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Abstract: <span>Some recent searches for quantum gravity signatures using
observations of distant astrophysical sources will be discussed, focusing on

the search for Lorentz invariance violation (LI1V) in the form of a dependence

of the photon propagation speed on its energy. Fermi gamma-ray space telescope
observations of ~8 keV to ~30 GeV photons from a short (< 1 s) gammarray
burst (GRB 090510) at a cosmological distance (z = 0.903), enabled for the

first timeto put adirect time of flight limit on a possible linear variation of

the speed of light with photon energy that is beyond the Planck scale.
Parameterizing

[v/c-1] = E/E_{ QG} our most conservative limits are
E { QG}/E_{ Planck}

> 1.2, while less conservative limits are up to 1-2
orders of

magnitude stricter. Other types of astrophysical searches
for LIV will be briefly outlined, along with some prospects for the future.</span>
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Outline of the Talk:

m Brief motivation & narrowing down the scope

m Vacuum birefringence: helicity dependence of v (E)

m Vacuum dispersion: energy dependence v, (E)

m Using TeV flares from AGN

m Using GRBs: why, and how we set the limits

m [1mit 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 Fermi GRB limits & future prospects

m Conclusions
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Quantum Gravity: a physics holey grail

m Motivation: to unify in a self-consistent theory Einstein’s
general relativity that dominates on large scales &
Quantum theory that dominates on small scales

m Quantum effects on space-time
structure expected to become
strong near the Planck scale:

IPlanck T (hG/CS)”z ~1.62%x1033¢cm
EPlunck T MPlanckC2 o (hCS/G)Uz
~ 1.22x10"° GeV

m Many models / ideas out there:
experimental constraints needed
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Astrophysics as a test bed:

m Advantage: large energies and distances available for free

= Disadvantage: uncontrolled experimental setup / conditions

¢ Vacuum birefringence: constrained by polarization

¢ Vacuum dispersion: by short timescale variability

# Pair production threshold: attenuation on the EBL

¢ Electron LIV: synchrotron radiation from the Crab nebula
¢ Space-time fuzziness: blur sources, broaden spectral lines

¢ UHECR /v LIV: energy spectrum / arrival time from GRBs

4 Massive gravitons: supernovae cooling

¢ Cosmic string: gravitational lensing, gravity waves

¢ Early universe: CMB polarization, 21 cm HI line surveys...
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Vacuum energy dispersion/birefringence

m Some quantum-gravity (QG) models (e.g. odd n SME) tie
between vacuum dispersion & birefringence = makes life
easier as birefringence 1s easier to constrain observationally

m Some models allow vacuum dispersion without birefringence

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

m This may be parameterized through a Taylor expansion of
the LIV terms 1n the dispersion relation:

, where M, =M, . 18 naturally expected

QG k

ms =-1,0, ] = mode] (helicity) dependent sign of the effect

m The most natural scale for LIV i1s the Planck scale
lotanae = 1.62% 10732 em ; Eppane = Mo = 1.22 %1017 GeV

Planc
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Vacuum energy dispersion/birefringence
m The photon propagation speed 1s given by the group velocity:

e 2 Eg ] S s Eph , (?E 5 ] Ry Eph E
cp ph 'ph o z k M 2 N 8 ; o Fetil 2

Bl oG k€ QGn€

- ) 1019
m Since E |, < Mg c” =S E e ~ 10 GeV the lowest order
non-zero term, of order n = min{k | s, # 0}, dominates

m Usually n = 1 (linear) or 2 (quadratic) are considered

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

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

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

ph

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

(E

ph
m We stress: herec=v

—0) 18 the low energy limit of v ,

ph\™~ph
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Vacuum Birefringence: Polarization

m Helicity (left or right circular polarization) dependence
of the photon propagation speed: ¢ — v, ; (E) = v ; p(E) — ¢

m Rotates the position angle 6 of linearly polarized radiation:
Agp 1 =2A0 = 0Aty ; = @Avg ; D/c? = EMID(1+n)/he(Eqgs )"

m AE/E 2 0.2-1 = AB(E,) ~ 2A0(E,) .
AB(E,) 2 1 = depolarization @m

m = linear pol. constrains Eq g, = §+E ;04
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Vacuum Birefringence: Polarization
m Helicity (left or right circular polarization) dependence
of the photon propagation speed: ¢ — v, ; (E) = v p(E) — ¢

m Rotates the position angle 6 of linearly polarized radiation:
Agp 1 =2A0 = 0Aty ; = ®Avg ; D/c? = EMID(1+n)/he(Eqgs )"

