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ABSTRACT  

Using the collapsar scenario for Long Gamma Ray Bursts (GRBs), I present series of 

numerical simulations to investigate the properties of expanding jets, driven by engines 

deploying the same total energy differently. I include a wide range of engine durations 

(Tinj from 0.1 to 100 sec), as well as different initial opening angles (θ0 from 1 to 90°), 

for the same deployed energy (1052 erg). Then, I examine the produced diversity of jets, 

considering the effect of the opening angle. I employ an AMR 2D special relativistic 

hydrodynamical code, using an initially 25 solar mass Wolf-Rayet star as the 

progenitor. I analyze the effect of the initial parameters on the jet’s hydrodynamic 

properties, the three radiative phases, and discuss the implications on GRB prompt 

emission and SN energy. My results show that the engine’s duration dramatically 

affects the three radiative phases launch and contribution in the jet. As a consequence, 

the expanding jet’s hydrodynamical properties differ. In particular outflow collimation 

and relativistic acceleration. The implication of this is that brief engines (with Tinj < 

Tbreakout, either due to short Tinj or large θ0) represent excellent systems to explain the 

debated low-luminosity GRBs (llGRBs), producing the two peculiar features of llGRBs: 

i) the estimated llGRBs rate at least about 100 times higher than that of GRBs, and ii) 

potentially energetic SN emission. I find that these two features only arise from brief 

engines. The conclusion is that brief engines should dominate collapsar events, at least 

at low redshift. 

Subject heading: gamma-ray: burst – hydrodynamics – relativistic processes – shock 

waves – ISM: jet and outflows  – supernovae: general 
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PREFACE 

About five decades have passed since the first discovery of a Gamma-Ray Burst by a 

pure chance (hereafter GRB). Still our struggle to understand GRBs is just in its 

beginning and our understanding of GRBs is quite primitive. 

The allegory of the cave1, would illustrate our incapacity to travel to GRBs sites, see 

what is happening out there or take samples. We are like chained people in the bottom 

of a cave with our heads toward the bottom of the cave, where all that can be seen is 

shadows on the cave wall; random shadows of objects, themselves copies of the true 

objects in the outside real world. Although in darkness upon darkness, these people, in 

their frame, are free in their world. They start naming the shadows, classifying them 

based on likenesses, and having opinions and conjunctures on what the eye is able to 

see. It is the first part of Plato’s divided line2, but the lowest in wisdom. The eye starts 

to make predictions on the shadows, from which some belief is born. With math and 

imagination, the people move to the world of ideas and knowledge and start to converge 

to the truth of shadows, making hypotheses and moving to conclusions, conclusions 

involving some unseen truth. Finally, the smartest of the chained people would get into 

the highest level of Plato’s divided line (DE): that of reason and the understanding of 

only the intelligible. Even if the eye cannot see and the body is chained, the mind is 

freed to the world of wisdom, converging toward the first principle, the truth. Some of 

these chained people live for a challenge, and tough as the situation seems, their first 

inspiration is always born from a continuous “I don't know”3. Their effort to understand 

the truth, imagine the sunny day outside the cave would be admirable and deserves 

immense admiration. 

I think that the human effort to understand the nature of GRBs, made in the last five 

decades, deserves immense respect and admiration. Considering the spatial and 

temporal scale of GRBs, we, in our tiny planet in the Milky Way, itself tiny considering 

the scale of GRBs and the universe, although free in our world, we are at the bottom of 

an even deeper cave. Cosmic GRBs, occurring billions years back in time, are as 

ambiguous to our world as the Sun would be to the mind of enchained people in a cave. 

The best that could be seen of GRBs phenomenology is partial shadows of GRBs, 

shadows of distorted GRBs – as during their millions years journey, GRBs photons are 
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extinct, redshifted, attenuated etc. Light curves, spectrums, afterglows, and so on, are all 

shadows of a distorted truth on GRBs at the detector’s very narrow field of view in a 

vast universe (Swift, Fermi etc.), as shadows of fake objects in the bottom of a deep 

cave. We name shadows (GRB 980425, GRB 060218 etc.), classify them, Short GRB, 

Long GRB, low luminosity GRB etc. With the first data, Hundreds of models and 

opinions have been developed, most of which did not survive (e.g. galactic models), but 

had the honor of paving the way to understand the truth on GRBs and the universe. The 

fruit of human genius is theoretical models, describing GRBs’ intelligible: fireball 

model, collapsar model… These models are to us as the Sun would be to the people of 

the cave; these models are light with which we can see, light that illuminate a GRB 

astronomy full of darkness; light and our best hope to get to the unseen, to the universe, 

to the truth. All the glory and respect goes to their pioneers, and to all the researchers 

that worked their mind devotedly on GRB mystery in the last five decades.  

In a context where GRB data is increasing, and with it the diversity of GRBs, after a 

“Swift revolution”, crucial questions on the “how” and “why” of GRBs, on the origin 

of diverse GRBs are in the center of attention of scientists. Among the newly discovered 

GRBs is one class of particularly low luminosity GRBs. My thesis explores the model 

which represents state-of-the-art in our understanding of GRBs – the “collapsar model” 

– numerically, in a domain never explored before. I explore one possible origin of the 

particular class of low luminosity GRBs, an origin that might explain these events 

particular features, and might contribute to the understanding of GRBs and massive 

stars death. Just like chained people in the bottom of a deep cave, I had to give up on 

seeing the true nature of low luminosity GRBs with my eyes. Instead, I try to see them 

with numerical simulations as it follows in this thesis. A humble thesis – carrying a tiny 

idea – as this one cannot solve the enigma of GRBs, but my best hope is that it would be 

one original thought, that might echo in a wise man heart one day, a one “imperfect” 

step toward the truth. 

It is said that people are motivated in three ways: reward, punishment and inspiration. I 

decided to enroll into a Doctor degree and study GRBs motivated by the last and not the 

first two the three. For someone who loved astronomy since childhood, I had the 

extraordinary luck of having great teachers, professor Jamal Mimouni and professor 

Nidhal Guessoum. I was so inspired that I decided to follow their path: live for both 

research and public outreach. As in Plato allegory, one of the chained persons finds his 
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way to the outside, sees the Sun and grasps the truth. He later goes back to the cave, 

where his people are limited to shadows, and speaks of the truth. As my teachers played 

this role perfectly and saved no effort to teach me, I would like to be an instrument to 

spread this amazing knowledge, this truth, this light that is called astronomy to the next 

generation. As my teachers often said, “it is an ideal that deserves living for”. 

Since the antiquity, the heavens, the sky, and the stars that decorated it, have fascinated 

the human heart. Monastic religions inspired with the stars and used them to vehicle the 

divine message4; as Abraham’s (the father of the three monastic religions) first 

inspiration for a single God was the night sky and its stars. Stars have inspired and had 

the same impact on people and civilizations throughout the globe and the times: ancient 

Egyptians, Greeks, Roman, and Arabic etc. The human heart imagination was, is, and 

will always be fascinated by stars: philosophy, romance, poetry, music, etc. GRBs are 

believed to be the last cry of massive stars, an agonizing star cry that echo in the corners 

of the universe, holding valuable information, before ending into a deep cave where the 

cry might be heard. I think that; we, GRB astronomers; the only to hear such a voice, 

are blessed with one of the most moving jobs for the human heart. 

About four years ago, the physics Noble prize went to a discovery that changed our 

understanding of the universe (Perlmutter et al. 1999). The universe is expanding, and 

the expansion is accelerated. As a consequence, in the very far future, galaxies would 

rush away with such speeds that it would not be possible to see them. Astronomers will 

see nothing but an entirely dark sky with no extragalactic objects; no GRBs. Based on 

that, astronomers would conclude that the universe is static and unchanging, a wrong, 

but physically justified picture. In other words, the cave they will live in is a totally 

locked. Sad as the future seems, and although this will happen in a very far future, I 

think this should be motivating, especially for extragalactic astronomy. We are living in 

a privileged epoch when some truth about the universe is within reach and can be heard, 

however this is not an eternal state5. Hence, GRBs, these cosmic telegrams journeying 

billions of years, before echoing in our detectors, deserve to be heard. 

GRBs are of immense importance to astronomy. Although, enigmatic, GRBs are 

priceless to astronomers. Just the fact that GRBs are the farthest, oldest, and most 

luminous events ever observed would justify the human effort to understand them. In 

most cases, GRBs’ light is coming from epochs closer to the big bang than to our time. 
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Their light holds information on the extragalactic environment, on the universe 

metalicity and even on the primordial universe nature (Savaglio et al. 2009 & Totani et 

al. 2014).  

This thesis was written at the end of my Doctor program at the university of Tokyo. 

Living in a foreign country, and in the biggest crossroad on Earth, I had new horizons to 

discover everyday. Experiencing foreign cultures and ideas, and interacting with people 

from different backgrounds was the best experience that I could have. Thus, I am very 

grateful to MEXT for offering such a precious experience, for the scholarship and 

support without which this work could not have been possible. I would also like to 

thank my big family (of two parents and five sibling), for giving a lot and expecting 

nothing in return, for accepting my selfish choices, and for supporting them. This 

humble thesis is dedicated to my family as something in return. 
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1 Inspired from the Allegory of the Cave presented by the Greek philosopher Plato in his book “The 

Republic” (514a–520a) 

 
2 The Analogy of the Divided Line presented by the Greek philosopher Plato in his book “The Republic” 

(509d–511e) 

 
3 “Whatever inspiration is, it's born from a continuous; I don't know” – By Wislawa Szymborska (1923 –

2012), she was awarded the Nobel Prize in Literature in 1996. 

4 The Bible 26:4. The Quran, 6:75-79. 

5 From Brian Greene TED talk: “Is our universe the only universe?” (02/2012) 
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FIGURE 1.12: A SAMPLE OF 12 BATSE SHORT AND LONG GRBS, ILLUSTRATING THE 
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FIGURE 1.15: THREE SPECTRUMS OF GRBS. (LEFT) SPECTRUM SHOWING A NON-THERMAL 
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FIGURE 2.3: LIGHT CURVES (X-RAY) OF SUB-ENERGETIC GRBS (LOW AND INTERMEDIATE 
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FIGURE 5.1: ILLUSTRATION OF A COLLAPSAR JET, CONFINED IN THE STELLAR ENVELOPE, 
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PLOTTED. FOR A COMPARISON, DASHED LINES SHOWS THE MAXIMUM ALLOWED 

SPEED (C), DOTTED LINES SHOWS A SUB-RELATIVISTIC SPEED’S SLOPE OF A LORENTZ 
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LINES MARK DRAMATIC CHANGES IN PRESSURE AND Γ, DUE TO THE PRESENCE OF 

STRONG SHOCKS. IN THE BOTTOM PANEL, THE ENERGY FLUX OF THE JET AFTER THE 

BREAKOUT, AT 1.2×1011 CM, AGAIN WITH THE DASHED LINES TO SEPARATE THE 
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FIGURE 5.5: DENSITY (AT THE LEFT) AND LORENTZ FACTOR (AT THE RIGHT), AT THE 

BREAKOUT TIME (IN THE TOP) AND 2 SECONDS AFTER THE JET HEAD BREAKS OUT 

(BOTTOM). BREAKOUT DENSITY AND LORENTZ FACTOR (TOP PANELS) SHOWS A 

WIDER JET FOR THE BRIEF ENGINE (1 S) AND A WELL-COLLIMATED JET FOR LONG 

ENGINE (50 S). AFTER THE BREAKOUT (BOTTOM PANELS), SHORT INJECTION MODELS 

PRODUCE A POORLY COLLIMATED JET, WITH THE BREAKOUT SHOCK RELATIVELY 

DENSE EVEN AT LARGE ANGLES. WHILE LONGER ENGINES (50 S INJECTION MODEL IN 

PARTICULAR), GIVE A WELL-COLLIMATED JET STRUCTURE. ..................................... 89%
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FIGURE 5.6: SNAPSHOT OF ONE JET (16TIG5 AS IN ML07). THE RELATIVISTIC JET (LOW 

DENSITY), IS COLLIMATED BY THE LATERAL COLLIMATION SHOCKS, AND THE HOT 

COCOON’S PRESSURE (HIGHER PRESSURE). THE FIGURE ON THE RIGHT IS A ZOOM OUT 
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FIGURE 5.7: LIGHT CURVE FOR AN ON-AXIS OBSERVER OF THE FOUR DIFFERENT TYPES OF 

ENGINE MODELS. ON THE TOP LEFT, BRIEF ENGINE JET (TINJ = 1 S), THE LIGHT CURVE 

IS A SINGLE SHARP PEAK. ON THE TOP RIGHT, SHORT ENGINE JET (TINJ = 5 S), THE PEAK 

IS WIDER AND SHOWS HIGH VARIABILITY. ON THE BOTTOM LEFT, AN INTERMEDIATE 

ENGINE (TINJ = 20 S), THE LIGHT CURVE DISPLAY TWO BULKS STRUCTURE. FINALLY, 

LONG ENGINE JET’S LIGHT CURVE (TINJ = 70 S), SHOWING MORE THAT TWO BULKS; A 

MORE COMPLEX STRUCTURE. LIGHT CURVES WERE ESTIMATED AS EXPLAINED IN § 4, 
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FIGURE 5.8: ON THE TOP PANEL, WE SHOW THE CUMULATIVE DISTRIBUTION OF THE JET 

ENERGY FRACTION INSIDE THE ANGLE Θ, WITH ANGLE (BRIEF ENGINE IN RED, SHORT 

IN GREEN, INTERMEDIATE IN BLUE AND LONG IN CYAN). THE TWO DASHED LINES 

SHOWS THE ANGLES WHERE 50% AND 99% OF THE ENERGY IS LOCATED, AND HOW 

THESE ANGLES DIFFER IN THE FOUR ENGINE MODELS. THE BOTTOM PANEL SHOWS 

“THE AVERAGED LORENTZ FACTOR” AS A FUNCTION OF THE ANGLE. IT IS DEFINED AS 

THE RATIO OF ENERGY TO MASS AT THE GIVEN ANGLE (SAME DEFINITION AS IN 

DUFFELL ET AL. 2015). ............................................................................................ 96%
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THAT AT THE OFF-AXIS, IN RED LINE AND TRIANGLES. THE BLUE LINE AND SQUARES, 
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IS THE RATIO OF THE TOTAL ENERGY AT THE ON-AXIS OVER THAT AT THE OFF-AXIS.
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FIGURE 5.11: TOTAL INJECTED ENERGY CONVERTED INTO DIFFERENT RELATIVISTIC 

LEVELS AS A FUNCTION OF THE ENGINE DURATION. IN BLUE CIRCLES, TOTAL 
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RESERVOIR ARE ASSUMED (CREDIT: RAMIREZ-RUIZ & LLOYD-RONNING 2002; LAMB 
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FIGURE 6.7: THE RELATIVISTIC NATURE OF THE INJECTED ENERGY AFTER THE EXPLOSION, 
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1 GAMMA-RAY BURSTS 

 

1.1 WHAT IS A GAMMA RAY BURST? 

GRBs are very extreme and enigmatic events in almost every aspect, regarded as the 

most luminous explosions in the universe (Meszaros 2006). They are observed about 

once everyday in random positions in the sky. GRBs consist of a flash of energetic γ-

photos, for a duration of ~ 0.1 - 100 seconds (called “prompt emission”), with an 

estimated total isotropic equivalent energies up to ~1054 erg! After the prompt emission 

a softer (from X-ray to radio) and longer emission is generally observed (called 

“afterglow”). GRBs are also the most distant objects ever observed, occurring at 

cosmological distances, billions of light years away in time and space, which makes 

them the oldest known objects/events (e.g: GRB090423 z = 8.2, i.e 13 billion light years 

old). Since their discovery by chance in 1967, very puzzling in every aspect, GRBs 

remained a highly debated topic.  

Nowadays, the term "GRB" is increasingly vague, with the expanding diversity of 

GRBs revealed since the Swift era (2004 ~). Diversity has grown in duration (Long 

GRBs: LGRBs > 2 s and Short GRBs: SGRBs < 2 s) (Kouveliotou et al. 1993), in 
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energies (from Very Energetic to low-luminosity GRBs, llGRBs), and several other 

intrinsic properties. Although SNe and GRBs are closely related explosions, GRBs can 

be detected up to high redshifts (Figure 1.1). Furthermore, GRBs radiate over a wide 

spectrum (Figure 1.2). Thanks to their brightness GRBs are very powerful tool to study 

the early universe (up to 13 Gyr, e.g. Kawai et al. 2006), primordial galaxies and their 

evolution (e.g. Savaglio et al. 2009) the reionization epoch (e.g. Totani et al. 2014) etc. 

Their afterglow enables deriving precious information, such as the redshift, metalicity, 

dust extinction, SFR, etc. Also, as GRBs are closely related to the death of massive 

stars, they are windows to massive stars and their evolution.   

 

 

 

Figure 1.1: Comparison of absolute magnitudes of 153 known GRBs (optical 

afterglows; blue stars) with absolute magnitudes of core-collapse SNe (the peak of the 

absolute magnitude in the light curve in red stars). (Credit: Sevenson 2011). 

 

 

Figure 1.8: Comparison of absolute magnitudes on discovery of optical GRB af-
terglows (blue stars) with peak absolute magnitude of core-collapse SN lightcurves
(red stars). The CCSN in this figure are found by an optical transient survey in in
the GOODS North and South fields (see e.g. Strolger et al., 2004, note that core-
collapse was data acquired in private communication.). The GRB sample include
153 GRBs with known redshift and discovery magnitudes reported through the GCN
network, compiled by the GRBlog project. Absolute magnitudes of the GRB optical
transients include first order k-correction but no spectral shape correction.

28
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Figure 1.2: Gamma Ray Burst spectral regime in comparison with other astrophysical 

phenomena (Credit: Barish & Huchra et al. 2003) 

 

1.2 THE DISCOVERY 

A military mission, Vela, discovered GRBs in 1967 (Figure 1.3 & Figure 1.4). Vela 

mission consisted of satellites dedicated to the detection of γ-photons in a range ~ 0.2 − 

1.5 MeV (emission from eventual Soviet illegal nuclear tests). The results were 

confusing: Soviet nuclear tests violating international treaties, or the signs of an 

extraterrestrial intelligence? The interrogation continued for several years; hence it was 

kept secret until 1973 were a first scientific paper was published (Klebesadel, et al. 

1973).  

6 CHAPTER 1. INTRODUCTION

Figure 1.3 Electromagnetic and neutrino spectral regimes (18).
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Figure 1.3: The first GRB detected in 1967 in Vela mission (Klebesadel, et al. 1973) 

 

The mystery has just started, and soon after, as many as 100 different theoretical models 

were proposed to explain GRBs emission (Texas Symposium on Relativistic 

Astrophysics in 1975). No major breakthrough was possible until the end of 1990s, 

were sophisticated missions were finally devoted to GRBs, allowing the establishment 

of theoretical models (The fireball model Piran 2000; & the collapsar model MW99). 
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Figure 1.4: One of the Vela satellites thanks to which GRBs have been discovered 

(Credit: NASA). 
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1.3 MAJOR DISCOVERIES 

1.3.1 EVIDENCE OF THE EXTRAGALACTIC 

ORIGIN 

CGRO was a major NASA mission; one of its objectives was the understanding of 

GRBs’ origin. Its instrument, BATSE, enabled a major discovery: GRBs occur 

randomly on the sky, without following the galactic plane (and hence are most likely 

not related to galactic objects) (Figure 1.5). This narrowed down the theoretical models, 

excluding most of the galactic models (except galactic halo models). The extragalactic 

origin was finally confirmed with the first redshift measurement thanks to BeppoSAX 

mission (Metzger et al. 1997). 
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Figure 1.5: BATSE Sky Map showing the isotropic spatial distribution of GRBs, and 

hence revealing the extragalactic origin. (Credit: G. Fishman et al. BATSE, CGRO, 

NASA)  (http://heasarc.gsfc.nasa.gov/docs/cgro/cgro/batse_src.html) 

 

1.3.2 A BIMODAL DISTRIBUTION 

1.3.2.1 DURATION DISTRIBUTION 

BATSE instrument allowed one other major discovery: the duration distribution of 

GRBs revealed a bimodal distribution. There are two classes of GRBs: Short GRBs 

(SGRBs) with durations shorter than 2 seconds, and Long GRBs (LGRBs) longer than 2 

seconds (Kouveliotou et al. 1993). This discovery initiated the debate on the origin of 
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each class. The short populations of GRBs observed in BATSE show a mean T90 of 

about 0.3 seconds, while the average duration for long GRBs is ~35 seconds (Figure 

1.6).  

 

 

 

Figure 1.6: The bimodal distribution of GRBs as reviled by BATSE (CGRO). Long and 

Short GRB populations show durations (T90) greater than and less than ~2 s, 

respectively. (Credit: BATSE, NASA). T90 is defined as the time interval over which 

90% of the radiation has been detected. 
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1.3.2.2 HARDNESS-DURATION DIAGRAM 

One other evidence of the bimodal distribution of GRBs can be found in the Hardness 

duration diagram. The ratio of the number of hard photons (100 – 350 keV) over the 

number of softer photons (50 – 100 keV), is the hardness. Plotted as a function of the 

duration of the prompt emission (T90), it shows a bimodal distribution (Figure 1.7). This 

is also an illustration of the fundamental difference of the two classes; SGRBs are 

harder than LGRBs, which is most likely related to different origins. 

 

 

 

 

Figure 1.7: The Hardness-duration diagram up to 2006, confirming the bimodal 

distribution of GRBs population. Dots show BATSE 4B GRBs; circles show Swift/BAT 

GRBs. (Credit: Sakamoto et al. 2006) 
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1.3.3 THE SN CONNECTION 

Observations revealed that GRBs are associated with stellar explosions (SN and HN). 

However, not all LGRBs could have been associated with SNe. The first case of GRB-

SN association was SN 1998bw (Figure 1.8). SN 1998bw was associated with a 

particularly soft GRB (GRB 980425). Progressively other associations were found, 

although most of which were associations of relatively soft and low redshift GRBs with 

SNe/HNe (GRB011121/SN2001ke; GRB 031203/SN2003lw; GRB 030329/SN2003bh, 

etc. See Table 6-2 & Figure 6.8 for more details). GRBs’ SNe are generally identified 

through bumps in the light curve, few days to few weeks after the prompt emission; 

SNe were also identified spectroscopically (Hjorth & Bloom 2011; Hjorth 2013). See 

Figure 1.11 for more information. 

 



CHAPTER 1: Gamma-Ray Bursts 

Hamid Hamidani - February 2016   11 

 

 

Figure 1.8: Images showing the discovery of the first SN associated with a GRB (GRB 

980425 / SN 1998bw). The SN was discovered is a spiral galaxy ESO 184–G82. From 

the right to the left shows before and just after the occurrence of the SN. (Credit: 

Galama et al. 1998 & Gomboc 2012). 

 

 

1.3.4 LOCAL ENVIRONMENTS 

GRB host galaxies have increasingly been identified, reveling the environment of 

GRBs. Unlike SNe, LGRBs generally occur in specific regions, with a young stellar 

population rich in massive stars; LGRBs are in particular found in dwarf galaxies or in 

the arms of spiral galaxies (see Figure 1.9). The typical SFR of LGRBs hosts is in the 

range 1 − 10 M�yr−1 (Hjorth et al. 2005 & Savaglio et al. 2009). The low metalicity and 

high SFR confirms that LGRBs are related to the death of rapidly rotating massive stars 

(the collapsar model; MW99). 
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On the other hand, the situation is more complex for SGRBs, as the afterglow emission 

has rarely been observed, making it difficult to accurately localize them. Still, some 

SGRB host galaxies have been identified. However, at the difference of LGRBs, 

SGRBs are found in both late-time, red, elliptical galaxies and as well as star forming 

galaxies. The SFR of SGRB hosts is typically in the range 0.1 − 0.2 M�yr−1, about one 

order of magnitude smaller that of LGRB hosts (Hjorth et al. 2005). This doesn’t 

conflict the notion that SGRBs originate from compact objects merging (NS-NS or NS-

BH), a scenario that doesn’t necessarily require a high SFR or a low metalicity 

(Savaglio et al. 2009). 

 

 

Figure 1.9: Sample of LGRB host galaxies. LGRBs are found in low metalicity high 

SFR regions: in the irregular dwarf galaxies, or in the arms of spiral galaxies, rich in 

young massive stars. (Credit: Fruchter, NASA HST) 
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1.4 THE FIREBALL MODEL 

The fireball model explains Short and Long GRBs in a general picture of a highly 

relativistic and beamed jet. A system of a stellar BH surrounded by an accretion disk is 

assumed to power the jet (the engine). In the case of SGRBs, the system might be the 

product of compact objects merging (NS-NS or NS-BH). While in LGRBs, the situation 

is clearer; the system can be found during the gravitational collapsar of massive stars 

(The collapsar model; MW99: see § 1.7). The main radiative process is synchrotron 

emission of relativistic electrons (Piran 2000). Internal shocks in the jet are assumed to 

produce the prompt emission, while the external shocks produce the afterglow (Figure 

1.10). The light curve, decay, spectrum, energy output, variability and other basic 

properties of GRBs can be well explained with this scheme (Piran 2000). The research 

plan of this work is not related to SGRBs, and therefore the focus is on LGRBs only.  
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Figure 1.10: The fireball model and the systems to explain SGRBs & LGRBs. The 

relativistic jet and the sites where the prompt emission (γ-photons) and the afterglow are 

shown. (Credit: Gomboc 2012) 
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1.5 LONG GRBS LIGHT CURVE 

In Figure 1.11 is the scheme of a typical LGRB light curve. The illustration shows the 

prompt emission, the afterglow (which could be from X-ray down to radio frequencies), 

and the SN bump (up to few weeks after the burst). The light curve is composed of the 

following phases (Nousek et al. 2006 & Gomboc 2012): 

• The prompt emission: very short, bright, variable and energetic. 

• A steep decay: The low-energy tail of the prompt emission. There have been 

several interpretations of this segment (high latitude emission observed at 

latter times, “curvature” effect, etc.) 

• The plateau: Interpreted as times when the external shocks become dominant 

over internal shocks, although its spectra is not always consistent with the 

standard model. Therefore, some interpreted it as an energy injection phase. 

Flares are found in this phase, in about half GRBs (Willingale et al. 2007). 

• Afterglow and the jet breakout: This part is much consistent with the fireball 

model. It shows a “jet break” which is due to the jet slowing down (see § 

1.5.2). 

• SN bumps: It is the signature of a SN/HN explosion. It can be observed few 

days to about one month after the prompt emission. 
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Figure 1.11: Illustration of canonical light curve in a typical Long GRBs. The prompt 

emission is in blue and X-ray afterglow is in orange. The jet break is shown in red, and 

the SN bump in dark red. The power law segments are not always present, in particular 

the underlined components: plateau phase, energy injection phase, spherical decay, 

flares and SN bump. (From more details, see: Nousek et al. 2006) 
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1.5.1 THE PROMPT EMISSION 

The prompt emission is a very hard and variable phase. It consists of a combination of a 

number of pulses overlapping. In order to define the duration of the prompt emission, 

the term T90 have been introduced to define the time interval over which 90% of the 

radiation has been detected.  

In many cases the variability is down to milliseconds, which suggest that the engine is a 

stellar sized object. In the fireball model, the prompt emission (and the temporal 

variability) is generally related to the engine activity time. However this might not be 

the case for some particular events, such as: GRBs showing a thermal spectrum, and the 

low luminosity GRBs (llGRBs). For instance, in llGRBs the duration would be 

explained by a mildly relativistic shock breakout (Campana et al. 2006; Nakar et al. 

2012 & Nakar 2015).  

Figure 1.12 shows a sample of BATSE prompt emissions. Each of the prompt emissions 

is unique. The variability and the number of bulks differ from a burst to another (single 

peak or multiple peak). The light curves below are one illustration of the huge diversity 

of GRBs. 

 



NUMERICAL SIMULATIONS OF THE COLLAPSAR JETS OF GAMMA-RAY BURSTS 

18  Hamid Hamidani - February 2016 

 

 

 

Figure 1.12: A sample of 12 BATSE short and long GRBs, illustrating the uniqueness 

of each burst and the huge diversity. This sample, made by, includes different events: 

short, long, smooth and variable. (Credit: Daniel Perley. Source: NASA, BATSE 

http://gammaray.msfc.nasa.gov/batse/grb/catalog/) 
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1.5.2 AFTERGLOW AND JET BREAK 

The jet break is a natural consequence of a relativistically expanding jet. As it slows 

down to relativistic speeds where the relativistic beaming gives an angle larger than the 

jet-opening angle, the radiation is more widely spread steepening the decay of the light 

curve (Figure 1.13). Although not all GRBs show a clear jet breaks, breaks are generally 

observed in the X-ray afterglow. The breakout time is from 103 to 105 seconds. It’s 

detection allowed the measurement of GRBs’ opening angle and the beaming factor, by 

which estimation of the true energy of GRBs, the corrected energy, could have been 

made (Frail et al. 2001). The jet break time helped also estimating the radiative 

efficiency of some GRBs (Zhang et al. 2007b; for more derails see § 1.6.2).  

1.5.3 SN BUMP 

The signature of a SN explosion can be detected in the decaying light curve of GRBs. 

From few days to few weeks after the burst a bump is often detected in the light curve, 

which cannot be explained by a canonical decay of the afterglow alone. The bump is 

interpreted as a SN, which is would peak few days to few weeks after the burst.  In 

some cases a spectral signature could also be detected. The SN bumps are mostly 

observed in llGRBs, most likely due to their low redshifts. While in the standard GRBs, 

SN bumps are rarely found, although there are some exceptions (Figure 1.14). Whether 

it is due to the high redshift, afterglow and host galaxy contamination, or to the 

brightness of the explosion itself, the absence of SN bumps in many typical GRBs is 

debated (Hjorth 2013). 
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Figure 1.13: Illustration showing the jet-break time and the steepening of the light curve 

decay. When the a relativistic jet (with Γ1) is relativistically beamed in a narrow angle 

(θb = 1/ Γ1) and is slowing down, a jet break will appear in the light curve as the jet 

slows down to a relativistic Lorentz factor where θb = 1/ Γ2 is larger than the jet opening 

angle θj. The light curve steepening is a consequence of the observer missing the 

emission from the dashed area as shown above. (Credit: Gomboc 2012) 
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Figure 1.14: Swift X-ray light curve of GRB 061126 and GRB 080319B, suggesting SN 

bumps. The red line is a fitting of Swift data (black circles) using the cannonball model. 

