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Lorentz Invariance Violation (LIV)

Some quantum gravity (QG) models predict a modified
dispersion relation of photons in vacuum such that their
speed would be energy-dependent.

! n+1
E? = p2c? 1+Z — B =c|1-(¥)
EQG 2

—> Constrain the QG energy scale E,; ~ Ep = 1.22 x 10°GeV

The LIV effect would translate, amongst others, into a time-delay between the
arrival time of photons with different energies.
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Astrophysical sources

for sources:

e Atlarge distances
J ~~> Cosmological sources + TeV gamma-rays

e With large energy range

+ High variability for precision

¢ Pulsars
+ high variability, stable, large E spec.
- very local

¢ Gamma Ray Bursts (GRBs)
+ high variability, large z, large E spec.
- random and difficult to catch

+ large z, large E spec, easier to catch
- random, smaller variability




Intrinsic delays

In addition to LIV-induced delays, can be generated by
sources’ emission mechanisms. Neglected so far...

) ->MMUT% — »“miT%

LIV effect Intrinsic effect
Distance-dependent Distance-Independent
These Intrinsic delays need to be characterized and from

LIV-induced ones in order to provide a proper interpretation for observed
delays

Such problem can be partly answered with either a data combination of
different sources at different distances in the analysis, or the
modelisation of the emission mechanisms of said sources.
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Population study:
data combination
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H.E.S.S. + MAGIC + VERITAS

Imaging Atmospheric Cherenkov Telescopes (IACTs)

Gamma
ray

Particle ‘
shower

B Gamma-rays (GeV~TeV) interact in the
atmosphere and produce particle showers

B Emission of Cherenkov (blue) light due to
charged particles going faster than light in the
atmosphere.

B This light is focused with mirrors and detected

with a camera.
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H.E.S.S. + MAGIC + VERITAS - Goals

H Combine all available data from
H.E.S.S., MAGIC and VERITAS in a
joint analysis

B HES.S
i .- . P P P °
et

—> Better limits on QG energy scale
with increased statistics

B Use different types of sources with
different intrinsic characteristics

—> Prepare Cherenkov Telescope
Array (CTA) era with the
combination of different arrays with
different instrument response
functions (IRFs)
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Working group tasks

u In order to simulate, analyse and combine
data-sets.

B For now we work on

WM List of sources (only published sources are studied) such that
with different characteristics:

¢ AGN
+ Markarian 501 (MAGIC) flare of 2005
« PG 1553+113 (H.E.S.S.) flare of 2012
« PKS 2155-304 (H.E.S.S.) flare of 2006
o Pulsar
% Crab (MAGIC, VERITAS)
% Vela(HES.S))
¢ GRB
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Combination method

Separate photon list in 2 sub-sets — low energy vs. high energy light curves (time distributions)
¥ 7, =0
Use to estimate the mean delay separating the 2 sets
< Rio(E tm)
£ H Neig(7,)
Incorporation of hadrons (cosmic rays) and baseline photons
Combination — vary for each source and instrument

*  Approximations were made on IRFs treatment for most of the previous studies

*  We developed a method to fully take into account IRFs without any simplification

— via profile likelihood method (Sami Caroff):

*  Light curve parametrisation, spectral index (signal), signal and bkg proportions,

energy scale, redshift
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Results: Limits on Eqc
Example: AGNs

So far only upper limits on Epg -

Work in progress: results for the GRB and PSR currently being produced (long process)
==> |llustration with 3 AGNs for the linear case (n=1).

Results shown with systematics, for 2 models of redshift dependency, at 95% CL.:

PG 1553+113 Mkn 501 PKS 2155-304

(10'GeV)  (108GeV) (108 GeV)
0.11 0.52 1.00 1.12

==> The best limit (individual source: PKS) is improved by ~15% by the combination!