= AEJE 2 0.2-1 = AO(E,) ~ 2A6(E,) ‘
AO(E,) 2 1 = depolarization @m,

m = linear pol. constrains Eq g, = §+E ;0

¢ Galaxy at D ~ 0.3 Gpc, optical: -
P~10% = &,+>5%10? (Gleizer & Nozameh 01)

¢ Crab nebula (Galactic SNR; D = 2 kpc)
X/y-rays: P ~46% (INTEGRAL 150-300 keV)
= &> 1.1%10° (99% CL; Maccione et al. 2008)
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Vacuum Birefringence: Polarization
m Helicity (left or right circular polarization) dependence
of the photon propagation speed: ¢ — v, (E) = v p(E) — ¢

= Rotates the position angle 6 of linearly polarized radiation:
Agp 1 =2A0 = 0Aty | = @Avg ; D/c? = EMID(1+n)/he(Eqgge )"

m AE/E 2 0.2-1 = AB(E,) ~ 2A8(E,)

AO(E,) 2 1 = depolarization @""
m = linear pol. constrains Eqg« , = &i«E 5001
¢ Gamma-Ray Bursts: (z ~ 1; D ~ several Gpc):

¢ Optical: P~ 10% = fgl* > 5%108 (Fan et al. 2007)
& X/y-ray: P ~ 50-80% (IKAROS/GAP; 70-300 keV)

= &« > 101

(Toma et al. 2012)
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Vacuum Birefringence: Polarization
m Helicity (left or right circular polarization) dependence
of the photon propagation speed: ¢ — v, ; (E) = v p(E) — ¢

m Rotates the position angle 6 of linearly polarized radiation:
Agp 1 =2A0 = 0Aty ; = ®Avg ; D/c? = EMID(1+n)/he(Eqge )"

m AE/E 2 0.2-1 = AO(E,) ~ 2A0(E)) ‘
AB(E,) 2 1 = depolarization @"*"
m = linear pol. constrains Eq g« , = §+E ;0
¢ Gamma-Ray Bursts: (z ~ 1; D ~ several Gpc):
¢ Optical: P~ 10% = &« > 5% 10® (Fan et al
¢ X/y-ray: P ~ 58-807/% (IKAROS/GAP; 70-300

—~&,> 145 Unreliable

(Toma et al. 2012)
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Vacuum dispersion: time variability

m Relevant models without leading order vacuum birefringence

m Good candidate sources: TeV flares from AGN
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- (composite: X-rays, -(‘cnlalurusx\.{l) 3.6 Mpc)

Vacuum dispersion: time variability

m Relevant models without leading order vacuum birefringence
m Good candidate sources: TeV flares from AGN

m AGN: accreting super-massive black holes galaxy centers
& Mass: Mg ~ 10°— 109 Mg Jet Lorentz factor: I' ~5 — 30
m Active for millions of years

— 10 kpc —_—1 L|

m Sometimes emit short bight flares g \

A(.N jetin M87 (VLBA 43 G Il/)
' D=16 Mpc

r Ul
(X-rays; Chandra)

()ptl'Ld' \lli mim) A « 6T, — 0.01 pe
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Vacuum dispersion: time variability

¢ MAGIC (07,08): Mkn 501, D= 140Mpc; 0.17-10TeV; t,_~120 s
Aty 1y = tAvy /e = 72(1+n) [AEY/(Eqg )" ] D/c
claimed a possible detection: &; ~ 0.03, E, ~ 6x10'°GeV
or altematively lower limits: &, > 0. 02 EQC , > 4x10'°GeV
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Vacuum dispersion: time variability

¢ HESS (08,11): PKS 2155-304, D = 480 Mpc 0.2-5 TeV
-&,>0.06, E), > 1.4x10°GeV i e
(95% CL; 2008)
Better analysis methods (2011):
>0.17, Egg, > 6x101°GeV

