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ABSTRACT

MODELING GAMMA-RAY BURSTS

by
Amanda Maxham

Dr. Bing Zhang, Examination Committee Chair
Professor of Physics
University of Nevada, Las Vegas

Discovered serendipitously in the late 1960s, gamma-ray bursts (GRBs) are huge
explosions of energy that happen at cosmological distances. They provide a grand
physical playground to those who study them, from relativistic effects such as
beaming, jets, shocks and blastwaves to radiation mechanisms such as synchrotron
radiation to galatic and stellar populations and history. Through the Swift and
Fermi space telescopes dedicated to observing GRBs over a wide range of ener-
gies(from keV to GeV), combined with accurate pinpointing that allows ground
based follow-up observations in the optical, infrared and radio, a rich tapestry of
GRB observations has emerged. The general picture is of a mysterious central en-
gine (CE) probably composed of a black hole or neutron star that ejects relativistic
shells of matter into intense magnetic fields. These shells collide and combine, re-
leasing energy in “internal shocks” accounting for the prompt emission and flaring
we see and the “external shock” or plowing of the first blastwave into the ambient
surrounding medium has well-explained the afterglow radiation.

We have developed a shell model code to address the question of how X-
ray flares are produced within the framework of the internal shock model. The
shell model creates randomized GRB explosions from a central engine with mul-
tiple shells and follows those shells as they collide, merge and spread, produc-

ing prompt emission and X-ray flares. We have also included a blastwave model,
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which can constrain X-ray flares and explain the origin of high energy (GeV) emis-
sion seen by the Fermi telescope.

Evidence suggests that gamma-ray prompt emission and X-ray flares share a
common origin and that at least some flares can only be explained by long-lasting
central engine activity. We pay special attention to the time history of central en-
gine activity, internal shocks, and observed flares. We calculate the gamma-ray
(Swift/BAT band) and X-ray (Swift/XRT band) lightcurves for arbitrary central
engine activity and compare the model results with the observational data. We
show that the observed X-ray flare phenomenology can be explained within the in-
ternal shock model. The number, width and occurring time of flares are then used
to diagnose the central engine activity, putting constraints on the energy, ejection
time, width and number of ejected shells. We find that the observed X-ray flare
time history generally reflects the time history of the central engine, which reacti-
vates multiple times after the prompt emission phase with progressively reduced
energy.

This shell model code can be used to constrain broadband observations of GRB
090926A, which showed two flares in both the Swift UVOT and XRT bands. Using
the prompt emission fluence to constrain the total energy contained in the blast-
wave, the internal shock model requires that Lorentz factors of the shells causing
flares must be less than the Lorentz factor of the blastwave when the shells are
ejected.

Recent observations of Gamma-Ray Bursts (GRBs) by the Fermi Large Area
Telescope (LAT) revealed a power law decay feature of the high energy emission
(above 100 MeV), which led to the suggestion that it originates from an external
shock. We analyze four GRBs (080916C, 090510, 090902B and 090926A) jointly de-
tected by Fermi LAT and Gamma-ray Burst Monitor (GBM), which have high qual-
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ity lightcurves in both instrument energy bands. Using the MeV prompt emission
(GBM) data, we can record the energy output from the central engine as a function
of time. Assuming a constant radiative efficiency, we are able to track energy accu-
mulation in the external shock using our internal/external shell model code and
show that the late time lightcurves fit well within the external shock model, but
the early time lightcurves are dominated by the internal shock component which

has a shallow decay phase due to the initial pile-up of shells onto the blast wave.
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PART I
WHAT ARE GAMMA-RAY BURSTS?



CHAPTER 1

DISCOVERY

After the signing of The Nuclear Test Ban Treaty, in 1963, The United States
launched a series of satellites to monitor the globe with the purpose of uncovering
any clandestine nuclear explosions. These satellites, called “Vela” from the Span-
ish “velar” meaning “to watch” were put in geocentric orbits with each pair of
satellites at near opposite ends of a circular orbit (r ~ 1.2 x 10° km) so that no part
of the Earth would ever be hidden from view (see Fig. 1). The satellites each had
6 Caesium iodide scintillation detectors that could measure radiation of energies
0.2 to 1.5 MeV and would look for an increase in the gamma-ray photon count that
could signify another nation secretly conducting nuclear bomb tests [20]. A nu-
clear explosion would cause a tell-tale X-ray flash, followed by neutrons emitted
from the source. The gamma-ray detector was chosen, in addition to an X-ray and
neutron detector since gamma-rays would be radiated from an expanding debris
cloud and could be detected even if the explosion was conducted behind a shield
of some sort or on the far side of the moon where X-rays and neutrons would not
escape. A simultaneous signal of X-rays, gamma-rays and neutrons would be the
sign of a violation of the treaty. Instead, the detectors saw unexplained bursts of
gamma-rays that were not coming from anyplace on the Earth[171].

Ray Klebesadel who was working at Los Alamos, assumed responsibility for
the X-ray and gamma-ray instruments aboard the Vela telescopes in 1965. The
Vela 5a, 5b and 6a, 6b pairs of telescopes had sufficient timing accuracy to deter-
mine that the bursts of gamma-rays the telescopes were detecting were clearly not
coming from nuclear test ban violations and filed them away for future study. In

1972, Ian Strong, also at Los Alamos, began looking at the data on these events. In



1973, Klebesadel, Strong and another Los Alamos colleague, Roy Olson, published
a paper describing gamma-ray bursts (GRBs) for the first time. The discovery pa-
per cataloged 16 GRBs from 1969 to 1972 [79].

Timing accuracy of the onset of GRBs among the Vela 5 and 6 satellite pairs,
which were very nearly evenly spaced in the same circular orbit, of £0.05 seconds
allowed direction determination to the signal, since the difference in light travel
time across the orbit, or “transit delay” of satellite pairs is just under 1 second.
Two satellite observations of a single event constrains the directionality to a circle
on the celestial sphere. For observations that involve three satellites, the two points
of intersection of two such circles constrains possible positions of the event. This
crude triangulation of the source was accurate enough to determine that GRBs
were not coming from the Earth or the Sun and therefore were of “cosmic origin”
[171]. Later, looking through the data from the Vela 3 and 4 satellites, Klebesadel
and Olson found another event that had similar timing to other GRBs, even though
these older version satellites did not have accurate enough timing to determine the

direction. This event, called GRB 670702 remains the first known observation of a

GRB [171] .

!GRB “phone numbers” are created by combining the two digit year, month and day of discov-
ery. GRB 670702 was detected on July 2, 1967. If more than one GRB is detected in a single day,
uppercase letters follow; GRB 080916C was the third GRB detected on September 16, 2008.
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Figure 1 Not-to-scale depiction of a Vela 5 and 6 satellite pairs orbiting the Earth.
Accurate timing of the signal delay allowed rough triangulation of GRB sources.



CHAPTER 2

BASIC OBSERVATIONS

Gamma-ray bursts (GRBs) are brief, intense flashes of radiation seen at cosmo-
logical distances throughout the Universe. For the short time that they occur, they
outshine every other gamma-ray source in the Universe combined and appear to
be one-time events; no GRB has ever been observed to repeat. Since the publish-
ing of the discovery paper by Klebesedal, Strong and Olson in 1973, astronomers
have been drawn to these fascinating events. In a conference in 1975, there were
no fewer than 100 theories reviewed as to what could be causing GRBs, and none
could yet be ruled out on the basis of observations [157]. The only thing that was
clear was the need for more observations. Since that time a number of satellite tele-
scopes have been launched dedicated to the mission of observing GRBs. In addi-
tion, ground based telescopes have observed these events in other energy ranges
from radio to optical and these multi-wavelength observations have greatly en-

hanced our understanding of these mysterious events.

Telescopes

In the first twenty five years of the study of GRBs, there were many GRB de-
tectors built. Focusing such high energy photons is no easy task, however, and
no sharp images have ever been taken in gamma-rays. GRB detectors have come
a long way, especially in the past few years, but the goal of GRB detectors have
remained virtually unchanged: (i) to attain a low detection threshold so as not to
obtain a bias in the sample of detected GRBs (ii)to have good energy resolution so
that spectral features can more readily be seen (iii) to have accurate time resolution

and (iv) to record data in as many energy bands as possible [147]. Some early GRB



detectors[147]:

e GINGA, a Japanese satellite experiment [128]

HEAO-1, High Energy Astronomy Observatory [80]

ISEE-3. the International Sun-Earth Explorer experiment [78]

KONUS Russian built detectors [116]

PVO, the Pioneer Venus Orbiter GRB Experiment [40]
e SIGMA, a French-Soviet detector onboard the Soviet GRANAT satellite [112]

For the most part, these detectors contributed modestly to the overall understand-
ing of GRBs, but were nonetheless interesting experiments. For example, the KONUS
experiment consisted of 6 scintillator detectors on both the Russian Venera 13 and
14 spacecraft at the ends of 3 perpendicular axes which could provide informa-
tion on directionality of a GRB[147][116]. A copy of the KONUS device was also
put aboard the American WIND satellite, launched in 1994. The ISEE-3 spacecraft
was outfitted with a high resolution Ge detector and was sent into space in 1978,
in a halo orbit about the L1 Earth-Sun Lagrange point. The detector aboard was
shielded from the sun and radiatively cooled[147][78]. The GINGA satellite in-
cluded a hard X-ray detector, which was the first observation of GRBs in this band,
unfortunately, high energy X-rays give similar rough localizations[147][128]. Ref-
erences for these early detectors are given for interested readers.

It was not until 1991 and the launch of The Compton Gamma-Ray Observatory
(CGRO) that finally some questions began to be answered (see Table 1 for a list
of recent detectors). Onboard, there were four dedicated gamma-ray instruments

including the Burst and Transient Source Experiment (BATSE)[47] which detected



a total of 2704 GRBs in its 9 years of operation. Since gamma-rays can not be easily
focused, observations in this band always have large error circles, meaning that
the precise location of the emitting culprit is not known. Within these error circles,
there may be many distant galaxies which all are candidates for being the source
of the GRB. These ambiguous results provided fuel for what has become known
as “the great debate” over the origin of GRBs; are GRBs solar system, galactic or
cosmological in origin? This debate, which went on for about 30 years, finally be-
gan to be settled by the large number of BATSE observations. The rough location
estimates of BATSE bursts began to show a distribution that was uniform across
the sky, showing no preferred direction or multipole moments [119]. If GRBs were
of solar system or galactic origin, they should show some indication of being pref-
erentially located along the plane of the galaxy or solar system, since that is where
most of the matter in these systems lie. Instead, the fact that GRBs showed no sta-
tistically significant directionality indicated that they were most likely occurring
in other galaxies which are also spread across the Universe isotropically.

In 1997, the Italian-Dutch satellite BeppoSAX [50] put the debate permanently
to pasture. Named after the Italian astronomer Giuseppe “Beppo” Occhialini com-
bined with what roughly translates to Satellite for X-ray Observing, this mission
saw the first X-ray afterglows, which were theoretically proposed, allowing bet-
ter localization of GRBs to several arc seconds after several hours of observation.
This smaller search area and relatively short announcement time allowed ground
based telescopes to find the optical and radio afterglow of some bursts. If the op-
tical counterpart of a GRB could be detected, then the precise direction given by
the optical observation could pinpoint a host galaxy whose redshift could then be
found. The first X-ray afterglow ever detected was GRB 970228 [183] and the first
redshift measurement of GRB 970508, at z = 0.835 [126] finally put the debate to



rest; GRBs were indeed of cosmological distance, making them the most energetic
events since the Big Bang.

BeppoSAX had a mission expectation of 2 years, but was operational until 2002
when various systems started to fail and the orbit was decaying too rapidly to be
useful; the deorbit happened in 2003. After exceeding the mission expectation of
2-5 years, the CGRO crashed into a remote area of the Pacific Ocean in a planned
re-entry on June 4th, 2000. Both instruments were integral to our understanding
and the HETE-2 satellite [74], launched in 2000, was able to continue their missions.
The HETE-2 provided quality afterglow data and localizations good to 10 arc sec-
onds which could quickly be sent to a network of ground based observatories for
follow-up observations. It was responsible for finding the first unambiguous as-
sociation of a GRB with a supernova (GRB 030329 with SN2003dh). The European
Space Agency’s INTEGRAL satellite, a sensitive gamma-ray detector launched in
2002 has uncovered a new class of low luminosity GRBs[174].

The Swift satellite [56], launched in 2004 was integral to multi-wavelength
studies. Onboard are the Burst Alert Telescope (BAT[10]) which continually scans
the sky looking to be triggered by an increase in gamma-ray flux, indicative of a
GRB. The X-ray Telescope (XRT[23]) and UV /Optical Telescope (UVOT[155]) also
aboard could then “swiftly” slew to view the same area of the sky as the BAT, col-
lecting X-ray and optical lightcurves soon after the onset of the prompt emission,
seen for the first time in a band other than gamma-rays. It is XRT’s high angular
resolution that has allowed position information for many bursts to narrow down
a host galaxy. The first afterglow of a “short” burst, GRB 050509B [72] was discov-
ered by Swift, indicating that the short and long GRBs may not be that different
after all. It also allowed astronomers to break into the “dark ages” of the Universe

with the first discovery of a GRB above redshift z = 6, the so-called “reionization



Table 1 GRB Detectors

Observatory Instrument Dates
CGRO BATSE 1991-2000
BeppoSax WEFC, PDS 1996-2003
HETE-2 FREGATE, WXM, SXM | 2000-2006
INTEGRAL IBIS 2002-present
Swift BAT, XRT, UVOT 2004-present
Fermi GBM, LAT 2008-present

era” of the Universe with the discovery of GRB 050904 at z = 6.29 [75].

Most recently, the Fermi Telescope was launched with a mission to provide in-
formation about GRBs in an even higher and wider energy range than ever seen be-
fore. The Gamma-ray Burst Monitor (GBM[120]) monitors the sky for GRBs while
the Large Area Telescope (LAT[27]) with a field of view of almost a quarter of the
sky, waits to see GRBs as well. Together they span over 7 orders of magnitude
in energy (see Fig. 2). There have so far been about 20 GRBs detected simultane-
ously with the GBM and LAT and about 500 detected by GBM alone. The LAT’s
extremely high energy range detected photons with astounding energies—up to 33
GeV and showed us that there is seemingly no limit to the energy with which a

GRB can explode.

General Properties

It is estimated that 1000 GRBs reach the Earth each year, making them about
100,000 times rarer than their “distant cousins” supernovae. Of these GRBs which
reach the Earth, the Swift Telescope detects an average of 1 burst every two to

three days, with Fermi seeing a GRB about every other day as well. Even though
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Figure 3 The isotropic nature of BATSE GRBs indicates that they are cosmological
in origin. Source: [48]
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the frequency of occurrence is very low in any given galaxy (typically 1 every 10°
- 109 years [163]), so many galaxies spread over the sky and in the observational
tield of these telescopes make for a much more frequent observational rate here
on the Earth. Such a low probability of occurrence has meant that even the closest
GRB detected (GRB 980425) at z = 0.0085 [18] went off in a galaxy so distant that
the light from this GRB took 0.117 Gigayears to reach us (see Table 2 for a list of
notable GRBs). In the last 40 years of observation, no GRB has been detected in
one of our galactic neighbors let alone the Milky Way which is both a blessing,
since a GRB explosion within our own galaxy, beamed toward the Earth might
mean the destruction of our atmostphere, and a curse, since a GRB occurring in a
nearby galaxy would greatly enhance our understanding and perhaps allow us to
pinpoint a progenitor in the same way that has been done with some supernovae.

Since their discovery, astronomers have wanted to classify GRBs with the ulti-
mate goal of figuring out what could be causing them. It soon became clear that
GRBs showed great variability from bust to burst in their lightcurves or a plot of
the number of photons collected per second as a function of time (see Fig. 4). The
spectrum of gamma-rays, the number of photons per unit energy Ny = dN/dFE is
generally in the form of two smoothly connected power laws (see Fig. 5) or “Band

function” [8] with mathematical form:

A (o) e (-2 ) (a—B)E, >

NE<E) = a-p
A(522)" ep( - 0) (i) (a-HE<E

2.1)

where o and 3 are the power law photon spectral indices below and above the
break energy Ej in the asymptotic regime and A is a normalization factor. The

break energy can be written as £, = E,/(2 + a), where E, is the spectral peak
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Figure 4 GRB prompt emission is highly variable and no two bursts are the same.

[21]

energy in the GRB energy spectrum.