(Credit: Gomboc 2012) 
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1.6 OTHER PROPERTIES OF LONG 

GRBS  

1.6.1 THE SPECTRUM 

The prompt emission of GRBs is mostly non-thermal emission. It can be fitted with the 

Band function (Band et al. 1993). However, thermal components are regularly detected 

in GRBs, especially with the recent Fermi telescope. The non-thermal emission has 

classically been interpreted as synchrotron emission of electrons, in a highly magnetized 

and relativistic plasma’s internal shocks (Sari et al. 1998; Piran 2000 & Piran 2004). 

The thermal emission is interpreted as thermal photons escaping at the photosphere of a 

highly relativistic jet (Ryde 2004). Figure 1.15 shows a sample of three different 

spectrums, from left to right: non-thermal, thermal, and non-thermal with a thermal 

component.  
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Figure 1.15: Three spectrums of GRBs. (Left) Spectrum showing a non-thermal 

emission (the power law indexes: low energy index α = -1 and the high energy index β 

= -2.4). (Center) A thermal spectrum well fitted with a blackbody model. (Right) A 

spectrum displaying both a thermal component (solid line), and a power law non-

thermal component (dotted line).  (Credit: Kaneko et al. 2005; Ryde 2004 & Pe’er et al. 

2008). 

 

 

1.6.2 GRB RADIATIVE EFFICIENCY 

The radiative efficiency (ηγ) is a very important and useful parameter to understand 

GRBs. It is a measurement of how efficiently the jet kinetic energy is converted to 

radiation (γ-photons in the prompt emission). It is defined as (Zhang et al. 2007b):  

 !! =
!!

!! + !!
  

Where Eγ is the energy of the prompt emission radiation, and EK is the kinetic energy 

that remains in the afterglow after the prompt emission phase. This definition assumes 

that after the prompt emission there is no engine activity and hence no additional energy 

injection. In Zhang et al. (2007b) ηγ was estimated for 31 Swift GRBs. The efficiency 

varies from a burst to another but is found < 10% in general (Zhang et al. 2007b. More 

details on ηγ can be found in § 4.4.4)  
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Figure 1.2: (Left) Power-law spectrum showing the non-thermal behavior of GRBs. Dots are from
BATSE measurements. Orange lines show the low energy index ↵ and the high energy index � (respec-
tively -1 and -2.4 here). The GRB fitting function links these two lines in a continuous way, around
the so-called break energy E0 (⇠ 250 keV here). Taken from Kaneko (2005). (Middle) Thermal-like
instantaneous spectrum. Crosses are from BATSE measurements and the solid line represents a black-
body spectrum. From Ryde (2004). (Right) Instantaneous spectrum showing a thermal component
(solid line: blackbody curve) and a power law component (dotted line). Crosses are from BATSE
measurements. Note that this plot represents EF

E

, i.e. the photon counts times E

2. From Pe’er
(2008a).

Photospheric emission

At the base of the flow, the jet is strongly optically thick. The radiation field is here coupled
to the plasma, and the photon energy density follows a Planck distribution. However, the
optical depth decreases under cooling processes such as adiabatic expansion, and there is
a radius where the optical depth integrated from an observer on the Earth reaches unity.
This radius is called the photosphere of the jet. At that point, the jet becomes optically
thin and the thermal radiation trapped in the fluid is freely released. This photospheric
thermal emission explains the blackbody component of Ryde (2004).

Internal shocks or magnetic reconnections can also accelerate electrons that will in turn
radiate or inverse Comptonize thermal photons and thus form a non-thermal component.
This non-thermal photons can escape freely only if they have been emitted near the pho-
tosphere, at optical depth of the order of 1 to 10 (Lazzati and Begelman, 2010). Pe’er
et al. (2006) also showed that multiple IC scatterings due to several dissipative processes
(shocks) can add a high frequency tail to the thermal spectrum, in agreement with the
ones observed by Ryde (2004).

Finally, if the outflow is hot enough or if enough high energetic photons are radiated, an
important amount of electron-positron pairs can be created, leading to a pair photosphere.
This scenario is discussed by Rees and Mészáros (2005) and Pe’er et al. (2007), and simply
leads to an increase in the photospheric radius.

Optically thin emission

Shocks or other dissipative mechanisms can also occur in the optically thin part of the jet,
above the photosphere, essentially because the Lorentz factor at the surface of the star can
vary. This can be due to a variability in the creation of the jet, or due to the propagation
of the jet through the star. If there are such variations, fast parts will catch up with slow
ones at some radii and collide, thus creating a shock. Daigne and Mochkovitch (1998) and
Bošnjak et al. (2009) have simulated such an emission, using a model in which discrete
shells of matter are launched from some point with di↵erent Lorentz factors and collide
farther on. Using parametric expressions for the magnetic field and the distribution of
the shocked electrons, they computed an emission that agrees with observations. Here the
radiative processes at play were synchrotron emission and self absorption, IC scatterings,
and ��-annihilations.

The afterglow

When there are no more shocks in the jet, it can still travel through the interstellar medium
(ISM). A bow shock can then form at the head of the jet, accompanied by a rear shock
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1.7 THE COLLAPSAR MODEL 

A highly relativistic outflow and a huge isotropic equivalent energy output are two 

essential requirements to explain the prompt emission. One privileged structure to 

explain the two above is a well-collimated (5 – 10º), and highly relativistic jet (Γ > 100)  

(the standard model, Piran 2000). Such a structure can be found in accretion disks 

(Stellar BHs and AGNs). However, the short time scale of GRBs excludes any AGNs, 

and implies a stellar size object. In SGRBs, the very short timescale (often in the order 

of milliseconds) is puzzling, but is generally explained by compact objects merging, 

such as NS-NS or NS-BH systems, although this presents serious limitations (Zhang et 

al. 2007 & 2009) (see Figure 1.10). LGRBs requires an engine of a longer duration, 

from 2 ~ 1000 seconds. The answer was in the core-collapse of massive compact stars 

(Wolf Rayet), it is the collapsar model (Woosley 1993; MacFadyen & Woosley 1999, 

hereafter MW99). The collapsar model uses a common stellar object (WR stars) to 

explain LGRBs emission and rate.  

The highly rotating BH, born in the center of a massive rapidly rotating Wolf-Rayet, 

star after its iron core gravitationally collapses, can power the well-collimated highly 

relativistic jet: The accretion onto the BH produces a considerable amount of energy 

(through MHD or neutrino annihilation process), which powers two polar jets, and as 

the jets breakout out from the progenitor it will accelerate to reach highly relativistic 

Lorentz factors (MW99). Thus, prompt emission features and the energy output can be 

explained by an on-axis observation of a highly relativistic jet breaking out a massive 

star (Figure 1.16). 

This model has two essential requirements: i) LGRBs must be associated with high SFR 

regions in the universe, as they must be related to massive stars death, and ii) the 

metalicity should be low, in order to keep the rotational momentum of the star and 

produce the rapidly rotating BH. Both requirements have been confirmed by 

observations of LGRB host galaxies (Savaglio et al. 2009), although there have been 

few rare exceptions (such as GRB020127; Berger et al. 2007). Furthermore, 

observations of LGRB sites confirmed their link to SNe explosions, and thus to massive 



CHAPTER 1: Gamma-Ray Bursts 

Hamid Hamidani - February 2016   25 

stars death phenomena (i.e: GRB980425/SN1998bw, Iwamoto et al. 1998; and 

GRB030329/SN2003dh, Hjorth et al. 2003). Such SNe were categorized into a sub-

class, called Hypernovae whose explosion energy is ~1052 ergs (Nomoto et al. 2006a 

and the references within).  

Finally, special-relativistic numerical calculations on massive WR star models did 

confirm the collapsar scenario and its capacity to explain GRBs, in particular the 

successful launch of the required highly-relativistic and well-collimated jet (MW99; 

Aloy et al. 2000; Zhang et al. 2003). Thus, the above statements justify the general 

popularity and acceptance of the collapsar model in GRB community, which this thesis 

is based upon. 
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Figure 1.16: Imaginary illustration of the collapsar model and its key elements: A 

massive star that has lost its stellar envelopes (~ 20 solar masses WR), a rapidly rotating 

BH-accretion disk system – the engine – in the center of the iron core (2~3 solar 

masses) and two relativistic polar jets (Credit: Totani T., University of Tokyo) 

 

1.7.1 DIVERSITY OF GRBS 

Although our knowledge on GRBs has increasingly improved with the fireball and 

collapsar models, hence LGRBs origin could be explained; but many questions remain 

unsolved. Among the remaining issues is GRBs’ diversity and irregularity. Since the 

launch of Swift the population of GRBs have significantly increased.  With the 

improving statistic, more and more irregular GRBs are found. In this context, it became 

difficult to define all GRBs in one pattern and some suggestions for variant models have 

arisen (such as the “magnetar model”). GRBs are exclusively diverse compared to other 

astronomical events (i.e: as SNe). A diversity and irregularity in: 
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• Light curves: Especially in the prompt emission, GRBs are very diverse 

always-presenting unique shapes (Figure 1.12).  

• The total energy (and luminosity): From Very-Energetic (Eiso ~ 1054 erg), to 

soft/weak llGRBs (Eiso ~ 1047-49 erg). A good illustration of this energetic 

diversity is the Amati relation where GRBs are spread over 5 – 6 orders of 

magnitude (Figure 1.17: Amati et al. 2009 & 2010). 

• Diversity in duration and timescale (Figure 1.18): From few seconds to the 

newly discovered Ultra-Long (ULGRBs, ~104 s) (Levan et al. 2014).  

• And other irregularities: thermal and non-thermal components, strange 

GRBs inconsistent with the standard model (e.g: GRB 100316D) or showing 

a plateau (magnetar?), dark GRBs, GRBs showing dead times etc. 

With the increase of such peculiar GRBs, their nature/origin is challenging the collapsar 

and implies an ultimate question “How would the collapsar model explain all this 

irregularities?” This thesis will explore a diverse version of the collapsar model in 

order to investigate this issue. 
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Figure 1.17: The Amati relation, a correlation of the energy at which the spectrum peaks 

Ep,i with the isotropic equivalent energy Eiso (both in the rest frame of the GRB). 108 

LGRBs are shown, Swift and other detections, in filled and unfilled red triangles 

respectively. SGRBs, in blue, are outliers. (Credit: Amati 2010) 
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Figure 1.18: The different classes of GRBs, as a function of duration T90, and the 

average luminosity. From left to right: SGRBs, LGRB, llGRBs, and 3 ULGRBs. (Levan 

et al. 2014) 

 

1.8 ORGANIZATION OF THE THESIS 

After the Swift revolution, GRB detection has increased qualitatively and quantitatively, 

and with it the GRB diversity and questions on its origin. Here, I will address this issue 

with numerical simulations on the collapsar model. I analyze the effect that diverse 

collapsar engines, in terms of duration (and opening angle later on), would have on the 

GRB, and investigate how this would account for some of GRB diversity in nature.  
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This thesis is organized as follows: In § 2 I summarize the properties of a specific class 

of GRBs (llGRBs), which this study findings might explain the very debated features. In 

§ 3, I review the previous numerical studies on the collapsar model, and explain my 

motivation, the originality, and the research plan. In § 4, I explain the stellar model, the 

grid system and the jet initial conditions for a series of engine models. I also explain the 

procedure used to derive the angular and temporal properties from the data. The results 

are analyzed in § 5. The astrophysical implications for GRBs and llGRBs, as well as the 

SN emission are discussed in § 6. Then, in § 7, I investigate the effect of the initial 

opening angle on the findings. Finally, the conclusions are presented in § 8. After the 

bibliography in § 9, and for more information about the code, § 10 presents some tests, 

to show its consistency. 
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2 LOW LUMINOSITY GAMMA-
RAY BURSTS 

 

2.1 THE PROBLEMATIC LOW 

LUMINOSITY GRBS 

Since its discovery, llGRBs class is at the center of attention of GRB astronomers. The 

study of llGRBs allows understanding the universal picture of GRBs phenomena in the 

universe on a larger and generalized scale; from low redshift to high redshift; and from 

soft to hard & high-energy domain. llGRBs present several peculiar features that make 

them debated. Apart from their softness, llGRBs present two features differentiating 

them from the standard GRBs: High rates and strong SN connection. 
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2.1.1 LLGRBS’ HIGH RATE  

The considerably low redshifts of the observed llGRBs suggest a huge density of these 

events, about 100 to 1000 times those of standard GRBs (Bromberg et al. 2011a and the 

references within). Below is a summary of major studies where the rate of llGRBs has 

been estimated. Note that the rate of the standard GRBs is ~1 Gpc-3 yr-1 (Piran et al 

2006 & Liang et al. 2007): 

• Coward 2005: ~220 Gpc-3 yr-1  

• Piran et al. 2006: ~110!!"!!"# Gpc-3 yr-1  

• Soderberg et al. 2006: ~260!!"#!!"# Gpc-3 yr-1  

• Cobb et al. 2006: ~300 times GRBs  

• Liang et al. 2007: ~325!!""!!"# Gpc-3 yr-1  

• Guetta & Della Valle 2007: ~380!!!"!!"# Gpc-3 yr-1  

Figure 2.1 shows the rates of llGRBs and the standard GRBs as a function of redshift, 

estimated from the observations. According to Liang et al. (2007) and the studies cited 

above, the observation suggests that the rate of llGRBs is, at least, about 100 times 

higher than that of the standard GRBs! This would imply that llGRBs are much more 

common than GRBs, at least at low redshift, and that GRBs are the minority and 

probably the exceptional collapsar case. Hence, llGRBs and their origin is a very 

important issue in GRB astronomy. 
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Figure 2.1: The estimated event density (according to the observations) for both llGRBs 

and the standard GRBs, considering the volume enclosed by the redshift zenclosing. The 

different line styles are for different adopted model parameters. llGRBs largely 

dominates at low redshift. (Credit: Laing et al. 2007) 

2.1.2 THE STRONG SN CONNECTION 

llGRBs always hold a high level of evidence for a SN explosion, at the contrary of 

standard and energetic GRBs that are generally SN-less (see more details see § 6.3: 

Figure 6.8 and Table 6-2). This might be related to llGRBs relatively low redshift 

likely less collimated and are detectable in the nearby universe
only.

5. LL-GRBs AS A DISTINCT GRB POPULATION
FROM HL-GRBs

As discussed above, the high detection rate of the LL-GRBsmo-
tivates us to consider the LL-GRBs as a distinct GRB population
from the HL-GRBs. The conventional HL-GRBs generally have
a luminosity of L > 1049 erg s!1. We therefore take a prelimi-
nary criterion of L < 1049 erg s!1 to select our LL-GRB sample.
LL-GRBs are faint. They are only detectable in a small volume of
the local universe, and a large fraction of the population is below
the sensitivity threshold of the detector. The observable LL-GRBs
with Swift are rare events comparable to HL-GRBs. It is unlikely
that a large sample could be established with the current GRB
missions, so it is difficult to investigate !LL through fitting its
log N -log P distribution or through our 1D criteria (as is done
for the HL-population). We can only roughly constrain the !LL

and !LL
0 with a few detections and limits of LL-GRBs. GRBs

980425 and 060218 are two firm detections of LL-GRBs.5 There
are also two other marginal detections for the LL-GRBs, i.e.,
GRBs 031203 (z ¼ 0:105, L ¼ 3:5 ; 1048 erg s!1) and 020903
(z ¼ 0:25, Soderberg et al. 2002; L ¼ 8:3 ; 1048 erg s!1).

5.1. Luminosity Function and Local Rate

With the four detections and the other constraints from obser-
vations,we constrain the LF of these LL-GRBs. The luminosity of
these LL-GRBs ranges from5 ; 1046 erg s!1 to 8:3 ; 1049 erg s!1.
Assuming also a broken power law LF for the LL-population
(similar to eq. [4]), we take Lb around 10

47 erg s!1 and constrain
"1 and"2 by requiring that the 3# contour of the two-dimensional
distribution encloses these LL-GRBs. This places constraints on
both "1 and "2. In order to make the 3 # contour marginally
enclose the nearest burst, GRB 980425, but not overpredict the
detection probability at z < 0:01,"1 should be shallow. Similarly,
"2 is constrained by GRBs 031203 and 020903. Based on these
observational constraints, we search for "LL

1 and "LL
2 by taking

LLLb ¼ (1:0# 0:3) ; 1047 erg s!1. We find that "LL
1 ¼ 0# 0:5

and "LL
2 $ 3:0 4:0 can roughly reflect these constraints. We use

the same simulation method as that for HL-GRBs to derive the
distribution of !LL

0 . The parameters are taken as "LL
1 ¼ 0# 0:5,

"LL
2 ¼ 3:5# 0:5, and LLL

b
¼ (1:0# 0:3) ; 1047 erg s!1. The dis-

tribution of !LL
0 together with that of these parameters are also

shown in Figure 2.We obtain !LL
0 ¼ 325þ352

!177 at a 90% confidence
level. The two-dimensional distribution in the (log L; log z) plane
is shown in Figure 3. It is found that the LL-GRBs form a distinct
‘‘island’’ from the main ‘‘continental’’ population. The detection
rate of the LL-GRBs thus can be explained without overpredict-
ing the HL-GRBs. These results suggest that the current data are
consistent with the conjecture that LL-GRBs form a distinct pop-
ulation from HL-GRBs, with a low luminosity and a high local
rate. The constrained luminosity functions for both HL and LL
populations are displayed in Figure 5a.

5 Note that GRB 060218 shows significant hard-to-soft spectral evolution
(Campana et al. 2006; Ghisellini et al. 2006) and that the peak energy of its in-
tegrated spectrum matches the Amati relation (Amati et al. 2007). GRB 980425
significantly deviates from this relation. Ghisellini et al. (2006) argued that by con-
sidering the spectral evolution effect, GRB 980425 may be consistent with the
Amati relation.

Fig. 5.—(a) The combined LFs of both LL- and HL-GRBs, derived from a set of ordinary parameters (solid line) and from two sets of parameters that are roughly
regarded as the lower (dash-dotted line) and upper (dashed line) limits of the LFs. (b) The observedGRB event rates for both LL- andHL-GRBs as a function of ‘‘enclosing
redshift’’ zenc (i.e., the volume enclosed by this redshift) for the three parameter sets shown in panel (a). The same line styles for different models are adopted in both panels.
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(Hjorth & Bloom 2011), or to nucleosynthesis and 56Ni abundance (Tominaga et al. 

2007). However, there are few cases where no SN emission could have been detected 

for typical GRBs, down to very deep limits (GRB 060505 & GRB 060614, see: Figure 

2.2). Such SN-less LGRBs represent the evidence that not all LGRBs are associated 

with SN/HN explosions, in contrast with llGRBs. Hence, the SN is one of llGRBs 

peculiar, and highly debated, features (Hjorth 2013). Why? In § 6, I will present one 

possible explanation. 

 



CHAPTER 2: Low luminosity Gamma-Ray Bursts 

Hamid Hamidani - February 2016   35 

 

Figure 2.2: Light curves for the clearest supernovae associated with gamma-ray bursts 

(all grade A, apart from SN 2012bz). In olive are supernovae associated with llGRBs. 

On orchid is SN 2003dh, associated with the standard and energetic GRB 030329. 

Upper limits on supernova emission are also shown: for LGRBs (blue) and SGRBs 

(red). (Credit: Hjorth & Bloom 2011; Hjorth 2013) 
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Figure 1. Optical lightcurves for the grade A (Hjorth & Bloom 2011) spectroscopic supernovae
associated with gamma-ray bursts (excluding SN 2012bz). The olive points are supernovae from
low-luminosity gamma-ray bursts while the orchid data points are for SN 2003dh, associated
with the jet gamma-ray burst GRB 030329. There is considerable diversity in the light curves,
regarding time to peak and peak magnitude. The 56Co decay slope is shown for reference (dashed
line). Also shown are upper limits on supernova emission from long gamma-ray bursts (blue)
and short gamma-ray bursts (red) (adapted from Hjorth & Bloom 2011). A recent compilation
of lightcurves of other supernovae associated with gamma-ray bursts is available in Cano et al.
(2011).
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2.2 OTHER PROPERTIES 

2.2.1 LIGHT CURVE & SPECTRUM 

As well illustrated in Margutti et al. (2013) & Schulze et al. (2014), llGRBs’ light 

curves largely differ from those of the classical/fireball GRBs (see: Figure 2.3). llGRBs 

are much smoother, and much softer (up to ~10 000 times softer), lacking the high 

energy hard tail (thus no compactness issue, and a low Lorentz factor). It is a very rare 

type of features among the standard GRBs. As only few events have been detected so 

far, the statistic of llGRBs is not very good yet. But, compared with the light curves of 

the standard GRBs – which are anything but smooth – the chance that the few known 

llGRBs are smooth by chance is almost zero (Nakar 2012). 
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Figure 2.3: Light curves (X-ray) of sub-energetic GRBs (low and intermediate 

luminosity), in comparison with the classical high-luminosity GRBs in the background 

(273 Swift SN-less GRBs). The inset shows the luminosity at 12 hours after the burst 

(dotted line). In the inset, the luminosities are shown, in particular for 3 llGRBs (GRB 

031203, GRB 060218 & GRB 100316D), much fainter than typical Swift GRBs. 

(Credit: Schulze et al. 2014) 
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Fig. 13. X-ray light curves of low-, intermediate-, and high-L SN-
GRBs. Overlaid is the evolution of the observed luminosity distribu-
tion of 273 long Swift GRBs for which a SN search was not feasible or
unsuccessful (i.e. GRBs 060505 and 060614). These were discovered
between December 2004 and February 2014. The colour table on the
right side translates a grey shade at a given luminosity and time into
a fraction of bursts. The inset displays the observed luminosity distri-
bution at 0.5 days (dotted vertical line). The vertical lines in the inset
show the luminosity of the intermediate-L GRB 120422A and the low-L
GRBs 031203, 060218, and 100316D.

artefacts, we set the spectral slope to the median late-time spec-
tral slope (i.e. t > 1000 s) if deviations are <3σ and if the slope
is larger than 4. For pre-Swift GRBs, only time-average spectral
slopes are available. From these data, we build a density plot
by resampling the rest-frame X-ray light-curves to a grid that
is defined by the observed luminosities of and the time interval
spanned by all X-ray afterglows and interpolated between adja-
cent data points in case of data gaps.

The luminosity distribution as a function of rest-frame time
is shown in Fig. 13 (the grey-shaded area). Highlighted in this
plot are GRBs with detected SNe, colour-coded according to
their time-averaged γ-ray luminosity. High-L GRBs with de-
tected SNe occupy the same parameter space as all high-L for
which no SN search was feasible (grey-shaded area). This sup-
ports the discovery made by Xu et al. (2013) that even bursts
with the largest energy releases during the prompt γ-ray emis-
sion are accompanied by SNe (see also Tanvir et al. 2010), while
intermediate- and low-L GRBs are at the very faint end of the
high-L distribution. They even extend the observed high-L dis-
tribution to much lower luminosities; for example, GRB 980425
was about 4.5 dex fainter than an average high-L GRB at 100 ks.
To quantify how faint intermediate- and low-L GRBs are and
to compare them to the peak-luminosity distribution, we build
a histogram of 210 GRBs with detected X-ray afterglows at
0.5 days, which is presented in the inset of Fig. 13. The high-L
GRB distribution has a mean luminosity of ⟨log L/(erg s−1)⟩ =
45.92 and a dispersion of 0.69 dex. Among the intermediate-
L GRBs, only GRB 120422A was detected in the X-rays at
0.5 days. Compared to high-L GRBs, GRB 120422A is 2.3 dex
fainter than the mean value, whereas its luminosity is only a fac-
tor of a few greater than the brightest low-L GRBs, which is in
line with the results from the sub-mm.

5.3. The host galaxy and galaxy environment

Our analysis in Sect. 4 reveals the following i) negligible ex-
tinction at the explosion site and at the galaxy nucleus; ii) two
populations of H II regions in the nucleus; iii) a very low SFR
at the explosion site; iv) a value close to solar metallicity at the
explosion site and at the nucleus; v) the interaction of the host
galaxy with a galaxy at a projected distance of 23 kpc; and vi)
evidence for a galaxy group environment. At first, we discuss
the GRB environment in the context of all GRBs, then the host
galaxy and, finally, the galaxy environment.

The environment of GRB 120422A appears to be rather av-
erage. The lower limit on the Mg II column density of log N >
13.8 is ∼1 dex lower than that of an average GRB environment
(Christensen et al. 2011). However, such a low column density
was reported for other GRBs before: 050922C had a value of
log N = 14.6 ± 0.3 (Piranomonte et al. 2008), and 121019B had
log N = 13.43+0.08

−0.10 (Sparre et al. 2011). Even lower values were
found, such as log N = 12.96+0.12

−0.18 for GRB 070125 (De Cia et al.
2011) and log N > 12.6 for GRB 071003 (Perley et al. 2008).
To quantify the integrated absorption-line strength of the inter-
stellar medium in GRB host galaxies, de Ugarte Postigo et al.
(2012a) introduced the line-strength parameter (LSP) that is de-
rived from EW measurements of detected absorption lines. The
observed LSP of −0.15 ± 0.40 is small, but the value is consis-
tent with the mean for GRB environments, considering the large
error.

In contrast, the negligible reddening with the value close to
solar metallicity is remarkable (Table 7). The high metallicity
is challenging for the well-accepted collapsar model (Woosley
2012, and references therein) that requires metal-poor stars but is
viable in binary scenarios (e.g. Fryer & Woosley 1998; Detmers
et al. 2008), which predict that even massive, metal-rich stars in
tight binary systems can form a long GRB. However, we note
that the X-shooter spectrum of the explosion site probes an area
of 0.64 × 3.9 kpc2. Based on HST observations, Fynbo et al.
(2000) showed that the stellar-cluster hosting the GRB 980425
progenitor was very compact (the radius being 2.25 pc) and
faint, and at lower spatial resolution, it would merge with a
much brighter Wolf-Rayet-star-hosting complex that is 800 pc
away (see also Le Floc’h et al. 2006; Michałowski et al. 2014).
Therefore, the possibility that the GRB occurred in a metal-poor
environment cannot be rejected.

To investigate this peculiarity further, we compare the
[O III]/Hβ vs [N II]/Hα line ratios with those of other GRB hosts
(see Fig. 14). We furthermore distinguish between spatially-
resolved and integrated line measurements. The emission-line
ratio of the host’s nucleus is not different from other GRB hosts,
apart from its exceptionally high metallicity. All hosts are lo-
cated in the region that is dominated by H II regions. Compared
to models by Dopita et al. (2006), the observed line ratios always
point to stellar populations with an age of a few million years and
metallicities between 0.05 and 2 Z⊙, in contrast to the bulk of
emission-line galaxies in the SDSS DR9 (Ahn et al. 2012). The
host of GRB 120422A is among the most metal-rich GRB hosts.
Taken at face value, the line ratios place the explosion site at
the high-metallicity end of the observed distribution in a region,
which is equally populated by H II regions and AGN. This is
odd because of two reasons: i) the line ratio of the host nucleus
is dominated by the H II region and ii) the GRB explosion site
is 7.3 kpc off the galactic centre; that is, we would not expect a
supermassive black hole so far off the galaxy centre. The large
uncertainties in the line measurements do not allow drawing a
firm conclusion on this peculiarity.

A102, page 20 of 31
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2.2.2 EJECTA 

The modeling of optical, and radio emissions, allows estimations of the kinetic energy 

and ejecta velocity at different times. This have allowed the estimation of the energetic 

and relativistic properties of a large number of events; non-relativistic events (SNe), 

mildly relativistic (llGRBs), and highly relativistic (GRBs). Margutti et al. (2013), 

presented an interesting “energy – velocity” picture (see: Figure 2.4). The profiles, 

suggests (with the help of numerical simulations; Lazzati et al. 2012), that the degree of 

collimation is dramatically different; from high to low: GRBs, llGRBs and SNe. This 

was a very interesting result, as it links the three events tightly, and put the llGRBs as an 

intermediate event, between SNe & GRBs. 
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Figure 2.4: Kinetic energy – velocity profile, for a diversity of events: SNe (red), 

llGRBs (light blue) and GRBs (blue). The different types of events show different 

slopes, and suggest different collimation levels (Credit: Margutti et al. 2013).  

2.3 THE ORIGIN OF LLGRBS 

In the context of the peculiar features above, questions on the origin of llGRBs arise: 

“What origin can explain llGRBs features?” “What makes them different from the 

standard GRBs?” “How llGRBs are related to the standard GRBs?” Two major 

concepts have been suggested to explain the origin of llGRBs. 
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2.3.1 THE UNIFICATION MODEL AND 

LLGRBS 

Soon after the identification of the sub-energetic llGRBs, named XRFs, Nakamura 

(2000) & Yamazaki et al. (2002 & 2004) proposed a model to unify all GRBs (SGRBs, 

LGRBs and XRFs/llGRBs) in one general picture. Ramirez-Ruiz et al. (2002) & Lamb 

et al. (2003 & 2005) proposed a similar unification model as well. The main idea of the 

unification model is similar to that of AGNs (Antonucci 1993):  

 “Observation of the same source by different observers, on different lines 

of sights, produces different properties and hence different events” 

The unification model claims that llGRBs and GRBs are the jet-explosion viewed at 

different angles. Hence, according to this model GRBs and llGRBs origin is the same  

(Nakamura 2000; Yamazaki et al. 2002, 2004; Lamb et al. 2005): Typical collapsar 

events, with the same engines as in MW99: Tinj >> Tbreakout (see Figure 3.6). The 

unification model is an attractive option to explain llGRBs, but “could off-axis 

observation of standard GRBs, alone, explain llGRBs high rates?” One serious 

limitation is that this model implies a maximum rate (Cobb et al. 2006). As jet break 

observations, in afterglow light curves of standard GRBs, implies a jet opening angles 

of ~10º (Frail et al. 2001), the maximum rate of llGRBs to GRBs in the unification 

model would be 1/(1− !"#!!"#!!"#) !≈ 65  (Cobb et al. 2006). This is far below 

llGRBs rates, above. Hence: “are llGRBs from standard GRBs engines? if not what 

alternative model would explain them?” 

