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The spectral lags of GRBs

Spectral lag is defined as the arrival time delay between light curves in different
energy bands (or between correlated photons with different energies).
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Scaled counts/bin

The positive lags of low energy emission

Most GRBs show positive lags at low energy scales
i.e, light curves at higher energies peak earlier than those at lower energies
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Some models for positive lags

(1) Hard-to soft evolution of (2) The curvature effect
the spectrum
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Time Figure 6. Spectral lags could arise due to the curvature effect of the shocked shell. At the source, the relativistically expanding shell emits identical pulses from
. . . all latitndes. However, when the photons reach the detector, on-axis photons get boosted to higher energy (hard). Meanwhile, off-axis photons get relatively
Figure 5. The time evolution of the Epk across energy bands may cause the smaller boost and travel longer to reach the detector. Thus, these photons are softer and arrive later than the on-axis photons.

observed spectral lags in GRBs.

However, the calculated cooling times However, some of the observed lags are negative, and
based on simple synchrotron models therefore these lags present a real challenge for the simple

are relatively small compared to the curvature models.
observed lags.

Ukwatta et al. 2012
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The negative lags of GeV photons

In contrast to the positive lags of low energy emission,
GeV photons are found delayed with respect to MeV photons (i.e, negative lags)

Long GRB 080916C Short GRB 090510
Abdo et al. 2009, Science 323, 1688 Abdo et al. 2009, Nature 462, 331
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On the other hand, one possible explanation for
the negative lags is provided by quantum gravity effects.

Thanks to their short spectral lags, cosmological
distances, and very high energetic photons, GRBs have

been viewed as the most promising sources for studying
the LIV eftects.

(Amelino-Camelia et al. 1998; Coleman & Glashow 1999; Schaefer 1999; Ellis et
al. 2003, 2006; Boggs et al.2004; Kahniashvili et al. 2006; Jacob & Piran 2008;
Abdo et al. 2009a,b; Biesiada & Pi” orkowska 2009; Xiao & Ma 2009; Shao et al.
2010; Chang et al. 2012, 2016; Nemiroff et al. 2012; Ellis & Mavromatos 2013;
Kosteleck y & Mewes 2013; Vasileiou et al. 2013, 2015; Pan et al. 2015; Zhang &
Ma 2015; Xu & Ma 2016; Wei et al. 2016...... ).



Lorentz invariance is a fundamental symmetry of Einstein’s relativity.

However, many Quantum Gravity models :
(e.g., Amelino-Camelia et al. 1998, Nature)

' Predict the existence of deviations from Lorentz symmetry
at the Planck energy scale Ep = //c®/G ~ 1.22 x 10" GeV

THE EXPERIMENT

» — Q
Scientists measured how l ... to reach the Earth.
long it would take for photons
from a gamma-ray burst ...

A Sprint
Across Bumpy

Space-Time

Quantum theory says that up very close,
space-time appears discontinuous and
chaotic, characteristics that would have

Nk spsmennare The foamy structure of space-time
at small spatial scales
(e.g., Kostelecky & Samuel 1989; Amelino-Camelia

et al. 1997; Ellis et al. 1999; Gambini & Pullin 1999;
Amelino-Camelia 2002; Myers & Pospelov 2003......)

... than low-energy photons,
with longer wavelengths.
However, the observations
found no significant difference
in speed.

In this bumpy space-time,
high-energy photons,
with shorter wavelengths,
should be slower ...

Source: Nature THE NEW YORK TIMES



Vacuum dispersion from Lorentz invariance violation

As a consequence of LIV, the speed of light in a vacuum would have
an energy dependence,

E \" =1 linear LIV
E<E E? = p?c? 4 4 E? n
R0 pret+mic (EQG> n=2 quadratic LIV

The time delay induced by LIV:

(1+2) ,

At = | Nﬂ dz
2H() E6G 0 \/QA—FQM(I +ZI)3

Jacob and Piran (2008) )
longer distance,
shorter arrival time

bigger E_QG
more stringent constraint

redshift higher frequency photon

lower frequency photon
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Testing LIV with a single GeV photon
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0 A single 13.2 GeV photon was

detected at 16.5 s after the GBM
trigger time.

O The conservative constraint on
the linear LIV energy scale:
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Testing LIV with a single GeV photon
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Testing LIV with a single GeV photon
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Testing LIV with a single GeV photon
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The intrinsic time delay problem

The first attempt to disentangle the intrinsic time delay problem was
presented in Ellis et al. (2006).

« The observed time lag:
Atobs — Al(LV + bsf(l + Z)
 The time delay induced by LIV:
AE (7 dz

RV e

 The intrinsic time delay: bsf
Altobs
> —, = awK + by

—_ —1 AE K = Z_
where ay = Hy' 8 | K= |55




The intrinsic time delay problem
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Disadvantages for the treatment
of Ellis et al. (2006)

They looked for spectral lags in the light curves between the selected
observer-frame energy bands 25-55 and 115-320 keV.

Note that the observer-frame lag does not directly represent the
source-frame lag.

It is not likely that different GRBs have the same intrinsic time lag.

