( ENERGY DEPENDENT TIME DELAYS IN BLAZAR LIGHT CURVES

. A FIRST LOOK AT MODELING OF SOURCE-INTRINSIC EFFECT
\ \\ IN THE MEV-TEV RANGE AND CONSTRAINTS ON

LORENTZ INVARIANCE VIOLATION WITH H.ES.S.

o o000 00 ,oooooooooooo‘ .
\ Cédrie PERENNES \
D7 \

ectors : Julien BOLMONT - Hélene SOL

‘ o
QQQ 1 DM L v\ |'@Vat0|re  UTH
H.E.S.S\ o

PARIS

P — /



CONTENTS

Introduction

Testing Lorentz invariance with H.E.S.S.
Markarian 501 flare analysis

Modeling blazar flare

Investigating intrinsic time delays

Conclusions and perspectives



INTRODUCTION
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INTRODUCTION

Lorentz Invariance Violation (LIV) appears in some approches to Quantum Gravity

This LIV can appears due to a modification of the propagation of photon in
vacuum which can be expressed with a simple toy model:

—

This relation leads to energy dependent velocities for photons:

n
n -+ 1 E 2 mains cases :
Vn(E) = C 1 _(i) - + n = 1 : Linear case
l L EQG + n = 2 : Quadratic case

Subluminal (+1) or Superluminal (-1) 4



INTRODUCTION

Energy-dependent velocities for the propagation of photons induce time delays

Low energy photon

Considering a LIV sub-luminal effect

(high energy photons slower than low energy photons)
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INTRODUCTION

The time delay between 2 photons of different energies coming from
an astrophysical source at redshift z:

n+1E—E) (*(1+2)"
At, =+ L0 J ( ,) dz’
p) o Jo HE)
Which source to observe this effect ? Photons £ st variability

Three important criteria to be able to see this
effect :

= A variable source in order to measure a
time delay

Photons
count

Slow variability
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INTRODUCTION

The time delay between 2 photons of different energies coming from
an astrophysical source at redshift z:

+1En_En Z 1_|_ N1
At:ij( Z)dZ’

Which source to observe this effect ? Photons |

count

Fast variability

Three important criteria to be able to see this
effect :

= A variable source in order to measure a
time delay

Photons |

Slow variability

=» A distant source to maximize the
propagation effect

= A source which emits photons with large
energy range to maximize the energy
difference




INTRODUCTION

Active Galactic Nuclei

Anatomy of a blazar T

2 Cocation: gsscoxiins

A BLAZAR'S STRUCTURE Is Iikely the same
as for other AGN. Viewing an AGN head-on
results in a blazar.

Quasar 3C175
YLA Gcm image () NRAD 1996

Vobs = 5ys

Fobs (Vobs) — 53Fs (US) 9

Doppler boosting :




INTRODUCTION

H.E.S.S. is an hybrid array of 5 imaging atmospheric Cherenkov telescopes
CT1-4 : 13m telescopes, designed for high energy (100 GeV up to ~50 TeV)

CT5 : 28m telescope, designed for low energy (down to ~20 GeV), good instrument to catch
transient event such as AGN flares

To look for LIV signatures, we search for energy-dependent time delays in the
arrival time of y-ray photons coming from blazar flares




INTRODUCTION
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H.E.S.S. is an hybrid ai

CT1-4 : 13m telescope

CT5 : 28m telescope,

transient event such ¢ Atmospheric

shower

To look for LIV signat:
arrival time of y-ray pr

Cherenkov light
pool

ankov telescopes
~50 TeV)
V), good instrument to catch

lent time delays in the




TESTING LORENTZ INVARIANCE

To search for LIV signatures, we define a parameter of interest
N 4
= T - Aty =71,k

With n = 1 or 2 for linear or quadratic LIV effect

11



TESTING LORENTZ INVARIANCE

To search for LIV signatures, we define a parameter of interest
N 4
= T - Ay =1,E

With n = 1 or 2 for linear or quadratic LIV effect

Maximum Likelihood
method

11



TESTING LORENTZ INVARIANCE

To search for LIV signatures, we define a parameter of interest

At

T, =—- = Any=1,F

n_En

With n = 1 or 2 for linear or quadratic LIV effect

Maximum Likelihood
method

Real data
(H.E.S.S.)

