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Outline of the Talk:

m Focus on vacuum energy dispersion (a form of LIV)

m Why do we use GRBs & how do we set the limits

m Limit from the bright long GRB 080916C at z~4.35

m 3 different types of limits from the short bright GRB
090510 at z = 0.903: detailed description & results

m Summary of limits on LIV using Fermi1 LAT GRBs
m Future prospects: the Cherenkov Telescope Array

m Conclusions
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Vacuum energy dispersion: parameterization

= Some quantum-gravity (QG) models allow or even predict
(e.g. Ellis et al. 2008) Lorentz invariance violation (LIV)

m We directly constrain a simple form of LIV - dependence of
the speed of light on the photon energy: v (E ) # ¢

® This may be parameterized through a Taylor expansion of
the LIV terms in the dispersion relation:

' where Eoi. SE,.,.. 1s naturally expected

ms, =1, 0, stresses the model dependent sign of the effect

m The most natural scale for LIV 1s the Planck scale
lPlanck ~ 1.62X 10—33 CIll EP]anck - MPlanckcz ~1.22X 1019 GeV
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Vacuum energy dispersion: parameterization
» The photon propagation speed is given by the group velocity:

- RN
ok, I [ (1+n)| E, }

.‘.‘l'. - 2 -
()[)p.'l ’4

m Since By < By S E e ~ 10" GeV the lowest order
non-zero term, of order n = min{k | s, # 0}, dominates
® Usually n =1 (linear) or 2 (quadratic) are considered

m We focus here on n = 1, since only in this case are our limits
of the order of the Planck scale

m We try to constrain both possible signs of the effect:

¢ s, = 1, v, <c: higher energy photons propagate slower

¢ s, = —1, v, > c: higher energy photons propagate faster

ph
m We stress: here ¢ = v, .(E...,=20) is the low energy limit of v,
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Probing Vacuum dispersion Using GRBs

8\_ (first suggested by Amelino-Camelia et al. 199
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Why GRBs? Very bright & short
transient events, at cosmological
distances, emit high-energy y-rays
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Constraining LIV Using GRBs

m A high-energy photon E; would arrive after (in the sub-luminal
case: v, < c, s, = 1), or possibly before (in the super-luminal

ph |
case, vV, > C, s, = —1) a low-energy photon E, emitted together

ph Jid

m The time delay in the arrival of the high-energy photon is:

(l+n)b b” (1+z")"
H

Xy =4S _[ _
LIN n f)H“ Q( 0 \/Q (1+ __.)3 L0
= 1. i
(Jacob & Piran 2008) m ' A

m The photons E, & E, do not have to be emitted at exactly the
same time & place in the source, but we must be able to limit
the difference in their effective emission times, 1.e. in their
arrival times to an observer near the GRB along our L.O.S

source X
. c|‘" Atubs Aun AtLI\

dz'
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Method 1

m Limits only s, = 1 - the sub-luminal case: v
arrival time, while t

oh < €, & positive
> 0 (here t; 1s the actual measured

cm

would be the arrival time if v, = ¢)

cm

= We consider a single high-energy photon of energy E, and
assume that it was emitted after the onset time (t,,,) of the

relevant low-energy (E,) emission episode: t,, > t ..
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Method 1

® Limits only s, = 1 - the sub-luminal case: v, <c, & positive
time delay, At; , = t, —t,,> 0 (here t; 1s the actual measured
arrival time, while t

cm

would be the arrival time if v, = ¢)

cm
= We consider a single high-energy photon of energy E, and

assume that it was emitted after the onset time (t,,,) of the
relevant low-energy (E;) emission episode: t, >t

cm start

cm start

m A conservative assumption: t
emission from the GRB

= the onset of any observed

start

t

start
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Limits on LIV: GRB080916C (z = 4.35)
s GRB080916C: highest o i’ A
energy photon (13 GeV) K Kty

,. ey

arrived 16.5 s after low- | 8 keV - 260 keV -
energy photons started M L ekl 3

arriving (=the GRB trigger)

=» conservative lower limit:
EQGl > 1.3x1018 GeV
=~ 0.1 lEPlanck

® This improved upon the
previous limits of this type,
reaching 11% of Ep, ...

