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Loop Quantum Gravity 
Planckian discreteness in a nut-shell



The phase space of GR 
in connection variable
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A canonical transformation
to get back the connection variables
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Quantization of area in a nut-shell
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Quantization of area
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The revolution brought by Einstein’s theory of gravity lies more
in the discovery of the principle of general covariance than in

the form of the dynamical equations of general relativity. General
covariance brings the relational character of nature into our descrip-
tion of physics as an essential ingredient for the understanding of
the gravitational force. In general relativity the gravitational field is
encoded in the dynamical geometry of space-time, implying a
strong form of universality that precludes the existence of any non-
dynamical reference system—or non-dynamical background—on
top of which things occur. This leaves no room for the old view
where fields evolve on a rigid preestablished space-time geometry
(e.g. Minkowski space-time): to understand gravity one must
describe the dynamics of fields with respect to one another, and
independently of any background structure.

General relativity realizes the requirements of general covari-
ance as a classical theory, i.e., for h– = 0. Einstein’s theory is, in this
sense, incomplete as a fundamental description of nature. A clear
indication of such incompleteness is the generic prediction of
space-time singularities in the context of gravitational collapse.
Near space-time singularities the space-time curvature and energy
density become so large that any classical description turns
inconsistent. This is reminiscent of the foundational examples of
quantum mechanics—such as the UV catastrophe of black body
radiation or the instability of the classical model of the hydrogen
atom—where similar singularities appear if quantum effects are
not appropriately taken into account. General relativity must be
replaced by a more fundamental description that appropriately
includes the quantum degrees of freedom of gravity.

At first sight the candidate would be a suitable generalization of
the formalism of quantum field theory (QFT). However, the stan-
dard QFT’s used to describe other fundamental forces are not
appropriate to tackle the problem of quantum gravity. Firstly,
because standard QFT’s are not generally covariant as they can only
be defined if a non-dynamical space-time geometry is provided:

the notion of particle, Fourier modes, vacuum, Poincaré invariance
are essential tools that can only be constructed on a given space-
time geometry.This is a strong limitation when it comes to quantum
gravity since the very notion of space-time geometry is most likely
not defined in the deep quantum regime. Secondly, quantum field
theory is plagued by singularities too (UV divergences) coming
from the contribution of arbitrary high energy quantum processes.
This limitation of standard QFT’s is expected to disappear once the
quantum fluctuations of the gravitational field, involving the dynam-
ical treatment of spacetime geometry, are appropriately taken into
account. But because of its intrinsically background dependent
definition, standard QFT cannot be used to shed light on this issue.
A general covariant approach to the quantization of gravity is needed.

This is obviously not an easy challenge as in the construction of
a general covariant QFT one must abandon from the starting point
most of the concepts that are essential in the description of ‘no-
gravitational’ physics. One has to learn to formulate a quantum
theory in the absence of preferred reference systems or pre-existent
notion of space and time. Loop quantum gravity (LQG) is a frame-
work to address this task. In this article I will illustrate its main
conceptual ideas, and established results. We will see that if the
degrees of freedom of gravity are quantized in accordance to the
principles of general covariance both the singularity problems of
classical general relativity as well as the UV problem of standard
QFT’s appear to vanish providing a whole new perspective for the
description of fundamental interactions.

This is a brief overview of the theory aimed at non experts where
nothing is explicitly proved. The interested reader can consult the
book [1] and the references therein for more details.

Why background independence?
The remarkable experimental success of the standard model of
particle physics is a great achievement of standard QFT. The stan-
dard model unifies the principles of quantum mechanics and special
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! Fig. 1: The basic loop excitations of geometry are combined into states of an orthonormal basis of the Hilbert space called spin network
states. These states are labelled by a graph in space and assignment of spin quantum numbers to edges and intersections (j, n, m, r, o, p ! "/2).
The edges are quantized lines of area: a spin network link labelled with the spin j that punctures the given surface is an eigenstate of its area
with eigenvalue √ j(—j + 1) times the fundamental Planck area. Intersections can be labelled by discrete quantum numbers of volume (v, and w
here). In order for this page to have the observed area one would need about 1068 spin network punctures with j = 1/2!

Article available at http://www.europhysicsnews.org or http://dx.doi.org/10.1051/epn:2006302
AP. Europhys.News 37N3 (2006) 17-21



This is mathematically encoded in the Wilson loop (related to the
circulation of the magnetic fields B

→

i) along the loop γ according to 

Wγ[A]=P exp∫γ
! i A

→

i • ds→ " SU(2), (2)

where P denotes the path-ordered-exponential, ! i are the genera-
tors of SU(2), and s is an arbitrary parameter along γ.

The electric fields E
→

i have a novel physical interpretation: they
encode the (dynamical) geometry of 3-dimensional space. More
precisely the triplet of electric fields E

→

i define at every point of space
an (densitized) orthonormal local frame, which in turn can be used
to reconstruct the space metric. Therefore, any geometric property
of space can be written as a functional of E

→

i.
There are two geometric quantities that one can construct in

terms of simple functionals of E
→

i that will play an important role
in the quantum theory. The first (and the simplest) one is the area
A(S) of a two dimensional surface S—corresponding to the
‘absolute value of the flux’ of the electric field across S—embedded
in space, while the second is the volume V(R) of a three dimen-
sional region R in space. In equations,

Area of S       →   A(S)=∫S
| Ei

⊥ Ei
⊥ |,

Volume of R →  V(R)=∫R 
√E

→

i •
—

(E
→

j x E
→

k)
—

" ijk (3)

where ⊥ denotes the component of Einormal to S, " ijk is the Levi-
Civita skew-symmetric tensor (repeated indices are summed). As
anticipated, both the area of a surface S and the volume of a region
R are written as functionals of the dynamical variable E

→

i.
Einstein’s equations are encoded in relations among the phase-

space variables. They are given by to the so-called kinematic
constraints, related to certain manifest gauge symmetries,

Gauss law             →  Div (E
→

i)=0,
Vector constraint  →  E

→

i x B
→

i(A)=0 (4)
and the Hamiltonian constraint, encoding the non trivial dynamics
of general relativity,

(E
→

i x—E
→

j) • B
→

k(—A)" ijk
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√E
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i •
—

(E
→

j x E
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k)
—
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where B
→

i(A)=∇
→

A x A
→

i is the triplet of magnetic fields constructed
from the SU(2) connection A

→

i.

Quantization
The quantization is performed following the canonical approach,
i.e., promoting the phase space variables to self adjoint operators in
a Hilbert space HH satisfying the canonical commutation relations

according to the rule {  , } → - i /h– [  , ] . The classical constraints
are imposed as operator-equations on the states of the theory.
These are the quantum Einstein’s equations. The kinematical condi-
tions (4) are directly applied in the construction of HH . Quantum
dynamics is governed by the quantum version of the Hamiltonian
constraint, which formally reads 

(E
→

i x—E
→

j) • B
→

k(—A)" ijk
— Ψ[A]= 0    for   Ψ[A] " HH

√E
→

i •
—

(E
→

j x E
→

k)
—

" ijk  
(6)

and can be viewed as the the analog of the Schroedinger equation
of standard quantum mechanics.

As there is no background structure the notion of particle, as
basic excitations of a vacuum representing a state of minimal energy,
does not exist. However, there is a natural vacuum associated with 

the state of no geometry E
→

i |0>=0. This state represents a very 
degenerate quantum geometry where the distance between any
pair of points is zero. The quantum version of (2), Wγ [A] acts on
the vacuum by creating a one-dimensional flux tube of electric field
along γ. As E

→

i encodes the geometry of space, these fundamental
Faraday lines represent the building blocks of a notion of quantum
geometry as we shall see below.

These one-dimensional excitations are however not completely
arbitrary as they must be subjected to the kinematical restrictions
(4). For instance, Div(E

→

i) = 0 requires the flux of electric field
through any arbitrary closed surface to vanish.This means that only
those excitations given by closed lines of quantized electric field are
allowed by quantum Einstein’s equations, i.e., loop states. The con-
struction of the Hilbert space of quantum gravity is thus started by
considering the set of arbitrary multiple-loop states, which can be
used to represent (as emphasized by Wilson in the context of standard
gauge theories) the set of gauge invariant functionals of A

→

i.

Spin network states
Multiple-loop states can be combined to form an orthonormal basis
of the Hilbert space of gravity. The elements of this basis are labelled
by: a closed graph in space, a collection of spins—unitary irreducible
representation of SU(2)—assigned to its edges,and a collection of dis-
crete quantum numbers assigned to intersections. As a consequence
of Div(E

→

i)=0 the rules of addition of angular momentum must be
satisfied at intersections.They are called spin-network states, see Fig.1.

Spin network states are eigenstates of geometry as it follows from
the rigorous quantization of the notion of area and volume (given
by equations (3)). For instance, given a 2-dimensional surface S one

!!

!!

!

europhysicsnews number 3 • volume 37 • 19
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! Fig. 3: Spin network intersections are quantum excitations of space volume. They are fundamental atoms of space related to one another
through spin network links carrying quanta of the area associated to the extension shared by neighbouring atoms. The information about how
the atoms are interconnected to form a quantum geometry is contained in the combinatorics of the underlying abstract graph. Here we show
two 4-valent vertices connected by a link carrying spin j. We can interpret this portion of a spin network as being represented by two tetrahedra
of volume !p

3v and !p
3w respectively sharing a face of their boundary (the brown triangle in the second diagram) with area !p

2√ j(—j + 1) .

AP. Europhys.News 37N3 (2006) 17-21



Finally...

After a little more work the final picture is as follows:
The constraint action at a vertex of S deforms the vertex structure
through the introduction of the small loops l

IJ,✏. The vertex
contributions are then summed over independently reflecting the
ultralocality of the action. Pictorially, at a vertex v , the constraint
generates:

S
undeformed S (✏)

electric di↵eo

S (✏)
propagation

S (✏)
propagation

The first set of ‘electric di↵eomorphism’ type spin nets is
responsible for non-trivial anomaly free constraint algebra. Next
two do not contribute to the constraint commutator but contribute
to propagation.

Anomaly free quantum dynamics for Euclidea  LQG
M. Varadarajan. e-Print: 2205.10779 [gr-qc]

Gravitational Dynamics—A Novel Shift in the Hamiltonian Paradigm
Abhay Ashtekar, M. Varadarajan.

