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Abstract

This thesis addresses one of the most significant challenges in modern astronomy:

the detection of the first stars in the Universe. These stars, known as Population

III (Pop III) stars, are expected to have formed and died within a few hundred

million years of the Big Bang. The core theme of this thesis is the detection of the

ancient light from the explosions of these stars at the end of their lives. Gamma-

Ray Bursts (GRBs) are the brightest explosions associated with single stars; they are

the brightest electromagnetic transients observed in the Universe, outshining entire

galaxies, and have been seen from the deaths of stars over 12.5 billion years ago.

The research focusses on the multiwavelength (X-ray to radio wave) GRB afterglows,

from which properties of the stars and their environments can be derived and which

would provide the only means of determining Pop III origin. Initially using a simple

model, it is shown in Chapter 2 that next generation infrared space telescopes will

be able to detect Pop III GRB afterglows. Emissions in the optical spectrum will

be absorbed by neutral hydrogen in the early Universe. Following this proof of

concept, a significant part of the research aims at developing a much more realistic

GRB afterglow model (Chapter 3). This is capable of exploring the full range of

physically plausible parameters, and of accounting for the geometry of the afterglow

emitting area and its orientation with respect to the observer. This model is used

in Chapter 4 to perform a detailed study of the observational characteristics of

Pop III GRB afterglows, using six current and upcoming ground and space based

telescopes. These cover the electromagnetic spectrum from X-rays to radio waves

except for ultra violet and optical wavelengths, where neutral hydrogen will absorb

the emission from Pop III GRB afterglows. Different scenarios for the masses and

formation rates of Pop III stars are explored, showing that more optimistic scenarios

- very massive Pop III stars with high formation rates - are unrealistic as they lead to

an over-abundance of visible orphan afterglows at radio wavelengths. The optimal

telescope for detecting Pop III GRB afterglows is ASKAP, as it observes a large field

of view with good sensitivity at frequencies where afterglow brightness varies slowly.

The optimal telescope for determining Pop III origin of GRB afterglows, and for

using those afterglow observations to study Pop III stars and their environments, is

JWST. Ultimately, no telescope by itself can realistically provide the data to study

Pop III stars via their GRBs. It is a task that will require co-ordination between
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Chapter 1

Introduction

1.1 Gamma-Ray Bursts

The discovery of Gamma-Ray Bursts (GRBs) was first reported in 1973 from data ac-

quired by the Vela spacecraft (Klebesadel et al., 1973). Between July 1969 and July

1972, Vela 5A, 5B, 6A and 6B detected 16 instances of high γ-ray flux (∼ 10−4erg

cm−2) that originated neither with the Earth nor the Sun. A direct relationship

with supernovae (SNe) was not found in the initial discovery, despite close analy-

sis of data gathered around the times of reported SNe, though such a relation was

expressly not excluded.

Hypothetical GRB emission mechanisms proposed over subsequent years dis-

favoured the connection with SNe. While bursts of γ and X-rays from supernovae

were predicted by Colgate (1968), they were only expected to last ∼ 10−5 s, and

have harder spectra than were seen in the Vela GRBs.

Following the first detections a connection was proposed between GRBs and solar

flare activity, which was known to release bursts of X-rays. Bursts of higher energy

γ-rays might, therefore, be associated with giant flares in nearby stars. Estimates

of the energy from a stellar flare required to produce a GRB ranged from 103 - 109

times that of a normal solar flare, for stars up to 100 pc away. Given the observed

decreasing event rate for solar flares with increasing energy, the event rate of such

γ-ray producing superflares could be as low as one every 10,000 years. At the time,

this expected occurrence rate did not disagree with the ∼ 5 bursts yr−1 seen by the

Vela satellites (Stecker and Frost, 1973; Hudson and Tsikoudi, 1973; Brecher and

Morrison, 1974).

Other early models invoked compact stellar objects (white dwarfs (WDs), neu-

tron stars (NSs), solar mass black holes (BHs)) in order to satisfy the small physical

size of the GRB sources implied by their flux variability on millisecond timescales.

Some models proposed a GRB might be produced by a brief period of rapid ac-

cretion onto a compact object, where the rate of accretion converts gravitational

energy to thermal energy with a blackbody peak in γ-ray frequencies. Other scenar-
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2 CHAPTER 1. INTRODUCTION

ios proposed the rapid accretion originated with a comet breaking up after passing

too close to a NS or WD (Harwit and Salpeter, 1973; Guseinov and Vanek, 1974),

or where the compact object’s binary companion undergoes a brief period of intense

mass loss (Lamb et al., 1973; Vidal and Wickramasinghe, 1974). It was also sug-

gested that GRBs could be explained by thermonuclear burning of matter accreted

onto a WD (SN Ia, Hoyle and Clayton (1974)) or NS (Woosley and Taam, 1976).

Alternatively it was considered that the peculiar structure of a NSs could lead

to a burst of γ-rays in the absence of accretion. Here the γ-rays would be produced

by the acceleration of plasma in the NS atmosphere, driven by a sudden change in

the star’s magnetosphere caused by a ‘quake’ or ‘glitch’ in the star (Pacini, 1974;

Tsygan, 1975; Fabian et al., 1976). This quake, in turn, would be caused by melting

of the NS crystalline core, a process which releases heat and causes the core to

expand. Since the crystalline crust cannot expand, radial stresses build up in the

NS, and are released by the quake (Bruk and Kugel, 1976).

Additional mechanisms for BH accretion besides simple thermal radiation of

gravitational energy were also proposed. Piran and Shaham (1977) calculated that

inverse Compton scattering in the ergosphere of an accreting, fast rotating BH could

produce a burst of γ-rays. Wheeler (1977) considered the accreting BH in an X-ray

binary might emit γ-rays in a flare-like release of magnetic energy generated in the

accretion disc.

Amongst early explanations for the GRB mechanism emerged some more extraor-

dinary explanations. These included the break-up of a highly relativistic (Lorentz

factor Γ ∼ 103), 1 mm wide iron grain at 100 astronomical units (A.U.) from Earth,

which supposedly could scatter solar photons to γ-rays in a fluorescence process

(Grindlay and Fazio, 1974). There was also the escape of ‘nuclear goblins’ from

their parent stars. These 10 m-wide, 1022 g balls of nuclear material formed in stel-

lar cores become unstable and explode without the external pressure support of a

star, releasing ∼ 1040 erg of energy and γ-rays peaked at 780 keV (Zwicky, 1974).

Additionally, GRBs were hypothesised to result from matter-antimatter annihila-

tions following a collision of a 1015 g body of antimatter with a star (Sofia and van

Horn, 1974).

The isotropic spatial distribution of GRBs observed by the Vela satellites and

subsequent missions suggested that the sources were either very close (. 1 kpc)

or at cosmological distances. The latter case requires much higher energies and

relativistic outflows, so lower energy local sources were preferred for a long time

(Strong and Klebesadel, 1974; Schmidt, 1978; White et al., 1978; Puget, 1981). As

a result, models for a local origin of GRBs persisted, being recycled and refined in

the absence of observation challenging the assumption of local sources.

Contrary opinions were few, though Anzer and Börner (1975) managed to point

out the flaws in many of the local source models, most significantly that the lo-
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cal origin conclusion itself was statistically insignificant. They also highlighted that

timescales of angular momentum transfer in binary system accretion is incompatible

with burst durations. Stellar superflares, meanwhile, ought to have radio, optical,

and UV emissions associated with the GRB, which at that time were not seen.

Lastly the existence of relativistic (Γ ∼ 103) dust grains should be accompanied

by more relativistic (Γ ∼ 1012) protons, contradicting cosmic-ray observations. In-

stead of these mechanisms, Anzer and Börner (1975) proposed that the source of

GRBs could be a beam of relativistic electrons originating in the central regions of

a star penetrating its outer layers, and producing collimated γ-ray emission. This

hypothesis gained very little attention, because the study could not explain how a

relativistic outflow could be produced.

Despite this, there were similarities between the Anzer and Börner (1975) hy-

pothesis and the mechanism thought to underlie radio flares in X-ray binaries and

active galactic nuclei (AGN), as explained by Pacini and Salvati (1974). A rotating,

accreting compact object could be a source injecting relativistic particles carrying a

magnetic field into a cloud, which begins expanding. The injected particles would

have a power-law energy distribution, and the cloud would emit synchrotron radi-

ation. In this model, that accounts for the observed radio flares, there is an initial

phase of near constant energy injection followed by a period of decreasing input, and

the early phase should produce a burst of high energy photons. Such outbursts had

been seen in X-ray binary Cyg X-3 and radio galaxy 3C 120. If the source radius is

less than a few light-seconds, inverse Compton scattering in the early phase could

produce a GRB. Had Anzer and Börner (1975) made this connection, it is possible

their hypothesis would have gained greater acceptance.

Theories of local sources for GRBs persisted until 1986, when Paczynski argued

that the observed distribution of GRB brightness implied an uneven source distri-

bution in Euclidean space. The number (N) of GRBs detected as a function of their

brightness (S) followed a power law with an index of −1.5 (log N = −1.5 log S).

This, coupled with the isotropic distribution of source direction, meant that either

the sources had to be extremely close (within the Oort cloud) or at cosmological

distances. Such distances required the sources had SN type energy (1051 erg), which

ought to drive relativistic outflows, but a complete description of the mechanism re-

mained unclear. Regardless of the mechanism, GRBs were confirmed as cosmological

objects using data from the Burst And Transient Source Experiment (BATSE) on

the Compton Gamma-Ray Observatory (Paczynski, 1991; Meegan et al., 1992; Pi-

ran, 1992). The BATSE GRB flux distributions implied a mean redshift of z ∼ 1.

The discovery of X-ray and optical afterglows of GRB 970228 by BeppoSAX (Wijers

et al., 1997) revealed the possibility of directly measuring GRB redshifts from their

afterglows. Between 1997 and the launch of the Swift GRB satellite, afterglow ob-

servations of GRBs detected by BATSE, INTEGRAL (INTErnational Gamma-Ray
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Astrophysics Laboratory), and HETE-2 (High Energy Transient Explorer) revealed

a mean GRB redshift of z̄ ∼ 1.3 (Friedman and Bloom, 2005). Starting in 2005, the

more sensitive Swift satellite detected fainter and more distant GRBs, pushing the

distribution of sources to even greater cosmological distances z̄ ∼ 2.7 (Jakobsson

et al., 2006; Le and Dermer, 2007).

1.1.1 Cosmological GRB Prompt Emission Mechanism

The main obstacle for developing a model for cosmological GRBs was the energy

budget and the necessary small size of the source: how does a source< 1010 cm across

emit 1051 erg s−1? It was proposed that if the γ-rays came from a relativistic outflow

that was also highly collimated, the energy required would be far less. One possible

origin was a compact object binary system (NS-NS or NS-BH) (Eichler et al., 1989;

Livio, 1990; Piran, 1992). In such a system, the orbits of the two compact bodies

would decay over time, as they lost energy due to gravity wave emission. When

the two objects eventually coalesce, the disruption of the NS(s) would lead to the

formation of an accretion disc, with up to 1054 erg of gravitational energy available.

Even an inefficient conversion of this energy to γ-rays could provide the observed

∼ 1051 erg, especially if the emission was strongly beamed (Paczynski, 1991).

In this scenario, some of the energy in the accretion disc could be converted into

the creation of neutrinos. Neutrino-antineutrino (νν̄) annihilation would then lead

to the production of an expanding relativistic outflow of electron-positron pairs: a

plasma fireball. This fireball may be constrained by the distribution of ejected and

accreting matter. High density along the orbital plane results in the majority of

the νν̄ annihilations to occur in the lower density regions near the orbital axis, and

constrains the resultant fireball to expand poloidally (Meszaros and Rees, 1992a,b;

Woosley, 1993b; Rezzolla et al., 2011).

Alternatively, a collimated relativistic plasma outflow can be produced during

the core-collapse of a massive star (Woosley, 1993b). Such a progenitor was sup-

ported by the discovery of a Type Ic supernova (SN 1998bw) coincident with GRB

980425 (Galama et al., 1998; Woosley et al., 1999). While the central regions of

the star (He core) collapse to a BH straight away, outer layers take time to accrete.

Angular momentum slows the accretion of equatorial matter, while matter at high

latitudes falls in much faster. This evacuates the polar regions of matter, allowing

the νν̄ annihilations to produce a collimated plasma outflow. On the other hand,

the angular momentum and gravitational energy of the accretion disc that forms

around the nascent BH may be electromagnetically converted to a highly collimated

plasma outflow by the Blandford-Znajek (Blandford and Znajek, 1977) mechanism

(Woosley, 1993a). This mechanism neatly provides the source of the relativistic

electron beam, originating at the centre of a star and penetrating through its outer

layers, producing collimated γ-ray emission as proposed by Anzer and Börner (1975).



1.1. GAMMA-RAY BURSTS 5

When the fireball interacts with the stationary interstellar medium (ISM) sur-

rounding the source, its energy can be dissipated in a matter of seconds in the

shock region that forms, where the acceleration of the charged particles leads to

synchrotron radiation (Rees and Meszaros, 1992).

The fireball can lose energy internally before reaching the external medium if

the outflow rate is variable. Internal shocks form when faster-moving flows overtake

slower ones. As in the external shocks, kinetic energy of the outflows is dissipated

in conversion to γ-rays in synchrotron and Compton processes (Rees and Meszaros,

1994; Sari and Piran, 1997). Alternatively, γ-rays could be released by the decay of

pions created in proton-proton collisions in the shock regions (Paczynski and Xu,

1994). However, this mechanism is only able to convert ∼ 1% of the energy of

particles in the shock to γ-rays, whereas the synchrotron-Compton processes could

convert up to 20% (Rees and Meszaros, 1994).

Variations in the outflow rate may be caused by matter ejected from NS dis-

ruption forming a clumpy debris field, which would accrete at an unsteady rate

(Rees and Meszaros, 1994; Rezzolla et al., 2011). The Blandford-Znajek mechanism

can also produce an unsteady outflow. In the region where BH frame-dragging has

wrapped up the accretion disc’s magnetic field to a high degree, the acceleration

of a stray charged particle produces a photon. Because of the enhanced magnetic

field, the photon immediately finds itself crossing magnetic field lines and producing

an electron/positron (e−/e+) pair. These particles are also accelerated by the field

which produces more photons, which produce more e−/e+ pairs, in turn producing

more photons, until pairs are created at sufficient altitudes above the BH event

horizon that they get accelerated along the magnetic field and form a collimated

jet. The cascading nature of the reaction will quickly ramp up the number of par-

ticles being accelerated by the magnetic field, which is going to slow the rotation of

the accretion disc and relax the magnetic field. As a result, the cascading reaction

(rate of pair production) and acceleration of jet particles will reduce, allowing the

accretion disc to spin up again, re-tightening the magnetic field and increasing the

outflow again.

The internal shock model has some advantages over the external shock model.

Primarily, the internal shock model requires a less relativistic outflow, with mean

bulk Lorentz factor of ∼ 100 as opposed to ∼ 1,000 (Rees and Meszaros, 1994;

Sari and Piran, 1997). In order to produce a GRB, the Lorentz factor need only

be high enough that the internal shocks occur where the outflow is optically thin

to Thompson scattering, where the density of the expanding fireball has decreased

to a certain point. Otherwise, the γ-rays produced in the shock energy dissipation

region are reabsorbed by the outflow, leading to a secondary adiabatically expanding

region which emits a thermalised radiation spectrum. Assuming the rate of energy

injection varies by a factor of two from the mean, both Paczynski and Xu (1994)
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and Rees and Meszaros (1994) found a minimum Γ ∼ 80 (mean energy injection

rate 1053 erg s−1 and variability timescale of 1s).

The distance at which a shock occurs is dependent on how quickly the jet energy

injection rate varies. Greater variability leads to shocks at lower distances, where

if the optical depth is high enough the resultant photons will be reabsorbed and

thermalised. In shocks occurring where the optical depth is low, shock heating

imparts random motions to the electrons which results in a power-law distribution

of Lorentz factors (Sari and Piran, 1997). Such a process could explain the origin of

the two-component synchrotron spectrum proposed by Brainerd and Lamb (1987)

to fit the observed GRB spectra, which had a thermal component and a power-law

tail whose origin they could not quite explain.

The tight collimation of the relativistic jet reduce the total energy requirement

by a factor of order Γ2, but also increases the intrinsic event rate. With Γ & 100,

the 104 increase in burst frequency over the observed rate cannot be explained by a

scenario of compact binary mergers alone, but can be achieved by the rate of core

collapse of massive stars (Paczynski and Xu, 1994).

The role of compact binary mergers as a subclass of GRB progenitors (as pro-

posed by Eichler et al. (1989)) was revived with the apparent bimodal distribution in

durations of GRBs. BATSE data showed GRBs could be divided into two categories

based on their duration: short (< 2 s) or long (> 2 s). Above, the internal shock

mechanism for GRBs is described in simplified form as a single shock, when one

layer overtakes another. Realistically, where the outflow rate is constantly varying,

multiple shocks will form throughout the radial length of the outflow, ∆. The total

observed duration of the γ-ray emission tdur = ∆/c. Since the outflow is highly

relativistic, its radial length ∆ = βcteng u cteng, where teng is the time the outflow-

launching central engine runs, and therefore tdur u teng (Sari and Piran, 1997; Perna

and Belczynski, 2002). The bimodal distribution in GRB durations points to two

different central engines operating on different timescales.

1.1.2 Short GRBs

Strengthening the case for two separate sub-populations of GRBs, short GRBs were

seen less often (0.2 day−1) than long GRBs (0.8 day−1) and with harder γ-ray

spectra. There was no difference in peak brightness of the two GRB types, showing

that short GRBs were also less energetic than long GRBs (Kouveliotou et al., 1993).

The inability of the expected rate of compact binary mergers to account for the

total intrinsic rate of GRBs (Paczynski and Xu, 1994) suggests that compact object

mergers are responsible for the less frequent, short, hard, less energetic subset of

GRBs.

In the case of two NSs, the mass of the coalesced object will be greater than the

NS mass limit, so it will quickly collapse to a BH. Just prior to coalescence, tidal
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forces will disrupt the NS(s), producing a debris field of NS material to form an

accretion torus around the BH. General relativistic simulations show that after the

coalescence, the BH will have a Kerr parameter of ∼ 0.7 - 0.8, while the mass of the

accretion torus Mtor . 0.4 M�. Further simulations show the accretion rate of the

torus quickly settles to Ṁ ∼ M� s−1, hence the time for accretion onto the BH, the

central engine for the GRB, is teng . 2 s (Rezzolla et al., 2011).

A significant fraction (25%) of short GRBs are found well outside (& 15 kpc) of

a host galaxy. In the compact binary merger scenario, this is consistent with the

expected kick velocities imparted to a system during the SNe that produce the NSs

or NS-BH pair. In the time taken for the merger to occur, the kick velocity can take

the system several kpc out of the host galaxy. The separation is also consistent with

the scenario where the two compact objects form a binary dynamically in a globular

cluster orbiting the host galaxy (Bloom et al., 1999; Berger, 2010).

1.1.3 Long GRBs

When the core collapse of a massive (∼ 30 M�) star with sufficient angular momen-

tum (several ×1016 cm2 s−1) produces a central BH, the remaining stellar material

surrounding the BH forms an accretion disc. If the angular momentum is too low,

an accretion disc fails to form and stellar material collapses directly onto the BH. If

it is too high, the accretion disc forms too far out from the BH event horizon and

the accretion rate is too low to produce a sufficiently relativistic (Γ ∼ 100) outflow

to produce a GRB (MacFadyen and Woosley, 1999). When the angular momen-

tum is able to produce a GRB the accretion rate will be of the order 10−1 M� s−1,

which provides an isotropic equivalent luminosity Liso ∼ 5× 1052 erg s−1 (Woosley,

1993b). At this rate the accretion driving the relativistic outflow should last tens

to hundreds of seconds, matching the observed duration of long GRBs.

The higher observed rate of long GRBs can easily be explained by the expected

rate of core collapse massive stars (Paczynski and Xu, 1994), even with tight beam-

ing reducing the number of observed GRBs. The connection is strengthened by

the observed association of long GRBs with dense, dusty, star forming regions of

galaxies, and occasional association with observed core collapse SNe (Perna and

Belczynski, 2002). The massive stars that produce core collapse GRBs have short

lives, meaning these GRBs occur close to the place and the time where the star

formed.

The association of long GRBs with star-forming regions makes them ideal probes

of star formation history across vast cosmological distances. For this reason this

thesis is focussed on long GRBs from Pop III stars.



8 CHAPTER 1. INTRODUCTION

1.1.4 GRB Afterglows

The internal shocks which produce GRB emissions are considered at most 20%

efficient at converting energy of the outflow to γ-rays. When the particle outflow

reaches the ISM, the outflow still has more than 80% of the energy with which it

was launched. In the external shocks which form in the ISM, synchrotron-Compton

radiation produces a spectrum from X-ray to radio wavelengths. This is termed

the GRB afterglow. Depending on the duration of the GRB central engine and the

density profile of the surrounding medium, the afterglow from external shocks can

begin while the GRB from internal shocks is still ongoing.

When the outflow interacts with the ISM, two shocks are formed. One propagates

into the ISM in the direction of the outflow (the forward shock), the other propagates

into the outflow in the opposite direction (the reverse shock). In physical terms, the

shocks are the result of velocity differences, so the forward shock in the ISM will

continue until the outflow velocity closely matches the local ISM velocity, while

the reverse shock will last until the whole outflow is moving contiguously. This is

achieved either when the internal shocks producing the GRB are concluded - and

there are no more velocity variations to drive any internal shocks - or when the

outflow has swept-up a sufficient fraction (1/Γ) of its rest-mass from the ISM to

begin decelerating, whichever takes longer.

As the outflow decelerates and its bulk Lorentz factor decreases, the characteris-

tic Lorentz factor of the electrons injected into the synchrotron-radiating shock γm

also decreases. As a result, the peak frequency of the afterglow spectrum decreases

over time. Typically an afterglow will peak in X-rays for the first few hours to

days, transitioning through optical frequencies for the next few days to weeks, then

eventually transitioning to peak in radio wavelengths.

The flux density at the peak frequency Fν remains approximately constant as the

peak frequency falls, as long as the forward shock remains collimated to the original

opening angle of the outflow. This is due to the effects of relativistic beaming on the

shock emission, which enhances the apparent brightness of the relativistic emitter,

but only for observers within an angle 1/Γ of the emitter’s direction of motion. As

Γ drops, the decrease in beaming factor is offset by the widening of beaming angles,

allowing the observer to see more of the shock region. Once the beaming angle is

greater than the initial opening angle of the outflow (jet, θj), there is no more of the

shock region for the observer to see, so the decreasing beaming factor is no longer

offset by an increasing visible emission area.

The outflow jet is able to remain collimated while 1/Γ < θj because this condition

prevents a causal connection between the centre of the jet and its outer edge. All

parts of the shock behave as if they were part of a complete spherical shell. When

Γ < 1/θj, perturbation waves can propagate from the centre to the edge of the

shock region, which begins to expand laterally. The expansion and the drop in
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beaming factor cause the peak flux density to decrease as Fν ∝ 1/t. This causes

a characteristic, simultaneous break in the afterglow lightcurve at all frequencies,

called the jet break. After the jet break the afterglow becomes visible to observers

outside of θj, who would not have seen either earlier parts of the afterglow or the

initial GRB due to relativistic beaming, hence afterglows that become visible after

the jet break are referred to as orphan afterglows.

The key parameters that affect the brightness of an afterglow are the total energy

of the outflow and the density of the surrounding medium. The energy is referred to

in terms of its isotropic equivalent Eiso, the apparent energy extrapolated assuming

fully spherical emission. Here θj plays a role, as a certain amount of energy funnelled

into a smaller angle yields a higher apparent energy and Eiso. The density of the

ISM determines how quickly the outflow decelerates and loses its energy. For the

same Eiso, higher densities cause faster deceleration and stronger shocks, resulting

in afterglows that are initially brighter and fade faster than low densities. For the

same ISM density, a more energetic outflow will drive a longer-lived afterglow.

The other (microphysical) parameters affecting the afterglow are the fraction of

total outflow energy contained in the magnetic field, εB, the fraction of energy in

the random thermal motions of the electrons, εe, and the index of the power-law

distribution of the electron Lorentz factors, p.

The afterglows are a powerful tool for probing GRBs and their progenitors. The

afterglows allow much better localisation of the GRB than the initial γ-ray emission.

This is because the γ-ray instruments on GRB satellites tend to cover a large FOV

to enhance detection rates, at the cost of angular resolution. The ability of the

Burst Alert Telescope (BAT) on Swift, for instance, to localise a GRB is about a

few arcminutes. This is not sufficient to identify the GRB’s host galaxy.

Observations of afterglows allow the redshift of GRBs to be measured, and were

instrumental in confirming their cosmological origin (Jakobsson et al., 2006; Le and

Dermer, 2007). Accurate redshift measurements, which are not possible from ob-

servations of the GRB prompt emission, allow for accurate measurements of the

intrinsic isotropic-equivalent γ-ray energy Eγ,iso. Furthermore, since the afterglow

is driven by the kinetic energy of the outflow, observations reveal the total Eiso and

the γ-ray conversion efficiency of internal shocks in the GRB. Observation of the jet

break reveals the opening angle θj, which combined with measurements of Eiso shows

the total output energy of the central engine. Observations at multiple frequencies

can reveal the electron Lorentz factor index, p, which can be used to determine the

spectral slope above the characteristic electron injection frequency.

The first localisation of long GRBs started with GRB 970228. Afterglow local-

isations identified not only which galaxies were host to long GRBs, but also that

they were associated with regions of galaxies with dust extinction and strong UV

emissions. Both are indicative of star forming regions, and ruled out a connection



10 CHAPTER 1. INTRODUCTION

with compact object mergers (Bloom et al., 2002). Additionally, afterglow spectra

showed strong Fe lines suggestive of dense matter, strengthening the connection with

star forming regions. Lastly, optical afterglow observations showed SN-like bumps,

associating long GRBs with the core collapse of massive stars (Perna and Belczynski,

2002).

Observations of three short GRB afterglows in 2005 (GRB 050509B, GRB 050709,

and GRB 050724) revealed no SN connection, lower Eiso and circumburst density

than long GRBs, and showed no connection to massive stars. Short GRB afterglow

observations revealed a significant fraction with high offsets from host galaxies, con-

sistent with the formation scenarios of compact object binaries and mergers (Bloom

et al., 1999; Berger, 2010).

Compared with long GRBs, the afterglows of short GRBs are detected far less

frequently. Lower detection rates indicate lower luminosity as a result of less energy

and lower density environments. Further, the formation of a short GRB (compact

object mergers, see Section 1.1.2) is separated from the original stars which spawned

the compact remnants, both spatially and temporally. Short GRBs reveal little to

nothing of star formation. This thesis aims to determine the observational charac-

teristics of Pop III GRBs for the purpose of using those observations to infer details

of Pop III star formation. GRBs formed through compact object mergers will not

be considered further in this thesis.

1.2 Population III stars

1.2.1 Stellar Classifications

Baade (1944) described observations of the Andromeda and companion nebulae

M 32 and NGC 205 in which for the first time resolution of the individual stars

was achieved. Prior observations had shown only unresolved nebulae, implying

much fainter stars than in the local group. The imaging techniques, using red-

sensitive photographic glass plates and narrow-band red filters, overcame the limited

collection area and sensitivity due to the stars’ colour indices, indicative of old early

(K-type; orange, surface temperature Ts ∼ 4, 500 K) stars. The abundance of such

stars, and the lack of late O (blue-white, Ts > 3× 104 K) and B (Ts > 104 K) stars

was consistent with globular clusters but completely at odds with stars in the local

group. This led to the conclusion that galaxies/clusters consist of two distinct types

of stars in varying proportions: type I being the stars of the local neighbourhood

consisting of many young, bright, blue stars; type II being stars in globular clusters,

the Sculptor and Fornax systems, and the Andromeda triplet, consisting mainly of

old red stars.

It was straightforward to assume that the difference between these types of stars

might be because they formed at different times. The presence of short lived blue
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stars indicates recent or still-ongoing star formation (group has type I or Population

I stars), while a smaller fraction indicates star formation ended long ago (group has

type II or Population II stars).

Later spectroscopic analysis of stellar groups indicated that the two populations

were also separated by elemental abundance, with Pop I stars having at least 3 times

the metal content of Pop II stars (Schwarzschild and Spitzer, 1953). The metallicity

and age differences together imply that Pop I stars form in an environment enriched

in heavy elements by preceding Pop II stars.

More recent observations have revealed large scale structures (galaxies, quasars)

existing in the Universe when it was less than 1 billion years old. The most distant

object observed to date is galaxy EGSY8p7, with a spectroscopically determined

redshift of 8.683+0.001
−0.004 (Roberts-Borsani et al., 2015; Zitrin et al., 2015), correspond-

ing to a time when the Universe was only ∼ 600 Myr old. Photometry of this galaxy

indicated strong OIII emission, while Big bang nucleosynthesis is expected to pro-

duce mainly hydrogen and helium, with trace amounts of lithium, beryllium, and

boron. Strong oxygen emission at such an early age implies large amounts of stellar

nucleosynthesis enriching the intergalactic medium (IGM). This, and the observed

metallicity of Pop II stars (typically & 10−4 times solar metallicity (Z�)), indicates

a third population of stars existing when the Universe was only a few hundred Myr

old, which were responsible for quickly enriching the Universe from its primordial

metallicity to the elemental abundance seen in early galaxies, quasars, and Pop II

stars (Wagner, 1978).

Unambiguous observation of stars with near-primordial elemental abundances

are yet to be made. The luminous Lyman-α emitter CR7 has been proposed as a

possible cluster in transition between Pop III and Pop II stars (Sobral et al., 2015),

however the observed spectrum of this object is more easily explained by primordial

gas collapsing directly to a black hole (Pallottini et al., 2015). The expectation that

these stars existed, and the lack of observational evidence, was evidence that forming

low-mass (< 0.8 M�) stars with less than 10−3 Z� was unlikely (Bond, 1981). This

expectation is consistent with the lack of observations of low mass first-generation

stars.

1.2.2 Initial Matter Contraction and Primordial Protostar

Formation

More detailed modelling of star-forming processes in the early Universe would sup-

port this initial view, implying that Pop III stars should be much more massive

than stars in the local Universe. In standard dark-energy dominated, Cold Dark

Matter (ΛCDM) cosmology, structure forms hierarchically from minor fluctuations

in the dark matter density field (seen in the cosmic microwave background) to the

large filamentary structure connecting galaxy clusters in the present-day Universe.
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The first structures form out of over-dense fluctuations in the cosmic dark matter

density field. As the Universe expands, a region with higher than average density

expands at a slower than average rate due to gravity, separating the region from the

Hubble flow (Couchman and Rees, 1986; Tegmark et al., 1997; Abel et al., 1998).

In a Universe consisting only of dark matter, the expansion of an over-dense region

would slow to a stop, then collapse to form a virialised dark matter halo at a redshift

determined by the initial overdensity.

The presence of baryonic matter complicates the process, introducing gas dynam-

ics and thermal pressure to counteract collapse. The fate of a clump that becomes

isolated depends on its mass and the ability for the baryons within it to lose energy.

A clump will only collapse, and potentially form Pop III stars, if its mass is greater

than the Jeans mass and the cooling timescale for its baryons is less than the age

of the Universe when it becomes isolated. The Jeans mass increases with the age

of the Universe, i.e. as redshift decreases. From redshifts z ∼ 100 - 20, the mass of

density peaks able to collapse increases from 104 - 107 M� (Tegmark et al., 1997).

Most theoretical and simulation studies conclude that the first structures that could

collapse and form Pop III stars come out of 3σ - 4σ overdense fluctuations in the

Gaussian dark matter density field at redshifts between z ∼ 15-30 (Couchman and

Rees, 1986; Tegmark et al., 1997; Ripamonti et al., 2002). An exceptionally rare

8.3σ density fluctuation could lead to the formation of the first star at z ∼ 65 (Naoz

et al., 2006).

When such clumps begin contracting, the baryons trapped within the contraction

are brought to the virial temperature (Couchman and Rees, 1986), which at redshifts

20 - 100 is of the order of a few thousand K. If the cooling time for the newly-formed

gas cloud is less than the age of the Universe at that time, cooling will lead to loss

of thermal pressure support and push the cloud into free-fall collapse. Otherwise it

will remain static until some lower redshift (Tegmark et al., 1997).

The ability of the gas to cool is dependent on its chemical composition. From

big bang nucleosynthesis the composition is mostly hydrogen, with mass fractions of
4He and heavier elements no higher than 0.3 and 4.3×10−7, respectively (Wagoner,

1973). Atomic line transitions of H and He are ineffective cooling mechanisms at

temperatures T < 104 K, so at these temperatures and with effectively no other ele-

ments, cooling is dominated by H2 rotational and vibrational transitions. However,

the H2 abundance prior to collapse is ∼ 10−6, which is insufficient to cool a typical

cloud within the Hubble time (Tegmark et al., 1997; Abel et al., 1998; Ripamonti

et al., 2002). The cloud must convert H to H2 to a number fraction of fH2 ∼ 5×10−4

in order to collapse (Tegmark et al., 1997; Abel et al., 1998; Ripamonti et al., 2002;

Yoshida et al., 2008).

There are two H2 producing reactions that operate on timescales less than the

Hubble time. The dissociative attachment reaction, H− + H→ H2 + e−, dominates



1.2. POPULATION III STARS 13

over the charge exchange reaction, H+ + H → H+
2 + hν followed by either H+

2 + H

→ H2 + H+ or photodissociation. At temperatures of a few thousand K, collisional

H2 dissociation is negligible, and clouds with such virial temperatures can typically

produce fH2 ∼ 10−3 during collapse (Tegmark et al., 1997; Abel et al., 1998).

The typical mass of a collapsing primordial Pop III star-forming cloud is 105−106

M� (Couchman and Rees, 1986; Tegmark et al., 1997; Omukai and Nishi, 1998;

Abel et al., 1998; Ripamonti et al., 2002; Ripamonti and Abel, 2004; Yoshida et al.,

2008). Without pressure support, non-spherical perturbations transform the initially

spherical cloud into a disk or pancake like structure. Such a configuration is unstable,

so as contraction continues via H2 cooling, it fragments into filamentary clouds whose

mass is set by the Jeans mass for H2 cooling at 102− 103 M� (Tegmark et al., 1997;

Omukai and Nishi, 1998; Omukai et al., 1998; Ripamonti et al., 2002; Ripamonti

and Abel, 2004).

The H2 molecules dissipate the cloud’s energy through rotational and vibrational

transitions, which are achieved through collisions with other atoms and molecules.

As H2 molecules do not have a dipole moment, only quadrupole radiative transitions

corresponding to even-numbered changes in energy states are permitted. The J = 2

to J = 0 transition is the most likely and hence the dominant radiative transition.

Because the build up to the J = 2 rotational state is driven by collision, the

cooling efficiency of the H2 is governed by the density, n, of the gas cloud. At low

density, collisions leading to the J = 2 state are followed almost immediately by

radiative transition back to the J = 0 ground state, and the cooling rate is ∝ n2. At

high density, collisions are frequent enough that a molecule in the J = 2 state may

transfer energy to another gas particle through collision before having a chance to

radiate, resulting in no net energy loss for the cloud. In this regime, cooling is ∝ n.