PKS 2166-304 Data
0.25-0.28 TeV
x*/dof = 48.8/28

500 1000 1500 2000 2500 3000 3600 4000
Time (s)
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Vacuum dispersion: time variability

¢ HESS (08,11): PKS 2155-304, D = 480 Mpc 0.2-5 TeV

£ > 0.06, Eqg, > 1.4x10°GeV KNS5
(95% CL; 2008)
Better analysis methods (2011):
& >0.17, Eqg, > 6x10'1°GeV

PKS 2166-304 Data
0.25-0.28 TeV
x*/dof = 48.8/28

cur =1
*
“t ¢ "“i . ;: e o
St i

pone_|

> B0O GeV

::; }++ M **4#

500 1000 1500 2000 2500 3000 3600 4000
Time (s)
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Probing Vacuum dispersion Using GRBs

(first suggested by Amelino-Camelia et al. 1998)

Why GRBs? Very bright & short
transient events, at cosmological
distances, emit high-energy y-rays
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(D. Pile, Nature Photonics, 2010)
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GRB Theoretical Framework:

o ProgenltorS: External Shock
» LOI’lg: massive stars The Flow decelerating into

Inlcmal Sh()Ck the surrounding medium

# Short: binary merger? =
= Acceleration: e
fireball or magnetic?
m Prompt y-rays:
internal shocks?

~10"cm >10"cm

emission mechanism?

m Deceleration: the outflow decelerates (by a reverse
shock for o < 1) as 1t sweeps-up the external medium

m Afterglow: from the long lived forward shock going
into the external medium; as the shock decelerates the
typical frequency decreases: X-ray =» optical =» radio
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Fermi Gamma-ray
Space Telescope

(launched on June 11, 2008)

m Fermi GRB Monitor (GBM): 8 keV — 40 MeV
(12xNal 8 — 10° keV, 2xBGO 0.15 — 40 MeV), full sky

m Comparable sensitivity + larger energy range than its
predecessor - BATSE

m [arge Area Telescope (LAT): 20 MeV — >300 GeV FoV
~ 2.4 sr; up to 40x EGRET sensitivity, € deadtime

"Typical" Prompt GRB Spectrum
T T T T T T T T

E'N, (ergem®s’)

L 1 L '} 1 L '} 1
1% 102% 1o¢* 10" 10" 10* 100 10* 107
Band et al. 2009 Photon Energy (MeV)
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The Ferm1 Observatory

Large Area
Telescope
(LAT)
« Large Field of . |
View (>2.4 sr) T G S Gamma-ray
- views entire sky —— : = 7’ Burst Monitor
every 3 hrs | R s 7 e | (GBM)
. 20 MeV - T @ S Y <! W - Views entire
- | o% . unocculted sky
- Nal:
8 keV -1 MeV
+BGO:
0.15-30 MeV
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The Large Area Telescope

_~Ttacker

Pair-conversion y-ray detector

Energy range: 20MeV — >300GeV

GeV photons useful for LIV studies with GRBs

Wide field of view (~+70°); large effective area

Helps with detecting many GRBs with ample

photon statistics per detection

Good angular (~0.2° at 1GeV) and energy | .
resolution (~10% over 1GeV), low bkg rate | “ Rt o
(<1Hz in ROI over 20MeV) Calorimeter =7 NS e
Provides high-quality data for LIV studies )

In first 3 years: ' T
Detected 10 GRBs with a measured redshift f shield

21 GRBs with emission over 1 GeV i

Range of redshifts extends from 0.74 to 4.35

conversion foil

particle tracking

detectors

e pv .
_\k'-llt‘lllm‘lm'
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Constraining LIV Using GRBs

mA high—energy photon E, would arrive after (in the sub-luminal
case: vV, < ¢, s, = 1), or possibly before (in the super-luminal

case, v, > C, Sn = —1) a low-energy photon E, emitted together

m The time delay in the arrival of the high-energy photon 1is:
(1+n) E; - (1+z)"

\)
n 2H() J‘() .\/Qm(l+2')3+QA

AILI_,IV P dZ'

