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Outline

““A few observations and much reasoning lead to error;
many observations and a little reasoning to truth." A. Carrel

Introduction/GRB Topics
Long vs. Short: Progenitors
GRB Radiation Theory
Yy opacity = I
A. Photosphere/Engine
B. Colliding Shells
C. External Shock/Afterglow
GRB 130427A
Advanced Topics
A. Hadronic Models
B. LIV tests
What does it all mean?

GRB 130427A (0.1-second
exposure) as viewed by Swift's X-
Ray Telescope




GRB Theory Topics
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Long Soft GRBs vs. Short Hard GRBs

HYPERNOVAE/COLLAPSAR

“Typical” long-duration GRB lasts 3 -100 s
in y-rays from keV to MeV energies <z>> 1

Emits about 10°1— 10°° ergs of (apparent
isotropic) energy and radiates (apparent
isotropic) powers of ~ 10°0 — 10°3 ergs/s

Variability times typically 0.1 sec or less

Followed by long-lived X-ray, optical,
radio, and GeV y-ray afterglow emission

Takes place in star-forming (spiral or dwarf
irregular) galaxies at z~ 1, but not in
elliptical galaxies

Collapse of a >30 Mg star
ISM allows shock formation

MERGING NEUTRON STARS

MeV emission lasts less than ~ 3 s; <z>< 1;
apparent energies smaller

A binary neutron star system may be born
with a high kick velocity, > 200 km/s

The system loses orbital energy by
gravitational radiation

Merger takes place in 102 — 10°y. By then, the
system may be outside the galaxy where it
was born

The host galaxy might not be forming stars at
a high rate any more

The tenuous medium might not allow strong
shock formation, and therefore the
production of intense afterglows




Progenitor GRB Models

GRB models with hyper-accreting
black holes:

Collapsars

a Collapse of a rotating massive
star (binary or single star)

Q Neutron star/black hole merger
with a helium core: “He-star
Merger”

Compact object mergers

O Neutron Star — Neutron Star
Mergers (Hulse-Taylor Pulsar
System)

O Black Hole — Neutron Star
Mergers

O Black Hole — White Dwarf
Mergers

NS - NS
merger
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Spectral Properties of GRBs

Flux (photons - s MeV™)

E*N, (erg-om™s7)
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Band Function: Smoothly Broken Power-Law
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Prior to Fermi, all y-ray spectra of
GRBs (except for GRB 970417)
consistent with Band function

SYNCHROTRON LINE OF DEATH

Band et al. (1993)




Relativistic Bulk Motion in GRBs
B Ime Ine I i I b In i ER)
What is I', and why is it important?

After redshift Z, I is the most important property to make the extreme
behavior of GRBs comprehensible
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vF, (erg/icm¥s)
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Minimum Bulk Lorentz Factor: Simple Estimate
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GRB Radiation Theory
N TE E m W W .maiil

Cartoon of the Black Hole/GRB System

= Engine Emissions/Photosphere
= Relativistic Outflows making Colliding Shells/Internal Shocks
= External Shock/Blast wave



Blackbody/photospheric component in GRBs

Q Addition of blackbody component can S 3
improve spectral fits
e @
O Possible solution to “Line of Death” 35
O Parameters of blackbody give nozzle £ ?“’s g
radius (typically less than 101° cm), and 3
Lorentz factor I'; Pe’er et al. 2007, Ryde
etal. 2011 NP U ST PV SOOI PSOITN 1 POV ST S S
10 10° 10 Energ}?‘{ke\f) 10 10 107
L '=4 ﬂth T 4 GRB 090902B; Abdo et al. 2009, ApJ, 706, L138
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Kinematic Pulse Modeling of Colliding Shells

Y_RAYS _ 0.9 Curves labeled _

: A by energy |

1_,2 7 0.75 / 15\ (MyC? units) 7

Fl : - \\ ]
N | .' ||‘|‘

INTERNAL SHOCK

Time (Sec) Dermer (2004)

Model predicts Epq, oc 1/time

L(Epeak) oc Epeak3

11



f (t) [ergs cm™ 5]