The critical density marking the transition between the two regimes is temper-

ature dependent, in the range n ∼ 103 − 104 cm−3 for T ∼ 102 − 103 K. A cloud

will contract quickly to this density, with cooling becoming increasingly effective,

but avoids fragmenting as any density fluctuations are too small to survive (Ripa-

monti and Abel, 2004). Upon reaching n ∼ 104 cm−3, the cloud will enter state

of quasi-static contraction (Tegmark et al., 1997; Omukai and Nishi, 1998; Omukai

et al., 1998; Ripamonti et al., 2002). During this slow contraction, any remaining

fluctuations are smoothed out. Matter continues to accrete onto the quasi-static

core, eventually causing the free-fall time to exceed the cooling time once the criti-

cal Bonnor-Ebert mass is accumulated. This ends the quasi-static contraction and

the cloud goes into dynamical collapse (Omukai and Nishi, 1998; Omukai et al.,

1998; Ripamonti et al., 2002; Ripamonti and Abel, 2004).

The collapse pushes density to n ∼ 108 cm−3, at which point 3-body processes

for converting H to H2 to become efficient. The production of H2 releases energy,

heating the gas, which is offset by the sudden rise in fH2 which leads to even faster
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cooling, and creates turbulence which prevents the growth of fluctuations which

could fragment the cloud (Omukai and Nishi, 1998; Ripamonti et al., 2002; Ripa-

monti and Abel, 2004; Yoshida et al., 2008). The cloud remains intact as it contracts

further, leading to the formation of a central 1 M� cloud of mostly H2, with density

n ∼ 1011 cm−3 and T ∼ 900 K, that is optically thick to rotational and vibrational

H2 transitions. Radiative cooling in the core thus saturates, and the temperature

rises slowly. Once the temperature rises above T ∼ 1600 K, collisional H2 disso-

ciation overtakes 3-body H2 production. This acts as a net coolant of the core,

reduces fH2 (and consequently the optical depth for H2 transitions), and allows the

resumption of radiative cooling (Omukai and Nishi, 1998; Ripamonti et al., 2002).

At the same time (or soon after), the density in the core reaches 1013 cm−3, bring-

ing particle collision rates to the point where Collisionally Induced Emission (CIE)

becomes an effective coolant (Omukai and Nishi, 1998; Ripamonti and Abel, 2004;

Yoshida et al., 2008).

In CIE, when a H2 molecule collides with another particle (H2, H, He) they

behave as a single body with a dipole moment, briefly allowing the H2 molecule(s)

to lose energy in an otherwise forbidden dipole radiative transition. The window for

this transition is the collision time ∆t ∼ 10−12 s, which broadens the CIE radiative

lines into a continuum (Omukai and Nishi, 1998; Ripamonti and Abel, 2004). CIE

cooling prevents collisional H2 dissociation until the density of the core reaches

n ∼ 1016 cm−3 and T ∼ 2000 K, at which point the optical depth renders CIE

cooling ineffective (Omukai and Nishi, 1998; Ripamonti et al., 2002; Ripamonti and

Abel, 2004).

H2 dissociation increases again, acting as a coolant in opposition to compressional

heating which would otherwise stall the collapse. Once most of the H2 is dissociated,

all avenues of cooling are exhausted, leading to a rapid increase in temperature and

pressure that finally halts the collapse. This marks the formation of a hydrostatic

core of mass M ∼ 5 × 10−3 M�, density n ∼ 1022 cm−3, and temperature T > 104

K (Stahler et al., 1986; Omukai and Nishi, 1998; Yoshida et al., 2008).

1.2.3 Protostellar Growth and Main Sequence Pop III Stars

The remainder of the cloud fragment accretes onto the protostellar core. Because

the initial cloud temperatures are much higher at redshifts 20 - 100 than they are in

the present-day Universe, the accretion rates tend to be much higher, with derived

values from 4.4×10−3 to 0.14 M� yr−1 (Stahler et al., 1986; Omukai and Nishi, 1998;

Ripamonti et al., 2002; Yoshida et al., 2008).

The protostellar radius grows through this accretion, while its surface temper-

ature decreases. The accretion rate slows over time ((Omukai and Nishi, 1998;

Ohkubo et al., 2009) and references therein), until eventually the accretion timescale

M/Ṁ is greater than the timescale for Kelvin-Helmholtz contraction, when the pro-
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tostellar radius begins to decrease. This raises internal temperatures, eventually

igniting hydrogen burning via pp-chain reactions. The energy released by these re-

actions is insufficient to stop the contraction, so core temperatures and pressures

continue to rise. Once core temperature Tc > 108 K, 3α reactions begin producing

carbon. When a carbon mass fraction X(C) ∼ 10−10 is achieved, catalytic carbon-

nitrogen-oxygen (CNO) cycles become the dominant reactions for hydrogen burning.

These reactions release enough energy to stop the contraction, and the star settles

on to the main sequence (Ohkubo et al., 2009; Ekström et al., 2008).

It is possible, but unlikely, that the process of accreting at such a high rate may

cause the protostar to fragment into a multiple stellar system (Yoshida et al., 2008).

The single star grows rapidly until either all the mass of the pre-stellar cloud is

accreted or until radiation pressure and rotation stop the accretion at a mass of a

few hundred M� (Ripamonti et al., 2002; Yoshida et al., 2008).

An important consequence of forming such massive stars is an abundance of UV

photons. A primordial cloud exposed to such radiation becomes partially ionised,

and the increased e− content catalyses the production of H2 to a higher proportion,

via the reactions H + e− → H− + hν followed by H− + H → H2 + e− (Bromm

et al., 2009). This allows the filamentary fragmenting cloud to cool to lower temper-

atures, reducing the mass of the final cloud fragments from 102 − 103 M� to a few

tens of M� and also reducing the rate of accretion onto the protostellar core, thus

leading to the production of a greater number of lower mass stars (Yoshida et al.,

2008; Ohkubo et al., 2009; Glover, 2013). Such stars, chemically identical to earlier

Pop III stars (Pop III.1) but less massive as a consequence of forming in their radi-

ation field, are called Pop III.2 stars. A similar segregation in Pop III masses was

found by Nakamura and Umemura (2001), with increased cooling efficiency causing

increased fragmentation, however the origin of this accelerated cooling was higher

initial density of the fragmenting filament. Their simulations showed the efficiency

of H2 cooling suddenly increased when initial fragment densities exceeded 105 cm−3,

leading to a sharply divided distribution of clump masses resulting in a bimodal Pop

III initial mass function (IMF).

1.2.4 Death of Pop III Stars

Modelling Pop III stellar evolution both on and off the main sequence is highly

complex, requiring sophisticated numerical techniques. Simulations incorporating

the effects of rotation and magnetic fields reveal many possible end states of Pop

III stars. Non-rotating Pop III stars which have a mass when they reach the main

sequence (zero-age main sequence mass MZAMS) of ∼ 10 - 60 M� tend to become

blue supergiants (BSGs), while more massive stars become red supergiants (RSGs).

Rotation has a number of effects on stellar evolution. It delays the onset of

CNO reactions in the core, delaying the time at which the star joins the main
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sequence. Centrifugal force acts in addition to gas and radiation pressures against

gravity, making the star slightly larger and lowering the surface temperature, causing

the star to behave as if it had less mass. Rotationally induced mixing replenishes

hydrogen in the core, prolonging the star’s time on the main sequence. Later, during

He burning off the main sequence, mixing brings carbon into the H-burning shell,

igniting CNO cycles that increase the shell’s energy output, expanding the star’s

envelope. Overall, rotation causes more lower mass Pop III stars to become RSGs

(Ekström et al., 2008).

The effect of magnetic fields as well as sufficiently high rotation can lead to Pop

III stars undergoing a special kind of evolution called chemically homogeneous evo-

lution (CHE). CHE occurs when there is sufficient convective mixing between layers

of the star that chemical stratification is avoided. Both the fuel for nuclear reactions

and their products are cycled throughout the star, so that rather than forming a

central He core surrounded by a H burning shell, surrounded by an extended H

envelope, the whole star becomes a massive compact He star by the end of the main

sequence (Yoon et al., 2012).

Detailed simulations of the evolution of Pop III stars by Yoon et al. (2012) have

revealed several possible scenarios for how Pop III final evolution, depending on their

initial mass and rotation velocity. The first is ordinary core collapse supernovae,

which occur for Pop III stars with MZAMS ∼ 8 - 25 M� and insufficient rotation to

undergo CHE.

In more massive Pop III stars that do not undergo CHE, the core densities and

temperatures at the end of He burning lead to the creation of electron/positron

pairs. This pair creation converts much of the core’s thermal energy into rest mass

of these particles, which provide very little pressure support. The core collapses,

increasing density and temperature until igniting nuclear oxygen to silicon burning.

Where the mass of the He core is less than 40 M� the energy released by this

reaction ejects a fraction of the stellar envelope in a weak supernova event. The

remainder of the star settles onto a core of silicon to iron burning, until the Fe core

develops photodissociation instability, and the star collapses to a black hole (Heger

and Woosley, 2002).

When the He core mass is 40 - 64 M�, the onset of the O to Si reaction following a

pair instability collapse partially disrupts the star, causing an ejection of a significant

fraction of the envelope in a bright supernova. The remnant undergoes a slow

Kelvin-Helmholtz contraction until the core again experiences a pair instability,

with a resultant supernova mass ejection. This can happen a few times, hence this

outcome is called a pulsational pair-instability supernova (Puls.-PISN). In Puls.-

PISN, the first pulse is the brightest and is followed by a few thousand years of

contraction before subsequent pulses. These are about 10% as bright as the first

pulse, and separated by only a few years (Heger and Woosley, 2002).
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In stars with more massive He cores (64 - 133 M�), the initial collapse triggered

by pair production drives densities so high so rapidly that the rate of O to Si burning

releases enough energy to completely disrupt the star in a single PISN. Where the

He core is even more massive than 133 M�, gravity drives a collapse onto the pair

instability that can only be slowed, not reversed, by the O to Si reactions. The star

collapses promptly and forms a massive (∼ 100 M�) black hole (Heger and Woosley,

2002).

In Heger and Woosley (2002)’s non-rotating models, the main sequence stellar

masses that would lead to these PISN were 100 - 140 M� (He core 40 - 64 M�; Puls.-

PISN) and 140 - 260 M� (He core 64 - 133 M�; PISN), with the acknowledgement

that rotation would change the evolution and the mass of He cores resulting from

stars with a certain total mass. Yoon et al. (2012)’s simulations incorporating both

rotation and magnetic fields found the MZAMS ranges leading to PISN-producing He

cores reduced to ∼ 55 - 85 M� (Puls.-PISN) and ∼ 85 - 195 M� (PISN) for Pop III

stars undergoing CHE. For non-CHE Pop III stars, the MZAMS range resulting in

Puls.-PISN was ∼ 65 - 90 M� for fast rotation and ∼ 80 - 120 M� for non-rotation,

and the MZAMS range for PISN was ∼ 90 - 180 M� for fast rotation and ∼ 120 - 240

M� for non-rotation.

Where a Pop III star is not massive enough to completely disrupt itself in a

PISN, the black hole formed from the collapsed core can accrete matter from the

stellar envelope. If the angular momentum of the envelope at the time of core

collapse is high enough, the resultant angular momentum of the accretion disc can

be transferred into relativistic polar outflows via the Blandford-Znajek mechanism

(Blandford and Znajek, 1977). Such outflows are often seen in other black hole

accretion scenarios, such as X-ray binaries and active galactic nuclei. If the outflow

is both sufficiently powerful and long lasting, it can penetrate through the still-

collapsing stellar envelope and produce a Gamma-Ray Burst (see Section 1.1 for

further details on GRB mechanisms).

The requirements of high angular momentum to power the outflow and an ac-

cretion time that lasts at least until the outflow penetrates the outer layers favour

fast-rotating stars without extended envelopes. Stars that become BSGs with high

rotation fit this description, while those that become RSGs are considered to have

too much of a diffuse outer layer for the outflow to penetrate before accretion ends

(Suwa and Ioka, 2011; Nakauchi et al., 2012). A possible exception to this is when a

Pop III star is so massive (> 900 M�) that the envelope accretes onto the collapsed

black hole core for so long that the outflow can break through (Mészáros and Rees,

2010; Suwa and Ioka, 2011; Nagakura et al., 2012). Such a scenario requires that a

Pop III star of such mass avoids prompt collapse to a black hole, i.e. only the core

collapses to a black hole. The modelling of Yoon et al. (2012) argues against this,

showing that Pop III stars undergoing CHE can produce GRBs, as CHE requires
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high rotation and results in a compact He star with no extended H envelope.

The MZAMS range for Pop III stars to produce GRBs was found by Yoon et al.

(2012) to be ∼ 13 - 84 M�. This mass range is consistent with the masses of Pop

III stars simulated by Nakauchi et al. (2012), which were shown to produce GRBs

upon core collapse.

1.2.5 Initial Mass Function (IMF)

As mentioned above in Section 1.2.3, there may be two sub-populations of Pop III

stars with quite different typical masses (see page 15). Determining the Pop III

IMF from first principles is very difficult, and so is fitting the radiation output and

elemental yields expected of an IMF to the reionisation rate and chemical enrichment

of the IGM. Most authors studying the creation of Pop III stars only go as far as

predicting the characteristic masses of the stars, typically of order a few hundred

M� for Pop III.1, and between 1 M� and a few tens of M� for Pop III.2 (Nakamura

and Umemura, 2001; Ripamonti et al., 2002; Yoshida et al., 2008; Glover, 2013).

Because the initial mass function of Pop III stars is still an open question, I shall

summarise some of the best estimates.

The most favoured Pop III IMFs are modified Salpeter power-laws, where the

number of stars of an initial mass, N(m), is proportional to m−α where α ∼ 2.35,

above some low mass cutoff.

In order to match the IGM metallicity seen in Ly-α forests, Nakamura and

Umemura (2001) proposed that the Pop III IMF was bimodal. The proposed IMF

consisted of two Salpeter-like power laws with low-mass cutoffs of 1 and 100 M�,

and slope parameters α between 1.35 and 3. Interpreting this as a superposition

of IMFs of the two sub-populations, the Pop III.1 IMF is a Salpeter-like power law

above a low mass cutoff of 100 M�, and the Pop III.2 IMF is also a Salpeter-like

power law above a low mass cutoff of 1 M�.

Scannapieco et al. (2003) followed the assumption that Pop III mass would be

determined by accretion rate and efficiency, and therefore the Pop III IMF would be

Gaussian with mean mass in the range 200 - 500 M�. Lower mean mass would lead

to detectable Pop III stars in the local Universe, while a higher mean would result

in too many massive stars undergoing direct collapse to black hole. This would

lock up too great a fraction of the products of stellar nucleosynthesis in black holes.

Without metals enriching the Universe, the formation of massive Pop III stars which

collapse into black holes would continue, and the evolution to Pop II and Pop I star

formation would be suppressed.

However, a Gaussian IMF with a mean greater than 100 M� results in Pop

III objects (clusters) visible at all redshifts z & 5, in conflict with observations.

Further, the high proportion of PISN from such an IMF would lead to elemental

abundances that are not seen. This very top-heavy Gaussian IMF is not supported
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by observations, while a Salpeter IMF explains why Pop III detections are elusive

at z > 5, and has a smaller yield of PISN elemental abundances.

With no assumption of formation processes and only fitting to observations,

Schneider et al. (2006) suggest that the only plausible Pop III IMF is the local

Salpeter IMF with a higher characteristic mass of 10 M�. Such a characteristic

mass matched a power-law index of −2.35 restricted to the mass range 1 - 100 M�,

as used in Kulkarni et al. (2013) in calculating the Pop III star formation rate (SFR).

Similarly, Tumlinson (2006) compared the ability of various lognormal IMFs for Pop

III stars to reproduce the metallicities of Galactic halo Pop II stars, finding that

IMFs with a mean mass in the range 8 - 42 M� performed best. By ignoring certain

aspects of Pop III formation, these assume a single IMF for all Pop III stars, rather

than separate IMF for Pop III.1 and III.2 stars.

Ohkubo et al. (2009) claimed that the apparent lack of PISN abundance patterns,

in the IGM or in old Pop II stars, indicates that the Pop III.1 IMF might have a

low mass cutoff of ∼ 300 M�, while the Pop III.2 stellar mass fraction should peak

around 40 - 60 M�.

In summary the Pop III IMF is still uncertain; the conservative view that emerges

is one of separate sub-populations, each with an IMF described by a power-law with

a similar slope to that of the local IMF, and different lower mass limits. For the very

first Pop III.1 stars, the lower mass limit needs to be of the order a few hundred M�,

and/or the formation rate needs to be very low, in order to avoid an over abundance

of PISN elemental yields. For Pop III.2 stellar formation, the lower mass limit needs

to be & 0.8 M�, because Pop III stars are not observed, and because metal-free stars

of lower mass are predicted to be unstable (Bond, 1981).

1.2.6 Star Formation Rate (SFR)

The expected formation rate of Pop III stars is an open question. Like the IMF,

the two approaches to understand the SFR are the analytical/numerical techniques

to derive solutions based on first principles, and the method of fitting observed

ionisation and chemical enrichment evolution. Because the rates of ionisation and

chemical enrichment are dependent on the IMF, there is degeneracy when fitting

the SFR and IMF to observations. Below I summarise some of the estimates of Pop

III star formation rates.

The strongest constraints on the SFR are the earliest redshift at which a Pop

III star can form (z ∼ 65, Naoz et al. (2006)) and the lowest redshift below which

the Pop III stars would be directly detectable. As telescope technology improves,

and observations push toward higher redshift and greater completeness at lower

redshifts, the lower z limit on the Pop III SFR increases.

Other constraints come from Pop III stars themselves, which are largely self-

inhibiting. Except for those massive enough to experience complete direct collapse
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to a black hole, the death of Pop III stars enriches its local medium such that

subsequent star formation will be of the Pop II variety. A single massive (∼ 200 M�

PISN can release enough metals with enough dispersion to prevent further Pop III

formation in a 108 M� host halo, while less massive PISN can enrich halos of 106

M� ((Trenti and Stiavelli, 2009) and references therein).

Generally a single phase of Pop III formation is expected for a given halo, with

the resultant enrichment prohibiting further episodes of Pop III formation. Outflows

from Pop III clusters can easily raise the mean Universal metallicity above the

critical value for transition to Pop II formation, Zcrit ∼ 10−4 Z�. However, Pop III

formation should continue, as the distribution of the enrichment should be clumpy,

leaving regions of pristine gas (Scannapieco et al., 2003; Tornatore et al., 2007; Trenti

and Stiavelli, 2009; Johnson et al., 2013). The lowest limit on Pop III star formation

has been proposed by Tornatore et al. (2007), wherein a formation history of Pop

III stars results in chemical enrichment expanding radially outwards from the site of

first Pop III formation, such that the outermost reaches of a collapsed object remain

pristine and, potentially, Pop III forming at z ∼ 2.5.

In summary, theoretical Pop III SFRs typically approach zero at redshifts z . 5

and z & 60, with peak values of 10−5 - 10−4 M� Mpc−3 yr−1 between z ∼ 6 -

20 (Scannapieco et al., 2003; Tumlinson, 2006; Tornatore et al., 2007; Trenti and

Stiavelli, 2009; Maio et al., 2010; de Souza et al., 2011; Wise et al., 2012; Johnson

et al., 2013; Kulkarni et al., 2013), in agreement with estimates of the most likely

redshifts for Pop III-producing halos to collapse (see Section 1.2.2, page 11).



Chapter 2

The potential for detecting GRB

afterglows from Population III

stars with next-generation

infrared telescopes

The conventional approach for investigating the detectability of GRB afterglows

for a certain instrument is to integrate the afterglow luminosity function from the

sensitivity limit to infinity. Such an approach is useful to determine the proportion

of afterglows of typical GRBs that might be seen. However, in the case of as-yet

unseen Pop III GRBs, many assumptions need to be made to model a luminosity

function.

In this work, a different approach is taken for modelling Pop III GRB afterglows,

using a simple analytic afterglow model (Toma et al., 2011). The afterglow temporal

variability is used to determine the length of time that they would be detectable.

In addition to determining whether or not Pop III GRB afterglows could reach

detectable flux densities, this novel method ignores whether or not the prompt GRB

emission is detected, and allows for the detection of orphan afterglows. Multiplying

the length of time an afterglow is visible by the intrinsic rate of bursts yields the

afterglow detection probability, represented by the average number of detectable

afterglows on the sky.

The parameters Eiso and z used in this model are derived from theoretical Pop

III IMF and SFR, respectively. These derivations assume that the energy available

to a core-collapse GRB is proportional to the mass of the accretion disc around the

nascent BH, which is proportional to the star’s total mass; that Pop III stars suffer

little mass loss; and that Pop III stars die relatively shortly after they form. The

other, microphysical parameters are kept at fiducial values.

This investigation encompasses a broad range of Pop III GRB Eiso and z param-

eter space. The afterglow durations for each parameter combination are multiplied

21
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by the rate at which GRBs with those parameter combinations should occur. Such

an approach is feasible while there are only two free parameters.

A further simplification in this study is the expansion rate of the collimated jet

after the jet break (i.e. after Γ < 1/θj). Here it is assumed that the jet expands

so rapidly that the afterglow emission becomes isotropic almost immediately after

jet break. If the afterglow flux density is above the strong detection threshold

after the jet break, then the afterglow is detectable as an orphan, regardless of the

jet’s orientation with respect to the observer. Realistically the time at which the

afterglow emission in the observer’s direction becomes significant depends on the

angle between the jet direction and the observer’s line of sight. The assumption

of immediate isotropic emission after jet break increases the detectable duration of

orphan afterglows and leads to increased values for the detection probability results.

From the expected redshifts of Pop III stars, neutral hydrogen absorption pre-

vents observations in optical filters. This pushes the detection of Pop III GRB

afterglows to infrared (IR) telescopes. IR capable telescopes are rare, and especially

so at the time of this thesis. Ground-based telescopes are limited by atmospheric

absorption to probe the near-IR windows corresponding to the J, H, and K-band

filters, and typically have quite poor sensitivity at those wavelengths. Adequate

sensitivity requires space-based telescopes, the most recent of these being the Wide-

field Infrared Survey Explorer (WISE), Spitzer InfraRed Array Camera (IRAC) and

AKARI Infra-Red Camera (IRC). We exclude WISE due to inadequate sensitivity

(Wright et al., 2010). AKARI was decommissioned in November 20111, and Spitzer

has exhausted its coolant and is reduced to only its two shortest wavelength observ-

ing channels2. The spectral range of interest will not be covered again with sufficient

sensitivity until the launch of the James Webb Space Telescope (JWST) and SPace

Infrared telescope for Cosmology and Astrophysics (SPICA) in 2018. These are the

instruments considered in this study of high redshift GRB afterglows, to be relevant

for future observations.

The following is a reformatted and abridged version of the paper resulting from

this investigation, published in The Astrophysical Journal in November 20133, co-

authored with help from PhD supervisors David Coward and Marjan Zadnik. The

abstract and elements of introduction have been removed to avoid repetition, but

otherwise the text and figures are reproduced verbatim.

1ISAS Topics 2011, http://www.isas.jaxa.jp/e/topics/2011/1124_akari.shtml
2Clavin 2009, JPL, http://www.spitzer.caltech.edu/news/436-ssc2009-12-NASA-s-

Spitzer-Begins-Warm-Mission
3Macpherson, D., D.M. Coward, and M. Zadnik (2013, November). The potential for detecting

GRB afterglows from Population III stars with next-generation infrared telescopes. Astro-
physical Journal 779, 73.
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ABSTRACT

We investigate the detectability of a proposed population of gamma-ray bursts (GRBs) from the collapse of
Population III (Pop III) stars. The James Webb Space Telescope (JWST) and Space Infrared Telescope for Cosmology
and Astrophysics (SPICA) will be able to observe the late time infrared afterglows. We have developed a new method
to calculate their detectability, which takes into account the fundamental initial mass function and formation rates
of Pop III stars, from which we find the temporal variability of the afterglows and ultimately the length of time
JWST and SPICA can detect them. In the range of plausible Pop III GRB parameters, the afterglows are always
detectable by these instruments during the isotropic emission, for a minimum of 55 days and a maximum of 3.7 yr.
The average number of detectable afterglows will be 2.96×10−5 per SPICA field of view (FOV) and 2.78×10−6 per
JWST FOV. These are lower limits, using a pessimistic estimate of Pop III star formation. An optimal observing
strategy with SPICA could identify a candidate orphan afterglow in ∼1.3 yr, with a 90% probability of confirmation
with further detailed observations. A beamed GRB will align with the FOV of the planned GRB detector Energetic
X-ray Imaging Survey Telescope once every 9 yr. Pop III GRBs will be more easily detected by their isotropic
emissions (i.e., orphan afterglows) rather than by their prompt emissions.

Key words: gamma-ray burst: general – stars: Population III

1. INTRODUCTION

Gamma-ray bursts (GRBs) are the brightest observable events
ever discovered and are visible from greater distances than
any other astronomical phenomenon. Several GRBs have been
detected at the end of the Epoch of Reionization, at redshifts
greater than 6 (GRB 050904 at z = 6.3 (Tagliaferri et al. 2005),
GRB 080913 at z = 6.7 (Greiner et al. 2009), GRB 090423 at
z = 8.2 (Tanvir et al. 2009)). The highest redshift previously
measured was z = 9.4 for GRB 090429B (Cucchiara et al.
2011). Until recently, this was the most distant object ever
detected. It was recently surpassed by MACS 1149-JD, a young,
small galaxy at a redshift of 9.6 (Zheng et al. 2012).

The extreme brightness of GRBs makes them ideal probes of
the high redshift universe. As such, it is hoped that GRBs will
provide a window to observe the universe at earlier times than
ever before.

In this paper, we investigate the prospects of detecting the
afterglows of GRBs from the first stars, so-called Population III
(Pop III stars). There has been much theoretical effort on the
formation and fate of Pop III stars, which has largely remained
untested due to the difficulty in observing them.

The prospects of direct detection hinges upon groups of
such stars forming at relatively low redshifts (z ∼ 6), in
improbably pristine isolated halos (Johnson et al. 2012), or
through gravitational lensing amplifying the light of the distant
stars (Zackrisson et al. 2012). The best prospects for detection
are from emissions at the end of the stars’ lives. Theorists have
speculated that, if a Pop III star meets certain evolutionary
constraints, it will end as a GRB brighter and more energetic
than any burst yet detected (Toma et al. 2011; Yoon et al. 2012;
Nagakura et al. 2012; Campisi et al. 2011; Mészáros & Rees
2010; Komissarov & Barkov 2010; Nakauchi et al. 2012). One
of these constraints is a high rotation rate which Pop III stars

4 Australian Research Council Future Fellow.

are thought to have based on cosmological simulations (Stacy
et al. 2011) and chemical signatures of low metallicity stars in
the oldest Galactic globular cluster (Chiappini et al. 2011).

Exactly when in the history of the universe we should
find Pop III stars is uncertain; currently, we have only the
results of simulations from various models. Modeled Pop III
star formation rates vary, with peak values between 10−4 and
10−5 M� Mpc−3 yr−1 between redshifts 7 and 20 (Trenti &
Stiavelli 2009; Maio et al. 2010; Johnson et al. 2012; Wise et al.
2012). The most recent Pop III stars could potentially form in
isolated halos of pure hydrogen at z ∼ 6 (Johnson et al. 2012),
while the earliest limits on star formation may be around z ∼ 60
(Naoz & Bromberg 2007). As redshift to the burst increases, the
optical afterglow redward of the Lyα line is shifted to longer and
longer wavelengths, progressively moving out of optical filter
bandpasses. In order to detect the optical afterglow of a GRB
at high redshift, we must apply an equivalent redshift to our
detectors by moving our focus from optical–NIR to mid-IR.

The mid-IR detectors primarily considered here are the
planned James Webb Space Telescope (JWST) and Space In-
frared Telescope for Cosmology and Astrophysics (SPICA).
Both instruments are planned to launch in 2018 and will pro-
vide a significant advancement in sensitivity over previous in-
struments to observe in mid-IR. Because these instruments are
still under construction, with many details yet to be finalized,
we must stress that the afterglow lightcurves we determine in
this paper are based upon the characteristics of the instruments
as they are currently expected or intended to be. In the case of
JWST, we at least know which filters will be used and their re-
sponse functions (Glasse et al. 2010) and the target sensitivities
of the instrument through those filters.5

For SPICA the filters have yet to be determined, so we
assume three bandpasses distributed across the Mid-Infrared

5 STScI Prototype JWST Exposure Time Calculator,
http://jwstetc.stsci.edu/etc/input/miri/imaging/
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2.1 Introduction

2.1.1 A Framework for Estimating a Detection Rate

For determining the observability of Pop III GRB afterglows we diverge from the

typical method of applying a luminosity function to the intrinsic rate of events. Our

method is based instead on the intrinsic rate and the length of time the afterglow

can be observed.

We construct an energy distribution based on models of the Pop III formation

rate, initial mass function (IMF), and GRB energetics. Instead of combining this

with afterglow modelling to find the distribution of observed luminosity at a certain

time (a luminosity function), we extend the modelling to find the distribution of the

limiting time (the time interval between the initial prompt and when the observed

flux density diminishes below the 5σ limit of the detector).

The key advantage of calculating the distribution of the limiting time is revealing

whether the afterglow can be detected after the jet break time. This point is critical

for estimating the detection rate, since prior to this time the afterglow emission is

beamed within the jet opening angle. An instrument that cannot detect the post-jet

break emission is only sensitive to the small percentage of GRBs directed toward it.

An instrument that can detect the post-jet break emission is sensitive to the entire

intrinsic rate of GRBs.

A second advantage of employing temporal detection durations is determining if

there would be an overlap between successive afterglows, where the rate of bursts is

such that one appears while the afterglow of the previous is still visible. This affects

the number visible at any given time, and therefore also the chances of detection.

By multiplying the limiting time by the intrinsic all-sky rate of events one obtains

the instantaneous number per sky area. This is the average number detectable across

the whole sky at any given time. This is a different type of rate to that typically

calculated using the intrinsic rate, beaming factor, and luminosity function, which

is the number of detections for a given instrument over a given time interval. The

number density reflects the probability of detection in any given area, and therefore

the average amount of imaging required per event. It is best suited to describing

the prospects of detecting very rare but long lasting transient events, i.e. Pop III

GRB afterglows.



24 CHAPTER 2. POP III GRB IR AFTERGLOWS

In this paper the modelling is described in Section 2.2. Section 2.2.1 deals with

the properties of the GRBs expected from Pop III stars. Section 2.2.2 outlines how

we simulate the afterglows of Pop III GRBs, in order to show how we go about

determining the limiting time. In Section 2.2.3 we extend this to find how the lim-

iting time is affected by burst energy and redshift. In Section 2.3 we combine the

intrinsic rates of GRBs with the afterglow limiting time, both as functions of energy

and redshift, to then find the instantaneous number density of detectable after-

glows. Conclusions are presented in Section 2.4, and the implications are discussed

in Section 2.5.

2.2 Modelling

While there are several parameters which impact upon the properties of the GRB

afterglow, and thus its limiting time, in this paper we focus on those connected to

the initial stellar properties. These properties, specifically the formation rate and

mass distribution, should have a measurable impact on the local Universe, and thus

can be inferred without observation of the GRBs themselves. For instance, the jet

opening angle has a strong influence on the observable characteristics of the GRB

and its afterglow, but can only be measured by observing the afterglow. On the

other hand, the formation rate and mass distribution will also affect the energy and

redshift distributions of the GRBs.

From de Souza et al. (2011) we extract the rate of Pop III GRB formation as a

function of redshift, in their most pessimistic case (see their figure 5). The stars are

divided into two sub-populations based on their formation rates and initial masses.

Pop III.1 formed earlier, peaking at ∼ 1.2 × 10−3 GRB yr−1 at z ∼ 17, with mass

in the range ∼ 100− 1000 M�. Pop III.2 stars formed at a much higher rate under

the influence of radiation from Pop III.1 stars, peaking at ∼ 4.6× 101 GRB yr−1 at

z ∼ 9, with mass in the range ∼ 10− 100 M�.

By comparing the work of Nakauchi et al. (2012) and Suwa and Ioka (2011)

we found a linear relation between the initial mass of the star and the isotropic

equivalent energy (Eiso) of its resultant GRB (see Figure 2.1). The linear fit is

supported by the presumption that Pop III GRBs are the result of Poynting-flux

dominated jets, for which the total energy is roughly proportional to the mass of

the progenitor (Toma et al., 2011).

If a Pop III.2 star became a red supergiant (RSG), then in the collapsar scenario

of GRB formation the accretion of matter onto the nascent black hole would not

last long enough to drive a jet through the stellar envelope. If on the other hand the

star’s final stage were a blue supergiant (BSG), the jet could penetrate the smaller

envelope and cause a GRB. Yoon et al. (2012) claimed that a Pop III star would end

as a BSG if it could undergo chemically homogeneous evolution, then defined the
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Figure 2.1: Mass-energy relation extracted from the results of Nakauchi et al.
(2012) and Suwa and Ioka (2011). The linear fit is described by the equation
Eiso(×1055erg) = 0.0124M(M�) + 0.6507

initial mass and rotation velocity parameter space where this would occur (see their

figure 12). They concluded that the mass of the star must be between 13 and 84

M�. This mass range is supported by the numerical simulations of Nakauchi et al.

(2012).

The models and predictions for Pop III.1 GRBs tend to focus on the very top

end of the mass distribution. When the mass of the progenitor is near 1000 M�, it

is argued that the mass of the central black hole and surrounding accretion torus

would both be of the order 102 M�. Therefore, the accretion time would be sufficient

to power a Poynting-flux dominated jet until it penetrated the stellar envelope, even

if the star were an RSG (Toma et al., 2011; Mészáros and Rees, 2010; Komissarov

and Barkov, 2010; Nagakura et al., 2012; Suwa and Ioka, 2011).

We can conclude from these arguments that a significant fraction of Pop III.2

stars are capable of producing GRBs, whereas the only candidates for Pop III.1

GRBs are from the very small proportion of stars at the upper limits of the mass

distribution. Given that Pop III.1 star formation is much less than Pop III.2 star

formation, the low proportion of sufficiently large progenitors makes the contribution

of Pop III.1 stars to the GRB rate negligible. In the following sections we shall focus

only on Pop III.2 GRB progenitors in the mass range defined by Yoon et al. (2012),

revisiting the very high mass Pop III.1 GRBs only briefly in the discussion.
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Figure 2.2: Normalised mass distribution of Population III.2 GRB progenitors, and
the associated Eiso distribution of those GRBs.

2.2.1 Properties of Pop III Progenitors

Applying the linear mass-energy relation shown in Figure 2.1 to the GRB progenitor

mass range of 13 - 84 M� (Yoon et al., 2012) leads to an isotropic equivalent energy

range of ∼ 0.8 to ∼ 1.7 × 1055 erg. The distribution of energies within this range

is found by combining the mass-dependent rotation limits of the formation region

with the IMF.

In performing this combination we have not presumed any distribution in the

initial rotation velocity of Pop III.2 stars. We consider that any given star has an

equal probability of acquiring any rotation velocity up to the break-up limit. The

probability that a star will have the necessary mass and rotation to produce a GRB is

then the difference between the minimum rotation for GRB formation (vGRB,min(m))

and the break-up rotation (vmax(m)), divided by the break-up rotation at that mass

(vmax(m)).

PGRB(m) =
vmax(m)− vGRB,min(m)

vmax(m)
. (2.1)

The probability in equation 2.1 is conservative, given that Pop III stars are ex-

pected to be fast rotators (Stacy et al., 2011; Chiappini et al., 2011). This probability

is multiplied by the IMF (Salpeter to be consistent with the pessimistic formation

rate from de Souza et al. (2011)), the result normalised, and finally converted to a

distribution of Eiso using the relation shown in Figure 2.1.

