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m Black holes as probes

m Observations & Results
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LIV theories

Theoretically numerous models

Stringy space-time foam

Ellis, J. et al., Phys.Lett.B, 665, 412, (2008)

Loop Quantum Gravity

/ Alfaro, J. et al., Phys.Rev.D, 65, 103509, (2002)
Quantum Gravity Theory

\

Birefringence model

LIV /
\

Gleiser, R. J. et al., Phys.Rev.D, 64, 083007, (2001)
Effective Field Theory
Myers, R. G. et al., PRL, 90, 211601, (2003)

Doubly special relativity

Amelino-Camelia, G. et al., IIMA, 20, 6007, (2005)
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Theoretically numerous models

All of them very difficult to prove wrong on a
theoretical basis!
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What Quantum Gravity really i1s?

a3

m There Is no consistent coupling between a
classical and a guantum system

m Description of the gravity force in terms of
guantum mechanics

= Quantum behaviour of gravity not TOE (e.qg.
stringy)
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“Light Is always propagated in empty space with
a definite velocity cy which is independent of the
state of motion of the emitting body.”

Einstein.A, Ann.Phys., 322, 891, (1905)
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Amelino-Camelia, G. et al., Nature, 393, 763, (1998)
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2
c(F) = ¢y X 1leP | C<E_P> —|—O<

Scales:

®m Energies
~ 1.22 x 10" GeV

| hc?
Ep — ?

m L engths /_? < 10-3 em
\/ _5

B Times
~ 539 x 107* s
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scale.
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m Collider searches

1071% — 107 m very far away from Planck
scale.

m Cosmology
CMB polarization modes

Tsujikawa et al., Classical and Quantum Gravity, 21, 5767

e Planck

e Atacama B-mode Search (ABS)

e Background Imaging of Cosmic Extragalactic Polarization (BICEP)
e QUEST at DASI (QUAD)
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m Collider searches

1071% — 107 m very far away from Planck
scale.

m Cosmology
CMB polarization modes
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Experimental searches
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m Collider searches

1071% — 107 m very far away from Planck
scale.

m Cosmology
CMB polarization modes

m Astrophysics

Problem: Phenomena on very small length

scales (10~>* cm) and very high energies (10?
GeV)



Experimental searches
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m Collider searches

1071% — 107 m very far away from Planck
scale.

m Cosmology
CMB polarization modes

m Astrophysics

Solution: Distant VHE astrophysical sources
-Blazars-
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Why to use blazars?
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How do we observe them?

Gamma- g
ray (TeV})- . -

_ Focal Plane:
Air shower § ~ 10 km PMT Camera

H.E.S.5.:

1 threshold 100 GeV

1 typ. detection area
105 m2
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PKS 2155-304 (July 2006)
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Results

PKS 2155-304 (Julv 2006)
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Methodologies: Cross-correlation, wavelets,
energy cost function, maximum likelihood

m ¢ < 300 from Mrk421 (z=0.030)

Biller, S. D. et al., (WHIPPLE Collaboration), PRL, 83, 2108, (1999)

m & < 60 from Mrk501 (z=0.034)

Albert, J. et al., (MAGIC Collaboration), Phys. Lett. B, 668, 253, (2008)

B¢ < 17 from PKS 2155-304 (z=0.117)

Aharonian, F. et al., (H.E.S.S. Collaboration), PRL, 101, 170402, (2009)
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Methodologies: Cross-correlation, wavelets,
energy cost function, maximum likelihood

m ¢ < 300 from Mrk421 (z=0.030)

Biller, S. D. et al., (WHIPPLE Collaboration), PRL, 83, 2108, (1999)

m & < 60 from Mrk501 (z=0.034)

Albert, J. et al., (MAGIC Collaboration), Phys. Lett. B, 668, 253, (2008)

m¢ < 6 from PKS 2155-304 (z=0.117)