The same spectrum can be presented as the number of photons per decade of
energy which is also a Band function, but with different slopes before and after the
break (see bottom panel of Fig. 5). The break energy, E;, which is the transition
between these two spectral components occurs in the range of 0.01 — 1 MeV for
most bursts. There are a few bursts whose spectra deviate from this shape, but
in general, the spectra of GRBs is “non-thermal”, meaning that they are not the

result of gas or plasma which has had time for the particles to interact, coming

into thermal equilibrium. Thermal spectra,

bodies” and have a well-understood and familiar shape and are due to the distri-

bution of speeds that the particles take on when they have had time to come into

equilibrium.
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Figure 5 A typical GRB spectrum in the shape of a Band function. Source: [22]
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Table 2 Firsts and Notable GRBs

Burst Redshift | Detected by Notes
GRB 670702 Vela 4 First GRB detected [171]
GRB 970228 0.695 Beppo-SAX First X-ray afterglow,
first optical afterglow [19][31][177]
GRB 970508 0.835 Beppo-SAX First radio afterglow,
first redshift measured [126][49]
GRB 980425 0.008 BATSE Closest GRB and
first associated with a SN
(SN 1998bw) [18]
GRB 990123 1.6 BeppoSAX First burst observed simultaneously
in optical and gamma-rays [22]
GRB 030329 0.168 HETE-2 Second and more definite
SN association (SN 2003dh) [65]
GRB 050509B 0.225 Swift First short burst with detected
afterglow and possible
elliptical host galaxy [72]
GRB 050724 0.258 Swift First short burst with radio,
optical and X-ray afterglow and
association with an elliptical galaxy [13]
GRB 060218 0.0331 Swift First GRB with a SN
which could be tracked
immediately after the burst [127]
GRB 060614 0.125 Swift Close “long” burst
with no SN association [52]
GRB 080319B 0.937 Swift Brightest optical event observed
and the first and only GRB
to be seen with the naked-eye to date [146]
GRB 080916C 4.35 Fermi First bright GRB
detected in wide energy
range [192]
GRB 090423 8.2 Swift Official record holder for the most distant
observed object in the Universe[158]
GRB 090429B 9.36 Swift Tenuous record holder for the most distant
observed object in the Universe[33]
GRB 090510 0.903 Fermi Short GRB detected with Fermi

with highest recorded
energy photon of 33 GeV [148][192]
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Energetics

If the millisecond variability[16] or slower periodic signals[53] of GRBs (typi-
cally of some seconds) is due to rotation at the source a lower limit on the density
of the source can be found. The centrifugal force must be greater than the gravita-

tional force at the surface, implying a dense region of

3 ol PN\,

where P is the rotation period of the source. Typical periodicities imply a white
dwarf, neutron star or black hole [147], but there are other reasons to assume a
compact object is needed. The “one-time” nature of GRBs along with the energy
released strongly indicate that GRBs are related to some cataclysmic event such as
the formation of a black hole.

The propensity for some astronomers to assume that GRBs were of galactic ori-
gin is clear-the flux levels (energy per second per unit area) detected at the Earth
from a single GRB of 10™° — 10~ "ergs/s/cm? indicate that if GRBs are of cosmolog-
ical origin, the energy released must be enormous. If they were instead, closer, the

total amount of energy needed to produce the flux seen would be “more reason-

able”.
D 2 F
E. ;s ~ 47 D*F = 10 2.3
” i cres 3000Mpc 10-7erg/cm? 23)

where F is the fluence and we have left out cosmological factors for the time being.

This huge isotropic energy makes GRBs the brightest explosions in the Uni-
verse, out-powering SN by a factor of ~ 1000 with E, ;5, ~ 10°* —10°°ergs. The out-
put in gamma-rays is comparable to the rest mass of a solar sized star or the energy

that would be released by converting all of the Sun’s mass into energy and emit-
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ting it in a matter of seconds. Consider that an atomic bomb releases an amount of
energy almost 25 orders of magnitude less (~ 10?%erg) or about the same amount
of energy contained in one gram of matter. If the energy is beamed or released
in a jet of opening angle 6; instead of a spherically released from the GRB central
engine (CE), the energy budget can be reduced (and the event rate increased). Two
symmetric jets would subtend a solid angle of ; ~ 767 so for typical jet opening
angles of a few degrees, this could reduce the amount of energy needed to create
the observed flux by a factor of Q%Tj ~ 300 — 500, giving a more moderate value for
E, jer ~ 107 ergs.

Without knowing exactly what this “central engine” (CE) is, we can put some
constraints on it. First, knowing that 10°ergs of energy is released in the form of
non-thermal gamma-rays over a time scale of 10 seconds or less indicates a highly
relativistic emission region. By the late 1970s, it was realized that any theory put
forward would have to overcome a serious hurdle-the compactness problem [164].
The typical variability seen in GRBs of a few milliseconds told us that the central
engine had to be small, restricted by the amount of time it takes photons to travel
across it R < ¢t ~ 3000km. At the same time, generating photons carrying 10°'ergs
of energy in such a small region would lead to pair production which is the process
by which two high-energy photons can combine to form an electron positron pair
(yy — ete™). Evenif there are no pairs in the region to begin with this pair creation

would raise the optical depth to ~ 10" in just a few microseconds[141].

f O'T.FD2
Tyy = —;)%277%02 (2.4)
F D N\*( &t \*
= 10" 2.5
T Iv (1O7ergs/cm2) (3000Mpc) (lOms) (25)
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where f, is the fraction of photons with sufficient energy for pair production, o7
is the Thompson cross-section, R is the size of the emitting region, m, is the mass
of the electron and c is the speed of light. These pairs will then Compton scatter
lower energy photons. The result will be that we will not be able to observe any
photons being emitted from this region. Further, any gamma-rays that we did see
would be completely thermalized from reactions with these pairs. Yet we manage
to see photons from this region and with a completely non-thermal spectrum; this
is the compactness problem[141].

There has only been one solution to the problem found that does not involve
“new physics” beyond the standard model. The solution is to use ultra-relativistic
matter particles or strong magnetic fields to transport the energy from the optically
thick source to a larger radius where this energy can be converted to electromag-
netic radiation either through shocks, in the case of matter particles, or magnetic
reconnections, in the case of strong magnetic fields. If the energy is transported
via matter particles, this ejecta must be moving at relativistic speeds, with Lorentz
factors, v = 1/+/1 — v2/c? in the range of v ~ 100 — 1000 in order to produce the
gamma-rays we see[141][157].

The variability combined with the large amount of energy released indicates
that the observed gamma-ray emission and afterglow must arise from a highly
relativistic region. The energy emitted over this putatively small emission region
ensures that the Eddington luminosity (Lg4q) will be exceeded. A system balanc-
ing pressure and gravity can become unstable when the accretion becomes too
high. If a system has an accretion rate that is too high, the luminosity caused by
this accretion can create an outward pressure greater than that of gravity, thereby
stopping the accretion. Where this tipping point occurs is called the “Eddington

Luminosity” or “Eddington limit” after the astronomer Sir Arthur Stanley Edding-
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ton. Equating the acceleration caused by radiation pressure with the gravitational

force per unit kg gives this limit:

Lgpsqa or  GMcg

- 2.6
Amr? my,c? r2 (2.6)
4G M, 2 M
L < Loy = TEMoBmC o 1 0%erg s ( CE) (2.7)
or M@

where Mcpg is the mass of the central engine (presumably a black hole), M is the
mass of the sun and m,, is the proton mass. The luminosity in GRBs exceeds L 44 by
~ 10" times, causing the CE to violently fling matter outward at relativistic speeds.
This outward pressure will create a “fireball” heating electrons, protons and even
neutrons as they travel away from the CE[122]. If an amount of energy FE is injected
into the fireball, it will accelerate until given bulk Lorentz factor v = (E+Mc?) /M c?
where M is the rest mass in the accelerated protons[122]. The fireball will then
continue to move outward into the ambient medium, this first explosion (the CE
may eject many “shells” of matter before it is finished) is called the blastwave. We
have observed single photons from GRBs with very high energies, with the record
of 33 GeV from GRB 090510[192]. These highest energy photons can constrain the
Lorentz factor of the blastwave.

Relativistic effects can fool us and lead us to wrong conclusions when not taken
into account. We can use them to explain how we are able to see >30 GeV photons
from a GRB. In a plasma, photons randomly cross paths at various angles and
photons with energy > 511keV = m,c? (the rest mass of an e or e~) can annihilate
with other target photons whose energy is Eiyget > mec* — E,+.- so that this target
photon will have enough energy, when added to that of the incoming photon to

produce an e*e” pair. When a photon with energy E interacts with another target
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Figure 6 The photons emitted from a plasma moving at relativistic speed ~ are
beamed into a cone of angle 1/+.

photon, the energy in the center of mass frame is 2,/EEjq4,4e:. S0 two photons with
energy roughly = 511keV can annihilate to produce pairs since \/EEq,ger < mec? is
sufficient energy to produce a pair. The observed spectrum contains many photons
with energy ~ 511keV which could interact with each other and even a few percent
of gamma-ray photons with very high energy which could interact with lower
energy photons to produce pairs as well[122]. If the plasma moves at relativistic
speed, the photons we see are collimated into a narrow cone of opening angle 1/~
radians along the jet axis. This relativistic jet motion causes the photons to appear
beamed into the jet direction in the observer frame (see Fig. 6), just like an missiles
dropped from an airplane appear to move obliquely with respect to the ground,
even though they are dropped perpendicular to the airplane’s motion[122]. So
beamed photons do not in fact meet in all random directions, but instead meet at
only shallow angles of incidence. It is these “grazing angle collisions” that allow

high energy photons to escape instead of being annihilated to form pairs. Just as
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a collision between two race cars is much less likely to be fatal if the cars collide
in a grazing manner, photons that meet at grazing angles need to have much more
energy in order to annihilate. The threshold condition can now be re-written taking
the angle of incidence, § of the two photons into account[122].

(mec®)?  dmec?
1 — cosf 02

EEtarget > (28)

Knowing that the majority of photons are near Fj, in the photon spectrum (see Fig.
5), which is typically at an energy of ~ 1MeV, a high energy photon, such as a
30GeV photon interacting with a typical photon implies[122]

E Etar et
> 2 g .
T= OO\/(3OGeV) (1MeV) (29)

Empirical Relationships

The prompt lightcurves of GRBs are diverse (see Fig. 4). Long and short bursts
can have a few or many pulses with periods of quiescence in between, with highly
structured pulses. Prompt emission has been characterized using a number of pa-
rameters such as burst duration, variability, lag, pulse rise/fall time, fluence, E;,,
and E,..,. Within this parameter space, astronomers have searched for correla-
tions and have found a few. The most widely discussed correlations are shown in
Fig. 7 which are based on statistical analysis and so often are not accompanied by
physical explanations[55].

The most discussed relation is the so-called Amati relation [5] which is a corre-

lation between the peak energy of a burst and the isotropic energy.

B 1/2
E, = 100 keV (1052 erg) (2.10)
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Although there is a large scatter within this relationship, there seems to be a strong
correlation, although some authors have discussed that this might be an instru-
ment or observational effect[129][9]. The Yonetoku relation is a similar correlation

between peak energy and luminosity, £, oc L./ [187] which shows less scatter (see
P gy Yo Ep

Fig. 8). Excellent temporal resolution of some bursts has allowed the measure-
ment of E, in different time slices which can vary erratically over the course of a
burst[143]. Using an average value for F, may therefore not be representative of
any physical process at the burst sight although it seems that the Yonetoku rela-
tion may be satisfied in each time slice (see Fig. 9)[60]. The Liang-Zhang relation
[105] shows a strong correlation between the isotropic gamma-ray energy E, ;s,,

the peak energy of the spectrum in the rest frame, E; and the rest-frame break

time of the optical afterglow light curves, t;

E. . E/ 1.94+0.17 tg —1.2440.23
1% = (0.85 +£0.21 L . 2.11
1052ergs ( ) < lOOkeV) < lday) @11)

Cosmological Uses of GRBs

GRBs are the highest redshift objects ever discovered and with the population
growing, the question arises as to whether it is possible to use them to constrain
cosmology in the same way Type Ia supernovae are used. Type Ia SN happen when
a white dwarf star accumulates mass from a companion, reaching its limit and ex-
ploding. These supernovae are special because they are what is known as “stan-
dard candles”. Since the amount of mass a white dwarf can collect before explod-

ing is as set value, every time a Type Ia SN explodes, it always releases the same
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Figure 7 The most widely discussed correlations between various prompt emission
properties for GRBs. Source:[55]
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(right) of 95 long GRBs detected before Fermi (filled grey circles). Ten Fermi long
GRBs with measured redshift are shown by the open (red) circles. GRB 090510 is
shown by the open (blue) square. The filled (blue) squares are 4 other short GRBs.
The solid line is the best fit to the pre-Fermi sample, while the dashed lines repre-
sent its 3 o scatter. Source:[60]
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Figure 9 Where time resolved properties of ten long Fermi GRBs lie with respect to
the Yonetoku relation. Source:[60]
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Figure 10 The GRB Hubble Diagram for 69 bursts with 0.17 < z < 6.2. Source:[162].

amount of energy and therefore allows us to measure the distance to this event, just
like measuring the brightness of thousands of identical light bulbs spread out over
a field allows us to calculate the distance to each one. The great amount of energy
released in a GRB allows us to probe the Universe to much greater distances than
Type Ia SN, but are all GRB “light bulbs” the same? The large amount of scatter
in the relations above ensures that no single relation could be used to put con-
straints on cosmic expansion or whether the fine structure constant has changed
in the past, but perhaps using many of the relationships simultaneously can give a
rough constraint. Spectral lag, variability, spectral peak photon energy, time of the
jet break, and the minimum rise time all have correlations to GRB luminosity with
varying quality. Using all of these properties to derive independent distances and
combining these as a weighted average gives a rough constraint on the far-z end

of the Hubble Diagram (see Fig. 10)[162].
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The Afterglow

On February 28th, 1997, near the tenth anniversary of SN 1987A, BeppoSAX
detected soft X-ray emission from the same place where GRB 970228 had gone
off just seconds before[31]. Accurate pinpointing of the location allowed optical
ground based telescopes to observe the “afterglow” for the first time[177]. The
afterglow had been predicted for at least four years, but it had never been obser-
vationally verified. Not long after, GRB 970508 showed astronomers the first af-
terglow ever measured with a radio telescope[49]. It is these afterglows that have
allowed the accurate pinpointing of host galaxies, making redshift measurements
of GRBs possible. Since they were first discovered, afterglows have been collected
for hundreds of bursts and show a much more regular pattern than the prompt
emission. In fact, the afterglow flux seems to follow a regular decaying power-
law or broken powerlaw. The powerlaw decay is expected if the afterglow is due
to synchrotron radiation of a relativistically expanding blastwave and that theory
seems to well-explain the observations. Even though it was BeppoSAX that first
discovered the afterglow, it was Swift with its multi-band detectors onboard ded-
icated to studying GRBs that opened a brand new era in the study of afterglows.

See Fig. 11 for two examples of broadband afterglow detection.
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Figure 11 Multi-wavelength observations of the afterglow for GRBs 081008(left)
and 060111B (right). Source:[190][170].
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CHAPTER 3

PROGENITORS AND HOST GALAXY OBSERVATIONS

The typical nomenclature when talking about GRB progenitors has been to di-
vide them into categories of “long” and “short” bursts. Although the duration
seems to be an important feature in the classification of bursts, the ultimate goal
is to determine the progenitor of these bursts, rather than just continuing to clas-
sify them phenomenologically. In that vein, here we will divide progenitors into
Type I (merger events) and Type II (collapsar events) (see Fig.12 ). These classifica-
tions arise from the observational evidence, but attempt to integrate that evidence
into a theory; rather than treating observations as a show pony, we treat them as
a workhorse which will bring us to our destination. It soon became clear, even in
the observation of the very first bursts with the Vela satellite [79], that there were
two distinct types of bursts. The less typical, less often observed was a short burst
lasting only a few milliseconds up to a few seconds. BATSE with its large GRB
sample was able to detect many of these “short” bursts, with about 1 in every 3
GRBs detected fitting into this category. From the BATSE catalog came the statisti-
cal evidence to supplement the anecdotal evidence that short and long GRBs were
indeed different populations (see Fig. 13). Bursts were classified by duration or
Tyo, the amount of time for 90% of the burst fluence to be observed. A histogram
plotting the distribution of Ty, values shows a clear bimodal signature, suggesting
two distinct populations. Short bursts have durations of 0.2 milliseconds up to 2
seconds whereas long bursts can last anywhere from 2 seconds to 200 seconds or
longer. Further classification of bursts in terms of spectral “hardness” shows a sep-
aration of the same two classes [145]. The “hardness” of a burst is determined by

taking the ratio of burst energy measured in two different detector channels. The
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Figure 12 Type I (merger) and Type II (collapsar) progenitors.

separation of bursts in these two spaces suggests that there may be two different
types of GRBs, but doesn’t explain whether those two types are different manifes-
tations of the same progenitor event or due to different progenitors entirely. The
evidence for two different progenitors is fair and comes from observation, since
merger progenitors and collapsar progenitors should live (statistically) in different

types of galaxies or in different parts of the same types of galaxies.

