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FOREWORD 4

THE LANDSCAPE

.?,...

J. Bolmont - LPNHE, Paris COST Workshop 2019



CONTENTS 5

CONTENTS

» Some QG effects to look for

» Fuzziness, vacuum birefringence, etc.
» Focus on Time Of Flight (TOF) studies
» Present situation
» Advantages/Drawbacks of sources for QG searches and complementarity
» Areview of some published results
» More on source-intrinsic effects
» Future trends
» Understanding the beam: modeling source intrinsic effects
» Preparing population studies
» What we would like you to know

» What we'd like to know from you

J. Bolmont - LPNHE, Paris COST Workshop 2019
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MODIFIED DISPERSION RELATION 7

TWO MODELS, SOME CONSEQUENCES

STRINGY SPACETIME FOAM LQG SEMI-CLASSICAL FORMALISM

e.g. Amelino-Camelia, Ellis, Mavromatos,
Nanopoulos (1999), Ellis, Mavromatos,
Nanopoulos (1999), Mavromatos (2010),
etc.

e.g. Gambini & Pullin (1999)

MODIFIED DISPERSION RELATION

v

MODIFICATION OF GAMMA-GAMMA
CROSS-SECTION

GROUP VELOCITY OF PHOTONS
BECOMES ENERGY-DEPENDANT

Focus of this talk

VACUUM BIREFRINGENCE

+ SPACETIME FUZZINESS

J. Bolmont - LPNHE, Paris COST Workshop 2019



THE DIFFERENT EFFECTS TO LOOK FOR 8

VACUUM BIREFRINGENCE

» In the LQG approach,

0. (k) ~ K| (1 + %)
» Rotation of the polarization during propagation
wy(k) — w_(k) k?d

d~§&——m
2 §2Mp

AO(p) =

» The polarization should cancel-out for a large propagation distance

» Observation of a polarization for GRB 140206A (z = 2.73, 200-400
keV) with INTEGRAL-IBIS: § < 10-¢ (Gotz et al. (2014))

» See also Wei (2019): &€ < 10-14-10-17

J. Bolmont - LPNHE, Paris COST Workshop 2019



THE DIFFERENT EFFECTS TO LOOK FOR

ENERGY THRESHOLD OF GAMMA-GAMMA INTERACTION

» MDR = non-zero effective mass for the photon

E? x dN/DE [ TeV cm’s™
o
3
|

» Modification in dynamics of various mechanisms:

» Photon decay in vacuum y — ete-
10"} =
» Vacuum Tcherenkov radiation E
] _ " H.E.S.S.(2019)
% o
© re Mrk 501 I
1012 . PP | R
b ... ! 10 E[TeV]
» Some recent results: o 10" vyl
L — N A ey
» Biteau & Williams (2015): 0.6 Ep u R
=
» H.E.S.S.(2019): 2.6x1019 GeV Ll
107
» In reach of CTA -
. o o . 104 =
» Predictions for CTA: Fairbairn et al. (2014) -
- Fairbairn et al. (2014)
= 1 lllIII 1 Illl 1 IIII 1 [N} 1
10’ 1 10 10°
E (TeV)
COST Workshop 2019

J. Bolmont - LPNHE, Paris



THE DIFFERENT EFFECTS TO LOOK FOR 10

DELAYS

10°F

[s]

» MDR = energy-dependent time delays

g 1000
» Photons-photons
100 .
» More details later
 Photone meutings et i
E" [GeV]
» See e.g. Amelino-Camelia et al.
(2017) ;
» etc.

0

At (1+z) [s]
n

PHOTON/NEUTRINO TIME DELAYS
SEE GIACOMO'S TALK

o “5 o a5 an

Ei{1+2) [GeV]

J. Bolmont - LPNHE, Paris COST Workshop 2019



THE DIFFERENT EFFECTS TO LOOK FOR 11

FUZZINESS

Z4?|Ill lllll llllllllllllllllllllll‘?

» Stochastic spread of photons of same energy

v(E) = ¢ + 6v(E)

» 6V(E) follows a Gaussian p.d.f. with zero average and

2 0 2 4 6 8 10 12 14

1+n < E ) n Time after trigger (sec)
= C

on(F)

2 EQG,n

» Broadening of sharp emission spikes

» Using GRB 090510, Eqg1 > 2.8 Ep (Vasileiou et al. 2015)

J. Bolmont - LPNHE, Paris COST Workshop 2019



\

“.»- . N LA “an A -
P 4 v o sty “w .
oo Yo DI YR -
. A e e a 2%e

. ol e e e : shite - > :
~r . e y w4 .- Yichioh Kias 5 .

. Yol ' b & L." ' o ..'e
o Lo AN S N S s S S o AR .

P 1 A N Fye R . .’ -

« % v ety ot e U [Soh oA .