11



TESTING LORENTZ INVARIANCE

To search for LIV signatures, we define a parameter of interest
AV

o= Tm - Afy =71, L7

With n = 1 or 2 for linear or quadratic LIV effect

Real data

(H.E.S.S.)
Maximum Likelihood
method

Mesure on data
best
Tn

11



TESTING LORENTZ INVARIANCE

To search for LIV signatures, we define a parameter of interest
At

o= Tm - Afy =71, L7

With n = 1 or 2 for linear or quadratic LIV effect

Simulated Data Real data
(simple case or close to

(H.E.S.S.)
real data)
Maximum Likelihood
method

Mesure on data
best
Tn

11



TESTING LORENTZ INVARIANCE

With n = 1 or 2 for linear or quadratic LIV effect
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MAXIMUM LIKELIHOOD METHOD

The Likelihood function gives the probability of an event to match a model
with respect to one or several parameters
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MAXIMUM LIKELIHOOD METHOD

The Likelihood function gives the probability of an event to match a model
with respect to one or several parameters

Nooints
Ny L (At) = n (t; - At)
Shift Aty =0
0
gi::Data -2Alog(L(At))
| to F Aty ¢ Maximal
/probability

best At
- AtLIV 12



MAXIMUM LIKELIHOOD METHOD

The Likelihood function gives the probability of an event to match a model
with respect to one or several parameters

The Likelihood function is built with :

@ Time function not delayed by LIV effect to take into account the variability

L (T ) = F (t — 7,E")

Martinez & Errando (2009) 13
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MAXIMUM LIKELIHOOD METHOD

The Likelihood function gives the probability of an event to match a model
with respect to one or several parameters

The Likelihood function is built with :
@ Time function not delayed by LIV effect to take into account the variability
@ Energy function to give more strength to high energy events
@ Instrument response function to take care of the instrument uncertainties
@ Normalisation factor to get unbiased estimation of the parameter tn

@ Multiplied over all high energy events

L(z,) =|| l|~(z) A(E) T (E) F (- 7,E})

Martinez & Errando (2009) 17



MAXIMUM LIKELIHOOD METHOD

To apply the maximum likelihood method, events are split in two samples:

* Template region: The low energy part of the events where the LIV
effect is neglected in order to estimate F(t)

e Likelihood region: The high energy part of the events used in the
likelihood function for the estimation of t,

Using simulations, we can test the method and evaluate its performances

Gaussian shape time distribution
Power law energy distribution

500 template events (0.4 - 0.8 TeV)
500 likelihood events (0.8 - 4 TeV)
Energy resolution: 10%

Acceptance variations neglected

18



MONTE-CARLO SIMULATIONS

IS

At first, F(t) is the true non-delayed
function used for the simulations

*

_ +10.44 1
Ty, pest = 2:2944p S-TEV

.°°
4]

=
N=s
=
e’
£
<
o

w

With no injected LIV delay
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MONTE-CARLO SIMULATIONS

At first, F(t) is the true non-delayed
function used for the simulations

*

= 2.29*10-44 g Toy-1

T4, best -10.42

=
N=s
=
e’
£
<
o

With no injected LIV delay

2 / ndf 8.355/9

Prob 0.4988
Median 1 , 247.7 +9.5
1.0 s.TeV 1.008 =+ 0.339

)]
(@)

10.65 = 0.23

[%2]
h—
(]
(7))
—
O2
S
)
o]
£
>
Z

A 1000 realizations of the same data set
allows to improve the evaluation of
0

100 80 -60 40 B statistical uncertainties
Tpos [S-TEV]
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MONTE-CARLO SIMULATIONS

Then, injecting multiple t, values, the calibration of the method can be
deduced

rrrryprrrrprrrrrprrrryprrrirrrrrrrr T T T TTTle T rrrryprrrryprrrrprrrryprrrryrrrrp T T Tl
| L0 | L

thest = 0.99x7™ 4+ 0.50 | | thest = 1,00xtr + 0.17]

o(t=0)=10.9 s.TeV| - o(t=0)=2.0 s.TeV?-

. .
1 | | | | | | | ] 1 | | | | | | | '
21 1 1 1 L 111 111 L 111 L 111 L 111 L 111 L 111 21 1 1 1 L 111 111 L 111 L 111 L 111 L 111 L 111

4 4
40 30 20 -10 0 10 20 30 40 40 30 20 -10 0 10 20 30 40
o [s.TeV' o [s.TeV?]