E

Evolving SEDs from High-Latitude Emission
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Fireball/Blast Wave Model for GRBs 0.0A ©C
7

Photosphere:
R<< 102 cm

Characteristic timescales: INTERNAL SHOCK
Tgo t

& =E,/mc’~1
EXTERNAL SHOCK
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Blast Wave and Afterglow Theory
TS B B T B EmErnmn
Initial Explosion Energy: E; Baryonic mass mixed into explosion: M, =E,/T",c?
Swept-up mass: M, = 4wm ng x°/3

Density of surrounding medium =n, [> M, c¢?=E,=Mc*=

Deceleration radius

X, = ( 3E,

2
4z m c'n,T

E 52
2
n 0 1_‘300

)P =2.6x10"( )% cm

I, =1,/300 Rees and Mészaros (1992)
M¢észaros and Rees (1993)

Deceleration time

t, = (1+ z)%; 10(1 + 2) (E—Sé)l”s

0+ 0 0~ 300

Blast Wave Evolution I[M,+Tm_(x)]=T[M, + kI'x*]= const

— r oC X—3/2
14



Afterglow Theory
Sari, Piran, and Narayan (1998)
Injection of power-law electrons downstream of forward shock
N(7.) = Note *s Vin <7e <7, (cOmoving 7,)

N.(X) =47z n.x’/3
Magnetic field parametrized in terms of equipartition field

B* /87 =4gym c’n(I'* —-T)=>BocT

Minimum electron y (Joint normalization swept-up power and
number)

2
o = 82N p>r E! = &, (dE"/dt)
P— e
Maximum electron y: balancing losses and acceleration rate
7, =4x10" /,/B(G)
Cooling electron vy: balance synchrotron loss time with adiabatic
expansion (comoving) time
u 3m

~x/TczTtxt =(—co; —& Ty :
Las ( T’ T 16&gn.m co Tt

e
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Synchrotron and SSC Features in GRB Light Curves

Associated synchrotron self-

Compton (SSC) component
(Dermer, Chiang, Mitman 2000)

1000

. 100
Calculations assume strong
forward shock z

10
8.6 GHz radio (solid)
optical R band (dotted)
keV X-ray (dashed) L
100 keV (dash-dotted) 10"
GeV (dalsh-triple-dotted)
TeV (long-dashed)
Other Compton origins? T
Coccoon photons 5
(Toma, Wu, Meszaros 2009) §
Target photons from central f
engine Compton-scattered 2

by external shock electrons
(Fan et al. 2013)
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Light curves vs.
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Optical Afterglow gives Information about Beaming

Blastwave ( 0,>>1/T")
to
Blob (6, < 1/T)

AFTERGLOW
INTENSITY

Time

19



Afterglow Synchrotron Model

Abdo, A. A., et al. 2009, Science, 323, 1688
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GBM Count rate {cts/s
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Time (seconds after GBM trigger)

Afterglow onset method (optical or y-ray)

3E,
327 nym c’nty,

JI/S

r
Uy Rloe ® 55— =T, ~
pk dec 2r02C 0

1/8
ESS
Ny (t, /105)’

I, = 540(

LAT radiation due to nonthermal
synchrotron emission from
decelerating blast wave

(Kumar and Barniol Duran 2009, Ghirlanda et al.
2009, Ghisellini et al. ...)

|dentifying peak of LAT flux (=0.2 s after
main GBM emission) with t,.. = 'y n""/8

For uniform external medium, v >v, v,

Adiabatic blast wave:

VFV oC t(2—3p)/4v(2—p)/2 oC t—l (p — 2)
Radiative blast wave:
VFV o t2(1—3 p)/7V(2—p)/2 o t—10/7 (p _ 2)
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Record-Breaking GRB 130427A
EEEa————— e s I I I I I EL)

A watershed event!

O Summary of observations
— Among nearest 5% of GRBs
— Energy released in y rays ~10°* erg
— Second brightest optical flash
— Radio, optical, infrared, X-ray, GeV, TeV,
V...
Q y-ray records broken:
— Highest y-ray fluence (x5x10-3 erg cm)
— y-ray photon w/ the highest observed
energy (95 GeV)

— Longest-lasting GeV emission (19 hours)

Fluence = J' d(t)dt (ergicm?)