Jacob & Piran 2008 ( QG, nC
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 1n their effective emission times, 1.e. in their

arrival times to an observer near the GRB along our L.O.S

SOuUrce
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Constraining LIV Using GRBs

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

case, v, > ¢, s, = —1) a low-energy photon E, emitted together

m The time delay 1n the arrival of the high-energy photon is:
(1+n) E; -E/ f . ey
0

Aty =
4/ €2 (l+z') +82

E 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

( ()C}n

® Our limits apply to any source of energy dispersion on the
way from the source to us, and may constrain some (even
more) exotic physics (At — At + At

cxoﬁc)
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Method 1

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

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

€m

would be the arrival time if v, = ¢)

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

assume that 1t was emitted after the onset time (t, ) of the
relevant low-energy (E,) emission episode: t, >t

em start
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Method 1

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

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

cm

would be the arrival time if v, = c)

cm

m We consider a single high-energy photon of energy E, and
assume that 1t was emitted after the onset time (t, ) of the
relevant low-energy (E;) emission episode: t,, >t

em start
n :>At[,l\/:th_t <th_t

em start

m A conservative assumption: t
emission from the GRB

= the onset of any observed

start

-
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Limits on LIV: (;RB()S()‘)I()( (z ~4.35)

m GRB080916C: highest i L, VNS Y
energy photon (13 GeV)
arrived 16.5 s after low-
energy photons started

arriving (=the GRB trigger)

=> conservative lower limit: wﬂ“'\& f
of -
Mg, > 1.3x10'8 GeV/c? R W*”' S i

LAT >100 MGV §

~ £ DD"“ ¢ \-||‘.A l‘
= O, 1!

anck % ¥

‘Hmu sl w ris)

Illll.J_l lJl]_ll J_Jl 11— Illlll

This improved upon the
! st § $ : LAT > 1 GeV g -
previous limits of this type, 80 15| ag

reaching 11% of Mpy,..« & N
; (Abdo et aI. 2009, Science, 323, 1688)

(Kaaret 99) (Ellis, 06) (Biller 98) (Boggs 04) (Albert 08) min NI(J(-'

(GeV/c?)
o1s 1:8x10'% 0.9x10% 4x10'6 1017 1.8x10'7 0.2x10" 118 | 3,108 10" 1.2x101°
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GRBO090510: L.I.\

m A short GRB (duration ~1 s)

m Redshift: z=0.903 + 0.003
A ~31 GeV photon arrived at

=7 (Abdo et al. 2009
//{+ Nature, 462, 331)

Energy (MeV)

§

t, = 0.829 s after the trigger T

(8260 keV) !
i

We carefully verified itis a gL

GBM BGOs !
(0.26-5 MnV):

photon; from the GRB at >5c

We use the 1-6 lower bounds [ nY
on the measured values of E; | | MM
(28 GCV) and z (0900) | cL:-ArlJnMe.;)‘jE N x te:
[ntrinsic spectral lags known d 1 1 MMM\MLLLJ

on timescale of individual
pulses: weak effect expected

unts/bin

Co

Counts/bi

Counts/bin

Energy [GeV] Counts/sec

Counts/bin

i i
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GRB090510: L.I1.\

m Method 1: different choices of
t..« from the most conservative
to the least conservative

m t..=—0.03 s precursor onset

= G = Mg, 1/Mp,
- tMuﬂ

emission episode = &, > 3.42 Akt
m For any reasonable emission § :
spectrum a ~31 GeV photon is FRECEEE
accompanied by many y’s above} |
0.1 or 1 GeV that “mark™ 1ts t_ |
mt, . =0.63s,0.73 s onset of

emission above 0.1, 1 GeV T Ak _
= &> 512, 5, > 10.0 [ —————_

> (Abdo et al. 2009
|+ Nature, 462, 331)

Energy (MeV)

§

.l

> 1.19 s

anck

= (.53 s onset of main : . .