Linear LIV effect Quadratic LIV effect




MONTE-CARLO SIMULATIONS

However, in case of data F(t) has to be deduced from the template region
where LIV effect can be non-negligible

Template : 400-800 GeV

thest = 0.82xt.," + 0.98
o(t=0)=13.5s.TeV’

Linear LIV effect




HIGH ENERGY TEMPLATE CORRECTION

To take into account this effect, we implement a template correction in the
model used for the likelihood function

L(z,) =H N(z,) A(E) T (E) F(t-1,E' +E}z, )

which takes into account that the template region can be affected by LIV effect

22



HIGH ENERGY TEMPLATE CORRECTION

To take into account this effect, we implement a template correction in the
model used for the likelihood function

r N n , n
L (Tn> N H N(z,) A(E) T (E) F(t—1,E} +E77, )
l
which takes into account that the template region can be affected by LIV effect

Without correction With correction
Linear LIV effect ) Linear LIV effect

thest = 0.82xt," + 0.98 thest = 0,99xt," + 1.04
o(t=0)=13.5s.TeV’ ot =0) =15.0 s.TeV’

22



MARKARIAN 301 - FLARE ANALYSIS

A flare from Markarian 501 (z = 0.034) in 2014 was observed by H.E.S.S.

The source is detected with a high significance (> 60c) but with a large zenith
angle (>60°) involving a high energy threshold for this data set at 1.3 TeV

The data show 1435 events between Sianit
1.3 and 20 TeV

=3
—h
o

The two regions for the maximum
likelihood are chosen between :

Y
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=
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c
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=
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o
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» 1.3 - 3.25 TeV for the template
region (773 events)

W
©
o

0

» 3.25 - 20 TeV for the likelihood
region (662 events)

17"00m00° 16"55™00° 16"50M00° 16"45™00°
Right Ascension (J2000)




MARKARIAN 301 - FLARE ANALYSIS

For the time function F(t), a double Gaussian function is preferred over a
single Gaussian to parameterize the light curve in the template energy range
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MARKARIAN 301 - FLARE ANALYSIS

** SpectrumPowerLaw **

O (1 TeV) = (5.4970+02 = 7.35%+01) 107 cm? s ' TeV!'
©(5.55 TeV) = (26910400 » 7.5470-02) 107 cm? 5 ' TeV
Norm =2.69146 + 0.0764683 10 m* 5. TeV" [10-06,100000]
Index = 3.09964 +- 0.0765255 [0,10)
Decorrelation energy = 5,563 TeV
I(>9.000 ToV) = (2.6180+01 + 2.5950+00).10 " em? 5"
1(»5.563 TeV) = (7.1310-01 = 3.298e-02).10" cm™ 5~
F_(>1.000 TeV) = (4.999¢+01 = 3.401e+00).10"" TeVcm* 5"
F,(>5.563 TeV) = (7.5740+00 + 5.6990-01).10 "TeVem®s'

2 g1 Tev!
—
S
>

Likelihcod : -12.5
Equivalent »* = 24,914 ndf, P=0.035

The energy function I'(E) is obtained by

fitting the energy spectrum in the
likelihood energy range

Flux (cm
—t
<

—
1
A
N

|

A simple power law function represents
fairly the energy spectrum and allows a

10
simple computation of the Likelihood True energy (TeV)
function

IndeX dsp = 3.1 i: 001

Reconstructed energy (TeV)

25




MARKARIAN 501 - LIKELIHOOD ESTIMATION

The likelihood function provides the best estimations of T,

No significant time delay is found for both linear and quadratic LIV effect

_—
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=
<
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-2AIn(L (%))

Linear LIV effect Quadratic LIV effect 26
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KARIAN 501 - STATISTICAL UNCERTAINTIES

To improve the estimation of statistical uncertainties, simulations are done which
reproduce the flare data.