Abramowski, A. et al., (H.E.S.S. Collaboration), Astropart. Phys. 34, 738, (2011)
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m¢ < 8 from GRB 080916C (z=4.35)

Abdo, A. A. et al., (Fermi LAT Collaboration), Science, 323, 5922, 1688, (2009)

m¢& < 0.3 from GRB 090510 (z=0.93)

Abdo, A. A. et al., (Fermi LAT Collaboration), Nature, 462, L331, (2009)
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m¢ < 8 from GRB 080916C (z=4.35)

Abdo, A. A. et al., (Fermi LAT Collaboration), Science, 323, 5922, 1688, (2009)

m¢& < 0.3 from GRB 090510 (z=0.93)

Abdo, A. A. et al., (Fermi LAT Collaboration), Nature, 462, L331, (2009)
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Ellis, J. et al., Phys.Lett.B, 665, 412, (2008)

Zloshchastiev, K. G., arXiv:0906.4282, (2009)



What about GRBs?

infrared photons™*, and fuzziness of radio or optical images of
distant extragalactic sources™ . Our stringent photon dispersion
limit strongly disfavours models of Planck scale physics in which
the guantum nature of space-time causes a linear varmtion of the
speed of light with photon energy.

Received 12 August; accepted 12 October 2009,
Published online 28 October 20:09.
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Everything together

Source(s) Experiment Method Results (95% CL limits)

GRB 02120 RHESSI Fit + mean arrival time in a spike MG > 1.8x10'7 GeV

GRB 080916C! Fermi GBM + LAT associating a 13 GeV photon with the MlQG > 1.3x10'8 GeVv

trigger time M&q > 0.8x1010 GeV

GRB 090510 Fermi GBM + LAT associating a 31 GeV photon with the MﬁQG > 1.5x10'° GeVv

start of any observed emission, DisCan ~ M¢, > 3.0x 1010 GeVv

9 GRBs BATSE + OSSE wavelets Mfq > 0.7x10'6 GeV
Mg > 2.9x10° GeV

15 GRBs HETE-2 wavelets Miq > 0.4x10'¢ GeV

17 GRBs INTEGRAL likelihood MG > 3.2x10'" GeV

35 GRBs BATSE + HETE-2 + Swift ~ wavelets MG > 1.4x10'° GeV

Mrk 421 Whipple likelihood Mbq > 0.4x10'7 GeV

Mrk 501 MAGIC ECF MG > 0.2x10'8 GeV

Mg > 0.3x10'" GeV

likelihood MlQG > 0.3x10!8 GeV

Mg > 5.7x10'° GeV

PKS 2155-304 H.E.S.S. MCCF Mb > 7.2x1017 GeV
Mg > 1.4x10° GeV

wavelets Mbq > 5.2x10'7 GeV

likelihood Mb o > 2.1x10'8 GeV

ML . > 6.4x101° GeV
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Results (95% CL limits)

GRB 02120
GRB 080916C

GRB 090510

9 GRBs

15 GRBs
17 GRBs
35 GRBs
Mrk 421
Mrk 501

PKS 2155-304

RHESSI
Fermi GBM + LAT

Fermi GBM + LAT

BATSE + OSSE

HETE-2

INTEGRAL

BATSE + HETE-2 + Swift
Whipple

MAGIC

H.E.S.S.

Fit + mean arrival time in a spike
associating a 13 GeV photon with the
trigger time

associating a 31 GeV photon with the
start of any observed emission, DisCan

wavelets

wavelets
likelihood
wavelets
likelihood
ECF

likelihood

MCCF

wavelets
likelihood

MG > 1.8x10'7 GeV
MG > 1.3x10'® GeV
ME o > 0.8x10'° Gev

Q
ML o > 1.5x101° Gev

Q
MQ
Miq > 0.7x10'° GeV
> 2.9%x10° GeV

> 0.4x10'% GeV
> 3.2x10'! GeV
> 1.4x10'6 GeVv
> 0.4x10'7 GeV
> 0.2x10'8 GeV
> 0.3x10'! GeVv
> 0.3x10'8 GeV
> 5.7x10'0 GeVv
> 7.2x10'7 GeVv
> 1.4%x10° GeV