Figure 2.2 shows the normalised probability distribution of both Pop III GRB

progenitor mass and resultant energy. The distribution has a sharp peak at ∼ 20
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Figure 2.3: Intrinsic rate of GRBs from Pop III.2 progenitors in terms of redshift
and Eiso in the most pessimistic case of de Souza et al. (2011), modified by the GRB
formation constraints of Yoon et al. (2012)

M� (∼ 9×1054 erg) followed by a slow decay at higher masses. This is similar to the

usual Salpeter decay, however incorporating the Yoon et al. (2012) GRB formation

region sharply reduces the contribution of low mass progenitors.

Since we used different GRB formation constraints, it became necessary to ad-

just the GRB formation rate accordingly. The ratio of the sizes of the formation

regions of Yoon et al. (2012)

(
84∫
13

φ(m)PGRB(m) dm

)
and de Souza et al. (2011)(

100∫
25

φ(m) dm

)
, where φ(m) is the Salpeter IMF, is 0.51. We have scaled the Pop

III.2 GRB formation rate of de Souza et al. (2011) in the pessimistic case by this

value.

A map of the Pop III.2 GRB formation rate in terms of Eiso and redshift is shown

in Figure 2.3. The rate of GRBs in each section of the map has been calculated by

multiplying the integrated modified differential GRB rate over 0.1 z by the integrated

normalised energy distribution (Figure 2.2) over 1053 erg. For example, the modified

rate of bursts integrated over z = 9.95 to 10.05 is 2.21 yr−1. The normalised energy

probability integrated over Eiso = 9.95 to 10.05×1054 erg is 0.0221. The rate of Pop

III GRBs occurring at z = 10± 0.05 with Eiso = 10± 0.05× 1054 erg is 0.0488 yr−1.

Figure 2.3 shows that the majority of GRBs are at redshifts < 18. The rate of

bursts from redshifts ≥18 account for 2% of the total rate of bursts from Pop III.2

stars (2.9 bursts yr−1). The rate peaks at 7.38×10−2 yr−1 with Eiso = 8.9±0.05×1054

erg and z = 9±0.05. Total rate summed over the entire range of energy and redshift

is 1.45× 102 yr−1.
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2.2.2 Afterglow Simulations

In simulating the lightcurves of the afterglow, we use the algorithm published in

the appendix of Toma et al. (2011). This assumes that the afterglow is caused by

synchrotron emission when the jet launched from the black hole creates a shock front

with the ISM. Throughout this paper we have adopted their fiducial parameters:

external medium density n0 = 1 cm−3 (c.f. Chandra et al. (2010)), magnetic energy

fraction εB = 10−2, electron energy fraction εe = 10−1, electron energy index p = 2.3,

and jet opening angle θj = 10−1 rad. For more details of the algorithm see their

paper.

The final output of their equation is the flux εFε as a function of energy and

time. We use the following equation to convert this to a flux density Fν in a given

filter band:

Fν =

∫
εFε(h/ε)S(ε)dε∫

S(ε)dε
, (2.2)

where S(ε) is the filter response function of the filter band in terms of energy.

By taking those fiducial values as given, the only variables left to the algorithm

are the isotropic equivalent energy and redshift, which we determined in the previous

subsection.

Figure 2.3 showed that the highest rate of Pop III bursts are those from a redshift

between 8.95 and 9.05, with Eiso between 8.85 and 8.95 ×1054 erg (rate of 7.38×10−2

bursts yr−1). We have simulated an afterglow using the method of Toma et al. (2011)

with the parameters Eiso = 8.9 × 1054 erg and z = 9, as would be viewed with a

number of infrared filter bands to be incorporated in the planned JWST and SPICA

space telescopes, shown in Figure 2.4.

The selected filter bands span the extent of the respective instruments’ IR cov-

erage. From the positions of the arrows in Figure 2.4, denoting the limiting times

of the afterglow, one can see the effects of the different designs of the telescopes.

JWST has better sensitivity than SPICA at wavelengths up to ∼ 15 µm, but at

longer wavelengths SPICA is more sensitive.

Figure 2.4 shows that the planned JWST and SPICA instruments will be well

suited to observing GRB afterglows at high redshift. In this figure, the second band

to lose sight of the afterglow is SPICA 20 − 24 µm. At the time when this band

loses the afterglow, every other SPICA band and half of the JWST IR filters can

still observe it.

Of greatest significance to the detection of these afterglows is that the jet break

occurs earlier than the limiting times for all filters. After the jet break, the radiation

is no longer beamed, and can be seen regardless of the orientation of the GRB. Being

sensitive to the afterglow while it is emitting isotropically will make the JWST and
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Figure 2.4: Afterglow light curve of one of the most likely GRBs from a Pop III
progenitor (Eiso = 8.9 × 1054 erg, z = 9) viewed with selected IR filter bands of
JWST (Top) and SPICA (Bottom). With these parameters, the afterglow exhibits
a jet break at 65 days. The arrows show the limiting times of the afterglow through
the various filters, i.e the points where the 5σ flux density limit of a 300 s exposure
with that filter exceeds the flux density of the afterglow. With JWST these limiting
times are 1,667 days for F560, 1,003 days for F1280, and 144 days for F2550. With
SPICA they are 1,294 days for 5− 7.5 µm, 447 days for 20− 24 µm, and 458 days
for 32− 38 µm.
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SPICA telescopes theoretically capable of detecting the intrinsic number of GRB

afterglows. This drastically increases the potential number of detections, as with a

jet opening angle of 0.1 rad the fraction of the sky which sees the beamed emission

is only 0.05%.

2.2.3 Afterglow Duration

Extending the simulation of the afterglows we find the afterglow durations of GRBs

over the range of plausible Eiso and z for which the event rates were plotted in Figure

2.3. We have chosen to find the limiting times with the SPICA 20−24 µm band, as

when this band loses sight of the afterglow, there are still potentially half a dozen

other available filters (see Figure 2.4).

It is important to note at this point that hereafter when we refer to the duration

of an afterglow we refer to the isotropic phase, when the emission is not beamed.

This is the time interval between the jet break time and the limiting time. In Figure

2.4, the jet break appears as the achromatic kink in the lightcurves, approximately

65 days after the burst. Given that the afterglow flux density in the SPICA 20

- 24 µm band is exceeded by that instrument’s 5σ limit after 447 days, the total

isotropic duration with this filter is 382 days.

Throughout the plausible parameter space of Pop III GRBs, we have calculated

the jet break time and limiting time of the afterglow, to find the isotropic duration.

The jet break time is found via the equation (Toma et al., 2011)

(
Eisoθ

8
j

4πnmpc5

)1/3

(1 + z). (2.3)

If the flux density at this time is less than the limit of the detector, the duration

is said to be zero. Otherwise, we start at this time and step forward until the flux

density is less than the limit, and the time between this and the jet break time is

the duration. This is plotted in Figure 2.5.

Figure 2.5 also shows the prime reason we change from considering the overall

limiting time to the isotropic duration: at all points in the parameter space shown

in this figure the isotropic duration is > 0. Thus as long as our fixed model param-

eters are accurate and our free parameters remain within the expected ranges, the

resultant GRB afterglows will always be visible to JWST and SPICA after the jet

break. Thus a strategy to detect orphan afterglows with these instruments would

capture the entire intrinsic rate of contributions from Pop III stars.
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Figure 2.5: Isotropic afterglow duration of GRBs with parameters spanning Pop III
progenitors.

2.3 Results: IR Detection

Here we describe finding the all-sky number density of transient objects with a

known duration and rate of occurrence.

The number density is the average detectable number at any given time within

a certain area, and reflects the probability of detection within that area. A number

density of 1 in some area means that, on average, there will always be a detectable

object within that area. This would be caused by the duration being the inverse of

the intrinsic rate of events within that area.

Hereafter we calculate the number density of Pop III GRB afterglows, for those

that have an observed flux density in the 20 − 24 µm band greater than 13.2 µJy,

which is the SPICA instrument’s planned 5σ limit for a 300 s exposure in this band.

The number density (number of detectable afterglows 4π str−1) is a product of the

intrinsic all-sky burst rate (number of bursts 4π str−1 yr−1) with the duration (years

between the jet break time and the afterglow reaching the limiting flux density). We

first find this for each individual subsection of the parameter space of Pop III GRBs.

For example, Figure 2.3 shows that the rate of bursts with Eiso = 8.9± 0.05× 1054

erg at z = 9 ± 0.05 is 7.38 × 10−2 yr−1/4π str. Figure 2.4 shows that the SPICA

20−24 µm band can see the afterglow of a burst with Eiso = 8.9×1054 erg at z = 9

for 1.05 yr (382 days) after the jet break. Multiplying the rate of bursts yr−1/4π str

by the number of years for which they are visible results in 7.72×10−2 afterglows/4π

str.

Proceeding in this manner, Figure 2.6 shows a distribution of the all-sky number

density of Pop III GRB afterglows as a function of both Eiso and z. This figure is
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Figure 2.6: All sky number of visible Pop III.2 GRB afterglows in the plausible
parameter space. It is the all sky (4π str) number of afterglows whose flux density
exceeds the 5σ limit of the SPICA instrument in the 20 - 24 µm band at any given
time.

effectively Figure 2.3 multiplied by Figure 2.5.

The number density is diminished towards high redshift and is extended in the

energy axis, compared to the plot of the GRB rate (Figure 2.3). The increase in

duration caused by increased energy has not moved the peak contribution from that

in Figure 2.3; it is still 8.9 ± 0.05 × 1054 erg. However the reduction in duration

caused by increasing redshift has caused the number density redshift peak to move

to 8.4± 0.05.

By summing all number densities of this parameter space, we find that the

number density of Pop III.2 GRB afterglows is 1.76× 102/4π str for the SPICA 20

- 24 µm band.

2.4 Conclusions

We derive a linear mass-energy relationship which satisfies the expectation for the

energy of a Poynting-flux dominated jet to be approximately proportional to the

mass of the progenitor star (Nakauchi et al., 2012; Suwa and Ioka, 2011; Toma

et al., 2011). Using this in combination with model predictions of the mass and

rotation characteristics necessary for a Pop III star to produce a GRB (Yoon et al.,

2012), we find that the minimum isotropic equivalent energy of a Pop III GRB is

∼ 0.8× 1055 erg.

Combining the mass and rotation limits with a Salpeter IMF has resulted in

a distribution of energies, and by continuing to combine this with models of the

formation rates of Pop III GRBs (de Souza et al., 2011) we find the corresponding
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distributions of energy and redshift.

As one would expect, the detection duration increases with energy and decreases

with redshift. The effect of redshift time dilation to increase the duration is coun-

teracted by the increased luminosity distance reducing the observed flux density, so

that the flux density limit is reached earlier. Further, the duration we present the

isotropic duration, starting at the jet break time. Since the observed time of the

jet break is also affected by redshift time dilation, the total effect on the duration

is reduced. Within the range of plausible parameters, we find that the afterglow is

always detectable after the jet break time in the SPICA 20 - 24 µm band. This

implies the JWST and SPICA instruments will be sensitive to the complete intrin-

sic rate of orphan Pop III GRB afterglows, not only the 0.05% which are beamed

toward them.

The GRB rate from Pop III.2 stars is 1.45×102 yr−1, or one every 2.5 days. The

energies of Pop III.2 GRBs can create afterglows that remain visible for more than

three years and never less than 55 days after the jet break time, far in excess of

the interval between bursts. Combining the post jet break duration with the event

rates, the all sky number density of Pop III.2 GRBs is 1.76×102/4π str.

When combined with the fields of view of the proposed telescopes, the number

density is 2.78×10−6 per JWST FOV, implying on average 1 afterglow every ∼
360,000 images; and 2.96×10−5 per SPICA FOV, or an average of 1 afterglow every

∼ 34,000 images.

With these assumptions, we estimate the rate at which Pop III.2 GRBs will

align with the EXIST instrument. Assuming an average opening angle of 0.1 rad,

the GRBs will be beamed into∼ 0.05% of the sky. Thus Pop III GRBs will align with

EXIST’s FOV (1.92 str (Grindlay and EXIST Team, 2009)) at a rate of 1.11× 10−1

yr−1, or once every 9 years. This is not taking into account the luminosity of the

GRB in the EXIST high energy telescope (HET) observing band or the instrument’s

sensitivity; this is simply the alignment rate.

2.5 Discussion

JWST and SPICA could potentially detect every Pop III GRB afterglow during

isotropic emission. This in part due to the increase in sensitivity of these instruments

over their predecessors, and partly due to the high energies of the GRBs. This

implies this population of GRBs will be easier to detect from their orphan afterglows

than by their prompt gamma-ray emission. It is not a deficiency on the part of any

GRB detector, simply a fact that the beaming of GRBs reduces the number of

observable events by more than two orders of magnitude.

We now consider the contribution of very massive Pop III.1 stars to the GRB

rate. Estimating that a Pop III.1 star would need >900 M� (based on the 915 M�
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Table 2.1: Number Density Dependence on Model Parameters

Model Parameter Number Density
Range Dependence

0.06 ≤ θj ≤ 0.14 ∝ θ1.76
j

10−0.4 ≤ n ≤ 100.4 ∝ n−0.13

2.2 ≤ p ≤ 2.5 ∝ p−4.34

10−1.2 ≤ εe ≤ 10−0.8 ∝ ε−0.27
e

10−2.5 ≤ εB ≤ 10−1.5 ∝ ε−0.15
B

progenitor simulated in Suwa and Ioka (2011)) to produce a GRB, we can estimate

the Pop III.1 GRB formation rate. We do this by modifying the Pop III.1 GRB

formation rate of de Souza et al. (2011) in the same way that we modified their

Pop III.2 GRB formation rate. The ratio of the formation regions

(
1000∫
900

φ(m) dm

)
to

(
1000∫
100

φ(m) dm

)
, where φ(m) is the Salpeter mass function, is 1.15%. Using

this ratio, the formation rate of very massive GRB progenitors integrated over all

redshifts is 1.52 × 10−4 yr−1. We have calculated that under the most generous

plausible parameters of energy and redshift, the longest duration of a Pop III.1

GRB afterglow is 11.7 years. This extreme duration is still a small fraction of the

average ∼ 6.5 × 103 years between bursts, so the contribution of Pop III.1 stars to

the afterglow number density is negligible.

In calculating the number density, we presumed a number of fixed fiducial pa-

rameters in order to simulate the GRB afterglows. By performing a few rough

calculations, we have found how the number density is affected by changes in each

of these parameters (see Table 2.1).

The relations between number density and the parameters θj and n were con-

sistent power laws over a wide range of values. We attribute this to the relative

influence of these two parameters on the jet break time. The other parameters

showed a more complicated relationship with the number density. The dependence

on the electron energy index p peaked near p = 2.2, above which the function had a

power law decay with an index of -4.3. εe and εB had number density minima near

the fiducial values, about which the number density was only weakly dependent on

the energy fractions; outside of the limits specified in the table for these parameters,

the number densities were seen to increase. These are only preliminary findings,

as we have yet to investigate the parameter dependence in comprehensive depth or

width, or examined the effect of varying multiple parameters at once.

At an all-sky number density of 176, the afterglows will be very difficult to detect,

especially since this number represents the unbeamed contribution.

In order to confirm an afterglow, one has to be able to see both the power law

spectrum (flux density increase with wavelength) and the temporal decay. Identi-

fying a candidate orphan afterglow requires two observations, while confirming a
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temporal decay requires at least three observations of the object. The number den-

sity of 176/4π str equates to 7.14 × 10−2 str/afterglow, and we estimate the time

it would take for SPICA and JWST to cover this area. The sensitivity limits we

used are for an exposure time of 300 s, and we assume a total imaging time of ten

minutes.

The SPICA instrument will have an FOV of 5’ by 5’, or 2.11×10−6 str, implying

∼ 34,000 images/afterglow. SPICA could obtain these images in 235 days. Analysis

of the Pop III.2 GRB afterglow durations and rates with respect to energy and

redshift, we find that >90% have detectable durations >235 days. This means that

imaging the same 7.14 × 10−2 str of sky twice with SPICA should identify at least

one candidate orphan Pop III GRB afterglow. The orphan afterglow should still

being bright enough to confirm as such by follow-up observations.

JWST will have an FOV of 1’.25 by 1’.88, or 1.99 × 10−7 str. Thus JWST

would have to take ∼ 360,000 images, which would take ∼ 2500 days. This is longer

than the planned minimum lifetime of the telescope (5 years), and far longer than

any plausible Pop III GRB afterglow. Within its planned lifetime the telescope

could cover 5.23 × 10−2 str, and so there would be a ∼ 73% chance of imaging

an afterglow. Since the area has to be imaged twice to show an object’s temporal

decay, the probability that JWST could identify an orphan Pop III GRB afterglow

becomes ∼ 37%.

Any detection of a high redshift (z & 6) orphan afterglow would imply a GRB

energy budget at least as high as the most energetic Pop I/II GRBs. While the mass

ranges of GRB progenitors is similar across stellar populations (10 - 100 M�), we

expect the Pop III IMF to be broader and/or more top heavy in that range, leading

to a higher proportion of higher mass stars leading to higher energy GRBs. Further,

the minimum energy expected from a Pop III GRB is near the maximum energy

recorded for any GRB, implying that these stars are more efficient at converting

mass to GRB energy. Therefore, any GRB of z & 6 and Eiso & 8 × 1054 erg would

potentially have a Pop III progenitor.

To confirm a Pop III progenitor requires that the spectrum of the afterglow has

features consistent with the medium around a Pop III star. Wang et al. (2012)

showed that the absorption features of a medium enriched via Pop III supernovae

would be easily detectable in the otherwise smooth spectrum of a GRB afterglow.

That work considered using the JWST NIRSpec instrument with an exposure time

of 105 s and R = 1000. We have preliminary findings that the SPICA MCS low

resolution spectrograph (LRS, R = 50) will, with a 1 hour exposure time, be capa-

ble of detecting Pop III GRB afterglows post-jet break. Further, the flux density

sensitivity in this case is not as good as NIRSpec with a 105 s exposure. Therefore,

if a high redshift orphan GRB afterglow could be identified photometrically, then it

should be possible to use JWST or SPICA, with sufficient exposure times (> 104 s,
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possibly > 105 s), to obtain R ∼ 1000 spectra of the afterglow to determine if its

environment is consistent with Pop III stars.

Under a more realistic observing scenario, where deep imaging is performed, the

amount of sky covered will be much less. This will reduce the potential number

of detections, as in the case of these orphan afterglows it is preferable to search

wider than deeper. This is a consequence of the flux density limit being inversely

proportional to
√

exposure time, and the detectable number density being nearly

inversely proportional to the flux density limit. While imaging ten times the sky

area increases the detection probability tenfold, we have determined from basic

calculations that a tenfold increase in exposure time for a given area only increases

the detection probability by a factor of ∼3.3.

The alternate utility of these space based IR detectors in the study of Pop III

GRBs would be as late time afterglow follow-up. This places the burden of initial

detection on the GRB detector. By the time JWST and SPICA are operational

we expect the primary GRB detector will be EXIST. As determined above, the

expected rate of EXIST triggers from Pop III GRBs is one every nine years. The

type of bursts which would initiate follow-up with JWST or SPICA would have

to be very energetic, with an afterglow indicative of high redshift that appears to

decay slowly. Any GRB with a redshift greater than 6 is a candidate for having a

Pop III progenitor; in the cases where it is not, the afterglow will not likely still be

visible by the time one of these space telescopes can investigate it. Detection of an

afterglow several weeks after a high redshift GRB would be indicative of the large

energy budget expected of Pop III progenitors.

The number densities, and hence detection probabilities we calculate here are

lower limits, based on the most pessimistic models of Pop III star and GRB formation

rates and energy distributions. This includes using a bottom-heavy IMF, high metal

enrichment, low star and GRB formation efficiencies, and an unweighted rotation

distribution. We have also been conservative in calculating the detectable durations

of the IR afterglows to JWST and SPICA, by considering a brief exposure time

one with of the less sensitive wavelength bands. On the other hand, we have not

incorporated how the observable number density is affected by other objects, either

by obscuration or gravitational lensing. The number density is simply the average

number above a certain brightness threshold at a given time within a given sky

area. In the event that the actual Pop III GRB formation rate is greater than

the considered most pessimistic case, the number density and thus the chances

of observing orphan Pop III GRB afterglows will be higher than what we have

calculated here.
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GRB radio afterglows from

Population III stars: simulation

methods and detection prospects

with SKA precursors

Following the simulations using the simplistic modelling in Chapter 2 for the de-

tectability of Pop III GRB IR afterglows, a more rigorous study of the observational

signatures was initiated. This was to explore an expanded parameter space, one

which included variation in the microphysical parameters, as well as the energy and

redshift. In all, there are seven parameters to consider, eight if one includes the

angle of the observer’s line of sight with respect to the GRB jet axis.

The method of exploring the entire parameter space, as performed in the preced-

ing chapter, was not feasible as the number of simulations required depends on the

desired resolution raised to the power of the number of parameters. Even the sim-

ple analytical model is too computationally expensive to cover an eight-dimensional

parameter space with even moderate resolution. The problem was compounded fur-

ther with the realisation that the simple analytical model was only accurate when

the microphysical parameters were at or close to their fiducial values. Exploring

variation in microphysical parameters required a far more computationally expen-

sive numerical model. A large part of this chapter deals with the description of the

model created to perform a more rigorous study.

The new model is based on the highly detailed numerical model of Mesler et al.

(2014), with several corrections, expansions, and improvements. Expansions of this

work included the ability to cope with very flat distributions of the accelerated

electron Lorentz factors, with power law indices p < 2. Improvements came in the

form of a more efficient method of accounting for relativistic time delay of emission

from different parts of the spherical shock region, and an innate ability to account

for the observer’s line of sight with respect to the outflow’s direction of motion.

37
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Instead of assuming the afterglows emit isotropically after the jet break, the actual

expansion of the shock region at the local sound speed, coupled with the opening of

the relativistic beaming angle, determines when an observer at a certain offset angle

first sees the afterglow emission.

A Monte-Carlo type approach was used to gain a statistically significant sample

of simulated afterglows. In each GRB afterglow simulation, the eight GRB param-

eters were pseudo-randomly generated using probability density functions. These

functions were obtained from either theoretically expected distributions, or from fits

to observationally derived values. From this, the average proportion of detectable

Pop III GRB afterglows was determined.

The opportunity was taken to apply this model to local radio telescopes under

development and eventually to be incorporated into the Square Kilometre Array

(SKA): the Australian SKA Pathfinder (ASKAP) and the Murchison Widefield Ar-

ray (MWA). The following is a reformatted and abridged version of the paper result-

ing from this investigation, published in Monthly Notices of the Royal Astronomical

Society in October 20151, co-authored with PhD supervisor David Coward.

1Macpherson, D. and D.M. Coward (2015, October). GRB radio afterglows from Population III
stars: simulation methods and detection prospects with SKA precursors. Monthly Notices
of the Royal Astronomical Society 453, 2144.
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ABSTRACT
We investigate the prospects of detecting radio afterglows from long Gamma-Ray Bursts
(GRBs) from Population III (Pop III) progenitors using the Square Kilometre Array (SKA)
precursor instruments MWA (Murchison Widefield Array) and ASKAP (Australian SKA
Pathfinder). We derive a realistic model of GRB afterglows that encompasses the widest range
of plausible physical parameters and observation angles. We define the best case scenario of
Pop III GRB energy and redshift distributions. Using probability distribution functions fitted
to the observed microphysical parameters of long GRBs, we simulate a large number of Pop III
GRB afterglows to find the global probability of detection. We find that ASKAP may be able
to detect 35 per cent of Pop III GRB afterglows in the optimistic case, and 27 per cent in the
pessimistic case. A negligible number will be detectable by MWA in either case. Detections
per image for ASKAP, found by incorporating intrinsic rates with detectable time-scales, are
as high as ∼6000 and as low as ∼11, which shows the optimistic case is unrealistic. We track
how the afterglow flux density changes over various time intervals and find that, because of
their very slow variability, the cadence for blind searches of these afterglows should be as long
as possible. We also find Pop III GRBs at high redshift have radio afterglow light curves that
are indistinguishable from those of regular long GRBs in the more local Universe.

Key words: gamma-ray burst: general – stars: Population III.

1 IN T RO D U C T I O N

Gamma-Ray Bursts (GRBs) are the brightest explosions in the Uni-
verse. These transient events outshine entire galaxies for a short
time. The degree of variability and short life of GRBs points to-
wards a compact source. Typical isotropic equivalent energies lie in
the region of 1053 erg. Such high energy from a compact object can
be explained if the emission is narrowly collimated and highly rela-
tivistic (Rhoads 1997, 1999; Sari, Piran & Halpern 1999; Frail et al.
2001; Bloom, Frail & Kulkarni 2003; Chandra & Frail 2012). The
most plausible hypothesis for the production of a GRB is a system
consisting of a stellar mass black hole surrounded by an accretion
torus within a magnetic field. Angular momentum in the accretion
torus is extracted via the Blandford–Znajek mechanism (Blandford
& Znajek 1977) to produce a polar outflow of highly relativistic
plasma. Velocity variations in the outflow lead to internal shocks
where the electrons are accelerated to produce gamma-ray photons.

In addition, the outflow produces external shocks when it in-
teracts with an ambient medium, leading to synchrotron radiation

� E-mail: damien.macpherson@research.uwa.edu.au

(afterglow of the GRB). The peak frequency of this afterglow de-
creases as the outflow loses energy; typically what begins as a
predominantly X-ray afterglow, over time becomes mostly optical,
infrared, and eventually a radio afterglow (Mészáros & Rees 1997;
Sari, Piran & Narayan 1998; Piran 2004; Zhang 2007; Gao et al.
2013). A similar mechanism explains the relativistic outflow and
radio lobes seen in active galactic nuclei (AGN), with the differ-
ence being mainly one of scale: AGN involve supermassive black
holes, are less bright, less variable, and much longer lived (Mirabel
2004; Ghisellini 2005; Bromberg et al. 2011; Nemmen et al. 2012).

GRBs are classified as either short/hard or long/soft (as well as
more exotic types such as underluminous and ultralong). Within
the framework of GRBs being produced by black hole forma-
tion/accretion, the distinction between the two categories can be
explained by fundamentally different methods of formation or ac-
cretion on to a stellar mass black hole. Short duration GRBs with
hard gamma-ray spectra are thought to originate from a merger of
compact objects, two neutron stars or a black hole and a neutron
star (Goodman 1986; Woosley 1993; Ruffert & Janka 1999; Bloom,
Kulkarni & Djorgovski 2002; Aloy, Janka & Muller 2005; Rezzolla
et al. 2011). Long duration GRBs with soft gamma-ray spectra are
thought to originate from the core collapse of a relatively massive

C© 2015 The Authors
Published by Oxford University Press on behalf of the Royal Astronomical Society

3.1 Introduction

The paper is organised as follows: the afterglow simulation method is described in

Section 3.2, and Section 3.3 describes the distributions of GRB parameters used

in the model. The results of the simulations of Pop III GRB afterglows are pre-

sented and discussed in Section 3.4. Section 3.5 summarises our main results, the

detectability of Pop III afterglows by SKA precursors.

3.2 Afterglow Simulation Method

As a foundation to simulate the light curves of the GRB afterglows we use a method

based primarily on Mesler et al. (2014). We begin by calculating the initial param-

eters of the ejecta: the bulk Lorentz factor (Γ0), the ejecta mass (Mej), and initial

radius r0.

The formulation we use to calculate the initial bulk Lorentz factor Γ0 is taken

from Toma et al. (2011), with an initial time t0 set to 1 second,

Γ0 =

(
Eiso

4πnmpc5t30

)1/8

, (3.1)

where Eiso is the isotropic equivalent energy of the GRB, mp is the proton mass,

and n is the external medium density.

Mej, and the deceleration radius r0 at which Γ begins to evolve, are found using

the method described in Panaitescu and Kumar (2000):

Mej =
E

c2Γ
, (3.2)

r0 =

(
(3− s)E

4πAmpc2Γ2

)1/3−s

. (3.3)
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In the above equations, E is the total energy of the fireball, which is found by

scaling Eiso by the fraction of a hemisphere projected by the initial jet opening angle

θj, that is E = Eiso(1− cos θj). The values A and s in equation 3.3 are properties of

the external medium density, i.e. n(r) = Ar−s. In the case of an isotropic medium,

s = 0 and A = n.

The mass m0 swept up by the fireball by radius r0 is found by (Huang et al.,

1999; Panaitescu and Kumar, 2000; Pe’er, 2012):

m(r0) =
Mej

Γ
. (3.4)

The evolution of Γ is evaluated numerically over intervals of r, for which the rate

of change of Γ is:

dΓ

dm
= − γ̂(Γ2 − 1)− (γ̂ − 1)Γβ2

Mej + εm+ (1− ε)m(2γ̂Γ− (γ̂ − 1)(1 + Γ−2))
, (3.5)

γ̂ =
4Γ + 1

3Γ
, (3.6)

ε = εe
t′−1
syn

t′−1
syn + t′−1

exp

, (3.7)

t′syn =
6πmec

σTB′2γm
, (3.8)

B′2 = 32πεBnmpc
2Γ(Γ− 1), (3.9)

where γ̂ is the adiabatic index of the jet material, ε is the radiative efficiency, εe is

the fraction of blast wave energy in the electrons, t′syn is the comoving synchrotron

cooling timescale (Dai et al., 1999; Rhoads, 1999), t′exp is the comoving age of the

jet, σT is the Thompson cross section, B′ is the comoving magnetic field (Mesler

et al., 2014), and εB is the magnetic field energy fraction of the blast wave.

The minimum Lorentz factor of injected electrons, γm, is calculated in different

ways depending on the value of the electron energy index, p. Where p >2,

γm = 1 + εe(Γ− 1)
mp(p− 2)

me(p− 1)
, (3.10)

(Jóhannesson et al., 2006; Mesler et al., 2014). If the electron energy distribution

is unusually flat (p <2),

γm = 1 +

(
εe(Γ− 1)γp−2

u

mp(2− p)
me(p− 1)

)1/(p−1)

, (3.11)

γu '
(

3ec
σTB′

)1/2

. (3.12)
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Equation 3.11 (Bhattacharya, 2001; Dai and Cheng, 2001) depends upon the

maximum injected electron Lorentz factor γu, here approximated by Equation 3.12

(Toma et al., 2011), where ec is the electron charge.

The differential mass swept up dm is approximated by:

dm

dr
= 4πr2n(r)mp (3.13)

(Huang et al., 1999; Pe’er, 2012). With these equations we find Γ and m in terms

of r, which Mesler et al. (2014) relate to local rest frame time t as:

dt

dr
=

1

cβΓ(Γ +
√

Γ2 − 1)
. (3.14)

The evolving opening half angle θj is found by calculating cs, the speed of sound

within the blast wave (Equation 3.15, Mesler et al. (2014)). Over a time interval dt,

the blast wave spreads sideways by an amount csdt, in addition to expansion due to

radial motion. Defining a as the lateral size of the blast wave, we calculate θj after

a small change in radius dr by:

cs = cΓ

√
γ̂(γ̂ − 1)(Γ− 1)

1 + γ̂(Γ− 1)
, (3.15)

a = r tan(θj) + (csdt), (3.16)

θj = arctan(a/r). (3.17)

The synchrotron emission spectrum of the blast wave depends on three char-

acteristic Lorentz factors: the minimum injection Lorentz factor γm, the cooling

Lorentz factor γc, and the absorption Lorentz factor γa.

The Lorentz factor of cooling electrons is

γc =
6πmec

B′2σT t′(Y + 1)
(3.18)

(Sari et al., 1998; Bhattacharya, 2001; Jóhannesson et al., 2006; Toma et al.,

2011; Mesler et al., 2014), where Y is the Compton parameter, whose value depends

on the relative values of the characteristic Lorentz factors as shown below.

Y =


γmγcτe γm > γc

τeγ
p−1
m γ

(3−p)
c γc > γm

τe(C
2−p
2 γ7

cγ
7(p−1)
m )1/(p+5) γa > max(γm, γc),

(3.19)

where τe is the optical depth:

τe =
σTm(r)

4πmpr′2
, (3.20)
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and

C2 =
5ecτe
σTB′

. (3.21)

Because the equations of the Compton parameter Y depend on the relative values

of γc, γm, and γa, one must find the solution to γc which is self-consistent. This is

complicated further by the fact that γa also depends on the relative values of the

other characteristic Lorentz factors, as described below:

γa =



C0.3
2 γ

−1/2
c γa < γc < γm

C0.3
2 γ

−1/2
m γa < γm < γc

(C2γc)
1/6 γc < γa < γm

(C2γ
p−1
m )1/(p+4) γm < γa < γc

(C2γcγ
p−1
m )1/(p+5) γa > max(γm, γc),

(3.22)

We approach this problem by finding the values of γc in all possible scenarios,

then select whichever one is self-consistent. For instance, if the equation for Y in

the fast cooling regime (i.e. γm > γc) results in γc greater than γm, obviously this

solution is invalid and the jet is not in the fast cooling regime. Then, if the Y

equation for the slow cooling regime also yields γc > γm, the jet is definitely in the

slow cooling regime and the value of γc is valid.

Similarly in finding the γa, we find all possible values, under every arrangement

of the characteristic Lorentz factors, and find that which is self-consistent.

These characteristic Lorentz factors transform to characteristic frequencies via:

ν(γ) =
3ΓecB

′

(1− β)4πmec
, (3.23)

where β is the velocity (in terms of c) corresponding to the Lorentz factor γ.

Then the peak flux density is calculated via

Fmax
ν =

(1 + z)
√

3φpe
3
c

4πd2
Lmempc2

β2
mΓB′m(r), (3.24)

where φp is the p-dependent factor defined in Wijers and Galama (1999), dL is the

luminosity distance to the GRB, and βm is the velocity of the lowest-energy injected

electrons. Prior to the jet break at time tj, F
max
ν remains approximately constant.

The jet break marks the stage at which the centre of the jet head becomes

causally linked with its outer edge; when the bulk Lorentz factor of the jet is less

than the inverse of its angular separation (Γ < 1/θj). In the model we use, θj evolves

with all other quantities. This evolution is slow at early times, accelerating at the

point of jet break.

The peak flux density is emitted at the median of the three characteristic fre-

quencies. The slope of the spectrum between characteristic frequencies depends



3.2. AFTERGLOW SIMULATION METHOD 43

upon those frequencies’ relative values, as detailed below (all frequencies in the

frame of the local ISM).

In the fast cooling (νc < νm) regime:

Fν = Fmax
ν



(ν/νa)
2(νa/νc)

1/3 ν < νa < νc < νm

(ν/νc)
1/3 νa < ν < νc < νm

(νc/ν)1/2 νa < νc < ν < νm

(ν/νm)−p/2(νc/νm)1/2 νa < νc < νm < ν

(ν/νc)
2(νc/νa)

5/2 ν < νc < νa < νm

(ν/νa)
5/2 νc < ν < νa < νm

(νa/ν)1/2 νc < νa < ν < νm

(ν/νm)−p/2(νa/νm)1/2 νc < νa < νm < ν

(ν/νc)
2(νc/νa)

5/2 ν < νc < νm < νa

(ν/νa)
5/2 νc < ν < νa

(ν/νa)
−p/2 νc < νm < νa < ν

(3.25)

In the slow cooling (νm < νc) regime:

Fν = Fmax
ν



(ν/νa)
2(νa/νm)1/3 ν < νa < νm < νc

(ν/νm)1/3 νa < ν < νm < νc

(ν/νm)−(p−1)/2 νa < νm < ν < νc

(ν/νc)
−p/2(νc/νm)−(p−1)/2 νa < νm < νc < ν

(ν/νm)2(νm/νa)
5/2 ν < νm < νa < νc

(ν/νa)
5/2 νm < ν < νa < νc

(ν/νa)
(p−1)/2 νm < νa < ν < νc

(ν/νc)
p/2(νc/νa)

(p−1)/2 νm < νa < νc < ν

(ν/νm)2(νm/νa)
5/2 ν < νm < νc < νa

(ν/νa)
5/2 νm < ν < νa

(ν/νa)
−p/2 νm < νc < νa < ν

(3.26)

Hence the flux density is obtained at any given frequency ν for a local observer.