Science Magazine (3 Jan 2014)
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How Bright was GRB 130427A7

Plot from automated software that searches for transients on 6-hour timescale
Shown here: The 6-hour map before GRB 130427A occurred

Potential flares from AGN
pulsars

Galactic plane

Courtesy: S. Zhu
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How Bright was GRB 130427A7

Plot from automated software that searches for transients on 6-hour timescale
Shown here: The 6-hour map when GRB 130427A occurred

Courtesy: S. Zhu
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GRB 130427A: The Most Fluent GRB Ever

T B B = B ® A1
“‘insanely bright” — Judy Racusin, Apr 27, 2013
z=0.34,d, =1783 Mpc

Table 2
Le & Dermer 2009 EGRET GRB Spark-Chamber Detections

= 1 : GBM 10 keV - 20 MeV fluence (0 -- 400 s):
et 00 Ne®  Nojoof  Emax(GeV) Dy EGRET GRB _3 o
Dut J Rays 4.2 x 107° erg/cm

-4 2 .
10%erg/fem® ¢, e " ,@yf  LAT > 100 MeV fluence (0 — 100 ks):
910503 24 98 2 10 2.92(£0.01) 1.28 0.43 7(i 1) X 1074 erg/cm2
910601 12 8 3 0.31 15(£001) 113 075 _ _3 5
930131 28 18 12 1.2 0.66(£0.11) 266  40.3 10 keV -- 100 GeV fluence: 4.9 x 107 erg/cm
940217 10 28 10 18 6.6(£0.03)  13.0  1.97
040301 6 7 5 0.16 L12(£001) 114 102 E., = 1.40x10% erg

10°6 erg/cm? Liso = 7.8 x 10%2 erg/s (0 <t<18.4s)
Lisopk = 2.8 x 10° erg/s (1 keV-10MeV)

0 Most fluent GRBs (1 every ~60 yr; Salvaterra 2012)

BATSE GRB 990123; >20 keV

Fluence = 5.1 x 107 erg cm™2 (Briggs et al. 1999)
O Two major GRBs in the 1980s:

GRB840304: Fluence = 2.8 x 10-3 erg/cm?

(http://heasarc.gsfc.nasa.gov/docs/cgro/batse/grb_cats/pvo.html)

GRB 830801 fluence ~2 x 103 erg/cm?

First ionospheric disturbance (Fishman & Inan 1988)

=
=
III| II|II |III

llll Jllll IJJJ

: T (Pl gl L %

AW ., KUY - e | ol Wy A e L L L
[ 14 16 18
Time (since 27 Apr 2013 07:47:06.420) [s]

O Was it an soft gamma repeater (SGR)?
SGR 1806-20/GRB041227 Pulse pileup/deadtime in GBM
(27 December 2004): fluence ~1 erg/cm? Nal between ~5 and 12's



GRB 130427A: Large Fluence, so what?

T T TTTTIT | IIIIIII{ I IIIIIII[ T T TTTTI T TTTTI]

E —— GBM Catalog -
S0 — LAT Catalog -
25__ _

o - i
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- B _
Z101- .

5 =
0_ IR | [ _D:’-l:h_ml
10°® 107 10° 10° 10

Fluenceg,, (10 keV-1 MeV) [erg cm'z]

Fermi LAT GRB catalog (Ackermann et al. 2013)

Total > 20 keV GRB fluence per year:
7.9 x103 erg/cm? vs. 4.2 x 10-3 erg/cm?

for GRB 130427A

O With redshift, gives luminosity

distribution or distribution of E;;, =

emissivity (energy/volume/time)

Fluence distribution provides
normalization of injection scenarios

EBL studies t (E,z)~ 1 when E~ 100
GeV/z (better constraints from higher
redshift GRBs)

UHECR origin scenarios: underlying
assumption is that UHECR emissivity o
v-ray emissivity (GBM or LAT)

UHECR + soft photon 2 7%* - 2y, e*,v

10° QO Neutrino production: scales with

cascade fluence; need >~10-3 erg/cm?
for neutrino detection with IceCube

O Exquisite statistics; observed with

multiple detectors



Fluence, ,; (100 MeV-10 GeV) [erg cm™]

GRB 130427A: A Nearby Ordinary Monster
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GRB 130427A y-ray Light Curves

c 8000[Nal (5 keV * 30 keV)
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GRB Fireball/Blastwave Model and GRB 130427A

short GRB

compact
merger

collapsar

long GRB

Gomboc (2012)

Two distinct emission processes

PRELIMINA

[

5
107LAT (100 MeV)

\ medium .