Type II/Long

Observed more often than short ones, GRBs in the long class have a number of
properties that distinguish them short GRBs and indicate that they are of collapsar
origin; in other words, due to the death of a massive star[184]. In the first years
after the discovery of GRBs, the collapsar model seemed unattractive as there was
already a class of objects that are caused by the collapse of massive stars: super-
novae (SN).

Already in the Vela era, astronomers searched for the connection between GRBs

and SN, searching for any coincidence of a GRB with an optically detected SN.
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Figure 13 Left: Histogram of Ty for 222 GRBs in the BATSE sample shows a bi-
modal distribution of times. Source:[84]. Right: The hardness ratio of 1174 BATSE
bursts divided into 304 short (squares) and 875 long (circles) bursts also suggest
two distinct populations. Source: [145].

Colgate (1968) had predicted that SN might emit gamma-ray radiation[30], but
even though searched for, a GRB/SN association was not found until 1998. The
long burst 980425 was the first GRB associated with a SN (SN 1998bw) detected in a
close (z = 0.168) spiral galaxy[18]. It would be a long wait until the next association
of GRB 030329 and SN 2003dh in 2003, confirming that the first association wasn’t
a chance coincidence[65]. In 2006, GRB 060218 was discovered and associated with
SN 2006aj, and detailed measurements of this GRB showed that GRBs associated
with a SN can be fairly weak in terms of energy radiation and the associated SN
was comparatively weak indicating the explosion of a smaller star[117]. Two facts
emerged from these observations: (1) It seemed that any GRB that went off close
enough to us to make a SN detectable, a SN would always be found and (2) that
GRBs are always associated with a certain type of SN: Type Ic. Type Ic are a special,
rare class of SN that have no hydrogen lines and no helium lines in their emission

spectra. The spectra of the Type Ic SN associated with GRBs show that they are
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also broad-lined, indicating high velocity ejecta of > 30, 000 km/s at the source[76].
These SN are caused by stars that have apparently been stripped of, or lost their
outer hydrogen and helium envelopes.

Long GRBs are most likely to be associated with spiral or star forming (SF)
galaxies, and a look into where within these galaxies long GRBs occur reveals that
they prefer the brightest parts of these galaxies. Taking a photo of a GRB host
galaxy and counting the fraction of pixels fainter than the pixel in which the GRB
has occurred, one can create a so-called “Fruchter Diagram”(see Fig. 14). Com-
paring the fraction of a galaxy that is fainter than core collapse SN reveals that
these two data sets are inconsistent with having come from the same population.
Fortunately, studies of the subset of SN of Type Ic have shown that these SN are
also found within the brightest part of their host galaxies and are consistent with
coming from the same population as GRBs (see Fig. 14)[51][76].

Coming from the other end, studying SN of type Ic shows that of these, those
that are associated with a GRB are also of a special type. GRB SN (i.e. those de-
tected because a GRB went off in that location) typically have very high level of
radio emission compared to Type Ic SN detected in a traditional SN search (see
Fig. 15). Turing the problem on its head, in 2009, a Type Ic SN was detected with
an unusually high level of radio emission, comparable to that of a GRB SN. SN
2009bb looked like a typical SN associated with a GRB, yet no GRB could be found
after an extensive search through archival data in the Swift and Fermi telescopes
[167]. Perhaps there was no GRB associated with this SN, but more likely this ob-
servation opens a door to another way of finding a GRB SN association coming
from the search for these types of SN and then pointing GRB telescopes to look for
an associated GRB. Adding to the GRB SN association puzzle, GRB 060614 whose

optical afterglow indicated its close distance (z = 0.125) was never associated with
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Figure 14 Where are GRBs located in terms of the light of the host galaxy? Left:
Cummulative histogram of GRBs (blue) and core collapse SN (red) show that long
GRBs are located in the brightest parts of their host galaxies and GRBs and SNs
seem to be from different populations. Source:[51]. Right: The distribution of Type
Ic SN and long GRBs appear to be of the same population. Source: [76].

a SN, even with the deep searches performed[191].

Type I/Short

Swift, with XRT providing relatively small error circles, slewed to GRB 0505098,
which was the first short burst detected with an afterglow. The hunt was on to try
to find the host galaxy of this burst as it might provide evidence for the progenitors
of short bursts. The XRT error circle, of size 9.3” showed a large elliptical galaxy
peeking in (see Fig. 16)[57]. Although the optical afterglow was searched for, it was
never found and besides the obvious elliptical galaxy, a handful of fainter galaxies
were found within the error circle. The association of a short GRB with an ellipti-
cal galaxy would remain tenuous, but not for long. GRB 050724 was the first short
burst detected with radio, optical and x-ray afterglows and the first unambigu-

ous association with an elliptical galaxy [13]. This was an important association
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GRB SN, but an associated GRB was never found. Source: [167].
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in solidifying that claim that short GRBs were of merger origin. Elliptical galaxies
contain little if any recent star formation and are composed mainly of older stellar
populations. Although star forming galaxies may contain regions with older stel-
lar populations, elliptical galaxies by contrast contain virtually no new stars. Since
a compact object such as a NS takes at least 1 Myr to form, they are likely to be
associated with these “older” galaxies and an association with an elliptical galaxy
indicates that there is virtually no chance that short GRBs are associated with stel-
lar collapse. Furthermore, there was no SN associated with this burst. At a redshift
of z = 0.257, it would be presumably easy to detect a SN within this galaxy if one
existed. Although absence of evidence is not evidence of absence, this extra little
piece of the puzzle leads us to think that short GRBs may indeed be of Type I (or
merger type).

Since that time, the picture has become a little less clear as short GRBs have been
associated with star forming (SF) galaxies as well as ellipticals, in fact the majority
of short GRBs with detected afterglows have been found in SF galaxies. At first
this may seem like a contradiction to the short-Type I association, but luckily more
detailed observations have regained some of the lost ground. When short GRBs
are found within SF galaxies, these galaxies have a lower specific star formation
rate and have a higher metallicity than those of long GRB hosts (see Fig. 17) [14].
Lower star formation rate suggests older star populations within the galaxy and
higher metallicity suggests this as well, since many SN need to have had time to
go off, polluting the galaxy with metal-rich material [14][100]. Further it has been
suggested that even the short GRB which occur in SF galaxies occur in a “faint”
position within these galaxies. Faint regions of a galaxy are associated with old
stellar populations. Short GRBs seem to lie in the outermost regions of their star

forming host galaxies. It is in the outer regions of a galaxy such as the Milky Way
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where the older stellar populations can be found[14].

Of 20 short GRBs with optical afterglow, 5 have no coincident host galaxies
down to > 26th magnitude [15]. meaning that either the host galaxies of these
bursts are either very faint or the GRB was far outside of a host when it went
off. This suggests that whatever the progenitor of short bursts is, it could have a
higher propensity to experience large gravitational “kicks” causing it to be ejected
from its host galaxy. Looking at the galaxies within the the near field of the GRB
localization shows a statistical overabundance of galaxies with a low probability
to exist there suggesting that short GRBs could indeed be associated with a host
galaxy but very far from it[15].

Type I events are thought to be due to compact objects, either the merger of a
pair of neutron stars (NS-NS), a neutron star and a black hole (NS-BH) or perhaps
even a merger involving a NS or BH and a white dwarf (WD). The event rate of
short GRBs, estimated to be 0.4 — 1.2Myr~! is consistent with the rate of formation
of these types of compact object systems [100], further solidifying the case for short

GRBs being of Type I (merger) origin.

Unclear Classifications

Back to the puzzle of the “missing supernova”, it seems that the 7y, ~ 100
second duration of GRB 060614 would put it firmly into the long category, but a
detailed look at the lightcurve reveals a short spectral lag and a few initial short
hard spikes followed by a softer emission tail — all characteristics more consistent
with short bursts [58]. Deep searches have put stringent limits on a SN association,
making the non-detection of one evidence that this burst is more likely of Type I
origin [52].Bursts detected at high redshift pose another problem. The high redshift
bursts GRB 080913 at z = 6.7 [66] and GRB 090423 at z = 8.2 [158] each have
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Figure 16 Observations of GRB 050509B. The large red circle is the BAT position
error circle, and the smaller blue circle is the XRT position error circle. The inset
shows a blow-up of the region of the XRT error circle from 8.2-m VLT-Antu tele-
scope at the European Southern Observatory. Source: [57].
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Figure 17 Observations of short GRB host galaxies reveal a lower star formation
rate. Gray points are long GRB hosts and black points are for short hosts. The
inset shows the cumulative distribution function of the two GRB populations as
distinct. Source:[14]
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a redshift-corrected duration Tyy/(1 + z) shorter than 2 s, with a hard spectrum
typical for short/hard GRBs[66]. This raises a question as to the progenitor of
these two bursts.

An experiment performed by Zhang et al.(2007)[191] showed that producing
a “pseudo” bursts similar to GRB 080913 and 090423 could determine how those
bursts would appear if they exploded at z = 1 (see Fig. 18 )[203]. They found that
these bursts would appear closer to bright short/hard bursts rather than typical
long bursts, complicating the classification scheme further. In the end, classifying
any particular burst as Type I or Type II is no easy task (see Fig. 19). One must
not only consider burst duration and hardness, but also host galaxy properties, SN
association (or lack thereof) as well as the medium the burst may be surrounded by.
Until a more robust separator of bursts is found, integrating all of the observational
evidence is what is needed to make a classification determination or to determine
that a classification can not be made.

According to the work of Virgili et al. 2011[178], who sought to use Monte Carlo
simulations to try to reproduce the observed population of GRBs, the merger sce-
nario is not sufficient to explain the observed population of short GRBs. Using
different cosmological models of NS-NS progenitors populations (e.g. how long it
takes NS-NS pairs to merge, assuming that they may have more than one channel
for merging) and combining that with what a detector with limited capability of
seeing different energy ranges, folded with how these bursts would appear and
how many would happen as a function of redshift, this group found that it was
impossible to reproduce the observed Log N-Log P distribution of short bursts
without introducing “mixing”[178]. Log-N-Log P plots are made by summing the
number of bursts with peak energy above a certain value, creating a cumulative

distribution plot. Mixing means that the population of short bursts that we are ob-
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Figure 18 Pseudobursts obtained by placing GRB 080913 (star) and GRB 090423
(diamond) at z = 1 show they may be difficult to classify as typical long bursts if
seen at a closer redshift. Source:[203].

serving seems to be polluted by up to a large percentage by bursts that are actually
of Type II origin but appear to be “short” [178].

In general, it is not easy to try to go from the observed properties of a burst back
to what the progenitor must be. In order to properly account for all the evidence,
it is necessary to follow a long chain of logic, including properties of the burst
such as redshift, host galaxy, burst environment added to the original parameters
of duration and hardness ratio before one can come to a tenuous conclusion about

the progenitor of the burst.
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CHAPTER 4

RELATIVISTIC EFFECTS

We have seen that relativistic effects were used to find a way out of the com-
pactness problem. The challenge of GRB physics is that, because of the relativistic
speeds involved, one must be careful to take the effects of relativity (especially

special relativity) into account.

Beaming and Jets

The radiation from an source expanding at relativistic speeds is beamed in the
sense that we an only see radiation from within the “light-cone” or from within an
angle of 1/I" of the line of sight (see Fig. 6). If the source has radius R, the observer
will see only a region of size R/I". The Lorentz factor of GRB ejecta is presumed
to be large, indicating that we are only seeing a very small fraction of the emitting
region. If this region is inhomogeneous, we may not be seeing a representative
sample of it. As the GRB ejecta plows into the ambient medium, it will slow down
like a snow plow collecting snow. As the region expands and the ejecta slows, a
larger and larger portion of it will be available to the observer and therefore a more
averaged sample of the emitting region will be seen as time goes by. This implies
that two observers of the same GRB may observe the initial or prompt radiation
differently depending upon their viewing angles. What appears to be an energetic
burst at one viewing angle may look like a weak burst at another angle[142]. If
GRBs are indeed similar events, then this implies that fluctuations among bursts
should be large at early times (i.e. during the prompt phase), but may be more
uniform later (i.e. during the afterglow). Further, since brighter or more energetic

events are more likely to be detected, if GRBs are inhomogeneous, we may be led
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to believe that these events are more representative of the population than they
actually are[93][142].

Further, a spherically expanding shell of radiating matter will not appear spher-
ical to a distant observer. The photons from a shell expanding with Lorentz factor
I' that will arrive at the observer at the same time come from an equal-arrival time
surface which is an ellipsoid (see Fig.20)[123]. Photons that arrive from the line
of sight were released at a larger radius than those arriving from some elevation
angle with respect to the line of sight. These photons were generated at a larger
radius and therefore within weaker magnetic field (magnetic field should decrease
with distance from the CE) and lower density region. Radiation along the line of
sight will therefore be softer and less intense than radiation near the edge of the the
1/I" cone. Thus the radiation the observer sees appears as a hard ring surrounding
a softer core; the effect is called limb-brightening [180].

If the ejecta is not spherically expanding, but instead beamed into a jet of open-
ing angle 6, and solid angle 2; ~ 767, the above prescription still applies provided
the observer can not see outside of the jet, i.e. the line of sight to the observer is
still within ¢; and I" > Qj_l/ ? which ensures that the light cone is within the jet
boundary[121]. As the ejecta slows down to I' ~ 1/, an observer that is on-axis
will see a “jet-break” due to the edge of the jet finally being detected[152][153][160].
On the other hand, observers who were not on axis may see an “orphan afterglow”
or an afterglow without preceding GRB emission[64]. It has been suggested that
looking through the Sloan Digital Sky Survey data may uncover some of these

afterglows[130] but none have yet been found.
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Figure 21 For different viewing angles, an observer sees different amounts of the
lightcurve. Source:[142]
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Frames

A GRB event has three frames of reference, the CE frame, the observer frame
and the frame moving along with the relativistic ejecta (comoving frame). The CE
frame and observer frame need only cosmological factors between them. Quanti-
ties in the comoving frame and the CE or observer frame, such as length and time
will be different and are related to each other through the physics of special relativ-
ity. For example, lengths in the comoving frame L’ are shortened in the observer
frame by a factor of T, the Lorentz factor of the ejecta so that L = L//T. Simi-
larly, time intervals are dilated by a factor of I' between the two frames dt = T'dt'.
In Fig. 22, the geometric configuration of the CE, observer and comoving ejecta
are shown, which sets up yet another effect-the propagation effect[199]. Consider
the time difference between two photons ejected at the two points in this figure at
times ¢; and {5 in the comoving frame. The time interval in the comoving frame
will simply be dt = £, — {1. As the emitting shell expands outward at speed (3, the
tirst photon, emitted at {1, travels a distance ¢ to get to the observer and arrives at
time t, = f, 4+ /c. The emitting region then moves through a distance 3cdt before
the second photon is emitted at time £,. This photon travels a distance ¢ — cdt cos
to get to the observer (a shorter distance to the observer than the first photon) so

that it arrives at time ¢, = 5 4+ £/c — 3 cos 0dt[199]. So in the observer frame:

~

- dt
dt =dt (1+ Fcosb) ~ T2 4.1)

since

1 1 1
- ~ . (4.2)

P =T e~ 0pa_p 205
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observer

Figure 22 Geometric configuration of the CE, moving ejecta and the observer[199].

