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

In (the approximation to Nature given by) classical 
general relativity, a black hole is stable.

Two deep puzzles we have all wondered about:

A brief (very incomplete) history of ideas

In quantum field theory on a classical gravitational 
field, a black hole decays via Hawking radiation, in an 
extremely long time.  (1050  Hubble times, for a stellar bh.)

In quantum gravity, a black hole can decay via a 
non perturbative quantum tunnelling. 
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What happens here?



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.



Example: 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

L ⇠
✓

M

MP

◆ 1
3

LP

10-33 10-12 105 1013 

Star Black 
hole

Planck  
star

R � m R = 2m R = m
1
3 R ⇠ 1

cm

The relevant scale: Planck density

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

A star can bounce at that scale 

Planck 
lengthh



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

- p>0: shell collapsing into white hole  (future 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.
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Is this compatible with external classical GR?
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Figure 2: Penrose diagram for the gravitational collapse inside the event horizon (Region 1 and region
2) and outside the event horizon (Region3).

Solving the constraints equations (9) we obtain the known results for the classical dust matter gravi-
tational collapse [8].

2 Gravitational collapse in Ashtekar variables

In this section we study the gravitational collapse in Ashtekar variables [12]. In particular we will
express the Hamiltonian constraint inside and outside the matter and the constraints P1 and P2 in
terms of the symmetric reduced Ashtekar connection [13], [14].

2.1 Ashtekar variables

In LQG the fundamental variables are the Ashtekar variables: they consist of an SU(2) connection
Ai

a and the electric field Ea
i , where a, b, c, · · · = 1, 2, 3 are tensorial indices on the spatial section and

i, j, k, · · · = 1, 2, 3 are indices in the su(2) algebra. The density weighted triad Ea
i is related to the

triad ei
a by the relation Ea

i = 1
2ϵ

abc ϵijk ej
b ek

c . The metric is related to the triad by qab = ei
a ej

b δij .
Equivalently,

!

det(q) qab = Ea
i Eb

j δ
ij . (10)

The rest of the relation between the variables (Ai
a, Ea

i ) and the ADM variables (qab, Kab) is given by

Ai
a = Γi

a + γKabE
b
jδ

ij (11)

where γ is the Immirzi parameter and Γi
a is the spin connection of the triad, namely the solution of

Cartan’s equation: ∂[aei
b] + ϵijk Γj

[aek
b] = 0.

The action is

S =
1

κ γ

"

dt

"

Σ
d3x

#
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Solving the constraints equations (9) we obtain the known results for the classical dust matter gravi-
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Region III (Quantum): a smooth interpolation  correct one to be
discovered [see also, e.g. A. Perez]

Black hole fireworks: quantum-gravity effects outside  
the horizon spark black to white hole tunneling  
Hal M. Haggard, CR  
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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, which determines the external bounce 
time 
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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

c� 0000 RAS, MNRAS 000, 000–000

I. Basics of black hole tunneling decay

II. Decay time

An observable quantum gravity phenomenon?
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In GR, distance and time measurements are field measurements like any other one:  they are part of the boundary data of the 
problem 
Boundary values of the gravitational field  =    geometry of box surface =    distance and time separation of measurements
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Covariant loop quantum gravity.   Calculation of T(m).
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Probability ~ 1➜  relation j-k  ➜ relation m-time

Covariant loop quantum gravity.   Calculation of T(m). 1
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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

I. Basics of black hole tunneling decay

II. Decay time

III. Observations: High energy signal

An observable quantum gravity phenomenon?
Planck stars



T ⇠ m2



Primordial black holes!



Primordial black holes!



Primordial black holes!



Primordial black holes!



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.
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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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maximal extension of the Schwarzschild metric for a
mass M . Region (III) is where quantum gravity becomes
non-negligible.

Importantly, by gluing together the di↵erent part of
the e↵ective metric and estimating the time needed for
quantum e↵ects to happen, it was shown that the dura-
tion of the bounce should not be shorter than [10]

⌧ = 4kM2, (1)

with k > 0.05 a dimensionless parameter. We use
Planck units where G = ~ = c = 1. The bounce
time is proportional to M2 and not to M3 as in the
Hawking process. As long as k remains small enough,
the bounce time is much smaller than the Hawking
evaporation time and the evaporation can be considered
as a dissipative correction that can be neglected in a
first order approximation.

The phenomenology was investigated in [11] under the
assumption that k takes its smallest possible value, which
makes the bounce time as short as possible. The aim
of the present article is to go beyond this first study in
two directions. First, we generalize the previous results
by varying k. The only condition for the model to be
valid is that the bounce time remains (much) smaller
than the Hawking time. This assumption is supported
by the “firewall argument” presented in [1]. We study in
detail the maximal distance at which a single black-hole
bounce can be detected. Second, we go beyond this “sin-
gle event detection” and consider the di↵use background
produced by a distribution of bouncing black holes.