12e5
N

=
4e5 g
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Emergence of Delayed Hard Component in GRB 130427A

5 =
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Time since GBM T, (s)

- (a)-0.1to 4.5s: SBPL
(b) 4.5 to 11.5 s: PL
= (c) 11.5 to 33.0 s: SBPL+PL

vF, (erg cm=2s7!)
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Counts/Bin Counts/Bin Counts/Bin

Counts/Bin

Energy [MeV] Counts/Bin

120

GRB 130427A y-ray Light Curves

[Nal (5 keV - 30 keV)

Nal (30 keV - 300 keV)
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10
Time since T,

0 Second episode
commencing at ~125 s

O Delayed onset of LAT
emission for second
episode

O High energy photons at
late times

F E; T —-1To
05 128 243.99
73 07 19.06
17 63 256.70
11 DD 611.01
30 52  3410.26
32 43 34366.58
28 37 4R.01
26 35 85.16
21 21 141.53
15 20) 217.89



Light Curves of GRB
130427A

Fermi LAT energy flux light curve
well-described by single power-
law with temporal decay index =
-1.17x0.06

Fermi LAT (500 MeV), RAPTOR
optical (2 eV), Swift XRT (2 keV)
light curves track early afterglow

Swift BAT (50 keV) and Fermi
GBM (200 keV) track prompt
emission

Reactivation of central engine at
~150 s
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=
=
20
| 9
(1]

flux density, in millijanskys

GRB 130427A
From Visible Light to Gamma Rays
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Pulse Analysis of GRB 130427A Triggering pulse
E———— i I I I I NN

Data:
green: GBM Nal (10 — 300 keV) 1 1 e et
blue: GBM BGO (0.3 — 50 MeV) e, WE) gt
red: LAT LLE (> 20 MeV) b 00 EWE)
(normalized to peak intensities) 19
red dots: LAT > 100 MeV
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|1
TeCF W(E) [5]
4f |

-+ 400

1 1 1
- 10’ 10° 10° 10* 10°
E [keV]

o
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Inset.
Lag analysis of triggering pulse
of GRB 130427A

w
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Renormalized counts per bin
o
o)
Photon energy (MeV)

o
B

Time lag 1 as determined by the CCF
analysis between 10--100 MeV LLE i

lightcurve and selected energy bands 02 I .
of Nal and BGO lightcurves ] 5 I
: o 1
]3 D [l [1 _ — | 1 100
T(E1, E2) - trise (E1G - Eza) OL“%'S 0-0 0> ﬁ]}ﬁoe since trigge}'(i) 20 ¢® 30
Preece et al. (2014)

200

Fitted pulse widths as a function of _
energy = Most detailed data set yet to model

W(E) < E?, a=-0.27 = 0.03 GRB pulse physics



10*

E,..[keV]

10%[

Epeax < L/time in decay phase

Time [s]

Fitted Band function E,, (blue) and synchrotron peak energies (red) vs. time beginning

T - 10% v — — .
Preece et al. (2014) I' =530 at _Start
and declines
. with time
-~ L { |
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101 3
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+10m

0.1 s before the trigger. Band function E_,, with decay index a =-0.96 = 0.02. Broken

power-law fit to the red points (early time decay index a = -0.4 £+ 0.2, break at 0.38 =

0.08 s, late time index a =f-1.17 &= 0.05)

Curvature model predicts E,, o 1/time

[cm]
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Lc E¥2in decay phase

1053 T T T T T T T T T
Preece etal. (2014)
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Rest Frame E ;. [keV]

Curvature model predicts Ej ., oc 1/time (as shown by data)
and I—(Epeak) oc Epeak3 (NOt I—(Epeak) oc Epeak3/2)