45090 T DL IR A 2
ST A T e Ve - ‘
. '.v'.ﬂs -vfl’-."".‘!"x‘ g "".r R
R g NS
. Tyt B 2R .
R it
- -

e - -
‘o A
“d

ICAL SOURCES FOR MDR SEARCHES:
PRESENT SITUATION

g e

" ASTROPHYS




MODIFIED DISPERSION RELATION 13

MODIFIED DISPERSION RELATION

STRINGY SPACETIME FOAM LQG SEMI-CLASSICAL FORMALISM

e.g. Amelino-Camelia, Ellis, Mavromatos,
Nanopoulos (1999), Ellis, Mavromatos,
Nanopoulos (1999), Mavromatos (2010),
etc.

e.g. Gambini & Pullin (1999)

MODIFIED DISPERSION RELATION

GROUP VELOCITY OF PHOTONS
BECOMES ENERGY-DEPENDANT
Focus of this talk
PURELY KINEMATICAL TEST THEORY VERY SMALL
WHERE _ EFFECT, BUT IT
0 E\" COULD CUMULATE
E* ~p*c® x |1 an (—) ON LARGE
a2 \Ep DISTANCES

Amelino-Camelia, Ellis, Mavromatos, Nanopoulos, Sarkar (1998)

J. Bolmont - LPNHE, Paris COST Workshop 2019



MODIFIED DISPERSION RELATION 14

FROM MDR TO TIME-LAG

» Photons from astrophysical sources propagate over large distances

» Universe expansion has to be taken into account when calculating the
measured delay (expression below from Jacob & Piran, 2008)

» Expression of the time-lag between two photons emitted at the same time at
redshift z:

ENERGY LEVER ARM
n+1‘EZ—Eﬂ “A+z2H
Atn = S+ 0 p dz
2 EQG 0 H(Z )
. DISTANCE PARAMETER
» with
— 3 Iy, = 67.74+0.46 km/s/Mpc

H(z) HO‘/Q'" (1+2)° +Qn O, = 0.3089 % 0.0062,
Qyn = 0.6911 +0.0062

(Planck, 2015)

J. Bolmont - LPNHE, Paris COST Workshop 2019



ASTROPHYSICAL SOURCES FOR MDR SEARCHES 15

ASTROPHYSICAL SOURCES FOR MDR SEARCHES

» The time-lag At, is proportional to:

» The distance parameter

» The energy « lever-arm» AL" =E —E}
» Need for sources that are

» At large distances

» Variable or transient

» Energetic (hard spectra)
» Candidates:

» Gamma-Ray Bursts (GRBs)

THESE SOURCES HAVE
» Flaring Active Galactic Nuclei (AGNs) ADVANTAGES AND DRAWBACKS

» Pulsars (PSRs)

» The sensitivity of analyses depends on a combination of factors

J. Bolmont - LPNHE, Paris COST Workshop 2019



ASTROPHYSICAL SOURCES FOR MDR SEARCHES 16

GAMMA-RAY BURSTS

» Random, short and powerful events

loz T

10°

» SN or mergers of compact objects GRB: _-;
» Prompt emission ..é VERY LARGE DISTANCES 3o
S <& SHORT
» Detected only with satellites S RANDOM u
» Afterglow AN
» Detected with satellites and IACTs | ey and GRE Cataleg -
T T L U L T
(T-To)(1+2)[s]

» Seen at very high redshifts (z < 9)

10%

» Intrinsic effects

» lag-luminosity correlation =
» onset at high energy delayed with respect to low energies § o

» From 2nd Fermi GRB Catalog (Ajello et al. 2019): « when ;‘i
high-energy emission is observed in GRBs, this emission is 5 10"

delayed and lasts longer compared to that in the low-energy
band » -

Team.o0s (50-300 keV) [s]
J. Bolmont - LPNHE, Paris COST Workshop 2019



ASTROPHYSICAL SOURCES FOR MDR SEARCHES 17

PULSARS ..

W.Counts/ b

;
=

[

L, 1=
Pulse Phase

Counts

» Highly magnetized rotating neutron star

» Periods as low as a few ms

Phase

» Period increase of 10-13-10-20 /s

PSR:
» Galactic sources <& EXTREME VARIABILITY
» Only three PSR detected with IACTs above <& NOT RANDOM
100 GeV (Crab, Vela, PSR B1706-44) S VERY SMALL DISTANCES

» Intrinsic effects:
» Any intrinsic effect should stay constant when time is expressed as a phase

» Any propagation effect should slowly evolve when expressed in phase

J. Bolmont - LPNHE, Paris COST Workshop 2019



ASTROPHYSICAL SOURCES FOR MDR SEARCHES 18

FLARING ACTIVE GALACTIC NUCLEI

» Galaxies with an extremely luminous inner region
» Blazars
» Jet close to the line-of-sight
» High variability (flares)
» For MDR searches:
& Good statistics with IACTs
High variability (O(min))

i

Distant sources
Flares happen randomly
EBL absorption of TeV photons

Hints of intrinsic temporal effects

‘W m w m f

Details of emission mechanisms poorly
understood

OESA/NASA, the AVO project and Paolo Padovani

J. Bolmont - LPNHE, Paris COST Workshop 2019



ASTROPHYSICAL SOURCES FOR MDR SEARCHES 19

SUMMARY OF MAIN CHARACTERISTICS

Source Observed by Distance Variability time scale

“

AGN flare IACT t Zmax ~ 0.6 O(1 min)
<

GRB Satellites t Zmax ~ 9 0O(0.1 s)

PSR Satellites & IACT dmax ~ 50 kpc O(1 ms)

Source Random ? Intrinsic effects Emission mechanisms

AGN flare Yes Hints poorly understood
GRB Yes Yes poorly understood
PSR No Can be separated t poorly understood

J. Bolmont - LPNHE, Paris COST Workshop 2019



SOURCE INTRINSIC EFFECTS 20

DELAYS AT THE SOURCE

Atn total — Atn LIV + (1 + Z) Atsource

» « Source-intrinsic effects »

» Due to emission mechanisms

» Differ from one type of source to another

» Could differ from one flare/burst to another
» Observed for long GRBs
» Only hints for flaring AGNs in the TeV range

» Details of emission mechanisms are still unknown...

J. Bolmont - LPNHE, Paris COST Workshop 2019



SOURCE INTRINSIC EFFECTS 21

HOW TO DEAL WITH INTRINSIC EFFECTS ?