2.3.2 LLGRBS FROM FAILED JETS  

Bromberg et al. (2011a & 2012), by analyzing the breakout times, proposed a different 

origin for llGRBs (for more details see § 3.3.2.3): 

“At the opposite of typical GRBs arising from successful collapsars, llGRBs 

are from collapsar-failed jets with: Tinj ≤ Tbreakout” 
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This is in agreement with the observation suggesting that llGRBs are from considerably 

weaker jets (than GRB jets) that fail to breakout (e.g: Campana et al. 2006 & Mazzali et 

al. 2008). This would suggest that GRBs engines/jets are significantly different from 

that of llGRBs. 

Lazzati et al. (2012) who used different engine durations found that, indeed, engines 

with Tinj ≤ Tbreakout would produce llGRB-like ejecta. But unfortunately no conclusion 

could be made on the rates or SN connection. 

Nakar et al. (2012) showed that llGRBs prompt emission can be explained with a shock 

breakout of a failed jet, supporting Bromberg et al. (2011a & 2012) results. In a very 

recent study, Nakar (2015) proposes that an extended mass around the progenitor might 

bump the jet and produces a shock breakout that explains llGRBs spectra and light 

curve. Nakar (2015) theoretical model would be interesting to investigate numerically, 

in the future. Hence, a failed jet, for whatever reasons, is the attractive model to explain 

llGRBs. However, the extent to which failed jets would explain llGRBs’ peculiar 

features, mentioned previously, have not been studied numerically yet. 

 

 

Figure 2.5: A recently published illustration on how GRBs and llGRBs might be related, 

and hence unified in a general collapsar picture, based on the presence or not of an 

extended mass. (Credit: Nakar 2015) 

3

lower limit:

Rext ! 1013
( vext

0.2 c

)−2
cm (2)

This is consistent with the lack of color evolution at
t < tp and the model prediction that temperature
is dropping with time, reaching at the peak T (tp) ≈
50, 000(Rext/1013 cm)1/4 K (Nakar & Piro 2014). Thus,
the optical/UV light curve of SN 2006aj indicates that its
progenitor had a relatively compact core of several solar
masses, surrounded by ∼ 0.01 M⊙ which is extended to
a radius of a supergiant. This structure is very different
than the typically expected structure of a fully H stripped
progenitor, based on stellar evolution models, yet it must
be very common in GRB progenitors given that llGRBs
are more common than LGRBs. This progenitor struc-
ture has several far reaching implications for the physics
of llGRBs and their associated SNe, which are discussed
in the following sections.

3. SHOCK BREAKOUT ORIGIN FOR llGRBs

The Thomson optical depth of the extended material is
high, ∼ 3, 000(Rext/1013 cm)−2. As a result, the break-
out of the shock driven by the explosion takes place at
Rext. Radio observations show that the leading edge of
the outflow is mildly relativistic (Soderberg et al. 2006),
implying that the breakout must be at least at a mildly
relativistic velocity, i.e., vbo ! 0.5 c. Since rate con-
siderations indicate that the gamma-rays in llGRBs are
not strongly beamed (Soderberg et al. 2006) and late
SN spectroscopy and polarimetry show no signs of ejecta
a-sphericity (Mazzali et al. 2007), the breakout is not
expect to strongly deviate from a spherical symmetry. In
that case the main characteristics of a mildly relativistic
shock breakout signal, its luminosity, duration and typ-
ical photon energy, depend only on the breakout radius
(Nakar & Sari 2012):

Lbo ∼ 2 · 1046
Rext

3 · 1013 cm
erg s−1

tbo ∼ 1000
Rext

3 · 1013 cm
s (3)

Tbo ∼ 50 keV

This is similar to the actual gamma-ray signal of llGRB
060218 where Lbo,obs ≈ 3 · 1046 erg s−1, tbo,obs ≈ 1, 000
s and Tbo,obs ≈ 40 keV (Kaneko et al. 2007) and it
fits very well to a breakout radius Rext ∼ 3 · 1013
cm. Thus, the combination of optical/UV and radio
observations imply that a shock breakout signal is in-
evitable and that its properties are similar to the ob-
served llGRB . As shock breakout also explains a large
range of properties of the high energy emission from
llGRBs (e.g., smooth profile, spectral evolution, low
beaming; Nakar & Sari 2012), this result practically im-
plies that the entire gamma-ray signal in llGRB 060218 is
generated by a mildly relativistic shock breakout, with-
out any significant contribution from a relativistic jet.
It also lends a very strong support for the suggestion
that all llGRBs are shock breakouts (Kulkarni et al.
1998; Tan, Matzner & McKee 2001; Campana et al.
2006; Waxman, Mészáros & Campana 2007; Li 2007;
Katz, Budnik & Waxman 2010; Nakar & Sari 2012).

Core 
Extended 
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1013-1014 cm ~1011 cm 

Core 
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Penetrates the core – choked in the extended material 
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Fig. 2.— A schematic sketch illustrating the similarity and dif-
ferences between llGRBs and LGRBs. Both explosions go through
a collapse of a similar core which leads to the formation of a sim-
ilar GRB engine and to a similar SN explosion. In both types
the GRB engine launches ultra-relativistic narrowly collimated jet,
which penetrates through the core. In LGRBs the jet is free to ex-
pand as soon as it is out of the core where it produces a luminous,
hard, narrowly collimated beam of gamma-rays which can vary in
time on short time scales. In llGRB the jet emerges from the core
into the low-mass extended material where it is choked and any
radiation that it produces is absorbed and cannot reach to the ob-
server. The jet energy is deposited in the extended material driving
a strong shock into it. The shock is much less relativistic than the
jet (most likely Newtonian) and it accelerates before breakout (of-
ten to a mildly relativistic velocity). Upon breakout it produces
low-luminosity soft gamma-rays which show no significant variabil-
ity with time and are not narrowly beamed.

4. A UNIFIED PICTURE FOR LGRBS AND llGRBs

If all llGRB progenitors have a similar structure to
that of llGRB 060218 then it provides a natural solution
to the puzzle why two explosions with similar inner
workings produce such different gamma-ray signals.
According to the standard model for LGRBs the burst
is powered by a central engine that launches a highly
collimated ultra-relativistic bipolar jet. In order to pro-
duce a LGRB the jet must first punch its way through
the star and then expand freely at ultra-relativistic
velocities to radii where generated gamma-rays can be
seen by the observer. While the jet drills through the
dense stellar matter its energy is dissipated and the
engine must continue to supply power into the jet if it is
to succeed punching through the star and produce the
observed LGRB (Zhang, Woosley & MacFadyen 2003;
Morsony, Lazzati & Begelman 2007; Mizuta & Aloy
2009; Bromberg et al. 2011). Thus, a necessary condi-
tion for the production of a LGRB is that the engine
working time is long enough to allow the jet to drill
through the star. Observations indicate that a typical
LGRB engine launches a jet at a typical isotropic
equivalent luminosity of Liso ∼ 1051 erg/s and a typical
opening angle θj ∼ 10o over a typical duration of ∼ 20 s
(Piran 2004). The total energy carried by the jet, after
correction for beaming, is ∼ 1051 erg. If the progenitor
is a bare H stripped star of several solar masses and
several solar radii it takes ∼ 10 s for the jet to penetrate
through the star (see appendix B; Bromberg et al.
2011), implying that the jet can successfully emerge
from the star and that the collapse of such a progenitor
can lead to a LGRB.
The picture, however, is very different if there is an

additional extended envelope surrounding the massive
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2.3.3 THE OPEN QUESTION  

In this chapter I presented the two main models, which debate on the origin of llGRBs. 

The unification model is purely theoretical, while the failed jet model relays on 

estimated breakout times and the observed GRB durations. Having two models within 

reach – and not simply one model – my ultimate interrogation was, still, what is the 

origin of llGRBs? Could one model be wrong? Or is it rather, the combination of the 

two models? 

In this thesis, I put both of the models to a numerical test, in order to find a clear answer 

of the questions above. 
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3 PREVIOUS NUMERICAL 
COLLAPSARS 

 

3.1 OVERVIEW OF THE APPROACH 

Immediately after the theoretical establishment of the collapsar model (MW99), 

numerical studies have been considered as a basic approach to explore the model, and 

its consequences (Aloy et al. 2000 & Zhang et al. 2002). Since then, numerical 

investigations of the collapsar model using 2D Special Relativistic Hydro-Dynamic 

codes (2DSRHD) have flourished. Many ideas have been investigated, below is a list of 

some of major works:  
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• GRBs and SN energy (Zhang et al. 2003),  

• Jet hydrodynamics and phases (Lazzati et al. 2007 & ML07) 

• GRB precursors and dead times (ML07) 

• GRB progenitors (Mizuta et al. 2009) 

• GRB variability (Morsony et al. 2010)  

• Photospheric emission from the collapsar jet photosphere (Mizuta et al. 2011 

& Nagakura et al. 2011) 

• Engine duration and GRBs diversity (Lazzati et al. 2012) 

• Ultra-Long-GRBs (Nakauchi et al. 2013) 

• The duration distribution of GRBs (Lazzati et al. 2013b) 

• Amati relation (Lazzati et al. 2013a) 

• Non-thermal emission and polarization: Using complex jet structure 

(stratified jets and precession) (Ito et al. 2014 & 2015) 

In general, two main issues have been given a particular importance: i) the central 

engine, its mechanism, its environment, and its relation to the prompt emission; ii) the 

relativistic jet radiative process and how does it produce the prompt emission 

properties: hard emission, variability, timescale, polarization etc. This thesis would 

investigate GRBs through the former issue (i). In this chapter, I will summarize the 

previous numerical studies, and explain how they contribute to the understanding of 

GRBs. Then, I present my motivation and the research plan. 
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3.2 PREVIOUS STUDIES AND THE 

NUMERICAL PROCEDURE  

GRBs and their central engines have been progressively studied in both analytical and 

numerical approaches using the collapsar model. In one major work, Matzner (2003) 

analytically investigated constraints on the progenitors in the collapsar model, in terms 

of GRB duration and driving mechanisms. He argued that He or CO Wolf-Rayet stars 

are plausible GRB progenitors, as the duration of many LGRBs necessitates a compact 

progenitor ~ 1010 cm. Nagataki (2010) carried out general relativistic Magneto-Hydro-

Dynamical (MHD) simulations. He studied collimated jets launched from a rotating BH 

via MHD process. Nagataki (2010) confirmed that more rapidly rotating progenitors 

would launch more energetic and powerful jets. Many similar (and different) studies 

have since been undertaken, but the detailed properties of the central engine are still far 

from understood. 

On the other hand, by assuming that the engine is capable of producing some relativistic 

outflow, deep in the progenitor, GRB jets have been investigated independently from 

the central engine specific mechanism. Many studies have been carried out in this way 

considering a certain injection nozzle (e.g. Aloy et al. 2000; Zhang et al. 2003; Umeda 

et al. 2005; Mizuta et al. 2006, 2009; Morsony et al. 2007, 2010; Woosley et al. 2007; 

Lazzati et al. 2009, 2010, 2011, 2013a; Nagakura et al. 2011; etc.). These studies 

investigated the dynamics of a collimated and relativistic jet drilling stellar mantle. This 

widely used simplified method allows us to compare jet properties with basic 

observational GRB properties. Thus, one may constraint central engine temporal, 

angular, and energetic properties.  
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Figure 3.1: Illustration of a collapsar explosion, with the inner core and the two polar 

jets. Assuming a spherical symmetry the explosion can be simulated in 2D. The key 

elements to the numerical modification of the explosion are indicated: stellar radius, the 

injection nozzle, the energy deposition, the jet Lorentz factor, opening angle and 

thermal energy fraction (Credit: Tominaga et al. 2007) 
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mantle using the special relativistic hydrodynamics (e.g.,
Aloy et al. 2000; Zhang et al. 2004; Mizuta et al. 2006),
they did not include the gravity or calculate nucleosyn-
thesis.

To investigate the yields of the jet-induced SNe, it
is crucial to include the gravity because the fallback
plays an important role on the nucleosynthesis yields.
The studies by the use of Newtonian calculations have
concluded that the energy deposition rate (Ėdep) sen-
sitively affects SN nucleosynthesis (Maeda & Nomoto
2003; Nagataki et al. 2006). This result has been con-
firmed for the special relativistic cases (Tominaga et al.
2007a). In particular, Tominaga et al. (2007a) have
shown that the jet-induced explosions with various Ėdep
can explain both the variations of GRB-associated SNe
and the EMP, carbon-enhanced EMP (CEMP, [C/Fe] >
1), and hyper metal-poor (HMP, [Fe/H] < −5) stars.

The previous studies have proved mostly the angle-
integrated yields and shown that the abundance pat-
terns of the EMP stars are reproduced by the angle-
integrated yield. However, the abundance distribution of
the jet-induced explosion depends on the direction (e.g.,
Maeda & Nomoto 2003). Thus, the abundance patterns
of the next-generation stars might depend on the direc-
tion. I calculate aspherical stellar explosions induced by
highly relativistic jets and obtain hydrodynamical and
nucleosynthetic structures of such jet-induced explosion
models. In particular, I investigate the angular depen-
dence of the yield to compare the yields with the abun-
dance patterns of the metal-poor stars. Furthermore, I
compare the jet-induced explosion with the spherical SN
model applied the mixing-fallback model and connect
properties of the jet-induced explosion to the mixing-
fallback model.

In § 2, the applied models are described. In § 3, I
present the hydrodynamical and nucleosynthetic struc-
tures of the jet-induced explosion model, investigate the
angular dependence of the yields, and compared the jet-
induced explosion model with the spherical SN model. In
§ 4, the conclusion and discussion are presented. In Ap-
pendixes, the hydrodynamics and nucleosynthesis code
is described and tested.

2. MODELS

I investigate a jet-induced SN explosion of a Pop
III 40M⊙ star (Umeda & Nomoto 2005; Tominaga et al.
2007b) by means of a two-dimensional relativistic Eu-
lerian hydrodynamic and nucleosynthesis calculation
with the gravity (Appendix A). The nucleosyn-
thesis calculation is performed as a post-processing
(Hix & Thielemann 1996, 1999) with the reaction net-
work including 280 isotopes up to 79Br (see Ta-
ble 1 in Umeda & Nomoto 2005). The thermody-
namic histories are traced by maker particles represent-
ing Lagrangian mass elements (e.g., Hachisu et al. 1990;
Maeda & Nomoto 2003, see also Appendix B). A compu-
tational domain initially ranges up to the stellar surface
where Rstar = 2×107 km and is captured by 200 logarith-
mical grids in the r-direction and 100 uniform grids in
the θ-direction. A circumstellar matter (CSM) extends
from the stellar surface with the slope ρ ∝ r−2.

general relativity, and possibly the magnetic field (e.g., Pruet et al.
2005; Fröhlich et al. 2006; Janka et al. 2007).

Fig. 1.— Schematic picture of the jet-induced explosion.

The explosion mechanism of GRB-associated SNe is
still under debate (e.g., a neutrino annihilation, Woosley
1993; MacFadyen & Woosley 1999; and a magneto-
rotation, Blandford & Znajek 1977; Brown et al. 2000;
Mizuno et al. 2004). Thus, I do not consider how the jet
is launched, but the jet is dealt parametrically with the
following five parameters (Fig. 1): energy deposition rate
(Ėdep), total deposited energy (Edep), initial half angle
of the jets (θjet), initial Lorentz factor (Γjet), and the ra-
tio of thermal to total deposited energies (fth). The jet
is injected from the inner boundary at an enclosed mass
M0 corresponding to a radius R0. The density, pressure,
and velocities of the jet are described with the five pa-
rameters (Appendix C) and put as a boundary condition
at the inner boundary. The jet is assumed to consist of
the accreted matter and to expand adiabatically below
the inner boundary. After the jet is injected into the
computational domain, the thermodynamic histories are
traced by the marker particles.

In this paper, I show three models; (A) a model with
Ėdep,51 = Ėdep/(1051ergs s−1) = 120 and M0 = 1.4M⊙

(R0 = 900 km), (B) a model with Ėdep,51 = 1.5
and M0 = 1.4M⊙ (R0 = 900 km), and (C) a model
with Ėdep,51 = 120 and M0 = 2.3M⊙ (R0 = 2700
km). The other parameters are same for each model;
Edep = 1.5 × 1052 ergs,5 θjet = 15◦, Γjet = 100 and
fth = 10−3. The mass of jets is Mjet ∼ 8 × 10−5M⊙.

5 Frail et al. (2001) suggested the γ-ray energies (Eγ) of GRBs
are clustered at Eγ ∼ 5 × 1050 ergs. Although Eγ is 30 times
smaller than Edep, there are large uncertainties on the relation be-
tween Eγ and Edep. For example, the energy possessed by the rela-
tivistic matter depends on the interactions between the relativistic
jet and the stellar mantle and is reduced compared to the injected
energy (Zhang et al. 2003, 2004). Moreover, the radiative conver-
sion efficiency of a kinetic energy depends on an unknown γ-ray
emission mechanism. The efficiency is estimated to be ∼ 2 − 40%
for collisions of internal shocks (Kobayashi et al. 1997) or > 50%
for nonthermalized photospheric emissions (Ioka et al. 2007). Edep
adopted in this paper might be appropriate for the former emission
mechanism or excessive for the latter emission mechanism. The de-
pendence of the jet-induced explosions on Edep will be studied in
future.
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3.3 THE ENGINE DURATION 

3.3.1 IN MAJOR NUMERICAL STUDIES 

Most major works using 2D hydrodynamic simulations have focused on relatively long 

engine duration models, in the range of ~10 - 100 seconds, with many engine duration 

models ≥ 50 seconds. Zhang et al. (2003) used engines with durations > 10 sec, and 

studied the initial parameters for jet propagation inside the progenitor star. Umeda et al. 

(2005) used a 9 sec engine to investigate Hypernova GRB. Mizuta et al. (2006), 

considering a 10 sec injection duration, studied the effect of the initial Lorentz factor 

and the initial specific internal energy on the jet properties, such as angular and 

relativistic properties. They pointed out that transition from GRBs to XRFs (or llGRBs) 

could be due to different initial specific energies. Morsony et al. (2007) (hereafter 

ML07), one major study, considered a 50 sec injection in order to study temporal and 

angular properties of the jet. The jet propagation was divided into three phases: 

precursor, shocked and unshocked. ML07 considered the possibility of observing dead 

times in the GRB light curve, as the shocked phase is narrow and can not be observed at 

some specific viewing angles. Lazzati et al. (2009), considered the same jet initial 

conditions of ML07, including the same 50 seconds engine duration, to study the 

efficiency of the jet using the photospheric model. Morsony et al. (2010) considered, 

again, the same 50 seconds duration to explain GRBs variability using, variable entropy 

and variable baryon load engines, and compared them to a uniform engine. Lazzati et al. 

(2010) used the same engine as well (50 seconds), to consider possible SGRBs from the 

collapsar jet at 45º off-axis. Nagakura et al. (2011) focused on the timing of the jet 

injection in a rapidly rotating massive star, and its effect on the prompt emission, using 

a 30 sec engine, and the photospheric model to derive a thermal prompt emission. 

Mizuta et al. (2011) & Lazzati et al. (2011), both used the photospheric model to derive 

the GRB emission, for an engine of 100 seconds. Lazzati et al. (2013a) used different 

models, most of them with 100 seconds injection duration. Combined with different 

progenitors and viewing angles, Lazzati et al. (2013a) could successfully populate the 

same region of the Amati relation (Amati et al. 2002).  
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Lazzati et al. (2013b) studied the duration of the produced prompt emission, in relation 

to the duration of the engine using central engine duration  > 10 seconds. They 

considered some reasonable assumptions on the SFR, redshift, and on the observed 

prompt emission. One of their most interesting results is that BATSE LGRBs might be 

explained by engines of an average duration of ~ 20 seconds, and that long engines 

~100 seconds, must be rare. Lazzati et al. (2013b) also concluded that even shorter 

engines might be contributing to some of the observed GRBs. Accordingly Lopez-

Camara et al. (2014) considered a uniform 20 seconds engine (with a 40 seconds 

variable engines), to study the effect of variable engines and how it can justify the 

observed variability observed in GRB light curves. 

Although most of the hydrodynamical simulations focused on long injection duration, a 

few short engine models have been studied. One rare study is Mizuta et al. (2009) where 

the injection duration was less than 10 sec (4 sec) to investigate the angular energy 

distribution of a GRB jet, using different progenitors. Another case is Lazzati et al. 

(2012) who studied the kinetics of the ejecta by carrying out simulations with injection 

durations from ~3 to 10 sec.  

Figure 3.2 summarizes major numerical simulations of collapsar jets, showing the 

engine luminosity as a function of the engine duration. Although the central engine and 

its duration is one very important and not a well-understood ingredient in GRB theory, 

effects of the duration have not been widely studied (least of all, in the range of ~ 0.1 - 

10 seconds). Furthermore, the considered engine energy was often very high (> 1052 

ergs). The collapsar model claims that an output of ~1052 ergs is already very energetic 

phenomenon requiring a hyperaccreting black hole (MW99). However, such high 

energies (possible only in even much extreme and rare conditions) have been largely 

considered. Considerations of such high energies and long durations reflect the focus on 

the extreme GRBs (although extreme GRBs are rare events). 
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Figure 3.2: Major previous 2D simulation using the collapsar scenario, in terms of 

engine duration and luminosity. Black symbols with dotted lines show the domain of 

previous studies. The red dashed line shows region of an engine with a total energy of 

1052 ergs. 

 

3.3.2 EVIDENCE OF DIVERSE ENGINES 

Although short engine durations are very rare in the previous studies, it is most likely 

the case that they are rare event in nature. There is evidence that not all collapsars are 

long engines, and that long engines as those cited above are just an exception and an 

extreme case. Here are some arguments that support this statement. 

3.3.2.1 THE COLLAPSAR 

Many of the previous numerical collapsars considered durations in the domain of ~50 – 

100 seconds.  This choice of long durations was considered as it favors the launch of the 
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energetic and highly–relativistic jets (thus explains some particularly extreme GRBs). In 

fact, the collapsar model original idea was to explain the mysteriously energetic GRBs 

(such as GRB 971214; MW99), as the general understanding of GRBs at the time of the 

collapsar model was about extreme and energetic events, only. The collapsar model 

explains such extreme events but only with extreme conditions – assuming extreme 

engine conditions – that would produce and explain the origin of such 

“energetic/cosmological” GRBs. I quote here from MW99’s conclusion:  

 

The collapsar model focus on the “standard/cosmological/energetic GRBs” relating 

them to extreme conditions where long engine can be activated. However, it does not 

mention about the less extreme conditions, such as short duration engines, nor exclude 

them. The collapsar model states simply that GRBs’ engines/jets are “an extreme case, 

in extreme conditions”, thus one would expect that these extreme engines/jets are one 

exceptional and most likely rare case, and much diverse engine durations exist in the 

universe (Lazzati et al. 2012).  

Moreover, the collapsar model (MW99) relates the engine duration to the accretion time 

of the torus surrounding the BH and thus to very complex parameters, such as rotation, 

metalicity, magnetic field, etc. Thus, diverse engines in a wide duration range are 

theoretically expected considering the complexity of jet production mechanism and 

reflecting the diversity of these parameters in nature. 

3.3.2.2 ROTATING COLLAPSARS 

GRB, progenitors, before going through the gravitational collapse, are suppose to be 

very diverse, reflection diversity in the universe. As instance, the angular momentum 

must be different, from a progenitor to another, most likely related to the strength of 

stellar wind, and thus to the metalicity of the star. As the magnetic field, is strongly 
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related to the rotation of the core, the magnetic field will also differ for different 

rotating stars. This would lead to significant difference in the central black hole 

dynamics, spin and geometry (MW99). Thus, different rotations might have a strong 

effect on the engine and its intrinsic properties, such as the duration and the jet-opening 

angle (Harikae et al. 2009). 

Harikae et al. (2009) shows clearly how progenitors with different rotations and 

different magnetic fields, result in different accretion disks, and different energy 

depositions: jet luminosity and jet collimation. This two means, in numerical 

simulation, the engine duration Tinj and the initial opening angle θ0, respectively (see 

table 2 in Harikae et al. 2009). Harikae et al. (2009) findings suggest that slow rotation 

leads to high accretion rates – short-intense engines – while fast rotations produce lower 

accretion rates & more stable accretion disks, long-mild engines (Figure 3.3).  

In other words, the diversity in metalicity, rotation and magnetic field in GRB 

progenitors, calls for diversity in the engine duration Tinj (and θ0). To study collapsar 

events properly, as they take place in the universe, one should not be limited to certain 

engine durations (and certain opening angles), otherwise the study would be biased. 
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Figure 3.3: Numerical study on the effect of the angular momentum (J), combined with 

the magnetic field (B), on the accretion rate. The trend is that small rotation gives short 

intense engines, while large rotation leads to mild-long engines (Credit: Harikae et al. 

2009) 

 

3.3.2.3 FROM GRB BREAKOUT TIMES  

3.3.2.3.1 FAILED JETS IN GRB POPULATION? 

Bromberg et al. (2011a) is a unique study. By considering the assumption relating the 

duration of the prompt emission to the difference between the engine duration and the 

jet breakout time: 

Prompt emission duration (T90) ≈ Engine activity time (Tinj) – Jet breakout time (Tb) 

No. 1, 2009 LONG-TERM EVOLUTION OF COLLAPSAR 357

Figure 1. Time evolutions of the masses accreting to the central objects (left) and the masses of the accretion disks (right). Top five lines of red, green, blue, purple, and
water correspond to the models with the same initial magnetic field of 109 G but with j = jlso, 1.5jlso, 2jlso, 2.5jlso, and 3jlso, respectively. For the case of j = 2jlso
(blue), the dashed, solid, and dotted lines show the variation of the initial magnetic fields (B0 = 1010, 109, and 108 G), respectively. It can be shown that for rapidly
rotating models, the mass accretion rate to the center becomes smaller (left) and the accretion disks become heavier (right). To estimate the disk mass, we count the
mass elements which are nearly in the hydrodynamical equilibrium near the equatorial plane.
(A color version of this figure is available in the online journal.)

As for the initial angular momentum of the core, we
parametrize the strength by the angular momentum of the last
stable orbit (: jlso) following Lee & Ramirez-Ruiz (2006),
Lopez-Camara et al. (2009), Proga et al. (2003a, 2003b), and
Proga& Begelman (2003); Proga (2005) as

j = αjlso(M(R)), (8)

where j is the specific angular momentum, M(R) is the spherical
mass coordinate, encompassing the mass inside radius R, and α
is a model parameter. In this study, we set 1 ! α ! 3. Note that
although angular momentum is larger than jlso with this range, it
does not assure the formation of the stable disk because of the ex-
istence of the slowly rotating matter in the polar regions and rela-
tively large inner boundary of our models. Thus dynamical simu-
lations are necessary to specify the criteria of the disk formation.

As for the initial configuration of the magnetic fields, we
assume that the poloidal field is nearly uniform and parallel to
the rotational axis inside the core and dipolar outside. For the
purpose, we consider the following effective vector potential,

Ar = Aθ = 0, (9)

Aφ = B0

2
r3

0

r3 + r3
0

r sin θ, (10)

where Ar,θ,φ is the vector potential in the r, θ,φ-direction,
respectively, r is the radius, r0 is the radius of the core, and
B0 is the model constant. We set r0 = 3000 km between the
iron core and the silicon layers and change parametrically B0 as
B0 = 108, 109, and 1010 G for each model.

We compute 15 models changing the initial angular momen-
tum and the strength of magnetic fields by varying the value
of α and B0. Each model is named as BXJY, where X indicates
the initial poloidal magnetic field (10X G), and Y represents the
ratio of the specific angular momentum to jlso. For example,
B9J1.5 represents the model with B0 = 109 and j = 1.5jlso.
The model parameters are shown in Table 1. It is noted that
T/|W | and Emag/|W | for the original progenitor of the model
35OC is 2 × 10−3 and 1 × 10−6, respectively. Thus, the model
series with J1.0 have almost the same angular momentum with
the progenitor. Considering the mentioned uncertainties of the
progenitor models, we choose to explore relatively smaller field
strength, which has been less investigated so far.

Table 1
Models and Parameters

Model B0 α T/|W | Emag/|W |
B10J1.0 1010 G 1.0 5.515 × 10−3 2.108 × 10−8

B10J1.5 1010 G 1.5 1.241 × 10−2 2.108 × 10−8

B10J2.0 1010 G 2.0 2.206 × 10−2 2.108 × 10−8

B10J2.5 1010 G 2.5 3.447 × 10−2 2.108 × 10−8

B10J3.0 1010 G 3.0 4.964 × 10−2 2.108 × 10−8

B9J1.0 109 G 1.0 5.515 × 10−3 2.108 × 10−10

B9J1.5 109 G 1.5 1.241 × 10−2 2.108 × 10−10

B9J2.0 109 G 2.0 2.206 × 10−2 2.108 × 10−10

B9J2.5 109 G 2.5 3.447 × 10−2 2.108 × 10−10

B9J3.0 109 G 3.0 4.964 × 10−2 2.108 × 10−10

B8J1.0 108 G 1.0 5.515 × 10−3 2.108 × 10−12

B8J1.5 108 G 1.5 1.241 × 10−2 2.108 × 10−12

B8J2.0 108 G 2.0 2.206 × 10−2 2.108 × 10−12

B8J2.5 108 G 2.5 3.447 × 10−2 2.108 × 10−12

B8J3.0 108 G 3.0 4.964 × 10−2 2.108 × 10−12

Notes. Model names are labeled by the initial strength of magnetic fields and
rotation. B0 is a constant in Equation (10), α is the ratio of the specific angular
momentum normalized by the one at the last stable orbit in Equation (8). T/|W |
and Emag/|W | represent the ratio of the rotational energy and the magnetic
energy to the absolute value of the gravitational energy, respectively.