Favors photospheric model?
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Gamma-ray Burst Light Curve Calculations vs.
Fermi LAT Data

Smooth power-law decay of LAT emission suggests all synchrotron radiation
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N R R
. i N = RO/
GBM (10 keV - 10 MeV, ergcm “ 5 ') o] Ly
XRT+BAT (0.3-10 keV, ergcm * 5 ') _r__ '_'*5 e

+ LAT energy flux (0.1-100 GeV, erg cm ¥ s7') - - 24— A

+ LAT photon flux (0.1-100 GeV, ph.em ‘s ') T ) a .'r
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L _o 20 / 1 . ! AN . c
- 107° 10° 10° 10%* 105 108
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e NS T Dermer et al. (2000);
010° 10 10° 10° 10* 10° Code of Chiang & Dermer (1999)

Time since trigger (s)

Ackermann et al. (2014, Science)

No evidence for emergence of synchrotron self-Compton component
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Maximum Electron Synchrotron Photon Energy
B In I B B I In el Rl

2
Electron synchrotron energy-loss rate: _£| :ﬂc:a L 7’
dt " 37 T 8x
d 4 B’ Vo o 62MC
Ee — meczy — __7/ ‘syn — _CGT - 7/2 | syn | £
dt 3 87m,C y GT By
In Fermi acceleration scenarios, acceleration timescale > Larmor timescale:
m.Cy , bre
t cc = ¢tL ¢ ¢ ¢ > 1 t — t = 7/ —
syn acc
QB eB ¢o B
Mean synchrotron photon energy radiated 230 MeV
a magnetic field of strength B: I .
I ]
3B , 97 m,c’ _ I |
gsyn ~ =7 s Bcr = ‘@ I
2 B ¢O-T B cr eh E 10710 —:
. 33 L 27 e’ g 3 -
Egn =9 a7 < ——=460;a, =— & I’ §
2 8 hc 1% i
| |
(de Jager & Harding 1992) S Y l  Formi
| :
10_11 e
or E ~100xI" MeV 10° 10° 10° 10°

Syn,max Energy [MeV]



E [GeV]

Maximum Synchrotron Energies in Decelerating Blast Wave

. Egnmae ® 10GEV x(I'/100) /(1+ 2)
Describe evolution of I" by self-similar
solution (Blandford & McKee 1976)

Account for off-axis emission emitted
earlier when blast wave was more
highly relativistic (Piran & Nakar 2010)

10' E UL ERLLL | LR RLLY | LB RLLL | LR ELLL | T IIIlr:lll T I:I LRLLL | T T Ty E

10°F E

e =
10 10

10° 10" 10
Time Since Trigger [sec]

10° 10" 107

t,=19sec /
=1sec /

time [sec]

External shock model predictions for
highest synchrotron photon energy as a
function of time, overlaid on a plot of
energy vs. time of highest energy LAT
photons

= Highest energy LAT photons cannot
be synchrotron



Advanced GRB Theory: Photohadronic GRB Modeling
D In Iae B B I In el Rl
Baryon Loading Factor f, = 20

52 IIIIII| I IIIIIIII 1 IIIIIII| I IIIIIIII | IIIIIII| ! IIIIIIII | IIIIIII| I IIIIIIII 1
Energy injected in 10
protons normalized to 51 r = 100
GRB MeV fluence 10 B/B. =1.0 .
P 9 Injected proton
100 L T

® = 3x105 erg cm? fl}strlbutlon

in 50 one-second pulses

E? N(E) (erg)

N
48 - .
UHE neutral 10 N J
beam: 0% Escaping neutron goled proton “\ :
- neutrons distribution distribution S\
* v rays 10%°
* neutrinos 104 10° 10% 107 108 10° 109 1o
UHECR/GRB connection Energy (GeV)

Waxman 1995,1997, ...
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Photohadronic Cascade Radiation Fluxes

Photomeson N ——
Cascade 1072 - Nonthermal Baryon Loading Factor f, = 1 -.