II. SINGLE EVENT DETECTION

For detection purposes, we are interested in black
holes whose lifetime is less than the age of the Universe.
For a primordial black hole detected today, ⌧ = tH
where tH is the Hubble time. This fixes the mass M , as
a function of the parameter k (defined in the previous
section) for black holes that can be observed. In all
cases considered, M is very small compared to a solar
mass and therefore only primordial black holes possibly
formed in the early Universe are interesting from this
point of view. Although no primordial black hole has
been detected to date, various mechanism for their pro-
duction shortly after the Big Bang have been suggested
(see, e.g., [12] for an early detailed calculation and [13]
for a review). Although their number density might be
way too small for direct detection, the production of
primordial black holes remains a quite generic prediction
of cosmological physics either directly from density
perturbations –possibly enhanced by phase transitions–
or through exotic phenomena like collisions of cosmic
strings or bubbles of false vacua.

The energy (and amplitude) of the signal emitted in
the quantum gravity model considered here remains
open. As suggested in [11] and to remain general,
we consider two possible signals of di↵erent origins.
The first one, referred to as the low energy signal,
is determined by dimensional arguments. When the
bounce is completed, the black hole (more precisely the
emerging white hole) has a size (L ⇠ 2M) determined by
its mass M . This is the main scale of the problem and it
fixes an expected wavelength for the emitted radiation:
� ⇠ L. We assume that particles are emitted at the
prorata of their number of internal degrees of freedom.
(This is also the case for the Hawking spectrum at the
optical limit, i.e. when the greybody factors describ-
ing the backscattering probability are spin-independent.)

The second signal, referred to as the high energy com-
ponent, has a very di↵erent origin. Consider the history
of the matter emerging from a white hole: it comes from
the bounce of the matter that formed the black hole by
collapsing. In most scenarios there is a direct relation be-
tween the formation of a primordial black hole of mass M
and the temperature of the Universe when it was formed
(see [14] for a review). M is given by the horizon mass
MH :

M ⇠ MH ⇠ t. (2)

(Other more exotic models, e.g. collisions of cosmic
strings or collisions of bubbles associated with di↵erent
vacua, can lead to di↵erent masses at a given cosmic time.
We will not consider them in this study.) The cosmic
time t is related to the temperature of the Universe T by

t ⇠ 0.3g
�

1
2

⇤

T�2, (3)

where g
⇤

⇠ 100 is the number of degrees of freedom.
Once k is fixed, M is fixed (by ⌧ ⇠ tH) and T is therefore
known. As the process is time-symmetric, what comes
out from the white hole should be what went in the
black hole, re-emerging at the same energy: a blackbody
spectrum at temperature T . Intuitively, the bouncing
black hole plays the role of a “time machine” that sends
the primordial universe radiation to the future: while the
surrounding space has cooled to 2.3K, the high-energy
radiation emerges from the white hole with its original
energy.

When the parameter k is taken larger that its smallest
possible value, that is fixed for quantum e↵ects to be
important enough to lead to a bounce, the bounce time
becomes larger for a given mass. If this time is assumed
to be equal to the Hubble time (or slightly less if we
focus on black holes bouncing far away), this means
that the mass has to be smaller. The resulting energy
will be higher for both the low energy and the high

energy signals, but for di↵erent reasons. In the first
case, because of the smaller size of the hole, leading
to a smaller emitted wavelength. In the second case,
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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
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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)

⁄obs Ã (1 + z)
3

sinh≠1
51

��
�

M

21/2
(z + 1)≠3/2

641/4

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

High energy component



Short Gamma Ray Burst

the white hole should eject particles  
at the same temperature as the 
particles that felt in the black hole 

limited horizon due to absorption  
∼ 100 million light-years  /  z=0.01 

known GRB have energy  ≪ Tev 

telescopes spanning large surfaces     
needed (CTA?)

Barrau,  Rovelli, Vidotto 1409.4031  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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

I. Basics of black hole tunneling decay

II. Decay time

III. Observations: High energy signal

IV. Observations: Low energy signal and Fast Radio 
Bursts

An observable quantum gravity phenomenon?
Planck stars



Detectable?
Already detected?

Duration: ~ milliseconds 

Frequency: 1.3 GHz 

Observed at: Parkes, Arecibo 

Origin: Likely extragalactic 

Estimated emitted power: 1038 erg 

Physical source: unknown.