Atn total — Atn LIV T (1 + Z) Atsource

» Neglect intrinsic effects

. . ONGOING EFFORT,
» Conservative modeling T0 BE DEVELOPED

b ‘Full modeling of the sources‘

» |Use population studies trying to separate intrinsic and
propagation effects

J. Bolmont - LPNHE, Paris COST Workshop 2019



ASTROPHYSICAL SOURCES FOR MDR SEARCHES 22

AGN, PSR, GRB COMPLEMENTARITY

» AGN flares » PSR
» Moderate z » Small distance
» High AE » Time scale O(ms)
» Time scale O(1 min)
» Random

» GRB ALL THESE SOURCES SHOULD

. BE USED FOR MDR SEARCHES !

» High z

» Time scale O(1 s)

» Random

J. Bolmont - LPNHE, Paris COST Workshop 2019
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RECENT AND NOT SO RECENT RESULTS 24

PRELIMINARY COMMENTS

» Results span from the end of 90s to now

» Population studies were done with GRBs (with known z)

» The main result after 25+ years of work:

NO SIGNIFICANT EFFECT WAS FOUND !

» Lower limits on Eqg 1 and Eqg 2 are derived
» Error evaluation is essential

» The only known exception:

» Flare of Mkn 501 in July 2006, Albert et al. (2008)

J. Bolmont - LPNHE, Paris COST Workshop 2019



ANALYSIS EXAMPLE 25

A GIANT FLARE OF PKS 2155-304

» BL Lac object "’E 2o E
S oao } =

» z=0.116 E 2.52— + _2
» Flare in July 2006: 8 E E
» ~10000 photons in ~90 min OIEC b My E

» High variability (O(min)) | R 6 4 Rt

Time - MJD53944.0 [min]
» ldeal observation conditions

» Negligible background
» Use of a likelihood procedure (Martinez & Errando, 2009)

» Toy Monte Carlo technique:
error calibration and systematics studies

J. Bolmont - LPNHE, Paris COST Workshop 2019



ANALYSIS EXAMPLE 26

g O BRRRNRRRENRRREN
% B PKS 2155-304 Data ]
L 0.25-0.28 TeV |
LIKELIHOOD PROCEDURE (IN BRIEF) om,
. -
» Ingredients : _
15 -
» Parametrization of low energy light curve i3 Ll } | i
» Parameterization of spectrum 5| \ H | | H | '
J
» Photon list 05 ~~560" 1000 1500 200023003000 35002000
Time (s)
» Result: the best estimate of 7, g E T s orsantom
° I =3.46+ 0.04
10°E y?/dof = 16.7/23 -
— 25 . —~ 25 = ;
:', i Number of passing events = 2462 : :', i Number of passing events = 2462 L
%l B Minimumatr,o=-5.5i7.1 s/TeV % B Minimumatrqg=1.7i3.5$TeV'2x 1025_
o 20:— . o 20:— -
i ) i 105—
151 ; . 151 . x
- -5.5 s/TeV: 1.7 s/TeV? 1
101 ; 10 : x -
_ | _ 10'15—
5:— 5:— 210°
S15_0I I I-4|0I I I-2|0I 0 = I2|0I I I4|()I I I60 HS_OI I I-4|0I I I-2|0I I I0 = I2|0I I I4|0I I I60
7, (s TeV') Tq (s TeV?)

J. Bolmont - LPNHE, Paris COST Workshop 2019



ANALYSIS EXAMPLE

27

TOY MONTE-CARLO

» Good for error calibration and evaluation of

systematics

» Summary of systematics:

Change in estimated Change in estimated

T (s/TeV) Tq (s/TeV?2)

Selection cuts <5
Background contribution <1
Acceptance factors <1
Energy resolution <1
Energy calibration <2
Spectral index <1

Calibration systematics <5 <1

Fs(t) parameterization ~7 ~3

Total <10.3 <6.6

EVALL

SEE MARKUS™ AND SAMI'S TALKS

ATION OF SYSTEMATICS IS A CRITICAL STEP

J. Bolmont - LPNHE, Paris

Reconstructed 7, (s TeV™)

[ T T T | T 17T | L | T T T T T 17T T T /I ]
- PKS 2155-304 Template
1 00‘_ Linear Model N
. o.(t,=0)=10.9 s TeV'
50— .
o -
-50:_ _|
-100+ .
111 | | | | 111 1 | | | | | | 111
-100 -50 0 50 100
Injected 7, (s TeV™)
8 _I T TT | T T TT | T TTT | IIIIIIIIIIIIIIIIIIII ]
[ Gaussian pulse i
~ Linear Model

o, (s TeV)

COST Workshop 2019



ANALYSIS EXAMPLE 28

A GIANT FLARE OF PKS 2155-304

T) =-5.5 % 10.9¢star) £ 10.3(5y5) s/ TeV

» Time lag parameters:
T2 = |7 i 6.3(stat) i 6.6(5)15) S/TGVZ

» Limits:
» Eca1 > 2.1x1018 GeV
) EQGIZ > 0.6x1011 GeV

J. Bolmont - LPNHE, Paris COST Workshop 2019



ANOTHER INTERESTING RESULT 29

MRK 501 FLARE SEEN BY MAGIC IN 2005

» z=0.034

Flare of Mkn 501, MAGIC (2007)

X
1.2

0.8F

0.6
04F
0.2

F (0.15-0.25 TeV) [cm?s]