The propagation effect is not due to a relativistic effect and would be written the
same for a shell moving at Newtonian speeds, however, the effect would be small
since dt ~ dt[199]. Let us consider again the compactness problem, which was
above claimed to be solved by relativistic effects, but in more detail. There are
two ways in which relativistic effects help this problem. First, the photons that the
observer sees will be blue-shifted since the radiating region is moving towards the
observer. After one photon wavefront has arrived at the observer, the next crest is
one wavelength A = ¢/ f" away. A photon emitted at the source moves towards the

observer with velocity v = ¢ so that the time until the next crest is

;- A B c B 1
e T e—or - a-ar *3)

since the photon moves towards the observer with speed c, but the source moves

toward the observer with speed v. Due to time dilation, the observed time is =
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t'/T" so
fegeTU-0r = (4.4)

again using the approximation of Eqn. 4.2 above. So that the gamma-rays ob-
served on the Earth may have only been emitted X-rays in the comoving frame.
The number of pair producing photons above the threshold would therefore be
greatly reduced. A further effect involves the observed variability timescale (t)
which is reduced by a factor of I'? as described above. Altogether, the pair produc-

tion optical depth can drop significantly[199].
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CHAPTER 5

PHYSICAL PROCESSES
Shocks

GRB emission is thought to be the product of both internal and external shocks
(see Fig. 23). Internal shocks are the collisions between shells of matter with dif-
ferent Lorentz factors and can happen when when a faster shell released from the
CE later catches up to a slower shell, colliding and combining with it and releas-
ing energy in the process. Internal shocks from the collision of many randomized
shells are thought to be responsible for both the prompt emission and for X-ray
flares, which are wide spikes of emission superimposed on the regular decaying
lightcurve (see next part for a thorough description). On the other hand, external
shocks are the interaction of a relativistic shell of matter with the ambient medium
or ISM. As a shell plows into the cold ISM, regular decaying lightcurves are pre-
dicted with flux varying from gamma-rays to X-rays to optical to radio.

The kinetic energy of a relativistically moving shell could be turned into the ra-
diation we see via shocks which are expected in GRBs considering we see a similar
phenomenon when looking at SN remnants[149]. Consider a cold shell of mat-
ter overtaking another cold shell or the inter-stellar medium (ISM) (“cold” simply
means that the internal energy of the shell is small compared to the rest mass en-
ergy of the shell). This problem is divided into four regions of interest (see Fig.

24):

e 4. Unshocked relativistic shell of matter moving with Lorentz factor I' with

respect to the ISM.
e 3. Shocked shell material which has passed through the reverse shock.

e 2. Shocked ISM material that has passed through the forward shock.
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e 1. The ISM region at rest.

The quantites I', and f = n4/n; or the fraction of number density of particles in the
ISM to that in the shell are the physical quantities which determine the strength
of the shocks. Initially this density contrast is large as at first the shell is dense
so that ny/n; > I'?. In the beginning stage, the reverse shock is “Newtonian” or
only mildly relativistic and the energy conversion is concentrated in the forward
shock[159][142][141]. If I'; is the Lorentz factor of the shocked fluid relative to the
rest frame of the ISM and I'; be the Lorentz factor of the the shocked fluid relative
to the rest frame of the relativistic shell in region 4, then I'; ~ I" and I'; ~ 1. The

shock equations between regions 1 and 2 yield[142]:

no ~ 4I'n, (5.1)

e = ey = 4%nym,,c? 5.2)
ng = Tny (5.3)

es = e. (5.4)

Where ¢; represents the energy density in region “i”. After the shell expands and
the density decreases (as 1/R? for a spherically expanding shell or 1/R? if shell
spreading is included), eventually the reverse shock can move into the relativistic
regime (so n4/n; < I'2 now but ny/n; > 1). The forward shock is still relativis-
tic and the shock equations combined with equating pressure and velocity at the

contact discontinuity yield[142]:

1/4 p1/2
Ty = <%> - (5.5)
s \/5
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Ng = 4F27’Ll (56)

e = ey = 4l5nym,,c? (5.7)
and for the reverse shock:

—1/4 p1/2
Ty = <E) - (5.8)

nq \/§
ng = 4f‘3n4 (59)
ez =¢€ (5.10)

_ r Iy

I~ [ —+ =) /2. 11
o~ (2 G5.11)

The forward and reverse shock release comparable amounts of energy when both
are relativistic and the kinetic energy released is thought to be converted to the

radiation we see via synchrotron radiation mechanisms.

Synchrotron Radiation

Synchrotron emission is caused by relativistic electrons gyrating (and hence
changing velocity) in a magnetic field. Synchrotron emission produces a non-
thermal power-law spectrum and so is a particularly attractive candidate for emis-
sion from GRBs. In order to calculate the flux radiated via synchrotron radiation,
a few source parameters must be assumed. First, only some (typically assumed
small)fraction of the total number electrons present in the ejected plasma will be
Fermi accelerated in the shock wave. These electrons carry a total amount of en-
ergy that is a fraction, e, of the total energy contained in the shocked region. These
accelerated electrons are assumed to have a power-law distribution of energies
with index p or N(E)dNE/dE x E~?. Second, the energy density of the magnetic

field in this region B?/(87) is also some fraction of the total energy contained in
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the shocked region, ez [199][136].
The radiation power of synchrotron radiation for electrons moving with speed

7. in a shock front moving with speed ~ is [161]:

4 B2
P(v.) = gaTc'yQ'yfg (5.12)

The electrons move with a characteristic frequency of [161]

s B
) = 5.13
v(e) = Ve (5.13)
The peak spectral power is independent of 7. and is given by[161]:
Mmoo
Pu,max ~ f}/B (514)
3e

where t is the time in the observer frame. This power is only valid if the electrons
have not lost a significant amount of energy to radiation or when +, is less than
some critical value 7. given by yvy.m.c> = P(7.)t. Electrons with Lorentz factor
above the critical value will cool to the critical value in time t. There will be two
different types of cooling, depending upon whether the minimum Lorentz factor
of the electrons 7,, is above or below the critical Lorentz factor .. In the first case,
Ym > 7. allowing all of the electrons to cool down to ~,; this is the fast cooling case.

The flux is given by:

(V/VC)1/3 FV,max Ve > v

Fo=9 w/ve) " Frmas v >V > 1, (5.15)
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On the other hand, if 7,, < 7., only the electrons with Lorentz factors above ~, can

cool. This is called the slow cooling case

(V/Vm)l/g Fu,maac Um > v
FV - (V/Vm)_(p_l)/2 Fl/,max Ve 2V 2 VU (516)

We/vm) " V2 W) PP e v > 1

using the minimum Lorentz factor of the electrons

-2
Ym = €e L mp,y’ (5.17)
p— 1 Me

the comoving magnetic field strength
B = (327rmp63n)1/270, (5.18)

and the cooling Lorentz factor of electrons

6mmec  6Tmeyc?
~Y

e = ~ , 5.19
VT GrBt - opB2R (-19)
one can calculate the critical synchrotron frequencies v, and v, using
4B
V(%) = 1ig—, (5.20)
TMeC

where m,, m., or and ¢, are the proton mass, electron mass, fundamental charge

and Thompson cross-section, respectively. Combining this with

mec?or v
= BR?
3¢, O qr D2

(5.21)

Fy,max =
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where D is the distance from the observer,v is the frequency in the band you are
observing.[161]. Standard values for p = 2.4, ¢, = 0.1, eg = 0.01, n = 1 ([136]) can
be used to calculate the flux. Typical fast and slow cooling flux curves are shown

in Fig. 25.

Canonical X-Ray Lightcurve

As the number of lightcurves detected in the X-ray band increased to over 400
due to the Swift telescope, a general picture began to emerge of the canonical X-ray
afterglow behavior (see Fig. 26))[132][194]. Although not all pieces of this curve

are seen in all GRBs, many of the pieces have theoretical models to describe them.

o 0: The prompt emission. Probably produced by internal shocks as the CE re-
leased many randomizes shells of matter which can collide, producing the

spiky prompt emission.

o I: The steep decay phase. The generally assumed picture of this phase is that of
“tail emission” due the curvature effect[46][91][194]. If the CE was to turn off
suddenly, then radiation seen from this last ejected radiating spherical shell
would be seem to decay sharply as the observer saw radiation from higher
and higher latitudes which take slightly longer to reach us (similar geometry
to the propagation effect). This effect gives a simple prediction, that o = 2+,
or the powerlaw slopes connecting this decay phase to the one before should
be related. Being careful to reset the CE clock to the proper ¢, so as not to
introduce artificial plotting effects in log space, this prediction is satistied for

many bursts[107].

o II: Shallow decay phase. This phase is still a mystery, but what is sure that

the spectral index across the break does not change from the shallow to nor-
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Figure 25 Synchrotron spectrum a relativistic shock for the fast and slow cooling
cases Source:[161].
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Figure 26 Canonical X-ray light curve. Source:[194].

mal decay phase, so any theory that explains this phase can not be based on
models that have a spectral break. One interpretation is that the energy in
the external shock is increasing with time producing a shallower than nor-
mal decay phase. This energy injection could be due to a long lasting central

engine[194][132] or due to the spin-down of a CE pulsar [35][196]

III: Normal decay phase.This phase was expected in the pre-Swift era and is
explained by the synchrotron emission of a relativistic blastwave plowing

into the ISM.

IV: Post jet break phase.The break between the normal decay phase and the
post jet break phase is thought to be due to the so-called “jet break”. This
break is required if we believe that GRBs are indeed beamed. Any observer

can initially only see the radiation beamed into the angle 1/I". This beam-
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ing angle is physically unrelated to the angle of opening of the jet 0; but as
the beaming angle grows as the ejecta slows, 1/I' = 6; this means that ar-
eas of the jet that were outside of the beaming will come into causal contact
with the jet, causing sideways expansion and a sudden decline in afterglow

emission[153][160].

o V: X-ray flares. X-ray flares appear in nearly half of GRBs and the number
seen in any particular burst varies from one to several[29]. Superimposed
on the regular afterglow decay, they can appear on top of any of the phases
LII, III or IV. They are thought to represent internal shocks due to late CE

activity[114] (see then next part for a discussion of X-ray flares in detail).

Blastwave Solutions

1 As the first shell moves outward into the ambient medium, it slows down
due to an external shock mechanism as it sweeps up the ambient medium. As
time goes by, more and more trailing shells collide onto the leading decelerat-
ing shell. The motion of this decelerating ejecta along with the medium collected

along the way, known as the “blastwave”, is governed by the following differential

equations[28][71]:
dR 72 —1
= R A — 22
G = o= 522)
dy _—(v*-1)
_— = 5.23
dm M (5:23)
dm
— =47 R?p. 24
op = ATy (5.24)

'The content of this section is drawn from Maxham & Zhang (2009)[114] and Maxham, Zhang
& Zhang (2011)[115]
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Here t is the time in the rest frame of the central engine, R is the distance from the
central engine, p is the density of the ambient medium, ~ is the Lorentz factor of
the shell, m is the swept-up mass, and M = M, + ym is the total mass including
internal energy of the blast wave, where ), is the initial mass of the ejecta. As a

result, one has another differential equation,

dm 1
dM (1 —e)y+e’ (5.2)

where the value of 0 < € < 1 determines the efficiency of the radiation, with 0 rep-
resenting the purely adiabatic case and 1 representing the fully radiative condition.
Equation (5.22) simply states how radius changes as a function of time for an ob-
ject moving with constant velocity. Equation (5.23) is a statement of conservation
of energy and momentum across the blast wave[12]. Although these expressions
are valid only when the blast wave is in the relativistic regime, they are adequate
for our calculation, since X-ray flares usually happen early before the blast wave
enters the trans-relativistic regime. The amount of swept up mass in shell of sur-
face area 47 R? is described by equation (5.24)?. The solution of this system is found

to be

(5.26)

_|167%pRS + 24mp(Moo) R? + 9(Moy0)?
B 1672p RS + 247 p(Moyo) R3 + 9M?

for the fully adiabatic case (¢ = 0) and was first presented in Maxham & Zhang
(2009)[114]. The solution for the fully radiative case (¢ = 1) is found to be:

9(Moyo)* + 12mpMoR*(1 4 o) + 87*p* R°(1 + o)
IMZ + 127pMoR3(1 + o) + 872p2 RS(1 + 7o)

v = (5.27)

’The treatment here is based on the assumption of an isotropic ejecta. The treatment is valid
before the “jet break” time, which is usually the case for X-ray flare observations. After the jet
break time, the dynamics may be altered by sideways expansion of the ejecta. However, numerical
simulations suggest that such an expansion is not important [90][26][195]. For simplicity, we take
the isotropic assumption throughout the blast wave evolution.
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and was first presented in Maxham, Zhang & Zhang (2011)[115].

The leading shell initially expands freely until the momentum of the swept up
matter is about equal to the initial mass of the shell, M,. The radius of decelera-
tion, R, is found from ’Yogﬂ'Rfl,O ~ M,, where the subscript “0” represents initial
values[149]. For typical values of vy ~ 100, My ~ 10®g and p ~ 2 x 107?*g cm ™3,
one has R; ~ 2 x 10*°cm.

The relativistic blast wave decays as v o< R73/2, until reaching the Sedov radius,
at which the rest mass of the ambient medium becomes as large as the rest mass of
the blast wave, i.e. Rgegon = (3My/4mp)'/3. After this point, the expansion enters

the non-relativistic regime with dimensionless velocity 3 oc R~3/°[165].
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PART III
SIMULATIONS
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CHAPTER 6

SHELL MODEL CODE

1 We have developed a shell model code to address various problems in GRB
physics. Written in Mathematica 6.0 and upgraded to 7.0. Our model represents
the GRB central engine as a variable source that ejects many randomized shells
of matter over some period of time. Shells ejected later with higher Lorentz fac-
tors catch up with slower shells, colliding and creating “internal shocks”[150]. As
the modeled shells move outward from the central engine, the energy released
from each collision is calculated, allowing the two colliding shells to combine and
continue to move outward to collide with other shells. The code generates N shells
and each shell is given four parameters: Lorentz factor (), mass (m), width (A) and
ejection time (¢.;). The user can choose N and define the parameters for each sell
created, either by randomly generating them (using any distribution and range)
or by inputting the values for each shell by hand. The first shell that is ejected is
the blastwave and this shell plows into the ambient medium, following the motion
prescribed in the previous chapter. As the blastwave moves outward, later ejected
shells may pile onto it, increasing its energy. Before these shells combine with the
blastwave, they may experience “internal shocks”, or the collision between two of
these matter shells. Since these shells move into a relative void, they move with a
constant relativistic velocity (r = vt)so the radius and time of any given collision
(in the CE frame) is a matter of geometry—or the intersection of two straight lines.
The goal of the code is to address issues of GRB prompt emission and X-ray flares
within the internal shock model, mainly the energy released, efficiency and timing

of pulses.

'The content of this chapter is drawn from Maxham & Zhang (2009)[114]
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Two-Shell Interaction

We assume that shell collisions are inelastic, so that a fast shell (f) and a slow
shell (s) merge to form a merged shell (m) (see Fig. 27). Using conservation of

momentum and energy, the Lorentz factor of the combined shell can be written

Yemy + YsMg
= 6.1)
vf Vs

Each collision then releases an internal energy given by (Kobayashi et al. 1997)
Eine = (47 = Ym)ms¢® + (s = Ym)msc”. (6.2)

The efficiency of each collision can be defined as

Ez'nt
YsmsC® + ypmypc?)

"= (6.3)
It has been known that this efficiency is usually low ([87][137]) although depend-
ing on input parameters, it can vary in a wide range. To test this, we simulated 100
shells that are randomly injected during 0-100 s. We allow the mass of each shell
to be randomly drawn in the range of 10* — 10*! g in log space, and investigate
how Lorentz factor contrast affects the distribution of the efficiency. We randomly
generate shell Lorentz factors in log space within a range of (Vnin, Ymaz). Table 3
shows the mean efficiency of 7 and its standard deviation o for varying vmaz/Ymin-
It is evident that the mean value of 7 rises steadily with 7,45/ Vmin. However, even
for a very high Lorentz factor contrast v,,45/ Ymin = 1000, the mean efficiency still
only reaches a level of ~ 26%. Values of o are on the order of 7, which means

that very low and very high 1 can be expected for extreme parameters of the two
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Figure 27 Two shells collide and combine, releasing energy.
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Table 3 Efficiency and standard deviation for energy conversion in the internal
shock model.

’Ymaac/’}/min n g VYmazx /’ymzn n g
variable masses even masses
1000 26% 26% 1000 28% 27%
100 14% 17% 100 19%  20%
10 5% 7% 10 7% 8%
5 0.5% 0.7% 5 0.6% 0.9%

shells. The right pane of Table 3 shows the efficiency for the same simulation, but
with shell masses standardized to all be 10°° g. These results are on order with
the efficiency study with varying shell masses. For our model, we do not follow
the internal shock physics in detail. This has been done by Yu & Dai (2009) [189],
who showed that for reasonable parameters, the emission from internal shocks can
well reproduce the X-ray flare phenomenology. Our goal is to model many colli-
sions and to investigate the time history of central engine activity, collision, and
GRB emission. Like many other previous work in this direction (e.g. [81] [137]),
we adopt an empirical approach to calculate the spectrum and lightcurve of each

collision event.