LAT ;
(> 100 MeV) ;
i

Counts/bin

Energy [GeV]  Counts/sec

Counts/bin
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GRB090510:

m Method 1: different choices of
t..« from the most conservative
to the least conservative
mt..=—0.03 s precursor onset
— Ev-l i Q(},I/Ml’lunck [.19
mt. .= 0.53s onset of main
emission episode = &, > 3.42
m For any reasonable emission
spectrum a ~31 GeV photon 1s
accompanied by many y’s above
0.1 or 1 GeV that “mark™ 1ts t_,
b — 0,635, 0.73's onset of
emission above 0.1, I GeV

— £ >5.12,& >10.0

Energy (MeV)

unts/bin

Co

Counts/bin

Counts/bin

Counts/bin

&

N

-7 (Abdo et al. 2009

- Nature, 462, 331)

GBM Nals
(8-260 keV) '
L)

GBM BGOs !
(0.26-5 MnV):

kA

LAT !
_(All events) |

Sas .l

LAT
(> 100 MeV)

et i

1.5

gger (263607781.97) (sec

Energy [GeV]  Counis/sec
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GRB090510: L.I.V

m Troja et al. 2010: detection of

low level emission ~13 s
before the GRB090510 trigger
+ Highly unlikely that no other

== (Abdo et al. 2009
|+ Nature, 462, 331)

Energy (MeV)

§

;1

LAT photons were emitted [EoErEDs H
together with the ~31 GeV  § | '

photon (none were observed) REETTS

(0.26-5 MnV):

¢ Fine tuning 1s required for | '
the ~31 GeV photon to arrive . 1
on top of brightest emission [ ; | M
episode (+on a narrow spike) - ‘M | H

Counts/sec

Counts/bin

U]

Counts/bin

Cssp-X0iey] Cssiet]i3-190ke
Energy [GeV]  Counts/sec

et i

1.5

0.5
Time since GBM trigger (263607781.97) (sec
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GRB090510: L.I1.\

m Method 2: least conservative

m Associating a high energy
photon with a sharp spike in
the low energy lightcurve,
which it falls on top of

m [imits both signs: s, = +1

m Non-negligible chance
probability (~5-10%), but still
provides useful information

m For the 31 GeV photon (shaded
vertical region) = |At| < 10 ms
and &I " MOG,I/MPIanck > 102 s

m Fora0.75 GeV photon during
precursor: |At|<19ms, ¢, > 1.33

Energy (MeV)

unts/bin

Co

Counts/bin

Counts/bin

&
8

-7 (Abdo et al. 2009
//{+ Nature, 462, 3

GBM Nals
(8-260 keV) !
'

GBM BGOs !
(0.26-5 MnV):

31)

LAT '
(> 100 MeV)
i

LAT i Y )
E l!j M
: o
f P
] [} |
[ Il 1
e ol . Ll

U]

Counts/sec

Energy [GeV] Counts/sec

0.5

Time since GBM trigg

hinien i

1.5
er (263607781.97) (sec
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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

m We found a symmetric upper limit on a linear dispersion:
|At/AE| < 30 ms/GeV (99% CL) = Mg ;> 1.22Myp,

m Remains unchanged when using only photons < 1 or 3 GeV
(a very robust limit)
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GRB090510: L.I1.\

m Method 2: least conservative

m Associating a high energy
photon with a sharp spike in
the low energy lightcurve,

= (Abdo et al. 2009
|+ Nature, 462, 331)

Energy (MeV)

§

Al

which it falls on top of 5 150 eteonan | H
® Limits both signs: s, = =1 ’ .y

GBM BGOs !
(0.26-5 MnV):

m Non-negligible chance
probability (~5-10%), but still
provides useful information :

= For the 31 GeV photon (shaded i
vertical region) = |At| < 10 ms s
and &I o MO(],I/MPIzmck > 102

m Fora0.75 GeV photon during | BT
precursor: |At|<19ms, ¢, > 1.33 = o o e

unts/bin

Co

LAT !
(All events) |
L]

Counts/bi
Counts/sec

Counts/bin

Energy [GeV]  Counis/sec

Counts/bin
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GRB090510: L.I.V

m Method 2: least conservative

m Associating a high energy
photon with a sharp spike in
the low energy lightcurve,

7 (Abdo et al. 2009
//{+ Nature, 462, 331)

Energy (MeV)

&
N

which it falls on top of 5 150 eteonan | H
m Limits both signs: s = +1 ’ e

GBM BGOs !
(0.26-5 MnV):

m Non-negligible chance
probability (~5-10%), but still
provides useful information :