From a 1000 realizations of the flare data set with no LIV delay, the dispersion of the

recons

Lsets
3

—
[00]
o

o
@
Qo
£
=
P

tructed t, 1s used to deduce the statistical uncertainties

%2 / ndf 24.79/10

Prob 0.00575
Median ) A 205.8 + 12.6
0.1s.TeV Toer  0.1233 = 0.0595

x2 / ndf 25.88/15

Prob 0.03934
Median 1 A 181+7.8
1.8 s.TeV Toest 1.346 + 0.701

Or 21.48 = 0.62

o
(=)

O 1.754 = 0.050

@8
D
n
X
L
o)
Re!
£
>
22

)]
(@]

80
60
40
20

0 . 5
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Linear LIV effect Quadratic LIV effect 27




MARKARIAN 501 - SYSTEMATIC STUDIES

Systematic uncertainties are estimated using simulations and investigating

individual contribution of each source of systematics

Source of systematic errors

Likelihood calibration

F(t) and I'(E) determination

Analysis selection cut

Energy bias

Background contribution

28



MARKARIAN 501 - SYSTEMATIC STUDIES

Systematic uncertainties are estimated using simulations and investigating
individual contribution of each source of systematics

! . A . . From a 1000 realization reproducing Mrk 501
Maximum likelihood calibration g,y injecting different 7, values

(rreryprrrryp T T T T T T T T T T T T T T T T T T T T T T L I 1 (rrrryprrrryprr T T T T T T T T T T T T T T T T T T T T T L]
L s L s

thest = 0.89xt," + 0.50 ] : thest = 0,987, + 0.42]
oft = 0) =21.5 s.TeV" S o(t=0)=1.8s.TeV?,

L, ] L, J
NN | | | | | | | | ' AN | | | | | | | | '
L T T Y A I A L I A A

-5 -5
-50 40 -30 -20 -10 O 10 20 30 40 5 -50 40 -30 -20 -10 O 10 20 30 40 50
o [s.TeV o [s.TeV?]




MARKARIAN 501 - SYSTEMATIC STUDIES

Systematic uncertainties are estimated using simulations and investigating
individual contribution of each source of systematics

Source of systematic errors

Linear effect

Quadratic effect

Likelihood calibration tgg 1_82}
F(t) and I'(E) determination igg tgg
Analysis selection cut :13026 1_82
Energy bias i%g igé
Background contribution 1_833 1_8%
Total fﬁ i_(l)g

30



MARKARIAN 501 - RESULTS

—82%(*327) +(*7) s.TeV™!

—20 —11

(stat) (syst)

— 0.6+ (i%:g)(stat) - (icl):g)(syst) N TeV_2

Which allows to derive 95% confidence level lower limits on £ ,
for subluminal and superluminal LIV effect

3.63 x 10'7 GeV, subluminal case
0G,1 2.89 x 107 GeV, superluminal case EQG,1 0.03Ep
8.79 x 10'° GeV, subluminal case
EX” ={ | EX% <« E
0G,2 7.66 X 10'° GeV, superluminal case 0G,2 P

Paper will be submitted soon

31



MARKARIAN 501 - RESULTS

The 95% lower limits on the Quantum Gravity energy scale obtained with Mrk 501
can be compared to the results obtained with other AGN flares

Planck Scale

1: PKS 2155-304 ] | 1: PKS 2155-304

2: PG 1553+113 ] 2: PG 1553+113

3: Mrk 501 (MAGIC) 2005 - 3: Mrk 501 (MAGIC) 2005
4: Mrk 501 (H.E.S.S.) 2014 ‘ | 4: Mrk 501 (H.E.S.S.) 2014

107" - 107"
Redshift z Redshift z

Linear LIV effect Quadratic LIV effect




BLAZAR MODELING

Why modeling the source ?