Spectral Model

The spectrum of GRBs is typically a smoothly-joint-broken-power-law spec-

trum, or “Band”-function[8]

A(rrey) e (- ) (= B)Ey > E

NE<E) = a—p
A(L2e) (- ) ()’ (- BB < E

(6.4)
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where a and 3 are the power law photon spectral indices below and above the
break energy E in the asymptotic regime, A is a normalization factor. The break
energy can be written as £y = E,/(2 + «), where E, is the spectral peak energy
in the GRB energy spectrum. Since evidence strongly suggests that GRB prompt
emission and X-ray flares originate from similar physical events (e.g. [25][29][42][85]),
we assume that the spectrum of X-ray flares is also a Band-function.

The Band-function parameters of X-ray flares are determined in the following
way in our calculations: The typical values for the spectral indices are taken as o =
—1,and 3 = —2.3. For E,, we calculate it through an empirical relation between
the isotropic emission energy E;,, and E,, which is generally valid among GRBs

([51[86]) and within a burst[102][60]. We assume the validity of this correlation

B 1/2
E, =100 keV (1052 erg) (6.5)

and apply Eis, = Ei, to estimate E,. This is because electrons in the shock are in
the “fast-cooling” regime, and lose their energy rapidly. As long as the electron
equipartition parameter ¢, is close to unity, essentially all the internal energy can
be radiated away. For ¢, < 1, this estimate gives an upper limit on the bright-
ness of X-ray flares. We require that the spectrum-integrated bolometric energy
fooo ENg(E)dE equals E;,; and then solve for the normalization factor A. Then
reinserting this constant, we can calculate the energy of each pulse | ; *ENg(E)dE

within each band (E, E5), e.g. 15 to 150 keV for BAT, 0.1 to 10 keV for XRT.

Temporal Model

The total energy released in a particular band for a particular pulse is dis-

tributed in time throughout the X-ray flare temporal profile. Different functions
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of GRB pulses and X-ray flares have been adopted in the literature [81][29], but for
the purpose of our study, the shape of the flare profile is not crucial. For simplicity,

we adopt the following temporal profile

L(t) = L(t,)e 200? (6.6)

where the temporal width 6t = A/c scales as the physical width of the shell, A. For
a shell with initial width Ay moving outward from the central engine, spreading

will occur after the sound wave travels across the shell at R, ~ v*Ay). So in general,

the shell width can be expressed as [121][82])

Ao, R < R,

A = (6.7)
i R > R,.
Y

We require that the temporal integral of the profile [;* L(t)dt equals the internal en-
ergy in the specified energy band (BAT or XRT). When shells collide, the duration
of the X-ray flare pulse is defined by the width of the faster shell. This is because
the reverse shock is typically the one that dominates the X-ray flare emission[189].
After the collision, which occurs at R,.,, the width of the the combined shell is
taken to be R., /72, i.e. the width in the spreading regime. The width of the shell
keeps spreading as R/~2 thereafter.

In the central engine frame, the shells collide at t.,;, ~ R.;/c. The relevant
observation time is?

teocol = tej + (6.8)

?Usually this is called observer frame time. However, the central engine and the observer is in
the same inertial frame (with cosmological time dilation correction). The difference between the
two times is due to a propagation effect, not Lorentz transformation [199].
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where t.; and « can be taken as the ejection time and Lorentz factor of either of the
two colliding shells. The peak time of a flare is defined as the observed collision

time plus the observed shock crossing time, which is roughly estimated as

A
tp = tEB,col + ? (69)
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CHAPTER 7

MODELING X-RAY FLARES

1 X-ray afterglow light curves have been collected for over 400 Swift gamma-
ray bursts with nearly half of them having X-ray flares superimposed on the reg-
ular afterglow decay. Evidence suggests that gamma-ray prompt emission and X-
ray flares share a common origin and that at least some flares can only be explained
by long-lasting central engine activity. We have developed a shell model code to
address the question of how X-ray flares are produced within the framework of the
internal shock model. The shell model creates randomized GRB explosions from a
central engine with multiple shells and follows those shells as they collide, merge
and spread, producing prompt emission and X-ray flares. We pay special attention
to the time history of central engine activity, internal shocks, and observed flares,
but do not calculate the shock dynamics and radiation processes in detail. Using
the empirical E, — E;;, (Amati) relation with an assumed Band function spectrum
for each collision and an empirical flare temporal profile, we calculate the gamma-
ray (Swift/BAT band) and X-ray (Swift/XRT band) lightcurves for arbitrary cen-
tral engine activity and compare the model results with the observational data. We
show that the observed X-ray flare phenomenology can be explained within the in-
ternal shock model. The number, width and occurring time of flares are then used
to diagnose the central engine activity, putting constraints on the energy, ejection
time, width and number of ejected shells. We find that the observed X-ray flare
time history generally reflects the time history of the central engine, which reacti-
vates multiple times after the prompt emission phase with progressively reduced
energy. The same shell model predicts an external shock X-ray afterglow compo-

nent, which has a shallow decay phase due to the initial pile-up of shells onto the

'The content of this chapter is drawn from Maxham & Zhang (2009)[114]
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blast wave. However, the predicted X-ray afterglow is too bright as compared with

the observed flux level, unless ¢, is as low as 1073.

Introduction

The study of gamma-ray bursts (GRBs) has been greatly advanced following
the launch of the Swift Gamma-Ray Explorer[56] on November 20, 2004. Thanks
to its rapid slewing capability, multi-wavelength observations of GRB afterglows,
usually as soon as < 100 seconds after the burst trigger, have been performed regu-
larly for many bursts. The X-ray telescope (XRT, [23]) aboard this satellite has given
us unprecedented access to early afterglows in the X-ray band. For most GRBs,
XRT has observed smoothly decaying power-law or broken power-law afterglows
[132][134][202][106][104][39]. In about half of GRBs, superimposed on the back-
ground X-ray afterglow, one or more X-ray flares are seen [24][154][41][42][29].

Flares among the bursts share some common properties, which include the fol-

lowing (see Fig. 28):

e The morphology of flares is similar: they all show a smooth, rapid rise and a

rapid fall[154].

e They are superimposed on a background power-law decay afterglow com-

ponent with the slope before the flaring equal to that after the flare [25].

e The width of flares is typically narrow, with é¢/t ~ 1/10 on average, where
t is the emission time of the flare. However, flares can become wider (0t /t
becomes larger) as the time of their emission increases, and no sharp flares

are seen at late times [29][83].

e Similar flaring activity has been detected in both types of GRBs: those be-
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Figure 28 Properties of an X-ray flares are highlighted including similar among
flares (in green) (a) Flares show a smooth rapid rise and decay (b)they are super-
imposed on the background flux (c)the width is 6¢/t ~ 1/10 on average and (d)can
come from either Type I or Type II bursts. Different among flares (in red) (e)the
shape can take on many profiles (f)the number of flares per burst varies (g)the
fluence contained in flares varies and (h)the emission time of flares varies.
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lieved to be of massive star origin (Type II, typically long duration) and those
believed to be of compact star merger origin (Type I, typically short, e.g. in
GRB 050724[10] 2. This suggests that the phenomenon is insensitive to the

progenitor type [140].
e Flares are spectrally harder than the underlying afterglow[24][154][41].

e For a small sample of bright flares whose time-dependent spectral analysis
can be performed, flares are found to soften as they decay[24][25][41][42],

reminiscent of GRB prompt emission.

e Average X-ray flare luminosity decays with time as a power-law with slope
~ -1.5 for a sample of flares from many GRB’s. This temporal relationship

also seems to hold among flares from a single multi-flared burst [98].
Flares also vary from burst to burst, from flare to flare, in the following ways:

e The shape of flares can be best fit with a number of different profiles: gaus-
sian, log-normal distributions, exponential or power-law rise or decay with

differing slopes for both the rising and falling portion of the flare[29].

e The number of flares seen per burst varies from modal value of 1, mean value

of ~ 2.5 and maximum value of 8 [29].

e The fluence seen in flares can vary from a few percent of the burst fluence to

larger than the burst itself (e.g. for GRB050502B [24][25][41]).

e The emission time of flares varies from perhaps before the slew of XRT (e.g.
GRB060607) to late flares at 10* seconds (e.g. GRB050904[34]) to 10° seconds

(for the Type I GRB050724 [10]). Some flares are superimposed on other flares

2Por a full discussion of the two physically distinct types of GRBs, see [204].
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(e.g. GRB050916 [24][25][29]). Although most flares happen early, from 100

to 1000 seconds, the distribution of ¢ tails off to 10° seconds[29].

A few properties of X-ray flares suggest that they are connected to internal
emission processes due to a restarting of the central engine at late times[24][41][154][191].
The arguments in favor of such a “late internal” model (in contrast to the exter-
nal shock model) are the following: First, the rapid rise and fall of flares with
dt/t ~ 1/10 strongly disfavors external shock models that involve a large angular
area over which radiation would be emitted[194] (see also [73][43][97]. Second,
the connected, underlying continuum which has the same slope both before and
after the flare suggests that flares are not related to the canonical afterglow and are
instead superimposed on top of this regular afterglow decay[29]. Third, given the
same observed X-ray flare amplitude, the internal model requires a much smaller
energy budget than the external shock model [194]. While the internal model can
produce significant X-ray flares with energy much less than that during the prompt
emission, the external shock model requires an energy budget at least comparable
to that of the initial blast wave in order to make a noticeable change in flux [197].
Internal models are much more “economical” as far as energy budget is concerned.
Next, Liang et al. (2006) [107] have shown that as long as the central engine clock is
reset to zero at the beginning of each flaring episode, the curvature effect can nat-
urally explain the spectral index and the temporal decay index of the decay phase
of flares. Finally, although there is no correlation between the number of prompt
emission burst pulses and X-ray flares in any given burst[29], X-ray flares do ex-
hibit the same spectral softening as GRB prompt emission [24][25][41][42]. This
suggests that the properties of X-ray flares make them likely to be caused by the
same mechanism as prompt emission seen in gamma-rays.

Any X-ray flare model must be able to explain the bulk similarities and differ-
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ences among flares enumerated above. The leading “internal” model is the internal
shock model [150], which invokes internal collisions of shells within an unsteady
central engine wind. Previous internal shock models have focused on interpreting
prompt gamma-ray emission properties (e.g. [81][137][168][68]). Kobayashi et al.
(1997)[81] have shown that internal shocks can explain the highly variable profiles
seen in GRBs. In their model, shells of matter with varying Lorentz factors ejected
from the central engine produce about as many collisions as the number of shells,
and the time of ejection of the shell is highly correlated to the time of collision of
the shells, indicating that there is essentially no delay between energy ejection by
central engine emission and the time when that emission is seen. Recently, us-
ing a model where collisions are not perfectly inelastic, Li & Waxman (2008)[101]
studied the effect of residual collisions in optical emission which would be slightly
delayed from gamma-ray prompt emission.

Within the context of X-ray flares, the internal shock model has been discussed
by a number of authors. Zhang et al. (2006)[194] and Fan & Wei (2005)[43] dis-
cussed how a late internal shock may produce a softer flare than prompt gamma-
ray emission. Wu et al. (2005)[185] discussed both late internal and external shock
models to study X-ray flares and concluded that at least some flares have to be pro-
duced by late internal shocks. Lazzati & Perna (2007)[97] (see also [191]) proved
the suggestions of Burrows et al. (2005b)[24] and Zhang et al. (2006)[194] that late
flares must require late injection of shells and cannot be produced by late collisions
of shells ejected during the prompt phase. Yu & Dai (2009)[189] studied the shock
physics and radiation processes of late internal shocks that may be responsible for
X-ray flares.

In this paper, we focus on another aspect of the internal shock model for X-ray

flares. Extending the work of Kobayashi et al. (1997)[81] to concentrate on X-ray
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flares, we have created a GRB fireball model with a central engine that can eject
multiple episodes of matter shells with any Lorentz factor, thickness and mass
distributions. This code is used to address the question of what kind of central
engine activities are demanded in order to reproduce the observed properties of X-
ray flares. The conclusion drawn from this study may be taken as the requirements

of some central engine models on X-ray flares (e.g. [77][140][144][194][36][99])°.

Blastwave Evolution

In our model, trailing shells collide amongst themselves and later land onto the
blast wave as the it slows down, altering the blast wave dynamics. The dynamics
of such a collision is very complicated, invoking three shocks and several distinct
dynamical stages[197]. For the purpose of this study (tracking the location of the
blast wave), we adopt the following simple treatment: If a trailing fast shell with
mass my and Lorentz factor ;4 collide on to the blast wave with Lorentz factor of
7 before the blast wave has begun decelerating, the collision is treated as an inter-
nal shock and the merged Lorentz factor are calculated as prescribed by Eq.(6.1).
If the collision of a fast shell onto the blast wave occurs after the blast wave has
begun to decelerate, we first assume that there is no blast wave, and calculate the
post-collision product the same way as the internal shock calculations, record the
new effective initial mass and Lorentz factor, and re-solve the blast wave for the
new parameters. We then jump the blast wave solution from the old (low)  value
to the new (high) v-value at the same R. The code then tracks this new solution
until next collision happens. With each new collision onto the blast wave, we then

calculate the new solution by changing the effective mass and initial - factor. By

30ther internal dissipation models for X-ray flares (e.g. [135]) may not subject to these require-
ments.
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Figure 29 The blast wave shows several glitches as more and more shells pile onto
it. Successive solutions are shown as dashed lines and the blast wave is shown as a
solid line. Jumps in the solution become less important as the added energy from
a single collision becomes less of a fraction of the total energy.

doing so, the blast wave evolution shows several “glitches” with decreasing am-
plitude, since the ratio between the trailing shell energy and the blast wave energy
drops with time as the energy of the blast wave grows (see Fig. 42). The location R
and Lorentz factor v of the blast wave are traced at any instant ¢. This information
is used to screen out the collisions that are not “internal”. Without such a blast
wave screening, shells injected from the central engine can collide at any location
at any time. If the relative Lorentz factor of two shells is small, they can in principle
collide at a much larger radius than the blast wave radius. Should these collisions
have happened, both shells have already entered the “spreading” regime, so that
the width of the shells can become very large. This would introduce some “fat”
X-ray flares which are not observed. The blast wave essentially restricts such col-

lisions, ensuring that they would never happen. Instead, both shells collide onto
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the blast wave and boost up the blast wave energy. The inclusion of the blast wave
dynamics is therefore essential, screening out many “fat” flares. This also explains
the lack of very “fat” flares in the X-ray afterglow data.

In order to reproduce the data, we adopt a typical afterglow template according
to the data [132][134][106] to denote the underlying X-ray afterglow. This is a bro-
ken power law with decay indices -1/2 and -1.25, with a break time ¢, = 6 x 10%s
and a break flux Flux(f,) = 1.3 x 107! ergs™ ! ecm™2. The origin of the X-ray
afterglow, especially the shallow decay phase, still remains a mystery. A num-
ber of very different physical mechanisms have been proposed to explain its ori-
gin (see [193] for a review). Although the refreshed shock model is mostly dis-
cussed [194][132][63], some optical afterglows do not show a similar temporal
break around the X-ray break time [138][106] suggesting that this model cannot
interpret all the X-ray afterglow data. Other ideas/models include a central en-
gine powered afterglow [62][94], a long-lasting reverse-shock-dominated after-
glow [59][175], two-component external shock [146][37], dust scattering [166], up-
scattering of blast wave photons by a trailing lepton-rich ejecta [135] and an emis-
sion component prior to the GRB trigger [186][103]. Since none of the scenarios
have been robustly proven, we do not demand our model to interpret the power
law X-ray afterglow segments self-consistently.

On the other hand, the expected external shock X-ray afterglow flux can be
calculated from our model. Applying the standard afterglow model [161], we can

calculate the X-ray lightcurve for a particular simulation. Calculating the flux for
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either the fast cooling case

(V/VC)1/3 Fl/,max Ve > v
FV - (V/VC)_1/2 Fl/,maa: VUm > v > Ve (71)

(Vm/Vc>_1/2 (V/Vm)_p/2 Fu,mam v > Vm

or slow cooling case

(V/Vm>1/3 Fl/,mam Um > v
FV - (l//ym)_(p_l)/2 Fu,max Ve >v > VUm (72)

We/vm) T2 W) PP F e v > 1

using the minimum Lorentz factor of the electrons v, = e, p=2 22~ the comov-
p—1 /) me

ing magnetic field strength B = (327m,epn)*/?yc, and the cooling Lorentz factor

2
of electrons 7, = TEeC o~ e

one can calculate the critical synchrotron fre-

2_geB

quencies v, and v, using v(v.) = 7; e Standard values are taken for p = 2.4,

€. = 0.1, eg = 0.01, n = 1 [136] and m,, m., or and ¢. are the proton mass, electron
mass, fundamental charge and Thompson cross-section, respectively. Combining
this with

mec’or v
= BR?
3¢ " D2

(7.3)

Fy,max -

where D is the distance from the observer, here taken to be 10%® ¢m, v is the fre-
quency in the X-ray band, taken to be 10'®* Hz, one can calculate the X-ray flux
density, F, as a function of radius taking care to switch between fast and slow
cooling cases where appropriate [161].