> 5.2x10'7 GeV
> 2.1x10'8 GeV
> 6.4x1010 GeVv

a > 3.0x1010 GeV



Everything together

Source(s)

Experiment

Method

Results (95% CL limits)

GRB 02120
GRB 080916C

GRB 090510

9 GRBs

15 GRBs
17 GRBs
35 GRBs
Mrk 421
Mrk 501

PKS 2155-304

RHESSI
Fermi GBM + LAT

Fermi GBM + LAT
BATSE + OSSE

HETE-2

INTEGRAL

BATSE + HETE-2 + Swift

Whipple
MAGIC

H.E.S.S.

Fit + mean arrival time in a spike
associating a 13 GeV photon with the
trigger time

associating a 31 GeV photon with the

start of any observed emission, DisCan

wavelets

wavelets
likelihood
wavelets
likelihood
ECF

likelihood

MCCF

wavelets
likelihood

MG > 1.8x10'7 GeV

MG > 1.3x10'® GeV

Mg > 0.8x10'° GeV

Mb > 1.5x10'9 GeV

Mg > 3.0x10'° GeV

MG > 0.7x10'° GeV
> 2.9x10° GeV

> 0.4x10'°% GeVv

> 3.2x10'! GeVv

> 1.4x10'6 GeVv

> 0.4x10'7 GeVv

> 0.2x1018 GeV

> 0.3x10! GeVv

> 0.3x10'® GeV

> 5.7x1010 GeVv

> 7.2x1017 GeV
> 1.4x10° GeV

> 5.2x10'7 GeV

ML o > 2.1x10'8 GeV

Q

Mq

ba > 6.4x10'0 GeV



Current LIV status

a3

Collecting all the AGN and GRBs



Current LIV status

a

Collecting all the AGN and GRBs

AE\ L At

At%f(—)—é—mf——

EP Co AE



Current LIV status

Collecting all the AGN and GRBs

"Smoking Gun' "Tip of the Iceberg’

"Rosetta Stone'
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Collecting all the AGN and GRBs

"Holy Grail'
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Current LIV status

1000 B [ [ T T TTT | [ [ T T TTT [ [ I T T TT |_

B 1. Mkn 421 i

800— Whipple (1999) —

- 2. Mkn 501 .

N MAGIC (2008) N

600— 3. PKS 2155-304 ]

N H.E.S.S. (2011) ]

— 4. PG 1553+113 —

400— H.E.S.S. (2015) —]

’>\ 200:_ 1 2 3 6 _:

() = / -

= - \ / & 7

ij 0 IR JE L JRREEEEEEEEEEEEEE Ribhi K-y -

< N [ /< Z
=

J-200— / 5 / —]

— - 5. 090510 4 ]

400 - 6. 090902B —

- 7. 090926A 5

600  8.080916C _

B Vasileiou et al. (2013) 7]

~800[— —

_1000_ ! Lol ! Lol ! AR

1072 107 1 10
4

J. Bolmont et al., Nucl. Instr. Meth. Phys., 742, 165, (2015)



Current LIV status

=
(@)
N

3

L 1 I I1IIT

[EN
o
T IIIIIII|
xX—»

[6)]
| IIIIIII|

1, 95% CL, s, = +1)

[HEN
I IIIIII|

|_\
o
AN

o>
N
o>
SN
Ll

[HEN
o
0

Lower Limit on E QG/EPI (n

107 1 10
Z

[EEN
o

B o
N

J. Bolmont et al., Nucl. Instr. Meth. Phys., 742, 165, (2015)



Keep In mind...

3

m Energy dependent time-lags can be induced
Intrinsically in the source.



Keep In mind...