The combination is dominated by the source with the most stringent limit
==> Generally we have: GRB >> AGN >> PSR

Christelle Levy, Student’s day March 10 2021 10



Modelisation:
intrinsic effects in blazars
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Generating a flare: intrinsic effects

ON,(1,y) 0
or oy

[yzccool(t) -7 acc(t)] N(t }/) : SSC model

Synchrotron Self Compton

Light curves
Electron spectrum sp— = B e

Color = tlme evoI

Light curves computed on a
evpzmmc%yi SJi\/Egr]

Normalized Flux

] « Typical » arrival time taken
at the

- “Color = energy evol.\
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Generating a flare: injecting LIV

ON,(1,7)

0

ot

Electron Spectrum

o

Color = t|me evol

- t=0s

=2000s
—t=4000 s
—1=6000 s
—1t=8000s

2 —t=10000s

—t=12000 s
—t=14000 s
—1t=16000 s
—1t=18000 s

b 1

Speotral energy distribution

2\\\\3\\\\4\\

5 6 7

Log, (1) [TeV]

T t=0s

-~ 1=2000 s
—1t=4000 s
——1=6000 s
—1=8000s
—t=10000 s
—1t=12000s
—1t=14000s
—1t=16000s

—1t=18000 s

Color = time evol;

[P R ) O

-18 -16 -14

[T NI AT A
-12-10 -8 -6 -4 -2 O

2

4

Logm(E) [TeV]

ia

Normalized Flux

Light curves

286.1-372.9 peV (F = 4.6e+01 cmZ.s")
19.8-25.8 meV (F = 2.6e+00 cm2.s™)
1.4-1.8 eV (F=1.3e-01 cm?s™)
94.7-123.5 eV (F=6.5e-03cm?s™)
6.6-85 keV (F = 3.4e-05 cm®.s™)
453.5-590.9 keV (F = 5.1e-09 cm?.s™)
31.4-40.9 MeV (F = 2.5e-10 cm™s™)
22-28 GeV (F = 9.4e-12 cm™.s™)
150.1 - 195.7 GeV (F = 2.0e-13 cm?.s™)
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| LIV lag injection
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Injecting LIV:

simultaneous treatment

Normalized Flux

/

Inverse reconstruction/

v
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New light curves with LIV
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How to exploit these?

T is the LIV term
(input parameter)

New

delays with LIV
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Multi-wavelength study

How to distinguish intrinsic and LIV effects?

Spectral energy distribution

,II_— —8& I L L I L O O Y BB ] The 2 bumps evolve together
NE 1 (SSC model excluding EBL,
g - 1 Klein-Nishina and LIV effects):
o 1% E
. 11 4 We expect delays in the soft X-range
E B 1 and delays in the gamma-range to
z :
c»9 -13¢ E o .
O . ] ==> intrinsic delays in the
gy — 4 gamma range from the observation of
_15 1229008 4 delays in the soft X-range.
—tZ8000¢ :
—1 = —] . .
~168 i Z70000's - Is observable in gamma range
—1=12000 s N
—17|—1t=14000 s 3 only.
180008 | . o ool 1 ==>Anydifference between
-18"9g 16 14 12 -10 -8 -6 -4 -2 0 2 4 observedand predicted delays would
Logm(E) TeV] at another contribution (here LIV).
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Cross-correlation
Intrinsic only

Intrinsic delays Cross-correlation
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performed btw soft X-range and gamma-range data-sets.

X-range and gamma-range systematically follow the
(100%) correlation (EBL and Klein-Nishina effects have small impact on delays).
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Cross-correlation
Intrinsic + LIV

Intrinsic delays + LIV Cross-correlation
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on the delays and thus the correlation.

== another effect is contributing (here LIV) when correlation is far from +1.

17
==> Potentially a strong predicting or rejection tool under the SSC hypothesis!



Hysteresis

SED Hysteresis
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We compute the slope (hardness) of the SED on a small energy band close to the bumps’ peak as
a function of the mean SED flux in that band.

X-range and gamma-range systematically follow the (clockwise or anti-clockwise).

LIV can change delays trend in the gamma-range
==> could as well
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Hysteresis