4. RESULTS

Computing 15 models in a longer time stretch than ever
among previous collapsar models, we observe a wide variety
of the dynamics changing drastically with time. To capture the
general properties of all the models, we first pay attention to the
time evolutions of the central mass, the mass of the accretion
disk, and the neutrino luminosity in the following.

4.1. General Features

4.1.1. Central Mass and Disk Mass

The left panel of Figure 1 shows the time evolution of the
central mass for some representative models, where the central
mass is defined to be the baryonic mass accreted onto the central
object through the inner boundary. It is shown that the central
mass grows larger and more quickly for the models with the
smaller initial angular momentum. This is simply due to the
smaller centrifugal forces. In fact, the slowest rotation model
of B9J1.0 shows a fastest increase, and as a result, the mass of
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Moreover, by developing an analytical model for relativistic collapsar jets (Bromberg et 

al. 2011b), and relating the jet breakout time (tb) to some measurable parameters, an 

estimation of the breakout time for many GRBs could be developed using the following 

formula:  

 

 

Bromberg et al. (2011a) compared the ratio of T90/tb. The finding (see Figure 3.4) was 

that the standard GRBs show an engine activity much longer than the breakout time 

(Tinj/tb >> 1). While llGRBs, show instead engines shorter, in several cases shorter than 

the breakout time (Tinj/tb < 1). This finding restarted the debate on llGRBs and their 

origin. However, more importantly it allows imagining collapsar engines different from 

the classical engines proposed by the collapsar model; shorter engines to explain the 

llGRBs that posed huge rates (Soderberg et al. 2006 etc.). 
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et al. 2007; Guetta & Della Valle 2007; Fan et al. 2011), about
100–1000 times higher than the rate of LGRBs pointing toward
Earth (Coward 2005; Liang et al. 2007; Guetta & Della Valle
2007; Wanderman & Piran 2010). Soderberg et al. (2006a)
estimated the rate of broad line Ibc SNe to be of the same
order as the rate of ll-GRBs, implying that ll-GRBs cannot be
significantly beamed and that they could very well be isotropic.
Using the overall ratio of the rates of broad line type Ib,c SNe
and ll-GRBs we find that the beaming factor of ll-GRBs is !10,
corresponding to opening angles "30◦.

The lack of bright, late-time, radio emission from ll-GRBs
strongly constrain the total energy of any relativistic outflow
involved in these events (Waxman 2004; Soderberg et al.
2004, 2006b). Additionally, statistical arguments rule out the
possibility that ll-GRBs are regular LGRBs viewed at a large
angle (e.g., Daigne & Mochkovitch 2007). Thus, if ll-GRBs are
generated by relativistic jets these jets must be weak and have a
large opening angle.

3. JETS PROPAGATIONS IN STELLAR ENVELOPES

We review, briefly, the essential features of jet propagation in
a stellar envelope (B11). Consider a cold relativistic jet with a
power Lj and an initial opening angle θ0 that is injected into a
star. As the jet propagates it pushes the stellar material in front
of it, leading to the formation of a double-shock structure at the
jet’s front, the jet’s head. The pressure of the shocked material
is much higher than the pressure of the surrounding medium,
thus matter that enters the head is heated and pushed sideways
forming a pressurized cocoon surrounding the jet. The cocoon,
in turns, applies a pressure on the jet and if the jet power is
not too large it collimates the jet into a cylindrical shape. The
material in the collimated jet remains relativistic and its Lorentz
factor is Γj ≃ θ−1

0 . The jet’s head propagates, however, at a
much lower velocity and it effectively dissipates all the jet’s
energy into the cocoon. Thus, in order for the jet to break out,
the engine must operate and supply power to the jet until the
jet’s head reaches the surface, at which stage the dissipation
stops.

The jet propagation depends on the stellar density profile.
Above the stellar core through a considerable fraction of the
envelope, where the jet spends most of its propagation time,
the density can be approximated as a power law with an index
1.5 ! α ! 3. For all the relevant parameter regime in ll-GRBs
and in most regular LGRBs, the jet’s head is subrelativistic
throughout this region. In this non-relativistic limit the head’s
velocity, βh ≪ 1, satisfies

βh = κ

(
Lj

t2ρc5θ4
0

)1/5

, (1)

where ρ is the density of the star at the position of the head
and κ is a constant of order unity (B11) that depends on the
power-law index of the density profile.3 As the head reaches the
stellar edge, at R, where the density drops sharply, it accelerates
and for all practical purposes the jet can be considered as having
escaped from the star when R = c

∫ tB
0 βhdt . Using Equation (1)

we obtain the breakout time

tB ≃ 30 s × L
−1/3
47 θ

4/3
10◦ R

2/3
11 M

1/3
15⊙, (2)

3 We use ρ ∝ r−2.5. The result changes only slightly for different profiles.

where L47 ≡ Lj/1047 erg s−1, θ10◦ ≡ θ0/10◦, R11 ≡
R/1011 cm, and M15⊙ ≡ M/10 M⊙. As long as the jet prop-
agates in the star, the head dissipates all its energy into the
cocoon. Thus, the minimal energy required for the jet to cross
the star is

Emin ≃ Lj tB ≃ 3 × 1048 erg ×L
2/3
47 θ

4/3
10◦ R

2/3
11 M

1/3
15⊙. (3)

Note that at a high jet luminosity βh # 1, and the jet can break
out even if the engine stops before the jet’s head reaches the
surface. In this case tB given in Equation (2) represents the
minimal work time of the engine that results in a breakout (see
O. Bromberg et al. 2011, in preparation).

The breakout time and minimal energy depend on the jet’s
properties inside the star, which are not observed directly.
However, these can be expressed using the observed properties
of the GRB. At late times, when the jet has evacuated a channel
in the stellar envelope, its opening angle practically equals the
injection angle θ0. This holds, in a non-trivial way, also at earlier
time, just after the jet breaks out from the star. As there is no
direct feedback between the jet that crosses the envelope and
the central engine, the observed luminosity of the jet (after
breakout) should be comparable to the jet’s luminosity while it
propagates in the stellar envelope. This allows us to estimate the
jet breakout time using the observed GRB’s prompt isotropic
equivalent luminosity, Lγ , and the observed opening angle, θ :

tB ≃ 15 s × ϵ1/3
γ L

−1/3
γ ,50 θ

2/3
10◦ R

2/3
11 M

1/3
15⊙, (4)

where Lγ = ϵγ Lj
2

1−cos θ0

4 and ϵγ is the radiative efficiency.
The fact that the activity of the central engine is determined
by the stellar core whose initial radius is ∼108 cm, while the
propagation of the jet takes place on a much larger scale and
is determined by the structure of the envelope, which is only
weakly coupled to the core’s mass (e.g., Crowther 2007 and
references therein), suggests also that tB should be independent
of the duration that the central engine operates, teng.

4. ll-GRBs AS COLLAPSARS?

The duration of the prompt emission, approximated by T90,
cannot be shorter than the time that the engine is active after
the jet breakout. In most GRB models the two are equal and
T90 = teng − tB . Within the Collapsar model teng and tB are
uncorrelated. This implies that without fine tuning only a small
fractions of the bursts should have T90 ≪ tB . Namely, it is
unreasonable that generically the engine operates just long
enough to let the jet break out of the star and then stops right
after breakout. This is a direct implication of the Collapsar
model and if ll-GRBs arise from Collapsars they should satisfy
this condition.

To test the hypothesis that ll-GRBs are Collapsars we examine
their duration distribution and compare it with the duration
distribution of regular Swift LGRBs. Our sample contains the
four observed ll-GRBs and the Swift LGRBs with measured
redshifts. We calculate the isotropic equivalent luminosity of
the Swift bursts by dividing the observed fluence in the BAT
band (15–150 keV) with the observed T90 and correcting for
redshift. The result is multiplied by 3 to account for the total
energy radiated in all bands. We set Lγ = 2 × 1048, the highest
luminosity among the four confirmed ll-GRBs, as a threshold

4 Note that Lj is the luminosity of each one of the two jets.
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Figure 3.4: The distribution of the ratio T90 over the breakout time (tb) for differnet 

type of GRBs (after Bromberg et al. 2011a). 

3.3.2.3.2 A COLLAPSAR PLATEAU 

Using the same assumption as in the previous section, one other work of Bromberg 

related to the engine duration showed that the distribution of GRBs for different 

instruments shows a plateau (see Figure 3.5). According to Bromberg et al. (2012) the 

plateau is a potential signature of the breakout time, since the engine duration 

distribution at the vicinity of the breakout time has to be flat. The plateau is discussed as 

a confirmation of the collapsar model.  

A very interesting consequence of the plateau is that the distribution of GRBs at times 

longer than the plateau (where T90 >> tb) would be dominated by the engine true 

duration distribution. The duration distribution at long duration (≥ 100 seconds) shows a 

steep decrease in events, and was fitted with a power law index −4 < α < −3. This 

indicates that:  

i) Long engine durations (~100 seconds), must be rare and doesn't reflect the 

observed GRBs.  
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Figure 1. Distribution of T90/tB for LGRBs, ll-GRBs, and SGRBs.
(A color version of this figure is available in the online journal.)

Table 1
The ll-GRB Sample

GRB/SN z T90
a Eγ Lγ M/M⊙ T90/tB Ref.

(s) (erg) (erg s−1)

980425/1998bw 0.0085 23 7 × 1047 3 × 1046 14 0.07 1,2
031203/2003lw 0.105 30 4 × 1049 1.3 × 1048 13 0.3 3,4
051109B/ ? 0.08 14 <1.3 × 1049 <9 × 1047 (15)b <0.12 5
060218/2006aj 0.033 2000 6 × 1049 3 × 1046 3.3 10 6,7
100316D/2010bh 0.0593 1200 6 × 1049 5 × 1046 2.2 8 8,9

Notes.
a Redshift-corrected values.
b Assumed value due to the lack of SN detection.
References (1) Galama et al. 1998; (2) Nakamura et al. 2001; (3) Sazonov et al. 2004; (4) Mazzali et al. 2006b;
(5) Troja et al. 2006; (6) Soderberg et al. 2006a; (7) Mazzali et al. 2006a; (8) Starling et al. 2011; (9) Cano et al.
2011.

luminosity and consider any burst with a lower luminosity to
be a ll-GRB. We find one additional burst (GRB051109B) that
matches the low-luminosity criterion. Interestingly, apart from
fulfilling the luminosity criterion, the light curve of this burst
is also smooth and single peaked and no strong emission is
detected in the 100–350 keV band, suggesting a relatively low
spectral peak like in other ll-GRBs (Hullinger et al. 2005).
As there are no records of a SN search in the error box of
this burst during the time it could have been detected, we
cannot rule out the existence of an associated SN. The bursts
with Lγ > 2 × 1048 are considered as regular GRBs and are
separated into LGRBs and SGRBs according to the standard
criterion of whether T90 in the observer frame is above or
below 2 s.

For each burst we calculate the expected jet breakout time
from a 15 M⊙ star with a radius of 1011 cm, assuming an opening
angle of 10◦. For the four ll-GRBs associated with SNe we use
the mass estimates from the associated SN (see Table 1) and an
opening angle of 30◦. Changing the progenitor radius between
5 × 1010 and 5 × 1011 cm does not significantly change our

results. Finally, to estimate the jet power we use a conservative
value of ϵγ = 0.2 (e.g., Fan & Piran 2006).

Figure 1 depicts the distributions of T90/tB of ll-GRB,
SGRBs, and LGRB. About 20% of LGRBs have T90 < tB ,
in agreement with the expected small probability of having
teng ≃ tB in a jet that successfully breaks out. All SGRBs are
concentrated at low values of T90/tB with T90 < 0.3tB . This is a
manifestation of the well-accepted concept that SGRBs cannot
arise from a jet breakout and cannot result from Collapsars.

Although there are two ll-GRBs with T90 > tB , the overall
distribution of ll-GRB differs significantly from that of LGRBs
and is closer to the distribution of SGRBs. In particular, three out
of five ll-GRBs have T90 ! 0.3tB , while less than 4% of LGRBs
are in this range. Using the Kolmogorov–Smirnov (K-S) test we
can estimate the chance that the observed duration distribution
of ll-GRBs is taken from the LGRBs duration distribution. With
such a few data points the standard χ2 distribution does not
give a good estimate for the probability to get a given K-S
distance. To remedy this we use a Monte Carlo K-S to estimate
this probability. We randomly drew five events from the LGRBs

3
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ii) An extrapolation of the distribution at long duration (with the index −4 < α < 

−3), would give an estimation of the total engine duration distribution. 

According to Bromberg et al. (2012), the extrapolation suggests that the 

there is a huge number of engines with short duration (failed jets, with Tinj < 

Tb). 

Therefore, this is an additional evidence of the existence of a large population of 

collapsars with short engine durations, likely to be related to failed GRBs and most 

likely llGRBs and their high rates (Bromberg et al. 2012).  

Thus, the observed GRBs show some evidence of short engines, shorter that 

numerically considered so far. Such short engines’ study might help understanding 

llGRBs. 

 

 

 

Figure 3.5: The duration distribution of the GRBs from different instruments as a 

function of the events duration (T90). (After Bromberg et al. 2012) 
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short durations (<t̂b) again provides a reasonable estimate for
the minimal number of choked GRBs.

To conclude, under very general conditions the jet–envelope
interaction in the Collapsar model is predicted to produce a
plateau in the duration distribution of GRBs at short observed
durations. This is true for any breakout time, engine working
time, and redshift distributions (including cases where the
various distributions are correlated) as long as the engine
working time distribution is smooth enough. The bursts in the
constant section of pγ are dominated by a population with an
observed breakout time t̂b, and the plateau is extended up to
tγ ≈ t̂b. Based on the typical observed GRB parameters (see
Equation (1)) and given that a typical GRB is observed at redshift
≈ 2, we expect t̂b ≈ 50 s. Finally, it is well established that, at
much shorter durations (!1 s), the duration distribution contains
a significant population of bursts not associated with the death of
massive stars, which are known as short, hard GRBs (SGRBs;
Kouveliotou et al. 1993; Narayan et al. 2001; Matzner 2003;
Fox et al. 2005; Berger et al. 2005; Nakar 2007). These bursts
are non-Collapsars, and the above arguments do not apply to
them. Therefore, when considering the overall burst duration
distribution, we expect a flat section for durations significantly
lower than 50 s down to the duration where these non-Collapsars
dominate.

4. THE OBSERVED DISTRIBUTION OF PROMPT
GRB DURATIONS

The observed duration of a GRB is characterized using
T90 ≈ tγ , during which 90% of the fluence is accumulated. We
use the data from the three major GRB detectors: BATSE, Swift,
and the Fermi gamma-ray burst monitor (GBM). For BATSE we
use the current catalog (1991 April 21–2000 May 26; containing
2041 bursts). The data of Swift are taken from its online archive4

(2004 December 17–2011 August 27; containing 582 bursts).
Fermi data are extracted from GCNs using the GRBox Web
site5 (2008 August 12–2011 July 21; containing 194 bursts).
Each data set is binned into equally spaced logarithmic bins,
where the minimal number of events per bin is limited to five
(Press et al. 1989). A bin with less than five events is merged with
its neighbor. We use a χ2 minimization to look for the longest
logarithmic time interval that is consistent with a flat line within
1σ , where the only free parameter is the normalization. We
verify that varying the bin size does not change the length of the
plateau by much.

Figure 1 depicts the observed distribution of T90, pγ (T90),
for the three major GRB satellites. Note that here we show
the quantity pγ (T90) = dN/dT and not dN/d log T , which is
traditionally shown in such plots (e.g., Kouveliotou et al. 1993).
The best-fitted flat regions are highlighted in a solid bold line
on top each distribution. In all of the satellites, these plateaus
range about an order of magnitude in duration (BATSE 5–25 s,
3.6/6 χ2/dof; Swift 0.7–21 s, 8.9/7 χ2/dof; Fermi 1.2–31 s,
4.1/6 χ2/dof). The extent of the plateau varies slightly from
one detector to another. Given the different detection threshold
sensitivities in different energy windows (see below), this is to
be expected. At the high end of the plateau, the T90 distribution
rapidly decreases and can be fitted at long durations (>100 s)
by a power law with an index, α, in the range −4 < α < −3.

The existence of the plateaus and their duration range
(∼2–25 s) agrees well with the expectation of the Collapsar

4 http://swift.gsfc.nasa.gov/docs/swift/archive/grb_table.
5 http://lyra.berkeley.edu/grbox/grbox.php.
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Figure 1. T90 distribution, dN/dT90, of BATSE (red), Swift (blue), and Fermi
GBM (green) GRBs. Also plotted is the distribution of the soft (hardness ratio
< 2.6) BATSE bursts (magenta). For clarity, the Swift values are divided by a
factor of 5 and the Fermi GBM by 15. The dotted line that ranges down to ≈2 s
marks the duration range where the Collapsars constitute more than 50% of the
total number of BATSE GRBs. At shorter times, the sample is dominated by
non-Collapsars. Note that the quantity dN/dT is depicted and not dN/d log T
as traditionally shown in such plots (e.g., Kouveliotou et al. 1993). The black
lines show the best-fitted flat interval in each data set: 5–25 s (BATSE), 0.7–21 s
(Swift), and 2.5–31 s (Fermi). The upper limits of this range indicate a typical
breakout time of a few dozen seconds, which is in agreement with the prediction
of the Collapsar model. The distribution at times !100 s can be fitted as a power
law with an index −4 < α < −3. The soft BATSE bursts show a considerably
longer plateau (0.4–25 s), indicating that most of the soft, short bursts are, in
fact, Collapsars.
(A color version of this figure is available in the online journal.)

model. However, one cannot exclude the possibility that the
origin of the observed flat sections is unrelated to the effect of
the jet breakout time that we discuss above. For example, these
plateaus may somehow coincidentally arise from the combi-
nation of two distributions: one increasing (LGRBs) and one
decreasing (SGRBs). To test the hypothesis that the observed
plateaus indeed reflect the distribution of LGRBs, which are
Collapsars, we use the fact that SGRBs are harder (Kouveliotou
et al. 1993). Restricting the analysis only to soft bursts should
preferentially remove SGRBs from the sample. Thus, LGRBs
should dominate the duration distribution of a sample of soft
bursts down to durations that are shorter than in the case of the
entire sample. Now, if LGRBs are Collapsars and their duration
distribution is flat at short times, then the T90 distribution of a
sample of soft bursts should exhibit a plateau that extends to
shorter durations than the T90 distribution of the entire sample.
We also present in Figure 1 a distribution of BATSE soft bursts
(magenta), which are defined as bursts with a hardness ratio,6
HR < 2.6, the median value of bursts with T90 > 5 s. Remark-
ably, the plateau in this sample extends from 25 s down to 0.4 s
(15.2/12 χ2/dof), over almost two orders of magnitude in du-
ration, compared with the original 5 s in the complete BATSE
sample. This lends strong support to the conclusion that the
observed flat distribution is indeed indicating on the Collapsar
origin of the population. It also implies that HR is a good indica-
tor that effectively filters out a large number of non-Collapsars
from the GRB sample.

6 HR is the fluence ratio between BATSE channels 3 (100–300 keV) and 2
(50–100 keV).
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3.3.2.4 BATSE GRBS AND THE ENGINE DURATION 

As cited in § 3.3.1 Lazzati findings clearly suggest that the previous numerical 

collapsars used exaggeratedly long durations. Lazzati et al. (2013) study on the engine 

duration distribution, indicates that the diversity in GRBs (and their light curves), 

suggests that the average duration of the engine would be ~ 20 seconds, and shorter 

engines are likely, while engine durations of ~ 100 seconds must be rare. Lazzati et al. 

(2013), used the same as previously explained, relating T90 to the difference between the 

engine duration (Tinj) and the jet breakout time (tb) (Bromberg et al. 2011a; 2012 & 

2015). The parameter T90 could be taken from the light curves.  

By considering BATSE light curves, and comparing with different numerical 

simulations, using different engine durations, and considering different viewing angles, 

and redshifts, Tinj = 20 seconds was the best at fitting BATSE T90 distribution. Engines 

with longer durations were not good at fitting BATSE GRBs results. For the 

cosmological GRBs (only) the average duration is ~10 – 20s.  

Therefore, Lazzati et al. (2013b) argued that long engine duration, as considered in 

many previous studies, is too long and does not reflect the real GRBs. While shorter 

duration, might be more likely. Hence, the GRB population was found populated by 

engines shorter than previously believed and investigated. 

 

3.3.2.5 THE GROWING DIVERSITY IN THE OBSERVED 

GRBS 

The increasing diversity of GRBs after Swift entered full service, and the uniqueness of 

each GRB, suggest a more diverse and complex origin for GRBs. In pre-Swift era 

GRBs referred to energetic, cosmological, and highly relativistic events (Γ > 100) 

(Piran 2005). Nowadays, and after a decade of Swift service, the term GRB is much 

more diverse, and the “standard/cosmological/energetic GRBs” are just one class of 

GRBs among many others (§ 1.7.1).  
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For instance, in terms of the isotropic equivalent energy, GRB energies are spread over 

6 orders of magnitude (Amati et al. 2008 & 2009). Among the newly discovers classes, 

is low luminosity GRBs “llGRBs” class (Soderberg et al. 2004b). llGRBs are several 

orders of magnitude less energetic than the classical GRBs, with the isotropic equivalent 

energy Eiso ≤ 1049 erg (Laing et al. 2007 & Bromberg et al. 2011a). Due to their low 

redshifts, these llGRBs suggest huge rates; at least 100 times higher rates than that of 

standard GRBs (see: Coward 2005; Piran et al. 2006; Soderberg et al. 2006; Cobb et al. 

2006; Liang et al. 2007; Guetta & Della Valle 2007; Bromberg et al. 2011a and the 

references within). Such rates suggest that the cosmological GRBs are a minority in 

numbers in nature, compared to llGRBs, thus the importance of the study of llGRBs. 

llGRBs are highly debated, in particular about their origin, and whether they do arise 

from the classical collapsars and about their link to classical GRBs (Yamazaki et al. 

2004 & Bromberg et al. 2011a). 

There have been some attempts to use the collapsar to explain llGRBs and their high 

rates, but a classical collapsar (Tinj >> Tbreakout) shows serious limitations (Cobb et al. 

2006). A more diverse collapsar is therefore needed to explain the origin of llGRBs and 

investigate a possible unification with the traditional GRBs. 

Hence, considering the various observed GRBs, and various possibilities for collapsars 

in nature, the engine duration must be considerably diverse. A deep numerical 

investigation on a wide range of the engine duration is justified. In particular 

investigating short duration, not deeply investigated yet, in order to explain the origin of 

peculiar GRBs (such as llGRBs) under the collapsar scenario.  

3.4 THE MOTIVATION 

The main motivation of this thesis is:  

In general: To explore a more diverse version of the collapsar model, which 

would reproduce, and explain, the diverse nature of GRBs, increasingly 

apparent in the observation.  
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In particular: To investigate on the origin of llGRBs, by testing the 

previously suggested theoretical models (§ 2.3.1 & § 2.3.2), and to which 

extent llGRBs peculiar features (High rate and SN connection) can be 

explained  

3.5 THE RESEARCH PLAN 

In order to produce diverse collapsar events, and investigate the origin of llGRBs, I use 

a varied numerical version of the collapsar model. I aim to produce not all classical 

events of the collapsar model, but diverse collapsar events as the observations suggest. 

I keep all the jet properties constant except the engine duration Tinj. I choose the 

collapsar engine duration as the main parameters because the engine is poorly 

understood, as the BH surrounding environment is very complex and poorly understood. 

Hence this might contribute to exploring the mysterious nature of collapsars’ engine. 

Such different engine duration can be linked to, and justify by, parameters widely 

diverse in nature: Rotation, magnetic field, metalicity, and other such physical 

parameters. The different engine durations produce long and successful jets, as well as 

very short and failed jets.  

Assuming the collapsar scenario for llGRBs, I search for an engine specific duration 

domain that explains llGRBs’ peculiar features of: i) a high rate relative to standard 

GRBs, and ii) a strong SN connection. In other words, I numerically test the scenarios 

proposed above for llGRBs and which scenario would reproduce i) & ii) (as shown in 

Figure 3.6): a) the scenario of failed jets  (Bromberg et al. 2011a: Tinj ≤ Tbreakout); and b) 

the scenario of successful jets (unification model: Tinj >> Tbreakout). That is, I will answer 

the following ultimate question:  

“What origin would explain llGRBs’ i) & ii):  off-axis observation of GRBs 

successful jets, or instead, off-axis observation of short/failed jets?”  

I believe that exploring this question numerically would make a contribution to the 

scientific debate in llGRBs. 
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Figure 3.6: Illustration showing the two major scenarios of llGRBs and their dilemma. 

The motivation of this thesis is to explore the questions (?) numerically. 
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duration, with a steep index (−4 < α < −3); in other words, indicating that long engines 

are very rare relative to short engines (and thus to failed jets). For an illustration of the 

choice of initial conditions, and how it is justified with other studies, see Figure 3.7. 

I explore some collapsar engines that have not been numerically investigated yet. For 

the different engines, I consider the same total injected energy, 1052 erg, (in the 

reasonable range of typical Hypernovae explosion energy and not very extreme; 

Nomoto et al. 2006a).  

For this, I use an Adaptive Mesh Refinement (AMR) two-dimensional special 

relativistic hydrodynamical numerical code. I use deeper injection nozzle position, 108 

cm instead of the 109 cm used in ML07 and most previous studies. Injection nozzle in 

108 cm is more realistic, increasing the star-jet interaction, although such a calculation is 

about one order of magnitude more time-consuming. I investigate how the jet phases, 

precursor, shocked and unshocked, and other temporal, angular and energetic properties, 

depend on the injection duration, and how diversity can be produced to explain GRBs’ 

diversity (extending the study in Lazzati et al. 2013b & ML07).  

I finally analyze the GRBs and llGRBs estimated from different engine models. I 

compare the rates of both GRBs and llGRBs for different models, and compare to the 

observational predictions (Soderberg et al. 2006; Piran et al. 2006; etc.). I also estimate 

the SN explosion energy and in which models SN can be clearly identifiable, as in the 

case of llGRBs. 

The numerical simulations were carried-out using a super computer account (CFCA 

X30). In total, the numerical calculations consumed over ~1 000 000 core-hours of 

computing time. 
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Figure 3.7: Initial conditions of the considered series of simulations and the arguments 

behind the considered values. 
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rates or on their SN connection. I extend Lazzati et al. (2012) study and consider the 

widest duration range ever for collapsar engines. Another original point is that I derive 

the rates of GRBs and llGRBs, considering the viewing angle. I derive the energy of SN 

explosion as well. This two estimation would allow an interesting discussion on the 

engines of llGRBs.  

 

 

Figure 3.8: The wide duration domain considered in this study, in comparison with 

previous major 2D simulation of the collapsar. 
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4 NUMERICAL METHOD 

 

4.1 OVERVIEW 

After overviewing the phenomenology of GRBs, and its popular model (the collapsar; § 

1.7), a summary of how numerical studies used this model to explain several of GRBs’ 

peculiar properties was presented (§ 3). As distance makes it extremely difficult to 

understand GRBs through observations alone, the numerical approach is crucial to 

understanding GRBs, and could be the sole approach to investigate some of GRB 

features.  

In the previous chapter, the research plan and how it would be carried-out, in an original 

study based on the engine duration of collapsars, was described. This chapter is slightly 

technical as it describes the basics of the numerical code and the equations that it solves. 

It also explains how the data, from the simulations, is treated to derive the temporal and 

angular properties of the outflow (§ 4.4.4), for one exemplary model (L700). These 

properties are discussed in § 5 in detail, for the different engine models. In addition, the 

procedure followed to derive the probability of observing a given prompt emission 
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isotropic energy, is explained, and how some reasonable assumptions were used. This 

last quantity is important as it would allow to discuss the rate of llGRBs over the rate of 

GRBs, from each engine, and compare it with the observational predictions (Coward 

2005; Piran et al. 2006; Soderberg et al. 2006; Cobb et al. 2006; Guetta & Della Valle et 

al. 2007 & Liang et al. 2007) as followed in § 6.2. Further technical discussions about 

the code and its robustness follow in the appendices (§ 10).  

As the central engine’s properties are hardly unknown, and as it is extremely difficult to 

understand the central engine from observation alone, numerical investigations, like this 

one, are the privileged way to better understand GRBs phenomenology. 

4.2 THE NUMERICAL APPROACH  

4.3 NUMERICAL METHOD 

I performed numerical simulations with a two-dimensional special relativistic 

hydrodynamical code, the same code used in (Yoshida et al. 2014 & Okita et al. 2012), 

with a newly added AMR treatment as described in § 4.4.2. The explosion and jet 

propagation is assumed to be axisymmetric. The basic equations solved in this code are 

given as: 

 !"
!" +

1
!!
!(!!!!)
!" + 1

! sin!
!(sin! !!)

!" = ! + ! (1) 

Where U, Fi, S and G are conserved vector, i-component of numerical flux, source term 

and gravitational source, respectively. Under geometrical unit G = c = 1, where G and c 

are the gravitational constant and the speed of the light, these vectors are written as 

follows (e.g. Leismann et al. 2005): 

 ! = (!Γ,!ℎΓ!! ,!ℎΓ!! ,!ℎΓ! − ! − !Γ) (2) 

 !! = (!Γ!! ,!ℎΓ!!!!! + !!! ,!ℎΓ!!!!!+!"!! ,!ℎΓ!!! − !Γ!!) (3) 
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 ! = 1
! 0,!ℎΓ!!!!! + !,−!ℎΓ!!!!! , 0  

(4) 

 ! = 0,!ℎΓ!!Φ, 0,!ℎΓ!!Φ  (5) 

 Here, ρ, v and p are the rest mass density, velocity and pressure. h and Γ are specific 

enthalpy and Lorentz factor, respectively, defined as!ℎ = 1+ ! + ! !, where ε is 

specific energy density, and Γ = 1 1− !!. Gravitational potential Φ includes the 

contributions of self-gravity and the central remnant. The integration form of the 

Poisson equation approximated in Newtonian mechanics (Hachisu 1986) is applied for 

self-gravity. Time integration is calculated using the second-order Runge-Kutta Method 

developed by Shu & Osher (1988). I use a simple equation of state (EOS), the so-called 

gamma law EOS ! = (! − 1)!!", with an adiabatic index γ = 4/3, which accounts for 

both the gas and radiation components. The choice of a simple EOS is due to the focus 

on the jet general properties, which a simple EOS would not overlook. 