» ~20 minute long flare on July 9 °F

bl

» ~1500 photons

» Negligible background osE

0.4

02F

F (0.25-0.60 TeV) [cm? s

» Lag of 41 min measured between
< 250 GeV and >1.2 TeV

» Confirmed with 2 methods ; o
» MAGIC (2008)
» Martinez & Errando (2009) o

» 71 =(0.030+0.012) s/GeV, and
Eag1 = 0.30%0.24 5,9 x 1018 GeV

.1]

0255
0.2F
0.15F

F (1.2-10 TeV) [cm?s

01F

» Finally interpreted as a[source intrinsic effect

0.05F
(=

Lag of 41 min (< 250 GeV, >1.2 TeV)
J. Bolmont - LPNHE, Paris COST Workshop 2019



RECENT AND NOT SO RECENT RESULTS 30

LIMITS ON Eqg1 AND Eqg2 FOR THE SUBLIMINAL CASE (25/CL)

Source(s) Experiment Method Results

GRB 021206 RHFESSI Fit + mean arrival time in a spike EoG1 = 1.8x% 10" GeV
£ GRB 080916C  Fermi GBM + LAT associating a 13 GeV photon with the Eoc1 > 1.3x10"% GeV  Epga > 0.8 x 100 GeV
= trigger time
% GRB 090510 Fermi GBM + LAT associating a 31 GeV photon with the EoG.1 > 1.5%x10% GeV  Epg.a > 3.0 x 101 Gev
E start of any observed emission, DisCan

Fermi LAT PairView, SMM, likelihood Eoc1>9.3x10Y% GeV  Epga > 1.3 x 10 Gev

. 9 GRBs BATSE + OSSE Fit EQGJ > 107 GeV .
S 9GRBs BATSE + OSSE wavelets EoG = 0.7x10"° GeV  Egga = 2.9 X 10° GeV
£ 15 GRBs HETE-2 wavelets EoG.1 > 0.4 x 10'° GeV
% 17 GRBs INTEGRAL likelihood Epc,1 > 3.2x 10" Gev

35 GRBs BATSE + HETE-2 + Swift  wavelets Ep,1 > 1.4 x 1010 GeV

15 GRBs SWIFT CCF (50-100 keV, 150-200 keV) Eogy > 1.48 x 10'° GeV

8 GRBs Fermi LAT irregularity, kurtosis, skewness estimators  |Ep.1 > 102 Gev
~  Crab pulsar EGRET average time of the main pulse in different  Egg,q > 0.2x10'" GeV
£ energy bands, fit of main pulse
2 VERITAS DisCan Eoca > 1.9x 10" Gev ]
. MAGIC likelihood Epe1 > 7x 10" Gev IE£G_2 > 4.6 % 10%° Gev
= Vela pulsar H.E.S.S. likelihood EoG, > 3.5x101 GeV  Egg.a > 6.4 X 10° GeV

» Best limit so far: Eag1 > 92.3x1019 GeV with GRB 090510
» Population studies lead to Eqg,1 > 1017 GeV

» Competitive results possible for pulsars on Eqg,2

J. Bolmont - LPNHE, Paris COST Workshop 2019
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LIMITS ON Eqg1 AND Eqg2 FOR THE SUBLIMINAL CASE (AGN)

Source(s) Experiment  Method Results
> Mrk 421 Whipple average time of the main Eos1 = 0.4% 1017 GeVv
2 pulse in different energy bands
£ Mrk4n MAGIC likelihood IEoG.1 > 5.4 x 101 GeV | [Epe,2 > 1.4x101 GeV
§ Mrk 5o MAGIC ECF, likelihood Foca > 0.2x10%° GeV  Epg,2 > 2.6x10°Y GeV
3 likelihood Eoca > 0.3x101% GeV i o > 5.7 %101 Gev
5 Mrksor H.E.S.S. likelihood Eoca > 3.6x10'7 GeV  Egga > 8.5x10'0 Gev
T  PKS2155-304 HE.SS. MCCF Eoga > 7.2x10"7 GeV  Egg.a > 0.1x10'7 Gev
wavelets EoG > 5.2x10'7 GeV
likelihood Eoci > 2.1x10" GeV  Egg,2 > 6.4x 10" Gev
PG i1553+113 H.E.SS. likelihood Eoc,1 >4.1X 107 GeV Eog,2 > 2.1x 1010 GeV
3C279 H.E.S.S. likelihood Eoc.1 > 1.6x10Y GeV  Epg,2 > 1.5x 10" GeV

» 5 different objects
» Redshift ranging from 0.03 (Mrk 421) to 0.54

(3C279)

» Best limits for Eag 1 and Eqag 2 : Mrk 421

J. Bolmont - LPNHE, Paris

COST Workshop 2019
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SUMMARY

—
o
™

1000 [ [ I T T TTT [ [ I T T TTT [ [ I T T TTT - [ [ I T T TTT [ [ I T T TTT [ [ T TTTH
C | | - = =
- 1. Mkn 421 5.3C279 ] —_ - =
800 Whipple (1999) H.ES.S. (2017) — i N ]
B 2. Mkn 501 T _ I B h
N Top: MAGIC (2008), Bot.: H.E.S.S. (2015) ] "
600— 3. PKS 2155-304 . ] ? 10 =
N H.E.S.S. (2011) ] _ = l ] .
- 4. PG 1553+113 - o u N
400~ H.E.S.S. (2015) ] 2 - .
- 5 | 8 - l _
< - 2 3 7 ] - e K 8 ... |
> 200[ \ / / .‘/ N T 1; Mrk 421 3
E - + S c - MAGIC (2018) l .
L o D | e S e S -] = [ ]
L - n & _ 9 _
g r . 6/ . 1 <, I3 l .
32001 — 31071 { —~
- 1 _] Lu = —
- / - - g 2 H.ES.S. I s
_400_  6.090510 4 ] S T I 4 .
- 7. 090902B - = i 2 MAGIC I |
- 8.090926A . E 5
-600—  9.080916C — = 102 —
- Vasileiou et al. (2013) 7 o - 3
~800 - R l, :
_1000_ | | IIIIII| | | | IIIII| | | IIIIII_ 10—3 | | IIIIII| | | | IIIII| | | I |
-2 -1 -2 -1
10 10 1 10 10 10 1 10
y 4 Y 4

