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Two deep puzzles we have all wondered about:

A brief (very incomplete) history of ideas

What is the final fate  
of a black hole?  

What does actually happen  
at the classical singularity?

A clear theme emerges from these spacetime diagrams:
⌥ build a time symmetric model

→ →

(cfr intro talk Akim Kempf)

What do we miss? Quantum gravity



Quantum gravity is not  
quantum field theory on a geometry! 

Quantum gravity is  
the quantum theory of the geometry 

Difficulties remain until we keep thinking 
about a classical spacetime and qft over it 



What happens here?



General relativity does not teach us that 
there is a singularity  

General relativity does teaches us that 
there is new physics there 



What happens to the matter
falling into black holes? 

- It disappears (?) 

- It creates“another universe” (Smolin) 

- It stays there forever (nothing is forever) 

- It comes out.



At MG2 and in a paper ’79-’81

Valeri Frolov

Grigori A. Vilkovisky (left)



Steve Giddings 

1992: remnants



In ’93

Cristopher R. Stephens

Gerard ’t Hooft

Bernard F. Whiting



In ’05

Abhay Ashtekar

Martin Bojowald



Sean A. Hayward in ’06

[see M. Smerlak’s talk]

Also:

P. Nicolini
B. Carr
L. Modesto
I. Premont-Schwarz
S. Hossenfelder 
J. M. Bardeen
G. Ellis 
…

cfr Sven Koppel
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Quantum mechanics is still missing



- Spherical symmetry 

- Null shell of matter 

- Classically: Finite dimensional phase space (v,p) separated in 
two disconnected components:  

- p>0: shell collapsing into white hole  (future singularity) 

- p<0: shell emerging from a white hole (past singularity)
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- Formal quantization: transition between the two components

- Can a black hole truly tunnel into a white hole?

Singularity avoidance by collapsing 
shells in quantum gravity  
Petr Hájíček, Clauss Kiefer.   
IJMP D, (2001), 775.

The Hajicek-Kiefer bounce
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Difficulties:
- Two distinct asymptotic regions. 

- A quantum jump involving the entire universe. 

- What could determine the tunneling time? 

Intriguing aspects:
- Classical stable objects often unstable via quantum  
effects (cfr. nuclear decay). 

- Hawking radiation takes a huge amount of time (t~m3)  
and is not a full quantum gravitational phenomenon.  



A clear theme emerges from these spacetime diagrams:
⌥ build a time symmetric model



What happens here?



v

V ⇠ 3
p
3⇡m2v

r = 2m

V

The inside of a black hole is very large

How big is a black hole?  
Marios Christodoulou, Carlo Rovelli.  
Phys.Rev. D91 (2015) 6, 064046 

http://inspirehep.net/record/1327220
http://inspirehep.net/author/profile/Rovelli%2C%20Carlo?recid=1327220&ln=en


What happens near r = 0?

Inspired by LQC we imagine an e�ective quantum pressure that
avoids a singularity

Could this “pressure” push
matter back out? Would be
like a cosmological bounce.
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From Loop Quantum Cosmology:

Pressure develops when 
matter density reaches 
The Planck density 



Example: if  a star collapses (M ~ M☉), Planck density is reached at 10-12 cm

There is a relevant intermediate scale between the 
Schwarzschild radius LS and the Planck scale LP
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Planck density does not mean Planck size !

(cfr Bernard Carr)

Planck Stars  
CR, Francesca Vidotto.   
IJMP D23 (2014), 1442026

Does a star bounces at that scale? 



Is this compatible with external classical GR?
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The spacetime



ds2 = �F (u, v)dudv + r2(u, v)(d✓2 + sin2✓d�2)
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Black hole fireworks: quantum-gravity effects outside  
the horizon spark black to white hole tunneling  
Hal M. Haggard, CR  
arXiv:1407.0989
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The metric of the black-to-white hole transition
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Minkowski region

Schwarzschild region

Incoming (null) shell

Outgoing (null) shell

Future trapped horizon
Conventional black hole

Past trapped horizon

White hole

Minkowski region

IIIII
Quantum  

region
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The external metric is determined by two constants: 

-       is the mass of the collapsing shell.m

-     is the radius at which the two shells meet in the 
Schwarzschild metric 
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What does     represent and what determines it? �

The full metric is determined by four constants: 

� > �

Shell enters in quantum region 

Maximal extension of quantum region

The metric of the black-to-white hole transition: parameters

So, cut it up...