:; .

L nL.I.. ikl ...u '.., .. ol

LAT > 1 GBV ‘

‘l |l
(Abdo et al. ZOOQSmence 323 1688)

Pulsar GRB AGN GRB  AGN GRBO80916¢ Planck mass
(Kaaret 99) (Ellis, 06) (Biller 98) (Boggs 04) (Albert 08) ' min LQ(;_,
15 16 (Ge\")
1015 1-8x10" 0.9x10 4x10' 117 1.8x10"7 0.2x10" 10 1 35108 10" 1.2x10"

obr AV Ay + U AN e b A peniea e
- i LAT > 100 MeV ; °
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GRB0905 | 02 LIV 7 (Abdo et al, 2009
el - Nature, 462, 331)

m A short GRB (duration ~1 s) § L T

m Redshift: z=0.903 £+ 0.003

m A~3] GeV photon arrived at
t, = 0.829 s after the trigger

m We carefully verified it is a

onvion from s GRtBaiJg| “| bl
. Wity debernns 5 ‘ff.nﬁuwrﬁ.w.nf.m:'

® We use the 1-c lower bounds |

on the measured values of E;,
(28 GeV) and z (0.900)

® Intrinsic spectral lags known
on timescale of individual
hulses: weak effect expected

oAt
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GRBO090510: L.I.V =1 . (Abdo et al. 2009

_ _ <=V /|l Nature, 462, 331)
s Method I: different choices of & . g e
t,., from the most conservative | ]
to the least conservative
mt,. .= —0.03 s precursor onset
> & =Eq61/Eppanck > 119

mt. .= 0.53 s onset of main

emission episode 2 &, > 3.42 [T
= For any reasonable emission & ‘ m,%wfhﬂ_ﬁwf'ﬁ:
spectrum a ~31 GeV photon 1s §
accompanied by many y’s above i
0.1 or 1 GeV that “mark” its t

e "’“.".“rf"J.’;x,"".“t""_ wt

LAT

em ;

«art — 0.63 8, 0.73 s onset of

emission above 0.1, | GeV S : ,
D £ > 5.1, £ > 10.0 [

mt
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Method 3: DisCan (Scargle et al. 2008)

m Based on lack of smearing of the fine time structure (sharp
narrow spikes in the lightcurve) due to energy dispersion

= Constrains both possible signs of the effect: s_ = =1

m Uses all LAT photons during the brightest emission episode
(obs. range 35 MeV — 31 GeV); no binning in time or energy

m Shifts the arrival time of photons according to a trail energy
dispersion (linear in our case), finding the coefficient that
maximizes a measure of the resulting lightcurve variability

= We found a symmetric upper limit on a linear dispersion:

|At/AE|< 30 ms/GeV (99% CL) = E,; > 1.22E;,

® Remains unchanged when using only photons < 1 or 3 GeV
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Huture: Cherenkoyv T'elescope Array (CTA)
m Energy range: ~20 GeV to ~300 TeV

¢ an order of magnitude more sensitive than current instruments

around 1 TeV (~150ME price tag), better angular/energy resolution
s —1000imembers in 27 countrics
» Should become operational around ~2018;

J Y dired (Soutnern - dyeineen neuiljpiered)
il

Tundredy of teleseopes of D different sizes

fy l"gp._ g 'Nﬁ'h.lﬂ
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A bigger difference for transient sources

“ 10° = Fermi e.g. GRBs, AGN,
5 10 microquasars...
= .
- 10 hours
& 10°
= CTA
(44
;-;10""_ |
=107 e 1 y@AR
102 , —____
10" e
10" I L L [ AN NN TR SN N S N R
1.3 -1 -0.5 0 0.5 1
log, (Energy/TeV)
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A bigger difference for transient sources

» 10° = Fermi e.g. GRBs, AGN,
5 10 microquasars...
© 10°
s, 1 hour
~ 10
S . 10 hours
» 10
3 (o8 // 100 hours
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w 5 O — A e =
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Prospects for LIV studies with CTA GRBs

m Method 1: it may be difficult to do much better

¢ Our current limit [At/AE| < 30 ms/GeV would
require E, > 1 TeV for a response time of 30 s

e at > 1 TeV intrinsically fewer photons + EBL

® Method 3: might work best PEEHESSEE

o Sharp bright spikes up to |

high energies exist also |
well within long GRBs PR et
~0.1s & E; ~0.1 TeV s
could do ~30 times better § p A—
= A short GRB in CTA FoV [