However, we have not yet accounted for the spherical nature of the emitting region

or its relativistic velocity. The spherical shape introduces a slight delay to radiation

emitted from angles further from the observer’s line of sight. Were the flow not

relativistic, this delay could be calculated from simple geometric arguments; effects

of special relativity complicate this angle dependent delay. Further, the Doppler

beaming factor for high Γ amplifies emissions along the line of sight while reducing

emissions at angles greater than 1/Γ.

From the appendix of Mesler et al. (2014) the equal arrival time surface is
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t = constant =

∫
(1− β cos θ)

cβ
dr, (3.27)

where it is suggested that this equation be used to find the emission radius, r, of

radiation from a section of the jet at an angle θ, as measured from the explosion

centre, to the line of sight, by integrating over an increasing r with constant θ until

reaching the observation time t. This must be done for 0 < θ < θj to find the equal

time arrival surface r as a function of θ.

Repeated integration of equation (3.27) to find r for incremental values of θ is

a time consuming process. It is more efficient to do the opposite: to find θ for

incremental values of r. The equation can be rearranged into t = −r cos θ/c +∫
dr/cβ, and from there it can be shown that

θ = arccos

 r −
∫ r

ri

dr

β

ri

 . (3.28)

Thus radiation emitted at some smaller radius ri = r−∆r, reaching the observer

simultaneously with that emitted at radius r, will have been at an angle θ to the

line of sight.

The total observed flux density is given by

Fν =

∫∫
Ωj

L′ν′ [r(θ)]D3

Ωj

d cos θdφ, (3.29)

where L′ν′ [r(θ)] is the total radiated luminosity at the comoving frequency ν ′ at r(θ),

L′ν′ = Fν/Γ, D is the Doppler factor D = 1/Γ(1 − β cos θ), and Ωj is the jet solid

angle.

When the observer is oriented precisely on the jet axis,
∫

dφ = 2π, as the emitting

region appears a full circle. In more general terms, if the observer is offset from the

jet axis by some angle θi,
∫

dφ = 2π only for angles θ ≤ θj − θi, and evaluates

to 0 when θ < θi − θj and θ > θi + θj. When θi − θj < θ < θi + θj,
∫

dφ =

2 arccos((θ2 + θ2
i − θ2

j )/2θθi).

Thus we iteratively reduce r by an appropriately small fraction ∆r, for each value

calculating the emission angle θ. As long as θ < θi + θj, we also calculate the total

luminosity L′ν′(r) = Fν(r)/Γ(r), Doppler factor D(r, θ) = 1/Γ(r)(1−β(r) cos θ), and∫
dφ. Once done, we integrate L′ν′ [r(θ)]D3 from 0 to θi + θj, and divide by Ωj to

find the total observed flux density (see Appendix A.1, code lines 212-278).

Figure 3.1 shows how the model’s afterglow lightcurves compare with obser-

vations in both a constant density medium and a wind medium. The common

parameters of the simulated GRBs are: Eiso = 1053 erg, z = 1, θj = 0.1 rad, p =

2.3, εe = 0.1, εB = 0.01. In the case of the isotropic medium, the density n is 1

cm−3. In the case of the wind medium, the density is inversely proportional to r2,
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Figure 3.1: Comparison of observed (dotted lines) and simulated fiducial GRB 8.5
GHz radio afterglow lightcurves in the case of an isotropic external medium (solid
line) and a wind medium (dashed line).

and the values of the deceleration radius r0 and density at that radius n(r0) are set

to the fiducial values in Panaitescu & Kumar (2000, equations (8) and (9)) for a

GRB from a Wolf-Rayet star. These are plotted over a sample of observed GRB

radio afterglow lightcurves at frequencies at or near 8.5 GHz. The data for these

radio afterglows was provided by Poonam Chandra (2014, private communication).

The simulated lightcurves in Figure 3.1 are comparable to observations, and this

shows that the simulation is realistic. An Eiso of 1053 ergs and redshift of 1 applied

to both cases (constant density and wind medium) are roughly median values as

measured through observations, and produces roughly median lightcurves. We do

not consider whether this Eiso and z are true medians of the intrinsic distributions,

as both the lightcurves and the apparent parameters are drawn from observations,

hence are subject to the same selection effects.

The differences between the wind density and constant density medium cases

are small. The lightcurve in the wind density case has a steeper rise to peak earlier

than in the constant density case. At later times, and for the majority of the time

when the afterglows are observable, the lightcurves tend to follow each other with

less than half an order of magnitude between their flux densities.

We will only consider constant density media in the remainder of this paper. To

properly construct a wind density profile requires a robust estimate of the mass loss

rate of the progenitor star. In the case of Pop III stars, this is far from trivial. It has

been argued that the rate of radiation-driven mass loss from a Pop III star should

be minimal due to the lack of absorption lines in its mostly hydrogen envelope and

environment. On the other hand, it is argued that in order for a massive Pop III
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star to collapse while retaining enough angular momentum to form a GRB, it must

undergo chemically homogeneous evolution (Yoon et al., 2012), which would dredge

heavier elements produced in the core up to the outer layers, restoring radiation

driven mass loss. Furthermore, chemically homogeneous evolution requires the star

to have a high rotation velocity, which implies that the kinematic mass loss should

be high. This last point may or may not be influential to GRB afterglows, as the

kinematics that drive mass loss are greatest at the star’s equator, and zero at the

poles where the relativistic GRB jets are expected to launch.

Finding a satisfactory solution to the problem of the properties of a wind medium

around a Pop III star would be a separate and substantial investigation. Given the

relatively small difference in the resultant lightcurves as shown in Figure 3.1, we

keep to the simpler case of assuming constant density media.

3.3 Distributions of GRB physical parameters

The relevant physical parameters that determine GRB afterglows are the total

isotropic equivalent energy Eiso, redshift z, the jet half-opening angle θj, density

of the surrounding medium n, the electron energy distribution index p, the electron

energy fraction εe, and the magnetic field energy fraction εB.

We have no reason to expect that the distributions of the parameters θj, n, p, εe,

or εB for Pop III progenitor GRBs will differ from those of normal GRBs. Many GRB

simulations use a set of ‘fiducial’ parameters as a way of estimating typical GRB

lightcurves. In this work we investigate GRBs where the parameters are allowed

to vary as observations show, thus creating a realistic set of GRB lightcurves. The

fiducial parameters provide a starting point and reality check for the parameter

distributions. A typical set of fiducial parameters from Toma et al. (2011) is θj =

0.1, n = 1.0 cm−3, p = 2.3, εe = 0.1, and εB = 0.01.

We do expect that the distributions of Eiso and z are closely linked to the dis-

tribution of progenitor mass and the SFR, respectively. As these distributions are

uncertain, we investigate two extreme scenarios for the Eiso and z distributions: un-

der the most optimistic and most pessimistic combinations of Pop III initial mass

function (IMF) and SFR.

3.3.1 GRB isotropic equivalent energy Eiso

The energy reservoir of a long GRB is associated with the mass of its progenitor

star. The amount of energy released is proportional to the mass of the accretion

torus around the nascent black hole, which in turn is proportional to the total mass

of the star (Toma et al., 2011). Nakauchi et al. (2012) and Suwa and Ioka (2011)

simulated the production of GRBs from collapsing Pop III stars of various initial

masses, and found the resultant Eisos. The results were summarised in Chapter 2
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(Figure 2.1, page 25), from which a linear relation between progenitor mass and

resultant GRB Eiso can be seen, described as

Eiso(×1055erg) = 0.0124(M/M�) + 0.6507. (3.30)

This allows us to relate the energy distribution of GRBs to the IMF of the

progenitor stars.

However, we do not expect every Pop III star to produce a GRB. According

to the work of Yoon et al. (2012), there is a certain window in mass and rotation

speed in which GRB formation is possible. The progenitor must have an initial mass

between ∼ 12 - 84 M�, with a rotation velocity close to the break-up limit. From

figure 12 of Yoon et al. (2012) and assuming a mass-independent distribution of Pop

III stellar rotation speed, we generate a function of the probability of a Pop III star

being able to produce a GRB as a function of mass. We find that the probability of

a Pop III star forming a GRB is highest for a mass of ∼ 60 M�.

The IMF of Pop III stars is unknown. Previous studies provide several possible

alternatives to the standard Salpeter power law. These include lognormal distri-

butions (Tumlinson, 2006) and high mean Gaussian distributions (de Souza et al.,

2011). Of those we found it was the Gaussian distribution with µ = 55 M� and

σ = 15 M� of Scannapieco et al. (2003) as used in de Souza et al. (2011) that was

the most top heavy and, combined with the Yoon et al. (2012) mass and rotation

criteria, provided the greatest overall probability of Pop III GRB formation.

Assuming a mass-independent stellar rotation distribution, we derive from fig-

ure 12 of Yoon et al. (2012) mass-dependent rotation limits for GRB formation.

Combining this with the IMF and using the progenitor mass-Eiso relation, we gen-

erate the Pop III GRB Eiso probability function. A graphical representation of the

normalised Pop III GRB Eiso distributions is shown in Figure 3.2.

3.3.2 Redshift distribution

Progenitors of long GRBs are massive stars, whose lives are relatively short. The

occurrence of long GRBs is therefore closely associated with the SFR. We can use

theoretical estimates of the Pop III SFR to find the redshift distribution of Pop

III GRBs. Based on the approach described in Bromm and Loeb (2002), the non-

normalised GRB redshift probability function is:

PGRB(z) =
Ψ∗(z)d2

L

(1 + z)3
√

Ωm(1 + z)3 + ΩΛ

dz, (3.31)

where Ψ∗(z) is the Pop III SFR, and cosmological parameters Ωm and ΩΛ are 0.267

and 0.734 respectively.
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Figure 3.2: Normalised Eiso distributions of Population III GRBs under two scenar-
ios of the Pop III IMF; a high mean Gaussian (Scannapieco et al., 2003) (solid line)
and the Salpeter power law (dashed line).

The highest Pop III SFR found in the literature is the most optimistic case of de

Souza et al. (2011), while the lowest is that of Kulkarni et al. (2013). The normalised

Pop III GRB redshift distributions based on these SFRs are shown in Figure 3.3.

3.3.3 Initial jet opening angle θj

Analysis of the observed opening angles of GRBs has suggested that θj evolves,

where angles are narrower at high redshift Yonetoku et al. (2005). However, there

is no clear physical reason for this evolution, and it is alternatively possible that

the apparent evolution is a selection effect (Lu et al., 2012). GRBs with narrower

opening angles have a higher apparent brightness, and are therefore visible from

greater distances. At a high redshift, an observer is less likely to see a GRB with

a larger opening angle, so the population of GRBs at that redshift would appear

dominated by those with smaller θj. Lu et al. (2012) found using a simulated set of

GRBs that the apparent redshift dependent θj distribution could be reproduced if

the intrinsic θj distribution were lognormal, with median eµ = 0.0537 and standard

deviation σ = 0.6.

This median θj is slightly lower than the fiducial value, but not by an egregious

amount. We therefore adopt this distribution in our simulations.

3.3.4 Circumburst density n

From Panaitescu and Kumar (2002); Chevalier et al. (2004); Piro et al. (2005); Cenko

et al. (2011) we take circumburst density measurements of twelve GRBs, shown in
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Figure 3.3: Pop III GRB redshift probability density functions under the most
optimistic (solid line) and the most pessimistic (dashed line) Pop III SFRs.

Table 3.1.

Fitting to a lognormal distribution2 yields distribution parameters eµ = 0.88 and

σ = 3.5. The Kolmogorov-Smirnov (K-S) test of the data to this distribution3 shows

a 90% probability that the data came from this distribution. The distribution’s

median value of 0.88 is not dissimilar to the fiducial density of 1.0 cm−3.

3.3.5 Electron energy index p

Previous studies have derived a larger number of p values, as well as possible distri-

butions of this parameter. Several theoretical works concluded that p should have

a near-universal value of ∼ 2.2 - 2.3, with very little variation (Achterberg et al.,

2001; Lemoine and Pelletier, 2003). Observationally, p varies much more widely, as

seen in Table 3.1.

A Gaussian distribution that fits the data in Table 3.1 has µ = 2.2, σ = 0.4.

The K-S test of this data against a distribution with these parameters4 yields a 99%

probability that this data came from such a distribution. Further, the mean of 2.2

is consistent with the fiducial value of 2.3.

3.3.6 Electron (εe) and magnetic (εB) energy fractions

Observationally derived values for εe are shown in Table 3.1. At first glance, the

values roughly conform to a slight variance around the fiducial value of 0.1.

2Python 2.7.3, scipy 0.14.0
scipy.stats.lognorm.fit(data, floc = 0)

3scipy.stats.kstest(data, ‘lognorm’, args = (3.5, 0, 0.88))
4scipy.stats.kstest(data, ‘norm’, args = (2.2, 0.4))
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Table 3.1: Observationally derived microphysical parameters of GRBs
GRB Density (cm−3) p εe εB
970228 2.448

970508 0.752 2.292,3,8 0.191,2,3 0.16851,2,3,6

971214 2.28

980329 2.693,8 0.123 0.173

980519 0.142 2.872,8 0.112 0.0000352

980703 2.643,8 0.273 0.00183

990123 0.00194 2.1352,8 0.132 0.000742

990510 0.294 1.9452,8 0.0252 0.00522

991208 182 1.532 0.0562 0.0352

991216 4.72 1.362 0.0142 0.0182

000301C 274 1.432 0.0622 0.0722

000418 272 2.042 0.0762 0.00662

000926 224 2.582,3,8 0.1252,3 0.04352,3

010222 1.72 1.6952,8 0.432 0.0000672

011121 2.55 0.55

011211 35 2.45 0.00255 0.015

050801 2.649

050802 2.629

050904 0.03097

051109A 2.089

060124 2.029

060729 2.229

061121 1.889

090323 0.0710 0.008910

090328 2.2610 0.1110 0.001910

090902B 0.0005610 2.2110 0.1310 0.3310

090926A 2.1310 0.3310 0.08110

1: Wijers and Galama (1999)
2: Panaitescu and Kumar (2002)
3: Yost et al. (2003)
4: Chevalier et al. (2004)
5: Piro et al. (2005)
6: van der Horst et al. (2005)
7: Gou et al. (2007)
8: Starling et al. (2008)
9: Curran et al. (2009)
10: Cenko et al. (2011)

Where multiple references are given, the value shown is the numerical average of
the reference values.
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Figure 3.4: Comparison of observed GRB radio afterglows (dotted lines) (Chandra
and Frail, 2012) and simulated Pop III GRB afterglows (solid lines) at 8.5 GHz.

Using the K-S test, we find a 74% probability that the observed values of εe

are from a lognormal distribution with eµ = 0.09 and σ = 1.2. The median value

compares well with the fiducial εe of 0.1.

Using the K-S test, we find a 98% probability that the εBvalues shown in Table

3.1 are from a lognormal distribution with eµ = 0.012, σ = 2.6. We are again assured

by the proximity of the median to the fiducial εB of 0.01.

3.4 Results

With the parameter distributions described in Section 3.3, we use the GRB afterglow

model described in Section 3.2 to simulate GRBs from Pop III stellar collapse. The

probability distribution functions of the parameters are used to generate pseudo-

random values, which are then fed into the simulation to produce lightcurves.

Firstly, by testing those simulations where the observation angle is within the

initial opening angle (the GRB is aligned with the observer), and comparing to

observed afterglows, we determine that the afterglows of aligned Pop III GRBs

will be observable. Using the 8.5 GHz radio afterglow data provided by Poonam

Chandra (2014, private communication), the comparison of simulated Pop III GRB

afterglows to observed GRB afterglows is shown in Figure 3.4. The figure shows

that the simulated lightcurves are similar to observations, so the afterglows of Pop

III GRBs should easily be detectable at frequencies near 8.5 GHz with existing

instruments.

As shown in Figure 3.4, there is nothing in the shape of the afterglow radio

lightcurves to distinguish between GRB progenitors. The lightcurves from our sim-
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Figure 3.5: 8.5 GHz radio afterglows of simulated Pop III GRBs when the observer
is on-axis (black lines) and off-axis (grey lines).

ulations preferentially occupy the higher peak flux density region of the spread of

observed lightcurves, but no individual burst would be noticeably different. One

may have expected that the higher energy budget presumed available to Pop III

GRBs would produce brighter afterglows, and indeed in the local ISM frame this

would be the case. However, the high redshift of these GRBs then reduces the

observed flux densities to values typical of local GRBs.

The simulations show that the radio afterglows of Pop III GRBs should not

appear very different from normal GRBs. Conversely, it also means that an observed

radio afterglow could potentially be a high redshift Pop III GRB.

Having shown that Pop III GRB afterglows are detectable, in theory, we also

consider the contribution of unaligned ‘orphan’ GRBs, where the observing angle is

initially outside the jet opening angle. Figure 3.5 shows that the flux densities can

reach detectable levels after the jet break.

3.4.1 Detection by SKA precursors

In this study we consider two Square Kilometre Array (SKA) precursor instru-

ments; the Murchison Widefield Array (MWA) and the Australian SKA Pathfinder

(ASKAP).

MWA is a low frequency wide field phased array instrument, operating in the

frequency range 80-300 MHz. The defined characteristic performance of this instru-

ment is given at the central frequency of 150 MHz with a 30 MHz bandwidth, where

it has a nominal field of view of 610 deg2 and angular resolution of between ∼ 2 ∼
3 arcmin (Tingay et al., 2013). The sky noise at this frequency, combined with the
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Figure 3.6: Peak flux densities of simulated lightcurves of Pop III GRB radio af-
terglows in the frequency bands of ASKAP and MWA plotted against redshift in
the most optimistic case. Black points show afterglows exceeding the detection
threshold, while grey points are undetectable afterglows.

angular resolution, results in MWA being largely confusion limited. The 5σ detec-

tion limit is 6 mJy, which the instrument achieves in a matter of minutes. When

simulating the MWA lightcurves we integrate over a band 30 MHz wide centred on

150 MHz, using 6 mJy as the sensitivity limit.

ASKAP’s operational frequency range is 0.7-1.8 GHz, with a bandwidth of 300

MHz. With the instrument configured for an angular resolution of 18”, it has a 5σ

point source sensitivity of 29 µJy in a 1 hour observation (Johnston et al., 2009). In

our simulations of the ASKAP lightcurves we integrate over a band 300 MHz wide

centred on 1.25 GHz, and use 29 µJy as the sensitivity limit.

Figure 3.6 shows the peak flux densities of the simulated afterglows plotted

against redshift for ASKAP and MWA. Grey points indicate that the peak flux

density is less than the detection limit, and black points are above the detection

limit.

Figure 3.6 shows that ASKAP will detect many more Pop III GRB afterglows

than MWA. 34.8% of all afterglows could be detectable by ASKAP. Only 4 of the

three thousand simulated afterglows achieved a peak flux density greater than 6 mJy

at 150 MHz, a detectability rate of 0.13%. Closer analysis of the data reveals 89.4%

of aligned afterglows will exceed ASKAP’s detection limit, and that the majority

(70%) of those will do so within one day after the burst.

The simulated lightcurves whose peak flux are shown in Figure 3.6 assume a very

optimistic scenario for Pop III SFR and IMF. Properly investigating the possibility

of Pop III GRB radio afterglow detection requires that we also consider the worst

case (and likely more realistic) scenario. The most pessimistic derived Pop III SFR
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Figure 3.7: Peak flux densities of simulated lightcurves of Pop III GRB radio after-
glows in the bands observable by ASKAP and MWA plotted against redshift in the
most pessimistic scenario of Pop III SFR and IMF. Black points show afterglows
exceeding the detection threshold, while grey points show undetectable afterglows.

is that of Kulkarni et al. (2013), where the redshift of peak Pop III star formation

occurs at higher z, mostly at z & 10, and never at z < 7.5.

The Kulkarni SFR also assumes the least top-heavy, thus for us the most pes-

simistic, Pop III IMF of a Salpeter power law distribution with a low mass cut-off

of 1 M�. The pessimistic SFR and IMF yield new probability distribution functions

for redshift and Eiso. The simulated afterglows’ peak flux densities with these PDFs

are shown in Figure 3.7.

The figure shows that even in the pessimistic scenario of Pop III formation, the

resultant GRB radio afterglows will be detectable by ASKAP. There is a reduction in

the proportion of detectable afterglows; in this scenario, 82.7% of aligned afterglows

and 26.9% of all afterglows exceed the limit of ASKAP. Only a single simulation

(0.03% of all afterglows) exceeded the detection limit for MWA.

3.4.2 Pop III GRB afterglow detection rates

Our simulations give a representation of the detectability of Pop III GRBs. To

assess the probability of making a detection, we must estimate the intrinsic rate at

which these GRBs occurs. In constructing our sets of simulated GRB afterglows,

we have used theoretical SFRs and IMFs, both of which affect the formation rate

of GRBs. Using the approach of Bromm and Loeb (2002), the GRB rate above a

certain redshift is as follows:

NGRB(> z) =
4πc∆tobs

H0

∫ ∞
z

ηGRBΨ∗(z)d2
L

(1 + z)3
√

Ωm(1 + z)3 + ΩΛ

dz, (3.32)
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where Ψ∗ is the Pop III SFR, ∆tobs is the observation time interval, set to 1 yr to

cancel the yr−1 component of the SFR, H0 is the Hubble constant, and ηGRB is the

GRB formation efficiency:

ηGRB = fGRB

∫MU

ML
φ(m)r(m)dm∫MU

ML
mφ(m)dm

, (3.33)

where MU and ML are the upper and lower limits of φ(m), the IMF. r(m) is the

probability of satisfying the Yoon et al. (2012) rotation speed criteria as a function of

mass. fGRB is the GRB formation fraction, being the fraction of potential progenitors

which actually produce GRBs, set at 0.001 (Langer and Norman, 2006).

In the most optimistic case of Pop III GRB formation, we use the most optimistic

Pop III SFR of de Souza et al. (2011), combined with a Gaussian IMF with µ = 55

M� and σ = 15 M� (Scannapieco et al., 2003) as used in de Souza et al. (2011).

With this IMF, ηGRB is 6.35× 10−6 M−1
� . Applying this and the optimistic SFR to

equation 3.32 for all redshifts results in an intrinsic Pop III GRB rate of 4.55× 103

yr−1. We can scale this rate by the fraction of the sky covered by the ASKAP, and

find that Pop III GRBs would occur at a rate of 3.31 yr−1 within its 30 sq. deg.

FOV.

Multiplying the average rate of GRBs per day per FOV by the average number of

days that the afterglows are detectable, results in the average number of detections

per image. Where this number is greater than 1, the implication is that, at any

given time, there should be multiple simultaneously observable GRB afterglows.

Where this number is less than 1, it implies multiple observations will be required

per detection.

We only perform this analysis for ASKAP, for as shown in Figures 3.6 and 3.7,

the probability of MWA detecting a Pop III GRB afterglow is negligible.

Figure 3.8 (Top) shows the simulated GRB afterglows resulting from using this

SFR and IMF. Analysing the data, we find that the average length of time that a

Pop III GRB afterglow remains detectable by ASKAP is 6.60×105 days, inclusive of

those which never exceed the detection threshold. If we exclude the invisible GRBs,

then the remainder are detectable by ASKAP for an average of 1.90×106 days.

In this optimistic case, for ASKAP we have 9.06×10−3 Pop III GRBs per day

multiplied by 6.60×105 days, resulting in a detection number of 5.98×103. These

∼ 6000 Pop III GRB afterglows in every 30 sq. deg. image taken by ASKAP would,

on average, be separated by 4.8 arcmin. This scenario should therefore be easily

proven or disproven by ASKAP.

The most pessimistic case of Pop III GRB formation rate consists of the Pop III

SFR derived by Kulkarni et al. (2013), adopting a Salpeter power law IMF in the

range 1-100 M�. This IMF combined with the aforementioned formation criteria

results in ηGRB = 1.82×10−6 M−1
� . Applying this efficiency and the pessimistic SFR
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Figure 3.8: Simulated lightcurves of Pop III GRB radio afterglows at a frequency
band 1.10-1.40 GHz, observable by ASKAP. Grey segments of the lightcurves are be-
low ASKAP detection threshold of 29 µJy; black segments are above this threshold.
Top The optimistic scenario. Bottom The pessimistic scenario.
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to equation 3.32 results in an intrinsic Pop III GRB rate for all redshifts of 7.95

yr−1. This equates to a rate of 1.58×10−5 yr−1 within ASKAP’s FOV.

From Figure 3.8 (Bottom), the average time an afterglow can be detected by

ASKAP is 6.72×105 days. The average number of detectable Pop III GRB afterglows

per ASKAP image is 10.6, with an average angular separation between afterglows

of 1.2 degrees.

Since the proportions of afterglows detectable by MWA is negligible in both

pessimistic and optimistic scenarios, we do not calculate detection rates for this

instrument.

3.4.3 Detection of prompt gamma-ray emission

So far we have not been concerned with the orientation of the GRBs, treating the

small subset of directed bursts right along with those undirected bursts which only

become visible at late times. In terms of performing a blind search, whether or not

the observer was within the initial GRB opening angle is irrelevant. We now look at

the prospects of a triggered follow up of Pop III GRBs from the prompt gamma-ray

detection by Swift.

The first question is whether or not the prompt gamma-ray emission from a

Pop III GRB will be sufficiently luminous to trigger a GRB satellite. We assume

that peak gamma-ray luminosity scales with Eiso and we observe that the minimum

detectable peak luminosity, and therefore minimum detectable Eiso, increases with

redshift as
d2
L

1 + z
. Figure 3.9 plots the limiting Eiso with redshift following the

expected Eiso,lim ∝
d2
L

1 + z
. To ensure a consistent sample of Eiso data, we use the

Butler online catalogue Swift BAT Integrated Spectral Parameters5. This catalogue,

an extension of Butler et al. (2007, 2010), circumvents the nominal BAT upper

energy of 150 keV to produce values of Eiso through a Bayesian approach.

The figure shows that at z = 35, which is the upper limit for the theoretical Pop

III SFRs adopted in this paper, the minimum observable Eiso is less than 1054ergs.

It is less than the minimum Eiso of Pop III GRBs assumed in this paper (see Figure

3.2), so in this scenario the prompt emissions will be sufficiently luminous to trigger

Swift.

The second question is the rate at which both Swift is within the initial opening

angle of a Pop III GRB, and that GRB is within the FOV of the satellite. Within

Swift’s 2 str FOV, Pop III GRBs occur at a rate of 724 yr−1 in the optimistic case,

and 1.27 yr−1 in the pessimistic case. Through our simulations, the observer was

within the initial opening angle of approximately 4% of all GRBs. In the optimistic

case Swift would detect 29 Pop III GRBs yr−1, and in the pessimistic case 0.05 yr−1

(one Pop III GRB every 20 years).

5http://butler.lab.asu.edu/Swift/bat_spec_table.html
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relation.

Following Swift detection, ASKAP would be capable of detecting ∼90% of the 29

GRBs yr−1 (26 yr−1), in the optimistic case, and have an ∼83% chance of detecting

a 1/20 year Pop III GRB in the pessimistic case. MWA should not be considered

to follow up Pop III GRB prompts in any case, as our simulations have shown that

a) the chances of achieving sufficient flux density for MWA to detect are extremely

low, and b) the sufficient flux density occurs a very long time after the burst.

3.4.4 Optimal observing cadence for detection

The optimal cadence to search for slow transients such as GRB radio afterglows

are those that have the highest average flux variance between images. We consider

an observation plan lasting ten years, and populate a number of theoretical FOVs

with simulated afterglow lightcurves. We took a range of observation intervals, from

observing every day for the full ten years, to having only two observations separated

by ten years. Over this range we find the average changes in afterglow flux density

over a single time interval.

For the optimistic case with ASKAP, we find that the average change in flux

density increases with the length of the interval, up to the maximum interval of 10

years, where the average change in flux density was ∼ 6 × 10−5 Jy. The pattern

continued in the pessimistic case, where the maximum average flux change of ∼
2.7× 10−5 Jy occurs at the maximum interval of 10 years.

We find the optimum cadence for these searches with instruments like ASKAP

will be greater than ten years. For practical purposes, the results indicate that when

it comes to a blind search for Pop III GRB radio afterglows, one should look at the
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longest feasible cadence.

3.5 Conclusions

We find the radio afterglows of Pop III GRBs are detectable by ASKAP, via the

application of a realistic afterglow model, under the following assumptions: 1: Pop

III stars formed at high redshift, with higher masses and therefore shorter lives than

Pop I/II stars. 2: Pop III stars could produce GRBs in the manner of stellar core

collapse, providing certain criteria of mass and rotation were met. 3: The resulting

GRBs would be more energetic than those from Pop I/II stellar collapse. 4: The

microphysical parameters affecting GRBs and their afterglows do not change with

stellar population.

Our simulations show that the radio afterglow lightcurves of high redshift Pop

III GRBs will be indistinguishable from those of low redshift Pop I/II GRBs. This

undermines the primary motivation for searching for Pop III GRBs: the study of

Pop III star formation history. The only indication that a radio afterglow might

belong to a Pop III star would be if the GRB were at high redshift (z > 5). The

fact that the radio emission is similar to that of a low redshift GRB (z < 5) would

indicate Pop III-type energy. The distinction cannot be based solely on the radio

afterglow lightcurves, as unfortunately there is no way to use radio afterglow data

to determine redshift.

Even if radio observations could identify high redshift and orphan GRB after-

glows, those observations would not by themselves provide evidence that the pro-

genitor were Pop I/II or III. Observations at higher frequencies will be necessary,

but at these redshifts the Gunn-Peterson trough of Lyman-α absorption rules out

frequencies higher than near-infrared. With advanced space infrared telescopes (e.g.

James Webb Space Telescope) it may be possible to obtain spectra of high redshift

GRB afterglows, which would reveal the composition of their environments. How-

ever, given that optical/infrared afterglows tend to decay quickly, it is likely that

such observations would only be possible for GRBs directed at and triggering a GRB

satellite.

It is expected that the peak gamma-ray luminosity of Pop III GRBs will be

high enough to trigger a GRB satellite, such as Swift, despite their higher redshifts.

The rate of prompt detection relies on the alignment rate scaled by the sky fraction

covered by GRB satellites. Swift could detect as many as 29 Pop III GRB prompts

yr−1 in the most optimistic case, and as few as one every 20 years in the pessimistic

case.

Simulations of the afterglow lightcurves of Pop III GRBs in the optimistic case

show that 89% of the aligned bursts will be detectable by ASKAP, 70% of which

within 1 day. ASKAP’s sensitivity lends it to timely follow-up of GRB prompts,
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although rapid follow-up interrupting its normal observation schedule should not be

necessary due to the longevity of the afterglows. Observations made some tens of

days after the GRB may identify an afterglow with a Pop III progenitor if it has

a brightness typical of a low redshift Pop I/II progenitor and is shown to be high

redshift (z > 5).

Our simulations do not find any afterglows of aligned Pop III GRBs detectable

to MWA. The total number of detections was negligible (0.13%), and only possible

when near their peak flux density, which is extremely late at MWA frequencies.

MWA is unsuited for follow up of Pop III GRB afterglows, or indeed GRBs in

general.

Altogether 35% of all aligned and unaligned Pop III GRB afterglows will be

detectable by ASKAP in the optimistic case. Since, on average, only 4% of all

GRBs will be aligned with the observer, the feasibility of detecting the unaligned

‘orphan’ Pop III GRB afterglows with these instruments is important. The average

number of detections per image is the product of the intrinsic rate of Pop III GRBs

within the FOV with the average time an afterglow is detectable. For ASKAP this

is 5.98×103 detectable afterglows per image, a number which is unrealistically high.

The number of detectable afterglows predicted in this case is high enough to be

relatively easily disproved, and we expect ASKAP transient searches to dismiss this

upper limit.

In the pessimistic case, analysis of the simulations shows ASKAP capable of

detecting 83% of aligned afterglows and 27% of all afterglows, with an average of

10.6 detections per image. MWA detections are negligible (0.03%).

The average change in afterglow flux density over a time interval increases with

the length of that interval, at least up to the maximum tested interval of ten years.

This average flux variance seems to be of the order of the flux density limit of

detection. In performing a blind or archival search for orphan afterglows, one should

use the longest feasible cadences and search for flux decay.

While detecting orphan radio afterglows may be possible, our results show that

it will not be possible to distinguish progenitors from orphan radio afterglow data

alone. Combining such data with other detections may, in principle, reveal new

insight into progenitors. For instance, detections of an orphan afterglow in multiple

frequencies from sub-mm to radio, and a non-detection in optical/infrared frequen-

cies may be due to redshifted Lyman-α absorption indicative of a high redshift and

high energy GRB progenitor. The key question would be the proportion of Pop

III GRBs whose orphan optical/infrared afterglows would be detectable if not for

redshifted Lyman-α absorption. This question we will investigate in a follow-up

study.



Chapter 4

Multiwavelength detectability of

Pop III GRBs from afterglow

simulations

In the preceding chapter, the most optimistic scenario of Pop III SFR and IMF

was shown to result in an unrealistically high density of orphan Pop III GRB radio

afterglows. The following study on the multiwavelength observational properties of

Pop III GRBs was consequently restricted to the most conservative (and likely more

realistic) models for the SFR and IMF.

The model was extended further from that used in the previous chapter. The

redshifted neutral hydrogen absorption effect was dealt with directly, whereas pre-

vious investigations avoided dealing with the absorption by avoiding observation

frequencies that would be affected. Effects of strong gravitational lensing, amplify-

ing flux density, were incorporated. Finally, the early reverse shock contribution to

the afterglow emission, which was too complex for the proof-of-concept investiga-

tion in Chapter 2 and irrelevant to the long wavelength radio emission studied in

Chapter 3, was included in a semi-analytic manner.

The numerical model, coded in Python, is included in Appendix A.1. This was

used to study the broadband observational properties of Pop III GRB afterglows.

Having determined that Pop III GRBs are detectable with modern telescopes, and

that at radio wavelengths they should look very similar to normal GRB afterglows,

a more realistic technique was required to address the questions: is it possible to

use afterglow observations to identify Pop III progenitors? And if so, can those

observations be used to probe Pop III stellar evolution?

The remainder of this chapter is comprised of sections of a paper in preparation

to be submitted to Monthly Notices of the Royal Astronomical Society, co-authored

with PhD supervisor, David Coward.

61
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4.1 Simulation

4.1.1 Gravitational Lensing

Existing studies of lensed GRBs tend to focus on individual events and microlens-

ing. For instance, the possibility a GRB appearing multiple times owing to the

precise placement of a strong gravitational lens, e.g. the centre of a galaxy cluster.

Depending on the exact geometry, a GRB might appear in four different locations

simultaneously, or owing to light travel distances the same GRB might reappear

days later in a slightly different position. Or if the lensing factor were small, an

echo of the GRB’s light curve would appear superimposed on the initial light curve

with a delay of several seconds or minutes. On the other hand, the effect of a mi-

crolens (e.g. a star) moving across the GRB would have predictable impacts upon

the GRB’s light curve. This involves individual GRBs within the Einstein radius of

a star - a vanishingly small population. In this case we consider the general, global

effects of strong gravitational lensing amplifying the brightness of a population of

high redshift objects. This brightening occurs even outside the Einstein radius. This

effect is usually invoked in studies of high redshift galaxies and Pop III stars in gen-

eral (Granot and Loeb, 2001; Hirose et al., 2006; Ioka and Nakamura, 2001; Kelly

et al., 2015; Loeb and Perna, 1998; Mao, 1992; Marri and Ferrara, 1998; Oguri and

Marshall, 2010; Zackrisson et al., 2012).