... and resew to get...
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⌧internal ⇠ m ⇠ 1ms ⌧
external

⇠ m2 ⇠ 109years

“A black hole is a short cut to the future” 

Time dilation

T: bounce time (very large)

⌧R = 2R�m ln(�/m)



white hole

black hole

Time inside: 1 ms

Time outside: 
10 billions years !



What determines     ?�

Quantum gravity
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   ➜   Boundary formalism
States: associated to 3d boundaries of spacetime regions. 

Transition amplitudes: associated to 4d regions 

Quantum system
=

Spacetime region

Boundary
➜  Hamilton function: S(q,t,q’,t’)

How non perturbative quantum gravity works
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(cfr Gia Dvali,
Roberto Casadio,
Andrea Giugno)

Can we estimate T(m) ?

Quantum effect leak out the horizon



T ⇠ m2



Observable ?

Already observed?



A real-time FRB 5

Figure 2. The full-Stokes parameters of FRB 140514 recorded in the centre beam of the multibeam receiver with BPSR. Total intensity,
and Stokes Q, U , and V are represented in black, red, green, and blue, respectively. FRB 140514 has 21 ± 7% (3-�) circular polarisation
averaged over the pulse, and a 1-� upper limit on linear polarisation of L < 10%. On the leading edge of the pulse the circular polarisation
is 42 ± 9% (5-�) of the total intensity. The data have been smoothed from an initial sampling of 64 µs using a Gaussian filter of full-width
half-maximum 90 µs.

source given the temporal proximity of the GMRT observa-
tion and the FRB detection. The other two sources, GMRT2
and GMRT3, correlated well with positions for known ra-
dio sources in the NVSS catalog with consistent flux densi-
ties. Subsequent observations were taken through the GMRT
ToO queue on 20 May, 3 June, and 8 June in the 325 MHz,
1390 MHz, and 610 MHz bands, respectively. The second
epoch was largely unusable due to technical di�culties. The
search for variablility focused on monitoring each source for
flux variations across observing epochs. All sources from the
first epoch appeared in the third and fourth epochs with no
measureable change in flux densities.

4.4 Swift X-Ray Telescope

The first observation of the FRB 140514 field was taken us-
ing Swift XRT (Gehrels et al. 2004) only 8.5 hours after the
FRB was discovered at Parkes. This was the fastest Swift
follow-up ever undertaken for an FRB. 4 ks of XRT data
were taken in the first epoch, and a further 2 ks of data
were taken in a second epoch later that day, 23 hours af-
ter FRB 140514, to search for short term variability. A final
epoch, 18 days later, was taken to search for long term vari-
ability. Two X-ray sources were identified in the first epoch
of data within the 150 diameter of the Parkes beam. Both
sources were consistent with sources in the USNO catalog
(Monet et al. 2003). The first source (XRT1) is located at
RA = 22:34:41.49, Dec = -12:21:39.8 with RUSNO = 17.5
and the second (XRT2) is located at RA = 22:34:02.33 Dec
= -12:08:48.2 with RUSNO = 19.7. Both XRT1 and XRT2
appeared in all subsequent epochs with no observable vari-
ability on the level of 10% and 20% for XRT1 and XRT2,
respectively, both calculated from photon counts from the
XRT. Both sources were later found to be active galactic
nuclei (AGN).