Class.Quant.Grav. 38 (2021) 13, 135020 e-Print: 2101.03115

Quantum Dynamics 
(Hamiltonian perspective)
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https://inspirehep.net/literature/1837845
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can define the quantum operator A(S)associated to its area. It turns
out that a spin network state that punctures S with an edge carrying
spin j is an eigenstate of A(S)with eigenvalue !p

2√ j—( j+1), see Fig. 1.
In LQG the area of a surface can only take discrete values in units
of Planck scale! Similarly, the spectrum of the volume operator
V(R) can be shown to be discrete and to be associated to the presence
of spin network intersections inside the region R. Hence, the theory
predicts a quantization of geometry.

The discovery of the discrete nature of geometry at the funda-
mental level has profound physical implications. In fact before
completely solving the quantum dynamics of the theory one can
already answer important physical questions. The most represen-
tative example (and early success of LQG) is the computation of
black hole entropy from first principles in agreement with the
semiclassical predictions of Hawking and Bekenstein (see Fig. 2).

Another profound implication of discreteness concerns the
UV divergences that plague standard QFT’s. It is well known
that in standard QFT the UV problem finds its origin in the dif-
ficulties associated with the quantization of product of fields at
the same point (representing interactions). A first hint of the
regulating role of gravity is provided by the fact that, despite their
non-linearity in E

→

i , area and volume are quantized without the
appearance of any UV divergences. This mechanism will become
more transparent when we present the quantization of the
Hamiltonian constraint.

The combinatorial nature of LQG
So far we have avoided UV divergences but perhaps at too high of
a price, since the Hilbert space spanned by spin network states is so
large—in fact two spin networks differing by a tiny modification of
their graphs are orthogonal states!—that would seem to make the
theory intractable. However, one must still impose the vector con-
straint given in (4). This is where the crucial role background
independence starts becoming apparent as the vector constraint—
although is not self-evident—implies that only the information in
spin network states up to smooth deformations is physically rele-
vant. Physical states are given by equivalence classes of spin
networks under smooth deformations: these states are called
abstract spin networks.

Abstract spin network states represent a quantum state of the
geometry of space in a fully combinatorial manner. They can be
viewed as a collection of ‘atoms’ of volume (given by the quanta
carried by intersections) interconnected by edges carrying quanta
of area of the interface between adjacent atoms. This is the essence
of background independence: the spin network states do not live
on any preestablished space, they define space themselves.

The details of the way we represent them on a three dimen-
sional ‘drawing board’ do not carry physical information. The
degrees of freedom of gravity are in the combinatorial information
encoded in the collection of quantum numbers of the basic atoms
and their connectivity (see Fig. 3).

!!

!!

!!

Quantization of the Hamiltonian constraint
Up to this point we have constructed the kinematic setting of LQG
by defining the Hilbert space satisfying the conditions (4). In order to
impose the dynamical equation (6) one must quantize the Hamiltonian
constraint (5). However, the non linearity of the latter brings in
again the question of UV divergences in the quantum theory. From
(3) and (6) one can write the Hamiltonian constraint as

H =- i_
h–

[V, A
→

i]B
→

i(A) (7)

which allows all the non linearities in E
→

i to be hidden in the commu-
tator of the (free of UV singularities) volume operator and A

→

i. As
the magnetic field B

→

i(A) is given by the circulation of A
→

i, one can
express the non linear A-dependence by a non-local Wilson loop
Wγ ![A] around an infinitesimal loop γ! of size !. In the quantum
theory Wγ ![A] creates a loop excitation and ! is an UV-regulator.

As the volume operator,the regulated Hamiltonian acts only on spin
network intersections, and it does so by creating a new flux excitation
Wγ![A]. Due to background independence the regulated Hamiltonian
depends on ! only through the position of the newly created loop γ!.
Its action for different values of the regulator ! is shown in Fig.4.

The physical Hamiltonian constraint is obtained by taking the
limit ! → 0. In standard QFT’s this process brings in all the well

!!!!

20 • volume 37 • number 3 europhysicsnews
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! Fig. 4: The regulated Hamiltonian acts by attaching a Wilson loop to vertices and the loop size plays the role of an UV regulator. The
regulator must be removed shrinking the loop. When the latter is small enough (last two diagrams on the r.h.s.) it can no longer entangle the
gravitational field exitations around the vertex and the further reduction of the loop does not have any physical effect according to
diffeomorphism invariance. The combinatorial structure of the quantum states in loop quantum gravity provides a physical cut-off regularizing
all the interactions in LQG!

! Fig. 5: A systematic control of the space of solutions is necessary
to fully understand the dynamics implied by LQG. Feynman's path
integral formulation can be adapted to the formalism in order to
investigate this issue. Transition amplitudes that encode the
dynamics of quantum gravity can be computed as sums of
amplitudes of combinatorial objects representing histories of spin
network states. These histories can be interpreted as quantum
space-time processes and are called spin foams. In the figure we
show a simple spin foam obtained interpolating between an ‘initial’
and ‘final’ spin network. An intermediate spin network state is
emphasized as well as a vertex where new links are created as a
result of the action of the quantum Hamiltonian constraint.

Quantum Dynamics 
(spin foams: the path integral perspective)

LQG vertex with finite Immirzi parameter
J. Engle, E. Livine, R. Pereira, C. Rovelli. 
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Implications of discreteness
some emblematic examples



relativity in the description of the strong, and electro-weak
interactions. It is therefore valid as an approximation when the
dynamics of the gravitational field is negligible. This limitation is
implicit in the definition of standard QFT through the assump-
tion of the existence of inertial coordinates in terms of which the
field equations are defined.

In this regime it is easy to construct the idealized physical systems
used to define inertial coordinates by starting from an array of test
particles at rest with respect to one another, separated by some fixed
distance, and carrying clocks which can be synchronized using
light signals. By using neutral matter in the construction, the refer-
ence system will not be affected by the physical process being
studied. Thus its dynamics is trivial, and its properties can be com-
pletely hidden in the definition of the inertial coordinates together
with a notion of Minkowskian background geometry. In terms of
these physical reference systems one writes (or discovers) the laws of
physics (either classical or quantum) as long as gravity is neglected.

When the dynamics of the gravitational field cannot be neglected
the situation changes dramatically.Due to the fact that everything is
affected by gravity one can no longer construct a reference system
whose dynamics is known beforehand: whatever physical system
one chooses as reference it will be affected by the gravitational field
involved in the processes of interest. It is no longer possible to
identify any meaningful notion of non-dynamical background.One
has no choice but to represent the dynamics of the system in a rela-
tional manner where the evolution of some degrees of freedom are
expressed as functions of others. Processes do not happen in a god
given space-time metric, they define the space-time geometry as
they occur.

Except for very special situations, coordinates cannot be associ-
ated to physical entities so they are introduced as mere parameters
labelling space-time events with no intrinsic physical meaning. As
in electromagnetism where the choices of vector potential A

→
and

A
→
+∇

→
! represent the same physical configuration, in gravitational

physics a choice of coordinates is a choice of gauge. Any physical
prediction in electromagnetism must be gauge-independent;

similarly, in gravity they must be coordinate-independent or
diffeomorphism invariant.

In classical gravity the importance of diffeomorphism invari
ance is somewhat attenuated by the fact that there are many
interesting physical situations where some kind of preferred
reference systems can be constructed (e.g., co-moving
observers in cosmology, or observers at infinity for isolated
systems). However, the necessity of manifest diffeomorphism
invariance becomes unavoidable in the quantum theory
where simple arguments show that at the Planck scale (!p ≈

10-33 cm) the quantum fluctuations of the gravitational field
become so important that there is no way (not even in princi-

ple) to make observations without affecting the gravitational
field. In this regime only a background independent and diffeo-
morphism invariant formulation can be consistent.
Despite all this one can try to define quantum gravity as a back-
ground dependent theory by splitting the space-time metric gab as

gab = ηab + hab (1)

where ηab is a flat Minkowski metric fixed once and for all and hab
represents small fluctuations. Now if the field hab is quantized using
standard techniques the resulting theory predicts UV divergent
amplitudes that cannot be controlled using the standard renormal-
ization techniques. The background dependent attempt to define
quantum gravity fails. According to our previous discussion, the
key of this problem is in the inconsistency of the splitting [1]. This
statement is strongly supported by the results of the background
independent quantization proposed by loop quantum gravity.

Loop quantum gravity
LQG is a background independent approach to the construction of
a quantum field theory of matter fields and gravity. The theory
was born from the convergence of two main set of ideas: the old
ideas about background independence formulated by Dirac,
Wheeler, DeWitt and Misner in the context of Hamiltonian gener-
al relativity, and the observation by Wilson, Migdal, among others,
that Wilson loops are natural variables in the non-perturbative
formulation of gauge theories. The relevance of these two ideas is
manifest if one formulates classical gravity in terms of suitable vari-
ables that render the equations of general relativity similar to
those of standard electromagnetism or Yang-Mills theory.

The starting point is the Hamiltonian formulation of gravity
where one slices space-time arbitrarily in terms of space and time
and studies the evolution of the space geometry along the slicing.
In the standard treatment the metric of space and its conjugate
momentum—simply related to its time derivative—are the phase
space variables of general relativity. By a suitable canonical trans-
formation one can obtain new variables consisting of: a triplet of
electric fields E

→

i whose conjugate momenta are given by a triplet
of vector potentials A

→

i with i = 1, 2, 3. The (unconstrained) phase
space of general relativity is equivalent to that of an SU(2) Yang-
Mills theory (a non Abelian generalization of electromagnetism).

What is the physical meaning of the new variables? The triplet of
vector potentials A

→

i have an interpretation that is similar to that of A
→

in electromagnetism: they define the notion of parallel transport of
spinors encoded in the ‘Aharonov-Bohm phase’ acquired by matter
when parallel transported along a path γ in space—affecting all forms
of matter due to the universality of gravity. Unlike in electromagnet-
ism, here the ‘phase’ is replaced by an element of SU(2) associated
with the action of a real rotation in space on the displaced spinor.
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from the quantum theory as Sbh = log(N), where N is the number of
microstates (spin network states puncturing the 2-dimensional
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horizon area of the black hole.
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FIG. 1: Left: The absolute value of the wave function Ψ(v,φ) obtained by evolving an initial data that is

sharply peaked around a classical solution initially. Right: The expectation values (and dispersions) of the

volume operator are plotted for the wave function given in the left panel, and compared with expanding

and contracting classical trajectories. This figure is credited to [20].

classical FR trajectory very closely so long as the matter energy density remains small compared to

the Planck scale; and (c) when the matter energy density nears the Planck scale, the wave packet

departs from the classical theory and bounces at a large but finite critical energy density ρc ≃ 0.41ρpl
of the matter field, as shown in Fig.1.