The optical depth to strong gravitational lensing τ(zs) is the probability that the

line of sight to a source at redshift zs passes through the strong lensing cross section

of a gravitational lens such as galaxy cluster. The impact parameter i denotes how

closely the line of sight passes by the lensing centre of mass, where i = 0 indicates

the lines of sight passes directly through the centre of mass. In this study we

consider only one strong lensing event per GRB, and so we define the upper impact

parameter i = 1 as the maximum separation the GRB line of sight can have from

the nearest strong lensing centre of mass. If Pop III GRBs are randomly distributed

with respect to strong gravitational lenses, the impact parameter i will be randomly

distributed.

The strong lensing magnification factor m increases as i→ 0. When the closest

approach of the line of sight, dlos passes within the strong lensing cross section, dsl,

the magnification factorm = 2
√
dsl/dlos. When dlos is outside dsl, m = 1+

√
dsl/dlos.

Substituting the physical distances with the probability of strong lensing τ(zs) and

the impact parameter i, we have

m =


2

√
τ(zs)

i
, i < τ(zs)

1 +

√
τ(zs)

i
, τ(zs) < i

(4.1)

Even when the source is at maximum separation from a strong gravitational lens
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(i = 1), the magnification factor m > 1 unless τ(zs) = 0.

We use the Turner (1990) equation to calculate the strong lensing optical depth

for a source at zs: τ(zs) =
4F

15

((1 + zs)
1/2 − 1)3

(1 + zs)3/2
. In shape, this is almost iden-

tical to the Peebles (1993) equation: τ(zs) ∼ 0.001
[
1− (1 + zs)

−1/2
]3

, as shown

in Figure 4.1 (Top). This figure also shows how the Turner (1990) and Peebles

(1993) equations compare to the results of the highly detailed investigation of Por-

ciani and Madau (2000, 2001); the dash-dot line showing their full solution up to

z ∼ 5, and the dotted line showing their convenient fit function (accurate to 1%

over 0.6 < z < 7). We use a value of F = 0.085 in the Turner equation for best

consistency with the Porciani and Madau (2000, 2001) results. Figure 4.1 Bottom

shows the distribution of magnification factors for sources distributed as Pop III

GRBs (see Section 4.2 below), using the Turner (1990) equation with F = 0.085.

4.1.2 Neutral Hydrogen Absorption

To accurately model optical detection of a high z GRB, we must consider absorption

due to redshifted neutral hydrogen in Lyman-α and Lyman continuum wavelengths.

We adopt the work of Moller and Jakobsen (1990) to account for this absorption in

both the Lyman forest and in isolated Lyman limit systems. Figure 4.2 shows the

effects of this absorption on continuum emission for a range of redshifts.

4.1.3 Reverse Shock

When the GRB outflow encounters the ISM, two shock fronts are formed. One

propagates in to the ISM (forward shock) while the other propagates through the

outflow in the opposite direction (reverse shock). The acceleration of electrons in

each of these shocks produce synchro-Compton spectra contributing to the overall

afterglow spectrum. As the products of velocity dispersions, the shocks persist

until local velocities reach an equilibrium. The forward shock continues until the

outflow velocity matches the local ISM velocity - i.e. when all the outflow energy

has dissipated. The reverse shock lasts until the outflow moves cogently, i.e. until

the internal shocks (which produce the GRB) cease at Tdur or until the outflow

accumulates enough of the ISM to begin decelerating at tdec, whichever takes longer.

If Tdur > tdec, the outflow shell is ‘thick’ and the reverse shock component persists

after tdec, otherwise the shell is ‘thin’ and the reverse shock ends at tdec(Gao et al.

(2013); cf. Kobayashi et al. (1999)).

The simulation described in Macpherson and Coward (2015) only tracks the

evolution of the outflow after tdur, ignoring the reverse shock. In this study, prior to

tdec we use the detailed analytic descriptions for the forward and reverse shocks, in

both the thick and thin shell cases, given in Gao et al. (2013). After tdec, calculation
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Figure 4.2: EM transmission through the Lyman forest and Lyman limit systems
as a function of frequency, for continuum sources at various redshifts.

of the forward shock component changes to the numerical method described in

Macpherson and Coward (2015).

An important by-product of the inclusion of the reverse shock component is that

we cannot use the analytic equation relating the GRB isotropic equivalent energy

Eiso to the outflow’s initial bulk Lorentz factor Γ0. The analytic equation models the

Lorentz factor as having a simple t−3/8 dependence, with the initial value found by

setting t to an appropriately small initial value such as 1 s. However, the ejecta does

not begin decelerating immediately; the bulk Lorentz factor remains approximately

constant until the deceleration time tdec, when the mass m accumulated by the

blast wave sweeping through the ambient medium approximately equals its rest-

mass E/(cΓ0)2. The analytic equation for Γ0 is derived from the time taken for the

ejecta to accumulate its rest-mass, so it will always result in tdec being equal to the

initial t value used to calculate Γ0, regardless of Eiso. Instead, we use the empirical

relation found by Liang et al. (2010): Γ0 = 182× (E
iso
/1052erg)0.25.

4.1.4 Pop III GRB T90

For determining if the outflow shell is ‘thin’ or ‘thick’, we use the observed duration

of the GRB, T90, which is approximately equal to the duration of the central engine

Tdur. We relate T90 to the Pop III progenitor mass by combining the results of

simulations by Nakauchi et al. (2012) and Yoon et al. (2012).

The results of Nakauchi et al. (2012) show a poor correlation of T90 with either

progenitor mass or GRB energy, but a good correlation with progenitor radius (see

Figure 4.3 (Left)). We assume, reasonably, that the total energy of a GRB is deter-

mined by the amount of matter to be accreted, while the duration is determined by

how long the accretion lasts. A more physically extended star would lead to a GRB

that is less luminous, longer lasting, but ultimately just as energetic as a GRB from
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Figure 4.3: Left Rest frame durations of simulated Pop III GRBs with respect
to stellar radius, from the results of Nakauchi et al. (2012). The solid line shows
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producing Pop III stars with respect to stellar mass, based on Yoon et al. (2012).
The solid line shows the best-fit power law, where R(R�) = 0.417 × (M/M�)0.53.

a more compact star of the same mass.

The simulations of Yoon et al. (2012) did not determine the properties (e.g. Eiso,

T90) of Pop III GRBs. However, as shown in Figure 4.3 (Right), their results show

a stronger correlation of initial mass to final radius than those of Nakauchi et al.

(2012). This is attributed to the inclusion of magnetic dynamo effects leading to

increased chemical mixing in fast-rotating stars, in turn leading to chemically ho-

mogeneous evolution (CHE) which keeps the stars from expanding. The correlation

closely matches the expected mass-radius relation for main sequence stars: R∗∝̃
M0.5
∗ . Yoon et al. (2012) conclude that CHE is required for Pop III GRB formation,

as it prevents the expansion of a Pop III star into a red supergiant (RSG), whose

radius would be too great for GRB breakout. Yoon et al. (2012) and Nakauchi et al.

(2012) agree that evolution to a RSG precludes GRB production, but the adoption

of differing mechanisms in the stellar evolution results in different conclusions about

the final radii of Pop III GRB progenitors. Specifically, Nakauchi et al. (2012) sim-

ulated a 44 M� Pop III star which remained compact and produced a GRB with

T90 = 6, 500 s, as well as Pop III stars of 60 and 70 M� which developed extended

envelopes before producing much longer lasting GRBs (T90 of 50,000 and 55,000

s, respectively). Stars of mass (60 − 70 M�) in Yoon et al. (2012)’s simulations,

though CHE, remain as compact blue supergiants (BSGs) which would produce less

enduring GRBs.

From fitting a power-law to the relationship between Pop III mass and radius

(Figure 4.3 (Right) (Yoon et al., 2012)), and another power law to the relationship

between Pop III radius and rest frame GRB duration (Figure 4.3 (Left) (Nakauchi

et al., 2012)), we derive the duration of a Pop III GRB is related to the progenitor
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mass by

T90 = 58.6×
(
M

M�

)0.631

. (4.2)

Equation 4.2, with the lower Pop III GRB progenitor mass limit of ∼ 13 M�

results in a lower T90 limit of 296 s. This is the minimum rest-frame duration

assuming that the accretion of the stellar envelope onto the nascent black hole does

not stall or proceed faster than the average rate suggested by numerical simulations.

4.1.5 Comparison With Observations

When our model is provided with fiducial parameters for normal GRBs, the results

compare well with observations in X-ray, optical (R-band), and radio frequencies

(Figure 4.4. The fiducial parameters used are as follows: Eiso = 1053 erg; z =

1; θj = 0.0537 radian; density (n) = 0.88 cm−3; electron energy fraction (εe) =

0.09; magnetic field energy fraction (εB) = 0.012; electron energy index (p) = 2.2.

Additionally, the magnification factor due to gravitational lensing at this redshift

(see Section 4.1.1) was 1.03, and the duration of the burst was 40.1 seconds. We

obtained this value for the duration from the T90 data compiled by Chandra and

Frail (2012), which we fit to a lognormal distribution with a median eµ = 40.1 and

standard deviation σ = 1.21 (K-S statistic 0.045 (p = 63.2%)).

4.2 Pop III GRB parameter distributions

Except for the energy and redshift, we have no reason to expect that the parameters

of Pop III GRBs differ from those of Pop I/II GRBs. The only parameter which

might realistically differ because of GRB environment is the circumburst medium

density. After reviewing several papers (Alvarez et al., 2006; Ciardi and Loeb,

2000; Kitayama et al., 2004; Mesler et al., 2014; Toma et al., 2011; Wang et al.,

2012; Whalen et al., 2004), no convincing argument was found for precisely how the

density around a Pop III star would differ from that around a Pop I/II star. The

assumption of a similar distribution of densities as is observed for Pop I/II GRBs is

no more or less valid than any other assumption. Since the lifetimes of Pop III GRB

progenitors are relatively short, the distribution of Pop III GRB redshifts should

closely trace the Pop III SFR. We use the Pop III SFR of Kulkarni et al. (2013) for

our distribution of Pop III GRB redshifts.

Pop III GRB simulations performed by Suwa & Ioka (2011) and Nakauchi et

al. (2012) show that the GRB energy is related to the mass of the progenitor.

Converting their resultant Eγ,iso to Eiso values following a 10% γ-ray conversion

efficiency, and then correcting for the 5° beaming angle to total corrected energy

Ecorr, the resultant Ecorr from these simulations linearly proportional to progenitor
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mass:

Ecorr = 1.24× 1052 + 2.36× 1050 M

M�
, (4.3)

as shown in Figure 4.5 (Top; black dotted line).

The distribution of progenitor mass is related to the Pop III IMF, but not every

Pop III star will form a GRB. Yoon et al. (2012) show that for a Pop III star

to produce a GRB it must remain compact, which means satisfying certain mass

and rotation speed constraints. Pop III stars at the lower mass limit for GRB

production (∼ 13 M�) need to rotate very close to their break-up velocity. More

massive stars can rotate at lower fractions of their break-up velocity, however even

the most massive GRB-producing stars (∼ 84 M�, below the threshold for PISN

production) must rotate at ∼ half their break-up velocity (see Figure 4.5 (Top),

blue dashed line). Using these constraints, with a standard Salpeter power-law

IMF with mass limited to the range 1-100 M�, and assuming that Pop III stellar

rotation speeds are uniformly distributed, we develop a distribution of Pop III GRB

progenitor mass (see Figure 4.5 (Top), purple dot-dashed line). The IMF we use

is both a conservative estimate and consistent with the IMF assumed by Kulkarni

et al. (2013) in deriving the Pop III SFR. Assuming a uniform rotation distribution

is also conservative considering the findings of Stacy et al. (2011, 2013) that Pop III

stars would be preferentially fast rotators.

The mass distribution affects both the T90 and Ecorr (see Section 4.1.4 above)

distributions of Pop III GRBs. Note that the model uses the isotropic equivalent

energy Eiso in calculating the evolution of the blast wave, which is Ecorr focussed into

a cone of angle θj. Lu et al. (2012) disentangled the intrinsic distribution of GRB

opening angles θj from selection effects, finding θj follows a lognormal distribution

with a median eµ = 0.0537 and standard deviation σ = 0.6. Figure 4.5 shows the

T90 and Eiso distributions constrained by these mass and θj distributions. The other

parameter distribution functions (for the external medium density n, electron energy

fraction εe, magnetic field energy fraction εB, and electron spectral energy index p)

are from fits to observationally derived values for normal GRBs, compiled and fitted

in Macpherson and Coward (2015).

4.3 Instruments

We have selected a suite of facilities sensitive across a wide range of the electro-

magnetic spectrum in which to explore detection of Pop III GRB afterglows. These

instruments represent long wavelength radio, sub-mm, mid- and near-IR, and X-ray

regimes. We have not considered the optical and UV regimes as these are too sup-

pressed by redshifted neutral hydrogen absorption (see Section 4.1.2 and Figure 4.2

above).
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4.3.1 ASKAP

The Australian Square Kilometre Array Pathfinder (ASKAP), a highly sensitive low

frequency survey telescope, is ideal for the discovery of long-lived and orphan radio

afterglows of energetic GRBs. Macpherson and Coward (2015) show that ASKAP

should be able to detect Pop III GRB afterglows for long durations after the burst,

even in the most conservative scenarios of Pop III GRB formation. Configured in

its most optimum survey mode, ASKAP will have an angular resolution of 18” over

its 30 deg2 field of view (FOV), and achieve a 5σ limiting flux density of 29 µJy

with an integration time of 1 hr (Johnston et al., 2009). In this study, the response

function of ASKAP is modelled as a uniform response over a 300 MHz bandwidth,

centred on a frequency of 1.25 GHz.

4.3.2 VLA

The Very Large Array (VLA) is active in GRB follow-up, and provides most of

the radio afterglow data used to verify our model (see Figure 4.4 Bottom). In

modelling the VLA, we assume a uniform response function over a bandwidth of

500 MHz centred on 8.5 GHz, with the limiting flux density of 10 µJy estimated

from the faintest detections of GRB afterglows. The FOV is given by the full-width

half-power (FWHP) at this frequency, i.e. θ (arcmin) = 45
ν(GHz)

= 5’.29.a

4.3.3 ALMA

The Atacama Large Millimetre Array (ALMA) probes a largely unexplored region

of the GRB afterglow spectrum with unprecedented sensitivity. We consider seven

observing frequencies with ALMA, each with an assumed uniform spectral response

over a bandwidth of 7.5 GHz, with central frequencies and 5σ detection limits given

in Table 4.1. The 1σ sensitivities have been calculated using the ALMA Sensitivity

Calculatorb assuming a source near directly overhead (Dec -23:00:00) with dual

polarisation, 36 12 m antennas, a resolution of 1”, and a 60 minute integration time.

These 1σ results are then multiplied by 5 to give the limits for a strong detection.

Table 4.1 also shows the Field of View (FOV) of ALMA in each frequency config-

uration, which has been calculated following Remijan et al. (2015). The FOV as an

angular diameter is taken as the half-power beam width (HPBW), given as 1.13 λ
D

,

where D = antenna diameter = 12 m.

ahttps://science.nrao.edu/fecilities/vla/docs/manuals/oss2013b/performance/fov
bhttps://almascience.eso.org/proposing/sensitivity-calculator; see also Remijan

et al. (2015)



72 CHAPTER 4. BROADBAND OBSERVATIONAL PROPERTIES

Table 4.1: ALMA central frequencies and 5σ detection limits
Central Frequency Detection Limit FOV
(GHz)
100 62 µJy 58”
144 68.5 µJy 40”.5
243 81 µJy 24”
324 378.5 µJy 18”
442 735 µJy 13”.2
661 1.02 mJy 8”.82
868 2.425 mJy 6”.71

4.3.4 JWST

We examine the Pop III GRB detection prospects for all infrared instruments to

be installed on the James Webb Space Telescope (JWST): Mid-InfraRed Imager

(MIRI), Near-InfraRed Camera (NIRCam), and Near-InfraRed Spectrograph (NIR-

Spec; see Section 4.4.2 below).

The photometric instruments, NIRCam and MIRI, will observe radiation at

wavelengths from 0.6 to 5 µm with an FOV of 2’.16 × 2’.16c, and wavelengths

from 5 to 28.3 µm with an FOV of 1’.25 × 1’.88d, respectively. The flux densities

required for 10σ detections through their wide-band filters in 104 s exposurese,f have

been converted to values for 5σ detections in 5 minute exposures, shown in Table

4.2. For the spectral response functions of the filter/detector combinations, we use

the NIRCam preliminary W filter curves on the STScI websiteg and (Glasse et al.,

2010) for MIRI.

At its lowest spectral resolution NIRSpec’s 10σ sensitivity limit for a 104 s expo-

sure is 132 nJy at 3 µm.h However, the ability of NIRSpec to detect the afterglows

is meaningless if the features of the observed spectrum cannot be identified. To

determine the limits for observing a spectrum with discernible features, the limit-

ing equivalent widths (EWs) of unresolved absorption lines at frequency ν at 5σ

significance are calculated by:

EWmin = 5
cN(ν)

νR(ν)Fν
, (4.4)

where R is the spectral resolution and N is the 1σ limit (mean noise signal) at

frequency ν (both interpolated from data obtained from the JWST websiteh, and

Fν is the afterglow flux density at ν. As Fν decreases with time, the limiting EW

increases. Once the limiting value is greater than the EW of a particular transition

chttp://www.stsci.edu/jwst/instruments/nircam/instrumentdesign
dhttp://www.stsci.edu/jwst/instruments/miri/miri-glance
ehttp://www.stsci.edu/jwst/instruments/nircam/sensitivity/table
fhttp://www.stsci/edu/jwst/instruments/miri/sensitivity
ghttp://www.stsci.edu/jwst/instruments/nircam/instrumentdesign/filters
hhttp://www.stsci.edu/jwst/instruments/nirspec/sensitivity
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Table 4.2: JWST Instrument/Filter detection limits
Instrument Filter Detection Limit

F2550W 83.7 µJy
F2100W 24.8 µJy
F1800W 12.4 µJy

MIRI F1500W 6.1 µJy
F1280W 4 µJy
F1000W 2 µJy
F770W 0.81 µJy
F560W 0.58 µJy

F444W 70.7 nJy
F356W 39.8 nJy
F277W 35.5 nJy

NIRCam F200W 32.9 nJy
F150W 32.3 nJy
F115W 34.1 nJy
F090W 41.3 nJy
F070W 60.3 nJy

Table 4.3: Key absorption transition line rest-frame wavelengths and EWs for Pop
III cluster environments, from Wang et al. (2012)

Transition Wavelength (nm) EW (Å)
C II 133.45 0.144
Si II 130.44 0.0259
Fe II 234.42 0.0224

238.28 0.0718
O I 130.22 0.196

line, that line becomes more difficult to discern.

Wang et al. (2012) studied in detail the chemical enrichment and dispersion (via

SNe) within a cluster of Pop III stars with a Salpeter IMF. The key transition lines

identified, and their mean EWs over various lines of sight, are listed in Table 4.3.

The observed wavelengths and EWs are scaled by the GRB redshift z by the

factor (1 + z). In assessing the effectiveness of NIRSpec we consider its ability to

detect all five transitions listed in Table 4.3, with high (5σ) significance in its lowest

resolution setting with exposure times of 104 s.

4.3.5 Spectrum-Roentgen-Gamma

The upcoming Spectrum-Roentgen-Gamma (SRG) satellite will perform a four-year

all-sky X-ray survey. We include this instrument in our modelling to determine the

probability of this survey detecting Pop III GRB afterglows.

Two separate instruments will perform the survey: extended ROentgen Survey

with an Imaging Telescope Array (eROSITA) will operate in two separate X-ray
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bands, 0.5−2 keV and 2−10 keV, with a 1° diameter FOV; Astronomical Roentgen

Telescope - X-ray Concentrator (ART-XC) will operate in the high energy band 6−30

keV with a 34’ diameter FOV. The spectral response functions of these instruments

have been adapted from functions of their effective area (Pavlinsky et al., 2011;

Predehl et al., 2010).

The survey is planned to consist of 8 all-sky sub surveys, each taking six months,

stacked to achieve the target sensitivity and remove spurious signals (Predehl and

Pavlinsky, 2014)i. The prospects of this survey discovering afterglows of regular

GRBs has already been tested (Khabibullin et al., 2012). The challenge is that

during the survey, the telescope will be in a constant slewing motion as it scans

the sky. Given the FOV and slew speed, a point source will only be continuously

observed for approximately 40 s at a time. Transient sources like GRB X-ray after-

glows must have a brightness above the noise level in a single 40 s sweep in order

to be detected. Khabibullin et al. (2012) have determined that the limiting flux for

such a detection is 3×10−13 erg s−1 cm−2 in the conservative case with SRG’s most

sensitive X-ray energy band: eROSITA 0.5− 2 keV. Converting to flux density for

this photon energy, we adopt 100 nJy as the limiting flux density.

4.3.6 Swift XRT

The X-Ray Telescope on Swift rapidly localises (to within several arcseconds) GRBs

detected by the Burst Alert Telescope (BAT, typical error radius of a few arcmin-

utes), while simultaneously gathering observations of the early X-ray afterglow. The

detection sensitivity of Swift XRT (in flux units) is 2×10−14 erg cm−2 s−1, equiva-

lent to a flux density of 1.65 nJy. The spectral response with respect to frequency

is adapted from the function of effective area with respect to energy.j

In this paper, we do not consider the detectability of the prompt Pop III GRB

emission, as that involves different modelling to the afterglow, but focus on deter-

mining if the early X-ray afterglow flux will be energetic enough to allow localisation

of the burst with XRT.

4.4 Results

Figure 4.6 shows the 1,000 simulated afterglow lightcurves for the best performing

configurations of the telescopes considered. The lightcurves for the remaining con-

figurations are in Appendix B. Black segments of the lightcurves indicate where the

flux density is greater than the 5σ detection limit. All the telescopes listed in the

isee also Freyberg M., 2013, “eROSITA: on the in-orbit calibration strategy and plan”, 8th
IACHEC meeting; http://web.mit.edu/iachec/meetings/2013/Presentations/Freyberg.

pdf
jhttp://swift.gsfc.nasa.gov/about_swift/xrt_desc.html
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Figure 4.6: 1,000 simulated lightcurves of Pop III GRB afterglows with selected
telescope configurations covering the radio to X-ray bend. Black sections of the
lightcurves indicate signal flux densities greater than 5σ for that instrument, i.e.
strong detection is possible. See Section 4.4.5 and Figure 4.10 for parameter distri-
butions of the strongly detectable afterglows for these instruments.

previous section can detect a fraction of the intrinsic population of Pop III GRBs

at some point in time.

The plots show that the effect of the reverse shock component is more significant

at higher frequencies. Barely noticeable with ASKAP, the reverse shock dominates

most of the observable X-ray afterglows at early times. The reverse shock end times

are clearly visible as a sharp change in flux density, when the simulation switches

from the analytic to the numerical calculation. The clustering of these breaks is

similar to the distribution of T90, once the redshift distribution is taken into account

(see Figure 4.5). This indicates that the duration of the reverse shock is, for most

Pop III GRBs, being driven by the GRB prompt activity, which exceeds tdec.
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4.4.1 Detection Probabilities and Durations

The Pop III GRB afterglow detection probability can be simply calculated from

the proportion of simulated afterglows whose peak flux density at the telescope’s

observing frequency exceeds its detection limit. Table 4.4 lists these probabilities

for all tested telescope configurations (columns 2 and 3). The probabilities have

been separated to show the utility of the telescopes in following up directed GRBs

(column 2) and of discovering ‘orphan’ (undirected) GRB afterglows (column 3).

The probability of Swift XRT detecting the afterglow of a directed Pop III GRB

is very high. This is crucial, as follow-up of GRBs relies heavily on XRT’s ability to

localise the GRB to within a few arcseconds. The ability of XRT to detect orphan

afterglows is not considered, as XRT observations are usually triggered by BAT

detections of GRBs.

Every telescope has some configuration where the detection probability of di-

rected Pop III GRBs is > 80%. Undirected Pop III GRB afterglows are much more

difficult to detect, with probability never exceeding 30%. However, the event rate

of Pop III GRBs oriented toward the observer is much lower (by approximately

two orders of magnitude) than the total event rate of Pop III GRBs. The number

of detectable undirected afterglows may be higher than the number of detectable

directed afterglows for some telescopes.

The ability to detect undirected GRB afterglows depends on the length of time

the lightcurves exceed the detection limit (black sections in the plots of Figure

4.6). The average durations of the simulated afterglows for each of the telescope

configurations are listed in Table 4.4 (column 4). Multiplying these durations by

the intrinsic rate of GRBs yields the average instantaneous number of afterglows

detectable on the sky by a given telescope. Adjusting for each telescope’s FOV

results on the average number of detectable afterglows per image (column 6) (for

eROSITA, this is the average per 40 s slew across its FOV).

Using the Kulkarni et al. (2013) Pop III.2 SFR and the associated IMF, the mass-

rotation restrictions of Yoon et al. (2012), and a GRB formation fraction (fGRB) of

0.001, yields an intrinsic rate of 8 to 10 Pop III GRBs yr−1. Uncertainties in the

rate come about due to different approximations in the integration over the redshift

range of Pop III star formation. We adopt the rate of 9 Pop III GRBs yr−1 as a

conservative rate.

If the detection limit were equal for all instruments, then the observable dura-

tion would increase with wavelength. ALMA’s sensitivity improves with wavelength

(see Table 4.1), increasing the duration-wavelength correlation. JWST’s MIRI sen-

sitivity worsens with wavelength (see Table 4.2), to the extent that the observable

duration of afterglows with this instrument decreases with wavelength. The sensi-

tivity of JWST’s NIRCam varies by only a factor of ∼ 2, peaking about its central

F150W filter. The observable afterglow durations with this instrument increase with
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Table 4.4: Average Pop III GRB afterglow detection durations and number of de-
tections per image for the selected instruments

Telescope/Configuration Detection Probability Average Duration FOV (sr) Average
Directed Undirected (days) Detections/Image

ASKAP 1.25 GHz 0.838 0.264 2.29 ×105 9.14 ×10−3 4.11
VLA 8.5 GHz 0.946 0.289 1.04 ×105 1.86 ×10−6 3.80 ×10−4

ALMA 100 GHz 0.838 0.0976 189 6.27 ×10−8 2.32 ×10−8

ALMA 144 GHz 0.838 0.0903 104 3.02 ×10−8 6.19 ×10−9

ALMA 243 GHz 0.811 0.0748 42.9 1.06 ×10−8 8.92 ×10−10

ALMA 324 GHz 0.541 0.0353 3.97 5.97 ×10−9 4.65 ×10−11

ALMA 442 GHz 0.486 0.0208 1.33 3.21 ×10−9 8.34 ×10−12

ALMA 661 GHz 0.405 0.0177 0.610 1.43 ×10−9 1.72 ×10−12

ALMA 868 GHz 0.270 0.0114 0.219 8.32 ×10−10 3.57 ×10−13

JWST F2550W 0.656 0.0322 1.21 1.99 ×10−7 4.70 ×10−10

JWST F2100W 0.784 0.0467 3.02 1.99 ×10−7 1.18 ×10−9

JWST F1800W 0.865 0.0633 5.28 1.99 ×10−7 2.06 ×10−9

JWST F1500W 0.892 0.0768 9.24 1.99 ×10−7 3.60 ×10−9

JWST F1280W 0.919 0.0789 12.4 1.99 ×10−7 4.83 ×10−9

JWST F1000W 0.973 0.0914 20.0 1.99 ×10−7 7.78 ×10−9

JWST F770W 0.973 0.113 44.2 1.99 ×10−7 1.72 ×10−8

JWST F560W 0.973 0.116 47.3 1.99 ×10−7 1.85 ×10−8

JWST F444W 1.0 0.201 561 3.95 ×10−7 4.35 ×10−7

JWST F356W 1.0 0.221 927 3.95 ×10−7 7.18 ×10−7

JWST F277W 1.0 0.215 753 3.95 ×10−7 5.83 ×10−7

JWST F200W 1.0 0.192 450 3.95 ×10−7 3.48 ×10−7

JWST F150W 0.878 0.125 232 3.95 ×10−7 1.79 ×10−7

JWST F115W 0.162 0.0270 18.7 3.95 ×10−7 1.45 ×10−8

eROSITA 1.25 keV 0.0260 0.08472 2.39 ×10−4 3.97 ×10−8

Swift XRT 0.946 28.51

1: Directed GRBs only
2: Undirected GRBs only

wavelength, with the exception that the longest wavelength F444W filter, where the

sensitivity is worst, detects the afterglows for less time than filters F356W or F277W.

However, afterglow durations are still greater with this filter than they are with more

sensitive, shorter wavelength filters.

Simulation results for the NIRCam filters F090W and F070W are omitted from

Table 4.4 and all subsequent tables, figures, and most discussions. These filters are

not sensitive to Pop III GRB afterglows due to redshifted neutral hydrogen absorp-

tion. This also affects filters F115W and F150W, reducing detectable ratios, average

detectable durations, and detection probabilities compared to other NIRCam filters.

The effect is more subtle in filter F150W, but when we examine the properties of the

afterglows detectable with this filter, we see that the mean redshift is 10.3 compared

to the mean input redshift of 11.5 (and mean observed redshifts of 11.2 - 11.3 for

other instruments, see Section 4.4.5).

The simulations show that ASKAP has the best prospects for detecting a Pop III

GRB afterglow. ASKAP has a large FOV and excellent sensitivity to wavelengths

where the intrinsic afterglow duration is long. Within each 30 deg2 FOV there should

be 4 observable afterglows. Unfortunately the simulated lightcurves show very little

temporal variation, and there are few telescopes that could perform concurrent or

follow-up detections (see Section 4.4.3 below). Also, the afterglows of directed GRBs

take some time to become visible to ASKAP; the mean time after the burst is 15

days, the longest time in our simulations is 179 days (nearly six months).

VLA can detect the afterglows for approximately half as long as ASKAP. The
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difference in duration is mostly due to the intrinsic nature of the afterglow at different

frequencies. The detection probabilities for both directed and undirected Pop III

GRBs is higher with VLA than with ASKAP, but the smaller FOV and shorter

afterglow durations results in one observable Pop III GRB afterglow every 2,620

images.

ALMA’s effective FOV and sensitivity increase with wavelength, which combines

with the trend for afterglow duration to increase with wavelength, so that the number

of detectable Pop III GRB afterglows per ALMA image is highly dependent on

wavelength. The number of Pop III GRB afterglow detections per image for a single

60 minute ALMA image increases by five orders of magnitude between 868 and 100

GHz. Table 4.4 shows that at ALMA’s three lowest frequency bands, the prospects

for detecting a directed afterglow (i.e. of a GRB with an observable prompt) are >

80% and the durations (> 40 days) are long enough to allow follow-up observations

to be planned and executed. Also at these frequencies, ALMA detects between

7% and 10% of undirected, orphan afterglows, approximately between 1/4th and

1/3rd of the orphan afterglows detectable by ASKAP and VLA. In ALMA’s 100,

144, and 243 GHz bands there should be a detectable Pop III GRB afterglow every

4.30 ×107, 1.62 ×108, and 1.12 ×109 images, respectively. It would take thousands

of years worth of ALMA observations to detect orphan Pop III GRB afterglows.

ALMA is unsuitable for blind searches of afterglows as the detection probabilities

are too small.

The steep decline in MIRI sensitivity with increasing wavelength causes the ob-

servable afterglow duration to also decrease with increasing wavelength. Using the

filter that offers its best sensitivity, MIRI can detect a directed Pop III GRB after-

glow 152 days after the burst, on average. This defines the window of opportunity

for using JWST MIRI to follow-up Pop III GRBs that trigger a GRB satellite. Com-

paring MIRI and ALMA at their most sensitive, ALMA can detect the afterglows

at later times, but at the cost of longer exposures (60 min instead of 5 min). Even

so, it would take over 500 years of MIRI observations to detect an orphan Pop III

GRB afterglow.

JWST’s NIRCam has better sensitivity and a larger FOV than both MIRI and

ALMA, resulting in much fewer images required per detection. Four of the filters

on this instrument (F200W through F444W) detected all of our simulated directed

Pop III GRB afterglows. The average detectable duration of directed GRBs is

highest at 1266 days using the F356W filter, defining a very long window for using

JWST NIRCam to follow-up Pop III GRBs that trigger a GRB satellite. About

20% of orphan GRB afterglows should be detectable by NIRCam with the F200W

to F444W filters, comparable to the detection probabilities with ASKAP and VLA.

Approximately 13 years of worth of NIRCam observations would be required to

detect an orphan Pop III GRB afterglow.
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eROSITA 0.5−2 keV has a relatively high number of detections per slew. While

only being able to detect the X-ray afterglows for 2 hours (on average), eROSITA

has the second highest FOV of the telescopes tested. The extremely short window

for detection is expected as afterglow emission at these high photon energies declines

rapidly. For an undirected GRB afterglow to be observed, its initial opening angle

has to expand to reach the observer’s angle while the flux density is still above the

detection limit, requiring either incredibly rapid lateral expansion of the outflow or

an observation angle just barely greater than the initial opening angle.

SRG will be in survey mode for its first four years, so we have not considered

its ability to follow-up directed GRBs. The survey will achieve an average total

exposure time of 3,000 s for each field across the sky, by performing 8 all sky surveys

over four years, building up to the total exposure. Breaking up the full survey into

40 s slewing intervals results in over 3.15 ×106 such intervals. Multiplying by the

average number of detections per interval with eROSITA 1.25 keV, the survey has

a 12% chance of detecting an orphan Pop III GRB afterglow.

The results show that no afterglow could maintain sufficient X-ray emission to

appear in successive SRG passes separated by six months. Identification of a Pop III

GRB would require that all detected transients be investigated by longer wavelength

instruments, the prospects of which are discussed below (see Section 4.4.3).

4.4.2 Detecting a Pop III Enriched ISM with NIRSpec

The probability that NIRSpec will be able to detect all five spectral lines identified

by Wang et al. (2012) as a function of time after the burst is shown in Figure

4.7. The effectiveness is limited by the EWs of the Si II and the secondary Fe II

transitions, and to Pop III GRB redshifts between 3.6 and 20, so that all five lines

are redshifted within NIRSpec’s wavelength range of 0.6−5 µm. This redshift range

contains the vast majority of Pop III star formation (see Kulkarni et al. (2013)).

The EWs of the key transition lines were above NIRSpec’s EWmins in 35 out of 37

(94.6%) simulated directed afterglows; approximately 90% remained bright enough

for the first hour following the burst. The effectiveness only persisted beyond 1 day

in approximately 50% of directed bursts, and beyond 10 days in fewer than 20%.

Considering the required exposure time (104s; 0.116 days), even if JWST can be

on-target almost immediately, only ∼ 70% of directed GRBs remain bright enough

for long enough to reach 5σ detections of all five absorption lines.

Figure 4.7 also shows how NIRSpec should be effective for a much smaller pro-

portion (28/963; 2.91%) of undirected GRBs. This small proportion are those which

are observed from some small angle outside the GRBs initial opening angle. The

prompt γ-ray emission would be undetected, but the jet angle would expand and

reach the observing angle at early times, when the afterglow is still bright. The

undirected sample has about the same upper limiting time as the directed sample;
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Figure 4.7: Fractional ability of NIRSpec to identify spectral absorption features
indicative of a Pop III SNe-enriched environment in a Pop III GRB afterglow, as
a function of time after the burst. The green line shows the effectiveness for the
subset of GRBs which are directed toward the observer. The blue line shows the
effectiveness for undirected GRBs, scaled by a factor of ten.

it is very rare for an afterglow spectrum to have detectable absorption lines more

than 10 days after the burst.