Low energy photon

What happens if there is a source-intrinsic time delay ?
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BLAZAR MODELING

Why modeling the source ?

Low energy photon

What happens if there is a source-intrinsic time delay ?

Modeling is crucial in order to understand time delays and get

more robust constraints for Quantum Gravity models




MODELING BLAZAR FLARE

A '"Blob" is responsible of

vjet

. « . et étend ,
high energy emissions ‘ =
)

TN
Bloh Jo | L&

We consider only electrons
as the main emitters:

Leptonic models
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MODELING BLAZAR FLARE

A '"Blob" is responsible of
high energy emissions

We consider only electrons
as the main emitters:

Leptonic models

electron
==
" —7 -

2 main processes responsible High energy

R hoton
of photons emissions : P

Low energy
photon

ynchrotron process Synchrotron Self |
- Inverse Compton process Compton (SSC) | g = = — ~

electron




MODELING BLAZAR FLARE

A '"Blob" is responsible of
high energy emissions

We consider only electrons
as the main emitters:

Leptonic models

2 main processes responsible
of photons emissions :

1
—h
—h

Swift/BAT

Inverse Compton

bump

Synchrotron bump

- Synchrotron process

0
o
S
o
(@)
S
3 12
L|_>
>
o
e,

4
w

- Inverse Compton process Radio data

10 12 14
Zechetal. (2017)



ELECTRONS EVOLUTION

A time-dependent blazar flare model was developed describing the evolution
of electrons responsible for the high energy emissions:

Starting point : A general transfer equation which describes the evolution of
electrons in plasma (The Origin of Cosmic Rays, V.L. Ginzburg, 1964) :

Ol\re(t E) 0 1 O?
Ot Y OFE b(tv E) Ve(ta E)) e 2(9E2

!

Systematical energy variation
(acceleration, SSC, adiabatic
expansion . . . ) Fluctuation of systematical
variation (second order
terms)

(d(t, B)N.(t, E)) = Q(t, E) — p(t, E)N.(1, E)

Injection of
particles

Loss of particles

35



ELECTRONS EVOLUTION

Katarzynski et al (2003)

A simplified differential equation is used to provide a minimal time dependent
model, with an analytic solution (under some assumptions):

ON,(t,y) 0
dy oy

{ [Ccool(t) },2 B (Cacc(t) B Cadiab(t)) }’] Ne(t’ }’)}

The initial electron spectrum follows a power law function with a high energy
cut-off:

n+2

- y

}/c,O

36



ELECTRONS EVOLUTION

Katarzynski et al (2003)

A simplified differential equation is used to provide a minimal time dependent
model, with an analytic solution (under some assumptions):

ON,(t,y) O
dy B a_}’ { [Ccool(t) y? - ( Cacell) = ad’ab(t)) ] Nl }’)}

Electrons cooling effect: energy losses via SSC emissions

Ccoo ) = U(t)| 1 + — U, =
0 =32 uy(1++) Y
as to be large { ny,
y S UB(t) Has to be larg B(t) _BO< 0)
U, (t) Synchrotron dominated t
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ELECTRONS EVOLUTION

Katarzynski et al (2003)

A simplified differential equation is used to provide a minimal time dependent
model, with an analytic solution (under some assumptions):

ON,(t,y) 0
dy oy

[Ccool(t) y2 B (Cacc(t) B Cadiab(t)) 7] Ne(t9 }’)}

Electron acceleration: Energy gain from acceleration processes (generic one)

LW
Cacc — AO (7())

Acceleration term allows to initiate the flare

38



ELECTRONS EVOLUTION

Katarzynski et al (2003)

A simplified differential equation is used to provide a minimal time dependent
model, with an analytic solution (under some assumptions):

ON,(t,y) O
oy oy { Cooot® 72 = (Coee® = Co) 7| Nt ”}

Adiabatic expansion: Energy losses from the evolution of the emission zone radius

y —m, C
R(1) = R, (—O) Vexp ~ \/g Speed of
! sound in
R relativistic
m,, 0 1
G, S A plasma
adiab 0
t Vo
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ELECTRONS EVOLUTION