» Results for linear and subluminal effect, obtained with a likelihood method

» 4 Fermi-LAT GRBs included (Vasileiou et al., 2013)

J. Bolmont - LPNHE, Paris COST Workshop 2019
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Subluminal propagation

SUMMARY: PULSARS

Superluminal propagation

; l LI 1 | LI | LI | LI l LI LI 1 ; | U 1 I T T U I U T I T 1 I
-1} T -
= 10 ] - Eplanck
g \é 101’ _ ........................................................................... _
~~ a -—
2 T - i
3._’_ - Crah (d=2.2kpc) -
7] 18
i Vela (P=89 ms) _ 107 = E
= MAGIC .
VERITAS
L u j - 107 = VERITAS
i MAGIC - § .
I Vela (d=294pc)
i I i 10" = =
- - H.E.S.S. .
Crab (P=33 ms) - ]
101_||| ' I A N AR AR AN BN B AN N B AN IR A A B O A B I 1015_|||| oo | | oo | | T
30 40 50 60 70 80 90 500 1000 1500 2000
Period (ms) Distance (pc)

» Crab PSR (P =33 ms, d = 2.2 kpc, 300 h with MAGIC, 107 h with VERITAS)
» Vela PSR (P =89 ms, d = 294 pc, 24 h with HESS)
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SOURCE INTRINSIC EFFECTS 35

HOW TO DEAL WITH INTRINSIC EFFECTS ?

Atn total — Atn LIV T (1 + Z) Atsource

» Neglect intrinsic effects

. . ONGOING EFFORT,
» Conservative modeling T0 BE DEVELOPED

b ‘Full modeling of the sources‘

» |Use population studies trying to separate intrinsic and
propagation effects

J. Bolmont - LPNHE, Paris COST Workshop 2019



UNDERSTANDING THE SOURCES 36

C. Perennes, C. Levy, H. Sol, JB

UNDERSTANDING INTRINSIC EFFECTS L e

» Need for a time-dependent model of AGN flare emission

|
[o

NE

“h on o8 w4 o
.

» First attempt to characterize intrinsic effects in AGN flares =

s
SH L ERE HE R

in connexion to LIV searches

» PhD thesis by C. Perennes, LPNHE
» Paper submitted to A&A

» Leptonic model

» Temporal evolution due to

—_
o
N

» Electron acceleration (flux increase)

Normalised flux
2

—
T

» Electron energy losses and decrease of magnetic

field (flux decrease) 000l
» SED and light curves produced from a simple SSC 0.8}
model (Katarzynski et al. 2001) 07|

» At computed from a reference light curve (lowest energy)  °%

0.93560 5500 6000 6500 7000 7500 8000 8500

Time [s]

J. Bolmont - LPNHE, Paris COST Workshop 2019
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UNDERSTANDING INTRINSIC EFFECTS

» Time delays are found to be driven by

Plots from C. Perennes

» Acceleration:

} e- are Sti” accelerating When Iight curves E4O :|| LR RLLL B AL B L1 B AL AL N L1/ B B AALLL B
Z : Acceleration of electrons
starts to decay 300 t O
. . . 200t —

» e- need more time to emit the highest ; -
energy photons than e- emitting low A I —— .
energy photons |

. . . . —100E
» LE light curves reach their maximum first ;
Radiati i =0
» Radiative cooling: P o ey ey Sy
» e- have started to cool down when light | T emas 10 L
-400r |- A,=5.0x10°s"
curves starts to decay || A=55x10°s -
_500__ 5
oy, . i _|_A°=6'OX1O g Radiative cooling of electrons™
} e- emlttlng the hlghest energy photons _60 -Il | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIIIi | IIIIIIIi | IIIIIIIi | IIIIIIIi
10° 10° 10* 10° 102 10" 1 10

lose their energy faster than e- emitting
low energy photons

Energy [TeV]

NB: Adiabatic losses neglected

» HE light curves reach their maximum first

J. Bolmont - LPNHE, Paris COST Workshop 2019
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UNDERSTANDING INTRINSIC EFFECTS

» Focusing on TeV energies

Plots from C. Perennes

» Lags can be parameterized by a power law @ [TTTT T T TR T m T
<

40F | x?/ ndf 0.4435/6

At = € X (EO‘ — EO‘) | Prob 0.9985

0 | & ~29.07 + 8.384

» aisfoundintherange 0.4-0.9 20 | @ 05709 =0.2405

» € can be positive (mimicking a
subluminal LIV) or negative
(superluminal LIV)

» Except for Mkn 501, no lag was measured

» Constraints on emission, using multi-A

[ ||
observations 10

Energy [TeV]

» From these constraints, get robust

constraints on LIV PAPER SUBMITTED

J. Bolmont - LPNHE, Paris COST Workshop 2019
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L. Nogués, T. Lin, C. Perennes, A. E. Gent, M. Gaug,