4.4.3 Follow-up Detections

Any single-band observation of a GRB afterglow not triggered and directed by the

prompt γ-ray emission would appear as an ordinary point source. In very long

wavelength observations, the transient nature will be difficult to confirm given the

very slow flux variability. Confirming an orphan GRB afterglow, regardless of origin,

requires observations at multiple frequencies and at various times.

From the results of our modelling, we have examined the prospects of making

multiwavelength observations with the telescopes we have considered. We find the

probability of successfully performing follow-up observations of Pop III GRB after-

glows with various telescopes with respect to time after the initial observation. For

each simulated afterglow and each selected instrument, we set the initial observation

time as the earliest time the lightcurve exceeds the detection limit. Beginning with

a delay of one day, we look at whether or not the lightcurves of the other selected

instruments for that afterglow are also above the respective detection limits. We

then proceed by increasing the delay time in logarithmic increments until the sim-

ulated afterglow is not detectable by any instrument. We repeat this, advancing

the initial observation time in logarithmic increments until it is the latest time the

afterglow lightcurve exceeds the detection limit. The results are shown in Figure

4.8, which shows the percentage of simulated Pop III GRB afterglows which could
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making the initial detection.

be followed-up by various selected telescopes, as a function of time after the initial

observation.

In some cases, the probability of detecting a Pop III GRB afterglow with two

different telescopes improves with time between observations, as shown in Figure

4.8. For instance, X-ray afterglows often become undetectable to SRG telescopes

well before the associated radio afterglows become detectable to ASKAP.

The plots in Figure 4.8 show that the radio telescopes VLA and ASKAP are

the optimal instruments for follow up of Pop III GRB afterglows, as the probability

curves for those telescopes (orange and red, respectively) are consistently higher

than any other. The probability of the two radio telescopes successfully following

up afterglows observed by eROSITA 1.25 keV or Swift XRT is greater than 50% for
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intervals up to 500 days later (bottom plots). They will be able to follow-up more

than 70% of ALMA afterglow observations up to 500 days later, and more than

50% up to 4000 days later (middle left plot). The probability of following up JWST

NIRCam observations is more than 50% for intervals up to 2000 days (middle right

plot).

The probability of following up ASKAP afterglow detections with VLA is slightly

better than 70% for time intervals less than 30 days. The probability remains greater

than 50% for up to one thousand days. Following up ASKAP detections with JWST

NIRCam would have a ∼ 20% success rate up to observation intervals of 150 days,

decreasing to 10% for intervals of 1500 days. No other instruments tested were more

than 6% effective at following up ASKAP detections.

Following up VLA detections with ASKAP would have a better than 70% success

rate for intervals of 500 days, and a better than 50% success rate for intervals of 6000

days. JWST NIRCam would be ∼ 30% effective at VLA follow-up detections in the

first few days, decreasing to 20% for intervals of 300 days, and 10% for intervals of

1300 days. No other instruments tested were more than 7% effective at following up

VLA detections.

Our modelling shows that VLA and ASKAP are the best candidates to follow

up GRB afterglow detections made with telescopes operating in any other part of

the spectrum. They show that JWST NIRCam would be far more effective at fol-

lowing up on radio afterglow detections than any other instrument in this study.

This would be advantageous in confirming afterglows from measuring their spectral

indices over the frequency interval from radio to infrared. Afterglows fade faster in

the infrared than in radio or millimetre wavelengths, allowing faster confirmation

of temporal decay. Finally we find that due to neutral hydrogen absorption NIR-

Cam filter F115W sees very few Pop III GRB lightcurves, and filters F090W and

F070W see none at all, so multiple filter observations with this instrument could

also photometrically determine the redshift.

The probability of performing follow-up of eROSITA 1.25 keV and Swift XRT de-

tections with JWST NIRCam remains greater than 50% for over 500 days. Prospects

decrease rapidly after that, but remain above 10% for thousands of days.

eROSITA’s prospects of following-up its own observations is slightly higher than

50% after 1 day. The progression of the survey scanning section as SRG moves in

its orbit will shift eROSITA’s FOV off the source by this time regardless, so the

ability to make repeat observations over any longer intervals is irrelevant. Within

the time that eROSITA can scan across the GRB’s position, it stands a better than

even chance of detection in more than one sweep.
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4.4.4 Flux Density Ratios Between Telescopes at Different

Times

This section discusses searching for orphan Pop III GRB afterglows employing

archival data, by identifying temporal decay and spectral energy distributions (SEDs).

The disadvantage in using archival or survey data is that the data usually do not

image the same areas with the best cadence to discern afterglow temporal decay, and

data sets from different instruments rarely image the same area at the same time to

allow measurement of the SED. By analysing the lightcurves from our simulations

one at a time, we determine the typical ratios of the flux densities of Pop III GRB

afterglows when observed by different instruments at different times.

eROSITA and ASKAP are the most important to consider as the initial in-

struments to observe orphan Pop III GRB afterglows. Figure 4.9 shows, for each

telescope, the median (and 1st and 3rd quartile) relative Pop III GRB afterglow

flux densities observable by other telescopes at other times. A transient detected

in eROSITA 1.25 keV in the SRG survey could be a Pop III GRB afterglow if flux

densities observed by other telescopes conform to the ratios shown in Figure 4.9

(bottom). For instance if observations made with ASKAP up to a few years later

show a source at the same location with a flux density between 50 and 100 times

the eROSITA flux density, the object could be an orphan Pop III GRB afterglow.

As shown in Section 4.4.1, each ASKAP image could contain 4 orphan Pop III

GRB afterglows. This is due in part to the slow evolution of afterglow brightness

at low frequencies, which remains above ASKAP’s sensitivity limit for very long

durations. Many of the afterglows detectable to ASKAP will be in a phase of

very gradual fading, making them difficult to identify through temporal decay. This

difficulty is shown by how the ASKAP median flux ratio curve in Figure 4.9 (top left,

red line) remains very close to 1 (no change) for intervals less than a few thousand

days. Typically a cadence of ∼ 20,000 days (50 years) would be required to observe

a 50% flux density reduction.

Figure 4.9 (top left) shows the typical afterglow flux density ratios between

ASKAP and other telescopes remains stable for a large range of observing intervals.

Observations made with VLA at intervals between −10, 000 days and +1,000 days

should be between 0.2 and 0.3 times the ASKAP flux density; the positions of the

first and third quartile lines indicate very little variation between afterglows. The

ratios to ALMA observations are typically not measurable over intervals more than

+10 days. At intervals up to −1, 000 days the typical flux density observed with

ALMA is a few thousandths of the ASKAP flux density, but with a great deal of

variation, indicated by the third quartile curve and the absence of the first quartile

curve. The variation is due to the particular evolution of individual afterglows and

subject to the time of the initial observation. The ratios to JWST observations re-

main stable at several hundred thousandths of the ASKAP flux density, for intervals
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up to ± several hundred days, but with significant (order of magnitude) variation.

Afterglow flux density ratios with VLA at different times (Figure 4.9, top right,

orange line) remain close to 1 (i.e. no change in flux density) for cadences up to ∼
1,000 days. Observing a 50% reduction in flux density would require cadences close

to 10,000 days. Over intervals of ± 1,000 days, afterglow observations with ASKAP

will typically have flux densities between 2.5 and 3 times higher than the VLA

observation. ALMA observations ∼ 100 days earlier will typically have 3×10−3

times the flux density of the VLA detection, and at their brightest at intervals

between 1 and 10 days later will have slightly more than 10−2 times the flux density.

Note the ALMA third quartile ratio curve (green dot-dash line), and the absence of

the first quartile curve, indicate large variability in these flux ratios. When using

JWST data up to 10 days before or after the VLA detection, the typical flux ratios

are fairly stable around 5× 10−4. As the interval increases to ± 1,000 days, JWST

observations become gradually fainter, reducing the median flux density ratios to

2× 10−5. The ratios decrease more quickly at intervals greater than 1,000 days.

ALMA afterglow data (Figure 4.9, lower left) show no variation in measured

flux density (green line) within 10 days of the initial detection. Cadences of ∼ 100

days show typical flux density reductions of 50%. When comparing to ASKAP, the

median ratio remains close to 0.8 for image intervals between −10 and +1,000 days;

ASKAP observations tend to become increasingly faint as intervals extend outside

this range. VLA observations are typically between 2 and 3 times brighter than

ALMA for intervals ± 100 days. When observations are within a few days, JWST

observations are approximately 100 times fainter than ALMA observations, and tend

to become fainter with increasing intervals to have median ratios of 10−3 at intervals

of ± 100 days. Following up ALMA detections with eROSITA is possible, because

the relatively short duration of afterglows with ALMA provides a searchable window

(± 10 days) for eROSITA data.

For JWST (Figure 4.9, lower right) the median flux density ratios for repeated

afterglow observations (blue-green curves) remain very close to 1 over intervals ±
10 days, with variability only becoming noticeable after intervals greater than 100

days. JWST flux density reductions of ∼50% could be seen with cadences of ∼
400 days. When comparing to ALMA data, the median flux ratios (green line) are

between 10 and 40 for intervals ± 100 days, however the third quartile flux ratios

(green dot-dash line), and the absence of the first quartile curve indicate a wide

variation in flux ratios between individual afterglows, also depending on when the

initial observation is made. The median ratios to ASKAP and VLA flux densities

are similar and consistently close to 400 times higher, with first and third quartile

ratios of 100 and 2000 respectively, up to intervals of ± 100 days. Between intervals

of +100 to +1000 days the median JWST-VLA ratio decreases to ∼ 100 while the

median JWST-ASKAP ratio remains stable, after which the JWST-ASKAP ratios
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follow the decrease to ∼ 100 between intervals of +1,000 and +10,000 days.

Figure 4.9 (bottom) shows typical afterglow flux density ratios between eROSITA

and radio telescopes increase slightly as observing intervals increase, up to a certain

point. For intervals of −1 day to +10 days, the typical flux density of VLA obser-

vations increases from a few tens to a few hundred times the eROSITA flux density.

The ratio decreases to ∼ 100 by intervals of ∼ +100 days, and to a few tens by inter-

vals of ∼ +1,000 days. From intervals of several hundred days afterwards, ASKAP

observed flux densities increase from a few tens times the eROSITA flux density to

over one hundred times - over longer intervals the typical ratio decreases rapidly.

From intervals of −1 day to +10 days, ALMA observations have typically sever

hundred times the flux density of those of eROSITA, decreasing to several times the

flux density by intervals of +100 days. JWST observations are typically 500 times

brighter than eROSITA observations over intervals of −1 to 0 days (coincident ob-

servation), after which the ratio follows an approximately power-law decrease such

that the JWST observations ∼ 100 days later are as bright as the initial eROSITA

observation.

The timescales for noticeable flux density variation with a single telescope in-

crease with average observable duration. With ASKAP, where the average duration

of observable afterglows is 8.02 × 105 days, a 50% flux density reduction requires

a cadence of ∼ 2 × 104 days. With VLA the average duration is 3.31 × 105 days

and the required cadence is 104 days. With ALMA 100 GHz the average duration is

1.41× 103 days, and the required cadence is 100 days. The average JWST NIRCam

F356W duration is 3.71× 103 days, and the required cadence is ∼ 400 days. With

eROSITA 1.25 keV the average duration is 3.79 days, and the required cadence is 0.5

days. The proportionality between the duration of detectable afterglows and their

variability timescale decreases with wavelength. In X-rays (1018Hz) the optimum

cadence is approximately 1/7th of the duration, in NIR (1014Hz) it is 1/10th, at 100

GHz it is 1/14th, at 8.5 GHz it is 1/30th, and at 1.25 GHz it is 1/40th.

4.4.5 Selection Effects

The effects of brightness bias on the observed parameter distributions of Pop III

GRBs can be identified by comparing the parameters of the detectable simulated

afterglows to the intrinsic parameter distributions mentioned in Section 4.2. Fig-

ure 4.10 shows the observed afterglow parameter distributions (hollow histograms,

colour-coded for optimal configurations of telescopes considered), superimposed over

the input parameter distributions of our simulations (grey histograms). Table 4.5

shows the best fitting distribution statistics for the parameters of the observable

GRB afterglows, assuming the observable and intrinsic values follow the same type

of distribution. The table also shows the 2-sample Kolmogorov-Smirnov (KS) statis-

tic p-value for comparing the observable and intrinsic parameter values, representing
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the extent to which the distributions of observable parameters reflect the intrinsic

distributions.

The top left plot in Figure 4.10 shows that detectable afterglows have a higher

median circumburst density than the intrinsic distribution. This is most noticeable

in the ASKAP, VLA, and ALMA 100 GHz detections, and to a lesser extent in the

JWST, eROSITA and Swift detections. In Table 4.5 this trend is shown by the

variation in the median density of the medium surrounding afterglows detectable

with different telescopes. Compared to the intrinsic density distribution used to

generate the simulations, circumburst densities of detectable afterglows are greater

for all telescopes. The low KS p-values indicate that the distribution of detectable

circumburst density is very different to the intrinsic distribution. The discrepancy is

significant when observing in X-rays (mere 25% chance that observable and intrinsic

density values share the same distribution) and becomes dramatically more marked

as one observes at longer wavelengths. There is a definite bias for longer wavelength

instruments to detect afterglows in higher density environments.

The selection effects on the εB distribution appear minor for all telescopes in the

top right plot of Figure 4.10. Analysis shown in Table 4.5 reveals that there is a

significant, frequency-dependent bias in the εB distribution; NIR and longer wave-

length instruments detect more afterglows with εB values greater than the intrinsic

median, and the X-ray instruments detect more afterglows with lower εB values.

The discrepancy, as shown by the KS p-value, is relatively minor when using X-ray

instruments, with better than 80% correlation between observed and intrinsic εB

distributions. The KS value with eROSITA is 99.9%, but this high value may be

partly due to the small sample size of detectable afterglows. When observing with

NIR and sub-mm instruments, the discrepancy is significant with less than 10%

correlation, and in radio waves the discrepancy becomes extreme with p-values less

than 10−5.

Selection effects on εe, shown in the middle left plot of Figure 4.10 and in Table

4.5, are least significant at radio frequencies. The median values of ASKAP-observed

afterglows are slightly higher than the intrinsic median, with a KS p-value of 28%. As

observing frequency increases, the median εe of detectable afterglows also increases,

and generally the KS p-value also decreases. eROSITA bucks this trend, observing

afterglows with median εe close to the intrinsic value, but again the sample size is

small. While the median εe of afterglows observable to JWST fit the trend of a slow

increase with frequency, the distribution had a much smaller standard deviation,

resulting in an extremely small probability (2.7×10−5) that the values came from

the same distribution as the intrinsic values.

The middle right plot in Figure 4.10 shows that, contrary to expectations, the

median Eiso of detectable GRB afterglows is lower than the intrinsic median. The

plot and the median values in Table 4.5 shows the median energy of detectable af-
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Figure 4.10: Parameter distributions of detectable simulated Pop III GRB afterglows
(hollow histograms; Swift = purple, eROSITA = blue, JWST = blue-green, ALMA
= green, VLA = orange, ASKAP = red) and the intrinsic parameter distributions
(solid grey histograms). See Table 4.5 for descriptive statistics of the distributions.
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terglows decreases with increasing observing frequency. Correspondingly, the KS p-

value also tends to decrease with increasing observing frequency, from values greater

than 80% for radio telescopes to 21% for Swift. eROSITA especially observes very

low energy GRB afterglows, with a distribution that bears little resemblance to the

intrinsic energy distribution (KS p-value 1%). This is odd given the telescope’s gen-

erally poor performance results throughout this investigation - one would expect a

telescope that only sees a small number of GRBs would select the most energetic -

however there is an explanation for this.

The tendency to select less energetic GRBs is caused by the selection effects

associated with the initial opening angle θj. The lower left plot of Figure 4.10

and the distribution statistics in Table 4.5 shows higher frequency telescopes select

afterglows with greater θj, while lower frequency instruments see angle distributions

closer to the intrinsic distribution. This is reflected in the KS p-values, which

are greater than 80% for radio telescopes and generally decreasing with increasing

frequency. While the trend in the observable θj medians is generally slight, it is in

the right direction and great enough to explain the trend in observed Eiso. It is most

obvious in the case of eROSITA, which not only has the lowest median Eiso, but also

the highest median θj, and the worst correlations with the intrinsic distributions for

both.

This frequency dependent θj selection effect is a result of afterglows fading more

quickly at higher frequencies, coupled with the fact that we are considering both

directed and undirected Pop III GRBs. The instruments sensitive to long wave-

lengths detect a higher proportion of afterglows with narrow θj, since by the time

narrower opening angles expand to the observing angle, the afterglow flux densities

at longer wavelengths are still sufficient for detection. The Swift observable Eiso and

θj medians buck the trend because only directed Pop III GRBs are considered with

this telescope.

When limited to directed GRBs we see the expected trend, of preferentially

selecting GRBs with higher Eiso and narrower θj than the intrinsic distributions

(Figure 4.11).

The expected effect of selecting lower redshift GRBs, regardless of wavelength, is

shown in the lower right plot of Figure 4.10. Analysing the average detectable GRB

redshift, shown in Table 4.5, reveals the extent of this effect is minor. However,

the KS p-values show the selection effects are significant, as the highest correlation

between intrinsic and observable redshifts is 76% with ALMA and less than 10%

with radio telescopes. Selection effects therefore have a minor impact on the mean

observable GRB redshift, but a greater impact on the spread of redshifts.

The bottom plot in Figure 4.10 shows the observed distributions of electron

energy index, p, close to the intrinsic distribution. From the means of the distri-

butions (Table 4.5) it is apparent there is a slight tendency for longer wavelength
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Figure 4.11: Distributions of Eiso and θj of detectable simulated directed GRB af-
terglows (hollow histograms, colour coded as Figure 4.10) and intrinsic parameter
distributions (solid grey histograms).

instruments to select afterglows with steeper electron spectral distributions, and for

shorter wavelength instruments to select shallower distributions. Observations with

ALMA at 100 GHz yield a mean p parameter closest to the intrinsic mean, and the

distribution of those values has an 88% correlation with the intrinsic distribution.

The distribution of p values of eROSITA-detectable afterglows has a 93% correlation

with the intrinsic distribution, but this high value may be partly due to the small

sample size.

4.5 Discussion

For most reasonable intervals, the probability of following-up a Pop III GRB lo-

calised by Swift with a radio telescope is greater than 50%. This is different from

Pop I/II GRB afterglows for a number of reasons; one must remember that, while

the radio afterglows of Pop III GRBs look very similar to those of Pop I/II GRBs,

this is a result of the competing effects of an increased energy budget and cosmo-

logical redshift. When we observe Pop I/II GRB afterglows, the X-ray and radio

afterglows observed are relatively close to the frequencies emitted by the shock front.

In the case of Pop III afterglows, as a result of cosmological redshift the observed

frequencies are as much as an order of magnitude less than the emitted frequencies.

What are seen as X-ray and radio afterglows are actually hard X-ray/soft γ-ray and

sub-mm afterglows shifted to lower frequencies and stretched in time to appear very

similar to the X-ray and radio afterglows of Pop I/II GRBs.

Additionally, the higher average mass of Pop III GRB progenitors leads to more

massive outflows, so that when the synchrotron emitting shock front cools to the

point of emitting sub-mm wavelengths (received as radio waves due to redshift) those

emissions have a high enough flux to be detected in a higher proportion of instances

than Pop I/II GRB radio afterglows.

The optimum observing cadence for seeing a 50% flux density reduction is some
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fraction of the observable duration that depends on the observing frequency. With

eROSITA the optimum cadence is 0.5 days; with JWST NIRCam F356W it is 1

year; with ALMA 100 GHz it is 100 days; with VLA is it 10,000 days (25 years);

and with ASKAP it is 20,000 days (50 years). These are the cadences one should

use when attempting to detect Pop III GRB afterglows in untargeted searches.

The observed parameter distributions of detectable afterglows vary for each tele-

scope. All telescopes preferentially select afterglows that occur in environments with

higher density, and this preference is stronger in lower frequency telescopes. NIR

and longer wavelength telescopes detect more afterglows with higher magnetic field

energy fraction εB, while X-ray telescopes select those with lower εB. The same

trend occurs with the electron energy index p, where X-ray telescopes detect more

afterglows with a lower index (flatter electron energy distribution), radio telescopes

detect more with a higher index (steeper distribution), and mm and IR telescopes

detect those with p values following the intrinsic distribution. The reverse occurs

with the electron energy fraction εe, where all telescopes prefer to select afterglows

with higher εe, and the shortest wavelength telescopes select afterglows with the

highest εe. All telescopes are more sensitive to afterglows at lower redshifts, as

expected.

The selection effects on the Eiso and θj conform to expectations when only di-

rected afterglows are considered (Figure 4.11; all telescopes are more likely to see

afterglows of GRBs with higher Eiso and narrower θj. When undirected afterglows

are considered, these trends are reversed, as initially off-axis GRBs are more likely to

be detected if they have wider initial opening angles (leading to lower Eiso). Longer

wavelength telescopes are more likely to see orphan afterglows of GRBs with initially

narrow θj and associated high Eiso because long wavelength afterglows tend to last

longer, and are visible when the angle θj eventually expands to the observing angle.

In order for this expansion to happen early enough for the short wavelength compo-

nent of the orphan afterglow to still be visible, θj would have be wider on average,

so short wavelength telescopes detect more orphans with wide θj and accordingly

low Eiso.

4.6 Conclusions

We have tested the ability of four up-and-coming instruments sensitive across a

broad range of the electromagnetic spectrum, SRG, JWST, ALMA, and ASKAP,

to detect the afterglows of Pop III GRBs. These have been tested alongside two

long standing GRB and afterglow observation facilities: Swift XRT and VLA. We

find that all these instruments have configurations that will be able to detect some

proportion of Pop III GRB afterglows. Swift XRT was tested in its GRB follow-up

mode, while VLA and ASKAP were each tested at a single band, 8.5 GHz and 1.25
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GHz respectively. For the instruments where we have tested multiple configurations,

the best performing are eROSITA 1.25 keV on SRG, NIRCam F356W on JWST,

and the 100 GHz band of ALMA.

We summarise detection prospects for each instrument below.

ASKAP: The combination of large FOV and good sensitivity at wavelengths

where afterglows are intrinsically long-lasting gives ASKAP the best chance of de-

tecting Pop III GRB afterglows. Each 30 deg2 image should provide, on average,

4.11 detectable radio afterglows of Pop III GRBs. Identifying these afterglows will

be difficult because of their slow variability, giving the appearance of unremarkable

point sources. During the slow decaying phase, which dominates the detectable du-

ration, the median time to observe a 50% reduction in flux density 20,000 days (50

years).

Since there is little difference between radio afterglows of Pop III GRBs at high

redshift and Pop I/II GRBs at low redshift (Macpherson and Coward, 2015), a red-

shift determination of potential sources is necessary to infer a Pop III progenitor.

The best prospect for this is near-IR photometry with JWST. If the JWST obser-

vations are targeted rather than blind, the afterglow signal-to-noise ratio need not

be as high as 5σ. Even an afterglow brightness equivalent to a 1σ detection would

be sufficient, and by relaxing this requirement JWST follow-up can be performed

up to 1,000 days before the ASKAP observation (Figure 4.8, top left).

A possible detection strategy for ASKAP would be to look for un-catalogued

point sources, then searching JWST NIRCam data for observations of those sources

made within 3 years of the ASKAP observation. The average sky density of ASKAP-

detectable Pop III GRB afterglows is 1 every 2.22×10−3 sr. Estimating 10 minutes

total time required for a 5 minute exposure, JWST NIRCam would take 39.1 days

to image 2.22×10−3 sr, assuming each image was an entirely unique field. Since

the median window for NIRCam follow-up of ASKAP-detectable afterglows is 2,000

days, this strategy has a good chance of being successful. Usually one would em-

phasise the requirement that both instruments be observing similar parts of the

sky in order to achieve sufficient overlap and co-observation of sources, but ASKAP

surveys should cover enough of the sky that such overlap is almost certain.

VLA: The average number of afterglows detectable by VLA at 8.5 GHz is 3.80×10−4

within its FOV, or one in every 2.63×103 images. Afterglows would appear as ordi-

nary point sources unless there were multiwavelength observations showing a syn-

chrotron power law spectrum, and/or repeated observations over long intervals. The

median interval required to see a 50% reduction in flux density is 10,000 days (25

years).

A detection strategy based primarily on VLA observations hinges on the ability

to establish redshift with JWST. The strategy would be the same as that used with
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ASKAP as the primary instrument, and with similar limits on the time between

the original detection and JWST observation. Lower average duration of the VLA-

detectable part of the afterglows leads to lower sky density of 1 per 4.89×10−3 sr.

Maintaining the same estimates of JWST NIRCam imaging/processing time as used

above, it would take 86.0 days to image 4.89×10−3 sr, much less than the median

time limit between observations so such a strategy may be successful. However,

unlike the ASKAP case, VLA is much more targeted in its observations, so incidental

overlap with JWST observations is far less likely.

ALMA: The afterglow detection probability for a single ALMA image is highest

at 100 GHz. At this frequency ALMA is most sensitive, has its largest FOV, and

the afterglows are intrinsically longer lasting than at any other frequency ALMA

can observe. On average there will be 2.32×10−8 afterglows per image, or 4.31×107

images per detectable afterglow. Given the integration time for this level of sen-

sitivity is 60 minutes, one might see one afterglow in every 5,000 years worth of

observations. We conclude that there is no point in further considering a detection

strategy based around ALMA detections.

JWST: With the F356W filter on NIRCam, JWST achieves its best detection

prospects of 7.18×10−7 afterglows per image, leading us to expect one detectable

afterglow every 1.39×106 images. Maintaining the above estimate of 10 minutes

total time for each 5 minute exposure, this many images would take 26.5 years to

acquire - longer than the expected life of JWST. A detection strategy based on

JWST-detected afterglows is therefore unlikely to succeed. JWST would perform

much better at following up potential afterglows detected by other instruments.

If NIRSpec can observe a directed Pop III GRB afterglow within one day of the

prompt (detected by Swift, for example), there is a 70% chance that the absorption

lines indicating Pop III SNe enrichment will be detectable. More than one day after

the burst, only 50% of afterglows will still be bright enough, so rapid follow-up by

JWST is essential. Given that the rate of directed Pop III GRBs in the conservative

case is approximately 9 per year, and that only 4% of those will be directed toward

us, the rate of directed Pop III GRBs is only one every three years. Compared to

the rate of normal prompt detections being near 100 per year, it actually makes

very little sense to have JWST interrupted to point at every prompt detection and

analyse with NIRSpec for a few hours, for the 1 in 300 chance that it comes from

a region enriched by Pop III stars. Spectroscopy is the best way of unambiguously

showing that a GRB comes from a Pop III progenitor, and with JWST NIRSpec it

becomes technically possible but still infeasible.

SRG: The probability of the SRG all-sky X-ray survey imaging an orphan Pop III

GRB afterglow is around 12%. Given the nature of the SRG survey to sweep across
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the sky as it progresses in its orbit, a Pop III GRB X-ray afterglow detectable in

one sweep will in most cases remain bright enough to be detectable in successive

sweeps spaced a few hours apart. This will only last until the satellite’s orbit takes

the swept region of the sky away from the afterglow, so realistically 3 observations

might be obtained from which to establish or exclude the expected power-law decay.

Estimating the time taken for the data to be analysed, a candidate detection is not

likely to occur within time to obtain an absorption spectra of the afterglow with

NIRSpec, so spectroscopic determination of the GRB environment (whether it is

consistent with Pop III activity) is excluded.

Confirming a Pop III progenitor in SRG data with follow-up will be almost

impossible. The only detectors that could follow-up eROSITA-detected Pop III

GRBs are JWST and radio telescopes like VLA and ASKAP. JWST would need to

be pointed within one year of the original SRG detection to give a better than 70%

chance of being able to detect the afterglow. Performing this kind of timely analysis

on every potential X-ray transient in the SRG survey is clearly infeasible.

Swift : The main utility of Swift for discovering Pop III GRBs is BAT, hence

we only consider the XRT in terms of its ability to detect the X-ray afterglows of

directed GRBs for purposes of more precise localisation than BAT. Presuming the

initial prompt is detected by BAT, XRT will be able to detect the X-ray afterglow in

95% of Pop III GRBs. Following this localisation, the response of optical telescopes

linked to the GRB Coordinates Network would quickly be able to establish upper

limits on the GRB redshift. If the afterglow is detectable by an optical telescope,

the GRB is probably at a redshift z . 6, and therefore unlikely to be from a Pop

III progenitor.

The Pop III GRB detection strategy for Swift detections should target those

GRBs with afterglows in X-ray and radio but not in optical wavelengths. They

may be at very high redshift and thus potentially from Pop III stars. Those which

have Pop III progenitors should be detectable to JWST NIRCam up to 1 year after

the burst in 70% of cases. This describes a rough time limit for determining NIR

photometric redshift. If a high redshift is determined, observations of the afterglow

should proceed with JWST and radio telescopes.

Considering all the facilities in the study, we find that the optimal instrument

for detecting Pop III GRB afterglows is ASKAP, although discerning a Pop III

progenitor will require observations from other telescopes. The best instrument for

following up a potential Pop III GRB detection from any other instrument, from

ASKAP to a dedicated GRB satellite, is JWST NIRCam.

Detection Strategies Realistically, no single telescope can detect and study Pop

III GRBs by itself. Coordination of observations with multiple telescopes, or at least

a combination of data from multiple telescopes is required. There are three possible
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detection strategies: triggered observations, shadowing observations, and analysis

of archival data.

The triggering scenario is that described above with the Swift satellite. In prac-

tise this is similar to current GRB observing strategies, where the GRB is detected

by Swift BAT (or a similar instrument) and quickly localised by XRT, which pro-

vides the search area for an optical/radio counterpart. Measuring the redshifts of

Pop III GRBs requires JWST, but the demand for JWST observing time will pro-

hibit using it to follow up every detected GRB, so the triggering scenario requires

further criteria. If the Swift GRB is from a Pop III star, the afterglow should not

have an optical component visible in the early follow-up, but should have a normal

radio component. Of the telescopes considered, VLA is better suited to this than

ASKAP, as VLA generally detects the afterglows earlier. Many optical telescopes

are configured for automatic, rapid follow-up of XRT localised GRB detections, but

radio telescopes are directed manually. The key drawback to this strategy is arrang-

ing the coordination of a suitable radio telescope (such as VLA), especially when

considering the prospects of success. The assumed intrinsic rate of Pop III GRBs is

9 yr−1, only ∼ 4% of which are directed toward the observer. Further assuming that

all Pop III GRBs satisfy Swift BAT’s GRB triggering criteria, and accounting for

BAT’s FOV (1.4 sr), the rate of Pop III GRBs detected by Swift BAT is 0.04 yr−1,

or 1 every 25 years. From a cursory examination of Swift statistics, GRBs without

optical afterglows occur at a rate of ∼ 70 yr−1 (360 out of 1174 GRBs in ∼ 11.5

years had optically detected afterglowsk).

Shadowing involves one telescope observing the same sky as another. Section

4.4.3 shows how well different pairings of telescopes are suited to shadowing. The

best pairing is to have VLA shadow JWST, where the probability of coincident

detection is 68.9%. However this strategy suffers from the same problem as the

triggering scenario: a large amount of observing time would be lost by the shadowing

telescope (VLA) with a very low probability of success. This is in fact far worse than

in the triggering scenario described above, which requires a few hours of observation

∼ 70 times a year. Shadowing JWST until it detects a Pop III GRB afterglow

requires 26.5 years of observations in the best circumstances.

The final strategy is the analysis of archival data. This is the least demanding

in terms of coordinating different telescopes, but the most demanding in terms of

data analysis. Despite this strategy being historically unsuccessful, no other known

strategy can offer better prospects of success without unjustifiable expenditure of

time and effort. In Section 4.4.4 and Figure 4.9 we find the median Pop III GRB

afterglow flux density ratios as a function of time for the telescopes considered in

this study. The data for these telescopes will not become available for some years.

In the near future, an archival search of data will need to draw on telescopes such

khttp://swift.gsfc.nasa.gov/archive/grb_table/
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as Spitzer and AKARI. The model and analysis techniques developed here can be

used to determine the detection probabilities with older telescopes, and which data

sets would be best to search for Pop III GRB afterglows.
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Chapter 5

Conclusion

This thesis has examined the possibility of using Gamma-Ray Burst (GRB) after-

glows to discover and study the first generation of stars to form in the Universe,

Population III (Pop III) stars. If these stars were as massive as theory predicts

(see Chapter 1.2), GRBs produced from their collapse should be detectable. Such

GRBs are the result of highly collimated, relativistic outflows driven by stellar mat-

ter accreting onto the black hole formed at the centre of the collapsing star. This

outflow also produces a secondary (afterglow) emission when it interacts with the

surrounding medium.

GRB afterglows are observable across the electromagnetic spectrum, from X-rays

to radio waves, and reveal much about the stars that generate these explosions. With

simple analytic modelling it is shown that the afterglows of Pop III GRBs could be

detected with next generation infrared space telescopes (Chapter 2). Subsequently, a

more sophisticated model was developed, which tracks the outflow’s deceleration and

expansion as it interacts with the circumburst medium. The model features several

advantages over previous ones in the literature. Most treat the energy distribution

of the radiating electrons as a power-law with an index, p, greater than 2. The

new model allows for a flatter distribution with p as low as 1. This allows the

model to accommodate the full observed distribution of p. In addition, the model

also accounts for neutral hydrogen absorption and magnification by gravitational

lensing.

Most significantly, the method of accounting for the spherical shape and relativis-

tic velocity of the emitting region is not only more computationally efficient than

previous work, it also incorporates the effect of angular offset between the outflow’s

velocity and the observer’s line of sight. This allows for afterglow lightcurves to be

computed for observers outside of the afterglow’s initial collimation angle, which

only become detectable once the outflow has sufficiently expanded and decelerated,

so-called ‘orphan’ afterglows.

The model uses eight parameters to describe the GRB process, generated pseudo-

randomly from distribution functions based on observations of GRB afterglows. The
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distribution functions of energy and redshift are related to the underlying stellar

population. The energy of the GRB outflow is determined by the amount of matter

accreting on to the central black hole, hence the Pop III GRB energy distribution

is related to the Pop III Initial Mass Function (IMF). Massive stars that produce

GRBs have short lives, so the Pop III GRB redshift distribution tracks the Pop III

Star Formation Rate (SFR).

The distributions of the other parameters are expected to be universal; at least,

there is no reason to expect that they differ significantly between stellar populations.

The distributions of four of these parameters, the circumburst density n, the frac-

tion of outflow energy in electron thermal motion εe, the fraction of energy in the

magnetic field εB, and the radiating electron’s energy distribution index p, were fit

to Gaussian or log-Gaussian probability distribution functions from observationally

derived values. The distribution of outflow collimation angle (a.k.a jet angle θj)

appears to evolve with redshift. This is a selection effect; more tightly collimated

GRB outflows appear brighter, and are visible from farther away, causing the per-

ceived reduction in opening angle with increasing redshift. A fixed log-Gaussian

distribution reproduces the observed distribution after accounting for selection ef-

fects. The final parameter, the observer’s orientation angle to the outflow direction,

is uniformly distributed.

Results of simulations with this model show that Pop III GRBs are detectable

with current and upcoming telescopes. Chapter 4 shows, however, that the detection

probabilities are very low in the case of conservative estimates of the Pop III IMF

and SFR. In Chapter 3, it is shown that using the most optimistic IMF and SFR

results in an unrealistically high prevalence of long-lived orphan radio afterglows, so

the most optimistic scenario is ruled out; if Pop III GRBs were so easy to detect,

they would have been detected already. The telescopes with best prospects for

detecting Pop III GRBs afterglows, especially orphan afterglows, are mid-frequency

(few GHz) radio telescopes with good sensitivity and large field of view, such as

the Australian Square Kilometre Array Pathfinder. However, the afterglows of Pop

III GRBs at high redshift appear the same as afterglows of typical GRBs at lower

redshift.