= For the 31 GeV photon (shaded

LAT i L - )
vertical region) = |At| < 10ms NS IM
Ell’ld &l e MQ(] I/MPlzmck > 102 5 l I ll '

unts/bin

Co

LAT !
(All events) |
i

Counts/bi
Counts/sec

Counts/bin

U]

Energy [GeV] Counts/sec

m Fora (.75 GeV photon during | |

T
precursor: |At| << l 9 ITIS3 ‘él > l 33 - Time aince Ges trigger (363607781.87) isse

1.5
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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

m We found a symmetric upper limit on a linear dispersion:
|At/AE| < 30 ms/GeV (99% CL) = Mg ;> 1.22Mp,

m Remains unchanged when using only photons < 1 or 3 GeV
(a very robust limit)
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m Method 2: least conservative

m Associating a high energy
photon with a sharp spike in
the low energy lightcurve,

== (Abdo et al. 2009
//{+ Nature, 462, 331)

Energy (MeV)

$
N

which it falls on top of 5 150 eteonan | H
m Limits both signs: s = +1 ’ e

GBM BGOs !
(0.26-5 MnV):

m Non-negligible chance
probability (~5-10%), but still
provides useful information :

= For the 31 GeV photon (shaded

vertical region) => |At| < 10 ms [N m
and ¢; = Mg i/Mpjgpe > 102 | W

anck "

= Fora 0.75 GeV photon during || Y AR

L i
0 0.5

precursor: |At| <5 l 9 IT]S’ E—Jl > l 33 o Time since GBM trigger (263607781.97) (sec

unts/bin

Co

LAT !
_(All events) |
i

Counts/bi
Counts/sec

Counts/bin

Energy [GeV] Counts/sec

1.5
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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

m 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

m We found a symmetric upper limit on a linear dispersion:
|At/AE| < 30 ms/GeV (99% CL) = Mg ;> 1.22Myp,

m Remains unchanged when using only photons < 1 or 3 GeV
(a very robust limit)
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limit on Reason for choice of Ei valid | lower limit on | limit on Mqg

At/ (ms) gtart OF limit on At (MeV) | for sp | Moc.1/Mpranck | in 108 GeV /c?
» 249

> .06

< 859 start of any observed emission | 0.1
<299 start of main < 1 MeV emission | 0.1
<199 start of > 100 MeV emission 100 > 5.1 » 6.20
<99 start of > 1 GeV emission 1000
<10 association with < 1MeV spike | 0.1 f
<19 if 0.75GeV  is from 1% spike 0.1 > 1.3 » (.54

 8.79

TE;

30 ms/GeV | lag analysis of all LAT events

a-c based on 31 GeV y-ray & = (ﬁgfluc::t_“aé-z?gg?)

m a-d method 1:t, >t ..

m c,f: method 2: association
with a low-energy spike X
o: method 3: DisCan ke Y

LAT |
of (Al events ) |

sharpness of HE spikes Ui 171 S I
m All of our lower limits on g thN.I.A..L.uLLLU

“l-litl W

MQG,] are above Mp,,.. .. | S —
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limit on Reason for choice of Ej | valid | lower limiton | limit on Mg o
At| (ms) bgtart OF limit on A (MeV) | for sp | Moc.1/Mpranck | in 108 GeV /c?

GRB0905 1 0 a - < 859 start of any observed emission 0.1 >1.19 »2.99

I

<299 start of main < 1 MeV emission | 0.1 I  9.42 > 5.06
|
I

[ : < 199 start of > 100 MeV emission 100 > 5.12 > 6,20
I1IIM1TS ONn | I VR <% start of > 1 GeV emission | 1000 >10.0 879

<10 association with < 1 MeV spike : t » 102
<19 if 0.75GeV 4 is from 1 spike 1,33

S ummary . .‘IllIns GeV | lag analysis of all LAT events l £ >1.22

(Abdo et al. 2009
Nature, 462, 331)

ma-dmethod 1: ¢, >t NGRS

m c,f: method 2: association
with a low-energy spike

o: method 3: DisCan Hetonn e A w-*,.,,.,*_ﬂ,..',,ﬁﬁ“

LAT ()