As long as only penetration through the stellar mantle and propagation in the CSM is 

considered, the incoming jet can be characterized by several parameters, regardless of 

the detailed mechanism of central engine. Here, I follow the method proposed in 

Tominaga (2009) to determine the boundary condition of (ρ0,vr0,p0), where the index “0” 

indicates that the quantity is calculated at the inner boundary of the computational 

domain. Thus, characterizing a jet comes down to defining the following 6 parameters: 

Tinj, Etot, Rin, θop, fth and Γ0. The key parameter of this study is Tinj, the duration of the 

energy injection in the simulation, which reflects the engine duration. Etot is the total 

energy injected, up to time = Tinj, in other words, it is the supposed total energy released 

by the central engine in the form of two relativistic polar jets (assumed as 1052 erg). 

Thus, I can get the energy deposition rate ! = !!"! !!"#. Rin and θop are parameters to 

determine the geometric property of outflow: the inner boundary where the injecting 

nozzle is placed and the opening angle of the jet cone, respectively. With these two 

parameters, I can get the intersection area of the inner boundary and jet cone as 

!! = 4!!!"! (1− !"#!!"). Finally, fth is the ratio of the thermal to total injected energy 

and Γ0 is the Lorentz factor of the outflow at the inner boundary. Once these parameters 

are set, the boundary condition is obtained as: 
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 !!! = 1− 1 Γ!! (6) 

 !! =
!!!!

!!!!!( !
! − 1 Γ!

! − 1+ !!!)
 

(7) 

 

!! =
1− !!! !

!!!!! − !!
Γ! Γ! − 1

 

(8) 

As mentioned above, I focus on the properties of GRB central engine with various 

duration times. As Lazzati et al. (2013b) has suggested, central engines, on average, are 

active over several tens of seconds. Shorter engines would be likely, but very long 

engines might be rare. Thus, I set Tinj from 0.1 to 100 seconds covering a wide range. I 

note that although the models vary in Tinj, but Etot is always the same. Thus, the input 

energy (or central engine power) ! = !!"! !!"#, also varies according to Tinj. As the 

density of the jet material is proportional to ! from equation (8), long Tinj favor low-

density jets and short Tinj gives denser jets (for more details see: Figure 5.5 & § 5.1.3). 

In the context of the collapsar scenario, the energy conversion efficiency η is defined as 

the ratio of the energy powering the jet, or the input energy, to the rest mass energy 

accretion rate onto the BH. As I assume these parameters not to vary in time, using an 

accretion rate !, η is defined as: 

 ! = !
!!! (9) 

Since both the time derivative values are considered to be constant in time, total 

accretion mass Macc can be derived with time integration of equation (9) as: 

 !!"" =
!!"!
!c!  (10) 
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The right side is only dependent on Etot and independent of Tinj. Therefore, the 

assumption of taking a constant Etot and various Tinj means that I always assume the 

same total accreted mass but with different accretion rates. Such different accretion 

rates can be justified by parameters related to the progenitor or the environment (e.g: 

rotation & metalicity). 

4.4 SETUP OF THE SIMULATIONS 

4.4.1 STELLAR MODEL 

The progenitor model for the simulations presented here is made from a 25 M
! initial 

mass star model as in Umeda & Nomoto (2008). The star loses a fraction of its H 

envelope by mass-loss wind, down to 20.4 M
!

 at the pre-SN phase. I artificially remove 

the H envelope to make a 6.1 M
! of He Wolf-Rayet star for the GRB progenitor, with a 

radius of 3.3×1010 cm (see the progenitor density profile in Figure 4.1). Initial pressure 

and density are taken from the progenitor model. Matzner (2003) argued that such a 

compact progenitor is preferable, as some of the observed GRBs have short durations, 

about a few seconds and such short durations must be explained by a compact 

progenitor. The surrounding medium is taken uniform with a density ! = 10!!" g cm-3. 

A Courant Number (CFL) of 0.3 is used for the simulations presented here.  

The rotation is not considered as it would not have a significant effect considering the 

relatively short timescale of the simulations (100 sec), and thus its effect can be safely 

ignored. Neutrino pressure and general relativistic effects from the central engine are 

not considered either, as the inner boundary at 108 cm, is at about 103 gravitational radii 

away from the region dominated by this effects, thus both effects could be safely 

neglected. 
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Figure 4.1: Density profile of the progenitor. 

 

4.4.2 GRID 

I use a 2D spherical coordinate system (r, θ) with axisymmetry and equatorial plane 
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of refinement). ∆r0 is considered in the exterior of the star, at regions where there is no 

relativistic outflow (where Γ = 1). The highest radial resolution is adopted at the stellar 

surface (∆r = 9.7×106 cm, 10 levels of refinement) in order not to miss any potential 

precursor structure, inside the progenitor, at the innermost region (107 cm ≤ ∆r ≤ 

3.9×107 cm, taking resolutions higher than level 8), and at the jet head (∆r = 3.9×107 

cm, 8 levels of refinement). Although the radial resolution is still lower than that of 

ML07 (7.8125×106 cm), it is reasonably good considering most previous studies’ 

resolutions (such as Mizuta et al. 2011 with ∆rmin = 107 cm and Nagakura et al. 2011 

with ∆rmin = 108 cm). 

For the polar grid θ, I employ Nθ = 256 uniform logarithmic grids, with angular 

resolutions varying from ∆θ0 = 0.088°, at the jet on-axis, to ∆θmax = 0.896° at the 

equator, such that: ∆θn = ∆θ0×Cn, where C = 1.009. This angular resolution is 

reasonably high in comparison to many previous works (for example 0.25°, for Mizuta 

et al. 2011 and Zhang et al. 2003) although the resolution in ML07 is still higher 

(0.0358°).  

The inner boundary is placed at a relatively deeper region, 108 cm, in comparison to 

most previous studies, which generally used 109 cm (ML07, 2010, Lazzati et al. 2009, 

2011, 2013a, Mizuta et al. 2006, 2009, Nagakura et al. 2011 & Lopez-Camara et al. 

2014). This deep inner boundary is to better capture the evolution of the jet inside the 

star, especially for the short engines that this study includes. It is also more realistic as it 

is closer to the region where the central engine is expected to inject energy, near the BH 

horizon at ~106-7 cm. Although, such deep injection is very consuming in terms of 

computational power; I believe that I still could afford very good resolutions compared 

to previous studies that used a similar deep injection, at the cost of increasingly poor 

resolution at large radii, and limited computation domain (Zhang et al. 2003 injecting at 

2×108 cm & Aloy et al. 2000 at 2×107 cm) 

4.4.3 JET CONDITIONS AND ENGINE MODELS 

The jet energy is inputted at a radius of Rin = 108 cm from the center of the progenitor, 

at the inner boundary of the computational domain. The maximum Lorentz factor, 
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defined as the terminal Lorentz factor at infinity when all internal energy will be 

converted to kinetic energy, is Γmax ~160 (according to Bernoulli relativistic equation: 

Γmax ~ hΓ). The jet initial opening angle is adopted as 10°, as in major previous studies 

(ML07, Mizuta et al. 2006, Lazzati et al. 2013a etc.). According to Mizuta et al. (2006) 

who investigated the preferable conditions for GRB jet, hot and mildly relativistic initial 

jet is required for successfully launching the highly collimated and ultra-relativistic jet 

necessary to produce GRB. Thus, thermal energy fraction and initial Lorentz factor of 

the injected jet are taken as fth = 0.975 (hot) and Γ0= 5 (mildly relativistic). 

The injection duration is considered from 0.1 to 100 seconds. To easily analyze the 

different engine models, I separate them into four groups, from the shortest: “brief” 

engines (Tinj < TBreakout ~ 2 s), “short” engines (~ several seconds; 2 s ≤ Tinj < 10 s), 

“intermediate” engines (~ several ten seconds; 10 s ≤ Tinj < 40 s) and finally “long” 

engines (50 s ≤ Tinj < 100 s). This engine notation will be followed, all along this paper. 

The computed models are summarized in Table 4-1, with their corresponding inputted 

luminosities per jet (Figure 4.2). As the duration varies over 3 orders of magnitude 

while the total energy is constant at 1052 erg, the luminosity of the inputted jet is also 

very diverse (from 5×1052 to 5×1049 erg s-1), covering intense-short to long-mild 

engines. 
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Figure 4.2: Engine durations and the corresponding luminosities, per jet. 

1049

1050

1051

1052

1053

 0.01  0.1  1  10  100

En
gi

ne
 L

um
in

os
ity

 P
er

 J
et

 (e
rg

 s
-1

)

Engine Duration (s)

B001 (Tinj = 0.1 s)
B005 (Tinj = 0.5 s)
B010 (Tinj = 1.0 s)
B015 (Tinj = 1.5 s)
S020 (Tinj =   2 s)
S030 (Tinj =   3 s)
S050 (Tinj =   5 s)
S070 (Tinj =   7 s)
I100 (Tinj =  10 s)
I200 (Tinj =  20 s)
I300 (Tinj =  30 s)
I400 (Tinj =  40 s)

L500 (Tinj =  50 s)
L700 (Tinj =  70 s)

L999 (Tinj = 100 s)



NUMERICAL SIMULATIONS OF THE COLLAPSAR JETS OF GAMMA-RAY BURSTS 

72  Hamid Hamidani - February 2016 

Table 4-1: Parameters of the computed models. 

Model 
Injection 

Time 

(s) 

Black Hole 
Luminosity Per Jet 

(erg s-1) 
Engine Type 

B001 0.1 5.0×1052 Brief 

B005 0.5 1.0×1052 Brief 

B010 1.0 5.0×1051 Brief 

B015 1.5 3.3×1051 Brief 

S020 2.0 2.5×1051 Short 

S030 3.0 1.6×1051 Short 

S050 5.0 1.0×1051 Short 

S070 7.0 7.1×1050 Short 

I100 10.0 5.0×1050 Intermediate 

I200 20.0 2.5×1050 Intermediate 

I300 30.0 1.6×1050 Intermediate 

I400 40.0 1.2×1050 Intermediate 

L500 50.0 1×1050 Long 

L700 70.0 7.1×1049 Long 

L999 100.0 5×1049 Long 

16TIg5-like (ML07)* 50.0 5.32×1050 Long 

* The calculation 16TIg5-like, as in ML07, was carried assuming an outer injection 

nozzle at 109 cm, and an engine total energy of 5.32×1052 ergs, while for all the 

other calculations the injection is at 108 cm, and the engine energy is 1052 ergs. 
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4.4.4 PROCEDURE TO DERIVE TEMPORAL 

AND ANGULAR PROPERTIES 

In this section, I explain how the temporal and angular properties were derived from the 

data, using the engine model L700 as an example. I adopt the same method as in ML07 

(see ML07 § 4.1) to derive the synthetic light curves and angular properties of the 

relativistic jets. A snapshot of the simulation data is saved every 1/10th seconds of 

simulation time (1/15th seconds for ML07). As in ML07, the energy flux is determined 

as a function of angle and time by finding all the points that will cross a given fixed 

radius within the next 0.1 seconds. I use the same approximation for sideways 

expansion as in ML07, by spreading every point’s energy equally over an angle of ±1/Γ 

from the direction of motion of the fluid at that point. As argued in ML07, this accounts 

for hydrodynamic spreading and the relativistic beaming of the eventually emitted 

radiation. The energy is then placed into the same system of angular bins as in ML07, 

where the total energy in each angular bin is calculated considering contribution from 

all points of the same radius. Finally, only outflow energy above a specified minimum 

Lorentz factor is considered, excluding any fluid energy with a lower Lorentz factor. In 

this way, the simulation data from each snapshot file can be added over time, to 

estimate the total energy seen at a fixed radius for different angles. I consider the same 

minimum Lorentz factor and radius in ML07, Γmin = 10, to derive each model’s 

synthetic light curve (see ML07’s Fig. 12). Both the light curve and the energy angular 

distribution are calculated for the same minimum Lorentz factor, and at the same radius 

(R = 1.2×1011 cm). I use 45 angular bins, identical to those considered in ML07, 

consisting of (from small to large angles, with 0° at the on-axis region of the jet): 14 

bins with an angular width of 0.25° (ranging from 0.125° to 3.375°), 17 bins with a 

width of 1.0° (from 4.0° to 20.0°), and finally 14 bins spaced every 5.0° (23.0° to 

88.0°). Figure 4.3 shows the derived results for the model L700, (Tinj = 70 s). The top 

panel shows the synthetic light curve for this model, and the resulting angular 

distribution is shown on the bottom panel. The light curves and angular distributions of 
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the different models are presented in § 5, and the astrophysical implications are 

discussed in § 6. 
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Figure 4.3: On the top panel, isotropic equivalent luminosity of the jet over time – 

synthetic light curve – with the solid line for an observer in the jet on-axis region (the 

innermost bin, centered at 0.125°), and the dashed line for an observer at 1.125° from 

the jet axis. On the bottom panel, the angular distribution of the relativistic outflow 

energy. Both figures are for the engine model L700 (Tinj = 70 s), calculated at a radius 

1.2×1011 cm from the star center, and with a minimum Lorentz factor of 10. 
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In order to carry out with the discussion further, from a “jet” to a “GRB” context, the 

prompt emission energy has to be estimated. As in ML07, I assume that only relativistic 

outflow can contribute in the GRB prompt emission. Thus, considering relativistic 

outflow with Γ > 10, I estimate the energy contributing in the prompt emission from the 

total jet energy. Still, it is obvious that regardless of the emission process (non thermal 

synchrotron or thermal) not all the energy carried by the relativistic outflow would be 

converted to gamma and X-ray photons. There is a certain conversion efficiency factor. 

Thus, in order to estimate the energy that will contribute to the prompt emission, I 

consider a conversion efficiency of the jet energy to gamma photons, known as: 

Radiative efficiency. This parameter (ηγ) has been intensively investigated. As in Zhang 

et al. (2007b), it is defined as: 

 !! =
!!

!! + !!
 (11) 

Where Eγ is the energy carried by gamma-photons (total energy of the prompt emission), 

and EK is the kinetic energy of the outflow just after the prompt emission. Eγ is generally 

estimated from the prompt emission and EK from the afterglow. In one major work 

Zhang et al. (2007b) estimated this parameter for 31 Swift GRBs. The radiative 

efficiencies ηγ(tb) were found to be < 10% in general (Zhang et al. 2007b, table 3 & 4). 

In this work considering Zhang et al. (2007b) findings, I assume a symbolic ηγ = 1% to 

roughly derive the energy of the prompt emission for the engine models, regardless of 

the true emission mechanism. This, assumption allows us to carry an angular and 

energetic comparison for the prompt emission of different engines.  

Figure 4.4 shows the angular distribution of the isotropic equivalent energy estimated 

for the prompt emission of L700 (on the top). I consider the lower limit of the observed 

isotropic energy at 1047 erg (in the order of the least energetic observed llGRBs). On the 

bottom panel I show the same energy as a function of the probability of observation 

considering a randomly located observer in the sky again for the same model L700. The 

probability of observation was calculated considering minimum energies ranging from 

1047 to 1053 erg. It was calculated simply by dividing the solid angle inside which 
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prompt emission above the minimum energy was observed over the total solid angle of 

the sky in one pole (2π) as in the following equation: 

 

 ! ! ≥ ! = 2!(1− cos !!!!! )
2! ×100!!!!!!!!!!!(%) (12) 

Where P is the probability of observing an event with an isotropic equivalent energy 

above x, and !!!!! is the angle inside which the isotropic energy is above the minimum 

x. The same results for the other engine models are shown and discussed in § 6.  
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Figure 4.4: On the top panel, the estimated isotropic equivalent energy of the prompt 

emission as a function of different observers viewing angle (relative to the jet axis). On 

the bottom panel, the estimated isotropic energy of the prompt emission as a function of 

the probability of observation, considering randomly positioned observers in the sky. 

Both panels are for the engine model L700 (Tinj = 70 s). 
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4.5 SUMMARY 

I follow a classic numerical approach: I carry out numerical simulations of the collapsar 

of a typical Wolf-Rayet star (Umeda et al. 2005), using a newly developed AMR special 

relativistic hydrodynamic code. Using the code I consider engines deploying the same 

total energy but in a different timescale over three orders of magnitude (from 0.1 – 100 

seconds). I have explained how I derive the hydrodynamical properties of the collapsar 

jet, properties that are deeply discussed in the next chapter (§ 5). In addition, I explained 

how the probability of observation could be calculated, considering some assumptions. 

This last quantity has never been derived before, and thus its importance. I considered 

this probability of observation to discuss llGRBs rate for all the engine models in § 6.2, 

a critical discussion (in this thesis), as it enables interesting results on llGRBs origin and 

on the collapsar engine duration distribution (§ 6.2.3). 
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5 HYDRODYNAMICAL 
RESULTS 

 

5.1 OUTLINE 

A crucial question will be addressed and answered in this chapter: “How does the 

engine duration influence the properties of the jet?” As overviewed in the § 1, GRB are 

very diverse, occasionally questioning the collapsar model. With the numerical 

approach presented in § 3, artificial collapsar engines, diverse in terms of the engine 

duration, are created and their jets will be analyzed in this chapter. This diversity in the 

engine duration is meant to trace the diversity of engine durations – related to the 

accretion time – that must be considerably diverse in nature. 

This chapter explores how the engine duration has a dramatic influence on the jet 

propagation inside the star (the confined phase), and on the three radiative phases. Many 

important quantities – for the prompt emission – are found to strongly affect by 

difference in the engine duration, although the deployed total energy is the same.  Such 
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results have been described in Lazzati et al. (2012), but here I investigate more 

properties, and on a much wider and deeper level. 

This chapter is limited to discuss difference in hydrodynamical properties for the 

different engines. The implications of differences found in this chapter are discussed in 

the next chapter (§ 6). 

 

 

Figure 5.1: Illustration of a collapsar jet, confined in the stellar envelope, before the 

breakout out, showing its key elements (central engine, cocoon, shocked outflow, 

unshocked outflow, collimation shocks, and the jet head). 

5.1.1 THE CONFINED PHASE 

Before breaking out of the progenitor and proceeding into the CSM, the jet’s 

propagation through the progenitor was noted in Lazzati et al. (2007) as the “confined” 

phase. It is a non-radiative phase where a supersonic shock, the jet head, progresses 

between the injection nozzle, and the stellar surface, collimated by the cocoon pressure. 

In this phase the premature jet is formed and shaped, which would strongly influence 

the next radiative phases. ML07 & Lazzati et al. (2007) findings demonstrate that the 

speed of the jet head is independent of the stellar properties. ML07 & Lazzati et al. 

(2007), also demonstrated that the energy stored in the cocoon is proportional to the 
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engine luminosity (Lazzati et al. 2007). Thus, the different engine duration models, with 

their different engine luminosities, are expected produce diverse jet structures. 

Figure 5.2 shows the propagation of the jet head for different jet models, from the 

briefest B001, to the longest L999, all with short and intermediate engine models S050 

and I100. An engine similar to that studied by ML07 (16TIg5), with the same initial 

Lorentz factor, opening angle, total energy (5.32×1052 erg), and nozzle position (109 

cm) is also shown. At small radii, less than ~10% of the stellar radius, the brief engine is 

ahead at a relativistic speed, with a slope close to that of the speed of light c. Both the 

short and the intermediate engines’ speeds are sub-relativistic, with slopes close to that 

of Lorentz factor of 1.01. Soon after, at larger radii, the brief engine is inactive, and the 

behaviors are inversed: the jet head in S050 and I100 gradually accelerate and increase 

in speed, becoming significantly relativistic and converging to c; the jet head speed in 

B001 decreases to a roughly constant sub-relativistic speed, until the break-out. As a 

consequence, short and intermediate engines’ jets have the shortest breakout times, ~2 

seconds, and the highest Lorentz factors at the moment of the breakout, whereas brief 

engines’ simulations have the longest breakout times, up to 7.0 seconds, and some of 

the lowest Lorentz factors (see Table 5-1, second column & § Breakout Times and 

Properties5.1.3). In the L999 simulation, the jet head evolution is similar to that of S050 

and I100, however it takes a considerably longer time (~3 seconds) for the jet head to be 

significantly launched in the inner region. This delay is explained by the significantly 

lower energy deposition of this engine (5×1049 erg/s). Once the jet head is effectively 

launched, it shows an evolution similar to that of S050 and I100 jets, with an initially 

sub-relativistic speed in the inner radii, and then gradually increasing speed at larger 

radii until the jet head breaks out relativistically. Affected by the initial delay, L999 

calculation shows a significantly longer breakout time than that of S050 and I100, of 5.6 

seconds. Thus, engine duration appears to have a significant influence on the jet head 

propagation inside the progenitor. This is most apparent when comparing with brief 

engines’ behavior to that of longer engines (for more details see § 5.1.3). 

The simulation similar to that of ML07 and Morsony et al. (2010), starting at an 

injection nozzle of 109 cm instead of 108 cm, shows similar results to that of ML07 and 

Morsony et al. (2010). Although the calculations are still not identical, including some 

differences such as: ratio of internal over rest mass energy, progenitor, EOS, resolution, 

etc. The 16TIg5-like simulation has a breakout time of 6.8 seconds, in ML07’s 16TIg5 
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it is 7.53 seconds, and in Morsony et al. (2010) 6.2 seconds. The jet head evolution 

inside the progenitor is clearly similar, starting as sub-relativistic and gradually 

becoming relativistic. For a comparison of this figure, see Morsony et al. (2010) Fig. 4, 

and Aloy et al. 2000 Fig 3. 

 

 

 

Figure 5.2: Jet head propagation inside the progenitor before the breakout, for the 

Briefest computed engine model (B001), a short engine model (S050), an intermediate 

engine model (I100) and the longest engine model considered (L999). An engine model 

similar to 16TIg5 used in ML07 is also plotted. For a comparison, dashed lines shows 

the maximum allowed speed (c), dotted lines shows a sub-relativistic speed’s slope of a 

Lorentz factor of 1.01. 
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5.1.2 THE THREE RADIATIVE PHASES 

As shown by many previous works, collapsar jets show distinct phases, three of which 

are radiative (Aloy et al. 2000, Zhang et al. 2003, Lazzati et al. 2007, ML07, Bromberg 

et al. 2011b etc.). The first radiative phase is the “breakout”, or the “precursor” phase, 

as referred to in ML07. It is the phase where the cocoon hot material breaks through the 

stellar surface, forming a quasi-spherical fireball. It is the shortest and the least 

relativistic phase. Furthermore, as it is quasi-isotropically spread, this phase is the only 

that can be observed at large angles (ML07 & Lazzati et al. 2007). The second phase is 

the “shocked” jet phase. It is a phase where the jet is collimated by the cocoon’s 

pressure, through multiple tangential shocks inside the star, called recollimated shocks. 

Consequently, the shocked phase material is highly variable. It is also a phase where the 

jet is the most collimated due to the many transversal recollimation shocks (Lazzati et 

al. 2007). The third and last phase is the “unshocked” phase, where after several tens of 

seconds the jet gradually develops into a stable structure (Lazzati et al. 2007). The core 

of the jet consists of a free-streaming outflow that accelerates according to the adiabatic 

expansion, and is limited by a strong recollimation shock. The propagation of the free-

streaming inner core is mostly unperturbed from the inner engine, and thus the 

“unshocked” phase name. This phase develops between the injection nozzle position up 

to the first recollimation shock, which marks the limit between the outer shocked phase 

and the inner unshocked phase (Lazzati et al. 2007, ML07, Bromberg et al. 2011b). 

Right behind this first collimation shock, the Lorentz factor is significantly high and the 

pressure is significantly low, which helps identify the limit between the two phases, and 

the breakout time of the unshocked phase (Mizuta et al. 2009 & ML07). In terms of 

energy, the transition between the first precursor phase and the shocked phase is defined 

as the moment at which the energy flow becomes continuous, although variable. 

Transition from the shocked to the unshocked phase is the time at which the on-axis 

energy drops and becomes steady reflecting the engine constant injection (ML07). In 

this calculation, different from most pervious studies, a relatively deeper injection 

nozzle is considered, at 108 cm. This deep nozzle adds a dense region to the 

computation domain, where the star-jet interaction is significantly strong. This affects 

the development of the unshocked phase’s free-streaming core, as the jet is more 

affected by recollimation shocks deeper in the progenitor, delaying the deployment and 

breakout of the unperturbed unshocked phase.  
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Table 5-1 summarizes the breakout times for the different phases of the jet, with the 

corresponding breakout Lorentz factors. As in previous studies (ML07 in particular), 

relativistic jets of the collapsar model confirm the existence and nature of the three main 

phases. However, since I consider a lower energy injection and a jet birthplace at a 

relatively deeper place, the structure is a little more complex, mainly in the shocked 

phase that displays a first highly variable part followed by a second smoother part. This 

smoother part comes at a time where the recollimation shock frequency is gradually 

reduced, shortly before the breakout of the unshocked phase. In other words, transition 

between shocked and unshocked regimes in my calculations is less brusque, but it is still 

clearly identifiable. 

Figure 5.3 shows the main phases as a function of radius, in the top, and time, in the 

bottom. In the top panel, the first sharp peak, in the outer region, is the “precursor” 

phase. Next, is the “shocked” phase, which can be separated into two parts, the first of 

which is “highly” shocked/variable and the second is “less” shocked/variable. Then 

comes the third and last “unshocked” phase. A strong shock separating the shocked 

phase from the unshocked phase can be identified as a sharp increase in the Lorentz 

factor, and a sharp drop in the pressure, as a function of radius, on the top panel of 

Figure 5.3 (for Tinj = 70 s model). For a comparison of this figure with previous studies 

see: Aloy et al. (2000) Fig. 2, Zhang et al. (2003) Figs. 4, 5, and 6, Mizuta et al. (2006) 

Figs. 6 and 7, and Fig. 10 in ML07. The bottom panel of Figure 5.3 shows the energy 

flow along the jet on-axis region, calculated at 1.2×1011 cm, in the CSM. The three 

phases can be clearly identified. The unshocked phase, however, shows some variability 

although it remains significantly smooth and steady. This is also most likely due to the 

deep injection nozzle considered at 108 cm. A comparison of the unshocked phase here 

with that of an engine similar to that of 16TIg5 in ML07 with an injection nozzle at 109 

cm, confirms that the small variability in the unshocked phase of L700 is indeed due to 

the deep injection nozzle at 108 cm (see the Appendix § 10). For a comparison of this 

figure with a previous study see: ML07 Fig. 4. 
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Figure 5.3: On the top, Lorentz factor (solid line) and the pressure (dotted line) along 

the jet axis as a function of the radius, for L700 model (Tinj = 70 s), at the moment of the 

unshocked phase breakout, t = 40 s. Dashed lines mark dramatic changes in pressure 

and Γ, due to the presence of strong shocks. In the bottom panel, the energy flux of the 

jet after the breakout, at 1.2×1011 cm, again with the dashed lines to separate the three 

phases. 
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5.1.3 BREAKOUT TIMES AND PROPERTIES 

Following the discussion on the confined phase in § 5.1.1, Figure 5.4, shows the time of 

breakout of the radiative phases, for each model. The first group, brief engines, consists 

of only the precursor phase with a relatively low Lorentz factor. In brief engines, the 

cocoon, or precursor, is relatively slow at breaking out despite the engine high 

luminosity for this group of engine models. This is due to their jet head tendency to get 

denser and heavier (equation 8). As it can be seen in Figure 5.5, the brief engine jet head 

at the breakout (B010), is about two orders of magnitude denser than jet heads of other 

engines (B010). Such a jet head would not efficiently accelerate, loosing a large fraction 

of its power on the periphery. It is important to mention that only in the case of brief 

engines, the cocoon breaks out at a time when the engine is no longer working, making 

this group of engine models very different and peculiar. For all other longer engines, the 

engine is still running during, and after, the cocoon’s breakout (see the dotted line in 

Figure 5.4). This element will have profound consequences on brief engines’ jets 

behavior. Short and intermediate engines’ cocoon is the fastest at breaking out, about ~2 

seconds after the start of the injection. In addition, these two groups jets are the more 

relativistic. In terms of phases, both, short and intermediate engines produce a jet 

consisting of a precursor followed by the variable shocked phase. The shocked phase is 

quite variable, but it becomes progressively smooth as it makes its way through the star. 

Only intermediate (and long) engines are long enough to display this smooth part of the 

shocked phase. After the shocked phase, comes the steady unshocked phase, with a drop 

in the jet’s luminosity (Figure 5.3, right panel & Figure 5.5, bottom right panel). As the 

injection nozzle is relatively deep (at 108 cm), the star-jet interaction is relatively 

stronger, than in ML07, and thus it takes longer for the unshocked phase to be launched 

and to eventually breakout. Only long engines run long enough to display this phase. 

The breakout times for the phases are relatively later for this group of long engines. 

This is due to the long engines low energy deposition rate ! = !!"! !!"#, inversely 

proportional to the engine duration (as discussed in § 5.1.1). Thus, long engines’ jets 

need some time to accumulate energy, enough to buildup a relativistic shock. This also 

explains why they have lower Lorentz factors at the breakout (Table 5-1). For a 

comparison of Figure 5.4, see figure 4 in Lazzati et al.  (2012). 
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Figure 5.4: Breakout times for the three radiative phases of the computed models: 

precursor in blue, shocked in red, and unshocked in yellow. The dotted line shows the 

time when the injection stops for each model. 

 

Figure 5.5 shows the density and Lorentz factor at, and after the breakout, in the top two 

and bottom two panels, respectively, for brief, intermediate and long engines (from left 

to right). A clear correlation is that the longer the engine duration is, the more well-

collimated the jet seems to be. The brief engines’ outflow is relatively denser and 

widely spread, with a significantly dense jet head, and dense materials blown in a short 

timescale in the off-axis region. The other longer engines’ outflow structure contrasts, 

in terms of collimation and density, with power focused on-axis, in a jet like structure. 