PREPARING POPULATION STUDIES e A O £ v

» Joint effort initiated in a working group gathering MAGIC, VERITAS and H.E.S.S.
members

» Goal:

» Combine existing data for AGNs and Pulsars (+GRBs ?) from the three experiments

» Get combined limits on LIV as a legacy before CTA

» Redshift dependence study
» Prepare CTA

» Combine likelihoods to estimate a redshift-independent parameter A

Nsource Nsource

Leamn(A) = [] Li(A) — —2log(Leomp(N) =—=2 > log(L;(N))
i1 i1

- AE" k(2)

J. Bolmont - LPNHE, Paris COST Workshop 2019
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PREPARING POPULATION STUDIES

» For now, only simulations

» 990 sets of simulated data from published spectra and light curves

» Mrk 501 2005 flare detected by MAGIC
» PG 1553+113 2012 flare detected by H.E.S.S.

» PKS 2155-304 2006 flare detected by H.E.S.S.

» VHE Crab Pulsar detected by VERITAS

00 30 60 40 200 0 200 L0 €0 300 100

L (s/TeV)
J. Bolmont - LPNHE, Paris

Plots from Nogués et al., ICRC 2017

PG 1553+113

Z 0 PG 1553+113 2
o 5 -
= -
o PKS 2155-304 -
3 2_ KR I g 2—
I 9 2
_ L M :
4_— -A—
i - |l Comblnation
£ o 6—
i Combination -
-G_— 3-—
- Crab Pulsar -1
E | | | 1 1 | )

|

!

PKS 2155-304
Mrk 501

Crab Pulsar

-1000 -B00 620 AC 200

0

111 1 1
20 A0 60 B80T 1200

A (s!1eV9)
COST Workshop 2019
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PREPARING POPULATION STUDIES

Plots from Nogués et al., ICRC 2017

-E H'W §13'° T 11177 I'| T o LLILL L ALY lllllll:'
g | -
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K o
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1ok .5 l PKS 2155-304
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: 1 k50l})
PG 1553+113 5 e K 2155304
Crab Pulear t
v PG 15534113
1 s
.0-3 1 llll lllllull 11 1 lul L1 1 llml lllllnj U " L1111 |I llll L1 11 unl 111 llll L1
[1ad 04 10° o2 10! 1 ([ S l)o2 10% 10 1078 10 ¢! .
Kz Kq(Z)

» Combination dominated by

» PKS 2155 for the linear term

» 24% improvement w.r.t. the best individual case

» Mrk 501 for the quadratic term A CRUCIAL STEP BEFORE CTA'!
» 10% improvement SEE SAMI'S TALK

» Technical paper on the method to appear in early 2020

» Final paper with all available sources to follow

J. Bolmont - LPNHE, Paris COST Workshop 2019
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THE LANDSCAPE

'

J. Bolmont - LPNHE, Paris COST Workshop 2019



CURRENT AND FUTURE EXPERIMENTS

b4

MORE ON FERMI

» Mission approved till 2022 (when it will
again undergo review)

» Data set publicly available archive at
Fermi Science Support Center

» The Fermi mission provides a suite of
tools, called the Fermi Science Tools

» ~5000 sources in the Fermi Catalog

THANKS T0 GABRIJELA ZAHARIAS!

o No association Possible association with SNR or PWN * AGN
# Pulsar 4 Globular cluster * Starburst Galaxy @ PWN
Binary + Galaxy o SNR * Nova
* Star—forming region

J. Bolmont - LPNHE, Paris

Launched 2008
Data made public within 24 hours.

5 NASA Lil'D. Sonome Siats Jn wersity. Aurcre Lmo-ret

Other

galactic
5%

PSR 7%

31%

COST Workshop 2019
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MURE ON FERMI THANKS TO GABRIJELA ZAHARIAS!

» Second catalog of LAT-detected GRBs: first 10 years of P m“‘g,
» Total of 186 GRBs e, RO ) e TEIY by er W A

» 91 show emission in the range 30 - 100 MeV (17 X% 57 - " o TR o P

» 169 are detected above 100 MeV “ '“ o R ~ .

» The LAT has independently triggered on 4 GRBs i : % " , |
» Amust-read ! G B S i fa e e
» arXiv:1906.11403 T e bee

» See also: https://fermi.qgsfc.nasa.gov/ssc/data/analysis
LAT caveats.html

Fermi

Gamma-ray Space Telescope

Home Support Center QObservations HEASARC

Data Caveats About Analyzing LAT Pass 8 (P8R3) Data

2 2Ly These caveals are relevznl for Lhe PER3 werson of he Pess 8 pholon da.asel. Thev supersede the sel ol taveals lor analvsis of hs
» Dala Access previous version of Pass 8 (PER2) P2ss 7 reprocessed (P7REP), Pass? (P7_V6) and Pass € (P5_V3 and P6_V"1) event scieotions
gnd Instrument Response Functions (IRF 8).
r Dala Analysis
Ihe LAT team s st working to valigate all aspects of Fass 8 dola and analysis. AS a canscquencoe 1S expeoted thel, nthe coming
» Caverta year, the -ange of applicatinn of Pass 8 daa will ba increasec, the fonlz end fles will ha imaravad ard the systzmat e urecatainties
- LAI will be decreased. These caveals will be modified gccord ngly.

J. Bolmont - LPNHE, Paris COST Workshop 2019
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FUTU RE p- ASTRUG AM THANKS TO GABRIJELA ZAHARIAS!