4.5 Gamma-Ray Burst Optical/Near-Infrared
Detector

After 13 hours, a trigger was sent to the Gamma-Ray Burst
Optical/Near-Infrared Detector (GROND) operating on the
2.2-m MPI/ESO telescope on La Silla in Chile (Greiner et al.
2008). GROND is able to observe simultaneously in J , H,
and K near-infrared (NIR) bands with a 100 ⇥ 100 field of
view (FOV) and the optical g0, r0, i0, and z0 bands with a
60 ⇥ 60 FOV. A 2⇥2 tiling observation was done, providing
61% (JHK) and 22% (g0r0i0z0) coverage of the inner part
of the FRB error circle. The first epoch began 16 hours af-
ter FRB 140514 with 460 second exposures, and a second
epoch was taken 2.5 days after the FRB with an identical
observing setup and 690 s (g0r0i0z0) and 720 s (JHK) ex-
posures, respectively. Limiting magnitudes for J , H, and K
bands were 21.1, 20.4, and 18.4 in the first epoch and 21.1,
20.5, and 18.6 in the second epoch, respectively (all in the
AB system). Of all the objects in the field, analysis iden-
tified three variable objects, all very close to the limiting
magnitude and varying on scales of 0.2 - 0.8 mag in the NIR
bands identified with di↵erence imaging. Of the three ob-
jects one is a galaxy, another is likely to be an AGN, and
the last is a main sequence star. Both XRT1 and GMRT1
sources were also detected in the GROND infrared imaging
but were not observed to vary in the infrared bands on the
timescales probed.

4.6 Swope Telescope

An optical image of the FRB field was taken 16h51m after
the burst event with the 1-m Swope Telescope at Las Cam-
panas. The field was re-imaged with the Swope Telescope on
17 May, 2 days after the FRB. No variable optical sources

c� 0000 RAS, MNRAS 000, 000–000

(cfr Bernard Carr)

Primordial black holes!



Because the black to white hole conversion proceeds rapidly
compared to the Hawking time

E = Mc2 ≥ 1047 ergs

and its size is
R = 2GM

c2 ≥ .02 cm.

This leads to the expectation of two signals:
(i) a lower energy signal with ⁄ ≥ R
(ii) a higher energy signal depending on how the content is

liberated

Phenomenology See Francesca Vidotto’s talk



Already observed??  Fast Radio Burst

A real-time FRB 5

Figure 2. The full-Stokes parameters of FRB 140514 recorded in the centre beam of the multibeam receiver with BPSR. Total intensity,
and Stokes Q, U , and V are represented in black, red, green, and blue, respectively. FRB 140514 has 21 ± 7% (3-�) circular polarisation
averaged over the pulse, and a 1-� upper limit on linear polarisation of L < 10%. On the leading edge of the pulse the circular polarisation
is 42 ± 9% (5-�) of the total intensity. The data have been smoothed from an initial sampling of 64 µs using a Gaussian filter of full-width
half-maximum 90 µs.

source given the temporal proximity of the GMRT observa-
tion and the FRB detection. The other two sources, GMRT2
and GMRT3, correlated well with positions for known ra-
dio sources in the NVSS catalog with consistent flux densi-
ties. Subsequent observations were taken through the GMRT
ToO queue on 20 May, 3 June, and 8 June in the 325 MHz,
1390 MHz, and 610 MHz bands, respectively. The second
epoch was largely unusable due to technical di�culties. The
search for variablility focused on monitoring each source for
flux variations across observing epochs. All sources from the
first epoch appeared in the third and fourth epochs with no
measureable change in flux densities.

4.4 Swift X-Ray Telescope

The first observation of the FRB 140514 field was taken us-
ing Swift XRT (Gehrels et al. 2004) only 8.5 hours after the
FRB was discovered at Parkes. This was the fastest Swift
follow-up ever undertaken for an FRB. 4 ks of XRT data
were taken in the first epoch, and a further 2 ks of data
were taken in a second epoch later that day, 23 hours af-
ter FRB 140514, to search for short term variability. A final
epoch, 18 days later, was taken to search for long term vari-
ability. Two X-ray sources were identified in the first epoch
of data within the 150 diameter of the Parkes beam. Both
sources were consistent with sources in the USNO catalog
(Monet et al. 2003). The first source (XRT1) is located at
RA = 22:34:41.49, Dec = -12:21:39.8 with RUSNO = 17.5
and the second (XRT2) is located at RA = 22:34:02.33 Dec
= -12:08:48.2 with RUSNO = 19.7. Both XRT1 and XRT2
appeared in all subsequent epochs with no observable vari-
ability on the level of 10% and 20% for XRT1 and XRT2,
respectively, both calculated from photon counts from the
XRT. Both sources were later found to be active galactic
nuclei (AGN).