Shells colliding onto the blast wave will produce “glitches” in the regular after-
glow flux decay. Successive solutions, shown as dotted lines in Fig.7, depend upon

the energy contained in the blast wave and therefore on both the Lorentz factor, v,

76



and M, the effective mass of the blast wave.

We use the calculated vy-evolution to calculate the evolution of the X-ray flux.
In order to plot the flux as a function of time instead of radius, points are plotted as
abscissa t = R/(2c¢y?) and ordinate flux where both flux and gamma are calculated
by matching radius. Since the blast wave is accelerating in the rising part of Fig.7,
here points appear to move back in time as the next solution is taken. In this part
of the plot, blast wave solutions have simply been connected vertically. In the
falling part of Fig.7, solutions appear to move forward in time as collisions occur.
In general, all these abrupt jumps are artificial. In reality, one needs to consider
the effect of equal arrival times, which smear out all the abrupt jumps so that the
lightcurve would appear smoothed without noticeable individual glitches.

Also shown in Fig.7 are another blast wave solution for e, = 1073, and the af-
terglow template adopted in other calculations throughout the paper. As evident
from the figure, for the standard value ¢, = 0.1 as derived from broad band af-
terglow modeling (e.g. [182][136][188]), the X-ray flux predicted by the external
shock model out-shines the template flux level (which is based on observations)
by about three orders of magnitude.

This is also emphasized in Fig.31 which compares the simulated lightcurve
(including the contributions from the prompt emission and X-ray flares superim-
posed on the template) and the calculated external shock lightcurve. It is evident
that no steep decay phase and X-ray flares are observable if ¢, = 0.1 is adopted
to calculate the afterglow level. This issue is carried over from the low efficiency
problem of the internal shock model. If the observations are to be reproduced,
there are two possibilities. The first is that the blast wave radiation efficiency is
much lower. We test this possibility by lowering €., and found that the predicted

afterglow level can be roughly reproduced if ¢, is as low as 1072 (Figs.7 and 31).
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The pile-up effect of shells onto the blast wave naturally produces a shallow decay
phase (after smoothing the abrupt jump features), which is an attractive feature of
this internal-external-shock model. However, the anomalously small ¢, is incon-
sistent with the values derived from the previous broadband afterglow modeling,
suggesting that this is likely not the correct approach to solve the problem. The
second possibility is that the radiative efficiency of the prompt gamma-ray emis-
sion is very high (e.g. [202]). This requires a more efficient mechanism to generate
the prompt emission. The data of the recent GRB 080916C [1] suggests that the
outflow is very likely Poynting flux dominated (Zhang & Pe’er 2009). Within such
a picture, Zhang & Yan (2009)[201] proposed an Internal Collision-induced MAg-
netic Reconnection and Turbulence (ICMART) model, which retains the merits of
the internal shock model but significantly increases the prompt emission efficiency.

The time history analysis of our shell model is also applicable to the ICMART
model. The prompt emission and X-ray flare features can be retained, but the
radiation efficiency is increased. Within such a scenario, the external shock level
can be lowered to satisfy the observational constraint.

One can estimate the amplitude of “glitches” in the X-ray light curves. In gen-
eral, collisions onto the blast wave are not energetic enough to produce a promi-
nent signature on the afterglow light curve, unless the injection energy is com-
parable to that already in the blast wave [197]. In any case, small glitches from
arriving shells, although not individually seen, could effectively bump up the nor-
mal decay phase, making it appear shallower. Postcollisions of shells sorted by
decreasing Lorentz factor by internal collisions could produce an observable sig-
nature in early afterglow lightcurves and may be seen as temporal variability or a
deviation from power-law decay[92]. The amplitude of glitches produced by post-

collisions can be calculated knowing the initial mass and Lorentz factor of both the
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blast wave and colliding shell and will essentially represent how far in the vertical
direction successive solutions are separated. For the first few postcollisions, the
amplitudes of the glitches are rather large as the added shells have both Lorentz
factor and mass comparable to that of the blast wave itself. In this first stage,
there is no simple approximation for calculating the jump in solution. The percent
increases ((Fy — F;)/F;) are 3000%, 1000%, 500% and 150% for the presented sim-
ulation. During the deceleration phase, the X-ray flux density F,(X) oc E#+2/4
for v, > min(v,,, v.) and F,(X) oc E®+3/* for v, < v, < v., where E is the total
energy in the blast wave. The glitch amplitude is simply determined by the in-
crease of the blast wave energy during each collision. During the collision, there
is a reverse shock propagating to the trailing shell. However, this reverse shock
usually does not contribute significantly into the X-ray band, since its density is
higher, and hence, the typical electron Lorentz factor is much lower. Its dominant
output is in the optical band [125][160][197]. It has been argued that for GRBs with
large peaks followed by deep troughs could be used to put an upper limit on the
value of 7 [205]. The external shock component will be superimposed on the in-
ternal shock prompt pulses and if this external shock does not rise above the level
of the trough and/or threshold sensitivity of the detector at that point, this could
be used to put an upper limit on the Lorentz factor of this first blast wave shell by
knowing how high successive blast wave solutions will rise in flux. We find that
this method, in principle, is a feasible method of putting a upper limit on v, with
a few caveats in mind. Figure 31 shows the blast wave solutions and blast wave
(external shock component) plotted with the internal shock component lightcurve
for one simulation. In general, the first shell of the external shock component will
not be energetic enough to rise to the level of the prompt emission. As more and

more shells pile onto the blast wave, the flux level rises and so looking for a solu-
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Figure 30 The flux lightcurves are shown for the same blast wave used in Fig.42,
calculated based on the external shock model. The calculation of ¢, = 0.1 is dis-
played in detail: the light dashed lines are the successive blast wave solutions,
and the upper solid line is the corresponding blast wave lightcurve, which jumps
between solutions. These glitches occur as shells pile onto the blast wave and
decrease in magnitude as the energy of added shells becomes less significant. The
lower solid line is the lightcurve for ¢, = 10~%, which matches the template adopted
in the rest of the calculations (thick dashed line).
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Figure 31 The calculated X-ray lightcurve including prompt emission, X-ray
flares and a broken power law template (solid black line), as compared with the
lightcurves calculated from the external shock blast wave model (two colored lines:
€. = 0.1 for the upper solid one and e, = 10~* for the lower dashed one).

tion that could be extrapolated backwards to find the initial v, is problematic since
the external shock component, especially early on, will not be a smooth function
of time. Another complication is that the flux level of the blast wave emission sen-
sitively depends on the unknown ¢, parameter, making the derived upper limit of

7o subject to large uncertainty.

Multiple Shell Simulations
Single Injection Episode
We first model collisions of a group a shells that are injected in a single emission
episode. This is relevant to GRBs that have prompt emission without distinct gaps
between pulses. Allowing the central engine to eject multiple randomized shells

which go on to collide, we track the information of individual shells. An example
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is shown in Figs.32a and 33a. In this simulation, 100 shells are ejected where shell
initial thickness, Lorentz factor and mass are chosen from random distributions in
log space: Lorentz factors: 50 < v < 500, mass: 10%* < m < 103!, initial thickness:
101 < Ay < 2 x 10", all in cgs units. Ejection times from the central engine are
chosen from a linear random distribution 0 < ¢.; < 100 seconds in the rest frame
of the GRB central engine. When two shells collide, we let them merge, drop one
shell, and adopt the merged shell parameters (m, v, A) as the new values of the
remaining shell. In order to keep track of future collisions, we also need to re-set
the “effective” ejection time of this new shell, which is taken as t.;,, = Reot/cBm,
where f3,, = (1 — 1/42)'/2. The code then runs again with one shell reduced. The
same procedure is applied when each collision happens, so that the code can track
all the collision/merging processes for any arbitrarily designed central engine ac-
tivity.  Figure 32a displays the “tree-plot” of this simulation. The upper panel
displays how shells with different Lorentz factors are ejected, collide and merge at
various distances. The time information is not displayed, but the collision times
o (again in the rest frame of the central engine) can be read off from the lower
panel. This time is translated into the observed time according to Eq.(6.8) to cal-
culate the lightcurve (Fig.33a). The evolution of the blast wave is also marked in
the upper panel as a thick red line. Collisions are “disallowed” if the shells collide
with the blast wave (i.e. they would have collided at a radius greater than that of
the blast wave, had the blast wave not existed.). These shells are included to boost
the blast wave energy and become part of the blast wave after the collision and are
therefore no longer traced in the later simulation. Our results suggest that a single
episode can reproduce prompt emission of some GRBs. Even for simulations with
a large number of shells, the ejection time in the frame of the central engine (¢.;)

is correlated to the observed time of the collision (g ;) with little scatter (Fig. 34,
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Figure 32 Tree plots showing simulated collisions as both Lorentz factor versus
radius (top panes) and time of collisions versus radius of collisions (bottom panes).
Lorentz factors are read up the y-axis starting at zero, time of collision is read
down the y-axis, also starting at zero. The top pane shows shells as black lines,
collisions are marked with dots. The time of collision can be found by dropping
down vertically to the bottom pane of the graph, matching radius. The blast wave
is shown in the top panels as a thick red line. Allowed collisions are blue dots,
excluded collisions are red dots. For the top pane, 100 shells are ejected between 0
and 100 seconds with Lorentz factors between 50 — 500. For the bottom pane, 50 A
shells are ejected between 0 < ¢.; < 100 seconds, 5 B shells 3000 < ¢.; < 5000 and 5
C shells 30000 < t.; < 50000 seconds.
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Figure 33 A simulation with many shells in a single short episode will produce
prompt emission only and no late collisions which could be responsible for X-ray
flares. Top panel is a single ejection episode N = 100, 0 < t.; < 100 seconds.
Bottom panel a simulation of N = 50 A shells, 0 < t.; < 100 seconds, 5 B shells
3 x 10% < t,; < b x 10 seconds and 5 C shells 3 x 10* < t.; < 5 x 10* seconds.
Dashed lines show the position of flares underneath the superimposed afterglow.
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Figure 34 The ejection time of a shell in the GRB central engine rest frame (Z.;)
versus the collision time in the observer frame tg .,;. Allowed collisions are pluses,
crosses are excluded. Even for a large number of shells (N = 100, ejected in 100
seconds), there is little scatter around a line of unity.

see also [81]). There are indeed collisions with much larger collision times (red
crosses), but they are “excluded” by the blast wave constraint. If prompt emission
and X-ray flares are indeed produced by the same mechanism, late flares are un-
likely to be produced by shells that are ejected early. As discussed in the following,
they demand re-activation of the central engine. Lightcurves are produced by con-
sidering the spectral model and temporal model as discussed in §2. The XRT band
lightcurve of this particular simulation is shown in Fig.33a. The relevant detector
threshold (thick, dotted line) is also added. (D. N. Burrows, 2008, private commu-
nication). It is evident that without late central engine activity, no X-ray flares can

be detected.
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Multiple Injection Episodes

In order to reproduce the observed X-ray flares that occur in distinct emission
episodes from the prompt emission, we are obliged to simulate multiple ejection
episodes from the central engine. The results are displayed in Figs. 35, 32b, 33b
and 43. In these simulations, three groups of shells (“A”, “B” and “C”) are re-
leased. The A group consisting of 50 shells is released in the first 100 seconds. The
majority of these shells merge with each other producing AA type collisions. The
energy released in each collision is shown as “AA” in Fig.35. Similar to the pre-
vious simulation , most AA type collisions occur before 100 seconds. After 3000
seconds, we release a set of 5 B group shells with energies reduced by ~ 20 times
on average. These shells can have two types of collisions: BB type collisions or
AB type collisions (see Fig.35). Both the AB and BB type collisions could produce
X-ray flares, as long as they are bright enough to stick out above the power law
afterglow level (the broken power law template). For late X-ray flares, the energy
of these collisions is of the “goldilocks type”: high enough to be above the back-
ground decay, but small enough to peak in the X-ray band and therefore remain
undetectable by BAT. After 30,000 seconds, a third batch of C shells are released
with energy lower than that of the B shells by ~ 20 times again. This can in prin-
ciple produce CC,AC or BC collisions, but for this particular simulation, AC and
BC collisions are lacking (Fig.35). These cross collisions are disfavored since their
collision radii tend to be large (due to the large ejection gap between the shells), so
that the leading shells likely have collided onto the blast wave before the trailing
shell catches up. Progressively less energy in A, B and C shells allows progres-
sively degrading energetics of the X-ray flares, as is commonly observed. This is

also generally consistent with various central engine models, where the accretion
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or magnetic power of the engine tends to die off with time.

Another interesting topic is to investigate how the observed widths of X-ray
flares can be reproduced. In particular, the observed 6t/t ~ 0.1 trend suggests that
the later flares (larger t) are wider (larger 6t). This requires that the shell width A
broadens with time. A natural broadening mechanism is shell spreading (Eq.[6.7]).
After a shell enters the spreading regime, the width of the shell is proportional
to the radius, so that resultant X-ray flare width can be wide if the collision ra-
dius is large. Without placing the blast wave constraint, one indeed expects many
“fat” flares, corresponding to very large radius collisions. With the blast wave
constraint, the number of “fat” flares reduces significantly. Figure 37a displays the
model-predicted flare width as a function of their occurrences for a narrow distri-
bution of the initial width A, (between 10'° — 2 x 10'° cm, with the §t/t = 0.1 line
over plotted. The blue pluses are allowed but the red crosses are disallowed. The
result suggests that although the predicted values are around the ¢/t = 0.1 line,
the scatter is broader than what is observed. In particular, many narrow flares are
predicted (those without significant spreading). The lightcurve for this simulation
is presented in Fig.38a, which shows narrow late time flares that are not observed
by the Swift/XRT data. In order to reproduce the observations, one is required to
increase the initial shell width A for late ejection episodes. Figures 37b and 38b
show an example of late injection of “fat” shells. Generally, A, o t.; is needed
to reproduce the observed data. This is consistent with the expectations of some
central engine models. For example, in the fragmented disk model proposed by
Perna et al. (2006)[140], the clumps at larger radii have lower densities and tend
to be more spread out so that the accretion time scale is longer. The ejected shells

correspondingly also have longer durations.
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Figure 35 A bolometric light curve for 50 A shells ejected within the first 100 sec-
onds, followed by 5 B shells after 3000 seconds and 5 C shells after 30,000 seconds
representing a restarting of the central engine. Collision energies are shown by
type; “AA” represents collisions between to A shells, “AB” between an A shell and
a B shell etc.
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Figure 36 BAT (left) and XRT (right) light curves for three typical simulations of 50
A, 5 B shells and 5 C shells of decreasing energy. Long dashed lines are the detector
thresholds and short dashed lines in XRT lightcurves represent the positions of the
flares underneath the afterglow.
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Figure 37 How fat are the flares compared to the time of their occurrence? By
the time most shells have spread, creating a broad flare, these shells have already
collided with the blast wave or are not energetic enough to be seen. Observed
flares are, on average, 1/10 of their occurrence times in width, this line is shown.
Excluded collisions are shown as crosses, allowed collisions are pluses. The top
panel is for shells of the same width, the bottom for shells which are wider for

later ejection episodes.
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Figure 38 Simulations with uniform shell widths (top) produce flares which are
more narrow on average than observed flares. In order to reproduce observed
wide flares, shells must be ejected with widths scaling as their ejection time (bot-
tom panel). Notations are the same as for Fig. 43
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Figure 39 The most likely number of allowed collisions for simulations with 4, 10,
50 and 100 shells. 1000 simulations were run for each.

Conclusion

We have developed a numerical code to model the internal collisions of an un-
steady wind with arbitrary central engine activities. This is an extension of the
internal shock models previously developed to model GRB prompt emission (e.g.
[81]), with a focus on X-ray flares that are commonly observed in GRB X-ray af-
terglows (e.g. [29]). Our motivation is to diagnose the required central engine
activities based on the observational properties of X-ray flares as summarized in

above. The following conclusions can be reached:

e The internal shock model with multiple ejection episodes can generally re-
produce the properties of X-ray flares. Our shell model naturally explains
both prompt emission and X-ray flares, suggesting that they originate from

very similar mechanisms.
e We find that the number of pulses/flares is directly related to the number
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of shells released from the central engine. More shells means more flares.
In general, we find that the number of collisions is slightly smaller than the
number of the shells ejected (e.g. the most probable values are: 5% less for 100
simulated shells, 10% less for 50 simulated shells, 8 collisions for 10 simulated
shells and 1 collision for 4 simulated shells, see Fig.39 for distributions). For
a modal number of observed flares of 1, between 2 and 5 shells need to be

released on average.