For the states sharply peaked around a classical solution, we can obtain “effective” FR equations,

by using the geometric quantum mechanics [21, 54]. To this goal, we first introduce a semiclassical

state,
(
ψb′,V ′,φ′,π′

φ

∣∣∣ ≡
∫

dπφ

∑

v

e−ϵ2(v−v′)2/2eib
′(v−v′)/2e−ϵ2φ(πφ−π′

φ)
2
/2e−iφ′(πφ−π′

φ) (v,φ|, (6)

where b ≡ µ̄c, ϵ and ϵφ denote the Gaussian spreads, respectively, in both gravitational and scalar

field sectors of the state. Calculating all expectation values in this state, one can verify that the

state Ψ(v,φ) is sharply peaked at classical values of the canonical variables. In fact, as long as we

choose ϵ, (ϵV )−1, ϵφ, (ϵφπφ)−1 ≪ 1, we always have
〈
O2

〉
= ⟨O⟩2 for any given observable O, and

the quantum system can be well described by “effective” equations [21]. For example, it can be

shown that,

〈
b̂
〉
= 2e−ϵ2/4 sin

(
b

2

)
,
〈
b̂2
〉
= 2

(
1− e−ϵ2 cos b

)
,
〈
V̂
〉
= V,

〈
V̂ 2

〉
= V 2 +

(8πγl2pl)
3

432ϵ2K2
,

〈
φ̂
〉
= φ,

〈
φ̂2

〉
= φ2 +

1

2
ϵ2φ, ⟨π̂φ⟩ = πφ,

〈
π̂2
φ

〉
= π2

φ +
1

2ϵ2φ
. (7)

Note that the spatial volume of the spacetime typically is very large compared to the Planck scale

even at the quantum bounce. In fact, it will be infinite for non-compact spaces. Therefore, the

above conditions are satisfied even in the deep Planck regime. As a matter of fact, the relevant

length scale that determines the amplitude of LQC effects is the radius of the spacetime curvature,

not the radius of the spatial volume.
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Loop Quantum Gravity: collapse, singularities, and 
information.

There is the expectation 
that (as in cosmology) 
evolution across BH 

singularities should be 
well defined.

Simplified models 
support this expectation

(Modesto, Ashtekar-Singh, 
Rovelli-Haggard, Rovelli, Pullin, 

Corichi-Singh, etc.)

Unitarity: Information 
should be recovered 
after BH evaporation
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FIG. 3: The solid line with an arrow represents the world-line of an observer restricted to lie in

region I. While these observers must eventually accelerate to reach I+, if they are sufficiently far

away, they can move along an asymptotic time translation for a long time. The dotted continuation

of the world line represents an observer who is not restricted to lie in region I. These observers can

follow an asymptotic time translation all the way to i+.

Although the full quantum state is ‘pure’, there is no contradiction because these observers

look at only part I of the system and trace over the rest which includes a purely quantum

part. In effect, for them space-time has a future boundary where information is lost. Since

the black hole is assumed to be initially large, the evaporation time is long (about 1070 years

for a solar mass black hole). Suppose we were to work with an approximation that the black

hole takes infinite time to evaporate. Then, the space-time diagram will be figure 4 because

the horizon area would shrink to zero only at i+. In this case, there would be an event

horizon and information would be genuinely lost for any observer in the initial space-time;

it would go to a second asymptotic region which is inaccessible to observers in the initial

space-time. Of course this does not happen because the black hole evaporates only in a

finite time.

v) ‘Recovery’ of the ‘apparently lost’ information: Since the black hole evaporates only

in a finite amount of time, the point at which the black hole shrinks to zero (or Planck)

size is not i+ and the space-time diagram looks like figure 3 rather than figure 4. Now,
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FIG. 11: Possible scenario for unitarity in loop quantum gravity. Correlations between a Hawking particle b and its partner a,
created from the vacuum by the interaction with the gravitational field when the black hole can still be considered semiclassical,
are not lost. The in-falling particle enters the strong quantum fluctuation region (the would-be-singularity of classical gravity)
and interacts with the microscopic quantum granular structure of the spacetime geometry; the quantum geometry of Section
III. The correlations between a and b are not lost they are transferred to Planckian degrees of freedom denoted by ā in the
strong quantum region. They become in principle accessible after the BH has completely evaporated. The Hawking radiation is
purified by correlations with these Planckian micro-states which cannot be described in terms of the usual matter excitations.
Information is not lost but simply degraded; just as when burning a news paper the information in the text becomes inaccessible
in practice as it has been transferred to correlations between the molecules of gas produced by the combustion.

where the initially low energy smooth physics excitations are forced, by the gravitational collapse, to interact with
the Planckian fabric where a new variety of degrees of freedom are exited.

The viewpoint developed in considering the question of information in quantum gravity leads to some phenomeno-
logical proposals that we briefly describe in what follows.

VI. DISCRETENESS AND LORENTZ INVARIANCE

A central assumption behind all the results and perspectives discussed in this article is the compatibility of the
prediction of loop quantum gravity of a fundamental discreteness of quantum geometry at the Planck scale with
the continuum description of general relativity. As emphasized before the problem of the continuum limit of LQG
remains to a large extend open partly due to the technical di�culties in reconstructing the continuum from the
purely combinatorial structures of quantum geometry, but also due to the di�culties associated with the description
of dynamics in the framework (spacetime is a dynamical question involving the solutions of (54)).

A problem that immediately comes to mind is the apparent tension between discreteness and the Lorentz invariance
(LI) of the continuum low energy description. Is the notion of a minimum length compatible with Lorentz invariance?
The apparent tension was initially taken as an opportunity for quantum gravity phenomenology as such a conflict
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FIG. 4: The global space-time causal structure according to
the AB-paradigm. The black hole evaporation takes place
according to semiclassical expectations until the horizon ap-
proaches Planck’s area. The classical would-be-singularity is
represented by the shaded region where quantum geometry
fluctuations are large and no space-time picture is available.
The space-time becomes classical to the future of this region:
it emerges into a classical (essentially) flat background as re-
quired by energy-momentum conservation. Observers at the
instant Σ2 are in causal contact with the would-be-singularity
which (in classical terms) appears to them as a naked singu-
larity.

II. THE ARGUMENT

Our argument is based on the assumption that a the-
ory of quantum gravity will necessarily imply a radical
change in the way space-time is conceived. We are assum-
ing that at the fundamental scale space-time is replaced
by a more basic notion made of fundamentally discrete
constituents governed by quantum mechanical laws.
For concreteness we will set the discussion in the con-

text of LQG; however, we believe that the picture pre-
sented here is general enough to resonate with other ap-
proaches proposed in the literature. For instance the
group field theory formulations [29]. The asymptotic
safety scenario suggesting a quite different space-time
‘fractal’ picture at the fundamental level with effective
dimensional reduction from 4 to 2 [30]. Similar dimen-
sional reduction in dynamical triangulations have been
reported [31]. Another framework that could be included
in the present discussion is the causal sets approach [32].
A common feature of all these formulations is that

space-time arises from a suitable coarse graining where
details of the the relationships among the fundamental
pre-geometric building blocks are lost in the limit where
the smooth space-time of low energy physics is recovered.
It is reasonable to expect that a prescription of a partic-
ular smooth geometry (like flat space-time) will corre-
spond in some of these formulations to infinitely many
different fundamental states: an infinite degeneracy of
the notion of smooth geometry. This is the basic as-
sumption that we will make use of in the present argu-
ment which is well supported by what is known about
the continuum limit in LQG.

A. Smooth space-time from spin-network states in
LQG

In a non perturbative formulation of quantum gravity
space-time itself is a dynamical variable to be quantized
and described in the absence of any background reference
geometry. In such context, recovering the low energy
regime of the theory means to simultaneously recover the
field excitations of QFT as well as the smooth space-
time geometry where they live and evolve. In this sense,
even in the ‘simplest’ case of QFT on Minkowski space-
time, the coherent contribution of the infinitely many
underlying fundamental degrees of freedom responsible
for the emergence of a definite flat background space-time
must be understood.
In the precise context of LQG the key result along

these lines is that space-time geometric operators acquire
discrete spectra. States of the gravitational degrees of
freedom can be spanned in terms of spin-network states
(polymer-like excitations of quantum geometry) each of
which admits the interpretation of an eigenstate of geom-
etry which is discrete and atomistic at the fundamental
level [33–35]. The loop representation of the basic algebra
of geometric observables has been shown to be the unique
one containing a ‘vacuum’ or ‘no-geometry’ state which is
diffeomorphism invariant and hence for which all geomet-
ric eigenvalues vanish [36]. In this picture flat Minkowski
space-time must be viewed as a highly exited state of
such ‘no-geometry’ state, where the quantum space-time
building blocks are brought together to produce the flat
arena where other particles interact. This is a direct
implication of the canonical quantization of gravity a la
Dirac where the space-time metric becomes a quantum
operator on a Hilbert space. Thus, there is no a priori
notion of space-time unless a particular state is chosen
in the Hilbert space. Loop quantum gravity is a con-
crete implementation of such non-perturbative canonical
quantization of gravity [37, 38]. Even though important
questions remain open, there are robust results exhibiting
features which one might expect to be sufficiently generic
to remain in a consistent complete picture.
These states are the boundary data of the quantum

theory whose physical content is encoded in transition
amplitudes to be computed by suitably implementing the

Information loss as decoherence with fundamental 
Planckian discreteness 

AP, Class. Quant. Grav. 
32, 2015.
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Banks, Susskind, and Peskin 
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part. In effect, for them space-time has a future boundary where information is lost. Since

the black hole is assumed to be initially large, the evaporation time is long (about 1070 years

for a solar mass black hole). Suppose we were to work with an approximation that the black

hole takes infinite time to evaporate. Then, the space-time diagram will be figure 4 because
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horizon and information would be genuinely lost for any observer in the initial space-time;
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space-time. Of course this does not happen because the black hole evaporates only in a

finite time.
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ā

Ultra-soft radiation

ba

FIG. 9: The left panel shows the situation as initially pictured by Hawking: a Hawking particle b and its partner a, created
from the vacuum by the interaction with the gravitational field when the black hole can still be considered semiclassical are
maximally correlated. The in-falling particle a enters the strong quantum fluctuation region (the would-be-singularity of classical
gravity) and the information it carries is lost behind the horizon forever for outside observers. The right panel illustrates the
remnant scenario: the information carried by particle a remains in a quantum gravity region that becomes a remnant after
the horizon shrinks via Hawking evaporation to Planckian size and disappears. The information either remains forever inside
a stable remnant, or is recovered via the emission of ultra-soft radiation ā in a astronomically huge time of the order of M4 in
Planck units.