4.5 Gamma-Ray Burst Optical/Near-Infrared
Detector

After 13 hours, a trigger was sent to the Gamma-Ray Burst
Optical/Near-Infrared Detector (GROND) operating on the
2.2-m MPI/ESO telescope on La Silla in Chile (Greiner et al.
2008). GROND is able to observe simultaneously in J , H,
and K near-infrared (NIR) bands with a 100 ⇥ 100 field of
view (FOV) and the optical g0, r0, i0, and z0 bands with a
60 ⇥ 60 FOV. A 2⇥2 tiling observation was done, providing
61% (JHK) and 22% (g0r0i0z0) coverage of the inner part
of the FRB error circle. The first epoch began 16 hours af-
ter FRB 140514 with 460 second exposures, and a second
epoch was taken 2.5 days after the FRB with an identical
observing setup and 690 s (g0r0i0z0) and 720 s (JHK) ex-
posures, respectively. Limiting magnitudes for J , H, and K
bands were 21.1, 20.4, and 18.4 in the first epoch and 21.1,
20.5, and 18.6 in the second epoch, respectively (all in the
AB system). Of all the objects in the field, analysis iden-
tified three variable objects, all very close to the limiting
magnitude and varying on scales of 0.2 - 0.8 mag in the NIR
bands identified with di↵erence imaging. Of the three ob-
jects one is a galaxy, another is likely to be an AGN, and
the last is a main sequence star. Both XRT1 and GMRT1
sources were also detected in the GROND infrared imaging
but were not observed to vary in the infrared bands on the
timescales probed.

4.6 Swope Telescope

An optical image of the FRB field was taken 16h51m after
the burst event with the 1-m Swope Telescope at Las Cam-
panas. The field was re-imaged with the Swope Telescope on
17 May, 2 days after the FRB. No variable optical sources

c� 0000 RAS, MNRAS 000, 000–000

Thornton et al. 1307.1628  
Spitler et al. 1404.2934  
E. Petroff et al. 1412.0342

Unknown source!

Short 

No Afterglow 

Punctual 

Enormous flux density 

Likely Extragalactic 

 104 event/day

 Observed width ≃ milliseconds 

 No Long GRB associated 

 No repetition 

 Energy ≲ 1038 erg 

 Dispersion Measure: z≲0.5 

 A pretty common object?

(cfr talk Luciano Rezzolla)

� ⇠ 20 cm



What about the higher energy component (ii)?

Matter forming the black hole experiences a short bounce time, a
2nd scale enters the problem the energy of the matter at formation

For M ≥ 1026g this occurs when TU was ≥TeV

This suggests a search for high energy Gamma Ray Bursts (CTA)
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sinh≠1
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641/4

Only measurable for z < 0.01. cfr. Dadhich, Narlikar, Appa Rao, 1974

High energy component
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FIG. 1: White hole signal wavelength (unspecified units) as
a function of z. Notice the characteristic flattening at large
distance: the youth of the hole compensate for the redshift.

The received signal is going to be corrected by standard
cosmological redshift. However, signals coming form far-
ther away were originated earlier, namely by younger,
and therefore less massive, holes, giving a peculiar de-
crease of the emitted wavelength with distance. The re-
ceived wavelength, taking into account both the expan-
sion of the universe and the change of time available for
the black hole to bounce, can be obtained folding (1) into
the standard cosmological relation between redshift and
proper time. A straightforward calculation gives
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where we have reinserted the Newton constant G and
the speed of light c while H0,⌦⇤ and ⌦M are the Hub-
ble constant, the cosmological constant, and the matter
density. This is a very slowly varying function of the
redshift. The e↵ect of the hole’s age almost compesates
for the red-shift. The signal, indeed, varies by less than
an order of magnitude for redshifts up to the decoupling
time (z=1100). See Figure 1.

If the redshift of the source can be estimated by using
dispersion measures or by identifying a host galaxy, given
su�cient statistics this flattening represents a decisive
signature of the phenomenon we are describing.