\11

A "o

(survey mode) would be great 8
) n\/ N3 timee hotte

GRB090926A
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Conclusions:
B GRBs are very useful for constraining LIV

M Bright short GRBs are more useful than long ones

B A very robust and conservative limit on a linear
energy dispersion of either sign: Eq g ;> 1.2Ep, ;0

B Still conservative but somewhat less robust limits:
EoG.17Epranck > 3-1, 10 (onset of emission >0.1, 1 GeV)

B “Intuition builder” liberal limit: Eqg | / E 1> 102

B Quantum-Gravity Models with linear (n=1)
photon energy dispersion are disfavored
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LPNHE

Lorentz Invariance Violation:
the latest Fermi results

J. Bolmont
LPNHE - Université Pierre & Marie Curie

LOOPS 2013
July 22-26,2013 - Waterloo
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Contents

® Introduction
® Brief reminder on the formalism
® Propagation vs. intrinsic lags
® The latest Fermi results
® The three methods in use
® Acounting for intrinsic lags
® Results
® Conclusions and prospects
® GRB/AGN complementarity

® Future developments

J. Bolmont - LPNHE LOOPS'I3 - Waterloo - 22-26 July 2013
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In brief: the formalism in use

® QG related effects should appear at Eqgc ~ O(Er = 1.2x10'? GeV)
® These effects include deformation or violation of Lorentz Invariance

® For E << Eqg, a series expansion is expected to be possible, giving:
00 )
n E \"
pct X |1 — E Sy ,
n=1 IU(J“

® 5. = +| for a subluminal propagation, -| for a superluminal propagation

® We consider two photons with energy difference AE emitted at the same time and detected
ML e At (1+n) 1
AE 2H() 1&(:

A
(1 _+_zf)'”.
where =
J VA + Om(1 + 2/)3

® Cosmological parameters from WMAP and Hubble

® We want to measure/constrain: T, = o disl X Kn

J. Bolmont - LPNHE LOOPS'I3 - Waterloo - 22-26 July 2013
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In brief: the formalism in use

® QG related effects should appear at Eqec ~ O(Er = 1.2x10'? GeV)
® These effects include deformation or violation of Lorentz Invariance

® For E << Eqg, a series expansion is expected to be possible, giving:
oo 1 n
12 2o k
B< i c4mtet % I_E-"'i :
n=1 “QG

® s. = +| for a subluminal propagation, -| for a superluminal propagation

® We consider two photons with energy difference AE emitted at the same time and detected

with a lag At. At (1+n) 1

® We want to measure/constrain: T, = o ik X Kn

AE

Z

2H() 1&(;

(1 +z,)'”.
where Kn =
J VO + Qum(l + 27)3

® Cosmological parameters from WMAP and Hubble

J. Bolmont - LPNHE LOOPS'I3 - Waterloo - 22-26 July 2013
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QG Effects vs. Source Effects

Emission processes can introduce a time lag too !

IPropagation = LIV Effectl -y

J. Bolmont - LPNHE LOOPS'I3 - Waterloo - 22-26 July 2013
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QG Effects vs. Source Effects

Emission processes can introduce a time lag too !

IPropagation = LIV Effectl -

At

Emission > Source Effect| @571 | R

E2> E

LOOPS'I3 - Waterloo - 22-26 July 2013
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The latest
Fermi results

«Constraints on Lorentz Invariance Violation with
Fermi-LAT observations of GRBs»

V.Vasileiou, F. Piron, J. Cohen-Tanugi (LUPM Montpellier)
A. Jacholkowska, |B, C. Couturier (LPNHE Paris)

J. Granot (Open Univ. of Israel)

F. Stecker (NASA GSFC)

F Longo (INFN Trieste)

Phys. Rev. D 87, 122001 (2013)
arXiv:1305.1553
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Overview