-ASTRUGAM

» Broad energy range: 0.3 MeV - 3 GeV Bl

sFace mission for MeV GeV
gamma ray astrophysws -

» Large FoV (>2.5 sr)
» Polarization information

» arXiv:1711.01265

- 9 .
Ca 10 SPL compTEL
-
- -10
L 10 EGRET MAGIC Type 3 yr New sources
) IBIS-PICSIT | Total 3000 — 4000 | ~1800 (including GRBs)
= 10 -1 HAWC Galactic ~ 1000 ~400
'E _ ‘ ' MeV blazars ~ 350 ~ 350
= Fermi-LAT GeV bl 1000 — 1500 | ~ 350
8 102 HESS/VERITAS ¢V blazars ~
2 10 Other AGN (<10 MeV) | 70 - 100 | 35 - 50
7 IBISAISGRT e-ASTROGAM ‘ HiSCORE 1S\INe 10 — 15 10 — 15
13 ovae 4-6 4 -6
- CTA South
10 ~Y Y
X GRBs 600 600
.14 LHAASO
10
0w 1w' 1w 10 1w w 0 0 10"

Energ} (Me\-")

J. Bolmont - LPNHE, Paris COST Workshop 2019
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CTA IS COMING (202x)

» 20 GeV-300TeV

Science
» ~100 telescopes of three different sizes, on two sites with the
Cherenkov
» Sensitivity improved by a factor of ten : Telescope
» Surveying+Monitoring capability ' Arr;i S

&
» Dedicated strategies to maximize transient sources detections '

» Optimized algorithms for quick reactions to alerts

» Fast analyses to issue alerts

» arXiv:1709.07997

J. Bolmont - LPNHE, Paris COST Workshop 2019



SUMMARY,
ISSUES,
PROSPECTS,
QUESTIONS

Artist’s view of CTA Northern site
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SUMMARY

» LIV in the form of MDR for photons in vacuum is predicted by different QG
approaches

» Stringy spacetime foam, Semi-classical treatment in Loop QG,
but also Non-commutative geometry...

» Astrophysical sources are good tools to probe MDR
» Complementarity of PSR, GRBs, flaring AGNs
» After 20 years of work on that topic
» No propagation effect was discovered
» Limits were set on Eqg 1 and Eqg 2
» Planck scale sensitivity reached for the linear effect

» A number of problems remain

J. Bolmont - LPNHE, Paris COST Workshop 2019
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OPEN ISSUES (THEORY/PHENOMENOLOGY SIDE)

» MDR are obtained from « simplified » models

» Full theory of QG could lead to a neither linear nor quadratic MDR

1+

» The « distance parameter» | ~gy-¢" from Jacob & Piran (2008) is
obtained assuming that translations are not affected by Planck scale
effects (Rosati et al. 2015)

» A more thorough study of this question in the DSR approach is on-
going and will lead to a re-evaluation of all published limits

J. Bolmont - LPNHE, Paris COST Workshop 2019
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OPEN ISSUES (OBSERVATION SIDE)

» MDR « Time of Flight » searches are limited by our limited understanding
of astrophysical sources

» Source-intrinsic effects involve complex processes, difficult to model
» Population studies are still lacking for VHE data

» Done with GRBs with satellite data, leading to Eqg,1 ~ 1017 GeV
» Methods for lag measurements have all their drawbacks

» Likelihood procedure is very precise, but requires a fit of the (binned)
light curve at low energies

» Correlation methods give only a lag between two fixed energy bands,
etc.

» New methods could still be proposed

> ...

J. Bolmont - LPNHE, Paris COST Workshop 2019
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PROSPECTS (FOR THE EXPERIMENTAL SIDE)

» Population studies are a main goal for the future

» With all possible sources (AGNs, GRBs, PSRs)

» They will help for
» Searching for a dependance with redshift
» Understanding the sources
» Confirm linear effect exclusion

» Modeling sources with the goal to

» Constrain (or predict ?) source-intrinsic effects

» Get more robust constraints on propagation effects

» Multi-A\, multi-messenger and ToO observations will have an important role to play

» A good point: LIV/QG searches come as a bonus with other types of « conventional
analyses »

J. Bolmont - LPNHE, Paris COST Workshop 2019
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WHAT YOU NEED TO KNOW ABOUT WHAT WE'RE DOING

» IACT data analysis is complex

. . THEORY/PHENOMENOLOGY GROUPS
» Multiple steps required WILLING TO ANALYZE DATA SHOULD
: : : : DO SO IN COLLABORATION
» Calibration, simulations, etc. WITH EXPERIMENTALISTS!
» Complex reconstruction algorithms
» Hillas, Model, etc. EXPERIMENTALIST GROUPS
, , , SHOULD WORK IN COLLABORATION
» Releasing public data is not easy WITH THEORISTS AND
» FERMI data analysis may look simple, but PHENOMENOLOGISTS!

» Keeping a critical eye is mandatory

» We spend about the same time to produce results and to evaluate
systematics...

J. Bolmont - LPNHE, Paris COST Workshop 2019
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WHAT WE WOULD LIKE TO LEARN FROM YOU

» WG1 &WG2

» MDR: Could we go further than the simple series expansion we always use?
» MDR/Fuzziness/...: What is the exact effect of distance?
» Is there any effect which could be tested now and which is not?

» If you could design an experiment, what would you do?