1. Black holes are information sinks: A simple possibility is that even when the singularity is replaced by its
consistent Planckian description one finds that the excitations that are correlated with the outside can never
interact again with it and remain in some quantum gravity sense forever causally disconnected from the outside.
There are two possibilities evoked in the literature: The first possibility is that lost information could end
entangled in a pre-geometric quantum substrate (where large quantum fluctuations [18] prevent any description
in terms of geometry); this would be described as a singularity from the point of view of spacetime physics in
which case the place where informations ends could be seen as a boundary of spacetime description [295]. The
second is that to the future of the singularity (a region of large quantum fluctuations at the Planck scale) a new
spacetime description becomes available but that the newly born spacetime regions remain causally disconnected
from the BH outside: a baby universe [156, 157].

2. Information is stored in a long-lasting remnant:

A concrete proposal consists of assuming that a remnant of a mass of the order of Planck mass at the end of the
Hawking evaporation can carry the missing information [6, 170]. As the final phase of evaporation lies outside
of the regime of applicability of the semiclassical analysis such hypothesis is in principle possible. Notice that
this might be indistinguishable from the outside from the baby universe possibility if no information is allowed
to come out of this remnant. The Planckian size remnant will look as a point-like particle to outside observers.

In order to purify the state of fields in the future, the remnant must have a huge number of internal degrees of
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FIG. 9: The left panel shows the situation as initially pictured by Hawking: a Hawking particle b and its partner a, created
from the vacuum by the interaction with the gravitational field when the black hole can still be considered semiclassical are
maximally correlated. The in-falling particle a enters the strong quantum fluctuation region (the would-be-singularity of classical
gravity) and the information it carries is lost behind the horizon forever for outside observers. The right panel illustrates the
remnant scenario: the information carried by particle a remains in a quantum gravity region that becomes a remnant after
the horizon shrinks via Hawking evaporation to Planckian size and disappears. The information either remains forever inside
a stable remnant, or is recovered via the emission of ultra-soft radiation ā in a astronomically huge time of the order of M4 in
Planck units.
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second is that to the future of the singularity (a region of large quantum fluctuations at the Planck scale) a new
spacetime description becomes available but that the newly born spacetime regions remain causally disconnected
from the BH outside: a baby universe [156, 157].

2. Information is stored in a long-lasting remnant:

A concrete proposal consists of assuming that a remnant of a mass of the order of Planck mass at the end of the
Hawking evaporation can carry the missing information [6, 170]. As the final phase of evaporation lies outside
of the regime of applicability of the semiclassical analysis such hypothesis is in principle possible. Notice that
this might be indistinguishable from the outside from the baby universe possibility if no information is allowed
to come out of this remnant. The Planckian size remnant will look as a point-like particle to outside observers.
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FIG. 9: The left panel shows the situation as initially pictured by Hawking: a Hawking particle b and its partner a, created
from the vacuum by the interaction with the gravitational field when the black hole can still be considered semiclassical are
maximally correlated. The in-falling particle a enters the strong quantum fluctuation region (the would-be-singularity of classical
gravity) and the information it carries is lost behind the horizon forever for outside observers. The right panel illustrates the
remnant scenario: the information carried by particle a remains in a quantum gravity region that becomes a remnant after
the horizon shrinks via Hawking evaporation to Planckian size and disappears. The information either remains forever inside
a stable remnant, or is recovered via the emission of ultra-soft radiation ā in a astronomically huge time of the order of M4 in
Planck units.
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entangled in a pre-geometric quantum substrate (where large quantum fluctuations [18] prevent any description
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second is that to the future of the singularity (a region of large quantum fluctuations at the Planck scale) a new
spacetime description becomes available but that the newly born spacetime regions remain causally disconnected
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of the regime of applicability of the semiclassical analysis such hypothesis is in principle possible. Notice that
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from the vacuum by the interaction with the gravitational field when the black hole can still be considered semiclassical are
maximally correlated. The in-falling particle a enters the strong quantum fluctuation region (the would-be-singularity of classical
gravity) and the information it carries is lost behind the horizon forever for outside observers. The right panel illustrates the
remnant scenario: the information carried by particle a remains in a quantum gravity region that becomes a remnant after
the horizon shrinks via Hawking evaporation to Planckian size and disappears. The information either remains forever inside
a stable remnant, or is recovered via the emission of ultra-soft radiation ā in a astronomically huge time of the order of M4 in
Planck units.

1. Black holes are information sinks: A simple possibility is that even when the singularity is replaced by its
consistent Planckian description one finds that the excitations that are correlated with the outside can never
interact again with it and remain in some quantum gravity sense forever causally disconnected from the outside.
There are two possibilities evoked in the literature: The first possibility is that lost information could end
entangled in a pre-geometric quantum substrate (where large quantum fluctuations [18] prevent any description
in terms of geometry); this would be described as a singularity from the point of view of spacetime physics in
which case the place where informations ends could be seen as a boundary of spacetime description [295]. The
second is that to the future of the singularity (a region of large quantum fluctuations at the Planck scale) a new
spacetime description becomes available but that the newly born spacetime regions remain causally disconnected
from the BH outside: a baby universe [156, 157].

2. Information is stored in a long-lasting remnant:

A concrete proposal consists of assuming that a remnant of a mass of the order of Planck mass at the end of the
Hawking evaporation can carry the missing information [6, 170]. As the final phase of evaporation lies outside
of the regime of applicability of the semiclassical analysis such hypothesis is in principle possible. Notice that
this might be indistinguishable from the outside from the baby universe possibility if no information is allowed
to come out of this remnant. The Planckian size remnant will look as a point-like particle to outside observers.

In order to purify the state of fields in the future, the remnant must have a huge number of internal degrees of
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FIG. 9: The left panel shows the situation as initially pictured by Hawking: a Hawking particle b and its partner a, created
from the vacuum by the interaction with the gravitational field when the black hole can still be considered semiclassical are
maximally correlated. The in-falling particle a enters the strong quantum fluctuation region (the would-be-singularity of classical
gravity) and the information it carries is lost behind the horizon forever for outside observers. The right panel illustrates the
remnant scenario: the information carried by particle a remains in a quantum gravity region that becomes a remnant after
the horizon shrinks via Hawking evaporation to Planckian size and disappears. The information either remains forever inside
a stable remnant, or is recovered via the emission of ultra-soft radiation ā in a astronomically huge time of the order of M4 in
Planck units.
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from the vacuum by the interaction with the gravitational field when the black hole can still be considered semiclassical are
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gravity) and the information it carries is lost behind the horizon forever for outside observers. The right panel illustrates the
remnant scenario: the information carried by particle a remains in a quantum gravity region that becomes a remnant after
the horizon shrinks via Hawking evaporation to Planckian size and disappears. The information either remains forever inside
a stable remnant, or is recovered via the emission of ultra-soft radiation ā in a astronomically huge time of the order of M4 in
Planck units.
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from the vacuum by the interaction with the gravitational field when the black hole can still be considered semiclassical are
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gravity) and the information it carries is lost behind the horizon forever for outside observers. The right panel illustrates the
remnant scenario: the information carried by particle a remains in a quantum gravity region that becomes a remnant after
the horizon shrinks via Hawking evaporation to Planckian size and disappears. The information either remains forever inside
a stable remnant, or is recovered via the emission of ultra-soft radiation ā in a astronomically huge time of the order of M4 in
Planck units.
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second is that to the future of the singularity (a region of large quantum fluctuations at the Planck scale) a new
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Hawking evaporation can carry the missing information [6, 170]. As the final phase of evaporation lies outside
of the regime of applicability of the semiclassical analysis such hypothesis is in principle possible. Notice that
this might be indistinguishable from the outside from the baby universe possibility if no information is allowed
to come out of this remnant. The Planckian size remnant will look as a point-like particle to outside observers.

In order to purify the state of fields in the future, the remnant must have a huge number of internal degrees of

New perspective on the information paradox

Defects in the
Planckian 

discrete spacetime
structure

⌃

⌃0
Defects are hidden 

for the probes of low energy 
observers. No nontinuum 

field theory description. They 
can be essentially “zero 

energy” 



44

⌃

E
ve
nt

H
or
iz
on

ex
tr
em

el
y-
la
te
-o
b
se
rv
er

BH region

Collapsing Matter

P
la
n
ck
ia
n
re
gi
on

Planckian correlations
are deconfined

ā
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FIG. 11: Possible scenario for unitarity in loop quantum gravity. Correlations between a Hawking particle b and its partner a,
created from the vacuum by the interaction with the gravitational field when the black hole can still be considered semiclassical,
are not lost. The in-falling particle enters the strong quantum fluctuation region (the would-be-singularity of classical gravity)
and interacts with the microscopic quantum granular structure of the spacetime geometry; the quantum geometry of Section
III. The correlations between a and b are not lost they are transferred to Planckian degrees of freedom denoted by ā in the
strong quantum region. They become in principle accessible after the BH has completely evaporated. The Hawking radiation is
purified by correlations with these Planckian micro-states which cannot be described in terms of the usual matter excitations.
Information is not lost but simply degraded; just as when burning a news paper the information in the text becomes inaccessible
in practice as it has been transferred to correlations between the molecules of gas produced by the combustion.

where the initially low energy smooth physics excitations are forced, by the gravitational collapse, to interact with
the Planckian fabric where a new variety of degrees of freedom are exited.

The viewpoint developed in considering the question of information in quantum gravity leads to some phenomeno-
logical proposals that we briefly describe in what follows.

VI. DISCRETENESS AND LORENTZ INVARIANCE

A central assumption behind all the results and perspectives discussed in this article is the compatibility of the
prediction of loop quantum gravity of a fundamental discreteness of quantum geometry at the Planck scale with
the continuum description of general relativity. As emphasized before the problem of the continuum limit of LQG
remains to a large extend open partly due to the technical di�culties in reconstructing the continuum from the
purely combinatorial structures of quantum geometry, but also due to the di�culties associated with the description
of dynamics in the framework (spacetime is a dynamical question involving the solutions of (54)).

A problem that immediately comes to mind is the apparent tension between discreteness and the Lorentz invariance
(LI) of the continuum low energy description. Is the notion of a minimum length compatible with Lorentz invariance?
The apparent tension was initially taken as an opportunity for quantum gravity phenomenology as such a conflict
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FIG. 4: The global space-time causal structure according to
the AB-paradigm. The black hole evaporation takes place
according to semiclassical expectations until the horizon ap-
proaches Planck’s area. The classical would-be-singularity is
represented by the shaded region where quantum geometry
fluctuations are large and no space-time picture is available.
The space-time becomes classical to the future of this region:
it emerges into a classical (essentially) flat background as re-
quired by energy-momentum conservation. Observers at the
instant Σ2 are in causal contact with the would-be-singularity
which (in classical terms) appears to them as a naked singu-
larity.