® Use of LAT data
® 20 MeV - 300 GeV

High effective area
Low background
Good energy recontruction accuracy
(~10 % at 10 GeV)

® 4 GRBs are analyzed
090510,090902B, 090926A, 08091 6C
Known redshifts (from 0.9 up to 4.3)
Variability time scale down to tens of ms
Maximum energy detected: ~30 GeV
~100 events/GRB above 100 MeV

® 3 analysis methods

J. Bolmont - LPNHE

Events per 0.30 sec

Events per 0.30 sec

X i

|\.u||(mn~an.x h

£

Time after trigger (sec)
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LOOPS' I3 - Waterloo - 22-26 July 2013
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Method #I: PairView

® Calculate the spectral lags | between
all pairs of photonsiand j<iina
dataset

® The distribution of |i; values peaks
approximatly at the true value of T.

mp Histogram

® The peak position is determined using a
Kernel Density Estimate of the
distribution.

mp Smooth curve
® The KDE peak gives the estimate for T.
mp Dashed line

I
|
I
|
|
|
I
|
I
|
|
[
I
|
|
1
0

01 01 02 03
Photon-pair lags (s/GeV)

LOOPS' I3 - Waterloo - 22-26 July 2013
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Method #2: Sharpness Maximization Method

LIV spectral dispersion smears light-
curve structure and decrease sharpness

Apply an inverse dispersion to the data
to maximize the sharpness

m» Smooth curve

The sharpness peak gives the estimate
for T.

m» Dashed line
0 0.05

The sharpness S is defined by the | LIV parameter 1, (s/GeV)
formula on the right, where t'; is the
modified detection time of the i*"
photon and p is a parameter selected
using simulations

J. Bolmont - LPNHE LOOPS'I3 - Waterloo - 22-26 July 2013
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Method #3: likelihood fit

® Study of the correlation between the arrival time and the energy of the photons

(Biller et al. 99, Martinez & Errando 09, Abramowski et al. | |)

® We use the following form for the probability density function:

P(t,E)=N / A(Es)T(Es) G(E — Eg,0(Es)) Fs(t — TEs) dEg
J ()

where [ (Es) is the emitted spectrum, G(E-Es, O(Es)) is the smearing function in energy, A(Es)

is the acceptance of the detector and Fs is the emission time distribution at the source

® The likelihood function is then given by the product
L =[] Pi(t, E)
{

over all photons in the studied sample

® The maximum of the likelihood gives the best estimate for T

J. Bolmont - LPNHE LOOPS'I3 - Waterloo - 22-26 July 2013

Page 31/87




GRB 080916C Method #3: Examp|e

The minimum of the curve gives the best

estimate of T:on the right plot, 0809 16C (full
Template | line), 090902B (dotted line) and 090926A
spectrum 1 (dashed double-dotted line)

1y 25
log (Energy/MeV)

Eventsbin

|TH']TH'T'IIT'IV'llIHTHII]I'IHF'IT'II"||IT| I[II'IIT|II’ITI'T'II'irlil’]lll’l]lll"]
i |

GRB 090510 (n+1) \ '

L2 i s By B . e P s B G o e |

GRB 090510

Template
Light-Curve
< |50 MeV

Events per 0.1 sec

\
| I ‘ — \ 1 \ p
'/ - \ i \ 4
hdea Lo L ay -l i y - L I pl L.I.‘L.L.Ll 1l 1 Ll L.l,Li.J,.L‘Llll L.LJ.J.J..J..LLI Al Jl.l.L.J. Z.i.l. Ll L l 1Ll J..L L.L.L.I..l i R 1..1 Ll L.J...i 11l l
. 2 2.4 . 004 003 002 001 0O 001 002 003 00 15 1 05 0 05 1 15

T (s/GeV) T (8/GeV)
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GRB 080916C Method #3: Example

The minimum of the curve gives the best

estimate of T:on the right plot, 0809 16C (full
Template | line), 090902B (dotted line) and 090926A
spectrum 1 (dashed double-dotted line)

oyl ar L
log (Energy/MeV)