40| (Al events)

sharpness of HE spikes Sl 1 -

m All of our lower limits on (S IIIIIIII.I.A..I..LJILLLU

AN tri
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[.1imits on LIV from Fermi GRBs

duration # of # of
or events events
class [>0.1GeV| >1GeV

080916C long

090510  short > 150 > 20

090902B long >200 >30

090926 long > 150 >50

Lower Limit on [

MOGJ/MPIanck

1.2,3.4,5.1,10
102
1.2
0.068 +1 ~33GeV 1.822

0.066, 0.082 +1  ~20GeV 2.1062

m Method 1: assuming a high-energy photon 1s not emitted
before the onset of the relevant low-energy emission episode

m Method 2: associating a high-energy photon with a spike in
the low-energy light-curve that it coincides with

m Method 3: DisCan (dispersion cancelation; very robust) —
lack of smearing of narrow spikes 1n high-energy light-curve

Pirsa: 12100058
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[L.1imits on LIV from Fermi GRBs

= A. PairView: calculates spectral lags /; ; between all pairs of

photons in a dataset and 1dentifies the most prominent value

of /;; as the best estimate of the LIV parameter [ ti — ¢

= The distribution of /; ; will > B — 2
have a peak approximately '
centered at the true value T

—If data has no lag, there will
still be a peak but at zero

—Peak width/height depend on
statistical strength of the dataset: |
many GeV photons in a bright pulse will give the strongest signal

m B. Sharpness Maximization: based on 1dea similar to DisCan

m C. Likelihood analysis: used before on AGN — low-energy
lightcurve + spectrum template used to claculate unbinned
likelthood for high-energy data as a function of T, = At/AE"
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[L.imits on LIV from Fermi GRBs

m A. PairView: calculates spectral lags /; ; between all pairs of

photons in a dataset and 1dentifies the most prominent value

of [i’j as the best estimate of the LIV parameter i li — 1

= The distribution of /; ; will e M
have a peak approximately '

centered at the true value T,

—If data has no lag, there will
still be a peak but at zero

—Peak width/height depend on .
statistical strength of the dataset: TN S
many GeV photons in a bright pulse will give the strongest signal

m B. Sharpness Maximization: based on 1dea similar to DisCan

m C. Likelihood analysis: used before on AGN — low-energy
lightcurve + spectrum template used to claculate unbinned
likelthood for high-energy data as a function of T, = At/AE"
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The Future - CTA
= Energy range: ~20 GeV to ~500 TeV

¢ an order of magnitude more sensitive than current instruments
around 1 TeV (~150ME€ price tag), better angular/energy resolution
¢ >1000 members in 27 countries
¢ Preparatory Phase 2010-2013, construction 2013-2018
u 2 sites (southern - northern hemispheres)
J elidegdy yreledeyped ury differenr /e

g N g gy

e BNk

et SN
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A bigger difference for transient sources

e.g. GRBs, AGN,
microquasars...
1 hour

10 hours
100 hours

\ \1 [TITN TT HI‘ [

- o -
o o (=]
N ) o

-

S
--
o

w

o

E

(&)

o

|

L

w

3

w 10-8 -
X E
™ 10-9 -
t_u e
-

m —
2 —
+—

m .- \_.-.--.-

H‘ [TTI TT HI"-II\I

— - — -
- L% - r
B w N Y

| l 1[ | 1 | 1 l 1 | 1 | l | | | | 1 | | | | I | | | | | |
- -1 -0.5 0 0.5 1
Iogm(Energle eV)

Pirsa: 12100058 Page 47/50



Pi

112100058

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
eat>1 TeV intrinsically fewer photons SIS
= Method 3: mlght work best EAEEE

well within long GRBs
~0.1s & E, ~0.1 TeV

var

could do ~30 tlmes better
m A short GRB in CTA FoV

(survey mode) would be great
10 ms, 1 TeV: >10° times better
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Conclusions:

B Astrophysical tests of QG can help — look for them
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: Mg ;> 1.2Mpy, 0k

M Sti1ll conservative but somewhat less robust limits:
MQGJ/MP]aan >5.1, 10 (onset of emission >0.1, 1 GeV)

B “Intuition builder” liberal limit: Mg /M >102

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

planck
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