II. THE ARGUMENT

Our argument is based on the assumption that a the-
ory of quantum gravity will necessarily imply a radical
change in the way space-time is conceived. We are assum-
ing that at the fundamental scale space-time is replaced
by a more basic notion made of fundamentally discrete
constituents governed by quantum mechanical laws.
For concreteness we will set the discussion in the con-

text of LQG; however, we believe that the picture pre-
sented here is general enough to resonate with other ap-
proaches proposed in the literature. For instance the
group field theory formulations [29]. The asymptotic
safety scenario suggesting a quite different space-time
‘fractal’ picture at the fundamental level with effective
dimensional reduction from 4 to 2 [30]. Similar dimen-
sional reduction in dynamical triangulations have been
reported [31]. Another framework that could be included
in the present discussion is the causal sets approach [32].
A common feature of all these formulations is that

space-time arises from a suitable coarse graining where
details of the the relationships among the fundamental
pre-geometric building blocks are lost in the limit where
the smooth space-time of low energy physics is recovered.
It is reasonable to expect that a prescription of a partic-
ular smooth geometry (like flat space-time) will corre-
spond in some of these formulations to infinitely many
different fundamental states: an infinite degeneracy of
the notion of smooth geometry. This is the basic as-
sumption that we will make use of in the present argu-
ment which is well supported by what is known about
the continuum limit in LQG.

A. Smooth space-time from spin-network states in
LQG

In a non perturbative formulation of quantum gravity
space-time itself is a dynamical variable to be quantized
and described in the absence of any background reference
geometry. In such context, recovering the low energy
regime of the theory means to simultaneously recover the
field excitations of QFT as well as the smooth space-
time geometry where they live and evolve. In this sense,
even in the ‘simplest’ case of QFT on Minkowski space-
time, the coherent contribution of the infinitely many
underlying fundamental degrees of freedom responsible
for the emergence of a definite flat background space-time
must be understood.
In the precise context of LQG the key result along

these lines is that space-time geometric operators acquire
discrete spectra. States of the gravitational degrees of
freedom can be spanned in terms of spin-network states
(polymer-like excitations of quantum geometry) each of
which admits the interpretation of an eigenstate of geom-
etry which is discrete and atomistic at the fundamental
level [33–35]. The loop representation of the basic algebra
of geometric observables has been shown to be the unique
one containing a ‘vacuum’ or ‘no-geometry’ state which is
diffeomorphism invariant and hence for which all geomet-
ric eigenvalues vanish [36]. In this picture flat Minkowski
space-time must be viewed as a highly exited state of
such ‘no-geometry’ state, where the quantum space-time
building blocks are brought together to produce the flat
arena where other particles interact. This is a direct
implication of the canonical quantization of gravity a la
Dirac where the space-time metric becomes a quantum
operator on a Hilbert space. Thus, there is no a priori
notion of space-time unless a particular state is chosen
in the Hilbert space. Loop quantum gravity is a con-
crete implementation of such non-perturbative canonical
quantization of gravity [37, 38]. Even though important
questions remain open, there are robust results exhibiting
features which one might expect to be sufficiently generic
to remain in a consistent complete picture.
These states are the boundary data of the quantum

theory whose physical content is encoded in transition
amplitudes to be computed by suitably implementing the
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FIG. 3: The solid line with an arrow represents the world-line of an observer restricted to lie in

region I. While these observers must eventually accelerate to reach I+, if they are sufficiently far

away, they can move along an asymptotic time translation for a long time. The dotted continuation

of the world line represents an observer who is not restricted to lie in region I. These observers can

follow an asymptotic time translation all the way to i+.

Although the full quantum state is ‘pure’, there is no contradiction because these observers

look at only part I of the system and trace over the rest which includes a purely quantum

part. In effect, for them space-time has a future boundary where information is lost. Since

the black hole is assumed to be initially large, the evaporation time is long (about 1070 years

for a solar mass black hole). Suppose we were to work with an approximation that the black

hole takes infinite time to evaporate. Then, the space-time diagram will be figure 4 because

the horizon area would shrink to zero only at i+. In this case, there would be an event

horizon and information would be genuinely lost for any observer in the initial space-time;

it would go to a second asymptotic region which is inaccessible to observers in the initial

space-time. Of course this does not happen because the black hole evaporates only in a

finite time.

v) ‘Recovery’ of the ‘apparently lost’ information: Since the black hole evaporates only

in a finite amount of time, the point at which the black hole shrinks to zero (or Planck)

size is not i+ and the space-time diagram looks like figure 3 rather than figure 4. Now,
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FIG. 9: The left panel shows the situation as initially pictured by Hawking: a Hawking particle b and its partner a, created
from the vacuum by the interaction with the gravitational field when the black hole can still be considered semiclassical are
maximally correlated. The in-falling particle a enters the strong quantum fluctuation region (the would-be-singularity of classical
gravity) and the information it carries is lost behind the horizon forever for outside observers. The right panel illustrates the
remnant scenario: the information carried by particle a remains in a quantum gravity region that becomes a remnant after
the horizon shrinks via Hawking evaporation to Planckian size and disappears. The information either remains forever inside
a stable remnant, or is recovered via the emission of ultra-soft radiation ā in a astronomically huge time of the order of M4 in
Planck units.

1. Black holes are information sinks: A simple possibility is that even when the singularity is replaced by its
consistent Planckian description one finds that the excitations that are correlated with the outside can never
interact again with it and remain in some quantum gravity sense forever causally disconnected from the outside.
There are two possibilities evoked in the literature: The first possibility is that lost information could end
entangled in a pre-geometric quantum substrate (where large quantum fluctuations [18] prevent any description
in terms of geometry); this would be described as a singularity from the point of view of spacetime physics in
which case the place where informations ends could be seen as a boundary of spacetime description [295]. The
second is that to the future of the singularity (a region of large quantum fluctuations at the Planck scale) a new
spacetime description becomes available but that the newly born spacetime regions remain causally disconnected
from the BH outside: a baby universe [156, 157].

2. Information is stored in a long-lasting remnant:

A concrete proposal consists of assuming that a remnant of a mass of the order of Planck mass at the end of the
Hawking evaporation can carry the missing information [6, 170]. As the final phase of evaporation lies outside
of the regime of applicability of the semiclassical analysis such hypothesis is in principle possible. Notice that
this might be indistinguishable from the outside from the baby universe possibility if no information is allowed
to come out of this remnant. The Planckian size remnant will look as a point-like particle to outside observers.

In order to purify the state of fields in the future, the remnant must have a huge number of internal degrees of
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FIG. 9: The left panel shows the situation as initially pictured by Hawking: a Hawking particle b and its partner a, created
from the vacuum by the interaction with the gravitational field when the black hole can still be considered semiclassical are
maximally correlated. The in-falling particle a enters the strong quantum fluctuation region (the would-be-singularity of classical
gravity) and the information it carries is lost behind the horizon forever for outside observers. The right panel illustrates the
remnant scenario: the information carried by particle a remains in a quantum gravity region that becomes a remnant after
the horizon shrinks via Hawking evaporation to Planckian size and disappears. The information either remains forever inside
a stable remnant, or is recovered via the emission of ultra-soft radiation ā in a astronomically huge time of the order of M4 in
Planck units.

1. Black holes are information sinks: A simple possibility is that even when the singularity is replaced by its
consistent Planckian description one finds that the excitations that are correlated with the outside can never
interact again with it and remain in some quantum gravity sense forever causally disconnected from the outside.
There are two possibilities evoked in the literature: The first possibility is that lost information could end
entangled in a pre-geometric quantum substrate (where large quantum fluctuations [18] prevent any description
in terms of geometry); this would be described as a singularity from the point of view of spacetime physics in
which case the place where informations ends could be seen as a boundary of spacetime description [295]. The
second is that to the future of the singularity (a region of large quantum fluctuations at the Planck scale) a new
spacetime description becomes available but that the newly born spacetime regions remain causally disconnected
from the BH outside: a baby universe [156, 157].

2. Information is stored in a long-lasting remnant:

A concrete proposal consists of assuming that a remnant of a mass of the order of Planck mass at the end of the
Hawking evaporation can carry the missing information [6, 170]. As the final phase of evaporation lies outside
of the regime of applicability of the semiclassical analysis such hypothesis is in principle possible. Notice that
this might be indistinguishable from the outside from the baby universe possibility if no information is allowed
to come out of this remnant. The Planckian size remnant will look as a point-like particle to outside observers.

In order to purify the state of fields in the future, the remnant must have a huge number of internal degrees of

40

⌃

E
ve
nt

H
or
iz
on

ex
tr
em

el
y-
la
te
-o
b
se
rv
er

BH region

Collapsing Matter

P
la
n
ck
ia
n
re
gi
on

ba

⌃

E
ve
nt

H
or
iz
on

ex
tr
em

el
y-
la
te
-o
b
se
rv
er

BH region

Collapsing Matter

P
la
n
ck
ia
n
re
gi
on

lo
n
g-
li
ve
d
re
m
n
an

t

ā
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FIG. 9: The left panel shows the situation as initially pictured by Hawking: a Hawking particle b and its partner a, created
from the vacuum by the interaction with the gravitational field when the black hole can still be considered semiclassical are
maximally correlated. The in-falling particle a enters the strong quantum fluctuation region (the would-be-singularity of classical
gravity) and the information it carries is lost behind the horizon forever for outside observers. The right panel illustrates the
remnant scenario: the information carried by particle a remains in a quantum gravity region that becomes a remnant after
the horizon shrinks via Hawking evaporation to Planckian size and disappears. The information either remains forever inside
a stable remnant, or is recovered via the emission of ultra-soft radiation ā in a astronomically huge time of the order of M4 in
Planck units.
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FIG. 9: The left panel shows the situation as initially pictured by Hawking: a Hawking particle b and its partner a, created
from the vacuum by the interaction with the gravitational field when the black hole can still be considered semiclassical are
maximally correlated. The in-falling particle a enters the strong quantum fluctuation region (the would-be-singularity of classical
gravity) and the information it carries is lost behind the horizon forever for outside observers. The right panel illustrates the
remnant scenario: the information carried by particle a remains in a quantum gravity region that becomes a remnant after
the horizon shrinks via Hawking evaporation to Planckian size and disappears. The information either remains forever inside
a stable remnant, or is recovered via the emission of ultra-soft radiation ā in a astronomically huge time of the order of M4 in
Planck units.
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FIG. 9: The left panel shows the situation as initially pictured by Hawking: a Hawking particle b and its partner a, created
from the vacuum by the interaction with the gravitational field when the black hole can still be considered semiclassical are
maximally correlated. The in-falling particle a enters the strong quantum fluctuation region (the would-be-singularity of classical
gravity) and the information it carries is lost behind the horizon forever for outside observers. The right panel illustrates the
remnant scenario: the information carried by particle a remains in a quantum gravity region that becomes a remnant after
the horizon shrinks via Hawking evaporation to Planckian size and disappears. The information either remains forever inside
a stable remnant, or is recovered via the emission of ultra-soft radiation ā in a astronomically huge time of the order of M4 in
Planck units.