Do we have experiments searching for these signals?
There are detectors operating at such wavelengths, begin-
ning by the recently launched Herschel instrument. The
200 micron range can be observed both by PACS (two
bolometer arrays and two Ge:Ga photoconductor arrays)
and SPIRE (a camera associated with a low to medium
resolution spectrometer). The predicted signal falls in be-
tween PACS and SPIRE sensitivity zones. There is also a
very high resolution heterodyne spectrometer, HIFI, on-
board Herschel, but this is not an imaging instrument, it
observes a single pixel on the sky at a time. However, the
bolometer technology makes detecting short white-hole
bursts di�cult. Cosmic rays cross the detectors very of-
ten and induce glitches that are removed from the data.
Were physical IR bursts due to bouncing black hole regis-
tered by the instrument, they would most probably have
been flagged and deleted, mimicking a mere cosmic ray

noise. There might be room for improvement. It is not
impossible that the time structure of the bounce could
lead to a characteristic time-scale of the event larger than
the response time of the bolometer. In that case, a
specific analysis should allow for a dedicated search of
such events. We leave this study for a future work as
it requires astrophysical considerations beyond this first
investigation. An isotropic angular distribution of the
bursts, signifying their cosmological origin, could also be
considered as an evidence for the model. In case many
events were measured, it would be important to ensure
that there is no correlation with the mean cosmic-ray flux
(varying with the solar activity) at the satellite location.
Let us turn to something that has been observed.
Fast Radio Bursts. Fast Radio Bursts are intense iso-

lated astrophysical radio signals with milliseconds dura-
tion. A small number of these were initially detected
only at the Parkes radio telescope [39–41]. Observations
from the Arecibo Observatory have confirmed the detec-
tion [42]. The frequency of these signals around 1.3 GHz,
namely a wavelength

�observed ⇠ 20 cm. (7)

These signals are believed to be of extragalactic origin,
because the observed delay of the signal arrival time with
frequency agrees well with the dispersion due to ionized
medium as expected from a distant source. The total
energy emitted in the radio is estimated to be of the
order 1038 erg. The progenitors and physical nature of
the Fast Radio Bursts are currently unknown [42].
There are three orders of magnitude between the pre-

dicted signal (5) and the observed signal (7). But the
black-to-white hole transition model is still very rough. It
disregards rotation, dissipative phenomena, anisotropies,
and other phenomena, and these could account for the
discrepancy.
In particular, astrophysical black holes rotate: one may

expect the centrifugal force to lower the attraction and
bring the lifetime of the hole down. This should allow
larger black holes to explode today, and signals of larger
wavelength. Also, we have not taken the astrophysics of
the explosion into account. The total energy (3) avail-
able in the black hole is largely su�cient –9 orders of
magnitude larger– than the total energy emitted in the
radio estimated by the astronomers.
Given these uncertainties, the hypothesis that Fast Ra-

dio Burst could originate from exploding white holes is
tempting and deserves to be explored.
High energy signal. When a black hole radiates by

the Hawking mechanism, its Schwarzschild radius is the
only scale in the problem and the emitted radiation has
a typical wavelength of this size. In the model we are
considering, the emitted particles do not come from the
coupling of the event horizon with the vacuum quan-
tum fluctuations, but rather from the time-reversal of
the phenomenon that formed (and filled) the black hole.
Therefore the emitted signal is characterized by second

Fast Radio Bursts and White Hole Signals  
Aurélien Barrau, CR, Francesca Vidotto. 
Phys.Rev. D90 (2014) 12, 127503 

http://inspirehep.net/author/profile/Vidotto%2C%20Francesca?recid=1316456&ln=en


➜

Summary

-  Technical results: black holes may tunnel  
    to white holes locally.  

- The tunnelling time can in principle be computed  
   with LQG.

-  T~m2:  Fast Radio Bursts and high energy Gamma-rays  
   phenomenology: first quantum gravity signals?

