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The phase space of GR 
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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 in a nut-shell
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Quantization of area

area quantum = �`2p
p

j(j + 1)

1

32

1

2

1

2

1

2

1

5

2

1

2

2 3

2

4

� ⌘ Immirzi parameter

C. Rovelli and L. Smolin. (1995)

A. Ashtekar and J. Lewandowski. (1997)

Monday 18 February 19



Implications of discreteness
a brief status report
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FIG. 7: Quantum states of the bulk space-geometry are represented by spin network states. Spin network states are given
by graph-like excitations with one dimensional lines representing quantized flux-lines of the SU(2) electric field Ei whose
‘intensity’ E2 is directly related to the geometric notion of area (see equation (70) and the quantum version (76)). Therefore,
one dimensional lines can be interpreted as carrying quantized units of transversal area. Similarly, nodes carry quantum numbers
of volume. Black holes are described by boundaries satisfying the isolated horizon boundary condition. The bulk state induces
a boundary state which is given by a collection of point-like excitations (punctures) which carry quanta of boundary-area. To
avoid overloading the figure with details, we have only explicitly labelled with the corresponding half-integers three particular
links. At nodes, gauge invariance is encoded in the validity of the Gauss law (52) which requires the net flux of electric field to
vanish. This condition restricts spin labels to those satisfying the rules of addition of angular momentum in standard quantum
mechanics. Spin-networks were originally proposed by Penrose as a network defined by spinning particles colliding at nodes in
an ambient space. He showed that they encoded the geometry of 3-dimensional Euclidean space combinatorially [229]. Graph
states are defined modulo di↵eomorphisms (graph deformations) preserving the boundary, i.e. tangent to the boundary.

still missing mainly because the dynamical aspect of the question—understanding the solution space of (54)—is still
under poor control.

However, the view that arises from the above studies is that smooth geometry should emerge from the underlying
discrete fundamental structures via the introduction of coarse observers that are insensitive to the details of the UV
underlying structures. One expects that renormalization group techniques should be essential in such context (see
[127] and references therein). The problem remains a hard one as one needs to recover a continuum limit from the
underlying purely combinatorial Wheeler’s pre-geometric picture [217]. The task is complicated further in that the
usual tools—applied to more standard situations where continuity arises from fundamentally discrete basic elements
(e.g. condensed matter systems or lattice regularisations of QFTs)—cannot be directly imported to the context where
no background geometry is available.

Consequently, a given classical space-time cannot directly correspond to a unique quantum state in the fundamental
theory: generically, there will be infinitely many di↵erent quantum states satisfying the coarse graining criterion
defined by a single classical geometry. For instance, there is no state in the LQG Hilbert space that corresponds to
Minkowski space-time. Flat spacetime is expected to emerge from the contributions of a large ensemble of states all
of which look flat from the coarse grained perspective. Because coarse grained observers are insensitive to Planckian
details (quantum pre-geometric defects), flat space-time might be more naturally associated with a density matrix in
LQG than to any particular pure state [14, 208]. The bulk entropy associated to such mix-state would be non trivial
in the sense that it would carry a non trivial entropy density (this will be important in Section V).

Unfortunately, due to the di�culties associated with describing the low energy limit of LQG, one cannot give a
precise description of the exact nature of the pre-geometric defects that might survive in a state defining a background
semiclassical geometry. Nevertheless, there are a variety of structures at the Planck scale that do not seem to play an
important role in the construction of the continuum semiclassical space-time, yet they are expected to arise in strong
coupling dynamical processes as no selection rule forbids them. For instance one has close loops and embedded knots
which are the simplest solutions to all the quantum constraint-equations including (54) [256]. As geometric excitations
they are degenerate and carry area but no volume quantum numbers. More generally the semiclassical weave states
in LQG can contain local degenerate contributions such as trivalent spin-network nodes or other configurations with
vanishing volume quanta. On the dynamical side the vertex amplitude of spin foams [139] is known not to impose
some of the metricity constraints stronly. This allows for the possibility of pre-geometric structures to survive [272]
in the semiclassical limit. From the canonical perspective the quantum Hamiltonian constraint seem to invariably

Boundary DOF described by
SU(2) Chern-Simons theory

Engle, AP, Noui, PRL 105 (2010)

Ashtekar et al. (1999)  
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Entropy Calculation: the status in few lines
AP.  Rept. Prog. Phys. 80 (2017) 

Sbh =
�0
�

A

4`2p

Pure quantum geometry approach

� = �0

Smatter = �
A

✏2
+ corrections

� = undertermined constant

(UV regularization dependent

species problem)

✏ = UV cut-o↵

Number of d.o.f.  dominated by 
boundary contribution

D ⇡ exp


�

A

✏2

�

Ghosh-Noui-AP, PRD (2014)

Barbero-Villasenor (2008)Rovelli (1996), 
Ashtekar-Baez-Krasnov-Corichi (1999), 

etc  

Analysis in standard QFT implies

Smatter = �
A

✏2
+ corrections

� = undetermined constant due to:

UV regularisation dependence,

the species problem, etc.

✏ =UV cut-o↵

Sbh =
A

4G~

Taking into account matter excitations

Monday 18 February 19



Loop Quantum Gravity: a non-holographic approach

Black Hole Entropy 
is not a measure of 

the number of 
internal states of a 

Black Hole
Black Hole entropy is a 
measure of the number 
of states we can interact 

with from the outside 
(horizon states)

AP. Rept. Prog. Phys. 80 (2017)
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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,
(
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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
〈
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= ⟨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,
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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.

6

Loop Quantum Gravity: in cosmology

Bojowald (2001),  Ashtekar,  Singh, etc.

From Ashtekar, Pawlowski, Singh PRD 
(2006)

Planckian discreteness resolves big-
bang singularity.
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Loop Quantum Gravity: collapse, singularities, and 
information.

There is the expectation 
that the same would 
hold for Black Hole 

singularities

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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J
−

i +
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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.

 Unruh and Wald (1995) 

Banks, Susskind, and Peskin 
(1984)

Violations of energy-
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conservation
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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
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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
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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
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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. 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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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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of the regime of applicability of the semiclassical analysis such hypothesis is in principle possible. Notice that
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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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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.
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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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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.
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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.
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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
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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. 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,

13

I +

I �

i�

i+

i0

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.

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
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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.
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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.
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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
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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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Discussion
1. Loop Quantum Gravity predicts discreteness of spacetime geometry at the

Planck scale (Rovelli-Smolin).

2. 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).

3. 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, ...)).

4. Decoherence with discrete microstructure is a 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.

5. 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,...) de-
scription of matter...
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NGC 4526 with SN 1994D
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