This explains why long engines have been favored to reproduce GRBs in the 

relativistic/collimated jet scenario, and confirms that fact. (Hence the relatively 

numerous and deep studies dedicated to such long engine models.) 
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Figure 5.5: Density (at the left) and Lorentz factor (at the right), at the breakout time (in 

the top) and 2 seconds after the jet head breaks out (bottom). Breakout density and 

Lorentz factor (top panels) shows a wider jet for the brief engine (1 s) and a well-

collimated jet for long engine (50 s). After the breakout (bottom panels), short injection 

models produce a poorly collimated jet, with the breakout shock relatively dense even at 

large angles. While longer engines (50 s injection model in particular), give a well-

collimated jet structure. 
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Table 5-1: Breakout times of the main phases at the star surface (in the on-axis 
region) 

 

 
Model 

Cocoon 

Breakout Time 
(Lorentz 
Factor) 

Shocked Breakout(s) 

(Lorentz Factor) 
Variable              Smooth 

Unshocked 
Breakout(s) 

(Lorentz 
Factor) 

B001 7.0 (1.02) - - - 

B005 3.2 (1.1) - - - 

B010 1.9 (33) - - - 

B015 2.3 (37) - - - 

S020 2.0 (34) 2.8 (52) - - 

S030 2.2 (43) 3.2 (70) - - 

S050 2.0 (40) 3.1 (55) - - 

S070 1.9 (34) 3.3 (65) 5.7 (68)1 - 

I100 2.0 (37) 2.2 (42) 8.2 (77) - 

I200 2.3 (25) 2.6 (23) 8.0 (75) - 

I300 2.6 (29) 3.4 (36) 7.3 (62) - 

I400 3.0 (17) 3.5 (30) 6.4 (59) - 

L500 3.4 (15) 3.7 (26) 7.0 (55) 38.9 (77)1 

L700 4.9 (14) 5.5 (22) 9.0 (44) 40.1 (104) 

L999 5.6 (14) 6.5 (32) 10.2 (31) 50.1 (109) 

16TIg5-like2 6.8 (20) 7.8 (40) - 25.0 (71) 

1 Not powered long enough to take part in the breaking out jet or influence it significantly. 

2 A model computed using the same injection nozzle as in ML07, 109 cm, instead of the 108 cm 

used for all the above models. The same total energy used in ML07 (5.32×1052 erg), and engine 

luminosity is also considered. 

 



CHAPTER 5: Hydrodynamical Results 

Hamid Hamidani - February 2016   91 

 

Figure 5.6: Snapshot of one jet (16TIg5 as in ML07). The relativistic jet (low density), 

is collimated by the lateral collimation shocks, and the hot cocoon’s pressure (higher 

pressure). The figure on the right is a zoom out (x10). 

 

5.1.4 SYNTHETIC LIGHT CURVES 

Table 5-2 shows the phases contributing to each jet, and the structure of the resulting 

light curve. Figure 5.7 shows light curves representing each of the four types of engines, 

all estimated as in ML07 (Fig. 12 & § 4.1 of ML07 for details), at the same location 

(1.2×1011 cm), with the same outflow conditions (Γ > 10), and with the same angular 

bins (as explained in § 4.4.4). Brief engines produce a sharply single peaked light curve; 

it is the signature of the precursor phase. Short engines produce a wider single peak 

structure, showing high variability. This is due to the contribution of the shocked phase 

effectively launched by short engines, and dominating their jet. Intermediate engines 

are long enough to display a second bulk (I200 in Figure 5.7, from ~10 to 20 s), 
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showing a double peaked structure. Only long engines are long enough to display the 

unshocked phase contribution in the light curve, with luminosity decreasing sharply and 

showing a steady structure that reflects the constancy of the injected jet (L700 in Figure 

5.7, from ~47 to 70 s). With this last phase, the structure of such long engines is the 

more complex, resulting from the contribution of all the three different phases. 

Isotropic equivalent luminosities in the light curves of Figure 5.7 are very high. This is 

because I consider an observer line of sight in the on-axis region, at 0.125˚, which gives 

an isotropic factor of ~105. As discussed in § 4.4.4, it is clear that only a small fraction 

of the jet luminosity would contribute to the prompt emission. Roughly considering a 

radiative efficiency of 1% would bring the prompt emission luminosities to the 

observed domain for LGRBs 1048-54 ergs/s (Levan et al. 2014). In this study I 

considered a total engine energy of only 1052 erg, which reasonable and not very 

extreme. Nevertheless, with such an ordinary engine, extremely energetic GRBs might 

be explained if I assume an observer line of sight in the jet on-axis region, as has been 

generally considered. 
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Figure 5.7: Light curve for an on-axis observer of the four different types of engine 

models. On the top left, brief engine jet (Tinj = 1 s), the light curve is a single sharp 

peak. On the top right, short engine jet (Tinj = 5 s), the peak is wider and shows high 

variability. On the bottom left, an Intermediate engine (Tinj = 20 s), the light curve 

display two bulks structure. Finally, long engine jet’s light curve (Tinj = 70 s), showing 

more that two bulks; a more complex structure. Light curves were estimated as 

explained in § 4, and after ML07. 
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Table 5-2: Light curve structure according to the contribution of the jet main 

phases (considering the energy flux at 1.2×1011 cm for an on-axis observer and outflow 

with Γ > 10, as in ML07). 

Model 

Precursor 

Phase  

(Quasi-

Isotropic) 

Shocked Phase 

(Narrowed & Well-

Collimated) 

Variable       Smooth 

Unshocked 

Phase 

(Wide & 

Collimated) 

Light curve 

Structure 

B001 Yes - - - Sharp Narrow Peak 

B005 Yes - - - Sharp Narrow Peak 

B010 Yes - - - Sharp Narrow Peak 

B015 Yes - - - Sharp Narrow Peak 

S020 Yes Yes - - Wide Variable Peak 

S030 Yes Yes - - Wide Variable Peak 

S050 Yes Yes - - Wide Variable Peak 

S070 Yes Yes - - Wide Variable Peak 

I100 Yes Yes △ - Wide Variable Peak 

I200 Yes Yes Yes - Two Main Bulks 

I300 Yes Yes Yes - Two Main Bulks 

I400 Yes Yes Yes -  Two Main Bulks 

L500 Yes Yes Yes △ More than Two Bulks 

L700 Yes Yes Yes Yes More than Two Bulks 

L999 Yes Yes Yes Yes More than Two Bulks 

△: This last phase, or part, is launched, but not long enough to contribute in the light curve. 
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5.2 ANGULAR PROPERTIES 

5.2.1 ANGULAR DISTRIBUTION 

In Figure 5.8, the top panel shows the fraction of the jet total energy that is contained 

inside the polar angle θ. Figure 5.9, shows the angle inside which 50% (in dashed blue, 

θ50) and 99% (in solid red, θ99) of the total energy carried by the jet is contained. It is 

clear that the longer the engine duration is, the more well-collimated the jet outflow and 

energy is. The bottom panel in Figure 5.8 shows the averaged Lorentz factor, with the 

polar angle θ. The averaged Lorentz factor was calculated as in Duffel et al. (2015), 

with the ratio of outflow total energy to total mass at the angle θ. The results support 

those of the top panel; the longer the injection duration is, the more collimated and 

relativistic the launched jet is. It is noticeable how contrasting brief engines with long 

engines are, in terms of relativistic properties. On average, the brief engine model (Tinj = 

1s) poorly accelerates outflow to the relativistic domain (Γ > 10) in the on axis region, 

while it shows a tail of sub-relativistic outflow very widely (and isotropically) spread in 

the off-axis region (that is, a quasi-isotropic structure). For longer engine, the jet 

outflow is more efficiently accelerated, and concentrated in few degrees around the on-

axis region (exhibiting a typical “jet” structure). In summary, the behavior of brief 

engines contrasts with other types of engines by dominating in the off-axis region, while 

the longer engines dominate in the on-axis region. 
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Figure 5.8: On the top panel, we show the cumulative distribution of the jet energy 

fraction inside the angle θ, with angle (brief engine in red, short in green, intermediate 

in blue and long in cyan). The two dashed lines shows the angles where 50% and 99% 

of the energy is located, and how these angles differ in the four engine models. The 

bottom panel shows “the averaged Lorentz factor” as a function of the angle. It is 

defined as the ratio of energy to mass at the given angle (same definition as in Duffell et 

al. 2015). 
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Figure 5.9: The opening angle of outflow containing 50% of the total energy θ50, in 

triangles with a dashed line, and 99% of the total energy θ99, in squares with a solid line. 

 

5.2.2 COLLIMATION 

Next, I carried out a comparison between each engine’s on-axis and off-axis energetic 

and relativistic outflow properties, and compared the results for the different types of 

engines. I use the same angular bins as explained in § 4.4.4, at the same radius (1.2×1011 

cm). I take the minimum Lorentz factor as 1, that is, I consider all the outflow energy at 

both relativistic and non-relativistic velocities. By the on-axis region, I mean the 

innermost angular bin centered at 0.125º, and for the off-axis region, I consider the 21st 

angular bin, centered at 10º away for the jet axis. The choice of the off-axis region at 

10º is because it is the farthest angle from the on-axis, at which outflow from all the 

models is effectively present (thus allowing a comparison to be made). I analyzed the 

averaged Lorentz factor, and the total energy in these two regions. I also analyzed the 
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ratio of both the energy, and Lorentz factor, at the on-axis region, over the same 

quantity at the off-axis region, for different engine models.  

The results are shown in Figure 5.10. The figure’s top panel shows that the relativistic 

and energetic properties are different for the different engine models. For brief engines, 

on-axis and off-axis quantities are almost of the same order of magnitude. I can deduce 

that the outflow from the star is indeed spread in a quasi-isotopic angular distribution 

for such brief engines. In a jet context, brief models produce a poorly collimated jet. 

With longer engines, the gap between on-axis and off-axis quantities increase 

dramatically, where on-axis relativistic and energetic quantities are about 1 to 2 orders 

of magnitude higher than the same quantity in the off-axis region. This high gap 

continues for most short and especially for intermediate engines, indicating that it is for 

these engine durations where the jet collimation is the best. For long engines, the gap is 

slightly reduced, but the produced outflow is still reasonably well collimated. The 

general trend is that, the longer the engine duration the more relativistic and energetic 

the outflow is at the on-axis region, and the less relativistic and energetic the outflow is 

in the off-axis region. However, for engines, longer than ~ 40 seconds, the tendency is 

slightly inversed.  

Figure 5.10: the bottom panel, show the behavior of the jet (energy and Lorentz factor) 

in the studied engine duration domain, in particular at the two extreme limits, brief and 

long. The collimation behavior implies a “sweet spot” in between the two limits, where 

the ratio and thus the collimation is the best (optimal for producing an energetic GRB’s 

relativistic jet). Intermediate, followed by short engines, make the finest jets in terms of 

collimation. Long engines come next, making less collimation as the engine duration is 

longer. While brief engines come last, producing very poorly collimated jets, although 

the ratio, thus the collimation, improves as the engine duration increases. For the engine 

luminosities and durations presented here, the “sweet spot” is at Tinj ~ 5 – 30 seconds, 

corresponding to engine luminosity per jet in the range: 1.6 – 10×1050 erg/s. This “sweet 

spot” would certainly depend on progenitor properties, such as size and density profile, 

and the considered engine total energy. The choice of the off-axis region here was at 

10º. The choice of this off-axis region may influence the domain of the sweet spot, but 

certainly not the general trend found here. 
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The poor collimation of jets from brief engines can be explained by the quasi-isotropic 

properties of the unique jet phase launched by these engines, the precursor phase. The 

excellent collimation of jets from short and intermediate engines can be related to one 

main factor: The properties of the shocked phase, which dominates these two groups of 

engines, and which is the narrowest among the three phases. Finally, the inversed trend 

in the case of long engine jets is likely to be related to two factors. First, the effective 

launch of the third unshocked phase by such long engine durations, which is 

characterized by wider angular distribution than the shocked phase. The second factor 

would most likely be the low luminosity of these long engines, which might be lower 

than a certain critical luminosity necessary to effectively accelerate and collimate the 

jet.  
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Figure 5.10: On the top, the averaged Lorentz factor, in red, in the on-axis (0.125º) with 

filled triangles and solid line, and in the off-axis region (10º) with unfilled triangles and 

dashed line. In blue, the outflow total energy, in the on-axis (0.125º) with filled squares 

and solid line, and in the off-axis region (10º) with unfilled squares and dashed line. 

Both measured at 1.2×1011 cm, for different engine duration models. In the bottom, the 

ratio of the averaged Lorentz factor at the on-axis over that at the off-axis, in red line 

and triangles. The blue line and squares, is the ratio of the total energy at the on-axis 

over that at the off-axis. 
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5.3 ENERGY ACCELERATION 

In this section, I present how the engine duration affects the relativistic feature of the 

resulting outflow’s energy. Different engine models display different behaviors at 

transmitting the engine total energy into non-relativistic or relativistic outflow, with 

different efficiencies. This transmission, or relativistic transformation, of the engine 

energy, depends on how the jet is able to form and expand. Some key parameters of the 

engine model may play a role, parameters such as: The engine duration, the cocoon 

breakout time, and the engine luminosity. In the engine models, the parameters above 

differ as the engine duration change from an engine to another. I analyze how the engine 

duration plays a role at this relativistic transformation and at the nature of the energy in 

the expanding outflow, by comparing the different engine models.  

I present the fraction of the total injected energy transformed - and transferred - into the 

expanding outflow at different relativistic levels: 1) Sub-relativistic domain: Fraction of 

the injected energy in material moving at more that 10% the speed of light, 

corresponding to Lorentz factor Γ > 1.005. 2) Relativistic domain: Fraction of the 

energy in material with Γ > 10. 3) Highly-relativistic domain: Fraction of the energy in 

material with Γ > 100. 

Figure 5.11 shows the effect of the engine duration on the nature of the energy 

propagating in the CSM. Brief engines’ resulting energy is poorly accelerated, and is 

moving the slowest among the engine models presented here. Most of the engine energy 

moves at non-relativistic speed. For longer brief engines, B010 and B015, about 1/4th 

of the injected energy is successfully accelerated to relativistic domain Γ > 10. With 

longer engine durations, the acceleration efficiency is significantly higher for short 

engines, increasing from ~60% up to ~90%, for energy in material moving with Γ > 10. 

The efficiency’s increasing tendency with longer engine durations continues, up to 

intermediate engines domain, where the efficiency is the highest in the three domains (Γ 

> 1.005, Γ > 10 and Γ > 100), and roughly constant through intermediate engines’ 

duration interval. For long engines, the tendency is inversed, with less efficiency for 
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longer engines, although these engines remain considerably capable of converting - and 

accelerating – more than 50% of the engine energy into relativistic domain. 

Thus, the general tendency of the engine energy acceleration efficiency, at the two 

extremities of the engine duration domain, shows a “sweet spot” here too with 

efficiency increases first up to the intermediate engines’ domain where the efficiency is 

the highest and constant, then a decreasing efficiency at the long engines’ duration 

domain. Generally, apart from brief engines, all other engines are efficient at 

accelerating the engine energy into relativistic domains. Thus, the interesting contrast 

here is that, for brief engines the relativistic nature of the produced jet outflow leaves 

considerable energy to power a non-relativistic event, a SN explosion, which would be 

observed along a relatively soft GRB. While for longer engines, most of the energy 

would be accelerated to contribute to producing a much more powerful GRB, leaving 

much less energy in the non-realistic domain. 
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Figure 5.11: Total injected energy converted into different relativistic levels as a 

function of the engine duration. In blue circles, total injected energy fraction in material 

with Γ > 1.005, in red squares, energy fraction in material with Γ > 10, and in green 

triangles, energy fraction in material with Γ > 100. All measured at a radius of 1.2×1011 

cm. 

5.4 PHASE CONTRIBUTION 

An important question was addressed in this chapter: “How the collapsar engine 

timescale shapes the produced relativistic jet?” As it was found that the shock 

progression, in the confined phase, is strongly affected by the engine duration, 

especially between brief engines and the other longer engines, I have obtained diverse 

breakout times. 

As shown in the Figure 5.12 an interesting finding is that, the engine duration is a jet 

recipe, as different engine durations result in different combinations of the three 

radiative phases. The consequence of the different phase contributions is different 

products that are different in several important jet properties it has been shown. Among 
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expected type of event to be seen: 1) the angular distribution, and 2) the energy 

acceleration efficiency. In the next chapter I will discuss the astronomical implication of 

these two differences on: 1) the rate of llGRBs over the rate of GRBs, and 2) SN 

energy, respectively. Here is a first study that discusses the two above properties in the 

context of llGRBs, thus it is of central importance in this thesis.  

 

 

 

Figure 5.12: Time and energy contribution of each of the three radiative phases in the 

propagating jet for the different engine models. The observe jet properties are different 

because of this crucially different recipes of radiative phases. 
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6 ASTRONOMICAL 
IMPLICATIONS 

 

6.1 OVERVIEW 

A varied version of collapsars, in terms of the engine duration, has been explored. The 

engine duration was found to strongly affect the resulted jet properties. However, what 

would be the observational consequences of such different hydrodynamic properties? 

How would these differences affect the observed prompt emission, the probability of 

observation and the SN explosion energy? This chapter discusses the above questions in 

the context of llGRBs high rates (~ 100 – 1000 times higher that standard GRBs rates), 

and in the framework of GRB-SN connections.  

Finally, at the end of this chapter, one last question is explored; by considering different 

collapsar engine duration distributions, which attribute different probabilities to the 

different engines in the duration range 0.1 – 100 seconds; what is the adequate 
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collapsar duration distribution that explains the relative rate of llGRBs to GRBs, at 

least in the nearby universe? 

6.2 LLGRBS VS. GRBS 

6.2.1 ANGULAR STRUCTURE 

In order to relate the jet outflow to a GRB context, the study should be limited to 

relativistic outflow, as relativistic Lorentz factors are an essential requirement to 

produce GRB’s prompt emission. Figure 6.1 illustrates the total energy angular 

distribution, considering only the relativistic outflow, Γ > 10. The angular distribution 

was plotted following the same procedure as in Figure 4.3, considering different engine 

models (at 1.2×1011 cm with the same angular bins as in ML07, as explained in § 4.4.4). 

A quantitative comparison confirms the previously pointed-out general trend, where the 

shorter the wider (as for B010) and the longer the more narrowly spared the energy, and 

outflow, are (panel a). Using the phases different angular distributions (Lazzati t al., 

2007), panels b, c and d, help understanding the reason behind the diversity of the 

angular structure for the different models: Brief models’ jets are dominated by the 

precursor, and thus show a similar angular structure, widely spread and relatively soft at 

small angles (panel b). Short and intermediate models’ jets are dominated by the 

shocked phase, thus showing a similar structure, hard and sharply decreasing at small 

angles (panel c). Finally, long models, dominated by the unshocked phase at late times 

show an angular structure gradually converging to that of the unshocked phase, 

displaying a flat distribution in small angles (< 10º) (panel d). Lazzati et al. (2007), 

showed how the viewing angles can be behind some of the diversity in the light curve. 

Here I clearly show how the jet and all of its properties can be diverse and variant, from 

precursor-like, shocked-like to unshocked-like, just with different engine times. 

An interesting contrast is that short engine models energetically dominate in the off-axis 

region, while intermediate and short, followed by long engines are energetically 

dominate in the on-axis region. This suggests that for latter engines, this on-axis jet 

energy, after being partially converted to gamma and X-ray photons, would have the 

potential to produce extremely luminous and energetic events, assuming an observing 
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angle close to the jet on-axis region. The isotropic equivalent energies would be brought 

to the same domain of isotropic energies observationally estimated for GRBs. On the 

other hand, brief engines, with their wide tail of soft energies in the off-axis region 

might not only explain the recently debated llGRBs energies, but might also explain 

their huge rates as well. 

Due to their significantly low luminosities, llGRBs can be detected only at low redshift, 

at the opposite of the standard/cosmologic GRBs. Estimates of the llGRB rate, show 

enormously high rates (Piran et al. 2006: 290 – 90 Gpc-3 yr-1, compare to ~1 Gpc-3 yr-1 

for cosmological GRBs; Coward 2005: ~220 Gpc-3 yr-1; Soderberg et al. 2006: 230!!"#!!"# 

Gpc−3 yr−1). This implies a rate 100-1000 times higher than the rate of standard GRBs 

(Bromberg et al. 2011a). 
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Figure 6.1: Angular distribution of energy for the relativistic outflow Γ > 10, 

considering different engine durations from 1 to 100 s. Panel (a): The brief engine 

distribution is the widest, up to large angles, as limited by the short arrow and marked a 

the capital B. Short engines are between the short and medium arrows, marked with a 

capital S. Between the medium and the long arrows is the intermediate engines marked 

with a capital I. Long engines are on the left of the long arrow at the shortest angles, 

marked with a capital L. Panel (b), (c) and (d) show the angular distributions of 

different models and how the angular distribution is shaped by the angular structure of 

the dominating phase (in dashed lines). Brief model angular distribution is shaped by 

the precursor phase (b). Short and intermediate models’ angular distribution is strongly 

shaped by the shocked phase at small angles, which dominate their outflow (c). Long 

models show angular distribution gradually converging to that of the unshocked phase 

(d). 
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6.2.1.1 JET STRUCTURE: UNIFORM JET VS. 

UNIVERSAL JET 

6.2.1.1.1 THE DEBATE ON JET CONFIGURATION 

After the launch of HETE-2 mission, XRFs (or llGRBs) started to gain importance. As 

the measure of some GRB jet’s opening angle from the breaks in the light curve gave 

evidence of a beamed structure (Frail et al. 2001), a debate start on the configuration of 

GRBs’ relativistic jets. In order to explain both XRFs (llGRBs) and GRBs, in a uniform 

model, two configurations have been proposed by Ramirez-Ruiz & Lloyd-Ronning 

(2002), as shown in Figure 6.2. Lamb et al. (2003 & 2005) investigated which of the 

two configuration would explain and unify GRBs and XRFs: a) the power-law universal 

jet model, where the jet energy is assumed to decrease as the viewing angle θ, in a 

power-law (the index might be ~2); b) the uniform jet, where different opening angles 

for a standard energy reservoir of the jet was considered. Lamb et al. (2003 & 2005) 

aimed to explain GRBs and XRFs detection and rates together in one jet configuration 

(either a or b). Lamb et al. (2005) finding was that the variable opening angle uniform 

jet configuration alone would unify and explain both XRFs and GRBs. But this lead to 

implication difficult to explain, as it implies that GRBs must have very small opening 

angle (~ 0.5º), which infers extremely high rate for standard GRBs, comparable to the 

rate of type Ic core-collapse SNe.  
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Figure 6.2: Illustration of two configuration to explain GRB beaming: a) is the power-

law universal jet model, the jet energy is assumed to decrease as the viewing angle θ: 

!(!) ∝ !!!, b) is the variable jet opening angle uniform jet, where different opening 

angles for a standard energy reservoir are assumed (Credit: Ramirez-Ruiz & Lloyd-

Ronning 2002; Lamb et al. 2003; 2005). 

 

6.2.1.1.2 THE EFFECT OF ENGINE DURATION 

Analyzing the produced angular distributions of the produced relativistic jets by the 

different engine duration suggest that: The relativistic jet configuration can, 

theoretically be either a) or b) (Figure 6.1: panel c) and d) respectively). As the shocked 

phase represent a configuration close to the universal jet (a), and the unshocked phase 

has rather a configuration closer to the uniform jet (b), both configuration was 

reproduced in my models based on whether the jet is a “shocked-phase” dominated jet, 

or an “unshocked-phase” dominated jet, respectively (Lazzati et al. 2007).   

opening angle of the jet is small (as is posited to be the case for
GRBs in the variable jet opening angle model), the bulk ! in the
jet may be large and the flux due to relativistic beaming that is
seen by an observer outside the opening angle will then drop off
precipitously. The relative number of bursts that will be de-
tectable because of relativistic beaming is therefore again small
(T. Q. Donaghy 2005, in preparation).

The distribution in jet opening solid angle"jet then generates
our GRB luminosity function; here we are primarily interested
in a power-law distribution. We define the fraction of the sky
subtended by the GRB jet to be

fjet ¼
"jet

2!
¼ 1" cos "jet: ð2Þ

We define the true distribution of opening angles to be

Ptrue("jet)d"jet ¼ const ; ("jet)
"#d"jet ð3Þ

over a range ("min
jet ; "max

jet ). We define the observed distribution of
opening angles to be

Pobs("jet)d"jet ¼ const ; ("jet)
"#simd"jet / f "#sim

jet : ð4Þ

Since we can observe only those bursts whose jets are oriented
toward the Earth, the distribution of opening angles of observ-
able bursts is related to the true distribution of opening angles by

Pobs("jet) ¼ fjetPtrue("jet) / ("jet)
(1"#): ð5Þ

We thus simulate bursts using the power-law index #sim from
which the true power-law index can be found using the rela-
tion # ¼ 1þ #sim.

The isotropic-equivalent emitted energy Eiso is then given by

Eiso ¼
E$

fjet
¼ E$

("jet=2!)
; ð6Þ

where E$ is the total radiated energy of the burst. Using a full
maximum likelihood approach, we reproduce the parameters
of the lognormal distribution derived by Bloom et al. (2003),
using their sample of GRBs with observed jet break times (see
Fig. 7). We find no evidence for any correlation of E$ with
redshift (see again Fig. 7). We therefore draw values for E$
randomly from the narrow lognormal distribution defined by

G(E$)d log E$ ¼ exp
"( log E$ " log E 0

$ )
2

2%2
E

" #
d log E$ ; ð7Þ

where log E 0
$ (ergs) ¼ 51:070 and log %E ¼ 0:35 (see also

Table 1).
Our simulations thus use a valueE 0

$ ¼ 1:17 ; 1051 ergs, which
is fully consistent with the value E 0

$ ¼ 1:33 ;1051 ergs found
by Bloom et al. (2003). However, the Bloom et al. sample of
GRBs contained no XRFs. The values of Eiso for XRFs 020903
(Sakamoto et al. 2004a) and 030723 (Lamb et al. 2004d) are
&100 times lower than the value of E$ derived by Frail et al.
(2001) and Bloom et al. (2003). Thus there is no value of the
opening solid angle "jet that can accommodate these values of
Eiso. Since we are pursuing a unified jet model of XRFs, X-ray–
rich GRBs, and GRBs, we must be able to accommodate values
of Eiso that are &100 times less than the value of E$ derived by
Frail et al. (2001) and Bloom et al. (2003).
We therefore introduce the ability to rescale log E 0

$ , the central
value of E$ . This is equivalent to rescaling the range of"jet, since
only Eiso is observed. In doing so, we note that the derivation of
E$ is dependent on the coefficient in front of the relation between
the jet break time and "jet, and that the value of this coefficient is
uncertain by a factor of 4–5 (Rhoads 1999; Sari et al. 1999).
This rescaling of E$ introduces an additional parameter Cjet

into our model:

Eiso ¼
E$

Cjet("jet=2!)
: ð8Þ

Fig. 5.—Schematic diagrams of the power-law universal and variable opening angle jet models of GRBs from Ramirez-Ruiz & Lloyd-Ronning (2002). In the power-
law universal jet model, the isotropic-equivalent energy and luminosity are assumed to decrease as the viewing angle "view as measured from the jet axis increases. In order
to recover the standard-energy result (Frail et al. 2001), Eiso("view) & ""2

view is required. In the variable jet opening angle model, GRBs produce jets with a large range of jet
opening angles "jet. For "view < "jet , Eiso("view) ' constant, while for "view > "jet , Eiso("view) ¼ 0. In this paper, we take "jet to be the half-opening angle of the jet.

LAMB, DONAGHY, & GRAZIANI360 Vol. 620
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However, as the engine duration must be diverse in nature, both “shocked-phase” 

dominated jet, and “unshocked-phase” dominated jet, can be launch; and both would 

account for the observed. Thus, it is very hard to imagine that only one out of the two 

configurations – a) or b) – to unify GRBs with their diversity; it is even harder to 

imagine the unification in one pattern for GRBs and llGRBs in nature. The concept of 

one universal jet configuration that would unify GRBs is very hard to imagine in the 

framework of huge diversity in GRBs.  The contribution to the debate on jet structure, 

above, based on numerical simulations, is that both a) and b) configurations are 

accounting for the observed GRBs; neither of a) or b) can explain all GRBs. 

Thanks to Swift, Fermi, and other missions, GRBs data has dramatically increased in 

quality and quantity. In this framework, it is difficult to imagine one universal jet 

configuration unifying GRBs, and certainly not GRBs with llGRBs. GRBs large and 

diverse population has to be explained by both configuration, and other particular 

configurations might be required. As it will be explained in the following section § 6.2.2 

and then § 6.3, llGRBs requires different type of jets to explain their peculiar properties: 

failed jets, or “precursor-phase” dominated jet (Figure 6.1: panel b), which present 

different angular configuration of energy. Thus, the jet configuration of GRBs and 

llGRBs must be much rich and diverse than previously thought. 

6.2.2 PROBABILITY OF OBSERVATION AND 

RATES 

The jets’ angular structure is in agreement with the unification model proposed by 

Nakamura (2000), Yamazaki et al. (2002, 2004); quantitatively discussed in Zhang et al. 

(2004). The model attributes the different origins of GRBs and llGRBs (or XRFs) to the 

observer’s different viewing angles, being close to the on-axis, or far in the off-axis 

region, respectively. However, the new interesting point here is that the different engine 

durations show contrasting energy angular distributions, thus the different engines 

would be quantitatively different at favoring GRBs over llGRBs, and vice versa. This 

would be interesting especially in a context where llGRBs are expected to mysteriously 

have hugely unexplained rates.  
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In this section, I discuss the astrophysical implications for the different models. In 

Figure 6.3 (top), I show the angular distribution of the isotropic equivalent energy 

estimated for the prompt emission, as explained in § 4.4.4. Results show that: The 

shorter the engine duration is, the more the isotropic energy is spread at larger angles 

and thus, the more chances to observe the energy considering a random observer in the 

sky (Figure 6.3, bottom panel). Long engines present narrow jets and thus, are less 

likely to be observed. Intermediate engines are between the two extremities. A 

comparison between B010 (Tinj = 1s) and L700 (Tinj = 70 s) shows that B010 collapsar 

has a ~150% higher chance to be observed. One other interesting difference is that brief 

engines energy distribution falls below the domain of typical GRBs (Eiso ~1052 erg). 