4

Figure 1. Gain and spectral index maps for the ALFA receiver.
Figure a): Contour plot of the ALFA power pattern calculated
from the model described in Section 3 at ν = 1375 MHz. The
contour levels are −13, −10, −6, −3 (dashed), −2, and −1 dB
(top panel). The bottom inset shows slices in azimuth for each
beam, and each slice passes through the peak gain for its respec-
tive beam. Beam 1 is in the upper right, and the beam number-
ing proceeds clockwise. Beam 4 is, therefore, in the lower left.
Figure b): Map of the apparent instrumental spectral index due
to frequency-dependent gain variations of ALFA. The spectral in-
dexes were calculated at the center frequencies of each subband.
Only pixels with gain > 0.5 K Jy−1 were used in the calculation.
The rising edge of the first sidelobe can impart a positive appar-
ent spectral index with a magnitude that is consistent with the
measured spectral index of FRB 121102.

of parameters. The model assumes a Gaussian pulse
profile convolved with a one-sided exponential scatter-
ing tail. The amplitude of the Gaussian is scaled with
a spectral index (S(ν) ∝ να), and the temporal loca-
tion of the pulse was modeled as an absolute arrival time
plus dispersive delay. For the least-squares fitting the
DM was held constant, and the spectral index of τd was
fixed to be −4.4. The Gaussian FWHM pulse width,
the spectral index, Gaussian amplitude, absolute arrival

Figure 2. Characteristic plots of FRB 121102. In each panel the
data were smoothed in time and frequency by a factor of 30 and 10,
respectively. The top panel is a dynamic spectrum of the discov-
ery observation showing the 0.7 s during which FRB 121102 swept
across the frequency band. The signal is seen to become signifi-
cantly dimmer towards the lower part of the band, and some arti-
facts due to RFI are also visible. The two white curves show the ex-
pected sweep for a ν−2 dispersed signal at a DM = 557.4 pc cm−3.
The lower left panel shows the dedispersed pulse profile averaged
across the bandpass. The lower right panel compares the on-pulse
spectrum (black) with an off-pulse spectrum (light gray), and for
reference a curve showing the fitted spectral index (α = 10) is also
overplotted (medium gray). The on-pulse spectrum was calculated
by extracting the frequency channels in the dedispersed data cor-
responding to the peak in the pulse profile. The off-pulse spectrum
is the extracted frequency channels for a time bin manually chosen
to be far from the pulse.

time, and pulsar broadening were all fitted. The Gaus-
sian pulse width (FWHM) is 3.0 ± 0.5 ms, and we found
an upper limit of τd < 1.5 ms at 1.4 GHz. The residual
DM smearing within a frequency channel is 0.5 ms and
0.9ms at the top and bottom of the band, respectively.
The best-fit value was α = 11 but could be as low as α
= 7. The fit for α is highly covariant with the Gaussian
amplitude.
Every PALFA observation yields many single-pulse

events that are not associated with astrophysical sig-
nals. A well-understood source of events is false positives
from Gaussian noise. These events are generally isolated
(i.e. no corresponding event in neighboring trial DMs),
have low S/Ns, and narrow temporal widths. RFI can
also generate a large number of events, some of which
mimic the properties of astrophysical signals. Nonethe-
less, these can be distinguished from astrophysical pulses
in a number of ways. For example, RFI may peak in S/N
at DM = 0pc cm−3, whereas astrophysical pulses peak
at a DM > 0 pc cm−3. Although both impulsive RFI
and an astrophysical pulse may span a wide range of
trial DMs, the RFI will likely show no clear correlation
of S/N with trial DM, while the astrophysical pulse will
have a fairly symmetric reduction in S/N for trial DMs
just below and above the peak value. RFI may be seen
simultaneously in multiple, non-adjacent beams, while a
bright, astrophysical signal may only be seen in only one
beam or multiple, adjacent beams. FRB 121102 exhib-
ited all of the characteristics expected for a broadband,
dispersed pulse, and therefore clearly stood out from all
other candidate events that appeared in the pipeline out-
put for large DMs.
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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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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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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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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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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
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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
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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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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.
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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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This shows that although the mean wavelength does
decreases as a function of k in both cases, it does not
follow the same general behavior. It scales with k�

1
2

for the low energy component and as k�
1
4 for the high

energy one.

The following conclusions can be drawn:

• The low energy channel leads to a better single-
event detection than the high energy channel.
Although lower energy dilutes the signal in a
higher astrophysical background, this e↵ect is over-
compensated by the larger amount of photons.

• The di↵erence of maximal distances between the
low- and high energy channels decreases for higher
values of k, i.e. for longer black-hole lifetimes.

• In the low energy channel, for the smaller values
of k, a single bounce can be detected arbitrary far
away in the Universe.

• In all cases, the distances are large enough and ex-
perimental detection is far from being hopeless.