- Wavelength-to-distance relation signature.  
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A real-time FRB 5

Figure 2. The full-Stokes parameters of FRB 140514 recorded in the centre beam of the multibeam receiver with BPSR. Total intensity,
and Stokes Q, U , and V are represented in black, red, green, and blue, respectively. FRB 140514 has 21 ± 7% (3-�) circular polarisation
averaged over the pulse, and a 1-� upper limit on linear polarisation of L < 10%. On the leading edge of the pulse the circular polarisation
is 42 ± 9% (5-�) of the total intensity. The data have been smoothed from an initial sampling of 64 µs using a Gaussian filter of full-width
half-maximum 90 µs.

source given the temporal proximity of the GMRT observa-
tion and the FRB detection. The other two sources, GMRT2
and GMRT3, correlated well with positions for known ra-
dio sources in the NVSS catalog with consistent flux densi-
ties. Subsequent observations were taken through the GMRT
ToO queue on 20 May, 3 June, and 8 June in the 325 MHz,
1390 MHz, and 610 MHz bands, respectively. The second
epoch was largely unusable due to technical di�culties. The
search for variablility focused on monitoring each source for
flux variations across observing epochs. All sources from the
first epoch appeared in the third and fourth epochs with no
measureable change in flux densities.

4.4 Swift X-Ray Telescope

The first observation of the FRB 140514 field was taken us-
ing Swift XRT (Gehrels et al. 2004) only 8.5 hours after the
FRB was discovered at Parkes. This was the fastest Swift
follow-up ever undertaken for an FRB. 4 ks of XRT data
were taken in the first epoch, and a further 2 ks of data
were taken in a second epoch later that day, 23 hours af-
ter FRB 140514, to search for short term variability. A final
epoch, 18 days later, was taken to search for long term vari-
ability. Two X-ray sources were identified in the first epoch
of data within the 150 diameter of the Parkes beam. Both
sources were consistent with sources in the USNO catalog
(Monet et al. 2003). The first source (XRT1) is located at
RA = 22:34:41.49, Dec = -12:21:39.8 with RUSNO = 17.5
and the second (XRT2) is located at RA = 22:34:02.33 Dec
= -12:08:48.2 with RUSNO = 19.7. Both XRT1 and XRT2
appeared in all subsequent epochs with no observable vari-
ability on the level of 10% and 20% for XRT1 and XRT2,
respectively, both calculated from photon counts from the
XRT. Both sources were later found to be active galactic
nuclei (AGN).

4.5 Gamma-Ray Burst Optical/Near-Infrared
Detector

After 13 hours, a trigger was sent to the Gamma-Ray Burst
Optical/Near-Infrared Detector (GROND) operating on the
2.2-m MPI/ESO telescope on La Silla in Chile (Greiner et al.
2008). GROND is able to observe simultaneously in J , H,
and K near-infrared (NIR) bands with a 100 ⇥ 100 field of
view (FOV) and the optical g0, r0, i0, and z0 bands with a
60 ⇥ 60 FOV. A 2⇥2 tiling observation was done, providing
61% (JHK) and 22% (g0r0i0z0) coverage of the inner part
of the FRB error circle. The first epoch began 16 hours af-
ter FRB 140514 with 460 second exposures, and a second
epoch was taken 2.5 days after the FRB with an identical
observing setup and 690 s (g0r0i0z0) and 720 s (JHK) ex-
posures, respectively. Limiting magnitudes for J , H, and K
bands were 21.1, 20.4, and 18.4 in the first epoch and 21.1,
20.5, and 18.6 in the second epoch, respectively (all in the
AB system). Of all the objects in the field, analysis iden-
tified three variable objects, all very close to the limiting
magnitude and varying on scales of 0.2 - 0.8 mag in the NIR
bands identified with di↵erence imaging. Of the three ob-
jects one is a galaxy, another is likely to be an AGN, and
the last is a main sequence star. Both XRT1 and GMRT1
sources were also detected in the GROND infrared imaging
but were not observed to vary in the infrared bands on the
timescales probed.

4.6 Swope Telescope

An optical image of the FRB field was taken 16h51m after
the burst event with the 1-m Swope Telescope at Las Cam-
panas. The field was re-imaged with the Swope Telescope on
17 May, 2 days after the FRB. No variable optical sources
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