This makes such brief engines, capable of producing llGRBs with extremely high 

chances of detection, in the nearby universe, relative to standard GRBs. Indeed, llGRBs 

have been estimated to have extremely high rates, 100-1000 times those of GRBs: 

Soderberg et al. (2006) and Bromberg et al. (2011a), since llGRBs have been observed 

at very low redshifts (z < 0.1) in comparison to GRBs, suggesting a high density of 

llGRBs, at least in the nearby universe. Such soft and less relativistic jets produced by 

these brief engines, present a possible approach to explain these peculiar llGRBs and 

their huge rates.  

Next, as in Figure 6.4 I calculate the probability of observing the event as a function of 

its isotropic equivalent energy. Then as shown in Figure 6.5, the ratio of probabilities is 

shown as a function of the engine duration. It is the probability of observing the 

engine’s emission in llGRB typical energy range (Eiso = 1047-49 erg, although some 

llGRBs show slightly higher isotropic equivalent energy, e.g: GRB031203, with Eiso ~ 

1050 erg), over the probability of observing the same engine’s emission in GRB typical 

energy range (Eiso ≥ 1052 erg, though there are few exceptions with Eiso ~ 1051 erg). I 

calculate the probabilities using the estimated prompt emission isotropic equivalent 

energy’s angular distribution for each model (as explained in § 4.4.4). Using the 

probability formula in (12), and with simple calculation the ratio can be written as in the 

equation (13): 
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1− cos!(!!!!!!"!")

 
(13) 

Where E is the isotropic energy in “erg” unit, θE ≥ x is the opening angle of the region 

where the prompt emission is above “x erg” (as in equation (12)). As for most GRBs 

with redshift, Eiso is generally ≥ 1052 erg, and for llGRBs, Eiso is in the domain 1047-49 

erg. The results are illustrated in the Figure 6.5: The ratio of probabilities, llGRB/GRB, 

decreases with the increase of the engine duration. The longer the engine duration is the 

more efficiently (or chances) GRB events will be produced (or observed). In contrast, 

with Long engines, brief engines are llGRB-makers at extreme rates (or probability of 

observation), relative to GRBs. Only brief engines could populate the region of llGRBs 

rates at 100 - 1000 times the regular GRBs. This clearly indicates that only brief engines 

(Tinj < TBreakout), are capable of explaining the huge rates of llGRBs in the nearby 

universe, estimated in Soderberg et al. (2006) and Bromberg et al. (2011a). This is also 

in an excellent agreement with Bromberg et al. (2011a), implying that:  

i) A large fraction of llGRBs have their engine duration shorter than their 

breakout time, as for the brief engines: B010 with Tinj = 1.0 < TBreakout = 1.9 

s, and, B015 with Tinj = 1.5 < TBreakout = 2.3 s.  

ii) For regular GRBs the engine duration has to be significantly longer than the 

breakout time, in order to successfully power a GRB, which is here satisfied 

in the case of long engines: L500 with Tinj = 50 >> TBreakout = 3.4 s, and, 

L700 with Tinj = 70 >> TBreakout = 4.9 s. 
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Figure 6.3: Brief (red), short (green), intermediate (blue), long engines (cyan) and their 

angular distribution. On the top panel, the estimated isotropic equivalent energy of the 

prompt emission as a function of the observer’s viewing angle (relative to the jet axis). 

On the bottom panel the estimated isotropic energy of the prompt emission as a function 

of the probability of observation. 
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Figure 6.4: The probability to observe the event for a random observer in the sky, as a 

function of the event isotropic equivalent energy range (for four different engines: Brief 

Tinj = 1 s, a short Tinj = 5 s, an intermediate Tinj = 10 s and a long Tinj = 70 s engine). At 

the difference of the other engines, brief engine’s jet is very likely to be observed as 

llGRBs (1047-49 erg) while the chances of producing a standard GRBs (> 1052 erg) are 

very low. 
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Figure 6.5: The ratio of rates, llGRBs/GRBs, as a function of the engine duration. The 

ratio of rates was calculated with the ratio of probabilities: The probability of observing 

llGRB (1047-49 erg) over the probability of observing a typical GRB (1052-54 erg). The 

region where llGRB/GRB rates are in the domain 100-1000 times (as estimated in 

Soderberg et al. 2006; see Bromberg et al. 2011a and the references within) is limited 

by a dashed horizontal line. Only brief engines could reproduce llGRBs at such a huge 

rate. 
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6.2.3 COLLAPSARS’ DURATION 

DISTRIBUTION IN THE UNIVERSE 

Finally, I show in Figure 6.6, the total rate of llGRBs over that of GRBs, considering 

the different engine models (I consider engine durations equally spread in a logarithmic 

scale: 0.1, 0.3, 0.7, 1, 3, 7, 10, 30, 70 & 100 s), assuming different distributions for 

engine durations (in the universe). First, I consider a flat engine duration distribution, 

that is, all the engine durations are equiprobable (a distribution with a power law index 

of 0). I consider also power law distributions with indexes 0.5, 1, 1.5 and 2. The 

probability of occurrence, for each engine with duration Tinj, can be written as: 

! !!"# ∝ !!"#!!. Higher indexes favors short engines. For example, an index of 1 

stands for assuming that B010 (Tinj = 1 s) is 10 times more probable (or common in the 

universe) than I100 (Tinj = 10 s) and is 102 times more probable than L999 (Tinj = 100 s). 

An index of 2 means that B010 is 102 times more probable than I100 and is 104 times 

more probable than L999 (Tinj = 100 s).  

Although nothing is known about the true distribution of collapsar engine duration in 

the universe, I would like to investigate in what conditions (distributions) the observed 

rates can be reproduced. The results shows that the flat distribution gives a total 

llGRBs/GRBs rate around ~ 50. Considering the many assumptions of this study, and 

considering the estimation of llGRBs/GRBs rate derived from the observations 

(llGRBs/GRBs > 100; Piran 2006 & Soderberg et al. 2006), it is reasonably a good 

number. Furthermore, considering that the engine duration distribution is a power law 

with an index ≥ 1, the total rate of llGRBs/GRBs is more than 100, in agreement with 

the observations, in the range of 100-1000 (Bromberg et al. 2011a). Although, relaying 

on several rough assumptions, I estimate that this research outputs on an interesting 

result that have an impact on our understanding of the collapsar model, GRBs and 

llGRBs, at least in the nearby universe. 

We not that, the minimum power law index ≥ 1, necessary to reproduce llGRBs rates, is 

in perfect agreement with Bromberg et al, (2012), which found that long engines 
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distribution shows a power law index ~3 – 4 (≥ 1). This, our results and those of 

Bromberg et al. (2011a & 2012), again, are in a good agreement. 
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Figure 6.6: The total rate of llGRBs/GRBs considering all the engine models in this 

study from 0.1 to 100 seconds. I show the total rate of llGRBs/GRBs, computed 

considering different distributions of the engine duration, with power law indexes: 0 

(flat distribution), 0.5, 1, 1.5 and 2. Flat distribution cannot explain the high rate of 

llGRBs/GRBs, estimated > 100; at least a power law index of 1 is needed to reproduce 

the estimated llGRBs numbers in the nearby universe. 
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6.3 GRB VS. SN 

6.3.1 REMINDER OF LLGRBS’ SNE 

As I reviewed in § 6, llGRBs are associated with unusually energetic SNe/HNe 

(Iwamoto et al. 1998 & Nomoto et al. 2006). llGRBs are often associated with the very 

rare type of Broad Line SNe, showing highly energetic ejecta. Only ~5% of SNe Ibc are 

from this Broad Line type (BL) (Soderberg et al. 2006). However the energy released as 

“prompt emission” seems to be at orders of magnitude much fainter than the SN 

explosion. This represents one other mysterious feature of llGRBs, especially when 

compared to the standard GRBs; as GRBs are hardly associated with even typical SNe 

(save GRB 030329/SN 2003dh). Below, is a table showing four llGRBs, with faint 

prompt emissions, but in contrast, associated with energetic SNe.  

 

 
Table 6-1: The first four llGRBs and their energetic SNe 

 

 

 

 

 

 

GRB SN z T90 (s) Eiso  
(1049 erg) 

EK  
(1052 erg) 

980425 1998bw 0.0085 35 9 5 
031203 2003lw 0.1055 37 17 6 
060218 2006aj 0.0334 2100 4 0.2 

100316D 2010bh 0.0591 1300 6 1 
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6.3.2 GRB VS. SN 

In the context of the contrastive relativistic nature of the expanding material, for the 

different engines models as examined in § 5.3, I discuss the impact of this difference on 

SN detection. As in Zhang et al. (2003), I estimate that energy in material moving at 

less than 10% of the speed of light, Γ < 1.005, can contribute to supernova event. A 

second estimate of non-relativistic energy, which would contribute to SN emission, can 

be made through the estimation of the energy “wasted” in the jet cocoon, most of which 

is non-relativistic and would end up contributing to SN emission. Engine energy is 

wasted, deposited in the cocoon, as the jet slowly progress inside the progenitor 

(Ramirez-Ruiz et al. 2002). This energy transmitted to the cocoon, rather than the 

collimated jet, can be written as follows (after Ramirez-Ruiz et al. 2002, see figure 1, & 

Zhang et al. 2003):  

 !! =
!! − !∗ !
!!"#

×!!"!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! < !!"# + !∗ !!
!!"!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! ≥ !!"# + !∗ !

 (14) 

Where Ec is the wasted energy in the cocoon, Etot is the total energy delivered by the 

engine, !∗ is the progenitor’s radius, c is the speed of light, tb is the cocoon breakout 

time and Tinj is the engine duration. Most of this energy would be transmitted to non-

relativistic hot material, which can power the SN (Ramirez-Ruiz et al. 2002 & Zhang et 

al. 2003). 

The fraction of this “wasted” energy in the jet cocoon, Ec/Etot, is shown in Figure 6.7, 

along with the non-relativistic energy, moving at less than 10% of the speed of light. 

These two energies are roughly the same. This confirms that (indeed) it is the jet cocoon 

that provides the non-relativistic material, which is would contribute to power the SN 

non-relativistic explosion (as in Zhang et al. 2003). It is notable how this wasted energy 

in non-relativistic domain differs in the considered engine models. On one hand, using 

this estimation of non-relativistic energy as a proxy for the energy contributing to SN 

explosion, an estimation of how potentially powerful – and thus visible, and clearly 

identifiable - the SN is can be derived for the different engine models. On the other 

hand, along with this non-relativistic energy, relativistic energy that would power the 
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GRB, Γ > 10, is also shown. Using this relativistic energy as a proxy, for the GRB’s 

energetic scale, would allow an interesting discussion on the GRB’s energy and how 

clearly visible, and potentially identifiable, the SN is expected to be. 

For the briefest engines, almost all the energy is in non-relativistic domain; such engine 

models would (theoretically) power only a SN explosion. Such a SN would be more 

energetic than the typical SNe, probably similar to “engine-driven” SN 2009bb 

(Soderberg et al. 2010). For slightly longer brief engines (B010 & B015), about 75% of 

the energy is in non-relativistic domain, with about 25% successfully accelerated into 

the relativistic domain. Theoretically, such engines would provide some relativistic 

energy but only for a faint or llGRB, which would be accompanied by a potentially 

luminous – and thus clearly visible - SN explosion’s signature. For the longer short, 

intermediate, and long engines, almost all the engine energy, up to ~ 90%, is accelerated 

to relativistic domain, and only about a few percent is left in the non-relativistic domain. 

It is in these sufficiently long engines’ durations where the jet is well formed and 

efficiently accelerated, providing large relativistic energy to explain typical GRBs’ 

energy output. Although low in fraction, the non-relativistic energy could still be able to 

power some SN emission, in theory. However, the SN explosion, in case that it actually 

occurs, would be relatively faint, by roughly one order of magnitude than in the case of 

brief engines (although this factor may depend on the viewing angle). Thus the SN 

signature might not be observationally easy to identify in such longer engines, as in the 

case of brief engines.  

To discuss these theoretical predictions, the observational results on GRB-SN 

connections are summarized in Table 6-2. Table 6-2 shows the sample of GRBs 

associated with SN, in the order of clear association evidence, decreasing from the 

highest evident, “gold”, to “silver”, than the lowest “bronze”. Table 6-2 and Figure 6.8, 

shows that: the gold sample is dominated by llGRBs, with five out of the six clearest 

GRB-SN connections related to llGRBs. Only one GRB-SN connection is rather related 

to a typical GRB (GRB030329/SN2003dh). The silver sample is dominated by GRBs, 

with only one llGRBs. However, the average isotropic energy range of these GRBs is 

significantly lower than that of typical GRBs, with only two events with ~1052 ergs. 

While in the bronze sample, where the SN is the least evident, the GRBs in question are 

relatively energetic GRBs. No llGRB is found in this sample, and several events show 

isotropic energies in the range 1053-54 ergs (e.g: GRB991208, GRB000911, GRB020405, 
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GRB060729, GRB080319B and GRB090618). See Figure 6.8 for a clear energetic 

comparison. 

This contrastive observational trend, of llGRBs showing clear SN signature, while 

energetic GRBs showing less evident SN associations, can be explained by two main 

hypotheses: i) Parameter such as the redshift, which is higher in the typical energetic 

GRBs. At such redshift, the SN becomes fainter and it would be difficult to obtain a 

sufficient signal to ratio (Hjorth & Bloom 2011). Contamination by the host galaxy and 

afterglow, at such higher redshift also makes it difficult to clearly identify the SN 

(Hjorth & Bloom 2011; Hjorth 2013 figure 2). But the serious problem with this 

argument is the discovery of less SN-GRBs, at low redshift. These less SN-GRBs have 

no SN observation at deep limits, down to absolute magnitudes around -12 to -14, while 

the SN-GRBs’ SNe show absolute magnitudes around -17 to -19 (Hjorth 2013, §6 & 

figure 1). This represents a huge gap between SN-GRBs and less SN-GRBs (Hjorth 

2013).  Two examples are: the low redshift GRB060614 (z = 0.125), with no SN 

observation at deep limits, and GRB060505 (z = 0.089), with no SN detection down to a 

limit 100 times fainter than SN1998bw (Hjorth & Bloom 2011; Hjorth 2013). This leads 

to the second possible hypothesis: ii) SN explosion in GRBs and llGRBs might be 

fundamentally different, in scale, or in nature, with some GRBs either not successfully 

producing SNe, or producing relatively fainter SNe (Nomoto et al. 2006b; Tominaga et 

al. 2007 & Hjorth & Bloom 2011), as in the “failed Ib” scenario (Woosley 1993). My 

results strongly support ii), although i) is not excluded, and both i) and ii) can be behind 

this observational trend. As in long engines models in my simulations, energetic GRB 

jets produce weak cocoon and leave small engine energy fraction in non-relativistic 

domain to power the SN explosion, making the SN signature significantly softer, or 

absent, at least observationally. While llGRBs leaves a significantly higher fraction of 

the fresh engine energy in non-relativistic material or cocoon, producing significantly 

powerful, and thus much clearer and identifiable SN explosions. The detection of the 

very bright SN2012bz, one of the brightest SNe associated with GRB ever (Hjorth 

2013), which is associated with the llGRB, GRB120422A (Zhang et al. 2012), strongly 

supports my argument. 
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Table 6-2: The sample of GRB-SN connections 
 

GRB Event 
type SN Evidence 

Grade b Redshift 

T90 Eγ,iso 

Ref. c   
(s) (1052 

erg) 
Gold (A) a 

980425 llGRB 1998bw A 0.0085 34.9 ± 3.8 9×10-5 1,2 
030329 GRB 2003dh A 0.1685 22.9 1.3 1 
031203 llGRB 2003lw A 0.1055 37.0 ± 1.3 0.017 1,3 
060218 llGRB 2006aj A 0.0334 2100 ±100 0.004 1,2 

100316D llGRB 2010bh A 0.0591 >1300 0.006 1,4 
120422A llGRB 2012bz A 0.283 5.35 ± 1.4 0.0045 5,6,14 

Silver (B) a 
011121 GRB 2001ke B 0.362 ~ 28 2.7 7 
020903 llGRB % B 0.251 ~ 20 0.0011 8,9 
021211 GRB 2002lt B 1.006 ~ 4 0.66 10 

050525A GRB 2005nc B 0.606 8.8 ± 0.5 2.3 11 
081007 GRB 2008hw B 0.5295 8 0.15 12 

101219B GRB 2010ma B 0.55 51 0.42 13 
Bronze (C, D, E) a 

970228 GRB % C 0.695 56 1.6 15 
990712 GRB % C 0.433 19 0.67 15 
991208 GRB % E 0.706 % 22.3 15 
000911 GRB % E 1.058 % 67 15 
020405 GRB % C 0.691 40 10 15 
040924 GRB % C 0.859 2.39 0.95 15 
041006 GRB % C 0.716 18 3 15 

050416A GRB % D 0.654 % 0.1 15 
060729 GRB % E 0.543 % 13.8 15 

080319B GRB % C 0.938 124.86 114 15 
090618 GRB %% C 0.54 113.34 25.7 15 

 

a Gold and silver samples adopted in Hjorth & Bloom (2011), & Zhang et al. (2012), 

adding bronze sample for GRB events with measured redshift, isotropic equivalent 

energy evaluation and SN evidence level. The gold sample includes GRBs that have 

spectroscopically identified SN association, and well-monitored SN emission (A 

evidence level). The silver sample includes GRBs that have a clear SN bump along with 
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some spectroscopic evidence (B evidence level). The bronze sample is constituted from 

[15], including all GRBs with evidence level below B (C, D and E) 

b Evidence level of a SN associated with the GRB. With A is the highest level and E is 

the lowest [15]. 

cReferences: [1] Hjorth & Bloom (2011); [2] Zhang et al. (2008); [3] Sazonov et al. 

(2004); [4] Sakamoto et al. (2010); [5] Barthelmy et al. (2012); [6] Schulze et al. 

(2012); [7] Garnavich et al. (2003); [8] Sakamoto et al. (2004); [9] Soderberg et al. 

(2004); [10] Crew et al. (2003); [11] Blustin et al. (2006); [12] Jin et al. (2012); [13] 

Sparre et al. (2011); [14] Zhang et al. (2012); [15] Hjorth’s Dark Cosmology Center 

web page: (http://www.dark-cosmology.dk/GRBSN/GRB-SN_Table.html). 
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Figure 6.7: The relativistic nature of the injected energy after the explosion, for the 

different engine duration models. In blue filled circles, fraction of energy propagating in 

non-relativistic domain with Γ < 1.005. In red squares, fraction of energy in relativistic 

domain (in material moving with Γ > 10), and in blue unfilled circles, the fraction of 

energy wasted in the jet cocoon before the breakout, which would contribute in the SN 

(Zhang et al. 2003). All measured at a radius of 1.2×1011 cm. 
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Figure 6.8: SN evidence level as a function of the GRBs’ isotropic equivalent energy. 

llGRBs are plotted in triangles, GRBs in circles, and exceptionally energetic GRBs in 

squares. The two dashed lines separate the gold, silver and bronze samples (see Table 

6-2 and the references within). 

 

6.4 LLGRBS: SUCCESSFUL OR 

FAILED JETS? 

In this section, the above results (Figure 6.5 & Figure 6.7) are expressed as a function of 

the ratio of the engine duration over the breakout time (Tinj/Tbreakout), rather than as a 

function of the engine duration alone (Tinj). As the success or fail of the jet is 

determined by the ratio Tinj/Tbreakout , it is a more universal parameter to describe the jet 



NUMERICAL SIMULATIONS OF THE COLLAPSAR JETS OF GAMMA-RAY BURSTS 

128  Hamid Hamidani - February 2016 

nature, and the expected type of event. The nature of the resulted jet can be classified as 

follows (Bromberg et al. 2011b): 

• Failed jet, which results in a breakout shock (weak GRB/llGRB) for 

Tinj/Tbreakout < 1 (Bromberg et al. 2011a; 2011b & 2012) 

• Successful jet, which breaks out highly relativistic and collimated (and 

would power a classical GRB) for Tinj/Tbreakout >> 1 (the collapsar model; 

MW99) 

The Figure 6.9 shows the rate ratio of llGRBs over GRBs (top panel), and SN and GRB 

energy reservoirs (bottom panel) a function of the ratio Tinj/Tbreakout. Until now, most 

numerical studies focused on the right extremity duration domain of this figure 

(Tinj/Tbreakout >> 1). Here I illustrate a more global picture of collapsar jets, covering both 

failed and successful jets with Tinj/Tbreakout covering a large domain: from ~0.01 to ~20. 

In this large domain, three distinct types of jets with different corresponding events can 

be distinguished: 

a. Tinj/Tbreakout < 0.1: Failed jet resulting in a non-relativistic cocoon. A SN/HN 

explosion might be expected/observed. Most likely an engine driven SN (as 

SN 2009bb; Soderberg et al. 2010) 

b.  0.1 < Tinj/Tbreakout < 1: Failed jet resulting in a mildly relativistic breakout 

shock. A llGRB-SN; rather than a standard GRB (< 1%); would be very 

likely observed (> 99 %).  

c. Tinj/Tbreakout > 1: Successful jets producing a highly relativistic and collimated 

jet, as in the classical scenario of the collapsar model. A typical GRB, 

probably SN-less GRB, might be expected/observed, although some llGRB 

might also be observed with off-axis viewing angles  

With this result, and from the above a. and b (c doesn't produce GRBs), a contribution 

to the debate on the origin of llGRBs (explained in § 2.1), can be made: “What is the 

origin of llGRBs, Successful jets viewed by off-axis observers as proposed by the 

unification model (Yamazaki et al. 2004 & Lamb et al. 2005)? Or, failed jets as 
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suggested by Bromberg et al. (2011a & 2012) and Nakar et al. (2012)?” My results 

strongly recommend the latter option: Considering the high rates of llGRBs, and the 

trend of llGRBs showing the clearest SN connections, a failed jet; as suggested by 

Bromberg et al. (2011a & 2012), is the most appropriate scheme to explain llGRBs and 

their peculiar features. This is an agreement with observations suggesting that XRFs 

(llGRBs) are the result of failed jets breakout shock (Campana et al. 2006 & Mazzali et 

al. 2008). 
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Figure 6.9: Same as results as shown in Figure 6.5 (for the top panel) and Figure 6.7 (in 

the bottom panel) expressed as a function of Tinj/Tbreakout. This summarize my findings: 

Brief engines (0.1 < Tinj/Tbreakout < 1) reproduce very well the features of llGRBs: i) a 

high rate (~100 times that of GRBs) & implies a potentially clear SN, ii) longer engines 

(with Tinj/Tbreakout >> 1) reproduce standard GRBs properties: A strong/relativistic jet, 

but does not intend a powerful/clear SN as in the case of brief engines (which would 

produce llGRBs). 
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6.5 DISCUSSION 

In this chapter the impact of the different angular distributions and energy acceleration 

efficiencies, found for the different computed engines, was explored from the 

perspective of observers on different viewing angles. Table 6-4 presents a general 

summary for different engine durations and the different events which would be 

observed.  

For the shortest engines (Tinj/Tbreakout << 1) no relativistic jet is produced, and all the 

engine energy is transmitted into non-relativistically expanding cocoon, moving at less 

than 10% the speed of light c. Thus, a luminous SN emission could be expected 

(Ramirez-Ruiz et al. 2002 & Zhang et al. 2003). The energy output of such explosion 

can be high and comparable to that of a HN explosion; as HN is in the order of ~1052 

erg (Nomoto et al. 2006). As it would be a non-relativistic SNe, it can be observed only 

if in the nearby universe. Such short engine duration, and the produced eject, might be a 

reproduction of the recently discovered “engine driven SN”, SN 2009bb (Soderberg et 

al. 2010). 

For slightly longer engines (0.5 < Tinj/Tbreakout < 1), the result is different; a failed jet is 

produced, which powers a mildly relativistic shock breakout. As a result, a small 

fraction of the energy is accelerated to relativistic domain (Γ > 10). This small fraction 

would power “llGRB prompt emission”. Since the discovery of XRFs (or llGRBs) there 

have been evidences pointing toward breakout shocks, both observational (e.g: 

Campana et al. 2006 & Mazzali et al. 2008;) and theoretical (Nakar & Sari 2012; Nakar 

2015). The energy output, spectrum and timescale of the observed llGRBs can be 

explained by mildly relativistic breakout shocks (Nakar & Sari 2012; Nakar 2015). The 

results of this thesis support this “shock breakout” scheme, numerically, as the 

observational peculiar features of llGRBs – of high rates and a clear SN emission – are 

found, for the first time, to be very well reproduced by such shock breakout of failed 

jets. Such an event (llGRB-SN) can be observed further, compared to SNe, thanks to 
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llGRBs’ relatively high luminosity. However, such an event is certainly too faint to be 

observed if occurring at high redshift.  

Finally, engines longer that the necessary time for the jet to breakout of the stellar 

surface (Tinj/Tbreakout >> 1), can produce extremely relativistic and collimated outflow. 

This was the main requirement of the collapsar model; long engine activity is essential 

for a relativistic jet to be successfully launched from the progenitor (MW99), although 

only possible in extreme conditions, and thus in rare cases (MW99). Accordingly, as in 

the concept of the fireball model, the highly relativistic jet can explain the GRB prompt 

emission and its huge isotropic equivalent energy (Piran 2004), consequently classical 

GRBs are expected from such engine duration domain; engines with Tinj/Tbreakout >> 1. 

The extreme luminosity of such GRBs, allows them to be observed, up to very high 

redshifts. 

The SN non-relativistic energy reservoir is about one order of magnitude weaker than 

GRB energy reservoir, in the case of successful jets (Tinj/Tbreakout >> 1). Although it is 

problematic whether such engines would power an observable SN emission, it is not a 

question of concern or interest to this thesis. The right question to be asked here is: will 

the SN emission (in case it exists) be observed? That is, will this GRB be observed as 

GRB-SN or SN-less GRB? From a rough energy prospect, in contrast with the GRBs’ 

prompt emission, the SNe, in case it occurs, it would be orders of magnitude fainter. 

This might explain the general picture of cosmologically GRBs, generally lacking of SN 

(SN-less GRBs) (Hjorth & Bloom 2011). Furthermore, some GRBs, although at 

redshifts as low as those of llGRBs, were found SN-less (e.g: GRB 060614 & GRB 

060505; Hjorth & Bloom 2011; Hjorth 2013). These SN-less GRBs indicates a huge 

gap in the brightness of the SNe (in case the SNe exist) relative to llGRBs’ SNe; since 

no SN detection was found even with upper limits on absolute magnitudes about -12 to -

14; while the absolute magnitude of llGRBs’ SNe is in the range of -17 to -19, which is 

in some cases ~100 times brighter (Hjorth 2013). My result here is that the jet failure 

(llGRBs), or success (GRB), might justify the strength (and thus the clear 

presence), or the faintness (and thus the absence), of the SN. 

The main result found in this chapter is that the longer the engine duration; and thus the 

higher the ratio Tinj/Tbreakout  than 1; the higher the chances of observing a GRB, instead 

of a llGRB. As a result, such types of engines must account for the cosmological GRBs, 
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while brief engines (Tinj/Tbreakout < 1) must account for llGRBs at low redshifts and their 

high rates. By considering different duration distributions for collapsar engines in 

Wolf-Rayet stars, a power law distribution with an index of  ~1 might solve the 

mystery of llGRBs and their high rates. 

Note that my restriction on the collapsar engine duration distribution (power law index 

≥ 1), so that llGRBs rate would be reproduced and explained, is in excellent agreement 

with Bromberg et al. (2012) (index 3 – 4). Furthermore, as llGRBs present a 

theoretically rich source of neutrinos, their detection is theoretically possible and not 

limited by redshift. Such neutrino detections would present a revolutionary frame in 

astronomy, if achived. However, such neutrinos energy flux is still much fainter than 

the available detectors sensitivity (Murase et al. 2006 & 2013). My restriction on the 

duration distribution index so that observational features are explained (index ≥ 1), is 

also in agreement with IceCube non-detections (as it gives energy flux ~ 10-10 << 10-8 

GeV cm-2 s-1 str-1; Murase et al. 2006, fall between “LL-GRB” and “LL-GRB modest” 

models). I stress however, that the next generation of neutrino detectors, may be able to 

detect llGRBs’ neutrino light for the first time. Such detection would allow a major 

breakthrough in astronomy and GRB physics, as collapsars would be understood on a 

large scale (including their distribution), based on observations. It would also allow 

discussing my above results: llGRB rates and the predicted distribution index, as found 

≥ 1 here.  

Below, I present a comparison of my research outlines with that of several other 

different studies aimed to explain some of llGRBs’ properties (mainly temporal): Toma 

et al. (2007), Nakar (2015) & Irwin & Chevalier (2015). The mechanism and engine 

differ. My study may overlook the physical process of llGRBs; but considering Nakar et 

al. (2012 & 2015) model, I assume that the shock breakout scenario would explain the 

temporal and energetic properties of llGRBs. I note that this research (as highlighted in 

red), is the only one that explains both the SN connection trend, and the high rates of 

llGRBs. 
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Table 6-3: The outlines of this research in comparison with previous studies aimed at 

llGRBs 

 

 

 

  

 
Toma+07 Nakar 15 

Irwin & 
Chevalier 15 Hamidani+16 

Engine energy (erg) 1051  
(Magnetar) 

1051  
(BH) 

1051  
(?) 

1052 (& 1051) 
(BH) 

Engine duration (s) 106 20 3000 0.1 – 100 
Progenitor  

(Solar radius) ~1 ~1 ~1 ~1 
Envelope  

(Solar radius) ~100 ~100 ~100 No 

  
Breakout  Synchrotron Breakout 

Mechanism Synchrotron (BB)     Compton 

   
BB (?) 

Results 
X-ray afterglow of ! ✖  ✖  ? 

GRB 060218 ! ! !  
Shallow slope ? ! Δ! ? 

of the light curve    !
llGRB & GRB rates ? ? ? ! 