1. Black holes are information sinks: A simple possibility is that even when the singularity is replaced by its
consistent Planckian description one finds that the excitations that are correlated with the outside can never
interact again with it and remain in some quantum gravity sense forever causally disconnected from the outside.
There are two possibilities evoked in the literature: The first possibility is that lost information could end
entangled in a pre-geometric quantum substrate (where large quantum fluctuations [18] prevent any description
in terms of geometry); this would be described as a singularity from the point of view of spacetime physics in
which case the place where informations ends could be seen as a boundary of spacetime description [295]. The
second is that to the future of the singularity (a region of large quantum fluctuations at the Planck scale) a new
spacetime description becomes available but that the newly born spacetime regions remain causally disconnected
from the BH outside: a baby universe [156, 157].

2. Information is stored in a long-lasting remnant:

A concrete proposal consists of assuming that a remnant of a mass of the order of Planck mass at the end of the
Hawking evaporation can carry the missing information [6, 170]. As the final phase of evaporation lies outside
of the regime of applicability of the semiclassical analysis such hypothesis is in principle possible. Notice that
this might be indistinguishable from the outside from the baby universe possibility if no information is allowed
to come out of this remnant. The Planckian size remnant will look as a point-like particle to outside observers.

In order to purify the state of fields in the future, the remnant must have a huge number of internal degrees of

40

⌃

E
ve
nt

H
or
iz
on

ex
tr
em

el
y-
la
te
-o
b
se
rv
er

BH region

Collapsing Matter

P
la
n
ck
ia
n
re
gi
on

ba

⌃

E
ve
nt

H
or
iz
on

ex
tr
em

el
y-
la
te
-o
b
se
rv
er

BH region

Collapsing Matter

P
la
n
ck
ia
n
re
gi
on

lo
n
g-
li
ve
d
re
m
n
an

t

ā
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The cosmological constant problem

Dark energy from quantum gravity discreteness
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We argue that discreteness at the Planck scale (naturally expected to arise from quantum gravity)
might manifest in the form of minute violations of energy-momentum conservation of the matter
degrees of freedom when described in terms of (idealized) smooth fields on a smooth spacetime. In
the context of applications to cosmology such ‘energy di↵usion’ from the low energy matter degrees
of freedom to the discrete structures underlying spacetime leads to the emergence of an e↵ective dark
energy term in Einstein’s equations. We estimate this e↵ect using a (relational) hypothesis about
the materialization of discreteness in quantum gravity which is motivated by the strict observational
constraints supporting the validity of Lorentz invariance at low energies. The predictions coming
from simple dimensional analysis yield a cosmological constant of the order of magnitude of the
observed value without fine tuning.

PACS numbers: 98.80.Es, 04.50.Kd, 03.65.Ta

The discovery that the universe is undergoing an accel-
erated expansion [1, 2] is the source of one of the greatest
puzzles of our present understanding of cosmology which
goes under the name of the dark energy problem. While
the assumption of the presence of a cosmological constant
⇤ remains the most successful phenomenological model,
naive theoretical reasoning predicts a value for ⇤ that
is either 120 orders of magnitude bigger or a value that
is strictly vanishing when a protective symmetry princi-
ple is invoked [3]. At present, there is no fundamental
reasoning leading to ⇤

obs

⇡ 1.19 10�52 m�2, the value
indicated by observations [4].

A recent work [5] proposed a framework where viola-
tions of energy momentum conservation produce a dark
energy contribution. The key result of that work was
to characterize the e↵ective framework where violations
of energy conservation are made compatible with general
relativity. As an illustration we applied it to two models,
previously considered in the literature, that propose such
violations. However, none of these two could be taken as
truly realistic. On the one hand, the cosmological time at
which the e↵ects would start was not intrinsically defined
by the models, and, on the other hand, the strength of
the violations of energy conservation were encoded in a
phenomenological adjustable parameter with no explicit
link to fundamental constants. Therefore, while these ex-
amples were illustrative of the idea that small violations
can cumulate and contribute non negligibly to ⇤, they
could not be used to predict its value.

In this paper we bridge this gap by proposing a mecha-
nism to generate ⇤ and the quantitative estimates based
entirely on known fundamental features of the physics in-
volved. The origin of the cosmological term, we suggest,
is to be found in the microscopic structure of spacetime
and its interaction with matter. We will work under the
hypothesis that discreteness of geometry and Lorentz in-

variance at low energies are fundamental aspects of quan-
tum gravity. Based on these two fundamental features we
propose a phenomenological model for quantum-gravity-
induced violations of energy conservation where only the
fundamental constants G, c, ~ and two parameters of the
standard model (SM) enter (the top quark mass and the
energy scale of the electro-weak phase transition). We
show that our simple proposal resolves the two limita-
tions of the previous examples and predicts a contribu-
tion to the cosmological constant of the correct order of
magnitude.
One of the most important constraints on the form of

quantum discreteness at Planck scales comes from the ob-
served validity of Lorentz invariance at QFT scales. As
shown in [6, 7] this rules out the simple atomistic view of
a spacetime foam selecting a preferred ‘rest-frame’ at the
Planck scale. This result, that severely constrains phe-
nomenological ideas, is corroborated by a large collection
of empirical evidence [8]. A more subtle theoretical char-
acterization of space-time discreteness at Planck’s scale
is necessary.
We think that the key for understanding Planckian

discreteness is in the relational nature of physics, partly
uncovered by Einstein’s theory of gravity [9]. In gen-
eral relativity, geometry can only be probed in terms of
other degrees of freedom. The metric has an operational
meaning only when rulers and clocks are introduced 1.
More precisely, the construction of observables (di↵eo-
morphism invariant quantities) requires the use of rela-

1
For example modified gravity models can be presented in the Jor-

dan or Einstein frames [10]. Thus physics can be described using

di↵erent notions of geometry, yet at the end ‘physical geometry’

is identified with the one where “free particles follow geodesics”.

Before the introduction of such test degrees of freedom the iden-

tification of physical geometry is meaningless.
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A model predicting the observed cosmological constant
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Discreteness and Lorentz invariance

Quantum spacetime cannot be interpreted in analogy 
with a lattice choosing a preferred rest frame.  

Lorentz violation at the Planck scale is not 
suppressed by the Planck scale. It percolates via 
radiative corrections to large violations at low 

energies.
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to zero when |p|/Λ → 0. But in our calculations we will set ∆ and ∆̃ to
exactly zero. We will assume Λ to be of order the Planck scale.

Corrections to the propagation of the scalar field are governed by its
self-energy† Π(p), which we evaluate to one-loop order. We investigate
the value when pµ and the physical mass m are much less than the cutoff
Λ. Without the cutoff, the graph is quadratically divergent, so that
differentiating three times with respect to p gives a convergent integral
(i.e., one for which the limit Λ → ∞ exists). Therefore we write

Π(p) = A + p2B + pµpνWµWν ξ̃ + Π(LI)(p2) + O(p4/Λ2), (1.8)

in a covariant formalism with p2 = pµpνηµν , where ηµν is the space-time
metric. The would-be divergences at Λ = ∞ are contained in the first
three terms, quadratic in p, so that we can take the limit Λ → ∞ in the
fourth term Π(LI)(p2), which is therefore Lorentz invariant. The fifth
term is Lorentz violating but power-suppressed. The coefficients A and
B correspond to the usual Lorentz-invariant mass and wave function
renormalization, and the only unsuppressed Lorentz violation is in the
third term. Its coefficient ξ̃ is finite and independent of Λ, and explicit
calculation (Collins et al., 2004) gives:

ξ̃ =
g2

6π2

⎡

⎣1 + 2

∞
∫

0

dxxf ′(x)2

⎤

⎦ . (1.9)

Although the exact value depends on the details of the function f , it is
bounded below by g2/6π2. Lorentz violation is therefore of the order of
the square of the coupling, rather than power-suppressed. The LIV term
in (1.8) behaves like a renormalization of the metric tensor and hence
of the particle’s limiting velocity. The renormalization depends on the
field and the size of the coupling, so that we expect different fields in
the Standard Model to have limiting velocities differing by ∼ 10−2. The
rough expected size depends only on UV power counting and Standard-
Model couplings.

The expected size is in extreme contrast to the measured limits. To
avoid this, either Lorentz-violation parameters in the microscopic theory
are extremely fine-tuned, or there is a mechanism that automatically re-
moves low-energy LIV even though it is present microscopically. More
exact calculations would use renormalization group methods. But we
know from the running of Standard-Model couplings, that this can pro-
duce changes of one order of magnitude, not twenty.

† In perturbation theory, the sum over one-particle-irreducible two-point graphs.
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In Secs. 1.4 and 1.5, we will analyze the applicability of LIV effective
theories. But first, we will make some simple model calculations, to
illustrate generic features of the relation between microscopic LIV and
low-energy properties of a QFT.

1.3 Model calculation

The central issue is associated with the UV divergences of conventional
QFT. Even if the actual divergences are removed because of the short-
distances properties of a true microscopic theory, we know that QFT
gives a good approximation to the true physics up to energies of at least
a few hundred GeV. So at best the UV divergences are replaced by large
finite values which still leave observable low energy physics potentially
highly sensitive to short-distance phenomena.

Of course, UV divergences are normally removed by renormalization,
i.e., by adjustment of the parameters of the Lagrangian. The observable
effects of short-distance physics now appear indirectly, not only in the
values of the renormalized parameters, but also in the presence in the
Lagrangian of all terms necessary for renormalizability.