III. INTEGRATED EMISSION

In addition to the instantaneous spectrum emitted by a
single bouncing black hole, it is interesting to consider the
possible di↵use background due to the integrated emis-
sion of a population of bouncing black holes. Formally,
the number of measured photons detected per unit time,
unit energy and unit surface, can be written as:
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�ind((1+z)E,R)·n(R)·Acc·Abs(E,R)dR,

(7)
where �ind(E,R) denotes the individual flux emitted
by a single bouncing black hole at distance R and at
energy E, Acc is the angular acceptance of the detector
multiplied by its e�ciency (in principle this is also a
function of E but this will be ignored here), Abs(E,R)
is the absorption function, and n(R) is the number of
black holes bouncing at distance R per unit time and
volume. The distance R and the redshift z entering
the above formula are linked. The integration has to
be carried out up to cosmological distances and it is
therefore necessary to use exact results behind the linear
approximation. The energy is also correlated with R
as the distance fixes the bounce time of the black hole
which, subsequently, fixes the emitted energy.

It is worth considering the n(R) term a bit more in
detail. If one denotes by dn

dMdV the initial di↵erential
mass spectrum of primordial black holes per unit volume,
it is possible to define n(R) as:
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where the mass spectrum is evaluated for the mass cor-
responding to a time (tH � R

c ). If one assumes that pri-
mordial black holes are directly formed by the collapse
of density fluctuations with a high-enough density con-
trast in the early Universe, the initial mass spectrum is
directly related to the equation of state of the Universe
at the formation epoch. It is given by [18, 19]:

dn

dMdV
= ↵M�1� 1+3w

1+w , (10)

where w = p/⇢. In a matter-dominated universe the
exponent � ⌘ �1 � 1+3w

1+w takes the value � = �5/2.
The normalization coe�cient ↵ will be kept unknown
as it depends on the details of the black hole formation
mechanism. For a sizeable amount of primordial black
holes to form, the power spectrum normalized on the
CMB needs to be boosted at small scales. This can
be achieved, for example, through Staobinsky’s broken
scale invariance (BSI) scenario. The idea is that the
mass spectrum takes a high enough value in the relevant
range whereas it is naturally suppressed at small masses
by inflation and at large masses by the BSI hypothesis.
We will not study those questions here and just consider
the shape of the resulting emission, nor its normalisation
which depends sensitively on the bounds of the mass
spectrum, that are highly model-dependent. As this part
of the study is devoted to the investigation of the shape
of the signal, the y axis on the figures are not normalized.

Fortunately, the results are weakly dependent upon
the shape of the mass spectrum. This is illustrated in
Fig. 5 where di↵erent hypothesis for the exponent � are
displayed. The resulting electromagnetic spectrum is
almost exactly the same. Therefore we only keep one
case (� = �5/2, corresponding to w = 1/3). The black
holes are assumed to be uniformly distributed in the
Universe, which is a meaningful hypothesis as long as
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event detection than the high energy channel.
Although lower energy dilutes the signal in a
higher astrophysical background, this e↵ect is over-
compensated by the larger amount of photons.

• The di↵erence of maximal distances between the
low- and high energy channels decreases for higher
values of k, i.e. for longer black-hole lifetimes.

• In the low energy channel, for the smaller values
of k, a single bounce can be detected arbitrary far
away in the Universe.

• In all cases, the distances are large enough and ex-
perimental detection is far from being hopeless.

III. INTEGRATED EMISSION

In addition to the instantaneous spectrum emitted by a
single bouncing black hole, it is interesting to consider the
possible di↵use background due to the integrated emis-
sion of a population of bouncing black holes. Formally,
the number of measured photons detected per unit time,
unit energy and unit surface, can be written as:

dNmes

dEdtdS
=

Z
�ind((1+z)E,R)·n(R)·Acc·Abs(E,R)dR,

(7)
where �ind(E,R) denotes the individual flux emitted
by a single bouncing black hole at distance R and at
energy E, Acc is the angular acceptance of the detector
multiplied by its e�ciency (in principle this is also a
function of E but this will be ignored here), Abs(E,R)
is the absorption function, and n(R) is the number of
black holes bouncing at distance R per unit time and
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the above formula are linked. The integration has to
be carried out up to cosmological distances and it is
therefore necessary to use exact results behind the linear
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as the distance fixes the bounce time of the black hole
which, subsequently, fixes the emitted energy.
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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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Why consider a classicality parameter with power scalings and not
the exponential decay of a tunneling process?

q = ¸PlR·R vs. q = N e≠S
E

If we take N to be the large number of states of the black hole

N ≥ eSBH

and the Euclidean action comes from a corner term

e≠S
E = e≠÷A = e≠÷M2

these terms could cancel. [S. Mathur]

Quantum gravity e�ects may take hold
outside the horizon!