SN connection ! ! ! ! 
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The table below may summarize the general picture of the three different events, 

contributing at different redshifts with different energy fractions, with llGRBs as 

intermediate events. In the next chapter I will show how the results found in this 

chapter, considering one opening angle of 10°, would be affected considering different 

opening angles. 

 

Table 6-4: Engine duration models and the predicted events 

Tinj/Tbreakout Product 
Energy in SN  

(Γ < 1.005) 

Energy in GRB  

(Γ > 10) 

Observed event 

GRB/SN 

Detected 

up to z 

(<< 1) Cocoon High (> 90%) No energy (0%) No GRB, luminous SN/HN Very low 

(0.5 ~ 1) Failed jet/BS High (> 50%) Low (< 50%) llGRB-SN (e.g: GRB 980425/SN1998bw) Low 

(>> 1) Successful jet Low (< 10%) High (90 - 70%) SN-less GRB (GRB 060505 & GRB 060614) High 
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7 EFFECT OF THE OPENING 
ANGLE 

 

7.1 OVERVIEW 

The astronomical implications found in the previous chapter, stressing the role of the 

engine duration, are the first of their genre. However, the diversity in the nature is much 

more complex. For instance, I assumed one jet initial opening angle typical of collapsar 

simulations (θ0 = 10°), which is certainly not always the case in nature (Harikae et al. 

2009). Here, the previous results will be generalized, including the effect of the opening 

angle as well, considering a diversity of opening angles (from 1 to 90°).  

7.2 THE MODELS 

In this chapter I present 21 additional models, along with the previous engine duration 

models. I calculated collapsar events for three engine durations (1, 5 & 10 seconds), 
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7 EFFECT OF THE OPENING 
ANGLE 

“The best that most of us can hope to achieve in physics is to misunderstand 

at a deeper level.” – Wolfgang Pauli 

The astronomical implications found in the previous chapter (assuming a 

constant opening angle of 10°) are generalized to a diversity of opening 

angles (from 1 to 90°). The results are extended indicating that jets can fail 

in two ways: either due to a short engine activity, or to a large initial 

opening angle; and collapsar engines behind these failed jets present the 

only model that can fully explain llGRBs. 
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considering 7 additional different opening angles in addition to the previously 

considered θ0  = 10° (1, 5, 15, 30, 45, 60 & 90°). I then estimate the ratio of rates 

(llGRB/GRB), and the energy reservoirs (SN & GRB). 

7.3 JET STRUCTURE & BREAKOUT 

The different opening angle, for the different engine durations, lead to a very interesting 

result: Not all short engines (~1s) produce failed jets, and not all long engines (~10 s) 

produce successful jets.  

In fact, different parameters may play their role along the engine duration, and change 

the nature of the jet/explosion. In this case, opening angles lead to different kinds of 

explosions, and most importantly lead to different breakout times. As I showed in the 

previous chapter Tinj/Tbreakout is the very decisive parameter for the nature 

(success/failure) of any collapsar jet. Therefore, different opening angles, leading to 

different breakout times, stands for different Tinj/Tbreakout ratios, and thus to completely 

different jets. 

In particular, the role of the initial opening angle is as follows:  

- Small opening angles lead to more collimation, and thus give faster and more 

efficiently breaking out jets.  

o The ratio Tinj/Tbreakout: Gets larger as the opening angle (and Tbreakout) gets 

smaller, thus producing to standard highly relativistic GRB-like events. 

- Large opening angles lead to less collimated jets, waste of the engine energy in 

the sides. The explosion becomes more and more spherical, and the breakout 

time is gradually increased. 

o The ratio Tinj/Tbreakout: Gets smaller as the opening angle is larger (as well 

as the Tbreakout), thus leading to events related to failed jets (for  

Tinj/Tbreakout < 1), or non-relativistic events (Tinj/Tbreakout < 1) 
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Figure 7.1: The density (logarithmic scale) in different collapsar explosions, from long 

to short engine durations (top: 10s; center: 5s & bottom: 1s), for small to large opening 

angles (from the left: 1, 10 & 45 degrees) 
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Figure 7.2: The Lorentz factor (logarithmic scale) in different collapsar explosions, 

considering long to short engine durations (top: 10s; center: 5s & bottom: 1s), for small 

to large opening angles (from the left: 1, 10 & 45 degrees) 

 

7.4 THE RATES RATIOS  

In Figure 7.3, the rates ratio extended for different opening angles, is shown along the 

previous ratios, found for different engine durations (in black). Two important trends 

can be identified: 1. The longer the engine duration, the lower the rate ratio (as stressed 

in the previous chapter), 2. Larger opening angles (>10°), leads to higher rate ratios. 

Thus, there would be two theoretical ways to reproduce llGRBs rates: short engine 

duration or large initial opening angle. For instance, we have two events reproducing 

rate ratios over 100, one due to short engine duration and the second is due to a larger 

opening angle (although the engine duration is long).  
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Figure 7.3: The ratio of the probability of observing llGRB and GRB (must be > 100; 

Piran et al. 2006 & Soderberg et al. 2006), for different jet initial opening angles. 

Longer engine durations (1s in red, 5s in blue & 10s in green) lead to lower ratios (at the 

same angle). Larger opening angles, leads to the opposite trend of larger ratios. Black 

squares show the ratios found in the previous chapter (10°). 

 

7.5 SN & GRB ENERGIES  

I calculated SN and GRB energy reservoirs as in § 7, for the additional 21 engine 

models. As shown in the Figure 7.4, the same trend found previously for increasing Tinj, 
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like, and SN-less GRB like events: Small opening angles give energetic GRBs, but SN-

less. Intermediate opening angles give both weak GRB energies and considerably 

energetic SNe. And, large opening angles give only SN energy reservoirs, with much 

larger angles fail at even giving a stellar explosion (energy lost into the black hole). 

Thus, llGRBs with both the high rate and strong SN connection could be reproduced 

and explained, with slightly larger opening angles than the previously assumed 10°. 

However, too larger opening angles (more than ~30°) could not produce llGRBs, as 

they would lead to rather non-relativistic events. In the global picture, llGRBs are found 

as an intermediate type of events, between highly relativistic GRBs and non-relativistic 

SN explosion. 

 

 

Figure 7.4: SN energy reservoirs (solid) and GRB energy reservoirs (dashed), calculated 

as in § 7, for different opening angles and engine durations. The regions where SN-less 

GRBs, llGRB associated with powerful SNe and non-relativistic events (SN/HN) are 

stressed.   

 

0"

25"

50"

75"

100"

1" 10"

Fr
ac

tio
n 

of
 th

e 
in

je
ct

ed
 e

ne
rg

y 
(%

) 

Opening Angle θ0 (degree)   

SN (1s) GRB (1s) SN (5s) GRB (5s) SN (10s) GRB (10s) 

 
 
 
 

llGRB-SN 
 
 
!

 
 
 
 

SN-less GRB 
 
 
!

 
 
 

HN/SN Ibc 
 
 
!



NUMERICAL SIMULATIONS OF THE COLLAPSAR JETS OF GAMMA-RAY BURSTS 

144  Hamid Hamidani - February 2016 

7.6 THE GENERAL PICTURE: θ0 

COMBINED WITH Tinj 

Finally, I will show the general picture summarizing all the previously calculated engine 

models, in terms of Tinj and θ0, and the resulted events (in terms of rates). Figure 7.5 

shows the combination of the results of this thesis, which include the results of over 44 

simulations (~ 100 000 core-hour computing time in total). Four regions can be 

distinguished, as follows: 

 No Stellar explosions: At large angles, the engine energy is not able to produce a 

collimated structure that would breakout the stellar envelope. Therefore, the engine 

energy is lost to the black hole, and no stellar explosion will occur. 

 Non-relativistic events: At short ratios of Tinj/TBreakout the energy is entirely lost 

into the cocoon, and no prompt emission can be produce. A powerful SN/HN explosion 

is then expected. 

  Intermediate events: At both intermediate angles and Tinj/TBreakout ratios, both the 

cocoon and the jet survives, although the jet is mildly relativistic, and the cocoon caries 

most of the engine energy. This, combination is the only that can explain llGRBs, and 

there high rates (as opening angles are significantly large) and the SN connection 

(thanks to the cocoon). 

 Extremely relativistic events: At small angles and large Tinj/TBreakout ratios, SN-

less GRBs can be produce with a relatively higher rate (> 1%). A highly relativistic and 

collimated jet breakout out of the stellar envelope, and the engine continues to run and 

powers the jet to high Lorentz factors. Only a small fraction of the engine total energy is 

then wasted in the cocoon, making such events SN-less. Note that this region is the most 

extreme in terms of engine duration and opening angle, and thus the less likely. 

 



CHAPTER 7: Effect Of The Opening Angle 

Hamid Hamidani - February 2016   145 

 

Figure 7.5: The ratio of the engine duration over the breakout time (Tinj/TBreakout) 

combined with the jet initial opening angle, and the corresponding events. The 

simulations show that there are four regions. At large angles, no stellar explosion. At 

very short Tinj/TBreakout non-relativistic stellar explosions. At large Tinj/TBreakout highly 

relativistic & SN-less events. Finally, the intermediate region (in both Tinj/TBreakout & the 

opening angle) where llGRBs can be explained.  
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7.7 LLGRBS EXPLAINED BY θ0 & Tinj 

I showed how the results, found for a diversity of engine durations, were even extended, 

deeper, by combining with a variety of initial opening angles, which can, as well, be 

related to the progenitor inner region and its dynamical complexity in nature. The 

extended results indicate that jets can fail in two ways: either due to a short engine 

activity, or to a large initial opening angle. Both of these two ways represent 

intermediate conditions, producing intermediate structures (failed jets), making llGRBs 

intermediate events (between the non-relativistic SNe and the highly relativistic GRBs). 

I stress that collapsar engines behind these failed jets, alone, could fully reproduce and 

explain the peculiar features of llGRBs. In the next chapter a short summary is 

presented, followed by a discussion and then the conclusion, in the context of previous 

works. Then, I mention some future attractive perspectives related to llGRBs and to this 

work. 
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8 SUMMARY & CONCLUSION 

 

8.1 SUMMARY 

Using a 2D hydrodynamical relativistic code, I performed numerical simulations of a 

relativistic jet launched in the pole of an accreting BH in a typical Wolf-Rayet star, as 

proposed by the collapsar model. I presented different models varying in the engine 

injection duration, which I separated into four groups. My numerical simulations results 

show that the engine duration; a parameter still not deeply studied so far, both 

numerically and theoretically; provides considerable diversity to GRBs, and can answer 

some crucial on llGRBs. The engine duration was found to dramatically affect almost 

all the jet properties. In summary, the engine duration was found to influences the 

following: 

1- The breakout time: The evolution of jets inside the progenitor was different, for 

the different engine timescales. In the injection duration two limits, brief and 

long, engines’ jets were slow at progressing and breaking out, while short and 

intermediate engines’ jets were the fastest. The breakout time is a very crucial 

parameter for the relativistic jet evolution and for GRBs (Ramirez-Ruiz et al. 
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2002; Bromberg et al. 2011b & Nakar et al. 2012). Most of the crucial 

differences found in this thesis were influenced by the difference in the breakout 

time. 

2- Jet phases and light curve: 1) Brief engines’ outflow: consists of only the 

precursor phase, displaying a “cocoon-like” quasi-isotropic properties. The light 

curve displays a sharp peak structure resulting from the breakout shock. 2) Short 

engines’ jet: consists of the precursor and the shocked phase, it shows a variable, 

one-bulk structure light curve, as it is dominated by the very variable “shocked” 

phase. 3) Intermediate engines’ jet: similar to that of a short engine, but with a 

smoother part at the end, making the light curves different, including a second 

bulk. 4) Long engines’ jet: long enough to include the unshocked phase at its 

end, and thus the light curve is a combination of all the three phases and thus, 

the more complex. 

3- Collimation: Brief engines produce poorly collimated outflow, in the form of a 

quasi-isotropically expanding material at mildly relativistic, to sub-relativistic, 

speeds. However, the longer the engine duration is the better collimated and the 

narrower the produced jet outflow, and energy, is distributed. However, for long 

engines this trend is slightly inversed, although the jet remains significantly 

collimated. The result is a “sweet spot” for engine durations were the 

collimation is the best, in the domain of short and intermediate engines: ~ 5 – 30 

seconds.  

4- Lorentz factor: Brief engines were found incapable of accelerating the outflow 

efficiently to relativistic velocities, necessary to explain the typical GRBs’ 

prompt emission, instead most of the engine energy is transmitted to non-

relativistic expanding outflow. With longer engine durations, the acceleration 

efficiency increases, and reaches its maximum for intermediate engines, in a 

“sweet spot”, making the most relativistic and energetic jets of my sample. For 

long engines, the trend is inversed and the acceleration efficiency gradually 

decreases, though the relativistic outflow is still considerably accelerated and 

energetic. 
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5- llGRBs vs. GRBs: I demonstrated that the shorter the engine duration is, the 

higher the probability of observing the produced jet. Such that, the collapsar 

event of brief engines possesses the higher probability of observation. 

Furthermore, with the reasonable assumption of a radiative efficiency of 1% and 

considering only the outflow with Γ > 10 to take part in the prompt emission, I 

showed that brief engines alone (Tinj < TBreakout), can produce llGRBs at huge 

rates, in the range of 100-1000 times GRBs. This is in agreement with the 

estimated rates of llGRBs (Soderberg et al. 2006 and Bromberg et al. 2011a and 

the references within). Thus, my conclusion is that brief engines (like B010), are 

excellent candidates for llGRBs, capable of explaining most llGRBs properties 

including their high rates in the nearby universe. By considering several duration 

distributions for the Wolf-Rayet star collapsar, I found that a power-law 

distribution with an index of about 1, would explain the rates of both llGRBs 

and GRBs. 

6- GRB vs. SN: By taking the assumption that non-relativistic outflow from the jet 

cocoon, would contribute in the SN explosion, and its detection (as in Zhang et 

al. 2003), I showed that SN energy reservoir is about one order of magnitude 

higher – and thus the SN must be clearer – in the case of brief engines (which 

have already been linked to llGRBs). Thus, I gave a possible explanation of the 

observational trend in GRB-SN connections, clear association for all llGRBs, 

while the SN signature is not as clear for the standard GRBs.  

Next, the effect of the initial opening angle (θ0), was found to be crucial, as it 

influence the jet breakout time, and thus the failure or success of any jet. As a 

consequence, the rate of the events, and the GRB/SN energy reservoirs was 

dramatically affected. The opening angle combined with the engine duration allows 

to make some theoretical predictions on some observed particular events: a) llGRBs 

(as GRB 980425/SN 1998bw) could be failed jets due to either short engine 

durations (Woosley et al 1999), or a new possibility is a large initial opening angle 

(> 10° which might be related to some physical properties of the progenitor); while 

for b) the SN-less LGRBs (e.g: GRB 060505 & GRB 060614), the new possibility is 

that they can be reproduced and explained with typically long collapsars, but 

deposing the engine energy in the form of narrow jets (< 10°). 
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8.2 CONCLUSION AND IMPACT  

Considering the scheme of the “unification model” (Nakamura 2000, Yamazaki et al. 

2002 & 2004), brief (Tinj < TBreakout) and long engines (Tinj >> TBreakout) present an 

interesting contrast. On one hand, off-axis observations of brief (failed) jets, would 

explain llGRBs with their high rates, soft properties and SN signatures. Such events 

would be expected to generally dominate at very low redshifts (as their low energies 

make them extremely faint at high redshift). On the other hand, on-axis observations of 

long engines jets, could explain GRBs’ energetic properties and the less frequent SN 

connections. Such events would dominate at high redshift, as their energetic emission 

allows them to shine even at cosmological distances. In other words, although the 

different collapsar’s engine durations are expected to follow the unification model, my 

results show that the different collapsar jets follow the unification model differently: 

with short engine durations favoring llGRBs over GRB, and explaining low redshift 

events, while longer engine models favor the classical GRBs (although producing 

llGRBs as well), and explain high redshift events.  

In Figure 8.1, I illustrate the main two findings of this thesis. By varying the engine 

duration (or the initial opening angle of the jet), I obtained varied ratios of Tinj/Tbreakout. I 

confirmed Bromberg et al. (2011a & 2012) argument, that llGRBs are different from the 

standard GRBs (successful jets: Tinj/Tbreakout >> 1); as llGRBs are well explained with 

engine durations shorter than the breakout time (failed jets: Tinj/Tbreakout < 1). I showed 

that successful jets alone would not unify llGRBs with GRBs, as the produced rate of 

llGRBs/GRBs following this scenario would be lower than what the observations 

suggest. Hence I confirmed Cobb et al. (2006) argument that llGRB rates cannot be 

explained with a typical GRB jet alone (the ration of rates llGRBs/GRBs cannot exceed 

~65 < 100). The second finding is that failed jets make powerful cocoons and thus 

potentially luminous SNe, while successful jets show much weaker cocoons. As llGRBs 

are strongly connected to SN explosions (Hjorth 2013), the numerical confirmation of 

this observational fact shown here is an additional argument in favor of the failed jet 

origin for llGRBs (of Bromberg et al. 2011a & 2012). 
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In this study, I considered a central engine delivering a total energy of 1052 ergs, in the 

order of theoretical prediction of the collapsar model (MW99) and of the energy of 

llGRBs’ SNe. However, it is clear that collapsar engines and their progenitors are very 

diverse in terms of explosion and central engine energy (Nomoto et al. 2006a). Thus, 

GRBs in the universe are expected to have a distribution of engine energies, with 

different engine energies associated with different probabilities of occurrence (not 

necessarily a flat distribution). By considering only one central engine energy, 1052 erg, 

I did not include this element. Nevertheless, I do not expect this to change the main 

results. In addition, the same idea applies to the engine durations; it is expected that 

engine durations have different chances of occurrence in the universe. Since it is related 

to the torus around the central BH, which would have different lifetime scales 

influenced by key parameters such as progenitor mass, angular momentum, metalicity, 

magnetic field, etc. Thus, the considered engine durations in the range 0.1 – 100 s 

would not be equally probable in nature, and thus would not necessarily have a flat 

distribution, and neither necessarily the considered power law distributions would 

represent the true distributions, as such distribution might be related to complicated 

physical parameters. Still, I do not expect this to change this study main finding, which 

is that only the brief engines are capable of explaining llGRBs huge rates and the clear 

SN explosions associated with them, all in contrast with longer engine duration that 

relatively favor standard GRBs, and produce fainter SN explosions. 

Note that llGRBs are not necessarily associated with very short engine durations. It 

would be possible to produce similar llGRBs, with longer engine durations, however 

this would imply different parameters or environments (Hjorth 2013). Environments 

that reduces the jet penetration power inside the progenitor, due to a weak engine as it is 

powered by, e.g: a small collapsing mass Mazzali et al. (2008); or surrounded by a low 

mass envelope – such as a He layer – that dumps the jet and slows its breakout (Mazzali 

et al. 2008 & Nakar 2015), hence giving long breakout times even when the engine 

duration is long, and satisfying Tinj ≲ TBreakout. In the case of my calculations, it is the 

large initial opening angle, which significantly weakened the jet penetration and delayed 

its breakout, even when the considered engine duration was long. 

 



NUMERICAL SIMULATIONS OF THE COLLAPSAR JETS OF GAMMA-RAY BURSTS 

152  Hamid Hamidani - February 2016 

 

 

 

Figure 8.1: The main finding of this thesis summarized in an illustration. 
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considered that a Lorentz factor of at least 10 is necessary for the outflow to contribute 

to llGRB and GRB prompt emissions. However, this might not be the case, and might 

lead to some qualitative differences (especially in the case of llGRBs as the emission 

process is different: Nakar et al. (2012 & 2015). Thus, different minimum Lorentz 

factors should be considered for llGRB and GRB prompt emissions. I estimate that the 

general results and tendencies might not change, but such a treatment would give more 

accurate estimations. One other assumption is the radiative efficiency, which was 

assumed for the relativistic outflow. It is not always ~1%, and might differ from an 

event to another (Zhang et al. 2007b). Especially for llGRBs, as the emission process is 

different (Nakar et al. 2012). A more rigorous treatment of the radiated energy, as 

prompt emission, would be an interesting project. I plan to use the photospheric model 

(for both llGRBs and GRBs) to derive the energy of the prompt emission and avoided 

this assumption, although this would require a larger computational domain and a 

longer computational time. 

The results of this study can be improved and deepened further by considering more 

diverse engines, progenitors and progenitor environments. For instance, one very 

interesting project to consider in the near future is to test Nakar (2015) unification 

model. Nakar (2015) proposed a unification of llGRBs and GRBs by considering 

different extended masses around the progenitor: in the case of an extended mass a 

llGRBs would be favored as the jet breakout will be delayed, while no extended mass 

model favor a standard GRB. This is an interesting scheme to examine. Using the code 

previously explained in this thesis, I plan to simulate both models and analyzed the 

hydrodynamical properties of the produced jets.   

Finally, it is notable that this work doesn't include some complex physics that would 

affect the stellar explosion and the jet propagation (and thus llGRB and GRB rates). 

Below are of these limitations that would be improved in the future: 

• The injection position, which is about 1 to 2 orders of magnitude larger than 

the BH horizon, which affects the jet evolution (under work).  

• The magnetic field, not included in the simulations. 

• The neglected rotation. 
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• The simple equation of state (the gamma law) 

• The small computational domain (~1012 cm) 
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APPENDIX 1: CODE TESTING 

In order to estimate the accuracy of the newly developed numerical code, I carried out 

several calculation tests. Here I present a test of the code by solving Riemann problem. I 

calculated the propagation of a blast wave, generated by left and right phases initially 

detached by diaphragm, the so-called shock-tube problem. Since it is difficult to get 

analytical solution in the spherical case, I reproduced the 1D Riemann problem as in 

Del Zanna & Bucciantini (2002) who proposed the computational convergence by 

comparing between a solution with coarse grid and with well-resolved fine grid. 

Numerical grids are set as 0 ≤ r ≤ 1, and the speed of light c is set to 1. All the physical 

quantities are dimensionless. I divided the numerical domain in r direction by Nr = 200 

zones and by Nr = 800 zones for the “coarse” and “fine” grid cases, respectively. In θ 

direction Nθ = 16 zones ranging in 0º < θ < 90º for both cases. The initial condition is 

given as follows:  

 !, !! ,! = 1, 0, 1000
1, 0, 1 !!!!!!!! ≤ 0.4

! ≥ 0.4 (A1) 

Explosion generates outgoing and incoming shocks. Figure 10.1 shows the coincidence 

of those solutions. This proves the robustness of the numerical code for the propagation 

of a blast wave. For a comparison, see Mizuta et al. (2006) Fig. 21.   
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Figure 10.1: Numerical solutions of one-dimensional spherical Riemann problem 

corresponding to the physical quantities ρ/10, vr, p/1000, as marked. Black dashed line 

is the well-resolved numerical solution where the computational domain is divided by 

Nr = 800 zones. Coarser solution, corresponding to a domain divided by Nr = 200 

zones, is plotted with marks. 
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Fig. 8.— Numerical solutions of one dimensional spherical Riemann problem corresponding

to the physical quantities ρ/10, vr, p/1000 as remarked in the figure. Black dashed line is

well-resolved numerical solution where the computational domain is divided by Nr = 800

zones. More coarse solution divided by Nr = 200 zones is plotted with marks.
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APPENDIX 2: EFFECT OF RESOLUTION 

I also tested different angular resolutions. Since, the jet has a collimated structure, it is 

needed to check whether angular grids can resolve the collimated narrow structure. The 

test is on whether the considered angular resolution in the study is appropriate. I 

compared the same calculation in three different grid resolutions: “higher resolution” Nθ 
= 512 angular meshes, the “used resolution” in the study Nθ = 256, and “lower 

resolution” Nθ = 512. The “used resolution” is comparable to, or finer than, some 

previous studies (e.g. Mizuta et al. 2009). Jet initial parameters are all the same, as in 

B010. Comparison of the three is showed in Figure 10.2. There is a dramatic difference 

in the jet structure between the “lower resolution” and the two higher resolutions. The 

calculation with Nθ = 128, seems to lead to some lose of fine structure in the jet, a 

structure that 256 and especially 512 are displaying. 512 and 256 resolutions are very 

similar; almost converging, suggesting that 256 grids are reasonably good enough, and 

the use of 512 is not strongly needed, and would not significantly change the jet 

structure, and hence the results.  
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Figure 10.2: Comparison of calculations with different angular resolutions, at different 

times (On the top at 3.0 s just after the breakout, on the bottom at 10.0 s, a few seconds 

after the breakout). “Higher resolution” calculation uses 512 grids in θ direction, the 

“used resolution” in the calculations of this study uses 256, and the “lower resolution” 

has an angular grid of 128. The used resolution (256) and the higher one (512) show 

similar profiles, and thus the “256” calculation is good enough. 
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APPENDIX 3: COMPARISON WITH FLASH CODE (ML07) 

The calculation I present here is to compare the output from the calculation to that of 

ML07’s main models, 16TIg5 and t10g5. ML07 used an engine duration of Tinj = 50 

seconds, delivering a total energy of Etot = 5.32×1052 ergs, with the injection nozzle 

situated at Rin = 109 cm. I carried out a simulation with the same above: Rin, Tinj and Etot, 

as in ML07. The aim of this comparison is to test the code output and make sure that the 

code does not show any deficiencies, and thus is as correct as the FLASH code used in 

ML07. Thus, I carried a simulation with identical engine properties to that of ML07’s 

16TIg5 and t10g5 models, with engine luminosity per jet, of 5.32×1050 ergs (Table 4-1). 

I have to mention that the simulation still presents some minor differences in 

comparison to ML07 and that the two simulations are not fully identical. There are 

some differences such us ratio of internal over rest mass energy, progenitor, EOS, 

resolution, etc. Nevertheless, that did not prevent the results from being in an excellent 

agreement with those of ML07. Table 5-1 last line represents the breakout times of the 

three phases, small differences in the breakout times exist more likely due to difference 

in the progenitor, but the difference is minor and the breakout times are in the same 

order (for a comparison see 16TIg5 model in ML07’s table 2). 

Next, in Figure 10.4, top panel, I present the properties of the unshocked material at the 

moment of the breakout, 25.0 seconds after the start of the calculation. The core of the 

unshocked jet is, indeed, in agreement with the theoretical prediction of a free-streaming 

jet (Lazzati et al. 2007 and the references within). It is also in excellent agreement with 

ML07’s 16TIg5 model results (see ML07 figure 10). With Lorentz factor proportional 

to the radius, and the pressure proportional to r-4, the unshocked jet in the calculation is 

well in agreement with the both theoretical predictions and the previous work presented 

in ML07 and Lazzati et al. (2007). I have to mention that, as in ML07, with Lorentz 

factor getting closer to ~100, derivation from the theoretical prediction increases, this is 

due to, as explained in ML07, the statement that at such highly relativistic speed, the 

approximation of the flow being pressure-dominated, no longer holds. For a comparison 

of this figure with previous works see: Aloy et al. (2000) Fig. 2, Zhang et al. (2003) 

Figs. 4, 5, and 6, Mizuta et al. (2006) Figs. 6 and 7, and Fig. 10 in ML07. 
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Figure 10.3 (bottom panel) shows the outflow energy flux along the jet axis over time 

for the calculation. The three phases are clearly identifiable. Here again, the temporal 

and energetic properties suggest that the calculation is in excellent agreement with that 

of ML07, despite the few minor differences in the calculation setting. Considering an 

isotropic equivalent luminosity, would add a factor of ~8×105 bringing the energy to the 

same order as in ML07 (for a comparison, see ML07 figure 4). 

Finally, Figure 10.4, presents light curves calculated as explained in § 4, following 

ML07 method. Apart from the light curve at 1.125º showing some difference although it 

remain similar in general, the light curves are at excellent agreement with those 

presented in ML07 for t10g5 model (see ML07’s figure 12 for a comparison). The 

difference in light curves at 1.125º is most likely due to ML07’s considerably higher 

angular resolution at that region, near the jet axis. One other difference is in the 

precursor’s Lorentz factor, which is lower than 10 in this calculation, at the difference 

of that of ML07’s t10g5. This is most likely due to difference in the progenitor, which is 

expected to strongly affect this phase, rather than difference in the numerical method or 

in the physics. In this study, the stellar model is realistic (Umeda et al. 2005), where in 

ML07’s t10g5 it is a power-law stellar model. Nevertheless, apart from these two minor 

differences, the energy range, dead times, temporal properties, are at excellent 

agreement, allowing us to conclude that the code is robust and as safe as that of ML07, 

and confirming ML07 results. 

From the above tests and calculations, I can safely conclude that the simulations do not 

suffer from numerical problems. I can also confirm that the simulation setting, such as 

the choice of resolution, does not miss the jet structure, and thus is appropriate. Finally, 

the comparison with ML07’s 16TIg5 and t10g5 models shows that the code’s output 

and numerical treatment is at excellent agreement with that of ML07. Thus, I can 

conclude that the numerical code is robust enough and fully appropriate for the kind of 

study presented here.  



CHAPTER 10: Appendices 

Hamid Hamidani - February 2016   171 

 

 

 

Figure 10.3: On the top panel, Lorentz factor (left y-axis), and Pressure (right y-axis) as 

a function of the radius, in solid line, and dashed line, respectively. Both quantities are 

computed at the jet-axis region, the innermost angular grid. The dotted line, and dotted 

dashed line, shows the theoretical prediction considering a free-streaming jet pressure-

dominated jet, for Lorentz factor and the pressure, respectively. This approximation 

holds very well as long as the jet outflow is not at highly relativistic speeds (Γ << 100). 

On the bottom panel, the energy flux over time, along the jet on-axis. The energy was 

calculated at 1.2×1011 cm, as in ML07. Dashed lines show the transition times between 

the three phases of the jet: precursor to shocked, and shocked to unshocked. 
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Figure 10.4: Light curves for a similar engine to that of 16TIg5 and t10g5 in ML07. As 

in ML07’s figure 12, energy flux over time is shown for four different viewing angles. 

Solid and dashed lines are for material with a minimum Lorentz factor of 1.0 and 10, 

respectively. The four light curves are plotted at angles: 1.125º (top left), 5º (top right), 

7º (bottom left), and 12º (bottom right). These light curves were estimated as explained 

in § 4.4.4, and as in ML07. 
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