The interesting and generic consequences in the presence of Lorentz
violation we now illustrate in a simple Yukawa theory of a scalar field
and a Dirac field. Before UV regularization the theory is defined by

L =
1

2
(∂φ)2 −

m2
0

2
φ2 + ψ̄(iγµ∂µ − M0)ψ + g0φψ̄ψ. (1.5)

We make the theory finite by introducing a cut-off on spatial momenta
(in a preferred frame defined by a 4-velocity Wµ). We use a conventional
real-time formalism, so that the cutoff theory is within the framework
of regular quantum theory in 3 space dimensions. The cutoff is imple-
mented as a modification of the free propagators:

i

γµpµ − m0 + iϵ
→

if(|p|/Λ)

γµpµ − m0 + ∆(|p|/λ) + iϵ
, (1.6)

i

p2 − M2
0 + iϵ

→
if̃(|p|/Λ)

p2 − M2
0 + ∆̃(|p|/λ) + iϵ

. (1.7)

Here, the functions f(|p|/Λ) and f̃(|p|/Λ) go to 1 as |p|/Λ → 0, to
reproduce normal low energy behavior, and they go to zero as |p|/Λ →
∞, to provide UV finiteness. The functions ∆ and ∆̃ are inspired by
concrete proposals for modified dispersion relations, and they should go
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Lorentz invariance and quantum gravity: an additional fine-tuning problem?
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(Dated: 30 October 2004)

Trying to combine standard quantum field theories with gravity leads to a breakdown of the usual
structure of space-time at around the Planck length, 1.6×10−35 m, with possible violations of Lorentz
invariance. Calculations of preferred-frame effects in quantum gravity have further motivated high
precision searches for Lorentz violation. Here, we explain that combining known elementary particle
interactions with a Planck-scale preferred frame gives rise to Lorentz violation at the percent level,
some 20 orders of magnitude higher than earlier estimates, unless the bare parameters of the theory
are unnaturally strongly fine-tuned. Therefore an important task is not just the improvement of
the precision of searches for violations of Lorentz invariance, but also the search for theoretical
mechanisms for automatically preserving Lorentz invariance.

The need for a theory of quantum gravity and a modi-
fied structure of space-time at (or before) the Planck scale
is a consequence of the known and successful theories of
classical general relativity (for gravity) and the standard
model (for all other known interactions). Thus one of
the most important challenges in theoretical physics is
the construction of a quantum theory of gravitation.

Direct investigations of Planck-scale phenomena need
short-wavelength probes with elementary-particle ener-
gies of order the Planck energy EP = (h̄c5/G)1/2 =
1.2 × 1019 GeV, which is much too high to be practica-
ble. But actual tests — e.g., [1, 2, 3] — of a hypothesized
granularity of space-time at the Planck scale are possible
because relativity (embodied mathematically as Lorentz
invariance) gives a unique form for the dispersion relation
between the energy and momentum of a particle,

E =
√

p2c2 + m2c4. (1)

Here c, the speed of light is a universal constant, while
the particle rest mass m depends on the kind of particle.
We will henceforth use units in which c = 1.

Calculations in [4, 5] find preferred-frame effects asso-
ciated with space-time granularity [6] in the two most
popular contenders for a theory of quantum gravity,
which are string theory [9] and loop quantum gravity
[10, 11]. In these scenarios, the preferred frame and the
consequent Lorentz violation occur even though the fun-
damental classical equations of both of the theories are
locally Lorentz invariant. We thus have a quantum in-
spired revival of the nineteenth century idea of the elec-
tromagnetic ether, a background in which propagate light
waves, as well as all other elementary particles and fields.
Specific estimates of modified dispersion relations were
made in these papers from calculations of the propaga-
tion of quantum mechanical waves in the granular space-
time background. At accessible energies, only minute ef-
fects were predicted, of relative order E/EP or (E/EP )2,
when the probe has energy E. For other ways in which

k

p

FIG. 1: Lowest order self-energy graph. Interactions of quan-
tum fields require an unrestricted integral over the momenta
of the virtual particles up to the highest momenta allowed in
the theory.

Lorentz violation might arise, see, for example, [12, 13].
The minuteness of the effects is in accord with every-
day scientific thinking, where we often find that the de-
tails of physical phenomena on one distance scale do not
directly manifest themselves in physics on much larger
scales. Therefore attention has focused on searches for
extremely small violations of the dispersion relation.

However, as we will now explain, the predicted viola-
tions of the dispersion relations are enormously increased
when we include known elementary particle interactions.
In quantum field theories like the standard model, the
propagation of an isolated particle has calculable contri-
butions from Feynman diagrams for particle self-energies,
such as Fig. 1. The dispersion law for a particle is ob-
tained by solving

E2 − p2 − m2 − Π(E,p) = 0. (2)

Here Π is the sum of all self-energy graphs, to which
we have added any (small) Lorentz-violating corrections
calculated in free-field theory as in [4, 5].

We now apply the following reasoning: Without
a cutoff the graphs have divergences from large mo-
menta/short distances. In the Lagrangian defining the
theory, the divergences correspond to terms of dimen-
sion 4 (or less) that obey the symmetries of the micro-
scopic theory. In the textbook situation with Lorentz
invariance, the divergences are removed by renormaliza-
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matter via the thermal production of Planck mass defects if such stable particles are part of the spectrum of quantum
gravity. As in the case of the so-called WIMP miracle, we notice that the decoupling temperature and mass of such
hypothetical purely gravitationally interacting particles (natural objects from the perspective of quantum gravity) fall
in the right range to represent a possible dark matter candidate.

We are aware of the strong assumptions in our model which stretches well established physics into the uncertain
and unknown territory of quantum gravity. The speculative nature of such an enterprise is certainly very risky. Our
model links naturally some of the key cosmological observations with aspects of that new physics of quantum gravity
that we strive to better understand. This by itself seems to justify our adventures. We hope that these initial ideas
could lead to helpful insights in the future.
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Appendix A: Detail balance in the production of inhomogeneities

We start from equation (48) where we add a source term

� ¨�k + 3H0� ˙�k + �k� ˙�k +

k2

a2
��k +

d2V (�0)

d�2
��k = ↵k�(t� tkint), (A1)

where the right hand side contains a delta distribution—idealizing the idea that the source of inhomogeneities is the
granular structure that interacts with the scalar field at the fixed physical scale mp at time tkint corresponding to the
instant when k = a(tkint)mp—and the noise function ↵k which is a stochastic variable whose probability properties
will be determined later. Note that ↵k carries units of m2 (due to the units of the delta distribution). Integrating the
previous equation in time before and after the interaction time tkint for an infinitesimally small duration we get

�� ˙�k + (3H0 + �k)���k = ↵k. (A2)

Here we need to know how the interaction ‘kicks’ the field in the sense of how the perturbation is distributed between
� ˙�k and ��k. Without further details about the fundamental mechanism we will assume the equipartition

�� ˙�k = H0���k, (A3)

which implies

���k =

↵k

H0(4 + �k)
. (A4)

Appendix B: Revisiting the Weinberg theorem

This is a short review of some basic facts of cosmological perturbation theory and the proof of Weinberg conservation
theorem. We follow the notation of [34]. The proof presented here is, we believe, more direct than the one in the
textbook; we include it here for completeness. In perturbation theory, the metric is split in the usual way as

gµ⌫ = g(0)µ⌫ + hµ⌫ (B1)

where g
(0)
µ⌫ is the unperturbed, K = 0 metric, and hµ⌫ is a perturbation; namely

ds20 = �d⌧2 + a(⌧)2�ijdx
idxj . (B2)
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Planck Collaboration: Cosmological parameters

the constraints on 1-parameter extensions to the base-⇤CDM
model. As in 2013 and 2015 we find no strong evidence in favour
of any of these extensions, using either the Planck data alone or
Planck combined with BAO. We also find that constraints on the
base-⇤CDM parameters are remarkably robust to a variety of
possible extensions to the ⇤CDM model, as shown in Table 5:
many of these parameters are constrained to high precision in a
nearly model-independent way.

We now discuss some specific extensions in more detail.

7.2. Early Universe

CMB observations probe the state of the universe at the earliest
time that is directly observable with the electromagnetic spec-
trum. The physics of the anisotropies is well understood, and
can be predicted accurately with linear theory given a set of ini-
tial conditions. Planck observations can therefore be used to give
powerful constraints on the initial conditions, i.e., the perturba-
tions present at the start of the hot big bang. We discuss in turn
constraints on the scalar and tensor perturbations, allowing for
deviations from a purely power-law scalar spectrum, and dis-
cuss the interpretation within the context of the most popular
inflationary models.

7.2.1. Primordial scalar power spectrum

The Planck data are consistent with purely adiabatic primordial
scalar curvature perturbations, with no evidence for isocurva-
ture modes (see Planck Collaboration X 2020), as predicted by
the simplest single-field inflation models. The primordial power
spectrum is then just a function of scale. In this section, we char-
acterize the scalar fluctuation spectrum in terms of a spectral in-
dex ns and its first two derivatives with respect to ln k (the “run-
ning” and “running of the running” of the spectral index):

PR(k) = As

 

k
k0

!n(k)

, (38a)

n(k) = ns � 1 + (1/2)(dns/d ln k) ln(k/k0)
+(1/6)(d2ns/d ln k2)(ln(k/k0))2. (38b)

In the absence of any running of the spectral index, our con-
straint on ns for the base-⇤CDM model (Eq. 21) shows an 8� tilt
away from scale invariance. Adding BAO tightens the constraint
to nearly 9�:

ns = 0.9665 ± 0.0038 (68 %, TT,TE,EE+lowE+lensing
+BAO). (39)

The need for a red-tilted scalar spectrum is quite robust to exten-
sions to base ⇤CDM, as summarized in Table 5. In all cases, we
find ns < 1 at � 3�.

Adding running of the spectral index, dns/d ln k, as a single
additional parameter to base ⇤CDM, we find

dns/d ln k = �0.0045 ± 0.0067,
ns = 0.9641 ± 0.0044,

ns,0.002 = 0.979 ± 0.021,
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68 %, TT,TE,EE
+lowE+lensing, (40a)

dns/d ln k = �0.0041 ± 0.0067,
ns = 0.9659 ± 0.0040,

ns,0.002 = 0.979 ± 0.021,
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;

68 %, TT,TE,EE
+lowE+lensing
+BAO,

(40b)

where ns is defined by default at k = 0.05 Mpc�1 and ns,0.002
is the corresponding tilt at k = 0.002 Mpc�1. The slight pref-
erence for negative running is driven by the mild tension be-
tween the CMB temperature power spectrum at high and low
multipoles discussed in Sect. 6.1, with negative running allow-
ing higher large-scale tilt, giving less power on large scales (see
Fig. 27 and the extensive discussions in PCP13 and PCP15). The
measurements of the tilt and running around the pivot scale of
k ' 0.05 Mpc�1 are robust to allowing even more freedom for
the spectrum to vary with scale. For example, allowing for run-
ning of the running we find

d2ns/d ln k2 = 0.009 ± 0.012,
dns/d ln k = 0.0011 ± 0.0099,

ns = 0.9647 ± 0.0043,

9
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>
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>

=

>

>

>

>

;

68 %, TT,TE,EE
+lowE+lensing
+BAO.