Py — Tt e 5 ®, = 3x10* ergs cm™ ,_...m-"'""*-./ C3 :
1[]._ ' l‘ o g : : - < r

+ .
€ emits
synchrotron (S1)
and Compton (C1)
photons

/ +
Yy —> € emits
synchrotron (S2) and
Compton (C2)
photons, etc.

E F(E) [erg em % g7 ']

Photon index
between —1.5
and —2

Energy (=)




Neutrinos from GRBs in the Collapsar Model

For a fluence of 3x10-4 erg cm-
(~2 GRBs per year)

N, predicted for
lceCube:

N,~ 1.3, 0.1, 0.016 for
I' =100, 200, 300

(f, = 20 for T" = 100, limited by
requirement that cascade y-ray
fluence less than MeV fluence)

Large values of I imply small
neutrino production

Look for neutrinos from GRBs
with attenuated y-ray emission

Baryon Loading Factor f, = 20

G 2 fluence) f
10 -
t*lq 3
4
£ 10 —;
o :
o 10-5 3
¥ 107 ]
A ]
o o
N i :
w107 T §=100 - solid \
S I' § = 200 — dashed \
10°8L I' § = 300 — dot—dashed

\

IIIII 1 IIIIIII| 1 Illll1d | Illllld | IIII1"I 1 IFIIIIJ 1 IIIIIIF| 1

Dermer & Atoyan 2006

1013 1014 1015 .]015 101? 1018 1019

Energy (eV)
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Tests of Lorentz Invariance Violation

hc
0 Planck mass m,, = S =1.2x10" GeV = M (?)

O Some quantum gravity models allow Lorentz symmetry violation
(e.g., Amelino-Camelia et al.1998, Ellis et al. 2003)
— Speed of light becomes energy dependent
— Time dispersion between low and high-energy photons from same source
Leading term in classical photon dispersion relation
AE

Vv E
11— o (—22)" = At = +( )D (linear)
M M,.. C°
QG,n QG,1

Does quantum nature of space-time cause variation of
speed of light with energy?
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Constraints on LIV from GRB 080916C

Abdo, A. A., et al. 2009, Science, 323, 1688
0 The highest-energy, 13.22 GeV, photon arrives 16.54 sec. after the GRB trigger
0 High degree, 4.30, of association with the GRB (or not from the background)
0 High redshift, z=4.35, allows large L'V induced time dispersion between the
13.22 GeV and MeV photons
0 13.22 GeV photon cannot be emitted before the GRB trigger =» At=16.54 s

Conservative lower limits on the QG mass Abdo et al., Science, 2008

: E £\l
Linear, n=1 : : 18( L )( )
n Mac: > (1.55+0.04) x 10 TR LTI GeV/¢?,

. E t \"L2 .
M 0.66 + 0.24 109( h )( ) CeV /2
Quadratic, =2 Mqgz > ( )X 10°( 1392 Gev ) \ 1654 s e

Pul GRB AGN GRB AGN
[ll(la;:nr!t 99][EIIisIDﬁ] (Biller 98) (Boggs 04) (Albert 08) GRB080916C Planck mass min MQG
I I Gy
1.8x101> 0.9x1016 4x1016 1.8x1017 0.2x1018 1.5x1018 1.2x101°
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Eneray (MeV)

2
TTTITT TT

Countshin

Counts'hin Countshin

Countsfin Countshin

g

s o B & oBEEE2.EEE g

Constraints on Quantum Gravity Time Delay
Abdo et al. 2009, Nature, 462, 331

GRB 090510

&S = B we W

~

Q 0.5 1 1.5
Tirna aince GEM Irigaer (2EI807781.97) (sac)

0 Short hard GRB with many “spikes”
0 High redshift, z = 0.903 +/- 0.003

0 31 GeV photon (27.97, 36.32 GeV 1s CL)

0.829 s after the GRB trigger
0O Constraint on QG mass depends on Af

The most conservative constraint comes
from At < 0.839 s, time from precursor

Mog,> 1.19 My,

Table 1| Limits on Lorentz invariance violation

Limit on | At/ AE or | Al Lirmit anMﬂﬁ_h""MP‘Ianck ".I’alidfars“
Limit a: At/AE| <30msGeV * =122 +1
Lirnit b At <8259 ms =119 1
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Summary

— yy opacity
— Photospheric method
— Afterglow onset method

— Once (?) in a lifetime event

— Observed in prompt phase at optical,
X-ray, MeV and GeV gamma-ray
energies; excellent afterglow data

— Best data set yet for testing models

— How can high-energy radiation be synchrotron emission?
— Why does the pulse radiation not follow predicted behaviors?
— Is our understanding of GRBs lacking?