The optimal telescope for linking GRB afterglows with Pop III stars will be the

James Webb Space Telescope (JWST), using near-infrared photometry to constrain

the distance to Pop III stars through redshifted neutral hydrogen absorption. Ad-

ditionally, if a Pop III star produces a GRB in a region chemically enriched by

preceding Pop III supernovae, the absorption spectrum in the afterglow will be de-

tectable with JWST’s near-infrared spectrometer, but only for a very limited time

(several days at best).

This thesis concludes that observation of Pop III GRB afterglows is possible,

and that the optimal telescope to use these observations to study Pop III stars will
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be JWST. Realistically however, no single telescope is capable of carrying out such

a study. Observations from multiple instruments should be combined, using three

basic strategies: triggered observations, shadowing observations, and archival data

analysis.

In the triggering scenario, observations from one instrument trigger rapid follow-

up with others. To trigger JWST to follow-up on a potential Pop III GRB afterglow

requires localisation of the GRB with XRT, as well as non-detections with optical

follow-up, and positive detections with radio follow-up. If the optical and radio

observations can be performed within a few weeks, the afterglow (if it is of a Pop III

GRB) should still be visible to JWST NIRCam. Photometry with NIRCam would

provide a redshift measurement and constrain the isotropic equivalent energy, which

could be used to prove a Pop III progenitor. This strategy requires a radio telescope

observing at ∼ 10 GHz with good sensitivity be configured to rapidly follow-up on

XRT localisations.

Shadowing involves one telescope taking pointing data from another in real time.

It is probably the least economical option, as it involves using one telescope dedi-

cated to following the observations of another. In terms of the probability of a Pop

III GRB afterglow being simultaneously observable by two telescopes, the optimal

combination of the telescopes tested is VLA shadowing JWST, where the probabil-

ity that a Pop III GRB afterglow is simultaneously detectable by both telescopes

is ∼ 70%. Such a proposal is unlikely to succeed because in Chapter 4 it is shown

that more than 25 years of observation would be required for JWST to observe a

Pop III GRB afterglow.

The analysis of archival data is the most economical approach. It requires no

observing coordination or collaboration between facilities; all that is required is that

the data collected becomes available. However this approach is highly intensive

in terms of data mining, requiring the measurement of flux densities of unidentified

point sources in data collected by different telescopes at different times. Nonetheless,

the model and the analysis techniques developed in this thesis could be used as an

important tool to constrain future detection strategies for Pop III GRB detection.
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K. Justannont, A. Labiano, T. Nakos, M. Ressler, G. Rieke, S. Scheithauer,

M. Wells, and G. S. Wright (2010, July). The throughput and sensitivity of the

JWST mid-infrared instrument. In Space Telescopes and Instrumentation 2010:

Optical, Infrared, and Millimeter Wave, Volume 7731 of Society of Photo-Optical

Instrumentation Engineers (SPIE) Conference Series, pp. 77310K.

Glover, S. (2013). The First Stars. In T. Wiklind, B. Mobasher, and V. Bromm

(Eds.), The First Galaxies, Volume 396 of Astrophysics and Space Science Library,

pp. 103.
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K. Pedersen, T. Pursimo, A. S. Árnadóttir, A. J. Castro-Tirado, C. J. Davis, H. J.

Deeg, D. A. Fiuza, S. Mikolaitis, and S. G. Sousa (2006, March). A mean redshift

of 2.8 for Swift gamma-ray bursts. Astronomy and Astrophysics 447, 897–903.
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Appendix A

Afterglow simulation model

Python 2.7.10, scipy 0.16.0, numpy 1.10.0.

A.1 Main Simulation Module

This program takes no arguments, as it generates all GRB parameters from prob-

ability distribution functions as it goes. It calls four other programs to calculate

the key synchrotron break frequencies and peak flux density for the forward and

reverse shock components while the reverse shock is active (Appendices A.2 - A.5).

It also relies on one file containing data for the φp parameter (Appendix A.6), and

another file containing the details of the telescopes / filters being considered for the

observations (Appendix A.7).

1 import math , numpy , scipy , os , sys

2 from scipy import integrate , interpolate , stats

3 import thin_reverse , thick_reverse , thin_forward , thick_forward

4 #Physical and Cosmological Constants

5 mp = 1.67e-24; me = 9.109e-28; sigmat = 6.65e-25; c = 3e10; ec =

4.803e-10; h0 = 2.301e-18; Omegam = 0.267; Omegal = 0.734

6 #This version uses an empirical formula to calculate Gamma

7

8 #Two modules to define the neutral hydrogen optical depth , as a

function of frequency.

9 def optical_depth_forest(lamb):

10 A = 14

11 gamma = 2.3

12 exNh = 1e15

13 sig0h = 6.3e-18

14 lamb_L = 912e-10

15 if lamb > lamb_L:

16 phi = lamb/lamb_L

17 else:

18 phi = 1

19 if lamb < lamb_L *(1+z):

20 depth = (A/(gamma -2)) * exNh * sig0h * ((lamb/lamb_L)**3) *

((1+z)**(gamma -2) - phi **(gamma -2))

21 else:

22 depth = 0

23 return depth
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24

25 def optical_depth_clouds(lamb):

26 A = 1.07

27 gamma = 0.68

28 s = 1.39

29 tau_crit = 1.5

30 N_min = 1e17

31 sig0h = 6.3e-18

32 lamb_L = 912e-10

33 if lamb > lamb_L:

34 phi = lamb/lamb_L

35 else:

36 phi = 1

37 if lamb < lamb_L *(1+z):

38 depth = (A/(gamma -3*s+4)) * ((( sig0h*N_min)/tau_crit)*((

lamb/lamb_L)**3))**(s-1) * ((1+z)**(gamma -3*s+4) - phi **(gamma -3*s

+4))

39 else:

40 depth = 0

41 return depth

42

43

44 def ltcrv(bandwidth , limlist , speclist , theta_j):

45 lb = len(bandwidth)

46 sb = len(speclist)

47 #Define initial values of the blast wave

48 Ecorr = 1.243 e52 + 2.361 e50*mass

49 T_dur = 58.6* mass **0.631

50 Eiso = (2* Ecorr)/(1-math.cos(theta_j))

51 Gamma = 182*((1e-53* Eiso)**0.25)

52 Mej = (Ecorr /(c*c*Gamma))

53 tdec = ((3* Ecorr)/(16* math.pi*n*mp*Gamma **8*c**5))**(1/3.)

54 t = 1.0

55 r0 = ((3/(4* math.pi))*( Ecorr/(mp*c**2*n*Gamma **2)))**(1/3.)

56 r = r0

57 m = Mej/Gamma

58 tprime = t/Gamma

59 #Define the proper function for gamma_m , depending on the value of

p

60 if p >= 2:

61 gm0 = ee*(mp*(p-2))/(me*(p-1))

62 def gm(Gamma , Bprime):

63 return 1 + (Gamma - 1)*gm0

64 else:

65 index = 1/(p-1.)

66 gm0 = ee*((2-p)/(p-1))*(mp/me)*(((3* ec)/sigmat)**(0.5*(p-2)

))

67 def gm(Gamma , Bprime):

68 return 1 + (gm0*(Gamma -1)*( Bprime **(0.5*(2 -p))))** index

69 #Initialise function constants

70 dl = (1.0+z)*(c/h0)*( integrate.quad(lambda x: (( Omegam *(1.0+x)

**3.0)+Omegal)**( -0.5), 0, z)[0])

71 F0 = (1e23*lens_mag*math.sqrt (3)*phi_p*ec*ec*ec)/(4* math.pi*dl*

dl*me*mp*c*c)

72 Bp2_0 = 32* math.pi*eb*n*mp*c*c

73 tsyn_0 = (6* math.pi*me*c)/sigmat

74 dm_0 = 2*math.pi*mp*n

75 tau_0 = sigmat /(4* math.pi*mp)

76 C2_0 = (5*ec)/sigmat

77 freq_frac0 = ((3*ec)/((1+z)*4* math.pi*me*c))
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78 timeshift = (1+z)/86400.

79 #Define desired start point and temporal resolution of the

simulation

80 checktime = t+86400.0e-4

81 timejump = 10**0.1

82 #Housekeeping

83 fd = []

84 dat = []

85 keepcalc = [True]*len(limlist)

86 #Determine shell type. Initialise the analytic reverse -shock

algorithms

87 if tdec > T_dur:

88 shell = ’thin’

89 thin_forward.Gamma_2 = thin_reverse.Gamma_2 = Gamma/1e2

90 thin_forward.E_52 = thin_reverse.E_52 = Eiso/1e52

91 thin_forward.ee__1 = thin_reverse.ee__1 = ee/1e-1

92 thin_forward.eb__2 = thin_reverse.eb__2 = eb/1e-2

93 thin_forward.D_28 = thin_reverse.D_28 = dl/1e28

94 thin_forward.n = thin_reverse.n = n

95 thin_forward.z = thin_reverse.z = z

96 thin_forward.p = thin_reverse.p = p

97 thin_forward.e = thin_reverse.e = 4*n*mp*c*c*Gamma*(Gamma

-1)

98 else:

99 shell = ’thick ’

100 Delta_0 = c*T_dur

101 Gamma_0 = (((3* Eiso)/(4* math.pi*n*mp*c*c))**0.125) * 4*c *

Delta_0 ** -1.375

102 thick_forward.Gamma_2 = thick_reverse.Gamma_2 = Gamma/1e2

103 thick_forward.E_52 = thick_reverse.E_52 = Eiso/1e52

104 thick_forward.ee__1 = thick_reverse.ee__1 = ee/1e-1

105 thick_forward.eb__2 = thick_reverse.eb__2 = eb/1e-2

106 thick_forward.D_28 = thick_reverse.D_28 = dl/1e28

107 thick_forward.n = thick_reverse.n = n

108 thick_forward.z = thick_reverse.z = z

109 thick_forward.p = thick_reverse.p = p

110 thick_forward.Delta_13 = thick_reverse.Delta_13 = Delta_0 /1

e13

111 thick_forward.e = thick_reverse.e = 4*n*mp*c*c*Gamma*(Gamma

-1)

112 #Begin simulation phase 1: prior to blast wave deceleration

113 while t < tdec and (theta_j + 1/ Gamma) >= theta_i:

114 if t > checktime:

115 if shell == ’thin’:

116 Bprime = (Bp2_0*Gamma*(Gamma -1))**0.5

117 fwd = thin_forward.synch(Gamma , t, Bprime)

118 rev = thin_reverse.synch(Gamma , t, Bprime)

119 elif shell == ’thick’:

120 Bprime = (Bp2_0*Gamma_0*t*(( Gamma_0*t) -1))**0.5

121 fwd = thick_forward.synch(Gamma_0*t, t, Bprime)

122 rev = thick_reverse.synch(Gamma_0*t, t, Bprime)

123 checktime *= timejump

124 fda = [t*timeshift]

125 resf = F_nu(bandwidth , speclist , 0, 0, fwd[0], fwd[1],

fwd[2], fwd [3])

126 resr = F_nu(bandwidth , speclist , 0, 0, rev[0], rev[1],

rev[2], rev [3])

127 for i in range(lb):

128 fda.append ((resf[i] + resr[i])/limlist[i][1])

129 if sb != 0:
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130 fda.append(all(speclist[i][1] > speclist[i][2]/(

resf[i+lb]+resr[i+lb]) for i in range(sb)))

131 fd.append(fda)

132 t += (1+z)

133 t = tdec

134 #Determine how much time has passed in the blast wave frame

135 if shell == ’thin’:

136 tprime = t/Gamma

137 elif shell == ’thick’:

138 tprime = (math.log(t))/Gamma_0

139 #Begin simulation phase 2: numerical modelling of blast wave

deceleration

140 #Run until flux densities in all filters are well below the

sensitivity limits

141 while any(keepcalc) and t < 1e9:

142 dr = 0.0005*r

143 gammahat = (4* Gamma + 1)/(3* Gamma)

144 beta2 = 1 - (Gamma **-2)

145 beta = math.sqrt(beta2)

146 Bprime2 = Bp2_0*Gamma*(Gamma -1)

147 Bprime = math.sqrt(Bprime2)

148 gammam = gm(Gamma , Bprime)

149 beta_m = math.sqrt(1 - (gammam **-2))

150 tsyn = tsyn_0 /( Bprime2*gammam)

151 eps = (ee/tsyn)/((1/ tsyn) + (1/ tprime))

152 dm = dm_0*r*r*dr

153 dGamma = dm*( gammahat *( Gamma*Gamma - 1) - (gammahat - 1)*

Gamma*beta2)/(Mej + eps*m + (1 - eps)*m*(2* gammahat*Gamma - (

gammahat - 1)*(1+( Gamma **-2))))

154 #Prevent overlarge changes to the Lorentz factor , by forcing

smaller increments in radius

155 while dGamma > 0.5* Gamma:

156 dr *= 0.1

157 dm *= 0.1

158 dGamma *= 0.1

159 dt = dr/(c*beta*Gamma*( Gamma + math.sqrt(Gamma*Gamma - 1)))

160 dtprime = dt/Gamma

161 m += dm

162 Gamma -= dGamma

163 r += dr

164 t += dt

165 tprime += dtprime

166 #Calculate lateral expansion of the blast wave

167 cs = Gamma*(math.sqrt(( gammahat *( gammahat - 1)*( Gamma - 1))

/(1 + gammahat *( Gamma - 1))))

168 a = r*math.tan(theta_j) + (cs*c*dt)

169 theta_j = math.atan(a/r)

170 #Calculate key synchro -Compton spectrum values: Fmax and break

frequencies

171 Fmax = (F0*beta_m*beta_m*Gamma*Bprime*m)

172 nu_ic = 1/( Gamma*Gamma *(1 + beta*beta))

173 tau = (tau_0*m)/(r*r)

174 Fnu = synch(Gamma , gammam , beta_m , tau , C2_0 , tsyn_0 , t,

Bprime , freq_frac0 , p)

175 #Store calculated blast wave parameters

176 data = [r, Gamma , theta_j , m, Fmax]

177 data.extend(Fnu)

178 #~ for i in Fnu:

179 #~ data.append(i)

180 dat.append(data)
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181 #Decide whether or not to calculate the observed flux densities

at this point in the evolution

182 if t > checktime and (theta_j + 1/ Gamma) >= theta_i and len

(dat) > 10:

183 checktime = (t-dt) * timejump

184 #Send blast wave parameters and filter details to the

module accounting for spherical shape and relativistic velocity

185 res , low_ri = Fs(r, tau_0 , theta_i , z, p, dat ,

bandwidth , speclist)

186 #Remove from storage data that will not be used again

187 while dat [0][0] < low_ri:

188 dat.pop (0)

189 #If the GRB engine is still running , add the contribution

from the reverse shock

190 if t < T_dur:

191 Bprime = (Bp2_0*Gamma_0*t*(( Gamma_0*t) -1))**0.5

192 rev = thick_reverse.synch(Gamma_0*t, t, Bprime)

193 Fr = F_nu(bandwidth , speclist , 0, 0, rev[0], rev

[1], rev[2], rev [3])

194 for i in range(len(res)):

195 res[i] += Fr[i]

196 #Store the observer time and flux densities in a list

197 fda = [t*timeshift]

198 for i in range(lb):

199 fda.append(res[i]/ limlist[i][1])

200 #append NIRSpec ’s ability to detect all absorption lines to

the list

201 if sb != 0:

202 fda.append(all(speclist[i][1] > speclist[i][2]/( res

[i+lb]) for i in range(sb)))

203 fd.append(fda)

204 #Check the status of the lightcurve for each filter in ‘

bandwidth ’. If well below the sensitivity limit and falling , set ‘

keepcalc ’ to False and the response function to null

205 if len(fd) > 3:

206 for i in range(len(keepcalc)):

207 if fda[i+1] < limlist[i][0]*1e-2 and (fd[-2][i

+1] > fda[i+1] or fd[-2][i+1] == fda[i+1] == 0.0):

208 keepcalc[i] = False

209 bandwidth[i] = numpy.array ([[0, 0]])

210 return numpy.array(fd)

211

212 def Fs(r, tau_0 , theta_i , z, p, dat , bandwidth , speclist):#

213 #Accounts for the spherical shape and relativistic velocity of the

emitting area. Equations 3.27 - 3.29, page 44.

214 r0 = dat [0][0]

215 Gammar = scipy.interpolate.InterpolatedUnivariateSpline ([zip(*

dat)[0]], [zip(*dat)[1]], k = 1)

216 thjr = scipy.interpolate.InterpolatedUnivariateSpline ([zip(*dat

)[0]], [zip(*dat)[2]], k = 1)

217 mr = scipy.interpolate.InterpolatedUnivariateSpline ([zip(*dat)

[0]], [zip(*dat)[3]], k = 1)

218 Fmaxr = scipy.interpolate.InterpolatedUnivariateSpline ([zip(*

dat)[0]], [zip(*dat)[4]], k = 1)

219 nu_ar = scipy.interpolate.InterpolatedUnivariateSpline ([zip(*

dat)[0]], [zip(*dat)[5]], k = 1)

220 nu_cr = scipy.interpolate.InterpolatedUnivariateSpline ([zip(*

dat)[0]], [zip(*dat)[6]], k = 1)

221 nu_mr = scipy.interpolate.InterpolatedUnivariateSpline ([zip(*

dat)[0]], [zip(*dat)[7]], k = 1)
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222 Fs = [0]*( len(bandwidth)+len(speclist))

223 ls = []

224 delr = 0.01*r

225 minr = r

226 while len(ls) < 50:

227 ri = r

228 theta = 0

229 while theta < theta_i + thjr(ri) and ri > r0:

230 ri -= delr

231 try:

232 newr = scipy.integrate.quad(lambda r: 1/( math.sqrt

(1-( Gammar(r)**-2))), ri , r)[0]

233 except:

234 Fsr = []

235 for i in range(3, len(dat[-1])):

236 Fsr.append(dat[i][-1])

237 return Fsr

238 break

239 if newr > r:

240 theta = float("inf")

241 else:

242 theta = math.acos((r - newr)/(ri))

243 if theta < theta_i + thjr(ri) and ri > r0:

244 if theta <= thjr(ri) - theta_i:

245 phi = math.pi

246 elif theta < theta_i - thjr(ri):

247 phi = 0

248 else:

249 phi = math.acos(( theta*theta + theta_i*theta_i

- thjr(ri)**2) /(2* theta*theta_i))

250 Gamma = Gammar(ri)

251 beta2 = 1-(Gamma **-2)

252 beta = math.sqrt(beta2)

253 Doppler3 = (Gamma *(1 - beta*math.cos(theta)))**-3

254 lsa = [math.cos(theta), Doppler3 , phi]

255 tau = (tau_0*mr(ri))/(ri*ri)

256 nu_ic = 1/( Gamma*Gamma *(1 + beta*beta))

257 Fmax = Fmaxr(ri)

258 nu_a = nu_ar(ri)

259 nu_c = nu_cr(ri)

260 nu_m = nu_mr(ri)

261 Fnl = F_nu(bandwidth , speclist , tau , nu_ic , nu_a ,

nu_c , nu_m , Fmax)

262 for i in Fnl:

263 lsa.append(i/Gamma)

264 ls.append(lsa)

265 if ri < minr:

266 minr = ri

267 delr *= 0.5

268 ls.sort(key = lambda x: x[0])

269 ls = numpy.array(ls)

270 for i in range(len(ls) -1):

271 dA = 2*ls[i ,2]*(ls[i,0]-ls[i+1,0])

272 for j in range(len(Fs)):

273 Fs[j] += (ls[i,j+3]*ls[i,1]) * math.fabs(dA)

274 Fsr = []

275 strad = (2* math.pi*(1-math.cos(thjr(r))))

276 for i in Fs:

277 Fsr.append(i/strad)

278 return Fsr , minr
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279

280 def synch(Gamma , gammam , beta_m , tau , C2_0 , tsyn_0 , t, Bprime ,

freq_frac0 , p):

281 gammac_f = (-1 + math.sqrt (1+ (32* gammam*tau*math.pi*me*c/(

Bprime*Bprime*sigmat*t*Gamma))))/((8/3.0)*gammam*tau)

282 C2 = (C2_0*tau)/Bprime

283 gamma_af1 = (C2 **0.3) *( gammac_f ** -0.5)

284 gamma_af2 = ((C2*gammac_f)**(1/6.0))

285 comp = tsyn_0 /( Bprime*Bprime*t*Gamma)

286 gammac_s = forcegamma_c(tau , C2 , gammam , p, comp , ’a’)

287 gamma_as1 = (C2 **0.3) *( gammam ** -0.5)

288 gamma_as2 = ((C2*( gammam **(p-1)))**(1/(p+4)))

289 gammac_x = forcegamma_c(tau , C2 , gammam , p, comp , ’s’)

290 gamma_ax = ((C2*gammac_x *( gammam **(p-1)))**(1/(p+5)))

291 if 1 <= gammac_f <= gammam:

292 gammac = gammac_f

293 if 1 <= gamma_af1 <= gammac:

294 gamma_a = gamma_af1

295 elif gamma_af2 > gammac:

296 gamma_a = gamma_af2

297 else:

298 gamma_a = 1

299 elif gammac_s > gammam:

300 gammac = gammac_s

301 if 1 <= gamma_as1 <= gammam:

302 gamma_a = gamma_as1

303 elif gamma_as2 > gammam:

304 gamma_a = gamma_as2

305 else:

306 gamma_a = 1

307 elif gamma_ax > gammam and gamma_ax > gammac_x >= 1:

308 gammac = gammac_x

309 gamma_a = gamma_ax

310 else:

311 gammac = 1

312 gamma_a = gamma_af2

313 freq_frac = freq_frac0*Gamma*Bprime

314 #Mathematical Errors can occur when very large gamma values (beta ~

1) are involved. When the values are large , a robust approximation

is used.

315 if 1 < gammam < 10:

316 nu_m = (freq_frac /(1 - beta_m))

317 else:

318 nu_m = freq_frac * 2* gammam*gammam

319 if 1 < gammac < 10:

320 nu_c = freq_frac /(1 -(1 -(1/( gammac*gammac)))**0.5)

321 else:

322 nu_c = freq_frac * 2* gammac*gammac

323 if 1 < gamma_a < 10:

324 nu_a = freq_frac /(1 -(1 -(1/( gamma_a*gamma_a)))**0.5)

325 else:

326 nu_a = freq_frac * 2* gamma_a*gamma_a

327 return nu_a , nu_c , nu_m

328

329 def forcegamma_c(tau , C2 , gammam , p, comp , Y):

330 #This module performs the ‘brute -force ’, iterative refinement

method of finding ‘gamma_c ’.

331 if Y == ’s’:

332 exp = 1 + (7/(p+5))

333 Y = tau *((C2**(2-p))*( gammam **(7*(p-1))))**(1/(p+5))
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334 elif Y == ’a’:

335 exp = 4-p

336 Y = (4/3.0)*tau*( gammam **(p-1))

337 index = 2

338 gammac = gammam

339 while math.fabs(Y*( gammac **exp) + gammac - comp) > 0.001* comp:

340 while Y*( gammac **exp) + gammac < comp:

341 gammac *= 10** index

342 index *= 0.2

343 while Y*( gammac **exp) + gammac > comp:

344 gammac *= 10**- index

345 index *= 0.2

346 return gammac

347

348 def F_nu(bandwidth , speclist , tau , nu_ic , nu_a , nu_c , nu_m , Fmax):

349 if nu_a <= nu_c <= nu_m:

350 def fn(nu):

351 if nu <= nu_a:

352 return Fmax*(nu/nu_a)*(nu/nu_a)*(nu_a/nu_c)

**(1/3.0)

353 elif nu_a < nu <= nu_c:

354 return Fmax*(nu/nu_c)**(1/3.0)

355 elif nu_c < nu <= nu_m:

356 return Fmax/(math.sqrt(nu/nu_c))

357 else:

358 return (Fmax*(nu/nu_m)**( -0.5*p))/(math.sqrt(nu_m/

nu_c))

359 elif nu_c <= nu_a <= nu_m:

360 def fn(nu):

361 if nu <= nu_c:

362 return Fmax*(nu/nu_c)*(nu/nu_c)*(nu_c/nu_a)**2.5

363 elif nu_c < nu <= nu_a:

364 return Fmax*(nu/nu_a)**2.5

365 elif nu_a < nu <= nu_m:

366 return Fmax/(math.sqrt(nu/nu_a))

367 else:

368 return (Fmax*(nu/nu_m)**( -0.5*p))/(math.sqrt(nu_m/

nu_a))

369 elif nu_c <= nu_m <= nu_a:

370 def fn(nu):

371 if nu <= nu_c:

372 return Fmax*(nu/nu_c)*(nu/nu_c)*(( nu_c/nu_a)**2.5)

373 elif nu_c < nu <= nu_a:

374 return Fmax *((nu/nu_a)**2.5)

375 else:

376 return Fmax *((nu/nu_a)**( -0.5*p))

377 elif nu_a <= nu_m <= nu_c:

378 def fn(nu):

379 if nu <= nu_a:

380 return Fmax*(nu/nu_a)*(nu/nu_a)*(( nu_a/nu_m)

**(1/3.0))

381 elif nu_a < nu <= nu_m:

382 return Fmax*(nu/nu_m)**(1/3.0)

383 elif nu_m < nu <= nu_c:

384 return Fmax *((nu/nu_m)**( -0.5*(p-1)))

385 else:

386 return Fmax *((nu/nu_c)**( -0.5*p))*(( nu_c/nu_m)

**( -0.5*(p-1)))

387 elif nu_m <= nu_a <= nu_c:

388 def fn(nu):
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389 if nu <= nu_m:

390 return Fmax *((nu/nu_m)**2) *(( nu_m/nu_a)**2.5)

391 elif nu_m < nu <= nu_a:

392 return Fmax *((nu/nu_a)**2.5)

393 elif nu_a < nu <= nu_c:

394 return Fmax *((nu/nu_a)**( -0.5*(p-1)))

395 else:

396 return Fmax *((nu/nu_c)**( -0.5*p))*(( nu_c/nu_a)

**( -0.5*(p-1)))

397 elif nu_m <= nu_c <= nu_a:

398 def fn(nu):

399 if nu <= nu_m:

400 return Fmax*(nu/nu_m)*(nu/nu_m)*(( nu_m/nu_a)**2.5)

401 elif nu_m < nu <= nu_a:

402 return Fmax *((nu/nu_a)**2.5)

403 else:

404 return Fmax *((nu/nu_a)**( -0.5*p))

405 else:

406 def fn(nu):

407 return 0.0

408 Fnl = []

409 for i in bandwidth:

410 fluxholder = []

411 for j in i:

412 fluxholder.append(j[1] * (fn(j[0]) + tau*fn(nu_ic*j[0])

))

413 Fnl.append(scipy.integrate.trapz(fluxholder , i[:,0]))

414 for i in speclist:

415 Fnl.append(fn(i[0]))

416 return Fnl

417

418

419 directory = os.getcwd ()

420 agnum = 1

421 #Load text file decribing the function phi_p

422 phitab = numpy.loadtxt(directory+"/phi_p.txt")

423 phi = scipy.interpolate.InterpolatedUnivariateSpline(phitab [:,0],

phitab [:,1], k = 1)

424 #Load text file describing the Pop III GRB progenitor mass PPF

425 mass = numpy.loadtxt(directory + "/yoon_sal_mdist.txt")

426 m_ppf = scipy.interpolate.InterpolatedUnivariateSpline(mass[:,0],

mass[:,1], k = 1)

427 #Load text file describing the Pop III GRB progenitor redshift PPF

428 zeds = numpy.loadtxt(directory + "/grb ppf - Kul.txt")

429 z_ppf = scipy.interpolate.InterpolatedUnivariateSpline(zeds[:,0],

zeds[:,1], k = 1)

430

431 filters = []

432 limlist = []

433 bandhead=’’

434 with open(directory + "/filterfile.txt", ’r’) as f:

435 #Text file containing the details of the telescope configurations

436 for line in f:

437 if not line.startswith("#"):

438 l = line.partition("|")

439 bandhead += l[0]. split(’\t’)[0]. strip() + ’\t’

440 l2 = l[-1]. split(’,’)

441 if l2[0] == ’‘’:

442 bandpass = numpy.column_stack (( numpy.linspace(float

(l2[1]) - float(l2[2]), float(l2[1]) + float(l2[2]), 101), numpy.
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ones (101)))

443 delnu = 2* float(l2[2])

444 else:

445 bandpass = numpy.loadtxt(directory + ’/’ + l2[0])

446 bandpass = bandpass[numpy.argsort(bandpass [:,0])]

447 delnu = scipy.integrate.trapz(bandpass [:,1],

bandpass [: ,0])

448 filters.append(bandpass)

449 limlist.append ([ float(l2[-1]), delnu])

450 #Necessary details for calculating the effectiveness of JWST

NIRSpec:

451 speclist = [[2.2480e15 , 0.144e-10], [2.2999e15 , 0.0259e-10],

[1.2798e15 , 0.0224e-10], [1.2590e15 , 0.0718e-10], [2.3038e15 , 0.196

e-10]]

452 nirspec = numpy.loadtxt(directory + "/NIRSpec R N.txt")

453 nirspec_R = scipy.interpolate.InterpolatedUnivariateSpline(nirspec

[:,0], nirspec [:,1])

454 nirspec_N = scipy.interpolate.InterpolatedUnivariateSpline(nirspec

[:,0], nirspec [:,2])

455

456 while agnum <= 1: #The desired number of simulations

457 #Generate parameters pseudo -randomly

458 mass = m_ppf(stats.uniform.rvs())

459 z = z_ppf(stats.uniform.rvs())

460 theta_j = stats.lognorm.rvs(0.6, 0, 0.0537)

461 theta_i = stats.uniform.rvs() *(0.5* math.pi)

462 n = stats.lognorm.rvs(3.5, 0, 0.88)

463 ee = stats.lognorm.rvs(1.2, 0, 0.09)

464 eb = stats.lognorm.rvs(2.6, 0, 0.012)

465 p = stats.norm.rvs(2.2, 0.4)

466 #Prevent fractions ee and eb , collectively or individually , from

exceeding 1

467 while ee > 1.0:

468 ee = stats.lognorm.rvs(1.2, 0, 0.09)

469 while eb > 1.0-ee:

470 eb = stats.lognorm.rvs(2.6, 0, 0.012)

471 #Prevent p from being less than 1

472 while p < 1.0:

473 p = stats.norm.rvs(2.2, 0.4)

474 #Use the interpolated phi function to define phi_p

475 phi_p = phi(p)

476 #Calculate the strong lensing magnification factor , from the

optical depth for a source at redshift z...

477 lens_opt_depth = ((4*0.085) /15.) * (((1+z)**0.5 - 1)**3) /((1+z)

**1.5)

478 #... and a random impact parameter. Chapter 4.1.1, page 62

479 random_opt_depth = stats.uniform.rvs()

480 if random_opt_depth < lens_opt_depth:

481 lens_mag = math.sqrt ((4* lens_opt_depth)/( random_opt_depth))

482 else:

483 lens_mag = 1 + math.sqrt(lens_opt_depth/random_opt_depth)

484 #Open a file to save the output. Write the GRB parameters and the

filter names

485 with open(directory + "/lightcurves/" + str(agnum) + ".txt", ’a

’) as f:

486 f.write(str(mass) + ’\t’ + str(z) + ’\t’ + str(theta_j) + ’

\t’ + str(theta_i) + ’\t’ + str(n) + ’\t’ + str(ee) + ’\t’ + str(eb

) + ’\t’ + str(p) + ’\t’ + str(lens_mag) + ’\nTime(days)\t’ +

bandhead + ’\tJWST_NIRSpec\n’)
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487 #Modify the filter response functions to account for neutral

hydrogen absorption

488 bandlist = []

489 for i in filters:

490 bandpass = []

491 for j in i:

492 if 2.467 e15 > j[0] > 2.467 e15 /(1+z):

493 alpha_depth = (0.0028*(2.467 e15/j[0]) **3.45) *

(1.37*(2.467 e15/j[0]) - 0.076)

494 else:

495 alpha_depth = 0

496 forest_depth = optical_depth_forest (3e8/j[0])

497 cloud_depth = optical_depth_clouds (3e8/j[0])

498 bandpass.append ([j[0], j[1] * math.exp(-( alpha_depth+

forest_depth+cloud_depth))])

499 bandlist.append(numpy.array(bandpass))

500 #Adjust the key Pop III absorption line frequencies and limiting

equivalent widths for redshift

501 z_speclist = []

502 if 3.6 < z < 20: #... but only if the redshift is in the

range where all lines are within NIRSpec ’s frequency range

503 for i in speclist:

504 z_speclist.append ([i[0]/(1+z), i[1]*(1+z), (15e8*

nirspec_N(i[0]/(1+z)))/(i[0]/(1+z)*nirspec_R(i[0]/(1+z)))])

505 #Call the main module; run the simulation

506 afterglow = ltcrv(bandlist , limlist , z_speclist , theta_j)

507 #Format the output

508 dumpstring = ’’

509 for i in afterglow:

510 try:

511 for j in i:

512 dumpstring += str(j) + ’\t’

513 except TypeError:

514 dumpstring += str(i)

515 dumpstring += ’\n’

516 #Write the output to the file

517 with open(directory + "/lightcurves/" + str(agnum) + ".txt", ’a

’) as f:

518 f.write(dumpstring)

519 #Proceed to the next simulation

520 agnum += 1



130 APPENDIX A. AFTERGLOW SIMULATION MODEL

A.2 thin reverse.py

1 import scipy , numpy

2 from scipy import special

3 #Thin Shell Reverse Shock

4

5 def f(p):

6 return (special.gamma ((3*p + 22) /12.) * special.gamma ((3*p + 2)

/12.))/( special.gamma ((3*p + 19) /12.) * special.gamma ((3*p - 1)

/12.))

7

8 def G(p):

9 return ((p-2)/(p-1))**2

10

11 def g1(p):

12 return ((p-1)/(p-2)) * (p+1) **0.6 * f(p)**0.6

13

14 def g2(p):

15 dex = 2/(p+4.)

16 return 4.1*10**( -180* dex) * ((p-2)/(p-1))**((p-1)*dex) * (p+1)

**dex * f(p)**dex

17

18 def g3(p):

19 return (p+1) **0.6 * f(p)**0.6

20

21 def g4(p,e):

22 dex = 2/(p-1.)

23 return e**((17*p - 38)*dex) * (3e33 - p*1.5 e33)**dex * (p-1)**-

dex

24

25 def g5(p,e):

26 dex = 1/(p-1.)

27 return e**((38 - 19*p)*dex) * (3e33 - p*1.5 e33)**-dex * (p-1)**

dex * (p+1) **0.6 * f(p)**0.6

28

29 def g6(p,e):

30 dex = 2/(p+4.)

31 return 5.5*10**((8*p - 30)*dex) * (3e33 - p*1.5 e33)**dex * (p

-1)**-dex * (p+1)**dex * f(p)**dex

32

33 def g7(p):

34 return (p+1) **0.6 * f(p)**0.6

35

36 def g8(p):

37 return ((p-1)/(p-2)) * (p+1) **0.6 * f(p)**0.6

38

39 def g9(p):

40 dex = 2/(p+4.)

41 return 1.3*10**( -243* dex) * 3**( -12.5* dex) * numpy.pi**( -4.5*

dex) * ((p-2)/(p-1))**((p-1)*dex) * (p+1)**dex * f(p)**dex

42

43 def g10(p):

44 return (p+1) **0.6 * f(p)**0.6

45

46 def g11(p,e):

47 dex = 1/(p-1.)