(41)

Here the slight preference for negative running has almost dis-
appeared, and there is instead a slight preference for lower large-
scale power by having positive running of the running, leaving
a near power-law solution on small scales. There is no evidence
for any significant deviation from a power law on small scales.
This is consistent with the simplest slow-roll inflation models
where the running (and higher derivatives of the spectral index)
are higher order in slow-roll (so that dns/d ln k = O(|ns � 1|2),
d2ns/d ln k2 = O(|ns � 1|3)) and all deviations from a constant
spectral index can be neglected at Planck sensitivity.

An analysis of more general parameterizations of the
primordial power spectrum are presented in section 6 of
Planck Collaboration X (2020), including various specific phys-
ically motivated models, as well as general parametric recon-
structions. Models with many more free parameters can pro-
vide better fits to the data, but none are favoured; in all cases
the small-scale spectrum is found to be consistent with a power
law over the range 0.008 Mpc�1 <⇠ k <⇠ 0.1 Mpc�1, with low-
significance hints of larger-scale features corresponding to the
dip in the low-` temperature power spectrum. The introduction
of the additional degrees of freedom in the initial power spec-
trum had no significant impact on the determination of the main
cosmological parameters for the parameterizations considered.

7.2.2. Tensor modes

Primordial gravitational waves32, or tensor modes, source a dis-
tinctive curl-like (“B-mode”) pattern in the CMB polarization
and add additional power to the large-scale temperature power
spectrum (Kamionkowski et al. 1997; Seljak & Zaldarriaga
1997). Planck’s B-mode measurement is noise and systematics
limited and provides a relative weak constraint on the tensor-
to-scalar ratio r0.002 < 0.41 (95 % CL, Planck Collaboration V
2020). As with the 2013 and 2015 releases, the strongest con-
straint on tensor modes from the Planck data alone comes from
the TT spectrum at ` <⇠ 100.

The precision of the Planck temperature constraint remains
limited by cosmic variance from the scalar component and is
model dependent. The tightest and least model-dependent con-
straints on the tensor amplitude come from the Ade et al. (2018,
BK15) analysis of the BICEP2/Keck field, in combination with
Planck and WMAP maps to remove polarized Galactic dust
emission. The BK15 observations measure the B-mode polar-
ization power spectrum in nine bins at ` <⇠ 300, with the ten-
sor amplitude information coming mainly from scales ` ' 100,

32The polarization anisotropies generated by gravitational waves was
discussed first by Polnarev (1985).
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If we take H0/k0 = 1 which boils down to normalizing a = 1 at the moment the most IR mode in the CMB leaves
the horizon we arrive at the final expression for the power spectrum of scalar perturbations (for H0 ⇡ mp) we get

PR ⇡ 9⇡2�

k3�2

✓
1 + 4� log

✓
k

k0

◆◆
. (88)

Using the customary notation where PR ⌘ N2/k3, comparison with CMB observations (see for instance [33]) fixes
the normalization factor N2 to

N2 ⇡ 9⇡2�

�2
⇡ 1.9⇥ 10

�10. (89)

Using that � ⇡ �10

�2 at our energy scale one needs to fix � ⇡ 10

�16 which is remarkably close to the estimate �H
given in (19) based on the natural measure of deviation from conformal invariance put forward in the introduction
expected to control the Brownian diffusion mechanism. Deviation from scale invariance are encoded in the spectral
index of scalar perturbations ns. They are controlled by the Higgs self coupling as it follows from (88). The result to
first order in � is

ns � 1 ⌘ d log(k3PR)

d log k
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. (90)

Observations constraint it to

1� ns = 0.04± 0.004, (91)

which implies � ⇡ � 10

�2 which is compatible with the he standard model expected value of � = �(1.3± 0.7)⇥ 10

�2

at these high field values—see [39]. Notice that in our framework the spectral index is itself k dependent. Notice that
the linear approximation used remains consistent inspite of the log(kmax/k0) in the error term as for � = �10

�2 and
kmax = 10

5k0 one has �2
log(kmax/k0) ⇡ 10

�3 which is smaller than the present observational error in 1� ns [43]. In
the same paper the deviations from a constant spectral index are reported to be given by

dns

d log k
= �0.0045± 0.0067. (92)

One can repeat the previous analysis starting from equation (76) and keeping terms up to order �2. With this
improved approximation it is possible to compute the previous quantity and the result is

dns

d log k
= �0.0005 + O(�3

). (93)

The previous is a prediction of our scheme, potentially verifiable in the future if observational data reduce the error
by about 10%.

Tensor modes

So far we focused on the description of a mechanism for the generation of inhomogeneities in scalar modes only.
The question of whether tensor modes are also produced is a very important one in view of future constraints on the
scalar-to-tensor ratio r from CMB observations. In our model fundamental discreteness is the underlying mechanism
for the active generation of the inhomogeneities. As argued in the introduction, see also [25, 26] for further discussion,
such discreteness should primarily affect degrees of freedom breaking scale invariance. In the present case, with
the assumption of the validity of the standard model, the breaking of scale invariance is mediated by the Higgs
scalar mass. Gravitons being massless should not interact with the Planckian discrete structure according to the
dimensional analysis type of rational behind our model. More precisely, as it is well known, an infinitesimal conformal
transformation �gab = �!gab—here regarded as a field variation—leads to the trace-part of Einsteins equations
(R � 8⇡GT ) = 0. This clearly implies that the trace part the field equations encode conformal-invariant-breaking
interactions that mediate the stochastic production of inhomogeneities in our model. Thus the Planckian granularity—
imposed by the consistency with the low energy Lorentz invariance [26, 30]—cannot generate tensor modes whose
sources are encoded in the tensor traceless components of the energy momentum tensor. Therefore, the expected
value of the tensor-to-scalar ratio predicted by our model is basically r ⇡ 0.
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Running of the spectral index Nearly vanishing tensor to scalar ratio

r ⇡ 0

Perturbations in the slow-roll regime

To illustrate this, let us consider a model of inflation with large field values (model
of type A), for instance, with a power law potential (8.68). The expressions (8.69)
and (8.235) allow us to establish that

r =
f

2

(
n

n + 2

)
(1− nS). (8.257)

Inverting (8.70) and (8.69) for ε, we obtain

r = f
n

4(N + n/4)
, 1− nS =

n + 2

2(N + n/4)
. (8.258)

For a given model, for example, n = 4, the observable quantities r and nS − 1 depend
on the number of e-folds. Figure 8.11 illustrates the position of one of these models in
the (nS − 1, r)-plane. As N is increased the model gets closer and closer to the point
(nS −1, r) = (0, 0). This figure also summarizes the constraints on the two parameters
obtained from WMAP data.
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Fig. 8.11 Constraints on single-field chaotic inflationary models with potentials of the form
ϕn with n = 2 (dashed), n = 4 (solid) and on Nflation with ϕ2 potential (dotted). HZ is

the prediction for a strictly scale invariant power spectrum. The predictions for N = 50 and
N = 60 e-folds have been plotted. The ϕ4 models are excluded at 95% CL. From Ref. [29].

Given observational constraints in this plane, the viability of a model depends on
the number of e-folds. The previous example shows that predictions from a model of
chaotic inflation depend crucially on N . The latest analysis of WMAP [29] concluded
that a single-field model with V = λϕ4/4 is far from the 95% confidence level (CL)
region for both N = 50 and N = 60. A massive free-field model is out of the 68% CL
region for N = 50 and at the boundary of this region for N = 60 while being inside
the 95% CL region. For a power-law inflation model, R = 1/p and 1 − nS = 2/p so
that p < 60 is excluded at more than 99% CL.

Our model 
Assuming the standard model matter content and natural initial conditions!
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At the end of the inflationary era reheating raises the temperature to close to the Planck temperature and Planck
mass remnants could be created via thermal fluctuations if thermal equilibrium density is achieved. In order for this
to happen one needs the remnant interaction rate �

pbh

> H, where the interaction rate is given by � = n�v with n
the number density, � the interaction cross section, and v the velocity. For remnants of mass m

pbh

the interaction
cross section is �

pbh

⇡ m2

pbh

/m4

p while their number density n while in thermal equilibrium goes like n ⇡ T 3. Using
that in the radiation dominated era H ⇡ (T/mp)T , we conclude that remnants decouple from thermal equilibrium
when

T .
m2

p

m2

pbh

mp ⌘ T
D

.

If thermal equilibrium can hold up to T
D

. T
end

then the thermal remnant abundance of dark matter today can be
estimated to be about (see equation 4.38 in Peter-Uzan)
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◆ 3
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e
�

mpbh
TD .

One can easily check that it is possible to obtain a remnant density compatible with dark energy density today—which
would correspond to evaluating the previous line to about 10�120—with a m

pbh

slightly larger than but of the order
of mp. This shows that the framework provided by our model could also fit dark energy genesis from the production
of stable PBHs via thermal fluctuations at the end of the De Sitter phase without extreme fine tuning where the
necessary suppression is brought by the standard Gibbs factor. After completion of this work we discovered that very
similar arguments are put forward in ?.
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Discussion

1. Loop Quantum Gravity predicts discreteness of spacetime geometry at the
Planck scale (Rovelli-Smolin).

2. The anomaly free quantization of the Hamiltonian operator defining the
dynamics of LQG has been recently shown to exist (Varadarajan M. 2022).
Although procedure reduces ambiguities some seem to remain.

3. Solution of the quantum dynamics remains a di�cult challenge. The path
integral or spin foam formulation is defined to address this question (some
interesting points: contact with classical limit on fixed lattices; numerics
is developing fast).

4. Open hard problems in LQG: The continuum limit (E. Bianchi, B. Dit-
trich, ...), dynamics (spin-foams, S. Speziale, M. Han,...), fundamental
observables (L. Freidel, J. Lewandowski, T. Thiemann, K. Giesel,...), in-
clusion of matter...



Interesting phenomenology
1. Discreteness opens the way for a fundamental account of black hole en-

tropy. The approach of LQG is fundamentally not holographic. This
avoids contradictions with standard QFT and GR in the regimes where
we expect both to be valid approximations (e.g. the firewall problem).

2. The resolution of information problem requires dynamics across the singu-
larity. Discreteness of LQG regularises singularities (in models of cosmol-
ogy (Ashtekar, Bojowald, Singh,...) and BH collapse (Ashtekar, Rovelli,
Pullin, ...)).

3. Decoherence with discrete microstructure is natural and provides a reso-
lution of the information problem. But decoherence implies di↵usion; this
leads to a simple phenomenological model for an emergent cosmological
constant which agrees with observations.

4. Discreteness provides a natural candidate for producing the seeds of struc-
ture formation in cosmology (recall trans Planckian issue of standard
accounts) where symmetry breaking (inhomogeneities) is fundamentally
present at the primordial level (no quantum to classical transition in-
volved).

5. Primordial Planckian black holes (defects) as dark matter candidates.



Thank you very much! 