15 keV 200 keV
Swift BAT Energy Band 7

For a GRB with redshift of 3.0
>

25 -37 keV
50 = 62 keV

For a GRB with redshift of 2.0
>

33 =50 keV
67 = 84 keV

100 - 150 keV
200 - 250 keV

For a GRB with redshift of 1.0
>

50 - 75 keV
100 = 125 keV

Ukwatta et al. 2012

Fixed Energy Band at Variable Energy Bands at the 15
the GRB Source Frame Observer Frame




tops/(1+2) (s)

The intrinsic time delay problem
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The intrinsic time delay problem

Estimating the intrinsic time lag of  Table 2

GRBs with the magnetic jet model:

At

The LIV induced time delay Aty and quantum gravity energy scale M;c? derived from
four Fermi-detected GRBs. Atgps 15 collected from Refs. [2-5]. Atyy = Atops — Ating,
where Aty is calculated by Eqs. 4, 6 and 7. The value of gg3 in each GRB is

1/3 1/3 approximately the bulk Lorentz factor of the jet in unit of 10* and is taken as 63 ~ 1
— 3ro(1+2) rW(EU) (T [22]. 17 is chosen as 16.7, 0.1, 28.7 and 55.0 for GRB 080916¢, GRB 090510, GRB
2¢ o o 090902b and GRB 090926, respectively.
GRB Elow Ehigh Aters Aty K(2)s-GeV | Mic? (GeV)
(MeV) (GeV) (s) (s)

Atint = At(Ehigh) _At(Elow) 080916¢c 100 13.22 1294 024  4.50x 10" | 10.02 x 10%°
090510 100 31 0.20 0.14 7.02 x 10" | 9.73 x 10'°
090902b 100 11.16 9.5 0.10 3.38 x 10'® | 994 x 10%°
090926 100 19.6 21.5 0.20 6.20 x 10'8

Atobs — AtLIV + Atint

9.59 x 10'°

However, the magnetic jet model relies on some particular theoretical parameters,
and this leads to uncertainties on the LIV results.

Chang, Jiang, & Lin 2012, Astroparticle Physics, 36, 47




GRB 160625B As a New Probe of LIV
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Scaled counts/bin

S I I B B T TT T [ T T foodogev! | T 1
TRy ot et 1L |
MWMHMWMJW

0411-12256 keV ]
WNUHLNUU‘VJLJWW
MM“MM“MVVWWWWW

6380-7511 keV
5419-6780 keV
-3419 keV

B 104803 keV 7
MWLNWWW
MMW
WMHJLW
W”MMW
WWWWW

r‘ L " 1488-1728 keV

f 1 12871468 ke
- ke
IR | Siov ’

['H il 0599 keW
M B0 eV

M n 442-300 ke
M_ :

n ZI5 AT ke
M ] :

M 72T 7ReY

M I35 TITkeV

AN 06135 k¥

M I TV

P TRV

e STEERY

M ST ReV

M AT ke

M D32keV

M iRy

M R G T

12-16 keV

M
R Y i e o G ot ST

160 180 200 220 240 260
Time (s)

GRB 160625B As a New
Probe of LIV

10_"""| ' ' L L L | ' ' L L |
P
11 ¥
L 1L .
8
<
—n=1
----- n=2
0.1 N BT AN | ! ) I N | ) 1 P B R | )
10° 10° 10°

E (keV)

Wei , Zhang, Shao, Wu, Meszaros 2017, ApJL, 834, L13



GRB 160625B As a New Probe of LIV

« The observed time lag:

Atghs = Atiny + Atry mfl -

 The time delay induced by LIV:
Atpry =t —ty

~ l+nk"— Eo/ (1+ 2)d2

- 2H, V(1 + )%+ Qp

At (s)

* The intrinsic time delay:

s [(£) - (5)]:

Wei , Zhang, Shao, Wu, Meszaros 2017, ApJL, 834, L13




GRB 160625B As a New Probe of LIV
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Prospects on testing LIV with LHAASO/WCDA

» WCDA: Water Cherenkov Detector Array with detection area of
~ 10°m? (at ~100 GeV), ~ 10° LAT!

» Suppose:
v' GRB spectrum dN (F) /d]\* x E7, f~2.3
v’ ~10 photons with energies higher than 1 GeV detected by LAT

» The number of > 100 GeV photons detected by WCDA should be
10° x 10 x 100"~ ~ 6 x 10
» > 100 GeV light curves can be produced for bright HE GRBs.

» LHAASO/WCDA could set much more (1-2 orders of magnitude)
competitive limits on LIV.



Summary

> GRB 160625B, the only burst so far with a well-defined transition from positive
lags to negative lags provides a unique opportunity to put new constraints on
LIV.

> We consider the contributions to At..s from both Aty and Ativ, and assuming
Atint has a positive dependence on the photon energy, we obtain robust limits
on LIV by directly fitting the spectral lag data of GRB 160625B.

» In addition, we give for the first time a reasonable formulation of the intrinsic
energy-dependent time lag.

» Future observations of GRBs with LHAASO/WCDA could improve the limits
on LIV.
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