48 return 2**(11*(p+6)*dex) * 3**((p+4)*dex) * e**((13*p - 27)*dex

) * (1.5 e33 - p*7.6 e32)**dex * (p-1)**(-2*dex)

49

50 def g12(p,e):



A.2. THIN REVERSE.PY 131

51 dex = 1/(p-1.)

52 return 2**( -11*(p+6)*dex) * 3**((p+4) /(2*(1 -p))) * e**((13 - 7*

p)*dex) * (1.5 e33 - p*7.6 e32)**-dex * (p-1)**dex * (p+1) **0.6 * f(p

)**0.6

53

54 def g13(p):

55 dex = 2/(p+4.)

56 return 1.8*10**( -15* dex) * 787**((p-2)*dex) * 2**(5.5*(p+6)*dex

) * 3**(0.5*(p+9)*dex) * numpy.pi **(0.5* dex) * (1.5 e33 - p*7.6 e32)

**(1/(1. -p)) * (p-1)**-dex * (p+1)**dex * f(p)**dex

57

58 def g14(p):

59 return (p+1) **0.6 * f(p)**0.6

60

61 def g15(p):

62 return ((p-1)/(p-2)) * (p+1) **0.6 * f(p)**0.6

63

64 def g16(p):

65 dex = 2/(p+4.)

66 return 8.3*10**( -11* dex) * ((p-2)/(p-1))**((p-1)*dex) * (p+1)**

dex * f(p)**dex

67

68 def g17(p,e):

69 dex = 2/(p-1.)

70 return 5.2e-10 * e**((17*p - 38)*dex) * (1068*(p-1))**dex * (2-

p)**-dex

71

72 def g18(p,e):

73 dex = 1/(p-1.)

74 return 1.8e-5 * e**((38 - 19*p)*dex) * (1068*(p-1))**-dex * (2-p

)**dex * (p+1) **0.6 * f(p)**0.6

75

76 def g19(p,e):

77 dex = 2/(p+4.)

78 return 9.6*10**((3*p - 36)*dex) * e**(17.5* dex) * (1068*(p-1))

**dex * (2-p)**-dex * (p+1)**dex * f(p)**dex

79

80 def g20(p):

81 return ((p-1)/(p-2)) * (p+1) **0.6 * f(p)**0.6

82

83 def g21(p):

84 dex = 2/(p+4.)

85 return 1.8*10**( -13* dex) * numpy.pi **(3* dex) * ((p-2)/(p-1))

**((p-1)*dex) * (p+1)**dex * f(p)**dex

86

87 def g22(p,e):

88 dex = 1/(p-1.)

89 return 1e-25 * 2**(33*(2 -p)*dex) * e**((113 - 56*p)*dex) *

numpy.pi**((2 -p)*dex) * (1068*(p-1))**(2* dex) * (2-p)**(-2*dex)

90

91 def g23(p):

92 dex = 1/(p-1.)

93 return 3.6*10**((47*p - 60)*dex) * 2**(16.5*(p-2)*dex) * numpy.

pi **((1 - 0.5*p)*dex) * (1068*(p-1))**-dex * (2-p)**dex

94

95 def g24(p,e):

96 dex = 2/(p+4.)

97 return 1.8*10**( -(24.5*p+26)*dex) * 2**( -16.5*(p-2)/dex) * e

**(224.5* dex) * numpy.pi((4 - 0.5*p)*dex) * (1068*(p-1))**dex * (2-

p)**-dex * (p+1)**dex * f(p)**dex
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98

99 def zh(z):

100 return 0.5*(1+z)

101

102 Gamma_2 = 0.0

103 E_52 = 0.0

104 ee__1 = 0.0

105 eb__2 = 0.0

106 D_28 = 0.0

107 n = 0.0

108 z = 0.0

109 p = 0.0

110 mp = 1.67e-24

111 c = 3e10

112 ec = 4.803e-10

113 gammaM_0 = ((3*4.803e-10) /6.65e-25) **0.5

114 e = 0.0 #energy density

115

116 def synch(Gamma , t, Bprime):

117 t_2 = t/1e2

118

119 nu_c = 4.1 e16 * zh(z) * (Gamma/1e2)**-4 * n**-1.5 * eb__2 **-1.5

* t_2**-2

120 Fmax = 9.1e5 * 1e-6 * zh(z)**-0.5 * E_52 **0.5 * Gamma_2 **5 * n

* eb__2 **0.5 * D_28**-2 * t_2 **1.5

121

122 if p > 2:

123 nu_m = 1.9 e12 * zh(z)**-7 * (G(p)/G(2.3)) * E_52**-2 *

Gamma_2 **18 * n**2.5 * ee__1 **2 * eb__2 **0.5 * t_2 **6

124 nu_a1 = 1e13 * zh(z)**2.3 * (g1(p)/g1 (2.3)) * E_52 **1.3 *

Gamma_2 **-7.2 * n**-0.5 * ee__1**-1 * eb__2 **0.2 * t_2**-3.3

125 if nu_a1 < nu_m < nu_c:

126 nu_a = nu_a1

127 else:

128 adex = 1/(p+4.)

129 nu_a2 = 4.7 e12 * zh(z)**((3 - 7*p)*adex) * (g2(p)/g2

(2.3)) * E_52 **((3 - 2*p)*adex) * Gamma_2 **((18*p - 12)*adex) * n

**(2.5*p*adex) * ee__1 **((2*p - 2)*adex) * eb__2 **((0.5*p + 1)*adex

) * t_2 **((6*p - 7)*adex)

130 if nu_m < nu_a2 < nu_c:

131 nu_a = nu_a2

132 else:

133 nu_a3 = 7e10 * zh(z)**-1.7 * (g3(p)/g3 (2.3)) * E_52

**0.3 * Gamma_2 **3.8 * n**1.5 * eb__2 **1.2 * t_2 **0.7

134 if nu_a3 < nu_c < nu_m:

135 nu_a = nu_a3

136 else:

137 nu_a = 0

138

139 elif 1 < p < 2:

140 zeta = (Gamma*t*ec*Bprime **1.5) /( gammaM_0*mp*c) #gamma_M is

max. electron Lorentz factor. Do some tests; zeta should be close

to 1.

141 mdex = 1/(p-1.)

142 nu_m = 1.8e9 * zh(z)**(-(p+5)*mdex) * (g4(p,e)/g4(1.8,e)) *

E_52 **( -2* mdex) * n**(2.5* mdex) * Gamma_2 **((p+16)*mdex) * zeta

**((2 -p)*mdex) * ee__1 **(2* mdex) * eb__2 **(0.5* mdex) * t_2 **(6* mdex

)

143 nu_a1 = 2.7 e14 * zh(z)**((37 - 7*p)/(10*(p-1))) * (g5(p,e)/

g5(1.8,e)) * E_52 **((3*p + 7) /(10*(p-1))) * Gamma_2 **((98 - 13*p)
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/(10*(1 -p))) * n**((8 - 3*p)/(4*(1 -p))) * zeta **((p-2) /(2*(p-1))) *

ee__1 **(1/(1 -p)) * eb__2 **((14 - 9*p)/(20*(1 -p))) * t_2 **( -(3*(p

+9))/(10*(p-1)))

144 if nu_a1 < nu_m < nu_c:

145 nu_a = nu_a1

146 else:

147 adex = 1/(p+4.)

148 nu_a2 = 1.7 e12 * zh(z)**(-(p+9)*adex) * (g6(p,e)/g6

(1.8,e)) * E_52**-adex * Gamma_2 **((p+22)*adex) * n**(5* adex) *

zeta **((2-p)*adex) * ee__1 **(2* adex) * eb__2 **(2* adex) * t_2 **(5*

adex)

149 if nu_m < nu_a2 < nu_c:

150 nu_a = nu_a2

151 else:

152 nu_a3 = 5.8 e10 * zh(z)**-1.7 * (g7(p)/g7 (1.8)) *

E_52 **0.3 * Gamma_2 **3.8 * n**1.5 * eb__2 **1.2 * t_2 **0.7

153 if nu_a3 < nu_c < nu_m:

154 nu_a = nu_a3

155 else:

156 nu_a = 0

157 return nu_a , nu_c , nu_m , Fmax
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A.3 thick reverse.py

1 import scipy , numpy

2 from scipy import special

3 #Thick Shell Reverse Shock

4

5 def f(p):

6 return (special.gamma ((3*p + 22) /12.) * special.gamma ((3*p + 2)

/12.))/( special.gamma ((3*p + 19) /12.) * special.gamma ((3*p - 1)

/12.))

7

8 def G(p):

9 return ((p-2)/(p-1))**2

10

11 def g1(p):

12 return ((p-1)/(p-2)) * (p+1) **0.6 * f(p)**0.6

13

14 def g2(p,e):

15 dex = 2/(p+4.)

16 return 1e12 * e**( -33* dex) * ((p-2)/(p-1))**((p-1)*dex) * (p+1)

**dex * f(p)**dex

17

18 def g3(p):

19 return (p+1) **0.6 * f(p)**0.6

20

21 def g4(p,e):

22 dex = 2/(p-1.)

23 return e**(22*(p-2)*dex) * (5.8e5 - p*2.9e5)**dex * (p-1)**-dex

24

25 def g5(p,e):

26 dex = 1/(p-1.)

27 return e**(22*(2 -p)*dex) * (5.8e5 - p*2.9e5)**-dex * (p-1)**dex

* (p+1) **0.6 * f(p)**0.6

28

29 def g6(p):

30 dex = 2/(p+4.)

31 return 4.2*10**((8*p - 22)*dex) * 0.003**((1 - 0.5*p)*dex) *

(5.8e5 - p*2.9e5)**dex * (p-1)**-dex * (p+1)**dex * f(p)**dex

32

33 def g7(p):

34 return (p+1) **0.6 * f(p)**0.6

35

36 def g8(p):

37 return ((p-1)/(p-2)) * (p+1) **0.6 * f(p)**0.6

38

39 def g9(p):

40 dex = 2/(p+4.)

41 return 1.6*10**( -50* dex) * 2**( -23.5* dex) * numpy.pi**( -0.5* dex

) * ((p-2)/(p-1))**((p-1)*dex) * (p+1)**dex * f(p)**dex

42

43 def g10(p):

44 return (p+1) **0.6 * f(p)**0.6

45

46 def g11(p):

47 dex = 1/(p-1.)

48 return 2**(0.25*(9*p + 44)*dex) * 3**(0.5*p*dex) * numpy.pi

**(0.25*(4 -p)*dex) * (1.5e9 - p*7.3e8)**(2* dex) * (p-1)**(-2*dex)

49

50 def g12(p):

51 dex = 1/(p-1.)
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52 return 2**( -0.125*(9*p + 44)*dex) * 3**( -0.25*p*dex) * numpy.pi

**(0.125*(p-4)*dex) * (1.5e9 - p*7.3e8)**-dex * (p-1)**dex * (p+1)

**0.6 * f(p)**0.6

53

54 def g13(p,e):

55 dex = 1/(p+4.)

56 return 2.9*10**((114 -43*p-21*p*p)*dex/(p-1)) * e**((15*p -144)*

dex/(p-1)) * 2**(0.25*(9*p + 166)*dex) * 3**(0.5*(p+2)*dex) * numpy

.pi **(0.25*(10 -p)*dex) * (2 + p - p*p)**(2* dex) * (p-1)**(-2*dex) *

(p+1) **(2* dex) * f(p)**(2* dex)

57

58 def g14(p):

59 return (p+1) **0.6 * f(p)**0.6

60

61 def g15(p):

62 return 4.29 e21 * ((p-1)/(p-2)) * (p+1) **0.6 * f(p)**0.6

63

64 def g16(p,e):

65 dex = 2/(p+4.)

66 return 5.2e-12 * e**(126.5* dex) * ((p-2)/(p-1))**((p-1)*dex) *

(p+1)**dex * f(p)**dex

67

68 def g17(p,e):

69 dex = 1/(p-1.)

70 return 3.4e-10 * 0.5**(p*dex) * e**((38*p - 77)*dex) * (1321*(p

-1))**(2* dex) * (2-p)**(-2*dex)

71

72 def g18(p,e):

73 dex = 1/(p-1.)

74 return 8.2e-5 * e**((38 - 19*p)*dex) * (1321*(p-1))**-dex * (2-

p)**dex * (p+1) **0.6 * f(p)**0.6

75

76 def g19(p,e):

77 dex = 2/(p+4.)

78 return 7.3*10**( -(12*p + 36)*dex) * 0.5**(0.5*p*dex) * e

**(21.5* dex) * (1321*(p-1))**dex * (2-p)**-dex * (p+1)**dex * f(p)

**dex

79

80 def g20(p):

81 return ((p-1)/(p-2)) * (p+1) **0.6 * f(p)**0.6

82

83 def g21(p):

84 dex = 1/(p+4.)

85 return 5.7*10**( -82* dex) * 2**(9.5* dex) * 3**(2.25* dex) *

5**(10.5* dex) * numpy.pi**-dex * ((p-2)/(p-1))**(2*(p-1)*dex) * (p

+1) **(2* dex) * f(p)**(2* dex)

86

87 def g22(p):

88 dex = 1/(p-1.)

89 return 1e4 * 0.3**(2*(p-2)*dex) * 2**(0.25*33*(4 -p)*dex) *

625**((8 - 2*p)*dex) * numpy.pi **(0.25*(4 -p)*dex) * (1321*(p-1))

**(2* dex) * (2-p)**(-2*dex)

90

91 def g23(p):

92 dex = 1/(p-1.)

93 return 5.9 e17 * 0.3**((2 -p)*dex) * 2**(0.125*33*(p-4)*dex) *

625**((p-4)*dex) * numpy.pi **(0.125*(p-4)*dex) * (1321*(p-1))**-dex

* (2-p)**dex * (p+1) **0.6 * f(p)**0.6

94

95 def g24(p):
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96 dex = 1/(p+4.)

97 return 1.6*10**((4*p + 22)*dex) * 0.3**(2*(p-2)*dex) *

2**(0.25*33*(4 -p)*dex) * 3**(0.25*(37 - 2*p)*dex) * 5**(0.5*(245 -

16*p)*dex) * numpy.pi **(0.25*(10 - p)*dex) * (1321*(p-1))**(2* dex)

* (2-p)**(-2*dex) * (p+1) **(2* dex) * f(p)**(2* dex)

98

99 def zh(z):

100 return 0.5*(1+z)

101

102 Gamma_2 = 0.0

103 E_52 = 0.0

104 ee__1 = 0.0

105 eb__2 = 0.0

106 Delta_13 = 0.0

107 D_28 = 0.0

108 n = 0.0

109 z = 0.0

110 p = 0.0

111 mp = 1.67e-24

112 c = 3e10

113 ec = 4.803e-10

114 gammaM_0 = ((3*4.803e-10) /6.65e-25) **0.5

115 e = 0.0

116

117 def synch(Gamma , t, Bprime):

118 t_2 = t/1e2

119

120 nu_c = 1.2 e17 * E_52 **-0.5 * Delta_13 **0.5 * n**-1 * eb__2

**-1.5 * t_2**-1

121 Fmax = 1.5e5 * 1e-6 * zh(z)**0.5 * E_52 **1.25 * Delta_13 ** -1.25

* Gamma_2 **-1 * n**0.25 * eb__2 **0.5 * D_28**-2 * t_2 **0.5

122

123 if p > 2:

124 nu_m = 7.6 e11 * zh(z)**-1 * (G(p)/G(2.3)) * Gamma_2 **2 * n

**0.5 * ee__1 **2 * eb__2 **0.5

125 nu_a1 = 7.2 e12 * zh(z)**-0.4 * (g1(p)/g1 (2.3)) * E_52 **0.6

* Gamma_2 ** -1.6 * Delta_13 ** -0.6 * n**0.2 * ee__1 **-1 * eb__2 **0.2

* t_2** -0.6

126 if nu_a1 < nu_m < nu_c:

127 nu_a = nu_a1

128 else:

129 adex = 2/(p+4.)

130 nu_a2 = 2.5 e12 * zh(z)**(-(p+2) *0.5* adex) * (g2(p,e)/g2

(2.3,e)) * E_52**adex * Gamma_2 **((p-2)*adex) * Delta_13**-adex * n

**(0.25*(p+2)*adex) * ee__1 **((p-1)*adex) * eb__2 **(0.25*(p+2)*adex

) * t_2**-adex

131 if nu_m < nu_a2 < nu_c:

132 nu_a = nu_a2

133 else:

134 nu_a3 = 1.8 e10 * zh(z)**-0.9 * (g3(p)/g3 (2.3)) *

E_52 **0.85 * Gamma_2 **-0.6 * Delta_13 ** -0.85 * n**0.95 * eb__2 **1.2

* t_2** -0.1

135 if nu_a3 < nu_c < nu_m:

136 nu_a = nu_a3

137 else:

138 nu_a = 0

139

140 elif 1 < p < 2:

141 zeta = (Gamma*t*ec*Bprime **1.5) /( gammaM_0*mp*c)

142 mdex = 1/(p-1.)
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143 nu_m = 6.1e8 * zh(z)**(0.25*(2 - 3*p)*mdex) * (g4(p,e)/g4

(1.8,e)) * E_52 **(0.125*(p-2)*mdex) * n**(0.125*(6 -p)*mdex) *

Gamma_2 **(2* mdex) * Delta_13 **( -0.125*(p-2)*mdex) * zeta **((2 -p)*

mdex) * ee__1 **(2* mdex) * eb__2 **(0.5* mdex) * t_2 **(0.25*(2 -p)*mdex

)

144 nu_a1 = 2.1 e14 * zh(z)**((26 - 21*p)/(40*(p-1))) * (g5(p,e)

/g5(1.8,e)) * E_52 **((38 - 43*p)/(80*(1 -p))) * Gamma_2 **((3*p + 2)

/(5*(1 -p))) * Delta_13 **((38 - 43*p)/(80*(p-1))) * n**((66 - 41*p)

/(80*(1 -p))) * zeta **((p-2) /(2*(p-1))) * ee__1 **(1/(1 -p)) * eb__2

**((14 - 9*p)/(20*(1 -p))) * t_2 **((14 - 19*p)/(40*(p-1)))

145 if nu_a1 < nu_m < nu_c:

146 nu_a = nu_a1

147 else:

148 adex = 1/(p+4.)

149 nu_a2 = 9.3 e11 * zh(z)**( -0.25*(3*p + 10)*adex) * (g6(p

)/g6 (1.8)) * E_52 **(0.125*(p+14)*adex) * Delta_13 **( -0.125*(p+14)*

adex) * n**( -0.125*(p-18)*adex) * zeta **((2-p)*adex) * ee__1 **(2*

adex) * eb__2 **(2* adex) * t_2 **( -0.25*(p+6)*adex)

150 if nu_m < nu_a2 < nu_c:

151 nu_a = nu_a2

152 else:

153 nu_a3 = 1.5 e10 * zh(z)**-0.9 * (g7(p)/g7 (1.8)) *

E_52 **0.85 * Gamma_2 **-0.6 * Delta_13 ** -0.85 * n**0.95 * eb__2 **1.2

* t_2** -0.1

154 if nu_a3 < nu_c < nu_m:

155 nu_a = nu_a3

156 else:

157 nu_a = 0

158 return nu_a , nu_c , nu_m , Fmax
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A.4 thin forward.py

1 import scipy , numpy

2 from scipy import special

3 #Thin Shell Forward Shock

4

5 def f(p):

6 return (special.gamma ((3*p + 22) /12.) * special.gamma ((3*p + 2)

/12.))/( special.gamma ((3*p + 19) /12.) * special.gamma ((3*p - 1)

/12.))

7

8 def G(p):

9 return ((p-2)/(p-1))**2

10

11 def g1(p):

12 return ((p-1)/(p-2)) * (p+1) **0.6 * f(p)**0.6

13

14 def g2(p):

15 dex = 2/(p+4.)

16 return 1.5*10**( -15* dex) * ((p-2)/(p-1))**((p-1)*dex) * (p+1)**

dex * f(p)**dex

17

18 def g3(p):

19 return (p+1) **0.6 * f(p)**0.6

20

21 def g4(p, e):

22 dex = 2/(p-1.)

23 return e**((17*p - 38)*dex) * (1868*(2 -p))**dex * (p-1)**-dex

24

25 def g5(p, e):

26 dex = 1/(p-1)

27 return e**((38 - 19*p)*dex) * (1868*(2 -p))**dex * (p-1)**dex *

(p+1) **0.6 * f(p)**0.6

28

29 def g6(p, e):

30 dex = 2/(p+4.)

31 return 1.9*10**(8*(p-2)*dex) * e**(3.5* dex) * (1868*(2 -p))**dex

* (p-1)**-dex * (p+1)**dex * f(p)**dex

32

33 def g7(p):

34 return (p+1) **0.6 * f(p)**0.6

35

36 def g8(p):

37 return ((p-1)/(p-2)) * (p+1) **0.6 * f(p)**0.6

38

39 def g9(p):

40 dex = 2/(p+4.)

41 return 4*10**( -8* dex) * ((p-2)/(p-1))**((p-1)*dex) * (p+1)**dex

* f(p)**dex

42

43 def g10(p):

44 return (p+1) **0.6 * f(p)**0.6

45

46 def g11(p, e):

47 dex = 1/(p-1.)

48 return 2**(11*(p-2)*dex) * 3**((p-2)*dex) * e**((13*p - 27)*dex

) * (1868*(2 -p))**(2* dex) * (p-1)**(-2*dex)

49

50 def g12(p, e):

51 dex = 1/(p-1.)
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52 return 2**( -0.5*11*(p-2)*dex) * 3**(0.5*(2 -p)*dex) * e**((13 -

7*p)*dex) * (1868*(2 -p))**-dex * (p-1)**dex * (p+1) **0.6 * f(p)

**0.6

53

54 def g13(p, e):

55 dex = 2/(p+4.)

56 return 2**(5.5*(p-2)*dex) * 3**((1 -0.5*p)*dex) * e**(20.5* dex)

* (1868*(2 -p))**dex * (p-1)**-dex * (p+1)**dex * f(p)**dex

57

58 def g14(p):

59 return (p+1) **0.6 * f(p)**0.6

60

61 def zh(z):

62 return 0.5*(1+z)

63

64 Gamma_2 = 0.0

65 E_52 = 0.0

66 ee__1 = 0.0

67 eb__2 = 0.0

68 D_28 = 0.0

69 n = 0.0

70 z = 0.0

71 p = 0.0

72 mp = 1.67e-24

73 c = 3e10

74 ec = 4.803e-10

75 gammaM_0 = ((3*4.803e-10) /6.65e-25) **0.5

76 e = 0.0

77

78 def synch(Gamma , t, Bprime):

79 t_2 = t/1e2

80

81 nu_c = 4.1 e16 * zh(z) * Gamma_2 **-4 * n**-1.5 * eb__2 **-1.5 *

t_2**-2

82 Fmax = 1.1e4 * 1e-6 * zh(z)**-2 * Gamma_2 **8 * n**1.5 * eb__2

**0.5 * D_28**-2 * t_2**3

83

84 if p > 2:

85 nu_m = 3.1 e16 * zh(z)**-1 * (G(p)/G(2.3)) * Gamma_2 **4 * n

**0.5 * ee__1 **2 * eb__2 **0.5

86 nu_a1 = 5.7e9 * zh(z)**-1.6 * (g1(p)/g1 (2.3)) * Gamma_2

**1.6 * n**0.8 * ee__1**-1 * eb__2 **0.2 * t_2 **0.6

87 if nu_a1 < nu_m < nu_c:

88 nu_a = nu_a1

89 else:

90 adex = 1/(p+4.)

91 nu_a2 = 8.3 e12 * zh(z)**(-(p+6)*adex) * (g2(p)/g2 (2.3))

* Gamma_2 **(4*(p+2)*adex) * n**(0.5*(p+6)*adex) * ee__1 **(2*(p-1)*

adex) * eb__2 **(0.5*(p+2)*adex) * t_2 **(2* adex)

92 if nu_m < nu_a2 < nu_c:

93 nu_a = nu_a2

94 else:

95 nu_a3 = 4.9e9 * zh(z)**-2.6 * (g3(p)/g3 (2.3)) *

Gamma_2 **5.6 * n**1.8 * eb__2 **1.2 * t_2 **1.6

96 if nu_a3 < nu_c < nu_m:

97 nu_a = nu_a3

98 else:

99 nu_a = 0

100 elif 1 < p < 2:

101 zeta = (Gamma*t*ec*Bprime **1.5) /( gammaM_0*mp*c)
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102 mdex = 1/(p-1.)

103 nu_m = 3.2 e14 * zh(z)**-1 * (g4(p,e)/g4(1.8,e)) * Gamma_2

**((p+2)*mdex) * n**(0.5* mdex) * zeta **((2-p)*mdex) * ee__1 **(2*

mdex) * eb__2 **(0.5* mdex)

104 adex = 1/(1.-p)

105 nu_a1 = 4.6 e10 * zh(z)**-1.6 * (g5(p,e)/g5(1.8,e)) *

Gamma_2 **((4.6 - 3.1*p)*adex) * n**((1.3 - 1.05*p)*adex) * zeta

**(0.5*(p-2)*adex) * ee__1 **adex * eb__2 **((0.7 - 0.45*p)*adex) *

t_2 **0.6

106 if nu_a1 < nu_m < nu_c:

107 nu_a = nu_a1

108 else:

109 adex = 2/(p+4.)

110 nu_a2 = 2e10 * zh(z)**( -0.5*(p+6)*adex) * (g6(p,e)/g6

(1.8,e)) * Gamma_2 **(0.5*(p+14)*adex) * n**(2* adex) * zeta

**(0.5*(2 -p)*adex) * ee__1 **adex * eb__2 **adex * t_2**adex

111 if nu_m < nu_a2 < nu_m:

112 nu_a = nu_a2

113 else:

114 nu_a3 = 4e9 * zh(z)**-2.6 * (g7(p)/g7 (1.8)) *

Gamma_2 **5.6 * n**1.8 * eb__2 **1.2 * t_2 **1.6

115 if nu_a3 < nu_c < nu_m:

116 nu_a = nu_a3

117 else:

118 nu_a = 0

119 return nu_a , nu_c , nu_m , Fmax
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A.5 thick forward.py

1 import scipy , numpy

2 from scipy import special

3 #Thick Shell Forward Shock

4

5 def f(p):

6 return (special.gamma ((3*p + 22) /12.) * special.gamma ((3*p + 2)

/12.))/( special.gamma ((3*p + 19) /12.) * special.gamma ((3*p - 1)

/12.))

7

8 def G(p):

9 return ((p-2)/(p-1))**2

10

11 def g1(p):

12 return ((p-1)/(p-2)) * (p+1) **0.6 * f(p)**0.6

13

14 def g2(p):

15 dex = 2/(p+4.)

16 return 1.4*10**( -5* dex) * ((p-1)/(p-2))**((1-p)*dex) * (p+1)**

dex * f(p)**dex

17

18 def g3(p):

19 return (p+1) **0.6 * f(p)**0.6

20

21 def g4(p, e):

22 dex = 2/(p-1.)

23 return e**((22*p - 44)*dex) * (6*(2-p))**dex * (p-1)**-dex

24

25 def g5(p, e):

26 dex = 1/(p-1.)

27 return e**((44 - 22*p)*dex) * (6*(2-p))**-dex * (p-1)**dex * (p

+1) **0.6 * f(p)**0.6

28

29 def g6(p):

30 dex = 2/(p+4.)

31 return 1.9*10**(8*(p-2)*dex) * 0.003**((1 - 0.5*p)*dex) * 0.1**

dex * (6*(2 -p))**dex * (p-1)**-dex * (p+1)**dex * f(p)**dex

32

33 def g7(p):

34 return (p+1) **0.6 * f(p)**0.6

35

36 def g8(p):

37 ((p-1)/(p-2)) * (p+1) **0.6 * f(p)**0.6

38

39 def g9(p, e):

40 dex = 2/(p+4.)

41 return 2**(52.5* dex) * e**(63.5* dex) * numpy.pi **(1.5* dex) * ((

p-1)/(p-2))**((1-p)*dex) * (p+1)**dex * f(p)**dex

42

43 def g10(p):

44 return (p+1) **0.6 * f(p)**0.6

45

46 def g11(p):

47 dex = 1/(p-1.)

48 return 2**( -(22 - 2.25*p)*dex) * 3**((0.5*p - 2)*dex) * numpy.

pi**( -0.25*p*dex) * (0.0045*(2 -p))**(2* dex) * (p-1) **( -2* dex)

49

50 def g12(p):

51 dex = 1/(p-1.)
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52 return 0.005**(2* dex) * 2**((11 - 1.125*p)*dex) * 3**((1 -

0.25*p)*dex) * numpy.pi **(0.125*p*dex) * (2-p)**-dex * (p-1)**dex *

(p+1) **0.6 * f(p)**0.6

53

54 def g13(p):

55 dex = 2/(p+4.)

56 dex2 = 1/((p+4.)*(p-1.))

57 return 1.3**((p-2)*dex) * 2**((2.25*p - 26.5)*dex) * 3**((0.25*

p - 1.5)*dex) * 25**(( -10*(p+3))*dex2) * e**((106*p + 23)*dex2) *

numpy.pi **(0.25*(2 -p)*dex) * (2 + p - p*p)**dex * (p-1)**-dex * (p

+1)**dex * f(p)**dex

58

59 def g14(p):

60 return (p+1) **0.6 * f(p)**0.6

61

62

63 def zh(z):

64 return 0.5*(1+z)

65

66 Gamma_2 = 0.0

67 E_52 = 0.0

68 Delta_13 = 0.0

69 ee__1 = 0.0

70 eb__2 = 0.0

71 D_28 = 0.0

72 n = 0.0

73 z = 0.0

74 p = 0.0

75 mp = 1.67e-24

76 c = 3e10

77 ec = 4.803e-10

78 gammaM_0 = ((3*4.803e-10) /6.65e-25) **0.5

79 e = 0.0

80

81 def synch(Gamma , t, Bprime):

82 t_2 = t/1e2

83

84 nu_c = 1.2 e17 * E_52 **-0.5 * Delta_13 **0.5 * n**-1 * eb__2

**-1.5 * t_2**-1

85 Fmax = 1.2e3 * 1e-6 * zh(z) * E_52 * Delta_13 **-1 * n**0.5 *

eb__2 **0.5 * D_28**-2

86

87 if p > 2:

88 nu_m = 1.2 e16 * (G(p)/G(2.3)) * E_52 **0.5 * Delta_13 **-0.5

* ee__1 **2 * eb__2 **0.5 * t_2**-1

89 nu_a1 = 3.6e9 * zh(z)**-1.2 * (g1(p)/g1 (2.3)) * E_52 **0.2 *

Delta_13 ** -0.2 * n**0.6 * ee__1 **-1 * eb__2 **0.2 * t_2 **0.2

90 if nu_a1 < nu_m < nu_c:

91 nu_a = nu_a1

92 else:

93 adex = 1/(p+4.)

94 nu_a2 = 3.9 e12 * zh(z)**( -4* adex) * (g2(p)/g2 (2.3)) *

E_52 **(0.5*(p+2)*adex) * Delta_13 **( -0.5*(p+2)*adex) * n**(2* adex)

* ee__1 **(2*(p-1)*adex) * eb__2 **(0.5*(p+2)*adex) * t_2**(-p*adex)

95 if nu_m < nu_a2 < nu_c:

96 nu_a = nu_a2

97 else:

98 nu_a3 = 1e9 * zh(z)**-1.2 * (g3(p)/g3 (2.3)) * E_52

**0.7 * Delta_13 ** -0.7 * n**1.1 * eb__2 **1.2 * t_2 **0.2

99 if nu_a3 < nu_c < nu_m:
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100 nu_a = nu_a3

101 else:

102 nu_a = 0

103 elif 1 < p < 2:

104 zeta = (Gamma*t*ec*Bprime **1.5) /( gammaM_0*mp*c)

105 mdex = 1/(p-1.)

106 nu_m = 8.6 e13 * zh(z)**(0.25*(6 - 3*p)*mdex) * (g4(p,e)/g4

(1.8,e)) * E_52 **(0.125*(p+2)*mdex) * n**(0.125*(2 -p)*mdex) *

Delta_13 **( -0.125*(p+2)*mdex) * zeta **((2 -p)*mdex) * ee__1 **(2* mdex

) * eb__2 **(0.5* mdex) * t_2 **( -0.25*(p+2)*mdex)

107 nu_a1 = 3.2 e10 * (g5(p,e)/g5(1.8,e)) * zh(z)**((18 - 33*p)

/(40*(p-1))) * E_52 **((46 - 31*p)/(80*(1 -p))) * Delta_13 **((46 -

31*p)/(80*(p-1))) * n**((58 - 53*p)/(80*(1 -p))) * zeta **((p-2) /(2*(

p-1))) * ee__1 **(1/(1. -p)) * eb__2 **((14 - 9*p)/(20*(1 -p))) * t_2

**((22 - 7*p)/(40*(p-1)))

108 if nu_a1 < nu_m < nu_c:

109 nu_a = nu_a1

110 else:

111 adex = 1/(p+4.)

112 nu_a2 = 9.3 e11 * zh(z)**( -0.25*(3*p + 10)*adex) * (g6(p

)/g6 (1.8)) * E_52 **(0.125*(p+14)*adex) * Delta_13 **( -0.125*(p+14)*

adex) * n**(0.125*(18 -p)*adex) * zeta **((2-p)*adex) * ee__1 **(2*

adex) * eb__2 **(2* adex) * t_2 **( -0.25*(p+6)*adex)

113 if nu_m < nu_a2 < nu_c:

114 nu_a = nu_a2

115 else:

116 nu_a3 = 8.5e8 * zh(z)**-1.2 * (g7(p)/g7 (1.8)) *

E_52 **0.7 * Delta_13 **-0.7 * n**1.1 * eb__2 **1.2 * t_2 **0.2

117 if nu_a3 < nu_c < nu_m:

118 nu_a = nu_a3

119 else:

120 nu_a = 0

121 return nu_a , nu_c , nu_m , Fmax
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A.6 phi p.txt

See code (Appendix A.1) line 421.

1.0302976 0.410095

1.1484448 0.433939

1.2469008 0.455796

1.365048 0.47964

1.4831952 0.503484

1.5914968 0.523354

1.7194896 0.547198

1.8376368 0.565081

1.9656296 0.582964

2.103468 0.59886

2.251152 0.614756

2.398836 0.626678

2.5563656 0.636613

2.7138952 0.646548

2.8517336 0.652509

3.0092632 0.660457

3.1766384 0.664431

3.334168 0.668405

3.4916976 0.674366

3.6492272 0.676353

3.8067568 0.680327

3.974132 0.682314

4.1316616 0.686288

4.2793456 0.688275

4.4467208 0.688275

4.6042504 0.690262

4.7716256 0.692249

4.9291552 0.694236

5.0768392 0.694236

5.2442144 0.696223

5.401744 0.696223

5.5691192 0.69821

5.7364944 0.69821
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A.7 Filters file

The program only reads the content following the | character; the rest is for human

readability, and for labelling columns in the output. The main program (Appendix

A.1) interprets this file on lines 449 - 449.

The format is such that, if the first character encountered is a ‘, the effective

bandwidth is a top-hat function with central frequency and half-bandwidth sepa-

rated by commas. The final entry is the adopted sensitivity limit, in Jy.

If the first character after the | is not ‘, the program interprets the first entry

as a file name. If such a file is not in the current working directory, the program

will fail. The second entry is interpreted as the sensitivity limit, in Jy.
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Figure B.1: Additional simulated Pop III GRB afterglow lightcurves from Chapter
4: ALMA lightcurves.
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Figure B.1 (Cont.): JWST MIRI lightcurves.
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Figure B.1 (Cont.): JWST NIRCam lightcurves.