The correlation between t.; and tg .,; ensures that the shells that are responsi-
ble for creating flares must be ejected just prior to being seen. This is because
the second term in the right hand side of Eq.(6.8) is typically much shorter
than the first term. This means that not only the central engine activity must
be prolonged, but it must also be episodic. Steady energy injection cannot
produce flare-like features. In other words, early flares are created by shells
ejected early, while late flares by shells ejected late. Since flares are seen as
late as 10° seconds, this means that the central engine can be active for a long
time after the prompt emission. These conclusions are consistent with Zhang

et al. (2006)[194], Liang et al. (2006)[107] and Lazzati & Perna (2007)[97].

The large variance of fluences seen in flares can be explained by the different
energies (£ ~ ymc?) of the ejected shells. The peak luminosity of a flare also
depends on the width of the pulse, which is either related to shell spreading

or intrinsically different durations of shell ejection.

This study seems to rule out uniform (or narrow distribution) thickness shells.
The observed widths of flares cannot be reproduced solely by spreading ef-
fects. One requires that later ejection episodes eject shells with larger widths

to explain the typical flare width of dt./t ~ 1/10. Since most shells collide
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before spreading, typical late collisions would be too narrow if later ejected
shells had the same width as the initial prompt ejection episodes. Sharp flares
where the width is near 1/10 of the emission time of the flare are common,
but “fat” flares are seen occasionally as well. For example, the giant flare of
GRB050502B has a dt./t ~ 1 [29] implying that shells may either have spread
before colliding or may simply have had a large width when ejected. Shells
which have spread significantly before colliding will have energies spread
over a large log-Gaussian shape and may be too dim to reach above the af-

terglow decay.

For goldilocks type shells, flares are seen in the XRT band only. The gamma-
ray component of the X-ray flare (Band-function extension) is below the BAT
detector threshold. Figure 43 shows light curves from a few typical simula-

tions and these features can be seen.

Flares superimposed on other flares are simply shells that collide near the
same time with different widths and fluences. The observed X-ray afterglow
is a superposition of flares due to prolonged central engine activity and a

background afterglow radiation, whose origin is not addressed in our paper.

The decrease in average flare luminosity as a function of time indicates shells
released at later times must create less energetic collisions [98]. In order
to produce the results seen, late released shells must be wider, less dense,
slower or a combination of the above in order to create less energetic colli-

sions seen.

The same shell model can give a prediction on the X-ray afterglow emission

from the blast wave. Due to the continuous piling up of late-ejection shells
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onto the blast wave, the lightcurve can show a shallow decay phase that is
commonly observed. However, if a standard value ¢, = 0.1 is adopted, the
predicted X-ray lightcurve is much brighter than what is seen, by about three
orders of magnitudes. In order to reproduce the observed data, either a much
lower ¢, (as low as 107?) needs to be introduced, or the internal emission that
powers the prompt emission and X-ray flares has to be much more efficient

than internal shock predictions.

Recently there has been interest in optical flares [95][118]. These flares can
be naturally interpreted in our model by invoking collisions between low energy
shells or wide shells. Such collisions could be seen in optical bands but may be
missed in higher energy bands. A direct expectation from this model is that op-
tical flares should on average have lower energies and broader profiles than X-
ray flares. An internal shock origin of optical flares was also proposed by Wei
(2007)[181].

Finally, we want to emphasize that observationally flares have been seen in
both Type I (e.g. GRB 050724) and type II GRBs. This requires that both types
of progenitor have a similar central engine, which can eject an episodic wind to
power late central engine activities which is a requirement of any central engine

models for X-ray flares.
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CHAPTER 8

FLARES IN GRB 090926 A
Introduction

1 GRB 090926A was detected by both the GBM[120] and LAT[7] instruments
on-board the Fermi Gamma- Ray Space Telescope. Swift follow-up observations
began ~ 13 hours after the initial trigger. The optical afterglow was detected for
nearly 23 days post trigger, placing it in the long lived category. The afterglow
is of particular interest due to its brightness at late times, as well as the presence
of optical ares at Ty + 10° s and later, which may indicate late-time central engine
activity. The LAT has detected a total of 16 GRBs; 9 of these bursts, including GRB
090926A, also have been observed by Swift. Of the 9 Swift observed LAT bursts,
6 were detected by UVOT, with 5 of the bursts having bright, long-lived optical
afterglows.

The Fermi Gamma-ray Space Telescope has opened a new era of gamma-ray
burst (GRB) observations. Used in conjunction with Swift[56], GRB afterglows can
be studied across a nearly continuous band from GeV energies to optical wave-
lengths. As of April 1, 2010 the Fermi GBM has triggered on nearly 450 GRBs,
16 of which have also been seen by the LAT. Of the 16 LAT-detected GRBs, one
was simultaneously localized by the Swift Burst Alert Telescope (BAT; [10]), and 8
others had Swift follow-up observations at late times. The Swift X-ray Telescope
(XRT; [23]) detected the X-ray afterglow from 7 of the 9 LAT bursts; 6 of the 7 with
X-ray afterglows detected by the Swift UV /Optical Telescope (UVOT; [155]). All
but one of the UVOT afterglows stand out due to their brightness and length of
detectability.

GRB 090926A is a LAT-detected burst with a bright, long-lived UVOT after-

'The content of this chapter is drawn from Maxham & Zhang (2009)[173]
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glow. In this chapter, the multiwavelength study of GRB 090926A is presented,

examining the X-ray and UV /optical wavelengths as observed by Swift.

Observations and Data Reduction
Fermi Data
At 04:20:26.99 UT on 2009 September 26, the GBM triggered on GRB 090926 A[17].
The GBM light curve, Fig. 1, consisted of a single pulse with T4, of 20 4 2 s (8-1000
keV). The time-averaged, combined GBM/LAT spectrum from Tj to 7y + 20.7 s,
where Tj is the trigger time, is best fit by a Band function[8], with E, = 268 +-4keV,
a = —0.693 £0.009 and § = —2.342 £+ 0.011. The fluence (10 keV - 10 GeV) during
this interval is (2.47 + 0.03) x 10%ergscm 2, bright enough to result in a Fermi re-
pointing. In the first 300 s, LAT observed 150 and 20 photons above 100 MeV and 1
GeV, respectively. Possible extended emission continued out to a few kilo-seconds.
The highest energy photon, 19.6 GeV, was observed 26 s after the trigger. The LAT
light curve, Fig. 40, is fit by a power-law of a = —2.17 £ 0.14. We fit the LAT

spectrum, from 100 - 1000 s, with a power-law of 3 = —1.261)3,.

XRT Data

XRT began observing GRB 090926A ~46.6 ks after the Fermi trigger, in Photon
Counting (PC) mode. The light curve, Fig. 41 (taken from the XRT light curve
repository[38][39]), shows a decaying behavior with some evidence of variability,
and is fit with a single power-law, decaying with « = —1.40 £ 0.05 (90% con-
tidence level). The average spectrum from 46.6 ks - 149 ks is best fit by an ab-
sorbed power-law model with 3 = —1.6703 and an absorption column density

of 1.010% x 10?'cm~2 in excess of the Galactic value of 2.7 x 10*cm~2 (Kalberla et
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Figure 40 Fermi GBM (green) and LAT (blue) lightcurves of GRB 090926A.
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al. 2005). The counts to observed flux conversion factor deduced from this spec-
trum is 3.5 x 10~ ergsem?count *. The average observed (unabsorbed) fluxes are

1.3(1.9) x 10"2ergsem 2571

UVOT Data

UVOT began settled observations of GRB 090926A at T+ ~ 47ks, and the opti-
cal afterglow was immediately detected[67]. The resulting optical afterglow light
curve is shown in Fig. 41. Removing these ares, the underlying optical light curve
is well fit (x2,;, = 0.92/82d.0.f.) by a broken powerlaw. The best fit parameters are:
aopt1 = — L0 threar = 3511 ]920ks, aopra = —1.7710 34, X-shooter, mounted on

the Very Large Telescope UT2, found a spectroscopic redshift of z = 2.1062 [111].

Flaring Activity

The variability in the X-ray is not statistically strong (peaking ~ 2.80 above the
underlying fit) but is temporally coincident with stronger flaring in the UVOT. The
first flare, at ~ 70ks - 95ks, is well defined in the UVOT lightcurve with 6¢/t ~ 0.35,
but is only seen in the X-ray as minor variability, with individual points varying
from the underlying fit. The second are, at 195ks -260ks, is better defined in the X-
ray (though only peaking at ~ 10) but is matched by a similarly shaped, stronger
feature in the UVOT (dt/t ~ 0.28). Due to an observing gap, we may not have
observed the peak of the UVOT feature, but it appears to lag the peak of the X-ray
feature by at least 6ks, which is consistent with lower energy emission from flares

lagging the higher energy [113].
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Discussion and Conclusions

GRB 090926A late time ares X-ray ares at late times have been attributed to two
different sources[185]: central engine powered internal emission, or features of the
external shock. There is evidence suggesting that the GRB prompt emission and X-
ray ares originate from similar physical processes (see [24][194][29][85]), including
alower energy budget and “spiky’ flares more like those actually seen in X-ray light
curves. If the central engine is the source of GRB flares, the X-ray flare spectrum
should be similar to that of the prompt spectrum. In the case of GRB 090926A,
the prompt emission was seen to have a Band function spectrum. Assuming the
optical behaves similarly to the X-ray and that the flares are caused by central
engine activity, we would expect a Band function spectrum during the flares. A
Band function spectrum is not observed during the X-ray variability or optical
flares.

The flares are both well fit by a power-law, with no indication of a break in the
spectrum or sign of spectral evolution in the X-ray. It should be stated, however,
that the statistics of the X-ray light curve are low enough that detecting a Band
spectrum may not be possible, even if it exists. Combining the poor statistics with
the dominate underlying continuum, it is not surprising that a power-law is the
best fit. We also find no evidence of change in the spectral shape after creating a
spectral energy distribution using optical/UV photometry before and during the
tirst flare.

A non Band-like spectrum for the flares does not expressly prohibit central en-
gine activity from being the source of the flares, but it does allow for alternate
explanations. Code for modeling X-ray flares in GRBs developed by Maxham and
Zhang (2009)[114] can produce optical flares through the collision of low energy
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shells or wide shells.

If the two flares are indeed due to internal shocks, then this code can put con-
straints on the time of ejection and maximum energy (Lorentz factor) of the matter
shells that could produce such flares. Since ejection time in the GRB rest frame is
highly correlated to the collision time of shells in the observer frame, this means
that the central engine is active around 70 ks and 197 ks. Using the prompt emis-
sion fluence to constrain the total energy contained in the blastwave, the internal
shock model requires that Lorentz factors of the shells causing flares must be less
than the Lorentz factor of the blastwave when the shells are ejected. Fast moving
shells will simply collide onto the blastwave giving small, undetectable glitches,
whereas slow moving shells will be allowed to collide internally, releasing the en-
ergy required to detect a flare. Specifically, we find maximum Lorentz factors of 8.2
(£523)1/8 and 5.5 (£523)'/8 for the first and second flare, respectively and in terms
of the energy in the prompt emission in units of 10°** ergs and number density of
the ambient medium.

Collisions between these relatively low energy shells are expected to be seen
in lower energy bands such as UVOT. In the synchrotron emission model, E, =
20 228 oc ['/2 for electrons moving with a bulk Lorentz factor I' with typical en-
ergy v.m.c?, since the comoving magnetic field B  L!/2 [197]. This is consistent

with the empirical Yonetoku relation £, o L}/ [187] for prompt GRB emission.

Applying this relation to the two flares, one predicts £, of 0.8 and 0.5 eV for each
flare, respectively. This is consistent with the observation that both flares are more
prominent in the optical band than in the X-ray band. Finding E, using the Am-
ati relation, £, o E;S/OQ [5], gives E, values for both flares around 1 keV, which are

inconsistent with the observation. Unlike for individual burst pulses (whose du-

rations do not vary significantly), which seem to follow an Amati relation [86], the
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Yonetoku relation may be more relevant for flares because it is consistent with the
more generic synchrotron emission physics. Since the duration of a flare depends
on the epoch of the flare (the time it is seen), the Amati relation is not expected to
hold. An E, — E;,, correlation may be obtained if one takes the luminosity relation
(Yonetoku relation) and another relation between the epoch of flare and the flare
luminosity, and calculates E;,, by multiplying mean luminosity by the flare dura-
tion (which scales with the epoch of flare). The slope of the £, — E;,, relation (if
any) would therefore be different from the 1/2 power of the Amati relation.

GRB 090926A was a long burst with more than 20 photons in the GeV range,
that was also easily detected by the Swift XRT and UVOT nearly 13 hrs after the
initial trigger and has late time ares in the UVOT afterglow. The overall brightness
and behavior of the optical afterglow are more reminiscent of afterglows observed
immediately after the trigger, as opposed to observations starting at 47 ks after
the trigger[133][156]. The late time light curve could be due to late time energy
injection, supported by the presence of ares in the lightcurve, or could be a LAT

selection effect.
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CHAPTER 9

GEV EMISSION FROM GAMMA-RAY BURSTS

1 Recent observations of Gamma-Ray Bursts (GRBs) by the Fermi Large Area
Telescope (LAT) revealed a power law decay feature of the high energy emission
(above 100 MeV), which led to the suggestion that it originates from an external
shock. We analyze four GRBs (080916C, 090510, 090902B and 090926A) jointly de-
tected by Fermi LAT and Gamma-ray Burst Monitor (GBM), which have high qual-
ity lightcurves in both instrument energy bands. Using the MeV prompt emission
(GBM) data, we can record the energy output from the central engine as a func-
tion of time. Assuming a constant radiative efficiency, we are able to track energy
accumulation in the external shock using our internal/external shell model code.
By solving for the early evolution of both an adiabatic and a radiative blastwave,
we calculate the high energy emission lightcurve in the LAT band and compare
it with the observed one for each burst. The late time LAT light curves after Ty,
can be well fit by the model. However, due to continuous energy injection into the
blastwave during the prompt emission phase, the early external shock emission
cannot account for the observed GeV flux level. The high energy emission during
the prompt phase (before T}) is most likely a superposition of a gradually enhanc-
ing external shock component and a dominant emission component that is of an

internal origin.

Introduction

The Large Area Telescope (LAT[7]) aboard the Fermi Gamma Ray Space Tele-
scope (Fermi) has recently detected nearly 20 GRBs (e.g. [1][2][3][4], see [192]

Zhang et al. 2011 for a synthetic study). Among them, several bright GRBs (e.g.

'The content of this chapter is drawn from Maxham & Zhang (2011)[115]
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GRBs 080916C, 090510, 090902B and 090926 A) have well sampled long-term LAT-
band lightcurves. In logarithmic space, these GRBs have count rates that rise, peak
and begin decaying before the MeV prompt emission is over, i.e. peaking at a time
smaller than Ty, defined in the Gamma-ray Burst Monitor (GBM[120]) detector en-
ergy band. The post peak lightcurve typically has a decay slope steeper than —1
(e.g. ranging from —1.3 to —2, [61][192]). The simple temporal behavior (a broken
power law lightcurve) of LAT emission led to the suggestion that GRB GeV emis-
sion is of an external forward shock origin[88][89], possibly from a highly radiative
blastwave [61] or a Klein-Nishina cooling dominated adiabatic blastwave [179].

A simple broken power law lightcurve is expected from the blastwave evolu-
tion of an instantaneously injected fireball with fixed explosion energy. Such an
approximation is valid if the analyzed time scale is much longer than Ty, the du-
ration of the prompt gamma-ray emission itself. However, for the early blastwave
evolution, especially during the epoch when the central engine is still active (as is
the case for the LAT GRBs discussed in this paper), one would not expect a simple
lightcurve evolution, since the energy output from the central engine is continu-
ously injected into the blastwave.