Katarzynski et al (2003)

A simplified differential equation is used to provide a minimal time dependent
model, with an analytic solution (under some assumptions):

ON,(t,y) O
oy oy { Coool® 72 = (Coee® = Coi®) 7| N1t ”}

Adiabatic expansion: Energy losses from the evolution of the emission zone radius

y —m, C
INOES R() (_O) Vexp ~ \/g Speed of
! sound in
R relativistic
m,, 0 1
), NN A plasma
adiab 0
t Vo

At first, adiabatic expansion is not considered to simplify the scenario
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ELECTRONS EVOLUTION

Katarzynski et al (2003)

A simplified differential equation is used to provide a minimal time dependent
model, with an analytic solution (under some assumptions):

— t=0s
— t=1690s

Evolution of e Evolution of SED

t=6760s

electron spectrum  ocos
— t=15375s

t=22300 s

— t=29225s

t=36150s

t=43075s

— t=49990 s

|
—_
-

L
N

%)
o
S
Q
)
P
2,
>
LL
<

| Log19
N @

18 -16 -14 .12 -10 -8 6 -4 -2 0 2 4
Logm(E) [TeV]

At first, adiabatic expansion is not considered to simplify the scenario
39



INVESTIGATING INTRINSIC TIME DELAY

Two different cases were identified which depend on the time t,.x when the
electrons highest energy 7.(f) is reached and starts to decrease with time

Case 1
The time tmax happens after all the light curves peak

Case 2
The time tmax happens before all the light curves peak

The difference between the 2 cases is related to the process which initiates the
flux decrease for the highest energy light curves
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INVESTIGATING INTRINSIC TIME DELAY
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INVESTIGATING INTRINSIC TIME DELAY
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INVESTIGATING INTRINSIC TIME DELAY

The time delay is computed using time difference between the maximum of the
light curve at 1 MeV to the maximum of the light curve at energy E
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INVESTIGATING INTRINSIC TIME DELAY

The time delay is computed using time difference between the maximum of the
light curve at 1 MeV to the maximum of the light curve at energy E
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INVESTIGATING INTRINSIC TIME DELAY

The time delay is computed using time difference between the maximum of the
light curve at 1 MeV to the maximum of the light curve at energy E
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INVESTIGATING INTRINSIC TIME DELAY

The time delay is computed using time difference between the maximum of the
light curve at 1 MeV to the maximum of the light curve at energy E
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INVESTIGATING INTRINSIC TIME DELAY

The time delay is computed using time difference between the maximum of the
light curve at 1 MeV to the maximum of the light curve at energy E
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INVESTIGATING INTRINSIC TIME DELAY

The MeV-GeV time delays are explained by the combined action of the magnetic
field decrease and the energy depend cooling effect

Above GeV energies, we identify two distinct regimes depending on the process
driving the delay:

Acceleration driven regime (Case 1)

The increasing time delay comes from a long-lasting acceleration where
electrons need time to be accelerated

Cooling driven regime (Case 2)

The decreasing time delay comes from a strong radiative cooling affecting high
energy electrons

The influence of the model parameters is investigated by varying individually
each of them
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INVESTIGATING INTRINSIC TIME DELAY
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INVESTIGATING INTRINSIC TIME DELAY

A small Ap provides a weak
acceleration which lasts
long due to small radiative
cooling leading to an
acceleration driven regime

At the transition, a constant
delay is produced at GeV
energy leading to no delay
in this range
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ADIABATIC EXPANSION

From the variations of all the model parameters, the two regimes are found
when the parameter influences the electron evolution

The transition from one regime to the other is related to the relative strength
between acceleration and radiative cooling

Between the two regimes, a transition area is found producing no delay at
GeV-TeV energies

Until now, adiabatic expansion was removed from the scenario to simplify the
interpretation about the time delay origin

We propose now to study the addition of adiabatic expansion
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ADIABATIC EXPANSION

The adiabatic expansion brings an additional source of energy loss for electrons

leading to a shorter flare as well as a_dilution of the electron density due to R(t)
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CONSTRAINTS FROM TIME DELAY INFORMATION

The time delay information can provide some constraints on either blazar
modeling or time delay studies such as the search of LIV signatures.