Eventsbin

|I'H']T'II'T'II'T'IV'llIHTHII]I’II’TF'[T'II"'TI’T| I[II’!IT|l'rITI'T'II'irl'll']l|l'l]l|l']]
. [ "4

GRB 090510 (n+1) i '

L e B L S P R e D |

GRB 090510
Template

Light-Curve
< |50 MeV

Events per 0.1 sec

\
/"; | T I'. - ) . -"
A L Lol TRERNE I1 obal i LA o b o Lo ol Lo Lot Ll b
” a r

004 D03 002 001 0 001" 002 003 00 15 1 0 £ 0 05 1 15

T (s/GeV) T (8/GeV)
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Eventsbin

Events per 0.1 sec

bl

GRB 080916C

Template
spectrum

LA 50 e B LR R o L B A L

GRB 090510

Template
Light-Curve
< |50 MeV

| \
\
- AN\
} NN
Y T 1
/I BRI 1
)

- 1 1.5

Method #3: Example

The minimum of the curve gives the best
estimate of T:on the right plot, 0809 16C (full
line), 090902B (dotted line) and 090926A
(dashed double-dotted line)

IRARARARANRALNSARANIBARANANEAL LRARE RERN
I | RARELY LRART RRARY LERZA ULLILH BRLA

GRB 090510 (n+1)

0 J‘.LL‘L.L.J..LLJ. J.J.. l‘l.iJ.,L.i..l..lilll.I.JJ..J.J..J..LLLJ..I. Jl.l.l.,l..-l
004 003 002 001 0 00" 002 003 00
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Results

® Three methods => three points for
each GRB (PV,SMM, ML)

® Markers = best estimate of T
® 90% (99%) CL intervals (two-sided)

t, (ms GeV")

LOOPS’I3 - Waterloo - 22-26 July 2013
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Results

® Three methods => three points for
each GRB (PV,SMM, ML)

® Markers = best estimate of T
® 90% (99%) CL intervals (two-sided)

1, (ms GeV ?)

LOOPS’I3 - Waterloo - 22-26 July 2013
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Results

All confidence intervals are
® Three methods => three points for com patible with O dispersion
each GRB (PV,SMM, ML)
® Markers = best estimate of T . .
: Constraints with the 3 methods
® 90% (99%) CL intervals (two-sided)

are in good agreement

LOOPS’|3 - Waterloo - 22-26 July 2013
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Accounting for Source-Intrinsic Effects

® It is probable the measured lag has two components:

T =TINT + Tuv

where TinT is the intrinsic dispersion (due to the source) and Ty is the LIV-induced
dispersion

® There is no good model available to predict the value of TinT.
) A conservative modelization of TiNT is used.
® We assume the observations are dominated by source effects
® The PDF of TinT is chosen to match T allowed by the data
= Average of 0
= Width matching the width of T
® TinT is modelled to reproduce the allowed range of possibilities for T

m» \Worst case scenario

Most conservative limits on Tpuv

J. Bolmont - LPNHE LOOPS' I3 - Waterloo - 22-26 July 2013
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Accounting for Source-Intrinsic Effects

® It is probable the measured lag has two components:

T =TINT + Tuv

where TiNT is the intrinsic dispersion (due to the source) and Ty is the LIV-induced
dispersion

® There is no good model available to predict the value of TinT.
) A conservative modelization of TiNT is used.
® We assume the observations are dominated by source effects
® The PDF of TinT is chosen to match T allowed by the data
= Average of 0
= Width matching the width of T
® TinT is modelled to reproduce the allowed range of possibilities for T

m» \Worst case scenario

Most conservative limits on Tpyv

J. Bolmont - LPNHE LOOPS'I3 - Waterloo - 22-26 July 2013
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95% CL lower limits on Eqc

® Left:linear LIV, Right: quadratic LIV

® Horizontal lines: previous published limits

® Bars: average constraint accounting for GRB-intrinsic effects
® Current limits improved by a factor 2-4

8 Ep for n=|
1.3x10!'' GeV for n=2

1. 8 =+1)
=2, § =+1)

Lower Limit on EOG/EF_' (n

Lower Limit on E (10" GeV) (n

Redshift

LOOPS' I3 - Waterloo - 22-26 July 2013
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