
to understand how to formulate other principles in terms of the quantum states of Hilbert space.
Basic aspects of relativistic invariance appear simple to formulate. Defining locality, in a way that
accommodates what are believed to be known features of gravity, is more subtle. In other quantum
systems, localization can be described through a definition of subsystems. For finite systems, this
arises from tensor factorization of the Hilbert space, and for field theory from commuting subalge-
bras, but neither obviously generalizes to gravity in a simple way. An important question appears
to be what mathematical structure defines a subsystem in quantum gravity, and plausibly answer-
ing this would reveal the fundamental mathematical structure, what one could call a “gravitational
substrate,” encoding quantum spacetime. Perturbative investigation of gravitationally dressed op-
erators and states appears to begin to show aspects of this structure. While there are hints that
this structure in fact only be approximate, it remains to be understood to what extent this is true,
or whether there is an exact underlying subsystem structure.

Defining localization of information is a starting point for describing evolution of information,
e.g. its transfer, as well as other characterizations of information content, e.g. entropies. Another
key question is that of the properties of such evolution, on the underlying quantum spacetime, and
how in the weak gravity limit it reduces to local evolution of quantum field theory. The problem
of high-energy scattering, and quantum black hole formation, lends particular focus to this issue.
Treating this problem via LQFT evolution on a semiclassical background geometry leads to the
failure of unitarity. If information is sufficiently localized to begin with, preservation of unitarity
implies new interactions that do not arise from LQFT, and may provide important clues about the
fundamental evolution.

Such interactions may be parameterized, in an effective approach, as a departure from LQFT
evolution. They may arise from a more basic description of evolution on the underlying quantum
spacetime structure, or perhaps from other phenomena such as that of large spacetime wormholes
[90]. In particular, they are expected to play a role in near-horizon dynamics. That, and the arrival
of observational tests of strong gravity, suggests we seek observational probes of such interactions
– or whatever other structure modifies the near-horizon semiclassical spacetime of a black hole. In
particular, such soft, information-transferring interactions may modify either electromagnetic or
gravitational signatures from the near-horizon regime.

It should be noted that another approach to these questions has become quite popular in recent
years. There are interesting analogs between certain aspects of black hole dynamics and those of
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complex systems, particularly regarding properties of evolution of information and entanglement.
This and related observations have suggested a viewpoint in which spacetime and dynamics emerges
from entanglement and other informational aspects of a different more basic quantum system.18

This viewpoint is different from that taken here, where it is assumed that there is a Hilbert space
describing quantum gravitational states, with some additional mathematical structure. In this
sense, here aspects of quantum spacetime structure are suggested to be “hardwired” as part of
the fundamental description of the quantum system, rather than miraculously emerging from the
structure of some other very different quantum system.

It remains to be seen if the motivations of the “spacetime from information” viewpoint are
just analogs, or if they in the end yield a more precise and basic description of quantum gravity.
Certainly suggestive features have been found, and the recovery [63–67] of the previously known
Page curve [120,121] has been widely celebrated. It also remains to be seen whether other precise
connections can be made to other better known aspects of physics. If such a picture is correct, it
leaves the puzzle of the fundamental basis for the description of physics, which would presumably
be through a very different kind of Hilbert space and evolution. In short, the contrast is between
views in which quantum spacetime emerges from entanglement and related properties – but of what
quantum structure? – or in which spacetime structure is a basic feature of the Hilbert space, as
with other quantum systems such as those of LQFT.

A complementary approach to investigating these questions is that of the gravitational S-matrix,
which may furnish important constraints and clues, with particular focus on its high-energy and
nonperturbative behavior. Here one sees interesting and apparently novel behavior, for exam-
ple certain nonpolynomialities associated with nonperturbative amplitudes; possibly also relevant
aspects of its structure are being uncovered in perturbative properties of amplitudes.

Key questions also include that of incorporating the Standard Model, properties of chiral
fermions, etc., into the more basic quantum spacetime structure.

There are other important questions beyond the present discussion. One is that of extending
principles to quantum cosmology. Plausibly a description of localization of information can be
extended there, and it’s important to understand the role there of any new interactions beyond
LQFT. An important difference is that for closed cosmologies, the hamiltonian is expected to vanish,
and correspondingly there is not an asymptotic time with which to describe evolution. Instead,
evolution is plausibly defined in a relational fashion – with some degrees of freedom, for example,
playing the role of clocks with respect to which other degrees of freedom evolve. Correspondingly,
different kinds of relational observables, incorporating this dynamic, are expected to play a key
role.19

A particular set of views has been advocated here, which at the least support the importance
of maintaining a broad perspective and diversity of approaches in continued investigation of these
deep questions, and in formulating a theory of quantum gravity. It seems important not to place
all of our focus on specific attractive mathematical formalisms, and to maintain a complementary
focus on important conceptual and physical problems, and their relation to basic mathematical
structure, as well as to investigate the possibility of observational tests.

18For a review of this viewpoint, see [53].
19See, e.g., [54, 122] for aspects of such relational observables, and the review [123] for further references.
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