» Other working groups:
» Multi-wavelength/Multi-messenger strategies will be essential
» Can we do more/better than what we do now?
» Forthe Action:
» Experts on source modeling should be invited to join

J. Bolmont - LPNHE, Paris COST Workshop 2019
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LIMITS - REFERENCES

GRBS - PSRS

Reference

AGNS

Reference

Boggs et al. (2004)
Abdo et al. (2009b)

Abdo et al. (20009a)

Vasileiou et al. (2013)

Ellis et al. (2000)

Ellis et al. (2003)
Bolmont et al. (2008)
Lamon et al. (2008)
Ellis et al. (2006, 2008)
Bernardini et al. (2017)
Ellis et al. (2019)

Biller et al. (1999)

Nogués (2018)

Albert et al. (2008)

Martinez and Errando (2009)
Abdalla et al. (2019b)
Aharonian et al. (2008)

Abramowski et al. (2011)
Abramowski et al. (2015)
Abdalla et al. (2010a)

Kaaret (1999)

Zitzer and the VERITAS Collaboration (2013)

Terrats (2015)
Chretien (2015)
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TWO MODELS, A COMMON CONSEQUENCE
n+1( E \"

2 EQG

|

QG energy scale

vg(E) = 0E/dp =~ ¢ X |1 — s

Superluminal (-1) or subluminal (+1)

Only the lowest order dominant terms are considered (n=1,2)

This equality is assumed to be valid at Planck scale

Group velocity

» Photons with different energies have different speeds
» The corresponding time-lag should be greater if they are emitted by a distant source

» Proposition to use Gamma-ray Bursts, Amelino-Camelia et al. (1998)
J. Bolmont - LPNHE, Paris COST Workshop 2019
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4 BRIGHT FERMI-LAT BURSTS

» Use of FERMI-LAT data (20 MeV - 300 GeV)
» 4 GRBs analyzed
» 0.9<2<4.3
» One short (090510), three long
» Variability time scale down to tens of ms
» Maximum energy detected: 31 GeV (090510)
» ~100 events/GRB above 100 MeV
» 3 different analysis methods
» PairView, Sharpness Maximization, Likelihood

» Toy Monte Carlo technique:
error calibration and systematics studies

» Conservative modeling of source effects

J. Bolmont - LPNHE, Paris
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CONSERVATIVE MODELING OF SOURCE EFFECTS

Tn (total) = Tn (LIV) T T(source)

» Measure the Confidence Interval on hotal) from data
» Assume the range of Tisource)
» is as wide as the Cl on tyotal)

» IS zero on average

» Deduce the allowed range for 71

» Take the value of r,vywhich gives the least stringent
constraint

J. Bolmont - LPNHE, Paris COST Workshop 2019
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4 BRIGHT FERMI-LAT BURSTS

» All Confidence Intervals are compatible with O dispersion

» Good agreement of the three methods

J. Bolmont - LPNHE, Paris COST Workshop 2019
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4 BRIGHT FERMI-LAT BURSTS
_'.""""'.;'._' _______ FL LI l:E;’f"

-t
o
T

Eqg (10" GeV) (n=2, s =+1)

—
I

Lower Limit on

» Lower limits on Eqg 1 and Eqg 2,
subliminal case

» Eag1 > 7.0 Er + BEST LIMITS EVER OBTAINED
» Eago > 1.3x1011 GeV - RESULT DOMINATED BY GRB 090310

» 090510: Limit still above Ep with

intrinsic effect modeling
J. Bolmont - LPNHE, Paris COST Workshop 2019
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OTHER DELAYS

» Photons can be delayed by different processes
» Plasma effects in the source (Latorre et al. (1995))
» Negligible (~ps fora 1 TeV photon, T~10-2 MeV, D~109 km)
» Interaction with particles candidate for DM (Latimer (2013))
» Negligible (~10-3? s for a source at z=8 and AE ~ 100 GeV)

» Photon-photon interaction + cascade + deflection by
Extragalactic Magnetic Fields (Taylor et al. (2011))

» At ~ years

» Gravitational lensing...

J. Bolmont - LPNHE, Paris COST Workshop 2019
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PREFERRED FRAME

» Short duration of experiments as compared
to the Sun revolution period around the

Galaxy Z axis parallel
. Earth axi
» The movement of the Sun with respect to O Farn e Autumnal
) . equinox
the CMB can be considered as rectilinear /

ALl

» Natural choice for the preferred frame:
the sun-centered reference frame,
considered as inertial

Spring (Vernal) X

equinox
J. Bolmont - LPNHE, Paris COST Workshop 2019
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THE STANDARD MODEL EXTENSION

» A dynamical test theory

» In the photon sector of the full SME:

1 ’ 1 V 3 ]' . V
&£ = —Z vaI“ T EEKA” AA(kAF)KFyv - ZFKA(kF)KA” va

LIV terms

» The dispersion relation reads
k(w) ~[1+¢°]
with .
0 d—4 \
¢ = Z W Oij(n)c(I)jm
djim

» d =5 (linear LIV) or d = 6 (quadratic LIV)

J. Bolmont - LPNHE, Paris COST Workshop 2019



BACK-UP 65

THE STANDARD MODEL EXTENSION

» Parameters constrained by experiments:

. , (d=5,6)
» General case: ZOY,m(ﬁ)cu)jm
jm
Direction of the source in the Sun-centered frame
: . (d)
» Isotropic case: €100

» These parameters can be related to the time-lag
parameter measured with astrophysical sources

J. Bolmont - LPNHE, Paris COST Workshop 2019
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PARAMETER x,

DISTANCE PARAMETER x;

12 s s s 7 s
z (1=2")" AN =2
K : :
i 0 VOm(1+2) +On . '

L o T """""""""""""" """"""""""""""

O IIIEIIIIiIIIIiIIIIiIIIIiIIII
0 1 2 3 4 5 6

y4

J. Bolmont - LPNHE, Paris COST Workshop 2019