Dermer Fermi Summer Science School, Lewes, DE 3 June 2014




What does it all mean?

|_Ms: Natural

THE WHOLE
1} UNIVERSE IS
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How I' is determined
B I I B IR IR

1. yyopacity method 1/6
o (1+2)°d} f.e

. . ar
Minimum bulk Lorentz factor: r . 7 , & >
2mect . (1+2)°¢

112
112

I'in = 500 for 73 GeV photon detected 19.06 s after t,; t,,, =401 ms

2. Photospheric method

T " [ =550 at start
and declines
* _ with time
z ! : * } H -:10”;
: X l{' }HIHH 5
- | ittt 1
102 } +; '
‘ * ) | ‘ —10™

Time [s]



How I' is determined, pt. 2

3. Afterglow onset method (optical or y-ray) (LU etal. 2012; Ghirlanda et al. 2012)
r
tpk ~ td ~ 2;2 10-4 T T
0 C
1/8 —
L ~ 3 E7 10° [ 6.8 GHz [x10'] .
R EY) Snt?
zn,mcont;, !
e 1/8 “g 10°
[, = 540 55 3 ? .
n, (t ok /108) —
3 10}
&
LAT data show t,, =10-20 s 102k
Generalize to include engine i
timescale; wind vs. uniform medium 10 L I N 1 \ \
10" 10 10° 10* 10° 10°

Methods convergeon T ~ 500 —100 Time [sec]



[, for Fermi LAT GRBs

Greiner et al., A&A (2009)
1000p————————T 7
900_ - N L) L) L) l L) L) L) l L) L) L) |I v |' lI |I L) ‘l lI -
8001 _ - 0 i 1
bin- = L z 4
700_ - E o gmo‘- -9
_E 600F s g 20 | B L A
[ o [ z 4 ] ] -
500 bin'd - &"E Time {5) after 2008, Sep_ 16, 00-12:45.00 UTC
4001 . 3 10" .
Q - -
300 - - ]
a GRB 080916C _ .
200 0 i
i I
100 VN S T P S S S U R M L H L 1 L L L 1 L L 1 1 L i L | L L
1 2 Z 3 4 S -20 0 20 40 60 80

Time (s) after 2008, Sep. 16, 00:12:45.00 UTC

:\'; 1 e
T (€1) = / d?"/ dp'(1— :'f de' o [t (1= p)npn (e p2r")  INTEGRAL-SPT at 50 ms
" ~1 2/ef (1—p) resolution; Variability as

Table 3. TI',,;, values for the shortest time scale pulses from GRB 090510 short as 100 ms

T —To Spectrum te (ms) Enax (GeV) Tmin®

(s)
0.6-08 Band +PL 14+2 3.4 951 = 38 = Lin » 900, GRB 080916C
0.6-08 PLP 14+ 2 3.4 703 = 34 1000, GRB 090902B
0.8-0.9 Band® 12 +2 30.5 1324 = 50 1200, GRB 090510
0809 Band +PL 12+2 30.5 1218 + 61
0.8-09 PLP 12+2 30.5 1083 = 88
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[in: Issues
1. t,: FWHM of shortest pulse measured in any detector during the
chosen time interval
2. Cospatial assumption: test by correlated variability between LAT
and GBM emission components
3. Assumed geometry and temporal evolution
Photon escape probability
Radiation process
Shell vs. blob
4. Random fluctuation from a relativistic shell with I" < T,
Exponential escape:
['/Thin = 0.96, 0.88, and 0.80
Slab/spherical escape:

['/Tin = 0.89, 0.69, and 0.49
at 1,2, 3o significance, respectively
2nd and 3t highest energy photons can be more constraining