Several characteristics of intrinsic delays can be used:
* The temporal evolution of time delay
* The energy evolution of time delay at GeV-TeV energies

* The presence of one of the time delay regimes

In addition, the redshift dependency of LIV delays can be used with multiple
sources in order to minimize the impact of intrinsic effect
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CONSTRAINTS FROM TIME DELAY INFORMATION

The temporal evolution of the time delay can reveal the presence of intrinsic delays

It is a consequence of the electrons acceleration and radiative cooling
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CONSTRAINTS FROM TIME DELAY INFORMATION

In opposition, the LIV delay is not expected to produce such a signature as it
affects all photons during their propagation

With no intrinsic time delay |
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CONSTRAINTS FROM TIME DELAY INFORMATION

The energy evolution of the time delay at GeV-TeV energies can be used to try
disentangle intrinsic delay from another source of delay

At =& (E® - ES)
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CONSTRAINTS FROM TIME DELAY INFORMATION

The energy evolution of the time delay can be used to try disentangle intrinsic
delay from another source of delay

At =& (EY— EJ)

From all the parameter space investigated with the model presenting
significative time delays above GeV energies, we found:

a € |0.4;0.8]

LIV delays are generally expressed with an energy dependence n = 1 or 2
How accurate are these descriptions ?

We need more theoretical insight on the energy dependency of the LIV delays in
order to try disentangle them from intrinsic effect
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CONSTRAINTS FROM TIME DELAY INFORMATION

The presence of one the regime gives information about the relative strength
between acceleration and radiative cooling
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Mrk 501 flare in 2005 observed by
MAGIC

An increasing delay was reported
with respect to the energy

This corresponds to an acceleration
driven regime

The modeling of the source requires
a long-lasting acceleration to
reproduce this flare
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CONSTRAINTS FROM TIME DELAY INFORMATION

The presence of one the regime gives information about the relative strength
between acceleration and radiative cooling

PKS 2155-304 flare in 2006 observed
by H.E.S.S.

T =20=x28s A Cross-correlation function reported

no significant time delay

High energy lags —
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SUMMARY

I have developed a time dependent blazar flare model focused on y-ray emission
to study intrinsic time delays

Using the model, I have found the presence of intrinsic delays and determined
their origins and specific characteristics which can provide new constraints
using the time delays information

I have presented the maximum likelihood method used to search for LIV
signatures and I have implemented a template correction for high energy
threshold data set

I have analyzed the flare of Markarian 501 observed by H.E.S.S. and found no
significant delay allowing to derive lower limits on the Quantum Gravity energy
scale
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CONCLUSIONS (1/2)

The linear lower limits obtained on Eqg, 1 from the 2014 flare of Mrk 501 are
similar compared to the limits from the 2005 flare of Mrk 501 observed by
MAGIC

The quadratic lower limits provide the best constraint on Eqg, 2 using an AGN
flare

In addition, the implementation of the template correction in the maximum
likelihood method will improve the analysis of future flares presenting a high
energy threshold
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CONCLUSIONS (2/2)

The intrinsic delays produced with our minimal model are found to be quite

important, within the sensitivity of current instruments for some cases and
would be detected by CTA

These delays present some specific characteristics that can already be used for
blazar modeling or the search for fundamental physics such as LIV

However, some theoretical progress on energy dependency of LIV delays may be
necessary to use the energy dependency information from intrinsic delays

This work combining modeling and the search of LIV signatures provides a new
insight for LIV searches which should be more focused on time delays in a
general way
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PERSPECTIVE

From the modeling results on time delays, new investigations emerge within
H.E.S.S. to search for any energy dependent time delays from all the data available

The time dependent blazar flare model provides the simplest scenario to generate a
flare but only allows to investigate a limited parameter space

However, the model can be extended including for instance external inverse
Compton emission

A more general and flexible model can also be investigated using the general transfer
equation (Ginzburg, 1964) but requires a numerical resolution of the equation