The high quality spectral and temporal data of GRBs co-detected by Fermi LAT
and GBM allow us to track the energy output from the central engine as a func-
tion of time. Recently we have developed a shell code to model the internal and
external shock development for arbitrary central engine activities[114]. By pro-
cessing the spectral and temporal evolution data of Fermi GRBs using the method
described in Zhang et al. (2011)[192], we can model the early development of the

external shock based on first hand data.
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Data Analysis

We study four bright LAT GRBs (080916C, 090510, 090902B, and 090926A).
GBM and LAT data reduction was carried out using the data analysis script in-
troduced in Zhang et al. (2011)[192]. This code uses the public Fermi data and
extracts time-resolved spectral information derived from a joint GBM/LAT fit. For
the GBM data, the background spectrum is extracted using the CSPEC data, while
the source spectrum is extracted using the event (TTE) data. The LAT background
is different since only a few photons are detected by LAT for most GRBs, so on-
source region data long after the GBM trigger when the photon counts merge into
a Poisson noise are used to derive the LAT lightcurve background. The GBM and
LAT data are then used to make dynamically time-dependent spectral fits. The
code refines the number of time slices as necessary to preserve adequate statistics
in each bin, and a spectral fit is chosen among a list of spectral models, such as a
single power-law, a power-law with exponential cut-off, a Band function, a black
body or a combination of these. Chi square statistics are performed to determine
which fits are the best, and Ockham’s Razor chooses the simplest spectral model
between two statistically reasonable fits[192].

For the 4 bright GRBs in our sample, we adopt the following models (for de-
tails, see [192]). For GRB 080916C and 090926 A we adopt the Band function model
throughout the burst, with the spectral parameters evolving with time. GRB 090902B
shows a blackbody thermal component plus a non-thermal single power law com-
ponent, and the short burst GRB 090510 is best-fit with a cutoff power law plus
power law component. Similar to Ghisellini et al. (2009)[61], we found that the
long-term LAT light curves decay before the end of Ty, with a slope steeper than
—1.
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External Shock Modeling: The Blastwave Evolution

We model a GRB as an explosion of many matter shells with some mass and
Lorentz factor[150]. As the first matter shell moves outward into the ambient
medium, it slows down when sweeping up this medium [124]. As time goes by,
more and more trailing shells pile up onto the leading decelerating shell[151]. The
equations governing blastwave evolution are solved analytically. The adiabatic
solution was presented as Eq.(14) in Maxham & Zhang (2009)[114]. Since the LAT
lightcurves decay with a slope steeper than —1 (typical value for an adiabatic blast-
wave), e.g. in the range of —1.3 and —2 [192], one possibility is that the blastwave
evolution is completely radiative [61]. By adopting a value of ¢ = 1, one can get a

purely radiative solution for the blastwave, which reads

9(Moyo)* + 12mpMoR*(1 + 7o) + 872 p* R°(1 + )
IM2 + 127 pMoR3(1 + 7o) + 872p2R5(1 + 7o)

v = (9.1)

In the deceleration regime, one has v o« R~%, and F, oc t*=%)/7 for v > max (v, v.)
(which is relevant for LAT band), which is F}, oc t 7% for p = 2.2 (e.g. [161]). This is

consistent with the rapid decay observations.

Energy Injection onto the Blastwave

During the prompt emission phase (i.e. 7' < Ty), the central engine continu-
ously injects energy into the blastwave. So the solution should take into account
the progressively increasing total energy in the blastwave. We apply the shell code
developed and laid forth in Maxham & Zhang (2009)[114] to this problem. The
code, which originally generated randomized matter shells with different mass,
Lorentz factor and ejection time, is here modified to use input values for these

parameters which are taken from the data as follows.
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The most important parameter affecting blastwave evolution is the total injec-
tion energy. In principle the injected energy during each episode is the kinetic
energy of the ejecta after energy dissipation during the prompt emission phase.
Lacking a direct measure of this energy, we hereby assume that the emitted y-ray
energy is a good proxy of the kinetic energy, so that £, = {E,. In other words,
we assume a constant radiative efficiency throughout the burst. We take £ = 1 as
the nominal value (i.e. 50% radiative efficiency, which may be achieved for effi-
cient magnetic energy dissipation[201]. In order to fit the data, we also allow £ > 1
for the GRBs, which corresponds to a less efficient dissipation mechanism (e.g. in
internal shocks[137][87][114].

To evaluate y-ray energy E., as a function of time, we divide the lightcurve into
multiple time bins for each burst. For each time bin (with uneven duration denoted
as AT; for i-th bin), we record its average flux F; in the GBM band, along with other
useful information such as spectral parameters and the maximum photon energy.

The total gamma-ray energy released in this time bin (i-th) is therefore

_ 4And] FAT;

E,;
i 1+=2

(9.2)

where 2 is the redshift (see Table 1 for values of each burst), d;, is the luminosity
distance of the source, and the concordance cosmology with 2, = 0.7and €2, = 0.3
is adopted in the calculation.

Adopting E; = ¢(E,,;, we then progressively increase the total energy in the
blastwave L), = £ E;; by adding Ej; in each step. For each time step, we calculate
the lightcurve giving the available £j. This results in a series of lightcurve solu-
tions. The final lightcurve is then derived by jumping to progressively higher level

solutions due to additional energy injections in each time step (see also [114]). This

107



would result in a series of “glitches” in the lightcurves, each representing injection
of energy from i-th shell into the blastwave.

Besides the energy, we also derive the (lower limit) Lorentz factor +; of each
shell. This parameter is important, especially for early shells, since it determines
the deceleration time of a certain shell. This is particularly relevant for the first
shell. The Lorentz factors of later shells are also relevant for two reasons. First,
they can be used to calculate the effective Lorentz factor of a “merged” shell after
adding energy to an existing shell. This is needed to calculate the deceleration
time of the blastwave solutions. Second, since the observed time for a late energy

injection is defined by Maxham & Zhang (2009)[114]

(tcol - tej)

t@,eol = tej + 272 )

(9.3)

where t.; and t.,; are the times of ejection and collision measured in the rest frame
of the central engine. The effect of ¥ becomes progressively less important, since
at large t.;’s, the second term in Eqn.(9.3) becomes negligible so that the observed
collision time is essentially defined by the ejection time. In any case, we derive the
constraints on v for each time bin using the pair opacity argument as described
below.

To derive a constraint on the Lorentz factor, we have collected the spectral pa-
rameters and the observed maximum photon energy Eg max; for each time bin.
One can then derive the maximum photon energy in the cosmological local frame,
ie. Fhaxi = Famaxi(l + z). Requiring the pair production optical depth to be
less than unity for £ = E,.x;, We can write a general constraint in the parameter

space of R and v (where R is the distance of the emission region from the central
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engine[69][200]), i.e.

CBord [ Buwe (2 NP
R > \/—1 — 3 (511ke\/2> (1 T z) ’ O

where o is the Thompson cross section, 3 represents the slope of the power law

component for GRBs 090902B and 090510 and the Band function high energy spec-
tral parameter for GRBs 080916C and 090926A, and fj (in units of ergs - cm™2 - s71)
can be written as fy = A - AT [%] " exp(f — «)(100 keV)~® for the Band
function model, and f;, = K - AT(100 keV)~? for the simple power law model,
where A and K are normalization factors (both normalized to 100 keV). The ap-
proximation C(3) ~ (7/6)(—3)%3/(1 — ) [172] is adopted to perform the calcu-
lation. In order to further constrain 7, one needs to make an assumption about
R. Without other independent constraints, we apply the conventional assump-
tion of internal shocks, so that R(y) = yzclé—jz, where 6t is the observed mini-
mum variability time scale. Combining Eq.(9.4), the lower limit for v is derived
for each time bin of each burst (see also [109][1][2]). In our calculation, we gen-
erally adopt ; as the derived lower limit. This is because the derived Lorentz
factors of other GRBs using the afterglow deceleration constraint[108] or photo-

sphere constraint[139] are all below or consistent with these lower limits derived

from the opacity constraints[1][2][3][4].

Model Results

Feeding this data into our shell model code, letting each shell be ejected with
energy Ej; and Lorentz factor v; at time equal to that of the beginning of the bin
time, we can calculate the early blastwave evolution and LAT band (integrated

over > 100 MeV) lightcurve for the four GRBs.
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To match the observed steep decay (with slope ~ —1.5), we adopt a radiative
tireball solution or an adiabatic fireball solution with steep electron energy index.
Even though each solution (for a fixed kinetic energy) has a steep decay slope, the
overall lightcurve shows a shallower decay due to piling up of successive shells
ejected later, with glitches introduced by jumping among the solutions. As an
example, the radiative model lightcurve of GRB 080916C as compared with obser-
vation is presented in Fig.1. The top panel shows the long term evolution, while
the bottom panel is the zoomed-in early afterglow lightcurve. The dotted lines de-
note the blastwave solutions with progressively increasing total energy. The lowest
one corresponds to the first time bin, the second lowest corresponds to adding the
energy of the second time bin, etc.

Since the lightcurve is chopped into discrete time bins, the blastwave energy is
added in discrete steps. This introduces some artificial glitches in the lightcurve.
Such an approximation is more realistic for GRBs with distinct emission episodes.
For GRB 080916C, the lightcurve is more appropriately approximated as a contin-
uous wind with variable luminosity. The artificial glitches should appear to be
more smeared. For this reason, we have smoothed the glitches to make more nat-
ural transitions between solutions. The model afterglow parameters (the fraction
of electron energy e, the fraction of magnetic energy ez, and the number density
n) are presented in Table 1. These are in general consistent with the parameter
constraints derived by Kumar & Barniol Duran (2009, 2010[88][89]).

In general, the model lightcurve of GRB 080916C cannot fit the early LAT data.
Making the model suitable to fit the late-time steep decay, the early model lightcurve
level is too low to account for the observed data. Alternatively, one can make the
early model lightcurve match the observed flux level. Then inevitably the late

time afterglow level exceeds the observed level significantly due to the continu-
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ous energy injection. We believe that if the LAT band emission after Ty, originates
from the external shock, then the LAT emission during the prompt emission phase
cannot be solely interpreted by the external shock model. The external shock con-
tribution is relatively small, especially during early epochs when energy in the
blastwave is small. As a result, the GeV emission during the prompt phase must
be of an internal origin. This is consistent with the fact that the entire GBM/LAT
emission during the prompt phase can be well fit by a single Band-function spec-
tral model in all the time bins[1][192].

We have also modeled GRBs 090510, 090902B and 090926 A. The model parame-
ters (for both radiative and adiabatic solutions) are listed in Table 1, and the results
for radiative solution are shown in Fig.43. In all cases, the slope and flux level
of the data are matched in the latter part of the curve only. During the prompt
emission phase, the data points rise above the flux prediction of the external shock
model, suggesting that GeV emission is a superposition of external and internal
components during the prompt emission phase (1" < Tj;). This conclusion is valid
for both the adiabatic and radiative solutions. The difference between the two is
that the adiabatic model invokes a shallower p but a larger ¢ (and hence a larger

energy budget) to fit the same data.

Conclusion and Discussion

Using the first-hand Fermi data, we have tracked the energy output from the
central engine and modeled the early blastwave evolution of four bright LAT GRBs.
The predicted > 100 MeV lightcurve is found unable to account for the observed
LAT emission during the prompt emission phase. The main reason is that during
the phase when the central engine is still active, the forward shock is continuously

refreshed by late energy injection, so that the afterglow decays much slower than
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Table 4 Parameters used for the four sample bursts. '[176] 2[148] 3[32] 4[111]

080916C | adiabatic | radiative
D 2.5 2.1
£ 5 10
€e 0.3 0.3
€B 0.01 0.01
n 1 1
z 4.351
090510 | adiabatic | radiative
D 24 2.1
¢ 2 3
€e 0.5 0.5
€B 0.01 0.01
n 0.1 0.1
z 0.9032
090902B | adiabatic | radiative
D 24 2.1
¢ 1 1
€e 0.2 0.15
€B 0.001 0.01
n 0.001 0.01
z 1.8223
090926A | adiabatic | radiative
D 24 22
19 3 3
€e 0.3 0.3
€B 0.01 0.01
n 0.1 0.1
z 2.1062*
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Figure 42 The predicted external shock > 100 MeV lightcurve of GRB 080916C for a
radiative blastwave solution (yellow line) as compared with the data (blue points).
Successive lightcurves that correspond to different total blastwave kinetic energy
are shown as dashed lines. The top panel shows the global lightcurve, while the
bottom panel shows a zoom view where the flux deficit at early times can be clearly
seen.

the case predicted by an instantaneously ejected constant energy fireball. This sug-
gests that at least during the prompt emission phase, the LAT band emission is not
of external forward shock origin. This is in contrast to the suggestion of Ghisellini
et al. (2009)[61] and Kumar & Barniol Duran (2009)[88], who did not consider the
energy accumulation during the prompt emission phase and interpreted the en-
tire GeV emission as of the external shock origin of an instantaneously ejected fire-
ball. Feng & Dai (2010)[45] considered this energy accumulation process, but made
the assumption that the central engine ejects shells with progressively increasing
Lorentz factors. This model can reproduce a steep rising lightcurve before the af-
terglow peak time, but would still have difficulty accounting for the observed sim-
ple power law decay after the peak, since the energy injection process discussed
in this paper still plays an important role before the end of GBM-band prompt
emission.

Our conclusion is based on the assumption that GRB radiative efficiency is es-
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Figure 43 Model predictions of > 100 MeV lightcurve (for a radiative blastwave so-
lution) vs. observed data for GRBs 090510, 090902B, and 090926 A. The conventions
are similar to Fig.1, but without successive solutions specifically plotted.
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sentially a constant throughout the burst. In order to interpret the entire afterglow
as due to the external forward shock origin, one needs to “artificially” assume
that the GRB efficiency increases with time, so that the late time central engine
activity, even though producing bright y-ray emission, adds little kinetic energy
into the blastwave. Another possibility would be to assume that the initial energy
of the blastwave does not produce MeV gamma-rays, and this dark component
contributes to the majority of the afterglow energy. We believe that both such as-
sumptions are unnatural and contrived.

Our conclusion is consistent with some independent arguments. From data
analysis, Zhang et al. (2011)[192] showed that during the prompt emission phase
the GeV emission has rapid variability and traces the MeV emission well?. For GRB
080916C, the entire GBM/LAT emission can be modeled by a single Band function
component in all the time bins (see also [1]). For GRB 090902B, even though GeV
emission belongs to a distinct spectral component, its flux seems to track the flux
of the MeV component nicely, suggesting a connection in the physical origin (see
Pe’er et al. 2011 for modeling). A more definite argument in favor of an inter-
nal origin of GeV emission in GRB 080916C is that the GeV lightcurve peak coin-
cides the second peak in the GBM lightcurve, suggesting that GeV emission is the
spectral extension of MeV emission to higher energies[192]. Also individual case
studies of GRB 090902B [139][110]and GRB 090510[70] all suggest that the external
shock model cannot interpret the prompt GeV data. In general, our modeling sug-
gests that it is possible to use the external shock model to interpret GeV emission
after the prompt emission phase, but not during the prompt emission phase (see

also [89]).

2Gao et al. (2009)[54] also used the variability argument to argue against the external shock
origin of the prompt GeV emission.
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Since the observed GeV lightcurve is consistent with a simple power law decay
after the peak time, one requires a coincidence in the current picture so that the
external shock emission lightcurve appears as a natural extension of the early GeV
lightcurve that is of an internal origin. We note, however, that the external shock
energy parameter ({) and other parameters (e.g. €., €5) adopted in our calculations
are all within the reasonable range, suggesting that the calculated external shock
GeV emission can be indeed at the expected level. Parameter space explorations
suggest that there is a good range of parameters that can reasonably reproduce
the late lightcurve, without needing to fine-tune the parameters. Furthermore,
according to our data analysis, the derived GeV lightcurves are not strict power
laws. Some possible features (e.g. wiggles in GRB 080916C and GRB 090902B and
a flattening feature in GRB 090510 and GRB 090926A) that may be related to the
merging of the external shock component are observed. The coincidence problem
is therefore not as severe as it appears.

On the other hand, the model that interprets the prompt GeV emission as due to
an external shock origin also demands a coincidence in the spectral domain, so that
the internal and the external shock components would conspire to mimic a single
Band function in GRB 080916C[88]. Since the Band function perseveres in the time-
resolved spectra of several time bins[1][192], that model demands coincidence in
all the time bins. This coincidence problem may be more demanding than the
model discussed in this paper.

Our conclusion also has implications for understanding GRB prompt emission
physics, in particular, the composition of the GRB outflow. The internal origin of
the GeV emission in GRB 080916C makes it essentially impossible to interpret the
entire Band spectrum with the photosphere model (e.g. [11][96]). The lack of pho-

tosphere emission then demands a Poynting-flux-dominated outflow at least for
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this burst[200][44]. This argument, along with other evidence uncovered in other
GRBs (e.g. [131]), calls for new models of GRB prompt emission in the Poynting
flux dominated regime (e.g. [201]).
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