SED

) Hysteresis
1'|_;‘ _U:I T | T TT T TT T TT T TT | T TT | T TT | T TT T TT T TT T TT T TT |: (D - S S l B l I l S
) N ] 0.5
N -9 — 8 C
& - N c -
O_ _10'_ _‘ _9 0_—
@) - ] Ay i ]
—_ r ] I C 7
(O] - . i i
— 11 ] —0.5 _]
N : s 1
LL —12__ A ]
< - ]
o - i
o _13:_ ]
! C . -
-~ -14 . - ]
~t=0s ] C i
—1=2000s N i ]
~19 —t=4000s E -2 -
—1=6000s ] i ]
_1Q//—1t=8000s _' B 7
16—t=1OOOOs ] _o.5f -
—1=12000 s ] —— X-rays ]
—17|—1t=14000s — ]
—1t=16000 s . ) 4
_18_t=180003||||||||||||||||||||||||||||L‘, |||||: _3+gammarays |||||||||||||||||||||||||_‘r
18 -16 -14 -12 -10 -8 6 -4 -2 G2 4 47 16 -15 14 -3 -2 11
Log (E) [TeV] Flux [erg.cm™.s7]
¥~ _tl)_l T T T T T T T TT T TT T TT T T T T T T T TT T 1] — —TTT — T —TTT T T T —TT
o : | | | | | ] % 0.5[ I I I ]
o _oF - <) B ]
1 L ;. C L .
E C ] © C ]
q _10'_ ] E O_ _
S - - I E 1
S i —— :
T ]
12~ ]
= - . 7
o C i i
~—-13r -
o - 5 -
- —141 = ' ]
T i= ] B i
—t= E _2__ _
15 = : - ]
—t= ] B ]
—f = ] - i
—16 i Z10000's ; —2.5 7]
—_—t= . —— X-rays .
—t=18000s ol b b b b by e L1 : L1 1| Ll 1| L1 1| L1 L1 1]
-18 98 16 -14 1210 -8 -6 -4 -2 G2 4 -17 -16 -15 -14 13 -12 -1 19

Log  (E) [TeV] Flux [erg.cm™@.s]



Hysteresis zoom

Hysteresis
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What's left?

Population study: data combination

B Results on their way —> First technical

submitted soon

B Use this code for

about this method should be

B Inject a « fake » intrinsic lag : comparison btw individual sources and combinations

Modelisation: intrinsic delays + LIV

B Study the dependence between the correlation and the source parameters —>

evolution law?

B Perform a fit on real or simulated data”

of the cross-correlation

21



Back up
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Combination method

B Separate photon list in 2 sub-sets — low energy vs. high energy light curves (time distributions)

x 7, =0
B Use to estimate the mean delay separating the 2 sets
H RSIO E.tlm)
N Sig( )
Telescopes IRFs Spectrum Light curve

oo

D(Ea Etrue)Aeff(Etruev tNASig(Etrue 1FSig (t —Tn- Eg-ue) dEtrue

Re, (B, t7) = /

Etruezc

max

Ema:l:
Nu () = / / " Ruy(B,tr,)dEdt
—Licut

tmz’n
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Combination method

B Separate photon list in 2 sub-sets — low energy vs. high energy light curves (time distributions)

x 7, =0

B Use to estimate the mean delay separating the 2 sets

H RSIO E.tlm)

CZEtrue

N Sig( )
B [ncorporation of hardons (cosmic rays) and baseline photons
Telescopes IRFs Spectrum Light curve
. |
RSig(E, t|7’n) — </E d D(E, Etrue)Aeff(Etruea tNASig(EtrueiFSig (t —Tn- Eg'ue)
true—

Nbck

Roa~(E,t) Rycic hadron (£, 1 Ry (E, t|T,
L) = H(l_ws) (wv : kn( 1) + (1 — w?’) bek. hadron (£, )>_|_,w8 gj\}( )
sig(Tn )
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Combination method

B Separate photon list in 2 sub-sets — low energy vs. high energy light curves (time distributions)

¥ 7, =0
B Use to estimate the mean delay separating the 2 sets
H < Rio(E tm)
Neig(7,)
B [ncorporation of hardons (cosmic rays) and baseline photons
B Combination — vary for each source and instrument

*  Approximations were made on IRFs treatment for most of the previous studies

Spectrum Light curve

Rsig (t | Tn) — Asig (E) : Fsig (t — Tn * En) ; E = Etrue 25



Combination method

B Separate photon list in 2 sub-sets — low energy vs. high energy light curves (time distributions)

x 7, =0
B Use to estimate the mean delay separating the 2 sets
RSIO E.tlm)
n
7'n

H N Sig (1)
B [ncorporation of hardons (cosmic rays) and baseline photons
B Combination — vary for each source and instrument

*  Approximations were made on IRFs treatment for most of the previous studies

tmaz max . .
Ngig (Th) / / Rs.(E,t|m,)dEdt = 1 triple integral
t= E= Ecut

tmzn

v

trna;r —n o0 . .
Nig (Tn) = U Fli, (t — T - E )dt] X U Agig (E) d,E] = 2 simple integral
trn'in

E=0 26