Also, a joint effort on LIV studies from the H.E.S.S., MAGIC and VERITAS
Collaboration tries to combine all available data (AGN, Pulsars, GRB?) to improve
current limits on EQG,n with population studies

The limits deduced from the Mrk 501 flare will be included for this combination
study as well as for future flares with the goal to prepare the science for CTA
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BACK-UP

LIV appears in some approches to quantum gravity

String Theory

Tentative to describe the 4 fundamental forces in a unified description
One type of particule: Strings. All known particles are vibrational mode of strings
The particle of gravity (graviton) can only be represented by relativistic strings

In some String Theory models LIV can emerge from the interaction between high
energy photons and compactified extra-dimension (D-branes)
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BACK-UP

LIV appears in some approches to quantum gravity

Loop Quantum Gravity

Tentative to quantize gravity as the other fundamental interactions
A new formalism is used based on loop instead of field

The space time becomes discrete and lead to an energy-dependent birefringence
effect for the propagation of high energy photon in vacuum.
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BACK-UP

Significance Map
62 ModelCombined [Mkn 501]
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BACK-UP

For the time function F(t), a double Gaussian function is preferred over a
single Gaussian to parameterize the light curve in the template energy range

X2/ndf = 15.9/10
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BACK-UP

Actually, the template and likelihood energy ranges were chosen for the
maximum likelihood method to ensure a robust estimation of F(t)

1.5-3 TeV 1.6 -3 TeV 1.7 -3 TeV | 1.8 -3 TeV

L
vt

-2 s-1]

g 4

N

o
=

N

©

100

3]
=

=
o
N

=
—
e
[t
“
™
A
©

o

2000 4000 6000 O 2000 4000 6000 O 2000 4000 6000 O 2000 4000 6000 O 2000 4000 6000 O 2000 4000 6000
Time [s]

Such a behavior indicates a possible intrinsic effect close to the energy threshold
of the data analysis
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BACK-UP

A time delay was observed in the light
curves from a flare of Markarian 501 in
2006 (Albertetal., 2007)

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

Bednarek & Wagner (2008) proposed a model
to explain this delay with an increase of
the Doppler factor of the emitting zone
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BACK-UP

Some published models show some intrinsic time delays

A model from Sokolov et al. (2004) describes the emission with a complex jet
structure and considering shocks accelerating particles and photon internal

travel time in the jet.

Compton Light Curves, 90° Compton Light Curves, 0° . .
Time delays arise from the

spatial distribution of particle
in the jet

FIUX, Fg(tobs)/Flg;a.x'
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In addition, variation of the
viewing angle leads to a
modification of the photon
travel time for an observer
and so time delays

1.5
Timea tobs/tac

1.0 1.5
Time, tobs/tac
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BACK-UP

Time dependent model based on a differential equation to describe the evolution of

electrons

They attempt to model a flare from Mrk 421 at X-ray energies

From the Fourier transform of the time delay they obtain an temporal evolution of

the time delay which match the data

Mrk 421 Light Curves

. low frequency,
\hard lag

/ /high frequency,
soft lag
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Lewis et al 2016
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BACK-UP
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BACK-UP

H.E.S.S., MAGIC, VERITAS
LIV Consortium

Motivations: Combine all
available data for the search of
LIV signatures in order to
improve current limits on LIV

Work: Develop a joined analysis
which will allow to use many
sources and different kinds of
sources

This is another way to try to separate source and propagation effects
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BACK-UP

Simulation were done to evaluate the performances of such a combination

Source used for the combination:
@ Mrk 501 flare in 2005 from MAGIC
@ PKS 2155-304 "Big flare" in 2006 from H.E.S.S.
@ PG 1553+113 flare in 2012 from H.E.S.S.
@ Crab Pulsar with 194 hours of data from of VERITAS

Simulations include:
® 990 simulations of each data set
@ True energy and time generated from public data only

@ Application of the IRFs to obtaine measured values
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BACK-UP

The LIV parameter is scaled for all sources as
At

n
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BACK-UP
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