J

m Energy dependent time-lags can be induced

Intrinsically in the source.
- 0.15-0.25TeV,

3,0

2,5

2,0 -

F(t)/F,
F(t)/F,

1,5

-

1 | 1 | 1 | 1
0 10 20 30 40
time[min]

1,0

0,5

Mastichiadis, A. et al., A&A, 491, 2, L37-L40, (2008)

1.2-10 TeV_
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m Energy dependent time-lags can be induced
Intrinsically in the source.

m Population studies are necessary: At(z)
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Keep In mind...

3

m Energy dependent time-lags can be induced
Intrinsically in the source.

m Population studies are necessary: At(z)

= Main emphasis on blazars: They are always
there!!!
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Recap

m Several theories predict that vacuum may exhibit

light-dispersional effects in Planck scales.
m Tiny variations in photon speed, accumulated over

cosmological distances, can be unveiled from variable

VHE BH emission.
m Up to now, there Is no robust evidence from an

astrophysical point of view.
m Energy dependent time-lags can be produced in the

source.
B Large source samples needed to reject or determine

the existence of possible LIV.
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Pair production
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Quadratic term
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Quadratic term

a~ 10°E
2 —
(\I] —
c L
o
% 10 VU A
E — : .
~ — : :
L — : :
2 — : : 5
L 5 ®  VERITAS, this work T ft :
10° &= el e Ve B e
U = [ | Fermi (Abdo et al, 2010) / :
— v MAGIC (Aliu et al. 2008) : :
B A MAGIC (Albert et al. 2008) 5
5 b:¢ CELESTE (De Nauroais et al. 2002) T f T
107 - O  STACEE (Oseretal. 2001) o\ v QYT (]3 """"
— O HEGRA (Aharonian et al. 2004)
— ok Whipple (Lessard et al. 2000) :
Broken power law fit :
107 =" —— — Exponential cutoff fit N
N B | | | | | | | | | | T | | | | | I I | | | | | | T |
L e s e R
15f—---- oh Power law with exponential cutoff e R RRRRE B e eeeeeeeeeeeeeeeaeesd
10— A Broken powerlaw St I:::::I """""""""""""""" '
S 7 P A S R
ot S Kb oo B S Y G S o

10° 10* 10° 10°
Energy (MeV)
McCann, A. ICRC, 7, 208, (2011)



	Overview
	large LIV theories
	large LIV theories
	large LIV theories

	hspace {4em}large parbox {1.5linewidth }{What Quantum Gravity really is?}
	hspace {4em}large parbox {1.5linewidth }{What Quantum Gravity really is?}
	hspace {4em}large parbox {1.5linewidth }{What Quantum Gravity really is?}

	large Light Propagation
	large Light Propagation
	large Light Propagation
	large Light Propagation

	large Light Propagation
	large Light Propagation
	large Light Propagation
	large Light Propagation

	large Experimental searches
	large Experimental searches
	large Experimental searches
	large Experimental searches
	large Experimental searches
	large Experimental searches
	large Experimental searches
	large Experimental searches
	large Experimental searches
	large Experimental searches
	large Experimental searches
	large Experimental searches
	large Experimental searches

	large Why to use blazars?
	How do we observe them?
	How do we observe them?
	How do we observe them?
	How do we observe them?
	How do we observe them?
	How do we observe them?

	large Results
	large Results
	large Results
	large Results

	large Results
	large What about GRBs?
	large What about GRBs?
	large What about GRBs?
	large What about GRBs?

	vspace {-2em}large Everything together
	vspace {-2em}large Everything together
	vspace {-2em}large Everything together

	large Current LIV status
	large Current LIV status
	large Current LIV status
	large Current LIV status
	large Current LIV status

	large Current LIV status
	large Current LIV status

	large Keep in mind...
	large Keep in mind...

	large Keep in mind...
	large Keep in mind...
	large Keep in mind...
	The future
	large Recap
	large Recap
	large Recap
	large Recap
	large Recap

	large Pair production
	large Pair production
	large Pair production

	large Quadratic term
	large Quadratic term
	large Quadratic term


